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Abstract

:

In this study, to explore the co-opetition (competition–cooperation) relationship between urban subway lines, we constructed three directed weighted subway models of a competition network, cooperation network, and co-opetition network based on the Space R model of a complex network. Taking Wuhan, China, as the research area, we established a Wuhan subway co-opetition network and analyzed the network’s complex characteristics. Through the analysis, we found that the competition network, cooperation network, and co-opetition network are all scale-free networks that present the characteristics of a high-clustering and short-distance small-world network. The co-opetition relationship between subway lines was mostly of a conventional type (55.56%) and unrelated type (41.67%), with only cooperative-dominant types found among the conventional types. The co-opetition effect between lines in the long-term network increased from 7.616 to 15.17, and the relationship strength of the competition and cooperation between lines increased significantly. The competition effect deflection angle of all subway lines in the network was found to be smaller than the cooperation effect declination angle. Additionally, all lines had a significant role in cooperation within the network, and cooperation played a dominant role in the co-opetition relationship.
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1. Introduction


Green commuting refers to a relatively environmentally friendly method of travel centered on carbon emission reductions and carbon neutrality that achieves a sustainable use of environmental resources and sustainable development of transportation. The development of the automobile industry has created convenience for human beings but has also led to energy consumption and air pollution. Urban rail transit is recognized as “green transportation” with low energy consumption and less pollution. This form of transit is a golden key to solve the “urban disease” and is of great significance for the sustainable development of cities. The subway plays an important role in urban rail transit. As a comfortable, healthy, and convenient mode of transportation for passengers that achieves efficient, fast, and safe transportation, urban rail transit has gradually become the backbone of the city. This type of transit also has the inherent advantages of minimal environmental pollution, no fear of congestion, and weather tolerance. This type of transit has also become the first choice of travel for many citizens.



Wuhan is located in Hubei Province, China, with a total area of 8569.15 square kilometers and a permanent population of 136.489 million. Wuhan Metro’s first line, Line 1, opened on 28 July 2004, making Wuhan become the first city in central and western China to open rail transit. As of December 2021, there were 11 operating lines of Wuhan Metro, including Line 1, Line 2, Line 3, Line 4, Line 5, Line 6, Line 7, Line 8, Line 11, Line 16, and Yangluo Line, with a total of 282 stations and operating mileage of 435 km. As of 8 April 2019, the average daily passenger volume of Wuhan rail transit exceeded 3 million, the highest daily passenger volume reached 4.4562 million, and the passenger flow intensity was 15,000–18,000 passengers/km, accounting for the proportion of the city’s public transport passenger volume. Additionally, the sharing rate of cross-river passenger flow exceeded 40%. By the end of 2019, Wuhan’s rail transit passenger volume was 1229.03 million, a year-on-year growth of 17.7%, accounting for 46.2% of public transport passenger volume.



Each line has a limited service area and transportation capacity, and cooperation between lines can meet the travel needs of residents as much as possible. At the same time, when the travel demand of urban residents is certain, there is inevitable competition between routes. Current studies of urban subway lines ignore the cooperative and competitive relationships between lines. Firstly, the overlap between the lines is too high, although to a certain extent to improve the convenience of travel, excessive competition has also caused a waste of resources. Secondly, certain regional lines are sparse, with insufficient cooperation between lines and inconvenient interchanges for passengers. Therefore, the modeling of urban subway lines based on co-opetition and the study of complex characteristics are of great significance in terms of theory and application. Firstly, mastering the mechanism of competition among subway lines can provide a scientific reference basis for reasonable subway line layout and operation management. Secondly, cooperation among subway lines is conducive to passenger interchange, and appropriate competition among lines is conducive to improving the service quality of subway lines. Finally, there are co-opetition relationships among various modes of transportation in urban public transportation, and the study of co-opetition relationships among subway lines can provide reference for the study of co-opetition relationships among these modes of transportation, which is conducive to the systematic planning of various modes of public transportation and promotes the development of integrated urban public transportation.



Competition and cooperation are common phenomena in social economic activities. Cooperation is an activity in which different objects work together and cooperate to achieve the same goal [1]. Competition refers to the contest between different objects for limited resources in order to maximize their own interests [2]. Transferring between different bus lines, subway lines, and subway and bus lines to achieve the goal of reaching a destination represents a typical cooperation process between public transportation lines. The presence of bus lines with identical or similar directions and competition for limited passenger flow between rail transit and conventional buses to maximize the revenue of their own line operations [3] represents a typical process of competition between lines.



Subway stations are the nodes where travelers enter the subway network. Here, the interweaving of subway station service areas, the fit between line alignment, and traveler OD are the bases for co-opetition between lines. The subway network is the backbone of the urban public transportation network, with the advantages of high capacity, speed, and reliability. The construction of subways has a long lead time and high cost and relatively little room for rerouting and adjustment after the line is completed. Therefore, the planning of subway lines needs to be coordinated between lines to reduce vicious competition between subway lines and avoid wasting transportation resources.




2. Research Status


2.1. Co-Opetition Relationship of Urban Traffic


The concept of co-opetition was first proposed by Nalebuff et al. [4], who noted that firms showed a cooperative relationship when building a market together and a competitive relationship in the allocation of market resources, which marks the beginning of co-opetition theory. This relationship of both cooperation and competition among enterprises is called co-opetition. Subsequently, many scholars have conducted significant research on the causes of co-opetition relationships, the laws of co-opetition evolution, co-opetition types, and co-opetition results, making the co-opetition theory widely used [5].



