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ABSTRACT

The Software Project Scheduling (SPS) problem relates to
the decision of who does what during a software project life-
time. This problem has a capital importance for software
companies. In the SPS problem, the total budget and hu-
man resources involved in software development must be op-
timally managed in order to end up with a successful project.
Companies are mainly concerned with reducing both the du-
ration and the cost of the projects, and these two goals are
in conflict with each other. A multi-objective approach is
therefore the natural way of facing the SPS problem. In
this paper, a number of multi-objective metaheuristics have
been used to address this problem. They have been thor-
oughly compared over a set of 36 publicly available instances
that cover a wide range of different scenarios. The resulting
project schedulings of the algorithms have been analyzed in
order to show their relevant features. The algorithms used
in this paper and the analysis performed may assist project
managers in the difficult task of deciding who does what in
a software project.

Categories and Subject Descriptors

1.2.8 [Artificial Intelligence]: Problem Solving, Control
Methods, and Search; D.2.9 [Software Engineering]: Man-
agement

General Terms

Experimentation, Algorithms

Keywords

Software project scheduling, multi-objective optimization,
metaheuristics
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1. INTRODUCTION

The high complexity of current software projects justifies
the research into computer aided tools to properly schedule
the project development. In this paper we focus on the as-
signment of employees to tasks in a software project so as
to reduce both the project cost and duration. This problem
is known as the Software Project Scheduling (SPS) prob-
lem [1].

The SPS problem is multi-objective in nature and it has
been formulated as so, rather than aggregating its objectives
(minimizing both the project cost and its duration) into one
single value. Contrary to single-objective optimization, the
solution of a multi-objective problem such as SPS is not one
single solution, but a set of nondominated solutions known
as the Pareto optimal set, which is called Pareto border or
Pareto front when it is plotted in the objective space [5].
Whatever solution of this set is optimal in the sense that no
improvement can be reached on an objective without wors-
ening at least another one at the same time. That is, in the
context of the SPS problem, it is not possible to reduce the
project cost without increasing its duration (or vice versa).
The main goal in the resolution of a multi-objective problem
is to compute the set of solutions within the Pareto optimal
set and, consequently, the Pareto front. Many metaheuris-
tics have been proposed in the literature to deal with multi-
objective problems [4]. Indeed, the most well-known algo-
rithms in the multi-objective community fall into this kind
of search technique. In this paper, three classical methods
—NSGA-II [6], SPEA2 [18] and PAES [12]— plus two recent
algorithms —MOCell [16] and GDE3 [14]— have been used
to address the SPS problem.

The existing work on this topic usually proposes a meta-
heuristic algorithm for solving a specific flavour of the prob-
lem and presents the results of some experimental evaluation
over a set of problem instances. In this work, however, we
want to answer some open questions that have not been ad-
dressed yet in previous works. These research questions are:

RQ1: How do these five metaheuristics perform when
solving the SPS problem? To answer this question,
a thorough comparison between NSGA-II, SPEA2, PAES,
MOCell, and GDE3 has been performed over a set of 36 SPS
instances covering different project scenarios with different
levels of difficulty. To the best of our knowledge, PAES,
MOCell, and GDE3 are used on the SPS problem for the
first time. NSGA-II and SPEA2 are the two most widely
used multi-objective algorithms in the literature.



RQ2: Which are the features of the solutions reached
by the metaheuristic algorithms? In this case we ana-
lyze the solutions of the different algorithms to find correla-
tions between their features and the region in the objective
space where these solutions are located in. In other words,
we want to know what “metaheuristic algorithms do” to ob-
tain a solution with some concrete values for the objective
functions, i.e., the characteristics of the resulting project
schedulings.

The paper is organized as follows. The next section presents
some related work on the topic of this paper. Section 3 de-
scribes the details of the scheduling problem addressed. In
Section 4 the algorithms used to solve the problem are ex-
plained. After that, we present the results of some experi-
ments in Section 5. Finally, we summarize our conclusions
and outline some lines of future work in Section 6.

2. RELATED WORK

Not much work has been devoted to the multi-objective
approach of the SPS problem up to now. Even though few
related papers exist, they are usually targeted to solving
different flavours of the problem.

Guorguiev et al. [9] solve the problem of finding the op-
timal assignment of workpackages to developer teams with
the objectives of minimizing project time and maximizing
robustness. This problem was previously solved using a
single-objective approach in [2]. The robustness of a solution
is measured as the variation of the total development time of
the project under unexpected events like newly added tasks
to perform or changes in the duration of one task. The al-
gorithm used for the experiments is SPEA2.

