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Abstract

WS-BPEL, or simply BPEL (Business Process Executianguage), is
becoming ale factostandard for web services composition. It is reltto
anticipate that the compositions are performed odyoally by a large
number of end-users. However, the current prooadsnology based on
central process engines impedes the adoption ofLBBEthis purpose.
We propose an approach to execution of BPEL presessthout central
engines. The approach is of continuation-passingle,st where
continuations, or the reminder of executions, aesspd along with
messages for process execution. Two continuatimassociated with an
execution: a success continuation and a failuretirnaation. Recovery
plans for processes are automatically generategnéime and attached to
failure continuations.

1 Introduction

Service-oriented computing provides a programmiaagigm for achieving Internet-
scale interoperability. While the basic web sentieehnology (XML, SOAP, WSDL)
has reached a certain level of maturity, the neajomstep is to offer new services
based on the composition of existing ones [16]. BFEL [15], or simply BPEL, is
becoming ade facto standard for services composition based on thekfioor
technology. Using BPEL, a composite service is é&EBRrocess that uses other
services (processes) in some prescribed order.

However, the BPEL technology today can hardly baepéetl by a large number of end-
users for dynamically composing available servioc®se particular reason is that
running a BPEL process requires a central BPELnendrirstly, there is no central
administration domain between independent servie®/iglers and various service
consumers. Secondly, the central engines are tijpicaavyweight and expensive to
small end-users. Moreover, this centralized apgraadfers from poor scalability to
large number of concurrent processes and vulnésatalfailures such as crashes of the
engine and disconnections to it [1]. Techniques tiplication [8] have been adopted to
address the scalability and reliability issues.sTlmowever, makes the central engine
even more expensive and heavyweight, and thusafessiable by the large number of
end-users.

With a decentralized execution, the service sitmaraunicate directly with each other
without the involvement of a central engine. Selveecentralized approaches have
been proposed. Common to most of these, a pros@sstantiated prior to its execution.
During instantiation, proper resources and cordrel pre-allocated in the distributed
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environment. These approaches inevitably allocegeurces even for the parts that are
not executed. Some process management tasks, stehltshandling and recovery, are
dependent on runtime information and cannot beegytgplanned during instantiations.
They also tend to have limited adaptability at met due to the complication of re-
allocating the pre-allocated resources and control.

We propose a peer-to-peer approach that does wollvenstatic process instantiation.
Unnecessary pre-allocation of resources and coimgralvoided. The approach is of
continuation-passing style, which is a common pcadn the functional programming
community. Basically, a continuation represents ré& of an execution at a certain
point of the execution. It is automatically derivéaring the execution. By knowing the
continuation of the current execution, the contant be passed to the proper processing
entities without the involvement of a central emgin

An important task for reliable process executionthe support for recovery using

compensation. To achieve this, two continuatiores @associated with any particular
point of execution. The success continuation reprmssthe path of execution towards
the successful completion of the process. Therfaidontinuation represents the path of
execution towards the proper compensation of cotathigéffects after certain failure

events.

The rest of this paper is organized as follows.ti8ec2 describes the core BPEL
process model and an example BPEL process. St Section 4 present our key
contribution: the abstract CEKK machine and itstestaansition rules. Section 5

illustrates how peer-to-peer process executiommlacted using CEKK state transition
rules by walking through the example. Section 6cdkss the process container that
implements the CEKK machine. Section 7 discussaset work. Section 8 concludes

with our contributions and some possible futurekwvor

2 TheCoreBPEL Process Modd

We present the core BPEL process model [15], keetie essential elements just
enough for the purpose of the presentation of ppraach.

In BPEL, processes and (composite) services arengymous. A process is attivity,
which has a hierarchical structure as defined maeely below.

bpel_process ::= bpel_activity
bpel_activity ::=1 |i nvoke( agent, op |recei ve(op) |repl y(op)
| sequence( bpel_activity® | f | ow( agent?, bpel_activity*
| scope( agent?, bpel_activity*, (fault_name, bpel_activity)pel_activity?, bpel_activily
|t hr ow( fault_namé |conpensate() | ...
Basic activities include empty activities, activities for providing and invoking

services. Aserviceis provided through an invokable operation byagent(or at asite)
with r ecei ve.

