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Abstract

In this paper we proposea protocol synthesianethod
basedon a partial order model(calledeventstructuies)for
theclassof context-freeprocesseskir st,weassigna unique
namecalled eventID to every eventexecutableby a given
servicespecification. An eventID is a finite sequenceof
symbolgerivedfromthe contet-freeprocessspecification.
Thenwe showthat someinterestingsetsof eventsare ex-
pressibleby regular expressionson symbols,and that the
eventstructue can befinitely representedy a setof rela-
tionsamongthe regular expressions.Finally, we presenta
methodo derivea protocol specificatiorwhich implements
a given servicespecificationon distributed nodes,by us-
ing the obtainedfinite representationof event structures.
The derived protocol specificationcontainsthe minimum
messge exchanges necessaryto ensue the partial order
of eventsof the servicespecification.

keywords: formal description techniques, distributed
systemsprotocol synthesis,contet-free processesgvent
structures

1. Intr oduction

Protocol synthesisproblenj14] is a problemto derive
automaticallya setof specificationqcalled protocol spec-
ification) containingmessag@&xchangesamongcomputers
(callednode$ connectedvith networks, from a given ser
vicespecificatiorof a distributedsystem.If we assumehat
thereareno errorsnor messagéossagen communication
channelstheprotocolsynthesigproblemis usuallyreduced
to theproblemto guarante@artialorderof eventsin theser
vice when executedconcurrentlyon all distributed nodes.
Marny solutionsof theprotocolsynthesigproblemhave been
proposedso far for variousspecificatioormodelsandunder
variousassumptionf?, 3,4,5,7,9, 11, 12, 15]. Especially
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the protocol synthesismethod[7, 9] for the specification
languagd_OTOS[{ is usefulbecauset is very expressie

andpractical. LOTOS hasan expressive power to describe
the classof processesalled context-free processeswhich

is moreexpressve thanFSMs.

However, theexisting protocolsynthesisnethodfor LO-
TOShave someproblemsasfollows. Themethodin [7] can
be only appliedto finite stateLOTOS specifications.The
methodin [9] canbeappliedto theclassof context-freepro-
cessesBut it imposesseveral strongrestrictionson service
specification.Moreover, the derived protocolspecification
may containsomeredundanmessagexchangeslf we can
analyzetheglobalpartialorderstructureof eventsandiden-
tify the preceding/succeedireyentsof every event,we can
derive aprotocolspecificatiorwhich containsonly themes-
sageexchangesecessaryo guaranteeghe partial orderof
events.

In this paper we proposea methodto obtain a finite
representatioof eventstructueq10, 13, 16] from context-
free processspecifications.And then,we proposea proto-
col synthesisnethodusingthefinite representationf event
structures.Here,an eventis an occurrenceof anactionin
theexecutionsequencef aprocessFor example,in theex-
ecutionsequencéabac”, the first occurrenceof the action
“a” andits secondoccurrencaredistinguishedavents. An
eventstructur, which is a well-studiedconcurrenfprocess
modelbasedn partialorder is asetof acausatelationand
a conflict relationdefinedon all sucheventsexecutableby
aprocess.

In this paperfirst we assignra uniguename(aneventiD)
to eacheventexecutabléyy acontet-freeprocessAn event
ID is generallya finite sequencef symbolsderived auto-
matically from the syntacticaltree of the context-free pro-
cessspecification Then,we shav thatsomeinterestingsets
of eventIDs areregularlanguagesandthatwe canderive
automaticallythe regular expressionsof the setsof event
IDs. Usingthe regular expressionsywe canobtaina finite



representatiorf the event structureof the given context-
free processspecificationautomatically We referto it as
a symboliceventstructure. Finally, we proposea protocol
synthesisnethodusingsymbolicevent structures We also
give a tiny exampleof contet-free processesn order to
demonstrateur method.

