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Abstract

:

Given a decreasing and aging population, there is a growing need to establish convenient public transportation systems that offer a variety of transportation modes seamlessly connected to one another. This study attempts to develop an index to assess the hierarchical diversity of public transportation, drawing an analogy between public transportation networks and ecosystems. By considering both hierarchical (meta-physical) and physical connections among respective modes, which are aspects that have not been addressed in previous studies, this study aims to enhance the spatial resolution of the analysis units in the index. The diversity indices were applied to the northern Osaka area in Japan as the study site. The results show a correlation between the diversity index, population, and public transportation modal share. We then discuss the influence of hierarchical diversity on the sustainability of public transportation systems and regional development.
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1. Introduction


In recent decades, Japan has been grappling with the challenges associated with sustainable regional development, primarily due to depopulation resulting in a declining birth rate and an aging population (Figure 1) [1]. Maintaining a viable population is crucial for ensuring public transportation services. The Ministry of Land, Infrastructure, Transport and Tourism (MLIT) in Japan identified a negative correlation between automobile usage and population density (Figure 2) [2]. Against this background, Japan has promoted the Compact Plus Network policy with the goal of improving regional development and public transportation sustainability [3]. This policy encourages the aggregating of urban facilities and residences while establishing connections between these aggregated facilities and public transportation services.



At the same time, the sustainability of public transportation services, particularly in rural areas, faces increasing challenges. These challenges are driven by factors such as advances in motorized vehicles, a decline in public transportation users, reduced revenue, and a shortage of labor within the transportation industry. Furthermore, the burden on operators to maintain the existing public transportation system has grown heavier due to a decrease in passenger numbers resulting from the COVID-19 epidemic. In an effort to stimulate discussions and propose solutions, railway operators have begun disclosing income and expenditure ratios and other information on unprofitable rail lines [4]. In response, the Act on Revitalization and Rehabilitation of Local Public Transportation Systems underwent revisions, and the Special Act on the Antimonopoly Law was enacted in Japan, both with the aim of promoting sustainable transportation. These laws urge local governments to take the lead in preserving and improving regional public transportation networks, making the most of their limited resources [5].



Under these legislative changes, several examples of collaboration between different transportation service operators have emerged. For instance, in the southern part of Tokushima Prefecture, a region experiencing depopulation and a public transportation crisis, a railway company and an express bus company have joined forces to enhance the experience and sustain the services via shared management, offering intermodal transportation services aimed at generating revenue [6]. In the San-in region, another rural area in Japan, the introduction of a transportation union was proposed in which local governments would be expected to play a role in implementing joint fares, coordinating routes and schedules, and more to achieve a convenient regional transportation service. While such a transportation union has been in place in several European countries for some time, its introduction in Japan, where numerous private transportation operators compete in the transportation market, presents unique challenges. Hence, there is a growing expectation that local governments should take the lead in integrating various public transportation modes.



As mentioned earlier, the coordination between different transportation modes is being encouraged to enhance user convenience. Nonetheless, there remains a lack of indicators to assess this coordination, the connectivity, and the range of transportation modes within a public transportation network. Furthermore, the impact of this coordination on sustainable regional development and public transportation systems has not been thoroughly examined. This study aims to bridge the existing gaps in the literature and offer practical applications by developing an index for evaluating the public transportation system from the perspective of transportation diversity and further considering the connectivity among the services. With a focus on northern Osaka prefecture as the study area, the developed index will be employed to analyze the correlation between transportation diversity in this region and various economic and societal indicators. This study attempts to provide insights for the improved establishment of a seamless and efficient transportation system that fosters sustainable transportation and regional development.




2. Literature Review


2.1. Studies on Sustainable Public Transportation Systems


The relationship between sustainable transportation and sustainable community development has been highlighted in several studies. Banister [7] emphasized the need for flexible considerations within existing principles to achieve sustainable transportation. The study also underscored the necessity of policies for sustainable transportation to enhance and attain urban sustainability. Similarly, Jabareen [8] noted that sustainable transportation is an integral part of design concepts related to sustainable urban form, emphasizing the importance of a sustainable transportation system for regional sustainability.



