
A bi-objective production planning for a flexible 
supply chain solved using NSGA-II and MOPSO

1. Introduction

Swafford, et al. [1] define flexibility as the ability
to adapt to sudden changes in customers’ demands 
[2]. With the significant development taking place in 
modern technology and rapid changes in the business 
environment along with competitiveness, companies 
have to become highly adaptive in order to have the 
ability to establish relative supremacy over their ri-
vals. For example, manufacturing plants driven by the 
high competitive environment show more tendencies 
towards the concept of having a much greater degree 

of flexibility in how production is organized. Like-
wise, it is vital to have the ability to adapt the flexibil-
ity and responsiveness to all needs of customers as 
quickly as possible. The focus of existing papers has 
now shifted towards the strategic problems in supply 
chain flexibility while focusing on non-mathematical 
models [3]. In other words, conceptual models have 
been significantly constructed, while the need for in-
tegrated mathematical models, including flexibility 
dimensions, cannot be denied. In this respect, math-
ematical optimization models can considerably assist 
managers in deciding the supply chain flexibility [4].

Nowadays, rapid changes in customers' demands have redoubled the importance of new 
concepts such as supply chain flexibility and its application. The extent to which flexibility 
should be built into supply chains requires full consideration. Flexibility is defined as firms' 
quick and efficient response to changes. This paper quantifies the positive effects of adding 
different flexibility dimensions to a production planning bi-objective mathematical model. 
Four flexibility dimensions are proposed according to the needs of a production plant chosen 
as the case study. The objective functions are to minimize total costs along with the delivery 
time of the product, respectively. We also employ two metaheuristic algorithms, NSGA-Ⅱ 
and MOPSO, to solve our proposed NP-hard model. Afterwards, we compare both solution 
strategies based on five criteria to achieve optimal results. Moreover, we compare the perfor-
mance of both flexible and inflexible models in terms of costs. The results show that applying 
the flexible model causes a reduction of %22 in costs.
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Being flexible has different dimensions. Its dimen-
sions have been classified in different ways. There-
fore, the importance of SCF as a contributing factor 
for the survival of companies has been underlined by 
many researchers; however, it can be rather costly. 
Consequently, it is highly likely that companies will 
need to strike a balance between all conflicting ways 
of reducing costs. Accordingly, having considered the 
importance of flexible supply chain models, it can be 
widely perceived as an approach to increasing net 
profit. Thus, production plants can incorporate flex-
ibility dimensions into their decision-making process, 
measured at once [5], [6] and [7].

When it comes to an inherent characteristic of the 
business environment, there is an overriding concern 
about the uncertainty in manufacturing plants, as it 
is connected to firm performance and flexibility. It 
can be considered as companies’ goal, and they need 
to balance these issues, namely cost and flexibility, 
along with uncertainty [8], [9], [10], and [11].

This study generated a mathematical model to 
observe the importance of flexibility dimensions and 
their effects on supply chains. Four suggested flexibil-
ity dimensions are: production line, budget, labour 
team, and sourcing flexibilities under two different 
scenarios to be compared. To this aim, a bi-objective 
model is proposed to evaluate supply chain perfor-
mance. The first objective function is aimed at mini-
mizing the costs in a production plant.  The second 
objective function minimizes the product delivery 
time (PDT) in the company. To solve the proposed 
model, we apply and compare two metaheuristic so-
lution methods, NSGA-II and MOPSO, to solve our 
mathematical model. The model and its results can 
deepen our understanding of the need for flexibility 
in our case study as an effective technique to reduce 
costs. Moreover, we use collected data from a factory 
that vends automotive parts [1], [12], [13], and [14].   

This paper aims at manufacturing companies on 
a downward path where they find it challenging to 
be flexible and have flexible production plans. We 
have also considered uncertain situations during the 
production process and then defined four flexibility 
dimensions based on them. Therefore, these dimen-
sions are workable as they have been designed ac-
cording to reality and can help manufacturing com-
panies overcome the crisis of small profit margins. 
Moreover, these flexibility dimensions are easy to 
measure and can be used in quantities problems. 
Since metaheuristic methods are problem-indepen-
dent techniques and do not rely on any specificity of 
the problem, we select to apply them to solve our 
model. Consequently, they can explore more thor-

oughly the solution space and thus provide us with a 
hopefully better solution. The highlight of our work 
is as follows: Creating a bio-objective model and solv-
ing it using NSGA-Ⅱ, MOPSO metaheuristic algo-
rithms; Defining different flexibility dimensions for 
the model; Conducting extensive comparisons over 
employed methods to find the best solution method; 
Implementing sensitivity analysis to the best obtained 
model; Using the data of a real case study of a pro-
duction plant in Tehran; and Presenting managerial 
insights for car manufacturing plants and system en-
gineers.

In the remainder of this paper, we have the follow-
ing sections: Section 2 reviews the available literate 
on flexible supply chains and metaheuristic methods. 
Section 3 describes the case study and the problem. 
In section 4, we present the bi-objective model. In 
section 5 we explain the solution methods. In Sec-
tion 6, we demonstrate the computational results 
of the study. Finally, in the last section, we draw the 
conclusions and make recommendations for further 
research. Moreover, the limitations of the study are 
mentioned as well.

2. Literature review  

When studying supply chain management, sup-
ply chain flexibility has drawn considerable attention 
from researchers over the last decade.  Moreover, the 
necessity to study flexibility as a holistic approach and 
in each firm as a member of the supply chain has 
been recognized. 

