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Abstract: Urban development within an urban agglomeration is uneven, and the coordinated development of 
urban agglomerations is the core task of urban development. Highway transportation volume is related to urban 
economic development. By regulating the highway transportation volume of each city in the urban 
agglomeration, highway collaborative transportation is achieved, thereby achieving coordinated development 
of the urban agglomeration. According to the characteristics of transportation volume regulation, a two-layer 
complex network regulation model is proposed. The upper nodes are urban entities, and the lower nodes are 
highway intersections or toll points. Based on the coordinated development of urban agglomerations, a 
regulation objective function is set. Due to the many variables and constraints, a hierarchical solution method is 
adopted. A probability search iteration algorithm is proposed innovatively to solve multivariable, many-to-
many allocation problems. Taking provincial urban agglomerations as an example, the process of solving the 
regulation model and realizing the method is explained. The transportation volume regulation methods and 
strategies proposed in this study realize the best combination of macro-control and micro-control, static and 
dynamic control, coordinated development, and collaborative transportation. It is an innovative exploration and 
research on highway transportation volume allocation and collaborative transportation in urban agglomerations 
and opens up a new direction for research on the coordinated development of urban agglomerations. 

Keywords: urban agglomeration; coordinated development; collaborative transport; complex network; 
transportation volume regulation and control 
 

1. Introduction 

Urban agglomeration is generally a regional economic unit, with one or two large cities as core 
cities. The concept of "agglomeration" means mutual cooperation and coordinated development 
among cities within urban agglomeration, and it promotes urban agglomeration to obtain greater 
benefits and faster development than individual cities. A transportation system is the spatial 
structural skeleton of urban economic development in an urban agglomeration, and it is an important 
bridge for connection and development between cities. Urban economic development and 
transportation are interdependent and closely interrelated. Therefore, it has become an important 
research topic worldwide to coordinate the relationship between urban economic development and 
transportation, and it is one of the most important and challenging research topics in the field of 
urban planning and transportation management [1]. 

Highway transportation is characterized by high flexibility, rapidity, convenience, accessibility, 
and so on, and it plays an important role in the economic development of urban agglomerations. 
However, there is a paradox between highway transportation and regional economic development: 
the more developed the highway transportation, the more unbalanced the regional economic 
development; in other words, the more unbalanced the development among cities in the urban 
agglomeration. This results in the phenomenon of ‘the strong are always strong, and the weak are 
always weak’ [2]. There are two main reasons for the paradox: (1) Convenient transportation can 
reduce the mobility costs between production factors, so convenient highway transportation in a city 
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will absorb the resources of other cities or regions through a certain gravitational effect, thereby 
occupying more highway transportation network resources, which in turn restricts the economic 
development of other cities, resulting in unbalanced economic development [3,4]; (2) For a given 
highway transportation network within an urban agglomeration, there is a static or dynamic 
maximum transportation volume, and the transportation capacity and capacity of the transportation 
network are limited. Owing to the lack of macro-control, each city in urban agglomerations pursues 
the maximization of its own interests. Therefore, well-developed cities have a large volume of 
highway transportation, which inevitably occupies the resources of the highway transportation 
network to the greatest extent, and other poorly developed cities occupy less highway transportation 
resources. Over time, this has led to unbalanced development among cities [5]. To solve the above 
paradox, a regulation strategy is needed that can not only optimize the economic development of 
urban agglomerations and coordinate development between cities, but also maximize highway 
transportation volume. In other words, coordinated development of urban agglomerations is 
promoted through highway collaborative transportation. 

According to the relevant research literature, collaborative transportation is mainly divided into 
the following types: (1) Focusing on transportation cooperation between enterprises, logistics service 
providers, citizens, and management departments, multiple participants or stakeholders, and it can 
improve transportation efficiency through reasonable planning of transportation routes by sharing 
resources (such as vehicles, cargo distribution centers, etc.) [6–9]. (2) Coordinated transportation 
between different transportation modes, such as relying on highway networks, railway networks, 
civil aviation, and other methods to explore regional coordinated transportation and regulation 
strategy [10–14]. (3) Reducing the number of vehicles and the total driving distance required for 
transportation through logistics cooperation and proposing a multi-echelon transportation method, 
and achieving vertical cooperation in urban transportation systems [15–18]. 

For highway transportation, most research is related to traffic flow and urban transportation 
planning. (1) The micro traffic flow theory analyzes and models the traffic characteristics of 
individual vehicles. Most of them are based on the analysis of micro driving behavior and travel 
behavior characteristics, combined with the complex environment and individual physiological 
characteristics, to form a simulation model [19]. (2) The meso traffic flow theory describes the 
randomness and uncertainty of traffic flow, studies the real highway network traffic operation status, 
and describes traffic flow laws, such as the effectiveness of transportation vehicles, signal control, 
weather, and environmental impact [20]. (3) Macroscopic traffic flow theory introduces concepts such 
as vehicle density, flow rate, and average speed to study the dynamic behavior of traffic flow at 
various locations and moments on a traffic section, and describes the changes in traffic flow along the 
entire road. Transportation planning mainly focuses on the interaction between transportation and 
land use [21], coordinated development of transportation and the environment [22], analysis of 
transportation behavior characteristics, traffic surveys and data analysis [23], transportation demand 
forecast [24], planning decision support tools and transportation policies [25], etc. 

Based on the above analysis, most research works study and analyze transportation 
organizations, logistics plans, planning actions, etc., according to the correlation between 
transportation and other elements. To improve the different passenger and cargo transportation 
systems in urban areas, a coordinated approach is used to connect various elements to reduce the 
negative impact of transportation development and promote the coordinated development of urban 
agglomerations. Many scholars have conducted research on urban agglomeration development, 
highway transportation, etc., and the research contents are rich and diverse, but there are still 
research blind areas and some problems that need to be solved urgently.  

(1) The development of major cities in an urban agglomeration is unbalanced, and coordinated 
development of urban agglomerations is the top priority. There is a lack of research on promoting 
the coordinated development of urban agglomerations based on highway transportation volume 
regulation. 
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(2) At present, the regulation and control technologies of railway and air transportation systems 
are relatively mature for research on urban agglomeration transportation networks. There are many 
studies on multimodal coordinated transportation, such as highways and railways, highways and 
aviation, and railways and aviation, and few scholars discuss the field of collaborative transportation 
and regulation and control of highway transportation in urban agglomerations. Whether on 
expressways or other highways, most vehicles are spontaneously organized and lack macro-control 
and constraints. Vehicles sent by various cities to highway transportation networks are random and 
variable. There is a lack of overall consideration of the deployment and diversion of highway traffic 
flow at a macro level, and there is a lack of research on highway traffic control systems, deployment 
control systems, traffic flow guidance systems, and their interactions. 

For a given highway transportation network, because of the maximum transportation capacity 
and in order to achieve coordinated development among cities in an urban agglomeration, the basic 
principle of transportation volume allocation is as follows: trying to take care of slow-developing 
cities and allow them to obtain as much transportation volume as possible, while fast-developing 
cities should help slow-developing cities by reducing their own transportation volume. 
Simultaneously, transportation volume allocation should be scientific and reasonable, and control 
strategies should have appropriate benefits. Regardless of the allocation strategy and method 
adopted, it is feasible as long as the above basic principles are met.  

