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The dynamics of commercial activities in cities has been explored by the Harris-Wilson’s balancing-mechanism
model. As properties of balancing-mechanism, it is known that the derived distribution depends on the various
elements such as the shape of region or transportation network. In this paper, we take the balancing-mechanism
in the general urban activities, and analyze the dynamics of urban activity distribution with respect to the advance
of high-speed transit system. In particular, focusing on the Japanese railway system, we examine how the
construction of Shinkansen bullet train affects the developments of cities in Japan. As a result, we clarified
that the opening of high-speed transit system promotes the further developments of large cities, and miserable

declinations of small cities.
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1. Introduction

The purpose of this study is to analyze the dynamics of
urban activity distribution with respect to the advance of
high-speed transit system. In particular, focusing on the
railway network system in Japan, we consider how the con-
struction of high-speed transit systems such as Shinkansen
bullet train affects the developments (or declinations) of
cities in Japan. The method we adopt in the study is
Harris-Wilson’s Balancing-Mechanism (Harris and Wil-
son, 1978; Clarke and Wilson, 1983; Clarke, 1985), which
incorporates the mutual interdependence between the at-
tractiveness of zones and the number of visitors.

There are a plenty of urban activity distributions in the
real world: distribution of population, business establish-
ments, or industrial plants would be listed as examples. It
is certain that these distributions about urban activities are
important information in terms of understanding the social
and economic structures of regions. In this point of view, a
lot of researches have discussed principles of the formation
of urban activity distributions.

Balancing-mechanism, which was proposed by Harris
and Wilson (1978), is one of the researches to clarify the
dynamics of urban activity distribution. Particularly, they
focused on the retail shopping activity, and analyzed the
“equilibrium” distribution that the attractiveness and the
number of visitors are balanced. The basic idea of the
model is as follows. First, the individual’s movements of
shopping behavior are formulated, and the number of vis-
itors in each zone is derived. Now, it is natural that the
zones which attracted lots of visitors become more devel-
oped and vice versa. To describe this property, the number
of facilities in a zone, which is a measure of attractiveness,
is renewed in proportion to the number of visitors. Conse-
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quently, these calculations are repeated until the distribution
being stable.

The stability of balancing-mechanism is also discussed
in the number of researches. As the features of the model,
it is clarified that equilibrium distribution depends on pa-
rameters catastrophically, and that the distribution becomes
either continuous or discrete. Especially, when the equilib-
rium distribution is discrete, highly accumulated zones are
emerged (see Fig. 1). Then, what do the accumulated zones
correspond to in the real world? It would say that it depends
on the area of region we will analyze. For example, if we
assume a city as a region, such area could be regarded as
the (sub) centers of the city. On the other hand, if the model
is applied to island scale, then each city is interpreted as
such zone. It is well known that the location of such zones
are affected to various elements such as the shape of region,
transportation network, and so on. Therefore, the advance
of transit system leads the change of the location of accu-
mulated zones.

Shinkansen bullet train is one of the most typical high-
speed transit systems in Japan. Since Tokaido Shinkansen
started the services between Tokyo and Shin-Osaka in 1963,
number of lines such as Sanyo, Tohoku, Joetsu, Nagano,
and Kyushu Shinkansen was opened to traffic. Some
of lines like Yamagata and Akita are existed as Mini-
Shinkansen (Umehara, 2008). Furthermore, JR-Central re-
cently get launched on a project of magnetically levitat-
ing train which connects Tokyo, Nagoya, and Shin-Osaka
(Linear Chuo Express Kensetsu Suishin-Kisei Domei-kai,
2008). As imagined from the discussion about balancing-
mechanism, these high-speed transit systems would activate
the social interactions between multiple areas and affect the
developments (or declinations) of each area. Therefore, in
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(a) continuous distribution

(b) discrete distribution

Fig. 1. Examples of the equilibrium distributions in balancing-mechanizm.

this paper, we focus on the advance of high-speed railway
systems in Japan, and analyze how it has affected to the de-
velopments of cities based on balancing-mechanism.