Duggan et al. [7] solve the problem of task allocation in
a software project. The effort of the tasks is measured as
units of complexity (UOC). The authors define some levels
of skill for the staff: novice, average, expert, etc. Each skill
level determines the UOC per days that the engineer is able
to perform and the number of errors per UOC that s/he
introduces. For each pair engineer-task the project manager
must assign a skill level. One solution to the problem is a
schedule in which each engineer is assigned to a task in each
time. The objectives are to minimize the development time
and the number of errors. The algorithm used to solve the
problem is an elitist version of NSGA.

Hanne and Nickel [10] solve the problem of planning in-
spections and other activities in a software project. In their
approach, a set of developers have to program some source
code items. These source code items must also be inspected
by the developer team fulfilling some constraints (for ex-
ample, the author of a source code item must not be one
of their inspectors). The multi-objective approach tries to
minimize time, cost, and number of defects. This multi-
objective problem is solved by using a multi-objective evo-
lutionary algorithm.

3. SOFTWARE PROJECT SCHEDULING

We follow here the same formulation proposed in [1]. Thus,
the resources considered are people with a set of skills and
a salary. These employees have a maximum degree of de-
dication to the project. Formally, each person (employee)
is denoted with e;, where i goes from 1 to E (the num-
ber of employees). Let SK be the set of skills, and s; the
i-th skill with ¢ varying from 1 to S = |[SK]|. The skills
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of the employee e; will be denoted with ;¥ C SK, the
monthly salary with efal‘"y, and the maximum dedication
to the project with e*®*?4  The salary and the maximum
dedication are real numbers. The former is expressed in ab-
stract currency units, while the latter is the fraction of time
spent on the project.

The tasks are denoted with ¢;, where ¢ goes from 1 to T’
(the number of tasks). Each task t; has a set of required
skills associated with it, that we denote with t***  plus
an effort 7™ expressed in person-month (PM). The tasks
must be performed according to a Task Precedence Graph
(TPG). It indicates which tasks must be completed before a
new task is started. The TPG is an acyclic directed graph
G(V, A) with a vertex set V = {t1,t2,...,tr} and an arc set
A, where (¢;,t;) € A if the task ¢; must be completed, with
no other intervening tasks, before task ¢; can start.

The objectives of the SPS problem are to minimize the
cost and the duration of the project. The constraints are (1)
that each task must be performed by at least one person, (2)
the set of required skills of a task must be included in the
union of the skills of the employees performing the task, and
(3) no employee must exceed her/his maximum dedication
to the project.

Once we know the elements of a problem instance, we can
proceed to describe the elements of a solution to the prob-
lem. A solution can be represented with a matrix X = (z4;)
of size £ x T, where z;; > 0. The element x;; is the degree
of dedication of the employee e; to the task ¢;. If the em-
ployee e; performs the task ¢; with a 0.5 dedication degree
s/he spends half of her/his time in the company on the task.
If an employee does not perform a task s/he will have a de-
dication degree of 0.0 for that task. This information helps
to compute the duration of each task and, indeed, the start
and the end time of each one, i.e., the time schedule of the
tasks (Gantt diagram). From this schedule we can compute
the duration of the project (see Figure 1). The cost can
be calculated after the duration of the tasks by taking into
account the dedication and the salary of the employees. Fi-
nally, the overwork of each employee can be calculated using
the time schedule of the tasks and the dedication matrix X.

1 5] 13 ty ts ts 1
e, |1.00 [1.00[1.00[0.00|0.71|0.29 | 1.00
e, |1.00 [1.00(1.000.00]1.000.00]1.00
g e, |057 [0.14[0.29 [0.29 |0.290.29 |0.43
" -7
e, 0.57 | 1.00
e 0.14 [ 1.00

Tasks duration Project Durationi
+

TPG

_

Time

Figure 1: A tentative solution for a sample project.
Using the task durations and the TPG, the Gantt
diagram of the project can be computed.



In order to evaluate the quality of a given solution, we take
into account three issues: project duration, project cost,
and solution feasibility. To compute the project duration,
denoted with pg..-, we need to calculate the duration of each
individual task (¢J*7). This is calculated in the following

way:
teffort
dur _ "j
ty = tahr (1)
J
where 5" is the amount of human resources (measured in

persons) spent on task ¢; and is defined as the sum of the
dedication degree that the employees have on the task, that
is:

E
ahr
t; = Z Tij (2)
=1
At this point we can also define the participation of em-
ployee e; in the project, e®”, as the fraction of the total
workload of the project that was performed by the employee,
that is:
T Tij effort
Zj:l ZkE:;mkj tj
% - T effort T effort
> j=1 t; > j=1 t

The next step is to compute the starting and ending time
for each task (¢5*"* and ¢5"%), which are defined according
to the following expressions:

start 0
5t =

tejzd _ tstart

J J

T dur
Do Tighy"

par __

(&

®3)

if Pts, (ti,t5) € A

A{tf‘"d} otherwise (4)

max
ti,(tit;)€

4 t;lur

()

