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Abstract: High distribution costs constitute one of the major obstacles to the sustainable development
of rural logistics. In order to effectively reduce the distribution costs of last mile delivery in rural areas,
based on three typical transport modes (local logistics providers, public transport, and crowdsourcing
logistics), this study first proposes a multimodal transport design for last mile delivery in rural areas.
Then, a cost-benefit model for multimodal transport is proposed which uses genetic algorithms
(GA) to solve the logistical problems faced. Finally, Shapley value is used to fairly allocate profits
and represent the marginal contribution of each mode in multimodal transport. The numerical
results show that multimodal transport can effectively reduce the distribution costs of last mile
delivery in rural areas. When the order demand of each node tends to be stable, the marginal
contribution of crowdsourcing logistics is often greater than that of the other two distribution modes.
The marginal contribution of public transport is highest only when the number of orders per node is
very small.

Keywords: rural logistics delivery; multimodal transport; cost-benefit analysis; profit allocation

1. Introduction

In recent years, the continuous development of e-commerce business has driven the
rapid development of rural logistics. Since the COVID-19 pandemic, the physical retail
industry has been hit hard and online shopping has gradually become one of the most
important consumption patterns. According to a report [1], in the first three quarters
of 2021, China’s online retail sales reached 1.441 trillion dollars, up 18.5% year on year.
Meanwhile, rural e-commerce business continued to grow; in the first three quarters of
2021, rural online retail sales registered 224.1 billion dollars, up by 16.3%. In order to meet
the rapidly growing logistical demands of 200 million rural on-line users, it is necessary to
build a more efficient and high-quality rural terminal logistics distribution service network.
However, rural logistics is still backward, and the development of rural logistics faces
many problems, such as low information levels, poor distribution service quality, small
distribution network ranges, long distribution times, and so on. These problems lead
to the high distribution costs of last mile delivery in rural areas and hinder the further
development of rural logistics.

Last mile delivery has always been one of the most complicated and costly links in
the supply chain. Last mile delivery corresponds to the last leg in the distribution process,
whereby a consignment is delivered from the last distribution point, either a warehouse
or a distribution center, to the recipient, either at the recipient’s home or at a collection
point [2].
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Last mile delivery is connected to customers, and service quality directly affects cus-
tomers’” experiences. With the continuous growth of urban populations, last mile delivery
is facing various problems and challenges, such as traffic congestion, environmental pollu-
tion, noise pollution, high distribution costs, etc. [3]. How to reduce distribution costs has
become the most critical problem.

Route optimization is an important method to reduce costs and improve the distribu-
tion efficiency of logistics. Route optimization in last mile delivery is the typical vehicle
route problem (VRP). The VRP was first proposed by Dantzig and Ramser in 1959 [4]. In
the following 60 years, VRP optimization has evolved different research directions based on
the specific characteristics of the problem and different solution methods. Considering the
specific characteristics of the problem, scholars divide the VRP optimization problem into
VRPs with a time window [5-8], multi-depot VRP optimization [9-12], green VRPs [13,14],
and rich VRPs [15-17]. On the other hand, according to the characteristics of the problem,
using different methods to solve the VRP is also one of the significant challenges for re-
search. For example, intelligent optimization algorithms, such as genetic algorithms [18,19],
simulated annealing algorithms [20,21], tabu search algorithms [22,23], and ant colony
algorithms [24-26], are used to solve the vehicle routing optimization problem.

The above research is intended to reduce distribution costs and improve distribution
efficiency by route optimization based on existing distribution modes. Using different
distribution modes to improve distribution efficiency and reduce the cost of last mile
delivery is also one of the important tasks for current research. In recent years, with the
rapid development of the sharing economy, mobile crowdsourcing has been a hot research
topic in logistics distribution. Rouges [27] and Carbone [28] provided comprehensive
reviews of crowdsourcing for last mile delivery. Wang proposed an effective large-scale
mobile crowd-tasking model in which a large pool of citizen workers is used to perform
last-mile delivery. The parcels are assigned to shared reception boxes or pop-stations, from
which the crowdsourced workforce collect them and then deliver them to the customers [29].
Huang studied the planning of last mile delivery with partial crowdsourcing integration.
The results showed that well-planned crowdsourcing integration can take advantage of
the flexibility and cost-saving of crowdsourcing for last mile delivery [30]. Kafle proposed
a crowdsource-enabled system for urban parcel replay and delivery. By adopting this
new system, the number of truck vehicle miles traveled and total costs can be reduced
compared to pure truck delivery [31]. Akeb designed an urban crowdsourced delivery
system to deal with the unattended parcel problem. In this framework, the nearest available
crowdsource can accept a parcel if its recipient is away from home [32]. Chen proposed the
idea of using a taxi as a crowd-worker to carry out last mile delivery [33]. Crowdsourced
logistics is an effective method to solve the last mile delivery problem in rural areas. Many
scholars have undertaken a lot of outstanding research and made great progress. However,
most of the current research focuses on using crowdsourcing modes to replace the existing
distribution mode, while there is less research on multimodal transport for last mile delivery.
In addition, most of the research focuses on urban logistics distribution.

