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Abstract: With the transformation and upgrading of the world economy entering a new normal, changes
in the fields of industry and consumption have brought new business opportunities, and there is a
large space for the less-than-truckload (LTL) express market. Considering the urban network resource
operation status, this study aims to solve the optimization problem of urban location selection for LTL
express under the common delivery model. To minimize the total cost of logistics and distribution,
we established an integer programming model with constraints such as radiation range and service-
capacity limitations. A model with a fixed reality-node strategy, an expanded initial antibody group
strategy, improved traditional elite individual retention strategy and a node-clustering strategy was
introduced. An improved immune optimization algorithm was further designed to obtain globally
optimal solutions. With the comparison of existing algorithms, the results verified the practicability of
the proposed model to solve the urban location-selection problems for LTL express. We then conducted
an empirical analysis of a real-world enterprise’s reasonable urban network location selection in a
central-south city of China. The simulation results further verified the effectiveness of our proposed
algorithm. This study provides new solutions and methods for resource utilization and urban network
optimization of LTL-express enterprises.

Keywords: common distribution; LTL express; urban network selection; global optimization; improved
immune optimization algorithm

MSC: 68T07

1. Introduction

Express, LTL express and vehicle transport are the three main modes of transport in
the road freight industry. Express customers are extremely scattered and have timeliness
requirements and market barriers higher than LTL express and vehicle transport. The current
concentration is far ahead of the vehicle transport and LTL-express market [1,2]. LTL express
mainly covers 30–3000 kg of goods, including industrial products, semi-finished products,
parts and components, etc. The customers are mainly enterprise-type customers such as
manufacturing enterprises, distributors and retailers. Customers are scattered, and logistics
service providers need to provide services such as loading and carpooling, transshipment
distribution, and distribution. The process is more complicated than vehicle transportation,
and the market concentration is low grade [3,4].

LTL express represents a large market and highly dispersed market pattern. In 2023,
China’s road freight logistics market will reach RMB 6 trillion, accounting for 50% of China’s
logistics costs. Of this, the market size of express delivery, less-than-truckload express and
vehicle transportation is about RMB 0.9 trillion, RMB 1.5 trillion and RMB 3.2 trillion, re-
spectively. The average annual compound growth rate in the past five years was 30, 5.6 and
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0.6% [3], respectively. The less-than-truckload express market is highly fragmented, with
more than 200,000 market participants [5]. However, the unified market of less-than-truckload
is not enough, and the allocation of logistics resources is unreasonable and insufficient. The
multimodal transportation system requires improvement, particularly in addressing the low
efficiency levels related to cross-mode transport and cross-operation link convergence and
conversion; the standardization of transport units is not high. The whole-chain operation
efficiency is not satisfactory, and the cost is huge. The stock logistics infrastructure network’s
support and guidance capability for the industrial layout and domestic demand consumption
under the new development pattern is not adequate [6]. Addressing the need for adaptabil-
ity in logistics services requires tackling the challenges of surplus low-end service supply
and shortage of high-end service supply [7–9]. The freight transport structure needs to
be optimized, as the proportion of long-distance transport of bulk road cargo is still high.
The logistics industry operates at a large scale, yet it has not fully realized the benefits of
economies of scale. This is especially true in the highway freight market, where competition
is highly homogeneous and unfair practices are prevalent. As a result, the industry’s level
of competitiveness needs to be improved. The modern logistics system is not organized,
intensive, networked or socialized, and the backbone logistics infrastructure network is not
optimal. The LTL-express transportation network location problem (LTLTNLP) needs to be
solved [10].

The content of this paper is summarized as follows: Section 2 focuses on the literature
review; Sections 3–5 explain the variable definitions, model establishment, initial model
solution and the improvement of the algorithm; Section 6 presents the empirical analysis
results; Section 7 summarizes the results and draws conclusions and Section 8 describes
the research discussion and conclusions.

2. Literature Review
2.1. Urban Distribution Network Location Problem

Most of the research on the allocation system has been carried out in the urban allocation
system from the perspective of social benefit and enterprise benefit. With the development of
e-commerce and information technology, the logistics center can usually achieve the purpose
of efficient operation through the information operation of the enterprise [11], thereby
reducing the unnecessary waste of resources caused by distribution, and saving costs to the
enterprise itself. With the process of urbanization, the number of urban distribution vehicles
and the distribution distance increases [12], which leads to the need for multiple objects
in the urban distribution system to cooperate to achieve system optimization. On the one
hand, with the deepening of joint distribution research, several scholars have established
joint distribution systems for different industries and made preliminary progress [13]. The
concept of distribution is used in terminal distribution transactions in e-commerce. On
the other hand, the construction of terminal joint distribution stations can promote the
sustainable development of terminal distribution networks [14].

