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Abstract: This paper proposes a dual-channel network of a sustainable Closed-Loop Supply Chain
(CLSC) for rice considering energy sources and consumption tax. A Mixed Integer Linear Pro-
gramming (MILP) model is formulated for optimizing the total cost, the amount of pollutants, and
the number of job opportunities created in the proposed supply chain network under the uncer-
tainty of cost, supply, and demand. In addition, to deal with uncertainty, fuzzy logic is used.
Moreover, four multi-objective metaheuristic algorithms are employed to solve the model, which
include a novel multi-objective version of the recently proposed metaheuristic algorithm known
as Multi-Objective Reptile Search Optimizer (MORSO), Multi-Objective Simulated Annealing
(MOSA), Multi-Objective Particle Swarm Optimization (MOPSO), and Multi-Objective Grey Wolf
(MOGWO). All the algorithms are evaluated using LP-metric in small sizes and their results and
performance are compared based on criteria such as Max Spread (MS), Spread of Non-Dominance
Solution (SNS), the number of Pareto solutions (NPS), Mean Ideal Distance (MID), and CPU time.
In addition, to achieve better results, the parameters of all algorithms are tuned by the Taguchi
method. The programmed model is implemented using a real case study in Iran to confirm its
accuracy and efficiency. To further evaluate the current model, some key parameters are subject to
sensitivity analysis. Empirical results indicate that MORSO performed very well and by construct-
ing solar panel sites and producing energy out of rice waste up to 19% of electricity can be saved.

Keywords: agricultural products’ supply chain optimization; mathematical modeling; metaheuris-
tic algorithms; multi-objective optimization

1. Introduction

In recent years, Agricultural Supply Chain (ASC) management has been the focus
of many researchers due to its limited shelf life and the variety of demand and cost [1].
Moreover, the concept of sustainability in the logistics of these products with the goal to
consider the environmental, economic, and social dimensions has been simultaneously
set forth as another significant issue in the world [2,3]. Sustainable agriculture provides
a potential solution to enable agricultural systems to feed a growing population within
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the changing environmental conditions [4].

Besides the concept of sustainability, today, electronic commerce (E-commerce) is
remarkably influencing supply chain management and involves such benefits as ensur-
ing products are up-to-date, pricing information, boosting communications speed, and
so on [5,6]. For this reason, it has attracted lots of customers [7]. Figure 1 displays some
of the reasons for consumers to shop online (www.smartinsights.com (accessed on 3
March 2022)).
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Figure 1. Some online shopping merits (www.smartinsights.com (accessed on 3 March 2022)).

The agricultural products industry involves the most practical and challenging ap-
plications in this field. Among such products, rice is a product consumed as the main
part of meals in most parts of the world. Over half of the world population feeds on this
basic grain, and this product plays a critical role in boosting the economies of the pro-
ducing nations [8]. In 2018, global rice production was 782 million tons, 50% of which
belonged to China and India, as depicted in Figures 2 and 3 (www.fao.org (accessed on 3
March 2022)).



Sensors 2022, 22, 3547

3o0f41

400M
=
5
F

. - - a 9 N > -~

o : . o < =3

& ¢ ¥ & ¢ & &
: o A : > :

.&f& \\'\b’ .3,"\\% N < @& Q\QS\\ R

<P A
o

Production

Production of rice, paddy: top 10 producers
Average 1994-2019

Figure 2. Major rice producing countries (www.fao.org (accessed on 3 March 2022)).
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Figure 3. Rice production share in each continent (www.fao.org (accessed on 3 March 2022)).

In addition to consuming rice as a main meal, the bran is widely utilized in the pro-
duction of toiletry and pharmaceutical industries. Rice straw can also be used in the
production of bio-energy and compost [9] (see Figures 4 and 5).
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Figure 4. Paddy rice and its components.
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Figure 5. Some rice by-product applications.

Most of the rice-producing countries suffer heavy and frequent losses in crop har-
vest because of poor maintenance of technologies, inefficient supply chains, and farmers’
incapability to market the products. In research conducted by the World Bank and FAQ,
it has been claimed that, on average, around 8% to 26% of the rice produced in develop-
ing nations is destroyed due to poor facilities and post-harvest problems (www.fao.org
(accessed on 3 March 2022)).

In addition, the rice-processing industry is heavily dependent on energy consump-
tion. With environmental concerns such as greenhouse gas emissions, there is an urgent
need to switch to non-carbon, renewable, and clean energy sources such as solar and bi-
omass energy for rice processing [10]. Recent studies revealed that rice waste such as the
husk and straw has great potential for electricity generation [8]. Instead of being dis-
posed, rice waste that is properly used can bring about positive environmental effects
(see Figures 6 and 7). Selecting an optimal combination out of traditional and renewable
energy sources for rice production and processing can slightly lower some of the energy
supply problems in this area [11].
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Figure 6. Rice waste disposal and its environmental impacts.

Figure 7. Using solar panels in agriculture sector.

Besides supplying energy sources, another important issue that decision-makers
and managers may run into when designing a rice supply chain network is the uncer-
tainty of decision making. Uncertainty influences the composition and coordination of
the rice supply chain and may take place in several ways, such as the uncertainty in
supply and demand. Under real-world conditions, rice supply and customer demand
are some of the most common uncertain parameters due to the lack of sufficient infor-
mation. The high uncertainty level in the supply chain brings about a challenging situa-
tion for predicting the future. Fuzzy logic is one of the approaches that is effectively
modeling the parameter under uncertainty. The results indicate that fuzzy optimization
is a proper option for decision making under uncertainty due to its potential to deal with
uncertainty [7].

Pursuant to the mentioned subjects, in this study, optimizing the dual-channel
CLSC network of rice is investigated while considering energy sources. Hence, a Mixed
Integer Linear Programming (MILP) model is formulated for optimizing the total costs,
the quantity of pollutants, and the number of job opportunities created in the proposed
logistics network under uncertainty over the cost of purchase and supply and demand.
The model aims to locate the proper sites for the construction of solar panels and bio-
refineries and to determine the optimal product flow and its waste among the network
facilities and the inventory level during each period while considering sustainability fac-
tors. Furthermore, fuzzy logic is applied for dealing with uncertainty. After that, four
multi-objective metaheuristic algorithms, i.e., MORSO, MOSA, MOPSO, and MOGWO,
are used to solve the model, and their results and performance are compared based on
several criteria. Finally, the programmed model is implemented on a real case study in
Iran in order to verify its accuracy and efficiency. The novel aspects reported in this pa-
per are mainly as follows:

> Considering the energy sources are rarely observed in the ASC optimization mod-
els, in this paper, a sustainable double-channel CLSC network for rice product con-
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sidering energy sources and tax on energy consumption is designed. Then, a new
MILP model is formulated for optimizing the total costs, the quantity of pollutants,
and the job opportunities created in the rice CLSC in a fuzzy environment.

»  After that, to solve the model and find the Pareto solutions, a new multi-objective
version of the recently released algorithm termed Multi-Objective Reptile Search
Optimizer (MORSO) is employed to solve the proposed model in high dimensions.
Next, its results and performance are compared to MOSA, MOGWO, and MOPSO
based on criteria such as MS, SNS, MID, and CPU time.

The present paper is organized into six sections. In the continuation, the literature is
reviewed in Section 2. The problem and the mathematical model are stated in Section 3.
The solution approach is addressed in Section 4. The proposed model’s accuracy is veri-
fied by implementing it onto a real case study in Iran in Section 5. Moreover, the me-
taheuristic algorithm parameters are tuned and the results of solving the model are ana-
lyzed and compared. For further analyzing the model, sensitivity analysis is run on the
key parameters. The conclusions and suggestions for research development are present-
ed in Section 6.

2. Literature Review

As stated before, producing rice is both economically and socially critical for most
rice-producing countries. However, there are few studies related to the logistics optimi-
zation of this product. Thus, in this section, the studies performed on supply chain op-
timization of other agricultural products are reviewed in order to discover the existing
research gap. Therefore, the published papers related to this area are reviewed in two
sub-sections called ASC optimization and ASC sustainability.

2.1. ASC Optimization

As mentioned in the prior sections, agriculture is one of the most salient sectors in-
fluencing the economies of many countries. As a result, many researchers have made ef-
forts to enhance the logistics management of agricultural products using novel methods
such as operational research. One of the primary studies on programming models in
ASC was conducted by [12]. They conducted research on various agricultural products,
both perishable and non-perishable, and vegetables. The authors of [13] addressed the
production and distribution of perishable products and presented a mathematical model
for optimizing the product’s quality and freshness.

The author of [14] presented an integrated model for investment-related decision-
making in the fruit and vegetable industry. The authors of [15] proposed a transporta-
tion programming model for a fruit supply chain in which a fruit logistics center was es-
tablished by various storage centers to meet demand during the non-harvest seasons.
The authors of [16] proposed a mathematical model for optimizing the cost of purchas-
ing, transporting, and storing fresh agricultural products. They tested the performance
of their proposed model on a real case study in an apple juice factory.

The authors of [17] presented a multi-period, non-linear mathematical program-
ming model for optimizing the transportation and operational costs in the logistics sys-
tem of wheat. The authors of [18] developed a new mathematical model with the goal of
reducing the costs of citrus CLSC and maximizing responsiveness to customers’ demand
in forward and reverse flow. The work in [19] designed a logistics network for a wheat
supply chain and proposed a mathematical programming model for minimizing the to-
tal costs under demand uncertainty. They used robust optimization to deal with uncer-
tainty.

The authors of [20] presented a non-linear mathematical model for optimizing the
costs and the total profit of an agricultural logistics network. They employed several me-
taheuristic algorithms such as NSGA-II, MOICA, and MOPSO. In other research, the au-
thors of [21] presented a mathematical model for optimizing the costs in a rice supply
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chain network. They applied some well-known metaheuristic algorithms for solving the
proposed model. Their derived results denoted the proposed model and their solution
methods as being valid, practical, and effective.

