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Abstract
We propose a robust fuzzy design model for a sustainable closed-loop supply chain network. The model is based on a risk 
dynamic regulation mechanism. In this way, we can solve the problem of sudden disruptions and uncertain demand in the 
supply chain of Chinese herbal medicines. We also develop a hybrid algorithm solution to solve the model and design a 
resilient supply chain network. The specific steps are as follows: (1) The risk dynamic regulation mechanism is created with 
strong risk resistance by considering the information sharing platform, facility defense, drying station scheduling, safety 
stock, and shared inventory. (2) Based on the dynamic risk regulation mechanism, we establish a sustainable Chinese 
herbal medicine supply chain network design model. Then, we use the robust fuzzy method and the epsilon constraint 
to deal with the uncertainty and integrate the model. (3) We introduce opposition-based learning, cosine convergence 
factor, and levy flight to the original Whale and Grey wolf algorithms to obtain the Hybrid algorithm, which is used to 
solve the processed model. The results show the model and algorithm proposed in this paper have strong applicability 
and advantages in designing closed-loop supply chain networks for Chinese herbal medicine and provide references 
for relevant decision-makers.

Article highlights

•  We establish a dynamic risk control mechanism with strong 
anti-risk ability, by considering the information sharing 
platform, facility defense, drying station scheduling, safety 
inventory, and other factors. This mechanism effectively 
enhances the resilience of the Chinese herbal supply chain 
network and reduces the risk of disruption.

•  We establish a sustainable closed-loop supply chain 
network design model, according to the particularity of 
the Chinese herbal medicine supply chain network in 
the process of processing, storage, and transportation. 
The model is based on the dynamic risk control mech-
anism. We use the robust fuzzy method to handle the 

uncertainty in the model. In this way, we can enhance 
the reliability of the Chinese herbal supply chain while 
effectively controlling costs.

•  We improve Grey Wolf Optimization Algorithm (GWO) 
and Whale Optimization Algorithm (WOA) through 
opposition-based learning, cosine convergence factor, 
and levy flight. We mixed the improved algorithm to 
obtain opposition-based levy Grey Whale optimization 
algorithm (OLGWOA). Through verification, it is con-
cluded that OLGWOA has strong searchability. We also 
used OLGWOA to solve the model and found the adapt-
ability between the algorithm and the model.

Keywords Chinese herbal closed-loop supply chain network · Risk dynamic regulation mechanism · Robust fuzzy 
approach · Whale algorithm · Grey wolf algorithm · Opposition-based learning
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1 Introduction

The market scale of the Chinese herbal medicine industry 
has expanded dramatically. However, most of the industry 
still has the disadvantages of low-quality drying products, 
low efficiency, and high cost, which significantly limit the 
sector’s development. Take the herbal medicine market 
in the past eight years as an example. The profit margin 
of herbal medicine is considerable; even some herbs are 
multiplied several times in price. However, its production 
changes have never kept up with the growth of market 
demand. Through market research, it is easy to find that 
the high preservation requirements of fresh herbs, low uti-
lization of drying resources, high drying costs, and uncer-
tainty of end-customer demands are all critical problems. 
These problems make it challenging to grow the scale of 
the industry. Therefore, it is of great significance for enter-
prises to determine a reasonable inventory level, control 
transportation costs, accurately plan the supply chain net-
work, and then control costs.

The supply chain is a functional chain that connects 
suppliers, manufacturers, distributors, retailers, and end 
users [1]. As the basic structure of supply chain optimiza-
tion management, supply chain network design is crucial 
in guiding supply chain network management. Its influ-
ence on the supply chain is consistent throughout [2]. In 
recent years, sustainable supply chain network design 
is becoming a decisive factor in measuring the com-
petitiveness of enterprises. The design of a sustainable 
supply chain network is not an individual effort. Still, it 
requires the cooperation of upstream and downstream 
members of the whole supply chain to lay the founda-
tion for the long-term development of the supply chain.

Risk is an intricate problem that no industry can 
escape from, and how to better avoid risk in supply chain 
network design is the top priority in supply chain man-
agement. It is the common goal of all supply chain man-
agers to maintain the continuity of supply chain opera-
tions and demand satisfaction under risky conditions. 
Therefore, it is imperative to design a stable, efficient, 
and resilient supply chain.

According to the relevant data, the number of pub-
lications on agricultural supply chains in domestic and 
international academia has increased in the past two 
years. Still, it mainly focuses on reference papers and 
short reports, and there are few articles on Chinese 
herbal supply chain network design [3]. Based on the 
above introduction, this paper proposes a multi-objec-
tive design model for a sustainable supply chain network 
based on the risk dynamic control mechanism to explore 

the sustainable herbal supply chain network and fill the 
gap in the related field of the agricultural supply chain.

To address the above issues, considering previous lit-
erature as in Appendix 1, the main contributions of this 
paper are as follows:

(1) To improve the resilience of the Chinese herbal medi-
cine supply chain network, we propose a risk dynamic 
regulation mechanism (active and passive anti-risk 
operations). Based on the risk dynamic regulation 
mechanism and the characteristics of the Chinese 
herbal medicine industry, we establish a closed-loop 
sustainable supply chain network, which was based 
on the information sharing platform and centered on 
the Terahertz drying station.

(2) The sustainable supply chain network design model 
aims at minimizing costs, minimizing carbon emis-
sions and maximizing social benefits. For the uncer-
tainty factors in the model, we use the fuzzy method 
of Me measure and robust optimization to weaken 
the uncertainty influence in the model. Through 
the sensitivity analysis, we can know the law and 
the advantages of the anti-risk mechanism and the 
robust fuzzy method.

(3) Based on the original Whale Optimization Algorithm 
(WOA) and the original Grey Wolf Optimization Algo-
rithm (GWO), We improve the algorithms by oppo-
sition-based learning, levy flight, and parameters of 
convergence. Then we obtain the hybrid OLGWOA 
algorithm, which improves the speed of convergence 
and avoids local optima. We use the OLGWOA algo-
rithm to solve the above model, significantly improv-
ing the solution efficiency. And practical cases show 
that the Algorithm and model in this paper are sig-
nificantly effective for solving such problems.

The remainder of this paper is organized as follows: Part 
II is a literature review, Part III is model building, Part IV is 
model processing, Part V is solution method, Part VI is case 
solving, and Part VII is the conclusion.

2  Literature review

2.1  Sustainable Chinese herbal medicine supply 
chain network design

The agricultural food supply chain network (AFSCN) study 
began in the early 1990s with the study of American gro-
cery stores in crisis. After that, scholars began applying 
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advanced industrial supply chain management theories 
to agricultural products, and AFSCN was born. After years 
of efforts by scholars, the design of AFSCN has gradu-
ally become standardized. The solutions of problems 
have become more complex and involve more practical 
issues such as pricing, supplier selection, etc. Zanoni. et al. 
designed a cold chain for a refrigerated products net-
work, compared and evaluated the proposed methods 
[15]. Because of the perishable nature of fresh produce, 
Chao et al. proposed a two-stage LRITW (Location-rout-
ing-inventory problems with time-window) model with an 
objective of minimizing cost and solved the model using a 
heuristic algorithm [16]. Andisheh et al. developed a dual-
objective model for a food perishable supply chain with 
the objectives of minimizing cost and loss, respectively, 
and solved it using a constant method and a heuristic 
algorithm and verified the effectiveness of the technique 
with real cases [17]. Chinese scholars such as Zhanguo 
et al. proposed that AFSCN faces problems such as infor-
mation asymmetry, insufficient industrialization, and poor 
management, which leads to inefficiency [18]. Therefore, 
considering the particular characteristics of AFSCN, it is 
imperative to realize the information flow between the 
upstream and downstream of the supply chain.

As people pay more attention to environmental and 
social issues, designing a sustainable supply chain (supply 
chain considering economic, ecological, and social dimen-
sions) network has become a key concern for managers. 
In AFSCN design, scholars have taken several conservation 
measures to address the release of carbon dioxide during 
produce spoilage. Bortolini et al. investigated fresh sup-
ply chain network design considering packaging recycling 
that achieves the dual objectives of low cost and low car-
bon [19]. Allaoui et al. proposed a sustainable agri-food 
supply chain network design. They identified partners first, 
and then considered both the carbon footprint and water 
footprint to make cost minimization [20]. Maiyar et al. 
proposed a sustainable food transportation model, and 
solved the model using a particle swarm algorithm [21]. 
Mogale et al. proposed a bi-objective decision model for 
grain supply chain networks. The model covers problem 
characteristics such as multi-echelon, multi-temporal, 
and multi-modal transportation and its objectives are 
minimizing costs and carbon emissions. [22]. Martins et al. 
proposed a sustainability multi-objective integer linear 
programming model by considering economic, environ-
mental, and social benefits. They applied it to the Portu-
guese food industry [23]. Yadav et al. also considered the 
same objective function as Martins et al. with the same 
objective function [24]. Motevalli-Taher et al. proposed a 
multi-objective model of sustainability supply chain net-
work design for wheat to minimize cost, water consump-
tion, and employment opportunities. The authors also 

used goal programming to transform the multi-objective 
problem into a single-objective problem smoothly. And 
apply it to a real case to evaluate the effectiveness [25].

