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Abstract

In recent years, Japan, and especially rural areas have faced the growing
problems of debt-ridden local railway lines along with the population decline
and aging population. Therefore, it is best to consider the discontinuation of
local railway lines and introduce replacement buses to secure the transporta-
tion methods of the local people especially in rural areas. Based on the above
background, targeting local railway lines that may be discontinued in the near
future, appropriate bus stops when provided with potential bus stops were se-
lected, the present study proposed a method that introduces routes for railway
replacement buses adopting ant colony optimization (ACO). The improved
ACO was designed and developed based on the requirements set concerning
the route length, number of turns, road width, accessibility of railway lines
and zones without bus stops as well as the constraint conditions concerning
the route length, number of turns and zones without bus stops. Original road
network data were generated and processed adopting a geographic information
systems (GIS), and these are used to search for the optimal route for railway re-
placement buses adopting the improved ACO concerning the 8 zones on the
target railway line (JR Kakogawa line). By comparing the improved ACO with
Dijkstra’s algorithm, its relevance was verified and areas needing further im-
provements were revealed.

Keywords

Local Railway Line, Railway Replacement Bus, Route Search Method, Ant
Colony Optimization (ACO), Dijkstra’s Algorithm, Geographic Information
Systems (GIS)

1. Introduction

According to Wang (2008), Sato (2011), Takeda (2018), Sato (2018), Shimazuka

(2018) and Itaya (2023), in recent years, Japan, and especially rural areas have
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faced the growing problems of debt-ridden local railway lines along with the
population decline and aging population ([1]-[6]). With the continuous aim of
improving the management of national railways, Japan established the Act on
Special Measures for Promoting the Reconstruction of Japanese National Rail-
ways (National Railway Reconstruction Act) in 1980. According to this act, local
railway lines with a transport density under 8000 people require necessary meas-
ures to be taken. Furthermore, replacing local railway lines with a transport den-
sity of under 4000 people with buses was appropriately recognized, and discon-
tinuing such lines was to be considered. The National Railway Reconstruction
Act was repealed, and the Act for Enforcement of the Japanese National Rail-
ways Reform Act was enforced in 1986.

Based on the proposal of the current status of local railways from the perspec-
tive of the future of region and passengers in 2022 [7], regarding current local
Japan Railway (JR) lines with a transport density (the daily average passenger
capacity per kilometer) of under 1000 people, a committee is set up in coopera-
tion with the government, municipalities along the railway line and the railway
company to discuss the discontinuation of the local railway line and the re-
placements such as the Bus Rapid Transit (BRT) as well as the review of man-
agement procedures. According to the guideline concerning the adaptation of
local public traffic utilizing road space (2022) [8], BRT refers to buses that use
roads or lanes reserved for buses. Before the above proposal, the East Japan
Railway Company announced that JR lines in the coastal area of Miyagi and
Iwate Prefectures, which was affected by the Great East Japan Earthquake (2011),
were discontinued and the BRT was introduced since 2012 [9]. As the popula-
tion decline and aging population are progressing in such rural areas, it is best to
consider the discontinuation of local railway lines and introduce replacement
buses to secure the transportation methods of the local people.

The West Japan Railway Company released the “problems awareness and in-
formation disclosure concerning local lines” and published the balance of pay-
ments for lines with a transport density under 2000 people in 2022 [10]. Ac-
cording to the transport performance in 2019, 17 lines and 30 zones including
the Kohama, the Etsumi-Hoku and the Oito lines are applicable. The West Japan
Railway Company announced that “they are not sufficiently demonstrating the
characteristics of trains concerning mass transportation” and have shown a wil-
lingness to work on the problems mentioned above.

Based on the above background, the present study considers local railway
lines that may be discontinued in the near future. The present study aims to
propose a method that introduces routes for railway replacement buses adopting
the optimization algorithm called Ant Colony Optimization (ACO). In order to
implement this, road network data (graph) with road intersections and ending
points as the vertices (nodes), and roads as sides (edges) are generated adopting
geographic information systems (GIS). Using this graph, a method that gene-
rates appropriate replacement bus routes after the discontinuation of local rail-

way lines will be proposed.
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2. Related Work

The present study is related to (1) studies on the problems related to local rail-
way lines in rural areas, (2) studies on railway replacement buses, and (3) studies
on the installation methods of bus stops. Regarding (1) studies on the problems
related to local railway lines in rural areas, Ito (2008), Ooyama et al. (2012) and
Futamura et al. (2022) described local residents’ attitudes and consciousness to-
ward local railway lines [11] [12] [13]. Kohira (2022) and Araki et al (2022) de-
scribed the efforts of stakeholders in local communities to maintain local railway
lines [14] [15]. Kurokawa et al (2005), Taylor (2005) Fujii et al (2006), Shaoul
(2006), Takase et al (2006), Sakamoto et al (2012) and Tsuchitani (2013) eva-
luated the cost performance and values of local railway lines [16]-[22]. Kitazaki
(2008), Imoto et al (2017), Takeda (2018) and Shimazu et al (2021) proposed
the revitalization polices and strategies of local railway lines [23] [24] [25] [26].

Regarding (2) studies on railway replacement buses, Kato (2005), Takayama
(2012) and Kishi et al (2021) considered the advantage and disadvantage to
adapt replacement buses after the abolishment of local railway lines [27] [28]
[29]. Axhausen et al (2001), Alexandersson et al. (2008), Pflieger et al (2009),
Blainey (2010), Ryley et al (2014) and Davidsson et al (2016) discussed the possi-
bility of replacing railway lines by buses [30]-[35]. Takemura (1997), Mouri (2013)
and Kaneko et al (2015) examined the possibility to adopt railway replacement
buses in the damaged areas at the times of large-scale natural disasters [36] [37]
(38].

Regarding (3) studies on the installation methods of bus stops, Furth et al
(2000), Saka (2001), Izumida et al (2005), Ohigashi (2005), Chien et al. (2007),
Ibeas et al (2010), Takakura et al. (2015) and Watanabe et al (2023) considered
bus lines and proposed automatic placement methods that would meet the re-
quirements of bus stops [39]-[46]. Suzuki (1987) set the total commuting time
required in addition to the total fare income of bus companies as the assessment
criteria, and formulated the optimal placement of bus stops as a mathematical
programming problem [47]. Yoshii e al (2011) and Kojo et al (2016) proposed
methods to efficiently place bus stops on fixed routes [48] [49].

