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Abstract

The issue of global climate change has attracted worldwide attention. Many scientific
studies have shown that in daily life and industrial production, greenhouse gases such as
carbon dioxide are an important cause of climate warming and have an important impact
on human survival and development. To effectively control the emission of greenhouse
gases such as carbon dioxide, a "low carbon economy" composed of "low energy consump-
tion", "low pollution" and "low emission" has emerged and has gradually become a new
economic form. Given the problem that the low-carbon supply chain network computing
speed is not fast enough and the cost is high, The purpose of this paper was to explore the
use of big data technology to design and optimize a low-carbon supply chain network in
China in the context of a low-carbon economy, to seek the optimal balance. In this paper,
through the study of the calculation example, the improved genetic algorithm proposed in
this paper had obvious advantages in all aspects. For example, its operation speed was fast,
which only took 23.15 s. At the same time, it had good convergence and strong stability,
which can avoid local optimum. At the same time, it could be found that a good supply
chain network could not only reduce carbon emissions, but also reduce costs and bring
better benefits to enterprises. Thus, the need to continuously improve the supply chain net-
work is necessary.
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1 Introduction

With the fast and booming global economy, the commercial circulation industry has
developed rapidly. However, due to the wide variety of commodities on a global scale,
large amounts of greenhouse gases are produced during the production process, trans-
portation, storage, and distribution, resulting in the deterioration of the global climate
and ecological environment. Under this circumstance, the "low-carbon economy" has
become the consensus of countries around the world, and a series of low-carbon con-
cepts such as low-carbon consumption and low-carbon society have been put forward
one after another. However, the low-carbon economy is characterized by low pollution,
low energy consumption, and low emissions, and its fundamental goal is to solve the
problems of global temperature rise and climate warming. The essence of a low-carbon
economy is to promote energy efficiency, energy saving, and renewable energy, and to
reduce emissions of greenhouse gases, as well as develop low-carbon products to main-
tain the world’s ecological balance. This is a new way of economic development in the
energy era from high carbon to low carbon. Under this general trend, a new model of
low-carbon economic development—a low-carbon supply chain came into being. Low-
carbon supply chain refers to the integration of low-carbon, environmental protection,
and other ideas into each link of the supply chain, such as raw material supply, prod-
uct production, product distribution, product recycling/remanufacturing, and waste dis-
posal. While considering the economic benefits, it is necessary to consider the ecologi-
cal benefits it produces. Therefore, an optimization model was constructed through the
big data algorithm, which further improved the research on related issues in the field of
supply chain network planning.

With the development of informatization, the market environment is also constantly
changing, and competition between companies has transformed into competition between
supply chains. Therefore, the requirements for the supply chain are getting higher and
higher, and many scholars across the country have studied this. In order to assess the impact
of climate change on livestock production and evaluate response strategies, Muhammad U
and other scholars used multi-group analysis (MGA) in the partial least squares path model
(PLS-PM) to compare adaptors and non-adapters of climate change adaptation strategies.
However, the results show that the adverse effects of climate change will have a serious
impact on the livestock supply chain network (Muhammad et al., 2023). Ma S and other
scholars established differential game models of four different LTSC network structures to
explore the optimization of low-carbon tourism supply chain networks with vertical and
horizontal cooperation. The results show that horizontal or vertical cooperation among
LTSC network members is not always beneficial to the entire LTSC. network performance
(Ma et al., 2023). Shen L and other scholars constructed a low-carbon e-commerce sup-
ply chain (LCE-SC) game decision-making model to discuss the impact of commissions
and carbon trading on the optimal decision-making of LCE-SC. The results show that the
implementation of carbon trading is conducive to regional sustainable development and
controlling the intensity of environmental governance is conducive to improving carbon
productivity (Shen et al., 2021). Scholars such as Zou F have explored the impact of retail-
ers’ low-carbon investment on the supply chain under carbon tax and carbon trading poli-
cies, providing a reference for future scholars to study low-carbon supply chain networks
(Zou et al., 2020). According to the above-mentioned scholars, although the performance
of designing and optimizing China’s low-carbon supply chain network has been improved
to a certain extent, the computing speed is not ideal.
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With the development of science and technology, big data and related technologies
have also been fully developed. Related algorithms have also increased and are gradually
applied to all walks of life. Ren Y and other scholars optimized the supply chain network
based on the genetic algorithm of fuzzy stochastic low-carbon comprehensive forward and
reverse logistics network design. The results show that the fuzzy stochastic programming
model has strong practicability and short computing speed (Ren et al., 2020). To minimize
costs, scholars such as Zhang T use the multi-objective ant colony algorithm based on cha-
otic particles to optimize the sustainable supply chain network (Zhang et al., 2023). Schol-
ars such as Wang Y summarized the application of digital technologies such as big data
algorithms in green supply chains, providing a reference for future scholars (Goodarzian
et al., 2021; Wang et al., 2023). It can be seen that it is feasible to optimize the low-carbon
supply chain network by combining big data algorithms.

