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Abstract: With the emergence of the fourth industrial revolution, the use of intelligent technologies
in supply chains is becoming increasingly common. The aim of this research is to propose an optimal
design for an intelligent supply chain of multiple perishable products under a vendor-managed
inventory management policy aided by IoT-related technologies to address the challenges associated
with traditional supply chains. Various levels of the intelligent supply chain employ technologies
such as Wireless Sensor Networks (WSNs), Radio Frequency Identification (RFID), and Blockchain.
In this paper, we develop a bi-objective nonlinear integer mathematical programming model for
designing a four-level supply chain consisting of suppliers, manufacturers, retailers, and customers.
The model determines the optimal network nodes, production level, product distribution and sales,
and optimal choice of technology for each level. The objective functions are total cost and delivery
times. The GAMS 24.2.1 optimization software is employed to solve the mathematical model in
small dimensions. Considering the NP-Hard nature of the problem, the Grey Wolf Optimizer
(GWO) algorithm is employed, and its performance is compared with the Multi-Objective Whale
Optimization Algorithm (MOWOA) and NSGA-III. The results indicate that the adoption of these
technologies in the supply chain can reduce delivery times and total supply chain costs.

Keywords: intelligent supply chain; Internet of Things; Radio Frequency Identification; Wireless
Sensor Network; mathematical modeling

MSC: 90B06

1. Introduction

Traditional supply chains face multiple challenges such as uncertainty, high costs,
complexity, and the perishability of products. To overcome these problems, supply chains
need to become more intelligent [1]. Due to the complexity of supply chain management
and the need for better management, companies consider innovative technologies as
potential factors for improving their supply chain performance [2]. The use of these
innovative technologies can serve as a competitive advantage for companies and improve
their supply chain performance. The Internet of Things (IoT) can play a significant role
in this process. Implementing this technology enables accurate real-time data coverage,
facilitates operations, and enhances the transparency in the progression of processes [3].

Another notable hurdle in supply chain management lies in the coordination of
material flow, both among multiple organizations and within each individual organization.
Each supply chain requires the use of logistics technologies and tools to meticulously
track materials from origin to destination while recording crucial information at every
stage [4]. Having comprehensive and dependable databases is an essential requirement
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for effective supply chain management. Consequently, the proper implementation of
integrated information systems, such as IoT, is critically important in this context [5]. IoT
is able to optimize supply chain management, make the best of the available resources,
provide sufficient visibility across the entire chain, enhance the transparency of supply
chain information, enable real-time management, and ultimately achieve maximum agility
and integration [6]. IoT is a network of physical devices interconnected through electrical
circuits, software, sensors, and mechanical actuators, all of which are connected to the
internet by definition, enabling remote control and monitoring of system behavior [7].

Designing supply chains with perishable and short-lifecycle goods, such as food
products, has long been considered one of the most crucial and challenging subjects in the
field of supply chain management. Given the diversity of the food industry products, it
is essential to keep track of the flow of goods through the supply chain and control the
temperature around food products [8]. Today, with the globalization of food trade, food
products inevitably travel great distances from manufacturers to consumers. Thus, it is critically
important to preserve the safety and quality of perishable goods [9]. It is possible to manage
perishable goods, such as food and pharmaceutical products, in such a way as to avoid losses
resulting from expired or spoiled items. For instance, special sensors can be installed to ensure
that products have not been exposed to hazardous environmental conditions [10].

IoT revolutionizes the speed at which data are collected and decisions are made, en-
abling supply chains to respond to changes in real-time. Within the context of IoT, each
object’s connection spans from production to sale, service operations, and even recycling.
Although information about an object can be distributed across multiple organizations, a
unique identifier for each object serves as a common reference point, facilitating the identi-
fication and utilization of the data on said object at any level within the organization [11].

In this research, our focus lies in optimizing the supply chain through the application
of IoT technologies and mathematical modeling approaches. By tapping into information
from various levels of the supply chain through IoT, our aim is to achieve more precise
planning in inventory control, shorten delivery times, and reduce the total supply chain cost.
The key advantages of utilizing IoT in this supply chain are threefold: minimizing delays by
reducing delivery times, enabling real-time demand analysis within the supply chain, and
ensuring cost reduction, all considered critical issues in effective supply chain management.

In brief, the innovations of this study can be outlined as follows:

• Introducing a novel nonlinear integer mathematical model for supply chain design,
taking into account IoT-related technologies (RFID and WSN);

• Selecting the suitable technology between RFID and WSN for each level of the supply
chain;

• Modeling the inventory management process in the supply chain using these tech-
nologies and implementing a vendor-managed inventory management policy;

• Considering simultaneous time and cost optimization in a real case of intelligent
supply chain.

Motivation and Contribution

Traditional supply chains of perishable products have disadvantages such as long
delivery times, multiple decision points, non-transparent information, and minimal coor-
dination, and they also face many challenges such as uncertainty, cost, complexity, and
vulnerability issues. On the other hand, customer demand is constantly changing and it
is very appropriate for all organizations to adapt to changes and maintain supply chain
inventory and at the same time be flexible with customer demand. Creating a smart and
agile supply chain is necessary to solve these disadvantages and challenges.

In this research, we used technologies related to the Internet of Things to solve the
challenges and disadvantages of the traditional supply chain and its effective management,
using mathematical modeling and taking into account technology and automation consid-
erations; in order to be more coordinated with customer demand, online sales for retailers
were also considered and we used blockchain for data security and chain information.
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Finally, we achieved an optimized supply chain distribution system and simultane-
ously optimized the cost and delivery time of the intelligent supply chain.

2. Literature Review

Christopher is one of the early proponents of the concept of agility in supply chains.
For a supply chain to be truly agile, it must possess four characteristics: market sensitivity,
IT utilization, process integration, and networked structure [12]. It was reportedly Kevin
Ashton who originally coined the term “Internet of Things” in 1999 [13]. Subsequently,
Lee and Lee (2015) defined five key IoT technologies: Radio Frequency Identification
(RFID), Wireless Sensor Networks (WSN), Cloud Computing, Middleware, and IoT appli-
cations [14].

A supply chain may be defined as a set of entities and processes involved in fulfill-
ing customer orders. The entities often include suppliers, manufacturers, distributors,
retailers, and end-customers. Using IoT technology, supply chain managers can auto-
matically identify the status of an object, warehouse, equipment, machinery, and even
workers by gathering and employing real-time data. For example, RFID–IoT can detect the
start/completion of a process through the entry/exit signal transmitted from the RFID–IoT
coverage area [15].

