
論文 / 著書情報
Article / Book Information

題目(和文) 動的交通混雑のシステム特性

Title(English) Systemic Properties of Dynamical Traffic Congestion

著者(和文) 加地大

Author(English) Masaru Kaji

出典(和文)  学位:博士(工学),
 学位授与機関:東京工業大学,
 報告番号:甲第10924号,
 授与年月日:2018年6月30日,
 学位の種別:課程博士,
 審査員:猪原 健弘,坂野 達郎,山元 啓史,金子 宏直,中丸 麻由子

Citation(English)  Degree:Doctor (Engineering),
 Conferring organization: Tokyo Institute of Technology,
 Report number:甲第10924号,
 Conferred date:2018/6/30,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Type(English)  Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


Systemic Properties of Dynamical Traffic

Congestion

Dissertation for the Doctor of Engineering

Masaru KAJI

Thesis Adviser: Professor Takehiro INOHARA



Abstract

Traffic congestion is one of the social issues, particularly in urban areas, which

can be assumed in many places such as stations, festivals, religious holidays,

and highways. The characteristics of traffic congestions by simulation have been

studied since 1990’s. The simulations were conducted in each space shape: room,

corridor, and network. In this dissertation, characteristics of traffic congestion in

each case were clarified. For this, simulations focusing on pedestrian and vehicle

dynamics were conducted. Factors associated to the simulation were divided into

the following three simulations: 1) the motion of pedestrians that leave a room

using a cellular automaton (CA) model was examined. Using the model, the

motion of pedestrian in and around the congestion was analyzed and the relation

between the motion of pedestrians and the time for completion of evacuation

was discussed: 2) the dynamics of unidirectional pedestrian flow in a corridor

was investigated. The CA model used for the analysis of the dynamics in a

room was improved to compare the data of simulations with that of observation.

Consequently, it was confirmed that the both output was the same result: and 3),

the traffic dynamics in a network using a density-control method was investigated

how congestion propagates and in what situations the congestion resolves. Using

the method, the movement of congestion was analyzed and the condition when

the traffic congestion resolves was theoretically provided. From the results, the

theoretical values qualitatively agreed with that of simulations. Finally, from the

results obtained in each case, the differences of the movements of objects, which

are caused depending on the objects such as pedestrians and vehicles and the

space shapes were concluded.
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Chapter 1

Introduction

1.1 Previous research

Traffic congestion is one of the social issues, particularly in urban areas. This

phenomena can be observed in many places such as stations, festivals, religious

holidays (pedestrian dynamics), and highways and roads (vehicular dynamics).

The traffic characteristics has been studied by experiments and simulation.

Through experiments, the traffic characteristics and the pedestrians’ and

drivers’ behaviors have been clarified. There are three phases of traffic: free

flow, synchronized flow, and jammed traffic in vehicular traffic [1] and pedestrian

traffic [2, 3]. Traffic jams are triggered by an inefficient flow of pedestrians or

vehicles and there is a relation between vehicle density and the traffic flow rate

indicated by nonlinear characteristics [4]. That is, the flow rate increases with

the traffic density; however, the flow rate decreases when the vehicle density is

higher than a critical value in the traffic flow [1, 5, 6]. This phenomenon is also

observed in pedestrian traffic [2,3,7–13]. The stop-and-go wave is another traffic

characteristic and is a congestion cluster consisting of many vehicles [6,14,15] or

pedestrians [10,12,13,16–18]. The vehicles involved in these clusters reduce their

speed and stop. They move again when the vehicles in front of them move. The

wave propagates in the direction opposite to the movement of the vehicles.

Many experiments have been conducted on individual subsystems, such as

highways [1, 15], ramps [4, 14], streets [2, 7–11, 13, 16, 19, 20], traffic circles [3, 6,

12,21,22], stairs [11], junctions [11], bottlenecks close to exits (or escapes from a

room) [19,23–27], and intersections [28,29]. Meanwhile, the traffic dynamics were

1



CHAPTER 1. INTRODUCTION

studied by linking multiple subsystems and regarding them as a complex system

(i.e. a network [5, 30, 31]) because in real-world traffic, roads are connected and

form a network, and the effects of the traffic conditions on a particular road are

transmitted to the adjacent roads via joints, such as intersections or junctions.

To understand flow efficiency at a city-scale level, experiments were conducted

in Yokohama, Japan [5]. Through the experiments, they calculated macroscopic

fundamental diagrams (MFDs) that relates the average vehicle density and the

average vehicle flow rate in the city. To demonstrate the flow of dynamical con-

gestion propagation, a spatio-temporal congestion algorithm was developed, and

actual and valid instances of congestion propagation in the network traffic data

for an Australian city was identified [31].

Depending on the conditions of the experiments, injuries to and even death of

the participants are possible in experiments, such as under high population or ve-

hicle density. Thus, experiments cannot assume various situations because of eth-

ical limitations. Simulations are advantageous in terms of their capability to as-

sume various situations in a virtual space. The traffic characteristics of pedestrian

dynamics by simulation have been studied since 1990’s. The simulations have

been conducted during evacuation from a room and movement in a corridor using

a social force model [32–36], cellular automaton (CA) model [20,25–27,37–55], lat-

tice gas model [23,56–60], fluid dynamic model [61], and optimal step model [62].

In particular, CA models [20,25–27,37–55] have advantages in terms of simplicity,

flexibility, extensibility, and computational efficiency. A CA model can assume

various pedestrian simulations such as evacuation from a room [37–39,42,51] and

unidirectional flow in a corridor [20, 40, 44]. To assume the more realistic situa-

tion, CA models have been improved by floor field methods [41–53] and multi-grid

methods [25–27,52,54,55].

CA models treat a space, such as a room or a corridor, as a whole system.

Meanwhile, several simulations regard traffic as a network of subsystems such

as roads and intersections, and analyze the overall efficiency and congestion dy-

namics in the network. To predict the traffic behavior in a traffic network by

integrating traffic nonlinear characteristics [1–3, 5–13], cell transmission models

were developed [63–65]. In the models, a stop-and-go wave was reproduced. To

analyze the MFD in a traffic network, a density-control method [66] and a sim-

plified graph-based model [67] were developed.

2



CHAPTER 1. INTRODUCTION

1.2 Research purpose

The purpose of this dissertation is to clarify the differences of the movements

of objects, which are caused depending on the objects such as pedestrians and

vehicles and the space shapes such as room, corridor, and network. To investigate

differences, we examine the traffic dynamics in a room, a corridor, and a network

by simulation. Namely, we conclude the characteristics where congestion happens,

how the congestion propagates, and what cases the congestion resolves in each

system.

We focus on the traffic dynamics in a room, a corridor, and a network. We

deal with the pedestrian dynamics and reproduce the pedestrians’ behavior in

Chapters 2 and 3. In Chapter 2, pedestrians moving freely in a space are assumed.

In Chapter 3, pedestrians moving in one direction are assumed. In Chapter 4,

we discuss the traffic dynamics in a network and deal with both the pedestrian

and the vehicle. Note that the network is assumed to be a space consisting of

multiple roads (e.g. an underground shopping area, a space in a building, or an

arterial road) in this dissertation. We assume that objects which were regarded

as pedestrians or vehicles move around in a network.

1.3 Structure of thesis

In the rest of this chapter, we give an overview of each chapter. Chapter 2 fo-

cuses on the motion of pedestrians that leave a room and this is simulated by an

improved CA model to analyze how pedestrians move in and around the conges-

tion near an exit. Using the CA model, Chapter 3 focuses on the unidirectional

pedestrian dynamics in a corridor to reproduce the peculiar traffic phenomenon

observed in a corridor. Chapter 4 focuses on the dynamics of traffic congestion

in a network to investigate the traffic dynamics in the network using a density-

control method. Finally, the conclusions are presented in Chapter 5.

1.4 Overview of each chapter

In Chapter 2, we focus on pedestrian evacuation in a room. Most previous studies

regarding evacuation investigated the overall efficiency of evacuation for studying

safe and rapid evacuation. Meanwhile, we examine the motion of pedestrians that

3



CHAPTER 1. INTRODUCTION

leave a room. If there is congestion near the exit, pedestrians in and around the

congestion will attempt to approach the exit by changing their speed. That is,

they will move in a zig-zag course depending on the number of people being in a

room. Confirming the relation between their motions in a room during evacuation

and the number of evacuees will improve understanding of efficient evacuation.

We confirm and analyze their motion in a room during evacuation in detail by

simulation. To analyze their motion in congestion, we propose an improved CA

model that integrates the multi-grid method and the static floor field method.

Using this model, we set the form of pedestrians, their speed, their intentionality

toward the exit, and the form of the room for a more realistic situation. We

then conduct simulations, namely, we place pedestrians in the room and let them

move toward the exit. From the results, we analyze the relation between the time

for completion of evacuation and the initial number of pedestrians in the room.

We also discuss the relation between the initial number of pedestrians and their

motion during evacuation.

In Chapter 3, we deal with the unidirectional pedestrian dynamics in a cor-

ridor. In experiments conducted in a shopping street and on a bridge [13, 16],

a peculiar phenomenon was observed. The velocity profile in the corridor was a

parabolic curve, in which the velocity was smaller as the wall of a corridor was

approached closer. The density profile in the corridor was a downward convex

parabolic curve. That is, the population density was larger as the wall of a cor-

ridor was approached closer. This may be attributed to the fact that the walls

have attractive factors, such as booths and a beautiful landscape visible from

the bridge. Although the factors that cause this phenomenon have not yet been

clearly demonstrated, it is assumed that there is a factor that causes pedestrians

to attempt to move toward the walls. As a result, inefficient flow because of high

density may occur near the walls and average speeds decrease.

We conduct simulations under a hypothesis and confirm whether the pedes-

trians’ velocity profile is reproduced. The hypothesis is that pedestrians have

intentions to move towards the wall side, that is, they attempt to walk along the

wall side as much as possible. To express the hypothesis, we use the CA model

with the multi-grid method and static floor field method in Chapter 2. We im-

prove the model by incorporating the pedestrians’ personal spaces and headways

for a more realistic situation. We set a corridor and unique static floor fields that

4



CHAPTER 1. INTRODUCTION

express pedestrians’ intention toward the wall. We then let pedestrians move in

the corridor and calculate the velocity profile. From the results, we investigate

the relation between the form of static floor field and the velocity profile and

compare the results with the experimental results [13, 16]. Thereby, we judge

whether our hypothesis is correct. We also discuss the necessity of the personal

space and headway by comparing results that integrate the personal space and

headway with those that do not integrate these parameters.