The authors of [22] developed a novel CLSC network for walnut product. Then,
they formulated an MILP model for minimizing the total costs of the proposed network.
In addition, they used several metaheuristic algorithms for solving the presented model.
Their results indicated their solution approach and the model being valid. Developing a
CLSC network for the avocado industry was another study in [23]. An MILP mathemati-
cal model was formulated for optimizing the total costs and the number of the job op-
portunities created in the proposed network. They employed exact methods to solve the
presented model. The authors of [24] developed a multi-echelon supply chain network
for the sugarcane industry. Following that, they formulated an MILP mathematical
model to minimize the total network costs, and due to its NP-hard nature, they applied
some hybrid metaheuristic algorithms to solve it. Their results revealed the efficiency of
the model and the solution approach.

2.2. ASC Sustainability

In recent years, the sustainability concept in supply chains, especially the logistics
of agricultural products, has appealed to many researchers. The environmental and so-
cial effects of producing and consuming agricultural products have led the decision-
makers toward sustainable management, and several related studies have been per-
formed by researchers. For instance, the authors of [25] presented a two-objective math-
ematical model to minimize demand overruns and to maximize profits in a pear logistics
network. They used a lexicographic method to solve their model. The authors of [26]
presented a sustainable, multi-objective MILP mathematical model for optimizing the
CLSC network of mushroom production by considering a variety of recycling technolo-
gies. Their results revealed that using technology increases the overall profit by up to
12% and reduces emissions by about 28%. The authors of [27] presented a mathematical
model for a wheat supply chain network, pursuing the goal of optimizing the total costs
(including the fixed costs for selecting the suppliers and locating the warehouses and the
variable costs for maintenance, transportation, and production). They employed GAMS
software for solving the model, the results of which indicated that their proposed model
can be used in making decisions about wheat import and distribution.

The authors of [28] proposed a multi-objective MILP model for optimizing wheat
production in Spain while considering the environmental impacts.

The authors of [29] analyzed the agro-food supply chain design, focusing on the
sustainable dimensions in their multi-objective model. The work in [30] presented a mul-
ti-objective non-linear programming model for the sustainable supply chain of perisha-
ble agro-food products produced through organic and non-organic methods. Their goal
was to strike a balance between the production and consumption of the organic and
non-organic products and reduce the costs, lower environmental degradation, and in-
crease the levels of consumer health, wherein they used the Epsilon constraint method to
solve the model.

The work in [31] presented a mathematical programming model with the goal of
optimizing the costs in an apple supply chain and investigated the environmental effects
in their network.

The work in [2] designed an MILP model to optimize the costs, meet the demand,
and reduce CO2 emissions in a citrus CLSC network. Moreover, they employed three
metaheuristic algorithms called MOTGA, NRGA, and NSGA-IL Their results and analy-
sis suggested MOTGA outperformed in this regard.

The authors of [32] prepared a multi-objective mathematical programming model
for optimizing the costs, water consumption, and the number of job opportunities creat-
ed in a wheat logistics network under demand uncertainty. Next, they used a simulation
approach for estimating the demand. The authors of [33] presented a bi-objective math-
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ematical model for optimizing the profit and the quantity of the pollutants in a green
pistachio supply chain. In their model, the demand and costs were assumed as uncer-
tain. They used a robust possibilistic programming model to deal with uncertainty. In
addition, they employed the Epsilon constraint method to solve the model. The work in
[27] proposed a multi-objective MILP model to optimize the costs and the quantity of the
pollutants emitted in a date supply chain. They used the LP-metric method and some
metaheuristic algorithms to solve the model.

2.3. Research Gap and Motivation for Research

In the current study, in order to come across the study gap, we analyzed several
papers about ASC optimization. A brief review of some related studies is given in Table
1. Briefly, by investigating the mentioned papers in the table above, it can be concluded
that few papers have been published about rice logistics optimization. Furthermore, the
sustainability dimensions in ASC optimization have rarely been considered concurrent-
ly. The agricultural sector, on the one hand, has enormous environmental effects and
plays a critical role in climatic changes, water scarcity, land degradation, deforestation,
and other processes, and on the other hand, the income of many rural people depends
on it and the sector provides several job opportunities for them. Thus, considering the
economic, environmental, and social factors simultaneously and creating a trade-off
among them greatly help to improve the ASC network, particularly for rice, an issue that
has rarely been analyzed. Besides the sustainability concept, uncertainty has seldom
been considered in the optimization models in the agricultural sector. Undoubtedly, the
supply chain of agricultural products is challenging, with various uncertainties in the
real world, and therefore it is necessary to employ proper approaches for modeling un-
der uncertain conditions for successful optimization and effective decision making in the
supply chain.

Table 1. Some papers published in the scope of ASC.

. . Period Online Energy Solution
Auth 1 o
uthors Mode Objectives Uncertainty Single Multi Purchase Source Case Study Method
[15] LP Minimizing the * Fruit Exact
transportation costs
Minimizing costs An agro
Minimizing water &
[29] LP ) . * food AHP
consumption, CO:z emissions, compan
and destructed jobs pany
Minimizing total cost
[18] MILP Maximizing demand * Citrus Meta-heuristics
responsiveness
[21] MILP Minimizing total cost * Rice Meta-heuristics
[19] MILP Minimizing total cost Robust * Wheat Exact
Minimizing CO2 emissions
Minimizing total t
2 MILP Tmizing tota’ cos * Citrus Meta-heuristics
Maximizing demand
responsiveness
[34] MILP  Minimizing total cost * Wheat Benders
decomposition
Minimizing total cost Goal
[32] MILP Minimizing water Simulation * Wheat .
consumption programming
[34] MILP  Minimizing total cost * Wheat Benders
decomposition
Maximizing total profit Epsil
(33]  MILp NG TORIPIONY ot fuzzy * Pistachio pston
Minimizing CO2 emissions constraint
[35] MILP Minimizing total cost * Crops Lingo
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[22] MILP Minimizing total cost * Walnut  Meta-heuristics
[24] MILP Minimizing total cost * Sugarcane Meta-heuristics
(23] MILP Min-irfﬁzing total cosf " Avocado Meta-heuristics
Maximizing the created jobs and Exact
Minimizing total cost
Thy t Meta-heuristi
e present v ip Maximizing the created jobs  Fuzzy * * * Rice ClaTIeUISHes
study and Exact

Minimizing CO2 emissions

The asterisk means the model is single period or multi period.

Furthermore, considering the energy sources is rarely observed in ASC optimiza-
tion models. There is no doubt that the processing of agricultural products, especially
rice, in various processes, including its own processing, requires electrical energy. Pro-
cessing stages are significantly energy-consuming, which exerts environmental effects.
Thus, it urgently necessitates employing renewable and clean energy sources for rice
processing. As a result, selecting an optimal combination of traditional and renewable
energy used for processing can boost energy efficiency and mitigate the environmental
consequences. To the best of our knowledge, the present study is one of the first papers
that introduces a mathematical model with the goal of optimally using rice waste and
properly locating solar panel sites and bio-refineries for minimizing the fixed and opera-
tional costs intending to generate electricity.

Moreover, when investigating the relevant studies, the traditional and online chan-
nels in the ASC network design have rarely been analyzed. Today, with the expansion of
E-commerce, most consumers are increasingly becoming fond of purchasing agricultural
products online. The online purchase of agricultural products has attracted many re-
searchers due to advantages such as more competitive prices, timely purchase, easy
product delivery, and fast product delivery [36].

In order to bridge the research gap in this study, we introduce a dual-channel CLSC
network, including the traditional and online purchasing of rice, while taking into ac-
count the energy sources. Then, we present a three-objective mathematical model for op-
timizing the costs, the quantity of the emitted pollutants, and the number of job oppor-
tunities created in the rice supply chain network in a fuzzy environment. Next, the de-
signed model is solved via some multi-objective metaheuristic algorithms and their re-
sults and performance are compared. Furthermore, using a case study in Iran, the accu-
racy of the programmed model is surveyed. In the following sections, the problem mod-
el and its solution method are presented and described.

3. Problem Statement

In this section, the logistics network and the proposed mathematical model for op-
timizing the objectives are described. The proposed multi-period network in Figure 8
involves the producers (farmers), the distribution centers, the solar panel sites, the bio-
refineries, the rice factories, the warehouses, the markets (retailers), the customers, and
the toiletry and pharmaceutical industries. In this network, the farmers harvest rice in
two periods and transfer the unprocessed rice (paddy) from farms to the distribution
centers. Moreover, rice harvest-produced waste, i.e., the straw, is transferred to the recy-
cling centers and bio-refineries to produce compost and convert it into electricity, re-
spectively. The paddy from the farmers is transferred to the distribution centers in two
months because the harvest is completed in two months at a maximum level. Further-
more, the maximum shelf life of rice in the distribution centers is 6 months and, from
there, it is transferred to the rice factories for processing. Figure 9 depicts the production
and processing stages of rice. As rice processing requires a lot of electricity, some points
have been considered as potential sites for constructing solar panels and bio-refineries
with the goal of supplying energy.
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Moreover, rice processing-induced waste, i.e., rice husk, is transferred to the bio-
refineries due to its potential to generate electricity. Ultimately, both the processed rice
and the bran are dispatched from the factory to both the markets and directly to the con-
sumers to satisfy their demand. As observed in Figure 8, a dual channel was introduced
in the proposed supply chain network in which the customers can purchase rice and
bran both online and directly from the warehouse and from the market in a traditional
manner. Some rice bran can also be sent to the toiletry and pharmaceutical industries. It
is worth noting that the location of all facilities except for the new distribution centers,
the new recycling centers, the solar panel sites, and the bio-refineries, is fixed. The goal
behind this model is to appropriately locate the construction of solar panels, the bio-
refineries, and the recycling centers to create a balance among the total cost, the quantity
of the pollutants, and the number of the job opportunities created by considering the en-
ergy sources in the network so that the consumers’ demand is met. The indicators, the
parameters, and the variables of decision making are presented in the Appendix A, and
here, the mathematical model is explained. The proposed model’s assumptions are the
following:

Transportation costs between the network facilities are consistent with the distance.
Processing centers have limited storage capacity.

