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Abstract: The widely recognized measure for resources called resource strength (RS) does not fully
capture the resources complexity of a project. Therefore, it cannot be used as a standalone measure
to distinguish the complexity of various instances of project scheduling problems. Consequently,
additional resource measures such as total amount of overflow (TAO) have been introduced, which
should be used in conjunction with the RS. Extensive experimental studies have shown that as the
value of TAQO increases in a project, scheduling schemes with higher dimensional scheduling schemes
such as bi-directional and tri-directional result in schedules with shorter makespans. In this study,
an effective approach is proposed for integrating projects in multi-project environments, called the
integrated project approach (IPA), taking into account the influence of TAO and building upon the
relation between the TAO and the scheduling generation schemes. To assess the performance of IPA,
we develop a new random multi-project generator based on the well-known benchmark sets, which
utilizes TAO as a control tool to generate instances. The findings indicate that prioritizing the projects
and frequency of the projects integration, facilitated by the proposed IPA, have a positive impact on
the quality of multi-project schedules.

Keywords: project scheduling; resource complexity measure; multi-dimensional scheduling scheme;
multi-project environment; dominance evaluation measure

1. Introduction and Background

Scheduling is a fundamental aspect of project management and has a direct impact on
overall management performance. The resource-constrained project scheduling problem
(RCPSP) has primarily been the emphasis of research efforts in this field, with a wide
range of applications [1,2]. The RCPSP is recognized as an NP-hard problem [3]. Projects
are typically scheduled while considering the constraints imposed by the availability of
resources. Concurrent execution of projects is employed to effectively utilize the limited
resources. The resource-constrained multi-project scheduling problem (RCMPSP) is an
extension of the RCPSP. It involves scheduling multiple projects that have precedence
constraints and competing for the same set of scarce resources [4].

The RCMPSP represents a portfolio of individual projects, each of which satisfies its
required resources from a shared pool of renewable and non-renewable resources. This
resource pool contains various resource types with varying levels of availability. However,
the renewable resources are insufficient to schedule all eligible activities from different
projects simultaneously. The primary objective of scheduling is to prioritize eligible activi-
ties and then schedule them to optimize the specific objective function. The selection of
eligible activities from projects for scheduling is of the utmost importance. The RCMPSP
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encompasses different types of objective functions, including (i) minimizing the over-
all project delay, lateness, or tardiness [5]; (ii) minimizing the average project delay [6];
(iif) minimizing the total lateness or lateness penalty [7]; (iv) minimizing the overall project
cost [8]; (v) minimizing the delay cost [7] and (vi) resource-leveling [9]. The RCMPSP can
be examined in static environments in which the attributes of the projects are assumed to
be deterministic and static (e.g., [5,6,10]). It can also be studied in dynamic environments
in which new projects or activities may be added during the scheduling process, potentially
impacting the scheduling procedure (e.g., [9,11,12]).

The classification of solution methods applied to the RCMPSP and related variants in-
cludes both exact and approximate algorithms [13]. Due to the complexity of the RCMPSP,
exact methods have limited applicability when addressing real-world instances of the
problem. For an overview of exact solution approaches, references such as [14,15], can be
consulted for constraint programming. Satic et al. [16] provided insights into dynamic
programming, while Davari Ardakani and Dehghani [17] and Van Den Eeckhout et al. [18]
focused on linear-programming-based methods. Heuristic approaches have played a
crucial role in developing feasible and robust algorithms for solving the RCMPSP. Each
heuristic algorithm possesses unique characteristics and can be tailored to meet the specific
requirements of the problem at hand. However, no single heuristic algorithm is universally
superior; the choice of method often depends on various factors, including the charac-
teristics of the problem, the desired balance between solution quality and computation
time, and the availability of computational resources. Hybrid algorithms are typically
categorized within the set of approximate algorithms. Approximate solution methods
include genetic algorithm (GA) (e.g., [16,19,20]), simulated annealing [21], and swarm
intelligence [22]. Other methods such as fuzzy clustering chaotic-based differential evolu-
tion algorithm [23], tabu search (TS) (refer to e.g., [21,24]), and multi-agent systems and
combinatorial auction (e.g., [19,25]) have also contributed significantly to this area.

It is necessary to mention that the priority rule base can be classified in heuristics and
they are used in the design of the algorithms. Browning and Yassine [26] addressed the
static RCMPSP with project and portfolio lateness as objective functions. They conducted
an experimental analysis of 20 priority rules on 12,320 test problems, which were gener-
ated based on project-related characteristics. They also incorporated improved resource
measures in the multi-project environments. In another study, Browning and Yassine [27]
also analyzed 31 priority rules on 18,480 portfolios comprising 55,440 iterative (cyclical)
projects. They showed that the best priority rules for cyclical project portfolios differ from
those for acyclic projects. Yassine et al. [28] developed two GA-based heuristics for schedul-
ing activities in product development (PD) projects with the objective of minimizing the
makespan. Their study showed that the two proposed GAs converge to globally optimal
solutions more quickly than when using 31 published priority rules.

