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Abstract 

 
As communication technology enables the communication between operators 

and users, demand-responsive public transportation services are expanding. Demand 

responsible transit (DRT) offers more advanced services than conventional public 

transport with better accessibility but has a limitation due to the low capacity and 

high operating costs. As an alternative to reinforcing the merits of the DRT and 

overcome the disadvantages, DRT that coexists with the existing high-speed public 

transport is proposed. As a related study, there were studies about the introduction of 

DRT at the planning level or dispatching in a limited environment. 

Another characteristic of the recent mobility industry is the increasing number 

of services driven by the private sector. The competition between transit modes is 

intensifying as various services are supplied at the same time. Therefore, there is a 

growing need to consider competition between modes in making operational 

decisions on public transport services. 

Various levels of operational decisions are needed for the DRT service. In this 

study, the operational decision requiring the DRT service was divided into the 

response of passengers' request, the allocation problem, the routing problem of each 

vehicle, and the pricing problem. Among these, it has a direct impact on passenger 

utility and focuses on the issue of vehicle routing, which is essential for determining 

other operational decisions of DRT service. 

The vehicle route has a direct impact on the user's travel time, so under 

competitive conditions, the vehicle route makes a large change in the probability of 

the user choosing the mode. Therefore, in this study, it was considered appropriate 

to reflect the mode choice model in order to establish an effective route of DRT in a 

competitive environment. It was necessary to narrow the problem situation in order 

to reflect the complex competition among the modes and set up the problem situation 

as a feeder service in which a large number of passengers share the destination.  

In order to reflect the mode choice model in the optimization formula of the 

existing vehicle route problem, the expected value of the value changed by the user's 

selection was used as the objective function. In this study, two values -net profit and 

total travel time- were applied. Both values were representing important factors for 

the private operator and the public operator each. To define the probability of the 

user's choice, the binary logit model was used. 
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A heuristic solution method was developed to solve the formulated optimization 

problem. As the initial solution, the simple shortest route, sweep-based clustering, 

and away-first clustering are used. In order to find an algorithm that improves the 

solution, an analytical analysis was performed to develop four solution updating 

strategies. The solution was obtained when there was no change by repeatedly 

applying the four solution updating strategies for the three initial solutions. 

Numerical tests were conducted to verify the formulated problem and the 

solution method in the network of Dongtan district, planned city in suburban of Seoul. 

The profit expectations of each run were evaluated for randomly generated demand. 

As a result of the evaluation, the solution method was verified because better results 

could be obtained by applying the solution updating algorithm than the simple 

shortest route. It is confirmed that better solutions can be obtained for different 

demand distributions according to the initial solutions, and the ensemble model that 

combines the results using the various initial solutions is found to be the best model. 

Sensitivity tests were conducted to vary the demand and the number of vehicles 

to evaluate the robustness of the formulated problem and the solution method. In all 

cases, the ensemble model showed significantly better profits than the simple 

shortest route model, and it was confirmed that this vehicle routing problem 

considering user choice could be used to find a suitable allocation strategy for each 

environment. 

In order to evaluate the scalability of the problem to other objective functions, 

the total travel time of users was used as the objective function, not the net profit of 

the operator. As a result of the evaluation, it was found that the effect of reducing the 

total travel time was bigger than when the operator's profit was used as the objective 

function. It proves that the problem and the solution method can also cover the 

routing problem to reduce the total travel time. 

In conclusion, an optimization problem that reflects the competitive situation 

by constructing an optimization problem that maximizes the expected value of the 

objective function that reflects the user's choice probability was formulated. A 

solution method based on analytical analysis was developed. This has been verified 

by testing in various environments, and the results can be used for other decision-

making problems in designing DRT service. 

Keyword: Demand responsive transit, Vehicle routing problem, 

Optimization, Heuristic method, Feeder service, Service design 

Student Number: 2018-23311 
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Chapter 1. Introduction 
 

 

1.1. Research Background 
 

Improvement of information technology has introduced a new type of mobility 

services that can compete with the existing public transportation system. These new 

services are demand-responsive, which means operation strategies such as route of 

vehicles, fleet size, fare are changed according to demand. Demand responsive 

transit(DRT) services can be more attractive to users than ordinal transit systems 

because of better accessibility and scheduled speed, but they can be a high-cost 

system because of a small number of passengers per car. Because of this limitation, 

current private DRT services such as Uber and Grab are working as a taxi. 

Overcoming these limitations, DRT could be a new alternative to increase the utility 

of transit users. 

To maximize the advantage that good accessibility and overcome the 

disadvantage that high cost of DRT, DRT as a feeder service for exiting the massive 

high-speed transit, is proposed. Users take DRT from their origin to access line-haul 

transit, such as the commuter train to heading for their destination, which is far from 

the origin. This is a solution to the last-mile problem of traditional massive public 

transit in a low-density area. The flexibility of route and schedule makes DRT can 

be more cost-effective than fixed-route feeder transit service in the low-density area 

by skipping the stops which demand is not exist. From the view of the operator of 

DRT service, narrowing service as a feeder service makes his decision problems 

simpler, from many-to-many problem to many-to-one problem. Simplifying the 

decision problem, the operator can consider other conditions of the decision when 

solving the problem. 

User choice is one of the most important things to be considered by operators. 

Operational strategy and decisions that they make can affect users' utility such as 

fare or travel time, then users’ mode choice would be changed when there are other 

modes in the competition such as fixed-route feeder transit. Users' choice affects the 

operator's objective values such as the total number of users or total travel time for 

public operators or income and profit for private operators. To maximize such values 

in a competitive situation of the real world, users' mode choice should be considered 

in the decision problem. 
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Vehicle routing of DRT effects user choice directly. Especially, the route of DRT, 

which many passengers are sharing one tour, is critical because detour must be 

occurred to pick up other passengers. Therefore, routing considering user choice can 

be helpful in making a good decision for operators. 

 

1.2. Research purpose 
 

There are many things to decide when operating DRT service. This research focused 

on the routing of vehicles in the DRT system. Routing is the most important feature 

of demand responsibility that can affect the utility of users with travel time. In the 

DRT system, the route is decided by operators, not users, and they would want to 

achieve their own goals such as maximizing profit or minimize total travel time. 

Therefore, the ultimate goal of the research is to find the optimal route of DRT 

considering user choice with the various objective value of operators. 

This research focused on DRT as a feeder service because this type of service 

is a service that can maximize the advantage of DRT, good accessibility. Also, this 

situation is simple enough to be formulated and analyzed optimization problems 

while it is reasonable enough to apply in real-world problems. 

