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a b s t r a c t

In this paper, a multi-objective project scheduling problem is addressed. This problem considers two con-
flicting, priority optimization objectives for project managers. One of these objectives is to minimize the
project makespan. The other objective is to assign the most effective set of human resources to each
project activity. To solve the problem, a multi-objective hybrid search and optimization algorithm is
proposed. This algorithm is composed by a multi-objective simulated annealing algorithm and a multi-
objective evolutionary algorithm. The multi-objective simulated annealing algorithm is integrated into
the multi-objective evolutionary algorithm to improve the performance of the evolutionary-based search.
To achieve this, the behavior of the multi-objective simulated annealing algorithm is self-adaptive to
either an exploitation process or an exploration process depending on the state of the evolutionary-based
search. The multi-objective hybrid algorithm generates a number of near non-dominated solutions so as
to provide solutions with different trade-offs between the optimization objectives to project managers.
The performance of the multi-objective hybrid algorithm is evaluated on nine different instance sets,
and is compared with that of the only multi-objective algorithm previously proposed in the literature
for solving the addressed problem. The performance comparison shows that the multi-objective hybrid
algorithm significantly outperforms the previous multi-objective algorithm.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A multi-objective project scheduling problem involves defining
feasible start times and feasible human resource assignments for
project activities so that the different optimization objectives, de-
fined as part of the problem, are reached. Moreover, to define hu-
man resource assignments, it is necessary to have knowledge
about the effectiveness of the available human resources in rela-
tion to different project activities. This is because the development
and the results of an activity depend on the effectiveness of the re-
sources assigned to it (Heerkens, 2002; Wysocki, 2003).

In the literature, many different kinds of multi-objective project
scheduling problems have been formally described and addressed
until now. However, to the best of the authors’ knowledge, only
few multi-objective project scheduling problems have considered

human resources with different levels of effectiveness (Bellenguez
& Néron, 2005; Gutjahr, Katzensteiner, Reiter, Stummer, & Denk,
2008; Hanne & Nickel, 2005; Yannibelli & Amandi, 2012a), a cen-
tral aspect in real multi-objective project scheduling contexts.
These problems state different assumptions about the effective-
ness of the human resources.

The multi-objective project scheduling problems described in
Bellenguez and Néron (2005), Gutjahr et al. (2008), Hanne and
Nickel (2005) assume that each human resource only has one or
several skills, and an effectiveness level in relation to each skill.
Then, the effectiveness of a human resource in a given activity is
determined only on the basis of the effectiveness level of the re-
source in relation to one of the skills required for that activity.
Thus, only the skills of a human resource are considered as deter-
mining factors of their effectiveness. However, other contextual
factors that also determine the effectiveness of a human resource
in a given activity are not considered in the mentioned problems.
Such factors involve the attributes of the activity to which the re-
source is assigned, the other resources with whom the resource in
question must work, as well as the experiences and attributes of
the resource (Barrick, Stewart, Neubert, & Mount, 1998; Heerkens,
2002; Wysocki, 2003).
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Unlike the above-mentioned problems, the multi-objective pro-
ject scheduling problem introduced in Yannibelli and Amandi
(2012a) considers that the effectiveness of a human resource de-
pends on various factors inherent to its work context (i.e., the
activity to which the resource is assigned, the skill to which the re-
source is assigned within the activity, the set of human resources
that has been assigned to the activity, and the attributes of the re-
source). This is a really significant aspect of the multi-objective
project scheduling problem introduced in Yannibelli and Amandi
(2012a). This is because, in real multi-objective project scheduling
problems, the human resources usually have different effective-
ness levels in relation to different work contexts (Barrick et al.,
1998; Heerkens, 2002; Wysocki, 2003) and, therefore, the effec-
tiveness of a human resource needs to be considered in relation
to its work context. To the best of the authors’ knowledge, the
influence of the work context on the effectiveness of the human re-
sources has not been considered in other multi-objective project
scheduling problems. Because of this, it is considered that the mul-
ti-objective project scheduling problem introduced in Yannibelli
and Amandi (2012a) is really valuable in comparison with other
multi-objective project scheduling problems.

In this paper, the multi-objective project scheduling problem
introduced in Yannibelli and Amandi (2012a) is addressed. This
problem considers two conflicting, priority optimization objectives
for project managers. One of the objectives entails minimizing the
project makespan, whereas the other objective involves assigning
the most effective set of human resources to each project activity.
As was previously mentioned, the addressed problem considers
that the effectiveness of a human resource depends on various fac-
tors inherent to its work context.