Building on these perspectives, numerous studies have explored evaluation methods for sustainable transportation. Jeon et al. [9] conducted a review in North America, Europe, and Oceania, examining the components of sustainable transportation and evaluation methods. Tang et al. [10] analyzed and discussed railways in Hong Kong, highlighting the significance of long-term transportation policy planning for mass transit rail projects. Litman et al. [11] mentioned that preferred solutions for sustainable transportation can vary depending on the definition of sustainable transportation, suggesting that changing the way people think about and address transportation problems is essential in realizing sustainable planning. Goldman et al. [12] suggested that sustainable transportation could be achieved via various innovative developments within the transportation sector, indicating a substantial focus on achieving sustainable transportation. However, these studies did not delve into the relationship between the diversity within a public transportation system and regional and transportation sustainability.



In the context of sustainable transportation in societies with declining populations, Kii et al. [13] made a trial to examine sustainable urban transportation strategies under such conditions, employing a vision-led decision-making approach. However, the study oversimplified public transportation by attempting to cover a broad range of areas and lacked a comprehensive understanding of the diverse functionalities of various transportation modes. Sutradhar et al. [14] tried to address transportation issues in depopulated areas, emphasizing the importance of tailoring solutions to local conditions, but similarly, few suggestions were provided from the perspective of diversity.




2.2. Studies on Diversity of Public Transportation


Diversity in public transportation has also been examined from various perspectives. For example, Watanabe et al. [15] emphasized the significance of service coordination among multiple transportation modes to improve the efficiency of intercity networks. Hasegawa et al. [16] assessed the cost required to achieve a certain level of service for each transportation mode based on travel demand and distance traveled by users. Despite various approaches to transportation diversity, there is a lack of quantitative methods for assessing diversity levels.



In terms of quantitative methods, there are several definitions of the concept of transportation diversity. Litman [17] defined transportation diversity as the variety of mobility options available in a particular situation. Fujiwara et al. [18] defined the diversity index as “the degree to which there is a mix of people who use public transportation at various frequencies” and calculated it using the provided index. Feng et al. [19] defined transportation diversity as the extent to which stakeholders’ needs are met. As demonstrated, there have been various interpretations of diversity in public transportation. As an example of diversity quantitation, Ren et al. [20] conducted a case study in Hartford, Connecticut, in an attempt to develop a quantitative method for evaluating diverse transportation in terms of both physical infrastructure and travel behavior. In the field of urban planning, Li et al. (2023) used Shannon’s Diversity Index as one of the indicators to assess landscape patterns [21]. Nakase et al. [22], Rahimi-Golkhandan et al. [23], and Hatoko [24] also linked the concept of ecological diversity with assessing diversity in transportation. Given the similarities between the current study and Nakase et al.’s work [22] in the context of depopulation, this study draws inspiration from that study and aims to develop a higher spatial resolution method for assessing the diversity of public transportation.




2.3. Quantification of Hierarchical Diversity of Public Transportation


Nakase et al. [22] defined a diversity index incorporating information on transportation classification by considering public transportation as an analogy of a hierarchical structural system. They set up the diversity index of public transport modes, named Diptm as


    D i p t m   x   =   ∑  i = 1   S      ∑  j = 1   S      ω   i j   ·   ε   i x   ·   ε   j x         i > j    



(1)




where S is the total modes of public transport present in the city and x and wij indicate the taxonomic distances between modes x and j in the hierarchical classification.



Taxonomic distance is an indicator defined based on the hierarchical structure, which classifies public transportation according to its functional role. Spatial and temporal coverage is an indicator viewed as the number of individuals suggested by the ecological diversity index and is determined according to the length of routes, the presence or absence of stations, and the service frequencies.



In their study, transportation diversity was calculated for each city and urban employment area. The relationship between the diversity index and the sustainability of the transportation system was also highlighted by analyzing its correlation with population and the modal share of public transportation services. Despite the proposed quantitative transport diversity index, the previous study also has some limitations. Initially, since diversity was calculated based on the presence or absence of each transportation mode within a spatial unit, the connection between modes was not considered in the previous study. Additionally, because the unit of analysis is spatially large and dependent on administrative districts, it cannot verify the effects of public transportation routes, stations, stops, and the population at the neighborhood level.



To address these limitations, this study aims to enhance the spatial resolution of the analysis unit and reconstruct a public transportation diversity index. This effort bridges a current research gap by considering connectivity within the public transportation network.