Last mile delivery in rural logistics is similar to urban logistics, facing problems
such as high distribution costs and serious environmental pollution. However, due to the
vast geographical areas and the sparse populations in rural areas, last mile delivery in
rural logistics has its own characteristics. Compared with urban logistics distribution, the
distance between distribution nodes is longer, and order quantities at each node are less in
rural areas, which leads to higher distribution costs. Thus, most rural areas cannot enjoy
the same distribution services as urban areas. Compared with online shopping, villagers
prefer WYSIWYG (“What you see is what you get”) shopping in physical stores. Therefore,
the low quality and low efficiency of logistics distribution in rural areas are considered
two of the important factors hindering the sustainable development of the rural economy.
How to provide normal daily distribution services is an urgent problem to be solved in
rural areas.



Sustainability 2022, 14, 1291

30f15

Encouraging different logistics enterprises to share resources and collaborative distri-
bution between different transportation modes, as well as accelerating the construction of
basic logistics facilities in rural areas, have all become important measures to promote the
sustainable development of rural logistics and realize the strategy of rural revitalization. As
one of the major drivers of sustainable development, multimodal transport has developed
rapidly in the past decades [34-37]. Extensive research has been carried out on various
aspects of multimodal transport, such as multimodal travel [38], multimodal routing prob-
lems [39], and multimodal pricing [40]. Solving the last mile delivery problem in rural
areas with multimodal transport has gradually become a hot research topic. Chen et al. [41]
found that China Post has a very strong advantage in rural logistics, and multimodal
transport could improve the service quality of last mile delivery. Gong proposed integrated
urban-rural logistical systems, including material flow, financing flow, information flow,
and commerce flow, which has become an effective way to break through the division
between urban and rural logistics and realize their coordinated development [42]. Yang [43]
proposed a cooperative rich vehicle routing problem among local logistics providers, logis-
tics providers concerned with integrated delivery and installation, and commercial express
enterprises. The results showed that a long-term grand coalition will be beneficial to all
the participators. In addition, multimodal transport involving drones and vehicles is also
considered to be one of the effective methods to solve the last mile delivery problem in
rural areas [44-46].

Although extensive knowledge has been accumulated through previous research,
the focus has mostly been on last mile delivery in urban areas, the strategies for which
cannot be directly adopted in rural areas. There are few studies on the integration of public
passenger resources, crowdsourcing logistics, and the adoption of multimodal transport
for last mile delivery in rural areas by local logistics providers. Multimodal transport for
last mile delivery in rural areas has not been widely accepted by the general public due to
poor coordination among transport modes and difficulties in terms of cost-benefit analyses.
Meanwhile, the difficulty of allocating orders between different transportation modes is
another challenge for multimodal transport. At present, many logistics and distribution
platforms or enterprises can provide various forms of logistics services, but the service
content of each platform and enterprise is relatively single and homogeneous and cannot
well integrate idle transport resources in rural areas, nor effectively improve the quality of
last mile delivery.

Logistics service quality includes many factors. The issue to be solved in this research
is how to provide the same daily distribution service in rural areas as in urban areas. Among
many logistics service quality problems, distribution cost is the key issue. Therefore, in the
subsequent analysis, this research only considers distribution cost and its related factors.

Taking the above problems into consideration, this research focuses on the design of a
multimodal transport service to solve the last mile delivery problem in rural areas. Three
questions should be answered for designing the multimodal transport service: (1) How
to assign orders to different transport modes? (2) How to develop cost-benefit analysis
models? and (3) How to allocate profits among different transportation modes? Focusing on
these questions, this research first proposes a design for multimodal transport for last mile
delivery in rural areas. Then, a cost-benefit model for multimodal transport is constructed
which uses genetic algorithms (GAs) to solve the model problem. Finally, Shapley values
are used to fairly allocate profits and represent the marginal contribution of each mode in
multimodal transport.