Yuan [15] used data from the Los Angeles area of the United States; they examined the
spatial distribution of warehouses and adjacent facilities related to different demographic
and socio-economic characteristics, and found that the relationship between storage facili-
ties and activities in the urban distribution networks and household income was uneven.
Yang et al. [16] showed that research on the economic attributes of freight, land use, road
infrastructure and road-network variables can help transportation planners to understand
truck dynamics related to traffic safety [17] and develop operational measures to mitigate
the impact of growth. The existing research on the location of urban logistics facilities and
their impact on externalities often focuses on the start and end of freight activities within
the metropolitan area, while ignoring the role of freight with origin or destination outside
the metropolitan area [18]. Sakai et al. [19] applied data from the Paris region of France to
collect characterization data on the location and activities of logistics facilities, revealing
the key location characteristics that affect the location of logistics facilities, such as zoning
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regulations, wholesale work accessibility, population density and highway accessibility,
and the heterogeneity of the impact of these characteristics on activity categories.

2.2. The Location Problem of Outlets in Urban Distribution Network

Up to now, researchers have made significant progress in the study of distribution-
outlet location selection. Specifically, they have fully demonstrated the various factors
and costs that affect the location selection of distribution outlets. Additionally, they have
applied various technical methods to optimize the location-selection model and enhance
the efficiency of the distribution network. Location cost has been resolved. In the static
location problem of the logistics network, scholars applied both qualitative and quantitative
methods. At the method level, a multicriteria decision-making method for urban network
location planning under uncertainty is proposed, which can provide decision-makers with
a network location method reference at the network construction level [20]. The location
model constructed by mathematical equations can be applied to the location optimization
of the urban logistics network, providing a good application method for intercity network
coordination [21].

The logistics industry has undergone a number of innovations, including transporta-
tion algorithms, distribution equipment. At the same time, the warehousing industry has
experienced changes in the scale and location of facilities, for instance, the establishment of
a large number of large warehouses in the suburbs of the city [22]. With the rise of the city
circle, many warehouse layouts have changed, and the environmental impact associated
with warehousing activities has been increasing in recent decades. This research focuses
on the uneven distribution of warehousing facilities in disadvantaged communities and
explores how this difference is caused by the interaction between various socio-economic
processes [23]. Holl and Mariotti [24] analyzed the impact of highway development on the
performance of Spanish logistics sector enterprises, and analyzed the panel data with instru-
mental variable estimation. The results showed that the highway has a significant impact
on the performance of logistics enterprises, but it has important spatial heterogeneity.

2.3. The Impact of Urban Distribution Nodes on the Network

Scholars have begun to pay attention to the influence of distribution network nodes
and the relationship between nodes on the network structure, and quantitatively analyze
the relationship between vehicles through social network analysis theory and complex
network theory. Basically, study of the road network to deepen the understanding of the
network structure [25]. Intercity vehicle traffic strategies and traffic management, as well as
an effective emergency facility layout and rational configuration can provide new ideas for
logistics enterprises [26] for cost savings in network transportation by identifying the most
critical transportation routes in the urban logistics network [27]. In the study of network
dynamic positioning, for example, heuristic algorithms are often used to solve discrete
dynamic network localization problems [28]. The localization of hybrid facilities is also
used to verify the effectiveness of the algorithm [29]. Scholars can design by the method of
uncertain dynamic location problem [29], which greatly enriches the solutions of logistics
location selection.

The main quantitative methods for solving the location problem with the different
constraints mentioned above include the gravity center method [30], transportation plan-
ning method [31], cluster method [32–35], CFLP method [36], etc. However, most of the
scholars use a heuristic algorithm or heuristic extension algorithm [37].

The literature mainly studies the optimization of dynamic and static urban network
layouts and multi-objective optimization, and the optimization of the urban network layout
optimization model algorithm. There are few studies on the location of the urban network
of LTL-express enterprises. The existing research on the optimization of the urban network
layout provides the basis of this paper, and more research is urgently needed on the
optimization of the urban network layout for LTL-express enterprises.
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With the consideration of the various influencing factors of the LTL-express enterprises
in the common distribution environment, the minimization of the total distribution cost
was taken as the goal, and the current situation of network construction was taken as the
constraint condition of network location selection. At the same time, the search range of
the initial antibody group was expanded, and the random probability of the selection of
cross and diversity evaluation parameters was set, which improved the traditional elite
individual retention strategy. Finally, an example was given to verify the accuracy and
effectiveness of the proposed algorithm.

To fill the research gap, based on the development of LTL-express enterprises, this
paper comprehensively considered the construction and resource allocation capabilities
of enterprises and the number of network constructions, and designed an optimized
integer programming model with the goal of minimizing the total cost of location and
transportation. With the application of the real data of an enterprise, this study explored
actual operations of the enterprise and proposed an improved immune optimization
algorithm. We also introduced a variety of improvement strategies, combined with the
cross iteration of the operator applied to the empirical analysis, and further verified the
robustness and superiority of the improved immune optimization algorithm.