Flexibility has been defined in many papers as a 
critical element in supply chains [6]; as flexibility has 
different dimensions, it has been defined in various 
ways. For example, SCF can respond quickly to any 
unanticipated changes in customers’ needs [10] and 
[12]. Chiu, et al. [5] developed a postponement mod-
el for the multi-item replenishment decision featuring 
commonality, an overtime strategy, and product qual-
ity reassurance. As a result, they help manufacturing 
firms to deal with the competitive and changing mar-
kets and keep the high quality of their products while 
minimizing the total fabrication costs.

Although the need for SCF is clearly underlined 
in earlier papers, there is still a need for further study 
in flexibility dimensions. Flexibility dimensions, 
which are essential by all the supply chain members, 
are to satisfy the customers’ demands effectively [8]. 
Mendonça Tachizawa and Giménez Thomsen [11]  
focused on supply flexibility and its different aspects 
related to the upstream supply chain. The definitions 
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so far considered flexibility mainly as the central 
concept in firms to cope with uncertainties. In a sup-
ply chain, SCF can be measured; as a case in point, 
Gong [15] proposed a flexible supply chain model 
comprising labour flexibility, information technol-
ogy, machine flexibility, and routing flexibility. They 
measured the overall flexibility using economic indi-
cators. The obtained results from this model assisted 
in deciding beneficial production to produce some 
products in an uncertain environment. The author 
showed that some flexibility factors had the most sig-
nificant effect on the supply chain flexibility, while 
some did not. Swafford, et al. [1] provided insights 
into firms sharing characteristics by applying empiri-
cal analysis methods to surveying the data from mul-
tiple manufacturing companies in the United States. 
They also presented a performance construction 
and addressed the impact of supply chain agility and 
supply chain flexibility on performance. Likewise, 
Zapp, et al. [16] presented a model that measures 
the dimensions of strategy, processes, technology, 
and information technology systems. This was done 
to develop a supply chain planning system. Similarly, 
Esmaeilikia, et al. [3] introduced a tactical supply 
chain planning model with multiple flexibilities, de-
fining flexibility adjustment in contemporary supply 
chain studies. Chiu, et al. [4] proposed a production 
planning model in which they derived the optimal 
production policy for a delayed-differentiation mul-
tiproduct system with dual uptime reassuring quality. 
They also had crucial system performance indicators 
to help cost-effective decision-making.

In the realm of SCF, most of the optimization 
models are considered NP-hard problems. In mi-
nor cases, exact methods are commonly used by re-
searchers to find the optimal solution. At the same 
time, when the scale of the problem becomes more 
extensive, heuristic and metaheuristic approaches are 
inevitably devised. In this regard, in the literature of 
flexibility, metaheuristic algorithms have been widely 
used, in particular, to solve multi-objective models. 
For example, Panduro, et al. [17] compared differ-
ent multi-objective optimization methods in their 
paper. NSGA-II, DEMO, and EM-MOPSO are 
used in their study and a comparative analysis of 
the performance between these algorithms. More-
over, Ojstersek, et al. [18] presented the use of evo-
lutionary computation methods for Multi-objective 
Production Scheduling Optimization, showing the 
general framework used in evolutionary computa-
tion methods. The fundamental division of these 
methods, individual advantages and limitations are 
presented in their paper. According to the reviewed 

literature, we can conclude that research on supply 
chain flexibility has produced some interesting find-
ings that emphasize that further research is needed. 
The obtained findings demonstrated that a consider-
able percentage of supply chain planning review stud-
ies mainly highlight the modelling features and solu-
tion approach without explicitly discussing the issue 
of flexibility. Moreover, the focus of studies has been 
on strategic SCF, mainly in non-mathematical mod-
elling (e.g. empirical-oriented work. We develop a 
bi-objective model, a production planning model, to 
improve supply chain performance. The first objec-
tive function expresses the total production cost over 
time, whereas the second objective aims to minimize 
the product delivery time (PDT). We have summa-
rized the studies whose focus was on supply chain 
flexibility in Table 1.

Table 1 shows the studies focusing on supply 
chain flexibility. Nearly one-third of these studies are 
only theatrical models. Among the rest, about 20 per-
cent have mathematical models. They mainly analyze 
the need for flexibility dimensions. However, there 
is no measurement method to measure them under 
uncertainty. Besides, what we can focus on, are the 
solutions methods used to solve the models. These 
papers used heuristic methods to solve the problem, 
which differs from our paper in which we applied me-
ta-heuristic methods and compared them according 
to different criteria. We also compared the flexibility 
dimensions to find out the best ones for this model. 
We add four flexibility dimensions to the basic inflex-
ible model as follows: (1) Production line flexibility: 
the company’s ability to have some production lines 
in a company and activate them whenever needed, 
(2) Budget flexibility: the company’s ability to put 
more capital into the production process to get a high 
rate of return on the capital, (3) Sourcing flexibility: 
the company’s ability to work with not only one sup-
plier for components or raw materials, and (4) Labor 
team flexibility: the company’s ability to train differ-
ent labor teams and to use them whenever needed.