A structured activity consists of a collection aftigities, either all to be executed in
some prescribed order, such as in sequence dsiagnce or in parallel usingi ow.
Here, we extend the original BPELow activity with an optional agent (calledj@in
agen) at which the parallel branches will join. If tjggn agent is not given (as with the
original BPEL), a default one will be chosen.



Activities can run within a scope usirgope, Which provides a boundary for fault
handling and recovery. A scope is managed by antagkere again, we extend the
original BPEL scope with an optional scope agenscApe can be associated with a
number of activities known as event handlers, abemof fault handlers, an optional
compensation handler, and a primary activity. Withi scope, a fault can be thrown
usingt hr ow with a fault name. The fault will be caught by g@pe and handled with a
corresponding fault handler. A typical activitytinied by a fault handler t®npensat e,
which executes the compensation operations cuyrergialled within the scope.

Figure 1 shows a simple example process. A cliesitac starts a process in a new
scope. The primary activity of the process is aroaation of theorder service at site
ordS Theorder service in turn invokes two services in paralieloiceat siteinvSand
ship at siteshpS When the two services are successfully doneottier service replies
to the client and then terminates. The process lsdsoan event handler. Upon event
cance] an any fault is thrown. When this fault is caught, a ddfgault handler is
executed.

scope ( sequence (
sequence ( // event handler recei ve(order),
recei ve (cancel), flow (
throw( any) ), i nvoke (invS, invoice),
Il primary activity invoke (shpS, ship) ),
i nvoke (ordS, order) reply (order)
) Client at sitec | ) Serviceorder at siteordS

Figure 1. Example process

3 TheCEKK Machine

Key to our approach is an abstract state machitiedc&EKK, which is built on CEK

[9] and PCKS [11]. Execution of a BPEL processapresented as a sequence of the
state transitions with the CEKK machine. This smttidescribes the CEKK machine.
The state transition rules are described in the section.

A global CEKK machinelefines the possible global states of a procedgtanpossible
transitions among them. It consists of a numbelocal CEKK machineghat define
possible states and their possible transitiondlioaaagents. Every active branch of the
process has a corresponding local CEKK machine gidizal state of the process is the
aggregation of the local states. Except for twocEbeoperations sfopall and
conpensateal | , t0 be described in the next section), the glatiate transitions are
defined solely by the local state transitions. Tinmportant property assures that no
global coordination among the agents is needeth@mt global state transitions.

A state of a local CEKK machine at aggnis a quadruple &; e, ks, kf >, wherec is
called a control activitye an environment, anlls andkf two continuations (thus the
name CEKK with C for control, E for environment aldor continuation).

The control activity and the continuations togettepresent the work yet to be carried
out.



A control activityc represents the next activity to be executed imatelji. Anactivity

is either a BPEL activity or amuxiliary activity automatically generated during
execution. The use of the individual auxiliary aities will be explained in the next
section when they appear in the corresponding statsitions.

activity ::= bpel_activity | auxiliary_activity
auxiliary_activity ::=j oi n( agent, condition
| eos( scope_id, agent, (fault_name, bpel_activity)*, bjpelivity) | eosf ( scope_id, continuation
| eoi (invocation_id, agent, op, bpel_activity, continoaji| eoi f (invocation_id, agent, continuatipn
A continuationis the reminder of execution after the controivatgt ks the success
continuation is applied when the execution of the control\aigtisucceedskf, the

failure continuation is applied when the execution of the control \aisti fails. A
continuation is represented as a stack of actsvitie

continuation ::=L | activity : continuation

For a continuatiork = a,: ...a:a9, we writek.head =a, andk.tail = an.1: ...a:a,. An
empty continuation is the same as an empty activitiHencek:L = k. We may also
write k = ky:akg for a continuation containing an activigy between two partial
continuationsk; andk,. When a continuatiok is applied k.head, i.e. the activity at the
front, becomes the control activity of the newestat

An environmente is the runtime context of the process. Informatcamtained ine
includes bindings for process-relevant data, sc@web activity status of the current
execution so far.

