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Abstract Under the background of rapid development of digital economy, cross-border e-commerce has become
an important engine of global trade, and the efficiency of its logistics network directly affects customer satisfaction
and enterprise cost control. Aiming at the multi-objective optimization of cross-border e-commerce logistics network,
this study innovatively introduces the quantum annealing algorithm, which breaks through the local optimal limitation
of the traditional algorithm through the quantum tunneling effect and the superposition state characteristic, and
constructs a multi-objective optimization model focusing on the logistics cost, time value and customer satisfaction.
The study takes the overseas warehouse mode maritime logistics network as the object, and quantifies the multiple
cost items such as storage, transportation, tax and fee through the mechanism of task decomposition and resource
synergy. In the simulation example, the network robustness is verified by destruction resistance simulation. Under
random attack, the network connectivity drops to 49.29% (node attack) and 56.55% (edge attack) when the node
deletion ratio reaches 50%. In the deliberate attack, the improved maximum node mediator attack maintains a
connectivity rate of 43.10% at a deletion ratio of 20%, which is better than the 20.79% of the traditional strategy and
the 11.04% of the node-degree attack, indicating that the optimized network possesses a strong anti-interference
capability. The quantum annealing algorithm has an optimal solution ratio of 79.23% in large-scale problems, which
is significantly higher than the 56.19% of the genetic algorithm and the 50.18% of the heuristic algorithm, and the
average number of solutions is 27.3, which is also ahead of similar algorithms. Although the CPU running time is
slightly higher than that of the genetic algorithm, its global search ability and the quality of the solution have a
significant advantage. This study provides support for the intelligent optimization of cross-border e-commerce
logistics network and helps enterprises to reduce cost and increase efficiency and sustainable development.

Index Terms quantum annealing algorithm, cross-border e-commerce, logistics network optimization, quantum
tunneling effect

. Introduction
With the gradual development of e-commerce, online transactions, online shopping and other services are
becoming more and more convenient. Under economic globalization and China's “One Belt, One Road”
development policy, e-commerce gradually involves cross-border business, and many countries strongly support
the development of cross-border e-commerce, and a number of related policies have been enacted, laying the
foundation for the rapid development of cross-border e-commerce [1]-[3]. Nowadays, it is in the era of digital
economy, which breaks the geographical barriers and makes it easier for merchants to enter the global market [4].
Through the Internet and digital technology, not only does it increase the exposure of cross-border e-commerce
enterprises, but cross-border e-commerce enterprises also have direct access to the global consumer market and
consumer data, and customize their marketing strategies in response to changes in the market [5], [6]. In addition,
the digital economy environment expands the cross-border e-commerce business model, realizes the globalization
of sales and exchanges, provides more efficient supply chain management, and makes cross-border e-commerce
more competitive [7], [8]. However, in terms of logistics, on the one hand, because cross-border e-commerce trading
platforms will regularly carry out shopping promotions, so there will be a surge of large quantities of goods within a
short period of time, which puts higher requirements on the efficiency of warehouse scheduling, and the traditional
logistics network is insufficiently supervised, which puts enormous pressure on the entire logistics network [9]-[11].
Meanwhile, the carbon emission of cross-border e-commerce logistics and transportation increases gradually
with the rise of the order volume, while the traditional logistics network ignores the carbon cost, which exceeds the
merchant's budget [12]. On the other hand, since cross-border e-commerce platforms have to have a corresponding
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logistics network for cross-border transportation of goods after they are sold, consumers are demanding more and
more efficiency in cross-border logistics, but the current logistics network has a long time limit for transporting goods,
high cost, weak infrastructure, complicated customs clearance procedures, and lack of dynamic response, which
seriously restricts the further development of the industry [13]-[16]. Therefore, the optimization and efficiency
improvement of cross-border e-commerce logistics network has also gradually become a mainstream issue.

Under ideal circumstances, a good cross-border e-commerce logistics network can bring higher value to
enterprises, reduce costs, and improve service standards for consumers. Most optimization problems of logistics
networks are conducted with the goal of minimizing cost, and a small number of studies include maximizing
consumer service, but there is a certain conflict between the two, as consumer service level is reflected in
responsiveness and reliability [17], [18]. In order to ensure higher consumer service quality, some intermediate
steps can be added (e.g., adding some distribution centers), but this will inevitably increase the cost expenses of
the firms [19], [20]. At the same time, it is also possible to reduce the costs through low-priced distribution channels
and cheap transportation methods, but this will have a great impact on the consumer service. Therefore, scholars
have proposed several algorithm-supported optimization schemes for logistics networks, but the current
optimization techniques have problems to be optimized, such as low computational efficiency in the quantum limit
and quantum encryption compliance [21], [22].