In 2022, Yadav et al. obtained a review paper through 
a concise analysis of the literature on the design of agri-
cultural supply chain networks in the last 20 years [26]. 
The authors concluded that the most prominent chal-
lenges are food waste, safety and security, information 
asymmetry, and sustainability issues. As an agricultural 
product unique to Asia, Chinese herbal medicine has 
less literature on its supply chain management due to its 
unique nature, but the above challenges still apply. The 
herbal supply chain also needs to overcome the risks and 
enhance the resilience of the supply chain network from 
the above aspects. Therefore, scholars have adopted the 
Internet of Things or blockchain technology to solve the 
problems of the extended life cycle, complex types, and 
diverse risk factors in the network design of the Chinese 
herbal medicine supply chain [27, 28]. Few AFSCNs have 
been designed to reduce waste and achieve sustainabil-
ity through a "closed-loop supply chain (CLSC)" [29–31]. 
Even fewer have used CLSC to design herbal supply chain 
networks [32].In summary, this paper studies the design 
of a terahertz wave drying station-led herbal CLSC supply 
chain network, which enables information sharing and 
ready deployment through an information-sharing plat-
form, significantly saving drying costs and time. At the 
same time, multiple farmers can share one drying station, 
which can be mixed and dried, which can better integrate 
the existing drying resources.

2.2  Robust fuzzy optimal design of resilient supply 
chain networks

How to avoid risks or reduce risk indices in supply chain 
network design is an essential issue of concern for man-
agers. Due to the globalization of the economy and trade, 
while the benefits are doubled, the risks are also increased, 
and the losses after risk disruption are huge. Therefore, in 
supply chain network design, we cannot ignore resilience 
(the ability of the system to return to the original or more 
desirable state after being disrupted) [33]. There are two 
types of resilience strategies: active and passive methods. 
Active systems refer to taking measures before a risk event 
occurs, e.g., buffer design, alternative suppliers [34], safety 
stock, facility defense [35], etc. Passive strategies refer to 
taking approaches by managers to minimize the risk at or 
after the occurrence of risk approaches to reduce losses, 
e.g., shared inventory [36], disruption redesign, etc. In reac-
tive strategies, we can usually adjust parameters and struc-
tures depending on the degree of compromise [37, 38].

Shrivastava H. et al. investigated the problem of facil-
ity siting and allocation planning for perishable supply 
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chain networks under uncertainty. They considered mul-
tiple transportation routes for various manufacturers and 
developed a cost-minimizing mixed-integer optimiza-
tion model to cope with random disruptions [39]. Sneock 
et al. proposed a two-stage planning approach for supply 
chain network design by considering the penalty cost of 
unexpected situation plant closure or maintenance clean-
ing [40]. Zhao et al. proposed a decision support system 
using topology analysis for robustness in supply chain net-
work disruptions but they didn’t consider upstream and 
downstream disturbances in the model [41]. After that, 
the author further investigated topological analysis and 
proposed an adaptation strategy for high raw material 
network disruptions [42]. Nezhadroshan et al. proposed 
a multi-objective optimal design model considering resil-
ience levels. The model mainly applied to post-earthquake 
transportation network routes and designed the network 
using scenario-based likelihood stochastic programming 
[43] Arani et  al. developed a multi-objective optimal 
design model considering shared inventory for blood sup-
ply chains [44].

In supply chain network design, uncertainty also leads 
to risk multiplication. Scholars have devised many meth-
ods to deal with these uncertainties, such as stochastic 
programming [45], robust optimization, and fuzzy opti-
mization [46]. Considering the case of demand uncer-
tainty, Lu et al. designed a multi-objective stochastic 
closed-loop supply chain network [47]. Stochastic plan-
ning methods are more demanding and limited by his-
torical data and experience, robust and fuzzy optimiza-
tion methods are more widely used. Fattahi et al. used 
a robust optimization approach to deal with the lack of 
data in the design phase of the distribution function [48]. 
Because of the advantages of robust and fuzzy planning 
in dealing with uncertainty, some scholars have started 
combining them to obtain new methods with more 
robustness. Both Ghaderi et  al. and Ouhimmou et  al. 
proposed a multi-objective robust possibility planning 
model for bioethanol supply chain network design con-
sidering uncertainty [49, 50]. Habib et al. proposed an 
uncertainty optimization model for minimizing the cost 
and carbon emission of animal fat-based biodiesel sup-
ply chain network design with a robust-based likelihood 
planning approach [51]. After comparison and discus-
sion, the author found that the robust fuzzy method can 
achieve an effective solution with high robustness. Tsao 
et al. proposed a robust fuzzy optimization model based 
on a combination of robust optimization and vague plan-
ning for a steel company in Taiwan, solving the uncer-
tainty problem of demand and cost [52]. Through the 
case study, it is proved that the result of the robust fuzzy 
model is better than that of scenario-based robust sto-
chastic programming. After verification and comparison 

by scholars, the robust fuzzy combination is indeed more 
advantageous in dealing with uncertainty. Therefore, we 
design a risk-dynamic regulation mechanism to enhance 
resilience and use a robust fuzzy approach to deal with 
uncertainty, in designing the Chinese herbal medicine 
supply chain network.

2.3  Intelligent algorithms

Large-scale supply chain network design is considered 
an NP-hard problem. Scholars believe it is challeng-
ing to solve NP-hard problems using traditional math-
ematical methods. At this point, the heuristic algorithm 
highlights its mighty computing power and can solve 
significant problems [53, 54]. Guo et  al. proposed a 
distributed approximation algorithm (DAA) to solve 
the supply chain network design [55]. After that, Guo 
et al. further studied and proposed a multi-objective 
mixed integer linear programming model (MILP) that 
considers carbon emissions and social responsibility. To 
solve the sustainable supply chain network design, they 
use a multi-neighborhood descent traversal algorithm 
(MNDTA) s to solve the problem and verify the effective-
ness of the algorithm [56].

As the research on intelligent algorithms deepens, 
scholars start to hybridize different algorithms to enhance 
the solving ability of intelligent algorithms and comple-
ment each other’s shortcomings to get hybrid algorithms. 
Hasani A. et al. proposed a hybrid heuristic algorithm that 
incorporated the improved Pareto Evolutionary Algo-
rithm 2 (SPEA2) and used it to solve the green global sup-
ply chain design problem in a disrupted state [57]. Tawhid 
et al. addressed complex nonlinear systems and uncon-
strained optimization problems. They proposed a hybrid 
population-based algorithm WOFPA, which is a mix of the 
whale optimization algorithm (WOA) and the flower pol-
lination algorithm (FPA) [58]. Chakraborty et al. proposed 
a new and improved algorithm that combines the differ-
ence algorithm with the whale algorithm to obtain the 
m-SDWOA Algorithm and verify the effectiveness of the 
Algorithm [59].In this paper, we mix the improved Whale 
algorithm and the improved Grey wolf algorithm to solve 
the robust fuzzy optimization design model of the Chinese 
herbal medicine supply chain network.

Based on the above literature review, this paper will 
approach the solution to the problem from the following 
aspects.

(1) We establish a tri-objective optimization model with 
minimum cost, minimum carbon emission, and maxi-
mum social benefit for the closed-loop supply chain 
network of Chinese herbal medicine, and consider a 
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risk dynamic regulation mechanism to enhance resil-
ience.

(2) We combine Me measure and robust optimization 
with the triangular fuzzy number and opportunity 
planning to deal with uncertain parameters in the 
model. Meanwhile, the epsilon constraint is used to 
integrate it into a single-objective model.

(3) We improve and mix the improved Whale Algorithm 
and the improved Grey Wolf Algorithm to obtain 
the OLGWOA algorithm, OLGWOA can enhance the 
search capability of the algorithm and avoid the 
algorithm limitations. If five iterations of the same 
solution appear, it will be reinitialized to get a better 
solution. We use the OLGWOA algorithm to solve the 
processed model in this paper.

