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Abstract tween the disparate components of the processes. An exam-
ple constraint is when the merchandise ordered at different
We present a new approach for adapting Web processegpoints in the process must be compatible. Another exam-
to input data volatility while respecting possible coorain  ple is that the date of the rental car and hotel reservation
tion constraints between the process participants. Wesfocu must be identical to the date of arrival at the airport. Hence
on modeling the decision making process of service man-changing the service that provides goods (perhaps due to a
agers that are responsible for accomplishing the actigitie delay in satisfying the order) in the first example or chang-
of an abstractly defined process. Compared to previous ap-ing the date of the trip (due to unavailability of seats in an
proaches that either employ a process manager overseeingirplane) in the second example may need todmrdinated
all service managers or have a coordination mechanism with changes at other points in the process. Adaptation of
which must be perfectly observed by all service managers,processes is further complicated in the presence of coordi-
our approach does not need any central component but en-nation constraints between services. Specifically, thie sta
dows each service manager with the ability to communicate of all services participating in the constraints should dwe-c
with other service managers. We define a regret-based co-sidered when deciding on a response to the external event.

ordination mechanism in order to motivate managers to re- e adopt the framework [10] that involves specify-
spond to the communication. Our experiments Qemonstratqng service manager¢éSMs) that are responsible for ac-
that our approach performs better than the previous decen- o mpishing the activities of an abstractly defined process
tralized approach while addressmg the_ scalability prable  \yhjje the SMs have local oversight over the service part-
suffered by the globally optimal centralized approach. ners used for achieving their individual activities, a glbb

process managefPM) is also specified which has global

oversight over the entire process. Within this framework,
1 Introduction adaptation to external events expected with some chance is

viewed as a decision-making problem, and the approaches

Adapting to external events is a key requirement for dy- ar€ evaluated based on the cost-based optimality and com-
namic and agile business processes. This is because theutational efficiency of the adaptation. Verma et al. [10] de
business environments in which the processes function selSCribe two approaches for adaptati¢a) A centralized ap-

dom remain static over the lifecycle of the process. Atypi- Proach in which the PM deliberates and suggests the adap-

cal input and execution data, and new knowledge relevant tollV€ actions. This approach is cost-optimal but computatio
ally expensive.(b) A decentralized approach in which the

the process are some of the reasons necessitating adaptatio®”” * 3 ) '
Some of the external events within this category, which we individual SMs recommend adaptative actions assisted by a

call data volatilit, may be expected to occur with some naive coordination mechanism for meeting the constraints.
chance, though usually it is low. For example, manufactur- Though suboptimal, the approach is efficient and scalable.

ers routinely expect a small percentage of their orders to be  In this paper, we present a new approach for adapting
delayed in arriving. If the shipment is delayed, the manu- processes to external events that are expected to occur with
facturer may wait out the delay or its process may adapt bysome chance while respecting possible coordination con-
canceling the order and choosing a different supplier. straints between the process participants. Analogouseto th
Realistic business processes often exhibit constraints bedecentralized approach of [10], the SMs are tasked with



adaptation in response to relevant external events. Theredue to, for example, emergence of new knowledge relevant
fore, we do not assume the presence of a PM which mayto the process. We seek to answer the question of how to
be difficult to implement for distributed processes. In con- adapt the processes to volatility as opposed to verifyieg th
trast to the decentralized approach, all the SMs are not com-correctness of the change. We ensure correctness by rep-
pelled to perform the coordinating action if any one of them resenting the orderings and causal conflicts in the methods
decides to do so. Instead of a coordination mechanismthat generate the flows. Isolated attempts to address inter-
whose state is perfectly observable to all the SMs, we en-activity dependencies in processes include [1] in which de-
dow each manager with the ability to communicate with the pendencies at the transactional level were enforced using
other managers, though there is a cost of communication. Ascheduling. In this work, the focus was on generating feasi-
manager may choose to first establish the global optimality ble schedules without emphasis on being optimal.
of the coordinating action by soliciting the impact of the ac In [2], several alternate plans are pre-specified at the log-
tion on the other SMs. In order to motivate SMs to respond ical, physical, and runtime levels. Depending on the type
to the communication we defineegret-basednechanism.  of changes in the environment, alternative plans from these
Specifically, other SMs may be able to influence the global three stages are selected. While capable of adapting to sev-
decision in their favor by sending in their values of perferm eral different events, many of the alternative pre-spatifie
ing the coordinating action. Though exchanging messagesplans may not be used making the approach inefficient, and
with the other managers has a cost, a manager is motivatethere is no measure of the optimality of the resulting Web
to meet the request as otherwise with some chance it mayprocesses. A complementary line of work is [4], which
regret not doing so by being forced to perform a possibly adapts Web processes at run time to changes in the quality-
suboptimal coordinating action. of-service parameters of the service providers. This re-
We adopt a Web services (WSs) architecture, wherein wesearch investigates which service provider to query for re-
implement the abstract processes as WS-BPEL flows andvised information, and complements our work in this paper.
the SMs are specified using WSDL files. Inter-activity de-
pendencies such as coordination constraints are repegsent
as shown in [9]. At runtime, when the process engine makes
a call to a partner WS it is routed to the SMs. We em-
pirically compare our approach to those described in [10]
and evaluate its performance on the basis of the optimality
of the adaptation and how efficiently it can be carried out.
We show, using two problem domains, that our approach
to adaptation results in a process that is more cost-eféecti
in simulated volatile environments than the previous decen
tralized approach, while being computationally efficient.