The ecological environment is the base of human existence and growth, which is now
being continuously destroyed. Everyone should take care to protect their home. In terms of
supply chain, it can be optimized to reduce carbon emissions, to protect the environment.
In this paper, the supply chain network was optimized based on the genetic algorithm.
Compared with others, the improved genetic algorithm optimization result was slightly bet-
ter. In terms of operation speed, it only took 23.15 s.

The main contributions of this article are as follows:

e To solve the problem of low-carbon supply chain network calculation speed not being
fast enough and high cost: introducing big data technology to design low-carbon sup-
ply chain network can find potential carbon emission hotspots and optimization space,
thereby guiding supply Design and operation of chain networks to reduce carbon emis-
sions.

e Application of improved genetic algorithm: The improved genetic algorithm is used to
optimize the low-carbon supply chain network, which can find optimal solutions in a
large-scale search space, avoid falling into local optimal situations, and reduce trans-
portation costs.

e Excellent performance: After a large number of experiments, the performance of the
low-carbon supply chain network optimized using the improved genetic algorithm is
better than the simulated annealing algorithm and the particle swarm algorithm, high-
lighting its advantages and reducing transportation costs while reducing computing
time.

e The framework of this article is specifically developed as follows: Sect. 1 introduces the
background and significance, related work, and the contribution of this article; Sect. 2
elaborates on the low-carbon multi-level supply chain network model; Sect. 3 intro-
duces the improved genetic model under the big data algorithm Algorithms optimize
supply chain networks. Section 4 introduces the implementation details and experimen-
tal results and analysis; Sect. 5 outlines the conclusion of the article.

2 Low-carbon multi-level supply chain network model
2.1 Overview of supply chain network and supply chain management

In a complete supply chain, the procurement of raw materials starts from the factory.
After processing in the factory, the final product is obtained. The finished product is
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then transported to the warehouse, and then the finished product is sold to the customer
by the retailer (Ye & Wang, 2019). A supply chain is a functional network system that
connects suppliers, manufacturers, distributors, retailers, and end consumers (Hammou
et al., 2018). It can be seen that the supply chain involves the whole process from pro-
curement to final sales. Information, products, and funds flow between these various
stages. The supply chain network diagram is shown in Fig. 1.

In supply chain management, not only a single link but also the influence of each link
should be considered comprehensively to maximize the benefits of the system. Supply
chain management refers to the effective integration of suppliers, manufacturers, dis-
tribution centers, and retailers in the supply chain. It enables the control of product,
information, and capital flows, which minimizes the total cost of the system and ensures
a certain level of service.

2.2 Overview of green supply chain
2.2.1 Definition and content of green supply chain management

The green supply chain, also known as the supply chain with environmental awareness,
aims to promote the development of the production chain under the premise of fully
considering environmental factors (Cui et al., 2018). At present, some scholars have
defined the concept of a green supply chain as "through cooperation with upstream man-
ufacturers and exchanges with various links in the enterprise. In product design, mate-
rial selection, product manufacturing, sales, recycling, and other links, the maximum
environmental protection benefits are achieved, and the environmental performance
and economic benefits of the enterprise are improved, thereby achieving the sustainable
development of the enterprise and the supply chain."

v
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1stnbulors Retallers

Customers- -

Customers- -

Customers- -

Fig.1 Supply chain network
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2.2.2 Significance of green supply chain management

The implementation of the green supply chain can bring the following benefits to the
company (Minjie et al., 2023; Najia et al., 2023):

1. Integrate the environmental effects of supply chain activities into every part of the supply
chain and adopt appropriate environmental protection strategies to achieve sustainable
development.

2. Through clean production and waste recycling, they can improve the utilization rate of
resources and make enterprises gain greater economic benefits.

3. By cooperating with upstream and downstream enterprises in the supply chain, they
can provide consumers with green and environmentally friendly products and win their
favor.

4. It is beneficial to enhance the social image of the enterprise itself.

The importance of this study lies in the successful implementation of low-carbon
optimization of the supply chain network through the introduction of an improved
genetic algorithm, which provides a practical solution for sustainable development and
the construction of a low-carbon society. The optimized network structure not only
achieved significant economic benefits but also significantly reduced the adverse impact
on the environment, emphasizing the key role of the supply chain network in sustainable
development. This research not only expands the boundaries of supply chain network
optimization in theory but also provides innovative application practices for the industry
and provides strong support for future green supply chain management.

2.2.3 Network design of green supply chain

The green supply chain network design is to integrate environmental factors such as
reverse logistics and carbon emissions into the supply chain network design, to achieve
a balance between economic and environmental benefits (Smith & Powell, 2019). In
addition to the supply chain cost and responsiveness that traditional supply chain mod-
els need to consider, green supply chain design considerations should also minimize the
environmental impact of the entire supply chain. So, the decisions that need to be made
in the design of green supply chain networks include not only those involved in tradi-
tional supply chain networks but also decisions related to the environment.

