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Abstract Wediscusgheprinciplesof distributedtransactionsthenwe definean
operationd modelwhich meetsthe basicrequiremets and we give a prototyp-
ing implementatiorfor it in join-calculus.Our model: (1) extendsBizTalk with

multiway transactions(2) exploits anoriginal algorithm,for distributedcommit;
(3) candealwith dynamicallychangirg communicgion topology, (4) is almost
langua@-independnt.In fact,themodelis basedon a two-level classificatiorof

resourceswhich shouldbe easilyconveyed to distributedcalculi andlanguags,
providing themwith a uniform transactionaimechanism.

1 Intr oduction

Global computing requiresdataintegration andprocess cogperationwithin andacross
sitesandorganizatiors. Thedesignandexecuion of distributedapplicatiomsfor global

compuing thusheaily rely on processorchestation serviceswhich areusuallyde-
mandel to the coordnation layer of the system.This is the case,for instance,for

transactiormana@rsin BizTalk and Javaspaceglatforms, which handledistributed
decisiongn asynchonots ernvironmentse.g.thewebor WAN’S).

In the orchestrationof servicestransactioal actvities mustbe moceledalsowhen
distributedcommnentsaredesignecandimplemente separately(e.g.in e-conmerce
or on-line auctionsystems)To this pumpose the ordinary formulation of transactiorin
databasetheory(seeTablel) is inadeqatebecase:

1. distributedtransactios may have several entry/&it poirts in parallel,ratherthan
justone(multiparty or multiwaytransactias);

2. dataintegrity shouldbe specializedor distributed,hetergeneais systemswhere
thereis no explicit notionof data;

3. thecommunicationtopdogy of processeparticipatirg to atransactioomaychang
dynanically. This requres a comnit protocd amonga nunber of participants
which canna be staticallydeternined.

A standaraxamplein business-tdusines®-comnerceis dynamicpricing, e.g.the
reverseauction.In a reverseauction a buyerissuesa requestfor offersto the market

* Researchsuppated by the MSR CambridgeProjectNetwork-Avare Programmingand Inter-
opembility .
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A transactionconsistf a collectionof actionswith thefollowing properties:
Atomicity, A transactiors changs to the stateare atomic: eitherall happenor none

happen.
Consistency A transactions a correcttransformatiorof the state. The actionstaken

asagroupdo notviolateary of theintegrity constraintsassociatedvith the state.
Isolation, Eventhoughtransactionsxecuteconcurrentlyit appeardo eachtransac-
tion, T, thatothersexecutedeitherbeforeT or after T, but notboth.
Durability , Oncea transactioncompletessuccessfully(commits),its changego the
statesurvive failures.
Table 1. Databasetransactionsisdefinedin [13].

placewhereseveral sellers may proposetheir bids. The nunber of sellersis not know
a priori. Later on, the buyer chocsesthe optimal bid, emitsa paymen for the seller
andremovesits request from themarket place. Thewholeneggotiationmustlook like an
atomicactiity. For instancejf the negotiatian abots, the offer mustbe neglected,the
paymaent refused,andtheinitial situationmustberestored

Microsoft® BizTalk [17] is asystemexplicitly desigredfor processorchestration.
This systemprovides a graghical environmen for modelirg processess flowcharts,
whereseveral shapesanbe compsedandboxedinto transactior. Eachshapereple-
sentsa basicactionfor sendingreceving dataor redirec¢ing the executionflow.

In BizTalk, transactios canbe short, long or timed Trarsactionsconsistof series
of actionswith long andtimedonespossiblygrowing ary combirationof actionsand
transaction (up to two nestinglevels). Shorttransaction retain automac recovery,
which implemeants databasdransaction as definedin Table 1. Compensatio in the
othertypesof transactiongnustbe progammedby the users.

We notethatBizTalk boxes correspondo atwo-level classificatiorof statespbserv-
able(i.e.,outsidethebox) andhidden(i.e.,insidethebox). This partitionalsopenades
anothe formdism, which hasbeenrecentlydefinedto modeltransactioal aspectsn
concurentsystemsthe zen-safePetri nets(zs nets)[5,7]. BizTalk flowchartsmaybe
easilyencoakdinto zs nets,while the corverseencaling seemsnot possible Therea-
sonis that BizTalk boxes provide a “static” specificationof transactios bowndaries,
while the statepartitioning givesa “dynamic” notion of them,which depels on the
runtime behaiour (e.g.which processesommunicated which datawereexchanged)
Thisremarkqualifieszs netsasa possibleformal mockl for orchestratiorservices.

Building on the transactioal mechaism of zs netswe proposea fairly gereral
notion of distributed transactio that can be easily adaptedo BizTalk and otheror-
chestratiorsystemsThis meclanismalsosuppots multiway transactias,whichretain
several entry and exit points,and admita numbe of participantswhich is statically
unkrown. Thefeasibility of our modelis demastratedby implementingit in thejoin-
calculug[10,11]. This formalismhasbeenchoserfor threereasons:

1. join calculusis awell-known calculuswith anassessetbrmal theory,

2. adistributedprotaypeimplemernationhasbeendevelopedfor thejoin calculus;

3. several comprisonsbetweenjoin calculs and Petri netshave beenstudied(see
e.g.the type systemdor join calculusin [8] that charaterize a hierardy of net
models),makirg it easierto establisha formal correspnderte betweenzs nets
andtheirencalingin join.
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We discusgwo implementationsof zs nets,which we call centralizedanddistributed
respectiely. Thecentralizel implemenationreliesonaunique transactiorcoodinator
reflectingBizTalk’sdesignandit canbemodeledn a“flat” versionof thejoin-calcuus.

Thedistributedimplementéion is the coreresultof the paper It exploits thewhole
expressve power of the join-calcdus for the dynamc definition of local transactio
contrdlers. Moreover, it exploits adistributed2pc protocd (avariantof thedecental-
ized 2pc pratocol[1]) that,up-toour knowledge,is novel to this contritution.

In thedecetralized2pc, evely procesgarticipatingto atransactions awareof the
otherprocessesnvolvedin the sametransactionWhena processs read to commit,
it sendsa messageo all the commnion proesseqfirst phase) At the sametime it
collectsall the comnit messagesomirg from the compnionprocessesWhenall the
messagebave beenreceved, the processcommits(secondohase) Alternatively, if a
processfails, it will senda failure messagéo every compaiion process,androll back
to its own initial state Every processeceving afailuremessagelsofails.