(2) studies on railway replacement buses pointed out the necessity of replacing
trains by buses especially in depopulated areas where the operation of local rail-
way lines can be highly inefficient and unprofitable. However, all of the above
preceding studies have not proposed any method that introduced routes for
railway replacement buses and installed bus stops on the routes, targeting local
railway lines that may be discontinued in the near future. Therefore, the present
study will demonstrate its originality in comparison with preceding studies by
deriving bus routes that pass through potential bus stops by manually placing
potential stops that meet the requirements of railway replacement buses on the
road network data adopting the improved ACO. In the present study, ACO was
improved using the assessment functions concerning the route length, number

of turns, road width, accessibility of railway lines and zones without bus stops.
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3. Framework

3.1. Framework and Process

The following shows the framework and process of the present study.

1) Section 4: Multiple potential bus stops are placed on the road network data,
and bus routes that pass through some of these stops are searched. Regarding
potential bus stops, the conditions provided by Izumida et al (2005) [41] were
set as a reference, and locations that fit the requirements were selected. Buses did
not have to pass through all of the potential bus stops when searching for both
routes and bus stops. The improved ACO was designed and developed based on
the requirements set concerning the route length, number of turns, road width,
accessibility of railway lines and zones without bus stops as well as the constraint
conditions concerning the route length, number of turns and zones without bus
stops.

2) Section 5: The present study selected local railway lines that may be discon-
tinued in the near future as the target. The geographical data concerning the
surrounding areas of railway lines was gathered, and the road network data were
generated and processed adopting GIS in order to apply the route search method
for railway replacement buses.

3) Section 6: Regarding the target railway lines, route searches are conducted
using the road network data mentioned above. In order to confirm the relevance
of the improved ACO described in section 4, this is compared with Dijkstra’s
algorithm that was proposed by Edsger Wybe Dijkstrra in Netherland in 1959
[50], and can relatively easily derive the shortest travel routes between multiple

locations.

3.2. Overview of ACO

ACO is the optimization algorithm proposed in the doctoral dissertation of
Marco Dorigo in Italy in 1992 [51]. When ants find food, they will make re-
peated trips in groups to bring the food back to their nest. On shorter routes,
ants will release a chemical substance called pheromones with a higher concen-
tration as a guide when going back to their nest. Ants are more likely to travel on
routes with a higher pheromone concentration. Additionally, ants are attracted
to routes with more pheromones and they will also release pheromones. There-
fore, the concentration of pheromones will continue to become higher on short-
er routes, while the pheromones on longer routes will eventually evaporate. As a
result, more ants will travel on the shortest route. ACO is the optimal solution
search algorithm that turns this phenomenon into a mathematical model.

The applicable graph for ACO is made up of nodes that hold multiple location
data and edges that represent the roads connecting the nodes. There are multiple
routes that connect the nest and the food, and the routes used by ants are
represented by connecting a few edges. When the node indicating the nest, which
is also the starting point, is v, and the node indicating the feeding area, which

is also goal point, is v, . Additionally, the route used by ants is (vy,v,) and
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this is called the path. Each edge has heuristic information that changes the
probability of ants passing through each edge to go to the next node. For exam-
ple, the inverse number of the distance is used as heuristic information to in-
crease the probability of shorter routes being selected. Additionally, the phero-
mone concentration is used as heuristic information to increase the probability
of routes with a higher pheromone concentration being selected.

Figure 1 shows the basic algorithm of ACO. Based on Figure 1, each stage
will be explained below.

1) Initialization of the pheromone of each edge

A pheromone concentration is provided for each edge. The default value is
normally 0. Therefore, the process starts with cycle r=0.

(2) Selection of routes used by each ant

From the edges connected to the node they are located on, each ant selects an
edge they will travel on for each cycle and moves toward the other node on the
same edge. Ants will select a route according to the heuristic information. Regard-
ing the basic ACO, the function p}, () of Equation (1) is used as a probability

function of route selection, when ant & goes from node 7to the next node m.

k
k i (t)
P () =<7~ (1)
Zneﬂ iy (t)
£ Number of Cycle;
k Ant identity number;
7, : Pheromone concentration of edge 7 j;
Q: Collection of nodes adjoining i
k

a.

i (¢) : Evaluation value of edges connecting nodes /.

a{c. t)= [Tij (t)]alinij}ﬂ ( )
R IMEAGI (7,1 ’

’ Start ‘

}

’ Initialization ‘
!

—ﬁ Route selection ‘
|

’ Pheromone update ‘

Satisfied
Ending conditions Pheromone at each edge or /

output of the shortest route

l

Unsatisfied End

Figure 1. Basic algorithm of ACO.
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1, + Inverse value of the distance of edge 7 /.

a, p Weight parameter.

As the probability function of route selection p}, (¢) and the evaluation val-
ue a, () changes according to cycle 4 these are shown as a function of £ Ad-
ditionally, as each ant remembers the nodes they have visited, Q represents the
collection of nodes ant A has never visited. Paths are saved until step ¢ as ants
remember the routes they have used as paths. However, as all edges included in
the routes are selected based on the pheromone concentration, the pheromone
concentration of the edges contained in the routes selected first becomes higher
causing more ants to choose routes that are not the shortest. This may cause the
pheromone concentration of routes that are not the shortest to become higher,
resulting in a localized solution. In order to prevent this, the edges that ants tra-
vel to next are selected at random with a fixed probability that allows routes
within the graph to be thoroughly searched.

When setting the output value to the shortest route, ant A, that arrives at its
goal or node v, first compares their current route to the shortest route that
they have traveled on. Next, if ant A decides that the current route is shorter,
this is determined to be the shortest route.

