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ABSTRACT

Scheduled liner service is a proper system for mass trans-
portation and it is employed by wide range of transporta-
tion modes, such as bus, railway, airline, maritime trans-
port. To get more ridership, providers of the liner service
are required to organize efficient routes and networks of the
service. This paper tackles the problem of generating Public
Transport Network (PTN) as one of the liner services. Our
method generating PTN is based on Multi Agent System,
in which one agent represents one bus line with information
of transit route and vehicle number. Although it success-
fully output best solutions for a benchmark problem, the
solution and computation time depend on quality of transit
routes of initial line set. In this paper, community detec-
tion method is applied to generate proper line routes and
the original method based on a growing network model is
replaced with it. The advantage and disadvantage of the
community detection method are investigated.
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1. INTRODUCTION

Scheduled liner service is a proper system for mass trans-
portation and it is employed by wide range of transporta-
tion mode, such as bus, railway, airline, maritime transport.
Service providers open their schedule (i.e. route path and
time table) to users and users select efficient route for them-
selves. Thus, service providers are required to organize effi-
cient transport network to increase their profit.

This paper focuses on public transport network (Hereinafter
referred to as PTN) of bus as one of scheduled liner ser-
vices. Generating PTN is a hard problem. Since the prob-
lem includes many elements influencing transportation per-
formance (e.g. such as vehicle number, transit route, line
number), classical method like mathematical programming
faces many difficulties in the process of mathematical for-
mulation and optimization. Furthermore, it easily leads to
combinatorial explosion even though the number of bus stop
is small. Most of previous studies attacking the problem rely
on heuristic or meta-heuristic method [7].

We proposed Multi Agent System (hereinafter referred to as
MAS) as an algorithm generating PTN [12]. One line com-
posing PTN represents one agent (Hereinafter referred to as
Line Agent) and it competes for passengers by evolving with
changing route. Final solution as PTN is a set of line agents
survived after the evolution process. However, solution of
the developed MAS depends on transit routes of initial set
of line agents.

There are many papers investigating community detection
algorithm. Set of nodes connected by many links in networks
is detected as community. Thus, node set detected as a
community has potential to become an efficient transit route
of the initial line agents of our MAS.

This paper is organized as follows. Problem of generating
PTN is defined in section 2. Section 3 briefly explains a
method with MAS generating PTN and community detec-
tion method. The analysis results are presented in section 4.



Section 5 investigates results of the analysis. Finally, section
6 gives conclusion.

2. PROBLEM DEFINITION

As a matter of convenience, transportation mode is set to
bus line network in this paper. Thus, vehicle is bus, physical
infrastructure network is street and nodes representing bus
stops. All of the information on street network, position of
bus stops, demand matrix that element is transport demand
between two bus stops, vehicle speed and seating capacity
are given. The demand matrix is often called as OD (Origin,
Destination) matrix.

Solution is a set of bus lines that has information about route
and vehicle number. The route of bus line is defined by a
permutation of bus stops and it is assumed that the buses
travel back and forth on the line. Furthermore, since express
bus is not considered, vehicle stops at all bus stops on its
route. Fig.1 shows an example of problem and solution.
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Figure 1: Problem Definition and Example of Solution

The evaluation function similar to the following equation is
applied frequently to the problem of PTN [17]. In our MAS,
the same evaluation function is employed.

minZ = Y Ts,5,Ds;,8, Fw1 Y, Br, )
S;#5;€8T LLEBL

Where, ST is set of bus stops, BL is set of bus lines, Ds;,s;,
Ts“sj are demand and traveling time from bus stop S; to
S; respectively. The traveling time is composed of not only
in-vehicle time, but also expected waiting time and penalty
time for transferring. Bp, is number of vehicle deployed
into bus line Ly. The traveling time from bus stop S; to
Sj, is simply calculated by Euclidean distance on the street
network and service speed of vehicle.

The first term in Eq.1 is user’s cost and the second term
is operator’s cost. w; is control parameter. It is expected
that small w; reduces traveling time and large w; reduces
number of bus. Passengers hope to reduce the first term
and transportation companies hope to reduce the second
term. Generally speaking, relationship between two terms
is trade-off relationship and it is one reason of the difficulties
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to solve the PTN generation problem. One extreme condi-
tion is connecting all pairs of bus stops by direct shuttle ser-
vice. Although it is extremely convenience for passengers,
it requires an enormous cost to transportation companies.

