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Abstract: In this study, the multi-mode resource-constrained multi-project scheduling problems
(MMRCMPSPs) considering supply management and sustainable approach in the construction
industry under uncertain conditions have been investigated using evidence theory to mathematical
modeling and solving by multi-objective optimization algorithms. In this regard, a multi-objective
mathematical model has been proposed, in which the first objective function aims to maximize a
weighted selection of projects based on economic, environmental, technical, social, organizational,
and competitive factors; the second objective function is focused on maximizing profit, and the
third objective function is aimed at minimizing the risk of supply management. Moreover, various
components, such as interest rates, carbon penalties, and other implementation limitations and
additional constraints, have also been considered in the modeling and mathematical relationships to
improve the model’s performance and make it more relevant to real-world conditions and related
issues, leading to better practical applications. In the mathematical modeling adopted, the processing
time of project activities has been considered uncertain, and the evidence theory has been utilized.
This method can provide a flexible and rational approach based on evidence and knowledge in
the face of uncertainty. In addition, to solve the proposed multi-objective mathematical model,
metaheuristic optimization algorithms, such as the differential evolution (DE) algorithm based on the
Pareto archive, have been used, and for evaluating the results, the non-dominated sorting genetic
algorithm II (NSGA-II) has also been employed. Furthermore, the results have been compared based
on multi-objective evaluation criteria, such as quality metric (QM), spacing metric (SM), and diversity
metric (DM). It is worth noting that to investigate the performance and application of the proposed
model, multiple evaluations have been conducted on sample problems with different dimensions, as
well as a case study on residential apartment construction projects by a contracting company. In this
respect, the answers obtained from solving the model using the multi-objective DE algorithm were
better and superior to the NSGA-II algorithm and had a more favorable performance. Generally, the
results indicate that using the integrated multi-objective mathematical model in the present research
for managing and scheduling multi-mode resource-constrained multi-project problems, especially in
the construction industry, can lead to an optimal state consistent with the desired objectives and can
significantly improve the progress and completion of projects.

Keywords: multi-mode resource-constrained multi-project scheduling problems (MMRCMPSPs);
multi-objective mathematical modeling; metaheuristic optimization algorithms; uncertainty; evidence
theory; sustainability
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1. Introduction

Proper management and planning in resource-constrained project scheduling prob-
lems (RCPSPs) is one of the most current and complex issues in the field of project man-
agement, which aims to minimize the duration of the project. In recent years, considerable
effort has been devoted by researchers to this area. It is worth mentioning that attention
to the RCPSP concept is essential and used in various industry domains, such as the
construction industry [1].

One of the special cases in this field is multi-mode resource-constrained project schedul-
ing problems (MMRCPSPs), which can be extended to a multi-project with significant appli-
cation and importance for real-world implementation issues. Scheduling of various projects
and the division of various resources can be performed with two approaches: single-project
and multi-project. In the single-project approach, projects are artificially integrated through
virtual start and end activities and become a single project. It should be noted that both
approaches can produce different schedules with the same priority rules [2]. Given that
the multi-project situation is often more common in practice, it probably provides a bet-
ter opportunity for further progress. In large and modern companies and organizations,
multi-project scheduling is a crucial issue. Many projects are set up and implemented in
these organizations, requiring simultaneous scheduling [1]. The multi-project scheduling
problem was first studied by Pritsker et al. [3], who presented a practical model for multi-
project scheduling and formulated the model as an example. However, no solution method
for multi-project scheduling problems has been presented in their research.

Over time, the multi-project scheduling problem has attracted more researchers” at-
tention, and various methods and procedures have been presented to solve it. Also, the
integration of project scheduling and material ordering in the last three decades has been
given more attention to ensure the project’s profitability. The essential concern about order-
ing materials in the timing of various projects is to choose the right projects and suppliers
so that the completion costs are minimized and, ultimately, the profitability of the projects
is maximized [4]. In recent years, in addition to increasing profits, paying attention to
sustainable development, sustainability dimensions, and adopting sustainability in the con-
struction industry is felt as a necessity. Sustainability is a multifaceted concept that refers
to economic, social, and environmental values and is a challenge in properly managing
construction industry projects [5,6]. The integration of new issues in project scheduling
and various sustainability aspects is currently for managers’ attention. In fact, the desire to
develop and use new management methods for project scheduling and management has
increased, and the foundations of sustainability have become dominant in various fields of
fundamental management in organizations and businesses [6].

Based on the mentioned points, in this article, an integrated time—cost optimization
model is presented for multi-project scheduling and resource ordering in construction
industry projects with a sustainable approach under uncertain conditions. In this respect,
a multi-objective mathematical model has been proposed for the investigated problem,
and then metaheuristic algorithms have been used to solve the model. The problem of
the current research includes multi-projects, and multi-mode implementation has been
considered for the activities of each project, and each activity will be completed in only one
mode. Also, the types of project resources are renewable and non-renewable.

It is worth mentioning that some previous studies have dealt with the multi-project
scheduling problem with a simple and discrete approach, and a number of them have also
considered various items often separately, such as material ordering, supplier selection, or
sustainability aspects [7,8]. However, most of these studies have not paid adequate atten-
tion to an integrated approach in the field of multi-project scheduling and consideration
of resource constraints, uncertainty, suppliers, sustainability, and other complementary
aspects, such as interest rate, discount factors, risk criteria, organizational criteria, and
competitive criteria. Considering that the mentioned cases significantly affect the opti-
mal scheduling of construction projects, their consideration and inclusion in multi-project
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modeling in the construction industry can lead to the appropriate and more favorable
implementation of the projects.

In this regard, the proposed model in this research has been designed and devel-
oped according to the shortcomings of previous research models for multi-mode resource-
constrained multi-project scheduling problems (MMRCMPSPs). It has been tried that the
presented model has an integrated and complementary method along with the scheduling
of project activities simultaneously with the approach of sustainable development in the
construction industry, influential and various issues such as the optimal use of renewable
and non-renewable resources and sustainability aspects are also addressed. As mentioned
earlier, in the problem being investigated, uncertainty has also been taken into account,
where the parameter of the processing time of activities is non-deterministic. It is worth not-
ing that although many methods, such as probability theory, fuzzy, entropy, and evidence
theory, have been proposed to deal with uncertainty, evidence theory has the advantage
of dealing with uncertainty flexibly and logically based on evidence and knowledge and
has wider applications in measuring uncertainty in decisions [9]. Therefore, regarding this
matter, evidence theory has been used in the current research to face the uncertainty of the
time of activities, and a new functional investigation has been carried out.

Actually, in this research, a novel multi-objective mathematical model and relations
with a new integration methodology for multi-mode resource-constrained multi-project
scheduling have been presented by considering many different cases, such as costs, times,
risks, profits, sustainability, uncertainty, suppliers, carbon penalties, interest rates, environ-
mental, technical, social, organizational, and competitive factors. Indeed, this integration
and optimization between various items, also stated in the different parts of the research, is
the distinguishing feature of this work from other studies in this field and one of the contri-
butions. Furthermore, solving and investigating the proposed model using metaheuristic
optimization algorithms and uncertainty theories, such as evidence theory, is one of the
strengths of this research. Also, the performance of the proposed model and method has
been evaluated for various problems. That has been described in detail in related parts of
the current article.

It is noted that this article is organized into six sections. Section 1, as an introduction,
presents the importance of the subject and an introduction to the problem under investiga-
tion. In Section 2, as a literature review division, relevant previous research is reviewed to
explain the research gap. Section 3 defines the problem and describes the mathematical
modeling. Section 4 explains the structure of metaheuristic solving algorithms, such as
the multi-objective differential evolution (DE) algorithm based on the Pareto archive and
the non-dominated sorting genetic algorithm II (NSGA-II). Finally, in Section 5, the results
of the model and evaluations are reviewed and presented, and in Section 6 and the last
section of the article, the summary and conclusion of the research are provided.

2. Literature Review

The problems of project scheduling have attracted the attention of many researchers
in the past years, and many studies have been conducted in this field and in different
situations, some of which have been briefly reviewed and explained in the following section.
In this regard, Le [10] studied resource-constrained multi-project scheduling problems
(RCMPSPs) by considering the moving time of renewable resources (labor, machinery, and
equipment) in Vietnam’s construction projects. This research examined several projects
in different places and at large distances from each other. In the presented model of this
research, allocating a resource from one project to another was considered very expensive
and time-consuming. Also, an algorithm based on priority rules was presented to solve this
problem and minimize project implementation time. Tseng [11] also presented two heuristic
algorithms to solve the multi-project scheduling problem with resource-constrained in
multi-mode. The first algorithm is a parallel scheduling algorithm, which is a combination
of priority rules for activities and modes, and the second algorithm is based on the genetic
algorithm (GA). Browning and Yassine [12] studied the static RCMPSP with two objectives
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for minimizing project delays and portfolio lateness and presented a mathematical model
for the investigated problem. Zhang and Sun [13] also investigated the multi-project
scheduling problem with limited resources and solved this problem using priority rules
based on heuristics methods.