There are generally two approaches used to address the RCMPSP: single project
approach (SPA) and multi-project approach (MPA). In the SPA, projects are integrated
sequentially to form a super-project, and activities are scheduled based on a single critical
path within the super-project (e.g., [5,7,26]). However, this integration may be considered
as a drawback since conducting an independent analysis of each project becomes challeng-
ing, if not impossible. On the other hand, in the MPA, projects are analyzed separately,
and activities within each project are scheduled based on the critical path specific to that
project (e.g., [7,26]).

Effective benchmarking is essential for advancing research in the RCMPSP, yet the
current literature reveals a scarcity of dedicated generators for these problems specifically
designed for these problems. Benchmark sets for the RCMPSP are developed by researchers
who incorporate essential elements to capture characteristics examined during their nu-
merical analyses. Table 1 summarizes a review of the RCMPSP benchmark library and
existing generators.
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Table 1. Overview of RCMPSP benchmark libraries and generators.
Source Description Year
Established the mpsplib [31], a library with 140 DRCMPSP instances organized into
Homberger [29,30] problem sets of M = 2,5, 10, 20 single-project instances. Each multi-project instance 2007, 2012

is derived from Kolisch benchmark (PSBLIB). An additional 60 instances were added
in 2012 considering project access to local resources.

Browning and Yassine [32]

Developed the MNPG generator for RCMPSP, producing random activity-on-node
network problems with parameters including network complexity, resource loading,
and contention. Generated 12,320 instances by modifying resource measures such
as ARLF and AUE

2010

Pérez et al. [10]

Created the RCMPSPLIB benchmark set using instances from mpsplib [31] and MNPG. 2016

Van Eynde and Vanhoucke [20]

Introduced a dataset for RCMPSP consisting of instances with 6, 12, and 24 projects,
each with 60 activities. Assessed the extension of single-project scheduling schemes 2020
for multiple projects and proposed decoupled versions of these schemes.

This study makes several significant contributions to the field of the RCMPSP by
investigating the static RCMPSP and introducing a novel resource measure, total amount
of resource overflows (TAO), tailored specifically for multi-project environments. Addi-
tionally, we propose an innovative integrated project approach (IPA) that incorporates a
tri-directional schedule generation scheme (trdss) cite40, compared against established
approaches, namely, the SPA and the MPA, demonstrating superior effectiveness. We also
develop a new random multi-project generator, named GTAO, utilizing TAO as a control
parameter, thus providing robust tools for simulating RCMPSP environments. Finally,
this study proposes using project delay as a measure of efficiency to evaluate various
multi-project solution approaches, introducing a new perspective on the quality of Pareto
solutions through a dominance measure.

The remainder of the paper is organized as follows: Section 2 briefly outlines the
problem we are addressing. Section 3 offers an overview of two well-established heuristic
approaches commonly employed in a multi-project scheduling environment. Section 4
justifies the need for utilizing TAO in a project. Section 5 presents the IPA, including the
algorithm for project integration and a brief introduction to the tri-directional schedule
generation scheme. In Section 6, we develop a novel RCMPSP generator (GTAO) that
uses the TAO as a control parameter. Section 7 discusses experimental results. Finally,
in Section 8, we present our conclusions.

2. Problem Description

The presented paper focuses on the RCMPSP, which is described as follows: The
RCMPSP involves a set of M projects, all having equal priority. Each project i consists of Nj
activities, where i = 1,..., M. The total number of activities across all projects is denoted
as N, where N = Y™ N;. In this problem, each activity j of project i has a deterministic
duration dj; where j € J; (| J; |[= N;). No preemption is allowed. Minimization of projects
makespans is the objective function. Precedence and resource constraints govern the
relationship between the activities within each project. Precedence relations are defined by
the minimum finish-to-start between activities in each project.

Furthermore, the availability of renewable resources plays a significant role. The
total amount of the renewable resource of type k per unit of time is denoted by Ry, where
k represents a specific resource type, and it belongs to the set R, which is defined as
R ={1,...,K}. In this context, K is the total number of different renewable resource types,
where K=|R|. The amount of resource k required by activity j of project i is represented by
rjix- However, it should be noted that the value of Ry does not suffice to simultaneously
perform all eligible activities. Consequently, during the scheduling process, start times are
assigned to activities while considering both the precedence and the resource constraints.
The aim is to optimize a specific measure of project completion times in the RCMPSP. For
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instance, let T; represent the makespan of project p; (i = 1,..., M) as determined by a
specific scheduling method. The quality of feasible solutions produced by this method
across M projects is assessed by minimizing the following multi-objective function:

i T Tm >

minimize F(py,...,pm) = <LB1'LBZ'”" LBy,

where LB; denotes the length of the critical path for project p;.