The restof this paperis organizedasfollows. In Sec-
tion 2, we definethe classof the specificationlanguage,
contet-free processesln Section3, we proposea method
to assigna uniqueeventID to eacheventusingthe syntacti-
caltreeof a processspecification.We alsoshav thatsome
interestingsetsof eventIDs areregular. In Section4, we
introducea notion of a symbolicevent structure. Also we
shaw thatit is automaticallyderivable from a contet-free
processspecification.In Section5, we proposea protocol
synthesisnethodusingsymboliceventstructuresSectioné
concludeghis paper

2. Context-FreeProcesses

In this section,we definethe syntaxand semanticsof
contet-free processpecifications.

Definition 1 The syntax of behaviour expressions of
context-freeprocessess definedby thefollowing BNF.

B ::= stop|exit|(B)|P|a; B|B[|B|B >> B

where,a € Act is anactionnameand Act is a setof an
actionname. We denotea setof behaiour expressiondy
Bez. O

Definition 2 A context-freeprocessspecificationSpec is a

3-tuple (Procs, S, Defs), where Procs is afinite setof

. - def
processames S is aninitial processname andDefs =

{(P,B)|P € Procs,B € Bez} is afinite mappingfrom
each processnameto a behaiour expression. We call
(P, B) € Defs asaprocesglefinition denotecdby P := B.

The intuitive meaningof behaiour expressionds asfol-
lows. The behaiour expressionstop is a processwhich
doesnothing. exit is a processvhich just executesan ac-
tion 4, which represents successfulermination andthen
stops. a; B is a processwhich executesan actiona and
thenbehaeslike B. B;[|B; is a processwhich behaes
either B; or By. The choiceof B; or B, is madewhen
executingthe first action. By >> B, is a processwhich
behaeslike B, until B; successfullyterminatesthatis,
until B, executedd, andthenit behaeslike B. P is a
processwhich behaeslik e theright hand B of the process
definition P := B. Finally, thebehaiour of a contet-free
processpecificationSpec is the sameasthe behaiour ex-
pressionS, whereS is aninitial processrameof Spec.

Formally, the structuredoperationalsemanticsof be-
haviour expressionof contet-free processspecifications
is givenasFigurel.

3. Event Identifiers

In this section,we introducethe notion of eventidenti-
fiers (abbreviatedaseventIDs). To defineaneventID, we
needtwo notions,an occurrencepositionanda processn-
vocationstadk. Ourintentionis to usethefirst onein order
to identify the syntactical(static)occurrenceof eachevent
(or eachsubexpression)andthelatter onein orderto iden-
tify the dynamicoccurrenceof eachevent. The mainidea
of aneventID is thatif theabove two notionsof occurrence
are combined,we can completelyidentify ary event exe-
cutedby the possiblyrecursiie process.The notion of an
eventlD is inspiredby both[1] and[10].

Definition 3 For each processdefinition P := B of a
contet-free processpecificationjet T'(B) bethe syntacti-
cal tree of the behaiour expressionB. Thenwe represent
a path from the root nodeof T'(B) to ary othernode by
(P :=,0p14,,0P24,,---,0Pn—14,_,>0Pn), Wherefor each
ke{l,...,n—=1},0pr € {[],;,>>} dr € {L, R} andfor
k=mn,op, € {[],;,>>}UActU{stop, exit}. opy, [opkR]
meanghattheleft [right] subtreeof the subtreewhoseroot
nodeis an operatoropy, is traversed. We refer to the path
asanoccurrencepositionof the subexpressionwhoseroot
nodeof the correspondingubtreds op,, in the processP.
|

For example,considera procesgefinition P := (a; Q)
[] ((b;exit) >> (a; (d; exit))). Thesyntacticakreeof this
processdefinition is illustratedin Fig. 2. The occurrence
positionof the subexpression(d; exit) in P is represented
by the path (P :=,[]r,>>R,;r,;). Also, the occur
rencepositionof the processnvocation@ is representetly
(P :=,[L,;r,Q). Theoccurrencepositionsof the action
namea are(P :=,[|1,;r,a) and(P :=,[|r,>>R,;L , a).
In therestof this paper we may assigna uniguenumberto
eachoccurrencepositionandabbreiateit to thenumber

Next, we will definethe notion of a processinvocation
stak. Intuitively, a processnvocationstackholdsthe in-
formationaboutwhich procesgsayprocess?) hasinvoked
the currentrunningprocesgat which occurrenceoosition),
andwhich procesqsayprocesB) hasinvokedthe process
A, andsoon.