In Chapter 4, we focus on the traffic dynamics in a network. In previous

research [66], a density-control method was developed and integrated a nonlinear

traffic characteristic into a defined network. In addition, on–off control rules such

as traffic light control [68] were adopted. Thereby, the efficiency of traffic flow in

the network was discussed and it was confirmed that there were three phases in

the network: free flow, controlled, and deadlock. They also qualitatively analyzed

the boundary condition between controlled and deadlock phases, namely, the

condition for breakdown of the system. However, they did not confirm how the

existing traffic jam specifically affects the adjacent roads. In real-world traffic,

the paths for pedestrian movement and the roads for vehicles are connected and

extend in a network through intersections or junctions. In the network, it is

assumed that a cluster such as a stop-and-go wave propagates to the adjacent

roads and affects other vehicles or pedestrians. Determining whether the wave

cluster affects the other adjacent roads will be useful to predict when, where, and

how seriously the traffic congestion affects a certain road.

We investigate how the existing traffic jam specifically affects the adjacent

roads and subsequently resolves in a network. To confirm the dynamics, we use

the density-control method [66]. In previous research, a 10-regular directed closed

graph was used; in contrast, we use a cubic directed closed graph (a 3-regular

directed closed graph) for a more realistic road network. We set a steady state

(i.e. an inflow in an arc is the same as the outflow in the arc) by setting all

arcs with a uniform density. We then intentionally generate a traffic jam in an

arc and conduct simulations. Next, we observe how the congestion moves in the

network or resolves. Subsequently, we theoretically deprive the condition when

the traffic congestion resolves in the network. That is, the boundary condition

between free-flow and controlled phases. We then compare the theoretical values

with the simulation results and discuss the difference between our results and the

5



CHAPTER 1. INTRODUCTION

previous results [66]. We finally show the usefulness of the method.

6



Chapter 2

Evacuation simulation of a square

room

In this chapter, we focus on the motion of pedestrians that leave a room and

examine how pedestrians moved in and around the congestion near an exit. In the

case of a congestion near the exit, each pedestrian in and around the congestion

will change their speed and course to approach the exit. That is, a pedestrian will

move in a zig-zag course in the congestion. To analyze their motion in congestion,

we set a CA model with a multi-grid method and a static floor field method.

Using the model, we observe pedestrians’ motions in the room. We analyze the

relation between the time for completion of evacuation and the initial number of

pedestrians. We qualitatively compare our results with the results of the other

simulation model and discuss the usefulness of our model.

Detailed simulation rules of this method are introduced in the next section.

Section 2.3 shows the simulation results, while Section 2.4 presents conclusions.

2.1 Methods

2.1.1 CA models

CA models deal with time and space, which are discretized into even intervals. A

space is expressed by small squares, called cells [20,25–27,37–55]. In CA models

expressing pedestrian dynamics, a cell is assumed to be a pedestrian, an obstacle,

or an empty space. Pedestrians stochastically move to an adjacent cell according

7



CHAPTER 2. EVACUATION SIMULATION OF A SQUARE ROOM

to a set of local rules. Typical CA models have advantages in terms of the ability

to reproduce the pedestrian motion and the form of space.

2.1.2 Multi-grid methods

To obtain a more realistic reproduction of pedestrians’ movement, three existing

problems of CA models should be solved. First, in conventional CA models, a

square cell is regarded as a pedestrian (Figure 2.1(a)), which is a major simpli-

fication. Second, a pedestrian can move in only four directions in the Neumann

neighborhood or eight directions in the Moore neighborhood, namely, they move

horizontally, vertically, or diagonally. Hence, they are limited in their moving

direction. Third, a pedestrian can move only to adjacent cells; that is, they must

move at a fixed speed.

Figure 2.1: (a) A pedestrian in a conventional CA model. Red: pedestrian;
yellow: empty space. (b) A pedestrian used in this simulation. Red: body of
the pedestrian; yellow: empty space. (c) Square room used in this simulation.
Black: wall; yellow: area of the room in which a pedestrian can exist; exit:
center of the lower region.

Multi-grid methods [25–27,52,54,55] that constitute a type of CA model were

developed to overcome the three disadvantages of conventional CA models. In

these methods, we divided a cell finely and regarded the connected multiple cells

as a pedestrian. That is, a space is discretized into cells smaller than in conven-

tional CA methods as shown in Figure 2.1(b). Thus, we can more realistically

define the form of a pedestrian, a pedestrian’s size, direction of a pedestrian’s

movement, a pedestrian’s speed, and the width of exits. Multi-grid methods are

8



CHAPTER 2. EVACUATION SIMULATION OF A SQUARE ROOM

one of the most reproducible methods because many simulation results obtained

from multi-grid methods agreed with the experimental results [25–27,55]

We expressed a pedestrian and a square room in detail using this method.

Let a cell (x, y) have position coordinates, where x and y are the lateral and

longitudinal coordinates, respectively (x, y ∈ N). A cell (x, y) was defined as

part of the pedestrian i if cell (a, b) was the center of the pedestrian i, and if the

distance from cell (x, y) to cell (a, b) was smaller than the radius r of i, namely,√
(a− x)2 + (b− y)2 < r. (2.1)

We defined a cell as a square with sides of 1.25 cm. We also assumed that the

radius r was 20 cells (i.e. a pedestrian had a diameter of approximately 50 cm).

In this simulation, we set a square room. The room was a 2000 rows by 2000

columns grid (i.e. a square with sides of approximately 25 m, Figure 2.1(c)). The

room was surrounded by walls, and an exit was located at the center of the low

region. The width of exit d was 2 m (or 160 cells wide). The pedestrians were

placed randomly, and the simulation made them exit the room.

2.1.3 Floor field methods

Floor field methods [41–53] were also used in this simulation. The methods were

separated into two types: static floor field methods [41–52] and dynamic floor

field methods [49–53]. Static floor field methods introduce the destination prefer-

ences; hence, they can simulate evacuation from a complex space with obstacles.

In dynamic floor field methods, a pedestrian unfamiliar with the destination at-

tempts to follow others by introducing virtual pheromones, which is analogous to

the use of formic acid by ants. We used a static floor field method because we

assumed that all the pedestrians have accurate knowledge of the room and the

destination. The static floor field method expresses the intention of each pedes-

trian. If a pedestrian is placed in the left-hand side of the room, they attempt

to move to the lower right-hand side as shown in Figure 2.2(a). We defined each

cell’s number from the goal to equip the pedestrians with the intentionality to

go toward the exit. The pedestrians attempt to move to a cell, whose number is

smaller than that of the present cell. As shown in Figure 2.2(b) and (c), we de-

fined the number of the cell at the center of the exit as a value of 1. The value of a

9
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cell (x, y) was denoted by S(x, y), which is the distance from the center of the exit

to the cell (x, y). Previous studies assumed a static floor field to be a Manhattan

matrix as shown in Figure 2.2(b) [49,50] or improved matrices [41,43,45–48]. In

contrast, for a more realistic reproduction, we assumed that a static floor field

was a Euclidean distance matrix as shown in Figure 2.2(c). That is, the value

S(x, y) of a cell (x, y) was defined as the following integer:

S(x, y) = ⌈
√

(x− xe)2 + (y − ye)2 + 1⌉, (2.2)

where ⌈x⌉ = min
{
n ∈ Z | x ⩽ n

}
. xe and ye are the lateral and longitudinal

coordinates at the center of the exit, respectively. In Equation (2.2), 1 was added

to the Euclidean distance to set the value of the cell nearest to the exit cell.

The value of S(x, y) was rounded off to the nearest integer. Note that the value

was not calculated for the walls because the pedestrians do not pass through a

wall. We defined the static floor field of pedestrian i at t on cell (xt
i, y

t
i) as St

i .

Here, xt
i and yti denote the lateral and longitudinal coordinates at the center of

i at t, respectively. Note that the value of St
i was equal to the value S(xt

i, y
t
i).

Pedestrians are required to move from a cell with a bigger value to a cell with

a smaller value. In other words, they attempt to move toward the center of the

exit. When pedestrian i moves at speed Vi(t) at t,

St+1
i = St

i − Vi(t). (2.3)

In previous studies [41–53], the pedestrians were made to move probabilis-

tically using a static floor field. In contrast, in our simulation, the pedestrians

moved deterministically.

2.1.4 Algorithm of the simulation

In this section, the algorithm for pedestrians in our simulation is described. Then,

the initial state, the parameters, and the moving and updating procedures for

pedestrians are defined. Finally, the entire algorithm of the simulation is ex-

plained.

10
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Figure 2.2: (a) Intentionality of the pedestrians in the room. The arrows are
the direction, in which the pedestrian attempts to move. (b) Static floor field
of a room consisted of a Manhattan matrix [49, 50]. (c) Semi-circular static
floor field of a room in our simulation.

2.1.4.1 Algorithm for pedestrians

As the initial state of pedestrians, we randomly placed all the pedestrians in the

room as shown in Figure 2.3 using the Monte Carlo method. Next, the pedestrians

move toward the exit by updating St
i , which is the static floor field of pedestrian

i at t. The algorithm for the movement of pedestrian i is given in Algorithm 1.

Pedestrian i attempts to move at their ideal speed Videal. If i cannot move at

their ideal speed, they reduce their speed Vi(t). If i can move at Vi(t), they move

there and St
i is updated according to Equation (2.3). If i cannot move because

of other pedestrians or walls, i stands in place, that is, Vi(t) = 0 and St+1
i = St

i .

Then i is removed from the simulation when St+1
i = 0, namely, i arrives at the

exit. We set all the pedestrians’ ideal speeds to 40 cells (Videal = 40) for one time

step (i.e. all the pedestrians attempt to walk at 1.0 m/s (3.6 km/h) or less).

2.1.4.2 Entire algorithm

Algorithm 2 denotes the entire algorithm in this simulation. First, we defined

the square room and the static floor field. Second, the time step was initialized

as t = 0, and the pedestrians were placed randomly in the room. Third, t

was updated (i.e. pedestrians started to move toward the exit at t = 1). Each

pedestrian was moved in an order based on Algorithm 1. Then t was updated

after all the pedestrians in the room were updated. This simulation was conducted

11
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Figure 2.3: Pedestrians randomly placed in the room. Red cells denote pedes-
trians. A total of 300 pedestrians are in the room.

until all the pedestrians were evacuated from the room.

