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Abstract

:

Transfer terminals with a high integration level could provide favorable support to Mobility-as-a-Service, which is essential to sustainable transportation. The interconnection of multiple transfer facilities in terminals would affect travelers’ transfer choices during their trips. Existing research on intermodality lacks an efficient multi-dimension indicator system regarding transfer facilities. To date, the selection of representative indicator systems and the construction of quantitative evaluation models based on these indicators that can reflect the coupling relationship between transfer facilities effectively and comprehensively are still challenging. Aiming at this challenge, this study conducts the work in the following three ways. First, the concept of the degree of coupling coordination of multiple transfer facilities (DCC-MTF) is proposed to evaluate the interaction among multiple transfer facilities. Second, indicators of diversity, selectivity, accessibility, and continuity are designed and used to establish the model by using the entropy weight method. Third, the spatial distribution characteristics of DCC-MTF for each transfer facility are geo-visualized and clustered. Field observation is conducted at Lelylaan Station in the city of Amsterdam, and the indicator analysis derived from the collected data is discussed. Overall, the quantitative evaluation model presented in this study, which is universal and can be applied to similar scenarios, is directly valuable for planners and designers who aim to improve the integration level of transfer terminals.
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1. Introduction


With the development of the Internet, intelligence technology, and the sharing economy, the transportation ecosystem needs to be reborn urgently and re-integrated subversively. Mobility-as-a-Service (MaaS) is considered an innovative conception to sustainable transportation, which offers travelers access to a bundle of transportation modes, such as trains, metros, buses, trams, cars, P&R and B&R, and taxis, on a single app [1]. MaaS aims to improve people’s experience of the travel chain. To establish an effective MaaS system, multiple transfer facilities with highly integrated levels should be developed technically as an important support.



Transfer terminals are generally located in the junction points of multiple transit modes, where every mode’s access and egress [2] can be linked and constituted as an integrated transfer channel. Various modes occupy different spatial resources in the station area, by which continuous travel demand of passengers could be satisfied. For a suitable multilayer transfer terminal (as well as have a station square, walking channels, stairs, elevators, and crosswalks at intersections), the complexity comes from stops, platforms, parking lots, pick-up/drop-off points, and entrances to public transport. According to geological conditions, metro and train lines use tracks exclusively as underground, overground, or elevated lines, whereas trams, buses, bicycles, and taxis usually occupy the ground space resource. The interconnection of these transfer facilities has an obvious effect on an individual’s transfer choice in the course of his trip. Poor organization of transfer facilities, which may lead to inconvenient transfers, would deter potential transfer customers, reduce the satisfaction of existing customers, and affect customers’ user experience [3].



The integration problem of transit modes for passengers has attracted the interest of many researchers in recent years. Empirically, the main focus has been on transit behavior and preference [4], the impact between transit modes [5], an integrated route choice for public transport systems [6], and a feeder system between two modes, such as bike–public transit [7]. Currently, considerably less attention has been dedicated to examining the integration status of multiple transfer facilities in the terminal area.



Throughout the past decades, transport planners and practitioners have been challenged with the selection of representative indicator systems and the construction of quantitative evaluation that can reflect the coupling relationship between transfer facilities effectively and comprehensively. This study will address this challenge by building an evaluation method to assess the interconnection for multi-transfer facilities from the perspective of coupling coordination. The contribution of this study can be divided into two parts. First, assessment with the entropy weight method and GIS analysis technology is applied to build a facility node coupling model based on diversity, selectivity, accessibility, and continuity indicators. Second, facility spatial location in terminal areas, crossing in the transfer channel, and concentration of multiple transfer facilities are the three critical factors that affect the coupling coordination degree. The study is conducive to improving the integration level of transfer terminals in practice and essential to the development of sustainable transportation.



The remainder of the paper is structured as follows. Section 2 reviews and summarizes relevant studies from three aspects. Section 3 proposes the conception of the degree of coupling coordination, four indicators, and the entropy weight method to construct the model. In Section 4, Lelylaan and its transfer facility data are used as an example to verify the validity and effectiveness of the model proposed in this study. In Section 5, the relationship with SDGs, the reasonability of the indicators, and the threshold value are discussed. Section 6 provides the conclusion.




2. Literature Review


Relevant studies can be summarized into three main groups: (1) the demand of MaaS development and intermodal transit behavior, (2) the scope of transfer integration and the assessment analysis method, and (3) the coupling relationship and application.



2.1. MaaS and Transit Behavior


Here, we argue that research regarding infrastructure integration for MaaS should be strengthened. Depending on the service offering, up to 46% of the Australian population would be willing to adopt MaaS [8,9]. Intermodal individuals who have no issue switching between modes for a trip if the trip is faster or more efficient overall are willing to pay more for MaaS service [10]. Such large demand for MaaS presents a tighter request for seamless connection of transfer facilities again. So far, studies concerning MaaS, focusing mostly on discussing the viability diversity of the MaaS business model, the policy framework from a government perspective, and opportunities and barriers of MaaS for multimodal cities have been conducted [11]. Feeder services or access/egress modes should be an integral part for MaaS solutions [12].



