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Abstract. This paper addresses the QoS-aware service selection prob-
lem considering complex workflow patterns. More specifically, it focuses
on the complexity issues of the problem. The NP-hardness of the prob-
lem, under various settings, has been open for many years and has never
been addressed thoroughly. We study the problem complexity depending
on the workflow structure, the number of workflow tasks, the number of
alternative services per task and the categories of quality of service crite-
rion associated to services. We provide for the first time the NP-hardness
proof of the problem. Additionally, we show that the problem is poly-
nomial in case of only one criterion per task and pseudo-polynomial if
there is a fixed number of criteria.

Keywords: Quality of Service - Service selection - Optimization - Com-
plex workflows

1 Introduction

One of the key features of Service-Oriented Architectures is to realize workflows
by composing loosely coupled web services. Each of these services provides a func-
tionality and their composition creates the functionality of a new value-added
service, called a composite service. As many providers might offer functionally
equivalent services, several candidates might be available for the realization of a
task in a workflow. To distinguish among these candidates, their non-functional
properties are considered such as Quality of Service (QoS) (e.g. execution dura-
tion, execution cost, reputation, and availability). Since only one component
service is needed for a task, the service selection problem based on quality of
service, denoted QOS-AWARE SERVICE SELECTION problem, is an important
step in the composition process. It helps to choose services that best meet QoS
constraints.

In the literature, the QOS-AWARE SERVICE SELECTION problem has been
claimed to be NP-hard and then essentially exponential time exact algorithms
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and heuristics have been investigated. Our first contribution in this paper is
to establish that QOS-AWARE SERVICE SELECTION is solvable in polynomial
time for one criterion for complex workflow including those with inclusive pat-
terns (OR pattern) which have never been studied as far as we know. Another
contribution is to present a first NP-hardness proof of the problem for work-
flows with simple structure even with two criteria. Moreover, our approach goes
beyond classical QoS categories and adds new ones. However, we show that this
problem is only weakly NP-hard, which allows the existence of an exact pseudo-
polynomial time algorithm. This type of algorithm is of particular interest since
typical values for real instances are small and in this case a pseudo-polynomial
time algorithm becomes a polynomial time algorithm. Therefore, the problem
is not as hard as claimed by previous studies. Our results are thus tight in the
sense that our pseudo-polynomial time results are the best possible considering
the complexity lower bounds.

Related Work. QOS-AWARE SERVICE SELECTION problem has been formulated
as an optimization problem and discussed by several authors [1-3,9,10,12,14,15].
Surveys of existing approaches can be found in [5,8,11]. Most of these papers note
that the problem is NP-hard. They state that QOS-AWARE SERVICE SELECTION
is equivalent to MULTI-DIMENSION MULTIPLE-CHOICE KNAPSACK problem [2].
To solve QOS-AWARE SERVICE SELECTION problem, some approaches propose
exact solutions. Bonatti and Festa [3] formulated the problem as a matching
problem between requests and offers. The goal is to find a binding between
requests and offers, compatible with the given matching and optimal regarding
the preferences associated to services and invocations. Yu and Lin [14] pro-
posed a combinatorial approach modeling the problem as a MULTIPLE-CHOICE
KNAPSACK problem applied only to sequential structure workflows, and a graph
approach modeling the problem as a CONSTRAINED SHORTEST PATH problem
applied to more general structure workflows. Schuller et al. [9] formulated the
problem as a linear optimization problem for simple structure workflows, which
can be solved optimally using integer linear programming techniques. This app-
roach was extended in Schuller et al. [10] to consider structured as well as
unstructured workflows. More recently, Gabrel et al. [6] studied complexity of
the problem in case of one criteria and proposed a mixed integer program to
solve it. Likewise, a number of heuristic algorithms have been proposed to solve
QOS-AWARE SERVICE SELECTION. Zeng et al. [15] proposed a local optimiza-
tion approach which selects Web services one at the time by associating a task
of the workflow to the best candidate service. Canfora et al. [4] proposed to
tackle the problem with a genetic algorithm. Zhang et al. [16] proposed a strat-
egy to decompose a composite service with a general flow structure into parallel
execution paths. Then, the authors modeled service selection problem for each
execution path as a multi-objective optimization problem, and presented an ant
colony optimization algorithm to solve it. More recently, Trummer et al. [12]
proposed three algorithms to solve the problem: a first exact algorithm with
exponential complexity, a second polynomial time heuristic algorithm with no
guaranteed error bound, and a third polynomial time approximation algorithm
with guarantee error bound.



