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Abstract

:

As concerns about environmental quality, social equity, and economic efficiency are increasing, efforts on improving the sustainability of public transportation are being made all over the world. This study aims to propose a transit route network design problem that considers modal and spatial equities. The equities are accommodated by using two indexes that can simultaneously reflect mobility and accessibility. A decision-making process for designing a transit route network consists of the selection of the target line, selection of the target node, the determination of an alternative line, and the implementation of a procedure for setting frequency. The model is configured through bi-level modeling based on an iterative process to calculate the modal split and the traffic and transit assignments with changes in the transit route network. While the frequency of each line is determined by a genetic algorithm in the upper model, the modal split and traffic and transit assignments are implemented in the lower model. This transit route network design model and the associated algorithms are applied to a sample network. As a result, an improved solution with equity and the lower total cost is identified based on a comparison with the existing transit route network.
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1. Introduction


As the concept of sustainable public transport becomes a new paradigm, many research projects and practical initiatives have developed and suggested a reasonable set of sustainability criteria. Though the criteria vary with the objectives of the projects or initiatives, they can be classified into three subgroups, i.e., economic, social, and environmental ones [1,2,3,4]. The economic criteria include traffic congestion, accident damages, and operator and consumer costs, and the environmental criteria consist of air pollution, hydrologic loss, and energy consumption. The social criteria, whose attention is less focused, include inequity, human health, and community interaction [5].



The role of public transportation is currently focused on relieving traffic congestion and enabling faster movement. Drivers and public transportation passengers are experiencing reductions in the time and cost required for travel due to improvements in the services provided by public transportation. However, these services cause a serious spatial imbalance to travelers who do not have access to them. Furthermore, the purposes of current public transport services have been expanded to include faster movement and a relief from traffic congestion. Good examples of this are high-speed rail service and median bus lanes in metropolitan areas. Paradoxically, high-speed public transportation services are deepening the spatial imbalance of communities even further.



Equity criteria should be applied to assess and improve transit networks to solve these problems. In this study, horizontal criteria are used to divide equity into modal equity and spatial equity. As a result, we propose a transit route network design problem that considers modal and spatial equities. In addition, we propose a heuristic transit route network decision-making process with sequential procedures consisting of the selection of the target line, selection of the target node, the determination of an alternative line, and a procedure for setting the frequency of each line.



The range of the equity analysis is the travel time between zones (origin and destination) of each mode. Modes are divided into passenger car and transit, and the travel time of each mode indicates the total travel time from the origin to the destination. The spatial range of this study is comprised of an urban network in which transit service is provided. We use Mandl’s network as an example because it is used frequently in public transport network design problems [6].




2. Literature Review


2.1. Equity in Public Transportation


It was Kain’s research that initiated the discussion of equity in transportation [7]. The concepts that inadequate transportation must be numbered among the disadvantages of the poor, and that improved mobility, particularly concerning access to jobs, could increase their self-sufficiency were discussed extensively in the mid-1960s. Equity in the transportation area, i.e., horizontal equity and vertical equity, has been presented as an indicator of “spatial equity” in many studies of the spatial distribution of transportation facilities and services. Spatial equity is associated with the right to mobility and the provision of identical conditions for citizens living in all parts of a certain region. In addition, some researchers considered the “longitudinal equity” associated with the comparison of conditions between the past and the present for each citizen and for social groups. In addition, “modal equity” has been described in some studies. This type of equity is associated with inter-modal differences or gaps between access by transit and automobile for the same zone or differences of access between different zones for the same mode [8,9,10,11,12,13]. We considered both spatial equity and modal equity in this study.



In the road network design problem related to road construction or expansion and the imposition of congestion tolls, equity among regions has been considered since the 1990s [14,15,16,17,18,19,20,21,22,23]. However, to the best of our knowledge, there are very few applications to this transit network design problem [24,25]. In the field of designing road networks and transit networks, the goal is commonly to minimize the costs incurred by the users and operators. Various advanced research efforts have been conducted to measure the equity indexes related to travel time and the spatial distribution in the studies of road network construction and extension. If we continue to construct or extend roads only on the basis of the cost efficiency of user and operator, the spatial bias phenomenon of large population areas and the bias of traffic demand will occur continuously.