Intelligent supply chain management involves the use of a vast amount of data to en-
sure better decision-making, utilizing advanced technology and obtaining comprehensive
information throughout operations. In other words, for intelligent supply chain manage-
ment, all the components in warehouses, distribution centers, retailers, and e-commerce
portals should be interconnected and in full communication with each other. The above-
mentioned centers should be aware of customers’ demand at any given time and location,
and have the capability to exchange information and place new orders if necessary [1].

In today’s competitive world, due to factors such as random demand, managers must
pay more attention to the importance of production and inventory control. In a study of
production system failure, a multi-product network with perishable items is considered.
The production control policy is based on the cover point policy, which includes the
production and maintenance of products in order to meet demand and prevent shortages.
Its main objective is to determine the optimal production rates that minimize the average
total costs, including shortage, production, storage, and perishable costs. Due to the
uncertainty and complexity of this system, the optimization simulation of this system was
conducted using ARENA software 14 [16].

Vendor-managed inventory (VMI) is a popular inventory management strategy that
gives the vendor access to information on retailers’ sales and inventory levels. Implement-
ing VMI can be beneficial for both the vendor and the retailer. IoT data, when combined
with VMI, not only support inventory management but also can be a crucial factor in im-
proving supply agility. These data, therefore, help organizations remain competitive in the
market by serving customers with a level of inventory without the need for warehousing
and ensuring their satisfaction [17].

RFID refers to the wireless use of radio frequency waves to transfer data at high speeds.
RFID monitors the dynamic status, location, and other characteristics of tagged objects.
There are two types of tags: active and passive. Active tags continuously work to track
objects by providing real-time data, while passive tags work with a large number of labeled
objects to facilitate cost-effective deployment [18].

WSN is a network of sensors for monitoring and tracking the status of multiple
devices. Sensors can be used for various purposes, including the monitoring of location,
movements, temperature, pressure, flow, level, imaging, sound, air pollution, proximity,
infrared, humidity, and speed [19]. They can also collaborate and communicate with RFID
tags. Since RFID and WSN are regarded as complementary technologies, their integration
is often considered as an option [20].

Blockchain is a fully distributed database shared by different nodes within a massive
computer network. A blockchain serves as a database that stores information in digital
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format. By creating a convenient and highly secure space, blockchain helps buyers and
vendors connect with each other without intermediaries. Four key characteristics have been
associated with blockchain technology: transparency, reliability, intelligent execution, and
encryption [21]. The use of the IoT in warehousing allows for space optimization. Using
inventory tags, information about the goods can be transferred to a database, enabling
better control over inventory and the location of goods. Intelligent sorting of goods, along
with rapid and accurate assessment of inventory levels, are other applications of IoT in this
field [22,23]. In a study, the production rate control of multiple machines in failure-prone
production systems in the presence of perishable goods has been carried out in order to
minimize the expected costs including maintenance, shortages, lost goods, and repair
costs [24].

In an article, a network of production machines prone to failure is considered and
the final product is a perishable product. The purpose of this study is to find the optimal
production rate of machines based on the breakeven policy in such a way that the average
costs of the system are minimal. Due to the uncertainty in such systems, discrete event
simulation with the help of ARENA software is used in this paper to estimate system
costs. The Taguchi method has been used to determine the optimal values of decision
variables [25].

Utilizing IoT with the goal of returning recycled goods to factories has drawn the
attention of researchers as well. Scholars have especially focused on providing configu-
rations in this area and aim to minimize the negative impact of the waste generated by
decommissioned electronic and electrical equipment on the environment through the use
of IoT [26]. In the production sector, IoT can facilitate the identification and tracking of
raw materials and finished products in the automation of production lines. The technology
may thus help to significantly lower human labor costs, simplify industrial operations, and
enhance the overall quality of products [23].

As for sales, customers can obtain the information they need through the tags embed-
ded on the products. In supermarkets, the invoice is automatically generated by reading
product labels and the payment is transferred from the customer’s linked credit card to
the store’s account [26]. Establishing appropriate pricing strategies that satisfy consumers,
suppliers, and intermediaries is a challenging task. Using IoT to calculate the actual product
price based on the costs of production processes, packaging, and transportation is consid-
ered a highly effective strategy to prevent overpricing, fraud, and other unethical business
practices [27]. Lee et al. in 2018 presented an IoT-based inventory management system
with an analytical approach to advanced data analysis [28]. The authors demonstrated
that the use of IoT can enhance warehouse productivity, selection accuracy, and order
diversity [29]. A multi-temperature system of delivery planning has been proposed based
on IoT which identified and rerouted in the event of unforeseen crises, thus increasing
the system’s ability to handle electronic orders and maintaining customer satisfaction at
an adequate level [30]. A blockchain-based tracking system has been investigated in the
market of perishable goods over two sales channels under different pricing policies. The
system was able to reduce product losses and provide reliable information.

Many previous studies have utilized IoT in two-level multi-product supply chains,
concluding that the effective use of IoT can optimize multi-product supply chains. The
authors demonstrated that the proper deployment of information processing leads to bet-
ter information dissemination throughout the supply chain [31]. Tian in 2016 discussed
the priority of developing and using RFID and blockchain technologies. Specifically, the
researcher analyzed the pros and cons of using RFID and blockchain in constructing a
tracking system for agrifood supply chains [32]. A combination of RFID and other IoT
technologies allows for the tracking of products from the manufacturer to the retailer and
reduces the production time in a cost-effective manner. Additionally, intelligent supply
chain management enhances brand protection, quality assurance, and customization for
customers. For instance, consumers tend to have a more positive perception of products
when each ingredient, process, and status can be traced and verified. Given the complexity
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and dynamism of each process, it is somewhat challenging to make accurate cost and time
estimates. In short, RFID and other IoT technologies are often essential to ensure cost
and time tracking in the supply chain [33]. Blockchain has the potential to take distribu-
tion transparency to a new level; however, the scientific understanding and managerial
acceptance of blockchain technologies are still comparably limited. To address this issue,
Francisco and Swanson in 2018 proposed an advanced conceptual model that utilized the
unified theory of acceptance and use of technology (UTAUT) and the concept of innovation
acceptance as the basic framework for product distribution tracking. Table 1 presents
a summary of the most prominent studies conducted on the subject thus far [34]. In a
recent study, a mathematical model for vendor-managed intelligent supply chains (VMI)
was conducted through Internet of Things (IoT) technology. This research shows that to
overcome traditional supply chain challenges and solve problems such as uncertainty, high
costs, and changes in customer demand, it is necessary to create a smart and agile supply
chain [35].