We apply NSGA-II and MOPSO metaheuris-
tic algorithms to solve our mathematical model. As 
mentioned in previous studies, these two algorithms 
are suitable for solving multi-objective optimization 
problems, especially the ones with two objective 
functions (2017). Furthermore, the two algorithms 
are compared in terms of five criteria. We were mo-
tivated by an automotive parts factory in Iran. There-
fore, this study caters for companies in search of bet-
ter performance in the area of SCF. In a nutshell, 
the results show the improvement in supply chain 
performance by a 22% reduction in costs.
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Table 1. A summary of studies on supply chain flexibility

Number
Authors’ 
names Year The Main Focus Of The 

Paper
Type Of 
study Model type Flexibility 

dimensions

Solution 
method

/approach

Type of 
uncertainty

Performance 
measurement

1.
Das and 
Abdel-Malek 
[12]

2003
A measure for estimating SCF 
as a function of varying order 
quantities & supply lead times.

Theoretical - A general view - product -

2. Duclos, et al. 
[8] 2003 An integrated conceptual 

model for SCF. Theoretical -

Logistics, supply, 
organizational, 
information system, 
market

- - -

3.
Chiang and 
Monahan 
[18]

2005 A 2 echelon dual channel 
inventory model. Theoretical

Two-echelon 
dual-channel 
inventory 
model

- statistical 
anlysis -

performance 
of two
other possible 
channel 
distribution 
strategies

4. Archer, et al. 
[27] 2006

A conceptual framework for 
implementing and managing 
SCF in SC organizations (a 3 
–stage approach)

Theoretical - - - - cost, time, 
quality

5.
Wu, et al. 
[28]

2006 Measures for risk reduction …
considering SCF Theoretical - A general view - demand -

6.
Stevenson and 
Spring [29] 2007 A timely review of the available 

literature on SCF Theoretical Only definitions - -

Relationship 
between 
flexibility and 
performance

7.
Gunasekaran, 
et al. [30]

2007
Synthesize the existing 
contributions to manufacturing 
and SCF.

Theoretical Conceptual 
model

Conceptual 
framework - demand

8. Gong [15] 2008 A SCF model, measured by an 
economic index. Theoretical Linear 

programming

Labar, 
transportation, 
machines

Exact 
methods 
MATLAB

- Entire supply 
chain

9.
Kumar, et al. 
[31]

2008
Identify & evaluate the 
relationship the flexibility 
enablers.

Theoretical Conceptual 
model

Product, supply, 
response to 
customers’ needs

- - -

10. Chandra and 
Grabis [13] 2009

Research on the problem of 
planning & operating flexible 
SC s under uncertainty.

Theoretical - - - Demand 
and supply -

11. Chandra and 
Grabis [13] 2010 A model to select the supplier 

based on SCF Theoretical Conceptual 
model - - Number of 

products -

12.
Zapp, et al. 
[16]

2012

A reference model which 
outlines measures for the 
dimensions of strategy, 
processes, IT systems & …

Theoretical Conceptual 
model -

Collaborative 
Planning 
Forecasting 
approach

- -

13. Jenkins and 
Wright [32] 1998

Use of DSS to manage an 
inflexible SC(U.K retailor of 
petroleum)

Empirical - Definitions of 
flexibility - - -

14.

Mendonça 
Tachizawa 
and Giménez 
Thomsen [11]

2007 Focus on  SCF ,its aspects 
related to the upstream SC Empirical - Supply, sourcing - Volume, 

distribution
Quality, cost, 
price

15. Coronado M 
and Lyons [33] 2007

Evaluate the implications 
of operations flexibility in 
industrial SC

Empirical Conceptual 
model - Value Stream 

Mapping
Logistic, 
distribution

Balanced score 
card

16.

Merschmann 
and 
Thonemann 
[14]

2011

Address the relationship 
between environmental 
uncertainty & SCF & firm 
performance

Empirical Mathematical 
model

Production 
time, product 
development, new 
product, order 
level, Ability to 
distribute, customer 
service, Distribution 
reliability, response 
to market changes

Partial least 
square

Number of 
suppliers, 
quality, 
number of 
products

Returns and 
sales growth.
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17. Yi, et al. [34] 2011
Illustrate & examine the 
different flexibility strategies 
adopted by SC participants

Empirical

A qualitative 
model to 
examine the 
relationship 
between 
flexibility and 
uncertainty

Source, Operating 
systems, 
Organizational 
system, distribution

-
Supply, 
demand, 
competition

-

18.
Malik and 
Sarkar [35]

2020

model with a manageable lead 
time for the Stackelberg game 
policy and centralized decision 
policy

Empirical Mathematical 
model

flexible production 
system

Analytical 
methodology 
and solution

Demand -

19. Delic and Eyers 
[36] 2020

conceptual framework for 
analyzing the relationships
among Additive Manufacturing 
adoption, flexibility, and 
performance in the supply 
chain context

Conceptual 
framework

Quantitative 
approach

Supply chain 
flexibility in general

questionnaire 
survey - Supply chain 

performance

20.
Singh, et al. 
[19]

2020

extracted 11 supply chain 
flexibility dimensions
through extensive literature 
review. The authors used a 
decision-making evaluation 
laboratory
(DEMATEL) to make causal 
analysis and prioritizing the 
dimensions

Empirical Mathematical 
model

11 different flexibility 
dimensions

DEMATEL 
analysis Demand -

21.

Martínez 
Sánchez and 
Pérez Pérez 
[37]

2005
Explore the relationship 
between the dimensions of SCF 
& firm performance

Theoretical- 
Empirical

A qualitative 
model to 
examine the 
relationship 
between 
flexibility and 
uncertainty 
and efficiency

distribution, volume,
Route, product, 
access,
Market response, 
shipping,
Innovation ,
Source

Seven Point 
Likert - -

22.
Choy, et al. 
[38]

2008 An intelligent measurement 
system for performance in SC

Theoretical- 
Empirical

Qualitative 
model for 
measuring 
performance

Logistic systems

Knowledge 
–based 
Logistics 
Performance 
Measurement 
System

-

Designs 
intelligent 
systems to 
measure 
performance.

