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Abstract—WS-BPEL scenario execution adaptation has been 
proposed by numerous researchers as a response to the need of 
users to tailor the WS-BPEL scenario execution to their individual 
preferences; these preferences are typically expressed through 
Quality of Service (QoS) policies, which the adaptation mechanism 
considers in order to select the services that will ultimately be 
invoked to realize the desired business process. In this paper, we 
consider a number of issues related to WS-BPEL scenario 
adaptation, aiming to enhance adaptation quality and improve the 
QoS offered to end users. More specifically, with the goal of 
broadening the service selection pool we (a) discuss the 
identification of potential services that can be used to realize a 
functionality used in the WS-BPEL scenario and (b) elaborate on 
transactional semantics that invocations to multiple services 
offered by the same provider may bear. We also describe and 
validate an architecture for realizing the proposed enhancements. 

Keywords— WS-BPEL; adaptation; transactional semantics; 
equivalent web services; quality of service; evaluation 

I. INTRODUCTION 
Web Services are the dominant standard for building 

distributed applications. Service providers make available 
functionalities that can be invoked through well-defined XML-
based protocols, and consumer applications may locate and 
invoke them without any concern about implementation details 
or technological decisions on the side of the service provider. 
Individual services may be orchestrated to formulate higher 
level business processes using the Web Services Business 
Process Execution Language (WS-BPEL) [1]. 

WS-BPEL is an XML-based language and programs written 
in it (scripts or scenarios) are deployed in WS-BPEL execution 
engines, and made thus available for invocation. WS-BPEL has 
been designed to model business processes that are stable, and 
thus involve the invocation of web services that are known at the 
time the script is written. Hence, the WS-BPEL programmer 
specifies the exact services to be invoked for the realization of 
the business process. This arrangement however is not adequate 
in the current web: the functionalities needed within the scenario 
(e.g. booking a hotel room) are typically offered by numerous 
providers (different hotels and travel agencies), and distinct pro-
viders offer this functionality under different quality of service 
(QoS) parameters. Therefore, it would be desirable for consum-
ers to be able to tailor the execution of the WS-BPEL scenario 

with respect to their QoS requirements; according to [2], gov-
ernance for compliance with QoS and policy requirements is an 
open issue for the SOA architecture. 

To tackle this shortcoming, numerous approaches have been 
proposed, following two main strategies [3]: (i) horizontal ad-
aptation, where the composition logic remains intact and the 
main adaptation task is to select the service best matching the 
client’s QoS requirements; the selected services are substituted 
for either abstract tasks (e.g. [3]) or concrete service invocations 
(e.g. [5]) and (ii) vertical adaptation, where the composition 
logic may be modified. Under both strategies, the adaptation 
mechanism, for each service used within the WS-BPEL sce-
nario, needs to identify all services delivering equivalent func-
tionality, so as to choose among them the service best matching 
the client’s requirements. Typically in this process, adaptation 
proposals adopt the service definition presented in [12][19], ac-
cording to which “a web service has been described as an aggre-
gation of functionality published for use”, thus for two services 
to be considered equivalent they must offer the same set of func-
tionalities. [6] further distinguishes among syntactical equiva-
lence (the interfaces of the original and the alternative services 
match) and semantic equivalence (services only have the same 
functionality but expose it using different interfaces); in the lat-
ter case, when the adaptation mechanism substitutes a service A 
with another service B, a syntactical transformation is applied to 
align the schema of the substitute service’s request payload and 
reply to the ones of the substituted one [6][20]. In this paper, we 
argue that this equivalence definition is over-restrictive and pro-
pose the concept of service replacement candidate (SRC) to 
broaden the pool of services among which the substitute service 
can be selected and thus providing the opportunity to formulate 
better adaptations. 

Another issue that must be addressed within the adaptation 
process is the handling of service selection affinity, identified 
in [5] as an important requirement for maintaining the 
transactional semantics that invocations to operations offered by 
the same provider may bear. Service selection affinity (SSA) 
refers to cases where a service selection in the context of adap-
tation implies the binding of subsequent selections (e.g. select-
ing a hotel reservation from a travel agency dictates that the pay-
ment will be made to the same travel agency). Insofar, published 
works either: 



(a) do not support SSA (e.g. [8]), permitting thus for these 
invocations to be directed to different providers and running 
the risk to break the transactional semantics, or  

(b) assume that all invocations to services offered by the same 
provider bear transactional semantics (e.g. [5][9]); however 
this may place unnecessary restrictions in cases when SSA is 
not required (e.g. when a scenario invokes two services 
offered by provider P to fetch football and basketball results, 
where no transactional semantics are involved), limiting thus 
the choices available to the adaptation mechanism and 
potentially leading to suboptimal adaptations. 
In this paper we introduce additional notations, allowing the 

scenario designer to designate the cases that SSA is required, and 
present the associated actions taken by the adaptation 
environment to guarantee the required SSA while formulating 
optimal adaptations. 