At the same time, it is possible to compute the project dura-
tion (pdur), which is the maximum ending time ever found:

T
Pdur = I?:af{{t;nd}

(6)

The project cost pcost is the sum of the salaries paid to the
employees for their dedication to the project. These charges
are computed by multiplying the salary of the employee by
the time spent on the project. The time spent on the project
is the sum of the dedication multiplied by the duration of
each task. In summary:

E T
_ salary dur
Pcost = ei . xij . t]'

i=1 j=1

(7)

In order to check the validity of a solution we must first
check that all tasks are performed by somebody, i.e., no task
is left undone. That is:

" >0 Vi e {1,2,...,T} (8)

The second constraint is that the employees performing the
task must have the skills required by the task:

U

{ile;; >0}

gokills esFlls vyie{1,2,...,T} 9)

Finally, in order to compute the overwork poyer we first
need to compute the working function for each employee,

defined as:
>

igstart < end
{gle5rart <r<egne}

e () = (10)

Tij
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Algorithm 1 Pseudocode for a generic multi-objective EA.

P(0) +— GeneratelnitialPopulation()
EvaluateObjectives(P(0))
PF < CreateParetoFront() //Create an empty front
t+—0
while not Termination Condition() do
parents <« Selection(P(t));
offspring«— EvolutionaryOperators(parents);
EvaluateObjectives(offspring);
P(t + 1) —UpdatePopulation(P(t), offspring)
UpdateFront(PF, P(t + 1))
t—1t+1
: end while

If eX°™" (1) > ef*®ded the employee e; exceeds her/his maxi-

mum dedication at instant 7. The overwork of the employee
e is:

over

T=Pdur
e’ = / ramp (el (1) — e ey dr
T

=0

(11)
where ramp is the function defined by:

ramp(z) = {

ifz>0
ifz <0

T

: (12)

The definite integral in (11) always exists and can be easily
computed because its integrand is piecewise continuous. The
total overwork of the project is then the sum of the overwork
for all the employees, i.e.:

E

_ over
Pover = €;

i=1

4. MULTI-OBJECTIVE ALGORITHMS

In this section, we briefly describe the five metaheuris-
tics used in this study, namely NSGA-II, SPEA2, PAES,
MOCell, and GDE3. They all are evolutionary algorithms
(EAs) [3] which are, by far, the most popular metaheuristics
for solving MOPs [4, 5] because of their ability of finding a
set of trade-off solutions in one single run.

Compared to a single-objective EA, a multi-objective one
differs mainly in how the set of non-dominated solutions
is managed. The general approach is to keep an external
archive, as it can be observed in the pseudocode of a generic
multi-objective EA included in Algorithm 1 (the archive is
referred as to PF in the algorithm).

Both NSGA-II [6] and SPEA2 [18] use the scheme of Al-
gorithm 1. As evolutionary operators, they have adopted
binary tournament selection, simulated binary crossover and
polynomial mutation [5]. They differ one each other in
the mechanism used to keep a diverse approximated Pareto
front. PAES [13] in turn has a population with one single
solution that it is iteratively modified by using polynomial
mutation only (no crossover operator is required), but it uses
an external archive. MOCell [15] is an structured EA that
includes an external archive to store the nondominated so-
lutions. It has been engineered with the same evolutionary
operators as NSGA-II and SPEA2. Finally, GDE3 [14] also
matches the scheme of Algorithm 1, but the typical evolu-
tionary operators are replaced by the differential evolution
selection and crossover.

In order to deal with constrained optimization problems
such as SPS, all the algorithms have used the constraint

(13)



domination principle presented in [5]. The principle states
that feasible solutions are better than non-feasible ones and
those non-feasible solutions with a smaller overall constraint
violation are better (constraints are normalized to be greater
than or equal to zero).

S. EXPERIMENTS

In this section we present the results of an empirical study
aimed at answering the research questions proposed in Sec-
tion 1. In the first three sections we describe the method-
ology, the details of the parameterization of the algorithms,
and the instances of the problem used in the experiments.
In each of the last two sections we answer the research ques-
tions in turn.

For the experiments, we have used jMetal [8], an object-
oriented Java-based framework aimed at the development,
experimentation, and study of metaheuristics for solving
multi-objective optimization problems. jMetal is freely avail-
able at http://jmetal.sourceforge.net/.

5.1 Methodology

In order to measure the performance of the multi-objective
solvers used here, the quality of their resulting nondomi-
nated set of solutions has to be considered. Two indicators
have been used for this purpose in this article: the hypervol-
ume (HV) indicator [19] and the attainment surfaces [11].