In a study on the co-opetition relationship in a transportation network, Miller et al. [6] established a travel mode choice model with the objective function of maximizing travel benefits, obtaining a linear competition relationship. Buliung et al. [7] modeled the interrelationships between multiple trips in a single day, providing a theoretical basis for the co-opetition relationships of travel modes. With the popularity of in-vehicle GPS devices and the emergence of public transportation smart cards, Wang et al. [8] used taxi trajectories and subway swipe data to conduct an in-depth analysis of the relationship between taxis and subways. The authors constructed a relationship model between subways and taxis and divided the relationship into three categories: competition, extension, and supplementation. Inspired by Wang, Ye et al. [9] applied this relationship model to Shanghai and calculated the tendencies of passengers at several subway stations who favored taxis or subways. Ye found that rental trips on commercial land increased during peak hours but decreased during off-peak hours. Jiang et al. [10] made some improvements based on the relationship model of Wang using the negative binomial regression model to analyze the specific factors that lead to relationship changes between taxis and subways. However, the quality of subway service was not considered at this time.



In research on co-opetition relationship modeling, Wang [11] used the cross-elastic demand theory to establish a competition model between rail transit and conventional bus. Based on the perspective of cooperation, the author proposed an algorithm for capacity matching and related optimization measures. Situ et al. [12] divided the associated routes in a bus network into cooperative routes and competing routes, thus establishing a competing route departure time optimization model with the objective of maximizing the total vehicle non-synchronous arrival time. To explore the changes in public transportation travel distance before and after the bike-sharing boom and to identify the co-opetition impact of bike-sharing on public transportation, Jin et al. [13] established a model of the impact of bike-sharing on public transportation services based on the histogram movement method from the perspective of travel distance. Taking Harbin, China, as an example, Song et al. [14] used MNL modeling to describe the choices of residents’ public transport modes and established a utility function by using generalized travel costs and subjective feelings to establish a co-opetition model between various bus modes. Song also designed a simulation experiment for the model.




2.2. Research on Complex Characteristics


In the 18th century, the mathematician Euler’s study of the “Seven Bridges of Königsberg Problem” pioneered the discipline of complex networks. Since the 20th century, many scholars have launched tentative explorations of complex network theory and its applications. Zhang et al. [15] used complex networks to model and analyze the subway networks in Beijing, Shanghai, and other cities. It was found that the clustering coefficient of the subway network was basically zero and that the average path length was large. The cascading failure model was used to simulate the fault propagation characteristics of a subway network. Geng et al. [16] constructed a complex network of a subway in Shenzhen, China. After analyzing the network structure, they found that the Shenzhen subway network has scale-free and small-world properties; however, its robustness needs to be improved compared to the Tokyo subway network. Both competition and cooperation are common among network nodes, and the use of complex networks can accurately describe co-opetition relationships in the network. Inoue et al. [17], Chmiel et al. [18], and Ferber et al. [19] described the characteristics of a Japanese patent network, Polish company network, urban bus network, etc., by using this dichotomy. There are more studies on bus network cooperation, mainly using the bipartite graph method to construct the Space P [19] and Space R [20] of the bus network, where Space R defines bus lines as network nodes. If two lines have overlapping stations, an edge is connected, which reflects the cooperative relationship between the lines. Hu et al. [21,22,23] conducted a large amount of research on the complex network of an urban bus. Using the complex network theory, he constructed a directed Space P representation model of the bus network and analyzed the co-opetition situation and network characteristics of the conventional bus network in Harbin through simulation experiments.



For the study of complex characteristics, Luo et al. [24] used the Space L and Space P methods to construct a Beijing bus–subway composite network and its sub-network. Luo empirically studied the basic topological properties of the bus–subway network and compared the network characteristics of the composite network and its sub-networks. From an overall perspective, he analyzed the characteristics and transfer status of an urban public transportation network. Li et al. [25] took the New York rail transit network as the research object, adopted the complex network theory and Space L method, considered the possible existence of multiple lines between two stations, constructed a weighted network model of New York rail transit, and analyzed the characteristics of the New York rail transit network using the relevant characteristic indexes of a complex network. Based on the perspective of a complex network, Ye et al. [26] constructed a Chinese high-speed railway geographic network and traffic network. By analyzing the complex characteristics of this network, the author found that the distribution of a high-speed railway geographic network obeys the power-law distribution and shows scale-free network characteristics. Taking the expressway network of Hubei Province in China as the research object, Zheng et al. [27] selected the Space P method to establish the network topology model. The author analyzed the static characteristics, centrality, and robustness of the highway network, and the results showed that the network structure of the Hubei province highway has obvious small-world network characteristics.



There are many empirical studies on co-opetition networks in various fields; such studies mainly focus on the competition of passenger flow resources and the transfer between lines. Studies on transportation networks (public transportation networks and railway transportation networks) are usually limited to an analysis of cooperation characteristics based on transfer hub nodes and a qualitative description of the mechanism of co-opetition in the network. Current research ignores the integrity and systemic nature of the network, which is not sufficient to reflect the complex co-opetition relationship in the subway network. Today, research on the co-opetition and complex characteristics of bus networks is relatively complete. However, the characteristics of the co-opetition relationship in subway networks need to be studied empirically, and further research is needed to quantify such co-opetition.



