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Abstract.  This paper focuseson the realizability problem of a frame-
work for modeling and specifying the global behavior of reactive elec-
tronic services (e-services). In this framework, Web accessibleprograms
(peers) communicate by asyndironous messagepassing, and a virtual

global watcher listens silently to the network. The global behavior is
characterized by a conversation, which is the in nite sequenceof mes-
sagesobsened by the watcher. We show that given a Bechi automaton

specifying the desired set of conversations, called a conversation proto-
col, it is possibleto implement it using a set of nite state peersif three
realizability conditions are satis ed. In particular, the synthesized peers
will conform to the proto col by generating only those conversations spec-
ied by the protocol. Our results enable a top-down veri cation strategy
where: (1) A conversation protocol is speci ed by a realizable Beichi au-
tomaton, (2) The properties of the protocol are veried on the Bechi
automaton speci cation, (3) The peer implementations are synthesized
from the protocol via projection.

1 Intro duction

The use of e-services(i.e., self-contained Web accessibleprograms and devices)
has revolutionized the way that businessservicesare provided and deployed.
One recert trend is to provide value added composite e-servicesby integrating
existing servicesavailable on web. However to make such a\comp osite paradigm"
prevail, one hasto rst resolwe the modeling problem, i.e., how to de ne the
public invocation interface so that individual e-servicescan be discovered and
invoked by others (see[18]).

It hasbeenrealizedthat statelessfunction call modelslike WSDL [29]are not
adequateto describe long running complex services.Indeed [15] shows that lack
of stateful coordination of server scripts causedproblemsin Orbitz resenation,
and similar a ws are also obsened in many other serviceslike Hertz Rental and
Register.com.Emerging standardslike BPML [7], BPEL4AWS [6] and WSCI [28]
can resolwe this problem by exposing the abstract control o w skeleton of busi-
nessprocesseso that invoker knows how to interact. In contrast to the process



oriented view of BPEL4WS [6], IBM Conversation Support Project [16] concen-
trates on the interaction in a peer-to-peer corversation session,and proposes
the notion of conversation policy. In [9] we generalizedthe idea of conversation
policy to conversation speci ¢ ation (protocol), which describesconversation logic
globally for any number of peers.A conversation protocol can be conveniertly

captured by a nite state automaton, with the set of messagegxchangedamong
peersasthe alphabet. A reactive versionfor e-servicesvould simply usea Bechi

automaton, which is a successfulmethodology for expressinglivenessrequire-
mernts.

Though increasingly many e-servicestandards [29,6,19] have beenand are
being proposedby the industry, many fundamertal issuesremain unclear [18].
For example, one issue is what the underlying communication model for e-
servicesshould be. There has been extensive work on synchronous communica-
tion models, for example, CSP [17], I/O automata [22] and interface automata
[3]. However, their synchronous assumption, i.e., two communicating processes
should executea sendand a corresponding receive action synchronously, is not
realistic in an ervironment like Internet, where there is no global clock and
network delay is signi cant. Although asyndirony can be simulated by intro-
ducing explicit queueprocessesn synchronous model, like [14], the intro duction
of queueprocessesnhibits the direct application of nite state model cheding
tools.

In our previous work [9], a framework was developed for modeling e-services
with asyndrony assumptions.Under this framework, peers(individual e-service
componerts) communicate via asyndironous messagesnd ead peer maintains
a queuefor incoming messagesA virtual global watcher keepstrack of messages
asthey occur, i.e., ead sert messageés simultaneously written to aninput queue
and concatenatedto the watcher. A certral notion of a conversation, which is
a nite sequenceof message®bsened by the watcher, was studied. This model
can be regarded as a theoretical abstraction of many industry e orts like Java
MessageService[27].