3 Example Applications

We give two example scenarios that may need adaptation
while maintaining inter-activity dependencies.

Trip planning: We consider a Web process for organiz-
ing a trip that consists of booking an airline ticket, and ho-
tel and rental car at the destination. We consider the event
where a booking of the airline, hotel or rental car would
subsequently need modification because the airline, hotel
or rental car becomes unavailable, perhaps due to overbook-
ing. In response, the trip planner may choose to change the
2 Related Work car company, change the date of departure, change the des-

tination airport to another one in the city, or simply wait in

Much of the earlier work on adaptation concentrated on the hope that a vacancy may arise. We note that a change in
manually changing traditional processes at both the logicthe departure date will require coordinated re-bookings of
and instance levels, and automatically verifying the atirre  all three: airline, hotel and the rental car. A change in the
ness of these changes. Both graph based techniques [7] andestination airport will need modification in the booking of
Petri-nets [3] have been used to evaluate the feasibilidy an the airline and the rental car agency. We illustrate the trip
correctness of changes in the control flow of running in- planning process and the coordination constraints in Fig. 1
stances. In a similar vein, Aalst and Basten [8] proposed aThe decision of changing the date is not trivial as subsihnti
Petri-net based theory for process inheritance which categ costs are incurred if a confirmed hotel or rental car reserva-
rized the types of changes that do not affect other interact-tion must be canceled and a new one booked. These costs
ing processes. Muller et al. [5] used event-conditioneacti  may offset the benefit of changing the date and waiting may
rules to make changes in running instances. None of thesdurn out to be a better option. The decision of changing the
approaches have considered the issue of adaptation and thairport is similarly complex.
long term optimality of the adaptation, as we do in thisre-  Supply chain for computer assembknother scenario
search. Furthermore, these approaches are complementame consider is the supply chain of a computer manufacturer
because they focus on the correctness of the adaptations t¢e.g. Dell) which operates on minimal inventory, and there-
the structure of the flows once the changes have been maddore incurs significant costs if its order is delayed. The eom
Notice that the rules of correctness may themselves chang@uter manufacturer typically orders in bulk different com-



and is responsible for supporting some of the adaptive prop-

/ \\ erties of the process. Its duties include configuring the pro
£ ( ) \ ( ) ( cess with the help of the configuration module, listening or
Start Hotel Checkout End !
( ) Date A:ll—’ ) guerying the various environment variables for changes and
‘e I working with the SMs for adapting the process in response
/ to external events while preserving the logical consistenc