3) Update of the pheromone of each edge

Based on the principle that “the total pheromone amount released by 1 ant in 1
trip is constant”, a fixed amount of pheromones is distributed evenly to the edges
that the ants have passed through. Regarding cycle ¢ the pheromone amount
A¢l’/‘ () spread by ant A on edge e, that connects node v, and node v, is

calculated using Equation (3).

when 4, is on a return trip and passes throught edge ¢, |

L (t)

VAOR @

which was also the lastedge it passed

0 otherwise

t n;

k Ant identity number;

Q@ Total pheromone amount spread by an ant in 1 cycle;

Iz Route length of ant A, for cycle £

As described above, the pheromone amount from the previous cycle can be
grasped in cycle £+ 1, as the change in the pheromone amount of each edge for 1
ant is calculated. Therefore, the pheromone amount &, (t+1) ofnode e; after
all ants have passed it is calculated using Equation (4). In other words, Equation
(4) is the pheromone updating equation indicating that the pheromones of edge
e, is evaporating at a fixed rate, and there is an increase in the amount of phe-

g
romones A¢: (¢) after Nnumber of ants pass.

N
k
(t+1) = pg; (1)+ 2. Ad5 (1) (4)
k=1
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p: Evaporation coefficient;

N: Number of ants.

4) Confirmation of ending conditions

After confirming the ending conditions, the process can move to (5) if the
conditions are met. If the conditions are not met, the number of cycles must be
increased from tto £+ 1, and the process must be redone from (2). The examples
of the ending conditions are shown below.

- The number of cycles freaches a certain number of n times.

- namount of ants in total arrive at the goal node.

- The path (v, vs) passed by any of the ants between the start node and goal
node must be under the threshold amount x of the length / of the optimal
route.

5) Output of the pheromone of each edge or the shortest route

After meeting the ending conditions in (4), the output value is decided after
finishing the process. The two cases of the output value are the output of the
pheromone concentration of each edge in the graph of the cycle as well as the

output of the shortest route obtained in (3).

3.3. Utilization Values and Issues Concerning ACO

Taking into consideration the ACO utilization values and issues, it is necessary
to determine the methods and parameters. With the combination optimization
issue as a target, ACO is an algorithm that obtains the optimal solution with
fewer calculations. Representative issues to which ACO is applied include the
traveling salesman issue and the transportation issue and all of these lead to the
graph network. Additionally, with ACO, the characteristics of the desired route
can be changed by altering the heuristic information such as route length and
travel speed in order to make a stochastic selection based on the heuristic infor-
mation of the next route.

However, as the routes are stochastically selected in ACO, this does not result
in the same route every time. If the process of the number of cycles is not suffi-
cient, this will result in routes that differ greatly every time. If this is the case,
even if a good route is selected, there is a possibility that it was selected by
chance. Therefore, ACO does not necessarily result in the optimal solution as the

answers differ every time.

4. Route Search Method for Railway Replacement Buses
Adopting ACO

4.1. Requirements of Railway Replacement Buses

With Izumida et al (2005) [41] as a reference, the requirements of railway re-
placement bus routes were set as described below.

1) Selection of short routes

In order for bus users to reach their destinations faster, the shortest route

should be selected as the railway replacement bus route.
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2) Selection of routes with fewer turns

Waiting time occurs for traffic lights and pedestrian crossings, when there is
right or left turns. Additionally, when buses turn right or left, there is more time
and effort involved, as the bus must slow down or accelerate before and after the
turn. Therefore, routes with fewer turns are ideal for buses. Moreover, if the an-
gle of an intersection of 3 or more edges is 60 degrees or more, this is considered
to require a turn.

3) Selection of wide roads

The article 5 in the Section 2 of the Vehicles Regulations Order (1961) states that
“the width of vehicles on roads within the metropolitan areas must not be more
than one-half of the width of the road with 0.5 m subtracted.” In other words, if the
road width is wmeters, the vehicle width of x meters must meet Equation (5).

w—0.5
2

>x (5)

W: Road width.

In the present study, the vehicle width of general buses that is 2.1 m is used.
Therefore, the road width that buses can use is as described in Equation (6)
when x=2.1 in Equation (5).

w>4.7 (6)

W: Road width.

Accordingly, with the focus on roads that have a width of 4.7 m or more, the
process is implemented on the road network made up of edges.

4) Generation of routes near target railway lines

Routes near the target railway lines are generated taking into consideration
the convenience of the local residents. Therefore, bus stops are always placed at
each station of the target railway lines.

5) Distance of no bus stop zones kept under a certain level

Based on the results of interview surveys for local residents, Izumida et al
(2005) [41] revealed that placing bus stops in a way that does not create large
zones without bus stops should be a requirement for railway replacement buses.
Therefore, it is necessary to derive short routes in zones without bus stops.

Regarding the requirements of railway replacement bus routes of (1) (2) (5),
the constraint conditions are as described below.

1) Route lengths kept are under a certain level

Regarding the route generation, a weight is placed on the number of turns as a
condition to prevent the route length from becoming too long. In the present
study, a magnification is set with the threshold limit value being under n times
(the value of nis 1 or higher) the route distance (shortest distance) is calculated
adopting Dijkstra’s algorithm.

2) The number of turns kept under a certain number

Regarding the route generation, a weight is placed on the distance as a condi-
tion to prevent the number of turns being too high. In the present study, a mag-

nification is set with the threshold limit value being under n times (the value of n
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is 1 or higher) the number of turns on the route (shortest distance) obtained
adopting Dijkstra’s algorithm.

3) All zones without bus stops kept under a certain distance

Zones with no bus stops are limited to be under a certain distance taking into
consideration the convenience of the local residents. Routes with zones without
bus stops that exceed this threshold limit value will not be selected as the optimal

route.

4.2. Design of the Route Search Algorithm for Railway
Replacement Buses

Python 3.6.16 was used as the programming language in the design of the im-
proved ACO used for the route search for replacement buses. The overview of
each stage is as described below.

1) Initialization of the graph and ants

First, the graph is initialized based on the entered parameter. In the graph, the
pheromones released at each edge as well as the shortest route to be ultimately
output are initialized, and the ants are placed in the designated positions. Addi-
tionally, the routes and distances of zones without bus stops are initialized.

