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a b s t r a c t
Web service composition combines available services to provide new functionality. The various available
services have different quality-of-service (QoS) attributes. Building a QoS-optimal web service composition is a multi-criteria NP-hard problem. Most of the existing approaches reduce this problem to a
single-criterion problem by aggregating different criteria into a unique global score (scalarization). However, scalarization has some signiﬁcant drawbacks: the end user is supposed to have a complete a priori
knowledge of its preferences/constraints about the desired solutions and there is no guarantee that the
aggregated results match it. Moreover, non-convex parts of the Pareto set cannot be reached by optimizing a convex weighted sum. An alternative is to use Pareto-based approaches that enable a more accurate
selection of the end-user solution. However, so far, only few solutions based on these approaches have
been proposed and there exists no comparative study published to date. This motivated us to perform
an analysis of several state-of-the-art multi-objective evolutionary algorithms. Multiple scenarios with
different complexities are considered. Performance metrics are used to compare several evolutionary
algorithms. Results indicate that GDE3 algorithm yields the best performances on this problem, also with
the lowest time complexity.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Web services are very popular and widespread in enterprise distributed
environments, being a central aspect in Software Engineering. The most signiﬁcant advantages of the service-oriented approach are: reusability, interoperability
across different platforms, location independence, security support, dynamic
search/connectivity, and compatibility within the Cloud Computing paradigm.
New services can be created by combining existing ones. The process is called
service composition or service orchestration [1]. A composite service is a service
obtained by composition/orchestration and the way of composing services – the
service architecture – is generally described by a workﬂow.
Each service is characterized by a certain functionality (logic/functional aspect)
and a set of non-functional aspects called quality of service (QoS) attributes. For
instance, the function of a service may be to provide a map for a given address and a
QoS attribute may be the associated response time. QoS-aware service composition
is discussed in the next section.

Each QoS attribute may be associated to an objective/criterion. Some objectives
cannot be simultaneously optimized: a service may have a lower cost but a higher
response time whereas another one may be more expensive but faster.
The global QoS of a composite service depends on the QoS of each of the services
used in the composition. Therefore, the problem consists in selecting, among all the
available services, those ensuring the optimal composite service QoS. User preferences should be also taken into account: some users may prefer cheaper services
while other users may prefer high quality services.
Numerous approaches have been proposed for solving this problem (e.g.,
[6–15]). Exhaustive search algorithms try to ﬁnd the optimal solution whereas metaheuristic algorithms are only looking for a ‘good’ solution that may be obtained in a
reasonable time frame. Different optimization algorithms types have been used:
integer programming, linear programming, dynamic programming, tabu search,
local search, evolutionary algorithms, and hybrid algorithms. An overview may be
found in [13].

1.1. QoS-aware web service composition

1.2. Existing approaches

Different services offering the same functionality may have different QoS
attributes [2]. QoS-aware service composition is an NP-hard [3] multi-objective optimization problem (MOP) well known in Service Oriented Computing (SOC) [4,5].

Existing QoS-aware service composition approaches may be categorized in three
classes:
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• Scalarization-based approaches. A global evaluation function aggregates different QoS attributes into a unique, global score. This aggregation procedure is also
called scalarization. Despite the fact that QoS-aware service composition is a multiobjective problem, almost all existing approaches use scalarization in order to
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2.1. QoS attributes
Some of the most used QoS attributes for web services are
described bellow (e.g., [7,17,18,13,19]):

Fig. 1. A workﬂow example describing a composite service composed of 6 services.

reduce this problem to a single-objective one. This is, however, a very particular
approach that has some important drawbacks discussed in detail in Section 3.1.3.
• Pareto-based approaches. Multi-objective (MO) algorithms are used to identify
multiple solutions. Very few existing Pareto-based proposals have been found in
the literature for this speciﬁc problem. Pareto-based approaches offer a higher
accuracy in selecting a solution in accordance with user preferences.
• Hybrid methods. Some recent proposals combining both Pareto and scalarizationbased techniques exist. Since they are also based on scalarization they present the
same drawbacks already discussed.
1.3. Paper objective
To the best of our knowledge, there is no Pareto-based approaches comparative
analysis available to date targeting the QoS-aware service optimization problem. Hence, this paper analyzes several evolutionary multi-objective algorithms
(EMOAs). Some of the most known state-of-the-art EMOAs are evaluated using
a dataset collected from real web services. The comparison is based on standard
performance metrics and statistical analysis.
1.4. Outline
The next section deﬁnes the QoS-aware service optimization problem.
Section 3 presents the most relevant existing approaches to address the QoS-aware
service composition problem. Section 4 presents a comparative analysis of several state-of-the-art EMOAs. Finally, the last section summarizes the experimental
results interpretations and concludes the paper.