Each SM is associated with an activity in the process and is
responsible for accomplishing it. To do this, SMs contain a
precise description of the activity. A partner WS interacts
with a SM rather than directly with the process instance.
Adapting to environmental volatility relevant to the pro-
cess involves a choice: We may ignore the data or any new
knowledge and carry out the process unchanged, or we may
take adaptive measures in response to the events. Of course,
puter parts from different suppliers. Since the parts mast b ignorance begets an expected cost that may be too large to
assembled into a single computer, they must be compatiblenake it a good choice. On the other hand, if adapting to
with each other. For example, the RAM must inter-operate data volatility entails substantial and costly modificatio
with the motherboard. Therefore, if the delivery of the to the process, performing them may be a suboptimal deci-
RAM is delayed and the manufacturer chooses to changesion. Therefore, adaptation to external events expected to
the RAM supplier, the supplier of the motherboard must occur with some chance, is treated as a decision-making
also be changed to preserve the compatibility constrint.  problem. Well studied ways of decision-making include
As an example of the choice involved here, in deciding to stochastic frameworks such as Markov decision processes
change the RAM supplier the manufacturer must consider(MDPs) [6].
the consequences in terms of cost of ordering the mother-
board from a new compatible supplier too. Of course, the 4.2 Markov Decision Processes (MDPs)
cost of switching suppliers will vary with the state of the L
process. For example, if the delivery of the RAM is delayed ~ MDPs [6] are well known intuitive frameworks for se-
and the motherboard has arrived, then a decision to changduéntial decision-making under uncertainty. In addition t
the RAM supplier would entail returning back the mother- modeling the uncertainty that pervades realistic environ-
board and changing the motherboard supplier. Such a deMents, they provide a way to model costs and guarantee
cision might prove more costly than waiting out the delay cost-based optimality of the decisions. An MDP is a tuple:
in receiving the RAM. Additionally, the new supplier may ) MDP =IS,PA,T,C,OCi
also suffer a delay. The problem is to adapt optimally to the Where: S is the set of states of the procesBA : S !

external events like delay while respecting the constsaint T (AA) is a function that gives the set of actions permissible
from a state. Heré is the set of possible actions aRqA)

. . is its powersetT :S A S! [0,1]istheMarkovian
4 Overview of Previous Approaches transition function which models the probability of the re-
sulting state on performing a permitted action from some
We briefly review the framework and the centralized and |ocal state Pr(sys,a)). C:S A! Ris the cost func-
decentralized approaches to adaptation that appear in [10] tion which gives the cost of performing an action in some
state of the process. The parame€@€g€, is the optimality
4.1 Framework criterion. In this paper, we minimize the expected cost over
a finite number of steps) 2 N. Additionally, each unit of
The framework for the adaptive process consists of two cost incurred one step in the future is equivalent &[0, 1]
main layers - the resources and the control managers. Theunits at present.
resource layer consists of the resources in the process such We solve the MDP offline to obtaingolicy. The policy
as the process engine, the Web services (WSs), and the prds a prescription of the action that is cost-optimal gives th
cess configuration module. A corresponding manager con-state and the number of steps to go. Formally, a policy is,
trols each of the resources. Each process instance, forexamn : S N ! A whereS andA are as defined previously,
ple, is under the control of a PM, which has global oversight and N is the set of natural numbers. The advantage of a
— o _ _ ] policy-l_oasegl approach is that no matter wha_t the state is,
__“While RAM from a new supplier might be compatible with the ex- e hoicy will always prescribe the optimal action. In arde
isting motherboard or the same supplier could provide anathrapatible . . .
RAM, we do not consider these alternatives to focus on thedtoation to compute the policy, we associate each state with a value
constraint. that represents the long term expected cost of performing

Figure 1. The trip planning process with coordination
constraints. A change in the date of departure requires
rebooking for all three activities, while a change in des-
tination airport requires modifications to two activities.




the optimal policy from that state. L& : S N! R be action before performing it. We do this without compelling
the function that associates this value to each state. Then, any SM to go against its self-interests.
At a more technical level, we assume that all the SMs
Vi(s) = azrp,iAn(s) Q"(s,a) (1)  act at the same time step and actions of the other SMs are
not observable. Each SM fully observes its local state and
that of its CoM, and is cognizant of its possible participati
in coordination constraints with some other SMs. Further-
more, the communication channels between the SMs are

whereQ" is called the action-value function. Here2 N assumed to be reliable so that there is no data loss in the
is the finite number of steps to be performed. Note that communication.