Here, we define the updating procedure for moving pedestrians. We can think

of the following three procedures: parallel, shuffled sequential, and ordered se-

quential procedures. It seemed natural that pedestrians were updated in turn

according to their distances from the exit. This is because when the pedestrians

form a queue, one pedestrian cannot move forward if the person ahead does not

move forward. In fact, a previous study on this updating procedure [25] compared

various updating procedures and showed that the ordered sequential procedure

can obtain better results. Hence, we adopted the ordered sequential procedure.

Collisions did not occur because of the sequential update.

The updating procedure in [25] was used on a triangular update field spreading

from the center of the exit as shown in Figure 2.2(b). Meanwhile, for more realistic

assumption, we used the procedure on the improved Euclidean distance matrix

as shown in Figure 2.2(c). The value of the distance in the updating procedure of

the simulation agreed with that of the static floor field S(x, y). The pedestrians

with the same distance are updated randomly.

12
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Algorithm 1 Movement of pedestrian i at t

Require:
1: i: a pedestrian in a room moved by this algorithm
2: t: time step
3: St

i : static floor field of pedestrian i at t
4: Vi(t): speed of pedestrian i at t
5: Videal: ideal speed of a pedestrian
6: k: parameter for confirmation execution

Ensure: : End of run if k = 1, namely, update the place of i from at t to at t+ 1
7: k ← 0
8: Vi(t)← Videal

9: while (k = 0) do
10: if there is movable place in Vi(t) then
11: Let i move there
12: St+1

i = St
i − Vi(t)

13: if St+1
i = 0 then

14: Delete i from the room
15: end if
16: k = 1
17: else
18: Vi(t)← Vi(t)− 1
19: end if
20: if Vi(t) = 0 then
21: St+1

i = St
i

22: k = 1
23: end if
24: end while

2.2 Results

2.2.1 Formation of semi-circular congestion

Figure 2.4 illustrates the state in the room when the initial number of pedestrians

was 300. The red cells denote pedestrians, the yellow cells are empty spaces, and

the black cells are walls. Semicircular congestion is occurring near the exit.

2.2.2 Zig-zag motion and detour motion in and around the congestion

Figure 2.5 shows the streamlines of pedestrians for the case with different initial

number of pedestrians: 30, 70, 150, and 300 at t = 50. The results implied that

most of the streamlines linearly occurred toward the exit when there were fewer

13
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Algorithm 2 Entire algorithm for evacuation

Require:
1: i: a pedestrian in a room
2: t: time step
3: T : time for completion of evacuation
4: n: the number of pedestrians in a room
5: N : the initial number of pedestrians
6: St

i : static floor field of pedestrian i at t
7: s: distance from a position to the exit
8: SMAX : maximum value of static floor field

Ensure: : Calculate T
9: Define space

10: Define static floor field according Equation (2.2)
11: Place N pedestrians in space randomly
12: t← 0
13: n← N
14: while (n > 0) do
15: S ← 1
16: while (s < SMAX) do
17: for all i such that St

i = s do
18: Execute Algorithm 1
19: end for
20: s← s+ 1
21: end while
22: Count n in the room
23: t← t+ 1
24: end while
25: T = t

pedestrians placed initially. If the initial number of pedestrians is higher, many

of their trajectories are not linear. That is, the pedestrians who were located

farther from the exit in the room evacuate while moving in a zig-zag course in

front of the exit.

Figure 2.6 indicates the velocity vector fields when the initial number of placed

pedestrians is 100 at t = 0, 10, 20, 30, 40, and 50. The red arrows show the

velocity vectors, and the length of the arrow represents the pedestrian’s velocity.

From the results, we found that the velocity of a pedestrian in front of the exit

is low. A pedestrian behind another pedestrian, who can go forward at a high

speed, can also go ahead at a high speed because a pedestrian near the end of the

14
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Figure 2.4: State in the room at t = 0, 25, 50, 75, 100 and 125. The initial
number of pedestrians is 300. The ideal speed of the pedestrians is 40 cells.

congestion near the exit attempts to detour to avoid the congestion and approach

the exit as quickly as possible.

2.2.3 Time for completion of evacuation

Figure 2.7 presents the relation between the initial number of pedestrians and

the time for completion of evacuation. For each initial number of pedestrians,

simulations were conducted 10 times, and the average time and variance were

calculated. The time for completion of evacuation increased monotonically as the

initial number of pedestrians increased. Figure 2.7 presents three phases: large

variance phase (I), stable phase (II), and linear phase (III). In phase I, the scale

bar when the initial number of pedestrians was fewer than approximately 30 was
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Figure 2.5: Streamline of pedestrians. The initial number of pedestrians is 30,
70, 150, and 300. The ideal speed of a pedestrian is 40 cells. The time step is
50.

comparatively wide (i.e. the value of the variance was large) because the time for

completion of evacuation heavily depended on the distance of the farthest pedes-

trian from the exit. In phase II, the value of time for completion of evacuation

became stable when the number of pedestrians ranged from approximately 30 to

80. In phase III, the time for completion of evacuation linearly increased when
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Figure 2.6: Velocity vector fields of the pedestrians when the initial number
of pedestrians is 100 and at t = 0, 10, 20, 30, 40, and 50.

the initial number of pedestrians was over 80. We confirmed that a semi-circular

congestion definitively occurred in phases I and II.

Figure 2.8 shows the relation between the initial number of pedestrians and

the time for completion of evacuation in the case of changing d. From the results,

we found that the time for completion of evacuation monotonically increased as

the initial number of pedestrians increased regardless of the width of exit d. The

time for completion of evacuation in each d when the initial number of pedestrians

was fewer than approximately 30, was almost same value regardless of d. In each

case, the time for completion of evacuation increased linearly when the initial

number of pedestrians was comparatively large.
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Figure 2.7: Relation between the time for completion of evacuation and the
number of pedestrians. Phases I, II, and III denote the large variance, stable,
and linear phases, respectively.

2.3 Discussion

In Figure 2.5, we confirmed that pedestrians involved in congestion moved in a zig-

zag course when there is semi-circular congestion in front of the exit. We observed

this motion during the stable phase (II) and the linear phase (III). In the large

variance phase (I), the pedestrians could go straight toward the exit and leave the

room. That is, the critical value between phases I and II provides an indication

of quick and safe evacuation. In phase II, the value of time for completion of

evacuation became stable regardless of the initial number of people. Therefore,

evacuation in phase II will be achieved within a certain time if there no crowd

disaster occurs because of physical contact and panic. Evacuation in phase III is

higher risk than that in phases I and II. In a previous CA method [42], Yamamoto

and colleagues showed that there are two regions: a region in which time for

completion of evacuation is constant and no congestion is formed; and a region

in which the time for completion of evacuation increases when the initial number

18
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Figure 2.8: Relation between the time for completion of evacuation and the
number of pedestrians in the case of changing the width of exit d. The results
of d = 2 in this figure correspond to results in Figure 2.7.

of pedestrians increases and congestion is observed. They did not indicate their

pedestrians’ motion in the simulation. Meanwhile, in our simulation, we clarified

the three qualitatively different phases in evacuation simulation and reproduced

the pedestrians’ motion.

2.4 Conclusions

We have examined how pedestrians move in and around the congestion near

an exit. To analyze their motion, we developed a CA model with a multi-grid

method and a static floor field method. Using the model, we reproduced a semi-

circular congestion near the exit. We observed the relation between the time

for completion of evacuation and the initial number of pedestrians and found

three phases: large variance (I), stable (II), and linear phases (III). Based on the

differences of each phase, we clarified the characteristic of pedestrians’ motions.

In phase I, the pedestrians moved straight toward the exit because there were

few pedestrians in the room. The time for completion of evacuation depends on
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the distance of the farthest pedestrian from the exit. Pedestrians involved in

congestion moved in a zig-zag course and detoured in and around the congestion

in phases II and III. We could show the usefulness of our model by comparing

our results with results of a previous simulation model.

In the following chapter, we discuss pedestrians’ unidirectional flow. In Chap-

ter 2, pedestrians who move freely in a room were assumed. In Chapter 3, pedes-

trians who move in one direction are assumed for the sake of comparison. We

also reproduce the congestion occurring in a corridor by improving the simula-

tion method used in this chapter. In the simulation, velocity profiles and density

profiles are analyzed.
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Chapter 3

Simulation of the unidirectional

pedestrian flow in a corridor

In the previous chapter, we focused on the motion of pedestrians that leave a

room. The movement of pedestrians in and around the congestion near an exit

were discussed. In this chapter, we focus on the unidirectional pedestrian dynam-

ics in a corridor to reproduce experimental results [13, 16] using our simulation

methods. In the experiments [13,16], the peculiar velocity profiles of pedestrians

in a corridor were observed. That is, the velocity profile is a parabolic curve, in

which the velocity is smaller as the wall of a corridor is approached. To reproduce

the velocity profile, we hypothesize that pedestrians attempt to walk along the

wall side as much as possible. Thereby, many people attempt to go toward the

wall side and, consequently, traffic congestion occurs there and average speeds

decrease. We examine whether the hypothesis is correct using a CA model with

the multi-grid and static floor field methods. We improve the model presented

in Chapter 2, incorporating the pedestrians’ personal spaces and headways into

the model for a more realistic situation. Using the model, we set a corridor and

unique static floor fields that integrate pedestrians’ intention toward the wall.

We then move pedestrians in the corridor and calculate the velocity and density

profiles. From the results, we discuss the relation between the form of static

floor field and the velocity profile and compare the results with the experimental

results [13,16]. We also discuss the differences between results that integrate the

personal space and headway and results that do not integrate these parameters.

The various simulation rules of the improved CA model are described in the
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next section. Section 3.3 compares the results with those from a previous study

and Section 3.4 presents conclusions of this chapter.

3.1 Methods

In this section, we first set a multi-grid, then define a static floor field. Finally,

we developed the algorithm of simulations.

3.1.1 Multi-grid methods

We used a multi-grid model [25–27, 52, 54, 55] in Section 2.1.1. We considered

not only pedestrians’ shape and moving speeds, but also personal spaces and

headways using the multi-grid method.

3.1.1.1 Cell size

We defined the form of a cell as a square with 3 cm sides. We made a nearly

circular shape by combining many cells and regarded the complex as a pedestrian

as shown in Figure 3.1. We assumed that the radius was approximately 3r cells

(i.e. a pedestrian had a diameter of approximately r cm). We assumed that cell

(a, b) was the center of the pedestrian i. The cell (x, y) was considered part of

pedestrian i if the distance from cell (x, y) to cell (a, b) is smaller than the radius

of pedestrian i, i.e., √
(a− x)2 + (b− y)2 < r, (3.1)

where, we fixed the body size to 39 cm (= 13 cells). Note that the cell size

discussion was given in Section 3.2.2.