Continuing on the study of e-servicecornversations, this paper extends the
model in [9] by focusing on reactive e-serviceswhere the global conversation is
alwaysin nite (However, somepeersmay terminate in the composition). Similar
to the results of [9] on nite words, in this paper we show that composition of
nite state peersgeneratesnon ! -regular languages.In addition, we show that
the problem of cheding if the composition of nite state peerssatis es an LTL
property is undecidable due to the unbounded input queuesassaiated with
peers. This motivates our top-down approach to speci cation of composite e-
services.We specify the desiredset of global conversationsof an e-serviceusing
a Buchi automaton, and we call it a conversation protocol.

Unfortunately, not all conversation protocolsare realizable. We presert three
realizability conditions in this paper and show that any conversation protocol
which satis es these three properties is realizable. The rst property is called
losslesgoin property which requiresthat the protocol should be complete{ when
projected to individual peers,the Cartesian product of the projections should be



exactly the sameasthe original protocol. The secondproperty is the synchronous
compatible property which ensureshat the protocol doesnot havelillegal states"
asspeci ed in [3]. Finally the third condition is the autonomousproperty which
implies that at any point in the execution, ead peer, independertly, can make
a decisionon whether to send, or to wait for a messagepr to terminate. LTL
properties veri ed on a realizable conversation protocol will be presened by its
synthesized peers,and this result supports a top-down veri cation strategy.

Related Work Our model of composite e-servicess di erent than the Commu-
nicating Finite State Machines (CFSM) model in [8]. In our model messageare
exdchangedthrough avirtual commonmedium and storedin the queueassaiated
with the receiver, whereasin [8] ead pair of communicating machines use iso-
lated communication channelsand eact channel hasits own queue.The idea of
using CFSM with FIF O queuesto capture inde nite delay of messagegsignals)
is similar to many other published models like Codesign Finite State Machine
[10], and Kahn ProcessNetworks [20]. Other formalismslike -Calculus[23]and
the recent Microsoft Behave! Project [26] are usedto describe concurrert, mobile
and asyndrronously communicating processes.

Brand and Za ropulo have shown in [8] that CFSM with perfect FIF O queues
are as powerful as Turing Machines. Thusit is not hard to infer that LTL model
cheding on our e-servicecomposition model is undecidable. This undecidability
result is causedby the unbounded FIF O queues,and in [13], many problemsare
proved to be undecidable even for two identical communicating processesThe
transaction sequettial consistencyproblem in [5] provides another perspective
for understanding the queuee ect, whereindependen transactions are allowed
to commute (which resenbles our Prepone operator in [9]). In [2] it is shavn
that, if perfect FIFO channels are replaced by lossy channels, many problems
becomedecidable.However we stick with the perfect FIF O in our model, sincewe
assumethat underlying communication protocols (like TCP/IP) ensureperfect
FIF O messagedeliveries.

To the best of our knowledge, the notion of realizability on open/concurrent
systemswas rst studied in the late 80's (see[1,24,25]). In [1,24,25], realizability
problemis de ned aswhether a peerhasa strategy to cope with the environment
no matter how the environment decidesto move. The concept of realizability
studied in this paper is rather dierent. In our model the environment of an
individual peer consists of other peers whose behaviors are also governed by
portions of the protocol relevant to them. A related notion is the realizability
of MessageSequenceChart (MSC) Graphs [4]. However, the MSC Graph model
captures both \send" and \receive" events, while in our e-composition model
we are interested in the ordering of \send" ewverts only. It can be showvn that
the MSC Graph model and our cornversation protocol model are incomparable
in expressiveness.In addition, the three realizability conditions proposedin [4]
are di erent than ours. For example, a conversation protocol which de nes the
languagem' does not satisfy the bounded condition of [4], but it satis es the
realizability conditions in this paper. It is interesting to note that there are other
works like fair reachability analysis in [21] which achieved decidable analysis



results by restricting both the shape of composition (cyclic connection in [21])
and the cortrol o w of protocol itself.