The rest of this paper is organized as follows: Section 2 analyses the scenario of
last mile delivery in rural areas. Meanwhile, a distribution cost model is developed to
analyze the cost-benefit components, and a profit allocation method is proposed. An
experimental case study is conducted to investigate the multimodal route recommendation
and profit allocation in Section 3. Finally, the discussion and conclusions are presented in
Sections 4 and 5, respectively.
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2. Materials and Methods
2.1. Problem Analysis

As shown in Figure 1, logistics transportation in rural areas is divided into three
parts: logistics transportation from urban areas to township areas (trunk transportation),
the logistics distribution service in township areas (branch transportation), and the
logistics distribution service from township areas to rural areas (branch transportation).
For logistics transportation from urban areas to township areas, the express enterprises
transport orders to the distribution center of local logistics services providers (LLPs)
using their own vehicles. Meanwhile, the express enterprises pick up the orders from
the LLPs and transport them back to a distribution center in the city. The logistics
distribution service in a town is provided by an LLP, which can realize the distribution
on the same day or the next day. Due to the small quantity of orders and high distribution
costs, LLPs usually adopt two ways to solve the last mile delivery problem in rural areas:
(1) the LLPs accumulate the orders to a certain amount and then distribute them. In
this way, the LLPs will distribute the orders only once every few days or even a week;
(2) in addition to providing a distribution service for orders with installation demands
(installation needs can provide added value), LLPs are only responsible for the logistics
distribution in township areas; other orders are picked up by the villagers themselves
and the distribution service is not provided (as shown by the dotted line in Figure 1).
The current distribution mode means that villagers cannot enjoy the same high-quality
logistics distribution services as urban residents when shopping online, which seriously
hinders the further development of e-commerce, and the backwardness of logistical
systems hinders the upstream channeling of agricultural products and affects the further
development of the rural economy.

Urban area /\\ /\ | / \

Township area

Rural area

A
- . /\ .
D Local logistics provider / \ Express enterprise

@) Delivery orders () Delivery orders ‘ Delivery and installation orders

Figure 1. Problem analysis.
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Most rural areas are sparsely populated, so it is difficult for enterprises to provide high-
quality logistics distribution services with sure expectations of profits. Meanwhile, in most
rural areas of China, in order to ensure the normal travel needs of villagers, the government
will arrange at least one bus in each village every day, while passenger transport companies
(PTs) often operate at a loss, the expenses to be eventually subsidized by the government.
For most of the year, the seasonal characteristics of labor and the lack of additional income
in rural areas leads to an idle labor force. Therefore, integrating passenger transport,
idle labor, and the transport resources of LLPs for multimodal transport is one of the
effective ways to solve the last mile delivery problem in rural areas without increasing
or slightly increasing infrastructure. In addition, it can also provide additional income
for PT companies and idle rural labor and promote the sustainable development of the
rural economy.

This paper only studies last mile delivery in rural areas. The logistics transportation
from urban areas to township areas and the logistics distribution in township areas are
similar to urban logistics. A large number of researchers have studied this problem and no
further analysis is made here.

2.2. Cost—Benefit Analysis

Cost-benefit analysis is the most important aspect of multimodal transport research
concerning last mile delivery and it is the basis of route optimization and profit distribution.
In this section, firstly, the last mile delivery problem of rural logistics is analyzed, and
the distribution cost model is proposed. Secondly, the distribution modes of multimodal
transport are analyzed and the distribution cost model is constructed. Finally, the saved
distribution cost is taken as the profits and Shapley values are used to allocate the profits
among the different distribution modes.

Referring to the literature [43], symbols are used as follows:

e Indices and sets:

O = {1,2,3} : The depots of three transport modes: local logistics provider (LLP),
public transportation (PT) and crowdsourcing logistics (CL). Let I(0) be the virtual ending
node corresponding to depot 0 € O, and let L denote all the virtual ending nodes.

C: The customer nodes with C = DL U DP U DE U DV, in which the subsets respec-
tively represent the delivery (D) orders of the LLP (superscript L), PT (P), and CL (E). DY
represents the orders picked up by the villagers themselves. D' is also the customer node
with installation services.

K,: Vehicles available for rural logistics corresponding to depot o.

° Parameters:

Cokij: Transportation cost from node i to j for vehicle k that departs from depot o, where
0€0,keK, andi,je CUOUL.

eo: Labor cost of each utilized vehicle that departs from depot o € O.

g;: Delivery demand at pointi e C.