Complexity of QoS-Aware Service Selection Problem 347

Organization. The rest of the paper is organized as follows. Section 2 presents
some background elements related to our problem, as well as definitions. Section 3
provides some positive complexity results. These positive results are tight as
Sect. 4 shows complexity lower bounds. Section 5 concludes and highlights some
future work. Due to space constraints, proofs are devoted to the full version of
the paper.

2 System Model and Problem Statement

2.1 Workflows

A workflow is an abstract business process that combines several tasks. A task
represents a step that has to be accomplished by a single web service invo-
cation and is associated with a set of service candidates that are all able to
provide the required functionality but might differ in their non-functional prop-
erties, namely Quality of Service (QoS) values. The connections (or transitions)
between tasks represent a transfer of control from a preceding task to the one
that follows. These connections include control structures such as sequence, par-
allel (AND-split, AND-join), exclusive (XOR-split and XOR-~join), and inclusive
(OR-split and OR-~join) patterns (for details see in [13]). These patterns, written
in Business Process Modeling Notation 2.0 could be concatenated or interlaced
recursively to create complex workflows.

In this work, we expect all workflows to be structured [7] that is meeting the
following requirements : (i) having a single entry point (i.e. with no incoming
connection), (ii) a single exit point (i.e. with no outgoing connections), and (iii) a
split of some kind is closed by a corresponding join of the same kind and the
same number of branches (i.e. each AND-split has a corresponding AND-join
and each (X)OR-split has a corresponding (X)OR-join). Formally, a structured
workflow is defined as follows.

Definition 1 (Structured Workflow). A structured workflow wf on a set of
tasks T = {t1,...,tn} is defined recursively as:

— a task t; € T is a structured workflow wf. Both the entry and exit points of wf
are t; in this case.

— a sequence pattern (wfy,...,wf,) of structured workflows wfy, ..., wf,. The
entry point of wf is the entry point of wf,, the exit point of wf is the exit
point of wf,, and for all k, 1 < k < £, the exit point of wf, has a transition to
the entry point of wfy .

— an AND pattern of structured workflows AND-split(wfy, ..., wf,) AND-join
where the entry point of wf is AND-split, the exit point of wf is AND-join,
and with transitions between AND-split and the entry points of each wf, and
between the exit point of each wf;, and AND-join.

— a XOR pattern of structured workflows XOR-split(wf, . . . , wf,) XOR-join where
the entry point of wf is XOR-split, the exit point of wf is XOR-join, and with
transitions between XOR-split and the entry points of each wf, and between
the exit point of each wf; and XOR-join.



348 F.N. Abu-Khzam et al.

— an OR pattern of structured workflows OR-split(wfy, ..., wf;) OR-join where
the entry point of wf is OR-split, the exit point of wf is OR-join, and with
transitions between OR-split and the entry points of each wf, and between the
exit point of each wf, and OR-join.

Definition 2 (Structured Workflow Without Sharing Tasks). A struc-
tured workflow without sharing is a structured workflow in which every task has
one incoming and one outgoing transition.

We represent workflows as trees of patterns recursively as in Definition 1
where a leaf node represents a task and a non-leaf node is either SEQ for sequen-
tial pattern, AND for parallel pattern, XOR, (resp. OR) for a choice of one (resp.
of one or several) out of several alternative branches.

The control flow describes the execution ordering of the tasks through differ-
ent patterns. Informally, a subset of tasks 7" C T satisfies the control flow of a
workflow wf if T” satisfies the control flow of at least one wf; in the case of OR
pattern, of all wf; in the case of AND or sequence patterns, or of exactly one wf;
in the case of XOR pattern. More formally:

Definition 3 (Control Flow Satisfaction). Consider a workflow wf on a set
of tasks T. The control flow satisfaction of wf by a subset of tasks T' C T 1is
defined recursively as:

— when wf is a task t;, then T’ satisfies the control flow of wf iff t; € T".

— when wf is a sequence of workflows (wfy, ..., wfy), then T' satisfies the control
flow of wf iff T' satisfies the control flow of each workflow wf;.

— when wf is AND-split(wfy, . .., wfy) AND-join, then T' satisfies the control flow
of wf iff T" satisfies the control flow of each workflow wf;.