Liu and Chen [14] studied the multi-project scheduling problem in the construction
industry, assuming the allocation of different resources. They discussed the resource alloca-
tion mechanism for multi-project scheduling problems and then presented an optimization-
based model to solve resource allocation problems. This research designed a scheduling
model with constraints and different optimization objectives, including minimizing total
costs and project duration, according to each activity’s combination of resource alloca-
tion. Singh [15] investigated the multi-project scheduling problem by considering re-
source constraints using rule-based priority and analytic hierarchy process (AHP) methods.
Suresh et al. [16] also studied the multi-project scheduling problem with limited resources
and the assumption of transfer times of resources between activities. Their study presents a
new approach based on the genetic algorithm to solve the multi-project scheduling problem
with resource transfer times, where the net present value (NPV) of all projects is maximized
concerning renewable resource constraints. El-Abbasy et al. [17] studied multi-objective
optimization for multi-project scheduling in the construction industry using the elitist non-
dominated sorting genetic algorithm. They presented the development of an automated
system that optimizes the scheduling of several construction projects according to differ-
ent objectives, considering financial aspects and required resources under the operating
system. Pinha et al. [18] have also addressed the multi-project scheduling problem with
limited resources in their research. In this study, they presented mathematical modeling for
multi-project scheduling with multiple resource constraints in ship repair.

Joo and Chua [19] have addressed the MMRCMPSP assuming splitting of ad hoc activ-
ities in civil engineering companies. They presented a mathematical model for this problem
and used a simulated annealing (SA) algorithm to solve it. Rostami et al. [20] have also
investigated multi-project scheduling problems by assuming resource pool locations for
periodic services. They considered the transfer of resources between projects and presented
a mathematical model to minimize the completion time. Further, they used the artificial bee
colony algorithm to solve the model. Li and Xu [21] studied the multi-project scheduling
problem with resource constraints using a multi-agent system and a two-stage decomposi-
tion method. Nabipoor Afruzi et al. [1] also presented a robust optimization mathematical
model for the multi-project scheduling problem with limited resources under conditions of
uncertainty in the time of activities. Shafahi and Haghani [22] addressed the problem of
project scheduling and selection of projects with phase interdependence between phases.
They presented a mixed integer programming (MIP) mathematical model that maximizes
the NPV and future investments under time limitations on budgets and reinvestment
strategies. Birjandi and Mousavi [23] presented fuzzy mixed integer nonlinear program-
ming (MINLP) in a mathematical model for the RCPSP in fuzzy conditions with multiple
routes. To solve the model, they used a hybrid metaheuristic approach based on particle
swarm optimization (PSO) and genetic algorithms to minimize project completion costs.
Additionally, Garcia-Nieves et al. [24] proposed a multi-objective linear-programming
optimization model for scheduling repetitive activities in construction projects. Their re-
search presented a guide and computational testing of a new mathematical model that can
optimize construction schedules according to the most given conditions in terms of time
and location.

Zou and Zhang [25] presented a constraint programming approach with atypical
activities for scheduling repetitive projects by soft logic. They have developed a flexible,
iterative scheduling model by integrating soft logic into the time-cost trade-off. This model
allows similar activities in different units to be performed in parallel (run simultaneously),
sequentially (one after the other), or partially parallel and partially sequentially. Also,
Rahman et al. [26] addressed the problem of a construction project scheduling with resource-
constrained using a memetic algorithm. Zhang and Cui [27] investigated the problems of
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project scheduling and ordering materials considering the storage space limitation. They
presented a two-objective mathematical model for minimizing the construction project’s
time and related costs, including material inventory costs, ordering costs, and indirect costs.
The proposed model is NP-HARD, and the NSGA-II algorithm has been used to solve it.

Also, in recent years, many studies have been performed on project scheduling prob-
lems, considering the aspects of sustainability. El-Alfy [28] investigated the design of
sustainable constructions according to value engineering principles. Also, Hwang et al. [29]
have addressed the management of green and sustainable construction projects to improve
project scheduling performance. Ali et al. [30] also reviewed and studied the project man-
agement and sustainability literature. They examined previous research on the impacts
of sustainability aspects in different phases of project management. Their investigations
showed that the components of sustainability significantly affect all stages of project man-
agement, and their consideration leads to improvements in the project management process.
Mahmoudi et al. [31] investigated the problem of sustainable project scheduling in con-
struction and presented a mathematical model. The purpose of the mathematical model
proposed by them is based on the aspects of sustainability. It includes minimizing the
costs of pollutants and job injuries, for which they used the SA algorithm for optimization.
Their study considers the project network dynamically, and the model’s parameters are
also probabilistic.

Wang et al. [32] studied the issue of green project planning concerning sustainable
development. For this problem, they presented a two-objective mathematical model with
the goals of minimizing the project cost and maximizing the reduction of pollutant gas
emissions. They used the NSGA-II to solve the model. Several construction projects are
considered in the investigated problem, and the presented mathematical model deals
with the scheduling of project activities in the planning period with sustainability goals.
Habibi et al. [7] have also investigated the problem of scheduling project activities and or-
dering materials, taking into account sustainability considerations for construction projects.
In a research article, Mahmoudi et al. [33] evaluated, selected, and scheduled urban road
construction projects (URCP) considering sustainability. In their article, the network for
a data envelopment analysis (DEA) model is first built. Then, considering the elements
of sustainability, combining data coverage analysis, game theory, and the selection and
scheduling of sustainable URCP, a two-level model for the selection and scheduling of
URCP is presented. Finally, an algorithm is proposed to solve the model.

Khayamim et al. [34] presented a sustainable approach for selecting and schedul-
ing urban transportation infrastructure projects in large networks. In their research, a
new procedure has been presented to accomplish the selection and scheduling of urban
transportation projects simultaneously. They also presented a mathematical programming
model, and according to the relevant model, a two-phase hybrid solution method was devel-
oped. Askarifard et al. [35] have also provided a robust multi-objective optimization model
for project scheduling by considering risk and sustainable development criteria. They
presented a model with the objectives of minimizing cost, risk, and socio-environmental
impacts to reduce project delays. RezaHoseini et al. [8] have also presented a bi-objective
model for green construction supply chains under conditions of uncertainty, in which
supplier integration and multi-project scheduling are considered. This study evaluates
the construction supply chain using a bi-objective linear mathematical model in which the
actual environmental impacts of vehicles in terms of distance, pollution status, and road
slope are considered. Also, the synergy between supplier selection and project timing in
the proposed green supply chain is considered in this research.

It is worth mentioning that apart from the cited cases, various and numerous other
studies have been carried out in civil engineering fields, using new methods and computer
algorithms to overcome different technical issues [36-38], which, for the coherence and
brevity of contents in this section, only these items are noted, and the review of the most
relevant previous research is limited to them in this part of the article. Now, regarding
the mentioned cases, in the following and in the form of Table 1, to better comprehend
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and identify the previous studies and research gaps, a comparison and overview of some
significant studies and articles in this field have been made with the current research.

Table 1. An overview of some previous related studies with the current research.

) ) %D o ﬂé .§ § = > oy
e & 2 & O @ 5§ € ¢ g & & £ g £
Works and References o i‘; o) 2 E % 5 E }% '-g .g g E t 5]
n R = n = A ‘=
» = § & é S éo AU 3
Nabipoor Afruzi et al. [1] v v
Habibi et al. [7] v v / v
RezaHoseini et al. [8] v v v v v
Le [10] v v
Tseng [11] v v
Browning and Yassine [12] v v
Zhang and Sun [13] v v
Liu and Chen [14] v v
Singh [15] v v
Suresh et al. [16] v v v
El-Abbasy et al. [17] v v
Pinha et al. [18] v v
Joo and Chua [19] v v
Rostami et al. [20] v v
Liand Xu [21] v v
Shafahi and Haghani [22] v / v
Birjandi and Mousavi [23] v v
Garcia-Nieves et al. [24] v v
Zou and Zhang [25] v v
Rahman et al. [26] v v
Zhang and Cui [27] v v v
El-Alfy [28] v
Hwang et al. [29] v
Ali et al. [30] v
Mahmoudi et al. [31] v v v
Wang et al. [32] v v v v v
Mahmoudi et al. [33] v v v v
Khayamim et al. [34] v v v v
Askarifard et al. [35] v v v v
Current Research J/ / J/ J/ v/ 4 V4 4 4 V4 v/ v/ J/

As shown in Table 1, various researchers have investigated the problems of multi-
project scheduling and sustainability considerations. However, this research takes a more
integrated and comprehensive approach by considering other important factors, such as
interest rates, discount factors, risk criteria, organizational criteria, and competitive criteria,
in addition to sustainability issues. Project selection, material ordering, and supplier
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selection are also included in the scheduling and modeling process. Furthermore, this
research incorporates uncertainty conditions based on evidence theory, which has not
been previously performed in an integrated and combined manner in this field. Another
notable aspect of this research is the inclusion of carbon penalties for suppliers who exceed
the allowed pollution limit. It is worth mentioning that previous research in the field of
multi-project scheduling in the construction industry has not given adequate attention to
the carbon penalty. Finally, this research employs a multi-objective mathematical modeling
approach and uses metaheuristic algorithms such as the DE and NSGA-II to solve the
problem. Considering all the mentioned cases and conditions, this integrated approach can
lead to a practical and optimal solution to make appropriate executive decisions.