With the specified situation and assumptions, the vehicle routing problem 

considering users’ choice was formulated. A case for maximizing the profit of the 

operator was analyzed to construct operating strategies. To solve the problem, a 

knowledge-based heuristic solution method was used with the strategies. By testing 

the solution method in various conditions and various objective values, sensitivity 

and robustness of the problem and the solution method were analyzed. 
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Chapter 2. Literature review 
 

 

2.1. Mobility service considering user choice 
 

No studies have constructed a DRT selection model because the DRT service 

varies depending on the type so it was difficult to handle DRT as a certain mode in 

the general mode choice model. Instead, there were studies on ride-hailing services. 

There was a study focused on the scope and extent of surge pricing to solve the 

imbalance between the demand and supply of mobility services. (Korolko et al. 2018) 

In the dial a ride system, a model study was performed to take myopic pricing 

calculating the expected revenue of a call with consideration of future demand. 

(Sayarshad and Chow 2015) 

There have been various studies on the way of the market structure of DRT 

service. There was a study that defines the mobility service structure divided into 

routing, scheduling, and pricing, and operates as a more effective market when both 

users and suppliers have the right to consent and rejection. (Egan and Jakob 2016) 

In the simulation considering the spatio-temporal movement of the self-driving taxi, 

there was a study comparing the service area for the profit-based system and the non-

profit based system and analyzing the distribution of traffic accepted by the actual 

operator. This study was done by calculating the expected return and cost of each 

traffic on a dynamic basis. (Liang et al. 2016) 

In the case of DRT as a feeder service, researches at the planning level was 

conducted. There were various studies to propose a model suitable for DRT as a 

feeder service and to optimize the allocation interval and route. (Quadrifoglio and Li 

2009, Yu et al. 2015, Chandra et al. 2013) There was a study that defined the detailed 

operation method of the feeder service using DRT and showed that the total travel 

time of users and the satisfaction were increased in actual experiments and small 

cities in Japan. (Yajima et al. 2013) 
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2.2. Vehicle routing problem (VRP) 
 
The problem of determining the route of a vehicle is called the vehicle routing 

problem (VRP). The first research on VRP was trucking problems in logistics. 

(Dantzig and Ramser, 1959) Many studies were conducted with the addition of 

various conditions and components to simple VRP. Various researches are being 

conducted such as Dynamic VRP responding to the demand added in real-time, VRP 

with time window where the desired visit time is defined, and VRP with pickup and 

delivery, which simultaneously receive and deliver cargo on the route. (Toth and 

Vigo, 2001) 

The most relevant type of VRP to this research is the VRP in a competitive 

environment (VRPCE), which deals with the vehicle's path in competitive situations. 

The studies on VRPCE begins with the traveling salesman problem. There was a 

study that formulating the problem of determining the route and whether to visit each 

node simultaneously using ordinal TSP. (Feillet et al. 2005) The study was extended 

to the situation with a large number of vehicles and time windows considering 

competitive factors with the probability of arriving ahead of competitors. (Tavakkoli-

Moghaddam et al. 2011) There was a study with another approach that calculates the 

expected profit from additional costs and revenues when new consumers are added 

in dynamic VRP. (Figliozzi et al. 2007)  

 

2.3. Contribution of the research 
 

Existing VRP studies have lacked consideration of the competitive environment for 

passengers. Because routes affect passengers' utility a lot, it is necessary to reflect 

the passenger's choices when targeting passengers in VRP. However, in the existing 

mobility service studies, although the utility of passengers has been analyzed in 

terms of market design from a macro perspective, studies applied to determine 

detailed operational problems have been insufficient. 

This study reflects the probability of the user's choice obtained by using the bi-

logit choice model to reflect user choice in the existing VRP. In order to reflect the 

probability in the objective function, the expected values of variables were used. The 

expected values have already been used as objective values in the existing mobility 

service research to reflect the operator's position. This allows passenger choices that 

determined with the probability to be reflected in the optimization problem. 
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Chapter 3. Model formulation 
 

3.1. Service definition 
 

To define and solve a VRP considering user choice, the type of DRT service 

should be defined. A suitable type of DRT service depends on the environment and 

its users. In this study, a static model of DRT was used. The operator decides to run 

the vehicle after the passenger's request is completed and knows the needs of the 

node, and informs the passenger of the travel time and fare. The passenger compares 

the information received with the information of existing public transit and proceeds 

to select a mode. 

In this type of service, the service factor to be decided by the operator can be 

divided into four. The first is request acceptance, where a decision is made to accept 

or reject each user's request. The second is allocation, which determines the number 

of vehicles running and the departure time. The third is routing vehicles that 

determine the route of each vehicle from the determined number of vehicles, 

departure time and the position of passengers to visit. Fourth, pricing determines the 

price of each user based on the determined route. The operator determines each 

variable based on a predetermined strategy for each element of service. The total 

flow of the service is shown in <Figure 3-1>. 

 

Figure 3-1 Total flow of the service 
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In this study, the request acceptance and allocation strategy was kept constant 

to focus on routing issues. The operator does not have the authority to reject the 

request. An operator's refusal of a passenger's request can have a significant impact 

on potential demand, so a strategy where the operator does not have the right to 

refuse is reasonable. Regarding the allocation strategy, it is assumed that the vehicles 

run a fixed number of cars at regular intervals. Assuming that passenger demand is 

constant, it is reasonable to keep it constant because there is no reason to operate 

different numbers of the vehicle per each run. 

In the case of the pricing strategy, the base fare and the base distance are fixed 

according to the taxi system, and if the base distance is exceeded, an additional fee 

proportional to the distance is added. In addition, the discount of fare for the detour 

should be considered due to the nature of the DRT. The simplified form of DRT 

service used in this study is shown in <Fig. 3-2>. The operator keeps the user's 

request, and when the quantity is determined, the vehicle route that satisfies the 

request is determined, and the user is notified of the fare and travel time. After that, 

when the user notifies whether the user uses the DRT, the operator operates the 

vehicle in the corresponding path. 

. 

 

Figure 3-2 Simplified concept of DRT service 

In this study, it was attempted to approach the static routing problem using the 

probability of mode choice by comparing the utility of DRT and existing 

transportation. Therefore, a simple many-to-one case was applied to compare the 

utility of DRT and existing transportation easily. This is the s that many passengers 

destined for a point departing from multiple origins. 