Table 1. Summary of the literature on the subject.

Reference
Number

Features

Multi-Objective Perishability IoT Blockchain Online
Sales

Mathematical
Modeling Cost Time

1 [36] * * * *

2 [37] * * * *

3 [38] * * *

4 [39] * * * * *

5 [40] * * *

6 [41] * * *

7 [42] * *

8 [43] * * *

9 [44] * * *

10 [33] * *

11 [45] * * * *

12 [46] * *

13 [47] * *

14 [48] * * *

15 [49] * *

16 [50] * * * * *

17 [51] * * *

18 [52] * *

19 [53] * * *

20 [54] * * *

21 [55] * *

22 [56] * * * *

23 [57] * *

24 [58] * * * *

25 Present article * * * * * * * *

* The feature (Column Title) has been considered in each article (row).

Based on the investigations of previous studies, it seems that a significant volume of re-
search has been conducted on intelligent supply chains, IoT, their combinations, discussions
regarding their pros and cons, implementation challenges, and real-world applications.
Our review indicates that the utilization of mathematical modeling in these studies has
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been limited, and the present research creates an opportunity to optimize decision-making
in the field of intelligent supply chains by solving problems through mathematical models.
Among the previous research, there appears to have been a positive view toward supply
chains and, in particular, toward IoT. However, despite the extensive research conducted in
this area thus far, there remains a distinct lack of comprehensive and diverse mathematical
programming models that fully address the requirements, assumptions, technological
requirements, and automation considerations of an academic study.

3. Model Assumptions and Notations

The proposed model considers a four-level supply chain consisting of three relation-
ships: supplier–manufacturer, manufacturer–retailer, and retailer–customer. The three
technologies of RFID, WSN, and blockchain can be utilized across the levels of this supply
chain. The model aims to determine the optimal combination of these technologies with
respect to the time and cost objective functions. To further clarify this goal, the assumptions
of the model are presented as follows:

1. IoT involves two technologies, RFID and WSN, but only one of these technologies is
used at each node.

2. There are multiple types of products and materials.
3. The supply time of raw materials is influenced by the use of RFID or WSN technolo-

gies.
4. The total cost includes the cost of establishing each node in the supply chain, blockchain

implementation, RFID implementation, WSN implementation, and transportation
among nodes.

5. Delivery time is considered as the model’s secondary objective.
6. The products are perishable.
7. The conversion factor of raw materials to final products is assumed to equal 1.
8. The model parameters are deterministic.

Indices

n m l k j i

Raw materials Product Customer Retailer Manufacturer Supplier

4. Mathematical Model and Analysis
Objective Functions

min z1 =

[
I

∑
i=1

FSuppi.Xi +
J

∑
j=1

Fmenj.Yj +
K
∑

k=1
FRetk.Zk

]

+

[
L
∑

l=1
CR f idl .XLR f idl +

L
∑

l=1
CWsnl .XLWsnl +

K
∑

k=1
CR f idk.XKR f idk +

K
∑

k=1
CWsnk.XKWsnk

]
+

[
I

∑
i=1

BCICosti.XBCIi +
J

∑
j=1

BCICostj.YBCJ j +
K
∑

k=1
RWsnk.ZBCKk

]

+

[
I

∑
i=1

J
∑

j=1

N
∑

n=1
MCostijn.(QI JBCinj + QI JWBCinj ).uinj +

M
∑

m=1

J
∑

j=1

K
∑

k=1
FCostmjk.(QJKBCjmk

+QJKWBCjmk).vjmk +
M
∑

m=1

K
∑

k=1

L
∑

l=1
RCostmkl .(QKLBCkml + QKLWBCkml).wkml

]
+

[
I

∑
i=1

J
∑

j=1

N
∑

n=1
TCostijn.(QI JBCinj + QI JWBCinj ).uinj

+
M
∑

m=1

J
∑

j=1

K
∑

k=1
TCostmjk.(QJKBCjmk + QJKWBCjmk ).vjmk +

M
∑

m=1

k
∑

k=1

L
∑

l=1
TCostmkl(QKLBCkml

+QKLWBCkml ).wkml

]
+

[
K
∑

k=1

M
∑

m=1
internetsalekm.Xiskm

]
+

[
K
∑

k=1

M
∑

m=1

L
∑

l=1
RCostmkl .(Qiskml .Xiskm)

]

(1)
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min z2 =

[
I

∑
i=1

J
∑

j=1

N
∑

n=1
SFtimeijn.(QI JBCinj + QI JWBCinj ).uinj +

M
∑

m=1

J
∑

j=1

K
∑

k=1
FRtimemjk.(QJKBCjmk

+QJKWBCjmk )vjmk +
M
∑

m=1

k
∑

k=1

L
∑

l=1
RCtimemkl .(QKLBCkml + QKLWBCkml ).wkml

]
+

[
N
∑

n=1

I
∑

i=1

J
∑

j=1
ALTimeWR f idnij.XIR f idi +

N
∑

n=1

I
∑

i=1

J
∑

j=1
ALTimeR f idnij.XIR f idi

+
N
∑

n=1

I
∑

i=1

J
∑

j=1
ALTimeWWsnnij.XIWsni +

N
∑

n=1

I
∑

i=1

J
∑

j=1
ALTimeWsnnij.XIWsni

]
(2)

Relation (1) aims to minimize the total cost of the supply chain, which consists of the
implementation costs of the nodes, RFID, WSN, blockchain, and online sales platform.