3.1.1.2 Pedestrians’ speed

We defined that all the pedestrians had the same ideal speed Videal m/s. Pedes-

trian i reduces speed or changes direction if it is possible to move when another

pedestrian occupies the place to which pedestrian i attempts to move. A detailed

explanation of a pedestrian’s movement is given in Section 3.1.3.1.
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Figure 3.1: A pedestrian used in this simulation. The red cells are the body
of the pedestrian and the yellow cells are empty cells.

3.1.1.3 Personal space and headways for pedestrians

We set personal spaces and headways for pedestrians. A few CAmethods reflected

this fact despite the fact that a simulation model had integrated personal space

[62] and several experimental studies reported on personal spaces and headways

in pedestrian dynamics [3, 12, 22]. For a more realistic reproduction, we may

need to integrate personal spaces and headways into the simulation. This is

why we integrated personal spaces and headways. We compare results that do

not integrate personal space with those that integrate personal space in Section

3.2.2.

A person feels discomfort when their personal space is encroached upon. As

shown in Figure 3.2, personal space is divided into four types: intimate, personal,

social, and public [69]. The area of the intimate space is within the limits of

approximately 45 cm and is the smallest of the four spaces. An intimate person,

such as a lover, a close family member, or a familiar friend, is permitted to

encroach into this space. Its close region (<15 cm) is the area in which a person

can hold others. Its far region (15–45 cm) is the area in which a person can

perform a light touch with their hands. A personal space in the range of 45–120

cm is used during conversations. The social space ranges from 120 to 360 cm,

and is outside the purview of 360 cm. For simplicity, we integrated only the close

region of the intimate space in this simulation. We assumed that the personal

space of pedestrian i was 15 cm.

We integrated headways into the pedestrian model. As shown in Figure 3.3,

the formation of a personal space resembles the shell of a snail [70]. A sharp

point corresponds to the headway of a pedestrian. The relation of headways and

pedestrian walking speeds through experiments were studied in [12]. The authors
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Figure 3.2: Diagram of personal space [69]. We consider the close intimate
space (blue area) in this chapter.

showed that the pedestrians tend to increase the spatial headways as pedestri-

ans’ speed linearly increases. Based on the previous results [12], we assumed a

piecewise linear function H(Vi) (in meters) for the headways of pedestrian i when

they move at speed Vi:

H(Vi) =


1.01Vi + 0.37 (Vi < 0.8),

4.22Vi − 2.28 (0.8 ≤ Vi < 1.3),

3.20Vi (1.3 ≤ Vi).

(3.2)

We assumed that a pedestrian attempted to prevent other pedestrians from en-

tering their personal space. Figure 3.3 shows the personal space of a pedestrian

consists of a circle of intimate space and a triangle of the headway in this simu-

lation.

3.1.1.4 Corridor

Figure 3.4 describes a corridor used in this simulation. The corridor’s width and

length were W and Lα (area α), respectively. Both sides of the corridor were

walls. Pedestrians were generated in area α or area β, whose length was Lα and
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Figure 3.3: Diagram of the personal space formulation. We regard the personal
space of a pedestrian as the area in the blue circle and the triangle connecting
to the dot ahead.

Lβ, respectively. They aimed to reach area β′, whose length was Lβ, through area

α. In other words, the pedestrians moved from the left area to the right area.

Area β was identified with area β′ to generate a periodic boundary condition.

We defined the direction of the length of the corridor as the x-direction and

the direction of the width of the corridor as the y-direction. The length of Lα

and Lβ were approximately 666 cells (≃20 m) and 66 cells (≃2 m), respectively.

Therefore, the total length of the corridor was 798 (= 66 + 666 + 66) cells.

The corridor width was 333 cells (≃10 m) to allow a comparison with the results

in [13].

3.1.2 Floor field methods

A static floor field method in a corridor was defined. To confirm the velocity

profile in various situations, four types of floor fields were assumed as shown in

Figure 3.5. Pedestrians attempted to move from the red cell to the orange, yellow,

yellowish green, sky blue, blue, and purple cells. The pedestrians attempted to

cross the contour lines. That is, in pattern A, pedestrians’ intension was not

integrated. In pattern B, the pedestrians attempted to move from the left to

the right going towards a wall. Pattern C expressed that the intentions of the
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Figure 3.4: Configuration of the corridor in our simulations. We identified
area β and area β′.

Figure 3.5: Contour lines of the static floor field.

pedestrians increase as they approached a wall. In pattern D, the intentions of the

pedestrians waned as they approached a wall side. We defined SA(x, y), SB(x, y),

SC(x, y), and SD(x, y) as the value of the static field in patterns A, B, C, and D,

respectively. We assumed that the bottom left corner of area β had coordinates

(1, 1) and the value of static floor fields at coordinates (x, y), SA(x, y), SB(x, y),

SC(x, y), and SD(x, y) for patterns A, B, C, and D are respectively determined as

shown Algorithm 3. ceil(x) = min
{
n ∈ Z | x ⩽ n

}
and floor(x) = max

{
n ∈ Z |

n ⩽ x
}
. Here a is a constant (a ∈ R) and expresses the strength of pedestrians’

intentions to attempt to move toward a wall. The value was not calculated for the

walls because the pedestrians do not pass through a wall. Pedestrians attempted

to move closer to a wall as a was larger. For simplicity, we assumed that a = 1.
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We conducted simulations in the case of changing a in Section 3.2.2.

Algorithm 3 Setting of floor field

Require:
1: x: coordinate of the direction of the length of the corridor
2: y: coordinate of the direction of the width of the corridor
3: xMAX : maximum value of x
4: yMAX : maximum value of y
5: Lα: length of in Area α
6: Lβ: length of in Area β
7: W : width of the corridor
8: SA(x, y): value of static floor field at (x, y) of patten A
9: SB(x, y): value of static floor field at (x, y) of patten B

10: SC(x, y): value of static floor field at (x, y) of patten C
11: SD(x, y): value of static floor field at (x, y) of patten D
Ensure: : Determine values of floor field in Pattern A, B, C, and D
12: x← 1
13: y ← 1
14: while (x < xMAX) do
15: while (y < yMAX) do
16: SA(x, y) = Lα + Lβ − x+ 1
17: SB(x, y) = Lα + Lβ − x− abs(y − ceil(W/2)) + ceil(W/2)
18: SC(x, y) = Lα + Lβ + floor(a(ceil(W/2))2/W ) − floor(a((ceil(W/2) − abs(y −

ceil(W/2)))2/W )) + 1
19: SD(x, y) = Lα +Lβ − x+ afloor((ceil(W/2)− abs(y− ceil(W/2)))2/ceil(W/2))
20: end while
21: end while

St
i denotes the value of the static field at the coordination of the center of

pedestrian i at t. Then, a pedestrian attempted to move from a cell with a larger

value to a cell with a smaller value of the static floor field (i.e. attempt to move

from the left to the right). When pedestrian i moved at speed Vi(t) at t, the

static floor field of i at t+ 1 was moved deterministically as follows:

St+1
i = St

i − Vi(t). (3.3)

3.1.3 Algorithm of the simulation

The algorithm used in our simulation is described in this chapter. We set an

algorithm for pedestrians and an algorithm for the entire simulation.
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3.1.3.1 Algorithm for pedestrians

Pedestrian i attempted to move at t as shown in Algorithm 4. There are two

differences between Algorithms 1 and 3. The first is to consider personal space

and headway in Algorithm 4. Pedestrians attempt to move while preventing

other pedestrians from entering their personal space as stated in Section 3.1.1.3.

Here H(Vi) was determined before i attempted to walk in Vi according to Equa-

tion (3.2). The other difference is that a pedestrian who arrived at the exit was

deleted in Algorithm 1, meanwhile, a pedestrian who arrived at area β′ was moved

in area β in Algorithm 4. We assumed the time difference to be 0.5 seconds in

this simulation.

Algorithm 4 Movement of pedestrian i at t

Require:
1: i: a pedestrian in a room moved by this algorithm
2: t: time step
3: St

i : static floor field of pedestrian i at t
4: Vi(t): speed of pedestrian i at t
5: Videal: ideal speed of a pedestrian
6: k: parameter for confirmation execution

Ensure: : Update St
i and end of run if k = 1

7: k ← 0
8: Vi(t)← Videal

9: while (k = 0) do
10: Calculate H(Vi)
11: if there is movable place in Vi(t) then
12: St+1

i = St
i − Vi(t)

13: k = 1
14: if there is i in area β′ then
15: Move i area β
16: end if
17: else
18: Vi(t)← Vi(t)− 1
19: end if
20: if Vi(t) = 0 then
21: St+1

i = St
i

22: k = 1
23: end if
24: end while
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3.1.3.2 Algorithm for the entire simulation

Algorithm 5 shows the algorithm for the entire simulation. First, we defined space

of the corridor and the static field. Next, pedestrians were randomly placed in

areas α and area β at t = 0 and the time step was initialized as t = 0. Afterwards,

all the pedestrians were updated at each time step and moved until tMAX . We

set tMAX = 200.

We adopted the ordered sequential procedure in this chapter, as in Chapter 2;

namely, that pedestrians were updated from the right to the left. First, pedes-

trians who were in cell (xMAX , y) were updated (xMAX = 798). Subsequently,

pedestrians who were in cell (xMAX−1, y) were updated. In this way, the update

of pedestrians was continued until x = 0 in each time step. In the case of multiple

people in places in which the value of x was the same, the moving procedure was

randomly updated among them. Note that collisions did not occur because of

the sequential update.

3.2 Results

3.2.1 States in the corridor

Figure 3.6 illustrates a state of pedestrians in unidirectional flow in a corridor.

The red cells denote pedestrians. The blue cells are the pedestrians’ personal

spaces and headways. The yellow cells express empty spaces and the black cells

are the walls. The pedestrians moved in the direction of the pointed part of their

personal space while keeping a distance in a direction to their movement in the

corridor.