2) Route selection

Route selections are conducted for all ants. According to the requirements of
railway replacement buses of (1) (2) in Section 4.1, when the ants arrive at the
next node, an evaluation value is added to the surrounding edges taking into
consideration the route lengths, and the ants will stochastically move. When the
other conditions are the same, routes with a shorter distance can be easily selected.
Additionally, when the other conditions are the same, routes that are straight are
also more likely to be selected than routes with many turns.

3) Pheromone update

The pheromones of each edge are evaporated, added to the routes taken by
ants, and updated.

4) Confirmation of the ending conditions

Whether the current situation meets the ending conditions is confirmed, and
the process must be redone from selecting routes if the conditions are not met.
The optimal route is output if the conditions are met. In the present study, the
process is ended when the number of cycles exceeds the predetermined number.

5) Output of the optimal route

Finally, the optimal route is generated. While the fundamental aim of ACO is
finding the shortest route, the present study uses it to find the optimal routes
that can work as railway replacement bus routes. Taking into consideration the
route length and number of turns that are among the requirements in Section

4.1, routes that meet the constraint conditions are selected as the optimal routes.

4.3. Route Search Algorism for Railway Replacement Buses

4.3.1. Initialization of the Number of Graphs and Ants

In this process, the graph and ants are initialized. The graph was implemented in
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the form of an undirected graph of the network x module. The graph and ants

are initialized according to the parameters entered. Table 1 shows the overview

of the input of each parameter.

Table 1. Overview of the input of each parameter.

Name of parameter

Number of ants

Total amount of
pheromones

Alpha

Beta
Gamma

The distance limit
for zones without
bus stops

Dijkstra distance

Magnification of the
route length

Number of Dijkstra
turns

Magnification of the
number of turns

Turn weight

Evaporation
coefficient

Number of cycles
Start node

Goal node
Minimum
pheromone value
Maximum
pheromone value
Random selection
probability

Name within
the code

num_of ants

Q

alpha

beta

gamma

nonstop_lim

difL

nL

dijturn

mL

tns_weight

rou

max_iterations
initial vertex

dest_vertex

tau_min
tau_max

ant_prob_random

Overview

Number of ants in the route search

The total amount of pheromones released by 1
ant in 1 round trip

The weight parameter a in equation (2)
The weight parameter Sin equation (2)

The parameter required when determining the
evaluation value of the edges

The maximum distance allowed for zones
without bus stops. If this distance is exceeded,
the route will not be output as the optimal route.

The distance of the route obtained adopting
Dijkstra’s algorithm

The magnification used in the constraint
conditions concerning the route length

The number of turns in a route calculated
adopting Dijkstra’s algorithm

The magnification used in the constraint
conditions concerning the number of turns

A weight parameter of the number of turns that
is used when selecting the optimal distance

The percentage of pheromones that remain
without evaporating in each step

Tested number of cycles
The node positioned when the ants are initialized

The node that is the goal point for ants

Minimum pheromone value

Maximum pheromone value

Probability of the random selection when the
route is being selected

The number of times the pheromones are reset

Reset cycle number super_not_changewhen the optimal route is not updated even

List of arrangement
of turns

List of bust stop
edges

tf

stz

when it exceeds this number of cycles

A list to determine whether a pass made up of 3
nodes is a turn or not concerning the graph

A list that includes edges where the bus stops are
positioned
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The graph and ants are initialized. A parameter is referred to as a class in Py-
thon. When the graph is initialized, the current optimal route and its informa-
tion as well as the number of times the amount of pheromones did not change
are saved. Regarding the amount of pheromones, the minimum value (tau_min)
of all edges is initialized. A flag is placed on edges that have a potential bus stop.
Additionally, with the list of ants as instance variables, the designated number
(num_of_ants) alone is positioned on the initial location. As the ants are called
class, this is also initialized. The routes taken by ants and their information, the
flags indicating that the ants are heading toward the nest, as well as the current

locations are considered to be instance variables.

4.3.2. Route Selection

In the route selection, ants will stochastically select an unvisited node from
among the current node and adjacent nodes. From the adjacent nodes, a random
route selection will be conducted with a fixed probability (Ant_prob_random).
This increases the probability of ants moving to nodes that are stochastically less
likely to be selected that causes the graph to be searched thoroughly, preventing
localized solutions. In the route selection of the present study, a different equa-
tion to the basic ACO is used. Though routes that are shorter and have fewer
turns according to the requirements are obtained, this may become a trade-off.
Therefore, the route selection probability of ants is calculated using Equation
(1), while Equation (7) is used in place of Equation (2).

(5 0] [ ] [ (i)

“ (t) ) 2169[711 (f)]a [771'1 ]ﬂ [tf(h’i’j)]y

)

£ Number of cycles;

k Ant identity number;

h: Number of the previous node;

7z Pheromone concentration of edge (4 /);

Q: Collection of nodes adjacent to i

1y inverse number;

a, B, r. of the distance of edge #j;

y: Weight parameter;

tf (h,i,j): Function regarding the left/right turns when passing through
nodes A-> 7> .

Regarding function of ¢/ (h,i, /), when the ants pass through the nodes in the
order of A>7>j (A and 7as well as 7and jare adjacent nodes), the value is 1 if it is
straight and 2 if there is a left or right turn. The determination method of turns
and straight roads is as explained in section 4.1. Moreover, as there are no nodes
that the ants have traveled through right after the initialization, it will be A = 7
and will be regarded as a straight line with the output value being 1.

If there are no unvisited nodes adjacent to the current location, the ant will be
moved back to the previous position. Though the node visited before moving

back 1 node will be deleted from the path, conducting this process alone can lead
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to the following problems. Figure 2 shows an example in which an ant is stuck
in an infinite loop and cannot reach the goal.

As described in Figure 2, assuming the graph with the nodes A, B, C, D and E,
A is the starting point and E is the goal. In this case, when an ant travels in the
order of arrows 1, 2 and 3, there are no unvisited nodes adjacent to D. Therefore,
the ant must return to C following arrow 4. In the next step in which the ant is at
C, the ant must progress to D as this is the only unvisited node. In this way, the
ant will continue to go back and forth between C and D.