First, a simple example is provided to demonstrate the relationship between coordinated 
development and collaborative transportation among cities. As shown in Figure 1, assuming that 
there is a segment of an expressway from A to B, the maximum transportation volume is TVmax. The 
maximum transportation volume sent to the segment by City 1 is T1max, and the maximum 
transportation volume sent to the segment by City 2 is T2max. City 1 developed better than City 2 did. 
The problem is because T1max + T2max > TVmax , it will inevitably lead to expressway congestion, and 
the probability of traffic accidents increases, leading to low transport efficiency and affecting the 
development of the two cities. How can the transportation volume between the two cities be 
regulated?  

 

Figure 1. Segment of an expressway. 

Therefore, certain strategies and methods are required. The basic strategy is as follows. Because 
City 1 developed better than City 2 did, in order to coordinate the development of the two cities, the 
reduced volume (∆T1) of the transportation volume of City 1 is larger, and that (∆T2) of City 2 is 
smaller. The following conditions are satisfied: (T1max − ∆T1) + (T2max − ∆T2) = TVmax and ∆T1 > ∆T2. In 
this way, City 2 can obtain a relatively large transportation volume, which will naturally promote the 
development of City 2, realizing the coordinated development of the two cities, and realizing the 
collaborative transportation of the segment at the same time. On the contrary, if ∆T1 < ∆T2, the 
development of City 2 is slow, and a small amount of transportation volume is also allocated, which 
will inevitably restrict the development of City 2 and does not achieve coordinated development.  

Second, suppose there are 10000 cars that should be sent to other cities in City 2. Because of 
highway congestion and regulation strategies, there are only 5000 cars or 9000 cars that are allocated 
and sent to other cities, and the impact on urban development must be different. The more the 
transportation volume is allocated, and the more it will fully meet the requirements of urban 
transportation. If urban transportation capacity increases, it is bound to promote urban development. 
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Therefore, regulation and control strategies for highway transportation volume can promote the 
coordinated development of urban agglomerations.   

The above is a simple example of transportation volume allocation between two cities. For an 
urban agglomeration composed of multiple cities, the transportation volume allocation strategy and 
method based on complex network proposed in this study meet the above principles and 
requirements, which is an innovative research and exploration on highway transportation volume 
allocation and collaborative transportation in urban agglomerations.  

The remainder of this paper is organized as follows. Section 2 introduces definitions and 
theorem. Section 3 introduces a two-layer complex network model. Section 4 introduces the objective 
function, constraint conditions, and solution method. Section 5 introduces a case study and 
simulation. Section 6 provides a summary of this study. 

2. Definitions and Theorem  

Definition 1: Matrix comparison.  

If A and B have the same number of rows and columns, as the following condition is met, and 
this is called A > B. Conversely, A < B. 

∑ ∑ 𝑎!
"#$

%
&#$ &"

>	∑ ∑ 𝑏!
"#$

%
&#$ &"

	   

Definition 2: Matrix dot multiplication.  

If A and B have the same number of rows and columns, A is multiplied by B, as the following 
formula shows; this is called matrix dot multiplication. 

C = A ∗∗ B, 𝑐&" = 𝑎&" ∗ 𝑏&"   

Definition 3: The static shortest transport route.  

Among all transport routes from the city i to the city j, the route with the shortest length is called 
the static shortest route. 

Theorem 1:	𝑓(𝑥, 𝑦) = $
%
∗ 𝑥' − $

%!
𝑦', 𝑛 > 0, 𝑥 > 0, 𝑦 > 0, 𝑥 < 𝑦, when the increase in y is much greater 

than the increase in x, the value of x is regarded as approximately constant, and the value of the 
function is decreasing. 

Proof: 
The partial derivatives of function f(x,y) with respect to x and y: 

!"
	!$
= %

&
𝑥, !"

!'
= − %

&!
𝑦   

(1) Because n>0, x>0 and !"
!#
> 0, the value of the function is increasing in the x direction; 

(2) Because n>0, y>0 and !"
!$
< 0, the value of the function is decreasing in the y direction. 

The change of the value of the function depends on the relative rate and magnitude of the change 
of x and y, because x<y:  

(1) If x is kept constant and y increases, and x<y, the value of f(x,y) will decrease; 
(2) If x increases and y increases, x<y, the function value may increase first, and then due to the 

increase of y, the function value may decrease again. The functional curve in Figure 2 shows this 
trend. 
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. 

Figure 2. Functional curve. 

3. Double-layer Complex Network Model  

A transportation network in an urban agglomeration has the properties of self-organization, self-
similarity, and a small world, and it satisfies the characteristics of a complex network. In the field of 
urban research, multi-layer complex networks are mainly used in transport supply chain path 
optimization [26,27], urban disaster simulation and vulnerability analysis [28], land use change and 
land use transformation direction [29], and transportation network structure change [30]. Related 
research on complex networks mainly focuses on the empirical research of network characteristics 
[31], detection of network center nodes [32], process of dynamic change and propagation [33], 
robustness and vulnerability [34,35], and multi-layer network theory and application [36]. There are 
no related studies on the applications of complex multi-layer networks for the regulation and control 
of urban agglomeration transportation volume. 

According to the characteristics of the urban agglomeration and transportation network, a 
single-layer urban agglomeration transportation network model GU and a single-layer expressway 
transportation network model GL are established. The urban agglomeration transportation network 
model represents the correlation relationship of the transportation volume exchange among multiple 
cities, and the highway transport network model represents the topological structure of highway 
transportation networks in urban agglomerations. Subsequently, a double-layer complex network of 
urban agglomeration transportation model is constructed. Whether it is urban transportation volume 
exchange or highway transport behavior in the network structure, the relationship between any two 
points is two-way, and the constructed transportation double-layer network of urban agglomeration 
is an undirected weighted network. 

3.1. Single-Layer Transportation Network Model 

3.1.1. Urban Agglomeration Transportation Network Model (GU) 

Nodes of urban agglomeration transportation network model GU are major cities and the model 
is defined as follows: 

𝐺% = (𝑉% , 𝐸% ,𝑊%&,𝑊%', 𝐴%)  

where 𝑉% is the node set, 𝐸% is the edge set, 𝑊%& is the basic node weight, 𝑊%' is the node edge 
weight, and 𝐴% is the adjacency matrix. 

(1) Adjacency matrix 𝐴% 
Suppose that there are n major cities, and then: 

𝐴% = ;𝑎()%<*∗* ,  i=1,2…..n, j=1,2,….n.  

 𝑎()% = =
1, there	is	the	transport	relationship	between	city	i	and	city	j.																							
0，	there	is	not	the	transport	relationship	between	city	i	and	city	j.												 
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According to the transportation relationship between cities in urban agglomerations, 𝐴% is n * 
n matrix with element 1. 

(2) Basic node weight 𝑊%& 
The basic node weight 𝑊%& = ;𝑤()%&<*∗*, and it is defined as the node transportation intensity	𝑇𝐼(: 

𝒘𝒊𝒋
𝑼𝟏 = 𝑻𝑰𝒊 =

𝑯𝑽𝒊
𝟐∗𝑻𝑽𝑼

  (𝟎 < 𝑻𝑰𝒊 < 𝟏, ∑𝑻𝑰𝒊 = 𝟏, 𝒊 = 𝒋) 

		𝒘𝒊𝒋
𝑼𝟏 = 𝟎		(𝒊 ≠ 𝒋) 

(1) 

where 𝑯𝑽𝒊 is the highway transportation volume of city i, including the sent and received volumes, 
and 𝑻𝑽𝑼 is the total transportation volume of an urban agglomeration. Since the sum of the sent 
volumes of the urban agglomeration is equal to the sum of the received volumes of the urban 
agglomeration, the denominator of equation (1) needs to be divided by 2 to ensure that the value of 
𝑻𝑰𝒊 is less than 1. 