Definition 4 A processinvocationstad is a sequenceof
occurrencepositionsof processnvocationswhich is in the
form of

(S ::,...,Pl)(Pl ::,...,PQ)...
(Pk—2 =y '7Pk—1)(Pk—1 =y apk)
(There are possibly duplicate process names in
S, Py,...,P)

An eventID of an actiona [or ezit] is a sequencef
occurrenceposition suchthat an occurrenceposition of a



true a€ Act
exit —2 stop a;B- B
By = B By -2 B
B,[|B; — B' B,[|By = B'
B - B' a#6 B -5 B
B, >> By % B' >> B, B, >> B, — B,
B> B'" P:=Be€Defs ac ActU{i,d}
P B

Figure 1. Structured Operational Semantics for Context-Free Processes
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Figure 2. Syntactical Tree and Occurrence Position

[exit, resp.] in the processP; is appendedn thelastof a
processnvocationstack. O

Example1 The followings are some examplesof event
IDs.

° (S :_7[]L7>>R77L aa)
b (S :=7>>R7P)(P - []RHR)emZt)
e (S :=,...,P)(P =,...,Q)(Q :=,...,P)(P =

NotethatthesecondeventID representtheactionexit ex-
ecutedby the processP, which hasbeeninvoked by the
processS at theright handof the operator>>. The third
eventID representtheactiona, wheretheinitial processS
hasinvokedtheprocessP, P hasinvokedtheprocess), @

hasinvoked P (P and(@ aremutuallyrecursve processes),
andfinally P executedheactiona. ]

Example 2 For the contet-free processpecification

Spec = ({5,P,Q},5,
{S:=a;P,
Pi= (5Q) >> (a: P),

Q = (¢; P)I(d; exit) }),

the following is a sequenceof event IDs executableby



pP:= » >>R,3L,0 )7
P = » >R, 7R)P)(P :=7>>L7;L7b)7

Spec:
(S =L, 0 )7
(S :arRa-P)(P =,>>L,;L 5b)a
(S —,,R;P)(P - >>L57R5Q)(Q ::;[]R;;Lad)a
gS ::azRa-PgEP =,>>L,;R 5Q)(Q =, []R,;R,el'it),
( )t

Obsenre thatthefirst andthe secondoccurrencesf theac-
tion b have differenteventIDs, sincethe processnvocation
stacksaredifferent. O

For asetof eventIDs of a contet-freeprocesspecifica-
tion, thefollowing holds.

Theorem1 A setof eventIDs of every context-freeprocess
specificationSpec is aregularlanguagewhereits alphabet
is asetof occurrenceositions.

[Proof sketch] From the following contet-free process

specification
k l
P, :=aq;...
m

where P; is aninitial processname,k and/ areoc-
currencepositionsof processinvocations?; and P;
in P, respectrely, andm is anoccurrencepositionof
theactionnameq in P;, constructadeterministidinite
automaton(DFA) asfollows:

P, —k-> P
P —l-> P

P, —m—> a

In this DFA, the setof statesare the setof process
names the setof input symbolsarethe setof occur
rencepositions,the initial stateis the initial process
name,andthe setof final statesarethe setof action
namesClearly, this DFA acceptsxactly all eventIDs
of eventsexecutableby the processP; . m|

In the next definition we definetwo interestingsetsof
eventlDs.

Definition 5 For ary occurrencepositionp of ary subex-
pressionB of ary contet-free processpecificationyve call
asetof eventIDs of thefirst [the last] executablesventsof
B asa setof starting events[a setof endingevents resp.],
denotedby SE(p) [EE(p), resp.]. |

From Theorem1,
holds.

immediately the following corollary

Corollary 1 SE(p) andEE(p) areregular.

[Proof sketch] Similar to Theorem1. The main idea of
the proof is that we only allow occurrencepositions
which do not containary ;g’s and>>pg's (in caseof
SE(p)) asinput symbolswhenconstructinghe DFA.
Thedetailsareomitted. m|

4. Symbolic Event Structur es

In this section,we definesymbolicevent structuredor-
mally.