3  Problem definition and modeling

In this section, we will study a multi-level, multi-cycle, 
multi-product closed-loop supply chain integration 
network and use a risk dynamic regulation mechanism 
to increase the supply chain network resilience. The 
closed-loop supply chain network studied is shown 
in Fig. 1. The network diagram contains the following 

nodes: information sharing platform, farmer (sup-
plier)F  , sorting center I  , drying station M , packaging 
center O , distribution center K  , recycling and reprocess-
ing center R , and customer C  . In the forward logistics, 
the process of each node for raw material A , product P , 
and water H generated by drying is shown in Fig. 1. In 
reverse logistics, customers return expired P to repro-
cessing center R and process them into complementary 
herbal products (for example, herbal bath bags, herbal 
pillows, etc.).

To improve the flexibility of the supply chain net-
work, we propose a risk dynamic regulation mecha-
nism, which comprehensively considers active and pas-
sive strategies. Active strategy 1: facility defense when 
establishing each node in the network. The defense 
level of facilities (e.g., 5%, 20%, 50%, etc.) is included in 
the construction cost. Different protection levels rep-
resent different expected armor classes, and different 
protection levels have additional construction costs. 
Strategy 2: safety stock. It can deal with risks when we 
set up a distribution center.

In addition, we consider the passive strategy, using 
the information sharing platform in the supply chain 
network to share information with each node at any 
time and schedule immediately. As shown in Fig. 2a, if 
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Fig. 1  Supply chain network diagram of Chinese herbal medicine
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the customer demands surge, the distribution center 
can consider sharing inventory internally to relieve the 
inventory pressure. At the same time, to cope with the 
equipment aging or the interruption of the electricity 
restriction policy implemented in China in 2021, farm-
ers choose alternative drying stations according to the 
location distance, capacity, delivery time, and existing 
workload, as shown in Fig. 2b.

3.1  Assumptions

The assumptions in this paper are as follows: (1) each 
transportation process uses one transportation method 
and all transportation vehicles consume the same 
amount of energy; (2) both customer demand and the 
number of farmer product types are not fixed; (3) the 
locations of farmer f  , customer c and recycling and 
reprocessing center r are fixed, and the location, number 
and workload of sorting center i  , drying station m , pack-
aging center o and distribution center k are the parts 
to be decided; (4) Failure is uncertain, such as power 
limitation of drying station m1 , the control center will 
immediately analyze the situation and quickly transfer 
to the nearby screened drying station m2 ; (5) distribu-
tion center has zero inventory from the first phase and 
allows transferring shared inventory between distribu-
tion centers; (6) drying stations have a variety of product 
types and can be collocating dried if the drying box is 
not full; (7) The distribution center is the only node with 
safety stock in the whole text; (8) the amount of carbon 
dioxide generated by mixed drying and separate dry-
ing is the same; (9) recycling reprocessing center r can 
recycle the shape broken product p , drying wastewater 
h and expired product p ; (10) the standard of subsidy is 
different according to the type, value and quantity of 
cultivated herbs. When the corresponding standards are 

met, the government will give corresponding subsidies 
to herb growers.

3.2  Notation, parameters, and variables definition

(1) Based on the modeling needs, the following notation 
is defined in this paper.f ∈ F denotes a collection of farm-
ers; m ∈ M denotes a collection of drying stations; i ∈ I 
denotes a collection of sorting centers; k ∈ K  denotes a 
collection of distribution centers; c ∈ C denotes a collec-
tion of customer collection; o ∈ O denotes a collection of 
packaging centers; r ∈ R denotes a collection of recycling 
reprocessing centers; t ∈ T  denotes a collection of time 
slots; p ∈ P denotes a collection of finished product; a ∈ A 
denotes a collection of Raw material; e ∈ E denotes a col-
lection of defensive level; h ∈ H denotes a collection of 
drying station recycling wastewater; n ∈ N denotes a col-
lection of drying priority.

(2) The parameters are defined as follows:
Fixe

m
,Fixe

i
,Fixe

k
,Fixe

r
,Fixe

o
 denote the costs required to build 

a single drying station m , sorting center i  , distribution 
center k , recycling and reprocessing center r , and packag-
ing center o with defense level e , respectively. Fixe

f
 denotes 

the unit cost for farmers f  to grow herbs with defense class 
e . � denotes the dehydration rate of drying.

�iat,�kpt,�opt,�rpt,�rht,�rat denotes the cost of cleaning 
and sorting, drying, distribution, recycling, and packag-
ing per unit of raw material a , dried wastewater h , and 
finished product p , respectively, at each node, with pri-
ority n in period t .�dist indicates the cost of fuzzy penal-
ties for not meeting customer needs. �ksit denotes the 
fuzzy freight rate per unit of inventory, per unit of dis-
tance, shared among distribution centers k in period t
.�matn1,�matn2 represent the fuzzy cost of the drying sta-
tion m alone or mixed with drying feedstock a , respec-
tively.�fat denotes the government subsidy received by 
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Fig. 2  a Schematic diagram of shared inventory. b Schematic diagram of drying station scheduling
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herbal growers per unit of herbal medicine. �sakt repre-
sents the product’s cost of holding safety stock at the 
distribution center k.

Tra,Trp,Trh denote the fuzzy costs of delivering unit 
quantities a and h , respectively.dempt indicates the fuzzy 
demand for the product by the customer c at time t .SApkt 
represents the safety stock level for the product at the 
distribution center k in period t .rif ,rmi,rom,rko,rkc,rri,rrm,rro,rcr 
denote the coverage radius between the nodes sorting 
center i  , the farmer f  , the drying station m , the packaging 
center o , the distribution center k , the customer o , and the 
recycling reprocessing center r respectively. Tan denotes 
the processing time for each priority level for raw mate-
rial a.

Disfi,Disim,Dismo,Disok,Diskc,Dismr,Disir,Discr Disro denotes 
the distance between the nodes. Tjob Indicates the total 
drying time. Disksi represents the distance of shared inven-
tory between distribution centers k . Capf ,Capi,Capm,Capo
,Capr indicates the maximum growing capacity, processing 
capacity, or stock of each node.

�i,�m,�o,�k,�r indicates the amount of CO2 consumed 
by each node that establishes a defense level of e . �fa,�ia

,�ma,�op,�kp,�rp,�rh,�ra suggests the amount of CO2 con-
sumed per unit of product for each node of operation. �car 
indicates the amount of CO2 consumed per unit distance 
transported by car.workf ,worki,workm,workr,worko,workk 
denotes the number of jobs in farmer f  , drying station m , 
sorting center i , recycling reprocessing center r , packaging 
center o , and distribution center k.

(3)The decision variables are as follows: Zi,Zm,Zo,Zk,Zr 
for respectively indicates 1 if the sorting center i  , dry-
ing station m , packaging center o , distribution center k , 
reprocessing center r is constructed, and 0 otherwise. Zf  
represents 1 if the farmer grows herbs, 0 otherwise. Z

′

f
 is 

the decision variable of whether to grant subsidies. If the 
farmers’ planting amount reaches the subsidy standard, it 
is 1 and 0 otherwise.

Qfat,Qiat,Qmatn1,Qmatn2,Qopt,Qrpt,Qkpt,Qrht,Qrat represents the 
number of raw materials a , products p , and wastewater 
h grown, sorted, dried, packaged, and recycled at the 
farmer f  , sorting center i  , drying station m , packaging 

center o , distribution center k , and recycling reprocessing 
center r , in unit time of period t  . Qin

matn
 denotes herbal raw 

material a with priority n that has been affected by the 
interruption of the drying station involving the process-
ing schedule. Qafit,Qairt,Qaimt,Qpmot,Qpokt,Qpkct,Qpmrt,Qprot,Qpcrt

,Qhmrt denote the volume of goods transported between 
the nodes of the farmer f  , sorting center i  , drying station 
m , packaging center o , distribution center k , recycling 
and reprocessing center r , and customer c , respectively, 
per unit time.Qdist indicates the number of products for 
which the customer has not been satisfied. Qksit denotes 
the number of products shared in stock between distri-
bution centers k.

Zksi denotes a 0/1 variable, 1 if distribution centers can 
share the inventory, 0 otherwise. Zmex represents a 0/1 vari-
able, 1 if the drying station is replaced, 0 otherwise.Zmat 
indicates 1 if m is selected as the primary drying site, 0 
otherwise. Zm′at indicates 1 if m is designated as an alter-
nate site and 0 otherwise.Zfit,Zimt,Zmot,Zokt,Zkct,Zcrt,Zmrt,Zirt
,Zrot indicates that if the drying station drying box is col-
located, then it is 1; otherwise, it is 0.

3.3  Modeling

Based on the above, this paper establishes the models as 
follows, which are minimizing cost (F1), minimizing carbon 
emission (F2), and maximizing social benefit (F3), and the 
related functions are as follows (1)-(3).