There are only a few empirical researches based on
balancing-mechanism.  Besides our previous research
(Honma and Kurita, 2005), Saito and Motomura’s approach
(Saito and Motomura, 1992) and Zhang’s approach (Zhang,
1992) are only analyses which focus on cities in Japan. This
study is interpreted as the generalization of our previous re-
search in terms of the consideration of actual railway net-
work.

This paper is organized as follows. In Sec. 2, we
will discuss the formulation and the features of balancing-
mechanism. Then, especially focusing on the construction
of Shinkansen, we summarize the advance of Japanese rail-
way network (Sec. 3). In Sec. 4, finally, the model is applied
to Japan islands, and examined how the advance of high-
speed transit systems affects the developments of cities.

2. Formulation

First, we formulate a model to describe the dynamics of
distribution of facilities for urban activity. Basically, the
model in present section follows arguments proposed by
Harris and Wilson.

2.1 Model

Let us introduce a region which consists of K zones and
also assume that there are residences and facilities for an
urban activity in each zone. Furthermore, suppose that i
indexes residence zone (i = 1,2,---,K), and O; is the
number of individuals in zone i. Similarly, let j index
activity zone (j = 1,2,---, K), and S; is the number of
facilities in zone j.

Let us imagine a situation that individuals in the region
visit a facility to carry out some kind of urban activity.
There are a variety of activities and facilities, which could
be intended in the model. For example, if we suppose
“shopping” as the activity, then intended facilities would be
“retail stores”. Our first objective is to formulate the move-
ments of individuals from their residences to the facilities
using random utility theory.

For this purpose, let us assume that all individuals choose
their visiting facilities to maximize the utility. In addition,
we set the utility U j; when an individual who lives in zone

i visits the facility in zones j as follows:

Uji = Vi + &ij, (H
where V; is a function that depends on the observed char-
acteristics of visiting from residence in zone i to the facility
in zone j, and ¢;; is an independently identically distributed
extreme value. We assume that Vj; is determined by the
travel cost between zone i and j (¢;;), and the number of
facilities in zone j (S;) :

Vii = Vjii (cij» Sj) - (@)

If ¢;; becomes greater, individuals would hesitate to visit.
Hence, V;|; should be a monotonically decreasing function
of ¢;;. On the other hand, the number of facilities S; is taken
as a measure of attractiveness in zone j, so it is natural that
V;ii is a monotonically increasing function of S;.

Since the preceding formulation is equivalent to multi-
nomial logit model (Train, 2003), the modeled probability
Pjj;, which the individual in zone i visits a facility in zone
J, is given by

eXp [)\.Vﬂj]

i‘ exp [AV;i]

J=1

Py = 3)

Then, under the assumption that all individuals curry out
the activity once per unit term, we derive the number of
individuals 7;; who lives in zone i visit a facility in zone j
as

AViii
tij = 0; x Pﬂ,‘ = O,Kexp[ijl]

: @
Z exXp [)\.Vj‘[]
j=1

Furthermore, the total number of individuals Fj? who visit
facilities in zone j is obtained as follows:

K K AV
i=l i=l Zexp [)LVJ‘“]
j=1

Now, we would like to discuss the equilibrium values of
{Sj}. If the standard capacity of one facility is 6, the total
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Fig. 2. Railway network in Japan.

capacity of facilities in zone j is given by 6S;. Hence,
the most appropriate state is that the following equitation
is satisfied in every zone:

F§ =08, (6)

Since F¥ is a function of {S;}, (6) constitutes K equations
in the K -variables {S j } Therefore, the equilibrium distri-
bution of {S;} is given as the solution of (6).
2.2 Assumptions

In this study, we assume that V}); is defined as the sum-
mation of (i) ¢;; :travel cost between residence zone i and
activity zone j, and (ii) In §; : the logarithm of the number
of facilities in zone j:

Vj|,' {c;j,Sj}z—ac,-j+blnSj, (7)

where a and b are positive parameters. Generally, S; is per-
ceived sensuously, so we assume that V; is in proportion to
the logarithm of S; which implies the Fechner law (Gold-
stein, 1989). Meanwhile, ¢;; can be perceived rather nu-
merically, then we define that V;; is a linear function of ¢;;.
The validity of preceding assumption have been discussed
in detail (Kurita, 2002).
Now, substituting (5) and (7) for (6),

1. 1E
szaszgzo,-

i=1

Sja exXp [—)/C,‘j]
K
ZSj‘" exp [—ycij]
j=1

is obtained where « = bA, y = al. Unfortunately, it is
quite tough to solve (8) analytically, so we regard (8) as it-
erative equations and calculate the equilibrium distribution
numerically. The next step in the argument is to discuss the
property of distribution.