The service environment must be defined for the concrete composition of the 

problem. This type of service can run in an environment where multiple passengers 

share a destination, and passengers can plan their trip before actual departure. There 
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are some examples that include airport access services. However, in the case of 

special usages such as airport access, it is difficult to apply the existing selection 

model because the parameters of the passengers' choice of means are different. 

In this study, to apply the general mode choice model in analytic analysis and 

numerical analysis and to limit competition, the DRT service was defined as a feeder 

service heading for terminal or station of main transit in the suburban area. By 

defining as a feeder service, trunk transportation such as railroads is not a 

competitive mode, and as a short distance, only a bus as a fixed-route feeder service 

becomes a competitive mode of the DRT service. In suburban areas, the terminal can 

be a destination of various purposes, so the generality of choice model could be 

achieved. Since the passenger chooses one of the two modes, the bi-logit model can 

be applied so that the independence of irrelevant alternatives problem does not occur 

in the selection model. 
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3.2. Problem definition 
 

3.1.1. Assumptions 
The following assumptions were applied to formulate VRP and user choice under 

the service structure and environment presented above.  

 The travel speed of the DRT and the bus of each link is constant. 

 The utility of each user's for the bus is determined solely by the user's location. 

 The operating cost of the DRT is only proportional to the distance traveled by 

each vehicle. 

 Waiting time until arrival after booking a DRT is not considered as disutility 

to the passenger. 

The last assumption is justified by the nature of the feeder service. Users of the 

feeder service know the predetermined time of the main transportation and use the 

feeder service to move accordingly. Therefore, it can be assumed that the time from 

the call to the actual boarding is predictable to users in advance so they can do other 

activities during that time. 

 

3.1.2. Problem formulation 
 

Notations 

𝑡𝑗𝑘 : Travel time of DRT from node j to node k 

𝑐𝑗𝑘 : Travel cost of DRT from node j to node k 

𝑝𝑖
𝑣 : Probability that user i would take DRT vehicle v 

𝐹𝑖
𝑣 : Fare of the user i when she takes DRT vehicle v 

𝑡𝑖
𝑣: Travel time of the user i when she takes DRT vehicle v 

𝐹𝑖
𝐵𝑢𝑠 : Fare of the user i when she takes a bus 

𝑡𝑖
𝐵𝑢𝑠: Travel time of the user i when she takes a bus 

𝑢𝑖
𝑣: Utility of the user i when she takes DRT vehicle v 

𝑢𝑖
𝐵𝑢𝑠: Utility of the user i when she takes feeder bus 

𝑋𝑖 , 𝑌𝑖: Origin user i in the Cartesian coordinates 

𝑎𝑖
𝑣: Boolean variable whether DRT vehicle v allocated to visit the user i  

𝑇𝑣 : Total travel time of DRT vehicle v 

𝐾 : Total number of DRT vehicles that allocated at the same time 

UBus(Xi, 𝑌𝑖) : Utility function of the bus 

β1, β2: Utility parameter of cost and travel time 
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Decision variables 

𝑥𝑗𝑘
𝑣  : Decision variable that DRT vehicle v whether travel link jk or not. 

 

Objective function 

All elements whose values change according to the user's choice can be substituted 

into the objective function using the expected value. In this study, the main analysis 

was based on the profit of the operator, assuming service by private operators, and 

the additional analysis was done to minimize the total travel time for the government. 

The objective functions in both cases are as follows. 

 As a private operator to maximize expected profit: 

Maximize ∑ (∑ (𝑝𝑖
𝑣 ∗ 𝐹𝑖 ∗ 𝑎𝑖

𝑣) − ∑ 𝑥𝑗𝑘
𝑣 ∗ 𝑐𝑗𝑘𝑗,𝑘𝑖 )𝑣   

 As a local government, to minimize the expected total travel time: 

Minimize ∑ (𝑝𝑖
𝑣 ∗ 𝑡𝑖

𝑣 ∗ 𝑎𝑖
𝑣 + (1 − 𝑝𝑖) ∗ 𝑡𝑖

𝐵𝑢𝑠)𝑖   

 

Constraints 

Constraints derived from the relationship of each variable are as follows. 

𝑝𝑖
𝑣 = ∑

𝑒𝑥𝑝(𝑢𝑖
𝑣)∗𝑎𝑖

𝑣

𝑒𝑥𝑝(𝑢𝑖
𝐵𝑢𝑠+𝑢𝑖

𝑣)𝑣       (1) 

𝑢𝑖
𝑣 =  𝛽1 ∗ 𝐹𝑖 + 𝛽2 ∗ 𝑡𝑖

𝑣      (2) 

𝑡𝑖
𝑣 = 𝑇𝑣 − ∑ (𝑡𝑗

𝑣 + 𝑡𝑗𝑖
𝑣)𝑥𝑗𝑖

𝑣
𝑗       (3) 

𝑇𝑣 = ∑ (𝑡𝑖𝑗 ∗ 𝑥𝑖𝑗
𝑣 )𝑖,𝑗        (4) 

𝑢𝑖
𝐵𝑢𝑠 = 𝑈𝐵𝑢𝑠(𝑋𝑖 ,  𝑌𝑖)       (5) 

ai
v = ∑ 𝑥𝑖𝑗

𝑣
𝑖         (6) 

The following constraints are constraints for satisfying path completeness and 

time continuity. 

𝑥𝑖𝑗
𝑣 (−𝑡𝑖

𝑣 + 𝑡𝑗
𝑣 + 𝑡𝑖𝑗) ≤ 0      (7) 

∑ 𝑥𝑖𝑗
𝑣

𝑖 = ∑ 𝑥𝑗𝑘
𝑣

𝑘  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖, 𝑗, 𝑘, 𝑣     (8) 

∑ ∑ 𝑥𝑖𝑗
𝑣

𝑖𝑣 = 1      (9) 

∑ 𝑥𝑖0𝑖 = 𝐾       (10) 

∑ 𝑥0𝑗𝑗 = 𝐾       (11) 

∑ ∑ 𝑥𝑖𝑗
𝑣 ≥ 𝑟(𝑆),     ∀𝑆 ⊆ 𝑉 ∖ {0},  𝑆 ≠ ∅𝑗∈𝑆𝑖∉𝑆     (12) 
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Chapter 4. Heuristic solution method 
 

4.1. Method overview 
In the formulation presented in Chapter 3, exponential functions exist and the 

interrelationships between variables cannot be solved with a general algorithm.  