2.2. Indexes for Public Transportation


Duthie et al. presented the considerations for equity in transportation planning. Their study indicates directions that transportation policy must take to ensure equity. The analysis of the spatial distribution of traffic, precise prediction of current/future origins and destinations (ODs), and analysis of the network level are necessary when taking equity into account in transportation planning [26].



Lee suggested the index, degree of competiveness (DOCO), for indicating the mobility of public transportation [27]. DOCO is the comparison index between car and transit travel times, and it shows how transit service can compete with cars for each origin–destination trip. This index can be used as an indicator of the level of overall public transport service for a given network. In Lee et al.’s additional study, they compared five cities in Korea [28]. Ferguson et al., through the minimization of the difference between bus transit time and passenger car and public transport transit times, tried to improve the equity of the public bus transport service. The term “accessibility” in this study referred to a comprehensive indicator of transit times between regions for passenger cars and public transport, the number of transit lines, and the frequency of the public transport vehicles [29].



Currie presented the accessibility index of public transport, which they called the “Supply index.” This index is computed by the ratio of the frequency of public transport to the catchment (buffer) area of each census zone [30]. Delbosc and Currie extended Currie’s study by suggesting the use of a “public transport index” [31]. The public transport index was intended to assess a public transportation service macroscopically by evaluating the index based on the ratio of the supply index to the population. In addition, many other indexes have been used to assess public transportation networks [32,33,34,35,36,37,38].



In the fields of urban planning and geography, many studies have used indexing for the assessment of the current state of public transportation. However, depending on the focus on the current state of indexing, few studies have included the design issues for the network improvement. Camporeale et al. suggested a transport route planning methodology to achieve equitable accessibility [25], and Jianjun et al. suggested an equity-based timetable optimization problem based on the waiting time of users [39]. Even if the approach to the problem is to improve the design of the network, the results will be limited because the approach does not take into account the actual traffic situation or the variable demand.





3. Model Specifications


3.1. Model Framework


The transit route network design model of this study is organized based on the route network decision-making process considering equity and bi-level modeling. A route network decision-making process considering equity is performed with line candidate constraints, and the frequency-setting problem is implemented with bi-level modeling. The objective function of the upper model is constructed in the form of minimizing the total cost of users and operators with line candidate constraints, while, in the lower model, the modal split of passenger car/transit and the traffic and transit assignments are based on the variable frequency-setting situation in the upper model. A binary logit model was used to perform the modal split, and traffic and transit assignments were implemented based on user equilibrium using the convex combination and transit assignment models developed by Spiess and Florian, respectively [40,41]. Excluding the frequency constraints of the upper level problem, the other constraints were determined using the route network decision-making process. Figure 1 shows the proposed model framework.




3.2. Application of Equity Indexes


The determination of the route network procedure in this study has the purposes of maximizing modal equity and spatial equity, as well as improving the transit network. Modal equity is when the extent of the difference between transit travel time and cars’ travel time is negligible due to the improvement of the transit network. Spatial equity is the extent to which the difference of modal equity among regions is negligible by giving a priority of transit network improvement to the regions that have lower modal equity. The equity indexes are formulated as follows:


TDOCO=∑ij(mintijt−mintija)∑ij(mintija)



(1)






DOCOi=∑j(mintijt−mintija)∑j(mintija)



(2)




where TDOCO represents a modal equity of the whole network and DOCOi represents a modal equity of zone i, and these values of each zone are compared to assess the spatial equity of the transit network. The term tija is the travel time by car from i to j, and tijt is the travel time by transit from i to j. In this study, travel time by car is calculated based on the user equilibrium state, and travel time by transit consists of in-vehicle time, access/egress time, and waiting time. The travel time of each link is calculated by the Bureau of Public Roads (BPR) function, and the traffic assignments of transit users are implemented by the optimal strategy. Details are explained in the Section 3.4.




3.3. Route Network Decision-Making Process


We present the decision methodology of route network determination with target line (line to alter) selection, target node (node to improve modal equity) selection, and alternative line generation and determination procedures. A route network consists of the combination of lines, and a line is a sequence of transit nodes. As the size of the network is increased, the more difficult it becomes to calculate the solution, because the number of line candidates increases geometrically. Therefore, in this study, we used simplified heuristic algorithms based on the indicator of modal and spatial equity. The target line is selected by the total DOCO of the entire network (TDOCO), and the target node is selected by DOCO of the origin i (DOCOi). These indexes are justified in the following section. Alternative line candidates are generated with minimum paths via the target line between all of the nodes, and the length, circuity, and redundancy of the lines are checked. Summary and considerations of each procedure are shown in Table 1.