This paper is organizedas follows. x2 de nes the e-servicemodel and in par-
ticular the notion of an e-serviceconversation. x3 discussed TL model cheding
of e-services.x4 de nes the concept of a conversation protocol and establishes
the main results on the three realizability conditions. Finally x5 preseris our
conclusions.

2 A Mo del for E-Services

We introduce the formal model of composite e-servicesin this section. In our
model (see Fig. 1), an e-service consists of a set of peers where eath peer
maintains oneinput queuefor incoming messageand
may send messagego the queuesof other peers. A
global watcher listens silertly to the network and ob-
senesthe global behavior as a sequenceof messages
at the times of being sert (i.e. enqueued).The time
a peer actually consumesa messagefrom its queue

m-Peer 2
is a local decision by the peer. Such a modeling of -T

the global behavior of an e-service(or a distributed o
system) departs from the traditional approadc of fo- H
cusing on the behaviors of individual peers(or sub- m:::
systems).In this section, we start with the modeling
of individual peers.Then we moveto the de nition of
composite e-servicesFinally we intro ducethe notion
of global con guration, basedon which the conceptof a cornversationis de ned.

For an alphabet ,let ; ' bethe setof all nite, innite (resp.) words

over ,and ‘' = [ '.The de nition of a peeris preseried as follows.

Watcher

Fig. 1. e-servicemodel

De nition 1. A peer is modeled using a nondeterministic Beichi automaton
(M ou:T:s:F; )wher (1) ™and °“ aredisjoint nite setsof incoming
and outgoing (resp.) messages(2) T is a nite setof states,s 2 T is the initial
state,and F T is a setof nal states, (3) T ([ %“[fg Tis
the transition relation. ( is the empty word.)

A transition is either an -move, or it either consumesan incoming message
(from the input queue)or producesan output but not both. Thesethree types
of movesare denotedby triples (qi; ; &), (ti; 7a; ), (th;!b;qz) respectively. Let
L (p) represen the languageacceptedby a peerp. (A word is acceptedif some
nal statesare visited in nitely often.) Due to the presenceof -movesin a peer
p, L(p) may contain nite words, i.e., L(p) ' where = in[ out

In the following we de ne the notion of an \e-service" which involvesa set
of peers.For corvenience,we usep; to denote a peer, and the alphabets, the set
of states, etc. of the peerp; alsohave subscript i.

De nition 2. An e-serviceis a triple (n; P; ) where



{ n> 1is an integer,
{ P =fp1;p2;:png is a setof n peers with pairwise disjoint input alphalets
fln;:::; In"and pairwise disjoint output alphatets fUh o QU (note that
I\ out may be nonempty for i 6 j) suchthat [; " =1[; °, and
{ :[a=n] ([ o) ! [1:n]is a partial mapping suchthat
For eachi 2 [L::n] and eachb2 °", (i; b) is de ned, and

For eachi 2 [1::n], eachj 2 [1::n], and eachb2 P\ ji“, (i5b)y=7j.

Intuitiv ely, (i; @) = j meansthat the messagea can be sent by peerp; to
peer p; . Note that in De nition 2 a messagecan be transmitted on one channel
only. In the remainder of the paper$we use to denotethe ertire setof alphabet
of an e-service(n; P; ), i.e.,, = ; |
Denition 3. Let S = (n;fps;::;png; ) be an e-servie. A con guration of S
is a (2n + 1)-tuple of the form (Qgq;t1;:::; Qn;tn; W) wher for eachj 2 [1::n],
Qi 2 ( j‘”) is the queuecontent of peer pj, t; is the state of p;, w 2 is the
glokal watcher which records the sequene of messageshat havebeen transmitted.

For two con gurations = (Qq;t1;:5Qnitasw), 9= (Q9:t%;:::;QY;t%; wo),
we say that derives © written as ! O if one of the following holds
{ A peerp; executesan -move,i.e., there existsj 2 [L:n] s.t. (t;; ; JO) 2 j,

and QY= Q;, and w®= w, and for ead k 6 j, QY = Qx and ty = t.