3. Materials and Methods


Figure 3 shows the concrete analytical framework of this study. First, the transportation diversity index will be adapted by taking service connectivity into account, and the diversity index will be calculated for each spatial unit. Next, correlation analyses will be conducted between the diversity index and various indicators regarding population, employment, and trip generation rate. Specifically, the employed indicators include population, the number of enterprises, the number of employees, the trip generation rate, and the trip distribution rate. Here, the population of Japan MESH 3, trip generation data, and trip distribution data were based on digital national land information by the Ministry of Land, Infrastructure, Transport and Tourism. In addition, the population of the small zone was based on the 2010 Population Census conducted by the Japanese Statistics Bureau (JSB). Also, economic indicators are based on the 2012 Economic Census of Activity results conducted by the Japanese Statistics Bureau (JSB).



3.1. Study Area and Spatial Resolution of This Study


The study area is located in northern Osaka Prefecture, Japan, from the northern edge of Osaka Prefecture (i.e., Nose town) to the north of Yodo River (Figure 4). It covers the area with various demographic and geographic features, including rural towns, suburban and urban cities, including an important commercial center of Japan—Umeda. The study area site lies within the Kyoto–Osaka–Kobe (also called Keihanshin) metropolitan region, the second largest urban and industrial agglomeration in Japan after Tokyo. However, some edge cities in this area are experiencing rapid rural depopulation due to a decreasing population and rural out-migration.



The area has an integrated transportation network with multimodal transport services. The Japan Railway (JR) and various private companies provide intercity and intracity rail services. There are also many bus services, including highway, municipal, and on-demand buses. One airport in this area offers additional options for long-distance intercity transport. In addition to the current services, ongoing projects are planning to build new rail lines into the suburban areas on the northern edge of Osaka. As shown above, the city is trying to realize a more diverse and sustainable transport system.



This study employed two spatial units: the Japan MESH3 and small zones. The Japan MESH3, known as the “Basic Grid Square”, is an official definition recommended by the Japanese government, where each mesh has a width and height of approximately 1 km. The small zone presents the smallest spatial unit used in the person trip survey to investigate traffic flow.




3.2. Parameters to Assess Connectivity of Public Transportation


This study adopted the Space Syntax (SS) theory to assess connectivity within a multimodal transportation network. SS theory, as affirmed by Hiller et al. [25,26], offers a method for quantifying the connectivity of street spaces, providing a graphical representation of spaces at a human scale. In this study, the scope of the theory is expanded to encompass public transportation, and the public transportation network is configured with nodes representing public transportation stations and links signifying the routes of public transportation or walking trips. Furthermore, the assessment is conducted from the user’s perspective by quantifying time and psychological resistance.



The data associated with the location of public transportation stations was sourced from the digital national land information (MLIT, Tokyo, Japan). Information regarding bus routes and their service levels (e.g., timetables) was acquired from the same digital national land information source, while train information was extracted from the timetables provided by service providers. In addition to capturing spatial and temporal service information, this study takes transfer resistance into consideration when assessing the connectivity of public transportation from the user’s perspective. Vertical transfer distances are assumed based on the floor information for buses, set on the first floor, and are for rail transportation, derived from station floor maps. To perform a realistic assessment, the links are weighted based on three factors: travel time, waiting time, and time conversion of resistance due to transfers.



Travel time for public transportation and walking were calculated depending on the linear distance between the origin–destination (OD) and the speed of each mode (Table 1).



The waiting time for walking is set to 0 min, and the time waiting for the public transportation service is set as follows.



The waiting time for the first public transport trip in a trip chain is set according to Kobayashi et al. [27] as


    t   w   = 2.07 ×   ln  ⁡      t   n       − 1.01  



(2)




where tw is the waiting time for the first public transport and tn is headway. The headway of the service was extracted from the timetable. The waiting time for transferring between public transportation services is calculated as the expected value, which is half of the headway of the mode to which the passenger transferred.



In general, the time waiting for the next vehicle (e.g., train or bus) and the distance to walk between stations result in passengers’ psychological resistance to transfer. In this study, this resistance is considered in two categories as follows: the resistance to the behavior of switching from the original mode and moving to the next service. Concerning the former resistance, the uncertainty of travel time often deters people from transferring between modes, with bus services typically considered to have higher uncertainty in travel time compared to railways [28]. As a result, transfer resistance can vary depending on the travel mode. According to Nakamura and Morimoto [28], Table 2 shows the time equivalent of such resistance. Higher values indicate increased resistance to transferring to a particular mode, resulting in higher travel costs.