2.3 Low-carbon economy and low-carbon supply chain management
2.3.1 Low carbon economy

In the context of global warming, especially after the Copenhagen Summit, the low-
carbon economy has received widespread attention. Low-carbon economy refers to the
replacement of traditional fossil energy with clean energy such as wind energy, solar
energy, and nuclear energy to achieve the purpose of energy saving, emission reduction,
emission reduction, and pollution reduction.
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2.3.2 Low-carbon supply chain management

The low-carbon supply chain is a further development of the green supply chain. Many
scholars have given various definitions of a green supply chain, and some studies call it a
closed-loop supply chain or sustainable supply chain; some define it as an environmentally
ethical supply chain, an integrated supply chain, or a socially responsible supply chain.
No matter how it is named, its prominent focus is also "environment" (Manogaran et al.,
2018). Suppliers, manufacturers, and customers should share responsibility for the environ-
mental impact of the production and use of products. The reverse supply chain and the for-
ward supply chain form a closed-loop supply chain for recycled materials, which are then
reused and remanufactured into new materials or other products. A green supply chain is
a dual-purpose structure that includes reducing costs and reducing manufacturing waste. It
is a fact that many manufacturing companies have taken supply chain management as their
core competitiveness.

With the increasing emphasis on carbon emissions and the rise of carbon trading mar-
kets around the world, green supply chain management has gradually increased the require-
ments for low-carbon demand, and the concept of low-carbon supply chain management
has emerged as the times require (Tsao et al., 2021). The main way to reduce carbon emis-
sions within the supply chain is by reducing carbon emissions within the manufacturing
process. Based on optimizing the production operation and decision-making methods of
enterprises, carbon reduction methods such as adjustment of supply chain structure or
improvement of logistics network design are gradually being valued by enterprises. Low-
carbon supply chain management involves multiple links such as raw material suppliers,
manufacturers, distributors, and final consumers. The management content involves prod-
uct design, procurement methods, marketing channels, transportation and distribution
channels, consumption and recycling, etc. Enterprises in the supply chain are required to
fully consider low-carbon management issues while pursuing their business goals, to min-
imize environmental pollution at all stages of the supply chain (Alguliyev et al., 2019).
It allows enterprises to obtain maximum profits and reduce environmental burdens while
saving resources. Enterprises are required to raise their awareness of social responsibility
without compromising their interests. Therefore, the low-carbon supply chain has further
developed the requirements of green supply chain management, all of which are to reduce
resource consumption and achieve the purpose of protecting the environment.

2.4 Network type

There are six types of products based on the paths they take through the supply chain
network:

1. The inventory of this product is the responsibility of the manufacturer, and it is shipped
directly from the manufacturer to the customer. Under this sales model, the inventory of
the product belongs only to the manufacturer, not to the distributor. Instead, it is shipped
directly from the production plant to the customer, and the dealer’s job is to collect and
ship the customer’s order, as can be seen in Fig. 2:

2. The sale of the product is the responsibility of the manufacturer and the 3PL company.
In this mode, the dealer receives the order from the customer, and the manufacturer is
then notified of the order. The 3PL company then purchases parts from multiple manu-
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Distribution center \ 5!

logistics information flow

Fig.2 Manufacturer-held, direct product delivery to customer model

\ N Distribution center

3PL Corporation

—— — E—

logistics information flow

Fig. 3 Manufacturer is responsible for product sales, 3PL companies package and deliver model

facturers and assembles them into a product, as well as delivers them to customers, as
shown in Fig. 3:
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3. The distribution center is responsible for inventory and sales, and the 3 PL company is
responsible for distribution. In this model, the dealer receives the order from the cus-
tomer and sends it to the manufacturer, and then the product is sent to the dealer. The
distributor then sells the product to the customer, which is ultimately transported by the
3 PL company designated by the manufacturer, as can be seen in Fig. 4:

4. The distribution center completes the sales and distribution of goods. In this type of
situation, the distributor accepts the customer’s order and sends it to the manufacturer.
The product is then distributed to distributors or retailers and the finished product is
finally delivered to consumers through distributors or retailers, as can be seen in Fig. 5:

5. The manufacturer is responsible for sales, and the customer takes the goods by himself.
In this mode, the sales center receives orders from network or telephone users. The order
is then sent to the manufacturer, who delivers the product to the delivery location and
then notifies the customer to pick it up at the delivery location, as can be seen in Fig. 6:

6. Distributors are responsible for product sales, and customers pick them up. In this case,
the distributor receives the order from the customer. The order is then sent to the manu-
facturer, who is then notified to pick it up at the retailer, as can be seen in Fig. 7:

2.5 Supply chain network optimization model

Assuming that the supply chain network has a product manufacturing plant, x alterna-
tive distribution centers, and y independent distribution points, in the alternative loca-
tions of the x distribution centers, a distribution center is selectively set up to complete the

market

logistics information flow

Fig.4 Distributor sales, 3PL company delivery model
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Fig.5 Distributors are responsible for product sales and distribution model
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Fig. 6 Manufacturer responsible for product sales, customer pick-up modelB

distribution within the region. A typical single source and multiple transfer point logistics
network is formed to reduce the overall cost of the system (Li et al., 2018).
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Fig. 7 Distributor responsible for product sales, customer pick-up model

2.5.1 Model assumptions

1. The location of the manufacturer and the seller has been determined, and the manufac-
turer has sufficient supply capacity.

2. A distribution center can supply multiple distribution points. However, each distribution
point is limited to one distribution center, which has a limited capacity.

3. The order turnover time between the distribution center and producer is fixed. The order-
ing distribution center can replenish the inventory for the distribution point in time, and
the distribution center holds the safety stock. The distribution point holds only circulat-
ing inventory and does not take into account the cost of distribution point inventory.

4. The distribution center uses the (o, O) inventory strategy of continuous inspection. When
the inventory drops to p, the sales center gives the order quantity as [(O-o0) + average
lead-time demand].

5. The probability distribution of the demand of distribution points is known and satisfies
the normal distribution, and the demand of each distribution point is not related.

6. Transportation cost increases as the volume of transportation increases, and transporta-
tion cost as the distance of transportation increases.

2.5.2 Related cost evaluation

In the supply chain network, facility cost, inventory cost, and transportation cost account
for a very large proportion of the system cost, so they must be considered comprehensively
in supply chain network optimization (Zokaee et al., 2017). The overall cost for the sup-
ply chain network is examined from a cost perspective, mainly including: the fixed cost of
distribution center Gy, distribution cost from production point to distribution center G,
distribution point cost of distribution center G,, order cost of distribution center G, the
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inventory cost of the distribution center Gy, and the out-of-stock cost of the distribution
center Gg.

1. Distribution center fixed cost

It mainly refers to the cost required for the operation of the distribution center, including
the related costs of establishing and operating the distribution center. Fixed fees are gener-
ally proportional to the size (capacity) of the distribution center, but not linearly.

The daily fixed cost of a distribution center is shown in the following formula:

Gy = pr B, )
<

Among them, P is the set of alternative distribution centers, p € P,P = {1,2, .- ,x} and
J, are the daily fixed costs for the construction and operation of the distribution center i,
and B, refers to whether to establish a distribution center at the alternative point p. B,=1
means establishing a distribution center, and B,=0 means not establishing a distribution
center.

2. Distribution center inventory-related costs

Since distribution point demand is random, the distribution center has a buffer of safety
stocks. Under the continuous inventory management strategy, there is a shortage of order
lead time in the distribution center (Sabegh et al., 2017). The demand distribution of the
distribution center can also be expressed by the demand distribution of the distribution
points it provides. The daily demand of distribution points is random, and the demand
among distribution points is independent of each other and obeys a normal distribution
N(8,.82),

It can be seen that the daily demand of the distribution center also obeys the normal dis-
tribution N (19 52 ); the demand of the distribution center in the lead time Lp also obeys

wp? “wp
the normal distribution N <Lp19wp, Lpéz ) Among them:
wp
y
Sp = Z 94Apq (2)
q=1
y
2 _ 2
6Wp - Z anPq 3)
q=1

Among them, Q is the set of distribution points that need service,q € Q,Q = {1,2, .-+, y}
and 9, are the mathematical expectations of the daily demand of the distribution point q,
and 6, is the standard deviation of the daily demand of the distribution point q. According
to the assumption, the distribution center in this model adopts the (o, O) inventory strategy
of continuous inspection. When the inventory drops to o, the distribution center issues an
order with an order quantity of [(O—o0)+ average lead-time demand]. The main parameters
of inventory include reorder point and maximum inventory.

(1) Safety stock and reorder points

Service level refers to the expected probability of out-of-stocks for each order lead time.
According to the given service level, the corresponding safety stock can be calculated, and
then the reorder point can be calculated from the safety stock (Yang et al., 2018). During
the supply process, when the market demand is greater than the reorder time o, there is a
shortage problem. Thus, the following formula can be derived:
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p = R(market demand in the pre — order period L is less than or equal to 0) 4)

Among them, p is the service level, that is, the supply level of the replenishment cycle,
which refers to the probability that there would be no shortage of goods within an order
lead time.