{ A peerp; consumesan input, i.e., there exist j 2 [1:n] and a 2 J'” s.t.
(t;?at)) 2 j,andw’=w, Q; = aQf, and for eah k 6 j, Qf = Qx and
t9 = ty.

{ A peer pj sendsan output to peer p, i.e., there exist j; k 2 [1:n] and
b2 M\ st (Y b;td) 2, andwl= wb, Q) = Qb, and Q¥ = Q
for eah | 6 k, and t8, = t, foreahhm 6 j.

For eadh con guration ¢ = (Qgq;t1;:::; Qn;tn; W), wedenoteits global watcher
content asgw(c) = w. Next we de ne the key notion of \run" and\conversation".

De nition 4. Let S = (n;fp1;:;;png; ) be an e-servie. A run  of Sis a
nite or innite sequen@ of con gurations = Cgp; Cy; Cy; i satisfying the rst
two of the following conditions, and a complete run is an in nite con gur ation
sqjuene satisfying all of them.

1. co= (;s1;:5; sn; ) (s is theinitial state of p; for eachi 2 [1::n]),

2. foreach0 i<jj, ¢! ¢,

3. for each™ 2 [L::n] and eachi O, there existj > i; k > i suchthat
(@) t! is a nal state, wher t! is the state of p- in ¢ .
(b) head(Q¥) 6 head(Q!) if Q' 6 , wher Q! and Q¥ are the queuecontents
of p in ¢ and ¢k respectively.

4. for eachi 0, there existsa j > i suchthat gw(ci) 6 gw(g).

An innite word w 2 ' is a conversation of S if there exists a complete run
Co; C1;Co; - i of S suchthat for eachi 0, gw(c) is a nite pre x of w. Let C(S)
denotethe set of conversations of S.



In De nition 4 condition 3 requires that during a complete run, the Buchi
acceptancecondition of ead peer should be met, and all messagesver sern
should be eventually consumed;condition 4 species that global messageex-
changeshould evertually advance.The notion of conversation capturesthe global
behaviors where eat peerproceedscorrectly accordingto its speci cation. Note
that there might be bad runs where some peer is blocked by an unexpected
messagepr all peersstay in a waiting (deadlock) state.

3 LTL Mo del Checking

Given an e-servicespeci cation, one interesting problem is to ched if its con-
versationssatisfy an LTL property. We will rst de ne LTL properties[12,11] on
cornversations. Then the decidability of LTL model cheding will be discussed.

For a conversationw = wg;Wwyg;Wp;::: , let w; denotethe i-th messagen w,
and W' = Wi W41 (Wiso ;1o thei-th sux of w. The setof atomic propositions
(AP) is the power set of messagesi.e., AP = 2 . The syntax and semarics of
LTL formulas are de ned as follows, where 2 AP is an atomic proposition,

and and' aretwo LTL formulas.

w i wp 2

WE: i w6

WE " i wfE andwpi'

WE _ ' i WEFE owp'

wE X i wif

wFE G i foralli OwW [

WE U' i thereexistsj O;stw F' andforall0 i<ijwfE

We say that an e-service S satises an LTL formula
S E ) if for eath corversationw 2
AS), w

One natural question concern-

(denoted as

ing model chedking an e-service S
is whether we can nd a Bechi au-
tomaton to characterize the con-
versation set C(S). A positive an-
swer would imply that many ver-
i cation techniques become imme-
diately available. Unfortunately we
show that the answer is negative.
Considerthe systemshown in Fig. 2.
In eadh round of messageexchange,
Online Stock Broker sendsa list of
\Rawdata" to Researti Department
for further analysis, where for eath

\Rawdata" one\Data" is generated
and sert to Investor. Messageclasses\EndofRdata", \Start",

Online Stock RawData Research
Broker Department
EndofRdata
‘& e
ar CO‘“\)