Multimodal behavior occupies a higher proportion in city dwellers’ trips. Low- and middle-income households expect better transit coordination with other modes to help improve the quality of life and wellbeing [13]. However, multimodal commuters tend to feel less satisfied with trips via alternative modes compared with monomodal commuters [14]. The influential factors that affect transit users’ choices of access and egress modes we investigated. It was shown that passengers are discouraged from using metro transit mainly because of transfers and additional pickups [15,16]. Considering the transit users’ subjective perceptions, the service level of urban rail transfer facilities, which concludes the importance and dissatisfaction with regard to walking distance, was analyzed [17]. The association between a walkability indicator and multimodal travel behavior was tested. Walkability indicators, whether for those who walk, bike, and/or take transit, were connected to multimodal behavior broadly [18].



Thus, special attention is given to the incomplete understanding of reasons as a key contributor to overcoming barriers and identifying promotion mechanisms for intermodal traveling.




2.2. Transfer Integration Assessment


Considering the scope of object properties, integration studies are usually performed from two perspectives, namely, through the internal integration of hubs and external transit network integration. From a microcosmic point of view, a conceptual framework of multimodal integration of the “integration ladder” is established, and the main barriers of multimodal integration inside the hub are identified from a people-centered perspective [19]. It has been shown that the interchange of railway–metro, railway–bus, and railway–private car (e.g., moving walkways to make the interchange more convenient, walking environment, luggage delivery facilities, and time coordination) need improvement. An association rules algorithm and cluster analysis were applied to recognize metro-to-bus transfers using SC data, since transfer points between metro and bus services remain elusive for transportation practitioners [20]. The performance of a multimodal transportation network was evaluated from a macroscopic point of view, whereas access, transfer, waiting, and egress time were considered the most important and complex elements that improve its efficiency and modal share [21]. Nonetheless, few studies have assessed the transfer integration adequately from a medium perspective regarding particular terminal facilities.



Due to the differences in the time sequence of transit mode construction, transfer facilities often develop in an unplanned manner, and most improvements in the facilities come about opportunistically or when the budget allows for change [22]. To identify the gaps of integration, transfer performance was assessed on the basis of passengers’ behavior and operators’ supply ability. A stated preference questionnaire survey [23] for travelers could reflect the traveler’s preference of transfer choice. However, this approach has a downside with regard to the strong subjectivity and the variability of questions in the survey. The policy and quality values [3] of transfer supply often derive from brainstorming from experts in the operation department and investment budget. In general, many aspects of transfers are difficult to quantify, and different management departments of transit modes do not coordinate very well. The latest results show that automatic vehicle location data from an offline framework could be used to check a posterior whether transfers are well planned and/or delivered in public transit network [24].



Accessibility [25,26] is considered a significant indicator to describe intermodal inconvenience, which pertains to the social dimension of sustainability and is beneficial for decision-makers in assessing the interaction between land use and transportation system policies. For example, applying accessibility metrics while examining a system, such as the Integrated Public Transport System in Spanish, which is common among the toolkit of transport planning in cities that seek to improve public transport connectivity, particularly in the Global South, may enrich debates around the contribution of urban transport to social inclusion [27]. However, definitions of accessibility vary [28], and the indicator of accessibility in the station area is not comprehensive enough to explain the coupling relation problem in the intermodal system. That is, analytical tools for evaluating the coordination effect of transfer facilities are still very limited and less developed.




2.3. Application of Coupling Relationship


Coupling, which is a term from physics, represents a paring or connecting phenomenon or relationship in which two or more systems influence each other through various interactions [29]. This concept has been subsequently applied to a wider range of fields, including communication, mechanics, and software, and then expanded to ecology [30], tourism [31], geography, sociology of populations, etc. For instance, according to the hierarchy, there are seven types of coupling: non-direct coupling, data coupling, stamp coupling, control coupling, external coupling, common coupling, and content coupling in the software field. In a few words, the metric of the coupling relationship can be measured to describe how elements interact in a system.



Coupling relationships have been mined with different approaches, such as multi-agent and big data computing models [32]. The evolutionary mechanisms of complex systems, by studying the macroscopic laws of a system by simulating and observing the microscopic behavior of the subjects, are based on multi-agent coupling analysis [33]. Another example is to discover the coupling mechanisms hidden in big data between human activities and nature [34].



A relatively close example would be the coupling analysis between urbanization and the eco-environment [35,36]. Four typical scenarios, namely, economy, resource, environment, and current scenarios, are simulated by adjusting the parameters to show the coupling relationships of factors in the ERE system clearly and eventually provide a few references for other developing cities to achieve sustainable and coordinated urban development [37]. Geographically and temporally weighted regression is used to measure the coupling coordination and spatiotemporal heterogeneity between the economic development and ecological environment of 17 tropical and subtropical regions [38]. In contrast, the interaction of multiple transfer facilities produced by individuals’ transfer behavior makes the exploration of the coupling relationship in a multimodal transfer system feasible in this paper.