The distribution function of the normal distribution is denoted as F(c, 8, §), which rep-
resents the probability that a random variable obeying a normal distribution with a param-
eter of 9, 52 is less than or equal to c. When 9 = 0,6 = 1, that is, when the random variable
is a standard normal distribution, the distribution function is recorded as ¢(c), then there
are:

F(c,19,5)=q§<cg19> )

According to the above analysis, the service level of distribution center p without out-
of-stock probability can be obtained:

L3,
_F<0p’Lp8wp’ Lpéwp> ( \/—g p) (6)
p wp

From the formula, the reorder point of distribution center p can be obtained:

H(2p) 3/ LoBup LS ™

Among them, p, is the target service level provided by the distribution center p. Accord-
ing to the definition of the reorder point, it is the sum of the average demand and safety
stock of the order lead time, so the reorder point of the distribution center p has the follow-
ing formula:

0, = Lp'gwp + 00, (8)

0o, is the safety stock. According to the definition of safety stock under the condition
of uncertain demand and fixed lead time, the safety stock of distribution center p can be

obtained:
00, = k,/L,8,, )

k,, is the safety stock factor. From Formulas 7-9, the safety stock coefficient of distribution
center p can be obtained under the condition that the service level is satisfied:

b =47"(r) (10)

Therefore, the safety stock coefficient k,, reorder point o, and safety stock oo, of each
distribution center can be obtained.

(2) Average inventory holding cost

When calculating the inventory cost of the inventory, the inventory cost of the inven-
tory should be determined first. Commonly used is the cost of the unit product, which is
expressed as the sum of the purchase price of the unit product and the purchase cost of the
unit product (Devi & Sabrigiriraj, 2019). In general, once this percentage is determined, it
is usually viewed as a constant, that is, the holdings per unit of inventory are fixed.
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The order quantity of distribution center P is [+ average lead-time demand], namely:

N,=0,-0,+L,9,,=0,-k/L3d,, (11)

According to the definition of average inventory, the average inventory of distribution
center p can be known:

P =

» — + 0o

NI’
2 p

_ (0, + kpz\/L_péwp) 12

The daily average inventory carrying cost for the distribution center is obtained by mul-
tiplying the storage cost per unit of product by the average inventory:

x O, +k,\/Ld
6y = 1y 0 T0)

p=1

13)

Among them, /&, refers to the daily storage cost of the product in the distribution center
p-
(3) Ordering cost
Subscription fees consist of two main areas: The first is the fixed cost required for order-
ing. The other is the cost of the product itself related to the order quantity, which is a vari-
able cost, mainly including the price of the product, transportation costs, etc. The ordering
cost for this model is a fixed ordering cost related to the number of orders.
The expected value of the number of orders in the distribution center p-day is fvi The

b
expected value of the daily order cost of the distribution center is equal to the product of
the cost per order and the expected number of daily orders:

9 * 9
G, = 0. —2 — 0. — " 14
? 1; le’ 1; p(Op_kp\/L_pSWP) (1

(4) Out of stock cost

Out-of-stock cost refers to the loss of sales and the expected loss of customers due to
out-of-stock.

The average out-of-stock quantity in the order cycle of distribution center p is as follows:

© o,—L,3, o,—L3,
EO, =0/” <xl’ - op)f(xp)dxp = (LP’9W11 - 0]’)<1 - ¢<ﬁ>> + \/L—pawr/(p<ﬁ>
s)
It can be obtained by the formula:
EO, = LpéWp(p(kp) + kpéwn‘ﬁ(kp) = kydyp (16)

Among them, f (xp) is the probability density function of the demand of the sales center

pYwp
of the standard normal distribution. d is the probability density function of the standard
normal distribution.
The expected service level of the distribution center p is measured by the probability of
not being out of stock, namely:

in the lead period. x, ~N (L 9 Lpéfvp> and ¢(-) are the probability distribution functions

@ Springer



F.Yuetal.

OP
EOL, = _/ f(xp)dxp = q)(kp) 17
Therefore, the daily out-of-stock cost at the distribution center is:
* E
P
Gy = Z L_< Lpéwp(p(kp) + kpéwpd)(kp) - kpﬁwp) (18)
p=1""P

(5) Shipping cost
The expected value of the daily transport cost per day from the manufacturing plant to
the distribution center is:

X

¥
Gr = Z Z dp94Apg (19)

p=1g=1

The expected value of the daily transport cost per day from the distribution center to the
distribution point is as follows:

Xy
G = Z Z bpg®4Ang (20
p=1 g=1

(6) Total system cost.
To sum up, the total daily system cost of the supply chain network is the sum of the
above-mentioned costs, namely:

TG =Gy + G+ G, + Gy + Gy + Gy 1)

It can be obtained by derivation:

20,9,
=5t kyA/LySyp (22)

2.5.3 Model Establishment
According to the above comprehensive analysis of the total cost of the supply chain net-
work, Formula 22 is substituted into Formula 21, and the following inventory control-

based supply chain network optimization model (Distribution-networkLocationInventory-
Model, DLIM) can be established.

min(TG) = min{Gy, + Gy + G, + Gy + G, + G} (23)

3 Supply chain network optimization under big data algorithm
3.1 Overview of big data algorithms

Big data algorithms require more powerful decision-making capabilities to analyze mas-
sive, high-rate, and diverse data to obtain its potential value. That is, under certain
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conditions, through a large amount of data as input, an algorithm that meets the require-
ments is generated under certain time constraints.