Definition 6 Let ¢ denotea variable rangesover process
invocationstacks,andlet r andr’ denoteregular expres-
sionswhosealphabets a setof occurrencepositions. Let
“.” denotegheconcatenationperatoffor any two sequences
and/orregular expression®f occurrencepositions.Let the
(extended)regular expressiornc.r denotea setof eventIDs
whosesuffixes matchthe regular expressionr (the restof
thesequencés assignedo thevariablec). A symbolicevent
structue is a pair of relationsR; andR», where

R, = {(cr,cr')|cisavariable,

r andr’ areregularexpressions.
for eachi € {1,2}. Let
cr — cr'

denote(c.r,c.r') € R; andwe refer to it asa symbolic
causalrelation And let

cr = cr'

denote(c.r,c.r’) € Ry andwe referto it asa symbolic
conflictrelation |

Theintuitive meaning®of symboliccausal/conflictelations
are as follows. A symbolic causalrelation c.r — c.r’
meanghatary eventwhoseeventID e’ matches:.r’ must
beexecutedustaftersomeeventwhoseeventID e matches
c.r. Notethatthetwo eventIDs e ande’ have the samepre-
fix ¢. A symbolicconflictrelationc.r =+ c.r’ meanghat
ary eventwhoseevent|D matches:.r andary eventwhose
eventlD matches.r’ mustbeexclusively executed.

We canautomaticallyderive a symbolic event structure
for arny contet-free processspecificationSpec. Specifi-
cally, we can derive either a causalrelation or a conflict
relationfor eachoccurrencef theoperators, [| and>> as
follows.



For thecaseP := ...(a; B)..., thatis, for the occur
renceof the operator; in the processdefinition of P, we
derive acausalelation

c.(P:=,...,;1,0a)

—> c.Rex(SE((P :=,...,;r,B))),
whereRez (E) denotesaregularexpressiorof aregularset
E, andc is a variablewhich matchesary processnvoca-
tion stackendingwith anoccurrenceositionin theform of

(..., P).
Similarly, for thecaseP := ... (B[]C) ..., wederive
c.Rex(SE((P :=,...,[|L,B)))
—< c.Rex(SE((P :=,...,[|r,C))),
andfor thecaseP :=...(B >> () ..., wederive
c.Rex(EE((P :=,...,>>1,B)))
— ¢.Rex(SE((P :=,...,>>g,(C))).

FromCorollary 1, we canconstructDFAs automatically
whichacceptSE() and EE() andderive automaticallythe
correspondingegularexpressiongrom the DFAS[6].

Example 3 (Distrib uted Stack) Fig. 3 is an exampleof a
contet-free processspecificationof a simple (but infinite
state)servicewhich inputsdataz from nodeA by the ac-
tion push”A?x , pushesz on the top of the stack,andre-
trievesthe datafrom the top of the stackandoutputsto the
nodeB by theactionpop™B!x . If thelastdatain the stack
hasbeenretrieved, the processsuccessfullyterminates. It
is specifiedthat both pop™B!x andthe next pushaction
push”A?y are always executableexceptthe first action
push®A?x .

Let SE(P, kL) [SE(P, kr)] denotethe setof the first
eventsof theleft [right, resp.] subepressionof the occur
renceposition k. Similarly, let EE(P, kr) [EE(P, kgr)]
denotethe setof the endingeventsof theleft [right, resp.]
subepressiorof k.

The event structurespecifiedby eachoccurrenceof the
operatorsis expressedcompletelyby the following rela-
tions.

[Causalrelations]

c.Rex(EE(S,8L))
c.Rex(EE(P,91))
c.Rex(EE(P,11L))
c.Rex(EE(P,121,))

— c.Rex(SE(S,8R))
— c.Rex(SE(P,9R))
— c.Rex(SE(P,11R))
—  c.Rex(SE(P,12R))

[Conflict relations]

c.Rex(SE(P,101)) —+ c.Rex(SE(P,10R))

Clearly Rex(EE(P,8;)) = 1 andRex(SE(P,8g)) =
2(3]5) hold (here,(r|r') denotea union operatorof regular
expressionsi.e., if thesequencenatchesitherr orr’, then
it matchegr|r")).

