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Abstract

Project Management is becoming increasingly crucial in competitive environments such as man-
ufacturing and the service industries. The resource-constrained multi-project scheduling prob-
lem (RCMPSP) consists of assigning start times to jobs corresponding to two or more projects
that must be executed simultaneously while respecting the precedence between jobs and limited
resources. The existing rise in the study of the RCMPSP resulted in numerous works on the

topic while proposing different problem features.

This thesis presented a study of the RCMPSP and its variants. The base problem is initially
described, and the solution methods and benchmarks used to solve RCMPSPs are classified and
analyzed. The implications of the RCMPS with practice and its connection are also discussed.
In addition, this research analyzed different variants of the problem based on aspects related
to jobs, projects, relationships, resources, and time management. Furthermore, based on the
problem variants considered in the reviewed works, a taxonomy allowing (i) the identification
and positioning of each RCMPSP variant and (i1) the analysis of the current state-of-the-art of

the problem was proposed.

Subsequently, it delved into the research of one of the most studied variants in the literature,
RCMPSP with local resources (RCMPSP-L), describing the problem in detail and exposing its
corresponding mathematical formulation. To solve the RCMPSP-L, a hybrid algorithm that in-
tegrates ant colony optimization with a hill-climbing first-improvement algorithm was proposed.
The experimentation process was carried out using a set of instances taken from the MPSPLIib.
The proposed algorithm presented low variability values, the construction phase provided good-
quality solutions, and the local search constantly improved our constructive algorithm. The
results provided were compared with other well-known in the literature, evidencing that for

different existing metrics, our approach presents competitive results.

Later, new variants of the problem that consider resource mixed accessibility, total resource
allocation, delay costs, and resource costs were presented: RCMPSP-MT-W and RCMPSP-MT-
W+RC, respectively. Both mentioned variants are described and mathematically formulated.

A hybrid algorithm that integrates priority rules, simulated annealing, and tabu search as part



of an iterated local search was proposed to solve the variants. Simple perturbation and joint
perturbation were proposed as different perturbation intensities as part of the ILS. To validate
the model and the algorithm, 36 instances based on the MPSPLib library were modified. The
results show that the application of joint perturbation yields better or equal results than simple
perturbation, making greater use of resources with global accessibility. In addition, we identify
that although it may not be the only factor, the global accessibility of resources may imply

greater freedom of allocation, allowing better results to be obtained.
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Chapter 1

Introduction

Project scheduling problems constitute one of the most critical problems for research and prac-
tice within the field of Operations Research. Pinto and Prescott (1990) consider the planning
of the project schedule as one of the essential success factors in project planning. The first
ideas related to this problem emerged at the beginning of the last century when the Gantt charts
started to be used in Gantt (1913). Later in the 1930s, the study of problems related to Job Shop
Scheduling was started (Jain and Meeran (1999)). In the 1950s, methods for the control and
planning of projects, such as program evaluation and review techniques (Malcolm et al. (1959))
and the critical path method (Kelley and Walker (1959)), emerged. Studies and techniques
developed to date were based on the existence of almost infinite resources. However, the devel-
opment of industrial processes and the increase in complex production and consumption lines
led, at the beginning of the 1960s, to the study of planning and control of projects considering
the existence of limited resources. That resulted in the proposition of the resource-constrained
project-scheduling problem (RCPSP) by Dike (1964), which was demonstrated to be NP-hard
by Lenstra and Rinnooy Kan (1978).

The RCPSP consists of scheduling processing start times of several jobs that are part of a project
optimizing a given objective function while respecting existing resource availability and prece-
dence restrictions. A job can only start executing when its predecessor jobs have been completed
and there is enough resource availability. This problem has been widely studied in the literature
in research such as Chen (2011); Coelho and Vanhoucke (2011); Kong and Dou (2021); Laurent
et al. (2017); Vo3 and Witt (2007); Wang et al. (2021); Zaman et al. (2021), and Brucker et al.

(1999). Recently, Hartmann and Briskorn (2022) developed a follow-up survey to Hartmann and



CHAPTER 1. INTRODUCTION 9

Briskorn (2010); in both works, the authors presented an overview of variants of the RCPSP.

As an extension of the RCPSP, Pritsker et al. (1969) presented the resource-constrained multi-
project scheduling problem (RCMPSP), where several projects must be executed simultane-
ously. In this sense, the RCMPSP has been one of the most studied and implemented extensions
at the business level in different industry sectors. According to data presented by Lova and Tor-
mos (2001), at the beginning of this century, 84% of the companies worldwide were working
on multiple projects simultaneously, where efficient and effective management of resources was
highlighted as a key factor for the long-term success of companies. In addition, the investiga-
tion of Karaa and Nasr (1986) indicated that the efficient management of resources provides a

competitive advantage and an added value to those companies considering it.

In the RCMPSP-related literature, different features and objective functions have been studied,
generating a wide range of variants related to jobs, projects, relations, resources, and execution
times (see Chapter 3). Sometimes the RCPSP and the RCMPSP share features that generate
new variants. That, together with a large amount of existing related research, has generated
that some features have been studied under different nomenclature, despite presenting the same
concept basis. Feature overlapping complicates the understanding of some proposed variants
and highlights the need for a detailed study and description of the existing RCMPSP variants
that allow for unifying and describing existing concepts. Throughout that study, researchers and
practitioners can map what problems have been studied, how much progress has been made, and

identify existing features that have not been studied in the literature.

The RCMPSP-related variants have been solved by a wide range of algorithms, including both
exact and approximate. Although initially, the problem was solved mainly through mathematical
models and priority rule-based heuristics, when studying the investigation of Issa and Tu (2020),
it is possible to notice that most of the research works to solve the problem through approximate
algorithms, including a wide range of hybrids algorithms. In this sense, Blum et al. (2008) state
that combining metaheuristics, or heuristics, can provide efficient behavior when dealing with

large-scale problems.

The above-mentioned, together with the importance and theoretical and practical transversality
of the RCMPSP, represent the main motivations of this research. In this thesis, we study the
RCMPSP based on the proposal of a taxonomy that supports the progress of the problem, as

well as hybrid algorithms that allow solving both existing and new RCMPSP variants.
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1.1 Research goals

To satisfy our motivations, the main goal of this research is to study the RCMPSP and its variants

in depth to obtain a taxonomy that supports the progress of the problem and propose hybrid

algorithms to solve existing and new variants.

The specific research objectives to accomplish our main goal are the following:

Study in depth the existing literature related to RCMPSP, analyzing and discussing fea-
tures and objective functions proposed, as well as the connection of the problem with the

practice through the study of real cases.

Develop and propose a taxonomy that classifies different aspects of the RCMPSP, provid-

ing a better understanding of the current state-of-the-art concerning that problem.
Identify and propose new variants of the problem that contributes to the state-of-the-art.
Propose a set of instances for the new proposed variants.

Study, develop, and assess hybrid algorithms for solving existing and new proposed vari-

ants.

1.2 Research contributions

The contributions of this research work are the following:

Identification, classification, and analysis of the features, objective functions, solution

methods, and benchmarks in the literature related to the RCMPSP.

Definition of a taxonomy that summarizes the features and objective functions found in

the literature.

Proposition of new features problem and definition of mathematical models of the new
variants. That is, RCMPSP with resources mixed accessibility, total resource allocation,
and weights associated with projects, and RCMPSP with resources mixed accessibil-
ity, total resource allocation, weights associated with projects, and resource cost, named

RCMPSP-MT-W and RCMPSP-MT-W+RC, respectively.

Proposition of a set of test instances for the RCMPSP-MT-W and RCMPSP-MT-W+RC
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based on the MPSPLib, modifying the availability and accessibility of resources and

adding the resource costs to units with global accessibility.

Development of hybrid algorithms for the resolution of the RCMPSP with local resources
(RCMPSP-L), RCMPSP-MT-W, and RCMPSP-MT-W+RC.

1.3 Overview of the thesis

This section indicates the general structure of this thesis.

Chapter 2: Literature review. This chapter exposes the process of collecting the literature
related to the RCMPSP. First, the RCMPSP is described in its most simplified form, refer-
ring to it as the base problem. Then, the mathematical model and an illustrative example
are presented for the base problem. Finally, the solution methods and benchmarks used

in the collected literature are identified, classified, and analyzed.

Chapter 3: Taxonomy. This chapter proposes a taxonomy that summarizes the RCMPSP
features and objective functions studied in the literature collected. The identified features
and objective functions are described and classified according to the taxonomy presented.
In addition, an analysis and discussion about features and objective functions are pre-

sented, as well as those works that address real-world instances.

Chapter 4: RCMPSP with local resources. This chapter presents a study of the RCMPSP-
L through a detailed description of the problem and its mathematical model. A hybrid
algorithm is proposed to solve the problem. The approach integrates an ant colony op-
timization algorithm and a hill-climbing as an improvement solution method. The ex-
perimentation process is carried out on instances taken from the MPSPLib. The results

obtained are analyzed and compared with state-of-the-art results from the literature.

Chapter 5: RCMPSP with resources mixed accessibility. Based on the proposed tax-
onomy, this chapter presents two new variants of the RCMPSP, e.g., RCMPSP-MT-W
and RCMPSP-MT-W+RC, RCMPSP with resources mixed accessibility, total resource
allocation, and weights associated with projects, and RCMPSP with resources mixed ac-
cessibility, total resource allocation, weights associated with projects, and resource cost,
respectively. Both variants are described, and their corresponding mathematical model
is presented. In addition, a hybrid algorithm that integrates priority rules, simulated an-

nealing, and tabu search as part of an iterated local search is presented. As part of the
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ILS, two perturbation intensities are presented, simple and joint perturbation. In addition,
the set of modified instances based on the MPSPLIib is described. Finally, the results are
analyzed concerning the resource usage, influence of the proposed perturbation intensity,

and influence of related costs.

e Chapter 6: Conclusions. This chapter summarizes the main findings of this thesis and

recommendations for future research.



Chapter 2

Literature review

The RCMPSP has been extensively studied, which is reflected in the large number of existing
publications, presenting a considerable increase in the past and current decade (see Figure 2.1).
The works Hartmann and Briskorn (2022) and Hartmann and Briskorn (2010) addressed a wide
scope of RCPSP variants, including the RCMPSP. Given the vast number of related research
from the different RCPSP variants, the authors only addressed a part of the research on the
RCMPSP. Thus, there were several features that, to the best of our knowledge, are not described
in the existing review works due to their understandable scope. On the other hand, Issa and Tu
(2020) presented another survey on the RCPSP and the RCMPSP, which provides a classifica-
tion in terms of flexibility concerning the resource use, duration, and preemption of the jobs.

However, that survey only considered a very small number of RCMPSP-related works.
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current document.
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The scientific literature collected in this research corresponds to manuscripts indexed in Scopus,
WoS, also considering publishers IEEE Xplore, ScienceDirect by Elsevier, Wiley and Springer-
Link. The search process was based on (i) manuscripts written in the English language, (i1)
including journal papers, conferences, and review papers, and (iii) searching for keywords in
title, abstracts, and keywords. The used keywords were resource-constrained’, multi-project’,
project management, RCMPSP, RC-MPSP, and scheduling problem. The full texts of the ob-
tained manuscripts were analyzed to filter the papers that addressed the RCMPSP or related
variants. The collected literature is scattered from 1969 to 2021, and the majority corresponds
to journal articles in the areas of operations research, artificial intelligence, management sci-
ence, and scheduling. The journals with the most RCMPSP-related works are the European
Journal of Operational Research, Computers & Industrial Engineering, Journal of Scheduling,
etc. Figure 2.2 shows the amount of research related to the RCMPSP carried out per year in the
main journals. The width of the horizontal bars indicates the number of related papers published
by year and journal (between 0 and 3). The total number of papers published in each journal
from 1969 to 2021 is indicated on the right side of the figure. Only journals where at least three

works were published are shown.

Eur. J. Oper. Res. | 11 BB 1 B 1 | 12
Comput. Ind Eng. | ] [ i
J. Sched. | (] i1 B 'HE
< Ann. Oper. Res. } 11 ] 4
§ Int. J. Prod. Econ. | | i (] 0|4 £
2 Int. J. Prod. Res. | [ [ 1 (] 4 F
Comput. Oper. Res. | 1 B BE
Manag. Sci. | § Ji 3
Soft Comput. [ 11 | 3
LSz gdesggEgescTIrer2sa
222222222 SIS ES

Figure 2.2: Distribution of the number of publications collected in the current document by

journal.

The details of this study are organized as follows. In Section 2.1, the description and the math-
ematical formulation of the RCMPSP in its simplest form and an illustrative example are pre-
sented. Section 2.2 and Section 2.3 show the solution methods and benchmarks used to address

the RCMPSP variants. Finally, Section 2.4 exposes the conclusions of this chapter.

' The search was performed using the words hyphenated and non-hyphenated.
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2.1 RCMPSP

We refer to the base problem as the most simplified RCMPSP variant, composed of a set of
projects, each composed of a subset of jobs. In order to complete jobs, there is a constant num-
ber of shared renewable resources available in each time period. Moreover, each project defines
a release date or arrival time, that is, the time from which the jobs can start and the desired
date that represents the desired time period in which the project should be completed. Each job
corresponding to the project is defined by a processing time and a given quantity required of
each resource type. Some jobs belonging to the same project might establish end-start prece-
dence relationships, i.e., a job can only start after a set of predecessor jobs are completed. A
feasible schedule for the problem consists of assigning start times to each job in each project,
respecting the precedence relationships between jobs, and the availability of resources at each
time period. The base problem has been studied by pursuing several objective functions, with
the minimization of the time at which all projects are completed or the makespan (M) being
the most used one. Table 2.1 shows the existing works in the reviewed literature that address
the base problem. The base problem has been studied by pursuing several objective functions
(see Section 3.2), with the minimization of the time at which all projects are completed or the

makespan (M) being the most used one.

Table 2.1: Research works collected in the current document that address the base problem.

Browning and Yassine (2010b); Chakrabortty et al. (2017); Deckro et al. (1991); Dumond
(1992); Dumond and Mabert (1988); Gongalves et al. (2015, 2008); Kurtulus and Davis
(1982); Lawrence and Morton (1993); Linyi and Yan (2007); Lova et al. (2000); Lova and
Tormos (2001); Pérez et al. (2016); Sonmez and Uysal (2015); Tsai and Chiu (1996); Tsub-
akitani and Deckro (1990); Van Eynde and Vanhoucke (2020); Vazquez et al. (2015); Zhang
and Sun (2011); Zhuang and Yassine (2004)

2.1.1 Mathematical formulation

In this section, the mathematical model of the base problem aiming at minimizing the makespan

is presented. The parameters of the problem are the following:

From AT;, AD;, P;; and d;; and assessing that there are no resource constraints, the following
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I Set of projects,

i Project number, i € {1,2,...,|I|},
N; Set of jobs in project 1,

J Job number, j € {1,2,...,|N;|},

AD; Absolute due date (i.e., hard deadline) of project ,
DD; Desired due date of project ¢,

AT;  Arrival time of project i,

T Set of time periods, T' = {1,2, ..., max(AD1, ADs, ..., AD)},

t Time period, t € {1,2,...,|T|},

K Set of different resource types,

k Resource number, k& € {1,2,...,|K]|},

P;; Set of jobs being predecessors of job j of project ¢,

d;; Number of periods required to perform job j of project ¢,

cfj Consumption of resource type k required to perform job j of project 7,
a Availability of resource type k at every time period.

parameters, exemplified by Pritsker et al. (1969), can be calculated:

L;; Earliest possible time period in which job j of project i could be completed,

U;; Latest possible time period in which job j of project ¢z could be completed.

The following decision variable is defined:

. 1, 1ifjob j of project 7 is completed in time period ¢,
0, otherwise.

The minimization of the makespan can be expressed as follows:

Minimize max(t- X};), i € I,j € Ni,t € Ly, ..., Uy 2.1

The constraints established for the base problem are expressed as follows:

Uij

Y Xl=1,Viel jeN, (2.2)
t=L;j

Uij Uim

ot XL—dy> > t-Xl,, Vi€l jeN,meP; (2.3)

t:LZ’j t=L;m
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|I| |N;| t+D;j—1
DY D> i XL<d, VkeKteT (2.4)

i=1 j=1 q=t

Xj;€{0,1}, Viel,jeNjteT (2.5)

Constraints (2.2) ensure that each job has only one completion time. Constraints (2.3) establish
the relationship between jobs, where a job cannot start its execution before the jobs of its set
of predecessor jobs are completed. Constraints (2.4) ensure that only available resources are

consumed at each time period. Constraints (2.5) establish the definition of the decision variables.

2.1.2 Solution example

We present an illustrative example of the base problem. There are two projects: Projecty,
composed of the jobs Joby1, Jobya, Jobis, and Joby4; and Projects, composed of the jobs
Joba1, Jobas, and Jobos. The time corresponding to arrival time AT} is 0 and 2 for Projecty
and Projects, respectively. There are three types of renewable and global resources with avail-
ability A1 = 10, As = 9, and A3 = 11. Table 2.2 shows the duration, predecessor jobs, and

resource consumption of each job in each project.

Table 2.2: Data for the illustrative example of the base problem for two projects.

Jobs dij Pij Cl~ 02- 03,

Jobyp 3 - 5 - -
Jobig 5 Jobiy 5 8 -
Jobis 4 Jobis 3 - -
Jobya 3  Joby1 - 3 7
Jobs1 5 - - 1 -
Jobsy 4 Joby - 3 -
Jobss 4 Jobyy - - 3

The graphical representation of several projects sharing global resources using the activity-on-
node network can be carried out using the single- or multi-project approach. Both approaches
use starting and ending dummy nodes known as super-source and super-sink. In the single-
project approach, there is a starting dummy node and an ending dummy node representing the

start and completion of all projects, respectively (see Figure 2.3 (a)). This representation cannot
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be used when each project pursues its objective function; for example, each project aims to
minimize its makespan regardless of the progress of the other projects (e.g., Li et al. (2021)).
On the other hand, in the multi-project approach, each project includes a starting dummy node
and an ending dummy node (see Figure 2.3 (b)). This representation can be used when both

individual goals and a common goal are pursued.

/vJOblg—>JOblg\\ /vJOb12 _>J0b13 AR
doby ST - o,
7 \JOZ)M ________ "\ \JOZ)M—”'—
-Start | End
\\\ /JObQQ_-———:‘ /J0b22*~~‘_5\‘
1 Joboy s --J0b21 /
\JObgg’/ \‘J()bgg”//

(a) (b)

Figure 2.3: (a) Single-project approach, and (b) Multi-project approach.

In the illustrative example, Jobi2 and Jobi4 can be executed from time period 3, if only the
precedence relationships are considered (see Table 2.2, Column 3). Since in the problem, there
are restricted resources and the required consumption of the second resource by both jobs (C'2+
C14 = 8 + 3 = 11) is greater than the availability of the resource in each time period (A2 = 9)
both jobs cannot be executed simultaneously. This situation is reflected between several jobs
and even different projects; for instance, between .Job12 and .Jobso, where there is no established

relationship of precedence. Figure 2.4 presents two feasible solutions to the problem.

JOb14
—_—
Jobys Jobyy
—_— ]
J0b21 . J0b23 i . Jobyy . Jobog B
N J0b11 . JOblg . J0b13_ J0b14 . . Jobyy . Job1y . Jobis
ol > I $ + | >
0 23 7 8 12 15 time 0 23 7 8 12 15 time

(a) (b)

Figure 2.4: (a) Feasible solution, and (b) Optimal solution.

In Figure 2.4 (a), the completion time of Joby4 (last job executed belonging to Projecty) is
15 and in Figure 2.4 (b), the completion time of .Job3 and Jobys (last jobs executed belonging
to Project; and Projects) is 12. The solution in Figure 2.4 (b) presents the lowest possible

makespan value; therefore, it represents the optimal solution for the illustrative example.
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2.2 Solution methods for RCMPSP

In the beginning, the RCMPSP-related variants were solved mainly through mathematical mod-
els and priority rule-based heuristics. However, given problem complexity and the emergence

of new solution techniques, the range of proposed solution methodologies was expanded.

Figure 2.5 shows the solution methods classification applied to the RCMPSP and related vari-
ants, including exact, approximate, and hybrid algorithms. The yellow and blue colors represent
solution methods related to exact and approximate algorithms. The hybrid algorithms based
only on approximate algorithms are represented in blue, and the hybrid algorithms supported
in both categories (exact and approximate algorithms) are represented by combining both col-
ors. Given the number of different solution methods, similar algorithms used in less than five
research works are clustered. Namely, algorithms based on Lagrangian relaxation, goal pro-
gramming, branch and bound, column generation, and the resolution of the mathematical model
are clustered as Linear Programming-based. Swarm Intelligence contains the algorithms based
on ant colony optimization, particle swarm optimization, and artificial bee colony. The research
works based on memetic algorithms are clustered as genetic algorithms. Lastly, research works
based on variable neighborhood search, critical chain method, robust optimization, gravitational
search algorithm, learning, and specific local search heuristics are grouped in the Other algo-

rithms category.

[Dynamic programming (DP) [Lmear progr. ammmg -based (LP)] [Con%traint programming (CP)]

----------------------------------------------------------------

Exact algorlthms ]

[ Hybrid algorithms
RCMPSP )
Multi-agent systems and . Apr0X1mate algorlthms] ’__)[ ey T e ]
combinatorial auction (MAS- CA) .