The HV is considered in the field as one of the more ac-
curate indicators. It calculates the volume (in the objec-
tive space) covered by members of a nondominated set of
solutions for problems where all the objectives are to be
minimize, and it provides a measure taking into account the
convergence and diversity of the obtained approximation set.

While the HV allows measuring the performance of differ-
ent algorithms to be compared, from the point of view of a
decision maker, knowing about the HV value is not enough,
because it gives no information about the shape of the front.
Indeed, a project manager wants to know where the front
obtained by the different algorithms is located, since the
front is what contains the information about the cost ws.
time trade-off. We need a way of representing the results of
a multi-objective algorithm that allows us to observe the ex-
pected performance and its variability over multiple runs, in
the same way as the average and the standard deviation are
used in the single-objective case. To do this we use the con-
cept of empirical attainment function (EAF) [11]. In short,
the EAF is a function « from the objective space R™ to the
interval [0, 1] that estimates for each vector in the objective
space the probability of being dominated by the approxi-
mated Pareto front of one single run of the multi-objective
algorithm. Given the r approximated Pareto fronts obtained
in the different runs, the EAF is defined as:

T

ST IAT X (=)

i=1

1

a2) = - (14)

where A’ is the i-th approximated Pareto front obtained
with the multi-objective algorithm and I is an indicator
function that takes value 1 when the predicate inside it is
true, and 0 otherwise. The predicate A* < {z} means A’
dominates solution z. Thanks to the attainment function,
it is possible to define the concept of k%-attainment sur-
face [11]. The attainment function « is a scalar field in
R™ and the k%-attainment surface is the level curve with
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Table 1: Parameterization of the algorithms. L is
the individual length (number of tasks x number of
employees).

NSGA-II [6]
100 individuals
binary tournament + binary tournament
simulated binary, p. = 0.9
polynomial, p,, = 1.0/L
SPEA2 [18]
100 individuals
binary tournament + binary tournament
simulated binary, p. = 0.9

Population Size
Selection of Parents
Recombination
Mutation

Population Size
Selection of Parents
Recombination

Mutation polynomial, p,, = 1.0/L
PAES [12]
Population Size 1 individual
Mutation polynomial, p,, = 1.0/L
Archive Size 100
MOCell [16]

Population Size 100 individuals (10 x 10)

Neighborhood 1-hop neighbors (8 surrounding solutions)
Selection of Parents  binary tournament + binary tournament
Recombination simulated binary, p. = 0.9

Mutation polynomial, p,, = 1.0/L

100 individuals
GDE3 [14]
100 individuals
Differential Evolution, CR = 0.1, F = 0.5

Archive Size

Population Size
Recombination

value k/100 for a. Informally, the 50%-attainment surface
in the multi-objective domain is analogous to the median
in the single-objective one. In a similar way, the 25%- and
75%-attainment surfaces can be used as the first and third
“quartile fronts” and the region between them could be con-
sidered a kind of “interquartile region”. When the number of
objectives is one, the 50%-attainment surface is the median
and the “interquartile region” is the interquartile range.

EAs are stochastic algorithms; therefore the results have
to be provided with statistical significance. The following
statistical procedure has been used. First, 100 independent
runs for each algorithm and each problem instance have been
performed. The HV indicator and the attainment surfaces
are then computed. In the case of HV, the Kruskal-Wallis
test has been carried out to check if the differences in the
algorithms are statistically significant [17]. Since more than
two algorithms are involved in the study, a post-hoc testing
phase which allows for a multiple comparison of samples has
been performed. All the statistical tests are performed with
a confidence level of 95%.

5.2 Parameterization

We have chosen a set of parameter values that guarantees
a fair comparison among all the algorithms. All the GAs
(NSGA-II, SPEA2, and MOCell), as well as GDE3, use an
internal population size equal to 100; the size of the archive
is also 100 in PAES, MOCell, and GDE3. The stopping
condition is always to compute 100,000 function evaluations
for all of the algorithms. Regarding the solution represen-
tation, the algorithms adopt a floating point encoding in
which gene ¢ represents the dedication of employee |i/T |
to task ¢ MOD T, where T is the number of tasks of the
addressed instance. With this encoding, the typical opera-
tors from the multi-objective EAs field have been used. A
detailed description of the parameter values adopted for our
experiments is provided in Table 1.