3. Current Solution Procedures for RCMPSP

Typically, two primary heuristic approaches are employed for solving instances of the
RCMPSP. In this section, we provide a brief description of these approaches. While these
approaches do not guarantee optimal solutions, they offer practical and efficient strategies
for tackling challenges associated with scheduling multiple projects that share resources
and constraints.

Given that the implementation of IPA relies on a new resource measure known as
TAO, we defer its introduction to Section 5 until after describing the features of TAO.

3.1. Single Project Approach (SPA)

In the SPA, two dummy activities are introduced to connect the start and the endpoints
of projects that belong to a multi-project problem. This results in the creation of a single
super-project that encompasses all the individual projects. For a more comprehensive
understanding, refer to, e.g., [5-7]. The length of a critical path for this super-project is
considered as the maximum length among all the critical paths of the individual projects
in the given instance of the RCMPSP. In other words, in a problem with M projects, if LB;
represents the length of a critical path of project i, wherei =1, ..., M, then the length of
the critical path for the single super-project is given by

LBmax = max{LB;|i=1,...,M}.

Notice that LBmax is used to determine the priority of activities for scheduling. The main
advantage of this approach is the existence of a collection of research results concerning
the related problem i.e., the RCPSP, which can be applied to the analysis of the RCMPSP
(e.g., [5,8,33]). However, it should be acknowledged that this approach does not take into
account the specific characteristics of each individual project, making independent analysis
of each project more challenging.

3.2. Multi-Project Approach (MPA)

In contrast to the SPA, MPA considers the critical path of each individual project sepa-
rately. This approach utilizes the critical path of each project to prioritize eligible activities
for scheduling. It is worth noting that the choice of critical path significantly influences the
performance of both the SPA and the MPA [5]. The primary advantage of the MPA is that it
is more realistic, making it more commonly employed in practical applications.

4. Resource Characteristics

For single projects, various measures and distributions have been proposed in the
literature to describe resource characteristics. Notable among these resource measures are
resource factor—RF [34], resource strength—RS [34], resource density [35], and resource
constrainedness [36]. However, Yousefzadeh et al. demonstrated through extensive numer-
ical results that no individual resource measure can fully capture the complexity of projects
concerning resources [37]. To illustrate this point, consider the RS as follows:

Ry — maxje

RSk Vk € R. (1)

~ Peaky — maxiej 1y
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Here, the resource requirement Peaky, where k € R, is defined as

Peaki = max{ Y rj|0<t<T—1}
jEA(H)

In the early schedule, where each activity is scheduled at its earliest start time, Peaky
represents the peak requirement for resource k. The symbol T denotes the total makespan
of a multi-project problem P, and A(t) represents the set of activities that are active at
time t. Considering (1), it is clear that Peak) impacts the magnitude of RSy. However,
the effect of the number of Peak;s and also the locations at which these peaks in resource
requirements occur throughout the project’s life cycle are not addressed in (1). The rationale
behind considering the aforementioned factors stems from the observation that scheduling
a project with multiple resource peaks, particularly when those peaks occur towards the
end of a project’s life cycle, appears to be more complicated than scheduling a project
with a single resource peak that occurs during the early stages of the project’s life cycle.
A detailed analysis on the library PSBLIB, regarding the number of resource peaks, reveals
that projects with the same level of RSy do not necessarily have the same number of peaks
(refer to Table 2).

Table 2. Different levels of RS vs. number of resource peaks.

Instance RS No. of Peaks Instance RS No. of Peaks
J909-1 0.2 1 J9038-2 0.5 5
J905-6 0.2 2 J12025-6 0.5 4
J9021-4 0.2 3 J9030-1 0.5 3
J9037-7 0.2 5 J12025-5 0.5 1
J1201-4 0.2 4 J906-8 0.5 2

Building on the aforementioned observation, a new resource measure, TAO, was
proposed by [37]. Unlike the RS measure, which focuses solely on the number of resource
peaks, the TAO considers both the number of resource peaks and their positions throughout
the project’s life cycle. The researchers argued that classifying projects based on the TAO
offers a more accurate representation than classifications based on the RS measure. Further-
more, they demonstrated that the TAO value for a particular resource k has a somewhat
inverse relationship with the RSy, and this relationship exhibits a perfect inverse linear
relation only when some related parameters are held constant (see [37] for further details).

The measure TAO quantifies the surplus resources within a project, reflecting the extent
to which available resources exceed the required or expected levels. This measure assesses
resource utilization efficiency and identifies potential excess that can be harnessed for
enhanced performance or effectiveness. By measuring this, the TAO provides insights into
resource allocation and management across various contexts, highlighting the significance
of optimizing resource distribution.

In contrast to the RS, which has a myopic view of resource conflicts, the TAO takes a
far-sighted view of resource conflicts throughout the project’s life cycle.