8s2s, V 9(s) = 0. The optimal action from each state is the
one that optimizes the value function: SM; Book

Regret Based
Coordination
Mechanism

L1
Q"s,a)=C(s,a)+y TEIs,av" () (2

st

Airline

‘/y l Re-Boold Booking
WS
o1 Cancel

n"(s) = argmin Q"(s,a) ®) 7
a2PA(s)

4.3 Simple Approaches for Adaptation I Ga) P Greoo) > )
The decision of how to react to external events becomes \\ /
N
more difficult in the presence of inviolable constraints be- N = — ook [
tween the process activities. The PM having global knowl- |j;’g;g{;;ggn"| e | e = R
edge of the entire process including the states of the SMs is Cancel

SM;
capable of adapting optimally to the external events while

satisfying the constraints. The M-MDP approach in [10] )
describes aentralizedway of doing this that guarantees Figure 2. SMk for hotel activity not shown for clarity.
global optimality of the adaptation, but does not scale effi- Each SM locally decides its action in response to events.
ciently to large processes. Specifically, it groups togethe SMs coordinate (dashed line denotes the coordination
the state and action spaces of all the individual SMs, mod- constraint) via communication (dashed arrow indicates
eling it as a large joint decision problem. communication channel) that is guided by local CoM.

One way to scale reasonably well to large processes with
several activities is to allow each associated SM to make its
own decisions on how to adapt to the external events. The
MDP-CoM approach [10] formalizes each SM’s behavior
as an individual decision-making problem, and ensures co-
ordination between SMs using a simple coordination mech-
anism (CoM). In this approach, when any of the SM signals
its intent to perform a coordinating action, each SM must
follow suit, no matter whether it’s an optimal decision for
the SM. However, this is precisely the source of the loss in
optimality for the decentralized approach.

5.1 Formal Model

We model each SM’s decision making process as a MDP.

The MDP model for a SM, sa is:
SM i = HSi,PAi,Ti,Ci,OCii
whereS;, PA;, T;, C;, andOC; are as defined in Section
4.2. In this paper, we assume that each of the SMs optimizes
w.r.t. a discounted finite number of lookahead steps, though
in general they could have different optimality criteriarF
our trip planning example, the MDP for SMs:
5 Decentralized Adaptation
Example 1. An example local state of the SMis

As we mentioned in Section 4.3, approaches such as M-B A CD CA R which denotes that has booked a seat
MDP and MDP-CoM [10] while offering ways of adapting (B) that has become unavailableAf, but it has not
the process to exogenous events without violating the coor-changed the dateXD) or the destination airportCA) nor
dination constraints, do so with significant limitationseW has it recieved the tickeRR). Possible actions for the SM
offer an approach for alleviating these difficulties (Figy. 2 i are: A; = f Book (B), Wait (W), ChangeAirline (CR),
To promote scalability, each SM models and solves it own ChangeDate (CD), ChangeAirport (CA) g. The action
decision-making problem, which will guide its interaction  Book denotes the invocation of the relevant WS operations
with the partner WSs. However, in order to handle the inter- of the chosen airline to initiate a reservatiowait is simi-
activity coordination constraints, we design a more sephis lar to a no operation (NOP)ChangeAirline denotes that a
ticated CoM based on inter-SM communication, which at- seat has been booked in a different airline company for the
tempts to establish the global optimality of a coordinating same itineraryChangeDate signifies the invocation of the



relevant WS operation to change the date of the reservationthe events. Formally,
and ChangeAirport signifies the invocation of the relevant
WS operation to change the destination airport. The transi-
tion function is shown in Fig.@®). Due to lack of space, we
do not show the cost function. Here,TF is obtained from step (1) arRir (ejs; ) is specified

as part of the step (2) above. The marginalized transition
function for the SMi is shown in Fig. 8b).

1
Ti(slisi, ai) = TE (slisi, ai, e)Pr(ejsi)
e2E;

5.2 Exogenous Events

In our example trip planning scenario, the planner must 6 Regret Based Coordination Mechanism

act in response to several events such as a notification of pecentralized approaches model each SM as self-
unavailgbility from the airline and a notification of receip yierested that arrives at its own decision on how to best
of the ticket. In order to ensure that the SM responds 10 5qant 1o the exogenous events. While the decision-making
these events optimally, they must be a part of our model.js |ocal, the presence of coordination constraints across
Since the events are external to the Web process, we 'aberlnultiple SMs may require that some actions be globally op-
them asexogenous timal for all the constrained SMs. As an example, if the