Finally, we describe a middleware-based architecture and 
associated tools, which enable the realization of the tasks 
presented above and validate the applicability of the proposed 
approach through experiments, concerning both the overhead 
introduced by the adaptation mechanism and the QoS of the 
formulated adaptations. Our overall approach follows the 
horizontal adaptation paradigm, which, as noted in [5], 
preserves the execution flow crafted by the designer to reflect 
particularities of the business process, while it also allows the 
exploitation of specialized exception handlers. 

The contribution of this work is as follows: (a) the introduc-
tion of the SRC concept; (b) the provision of mechanisms to des-
ignate the cases where SSA should be applied to maintain trans-
actional semantics; (c) the design of an algorithm to perform 
QoS-based adaptation taking into account the introduced en-
hancements and (d) the description, implementation and valida-
tion of a framework for realizing these features. 

The rest of this paper is structured as follows: section II over-
views related work, while section III presents fundamental con-
cepts regarding the QoS and introduces the SRC concept, the 
specification of cases where SSA should be preserved. Section 
IV presents the adaptation algorithm and outlines the architec-
ture for realizing the adaptation, while section V presents a per-
formance, as well as qualitative evaluation study, aiming to sub-
stantiate the feasibility of the proposed approach. Finally, the 
last section concludes the paper and outlines future work. 

II. RELATED WORK 
Insofar, WS-BPEL scenario adaptation has received consid-

erable research attention, and existing adaptation approaches 
follow either the horizontal or the vertical adaptation ap-
proach [3]. VieDAME [6] adapts WS-BPEL scenario execution 
taking into account QoS parameters; both QoS parameters and 
the selection strategy are coded into pluggable modules which 
are attached to the WS-BPEL orchestrator. VieDAME monitors 
the execution of WS-BPEL scenarios and arranges for dynamic 
replacement of web services that fail to meet the desired QoS 
levels. Another use of monitoring in QoS-based adaptation can 
be found in [29], where the adaptation engine monitors the QoS-
related performance of services to predict future performance of 
these services, and uses these predictions to formulate more ac-
curate adaptations. Work in [7] examines service selection in the 
presence of QoS constraints and aims to minimize an objective 

function for the entire orchestration employing either brute force 
(OPTIM_S) or heuristic (OPTIM_HWEIGHT) algorithms. 

[3] introduces MOSES, a methodology and a software tool 
implementing it to support QoS-driven adaptation of a service-
oriented system. MOSES performs adaptation actions, whose 
goal is to determine at runtime the most suitable implementation 
to be bound to each abstract task Si, selecting it from a set of 
available implementations; the selection among the available 
implementations is performed by means of formulating and 
solving a linear programming problem. 

AgFlow [4] also performs QoS-based adaptation undertak-
ing the middleware approach. AgFlow may operate using global 
planning, in which case it considers QoS constraints and prefer-
ences assigned to a composite service as a whole rather than to 
individual tasks, and uses integer programming to compute op-
timal plans for composite service executions; alternatively to 
global planning local optimization can be employed, which per-
forms optimal service selection for each individual task in a 
composite service without considering QoS constraints spanning 
multiple tasks and without necessarily leading to optimal overall 
QoS. Additionally, AgFlow implements execution replanning in 
order to address issues such as services becoming unavailable or 
changing their predicted QoS. The work in [32] also addresses 
horizontal composition of services to form business 
transactions; this work views the determination of the optimal 
composition as a constraint optimization problem, allowing also 
for human user intervention to enhance the solving process. 

[5] performs QoS-based adaptation and exception resolution. 
The ASOB middleware introduced in this work intercepts ser-
vice invocation failures and distinguishes business logic faults 
from system faults; the latter category is handled by the middle-
ware by falling back to “next best” solutions, while the resolu-
tion of exceptions falling into the first category is left to the sce-
nario designer. [5] arranges for maintaining SSA, assuming that 
all requests made to the same service provider are interdepend-
ent and bear transactional semantics. [9] extends the work in [5] 
by including support for parallel execution structures. 

Recent works, e.g. [31] tackle the issue of performance when 
composing (or adapting) large composition structures. [31] 
suggests that large-scale composition structures are decomposed 
into small-scale composition segments through mixed integer 
programming, and subsequently a QoS-optimal composite 
solution is found for each small-scale composition segment, 
leading to reduced time for solving the composition problem. 

III. QOS & ADAPTATION CONCEPTS  
A. QoS Concepts 
QoS is generally defined in terms of attributes corresponding 

to non-functional aspects of services [14] with typical attributes 
being response time, availability, price, reputation, security and 
so forth [15]. Without loss of generality, we will limit our 
discussion to attributes response time (rt), availability (av) and 
cost (c), adopting their definitions from [12]; the extension of 
the proposed algorithm and framework to include more QoS 
attributes is straightforward.  