23. Swafford, et 
al. [1] 2008 Impact of SC agility & SCF on 

performance
Theoretical- 
Empirical

Qualitative 
model - SEM -

Examines the 
relationship 
between 
flexibility and 
performance 
with a statistical 
hypothesis test.

24.
Acur, et al. 
[39]

2009 An empirical study of SCF Theoretical- 
Empirical

Qualitative 
model

Settings, Planning 
and control

Research 
questions. - -

25. Hua, et al. [40] 2009 The area of achieving 
competitiveness through SCF

Theoretical- 
Empirical - - - - -

26.
Gosling, et al. 
[41]

2010

Examine how buying 
organizations can configure 
their supply networks to 
achieve SCF

Theoretical- 
Empirical - Seller and source - - -

27. Chuu [42] 2011 A framework for evaluating SCF Theoretical- 
Empirical

Qualitative 
model

Network, supply, 
operating 
systems, logistics, 
operational 
systems

Modified 
linguistic 
ordered 
weighted 
geometric 
averaging 
operator, 
fuzzy systems

Demand

Estimates 
efficiency or 
cost with a 
verbal fuzzy 
approach.

28.
Koçoğlu, et 
al. [43]

2011
Evince the influence of SC 
integration on info.  Sharing 
& SCP

Theoretical- 
Empirical

Conceptual 
model - Statistical 

methods -

Cost, inventory 
usage, supply 
chain reliability, 
responsiveness 
and flexibility 
are considered 
performance 
indicators.
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29. Moon, et al. [2] 2012
A multifaceted scale for 
SCF through an empirical 
investigation

Theoretical- 
Empirical

Qualitative 
model

Operating 
systems, source,
Distribution
information 
systems

Partial Least 
Square
Structural 
Equation 
Modeling

- -

30.
Malhotra and 
Mackelprang 
[10]

2012

Examine if simultaneous 
utilization of both internal & 
external flexibilities improve a 
firm’s delivery performance

Theoretical- 
Empirical

Qualitative 
model

Supplier, logistics, 
change, new 
product

Statistical 
methods -

Examines the 
relationship 
between 
flexibility and 
performance 
by hypothesis 
testing.

31. Chang and 
Huang [44] 2012

The relationship between the 
manufacturer’s management on 
how to align their suppliers for 
delivery flexibility to respond 
quickly to customer demand

Theoretical- 
Empirical

Theoretical 
framework Supply Statistical 

methods - -

32.
Bai and 
Sarkis [45] 2013 A flexibility framework for 

reverse logistics
Theoretical- 
Empirical

Mathematical 
model

supplier delivery 
flexibility/revere 
logistic

novel 
neighborhood 
rough set 
theory 
approach

-
A general 
definition of 
performance

 3. Material and method  

3.1. Problem description

In previous studies, supply chain flexibility has 
been adequately defined, as mentioned in the pre-
vious section. While reading the former papers, the 
question arises as to whether or not all flexibility di-
mensions can be built into a system. It is imperative 
that we identify to what extent flexibility dimensions 
can be incorporated into production planning, as 
being flexible can cause a rise in a company's costs. 
When it comes to meeting the customers' needs, 
companies need to deal with uncertain situations to 
compete with their rivals.  To address this problem, 
we propose two flexible and inflexible mathematical 
models to compare and find the more acceptable 
one in terms of costs. As described in previous stud-
ies [1], [3], the need for flexibility in enterprises based 
on different internal and external factors that act as 
drivers of flexibility still exists.

This paper formulates a supply chain composed 
of four different levels: warehouses, end-users, sup-
pliers, and production plants which are shown sche-
matically in Figure 1. The needs of end-users are es-
timated for each product.

Providing a range of products to the two leading 
after-markets and local auto manufacturers, Forgekar 
is an Iranian automotive parts manufacturer located 
in Qazvin (150 km northwest of Tehran, where end-

users plant base) and produces seat runners for fam-
ily cars primarily. With competition from cheap im-
ports, Iran's car industry currently is facing an acute 
financial crisis. Nonetheless, the company displays an 
absolute commitment to meet all demands of its two 
main end-users. Labors work in two different periods 
are overtime shifts and regular time. There are three 
production plants established in the factory premises, 
where two top products are produced. These plants 
and two warehouses function separately. There are 
several machine types in the production plants, but 
we classify them into two groups based on the process 
done on each item. Then, three different suppliers 
provide raw materials for production plants. As it has 
been found in our reports from visits, the company 
might face some challenges such as shortage of raw 

Figure 1. Schematic diagram of the proposed 
supply chain model
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material, labors absentees, fires outbreak, power cut 
and machines cut out, and needs to make detailed 
plans to avoid decreasing its turnover during any cri-
sis. Delivery time is also one of the company's prima-
ry concerns because an agreement has been reached 
between the manufacturer and the end-users that if 
the product is not delivered on time, the company 
should risk incurring financial penalties. To deal with 
these unexpected challenges, companies need to add 
flexibility dimensions to supply chain modelling. The 
data was obtained by administering questionnaires 
that the financial manager and other employees com-
pleted. Based on the built-up database, we compare 
and analyze two different scenarios to determine the 
proper one for our examination. The outcomes are 
presented in the next section. 