3. Mathematical Modeling

As mentioned in the previous sections, this research aims to present an integrated
multi-objective mathematical model for multi-mode resource-constrained multi-project
scheduling in the construction industry with a sustainable development approach under
uncertain conditions. In this respect, the current research problem includes several projects
that require renewable and non-renewable resources to complete activities. The required
resources for each project are predetermined, and renewable resources include machinery,
equipment, and human resources, while non-renewable resources include materials and
supplies that must be purchased from suppliers with limited capacity.

Figure 1 presents the current study’s conceptual model of relations between supplier
conditions, project activities, and the scheduling process. This formation shows that the re-
quired resources are obtained from different suppliers to complete project activities. Finally,
project activities are finished using the acquired resources according to the corresponding
schedule. Suppliers have limited capacity to provide resources for project activities, and
the transportation time of resources from suppliers to projects is determined and varies. In
order to maintain the resources, costs associated with maintenance and operation must be
paid. In this respect, the time value of money (TVM) is also considered based on the interest
rate in each period. In addition, various factors, such as liquidity risk of the supplier,
natural disaster risk for the supplier, defective or low-quality materials and equipment
from the supplier, and late delivery risk of resources by the supplier are considered in the
model for selecting the supplier and ordering materials from them, according to expert
opinions. Projects also have priority, which is determined by the project’s score based on
economic, environmental, technical, social, organizational, and competitive factors.

3.1. Assumptions of Modeling
In the current research problem, the modeling assumptions are as follows:

The research issue is a multi-project problem mainly focused on construction projects.

Each project has its own activities, and projects do not share activities.

Among the available projects, one or more projects can be selected.

The beneficiaries of this issue are the employer, contractor, and suppliers.

From the employer’s point of view, the projects have priority, which is determined

in the form of project points according to economic, environmental, social, technical,

organizational, and competitive factors and announced to the contractor.

e According to the experts’ opinions, there is a possibility of some risks occurring, such
as the risk of financial and liquidity for suppliers, the risk of natural disasters for the
supplier, the risk of defective and low-quality materials and equipment provided by
the supplier, and the risk of delayed delivery of resources by the supplier.

e  The processing time of activities is uncertain, and evidence theory is used to consider
this uncertainty and related conditions.

e  Renewable resources (such as labor and machinery) or non-renewable resources (such

as construction materials, such as cement, plaster, steel rebar, brick, and tile) are

required to complete project activities.
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e Non-renewable resources are purchased from multiple suppliers, and each supplier
can only deliver one type of non-renewable resource. For example, cement can be
purchased from one supplier, and steel rebar can be bought from another.

e  The mathematical model of the current research is multi-objective and aims to max-
imize the weight of selected projects based on the implementation priorities of the
employer, which include economic, environmental, social, technical, organizational,
and competitive factors; furthermore, it has the intention of maximizing the profits
and minimizing the risks in projects.

Supplier 1 E> Project activities 1

Supplier 2 E3 Project activities 2

Scheduling of projects
and activities based on

mathematical model

Supplier K E’ Project activities J

The flow of resources from suppliers to projects

Figure 1. The conceptual model of relations and conditions for suppliers and projects activities in the

present research.

3.2. Components and Descriptions in the Mathematical Model

In the following in this section, the mathematical model’s relevant indices, parameters,
and variables are presented and described in Tables 2—4, respectively.

Table 2. Indices of the mathematical model.

Symbol

Description

Ng'\?\“m\; ~ .

Projects
Project activities
Number of activities for the project j
Suppliers
Non-renewable resource
Renewable resource
Number of available implementation modes (1)
Time (t = {1,2,...,T})
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Table 3. Parameters of the mathematical model.

Symbol Description
A(j) = { ]i,g]é, B -/“{7; }, jic€] Set of activities for the project j
A= VU]A( 7) Set of all the activities
j€

K(a]), a{: cA

i

Set of non-renewable resources required by activity i of the
project j

K(j)= U K(a{f),]'e Jiel

a{eA

Set of non-renewable resources required by the project j

K= UK (g{: ) Set of all the non-renewable resources
a{ €A
S(k), ke K Set of suppliers for the non-renewable resource k
S= kUKS(k) Set of all suppliers for the non-renewable resources
€
L(j),je] Set of renewable resources for the project j

AL(I) € A(j), 1 € L(j)

Set of activities in project j that require a renewable
resource [

Set of prerequisite constraints for activities in the project j
(The activity a; must be completed before the activity uf,.)

The required number of the resource k to complete activity

j
Dimi i of project j in the implementation mode m
P The processing time of activity i of project j in the
g implementation mode m
. The delivery date of project j to complete all activities and
DDj, je] Do
examinations

Tj, SES, jE]

The time of transportation from supplier s to project j(In
the units of time, such as days)

rs, SES

The time of release supplier s

Qi jel kek(a), aea

The amount requested from the non-renewable resource k
to complete all activities in the project j

Cs,s€S The capacity of the supplier s
Rjje] The review duration of the project j
B The total budget for the purchase of non-renewable
resources
w,ic] The weight and relative importance of the project j to
jr reach its due date

ES;;, af.' cA The earliest start time of activity i of the project j
LS, a{: cA The latest start time of activity 7 of the project j
EFj, a{: cA The earliest finish time of activity i of the project j
LF;, a{ cA The latest finish time of activity i of the project j

CE! ,dl € A(j),me M

ijm’

The incomes dependent on activity i of the project j in
mode m

CF:

ijm ’

d e A(j),meM

The expenses dependent on activity i of the project j in
mode m

Ir

The interest rate
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Table 3. Cont.

Symbol Description

The future value of money under discount factor based on

O,
(P/F, Ir%,t) interest rate in each period of times

The cost of implementation for activity i of the project j in

) ]
Costjjm , Va; € A mode

H The cost of holding and maintaining the resource k in
k

the day
EM; The employment score of the project j
LD; The local development score of the project j
LM, The score of complying with the safety principles of the
] project j
Lo The score of complying with the environmental
/ preservation of the project j
org; The organization score of the project j
con; The competitive score of the project j
The amount of emission of polluting gases resulting from
ENVj; the production and transportation of materials by supplier

s for the project j

Maximum permissible pollution for suppliers(The

PMAX government and rules determine it.)
The amount of tax discount (o < 0, which means if the
required conditions be as }; ENV;; < PMAX, a tax
p discount will be received amount of
0 (Z]- ENVs; — PMAX> monetary units.)

The amount of risk of delay in the delivery of materials by

vardg; . o
/ the supplier s for the project j
The amount of risk of defective, low quality, and
vargs; non-green materials and equipment by the supplier s for
the project j
The amount of risk caused by natural disasters for the
varndsg .
supplier s
varcfs The amount of liquidity and financial risk for the supplier s
Table 4. Variables of the mathematical model.
Symbol and Description
1 If project j is selected. .
ZPi Yo Otherwise "/ €/
1 If project j’ is examined immediately before project j.
(Project 0 is a dummy project.) ,je{0tu], jelj #j

Otherwise

If supplier s serves to project ;.

Otherwise ’° €S(k), ke K(j),je]

If activity i of project j starts at time f.  j o
Otherwise’ %i € AL(l), Le L(j).je]
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Table 4. Cont.

Symbol and Description

1 If activity i of project j is performed in mode m.
u”m{O Otherwise * % € AL, TeLG).je]
1 If resource k is ordered from supplier s for activity i of project j in mode m for period ¢.
Yijksm 0 Otherwise
j 1 If the activity a is scheduled before the activity a,.
€ AL , 1 €L €
i {0 l Otherwise " a (t)a; 7& a’ Wjel

STy, a{: € A: The start time of activity i of the project j

cij: The completion time of activity i of the project j

CT;: The completion time of the project j

gsj» s € S, j € J: The amount of transportation from supplier s to project

DT;, j € {0}U: The due time for examination of project j (DTy indicates the earliest examination start time)

TD;, j € J: The delay of project j

Iy The inventory level of resource k in the period ¢

> dea Zt ES; Z —1 CF; j muijm Xijt (P/F,Ir%, t): The time value of income from the implementation of the activity

72[1{:6 4 ZtLj%S Z 1 CF; im Uij,nXi].t (P/F,Ir%, t): The time value of cost from the implementation of the activity

—Ea,_-e 4 ZtLjéS Z —1 CostijmUijm X,]t(P/ F, Ir%, t): The time value for the implementation of activity in mode m

max(LS;; i+ Pijm—1

~Ykek Dhoq Lily Ty
—Yjejwj TDj: The penalty for delay in projects

) Hi I (P/F, Ir%, t): The time value of cost for maintenance of resources

3.3. Relations of Objective Functions and Constraints in the Mathematical Model

According to the descriptions of indices, parameters, and variables, the main structure
of the mathematical model and the objective functions and constraints are presented in
the following.

Max Zy = Y (EM;j+ LDj + LM; 4 Lnv; 4 org; + com;) zp; 1)
j€l

The mathematical Relation (1) expresses the first objective function of the model to
maximize the weight of a project selection according to environmental, economic, social,
technical, organizational, and competitive factors.