Taking the above into account, each functionality 
implementation (realized as a service operation) considered in 
the adaptation process has a known QoS vector QoSS=(rts, avs, 
cs) which is recorded in an appropriate repository (e.g. 



METEOR-S [22]). The same repository should also provide 
information regarding which operations are equivalent. 

Within a WS-BPEL scenario, individual functionalities are 
composed into sequential or parallel flows to implement the 
business process. Based on the QoS parameters of the individual 
functionalities invoked within the compositions, it is possible to 
compute the QoS value of the composition using the formulas 
shown in Table I [10]. As we can see from Table I, the response 
time of a sequential composition is equal to the sum of its 
components’ response time, while the response time of a parallel 
composition is equal to the maximum value.  

TABLE I.  QOS OF COMPOSITE SERVICES 
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In the context of adaptation, selection of the concrete service 
that will realize some functionality is typically driven by 
specifications of the upper and lower bounds for QoS attributes. 
QoS bounds may either be defined as global constraints (i.e. 
express the desired values for the whole WS-BPEL scenario) or 
as local constraints (each such constraint expresses the desired 
values for a particular service invocation) [10]. When adaptation 
problems need to address global constraints performance is 
poor [24], therefore either local constraints are directly used 
(e.g. [8][9]) or methods for mapping global constraints to local 
constraints are employed. Complementary to the QoS bounds, a 
weight is assigned to each QoS attribute, indicating how 
important each QoS attribute is considered by the designer in the 
context of the particular business process modeled by the 
scenario. Weights always apply to the whole composition, rather 
than to individual services, since they reflect the perceived im-
portance of each QoS attribute dimension on the process as a 
whole, and not its constituent parts [23]. 

In the proposed framework, the QoS specifications for a ser-
vice within the WS-BPEL scenario may include an upper bound 
and a lower bound for each QoS attribute, i.e. for service sj in-
cluded in a WS-BPEL scenario, the designer formulates two 
vectors MINj(minrt,j, minav,j, minc,j) and MAXj(maxrt,j, maxav,j, 
maxc,j). Additionally the designer formulates a weight vector W 
= (rtw, avw, cw), indicating how important each QoS attribute is 
considered by the designer in the context of the particular oper-
ation invocation. The values of the QoS attributes are assumed 
to be expressed in a “larger values are better” setup, e.g. a service 
having cost = 6 is cheaper than a service having cost = 4. 

B. Service Replacement Candidates 
As noted in the introduction, in order to formulate the pool 

of candidates for realizing some specific functionality in the 
context of WS-BPEL scenario adaptation, adaptation proposals 
employ the concept of service equivalence, according to which: 
1. a web service has been described as an aggregation of 

functionality published for use [12][19]. Individual 

functionalities aggregated to form a web service are termed 
operations in the context of SOA [23]. 

2. two services S1 and S2 are equivalent if and only if (a) they 
support the same operations and (b) for each operation 
op1,i∈S1, the corresponding operation op2,i∈S2 is either 
syntactically or semantically equivalent to op1,i [6]. 
Syntactic equivalence indicates that op1,i and op2,i have the 

same functionality and their interfaces match operation match 
(e.g. when multiple instances of the same service are hosted on 
different machines to provide increased reliability), while 
semantic equivalence indicates that op1,i and op2,i only have the 
same functionality, but expose it using different interfaces. In 
this work, we consider that differences in the interfaces can be 
bridged by applying XSLT transformations [6][20]. 

This equivalence definition can be applied to perform WS-
BPEL scenario adaptation, since each service S can be replaced 
by any service S’ equivalent to it; however, it may prove to be 
over-restrictive and thus limit the potential of the adaptation 
algorithm to create optimal adaptations. 

Consider for instance the case of two hotel booking services 
HB1 and HB2, which offer functionalities (operations) as follows: 

• HB1 offers the operations RoomBooking, AirportShuttle 
and CarRental. 

• HB2 offers only the operations RoomBooking, and 
AirportShuttle. 

According to the equivalence definition presented above, it 
is clear that HB1 and HB2 are not equivalent, since they do not 
support the same operations, and therefore we cannot substitute 
HB2 for HB1 in the general case. However, in the context of 
adaptation performed on the execution of a WS-BPEL scenario 
HotelReservation containing only invocations to the 
RoomBooking, and AirportShuttle services, it is clear that HB2 
can be substituted for HB1 since all functionalities required by 
the adapted WS-BPEL scenario are offered by HB2; the inverse 
substitution (HB1 for HB2) is also possible. 

In order to formalize and generalize the example given 
above, we introduce the concept of service replacement 
candidate (SRC) as follows: 

A service S’ is a service replacement candidate for service S 
in the context of a WS-BPEL scenario BS if and only if for each 
operation ops,i of service S invoked within BS, S’ provides the 
same functionality through operation ops’,j and ops,i is either 
syntactically or semantically equivalent to ops’,j. 