Therefore, the heuristic algorithm was developed that generates an initial solution 

and improves it according to conditions. Analysis of the formulation yielded the 

solution conditions for the simple case and provided the motivation for the initial 

solution generation and updating strategy. As the initial solution, the shortest path 

using the existing VRP as it is, and the clustering-based initial solution that divides 

the area between vehicles were used. Updating strategies had been developed four 

strategies: reversing, near-last, alignment, and two-neighbor swap. The termination 

condition is enforced only when each update process is further improved, so it does 

not fall into an infinite loop. Therefore, if the solution does not change when 

updating strategies are applied, termination is possible without special termination 

conditions. The overall flow of the solution method is shown in <Fig. 4-1>. 

 

 

Figure 4-1 The overall flow of the solution method 
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4.2. Initial solution generating strategies 
 

One strategy for initial solution generation is the shortest path obtained by 

simple VRP. To develop other strategies, two steps are required: clustering and initial 

solution generation from the cluster. To construct a clustering strategy, we compared 

two clustering methods in the case of a very simple grid network. It is assumed that 

each link has the same length and feeder buses run on all links. Assuming that buses 

and DRTs operate at the same speed and the rate of choice is fixed regardless of the 

fare. The first approach is to create a cluster that mixes far and near passengers from 

the terminal evenly, and the second approach is to cluster a cluster of far and near 

passengers each. In the first clustering method, an initial solution can be generated 

in two ways: to pick up a close passenger first and then pick up a distant passenger 

and vice versa. The former initial solution method of clustering strategy one and the 

clustering strategy two, which are clearly worse, are analyzed based on the 

probability of selection and profit. The result is shown in <Table 4-1>  

 

Figure 4-2 Clustering strategies 

Table 4-1 Comparing clustering strategies 

User 

No. 

Travel distance Choice probability Expected income 

Bus Strategy1 Strategy2 Strategy1 Strategy2 Strategy1 Strategy2 

1 2 6 2 0.02 0.50 0.02 0.50 

2 3 5 3 0.12 0.50 0.24 1.00 

3 4 4 4 0.50 0.50 1.50 1.50 

4 1 5 3 0.02 0.12 0.02 0.12 

5 2 4 4 0.12 0.12 0.24 0.24 

6 3 3 5 0.50 0.12 1.50 0.36 

7 2 6 4 0.02 0.12 0.02 0.12 

8 3 5 5 0.12 0.12 0.24 0.24 

9 4 4 6 0.50 0.12 1.50 0.36 

Sum 1.91 2.22 5.27 4.43 
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Comparing the two strategies, strategy2 shows that although it has the bigger 

sum of the choice probabilities, the expected value of income is lower. This was due 

to the increased detour distance of higher-paying long-distance passengers were 

clustered into a single-vehicle. Thus, when generating an initial solution based on 

clustering, it may be thought that a better solution would be to distribute the long-

distance passengers and short distance passengers evenly. Using this Motive, two 

clustering algorithms, an algorithm for updating clusters, and an initial solution 

generation algorithm were defined 

Sweeping clustering algorithm 

1. Calculate the azimuth of each user's location. 

2. Start from the point where the azimuth difference between users is greatest. 

3. Add the users met while increasing the azimuth to the cluster. 

4. If the number of users in the cluster satisfies its capacity, terminate the 

cluster expansion and start the next cluster. 

5. Exit when all consumers are included in the clusters. 

Away-first sweeping clustering algorithm 

1. Calculate the azimuth of each user's location. 

2. Extract only users whose distance is greater than a certain distance from the 

center, and add virtual users to each vertex of the network. 

3. Set the cluster boundary so that the azimuth intervals between users 

selected in 2 are divided into two in the furthest order. 

4. Remove the virtual user added in step 2 

5. Add users to each cluster that is not drawn from step 2 to fit each boundary. 

6. Exit when all consumers are included in the clusters. 

 

Figure 4-3 Clustering algorithms 
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Mean-based cluster adjusting algorithm 

1. Find the center of users of each cluster 

2. Compare the distance from each user to all cluster centers 

3. If there is a cluster that is more than twice as close to the center of the cluster 

as it currently is, move the user to that cluster. 

4. Keep the size of each cluster if it does not violate the minimum and 

maximum size of the predefined cluster. 

5. Repeat until no more users are moved. 

Pivot based initial solution algorithm 

1. Arrange the users in the cluster in azimuth order. 

2. Pivot the passenger farthest from the destination who have the most fares 

in the cluster. 

3. Compare the number of passengers before and after based on the pivot. 

4. Generate initial solutions to visit in azimuth order if there are fewer 

passengers before Pivot. Otherwise, the initial solution is generated in the 

reverse order of the azimuth. 

 

Figure 4-4 Initial solution generating algorithms used for clusters 
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4.3. Solution updating strategies 
 

Solution updating is the process of changing the solution by examining whether 

the objective function value of the corresponding route is improved by changing the 

visit order of the determined route in the cluster. The reason for this process can be 

done is that the optimal route for VRP considering user choice is difficult to find, but 

it is easy to find the value of the objective function when a decision variable is 

entered.  

To achieve the motive of the updating strategy, an analytic analysis was 

performed based on the profit maximization problem. In the profit problem, it was 

important to set the pricing strategy to be realistic. In this study, the pricing strategy 

was set similar to that of taxis in Seoul. DRT charges are based on the shortest 

distance from the user’s origin to the destination. The base fare guarantees the 

movement as much as the base distance, and an additional fee is charged for the 

distance exceeding the base distance. Due to the characteristics of the DRT, a detour 

occurs, and a rate discount is applied in proportion to the detour ratio. However, the 

minimum fare is set as half of the base rate. This is expressed as a formula as follows: 

Fi = 𝑀𝑎𝑥 [
𝐹𝑏𝑎𝑠𝑒

2
, {𝐹𝑏𝑎𝑠𝑖𝑐 + (𝑑𝑖

𝑠ℎ𝑜𝑟𝑡 − 𝑑𝑏𝑎𝑠𝑒) ∗ 𝛾𝑑} ∗ 𝐷𝑂𝐶𝑖 ∗ 𝛾𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡]  (4-1) 

Where, 

Fbase : Base fare 

di
short : Shortest distance from the origin of user i to destination 

dbase : Distance that covered by base fare 

DOCi : Degree of circuity of user i, defined as di/𝑑𝑖
𝑠ℎ𝑜𝑟𝑡-1 

di : Distance that user i traveled. 

γd : Fare rate per unit distance 

γdiscount : Discount rate per DOC 

 

Consider the case of changing the order of visiting passengers within a cluster. 