The present article aimed to study the co-opetition relationship between lines by analyzing the layout between lines. Based on the complex network theory, we established a directionally weighted urban subway co-opetition network and analyzed its complex characteristics. The research will provide guidance for the planning and construction of subway networks and guide travelers to transition towards public transportation.





3. Co-Opetition Relationship Analysis of Conventional Public Transport Networks


3.1. Type Division of Co-Opetition Relationship


The layouts of subway stations determine the route alignment. The coincidence of the station service areas and the line direction determine the co-opetition relationship between the lines. In Figure 1, subway Line 1 connects via stations A, B, and C, while Line 2 connects via stations F, D, and E. The service areas of C and E do not overlap, so C and E are called a non-overlapping station pair. The service areas of B and D are partially overlapped, so B and D are called a partially overlapped station pair. A and F have the same service area, so A and F are called an overlapping station pair.



The passenger flow of the overlapping area between the station service areas of A/F and B/D will be influenced by the personal desires of the travelers and the level of service of the route. When making a choice, a competitive state between Line 1 and Line 2 is created. Assuming that other conditions are the same, the competition intensity of the above three pairs of stations is (C E) < (B D) < (A F). If the passenger flow in the station C service area reaches the station E service area, it will transfer between the A/F station pair or B/D station pair, which will make the two lines cooperate.



Diversification of the station pair service area overlap makes for a diverse co-opetition relationship between subway lines. Figure 2 shows the layout pattern of different competing relationships between lines. In Figure 2a, Line 1 passes through stations A, B, and C, and Line 2 passes through stations D, E, and F. Here, the station service areas are completely coincident, and there is a complete competitive relationship between the lines. The two routes in Figure 2b are the same as those in Figure 2a, but the service areas of the station pair do not overlap, and there is no co-opetition relationship between the two routes. In Figure 2c, there is a station pair with a single service area overlap between the two lines: Line 1 passes through stations A, B, and C, and Line 2 passes through stations D, B, and F. Taking the passenger flow from station A to station F as an example, the travelers need to transfer from Line 1 to Line 2 at station B, so there is direct cooperation between the lines. In Figure 2d (Line 1 through stations A, B, and C and Line 2 through stations D, E, and F), there are two station pairs with overlapping service areas. These two lines compete for passenger flow from B to C (E to F), while travelers from A to D need to transfer at the B/E point to complete their travel, so there is a relationship of co-opetition between the two lines.




3.2. Measurement of Co-Opetition Intensity


If there is a direct cooperation relationship between the lines, there is at least a pair of partially or completely coincident station pairs between the two lines. If there is a competitive relationship between the lines, there are at least two pairs of partially coincident station pairs or completely coincident station pairs or a partially coincident station pair and a completely coincident station pair between the two lines. This article introduces the line competition index, cooperation index, and co-opetition index to measure the co-opetition relationship intensity between lines.



3.2.1. Competition Index


Figure 3 shows Line 1 via A, B, C, and D; Line 2 via H, E, F, and G; Line 3 via K, I, and L; Line 4 via K, J, and L; Line 5 via L and M, where B/E and D/G/I/J are completely overlapping station pairs, and C/F is a partially overlapping station pair. Taking Line 1 and Line 2 as an example, these two lines compete for passenger flow from B/E to C/F, C/F to D/G/I/J, and B/E to D/G/I/J.



Before introducing the concept of the competition index, we first introduce the concepts of “competition intensity” and “competition potential degree”. The competition intensity between lines is affected by the overlapping area between overlapping station pairs. We established a measurement model of “competition intensity” in Formula (1). “Competition potential degree” is the maximum “competition intensity” of the two lines. When the stations of two lines coincide completely, the two subway lines are in a state of complete passenger flow competition. The measurement model of “competition potential degree” is shown in Formula (2). The competition index is the ratio of “competition intensity” to “competition potential degree”, and the calculation formula is shown in Formula (3).


   F  c o m   i − j   =   ∑  x , y ∈  N  i − j   , x ≠ y       s x   s y     s 0 2       



(1)




where    F  c o m   i − j     is the competition intensity of line i and line j; x and y are the number of overlapping station pairs between line i and line j, respectively;    N  i − j     is the set of overlapping station pairs;    S x   ,    S y   , and    S 0   , respectively, represent the overlapping area of overlapping station pairs x and y and the service area of the station. The service radius of the subway station in this area is 1 km [24]:


   Q  c o m   i − j   =  C  min ( u , v )  2  = min ( u , v ) ⋅ ( min ( u , v ) − 1 ) / 2  



(2)




where    Q  c o m   i − j     is the competition potential degree of line i and line j, and u and v are the number of stations of the two subway lines. When the two lines are completely overlapped, the competition intensity between the lines is the largest, which is the competition potential degree:


   F  z / c o m   i − j   =    F  c o m   i − j      Q  c o m   i − j     =     ∑  x , y ∈  N  c o m   i − j   , x ≠ y       s x   s y     s 0 2         C  min ( u , v )  2    =   2 ⋅   ∑  x , y ∈  N  c o m   i − j   , x ≠ y       s x   s y     s 0 2        min ( u , v ) ⋅ ( min ( u , v ) − 1 )    



(3)




where    F  z / c o m   i − j     is the competition index of line i and line j, and the other parameters are the same as above.