Under this definition, in the example presented above service 
HB2 is a SRC for service HB1, and can thus be substituted for it. 

C. Service Selection Affinity 
A WS-BPEL scenario may involve multiple invocations to 

operations provided by the same service provider (the technical 
term for a service provider in WS-BPEL is partner link). These 
operations may logically depend on one another, in the sense that 
if –in the context of a particular scenario execution– the first 
service is obtained from a particular service provider then the 
second service must be obtained from the same service provider. 
Consider for instance a hotel reservation service ReserveRoom 
that provides the operations checkAvailability, getQuote and 
performReservationAndPay: it is obvious that if the availability 
of a specific hotel is checked (by invoking the checkAvailability 



operation it offers), then the quote must be received from the 
same hotel (or we may be asking for quotes for rooms that are 
not available) and the reservation/payment must also be made 
for the same hotel (or we may be booking rooms that are not 
available and/or are priced differently than we have seen). 

When a WS-BPEL scenario is crafted, the scenario designer 
specifies a concrete partner link for each service provider s/he 
uses, and subsequently binds each operation invocation to a spe-
cific service provider (by listing the partner link name in the in-
voke construct). When the scenario is executed within a non-
adaptive environment, all operations are directed to the service 
provider chosen by the designer; therefore if two operations (e.g. 
checkAvailability and getQuote) need to be obtained from the 
same service provider, it suffices that the WS-BPEL scenario 
uses the same partner link for invoking the operations. 

In environments supporting execution adaptation for match-
ing the QoS requirements of the client, the adaptation process 
examines the QoS specifications designated for each operation 
invocation and the QoS characteristics of the available opera-
tions, and directs the invocation to the service provider best 
matching the QoS specifications; therefore, the invocation may 
be actually directed to different service providers than the ones 
originally specified in the WS-BPEL scenario. If such an adap-
tation is however performed in an uncontrolled fashion, then it 
is possible that operation invocations originally set to be served 
by the same service provider are directed to different service pro-
viders, breaking thus the transactional semantics. 

Consider for example the case of adapting the above WS-
BPEL scenario, which has been crafted to invoke the checkA-
vailability and getQuote operations offered by HotelA. Let us 
assume that the WS-BPEL scenario consumer has designated re-
sponse time as the sole criterion for QoS-based adaptation, and 
that checkAvailability of HotelA and getQuote of HotelB are the 
operations with the smallest response time (n.b. HotelB is con-
sidered as equivalent to HotelA, therefore it is possible for the 
adaptation process to substitute an invocation to an operation of 
HotelA with an invocation to the respective operation of 
HotelB). If the adaptation is performed in an uncontrolled fash-
ion, then the adaptation mechanism will direct the invocation of 
checkAvailability to HotelA, while getQuote will be directed to 
HotelB. Hence, the adaptation environment must include provi-
sions, which will guarantee that invocations with such depend-
encies -which will be referred to with the term service selection 
affinity- will finally be directed to the same provider. 

However, in some cases, the fact that two operation 
invocations are designated to be directed to the same provider is 
merely coincidental. Consider for instance a WS-BPEL scenario 
SportsResults which invokes the FootballResults and 
BasketballResults operations of the same service provider to get 
the respective results. Clearly in this case it is possible to use 
different providers to get the football and the basketball results, 
thus SSA need not be applied in this case. 

Having only the WS-BPEL scenario at hand, however, the 
adaptation process has no means to distinguish between the two 
cases exemplified above, i.e. (a) the case of a room reservation 
where SSA must be maintained and (b) the case of obtaining 
sport results, in which case SSA need not be maintained. To 
tackle this issue, the WS-BPEL scenario designer should indi-
cate which operation invocations are those bearing transactional 

semantics and therefore need to be directed to the same provider. 
To this end, we introduce an additional attribute, namely 
affinityGroup; if SSA must be maintained across a set of opera-
tion invocations, the WS-BPEL scenario designer should add to 
the specification of these invocations the affinityGroup attribute 
with an identical value. For instance, the invoke constructs of the 
hotel reservation room would be written as follows: 
<invoke partnerLink="HotelA" affinityGroup="roomRes" 

operation="checkAvailability" … /> 
<invoke partnerLink="HotelA" affinityGroup="roomRes" 

operation="getQuote" … /> 
<invoke partnerLink="HotelA" affinityGroup="roomRes" 

operation="performReservationAndPay" … /> 

The addition of attributes to WS-BPEL constructs is in-line 
with the language’s specifications [1]. A WS-BPEL scenario 
may designate multiple affinity groups, e.g. one affinity group 
RoomRes may pertain to a hotel room reservation and a second 
one AirticketRes to an air ticket reservation; in this case, all 
services belonging to the RoomRes affinity group will be 
directed to some provider Sroom (chosen according to the QoS 
bounds and weights specified), all operation invocations 
belonging to the AirticketRes group will be directed to some 
provider SAirticket; naturally, it is possible that Sroom ≠ SAirticket. 