Rex(EE(P,121)) = 6.Rex(EE(P)) holds. A
DFA which acceptsEE(P) is constructedas M =<
{P, exit},X,{P—4— > exit, P—7— > P}, P, {exit} >
(X is a setof occurrencepositionseachof which doesnot
contain;z, and>>y). Fromthe DFA, the corresponding
regularexpressioris constructedsRex(EE(P)) = (7)*4
(here,(r)* denoteKleeneSstarclosurej.e., it represent§
or morerepetitionof thesequencewhich matchtheregular
expressiornr). Hence,Rex(EE(P,121)) = 6(7)*4 holds.
Otherregularexpressionsareobtainedsimilarly.

Finally, the following symbolic event structureis ob-
tained.

cl —  ¢2(3]5)

cd — c4

c5 — ¢6(3]5)
c6(N*4 —  c7(3|5)

c3 — c¢b

5. Protocol Synthesis

In this section,we describea protocolsynthesianethod
usingthe notionof symboliceventstructures.

For a given servicespecificationwritten in context-free
processpecificationye derive aspecificatiorof eachnode
underthefollowing policy:

1. Basically a specificationof node i is a projection
Proj;(S) onto node: of the servicespecificationsS,
except that somenecessarynessagexchangingac-
tionsandsomeauxiliary datamanipulationsreadded.

2. For eachprocessdefinition P := B of the service
specificationwe derive P;(c) := Proj;(B) for each
nodei. cis avariablewhich representa processnvo-
cationstack.

3. ForeachprocessnvocationP of theservicespecifica-
tion, we derive P;(c.k) for eachnodei. k is anoccur
rencepositionof P in theservicespecification.

4. For eachsube&pressiona; B, we derve Pre >>
a; Post >> Proj;(B) if the actiona is assignedo
nodei, otherwisewe derive Proj;(B), for eachnode
i. Here,the processPre recevesthe precedingevent
IDs (if ary) of theeventID of a. The precedingevent
ID of the samenodeis not received. Regular expres-
sion of the precedingevent IDs is chosenby looking



8
S:=push”A?x;P(x)

1 2
9 10
P(x):=(pop”B!x;exit) 1]

3 4
[Occurrence  positions]
actions: 1,3,4,5
process invocations: 2,6,7
operators: 8,9,10,11,12

((push”A?y;P(y))

11 12
>> P(x))
5 6 7

Figure 3. Example of Service Specification

somealphabets(occurrenqmsitions)from the top of
the processnvocationstacke.

TheprocessPost sendgheeventID c.p of theactiona
to theothernodeg(if ary) thatis waiting for receving
thiseventID.

5. For each subepressionezit, we derve Pre >>
Post >> exit, wherethe processPost sendsthe
eventID of exit if the precedingeventis assignedo
nodes. Pre recevesthe precedingaventlDs of exit.

6. For each subepression B >> B’, we derive
Proj;(B) >> Proj;(B').

7. For eachsubepressionB[|B’, if the conflicting first
eventse € SE(B), e € SE(B') in B andB’, respec-
tively, areassignedo thedifferentnodeswe derivethe
specificatiorfor eachnodeasfollows. Specifically us-
ing the auxiliary processed{ aveT oken;(c.p, B) and
W aitT okenj(c.p, B'), we derive

HaveT oken(c.p, Proj;(B))[|Proj;(B')
for the specificatiorof node:, and
Proj;(B)[JW aitT oken;(c.p, Proj;(B'))

for the specificationof nodej. Here,c is a process
invocationstackandp is anoccurrencepositionof the
operatorf]. Withoutlossof generality we assumehat
SE(B')[ SE(B) ] containsno eventassignedo node
i [nodej, respectiely] 1.