The node transportation intensity reflects the proportion of urban transportation volume in the 
total transportation volume of the urban agglomeration, which is dynamic. The greater the value is, 
the stronger the transportation activity of the city is, and it means that there are more connections 
with other cities. It shows that the greater the basic node weight, the larger the urban transportation 
volume and the better the urban development. In contrast, urban development is poor. 

(3) Node edge weight 𝑾𝑼𝟐 
The edge weight between two nodes 𝑾𝑼𝟐 = ;𝒘𝒊𝒋

𝑼𝟐<
𝒏∗𝒏

, and it is defined by the proportion of the 
transported transportation volume between the two cities to the total transportation volume of the 
urban agglomeration. 

𝒘𝒊𝒋
𝑼𝟐 =

𝑻𝑽𝒊𝒋𝑼

𝑻𝑽𝑼 (2) 

where 𝑻𝑽𝒊𝒋𝑼 is the sent transportation volume from city i to city j and 𝑻𝑽𝑼 is the total transportation 
volume of the urban agglomeration. 

The edge weight reflects the degree of transportation between two cities. The greater the weight, 
the stronger the transportation links; otherwise, the links are weaker. If  𝑻𝑽𝑼  is known, the 
following calculation can be obtained. 

The sent transportation volume from city i to city j: 

𝑇𝑉*+, = 𝑇𝑉, ∗ 𝑤*+,- (3) 

The sent transportation volume of city i: 

TSV*, = ∑ 𝑇𝑉*+,.
+/0   (4) 

The received transportation volume of city i: 

TRV*, = ∑ 𝑇𝑉+*,.
+/0   (5) 

The total sent transportation volume of urban agglomeration:  

𝑇𝑉, = ∑ 𝑇𝑆𝑉*,.
*/0 = ∑ ∑ 𝑇𝑉*+,.

+/0
.
*/0   (6) 

According to the above relationships, the following matrix operation relationships can be 
derived. 

Set: TSV% = [TSV&% , TSV'% , . . TSV*%]1 
TRV% = [TRV&% , TRV'% , . . TRV*%]1 

TI% = [𝑇𝐼&% , 𝑇𝐼'% , . . 𝑇𝐼*%]1 
A = [1, 1, . . 1]1*∗& 

Then: 
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TSV, = 𝑇𝑉, ∗ 𝑊,- ∗ 	𝐴  (7) 

TRV, = 𝑇𝑉, ∗ 𝑊,-2 ∗ 	𝐴 (8) 

TI, =
1

2 ∗ 𝑇𝑉, ∗ (TSV
, + TRV,) (9) 

3.1.2. Expressway Transportation Network Model (GU) 

Expressway transportation accounts for approximately 80% of urban agglomeration 
transportation, which is the main highway transport network. An expressway is a closed highway, 
and only the entrance-exit toll stations are connected to an external road network. Therefore, it is 
convenient to regulate and control transportation volume, and we mainly study expressway 
transportation networks. 

An expressway transport network is defined as the follows. 

𝑮𝑳 = (𝑽𝑳, 𝑬𝑳,𝑾𝑳𝟏,𝑾𝑳𝟐, 𝑨𝑳)   

where 𝑽𝑳 is the node set, 𝑬𝑳 is the edge set (road segment set), 𝑾𝑳𝟏 is the basic node weight, 𝑾𝑳𝟐 
is the node edge weight, and 𝑨𝑳 is the adjacency matrix. 

The nodes of the model 𝑮𝑳 are composed of the following nodes: (1) city toll stations, where a 
city defines a toll station, and (2) the intersection of one expressway and another expressway, which 
is the crossing point from one expressway to another.  

(1) Adjacency matrix 𝐴5 
Suppose that there are m nodes, and then: 

𝐴2 = D𝑎*+2 F3∗3 , i=1,2…..m, j=1,2,…..m.  

𝒂𝒊𝒋𝑳 = H𝟏, 𝐧𝐨𝐝𝐞	𝐢	𝐚𝐧𝐝	𝐣	𝐚𝐫𝐞	𝐚𝐝𝐣𝐚𝐜𝐞𝐧𝐭	𝐧𝐨𝐝𝐞𝐬		𝐨𝐫	𝐢 = 𝐣	.																						
𝟎, 𝐧𝐨𝐝𝐞	𝐢	𝐚𝐧𝐝	𝐣	𝐚𝐫𝐞	𝐧𝐨𝐭	𝐚𝐝𝐣𝐚𝐜𝐞𝐧𝐭	𝐧𝐨𝐝𝐞𝐬.																															  

If node 1 is the starting point and node m is the endpoint, the adjacency matrix 𝑨𝑳  is a m*m 
symmetric matrix. It can be proved that the upper triangular matrix reflects the forward driving 
relationship from node1 to node m, whereas the lower triangular matrix reflects the reverse driving 
relationship from node m to node 1. 

(2) Basic node weight 𝑊5& 
The basic node weight is defined as the node connection degree 𝑫𝒊, which refers to the number 

of road segments directly connected to the node. 𝑫𝒊 reflects the direct connection density between 
nodes in an expressway network. The larger 𝑫𝒊 is, the greater the basic node weight is, which means 
that more other nodes are connected to it. Therefore, the node is more important. 

𝒘𝒊𝒋
𝑳𝟏 = 𝑫𝒊 = ∑ 𝒓𝒊𝒋𝒌

𝒋/𝟏  	(𝒊 = 𝒋)  (10) 

𝒘𝒊𝒋
𝑼𝟏 = 𝟎		(𝒊 ≠ 𝒋)  

where 𝑟() 	is the road segment between node i and node j. 
(3) Node edge weight 𝑾𝑳𝟐 
For the node edge weight between the two nodes (road segment weight) 𝑾𝑳𝟐 = ;𝒘𝒊𝒋

𝑳𝟐<
𝒎∗𝒎

 , it is 
defined as the ratio of the transportation volume per unit time of the road segment to the total 
transportation volume of the upper urban agglomeration transportation network. The greater the 
weight, the greater the current transportation volume and the more important the road segment; 
however, the road segment is also easily congested. 

𝒘𝒊𝒋
𝑳𝟐 =

𝒕𝒗𝒊𝒋
𝑳𝟐

𝑻𝑽𝑼
   

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 March 2025 doi:10.20944/preprints202503.2179.v1

https://doi.org/10.20944/preprints202503.2179.v1


 8 of 21 

 

where 𝒕𝒗𝒊𝒋𝑳𝟐 is the transportation volume per unit time of the road segment and 𝑻𝑽𝑼 is the total 
transported transportation volume of the urban agglomeration. 

Set the transportation volume matrix of road segments as follows: 

𝑭𝑴 = D𝒕𝒗𝒊𝒋𝑳𝟐F𝒎∗𝒎   

and then 

𝑭𝑴 = 𝑻𝑽𝑼 ∗ 𝑾𝑳𝟐  (12) 

Suppose that 𝑉𝐼(5  represents the input transportation volume of node i, 𝑉𝑂(5  represents the 
output transportation volume of node i, and then: 

𝑉𝐼*2 = ∑ 𝑡𝑣+*2-8
+/0   (13) 

𝑉𝑂*2 = ∑ 𝑡𝑣*+2-8
+/0   (14) 

If there is only one adjacent node from i to j (k=1), then 𝑉𝑂(5 is the transportation volume from 
i to j. According to the above relationships, the following matrix operation relations can be derived. 