— when wf is XOR-split(wfy, . .., wfy) XOR-join, then T' satisfies the control flow
of wf iff T" satisfies the control flow of exactly one workflow wf;.

— when wf is OR-split(wfy, . .., wf;) OR-join, then T' satisfies the control flow of
wf iff T' satisfies the control flow of at least one workflow wf;.

2.2 Services and Quality of Service

Services are software components that encapsulate atomic functionality. Since
executing a task only one service is needed among service candidates then non-
functional properties such as Quality of Service (QoS) are considered. Denoting
by C the set of criteria and assuming a fixed ordering between them, services are
described by their QoS vectors of non-negative rational values as follows.

Definition 4 (Service). A service s is a tuple (f,c) where f represents its
offered functionality, and ¢ = (c1(s),...,cp(s)) represents its QoS vector where
ci(s) is the QoS value for criterion i.

Consider a workflow wf composed of a set of n tasks T' = {t1,...,t,}. For
each task t; € T, there is a set of m; candidate services S; = {sj1,...,5jm; }-
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A vector c(sje) = (c1(8j.e)s---,¢p(850)) is associated to each service s;, that
represents the evaluation of a service s;, on criterion ¢;, for ¢ = 1,...,p. Con-
sider the set 77 C T satisfying the control flow of wf and the set S of selected
services, we can compute the QoS values of a workflow wf from the QoS values
of the selected services s;, € S as shown in Table 1. Note that, for an exclusive
pattern (XOR-split/-join pattern) there is no aggregation function between wf;,
it = 1,...,¢ since exactly one wf; satisfies the control flow. For all the other
patterns, the QoS of the wf is the QoS of the selected services for the work-
flows wf; that satisfy the control flow. As shown in Table 1, we classify into five
categories the most used QoS criteria according to their aggregation functions
that could be summation (> or sum), product ([] or prod), minimum (min)
and maximum (max). Optimization objective could be minimization (MIN) or
maximization (MAX).

Table 1. Aggregation Functions

QoS category | Sequence pattern AND or OR pattern Objective function
cat 1 M ci(sj,0) > ci(8j,0) MIN or MAX
t; €T’ s; ¢€SNS; t; €T’ 55 0€SNS;
cat 2 M ci(sj,0) maz{ci(sj.e) : MIN
t; €T’ s, 0€5NS; t; € T',Sj,z €Sns;}
cat 3 II ci(sje) II ci(sj0) MIN or MAX
t; €T’ s ¢€SNS; t; €T’ 55 ,€SNS;
cat 4 min{ci(sje) : min{ci(sj,e) : Max
t; ET’,SjJESﬂSj} tjET,,S]‘YZGSﬂSj}
cat 5 maz{ci(sj.e) : max{ci(s;j.e) : MIN
t; GT/,SJ',EESQS]‘} tjET,,SJJGSﬂSj}

The QoS values of a leaf in the tree of patterns are equal to the QoS values
of the selected service s;, in the candidate set S;. The QoS values of an non-
leaf node are computed based on the QoS criteria values of its children and their
associated aggregation functions. The QoS values of non-leaf nodes are computed
recursively.

2.3 Problem Statement

The QOS-AWARE SERVICE SELECTION problem is an optimization problem that
aims at binding every leaf node in the tree of patterns representing a workflow
task to at most one of its service candidates. Formally, the problem can be stated
as follows.

The QoS range values of a criterion ¢; of category cat 3 is in QN (0, 1], and
of categories cat 1, cat 2, cat 4 and cat 5 is in N for any service s.

The decision problem associated with QOS-AWARE SERVICE SELECTION con-
sists of p bounds b1, ..., b, € Q to decide if there exists a subset of tasks T/ C T
satisfying the control flow of wf and a service s;, € S; associated to each task
t; € T’ such that the value ¢; associated with this solution is smaller than or
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QOS-AWARE SERVICE SELECTION:

Input: A workflow wf on a set of tasks T' = {t1,...,tn}, a set of candidate
services S; for each task t; € T (of size at most m) and a vector ¢ =
(c1,...,¢p) of p criteria such that ¢;(s) € Q, Vs € S;, j = 1,...,n,4 =
1,...,p.

Output: A subset of tasks T" C T satisfying the control flow of wf and a
subset S of services such that a service s; ¢ € S; NS is associated to each
task t; € T’ in order to optimize each ¢;, 1 < i < p.

equal to (resp. greater than or equal to) b; in the case of a minimization (resp.
maximization) criterion ¢;, for i =1,...,p.