In the case of the SportsResults scenario detailed above, the 
WS-BPEL designer would not use the affinityGroup attribute, 
and therefore the adaptation environment would impose no 
restrictions regarding the selection of the providers for 
operations FootballResults and BasketballResults. 

Service selection affinity is analogous to realization relations 
used in engineering processes [34]. 

IV. THE ADAPTATION ARCHITECTURE AND ALGORITHM 
To realize the adaptation goals presented in section 3, the 

proposed approach adopts the architecture illustrated in Fig 1. 
The architecture introduces two additional components, the pre-
processor and the adaptation layer. Adaptation layers are com-
monly used for WS-BPEL execution adaptation [5][6][11][13]. 
The preprocessor performs transformations on the original WS-
BPEL scenario by (a) arranging for passing appropriate data to 
the adaptation layer to drive the adaptation and (b) redirecting 
service invocations to the adaptation layer, so as to be sent to the 
service implementations best matching the QoS specifications. 
The preprocessing step produces an enhanced WS-BPEL sce-
nario, which is then deployed to the WS-BPEL orchestrator. The 
adaptation layer intervenes between the WS-BPEL orchestrator 
and the actual web service implementations, arranging for for-
mulating the WS-BPEL scenario execution plan, i.e. choosing 
for each operation invocation in the executing scenario the most 
appropriate implementation with respect to the current 
execution’s QoS policy, maintaining the SSA where required. 

In the following paragraphs, we describe the operation of 
these two modules, detailing (a) the transformations employed 
by the preprocessor, (b) the WS-BPEL scenario execution 
procedure and (c) the algorithm employed to formulate the WS-
BPEL scenario execution plan. 

A. QoS Specification in the WS-BPEL Scenario 
At design time, the WS-BPEL scenario designer specifies 

the QoS parameters that apply to each invocation. In this work, 
we adopt the approach introduced in [5] and refined in [9], 
according to which: 



1. for each invoke construct, the designer provides the attribute 
name, assigning distinct names to the invoke constructs, 

2. for the invoke construct having the name attribute equal to 
invX, the designer should use the WS-BPEL variables 
QoSmax_invX and QoSmin_invX which designate the QoS 
bounds for the particular invocation and 

3. the designer should provide the WS-BPEL variable 
QoS_weight to specify the weight of each QoS attribute 
(recall that weights apply to the whole composition, rather 
than to individual services [23]). 
The WS-BPEL designer may set the values for variables 

QoSmax_invX and QoSmin_invX and QoS_weight after 
examining the values of user-provided parameters, tailoring thus 
the QoS specification to the preferences of the user invoking the 
scenario. Listing. 1 shows an example of maximum QoS bounds 
specification for an operation invocation. 
<assign> 
 <copy> 
  <from><literal>7</literal></from> 
  <to variable="QoSmax_getQuote" part="respTime"/> 
 </copy> 
 <copy> 
  <from><literal>4</literal></from> 
  <to variable="QoSmax_getQuote" part="cost"/> 
 </copy> 
</assign> 
<invoke name="getQuote" partnerLink="hotel1" operation="getQuote" 

outputVariable="quote" inputVariable="roomTypeAndPeriod" /> 
Listing 1. QoS specification in the WS-BPEL scenario 

B. The Preprocessing Step 
As noted above, before the WS-BPEL scenario is deployed 

to the WS-BPEL orchestrator it is preprocessed so as to become 
ready for adaptation. The transformation of the scenario to an 
adaptation-ready form consists of the following activities: 
1. arranging for retrieving a session id (SID) from the 

middleware; SID is used to distinguish among invocations to 
the middleware pertaining to individual executions of WS-
BPEL scenarios performed within the WS-BPEL 
orchestrator. This is accomplished through an invocation to 

the getSessionId operation provided by the adaptation layer, 
which is inserted at the beginning of the scenario. 

2. providing for passing to the middleware all appropriate 
information regarding the operation invocations performed 
within the WS-BPEL scenario, their structure (parallel vs. 
sequential), the affinity groups, the QoS weights for the 
scenario (as set using the QoS_weight variable) and the QoS 
bounds for the different invocations (as specified through the 
QoSmin_invX and QoSmax_invX variables). This is realized 
through an invocation to the bpelScenarioInfo operation of 
the adaptation layer. This information will be used by the 
adaptation layer to formulate the execution plan, which is 
inserted before the first invoke operation within the scenario. 

3. modifying individual operation invocations so that they are 
redirected to the adaptation layer, instead of the actual web 
service operation initially specified in the WS-BPEL 
scenario. The adaptation layer will then forward the 
invocation to the appropriate implementation, according to 
the formulated execution plan. This is accomplished by 
modifying the partnerlink specification. The preprocessor 
arranges so that the headers of each invocation [16][17] 
contain the session identifier, to enable the adaptation layer 
to distinguish the particular WS-BPEL scenario execution in 
the context of which this invocation is performed. 