Set: VI5 = [𝑉𝐼&5 , 𝑉𝐼'5 , . . 𝑉𝐼75 ]1 
VO5 = [𝑉𝑂&5 , 𝑉𝑂'5 , . . 𝑉𝑂75 ]1 B = [1, 1, . . 1]17∗& 
Then: 

VO2 = FM ∗∗ 𝐴2 ∗ 𝐵  (15) 

VI2 = FM9 ∗∗ 𝐴29 ∗ 	𝐵  (16) 

3.2. Double-Layer Complex Network 

A multi-layer complex network is composed of many single-layer networks, and each single-
layer networks is connected with each other. Compared to the single-layer network, the multi-layer 
complex network is closer to the spatial structure of the multi-mode transportation network, and it 
reflects the heterogeneity of different layer networks. According to the characteristics of the 
transportation network of urban agglomeration, the single-layer model 𝑮𝑼 and 𝑮𝑳 are connected 
to form a double-layer complex network model G of urban agglomeration transportation. As shown 
in Figure 3, the mathematical model is described as follows: 

𝐺:;<=>? = 𝐺, + 𝐺2 

𝑉:;<=>? = 𝑉, + 𝑉2 

𝐸:;<=>? = 𝐸, + 𝐸2 + 𝐸,2 

𝐴:;<=>? = 𝐴, + 𝐴2 + 𝐴,2 

 

G is an undirected double-layer complex network, 𝐴%5 is the upper and lower node connection 
matrix, 𝐴%5 = (𝑎(")#

%5 )*∗7, and 𝑎(")#
%5 	is the interlayer connection relationship. 

𝒂𝒊𝑼𝒋𝑳
𝑼𝑳 = #𝟏, 𝐭𝐡𝐞𝐫𝐞	𝐢𝐬	𝐭𝐡𝐞	𝐝𝐢𝐫𝐞𝐜𝐭	𝐩𝐚𝐭𝐡	𝐫𝐞𝐥𝐚𝐭𝐢𝐨𝐧𝐬𝐡𝐢𝐩	𝐛𝐞𝐭𝐰𝐞𝐞𝐧	𝐮𝐩𝐩𝐞𝐫	𝐧𝐨𝐝𝐞		𝐢𝐔	𝐚𝐧𝐝	𝐥𝐨𝐰𝐞𝐫	𝐧𝐨𝐝𝐞	𝐣𝐋.											𝟎, 𝐭𝐡𝐞𝐫𝐞	𝐢𝐬		𝐭𝐡𝐞	𝐢𝐧𝐝𝐢𝐫𝐞𝐜𝐭	𝐩𝐚𝐭𝐡	𝐫𝐞𝐥𝐚𝐭𝐢𝐨𝐧𝐬𝐡𝐢𝐩	𝐛𝐞𝐭𝐰𝐞𝐞𝐧	𝐮𝐩𝐩𝐞𝐫	𝐧𝐨𝐝𝐞		𝐢𝐔	𝐚𝐧𝐝	𝐥𝐨𝐰𝐞𝐫	𝐧𝐨𝐝𝐞	𝐣𝐋.					

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 March 2025 doi:10.20944/preprints202503.2179.v1

https://doi.org/10.20944/preprints202503.2179.v1


 9 of 21 

 

 

Figure 3. Double-layer complex network of urban agglomeration transportation. 

𝑊:;<=>? = e𝑊
, 𝑊,2

𝑊2, 𝑊2 f   

𝑊,2 = 𝑊2, = g
𝑤0809 ⋯ 𝑤0839
⋮ ⋱ ⋮

𝑤.809 ⋯ 𝑤.839

k   

𝑊%5 and 𝑊5% are interlayer edge weight matrix, and its element 𝑤(")#
%5  is the edge weight 

between the upper node 𝑖% and lower node 𝑗5, which is the static shortest transport route from the 
upper node 𝑖% to the lower node 𝑗5.  

For the convenience of analyzing the problem, the lower toll node number must be consistent 
with the upper corresponding city number, and the number of adjacent nodes must be as close as 
possible according to the connection order of the nodes. Therefore, when the node number of the 
lower layer is equal to that of the same city in the upper layer, the edge weight between the layers 
expresses the length of the shortest static transport route between the two cities (𝒋𝑳 = 𝒋𝑼). 

The inter-layer edge weight can be assigned to multiple types of values. For example, it can be 
defined as the ratio of the transportation volume sent from the upper city node 𝒊𝑼 to the lower node 
𝒋𝑳 (𝑪𝑻𝒊𝑼𝒋𝑳) to the total sent transportation volume of the urban agglomeration (𝑻𝑽𝑼): 

𝒘𝒊𝑼𝒋𝑳
𝑼𝑳 =

𝑪𝑻𝒊𝑼𝒋𝑳
𝑻𝑽𝑼

  (17) 

When the toll node number of the lower layer is equal to that of the same city in the upper layer: 

𝐶𝑇*8+9 = 𝑇𝑉*+, , 𝑤*8+9
,2 = 𝑤*+,-,	 i=𝑖, ,	j=𝑗2.  (18) 

From the relationship between the upper and lower layers of the network, we can see that: (1) 
the node transportation volume allocation scheme of the upper layer network affects the road 
segment transportation volume of the lower layer; (2) the capacity of the road segment of the lower 
layer (maximum transportation volume) and the transport time cost (transport route) constrain the 
transportation volume allocation scheme between the upper cities; (3) the upper layer network 
mainly solves the problem of coordinated development among cities in urban agglomeration, and it 
cooperates with the lower layer network to solve the problem of collaborative transportation of 
expressway networks. 

4. Transportation Volume Regulation Model 

4.1. Objective Function and Constraint Conditions 

As discussed above, the purpose of transportation volume regulation and control is to balance 
the transportation volume sent by each city and to promote the coordinated development between 
cities. On the other hand, the total transportation volume of the urban agglomeration does not exceed 
the maximum transportation volume of the transport network and ensures that each road segment 
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does not cause congestion. The basic weight of the upper urban node is defined as the node highway 
transportation intensity 		𝑻𝑰𝒊 , which reflects the transportation volume of the city. The average 
transportation intensity of the urban agglomeration nodes is calculated as follows: 

𝑻𝑰ooo = 𝟏
𝒏
∑ 𝑻𝑰𝒊𝒏
𝒊/𝟏   (19) 

If the transportation intensity of each city is close to the average value, this is a satisfactory 
allocation scheme that can realize the requirement of coordinated development. The satisfaction 
variance is set as the objective function, and the minimum value is considered. 