In order to prevent this, a list-type instance variable called a backlist is used
when an ant moves back a node. When an ant goes backward (when going in the
direction of arrow 4 in Figure 2), the node is added to the backlist, and it is re-
garded as an unvisited node until the ant reaches the goal of node E. This me-
thod prevents ants from moving to dead-end nodes. Regarding Figure 2, after
the ant moves in the direction of arrow 4, D is not selected in the route selection,
as it is added to the backlist node causing the ant to return to B as C becomes a
dead end.

The information on the route, route length, number of turns and zones with-
out bus stops are updated. All ants have the attributes of the list (list of the zones
without bus stops) of the route they have taken, the route length, number of
turns and distance of zones without bus stops. First, nodes used by ants are
added to the route list, while the distance of the edges is added to the distance
attributes. Additionally, turns are determined by the turn flags, and the number
of turns for the ant is increased by one when there is a turn. The list of zones
without bus stops is a list of the distances of zones that have never had a bus
stop. If the edges used by ants have no potential bus stops, the distance is added
to the list of zones without bus stops. If there are potential bus stops, half the
distance of the edges is added to the list of zones without bus stops. The edge is

now considered to have a bus stop in the middle.

Figure 2. Case of being in an infinite loop and not being able to reach the goal.
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1. Rectilinear propagation 2. Rectilinear propagation

| Dl

Bus stop (I\ﬂddle point)

&
400m 100m 100m
Route: [A, B, C] 200m

Distance: 600m
Zones without bus stops: [5S00m, 100m]
Number of turns

Figure 3. Information update of the routes taken by ants.

As an example, Figure 3 shows the information update of the routes taken by
ants. It is assumed that the ants start from node A and progress in 2 steps, A to B
and B to C. The potential bus stop is on edge BC not AB. In this case, the infor-
mation on the route, route length, number of turns and zone without bus stops
are updated.

Furthermore, if the node that the ant reaches after going through the selected
edge is the goal point, it is determined whether the route is optimal or not. As
the route length and number of turns are the basis for the route selection, the
converted distance of the number of turns is used to calculate the route length as
described in Equation (8). The parameter of tns_weight is used for 7. n represents
the total number of turns in the route traveled. As described in Equation (8), the

route length is calculated as a route with no turns.
[=x+nT (8)

[ route length;

x: total distance of the bus;

n: number of turns in the route traveled on;

T: turns weight.

Ants that reach the goal head towards the opposite direction in order to reach
the starting point. They continue moving until they reach the node that is the
starting point. They are initialized once they reach the starting point, and they
once again travel in the direction of the goal node.

4.3.3. Pheromone Update

The update process of pheromones is the same as the basic ACO and is con-
ducted using Equations (3) and (4). After reaching their food on the selected
route, ants will return to their nest using the exact same route and move by only
1 edge in 1 cycle. The amount of pheromones released by ants is determined ac-
cording to the travel distance and total pheromone amount Q that is one of the

parameters entered.
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4.3.4. Confirmation of the Ending Conditions

In the present study, the ending condition is that the number of cycles exceeds
the stipulated number (parameter max_iterations). It must return to the route
selection if the number of cycles does not exceed the stipulated number, while it

is determined to be the optimal route if it is exceeded.

4.3.5. Output of the Optimal Route

Finally, the optimal route confirmed in Section 4.3.4 is generated. In the present
study, the simultaneous output of not only the optimal route but also the route
length, number of turns, number of bus stops, maximum distance of zones with-
out bus stops and the list of the distances of zones without bus stops was conducted
in order to make a comparison with the routes obtained adopting Dijkstra’s algo-

rithm.

5. Selection of Target Railway Line and the
Gathering/Processing of Geographical Data

5.1. Selection of Target Railway Line

The JR Kakogawa line between Nishiwakishi station and Tanigawa Station in the
center of Hyogo Prefecture in the western part of Japan was selected as the target
railway line. The JR Kakogawa line is operated by the West Japan Railway Com-
pany, and the line length between these two stations is 17.3 km. 9 stations are

located in this zone.

5.2. Selection of Potential Bus Stops along the Target Railway
Lines

With Izumida ef al. (2005) [41] as a reference, potential bus stops are placed ac-
cording to the following conditions.

1) Potential bus stops are placed in areas with many people such as residential
or commercial areas.

2) Potential bus stops are placed at large-scale facilities or stations.

3) Potential bus stops are not placed near intersections.

4) Potential bus stops are placed in a way that does not create long distances
without bus stops.

5) Potential bus stops are placed on routes that are generated near the target

railway line with the convenience of the local people in mind.

5.3. Utilized Data and Processing Method

Table 2 shows the overview of the utilized data and the processing methods in
the present study. The utilized data were processed with GIS. As described in
Table 2, vector tiles and road edge data of the basic map data provided by the
Geospatial Information Authority of Japan were used to calculate the road
width. Additionally, original road network data were generated using the vector

tiles.
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Table 2. Overview of the utilized data and the processing methods in the present study.

Source Utilized data Processing method

. Calculation of road width and
Vector tiles .
Geospatial Information generation of the road network data

Authority of Japan Road edge data of

. Calculation of road width
the basic map data

6. Route Search for Railway Replacement Buses
6.1. Overview of Route Search

In the present study, the route search for railway replacement buses is conducted
adopting Dijkstra’s algorithm and the improved ACO. Next, the relevance of the
improved ACO is verified by comparing the route search results. Specifically, the
route length, number of turns, number of bus stops, maximum distance of zones
without bus stops and the list of the distances of zones without bus stops were
taken into consideration, when comparing the route search results. As the rail-
way replacement bus always travels through 9 stations on the JR Kakogawa line,
the zones between these stations are divided into 8 zones, and the route search
results described above are compared. The parameters shown in Table 3 were
used in the search for both routes and bus stops adopting the improved ACO.
Figures 4-19 show the results obtained by adopting these route search methods.
The starting and goal nodes are colored with yellow, the routes traveled are co-
lored with red, and the edges with potential bus stops are colored with green.
Additionally, the stations are denoted by blue points. Tables 4-11 shows the

comparison results of routes derived adopting these route search methods.