In the target line selection procedure, TDOCO per unit length is used to assess the modal equity of existing lines. By removing transit lines one-by-one, TDOCO change per unit length is calculated; the one with the least equity impact is selected as the “target line,” and that line is deleted. If the transit line cannot be altered (a railroad, for example), this line cannot be selected as the target line. Figure 2a shows the flowchart of the target line selection. Nodes are compared by DOCOi with the line combination without a target line. This index indicates the modal equity of each origin, and, if this index is higher than the other node, that node has lower spatial equity than the other nodes. The node with the highest DOCOi is set to "target node." The target node is the region where the alternative line should improve modal equity. When the target node in the transit network is improved, the maximum DOCOi decreases, and spatial equity increases. Figure 2b shows the flowchart of the target node selection.



Figure 2c shows the flowchart of the alternative line determination. After selecting the target node, generating candidate lines via the target node has the advantage of reflecting the effects of improving the vulnerable node. In this study, minimum paths are generated via the target node by distance weighted to the volume from all nodes to all nodes. Among the candidate lines with satisfying line length, circuity, and redundancy conditions, the line of the highest TDOCO improvement is “alternative line.” Line length, circuity, and redundancy are compared to reduce operational inefficiencies.



Figure 3a shows examples of the minimum path via the target node. With an actual minimum path via the target node, additional weighted minimum paths are generated in this figure. A calculation of the minimum path is implemented by the shortest path algorithm [42], which is widely used in various areas. In this study, this algorithm is applied by determining the minimum path from all origins to the target node and from the target node to all destinations.



The generated candidate lines are compared to minimum and maximum line length, minimum path, and existing lines. If the candidate lines do not satisfy the constraint condition of length, they are deleted. The remaining lines are compared to the minimum path between each node by circuity. In this study, circuity is the ratio of the length of the minimum path via the target node to the minimum path between each of the nodes. If the circuity is greater than the defined value, that line is deleted from the alternative line. After that, if the redundancy of the alternative line with existing lines is greater than the defined value, that line is deleted from the alternative line candidate. In this study, the redundancy is defined as the ratio of the redundant length to the existing lines of total line length. Figure 3b shows that line via D–E–A–F–C was deleted from the candidate line because the value of circuity was greater than the maximum value. Figure 3c shows the redundancy test procedure by illustration with a simple example. Candidate line 1 had a 31% redundancy with the existing line. The maximum redundancy in this illustration is 50%, and, because the redundancy of this line does not exceed the maximum value, it was not deleted. However, candidate line 2 had a redundancy that exceeded 50%, so it was deleted in this procedure.



Candidate lines via the target node that satisfy the required length, circuity, and redundancy are candidates of alternative lines that alter the target line. These candidate lines are added one by one to the configuration of the existing line repetitively. The candidate line that has the maximum improvement of TDOCO per unit length is the new alternative line of iteration j. The new line enhances the directness and mobility of the vulnerable target node and maximizes the improvement of TDOCO per unit length. The procedure for selecting the target line of iteration, j+1, is implemented with this line configuration. The altered line in the right figure of Figure 3d is the alternative line because it maximized the improvement of TDOCO per unit length in iteration 1 and maximized the improvement of one of the existing lines in iteration 2.



From this new transit network, the procedures for the selection of the target line, the target node, and a new alternative line are repeated. If the target line of iteration j is the same as the new line of iteration j−1, an infinite loop may occur. In this case, the target line is not deleted, and the procedures for selecting a target node and determining a new alternative line (without deleting the existing line) are implemented. These iterative procedures are repeated until the candidate line is no longer generated in response to the redundancy constraint with existing lines (50%, for example) because many lines exist by continuous iterations.