Investor

!RawData

|
|EndOfRdata

IStart

Online Stock Broker Research Department

Investor

Fig. 2. Fresh Market Update Service

and \Complete"



are intended to synchronize the three peers.Finally Investor acdknowledgesOn-
line Stock Broker with \Ack" so that a new round of data processingcan
start. This seemingly simple example producesa non ! -regular set of corver-
sations. Consider its intersection with an ! -regular language (R ESD CA) ’
(each messagas represerted by its rst letter). It is easyto infer that the result
is (R'ESD'CA) ', becauselnvestor enforcesthat \Start" should arrive earlier
than \Data". By an argument similar to pumping lemma, we can show that this
intersection cannot be recognizedby any Bechi automata.

Prop osition 5. There exists an e-servie S suchthat C(S) is not accepted by
any Buchi automaton.

In fact, given a set of nite state peersLTL model cheding is undecidable.
The proof can be shown by reduction from the halting problem of Turing Ma-
chines. For each Turing Machine M we can construct a two-peere-serviceS that
simulatesM and exchangesa special messagdgsay m;) onceM terminates. Thus
M terminates if and only if S [ U my.

Theorem 6. Given an e-servie S = (n;P; ) and an LTL property , deter-
mining if S is undecidable.

4 Conversation Proto cols

By Proposition 5 conversationsof an arbitrary e-serviceare not always! -regular,
thusit is natural to considera \top-do wn" approac to e-servicedesignby spec-
ifying permitted corversationsto restrict the global behavior of an e-service.
In this section, we intro duce the notion of a conversation protocol to constrain
the global behavior by a nonredundart Beichi automaton. Then we study the
concept of realizability: given a Bechi cornversation protocol, is it possible to
obtain peersto form an e-servicewhich producesexactly the sameset of con-
versationsas speci ed by the protocol? We present three realizability conditions
that guarantee a realizable conversation protocol.

To facilitate the technical discussionsbelow, A peer prototype is de ned asa
pair of disjoint sets( "; ©°U). A peerpimplementsapeerprototype( ™; ©°ut)
if the input and output alphabetsin p are ™; ©°4 (resp.). Similarly, we can
de ne an e-serviceprototype as an e-servicewith peersreplaced by peer pro-
totypes, and an e-serviceS implements an e-serviceprototype SP if peersin S
implement corresponding peer prototypesin SP. A standard Buchi automaton
A is nonredundant if for every state s in A there is a run of someacceptedword
traveling through s.

Denition 7. LetSP = (n;PP; ) be an e-servie prototype and  be the union
of all alphaletsin SP. A cornversation protocol over S” is a nonredundant Beichi
automaton A = ( ;T;s;F; ) with the alphaket . A conversation protocol A is
realizableif there exists an e-servie S which implements SP and C(S) = L(A).



Our de nition of realizability hereis similar to the weakrealizability in [4], where
deadlock is not considered.A conversation protocol A satis es an LTL property

, written asA if for all w2 L(A), wE . The following theorem follows
from the well-know results in LTL model cheking [12,11].

Theorem 8. Given a conversation protocol A for an e-servie prototype SP =
(n;PP; ) andan LTL property , determining if A £ is decidable.

Note that Theorem 8 does not solve our problem, becausenot every Bechi
conversation protocol is realizable. Consider an e-serviceprototype with four
peers, Pa; Po; Pc; Pa, Where QU = N =f g ot = I =f gand =

gut = In - ot = . The corversation protocol A = ( ;T;s;F; ) with

=f; 9 T=f0129,s=0,F=1f2g,and =f(0;; 1);(3; ;2)(2; ;2)9
is not realizable, becausethere is no communication between peersp, and pg,
sothere is no way for them to make surethat is sert beforeany is sert.

