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a b s t r a c t

A web service is a modular and self-described application callable with standard web
technologies. A workflow describes how to combine the functionalities of different web
services in order to create a new value added functionality resulting in composite web
service. QoS-aware web service composition means to select a composite web service that
maximizes a QoS objective function while satisfying several QoS constraints (e.g. price or
duration). The workflow-based QoS-aware web service composition problem has received
a lot of interest, mainly in web service community. This general problem is NP-hard since
it is equivalent to themultidimensional multiple choice knapsack problem (MMKP). In this
article, the theoretical complexity is analysed more precisely in regard to the property of
the workflow structuring the composition. For some classes of workflows and some QoS
models, the composition problem can be solved in polynomial time (since theworkflow is a
series–parallel directed graph). Otherwise, when there exist one or several QoS constraints
to verify, the composition problem becomes NP-hard. In this case, we propose a newmixed
integer linear program to represent the problem with a polynomial number of variables
and constraints. Then, using CPLEX, we present some experimental results showing that
our proposed model is able to solve big size instances.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction and background

A Web Service (WS) is a modular and self-described application that uses standard web technologies to interact with
other services [6]. WS are grouped into repositories (e.g. ProgrammableWeb1 contains about 10.000 WS of different
categories and BioCatalogue2 provides more than 2.000WS devoted to life science). WhenWS is limited to relatively simple
functionalities, it is necessary to combine a set of individual WS to obtain a more complex one, namely a composite WS [5].
The WS composition problem aims at selecting a set of existing WSs such that the composition of those WS can satisfy
the user’s functional and non-functional requirements [8]. To differentiate several WS having the same functionality, QoS
criteria (e.g. price, duration, etc.) can be used to select the ‘‘best’’ WS satisfying the users’ requirements [12,15].

The QoS-aware service composition is the subject of numerous studies. As mentioned in [13], two approaches must be
distinguished. In the first one, a predefined workflow is supposed to be known. This workflow describes a set of ‘‘abstract’’
tasks to be performed. Moreover, associated to each task, a set of WSs with similar functionalities (but different QoS) is
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(a) Sequential pattern (b) AND pattern (c) XOR pattern

Fig. 1. Considered workflow patterns.

Fig. 2. Branches of XOR pattern.

also known. The composition problem is then to select one WS per task in order to respect QoS objective and constraints.
In the second approach (see for example [14]), the existence of a predefined workflow is not assumed. Discovery and
connection between WS are automatically performed by syntactic and/or semantic matching. Several methodologies have
been proposed: AI planning (with AND/OR graph and A∗ algorithm, Satisfiability algorithm), 0–1 linear programming
(solvingwith a branch andbound), Petri-Net, etc.—see a systematic review in [2]. In this articlewe focus on the first approach.
WS discovery and semantic reconciliation are out of the scope of this paper.

The following first two sub-sections describe our context: the workflow structure of the composite WS and the QoS
criteria. The third subsection analyses related work. The last one presents the outline of the paper.

1.1. Process model described by workflow

A workflow describes how to combine the functionalities of different WS in order to satisfy the user [16]. In a workflow,
an activity represents a set of WSs sharing the same functionality, and a pattern represents temporal dependency between
different activities. In this article, we consider the three more frequent patterns: sequence, parallel (AND) and exclusive
choice (XOR).

Fig. 1 represents these workflow patterns, based on the YAWLmodel [18], where Ai is an activity. The sequential pattern,
see Fig. 1(a), indicates that A1 must be executed before A2. The XOR and AND patterns start with a split and finish with a
join. In AND pattern, see Fig. 1(b), all activities A1, . . . , Ak have to be executed, possibly in parallel. For XOR pattern, see
Fig. 1(c), only one activity among A1 to Ak has to be executed.

In the following, we consider general complex workflows in which these patterns can be recursively concatenated and
interlaced. XOR or AND patterns can be decomposed on several branches (each branch being a workflow containing several
activities linked by patterns), where the first vertex ui of branch i can be an activity or a split andwhere the last vertex vi can
be an activity or a join. For XOR pattern (see Fig. 2), one and only one branchmust be selected. For AND pattern, all branches
must be performed.

In a complexworkflow, an end-to-end route is a path going from the first vertex of theworkflow to the last one containing
all branches of each AND pattern belonging to the path and, containing exactly one branch of each XOR pattern belonging
to the path.

Example 1. An example of such complex workflow is given in Fig. 3, representing a planning travel process. During the
first activity (A1), the user wants to book a flight ticket. Then the process is divided, by a XOR pattern, into three possible
sub-processes: first solution, the user rents a car (A2) and then books a hotel (A3) with a parking (A4) (with an AND pattern),
either the user requests a travel agency to organize all the travel (A5), nor he books a taxi (A6) and a hotel (A7).

Therefore, there exist three possible end-to-end routes for this planning travel process: {A1, A2, A3, A4}, {A1, A5},
{A1, A6, A7}. In the end-to-end route {A1, A2, A3, A4}, A3 and A4 can be performed in parallel.
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