5.3 SPS Instances

In order to perform a meaningful study we must analyze
a number of instances of the scheduling problem instead of



focusing on only one, which otherwise could bias the con-
clusions. We have used a total of 36 randomly generated
instances that have been previously addressed in [1]. The
instance set can be divided into two groups. In the first
group we find 18 instances, each one with a different soft-
ware project. The number of employees can be 5, 10, or 15
and the number of tasks 10, 20, or 30. The total number of
skills S can be either 5 or 10 and the number of skills per
employee ranges from 2 to 3. We denote the instances of
this group with iT-EgS. For example, the instance i10-5g5
has 10 tasks, 5 employees and 5 skills. The second group of
instances is composed of 18 instances in which the number
of skills S is 10. As in the previous group, the number of
employees can be 5, 10, or 15 and the number of tasks takes
values 10, 20, and 30. However, in this second group two
ranges of values are considered separately for the number of
skills of the employees: from 4 to 5, and from 6 to 7. The
instances in this group are denoted with the name iT-EpM,
where T and E is the number of tasks and employees, re-
spectively and M is the maximum value in the range for
the number of skills per employee. For example, the in-
stance i30-15p7 has 30 tasks, 15 employees and the number
of skills per employee varies from 6 to 7. In the 36 instances
the maximum dedication for all the employees is 1, which
means that all the employees can have complete dedication
to the project. All these instances are publicly available at
the http://mstar.lcc.uma.es.

5.4 Comparison of Algorithms

The first set of experiments is devoted to evaluating the
five multi-objective metaheuristics on the set of 36 SPS in-
stances. We have performed a pure multi-objective compar-
ison among the algorithms based on the HV values. Because
of room constraints, we just highlight the most interesting
findings. The first conclusion that can be drawn from this
HYV results is that the approximated Pareto fronts reached
by PAES have the higher (better) HV values in most of the
instances (25 out of 36). MOCell, and GDE3 to a lesser ex-
tent, have also addressed the SPS instances properly, since
it has performed the best in nine and two instances, respec-
tively, and ranking the second and third for many of the
remaining ones. It is worth mentioning that NSGA-II and
SPEA2, the most widely used solvers in the literature, have
never ranked the first. Taking a look to the average rank,
they respectively have scored 3.61 and 4.83 (recall that 1 is
the best position and 5 the worst). An in-depth analysis also
reveals that the more complex the instance (more tasks and
more employees), the better PAES is, i.e., the larger the dif-
ference in the HV values with respect to those of the other
four algorithms. However, it also occurs that the current
settings of PAES lead the algorithm to be outperformed by
NSGA-II, MOCell, and GDE3 in the smaller SPS instances
(i.e., those with 10 and 20 tasks and 5 employees) and with
a small number of skills. The instances matching these re-
quirements are: 110-5g5b, i10-5g10, i20-5g5, i10-5p5, i20-5p5,
i10-5p7, and 120-5p7. PAES usually assigns a low dedication
to the employees for each task in the scheduling, what is
beneficial for larger instances with a higher number of tasks
and employees, since it avoids constraints violation. How-
ever, for instances in which the dedication is expected to be
high because few employees with few skills exist, NSGA-II,
MOCell or GDE3 have shown to better explore these re-
gions of the search space. The HV values have also shown
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that the search capabilities of GDE3 diminish as the number
of tasks gets increased, that is, when the instances become
larger. A careful tracking of the algorithm (not included
due to space constraints) reveals that, for these instances,
the differential crossover operator hardly computes feasible
solutions. Therefore, since the HV indicator is computed
only over feasible solutions, the resulting fronts are scarcely
populated and lead to small HV values.

Let us now turn to analyze the attainment surfaces of
the different algorithms used in the experiments for some
instances of the problem. For the sake of clarity, we only
show the 50%-attainment surfaces related to the results of
the algorithms. We have selected the most representative
ones, that is, those with the most interesting features. In
addition to the attainment surfaces, in Figures 2 to 6, we also
show the best known approximated Pareto front (Reference
Pareto Front, RPF).

We observed in the previous analysis that, in general,
PAES has performed the best with respect to the HV in-
dicator. If one takes a look to the 50%-attainment functions
of the algorithms for the 130-15g5 instance (see Figure 2), it
can be easily justified the high HV value obtained by PAES.
Indeed, its approximated Pareto fronts are not only close
to the Pareto Front but also they cover a larger region in
the objective space. In this case, it is clear that the solu-
tions proposed by PAES are better than the ones proposed
by the other algorithms. This fact is also observed in the
instances 130-10g5, 130-10g10, i30-15g10, i30-10p5, i30-15p5
and 130-15p7; all of the instances with 30 tasks and 10 or 15
employees: the most complex ones. We conclude that PAES
has the desirable property of scalability.