Combined with the three parts of the literature summary above, multi-mode travel behavior requires further improvement in the connection level of transfer terminals. However, promotion mechanisms for intermodal traveling are still challenging. Analytical perspectives and tools are still limited. Therefore, the coupling relationship approach is worth applying in the field of urban transportation through successful experiences.





3. Methodology


3.1. Conception of DCC-MTF


Each transport mode relies on its own facilities to provide independent transportation services in the terminal area of the transfer station, and the interaction between facilities is generated by the transfer behavior of passengers. Passengers realize the transfer process by using hardware connection carriers, such as the station square, a footpath, a platform, the parking lot, boarding and alighting points, public transport entrances and exits, elevators and escalators, and intersections, and the quality of interaction among transfer facilities promotes, inhibits, or changes the passengers’ transfer preference. This kind of interaction and connection of transfer among different modes of transport, which is realized by passengers that use the facility carrier on foot, is called the coupling connection of transfer facilities.



In this study, the degree of coupling coordination of multiple transfer facilities (DCC-MTF) is aimed at the coupling nodes of various transfer facilities in the terminal area of the transfer station. DCC-MTF refers to the “one-to-many” integration metrics of four indicators within a certain range of reachable distance thresholds when passengers disembark from one type of transport facility and opt for an interchange facility from other types, including the diversity of the types of transfer facilities that can be selected, the selectivity of the same type of transfer facilities, the accessibility of the selected target transfer facilities, and the continuity of the transfer passages traversed from the current transport facilities to the target. DCC-MTF can be divided into two levels. The first level refers to the degree of local coupling and coordination, that is, the degree of coupling and coordination of each transfer facility to other types of transport. The second level corresponds to the degree of global coupling and coordination, that is, the average coupling and coordination degree of multiple types in the transfer terminal area. It is assumed in this paper that passengers do not consider transfer fare costs, transfer waiting time, and other human factor uncertainties.



Among these indicators, diversity is used to measure the impact of the other types of transfer facilities that can be selected within a certain buffer zone when passengers disembark from a transfer facility. In Figure 1a, two types of transfer facilities, namely, high-speed rail station A as the exit and within a buffer zone with a radius of r, can be selected. These two types of transfer facilities determine the diversity of transfer options for passengers. Selectivity can be used to measure the impact of the number of the same types of transfer facilities that can be selected within a certain threshold buffer area after passengers select the type of transfer facilities to be used. As shown in Figure 1b, assuming that the high-speed rail station A is still the exit, within the buffer zone of radius  r , two alternative transfer facilities, namely, bicycles and buses, are available. However, compared with buses, one more bicycle facility can be selected. Accessibility is used to measure the influence of the walking distance of passengers from the node of alighting to the node of boarding (transfer node) of the target transfer facility where they will be transferred. As shown in Figure 1c, if the target transfer node G is selected by the passenger, then accessibility refers to the walking distance function from exit A to transfer node G. Continuity is used to measure the impact of the types of roads and obstacles that passengers walk through from the node of alighting to the transfer node. As shown in Figure 1d, if the departure station and transfer node of the passengers are the same as those of Figure 1c, the passengers need to pass through the square, sidewalk, and intersection in turn. The number of hardware connection nodes that pass from the entrance of the initial transportation facility to the entrance of the transfer facility affects the continuity of passenger transfer.




3.2. Evaluation Model of DCC-MTF


3.2.1. Indicator of DCC-MTF by the Entropy Weight Method


Currently, there exist two types of mainstream indicator weighting methods. One is subjective weighting, such as expert scoring, and the other is objective weighting, such as the analytic hierarchy process, which starts from subjective judgements and can be converted into objective ones. Overall, the most typical method of object weighting is the entropy method [39,40]. To reduce the impact of human factors on the results, this paper used the entropy weight method, which belongs to the objective weight method, to weight the four core indicators (e.g., diversity, selectivity, accessibility, and continuity) of multiple transport facilities to build the coupling coordination degree evaluation model of multimodal transfer. Entropy measures the uncertainty in information theory, and the smaller the uncertainty, the smaller the entropy. That is, the more effective the amount of information contained is, the greater the weight. The greater the uncertainty is, the greater the entropy is, indicating that less information is contained and the smaller the weight is. Given the indicators proposed in this paper, this objective weighting method was adopted.



The calculation steps are shown in Table 1. Suppose n samples and m indicators are given, then    x  i j     denotes indicator j of sample i:




3.2.2. Child Indicator of DCC-MTF


	(1)

	
Diversity







The simplest and most direct way to evaluate the diversity of transfer facilities is to count the number of transfer facilities within a buffer zone, which is associated with a radius. However, to avoid the instability of the diversity indicator of transfer facilities caused by such simple and direct calculation methods and the impact of the number of stations of each type of transfer facility on the diversity indicator, the information entropy method, which is widely used in biodiversity, is introduced. Information entropy is one of the core conceptions in information theory, which was first proposed by Shannon. Information entropy is initially used to describe the uncertainty of information sources [41]. In the context of transfer facility diversity, the smaller the information entropy is, the more certain the category of transfer facilities is, that is, the weaker the diversity is. On the contrary, it means more information, that is, more diversity. In this paper, information entropy was used to measure the diversity indicator of transfer facilities, and the formula is expressed as follows:


  D i  v i  = −   ∑   i = 1  n   P i  l o  g 2   P i  ,  



(1)




where   D i  v i    is the diversity indicator of transfer facility node i, and    P i    is the ratio of the transfer facility node number of the same type as i to the total number of transfer facility nodes in the buffer zone. If    N i    is the transfer facility node number of the same type as i and n is the number of all transfer facility nodes within the buffer zone, then the calculation formula of    P i    is expressed as follows:


   P i  =    N i   n  ,  



(2)




where   n > 0  ,    N i  > 0  . The larger the   D i  v i    is, the stronger the diversity of transfer facilities within the buffer zone is, and vice versa.