3.2.2. Cooperation Index


In Figure 3, when a traveler reaches station M from station A, one of the accessible paths is to take Line 1 and transfer to Line 3 at station D. After reaching station L, the passenger can transfer to Line 5 to reach station M. There is no overlapping station pair between Line 1 and Line 5, but there is a cooperative relationship that is indirect and represents a potential cooperative relationship in the network. This article, however, only studies a direct cooperation relationship. Similar to the above, before introducing the concept of the cooperation index, the concepts of “cooperation intensity” and “cooperation potential degree” are first introduced. The cooperation intensity between two subway lines is related to the number and overlapping area of station pairs. The greater the number of overlapping station pairs, the more places that can used for transferring by non-overlapping station pairs of the two lines. At the same time, the larger the overlapping area of overlapping station pairs, the stronger the convenience of transfer. The measurement model of “cooperation intensity” is shown in Formula (4). “Cooperation potential degree” is the maximum “cooperation intensity” that the two lines can reach. When the overlapping station pairs of the two subway lines are completely overlapping station pairs, the cooperation intensity is only related to the number of overlapping station pairs. At this time, the cooperation intensity is a function of the number of overlapping stations, as shown in Formula (5). “Cooperation potential degree” is the maximum value of   f  ( n )   . In this article, the maximum point is called the optimal cooperation overlap station logarithm    n  m a x    , and the formula of cooperation potential is shown in Formula (6). The cooperation index is the ratio of “cooperation intensity” to “cooperation potential degree”, as shown in Formula (7):


   F  c o o   i − j   =   ∑  x ∈  N  i − j         s x     s 0      ( u − n ) ( v − n )  



(4)






  f ( n ) = n  (  u − n  )   (  v − n  )  , n ≤ min ( u , v )  



(5)






   Q  c o o   i − j   =  n  m a x   ( u −  n  m a x   ) ( v −  n  m a x   )  



(6)






   F  z / c o o   i − j   =    F  c o o   i − j      Q  c o o   i − j     =     ∑  x ∈  N  i − j         s x     s 0      ( u − n ) ( v − n )    n  m a x   ( u −  n  m a x   ) ( v −  n  m a x   )    



(7)




where    F  c o o   i − j     is the cooperation intensity of line i and line j; x is the number of overlapping station pairs between two lines;    N  i − j     is the set of overlapping station pairs;    S x    and    S 0    respectively represent the overlapping area of overlapping station pairs x and the service area of the station; u, v, and n are the number of stations on the two subway lines and the number of overlapping stations, respectively;    F  z / c o o   i − j     is the cooperation index of line i and line j.




3.2.3. Co-Opetition Index


The co-opetition index    F  z / c − c   i − j     is the comprehensive effect value of co-opetition intensity between lines. Figure 4 is a two-dimensional structure diagram of the co-opetition relationship of the lines. The transformation relationship between the co-opetition index    F  z / c − c   i − j    , cooperation index    F  c o o   i − j    , and competition index    F  c o m   i − j     is shown in Formulas (8) and (9):


   F  z / c − c   i − j   =    F  z / c o m   i − j     2  +  F  z / c o o   i − j     2     



(8)






   F  z / c c   i − j   =  F  z / c o m   i − j   / cos ( α ) =  F  z / c o o   i − j   / cos ( β )  



(9)




where α is the deflection angle of lines for the competitive relationship between line i and line j. Here, the larger the value of α, the stronger the competitive relationship between the two lines. β is the deflection angle of lines for the cooperative relationship between line i and line j. Here, the larger the value of β, the stronger the cooperative relationship between the two lines.



Figure 5 is a two-dimensional structural diagram of the co-opetition relationship effect of the subway line. The co-opetition effect index    k i  c c     is a comprehensive effect value of the competition and cooperation intensity of a subway line i in the network. The transformation relationship among node cooperation index intensity    k i  c o o    , node competition index intensity    k i  c o m    , and co-opetition effect index    k i  c c     is shown in Formulas (10)–(11). Here, γ is the competition effect deflection angle of line i in the network. When the co-opetition effect index    k i  c c     is constant, the larger λ is, the stronger the competition effect of the line will be. Further, ω is the cooperation effect declination angle of line i in the network. When the co-opetition effect index    k i  c c     is constant, the larger ω is, and the stronger the cooperation effect of the line will be. When γ = 0, the line only plays a cooperative effect in the network; when ω = 0, the line only plays a competitive effect in the network:


   k i     c c   =    k i       c o o    2  +  k i       c o m    2     



(10)






   k i     c c   =  k i     c o m   / cos ( γ ) =  k i     c o o   / cos ( ω ) .  



(11)










4. Modeling of Urban Subway Co-Opetition Network


4.1. Conventional Subway Co-Opetition Network Based on Space R


A Space R network is a common complex network model, also known as a Space C network, which can be used to describe the transfer relationship between lines [21]. For the subway network layout shown in Figure 6 (Line 1 via C, A, and D; Line 2 via C, B, and D; Line 3 via E and M), the network structure based on Space R is shown in Figure 7a, where the node representing Line 3 is isolated. The network structure of Space R when considering the walkable transfer between D and E is shown in Figure 7b, indicating that all the nodes of the three lines are connected.