F1 = minimization cost = flexible construction 
cost + safety stock cost + operation cost + demand unsat-
isfied cost + transportation cost (including transportation 
cost of interrupted exchange of drying stations) + shared 
stock cost—government subsidy.

F2 = Minimization carbon emission = construction car-
bon emission + operation carbon emission of production 
and holding + transportation carbon emission (includ-
ing transportation carbon emission of shared stock and 
exchange of drying stations) + carbon emission of mixed 
loading and drying.

F3 = Maximization Social benefits = the number of jobs 
provided by each node.
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The following are capacity constraints, flow constraints, 
inventory constraints, coverage constraints, customer 
demand constraints, and shared inventory constraints.

(1)

MinE[F1] =
∑
m∈M

Fixe
m
× Zm +

∑
i∈I

Fixe
i
× Zi +

∑
k∈K

Fixe
k
× Zk +

∑
r∈R

Fixe
r
× Zr +

∑
o∈O

Fixe
o
× Zo

∑
f∈F

∑
t∈T

∑
a∈A

Fixe
f
× Zf × Qfat +

∑
t∈T

∑
p∈P

∑
k∈K

SApk × 𝜇sakt +
∑
r∈R

∑
h∈H

∑
t∈T

𝜇rht × Qrht +
∑
r∈R

∑
a∈A

∑
t∈T

𝜇rat × Qrat

+
∑
i∈I

∑
a∈A

∑
t∈T

𝜇iat × Qiat +
∑
k∈K

∑
p∈P

∑
t∈T

𝜇kpt × Qkpt +
∑
r∈R

∑
p∈P

∑
t∈T

𝜇rpt × Qrpt +
∑
o∈O

∑
p∈P

∑
t∈T

𝜇opt × Qopt

+
∑
m∈M

∑
a∈A

∑
t∈T

∑
n=1

E
[
𝜇matn1

]
× Qmatn1 +

∑
m∈M

∑
a∈A

∑
t∈T

∑
n≻1

E
[
𝜇matn2

]
× Qmatn2 × Zmix +

∑
h∈H

∑
m∈M

∑
t∈T

∑
r∈R

E
[
Trh

]
× Qhmrt

+
∑
t∈T

E
[
𝜇dist

]
× Qdist +

∑
a∈A

∑
f∈F

∑
i∈I

∑
t∈T

∑
r∈R

∑
m∈M

E
[
Tra

]
× (Qafit+Qaimt + Qairt + Qin

matn
× Zmex)

+
∑
p∈p

∑
m∈M

∑
o∈O

∑
t∈T

∑
k∈K

∑
c∈C

∑
r∈R

E
[
Trp

]
× (Qpmot+Qpokt + Qpkct + Qpmrt + Qpcrt + Qprot)

+
∑
t∈T

∑
k∈K

E[𝜇ksit] × Qksit × Disksi × Zksi −
∑
f∈F

∑
a∈A

∑
t∈T

𝜇fat × Qfat × Z
�

f

(2)

MinF2 =
∑
m∈M

Zm × �m +
∑
i∈I

Zi × �i +
∑
k∈K

Zk × �k +
∑
r∈R

Zr × �r +
∑
o∈O

Zo × �0 +
∑
r∈R

∑
a∈A

∑
t∈T

�ra × Qrat

+
∑
f∈F

∑
a∈A

∑
t∈T

�fa × Qfat +
∑
m∈M

∑
a∈A

∑
t∈T

∑
n∈N

�ma × (Qmatn1 + Qmatn2) +
∑
i∈I

∑
a∈A

∑
t∈T

�ia × Qiat

+
∑
k∈K

∑
t∈T

∑
p∈P

�kp × Qkpt +
∑
p∈P

∑
o∈O

∑
t∈T

�op × Qopt +
∑
p∈P

∑
r∈R

∑
t∈T

�rp × Qrpt +
∑
h∈H

∑
r∈R

∑
t∈T

�rh × Qrht

+�car × (
∑
f∈F

∑
i∈I

Disfi +
∑
m∈M

∑
i∈I

Disim +
∑
m∈M

∑
o∈M

Dismo +
∑
k∈K

∑
c∈C

Diskc+
∑
r∈R

∑
k∈K

Disro

+
∑
o∈O

∑
k∈K

Disok +
∑
m∈M

∑
r∈R

Dismr +
∑
c∈C

∑
r∈R

Discr +
∑
k∈K

Disksi +
∑
r∈R

∑
i∈I

Disir)

(3)

MaxF3 =
∑
f∈F

workf × Zf +
∑
m∈M

workm × Zm +
∑
i∈I

worki × Zi

+
∑
r∈R

workr × Zr +
∑
o∈O

worko × Zo +
∑
i∈I

workk × Zk

(4)Qfat ≤ Zf × Capf ,∀f , a, t

(5)
Qmatn1 + Qmatn2 + Qin

matn
+ Qaimt ≤ Zm × Capm,∀m, a, t, n, p, i, o

(6)Qafit + Qiat − Qaimt − Qairt ≤ Zi × Capi ,∀i, a, t, f ,m, r

(7)Qprot + Qpmot + Qopt − Qpokt ≤ Zo × Capo,∀k, p, t,m, o

(8)

Qairt + Qpmrt + Qhmrt + Qpcrt + Qrpt + Qrat

+ Qrht − Qprot ≤ Zr × Capr ,∀a, i, r, o, r, p, t,m

Equation (4)–(8) denote the capacity constraints at each 
point of the farmer f , drying station m , sorting center i  , 
reprocessing center r , and packaging center o , respec-
tively, and Eq. (9) denotes that the confidence level of the 
distribution center k is not less than �k ∈ [0, 1].

(9)Me
{
Qpokt + Qkpt + SApkt = dempt

}
≥ �k ,∀p, k, t, o

(10)Qfat ≥ Qafit ,∀f , i, a, t

(11)Qafit + Qiat ≥ Qaimt + Qairt ,∀a, f , i,m, r, t

(12)

(Qmatn1 + Qmatn2 + Qin
matn

+ Qaimt)

× (1 − �) ≥ Qpmot + Qpmrt∀m, a, t, n, p, i, o, r

(13)Qprot + Qpmot + Qopt ≥ Qpokt ,∀p,m, o, k, r, t

(14)Qpokt + Qkpt ≥ Qpkct ,∀p, o, k, t

(15)
Qairt + Qpmrt + Qhmrt + Qpcrt ≥ Qprot ,∀a, p, h, i, r,m, o, t
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Equation (10)-(15) represents the flow balance among 
the nodes of farmer f, drying station m, sorting center i, 
distribution center k, recycling and reprocessing center r, 
and packaging center o, respectively.

Equation (16) indicates the coverage range of farmer f 
and sorting center i. Equation (16) also applies to the fol-
lowing parameters:Zimt , Zmot , Zokt , Zmrt , Zirt , Zrot , Zkct , Zcrt ,

Disim,Dismo,Disok ,Dismr ,Disir ,Disro,Diskc ,Discr , rmi , rom, 
rko, rrm, rri , rro, rkc , rcr.

Equation (17) in large is to take the maximum function. 
(17) Shows that the total processing time takes the longest 
of all products when mixing and drying. Equation (18) indi-
cates that each drying station can be the main and backup 
drying place. The formula (19)-(20) shows the range of val-
ues of decision variables and parameters.

4  Model processing

4.1  Multi‑objective processing

This section uses �-constraints to integrate the multi-
objective optimization function into a single-objective 
model to reduce the difficulty of solving. The principle of 
the epsilon constraint method is to use the highest prior-
ity objective as the preferred primary objective and the 
other objectives as additional constraints. This method is 
a common means of solving multi-objective mathematical 
models, which this paper represents as an Eq. (21).

(16)Zfit × Disfi ≤ rif × Zfit ,∀f , i, t

(17)Tjob = large
∑

Tan,∀a, n,m, t

(18)Zmat + Zm�at = 1,∀m, a, t

(19)

Zi , Zm, Zo, Zk , Zr , Zf , Zksi , Zmex , Zmat , Zm�at , Zfit , Zimt , Zmot , Zokt ,

Zkct , Zmrt , Zcrt , Zirt , Zrkt , Z
�

f
∈ [0, 1]

(20)

Qfat ,Qiat ,Qmatn1,Qmatn2,Q
in
matn

,Qopt ,Qrpt ,Qkpt ,Qafit ,Qaimt ,Qpmot ,

Qpokt ,Qpkct ,Qpmrt ,Qprkt ,Qdist ,Qksit ,Qpcrt ,Qhmrt ,Qrht ,Qrat ,Qairt⟩0

4.2  Uncertainty treatment

For the uncertain parameters in the model, this section 
uses a combination of robust and fuzzy methods to con-
vert the model into an RFP model [60].