In terms of the resistance to moving between different modes, psychological resistance is expected to be greater in a transit station, where people travel on foot for transfers. Table 3 presents the equivalent time coefficients related to moving between services, as provided by the National Institute for Land and Infrastructure Management [29]. These coefficients are designed to quantify the burden associated with movement compared to standing for waiting, with standing for waiting without moving set as the reference value of 1.0. The quantified resistance varies depending on whether the transfer is completed horizontally or vertically (i.e., moving upstairs or downstairs). A higher value indicates increased resistance to walking for transfer, thereby contributing to higher travel costs.




3.3. Evaluation of Transportation Network


Based on the proposed parameters, this study formulates equations and estimates the performance of each node (i.e., station) in the network. Since the measured spatial units in this study are small, it is rare for more than one mode to exist within each unit. Therefore, the formulation should favor interpreting the centrality of a node in the network of nodes (e.g., a transportation hub is expected to have the role of a central node within the network), as well as the connectivity between nodes.



In this formulation, the total travel cost between two points, including travel time, waiting time, and transfer resistance, is uniquely estimated in terms of time value for each OD pair corresponding to a link in the network. When multiple route choices exist for an OD pair, the route with the smallest cost is assigned. Initially, only public transportation options were considered for assigning routes for each OD for the first trip. The travel cost per OD is denoted as Duv, where u presents the origin node, and v presents the destination node. It is then used to calculate the average cost for each starting point using the following equation:


        T D   u   =    ∑  v ϵ N       D   u v         u ≠ v , u ∈ N        



(3)






    M D   u   =     T D   u     k − 1    



(4)




where N is the set of the node and k is the number of the node.



Using these indices to quantify centrality and connectivity, we formulated two equations as follows:


     R c   u α   = 1 −     M D   u   − m i n ⁡ ( M D )     max  ⁡    M D     − m i n ⁡ ( M D )     



(5)






    C o   u β   = 1 −     min  ⁡      D   u β       −   min  ⁡    M D         max  ⁡    M D     −   min  ⁡    M D        



(6)




where α is the public transportation mode available in the node u, and β presents another public transportation mode. Equation (5) proposes the relative centrality index Rc, quantifying the centrality of a node from the perspective of convenience. On the other hand, Equation (6) proposes the connectivity index Co.



The performance of each node is decided by travel cost. As elaborated in Section 3.2, travel time is determined by the speed of each mode. In addition, transfer resistance is estimated based on both uncertainty in travel time and types of movement for transfer. Thus, within the network, nodes with routes involving transfers between buses or moving upstairs within a transit station will be assigned a higher time cost, consequently resulting in lower performance of Rc and Co.




3.4. Allocation to Spatial Units


Based on the estimated results for each node, the estimated value for each spatial unit is obtained. A mesh grid is set at a 100 × 100 m square. The center of each mesh is verified to be within the service area of each stop. The distance between the mesh center and the node was calculated. The service area for bus stops and rail stations are, respectively, set to 500 m and 1 km from the node.



The estimated results for each mesh are derived from the values of the nodes, taking the service area into account. Accordingly, Rc (i.e., centrality index) is employed to assess transport modes at each node, while the Co (i.e., connectivity index) is used to assess transport modes at stations serving passengers’ destinations.




3.5. Calculation of Diversity Index


Referring to the previous study by Nakase et al. [22] The diversity index (DI) in this study is defined as follows:


    D I   i   =   ∑  α ∈ M      ∑  β ϵ M      ω   α β   ·   R c   i α   ·   C o   j β       α ≠ β      



(7)




where M is the set of traffic modes, α and β are any transportation mode, ωαβ indicates the taxonomic distances between modes α and β in the hierarchical classification, and i is the spatial unit. The taxonomic distance is referred to in the previous study and was modified to adapt to the study area of this study (Figure 5).





4. Results


4.1. Correlation Analysis with the Population


Correlation analysis was first conducted between DI and the population (Figure 6). Spearman’s correlations showed a significant positive relationship between DI and the population based on Japan MESH3, the officially suggested basic grid square, with a correlation coefficient (r) of 0.84. Similarly, a strong positive relationship was observed between the population of small zones and DI (r = 0.82). For areas with a DI value exceeding 4 million, a smaller coefficient was found between Japan’s MESH3 population and diversity value. These areas are characterized by high commercial activities. Further analysis will be conducted for these areas and presented in Section 4.3.