In the instance 110-5g5, the 50%-attainment surfaces of all
the algorithms are very close to each other (see Figure 3).
This fact can also be observed in instances i20-5p5, i30-5p5,
i20-10p7. In all the previous instances, SPEA2 is clearly
the algorithm with the worst attainment surface. Another
interesting related fact appears in the i20-15gl10 instance
(see Figure 4), in which the attainment surfaces of MO-
Cell, GDE3 and NSGA-II cross that of PAES. This can be
also seen in i20-15p5 and i30-10p7. The point is that, ac-
cording to the HV indicator, PAES has reached the best
(highest) HV value in these three instances and, according
to the attainment surfaces, the reason is the large extension
of the attainment line. However, the other algorithms pro-
pose solutions that dominate part of the attainment surface
of PAES. Some project managers would prefer the PAES

i30-15g5

120
|

80

Duration
60
|

RPF
- NSGA-II
SPEA2
PAES
--- MOCell
GDE3
T T T T T T

2550000 2600000 2650000 2700000 2750000 2800000

40

Cost
Figure 2: 50%-attainment surfaces of the algorithms
in the i30-15g5 instance.



i10-5g5

RPF
NSGA-II
SPEA2
PAES
--- MOCell
GDE3

Duration

50
|

680000 700000 720000 740000 760000 780000 800000 820000

Cost
Figure 3: 50%-attainment surfaces of the algorithms
in the i10-5g5 instance.
i20-15g10

100 120
|

80
|

Duration
60
|

40
|

T T T T
1750000 1800000 1850000 1900000

Cost
Figure 4: 50%-attainment surfaces of the algorithms
in the i20-15g10 instance.

solutions because the range of values for the objectives is
wider, but some others would prefer the solutions from MO-
Cell or GDE3 because they have both lower cost and lower
duration in their interest region. The previous example il-
lustrates that a scalar indicator like HV is not always the
most suitable indicator to make a decision, since scalar val-
ues hide a lot of information that could help the project
managers in their decisions.

In the i30-5g5 instance, MOCell, GDE3 and even NSGA-
IT are better than PAES in a specific region of the objective
space (see Figure 5). If this region is interesting for the
project manager, PAES is not a good algorithm for her/his
purposes, even although the hypervolume of PAES is the
highest one with statistical significance. The scenario shown
in Figure 5 is the most frequent one in the instances solved:
18 out of the 36 instances share this feature. From a vi-
sual inspection of the 50%-attainment surfaces we conclude
that MOCell and GDE3 dominate the solution of PAES in
a specific region, followed by NSGA-II.

Finally, the last observed sort of scenario can be found
in the i10-5p7 instance (Figure 6). In this case, the 50%-
attainment surface of PAES is clearly dominated by the
ones of MOCell, GDE3 and NSGA-II. Other instances with
the same behavior are i10-5p5, i10-10p7, and i10-15p7, all
of them with 10 tasks. It can be concluded that in the
case of simple instances MOCell, GDE3, and to a lesser ex-
tent NSGA-II, are the best algorithms for solving the multi-
objective problem.
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Figure 5: 50%-attainment surfaces of the algorithms
in the i30-5g5 instance.
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Figure 6: 50%-attainment surfaces of the algorithms
in the i10-5p7 instance.

5.5 Analysis of the Problem Solutions

In this section we focus on the solutions obtained using
the multi-objective algorithms. We want to analyze the fea-
tures of these solutions, showing correlations between their
features and the region in the objective space they can be
found. In particular, we are interested in analyzing the par-
ticipation of each employee in the project, e?*”, and the
amount of human resources spent on each task, t?hr. We
want to analyze how these values change as the solutions
move in the objective space. For each proposed solution
by one algorithm for one single instance, the E + T values
have to be analyzed. This means a large amount of data to
process and show. In order to reduce this amount of data
without losing interesting information, the following analysis
has been performed. First, we focus on the results of PAES,
since it is the algorithm covering, in general, the wider region
in the objective space. For each instance, all the solutions
of the approximated Pareto front obtained in the different
independent runs of the algorithm are considered. The e?*"
and t;‘hr values are then computed for each employee and
each task in all the previous solutions. The Spearman rank
correlation coefficients [17] between all the /", t4"", pgy,,,
and peost are then calculated. In Figure 7 we how the cor-
relation coefficients for the i20-15g5 instance. An arrow up
means positive correlation and an arrow down means neg-
ative correlation. The absolute value of the correlation is
shown in gray scale (the darker the higher).
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Figure 7: Spearman rank correlation coefficients be-
tween peost, Paur, €1 and t?h’“ in the i20-15g5 instance
for the solutions obtained with PAES.