3.4. Frequency Setting by Bi-Level Modeling


The procedure of frequency setting shown in Figure 2d is to find the optimal transit lines and frequency of each line to satisfy the efficiency of the user and operator’s total cost. In the frequency setting procedure, with the upper level of bi-level modeling, a genetic algorithm (GA) was used to determine the optimal solution. The range of each gene (fleet number per hour per line) varies from 1 to the maximum possible fleet number in lines that cannot be changed and from 1 to two times the maximum number in altered lines. If the value of the gene exceeds the maximum fleet number, that line is not operated [43,44,45,46,47,48]. Here, fleet numbers per hour, such as 11 and 23, were excluded to facilitate the speed and effectiveness of the calculations and to enhance the efficiency of the actual operation.



The upper level problem is the procedure of setting the frequency to determine the optimal transit routes and the frequency of each line to satisfy the interests of the users and the operator’s total cost. The candidate lines are restricted by equity constraints, which were discussed in the previous section.



The objective function of upper level model is to minimize the total cost, i.e., the combination of the users’ cost and the operator’s cost as shown in (3):


min (∑TCuser+∑TCoperator)



(3)







The users’ cost is the total cost in terms of the time that people should spend to use the passenger car and the transit. The total time of transit includes access/egress time, waiting time, transfer time, stopping time at stations or bus stops, and in-vehicle time. The total time of each mode is calculated on the basis of each link by the volume and the link travel time. Total time cost is calculated by multiplying total time by the value per unit of time.


∑TCuser=∑aCtimec+∑aCtimet=∑aτ·ta(xa)·xa



(4)




where Ctimec and Ctimet are the time cost of a car and the transit of link a, respectively; τ is the value of time; xa is the volume of link a; and ta(xa) is the travel time of link a with volume xa.



The operator’s cost can be determined by the formula in Equation (5) [49]. The cost is determined by the length of the line, the number of stops, frequency, fleet capacity, and maximum speed.


∑TCoperator=∑klk[ansk+(bofk3+b1fkκk+b2fkκkvk2)]



(5)




where lk is the length of line k, nsk is the number of stops on line k, fk is the frequency of line k, κk is the fleet capacity of line k, and vk is the maximum speed on line k.



Depending on the improvement or change of the transit network, the travel time between the zones will change, and changes occur in the choice of mode between a passenger car and the transit system. As a result, cars’ travel times on the roads change when the volume of traffic changes, and the transit travel time also changes. This iterative calculation procedure reflected the travelers’ actual choices of mode and path and provided inputs for the model. As a result, the objective function value of the upper level problem is the result of the calculation of the lower level model, and the fitness function of the upper level model is calculated by these results. In this study, the modal split was implemented by the logit model based on the travel behavior of individuals. The probability of selecting mode m is calculated as follows:


P(m)=exp(Um)∑1nexp(Ui)



(6)




where P(m) is the probability of selecting mode m, Um is the utility of mode m, Ui is the utility of mode i, and n is the number of modes.



Utility is calculated based on the travel time and cost as shown in Equation (7):


Uijm=α1(TTIME)ijm+α2(TCOST)ijm+Dm+Cm



(7)




where Uijm is the utility of mode m between origin i and destination j, (TTIME)ijm is the total travel time, (TCOST)ijm is the total travel cost of mode m between i and j, Dm is a dummy variable with other factors (comfort, safety, etc.) Cm is a constant, and α1 and α2 are parameters.



In this study, the same coefficient values are applied into parameters between the modes, and different values are applied to the dummy variable for each mode cited by the Feasibility Manual of Korea [50]. As a result, the volume of each mode is equal to the total volume multiplied by the probability of mode selection.



The objective function and constraints based on the user equilibrium state of car assignment are as follows: [40]


minC=∑a∫0xata(w)dw



(8)






s.t.xa=∑o∑d∑rfrod·δa,rod∀a










∑rfrod=qod¯










frod≥0∀r,o,d








where frod is the volume using path r from the origin to the destination, qod¯ is the volume of cars from the origin to the destination, and δa,rod is 1 if path r from the origin to the destination includes link a—otherwise, it is 0.



Car assignment applies the linear approximation method, also known as the Frank–Wolfe method. In the first iteration, a set of shortest paths is calculated based on link time, which is free flow travel time. The first iteration is an all-or-nothing assignment in which all the demand is assigned to the shortest paths. After that, the travel time of each link is compared, and link flows are updated to minimize travel time under the volume-delay curves. At each iteration, a measure of the difference between the current flows and the equilibrium flows can easily be estimated. These iterations stop when the total travel time is significantly not different from the total travel time on the shortest paths [51].