In this study, quantum annealing algorithm is introduced into the field of cross-border e-commerce logistics
network optimization, aiming to break through the limit of local optimization and realize the efficient allocation of
global resources through the advantage of quantum computing. The article is based on the logic of “logistics network
modeling - parameter analysis - algorithm adaptation”. Firstly, taking the overseas warehouse mode maritime
logistics network as the research object, the cross-border logistics tasks are decomposed into the sub-task
sequences of hub warehouse and overseas warehouse through structural mapping and problem abstraction, and
the resource selection mechanism under multi-party collaboration is clarified. Further, a mathematical model is
constructed to quantify the key objective functions such as logistics cost, time value and total time, covering multiple
cost items such as storage, transportation, tax, etc., and forming a multi-objective optimization framework by
combining time constraints and customer satisfaction. Finally, the quantum annealing algorithm is introduced to
solve the high-dimensional search problem in combinatorial optimization through quantum tunneling effect and
superposition state characteristics, and maps the logistics resource allocation problem into the Hamiltonian of the
Ising model. The quantum annealing algorithm is able to transform the combinatorial optimization of sub-task
candidate resources into the base state search of quantum bits, so as to dynamically balance the multi-objective
conflicts of cost, time and satisfaction in the process of quantum annealing, and ultimately to realize the fast
approximation of the global optimal solution.

Il. Multi-objective optimization model construction and solution for cross-border e-
commerce logistics network

Il. A.Cross-border e-commerce overseas warehouse model maritime logistics network

Il. A.1) Description of the problem

Figure 1] shows the network structure of cross-border transaction by sea transportation in overseas warehouse

mode.

In the ocean transportation process, we set the number of overseas warehouses to be certain, the number of
domestic sellers and the number of foreign buyers to be random, and sellers and buyers can only choose any one
overseas warehouse at the same time. Since the transportation cost from sellers to domestic hubs and the
transportation cost from overseas warehouses to customers are negligible relative to the cost of ocean
transportation, without loss of generality, the contents of the dotted box in Fig. [1/are used as the research object of
the cross-border transaction network structure of overseas warehouse mode.

Domestic Domestic Overseas Foreign
Logistics 1 Hub 1 Warehouse | Logistics 1
Domestic Domestic Overseas Foreign

@ Logistics 1 Hub 1 Warehouse 1 Logistics 1 @

Domestic ,_A Domestic ,_3 Overseas ,_3 Foreign
Logistics 1 Hub 1 Warehouse 1 Logistics 1

Figure 1: Structure of warehouse model for cross-border maritime transactions
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In the overseas warehouse mode cross-border transaction network model shown in Figure , third-party logistics

is generally required to complete the transportation from domestic to foreign countries, while the overseas
warehouse can be obtained through self-built warehouses or through leasing, and usually the logistics from the
overseas warehouse to the customer is also completed by the foreign third-party logistics, and thus the whole
process of cross-border transactions is accomplished by the logistics of multiple parties working together. Therefore,
we map this process of multi-party collaboration into the problem of optimal allocation of logistics resources across
organizational boundaries. In this logistics operation process, the service core enterprises need to collaborate and
share the logistics resources in the global scope due to their own resource constraints to accomplish the logistics

tasks together. We map the logistics process in the dotted box in Figure [1] into the structure of the cross-border e-
commerce maritime logistics network operation in overseas warehouse mode shown in Figure 2.
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Figure 2: The operation structure of the logistics network in the warehouse model

In the whole transaction process, cross-border e-commerce enterprises can decompose the logistics task 7 into
multiple sub-task sequences 7, according to certain rules based on customer demand. Divide the whole task into

T, and T, tasks, where sub-task T denotes that there are 3 candidate hub warehouse resources, sub-task T,
denotes that there are 5 candidate overseas warehouse resources, and each sub-task T has k, candidate
resources, the first ; candidate resource of the ; sub-task is denoted as R .,ie{1,2,...1},j € {l,2,....k} , thus

constituting a network of overseas warehouse mode operation structure under the ocean transportation mode driven
by subtasks 7 and sharing of various resources R, among logistics alliance enterprises, with the number of

subtasks 7;, the candidate resources of hub warehouses k =3 the number of subtasks 7,, and candidate
resource k =5 for overseas warehouse. For different candidate logistics resources, there are differences in

service cost, customer satisfaction, and goods return service, etc. Resource allocation is to obtain the optimal
resource combination by evaluating the combined resources.