𝐦𝐢𝐧𝒇 = 𝟏
𝒏
∑ (𝑻𝑰𝒊 −	𝑻𝑰ooo)𝟐𝒏
𝒊/𝟏   (20) 

4.1.1. Constraint Conditions of the Upper Layer Network 

The total transportation volume of urban agglomeration: 

∑ ∑ 𝑇𝑉*+,.
+/0

.
*/0 ≤ 𝑇𝑉,  (21) 

The sent transportation volume of city i: 

TSV*, = ∑ 𝑇𝑉*+,.
+/0 ≥ TSV*B3*.,   (22) 

The received transportation volume of city i: 

TRV*, = ∑ 𝑇𝑉+*,.
+/0 ≥ TRV*B3*.,   (23) 

The sent transportation volume between cities: 

𝑇𝑉*+, ≥ 𝑇𝑉*+B3*.,   (24) 

where TSV(:7(*% 	is the minimum sent transportation volume of city i, TRV(:7(*% 	is the minimum 
received transportation volume of city i, 𝑇𝑉():7(*% 	 is the minimum sent transportation volume 
between cities, and	𝑇𝑉%	is the total transportation volume of the urban agglomeration.  

4.1.2. Constraint Conditions of the Lower Layer Network 

According to transportation direction, the lower expressway network is divided into two 
directional driving networks, which is namely the forward driving network and the reverse driving 
network. The expressway network can be reconstituted according to the fastest dynamic transport 
route. Based on the dynamic fastest transport route algorithm [1], the fastest driving route is found 
from the starting point 𝒊𝑳 (corresponding to the upper layer 𝒊𝑼) to the endpoint 𝒋𝑳 (corresponding 
to the upper	𝒋𝑼 ), and the fastest forward driving route network is formed. By setting 𝒋𝑳  as the 
starting point and  𝒊𝑳 as the endpoint, the fastest reverse driving route network can be obtained. In 
theory, the structures of the two networks should be the same; they have the same segments but 
different directions. However, because it is the fastest dynamic route road network, not the shortest 
static route road network, the structure of the two road networks may be different. We assume that 
the structures of the two road networks are exactly the same but in different directions.  

The fastest dynamic route network is composed of the fastest multiple paths, and there are the 
same segments between these paths; therefore, the structure of the fastest dynamic route network is 
simpler than that of the original road network. 

The congestion rate OD matrix is set as RC [2], 𝑐() 	represents the congestion rate of the road 
segment (between 0-1), and the maximum congestion rate is 𝑐():7;# . The current transportation 
volume OD matrix is RF and 𝑟𝑓() represents the current transportation volume of the road segment. 
The newly added transportation volume OD matrix is NF, where 𝑛𝑓() represents the newly added 
transportation volume of the road segment. The maximum transportation volume of the road 
segment in the driving road network is 𝑓():7;#. 
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Constraint conditions are set as the following. 

𝑐*+ ≤ 𝑐*+B3CD  (25) 

𝑟𝑓*+ + 𝑛𝑓*+ ≤ 𝑓*+B3CD (26) 

𝒏𝒇𝒊𝒋 = 𝒕𝒗𝒊𝒋𝑳𝟐 (27) 

Equations (21) to (27) are the constraint conditions of the objective function. 

4.2. Solving Method for the Objective Function 

(1) Objective function analysis 
Objective function (21) is transformed into matrix operation, which is convenient for 

programming. 
Because: 𝑻𝑰ooo = 𝟏

𝒏
(𝑻𝑰𝟏 + 𝑻𝑰𝟐 +⋯𝑻𝑰𝒏)  

min𝑓 = &
*
∑ (𝑇𝐼( −	𝑇𝐼ooo)'*
(<&  = &

*
[(𝑇𝐼&' − 2𝑇𝐼& ∗ 	𝑇𝐼ooo + 𝑇𝐼ooo') + (𝑇𝐼'' − 2𝑇𝐼' ∗ 	𝑇𝐼ooo + 𝑇𝐼ooo') +⋯+ (𝑇𝐼*' −

2𝑇𝐼* ∗ 	𝑇𝐼ooo + 𝑇𝐼ooo')] =
&
*
∗ (𝑇𝐼&' + 𝑇𝐼'' +⋯𝑇𝐼*') −

&
*!
(𝑇𝐼& + 𝑇𝐼' +⋯𝑇𝐼*)' 

Set: B = (1，1，…1)&∗* 
𝑇𝐼 = (𝑇𝐼&，𝑇𝐼'，…𝑇𝐼*)1 

Then: 

	𝒎𝒊𝒏𝒇 = 𝟏
𝒏
∗ 𝑻𝑰𝑻 ∗ 𝑻𝑰 − 𝟏

𝒏𝟐
(𝑩 ∗ 𝑻𝑰)𝟐  (28) 

Based on (7), (8), (9), and (29), the objective function can be calculated by matrix operation. 
When n is large (n≥4), in the objective function:  

(𝑇𝐼0- + 𝑇𝐼-- +⋯+ 𝑇𝐼.-) << (𝑇𝐼0 + 𝑇𝐼- +⋯+ 𝑇𝐼.)-  (29) 

Based Theorem 1, the value of the objective function is decreasing. 
Theoretically, there is a global minimum value ( 0 ) for the objective function; that is, the 

transportation intensity of each city node is equal to the average value. However, it is impossible in 
actual transportation allocation, and the relative minimum optimal solution can only be obtained: 
𝑿𝒌, 𝒇(𝑿𝒌) → 𝟎. The objective function (20) has upper and lower layer constraints, and the lower layer 
constraints are related to the road segment conditions, and there are many constraint conditions and 
relations. The objective function optimization problem is a multivariable and complex nonlinear 
optimization problem. If general nonlinear objective function optimization methods are used, such 
as the Lagrange multiplier method, it involves n* n + k variables (k is the number of constraints). The 
solution becomes complex when n is relatively large. The simulated annealing algorithm, Gauss-
Newton algorithm, and gradient descent algorithm involve solving partial derivatives. The partial 
derivative of the objective function is not easy to be solved, so it is also very complex. 

Based on the regulation and control characteristics of transportation volume, we propose a 
hierarchical optimization strategy. The basic idea is to optimize the objective function to obtain the 
transportation volume between cities according to the upper constraints, and then use the lower 
constraints to regulate the transportation volume and obtain the final transportation volume between 
cities. A probability iterative algorithm is used to solve the objective function optimization. The 
probability iterative algorithm is an originally innovative algorithm that is suitable for the 
optimization of dozens of variables similar to the objective function. 

Among the upper constraint conditions, as long as (24) is satisfied, (22) and (23) must be satisfied; 
therefore, only two constraint conditions are required. 

∑ ∑ 𝑇𝑉*+,.
+/0

.
*/0 ≤ 𝑇𝑉,  (30) 

𝑇𝑉*+, ≥ 𝑇𝑉*+B3*.,  (31) 
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Set: 𝑥()% = 𝑇𝑉()% = 𝑇𝑉% ∗ 𝑤()%' 
Then:     𝑋 = ;𝑥()%<*∗* = 𝑇𝑉% ∗ ;𝑤()%'<*∗* 

𝑿 = 𝑻𝑽𝑼 ∗ 𝑾𝑼𝟐  (32) 

Using iterative algorithm, variable iteration: 

𝑋8 = 𝑋8B0 + ∆X8  (33) 

Converting to weight iteration: 

𝑊8
,- = 𝑊8B0

,- + ∆𝑊8
,-  (34) 

The initial value of transportation volume is set as the minimum transportation volume between 
cities as: 𝑋> = ;𝑇𝑉():7(*% <

*∗*
 

The initial value of the weights: 

𝑊E
,- = 0

9F8
∗ 𝑋E  (35) 

The range of weight variation: 

𝑤*+BE,- ≤ 𝑤*+,- ≤ 𝑤*+B3CD,-   (36) 

Based on (30), the sum of the weights must satisfy the following condition. 