In thedistributed2pc protoml, the numker of participantsandtheir names arenot
staticallyfixed,andprocessegshatarereadyto commitknow only the participantswith
whombhavedirectly cooperated For thisreasonin thedistributed2pc protacol, therole
of the coadinatoris played by all participants.In particular every participant builds
its own transitve closureof the processesoeratingin the transaction Whenthe
transitve closureis stable the participantcommits.Alternatively, the participan waits
for afailuremessageandrestoregheinitial statewhensuchmessagarrives.

Syngsis. In Section®2 and3, we give a brief accoun of thetransactioal mechaism
of BizTalk, anddiscusdts modelirg via zs nets,wherealsomultiway transactios can
be designd. In Section4, we presenthe centralizedandthe distributedencodng of
Zs netsin join calculs. In Section5 we discusssuitableextensims of the distributed
encodhg. Finally, someremarls andconclisionsaredravn in Section6.

This pager is the full versionof [3], whereonly the distributed encodng is pre-
sented.

2 Coordinating agentsin Biztalk

Microsot® BizTalk Orchestation Visual Designerprovidesa graphical environment
for building businesgprocessesyhich integratesthreedifferent views: the flowdart
view, theimplementtion view, andthedataflow view. We focuson flowchats,* which
arerealizedby connectiig several basicshapegseeFigurel(a)).

In Figurel(b), weillustrateasimpleBizTalk proesssendinghevaluev onchamel
a, theninputting avalueonthevarialle x from chanrel b, and lateron,perfomingsome
calculation A transactia is definedby boxing seriesof opertionslike in Figurel1(c),
meanimny thateitherall theoperatims succeedr the systemis rolled-backto theinitial
state,e.g. the processcannd emit v on a andinput x from b befae the successful
termination of the" compute’ operation

1 Ouractualundestandingof BizTalk’s transactionss mostlybasedn documentsavailableon
thewebthroughMSDN Library http://msdn.micros oft.com/library [15,17.
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Figurel. Flowchartsin BizTalk OrchestratiorVisual Designer

Figure 2(a)illustratesaprocessvhichimplementsarendez-vosibetweertwo trans-
actions:acomnit is perfamedprovidedboththetransactios areread/ to commit.

Trarsactioncomnits are denmandedto the Distributed TransactionCoordinator
(DTC) ruming on the sener machire and coordnating a two-phasecommit protacol
(2rc). Roughy, the 2pc worksasfollows [13]:

1. theDbTC sendsavoterequesto all participants;
. uponvoterequest, eachparticipan eithervotesno andaborts,or votesyes

3. the DTC collectsall votes.If all votesareyes thenthe bTC sendscommit to all
participars. Otherwisethe bTcC sendsabort to all participantsthatvotedyes

4. eachparticipan thatvotedyeswaitsfor DTC respoiseanddecide accodingly.

N

The corrednessof the 2pc algoiithm stronglyrelieson the knowledge by DTC of
every participan to the transactionTo this aim, every transactioris pairedwith suit-
able compnents—theCOM+ compomnts—that recordparticipantsto the bTc. Ac-
tually, the processin Figure 2(a) shavs up a furtherissue:it is required bTC becane
awarethatthetwo transactionsnustcommittogetter. This canbeachievedby makirg
commuicationtransactimal, which amouns to employ COM+ compaents(that, at
runtime, repat to DTC thatthe two transactios commnunicated. For long andtimed
transaction, users’compensationcoce canbe given for rolling backin caseof fail-
ure[14].

In thefollowing we assumehatlong andtimedtransactionpossesanideal com-
pensatian coce whichimplementsthepropertiesin Tablel. For instancethe procesof
Figure2(a)eitherrendez-vous or nothing occus. We alsoassumehattransactios are
notnestedln BizTalk, nestedransactiasallow to defineacomnon progammingpat-
tern:along(inter-companies}ransactiorgroupinga sequeneof short(intra-<compary)
ones.Thetwo assumptias abore simplify the theory we discussthe geneal casein
Sectionb.
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(a) A rendez-wusin BizTalk. (b) Firststep. (c) Secondstep.

Figure2. Alternative dravings of BizTalk transactions.

2.1 BizTalk without boxes

BizTalk flowchartsmaybecorvertedinto astandardormalismfor concurentcompua-
tions, the Petri nets actuallyinto a transactioal flavour of them,the zeio-safenets[5].
We split this conversioninto two steps:

First step: coloring basic shapes. In BizTalk, transactionsare depcted by growing
basicshapednto (shadaved)boxes(Figures1(c)and2(a)) Sinceshorttransactions
canbe neitherintersectedhor nestedjnsteadof usingboxes,onemay color basic
shapesherein Shapesncludedin differentboxeshave differentcolors; shapesut-
sideboxesarewhite. Figure2(b)illustratesthis alternatve drawing for Figure2(a)

Second step: adding states. We insertcirclesin the pictures. Circlesrepresenstates
or placesin Petrinetterminolay, andaredravn in themiddleof evety link. There
aretwo kinds of circles:large ones(stableplaceg andsmall ones (transactional
place$, respectidy for statesoutsidetransactios andstateswithin sometransac-
tion. In caseof atransitionlink, if thelink conrectstwo shapeof the samecolor
(different from white) thenthe circle is small, otherwiseit is large. In caseof a
communication,if the actionis transactioal thenthe circle is small, othewvise it
is large. Begin andend shapesareregaded as stableplaces.This secondstepis
shawvn in Figure2(c) for therendez-vous flowchartin Figure2(a)

The semanticsof the netin Figure 2(c) depats from the standardone for Petri
nets[16] becawse of transactios. In Petri nets,placesare repcitories of resouces,
calledtokens andtransitiors fetch andproducetokens? Zero-saé netshave beenin-
trodwcedin [4] asa suitabletransactioal flavour of Petri nets:placesare partitionel
into ordinary andtransactionaones(called stableandzemo, respectiely). Trarsition
colors, introduced at the first step of the transfomation are no longer relevant, be-
causdransactiororchestrationis entirely demandedto zeroplaces Net configurations
are calledmarkingsand canbe viewed as pairs (S, Z)—correspading to the multiset
S+ Z—whet Sis the multisetof stableresoucesandZ is themultisetof transactinal
resoures. The key pointis that stabletokensproducedduiing a transactioraremade
availableonly at comnit time, whenall zerotokenshave beenconsuned.