[ Swarm intelligence (SI)

[ Others algorithms (OA) ]

Y

)
)
Metaheuristic}——
@”Stlc - { Simulated annealing (SA) ]
)

[ Priority rules-based (PR) ] { Heuristic J— { Tabu search (TS)
v :
[Hybrid algorithms] “—’( Local Search ]

" [ Genetic algorithm (GA)

Figure 2.5: Classification of algorithms to solve the RCMPSP and existing variants.

Tables 2.3 and 2.4 show the works that used each approximate or exact algorithm to solve the

problem, respectively. Note the priority rule-based group include only defined heuristics. In the



CHAPTER 2. LITERATURE REVIEW 20

collected works, the implicit use of priority rules was found in the design of the algorithms used.

Table 2.3: Reports of approximate solution methods for RCMPSP variants.

Solution methods

Research works

Genetic algorithm (GA)

Hybrid algorithm

Asta et al. (2016); Besikci et al. (2015); Cai and Li (2012); Can
and Ulusoy (2014); Chen and Shahandashti (2009); Fu and Zhou
(2021); Gongalves et al. (2015, 2008); Gutjahr et al. (2008);
Kolisch and Heimerl (2012); Kumanan et al. (2006); Li and Xu
(2018); Li and Liu (2005); Man et al. (2008); Namazian et al.
(2019); Ning et al. (2012); Pérez et al. (2016); Rokou et al.
(2014); Rostami and Bagherpour (2020); Satic et al. (2022);
Shou et al. (2014); Sonmez and Uysal (2015); Suresh et al.
(2015); Tasan and Gen (2013); Tayyar et al. (2016); Tian et al.
(2018); Van Eynde and Vanhoucke (2020); Xin et al. (2018);
Xu and Zhang (2012); Zheng et al. (2014); Zhuang and Yassine
(2004)

Ahmeti and Musliu (2021); Asta et al. (2016); Cai and Li (2012);
Can and Ulusoy (2014); Chakrabortty et al. (2017); Chen and
Shahandashti (2009); Chen (1994); Confessore et al. (2007); Fu
and Zhou (2021); Gémez et al. (2019); Gutjahr et al. (2008); He
et al. (2021); Issa et al. (2021); Kolisch and Heimerl (2012); Li
and Xu (2018); Liu and Xu (2020); Liu and Lu (2019); Man
et al. (2008); Namazian et al. (2019); Ning et al. (2012); Rokou
et al. (2014); Shou et al. (2014); Sonmez and Uysal (2015); Tian
et al. (2018, 2020); Toffolo et al. (2016); Van Den Eeckhout et al.
(2021); Vazquez et al. (2015); Wang et al. (2015); Xu and Feng
(2014); Xu and Zhang (2012); Zheng et al. (2014); Zhu et al.
(2018, 2021)

(Continued on next page)
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Table 2.3 — (Continued from previous page)

Solution methods

Research works

Multi-agent systems and
combinatorial auction

(MAS-CA)

Other algorithms (OA)

Adhau et al. (2013, 2012); Cheng et al. (2019); Confessore et al.
(2007); Fu and Zhou (2021); Homberger (2007, 2012); Jedrze-
jowicz and Ratajczak-Ropel (2019); Li and Xu (2018); Li et al.
(2021); Liu and Xu (2020); Mao et al. (2009); Shou et al. (2014);
Song et al. (2018); Wang et al. (2013); Zhang and Chen (2018);
Zheng et al. (2014)

Ahmeti and Musliu (2021); Amirian and Sahraeian (2017); Asta
et al. (2016); Cai and Li (2012); Chakrabortty et al. (2017);
Chen and Askin (2009); Chiu and Tsai (2002); Cui et al. (2021);
Geiger (2017); Gomez et al. (2019); Hao et al. (2010); Hu et al.
(2010, 2015); Ju and Chen (2012); Kannimuthu et al. (2020);
Kao et al. (2006); Kim and Schniederjans (1989); Kriiger and
Scholl (2009); Lee and Lei (2001); Li and Xu (2018); Liu and Lu
(2019); Nabipoor et al. (2020); Namazian and Yakhchali (2016);
Ning et al. (2012); Rostami and Bagherpour (2020); Satic et al.
(2022); Shariatmadari et al. (2017); Sonmez and Uysal (2015);
Speranza and Vercellis (1993); Tian et al. (2020); Toffolo et al.
(2016); Tsubakitani and Deckro (1990); Van Den Eeckhout et al.
(2021); Vazquez et al. (2015); Villafanez et al. (2019); Wauters
et al. (2015); Xu and Zhang (2012); Zheng et al. (2014); Zhu
et al. (2018, 2021)

(Continued on next page)
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Table 2.3 — (Continued from previous page)

Solution methods

Research works

Priority rules-based (PRy)

Simulated annealing (SA)

Swarm intelligence (SI)

Tabu search (TS)

Bock and Patterson (1990); Browning and Yassine (2010b);
Chakrabortty et al. (2017); Chen et al. (2019); Chen and Ju
(2015); Chen (1994); Dumond (1992); Dumond and Mabert
(1988); Issa et al. (2021); Kannimuthu et al. (2020); Kolisch
(2000); Kolisch and Meyer (2006); Kurtulus (1985); Kurtu-
lus and Davis (1982); Lawrence and Morton (1993); Liu and
Xu (2020); Lova and Tormos (2001); Mohanty and Siddiq
(1989); Pérez et al. (2016); Pritsker et al. (1969); Rostami and
Bagherpour (2020); Satic et al. (2022); Shi et al. (2019); Shou
et al. (2014); Singh (2014); Suresh et al. (2015); Tian et al.
(2018); Tsai and Chiu (1996); Van Eynde and Vanhoucke (2020);
Vazquez et al. (2015); Wang et al. (2015, 2017); Xu and Feng
(2014); Zhang and Sun (2011)

Chen and Shahandashti (2009); He et al. (2021); Joo and Chua
(2017); Man et al. (2008); Sonmez and Uysal (2015)

Chen and Ju (2015); Goémez et al. (2019); Gutjahr et al. (2008);
Linyi and Yan (2007); Liu et al. (2014); Rokou et al. (2014); Tian
et al. (2018); Xu and Feng (2014)

Ahmeti and Musliu (2021); He et al. (2021); Kolisch and Heimerl
(2012); Tian et al. (2018); Zhu et al. (2018, 2021)
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Table 2.4: Reports of exact solution methods for RCMPSP variants.

Solution methods

Research works

Constraint programming

(CP)

Dynamic programming

(DP)

Linear programming-based

(LPy)

Ahmeti and Musliu (2021); Hauder et al. (2020); Liu and Lu
(2019)

Chen et al. (2014); Confessore et al. (2007); Satic et al. (2022);
Wang et al. (2015)

Araujo et al. (2020); Can and Ulusoy (2014); Chen (1994); Cui
et al. (2021); Davari Ardakani and Dehghani (2022); Deckro
et al. (1991); Gholizadeh-Tayyar et al. (2016); Hauder et al.
(2020); Issa et al. (2021); Kriiger and Scholl (2010); Li et al.
(2021); Mohanty and Siddiq (1989); Namazian et al. (2019);
Rostami and Bagherpour (2020); Speranza and Vercellis (1993);
Toffolo et al. (2016); Van Den Eeckhout et al. (2021); Vercellis

(1994); Zapata et al. (2008)

Figure 2.6 (a) and (b) show the use percentages of the approximate and exact algorithms, re-
spectively. The approximate and hybrid algorithms are the most used in the literature to solve
the RCMPSP; this can be due to the high problem complexity level. Linear programming-based
algorithms are the most used exact algorithms. At the same time, heuristics based on priority
rules and genetic algorithms are the most representative approximate algorithms, with 24% and
22%, respectively. Algorithms based on multi-agent systems and combinatorial auctions are
used in 12% of the works. In contrast, algorithms based on swarm intelligence, tabu search, and

simulated annealing are found in at most 6% of the works.

To identify which are the main solution methods for solving the problem in recent years, Fig-
ure 2.7 shows, since 2010, the research carried out for the methods that have been studied 1n at

least ten research works.

During the last decade, there was a relevant increase in the hybrid algorithms applied to the
RCMPSP and related variants. To the best of our knowledge, the most used algorithms for hy-
bridization are genetic algorithms, priority rule-based, linear programming-based, tabu search,

and multi-agent systems and combinatorial auctions. Priority rule-based heuristics and genetic
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Figure 2.6: Percentage of different solution methods applied to the RCMPSP.
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Figure 2.7: Main solution methods applied since 2010.

algorithms are the most used algorithms for solving the problem since the beginning, presenting
a stable growth since 2010 and being the most used in the last five years. Moreover, the use of
multi-agent systems and combinatorial auctions showed significant growth in the last five years;
this can be a consequence of studying different features of the problem. Finally, algorithms

based on linear programming showed an important growth in the last two years.

2.3 Benchmarks for RCMPSP

At the beginning of studying the RCMPSP, there were no instance sets to evaluate the perfor-
mance of the proposed algorithms and most works were validated using problem examples. This
practice is still used in recent research, mainly due to the large number of features proposed and
the lack of instance sets for each resulting problem variant. In addition, several works evaluate

the models and algorithms through own generated instances for the RCMPSP variant addressed.
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Kolisch and Sprecher (1997) proposed a project scheduling problem library (PSPLib)> for the
study of the RCPSP. After it, many works on the RCMPSP used that benchmark in their numeri-
cal experiments by combining two or more single-project instances, adding the required aspects
to cover the studied features, and generating their specific multi-project instances. Moreover,
several works were carried out on real instances, demonstrating the importance of this problem
within the industry sector. The first and most recognized set of instances is the multi-project
scheduling problem library (MPSPLib)?, presented by Homberger (2007) specifically for de-
centralized RCMPSP with local resources. MPSPLIib contains 80 generated instances from the
combination of 2, 5, 10, or 20 problems (projects) of the PSPLib composed of 30, 90, or 120
jobs, assigning an arrival time to each project and allowing the use of resources globally and
locally. Subsequently, this library was expanded by Homberger (2012) adding 60 new instances
that present differences in terms of project access to local resources. MPSPLib allows the on-
line evaluation of proposed solutions and provides various objective functions. Browning and
Yassine (2010a) present the first multi-network problem generator (MNPG)*, also used by He
et al. (2021). The authors generated 12320 random instances of the problem, but the best val-
ues obtained for each possible instance are unknown. Using instances of the MPSPLib and
MNPG, a benchmark set known as the resource-constrained multi-project scheduling problem
library (RCMPSPLIB)’ was created by Pérez and Posada and used by Pérez et al. (2016) and
Vazquez et al. (2015). Another variant that has a well-defined set of instances is the multi-mode
RCMPSP. This set was developed for the MISTA-2013° challenge and is composed of project

groups taken from the PSPLib by adding multiple execution modes.

Table 2.5 shows the research in the reviewed literature that uses each instance set. Note that
only the instance sets present in at least five works are listed, and some investigations perform

validation with several types of instances.

http://www.om—db.wi.tum.de/psplib/main.html
Shttp://www.mpsplib.com
*http://sbuweb.tcu.edu/tbrowning/RCMPSPinstances.htm
5http://www.eii.uva.es/elena/RCMPSPLIB.htm
*hWttps://gent.cs.kuleuven.be/mista2013challenge/index.html
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Table 2.5: Reports of research works on different types of instances.

Instances

Research works

Generated 1instances

Problem examples

Amirian and Sahraeian (2017); Araujo et al. (2020); Besikci et al. (2015);
Cai and Li (2012); Can and Ulusoy (2014); Chakrabortty et al. (2017);
Chen et al. (2019); Chen and Askin (2009); Chen and Ju (2015); Cheng
et al. (2019); Chiu and Tsai (2002); Confessore et al. (2007); Davari Ar-
dakani and Dehghani (2022); Dumond (1992); Dumond and Mabert
(1988); Gongalves et al. (2015, 2008); Hao et al. (2010); Hauder et al.
(2020); Hu et al. (2015); Issa et al. (2021); Ju and Chen (2012); Kan-
nimuthu et al. (2020); Kolisch (2000); Kolisch and Heimerl (2012);
Kolisch and Meyer (2006); Kriiger and Scholl (2009); Kriiger and Scholl
(2010); Kurtulus (1985); Kurtulus and Davis (1982); Lawrence and Mor-
ton (1993); Li et al. (2021); Linyi and Yan (2007); Liu and Lu (2019);
Lova et al. (2000); Lova and Tormos (2001); Mao et al. (2009); Nabipoor
et al. (2020); Namazian et al. (2019); Pérez et al. (2016); Rokou et al.
(2014); Rostami and Bagherpour (2020); Satic et al. (2022); Shariat-
madari et al. (2017); Shou et al. (2014); Sonmez and Uysal (2015); Sper-
anza and Vercellis (1993); Suresh et al. (2015); Tasan and Gen (2013);
Tian et al. (2020); Tsai and Chiu (1996); Tsubakitani and Deckro (1990);
Van Den Eeckhout et al. (2021); Van Eynde and Vanhoucke (2020); Ver-
cellis (1994); Wang et al. (2015, 2017); Zhu et al. (2018, 2021)

Bock and Patterson (1990); Chen et al. (2014); Deckro et al. (1991); Hu
etal. (2010); Kao et al. (2006); Kim and Schniederjans (1989); Kumanan
et al. (2006); Lee and Lei (2001); Li and Liu (2005); Liu et al. (2014);
Man et al. (2008); Mohanty and Siddiq (1989); Namazian and Yakhchali
(2016); Ning et al. (2012); Pritsker et al. (1969); Shi et al. (2019); Singh
(2014); Zapata et al. (2008); Zhang and Sun (2011); Zhuang and Yassine
(2004)

(Continued on next page)
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Table 2.5 — (Continued from previous page)

Instances

Research works

Real-world instances

MPSPLib

MISTA-2013

Chen and Shahandashti (2009); Chen (1994); Cui et al. (2021);
Gholizadeh-Tayyar et al. (2016); Gutjahr et al. (2008); Joo and Chua
(2017); Kannimuthu et al. (2020); Kolisch and Meyer (2006); Song et al.
(2018); Sonmez and Uysal (2015); Speranza and Vercellis (1993); Tay-
yar et al. (2016); Tian et al. (2018, 2020); Vercellis (1994); Xin et al.
(2018); Xu and Feng (2014); Xu and Zhang (2012); Zhang and Chen
(2018)

Adhau et al. (2013, 2012); Fu and Zhou (2021); Gémez et al. (2019);
Homberger (2007, 2012); Jedrzejowicz and Ratajczak-Ropel (2019); Li
and Xu (2018); Liu and Xu (2020); Pérez et al. (2016); Villafaiez et al.
(2019); Wauters et al. (2015); Zheng et al. (2014)

Ahmeti and Musliu (2021); Asta et al. (2016); Geiger (2017); Toffolo
et al. (2016); Wauters et al. (2016)

Figure 2.8 shows the percentages of works using the different instance sets described above. In

the category Other instances, the works that used the MISTA-2013, MNPG, and RCMPSPLIB

instance sets were grouped.

16%

17%

O Generated instances

[[] Problem examples

[] Real instances

] MPSPLib
11% [] Other instances
49%
7%

Figure 2.8: Percentage of research on a different set of instances.

The highest percentage is represented by the generated sets in the different works. It is important

to note that 16% of the research was conducted using real-world based instances. Regarding

the instance sets presented in the literature, the MPSPLib is the most used benchmark. The

increased use of this library may be due to the frequent study of different features of the problem.
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2.4 Conclusions

In this chapter, we study the literature related to the RCMPSP and its variants, founding that the
problem has been widely studied, presenting a considerable attention increase in the past and
current decade. Regarding the algorithms used to solve the problem, we found a wide range of
solution methods, being the approximate and hybrid algorithms the most used; this can be due
to the high problem complexity level. At the same time, heuristics based on priority rules are
the most representative approximate algorithms, and linear programming-based algorithms are

the most used exact algorithms.

On the other hand, we find that most of the investigations validate the proposed algorithms
through instances generated for the problem under study and that several investigations were
conducted using real-world based instances. Furthermore, the most used benchmark in the liter-

ature is the MPSPLib; this can result from the systematic study of different problem features.



Chapter 3

Taxonomy

This section presents a summary of the RCMPSP variants studied in the literature. Given the
nature of the problem and collected papers, variants are analyzed in terms of features and objec-
tive functions, presenting classifications for both aspects. These classifications are based on 34
problem features and 20 objective functions identified based on which the proposed taxonomies
were formed. An analysis and time perspective of both aspects is also presented, including the

connection of the problem with the practice.

This chapter is organized as follows. Section 3.1 exposes the essential features concerning
RCMPSP variants. Section 3.2 shows a classification scheme and discussion of the most used
objective functions for RCMPSP variants. Section 3.3 presents an analysis and discussion about
the previous features and objective function, as well as those works that address real-world

instances. Finally, Section 3.4 exposes the conclusions of this chapter.

3.1 Problem features

In order to classify the features found in the studied manuscripts, four main components are
defined: jobs, relationships, projects, and resources. Figure 3.1 shows a taxonomy based on all
RCMPSP variants proposed. The colors blue, purple, green, and red represent features related

to jobs, relationships, projects, and resources, respectively.

29
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Detection and rework (DR)
Job selection (JS)

Preemption (PP) Concurrency (C/N)
Job quality (JQ) Exclusiveness (EX) Project selection (PS)
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Figure 3.1: Feature taxonomy: classification of the RCMPSP variants.

3.1.1 Job- and resource-based features

One of the essential conditions for starting a job execution is the availability of the required
resources. The existence of multiple execution modes (MM) is one of the well-known related
features, where a different duration and resource consumption denote each possible job execu-
tion mode. Generally, a higher resource consumption implies shorter duration. There may be a
set of jobs that need to be executed in the same mode, but commonly the job execution modes
are independent. As an illustrative example, consider that cleaning an area takes 30 minutes
if only one machine is used and 15 minutes if two machines are used. A particular case of
multiple execution modes involves the use of the workforce as a resource in project planning,
where each person/worker presents skills or efficiency levels to perform one or more jobs (SK).
When all associated parameters are known, e.g., duration and resource consumption of each job
when performed by each worker, the situation can be modeled as multiple execution modes.
On the other hand, in some cases, the mentioned parameters must be calculated depending on
the efficiency or skill level the person/worker has to perform each job and other aspects such as
resource availability or required quality. Considering multiple skills or efficiency levels could

imply changes in the job duration, resource consumption, or job completion quality.
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A similar feature to multiple execution modes is the flexible resource allocation to a job (F)
studied by Issa et al. (2021) and Rokou et al. (2014). This involves that executing a certain job
requires a total resource amount, i.e., workload, so the resource allocation in each time period
1s not required following a uniform distribution. In this sense, for each job, a set of modes
can be automatically defined, composed of the possible combinations of duration and resource
required. Each defined mode for each job must comply with the required resource amount.
Closely related to the previously described features, Davari Ardakani and Dehghani (2022) and
Kurtulus (1985) analyzed the variable resource requirement (VR). In this case, the job resource
requirements vary at each time period but are initially defined; for example, to start executing
a job in a machine, two workers are required, but once the execution process is stabilized, only

one worker is required to complete the job execution.

In a production process, cash or liquidity can be seen as a resource, so the start of job execu-
tion represents a cash outflow, e.g., service payments, while the completion of job execution
represents a cash inflow, e.g., the sale of products. This job cost/profit (JCP) was studied in
several research works and when considered in a problem, maximizing the net present value is

the objective function most frequently considered.

Table 3.1 shows the existing research in the reviewed literature that addresses job- and resource-
based features. Note that only features considered in at least five works are listed; the other

cases are referenced in this section.

3.1.2 Job-based features

In the base problem, the jobs follow certain primary conditions, for example, deterministic dura-
tion and continuous execution. These aspects often move the problem away from real production

processes where these features can be modified.

Continuous job execution involves a few outdated production procedures. In this sense, the
concept of preemption (PP) arises when job execution interruption is allowed due to job prefer-
ences. Job execution splitting can lead to more stable resource use by realizing consumption in
periods where resources could remain idle. This feature can be accompanied by costs associated
with stopping and resuming the job execution, which can lead, for example, to an analysis of
cost versus completion time. The handling of uncertainty always brings a complexity increase

in any problem resolution. Despite this, several works studied the existing uncertainty on job
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Table 3.1: Research works that address job- and resource-based features.

Features

Research works

Job cost/profit (JCP)

Multiples modes (MM)

Chiu and Tsai (2002); He et al. (2021); Kolisch and Meyer (2006); Xu
and Feng (2014); Zapata et al. (2008)

Ahmeti and Musliu (2021); Araujo et al. (2020); Asta et al. (2016);
Besikci et al. (2015); Can and Ulusoy (2014); Chen et al. (2014); Chen
and Ju (2015); Cheng et al. (2019); Davari Ardakani and Dehghani
(2022); Geiger (2017); Joo and Chua (2017); Ju and Chen (2012);
Kannimuthu et al. (2020); Kolisch and Meyer (2006); Kumanan et al.
(2006); Pritsker et al. (1969); Speranza and Vercellis (1993); Toffolo
et al. (2016); Vercellis (1994); Wauters et al. (2016); Xu and Feng

(2014); Zapata et al. (2008); Zhang and Chen (2018)

Skills (SK) Chen et al. (2014); Cui et al. (2021); Gutjahr et al. (2008); Kolisch and

Heimerl (2012); Namazian and Yakhchali (2016)

duration (JU) since unexpected events affecting job duration might occur in real processes.