In order to model the exogenous events, we perform SM that is booking an airplane decides to change the date
two steps as outlined in [10]: (1) We specify an expanded of travel, then the SM booking the hotel and rental car must
transition function for the SM. In other words, T : also follow suit. However, this may not be an optimal de-
S A E S ! [0,1] whereE; is the set of mutu-  cisjion for the SMj, especially if it has already received
ally exclusive events, and rest of the symbols were definedits confirmation. The cost of canceling the reservation and
previously. For our examplé; =f Unavailable Received  pooking a new one may outweigh the benefits of changing
Noneg. The expanded transition function models the un- the date to the SN Consequently, mechanisms to ensure
certain effect of not only the SM’s actions but also the ex- coordination between the SMs in order to preserve the co-
ogenous events on the state space. We show the expandastdination constraints are needed.
transition function for the SM in Fig. 3(a). (2) We define

6.1 Formulation of R-CoM

0.1

If an SM, sayi, guided by its local MDP decides to
perform an action that needs to be coordinated, it first at-

ket Rec j \ tempts to establish the global optimality of this action for

e Cgenae all the SMs involved. This is because the coordinating ac-
angepion| °&” tion should be performed by all the SMs participating in the
ine | 035 S 09 constraint. In order to do this, SMbroadcasts a request to

ket Contrmes all the other involved SMs soliciting the impact of perform-
Wai » ing the action on their local interactions with their partne
WSs. Mathematically, in our example, SMequests the

Figure 3. (a) A simplified state transition diagram for other SMsj andk to send in the action-value for perform-
SM i illustrating actions, events and probabilities. Tran- ing, say CD,Q'(sj, CD) andQg (sk, CD), as well as W,
sitions due to actions are depicted using solid lines and Q' (sj, W) andQy (sk, W), from their current stateg and
these are deterministic. Exogenous events are shown Sk, respectively, wher®' and Qi are their action-value
dashed. The numbers denote example probabilities of functions defined previously in Eq. 2. L€ (s;, CD) and
occurrence of events conditioned on the stategb) The Q' (si, W) bei’s action-value for performing CD and W
state transitions illustrating the transition function, T;, from states;, respectively. Then, SMwill decide to do the
for the SM i. Some transitions due to actions are now coorghrating action, CD, if:

non-deterministic. m=ijk Qm(Sm,CD) m=ijk Qm (Sm, W)

The above inequality formalizes the intuition that chaggin
date is globally optimal.
a'priori a probability distribution over the occurrence of the In general, if there arM SMs,m = 1,2, ..., M, then an
exogenous events conditioned on the state of the SM. Forsm that decides to perform the coordinating actiay will
example, leP r(UnavailablgBACDCAR ) = 0.35 be the  carry it out if:
probability that SMi’s booking of airplane is unavailable.
We obtain the transition functiof;, that is a part of the 1 1
' Qm (Sm, &) Qm (Sm,acm) (4)

model defined in Section 5.1, by marginalizing or absorbing me1 m=1



wherea..n, is the action, possibly other thag, that is lo- Intuitively, conditions 1 and 2 formalize the notion that
cally optimal for SMm. SM j’s response would have changed the globally optimal

action selected by the initiating SM.

Figure 4. The CoM that is followed when a SM decides

to perform a coordinating action, a.. The SM first solic-

its the impact of performing a. on other SMs and then
makes a decision based on the responses received. The
decision is broadcasted to other SMs who must act it.

We formalize this behavior of the SM usinggaarded
FSA shown in Fig. 4. The actioBroadcast QReq, repre-
sents the solicitation of the action-values of the coortiliiga
and non-coordinating actions, which may be locally opti-
mal, from each of the other involved SMs. When the SM
receives the action-values, denoted using an internakeven
Q_Reg the FSA transitions to thReceived state. In this
state, the inequalities (Eq. 4) represented as guards on the
transitions are evaluated using the action-values seti, bac

Figure 5. The CoM followed by a SM who receives
a request for communicating the impact of performing
ac and ac given its local state. If the SM decides not to
respond to the request, it may be compelled to perform a
locally sub-optimal action that could have been averted
had it communicated. This results in theRegret_a. or
Regret_a. states.

and guide the transitions to either tB®ordinate (C) or We model this behavior of a SM on receiving a request
Uncoordinate (U) state at which the appropriate decision for action-values using the guarded FSA shown in Fig. 5.
is broadcasted to the other SMs. Here, the nodeRegret_a. andRegret_a. denote the states