2 For simplicity, herewe leave asidethat tokenscan carry valuesand transitionscan have pa-
rametersbut our resultsin Section4 canbe smoothlylifted to thevaluedcase.
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(FIRING) (STEP)
S+ZpS+Z €T (S1,22) =7 (81,21) ($2.22) =7 (S,,25)
(5+8',2+2") 51 (S+8,7'+2") (S+$.2+2) =1 ($+$, 2 +2)
(CONCATENATION) (commIT)
(S1,2) =1 (81,2") ($,2") =71 (S,,2) (S@)-1(S,2)
(S+%,2) =1 (S+8,Z) (S2) =1 (S,9)

Table 2. Operationakemantic®f zs nets(+ denotegnultisetunion).

The opeational semanticof zs netsis definel by the two relations=- and— in
Table2, indexed by the setof transitionsT . Transitiors have theformU > U’, with U
andU’ multisetsof stableandzeroplacesRulesrFIRING andsTEP aretheordinary ones
for Petrinets,for the executionof ongmary transitior{s). However, sequenesof steps
differ from the ordinary transitive closureof —: Therule CONCATENATION compcses
zerotokensin seriesbut stabletokers in pardlel, hencestabletokensprodicedby the
first stepcanna beconsumd by thesecondstep.Transactiosarestepsequenesfrom
stablemarkingsto stablemarkings, whencommIT canbe applied We presehzs nets
aspairs(T,S) whereSis theinitial markirg, anddende (S, @) =1 (S,2) by S=71 S.

Themoves S=1 S defineall theatomicactiities of thenet,andhercethey canbe
perfamedin parallelandsequentiallyasthe transitiors of anordnary net. It is worth
noting that a stepS=-1t S canbe itself the parallel composition of several transac-
tions(by rule sTeP). We refertheinterestedeadetto [5] for the charaterizationof the
setof minimaltransactios—in the sensehatthey canrot be decompsedinto smaller
transactioe—thatdepend on the “token philosofgy” under consideation: eithercol-
lectiveor individud accordng to the classificatiorin [12].

3 BizTalk with multiway transactions

BizTalk transactios posses®xactly oneentry andoneexit point, meaniry thatintra
threadcoordnationis mostly delegated to programmes (in contrastwith inter thread
coordnationdueto messagexchamges,which is demandedto the bTC process).The
analoy betweerBizTalk flowgraghsandzs nets,detailedin the previoussection sug-
geststhattransactios canbe generalizedy allowing multiple entry andexit points—
yieldingmultiwaytransactios In Figure3, we picture aflowgraph with two exit points,
asit shouldappeain BizTalk andits courterpartin zs nets.

Up-toouruncerstandingBizTalk limitation to single-thheadedransactiorshapess
motivated by implementatiorissuesratherthantheaeticalmotivations.Indeedrendez-
vous are essentiallymultiway transactionsand can be progammedin BizTalk ex-
ploiting suitablecompesationcode.Zerosafenetsdealuniformly with multiway and
single-theadedransactios,andhencethedistinctionis transparento our encodngs.
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«a» 4 «@»

(a) Boxedview.
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Figure3. A transactiorwith two exit points.
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Figure4. Basicshapef extendedBizTalk.

4 Encoding multiway transactionsin join

In this sectionwe presehtwo accoutts of the 2pc pratocol for Biztalk with multiway
transaction: a centralizetbneandadistributedone.The centralizedalgorithm reflects
BizTalk appoachwheretransactionsreorchestrgedby thebTC. Thedistributedalgo-
rithm makesevery participantactsaslocal coordnator Theimplementationis provided
with adistributedmachinethedistributedjoin calculus[10,11]. Actually, sinceBizTalk
flowgraphs may be cornvertedinto zs nets,we find conveniert to implemeant the latter
onesof whomwe have a neatundestanding

Withou lossof generalitywe restrictto netsmadewith thebasicshapesn Figure4
(whichareasexpressve asthegeneal nets[6]), for E ary stableplaceande, e, e ary
zeroplaces(uppercasdettersdende stableplaceswhile lowercasdettersdenotezero
places)We notethatthe zs netin Figure2(c) is nota basiczs net.lIt is immediateto
rewrite Figure 2(c) by addirg four dummy compute shapesand consideing sendand
receiveshapessfork andjoin, respectirely. We remarkthatfor ordnary Petrinets(i.e.
without zeroplaces)a straightbrwardencodimg in join is possible.

4.1 Brief intr oto the join calculus

The join calculus[10Q] relies on a courtable set of namesrangedover by x, y, u, v,
...; tuplesof namesarewritten U. Table3 collectsthe syntaxandthe semanticof the
join calculus.The syntaxincludesprocessed, definitions D, and join-patternsJ. A
process P canbe the inert procesd), a message(U), a parallel conposition of pro-
cessespr a defining processdef D in P. A definition D is a conjurction of reactio
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syntax P % 0| x@ | PP |defDinP DX Jsp|DAD 3T x@) |33

Structual moves PIQ=PQ def Din P=Dag, Po DAD' =D,D’
(o renameglefinednamesn D with freshnames)

Reduction JoPRJIp — I>PPp (p only renamesecevednamesn J)

Table 3. Syntaxandsemantic®f thejoin calculus.

rulesJ > P thatassociatgoin-patterns] to guardedprocesse®; theintenced meanirgy
is that, whenerer messagematchthe patternJ, thesemessagesanbereplacedvith a
copy of theguadedprocessP wherethe cortentof the messagesubstitutehe formal
paraméers. The only bindersof the calculusarejoin-patterns but the scopeof names
appeaing in ajoin-patterndepeidsontheir position:the scopeof formal paraneters—
calledreceivechames—is theguadedprocess;thescopeof defiredname—i.e.,names
carryirg messages—ithe main procesf the definition and,recursiely, all guaded
processef thedefinition

Thesemantic®f thejoin calculusreliesonthereflexivechemicad abstiactmadine
model[2]. In this model a solutionis a multiset of active definitiors and processes
(separatedby comna). Dynamicdly new definitiors may becone active. Moves are
distinguisted betweenstructural =, which heator cool processesandreductions —,
whicharethebasiccomputationalstepgdisjointreductimscanbeexecuedin pardlel).
In Table3, therulesonly addessthe partof the solutionwhich actuallymoves.