Relation (2) aims to minimize the time, consisting of the time it takes to make the
deliveries and procure the required raw materials from the supplier both using RFID and
WSN and without using the two technologies.

uinj ≤ Xi ∀i, j, n (3)

vjmk ≤ Yj ∀j, m, k (4)

wkml ≤ Zk ∀k, m, l (5)

N

∑
n

uinj = 1 ∀i, j (6)

M

∑
m

vjmk = 1 ∀j, k (7)

M

∑
m

Wkml = 1 ∀k, l (8)

XLR f idl + XLWsnl = 1 ∀l (9)

XKR f idk + XKWsnk = 1 ∀k (10)

XIR f idi + XIWsni = 1 ∀i (11)

QI JBCnij ≤ M(XBCI i) ∀n, i, j (12)

QI JWBCnij ≤ M(1 − XBCIi) ∀n, i, j (13)

J

∑
j=1

QI JBCinj ≤ SCapin ∀i, n (14)

I

∑
i=1

N

∑
n=1

QI JBCinj ≥
K

∑
K=1

M

∑
m=1

QJKBCjmk +
K

∑
K=1

M

∑
m=1

QJKWBCjmk ∀J (15)

J

∑
j=1

QI JWBCinj ≤ SCapin ∀i, n (16)

I

∑
I=1

N

∑
n=1

QI JWBCinj ≥
K

∑
K=1

M

∑
m=1

QJKBCjmk+
K

∑
K=1

M

∑
m=1

QJKWBCjmk ∀J (17)

QJKBCjmk ≤ M(YBCJ j) ∀m, j, k (18)

QJKWBCjmk ≤ M(1 − YBCJ j) ∀m, j, k (19)

K

∑
K=1

QJKBCjmk ≤ FCapjm ∀j, m (20)



Mathematics 2024, 12, 679 8 of 30

J

∑
j

QJKBCjmk ≤
L

∑
l

Demlmk ∀k, m (21)

K

∑
K=1

QJKWBCjmk ≤ FCapjm ∀j, m (22)

J

∑
j

QJKWBCjmk ≤
L

∑
l

Demlmk ∀k, m (23)

QKLBCkml ≤ M(ZBCK k) ∀m, k, l (24)

QKLWBCkml ≤ M(1 − ZBCKk) ∀m, k, l (25)

L

∑
l=1

QKLBCkml ≤ RCapkm ∀k, m (26)

k

∑
k=1

QKLBCkml ≤ Demlmk ∀l, m (27)

L

∑
l=1

QKLWBCkml ≤ RCapkm ∀k, m (28)

K

∑
k=1

QKLWBCkml ≤ Demmlk ∀l, m (29)

L

∑
l=1

Qiskml ≤ RCapkm ∀k, m (30)

L

∑
l=1

Qiskml + QKLBCkml + QKLWBCkml ≤ invkm ∀k, m (31)

invkm = f irstinvmk +
J

∑
j=1

QJKBCjmk +
J

∑
J=1

QJKWBCjmk −
L
∑

l=1
QKLBCkml

+
L
∑

l=1
QKLWBCkml +

L
∑

l=1
Qiskml ∀k, m

(32)

invkm ≤ RCapkm ∀k, m (33)

invkm ≥ mininvkm ∀k, m (34)

invkm ≥ f irstinvkm ∀k, m (35)

repinvkm ≤ maxinvkm ∀k, m (36)

repinvkm ≥ mininvkm ∀k, m (37)

invkm ≥ f irstinvkm + repinvkm ∀k, m (38)

Xiskm = 0 or 1 ∀k, m (39)

Xiskm ≤ Zk ∀k, m (40)

Xi = 0 or 1 ∀i (41)

Yj = 0 or 1 ∀j (42)

Zk = 0 or 1 ∀k (43)

XLR f idl = 0 or 1 ∀l (44)

XLWsnl = 0 or 1 ∀l (45)

XKR f idk = 0 or 1 ∀k (46)
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XKWsnk = 0 or 1 ∀k (47)

XIR f idi = 0 or 1 ∀i (48)

XIWsni = 0 or 1 ∀i (49)

XBCIi = 0 or 1 ∀i (50)

YBCJ j = 0 or 1 ∀j (51)

ZBCKk = 0 or 1 ∀k (52)

Relation (3) indicates that the delivery of any type of raw material from the supplier
to the factory is only possible if a supply center is established.

Relation (4) indicates that the delivery of any type of product from the factory to the
retailer is only feasible if a factory is established.

Relation (5) indicates that the delivery of any type of product from the retailer to
end-customers is only feasible if a retailer is established.

Relation (6) states that each supplier only delivers one type of raw material to the
manufacturer in each order.

Relation (7) states that each factory only delivers one type of product to the retailer in
each order.

Relation (8) states that each retailer only delivers one type of product to the customer
in each order.

Relation (9) indicates that only one of the WSN and RFID technologies can be installed
for each customer.

Relation (10) indicates that only one of the WSN and RFID technologies can be installed
for each retailer.

Relation (11) indicates that only one of the WSN and RFID technologies can be installed
for each supplier.

Relation (12) states that the quantity of products delivered by suppliers that adopt
blockchain is considered in light of the presence of this technology.

Relation (13) assumes that the supplier does not utilize the blockchain technology.
Relations (14) to (17) represent the raw materials delivered from the supplier to the

factory based on customer demand and factory capacity.
Relation (18) states that the quantity of products delivered by manufacturers that

adopt blockchain is considered in light of the presence of this technology.
Relation (19) assumes that the factory does not utilize the blockchain technology.
Relations (20) to (23) represent the products delivered from the factory to the retailer

based on customer demand and factory capacity. Due to their perishability, the quantity of
the products should not exceed the demand.

Relation (24) states that the quantity of products delivered for retailers that adopt
blockchain is considered in light of the presence of this technology.

Relation (25) assumes the non-implementation of blockchain technology for the re-
tailer.

Relations (26) to (29) represent the products delivered from the retailer to the end-
customer based on customer demand and factory capacity. Due to their perishability, the
quantity of the products should not exceed the demand.

Relation (30) states the retailer’s maximum capacity for each type of product for online
sales.

Relation (31) indicates the total quantity of products sent from each retailer to end-
customers based on the inventory of that retailer.

Relation (32) is the formula for calculating the inventory of retailer k based on the VMI
technique.

Relation (33) represents the maximum inventory level of retailer k for product m based
on its capacity.
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Relation (34) represents the minimum inventory level of retailer k based on the VMI
technique.

Relation (35) states that the inventory level of retailer k should be higher than its initial
inventory level at the beginning of the period.

Relation (36) represents the maximum replenishment level of retailer k based on the
VMI technique.

Relation (37) represents the minimum replenishment level of retailer k based on the
VMI technique.

Relation (38) indicates that the initial inventory plus replenishment form the inventory
of retailer k.