4 Peer-to-Peer Process Execution with CEKK

In the course of a BPEL process execution, a IGEKK state is represented with a
message. Conducting the execution of processebeisséquences of sending and
interpreting messages according to the CEKK sta@sitions rules. Before the
individual state transition rules are presentei, itseful to note that the state transitions
appear in one of the following four forms:

1. Local ongoing— a state transition within a local CEKK machirse performed
locally at agenp:

<CO| a)l k&)) kf0>p - <Cl) ell kS]_, kf]_>p

2. Remote forwarding— a state of a local CEKK machine at agpns passed to a
state of another local CEKK machine at aggnt

<c, & ks kf>, — <c, e ks k>4

In other words, the local CEKK machine @terminates and a new local CEKK
machine starts afi with the same state. In terms of process executiois
corresponds to a message & ks kf> fromp toq.

3. Local divergence— multiple parallel branches are spawned at agent
<CO) eO) kSOl kf0>p -
{< Cl) el) ksll kfl>p| <C2| 62) kSZI kf2>p ) ey <Cn. el"ll kSh kfn>p}

That is, a single local CEKK machine turns now imtaltiple local CEKK
machines at agept



4. Local convergence— multiple parallel branches are joined into ohagentp:
{<cy, ey, ksy, kf1>p, <o, &, ksp, kfo>p , ..., <Cy, €, kS, kKf>p } —
<Cy, &y, kS, Kf>p
That is, multiple local CEKK machines are converged one at agern.

Notice that remote forwarding is the only case oéseage sending, which is
asynchronous and direct between agents. In alf adoes, state transitions are carried
out locally at individual agents. This explains whlpbal coordination is not needed
among the agents.

One might wonder if there is a need for convergesfceultiple parallel branches at
different sites. In fact, this can be reduced touanber of remote forwardings and a
local convergence. In presenting the state tramsitules, we ignore such obvious
remote forwardings.

The CEKK state transition rules are summarizedguie 2.

To make the presentation more readable, we focuthernuse of continuations for
conducting the process control flow and omit thedides details of the environments.
Thus we only present the triple, ks, kf>p, instead of the entire CEKK quadruple. We
show here the transition rules in normal executimngard the success end, except for
some auxiliary activities (such assf andeoi f ) that are only encountered in the course
of compensations. During compensations, the statesitions rules may be somewhat
different from normal executions in how the failuoentinuations are updated,
depending on how the failure of compensations anelled (retried, ignored etc.).

Rule SC for scope is applied at the entrance aopes which spawns several parallel
branches, one for the primary activity and oneefach event handler. If the scope agent
is not explicitly given, the current agent is choses the scope agent. Otherwise, if the
explicitly given scope agent is not the currentragthe state is first forwarded to the
scope agent before rule SC is applied. In the n&KICstate of the primary activity,
the control activity is the primary activity of tilsgope and two auxiliary activitiess

and eosf (end-of-scope) are pushed into the success ahdefatontinuations. They
mark the boundary of the scope with a scope identid and encapsulate sufficient
information for the proper normal and abnormal teation of the scope.

Rule ES for end-of-scope is applied for the norteamination of a scope. All active
branches of the scope (such as installed eventdramf the scope) are stopped with a
special operationtopal | and the failure continuation is properly updat®dring the
execution within the scope (i.e., before #ae auxiliary activity becomes the control
activity), the compensation activities of the exedu activities are automatically
generated and attached to tkk part of the failure continuation (i.e., after the
correspondingosf ). They would have been applied if the scope mesaliiorted and
the partially committed effects be compensatedbi&fore its normal termination. Now
during normal termination of the scop#, is replaced by the higher level compensation
handlerch of the scope (i€his explicitly provided).

The auxiliary activity eosf becomes a control activity only in the course of
compensation. With Rule SF (scope failure), the mamsation continues beyond the
current scope (here the “retry” strategy is adopoedieal with compensation failures). If

the entire compensation process was initiated films) current scope (where Rule CP
was applied), the compensation terminates andxbeusion continues by applying the

success continuation (this case is not shown irfiglaee).