What is changing is the probability and fare of each passenger and the total 

distance traveled by the vehicle. There are three reasons for the change in the 

probability of use of passengers: the effect of changing the distance traveled, the 

stopping time of passengers, and the effect of changing fare. Considering the 

change in operating costs due to the change in the total route, the conditions for 

increasing profits through the update process are as follows: 
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∑ 𝐹′
𝑖 (

1

1+𝑒𝑢𝑖
𝐵𝑢𝑠−𝑢𝑖

𝑣′) − ∑ 𝐹𝑖 (
1

1+𝑒𝑢𝑖
𝐵𝑢𝑠−𝑢𝑖

𝑣)𝑖 − ∆𝐿 ∙ 𝐶 > 0𝑖    (4-2) 

Where, 

Fi
′ : Changed fare of user i 

ui
Bus : Utility of bus of user i 

ui
v′

 : Changed utility of DRT for user i 

ui
v : Original utility of DRT for user i 

∆L : Difference of total travel distance of the vehicle 

C : Unit cost per travel distance of the vehicle 

 

Here, assuming that there is no restriction on the lower fare limit, the change in 

fare appears only as a change in the discount rate during the update process. 

Therefore fare after updating process can be assumed as F𝑖
′ = 𝐹𝑖 ∗ (1 + 𝛼𝑖). When 

calculating the respective utility equation using the change of the distance and the 

number of stops, it is expressed as follows: 

ui
v′ =  𝛽1 ∗ 𝐹𝑖

′ + 𝛽2 ∗ (
𝐿𝑖

′

𝑣
+ 𝑛𝑖

′ ∗ 𝑡𝑑)     (4-3) 

ui
v =  𝛽1 ∗ 𝐹𝑖 + 𝛽2 ∗ (

𝐿𝑖

𝑣
+ 𝑛𝑖 ∗ 𝑡𝑑)     (4-4) 

∴
1

4
∑ [𝐹𝑖 ∗ {2𝛼𝑖 − 𝛼𝑖𝑢𝑖

𝐵𝑢𝑠 + 𝛽1𝐹𝑖𝛼𝑖
2 + 2𝛽1𝐹𝑖𝛼𝑖 + 𝛽2𝛼𝑖

𝐿𝑖
′

𝑣
+ 𝛽2𝛼𝑖𝑛𝑖

′𝑡𝑑 +𝑖

𝛽2
∆𝐿

𝑣
+ 𝛽2(𝑛𝑖

′ − 𝑛𝑖)𝑡𝑑}] −  ∆𝐿 ∗ 𝑐 > 0     (4-5) 

Where 

Li, 𝐿𝑖
′  : Original and changed travel distance of user i 

ni, 𝑛𝑖
′ : Original and changed number of dwell of user i 

td, 𝑣 : Dwell time and speed of the vehicle 

 

Consider the case where there is little fare change. In other words, the detour 

distance that passengers experienced is not changed largely due to the update. In this 

case, it is assumed that αi = 0, then formula (4-5) can be simplified as follows: 

1

4
𝛽2 {∑ 𝐹𝑖(

𝐿𝑖
′−𝐿𝑖

𝑣
+ (𝑛𝑖

′ − 𝑛𝑖)𝑡𝑑)𝑖 } − ∆L ∗ C > 0    (4-6) 

∑ 𝐹𝑖 {
𝐿𝑖−𝐿𝑖

′

𝑣
+ (𝑛𝑖 − 𝑛𝑖

′)𝑡𝑑}𝑖      (4-7) 

Since β2 < 0 , the updating process should increase the terms in (4-7) to 

increase the income of the operator, and minimize ∆L to reduce the operation cost. 
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 Near-last update strategy 

Think of a simple one-dimensional shuttle route that transports two passengers. 

At this time, a boarding time of nearby passengers can be changed during vehicles' 

return or vice versa. Let's call each near-last and near-first strategy. In both cases, 

∆L = 0, so we only need to compare terms in (4-7). This value is shown below. 

Therefore, the condition that the near-last strategy is more advantageous than the 

near-first strategy is as shown in (4-10). 

Near-last: F1 ∗ (
2𝐿2

𝑣
− 𝑡𝑑) − 𝐹2 ∗ 𝑡𝑑    (4-8) 

Near-first: F1 ∗ (
−2𝐿2

𝑣
− 𝑡𝑑) + 𝐹2 ∗ 𝑡𝑑    (4-9) 

2L2

𝑡𝑑∗𝑣
>

𝐹2

𝐹1
       (4-10) 

The dwell time per stop in the DRT service is very short, so the value on the left 

side would be large. On the other hand, in the case of feeder service in a small area, 

even if the distance surcharge is large, it is unlikely that the right side is bigger than 

the left side. Therefore, if a near-last strategy is applied, it is highly likely that a better 

solution will be obtained. 

  

Figure 4-5 Updating strategy for the nearest passenger 

This near-last strategy can be expressed as an algorithm as follows: 

1. Find the passenger closest to the terminal of each vehicle route. 

2. Compare the objective function value of the existing route with the route 

that moved the passenger to the last position of the route. 

3. Update the route if the objective value was improved 

 

Alignment strategy 

Since only the azimuth angle was taken into account during the initial solution 

generation, it is possible to create a jagged path. In this case, the solution may be 

improved by changing the order while maintaining the current layout. Analyze the 
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improvement of the jagged path as follows. Equation (4-6) is applied as follows: 

  

Figure 4-6 Updating strategy for jagged route 

1

4
(−𝛽1) {𝐹1 ∗ (

𝐿3+2𝐿2

𝑣
+ 𝑡𝑑) + 𝐹2 ∗ (−

2𝑌1

𝑣
− 𝑡𝑑)} − (2𝑌1 − 2𝐿2) ∗ 𝐶 > 0

 (4-11) 

This expression is always positive if F1 > 𝐹2 and L2 > 𝑌1. Therefore, if the 

passengers are far enough away from the center, and the difference in azimuth is not 

large, this strategy confirms that the solution can be improved. This strategy means 

to avoid returning back way to the terminal in the direction of the furthest pivot and 

not outward in the return way back to the terminal. This strategy can be expressed as 

an algorithm as follows: 

1. Pivot the passenger with the shortest distance from the terminal is the 

longest. 

2. Find a passenger on a route from the terminal to the pivot who violates the 

condition that the shortest distance to the terminal should longer than 

previous passengers. 