This study uses the transit assignment model according to optimal strategy suggested by Spiess and Florian [41], one of the multipath assignment models for transit assignment of public transportation. The objective function and constraints in the optimal strategy model are as follows:


min∑axattat+∑iwi



(9)






s.t.∑a∈Ai+xat−∑a∈Ai−xat=gii∈I










xat≤fawia∈Ai+, i∈I










xat≥0a∈A








where A is link set, I is node set, Ai+ is link set outbound node i, Ai− is link set inbound node i, gi is transit volume from node i, xat is transit volume of link a, tat is transit time of link a, fa is frequency of link a, and wi is waiting time of node i [41].



The optimal strategy is defined as a set of paths for passengers to reach destinations. The number and the type of strategies are determined by the information which a passenger get during the trip. Figure 4 shows a case of strategies a passenger moving from node A to B can choose.



Spiess and Florian considered the strategy as follows. If a passenger knows which lines to be served next while waiting at a node, they can take the line arriving faster; if line 1 was taken, then they can get off at node B; if line 2 was taken, then they can get off at node Y and transfer to line 3 or 4. Spiess and Florian assumed that a passenger can get the only information during the trip while waiting for a node of that line which is served next. All trips are generated by the strategy minimizing passenger’s travel time. This strategy is feasible if the route defined by the strategy does not include a cycle, and the optimal strategy minimizes traveler’s travel time. All trips are made according to the strategy. A trip is carried out according to the following procedures once a strategy is established as the previous case.



Step 0: Set origin node to NODE.



Step 1: Board vehicle which arrives first among the vehicles of the set of attractive lines at NODE.



Step 2: Alight at predetermined node according to the optimal strategy.



Step 3: If not yet at destination, set current node to NODE move to Step 1. Otherwise the trip is completed.





4. Numerical Example


4.1. Basic Unit Input


The example network of this study is Mandl’s network. The total traffic flow per hour, road network, and transit network were set and analyzed. This network consists of 15 nodes and 44 links, and one railroad line and three bus lines were operated. The one railroad line cannot be altered, but the other lines can be altered to other alternative lines. From this network, we implemented the route network decision-making and frequency-setting procedures. The speeds of the lines were 40 km/hr for the railroad and 30 km/hr for buses. However, the bus lines are often operated slower than 30 km/hr because of traffic congestion. The α and βvalues of the Bureau of Public Roads (BPR) function are 1.5 and 4, respectively. The coefficients of the utility function of the modal split are cited by the feasibility study manual of Korea [50]. Both the access and egress lengths of transit users are 200 m, and the walking speed is 4 km/hr. Therefore, the access and egress times totaled six minutes. When the candidate lines were generated, the circuity and redundancy were 150% and 70%, respectively, and the minimum and maximum lengths were 10 and 30 km, respectively.




4.2. Transit Route Network Decision-Making


The transit line determination procedure consists of assessing the existing network and selecting the target line, selecting the target node, and determining the alternative line. In this numerical example, 26 candidate lines were determined by 34 iterations. Table 2 shows the target nodes, TDOCO, and Max(DOCOi), of each iteration.



Figure 5 and Table 3 show the existing route network and the route network after the route network decision-making process. In this line-determination algorithm, nodes 105, 109, and 112, which are far from the central district of the network, were selected as target nodes, and alternative lines passed through these nodes. At the same time, because of the higher level of service of rail transit, lines redundant to the rail line were not alternated. In the early stage of iterations, lines passing through the suburb area to maximize both modal and spatial equities were generated and altered. After that, in the last stage of iterations, lines that were not redundant to other lines were generated and altered.




4.3. Frequency Setting


The candidate lines, which were determined in the earlier procedures, were selected by equity criteria. Therefore, many lines were generated in the suburb area, and operating all these lines is not efficient. However, in this line configuration, there are many lines that have direct connection between the suburbs and the central area. This procedure consists of frequency setting with the line configuration of former procedures. This procedure is based on the total cost of the user and operator, and the decision variable is the frequency of each candidate line. The procedure for determining the candidate line is to maximize the equity, and this frequency setting procedure is to minimize the cost and maximize the efficiency.