Deficiency cost has not been considered.

Rice production capacity in factories is also limited.

Excess electrical energy should be connected to the mains (grid) electricity.

e o o o
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3.1. Problem’s Model

After describing the offered problem and assumptions, the expanded multi-
objective mathematical model is formulated as the following:

Min z, = ZZZZ PTMyme X X Gpret +ZZZZ P?]?;ft X Xfpfet (1a)

TER cEC tET peEP fEF ceC teT pepP
+chj]- X W +chssxvs+2fcbb X Z, +choono (1b)
JEJ2 SES beB 0€02

CTV X ()" ) )" disay X Xage+ Y > )" dishy; x Xbyp, +

i€l jEj teT jEJ fEF teT

ZZZ discp, X Xcppe +ZZZ disd g X Xdgp, +Z Z Z Z dise sy, X Xeprme

fEF vEV tET fEF kEK teET pPEP fEF MEM teT

+Z ZZZ disf o X Xfypee + Z Z ZZ disgme X XGpmet +ZZZ dishy x Xhyy 09

PEP fEF ceC teT PEP MEM ceC teT 0€0 i€l teT

+Z Z Z disi;, X Xigg, + Z Z Z disjy X Xjipe + Z Z Z disk s, X Xkspe)

i€l 0€0 teT bEB i€l teT fEF beb teT

+Z Z cpa; X Xq;r + ZZ chaj, X Xhj;e + Z Z Z cpc, X Xhy;e 1d)

i€l t'er J€J teT i€l 0€0 teT

+ZZ Cffflxr X XS@-,«[ + ZZZZ Ep/tpfr XXT'hprt (1@)

TER teT fEF pEP TER tET

Min z, :anb X Zp +Z7TquVu+ Z 0, ><WO+ZZZZ1Tpp X XThspye (2a)

bEB Uuevu 0€02 fEF pEP r€R teT

EYSS o rx (YN disay x e NS iy x 2

i€l jej tieT i€l jej treT JEJ fEF teT

Cth fkt pfmt
g *) ) disd ZZZZd s
+ZZZ ISCpy X isdgy X capv isefry, X pm—

fEF veV teT fEF beB teT pEP fEF MEM teT (2b)

. fZ’fCt . gpmct
+Z ZZ Z disfre capv + Z Z ZZ disgre X capv Z Z Z disho; X capv

pEP fEF ceC teT PEP MEM ceC teT i€l 0€0 teT

+ Z Z Z disi;, X Xlior Z Z Z disj;, X Xjiv Z Z Z disks, X ca;fal;t)

0€0 i€l teT i€l beB teT fEF bEB teT

, Xrh
Max z; = Z FJ; x W; +z Z VI, x Ca(;“ +ZZZZ VJQps X pca;}fr; @3)
itr pft

jEj2 i€l treT TER fEF teT peP

The model’s objective function z1 related to the economic aspect of sustainabilty
maximizes the total cost. This amount of the sum of the cost refers to the consumers’ rice
purchase (1a), the cost of establishing new facilities (1b), transportation cost (1c), the cost
of production for farmers, the cost of maintaining (storing) the product, and the cost of
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production for the rice factories (1d), and the cost of energy tax (1e). Objective function
72 related to the environmental aspect of sustainability minimizes the total amount of
CO:2 emitted from constructing the new facilities (2a) and the vehicles traveling among
the network facilities (2b). The vehicle has a certain capacity (capv) that is based on the
quantity of the product transported in each stage (for instance, n for the first time (n =
Xagjy, / capv)), the number of transportation times is determined; this vehicle needs a
certain amount of fuel per k() for transportion, and when this fuel is used by the vehi-
cle, a certain amount of CO:z per km (RF) is emitted.

Objective function z3 is associated with the third aspect of sustainability and max-
imizes the fixed and variable job opportunities. The fixed job opportunities are inde-
pendent of production quantity, but the variable job opportunities are dependent on the
production quantity. This objective function consists of three segments: the 1st one op-
timizes the fixed job opportunities created by opening the new facilities; the 2nd one op-
timizes the variable job opportunities of rice production in the farms; the 3rd one opti-
mizes the variable job opportunities of rice production in the factories. Our target behind
presenting this model was to strike a balance among the costs, the quantity of the pollu-
tants, and the number of the fixed and variable job opportunities. This model’s con-
straints are the following;:

Constraints:

Xqie, < capy, VielLt €T 4
Z z Xag, = z Zijft vie] tteT ®)
i€l /€T KEK teT
thjt=th]"t_1+ZXaijt, —Zijft V]E] t,t'E T (6)

iel kek
ZXaijt,SMij VteT,j€J, (7
iel

8
ZXb]-ftScapff VfEF ,teT ®
JjeJ
Z Xfpfct 2 dF‘\;Opct vce(C,t ET,peEP )
feF
Z Xgprct = aEtpct Vce(C,t €T (10)
kek
Z Xdpee = dkye vkeK,t €T 1y
feF
z Xefyr = dvyy VvueU,t €T (12)
feF
Zxrhf”” < pcapfps VpeP,t €ET,fEF 13
TER
14
DD Kby x 8y =) Krhpp VfEF,pe P a4
j€j teT TER tET
szrhyrft = szcfvt +ZZdekt+ Z Z Xeyrmt 1%
teT reR teT vev teT kek teT meM
D Xy vfEF

teT ceC
szrhxrﬂ = Z z Xexpme + szfxfct VfEF (16)
teT rER teT meM teT ceC

. 17
ZZXaiit,Scap]J- VjEJ VtET 17)
i€l treTr

Xhjje < capj; VteT,vVje] (18)
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Zxai]‘tr =B X Xqi, Viel,vt'eT’ (19)
1G]
Z XSep, < M X Z, Vb € B (20)
teT
ZXSeStSMxVS VsES 2D
teTr
Z Xiigy < M X Q, (22)
iel trer Vo € 0,
ZZ Xiibt,+ZZkabt$Mbe Viel Vt'eT 23)
i€l tieT fEF treT
Z Z Xijor, < Capo, Vo € 0, (24)
i€l tI€ET
ZXioit =diy Viel, Vt'ET (25)
0€0
Z Xhigp, + Z i = (1= B) X Xdier Viel,vt'eT (26)
0€0 JEJ
W X Z z Xhypp = Z Z Xigisr Vo €0 @7
i€l teT i€l teT
A% ij“’f +8x ZXkﬂ,t =XSe,,  VbEB,VtET (28)
el ferF
ZZijft x1n =2kabt VteT,feF (29
7€J ter beB
Z Z Xrhyp X EP = XSe, Vr € R, VELET G0
PEP fEF
<

XSeq: < caprrtVr €R, VieT (31)
z Z Xeppme = Z Z XGpmet vm € M,Vp € P (32)
fEF ter CEC teT

Xaijtr' ijft’ chvt’ dekt! Xepfmt' Xfpfct: Xgpmct' Xhiot, Xioits (33)

Kjive: XKoo XNjje, X hppre XS€pe 2 0 W, Vs, Z),,Q, € {0,1}

Constraint (4) states that the amount of rice plant harvested by the producers is the
maximum of their production capacity. Constraint (5) displays the equilibrium in the
distribution centers and states that the sum of the input product to each distribution cen-
ter is larger than or equal to the output product. Constraint (6) balances the inventory of
the unprocessed rice in the distribution centers. Constraint (7) states that the condition
for dispatching the product to the distribution centers is the establishment of that center.
Constraint (8) denotes that the quantity of the unprocessed rice transferred to each facto-
ry has to be less than its storage capacity. Constraints (9) and (10) show that the demand
for the rice required by the customers has to be met through traditional and online
shopping. Constraints (11) and (12) state that the rice bran demanded by the pharmaceu-
tical and toiletry industries has to be satisfied. Constraint (13) indicates that the quantity
of the produced product has to be less than the production capacity of each factory.
Constraint (14) demonstrates that the amount of rice or bran produced in factories is
gained as a fraction of paddy.
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Constraints (15) and (16) state that the total bran and rice produced at each factory
has to be delivered to the consumers. Constraints (17) and (18) display the storage capac-
ity of the collection centers. Constraint (19) shows that the quantity of the unprocessed
rice transported to the distribution centers has to be equal to the amount of the produced
rice plant multiplied by its conversion rate to paddy. Constraints (20) and (21) demon-
strate that the energy required for processing rice is supplied from a renewable energy
source if it is opened. Constraint (22) displays that rice straw is transported to the recy-
cling centers if that center is opened. Constraint (23) states that rice straw and husk are
dispatched to the bio-refineries if the center is opened. Constraint (24) shows that the
quantity of rice transported to each center has to be less than its storage capacity. Con-
straint (25) displays the compost demanded by the farmers that has to be met during
each period. Constraint (26) demonstrates that the amount of rice straw transferred to
the bio-refineries and the recycling centers is a fraction of the quantity of the produced
rice plant.

Constraint (27) states that the amount of compost produced in recycling centers is
equal to the amount of the received rice straw multiplied by its conversion rate to com-
post. Constraint (28) demonstrates that the energy generated from rice waste in each bio-
refinery is equal to the amount of the received rice straw and husk multiplied by their
conversion rate into energy. Constraint (29) indicates that the amount of rice husk trans-
ported to the bio-refinery is limited and equal to the amount of the received paddy mul-
tiplied by its conversion rate to husk.