3.1.1 Big data evaluation methods

Big data algorithm is an important topic in big data at present, which requires a lot of data
analysis to obtain more intelligent, in-depth, and useful information. The rapid develop-
ment of big data technology determines its status and value in big data applications.

3.1.2 Application of big data evaluation algorithms

Today, as the era of big data comes, big data analysis methods are increasingly used by
the public in various fields. Currently, the most well-known is the application of big data
analysis methods in the trade industry. With the wide application and rapid development
of big data analysis methods in business, finance, medical care, transportation, and other
industries, data analysis algorithms are also commonly used when optimizing the supply
chain. Therefore, this time, a genetic algorithm would be used to optimize the low-carbon
multi-level supply chain.

3.2 Network optimization based on genetic algorithm
3.2.1 Overview of genetic algorithms

Genetic Algorithm (GA) is a global optimal adaptive probabilistic search algorithm based
on genetics and evolution. The method first starts from the initial population with potential
solution sets. The genetic operator is used to select the degree of adaptation of individuals
in the problem area, and the genetic operator is used to combine crossover and mutation of
the population, to form a population with a new solution set and enable the group to better
adapt to the new environment.

3.2.2 Characteristics of genetic algorithms

The genetic algorithm is a robust search algorithm. The method has the following advan-
tages over other optimization algorithms:

The code of the decision variable is used as the object of the operation.
The target function is used directly as information for the search.

More than one search point at a time in an information search is used.
The probabilistic search technique is used.

e

3.2.3 Improved genetic algorithm to solve the model

As the basic genetic algorithm for heuristic search, the principle of its optimal solution is
not very mature. In practical applications, problems such as slow convergence, poor sta-
bility, and precociousness are often encountered. This paper proposes a simplified coding
algorithm to reduce chromosome storage space. In addition, an improved method of adap-
tive probability and mutation probability based on self-adaptation is also presented in this
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paper, which can improve the individual diversity in the population to a certain extent,
thus effectively preventing the problem of premature maturity of the genetic algorithm.
Results show that the approach not only ensures population diversity but also can effec-
tively improve the performance of the genetic algorithm and can well resolve early conver-
sion and late search lag.

In the probability of crossbreeding, the probability of mating is too high if the genera-
tion of new individuals would be accelerated, and individuals with high fitness would have
a higher probability of being destroyed; if the probability of crossover is too low, it would
be difficult to generate new individuals and the algorithm would stall. In the mutation prob-
ability, if the value of the variable is too high, the method would become a pure random
search; if the chance of genetic mutation is low, it is difficult to create new genes. Among
them, the crossover probability P, and the mutation probability P, are adaptively adjusted
according to the following formula.

C](f;rmx_f/) />

Py=d Ty ) 2 (24)
CZf’ <favg
&3 (foa=f) >

p = { Ty 2 e 25)
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In the formula, f,,, and f,,, respectively represent the maximum fitness value in the
population and the average fitness value of each generation of the population, f” represents
the larger fitness value of the two individuals to be crossed, and f represents the fitness
value of the individual to be mutated. ¢, c,, c3, ¢, takes the value in the interval (0, 1).
Among them, the crossover probability P, and the mutation probability P, are adjusted
with the change of the fitness value, as shown in Fig. 8.

The algorithm makes the average fitness and maximum fitness value of the group
have a linear relationship with the degree of individual fitness. With the increase in
fitness, the probability of crossover and mutation also decreases; the probability of

Pr Pv

0 fan fY fmax f O fa\'g f fmax f
(a) Adaptive crossover probability (b) Adaptive variability probability

Fig. 8 Adaptive crossover probability and variability probability
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crossover and variation is almost zero when the fitness is close to the maximum fitness.
However, this method has a major drawback, that is, its performance is not ideal in the
early stages of evolution.

Based on the adaptive genetic algorithm, the adaptive crossover probability and
mutation probability are improved. The improved crossover probability P, and mutation
probability P, are adaptively adjusted according to the following formula.

P, m'g_f/)+Pr2(f/_fmiu) v
P, = ot o 26)
r Pr2(f/mu_f/)+Pr3(f/_favg)f/ >f
FuexF =Jarg
Po =+ ~Sor)
P e A -
"7 Pl D) s, @7
T =Jag

In the formula, P,; > P,, > P, takes a value in the interval (0, 1).

According to the above, the changes in crossover probability and variability probabil-
ity can be obtained, as shown in Fig. 9.