4.2.1  Fuzzy optimization

This section uses a combination of fuzzy triangular 
numbers and Me measure to deal with uncertainties 
in the model. Me measure is a fuzzy measure between 
the necessity measure (pessimistic) Nec and possibility 
measure (optimistic) Pos, by controlling the optimistic-
pessimistic parameter � to make the Me measure flex-
ible between optimistic and pessimistic values, where 
� ∈ {0, 1}.

In summary, we will modify the model according to 
Eqs. (23)-(25), considering nominal values and left–right 
perturbation ratios.

Modify model F1 in this paper to a transparent equiv-
alence model with both LAM and UAM, as shown in 
Eqs. (26)-(28).

(21)

MinF1

s.t.

⎧
⎪⎨⎪⎩

F2 ≤ �2

F3 ≥ �3

� ∈ [0, 1],Other constraints remain unchanged

(22)Me(A) = Nec{A} + �(Pos{A} − Nec{A} )

(23)w̃𝜏 j =

(
w𝜏 j , 𝜀

w
𝜏 j
,ℵw

𝜏 j

)

(24)b̃𝜏 =
(
b𝜏 , 𝜀

b
𝜏
,ℵb

𝜏

)

(25)

minE(Z) = (
1 − 𝜆

2
F(1) +

1

2
F(2) +

𝜆

2
F(3))x

s.t.

LAM ∶ wT
𝜏
x − 𝜄𝜏𝜀

wT
𝜏
x ≥ b𝜏 + (1 − 𝜄𝜏)ℵ

b
𝜏

UAM ∶ wT
𝜏
x + (1 − 𝜄𝜏)ℵ

b
𝜏
x ≥ b𝜏 − (1 − 𝜄𝜏)𝜀

wT
𝜏

xj ≥ 0RETRACTED A
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s.t.

(26)

minE[F1] =
∑
m∈M

Fixe
m
× Zm +

∑
i∈I

Fixe
i
× Zi +

∑
k∈K

Fixe
k
× Zk +

∑
r∈R

Fixe
r
× Zr +

∑
o∈O

Fixe
o
× Zo

+
∑
f∈F

∑
a∈A

Fixe
f
× Zf × Qfat +

∑
r∈R

∑
h∈H

∑
t∈T

𝜇rht × Qrht +
∑
t∈T

∑
p∈P

∑
k∈K

SApk × 𝜇sakt

+
∑
i∈I

∑
a∈A

∑
t∈T

𝜇iat × Qiat +
∑
k∈K

∑
p∈P

∑
t∈T

𝜇kpt × Qkpt +
∑
r∈R

∑
p∈P

∑
t∈T

𝜇rpt × Qrpt +
∑
o∈O

∑
p∈P

∑
t∈T

𝜇opt × Qopt

+
∑
n=1

∑
m∈M

∑
a∈A

∑
t∈T

[
1 − 𝜆

2
× 𝜇matn1_1 +

𝜇matn1_2

2
+

𝜆

2
× 𝜇matn1_3] × Qmatn1 +

∑
r∈R

∑
a∈A

∑
t∈T

𝜇rat × Qrat

+
∑
n≻1

∑
m∈M

∑
a∈A

∑
t∈T

[
1 − 𝜆

2
× 𝜇matn2_1 +

𝜇matn2_2

2
+

𝜆

2
𝜇matn2_3] × Qmatn2 × Zmix

+
∑
a∈A

∑
f∈F

∑
i∈I

∑
t∈T

∑
r∈R

∑
m∈M

[
1−𝜆

2
× Tra1 +

Tra2

2
+

𝜆

2
× Tra3

]
× (Qafit+Qamit + Qairt + Qin

matn
× Zmex)

+
∑
h∈H

∑
m∈M

∑
r∈R

∑
t∈T

[
1−𝜆

2
× Trh1 +

Trh2

2
+

𝜆

2
× Trh3] × Qhmrt

+
∑
c∈C

∑
p∈p

∑
m∈M

∑
o∈O

∑
t∈T

∑
k∈K

∑
r∈R

[
1−𝜆

2
× Trp1 +

Trp2

2
+

𝜆

2
× Trp3

]

×(Qpmot+Qpokt + Qpkct + Qpmrt + Qpcrt + Qprot)

+
∑
t∈T

[
1−𝜆

2
× 𝜇dist1 +

𝜇dist2

2
+

𝜆

2
× 𝜇dist3

]
× Qdist −

∑
f∈F

∑
a∈A

∑
t∈T

𝜇fat × Qfat × Z
�

f

+
∑
k∈K

∑
t∈T

[
1 − 𝜆

2
× 𝜇ksit1 +

𝜇ksit2

2
+

𝜆

2
× 𝜇ksit3] × Qksit × Disksi × Zksi

(27)
LAM ∶ Qpokt + Qopt + SApkt ≥ dem2

pt
− �k(dem

3
pt
− dem2

pt
)

(28)
UAM ∶ Qpokt + Qopt + SApkt ≥ dem1

pt
− �k(dem

2
pt
− dem1

pt
)

4.2.2  Robust fuzzy optimization

This section uses robust fuzzy optimization to enhance 
the model robustness with freely set weight parameters 
� ∈ [0, 1] and confidence levels �k ∈ [0, 1][0, 1] . Equa-
tion (29) summarizes the robust optimization method, 
where F1max、F1min as in Eqs. (30) and (31). � and � are 
the unit penalty for a possible violation of each constraint.

(29)minF = E[F1] + �(F1max − F1min)

+�[(1 − �)(dem2 − �(dem2 − dem1) − dem1) + �(dem3 − dem2 − (1 − �)(dem3 − dem2))]
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5  Solving methods

5.1  The original whale algorithm

The Whale Optimization Algorithm (WOA) [61] is a bio-
mimetic algorithm proposed by Australian scholars Mir-
jalili et al.. Through observation, they found that whales 
create a spiral bubble net to surround and target the fish 
at a distance of 12 m from the school when hunting and 
finally catch the prey. The WOA algorithm contains three 
main steps: searching for prey, surrounding the prey, and 
a bubble-net attack.

5.1.1  Surrounding prey

In WOA, the current solution is assumed to be optimal 
and unknown, so the real-time position of the whale 
needs to be updated continuously to get the optimal 

(30)

F1max =
∑
m∈M

Fixe
m
× Zm +

∑
i∈I

Fixe
i
× Zi +

∑
k∈K

Fixe
k
× Zk +

∑
r∈R

Fixe
r
× Zr +

∑
o∈O

Fixe
o
× Zo

+
∑
f∈F

∑
a∈A

Fixe
f
× Zf × Qfat +

∑
t∈T

∑
p∈P

∑
k∈K

SApk × 𝜇sakt +
∑
r∈R

∑
h∈H

∑
t∈T

𝜇rht × Qrht +
∑
r∈R

∑
a∈A

∑
t∈T

𝜇rat × Qrat

+
∑
i∈I

∑
a∈A

∑
t∈T

𝜇iat × Qiat +
∑
k∈K

∑
p∈P

∑
t∈T

𝜇kpt × Qkpt +
∑
r∈R

∑
p∈P

∑
t∈T

𝜇rpt × Qrpt +
∑
o∈O

∑
p∈P

∑
t∈T

𝜇opt × Qopt

+
∑
m∈M

∑
a∈A

∑
t∈T

∑
n=1

E
[
𝜇matn1_3

]
× Qmatn1 +

∑
m∈M

∑
a∈A

∑
t∈T

∑
n≻1

E
[
𝜇matn2_3

]
× Qmatn2 × Zmix

+E
[
𝜇dis3

]
× Qdist +

∑
a∈A

∑
f∈F

∑
i∈I

∑
t∈T

∑
m∈M

∑
r∈R

E
[
Tra3

]
× (Qafit+Qaimt + Qairt + Qin

matn
× Zmex)

+
∑
p∈p

∑
m∈M

∑
o∈O

∑
t∈T

∑
k∈K

∑
c∈C

∑
r∈R

E
[
Trp3

]
× (Qpmot+Qpokt + Qpkct + Qpmrt + Qpcrt + Qprot) −

∑
f∈F

∑
a∈A

∑
t∈T

𝜇fat × Qfat × Z
�

f

+
∑
t∈T

∑
k∈K

E[𝜇ksit3] × Qksit × Disksi × Zksi +
∑
h∈H

∑
m∈M

∑
t∈T

∑
r∈R

E
[
Trh3

]
× Qhmrt

(31)