LS;
Max Zy = 2 2 2 CF iy Uijm X5, (P/F, Ir%, 1)

i cA=ESjj

LS M

- X Z Y CFj Uijn X5, (P/F, Ir%, t)
eAt ESl]m 1
@)
LS m

- Z Z Z COStiijiijijt(P/F/ 17"0/0, t)

LI{GA f:ESi]' m=1

n; max(LS;j+Pjj,—1)

J
_kz Z Z Z Hklkf(P/F/ Iro/o/ t) - Zw] TD]
€K j=1

—1i=1 t=1 J€T
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The mathematical Relation (2) is the model’s second objective function, which aims to
maximize profits.

MinZz =YY xsj(vardsj + varqgj) + ) _(varnds + varcfs) ) xg
j s § j
3)
+Y .0 (Z ENV,; — PMAX)
s j

The mathematical Relation (3) is the third objective function of the model in order to
minimize pollution and supply risks.

J
qu S CS/ VS e S (4)
=1

]

The constraint Relation (4) states that the sum of the demand of all the projects in the
portfolio from a supplier should not exceed the capacity of that supplier.

Y. 45> Qi Vj € ], k € K(j) (5)
seS(k)

Relation (5) indicates that the amount of demand for each project in the portfolio from
each supplier should not be less than the quantity required by the project from that source.

3 < M  ¥s € S(k), ke K(j),j € ] ©)

Relation (6) states that if the supplier s serves project j, then the amount of demand for
that project from the supplier can exist.

Y oxi=1 ,Vj €], k € K(j) )
seS(k)

The mathematical Relation (7) shows that each supplier provides only one resource.
] . .
) ), csjdsj < B Vs € S(k),k € K(j),j €] ®)
j=1s€S

Relation (8) states that the total procurement cost for non-renewable resources in the
project portfolio should be under the budget.

ST > (rs + 1)) X x4 , Vs e Sk), ke K(a{f), deAj),je] )

Relation (9) indicates that the activity can start after the required non-renewable
resources are available. In fact, the activity starts when the resources are available at the
same time.

(ST + Pyj) x ul < STy; ,v(a{,aff,) €E(j),je], meM (10)

1
Relation (10) indicates the prerequisite relationships of the activities in the selected projects.
(STU + Pl]m) X uZ? — M(l — yéi’) < STI/] ,

A . (11)
Vi,i' € AL(l),i 1,1 € L(j), i,i' € k(ag),k € K(ag),j e
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(STi/]' + Pi’jm) X M?fj - My%l-, < STI']‘ ’ (12)
vi,i' € AL()i # 1,1 € L(j),ii € k(a]) ke K(a]),j€ ]

Relations (11) and (12) show that activities in the selected project that share a renewable
resource cannot start simultaneously. Also, each project has its own separate resources.

M .
Yy ul=1 val € A(j), je] (13)
m=1

Relation (13) guarantees that each activity is implemented in only one mode.

CT; > (STj+ Pyu) x ull  Val € A(j), je], meM (14)

g

Relation (14) states that the project is finished after completing all its activities.
DT; > CT; + R; Nie] (15)
Relation (15) calculates the time to complete the review of each project.
DTy > DTy - M(1-zy) +R; ¥ € {0}U], €, ] #] (16)

Relation (16) ensures that the review sequence of the projects in the portfolio is re-
spected based on the completion time.

Z]'/]' =1 P V] € ] (17)
JE{0}U], j'#j

Relation (17) guarantees that the check of projects is performed once.

Y ozi=1 (18)
i€l
Relation (18) guarantees that only one project can be checked immediately after the
dummy project 0.
Y. oz <1 L Viie] (19)
€L i
Relation (19) ensures that immediately after a project, such as j, at most, one project

can be checked.
TD; > DT; + DD; ,Vie] (20)

Relation (20) states the delay of each project.
LS ,
Y Xiji=1 , V. € A (21)

Relation (21) shows that the activity can be performed only between the earliest and
the latest start time.

S K " maX(Lsij+Pijn1_1) .
Y ). Y, Yijgem=1 ,Val€eAmeM, je] 22)
S=1k=1i=1 =1

Relation (22) states that one purchase is required for each type of resource in the activity.

lo = I, max(Ls;+P,,) = 0 ,Vk €K, Val € A (23)



Buildings 2023, 13, 2023

14 of 34

Relation (23) states that the level of resources at the beginning of the first period and
the end of the final period is zero.

It = i1y + Z Zszka ijksm (t—1;)

EA seSm=
M min(t,LS;;) j
o ! m bzmk X, (24)
2 2 2 Uijp p,. it
ﬂ]:EA m=1 t’:max(tfP,'jerl,ESij) ijm
; i —
Vie] ke k(ai), t= 1,2,...,max(LSi]-)
Relation (24) shows the limitation of resource inventory level in time periods.
s Kk max(LS;+P;;,—1) LS;;
Y Z Z (t+ T6j) X Yijksme < Z X Xije Va €A, meM (25
S=1k=1 t=1 t=ES;;

Relation (25) shows that any activity can start only after providing the requested resource.

zpj < M X zpj X zp; Nije] (26)

Relation (26) states that the projects are examined if they are selected in the project portfolio.
Xsj < M X zp; , Vs e S(k),keK(j),je] (27)
Relation (27) shows that the supplier provides services to the projects selected in the portfolio.
Y Xij < M x zp; Va €EA(j),je] (28)
t

Relation (28) shows that the project’s activities start if the project is selected in the portfolio.
M
Y uff < Mxzp; Va €A, je] (29)
m=1

Relation (29) states that activity can be implemented in a mode if the project is selected
in the portfolio.

As mentioned, in the current research model, it is assumed that the processing time
of the activities is non-deterministic, and the limitations related to the processing time
are chance constraints. If the processing time is considered a possibility and if 1 — i
is assumed to be the lowest probability of the i constraint, the limitations, including the
processing time of the activities, are rewritten as follows:

pL(STyj + Pyjm) x uff < STyl > 1~ By ,
i N (30)
V(ai,ai/) €E(),je], meM
p[(STi]‘ +Pijm) X ug} ( yu,) < STy ] >1—-B2 , 1)
Vi,i' € AL(l),i £ 1,1 € L(j keK( )
p[(ST +P11m) X g Myzz < STyl 21— ps ’ (32)

Vi, i’ eAL(Z),i;éi,l e L(j), keK( ) i€

p[CT; > (STij + Pijm) x ufj] > 1~ B4 Va €A(j),je], meM (33)



Buildings 2023, 13, 2023

15 of 34

p Ik,O = Ik,max(LSl-j+P,-jm) = 0 Z 1 - 135 4 Vk € K’ a? € A (34)

M .
p Ikt = Iy + jZ Sgs mgl D X Yijksm(t—;)
a;€A -

M min(t,LSi]-) . (35)
-y X )3 Ui px:; Xijt/ >1-PBs ,
a{eA m=1 t’:max(tfp,-]'erl,ESi]v) /

Vi€ kek(a), t=12... max(LS;)

3.4. Uncertainty and Evidence Theory

In recent decades, various mathematical theories have been devised and studied
to use in conditions of uncertainty and certainty. Some of these theories include the
classical theory of sets and entropies [39], the theory of fuzzy sets and systems [40,41],
the probability theory [39], the possibility theory [42], the Dempster—-Shafer evidence
theory [43], the random sets theory [44], fuzzy measure theory [45], and fuzzy event
probability theory [41]. Often, some theories possess only one specific type of uncertainty,
while more general theories (such as Dempster—Shafer evidence theory) include more than
one type of uncertainty, meaning that they consider different aspects of data breach related
to a problem. In the evidence theory, the Dempster combination rule effectively integrates
evidence from different information sources [46].

The evidence theory and related principles were first presented by Arthur P. Dempster
with the approach of upper and lower probabilities in the context of statistical inference.
Dempster modeled a type of uncertainty when describing the probabilities of events. Later,
Shafer formulated this theory to represent incomplete information and reasoning under
uncertainty, calling it the evidence theory, and developed it further. For this reason, the
theory was also named the Dempster—Shafer or D-S theory. Conceptually, this theory is
similar to Bayesian theory and, in its developed form, can deal with incomplete data, except
that it uses knowledge-dependent uncertainty, which is the advantage of evidence theory,
including flexibility and ease of implementation [47,48].

However, some researchers notice the difference between Bayesian statistical modeling
and Dempster-Shafer theory as different concepts. In their opinion, the Bayesian model
actually presents a Boolean type of phenomenon in which the phenomenon either exists
or does not exist [48]. Although Bayesian rules have a classical concept in the field of
probability, the Dempster—Shafer rule is used for other variable system scenarios, such as
the equal behavior of a set of variables with a non-zero crossing. In the Bayesian theory, the
weights are probabilities, while in the Dempster—Shafer theory, they are sometimes referred
to as masses and are intuitively discernment as probabilities. Although the Dempster—
Shafer theory does not require prior probability information for its function, it does require
an initial allocation of mass that reflects our initial knowledge of the system. In addition,
the Dempster-Shafer theory has the advantage of being more explicit for the states of doubt
in individual knowledge. Also, the evidence theory allows considering of more concepts,
such as belief (Bel) and plausibility (PI), while the Bayesian approach is limited only to the
classical concepts of probabilities [43,49].