HaveTokenj(c.p, B) is a processwhich choosedo-
cally atnodes eitherto sendansequencep to nodej
asatokenandtheninvoke W aitT oken;(c.p, B), orto
executeB. WaitToken;(c.p, B') is a processwhich

1otherwise,B! canbedecomposeihto B[] B;, whereS E(B'') con-
tains no event assignedo node: and SE(B;) containsonly eventsas-
signedto nodes. In this casewe consider( B[] B;)[| B” insteadof B[|B’.

waits for receving a token c.p from nodei andthen
invoke H aveT oken;(c.p, B').

Example 4 For the servicespecificationn Example3, we
canderive a protocolspecificatiorasfollows. First, we as-
signeacheventto eithernodeA or B asfollows.

node A
node B

cl.c.5
c.3,c4
wherec = (2(6/7)*

Accordingthe policy asabove, we derive the protocolspec-
ification shovn in Fig. 4. In Fig. 4, send_i(c.p) is
an actionwhich sendsthe event ID ¢.p to the nodei, and
recv_i(c.r) is an actionwhich recevesary eventID
which matchedheregularexpressiore.r. In this example,
we also use send_i(c.p,x) and recv_i(c.r,x) ,
which meanssendingdataz with eventID c.p, andrecev-
ing dataz with eventID matchingc.r, respectiely. Note
thatthedatapartof thespecificatioris notautomaticallyde-
rived. We manuallyaddedthe actionssend_i(c.p,x)
or recv_i(c.r,x) , respectiely, to thederived protocol
specification.

We alsousea construct'if [conditionl] then actionl
elseif ...” inthefollowing. We omit theprecisedefinition
herebecausehe meaningof this construcis obvious. O

6. Conclusion

In this paper we proposeda protocol synthesismethod
for the classof contet-free processedyy usingthe notion
of symbolicevent structures.Our methodis applicableto
not only the classof FSMs, but also the non-finite-state
servicespecificationvhich canbe specifiedin contet-free
processes.In comparisonwith [9], our methodis better
in messageomplity. For example,considerthe service
specificatiorsuchasbelow.



[A]

S_A(c):=push”A?x;send_B(c.1,x);P_A(

P_A(x,c):=(if c=c.7 then
(recv_B(c.3);exit
[ HaveToken_B(c.10,

push”A?y;send_B(c.5,y);P_A(y,c.6)

[B]
S B(c):=P_B(x,c.2)

X,c.2 )

recv_B(c.6(7)*4));

>> P_A(x,c.7)))

P_B(x,c):=(if c=c.2 then recv_A(c.1,X)
else if c=c.6 then recv_A(c'.5x));
(WaitToken_A(c.10, pop”B!x;send_A(c.3);send_A(c.4);exit )
0 P_B(y,c.6) >> P_B(x,c.7))
where for i in {AB}, p : occurrence position,
P: behaviour expression

HaveToken_i(c.p,P):=P[]send_i(c.p
WaitToken_i(c.p,P):=recv_i(c.p);H

);Wai tToken _i(c. p,P)
aveToken_i( c.p,P )

Figure 4. Protocol Specification for Example 3

S:= (a'1;b"2;c"3;exit
[ d™1;e"3;exit) >> (f°2;exit)

Notethata”i meansthat the actiona mustbe executed
at nodei. The protocol specificationgderived by [9] and
our methodare shovn in Fig. 5. This specificationhas
two alternatve traces,t; = (a™1,b2,c"3 ,f2 ) and
to = (d"1,e"3,f2 ). For tracet;, the numberof ex-
changedmessageby the two protocolspecificationsare 3
([9]) and3 (our method).However, for tracets, thenumber
of exchangedmessageby the two protocolspecifications
are 3 ([9]) and 2 (our method). In this case,the method
of [9] derives one redundantmessagesxchangeand our
methodeliminatesit. In general,in our method,message
exchangesn thederived protocolspecificatioronly appear
if andonly if thoseare essentiallynecessaryi.e. thereis a
causalrelation betweenthe currentevent andthe possible
next eventsandsomeof thenext eventsmustbeexecutedn
differentnode. Therefore theoreticallyno redundanmes-
sageexchangesreintroducedn our method.

The future work is to extend our methodto deal with
parallel composition,datainputs/outputsand timing con-
straints.
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# of sending messages

lor2

lor0O

lor0O

Figure 5. Comparison between [9] and ours.
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