In this article, graph theory [28] is used to describe the urban subway co-opetition network as Gcom = <V,Ecom> and Gcoo = <V,Ecoo>, where Gcom is the competition network, Gcoo is the cooperation network, V = {L1、L2…LN} is the line set, N is the number of lines, Ecom = {   F  z / c o m   1 − 2    、   F  z / c o m   1 − 3    …   F  z / c o m   N − 1 − N    } is the edge weight of the competition network, and Ecoo = {   F  z / c o o   1 − 2    、   F  z / c o o   1 − 3    …   F  z / c o o   N − 1 − N    } is the edge weight of the cooperation network. The urban subway co-opetition network is a directed weighted network.




4.2. Complexity Metrics of the Co-Opetition Network


In this article, the complexity indexes of the co-opetition network are established as shown in Table 1, and the related parameter explanations are shown in Table 2.





5. Case Study


For this study, we selected the subway network of Wuhan as the research object. The subway lines in this network include built lines, lines under construction, and planned lines. The data were obtained from the Gaode map API interface via Python crawling. Based on the above theory, an urban subway co-opetition network in the experimental area was established, and the complex characteristics of the co-opetition network were analyzed. Here, the built subway network is called a “current network”, whereas the network under construction and planning is called a “long-term network”.



5.1. Characteristic Analysis of Competitive Network and Cooperative Network


The intensity of the competition and cooperation network was counted, and the cooperation and competition intensity of each line was obtained. The double logarithmic function curve fitting is shown in Figure 8. The statistics of the complex network index parameters are shown in Table 3. The function model is shown in Formula (12). The goodness of fit R2 of the current network is about 0.98 and 0.88. The goodness of fit R2 of the long-term network is about 0.94 and 0.97. This result shows that the competition network and cooperation network of the Wuhan subway are scale-free networks. In Table 3, the diameter of the co-opetition network of the current network is shown to be two, and the clustering coefficients are 0.807 and 0.846. The diameter of the co-opetition network of the long-term network is two, and the clustering coefficients are 0.777 and 0.863, indicating high clustering with short-range small-world network characteristics.


     y 1   = 1   . 08  x + 0.54 ,  R 2  = 0.98      y 2  = 1.76 x − 4  . 24  ,  R 2  = 0.88      y 3  = 0.59 x − 0.25 ,  R 2  = 0.94      y 4   = 2   . 72  x − 8.13 ,  R 2  = 0.97    



(12)







Figure 9 illustrates a matrix diagram of the competition and cooperation intensity between lines. Figure 9(a-1) is the current network competition intensity matrix diagram; Line 1 and Line 6, Line 6 and Line 7, Line 2 and Line 7, Line 4 and Line 8, and Line 6 and Line 8 are the five pairs of subway lines with the largest competition indexes. Figure 9(a-2) is the current network cooperation intensity matrix diagram; Line 2 and Line 8, Line 4 and Line 7, Line 3 and Line 21, Line 1 and Line 8, and Line 7 and Line 8 are the five pairs of subway lines with the largest cooperation indexes, among which the cooperation index of Line 2 and Line 8 is one. Figure 9(b-1) presents a long-term network competition intensity matrix diagram. Here, the competition relationship between the long-term network and the current network lines has changed. The competition intensity between Line 1 and Line 2 is the largest, followed by that of Line 2 and Line 6, Line 4 and Line 12, Line 4 and Line 1, and Line 3 and Line 6. Figure 9(b-2) presents a long-term network cooperation intensity matrix diagram. Here, the cooperation intensity between the lines of the long-term network changed greatly. A total of 15 pairs of lines were found to have a cooperation intensity of one: Line 2 with Line 19, Line 1 with Line 5 and Line 16, Line 7 with Line 10, Line 3 with Line 5 and Line 19, Line 6 with Line 5 and Line 8, Line 12 with Lines 16, 19 and 21, Line 8 with Line 11, Line 10 with Line 21, Line 5 with Line 11, and Line 11 with Line 16.



In the Space R network, the node cooperation index intensity and the node competition index intensity reflect a quantification of the subway line and the co-opetition relationship. Table 4 shows the co-opetition index intensity of the current network and the long-term network. In the current network, Line 3, Line 2, and Line 7 are the three subway lines with the highest cooperation intensity, while Line 6, Line 1, and Line 7 are the three lines with the highest competition intensity. Here, the long-term network presents obvious changes. Line 11, Line 12, and Line 5 are the three subway lines with the highest cooperation intensity, while Line 4, Line 2, and Line 1 are the three lines with the highest competition intensity. As shown in Figure 10, except for the long-term construction of Lines 5, 10, 11, 12, 16, and 19, the cooperation intensity of Line 6, Line 8, and Line 1 is significantly improved. The competition intensity of Line 4, Line 1, Line 2, and Line 3 is also obviously improved, while Line 8 has reduced competition intensity.




5.2. Characteristic Analysis of the Co-Opetition Network


Next, the intensity of the co-opetition network was counted, and the co-opetition intensity of each line was obtained. The double logarithmic function curve fitting is shown in Figure 11, and the function model is shown in Formula (13). Here, the goodness of fit R2 of the current network co-opetition is about 0.88, and the goodness of fit R2 of the long-term network competition is about 0.97. This shows that the co-opetition network of the Wuhan subway is a scale-free network. The diameter of the co-opetition network is two, and the clustering coefficients are 0.846 and 0.863, indicating high clustering and short-range small-world network characteristics.


     y 1  = 1.76 x − 4.24 ,  R 2  = 0.88      y 2  = 2.71 x − 8.12 ,  R 2  = 0.97    



(13)







Figure 12a presents a matrix diagram of the current network co-opetition index intensity. Line 2 and Line 8, Line 4 and Line 7, Line 3 and Line 21, Line 1 and Line 8, and Line 7 and Line 8 are the five pairs of subway lines with large co-opetition indexes, among which the co-opetition index of Line 2 and Line 8 is one. The cooperation index intensity of Line 2 and Line 8 is one, and the competition index intensity is zero.