5. Integrated Project Approach-IPA

The IPA is fundamentally based on the MPA but differs in its project integration
methodology. To facilitate this integration, the IPA utilizes the TAO as a resource-based
measure, which assesses the complexity and level of dependency of projects concern-
ing the available resources (refer to Section 4). Previous experimental studies by Youse-
fzadeh et al. demonstrated that as the TAO increases in a project, higher-dimensional
scheduling schemes, such as the bi-directional schedule generation scheme (bidss) and
especially, the trdss, produce schedules with shorter makespans [37]. Taking advantage
of this finding, the IPA initially calculates the TAO for each project and then integrates
those with common TAO areas to create a collection of projects with higher overall TAO
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values compared to individual projects. In the final phase, the integrated projects are
scheduled using the trdss. This integration process not only aims to enhance the TAO of
the resulting projects but also involves prioritizing eligible activities from different projects
at the scheduling decision time, as the prioritization of activities significantly impacts the
performance of scheduling schemes.

5.1. Algorithm for IPA

Algorithm 1 provides a detailed explanation of the project integration process.

Algorithm 1 Projects integration in an RCMPSP.

Input:

- An RCMPSP generated by GTAO, comprising M projects with durations,
-LB;wherei=1,..., M.

Output: An RCMPSP with M’ projects, where M’ < M.

Generate matrix M40 = (m;j) mx7, where T = maxf\il LB; as follows:
for:t=1,---,T

if there is a resource overflow at time instant ¢ of project i then

miy — 1.
else
miy = 0.
end if
if t > LB; then
miy = 0.
end if
end for

Integrate the M projects using M40 as follows:
while there is a row in M0 do
Calculate the column sums of M740.
Save column numbers whose sum is the largest in C.
if |C| > 1 then
Define L as the number of rows in Mr40.
Choose the column ¢ € C with the highest rank of each as follows:
Ve € C calculate the sum of row sums (rank of c) belonging to those rows where
MTAo[i,C] =1,i=1...L
Find the maximum sum of the row sums if the maximum is not unique, randomly
select one column).
Let the maximum sum of the row sums belong to ¢’ € C.
else
Assign the single maximum column as ¢’.
end if
Integrate projects satisfying Mraoli,c'] =1, (i=1...L).
Delete rows from Mt that satisfy Mrapli,c'] =1, (i=1...L).
end while

To demonstrate Algorithm 1, we will provide a small example.

Example 1. Let us assume that in a multi-project problem, there are four projects, p; (i =1,...,4),
with a single resource type. Additionally, we assume that LBy = 3, LBy = 4, LBs = 6, and
LBy = 5. The distribution of the resource overflows for the four projects is given in the matrix
Mra0 as follows:

101000
011100
Mrao= 149101 01
001110

We will now illustrate the steps of Algorithm 1 to integrate these four projects regard-
ing the given matrix Mt40.
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Step 1: Calculate column sums of Mr40 and identify the maximum column(s)

*  The column sums are computed as follows:
Column 1 (Cq): 2, Column 2 (Cy): 2;
Column 3 (Cs3): 3, Column 4 (Cy): 3;
Column 5 (Cs): 1, Column 6 (Cg): 1.

Therefore, the column sums can be expressed as

C= [Clr CZ/ C3/ C4r C5/ Cé} - [2/ 2/ 3/ 3/ ]-/ 1] .
¢  The maximum column sums are found in Columns 3 and 4.
Step 2: Determine the ranks of the maximum columns (3 and 4)

e  To calculate the rank of each maximum column, sum the non-zero entries of the
corresponding rows:

Rank of Column 3:
4 4 4
Y omyi+ Y mpi+ Y my=(1+1)+(1+1+1)+(1+1+1)=8
j=1 j=1 j=1

Rank of Column 4:

4 4 4
Y mpi+ Y mai+ Y my=(1+1+1)+(1+14+14+1)+(1+1+1) =10.
j=1 j=1 j=1

*  Since the rank of Column 4 (10) is greater than the rank of Column 3 (8), Column 4 is
selected for integration.
Step 3: Integrate projects corresponding to the selected column

*  The non-zero entries in Column 4 correspond to Projects 2, 3, and 4. These projects are
integrated, and their corresponding rows are deleted from the Mr40.

Step 4: Update Mt40 and assess remaining projects

e Afterintegrating Projects 2, 3, and 4, the updated matrix M0 has only one remaining
row for Project 1:
Mrao= [1 0 0 0 0 0]

*  Since there are no other projects to integrate with project 1, it is processed individually.
row 1 is deleted from Mr40, and the algorithmconcludes.

5.2. Computational Complexity Analysis

To analyze the computational complexity of the proposed algorithm for project in-
tegration in the resource-constrained multi-project scheduling problem (RCMPSP), we
examine each significant part of the algorithm and identify its time complexity.

*  Execution Steps of the Algorithm:

1. Generate Matrix Mra0: The matrix Mrao = (mij) MxT is generated where M is the
number of projects and T is the maximum LB; (lower bound of durations). The algo-
rithm iterates over each project for each time instant. This results in a complexity of

O(M xT).