Il. A.2) Parameter definitions
The parameters of the operational structure model of the logistics network for the overseas warehouse model of
Fig. |2 are defined as follows:

7 : logistics task;

T : logistics task subsequence, e {1,2,....I};

R;: the jth candidate resource for the ;thsubtask, ie{1,2,...1},j€{1,2,...k};

T, - this paper refers to the domestic third-party logistics sub-task for hub warehouse;

7, - this paper refers to foreign third-party logistics subtasks, for overseas warehouses;

C;: the cost of using the ; th candidate resource for the ; th subtask, in dollars per cubic meter;

P . is the total amount of ocean freight per shipment, in cubic meters;
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n: The cost of overseas warehouse storage per day in USD/day/cubic meter;
¢, : the time of overseas warehouse storage, calculated by day, ;e {1,2,..,N};

: the volume of goods stored in the overseas warehouse on the j th day, in cubic meters, ;e {1,2,..,N};

J
P,
x : the average daily volume of goods shipped from the overseas warehouse, in cubic meters per day;
C, : storage fee cost for the ;th overseas warehouse, C, =Pt 7, in dollars;

C,, - headway cost cost from the m th hub warehouse to the » th overseas warehouse;

C,, total warehousing cost cost of the n th overseas warehouse;

f(C) - total cost objective function;

C,: total customer program cost;

f(S) - satisfaction objective function;

§, : customer program satisfaction;

A denotes the satisfaction evaluation after task ; selects the ;th resource to execute;

H,  is the decision variable, H, e{0,1}, H,=1 means that the ;th sub-task selects the candidate resource
R;, and H,;=0 means that the ;th sub-task does not select the candidate resource R; .

Il. B.Function analysis

Based on the above structural characteristics and task decomposition logic of the logistics network in overseas
warehouse mode, the cost and efficiency parameters of each link need to be further quantified to support the
construction of the mathematical model. In this section, the complex logistics resource allocation problem is
transformed into a multi-objective optimization task by defining key variables and functional relationships.

Il. B.1) Logistics cost function
The logistics cost mainly considers the development and operation cost of bonded warehouse, enterprise operation
cost, warehousing cost, transportation cost, tax of products and other additional costs such as port fee.

According to the parameters, assumptions and the actual situation, the number from 1 to n is the bonded
warehouse that the enterprise has at present, and n+1 to m is the alternative location of the bonded warehouse that
can be newly developed, then the cost of opening and closing the bonded warehouse and the fixed operating costs
are calculated as shown in formula (1).

C = ZX,~uj—Z(I—Xj)-vl.+ZXj-aj,ISn<m (1)
J=n+1 Jj=1 jeJ
Enterprise operating cost refers to the labor cost and other resources spent by the enterprise to maintain the
operation of the logistics network, which is directly proportional to the number of products, and the larger the volume
of goods, the higher the operating cost. Then the calculation of enterprise operation cost is shown in formula (2).
¢,=Y4,0, (2)
heH
Warehousing costs include the cost of warehousing products in domestic warehouses and bonded warehouses,
and different warehouses have different unit warehousing costs. Unit warehousing costs must be warehousing costs
related to time and the number of products, the decision variable Y is 1 when the product is valid, indicating that the
use of the warehouse for warehousing, incurring costs are included in the cost of warehousing. Which each (batch)
of products in a bonded warehouse within the period of exemption from paying storage costs, more than the period
of exemption from paying storage costs per unit. Warehousing costs are calculated as shown in the formula (3),
where the formula at the end of the upper right corner of the “+” that the results of the calculation in parentheses for
the positive value of the validity of the parentheses if the negative value is taken as zero.
G = Z th[k Oy Wi Ly
heH keK (3)
+ZZYhijk -0, Wy '(tlhj _Tj)+

heH jeJ

Transportation costs include the road transportation costs for the three paths from the port to the bonded
warehouse, from the bonded warehouse to the domestic warehouse, and from the port to the domestic warehouse,
with different unit transportation costs for different segments. When the unit transportation cost is certain, the road
transportation cost is related to the transportation distance and the number of products, and the product is valid
when the decision variable Y is 1, which means that the transportation is carried out through this section of the path,
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and the costs incurred are included in the transportation cost. Then the transportation cost is calculated as shown