A proces® isflatif all guardedprocessesideP have nodefining processTheflat
join calculwsis thesub-calcius of flat proeessegthe property of beingflatis presered
unde reductian). Therefore,in flat join calculus hofreshdefinitioncanbedynanically
geneated.In fact,theflat join calculusis equivalentto highdevel nets(see[8]), with D
andP playingtherolesof the setof transitiors andof theinitial markng, respectiely
(message{() mocelsatokenwith valued in theplacex).

The distributedjoin calculusis a distributedimplemertation of the join calculus,
with notiors of location migrationof processedailure,andfailurerecovery. In order
to simplify thenotdion, theencaingsin thesequelill bewrittenin join calculus.Yet,
thedistributedversionsshallbe discussednformally .

4.2 Centralized 2PC

We begin by translatingzs netsin flat join calculs. To thisaim,we extendthelanguag
with integets andpatternmatchirg on integers.Namely join patternamaytake integer
valuesandthecorrespodingguadedprocessnaybetriggered providedthe matchiry

messagesarrythesamevalues Ourencodng accours for zs netscorveying urvalued
messagesnly. The geneal casefollows by takingadditioral paranetersinto accour.

In thefollowing, chanmelswhich encodestableandzerotokensareaddressedsstable
andzewo chamels,respectiely. Theresultsin this sectiongive aforma account of (our

undestandingof) theopeationalsemantic®f BizTalk (andof its extensiorto multiway
transactior). The reacer not interestedn the detailsmay safely skip this sectionand
proceedto Sectiord.3, wherethenovel andfully distributedmode is discussed.
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{[E open el} = E() |cdt(k) > (k) |fetdhedk, E) {E+S} = EQHSH
{lefork ey, 6]} = (k) [cdt(k) > e1(k) [ex(k) {o =2
{lev, €2 joinel} = ex(k)|ex(K) b e(k)| dbt(k)
{ler calc ep]} = ex{k) > ex(k)
{leclose E]} = e(K) > frozerk, E) | dbt(k)
{ledrop]} = e(x) > dbt(x)
Figure5. Definition of {[t]} and{[S}.
Cont = gen(k) > gen{k + 1) | statek + 1,0)
A statgk,n) > statek,n+ 1) | cdt(k) Fail = statgk,n) > failed(k, n)
A statgk,n+ 1) | dbt(k) > statgk,n) A failed(k,n+ 1) |cdt(k) > failed(k,n)
A cdi{k) > dbt(k) A failed(k,n+ 1) |dbt(k) > failed(k, n)
A statek,0) > commitk) A failed(k, n) | frozer{k, E) > failed(k,n)
A commitk) |frozer{k, E) > commitk) | E() A failed(k,n) | fetched(k, E) > failed(k,n) | E()
A commitk) |fetchedk, E) > commitk)
(b) Failure.

(a) Controllerandcommit.

Figure6. Shapedor transactiorcontrollers.

Definition 1 (Flat encoding). The flat join-calculus processassociatedo a zs net

(T,9) isdef [T]in [S], where [T] = ContA Fail A (A7 {[t]}) and [ = gen(0) |{[S]}.
with {[t]}, {[S} defiredin Figure 5, andCont, Fail defiredin Figure 6.

Whena transactiorbegins (firing a transitionwhich does not requie zerotokens)
a positive intege K is pickedup. This is the nameof the transactiam, andevely transi-
tion of the transactioris taggel with this name.In this way, only threadsn the same
transactior{i.e., transitionghathave pickedupthesameransactiomame)caninteract.

Trarsactionnamescorrespondo contrdlers statek, n), whichrecod thenumtern
of zerotokensthatmustbe consunedto commit. New contrdlers may be dynanically
releasedy thegeneatorgen(k) with thetransition

gen(k) > gerk + 1) | statgk + 1,0)

wherek is thelastgeneatedtransactio nameandk + 1 is thefreshtransactiomame.
Zerotokensarethenlabeledwith the namek of thetransactiorthey belongto. A tran-
sitionwilling to increase/dereasahenumter of zerotokensmustinform thecontrdler

statgk, n) to updatethevaluen. However, to augmentheparallelismamorg transitions
of the sametransactiork, we use“credit” tokers cdt(k) and“debit” tokensdbt(k). For

instancefor afork transitione fork e1, & thisis achievedthrough two reactiors:

statgk, n) > statgk,n+ 1) | cdi(k) and  e{k)|cdt(k) > e1{K)|ex(K)
Similarly, for ajoin transitione;,e; join e, we have
e1(K) | ex(k) > e(k)|dbt(k) and  statdk,n+ 1) |db{k) > statgk,n)

Controlles generge asmary cdi(k) tokers asthoseneedediuring thetransactionThe
transitioncdt(k) > dbt(k) recoverssurplis tokens.Whenthe contrdler is in the state
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statgk, 0), it meanghatthetransactiorx is terminate with succesandtherule
statgk,0) > commitk)

is usedfor enterirg the successtate.The messageommi{k) saysthat stabletokens
producedby the threadk cannow be releasedTo this pumpose,a repaitory frozenis
employedto recod tokers of theform frozerk, E), andtherule for releasinghemis

commitk) | frozer{k,E) > commi{k) | E().

Rulesin Fail manag failure casesWe usethe repositoy fetched analogusto
frozen for tokenswhich mustbe releasedn caseof failure. A messagdetchedk, E)
recordsthestabletokers E thathave beenfetchedby thetransactiornx (seetheencaling
of Eopene). Nondeterministicallyatransactiorcanfail by meansof

statgk,n) > failed(k,n).

In thefailure statefailed, tokensfetchedk, E) arereleasedandtokers frozenk,E) are
garkagecollected.