A. Find all routes that satisfy the conditions of step 2 by changing the 

order of the passenger. 

B. Compare all of the corresponding routes with the objective value of 

the original route. 

C. Select the best route that has the best objective value. 

3. Find a passenger on a route from the pivot to the terminal who violates the 

condition that the shortest distance to the terminal should shorter than 

previous passengers. 

A. Find all routes that satisfy the conditions of step 3 by changing the 

order of the passenger. 

B. Compare all of the corresponding routes with the objective value of 

the original route. 

C. Select the best route that has the best objective value. 

4. Exit when all conditions are checked to all passengers. 
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Two-neighbor update strategy 

Consider the case of changing the order of boarding of passengers located near 

each other. In this case, the change of passengers before the two passengers is equal 

to the change in distance ∆L of the total route, and the passengers after the two 

passengers are unchanged. Reflecting this, Equation (4-6) changes as follows.  

 

Figure 4-7 Two-neighbor swap updating strategy 

1

4
𝛽2 {∑ 𝐹𝑖

∆𝐿

𝑣𝑖 + (
𝑑12

𝑣
+ 𝑡𝑑) (𝐹2 − 𝐹1)} − ∆L ∗ C > 0  (4-12) 

If ∆L = 0, it holds if F1 > 𝐹2. 

If ∆L < 0, it holds if ∑ 𝐹𝑖𝑖  is sufficiently large – in most cases.  

If ∆L > 0, it holds if 0 >
4C∆L

β2
> ∑ 𝐹𝑖𝑖

∆𝐿

𝑣
+ (𝑑12 + 𝑡𝑑)(𝐹2 − 𝐹1) holds, then 

it holds only if ∆L ≅ 0 and F2 < 𝐹1. Overall, there are cases where the profit is 

improved, so it can be used as an updating strategy, and since it is updated only in 

limited cases, even if it is repeatedly executed, the total amount of calculation does 

not increase significantly. This strategy can be expressed as an algorithm as follows: 

1. Create a route that reverses the order of visits for two points within a critical 

distance. 

2. Compare the objective function values of the existing path and the new path 

and update them if they are improved. 

3. Repeat for all neighbor pairs. 

  

Reversing strategy 

In the case of complex paths, the above analytical methods may not be applied. 

However, the simple case with the opposite direction is simpler to compare than 

using the result of a general shortest path or initial solution without considering the 

direction. As a result, if the solution improves, this is also an effective update method. 

This strategy can be expressed as an algorithm as follows: 

1. Create a path that reverses the direction of the current path. 

2. Compare the objective function values of the two paths. 

3. Update the route if the objective value is improved. 
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Chapter 5. Numerical analysis 
 

5.1. Testing environment 
Service models and algorithms used in the study were designed for feeder 

services in suburban areas. For the numerical test, Dongtan district, planned city in 

the Seoul metropolitan area, Korea was selected. The district is composed of two 

sections, west section and east section and the Dongtan station located between the 

sections. The Dongtan station is a high-speed train station that 30km away from 

Gangnam, one of the business districts of Seoul. The west section is 130,000 people 

in 2019 with an area of 9.03km2, and The east section is 210,000 people in 2019 with 

an area of 24.01km2, and the planned population is 280,000. The entire area is 7km 

east-west and 7km north-south around Dongtan Station. 

The road network expresses the main roads of the Dongtan district. A total of 

551 nodes were set up on the main roads with high density in residential areas and 

low density in industrial zones. Passengers will be randomly generated at each node 

and will travel to Dongtan Station. Therefore, the DRT service departs from Dongtan 

Station as a terminal and returns after boarding passengers at each node. Competitive 

mode, feeder buses, was selected as 125 bus stops on 13 routes by marking the buses 

heading for Dongtan Station.  

 

Figure 5-1 Network used in the numerical analysis 
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The pricing strategy used the same strategy applied in the previous analytic 

analysis. The parameters used in the test were as follows: 

 

Network parameters 

 Speed of the feeder bus: 20km/h 

 Speed of the DRT: 30km/h 

 Walking speed: 4km/h 

 Dwell time of the DRT: 60seconds per stop 

 Average headway of the bus: 15min 

The service level of feeder transit is set relatively low, considering the service 

area is a suburban area. In Seoul, the speed of the bus is lower than that of passenger 

cars, and it was assumed that DRT is close to passenger cars. 

 

Parameters of the choice model 

u =  β1 ∗ (𝑇𝑟𝑎𝑣𝑒𝑙 𝑡𝑖𝑚𝑒) + 𝛽2 ∗ (𝐶𝑜𝑠𝑡) 

 β1: -0.39896 per 10min, β2: -0.01704 per 100won. 

The values are provided by the manual of the preliminary feasibility study in 

Korea, parameters for the Seoul metropolitan area. The value of time is 

14,048won/hour. 

 

Pricing strategy and cost parameters 

 Fare of the bus: 1450won 

 Operating cost of the DRT: 443.21won/km  

 The labor cost of the DRT: 10,228won/hour 

 The base fare of the DRT: 4000won 

 Base distance: 1km 

 Surcharge per distance: 0.5won/m 

 Discount rate per DOC: 20% 

Operating costs are provided by the manual of the preliminary feasibility study 

in Korea, parameters for a minibus at the speed of 30km/h. Parameters for pricing of 

DRT are set as a lower level of taxi fare in Seoul. 

The test was conducted by comparing the results by applying various routing 

strategies for each distribution of demand generated at a random location. The 

demand was generated and tested a total of 100 times. The tests and algorithms were 

all implemented using the Python language, and the shortest route was obtained 

using ORtools, a commercial package.  
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5.2. Comparing strategies 
The simple shortest route, the updated route from shortest routes, the updated route 

from weep-based clustering, and the updated route from away-first clustering applied 

to a base scenario – operating four vehicles for 20 passengers. 

 

Figure 5-2 Average profit per run in base scenario (20passengers, four cars) 

 

Figure 5-3 Number of 1st palaces for each solution methods 

Compared with the simple shortest route, the profit is greatly improved by 

updating the process. Sweep based method is far less profit than the shortest distance 

because of the long travel distance of vehicles. The away-first method showed the 

highest profits by clustering to maximize profits. Among the four methods, the 

ensemble method – selecting the best algorithm for each test - shows a much higher 

profit than the other methods, indicating that the appropriate method for each 
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distribution of demand is different. 

It can be seen from the number of first place by the method. The two methods, 

away-first method and updated shortest route method, occupied most of the first 

place. Therefore, it can be seen that better results can be obtained by using a mixture 

of algorithms in actual deployment, and much more than simple shortest distance 

method. 