3. METHOD

In this section, outline of our method with Multi Agent Sys-
tem is described. However, the process to generate initial
set of line agent is replaced with newly developed process

3.1 Multi Agent System
The developed MAS separates several components as fol-
lows.

e Generating initial set of line agent
e Route selection of passengers

e Evolution of line agent

Briefly speaking about original generator for initial line set
in the first component, a growing network model [8] was
modified [11]. However it produces many lines that route is
different from each other. In addition, it is recognized that
the initial line set affects to the transportation performance
of obtained PTN and computing times|[12]. The community
detection algorithm in section 3.2 is used to generate initial
set of line agent in this paper.

After generation of the initial set of line, evolution process
of the MAS starts. In the process, above second and third
components are executed alternately. Fig.2 illustrates the
flow diagram of the process. # 2 in Fig.2 (Section 3.1.1)
corresponds to the second component. # 3-6 in Fig.2 (Sec-
tion 3.1.2-3.1.5) corresponds to the third component. Line
agents without passenger are deleted in each evolution step.
Thus the number of line agents declines eventually.

3.1.1 Route Selection of Passenger

In this paper, it is assumed that the user of PTN selects
shortest path in time. It means minimizing the first term in
Eq.1. This subsection describes the method to analyze the
in-vehicle time, waiting time, transfer number for all OD
pairs(Fig.2, # 2). The result of the analysis is utilized in
the section 3.1.2.

To analyze the route selection of passengers, PTN is con-
verted to the network in Fig.3 separating bus stop into phys-
ical world node and virtual node.

For instance, since the “line a” and “line b” share the bus
stop 3, the figure shows two virtual bus stops, a3 and b3.
There are three kind of link and arcs in the converted net-
work. One is “Line Link” connecting virtual bus stops. Sec-
ond is “Boarding Arc” from physical bus stops to virtual
bus stop belonging to lines. Third is “Alighting Arc” from
virtual bus stops to physical bus stops. The weight of the
“Line Link” is in-vehicle time (Link Length/Moving Speed),
“Boarding Arc” is waiting time (Headway/2 representing ex-
pectation value of waiting time) and “Alighting Arc” has no
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Figure 2: Flow Diagram

weight. Furthermore, to represent transfer cost, five min-
utes is added to the weight of boarding links. (System does
not assign the five minutes to first riding.)

Since the weight of the link and arc in this network is time,
shortest path algorithm like Dijkstra Method with heap sort
algorithm [15] can immediately find out the shortest paths
in travel time.

3.1.2  Evolution of Bus Line Agent

Evolution rule of line agent changes transit route and vehicle
number. Using the result of the previous subsection, the line
agent evolves in selfish to increase the profit defined by the
following formula. To encourage the evolution of line agent
with higher profit, the target agent is selected in descending

Network
Conversion

Line Link (Traveling Time)

Gooone- Boarding Arc (Waiting Time* + Penalty Time**)
<€—— Alighting Arc (no Waiting Time)

* : Half of Headway

**: Smin. Not assigned for Ist riding

Figure 3: Network Conversion
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order of the profit(# 3 in Fig.2).
PLk = Rzk - 'LUQBZk (2)

where, n is evolution step, Ryr, , Br, are number of user and
vehicle of line agent Ly respectively. ws is control parame-
ter for the relationship between user number as benefit and
vehicle number as cost. It is expected that small wy leads
to an extension of its transit route to get users and large
wy leads to a shrink of its transit route to reduce vehicle
number.

Furthermore, user number, Ry, and vehicle number, By, is
computed by the following equations.

Rp, = Z ds, .z, 3)

S;€L

By, = [max(Bpin, Bopt; 1)] (4)
Brin = Sh;ylﬂlfé%(d’sﬂ,sm)Trﬁk/CB (3)
Boyy =/ Try, RE, /(2w1) (6)

where, d; j is head-count moving from ¢ to j that is obtained
by user’s route selection analyzed in the previous subsection.
i, 7 stand for physical bus stops or virtual bus stops in lines.
In case of that ¢ is a physical bus stop and j is a virtual
bus stop, it means head-count boarding the line of j at the
bus stop i. Eq.5 is minimum vehicle number to satisfy the
boarding demand and maxs, s, ,,er,(dS, s,,,) in the equa-
tion is maximum traffic volume between adjacent virtual
bus stops, Si, Si+1, belonging to line agent Ly. Eq.6 is the
vehicle number minimizing the evaluation value of Eq.1 if
Eq.1 is applied only to the line, Ly. Eq.6 is derived from
the fact that the evaluation value becomes minimum at the
point where waiting time as user’s cost is same to the vehicle
number of operator’s cost|[4].