Remarkl. Every solutionyieldedwhile evaluatirg the agentof Definition 1 satisfies
thefollowing properties:

1. thereis exactly onemessagen thechanrel gen saygen(K);
2. thereis no messagearnjing valuesk, with K > K;
3. for evely positive k < K thereis exactly onemessage
(a) eitherof the form statgk,n) or failed(k,n). In this case the total numker of
messagem cdi(k), dbt{(k), ande(k) is n;
(b) or of the form commitk). In this case,the numker of messagein cdt(k),
dbt(k), ande(k) is 0.

Below we find corvenientto representflat join calculussolutiors aspairs (D, M),
whereD is aflat definitionandM is a parallelcompgition of messagesThe observ-
able of a parallelcompsition of message#/, in notationobgM), is the subpocess
retainingall stablemessage&() in M. The normalizationof a solution(D, M), noted
asnorm(D, M), is the solutionyieldedby executirg rulesof shape

Fail A commit{k)|frozerk, E) > commitk) | E{)
A commitk) | fetchedk, E) > commitk)

until termiration. (It is easyto checkthattheseevaluationsterminde.) The normdiza-
tion processyields configurationswhich reflectstableconfiguationsof zs net. These
are obtainel by making all the active transaction failed, and rolling back the ini-
tial state(excep for transactionghat are alreadycommitting. One may prove that,
if ([TLLI9) —=* ([T],M), thennorm([T],M) is suchthat messagei the solutions
concen stableor zero chanrls, and chanrels gen failed, and commit No message
is carriedby chanrels fetched frozen state cdt, or dbt In this nomalizedconfigura-
tion, every remainirg messag®n zerochanmels mustbe consideed garbae sincethe
correspndirg threadis failed.
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Proposition 1 (Normalization is harmless).Let (T,S) be a zs netsud that an ob-
servableM exists with def [T] in [§ —=* ([T],M). If ([T],M) —=* ([T],M’), then
norm([T],M) —* norm([T],M").

Proposition 1 guarameesthat nomalizationcanbe performedat ary stepwithout
compomisingreachabity of (normalized)states.The following resultsestablishthe
correg¢nessandcompldéenesof our encodng. Proofsketchesarerepatedin the Ap-
pendx for thereader’s convenience

Theorem1 (Correctness)LetS; =1 S. Then for anynormdizedsolution([T],M1)
satisfyingthe propertiesin Remarkl, andwith obgM1) = {[Si]}, thereis M2 sudh that
obgM2) = {[S]} and([T],M1) =" ([T],M2).

We remak thattransactios maybe execuedwith the samedegree of concurency
bothin (T,S) andin ([T],[S]). Although this aspecis not explicitly setoutin ourre-
sults,whereonly reachdility is considerd, it hasa greatimpactin the designof the
encodhg. For examge, credt tokensarenot releasedy-need,asotherwiseall transi-
tionsopen andfork in thetransactio k would be serializedwhile fetchirg cdt (k).

Theorem?2 (Completeness)Let ([T],M1) be normdized and satisfythe properties
in Remarkl. Let norm([T],M1) —=* norm([T],M%) = ([T],Mz2). ThenobgM1) =7
ObiMz).

4.3 Distributed 2PC

A mote interestingencodhg of zs netsrelieson the full join calculus.In particular
dynamically active definitionsallow toimplemet: (1) localnamesandcoordnatorsfor
transaction (ratherthanglobd ones); (2) adistributedcomnit (ratherthanacentralizel
one);and(3) on-demandupdating of local manages.

In thefollowing encaling, we exterd thejoin calculuswith the datatype SET, for
finite setsandthe standad opemtionsof emptyseta, union U, anddifference\. Join
patternsareextended with patternmatchingon sets.We alsousethe operatim release
whichtakesasetof channés andsendsan(empy) messagen every chanrel in theset.
As in Definition 1, we addesschanrels encodimg stableandzerotokensasstableand
zerochamels,respectiely.

Definition 2 (Reflexive encoding). The join calculws processof a zs net (T,S) is
def [T] in {[§}, whete [T] = Atet[t] with [t] definedin Figure 7 (and {[S} asin
Figure5).

A new threads starteceitherwhen(1) atransitionopen(E, €) occurs, orwhen(2) a
threadforks. Thisis evidercedby controllerdefinitiors D in thejoin calculusagentEv-
ery threadhasat mostoneactive zerotokenat ary time. A threadmayterminatewvhen
its associatederotoken hasbeenconsuned,i.e. whena join, or close, Or drop iS
execued on thattoken Zero chamels carry two informations:(a) a channelnameto
notify the threadcomgetion; (b) the syndrronizationsetof thethread ,namdy a setof
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[E open €] = E() > def D in e(put, {lock}) | statg{E})
[e1 calc &;] = ei(p,£) > &x(p,t)
[efork ey, ] = &(p,£) > def Dine(p,£U{lock})|ex{put £U {lock}) | state &)
[e1,€ join €] = ex(p1,£1)|€x(p2,£2) > &(p1,l1ULo) | pa(laUly, @)
[eclose E] = &(p,¢) > p(¢,{E})
[edrop] = e(p,£) > p((, )

wherebD is thefollowing definition:

D statgH) | put(¢, F

statgH

)y > commi{¢\ {lock}, ¢, {lock},F, H)
) > failed() | release(H)
commif{I}Us, ¢ ¢" F,H)Y > commité, ¢, " F,H) |I{¢ lock,fail)
commité, ¢/ £ F,H) [lock(¢"1,f) > commiteu (£ \ &), ¢ ue” " U{l},F,H)
commi{@,£,¢,F,H) > release(F)
commit?, ¢/, ¢" ) F,H) |fail () > failed()| release(H)

failed() | put(¢,F) > failed()

failed() |lock(¢,1,f) > failed() | ()
failed() | fail () > failed()

>>>>>>>> &

Figure7. Theencodng in thejoin calculus.

pointes to compaionthreadsvhich belongto thesametransactia. Thissynchoniza-
tion setis built by recordng threadpointersevery time afork or ajoin occus (seethe
encodhgsof fork andjoin).

We commeinthedefinitionD in Figure 7. Thechanrel staterecadsthestablechan
nels(if ary) thatmustbereleasedn caseof failure. The statemessagés createdvhen
the threal startsandit is consumedwhenthe threadterminateseitherwith succes®or
with failure.Successfulerminationoccus whenthe active zerotokenof thethreadhas
beencorsumed—anessag@ut{¢,F) hasbeenemittedand

statgH) | put(¢,F) > commit? \ {lock}, £, {lock},F,H)

hasbeenexecutel. In this casea commitmessagés prodiced.We assumehatathread
canna (nondeternmistically) decideto fail anymare oncecommithasbeenemitted.
This is a standardassumptia: whenthe threadreacheghis state,it logs the relevant
infos. However, if anotherthreadinvolved in the sametransactionfails, the commit
statemuststill beableto handlethefailure.