4. inserting an invocation to the releaseSession operation of the 
adaptation layer as the last activity of the WS-BPEL 
scenario, to allow for release of resources allocated to the 
particular execution. 
When the modified scenario is generated, it is deployed to 

the WS-BPEL orchestrator and made available for invocation. 
C. Executing the WS-BPEL Scenario 
When the WS-BPEL scenario commences execution, it will 

first retrieve from the adaptation layer the session identifier, and 
afterwards it will invoke the bpelScenarioInfo operation of the 
adaptation layer to provide to it all the information required for 
the formulation of the execution plan. The adaptation layer will 
then compute the execution plan as follows: 

 
Fig. 1. Architecture of the adaptation framework 
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1. For each operation invocation, the adaptation layer retrieves 
from the repository those operations that are equivalent to 
the operation being invoked and satisfy the QoS bounds for 
the particular invocation. Thus, the set of possible operation 
assignments for operation opi POA(opi)={opi,1, opi,2, …, 
opi,x} is formulated as follows: 𝑃𝑃𝑃𝑃𝐴𝐴(𝑜𝑜𝑜𝑜𝑖𝑖) = { 𝑜𝑜𝑜𝑜 ∈
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅: 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑝𝑝𝑖𝑖 ∧  [(𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟,𝑖𝑖 ≤ 𝑟𝑟𝑡𝑡𝑠𝑠 ≤
𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟,𝑖𝑖)  ∧  (𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐,𝑖𝑖 ≤ 𝑐𝑐𝑠𝑠 ≤ 𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐,𝑖𝑖) ∧  (𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟,𝑖𝑖 ≤ 𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 ≤
𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟,𝑖𝑖)]}; recall that the min and max bounds per 
operation have been received as input to the 
bpelScenarioInfo operation. 

2. The adaptation layer formulates an integer programming (IP) 
problem, in order to produce the execution plan, i.e. a set of 
concrete operation assignments EP={cop1, cop2, …, copn} 
where copi∈POA(opi), such that this set of assignment best 
matches the QoS parameters specified by the user. To this 
end, the candidate i for realizing operation opj (i.e. the ith 
element in POA(opj)) is assigned a utility value calculated by 
the following function [24]: 

𝑈𝑈�𝑜𝑜𝑜𝑜𝑗𝑗,𝑖𝑖� = ∑ 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚(𝑗𝑗,𝑘𝑘)−𝑞𝑞𝑘𝑘(𝑜𝑜𝑗𝑗,𝑖𝑖)

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚′(𝑘𝑘)−𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚′(𝑘𝑘)
∗ 𝑤𝑤𝑘𝑘3

𝑘𝑘=1   

where qk(oj,i) is the value of the kth QoS attribute of operation 
oj,i (the first QoS attribute corresponds to response time, the 
second one to cost and the third one to availability), wk being 
the weight assigned to the kth QoS attribute, 
 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚(𝑗𝑗, 𝑘𝑘) = max

𝑠𝑠∈𝑃𝑃𝑃𝑃𝑃𝑃(𝑗𝑗)
𝑞𝑞𝑘𝑘(𝑠𝑠) [i.e. the maximum value of QoS 

attribute k among possible concrete operation assignments for 
operation j], and 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚′(𝑘𝑘) [resp. 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚′(𝑘𝑘)] being the  overall 
maximum (resp. minimum) value of QoS attribute k within 
the repository. Note that services with high QoS values have 
low utility function values. Given the utility function, the 
computation of the m-best solutions can be formulated as an 
integer programming optimization problem as follows: 
minimize the overall utility value given by: 

𝑂𝑂𝑂𝑂𝑂𝑂𝑄𝑄𝑄𝑄𝑄𝑄 = ∑ ∑ 𝑈𝑈(𝑜𝑜𝑜𝑜𝑗𝑗,𝑖𝑖) ∗ 𝑥𝑥𝑗𝑗,𝑖𝑖
|𝑃𝑃𝑃𝑃𝑃𝑃�𝑜𝑜𝑝𝑝𝑗𝑗�|
𝑖𝑖=1

𝑁𝑁
𝑗𝑗=1   

where N is the number of operation invocations within the 
WS-BPEL scenario, |𝑃𝑃𝑃𝑃𝑃𝑃(𝑜𝑜𝑝𝑝𝑖𝑖)| is the cardinality of 
POA(opi) and xj,i is a binary variable taking the value 1 if opj,i 
is chosen for implementing operation opj of the WS-BPEL 
scenario and the value 0 otherwise. 
Since each operation opi designated in the original WS-BPEL 
scenario must be realized through exactly one operation in 
POA(opi), the constraint set 