3.2.2 Relation between velocity profile and the form of static floor

field

Figure 3.7(A) and (B) show the calculation results of the velocity profile for

patterns A, B, C, and D. The flow state was not stable at the beginning of the

simulation. We calculated the average speeds during the period where the flow

state was sufficiently developed (i.e. the period where a steady-flow movement was

attained). Figure 3.7(A) demonstrates the average speeds in each place against

location y in area α calculated during the time period from t = 101 to 200. We set
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Algorithm 5 Entire algorithm for movement

Require:
1: i: a pedestrian in corridor
2: t: time step
3: tMAX : maximum value of time step
4: St

i : static floor field of pedestrian i at t
5: x: coordinate of the direction of the length of the corridor
6: xMAX : maximum value of x
7: y: coordinate of the direction of the width of the corridor
8: cell (x, y): coordinates in corridor

Ensure: : Move pedestrians until tMAX

9: Define space
10: Define static floor field
11: Place pedestrians in space randomly in area α and area β
12: t← 0
13: while (t < tMAX) do
14: x← xMAX

15: while (x > 0) do
16: for all i such that St

i = x do
17: Execute Algorithm 4
18: end for
19: x← x− 1
20: end while
21: t← t+ 1
22: end while

Figure 3.6: Schematic illustration of the unidirectional pedestrian flow in area
α, where ρ = 0.5 pedestrians/m2. The red, blue, yellow, and black cells are
pedestrians, pedestrians’ personal spaces and headways, empty spaces, and
walls, respectively.
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the initial density in the corridor for a comparison with experimental results [13],

that is, the population density was 1.6 pedestrians/m2 (352 pedestrians). We

divided area α into 30 cm wide strips running parallel to the walls except a 50

cm wide strip near each wall. In each 30 cm wide strip, the average speeds were

calculated from the speeds of pedestrians in each strip. Figure 3.7(B) presents the

average densities against location y in area α from t = 101 to 200. We calculated

the average densities by counting the number of the pedestrians. The average

densities were calculated by the population in each strip during the given time.

The average densities and speeds depended on the strip width. The variation

in the average speeds and the population densities caused by varying the strip

width was so small that the difference in values did not affect this discussion.

As shown in Figure 3.7(A) and (B), the average speeds and densities did not

depend on the strip in pattern A. The average speeds decreased and the average

densities increased with decreasing proximity to the walls in pattern B, C, and

D. Therefore, the intentions in space affected the velocity and density profiles.

The results in pattern C, in particular, depicted a parabolic curve that is similar

to experimental results [13].

Figure 3.7: Calculation results of patterns A, B, C, and D, where ρ = 1.6
pedestrians/m2. (A) Average speeds against location y. (B) Average densities
against location y.

Figure 3.8(A), (B), and (C) show a comparison of the results changing the in-

cline a in pattern C with previous experimental results [13]. We present the aver-

age speeds against location y in Figure 3.8(A), average densities against location y
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in Figure 3.8(B), and flow rate against location y in Figure 3.8(C). Figure 3.8(A)

and (B) depict the characteristics of our results qualitatively corresponding to

previous results [13] in terms of the graph configuration. The parabolic curve

was more moderate as the incline a decreased. Figure 3.8(C) shows that our

results for the flow rates tended to be closer to the fixed value found in previous

studies. From Figure 3.8(A) and (B), the incline a = 0.5 generates the results

most similar to the previous experimental results [13].

Figure 3.8: Calculation results in the case of changing a, where ρ = 1.6
pedestrians/m2. (A) Average speeds against location y. (B) Average den-
sities against location y. (C) Flow rate against location y. Note that the
results of a = 1 are equal to those of pattern C in Figure 3.7.

Figure 3.9(A) and (B) show the relation between the average speeds and loca-

tion y and the relation between the average densities and location y, respectively.

From Figure 3.9(A) and (B), the results qualitatively agree with the previous
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experimental results [13]. The average speeds in Figure 3.9(A), however, are

faster than results integrating personal space and headway into pedestrians and

experimental results in Figure 3.8(A).

Figure 3.9: Calculation results without setting personal space and headway in
the case of changing a, where ρ = 1.6 pedestrians/m2. (A) Relation between
average speeds and location y. (B) Relation between average densities and
location y.

3.2.3 Case of changing body cell size

We investigated herein the case of changing body cell size, where the incline

a = 0.5. Figure 3.10(A) depicts the relation between the average velocities and

location y in the corridor. Figure 3.10(B) shows the relation between the average

densities and location y. We used the initial parameters for each case of the cell

size listed in Table 3.1. We used an Apple iMac with an Intel R⃝ Core i5 3.1 GHz

processor and 4 GB 1,333 MHz DDR3 RAM. The figures show that the results

are closer to the previous experimental results [13] as the cell size decreases,

except for the case where the cell size is 1. Figure 3.10(C) shows each ratio of

the calculation time for an 8 cm cell size to that of the other cases on a log–log

graph. The calculation time per time step in the case of the 8 cm cell size was

7.09 seconds, which changed exponentially depending on the cell size.
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Figure 3.10: Calculation results in the case of changing the cell size from 1 to
8 cm, where a = 0.5 and ρ = 1.6. Note that the results of a = 1 are equal to
those of pattern C in Figure 3.9. (A) Average speeds against location y. (B)
Average densities against location y. (C) Log–log graph of the ratios of the
calculation time for a cell size of 8 cm to that of the other cases.

3.2.4 Case of changing the population density

We analyzed herein the case of changing the initial population density ρ in pattern

C. Figure 3.11(A) shows relations between the average velocities and the initial

population densities in the corridor from ρ = 0.5 to ρ = 3.0 (pedestrians/m2).

The parabolic curve became more moderate as ρ increased. We showed the av-

erage speeds in area α against the population densities and the experimental

data from Zhang et al. [16] (purple triangles), Weidmann [2] (green rhombuses),

Seyfried et al. [3] (black dots), Helbing et al. [10] (closed circles), Mori and Tsuk-
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aguchi [9] (orange crosses), Hankin and Wright [7] (pink crosses), and Polus et

al. [8] (blue squares) and our results in pattern C in Figure 3.11(B). Figure 3.11(C)

shows the relation between the population densities and the flow rates. The re-

sults in Figure 3.11(C) reproduced the nonlinear traffic characteristic that the

flow rates gradually increased with the densities and decreased when the density

was higher than a critical value. Our results showed a deadlock of pedestrians

above approximately 3 pedestrians/m2.

Table 3.1: Parameters and calculation time per time step in the case of changing cell
size.

Cell size (cm) Personal space (cm) Body size (cm) Calculation time (s)

1 15 39 1.05 × 104

2 14 38 6.68 × 102

3 15 39 1.76 × 102

4 16 36 6.60 × 10
8 16 40 7.09

Figure 3.12 presents the states of the stop-and-go wave in the corridor, where

ρ = 0.28. The space in the corridor was divided into strips with a width of 10

cm each, vertically to the wall in the x-direction. The average velocities in each

strip were then calculated. The average speeds became larger as the colors of the

areas changed from red to yellow. The red areas express the stop state, where the

average velocity was zero. The results demonstrated that the cluster of the stop

state moved in a direction opposite to the movement of the pedestrians. That is,

the stop-and-go waves happened in the corridor.

Figure 3.13 illustrates the relation between the population densities in the

corridor and the ratios of the calculation time. The calculation time per time

step increased as the density became larger because further calculation time was

required to decide on the speed and direction of each pedestrian when the popu-

lation density was large.

3.3 Discussion

As shown in Figure 3.5, we set four patterns of static floor field. Consequently,

in the four patterns, the results of pattern C in Figure 3.7 most closely repro-
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duced the experimental results in [13]. This is because pattern A did not indicate

pedestrians’ intention toward the wall. In patterns B and D, pedestrians at-

tempted to go toward the wall even if they were on the center of the corridor.

Therefore, average densities of the center decreased dramatically as shown in

Figure 3.7(B). Meanwhile, in pattern C, the velocity profile and density profile

depicted a parabolic curve because pedestrians who were located in the center of

the corridor did not have strong intentions toward the wall.

We integrated personal space and headway into our simulation for more real-

istic assumptions. In fact, the results in Figure 3.8 were slower than the results

that did not integrate personal space and headway in Figure 3.9 and could repro-

duce the previous experimental results [13]. We can say that pedestrians’ speeds

are controlled by integrating personal space and headway. Therefore, by inte-

grating personal space and headway into the simulation, we could reproduce the

more realistic results compared with the results that did not integrate personal

space and headway. In conventional CA models and the other multi-grid meth-

ods [20, 25–27, 37–55], personal space and headway were not integrated into the

models. In general, CA models have a disadvantage in terms of the quantitative

reproduction of pedestrian dynamics. As indicated by our results, we have shown

that integrating personal space and headway is a useful method for reproducing

realistic results.

In Figure 3.11(B) and (C), there was a deadlock of pedestrians above approx-

imately 3 pedestrians/m2, although there are often real situations in which the

density is greater than 3 pedestrians/m2 [2, 7, 9, 10, 16]. This is because we set a

strict rule by which a pedestrian walks, such that their personal space does not

enter that of the other pedestrians. Meanwhile, as shown in Figure 3.11(B) and

(C), the average speeds and flow rate agreed with several experimental results

when the density is lower than 2.5 pedestrians/m2. Therefore, our method is

excellent at reproducing unidirectional pedestrian flow in a corridor except for

the case of extremely large population density.

We could reproduce the pedestrian dynamics phenomenon similar to the Hagen–

Poiseuille flow [74], a term used in fluid dynamics. This may mean that the pedes-

trian velocity profile can be represented using the fluid dynamics theory. Previous

research [73], however, has shown that crowd motions must be treated as a free

particle flow, not as a continuum flow. Other research [71] has implied that the

36



CHAPTER 3. SIMULATION OF THE UNIDIRECTIONAL PEDESTRIAN FLOW
IN A CORRIDOR

velocity profile was flat and the flow dependence on the street diameter did not

obey the so-called Hagen–Poiseuille flow. In other words, the unique velocity

profile of [13,16], as with the Hagen–Poiseuille flow, was not generally formed in

pedestrian dynamics. Thus, several conditions of population density and space

characteristics for the parabolic curve of pedestrians’ velocity profile may exist. If

the underlying mechanism is understood, it will be possible to predict the danger

zones of high-population-density spaces in the future.

3.4 Conclusions

We have focused on unidirectional pedestrian flow in a corridor to reproduce the

velocity profiles observed in previous experiments [13, 16] using our simulation

methods. To reproduce the experimental results, we hypothesized that pedestri-

ans attempted to walk along the wall side as much as possible. To express the

hypothesis, we set a CA model with the multi-grid and static floor field meth-

ods and calculated the velocity profiles and density profiles in our simulation.

From the results, we confirmed that simulation results reproduced the exper-

imental results in the case that the intentions of the pedestrians increased as

they approached a wall. Therefore, our hypothesis that pedestrians attempt to

walk along the wall side as much as possible was correct. We showed that sim-

ulations incorporating personal space and headway were more reproducible than

simulations without integrating these parameters.