in equation (4).
€= ZZZYI”'M 'Chij 'Dfi -0,

heH i€l jeJ

+ZZZYW Cu Dy -0, 4)

heH jeJ keK

+ZZZY;H¢ 'Chk 'ka 'Qh

heH iel kekK
Taxes and charges on imported products mainly include customs duties and value-added tax, with different tax
rates for different products. The value of the products is generally based on the purchase contract signed for the
imported products, and the taxes and charges to be paid are calculated by multiplying the value of the products by
the tax rate. The total tax is then calculated as shown in formula ().
Cs:zslh'Ph"'ZSZh'Ph (5)
heH heH
The storage and loading and unloading of cross-border transportation products after their arrival in Hong Kong
will generate additional costs such as port charges, plus bank charges, insurance premiums, etc., for each batch of
orders, which can be regarded as directly proportional to the number of products according to the average value of
the calculation. The total surcharge is then calculated as shown in formula (6).

C = Z €0, (6)

heH
IIl. B.2) Time value function
Imported fresh products need to pay taxes and fees when customs clearance, so the tax payment time is different
between customs clearance from bonded area and customs clearance from port. Transportation from the port direct
customs clearance, the need to pay taxes and fees on the same day, while transportation through the bonded
warehouse is to pay taxes and fees when out of the bonded warehouse, delayed payment of taxes in addition to
alleviate the pressure on the enterprise's capital, but also save the tax in the limited time difference in the interest
or investment income, so with the time saved times multiplied by the need to pay taxes and fees and then multiplied
by the rate of interest or rate of return can be obtained from the value of time. Therefore, the time value function is
calculated as shown in formula (7)).
P = ; Zzyhiﬂc -Gy '(tohzj +hy Ty —ty) Y1365 (7)
eH iel jeJ
Il. B. 3) Functions of time
For a numbered arbitrary h a (lot) of products facing a business customer, the contract has agreed on a pickup or
delivery time, so it is assumed that the total time duration is equal to that specified time frame. The decision variable
Y is valid when it is 1, indicating that the path through the segment. The total length of the product transported
through the bonded warehouse is the port to the bonded warehouse transportation time + bonded warehouse
storage time + bonded warehouse clearance time + bonded warehouse to the domestic warehouse transportation
time, the total length of the product transported directly from the port customs clearance to the domestic warehouse
is the port customs clearance time + port to the domestic warehouse transportation time + domestic warehouse
storage time. The total duration of the product is calculated as shown in formula (8).
T, = Yhijk (t()hij +t1;;/k + t2hj + tthk) + Y (tw +hy t tBhk) =1, (8)
Equations (9)-(13) show the calculation of product transportation time and storage time. Transportation time is

calculated by dividing the distance by the average road transportation speed. The storage time is calculated by
subtracting the customs clearance time and transportation time from the total length (specified time limit).

bowi = D::/ 1V (9)

Ly =Dy 1V (10)

b =D, 1V (11)

Ly =1 =Ly =Ly — Ly (12)
Lo =0~ — o (13)

Il. C.Quantum annealing algorithm

After clarifying the mathematical model of logistics cost, time value and total duration, it becomes crucial to efficiently
solve this multi-constraint, high-dimensional combinatorial optimization problem. The quantum annealing algorithm
provides a new technical path for the exploration of the global optimal solution by virtue of its quantum tunneling
and parallel search characteristics.
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Quantum annealing, similar to simulated annealing, is inspired by the physical annealing process to find the
optimal state of a system by simulating the process of heating and then slowly cooling a substance. Analog
annealing is a thermally assisted jump by controlling the change of temperature parameters to determine the
probability of transitioning from the current state to a higher energy state. In quantum annealing, on the other hand,
quantum tunneling is the key to crossing the energy barrier. Quantum annealing effectively avoids local minima
(local optima of the optimization problem) through the quantum tunneling effect, allowing the system to pass directly
through the energy barriers instead of having to “crawl over” them, which is especially important when dealing with
complex optimization problems with multiple local minima, and theoretically can reach the global minimum of energy
(the optimization problem) at the end of the adiabatic evolution. The global minimum of the energy (the global
optimum of the optimization problem) is reached at the end of the adiabatic evolution.