2. Integrate the Projects: The algorithm uses a while loop that continues as long as there
are rows in Mrt40. The inner operations include
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a. Column Sums Calculation: Calculating the column sums requires traversing
each column, which has a time complexity of O(M) for the entire T columns,
resulting in

O(M x T).

b.  Choosing the Best Column: This involves checking column sums again and ranks.
In the worst case, when multiple columns yield the maximum sums, we will need
to sum the row sums for the selected columns, which takes O(M) time for each
of the |C| columns.

Assuming that the while loop could potentially run up to O(M) times (in the case
where projects are closely integrated), the inner steps could lead to a worst-case
scenario of

O(M? x T),

where each integration reduces the number of projects (rows) in Mt40 during each iteration.

Combining all these steps, under the worst-case scenario, the total time complexity
can be formally represented as follows:

*  Matrix generation: (O(M x T))

While loop iterations (up to O(M)) impose costs within each iteration as O(M x T):
O(M? x T).
Thus, the comprehensive time complexity can be approximated as

O(M? x T).

The algorithm’s complexity is notably influenced by the input size, particularly the
number of projects M and the time horizon T. In many practical scenarios, because project
integrations frequently reduce the number of projects considered, the actual performance
can be better than the worst-case complexity suggests.

Before presenting our computational results, we provide a brief explanation of the
trdss and refer the reader to [37] for more details.

5.3. Tri-Directional Scheduling Scheme—Trdss

The trdss is a schedule generation scheme that consists of two typical phases [37].
In the first phase, activities are scheduled in three different directions. Activities that have
all their predecessors scheduled are considered in the forward sub-schedule (referred to as
the forward direction). Activities that have all their successors scheduled are considered
in the backward sub-schedule (referred to as the backward direction). Finally, activities
that have both their predecessors and successors scheduled are included in the midway
sub-schedule (referred to as the midway direction). It is worth noting that the trdss
implements the parallel scheduling scheme (PSS). In the second phase, activities from
three sub-schedules are left-shifted to construct the complete schedule. Initially, activities
from the midway sub-schedule are left-shifted, followed by activities from the backward
sub-schedule. Activities from the midway sub-schedule are left-shifted in the order of
their start times, taking into account precedence and resource constraints. Subsequently,
activities from the backward sub-schedule are left-shifted in non-decreasing order of their
scheduled start times.

Studies have shown that the trdss outperforms other state-of-the-art scheduling
schemes concerning their makespans, particularly when the level of TAO increases [37].

6. Development of a New RCMPSP Generator

The availability of libraries for RCMPSPs is crucial for advancing the field of project
scheduling. They provide a common ground for researchers to compare their results and
contribute to developing more efficient and robust algorithms for solving the RCMPSP.
To effectively assess the performance of IPA, it is necessary to develop a new RCMPSP
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generator that can generate multi-project instances based not only on the conventional
measures of network and resource complexities, but also on the TAO.

None of the existing generators or instance libraries take the TAO into account as
a control parameter. To elaborate further, we applied the suggested IPA on the largest
set of the mpsplib [31], which consists of problems with 20 projects and 120 activities
(referred to as “mp_j120_a20_nr5_AgentCopp_set”). The experimental results demonstrate
that when Algorithm 1 is employed, the resource overflows in the mpsplib instances [31]
are distributed in such a way that about approximately 98% of projects in a multi-project
problem can be integrated into a single project (referred to as a super-project). In other
words, by utilizing Algorithm 1, a multi-project problem with m distinct projects from the
mpsplib [31] can be transformed into either a super-project or a new multi-project problem
with only two projects, where 98% of projects are integrated into a single project. Hence,
this particular multi-project benchmark does not fulfill our requirements. In general, if the
resource overflows in the projects occur at the same locations, the performance of the
IPA and the MPA is approximately the same and, therefore, there is no need for project
integration. Hence, it is advantageous to invoke MPA in such cases.

Therefore, in this paper, we propose the development of a new generator for the
RCMPSP, called GTAO. The GTAO incorporates measures of network and resource com-
plexities, as well as the TAO concept. The generator uses RCPSP instances, including J30,
J60, J90, and J120 instances from the PSPLIB benchmark as its foundation. To implement
the TAO, we consider three following factors:

i.  The length of the resource overflows;
ii.  The time instants during the project’s life cycle at which the resource overflow occurs;
iii. The magnitude of resource overflow at these times.

In other words, the GTAO generates random multi-projects by incorporating the
aforementioned three factors. It is important to note that the generator already takes into
account the usual measure complexities, as it is based on instances derived from Kolisch
RCPSP benchmark [38].

The generation process of GTAO is as follows:

1. First, an RCPSP instance, denoted as p;, is randomly selected from the set of J30 U
J60 U JOO U J120;

2. The duration of p; is divided into T; units, each unit having a length of one (T;
represents the critical path of project 7);

3. Resource overflow is then inserted at specific time instances during the life cycle of
the RCPSP. The overflow has a given magnitude at those times, resulting in a random
instance of RCMPSP.