The Dempster-Shafer theory uses a set of numbers in the range of [0, 1] to represent a
belief in given hypotheses based on some evidence. These numbers indicate the degree of
support for the hypotheses provided by the evidence. Unlike the other models, the Shafer
model does not use negative numbers; thus, it can be considered an extension of Bayesian
and combination functions. In this theory, the power of giving over evidence depends on
the data sources, which are usually people, organizations, and information providers for
the desired scenario. Objectively, the observers and sources of data are located outside
the system, and subjectively, they can be operators or experts. From an objective point of
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Bel(A1U Ay U ...

view, the correct hypothesis is completely recognizable, but from a subjective point of view,
matching the hypothesis with reality is inconclusive and probable [50].

Based on the mentioned points, in this research and in order to investigate uncertainty,
evidence theory has been used, which starts with the definition of the frame of discernment.
In this respect, suppose that 6 is a finite nonzero set of N unique elements. Then 2¢ shows
the set of all its subsets, which includes all the examined propositions.

0 = {Hy,H,,...,Hy} (36)

On the other hand, 2¢ includes the null set and 6 itself, which null represents a
statement that we know is false. Also, 0 corresponds to a statement that we know to be
true. Considering the idea of a discernment frame, it is possible to give a mathematical
form to this intuitive idea in which a part of the belief can be assigned to a proposition
without necessarily assigning it to this proposition or its opposite. The part of the belief
assigned to a statement, in the form of a discernment frame, means that a part of the belief
that belongs to a subset also belongs to all the subsets that include it.

It should be possible to distribute all of a person’s beliefs among subsets of 8 in such a
way that each subset, such as A, is given a part of the belief that is only specific to A and
does not belong to any of the subsets of A. Based on this, Shafer describes that if 0 is a
frame of discernment, the function as m(x):2% — [0, 1] is a basic probability assignment if
the following three relations hold.

m(p) =0 (37)
Y m(A)=1 (38)
Ae2?
0<m(A) <1 (39)

The m(A) is called the basic probability number, representing the belief that exactly
is assigned to A. Relation (37) shows that no belief should be assigned to the null subset
(¢). In this regard, Relation (38) indicates that the total size of a person’s belief is equal to 1,
so the quantity m(A), according to the interval of Relation (39), represents the belief that
exactly belongs to A. In order to measure the total belief assigned to A, all quantities m(B)
where B is a subset of A and is also called the focal element of m should be considered.

Bel(A) = ) _ m(B) (40)
BCA
If 6 is a discernment frame, the function as Bel:2® — [0, 1] is a belief function if it
satisfies the conditions of the following Relations (41) and (42).

Bel(¢) =0 (41)

Bel(0) =1 (42)

Also, for every positive integer number such as n and every set of A1, Ay, ..., Ay
subsets of 8, the following Relation (43) holds.

UAu) > ) Bel(Aj) =) Bel(AiNAj)+...+ (=1)"Bel(A;NAyN...NA,) (43)
1 1>]

It is worth noting that the basic probability assignment that produces a belief function
is unique and can be evaluated from the belief function. Regarding doubts and upper
limits of probability, it should be noted that a person’s belief in proposition A is not fully
described by the degree of belief as Bel(A), and it does not indicate the degree of doubt
regarding A or the degree of belief in the negation of A. In this respect, a more accurate
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description can be considered according to the following relations, including the degrees of
belief and doubt.
Dou(A) = Bel (A) (44)

Actually, the degree of doubt is not as useful as the quantities of the following relation:
PI(A) =1— Dou(A) (45)

This quantity represents the extent to which a person does not doubt A, that is, the
extent to which a person considers A to be possible. In fact, PI(A) is the upper limit of the
probability of A.

If Bel is a belief function defined on the frame 6, the function as PI:2¢ — [0, 1] is the
plausibility function and is defined as follows:

PI(A) = 1 — Bel (A) (46)

According to the above relation, this function is the upper probability for Bel. In
evidence-based reasoning, each evidence or observer creates an evidentiary or intuitive
distance. In this respect, the lower limit (Bel) is called belief, and the upper limit (P!) is
called plausibility.

Considering that PI(A) is the upper limit of the probability function for Bel, it can be
written as:

Bel(A) < PI(A) (47)

On the other hand, if m is a Bayesian function and then:
Bel(A) = PI(A) (48)

In fact, this function is a measure of probability evaluation. Concerning the mentioned
points, in this research, the evidence theory is also used to model the uncertainty of the
processing time of the activities, which is a positive real number; we will face the definition
of the mass function in the set of R* numbers. The mechanisms of the belief function
theory, which were introduced earlier, remain in the same state if the number of focal sets
is unknown [51]. It is worth noting that the focal sets of the mass function, which are also
considered in this research, will be in the intervals of positive numbers. In addition to the
mentioned cases, the issue of adding evidential variables used in the following sections has
been defined and presented according to previous research in this field [52].

Considering that [w] = [w, @], this means that w < w < W; in this regard, we assume
that 0 and T are two evidential variables of intervals in R* space and have a limited number
of focal sets. The sum of these two variables means that o + 1, with the following mass
function, is an evidential variable.

mo+teu))= Y m(oels])m(telt]) (49)
[s]+[H=[u]
[s] +[t] = [s+£5+1] (50)

For o and 7 (evidential variables in the above definition), suppose o and T are two
independent random variables with the associated probability mass functions pz and pz
for focal sets [s, 5] and [t, ﬂ , which are, respectively, defined as follows:

pe(5) =m(c € [s,3]) (51)

pe (f) =m(r e [11]) (52)
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In the previous relations, ¢ and T are the upper limits of the probabilities of o and T,
which can be shown:

Bel(c+Tt<Q)=p(@+T<Q) ,VQ € R (53)

3.5. Project Scheduling Model Based on the Evidence

In this section, the description and explanation of cases where the uncertainty of the
processing time of the activities in the project scheduling problem, which are represented
by the belief functions, are performed. Suppose that processing time is evidential rather
than just deterministic or probabilistic. In this regard, according to the fundamental studies
that have been carried out in this field [53], the constraints, including the time of activities
in the project scheduling model based on the evidence and beliefs, have been explained.
As mentioned earlier, in the present research model, it is assumed that the processing time
of the activities is uncertain, and the constraints related to the processing time are chance
constraints. In this respect, if 1 — f; is assumed to be the lowest probability of establishing
i constraint, the limitations, including the processing time of the project activities, can be
rewritten as follows:

Bel[(snj + Pyj) X 1l < s:rl-,]-] >1-p1 v(a{f,a{f,) EE(),je],meM  (54)

PI[(STyj + Pyju) x ull < STZ-/]-] >1-6; v(a{f,aj,) €E(j),je],meM (55

Bel [(STyj+ Pyn) x ulf = M(1 =y, ) < STy 21-p5

Vi,i' € AL(l),i £ 1,1 € L(j),k € K(aff),j e 0
/
PI[(STy + Pyju) < uf = M(1 -y}, ) <STy;| 21-B2 .
\ﬁ,i’eAL(Z),i;Ai’,zeL(]’),keK(a{f),je] 7
Bel | (STyj+ Prjo ) » 1y — My, < STy| =1 s , o)
Vi,i' € AL(1),i 1,1 € L(j),k € K(a{),]‘ ey
P [(STi/j + Pl-/jm> Xl — Myl < STI-]-] >1-5; , o)

vi,i' € AL()i £ ,1 € L(j), ke K(a]),j € ]
Bel[CTy > (STy+ Pyj) x | >1-Bs  Val€A(j), j€], meM  (60)

PI[CT; > (ST;; + Pijn) X u;ﬂ >1-B; Nd eA(),jel,meM  (61)

Bel [Io = Imax(is +py) =0 21— VkeK alca 62)

PI [Ik,O = T max(LSy+ Pyy) = o} >1-Bs ,VkeK deA (63)
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a
Bel | Iy = Ik(t—l) + ],Z Sgs m§1 D % Yijksm(f—fsj)
a; €A -
M mil‘l(t,LS,'j) b]: (64)
-X L D i pr Xijp | 21— Be
ol e A M=1t'=max(t—P;j,,+1,ES;) b —
Vie] ke k(a{:), t= 1,2,...,max(LSl-j)
M
Pl Iy = L1y + jZ sgs m);l Bi X Yijksm(t—,;)
uiGA -
miIl(t,LSi]') i (65)

M mbl‘ . J—
- L L ) D i p, Xijer | 21— PBe
aéGA m=1t :max(t—Pi/-m+1,ESij)

Vi€ kek(a]), t=1,2,... max(Lsy)

It is worth noting that if the sum of the processing times is considered in some
constraints, it is performed according to the Relations (49) and (50) and the relevant
explanations mentioned. Also, depending on the values chosen for B; and B; and the nature
of the evidential processing times P;j,,, the modeling may turn into a simpler optimization.
For example, if B; = B;, it is of special importance. In this case, the constraints, including PI
in all limitations, can be removed; that is, only the constraints of Bel need to be evaluated.
Actually, if the constraints of Bel are satisfied, the constraints of PI are necessarily satisfied
due to the relationship between the belief and plausibility functions. In this respect,
the approach based on the belief is one of this type, and no limitation based on P! is
considered [53].