QA can be viewed as a subclass of AQC, where the Hamiltonian type of #, is fixed and is not guaranteed to be

adiabatic, but is subject to the same adiabatic conditions. The simplest form of quantum annealing is shown below:

H(t) = A(t)[z af}u B(t){Zh[of + ZJUO',ZO'IZ} (14)

i<j
The 5* and 5- are the bubble-X and bubble-Y spin matrices of the ;th quantum bit with two completely
random possible states (e.g., 0 vs. 1, £1), respectively. Whereas the initial Hamiltonian 7, is replaced with a simple

quantum state convenient for computation, the problem Hamiltonian is formulated using a two-dimensional Ising
model, 5 is the energy offset acting on the 5> of the bubbly-Z spin matrix, and J, is the strength of the

couplings between the different quantum bits. By modulating the energy offset 5 and the coupling strength J, it

is possible to realize the application of the optimization problem encoding to the quantum annealing algorithm. The
ground state of the two-dimensional Ising model is found to be NP-Hard, and the Hamiltonian quantity described by
Eq. (M) is sufficient to construct many combinatorial optimization problems.

At the algorithmic level, the Hamiltonian function of the quantum annealing algorithm can also be expressed in
the following form:

H=H,+I1nH, (19)
where FH, is the Ising model Hamiltonian function of the problem and #, is the introduced external cross field.
The 1 is the coefficient controlling the strength of the cross field, which is time-dependent and acts similarly to the
temperature of analog annealing, and is capable of inducing the collapse of a quantum bit from a superposition
state to a classical state of 0 or 1.

The biggest advantage of quantum annealing over simulated annealing is that quantum annealing algorithms, by
exploiting the properties of quantum randomness and quantum rise and fall, can with some probability jump over
high-energy barriers, jump out of the local optimum, and better explore the search space. However, this advantage
is limited to crossing those high and thin energy potential barriers, because the escape probability of quantum
annealing depends not only on the height A#, of the potential barrier, but also on the width w of the potential

VAH, W, (16)

'@

In addition, quantum annealing can take advantage of the properties of quantum superposition and entanglement
to realize parallel operation, and consider multiple possible solutions at the same time when searching the solution
space, which makes quantum annealing more efficient in dealing with large-scale problems. The basic flow of the
quantum annealing algorithm is shown in Fig. 3|, with different schemes varying in details.

barrier, as shown in equation (16).

PEScape = exp(—

lll. Simulation optimization and performance evaluation of cross-border e-commerce
logistics network based on quantum annealing

In Chapter 2, this study constructs a multi-objective optimization model of cross-border e-commerce logistics
network based on quantum annealing algorithm, and clarifies the dynamic equilibrium mechanism between logistics
cost, time value and customer satisfaction through mathematical modeling. In order to further verify the
effectiveness of the model and the potential of the algorithm for practical application, this chapter will focus on
simulation experiments and performance evaluation, specifically including the validation of the optimization effect
of the quantum annealing algorithm in distribution center siting, the analysis of the destruction resistance of the
distribution network, as well as the comparison of the comprehensive performance with the genetic algorithm and
the heuristic algorithm, so as to provide empirical support for the global optimization and efficiency enhancement of
the cross-border e-commerce logistics network.
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Figure 3: Flowchart of the quantum annealing algorithm

lll. A. Simulation example analysis
The quantum annealing algorithm is integrated into the cross-border e-commerce physical network optimization
model, and the following example simulation analysis is carried out.

lll. A. 1) Distribution logistics

Assuming that a logistics company has 4 factories, 8 alternative distribution centers, and 14 users, i.e., =4, m=8,
and n=14 in the model, it is required to select 5 out of 8 alternative distribution centers, with the following specific
data. Table 1) shows the supply capacity of the plant and its unit freight cost to each distribution center, and Table @
shows the distribution center capacity and the unit freight cost to each user. In the data used, the total supply at the
supply point is equal to the total demand at the demand point, and the sum of the inventory at the distribution center
is more than the supply and demand, which reflects the idea of supply chain management.

Table 1: Factory supply quality and to the distribution center unit freight

The unit freight from the factory to each distribution center /yuan
Factory Supply volume/ton

D1 D2 D3 D4 D5 D6 D7 D8
F1 30 5 10 6 14 9 18 10 14
F2 40 10 14 5 10 10 17 18 10
F3 50 15 19 11 10 8 11 7 9
F4 60 20 19 17 6 8 12 7 17
F5 80 15 17 15 18 7 15 12 16
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Table 2: Distribution center capacity and to each user unit freight

The unit freight from the distribution center to each user /yuan
User User demand/ton