Next step is evolution strategy of target line agent (# 4 in
Fig.2). The target line agent, Ly, considers all combinations
of inclusion of one bus stop not belonging to the line, S; ¢
Ly, and exclusion of one bus stop belonging to the line,
S; € Ly.

All combinations of target bus stop and operation(inclusion
and exclusion) are evaluated by the procedure of following
sections. For example, if line b in Fig.3 becomes target
agent, it considers four patterns in Fig.4. (Exclusion of ST1
is omitted. Because shortest path between STO0 and ST3
runs through ST1.)

3.1.3 Inclusion of Bus Stop

In case of inclusion of bus stop not belonging to the target
line agent, S; ¢ Ly, it considers insertion of the bus stop,
into adjacent two bus stops, S;,Siy1 € Li. (It is also con-
sidered that S; or S;y1 is terminal bus stop.) If there are
more than one insertion point, it selects the point with min-
imum increase of the line length. Eventually, the line agent
expects the change of the profit, As;, by following equation.

As, = ARy, —ws(By - BE,) (7)

ARy, = Y.

S;€Ly,S;¢ Ly

ngvsi (8)
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Figure 4: Line Evolution (Left Column is Inclusion, Right
Column is Exclusion of one bus stop)

where, Ds; s, is head-count whose origin bus stop is S; ¢ Lx
and destination bus stop is S; € Ly (given by OD matrix).
However, to estimate pure increase of head-count using Ly,
demand already using the line Lj isn’t counted. The super
script n+1 of Br, in Eq.7 means estimated vehicle number
after evolution and it is computed by following equations.

Bp " = max(Bn, By, 1) 9)

Bitt = \JTrit (Ry, + ARw,)/(2wn) (10)

where, Tr7™" is round trip time of vehicle assigned for the

target line after inclusion of the bus stop.

3.1.4 Exclusion of Bus Stop

In case of exclusion of a bus stop belonging to the target
line agent S; € Ly, its profit As, declines, assuming that
the number of passenger utilizing the target line Ly at bus
stop S; becomes zero.

As, = ARy, —ws(B}H — BY,) (11)

ARy, = —d§, 1, (12)

The vehicle number BZ;rl in Eq.11 is estimation value due
to the exclusion of the bus stop S; € Ly and it is calculated
by Eq.9 and Eq.10 with the round trip time Trzjl after
exclusion of the bus stop.

However, the change of the profit As, or Ag; isn’t computed
if the following condition is true.
* Inclusion or exclusion of bus stop that violate the whistle-

stop tour as prerequisite

* Exclusion of bus stop resulting in isolation of the bus
stop from PTN

* Re-inclusion of a bus stop excluded by same line agent
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3.1.5 Selection of Evolution Pattern

The target line agent selects the combination of operation
(inclusion and exclusion) and bus stop with maximum change
of profit, = defined by the following equation. It means
greedy strategy.

= g%f(Asi,Asj) (13)

However, if 7 < 0 is true, the evolution of the target line
agent does not take place (arrow from # 5 to "No" in Fig.2).
The target line agent is changed to the line agent with next
highest profit, Lj41 (arrow from # 6 to "No" in Fig.2).

If evolution of the target line agent took place, process moves
to the user’s route selection in the section 3.1.1. (arrow
from # 5 to "Yes" in Fig.2). Eventually evolution process
terminates if all line agents meet with the condition, 7 < 0
(arrow from # 6 to "Yes" in Fig.2).

3.2 Community Detection

A number of community detection methods are proposed
and they are mainly applied to social networks. Some papers
applying the method to transport networks has begun to
appear|9], [10]. In this paper, it is indicated that community
detection methods have potential to be useful application to
find out effective routes on public transport network (PTN).
Because, it can be imagined intuitively that node collection
connected by many links (i.e. community) corresponds to
nodes of an effective line. Trying some community detection
algorithms, following procedure is employed.