	(2)

	
Selectivity







In this paper, the selectivity of transfer facilities reflects the number of alternative transfer facilities of the same type after getting off from one mode. The more of the same type of transfer facilities there are, the more optional the transfer facilities are. For each facility node, the number of categories and facilities of other types of transfer facility nodes are the same within the buffer zone of its specified radius, which is the ideal state of transfer facility selectivity. In this ideal state, for each transfer facility node within its buffer zone, the calculation formula of the mean value    K i    of the number of transfer facilities node i is expressed as follows:


   K i  =    R i   n  ,  



(3)




where    R i    denotes the number of transfer facility nodes that are interchangeable with node i in the terminal area, and n denotes the number of transfer facility nodes within the buffer zone.



In the actual calculation, the actual number of a certain type of transfer facilities may have a value of 0. To avoid the problem that the base of the logarithm is 0 in the calculation, the actual number of service facilities is added with 1. The rationality of this processing lies in that when the actual number of transfer facility nodes is 0, the selectivity indicator remains 0, and it does not affect other transfer facility categories whose selectivity indicator is not 0. If    Q i    is used to denote the comprehensive selectivity indicator of all transfer facilities around a certain transport facility node, then the calculation formula is expressed as follows:


   Q i  =   ∑   i = 1  m    l o  g   K i  + 1      R i  + 1    2  ,  



(4)




where m is the maximum number of transfer facility node samples by transport modes in the terminal area.



	(3)

	
Accessibility







In the terminal area, passengers usually walk from the drop-off point to the transfer point in the process of transfer. The walking access indicator (WAI) method can be used to evaluate accessibility within the buffer zone of the transfer facilities [42]. If n is used to denote the number of types of transfer facilities and W is used to denote the walking indicator of the i-th type node from node i to the k-th type node k within its buffer zone, then the calculation formula is presented as follows:


  W A  I i  =   ∑   k = 1  n       D  i , k  M  −  D  i , k  A     D  i , k  D       



(5)




where k is the transfer facility node index with hardware connection carriers to node i, and    D  i , k  M    denotes the maximum acceptable distance from node i to all nodes of type k.    D  i ,   k  A    is the average walking distance from node i to all nodes of type k,    D  i ,   k  D    denotes the ideal distance from node i to all nodes of type k, and   W A  I i    is the accessibility indicator of transfer facility node i within the buffer zone. In this study, the maximum acceptable distance of    D  i , k  M    was set to 500 m, and the ideal distance was set to 50 m.



	(4)

	
Continuity







The types of hardware connection carriers that passengers pass in the transfer process include crossroads, stairs, turns, platforms, footpaths, squares, parking lots, and pick-up/drop-off points. In this paper, the type and number of these hardware connection carriers were used to quantify the continuity for the walking path of the passenger. In the calculation of continuity, different types of hardware connection carriers were modeled in a weighted way. In addition, we also considered the number of turns in the transfer passage. If T is used to denote the frequency set of each hardware connection carrier that passengers pass through in the same path, and    T l    denotes the frequency of the l-th type hardware connection carrier in this path, then T = {   T 1  ,    T 2  ,   … ,    T l  , … ,    T u   }. If    C  i j     is used to denote the continuity indicator of transfer facility nodes i to j, then the calculation formula is presented as follows:


   C  i j   =   ∑   l = 1  u   E   T l  i j    W l  +  T 0  i j    W 0     



(6)




where l is the type index of the hardware connection carrier, and u is the maximum number of hardware connection carrier types to node i.    T l  i j     is the number of hardware connection carriers of type l in the path from transfer facility node i to j.    W l    denotes the weight value of the l-th type hardware connection carrier,    T 0  i j     is the number of turn occurrences in the path from transfer facility node i to j,    W 0    is the weight constant of the cross point of the path, and E is the constant and satisfies   E ∈   0 ,   1    , The larger E is, the faster the continuity indicator increases as the value of    T l  i j    W l  +  T 0  i j    W 0    rises. Therefore, for transfer facility node i, if n is used to denote the total number of nearly all transfer facilities except i, then the calculation formula of its comprehensive continuity indicator    C i    can be expressed as follows:


   C i  =   ∑   j = 1  n   C  i j    



(7)










4. Application Example


4.1. Study Area Description


Lelylaan Station, which links CBD and Schiphol Airport of Amsterdam, is a typical transfer terminal that has multimodal transfer facilities, such as train, metro, tram, bus, park and ride (P&R), bike and ride (B&R), kiss and ride (K&R), and taxi facilities. All the accesses of the transfer facilities are allocated compactly and kept in a 1000 × 500 m2 plot in this terminal area. In this paper, the node coupling relationship was investigated on the basis of the transfer interaction among these transport modes. Here, 20 transfer facilities were abstracted as nodes from a spatial perspective (Table 2). Field observation of Lelylaan Station was conducted, from which we gained a plane figure of the ground layer (Figure 2). In the remainder of this section, we present the most interesting observations derived from the collected data.