Relation (39) expresses the constraint on launching online sales for retailer k.
Relation (40) states that it is possible to implement online sales for retailer k only if

retailer k has been established.
Relations (41) to (43) indicate that each of the supply chain’s components and nodes

can be established at most once.
Relations (44) and (45) indicate that RFID and WSN can be installed at most once for

each customer, respectively.
Relations (46) and (47) indicate that RFID and WSN can be installed at most once for

each retailer, respectively.
Relations (48) and (49) indicate that RFID and WSN can be installed at most once for

each supplier, respectively.
Relations (50) to (52) indicate that the blockchain system can be implemented at most

once for each supplier, factory, or retailer node, respectively.

5. Approach to Model Solution
5.1. Model Validation

The model is initially validated at a small scale. For instance, we first considered a
problem with the following dimensions:

Types of raw
materials

Types of
products

No. of
customers

No. of retailers
No. of

manufacturers
No. of

suppliers

2 3 12 7 3 4

After solving the model by obtaining the values of the objective functions using
the optimization software GAMS, the technology to be used by each of the suppliers,
retailers, and customers was determined. The values of the primary and secondary objective
functions were 13,995 and 21,406, respectively.

RFID: Suppliers 3 and 4; Retailers 3 and 4; Customers 5, 6, 7, 9, and 12.
WSN: Suppliers 1 and 2; Retailers 1, 2, 5, 6, and 7; Customers 1, 2, 3, 4, 8, 10, and 11.
The basic problem above was solved using the ε-constraint method. The values of the

objective functions and the Pareto figure indicated that the results were optimal (Table 2
and Figure 1).

As Tables 3 and 4 and Figure 2 indicate, 10 small-scale problems were considered and
the values of the objective functions and solution time were obtained by solving the model
in small dimensions using GAMS. Since the model could not be solved by exact methods in
large dimensions, and given the software and hardware limitations of using GAMS for this
purpose, it was decided to solve the model in large dimensions by metaheuristic algorithms
provided by the MATLAB R2020a programming platform.
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Table 2. Pareto points obtained by ε-constraint method.

Z1 Z2

14,383 19,618

13,989 14,387

13,106 19,835

14,118 19,630

13,923 19,678

13,615 19,725

13,626 19,737

13,425 19,741

13,234 19,802

14,006 19,648

13,354 19,775

13,335 19,790

13,153 19,832

13,695 19,698

14,383 19,618

13,989 14,387

13,110 19,835
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Table 3. Problem dimensions.

Problem Supplier Manufacturer Retailer Customer Product Raw Material

1 3 2 5 10 2 2

2 3 2 6 11 2 2

3 3 2 6 11 3 2

4 3 2 6 12 3 2

5 4 2 6 12 3 2

6 4 2 7 12 3 2

7 4 3 7 12 3 2

8 4 3 7 13 3 2

9 4 3 7 13 4 2

10 5 3 7 13 4 2

Table 4. Results of solving the model in small dimensions.

Problem Computation Time (s) Primary Objective Function (Cost) Secondary Objective Function (Time)

1 37 7936 11,094

2 59 8780 13,907

3 73 8424 14,266

4 96 8645 15,161

5 114 9397 15,923

6 129 10,375 18,033

7 148 13,106 19,847

8 Low memory Low memory Low memory

9 Low memory Low memory Low memory

10 Low memory Low memory Low memory
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5.2. Sensitivity Analysis in Small Size

This analysis examined the impact of changes in the values of three parameters:
demand, procurement cost, and installation cost. The results of the analysis are presented
in the following Tables 5–7 and Figures 3–5.
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Table 5. Sensitivity analysis of demand.

Demand Cost Time Change in Cost Change in Time

0% 11,097 7790 — —

10% 12,942 7986 0.166261 0.02516

20% 16,528 8379 0.277082 0.049211

30% 21,653 8950 0.31008 0.068147

40% 28,515 9718 0.316908 0.08581

50% 37,030 10,638 0.298615 0.09467

Table 6. Sensitivity analysis of system installation costs.

Installation Cost Cost Time Change in Cost Change in Time

0% 11,097 7790 — —

10% 12,682 7903 0.142831 0.014506

20% 15,482 8180 0.220785 0.03505

30% 19,828 8585 0.280713 0.049511

40% 26,038 9153 0.313193 0.066162

50% 33,867 9883 0.300676 0.079755

Table 7. Sensitivity analysis of procurement costs.

Procurement
Cost Cost Time Change in Cost Change in Time

0% 11,097 7790 — —

10% 12,211 7902 0.100387 0.014377

20% 14,897 8145 0.219966 0.030752

30% 19,473 8507 0.307176 0.044444

40% 25,247 9045 0.296513 0.063242

50% 32,538 9768 0.288787 0.079934
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To solve the problem in large dimensions, we utilized three metaheuristic algorithms:
Multi-Objective Grey Wolf Optimization (MOGWO) [59], Non-Dominated Sorting Ge-
netic Algorithm III (NSGA-III)) [60], and Multi-Objective Whale Optimization Algorithm
(MOWOA) [61].

The grey wolf algorithm is a new SI optimization algorithm inspired by grey wolves.
This algorithm mimics the proposed method of social hierarchy and hunting behavior of
grey wolves. The results showed that GWO can provide very competitive results compared
to well-known heuristics such as PSO, GSA, DE, EP, and ES [62].

The Multi-Objective Grey Wolf Optimization (MOGWO) algorithm is used to optimize
problems with multiple objectives. Two new components were integrated into the GWO
algorithm to enable it to perform multi-objective optimization [59].

NSGA-III algorithm is an evolutionary multi-objective optimization method based
on reference points to achieve objective functions. The NSGA-III algorithm eliminates the
drawbacks of the NSGA-II algorithm, such as the inability to maintain diversity among
population members, which is avoided by providing and adaptively updating several
well-extended reference points in NSGA-III [60].

The MOWOA multi-objective algorithm is designed based on the Whale Optimization
Algorithm (WOA). The original WOA algorithm is popular among researchers due to rotat-
ing the moments of agents (humpback whales) in the search space, which provides a good
balance between exploration and exploitation, faster convergence, and fewer parameters.
The multi-objective version has all the above advantages of the original algorithm, and
additionally shows accurate convergence to real Pareto fronts and preserves the effective
diversity between solutions [61].