The injection of resource overflow at time instant ¢ is carried out using one of the
following procedures:

a. Adjusting the amount of resource requirements for certain activities, either by increas-
ing or decreasing them;
Dividing activities that are active at time ¢ into sub-activities;

c. Inserting new activities or deleting some existing sub-activities.

In Example 2, we illustrate the mechanics of the GTAO process on a simple project.
This can provide a clear understanding of how the process is applied in practice.

Example 2. Let us consider a small project, denoted as p, which consists of four activities: A, B, C,
and D. The project has a total available single resource, Ry = 2 units per time period, as illustrated
in Figure 1. Each box in the figure provides the name, duration, and resource requirements for the
respective activities. The overall duration of the project is T = 5 time units. Additionally, Figure 2
shows the early schedule for project p.
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Figure 1. An example of a small project.
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Figure 2. Early schedule for project p.

Now, let us assume that we want project p to experience three instances of resource
overflow, each with a magnitude of one, occurring during the time intervals [0,1), [2,3),
and [4,5). We can obtain a modified project, denoted as ppew, which includes these desired
resource overflows, as follows:

1. Introduce a new activity, labeled as A1, during the time interval [0, 1);

2. Divide activity C into two sub-activities (C1 and C2) and delete C2, which would
have started at t = 3;

3.  Increase the resource requirement of activity D, creating a new activity called D1.

The early schedule for project pjew is presented in Figure 3, where it is evident that
the resource overflows occur during the specified time intervals throughout the project’s
life cycle.

It is worth noting that the introduction of A1l into the project introduces new prece-
dence relations, as depicted in Figure 4.
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Figure 3. Early schedule for project pyew.



Systems 2024, 12, 476

11 0f 18

A
b
[y
-
o

__T.

¥
=}
o
o
=
[
-
o

A2-1 B C111 ————

Figure 4. Activity-on-node representation of project pyew.

7. Computational Results

To assess the performance of the IPA and to compare it with other MPAs, 14 distinct
portfolios of multi-projects are generated randomly. Each portfolio consists of between
10 and 23 projects. Generated projects differ in the overflows magnitude and the time inter-
vals within which the overflows occur (each project is generated by the GTAO). From each
portfolio, 30 random instances are generated.

7.1. Dominance Measure for the Objective Function

To compare the performance of different multi-project solution approaches, project
delay is considered as a measure of efficiency. This objective function determines the
quality of the solution obtained by different approaches. Let us assume that there are
M projects, py,...,pm in a multi-project problem P, and let us consider S solution ap-
proaches. If T;; represents the makespan of p; obtained by applying solution approach s,
then the RCMPSP with minimizing the makespan can be considered as a multi-objective
optimization problem:

minimize {F; = (Ts,...,Tsm) |s=1,...,S}.

Therefore, evaluating the performance of S solution approaches is equivalent to evalu-
ating S Pareto vectors with a dimension of M.

He et al. [39] proposed a new definition for Pareto optimality when the number of
objective functions exceeds five. Their definition is based on a fuzzy membership function.
They indicated that when the size of the Pareto vector is greater than five, the majority of
Pareto vectors will be classified as non-dominated vectors, making the accurate evaluation
of Pareto solutions difficult. They assigned a crisp value to each Pareto vector and ranked
the Pareto vectors accordingly. In this paper, we draw inspiration from their definition and
present a new definition of Pareto-dominance to evaluate the performance of the S = 3
scheduling approaches, i.e., the SPA, MPA, and IPA. The following procedure explains how
we can assign real values (referred to as the degree of closeness to a reference or ideal point)
to objective vectors (on the Pareto front) generated by different scheduling approaches,
allowing us to compare objective vectors accordingly.

Consider the objective vectorson S, Vs = (T, -+, Tsm) € R% wheres =1,...,S,
representing makespans of a multi-project problem P with M projects obtained by S
scheduling approaches. Additionally, let the vector LB = (LBy, - - - , LBp) be a reference
point, where LB; represents the critical path of project p;, withi = 1,..., M. To define a
dominance measure, we calculate the degree of closeness to the reference point LB for each
solution approach s, denoted as ®(Vs), where ®(.) : RM — R is the Gaussian function

defined as R
1 M 1/x—LB;
CD(x)Mi_Zlexp<—2( o ) >,
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with the parameter op, representing the deviation from the reference point, defined as

1 s
- —-— 1 T ; - LB' ) == 1/ A ’M 7
op latenessyay <rSn=1{1{ il 1) ( )

where
M [ S
latenessyax = malx{ml?{Tsi} — LB,-}.
= s=

The value of ®(.) serves as an evaluation measure. Therefore, we provide the follow-
ing definition.