4.1 Realizabilit y conditions

In the following, we presen three realizability conditions that guarantee a re-
alizable conversation protocol. We write w;  w, to denote a word w; being
a pre x of w, (w; may be equalto w,). Let L (A) includesall nite prex of
L (A) for a Buchi automaton A, clearly L (A) is regular. Given a conversation
protocol A, and a peer (prototype) pi, the projection of A onto p; is a Buchi
automaton A; obtained from A by replacing eadh move for a messagenot in
the alphabet of p; by an -move. We de ne SP(A) to be the e-servicederived
from the corversation protocol A basedon the e-serviceprototype SP where
ead peerin SP(A) is A;. Clearly L(A;) = ;(L(A)), where ; is the projection
operator w.r.t. peerp;.

Losslesgoin property We now intro ducethe \losslessjoin" property. Intuitiv ely,
the losslesgoin property requiresthat a protocol is completew.r.t. the product

[1;n]: i(w) 2 Lig

De nition 9. Let A be a conversation protocol for an e-servie prototype SP =

The ched of losslesgoin property is straightforward. Obtain SP (A) from A,
and then construct the Cartesian product (a generalizedBechi automaton) of

Synchronous compatible property Beforewe intro ducethe property, let us revisit
the Fresh Market Update example in Fig. 2. We have argued in x3 that the
composition in Fig. 2 is bad becausethe conversation setis not ! -regular, which
inhibits the application of model cheding techniques. In fact it is even worse.
Considerthe peerlnvestor, it is possiblethat \Data" arrivesearlier than \Start",



and Investor is blocked. This scenariois similar to the \illegal states" described
in [3], where a peer receivesan unexpected messageWe de ne an synchmonous
compatible property to avoid such scenarios.

De nition  10. Let A be a conversation protocol for an e-servie prototype SP =
(n;P; ). A is said to be synchronous compatible if for each word w 2 and
eachmessage 2 "\ [, the following holds:

(Bizizny W) 2 (L (A) » alw )2 a(L (A) ) b(w )2 (L (A))

The decision procedure of synchronous compatible property proceedsas fol-
lows: construct e-serviceSP (A) from A. For every peer make ead state a nal
state, and then determinize ead peer. Construct the Cartesian product of all
peers,and ched if there is any illegal state, i.e., there is a peer ready to send
a messagewhile the receiver is not ready to receive. A is not synchronous com-
patible if an illegal state is found.

Autonomous property Syndironous compatible property is still not enoughto

constrain a corversation protocol. Considerthe conversation protocol Ay shavn

in Fig. 3. It is easyto infer that Ay is synchronouscompatible, however the word
' is a legal corversation that is not cortained in L (Ay).

Taking a closelook at the exe-
cution paths of all peers(denoted
by dotted arrows in Fig. 3), we a
learn that the abnormal corver-
sation is the result of \ambigu- %
ous" understanding of the proto- v
col by di erent peers,and the rac-
ing between A and B at the ini-
tial state is the main cause.Con-
sequettly, we intro duce the follow-
ing autonomous property to re-

strict racing conditions, sothat at (Protocol)
any point ead peer can make in-
dependert decisionsto receiwe, to Fig. 3. Ambiguous execution

sendor to terminate.

Let A be a conversation proto-
col on a e-serviceprototype S? = (n;PP; ). For a peerp; 2 PP, wesay p; is
output-ready (input-ready) at aword w 2 ; if there existsaword w® 2 L (A)
such that is an output (resp. input) messageof p; and ;(w% = w. Similarly
p; is terminate-ready at a word w 2 if there exists a word w®2 L(A) such
that (w0 = w.

De nition  11. Let A be a conversation protocol on e-servie prototype SP =
(n;PP; ). A is autonomousif for each peer prototype p; 2 PP and for each
nite prex w2 L (A), pi at j(w) is only one of the following: output-ready,
input-ready, or terminate-ready.