F1min =
∑
m∈M

Fixe
m
× Zm +

∑
i∈I

Fixe
i
× Zi +

∑
k∈K

Fixe
k
× Zk +

∑
r∈R

Fixe
r
× Zr +

∑
o∈O

Fixe
o
× Zo

+
∑
f∈F

∑
a∈A

Fixe
f
× Zf × Qfat +

∑
t∈T

∑
p∈P

∑
k∈K

SApk × 𝜇sakt +
∑
r∈R

∑
h∈H

∑
t∈T

𝜇rht × Qrht +
∑
r∈R

∑
a∈A

∑
t∈T

𝜇rat × Qrat

+
∑
i∈I

∑
a∈A

∑
t∈T

𝜇iat × Qiat +
∑
k∈K

∑
p∈P

∑
t∈T

𝜇kpt × Qkpt +
∑
r∈R

∑
p∈P

∑
t∈T

𝜇rpt × Qrpt +
∑
o∈O

∑
p∈P

∑
t∈T

𝜇opt × Qopt

+
∑
m∈M

∑
a∈A

∑
t∈T

∑
n=1

E
[
𝜇matn1_1

]
× Qmatn1 +

∑
m∈M

∑
a∈A

∑
t∈T

∑
n≻1

E
[
𝜇matn2_1

]
× Qmatn2 × Zmix

+E
[
𝜇dis1

]
× Qdist +

∑
a∈A

∑
f∈F

∑
i∈I

∑
t∈T

∑
m∈M

E
[
Tra1

]
× (Qafit+Qaimt + Qairt + Qin

matn
× Zmex)

+
∑
p∈p

∑
m∈M

∑
o∈O

∑
t∈T

∑
k∈K

∑
c∈C

∑
r∈R

E
[
Trp1

]
× (Qpmot+Qpokt + Qpkct + Qpmrt + Qpcrt + Qprot) −

∑
f∈F

∑
a∈A

∑
t∈T

𝜇fat × Qfat × Z
�

f

+
∑
t∈T

∑
k∈K

E[𝜇ksit1] × Qksit × Disksi × Zksi +
∑
h∈H

∑
m∈M

∑
t∈T

∑
r∈R

E
[
Trh1

]
× Qhmrt

solution gradually. The specific expressions are as follows 
in Eqs. (32) and (33). 

where step is the enclosing step �,� is the coefficient vec-
tor, Y∗

iter
 denotes the optimal whale position, Yiter denotes 

the current whale position, and Y
′

iter
 denotes the new opti-

mal position updated at each iteration. Equation (34)-(35) 
describe the coefficient vectors ϖ and � in Eq. (32)-(33), 
where rand is the random number between [0, 1] and � is 
the linear iteration coefficient decreasing from 2 to 0. As 
described in Eq. (36), iter is the current iteration number 
and maxiter is the maximum iteration number.

(32)step = ||� × Y∗
iter

− Yiter
||

(33)Y
�

iter
= Y∗

iter
− � × step

(34)�= 2 × rand1 × � − �
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5.1.2  Bubble net attack

The local development phase of the WOA algorithm is the 
bubble net attack phase. Its steps are as follows: the search 
shrinkage envelope mechanism and the spiral update 
mechanism.

The shrinkage envelope mechanism is similar to the 
global search. It reduces the linear iteration coefficient � , 
with the number of iterations from 2 to 0 to achieve the 
position update and take the value � = [−1, 1].

The renewal mechanism means that whales have a 
50% probability of approaching prey in a spiral shape 
in a gradually decreasing circle. The logarithmic spiral 
curve is mainly constructed based on the current position 
and the optimal agent so that the search agent slowly 
approaches the optimal position. As described in the fol-
lowing Eq. (37)-(38).

5.1.3  Searching for prey

The search of prey phase takes the form of a stochastic 
location update of the fish population, as described in 
Eq. (39)-(40) below.

5.2  The original grey wolf algorithm

The Grey Wolf Algorithm (GWO) [62] is a biomimetic algo-
rithm proposed by Australian scholars Mirjalili et al. It has 
been widely used for solving NP-hard problems in vari-
ous fields because of its simple operation, few adjustable 
parameters, and high solution efficiency. The main princi-
ple of GWO is to simulate the wolf pack hunting mecha-
nism and the status hierarchy within the wolf pack and 
to divide the wolf pack into � wolf, � wolf, and � wolf. Its 
principle contains searching for prey, surrounding prey, 
and attacking prey as the following Eq. (41)-(42).

(35)�= 2 × �

(36)�= 2−
2iter

maxiter

(37)step� = ||Y∗
iter

−Yiter
||

(38)Y
�

iter
= Y∗

iter
+ e�� × cos(2�l) × step�

(39)step = ||� × Yrand − Yiter
||

(40)Y
�

iter
= Yrand−� × step

where stepG denotes the envelope step, �G , �G is the coef-
ficient vector, YG∗

iter
 denotes the optimal wolf position, YG

iter
 

denotes the current wolf position,YG′

iter
 denotes the new 

optimal position updated at each iteration. And the calcu-
lation method of the coefficient vectors �G , �G are similar 
to (34) and (35).

(43) denotes the distance between each wolf and the opti-
mal solution wolf �, � , � ; (44) represents the position of the 
next wolf; Eq. (45) denotes the next position of each wolf.

5.3  Opposition‑based learning

Opposition-based learning (OBL) is one of the effective 
means to enhance the searchability of the Algorithm. The 
stochastic backward learning [63] method used in this sec-
tion is embedded in the original WOA or GWO to enhance 
the population diversity and improve the searchability of 
the algorithm. The method is to use the solution opposite 
to the existing solution as the candidate solution of the 
second group to expand the population range to get more 
solutions. The results show that the method effectively 
enhances global search ability.

The primary method of OBL is as follows: in each 
iteration, an agent is first searched from the population 
immediately according to Eq. (46). And Eq. (47) is used to 
change the solution to the opposite. Where Ind denotes 
the individual index, Ceil, Yiter , rand2 represent the upward 
rounding function, the random individual, and the random 
number between [0, 1] . YInd , Yg indicate the new and origi-
nal positions. lb, ub show the upper and lower bounds of 
the decision variables, respectively.

(41)stepG =
|||�

G × YG∗
iter

− YG
iter

|||

(42)YG�

iter
= YG∗

iter
− �G × stepG

(43)stepG
�,� ,�

=
|||�

GY
G�,� ,�

iter
− YG

iter

|||

(44)YG
iter 1,2,3

= Y
G�,� ,�

iter
− �G × stepG

�,� ,�

(45)YG�

iter
=

YG
iter(1)

+ YG
iter(2)

+ YG
iter(3)

3

(46)Ind = Ceil
(
Yiter × rand2

)

(47)YInd=lb + ub − Yg
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5.4  Improvement steps

5.4.1  Linear iteration coefficients

WOA and GWO are both heuristic algorithms proposed 
in recent two years, which have the characteristics of fast 
solution speed, few parameters, and simple operation. But 
in contrast, their search ability is limited. To maximize the 
searchability, this section adopts the cosine convergence 
factor to improve the linear iteration coefficients, such as 
in Eq. (48).

5.4.2  Levy flight modified step size

The search space becomes more diversified. It makes the 
search process more complex and it often falls into local 
optimization. To solve the problem that WOA quickly 
falls into the local optimum, we introduce the Levy flight 
mechanism with dynamic step size to WOA. The Levy flight 
mechanism is a special kind of stochastic motion, a com-
bination of short-range and long-range step operation 
modes. It can reduce the possibility of falling into a local 
minimum in WOA, as in Eq. (49)-(53). In these Eqs., � is the 
dynamic step factor, Levy(� , v) is the flight step. �,v obey 
the normal distribution, respectively. o has the initial set-
ting of 1.5, and declines slowly. To jump out of the local 
optimum, it will decline exponentially at the end of the 
iteration.

(48)�= 1+cos

(
� ∗

iter

Maxiter

)

(49)�= 2e
0.2

[
− ln(

10iter

Titer
)

]

(50)Levy(� , v) =
�

|v| 1

o

(51)� ∼ N(0, �2
�
), v ∼ N(0, 1)

(52)�� =

⎧⎪⎨⎪⎩

Γ(1 + o)sin
�
�

o

2

�

Γ

�
(
1+o

2
)o2

o−1

2

�
⎫⎪⎬⎪⎭

1

o

(53)Y∗
iter

= Yiter + � ∗ Levy(� , v)

5.5  Hybrid algorithm

Through the above improvements, we obtain the 
improved hybrid algorithm OLGWOA. Figure 3 shows the 
detailed hybrid algorithm process, The specific operations 
are as follows:

Firstly, we divide the population into POP1 and POP2 
by opposition-based learning to increase the population 
diversity. Second, we introduce the linear iteration param-
eter into GWO to obtain the improved GWO algorithm and 
enhance its search capability. We introduce linear itera-
tion coefficients and Levy flights into WOA to obtain the 
improved WOA algorithm, which improves the search step 
and avoids falling into the local optimum. Finally, we use 
these two algorithms to solve this POP1 and POP2, respec-
tively. during the iteration, if the same solution appears 
five times (falls into the local optimum), it will re-enter the 
initialization and solve again.