Perhaps, the more difficult challenge is to establish a Where conditions 1 and 2 hold, respectivegndQis the

motivation for the other SMs to respond to the broadcasted@ction that denotes the response by the SM. In both the
request, in particular because the other SM will incur a FSAs of Figs. 4 and 5, the internal events are marginalized

communication cost. In order to motivate why the other into thg automaton using the steps mentioned in Section 5.2.
SM, sayj, will communicate, we show thawith some  We define:

chanqe it may regret not doing s8pecifically, Iela}C be the. Exp_Regret = [ P r([Regretac, s; [[Nop , [Recac, sj 0+ Pr(
coordinating action, and.; be some other action that is [Regreta..,s; [Nop , [Reca., s, DJIQ" (s a) — Q7 (5, ac; )|
locally optimal forj. SM j will regret not communicating

the action-values of its locally optimal non-coordinating \yhere s; is the current state of, Pr(tRegret.ac,s;i
action and the coordinating action at its current statdydf t j Nop, HReca.,sji), Pr(tRegreta,s;i j Nop,

following conditions hold: IRec_ac,sji) together indicates the probability that

Condition 1: SM j will regret its decision of not communicating its

MEr—] MFr—] action-values. ExpRegret is thus the additional cost
Qm(sm,ac)+ Q'(sj,a) =  Qm(sm,a)*+ Q'(sj,a;)  expected when the Silis compelled to perform an action

m=1 m=1 that is locally suboptimal. Then, by not communicating,

but SMj is pempelled to perform oordinating action, SM j may incur the additional cost of ExRegret with

ac, because 1_; Qn(Sm.ac) < -y Qm(Sm.acm). some chance. One way to arrive at the probabilities is to

Alternatively, SMj’s optimal action may be, but it gimylate the interaction between SMs. For example, we
may regret not communicating if the following holds: may check the number of times that gMegrets given that

Condition 2: it does not send action-values back upon arrivaQoReq
Y = — | VY S — from SMi. We simulate this interaction a large number of
Qm (sm,ac)*+ Q' (s, ac) < Qm (Sm,ac)*+ Q' (sj, ac; ) times and decide the probabilities based on the simulated
m=1 v m=1 ven statistical results. Note thdr(Regret_a.jNop, Rec_a.))
while 1 _; Qm(Sm,ac) m=1 Qm(Sm,acm), is computed analogously.

thereby disallowing the coordinating actiax, SM j responds to the request franf its expected regret



for not communicating is more or equal to the communi- because we do not need a central CoM that must be per-

cation cost: ExpRegret ~ Communication cost. While

fectly observed by all SMs. Furthermore, as we show in the

the FSAs are somewhat unwieldy, their structure is inde- next theorem our approach exhibits less or equivalent loss
pendent of the particular problem domain we study here. If in optimality of the adaptation compared to MDP-CoM.

multiple SMs decide to initiate a coordinating action we use

semaphores or other mutual exclusion mechanisms.

6.2 Expanded Model and Solution

To ensure coordination the CoMs must be included inthe M,
SMs’ decision-making processes. We do this by combining tEwJ:Ior all possible states
the MDP model defined previously in Section 5.1, with the

CoM and call the new model, MDP-R-CoM. Within MDP-

Theorem 1. The expected cost of the adaptative actions
generated by MDP-R-CoM is equivalent or less than those
generated by MDP-CoM.

Proof. Let sq,So, ..
respectively.

,Su be the states of the SMk to
The the follows from showin
q%Vnﬂ CoM (S ) g
' m=1
L VoM (s.), whereV iR CoM (') represents the
expected long term cost (Eq. 1) of the §\ih the MDP-R-

R-CoM, the state space is expanded to include the states 0 om approach, analagously fgf*c°™ (), and their sum-

CoMaswell:S; =S; Y,Y isthe state space of the CoM,
Y =f Start, WaitQ, ReceivedQ, ..., SentQ, Regret_ac,
Regret _ac,...0d. The states are as in Figs. 4 and 5.

mation represents the global expected cost for the process.
We consider two cases:
Case 1: No SM selects a coordinating action. Because

The action choices available to the SM are augmentedin poth the approaches each SM solves its own decision

with the communicative actronsA. A; [ f Broad-
castQReq, Broadcasta., Broadcasta;, SendQg. To

ensure that the SM, for example, performs the coordinating Case 2:

action iff the FSA is in the coordinate (C) or regré&e
gret_a;) state, we define the functioR,A;j(h ,Ci) = ag,
and remove the choice @, when the FSA is in the un-
coordinated state? A (hsj, Ui) = P A (si)/ac. Here, ™
stands for a local state of SM We modify theP A; func-
tion for the other actions analogously.