4.2. Analysis Results


4.2.1. Difference of a Single Indicator among All Transfer Facilities


The 20 nodes of transfer facilities in Lelylaan Station showed differences in numerical values in the four indicators of diversity, selectivity, accessibility, and continuity. Due to the large differences in the numerical distribution of different indicators, drawing trend graphs of all indicators in the same chart was impossible. Hence, they were drawn separately. The abscissa of each figure represents the names of various transfer facility nodes, and the ordinate represents the numerical value of the indicators. The model proposed in this paper quantifies the differences in the four aspects so that different nodes are comparable. By comparing the distribution trends and laws of each indicator among these 20 transfer facility nodes, the rationality of the indicator calculation model proposed in this paper was verified through observation to some extent. Thus, the accuracy of the calculation result for DCC-MTF is guaranteed.



The comparison of the overall trends in Figure 3a–d shows that the diversity and selectivity indicators of different nodes had small differences and were relatively stable. On the contrary, the accessibility and continuity indicators among different nodes varied greatly. Observing the change trend of each indicator of the same node, we found that (1) only slight differences in the continuity values of the five bicycle transfer facility nodes were observed, but the diversity and accessibility indicators of the bicycle facility node BP1 were much lower than those of the four other nodes, and the selectivity of BP1 and BP2 was lower than that of the three other facility nodes; (2) the diversity, selectivity, accessibility, and continuity of the four regional train entrances (i.e., T1–T4) and the four subways (i.e., M1–M4) showed a basically consistent curve trend, among which the indicator values of M4 and T4 were slightly higher than those of the three other entrances and exits, which is related to the parallel distribution of the entrances and exits of the subway and trains; (3) the characteristics of the diversity, selectivity, accessibility, and continuity of B1–B2; and P1–P2 were stable and basically the same; and (4) the characteristics presented by the selectivity, accessibility, and continuity indicators of TC and TP were stable and basically the same, whereas the diversity of TC was slightly lower than that of TP.



Here, the actual scenario of Figure 2 was combined with the above calculation results to evaluate the rationality of the indicators. As shown in Figure 3a,c, the values of BP2, M4, and T4 were slightly higher than those of the other nodes in the diversity and accessibility indicators. In practice, these three nodes are located in the central area of the entire transfer terminal, where the number and types of other site nodes included in the distance range of the buffer zone are concentrative, and the total distance cost to other nodes is lower. Therefore, its diversity and accessibility indicators must be relatively large. Figure 3b shows that the selectivity of BP4 was relatively high, because one side of the BP4 node is the bicycle lane beside the road, and the other side is the square area of the transfer terminal. The purpose of this design is to make it convenient for passengers to park their bicycles nearby or transfer to bicycles from public transit and leave soon via a nearby bicycle lane. This is related to the convenience of transferring access and egress. Furthermore, the continuity values of P1, P2, and PR were relatively low. One reason is that the PR node is located in the right area of the entire transfer terminal. Although the P1 and P2 nodes are located in the central area, conflicts and delays always occur when people cross the signalized intersection for any transfer to trams, thereby indicating that the results of the four indicators constructed in this paper are basically in line with the actual distribution characteristics of multiple facilities of the transfer terminal.



At a more macro level, researchers and planners may pay more attention to the overall diversity, selectivity, accessibility, and continuity of each type of transfer facility rather than the indicators of a single node. For this reason, the average value of each indicator of each type of transfer facility node was calculated by averaging on the basis of the four indicators above, and the chart is shown in Figure 4.



The comparison of the four indicator values of the eight types of transfer facility nodes in Figure 4a–d shows that the difference in selectivity was the smallest, followed by diversity, and the largest difference was accessibility and continuity. The overall diversity, selectivity, and accessibility indicator values of the bicycle transfer facility BP and the bus transfer facility B were all high, and the continuity value was at a medium level. Therefore, the overall diversity, selectivity, accessibility, and continuity of tram transfer facility P were relatively low because the access of the tram station from other transfer nodes is separated by car and bicycle lanes. Moreover, the overall diversity, selectivity, accessibility, and continuity values of the taxi transfer facility and K&R were better than those of P&R to some extent. Expressly, the overall diversity, selectivity, accessibility, and continuity values of metro M and train T were higher, especially for continuity. In summary, the transfer terminal is dominated by the public transport of the metro and regional trains with flexible aided transfer by car, whereas the transfer effect of bicycles and small-volume public transit transfers is higher.