6  Solution approach

Jilin province, China, as a large Chinese medicine output 
province, has a wide variety of Chinese medicine products 
with abundant production. In this section, we will take 
Baishan city and Yanbian Korean Autonomous Prefecture 
in Jilin province as an example to verify the effectiveness 
of the model part, robust fuzzy processing part, and algo-
rithm part. The specific location is shown in Fig. 4. Septem-
ber–October is the harvesting season of Chinese herbal 
medicines. The data in Appendix 1, 2, 3 were generated 
based on the actual situation of the current 30 herbal cul-
tivation cooperative bases.

6.1  Model validity verification

To verify the validity of the model, this section uses lingo 
software. It tests the range of values in the Appendix to 
discuss the impact of shared inventory and drying station 
swap on cost in the deterministic model. The results are 
shown in Fig. 5. As seen in Fig. 5a, the total cost gradually 
increases as the number of out-of-stocks increases due to 
the penalty cost. However, the trend shows that shared 
inventory can ensure lower prices while meeting customer 
demand within a certain number of out-of-stocks. As seen 
from Fig. 5b, as the number of interruptions increases, con-
sumption cost increase, too. However, there is no need for 
drying station scheduling within a certain interruption 
length.
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Fig. 3  Hybrid algorithm flow 
chart Start

Initialize population and supply chain 

parameter settings

Calculate the fitness of the total 

population and the optimal individual 

position

Generation of POP2 by opposition-based

learning through (46) (47)
Generate POP1 population

Define wolf in POP2

Use Eq. (43) to calculate the distance 

between wolves and wolves

Execute Eq.(44) (45) to calculate the 

position of wolves

If five iterations have the same value

Select the optimal solution between 

POP1 and POP2

Stop criteria

Output the best solution

End

Define the best whale position in POP1

Update whale position in POP1

If five iterations have the same value

Yes

Execute (34) (35) (48) to calculate the 

coefficient vector

Yes

Executive 

Eq. (38) (53)

Executive 

Eq. (40)

No
Yes

Executive 

Eq. (33)

NO

Execute (34) (35) (48) to calculate the 

coefficient vector

No

No

Yes

Yes

No

Fig. 4  Map of Jilin Province. 
(The blue area indicates the 
origin of clustered traditional 
Chinese medicine, the red area 
indicates the origin of non 
clustered traditional Chinese 
medicine)
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6.2  Algorithm validation

This section uses Taguchi experiments to select the optimal 
combination of the algorithm parameters of the OLGWOA. 
We take the SearchAgents_no value of {100,200,300,500}, 
take the Maxiteration value of {100,150,200,250}, take 
the � value of {0.1,0.2,0.4,0.6}. The optimal combination 
of the number of search agents, 200, the maximum num-
ber of iterations, 260, and the selection parameter, 0.6, 
was obtained from Taguchi’s experiment. Based on the 

above optimal parameters, this section uses IGWO, IPSO 
(improved linear iterative parameters), ILWOA(improved 
linear iterative parameters, Levy flight), and  HWOA[77] to 
compare with the OLGWOA of this paper. These algorithms 
use cosine convergence factors to improve parameters. We 
use the above four algorithms to test the test functions 
in the Appendix 2 respectively and obtain Table 1. From 
Table 1, we can see that the algorithm OLGWOA proposed 
in this paper has a small variance and relatively higher reli-
ability, accuracy, and optimization capability. 

a b

Co
st

Te
n 

th
ou

sa
nd

Quantity out of stock Ten thousand

Consider shared inventory
Do not consider shared inventory

Co
st

Te
n 

th
ou

sa
nd

Number of disruption impacts Ten thousand

Consider drying and replacement
Drying exchange is not considered

Fig. 5  a Impact of shared inventory on a cost. b Impact of drying station replacement on cost

Table 1  Test function results Function ILWOA IGWO IPSO OLGWOA HWOA

F1 Mean 6.981 × 10−73 2.22 × 10−27 8.111 × 10−15 1.633 × 10−43 8.143 × 10−35

Std 3.66 × 10−75 3.06 × 10−27 1.5980 × 10−14 4.5193 × 10−85 3.542 × 10−78

F2 Mean 6.475 × 10−56 8.14 × 10−32 3.5078 × 10−16 3.9248 × 10−52 4.33 × 10−41

Std 4.58 × 10−55 2.51 × 10−31 1.0014 × 10−15 5.6288 × 10−103 4.372 × 10−63

F3 Mean 5.71 × 104 9.4 × 10−26 1.1561 × 10−9 −4.1965 × 10−51 7.347 × 10−21

Std 3.52 × 103 2.09 × 10−25 2.0036 × 10−7 5.1218 × 10−99 2.435 × 10−35

F4 Mean 2.801 × 10−1 6.57 × 10+00 5.9070 × 10−1 1.889 × 10−2 6.731 × 10−1

Std 4.217 × 10−1 4.41 × 10−1 2.9450 × 10−1 2.25 × 10−3 1.327 × 10−3

F5 Mean  − 1.255 ×  10−4  − 2.7 ×  103
2.5287 × 101 4.1485 × 102 0

Std 6.9512 × 102 3.18 × 102 2.6939 × 102 9.2579 × 102 0

F6 Mean 0 4.09 × 10−1 7.9390 × 10−1 6.51 × 10−10 5.62 × 10−3

Std 0 7.99 × 10−15 2.1603 × 10+00 1.4431 × 10−17 2.3964 × 10−11

F7 Mean 7.99 × 10−15 7.99 × 10−15 2.6809 × 10−16 −1.7786 × 10−16 1.897 × 10−16

Std 6.98 × 10−14 2.90 × 10−15 2.0472 × 10−15 1.6978 × 10−30 3.248 × 10−16

F8 Mean 1.83 × 10−1 3.19 × 10−2 4.9010 × 10−1 1.1187 × 10−9 1.452 × 10−2

Std 2.29 × 10−1 4.26 × 10−2 9.1291 × 10+00 1.3318 × 10−16 4.357 × 10−1

F9 Mean 1.3600 × 10−2 8.66 × 10−4 3.45 × 10−1 1.87 × 10−04 2.421 × 10−2

Std 4.1400 × 10−2 7.53 × 10−4 7.67 × 10−1 3.8254 × 10−7 8.736 × 10−3
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6.3  Sensitivity analysis

This section uses the OLGWOA to solve the robust fuzzy 
model. And we set �, � to the optimal value between 
[100,1100]. And Table 2 is obtained by adjusting the impor-
tance of �, � . By analyzing the data in Table 2, it can be 
concluded that the cost decreases as the confidence level 
increases when confident. As the uncertainty increases, 
the proposed optimization model shifts toward the con-
servative value of the uncertain parameters. And the cost 
of considering uncertainty is higher than the value of 
deterministic cost. As uncertainty increases, more cost is 
needed to maintain stability.

Figure 6 shows the iteration diagram of this algorithm 
for solving the cost model in this paper and compares it 
with IGWO and ILWOA. It can be seen from the chart that 

the improved Algorithm proposed in this paper is superior 
in solving the problem of the closed-loop supply chain 
network of Chinese herbal medicine in this paper. The 
Figure shows that the solution cost of IGWO is lower than 
that of OLGWOA, but it is more likely to fall into the local 
optimum and take longer to solve. At the same time, com-
pared with ILWOA, OLGWOA has a relatively low cost and 
more substantial search capability.

6.4  Practical case study

In this section, we take Yanbian Korean Autonomous 
Prefecture and Baishan City in Jilin Province, China as an 
example. When the number of participating herbal farm-
ers is 10, the specific situation of the supply chain network 
is shown in Fig. 7. From Fig. 7, it can be obtained that when 
the cultivated farmers are fewer and scattered, the pack-
aging center is set near the center to achieve the relative 
optimum cost, carbon emission, and social benefits. At 
the same time, when farmers are more dispersed, it is not 
suitable for drying station dispatching. And the layout of 
sorting center i, recycling and remanufacturing center r, 
drying station m, and packaging center o roughly shows 
a clustering type and then output to each distribution 
center. When the farmers involved in growing herbs are 
30, the specific situation of the supply chain network is 
shown in Fig. 8. As seen from the Figure, when the number 
of farmers is large, the overall supply chain network layout 
shows a radial shape and is exported level by level.