3.2. Notations

The notation of decision variables, indices, and 
parameters is presented below (Table 2-4).

={1,If component c is bought from sup-
plier s for plant p i in period t 0,If component c is not 
bought from supplier s for plant p i in period t 

= {1,If product i is transported from plant p 
to end user e in period t 0,If product i is not transport-
ed from plant p to end user e in period t  

={1,If product i is transported from plant p 
to warehouse w in period t 0,If product i is not trans-
ported from plant p to warehouse w in period t  

={1,If product i is transported warehouse w 
to end user e in period t 0,If product i is not transport-
ed warehouse w to enduser e in period t  

={1,If plant p is open and produces product 
i in period t 0,If plant p is not open in period t

3.2. Bi-Objective supply chain flexibility 
model

A bi-objective flexibility model is developed to in-
tegrate production line flexibility, budget flexibility, 
labor team flexibility, and sourcing flexibility. Fur-
thermore, the proposed flexibility model can assist 
the company in providing profoundly flexible deci-
sions. Our study has produced a mathematical model 
based on the models of Gong [15] and Esmaeilikia 
et al. [11].

The two constraints and objective functions are 
presented as below:

(1)

(2)

Equations (1) and (2) show the two objective func-
tions, in which the first one aims to lower the total 
cost of the supply chain, and the second one lowers 
the delivery time.

Subject to:

(3)

(4)

(5)

Equations (3) and (4) and (5) demonstrate mate-
rial balance constraint in the process of production, 
which means the number of components held in 
plants equals the total number of components pur-
chased from suppliers for plants subtracted from the 
number of components used to make products in 
each period. Also, the number of products held in 
plants equals the total number of products made by 
labor teams in plants in regular time and overtime 

Table 2. Indices used in the study

I Set of product type

P Set of the production plant

C Set of component type

T Set of time period

E Set of end-user

S Set of supplier

L Set of the labor team

M Set of machine type

W Set of warehouse
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Table 3. Parameters involved in the study

Purchase cost of a unit of component c for plant p from supplier s in time t

Product i demand by end-user e in time t

Fixed costs of plant p in period t

The overhead production cost of a unit of product i in regular time in plant p in time t

Transportation cost of a unit of product i to warehouse w from plant p in time t

Purchase cost of a unit of product i in plant p in time t

Cost of holding a unit of component c in plant p in time t

Transportation cost of a unit of product i to end-user e from plant p in time t

Lost sales cost of a unit of product i in plant p in time t

Most number of lost sales of product i in plant p in time t

Units number of component utilized to produce one unit of time i

Ultimate capacity of plant p to have a unit of component c in time t

Ultimate capacity of plant p to have a unit of product i in time t

Ultimate production capacity of product i in plant p in regular time in time t

Ultimate production capacity of product i in plant p in overtime in time t

The product i maximum number that can be outsourced for plant p in time t

Cost of holding one unit of product i in plant p in time t

Least number of component c bought for plant p from supplier s in time t

Ultimate capacity of the supplier s to sell component c to plant p in time t

Least number of the component can be bought from supplier s in time t

The cost of overhead production of a unit of product i in plant p in overtime in time t

Ultimate number of product i sent to end-user e from warehouse w in time t

Ultimate number of product i sent to warehouse w from plant p in time t

Ultimate number of product i sent to warehouse w from plant p in time t

Least number of transportation in time t

Cost of holding a unit of product i in warehouse w in time t

Ultimate capacity of warehouse w for product i in time t

Necessary time to convey a unit of t product i to end-user e from plant p in time t

Transport time of a unit of product i to end-user e from warehouse w in time t

The labour team l wage for creating a unit of product i in regular time in plant p in time t

The labour team l wage for creating a unit of product i in overtime in plant p in period t

labour team l number in plant p in time t

Number of machines m in plant p in time t

Number of component c generated in machine m in time t

The necessary time to create a unit of product i in plant p by labour team l in time t

The machine m probability of working correctly in time t

Total working time of machine m in plant p in time t

The labour l Total working time in plant p in regular time in time t

The labour l Total working time in plant p in overtime in time t

The necessary time to process a unit of component c by machine m in plant p in time t

Machine m Set-up time

Ultimate capacity of production time of product i on machine m in regular time in plant p by labour l in time t

Ultimate capacity of production time of product i on machine m in overtime in plant p by labour l  in time t
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subtracted from the number of products transported 
from the plants to either warehouses or end-users in 
each period. Equation (5) denotes that warehouses 
balance constraint.

(6)

(7)

Equations (6) and (7) are to show that the de-
mand is satisfied. Thus, equation (6) ensures that all 
demand is met, and equation (7) shows the cost of 
unmet demand called lost sales.

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

Equations (8) to (15) are the capacity constraints. 
Equation (8) shows the minimum supplier contri-
bution constraint. Equation (9) restrict outsourcing 
capacity. Equations (10) and (11) limit production 
capacity in regular time and overtime production. 
Equation (12) restrict product outsourcing. Equa-
tions (13) and (14) show restrictions on the number 
of held materials and products in plants. Equation 
(15) shows restrictions on the number of products in 
warehouses.

(16)

(17)

(18)

(19)

Equations (16) to (19) show restrictions on trans-
portation. Equation (16) describes conditions upon 
transportation to end-users from plants. Equation 
(17) presents restrictions on transportation to ware-
houses from plants. Equation (18) reveals restrictions 
on transportation to end-users from warehouses. 
Equation (19) shows restrictions on transportation 
capacity.