«,;: Indicator that if the orders at node i belong to the transport mode that owns depot
0, &,; = 1; otherwise, a,; = 0.

Qok: Carrying capacity of vehicle k departing from depot o.

¢?: The pick-up cost from node i to depots of LLP for villagers, where i e DV.

e?): Labor cost of villagers depart from node i to depots of LLP for villagers, where
ieC\DL.

Pc: Penalty cost when installation service is not provided.

b;: Penalty cost when the installation service of ith node is not satisfied.

e  Decision variables:

Xokij: Indicator that if vehicle k from depot o visits node j departure from node i,
Xokij = 1; otherwise, x;; = 0.
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2.2.1. The Cost Analysis of Last Mile Delivery in Rural Areas

At present, the distribution mode of last mile delivery in rural areas is shown in
Figure 2.

l:l Local logistics provider O Delivery orders @ Delivery and installation orders

Delivery service @~ ————- Villagers pick up orders themselves

Figure 2. Logistics distribution mode in rural areas.

The most common solution for last mile delivery in rural areas is that orders with
installation demands (with additional added value) need to be delivered by technical
personnel working for the LLP (as shown by the red dot and solid line in Figure 2).
Meanwhile, other orders in the corresponding villages will be delivered along with them
and the constraints of carrying capacity need to be met in the distribution process, while
orders in other villages are picked up by the villagers themselves at the distribution center
in the town. Therefore, the current distribution cost is mainly composed of the distribution
cost of the LLP and the villagers’ pick-up costs.

Without loss of generality, we make the following assumptions:

e  Each village has a receiving point for orders, and the vehicle only needs to transport
the orders to the receiving point.
e  Vehicles from the LLP can only deliver orders from the same villages, and other orders
cannot be delivered.
The distribution vehicle has a constraint of carrying capacity.
When the villagers pick up the orders by themselves, the orders of the same village are
picked up by one villager. Each village only needs to pick up the orders once a day.
e  Orders at each distribution node cannot be split.

Referring to Figure 2, a total cost model for last mile delivery in rural areas can
be formulated.

TCc= Y. ci+ Y ¥ ¥ CiriXijk +e1 Y, Y, X1k 1)

ieDV keKy ieDL jeDL keK; jeDL
s.t.
Y, = ), Y <1l VkeK 2)
jeD'u{1(1)} ieD'U{1}
Y. wxki= ). xui VkeKy, Ve D! (3)

ieD'U{1} ieD'U{I(1)}
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Z X1kij = 1, Vie D! (4)
keKijeplu{i(1)}
Y g < qu, VK€K, Vie D'u{1} (5)
jeD!
xij € {0,1}, VkeK;, VieD'u{1}, VjeD'ul (6)

where the objective function (1) represents the total distribution cost of last mile delivery
in current rural areas, which is composed of three parts: the cost for villagers to pick up
orders by themselves, the distribution cost of LLP for the orders with installation demands,
and the labor cost. Constraint (2) forces each vehicle to depart from and return to the
depot of the LLP. Constraint (3) ensures the conservation of the arrival and departure at
each node. Constraint (4) represents the installation service that can only be provided by
LLPs. Constraint (5) ensures that each vehicle capacity cannot be exceeded. Constraint (6)
comprises the definitions of the visiting variables.

2.2.2. The Cost Analysis of Multimodal Transport in Rural Logistics

The distribution mode of multimodal transport for last mile delivery in rural areas is
shown in Figure 3.

@ Delivery and installation orders ©® Delivery orders served by PT QO Delivery orders served by CL
PT transportation route ———  LLP transportation route —  CL transportation route

|:| Local logistics provider

Figure 3. Multimodal transport for last mile delivery in rural areas.

In order to solve the last mile delivery problem in rural areas, LLP, PT, and crowd-
sourcing logistics (CL) provide transportation resources for distribution services. Similar to
the current distribution mode, LLPs provide logistics distribution services when the orders
need value-added services, such as installation. The transport resources provided by PT
have the characteristics of timing and fixed route, and the PT resources pass through all
villages every day. Therefore, the transportation resources provided by the PT can traverse
each node, but due to the limited cargo capacity of the PT itself, it can only meet the
distribution needs of some nodes. The remaining orders need to be delivered by CL. Thus,
the transportation cost of multimodal transport for last mile delivery is mainly composed
of three parts: the transportation costs of the LLP, PT, and CL. In this section, we still use
the assumptions introduced in Section 2.2.

e  Order allocation principle
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Before distribution cost modeling, we need to allocate orders among the three transport
modes. The specific allocation principles are as follows:

(1)  Orders requiring installation and other value-added services are allocated to the LLP.