4.2.2. Multivariable Clustering and Spatial Distribution Analysis


The degree of coupling coordination is determined by its diversity, selectivity, accessibility, and continuity. However, for two nodes with similar degrees of coupling coordination, the combined structure of the four indicator values may vary. To explore the differences among them, K-means clustering was used to cluster the four indicators. The pseudo-F test showed that when the number of clusters is 4, the clustering effect is better, so k = 4 was used for clustering, and the clustering results are shown in Figure 5. If clusters 1, 2, 3, and 4 are used to denote the set of transfer facility nodes in each cluster, then the node set of each cluster can be denoted as Cluster1 = (P1, P2, PR, BP1), Cluster2 = (M2, M3, M4, TP, TC), Cluster3 = (B1, B2, B4, B5, BP4), and Cluster4 = (T1, T2, T3, T4), respectively. The clustering results show that the same type of nodes were clustered together in most cases. This phenomenon suggests that the combination structure of the four indicators of the same type of nodes tends to be consistent. From the perspective of spatial location, nodes that belonged to the same clustering pattern also had the characteristics of clustering distribution in space. This shows that the spatial location had a significant impact on the value of the four indicators.



Although the specific nodes and their spatial distribution characteristics in each clustering pattern can be observed intuitively through Figure 5, the structural characteristics of the values of the four indicators in each clustering pattern cannot be judged. To reflect the structural characteristics of the four indicators in each cluster, a box line diagram is provided in Figure 6. Pattern 1 (Div-lowest & Sel-lower &Acc-lowest &Con-Higher) is a pattern wherein almost all indicators were low, and the coupling coordination degree of these transfer facilities was relatively low. The transfer impedance of PR, BP1, P1, and P2 was larger because of position deviation and multiple crossing. Pattern 2 (Div-medium & Sel-medium & Acc- medium & Con-lowest) showed that the values of the four indicators of these transfer points were basically in the middle level, suggesting that the degree of coupling coordination of these facilities was in the upper-middle level. The concentration of facilities makes the access and egress links closer. Pattern 3 (Div-highest & Sel-highest &Acc-highest & Con-lower) presented an obvious peak in diversity, selectivity, and accessibility, and the pattern can be viewed as having the highest CDD-MTF value. The excellent location and convenient road network were the significant influencing factors. Pattern 4 (Div- medium & Sel-lower & Acc- medium & Con-Highest) revealed the coexistence of a peak in continuity and valley in selectivity, and it showed a higher level of DCC-MTF. Critical elements were the sidewalk links in transfer channels.




4.2.3. Difference of the Composite Indicator


The spatial distribution map of the DCC-MTF, which not only reflects the degree of the coupling relationship of multiple transfer facility nodes, but also presents its spatial distribution characteristics, is displayed in Figure 7. The value was divided into five levels, (i.e., the highest, higher, medium, lower, and lowest degrees of coupling coordination), using a proportional cartography method. In addition, the entropy weight value of each indicator is shown in Table 3, and the specific value of DCC-MTF of each node and the average value of DCC-MTF of each type of node are shown in Table 4.



Figure 5 shows that the nodes with the highest degree of coupling and coordination were T4 and BP2. The nodes with a higher degree of coupling and coordination were M4, B1, B2, BP4, BP5, TP, and TC. The nodes with a middle degree of coupling and coordination were M2, M3, and BP3. The nodes with a lower coupling coordination degree were M1, T1, T2, and T3. The nodes with the lowest coupling coordination degree were PR, P1, P2, and BP1.



As shown in Table 3, the entropy weight of selectivity and diversity was larger, followed by accessibility and continuity. By calculating the mean DCC-MTF value of each node, the DCC-MTF of each type could be obtained, as shown in Table 4. The average coupling coordination degree of TC and TP was the highest, followed by T, B, BP, and M, and the average coupling coordination degree of P and PR was the lowest. The difference between the node with the highest (BP2) and lowest (BP1) coupling coordination was 6.51. In general, spatial location in the terminal area, crossing in the transfer channel, and the concentration of multiple transfer facilities were the three most important factors that affected its coupling coordination degree.



As explained in the definition of the degree of coupling coordination, this model can not only calculate the DCC-MTF of a single transfer facility but also evaluate the DCC-MTF of the whole transfer terminal comprehensively. The average DCC-MTF of all transfer facilities in the transfer terminal was calculated as its global indicator, and its value was 8.914. An application scenario that may be widely used for global DCC-MTF is to compare and analyze several transfer terminals to evaluate which ones have high and low coupling coordination, which are crucial in the evaluation of integration.






5. Discussion


The transportation infrastructure industry has always been the focus of green development, which is affecting people’s well-being and the country’s economic prospects [43]. Reliable transport infrastructure is an important support for the economic development of services, and the United Nations Sustainable Development Goals (UNSDGs) call for increasing access to sustainable transport infrastructure in low- and middle-income countries [44,45]. The State Council Information Office of China released a white paper titled “Sustainable Development of China’s Transportation” in December 2020. Initiatives to strengthen transport cooperation were put forward in the second United Nations Global Sustainable Transport Conference in November 2021. Therefore, transfer terminals with a high integration level are fundamental and efforts to build a multi-tiered new urban travel system are being pioneered.