A request-reply invocation involves a remote fordag of the invocation message and
then a local convergence (rule RR for request-replgcation) at the service provider.
An invocation is executed when anvoke activity matches a correspondingcei ve
activity. If no such pair exists upon an invocati(gervice not installed), a system
runtime exception is thrown. The body of the inviblservices is represented in #sg’
part (i.e., prior to theepl y activity) of the success continuation of the sez\provider.
Two auxiliary activitiesoi andeoi f (end-of-invocation) are attached to the succeds an
failure continuations. They mark the boundary c thvocation with an invocation
identifier iid and encapsulate sufficient information for propermination of the
invocation. Note thatoi replaces theeply activity and encapsulates the information
contained in thenvoke message.

<scope(q, eh ... el, fhs ch, a) , ks kf>, =g (SO
{<a,eos(sid, g, fhs ch) :ks eosf ( sid) :kf >, <eh, 1, 1>, ..., <€hy, 1, 1>4}

<eos( sid, q, ths ch) , ks kfi:eosf ( sid) :kf>, —es) <st opal | (sid), ks, ch:kf> (ES)

<eosf ( sid, kfy) , ks, kf>, —sr) <kfo.head kfy.tail, kfp:kf>, (SF)

{ <i nvoke(p,op) , ks, kf >, <recei ve(op), ks"r epl y(op) ks’ kfP>;) } —>rr) (RR)
<ks”.head ks/".tail:eoi (iid, c, op, ks) : ks, eoi f (iid, c, kf ) :kfP>,

<eoi (iid, c, op, k) , ks kf:eoi f (iid, ¢, kf) :kf>, —) (El)

{ <recei ve(op"), kfprepl y(op?), >,
<k< . head k< tail, i nvoke( p, op?) :kf >,
<kshead kstail, kf,>,}

<eoi f (iid, c, kf€) , ks kf >, —rp <kf .head kf “.tail, kf >, (RF)
<sequence(ay, ..., a,) , ks kf>, —(sg)<ay, @:...:a,ks kf>, (SQ
<fl ow(ja, ay, ..., a), ks kf>,— e, (FL)

{ <&y, j oi n(ja, all_doen ks j oi n( bw_ja all_undong :kf>,, ...,
<an, j oi n(ja, all_dong :ks j oi n( bw_ja all_undong :kf> }
{ <j oi n(p, all_dong, ks kfy:j oi n( bw_ja all_undong :kf>,, ...,

<j oi n(p, all_dong , ks kf.;j oi n( bw_ja all_undong :kf >, }—n, (JIN)
<ksheadkstail, f | ow( bw_ja kf, ..., kf,) :kf>,
<t hr ow( fn) , ks;:eos( sid, g, fhs ch) :ks, kf:eosf ( sid) :kfg>, —(rw) (TW

< fhqfn], st opal | (sid) : ks, kfp>q
<conpensat e( ), ks:eos( sid, g, fhs ch) :ks, kf:eosf ( sid) :kfp>, —(cp) (CP)
< kf.head kfy.tail:ks, kfy:kfo>q

Figure 2. CEKK state transition rules

Rule EI for end-of-invocation is applied for thermal termination of an invocation
when the body of an invoked service is successaxbcuted. This is a local divergence
that spawns three parallel branches:

1. Installation of the compensation activiig* of the successfully committed service.

2. Resumption of the execution at the services invokbee rest of activities at the
service invoker will be resumed by applying thecaiss continuatioks” contained



in the original invoking message. Moreover, theoiration to the corresponding
installed compensation activityp™® is pushed into the failure continuation. This
state transition adheres to the original BPEL sémsand consists of two steps: a
remote forwarding of a reply message to the invakand the application of the
success continuation. An alternative is asynchrermassaging (not shown in the
figure): if the first activity inks is to be executed at a site other tlcathe reply
message can be forwarded directly to the siteaifdhtivity, rather than back to the
invokerc.

3. Execution of the remaining activities at the sesvrovider beyond the service
body.

The eoif auxiliary activity becomes a control activity onlyn the course of
compensation. Applying Rule RF (request failureg tompensation will carry on at
the invoker, for the activities prior to the invéioa (now inkf ©).