The correlation between DI and the population decline rate, based on a Japan MESH3 (Figure 7), was analyzed using the same approach. Spearman’s correlation indicated a significant negative relationship, suggesting an ease in the population decline rate in areas with higher DI.



Subsequently, an analysis was conducted to explore the differences between the diversity indicator DI and Rc concerning their relationships with the population. The cumulative Rc value (i.e., total Rc in Figure 8) for public transportation modes was calculated for each small zone, where Rc serves as the centrality index of a node from the convenience perspective. As depicted in Figure 8, the relationship between Rc and population is non-linear, implying that a regression equation based on Rc would tend to underestimate the population in densely populated zones. In contrast, the relationship between DI and population distribution demonstrates a close-to-linear correlation, affirming a clear proportional relationship. As illustrated above, DI proves to be a more effective tool in explaining the population, particularly for the central nodes within the public transportation network.




4.2. Correlation Analysis with the Employment


Next, this study examined the relationship between DI and economic indicators. The economic indicators included the number of enterprises and the number of employees categorized by industry (see Table 4 for the summarized results). Positive correlations were observed between DI and each economic indicator. The correlation was notably strong in the tertiary industry, which has a higher employee density.




4.3. Analysis of Both the Population and the Number of Employees


Furthermore, this study focused on the areas with relatively high DI values. For mesh with a DI value exceeding 4 million, correlations were conducted on their population and employment. The data on population and the number of employees were normalized, with a maximum value of 1 (Figure 9). The positive relationships indicated that there is a higher demand for economic activity in urban centers with a diverse transportation system.



In Figure 9, two meshes exhibit symmetric distributions of population and the number of employees while having approximately the same DI. In the mesh with a large population, there are multiple rail stations and bus stops near the terminal, resulting in a distribution of DI within the mesh that is considered to be close to uniform. In contrast, in the mesh with a large number of employees and active economic activities, a significant terminal exists, leading to the somewhat skewed distribution of diversity. As shown above, land use may influence the distribution of DI within the mesh.




4.4. Correlation Analysis with the Trip Generation Ratio


The relationship between DI and public transportation use for each small zone was analyzed based on the person’s trip survey data obtained from the digital national land information.



First, several indices were categorized based on the representative means of transportation. T1 presents the flow regardless of the representative mode of transportation. T2 presents the flow where the representative transportation mode includes rail, bus, bicycle, or walking. Furthermore, T3 presents the flow where the representative transportation mode includes rail or bus. T4 presents the flow where the representative transportation mode includes rail, bus, car, or bike.



Based on the classification, the correlation between the trip generation ratio and DI is summarized and given in Table 5. The results confirmed a strong correlation between DI per area, measured in square meters, and the trip generation ratio.



According to the results, the analysis primarily focuses on DI per area. The ratio of T2 flow to total flow is denoted as the non-car trip ratio to total trips (NR), and the ratio of T3 to T4 is denoted as the public transportation trip ratio to total trips, excluding walking- or cycling-only trips (PR). Based on the data of the trip generation ratio, scatter plots were created for NR (T2 flow/T1 flow) and DI per area and PR (T3 flow/T4 flow) and DI per area (Figure 10).



The results show that almost all small zones are distributed in a linear fashion, except for Shimamoto, which is located on the outskirts of the study area and has strong ties to the Kyoto area, which is excluded in the present study.




4.5. Correlation Analysis with the Trip Distribution Ratio


Based on the flow data sourced from digital national land information, this analysis focuses on the starting and ending points of the flow. In this context, the amount of traffic moving from one small zone to another is defined as flow. Nakase et al. [22] indicated that the average diversity between the central city in an urban employment area and the target city strongly correlates with the modal share of public transportation in target cities. Therefore, in this study, the analysis is based on the hypothesis that the average of the average DI per area at the origin and destination of the flow is related to the modal share of public transportation.



There are a total of 484 flows within the study area. Based on the data of the trip distribution ratio on these flows, NR (T2 flow/T1 flow) and PR (T3 flow/T4 flow) were calculated. The correlation between these values and the average DI per area for the origin and destination was 0.51 for NR and 0.41 for PR, indicating moderate correlations. The absence of a strong correlation may be attributed to the inclusion of flows with low demand. Therefore, a more detailed analysis was conducted by ranking the 484 flows based on their respective volumes.