The transition function is the joint defined £ : §i
A Si! [0,1]. Here:

-ﬁ(gﬁy%iv IEﬂyIIl: Pr(sﬁlyzrlair IELyIlPr(yL_l-‘air E},y[ﬂ
= Ti(sHai,si)Pr(yYa, S, y0

We illustrate the expanded transition function for a seléct
transition in the FSA:

Pr(BA CD CAR , Regreta:[[Nop , [BA CD CAR ,Recac)]
= T;(BA CD CAR |Nop ,BA CD CAR )Pr(Regretac|Nop ,
[BA CD CAR ,Recac)]

=1 x Pr(Regreta:|Nop , [BA CD CAR ,Reca:[)]

gﬁﬁm optimally in the aﬂﬁce of coordlnatrng actions,
VnR CoM (S )_ VnCoM (S

One (or more) of the SM sdy se-

lects a coordinating actiona.. Thus, Qin (S a) <

Qi (Si,a;). In MDP-CoM, the CoM will compel each

SM to performa. in order to preserve the coordinat-

[ nstraint. Thus *ﬁﬁlobal expected cost will be:
L VCoM (s 1 Q" (Sm,ac). In our MDP-

R- CoM approach the R- CoM will solicit the action-values

of performing a. and the beﬁﬁn coordinating action

to ma decision. T L VIR CoM (g ) =

ril_La—f_—| m=1 Qm (Sm, ac), E{}‘E‘Qn m(Sm,acgm) 9. Thus,

m:lVrrq;R CoM (S VnCoM (S ) O

7 Model Elicitation from WS Descriptions

Given the partner WS descriptions in WSDL or OWL-S
and service-level agreements between the participants, we
show how the individual model parameters of SMs may be
elicited from these descriptions. The actions are the WS
operations that accomplish the activity. The probabditie

The cost functionffi : §i ,&i I R, gives the cost of  of the events that make up the expanded transition func-

acting from the combined local state and the state of thetion, TE, may be common domain knowledge or learned

CoM. The expanded cost function also specifies the cost offrom past experience. We assumed that the actions are de-

the communicative actions that are used to exchange inforterministic, though our models may accommodate uncer-

mation between the SMs. For our purposes, the state of thdain actions in a straightforward manner. The cost of us-

CoM does not matter in deciding the cost of the actions.  ing WSs may be obtained from the serviceParameter sec-
We associate with each local state of the SM and thetion of the OWL-S description or from the SLA-parameter

state of the CoM, a value function that gives the expectedsection of the WSLA document between the service users

cost of following an optimal policy from that state. Equa- and providers.

tion 2 forms the basis for computing the value function,

while Eq. 3 computes the optimal policy for the MDP-R- 8  Experiments

CoM model,m :'S; N ! A;. Inthese equations, we

use the expanded model described in Section 6.2. Com- We empirically evaluate the performance of MDP-R-

pared with MDP-CoM, our approach is truly decentralized CoM using the two problems, trip planning and supply
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Figure 6. Performances of the adaptation approaches for the two problendomains, (a) trip plan, and (b) supply chain.
Notice that the MDP-R-CoM approach performs better than MDP-CoM though worse than the globally optimal M-MDP
approach. (c) Execution times of the adaptation approaches (Xeon 3.0GHz, 2 GRAM, Linux). Running time of MDP-R-
CoM scales well to multiple SMs.

chain, and compare it with the previous approaches of ogousto MDP-CoM. However, because of a more sophisti-
M-MDP and MDP-CoM [10] and a random selection ap- cated CoM that utilizes communication and internal events,
proach. We show the performances of the approaches irits run time is more than MDP-CoM.

Fig. 6. Each data point in the plots is the average of 3,000 In summary, the MDP-R-CoM approach performs deci-

runs in a simulated environment where the evamsyvail- sions that are often globally optimal though the individual

ability (for trip planning) andielay(for supply chain), were ~ SMs are modeled as self-interested. In addition, its de-
sampled according to distributions that were varied. Eachcentralized nature allows it to scale well to multiple SMs

run consisted of the SMs performing 20 steps. We addedthough its running time is more than that of MDP-CoM be-

the total rewards obtained by each of the SMs; specifically cause of its more sophisticated CoM.

a SM incurred a cost for waiting if the ticket was unavail-

able or the order was delayed and obtained a reward in theReferences
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