Constraint (30) indicates that the quantity of the rice and the produced bran in each
factory is bound to the available energy. Constraint (31) shows that the energy generated
from each source is bound to the energy generation capacity, and Constraint (32) balanc-
es the flow in each market. Finally, Constraint (33) depicts the model’s type of decision
variables.

3.2. Uncertainty Model

In the proposed model, the parameters of purchase cost, supply, and demand are
uncertain. In this section, using the fuzy logic proposed by Jimenez's method [37], we in-
troduce the uncertain counterpart of the proposed model. As Jimenez's method does not
impose additional inequality constraints, it is efficient in solving fuzzy decision prob-
lems [7]. Pursuant to this method, the fuzzy parameters presented in Equations (34) and
(35) can be represented by a set of triangular fuzzy numbers for the optimistic, realistic,
and pessimistic cases. Regarding Jimenez’s method, the Expected Interval (EI) and the
Expected Value (EV) of a fuzzy parameter can be estimated as given in the following:

1 1

EI@) = [y, Ey] = [ f £ ()dx, f o ()dx] =

0 0

f(x(cq —cP)+cP)dx = [f(x(cs —c9) +c)dx] = [% (c” + cq),%(cq + c¥)] (34)
0 0

(E,¢ + E,©) W+ 2c+cY)

2 B 4

The fuzzification of a parameter based on Jimenez’s method can be presented as fol-
lows. Suppose a fuzzy parameter of demand in the optimistic, realistic, and pessimistic

state including the values ¢ =3 , ¢? =4, and ¢V =6 units. In Jimenez’s method, the ex-
pected value of the fuzzy parameter can be estimated as the following:

EV(c) =

¥+ cl+c” 3+2x446)

EV(c) = 7 7

= 4.25 (35)

To convert the set of constraints like C~liX = b;,i = 1,2,...1, the following convertion
is performed:
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v .q w .q b + b1 b.Y + b4

(ax 4D g gy GOy s @ x PP gy B B0, (36)
2 2 2 2
If the uncertainty results in the model’s infeasibility, the following set of equations
can be accepted:

(a;" + a;7) a (g +a) a_(b"+b" a__ (b;"+ b7
ot 7 )X AN > (= x———Lt 2 ) x -t __t 7 37
(Zx 5 +(1-3) X X = (5% > +(1-2) ) (37)

q +a.d b.” + b4 b.Y + b9

((1_g)x(al al)_l_(_) ( zal ))XZ((l—%)X(l > L)+(%)X(L > l)) (38)

Furthermore, when the constraints become non-fuzzy, the membership function
proposed by Torabi-Hassani (TH) in [37] is used according to Equation (38):
(1 if Z<Z9°PIS

2" -2z PIS NIS
= i a— a—
Hr { 7a-NIS _ za—PIS if z <Z<Z (39)

0 if Z>zo°Ns

Moreover, when we intend to minimize the objective function, the following mem-
bership function is employed:

1 i 7 < Za—PlS
(
7a-NIS _ 7 . ) )
HF_{W if Z97PIS <7 < z0°NIS (40)
0 if Z>zeNs

where the positive ideal solutions (4-PIS) and the negative ones (1-NIS) of the objective
function (Z) at the feasibility level (2) are considered for the total cost’s objective func-
tion. Thus, the fuzzy model equivalent to the original problem’s model can be formulat-
ed as follows:

Problem’s model:

rm" + 2prm + prm?
Min z, = Z ZZ p pmt p . pmt TP pmt xXgmet

TER ceC teT
rfv + 2prf1 +prf?
+ZZZP [ e +2p }; pre TP  pre X Xfy et +
fEF cec ter
chjlz Xwj, + chss X vs + chbb Xz, + ZZZCPCO X Xhoir +
JjEJ SES i€l 0€0 teT
CTV x (ZZZ disa;; X Xa;j; + Z Z Z disbjr X Xbjse + Z Z Z discp, X Xcppe
i€l jEJ teT J€EJ fEF teT fEF teT teT
+Z Z Z disd g, X Xdg, + Z Z Z Z dise gy X Xeppme + ZZZ disge X Xfper (41)
fEF kEK teT pEP fEF meM teT fE€F cecC teT
+Z Z Zz Aisgme X XGpmee + Z ZZ dish,; X Xhy; + Z ZZ disi,; X Xige +
PEP MEM ceC teT 0€0 i€l teT 0€0 (€] teT
Z Z Z disji, X Xjipe + ZZZ disk ¢, X Xkspe) + Z Z cpa; X Xqi + ZZ chjje X Xhjj;
bEB i€l teT fEF beb teT i€l tI€T J€EJ t€T
cpt?, + 2cpti, + cpt® ctax", + 2ctax?, + ctax?
+ZZZZ[ Ll Z rTep r]xthf,,rt+Zz [ ] x XSe,,
PEP TER fEF tet TER tet

Equations (2) and (3)
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cap®

itr

+ cap?

1-a_ _cap”,, +cap? (42)

a
Xqitl < (E X

q v _ w q
Z Xey o = (E y dcope? + deop l1-—a y dcope” + dcope
pfct = 2

feF

a  det”pe 4 det? e 1—a detpe + detp
Z Xgpmct 2 (E X + ) X

meM

2

itr itr . !
+ X Viel,Ltt €T
) > ) Vi

Equations (5)-(8)

> > > ) VceC(Ct€eT,p €P (43)

> > > ) VceCteTp€eP (44)

Equations (11) and (33)

4. Solution Approach

In the current study, a multi-objective MILP model is proposed to create a balance
among the cost, the quantity of the pollutants, and the job opportunities in a rice logis-
tics network. In order to solve this model, four metaheuristic algorithms, including a
multi-objective version of the reptile search optimizing algorithm called MORSO and
three popular algorithms, namely MOSA, MOPSO, and MOGWO, with priority-based
encoding are used as the proposed approach. Moreover, the LP-metric method is ap-
plied to evaluate the performance of the aforementioned algorithms.

The algorithms of MOPSO and MOSA have been further explained in [21] and
MOGWO has been given in [38]. Therefore, the explanation of these algorithms is taken
for granted and the MORSO algorithm is described separately in a sub-section. In this
section, we explain the proposed solution algorithm in the sub-section Encoding and
Decoding and indicate how to satisfy the model’s constraints using this approach. Then,
in the continuation, the criteria for comparing the algorithms are described.

4.1. Encoding and Decoding

In this research, the priority-based encoding method developed by [39] is used to
display the initial solution. Considering the encoding and decoding design and method,
a small size example is needed to meet the constraints. Here, in Figure 10, the initial so-
lution’s structure is illustrated.

Segment 1

Segment 2 | Segment 3 Segment 4

period

=2

J=1 J=1 F=1 F=1 M=1 | U=3 K=2 C=1 | M=1 C=1

t

0.72

0.15

0.9 046 | 084 | 093 | 041 | 0.7 0.89 | 0.02 | 024 | 0.66 | 0.86 | 0.65 0.73

Segment 5

Segment 6 Segment 7

period

=2 B+O=3 B+S F=1 O=1 =2

t

0.72 | 0.15 | 0.86 | 0.9 | 031 | 0.23 | 0.46 | 0.41 | 0.27 | 0.87 | 0.54 0.46

Figure 10. Schematic design of proposed arrays.

Suppose that the number of the producers, the distribution centers, the rice facto-
ries, the pharmaceutical industries, the toiletry industries, the markets, the customers,
the solar panel sites, the bio-refineries, and the recycling centers are
2,1,1,3,1,2,1,2,2,and 1, respectively. The proposed array is a matrix with six rows and
with the number of columns as3 * i + 2 * j+ 3+« f +u+k+2*xm+ 2+b+
2 * 0 + u. The cells of the 1st sub-segment are filled with random numbers between 0
and 1. In the next stage, as seen in Figure 11, the cells of the 1st sub-segment are sorted
by their priority. Sorting the numbers is performed separately for each segment. Regard-
ing the encoding of the 1st segment, whose steps are displayed in Table 2, Constraints
(4)—(6) can be satisfied. Moreover, using the 2nd and 3rd segments” encoding displayed
in Tables Al and A2 in Appendix A, Constraints (17) and (18) are satisfied. In addition,
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the inventory in the distribution centers are controlled by the encoding of the 2nd seg-
ment. Other constraints are met similarly by encoding the rest of the segments.

1=2 B+0=3
| 0.72 | 0.15 0.86 | 0.9 | 0.31

Lz ]z [r [3 |

Figure 11. Sorting random numbers.

Table 2. Proposed priority-based decoding procedure of segment 1.