(2) We allocate the furthest orders to the PT and use the PT cargo capacity as much
as possible.

(3) The remaining orders are delivered by the CL.

e  Distribution cost model

Referring to Figure 3, a total cost model of multimodal transport for last mile delivery
in rural areas can be formulated.

TCm = Z ): Z Z CokijXokij T Zeo Z ZxokonrPc 7)

0€0 keK, ieCU{o} jeCU{I(0)} 0€0  keKp jeC
s.t.
Y Xokoj = ) Xokito) S 1, Vk € Ko, VoeO 8)
jeCu{l(o)} ieCu{o}
Yo xokij= Y, Xokjin Vk€K, VjeC, YoeO )
ieCu{o} icCU{l(0)}
E Z E Xokij = 1, VieC (10)
0€0 keK, jeCU{l(0)}
Y di%okij < Qor, Vk € Ko, Vie CU{o}, VoeO (11)
jeC
Xokij € 10,1}, VoeO,  VkeK,, Vie CUO, VjeCUL (12)
DV =o (13)
0 DL #£ o
Pc=1{ v p DL =g (14)
ieDL

where the objective function (7) represents the total distribution cost of multimodal trans-
port for last mile delivery in rural areas. The objective function is composed of three parts:
the total transportation cost of multimodal transport, the labor cost, and the penalty cost
when an installation service is not provided by the LLP. Constraint (8) forces each vehicle
to depart from and return to the same depot. Constraint (9) ensures the conservation of
arrival and departure at each node. Constraint (10) denotes that the demands of each
transport mode must be satisfied. Constraint (11) ensures that each vehicle capacity cannot
be exceeded. Constraint (12) comprises the definitions of the visiting variables. Constraint
(13) represents all orders that are delivered to demand points through one of the trans-
port modes. Constraint (14) represents the penalty cost when an installation service is
not provided.

2.2.3. Analysis of the Profit Distribution Strategy

For the last mile delivery problem in rural areas, the total profit of the logistics distribu-
tion system refers to the distribution cost saved by using multimodal transport compared
with the existing distribution mode. Thus, the total profit of multimodal transport for last
mile delivery is as follows:

Pr = min(T¢) — min(Ty) (15)

where T¢ represents the total cost of the current distribution mode in rural areas and Ty,
represents the total cost of multimodal transport for last mile delivery in rural areas.
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In the research, Shapley value is used to allocate the profit. Shapley value was
proposed by Lloyd Shapley [47]. It is a profit allocation method based on a cooperative
game. The profit allocation based on Shapley value reflects the contribution of each alliance
member to the overall goal of the alliance and avoids equalitarianism in allocation. This
method is more reasonable than any profit allocation method that only considers the value
of the resource input, the efficiency of resource allocation, and the combination of the two.
It also reflects the process of a game among alliance members. Shapley value can effectively
solve the profit allocation problem in the process of multi-member cooperation, and its
greatest contribution is to allocate profits according to the marginal contribution rate of
members to the alliance—that is, the benefit of member i is equal to the average of the
marginal benefits created by the member in the alliance. Generally, the Shapley value can
be obtained as:

pi(w) = Yo DSOS )~ osv i) 16)

|
seS; n

where ¢;(v) represents the profit that results from member i entering into sub-alliance s,
n is all the members of cooperative game system, v(s) represents the benefits of alliance
s,and (|s| —1)!(n — |s|)!/n! can be regarded as the probability of member i entering into
sub-alliance s.

When Shapley value is used for profit allocation, the profit of each alliance needs to be
calculated and three members have six alliance combinations. As shown in Table 1, when
calculating the sub-alliance’s profit, it is only necessary to adjust the range of set C and set
O in Formulas (8)—(12). When the LLP does not provide the distribution service, the nodes
with installation demands cannot enjoy the service, which will incur a penalty cost. The
penalty cost is calculated by formula (14).

Table 1. Alliance combination mode.

1 2 3 4 5 6

o {1} {2} {3} {1,2} {1,3} {2,3}
C ptupY DpPuDVY DEuDY DLuDPuUDY DLUDEUDY DPUDEUDY

3. Results

The allocation of profits based on multimodal transport is obviously a nondeter-
ministic polynomial-time hard problem. Macioszek makes a detailed comparison of
existing open-source software solutions for freight transport planning [48]. These open-
source software solutions can help solve the large-scale route optimization problem
of multimodal transport for last mile delivery. Before route optimization, this paper
first allocates the distribution orders among three transport modes according to the
specified strategy, which reduces the complexity of the route optimization problem to a
certain extent.