3. Model Construction
3.1. Description of Urban Network Location Problem

This paper studied the static logistics network location problem with a single distribu-
tion center, numerous demand nodes, multi-established networks, service scope constraints,
and network capacity constraints. Firstly, in the process of network location selection, the
specific location and demand of the established network, the location, demand, rate of
each demand node, and the location data of the urban distribution center of the enterprise
were taken as constraints to establish the location model with the minimum total cost of
distribution as the goal. Secondly, the specific coordinate set of all LTL-express demand
nodes in a city was crawled from websites. We carried out screening according to the actual
situation, such as geographical conditions and enterprise construction, forecast the freight
demand of each demand node according to the demand calculation formula and made
corrections according to the actual market operation. It was necessary to select a certain
number of addresses to establish the initial scheme of the LTL-express enterprise network.
Finally, based on the initial scheme, according to the characteristics of the interaction be-
tween the established network and the new network in the network location selection of
the city network, the improved immune optimization algorithm was used to obtain the
final network location-selection scheme, as shown in Figure 1.
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3.2. Hypothesis of Urban Network Location Model

Before the establishment of the model, we made the following assumptions in the
logistics network location model:

(1) The scale and capacity of the network can always meet the demand of the demand
nodes, and it is determined by the demand within the distribution radiation range;

(2) A demand node is only supplied by one network;
(3) The distance between urban demand nodes is known;
(4) The specific capacity and service capacity of each outlet are known;
(5) Logistics and transportation costs between urban outlets are known;
(6) There is a linear correlation between the service capacity level of the network and the

capacity.

3.3. Establishment of Location Model for Urban Network

The symbols and descriptions involved in the model are shown in Table 1.

Table 1. Model symbol description.

Symbol Description

m Number of demand points
n Number of selected outlets

Qj Demand of point j
Cij Transportation rate for delivering goods from selected outlets i to demand point j
Sij Actual distance between the network i and the demand point j

Ci
Transportation rate of delivering the goods from the selected outlets to the

distribution center
Di Actual distance between network i and the distribution center
pi Capacity of the network i
C Total delivery cost
k Penalty coefficient
Yi Number of established outlets
Fi Service distance of the network i

Based on the above assumptions, this model is a location model, which needs to find
n terminal nodes from m demand nodes. Urban distribution should not only consider the
distribution of customer demand points in the city, but also pay attention to the allocation of
distribution center resources and the scheduling of transportation vehicles in the enterprise
city. In general, the distribution cost should be an important factor of concern to the
enterprise. The layout of multiple nodes needs to consider many factors, and the model
construction should be more complex. To simplify the problem, make the calculation
convenient, and be more accurate and closer to the actual situation, this paper takes the
minimum total distribution cost as the optimization goal, and establishes the following
model:

minC =
n

∑
i=1

xi

m

∑
j=1

CijPijQjSij +
n

∑
i=1

xiDiCi

m

∑
j=1

PijQj + penalty

The constraint condition is:
m

∑
j=1

xi = n (1)

n

∑
i=1

Pij = 1, j = 1, 2 · · · , n (2)

n

∑
i=1

xi

m

∑
j=1

Pij =m (3)
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{
xi = 0, Nodes were not selected
xi = 1, Nodes selected

}
(4)

n

∑
i=1

xi

m

∑
j=1

pijQj =
m

∑
j=1

Qj (5)

Qj ≤ Pi, i = 1, 2, · · · n, j = 1, 2, · · ·m (6)

Fi ≤ Sij, i = 1, 2, · · · n, j = 1, 2, · · ·m (7)

Yi ≤ n, Yi = 1, 2, · · · , n (8)

The objective function is composed of transportation costs between distribution centers
and demand nodes, transportation costs between logistics centers and distribution centers,
and punishment costs. The objective function is composed of transportation costs between
distribution centers and demand nodes, transportation costs between logistics centers and
distribution centers, and punishment costs. Formula (1) indicates that n terminal nodes
are selected from m demand nodes as actual terminal nodes; Formula (3) indicates that the
candidate terminal nodes need to be selected when the pairing relationship is established;
Formula (4) indicates whether the terminal nodes is selected; Formula (5) represents the
balance of freight volume. The freight volume from demand nodes to terminal nodes is
equal to the freight volume from terminal nodes to the distribution center. Formula (6)
represents the capacity limitation of the terminal nodes; Formula (7) represents the terminal
node’s service distance constraint; Formula (8) indicates that the number of built terminal
nodes does not exceed the actual number of terminal nodes.