For t=1:T
Inputs:
I=set of producers
J=set of distribution centers
Ca(i, t) = production capacity of producer i in period ¢
D(j, t) = capacity of distribution center j in period t
V(L + N) = encode solution of period t
Dis(i, j) = Distance between nodes
Outputs:
Xaloc(i, j, t) =amount of shipments between node i and j in period t
Em(i, j,t) =Amount of CO: emission caused by transferring quantity between node i and j in period t
W (j) =binary variable shows the distribution centers jis opened
Step1l = Xaloc(i,j,t) =0 i€l, j€]
while Z Ca(i,t) >0 or ZD(}', t) >0
i J
Step3= Xaloc(i, j, t) = min(Ca(i, t), Cap(j, t))
Update demands and capacities
Ca(i,t) = Ca(i,t) — Xaloc(i,j,t), D(j,t) = D(j,t) — Xaloc(i, ], t)
Step4= if Ca(i,t) =0 then V(I,]) =0;
if D(j,t) =0 then V(,]) = 0;
End while
Step5= Em(i,j,t) = (Xaloc(i,j,t)/Cap, X RFf X Dis;;)
Foriel

If Z Xaloc(i,j,t) >0 then W() =1
7

End if
End for
End for

4.2. Reptile Search Algorithm

The Reptile Search Optimizer (RSO) proposed by [40] is a population-based algo-
rithm that simulates the hunting mechanisms and social behavior of crocodiles in the
wild. The algorithm is inspired by some of the key features of crocodile behavior, includ-
ing encircling the prey and the coordination of crocodiles during an attack. The mecha-
nisms of encircling and hunting prey are mathematically modeled as follows.
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4.2.1. Encircling Phase

In this stage, the search space for finding a better solution is analyzed based on two
main strategies including high walking and belly walking. Selecting the strategy de-
pends on the number of iterations so that as long ast < E, the high walking strategy is

selected, and as long as > E, t< g, the belly walking strategy is chosen. To update the

crocodiles’ position in the exploration stage in each iteration, the following equations are
applied:

Best;(t) —n;;(t) X B — R; j(t) X rand t<

T
Best;(t) X x1; X ES(t) X rand t> T andt < —

where Best;(t)stands for the jth position in the best-obtained solution in iteration ¢ and
rand is the random number between 0 and 1 and T is the maximum number of itera-
tions. 17, ;(t), which is calculated according to Equation (46), is a hunting operator for the
jth position in the ith solution. The parameter 8 is responsible for controlling the explo-
ration accuracy in each iteration, which is equal to 0.1. The reduction function, calculated
according to Equation (47), reduces the search space. r1 is a random value between the
range [1, N], and x, ; indicates the position of the ith solution. N is the number of the so-
lutions. Evolutionary Sense (ES (t)) is also a probability ratio of randomly decreasing
values between 2 and -2 throughout the number of iterations, which is calculated using
Equation (48).

n;,;(t) = Best;(t) X Py (46)
_ Best}(t) — x(‘r‘Z,j)

R;;(t) = W (47)

Eﬂ0=2xr3xﬂ—%) (48)

In Equation (47), € is a small value and r2 is a random number between [1, N]. In
addition, 73 denotes a random integer between —1 and 1. P, ; is the percentage differ-
ence between the jth position of the best-obtained solution and the jth position of the
current solution, which is calculated using Equation (49):

x;,j(£) — M(x;)

Pi=a+
b Best](t) X (UB] — LB]) + &

(49)

where, in Equation (49), M(x;) is the average positions of the ith solution, calculated us-
ing Equation (50). UB; and LB; are the upper and lower boundaries of the jth position,
respectively. Finally, a is a parameter, which controls the exploration accuracy during
iterations, which is fixed equal to 0.1.

2= %, (0)

n

M(x) = (50)

4.2.2. Hunting Simulation

The goal behind this mechanism is to escape being trapped in the optimal local
points, which is based on two strategies during hunting, coordination and cooperation.
Like the encircling mechanism, selecting the strategy depends on the number of itera-
tions so that when t > 2 t< %, crocodiles select a hunting coordination strategy; other-
wise, the cooperation hunting strategy is selected, which is conditioned by t > %, t<T.

To update the position of the crocodiles in this phase in each iteration, the following
equations are applied:
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3T T
Best;(t) X P, ;(t) X rand t< e and t > 3

Best;(t) —1;;j(t) X e —R;j(t) xrand t=Tandt > T

where the values of each parameter are similar to what has been pointed out in the pre-
vious part. Consequently, the computational complexity of the proposed RSA is as fol-
lows:

O(RSA) = O(N x (T x D + 1)), where T is the number of iterations, N presents
the number of used solutions, and D presents the solution size. The pseudo-code of the
RSO algorithm is depicted in Table A3 in the Appendix A.

4.3. Multi-Objective Reptile Search Optimization Algorithm

In this sub-section, a multi-objective version of the RSO known as MORSO is pro-
posed in order to solve the proposed multi-objective model. Like other multi-objective
metaheuristic algorithms, we deal with concepts such as archive, grid approach, and
leader selection in this paper.

4.3.1. Archive and Grid Approach

Archive is in charge of saving, controlling, and retrieving the optimal achieved Pa-
reto solutions. During each iteration, the position of the search agents is updated based
on the mechanism of the RSO algorithm and the new obtained solutions are compared
with the archive members. If the new solution dominates one of the archive members, it
will substitute with it. The archive has a limited capacity, and to delete a solution, the
grid approach is employed to select one of the members in the most crowded part of the
archive and set it aside.

4.3.2. Selecting a Leader

For selecting a leader, one of the best-obtained optimal solutions in the archive is
selected by the roulette wheel method, and other search agents update their position in
order to attack the prey. The flowchart and the pseudo-code of the MORSO algorithm
are illustrated in Figure 12 and Table 3, respectively.

| |

Create reptile population and initialize
parameters

Amend the search agents based on
the upper and lower bounds

‘ Evaluate the fitness of all search ‘

‘ Adjust the new solution to archive ‘

agents
Find Pareto optimal solutions and add grid approach is embedded to
them to archive delete the most crowded parts.
[ f
" . Update the archive considering
Arrange the archive solutions i
g ‘ Update and rearrange the archive ‘ the updated search agents fitness

l Yes

Update the position of search agents m N
o

‘ Evaluate the fitness of search agents *| Update and rearrange the archive ‘ Return archive

End criterion is met?
No

Yes

Figure 12. Flowchart of MORSO algorithm.
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Table 3. Pseudo-code of MORSO algorithm.

Input: Reptile population and parameters

Output: Archive of non-dominated optimal solutions

Calculate the fitness value of each search agent,

Determine the non-dominated reptiles and add them to archive

While (t < Maxiteration) do

For each search agent do

Update the position of current search agent based on RSO mechanism
End for

Compute the fitness of all search agents

Find the non-dominated optimal solutions from updated search agents
Update the obtained non-dominated reptiles to archive

If archive becomes full then

Check if any search agent goes beyond the search space and then adjust it
Compute the objective function values of each search agent

t=t+1

End while

Return archive

4.4. Evaluation Indices of Algorithms’ Performance

In this research, five indices were used to evaluate the algorithms’ performance.

These metrics measure different criteria, which can be listed as follows.

4.4.1. Number of Pareto Solutions (NPS)

In this criterion, the number of Pareto solutions is computed. Every method with a
higher NPS criterion is better. The ideal state in this method is that a higher number of
Pareto solutions get distributed more evenly in the possible space.

4.4.2. Mean Ideal Distance (MID)

This index is used to calculate the distance between Pareto solutions. Considering
Equation (52), the lower this index, the higher the algorithm’s performance. In the cur-
rent study, the ideal point equals the minimum of each of the objective functions. This
index is calculated as shown by Equation (52).

NoS f1i — flbest z N ( f2i — f2best )2
f1maxtotal — f1min total f2maxtotal — f2min total

MID=Z s

i=1

(52)

4.4.3. Maximum Spread (MS)

This criterion measures the spread of non-dominated solutions. The more spread
out the non-dominated solutions are, the larger this index will be, and the higher this
value, the more appropriate. This criterion is estimated by Equation (53) in which fjmax
and f;mn are the max and min values of the objective function j among the non-
dominated solutions.
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1
MS = Z(Min F, — Max F,)? (53)
i=1

4.4.4. Spread of Non-Dominance Solutions (SNS)

This index is used to check the variety of non-dominance solutions and is calculated
by Equation (54). The higher this index, the better the algorithm performs. In this equa-
tion, F1i, F2i, and F3i are the values of the 1st, 2nd, 3nd objective functions for the non-
dominance ith solution.

n—1

SNS = JM (54)

i, \[F1i2 +F2,24+F3;2

n-1

Whereci=\[Fli2+F2i2+F3i2/M=

4.4.5. Computational Time Index (CPU Time)

In large-scale problems, one of the most critical indices is the CPU time, and the
lower this value, the lower the efficiency of the algorithm.

5. Validation and Analysis of Results

In this section, the accuracy of the programmed model is analyzed by implement-
ing it onto a real case study. Then, in another sub-section, the parameters of the pro-
posed algorithms are tuned to come up with better results. In the third sub-section, to
further evaluate the model, sensitivity analysis is performed on some key parameters.

5.1. Case Study

In this section, the accuracy of the programmed model is analyzed by implement-
ing it onto a real case study in Iran, i.e., in Mazandaran Province. At the moment, over
300,000 hectares are under rice cultivation in Iran and this province is the largest pro-
ducer of rice in Iran [21]. In this study, in order to collect the data, some of the province-
based cities were considered as the position of the network facilities; Figure 13 depicts
the position of the cities. Moreover, ten sample problems were generated based on the
number of the network facilities for evaluating the proposed model’s efficiency, as seen
in Table 4. As the information collected from the farmers indicated, the conversion rate
of rice plant to paddy is about 0.8. Therefore, the conversion rate of rice to straw is about
0.2. In addition, the conversion rate of paddy to processed rice is about 0.64, and the
conversion rates of paddy to bran and to husk are about 0.26 and 0.1, respectively. In
bio-refineries, around 26.7 kWh of electricity can be supplied per kg of rice straw and
husk. The power generation capacity of solar panel sites ranges from 200 to 400 MWh.
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Figure 13. Major cities of Mazandaran Province.

Table 4. General data of test problem1

Test 1 I 2 F M K 01 02 \% B U
1 6 2 1 2 2 1 3 1 2 1 2
2 13 4 2 4 3 2 5 4 3 3
3 22 7 3 8 8 2 7 4 6 6 8
4 30 9 5 9 6 3 9 7 9 8 11
5 40 15 7 14 9 5 14 11 11 12 14
6 55 20 8 20 14 9 23 13 18 17 17
7 65 24 11 24 16 12 28 15 25 24 22
8 72 30 14 28 20 15 35 16 31 30 26
9 80 34 17 32 24 19 42 18 37 39 34
10 82 38 20 36 28 21 49 20 42 40 39

The transportation costs among the facilities correspond with the distance, which is
provided in Table A4 in Appendix A. In addition, a nine-ton truck is used to transport
the products. This vehicle uses R = 0.0832 fuel per k of transportation and its fuel-
emitted CO2 rate (@ ) is 3.15. The values of these two parameters have been extracted
from [38]. Some data are also generated randomly, as demonstrated in Table A5 in Ap-
pendix A.