GA was first proposed by John Holland [49]. The algorithm is designed accord-
ing to bio-evolutionary laws in nature, and it is a method of searching for optimal
solutions by simulating the process of natural selection. The algorithm is mainly com-
posed of three operators: selection, crossover, and mutation. When solving complex
combinatorial optimization problems, it can usually achieve good optimization results
quickly. The focus of this research is to propose a design of multimodal transport
for last mile delivery in rural areas, and the solution method of the model is not
the focus. Therefore, in order to get a better solution quickly to meet the require-
ments of the application, GA is taken to solve the route optimization problem in
this research.
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3.1. Parameter Setting

In this research, we randomly generate 30 points in the range of 50 x 50 (km?) as
distribution nodes. In order to make the distribution nodes evenly distributed in this range
as much as possible, the Euclidean distance between any two points is limited to more than
7 (km). In order to facilitate recording, we round the coordinates of randomly generated
nodes. Meanwhile, the LLP is in the center of the range, and the coordinate is (25,25). The
coordinates of the nodes are shown in Table 2.

Table 2. Distribution node coordinates.

1 2 3 4 5 6 7 8 9 10
(9,35) (35,4) (18,44) (35,20) (39,48) (46,45) (20,11) (33,12) (9,50) (41,33)
11 12 13 14 15 16 17 18 19 20
1,1 (27,44) (18,33) (31,29) 47,17) (14,15) (12,27) (5,15) (1,37) (45,6)
21 22 23 24 25 26 27 28 29 30
(49,28) (40,15) (6,43) (11,4) (33,36) 1,9) (28,18) (3,27) (20,2) (26,37)
We assume that the number of orders at each node follows a uniform distribution
within a certain range, and the specific variation range is shown in the last column in
Table 3. We assume that there are five PT vehicles in total, that each vehicle passes through
six nodes, and that the transportation route of each vehicle is fixed and unchangeable.
The number of nodes with installation service demands is shown in column 2 of Table 3.
These nodes are also the nodes where LLP provides distribution services. The labor costs
of different transport modes are as follows: e; = 100,e; = 0, e3 = 20, ef} = 20. e} refers
to the fixed labor cost when the villagers pick up orders by themselves. The penalty cost
b; = 60.
3.2. Cost—Benefit Analysis
The distribution cost of each transport mode is shown in Table 3.
Table 3. Distribution cost of each transport mode.
. TC TC G Subsets g
D c M Profits Orders
{1} {2} {3} {2y {13} {23}
1 5 1321.8 303.2 1018.6 718.1 540.3 723.6 378.4 577.7 427.8 (1,20)
2 5 1310.5 421.8 888.7 737.0 998.7 856.8 683.8 651.3 613.8 (10,20)
3 5 1438.0 813.9 624.1 1105.6 1138.7 1121.8 1004.1 1038.9 866.0 (20,30)
4 3 1392.1 608.2 783.9 981.4 1030.4 951.8 918.4 823.3 678.0 (10,30)
5 4 1364.7 659.8 704.9 1100.3 1151.0 971.6 987.1 852.5 865.8 (10,30)
6 5 1303.2 542.2 761.0 1104.1 1149.4 980.0 822.8 759.3 763.1 (10,30)
7 6 1417.7 700.7 717.0 1114.4 1147.3 1118.0 905.6 920.4 814.6 (10,30)

As can be seen from Table 3, with the increase of orders at each distribution node, the
distribution cost of different transport modes exhibits growth trends (data in rows 1 to 3 of
Table 3). The reason is that, with the increase of orders at each node, if the total capacity
of distribution vehicles remains unchanged, the distribution times will increase, thus
increasing the total distribution cost. It can be seen from Table 3 that the distribution cost of
the two collaborative transport modes may be higher than that of a single transport mode.
For example, in the fifth row of Table 3, the distribution cost of collaborative distribution by
LLP and PT is 987.1 yuan, but the distribution cost of CL only is 971.6 yuan. This is because
the composition of distribution cost is not only related to transportation distance but also
to fixed labor cost, penalty cost caused by not meeting the installation requirements, and
other factors. Therefore, multimodal transport for last mile delivery is not always better
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than single-mode transport, and a comprehensive analysis should be carried out when
selecting distribution modes. In addition, as shown in Table 3 (rows 4 to 7), when the order
quantity of each node is relatively stable and changes little, and there are few nodes with
installation demands, a change in the number of installation nodes has little impact on the
distribution cost.