(20)

Table 4. Decision variables used in the study

The product i number sent to warehouse w from plant p in time t

The component c purchased number for plant p from supplier s in time t

The product i number backordered in plant p in time t

The product i made number by labour team l in overtime in plant p in period t in time t

The product i outsourced number by plant p in time t

The component c number held in plant p in time t

The product i number held in plant p i in time t

The product i number sent from plant p to end user e in time t

The product i number sent to end user e from warehouse w in time t

The product i number held in warehouse w in time t

The product i created number of by labour team l in regular time in plant p in time t in period t
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(21)

(22)

(23)

(24)

(25)

Equations (20) to (25) are constraints to show 
time limits. Equations (20) and (21) are total ma-
chine working time constraints. Equation (20) shows 
that the total time for all components to be pro-
cessed in machines cannot exceed the total machine 
working time in each period considering the proba-
bility of each machine working correctly. In contrast, 
equation (21) represents that the total time needed 
for the units of component (used to make one unit 
of product) to be processed by machines, including 
the machine set-up time, cannot exceed the machine 
working time in each period.  Equations (22) and 
(23) are total labor working time constraints, respec-
tively, in regular time and overtime. Equations (24) 
and (25) imply the production time and labor work-
ing time limits, respectively. They show restrictions 
on production time correspondingly in regular time 
and overtime, which means total labor working time 
cannot exceed production time limits. Finally, all de-
cision variables are non-negative.

We assume that the following parameters are 
known for this problem.

We know the area of plants and where they are 
located as well as the number of products that can 
be produced and stored in them. Also, the number 
of raw materials, components of each product that 
can be purchased from suppliers, as well as the fixed 
operating costs of plants are fixed. We also know 
the warehouses capacity and locations, and machine 
working time. Transportation plans and capacities 
are known. When a product is completed, it is ei-
ther kept in the plant or sent to warehouses. The 
products can be directly delivered to end-users or 
be taken to warehouses according to the customers’ 
needs.  

3.3. Solution methods 

In this paper, we used metaheuristic algorithms 
as they are found advantageous for solving multi-
objective optimization problems. Each metaheuristic 
algorithm is characterized by many features, which 
the concept of some of them are in common. Many 
researchers [3] addressed the two essential concepts 
of metaheuristic algorithms, intensification (exploita-
tion) and diversification (exploration).  Thet defined 
these two concepts as follows: diversification is the 
ability to generate diverse solutions while searching 
the space on a global scale and refers to exploring the 
search space. 

Furthermore, finding a proper balance between 
these two components is essential for an effective 
system to improve its performance. For example, 
if there is only too little exploration and too much 
exploitation, the system may face the local optima 
and not a global optimum. On the contrary, if too 
much exploration but too little exploitation, no con-
vergence may occur the general search will be slowed 
down [7; 19].

In the presented study, we have selected two solu-
tion approaches, NSGA-II and MOPSO. In this sec-
tion, both solutions approach NSGA-II and MOP-
SO are presented in brief. 

3.3.1. NSGA-II algorithm

NSGA-II algorithm suggested by Deb and col-
leagues [20] is a computationally elitist and swift 
multi-objective sophisticated algorithm based on a 
non-dominated sorting approach where setting shar-
ing parameters is done efficiently. Also, it has been 
defined as a multi-objective optimization algorithm 
in which non-dominated solutions are identified and 
can represent different trade-offs between multiple 
objectives [20]. The difference between NSGA-II 
and GA is that the former uses an elitist principle 
that focuses on non-dominated solutions and selects 
individuals based on their non-dominated ranks and 
crowding distances.

As Nourbakhsh, et al. [21] mentioned in their 
work, it is considered one of the most efficient multi-
objective evolutionary approaches in which a fast 
non-dominated sorting method is used and a crowd-
ing distance to rank and select the population fronts. 
Afterwards, the standard bimodal crossover and poly-
nomial operators are applied to mix the current pop-
ulation with its offspring generated as the next genera-
tion. Eventually, the solutions are selected based on 
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the best individuals in terms of non-dominance and 
diversity. For more details on the implementation of 
NSGA-II, refer to [20].

3.3.2. MOPSO algorithm

Coello and Lechuga [22] modified the original 
scheme of PSO and proposed MOPSO algorithms. 
Since then, MOPSO has been developed based on 
the Pareto optimality concept and has become one 
of the most active research areas in the field of multi-
objective optimization. A number of variants of the 
origin multi-objective problems, the objectives can 
conflict with nature, which implies no unique solu-
tion for these problems. As an alternative, trade-off 
solutions are considered to represent the best possi-
ble solution. MOPSO was also presented by Moore 
[23]. In this proposed method, an external reposito-
ry is used to store the information of non-dominated 
particles. Then, the leader is selected from the re-
pository members to calculate the particle’s velocity 
[24].

MOPSO algorithms are particularly developed 
to supply scalable and solid solutions. In addition, 
they strongly perform when there are less than three 
objective functions [25]. It has been used to a wide 
variety of optimization problems and has proven to 
produce very good results at a very low computation-
al cost. This success has inspired researches to put 
much effort on MOPSOs [25]. For more details on 
the implementation of MOPSO, refer to [20].