Job release and/or latest date (R/L) studied by Joo and Chua (2017) and Hao et al. (2010) can
have a relevant influence on the schedule. This feature implies that it is impossible to start the
job execution before the established release date or finish it after the established latest date. In
the literature this concept is also known as time constraints or start-no-earlier-than and start-no-
later-than. When problem conditions do not impose the job release date, the value is calculated
based on the predecessors and duration of each job as well as the arrival time and absolute due

date of the corresponding project.

As part of the study of multiple execution modes, Kannimuthu et al. (2020) and Xu and Feng
(2014) studied job quality (JQ), considering different quality levels for each execution mode.
This concept can lead, for example, to an analysis of quality versus completion time or quality
versus revenue when additional payments are established depending on the job quality. The
quality can be determined depending on the project environment; for example, in construction
projects, the quality can be calculated based on the construction quality assessment system

(CONQUAS) (BCA, 2017). Detection/inspection and reworks (DR) was also proposed as a job-
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related variant in the research works presented by Zhu et al. (2021), Zhu et al. (2018), and Bock
and Patterson (1990), where, after a project is finished, an error detection process is carried
out and, faulty jobs are corrected. The existence of uncertainty when this feature is studied is

implicit; therefore, it is not described as an independent feature.

The existence of projects that have a set of jobs whereof only one of them is executed was studied
by Hauder et al. (2020) under the concept of alternative activities. In the RCPSP literature, it is
related to concepts of logical dependencies, or job selection (JS), the latter being the one used
in this research work. The jobs can differ in several characteristics, such as duration, resource
consumption, quality, and precedence relationships. When studying the problem under different
execution modes for a job, the execution modes of each job can be seen as job selection, where
the difference between each pair of jobs is based on the duration and resource requirements.
Depending on other characteristics that can be added to the problem, this feature allows, for

example, the analysis of the use of resources versus completion time.

Table 3.2 shows the existing research in the reviewed literature that addresses job-based features.
Note that only features considered in at least five works are listed, the other cases are referenced

in this section.

Table 3.2: Research works that address job-based features.

Features Research works

Preemption (PP) Bock and Patterson (1990); Hao et al. (2010); Issa et al. (2021); Joo and
Chua (2017); Pritsker et al. (1969)

Job uncertainty (JU) Chen et al. (2019); Hu et al. (2015); Kim and Schniederjans (1989); Liu
and Xu (2020); Mao et al. (2009); Nabipoor et al. (2020); Namazian et al.
(2019); Satic et al. (2022); Song et al. (2018); Tian et al. (2020); Wang
et al. (2017); Xu and Feng (2014); Xu and Zhang (2012); Zapata et al.
(2008)

3.1.3 Resource-based features

Resource allocation is a significant aspect of the RCMPSP that adds a strong degree of com-

plexity. Efficient use and availability of resources are a growing concern in society. As a conse-
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quence, there are several resource-based features, so eight sub-classifications are defined (i.e.,
Management, Renewability, Accessibility, Availability, Mobility, Economic, Availability and

Economic, Economic, and Mobility), and 13 features are shown in Figure 3.1.

e Management: In the RCMPSP, resource management can be centralized or decentralized. In
the first case, only one general decision-maker manages the resources knowing the current sta-
tus of each project and pursuing a global objective. In the other case, when the resources are
managed decentrally (D), the allocation of global resources is carried out by a general decision-
maker who pursues a global objective but might not fully know the status of each project. Once
this allocation is made, the decision-makers of each project are responsible for assigning exe-
cution start times to each job, complying with the resources assigned by the general decision-
maker, and pursuing a local objective. Following Homberger (2007), each decision-maker plans
exactly one project and is considered “honest” when providing information regarding the plan-

ning of its related project.

e Renewability: In management processes, there are different types of renewal of existing re-
sources, e.g., renewable, non-renewable, or partially renewable resources. Renewable resources
present a fixed existence that is renewed in each time period. Non-renewable resources (NR)
arise from the need to optimize resources that present a unique existence for the entire time
horizon so that once they are assigned to a job, they are not renewed, e.g., a unique budget.
The study of non-renewable resources is closely related to multiple execution modes, given the
different consumption of resources. Another related feature, studied by Amirian and Sahraeian
(2017), refers to the existence of partially renewable resources (PRR), where the resources are

renewed in a set period of time, e.g., a budget renewed several times within the time horizon.

e Accessibility: The different access to existing resources is a widely studied feature in the multi-
project environment. The accessibility can be distinguished between global and local resources.
The global resources can be used for the execution of all jobs of all projects. Otherwise, local
resources (L) are defined as resources belonging to a project that can be consumed exclusively
by the jobs belonging to the project, e.g., workers of a company branch office. In the papers
studied, the resources are defined as only one category; that is, the access to a resource cannot
be local and at the same time global. For instance, Fu and Zhou (2021) define local resources as
fixed facilities and unskilled workers and global resources as specialized equipment and skilled
professionals. Both accessibility options were also studied in relation to resource renewability.

For example, Ahmeti and Musliu (2021), Asta et al. (2016), and Wauters et al. (2016) studied
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local renewable and non-renewable resources, and global non-renewable resources. However,
research presented by Geiger (2017) assumes that local resources are only non-renewable and
global resources are considered only renewable. On the other hand, although local resources can
be studied when working centrally, the beginning of their study associated with the RCMPSP
is closely linked to decentralized management, where the decision-makers of each project are

responsible for the management of its resources.

e Availability: The fixed resource availability at each time period has been considered since
the beginning of the RCMPSPs. Studying different conditions where there may be uncertainty
in the resource existence or even the non-existence of resources results in problem variants to
cope with real situations in production lines. Uncertainty in resource existence (RU) moves the
problem to a stochastic area, increasing resolution complexity, especially in large production
processes. This aspect was studied by Hu et al. (2015), Wang et al. (2015), Mao et al. (2009),
and Zapata et al. (2008). Similarly, Tian et al. (2018) studied resource unavailability planning
(RUP). This feature provides flexibility to the resource availability, keeping the problem in a
deterministic environment. In this case, unavailability planning refers to periods where there is
no specific resource, e.g., break times for machines or workers. On the other hand, when the
resources are transported to a project to be used later, the resource availability can be affected by
capacity limitations (CL), for example, related to transportation and inventory. In the same way,
the job completion can generate products or even waste that needs to be stored and transported
later. This feature was studied by Gholizadeh-Tayyar et al. (2016) and Tayyar et al. (2016) and

is related to the concept of cumulative resources in the RCPSP.

e Mobility: This aspect defines the need to move some resources between jobs to carry out the
executions. Mobility can arise between jobs of the same project and different projects. The
transfer times (TT) involve all required movements for starting the job execution and can be
used to model setup times, e.g., the time it takes to move a resource from one project to another
for the execution process or the time it takes to move a job to the area where it can be executed.
Transfer times can have a considerable influence when preemption is allowed. In the same way,
Tian et al. (2018) considered that the resources could be movable or un-movable (M/U). In the
movable case, the jobs are kept in an area, and the resources are transferred to jobs. In the
un-movable case, the jobs must move to the resources to receive the requested service, e.g., big

machines already fixed in a given space.

e Economic: The economic aspect is also reflected in some features found in the literature. The
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resource cost (RC) is a feature that several works address. Each resource i1s associated with a
cost. That can lead, for example, to an analysis of cost versus completion time, especially when
multiple execution modes are considered. In addition, the resource cost is also addressed when
overtime is considered as a way of increasing production capacity. The costs in regular hours
are usually lower than in overtime, which can lead, for example, to a trade-off analysis of cost
for overtime versus cost for the delay. Another cost associated with resources can be inventory
costs due to storage. Rostami and Bagherpour (2020) studied the need to designate a resource
pool for doing periodic services to projects (LP), establishing that the location of the resource
pool is not set. Instead, there are potential locations where the facility for the resource pool can
be constructed. Given this, it is required to determine the appropriate location to construct the
facility while incurring the lowest possible costs. The construction costs of the facility may vary
depending on the selected location and the transportation costs of the resources from the facility

to the different projects.

e Mobility and economic: As a consequence of the resource mobility, Fu and Zhou (2021),
Suresh et al. (2015), Adhau et al. (2013), and Kriiger and Scholl (2010), consider that a transfer
cost (TC) is also generated due to physically moving resources. Similarly, this cost can be used
when coping with transfers between jobs of the same project, between different projects, or even

between the resource pool and each project.

e Availability and economic: The restricted existence of renewable resources can cause timeouts
for a job execution start, generating delays in a project completion and costs for delays. As a
consequence Van Den Eeckhout et al. (2021), Gholizadeh-Tayyar et al. (2016), Tayyar et al.
(2016), and Kolisch and Heimerl (2012) considered the resource rent (RR).

Table 3.3 shows the existing research in the reviewed literature that addresses resource-based
features. Note that only features considered in at least five works are listed, the other cases are

referenced 1n this section.
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Table 3.3: Research works that address resource-based features.

Features

Research works

Decentralized (D)

Local (L)

Non-renewable (NR)

Transfer time (TT)

Adhau et al. (2013, 2012); Cheng et al. (2019); Confessore et al.
(2007); Fu and Zhou (2021); Homberger (2007, 2012); Jedrzejowicz and
Ratajczak-Ropel (2019); Li and Xu (2018); Li et al. (2021); Liu and Xu
(2020); Mao et al. (2009); Rostami and Bagherpour (2020); Shi et al.
(2019); Wang et al. (2013); Zhang and Chen (2018); Zheng et al. (2014)

Adhau et al. (2013, 2012); Ahmeti and Musliu (2021); Asta et al. (2016);
Can and Ulusoy (2014); Confessore et al. (2007); Fu and Zhou (2021);
Geiger (2017); Gomez et al. (2019); He et al. (2021); Homberger (2007,
2012); Jedrzejowicz and Ratajczak-Ropel (2019); Li and Xu (2018); Ros-
tami and Bagherpour (2020); Shi et al. (2019); Tian et al. (2020); Vil-
lafafiez et al. (2019); Wang et al. (2013); Wauters et al. (2016, 2015);
Zhang and Chen (2018); Zheng et al. (2014)

Ahmeti and Musliu (2021); Araujo et al. (2020); Asta et al. (2016);
Besikci et al. (2015); Can and Ulusoy (2014); Chen (1994); Cheng
et al. (2019); Davari Ardakani and Dehghani (2022); Geiger (2017);
Gholizadeh-Tayyar et al. (2016); Kriiger and Scholl (2010); Lee and Lei
(2001); L1 et al. (2021); Liu et al. (2014); Rokou et al. (2014); Shari-
atmadari et al. (2017); Speranza and Vercellis (1993); Tasan and Gen
(2013); Tayyar et al. (2016); Toffolo et al. (2016); Wauters et al. (2016);
Xu and Feng (2014); Zhang and Chen (2018)

Adhau et al. (2013); Cai and Li (2012); Fu and Zhou (2021); Kriiger and
Scholl (2009); Kriiger and Scholl (2010); Liu and Lu (2019); Suresh et al.
(2015); Van Den Eeckhout et al. (2021)

(Continued on next page)
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Table 3.3 — (Continued from previous page)

Features Research works

Resource cost (RC) Besikci et al. (2015); Can and Ulusoy (2014); Chen et al. (2014); Chen

(1994); Gholizadeh-Tayyar et al. (2016); Kannimuthu et al. (2020); Kim

and Schniederjans (1989); Kolisch (2000); Kolisch and Heimerl (2012);

Lee and Lei (2001); L1 et al. (2021); Liu et al. (2014); Mao et al. (2009);

Ning et al. (2012); Shariatmadari et al. (2017); Speranza and Vercellis

(1993); Suresh et al. (2015); Tayyar et al. (2016); Van Den Eeckhout et al.

(2021); Vercellis (1994); Wang et al. (2013); Zhang and Chen (2018)

3.1.4 Relationship-based features

In a job schedule environment, there might be many relationships between jobs. The basic
relationship between jobs in the RCMPSP is the end-start relationship, which establishes that a

job execution cannot start unless all its predecessor jobs have been fully executed.

Tian et al. (2018), and Pritsker et al. (1969) studied the concurrent or non-concurrent jobs ex-
ecution (C/N). The concurrency can be established through sets of jobs that must be executed
simultaneously, and each job must belong exactly to one set. On the other hand, in the non-
concurrency relationship, the sets of jobs represent jobs that cannot be executed in parallel. This
relationship might be useful in the case that conflicts between jobs need to be incorporated. In
addition, there may be jobs that need to be executed exclusively, e.g., a fumigation job in space
requires the stoppage of the rest of the jobs required by the project. This kind of relationship was
studied by Hao et al. (2010) under the concept of exclusiveness (EX) and can generate delays in

the production line.

The joint consideration of basic relationships (i.e., start-start, start-end, end-start, and end-end)
was considered in the generalized variant (GL) in the research of Gholizadeh-Tayyar et al.
(2016), Tayyar et al. (2016), and Chen and Shahandashti (2009). Start-start establishes that
the execution of a job cannot be started until the execution of the related jobs is started. End-end
refers to the fact that a job cannot finish its execution until the related jobs are fully executed.
Start-end implies that a job cannot finish its execution until the execution of the related jobs is

started. As a feature related, time lags (TL) studied by Davari Ardakani and Dehghani (2022),
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Joo and Chua (2017), Gholizadeh-Tayyar et al. (2016), and Tayyar et al. (2016) establish a min-
imum or maximum elapse time between start and completion of the execution of the related

jobs.

3.1.5 Project-based features

The simultaneous execution of several projects is one of the main RCMPSP features that in-
crease complexity compared to the single project execution. In the base problem, the simultane-
ous execution of several projects assumed there are no preferences on any project, and existing

projects, respective arrival times to the production line, and due dates are known.

In several environments, preferences or priorities on a project are needed to model daily opera-
tions (e.g., a shop that accepts special orders or a hospital emergency room). This feature known
as weight (W), is closely related to preemption and can result in a wide range of analyzes, for
example, related to costs and time. One of the most studied analyzes is related to penalties in-
curred when a project is delayed, given the direct proportionality between weight and penalty.
This weight can be defined in diverse ways. For example, Nabipoor et al. (2020) establish an
explicit degree of weight for each project, and Kannimuthu et al. (2020) assign a different delay
penalty for each project. In both cases, this priority or penalty is multiplied by the delay time
of each project. In addition, Tian et al. (2020) assign different priorities for each project related
to the use of resources, so in a conflict, resources are assigned to the project with the highest
priority. In all cases, the objective is to prioritize the execution of the jobs corresponding to
the most critical projects. On the other hand, a service company can receive a new project as-
sociated with economic and social improvements, so it could be relevant to accept the project
even if it is not planned. This situation captures the uncertainty regarding project arrival (PU)
and permits addressing different situations. For example, Satic et al. (2022) establish that all
projects have a probability of arrival, whereas Chen et al. (2019) present initial projects with an
established arrival date and a set of new arrival projects. In the latter case, at a random period of
time, if the number of projects in execution is less than the maximum number allowed, a project
is randomly selected from the new arrival set to start its execution. Furthermore, new projects
may present different priority levels when compared to existing or already running projects. For
example, Wang et al. (2015) establish that the new projects, called urgent projects, have a higher
priority regarding using resources. Similar to the job selection concept, project selection (PS)

refers to the existence of a set of projects from which to decide the projects to be executed.
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Existing projects can differ in the number of jobs, execution modes, resource consumption, and
costs associated with resources or delays, among other features. The selected projects can be
related to deadlines, budget constraints, and maximum or the minimum number of projects that
can be selected or executed simultaneously. Tasan and Gen (2013) present the project selection
through a graph network containing subgraphs. Each subgraph comprises a set of alternative

projects, establishing disjunctive (OR relations) or conjunctive (AND relations) relationships.

Table 3.4 shows the existing research in the reviewed literature that addresses project-based
features. Note that only features considered in at least five works are listed, the other cases are

referenced in this section.

Table 3.4: Research works that address project-based features.

Features Research works

Project selection (PS) Amirian and Sahraeian (2017); Chen and Askin (2009); Davari Ar-
dakani and Dehghani (2022); Gutjahr et al. (2008); Kolisch and Meyer
(2006); Namazian et al. (2019); Namazian and Yakhchali (2016);
Shariatmadari et al. (2017); Shou et al. (2014); Tasan and Gen (2013)

Project uncertainty (PU) Chen et al. (2019); Hu et al. (2015); Kao et al. (2006); Satic et al.
(2022); Wang et al. (2015)

Weight (W) Adhau et al. (2013, 2012); Besikci et al. (2015); Chen (1994); Cheng
et al. (2019); Chiu and Tsai (2002); Hu et al. (2010); Kannimuthu et al.
(2020); Kim and Schniederjans (1989); Kolisch (2000); Lee and Lei
(2001); Li and Xu (2018); Li and Liu (2005); Liu and Xu (2020); Liu
and Lu (2019); Liu et al. (2014); Man et al. (2008); Mao et al. (2009);
Mohanty and Siddiq (1989); Nabipoor et al. (2020); Satic et al. (2022);
Singh (2014); Speranza and Vercellis (1993); Tian et al. (2020); Ver-
cellis (1994); Wang et al. (2013, 2015); Xin et al. (2018); Xu and Feng
(2014); Xu and Zhang (2012); Zhang and Chen (2018)
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3.1.6 Project- and relationship-based features

The precedence relationships have been mainly studied between jobs belonging to the same
project. However, Ning et al. (2012) studied relationships between projects, i.e., zone and
blocked area. The concurrency relationship mentioned above in Section 3.1.4 can be extended
to jobs from different projects under the concept of zone (Z). A set of jobs belonging to dif-
ferent projects must be executed concurrently, maintaining the same duration but executing a
common resource consumption. For example, pieces from different projects must be cooled,
and a single freezer is used. On the other hand, in a period, a specific reference project can op-
erate as a point of reference for transportation of the resources required by neighboring projects.
This set of projects constitutes a blocked area (B), which cannot be accessed during this period.

Consequently, executing any job of any project in the blocked area is impossible.

3.1.7 Project- and resource-based features

Similar to job cost/profit, the project cost/profit (PCP) is studied in a multi-project environment
with budget considerations. Chen (1994) established an average maintenance cost for each
project in each time period. That cost together with others (e.g., the cost of using resources)
cannot exceed the available budget in each time period. The completion of a project can also
represent an inflow of cash that may (or may not) depend on the time period at which the project
ends. For example, Suresh et al. (2015) establish that the obtained benefit is independent of the
time period in which each project ends, but it directly influences the cash flow. Whereas Shou
et al. (2014) establish a different profit for the completion of the project at each time period. On
the other hand, Can and Ulusoy (2014) simultaneously consider that the start and completion of
a project represent an outflow and inflow of cash. The study of this feature is closely related to
the selection of projects, and in the works where it is considered, maximizing the net present

value is the most frequently pursued objective function.

Table 3.5 shows the existing research in the reviewed literature that addresses the project

cost/profit feature.
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Table 3.5: Research works that address project cost/profit (PCP) feature.

Amirian and Sahraeian (2017); Can and Ulusoy (2014); Chen and Askin (2009); Chen
(1994); Chiu and Tsai (2002); Davari Ardakani and Dehghani (2022); Gutjahr et al. (2008);
Kim and Schniederjans (1989); Namazian et al. (2019); Namazian and Yakhchali (2016);
Shariatmadari et al. (2017); Shou et al. (2014); Speranza and Vercellis (1993); Suresh et al.
(2015); Vercellis (1994)

3.2 Objective functions

The objective functions are classified based on three main factors: resources, projects, and
time. Figure 3.2 shows the classification scheme proposed. The colors red, green, and orange

represent objective functions based on resources, projects, and time, respectively.

[ Objective Functions J
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Total proj. profit (TPP) : : Time balance (TB) : Weighted makespan (WM)

Avg. pct. proj. delay (APPD)
Avg. proj. delay (APD)
: C Avg. proj. earliness (APE)
Idle resources (IR) Required resources for a Robustness (R)
In-process inventory (IPI) non-tardy schedule (RRNTS) SD of mean lateness (SDML)

Resource leveling (RL) Weighted total delay (WTD) Weighted proj. delay (WPD)

-----------------------------

Figure 3.2: Classification of the RCMPSP objective functions.

3.2.1 Resource-based objective functions

The previous section discussed several resource-based features. They led to the emergence of

several objective functions aimed at efficient resource use and cost evaluation.

e Economic: The valuation of economic aspects is fundamental in project scheduling envi-
ronments. When assessing discontinued cash flow caused by cost-related features, it may be

required to control cash stock to avoid situations where the production process is stopped due to
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a lack of cash. Because of this, the net present value maximization (NPV) was proposed. As a
particular case, Zapata et al. (2008) studied the maximization of the expected net present value
by evaluating uncertainty. Regarding evaluating resource costs, the total project cost minimiza-
tion (TPC), also called the sum of costs, considers the costs related to the use, transfer, inactivity,
rent, reserving, and maintenance of the resources. In particular cases, Chen (1994) addressed
the cost of the critical project where only the critical projects are valued, Kolisch and Heimerl
(2012) studied the labor costs influenced by different skills and efficiency of human personnel,
and Rostami and Bagherpour (2020) addressed the sum of construction costs related to resource
facility location. Finally, obtaining profits by completing a job and/or a project resulted in the
objective of maximizing the total project profit (TPP) that can be evaluated at the end of one or

all projects. This objective function is closely related to job and/or project selection features.

e Consumption: Resource inactivity occurs when resources are available but not required by
any job; this can be due to precedence constraints. This aspect has been studied under the same
conditions through two objective functions, i.e., the total resource idle time minimization and
the idle resources minimization (IR). Since both measures address the same objective, we refer
to this objective function as idle resource minimization. When studying resources in project
scheduling, it is essential to assess factors associated with the resource inventory. For instance,
resource inventory limitations can cause the execution of jobs corresponding to a project not to
be consecutive. This results in additional expenses due to projects waiting for the execution of
the related jobs being part of the inventory. Hence, it is required to minimize the number of
in-process inventory jobs (IPI), an objective function studied by Lova et al. (2000) and Kim and
Schniederjans (1989). On the other hand, stable resource consumption is one of the priorities
present in the objective functions that seek to avoid peaks in resource usage. This objective was
initially named resource average load factor minimization. However, at the beginning of this
century, its study began under the name of resource-leveling maximization (RL), a term used in

this work.