2. Problem statement
A composite service may be described by a workﬂow [16]. A
workﬂow contains activities and composition elements: sequence,
parallel, switch (condition) and loop structures. An example including 6 activities: SA1 to SA6 is depicted in Fig. 1. Executing an activity
means invoking a service.
It is necessary to make a distinction between an abstract service
(denoted SAi ) and a concrete service (denoted SCi ). An abstract service
is a model describing a functionality – a service class/type. Each
workﬂow activity SAi is associated to an abstract service. A concrete service SCi is a real web service that may be invoked – an
implementation/instance of the abstract service class.
A hypothesis is that several alternative concrete services exist
for each abstract service. For instance, different booking services
may be used for a same ﬂight. Each concrete service is characterized
by different QoS attributes. Therefore, it is important to know which
concrete service is selected to implement an abstract service. Given
l abstract services and k concrete services for each abstract service,
there are kl combinations. This is a combinatorial multi-objective
optimization problem. The search space is discrete: a solution may
be encoded as a vector of l integer values, each value i indicates
a concrete service SCi , 1 ≤ i ≤ k. Finding the optimal service combination is a non-deterministic polynomial-time hard (NP-hard)
problem (as identiﬁed in [3–5]). This means that an exhaustive
search algorithm is impractical, excepting very simple cases (few
abstract and concrete services).
The problem is not only to ﬁnd the solutions with the best QoS
but also to identify the subset of solutions matching the user preferences.

– Response time (t) represents the round-trip time between sending
a request to the service and receiving a response;
– Availability (a) is deﬁned as being the number of successful invocations over the total number of invocations. It measures the
probability that a service is available;
– Throughput (d) represents the total number of invocations served
by a service for a given period of time;
– Reliability (r) represents the services capacity at ensuring reliable
message delivery;
– Cost/price (c) is sometimes considered as a QoS attribute even
if it is not a quality indicator in a strict sense. It represents the
cost/price of accessing a service (i.e. the amount of money to pay)
for each service request;
– User rating (u) is a mean score given by the users about their
subjective service usage satisfaction.
– Security (s) is a measure of the security level offered by a service.

2.2. QoS composition rules
The QoS attributes of a composite service are obtained by
composing the QoS attributes of each of the services used in
the composition, as depicted in [17]. Examples of composition
rules/operators are proposed in [7,17,5,20,13]. Several of the most
used composition rules are depicted in Table 1.
The composite service workﬂow includes several architectural
patterns. Four pattern types are considered: sequence composition,
parallel composition, condition, and loop. A speciﬁc QoS composition rule is deﬁned for each architectural pattern (see Table 1). For
instance, the response time of a parallel composition made of two
or more services is given by the highest response time. If several
services are invoked sequentially, the global response time is the
sum of the time response of each service.
In the case of conditional/switch pattern (XOR), each service is
invoked with a probability pi and the response time is an average
based on these probabilities.
A loop structure will multiply the response time by the number
of loop cycles. Similar rules are deﬁned for other QoS attributes (see
Table 1).

2.3. Multi-objective optimization problems – general concepts
QoS-aware service composition is a multi-objective optimization problem (MOP) since several QoS attributes have to be
optimized simultaneously. In this section we formally deﬁne a MOP
and we introduce its speciﬁc terminology.
Let S ⊆ Rn denote the n-dimensional search space and F ⊆ S the
feasible space. When the optimization problem has no constraint,
feasible space and search space are identical (F = S).
Let x = (x1 , . . ., xn ) ∈ S, refer to a decision vector. Let us consider m
objectives deﬁned by a set of real valued functions fi : Rn → R with
i = 1 . . . m.
Function f (x) : Rn → Rm , deﬁned as f(x) = (f1 (x), . . ., fm (x)), is
called the objective vector.
When solving a MOP, the goal is to ﬁnd decision vectors x* ∈ F
which optimize function f, satisfying a set of deﬁned constraints g (a
set of k inequality-based functions), and h (a set of q equality-based
functions).