∑ ∑ 𝑤*+,-.
+/0

.
*/0 ≤ 1  (37) 

Theoretically, if any set of weights 𝑊?
%'	 satisfies (36) and (37) and the objective function satisfies 

the following conditions: 

𝑓(𝑋8) < 𝑓(𝑋8B0)  (38) 

𝑓(𝑋8) → 0 (39) 

Thus, 𝑊?
%'	  can be considered an effective solution, that is, a Pareto solution. To obtain the 

optimal efficient solution as far as possible, if the iterative algorithm is adopted, the iterative end 
conditions should be as follows: 

�∑ ∑ 𝑤*+,- − 1.
+/0

.
*/0 � ≤ 𝛽, empirical value: 𝛽 = 0.01  (40) 

𝒇(𝑿𝒌) < 𝜹, empirical value: 𝜹 = 𝟎. 𝟏. (41) 

According to the analysis, the total sent transportation volume of a city accounts for 
approximately 0.4 of the total transportation volume of an urban agglomeration, which is generally 
a central city. The maximum sent transportation volume between cities accounts for approximately 
0.4 of the transportation volume of the city. Therefore,		𝒘𝒊𝒋:𝒎𝒂𝒙

𝑼𝟐 = 𝟎. 𝟒 ∗ 𝟎. 𝟒 = 𝟎. 𝟏𝟔. For the actual 
calculation, the value is reduced or increased according to the transportation volume requirements 
of each city. 

(2) Probability iteration algorithm  
Random search is involved in intelligent optimization algorithms, such as the particle swarm 

optimization (PSO) algorithm [37], genetic algorithm [38], and evolutionary algorithm [39]. Based on 
the random search principle and characteristics of transportation volume allocation and regulation, 
we propose a probability iterative algorithm.  

The process of transportation volume allocation can be regarded as a Markov process, and the 
iterative process of weight is set as follows: 

∆𝑊8
,- = 𝑃 ∗ ∆𝑊8B0

,-   (42) 

𝑊8
,- = 𝑊8B0

,- + ∆𝑊8
,- (43) 
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where ∆𝑾𝟎
𝑼𝟐 = 	𝑾𝒎𝒂𝒙

𝑼𝟐 :𝑾𝟎
𝑼𝟐

𝒎
, m is related to the initial weight value 𝑾𝟎

𝑼𝟐, which is generally 100 or 1000, 
and 𝑾𝒎𝒂𝒙

𝑼𝟐  is the maximum weight. P is a probability transfer matrix or Markov matrix. As long as 
the probability transfer matrix P satisfies certain conditions, when the number of iterations k reaches 
a certain value, (42) eventually reaches a stable state. 

∆𝑾𝒌
𝑼𝟐 = ∆𝑾𝒌B𝟏

𝑼𝟐   (44) 

P must satisfy the following conditions: (1) P is a random matrix and the sum of all column 
elements is 1. In other words, 0 ≤ 𝑝() < 1, ∑ 𝑝()7

)<& = 1. (2) P is irreducible and the corresponding 
digraph is strongly connected, that is, there is a path between each pair of nodes. Here, the 
transportation volume can be allocated between any two urban individuals; thus, the P matrix meets 
the irreducible requirement. (3) P is aperiodic. Because P is a prime matrix, it is aperiodic. 

Based on (42), (43) and Definiton1, because 0 < ∆𝑤()%' << 1 (much less than 1) and 0 ≤ 𝑝() < 1, 
each iteration can be considered as approximating the efficient solution by satisfying the conditions 
with a small random step based on the initial weight value: 

𝑊8
,- > 𝑊8B0

,-    

The sum of the weights after each iteration is ∑ ∑ 𝑤()%'*
)<&

*
(<& → 1. Therefore, there exists an 

efficient solution that satisfies condition (40). According to Theorem 1, 𝑓(𝑋?) → 0, and the efficient 
solution also satisfies condition (41) in theory. It has been proved by a large number of programming 
experiments that there is an efficient solution that satisfies the conditions of (40) and (41) 
simultaneously. 

The following conclusions are drawn: For the probability iterative algorithm, there is an efficient 
solution in the process in which the random search tends to be stable, and it satisfies the end iterative 
conditions (40) and (41). Even if a solution satisfying the end iteration is not found, the iterative 
algorithm is convergent, and the final stable solution is also an efficient solution.  

The implementation process of probability iterative algorithm is as follows. 
Step1. Initial parameter settings, including the total transportation volume of urban 

agglomeration, minimum transportation volume between cities, maximum transportation volume 
between cities, iterative parameters (m、δ、β), and probability matrix P; 

Step2. Calculate initial weights (𝑊>
%'), the max weights (𝑊7;#%' ), and weight change (∆𝑊>

%'); 
Step3. Calculate the updated weight (𝑊?

%') and value of the objective function (𝑓(𝑋?)); 
Step4. Determine whether the iteration end conditions ((40) and (41)) are satisfied. 

Yes, go to next step; 
No, go to Step3; 

Step5. End the iteration and output the result. 
Taking an urban agglomeration with four cities as an example, the initial conditions are as 

follows: 
The total sent transportation volume of the urban agglomeration: 10000 
The initial weights: 

𝑾𝟎
𝑼𝟐 =

𝟎. 𝟏𝟒𝟓 𝟎. 𝟎𝟑𝟏 𝟎. 𝟎𝟑𝟑 𝟎. 𝟎𝟐𝟐
𝟎. 𝟎𝟏𝟏 𝟎. 𝟎𝟏𝟐 𝟎. 𝟎𝟏𝟑 𝟎. 𝟎𝟏𝟒
𝟎. 𝟎𝟐𝟏
𝟎. 𝟎𝟏𝟐

𝟎. 𝟎𝟐𝟓
𝟎. 𝟎𝟏𝟓

𝟎. 𝟎𝟐𝟔
𝟎. 𝟎𝟏𝟕

𝟎. 𝟎𝟐𝟖
𝟎. 𝟎𝟏𝟖

   

The maximum weights: 

𝑾𝒎𝒂𝒙
𝑼𝟐 =

𝟎. 𝟏𝟖 𝟎. 𝟏𝟔 𝟎. 𝟏𝟔 𝟎. 𝟏𝟔
𝟎. 𝟏𝟔 𝟎. 𝟏𝟔 𝟎. 𝟏𝟔 𝟎. 𝟏𝟔
𝟎. 𝟏𝟔
𝟎. 𝟏𝟔

𝟎. 𝟏𝟔
𝟎. 𝟏𝟔

𝟎. 𝟏𝟔
𝟎. 𝟏𝟔

𝟎. 𝟏𝟔
𝟎. 𝟏𝟔

   

Iterative parameters: δ=0.1, β=0.01, m=100. 
P is set as the following matrix, and the sum of the elements in each column is 1. 
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𝐏 =
𝟎. 𝟒 𝟎. 𝟏 𝟎. 𝟒 𝟎. 𝟏
𝟎. 𝟑 𝟎. 𝟐 𝟎. 𝟑 𝟎. 𝟐
𝟎. 𝟐
𝟎. 𝟏

𝟎. 𝟑
𝟎. 𝟒

𝟎. 𝟐
𝟎. 𝟏

𝟎. 𝟑
𝟎. 𝟒

   

The calculation results are as follows. The final weights: 