D1 D2 D3 D4 D5 D6 D7 D8

Capacity limit of the distribution center/ton 40 25 70 50 35 15 35 60
U1 20 11 3 11 14 14 4 10 5
U2 5 10 5 13 13 6 7 8 12
U3 15 9 5 11 12 7 7 6 10
U4 8 9 4 2 14 2 13 14 9
us 25 8 8 14 2 7 9 12 11
U6 18 5 11 9 7 13 10 3 13
u7 10 8 7 13 6 7 11 4 6
us 25 11 2 7 9 6 8 11 12
U9 11 9 7 13 7 6 5 13 4
u10 30 5 10 5 12 6 5 7 4
U11 15 4 8 11 13 10 8 6
u12 20 12 8 13 6 5 7 11 7
U13 16 3 4 5 5 6 12 2 9
u14 8 6 7 5 11 13 8 16

From the above table, we can see that the factory-side transportation cost, calculating the total factory to
distribution center freight cost (supply x unit freight cost) of each distribution center, in which the distribution center
D5 freight cost is 2110 yuan and D7's 2750 yuan cost is lower, and D3 (3150 yuan), D4 (3120 yuan) and D8 (3570
yuan) is the next best.

User-side transportation cost, counting the total freight cost from each distribution center to the user, D5(1785
yuan), D7(1900 yuan), D8(1917 yuan), D4(1940 yuan) and D3(2092 yuan) perform better.

Capacity constraints: D3 (70 tons), D4 (50 tons), and D8 (60 tons) have higher capacity and can carry more cargo;
D5 (35 tons) and D7 (35 tons) have smaller capacity but lower cost.

lll. A. 2) Distribution center selection based on quantum annealing algorithm

Parameter selection strategy: quantum scale N=80, learning factor c1=1.6382, ¢2=1.47233, maximum number of
iterations=1000, set the maximum range of variation of badness of fitness fval=0.6, set the initial temperature of
simulated annealing TO=1e5, and the coefficient of cooling t=0.91.

The above problem was solved on a computer using Quantum Annealing Fusion Algorithm with programming
tool MATLAB 8.4, operating system Windows X P, and 2 GB of RAM. The optimal solution of the problem was found
to be 1392, and the following five distribution centers were selected by combining cost and capacity:

D3: The capacity is 70 tons, the factory freight is 3150 yuan, and the user freight is 2092 yuan. Large capacity,
suitable for handling bulk cargo.

D4: The capacity is 50 tons, the factory freight is 3120 yuan, and the user freight is 1940 yuan. The shipping cost
on the user side is low (e.g., U4 and U5 are the lowest).

D5: The capacity is 35 tons, the factory freight is 2110 yuan (the lowest), and the user freight is 1785 yuan. Key
nodes, covering the lowest U12 shipping cost.

D7: The capacity is 35 tons, the factory freight is 2750 yuan, and the user freight is 1900 yuan. Cover the lowest
shipping cost for users such as U3, U6, and U7.

D8: The capacity is 60 tons, the factory freight is 3570 yuan, and the user freight is 1917 yuan. Cover the lowest
shipping cost for users such as U1, U2, U9, and U10.

The above fully proves that the quantum annealing algorithm in this paper has certain advantages in the location
of distribution centers.

lll. B. Simulation of Distribution Network Destruction Resistance

After analyzing and verifying the superiority of quantum annealing algorithm in distribution center siting through
simulation examples, it is necessary to further explore the stability of the logistics network under external
disturbances. Therefore, based on the same logistics network model, this section quantitatively analyzes the
destructive characteristics of the network through simulation experiments of random attacks and deliberate attacks,
revealing the impact of key nodes and paths on the overall connectivity.
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fis
lll. B.1) Random attacks

Random attack is to adopt a random strategy to randomly select and delete nodes or edges in the network,
regardless of their size and traffic volume, treating them equally.

(1) Initialize the failed nodes and set the node per node deletion ratio;

(2) Randomly select the set of nodes in the conducted network and delete the set of nodes;

(3) Calculate the network connectivity rate after deletion using the network rate formula, and determine whether
the connectivity rate is 0. If it is O, jump to (4), if not, jump to (2), and repeat;

(4) Output the simulation result graph: take the deletion ratio as the horizontal coordinate and the network
connectivity rate as the vertical coordinate.

The simulation process of randomly attacking edges is the same as above. The network connectivity of random
attack nodes and edges is obtained as in Fig. 4.