 

Figure 5-4 Average number of DRT users per run for each method 

As a result of analyzing the average user per run, it can be seen that all methods 

increase the average user compared to the simple shortest routing method. Among 

them, the sweeping method with the lowest profit was the most users and the away-

first method with the highest profit with fewer users. This is thought to have occurred 

because the away-first method is an algorithm focused on profit but the 'fairness' of 

the sweeping method.  
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Figure 5-5 Average travel time of users for each method 

As a result of analyzing the average travel time of all passengers, it was 

confirmed that the average travel time was reduced by more than 20% in all cases 

compared to before the introduction of DRT. Since DRT has a shorter travel time 

than buses, a method with many users shows better results.  
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5.3. Sensitivity analysis 
To evaluate the robustness of the solution method, the results of each method were 

compared in various environments. The environmental variables were applied by 

varying the amount of demand and the number of vehicles. 

Sensitivity to the number of passengers 

Four and three vehicles were tested for 30, 20, and 15 passengers 

 

 

 
 

Figure 5-6 Result of sensitivity analysis to demand 
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Figure 5-7 Result of sensitivity analysis to demand 

The higher the user density, the greater the profit. Comparing the Away-first method 

and the updating shortest route method shows that the clustering-based method 

becomes disadvantageous when the number of users increases because the large 

clusters occur in some cases, and the route of one vehicle is excessively long. The 

away-first clustering method’s revenue decreases significantly as the number of 

passengers per vehicle increases. 
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Sensitivity to the number of vehicles 

Different numbers of vehicles in the same demand environment were tested. 

Compared to five, four, and three vehicles with 20 fixed number of passengers. 

 

 

 

 

 

Figure 5-8 Result of sensitivity analysis to the number of vehicles 
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In all algorithms, it was found that four cars were the most suitable. This is because, 

as the number of vehicles increases, the probability of each passenger to choice DRT 

increases but the running cost also increases. When the number of vehicles decreases, 

the driving cost decreases, but the expected value of income decreases as the 

probability of use of each passenger decreases. Therefore, it is necessary to apply the 

VRP considering user choice in advance to examine the suitability of the allocation 

strategy. 

 

 

Figure 5-9 Test results for various environment 

Finally, when using the ensemble method, the best possible results can be 

derived according to various requests and vehicle numbers. This can be used to find 

the optimal allocation strategy under the pricing strategy and system. 
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5.4. Effect of the objective function  
In order to show that the result is changed by the change of the objective 

function, solution methods were tested 1000 times in two ways: using the profit of 

the private operator and using the average travel time of users as the objective 

function each. In the simple shortest route method, which does not include the 

optimization term, the private position had a shorter average travel time. However, 

in the methods that include updating algorithms, the travel time reduced when the 

travel time was used as an objective value. Among the three solution methods 

developed, the sweeping based method showed the shortest average travel time. The 

profit of the DRT system decreased when the algorithm used travel time as the 

objective value. 

However, the difference between the two solutions is not big because the travel 

time of DRT was generally shorter than that of public transportation, so increasing 

the number of DRT passengers would have a positive effect on the profits of DRT 

and also reduce the travel time. 

 

 
 

Figure 5-10 Test results for different objective functions 
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Examples of route differences due to the various objective function are as 

follows. Since the initial solutions are identical, each problem made a similar 

solution in a large sense, regardless of the objective function. They could make 

different solutions in detail to achieve their goals. 

 
Figure 5-11 Solutions from the updated shortest route method 

 

Figure 5-12 Solutions from the sweeping based clustering method 
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Figure 5-13 Solutions from the away-first clustering method 
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Chapter 6. Conclusion 
 

Recent developments in information technology enable real-time communication 

between operators and users, so the DRT is spreading in earnest. DRT has advantages 

in terms of accessibility compared to conventional public transportation but has a 

disadvantage in that it is inefficient in cost because it is customized transportation 

for a small number of users. Therefore, in order to overcome this problem, a service 

that is used as a means of access to existing high-speed transportation is proposed, 

not only to operate DRT alone. 

In operating the service of such a DRT as a feeder service, the operator needs 

to make various strategic decisions. Various areas, such as request acceptance, 

allocation, routing, and pricing are required. This study focused on routing, which is 

the most characteristic and basic element of DRT. Competition is the most 

distinguishing factor in the recent DRT service and mobility service market. The 

public transportation that has been introduced and operated in the public domain has 

been actively entering and competing with private companies. Therefore, operators 

operating DRT should consider competition, especially competition with existing 

public transportation. 

Existing studies on vehicle routing problems (VRP) have not considered active 

competition with other modes. They only considered user’s disutility as a constraint 

or covered logistics problems that do not consider the choice between modes. 

However, the route of mobility service, especially in the case of a service in which a 

vehicle is shared by multiple passengers, greatly changes the travel time of 

passengers by the route, which inevitably affects the passenger's choice. Therefore, 

the element of passenger choice should be introduced into the VRP itself. 

In this study, the optimization problem was defined to enable the routing 

reflecting the competition with other modes by introducing the passenger's DRT 

choice probability obtained by the bi-logit choice model into the objective function 

of VRP. To introduce the probability into the objective function, the function is 

defined as an expected value of the random value effected by user choice. In this 

study, two objective functions were applied: profit, which is the objective value for 

the private operator, and minimization of the total travel time, which is the objective 

value for the public operator. 

The defined VRP considering user choice is difficult to apply existing solution 

methods due to the characteristics of the terms of the choice model. In particular, the 
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shortest distance path does not achieve the purpose of VRP considering user choice. 

Therefore, in this study, we developed a heuristic solution method to find the initial 

solution and improve it. As the initial solution, we developed three methods: a simple 

shortest path, sweep-based clustering-based solution, and an away-first clustering-

based solution. As a method for updating, we developed four strategy algorithms that 

confirmed the validity through analytic analysis that simplified the form of service 

and applied the method sequentially and repeatedly.  

In order to evaluate the effectiveness of the developed solution method, we 

tested the methods in the assumption of a feeder service by a private operator in the 

suburban region. We used road and bus network of Dongtan district, a planned city 

in suburban of Seoul. As a result of the test, the updated solutions showed higher 

profits than the simple shortest path, and each initial solution was found to be suitable 

for different demand distribution environments. Therefore, it is thought that effective 

results can be obtained when using the ensemble method by mixing various methods 

and finding the optimal route among them. 