The solution for our problem is a subset 7" C T containing only leaves of the
tree of patterns (i.e. only tasks) satisfying the control flow of wfin contrast with
the other papers in the area where all leaves of the tree (i.e. all tasks of T') are
selected in T” even if no service is selected for a task.

Before giving some complexity notions, we define the size on an input of
QOS-AWARE SERVICE SELECTION. Given an input instance I of the problem,
its maximum value, denoted by V(I), is max{c;(s) : s € S;,j =1,...,n,i =
1,...,p} and its size, denoted by |I|, is O(nmlog V(I)).

3 Complexity Upper Bounds

In this section, we give some positive results concerning QOS-AWARE SERVICE
SELECTION. We show that the problem is polynomial time solvable if there is only
one criterion and pseudo-polynomial time solvable if there are a fixed number of
criteria. Moreover, we will show in the next section that pseudo-polynomiality
is also tight, i.e. one cannot expect polynomiality.

When the number of criteria is one (i.e. p = 1), then QOS-AWARE SER-
VICE SELECTION is a single criterion optimization problem and we search for an
optimal solution. When the number of criteria is more than one (p > 2), then
QOS-AWARE SERVICE SELECTION is a p-criteria optimization problem. In this
case, there is typically no optimal solution that is the best for all the criteria.
Therefore, the standard situation is that any solution can always be improved
on at least one criterion. The solutions of interest, called efficient solutions, are
those such that any other solution which is better on one criterion is necessarily
worse on at least one other criterion. The vectors associated to efficient solutions
are called nondominated vectors.

Theorem 1. QOS-AWARE SERVICE SELECTION is solvable in linear time for
instances with only one criterion.

Theorem 2. An instance of QOS-AWARE SERVICE SELECTION on p criteria,
p = 2, with one of them of cat 4 or cat 5, can be reduced in polynomial time to
several instances on p — 1 criteria.
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Corollary 1. QOS-AWARE SERVICE SELECTION s polynomial time solvable for
instances with two criteria where one of them is of cat 4 or cat 5.

Theorem 3. For a fized number of criteria p, QOS-AWARE SERVICE SELEC-
TION s solvable in pseudo-polynomial time.

4 Complexity Lower Bounds

In this section, we prove that the positive results of the previous section are
tight, i.e. QOS-AWARE SERVICE SELECTION is weakly NP-hard. We will show
that it is the case even for very restricted instances.

For an instance of QOS-AWARE SERVICE SELECTION with two criteria ¢; and
¢o we denote by MAX/MAX (or MIN/MIN) when ¢; and ¢y are to be maximized
(or minimized) and by MIN/MAX (resp. MAX/MIN) when ¢; is to be minimized
(resp. maximized) and ¢y to be maximized (resp. minimized).

Theorem 4. When p = 2 and the criteria ¢1 and co are both of cat 1 or both
of cat 3, then QOS-AWARE SERVICE SELECTION is NP-hard even when

1. one AND pattern, 2 services per task, and Max/MaX (or MIN/MIN, or
MiIN/MAaX).

2. one sequence pattern, 2 services per task, and MAX/MAX (or MIN/MIN, or
MIN/MAX).

3. a sequence of XOR patterns, 1 service per task, and MAX/MAaX (or MIN/MIN,
or MIN/MAX).

4. one OR pattern, 1 service per task, and MIN/MAX.

5 Conclusion

In this work, we established NP-hardness proofs for QOS-AWARE SERVICE SELEC-
TION, which hold even in very restrictive cases. However, we show that this hardness
result is counter-balanced by the existence of a pseudo-polynomial time algorithm,
which is able to solve optimally the problem in polynomial time for small values of
QoS services, which is the common case in real instances.

For future work, we suggest investigating the complexity of the problem in
case of two criteria of cat 1 and cat 3. However, one would easily notice that
if there are three criteria (at least two of cat 1, or at least two of cat 3), then
the problem is clearly NP-hard due to Theorem 4. It would also be interesting
to investigate the potential relation between the shape of a workflow and the
complexity of the problem. Of particular interest are cases where the problem
becomes strongly NP-hard. Another interesting direction would be to establish
approximation algorithms that return solutions with a priori guarantee of quality
in polynomial time even for large values of QoS services.
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