100% A

e —=a— Random attack node
80% - - ® - Random attack edge

60% -

40% -

Network connectivity rate

20%

0%_I‘I'I'I‘I'I'I'I‘I'I'I
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Deletion ratio

Figure 4: Randomly attack the network connectivity rate of nodes and edges

As can be seen in Fig. E the network connectivity rate shows a significant decreasing trend as the deletion ratio
gradually increases from 0% to 100%. For example, when the deletion ratio is 10%, the connectivity rates of random
attack nodes and edges are 89.88% and 93.91%, respectively; whereas when the deletion ratio reaches 50%, the
connectivity rate of node attacks drops to 49.29%, and that of edge attacks drops to 56.55%. It is worth noting that
the damage to network connectivity by edge attacks is always weaker than that by node attacks. For example, at a
deletion ratio of 20%, the connectivity of node attacks is 79.04%, while edge attacks still maintain 83.31%. This
discrepancy suggests that node failure cascades to the failure of its associated edges, resulting in a more severe
chain reaction on the network structure. In addition, when the percentage of deletion reaches 90%, the network
connectivity rate are reduced to 0%, which indicates that this logistics end-distribution network completely collapses
under extreme random attacks, but it still shows some resistance to destruction under medium attack intensity.

lll. B. 2) Deliberate attacks
Deliberate attack, the maximum median node or edge as the target of the attack, the node or edge receiving the
attack fails then the network connectivity is affected, node median attack steps are as follows:

(1) Initialize the failed nodes and set the percentage of each deletion;

(2) Based on the normalized distance and traffic, calculate the number of meshes of each node node and edge
in the network, and sort them in descending order;

(3) Delete the set of nodes sequentially and proportionally;

(4) Calculate the network connectivity using the network connectivity formula and determine whether the
connectivity is 0. If it is 0, skip to (5), if not, skip to (3);

(5) Output the simulation result graph: take the deletion ratio as the horizontal coordinate and the network
connectivity rate as the vertical coordinate.

Similarly output based on the node degree with the end of the improved node under the deliberate attack node,
the network connectivity rate changes as shown in Figure 5 below.
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Figure 5: Deliberate node attacks on changes in network connectivity

As can be seen in Fig. , the improved maximum node median attack exhibits higher network connectivity,
especially at low deletion ratios where the difference is significant. For example, at a deletion ratio of 5%, the
connectivity of the improved median attack is 83.11%, while the traditional median and node-degree attacks drop
to 72.86% and 49.77%, respectively. This indicates that the improved attack strategy integrates the node meshes,
traffic flow and transportation distance, which is closer to the operational characteristics of the actual logistics
network, and thus the identification of key nodes is more accurate and relatively less destructive. In contrast, the
node degree attack is the most destructive to the network, e.g., when the deletion ratio is 10%, its connectivity is
only 26.68%, which is much lower than the 68.76% of the improved median attack. In addition, all the attack
strategies lead to complete network paralysis (0% connectivity) when the deletion percentage exceeds 50%, but
the improved median attack still maintains 43.10% connectivity at medium attack intensity (e.g., 20% deletion
percentage), which is significantly better than the other two strategies. This validates the effectiveness of the
improved mediator model in improving network destructive analysis.

lll. C. Performance Evaluation of Algorithm Comparison Experiments

Destruction resistance analysis verifies that the optimized network of quantum annealing algorithm has certain
robustness, but the comprehensive performance of the algorithm needs to be further evaluated by side-by-side
comparison. In this section, by introducing the GA-AIl algorithm and the traditional heuristic algorithm, the
comparison experiments are carried out in terms of CPU time, quality and quantity of solutions, etc., to
comprehensively demonstrate the technical advantages and application value of the quantum annealing algorithm
in the optimization of complex logistics networks.

In order to evaluate the performance of this paper's algorithm in solving the cross-border e-commerce logistics
network optimization problem, this paper's algorithm is compared with the genetic algorithm GA-Al and traditional
heuristic algorithms for multi-objective optimization of supply chain networks, and the test data sets used are shown
in Table 3.

Table 3: Test dataset

Test Quantity of The quantity of The number of The number of The quantity of third- The number of
set consignors third-party logistics | original warehouses objective party logistics at the customers
warehouses terminal

1 5 6 3 4 6 15

2 12 20 10 11 20 30

3 20 30 15 15 30 50

4 35 50 25 27 50 60

5 50 80 45 45 100 100
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For each dataset, the algorithm runs were run 10 times respectively and the results were averaged. The results
of the performance evaluation are shown below, Figure 6 shows the CPU running time of each algorithm and Figure
7 shows the average number of solutions and the ratio of optimal solutions produced by each algorithm.