Definition 1 (Dominance measure). The objective vector V4 dominates the objective vector Vg if
D(Va) > (V)

According to Definition 1, we can conclude that solution approach A outperforms
solution approach B, if the objective vector V4 dominates the objective vector Vp.

Remark 1. If only the total completion time of a multi-project problem P is considered, the objective
vectors corresponding to S different solution approaches are calculated as follows:

Vi:= (FTs)1:1 €RZY (s =1,...,5),

where FTs represents the finishing time of the last activity of problem P obtained by solution
approach s (s = 1,...,S). In this case, for convenience, we denote the value of dominance ®(Vs)

by ¢(s).

7.2. Experimental Results

In this section, we evaluate the performance of three solution approaches, i.e., the SPA,
the MPA, and the IPA. The scheduling generation scheme used is trdss. We summarize the
results of the dominance measure ¢(i), where i = SPA and MPA, in Figure 5. It is important
to note that the number of projects varies between 10 and 23. Figure 5a provides an example
where in instances with 17 projects, the average dominance values of the SPA and the MPA
solutions are 1.9943 and 2.1987, respectively. Thus, for this instance, the quality of the
solution obtained from the MPA outperforms the SPA. However, the results are reversed for
instances with 22 projects, where the dominance values of the SPA and the MPA solutions
are 2.2417 and 2.1267, respectively.

In Figure 5b, we consider relative deviations (%) of the MPA from the SPA using the
following measure:

9(SPA) — p(MPA)
(])(SPA)

Relative deviation = ( ) x 100.

We observe that for certain instances, prioritizing projects in an RCMPSP and then
scheduling them by the MPA is more effective than using the SPA. This is evident for in-
stances with 10,11,12,13,14,17,21, and 23 projects. However, for other instances, the trend
is reversed, such as instances with 15,16,18,19,20, and 22 projects. In general, as the
number of projects in an RCMPSP increases, the relative deviation of the MPA from
the SPA decreases. Consequently, there is no significant difference between the two
solution approaches.

Now, let us examine the impact of the proposed IPA on the scheduling of multi-project
problems. The scheduling scheme used is trdss, as before. As mentioned earlier, in the IPA,
projects of the RCMPSP are prioritized based on the TAO concept. Specifically, the IPA
converts a problem with M; projects into a new problem with M, projects, where M, < M;
(refer to Algorithm 1). The new problem is then solved by invoking the MPA, denoted as
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IP(MPA). It is worth noting that the benchmark instances used are the same as those in
Figure 5, and results are illustrated in Figure 6.

—e— WPA
-m-SPA

Dominance value

1 1 1
11 12 13 14 15 16 17 18 19 20 21 22 23
Number of projects (M)

(@)

Relative deviation (*s) of MP from SP

I 1 1 1 1 1 1 I |
o 12 1 M4 B oW " 1% 19 20 2r 2 23

Number of projects

10 1 1 1 1 1

(b)
Figure 5. Comparing the performance of SPA and the MPA. (a) Dominance measure ¢(.). (b) Rela-
tive deviation.

Looking at Figure 6a, the results indicate that for instances with 17 projects, for exam-
ple, when the IPA is applied, the dominance value ¢(.) associated with the MPA and the
IP(MPA) solutions are 1.3130 and 1.993, respectively. In other words, the quality of solutions
obtained from the IP(MPA) surpasses that of the MPA. In addition, we can conclude that
when using a fixed scheduling scheme (in this case, the trdss), prioritizing projects leads to
affecting the quality of schedules by solution approaches. In Figure 6b, we consider relative
deviations (%) of the IP(MPA) from the MPA, calculated as follows:

$(MPA) — ¢p(IP(MPA))
¢(MPA)

Relative deviation = ( ) x 100.

It is observed that prioritizing projects and then prioritizing activities using the
IP(MPA) is more effective than using the MPA for all instances (see Figure 6b). Regarding
Figure 6, we can conclude that the efficiency of the IP(MPA) surpasses that of the MPA.
This is highlighted as the size of the projects increases, meaning that the quality of solutions
obtained from the IP(MPA) is superior to those from the MPA, and this difference in quality
increases as the problem size grows.
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—t— IP(MPA)
= =0 = MPA

Dominance value

10 11 12 13 14 15 16 17 18 19 20 21 22 23
Number of projects (M)

(@)

Relative deviations IMP from WP

1 1
10 12 14 16 18 20 22 2
Number of projects

(b)
Figure 6. Comparing the performance of MPA and the IP(MPA). (a) Dominance measure ¢(.).
(b) Relative deviation.

Furthermore, it is interesting to investigate whether the frequency of project integration
in the RCMPSP leads to more efficient schedules concerning the objective function. To explore
this, we compare the MPA (i.e., without project integration based on the TAO) to the proposed
IP(MPA) while varying the number of integrated projects. Figure 7 shows relative devia-
tions of the IP(MPA) from the MPA regarding the frequency of projects integration. When
looking closer at Figure 7, numerical results demonstrate that when the frequency of projects
integration in an instance is 93.3%, for example, the relative deviation of the IP(MPA) from
the MPA is 8.7%. However, this value improves to 42.13% when the frequency of projects
integration increases to 96.92%. In other words, this figure indicates that the frequency of
projects integration can be affected positively by the performance scheduling scheme.