In this study, the selection of indicators as well as the determination of which indicators to construct the coupling coordination degree model of multiple transfer facilities are worthy of discussion. Typically, the choice of indicators depends on the analytical perspective. That is, any number of indicators can be used similar to a hodgepodge if the analytical perspective is not defined. For this problem scenario, at least three different perspectives (e.g., attribute, time, and space) can be considered. For example, from the perspective of attribute, passengers will also consider the cost, travel purpose, safety cost, and other factors when choosing the transfer mode. From the perspective of time, the overlap effect of operational schedule and transfer waiting time are also considered when choosing a transfer type among public transit modes. Instead of these two perspectives, this study observed the problem from a spatial analysis perspective based on GIS technology, which focused on the coupling relationship of nodes. Thus, some rules that are difficult to see from other perspectives could be mined.



Another issue is to illustrate the rationality of using a small distance threshold (150 m) as a buffer space constraint in the calculation of diversity and a selectivity indicator in this paper. In the terminal area of Lelylaan Station, the average straight-line distance from its southernmost side to its northernmost side is 300 m, and the maximum walking distance between transfer facilities is approximately 450 m. Such value of distances is within the acceptable walking distance range of passengers. Within this distance threshold, the distances between all the sites are very short, thereby eliminating the need to calculate coupling coordination. However, we need to be aware that passengers who use transfer services are not walking or exercising. Most of them are commuting, going on business trips and other time-sensitive trips, and some passengers are also carrying luggage. Hence, more efficient connection of transfer facilities is required. Especially when the passenger flow is large during the peak period, transfer channels with smaller distances are conducive to improving transfer efficiency and travel experience. In short, the calculation of indicators such as diversity and selectivity under the buffer threshold of 150 m is feasible and of practical significance. Moreover, a larger buffer distance threshold can be specified in other similar application scenarios depending on the needs.




6. Conclusions


The pros and cons of the coupling relationship among multiple transfer facilities in the terminal area affect the travel efficiency and travel choice of passengers. To evaluate the connection status, the entropy weight method and GIS analysis technology were applied to construct a facility node coupling model based on diversity, selectivity, accessibility, and continuity indicators. Each type of facility and the whole terminal were calculated on the basis of the value of a single DCC-MTF facility. From the case study of Lelylaan Station, it was found that the category facility coupling status of metro, train, bicycle, taxi, K&R, bus, was better, followed by tram and P&R. Among them, the node facility coupling status of M4, T4, T3, BP2, BP5, TC, and TP was better than others. This station is dominated by mass transit, has a higher transfer unity of bicycles and small-volume public transport, and has the most flexible transfer modes by car. Furthermore, the facility’s spatial location in the terminal area, crossing in the transfer channel, and the concentration of multiple transfer facilities are the three most important factors that affected the coupling coordination degree.



A key step in achieving MaaS is to evaluate whether the existing transfer terminals can provide passengers with the application service on the app. If multiple modes for transfer are insufficient, the gap must be addressed. If gaps exist, the quality of intermodality must be determined. Therefore, understanding the coupling relationship of multiple transfer facilities has great significance for promoting integration, which proposes an effective metric to some extent. This model can be widely applied to the evaluation of any other single facility or transfer terminal, which is beneficial to academic and practical implications.



Still, two limitations need to be mentioned. The first limitation is that the model presented in this paper is suitable for microscopic scenarios in a terminal area. It is not applicable for larger-scale (e.g., urban, regional, or even national scale) analysis because the connotation of transfer and the types of transfer facilities may change. For instance, taxis can stop almost everywhere in a city, thereby making it less sensible to consider the coupling relationship of taxis. In a similar way, metros and buses within a city should not be considered when the scale is expanded to the region. The second limitation is that the indicators could be increased or changed with the details of the transfer facilities. For instance, safety indicators that are ignored at the micro scale need to be considered at the urban scale. Future research will focus on the scale effect of the coupling relationship for traffic transfer systems and the relationship with the UNSDGs.
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Glossary


Symbol Implication for the Child Indicator of DCC-MTF.
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	Symbol
	Implication





	   D i  v i    
	The diversity indicator of transfer facility node i within the buffer zone



	    Q i    
	The selectivity indicator of transfer facility node i within the buffer zone



	   W A  I i    
	The accessibility indicator of transfer facility node i within the buffer zone



	    C i    
	The continuity indicator of transfer facility node i within the buffer zone



	    P i    
	The ratio of the number of transfer facility node i to the total number of transfer facility nodes



	    N i    
	The number of transfer facility node i by transport modes



	    K i    
	The ratio of the number of transfer facility node i to the maximum number of transfer facility nodes that are interchangeable



	    R i    
	The number of transfer facility nodes that are interchangeable with node i



	    D  i , k  M    
	The maximum acceptable distance from transfer facility node i to all nodes k



	    D  i , k  A    
	The average walking distance from transfer facility node i to all nodes k