Given a conversation protocol A and its e-serviceprototype S® = (n; PP; ),
we can ched the autonomous property as follows. For eadh peer p;, let A; =
( Imout T si;Fi) beits peerimplemertation in SP(A), and let T° T; in-
cludesead state s wherean loop starting at s passeghrough at leastone nal
state. Construct pre x automaton A; for eath A; by making ead state in A; a
nal state. Determinize A;, and now ead state of A; can be represerned by a
subsetof T;. We ched ead state s’ of A; . When s®\ T?is not empty, we require
that there is no outgoing transitions starting from s° If s% T.is empty, then the
outgoing transitions from s® are required to be either all output message®r all
input messagesThe complexity of the above ched is NPTIME becauseof the
determinization procedure. The following lemma summarizesthe complexity of
cheding three realizability conditions.

Lemma 12. Given a conversation protocol A and an e-servie prototype SP, it
can be determined in polynomial time in the size of A and SP if A haslossless
join, synchronous compatible, and autonomous property.

We now proceedto presen the main result (Theorem 14), which shows that
if the realizability conditions are satis ed, a conversation protocol is realizable.

Lemma 13. Let A be a synchonous compatible and autonomous conversation
protocol, and S (A) the e-servie obtained from the projection of A to each peer,
then for each conversation w 2 C(SP (A)), the following two statements hold

1. for each peer p;, i(w) 2 ;(L(A)), and
2. during any completerun of w, each messagesentis consumel eagerly by its
receiver, i.e., a peer never sendsa messagewith its queuenot empty.

Proof. (Sketch) We needonly prove statement (2) because(1) is implied by (2).
Assume A is synchronous compatible and autonomous, but there is a a run R
where a peer py sendsout a message , while a message , is stored in its
queue. Without loss of generality, let ., be the rst such messageduring R.
Henceeath ; wherei < m is consumedeagerly by its receiwer. It is not hard
to show that for each peerpi, i( o::: m 1) 2 L(Aj), now by synchronous
compatible de nition, 4( 1::: m) 2 L(Ax), and hencepy is input ready at
x( 1::7 m 1)- On the other hand, we can infer from the run R that py is
output ready at 4( 1::: m 1) becauseof message ,. This contradicts with
the autonomous property, and thus the assumption doesnot hold.

Theorem 14. A conversation protocol A for an e-servie prototype SP is real-
izable,i.e., C(SP (A)) = L(A), if A is losslesgoin, synchronouscompatible, and
autonomous.

Following Lemma 12 and Theorem 14, we get the following veri cation strat-
egy: (1) A corversation protocol is speci ed by arealizable Buchi automaton, (2)
The properties of the protocol are veri ed on the Bechi automaton speci cation,
(3) The peerimplemertations for the conversation protocol are synthesizedfrom
the Buchi automaton via projection.



The three realizability conditions in Theorem 14 may seemrestrictiv e, how-
ever they are satis ed by many real life e-serviceapplications. We veri ed that
v e out of the six exampleslisted on IBM Conversation Support site [19] satisfy
the conditions. In fact, except restricting the racing between send and receive
actions, our realizability conditions still allow a certain level of parallelism, which
makesit acceptableto many e-services.

The results in this section can be directly applied to the framework in [9],
and even better results can be achieved. For an FSA corversation protocol A
and its e-serviceprototype SP, we can determinize eac peerimplemertation in
SP(A), and it is guaranteed that their composition is deadlock free and peers
do not get blocked by unexpected messagesn the composition. The di erence
betweenthe two frameworks is that nhondeterministic Buchi automata cannot be
determinized.

5 Conclusions

In this paper we studied the global behavior of reactive e-servicesn terms of the
conversationspermitted by e-servicesLTL model chedking on e-servicespeci ed
using the bottom-up approach was shown to be undecidable. This suggeststhat
specifying the permitted cornversationsas cornversation protocolsin a top-down
fashionis bene cial. However, not every cornversationprotocol de ned by a Bechi
automaton is realizable by asyndronous peers. We gave three conditions on
conversation protocols which ensurerealizability. Studying the global behavior
of e-servicesis a promising researt topic. The results in [9] and in this paper
provide a starting point.
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