A threadin statgH) mayfail. Thisis mocelledby a nondeterministicrule yielding
theinternalstatefailed(). (In realimplementationsfailuresaree.g.triggeredby time-
outsof thecommunicationwith aspecificotherparticipantor of thewholetransaction—
seetimedtransactiomin BizTalk.) In the statefailed(), ary threadin the sametransac-
tionsis informedabaut thefailure.

The commit protacol is a distributedvariart of the 2pc, wherethe role of the co-
ordinatoris playedby all participants. Up-to our knowledge, this algorithmis original
to our contiibution. It differs from the decentalized 2pc [1] becase the numbe of
participars andtheir namesarenot staticallyfixed. The protol is detailedbelow.

Thecommitstateis modelel by thecommitmessagesarning values(¢, £', £ H,F):
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=

. £ recods the setof thread to which the signal of successfutomgetion (i.e. the

analogais of theyesvote) muststill besent;

2. ' storesthe synchonizationsetof the thread The successfutompletion signal
mustbesentto every itemof ¢’. Duringtheprotacol, this setis augmetedwith the
synchramizationsetsof thethreadgarticipatirg to the sameransactionuntil when
it is transitivelyclosed Initially, £’ containsthe pointersto the thread with whom
therehasbeenadirectinteraction(afork or ajoin), togethemith apointerto itself;

3. " records the participantswho have alreadysentthe successignalto the thread
Initially, £” containghe pointerto itself, thusavoiding self-addessednessages;

4. F andH storethe stablechamelsto bereleasedn caseof successfuandunsic-

cessfulconmpletion,respectiely. In our casethey maybe emptysetsor singletons.

Thedistributed 2pc is basedn thefollowing stepsperformedby every thread

1. first phase Thethreadsendsarequestessagéo everythreadn its own synchre
nizationset. This taskis perfamedby therule

commi{{I}us,¢ 0" F,H) > commilt,¢',¢" F H)|I{¢lock,fail).

Therequet messagearriesthesynchonizationsetof thethreadtogethemith the
namedor signalingthe successfubr unsucessfulcomgetion.

2. secondphase Thethreadcollectsthe messagesentby otherthreadsandupdates
its own synchronizatian set. The nameusedto carrytheseinformationis lock, and
therule collectingthe synchronization setsis:

commi{, £, ¢" F,H) [lock(£" 1,f) > commiteu (£ \¢),0 ue” " u{l},F,H).

A requestmessagavill be alsosentto the new itemsin the synchronization set.
Namely thefirst andthe secondphasesvorkin parallel.

3. Whenthe synchionizationsetis transitvely closed hamelywhentheunion of syn-
chrornization setsof threadsin ¢’ is equa to the set¢” of successfutermination
messageghe comnit pratocol for thelocal threadterminate andthe messagesn
chanrlsin F maybeemitted.

4. In caseof afailure,thethreadransitsin thestatefailed, releaseshestablechannels
in H, andrepliesto every lock messagevith afailureanswer:

commitf, ¢/, 2" F,H)|fail() > failed() | release(H)
failed() | lock(Z,1,f) > failed()|f()

Theprod of correctressof thedistributed2pPc is splitin two steps{partl) we shov
thatif all cooinatorsarereadyto commit,thenall frozenresourcewill bereleased
(assumindairness){part2) we strengtientheresultby dealingwith failures.

In the following theoremdet oj, | € N, betherenaming thatindexeswith i all the
definednamesin D. We write A(), whenA is anemptysetor a singleto {a}: In the
former caset meand, in thelattercaset repesents(). Moreover, we let asymmetric
lock coveringbea finite family {¢; }iei suchthaté; C {lock; | j € 1}, with lock; € ¢; if
andonly if lock; € £; forall i, j € I.
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Theorem 3 (Corr ectnessof the distrib uted 2pc, part 1).LetP = |;, commif(¢;, £; U
{locki}, {locki},F,Hi), where {/i}ici is a symmetriclock covering and let n be the
cardindity of |. Theprocesslef Ai¢ Dai in P is stronglyconflient,in the sensehatit
alwayscorvemgesafter a finite numberof stepsbowund by O(n?) to the configuration

def /\Dai in ( | F.()) .

icl i€l

Thoughthe numter of stepsis O(n?), they areconcurently execied by n threads,
thusthe numker of stepsfor eachthreadis linearin n. More precisely in the worst
casewhereall thread participatesto the sametransaction, eachthreadmust (asyn-
chrorously)sendandreceve exactly n message® commit.

The secondheoremstateghat,whenseveral coordnatorsfail, thenall the partici-
pantsto their transactionsalsofail. To determire the coodinatos which participateto
atransactio, we compute thetransitve closureof the synchonizationsets.

Theorem4 (Corr ectnessof the distrib uted 2pc, part 2). Let {/; }ic| bea symmetric
lock coveringandlet P = |;, B, sud that P, maybe oneof the followings: (1) P; =
commit(4;, 4 U {locki }, {locki },F,Hi); or (2) P = state(H;)|e{put,4); or (3) B =
failed () | e (put, £) |Hi{). LetL C | betheleastsetsud that

1. if B = statg(H;)| e (put, 4) theni € L;
2. if B =failed () | e (put, £) |Hi{) theni € L; and
3. Listransitivelyclosednamelyif i € L andlock; € 4;, thenalso j € L.

Theprocesslef Aj¢ Dai in P is strongly conflientand corvergesto

def ADagiin( | RO)|( | Hi{)) |G

Aperin (| 50)I(,70)

wheie G is a parallel compaition of messgeson zeio chanrels and failed messges
with indexesin L (garbage).

ThesetG in Theaem4 collectsthe active zerotokensof threadsandfailed messages
of failedthread. Thesemessagesurvive to thefailureandmaybeconsumedy future
transaction, makingfail ary of them.In a real implementation,one may designan
explicit gabagecollectionof thesezerotokers.