Rule SQ for sequences states that the first agtiniasequence is executed first, and
the rest of the activities are pushed to the swscceatinuation. They will be executed
after the successful execution of the first one.

A flow activity spawns multiple parallel branches (Rulk).FUpon creation, all
branches have the same success and failure camimaawvith the corresponding
auxiliaryj oi n activities. The parallel branches, when succelgséxecuted, will join at
join agentja. The success of the join is defined by the joinditbon all_done which
states that all branches are completed successfliltiie execution of some branch
fails, all the branches will be compensated for #meh join at the join ageriw _ja
(backward join agent). The join conditiaii_undonestates that all braches either fail
(and their effects aborted) or their committed @eare successfully compensated for.
The join conditions can be evaluated in the envirents in the current CEKK states
(the environments are not shown in the rules)otfexplicitly provided, the join agents
can be selected in different ways. Possible catelidare the site initiating the ow
activity, the immediate enclosing scope agent, etc.

Rule JN is applied when thei n activities of all parallel branches reach the jagent.

If the join condition is evaluated to be true, gwecess continuation will be applied;
otherwise, the join agent waits for other branchesbe joined. The new failure
continuation includes the compensation of the ssgfodly executed brunches in
parallel.

Rule TW for throw is applied when a fault (with fanamefn) is thrown. All active
branches within the scope are stopped with theiapeperationst opal I before the
corresponding fault handlénqfn] is executed.

To compensate for the successfully committed effedthin a scope, the corresponding
failure continuation is applied (Rule CP). The eouationks, outside the current scope
will be applied after the compensation.

The two special operationstopall and conpensateall deserves some more
explanationsst opal I stops all activities within the scope, such asvadbranches and

event handlers. The installed compensation handlersonly stopped if the current
scope is a top-level processnpensateal | StartSconpensate of all active branches.

Essentially, the two special operations need towkitie current agents of all active
parallel branches. Details of keeping track of tuierent agents will be presented in
Section 6.



5 Running the Example

We walk now step by step through the example psooé&igure 1 to illustrate how the
transition rules are applied for the process executor better readability, when it is
clear from the context, we omit some details ofasarconstructs. For example, we may
uSe sequence, sequence(receive, .) Of sequence(receive(orden , .) to indicate the
same sequence activity.

A process or service is started with an initial GE&tate where the control activity is
the activity defining the entire process and thecess and failure continuations are
empty. In our example, the process and the spdcs#vice (or the sub-process) are
started in active branches at siteEndordS

<scope(sequence(recei ve(cance), .),i nvoke(order) ), L, 1> [ cO]

<sequence(receive(order),.), 1, 1>q4s [ ords0]

Then, the CEKK state transition rules are appliecbeding to the control activities of
the current CEKK states.

[c0] —s{ <invoke(order),eos, eosf >, [c1]
<sequence(recei ve(cance),throw(any)),, 1>} [ evt 0]
During the scope instantiation (Rule SC), the prinativity of the scope and the event
handler are initiated[ {1] and[evt0] respectively). The auxiliary activitiess and
eosf are pushed to the success and failure contingtiorthe CEKK state of the

primary activity. They will be used later to projygterminate the scope either in normal
execution or when a fault is caught.

[ or dSO] —(sq<r ecei ve( order) , f | owr epl y( order) , 1>qqs [ordsi]
[ evt 0] —sg)<r ecei ve(cance),t hrow any) , 1> [evt1]
Applying Rule SQ, the first activity in gequence becomes the new control activity and

the rest of the activities are pushed to the sisccestinuation. Now the service and the
event handler are in the states @is1] and[evt 1] ) ready to receive invocations.

{[c1],[ordS1]} —rs<fl ow, eoi (ord_iid, c, order, eos) , eoi f (ord_iid, ¢, eosf ) >,4s [ ordS2]
A request-reply invocation is executed with a maighnvoke-recei ve pair (Rule RR).

The auxiliary activitiezoi andeoi f are attached to the continuations marking the end
of the invocation.