∑ 𝑥𝑥𝑗𝑗,𝑖𝑖 = 1, 1 ≤|𝑃𝑃𝑃𝑃𝑃𝑃�𝑜𝑜𝑝𝑝𝑗𝑗�|
𝑖𝑖=1 𝑗𝑗 ≤ 𝑁𝑁  

is added to the problem. In order to support transactional se-
mantics of operations, as designated through SSA groups, the 
adaptation layer adds constraints to the problem as follows: 
let us assume that operations opx and opy belong in the same 
affinity group, and POA(opx) = {ox,1, ox,2, …, ox,L(x)}, 
POA(opy) = {oy,1, oy,2, …, oy,L(y)}, the possible operation as-
signments for opx and opy, respectively. Without loss of gen-
erality, we assume that for the first k services in POA(opx) and 
POA(opy): 

provider(opx,m) = provider(opy,m) ∀ 1 ≤ m ≤ k 
while  

provider(opx,m) ≠ provider(opy,m) ∀ m > k 
Under this setting, transactional semantics are maintained if 
for the realization of opx and opy within the scenario, the 
corresponding services (i.e. services with the same index) 
from POA(opx) and POA(opy) are selected. To ensure this in 
the solution of the IP problem, the following constraints are 
added to the problem: 

𝑜𝑜𝑝𝑝𝑥𝑥,𝑎𝑎 − 𝑜𝑜𝑜𝑜𝑦𝑦,𝑎𝑎 = 0, 1 ≤ 𝑎𝑎 ≤  𝑘𝑘 
This method is directly generalizable to cases where the 
affinity group contains more than two operation invocations; 
for example if the affinity group contained a third operation 
invocation opz, the set of constraints 

𝑜𝑜𝑜𝑜𝑥𝑥,𝑎𝑎 − 𝑜𝑜𝑜𝑜𝑧𝑧,𝑎𝑎 = 0, 1 ≤ 𝑎𝑎 ≤  𝑘𝑘 
would be added to the problem. Note that additional con-
straints to explicitly maintain affinity between opy and opz 
(i.e. 𝑜𝑜𝑜𝑜𝑦𝑦,𝑎𝑎 − 𝑜𝑜𝑜𝑜𝑧𝑧,𝑎𝑎 = 0) need not be included, since this is 
guaranteed by the two introduced set of constraints by virtue 
of transitivity. 
This approach (a) exploits the concept of SRC, considering 
only to the operations actually involved in the scenario and 
(b) further broadens the options available to the middleware 
by removing the need for affinity maintenance among 
services that coincidentally were set in the original scenario 
to be directed to the same service provider. 
Then, the IP problem is solved and the solution is saved (cou-
pled with the session id) to the session memory (cf. Fig. 1). 

3. When the adaptation layer intercepts an operation invocation 
(recall from subparagraph IV.B.2 that the preprocessor 
arranges so that invocations are redirected to the adaptation 
layer), it retrieves from the session memory the selection 
made for the realization of the particular invocation in the 
context of the current WS-BPEL scenario execution (i.e. 
within the execution plan formulated in step 2) and redirects 
the invocation to that service. The reply is then collected and 
returned as a reply to the WS-BPEL orchestrator. 

4. Finally, when the WS-BPEL scenario reaches its end, it 
invokes the releaseSession web service, providing the 
session identifier as a parameter. The releaseSession service 
will then remove from the session memory all information 
pertaining to this session. 

V. EXPERIMENTAL EVALUATION  
In this section, we report on our experiments aiming to sub-

stantiate the feasibility of the proposed approach, both in terms 
of execution time (quantifying the introduced overhead and per-
formance gains) and solution quality. For our experiments we 
used two machines: (a) a workstation, equipped with one 6-core 
Intel Xeon E5-2620@2.0GHz CPU and 16 GB of RAM, which 
hosted the preprocessor and the clients and (b) a workstation 
with identical configuration to the first, except for the memory 
which was 64GBytes, that hosted the WS-BPEL orchestration 
engine, the adaptation layer, the target web services deployed on 
a Glassfish 4.1 application server [18] and the service repository. 
The machines were connected through a 1Gbps local area net-
work. The service repository was implemented as in-memory 
hash-based structure, which proved more efficient than using a 



separate (memory or disk-based) database. Regarding the over-
head, we do not measure the time spent for preprocessing, since 
this is performed in an off-line fashion and does not penalize the 
WS-BPEL scenario execution performance. 

In all experiments, the service repository was populated with 
synthetic data having an overall size of 1,000 web services; each 
web service included 3-8 operations and each operation was of-
fered by 60 alternative providers. Each service had at least 9 
other services equivalent to it (i.e. containing equivalents for all 
its operations). The QoS attribute values in this repository were 
uniformly drawn from the domain [0, 10]. The WS-BPEL sce-
narios used in the experiments were synthetically generated by 
randomly drawing operations from the repository, and the per-
formance evaluation tests were run for each of the generated sce-
narios; 1,000 scenarios were generated in total. In the scenario 
generation process, two consecutive functionality invocations 
were selected to be executed sequentially (<sequence> con-
struct) with a probability of 0.7 and in parallel (<flow> con-
struct), with a probability of 0.3, while two operations were set 
to fall in the same affinity group with a probability of 0.2.  