4. Initial Solution of the Model

The initial scheme of the urban network location model of the LTL-express enterprise
is mainly solved by the basic immune optimization algorithm. Firstly, the initial scheme
for generating the network location of the LTL-express enterprise is established, and the
diversity of the solution is evaluated. Then, the network address is determined by immune
operation. This method has a certain scientific and reference significance in the network
location selection of LTL-express enterprise. The specific steps are as follows:

(1) Identification of antigens.

Based on the comprehensive analysis of the problems studied, the model and other
constraints for practical problems are established as antigens.

(2) Generation of immune antibody groups.

The initial antibodies of the immune system are generated randomly in the range of
feasible solutions.

(3) Diversity assessment.

The evaluation of antibodies by the immune system includes the calculation of affinity
and antibody concentration.

(4) Generation of paternal cells.

The immune optimization algorithm involves the update and selection of memory
cells during its operation process. By memorizing the current optimal solution and selecting
new solutions, the algorithm constantly updates and screens for more excellent solutions.
If memory cells show high affinity to antigens, these antibodies are stored in memory cells.
Then the repulsion between antibodies was calculated, and the antibodies with the highest
affinity to the antigen were deleted.

(5) Degree of satisfaction of judgment results relative to the end of the calculation.

When the antibody produced by the above steps matches the antigen, the degree of
matching, or meets the end conditions, the shutdown can be selected.
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(6) Generation of new populations.

The generation of a new population is realized by an immune operator. The calculation
process of the immune operator includes selection, crossover, and mutation. The new
population calculated by an immune operator is the same as natural evolution. The greater
the antibody affinity, the higher the probability of being selected.

(7) Output of initial location options.

5. Improved Immune Optimization Algorithm

Location problem is a typical non-deterministic polynomial (NP)-hard problem, which
is difficult to solve by ordinary methods, and NP-hard problem is a computational problem
that is extremely difficult to solve with current algorithms, as finding an exact solution in a
reasonable amount of time is not feasible. To improve the efficiency of the solution, heuristic
algorithms are widely used, among which the immune optimization algorithm has a wide
range of applications and strong robustness. Therefore, before the algorithm is solved, we
(1) introduced a fixed real-node strategy according to the reality of the enterprise, and fixed
a certain number of selected nodes; (2) expanded the initial antibody group, adjusted the
crossover and mutation probability, and diversity evaluation parameters through multiple
simulations, and reset the corresponding penalty function threshold to expand the solution
space; (3) improved the traditional elite individual retention strategy to retain the elite
solution by the probability formula; and (4) introduced the node-clustering strategy to
determine the scope and number of service demand nodes by clustering the selected nodes.

The specific implementation steps are as follows:

(1) Formation of antibody groups.

In this paper, the natural number encoding rule was adopted. Each network location-
selection scheme can form an antibody with length p (p represents the number of outlets),
and each antibody represents the sequence of the demand nodes selected as outlets. After
expanding the search range, this encoding method can meet the constraints (9) and (12).

(2) Calculation of the recognition degree of antibody and antigen.

The affinity between antibody and antigen is used to indicate the recognition degree
of antibody to antigen. Here, the affinity function Av is designed for the above network
location model.

Av =
1
Fv

=
1

∑
i∈N

∑
j∈Mi

ωidijZij − C ∑
i∈N

min

{(
∑

j∈Mi

Zij

)
− 1, 0

} (9)

where Fv means the objective function; the second term in the denominator indicates that the
solution violates the distance constraint, and the threshold is reset from the Changsha logistics
market. After several simulations, the range in [100, 200] shows that the location result is
better, which is close to the actual operation level, and C takes a larger positive number.

The affinity between antibodies reflects the similarity between antibodies. It is:

Sv,s =
kv,s

L
(10)

where kv,s is the same number of bits in antibody v and antibody s; L is the length of
antibody.

(3) Calculation of the proportion of antibodies.

The antibody concentration C is the proportion of similar antibodies in the population,
it is:

Cv =
1
N ∑

j∈N
Sv,s (11)
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N is the total number of antibodies, Sv,s =

{
1, Sv,s > T
0, Others

}
; T is a preset threshold.

(4) Calculation of expected reproduction probability.

We expected reproductive probability in the population. The expected reproductive
probability of each individual is determined by the affinity between antibody and antigen
A and antibody concentration C; it is:

p = α
Av

∑
v∈N

Av
+ (1− α)

Cv

∑
v∈N

Cv
(12)

Among them, α is a constant. The higher the individual fitness, the greater the
expected reproduction probability. The greater the individual concentration, the smaller
the probability of reproduction.

(5) Improved elite retention strategies.