For last mile delivery in rural areas, the LLP provides distribution services and oc-
cupies a dominant position. It is unrealistic to use PT or CL modes alone without the
participation of the LLP. In addition, if the LLP does not provide order information, the PT
and CL modes cannot themselves generate profits. When calculating the distribution costs
in different transport modes, all orders are handed over to the corresponding mode by
default and the order splitting problem is not considered. Thus, when calculating profits,
there must be v(s; Usy) < v(s1) + v(s2). In this paper, Shapley value is used for profit
allocation in order to analyze the marginal contribution rate of different transport modes.
According to the data of Table 3 and Formula (16), the profit of each transport mode and
Shapley values are calculated, and the results are shown in Table 4.

Table 4. Shapley value and profit of each mode.

Profits
D! Orders Shapley Value

{1} {2} {3} {12} {13} {23} ({123}
(1,200 6037 7815 5982 9434 7441 894 1018.6 {
(10,20) 5735 311.8 4537 6267 6592  696.7 888.7 {341.9, 229.8, 317.0}
(20,30) 3324 2993 3162 4339 3991 5720 624.1 {164.4, 234.3, 225.4}
(10,30) 410.7 361.7 4403 4737 568.8 714.1 783.9 {200.2, 248.4, 335.2}
(10,30) 2644 2137 3931 3776 5122 4989 705.0 {204.0, 172.0, 329.0}
( {
( {

294.1, 457.9, 266.6}

10,30) 199.1 153.8 3232 4804 5439  540.1 761.0 231.2,206.7, 323.1}

5
5
5
3
4
5
6 (10,30) 3033 2704 299.7 5121 4973  603.1 717.0

212.3,248.7, 256.0}

As can be seen from Table 4, when the order quantity of each node is small and the
vehicle capacity is large (data in row 1 of Table 4), the marginal contribution rate of the
PT mode will be much higher than that of the other two transport modes. This is because
the departure frequency and transportation route of the PT mode have been fixed and
this mode only provides a distribution service. Compared with other transport modes,
when the order quantity of each node is small, the number of nodes that can be delivered
by PT vehicle will be greater, while the remaining nodes delivered by other transport
modes will be fewer, and the distribution cost of the rural logistics system will be greatly
reduced. It can be seen from rows 4 to 7 in Table 4 that when the order demand of each
node tends to be stable, the marginal contribution rate of the CL mode is often greater than
that of the other two transport modes. Compared with the other two transport modes, the
transportation route of CL is flexible [28] (compared with PT) and the unit distribution
cost is low (compared with LLP). After the overall planning of the transportation route,
the advantages of the CL mode will be more obvious, and the marginal contribution rate
is often higher than the other two transport modes. Thus, under different application
scenarios (different parameter settings), the marginal contribution rate of each transport
mode is often different. When using multimodal transport to solve the last mile delivery
problem in rural areas, the profit allocation should be carried out reasonably according to
the marginal contribution rate of each transport mode.

3.3. Route Analysis

In this section, we take the parameters (second row in Table 3) as an example to
represent order allocation and route optimization. The specific calculation results are shown
in Table 5. Among them, the nodes passed by each vehicle represent order allocations.
In addition, the number in Table 5 represents the node number and the corresponding
coordinates are shown in Table 2. The number in brackets is the node number to be
delivered by PT.
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Table 5. Order allocation and route optimization.

Transport Mode Distribution Route

LLP 24-18-17-3-13

13-3-9-23-19-1: (9-23-19)
17-28-18-26-11-24: (28-26-11)

PT 30-12-5-6-10-25: (5-6)
14-21-15-20-22-4: (21-20)
27-8-2-29-7-16: (8-2-29)

CL 30-12-1; 16-7-27; 14-10-25; 4-15-22

4. Discussion

Last mile delivery has become a key issue restricting the sustainable development of
rural logistics. At present, most of the research focuses on the optimization of a specific
distribution mode, while there is less research on using multimodal transport to solve the
problem of last mile delivery, especially last mile delivery in rural areas [5-33]. Distribution
mode selection, order allocation strategy, route optimization, and profit allocation are the
core problems for last mile delivery in rural areas. This work presents a comprehensive
exploration of multimodal transport for last mile delivery in rural areas.