6.2. Route between Nishiwakishi Station and Shin-Nishiwaki
Station

Figure 4 and Figure 5 show the routes between Nishiwakishi Station and
Shin-Nishiwaki Station obtained by Dijkstra’s algorithm and the improved
ACO, and Table 4 shows the comparison results of these routes. From Figure 4,
while the selected route in Dijkstra’s algorithm is shorter and has fewer turns,
the zone without bus stops is longer. From Figure 5, the route in the improved
ACO was longer than that of Dijkstra’s algorithm but had more bus stops. Ac-
cording to Table 4, in comparison with Dijkstra’s algorithm, the distance of
zones without bus stops in the route selected in the improved ACO all met the

constraint conditions of having a distance under 1000 m.

6.3. Route between Shin-Nishiwaki Station and Hie Station

Figure 6 and Figure 7 show the routes between Shin-Nishiwaki Station and Hie
Station obtained by Dijkstra’s algorithm and the improved ACO, and Table 5
shows the comparison results of these routes. From Figure 6, the route in Dijkstra’s
algorithm is mostly straight, similar to the route between Nishiwaki station and

Shin-Nishiwaki Station shown in Section 6.2. From Figure 7, in comparison
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Table 3. Parameters of the improved ACO.

Name of parameter

Number of ants

Total amount of pheromones
Weight parameter 1

Weight parameter 2

Weight parameter 3

Name within the code Parameter value

num_of_ants
Q

alpha

beta

gamma

Limit of the distance of zones without bus stops nonstop_lim

Dijkstra distance
Distance magnification

Dijkstra’s number of turns

Magnification of the number of turns

Turns weight

Evaporation coefficient
Number of trials

Starting point node

Goal point node

Minimum pheromone value
Maximum pheromone value
Random selection probability
Reset cycle number

Turn arrangement list

Bus stop edge list

Location coordinates list

dijL
nL

dijturn
mL

tns_weight

rou
max_iterations
initial_vertex
dest_vertex
tau_min

tau_max
ant_prob_random
super_not_change

tf

stz

pos

30

10

1

1

0.5

1000

(The route distance obtained in Dijkstra’s algorithm)
3

(The number of turns obtained in Dijkstra’s algorithm)
4

50

0.9

500

(The starting point node of each route)
(The goal point node of each route)

0.1

100

0.1

50

(The list of turn information on each route)

(The list of bus stop edges set in each route)

(The dictionary-type list of location coordinates of each
road network)

Table 4. Comparison of the searched routes between Nishiwaki Station and Shin-Nishiwaki

Station.

Starting node coordinates
Goal node coordinates
Route search method
Route length (m)
Number of turns (times)

Number of bus stops (stops)

(134.967576583, 34.970784861000006)
(134.974554472, 34.979408139)

Maximum distance of the zone

without bus stops (m)

The distance list of zones without

bus stops (m)

Dijkstra’s algorithm Improved ACO
1584.9 2041.0

2 2

3 7

1372.2 820.9

[179.1, 355.6, 168.0, 217.61,

[212.7, 1372.2]
299.8, 820.9]
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Table 5. Comparison of the searched routes between Nishiwaki station and Shin-Nishiwaki
Station.

Starting node coordinates
Goal node coordinates
Route search method
Route length (m)
Number of turns (times)

Number of bus stops (stops)

Maximum distance of the zone

without bus stops (m)

The distance list of zones without

bus stops (m)

(134.974554472, 34.979408139)

(134.988870833, 34.989215139)

Dijkstra’s algorithm Improved ACO
1926.1 1953.3

1 3

4 5

1257.2 746.0

[282.4, 1257.2, 386.6] [282.4, 538.3, 746.0, 386.6]

Station.

Table 6. Comparison of the searched routes between Hie Station and Nihonheso Park

Starting node coordinates
Goal node coordinates
Route search method
Route length (m)
Number of turns (times)

Number of bus stops (stops)

Maximum distance of the zone

without bus stops (m)

(134.988870833, 34.989215139)

(134.9977475, 35.002694528)

Dijkstra’s algorithm Improved ACO
2081.7 2081.7

1 1

7 7

730.9 730.9

The distance list of zones without [341.7, 92.7, 318.9, 130.0, [341.7,92.7, 318.9, 130.0,

bus stops (m)

467.5, 730.9] 467.5, 730.9]

Table 7. Comparison of the searched routes between Nihonheso Park Station and Kuro-
dasho Station.

Starting node coordinates
Goal node coordinates
Route search method
Route length (m)
Number of turns (times)

Number of bus stops (stops)

Maximum distance of the zone

without bus stops (m)

The distance list of zones without

bus stops (m)

(134997680167, 35.002637444)

(134.991130278, 35.02396722200001)

Dijkstra’s algorithm Improved ACO
2806.4 3622.1

1 4

2 7

2806.4 984.4

[566.0, 204.4, 171.3, 731.8,

[2806.4]
964.4, 984.4]
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Table 8. Comparison of the searched routes between Kurodasho Station and Honkuroda

Station.
Starting node coordinates (134.991130278, 35.02396722200001)
Goal node coordinates (134.996893611, 35.052478332999996)
Route search method Dijkstra’s algorithm Improved ACO
Route length (m) 3409.9 3409.9
Number of turns (times) 0 0
Number of bus stops (stops) 9 9

Maximum distance of the zone
. 839.0 839.0
without bus stops (m)
The distance list of zones without [39.4, 164.5, 439.3, 721.9, [39.4, 164.5, 439.3, 721.9,

bus stops (m) 369.3, 667.9, 839.0, 168.7] 369.3, 667.9, 839.0, 168.7]

Table 9. Comparison of the searched routes between Honkuroda Station and Funama-
chiguchi Station.