In the next chapter, we deal with traffic in a network to investigate the dy-

namics of traffic congestion in a space connecting roads focused on Chapter 3.

We set a road-like network and examine the congestion movement. Based on the

results, we qualitatively discuss the congestion movement. We also qualitatively

discuss the difference between when the congestion occurs and when it does not.
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Figure 3.11: (A) Average speeds against location y in the case of changing
ρ from 0.5 to 3, where a = 0.5, Videal = 4.32 km/h, and the experimental
results from Zhang et al. [13]. (B) Average speeds against the population
density and the data from Zhang et al. [16] (purple triangles), Weidmann [2]
(green rhombuses), Seyfried et al. [3] (black dots), Helbing et al. [10] (closed
circles), Mori and Tsukaguchi [9] (orange crosses), Hankin and Wright [7] (pink
crosses), and Polus et al. [8] (blue squares) and our results in Pattern C. (C)
Relation between the population densities and the flow rates in our data. Each
data point corresponds to Figure 3.12(B)
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Figure 3.12: States of the stop-and-go wave in the corridor, where ρ = 0.28
from t = 68 to 78. The average speeds become larger as the colors of the areas
change from red to yellow.

Figure 3.13: Relation between population densities in the corridor and ratios
of the calculation time per one time step.
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Chapter 4

Simulation and theorization of

diffusion and disappearance of

traffic congestion

In the previous chapter, we focused on the unidirectional flow in a corridor to

reproduce experimental results [13,16] and presented our hypothesis that pedes-

trians attempt to walk along the wall side as much as possible. In this chapter,

we investigate the traffic dynamics of a multi-system connected roads assumed

in Chapter 3, namely, consider the traffic dynamics more comprehensively. We

focus on the dynamics of traffic congestion in a network. In a road-like network

that connects multiple roads to each other, simulations are conducted to examine

how the congestion propagates and subsequently resolves in the network. We

improve the structure of the graph used in the density-control method [66] for a

more realistic assumption. We set the traffic nonlinear characteristic in the model

as shown in Figure 3.11(c) in Chapter 3. In the network, we first set a steady

state and intentionally generate a traffic jam in an arc to observe how the state

changes in the network. From the results, we confirm how the congestion moves

and qualitatively analyze the condition when the traffic congestion resolves in the

network. We compare the theoretical values with the simulation results in the

phase diagram. We discuss the difference between our results and the previous

results [66] and the usefulness of the method.

This chapter is organized as follows: Section 4.2 describes the graph and

the simulation method used in this chapter; Section 4.3 presents the simulation
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results and interprets them to qualitatively explain how the traffic jam spreads

and determine the situations in which traffic congestion vanishes from the graph;

and Section 4.4 presents conclusions.

4.1 Methods

4.1.1 Definition of the graph

We used the density-control method of [66], but the graph defined in this section

was different from the graph in [66], where every vertex was assumed to include

densities, rather than every arc. They also discussed the interaction among ver-

tices. We assumed herein that densities existed in each arc for more realistic

situations, where vehicles or pedestrians move in the network.

In our simulation, a cubic directed closed graph was assumed although a 10-

regular directed closed graph was used in previous research [66]. This is because,

for example, when we drive on a road and enter an intersection, we often choose

from three directions: turn left, turn right, or go straight. Let us consider a

digraph G consisting of a set V of vertices and a set A of arcs (A ⊂ V × V ).

All in- and out-degrees in G had the same value (i.e. three), as shown in Fig-

ure 4.1(a). Note that a vertex and an arc represented a crossing and a one-way

street, respectively. The number of vertices |G| was 200 and arcs ∥G∥ was 600.
We drew 10 vertices vertically and 30 vertices horizontally to clearly visualize the

state in G as shown in Figure 4.1(b). Each vertex was connected by arcs to the

three neighboring vertices on the right. The rightmost vertices were joined to the

three leftmost ones. The uppermost vertices were joined to the lowermost ones.

Therefore, the structure of G was a torus. Here aij denotes an arc connecting

vertex i to vertex j (i ̸= j | i, j ∈ V ) and lij denotes the length of aij.

4.1.2 Definition of the transportation rule

Each arc can include any number of objects that is a continuous value. The

objects in each arc moved in the direction of the arc during each time step t.

Here t was updated to t + dt. The density of the objects in aij at time t was

denoted by ρij. We use Fij(t) to denote the outflow from aij (0 ≤ Fij(t) ≤ 1).

The rules of inflows and outflows were as follows.
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Figure 4.1: (a) Vertex with three arcs connected from and three arcs connected
to other vertices. (b) Developed elevation of G. The uppermost vertices are
identified with the lowermost vertices. In the same manner, the rightmost
vertices are identified with the leftmost vertices. Therefore, the structure of G
is a torus, and the objects move from the left to the right. In this simulation,
we intentionally generate a traffic jam in an arc surrounded by the purple
circle (i.e. red arc). (c) Equation (4.1) Fij(ρ) versus the density ρ.

i) The transportation flow decreased when the density exceeded a critical value

as shown in Figure 3.11(C). The value of Fij(t) was determined as follows:

Fij(t) = min

{
ρij(t)

2ρ∗
,
1− ρij(t)

2(1− ρ∗)

}
, (4.1)

where Equation (4.1) expressed the free-flow and jammed states as shown

in Figure 4.1(c). Vehicles or pedestrians can generally move efficiently in

the free-flow state. In contrast, the traffic flow in a jammed state gradually

becomes inefficient and traffic congestion will possibly occur.

ii) The threshold ρcl was defined as a type of saturated density in the traffic

flow. When the density in an arc exceeded ρcl, inflow into the arc was
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prevented by closing its entrance and only outflow from the arc was allowed.

A closed arc was opened when the density of the arc fell below ρop by

discharging the density into another arc.

iii) As an inflow rule, a detouring pattern was adopted. In the pattern, the

objects flowing from the outflow arcs were equally distributed to the inflow

arcs. When an arrival arc was closed, the discharged objects from the de-

parture arcs were distributed to the other arc, which was not closed. The

outflow from the arc was cancelled if both destination arcs were closed. The

time development of the density on the arc aij at time (t+ dt) was given as

follows:

dρij(t)

dt
=

Pij(t)−Qij(t)

lij

=
1

n

V∑
h

BhiCij(t)Fhi(t)

lij
− 1

n

V∑
k

BjkCjk(t)Fij(t)

lij
, (4.2)

where Pij(t) was the total inflow to aij at t, and Qij(t) was the outflow from

aij at t. Here Bij was 1 when an arc aij (i ̸= j) existed; otherwise, Bij was

0. Cij(t) was 1 or 0 if aij was opened or closed at t, respectively. In this

simulation, a cubic graph was assumed, thus, n = 3.

4.1.3 Algorithm and parameter setting

Algorithm 6 shows the entire algorithm in this simulation. First, the vertices and

the arcs in G were defined, after which the initial density ρ in each arc was set

at t = 0 (i.e. the initial flow in G was in a steady state). Then, the density in

an arc located on the right center in G as shown in Figure 4.1(b) was set as ρcl
and the state of the arc was closed. Thereby, traffic congestion was intentionally

generated to analyze its effect on the surrounding arcs. Afterwards, the density

in each arc was calculated according to Equation (4.2). The density in each arc

was updated after this calculation. Then t was updated to (t+ dt) and this was

conducted until t = tMAX . In this simulation, we set dt = 0.0001, tMAX = 100,

ρcl = 0.75, and ρ∗ = 0.5.
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Algorithm 6 Entire algorithm of the density-control method

Require:
1: t: time step
2: dt: each unit of time
3: tMAX : maximum value of time step
4: aij : arc connecting from vertex i to vertex j
5: Bij : adjacent matrix

Bij = 1 if aij exist; otherwise, Bij = 0.
6: Cij : matrix expressing the open or closed state

Cij = 1 if aij is opened; otherwise, Cij = 0.
7: ρij(t): density in aij at t
8: ρcl: closure density
9: ρop: opened density

10: ρ: average density
Ensure: : Conduct simulation until tMAX

11: Define aij and, then, set Bij = 1
Define a graph and adjacent matrix

12: for all aij such that Bij = 1 do
13: set Cij = 1 and ρij(t) = ρ
14: end for
15: t← 0
16: ρij(t) = ρcl and Cij = 0 in an arc aij

Congestion occurs in the arc
17: while (t < tMAX) do
18: for all aij such that Bij = 1 do

19: Calculate
dρij(t)

dt according to Equation (4.2)
20: end for
21: for all aij such that Bij = 1 do

22: ρij(t+ dt) = ρij(t) +
dρij(t)

dt
23: if ρij(t+ dt) ≥ ρcl then
24: Cij = 0

Change from open state to closed state
25: end if
26: if Cij = 0 and ρij(t+ dt) ≤ ρop then
27: Cij = 1

Change from closed state to open state
28: end if
29: end for
30: t← t+ dt
31: end while
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4.2 Results

4.2.1 State of the graph after traffic congestion occurs

In the state of G at t = 100 and ρop = 0.60, there are three phases, the free-

flow, the controlled, and the deadlock phases, as shown in Figure 4.2. These

phases were obtained by changing ρ. Note that the red arcs in Figure 4.2 express

the congestion state. The traffic congestion in the free-flow state was solved

immediately, and the state in G returned to the original steady state as shown

in Figure 4.2(a). In the case of the controlled phase, some congestion continued

to exist locally in G as shown in Figure 4.2(b). In contrast, all arcs in G in

the deadlock phase were closed, and the flow in G broke down because of the

congestion generated at t = 0 as shown in Figure 4.2(c).

Figure 4.2: States in the graph in the free-flow, controlled, and deadlock
phases, where ρop = 0.60 at t = 100, (a) ρ = 0.35, (b) ρ = 0.60, and (c)
ρ = 0.75. The value of the density matches the color bar.

Figure 4.3(a) shows the phase diagram in the ρ and ρop plane at t = 100.

The phase depended on ρ and ρop. The area ∗ in Figure 4.3(a) was a kind of

controlled phase. In this area, only the arc, in which congestion was intentionally
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generated, repeated closed and open states when ρop was relatively large. The

flow was always inefficient even if the arc was open. Figure 4.3(b) shows the MFD

which is the relation between ρ and the average flow rate Q in G. Here Q was

determined as Q =
∑V

i

∑V
j BijQij

∥G∥ . Figure 4.3(a) and (b) illustrate that an efficient

flow was achieved in the free-flow state, and in the states where the average flow

rate Q was the same as the value of Equation (4.1) under ρ∗ = 1
2
. Here, Q

decreased when the phase changed from the free-flow to the controlled phase and

gradually decreased as ρ increased. Eventually, Q was 0 in the deadlock phase.