To identify the most relevant patterns, we established upper and lower thresholds for ranking flow volumes. Within these threshold limits, we examined the correlations between NR and DI, as well as between PR and DI. The threshold value was set at a correlation of 0.7, as it is a widely accepted indicator of statistical significance.



Flows with a correlation coefficient of over 0.7 between NR and the average DI per area were ranked from 36th to 249th (Figure 11). Regarding PR and DI per area, the range of flow ranks extended from 17th to 138th (Figure 12).



Patterns with both very high and very low flow volumes were not found within the interval with a correlation value exceeding 0.7. This can be attributed to the following reasons: Initially, the top-ranked flow patterns, those with high demand, often involved trips completed within the same small zone. These short-distance flows are less likely to involve public transportation since walking and bicycling are the predominant modes of transportation for such trips. On the other hand, one of the characteristics of public transportation is its suitability for high-volume transportation. Therefore, it can be concluded that the public transportation diversity targeted in this study is not suitable for patterns with low-demand flows. As a result, it can be confirmed that the modal share of transportation is related to DI per area for flows with high demand.




4.6. Analysis of the Presence of Railroads in Terms of DI


To maintain DI, there are two approaches: one is to maintain the level of service, and the other is to sustain the operation of transportation modes. The former involves maintaining service frequency and implementing other measures to ensure user convenience. The latter is aimed at preserving or increasing DI by introducing new transportation services that make use of existing facilities or by maintaining existing transportation systems. In this study, the analysis mainly focuses on the latter approach.



Each mesh was classified into five categories: those within the service area of a bus stop; those within the service area of an intracity rail station; those within the service area of both a bus stop and intracity rail station; those within the service area of a bus stop and intercity rail station; and those within the service area of all mentioned transportation modes (Figure 13).



It should be noted that the classification is not based on the presence or absence of a station but on whether a node is included or excluded from a public transportation service area. The DI is expected to be higher within the service area of public transportation. On the other hand, a more detailed analysis was conducted for the area with a DI ranging from 10,000 to 1,000,000, as all public transportation patterns that impact this area are present: only bus; bus and intracity rail; bus and intercity rail; and bus, intracity rail, and intercity rail.



Figure 14 illustrates the relationship between the population decline rate and the DI. The findings suggest that population decline is more likely to be suppressed in areas where diversity is secured by rail transport, even in the same DI section. Thus, it seems desirable to ensure transportation diversity by using multiple transportation modes, especially in areas where population decline is desired to be controlled.



There is a mesh in which there is no bus service but is served by an intracity railway station. This mesh was being developed as a residential area at the time of data acquisition, and the opening of the bus lines resolved this situation. Therefore, the relationship between population and DI is demonstrated for each of the four categories, excluding this mesh (Figure 15). The findings reveal that the DI per population is higher for the meshes within the service area of the railway than for the other meshes.





5. Discussion


5.1. Evaluating Public Transportation from the Perspective of Diversity


In this study, we evaluated public transportation systems from the perspective of diversity. This study is subsequent research of a previous study conducted by Nakase et al. (2021) [22]. The results of this study revealed a significant relationship between the diversity index (DI) and population, employment, and the modal share of public transportation. Specifically, the correlation between population and DI was greater than 0.8, and the correlation coefficient between the number of employees and DI was also larger than 0.8. Additionally, it was found that the modal share of public transportation was related to DI per area for flows with high demand. Above all, it is suggested that the diversity of public transportation has a relation to social welfare and human well-being. To clarify such a latent connection, we refer to the concept proposed by Hashimoto [30], who showed the connection between ecosystem diversity and human well-being.



Hashimoto [30], referring to Kumar’s book, suggested that there are five steps from ecological structures to achieve human well-being. First, there are structures and processes, such as vegetation, and then functions come to exist. The functions of the ecosystem were presented as a slow flow of water. The given two steps are regarded within the scope of ecosystems and biodiversity. The next step is services. The services can be interpreted as benefits provided directly or indirectly by ecosystems. The services are then converted into benefits and finally into value in the form of willingness to pay. The benefits and values are collectively referred to as human well-being. The recognition of the value and the feedback between ecosystem service use leads to institutions and human value judgments that determine the use of services. A series of cycles leads to the conservation of ecosystems and the modification of services.