Starting node coordinates (134.996900208015, 35.0524837066247)
Goal node coordinates (135.006701111, 35.064274167)

Route search method Dijkstra’s algorithm Improved ACO
Route length (m) 2,270.9 2,270.9
Number of turns (times) 3 3

Number of bus stops (stops) 6 6

Maximum distance of the zone
R 741.2 741.2
without bus stops (m)

The distance list of zones without [291.2, 611.0, 206.2, 421.2, [291.2, 611.0, 206.2, 421.2,
bus stops (m) 741.2] 741.2]

Table 10. Comparison of the searched routes between Funamchiguchi Station and Ku-
gemura Station.

Starting node coordinates (134.996900208015, 35.0524837066247)

Goal node coordinates (135.006701111, 35.064274167)

Route search method Dijkstra’s algorithm Improved ACO

Route length (m) 2270.9 4414.9

Number of turns (times) 3 4

Number of bus stops (stops) 6 11

Maximum distance of the

. 741.2197305 733.0

zone without bus stops (m)

The distance list of zones [291.2, 611.0, 206.2, [365.9, 656.7, 523.6, 222.1, 160.9,

without bus stops (m) 421.2,741.2] 405.1, 733.0, 34926, 641.9, 356.0]
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Table 11. Comparison of the searched routes between Kugemura Station and Tanigawa

Station.
Starting node coordinates (135.033625278, 35.077045833)
Goal node coordinates (135.049879167, 35.082241)
Route search method Dijkstra’s algorithm Improved ACO
Route length (m) 1777.3 1777.3
Number of turns (times) 0 0
Number of bus stops (stops) 5 5

Maximum distance of the zone

871.0 871.0
without bus stops (m)

The distance list of zones without
[52.1, 670.0, 184.2, 871.0] [52.1, 670.0, 184.2, 871.0]
bus stops (m)

Vi
(-—-f Nishiwaki
~ Station

Shin-Nishiwaki N

Sta;i)on i ‘

200m

Figure 4. Route obtained adopting Dijkstra’s algorithm between Nishiwaki Station and
Shin-Nishiwaki Station.

i
L/ Nishiwaki
N Station

Shin-Nishiwaki
Station

7

200m

Figure 5. Route obtained adopting the improved ACO between Nishiwaki Station and
Shin-Nishiwaki Station.

DOI: 10.4236/jgis.2023.154020 409 Journal of Geographic Information System


https://doi.org/10.4236/jgis.2023.154020

K. Nagaoka, K. Yamamoto

Hie
Station

/-

S | Shin-Nishiwaki Station
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Figure 6. Route obtained adopting Dijkstra’s algorithm between Shin-Nishiwaki Station
and Hie Station.

Hie
Station

/.

S | Shin-Nishiwaki Station

»=

200m

Figure 7. Route obtained adopting the improved ACObetween (Shin-Nishiwaki Station
and Hie Station.

v
Nihonheso Park
Station

N

A

200m

Figure 8. Route obtained adopting Dijkstra’s algorithm between Hie Station and Nihon-
heso Park Station.
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Figure 9. Route obtained adopting the improved ACO between Hie Station and Nihon-

heso Park Station.
/= )

Kurodasho
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| Nihonheso Park |
Station A

~ _

200m

Figure 10. Route obtained adopting Dijkstra’s algorithm between Nihonheso Park Sta-

tion and Kurodasho Station.

Kurodasho
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Nihonheso Park |
Station A

200m

Figure 11. Route obtained adopting the improved ACO between Nihonheso Park Station

and Kurodasho Station.
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Figure 12. Route obtained adopting Dijkstra’s algorithm between Kurodasho Station and
Honkuroda Station.
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Figure 13. Route obtained adopting the improved ACO between Kurodasho Station and
Honkuroda Station.
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Figure 14. Route obtained adopting Dijkstra’s algorithm between Honkuroda Station and
Funamachiguchi Station.
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200m

Station

Figure 15. Route obtained adopting the improved ACO between Honkuroda Station and

Funamachiguchi Station.

Kugemura
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. . N
Funamachiguchi A
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200m

Figure 16. Route obtained adopting Dijkstra’s algorithm between Funamchiguchi Statio

and Kugemura Station.
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—
200m

Figure 17. Route obtained adopting the improved ACO between Funamchiguchi Statio

and Kugemura Station.
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"
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—

Figure 18. Route obtained adopting Dijkstra’s algorithm between Kugemura Station and

Tanigawa Station.
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Figure 19. Route obtained adopting the improved ACO between Kugemura Station and

200m

Tanigawa Station).

with the route of Dijkstra’s algorithm, the route length in the improved ACO is
mostly the same, while the maximum distance of zones without bus stops was
shorter. According to Table 5, the route in Dijkstra’s algorithm was superior in
terms of the route length and number of turns compared to the improved ACO.
However, compared to Dijkstra’s algorithm, the improved ACO had a similar

route length and a shorter maximum distance of zones without bus stops.

6.4. Route between Hie Station and Nihonheso Park Station

Figure 8 and Figure 9 show the routes between Hie Station and Nihonheso Park
Station obtained by Dijkstra’s algorithm and the improved ACO, and Table 6
shows the comparison results of these routes. Figure 8 and Figure 9 show that
the routes derived from the two route search methods were the same. Both me-
thods selected a route that was partially straight and had few turns. Additionally,
both met the constraint conditions introduced in Section 4.1 and the number of

turns was minimized to 1 turn.

6.5. Route between Nihonheso Park Station and Kurodasho
Station

Figure 10 and Figure 11 show the route between Nihonheso Park Station and
Kurodasho Station obtained by Dijkstra’s algorithm and the improved ACO, and
Table 7 shows the comparison results of these routes. From Figure 10, in
Dijkstra’s algorithm, a central road was selected, the route prioritized the dis-
tance and the number of turns was low. From Figure 11, in comparison with
Dijkstra’s algorithm, the number of bus stops had significantly increased in the
improved ACO, while the maximum distance of the zones without bus stops was
shorter, and the number of turns had increased. According to Table 7, in
Dijkstra’s algorithm, the route length was shorter than the improved ACO by
over 800 m, and it passed through a route that had no bus stops between the 2
stations. On the other hand, in the improved ACO, the number of bus stops had

increased and the distance of zones without bus stops was short.
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6.6. Route between Kurodasho Station and Honkuroda Station

Figure 12 and Figure 13 shows the routes between Kurodasho Station and
Honkuroda Station obtained by Dijkstra’s algorithm and the improved ACO,
and Table 8 shows the comparison results of these routes. Figure 12 and Figure
13 show that the routes derived from the two route search methods were the
same. Both routes have no intersections requiring turns and the distance be-
tween bus stops was almost the same. As described in Section 4.1, in order to
meet the constraint requirement of having a number of turns that is under 3
times that of Dijkstra’s algorithm (under 0 times for the area between these 2

stations), the improved ACO selected the same route as in Dijkstra’s algorithm.