In this sample network, 100 populations were generated. The crossover and mutation probabilities of each gene were 50% and 10%, respectively. Figure 6a shows the direction of the optimal solution. The figure shows that the feasible area moves in the direction of the lower right. This means that the optimal solution is the situation in which the reduction of the users’ cost is no longer greater than the increase in the cost of operation, similar to the law of diminishing returns. Figure 6b shows the convergence of the objective function (total cost). A stepwise convergence occurred with iteration. Eleven of the 26 lines were not operated because of low efficiency.





5. Discussion


In this study, line candidates were generated by an iterative procedure of target line selection, target node selection, and alternative line determination. Many candidate lines pass through the regions where spatial equity was worse than it was in other regions in the line candidates by the route network design procedure to improve the equity of corresponding regions. This situation results in an inefficiency of operation because this route network design procedure considered only the equity criteria. Therefore, in the frequency setting procedure, total cost, i.e., users’ cost plus the operator’s cost, is minimized by a genetic algorithm. This final transit route network considers equity and cost effectiveness simultaneously.



Table 4 shows the results of the comparison of the existing network and the improved network. As mentioned earlier, the decrease in the users’ cost was greater than the increase in the operation cost in the improved network. In this example, significant cost savings were achieved by improving the transit route network. Operator cost in this study does not include depreciation of fixed assets, so the operator cost in this study might be lower than actual situation. However, it is important to note that the optimal solution is the situation in which the reduction of the users’ cost is no longer greater than the increase in the cost of operation. The modal split of transit increases with network improvement. In addition, the mode share of transit increased from 19.7 to 27.7% in this sample network. Similar to the results of the cost and modal split, the modal equity of the whole network (TDOCO) and the spatial equity (Max.(DOCOi)) were improved when the network was improved.



The transit route network in this study considered the modal and spatial equities by TDOCO and DOCOi. TDOCO indicates the modal equity of the given network, and DOCOi indicates the spatial equity by the maximum value of modal equity of regions. These indexes can be applied to assess and improve given transit networks.



This model can be modified easily in response to changes in practical problems. For example, population and trip distribution, budgetary constraints, and development of new areas and road network are practical issues in reality. This route network design model is divided into three procedures, not counting the frequency setting. As such, each procedure of this model can be moved or skipped within practical constraints. If one network does not need to change the existing transit routes, the first procedure of the route network design can be skipped. In addition, constraints and assumptions can be relaxed with practical situations.




6. Conclusions and Future Research


To enhance the sustainability of public transportation, the transit network should be designed to consider social equity as well as economic efficiency and environmental quality. In this study, a transit route network design problem that considers modal and spatial equities was proposed. Equities were considered by TDOCO and DOCOi, which can reflect mobility and accessibility simultaneously. In addition, a heuristic transit route network decision-making process was implemented with sequential procedures, i.e., target line selection, target node selection, and alternative line determination. In addition, a frequency-setting procedure was implemented.



The model was configured via bi-level modeling based on an iterative process in order to calculate the modal split and traffic/transit assignment with transit route network changes. The frequency of each line was determined by a genetic algorithm based on the transit route network and took the level of modal and spatial equities in the upper model into account. However, in the lower model, modal split and traffic and transit assignments were implemented. In the transit route network decision process, route deletion and region selection via alternative routes with equity criteria, as well as the generation and determination of alternative route procedures were implemented sequentially. This transit route network design model and algorithms were applied on a sample Mandl’s network. As a result, an improved solution with equity and lower total cost was identified in comparison to the existing transit route network.



There are some expected contributions in this study. First, “equity” indexes were proposed to assess the mobility and accessibility by modified DOCOs. Second, an iterative transit route network decision-making methodology to maximize equity was proposed. Third, a genetic algorithm to determine the frequency of each line was improved with a practical frequency constraint, modal split, and assignment with variable demand. The transit route network design model that considers the modal and spatial equities from this research proposed a heuristic algorithm to solve a problem that is usually difficult to solve using a mathematical model. There is a great significance for the actual network. It is possible to evaluate the equity of the actual network and propose strategies to improve its operation.



Additional studies are required to expand the findings of this research. First, in the course of the assessment and alteration, a study of the standardization and indexation process of various indicators should be conducted. In the transit route network decision-making process, modified algorithms can be applied. More lines and nodes can be simultaneous targets, stochastic determination procedures of lines and nodes can be applied, and redundancy and circuity rates can be changed.