The first observation we can highlight is the clear inverse
correlation between project cost and duration. This is an ex-
pected result and it gives no relevant information since we
are analyzing solutions belonging to sets of non-dominated
solutions where an increase in cost implies a decrease in du-
ration. If we focus on the project cost and the participation
of the employees we observe that for employees ez, es, es,
€6, €11, €12, €13, €14, and e;5 the correlation is positive while
for e7, es, eg and eyp is negative. What does this mean?
When the cost of the solutions proposed by the algorithm
increases, the participation of former set also increases; that
is, these employees spend more and more time in the tasks
of the project as we move in the objective space to solutions
with higher cost and lower duration (observe the negative
correlation of these employees with project duration). On
the contrary, the participation of ez, es, eg and eig is re-
duced. This does not mean that they spend less time in
the project, since we defined participation as a normalized
measure; this means that the fraction of workload that is
performed is reduced because the other employees increase
their participation. But the interesting question is, why does
this happen? The answer is that e7, es, eg and ejp are the
cheapest employees, i.e., their salary is actually lower. The
algorithm then looks for schedulings that assign most of the
work of the project to them because they earn less money.
However, when the project duration is reduced (and the cost
increased) the other employees have to increase their partic-
ipation. We can also observe a negative correlation between
e7, es, eg and e1p and the rest of the employees, as expected
from the previous discussion.

Let us now turn to the tasks. We observe positive correla-
tions between two initial tasks: ¢1 and ts. If we take a look
to the TPG of the instance (Figure 8) we notice that these
tasks have no precedence constraints. Indeed, it makes no
sense to increase the work in one of them and not in the
other, since the saved time does not allow a reduction in the
total project duration and the project cost could increase.
However, t2 is also an initial task, and a negative correla-
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Figure 8: TPG of the i20-15g5 instance.

tion between t; and t2 is identified. In this instance, task
to does not require too much effort and can be easily done:
it does not belong to the critical path. In this situation the
employees are shared between t2 and ¢;, which are paral-
lel tasks. The most interesting observation in the solutions
proposed for this instance is perhaps the positive correla-
tion between tasks ti4, tis, t20 and the project duration.
This means that the solutions proposed by the algorithm
are shorter when less people work on these tasks. This au-
tomatic finding by the algorithm seems counterintuitive and
we had to carefully analyze the solutions to understand why
this happens. At the end, the conclusion is that the solu-
tions proposed by PAES in the short-duration region of the
objective space are not optimal. In a better solution, more
human resources would be assigned to tasks t14, ti16 and t20,
thus showing positive correlation with project duration. In
fact, the i20-15g5 instance belongs to the class of instances
in which PAES is outperformed in some regions; in particu-
lar, the short-duration region is outperformed by NSGA-II.
After diving into the correlations computed for the approxi-
mated Pareto fronts proposed by NSGA-II, we conclude that
the positive correlations between the project duration and
the mentioned tasks do not appear, therefore supporting the
previous explanation.

In summary, the correlation coefficients help us to ana-
lyze the kind of solutions proposed by the algorithms. We
conclude that the low cost solutions are obtained by assign-
ing most of the project workload to the employee with low-
est salary. As the project duration is decreased, however,
the other employees are assigned more and more workload.
Concerning the tasks, we observe that the amount of human
resources for those tasks that must be performed in parallel
is increased at the same time when all the tasks are required
to finish at the same time. If this requirement is not neces-
sary, the parallel tasks compete and the amount of resources
is shared between the tasks. When two tasks are consecu-
tive in the TPG, the human resources can be distributed
between the two tasks with a small influence in cost or time,
leading to different ways of managing the project.

6. CONCLUSION AND FUTURE WORK

This paper have approached the SPS problem with its nat-
ural multi-objective formulation in which both the project
cost and its duration have to be minimized. Five multi-
objective metaheuristics have been used, namely NSGA-II,
SPEA2, PAES, MOCell, and GDE3. They all have been
evaluated over 36 SPS instances that cover different scenar-
ios that might appear in software projects. The results of
the experimental study allowed us to get valuable conclu-
sions, which are, however, limited by the fact that we only
used a finite set of instances.



The results have been analyzed in two complementary
ways. First, the HV indicator and the attainment surfaces
have been used to evaluate the quality of the five MO algo-
rithms. This has shown that PAES has reached the best ap-
proximated Pareto fronts. MOCell has also performed well
on the hypervolume indicator. The two most widely used
algorithms in the literature, NSGA-IT and SPEA2, have re-
ported the lowest (worst) HV values.

The attainment surfaces have allowed us to distinguish the
region of the objective space that is better explored by the
MO algorithms. PAES has shown to outperform the other
algorithms on regions of the objective space with low project
cost and long duration, whereas NSGA-II, SPEA2, MOCell,
and GDE3 have reached enhanced project schedulings with
high project cost but short duration.

Second, an analysis of the resulting project scheduling of
the algorithms has been provided. It has been based on
computing the Spearman rank correlation coefficients be-
tween project cost, project duration, tasks, and dedication
of employees. This analysis has not only shown the com-
mon sense inverse correlation between the project cost and
its duration, but also many other fully informative, posi-
tive/negative correlations that emerge from the features of
the given instances.