Table 3.6 shows the existing research addressing resource-based objective functions. Note that
only the objective functions considered in at least five works are listed, the other cases are

referenced in this section.
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Table 3.6: Research works that address resource-based objective function.

Objective function

Research works

Economics

Net present value (NPV)

Total proj. profit (TPP)

Total proj. cost (TPC)

Consumption

Idle resources (IR)

Resource leveling (RL)

Can and Ulusoy (2014); Chiu and Tsai (2002); Davari Ardakani and
Dehghani (2022); He et al. (2021); Speranza and Vercellis (1993);
Suresh et al. (2015); Vercellis (1994); Zapata et al. (2008)

Amirian and Sahraeian (2017); Chen and Askin (2009); Gutjahr et al.
(2008); Kolisch and Meyer (2006); Namazian et al. (2019); Satic
et al. (2022); Shariatmadari et al. (2017); Shou et al. (2014); Wang
et al. (2013)

Adhau et al. (2013); Amirian and Sahraeian (2017); Chen et al.
(2014); Chen (1994); Cheng et al. (2019); Fu and Zhou (2021);
Gholizadeh-Tayyar et al. (2016); Kannimuthu et al. (2020); Kolisch
and Heimerl (2012); Kriiger and Scholl (2010); Liu and Lu (2019);
Liu et al. (2014); Mao et al. (2009); Ning et al. (2012); Rostami
and Bagherpour (2020); Singh (2014); Tayyar et al. (2016); Van
Den Eeckhout et al. (2021); Wang et al. (2013); Xu and Feng (2014);
Zhang and Chen (2018)

Amirian and Sahraeian (2017); Hauder et al. (2020); Kriiger and
Scholl (2010); Lova et al. (2000); Mohanty and Siddiq (1989); Shi
et al. (2019)

Davari Ardakani and Dehghani (2022); Issa et al. (2021); Kim and
Schniederjans (1989); Liu and Lu (2019); Lova et al. (2000); Mao
et al. (2009); Tsubakitani and Deckro (1990)

3.2.2 Time-based objective functions

The following classification groups those objective functions that evaluate the completion time

or the delays that may occur in the completion of projects.
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e Delays: Project delays occur when the completion time is larger than the due date. The
project delay is defined as the difference between the makespan and the desired due date if
the makespan is greater than the desired due date; otherwise, the delay is zero. There are
several objective functions associated with the delays. The average project delay minimization
(APD) 1s the most used objective function regarding this aspect. Considering that the number of
projects is a parameter of the problem, in this review, the objective functions based on the total
delays are classified as average project delay (e.g., total project delay). The standard deviation
allows for evaluating the dispersion of a data set, so Dumond (1992) and Dumond and Mabert
(1988) studied as an objective the standard deviation mean lateness minimization (SDML) to
balance the delays incurred in each project. Other measures based on delays and efficiency
of the generated schedules were studied under average percent project delay, efficiency, and
robustness. In this review, the measures related to efficiency, either in average or total values,
are classified as minimization of the average percent project delay (APPD) if the job duration
is deterministic; and maximization of robustness (R) in the cases of the research presented by
Zhu et al. (2021), Chen et al. (2019), and Wang et al. (2017). On the other hand, different
weights for each project greatly influence schedule generation. Weights can be associated with
penalties for delays; the higher the weight, the higher the delay penalty. Given that, the weighted
project delay minimization (WPD) arises as an objective function. Goncalves et al. (2015),
Kriiger and Scholl (2010), Gongalves et al. (2008), and Bock and Patterson (1990) pursue the
average project earliness minimization (APE) considering that the early completion sometimes
negatively influences the project delivery, so it can also be penalized with the same or a different

value used for delays.

e Completion: The project completion time or makespan (M) is defined as the time when all
jobs associated with a project are fully executed. Performance time, also known as flow time
or throughput time, is defined as the difference between the first job execution start time of a
project and a project makespan. In a single project environment, the performance time mini-
mization (APT) is equivalent to the makespan minimization. This situation does not happen in a
multi-project environment where the makespan is defined as the maximum makespan among all
projects and the average performance time as the average performance times of all projects. In
this sense, the average performance time minimization attempts to conduct projects as soon as
possible. Since the number of projects is a fixed value, minimizing the total performance time

1s classified as the minimization of the average performance time. Weights are used to minimize
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the weighted makespan (WM) where the makespan value is multiplied by the corresponding

weight, so the higher the weight, the greater the influence on the objective function.

Table 3.7 shows the existing research in the reviewed literature that addresses the time-based

objective functions. Note that only the objective functions considered in at least five works are

listed, the other cases are referenced in this section.

Table 3.7: Research works that address time-based objective function.

Objective function

Research works

Delay

Avg. pct. proj. delay (APPD)

Avg. proj. delay (APD)

Adhau et al. (2013); Browning and Yassine (2010b); Cai
and Li (2012); Chakrabortty et al. (2017); Chen et al.
(2019); Kriiger and Scholl (2009); Lova and Tormos
(2001); Mohanty and Siddiq (1989); Pérez et al. (2016);
Van Eynde and Vanhoucke (2020); Vazquez et al. (2015);
Wang et al. (2017)

Adhau et al. (2012); Ahmeti and Musliu (2021); Araujo
et al. (2020); Asta et al. (2016); Bock and Patterson
(1990); Browning and Yassine (2010b); Chakrabortty et al.
(2017); Dumond (1992); Dumond and Mabert (1988);
Geiger (2017); Gomez et al. (2019); Gongalves et al. (20135,
2008); Homberger (2012); Jedrzejowicz and Ratajczak-
Ropel (2019); Joo and Chua (2017); Kriiger and Scholl
(2009); Lova and Tormos (2001); Mohanty and Siddiq
(1989); Shi et al. (2019); Singh (2014); Toffolo et al.
(2016); Tsai and Chiu (1996); Wauters et al. (2016, 2015);
Zheng et al. (2014)

(Continued on next page)
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Table 3.7 — (Continued from previous page)

Objective function

Research works

Weighted proj. delay (WPD)

Completion

Avg. perf. time (APT)

Besikci et al. (2015); Cheng et al. (2019); Ju and Chen
(2012); Kim and Schniederjans (1989); Kolisch (2000);
Kriiger and Scholl (2010); Lawrence and Morton (1993);
Lee and Lei (2001); Li and Xu (2018); Li et al. (2021);
Liu and Xu (2020); Nabipoor et al. (2020); Pritsker et al.
(1969); Tasan and Gen (2013); Tian et al. (2020); Wang
et al. (2015); Xu and Zhang (2012); Zhu et al. (2018)

Bock and Patterson (1990); Chen et al. (2014); Deckro
etal. (1991); Dumond (1992); Dumond and Mabert (1988);
Gongalves et al. (2015, 2008); Pritsker et al. (1969)

(Continued on next page)



CHAPTER 3. TAXONOMY

48

Table 3.7 — (Continued from previous page)

Objective function

Research works

Makespan (M)

Weighted makespan (WM)

Ahmeti and Musliu (2021); Asta et al. (2016); Can and
Ulusoy (2014); Chen et al. (2014); Chen and Shahandashti
(2009); Chen and Ju (2015); Chen (1994); Confessore et al.
(2007); Cui et al. (2021); Davari Ardakani and Dehghani
(2022); Geiger (2017); Gomez et al. (2019); Hauder et al.
(2020); Homberger (2007, 2012); Hu et al. (2015); Issa
et al. (2021); Jedrzejowicz and Ratajczak-Ropel (2019);
Ju and Chen (2012); Kannimuthu et al. (2020); Kao et al.
(2006); Kumanan et al. (2006); Lee and Lei (2001); Li et al.
(2021); Linyi and Yan (2007); Namazian et al. (2019); Na-
mazian and Yakhchali (2016); Ning et al. (2012); Pérez
et al. (2016); Pritsker et al. (1969); Rokou et al. (2014);
Satic et al. (2022); Singh (2014); Song et al. (2018); Son-
mez and Uysal (2015); Speranza and Vercellis (1993);
Tasan and Gen (2013); Tian et al. (2018, 2020); Tof-
folo et al. (2016); Vazquez et al. (2015); Villafafez et al.
(2019); Wauters et al. (2016, 2015); Xu and Zhang (2012);
Zhang and Chen (2018); Zhu et al. (2021); Zhuang and
Yassine (2004)

Hu et al. (2010); Li and Liu (2005); Man et al. (2008); Xin
et al. (2018); Xu and Feng (2014); Zhu et al. (2018)

3.2.3 Resource- and time-based objective functions

Project completion time and resource use are two of the most studied factors in the literature. In

the previous sections, the related objective functions were defined individually. Nevertheless, in

the sequel, we discuss the joint consideration of both objective types.

The weight or cost associated with resources motivated the weighted total delay minimization

(WTD) objective. That objective function was used by Mohanty and Siddiq (1989) to minimize

the sum of total resources demanded by each project multiplied by the corresponding weighting
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and delay. Studying multiple execution modes or job selection can result in schedules with
variable resource use. In this sense, Lee and Lei (2001) studied the resources use, prioritizing
on-time project completion, an objective known as the minimization of required resources for a

non-tardy schedule (RRNTS).

3.2.4 Project-based objective functions

In Section 3.1, it can be seen that the project-based features were not extensively studied,

whereby there is not a wide range of objective functions that contain project-related aspects.

In the context of continuous project execution, Lova et al. (2000) propose the project splitting
minimization (PSP) with the aim of avoiding additional efforts related to project control. The
incorporation of multiple execution modes, jobs selection, and/or quality resulted in several
objective functions, such as the project quality maximization (PQ), given by the quality of the
average jobs, studied by Kannimuthu et al. (2020) and Xu and Feng (2014). Also influenced
by the mentioned features, Hauder et al. (2020) studied the time balance maximization (TB)
pursuing the lowest difference between the minimum and maximum duration of the selected

jobs.

3.2.5 Multiple objectives

The wide range of RCMPSP-related features causes that, in many studies, the problem is solved
considering several objectives. Note that this does not necessarily imply multi-objective func-

tions approaches but to propose more than one independently objective for a given variant.

In the collected literature, many works pursued different objective functions analyzing a trade-
off, for example, Cheng et al. (2019); Hauder et al. (2020); Issa et al. (2021); Jedrzejowicz and
Ratajczak-Ropel (2019) and Chakrabortty et al. (2017). In contrast, several studies presented
multi-objective functions, and some divided the problem into phases and pursued different ob-
jective functions in each one, for example, Amirian and Sahraeian (2017); Davari Ardakani and

Dehghani (2022); Kannimuthu et al. (2020); Namazian et al. (2019) and Asta et al. (2016).
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3.3 Analysis and time perspective

This section presents an analysis of the research on the different features and objective functions
related to the RCMPSP variants in the reviewed literature. Also, we discuss how the reviewed
investigations have been assessing the gap between theory and practice concerning the RCMPSP

and related variants, and those works that solved real-world-based cases are analyzed.

3.3.1 Research on the problem features

In the reviewed literature in this survey, 82% of the works consider the base problem linked
to different features. Significant differences exist between the number of works that study
resource- and relationship-based features, 52% and 6%, respectively. In the study of resource-
based features, the existence of local and non-renewable resources are the most representative,
with 20% each. Concerning research addressing projects- and jobs-based features, the differ-
ence between the usage percentages is 19%, being projects-based features the most significant
at 39%. The most studied projects- and jobs-based features are weight and uncertainty, with

27% and 12%, respectively.

The problem evolution is depicted in Figure 3.3. The discussed features are associated with the
year in which they were presented. The bars indicate the amount of research carried out from
that moment, and the colors follow the pattern used in Figure 3.1.

32

16

8

Figure 3.3: Evolution of the problem over the years.

To analyze relevant research topics related to the problem in recent years, Figure 3.4 shows,
since 2010, how the research was carried out concerning problem features studied in at least ten

research works.
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Figure 3.4: Main problem features studied since 2010.

The study of new features associated with the problem exhibited slow growth until the beginning
of this century. Since 2010, its growth has increased, resulting in more than 34% of the features
associated with the problem. This may be related to the increase in research carried out since
2010. Note that there are features that, after being presented, were not considered again, some
were recently presented, and others are associated with features less studied in the literature, as

shown in Figure 3.3.

Figures 3.3 and 3.4 show that the most representative features are the use of local and non-
renewable resources, the existence of weights associated with projects, multiple execution
modes, resource costs, decentralized resource allocation, and job duration uncertainty. In many
cases, the combination of local resources and decentralized resource allocation is addressed.
This finds its rationale bearing in mind the relationship between these features and the rise of
decentralized production models. In the same way, the study of non-renewable resources is
closely related to multiple execution modes. The use of non-renewable resources was added
to the problem in 1993, presenting 23 related research works, 87% of them in the last decade,
representing one of the features with the most significant increase in related research in this
period. The existence of weight associated with projects is the most reflected feature in the
literature, with notable growth since 2010, presenting 65% of related research since this date.
Regarding the uncertainty, this feature generates a higher degree of complexity to the problem
but is required to study given its impact on the schedule generation. The study of this feature re-
lated to job duration increased, presenting 79% of investigations in the 2010-2021 period, with
a significant increase of 57% in the last five years. A large number of research works can also

be observed that addressed cost considerations, whether related to resources, jobs, or projects.
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These features bring the problem closer to real environments where fundamental elements are
costs/profit and budgets. It is important to highlight that, as seen in the figures, researching the

base problem is still relevant, despite having been presented more than 50 years ago.

3.3.2 Research on the objective functions

Figure 3.5 (a) shows the works related percentage to the different classifications proposed. For
a more in-depth review, Figure 3.5 (b) and (c) show the percentage of works that consider time-
based and resource-based objective functions, respectively. The time-based objective functions

studied in less than ten research works are grouped in the category Others.

14%
20%

O M
10% i I ] APD
[J wpD
29% ] APPD
18% [] Others
] Time
2% ] Resource 8%
1% e [] Project (b)
[] Resource-time
1% 17% O TpC
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68% 13% O

0 NPV

(a) O RrRL

7 mpi

1%
’ [] 11
4% 40%

(©)

Figure 3.5: Percentage of research by classification of objective function studied.

As can be observed, the time-based objective functions are the most studied, followed by
resource-based. On the other hand, project-based objective functions represent a small por-
tion. The most studied objective functions are the makespan minimization and the average
project delay minimization, corresponding to completion and delay sub-classifications. The to-
tal project cost minimization is the next most pursued objective, followed by the minimization

of the weighted project delay and the average percentage of project delay.

The first objective function in the multi-project environment presented in 1969 by Pritsker et al.

(1969) was related to time optimization. Despite the elapsed years until today, and although the
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most studied features are related to resources, the percentages distribution indicates that time

optimization is the main factor in the problems related to the RCMPSP.

3.3.3 Connection to practice

With the aim to analyze those works that solved real-world-based cases, Table 3.8 shows the
research developed on them. Column 2 shows the application domain. Columns 3-5 show the
dimensions of the scenarios handled by each case in terms of the maximum number of projects,
the maximum number of jobs, and the maximum number of different renewable resources con-
sidered. Following the categorization provided in Sections 3.1 and 3.2, columns 6-13 and 14-34
report the objective function and features, respectively. Moreover, to analyze the different ob-
jective functions and features applied in real environments, Figure 3.6 shows the percentage of

works for (a) objective functions and (b) problem features.

[C] Real environment [l Others
5 80%| 80% |1 i
@]
5 60% | 60% 1
] - - -
S 40% | 40% |1 o || A
%D || 1 - — | | I~ - -
5 20%| i ] 20% |1 i
o u L H
) 0%>Umo;ozz O%moepmgmgqmquobmgmzqq
SEERQE"E SSERUZECTEOEEEZLFELgen
Objective functions Features

(a) (b)

Figure 3.6: Relationship between the literature and the real environments collected in this sur-

vey.

The applications in the construction field are the most representative ones. The maximum num-
ber of projects per instance and jobs per project in most works do not exceed 18 and 46, re-
spectively. These values, especially the number of jobs per project, are smaller than the similar
benchmark values proposed in the literature. Note there are works, for example, Kolisch and
Meyer (2006), that generated a set of instances based on the data collected in the company
where the research was conducted. On the other hand, in several works, the number of different

renewable global resources exceeds the values found in the generated instance sets.
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The most used objectives are related to the time category, followed by resource-based objective
functions. Regarding the described features, features associated with jobs-resources, resources,
and project categories stand out. In this sense, the use of multiple execution modes is the most
studied job- and resource-based feature. Moreover, in studying resource-based features, non-
renewable resources and the costs associated with resource use are prominent features. Lastly,

the feature involving weights is the most used project-based feature.

Based on the reported works, we can observe that only a part of the objective functions found in
the literature is pursued, where the makespan minimization and the total project cost minimiza-
tion are the most used ones. It is worth indicating that the objective function related to project
quality maximization was only used in real environments. The remaining objective functions
do not exceed the 35% utilization in real problems. On the other hand, the consideration of
weights, multiple execution modes, resource cost, and non-renewable resources are features ad-
dressed in many works, although they do not exceed 30% of the corresponding investigations
carried out compared to the overall available literature. Considering job quality, the features:
capacity limitations, planned unavailability, movable and unmovable resources, and generalized

precedence relations are studied in a few works but always considered in real environments.
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3.4 Conclusions

This chapter analyzed the investigations collected regarding features and objective functions. As
a result, 34 features and 20 objective functions were identified. Based on this, a taxonomy was
proposed for both aspects to unify concepts and visualize the current state of RCMPSP-related

variants.

The features and objectives were also described in depth and analyzed in terms of the evolution
of the problem and the number of existing studies. The analysis showed that the predominant
assumption is solving the problem under deterministic conditions. In addition, the latest research
lines mainly focus on studying decentralized environments, local and non-renewable resources,
multiple execution modes, and weights for each project. On the other hand, time- and resource-
based objective functions represent the main categories, with the minimization of the makespan,

average project delay, and total project cost being the most predominant objectives.

The works applied to real environments were also analyzed. In this sense, the complexity of the
real instances is less than that of the instances proposed in the literature. We also identified that
the most studied features are the multiple execution modes, non-renewable resources, and the
different weights of the projects. Also, the objectives related to time and resources are the main

categories, highlighting makespan minimization and the total project cost minimization.
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RCMPSP with local resources

Resource allocation is one of the most studied aspects in the research literature, which can be
seen through the thirteen features proposed in Section 3.1. Local resources represent one of
the most significant features since 2010 presented in the literature, and we described in Sec-
tion 3.1.3. The existence of local resources has been studied primarily in conjunction with
other features, for instance, decentralized management, multiple modes of execution, and the
existence of non-renewable resources. While the investigations of Villafanez et al. (2019) and
Wauters et al. (2015) are oriented to study the existence of local resources together with the

features of the base problem.

On the other hand, the objective functions (see the analysis in Section 3.3.2) related to time are
the most tackled in the literature, for example, the minimization of makespan (M) and average
project delay (APD). This trend is mainly reflected in the research addressing local resources’
existence. Specifically, the works of Villafanez et al. (2019) and Wauters et al. (2015) pursue

the minimization of the M, and Wauters et al. (2015) also pursue the minimization of the APD.

Given those mentioned above, in this study, we focused on solving RCMPSP with local re-
sources (RCMPSP-L), with the aim to minimize the average sum of makespan and delay time of
each project. To provide feasible solutions for the RCMPSP-L, we proposed a hybrid approach
by integrating an ant colony optimization (ACO) (Dorigo et al., 1996) constructive metaheuris-
tic with a local search method. The local search was developed employing a hill-climbing (HC)
first improvement (FI) algorithm to enhance the constructive solutions. As part of HC, we used
the Z3 tool proposed by (De Moura and Bjgrner, 2008), which is an SMT solver, to support the

process of verifying movement satisfaction and precedence of jobs, formalizing the constraints

59
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as logic formulas.

Based on the above-mentioned and discussion presented in previous sections, the contribution

of this study is three-fold:

e We propose a new mathematical formulation for the RCMPSP-L, a variant of the problem
that studies the features of the base problem together with the existence of local resources

belonging to each project.

e For solving this variant, we develop a hybrid approach that integrates ant colony opti-

mization (ACO) with a hill-climbing (HC) first-improvement (FI) algorithm.

e Regarding numerical experiments, we provide new bounds for some instances from the
MPSPLIib library, considering the resource management in the RCMPSP-L variant from

the centralized point of view.