In addition, according to the Relations (51)—(53) and related explanations, the modeling
of the mentioned problem can be modified into an equivalent optimization problem, in
which the random processing time of the activities is defined as the upper limit of its
probability that means Pjj,,. In particular, since evidential processing is classified, we
face the problem that the processing time of each activity belongs to only one interval

[Pijm/ﬁijm} ; therefore, in this regard, the belief constraints and relations are represented

as follows:

(ST;j + Pijus) x ull < STy, ) v(ag,al,) €E(j),je], meM (66)

1

(STZ] —|—pl]m) X Ll;;l — M(l —]/gl-/> < STi’j ’

. (67)
vi,i' € AL()i # 7,1 € L(j), ke K(a]),j € ]
(STi/]' +ﬁi/jm) X MZl] — My?i, < STZ‘]‘ , ()
vi,i' € AL()i £l € L(j), ke K(a]),j € ]
CTj > (ST + Piju) X ul} NVa eA(),je], meM (69)

160 = Temax(L5,y4F) = O ,VkeK, ale A(j), jeT (70)
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o
It = i1y + 20 2 X bl X Vijkom(r—z,)
aﬁeA seSm=1
M min(t,LS;;) i

! m bimk X (71)

oy L Wjp. it

a{eA m=1 t’:max(t—Pijm+1,ESij) l]m

Vie] ke k(a{:), t= 1,2,...,max(LS,-j)

In the case of processing times and B; = f;, the project scheduling optimization model
under consideration means searching in the feasible area of the problem to optimize the
objective functions assuming the maximum amount of processing time (worst case), which
is in accordance with min-max optimization methods regarded in robust optimization [54].

It is reminded that the case of B; = 1 > B;, is the inverse of the case of ; = B;. Also, the
constraints related to the Bel can be dropped because they are necessarily satisfied and only
evaluate the constraints related to the PI. In addition, in the case of 8; = 1 > B; as in the case

of B; = i, the modeling problem can be changed into an equivalent optimization problem
due to the existence of a counterpart according to Relations (51)—(53) and the mentioned
explanations for the plausibility function, which depends on the lower endpoints of the
focal sets.

4. Solution Methods and Algorithms

In this research, for solving the multi-objective mathematical model, metaheuristic
optimization algorithms, such as the differential evolution (DE) algorithm based on the
Pareto archive have been employed, and for evaluating the results, the non-dominated
sorting genetic algorithm II (NSGA-II) has also been used. The DE algorithm is a powerful
algorithm for solving nonlinear and multi-objective optimization problems, which was
designed by Storn and Price [55]. This method combines simple mathematical operators
with crossover, mutation, and selection operators. The basic idea of this algorithm is
to generate practical parameter vectors for optimization. The mutation and crossover
operators produce new vectors, and the selection operator converts these vectors into
possible solutions for the next generation of the algorithm.

The DE algorithm works with a set of optimization parameters represented by D-
dimensional parameter vectors called members. This algorithm is population-based, and
each generation or iteration of the algorithm includes a population of these vectors (NP
answers). Accordingly, the main process and the general structure of the DE algorithm are
presented as Algorithm 1, and relevant explanations in the following.

As mentioned earlier, this algorithm is based on the population, and each iteration
of the algorithm includes a population of answers. In the basic DE algorithm, the initial
population of the algorithm is randomly generated. Each answer in the population is
represented by Cig , in which i indicates the number of the answer in the population, and g
represents the number of the generation of the algorithm. In this respect, it is assumed that
the population size in each generation is equal to NP, in which case i is a number in the
interval [1..NP]. The population in iteration g is represented by Pc, and Pg{ ; represents the

answer number i in iteration g, which is C;g wherei=1,2, ..., NP. Actually, in each solution,
C? is a D-dimensional vector whose j element or dimension is represented by C¢ f where
j=12,..,D-1
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Algorithm 1. The main process and the general structure of the DE algorithm.

{
G=0
Create a random initial population C;.qVi, i=1,...,NP
Evaluate f(C$)Vi, i =1,...,NP
For G =1 to MAX GEN Do
Fori=1to NP Do
Select randomly r1 # r2 # r3:
jrand = randint(1,D)
Forj=1to D Do
If (rand;j [0, 1) < cr or j = jrand) Then
MG =+ £ (€5, - Chy)
Else
End If
End For
I (F (MEH1) < £(CE)) Then
CiGJrl _ MiGJrl
Else
co — co
End If
End For
G=G+1
End For
}

4.1. Representation and Structure of the Answers

In this research and the related modeling, the matrix structure has been used to
represent the answers. In order to display the variables zp;, CT;, DT}, and TD;, a one-
dimensional matrix is used, and the number of elements in these matrices is equal to
the number of projects. For the variable zp;, the matrix element’s value is either 0 or 1,
indicating whether a project is selected or not. The values of the elements in CT;, DT}, and
TD; represent the project completion time, the due time for examination of the project, and
the project delay, respectively. A two-dimensional matrix is also used to show the variables
zjij, Xsj, STij, ¢ij, qsj, and Iy;. The Ujj, variable is also represented by a three-dimensional
matrix. It should be noted that the matrix dimensions related to the mentioned variables
are based on the variable indices and their element values according to the definitions made

in the mathematical modeling section. Also, the values of Xjj;, ygi,, and Yjjks,; variables are
determined based on the following matrices and mentioned points.

4.1.1. Matrix of the First Type

The structure of the first matrix is a two-dimensional matrix whose number of rows
is twice the number of selected projects. The information on each project is displayed in
two lines, the first line includes the schedule of the relevant project activities, and the
second line shows the implementation mode of each project activity. The structure of the
first type matrix is presented in the following example.

Concerning the mentioned cases, for example, it is assumed that the investigated
problem has two projects selected from all the projects, which include six and eight activities,
respectively, and three implementation modes are possible for all the projects” activities.

Figure 2 indicates that the first two lines of the above matrix are related to the first
project, whose activities are scheduled as follows:

1-2—+4—-53—>5—6
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1 2 2 3 2 3 2 1

Figure 2. The matrix of the first type for solution structure.

According to the presented matrix, these activities of the first project are considered
for implementation in modes 1, 3, 3, 3, 3, and 3, respectively. In the same way, lines 3 and
4 are related to the second project, with eight activities considered for implementation
according to the announced modes.

It is worth mentioning that according to the explained cases, based on the first type

matrix, the values of X;;; and y?i, variables can be determined because this type of matrix
contains information about the scheduled sequence of project activities in the time period
from the start to the end of the project.

4.1.2. Matrix of the Second Type

The second matrix’s structure is a three-dimensional matrix determining which sup-
pliers are allocated for each project source. This matrix’s number of rows equals the total
number of resources needed for projects. The second dimension, or columns, represents
the number of suppliers assigned to each resource. The third dimension, or height, also
shows the activity number. Concerning the mentioned cases, for example, it is assumed
that two projects and three resources are required for supply. In this respect, the allocation
of suppliers to the resources required for the activity of the projects is in the form of a
matrix, as follows.

As can be seen in Figure 3, the number of rows of the matrix is equal to 6. The first
three rows are related to the resources of the first project, and the next three rows are related
to the resources of the second project. In this regard, the first resource of the first project in
the activity is provided by supplier number 1 at time 3, the second resource by suppliers 4
and 5 at time 0, and the third resource by supplier number 1 at time 0, and supplier number
6 at time 4. According to Figure 3 and the fourth row of the matrix, the activity of the
second project does not require the first resource. The second resource of the activity of
the second project is provided by supplier number 3 at time 1, and the third resource is
provided by supplier number 4 at time 8.

It is worth mentioning that the information related to the implementation mode can
be calculated from the variable U;j,, and the information related to the period f from the
sequence of projects’ activities in the previous structure and other related variables. In the
current research, in order to produce a feasible solution, the matrix related to the selection
of projects was randomly generated first. Then the series—parallel approach was used to
schedule the activities of projects, according to previous research [56]. After determining
the sequencing of the activities using the mentioned method, their implementation modes
were randomly assigned and evaluated. Also, the variables related to the start time and
completion time were calculated based on the sequences, and the allocation of suppliers
to order materials was performed randomly while respecting the suppliers’ capacity. It
should be noted that, to produce the initial answer set, as many non-repetitive feasible
answers as the population size were generated.
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4 8 0 0

Figure 3. The matrix of the second type for solution structure.

4.2. Mutation Operator

The DE algorithm includes the mutation operator, which works, such as the genetic
algorithm, with two parents. In the DE algorithm, the mutation operator is applied to two
parents Cig and (C? — C3) and the child or mutation vector leg is produced. In this respect,
Relation (72) shows how the mutation operator produces a child from two parents in
this algorithm.

1P

In the relation mentioned above, factor A is a positive number greater than or equal to
1 that controls the rate or speed of population evolution. Also, the rand is a random number
in the range (0, 1).

M§, = C5, + A x rand$;  (C§ - ) (72)

4.3. Crossover Operator

As mentioned in the previous section, a mutation vector named M‘lg is generated for
the vector of the solution C;g . After generating the mutation vector, this vector is crossed

with the current solution or C;.g and a new vector named Tlg is produced. In this regard, the
Relation (73) indicates how the crossover operator works in this algorithm.

S if (£ < P— i
Tf _ ]\/f;/] l.f (rl,] < cror ]. ]r> 73)
g G if otherwise

The cr is the crossover factor that the operator uses to determine the elements of the
Tig vector. Also, the value of the cr factor is in the range (0, 1), and by comparing this factor
with the random value, the elements of the new vector are determined. It is worth noting
that the value of rl?g, i is in the interval (0, 1).