Transportation diversity can be interpreted using the mentioned analogy. First, the structure can be described as the facilities and institutions of each public transportation service. The combination of these structures provides the functions of transportation. The benefits obtained according to the functions are services, and the individual and social effects obtained by the services can be expressed as a utility. Finally, the diversity of public transportation is maintained based on value, which is the willingness to pay for these services (Figure 16).



Previous studies have pointed out the impact of public transportation diversity on these utilities and services. According to Makarewicz et al.’s results [31], diverse transportation options could improve lives, especially for low- and middle-income residents. The middle-income residents, who have multiple choices for transportation, are more satisfied with their health and what they are achieving in life. Talmage et al. [32] revealed the positive correlations between higher levels of multimodal transport and better quality of life in both counties and metropolitan areas via bivariate and multivariate analysis. Although these studies did not quantify the diversity of public transportation, they suggest the effects of a diverse transportation system. Another study conducted by Gebhardt et al. [33] also showed the positive effect of using multimodal transportation, which combines different modes of transportation rather than traveling by a single mode.



One of the characteristics of public transportation systems is that external effects are extremely common. Therefore, it is not desirable to modify public transportation systems based solely on indicators such as direct revenue. Nishimura et al. [34] took cross-sector effects into account to calculate the effects (measured in value) of maintaining public transportation. There has been increasing interest in evaluating public transportation from multiple perspectives. The ecosystem that is used as an analogy in this study is also characterized by large external effects. In this study, we attempted to clarify the effects and values of public transportation from the perspective of “diversity,” which is similar to the focus on ecosystems.




5.2. From the Viewpoints of Transportation and Regional Sustainability


In response to the declining and aging population and the resulting low urban population density, the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) aims to realize sustainable cities where residences and urban functions are concentrated around public transportation based on the concept of “compact plus network” as mentioned above.



Based on the analytical results, it is considered that maintaining a diverse transportation system with multiple modes is more effective than relying on a single mode. Comparisons between regions with similar DI revealed that the extent of population decline was less pronounced in areas where multiple transportation modes with distinct roles coexisted. Thus, it is suggested that such regions can exhibit greater sustainability. This indicates that nodes between different modes of public transportation can become central locations in the area and can serve as hubs for residential and daily life services. The loss of a nodal point between different levels of public transportation may lead to the dispersion of residential and daily life service centers, which is likely to worsen the sustainability of the region. Therefore, modifying traffic in terms of profit based on a short-term perspective may lead to a loss of regional sustainability in the long term. In addition, based on the ideas presented in this study, recognizing the value of sustaining transportation may avoid the deterioration of the sustainability of the region and its transportation system. Furthermore, even in areas where it is difficult to maintain the existing transportation system, the introduction of demand-responsive transport can prevent a sharp decline in the level of diversity and maintain the nodes containing various transportation options. Thus, it may be possible to prevent extreme regional decline due to a rapid decrease in the number of public transportation users and the population.



This study further confirmed that the proposed diversity index (DI) exhibits a distinct proportional relationship with the population when compared to a network-based assessment. This finding suggests that maintaining a central node’s role with a range of public transportation services has the potential not only to sustain but even enhance the local population. In the context of Transit-Oriented Development (TOD), the 3Ds—Density, Diversity, and Design—are recognized as crucial elements. While diversity in TOD traditionally refers to land use diversity, our analysis results propose that public transportation diversity is equally significant. This study provides valuable insights for advancing TOD strategies in the future.





6. Conclusions


This study seeks to quantify the concept of transportation diversity while considering connectivity among services within the network. It contributes to the literature by quantifying and empirically assessing the concept and achieving a higher spatial resolution than previous studies. This enables a more sensitive evaluation of changes in the public transportation system in terms of diversity. Given the need for sustainable public transport with diverse transportation options, particularly in the context of depopulation, this feature provides an advantage for informing transportation and regional planning.



This study developed a methodology and indicators to evaluate public transportation networks from a perspective of diversity, taking the connectivity within the transport network into account. In this study, the spatial resolution of the diversity index was according to Japan MESH3, the basic grid square suggested officially in Japan. The key findings of this study are summarized as follows.



According to the correlation analysis results, it is revealed that strong correlations exist between the diversity of public transportation and population, employment, and public transport modal share. In the regions with relatively high travel demand, a positive correlation was further found between diversity, residence, employment, and transportation flow. Furthermore, we discussed the connection between diversity and regional and transportation sustainability, attempting to inform practical applications. Looking into the hierarchical structure of transportation, this study identified the impacts of the presence or absence of rail transportation. The results show that the population decline tends to be eased in areas where a multimodal transportation system maintains diversity. This suggests that it is important to maintain diversity by offering various public transportation options in the core area of the region.