The details of this study are presented as follows. Section 4.1 describes the problem and its
proposed mathematical model. The proposed hybrid algorithm is described in Section 4.2.
Section 4.3 reports the computational experiments, results, and comparisons with approaches

proposed in the literature. Finally, in Section 4.4, the study’s conclusions are presented.

4.1 Problem description

The RCMPSP-L is based on the definition of the base problem and local resources described in
Sections 2.1 and 3.1.3, respectively. Given this, in the RCMPSP-L, a set of projects comprises
a subset of jobs. Each project defines a release date or arrival time and the desired date. Each
job corresponding to the project is defined by a processing time and quantity required for each
resource type. Some jobs belonging to the same project might establish end-start precedence
relationships. To complete jobs, there is a constant number of (1) shared renewable resources
and (i1) own renewable resources available in each period. The shared or global resources can be
used for the execution of all jobs of all projects. Otherwise, the local resources (L) are defined
as resources belonging to a project that can be consumed exclusively by the jobs belonging to
the project. In addition, the resources are defined as a unique category; that is, the access to a
resource cannot be local or global. A feasible schedule for the problem consists of assigning
start times to each job in each project, satisfying the precedence relationships between jobs, and

the availability of global and local resources at each period.
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4.1.1 Mathematical formulation

Following the description mentioned above, the base mathematical model, and the nomencla-
ture described in Section 2.1.1, we defined the following mathematical formulation for the

RCMPSP-L.

The description of parameters K and k£ are modified as follows:

K set of different types of global resource,

2

k  amount of global resource, k € {1,2,...,|K

The parameters ¢;; and ay, are removed, and the following parameters are added:

E;  set of different types of local resource from project ¢,
2
k

gc;;  consumption of type of global resource k required to execute a job j of a project i,

e amount of local resource, e € {1,2,...,|F;

(&
leg;

ga®  availability of type of global resource k at every period,

consumption of type of local resource e required to execute a job j of a project 7,

la  availability of type of local resource e at every period from a project ¢.

The following decision variable must also be added:

1, 1if project 7 is delayed,
D; =
0, otherwise.

The objective pursued is related to time and can be defined as the minimization of the average

of the sum of the makespan and delay time of each project, which can be formulated as shown

below:
1] |T| |T|

1
Minimize 1 Z(Zt-Xlei|+(Zt-Xlei|—DDZ')-DZ) (4.1)
t=1

i=1  t=1
Constraints (2.4) that ensure the use of global resources must be replaced by the following

constraints:

|| |N;i| t+Dij—1

> > gef; - X% <gd®, VEe K teT (4.2)
i=1 j=1 q=t
|N;| t+D;;—1

Y g XL <laj, VielLke KjteT (4.3)
j=1 q=t
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Constraints (4.2) ensure that the allocation of global resources does not exceed the availability
of each global resource at each instant of time. While the constraints (4.3) ensure that the sum
of local and global resources assigned are enough to supply the demand of each resource for

each project at each instant of time.

To manage project delay times, it is required to add the following constraints:

7|
Y t-Xin —DDi<D;i-M, Viel (4.4)
t=1

When adding the aforementioned decision variable, it is required to add the following constraints

to the model:

D; €{0,1}, Viel (4.5)

4.1.2 Illustrative example

Figures 4.1 and 4.2 show an illustrative example of a solution found for the mp_j30_a2_nr4
instance. The instance considers 2 projects, each with a 30 job and only one local resource
type. The projects P; and P> present start time values of 0 and 7, respectively. The rectangles
represent the time period that a job is executed. At the same time, the lines that join the rectan-
gles represent the precedence relationships between jobs of the same project. In this case, both

projects finish the execution of their jobs in the time period of M = 56.
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4.2 Solution approach

In order to solve RCMPSP-L described in the previous section, we proposed a hybrid approach
that integrates an ant colony optimization (ACQO) algorithm and a hill-climbing (HC) as an

improvement solution method.

The ACO algorithm is a population-based metaheuristic that provides approximate solutions
to complex optimization problems. Ant optimization algorithms were introduced by Dorigo
et al. (1996) and belong to the population-based heuristics class. The way inspired them was
that a colony of ants could identify the closest feeding source to their nest by cooperating with
one another through a pheromone trail. There are several applications of ACO and swarm
intelligence techniques to a wide range of multi-project scheduling problems, such as RCMPSP
with non-renewable resources and flexible resource allocation (Rokou et al., 2014), RCMPSP
with job quality, uncertainty and cost/profit, as well as multiple execution modes, non-renewable
resources and different weights associated with each project (Xu and Feng, 2014), and the base

problem (Linyi and Yan, 2007).

The improvement method is based on an HC algorithm with the first improvement (FI). HC-
FI examines the neighboring solutions one by one and selects the first neighboring solution that
improves the current solution. After applying the movements, we used the advantages of Z3 API
in C++, an SMT solver, to formalize the precedence constraints as logical formulas to verify the
feasibility of a solution. Satisfiability modulo theories (SMT) (De Moura and Bjgrner, 2011) are
suitable to the scheduling problems since they have a strong boolean and arithmetic component
(Suy, 2012). In the doctoral thesis of Suy (2012), the SMT solvers can express incompatibilities
in precedence relationships in scheduling problems. More examples of using SMT solvers can
be seen in the work of Bofill et al. (2020), where the authors evaluate the performance through
several SMT formulations (i.e., OptiMathSAT (Sebastiani and Trentin, 2020) and Z3 (De Moura
and Bjorner, 2008)) to solve RCPSP.

4.2.1 Representation

To represent a solution, we used a complete graph where each node 7, j indicates a job 7 of
project i. Between each pair of nodes, there is an edge ((i, j), (w, x)), which represents a tran-

sition starting to the job j of project ¢ towards the job w of project x. Each edge ({3, 7), (w, x))
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has associated a pheromone trail 7 )» that represents how frequent has been visited this

0,3),{w,)
edge during the search.

The solution of the problem sol is stored in the memory of the ant, represented by a triad vector
that indicates the start time sequences. Each triad is composed of a job, the related project,
and the start execution time. For example, in a case where the Joby; started its execution in
period 1, and the job Jobs; started its execution in period 2, the representation of the solution is

composed as shown below:

sol = { <1, 1, 1)7 (1,3,2), cee (‘I‘, |Nz‘7 |TD}

4.2.2 General procedure

Algorithm 1 describes the general structure of our hybrid approach. Initially, in line 1, the
number of ants N4 7s and the number of iterations N;rgpg are set, and the pheromone levels
on each edge are initialized with 0.1. For each iteration, the ants must get the pheromone levels
information before the remaining ants influence the pheromone matrix. To ensure the above-
mentioned, in line 4, we carried out a copy of the pheromone matrix M that allows the ants
to get and modify the information. In lines 6-11, each ant builds a solution to the problem,
and the best solution is stored. After that, in line 12, a local search procedure was applied to
the constructed solution. Subsequently, in line 13, the pheromone levels on each edge of the
complete graph were evaporated to avoid getting stuck at local optimal solutions. Finally, in the

lines 14, 15, and 18, the procedure determines the best solution found Sr for all iterations.

With the aim of avoiding local optimal solutions, we limited the pheromone levels values be-
tween 0.0 and 1.5. In addition, the evaporation process was applied V({(i, ), (w, x)) € M using

the following equation:

T(ig)wa)) = (1= P)  T(g)wa))s  V((ig)fwa)) € M (4.6)

4.2.3 Constructive algorithm

The ant search process in ACO algorithms is guided by two types of information: memoristic
information or pheromone trail and heuristic information. The memoristic information is related
to each possible path or edge and can be modified by each ant on each iteration. This modifi-

cation depends on the path of the ant within the complete graph defined by order of the triads
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Algorithm 1 General procedure
1: Parameters initialization

2: Sp =0
3: while (N;rgr > 0) do

4. M =M
5: Sant = O
6: for:=1... Nan1s do
7: sol = Constructive algorithm
8: if f(sol) < f(Sant) or Saps.size = 0 then
0: Sant = sol
10: end if
11: end for

12: S ant = Local search(S 4,,¢)

13: Evaporation of pheromone in M
14: if f(Sant) < f(Sr) then

15: Sr = Sant

16: end if

17: end while

18: return Sp

within sol. That means if the following vector represents the solution found by an ant:
sol = {(1,1,1),...,(i,4,20), (w,x,23), ..., (|I|,|N:|,|T])}

then, the ant traveled the edge ({4, 7), (w,z)) and 7((; jy (.z)) it Was intensified following the

quality of the sol and is calculated using the equation:

1 .
Tl (w,)) = T((i,5),(w,z)) T Fisol)’ V((7,4,t), (w,z,t + 1)) € sol (4.7)

where f(sol) represents the value of the fitness function for sol, ensuring that the longer the
execution and delay time of the project, and fewer pheromones will be distributed along the

path.

On the other hand, each node has an associated heuristic preference denoted as 7; ; and defined

by:
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1 1

i = 438
n »J d’L,j + DDZ ( )

where d; ; 1s the duration of the job j of project ¢ and D D; is the desired due date of project <.

Both types of information (memoristic and heuristic) present different levels of influence in the
transition rule, which define each step of the ant. Those are defined by o and 3, respectively,

while the transition rule is established as follows:

1,70, (w,z) — [T(<i’j>v<wa$>)]a ) [nw,x]B
I D heF T, ] Ik

P, 4.9)

Algorithm 2 defines the proposed constructive algorithm. To build a solution, the ant performs
NgsrEps transitions or steps corresponding to the total jobs of all projects (line 2). In each
step, the current node (i, j) where the ant is located is defined (line 3). Also, the constraints
of the problem are checked, obtaining a set of nodes (I, h) € F towards which it is feasible to
move to start from (i, j) (line 4). Then, for each node (w, ) € F we calculate the probability
P j),(w,z)) that the ant’s next step is towards node (w, =) (lines 5-9). Subsequently, we use the
roulette-wheel selection method proposed by Lipowski and Lipowska (2012) to select a node
(line 10). In addition, the selected node joined with the corresponding time is stored in sol,
and the available resources for the next step are updated (lines 11 and 12). Once the solution
is completed, pheromones are deposited on the path traveled according to the quality of the

solution found in equation (4.7) (line 14). Finally, the constructive solution is returned (line 15).

4.2.4 Local search algorithm

The improvement method is based on a hill-climbing first improvement (HC-FI) algorithm. In
this algorithm, a fundamental aspect is the definition of the movement from which the neighbors
of the current solution are generated. In this study, the movement was defined as randomized

movement as follows:

A node is randomly selected from the Sant, (i, j) = random(San:) and Sant = Sant\ (3, 7) ,

and (7, 7) is inserted in another random position p = random(San:) and Sy, = Sant[p] U

(4,7)> Vp € |Santl; Vi) € Sant.

After performing a movement, we verified the feasibility of S’y , concerning the precedence

relations. To support that, we used the SMT solver (Z3, (De Moura and Bjgrner, 2008)) as part
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Algorithm 2 Constructive algorithm
l: sol =&

2: fori=1... Ngrppg do

3: (i, 7) = Obtain (sol)

4: F = Check problem’s constraints
5: for (w, z) in F do
6: Find 7(; jy (o) in M’
7 Calculate 77,,, ,
8: Calculate Py; jy, (w,x)
9: end for
10: Select a node and apply the movement

11: Add the selected node into sol

12: Update resource availability

13: end for

14: Deposit pheromone in M for movements involved in sol

15: return sol

of the HC-FI algorithm. The SMT solvers, as we mentioned above, are based on SAT problem,
the first problem known as NP-hard compound by a given set of propositional logic formulas
& = {p1,p2,...,pn} composed by a set of Boolean variables (e.g., x1, 2, ..., x,) Which
are related by logical connectives (e.g., V, A, or —). In most SAT contexts and applications,
the formulas are presented in conjunctive normal form (CNF), for instance, ¢1 = (—x1 V x2),
w9 = (—x1 V x2 V —x3) and w3 = (—x1 V x3 V —1y), representing clauses of literals joined by
disjunctions, whose final objective is to determine the values must be assigned to the literals so
that /3\ w; 1s true (Galvez, 2018). We proposed the following Boolean constraint formulation

i=1
to verify the feasibility of a movement.

The parameter is defined as follows:

k;;  represents the employed position in the memory of the ant for each job j of the project

D, ViE{l,...,‘I‘},Vj6{1,...,|Ni‘}.

The decision variable is defined as follows:

Ji; represents the employed position related to the ant memory for each job j of the

projectd, V; € {1,...,[I]}, V; € {1,...,|NVi|}.
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The precedence constraints are defined as follows:

1] [Ni| |N:] 1] |Ni]

(/\ /\ /\ Jij < qu‘) A (/\ /\ Jgi = qui), VJgi € Sij (4.10)

i=1j=1g¢=1 i=1j=1
where S;; represents the set of successors of the job j of project i.

Algorithm 3 presents the proposed local search algorithm, which receives and improves the best
solution S 4,,; from the constructive phase. During a specific number of iterations N;y7grp, a
feasible movement is successively searched (lines 1-3). In line 4, a randomized movement is
performed. The feasibility of S’; , was verified with Z3 (lines 5 and 6), checking if the prece-
dence constraints are satisfied in a new order. If the verification is infeasible (UNSAT), then the
process is repeated; otherwise (SAT), then the start times of each node (i, j) are recalculated in
S ant considering the availability of resources (line 8). On each iteration, the best solution found
so far is stored in Sy (lines 9 and 10). Finally, pheromones trails are deposited on the path

traveled according to the quality of S 4, (see equation (4.7)) (line 15).

Algorithm 3 Local search (S 4.,¢)
I: for:=1... Ny7grp do

2: decision = UNSAT
3: while decision = UNSAT do

4 S, = Randomized movement(Say;)
5: ® = Boolean formulation(S’y,,)
6: decision = Check problem’s constraints(®)
7: if decision = SAT then
8: S'y,,+ = Recalculate periods (S/,,,)
9: if f(Sh,) < f(Sant) then
10: Sant = qunt
11: end if
12: end if

13: end while
14: end for
15: Deposit pheromone in M for movements involved in S 4,,+

16: return S4,,;
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4.3 Experimentation results

The proposed algorithm was implemented in C++ and tested on a processor Intel(R) Xeon(R)
CPU E3-1220 3.10 GHz with 32GB RAM memory on CentOS Linux 7.6.18.19 system. Our
approach was tested through the online validator available on MPSPLib!. Also, we carried out

a 100 run for each instance using the values of the parameters indicated in Table 4.1.

4.3.1 Problem instances

In order to validate the proposed algorithm’s performance, 24 instances of MPSPLib were se-
lected. The MPSPLib by Homberger (2012) (see description in Section 2.3) was created to study
the RCMPSP-L for the management of the resource in a decentralized way. Also, according to
the research of Villafanez et al. (2019), the MPSPLib can be used to study the RCMPSP-L by
managing it in a centralized way. This library presents instances that consider a number of
projects among 2, 5, 10, and 20, and for each, a number of jobs of 30, 90, or 120. Also, there
are 4 types of resources, being defined some of them as local resources. We selected a set of 8
instances for each number of jobs between 30, 90, and 120, which in turn considers 7, 5, 7, and

5 instances of 2, 5, 10, and 20 projects, respectively.

4.3.2 Parameter analysis and tuning

We perform a parameter tuning using ParamILS (Hutter et al., 2009), taking into account some
parameter values used in the literature for ACO algorithms. Table 4.1 shows the interval of
values provided to the tuner and the optimal parameter configuration provided by the tuner.

Moreover, to provide suitable values to the tuner, the following aspects were considered:

e Number of ants and the number of iterations: higher values imply a greater possibility of

finding better solutions, but they influence execution times considerably.

e Memoristic information: values close to 0.0 tend to turn the constructive algorithm into a

Greedy algorithm.

e Heuristic information: values close to 0.0 tend to provide a quick convergence of the

constructive algorithm.

Thttp://www.mpsplib.com/upload.php
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e Evaporation levels: quick evaporation of pheromone levels can quickly cause the trails

that represent good solutions to become undesirable.

Table 4.1: Parameter setting scenario configurations and results.

Parameter Description Value Interval

NiTER Number of iterations of the algorithm 100.0  [50.0,100.0

Nrrerp  Number of iterations of the local search  80.0 [50.0,80.0

]

]

NANTS Number of ants 100.0 [50.0,100.0]
Influence of memoristic information 0.6 0.3, 1.0]

Influence of heuristic information 3.0 2.0, 4.0]

p Evaporation level 0.2 [0.1,0.5]

4.3.3 Discussion and literature comparison

Table 4.2 reports the makespan (M) values provided by our algorithm for the selected instances.
Columns 1 and 2 show the instance name and the distribution of global and local resources
(format (G:F;)), respectively. Finally, the last columns 3 and 4, report the best solution for
the constructive and the local search algorithm, respectively. As can be seen, the local search
procedure always improves the solution found by the constructive algorithm. Nevertheless, we
highlight the constructive algorithm as our strength because it provides good-quality solutions

due to the transition rule where heuristic information and pheromone trails are integrated.

To analyze the behavior of the proposed algorithm, Figure 4.3 shows boxplot charts of the
makespan values for the selected instances after the 100 run. As can be seen, the algorithm
presents a stable behavior, with relatively low-value variability, despite the significant differ-
ences between the characteristics and sizes of the instances selected to carry out the experimen-
tation process. The most significant variability occurs in mp_j90_a2_nr5, mp_j90_a5_nr4, and
mp_j120_al0_nr4, where the extreme upper values of makespan represent outliers found in the

search process.

We consider the following essential factors as those that provided stability and good behavior

of the algorithm:

e The number of pheromones deposited was proportional to the solution quality provided
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Table 4.2: Comparison of components performance of our approach.

Instance Resources Constructive Local search
mp_j30_a2_nrl (2:2) 75 71
mp_j30_a2_nr4 (3:1) 58 56
mp_j30_a2_nr5 (1:3) 63 59
mp_j30_a5_nr2 (1:3) 83 79
mp_j30_al0_nrl (2:2) 190 188
mp_j30_al0_nr2 (1:3) 115 112
mp_j30_al0_nr5 (1:3) 189 187
mp_j30_a20_nr4 (3:1) 190 187
mp_j90_a2_nr2 (1:3) 129 125
mp_jo0_a2_nr3 (2:2) 116 114
mp_j90_a2_nr5 (1:3) 126 121
mp_jo0_a5_nr2 (1:3) 118 114
mp_j90_a5_nr3 (2:2) 151 140
mp_j90_a5_nr4 (3:1) 134 127
mp_j90_al0_nr4 (3:1) 152 150
mp_j90_a20_nr2 (1:3) 169 167
mp_j120_a2_nr5 (1:3) 128 119
mp_j120_a5_nr2 (1:3) 180 178
mp_j120_al0_nrl (2:2) 137 134
mp_j120_al0_nr3 (2:2) 149 145
mp_j120_al0_nr4 (3:1) 379 376
mp_j120_a20_nrl (2:2) 91 88
mp_j120_a20_nr3 (2:2) 241 236
mp_j120_a20_nr4 (3:1) 209 205

by considering the makespan value and the delay of each project. Smaller delay and
makespan represent a greater amount of pheromones to deposit on each edge correspond-

ing to the path traveled by the ant, generating more desirability for other ants.

e The pheromone is deposited on the best solution found in the local search procedure, al-

though there is no change concerning the solution provided by the constructive algorithm.
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Figure 4.3: Boxplot charts showing the makespan values (M) for RCMPSP-L. on MPSPLIb in-

stances. Note: 100 runs.

e Pheromone levels do not exceed 1.5, thus encouraging the exploration of solutions by

avoiding local optimums.

e The heuristic information allows prioritizing those jobs (i) with a shorter duration, causing
a quick release of the resources, and (i1) belonging to projects with less completion time

by allocating a wide range within the roulette.

Following the review of Adam et al. (2019), the ‘No Free Lunch’ theorem establishes that all

optimization algorithms perform equally well by averaging over all optimization problems with-
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out re-sampling. Despite this, to analyze the proposed algorithm’s performance, we compare

the results provided by our approach with respect to other well-known approaches.

The results provided for the instances for APD, M, and DPD metrics show that our approach
is competitive. To compare our results, we used the results published in the MPSPLib. Even
though this problem does not cover decentralized resource management, the results are com-

pared with some approaches that study this feature and others that do not.

In Table 4.3, the columns 2-13 show the values for the previously described metrics for four
approaches. As can be seen, our proposed approach provides better results in 21% of the cases,
while for 38% of the instances, the same values as those presented in the literature are found,
both for the centralized and decentralized approaches. The results shown in the columns 2-4
are those presented by Villafafiez et al. (2019), research that studies the centralized allocation
of resources. Our results compared with this research shows that the percentage of instances
where we provided better results increases to 42%, while the percentage of cases in which
we find equal values is maintained. Concerning the best solutions presented in the table, we
provided an average Gap (%) of 1.07%, with at most 7.32% in the instance mp_j120_a20_nr1.
Note that we selected the makespan values as a quality measure to perform the comparisons, but

our algorithm also offers good quality values for the APD and DPD measures.

Table 4.4 shows the Friedman-k Related Samples test by statistically comparing the results
provided for three approaches. According to the test, with a 95% of confidence, the results
indicate that for ADP and M, the differences between the samples are significant for the three
metrics of the problem. In addition, it is observed that there is no best approach for the three

metrics, providing our approach with the lowest average range value for the makespan.
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Table 4.4: Friedman test results.