Thoughdefinitiors in D aregeneratd for orchestréing thread, their taskonly last
for thetime strictly necessaryo successfullyconclulethetransactionA comgeteness
resultbetweerthe operatimal semantic®f zs netsandour distributedencodng can
thusbe statedasbelow, whereD playstherole of thedynamically generatd contiols.

Theorem5 (Correctness).If S; =1 S, thendef [T] in {[Si]} —* def [TJAD in {{S:]},
whete thenamedefiredin D appea neitherin [T] norin {[Sz]}.

Theaem5, whoseprod is sketchedn the Appendix, hardlesthe casewhereonly
successfutompuationsareconsideredWhenfailuresoccur, it is still possibleto auto-
matically nomalizethe reachedstateinto a correctconfiguation,asin the centralizel
encodhg. In this case the nomalizationproessconsistsof repeatedapplicatiors of
reactionrulesof coordnatorsD until termindion.
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Bsend @—){ openSend‘ ‘ openRec @ BRec

€5end % % €Rec

a
‘ forkSend HO—% joinRec ‘
e,Send % % q{ec

Esena %closeSend‘ ‘ closeRec HO ERec

Figure8. Netmodelingof a distributedtransactions.

def locSend: [ Bgepa() > def subl:[D, statg{Bsena}) ]in €sena(put, {lock})
A €sena (P, ) > def sub2 : [D, statd@) |in €,,4(p,£U {lock}) | a{put, U {lock})

A e(Send<p1Z> > p(&{ESend}) 3
BSend<> }
AlocRec : [ Brec() > def sub3 : [ D, state{Bgec })] in €rec(put, {lock})

A €rec(P1, 1) [a(P2,£2) > €ec(P1,l1UL2) | p2(l2Uly, @)
A %ec(pta > p<£a{ER5C}> )
Brec() |

Figure9. Reflexive encodng of a distributedtransactions.

in0

Theorem6 (Completeness).If def [T] in {{S1]} —* P, then norm(P) = def [T] A
Din {{S]}| Q. for someS; sudhthatS; =7 S and (1) D = Ai¢| Dai; (2) Qisaparallel
compaition of messgesof the form failed; () and e{put;, ), sud that e{put, £;) € Q
impliesfailed () € Q. (Roudnly, Q keepstrack of all failed coordinators andcontrols.)

It is worth noting thatthe encaling of Definition 2 charaterizesthreadsaccoding
to theindividual token philosogy. Namely thread arecollectedin a transactiorpro-
videdthey effedively interacttogetler. On the contray, the encoding of Definition 1
cangroup disjointthreaddnto the sametransaction.

A runring implementationof the reflexive encodig in Definition 2 hasbeende-
veloped by HernanMelgratti, currerilly PhD studentn Pisa.For moreinformationand
the full coce we referthe interestedreaderto the URL http:  /iwww. di.un ipiit /
“melg ratt/D 2PC/im pleme ntatio n.htm|

4.4 Distributing placesand coordinators

Thejoin calculusprocessesncodimg zs netsin Definition 2 maybe easilydistributed
by attaching(subylefinitionsto locatiors. In particuar, locationsof coordnatorsD are
mandaory: every coordnatoris locatedin a differentlocation.As regardsplacesof the
net,thedistribution taskis left to the zs netprogammerwhich mustsuitablypartition
themin separatéocatiors.
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In Figure 8 we illustratea zs net moceling two transactios communicatingon a
transactionl channé Figure9 illustratesajoin processfor the netin Figure8 with a
possibledistribution of definitions.In particular the sendeandtherecever arein dif-
ferentlocatiors, calledlocSend andlocRec, respectiely, andnew thread arecreated
assub-loations.

5 Compensationand nesting

Therearetwo issueswhich have beenexpresslyleft aside:programméale compesa-
tions andnestedransactios. Regardng compensationthe factis that zs-netsimple-
mentstandarccompesationsof databaséransactiors asdefinel in Table1, assuming
thattokers canbe fetchedor produced,but not “updated’ If large databasemustbe
managd or if sharednmemoy is takeninto account thenit is oftenthe casethatsome
trade-df canbe negotiatel betweenthe atomicity assumptiorand efficiengy, so that
suitablecompesationcodeis associatedo progamsto avoid keepng track of all
memoy modficationsinterral to the transactionthat shodd be rolled backin case
of failure). In our distributed encodilg, compensationcan be easily accomodtedre-
placingthe defaut continwation H for failure (i.e. the stabletokensthat initiated the
transactioh by theaddres®f thecompensatiorcode,whichin generécanbeary join
calculusprocessthat the progmammerassociatesvith net transitions.Roughly each
threadcanexecute a suitablealgoiithm compensate(H) insteadof release(H).

For whatconcen nesting theissuehasnotbeenyet consideedfor zs-nets,but the
intuition is thatresource shouldbe classifiedon differentlevels so that stabletokens
aretokensof level O, zerotokensaretokensof level 1, andso on. Then at the gereric
level i theresource®f levels j < i areseenasstablefor thatlevel. Notethatin thecase
of zs-nets,the maxmum numter of levelsis staticallyassignedwhich shouldsufiice
for mocelingthetwo-leve nestingof BizTalk. A muchmoreinterestingramavork can
be obtaired by applyirg the zeresafeappioachto the join calculus,wherethe nesting
of definitionandreflectioncanbe usedto dynamicallygenerataew levels,atopicthat
we leave to future research.

6 Concluding remarks

Transactioal aspectshouldplay arelevantrole in globd computing, thoughthe ord-
naryconcet of transactio mustbestretcheutto dealwith issuesof distributedcom-
putatiors, suchasasynchony, dynamically changimg topdogy andmodility (anumkber
of wealenirgs of the ACID propertiesfor orchestratig distributedproessedasbeen
recentlydiscussedn [9]). To this respectpoththe designandimplenmentationphases
of processorchestrationshouldbe suppated by well developed, easy-todsetools. In
particular visualformalismsandprototyping platforms shoudd beatdispasal of system
analystsandwell assessefdrogammingparadigns be at disposabf developers.