To evaluate the robustness of the method, the method is applied to various 

demand densities and the number of vehicles. As a result, the difference in 

characteristics between the algorithms was not obvious, but in various environments, 

a good solution could be obtained compared to the simple shortest route. As a result 

of changing the objective function to the public position, the algorithm can achieve 

a shorter travel time. 

Through this study, the problem of finding the route that is suitable for the 

characteristics of DRT was defined. Solution methods were presented under the 

condition of feeder service in the suburban area. Through this, it was proved that the 

VRP considering user choice could find a better route than other simple VRP in the 

case of competition. Based on this routing method, it can be used to find a solution 

suitable for other allocation problem. 

The problem of designing a DRT service is a big problem that is a mixture of 

various decision-making issues and therefore requires a phased approach. Among 

them, routing is a big difference between the DRT and the existing public 

transportation, and a big change is possible. This study is expected to be able to study 

additional DRT service design based on the basic method of DRT routing. This study 

was conducted under a limited allocation strategy and pricing strategy, but it can be 

extended to a dynamic design problem or a service design in a mixed form of various 

strategies. 
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Abstract 

통신기술의 발달로 운영자와 이용자 사이의 소통이 가능해지면서, 

수요대응형 대중교통 서비스가 확대되고 있다. 수요대응형 대중교통은 

뛰어난 접근성으로 기존의 대중교통보다 더 고급 서비스를 제공하지만, 

적은 재차인원과 높은 운영비용으로 인한 한계가 있다. 수요대응형 

대중교통의 장점은 강화하고 단점을 극복하기 위한 대안으로 기존의 고속 

대중교통과 공존하는, 접근 교통수단으로서의 수요대응형 대중교통 

모형이 제시되었다. 관련 연구로 계획 차원에서 수요대응형 대중교통의 

도입 여부나 한정된 환경에서 배차에 관한 연구들이 있었다. 

최근의 모빌리티 산업의 또 다른 특징은 민간에 의해 주도되는 

서비스가 많아지고 있다는 것이다. 다양한 서비스가 동시에 공급되면서 

수단 간의 경쟁이 강화되고 있다. 따라서 대중교통 서비스의 운영적인 

결정을 하는 과정에서 수단 간의 경쟁을 고려할 필요가 커지고 있다. 

수요대응형 대중교통의 서비스를 위해선 다양한 수준의 운영 결정이 

필요하다. 본 연구에서는 수요대응형 대중교통 서비스가 필요한 운영 

결정을 승객들의 요청에 대한 응답 여부, 처리할 요청에 대한 배차 여부와 

배차 차량 수, 각 차량의 경로 그리고 요금으로 나누었다. 이중에서 승객 

효용에 직접적인 영향을 끼치며, 수요대응형 대중교통의 다른 운영을 

결정하기 위해 필수적인 차량 경로 결정 문제에 집중하였다. 

차량 경로는 이용자의 통행시간에 직접적인 영향을 주므로 경쟁 환경 

하에서는 그에 따라 이용자의 해당 수단 선택 확률에 큰 변화를 준다. 

따라서 본 연구에서는 경쟁환경 하에서 수요대응형 대중교통의 효과적인 

경로를 설정하기 위해서는 수단선택 모형을 반영하는 것이 적합하다고 

판단하였다. 복잡한 수단간 경쟁을 최적화 식에 반영하기 위해 문제상황을 

좁힐 필요가 있었고, 다수의 승객들이 목적지를 공유하는 접근교통수단 

서비스로 문제 상황을 설정하였다.  

기존의 차량 경로 문제의 최적화 식에 수단선택 모형을 반영하기 

위해 목적함수로 이용자의 선택에 의해 변화하는 값의 기대값을 

이용하였다. 본 연구에서는 민간 운영자 입장에서 중요한 요소인 순이익과 

공공 운영자 입장에서 중요한 요소인 총 통행시간 두가지 값을 

적용하였다. 이용자의 수단 선택확률을 구하기 위해 이항로짓모형을 
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사용하였다. 

구성된 최적화 문제를 풀기 위해 휴리스틱한 풀이법을 개발하였다. 

초기해로 단순한 최단경로와 sweep-based clustering, away-first clustering 방법 

3가지를 사용한다. 해를 개선하는 알고리즘을 구하기 위해 해석적 분석을 

수행하여 4가지 해 개선 과정을 개발하였다. 실제 해는 3가지 초기해에 

대해 4가지 해 개선 과정을 반복적으로 적용하여 변화가 없을 때 

얻어진다. 

구성된 문제와 풀이법을 검증하기 위해 테스트를 진행하였다. 

테스트는 서울 근교의 동탄신도시의 교통 네트워크를 이용하여 임의로 

발생시킨 수요에 대해 각 경로들의 이익 기대값들을 평가하였다. 평가 

결과 단순 최단경로에 비해 해 개선 알고리즘을 적용한 결과 더 나은 

결과를 얻을 수 있으므로 알고리즘의 타당성이 검증되었다. 초기해의 값에 

따라 서로 다른 수요 분포에 대해 더 나은 해를 구할 수 있음이 확인되어, 

다양한 초기해를 이용한 결과를 모두 합한 앙상블 모형이 가장 좋은 

모형인 것으로 확인되었다. 

구성된 문제와 알고리즘의 강건성을 평가하기 위해 수요와 차량의 

대수를 바꾸어가며 민감도 검사를 진행하였다. 모든 경우에서 앙상블 

모형이 최단거리 모형에 비해 월등히 나은 이익값을 보였으며, 이를 통해 

각 환경별로 적합한 배차 전략을 구하는데 이 경로 결정 문제를 활용할 수 

있음을 확인하였다. 

다른 목적함수에 대한 확장성을 평가하기 위해 운영자의 순이익이 

아닌 이용자들의 총 통행시간을 목적함수로 평가하였다. 평가 결과 

운영자의 이익을 목적함수로 대입하였을 때에 비해 총 통행시간을 

감소시키는 효과가 확인되었다. 

연구 결과를 종합하면, 이용자의 선택확률을 반영한 목적함수의 

기대값을 최대화 하는 최적화 문제 구성으로 현실의 경쟁상황을 반영한 

최적화 문제를 구성할 수 있었으며, 해석적 분석을 바탕으로 그 풀이법을 

개발하였다. 다양한 환경에 대한 테스트로 이를 검증하였으며, 그 결과를 

이용하여 수요대응형 대중교통의 다른 결정문제에 활용할 수 있게 되었다. 
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