The goodness of the antibody was evaluated by combining affinity and concentration.
When the reproduction probability was obtained, the average fitness of the best individuals
and populations was recorded, and the parent group was formed. With the improved
elite retention strategy, we applied the probability formula: P = exp (−∆E/T). As T
decreases, the probability of accepting the elite solution decreases based on the ability
of immune selection and the crossover operator to move. As a result, no elite solution
is accepted. ∆E is expressed as the difference between the elite solution and the current
solution. Comparing the acceptance probability and random probability, we determine the
choice of elite solutions, and update the memory population later.

(6) Immune operation.

The probability that an individual is selected is the expected reproduction probability.
The single-point crossover method is used for the crossover operation. Through randomly
expanding the search range, the mutation position is selected for mutation. The selection
and mutation probability formulas are used. The diversity evaluation parameters are
calculated by random probability. After many simulations, the probability range and
parameter range were [0.5, 0.9], [0.4, 0.8] and [0.90, 0.95].

(7) Output location optimization results and algorithm iteration process.

6. Steps of Improving Immune Optimization Algorithm

The steps for improving the immune optimization algorithm are shown in Figure 2.
Specifically,

(1) Baidu API open source data was invoked to obtain demand nodes, which were regarded
as candidate nodes, and we randomly selected N individuals as selected nodes.

(2) Combined with the actual situation and based on the existing demand nodes, we
entered the existing eight network coordinates as demand nodes. The attributes and
logistics real estate demand nodes were marked as fixed nodes.

(3) We calculated the distance between the demand nodes and the coordinate positions of
each network.

(4) According to the calculation formula of distribution cost, we considered the freight
volume of the demand node, the freight rate of the demand node to the network node,
the freight rate of the network node to the distribution center, the radiation range of
the network node, etc. The distribution cost of each demand node and each network
will be calculated.

(5) It was judged whether the fluctuation range of the average fitness value in the fitness
function of the convergence curve was smaller than [0, 0.1]. The current network
location-selection scheme remains the most appropriate, provided that the system’s
size remains unchanged. Otherwise, the N individuals were randomly selected and
the elite retention strategy was adopted to retain the relevant individuals.
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(6) We determined whether the number of iterations reached the maximum. If yes, we
immediately stopped the operation; otherwise, we continued the operation.

(7) When the optimal location scheme was obtained, the immune algorithm convergence
curve and location coordinates were output.
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7. Empirical Analysis of Urban Network Location—A Case Study of Changsha City
7.1. Empirical Data of Changsha Network Location

According to the construction demands of Enterprise L, and through reasonable calcu-
lation of factors such as market share and market share proportion, the number of network
location selections in a certain enterprise was set to 36. We used Python to collect, clean, and
screen the data of the demand nodes; the demand nodes in Changsha were formulated as
130. Combined with the actual research situation, the freight rate of the demand noes to the
network was set to 3 (RMB/ton/km), and the network to the distribution center was set to
2 (RMB/ton/km), which were determined according to the actual situation.

MATLAB was used for the empirical solution, and the appropriate expression form
of the solution was designed. After the generation of the population, the evaluation was
carried out to observe whether the constraint conditions were met. Otherwise, according
to the calculation results of the formation of the parent group, the elite retention strategy
was adopted to form a new group for further calculation. The algorithm parameters were
set as follows: population size 80, memory capacity 10, iteration number 6000, crossover
probability 0.5, mutation probability 0.4, diversity evaluation parameter 0.95, and the
number of nodes was 36. The number of designated outlets was 8 (established network).
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The details are shown in Table 2.

Table 2. Basic parameter settings.

Parameter Description Value

Size pop Initial population of the algorithm setting 80
Overbest Elite population set by the algorithm 10

MAXGEN Number of algorithm iterations 6000
Crossover Crossover probability 0.5
Mutation Mutation probability 0.4

DEP Diversity evaluation parameter 0.95
Length Number of nodes selected 36

Selection of demand node coordinates and calculation of freight volume data.
The specific coordinates and measured area of several demand nodes are shown in

Table 3 below.

Table 3. Requirements for node information collection.

Demand Node (X) Coordinate (Y) Coordinate Area (m2)

Gaoqiao Appliances 113.0281 28.17778 336,000
Jinxia Logistics Park 112.9517 28.33193 960,000

Xingsha Central South Logistics Park 113.0758 28.25044 666,000
Seger Digital Market 113.0167 28.19958 21,000

Hunan Sanxiang Market 113.0203 28.20519 82,000
Zhongnan Automobile World 113.0690 28.24323 330,000

Red Star Agricultural Museum Stream Center 113.0173 28.11237 26,052
YiLi Logistics Park 112.9695 28.09602 153,333

Hardware electromechanical market 113.0223 28.09843 160,000
Red Star Daily Supplies 113.0226 28.11428 51,465
Golden Apple Market 113.0159 28.19477 67,072
Red Star Sugar Wine 113.0222 28.11099 84,240