Approach APD M DPD
Lopez-Paredes/Pajares/Villafaiiez  2.73 2.35  2.27
Tony Wauters 1.67 3.17 2.79
DietzZHomberger 2.23 254 240
Our approach 3.38 1.94 254

4.4 Conclusions

In this study, we proposed a new mathematical formulation for the RCMPSP-L. This variant

studies the features of the base problem together with the existence of local resources of each

project. To solve this variant, we have proposed a hybrid optimization approach that integrates

ant colony optimization (ACO) and a local search based on a hill-climbing first improvement

(HC-FT) algorithm with the support of Z3.

The computational results show that the proposed approach finds better or equal solutions in

more than 50% of the selected instances concerning those known in MPSPLib. The use of ACO

shows that the algorithms belonging to swarm intelligence represent a potential solution to solve

the RCMPSP-L. A local search algorithm based on HC-FI and Z3 was developed, providing

improved solutions. The parameter tuning process using ParamILS allowed our approach to

find better makespan values.



Chapter 5

RCMPSP with resources mixed accessi-

bility

As we mentioned in previous sections, in multi-project environments, there is a wide range of
features related to resource classification as part of the taxonomy presented in Chapter 3 and
Figure 3.1. Adhau et al. (2013) state that in multi-project environments, the number of global
resources allocated to a project can influence project delay and duration. In this sense, greater
availability of global units can represent greater unit allocation, less delay, and a shorter duration

of each project.

According to the classification presented in Section 3.1, in the studied literature, we found that
the accessibility of the resources is one of the most studied classifications. Resource accessibil-
ity can be global or local and indicates the level of access that the jobs belonging to a project
have concerning a resource type. Regarding global accessibility, the resource type has a unique
availability shared by all projects. On the other hand, when a resource type is limited to local
accessibility (Homberger, 2007), each project has its available units that can only be used to
execute its jobs. When addressing accessibility in the multi-project scheduling problem, related
works consider that each resource type has either global or local accessibility but not both (see
Chapter 4). This might result in inefficient utilization of resources with local accessibility and

delay of projects.

Based on the previous discussion, this work studies resources with mixed accessibility, where

a resource type can have units with global and units with local accessibility. In contrast to

79
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RCMPSP, in this new problem variant, job requirements can be simultaneously satisfied by

global, local units, or both.

The existence of resources with mixed accessibility generates different modes of resource allo-
cation. The resources can be allocated at each time period (unitary) or for the entire job duration
(total). When the resources are allocated unitary, in each time period, the assignment fulfills the
job requirement in execution but not necessarily with the same resource unit. For example, if
a job requires 5 units of resource type 1, in the first period that the job is executed, it can be
executed by 3 local units and 2 global units, while in the second period, it can be executed by
5 local units. On the other hand, when the resources are totally allocated, the resource units,
global or local, allocated for the execution of a job are constant during the job duration. For
example, suppose a job requires 5 units of resource type 1. In that case, if in the first period, the
job is executed by 3 local units and 2 global units, the allocation made has to be preserved for
the entire job duration. Following the previously proposed nomenclature, we named RCMPSP-
MU and RCMPSP-MT, RCMPSP variants that study resources with mixed accessibility, and the

allocation is carried out unitary or total, respectively.

To place both features related to the problem within the taxonomy proposed in Figure 3.1, we
show in Figure 5.1 where the newly described features would be connected. Only the features re-
lated to the Accessibility subcategory are shown. A mathematical formulation for the RCMPSP
with resources mixed accessibility and unitary resources allocation (RCMPSP-MU) minimizing

the average project delay (APD) can be seen in Appendix A.

[Resources )
X

!
(Accessibility]

Local (L)
Mixed unitary (MU)
Mixed total (MT)

Figure 5.1: Location of new features into the taxonomy proposed in Section 3.1.

On the other hand, a features widely studied in the literature are the weights of projects and
costs associated with using resources related to the categories of projects and resources, present
on b8% and 42% of the related research carried out in real contexts (see Section 3.3.3). In
this sense, Tian et al. (2020) study a practical multi-project scheduling example drawn from

Qing’an Corporation, considering global and local accessibility and the cost associated with
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the delay of each project. Xu and Zhang (2012) consider costs associated with project delays
due to the research is related to a large-scale water conservancy and hydropower construction
project in the southwest region of China, whose main project is an embankment dam (large
water impounding structure). In both works, the authors pursue minimizing the delay cost.
Since the delay cost defines the weight or priority of the project, minimizing the delay cost is
equivalent to minimizing the weighted project delay (WPD). The paper by Gholizadeh-Tayyar
et al. (2016) consider several costs based on the planning of the project and the use of resources
on a project called CRIBA to reduce the energy consumption level of buildings in France. The
associated costs are related to the rental of resources, the use of own resources, the purchase and
storage of resources, and the delay of projects, among others. Zhang and Chen (2018) present an
actual study related to China Datang Corporation in charge of managing wind farm construction
projects. In their problem, among other features, they consider global and local accessibility and
costs associated with using renewable resources. In both works, the authors pursue minimizing

the total project cost (TPC).

Considering that the delay and resource costs have been addressed in several studies, especially
in real environments, joint with the importance of considering the costs in the different prob-
lem variants (e.g., see Tian et al. (2020) and Gholizadeh-Tayyar et al. (2016)), our research
focuses on the analysis of both costs in the context of resources with mixed accessibility and

total resources allocation.

Based on the previous discussion, the contribution of this study is three-fold:

e We propose two new variants of the RCMPSP with their corresponding mathematical
models. Namely, RCMPSP-MT-W and RCMPSP-MT-W+RC. Both variants focus on
resources with mixed accessibility, total resource allocation, and weights associated with

projects, and the second variant includes the cost per use of units with global accessibility.

e For solving the proposed variants, we develop a hybrid approach that integrates iterated
local search algorithm (ILS), simulated annealing (SA), tabu search (TS), and priority
rules (PRs). The initial solution is constructed following a PR and improved through
the SA. Subsequently, the best solution found in each iteration of ILS is perturbed and
improved again with SA. The tabu list is used within the SA to avoid repetitively visiting

a solution generated by a movement.

e Regarding experimental results, we provide a modified set of instances based on MP-
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SPLib to study the mixed accessibility and resource costs. In this new set, the availability
and accessibility of resources are modified, and the resource costs to units with global

accessibility are added.

The details of this study are presented as follows. Section 5.1 describes the problem variants and
the proposed mathematical models. The proposed hybrid algorithm for solving the presented
problems is described in Section 5.2. Section 5.3 reports the computational experiments, results,

and resource accessibility analysis. Finally, the study conclusions are presented in Section 5.4.

5.1 Problem descriptions

The RCMPSP-MT-W considers a set of projects, I, comprising a subset of jobs, N;,i € I.
Each project defines an arrival time AT}, ¢ € I and the desired due date D D;,7 € I. Each job j
corresponding to the project i is defined by a processing time d;; and quantity required for each
resource type Cf‘; Some jobs belonging to the same project might establish end-start precedence
relationships, generating the set of predecessors P;;. To complete jobs, there exists a set K of
resource types. Each resource type £ € K at each time period has availability of units with
global accessibility ga” shared by the projects and availability of units with local accessibility
laf’ for each project ¢+ € I. Furthermore, each project has a cost associated with the delay time
cd;. In the case of the RCMPSP-MT-W+RC, the costs associated with using global units cr* are
considered in addition to the parameters mentioned above. A feasible schedule for both variants
consists of assigning start times to each job belonging to each project, satisfying the precedence

relationships between jobs, and global and local resource units availability at each time period.

5.1.1 Mathematical formulation

The mathematical representation for both variants proposed can be defined based on the mathe-

matical model described in Section 2.1.1.

The parameter aj is removed, and the following parameters are added:

ga®  Availability of units with global accessibility of resource type k at every period,

lak

. Availability of units with local accessibility of resources type & belonging to the project s,

cd;  Cost of every time period delayed for project i,

M,  Upper bound for delay time,
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For the RCMPSP-MT-W+RC variant is required to add the following parameter:

cr®  Cost of using units with global accessibility of type resource k.

The following decision variables are defined:

ij Amount of units with global accessibility of resource type £ allocated to job j of project ¢,

ij Amount of units with local accessibility of resource type k allocated to job j of project .

1, 1if project 7 is delayed,
D; = Pl ' (5.1)
0, otherwise.
For the RCMPSP-MT-W the objective function (5.2) minimizes the weighted project delay
(WPD) through the sum of the delay costs of each project. For each project, the difference
between the completion time and the desired due date (D D;) is calculated. If the project is

delayed (D; = 1), the difference is multiplied by the project delay cost (cd;); otherwise, the

difference is multiplied by zero.

1l 1T

Minimize Y <Zt X — DDi> . D; - cd; (5.2)
1=1 t=1

For the RCMPSP-MT-W+RC the objective function (5.3) minimizes the total project cost (TPC)
through the sum of the delay costs (Equation (5.2)) and resource costs of each project. To
calculate the cost of using units with global accessibility of each resource type, the consumption
of units with global accessibility made by each job (ij - d;;) 1s multiplied by the cost of using

units with global accessibility of this resource type (cr*).

1| T |Ni| |K|
Minimize » (( » t-Xin, = DDi)-Di-cdi+ > > G- dij- crk> (5.3)
i=1  t=1 J=1 k=1

The following constraints must replace constraints (2.4) that ensure the satisfactory use of re-

sources with global and local units.

|[I| |N;| t+D;;—1

Y Y GEXlL<gdh, VkeKiteT (5.4)
i=1 j=1 q=t

|N;| t+D;j—1

Y Ly -XL<laf, VielLke KteT (5.5)
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Gh+LE=ci, Viel,jeN ke K (5.6)
Constraints (5.4) guarantee that the global units allocation does not exceed the current availabil-
ity of each resource type with global accessibility at each time period. Constraints (5.5) enforce
that for each project, the local units allocation does not exceed the current availability of each
resource type with local accessibility at each time period. Constraints (5.6) indicate that the
allocation of global units added to the local units to each job of each project is enough to supply

the corresponding demand.

To manage project delay times, it is required to add the following constraints:

7|
d t-Xhn —DDi<Di Mg, Viel (5.7)
t=1

When adding the aforementioned decision variables, it is required to add the following con-

straints to the model:

Gi;>0, Viel,je N, ke K (5.8)
Li; >0, Viel,je Nj,ke K (5.9)
D; €{0,1}, Viel (5.10)

5.2 Solution approach

A wide range of solution methods has been used to solve the RCMPSP variants that addressed
features related to resource and project classifications. Following Section 2.2, the approximate
algorithms are the most used to solve the RCMPSP variants, among them PR, SA, TS, and ILS.
In addition, hybrid algorithms have been the most popular solution proposal in the last decade.
The tabu search (TS, Glover and Laguna (1998)) is an algorithm included in several hybrid ap-
proaches presenting better performances. For example, the work of Tian et al. (2018) hybridizes
GA with TS. The authors propose three algorithms to solve an RCMPSP variant that addresses
planned resource unavailability and movable and unmovable resources in a real environment.
The first algorithm consists of an improved serial heuristic algorithm based on priority rules
(ISHPR), the second is based on the genetic-particle swarm (ISG-PS), and the third combines
TS and genetic-particle swarm (ISG-PSTS). In the experimentation process, the authors show

that the ISG-PSTS algorithm performs best to solve the studied variant. The hybridization of
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simulated annealing (SA, Kirkpatrick et al. (1983)) has also shown better performance when
solving different variants of the RCMPSP. In this sense, Chen and Shahandashti (2009) propose
the hybridization of SA and GA to solve an RCMPSP variant with generalized relationships. To
compare the algorithm performance, the authors implement each algorithm separately, conclud-
ing that the hybridization of SA and GA presents better results in real-project environments.
We also find works hybridizing SA and TS, presenting good results. For instance, He et al.
(2021) develop three approaches to solve a problem variant that deals with the existence of
global and local accessibility. The first algorithm is based on TS, the second on SA, and the
third on hybridizing both algorithms TS-SA. The computational results show that TS-SA is the
most promising for solving the problem under study. Given that the use of TS presents a good
performance in the used algorithms to solve different variants of the RCMPSP and that good
results were obtained from its hybridization with SA, in this research, we focus on studying the

hybridization of SA and TS.

Among the essential aspects of SA is the generation of neighborhoods. In the related literature,
many investigations perform this procedure by random movements. For example, Joo and Chua
(2017) represent a solution through two strings, the sequence and the selected modes of all jobs
and proposes two random moves, one that modifies the order of the sequence and another that
changes the selected execution mode. On the other hand, priority rules (PRs) are the most used
heuristics in the literature related to the RCMPSP, in most cases embedded within other heuris-
tics (Browning and Yassine, 2010b; Chen and Shahandashti, 2009). Given the aforementioned,
added to the fact that our research places greater emphasis on features related to resources, we

use a random selection of resource types and priority rules to generate neighborhoods.

Another approach used as a framework for hybridizing algorithms is ILS (Lourenco et al., 2003).
For example, Ahmeti and Musliu (2021) combine two hyper-heuristics under the ILS framework
to solve an RCMPSP variant that considers multiple execution modes, global and local acces-
sibility, and non-renewable resources. The authors integrate an exact approach, a constraint
programming model (CP), with a local search-based algorithm that blends minimum conflicts
algorithm and TS heuristics embedded in an iterated local search framework. The hybrid im-
plementation consists of the sequential execution of the CP model and the meta-heuristics. The
output solution of one method serves as the initial solution for the other. The perturbation strat-
egy 1s based on a mode change of one job and reversing a short sequence of randomly selected

jobs. By implementing the algorithm, the authors find new bounds for the studied variant in
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the experimentation process. In this research, we use the ILS procedure to integrate SA, TS,
and PRs. The initial solution is generated using PR, while the perturbation strategy is based on

sequence modifications by swapping randomly selected jobs.

The representation of a solution is described in Section 5.2.1. The ILS is the general hybridiza-
tion structure (see Section 5.2.2), starting from an initial solution generated through PR (see
Section 5.2.3), and exploring the search space by applying changes or perturbations (see Sec-
tion 5.2.5). The local search procedure integrated into ILS is SA combined with TS and PRs,

and 1ts described in Section 5.2 .4.

5.2.1 Representation

We use a triad vector to represent a solution (.5) that indicates the start time sequences. Each
triad comprises a job, a related project, and the start time. For example, in a case where the
Joby1 started its execution in period 1, and the job Jobs; started its execution in period 2, the

representation of the solution is composed as shown below:
S={(1,1,1), (1,3,2),....(I],|N:],|T]) }

In addition, this algorithm relies on the G, auxiliary structure to generate the neighbors in SA.

2

k € {1,2,...,|K|} and the corresponding value is defined by a vector of integers T, t €

This structure is represented by a hash table whose key is a pair (i,k), i € {1,2,...,|]

{1,2,...,|T|}, indicating the number of units with global accessibility of resource type k allo-

cated to project 7 at instant ¢.

Moreover, we use a priority queue structure to represent the rabu_list as part of the SA approach.
This data structure defines a triads of pairs of jobs (7,7), 4,7 € {1,2,...,|I|} and a resource

type k, k € {1,2,...,|K]|}.

5.2.2 ILS-based general procedure

The general procedure receives as input the list of jobs from all projects (L qps), the maximum
absolute due date of the projects (maxT’), the minimum and maximum temperature (75,4, ) and
(T'nin), the number of iterations executed before making a temperature change (N, ), and the
temperature decrease coefficient («v). Furthermore, for the SA-based local search implementa-

tion, GG, stores the allocation of units with global accessibility to a project at each time period.
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Algorithm 4 describes the general structure of our hybrid approach. First, in line 1, an initial
solution to the problem is generated. In lines 2-3, the SA procedure is applied to the initial
solution found, storing the result in S (representing the starting solution for the perturbation
procedure) and in gSol (representing the best global solution found). On the starting solution,
in line 5, a perturbation procedure is carried out that promotes the exploration of the search
space. In line 6, the SA procedure is applied based on the perturbed solution. In the lines 7-8,
the best global solution found and the starting solution for the new iteration are updated. Based
on perturbations and local search, this procedure is repeated for the number of restarts (/V,est)

defined (lines 4-9). Finally, in line 10, the best global solution found (gSol) is returned.

Algorithm 4 ILS-based algorithm (L ops, Nyest, maxT’, Traz, Tmin, Niter, @)

1: So = Initial solution (L eps)
2: S =SA (So, Niter, MazT, Tnaxs Timins Niters @ Gg)
3: gSol =S

cfor(r =0... N,.s) do

S’ = Simulated annealing (S}, Njter, MazxT, Trnaws Trnin, Niter> @, Gg)
gSol = Best of (¢gSol, S")
8: S =gSol

4
5: S{, = Perturbation (5)
6
7

9: end for

10: return: gSol

5.2.3 Initial solution

The 1nitial solution is generated through the first come-first served (FCFS) priority rule. Fol-
lowing the nomenclature presented in Section 2.1.1 and the research presented by Browning and

Yassine (2010b), we define FCFS in our problem as min(L;;).

Algorithm 5 describes the structure of the initial solution generation process. In line 1, the
essential structures for the execution of the algorithm are initialized. Subsequently, for each
period (lines 2-6), it is checked which jobs end their execution in line 3. These jobs are added
to the initial solution (Sy), removed from the execution list, and the units with global and local
accessibility of each resource type used by finished jobs are released. In line 4, the candidate
list is updated. The candidate jobs are added to the candidates list and removed from the L ;s

list. A candidate job satisfies the condition that all its predecessors are fully executed; that is,



CHAPTER 5. RCMPSP WITH RESOURCES MIXED ACCESSIBILITY 88

they are in Sp. The start of the candidate jobs is made in line 5. The candidates are added to
the execution list, removed from the candidates list, and the availability of existing resources
1s decreased by the amount corresponding to the job requirements. The start of a job candidate
depends on the simultaneous availability of all resource units required by the job. In this case,
the availability of resource units is verified by the sum of the currently available units with
global and local accessibility of each resource type belonging to the project corresponding to
the job candidate. In addition, it is established that the units with local accessibility are allocated
first, and if required, the remaining demand is supplied with global units. Finally, in line 7, the

generated solution (Sp) is returned.

Algorithm 5 Initial solution (L s, mazT)

1: Sy, candidates, execution = &
2: for (ttme = 0...mazxT) do
3: So = End execution IS (time, execution, Sp)
candidates = Update candidates IS (time, Ljqps, candidates)

4
5: execution = Start execution IS (time, candidates, execution)
6: end for

7

: return: Sy

5.2.4 Simulated annealing

The SA uses the initial solution described above and a movement combining the allocation
of units with global accessibility and seven PR for neighborhood generation. The units with
global accessibility allocated to each project at each period are stored in the structure GG,. The

movement is defined as follows.
o Let:
P, projects less delayed in the current solution,

P,, projects more delayed in the current solution,

k resource type randomly selected.

e Swap the allocation of units with global accessibility of resource type k£ between P, and

Pp,.

e Build the neighborhood based on the modified allocation of units with global accessibility
and the PRs.

Algorithm 6 describes the SA-based local search procedure. In line 1, the solution on which
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the local search is performed is stored as the best solution. In lines 2 and 11, the structures
required for the algorithm are initialized. In line 5, the tabu list is updated. In lines 6 and
7, the most and least delayed projects and a random resource type are obtained. The swap of
resource allocation is made in line 8. In line 12, a priority rule is randomly selected to generate
the corresponding neighbor. The neighbor generation is made from lines 13-17. Similar to
the procedure described in Section 5.2.3, for each period, in line 14, it is checked which jobs
finish their execution. These jobs are added to S,,;, removed from the execution list, and the
units with global and local accessibility of each resource type used by finished jobs are released.
In line 15, an update of the candidate list is performed. The candidate jobs are added to the
candidates list and removed from the L ;.5 list. The start of candidate jobs is made in line
16. The candidate jobs are added to the execution list, removed from the candidates list,
and the availability of existing resources is decreased in the amount corresponding to the job
requirements. In this case, updating units with global accessibility is based on the modified
resource allocation, which implies that the global units available for each resource type can
differ at each period. Given this, for a job execution, it is essential to verify that the required
units of each resource type are available during the job duration. If the solution quality is higher
than the best obtained so far, in lines 18-21, the starting solution is updated, and both projects
and the swapped resource type are added to the tabu list. If the quality is lower, the probability of
acceptance of worse solutions is calculated, and a random number between 0 and 1 is generated
in lines 23 and 24. If the generated number is less than the calculated probability, then the
starting solution is updated, and both projects and the swapped resource type are added to the
tabu list (lines 25-29). Once a transfer is made to a generated neighbor, the best solution is
updated in lines 32 and 33. The temperature remains constant for a certain number of iterations
before decreasing it in line 36. The procedure is carried out while the temperature is higher than
the defined minimum temperature (lines 3-37). Finally, in line 38, the best solution found sol is

returned.
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Algorithm 6 SA (Sstarts Ljost Niter» MaxT, Traz, Tmins Niter, o, Go)

1: sol = Sstart

2: tabu_list = &

3: while (t > T,,,;,) do

4
5:
6
7
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:

for (1 =0... N;,) do
Check tabu_list
less, most = Least and most delayed project
R =random(1,...,|K|)
G, = Exchange (G, less, most, R)
flag =true
while (flag) do
S, candidates, execution = &
PR=random(1,...,7)
for (time =0... MaxT) do
Snp = End execution SA (time, execution, Syp, Ga)
candidates = Update candidates SA (time, L;qps, candidates, PR)
execution = Start execution SA (t2me, candidates, execution, G,)
end for
if f(Snp) < f(Sstart) then
Sstart = Snb
tabu_list.add (less, most, R)
flag = false
else
rand = random(0, 1)
value = e®/4
if rand < value then
Sstart = Snb
tabu_list.add (less, most, R)
flag = false
end if
end if
end while
if f(Sstart) < f(sol) then

sol = Sstart

end if
end for
t=1 -«

37: end while

38: return: sol
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Table 5.1 describes the seven PRs implemented in this work. Columns 1-2 present the acronym
and description of the PR, respectively. Column 3 indicates the basis of the PR following the
research presented by Browning and Yassine (2010b), where PRs can be based on jobs, projects,
resources, relationships, or the union between them. Finally, column 4 reports the formula for
calculating the corresponding PR. The nomenclature used is introduced in Section 2.1.1, and

Si; is the set of successors of job j of project :.