Note that the flow rate in ∗ achieved an efficient flow because there was only one

closed arc.

Figure 4.3: (a) Phase diagram for this simulation. The vertical and hori-
zontal axes represent ρ and ρop at t = 100 and ρ∗ = 0.5, respectively. The
blue circles indicate the boundary between the free-flow and the controlled
phases. The orange circles indicate the boundary between the controlled and
the deadlock phases. The area with an asterisk surrounded by blue and gray
circles shows the phase in which only the arc where the initial congestion has
been intentionally generated repeats the steps from being in the closed state
to the open state and vice versa. The green solid line is the theoretical value
of Equation (4.8). (b) MFD of Figure 4.3(a). The vertical and horizontal axes
denote Q and ρ, respectively. The solid line corresponds to Equation (4.1)
when ρ∗ = 0.5.
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4.2.2 How the traffic congestion spreads

The congestion dynamics in the controlled phase was analyzed in detail. In this

phase, there were three congestion movement patterns: recession wave, stagnant,

and traveling wave. These movements were observed by changing parameters ρop
and ρ. Figure 4.4 shows a snapshot of each movement pattern. In Figure 4.4(a),

the congestion in the arc propagated in a direction opposite to the movement of

the objects (to the left) as a recession wave. The width of the wave gradually

increased, and the wave transformed into a large one. In Figure 4.4(b), the

movement of the wave was similar to that of the wave in Figure 4.4(a) in the

early stage. Meanwhile, the rear part of the congestion wave (right-hand side)

was stagnant in several arcs. The speed of the top of the wave gradually decreased.

In Figure 4.4(c), the congested arc affected not only the direction opposite to the

movement of the objects, but also the direction of the movement of the objects

(the traveling wave). After a while, the traveling wave collided with the recession

wave, formed several new waves and moved towards the left of the graph. In

Figure 4.4(d), the movement of the wave exhibited the same behavior as that

in Figure 4.4(c) in an early stage. After that, however, the congestion wave did

not grow, and each congestion wave continued to move finely in the graph. The

phenomenon in Figure 4.4(a) and (b) was confirmed when ρ was less than 0.5, that

is, ρ<ρ∗; otherwise, the phenomenon shown in Figure 4.4(c) and (d) occurs. The

simulation result shown in Figure 4.4(a) holds when ρop was relatively small. The

result gradually had the nature of Figure 4.4(b) when ρop reached approximately

0.55 or more. In contrast, the phenomenon in Figure 4.4(c) began to move into

that of Figure 4.4(d) when ρop reached approximately 0.58 or more. Both the

recession and traveling waves propagated faster as the initial average density

increased.

4.2.3 Kinds of situations in which the traffic congestion vanishes

The phase transition to determine whether a congested arc affects the arcs at

the back (to the left in this simulation) was analyzed based on the theory shown

in [66] when ρop ≤ 1
2
(or ρop ≤ ρ∗). Let the critical density ρ′ denote the density

of the arcs next to the congested arc when the congested arc recovers from the

closed state to the open state. That is, the congested arc affects the nearby arcs

if the time Tρ→ρ′ , which is required for increasing the density of the arcs from ρ
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Figure 4.4: Snapshots of the wave propagation by the four patterns in the
controlled phase. The conditions are as follows: (a) ρop = 0.40, ρ = 0.45, at
t = 3, 5, 10, 15, 25, and 45; (b) ρop = 0.60, ρ = 0.45, at t = 9, 15, 20, 30,
40, and 50; (c) ρop = 0.40, ρ = 0.55, at t = 1, 2, 3, 5, 10, and 20; and (d)
ρop = 0.60, ρ = 0.60, at t = 1, 2, 3, 5, 10, and 20.

to the critical density ρ′, is larger than the time Tρcl→ρop required to recover from

the closed state to the open state. Equation (4.2) can be changed as dt = dρ
−Q
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(i.e. the normalization constant), then Tρcl→ρop can be represented as

Tρcl→ρop =

∫ ρop

ρcl

dρ

−Q

=

∫ 1
2

ρop

dρ

ρ
+

∫ ρcl

1
2

dρ

1− ρ

= log
1

4(1− ρcl)ρop
. (4.3)

The congestion cluster does not propagate unless the inflow P in an arc is larger

than the outflow Q on the road. Therefore, when Tρcl→ρop = Tρ→ρ′ , the boundary

condition for whether a congested road affects the adjacent rear roads or not can

be presented as follows:

ρ′ = 1− ρ. (4.4)

We assumed herein that the relation ρ < 1
2
always holds. Intuitively, this was

true because of the simulation results in Figure 4.3(a). From Equation (4.2),

assuming that the arc was in the steady state when n = 3, the time development

of the density on an arc located on the back of the congested arc became

dρ

dt
= P −Q

= ρ−
2

3
min{ρ, 1− ρ}, (4.5)
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where the inflow P is constant ρ. Here Tρ→ρ′ is given as follows when ρop ≤ 1
2
:

Tρ→ρ′ =

∫ ρ′

ρ

dρ

Qin −Qout

=

∫ 1
2

ρ

dρ

ρ− 2
3
ρ
+

∫ ρ′

1
2

dρ

ρ− 2
3
(1− ρ)

= 2

∫ 1
2

ρ

dρ

ρ− 2
3
ρ

(4.6)

= 3 log
ρ

3ρ− 1
, (4.7)

where Equation (4.6) is derived from the symmetry that ρ′ = 1− ρ as ρ = 1
2
was

regarded as a median. Assuming that the boundary density ρtrans is the average

density ρ when Tρ→ρ′ = Tρcl→ρop and the boundary condition Equation (4.4),

ρtrans was derived from Equation (4.3) and Equation (4.7) as follows:

ρtrans =

(
1

4(1−ρcl)ρop

) 1
3

3
(

1
4(1−ρcl)ρop

) 1
3 − 1

. (4.8)

The theoretical values of Equation (4.8) matched the simulation results in Fig-

ure 4.3(a).

Here, Equation (4.8) was generalized. Equation (4.3) can be rewritten as

follows when ρ∗ is a variable (i.e. when Fout satisfies function (4.1)):

Tρcl→ρop = 2 log

{(
ρ∗

ρop

)ρ∗ (
1− ρ∗

1− ρcl

)(1−ρ∗)
}
. (4.9)

The boundary condition from Equation (4.4) was derived as follows:

ρ′ = 1−
1− ρ∗

ρ∗
ρ. (4.10)
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Assuming that the relations ρ < ρ∗ and P = ρ
2ρ∗

are always practical. When ρop <

ρ∗, the following relation from Equation (4.5) and Equation (4.10) was derived:

Tρ→ρ′ =

∫ ρ∗

ρ

dρ
ρ

2ρ∗
− 2

3
ρ

2ρ∗

+

∫ ρ′

ρ∗

dρ
ρ

2ρ∗
− 2

3
1−ρ

2(1−ρ∗)

= 3 log
ρ

3ρ− 2ρ∗
. (4.11)

Finally, the following formula using Equation (4.9) and Equation (4.11) was ob-

tained:

ρtrans =
2ρ∗

(
ρ∗

ρop

) 2
3
ρ∗ (

1−ρ∗

1−ρcl

) 2
3
(1−ρ∗)

3
(

ρ∗

ρop

) 2
3
ρ∗ (

1−ρ∗

1−ρcl

) 2
3
(1−ρ∗)

− 1

. (4.12)

Figure 4.5 shows the theoretical values of Equation (4.12) and the simulation

results in each ρ∗, where ρcl = 0.75. The theoretical values matched the values

from the simulation when ρop ≤ ρ∗.

So far, the theoretical values were derived in the case of n = 3 in Equa-

tion (4.2). From the following, Equation (4.12) is further generalized and a the-

oretical formula without deciding the value of n is derived. That is, the time

development of the density on an arc located on the back of the congested arc

can allow Equation (4.5) to be rewritten as follows:

dρ

dt
= P −Q

= ρ−
n− 1

n
min{ρ, 1− ρ}, (4.13)

From Equation (4.11), Tρ→ρ′ in Equation (4.11) can be rewritten as
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Figure 4.5: Contour lines between the free-flow and the controlled phases,
where ρcl = 0.75. The solid lines express the theoretical values of Equa-
tion (4.12), whereas the dots express the simulation results, where ρcl = 0.75,
ρ∗ is 0.3 (blue), 0.4 (red), 0.5 (black), 0.6 (green), and 0.7 (orange). Note that
the black dots and line in this figure correspond to the blue dots and blue line,
respectively, in Figure 4.3(a).

Tρ→ρ′ =

∫ ρ∗

ρ

dρ
ρ

2ρ∗
− n−1

n
ρ

2ρ∗

+

∫ ρ′

ρ∗

dρ
ρ

2ρ∗
− n−1

n
1−ρ

2(1−ρ∗)

=
2n

n− 1
log

ρ

nρ− (n− 1)ρ∗
. (4.14)

Finally, the following formula using Equation (4.9) and Equation (4.14) was de-

rived:

ρtrans =
(n− 1)ρ∗

(
ρ∗

ρop

)n−1
n

ρ∗ (
1−ρ∗

1−ρcl

)n−1
n

(1−ρ∗)

n
(

ρ∗

ρop

)n−1
n

ρ∗ (
1−ρ∗

1−ρcl

)n−1
n

(1−ρ∗)

− 1

. (4.15)
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The theoretical values of Equation (4.15) are shown in Figure 4.6, where ρcl =

0.75, and (a) ρ∗ = 0.3, (b) ρ∗ = 0.5, and (c) ρ∗ = 0.7. From the results, the area

of free-flow state expands as n became larger.

Figure 4.6: Contour lines between the free-flow and the controlled phases,
where ρcl = 0.75 and (a) ρ∗ = 0.3, (b) ρ∗ = 0.5, and (c) ρ∗ = 0.7, respectively.
Each solid line when n = 3 in Figure 4.6 corresponds to each line in Figure 4.5.