In addition, the objective function can be modified according to the purpose of studies or policies. The objective function of this study was to minimize total cost, but maximizing the equity also can be an objective function. Equity can be applied by horizontal criteria, vertical criteria, or both. Furthermore, a multi-objective function of equity and efficiency (cost) can be applied with the Pareto frontier. In addition, it would be meaningful if the transit route network model of this study were applied to another network. Previous researchers have provided solutions for the actual network, but unrealistic solutions, such as completely modifying the entire transit route network, exist. By targeting several routes that require an improvement of equity, it is possible to reflect the methodology of this study and improve the entire transit network with equity considerations.
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Figure 1. Proposed model framework. 
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Figure 2. Flowchart of the model procedure used in this study. (a) Target line selection procedure; (b) target node selection procedure; (c) alternative line determination procedure; (d) frequency setting, modal split and car/transit assignment procedures. 






Figure 2. Flowchart of the model procedure used in this study. (a) Target line selection procedure; (b) target node selection procedure; (c) alternative line determination procedure; (d) frequency setting, modal split and car/transit assignment procedures.



[image: Sustainability 11 03527 g002]







[image: Sustainability 11 03527 g003 550]





Figure 3. (a) Minimum path via target node; (b) checking circuity; (c) checking redundancy; and (d) alternative line. 
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Figure 4. Illustration of optimal strategy. Source: Spiess, H., and Florian, M. (1989). 






Figure 4. Illustration of optimal strategy. Source: Spiess, H., and Florian, M. (1989).



[image: Sustainability 11 03527 g004]







[image: Sustainability 11 03527 g005 550]





Figure 5. (a) Existing route network; (b) route network after the procedure to determine the transit line. 
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Figure 6. (a) Finding the direction of the genetic algorithm; (b) convergence of the objective function. 
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Table 1. Route network decision-making procedure and considerations.
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	Procedure
	Considerations





	Assessment of existing network and target line selection (1)
	Target line selection by TDOCO

(A railroad line cannot be selected)



	Target node selection (2)
	Target node selection by DOCOi



	Alternative line determination (3)
	Alternative lines via target node

Min. and max. line length

Circuity

Redundancy with the existing line

Alternative line selection by TDOCO



	Frequency setting (4)
	Min. and max frequency of lines
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Table 2. Target Node, TDOCO, and Max(DOCOi) by iterations.
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	Iteration
	No. of Lines
	Target Node
	TDOCO
	Max. (DOCOi)





	1
	4
	111
	2.337
	4.222



	2
	4
	105
	2.049
	4.863



	3
	4
	112
	2.086
	2.818



	4
	5
	107
	2.021
	2.411



	5
	6
	112
	1.954
	2.812



	6
	6
	112
	1.913
	2.369



	7
	6
	112
	1.918
	2.235



	8
	7
	105
	1.875
	2.179



	9
	8
	112
	1.849
	2.103



	10
	9
	112
	1.842
	2.098



	11
	10
	112
	1.840
	2.089



	12
	11
	109
	1.839
	2.088



	13
	12
	112
	1.824
	2.091



	14
	12
	105
	1.824
	2.091



	15
	13
	112
	1.821
	2.098



	16
	13
	109
	1.819
	2.089



	17
	14
	112
	1.814
	2.089



	18
	14
	105
	1.814
	2.088



	19
	15
	112
	1.809
	2.088



	20
	15
	105
	1.810
	2.087



	21
	16
	112
	1.807
	2.090



	22
	16
	104
	1.807
	2.089



	23
	17
	112
	1.803
	2.086



	24
	17
	107
	1.803
	2.084



	25
	18
	112
	1.799
	2.086



	26
	18
	107
	1.799
	2.084



	27
	19
	113
	1.798
	2.084



	28
	20
	102
	1.794
	2.084



	29
	21
	108
	1.791
	2.082



	30
	22
	102
	1.790
	2.082



	31
	23
	102
	1.786
	2.082



	32
	24
	108
	1.785
	2.082



	33
	25
	111
	1.783
	2.081



	34
	26
	-
	1.782
	2.080







Remark: All the lines are operated with 10 min. headway.
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