®)

2.3 Property of equilibrium distribution

The model stated above is basically equivalent to the
formulation of Balancing-Mechanism proposed by Harris
and Wilson (1978). Using catastrophe theory, Harris et
al. analyzed the properties of equilibrium distribution, and
clarified the following features:

[feature 1] equilibrium distribution {S;} is continuous
when o < 1, and discrete when o > 1.

[feature 2] highly accumulated zones are emerged when
the distribution becomes discrete, and the number of
these zones decreases for higher o and lower y.

In addition, Rijk and Vorst (1983) derived the following
condition about equilibrium distribution:

[theorem 1] (8) has a unique positive solution {S j} when
0<a<l.

[theorem 2] (8) has at least one equilibrium solution {S;}
when o > 1.

From these theorems, the existence of equilibrium solution
is assured. In this study, we assume uniform distribution as
initial distribution, and calculate (8) numerically iteratively.
The reason is to clarify the basic feature of model. Though,
[theorem 2] pointed out the possibility of the existence of
multiple equilibrium distribution, we consider that these
analyses are essential.

3. Advances of Railway Network in Japan

In this section, we summarize the railway network sys-
tem in Japan. Since we will apply the preceding model to
Japan islands in next section, the discussion stated below is
a preparation for analysis in Sec. 4.
3.1 Railway Network in Japan

As of January 2008, there are 9,277 stations and 516 lines
in Japanese railway network. This railway network puts on
all over the whole country, and it is indispensable for our
daily life. In this study, we extracted the data of Japanese
railway network from “I/do-Keido tsuki Zenkoku-Ensen Eki
Database” edited by Japan Geographic Data Center (2008).
This database summarized the latitude-longitude of all sta-
tions and line information such as network structure. There-
fore, using the database, we are able to calculate the travel
time between two arbitrarily chosen stations. The railway
network adopted in the study is shown in Fig. 2.
3.2 Construction process and future plans of

Shinkansen

Shinkansen bullet train is one of the noteworthy projects
of Japanese railway network system. It is a representative
high-speed transit system in Japan, and promotes mutual in-
teractions in the islands. Total railway length of Shinkansen
is over 2,000km now, and it covers from Hachinohe to
Kagoshima. Mini-Shinkansen is also a kind of bullet train
which is operated on the conventional railway lines. Al-
though, the highest speed of Mini-Shinkansen (130 km/h)
is slower than that of Shinkansen (270 km/h), this system
frees passenger from a transfer at the station because it di-
rectly connect to Shinkansen lines. Yamagata and Akita
Shinkansens adopt a Mini-Shinkansen system. Construc-
tion process of Shinkansen is summarized in Table 1.

Even now, there are some of plans to construct new lines
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Table 1. Construction process of Shinkansen.

Years Constructed sector
October 1963 Tokyo—Shin-Osaka
March 1972 Shin-Osaka—Okayama
March 1975 Okayama-Hakata

June 1982 Omiya—Morioka
November 1982 Omiya—Nigata

March 1985 Ueno—Omiya

June 1991 Tokyo—Ueno

July 1992 Fukushima—Yamagata (%)
March 1997 Morioka—Akita (%)

October 1997
December 1999
December 2002
March 2004

3 Mini-Shinkansen.

Takasaki—Nagano
Yamagata—Shinjo (%)
Morioka—Hachinohe

Shin-Yachiyo—Kagoshima-Chuo

Table 2. Future plans of Shinkansen.

Years Planed sector

2011 Hachinohe—Shin-Aomori
2011 Hakata—Shin-Yachiyo

2014 Nagano—Kanazawa

2015 Shin-Aomori—Shin-Hakodate
2020 Shin-Hakodate—Sapporo

of Shinkansen. Table 2 indicates the list of projects which
have been approved to construct as of January 2008, and
some of them have already been constructed (Aomori Pre-
fectural Government, 2008; Federation of Hokkaido Cham-
ber of Commerce and Industry, 2008; Hokuriku Shinkansen
Kensetsu Sokushin Domei-kai, 2008; Kumamoto Prefec-
tural Government, 2008). In addition, several projects such
as Nagasaki Shinkansen and Hokuriku Shinkansen are re-
quiring to get approved (Nagasaki Prefectural Government,
2008).