Observation 1. Based on numerical findings, prioritizing projects and frequency of
projects integration, facilitated by the proposed IPA, positively impacts the quality of
multi-project schedules.

Observation 2. It is important to note that the efficiency of solutions obtained from the
IP(MPA), regardless of the problem size, is higher than that of other solution approaches.

Note that a statistical analysis at the significance level of « = 0.05 reveals a significant
difference between the IP(MPA) and the MPA.
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Figure 7. Relative deviation of IP(MPA) from the MPA regarding the number of integrated projects.

Finally, the results presented in Table 3 indicate that differences in computational
times among the three mentioned approaches are negligible. In other words, there is no
need to spend a remarkable amount of time to produce the solutions with higher quality.
Interestingly, in some cases, the IP(MPA) has less computing time compared to the SPA.

It is noteworthy that the average CPU time for prioritizing projects before invoking
the IP(MPA) is approximately 0.11 s.

Table 3. Average relative deviation (%) of computational times from the minimum time among the
three solution approaches for each instance.

Number
Projects

SP 284 000 148 154 331 224 128 000 470 370 084 047 435 0.00
MP 256 0042 111 000 000 000 0.00 069 0.00 0.00 0.00 0.00 0.00 1.81
IP(MPA) 0.00 0.508 0.00 0.13 283 1.67 206 238 079 036 279 176 322 426

11 12 13 14 15 16 17 18 19 20 21 22 23

Therefore, the experimental results demonstrate that prioritizing the projects improves
the performance of the SPA and the MPA without incurring additional computational costs.

8. Conclusions

In this paper, we proposed a novel approach called the integrated project approach
(IPA) for prioritizing projects prior to resource-constrained multi-project scheduling prob-
lems (RCMPSPs). The IPA integrates projects based on a resource-based measure known
as the total amount of resource overflow (TAO) and employs a tri-directional schedule
generation scheme (trdss) as an innovative multi-directional scheduling method.

The IPA builds upon multi-project approaches (MPAs), specifically single and multi-
project approaches (referred to as SPA and MPA). However, it distinguishes itself by the
way in which projects are integrated, relying on the TAO to facilitate this integration process.
The IPA is implemented within the MPA framework referred to as IP(MPA).

To evaluate the performance of the IPA, we designed a project generator called GTAQO,
which generates multi-project problems while considering the TAO as a control parameter.
In using the trdss for scheduling projects, the IPA prioritizes the projects in an RCMPSP
based on their TAO values and positions and then integrates them accordingly.

Our results demonstrated that prioritizing projects and the frequency of project in-
tegration based on the TAO lead to more efficient schedules, particularly in minimizing
project makespans. This highlights that, within a multi-project environment, effective
project prioritization can significantly enhance the performance of scheduling generation
schemes without incurring additional computational costs.
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Furthermore, the application of artificial neural networks [40], particularly focused on
topological structures for project ranking and scheduling in the context of resource mobility
and uncertainty, presents a promising area for future research.
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Abbreviations

RCPSP Resource-constrained project scheduling problem
RCMPSP Resource-constrained multi-project scheduling problem
SPA Single project approach

MPA Multi-project approach

IPA Integrated project approach

IP(MPA) IPA equipped with MPA

trdss Tri-directional schedule generation scheme

bidss Bi-directional schedule generation scheme

TAO Total amount of resource overflow

GTAO RCMPSP generator based on TAO

RS Resource strength

RF Resource factor

DRCMPSP Decentralized resource-constrained multi-project scheduling problem
ARLF Average resource loading factor

AUF Average utilization factor

PSBLIB Kolisch benchmark

Notations

M Total number of projects within an RCMPSP

P A multi-project problem

pi Project i

N; Number of activities in projecti i=1,..., M

Ji Set of activities associated with project i where |J;| = N;
N=yM N; Overall total of activities across all projects

R Set of all resource types

K Total number of different resources where |R| = K

Ry Total amount of renewable resource of type k where k € R
Tjik Amount of resource k required by activity j in project i
T Total makespan for a multi-project scheduling problem
T; Makespan of project i

Ty Makespan of project p; using solution approach s

Resource overflows matrix with T = max

=1 LBi
Length of critical path for project i

Peak Maximum requirement for resource k over the scheduling period
A(t) Set of activities that are active at time ¢
S Total number of solution approaches, defined as S = {SPA, MPA, IPA}
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Fs Makespan of the last activity in a multi-project P using scheduling approach s
Vs Vector of makespans for a multi-project P based on scheduling approach s
d(.) Measure of closeness to the reference point LB (dominance value)

op Deviation from the reference point for a multi-project P
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