Based on the prior research on multi-level and network-structured problems, these
three metaheuristic algorithms offer superior performance and can be executed with relative
ease.
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5.3. Parameter Tuning

The algorithm proposed in this study consists of three problem categories: small,
medium, and large problems. The results are presented separately for each category in the
following Tables 8–11.

Table 8. Parameter settings for NSGA-III, MOGWO, and MOWOA for small size problems.

Adjustable Parameters Values

Population size n 3n 3n 4n 4n 4n 4n 4n

Maximum main loop iterations 2 3 4 25 30 35 40 45

Number of random start time selections 1 1 1 4 4 6 6 8

Crossover rate 0.1 0.1 0.2 0.2 0.6 0.6 0.6 0.6

Mutation rate 0.1 0.1 0.2 0.2 0.2 0.25 0.3 0.3

Probability of single-point crossover
selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of arithmetic crossover
selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of exchange mutation
selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of direction selection for
probability distribution 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Value of α 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.2

Value of π 0.01 0.01 0.02 0.03 0.04 0.04 0.05 0.05

Average number of non-dominated
solutions per 10 algorithm runs 4 4 5 5 7 8 10 11

Table 9. Parameter settings for NSGA-III, MOGWO, and MOWOA for medium size problems.

Adjustable Parameters Values

Population size n 3n 3n 4n 4n 4n 4n 4n

Maximum main loop iterations 2 3 4 25 30 30 30 30

Number of random start time selections 1 1 1 4 5 5 10 10

Crossover rate 0.1 0.1 0.2 0.2 0.6 0.6 0.6 0.6

Mutation rate 0.1 0.1 0.2 0.2 0.2 0.25 0.3 0.3

Probability of single-point crossover selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of arithmetic crossover selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of exchange mutation selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of direction selection for
probability distribution 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Value of α 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.2

Value of π 0.01 0.01 0.02 0.03 0.04 0.04 0.05 0.05

Average number of non-dominated solutions
per 10 algorithm runs 4.8 5.1 6.6 6.8 7 7.5 8.5 8.8
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Table 10. Parameter settings for NSGA-III, MOGWO, and MOWOA for large size problems.

Adjustable Parameters Values

Population size n 3n 3n 4n 4n 4n 4n 4n

Maximum main loop iterations 2 3 3 20 20 30 30 30

Number of random start time selections 1 1 1 4 5 5 5 5

Crossover rate 0.1 0.1 0.2 0.2 0.3 0.3 0.5 0.5

Mutation rate 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2

Probability of single-point crossover
selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of arithmetic crossover
selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of exchange mutation
selection 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Probability of direction selection for
probability distribution 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Value of α 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.2

Value of π 0.01 0.01 0.02 0.03 0.04 0.04 0.05 0.05

Average number of non-dominated
solutions per 10 algorithm runs 4.2 4.6 5.5 5.7 6 6.2 7.2 7.8

Table 11. Problem in large dimensions.

Problem Supplier Manufacturer Retailer Customer Product Raw Material

1 10 3 15 30 5 3

2 11 3 15 32 5 3

3 11 3 16 32 5 3

4 12 3 16 33 5 3

5 12 3 17 35 5 3

6 13 4 17 35 5 3

7 13 4 18 35 5 3

8 14 4 18 36 5 4

9 14 4 18 38 5 4

10 15 5 19 39 5 4

By solving the problem in large dimensions using the aforementioned algorithms and
considering the obtained Pareto points, it can be concluded that all three algorithms could
successfully solve the developed model. In the next section, the algorithms will be com-
pared in terms of efficiency. The performance criteria of the algorithms include the number
of generated Pareto points, distance to the ideal point, crowding distance, and computation
time. In the first criterion, a higher value indicates better algorithm performance. However,
for the remaining three criteria, a lower value indicates the efficiency and superiority of the
algorithm (Table 12 and Figures 6–9).
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Table 12. Algorithm performance comparison.

Problem

NSGA-III MOGWO MOWOA

No. of
Pareto
Points

Distance to
Ideal Point

Crowding
Distance

Solution
Time

No. of
Pareto
Points

Distance to
Ideal Point

Crowding
Distance

Solution
Time

No. of
Pareto
Points

Distance to
Ideal Point

Crowding
Distance

Computation
Time

1 11 0.77 75 67 8 0.79 93 71 14 0.81 85 76

2 15 0.84 63 78 16 0.78 94 84 16 0.83 66 90

3 15 0.86 97 97 12 0.78 86 99 11 0.8 50 100

4 11 0.71 95 111 13 0.79 79 119 13 0.81 86 110

5 13 0.74 71 126 11 0.79 83 136 12 0.82 93 121

6 6 0.75 82 138 11 0.81 97 155 11 0.77 97 134

7 7 0.79 83 150 9 0.8 94 173 16 0.83 95 148

8 11 0.8 77 170 10 0.81 52 186 8 0.81 87 160

9 10 0.81 100 181 15 0.82 74 197 7 0.82 64 178

10 6 0.8 57 194 6 0.82 58 212 16 0.81 73 191
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• Evidently, MOGWO generated the highest number of Pareto points, with NSGA-III
closely following. The higher the number of Pareto points, the more efficient the
algorithm is considered.

• In terms of distance to the ideal point, NSGA-III yielded the smallest distance to the
ideal point, while the other two algorithms show relatively similar performance in
this criterion.

• As for crowding distance, where smaller values indicate better efficiency, MOGWO
achieved the smallest crowding distance. However, MOWOA yielded the shortest
smalling distance in the third example.

• Computation time is another important criterion where lower values suggest that
the algorithm is more suitable. MOGWO achieved the shortest computation time,
followed closely by NSGA-III. MOWOA produced the highest computation time.

5.4. Results of Solving One of the Problems

In this subsection, a complete example is provided where the results of solving one
of the problems and the computation of decision variables are presented. By solving this
specific example, it is determined which supplier, factory, or retailer is optimal, and thus
the links between the nodes under optimal conditions are established. Additionally, the
transportation load to be delivered from one node to another is determined. The results are
provided in the form of the two schematic figures.

As can be observed in the Figure 10, the optimal selection of nodes has been completed
and it is specified which nodes are preferred, how the nodes should be connected, and
what quantity of products should be transferred.