Overlapping community detection algorithm was proposed
in a paper|2|. Since several lines stop at one station, over-
lap is an imperative element for generating PTN. However,
original model deals with adjacency matrix A. It means that
element A;; is 1 if node 7 and j is connected by a link and it
is 0 if not connected. Considering application for transport
network, distance and demand are crucial. Thus, the adja-
cency matrix A is replaced with weight matrix W;; that is
function of distance and demand.

-2 (14)

Wi; =
J ij

where, a, [ is elasticity parameter for demand D;; and dis-
tance L;; respectively. To obtain rational communities, fol-
lowing likelihood, P is maximized.

eizejz
@i (%)

log P(G|0) = Z{qijWi]- log - OZ-ZQJ-Z} (15)

ijz

where, z is community ID, 0, is propensity of node i to have
links of community z. (In this method, link is also assigned
to communities.) 0;.0;. means expected number of links of
community z that lie between node ¢ and j. ¢ is parameter
satisfying, ¢ij(z) > 0, >, ¢ij(z) = 1 and is probability that
link between 7 and j belongs to community z.

Maximizing process is as follows. The number of community
should be given before the maximizing process (This is one
of drawbacks of the method.). At the beginning of the pro-
cess, all links are assigned to randomly selected community.
Furthermore, 6 and ¢ are updated repeatedly with following



two equations.

w2 Wisgii(2)®

0;. (16)
Eij Wijqiz(2)®
(k) p(k)
q({H’l) _ eiz ejz (17)
v (k) o(k)
Zz Giz 0]-2

where, k stands for repeat number. Although, the likelihood
increases monotonically during above process, the converged
solution is not global optimum solution but a local optimum
solution. Thus, a number of iterations starting with random
assignment are required to avoid getting stuck in a local
optimum.

In the original paper|2|, more sophisticated implementation
to save computer resources is proposed.

4. ANALYSIS

In this section, the first subsection shows performance of the
community detection algorithm for a simple circular net-
work. The second subsection explains a benchmark prob-
lem. The last subsection demonstrates an application of the
MAS with community detection algorithm to the benchmark
problem.

4.1 Analysis for Community Detection

The community detection algorithm in section 3.2 is applied
to a simple street network in the Euclidean space, which has
eight nodes(Figh). The street network is assumed complete
graph connecting any combination of two nodes by a link.

The number of community is set to 2. The elasticity pa-
rameters are « = 0, 5 = 1,3. It implies only distance affect
to the result. Fig.5h shows result of community detection.
In this figure, Nodes are represented by circle chart that
means ratio of community to which nodes belong. The ra-
tio is calculated based on the variable, 0;.. As expected,
the two communities have line symmetry. In case of 5 = 3,
the communities are divided more clearly than the result of

=1

]
®

& FZa/AN Sy
¥
L 7 ] 7 L ]
o - .'ra-
Community # =2 Community # =2
a=0, p=1 a=0, p=3

4.2 Benchmark Problem

The method in the previous section 3.1 with initial line set
generated by community detection method is applied to a
benchmark problem [13]. Fig.6 illustrates street network.
The number in node is ID and the number along side with
the link is in-vehicle time in minutes. Table 1 shows OD
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demand matrix for one day that almost every pair of two bus
stops have demand. The seating capacity of vehicle is set to
50 persons. Cost for transferring is set to 5 minutes/(person
x number of transferring).

Table 1: OD Demand Matrix of Benchmark Problem

ST 0 1 2 3 4 5 6 7 8 9 10 11 1213
0 0 400 200 60 80 150 75 75 30 160 30 25 35 0
1 | 400 0 50 120 20 180 90 90 15 130 20 10 10 5
2 1200 50 0 40 60 180 9 90 15 45 20 10 10 5
3 60 120 40 0 50 100 50 50 15 240 40 25 10 5
4 80 20 60 50 0 50 25 25 10 120 20 15 5 0
5 [ 150 180 180 100 50 0 100 100 30 880 60 15 15 10
6 7590 90 50 25 100 0 50 15 440 35 10 10 5
7 7590 90 50 25 100 50 0 15 440 35 10 10 5
8 30 15 15 15 10 30 15 15 0 140 20 5 0 0
9 | 160 130 45 240 120 880 440 440 140 0 600 250 500 200
10 30 20 20 40 20 60 35 35 20 600 0o 7 95 15
11 25 10 10 25 15 15 10 10 5 250 75 0 70 0
12 3 10 10 10 5 15 10 10 0 500 95 70 0 45
13 0 5 5 5 0 10 5 5 0 200 15 0 45 0