𝑾𝑼𝟐 =
𝟎. 𝟏𝟕𝟒𝟎 𝟎. 𝟎𝟔𝟕𝟏 𝟎. 𝟎𝟔𝟖𝟕 𝟎. 𝟎𝟓𝟖𝟐
𝟎. 𝟎𝟒𝟎𝟐 𝟎. 𝟎𝟒𝟖𝟐 𝟎. 𝟎𝟒𝟖𝟖 𝟎. 𝟎𝟓𝟎𝟑
𝟎. 𝟎𝟓𝟎𝟒
𝟎. 𝟎𝟒𝟏𝟓

𝟎. 𝟎𝟔𝟏𝟐
𝟎. 𝟎𝟓𝟏𝟑

𝟎. 𝟎𝟔𝟏𝟖
𝟎. 𝟎𝟓𝟐𝟖

𝟎. 𝟎𝟔𝟒𝟑
𝟎. 𝟎𝟓𝟒𝟑

   

The final transportation volume between cities (𝑻𝑽𝒊𝒋𝑼): 

𝑿 =
𝟏𝟕𝟒𝟎 𝟔𝟕𝟏 𝟔𝟖𝟕 𝟓𝟖𝟐
𝟒𝟎𝟐 𝟒𝟖𝟐 𝟒𝟖𝟖 𝟓𝟎𝟑
𝟓𝟎𝟒
𝟒𝟏𝟓

𝟔𝟏𝟐
𝟓𝟏𝟑

𝟔𝟏𝟖
𝟓𝟐𝟖

𝟔𝟒𝟑
𝟓𝟒𝟑

   (𝑻𝑽𝒊𝒋𝑼 = 𝒙𝒊𝒋)   

The total weight: 0.9931, and the total calculated transportation volume: 9931. 
The remaining transportation volume: 10000-9931=69.  
The transportation intensity of each city: 0.3395, 0.2092, 0.2363, 0.2149. 
The value of the objective function: 0.0028. 
The calculation results show that the result of the transposed P (𝐏𝑻, the sum of row elements is 

also 1) is the same as that of P, and the result of exchanging P between rows or columns is unchanged. 
When the element value of P is changed, the result remained unchanged. Compared with particle 
swarm optimization algorithm and genetic optimization algorithm, the final weight, unallocated 
transportation volume, and transportation intensity of each node are almost unchanged, but there is 
a slight difference in the transportation volume between cities. The result proves that the probability 
iterative algorithm is suitable for solving optimization problems with dozens of variables that are 
similar to transportation volume allocation, and that the programming is simple. 

Because of iterative accuracy, the sum of the transportation volume of each city solved by the 
iterative algorithm may be less than the set total transportation volume, or it may be larger than the 
set total transportation volume. The remaining transportation volume can be allocated to the slowest 
developing city or the excess transportation volume can be deducted from the central city. 

4.3. Regulation and Correction of Transportation Volume Based on Lower Layer Constraints 

Based on (27) and (28), we have: 

𝑟𝑓*+ + 𝑡𝑣*+2 ≤ 𝑓*+B3CD (45) 

Therefore, 

𝑡𝑣*+2 ≤ 𝑓*+B3CD − 𝑟𝑓*+ (46) 

If 𝑡𝑣()5 > 𝑓():7;# − 𝑟𝑓(), then it should be regulated and the newly added transportation volume 
should be reduced. 

∆𝑡𝑣*+2 = 𝑡𝑣*+2 − (𝑓*+B3CD − 𝑟𝑓*+) (47) 

The reduced transportation volume of 𝑇𝑉()% (adjusted according to the proportion): 

∆𝑇𝑉*+, =
𝑇𝑉*+,

𝑡𝑣*+2
∗ ∆𝑡𝑣*+2  (48) 

After regulation and control, the transportation volume between cities: 
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𝑇𝑉*+,BJ?K = 𝑇𝑉*+, − ∆𝑇𝑉*+,, 𝑇𝑉*+, = 𝑥*+. (49) 

The regulated and reduced transportation volume (∆𝑇𝑉()%) can be allocated to some freight that 
does not need to be sent urgently, which can be transported through national or provincial highways, 
and reducing expressway transport pressure. 

5. Case Analysis and Simulation  

We take the regulation and control of expressway transportation volume in the urban 
agglomeration of Jilin Province in China as an example to illustrate the regulation process, which 
includes nine major cities: Changchun (CC), Jilin (JL), Baicheng (BC), Songyuan (SY), Siping (SP), 
Liaoyuan (LY), Tonghua (TH), Baishan (BS), and Yanbian (YB). Figure 4 shows the double-layer 
network, and Figure 5 shows the lower-layer expressway network. Figure 6 shows the simplified 
expressway network, which includes nine cities, five expressways, 17 nodes, and 26 road segments. 
The red nodes are urban toll stations, and the blue nodes represent expressway intersections. 

 
Figure 4. Double-layer network of the urban agglomeration. 

5.1. Transportation Volume Allocation Between Cities 

The transportation volume allocation among the nine cities in the urban agglomeration was 
solved with a total of 81 variables. The probability iterative algorithm was used, and the 
transportation volume was taken as an integer. The other places were retained four places after the 
decimal point and five places after the decimal point for the value of the objective function, and a 
better optimal allocation result was obtained. The value of the probability matrix P was follows, and 
the sum of each column was 1. 

The total weight: 0.9956, and the total calculated transportation volume: 9956. 
The remaining transportation volume: 10000-9956=44.  
The transportation intensity of each city: 0.1666, 0.1127, 0.1021, 0.1131, 0.0967, 0.1045, 0.0975, 

0.098, 0.1087. 
The value of the objective function: 0.00042. 
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Figure 5. Expressway network of the urban agglomeration. 

 

Figure 6. Simplified expressway network of the urban agglomeration. 

P =

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.2
0.1
0.1
0.1
0.2
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.2
0.1
0.1
0.1
0.1
0.1
0.1

0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.2 0.1
0.2 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.2 0.1 0.1 0.1
0.1 0.1 0.1 0.2 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1

  

The final transportation volume between cities (𝑻𝑽𝒊𝒋𝑼): 

𝑿 =

𝟑𝟕𝟕 𝟑𝟎𝟕 𝟏𝟓𝟎 𝟏𝟒𝟖 𝟏𝟒𝟖 𝟏𝟓𝟖 𝟏𝟒𝟎 𝟏𝟑𝟗 𝟏𝟑𝟖
𝟐𝟖𝟗 𝟗𝟑 𝟗𝟓 𝟗𝟔 𝟏𝟎𝟒 𝟖𝟑 𝟏𝟎𝟓 𝟏𝟏𝟒 𝟗𝟒
𝟏𝟔𝟔
𝟏𝟔𝟕
𝟏𝟑𝟑
𝟏𝟐𝟔
𝟏𝟏𝟐
𝟏𝟐𝟕
𝟏𝟏𝟔