Figure 12b presents the long-term network co-opetition intensity matrix diagram. Here, the co-opetition intensity between the lines of the long-term network has changed greatly. Similar to the statistical results of the long-term cooperation network, a total of 15 pairs of lines had a cooperation intensity of one: Line 2 with Line 19; Line 1 with Line 5 and Line 16; Line 7 with Line 10; Line 3 with Line 5 and Line 19; Line 6 with Line 5 and Line 8; Line 12 with Lines 16, 19, and 21; Line 8 with Line 11; Line 10 with Line 21; Line 5 with Line 11; Line 11 with Line 16. The cooperation intensity index of the above line pairs is one, and the competition index intensity is zero.



In the Space R network, the node co-opetition index intensity is the quantification of subway co-opetition relationship. As shown in Table 5, in the current network, Line 3, Line 2, and Line 7 are the three subway lines with the highest co-opetition intensity, with intensity values of 10.223, 8.917, and 8.605 respectively. Here, the long-term network has obvious changes. Line 11, Line 12, and Line 5 are the three subway lines with the highest co-opetition intensities, with intensity values of 18.82, 18.813, and 18.711, respectively.



The co-opetition index of the line is similar to the ranking of the cooperation index. In the subway network of Wuhan, cooperation plays the leading role in the co-opetition relationship, and the layout of the subway network is relatively reasonable. As shown in Figure 13 and Table 6, we divided the co-opetition relationship between lines into four categories: unrelated type, competitive type only, cooperative type only, and conventional type. The conventional type is divided into a competitive dominant type and cooperative dominant type. The majority of the current network is the conventional type (55.56%) and unrelated type (41.67%), with only 2.47% being cooperative. The majority of long-term networks are the conventional type (59.34%) and unrelated type (24.18%), with only 16.48% being cooperative. There is only a competitive-type relationship between the current network and the long-term network, and there is only a cooperative-dominant relationship in the conventional-type network.



Table 7 shows the subway line statistics of the co-opetition effect index and competition and cooperation effect deflection angles. The competition effect deflection angles of all subway lines in the network are smaller than the cooperation effect deflection angles. Line 4, Line 8, and Line 21 are the subway networks with the largest cooperation deflection angles in the current network and have the strongest cooperation relationships with other networks. Line 8, Line 16, and Line 19 are the subway networks with the largest cooperative deflection angles in the long-term network and have the strongest cooperative relationships with other networks. After Lines 5, 10, 11, 12, 16, and 19 were put into use, the cooperation effect of Line 4 and Line 2 in the current network decreased, and the competition effect increased. The cooperation effect of Line 6 also increased. Overall, the cooperative effect deflection angle of the long-term network was 87.884°, which is slightly higher than the value of 87.325° in the current network. The co-opetition effect between lines increased from 7.616 to 15.17. Therefore, the intensity of co-opetition between the lines increased obviously.





6. Conclusions and Prospects


In this study, based on the complex network theory, we established an urban subway co-opetition network. We selected Wuhan as the experimental area and applied the model, analyzing the complex characteristics of the network and obtaining the following conclusions and prospects.



(1) The cumulative distribution of the competition index intensity of competition network nodes, the cooperation index intensity of cooperation network nodes, and the co-opetition index intensity of co-opetition network nodes in the current network and the long-term network conformed to the double logarithmic function. Moreover, the three networks were scale-free networks and exhibited high-clustering short-distance small-world network characteristics.



(2) Most relationships in the current network and long-term network are the conventional type and unrelated type. There is no solely competitive-type relationship between the current network and the long-term network, and there is only a cooperative-dominant-type relationship in the conventional-type network.



(3) The competition effect deflection angle of all subway lines in the network is smaller than the cooperation effect deflection angle. Here, Line 4, Line 8, and Line 21 presented the largest cooperation deflection angle in the current network and the strongest cooperation relationship with other networks. Line 8, Line 16, and Line 19 had the largest cooperative deflection angle in the long-term network and the strongest cooperative relationship with other networks. The cooperative effect deflection angle of the long-term network was found to be 87.884°, which is slightly higher than 87.325° in the current network. The co-opetition effect between lines was found to increase from 7.616 to 15.17. Thus, the intensity of co-opetition between the lines increased obviously.



The intensity of competition or cooperation between the same subway lines was asymmetrical. Under the same conditions, travelers are more inclined to choose subway lines with a high accessibility, low vehicle loading rates, and high service levels to complete their travels. This result shows that there are two competitive subway lines, with competitive advantages and disadvantages, in a cooperative relationship.