Figure 6: Infrastructure Network of Benchmark Problem

4.3 Result of Benchmark Problem

Fig.7 and Table2 show result of community detection method.
The elasticity parameters are « = 1 and = 1. Thus,
larger demand and shorter distance forms stronger connec-
tion. Since the line number of the best solution in Table 4
is six, number of community is set to the identical number,
six. Result with twelve (twice the number of six) commu-
nities is also shown in Table4 as supplemental information.
However, following result and discussion describes on the
result of six communities unless otherwise stated. Because,
smaller number of initial line agent increases the potential
for saving computational resources.

Table2 is rate of community to which node assigned. Se-
lecting upper 40% elements from the table, six routes in
Table 3 are obtained. Ordering the nodes in one commu-
nity to obtain line route relied on two-opt algorithm 3] for
travel salesman problem. After deleting one link with maxi-
mum distance (In this paper, route is not circular like travel
salesman problem.), the route with minimum distance was
found by repeating swap of two nodes. Using the six routes
as route of initial line agent, the evolution process of MAS
was executed.



Figure 7: Result of Community Analysis

Table 2: Result of Community Detection for Benchmark
Problem

ST/com| com0 coml com2 com3 com4 comb
STO 0.00 0.00 0.04 0.63 0.29 0.04
ST1 0.07 0.00 0.03 0.60 0.30 0.00
ST2 0.00 0.01 0.02 0.31 0.65 0.01
ST3 0.25 0.01 0.13 0.61 0.00 0.00
ST4 0.16 0.00 0.15 0.61 0.08 0.00
ST5 0.43 0.02 0.00 0.17 0.37 0.00
ST6 0.00 0.02 0.63 0.00 0.31 0.03
ST7 0.48 0.02 0.17 0.00 0.34 0.00
ST8 0.35 0.00 0.42 0.16 0.06 0.02
ST9 0.28 0.20 0.24 0.03 0.00 0.25
ST10 0.10 0.20 0.15 0.00 0.00 0.55
ST11 0.08 0.00 0.06 0.12 0.00 0.74
ST12 0.00 0.62 0.00 0.01 0.00 0.37
ST13 0.00 1.00 0.00 0.00 0.00 0.00

The results of previous studies and this method are summa-
rized in Table 4. Fig.8 shows PTN obtained after evolution
process by this method. Fig.9 shows evolution process of line
agent 2 (L2) in Fig.8. Fig.10 is comparison of the evolution
history of total travel time and vehicle number between best
solution and result of this method. The difference of origi-
nal method that output the best solution and this method
is limited to the process generating initial line agent. In this
method, the process was replaced with community detection
method described above.

5. DISCUSSION

Table 4 shows that the result of this method in case of 6
communities is that total travel time is 3,406 hrs and vehi-
cle number is 69. This result is worse than one of the best
solutions (3,291 hrs and 64 vehicles) obtained by our original

Table 3: Route obtained by community detection

Route: Nodes

Route0: ST4 ST3 ST5 ST7 ST9 ST8
Routel: ST13 ST12 ST10 ST9

Route2: ST10 ST9 ST6 ST8 ST7 ST4
Route3: ST8 ST5 ST2 STo ST1 ST3 ST4
Routed: STO ST1 ST2 ST5 ST7 ST6
Route5: ST11 ST10 ST12 ST9
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ID (Bus #) : Bus Stop
L0 (17) : ST 4-3-5-7-9-10
L1(9) :ST9-10-12