[ or dS2] —Epf <i nvoke(invoicg , ksjoin kfjoin >44s [ ordSs3]
<i nvoke( ship) , ksjoin kfjoin >,4s} [ords4]
Whel‘eksjoin:j oi n( ordS all_dong :eoi andkfjoin =j oi n(ordS all_undong :eoi f

Theft1 ow activity spawns two parallel branches, which, raftteir successful executions,
will join at ordS (Rule FL). A join is done by the auxiliary actiyifoi n. Here g oin
activity is pushed to both the success and fadorginuations.

Suppose the invocations of the servia@goice and ship are successfully replied to
ordS Then
{[ordS3],[ordS4] }— wry.rp)
{ <j oi n(ordS all_dona , eoi (ord_iid, c, order, eos) ,i nvoke(invoice) : kfjoin >gqs , [ ords5]
<j oi n(ordS all_dong , eoi (ord_iid, ¢, order, eos) ,i nvoke( ship?) : kfjoin >oqs} [ ords6]

{[ordS5],[ordS6] } —uny



<eoi (ord_iid, c, order, eos) , 1, f | ow( ordS i nvoke( invoice?) ,i nvoke( ship?) ) :eoi f >qd or dS7]

The join is successful when both branches havéheshthe join agerdrdSand the join
condition all_doneis evaluated to be true in the current environn{&ule JN). The
new failure continuation now includesf bow activity that compensates in parallel for
the corresponding successful branches.

[ordS7] —@)
{ <recei ve(order?),
f | ow( ordS i nvoke(invoice?) ,i nvoke( ship®) ) :repl y(order?) , 1>gqs [ or dQ0]
<eos( sid), 1, i nvoke( ordS order?) :eosf ( sid) >, [c2]
<4, 1, >0qs} [ ords9]

With Rule EI, the compensation activities are ihsth( or dco] ), the invoking process
resumes its control[ {2]) and the replying processes continue with the neimg

activity ([ords9]). A service is considered to have terminated whencontrol activity
is an empty activity, such asrdso] .

[c2] —Es<stopal | (sid),1, 1>qs

By terminating the scope (Rule ES), the speciakai st opal | Stops the installed
event handlefevt1]. Since the scope of this example is a top-levelcgss, the
installed compensation handlers are also stoppedtherwise, the scope is not a top-
level process and a compensation handler is eMpligiven, invocation to that
compensation handler will be attached to the néwréacontinuation.

To see how compensation works, suppose a faulteffample, thrown by the event
handlerf evt 1]) is caught when the process is in the state. Applying Rule TW, the
corresponding fault handler is executed (if notliexty given, a default fault handler
runsconpensat e and re-throw the fault to the outer scope), ahduaning activities are
stopped byt opal | . conpensat e applies the failure continuation (Rule CP).

6 Process Container

Process containers implement the runtime agentsrémess execution using the CEKK
state transition rules. The structure of a procesgainer is shown in Figure 3.

from to
network network
process 8
interpreter scope
9 registr
message)
queue o _6 N\4
\/ pending
5 message local
pool program

Figure 3. Structure of process container

A CEKK message from a remote site, such as an atia@trequest, a reply, a join or a
scope instantiation, is first put in the messageugu(1l). A process interpreter is a pool



of threads that process the messages in the mesgege. A thread dequeues a
message from the message queue (2) and decidasextheaction according to the
control activity part of the message. If the netdtes transition is a local convergence
and some dependent message is not available ydt,asuin the case ofraceive, a

joi n, etc., the dequeued message is put in the pendasgage pool (3). This message
will be used later (4) when the dependent messageailable (2 again). Before making
a state transition, the thread may invoke somel lpcedures, such as handling the
order of shipping (5, 6). After the local executiorew messages are either put in the
pending message pool (3), such as receive, ortsemtremote agent (7), such as an
invocation request or a reply message.