	    D  i , k  D    
	The ideal distance from transfer facility node i to all nodes k



	    T i    
	The frequency of the hardware connection carrier in this path for transfer facility node i



	    T l  i j     
	The number of hardware connection carriers of type l in the path from transfer facility node i to j



	    W l    
	The weight value of the l-th type hardware connection carrier



	    T 0  i j     
	The number of turn occurrences in the path from transfer facility node i to j



	    W 0    
	The weight constant of the cross point of the path



	i,j
	Transfer facility node index, i∈N, j∈N



	n
	The maximum number of transfer facility node samples within the buffer zone



	m
	The maximum number of transfer facility node samples by transport modes within the buffer zone



	l
	The type index of the hardware connection carrier



	u
	The maximum number of hardware connection carrier types to node i



	k
	The transfer facility node index with hardware connection carriers to node i, k∈N



	N
	The total transfer facility nodes set within the buffer zone



	T
	The frequency set of each hardware connection carrier that passengers pass through in the same path
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Figure 1. Conception of DCC-MTF. (a) Diversity; (b) Selectivity; (c) Accessibility; and (d) Continuity. The letters A–I indicate different transfer facility nodes. 
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Figure 2. Location of multiple transfer facility nodes of Lelylaan Station. 






Figure 2. Location of multiple transfer facility nodes of Lelylaan Station.



[image: Sustainability 14 05803 g002]







[image: Sustainability 14 05803 g003 550] 





Figure 3. Line chart of individual indicators for each transfer facility. (a) Diversity difference for 20 nodes; (b) Selectivity difference for 20 nodes; (c) Accessibility difference for 20 nodes; (d) Continuity difference for 20 nodes. 
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Figure 4. Line chart of individual indicators for each type of transfer facility. (a) Diversity difference for 8 types of transport facility; (b) Selectivity difference for 8 types of transport facility; (c) Accessibility difference for 8 types of transport facility; (d) Continuity difference for 8 types of transport facility. 
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Figure 5. Cluster analysis results based on the composite indicator. 
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Figure 6. Line chart of the cluster analysis results. 
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Figure 7. Spatial distribution characteristics of DCC-MTF for each type of transfer facility. 
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Table 1. Calculation of the entropy weight method.






Table 1. Calculation of the entropy weight method.





	Step
	Formula
	Remarks





	   1 .  Standardization   of   indicators    X  i j     
	    X  i j   =    x  i j   − min    x  1 j   ,  x  2 j   , … ,  x  n j       max    x  1 j   ,  x  2 j   , … ,  x  n j     − min    x  1 j   ,  x  2 j   , … ,  x  n j         
	   i = 1 , … , n ; j = 1 , … , m   



	2. The proportion of the sample i value of indicator j
	    p  i j   =    X  i j       ∑  i = 1  n    X  i j         
	   j = 1 , … , m   



	3. Calculation of entropy value e of indicator j
	    e j  = − k   ∑  i = 1  n    p  i j   I n    p  i j         
	   k =  1  I n  n    > 0      ,    e j  ≥ 0   



	4. Calculation of information entropy redundancy d
	    d j  = 1 −  e j    
	  The   larger   the    d j    is, the more important the indicator is.



	5. Calculation of the weight w of each indicator
	    w j  =    d j      ∑  j = 1  m    d j        
	   i = 1 , … , n   



	6. Calculation of the comprehensive score of each sample
	    s i  =   ∑  j = 1  m    w j   X  i j       
	   i = 1 , … , n   
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Table 2. Abbreviation code of multiple transfer facilities in Lelylaan Station.
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	Transfer Facility
	Abbreviation Code
	Transfer Facility
	Abbreviation Code





	Metro
	M1, M2, M3, M4
	B&R
	BP1, BP2, BP3, BP4, BP5



	Bus
	B1, B2
	P&R
	PR



	Train
	T1, T2, T3, T4
	Tram
	P1, P2



	Taxi
	TP
	K&R
	TC
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Table 3. Entropy weight of each indicator.
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	Indicator Type
	Diversity
	Selectivity
	Accessibility
	Continuity





	Entropy weight
	0.926
	0.929
	0.908
	0.903
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Table 4. Degree of coupling coordination for multiple transfer facilities.
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Transfer Facility

	
B1

	
B2

	
BP1

	
BP2

	
BP3

	
BP4

	
BP5






	
DCC-MTF

	
9.32

	
9.57

	
6.17

	
12.68

	
8.59

	
8.53

	
10.57




	
Mean DCC-MTF

	
9.45

	
9.31




	
Transfer Facility

	
M1

	
M2

	
M3

	
M4

	
P1

	
P2

	
PR




	
DCC-MTF

	
9.62

	
9.15

	
9.06

	
9.46

	
7.01

	
6.75

	
6.9




	
Mean DCC-MTF

	
9.07

	
6.88

	
6.90




	
Transfer Facility

	
T1

	
T2

	
T3

	
T4

	
TC

	
TP

	
——




	
DCC-MTF

	
5.30

	
7.92

	
10.06

	
10.49

	
10.30

	
10.83




	
Mean DCC-MTF

	
9.44

	
10.30

	
10.83
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