The proposalin this pape aimsto fill the abose gaps.In fact, it extends in mary
directiors theconcep of transactionit comesequipgdwith botha graphical preseta-
tion anda concurentsemanticsit canbeimplenmentedwith afully distributedcommit,
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whichis novel to the transactio comnunity (to the bestof our knowledge). Our pro-
posalreliesonthezerasafeapprach,which promdesanabstrachotion of transactio
thatcanfind application to mary concurentanddistributedcalculi, becaseit is based
on the following threeassumptios: (1) statesare multisets(e.g. of resoucesor mes-
sages)(2) rules canconcurently rewrite partsof the state;and (3) transactios are
definedby typingresouces(asstableor zero).

The first two featues are commonto mostcalculi (e.g, 1T, spi, join, ambients);
the third oneis the key for having a basic,uniform, andformal notion of transaction
Roughy, to impott transactios from the zs appr@ach, we just partition name into
stableandzero.Thenconfiguationsare separatednto thosecortaining messagesn
stablenameonly, calledstable andthe otherones,andthe opeationalsemanticsan
begivenin thestyleof Definition 2. We planto applythistechnqueto thejoin calculus,
with theaimto exploiting reflectionfor modeling nestedransactios. Thefoundations
andpragnaticsof this“transactioml” join calculuswill betheargumentof futurework.

Thedistributed2pPc looks suitablefor orchestratig webtransactios, becauset is
fully distributedandit doesnotrequre theelectionof aglobal coordnator Thesecond
featureis relevart, becausavhenthe participars are e.g.thread running on seners
of differentcompniesit is oftenthe casethatnot all the compaies canagreeon the
choiceof aunique coodinator
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A Proof sketchesfor main results

Proof (Theoem1l). We label — 1 with pairs(S,m), where

— Sis themultisetof stabletokenswhich stayidle duringthewhole computation;
— mis thenumler of open andfork operatims perfamedduring the compuation.

We remarkthat— T actuallyconsistof severd elementsay stepsin sequencand/a in
parallel,eachof themmaycontainanopen or a fork opeation.

By rule indudion, we demorstratethat (S+ S;,Z1) ﬂT (S+S,,2,) implies, for
ary K, ([T],M) =* ([T],M"), where(lettingm/ = m+|Z1| — |Z2|):

M = {15+ S1H (Jeez, &) ) | (liex.medlKK))
M’ = {[S} (Jecy fetchedi,E)) | (Jecs, frozer(k,E) ) | (lecz, &K)) | (fiew.m dbKK))

We noticethat M represets the minimal setof resouicesneededo perform the se-
querceof redictions.Of couse, ([T],M |P) —* ([T],M'|P), for everyP.
SinceS, =1 S, thereexist S, S, S, andm suchthat

(S1,2) = (S+5,2) D1 (S+,92) = (9,9)

Hencelet ([T],M1) benomalized satisfyRemarkl, andwith ob§M1) = {{Si]}. Then
M1 = {[S1]} | gen(K) | G, for somek and“garbage”G, andwe have reductios

([T1.{(S1]} Igen(k) [ G) — (IT].{[Si]} | gen(k + 1) | statek + 1,0) | G) _
=" ([T], {[Su} [gen(k + 1) | state(k + 1, m) |(|;cy mCA{k+ 1)) [G)

By theamgumentsabove, it followsthat([T],M] |G) —* ([T],M%|G), where
M3 = {[Sul} | gerti+ 1) | state(<+ 1,m)| (| mod(k + 1))
M5 = {[S}t | gen(k+ 1) | state(k + 1,m) | (i1 mdbKK+ 1))
| (|E€S’1 fetched(k + 1,E)) | (|E€S’2 frozenk + 1, E))
To thesolution([T], M5 | G), we applythefollowing sequene of rules:

1. mtimestherule statgk,n+ 1) | dbt(k) > statgk,n) ;
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2. therule statgdk,0) > commitk) ;
3. |S;| timestherule commitk) | fetchedk, E) > commitk}) ;
4. |S,| timestherule commitk) | frozer{k, E) > commitk) |E() .

Wethusobtainthenormalizedconfiguation([T], {{Sz]} | gen(k + 1) | commitk + 1) | G)
whoseobserableis clearly {{S;]}. |

Proof (Theoem?2). Theprod corsistsof severalsteps:

1. Thedervationnorm([T],M1) —* norm([T],M5) canpossiblyexecue severaltrans-
actionsat a time. We shav thatthereis anequialentderivationwhich interleares
transaction.

2. We prove thatfailing transactios canbe eliminatedwithout affecting reactability.

3. Weproceedby inductiononthenumberof transactios. In thebasiccasewe extract
thesequeneof redictionsthatareimagesof transitionan T andprove inductively
thatthe samestepcanbe performedonthenet. Theindudive caseis analogais.

O

Proof (Theoemb). Theprod is anal@ousto theonefor thecentralizedalgorithm. We
recorsider— labeledwith pairs(S m), whereSaretheidle stabletokensandmis the
totalnumbe of open andfork transitiors fired.

By ruleinduction we provethatif (S+S},Z) Sn . (S$+8S,,Z'),whereZ = {ey,---, &}
andZ' = {e{l, .- ,e{h} then,for any symmetridock covering {¢; }ic1.x andfor ary k sets
of stableplacesHy, ..., Hx with |H;| < 1fori € 1..k, we get

def [T]A( A\ Doi)in {{S+S]}H[M —* def [T]A( A Doy in {[S}M'[M"
iel.k iel.k+m

where

= M = [icq k(a(put, £} | statgHi)),
— M’ =1 n(€,(put, . &) | statgH ), and
- M= |j€L(statq(Hj) | putj(e’j,Fj)),whereL: (L.k+m)\{iz,---,in}, S =UjeL Hj
ands, = UjeL .
for a suitablesymmetriclock covering {If’j }ie1.k+m andsetsH;, F.
SinceS, =1 S, thereexist S, S], S, andm suchthat

(S,2) = (5+5,2) B (S+,2) = (9,2)

By the agumentsabove, letting Z = Z' = &, we have thatM = M’ = 0 andM” =
lic1 m(state(H;) | put (¢, F)). Therebre,by firing therule (in Do;)

state(H;) | put (¢, F) > commit(¢ \ {lock;}, 4, {locki}, R, H;)

foralli € 1..m, everythreal commits,andwe arein condtion for apgying the correct-
nessresultfor thedistributedcommitandconcluwethe proof. O