If the process container is also a scope agentgiamna scope instance, it maintains the
scope state in the scope registry (8, 9) in ordleun the special operatiossopal | and
conpensat eal | . Basically, the scope state maintains the cur@edtions of all active
parallel branches. The location of a branch chamgesn a message is sent to a remote
agent. To keep this location state up to date, velmeagent sends a message to a remote
agent (7), it also notifies the scope agent ofitheediate enclosing scope (the scope
agent can be obtained from #® in the success continuation). To exectgal | , the
scope agent asks the agents of all active brantthedop the corresponding local
activities. To executeonpensat eal |, all these agents ruanpensat e.

7 Related Work

We classify decentralized approaches into two gsogpatic distribution and just-in-
time distribution.

With static distribution, the process specificatiam analyzed and the process
instantiated before execution (for example, [2[][12][13][17][18]). During an
instantiation, the resources and control are alémtan the distributed environment
based on the static analysis. As a common probtethese approaches, resources are
allocated even for the parts that are actually ex¢cuted (such as some of the
alternative paths or when a process rolls back ataaly stage). Because the distribution
is based on the static structure of the processetlacks a general mechanism for the
support of features that require dynamic runtinfermation, such as fault handling and
recovery. Furthermore, they tend to have limitedpaability at run time, because the
control is mostly already in place before the exiecustarted.

With just-in-time distribution, the information abiothe control of execution is carried
along with the messages at runtime. Notice thaumapproach an invocation is enacted
with a matchingi nvoke-recei ve pair, which can be materialized when they are just
about to be used. In [14], part of the static dpmtion of the process, represented as
mobile code, is sent from agent to agent for furthescution. This inherently impedes
the kinds of processing that depend on runtimerimé&ion, such as recovery. INCA [3]
is a rule-based system that has some propertiesusim our approach. An information
carrier (INCA), which is sent from agents to ageotmtains a log of the execution so
far and rules for further execution. Thus the rides the log play the role of success
and failure continuations of our approach. Besitiesprinciple difference between the
approaches (rule-based versus continuation-passheye are some subtle differences
in what can be achieved. With INCA, process executs conducted using both the
rules carried in messages and pre-installed ladakr Thus INCA cannot achieve the
degree of just-in-time distribution as our approach



INCA is the only work in the just-in-time distribah group that supports automatic
recovery. Automatic recovery is based on the logtaioed in the INCA and per-step
rules (such as “istep aborts, executstep’i.”). It is not obvious if more complicated
rules can be generated (such as “if this is a cosgi®n step of an alternative path
within a parallel branch”). With our approach, thetomatically generated recovery

plan works for all such complicated cases.

Our CEKK machine is built on CEK[9] and PCKS [11]. The CEKmachine supports
asynchronous execution of distributed programs. dJpavocation of a remote
procedure, a continuation is passed to the agdmb, after executing the procedure,
applies the continuation instead of returning tlatwl back to the caller. In [9],
however, only one (distributed) thread of contr®lsupported. The PCKS machine
supports parallel executions of functional programa shared-memory environment.

The CEKK machine was first introduced in [19]. Tlsrrent paper deals particularly
with BPEL processes, which have more sophistickgatlires like scope management.

8 Conclusion

Our contribution is a new just-in-time distributiapproach to peer-to-peer execution of
BPEL processes. Without the reliance on a centgihe, available services can now be
dynamically composed into new services as BPEL gs®es. It also addresses the
scalability and reliability constraints of the cetized approach, because there is no
central performance bottleneck and point of failutedoes not unnecessarily pre-
allocate resources as in static distribution apghtea. The approach is of continuation-
passing style. That is, the continuations, or #mainder of executions, are passed along
in messages as part of the control informationsThakes the conduction of process
control flow as local operations rather than glolabrdination. Furthermore, our
approach allows for automatic process recovery uigraatically generating recovery
plans into failure continuations.

Although it is widely believed that decentralizedpeoaches are more scalable and
reliable, a detailed performance study is needegetdy this. The performance study
should also include comparisons between static gumt-in-time distribution
approaches. Typically, the choice of an appropmagehanism would be dependent on
runtime context such as workload and QoS requirésndiis calls for approaches that
are dynamically adaptable and re-configurable. Wik to investigate the degree of
adaptation that can be achieved by making coniionsgs first-class constructs.
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