To solve the addressed problem, a multi-objective hybrid algo-
rithm is proposed. This is a search and optimization algorithm
composed by two search and optimization algorithms: a multi-
objective simulated annealing algorithm and a multi-objective
evolutionary algorithm. The multi-objective simulated annealing
algorithm is integrated into the framework of the multi-objective
evolutionary algorithm. This is meant to improve the performance
of the evolutionary-based search (Coello Coello, Lamont, & Veldhu-
izen, 2007; Corchado, Abraham, & Carvalho, 2010; Corchado,
Graña, & Wozniak, 2012; Deb, 2009; Ishibuchi, Yoshida, & Murata,
2003). Specifically, the multi-objective simulated annealing algo-
rithm serves two purposes. At the early stages of the evolution-
ary-based search, when this search is diverse, the simulated
annealing algorithm behaves like an exploitation process to fine-
tune the solutions reached by the evolutionary-based search. At la-
ter stages of the evolutionary-based search, when this search starts
to converge, the simulated annealing algorithm behaves like an
exploration process to diversify the solutions reached by the evolu-
tionary-based search and thus to allow this search progresses. To
achieve the two mentioned purposes, the behavior of the multi-
objective simulated annealing algorithm is self-adaptive based on
observations from the state of the evolutionary-based search.

The multi-objective hybrid algorithm generates an approxima-
tion to the true Pareto set as a solution to the problem. Thus, the
algorithm can provide a number of solutions (i.e., project sched-
ules) with different trade-offs between the optimization objectives
to project managers.

A multi-objective hybrid algorithm is proposed because of the
following reasons. The problem addressed here can be seen as a
multi-objective case of the RCPSP (Resource Constrained Project
Scheduling Problem) (Blazewicz, Lenstra, & Rinnooy Kan, 1983)
and, therefore, the problem is an NP-Hard problem. In this sense,
the hybridization of multi-objective evolutionary algorithms with
other search and optimization techniques (e.g., simulated anneal-
ing) has been proven to be more effective than the classical mul-
ti-objective evolutionary algorithms in the resolution of a wide

variety of multi-objective NP-Hard problems and, in particular, in
the resolution of different kinds of multi-objective scheduling
problems (Coello Coello et al., 2007; Corchado et al., 2012; Deb,
2009; Ishibuchi et al., 2003, 2010). Thus, it is considered that a
multi-objective hybrid algorithm could outperform the multi-
objective evolutionary algorithm presented in Yannibelli and
Amandi (2012a) for solving the addressed problem. The multi-
objective evolutionary algorithm presented in Yannibelli and
Amandi (2012a) is the only multi-objective algorithm previously
proposed in the literature for solving the addressed problem.

The remainder of the paper is organized as follows. In Section 2,
a brief review of published works that consider the effectiveness of
human resources in the context of multi-objective project schedul-
ing problems is given. In Section 3, the addressed multi-objective
project scheduling problem is described. In Section 4, the multi-
objective hybrid algorithm designed to solve the problem is de-
scribed. In Section 5, the computational experiments developed
to evaluate the performance of the multi-objective hybrid algo-
rithm are presented, and their results are analyzed. Finally, in Sec-
tion 6, the conclusions of the present work are presented.

2. Related works

In the literature, various multi-objective project scheduling
problems have considered the effectiveness of human resources.
These multi-objective project scheduling problems state different
assumptions about the effectiveness of human resources. In this
regard, only few multi-objective project scheduling problems have
considered human resources with different levels of effectiveness
(Bellenguez & Néron, 2005; Gutjahr et al., 2008; Hanne & Nickel,
2005; Yannibelli & Amandi, 2012a), a central aspect in real mul-
ti-objective project scheduling problems. In this section, the atten-
tion is focused on analyzing the way in which the effectiveness of
human resources is considered in multi-objective project schedul-
ing problems reported in the literature.

Li and Womer (2009), Drezet and Billaut (2008) and Bellenguez
(2008) address multi-skill project scheduling problems considering
different optimization objectives. In these problems, each project
activity requires specific skills and a given number of human re-
sources (employees) for each required skill. Each available employ-
ee masters one or several skills, and all the employees that master
a given skill have the same effectiveness level in relation to the
skill (homogeneous levels of effectiveness in relation to each skill).

Bellenguez and Néron (2005) consider a multi-skill project
scheduling problem with hierarchical levels of skills. In this prob-
lem, given a skill, for each employee that masters the skill, an effec-
tiveness level is defined in relation to the skill. Thus, the employees
that master a given skill have different levels of effectiveness in
relation to the skill. Then, each project activity requires one or sev-
eral skills, a minimum effectiveness level for each skill, and a num-
ber of resources for each pair skill-level. This work considers that
all sets of employees that can be assigned to a given activity have
the same effectiveness on the development of the activity. Specif-
ically, with respect to effectiveness, such sets are merely treated as
unary resources with homogeneous levels of effectiveness.

Hanne and Nickel (2005) address a multi-skill project schedul-
ing problem considering different optimization objectives. In this
problem, most activities require only one employee with a partic-
ular skill, and each available employee masters different skills. In
addition, the employees that master a given skill have different
levels of effectiveness in relation to the skill. Then, the effective-
ness of an employee in a given activity is defined by considering
only the effectiveness level of the employee in relation to the skill
required for the activity.
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