Wholesale of Dingwangtai Books 112.9920 28.19593 8610
Xinhe small commodities 112.9892 28.23159 15,000

Gaoqiao Agricultural sub-city 113.0335 28.17953 71,094
Wangcheng Logistics Park 112.8494 28.32843 181,028

Jinxia Logistics Park 112.9516 28.33193 960,000
Xingsha Central South Logistics Park 113.0757 28.25043 666,000
Ai Shang Tong Cheng Logistics Park 112.9354 28.33932 71,484

Kaolin International 112.9885 28.30607 84,700
Hongguang Wisdom Logistics Park 113.0941 28.30968 113,898

Shunxing Logistics Park 113.0745 28.22019 31,740
Hengbang Logistics Park 113.0729 28.25530 73,458

Yellow Flower Industrial Park 113.2094 28.23267 28,520

Considering the main problems that this paper aims to solve, the prediction method
of the land-use planning model of the logistics park was mathematically changed, and it
was flexibly changed into the demand node freight volume prediction model.

The formula is as follows:
L =

365 · S
i1i2α

(13)

where S is the total area of logistics park construction (104 m2); L is the total volume
flow of Hunan Province (104 t) for the planning target year; i1 for the planning target
year, the proportion of third-party logistics operations through logistics parks to the total
logistics operations of third-party logistics; α is the land use parameter of unit production
capacity (m2/t). Through reasonable scaling analogy, S is defined as a single logistics park
construction area (104 m2); L is set to predict the total amount of a single logistics park
(104 t) in the planning target year; i1 and i2, and α remain unchanged.
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Regarding the non-logistics park demand node-correction scheme, the non-logistics
park correction formula is:

L =
365 · S
i1i3β

(14)

where i3 is the proportion of the operation volume of the third-party logistics through
non-logistics parks in the total logistics operation volume of the third-party logistics in
the planning target year, which should be greater than 1-i2 in theory, and about 30–40%
according to the type of demand node i3. After market research and reference, the unit
production capacity land of the non-logistics park demand node was about 0.5–0.7 times
that of the logistics park, and the actual land area of the non-logistics park demand node
was about 3–8 times that of the occupied area. β = 2.798α was calculated by comprehensive
analysis.

We reasonably inferred the total freight volume of each region through the total area of
logistics park construction in each region, the proportion of third-party logistics operations
in logistics parks to the total logistics operations of third-party logistics, and land-use
parameters. We then calculated the total cost of distribution using the distance in the
algorithm and the iteration of the model.

The freight volume distribution of the demand nodes in Changsha City is shown in
Figure 3.
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Figure 3. Freight volume distribution map of demand nodes in Changsha City.

Figure 3 shows the distribution of freight volume at several demand nodes. It was con-
cluded that the demand nodes with significant freight demand were mainly concentrated
in logistics parks and wholesale markets, followed by industrial parks and home-appliance
building materials markets. At the same time, these locations belong to the daily circulation
area of bulk goods, which meets the requirements of the service objectives of LTL-express
enterprises. It also shows that with the increasing economic level, the types of LTL-express
goods are diversified, not just raw materials in traditional manufacturing industries. More
importantly, the diversification of cargo types shows that LTL-express enterprises are also
facing a trend of diversification of service objectives, with increasing challenges and op-
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portunities. It is also important to grasp the development opportunities and cultivate the
ability of enterprises to provide multitype services in the face of diversified needs.

Then, the transport volume of each demand node was calculated as the quantity
demanded, as shown in Figure 4.
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Figure 4. LTL-express demand heat map in Changsha City.

At present, there are more than 1800 LTL-express companies in Changsha, of which
35% are mainly outside the province and 65% are mainly inside the province. The LTL-
express gathering area has been moved from the high bridge as the center of the LTL market
(including the high bridge logistics market, Guitang, Hengji, bridge three areas, Licangku
area, etc.) and Mawangdui as the center of the LTL-express market (including Jiudaowan,
Huiyuan, Nanhu market, etc.) to Xingshadong No. 11 Road and Langli area (Yuntong,
Xinchuang’an, Shoubang, Hailunhong Guangyuncang, Langli Industrial Park, Zhonghuan,
etc.), Huangjiang Road on both sides (Zhonggang, Shitai, Huantong, etc.), the area currently
accounts for about 80% of the LTL-express market in Changsha City. The LTL market grows
steadily, and the concentration becomes higher, showing a trend in networking.

The demand heat map of Changsha’s LTL express shows that the demand nodes of
Changsha’s LTL express are mainly concentrated in Hedong and Hebei, with regional
distribution, showing aggregation characteristics, close to the consumption area and the
city center. It indicates that the demand node obtained sufficient resources. With the
development of cities, the number of demand nodes is daily increasing. Enterprises need
to control the demand information in time to make network adjustments.