𝟏𝟏𝟐
𝟏𝟐𝟒
𝟗𝟖
𝟏𝟏𝟎
𝟗𝟗
𝟏𝟎𝟐
𝟏𝟐𝟑

𝟗𝟓
𝟏𝟐𝟕
𝟏𝟎𝟏
𝟏𝟏𝟐
𝟏𝟎𝟏
𝟏𝟎𝟔
𝟏𝟏𝟔

𝟗𝟔 𝟏𝟏𝟎 𝟏𝟏𝟗 𝟏𝟐𝟏 𝟏𝟏𝟎 𝟏𝟎𝟎
𝟏𝟐𝟕
𝟏𝟎𝟐
𝟏𝟏𝟑
𝟏𝟎𝟑
𝟗𝟔
𝟐𝟏𝟕

𝟏𝟐𝟐
𝟏𝟎𝟔
𝟏𝟏𝟐
𝟗𝟔
𝟗𝟏
𝟏𝟏𝟏

𝟏𝟐𝟏
𝟗𝟓
𝟏𝟑𝟎
𝟗𝟔
𝟖𝟗
𝟏𝟐𝟎

𝟏𝟏𝟑
𝟖𝟕
𝟏𝟑𝟐
𝟗𝟖
𝟗𝟏
𝟏𝟐𝟐

𝟏𝟑𝟐
𝟏𝟎𝟔
𝟏𝟐𝟏
𝟏𝟏𝟕
𝟗𝟎
𝟏𝟑𝟏

𝟏𝟐𝟏
𝟗𝟔
𝟏𝟏𝟏
𝟏𝟎𝟕
𝟏𝟎𝟎
𝟏𝟐𝟏

  

5.2. Regulation of Transportation Volume Based on Lower Layer Constraints 

Figure 7 shows the dynamic fastest route network structure of transportation between cities 
based on Figure 5. Taking road segment 1-2 as an example, the transportation volumes from Baicheng 
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(BC) to Songyuan (SY), Changchun (CC), Jilin (JL), and Yanbian (YB) are firstly sent through road 
segment 1-2, so the newly added transportation volume on the segment is as follows: 

𝑻𝑽𝟏𝟐𝑼 + 𝑻𝑽𝟏𝟑𝑼 + 𝑻𝑽𝟏𝟒𝑼 + 𝑻𝑽𝟏𝟓𝑼 = 𝒕𝒗𝟏𝟐𝑳  (50) 

 

Figure 7. Dynamic fastest route network of the expressway network. 

For road segment 2-1, there is only the transportation volume from Songyuan (SY) to Baicheng 
(BC), so the newly added transportation volume is	𝑻𝑽𝟐𝟏𝑼 . 

The calculation method for the newly added transportation volume of other road segments is 
the same as that of the above road segment 1-2 or 2-1. The sum of the current transportation volume 
and newly added transportation volume cannot exceed the allowable maximum transportation 
volume; that is, conditions (26) or (27) should be satisfied. If it exceeds, it must be regulated to meet 
the constraints. 

Taking five cities connected by the G12 expressway as an example, the regulation process is 
illustrated. At the current time, the OD matrix of the transportation volume sent between cities 
through the G12 expressway is presented in Table 1. 

Table 1. Transportation volume sent between cities. 

City YB JL CC SY BC 
YB 0 21 38 12 19 
JL 38 0 121 69 35 
CC 48 239 0 146 121 
SY 16 48 21 0 32 
BC 19 32 38 71 0 
The road segment setting is shown in Figure 8, the condition settings are shown in Table 2, and 

the regulation results are shown in Table 2. According to the calculation in reference [1], the number 
of vehicles on the road segment is between 0 and 250, and the congestion rate is 0 ≤ cr ≤ 0.7. 

 
Figure 8. Road segments of G12 expressway. 

For example, the newly added transportation volume on the forward road segment 𝑳𝟐 is the 
sum calculated as follows based on Table 1. 𝒕𝒗𝟒𝟑𝑳 =	121+69+35=225. Current cars: 𝒓𝒇𝟒𝟑=130, total cars: 
225 + 130 = 355. Therefore, the excess volume is 355 – 250= 105, which is the reduced volume. The 
reduced volume between cities is calculated according to Equation (48).  

Table 2. Conditions and regulation results. 
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The reduced volume from Jilin to Changchun: 121/225*105=56. 
The final volume from Jilin to Changchun: 121 – 56 = 65. 
The reduced volume from Jilin to Songyuan: 69/225*105=32. 
The final volume from Jilin to Songyuan: 69 – 32 = 37. 
The reduced volume from Jilin to Baicheng: 35/225*105=17. 
The final volume from Jilin to Baicheng: 35 – 17 = 18. 
The calculations of the forward road segment	𝑳𝟑 and reverse road segment 	𝑳𝟐	are the same as 

above. The regulated and reduced transportation volume can be transported through national or 
provincial highways or delayed until the road segments are not congested or sent during off-peak 
hours. 

It should be noted that the above data are not accurate real-time data, but mainly explain the 
regulation process and methods based on the actual situation. 

6. Conclusions 

The construction of urban agglomerations and their collaborative development are an important 
part of a country's development, playing an essential role in the economic and social development of 
the whole country. Urban development in urban agglomerations is unbalanced, which requires 
collaborative development and mutual support. On the other hand, the resources of highway 
transport networks are limited in urban agglomerations, and there is a maximum transportation 
volume; therefore, it is necessary to regulate individual urban transportation volume, allocate traffic 
volume reasonably, improve transport efficiency, and reduce congestion. This study focuses on the 
coordinated development of urban agglomerations and collaborative transportation regulation 
strategies based on highway transportation. This is one of the most important and challenging 
research topics in the field of urban planning and transportation management, and there is no 
relevant reference literature yet.  

Coordination among cities in urban agglomerations is divided into functional coordination, 
spatial coordination, industrial coordination, urban-rural coordination, institutional coordination, 
and so on. This study examines the coordinated development and collaborative transportation of 
urban agglomerations based on highway transportation regulation, which belongs to functional 
coordination. It is of great significance to the scientific and rational use of road transport network 
resources and the realization of coordinated development among cities of urban agglomeration. The 
main results of this study are as follows: (1) A double-layer network model for regulating the 
highway transportation volume of urban agglomerations is established using the theory and method 
of complex networks. (2) An objective function with the weight of the upper urban nodes as variables 
is established, and the upper and lower constraints are given. (3) Based on the characteristics of the 
objective function, a probability iteration algorithm is proposed, which is convergent, simple, 
effective, and convenient for programming. (4) The methods and strategies of transportation volume 

 Forward road segment（A-B）  Reverse road segment（B-A） 

Name 𝐿! 𝐿" 𝐿# 𝐿$ 𝐿$ 𝐿# 𝐿" 𝐿! 

𝑐𝑟%&' 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

Current speed 
90 

Km/h 
66 

Km/h 
90 

Km/h 
90 

Km/h 
90 

Km/h 
90 

Km/h 
80 

Km/h 
90 

Km/h 

Estimated cars 38 130 86 45 73 68 110 61 

New cars 90 225 267 32 171 112 287 64 

Estimated 𝑐𝑟 0.32 0.82 0.82 0 0.69 0.54 0.86 0.29 

regulation No Yes Yes No No No Yes  No 

Regulated volume ∆𝑓 0 -105 -103 0 0 0 -147 0 
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regulation and control realize an organic combination of macro-control and micro-control, static and 
dynamic control, coordinated development, and collaborative transportation. 

This paper contributes to the research field of coordinated development of urban 
agglomerations by presenting innovative and practical research. In the future, we will combine the 
regulation of highway transportation volume with indicators such as urban population growth rate, 
GDP growth rate, and spatial change rate to study the dynamic simulation of urban development 
and coordinated development of urban agglomerations, and providing reference for relevant 
government departments to formulate regional economic development plans.  
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