5.2. Results Analysis

Firstly the proposed algorithms are tuned to achieve better results. After that, the
results from solving the model are analyzed, and for further model evaluation, sensitivi-
ty analysis is performed on parameters such as the energy supply capacity and custom-
ers’ demand.

5.3. The Tune of the Algorithm’s Parameters

There are several methods for tuning the metaheuristic algorithms’ parameters with
the goal of improving their performance, out of which the Taghuchi method is utilized
in the present paper. Taguchi developed new statistical concepts and combined and es-
tablished particular groups of orthogonal arrays to present the tests. This method classi-
fies a group of factors based on orthogonal arrays into two main parts, including control
and noise factors, and while maximizing the effect of the control factors, it minimizes
that of the noise factors according to the following equation [41].

n 2

SN = —10 log( ":Tl) (55)

where Y stands for the solution value and 7 is the number of the orthogonal arrays.
Moreover, Equation (56) presents the selected responses in this study. Two main
concepts related to the solution are convergence and diversity. The MID metric
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measures the convergence of the solutions and the variety of Pareto solutions is gained
by the MS metric [2].

MID
=— 56
MCOV MS (56)

It is necessary to determine the parameters we need to tune in every algorithm to
perform the Taguchi test. In the present study, three levels were considered for all pa-
rameters given in Table 5. The MOGWO algorithm has three factors, and MOPSO, MO-
SA, and MORSO algorithms have four factors. By performing the experiment in Minitab
software, L9 orthogonal arrays are proposed.

Table 5. Applied algorithms’ parameter levels and their values.

Parameter Level

Algorith P t Best Level
gortthin arameter Level 1 Level2 Level3 o ¢
Maximum iteration (Maxiter) 50 100 150 150
Population size (Npop) 40 50 60 60
A
MOS T 30 40 50 50
Alpha 0.9 0.95 0.99 0.95
Maximum iteration (Maxiter) 50 100 150 150
MOGWO Population size (Npop) 40 50 60 50
Initialization ratio (IR) 0.5 0.6 0.7 0.5
Maximum iteration (Maxiter) 50 100 150 150
Population size (Npop) 40 50 60 50
MOPSO Ci 1.9 2 2.1 2.1
C 2 2.1 22 2.1
Maximum iteration (Maxiter) 50 100 150 150
Population size (Npop) 40 50 60 60
MORSO Alpha 0.1 0.12 0.14 0.1
Beta 0.1 0.12 0.14 0.12

The orthogonal arrays of each algorithm and their derived results are illustrated in
Tables A6-A9 in Appendix A. Moreover, the S/N plots for the mentioned algorithms are
displayed in Figures 14-17, by which the highest level is the best level for each algo-
rithm. As seen in the plots, for example, in the simulated annealing algorithm, the best
level for the maximum 3rd level iteration factor is the 3rd one, the best level for the pop-
ulation number factor is the 3rd level, for Phii factor this is the 2nd level, and for Phi2
factor, the best level is the 1st level.
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Figure 14. Signal to noise plot of MOSA.
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Figure 15. Signal to noise plot of MOPSO.
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Figure 16. Signal to noise plot of MOGWO.
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Main Effects Plot for SN ratios
Data Means
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Figure 17. Signal to noise plot of MORSO.

5.4. Analysis of Results

We designed 10 sample problems for evaluating the proposed model’s efficiency.
For this purpose, a computer with 4 GB of RAM and 2.2 GHz CPU was employed and
encoding the proposed models and algorithms was run in MATLAB software. The first
to fourth sample problems were solved by LP-metric and the metaheuristic algorithms
and the rest were solved by metaheuristic algorithms regarding the model being an NP-
hard.

To evaluate the aforementioned metaheuristic algorithms, a one-to-one comparison
was performed as the criteria indicated in Section 4. The top performance is based on
lower MID and CPU time criteria and higher NPS, MS, and SNS. Table 6 displays the re-
sults of this comparison. As seen in the table, metaheuristic algorithms have less execu-
tion time compared to the LP-metric method. As the number of sample problems in-
creases, the execution time of the model with the LP-metric method should increase,
which indicates that the model is NP-hard. Therefore, we need meta-algorithms in order
to solve the model in a reasonable time and reduce its complexity [42,43].

Table 6. Evaluation of mentioned algorithms in each metric measure.

Problem NPS CPU Time (Second)
MOPSO MOGWO MOSA MORSO LP-metric MOPSO MOGWO MOSA MORSO LP-metric
1 22 24 16 25 11 29 28 4.1 25 1223
2 13 22 14 24 11 44 40 3.3 37 1757
3 23 24 15 24 12 57 54 3.6 53 2598
4 36 35 17 37 11 67 71 4 68 3150
5 26 24 23 28 13 83 88 4.2 85 5294
6 28 30 16 32 NA 98 101 45 96 NA
7 17 21 15 23 NA 116 125 4.8 112 NA
8 32 27 20 27 NA 137 139 51 132 NA
9 29 25 21 27 NA 155 163 5.4 151 NA
10 27 26 20 29 NA 179 197 5.6 173 NA
Problem MS SNS
MOPSO MOGWO MOSA MORSO LP-metric MOPSO MOGWO MOSA MORSO LP-metric
1 76,996 78,902 80,928 81,616 813,421 97,270 76,686 62,796 98,209 96,036
2 179,312 191,723 329,516 258,032 293,404 322,501 303,975 300,817 331,716 339,023
3 362,921 402,387 334,579 410,477 425,328 476,055 493,922 475,192 498,241 500,445
4 483,448 512,464 415,642 517,116 505,373 637,523 682,038 598916 672,870 675,803
5 495,925 472,086 426,705 522,802 480,042 773,715 876,200 834,830 881,936 852,516
6 514,229 503,311 350,392 530,459 NA 1021,995 1031,169 1087,758 1105,495 NA
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7 668,699 613,566 597,331 608,137 NA 1241,442 1262,644 1241,226 1293,651 NA
8 348,317 563,723 552,739 583,602 NA 1489,544 1549,389 1438,068 1567,032 NA
9 737,518 794,779 649,699 774,415 NA 1664,923 1723,552 1732,838 1743,955 NA
10 835,031 887,315 587,273 906,189 NA 1947,220 1931,833 1895,988 1963,370 NA
Problem MS
MOPSO MOGWO MOSA MORSO LP-metric
1 1.56 1.3 1.5 1.2 1.3
2 4 2.5 3.7 3.1 2.2
3 3.5 3.2 2.5 2.3 2.46
4 4.2 3.7 5.4 3.5 3.1
5 4.7 6.1 5.2 44 4.2
6 4.8 4.6 6.5 4.3 NA
7 5.4 6.9 8.8 5.5 NA
8 7.1 49 8.6 4.7 NA
9 5.4 7.7 8 5.9 NA
10 5.9 7.9 7.8 6.1 NA

In order to compare the algorithms in terms of performance, ANOVA was used.
The intervals plot (at confidence level 95%) are sketched pursuant to the data in Table 6
separately for each of the algorithms and according to each criterion in Figures 18-22. As
perceived from these plots, the MORSO algorithm performed better than other algo-
rithms in terms of NPS, MS, and MID criteria. These plots indicate that MOSA is faster
than other algorithms. In terms of SNS criteria, all three algorithms performed similarly
close to each other. Thus, it can be concluded that the MORSO algorithm performed bet-
ter than other algorithms. An example of non-dominance solutions for the first sample
problem for the mentioned metaheuristic algorithm is shown in Figures 23-26.

Interval Plots of NPS
95% CI for the Mean

27.5
25.0
§ 225

MOPSO MOGWO MOSA MORSO

Individual standard deviations were used to calculate the intervals.

Figure 18. Interval plots of NPS.
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Interval Plots of CPU time
95% ClI for the Mean
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Individual standard deviations were used to calculate the intervals.

Figure 19. Interval plots of CPU time.

Interval Plots of MID
95% ClI for the Mean
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Individual standard deviations were used to calculate the intervals.

Figure 20. Interval plots of MID.
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Figure 21. Interval plots of MS.
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Interval Plots of SNS
95% CI for the Mean
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Figure 22. Interval plots of SNS.
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Figure 23. Pareto front of the first test problem from MOGWO.
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Figure 24. Pareto front of the first test problem from MOSA.
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Cost 11 Co2 emissions

Figure 25. Pareto front of the first test problem from MOPSO.

Cost 1 4 Co2 emissions

Figure 26. Pareto front of the first test problem from MORSO.

5.5. Sensitivity Analysis

In this sub-section, for further evaluation of the proposed model and the top algo-
rithm, the sensitivity analysis is conducted in two states. It is worth mentioning that sen-
sitivity analysis was performed for the first sample problem. In the first state, the sensi-
tivity analysis is performed on the parameter of capacity of each energy source, and in
the second state, on the parameter of customers” demand for the processed rice.

5.5.1. Sensitivity Analysis on Energy Source Capacity Parameter

In this state, it is assumed that the capacity of each energy source would decrease or
increase consistent with the conditions listed in Table 7.

Table 7. Energy sources capacity variation effect.

Capr,, Xsey
. . Mains . . Mains ..
Bio-Refinery = Solar Panels .. Bio-Refinery  Solar Panels .. Condition
Electricity Electricity
0 0 +19% -100% -100% - 1
+7% 13% 7% +30% +30% -30%
8% 16% -9% +50% +50% -40% 3

First condition: It is assumed that all electricity required for product processing
should be supplied by the mains electricity and not by the renewable energy sources.