The distribution of demand nodes in Changsha is shown in Figure 5, which is a
candidate network.

It can be seen from Figure 5 that the demand nodes in Changsha are mainly concen-
trated in Tianxin District and Kaifu District. In the figure, the central region is mainly
composed of small and intensive industries, mostly building materials and shops, and the
northern region is composed mostly of logistics parks and large markets. The eastern and
western regions are mostly large industrial parks and auto parts cities, while the southern
regions are mostly large markets, industrial parks, and logistics parks.
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Figure 5. Distribution of demand networks in Changsha City.

According to the non-use attributes of the LTL-express goods and the different operat-
ing scales of the outlets, the current LTL-express enterprises mainly come from warehouses
and outlets, and customers prefer outlets close to the LTL-express market to receive and
deliver goods. With the continuous improvement of hardware and supporting facilities,
Changsha LTL-express park attracts more and more from Xingsha East 11th Road and
Langli. Huantong, logistics headquarters and Xinfengda Huangjiang Avenue Logistics
Park special line attract more complementary parks near Langli town.

Enterprise L in Changsha has built networks as shown in Figure 6.
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Figure 6 shows the established outlets of Enterprise L in Changsha. It can be seen
that the service scope covers most areas of Changsha, including Wangcheng District, Yuelu
District, Kaifu District, Yuhua District, Changsha County, and Tianxin District, which are
distributed in a decentralized manner. The main service objective is the city-center goods
supply. In addition, the LTL-express outlets have low requirements on the operating site.
To maintain the supply of the main goods, it should increase the surrounding supporting
storage area. However, due to small numbers, it cannot occupy the LT-express market in
Changsha well, and it is urgent that it should select new outlets.

7.2. Empirical Analysis of Changsha Network Location

Based on the eight established outlets (in Changsha), the experimental results of the
optimal location scheme of the immune algorithm are shown in Figure 7. The first white
node indicates the demand node; the second node is black, indicating the selection node;
and the third node is a pentagonal star, indicating the distribution center.
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It can be seen from Figure 7 that the outlets are reasonably distributed around the
demand nodes. Within the limits of their service capabilities, they can easily meet the customer
demand nodes within their scope, and the overall distribution is relatively uniform, showing
the characteristics of agglomeration and high concentration, which is in line with the grid
development trend of the market. The main source of goods in Changsha is concentrated in
the eastern area. The number of outlets in the eastern area is large, concentrated near the city
center, and penetrating Changsha County.

The connections in the figure represent the membership relationship, as shown in
Figure 8. From the figure, the membership relationships of an urban network are mainly
determined by their service range and serviceability. With a reasonable layout, the actual
utilization rate of an urban network can reach the optimal level to serve customers.

To evaluate the effectiveness and practicability of the proposed algorithm, the basic
immune optimization algorithm, genetic algorithm, and particle swarm optimization algo-
rithm were selected for comparison, as shown in Figure 9. The horizontal axis represents the
number of iterations, and the vertical axis represents the fitness value of the best individual
in each generation, namely the optimal value.
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From the experimental results in this empirical study, the basic immune optimization
algorithm converges too fast, with the average completion of convergence in the 50th
generation, the genetic algorithm with the average completion of convergence in the 150th
generation, and the particle swarm algorithm with the average completion of convergence
in the 300th generation. The average fitness is far away from the optimal fitness value,
which is significantly greater than 0.5, and the operation effect is poor. The layout of an
urban network is chaotic, and it is impossible to complete the optimization task of an
urban enterprise network location. The application of an improved immune optimization
algorithm convergence speed is moderate, running 400 times and the average in the 200th
generation. The algorithm achieves a convergence effect by attaining the optimal fitness
value and maintaining it within the range of [1.4, 1.45]. Once the average fitness value
no longer exhibits significant changes and the difference between the closest and optimal
fitness values is less than 0.001, the algorithm has reached its closest or optimal fitness value.

Combining a number of transportation companies such as SF, we expanded the size of
all LTL-express freight demand points in the city to 2021 and increased to two distribution
centers, as shown in Figure 10. Finally, 101 demand points were obtained by the improved
immune optimization algorithm, as shown in Figure 11.

Mathematics 2023, 11, x FOR PEER REVIEW 18 of 21 
 

 

 

Figure 10. Schematic of the 2021 demand points and distribution centers. 

 

Figure 11. The 101 algorithms recommended location results. 

8. Discussion and Conclusions 

8.1. Discussion 

With the slowdown of globalization, less-than-truckload logistics has gradually be-

come one of the main ways for intercity cargo transportation. The improvement in enter-

prise intercity network layout ability, to a certain extent, can reflect the effectiveness of 

the expansion of enterprises and the degree of management characteristics. Improving the 

level of enterprise knowledge accumulation and promoting the flow of internal and ex-

ternal management are important bases for building enterprise innovation capability. 