501.83

Test dataset
(%)

[ Heuristic algorithm

B GA-Al

B Quantum annealing algorithm

T T T T T
0 100 200 300 400 500 600
CPU running time/s

Figure 6: The CPU running time of each algorithm

In terms of CPU time, the computational elapsed time of all algorithms increases significantly as the test set size
increases. The quantum annealing algorithm takes slightly more time than the GA-Al's 47.68s in the small and
medium-sized problems, such as 53.32s in test set 1, but is better than the heuristic algorithm's 75.54s; and in the
large-scale problems (test set 5), the quantum annealing algorithm takes 416.36s, which is slightly higher than the
GA-Al's 383.17s, but is much lower than the heuristic algorithm's 501.83s, indicating that it has higher computational
efficiency in large-scale optimization.

- Quantum annealing algorithm - GA-Al - Heuristic aigorithm|
Quantum annealing algorithm —— GA-AI —#— Heuristic algorithm)|

88,97 ! 4 Fo0%
“8451 )
.4 - 80%

F 70%
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Figure 7: Number of solutions of each algorithm and the ratio of the optimal solution

The quantum annealing algorithm consistently performs optimally in terms of the average number of solutions.
For example, it generates 13.2 solutions in test set 1, outperforming GA-Al and the heuristic algorithm by 20.7%
and 76%, respectively. As the problem complexity increases, the quantum annealing algorithm generates 27.3
solutions on test set 5, which is still significantly ahead of the other algorithms, with 25.4 for GA-Al and 20.4 for the
heuristic algorithms, verifying its extensiveness and stability in exploring the solution space.

In terms of the optimal solution ratio, the quantum annealing algorithm leads in all aspects, especially in the
complex scenarios. Its optimal solution ratio is 88.97% in test set 1, much higher than the 84.51% of GA-Al and
68.86% of heuristic algorithm; in test set 5, quantum annealing still maintains 79.23%, while GA-Al and heuristic
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algorithm drop to 56.19% and 50.18%, respectively. This indicates that the quantum annealing algorithm effectively
avoids the local optimal trap through the quantum tunneling effect, and is able to more accurately approximate the
global optimal solution in the high-dimensional search.

In summary, the quantum annealing algorithm significantly outperforms the comparison algorithms in terms of the
quality and quantity of solutions. Although its CPU time is slightly longer than that of GA-AI, this cost is exchanged
for higher optimization accuracy, which is especially valuable for application in complex logistics networks. Heuristic
algorithms, on the other hand, are gradually difficult to meet the large-scale optimization needs due to the double
disadvantages of efficiency and solution quality.

IV. Conclusion

In this study, a multi-objective optimization model for cross-border e-commerce logistics network is constructed
based on the quantum annealing algorithm, and the significant advantages of the algorithm in terms of optimal
allocation of resources, network destruction resistance and global search capability are verified through simulation
experiments and comparative analysis. The specific conclusions are as follows:

In the simulation example, the quantum annealing algorithm selects D3, D4, D5, D7 and D8 as the optimal
combination from 8 alternative distribution centers, with a comprehensive cost of 1392 yuan. The scheme balances
cost and capacity constraints and verifies the efficiency of the algorithm in multi-objective collaborative optimization.

Destruction resistance simulation shows that the optimized logistics network maintains 49.29% (node attack) and
56.55% (edge attack) connectivity under random attack (at 50% node deletion ratio). In the improved meso
deliberate attack, the connectivity rate is 43.10% at 20% deletion ratio, which is significantly better than the
traditional meso attack (20.79%) and node degree attack (11.04%). This indicates that the algorithm-optimized
network can effectively resist external interference, and the redundant design of key nodes and resource synergy
mechanism enhance the overall robustness.

Compared with the genetic algorithm GA-Al and the traditional heuristic algorithm, the quantum annealing
algorithm achieves an optimal solution ratio of 79.23% in the large-scale test set, which exceeds GA-Al (56.19%)
and the heuristic algorithm (50.18%) by 41.2% and 57.9%, respectively. The average number of solutions is 27.3,
which is 7.5% and 33.8% higher than 25.4 for GA-Al and 20.4 for the heuristic algorithm. Although its CPU time
(416.36 seconds) is slightly higher than that of GA-AIl (383.17 seconds), its ability to break through the local optimum
through quantum tunneling effect ensures the global nature and stability of the solutions in high-dimensional
complex problems.
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