Due to the complexity of passengers’ subway travel behavior and the limited data available, this paper still suffers from the following shortcomings. First of all, this paper only analyzes the co-opetition between subway lines from the level of subway line layout; however, the metrics of subway line operation stage also have an impact on the co-opetition between subway lines, so the co-opetition metric model needs to be further optimized. Secondly, the co-opetition between subway lines changes with time, and the evolutionary law of co-opetition between subway lines is not considered. The difference analysis of competition intensity and cooperation intensity between the two lines will be a focus of our future research. The co-opetition intensity between lines is related to the passenger flow size between competing and cooperating station pairs. With other factors unchanged, the greater the passenger flow, the greater the intensity of competition and cooperation between lines. Therefore, introducing passenger flow data for subway lines into the model will make this research more precise. Analyzing the co-opetition between rail transit, conventional buses, and other multi-modal public transportation modes will also be the focus of future research.
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Figure 1. Subway station pair classification. 
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Figure 2. Layout patterns of different co-opetition routes. 
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Figure 3. Schematic diagram of lines’ co-opetition. 
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Figure 4. Two-dimensional structure diagram of subway line co-opetition. 






Figure 4. Two-dimensional structure diagram of subway line co-opetition.



[image: Sustainability 15 00883 g004]







[image: Sustainability 15 00883 g005 550] 





Figure 5. Two-dimensional structure diagram of subway line co-opetition effect. 
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Figure 6. Geometric layout of the subway line. 
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Figure 7. Space R network. (a) The network structure based on Space R; (b) The network structure of Space R when considering the walkable transfer between D and E. 
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Figure 8. Cumulative distribution of cooperation and competition index intensity. (a) Node competition index intensity distribution; (b) node cooperation index intensity distribution. 
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Figure 9. Index intensity matrix of cooperation and competition between subway lines. (a-1) Inter-line competition index intensity matrix of the current network; (a-2) inter-line cooperation index intensity matrix of the current network; (b-1) inter-line competition index intensity matrix of the long-term network; (b-2) inter-line co-opetition index intensity matrix of the long-term network. 
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Figure 10. Index changes of the long-term network. 






Figure 10. Index changes of the long-term network.



[image: Sustainability 15 00883 g010]







[image: Sustainability 15 00883 g011 550] 





Figure 11. Distribution of node the co-opetition index intensity. 
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Figure 12. Index intensity matrix of co-opetition between subway lines. (a) Inter-line co-opetition index intensity matrix of the current network; (b) inter-line co-opetition index intensity matrix of the long-term network. 
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Figure 13. Scatter chart of competition and cooperation indexes between lines. (a) Scatter chart of competition and cooperation indexes between current network lines; (b) scatter chart of competition and cooperation indexes between long-term network lines. 
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Table 1. Formulas for calculating static indexes.
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	Indexes
	Formula





	Node cooperation index intensity
	    k i     c o o   =   ∑   I l      F  z / c o o   i − j       



	Node competition index intensity
	    k i     c o m   =   ∑   I l      F  z / c o m   i − j       



	Node co-opetition index intensity
	    k i     c c   =   ∑   I l      F  z / c c   i − j       



	Node clustering coefficient
	    C i  =  E i  /  C 2      k i      



	Global clustering coefficient
	   C =   ∑  i = 1  N    C i  / N     



	Average path length
	   D =   ∑  i ≠ j     d  i j   / N ( N − 1 )     



	Network diameter
	   L = max  d  i j     










[image: Table] 





Table 2. Description of Formula parameters.
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	Parameter
	Explanation





	    a  i j     
	Adjacency matrix variables. When    a  i j   = 0  , i and j are not connected and i and j cannot be transferred. When    a  i j   = 1  , i and j are connected, i and j can transfer



	    I i    
	Set of nodes connected to node i



	    d  i j     
	The shortest length between nodes i and j



	    E i    
	Actual number of connected edges of node i
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Table 3. Index parameter statistics of complex networks.






Table 3. Index parameter statistics of complex networks.





	

	
Network Type

	
Average Weighted Degree

	
Global Aggregation Coefficient C

	
Average Path Length D

	
Network Diameter L






	
Current subway network

	
Competition network

	
0.177

	
0.807

	
1.286

	
2




	
Cooperation network

	
3.803

	
0.846

	
1.25

	
2




	
Co-opetition network

	
3.814

	
0.846

	
1.25

	
2




	
Long-term subway network

	
Competition network

	
0.29

	
0.777

	
1.473

	
2




	
Cooperation network

	
7.577

	
0.863

	
1.242

	
2




	
Co-opetition network

	
7.597

	
0.863

	
1.242

	
2
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Table 4. Statistics of the subway line cooperation and competition index intensity.
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Line