4.3 Discussion

4.3.1 Mechanism of wave propagation

The mechanisms of three wave patterns (i.e. recession wave, stagnation wave,

and traveling wave) were discussed in Section 4.2.2. First, the mechanism of a
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recession wave, which was the congestion wave moving in a direction opposite to

the movement of objects, was explained. Figure 4.7 shows a schematic illustration

of a recession wave. When traffic congestion occurred in an arc (from vertex C to

vertex A), the outflows from the two arcs (from vertex C to vertices B) located

on the next congested arc decreased. Despite this, the inflow to these two arcs

(from vertex C to vertices B) did not change. Hence, the density of these two

arcs (from vertex C to vertices B) gradually increased. As a result, these two

arcs (from vertex C to vertices B) fell into a state of congestion as well as the

first congested arc (from vertex C to vertex A). Thereby, the outflows from the

back of three arcs (from vertices E to vertex C) were stopped and the densities of

these three arcs (from vertices E to vertex C) also fell into a state of congestion.

This event successively propagated in a direction opposite to the movement as

the recession wave (from vertices D to vertices E and then from vertices F to

vertices D). The recession wave is similar to a stop-and-go wave in terms of the

fact that both waves propagate in a direction opposite to the movement.

Figure 4.7: Schematic illustration of a recession wave.

In the case of a stagnation wave pattern, the congested arc had difficulty

recovering from the jammed state to the free-flow state because the value of ρop
was relatively large, and the flow became inefficient even if the arc returned from

the closed state to the open state. Thus, the arc was no longer in the inefficient
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flow state and alternated between the closed and the open states. The stagnation

state may be observed in roads near a railroad crossing in a big city. This is

because the railroad crossing will be closed soon even if the crossing is opened

in the places where trains frequently pass. We can often observe roads that are

always in a jammed state near the crossing.

The traveling wave occurred when ρ was relatively large, namely, ρ>1
2
(more

generally, ρ>ρ∗). In this case, the recession wave also occurs at the same time.

Figure 4.8 shows a schematic illustration of a traveling wave. In the traveling

wave pattern, the outflow from the congested arc (from vertex A to vertex B)

was smaller than the outflows from the three arcs (from vertex B to vertices C)

located on the right-hand side of the congested arc (from vertex A to vertex B).

Thereby, the densities in these three arcs (from vertex B to vertices C) gradually

decreased, and the outflow from these arcs (from vertex B to vertices C) increased

according to Equation (4.1). Afterwards, the inflows of arcs (from vertices C to

vertices D) located on the right-hand side of the three arcs (from vertex B to

vertices C) increased. Finally, these arcs (from vertices C to vertices D) changed

from the inefficient flow state to the congestion state. The wave propagated to the

right by repeating the mechanism in a direction to the right (from vertices C to

vertices D and then from vertices D to vertices E). Intuitively, the traveling wave

pattern may be an unrealistic phenomenon because, in principle, a pedestrian or

a vehicle cannot affect others who exist in front of them.

Figure 4.8: Schematic illustration of a traveling wave.
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4.3.2 Comparison with the CA method

Figure 4.9 shows a relation between the densities in the network and the average

calculation times per one time step by using an Apple iMac with an Intel R⃝ Core

i5 3.1 GHz processor and 4 GB 1,333 MHz DDR3 RAM. The trials in each density

were conducted 10 times, and the average times and variances were calculated.

There were two qualitative differences between the results of Figs 3.13 and 4.9.

First, the average calculation time did not depend on the density in Figure 4.9;

in contrast, the calculation time in Figure 3.13 increased exponentially according

to the density. Second, the calculation time of Figure 4.9 was much shorter than

that of Figure 3.13. Therefore, the density-control method has an advantage in

traffic network analysis in terms of calculation time. The density-control method,

however, is unsuitable in the case that we reproduce the phenomenon such as in

typical congestion in a corridor [13,16]. Therefore, the density-control method is

useful when we analyze the traffic dynamics more comprehensively.

Figure 4.9: Relation between the average density in the network and the ratios
of calculation time per one time step.
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4.3.3 Phase diagram and generalization

As shown in Figure 4.2, we confirmed that there were three phases, free flow,

controlled, and deadlock, as in the previous results [66]. However, the phase

diagram in Figure 4.3(a) is a little different from the phase diagram in [66]. It is

assumed that our initial condition of densities in each arc is different from that

in [66]. We assumed the steady state as the initial congestion and intentionally

generated a congestion in an arc. Meanwhile, they assigned the density value

randomly in a certain range as the initial condition, namely, it was not steady

state.

In previous research [66], They discussed the breakdown of a system in a

transportation network, namely, the boundary condition between the controlled

and deadlock in the phase diagram. In our simulation, meanwhile, we analyzed

the boundary condition between the free-flow phase and the controlled phase. In

Figure 4.6, as n was larger, ρtrans becomes larger, that is, the area of the free-flow

state was expanded. This means that the more the number of the adjacent arcs

of an arc increases, the more the traffic congestion propagates to the adjacent

arcs. This is because when the number of adjacent arcs is high, the burden of

outflows per an arc is mitigated. The theory in Section 4.2.3 and the results of

Figs 4.5 and 4.6 will aid in the realization of a road-network structure to achieve

efficient traffic flow in a real-world network.

4.4 Conclusions

We have examined how the congestion propagates and resolves in the network.

We used a density-control method and assumed a cubic directed closed graph that

was a road-like network. In the network, we intentionally generated a traffic jam

in an arc to analyze how the state changed in the network. From the results, we

observed three congestion wave patterns: recession wave, stagnation wave, and

traveling wave. We provided the condition when the traffic congestion resolves

in the network and confirmed that the theoretical values partially corresponded

to the simulation results. The density-control method is useful when we analyze

the traffic dynamics more comprehensively.
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Conclusions

In this dissertation, we have studied dynamical traffic congestion in space such as

room, corridor, and network using simulation methods. To analyze the dynamics

in each system, we used a CA method in Chapters 2 and 3 and a density-control

method in Chapter 4. We obtained knowledge about traffic dynamics in each

chapter.

In Chapter 2, we dealt with the pedestrian dynamics in a room to examine

the motion of pedestrians that leave a room. We set an improved CA model

integrating the multi-grid method and the static floor field method. In the model,

the form of pedestrians, their speed, their intentionality toward the exit, and the

form of the room were defined in detail. The pedestrians were randomly located

in a room and headed towards the exit. We investigated the relation between the

time for completion of evacuation and the initial number of pedestrians in the

room. From the results, we confirmed that there are three phases: large variance,

stable, and linear. In the large variance phase, pedestrians moved straight toward

the exit and rapid evacuations were achieved. The variance of the average time for

completion of evacuation was large because the time for completion of evacuation

depends on the distance of the farthest pedestrian from the exit. In stable phase,

semi-circular congestion near the exit was formed. The time for completion of

evacuation was only slightly dependent on the initial number of pedestrians in

the room in this phase. Pedestrians in and around the congestion moved in a

zig-zag course and detoured in the room. In the linear phase, though there was

congestion near the exit in the stable phase as well, the time for completion of

evacuation increased linearly according to the initial number of pedestrians. From
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the results, we showed the usefulness of our model by comparing our results with

results of a previous simulation model.

In Chapter 3, we focused on the unidirectional pedestrian flow in a corridor

and the peculiar traffic phenomenon in a corridor. That is, the velocity profile

in a corridor is a parabolic curve, in which the velocity was smaller as the wall

of a corridor was approached. To reproduce the phenomenon, we hypothesized

that pedestrians attempted to walk along the wall side as much as possible.

To confirm whether the hypothesis is correct, we set the CA model with the

multi-grid and static floor field methods, which can integrate personal space,

headway, and intentionality toward the wall. Pedestrians moved in a corridor and

velocity profiles were investigated. Then, we confirmed that the simulation results

reproduced the data of observation under the hypothesis that the intentions of

the pedestrians increase as they approached a wall.

In Chapter 4, we focused on the traffic dynamics in a network to examine how

the congestion propagates and resolves in the network. We used a density-control

method, and constructed a cubic directed closed graph such as a road network.

We intentionally generated a traffic jam in an arc of the network under a steady

state. We examined the states after the appearance of congestion, and observed

three congestion wave patterns: recession wave, stagnation wave, and traveling

wave. The recession wave was the wave that propagated in a direction opposite

to the movement of the objects. In the stagnant pattern, several congestion

waves remained in the same arc for a long time. The traveling wave which is

propagating in the direction of movement of the objects was observed. We also

theoretically evaluated the conditions when the traffic congestion resolves in the

network, namely, the boundary conditions between free-flow and the controlled

phases. As a result, the theoretical values partially corresponded to the simulation

results.

Table 5.1 lists the differences of the movements of objects, which are caused

depending on the objects such as pedestrians and vehicles and the space shapes

such as room, corridor, and network, based on the results obtained in Chapters 2–

4. That is, where traffic congestion occurred, how the congestion changed with

time, and how the congestion resolved in a room, in a corridor, and in a network.

We can regard a room and a corridor as in contrast to a network, which is a

multi-system consisting of multiple roads. In a room, congestion happened near
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an exit, formed a semi-circular shape, and remained near the exit. Then, the

congestion was gradually cleared because the pedestrians who formed the jam

left the room, and finally, the congestion resolved. In the case of a corridor,

congestion happened near the wall sides of the corridor and remained in place.

Furthermore, stop-and-go waves were observed when the density was extremely

large and propagated in a direction opposite to the movement of pedestrians. In

a network, we intentionally generated congestion on a road and observed three

congestion wave patterns: recession wave, stagnation wave, and traveling wave.

The cluster wave propagating in a direction opposite to the moving direction

was observed in dynamics in unidirectional pedestrian flow and traffic flow in a

road-like network. However, such a wave pattern was not observed in a room.

The congestion existed in the corridor and in the network. This is because the

structures of the simulation space were periodic.

Table 5.1: Characteristics of traffic congestion in each system.

Room
(Chapter 2)

Corridor
(Chapter 3)

Network
(Chapter 4)

subjects pedestrians pedestrians
pedestrians;
vehicles

scale subsystem subsystem multi-system

intention toward exit
in one direction;

toward wall in one direction

location of congestion near exit
near wall;
on a road on a road

propagation method none
stay wall side;
stop-and-go

recession;
stagnation;
traveling

We have clarified the differences of the movements of objects, which are caused

depending on the objects such as pedestrians and vehicles and the space shapes

such as room, corridor, and network for better understanding of the traffic dy-

namics. These results will contribute to resolve social problems such as traffic

accidents, air pollution, and financial losses, caused by traffic congestion in ur-

ban areas. It will be possible to develop a time-dependent shortest path algo-
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rithm [75–80] that can predict dynamical congestion and divert the congestion so

that destinations can be reached more quickly.
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