4.4. Selection Operator

In this part of the algorithm, the vector T? is compared with the solution vector C§
based on the value of the objective function or the fitness function, and the elements of
an answerable vector are selected from the elements of the crossover vector (Tlg ) and the
solution (Cig ). The fitness function defined in each work is based on the limitations and
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assumptions of the same work, and it entirely depends on the problem under investigation.
In this respect, Relation (74) shows how the selection operator works.

cstl_ Tig if (fitness (Tig) < fitness (Cf)) 1)
' C¥ if (fitness (Clg) < fitness (ng))

As noted in the previous sections, an answer in the current population is first affected
by the mutation operator, then by the crossover operator, and finally, by the selection
operator where a new solution is produced for the next generation. All the answers for
the next generation will be updated similarly. It is worth mentioning that the selection
operator designed in this research works based on the prerequisite and post-requirement
relationships of the activities and according to the network of projects. Also, the numbers
in the vector resulting from the crossover are used for each project as priorities. In this
way, at each stage, the activities that can be scheduled according to the project network
are selected as candidates, and among them, an activity is selected whose corresponding
number is smaller, or in other words, has a higher priority. This work continues until all
activities are scheduled.

Regarding the selection of the implementation mode for each activity, the correspond-
ing number is rounded. If the resulting number is between 1 and m, it is considered as the
implementation mode without any change. If the resulting number is smaller than 1, the
implementation mode of the activity is considered 1. If the resulting number is greater than
m, the implementation mode is considered equal to m. It is necessary to remember that m is
actually the number of implementation modes of the projects.

4.5. Updating the Pareto Archive and Selecting the Next-Generation Answers

Considering that in solving multi-objective problems, due to the possibility of conflict
between objectives, there is no single solution in which all objectives are optimal, in the end,
a set of dominant solutions will be presented as optimal (near-optimal) solutions. In this
research, a method based on the Pareto archive has been used to solve it; also, the quality
of the answers in the archive is very important. Therefore, this archive will be updated for
each algorithm iteration in the current research. In order to update the Pareto archive, all
the answers in the archive and the newly generated answers are put in an answer pool and
leveled. Then all the answers for the first level are selected for the new Pareto archive. It is
worth mentioning that in each step of the DE optimization algorithm, among the previous
and new solutions, N solutions (population size) will be selected as the best solutions
according to the fitness level according to Relation (75). The selection method calculates the
value of cs for all these answers. Then the answers are sorted according to the ascending
order of the value of cs, and finally, the first N solutions will be selected [57].

k
s = T (75)
crowding distance

In the above relation, the rank of the level and number of the examined answers are
determined after sorting the solutions. Then the crowding distance describes the average
distance component corresponding to the crowding of the other answers.

5. Results and Discussion

In order to solve the presented model, the DE optimization algorithm is used, and for
assessing the performance, the results obtained from this algorithm are compared with the
results of the NSGA-II algorithm based on the evaluating criteria, such as quality, spacing,
and diversity metrics according to the descriptions of previous studies [57,58]. It is worth
mentioning that the proposed algorithms have been implemented in MATLAB software
2015. Also, in order to solve the presented model by the algorithms, several different
sample problems have been designed and examined, and after setting and adjusting
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the parameters of the model and algorithms, these problems have been solved by the
proposed algorithms.

5.1. Setting of Parameters

For implementing the solution algorithms, the required parameters were set and
adjusted as follows:

In the DE optimization algorithm, the cr value is set equal to 0.2.

A rate of 0.8 for crossover and 0.1 for mutation is considered in the NSGA-II algorithm.
For running the algorithms, the number of algorithm repetitions and the population
size are set to 300 and 200, respectively.

Also, the other related items and parameters are considered as follows:

e  The maximum number of implementation modes is considered equal to three, and
the number of resources required to complete the activities of each project and in each
implementation mode is considered in a uniform interval [2..4].

e  The completion time of each project is considered in the uniform interval [m;..m5],
where mjy is equal to 1.5 times, and m; is 1.2 times the total processing time of
all projects.

e  The cost of purchasing resources in a uniform interval [10..20] and the cost of perform-
ing activities in a uniform interval [5..15] are included.

The rate related to the value of money is considered equal to 0.18.

Transportation time in the uniform interval [1..5], supplier preparation time in the
uniform interval [1..3], the capacity of suppliers in the uniform interval [150..300], and
resource maintenance cost in the uniform interval [20..30] are considered.

e  The total budget has been calculated based on the cost of providing resources, the cost
of performing activities, and other related costs of the projects.

e  The processing time of each project’s activities and implementation mode is considered
in the uniform interval [10..40].

As mentioned earlier in the previous sections, in this research, non-deterministic pro-
cessing time has been considered, and evidence theory has been used to model uncertainty.
In this regard, first, the amount of processing time for each activity in each mode and
each project has been considered in the interval [10..40]. Then, the amount of evidential
(non-deterministic) processing time is calculated according to the following relations.

m(pio, = piin) = (76)

d
m (P € [Pl —v-Pien P+ vplen|) =1—a (77)

It is worth mentioning that in Relations (76) and (77), pjj,, is the evidential processing
time and pfﬁffz
interval [10..40]. The « and y are in the range (0, 1), which are set to 0.8 and 0.1, respectively,
in the present study. Also, the value of {3 is considered equal to 0.1 for the uncertainty of

the evidence theory.

is the deterministic processing time, which are considered in the uniform

5.2. Evaluating the Results of Solving the Model by Algorithms

In the current section, regarding the previously mentioned items, the performance, and
results of solving the model by the algorithms in various problems, such as the construction
of residential projects by the studied contracting company and various sample problems
with small and large sizes, have been examined and discussed. In this respect, the results
of solving the multi-project problem of building residential units in the studied company
using the proposed model and algorithms are examined and presented. Then, the results of
solving random sample problems in different scales by the presented model and algorithms
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are investigated and described. Also, the performance of the algorithms is compared and
examined based on the values of the objective functions and evaluation metrics.

5.2.1. Solving the Problem of Multi-Project Construction

As mentioned earlier, in this research, a multi-objective mathematical model has been
presented for the purpose of multi-project scheduling, taking into account various issues,
such as sustainability aspects and the supply of resources from different suppliers under
conditions of uncertainty. In fact, the main goal of this model is to optimize both the cost
and time of projects by taking into account the other considerations explained and the
relevant priorities. It should be noted that after the design and presentation of the model,
in order to check its performance and practical benefits in the real world, an evaluation as a
case study has also been performed. In this regard, four residential apartment construction
projects in Iran, which have been implemented simultaneously by a contractor company,
have been selected, and the model has been solved by algorithms based on the data of this
multi-project problem.

It is worth mentioning that the required data for the model parameters and variables
for this issue have been collected and analyzed using the document mining technique
from the company’s database and existing organizational documents. The residential
apartment construction projects by the studied company have had 80, 92, 86, and 83 main
activities, respectively. In order to progress and complete them, all kinds of resources and
consumable materials have been used. Also, this company has purchased the required
resources from four main suppliers in the relevant construction fields. Considering the
mentioned cases, the problem was solved by DE and NSGA-II algorithms, and the time
and cost results obtained from solving the model of this research were compared with the
corresponding values obtained from the implementation schedule of the projects in the
studied contracting company. The relevant values based on the objective functions of the
model are briefly presented in Table 5, and the solution algorithms” improvement rate and
practical performance have also been evaluated.

Table 5. Analyzing the results of solving the problem of residential construction projects.

N Improvement by Improvement by
Objectives Company DE NSGA-II DE NSGA-II
The first objective function 2.87 3.67 3.13 27.8% 9.0%
The second objective function 461,507 532,191 506,489 15.3% 9.7%
The third objective function 409.5 354.8 389.7 13.3% 4.8%

As can be seen in Table 5, using the mathematical model proposed in this research to
implement the construction activities of residential projects has made appropriate improve-
ments in the objective functions, which finally leads to optimal implementation timing and
better selection of projects with higher priority and lower risk. Also, the results indicate
that using the schedule obtained from solving the model by the DE algorithm provides
more improvements than the NSGA-II algorithm in the present multi-project problem. The
improvement rates in the DE algorithm’s results compared to the company’s results were
27.8%, 15.3%, and 13.3%, respectively, in the first, second, and third objective functions.
Meanwhile, the improvement results by the NSGA-II algorithm were 9.0%, 9.7%, and 4.8%
in the first, second, and third objective functions. Concerning the mentioned points and
evaluating the obtained results, using the mathematical model proposed in the current
study to schedule the multi-project problems of residential construction projects regarding
the aspects of sustainability and material supply management is considered useful and
effective. It causes a significant improvement in the success and progress of projects from
the perspective of the objective functions of the presented research model.
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5.2.2. Solving Random Sample Problems

In order to evaluate the performance of the model and algorithms, several sample
problems have been randomly created in different scales. These problems have been solved
by DE and NSGA-II algorithms, and the results have been compared and examined. In
line with the mentioned cases, the generalities of the sample problems are summarized in
Table 6 in the J/1/S/L/K format, where J, I, S, L, and K represent the projects, activities,
suppliers, renewable resources, and non-renewable resources.