Second condition: It is assumed that the capacity of mains electricity would de-
crease by 20% and the capacity of renewable energy sources would increase by 30%.
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Third condition: It is assumed that the capacity of the mains electricity would de-
crease by 30% and the capacity of renewable energy sources would increase by 40%.
Having solved the model under these conditions by the LP-metric method, the results
are provided in Figures 27-29. The first condition states that the utilization of the mains
electricity would increase by about 19%. The second and third conditions state that with
the renewable sources’ capacity increase, the utilization of mains electricity would de-
crease by about 7% and 9%, respectively.

5.5.2. Sensitivity Analysis on Demand

In the second state, sensitivity analysis was carried out on the traditional shopping
consumers’ demand parameter. Sensitivity analysis is performed under five states in
which the demand parameter decreases and increases. Suppose that consumers’ demand
increases by 10% and 20% in two states and decreases by the same level in two states.
The third state is consistent with the base state. After solving the model under all condi-
tions, the results are displayed in Figures 27-29.

71
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Demand fluctuations

Figure 27. Demand variation effect on first objective function.
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Figure 28. Demand variation effect on second objective function.
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Figure 29. Demand variation effect on third objective function.

According to these figures, as the demand increases, all three objective functions of
the model also increase, and vice versa. In other words, if customer demand for rice in-
creases, the costs, pollutants, and job opportunities created in the supply chain network
will also increase. Due to the increasing demand for rice, farmers are forced to produce
more crops. As a result, production costs and energy consumption taxes will also in-
crease, and, therefore, the first objective function will increase. In addition, more product
will be moved between facilities and more pollutants will be produced. Therefore, the
second objective function will also increase. Finally, due to the production of more
crops, more job opportunities will be created in rice farms. Thus, the third objective
function will also increase. Therefore, we can conclude that demand and all three objec-
tive functions of the model have a direct relation.

6. Conclusions, Managerial Insight, and Future Works

At the present time, rice feeds over half of the world population, which is globally
crucial in our food systems. Establishing more efficient and sustainable rice value chains
could enable the UN to achieve the Sustainable Development Goal of Zero Hunger by
2050. In order to achieve this goal, it is essential to properly manage supply chains and
create a balance between the supply and demand of rice, which can solve many supply
problems of this product.

In the present study, a dual-channel CLSC network of a sustainable supply chain
was designed for a rice plant while considering energy sources in an uncertain environ-
ment. The network included the producers, the distribution centers, the rice factories,
the pharmaceutical industries, the toiletry industries, the markets, the customers, the so-
lar panel sites, the bio-refineries, and the recycling centers. The grid also supplied elec-
tricity needed to process rice through bio-refineries and solar panel sites. In this net-
work, the required electrical energy for rice processing was supplied through bio-
refineries and the solar panel site as well. Regarding how rice waste as biomass has the
potential to generate energy, this study addressed this issue and proposed a mathemati-
cal model for optimally using rice waste for energy generation.

Then, the total costs, the quantity of the emitted pollutants, and the fixed and varia-
ble job opportunities created in the proposed network were optimized via an MILP
model under the uncertainty of cost, supply, and demand. The goal of the proposed
model was to determine the optimal quantity of rice production and distribution and its
waste among the network facilities.

The costs include the total transportation costs among the network facilities, the
production costs for the farmers and rice factories, the product maintenance costs for the
distribution centers, and the fixed costs for reopening new distribution centers, the bio-
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refineries, and the solar panel sites. In the present research, the parameters cost, supply,
and demand were assumed uncertain, and fuzzy logic was applied to deal with uncer-
tainty. To solve the proposed model, MOPSO, MOSA, and MOGWO algorithms and a
new multi-objective version of the Reptile Search Optimizer called MORSO were used.
Then, the mentioned algorithms were validated using LP-metric in small-sized samples.
Furthermore, their results and performance were compared based on criteria such as
MS, SNS, NPS, MID, and CPU time. Moreover, for confirming the model’s validity, ten
sample problems in different sizes were designed. In addition, for coming up with the
best performance, the parameters of all three algorithms were tuned by the Taguchi
method. After solving the model, the derived results were evaluated and these algo-
rithms’ performances were analyzed by ANOVA through the interval plots at the confi-
dence level of 95%. A significant statistical difference was observed in terms of the per-
formances of these algorithms, and according to the statistical tests, the MORSO algo-
rithm performed better than other algorithms in terms of NPS, MS, and MID criteria.
Furthermore, for more model evaluation, the sensitivity analysis was performed on the
key parameters. The numerical results indicated that it is possible to save up to 19% of
electricity consumption by constructing the solar panel sites and producing energy from
the rice waste.

Considering management, the present study’s results can benefit the relevant man-
agers and the countries producing rice. The present study’s findings will be highly use-
ful and involve remarkable applications for decision making on opening solar panel
sites and bio-refineries for supplying the required electrical energy for rice processing
through focusing on the sustainable dimensions. The related results and findings have
been provided. The findings of this research in the areas of clean energy consumption
and job opportunities can be stated as follows:

e  Job opportunity: Agricultural growth has led to increasing the productivity and in-
come of small and marginal farmers and raising the employment and wages of
workers. Consequently, it is critical to consider this dimension of sustainability in
supply chain optimization. The proposed model pursues the goal of raising job op-
portunities and its results revealed that increasing rice production could boost the
intended goal.

¢ Clean energy consumption: Using solar energy as a source of clean energy has
gained importance considering the non-renewable nature of fossil sources such as
oil and gas. Solar energy and biomass are viewed as a source of clean energy and
the cost of generating electricity by them is less than that generated by fossil fuels.
Moreover, they emit less pollution and fewer greenhouse gases. Regarding how rice
straw and husk have the potential to generate energy, the current research has dealt
with this matter and a mathematical model has been formulated to make strategic
decisions about the construction of solar panel sites and bio-refineries and optimal-
ly using rice waste for energy generation.

Limitations of the Current Study

The current research has many limitations and it seems that different directions can
be considered for its development. To develop this study in the future, different meth-
ods of rice production and the capacity of energy sources could be considered. Moreo-
ver, water resources are of crucial importance in rice production, thus sustainability
should be promoted by considering water resources issues in future works. Moreover,
considering other uncertainty approaches such as stochastic, probability, and possibilis-
tic is one of the issues that could be emphasized by the researchers in this field and
could be incorporated to improve the model. Furthermore, solving the proposed model
by the heuristic methods and other metaheuristic algorithms and comparing their results
might be interesting. Finally, integrating the proposed model with topics such as the In-
ternet of Things and Industry 4.0 could also be considered by researchers.
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Abbreviations

Sets and Indicators:

I Set of producers i € I

1 Set of existing distribution centers j; € J;

J2 Set of new distribution centers j, € J,

i Set of all distribution centers j € | = J;U J,

14 Set of pharmaceutical industries v € V

F Set of rice factories f € F

K Set of toiletries industries k € K

M Set of retailers (market) m € M

O1 Set of existing recycling centers o; € 04

02 Set of new recycling centers o, € 0,

@) Set of all recycling centers 0 € 0 = 0, U 0,

C Set of customers ¢ € C

T Set of time period t €T = {1,2,..t,..,t}

T Index for harvest period t’' € T' = {1,2}

u Set of solar panel sites u € U

B Set of bio-refineries sites b € B

X Indicator for processed rice

Y Indicator for rice bran

P Set of products p € {X,Y}

G Indicator for mains electricity

R Set of energy sources r € R={ mains electricity, solarpanel, bio-
refinery}

Parameters:

feij, Fixed cost for launching new distribution center j2

fess Fixed cost for launching solar panel site s

fco,2 Fixed cost for launching recycling distribution center o2

feby Fixed cost for launching bio-refinery b

DT Mpme Cost of purchasing each kg of p-type product from market m
(traditional purchase) during period t

p?fp ft Cost of purchasing each kg of p-type product from factory f
(online shopping) during period t

peapfyse Production capacity of p-type product in factory f during period

t
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capv

1-8

fij2

Cost of production per kg of rice plant for farmer i

Tax on consumption per unit of electricity supplied from source
r

Production cost per kg of p-type product in factory f, whose
electricity is supplied from source r

Cost of per kg unprocessed rice maintenance at distribution
center j during period ¢

Cost of transporting by vehicle per kilometer

Distance between producer i and distribution center j

Distance between distribution center j and rice factory f

Distance between rice factory f and pharmaceutical industry v
Distance between rice factory f and toiletries industry k

Distance between rice factory f and market m

Distance between rice factory fand customer c

Distance between market m and customer ¢

Distance between producer i and recycling center o

Distance between recycling center o0 and producer i

Distance between producer i and bio-refinery b

Distance between rice factory f and bio-refinery b

Product’s production capacity by producer i during period ¢’
Max energy level supplied from source r during period ¢
Demand for p-type product by consumer c in traditional
purchase during period ¢

Demand for p-type product by consumer c in online shopping
during period ¢

Demand for compost by farm i during period ¢

Demand for rice bran by pharmaceutical industry v during
period ¢

Demand for rice bran by toiletries industry k during period ¢
Electrical energy required to process per kg of rice

A very large positive number

Paddy to husk conversion rate

Rice husk to electrical energy conversion rate in bio-refineries
Straw to electrical energy conversion rate in bio-refineries

Straw to compost conversion rate

Cost of production per kg of compost at recycling center o

CO: quantity released from constructing recycling center o

CO2 quantity released from constructing solar panel s

CO2 quantity released from constructing bio-refinery b

Fuel required for vehicle per travel per k

Capacity of vehicle

Rice plant to paddy conversion rate

Rice plant to straw conversion rate

Paddy to product of type-p conversion rate

Number of fixed job opportunities created by constructing new
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VJI;

ViQps

Decision Variables
XSe,,

Xhjj,
Xajjp
Xbjst
Xcpye
Xdfye
Xepfmt
Xfofet
Xpmet
Xhiot:
Xioit
Xjint
Xkep,

Xqits
thprt

XSe,:

Variables Zero and
One:
Wi
Vs
Zb

Qo

distribution centers j2

Number of variable job opportunities created by producing per
kg of product on farm i

Number of fixed job opportunities created by producing per kg
of product p in factory f

Amount of electrical energy that should be supplied from source
r during period ¢

Quantity of paddy rice stored in the distribution center j during
period ¢

Quantity of rice plant transferred from producer i to distribution
center j during period t'

Quantity of paddy rice transferred from distribution center j to
rice factory f during period ¢

Quantity of rice bran transferred from rice factory f to
pharmaceutical industry v during period ¢

Quantity of rice bran transferred from rice factory f to toiletries
industry k during period ¢

Quantity of type-p product transferred from rice factory f to
market m during period ¢

Quantity of type-p product transferred from rice factory f to
customer ¢ during period ¢

Quantity of type-p product transferred from market r to
customer ¢ during period ¢

Quantity of compost transferred from producer i to recycling
center o during period ¢’

Quantity of compost transferred from recycling center o to
producer i during period ¢

Quantity of rice straw transferred from farm i to bio-refinery b
during period ¢

Quantity of rice bran transferred from rice factory f to bio-
refinery b during period ¢

Amount of rice plant produced by producer i during period ¢ ’
Quantity of type-p product produced from rice factory f using
source r during period ¢

Quantity of electrical energy that should be supplied from

source r during period ¢

if distribution center j is established, 1
if solar panel site s is established, 1

if bio-refinery b is established, 1

if recycling center o is established, 1
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Appendix A

Table A1l. The proposed priority-based decoding procedure of segment 2.

Fort=1toT

Inputs

J=set of distribution centers

F=set of rice factories

D(f,t) =capacity of rice factories f in period t
Ca(j,t) = capacity of distribution center j in period t
V(J+F)=encode solution of period t

Dis(j, f): distance between nodes

Outputs:
yaloc(j, f, t)=amount of shipments between node j and f in period t
Em(j, f,t) = amount of CO2 emission caused by transferring quantity
by vehicle between nodes
INV (j, t) =amount of remained goods in distribution centerj at period t

Ca(j,t) = Ca(j,t) + INV(j,t — 1)

stepl = yaloc(j,f,t)=0 j€J, fE€F

while Y;Ca(j,t) >0 or Y;D(ft) >0

step2:select the value of first column of first sub-segment | for j index)
select the value of first column of first sub-segment F for f index

step3: yaloc(j, f,t) = min(Ca(j,t), D(f,t))

Update demands and capacities

Ca(j,t) = Ca(j,t) —yaloc(j,f,t) , D(f,t) = D(f,t) —yaloc(j, f,t)

step4:if Ca(j,t) =0 then V(J,F) = 0;

if D(f,t) =0 then V(J,F) = 0;

End while

step5: Em(j, f,t) = (yaloc(j, f,t)/Capv X RF X Dis;f)

step6: INV(w, t) = Ca(w, t)

End for

Table A2. The proposed priority-based decoding procedure of segment 3.

For t=1: T

Inputs:

F=set of rice factories

P=set of product

L=set of all customers

pcap(p, f, t) =Production capacity of rice factory f for product p in period t
D(p,1,t) = demand of customer 1 in period t

V(F + L) =Encode solution of period t

Dis(f, 1): distance between nodes

Outputs:
zaloc(p, f,1,t) = amount of product p shipments between nodes f and 1 in period t
Em(f,],t) = amount of CO2 emission caused by transferring quantity
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by vehicle between nodes
TK(p, f,t) =number of created job opportunities thorough production of product p in
factory f in period t

Stepl = zaloc(p,f,1,t) =0 feF, LEL
while Z pcap(p,f,t) >0 or Z D(p,,t) >0

1 1
step2: select the value of first column of first sub — segment F for f index

select the value of first column of first sub — segment L for [ index
step3: zaloc(p, f,1,t) = min(pcap(p, f,t), D(p,Lt))
Update demands and capacities
pcap(k,t) = pcap(p,f,t) — zaloc(p,f 1.t), D(p,1,t) = D(p,1,t) — zaloc(p, f, 1, t)
step4: if pcap(p,f,t) = 0 then V(K,L) = 0;
if D(p,L,t) =0 then V(K,L) =0;

End while
forp=1
fork=1
Step5: Em(f, 1, t) = (zaloc(p,f,1,t)/Capv X RF X Disq)
Xp(p, f, )
Step6: let Xp(p, f, t) = Z zaloc(p, f,1,t) and TK(p,f,t) = ———
pcap(p, f, t)

leL

End for

Table A3. Pseudo-code of RSO algorithm.

Initialize RSA parameters a, f3, etc.

Initialize the solutions’ positions randomly. X:i = 1,...,N.
While (t < T)do

Calculate the Fitness Function for the candidate solutions (X).
Find the Best solution so far.

Update the ES using Equation (51).

For(i=1toN)do

For (j =1ton)do

Update the n, R, P and values using Equations (49), (50) and (52), respectively.
If(t < %) then

x;,j(t + 1)= Best;(t) —n;;(t) X f — R ;(t) X randt

Else if (randt > E andt < 2) then

x;,j(t + 1)= Best;(t) X xpq,j X ES(t) X randt

g T 3T
Elseif (t > ,t <) then

x;j(t +1) = Best;(t) X P, ;(t) X randt

Else

x;,j(t + 1)=Best;(t) —n; j(t) X € — R; ;(t) X randt
End if

End for
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End for
t=t+1
End while
Table A4. Distance between mentioned cities of Mazandaran province (KM).
Behshahr Neka Sari Juybar Qaemshahr Polsefid Savadkooh Babolsar Babol Mahmood Abad
Behshahr - 23 46 66 62 116 110 106 82 135
Neka - - 23 37 43 93 90 83 63 112
Sari - - - 20 20 70 65 60 40 89
Juybar - - - - 20 70 65 34 43 75
Qaemshahr - - - - - 50 45 40 20 69
Pol Sefid - - - - - - 10 90 70 119
Savadkooh - - - - - - - 86 65 110
Babolsar - - - - - - - - 20 41
Babol - - - - - - - - - 49
Mahmoudabad - - - - - - - - - -
Table A5. Tuning other parameters of model.
Parameters Values Units Parameters Values Unit
capaj,  Uniform(7000,8000) Kilogram capfy Uniform(70,80) Ton
chj; Uniform(70,80) Dollar per Ton pby Uniform(300,350) Kilogram
Cpa; Uniform(600,650) Dollar per Ton cpjj Uniform(55,65) Dollar per Ton
dctpice Uniform(400,500) Kilogram dctyoce Uniform(30,35) Ton
dcopice Uniform(350,400) Kilogram dcopaet Uniform(25,30) Ton
dky¢ Uniform(30,40) Kilogram cpo, Uniform(200,300)  Dollar per Ton
duy; Uniform(20,30) Kilogram di;; Uniform(200,300) Kilogram
dm,; Uniform(20,30) Kilogram capjj Uniform(20,30) Ton
pcappft Uniform(90,100) Ton TS Uniform(200,220) Kilogram
capryt Uniform(20,100) Megawatt hour o, Uniform(200,220) Kilogram
Doll
ctax, Uniform(15,20) orat pflf)hilegawatt Vi Uniform(15,20) Person per ton
u
Prmpme Uniform(2,5) Dollar per Kg fej Jy Uniform(3,4) Person
if 7
pripg Uniform(1.5,4.5) Dollar per Kg fes Uniform( ?’000'80'000 Dollar
by, Uniform(200,220) Kilogram fcoy, Uniform(5000,6000) Dollar
if
cpooe  Uniform(200,220)  Dollar per ton feb, M orm(%%(;,ooo,mo,o Dollar
POo2 Uniform(400,450) Kilogram fiby Uniform(4,5) Person
pSs Uniform(100,150) Kilogram V]Qpr Uniform(10,12) Person per ton

Table A6. The orthogonal array L9 and computational results for MOSA.

Run

Npop

Maxit

T0

Alpha

Response

N Ul i W N -

1

N NN =R =

1

WD NN ~RL WN

1

—_ W N W =
N — W WwN

249 x 105
2.62 x 10
2.58 x 10
2.53 x 10
1.74 x 105
1.68 x 10-5
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7 3 1 3 2 1.21 x10-°
8 3 1 1.45 x10-
9 3 3 2 1 1.32 x 105

Table A7. The orthogonal array L9 and computational results for MOPSO.

Run Npop Maxit Phil Phi2 Response
1 1.54 x 105
1.36 x 105
1.33 x 105
1.73 x 10
1.28 x 10
1.09 x 105
1.03 x 105
1.3 x10-°
1.22 x 105

—_
—_
—_

O 0 NI O U1 i WO N =
W W WDNDDNNDN PR =
W N =R, WODNNRPR WDN
N —m Wk WONWDN
_ W NN = W W

Table A8. The orthogonal array L9 and computational results for MOGWO.

o]
~

Run Npop Maxit
1

Response
1.75 x 105
211 %107
3.06 x 10~
2.94 x 10~
1.77 x 10~
1.88 x 105
1.19 x 10~
1.32 x 10~
1.63 x 10-°

—_

O 00 N O Ul i W IN =
W W WDNDNDN R~ -
W NP, WONRFPR, WD
N —m, WOk WODN WDN =

Table A9. The orthogonal array L9 and computational results for MORSO.

Run Npop Maxit Alpha Beta Response
1 1 292 x 105
2.57 x10°
1.67 x10-°
1.59 x 10~
1.63 x 10~
1.27 x 10~
1.21 x 10
1.09 x 10~
1.12 x 10-5

—_
—_

O 00 N O U1 i W IN =
W W WPNDDNNDN PR R=
W NP, LONNRPR, WD
N —m W= WDN WN
— W NN = W WN
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