Table 5.1: Priority rules description.

Acronym Description Basis Formula

SOF Shortest operation first Jobs min (d;;)
MOF  Longest operation first Jobs mazx (d;;)

LR Minimum resources usage Resources min (Z',fi'l cf])
MR Maximum resources usage Resources max (Z'kli'l cf;)

Less resources usage for , K|
LRD Jobs-Resources min (3>, ) - dij)

) ij
complete execution

Maximum resources usage for K 4
MRD Jobs-Resources maz ((3°,_ c¥:) - dij)

. ij
complete execution

MS Maximum total successors Relationships ~ max (Z'SS:’l Sij)

5.2.5 Perturbation procedure

The solution perturbation process in the proposed algorithm is based on the random relocation of
a job within the existing solution. Then an update of the start times of each job and the resource
consumption at each period is performed. We propose two perturbation intensities. The first is
named simple perturbation, where only one job is swapped within the solution. The second is a

joint perturbation, where one job of each project is swapped within the solution.

Since the simple perturbation is a special case of the joint one, Algorithm 7 describes the joint
perturbation procedure. First, in line 2, a job is randomly selected. In lines 4 and 5, the max-
imum and minimum positions corresponding to the current solution of the predecessors and

successors of the selected job are obtained. Then, a position is randomly selected between both



CHAPTER 5. RCMPSP WITH RESOURCES MIXED ACCESSIBILITY 92

values in line 6. In line 7, the movement of the selected job to the position obtained is carried
out. The procedure is repeated as many times as projects exist. In each iteration, a job of a
different project is selected in lines 1-8. Then, in line 9, structures required to recalculate the
solution are initialized. The recalculation of the solution is made on lines 10-13. The procedure
18 similar to the one described in Section 5.2.3, but there 1s no candidate list since the execution
order provided in the modified solution must be respected. For each time period, in line 11 it
is checked which jobs have finished. These jobs are added to Sy, removed from the execution
list, and the units with global and local accessibility of each resource type used by finished
jobs are released. In line 12, the jobs are added to the execution list, removed from the .S list,
and the availability of existing resources is decreased by the amount corresponding to the job

requirements. Finally, the output consists of the best solution found (Sp) in all iterations.

Algorithm 7 Perturbation (S, maxT)
1: for(i=1...]I])do

2: r1 =random(1,...,|S|), where (S|ri].project = i)
3: g =S[r1].job

4 R.in = highest position allocated in S by the predecessors of (i, )
5: Rinar = smallest position allocated in .S by the successors of (i, j)
6 ro = random(Ruyin, - - -, Rmaz)

7 S = Movement (S, r1, 2 )

8: end for
9: Sp, execution =

10: for (time =0... MaxT) do

11: So = End execution P (time, execution, Sy)
12: execution = Start execution P (time, S, execution)
13: end for

14: return: S,

5.3 Experimentation results

The proposed algorithm was implemented in C++ and tested on Intel(R) Xeon(R) processor E3-
1220, 3.10 GHz with 32GB RAM memory on a CentOS Linux 7.6.18.19 system. Our approach
was validated through the modified instances proposed in MPSPLib'. Also, we carried out a

100 run for each instance using the values of the parameters indicated in Table 5.3.

Thttp://www.mpsplib.com/
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5.3.1 Problem instances

To validate our approach to solve both variants proposed, we selected and modified 36 instances
of the MPSPLIib (see description in Section 2.3). In MPSPLIib, for each resource type, the
available units with global or local accessibility for each time period are defined. Given this,
to configure the set of instances with resources mixed accessibilityz, we modified, for each
resource type, the available units with global and local accessibility. Moreover, to preserve the
stability of resource availability, for each resource type, the units with global accessibility were
uniformly distributed among units with local accessibility of each project and units with global
accessibility. In addition, the resource costs were added following the research presented by
Zhang and Chen (2018), where, based on the collected data and experts’ experience, the costs

of renewable resources are defined as random integers between 1 and 8.

The instances selection was carried out uniformly concerning the number of projects (_a), jobs
(_J), and different among projects (_nr). Table 5.2 shows the used instances. Column 1 indicates
the instance’s name, while column 2 shows the reference MPSPLI1b instance. Column 3 indicates
the number of resource types that have mixed availabilities. The total number of successors of
the instance is reported in column 4. The average resource required by a job for each resource

type is presented in the columns 5-8. Finally, the average resource cost is shown in column 9.

Table 5.2: Principal components related to the used instance set.

Instance Reference # Mixed #Succ. Ry Re Rs Ry Avg. cost
mpma_j30_i2_1 mp_j30_a2_nrl 2 96 5.00 6.47 5.53 5.86 1.50
mpma_j30_i2_2 mp_j30_a2_nr3 2 96 0.75 1.51 1.48 1.86 5.00
mpma_j30_i2_3 mp_j30_a2_nr5 | 116 4.86 3.86 3.72 3.50 8.00
mpma_j30_i5_1 mp_j30_a5_nrl 2 340 1.22 125 1.59 1.22 5.50
mpma_j30_i5_2 mp_j30_a5_nr3 2 290 3.27 3.37 3.82 3.59 7.50
mpma_j30_15_3 mp_j30_aS5S_nr5 1 290 3.15 244 2778 2.85 8.00
mpma_j30_i110_1 mp_j30_al0_nrl 2 480 547 4.63 4.25 5.97 5.00

(Continued on next page)

2 All RCMPSP-MT-W+RC used instances are online available at: https:/github.com/mariamgmez/rcmpsp_mt_w_rc
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Table 5.2 — (Continued from previous page)
Instance Reference #Mixed #Succ. Ry Re Rs3 Ry Avg. cost
mpma_j30_110_2 mp_j30_al0_nr3 2 480 4.53 473 5.02 5.18 5.00
mpma_j30_110_3 mp_j30_alO_nr5 1 680 2.44 2.60 2.43 2.37 3.00
mpma_j30_i120_1 mp_j30_a20_nrl 2 1360 2.66 3.50 5.59 4.53 5.50
mpma_j30_i20_2 mp_j30_a20_nr3 2 960 490 4.97 4779 492 2.00
mpma_j30_120_3 mp_j30_a20_nr5 1 1360 4.16 4.26 4.33 4.09 3.00
mpma_j90_i2_1 mp_j90_a2_nrl 2 332 252 3.02 249 2.87 5.00
mpma_j90_i2_2 mp_j90_a2_nr3 2 332 2773 293 2.19 3.48 3.00
mpma_j90_i2_3 mp_j90_a2_nr5 1 332 149 146 142 1.29 4.00
mpma_j90_15_1 mp_j90_aS_nrl 2 830 5.68 5.43 547 4.78 4.50
mpma_j90_i5_2 mp_j90_a5S_nr3 2 914 3.04 3.14 291 2381 6.00
mpma_j90_i15_3 mp_j90_a5_nr5 1 830 3.04 3.06 2.94 2.77 8.00
mpma_j90_110_1 mp_j90_al0_nrl 2 1940 2.51 3.02 2.72 2.84 3.50
mpma_j90_110_2 mp_j90_al0_nr3 2 1940 5.39 5.25 532 5.29 4.00
mpma_j90_i110_3 mp_j90_al0_nr5 1 1912 497 484 5.02 5.03 4.00
mpma_j90_i20_1 mp_j90_a20_nrl 2 3320 2.65 296 296 2.11 7.50
mpma_j90_i20_2 mp_j90_a20_nr3 2 3152 2.82 275 2.61 2.80 3.00
mpma_j90_i20_3 mp_j90_a20_nr5 1 3460 4.21 421 422 4.19 6.00
mpma_j120_i2_1 mp_j120_a2_nrl 2 514 153 1.06 1.40 1.15 2.00
mpma_jl120_i2_2 mp_j120_a2_nr3 2 514 5.39 548 5.39 5.04 2.50
mpma_j120_i2_3 mp_j120_a2_nr5 1 514 2.07 245 2.02 2.03 6.00
mpma_j120_i5_1 mp_j120_a5_nrl 2 915 0.89 1.16 1.84 0.97 4.50
mpma_j120_i5_2 mp_j120_a5_nr3 2 1100 5.41 5.38 5.47 5.38 4.00
mpma_jl120_i5_3 mp_j120_a5_nr5 1 1248 472 4771 4.65 4.49 2.00

(Continued on next page)
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Table 5.2 — (Continued from previous page)

Instance Reference #Mixed #Succ. Ry Re Rs3 Ry Avg. cost
mpma_jl120_110_1 mp_j120_al0_nrl 2 1830 1.06 1.86 1.05 1.00 6.00
mpma_jl120_i10_2 mp_j120_al0_nr3 2 2570 142 135 129 1.35 5.50
mpma_jl120_i110_3 mp_j120_al0_nr5 1 2570 2.85 2777 2775 2.69 1.00
mpma_j120_i20_1 mp_j120_a20_nrl 2 3660 0.89 1.16 1.83 0.97 7.00
mpma_j120_i20_2 mp_j120_a20_nr3 2 4030 3.15 3.17 3.18 3.15 2.50
mpma_jl120_i20_3 mp_j120_a20_nr5 1 4770 3.29 3.30 3.41 3.36 1.00

5.3.2 Parameter analysis and setting

We perform a parameter tuning using ParamILS (Hutter et al., 2009), considering some
parameter values used in the literature for ILS, SA, and TS algorithms for solving RCMPSP
and RCPSP variants. Moreover, to provide suitable lower and upper limits of the ranges to the

tuner, the following aspects are considered:

e Number of restarts and a number of iterations: higher values imply a greater possibility

of finding better solutions, but they influence runtime considerably.

e Maximum and minimum temperature: high or small values generate a greater or lesser

probability of transition towards solutions of lower quality, respectively.

e Temperature decrease coefficient: higher values imply a slight decrease in temperature,

while lower values promote rapid cooling.
e Tabu list size: must be consistent with the number of existing projects.

Table 5.3 shows the interval of values provided to ParamILS and the optimal parameter config-

uration found by the tuner.
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Table 5.3: Parameter setting results.

Parameter Description Value Interval

N,yest Number of restarts of ILS 50.0 [10, 50)/10
Nitor Number of iterations before temperature change 50.0 [10, 50)/10
T Maximum temperature 10000.0 [1000, 10000]/1000
Thin Minimum temperature 1.0 [1,500]/100
o Temperature decrease coefficient 0.9 [0.1,0.9]/0.1
TLge Tabu list size \Il/4 [|I|/2,|1|/3,|1|/4]

5.3.3 Results

In this section, we analyze different aspects based on the results of implementing the mathemat-
ical models and the hybrid algorithm in the studied problem variants. Section 5.3.3.1 analyzes
the results of implementing the proposed mathematical models. Section 5.3.3.2 analyzes the
results provided for both variants concerning the influence of the perturbation intensity applied
as part of the ILS. Given that the resource costs considerably influence the use of resources, to
study the influence of resource accessibility, Section 5.3.3.3 analyzes the results provided for
the RCMPSP-MT-W variant. Finally, Section 5.3.3.4 compares the results of both proposed

variants.

5.3.3.1 Mathematical formulations analysis

The proposed mathematical formulations (see Section 5.1.1) provide feasible results only to the
instance mpma_j30_i2_2 reporting a Gap(%) value of zero. Achieving feasible results is not
possible for the remaining test cases within a time limit of 2 hours. The values provided for
total makespan (M), average project delay (APD), and weighted project delay (WPD) for both
variants studied are 65, 2.5, and 70, respectively. While for the RCMPSP-MT-W+RC the cost
for the use of resources obtained (RCP) is 120, incurring a total cost (TC) of 190. Several factors
can influence the behavior shown above. The instances mpma_j30_i2_1 and mpma_j30_i2_2
present the least number of successors, which implies fewer precedence constraints and, there-

fore, less resolution complexity because the number of constraints decreases (see Table 5.2).
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Also, both instances present the same number of units with both global and local accessibility.
However, when analyzing the average units required per job of each resource type, the aver-
age values related to the mpma_j30_i2_2 instance represent a quarter of the requirements of
the mpma_j30_i2_1 instance. In addition, the overall average resource availability is higher by
4.5 units for the instance mpma_j30_i2_2 with a value of 41.25. These values generate less
resolution complexity for the instance mpma_j30_i2_2 because it reports lower requirements
and greater resource availability. Similarly, the remaining instances show high values for the

number of successors and resource requirements.

5.3.3.2 Assessment of perturbation intensity

To analyze the influence of the perturbation intensity applied as part of the ILS, Table 5.4 and
Table 5.5 show the results after applying our hybrid approach with simple and joint perturbation
on the selected instances for RCMPSP-MT-W and RCMPSP-MT-W+RC, respectively. The
results shown correspond to the averages for the instances of the same composition. The results

found for each instance are shown in Appendix B, Table B.1, and Table B.2.

In Table 5.4, Column 1 shows the instance composition (Comp). The column values indicate
#jobs_#projects. Columns 2-5 and 6-9 report the execution times, M, APD, and WPD provided
for both perturbation intensities. In the case of Table 5.4, columns 10-12 indicate for M, APD,
and WPD, the improvement percentages obtained applying joint perturbation with respect to
the application of simple perturbation. In Table 5.5, columns 6-7 and 12-13 show the costs
associated with RPC and TC values. In our study, the weight of the projects is defined as the
penalty cost for delays, so the total cost corresponds to the sum of the cost for delays together
with the cost for the use of resources. Finally, columns 14-16 in Table 5.5 indicate for M, APD,
WPD, and TC the improvement percentages obtained applying joint perturbation with respect

to the application of simple perturbation.
The values of improvements are calculated through the following formula:

Improvement(%) = (Results; — Resultss)/Resultss - 100% (5.11)

where Results; and Resultss correspond to the results provided for the different measures

applying simple and joint perturbation, respectively.

For the RCMPSP-MT-W variant, the results show that, on the general average, a greater per-

turbation intensity (application of joint perturbation) positively influences the solutions found.
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Table 5.4: Comparison of components performance of our approach. RCMPSP-MT-W.
Simple perturbation Joint perturbation Improvement
Comp Ts (seg) Mg APD; WPD; T; (seg) M; APD;  WPD; M; APD; WPD;
30_2 446 72.67 8.83  155.00 4.62 72.67 8.83  155.00 0.00 0.00 0.00
30_5 23.02 91.67 17.27 247.53 26.15 91.67 17.27 247.53 0.00 0.00 0.00
30_10 46.90 107.33 32.10 366.10 56.40 108.33 31.87 365.77 097 -115 -0.13
30_20 122.41 149.00 48.67 773.67 150.06 150.00 48.33 762.00 0.56 -0.68 -1.20
90_2 33.55 13433 24.00 785.33 36.12 12933 20.33 670.00 -3.01 -14.14 -13.93
90_5 100.51 159.00 36.47 2120.20 116.05 157.00 35.27 2062.60 -1.28 -6.19 -4.98
90_10 674.68 320.33 142.00 4739.00 730.89 316.67 138.67 4626.13 -142 -485 -5.01
90_20 706.78 215.67 46.00 2138.33 751.83 210.00 43.33 869.33 -3.44 -24.02 -46.77
120_2 84.05 174.67 5433 4520.33 89.63 174.67 54.00 4481.67 0.00 -0.28 -0.34
120_5 153.25 205.67 83.33 5143.67 176.00 203.67 81.33 5073.67 -2.20 -20.00 -20.00
120_10 277.75 175.00 46.00 1616.33 306.16 173.67 45.00 1591.33 -140 -3.85 -2.62
120_20 486.62 198.33 56.33 2927.33 586.04 198.33 54.67 2870.00 0.00 -16.67 -16.38
Avg. 226.16 16697 49.61 2127.74 252.50 165.50 48.24 1981.25 -094 -7.65 -9.28

Table 5.5: Comparison of components performance of our approach. RCMPSP-MT-W+RC.

Simple perturbation

Joint perturbation

Improvement

Comp
Ty e

M;

APD; WPD RPC

TC

T] (seg) M]

APD WPD RPC

TC

M;

APD; TC

30_2 5.43

30_5 28.64
30_10  52.67
30_20 132.38
90_2 37.16
90_5 111.05
90_10 763.75
90_20 900.70
120_2 100.41
120_5 165.76
120_10 316.80
120_20 790.07

Avg.  283.73

78.33

95.33

115.00

154.33

136.00

163.67

321.33

220.67

175.33

207.33

176.33

198.67

170.19

13.17

20.80

37.47

51.72

25.00

42.27

143.40

47.87

55.33

85.20

47.27

56.97

52.20

187.33

298.33

417.87

809.60

819.33

549.00 736.33

991.33 1289.67
758.67 1176.53
450.67 1260.27

515.00 1334.33

2438.07 4372.00 6810.07

4767.57 2887.00 7654.57

2211.22 2564.67

4543.50 3223.67

4775.88

7767.17

5190.00 3232.00 8422.00

1654.43 1535.67

2939.05 1230.33

2189.69 1859.17

3190.10

4169.38

4048.86

7.07 82.67
31.25 96.00
57.18 109.33
130.79 152.67
43.90 135.67
133.88 162.67
776.36 316.67
919.55 213.33
109.76 174.67
171.05 202.00
357.05 174.67
850.42 197.67

299.02 168.17

17.00

21.60

35.17

50.75

24.83

41.20 2373.60

139.03

47.52

54.17

86.27

46.57

56.98

51.76

213.17

303.20

392.17

786.82

814.00

4626.37

2149.10

4462.83

5320.13

1628.53

2951.38

2168.44

497.00

911.00

762.67

458.33

532.33

4252.67

2805.67

2545.00

3275.00

3019.00

1518.33

1188.00

1813.75

710.17

1214.20

1154.83

1245.15

1346.33

6626.27

7432.03

4694.10

7737.83

8339.13

3146.87

4139.38

3982.19

4.56 15.33
1.50
-3.47 -5.03
-1.45 -2.86
-0.26 -2.22
-0.60 -1.10
-1.93 -6.18
-2.73 -2.96
-0.47 -6.14
-1.43 9.69
-1.53 241
0.59 -241

-0.60 1.41

-2.49

23.16 -10.89

-1.41

-1.10

1.10

-1.56

-3.45

-1.81

-2.81

-5.88

-1.56

-1.87

-2.81
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When analyzing the averages by a group of similar composition, we found that for the values
of APD and WPD, joint perturbation provides the same or better results than simple perturba-
tion, obtaining improvements of up to 46% in the group 90_20. For the values of M, in 83%
of the cases the joint perturbation is equal or better than the simple perturbation. Only two
groups show better values using simple perturbation, i.e., 30_10 and 30_20. Nevertheless, these

improvements are less than 1%.

The results of the RCMPSP-MT-W+RC with resource costs variant show a similar behavior
where the joint perturbation application finds better results than simple perturbation in 92%
of the cases for the TC value, reaching improvements of up to 10% in the group 30_5. This
situation is reflected in 66% of the cases for M and APD. Concerning execution times, joint
perturbation shows higher values for both variants in most cases since the job relocation process
is carried out as many times as there are projects. In addition, considering costs associated with
resource usage requires longer execution times for both intensities of disturbances, with respect

to considering only delay costs.

Based on the above results, we use the Friedman-k Related Samples test to determine if there are
significant differences between the results provided by applying simple and joint perturbation
for the measures described for both variants. Our null hypothesis is, in each case, that there are
no significant differences between the distributions. In contrast, the alternative hypothesis states

that there are significant differences between them. Table 5.6 summarizes the results provided.

The value corresponding to X2 for 1 degree of freedom and a significance level of o = 0.05 is
3.84. Given this, for the case of RCMPSP-MT-W, the null hypothesis is not rejected for M. On
the other hand, in the cases of APD and WPD, the null hypothesis is rejected, so it is considered
that there are significant differences between the samples. For the RCMPSP-MT-W+RC, there
are no significant differences for M and APD, but there are for TC. Rows 5-6 of Table 5.6 show
the average ranges for each case for the Friedman-k Related Samples test. The results show that
for each case, despite the existence or not of significant differences, the best-performing values

are provided by joint perturbation.

For RCMPSP-MT-W, in most cases where the application of joint perturbation represents an
improvement respecting WPD, the corresponding values of M and APD are also lower. How-
ever, several instances have no improvements in M values. That is because lower WPD is found

through the decrease in the completion time of one or several projects, which does not directly
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Table 5.6: Statistical comparison between simple and joint perturbation using Friedman-k Re-

lated Samples test.