The results further emphasize the significance of diverse transportation services for establishing a sustainable public transportation system within the constraints of a declining population. As sustainable transportation is a prerequisite for urban sustainability, maintaining transportation diversity is expected to encourage urban sustainability. Therefore, by integrating with urban development, it will be possible to steer a diverse public transportation system toward the realization of sustainable cities and transportation.



This study has several limitations. It focused on northern Osaka Prefecture as the study site without including a broader geographical area. Furthermore, the study did not explore the financial aspects of maintaining transportation diversity, and practical maintenance measures were not fully considered. Future research could conduct a time-series analysis and take financial burdens into consideration. Considering the environmental benefits and social adoption of shared mobility, like bike sharing [35], future studies could enhance the transportation diversity index by incorporating public or shared mobility services as part of multimodal systems. Acknowledging the limitations related to data availability and parameter settings, future research directions could also include testing the sensitivity of key assumptions, such as equivalent time values concerning transfer resistance or speed of modes, to better reflect the real-world level of service.
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Figure 1. Population trends in Japan [1]. 
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Figure 2. Automobile share and population density in Japan [2]. 
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Figure 3. Analysis Framework. 
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Figure 4. Study area in this study. 
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Figure 5. Taxonomic distance between public transportation. 
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Figure 6. The relationship between DI and the population. (a) The relationship between DI and the population of small zone; (b) the relationship between DI and the population based on Japan MESH3. 
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Figure 7. The relationship between DI and population decline rate. 
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Figure 8. Overlapping scatter plots of population vs. DI and population vs. Rc, excluding small zones with less than 20,000 people. 
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Figure 9. Analysis of both the population and the number of employees. 
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Figure 10. The relation between DI per area and the index of the trip generation ratio. (a) The relationship between DI and NR; (b) the relationship between DI and PR. 
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Figure 11. The relationship between NR and the average DI per area of origin and destination. 
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Figure 12. The relationship between PR and the average DI per area of origin and destination. 
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Figure 13. Five categories of each mesh. The red dots present the medians. 






Figure 13. Five categories of each mesh. The red dots present the medians.



[image: Sustainability 15 16494 g013]







[image: Sustainability 15 16494 g014] 





Figure 14. The relationship between the population’s declining rate and DI between 10,000 and 1,000,000. 
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Figure 15. The relationship between population and DI for each of the four categories. 
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Figure 16. Five steps in the pathway of diversity of public transportation and processes to human well-being. 
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Table 1. The speed of each mode.
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	Traffic Mode
	Travel Speed





	Intercity rail (express train)
	60 km/h



	Intercity rail (semi-speed train)
	45 km/h



	Intercity rail (local train)
	30 km/h



	Intra-city rail
	30 km/h



	Bus
	10 km/h



	Walk
	4 km/h










 





Table 2. Transfer resistance concerning the uncertainty of travel time.
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Next Mode of Public Transportation to Use

	
Equivalent Time Values (min)






	
Train

	
7




	
Bus

	
9




	
These values are decided by referring [28]











 





Table 3. Equivalent time coefficients.
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	Types of Movement
	Equivalent Time Coefficients





	Horizontal
	1.35



	Vertical Ascending
	1.90



	Vertical descent
	1.41










 





Table 4. The relationship between DI and economic indicators.
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Number of Enterprises

	
Number of Employees




	
Secondary

Industry

	
Tertiary

Industry

	
Secondary

Industry

	
Tertiary

Industry

	
Total






	
Correlation coefficient

	
0.75

	
0.86

	
0.69

	
0.82

	
0.81











 





Table 5. The rank correlation coefficient between the amount of concentration and DI.
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	DI
	DI per Area
	DI per Population





	Sum of T1
	0.68
	0.57
	0.10



	Sum of T2
	0.59
	0.66
	0.10



	Sum of T3
	0.41
	0.75
	0.06



	Ratio of T2 to total
	−0.18
	0.70
	−0.12



	Ratio of T3 to total
	−0.13
	0.70
	−0.04



	Ratio of T3 to T4
	−0.20
	0.69
	−0.14
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