Name

	
Current Network

	
Long-term Network




	
Cooperative

Intensity

	
Ranking

	
Competitive

Intensity

	
Ranking

	
Cooperative

Intensity

	
Ranking

	
Competitive

Intensity

	
Ranking






	
Line1

	
8.198

	
4

	
0.519

	
2

	
16.984

	
6

	
1.05

	
3




	
Line2

	
8.901

	
2

	
0.357

	
5

	
14.944

	
9

	
1.112

	
2




	
Line3

	
10.211

	
1

	
0.408

	
4

	
18.103

	
4

	
0.711

	
6




	
Line4

	
7.812

	
6

	
0.184

	
7

	
13.585

	
11

	
1.272

	
1




	
Line5

	
-

	
-

	
-

	
-

	
18.704

	
3

	
0.301

	
9




	
Line6

	
6.176

	
7

	
0.599

	
1

	
16.323

	
7

	
0.83

	
5




	
Line7

	
8.578

	
3

	
0.464

	
3

	
14.81

	
10

	
0.573

	
7




	
Line8

	
7.903

	
5

	
0.209

	
6

	
17.439

	
5

	
0.194

	
11




	
Line10

	
-

	
-

	
-

	
-

	
15.503

	
8

	
0.515

	
8




	
Line11

	
-

	
-

	
-

	
-

	
18.814

	
1

	
0.247

	
10




	
Line12

	
-

	
-

	
-

	
-

	
18.74

	
2

	
1.002

	
4




	
Line16

	
-

	
-

	
-

	
-

	
7.761

	
14

	
0.011

	
14




	
Line19

	
-

	
-

	
-

	
-

	
11.737

	
12

	
0.167

	
12




	
Line21

	
3.069

	
8

	
0.09

	
8

	
8.712

	
13

	
0.142

	
13
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Table 5. Statistics of subway line co-opetition index intensity.
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Line Name

	
Current Network

	
Long-Term Network




	
Co-Opetition

	
Ranking

	
Co-Opetition

	
Ranking






	
Line1

	
8.243

	
4

	
17.083

	
6




	
Line2

	
8.917

	
2

	
15.059

	
9




	
Line3

	
10.223

	
1

	
18.139

	
4




	
Line4

	
7.817

	
6

	
13.691

	
11




	
Line5

	
-

	
-

	
18.711

	
3




	
Line6

	
6.232

	
7

	
16.385

	
7




	
Line7

	
8.605

	
3

	
14.831

	
10




	
Line8

	
7.91

	
5

	
17.442

	
5




	
Line10

	
-

	
-

	
15.527

	
8




	
Line11

	
-

	
-

	
18.82

	
1




	
Line12

	
-

	
-

	
18.813

	
2




	
Line16

	
-

	
-

	
7.761

	
14




	
Line19

	
-

	
-

	
11.741

	
12




	
Line21

	
3.071

	
8

	
8.719

	
13
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Table 6. Classification of co-opetition relationships between lines.
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Classification

	
Division Basis

	
Quantity (Proportion)




	
Current

Network

	
Long-Term

Network






	
Competitive type only

	

	
    F  z / c o m   i − j   > 0 ,  F  z / c o o   i − j   = 0   

	
0 (0%)

	
0 (0%)




	
Conventional type

	
Competitive dominant type

	
    F  z / c o m   i − j   >  F  z / c o o   i − j   > 0   

	
0 (0%)

	
0 (0%)




	
Cooperative dominant type

	
    F  z / c o o   i − j   >  F  z / c o m   i − j   > 0   

	
20 (55.56%)

	
54 (59.34%)




	
Cooperative type only

	

	
    F  z / c o o   i − j   > 0 ,  F  z / c o m   i − j   = 0   

	
1 (2.78%)

	
15 (16.48%)




	
Unrelated type

	

	
    F  z / c o m   i − j   = 0 ,  F  z / c o o   i − j   = 0   

	
15 (41.67%)

	
22 (24.18%)
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Table 7. Statistics of the subway line co-opetition effect.
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Line

Name

	
Current Network

	
Long-Term Network

	
Deflection Angle

Variation (°)




	
Cooperation Deflection

Angle (°)

	
Competition Deflection

Angle (°)

	
Co-Opetition Effect

	
Cooperation Deflection

Angle (°)

	
Competition Deflection

Angle (°)

	
Co-Opetition Effect

	
Cooperative Deflection

Angle Increment

	
Competition Deflection

Angle Increment






	
Line 1

	
86.378

	
3.622

	
8.215

	
86.462

	
3.538

	
17.016

	
0.085

	
−0.085




	
Line 2

	
87.7

	
2.3

	
8.909

	
85.745

	
4.255

	
14.985

	
−1.956

	
1.956




	
Line 3

	
87.71

	
2.29

	
10.219

	
87.75

	
2.25

	
18.117

	
0.04

	
−0.04




	
Line 4

	
88.648

	
1.352

	
7.815

	
84.651

	
5.349

	
13.644

	
−3.997

	
3.997




	
Line 5

	

	

	

	
89.077

	
0.923

	
18.707

	
89.077

	
0.923




	
Line 6

	
84.457

	
5.543

	
6.205

	
87.088

	
2.912

	
16.344

	
2.63

	
−2.63




	
Line 7

	
86.907

	
3.093

	
8.59

	
87.786

	
2.214

	
14.821

	
0.879

	
−0.879




	
Line 8

	
88.487

	
1.513

	
7.906

	
89.361

	
0.639

	
17.44

	
0.874

	
−0.874




	
Line 10

	

	

	

	
88.099

	
1.901

	
15.511

	
88.099

	
1.901




	
Line 11

	

	

	

	
89.247

	
0.753

	
18.816

	
89.247

	
0.753




	
Line 12

	

	

	

	
86.939

	
3.061

	
18.767

	
86.939

	
3.061




	
Line 16

	

	

	

	
89.921

	
0.079

	
7.761

	
89.921

	
0.079




	
Line 19

	

	

	

	
89.184

	
0.816

	
11.738

	
89.184

	
0.816




	
Line 21

	
88.312

	
1.688

	
3.07

	
89.067

	
0.933

	
8.713

	
0.755

	
−0.755




	
Mean value

	
87.325

	
2.675

	
7.616

	
87.884

	
2.116

	
15.17

	

	
-
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