The improved crossover and mutation probabilities have the following characteristics:

1. In the case where the individual’s fitness value is lower than the average fitness, the
approach is more probable to fall into the partial optimum. At this time, by increasing
the probability of crossover and variation, the mutation ability of the disadvantaged
group is enhanced, to diversify the individuals in the group.

2. In the case of above-average individual fitness, the convergence speed is accelerated.

3. On this basis, it is ensured that the optimal individual still has a certain crossover prob-
ability and mutation probability in the evolution process, thus achieving the ultimate
goal of the genetic algorithm.

Pr Pv

(a) Improved Adaptive Crossover Probability  (b) Improved Adaptive Variability Probability

Fig.9 Improved adaptive crossover probability and variability probability
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This method can not only automatically change the probability of crossover according
to fitness, but also make the probability of crossover and variability of individuals with
the greatest fitness in the population not 0. Therefore, the crossover probability and vari-
ability probability of better-performing individuals in the population also increases, so that
they would not fall into a state of near-stagnation, and the algorithm jumps out of the opti-
mal solution. By comparing with the fitness of the current population, the genetic structure
of excellent individuals can be effectively maintained, and the variation ability of inferior
individuals can be improved, to achieve the purpose of jumping out of the local optimum
and overcome the defects of premature maturity.

Driving the successful implementation of low-carbon supply chains requires a broader
and comprehensive approach, in which policy plays a key role. In addition to optimization
measures within the supply chain, governments and stakeholders can promote the devel-
opment of low-carbon supply chains through the following ways. First, formulate clear
regulations and industry standards to regulate enterprises’ carbon emissions in the supply
chain and encourage the adoption of low-carbon technologies and clean energy. Second,
provide incentives, such as tax incentives, subsidies, and reward mechanisms, to encourage
companies to adopt low-carbon production methods and green supply chain management
practices. Third, establish a mechanism for collecting and disclosing carbon emissions
data to increase the transparency of companies’ carbon footprints in their supply chains
and encourage them to take more proactive measures to reduce emissions. Fourth, invest
in low-carbon technology and innovation, provide technical support and R&D funds for
enterprises, and promote cleaner production and energy efficiency improvements in the
supply chain. Fifth, provide training and education programs to enhance employees’ under-
standing of low-carbon supply chain management and promote the in-depth implementa-
tion of the concept of sustainable development in enterprises. Sixth, promote collaboration
between different government departments to form policy integration and ensure that the
development of low-carbon supply chains is not restricted by one-sided policies. Through
these comprehensive policy measures, enterprises can be promoted at a broader level to
realize the low-carbon transformation of the supply chain, and the entire society can be
promoted in a more sustainable direction.

4 Data evaluation

After the supply chain network model design is completed, the data is summarized and
tested. The entire network consists of 1 manufacturing plant, 4 alternative distribution cent-
ers (x=4), and 12 distribution points (y=12). The freight from the manufacturer to the
distribution center is 0.11 yuan per ton, and the freight from the distribution center to the
dealer is 0.3 yuan per ton. The relevant data will be introduced one by one below. First, the
daily demand of each distribution point is shown in Fig. 10:

Second, the relevant data of each distribution center is shown in Table 1:

Finally, the distance from each distribution point to each distribution center is shown in
Table 2:

According to the above data, an improved genetic algorithm is used to complete the
optimization scheme. The genetic parameters used are as follows: the population size is 50,
and the termination algebra is 300. The selection operator is 0.1, and the crossover prob-
ability P,,, P,,, andP,; are 0.9, 0.75, and 0.5, respectively. The mutation probability of P,
P, and P ;is taken as 0.1, 0.05 and 0.01, respectively. After calculation, the best individual
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Daily demand at distribution points (unit:vehicles)
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Fig. 10 Daily demand at each distribution point
Table 1 Parameters of each distribution center
Distribution Center P1 P2 P3 P4
Fixed cost (yuan/day) 1710 1600 1655 1550
Maximum capacity (vehicles) 700 800 760 710
Inventory cost (yuan/day) 2.9 22 2.5 2.6
Ordering cost (times) 1560 1510 1600 1460
Out-of-stock penalty cost (yuan/vehicle) 100 101 106 98
Transportation distance for replenishment (km) 1580 1290 1085 1413
Lead time for ordering (days) 9 8 7 8
Service level 0.94 0.96 0.93 0.95
Table 2 Distance from each distribution point to each distribution center
P Ql Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Ql12
Q
P1 35 158 214 115 225 358 357 345 430 345 525 463
P2 45 59 150 222 143 240 347 456 325 522 145 358
P3 423 345 112 356 432 345 130 185 147 127 260 242
P4 843 660 430 123 376 85 123 138 140 351 240 152

appears in the 48th generation, and the optimal objective function value is 19,398.77, that
is, the minimum total cost of the supply chain network in this model is 19,398.77 yuan.
Among them, the cost and proportion of each part are shown in Fig. 11a, b.