6.7. Route between Honkuroda Station and Funamachiguchi
Station

Figure 14 and Figure 15 show the route between Honkuroda Station and Fu-
namashiguchi Station obtained by Dijkstra’s algorithm and the improved ACO,
and Table 9 shows the comparison results of these routes. Figure 14 and Figure
15 show that the routes derived from the two route search methods were the
same. The distance between bus stops was almost the same in both routes, and

there were no zones without bus stops that were over 1000 m.

6.8. Route between Funamachiguchi Station and Kugemura
Station

Figure 16 and Figure 17 show the route between Funamachiguchi Station and
Kugemura Station obtained by Dijkstra’s algorithm and the improved ACO, and
Table 10 shows the comparison results of these routes. From Figure 16, the dis-
tances between bus stops in the route of Dijkstra’s algorithm were equally
spaced, and there were no zones without bus stops that were over 1000 m. From
Figure 17, in comparison with Dijkstra’s algorithm, the route length in the im-
proved ACO was significantly longer and the number of bus stops also greatly
increased. According to Table 10, in comparison with the improved ACO, while
the route length in Dijkstra’s algorithm was over 1000 m shorter, the zones
without bus stops were very long. On the other hand, the route in the improved
ACO had a great increase in bus stops and the maximum distance of zones

without bus stops was also extremely short.

6.9. Route between Kugemura Station and Tanigawa Station

Figure 18 and Figure 19 show the routes between Kugemura Station and Tani-
gawa Station obtained by Dijkstra’s algorithm and the improved ACO, and Ta-
ble 11 shows the comparison results of these routes. Figure 18 and Figure 19
show that the routes derived from the two route search methods were the same.
Both routes had only 1 bus stop between the 2 stations and the zone without bus
stops was extremely long. From Table 11, similar to the route between Kuroda-
sho Station and Honkuroda Station, the improved ACO selected the same route

as Dijkstra’s algorithm in order to meet the constraint condition of having a
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number of turns under 3 times that of Dijkstra’s algorithm (under 0 times be-
tween these 2 stations) as described in section 4.1. Though there are 2 locations
that require a turn in Figure 18 and Figure 19, these can be regarded as being
straight according to the angle measurement adopting the turn determination
method used in the present study.

6.10. Summary of the Consideration Results

According to the comparison results described up until section 6.9, 4 out of 8
zones had the same routes obtained adopting Dijkstra’s algorithm and the im-
proved ACO. However, in the other 4 zones, the improved ACO derived the op-
timal routes for railway replacement buses in comparison with Dijkstra’s algo-
rithm. From these comparison results, the areas requiring improvement con-
cerning the improved ACO can be summarized into the following 2 points.

1) Placement of potential bus stops

In both Dijkstra’s algorithm and the improved ACO, a route search is con-
ducted with nodes as the starting and goal points instead of the edges. However,
as bus stops cannot be located on intersections, they must be placed on the
edges. Therefore, it is necessary to improve the road network data in order to
enable the placement of all potential bus stops on the edges.

2) Determination methods for turns

As mentioned in Section 6.9, between Kugemura Station and Tanigawa Sta-
tion, locations that require turns were mistakenly considered to be straight accord-
ing to the angle measurement adopting the turn determination method adopted
in the present study. In the present study, it was stipulated that turns are neces-
sary when the angle of one of the 3 intersecting edges is 60 degrees or more. In
order to solve this problems, the angle determining turns should be changed to
an angle below 60 degrees. However, if the angle is too small, turns may be re-
garded as being straight. Therefore, a more accurate turn-determination method

must be considered.

7. Conclusions

Regarding Section 4, with the assumption of the situation after the discontinua-
tion of local railway lines that may happen in the near future, appropriate bus
stops when provided with potential bus stops were selected, and method to
search for railway replacement bus routes was designed and developed. ACO,
which is a highly flexible algorithm, was improved and used as a route search
method in the present study. Therefore, in Section 5, vector tiles and road edge
data of the basic map data provided by the Geospatial Information Authority of
Japan were used to generate and process the road network data only containing
roads with widths that buses can travel on. In Section 6, the road network data
was used to search for the optimal route for railway replacement buses adopting
the improved ACO concerning the 8 zones on the target railway line (JR Kako-

gawa line). Additionally, by comparing the improved ACO with Dijkstra’s algo-
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rithm, its relevance was verified and areas needing further improvements were
revealed.

The main findings of the present study can be summarized into the following
2 points.

1) Setting requirements with a focus on route length and the number of turns

As described in Section 4.1, the present study set the route length, number of
turns, road width, accessibility of railway lines and zones without bus stops as
the requirements for the railway replacement buses. Optimal routes were gener-
ated with a focus on the route length and number of turns. In order to meet
these requirements, the number of turns was converted to the road length. This
made it possible to search for the optimal routes, while meeting the require-
ments concerning both the route length and number of turns.

2) Setting constraint conditions

Whether the route between the starting node and goal node taken by ants was
better than the temporary optimal route or not was determined according to the
requirements of (1) in Section 4.1. In order to prevent routes that are long, have
many turns and have long zones without bus stops from being selected as the
optimal route, constraint conditions were set concerning the route length, num-
ber of turns and zones without bus stops as described in Section 4.1. After meet-
ing the constraint conditions, the optimal route search could be conducted.

As described in Section 6.10, regarding the improved ACO, improving its ac-
curacy with a focus on the placement of potential bus stops and the turn deter-
mination method as well as applying it to other railway lines can be raised as fu-

ture research topics.
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