Figure 11 shows which technology has been assigned to which nodes. Notably, the
model has been unable to simultaneously assign two technologies to any node and this can
be regarded as a limitation of this research.
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5.5. Analysis of the Impact of WSN and RFID

In this subsection, we analyze the way the WSN and RFID technologies affect the cost
and time objective functions of customers, suppliers, and retailers.

As can be observed, the use of RFID and WSN improved costs much more significantly
than times. Moreover, RFID appears to be generally more effective in improving customers’
cost and time (Table 13 and Figure 12).

Table 13. Impact of WSN and RFID on customers’ cost and time objective functions.

Customer Customer

RFID WSN RFID WSN

Cost Time Cost Time Improvement
in cost

Improvement
in time

Improvement
in cost

Improvement
in time

11,097 7790 11,111 7789 0.016921 0.001282 0.01568 0.00141
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According to Table 14 and Figure 13, WSN generated better results for retailers and
caused a greater reduction in costs. On the other hand, RFID was better in terms of reducing
delivery times.

Table 14. Impact of WSN and RFID on retailers’ cost and time objective functions.

Retailer Retailer

RFID WSN RFID WSN

Cost Time Cost Time Improvement
in cost

Improvement
in time

Improvement
in cost

Improvement
in time

11,182 7780 11,130 7787 0.009391 0.002564 0.013997 0.001667
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Figure 13. Impact of WSN and RFID on retailers’ cost and time objective functions.

Table 15 and Figure 14 shows that RFID slightly outperforms WSN in terms of improv-
ing suppliers’ cost and time objective functions.
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Table 15. Impact of WSN and RFID on suppliers’ cost and time objective functions.

Supplier Supplier

RFID WSN RFID WSN

Cost Time Cost Time Improvement
in cost

Improvement
in time

Improvement
in cost

Improvement
in time

11,095 7780 11,096 7782 0.017098 0.002564 0.017009 0.002308
Mathematics 2024, 12, x FOR PEER REVIEW 22 of 30 
 

 

 
Figure 14. Impact of WSN and RFID on suppliers’ cost and time objective functions. 

5.6. Analysis of the Impact of Blockchain 
In this subsection, we investigate the impact of implementing the blockchain 

technology on the cost and time of the supply chain’s components. 

Table 16 and Figure 15 show that using blockchain leads to a greater reduction in cost 
than in time. 

Table 16. Impact of blockchain on suppliers’ cost and time objective functions. 

Supplier Supplier 
Cost Time Improvement in Cost Improvement in Time 

11,156 7785 0.011694 0.001923 

 
Figure 15. Impact of blockchain on suppliers’ cost and time objective functions. 

Table 17 and Figure 16 show that adopting the blockchain technology can reduce the 
production cost. Furthermore, the positive impact of blockchain on costs exceeds its 
impact on time. 

Table 17. Impact of blockchain on manufacturers’ cost and time objective functions. 

Manufacturer Manufacturer 
Cost Time Improvement in Cost Improvement in Time 

11,116 7785 0.015237 0.001923 

0
0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016
0.018

Improvement in cost Improvement in time Improvement in cost Improvement in time

RFID WSN

Im
pr

ov
em

en
t a

m
ou

nt

Type of improvement

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

Improvement in cost Improvement in time

Im
pr

ov
em

en
t a

m
ou

nt

Type of improvement

Figure 14. Impact of WSN and RFID on suppliers’ cost and time objective functions.

5.6. Analysis of the Impact of Blockchain

In this subsection, we investigate the impact of implementing the blockchain technol-
ogy on the cost and time of the supply chain’s components.

Table 16 and Figure 15 show that using blockchain leads to a greater reduction in cost
than in time.

Table 16. Impact of blockchain on suppliers’ cost and time objective functions.

Supplier Supplier

Cost Time Improvement in Cost Improvement in Time

11,156 7785 0.011694 0.001923
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Table 17 and Figure 16 show that adopting the blockchain technology can reduce the
production cost. Furthermore, the positive impact of blockchain on costs exceeds its impact
on time.

Table 17. Impact of blockchain on manufacturers’ cost and time objective functions.

Manufacturer Manufacturer

Cost Time Improvement in Cost Improvement in Time

11,116 7785 0.015237 0.001923
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As Table 18 and Figure 17 show, using blockchain simultaneously reduces retailers’
delivery times and costs. The impact of this technology is more significant on costs than on
time.

Table 18. Impact of blockchain on retailers’ cost and time objective functions.

Retailer Retailer

Cost Time Improvement in Cost Improvement in Time

11,156 7785 0.011694 0.001923
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5.7. Analysis of the Impact of Online Sales

We now look at the improvements caused by the use of online sales which can only
be applied for the retailer. Similar to the previous sections, the results are presented in the
form of a table and a figure.
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As Table 19 and Figure 18 show, the impact of online sales on cost reduction or
improvement is more significant than on time.

Table 19. Impact of online sales on retailers’ cost and time objective functions.

Retailer Retailer

Cost Time Improvement in Cost Improvement in Time

11,170 7782 0.010454 0.002308
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5.8. Comparison of the Results

This section focuses on specifying which technology has proven to have a greater
impact on improvement of the cost and time objective functions at each level of the supply
chain. The comparison is presented in the form of the following Tables 20 and 21 and
Figures 19–22.

Table 20. Comparison of the improvements caused by the use of RFID and WSN.

Cost RFID WSN Time RFID WSN

Initial 11,288 11,288 Initial 7800 7800

Customer 11,097 11,111 Customer 7790 7789

Retailer 11,182 11,130 Retailer 7780 7787

Supplier 11,095 11,096 Supplier 7780 7782

Table 21. Comparison of the improvements caused by the use of blockchain.

Cost Time

Initial 11,288 7800

Suppliers 11,156 7785

Manufacturers 11,116 7785

Retailers 11,170 7785
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Figure 19. Comparison of the improvements in cost caused by the use of RFID and WSN in supply
chain nodes.
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Figure 20. Comparison of the improvements in time caused by the use of RFID and WSN in supply
chain nodes.

• The use of RFID at the customer and supplier levels resulted in a greater reduction in
costs compared to WSN.

• For retailers, WSN was more effective in reducing the cost.
• The use of RFID at the retail and supplier levels led to a significant reduction in time.
• Overall, WSN had a more significant impact overall compared to RFID for customers;

however, RFID had a more positive impact on time.

• Blockchain contributed to a significant reduction in costs for suppliers, manufacturers,
and retailers.