As can be seen from the figure, the total transportation cost accounts for about half
of the total system cost. The fixed costs of building and operating distribution centers
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Costs consumed by each project after Percentage of costs consumed by each project after
optimization optimization
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Fig. 11 Costs consumed and percentage of each type of project

also represent a significant percentage of the total system costs, with inventory costs not
accounting for a very high percentage of the total system costs.

At the same time, through calculation and analysis, the distribution relationship of the
optimal network can be obtained, as shown in Table 3.

By the table’s data, it can be seen that the distribution center is established in the alter-
native distribution center 2, 3, and 4, and the distribution center 2 can supply the distribu-
tion points 1, 2, 5, and 11. Distribution center 3 supplies distribution points 3, 7, 9, and 10,
and distribution center 2 supplies distribution points 4, 6, 8, and 12. This not only reduces
costs but also reduces transportation distances, thereby reducing carbon emissions and pro-
tecting the environment.

At the same time, the simulation experiment is carried out, and the improved genetic
algorithm and the basic genetic algorithm are repeated 20 times for comparison and anal-
ysis. By calculating problems of different scales, the operation results of the improved

Table 3 Parameters of each distribution center

Distribution Center P1 P2 P3 P4
Distribution Points - Q1,Q2, Qs, Q3,Q7,Q9, Q4, Qo,
Ql1 Q10 Qs,
Q12
Distribution center order points - 290 280 283
Distribution center maximum stock quantity - 596 578 536
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Fig. 12 Comparison of operation results before and after algorithm improvement
Iable 4 dCOl’Il];))aIISOfI?[Of n,mmngf Algorithm The average num- Operation time
1me an n}lm er of 1terations o ber of iterations
each algorithm
Simulated annealing algorithm 225 80.80
Microparticle swarm algorithm 206 62.21
Improved genetic algorithm 181 23.15

genetic algorithm and the basic genetic algorithm are compared as shown in Fig. 12. Fig-
ure 12a is the running time, and Fig. 12b is the evolutionary algebra:

Comparing with two optimization algorithms, it can be found that under the same
parameter setting conditions, the improved genetic algorithm has fast operation speed,
good convergence, and strong stability, and its advantages are more obvious when calculat-
ing large-scale problems. Through example analysis, it is demonstrated that the algorithm
of the supply chain network optimization models based on inventory control put forward in
the paper has a good optimization effect.

To verify the validity of the algorithm, the improved genetic algorithm is compared
with the simulated annealing algorithm and the particle swarm algorithm, and the opera-
tion results are shown in Table 4.

The performance shows that the improved genetic algorithm outperforms the opti-
mization results of other algorithms; in terms of operation speed, it only needs 23.15 s,
which is much lower than the time required by other algorithms; meanwhile, the best
results show that the improved genetic algorithm can better avoid local optimization. To
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sum up, improved genetic algorithms for network design of low-carbon multi-level sup-
ply chains can achieve better optimization results, and can greatly save the computing
time.

5 Conclusions

In the current context of limited global resources and deteriorating environmental prob-
lems, achieving low-carbon optimization of supply chain networks has become the key
to promoting sustainable development. This paper successfully optimizes the supply
chain network by introducing an improved genetic algorithm. The determination of the
optimal network structure minimizes the total cost and achieves the optimization goals
of reducing carbon emissions, reducing costs, and shortening transportation distances.
This optimization result provides strong support for the construction of a low-carbon
society in the supply chain field.

In the current research context, supply chain network optimization and low-car-
bon society construction are hot research topics. Many scholars and researchers have
achieved remarkable results in this field. Some studies have explored the environmen-
tally friendly design of supply chain networks and proposed a method based on life
cycle analysis to minimize environmental impact. Some also paid attention to the car-
bon footprint management of the supply chain, emphasizing the criticality of achieving
low-carbon goals through supply chain network optimization. These literature results
further verify the effectiveness of the improved genetic algorithm used in this article in
supply chain network optimization.

Future research can be further expanded in the following aspects: as the complexity
of the model increases, more supply chain network variables will be considered, such
as multi-level supply chains, multiple product types, etc., to be closer to actual business
scenarios. Research on multi-algorithm combinations further studies the combination of
multiple optimization algorithms to adapt to different problems and environments and
improve optimization effects. The expansion of empirical cases applies the algorithm to
a wider range of actual supply chain cases to verify its versatility in different industries
and environments. At the same time, since some variables of the supply chain network
may be fuzzy, such as the fuzziness of customer needs and the fuzziness of branch fac-
tory production capabilities, fuzzy mathematical methods can be considered to handle
and solve the optimization problem of the supply chain network. A combination of mul-
tiple optimization algorithms can be considered to solve the model to further improve
the efficiency of model solving.
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