ST L2 (13) : ST 0-1-3-5-6-9
L3(7) :ST4-3-1-2-5-8
L4 (13) : ST 0-1-2-5-7-6

B,~13\\\B,~13 L5(10) : ST 11-10-12-13-9

Figure 9: Evolution of Line Agent

method in terms of both total travel time and number of ve-
hicle. Comparing with the other results in Table 4, however,
this method with 6 communities outputs PTN with medium
quality. (Out of the 11 results, the rank of total travel time
is 7th and rank of vehicle number is 4th) Furthermore, the
best solution by the original method has more than 30 ini-
tial line agents and its final evolution step is 55. On the
other hand, this method utilizes only six initial line agents
detected by community analysis and final evolution step is
18. Fig.10 shows comparison of the history of total travel
time and vehicle number in the evolution process between
original method and this method. Not only evolution steps
but also variation of the total travel time and vehicle num-
ber of this method is smaller than that of original method.
It implies that the routes found by community detection
are comparatively high quality and it leads to fewer evolu-
tion steps. This is an advantage of this method. Because
computation time will be saved if target network becomes
large scale. Fig.11 shows relationship between computation



Table 4: Comparison of Results for Benchmark Problem

Baaj[1] Mandl[13]  Shih[16] Zhao[17] Majima[12] This Method
Com.#=6 Com.#=12
Directly (%) 78.6 80.0 81.0 69.9 87.7 99.1 99.0 94.6 88.3 87.2 92.7
Transfer1(%) 21.4 20.0 19.0 29.9 12.3 0.90 1.0 5.4 11.6 11.8 7.0
Transfer2(%) 0 0 0 0.13 0 0 0 0 0.1 1.0 0.3
Total(hr) 3428 3511 3714 3651 3401 3272 3285 3244 3291 3406 3301
In-Vehicle(hr) 2801 2818 3006 2957 N.A. N.A. N.A. 2662 2661 2745 2677
Waiting(hr) 349 432 462 302 N.A. N.A. N.A. 512 478 483 525
Transfer(hr) 278 260 247 392 159 11.7 13.4 70 152 178 99
Line Num. N.A. N.A. N.A. 4 8 4 6 6 6 6 5
Vehicle Num. 89.3 76.9 82.2 99.3 68 82 7 72 64 69 64
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Figure 10: History of Total Travel Time and Vehicle Number
(a) Original Method (b) This Method

time of our original method and network size. It reveals
that original method needs computation time proportional
to n®log, n (n is number of node).

Whereas in case of 12 communities in Table4, total travel
time is 3,301 hrs and vehicle number is 64. Although this
result is better than that of 6 communities, total travel time
is worse than one of the best solutions (3,244 hrs and 72
vehicles). As described above, larger number of initial line
agent has potential to output better solutions. However, it
also has potential to need larger number of evolution steps
(59 steps in this case). In addition, too many number of
communities blurs the bound of community and at this time
we don’t have strategy to find out appropriate number of
community ahead of analysis. This is disadvantage of the
community detection method.

As is shown in Fig.9, most of the 18 steps of this method
with 6 communities are caused by evolution of the line agent
L2 in Fig.8, whereas the change of the other lines is small.
(It can be recognized by comparing Table 3 and Fig.8.) The
behavior in Fig.9 looks like a foraging activity of living crea-
tures in nature. Generally speaking, the line agents have a
tendency to extend their route if there are large demand and
have a tendency to shrink their route if there are not enough
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Figure 11: Relationship between Network Size and Compu-
tation Time. (All OD pairs have demand.)

demand.

6. CONCLUSION

The problem of generating public transport network (PTN)
is a hard problem. Especially the procedure finding proper
routes meets difficulty due to large number of combination.
In this paper, community detection algorithm is applied to
generate initial line routes. The final result obtained by com-
munity analysis does not reach to the best solution for the
benchmark problem. However it is found that the method
outputs PTN with moderate quality and it has advantage
to reduce number of candidate routes for PTN.

There are some meta-heuristic approaches for the PTN gen-
eration problem, such as GA[5], [14] and SA[6], [17]. and
their optimization process also needs set of candidate routes.
It is envisaged that sophisticated route generated by the
community detection will help another methods other than
our MAS.

The Great East Japan Earthquake on March 11th 2011
struck eastern coastal area of the Japanese main island.
Many commuters around Tokyo met with difficulty to re-
turn to their homes due to the shut down of railway trans-
portation system (It is called “stranded commuter prob-
lem”). However, if massive earthquake directly strike the
areas around Tokyo, there is no transportation system for a
long while. Our final purpose is to provide a PTN immedi-
ately as an alternative transportation system for railways.



Under such situation, we believe that PTN generated with
the method in this paper will become useful, even though it
is limited to simple information (route and headway of each
line).
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