As future work we plan to advance in different lines that
are summarized in the following. First, the formulation of
the problem could be changed in order to include more re-
alistic situations. Second, one important aspect in project
scheduling in general, and in software projects in particular,
is the robustness of the solution. Project managers prefer
not only good schedulings but also schedulings that can ac-
commodate small changes in the parameters of the problem
without a large variation in their cost or makespan. These
changes in the parameters of the problem can be a variation
in the staff or in the task effort. In the case of software
projects it is quite usual that the effort of the tasks is not
well estimated, thus a robust solution would be valuable for
a project manager. Third, according to the results of the
multi-objective algorithms we conclude that some of the al-
gorithms are good for some instances or in some regions of
the objective space while others are better in other situa-
tions. Perhaps the best algorithm for the software project
scheduling problem would be one algorithm that combines
some of the features of the best performing algorithms. Thus
we plan to design hybrid algorithms combining these fea-
tures.

Acknowledgements

This work has been partially funded by the Spanish Min-
istry of Science and Innovation and FEDER under contract
TIN2008-06491-C04-01 (the M* project). It has also been
partially funded by the Andalusian Government under con-
tract P07-TIC-03044 (DIRICOM project).

7. REFERENCES
[1] E. Alba and F. Chicano. Software project

management with GAs. Information Sciences,
177(11):2380-2401, June 2007.

G. Antoniol, M. Di Penta, and M. Harman. A robust
search-based approach to project management in the
presence of abandonment, rework, error and
uncertainty. In 10th Int. Symp. on the Software
Metrics (METRICS ’04), pages 172-183, 2004.

2]

1922

[3] T. Béck, D. B. Fogel, and Z. Michalewicz, editors.
Handbook of Evolutionary Computation. Oxford
University Press, 1997.

C. A. Coello Coello, G. B. Lamont, and D. A. Van
Veldhuizen. Evolutionary Algorithms for Solving
Multi-Objective Problems. Springer, 2nd edition, 2007.
K. Deb. Multi-objective optimization using
evolutionary algorithms. John Wiley & Sons, 2001.
K. Deb, A. Pratap, S. Agarwal, and T. Meyarivan. A
fast and elitist multiobjective genetic algorithm:
NSGA-II. IEEFE Transactions on Evolutionary
Computation, 6(2):182-197, 2002.

J. Duggan, J. Byrne, and G. Lyons. A task allocation
optimizer for software construction. IEEE software,
Jan 2004.

J. Durillo, A. Nebro, and E. Alba. The jmetal
framework for multi-objective optimization: Design
and architecture. In IEEE Congress on Evolutionary
Computation, CEC’2010, pages 4138 — 4325, 2010.

S. Gueorguiev, M. Harman, and G. Antoniol. Software
project planning for robustness and completion time
in the presence of uncertainty using multi objective
search based software engineering. In GECCO 2009,
pages 1673-1680, 2009.

T. Hanne and S. Nickel. A multiobjective evolutionary
algorithm for scheduling and inspection planning in
software development projects. Furopean Journal of
Operational Research, Jan 2005.

J. Knowles. A summary-attainment-surface plotting
method for visualizing the performance of stochastic
multiobjective optimizers. In ISDA’05, pages 552 —
557, 2005.

J. Knowles and D. Corne. The pareto archived
evolution strategy: A new baseline algorithm for
multiobjective optimization. In CEC”99, pages 98-105.
J. Knowles and D. Corne. Approximating the
nondominated front using the pareto archived
evolution strategy. Evolutionary Computation,
8(2):149 — 172, 2000.

S. Kukkonen and J. Lampinen. GDE3: The third
evolution step of generalized differential evolution. In
IEEE Congress on Fvolutionary Computation
(CEC’2005), pages 443 — 450, 2005.

A. J. Nebro, J. J. Durillo, F. Luna, B. Dorronsoro,
and E. Alba. A cellular genetic algorithm for
multiobjective optimization. In NICSO 2006, pages
25-36, 2006.

A. J. Nebro, J. J. Durillo, F. Luna, B. Dorronsoro,
and E. Alba. Design issues in a multiobjective cellular
genetic algorithm. In EMO 2007, LNCS 4403, pages
126-140, 2007.

D. J. Sheskin. Handbook of Parametric and
Nonparametric Statistical Procedures. Chapman &
Hall/CRC; 4th edition, 2007.

E. Zitzler, M. Laumanns, and L. Thiele. SPEA2:
Improving the strength Pareto evolutionary
algorithms. In FUROGEN 2001, pages 95-100, 2002.
E. Zitzler and L. Thiele. Multiobjective evolutionary
algorithms: a comparative case study and the strength
pareto approach. IEEE Transactions on Evolutionary
Computation, 3(4):257-271, 1999.

(10]

(11]

(14]

(15]

(16]

(17]

(18]

(19]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