• Blockchain significantly reduced the delivery times of retailers, manufacturers, and
suppliers.

• Overall, blockchain had the greatest impact on manufacturers.
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Figure 21. Comparison of the improvements in cost caused by the use of blockchain in supply chain
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6. Conclusions

The model presented in this research was subjected to extensive analysis and val-
idation. Due to its NP-Hard nature, we utilized metaheuristic algorithms to solve the
problem. After defining the problem in large dimensions, the efficiency of the algorithms
was evaluated based on four criteria: distance to the ideal point, Pareto point generation,
crowding distance, and computation time. Overall, the MOWOA method appeared to
have performed better in terms of Pareto point generation, while MOGWO demonstrated
higher computational efficiency. Subsequently, a general example was considered and
the impact of solving the model was examined on the example. Next, the optimal node
selection, product selection, and node interconnections were determined. After completing
the aforementioned steps, a full analysis was conducted on the use of each of the IoT
technologies explored in this research.

The outcome indicated a significant overall impact on total cost and delivery times,
accomplishing the goal of the model by minimizing both the primary and secondary
objective functions. However, the general conclusion is that the impact of adopting the
two technologies on the reduction in cost is more significant than their impact on time.
Therefore, the authors recommend that they should be utilized in supply chains since,
in spite of the costs associated with adopting such technologies, they cause a notable
reduction in the overall cost, with a significant portion of the cost reduction attributed to
the decreased inventory costs. Thus, due to the long-term cost and time reduction benefits,
the optimal use of these technologies is strongly advised, and industry managers should
establish a culture of utilizing the technologies within their respective organizations.
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The use of these technologies can lead to the improvement of cost and time perfor-
mance for all nodes of the supply chain, but the general result is that these two technologies
lead to a significant improvement in cost compared to time. This amount is ten times the
time, which shows the importance of using these two technologies.

Based on the limitations of this study, the authors would like to propose the following
directions for future research: (a) Considering reliability, perishable product deterioration
rate, and risk in intelligent supply chain; (b) incorporating uncertain parameters and
utilizing robust optimization; (c) classifying different technologies according to their levels;
(d) assessing the adaptability of different technologies; and finally (e) developing multi-
stage mathematical models as the solution.
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Abbreviations

Demlmk Customer demand for product m from retailer k
FSuppi Fixed cost of establishing supplier i
FMenj Fixed cost of establishing factory j
FRetk Fixed cost of establishing retailer k
CR f idl Cost of installing RFID technology at customer node l
CWsnl Cost of installing WSN technology at customer node l
RR f idk Cost of installing RFID technology at retailer node k
RWsnk Cost of installing WSN technology at retailer node k
SCapin Capacity of supplier i for procuring material n
FCapjm Capacity of factory j for manufacturing product m
RCapkm Capacity of retailer k for product m
MCostijn Cost of purchasing factory j’s raw material n from supplier i
FCostmjk Cost of purchasing factory j’s product m from retailer k
RCostmkl Cost of purchasing product m from retailer k for customer l
SFtimeijn Delivery time of raw material n from supplier i to factory j
FRtimemjk Delivery time of product m from factory j to retailer k
RCtimemkl Delivery time of product m from retailer k to customer l
TCostijn Cost of transporting raw material n from supplier i to factory j
TCostmjk Cost of transporting product m from factory j to retailer k
TCostmkl Cost of transporting product m from retailer k to customer l

ALTimeWR f idni
Average procurement time of raw material n by supplier i for factory j
without RFID

ALTimeR f idnij
Average procurement time of raw material n by supplier i for factory j
with RFID

ALTimeWWsnnij
Average procurement time of raw material n by supplier i for manufacturer j
without WSN

ALTimeWsnnij
Average procurement time of raw material n by supplier i for manufacturer j
with WSN

BCICosti Cost of implementing blockchain for supplier i
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BCICostj Cost of implementing blockchain for factory j
BCICostk Cost of implementing blockchain for retailer k
internetsalek Cost of implementing online sales for retailer k
maxinvkm Maximum inventory level of product m for retailer k
mininvkm Minimum inventory level of product m for retailer k

Decision Variables

Xi A binary variable that equals 1 if supplier i is active; otherwise, 0
Yj A binary variable that equals 1 if factory j is active; otherwise, 0
Zk A binary variable that equals 1 if retailer k is active; otherwise, 0

uinj
A binary variable that equals 1 if supplier i delivers raw material n to factory j;
otherwise, 0

vjmk
A binary variable that equals 1 if factory j delivers product m to retailer k;
otherwise, 0

wkml
A binary variable that equals 1 if retailer k delivers product m to customer l;
otherwise, 0

XLRfidl
A binary variable that equals 1 if RFID technology is installed at customer node l;
otherwise, 0

XLWsnl
A binary variable that equals 1 if WSN technology is used at customer node l;
otherwise, 0

XKRfidk
A binary variable that equals 1 if RFID technology is installed at retailer node k;
otherwise, 0

XKWsnk
A binary variable that equals 1 if WSN technology is used at retailer node k;
otherwise, 0

XIRfidi
A binary variable that equals 1 if RFID technology is installed at supplier node i;
otherwise, 0

XIWsni
A binary variable that equals 1 if WSN technology is used at supplier node i;
otherwise, 0

QIJBCnij Quantity of raw material n transported from supplier i to factory j with blockchain

QIJWBCnij
Quantity of raw material n transported from supplier i to factory j without
blockchain

QJKBCjmk Quantity of product m transported from factory j to retailer k with blockchain
QJKWBCjmk Quantity of product m transported from factory j to retailer k without blockchain
QKLBCkml Quantity of product m transported from retailer k to customer l with blockchain
QKLWBCkml Quantity of product m transported from retailer k to customer l without blockchain
XBCIi A binary variable that equals 1 if blockchain is used for supplier i; otherwise, 0
YBCJj A binary variable that equals 1 if blockchain is used for factory j; otherwise, 0
ZBCKk A binary variable that equals 1 if blockchain is used for retailer k; otherwise, 0
Xiskm A binary variable that equals 1 if online sales are used for retailer k; otherwise, 0
Qiskm The sales quantity of product m through online sales for retailer k
invkm Inventory level of product m for retailer k
firstinvkm Initial inventory level of product m for retailer k
repinvkm Optimal replenishment level of product m under VMI policy for retailer k
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