7  Conclusion

This paper studies a multi-level, multi-cycle, multi-product, 
closed-loop supply chain integration network of Chinese 
herbal medicine. It solves the problems of high cost, low 
resource utilization rate, and uncertain risk of traditional 

Table 2  Parameter cost values

γ ω Deterministic model 
cost

Robust fuzzy 
model cost

0.5 0.6 25,123,440 6,442,986
0.7 24,043,460 6,307,919
0.8 23,025,420 6,173,244
0.9 22,481,300 6,134,637
1 21,023,810 6,006,052

0.6 0.6 25,123,440 7,553,733
0.7 24,043,460 7,384,898
0.8 23,025,420 7,216,555
0.9 22,481,300 6,968,296
1 21,023,810 6,157,565

0.7 0.6 25,123,440 9,775,226
0.7 24,043,460 9,538,857
0.8 23,025,420 9,303,177
0.9 22,481,300 7,535,614
1 21,023,810 7,840,591

0.8 0.6 25,123,440 10,885,972
0.7 24,043,460 10,615,837
0.8 23,025,420 10,346,105
0.9 22,481,300 8,669,274
1 21,023,810 8,332,104

0.9 0.6 25,123,440 11,996,719
0.7 24,043,460 11,692,817
0.8 23,025,420 11,389,368
0.9 22,481,300 9,502,933
1 21,023,810 9,123,617

1 0.6 25,123,440 13,107,470
0.7 24,043,460 12,769,800
0.8 23,025,420 12,432,630
0.9 22,481,300 10,336,592
1 21,023,810 9,915,130
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Fig. 6  Iterative diagram of the Algorithm
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Chinese herbal medicine supply chain network and draws 
the following conclusions:

(1) Considering risk dynamic regulation mechanisms, we 
establish a multi-objective optimization model with 
the objectives of minimum cost, carbon emission, 
and maximum social benefit. Meanwhile, to deal with 
the uncertainty in supply chain network design, the 
model is transformed into a robust fuzzy optimiza-
tion model of resilient supply chain networks. Practi-
cal cases and sensitivity analysis show that the model 
and robust fuzzy analysis method proposed in this 
paper can effectively improve the resilience of supply 
chain networks and quickly deal with disruption risks.

(2) To solve the NP-hard problem of supply chain net-
work design, we combined the original Whale algo-
rithm and the Grey wolf algorithm. We use the oppo-
site learning mechanism to expand the population. 
The levy flight mechanism is used to jump out of the 
local optimum, and the cosine convergence factor 
is used to enhance the searchability, thus obtaining 
the OLGWOA algorithm. Compared with the ILWOA, 
IGWO, IPSO, and HWOA, the OLGWOA has a faster 
convergence rate, stronger stability, and can jump 
out of local optimum better.

(3) The improved OLGWOA algorithm is used to solve the 
robust fuzzy optimization model of the closed-loop 

supply chain network. The actual case proves that 
the model and algorithm proposed can well solve 
the problems of the Chinese herbal medicine supply 
chain network and provide suggestions for related 
management departments.

In the actual supply chain of the herbal medicine indus-
try, there are special circumstances such as seasonal sup-
ply, geographical supply, climatic influence, and many 
types of transportation. It is not discussed in detail in this 
paper. Meanwhile, the supply chain network attempted to 
be constructed in this paper can evolve into a herbal medi-
cine supply chain network alliance. But the design of the 
alliance must consider the internal revenue distribution and 
cost-sharing of each member. Therefore, the research on the 
Chinese herbal medicine supply chains needs to be further 
developed. Our next research work focuses on refining dif-
ferent kinds of herbal supply chain networks, and supply 
chain network alliances to ensure closer to realistic opera-
tion and further innovation.
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Fig. 7  a Forward supply chain 
network diagram 1 (small 
scale). b Reverse supply chain 
network diagram 1 (small 
scale)
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Fig. 8  a Forward supply chain 
network diagram 2 (Large 
scale). b Reverse supply chain 
network diagram 2(Large 
scale)
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Appendix Range of values

Qfat, Qmatn1, Qmatn2, Qafit ~ U (2.5 ×  104,3.4 ×  105); 
Qiat, Qaimt ~ U (1.5 ×  105,2 ×  105); Qopt, Qpmot ~ U 
(1.2 ×  105,1.6 ×  105); Qpokt ~ U (1.8 ×  105, 2.5 ×  105); 
Q k p t ,  Q p k c t  ~  U  ( 7  ×   1 0 4, 1  ×   1 0 5) ;  Q p r o t  ~  U 
(1 ×  105,3 ×  105); Qrpt ~ U (1.5 ×  105,2 ×  105); Qairt, 

Qpmrt ~ U(1 ×  104,2 ×  104); Qhmrt ~ U (1.2 ×  105,1.7 ×  105); 
Qpcrt, Qrat ~ U(1 ×  104,2 ×  104); Qrht ~ U (3.6 ×  105,5 ×  105); 
Qmatnin ~ U (5 ×  104,1.5 ×  105); Qdist ~ U (0,3 ×  105); 
Qksit ~ U (0,1 ×  105).

Tra: ~ U (3.2, 12.8), ~ U (12.8, 22.4), ~ U (22.4, 32); Trh: ~ U 
(16, 24), ~ U (24, 32), ~ U (32, 40);

Trp: ~ U (3.2, 15.2), ~ U (15.2, 27.2), ~ U (27.2,40);
�dist: ~ U (5 ×  105, 6.5 ×  105), ~ U (6.5 ×  105, 8 ×  105), ~ U 

(8 ×  105, 1 ×  106);
�matn1: ~ U (1 ×  103, 2.5 ×  103), ~ U (2.5 ×  103, 4 ×  103), ~ U 

(4 ×  103, 6 ×  103);
�matn2: ~ U (2 ×  103, 3.5 ×  103), ~ U (3.5 ×  103, 5 ×  103), ~ U 

(5 ×  103,  324);
�ksit: ~ U (1 ×  104, 2.5 ×  104), ~ U (2.5 ×  104, 4 ×  104), ~ U 

(4 ×  104, 5 ×  104);dempt : ~ U (7, 1 ×  105), ~ U (1 ×  105, 
2 ×  105), ~ U (2 ×  105, 3 ×  105).

Fixe
m

:  ~  U (9*10 5,1 .5*10 6) ;  Fixe
i

,Fixe
k

,Fixe
r

,Fixe
o

:  ~  U 
(1*105,1.5*105); Fixe

f
: ~ U (5*105,5*106)/t;

�iat: ~ U (100,200)/t; �kpt,�opt,�sakt: ~ U (200,500)/t; �rpt,�rht

,�rat: ~ U (100,300)/t; Tjob: ~ U (0,10);
�f ,�i,�o,�k,�r: ~ U (1*105,2*105) t; �fa,�ia,�ma,�rh,�kp,�rp

,�op,�car: ~ U (1.5,2) t; Tan: ~ U (0,6);
Capf ,Capm :  ~  U  ( 2 . 5 * 1 0 5, 3 . 4 * 1 0 5)  t ;  Capi :  ~  U 

(1.5*105,2*105) t; Capk: ~ U (7*104,1*105) t;
Capo: ~ U (1.8*105,2.4*105) t; Capr: ~ U (1*105,3*105) t; 

SApkt: ~ U (3*104,5*104) t;
� :0.5:0.1:1; �,�,� :  0.6:0.1:1; �1,�2 :  [0,1]; �m:  ~ U 

(1*105,2*105) t; �fat: ~ U(500,1000) /t;rif : ~ U(20,60) km; rmi

,rom: ~ U(60,200) km; rko,rrm,rko,rrc,rkc,rri,rkr: ~ U(100,300) km.
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Table content explanation

 (1) For expresses the Forward Logistics
 (2) Re expresses the Reverse Logistics
 (3) CLSC expresses the closed-loop supply chain
 (4) S expresses the Single-objective model
 (5) Multiple expresses the Multi-objective model
 (6) C expresses the Cost
 (7) CO2 expresses the Carbon dioxide emissions
 (8) Em expresses the employment
 (9) Ro expresses the Robust
 (10) Fu expresses the Fuzzy
 (11) Math expresses the Mathematical method
 (12) Algo expresses the Algorithm
 (13) Agr expresses the agricultural
 (14) Ot expresses the Other product
 (15) ac expresses the active anti-risk operations
 (16) pa expresses the passive anti-risk operations
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