4. Computational results (output 
variables)

In this section, two solution approaches are inves-
tigated. In the first part, the results of our mathemati-
cal model are provided for both solution methods, 
NSGA-II and MOPSO. In the second part, these 
two methods are compared in terms of five criteria. 
In the current section, the outcomes of the suggest-
ed mathematical model are presented. To solve the 
model, MATLAB software was devised. First, we 
compare both models (flexible vs inflexible) in terms 
of obtained optimal values for objective functions. 
Figs 2a and 2b demonstrate the results obtained 
from the NSGA-II algorithm in terms of the first and 
second objective functions for both flexible and in-
flexible models. As shown in Figs 2a and 2b, the flex-
ible model provides results that are superior to those 
of inflexible. It indicates a reduction of nearly %22 
in costs (first objective function value) when the com-
pany is flexible enough in its production process. 
Similarly, values of the second objective function 
are reduced inflexible model by %12.58. The same 
results can be seen in Figs 3a and 3b, which show 
the results obtained from the MOPSO algorithm in 
terms of first and second objective functions. They 
imply that adopting a flexible approach results in 
fewer costs than the inflexible one. A reduction in 
costs by %21.7 and by 9.7 in product delivery time 
is obviously seen. Figs 4a and 4b illustrate the final 
solutions of NSGA-II and MOPSO, respectively.

Figure 2a. Comparison of 1st objective function values in flexible and inflexible models solved by NSGA-II
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Figure 2b. Comparison of 2nd objective function values in flexible and inflexible models solved by NSGA-II

Figure 3a. Comparison of 1st objective function values in flexible and inflexible models solved by MOPSO

Figure 3b. Comparison of 2nd objective function values in flexible and inflexible models solved by MOPSO
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Figure 4a. Final solution - NSGA-II

Figure 4b. Final solution –MOPSO
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Table 5. Results from NSGA-II and MOPSO algorithms for both objective functions

NSGA II MOPSO

First objective function Second objective function First objective function Second objective function

32820035.48 20.48186868 28684130.16 21.64507728

506045.671 45.6709938 22019327.09 36.13944236

506045.671 45.6709938 16412269.93 37.8113903

32820035.48 20.48186868 17626072.26 36.72651547

26473595.49 20.49118306 23774340.78 33.38209212

16816418.85 23.85264442 28331727.13 29.60270432

Table 6. Results of the solution methods comparison

Criterion Maximum spread 
criterion 

Spacing metrics 
criterion

Number of Pareto 
solutions criterion

Mean ideal solution 
criterion Computational time criterion

NSGA-II MOPSO NSGA-II MOPSO NSGA-II MOPSO NSGA-II MOPSO NSGA-II MOPSO

1. 3.23 1.23 2.9893 0.1067 25 6 1.17 1.28 721.7234211 618.686618

2. 3.87 1.47 1.9141 0.1121 21 10 9.26 1.99 1019.322898 970.032

3. 4.3 1.47 0.8631 0.1964 11 13 2.12 3.31 1623.877697 1392.044891

4. 4.2 1.59 2.1134 0.1836 19 11 2.82 5.71 2435.816546 2088.067336

5. 3.55 1.59 2.3922 0.1729 15 12 4.17 8.2 3653.724819 3132.101004

The results of the model obtained from NSGA-II 
and MOPSO are expressed numerically in Table 5.

The above results highlight a need to bridge the 
gap between the costs and flexibility dimensions. 
The way flexibility dimensions are defined and se-
lected according to the unique circumstances of each 
case study is the key to success. However, it can be 
generalized from these results that adding flexibility 
dimensions is not always costly if appropriately cho-
sen. 

In order to help companies deal with uncertainty, 
these results provide them with a way to quickly and 
effectively overcome their rivals when it comes to be-
ing flexible. Another thing is that the overall results 
obtained from the two applied methods are different 
in each objective function. In order to compare the 
two algorithms, some indicators are defined in sec-
tion 4.1. 

Many companies can alter this model according 
to their needs to perform better in terms of costs and 
meet their customers’ needs.

The objective of this research is to provide man-
gers with some insights and workable solutions that 
fit the reality. The flexibility dimensions we add 
to the model are designed based on the needs of 
manufacturing plants in developing countries like 
Iran. Since local producers are under much pres-
sure to compete with the international market to 

survive, they need to take immediate steps to defuse 
this crisis. They need to be flexible in production 
planning as well as setting long-term goals. The dif-
ficulty they might face is to clearly understand the 
extent to which they should apply flexibility dimen-
sions. That’s because there is an optimal point for 
applying each dimension in order to help them 
produce effectively. This paper caters for the small 
local businesses that are on the verge of collapse 
or the ones who want to develop their production 
line while boosting their profitability. This paper 
can lead them to outperform their larger rivals that 
as most of the companies’ losses stem from redun-
dancy costs.

5. Discussions

5.1. Solution methods comparison  

Table 6 shows the results of the solution methods 
comparison.

In this part, two algorithms are used to solve the 
mathematical optimization model compared in terms 
of the following indicators according to (2015).

Spacing metric criterion: This criterion is calcu-
lated using equation (26), where is the mean of and 
shows the number of elements placed on the Pareto 
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frontier. The nearest neighborhood points are used 
to calculate di, and afterwards, S is calculated. If the 
value of S is closer to zero, it means we have better 
solutions and spacing metrics.

(26)

Where

The Pareto solutions number: This standard im-
plies the number of optimal solutions acquired by ap-
plying the multi-objective approach.

Computational time: time needed to calculate the 
results.

Mean ideal solution: This criterion shows the dis-
tance between Pareto fronts and the best value of the 
population.

Maximum spread: This criterion is the distance 
between two solutions which can be calculated using 
the following equation (27). The greater the values of 
maximum spread show a better solution.