Greater investment in supply-chain networks will result in increasing marginal returns 

and improve the ability of firms to withstand risks from environmental turbulence. 

In the context of a transitional economy, timely capturing variation information is 

crucial for initiating innovation., but enterprises have not yet raised variation perception 

to the strategic perception level and incorporated it into the enterprise innovation system. 

Open innovation is conducive to improving the innovation ability of enterprises, but this 

Figure 10. Schematic of the 2021 demand points and distribution centers.

At present, the northern area is not the Changsha LTL-express gathering area, but the
rent is relatively low, and it also has certain logistics development prospects. The policy of
leasing idle industrial land and collecting reserved land in Changsha County is relatively
loose, which provides convenience for the operation of the logistics line. Combined with the
established network, the overall layout of the network is a vertical, in-depth and horizontal
development. The source of goods is mainly distributed in the eastern area. Wangcheng
District, Yuhua District, Changsha County, and other regional sources of goods need to be
developed to rapidly expand the share of the LTL-express market.
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8. Discussion and Conclusions
8.1. Discussion

With the slowdown of globalization, less-than-truckload logistics has gradually be-
come one of the main ways for intercity cargo transportation. The improvement in enter-
prise intercity network layout ability, to a certain extent, can reflect the effectiveness of
the expansion of enterprises and the degree of management characteristics. Improving
the level of enterprise knowledge accumulation and promoting the flow of internal and
external management are important bases for building enterprise innovation capability.
Greater investment in supply-chain networks will result in increasing marginal returns and
improve the ability of firms to withstand risks from environmental turbulence.

In the context of a transitional economy, timely capturing variation information is
crucial for initiating innovation, but enterprises have not yet raised variation perception
to the strategic perception level and incorporated it into the enterprise innovation system.
Open innovation is conducive to improving the innovation ability of enterprises, but this
benefit should be based on moderate openness. Excessive openness may bring harm instead.

Enterprises should make full use of the strategic perception potential provided by the
supply-chain network, not just limited to the acquisition and sharing of tangible resources.
Enterprises need to balance internal and external knowledge-sharing activities to obtain
better benefits. In the production and operation costs, the establishment of outlets can help
enterprises to speed up the construction of supply-chain network, help enterprises to roll
out the urbanization process, so as to speed up the improvement of enterprise logistics
level [9,38].

At the level of logistics decision-making, enterprises can reduce operating costs and
improve operating efficiency through experience and technical means. The improved algorithm
provided in this paper can effectively improve the customer service level of the corresponding
region through model optimization and recommended outlets, thereby improving customer
satisfaction. On the other hand, through the scheduling of transportation vehicles and personnel,
optimizing the regional service network can also help enterprises to reduce the operating costs
and personnel costs of outlets, accelerate the digital transformation of enterprises, enhance
the competitiveness of similar enterprises, and achieve the effect of accelerating the industry’s
leading position.
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8.2. Conclusions

In the context of the common distribution mode, a location optimization scheme of
LTL-express enterprises based on the constructed urban network is proposed to solve the
traditional urban network location problem. The objective function is constructed from the
perspective of system optimization. At the same time, taking into account the multi-agent
interests such as urban network operation and customer-service level, the construction cost
of a logistics urban network is alleviated by reasonably using the resources of the constructed
urban network, to achieve the goal of global optimization and total distribution-cost op-
timization. In addition, to better solve this problem, an improved immune optimization
algorithm was designed, and a good solution effect for enterprises in urban network locations
was obtained. The comparative analysis of the simulation results verified that the improved
immune optimization algorithm proposed in this paper has a strong solving ability for the
urban network location problem with complex constraints, and improves the practicability
of the theoretical results of this problem. We thus suggest future research considering the
construction of a multi-objective optimization function with a variety of heuristic algorithms
to study more effective algorithms.

Future research could benefit from exploring the development of an enterprise’s own
advantages, aiming to mitigate weaknesses resulting from suboptimal management and
network layout [32]. Starting from the distribution center and operation outlets in the urban
supply-chain network, this paper provides a better development plan from the perspective
of enterprise management through model optimization and an improved algorithm [27].
In addition, the existing research pays more attention to the impact of facility location
and algorithm design, and less attention to the location and optimization of outlets in the
less-than-truckload logistics business. This study enriches the enterprise management
theory in the direction of less-than-truckload logistics location.

At present, scholars have achieved rich results from the study of dynamic and static ur-
ban network layout optimization and location, but there are few studies on the combination
of less-than-truckload express enterprises and the overall layout. In terms of the sharing
of less-than-truckload express network resources, the existing research focuses more on
the qualitative analysis of model sharing and the formulation of normative systems. There
is little analysis on the actual needs and applications, thus requiring more research and
optimization in the field.
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