By analyzing the cost-benefit structure of multimodal transport, as shown in Table 3,
it is discovered that the number of orders will directly affect the profits of multimodal
transport for last mile delivery, and multimodal transport can effectively solve the problem
of fewer orders at each distribution node. The reason is that, based on the exact distribution
mode, the number of orders directly affects the number of distribution vehicles and thereby
affects the distribution cost. When the order quantity of each node is small, the PT mode
can complete the distribution tasks of most nodes, while the distribution cost of the PT
mode is very low, which can greatly reduce the cost of multimodal transport for last mile
delivery. In addition, the remaining nodes without value-added services will adopt the CL
mode for last mile delivery. Compared with the LLP mode, the CL mode is more flexible
and the distribution cost is lower. Therefore, when the order quantity of each node is
small, multimodal transport is more suitable for last mile delivery in rural areas. It can
be seen that unreasonable transport mode combinations will increase the distribution cost
of the logistics system. This is because the composition of distribution cost is not only
related to transportation distance but also to fixed labor cost, the penalty cost resulting
from not meeting the requirements, and other factors. When carrying out multimodal
transport construction for last mile delivery in rural areas, it is necessary for the govern-
ment or enterprises concerned to select a reasonable mode combination according to the
specific situation.

The results of the profit allocation (Table 4) indicate that the number of orders at each
node and the capacity of distribution vehicles will affect the marginal contribution rate
of the corresponding transport mode. When the order quantity of each distribution node
is small, the marginal contribution rate of the PT mode is often high, which can make a
greater contribution to the profit of multimodal transport for last mile delivery. In this
situation, the multimodal transport system should make full use of the advantage of the
PT mode and increase profit as much as possible. With the increase of order quantity, the
marginal contribution rate of the PT mode gradually decreases due to the limitation of
vehicle capacity, while the marginal contribution rate of the CL mode gradually increases
due to its flexibility and low distribution cost. In this case, the CL mode should be paid
more attention and given more profits to promote its sustainable development so as to
improve the profits of the multimodal transport system for last mile delivery. Therefore,
the relevant governments or enterprises should allocate profits according to the specific
situation combined with the marginal contribution rate of each transport mode and adjust
the profit allocation strategy when the situation changes so as to promote the sustainable
development of rural logistics.
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5. Conclusions

The backwardness of the logistics distribution system has gradually become one of
the key problems restricting the sustainable development of the rural economy, and multi-
modal transport is regarded as one of the main methods for solving this issue. However,
multimodal transport for last mile delivery in rural areas has not been widely accepted
by the general public due to poor coordination among transport modes and difficulties in
terms of cost-benefit analyses. To address these problems, this research first proposed a
design of multimodal transport for last mile delivery in rural areas. Then, a cost-benefit
model for multimodal transport was proposed, which uses GA to solve the model. Finally,
the Shapley value was used to fairly allocate the profits and represent the marginal contri-
bution of each mode in the multimodal transport system. The numerical results showed
that multimodal transport can effectively reduce the distribution cost of last mile delivery
in rural areas. When the order demand of each node tends to be stable, the marginal
contribution of the CL mode is often greater than that of the other two distribution modes.
The marginal contribution of the PT mode is highest only when the number of orders per
node is very small.

The contributions of this research are threefold. Firstly, this work innovatively pro-
poses a design for multimodal transport for last mile delivery in rural areas which can
provide an important reference for governments or enterprises to adopt multimodal
transport systems to solve the problem of last mile delivery in rural areas. Secondly,
this research solves the issue of order allocation and transport route planning in the
context of multimodal transport. This provides the possibility for the further imple-
mentation of multimodal transport systems for last mile delivery. Finally, this paper
analyzes the costs and benefits under different modes and allocates profits according
to the Shapley value. The results can be directly used for multimodal transport in
rural logistics.

There are also some limitations, however. On one hand, the logistic service’s quality
is critical for the sustainability of rural e-commerce and logistic delivery systems [50,51].
Many scholars have carried out a lot of research on logistic service quality and have made
many outstanding achievements [52-56]. The main purpose of this research being to solve
the daily distribution problem for last mile delivery in rural areas, cost is the core indicator
considered in this paper. In the future, we will consider other indicators of logistic service
quality to make the model more comprehensive. On the other hand, when allocating profits,
this work does not consider whether an enterprise or a transport mode occupies a dominant
position in the multimodal transport system. In reality, there is often an enterprise that
occupies a dominant position in such a system. In the future, this factor should be taken
into account when dealing with profit allocation.
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