The first experiment quantifies the time needed to formulate 
the WS-BPEL scenario execution plan for varying concurrency 
degrees (Fig. 3); this overhead is incurred once per scenario 
execution. We can observe that the time needed remains low 
even for high degrees of concurrency (160 msec for 200 
concurrent invocations) and scales linearly with the concurrency 
degree. 

 
Fig. 3. Execution plan formulation overhead 

In the proposed architecture, each operation invocation is 
redirected to the adaptation layer, which consults the WS-BPEL 
scenario execution plan and forwards the request accordingly to 
the chosen operation implementation; subsequently it receives 
the reply and forwards it back to the WS-BPEL orchestrator. 
This introduces two extra network messages and the associated 
processing time, and the incurred overhead, for varying degrees 
of concurrency, is illustrated in Fig 4. This overhead is incurred 
once per operation invocation. We can note that the overhead 
remains small and scales linearly with the concurrency degree. 

Fig. 5 compares the QoS of the execution plan formulated 
for a number of representative trial cases by (i) the QoS-based 
algorithm described in [9] and (ii) the approach proposed in this 
paper. The diagram also shows an average which has been 
computed considering all 1,000 WS-BPEL scenarios used in the 
experiment, while the representative trial cases were chosen so 
as to include different number of operation invocations 
(scenarios 1-3 contain 3 invocations, scenarios 4-6 contain 6 

invocations and scenarios 7-10 contain 8 invocations), varying 
settings regarding parallel flows (scenarios 1, 2, 4 and 7 contain 
no parallel flows, scenarios 3, 5, 8 and 9 contain one parallel 
flow and scenarios 6 and 10 contain two parallel flows), and 
varying numbers of affinity groups ( scenarios 1 and 2 contained 
no affinity groups; scenarios 3, 4, and 5 contained one affinity 
group, scenarios 6, 7 and 8 contained two affinity groups and 
scenarios 9 and 10 contained three affinity groups). 

 
Fig. 4. Operation invocation overhead 

All affinity groups contained two invocations, except for 
scenarios 8 and 9 where one affinity group contained three 
invocations). We chose to compare the proposed approach 
against the one described in [9], since the latter maintains SSA 
(albeit among all operations directed to the same provider) and 
examines the whole solution space, being thus able to always 
locate the optimal solution. The lower QoS bounds for the 
operation invocations were randomly drawn from the domain 
[0,4], while the upper QoS bounds for the operation invocations 
were randomly drawn from the domain [6,10]. The weights of 
the QoS attributes were randomly selected from the domain 
[0,1]. In all cases, a uniform distribution was used. 

 
Fig.5. QoS of solutions formulated by the proposed approach and the algorithm 

described in [9]. 

The diagram shows that the algorithm proposed in this paper 
achieves solutions whose QoS is on average higher by 14% than 
the corresponding solutions formulated by the algorithm 
described in [9]. This is due to the facts that the proposed 
algorithm has a broader choice of operations to realize each 
functionality invocation specified in the original WS-BPEL 
scenario due to the concepts of SRC and the explicit 
specification of the affinity groups. 
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VI. CONCLUSION AND FUTURE WORK 
In this paper we have presented a framework and associated 

algorithms for adapting the execution of WS-BPEL scenarios 
based on QoS policies specified by the users. Our framework 
introduces the SRC concept, which broadens the set of 
alternatives that the adaptation layer can use to formulate the 
execution plan; moreover, it allows for explicit specification of 
cases that SSA needs to be maintained, further removing 
unnecessary constraints and allowing for formulation of more 
efficient scenario execution plans. The proposed framework is 
complemented with an execution architecture for enacting the 
adaptation, as well as an appropriate algorithm for computing 
the WS-BPEL scenario execution plan. The proposed 
framework has been experimentally validated regarding (i) its 
performance, (ii) the quality of execution plans generated. 

Our future work will focus on extending the framework to 
handle more efficiently conditional and iteration constructs in 
the WS-BPEL scenario; this can be supported through branch 
prediction and loop unrolling techniques [25], as well as by gath-
ering statistical information from prior scenario executions and 
using it as input to the adaptation process. This information will 
quantify aspects regarding the behavior of control constructs in 
the scenario, e.g. the probability that a conditional branch is ex-
ecuted or the distribution of the number of executions of a 
loop [27]. We also plan to examine how the algorithm can be 
extended to consider different adaptation strategies [28], and to 
evaluate the performance of these strategies. Incorporation of 
collaborative filtering techniques complementary to the QoS-
based ones, as suggested in [29][33] will be also considered. 
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