(27)

According to the above criteria, a comparison of 
two metaheuristic approaches is made in the follow-
ing figures in detail. The computed results in Figure 
5a show that for the maximum spread criterion, the 
NSGA-II technique overcomes the MOPSO algo-
rithm and Figure 5b. for the spacing metric criterion. 
Furthermore, the NSGA-II algorithm provides us 
with superior results in nearly all situations based on 
the number of Pareto solutions, according to Figure 
5c. The mean ideal solution is shown in Figure 5d. 
while MOPSO needs less time to reach Pareto solu-
tions, as is observed in Figure 5e.

Figure 5a. Comparison of MOPSO and NSGA-II in terms of maximum spread criterion

Figure 5b. Comparison of MOPSO and NSGA-II in terms of spacing metrics criterion
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Figure 5c. Comparison of MOPSO and NSGA-II in terms of number of Pareto solutions

Figure 5d. Comparison of MOPSO and NSGA-II in terms of mean ideal solution

Figure 5e. Comparison of MOPSO and NSGA-II in terms of computational time
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5.2. Sensitivity analysis of parameters

Sensitivity analysis of two influential parameters 
of the offered model is presented in Figures 8a and 
8b, whereas other parameters are considered con-
stant. The consequences are not that unexpected; for 
greater values of lost sales cost of one unit of product 
in plant in time t shown in Figure 6a—outcomes in 
marked cost aggregation in the last attribute set. The 
same happens for the time required to produce one 
unit of a product by labor team l in plant in period 
t, illustrated in Figure 6b. In Figure 6b, the data are 
normalized.

5.3. Parameter tuning using Taguchi method

The Taguchi method is a quality design method 
suggested by Taguchi [26]. It mainly focuses on con-

duction experimental designs to find out the causes 
of variation in the production process while finding 
the ideal quality. Using this method leads to a re-
duction in experimental costs and producing high-
quality products. In this method, orthogonal arrays 
for experimental planning are used, and La (bc) is 
the symbol of each array, a represents the number 
of experiments, b is the level number, and c is the 
number of factors that can be placed. Consequently, 
an orthogonal array is chosen for experimental con-
figuration. Tables 7 and 8 show the results of L27 
(3_6) for NSGA-II and MOPSO. We use Minitab 
19 to analyze the design using the Taguchi method. 
When the experiment configuration is done, and the 
experiment is performed, C7 is the experimental re-
sult, and the response charts for both NSGA-II and 
MOPSO are shown in Figures 7a and 7b for NSGA-
II and MOPSO, respectively. 

Table 7. Results from Taguchi method for NSGA-II

Level A B C D E F

1 359.6 415.3 325.7 316.1 300.0 327.8

2 297.2 267.6 317.4 340.6 315.1 322.5

3 292.4 266.3 306.1 292.5 334.0 298.8

Delta 67.1 149.0 19.6 48.1 34.0 29.0

Rank 2 1 6 3 4 5

Table 8. Results from Taguchi method for MOPSO

Level A B C D E F

1 151.3 153.2 118.3 132.0 138.2 141.2

2 151.0 109.8 158.5 139.9 131.3 154.7

3 127.6 166.9 153.2 158.0 160.5 134.0

Delta 23.7 57.1 40.2 26.1 29.2 20.7

Rank 5 1 2 4 3 6

Figure 6a. Sensitivity analysis of the cost of lost sales of 
one unit of product i

Figure 6b. Sensitivity analysis of the time needed to make one 
unit of product



35Karimi et al.

International Journal of Industrial Engineering and Management Vol 13 No 1 (2022)

6. Conclusions

The flexibility of the Supply chain has grown to 
be an essential topic of study for executives and aca-
demics. The present paper intended to examine the 
impact of considering the supply chain model's flex-
ibility to enhance the system's performance. Hence, 
the primary contribution is to find a practical guide 
to incorporate flexibility dimensions into a supply 
chain management model. The pattern of supply 

chain flexibility, comprising production line flexibil-
ity, labor team flexibility, budget flexibility, and sourc-
ing flexibility, has been produced to determine the 
most desirable situation between the inflexible and 
flexible models. A bi-objective model was proposed 
and resolved by applying NSGA-II and MOPSO al-
gorithms to link flexibility and supply chain perfor-
mance. The presented case study has been an au-
tomotive parts factory installed in the country Iran. 
Comparing the initial objective function rates in both 

Figure 7a. Results from Taguchi method for NSGA-II

Figure 7b. Results from Taguchi method for MOPSO
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applied solution methodologies, the requirement for 
flexibility in the production plant began. This design 
held less objective function values with whole flex-
ibility dimensions, which reduced costs and product 
delivery time (PDT) in the company. Our results had 
significant implications for management. The sub-
sequent achievement was that we discovered a link 
between PDT and the entire production cost. Since 
the products needed to be delivered at the right time 
to the customers, the company had to be flexible in 
PDT to avoid imposing substantial financial fines for 
delays. We also compared the two metaheuristic al-
gorithms in terms of some criteria: spacing metric, 
computational time, the mean ideal solution, the Pa-
reto solutions number, and maximum spread. The 
overall results show that NSGA2 performs better 
than MOPSO for a majority of criteria.

Throughout the study, we have incorporated 
some of the flexibility dimensions into the model; 
however, other flexibility dimensions can be com-
bined with the presented model. More extra research 
is needed to increase further the knowledge of the 
value of different types of flexibility and the circum-
stances under which this flexibility is incorporated. 
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