RCMPSP-MT RCMPSP-MT-RC
M APD WPD M APD TC

Total N 36.00 36.00 36.00 36.00 36.00 36.00
Contrast statistic 2.57 11.27 12.25 196 3.00 9.14
Degrees of freedom 1.00 1.00 1.00 1.00 1.00 1.00

Range simple perturbation 1.58 1.68 1.69 1.60 1.63 1.72

Range joint perturbation 142 132 131 140 1.38 1.28

influence M but rather the corresponding delay values. As a unique case, the mpma_j90_i20_3
instance decreases M but shows a higher APD. These values indicate that the solution found by
joint perturbation presents lower completion time values of one or several projects that directly
influence the M value present in the solution found by simple perturbation but presents longer

completion times in other projects.

For RCMPSP-MT-W+RC, 1in 17% of the cases, the decrease in TC is not related to the decrease
in M and/or APD but to the decrease in RPC. This occurs because fewer units with global
accessibility are being consumed, but greater delays are incurred by executing only some jobs
even though global units are available. On the other hand, the instances mpma_j30_110_1,
mpma_j90_i2_3, mpma_jl120_i2_3, and mpma_j120_i5_2 present decreases in the values of M
and/or APD, but not better values of TC are provided. This behavior may result from greater
use of units with global accessibility, which decreases the execution time of the projects and

sometimes the delay but increases the costs for resource use and, therefore, the total costs.

The solutions provided for the instance mpma_j90_i2_3 are used to analyze the differences be-
tween the solutions found by simple and joint perturbation for RCMPSP-MT-W. In this instance,
joint perturbation achieves lower M, APD, and WPD values. This behavior can be related to
differences in the job start order and greater use of units with global accessibility. This can be
noticed when comparing Figures 5.2 and 5.3 where the global units allocations to each project

are shown, applying simple and joint perturbation, respectively.
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Figure 5.2: Illustration of resource consumption applying the simple perturbation procedure in

RCMPSP-MT-W for instance mpma_j90_12_3.
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Figure 5.3: Illustration of resource consumption applying the joint perturbation procedure in

RCMPSP-MT-W for instance mpma_j90_i2_3.

5.3.3.3 Assessment of resource accessibility

The accessibility of the resources can represent differences when comparing different solutions

within a given scenario. According to the features described in Section 3.1 corresponding to

the resource accessibility subcategory and the new features analyzed in this study, we explore

three cases. The case 'y corresponds to the existence of units with mixed accessibility. Case C

represents when a resource type only has global units, while in the case Cs, the resource only

has local units available.

We selected a subset of three instances (1 small, 1 medium, and 1 large) for this analysis.
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The instances are mpma_j30_i2_3, mpma_j90_i2_3, and mpma_j120_i2_3 composed of two
projects and 30, 90, and 120 jobs per project, respectively. The average resource consumption
of the selected instances is between 3.50 and 4.86, 1.29 and 1.49, and 2.02 and 2.45 units,
respectively. These instances only present one type of resource with units of mixed accessibility
(see Table 5.2). For each instance, we modify the availability of global and local units to create
the three cases presented in Table 5.7. Column 1 shows the case identifier. Column 2 presents
the global unit availability, while columns 3 and 4 indicate the local unit availability belonging
to projects 1 and 2, respectively. Finally, columns 5-7 report the M, APD, and WPD values

obtained. We apply joint perturbation as part of the ILS algorithm to provide these values.

Table 5.7: Different cases of resource accessibility.

Instance Case Global availability P; availability P, availability M APD WPD
mpma_j30_i2_3 C} 5 10 10 74 12.0 311
Co 25 0 0 70 9.0 235
Cs 0 13 12 76 15.0 382
mpma_j90_i2_3 16 8 8 123 5.0 160
Cy 32 0 0 123 5.0 160
Cs 0 16 16 123 5.0 160
mpma_jl120_i2_3 Cy 20 10 11 142 28.0 874
Co 41 0 0 128 20.0 644
Cs 0 20 21 142 32.5 1058

As can be seen, case (' reports the best performance because the access to the analyzed resource
type is global, allowing the available global units in each period to be used for job execution
corresponding to P, and P5. In the case of (s, the values of the measures increase considerably
because the accessibility of the resources is local, so in several periods, the units belonging to
Py cannot be used for the execution of jobs corresponding to P», and vice versa. The resources
mixed accessibility is represented by C';, where lower values are found than those obtained in
Cj5 but higher than those found in C'5, which indicates that in some periods, the global units are

not enough to supply the existing demand, while there are local units that are not being used.
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For the mpma_j90_i2_3 instance, this behavior is not reflected in the values of M, APD, and
WPD since these values refer to the general terms of the instance. Note that the values of AT}
and AT for this instance are 0 and 20, respectively, and the resource utilization rates of both
projects, especially P, are low. In the results provided for the three cases, P is the last project
to complete the execution of its corresponding jobs in the time period 123, presenting a delay of
10 units. This situation might indicate that the sequence of the starting times of jobs belonging to
P> concerning the use of the resource k- is defined by the precedence relations between the jobs
and not by the non-existence of resource units. To check this, we ran the algorithm assuming

that the jobs belonging to P> do not require resources of type ks, and we got the same results.

On the other hand, P; does not present a delay in any of the proposed cases, finishing the
execution of its jobs 4, 12, and 3 time periods before DD, for the cases C, (o, and C},
respectively. This can indicate that despite actively using global units, P; has enough slack
concerning D D1, which allows it to delay the start execution of some jobs without incurring
delay penalties. Nevertheless, when analyzing the finish times of P; in the three cases, we find

the same behavior for the mpma_j30_i2_3 and mpma_j120_i2_3.

Given that the solutions provided result from the approximate algorithm, we cannot ensure that
this behavior is due only to differences in the accessibility of resources. Still, global access to

resources may imply additional assignment freedom, allowing better results.

5.3.3.4 Cost analysis

This section analyzes how the costs associated with the use of global resources influence the
projects’ delays in the solutions found. To carry out the analysis, we compare the results pro-
vided for both studied variants. The results shown in Table 5.8 correspond to the averages for
the instances of the same composition. The results found for each instance are shown in Ap-
pendix B, Table B.3. Table 5.8 column 1 shows the instance composition (Comp). The column
values indicate #jobs_#projects. Columns 2-3 and 4-5 show the differences between the values
of M and ADP obtained by applying simple and joint perturbation for RCMPSP-MT-W and
RCMPSP-MT-W+RC, respectively. The differences are calculated with the following formula:

Diﬁerence == (RBSUZtSRCMpSP_MT_W+RC - ResultSRCMpsp_MT_W) (5.12)
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Table 5.8: Differences in M and APD caused by resource costs.

Comp M, APDy, M; APD;

30.2 5.67 433 10.00 8.17
30.5 3.67 347 433 4.27
30_10 7.67 5.03 1.00 3.30
30_20 5.33 2.78 2.67 242
90_2 1.67 1.00 6.33 4.50
90_5 4.67 5.53 5.67 593
90_10 1.00 1.30 0.00 0.37
90_20 5.00 1.87 3.33 4.18
120_2 0.67 0.67 0.00 0.17
1205 1.67 133 -1.67 493
120_10 1.33 1.03 1.00 1.33
120_20 0.33 0.33  -0.67 2.31

Avg. 322 239 2.67 3.49

As can be seen, considering resource usage costs generates, on average, higher values of M and
APD. This is since when considering resource usage costs, an attempt is made to reduce the use

of global units, generating higher values of M and APD and decreasing the use of global units.

However, there are several instances where the values of M are lower when resource usage
costs are considered. This situation can be generated because the objective involves resource
usage costs and project delay costs. Therefore, while attempting to minimize the use of global
units, we attempt to minimize the times related to M, prioritizing the resource units allocation to
those cases that generate a delay in the desired completion date of the projects. To achieve this
reduction in completion times, consuming more global units at each time period is required, so
there is a close relationship between the two mentioned costs. If a very high cost due to delay
1s considered, an attempt will be made to consume a greater number of global units, even if it

is necessary to incur costs for the use of these resources, and at the same time, if the resource
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usage costs are high, an attempt will be made to reduce the use of global units, even if it results

in higher project delay costs.

5.4 Conclusions

In this study, we proposed two RCMPSP variants named RCMPSP-MT-W and RCMPSP-MT-
W+RC. Both variants consider resources with mixed accessibility, total allocation, and delay
costs for each project. In addition, the second variant also considers resource cost, one of
the most studied features in the literature and practice. Both variants are described, and the

corresponding mathematical formulations are provided.

We proposed a hybrid algorithm to solve the presented variants that integrated priority rules,
simulated annealing, and tabu search as part of an iterated local search. The approach analyzes
two perturbation intensities: simple and joint perturbation. To assess the performance of the
developed approaches, 36 instances were proposed. The instances were based on the MPSPLib
library modifying the availability of global and local units and adding the cost for resource

usage.

Given the complexity of the test instances, the proposed mathematical models were only able to
find the optimal solution in the instance with the lowest number of successors, the lowest average
resource requirement, and the highest resource availability. On the other hand, when analyzing
the results obtained from the hybrid algorithm with both perturbation intensities, we found that
the application of joint perturbation yields better results with respect to simple perturbation
for the proposed instances. Furthermore, we study how the accessibility of resources and the
cost can influence the solutions provided. Through the analysis, we conclude that, although it
may not be the only factor, the global accessibility of resources may imply greater allocation

freedom, allowing better results.



Chapter 6

Conclusions

This thesis presents a study of the resource-constrained multi-project scheduling problem
(RCMPSP) and its variants. The basic problem is initially described through its mathematical
formulation and an illustrative example. Through a detailed review of the state-of-the-art, we
found that the approximate algorithms were the most used for the resolution of the RCMPSP-
related problems, highlighting the use of genetic algorithms, priority rule-based algorithms,
multi-agent systems, and combinatorial auctions. We also identify that the algorithms men-
tioned are the most used since 2010, being also noticeable for the use of hybrid algorithms for
the resolution of the proposed variants. When analyzing the existing benchmarks, we found that
49% of the investigations were carried out on sets of instances proposed explicitly for the vari-
ant studied. This is due to the vast number of variants of the problem that have yet to recognize
instance sets. We also identified that 16% of the works studied real cases and that MPSPLib is
the most recognized library in the literature since the structure of the proposed instances allows

its use to study several variants of the problem.

According to the nature of the problem, the investigations collected in the review were analyzed
regarding features and objective functions. Taxonomies for the features and objective functions
found were proposed to unify concepts and visualize the current state of RCMPSP-related vari-
ants. The 34 features in the literature were classified based on jobs, resources, relationships, and
projects. In contrast, the 20 objective functions pursued were classified concerning resources,
projects, and time. The features and classified objectives were also described in depth and ana-
lyzed in terms of the evolution of the problem and the number of existing studies. The analysis

showed that the most used assumption is to solve the problem under deterministic conditions.
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Despite this, the last decade presented remarkable growth in the study of uncertainty associated
with job duration. The latest research lines mainly focus on studying decentralized environ-
ments, local and non-renewable resources, multiple execution modes, and weights for each
project. This led to the increase of decentralized solution methods such as multi-agent systems
and combinatorial auctions and the development and use of the MPSPLIb library as a standard
benchmark to validate and compare results. On the other hand, time- and resource-based objec-
tive functions were the most studied, with the minimization of the makespan, average project
delay, and total project cost being the most predominant objectives. The works applied to real
environments were also analyzed. In this sense, in most cases, the complexity of the real in-
stances is less than the complexity of the instances proposed in the literature, evidenced by the
number of projects, jobs per project, availability, and resource requirements. We also identi-
fied that only 40% of the objectives studied in the literature are pursued in real environments.
The most used objectives are those related to the time and resource categories, highlighting
makespan minimization and the total project cost minimization. On the other hand, 62% of the
features described in the literature have been addressed in real environments. The most studied
features are those related to jobs, resources, and project categories, highlighting the study of

multiple execution modes, non-renewable resources, and the different weights of the projects.

Among the most studied features of the problem is the use of local resources. Given this, we car-
ried out a deeper study of the RCMPSP-L, a variant of the problem that addresses the features of
the base problem together with the existence of resources with local accessibility belonging to
each project. Initially, a description of the problem is presented through its mathematical formu-
lation and an illustrative example. Then, a hybrid algorithm is proposed to solve the variant that
integrates ant colony optimization with a hill-climbing first-improvement algorithm. The exper-
imentation process was carried out using a set of instances taken from the MPSPLIib, a library
widely used in the literature, to validate solutions for several problem variants. When analyzing
the results obtained, we find that the proposed local search always improves our constructive
algorithm. Despite this, the greatest strength of the algorithm is found in the construction phase
since it provides good-quality solutions. Furthermore, we found that the proposed algorithm
presents low variability values in 100 runs, despite the significant differences in the resolution
complexity of the selected instances. Finally, the results obtained were compared with others
well-known in the literature, evidencing that for different existing metrics, our approach presents

competitive results. Even though our problem does not cover decentralized resource manage-
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ment, the results are compared with some approaches that study this feature and others that do
not. Regarding both centralized and decentralized approaches, the proposed algorithm provides
better results in 21% of the cases, while for 38% of the instances, the same values as those pre-
sented in the literature are found. Whereas the percentage of instances where we obtain better

results increases to 42% when we compare only with centralized approaches.

Resource accessibility indicates the level of access that the jobs belonging to a project have
concerning a resource type. The reviewed literature establishes that resource accessibility can
be global or local, but not both. Given this, we presented features of the problem associated
with resource mixed accessibility: a resource type can present units with local accessibility, ac-
cessible only by the project to which it corresponds, and in turn, units with global accessibility,
shared by all projects. Resources with mixed accessibility bring two modes of resource alloca-
tion: unitary or total. In addition, the delay and resource costs have been addressed in several
studies, especially in real environments. Given this joint with the importance of considering
the costs in the different problem variants (e.g., see Tian et al. (2020) and Gholizadeh-Tayyar
etal. (2016)), we presented two variants of the problem named RCMPSP-MT-W and RCMPSP-
MT-W+RC. Both variants focus on resources with mixed accessibility, total resource allocation,
and weights associated with projects, and the second variant includes cost per use of resource
units with global accessibility. The mentioned variants are described, and their corresponding
mathematical models are presented. A hybrid algorithm to solve both variants is proposed. It
integrates priority rules, simulated annealing, and tabu search as part of an iterated local search.
The approach analyzes two perturbation intensities: simple and joint perturbation. To assess
the performance of the developed approaches, 36 instances were proposed. The instances were
based on the MPSPLIib library modifying the availability of global and local units and adding
the cost for resource usage. Moreover, we analyzed different aspects based on the results of im-
plementing the mathematical models and the hybrid algorithm in the studied problem variants.
Given the complexity of the test instances, the proposed mathematical models were only able
to find the optimal solution in the instance with the lowest number of successors, the lowest
average resource requirement, and the highest resource availability. On the other hand, when
analyzing the results obtained from the hybrid algorithm with both perturbation intensities, we
found that the application of joint perturbation yields better results with respect to simple pertur-
bation for the proposed instances. This can be explained given that joint perturbation performs

as many perturbations as projects exist, achieving higher search space exploration. In addition,
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when analyzing the allocation of units with global accessibility, we found that the solutions
obtained by applying joint perturbation present a higher use of global units. Furthermore, we
study how the accessibility of resources and the cost can influence the solutions provided. We
build three cases on a test instance where a specific resource type has only global units available,
local units available, or both. Through the analysis, we conclude that, although it may not be the
only factor, the global accessibility of resources may imply greater allocation freedom, allowing

better results.

Some indications are given concerning aspects that can be studied in future works to promote the
use and application of RCMPSP and reduce the gap between theory and practice. For instance,
even though many processes are automated, company staff represents most resources in project
management, generating high complexity levels in schedule generation. Given this, increasing
the study of different skills and performance of a worker compared to the different jobs that staff
can execute can improve production processes. Furthermore, the consideration of uncertainty in
production processes is an aspect slightly addressed in practice, only associated with job dura-
tion, so it is required to widen the scope of future studies in this respect. Concerning objectives,
the most used ones in practice are those aligned with economic aspects and/or project com-
pletion times without emphasizing the resource use that generates nature-friendly production
processes. In this sense, it may be relevant to increase the study of non-renewable and partially
renewable resources while pursuing objectives such as reducing resource consumption or even
reducing and leveling any resource within the time horizon. Moreover, studying and promot-
ing the use of objectives, such as minimizing idle resources or inventory in processes in real
environments, can allow efficient resource use. Also, increasing different precedence relation-
ships where common resource use is made can considerably reduce resource use. In addition,
a future line of research may be oriented to study costs associated with the different levels of

accessibility, including costs related to the transfer between global and local units projects.

Regarding solution methods to satisfy current production processes, one of the main factors
that can be provided is the resilience capacity to schedule changes, especially under uncertain
conditions. Furthermore, despite recent work, the increased use of solution methods based on
multi-agent systems, combinatorial auctions, and hybrid algorithms recommends a valuable line
of research for further study. In this sense, an interesting research direction is the in-depth study
of how the specific multi-project features are handled in the algorithms used in the literature

to solve the different variants of the RCMPSP. Finally, the evaluation and comparison of the
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performance of proposed algorithms are essential for RCMPSP progress, so the creation of
public libraries valuing the related features studied in the literature is essential for promoting

and fostering the study of new problem variants.
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Appendices

Appendix A

The mathematical formulation for the RCMPSP-MU minimizing the average project delay

(APD) can be defined based on the mathematical model described in Section 2.1.1.

The parameter aj, is removed, and the following parameters are added:

ga® Availability of units with global accessibility of resource type k at every period,

la¥

¢+ Awvailability of units with local accessibility of resources type k belonging to the project 1,

The following decision variable must also be added:

Gft Amount of type k units with global accessibility assigned to project ¢ at period ¢,

1, 1if project 7 is delayed,
D; = pre) 4 (6.1)
0, otherwise.
For the RCMPSP-MU-W the objective function (6.2) minimizes the APD through the sum of
the delay of each project. For each project, the difference between the completion time and the

desired due date (D D) is calculated. If the project is delayed (D; = 1), the difference is added;

otherwise, the difference is multiplied by zero.

Ty
Minimize Y <Zt Xy — DDZ-> . D, 6.2)

i=1  t=1
The following constraints must replace constraints (2.4) that ensure the use of global resources:

1]
Y Gi'<gad', VkeKiteT (6.3)
1=1
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|Ni| t+Djj—1
dY dixXL<laf+Gi', VielLke KiteT (6.4)
7=1 qg=t

Constraints (6.3) guarantee that the global units allocation does not exceed the current availabil-
ity of each resource type with global accessibility at each time period. Constraints (6.4) ensure
that the local units added to the allocation of global units are enough to supply the demand for

each resource for each project at each period.

To manage project delays, it is required to add the following constraints:

7|
thXf,Ni,—DDigDixM, Viel (6.5)
t=1

When adding the aforementioned decision variables, it is required to add the following con-

straints to the model:

GM>0, Viel,je N, teT (6.6)

D;€{0,1}, Viel (6.7)
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Table B.3: Differences in M and APD caused by resource costs.

Instance My APD; M; APD;

mpma_j30_i2_1 16.00 13.00 29.00 24.50
mpma_j30_i2_2 0.00 0.00 0.00 0.00
mpma_j30_i2_3 1.00 0.00 1.00 0.00
mpma_j30_i5_1 1.00 040 7.00 6.60
mpma_j30_i5_2 10.00 10.00  5.00 5.00
mpma_j30_i5_3 0.00 0.00 1.00 1.20
mpma_j30_i10_1 6.00 640  7.00 6.70
mpma_j30_110_2 17.00 8.00 -3.00 2.50
mpma_j30_110_3 0.00 0.70 -1.00 0.70
mpma_j30_i120_1 12.00 790  8.00 5.85
mpma_j30_i20_2 0.00 0.00  0.00 0.80
mpma_j30_i20_.3 4.00 045 0.00 0.60
mpma_j90_i2_1 0.00 0.00 0.00 0.00
mpma_j90_i2_2 4.00 250 15.00 11.50
mpma_j90_i2_3 1.00 0.50 4.00 2.00
mpma_j90_i5_1 13.00 13.00 10.00 10.00
mpma_j90_i5_2 -1.00 1.80  6.00 6.20
mpma_j90_i5_3 2.00 1.80 1.00 1.60
mpma_j90_i10_1 2.00 2.00  0.00 0.30
mpma_j90_i10_2 1.00 0.80  0.00 0.00
mpma_j90_110_3 0.00 1.10  0.00 0.80

mpma_j90_120_1 1.00 2.50 10.00 10.85

(Continued on next page)
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Table B.3 — (Continued from previous page)

Instance My APD; M; APD;

mpma_j90_i20_2 14.00 3.00 0.00 0.75
mpma_j90_i20_.3  0.00 0.10  0.00 0.95
mpma_j120_i2_.1 0.00 0.00 -1.00 -2.00
mpma_j120_i2.2 0.00 0.00 0.00 1.00
mpma_j120_i2.3 2.00 2.00 1.00 1.50
mpma_j120_i5_1 2.00 1.60 11.00 11.00
mpma_j120_i5.2 3.00 2.80 -16.00 3.00
mpma_j120_i5.3 0.00 -0.40  0.00 0.80
mpma_j120_i10_1 3.00 3.00 3.00 3.90
mpma_j120_i10_2 1.00 0.10  0.00 0.10
mpma_j120_i10_3 0.00 0.00  0.00 0.00
mpma_j120_i20_1 1.00 1.00  5.00 5.10
mpma_j120_i20_2 0.00 0.00 -7.00 1.44

mpma_jl120_i20_3 0.00 0.00 0.00 040
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