Table 6. The results of solving the model by algorithms in random sample problems.

Multi-Objective Optimization Algorithms

Problem
No. JIUSILIK DE NSGA-II
Zy Z, Z3 Zy Z, Z3
1 10/10/3/3/3 6.6 2,461,507.1 361.8 5.0 2,311,212.9 378.2
2 10/10/5/3/3 6.7 3,751,235.1 515.1 5.6 3,526,973.8 687.9
3 15/10/3/3/3 8.1 3,866,516.7 547.1 7.5 3,796,087.3 638.5
4 15/10/5/3/3 9.7 4,210,047.2 763.4 8.9 4,059,576.1 811.6
5 20/10/5/3/3 16.9 4,865,074.1 782.2 15.3 4,107,462.6 874.3
6 20/10/10/3/3 15.2 5,135,227.1 610.4 14.6 4,179,287.8 800.3
7 25/10/5/3/3 154 5,500,734.3 622.3 13.5 4,216,197.8 748.2
8 25/10/10/3/3 16.8 5,642,828.7 654.7 14.9 4,757,346.1 751.3
9 30/10/5/3/3 17.7 6,082,742.3 777.5 16.2 4,764,090.6 870.7
10 30/10/10/3/3 16.9 6,175,004.6 762.7 15.1 5,038,724.2 882.3
The results of solving the model by algorithms in random sample problems, according
to Table 6, show the values of the objective functions of the best solution. As seen in
all the cases, the solutions obtained from the multi-objective DE algorithm were better
than the solutions obtained from the NSGA-II, which can lead to the desired objective
function values. Regarding the mentioned cases and the obtained answers, in the following
and Figures 4-6, the results have been presented and evaluated in the form of diagrams
to obtain an easier discernment of the performance of the solution algorithms and the
difference in the current results. It is worth mentioning that according to the explanations
of the relations and modeling, the first objective function (Z;) and the second objective
function (Z;) were optimal as maximized, and the third objective function (Z3) was optimal
as minimized. In this regard, Figures 4—6 also indicate the DE algorithm’s more satisfactory
performance in the sample problems and the optimal answers obtained from solving the
mathematical model of the current research.
Table 7. The investigation of the solution algorithms’ performance based on the multi-objective
evaluation criteria.
Multi-Objective Optimization Algorithms
Problem DE NSGA-II
No JUSILIK , . — , : —
Quality Spacing Diversity Quality Spacing Diversity
Metric Metric Metric Metric Metric Metric
1 10/10/3/3/3 88.1 1.01 1930.2 11.9 0.79 1218.4
2 10/10/5/3/3 90.0 0.75 2871.6 10.0 0.63 1901.6
3 15/10/3/3/3 85.9 1.02 2685.3 14.1 0.81 1954.2
4 15/10/5/3/3 87.6 1.10 3063.5 124 0.85 2112.5
5 20/10/5/3/3 70.9 0.93 2636.3 29.1 0.77 1901.9
6 20/10/10/3/3 89.9 0.89 2816.5 10.1 0.61 2265.1
7 25/10/5/3/3 66.8 1.21 3486.3 33.2 0.84 2793.6
8 25/10/10/3/3 87.2 1.02 4121.9 12.8 0.80 3278.6
9 30/10/5/3/3 100 1.11 4565.9 0 0.79 3397.7
10 30/10/10/3/3 88.4 1.20 5054.1 11.6 0.86 4758.7
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Figure 4. The evaluation of the solution algorithms based on the model’s first objective function.
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Figure 5. The evaluation of the solution algorithms based on the model’s second objective function.

In order to investigate the performance of the algorithms and the results based on the
evaluation criteria of the multi-objective problems such as quality, spacing, and diversity
metrics, the comparison and evaluation have been made according to Table 7 and the
corresponding Figures 7-9 for better reviewing the performance of the solution algorithms.
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Figure 6. The evaluation of the solution algorithms based on the model’s third objective function.

According to Table 7, the investigation results indicate that in all sample problems, the
quality and spacing metrics values obtained from the multi-objective DE algorithm were
greater and superior to those calculated for the NSGA-IIL. These results demonstrate the
high capability and power of the multi-objective DE algorithm compared to the NSGA-II in
reaching an optimal answer, as well as a higher ability to explore and exploit the feasible
area of the solution. It is worth noting that the duration of processing and running of the DE
algorithm was somewhat longer than the NSGA-II, but there was no significant difference.
Also, the obtained values in the field of diversity metric show that the NSGA-II searches the
solution area more uniformly than the DE algorithm, and the obtained answers are more
uniform. Regarding the mentioned cases, in the following and according to Figures 7-9,
the relevant graphs are also presented for the purpose of easier examination and a better
understanding of the performance of the solution algorithms in the current research based
on the evaluation metrics of the multi-objective problems.

Quality Metric
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Figure 7. The comparison of the solution algorithms based on the quality metric.
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Spacing Metric
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Figure 8. The comparison of the solution algorithms based on the spacing metric.
As can be seen in Figures 7-9, the DE algorithm was superior to the NSGA-II in all
metrics of quality, spacing, and diversity, and considering the obtained results, it has a
more satisfactory ability to achieve optimal answers in solving the present research model.
Diversity Metric
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Figure 9. The comparison of the solution algorithms based on the diversity metric.

6. Conclusions

As explained in the previous sections, in this research, the multi-mode resource-
constrained multi-project scheduling problems were addressed, taking into account supply
management and a sustainable approach in the construction industry under conditions
of uncertainty, using evidence theory for mathematical modeling and solving by multi-
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objective optimization algorithms. In this respect, a multi-objective mathematical model
has been presented, in which the first objective function aims to maximize a weighted
selection of projects based on economic, environmental, technical, social, organizational,
and competitive factors; the second objective function is focused on maximizing profit, and
the third objective function is aimed towards minimizing the risk of supply management.
Furthermore, various items such as interest rates, carbon penalties, and other implementa-
tion limitations and additional constraints have also been considered in the modeling and
mathematical relationships to improve the model’s performance and make it more relevant
to real-world conditions and related issues, leading to better practical applications. It
should be noted that the processing time of project activities has been considered uncertain
in the mathematical modeling, and the evidence theory has been utilized. This method
can provide a flexible and rational approach based on evidence and knowledge in the face
of uncertainty. This problem was modeled using a belief function based on the chance-
constrained programming approach for stochastic mathematical models. In addition, for
solving the proposed multi-objective mathematical model, metaheuristic optimization
algorithms such as the DE algorithm based on the Pareto archive have been used, and
for evaluating the results, the NSGA-II algorithm has also been employed. Moreover, the
results have been compared based on multi-objective evaluation criteria, such as quality,
spacing, and diversity metrics.

It is worth mentioning that for investigating the performance and application of the
proposed model, multiple evaluations have been conducted on sample problems with
different dimensions, as well as a case study on residential apartment construction projects
by a contracting company. In this regard, the construction projects of residential apartments
implemented simultaneously by a contractor company were selected, and the presented
model was solved by algorithms based on the information from the multi-project problems.
The outcomes indicated that the improvement rates in the DE algorithm’s results compared
to the company’s data were 27.8%, 15.3%, and 13.3%, respectively, in the model’s first,
second, and third objective functions. Also, the improvement results by the NSGA-II
algorithm were 9.0%, 9.7%, and 4.8% in the model’s first, second, and third objective
functions. Concerning the mentioned points and evaluating the obtained results, using
the mathematical model presented in the current study to schedule the multi-project
problems of residential construction projects regarding the aspects of sustainability and
supply management is considered beneficial and practical. In addition, several sample
problems have been randomly created in different scales to evaluate the performance of
the model and algorithms. The DE and NSGA-II algorithms have solved these problems,
and the results have been compared and examined with each other and also based on
the evaluation metrics of multi-objective problems such as quality, spacing, and diversity
metrics. The results demonstrated that the solutions obtained from the multi-objective DE
algorithm were better and superior to the NSGA-II algorithm in all cases. There has been
this superiority in terms of the quality and spacing metrics values, which has led to more
favorable objective function values. Also, the NSGA-II algorithm searches the solution
area with more uniformity than the DE algorithm, and the ability of the multi-objective DE
algorithm is greater than the NSGA-II algorithm to explore and exploit the feasible solution
area to achieve optimal answers and suitable implementation solutions.

Finally, regarding the explanations and the evaluations, it can be generally considered
helpful and effective to use the integrated multi-objective mathematical model proposed in
the current research in order to manage and schedule multi-mode resource-constrained
multi-project problems. Furthermore, in future research in this field, the proposed model
and related method can be employed along with using artificial intelligence and other opti-
mization algorithms suitable for implementation problems. Also, considering other items
and objectives appropriate for the performance projects can help improve and develop this.
The utilization of this model in the construction industry can lead to significant improve-
ments in project management with a sustainable approach, considering various influential
and diverse factors, such as economic, environmental, social, technical, organizational, and
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competitive factors, along with suitable choices based on implementation priorities and ev-
idence, particularly in uncertain conditions; this ultimately achieves the highest profit with
the least cost and risk, especially in the management and supply of the project needs, and
the progress and completion of projects with the optimal state implemented successfully.
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