3.3 Magnetic Levitation project

A Maglev, or magnetically levitating train is a railway
system powered by superconducting electromagnet, and ex-
pected as a new high-speed transit system whose speed ex-
ceeds that of Shinkansen. Since this method allows trains
to suspend, it has a potential to be faster and quieter than
wheeled train systems. In fact, the highest recorded speed
of a maglev train system is 581 km/h, which is achieved
by JR-Central in 2003. This system have already been ma-
tured technologically, so construction cost is a next barrier
for commercial run (JR-Central, 2008).

On December 2007, JR-Central announced to construct
the Linear Shinkansen by totally their own budget. Their
plan expresses to start the service between Tokyo—Nagoya
by 2025, which result to connect both cities only in 40
minutes. In the future, they also plan to extend it to Osaka.
More precise deliberation about financial condition and the
determination of track route are future tasks.

4. Application to Japan Islands

In this section, we apply the model in Sec. 2 to Japan
islands. In particular, we focus on the developments (or
declinations) of cities with respect to the construction of
high-speed transit system such as Shinkansen and Maglev.

Please note that it is inadequate to suppose purchasing
behavior as urban activity in the model, because our ob-
jective region is whole of Japan. Hence, we should sup-
pose larger scale activities such like wholesale, administra-
tion, or management. The aim of following discussion does
not describe the urban activities precisely, but depicts the
macroscopic dynamics.

4.1 Assumption

Let us explain the assumption to apply the model to Japan
islands. First, we assume the region as the all of Japan with-
out Okinawa prefecture (i.e. 46 prefecture), and prepare the
10km grid system data from the national population census
held in 2000 (gray parts of Fig. 2). We regard each grid as a
zone and use the real population as the number of individu-
als O;.

While, the travel cost between two zones is given by min-
imum travel time when individuals are allowed to move
straightly and to use railway network. To calculate the
travel time, we prepared the unified network which con-
nects the grids and the railway system. In particular, each
grid are connected to any other grid and five nearest station
(to describe access/egress). Hence, the size of unified net-
work is 13,485 nodes (4,208 grids and 9,277 stations) and
8,885,014 edges (10,342 for between two stations, 4208 x 5
for between grid and station, and 4, 208/2 for between
two grids). Furthermore, each speed is set as follows:
straight movement 10 km/h, conventional lines 50 km/h,
mini-Shinkansen 100 km/h, Shinkansen 200 km/h, and Ma-
glev 400 km/h.

4.2 Change of Urban-activity distribution

As indicated in Tables 1 and 2, since Shinkansen network
has been developed step-by-step, travel time between two
zones also changes at each term. This fact means that the
modelled equilibrium distribution also change at each term.
In this point of view, we calculated the travel time at each
term, and derived the equilibrium distribution respectively.
The calculation results under several parameters are shown
from Figs. 3 to 5.

Since the urban activities which is assumed in this section
are social interactions generated over whole island level, it
would be interpreted that S; describe the number of nodal
facilities. Therefore, Figs. 3 to 5 indicate how the loca-
tions of these facilities change as the advance of high-speed
railway system. From the result, we can confirm that small-
scale zones located on the newly opened line declined (or
sometimes disappeared) because of being absorbed in other
larger zones. On the other hand, metropolitan area such as
Tokyo, Nagoya, and Osaka result to develop continuously
as Shinkansen opened. That is to say, the opening of high-
speed transit system promotes the further developments
of large cities, and miserable declinations of small cities.
This tendency is clearer in Figs. 3(g) and (h), which de-
scribe the situation after the opening of Maglev. In this case,
even Nagoya area is disappeared, and highly concentration
to Tokyo and Osaka areas is happened.
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Fig. 3. Equilibrium distribution {S;}, (@ = 1.1,y = 0.4).

Whether cities develop or decline depends on not only the
advance of railway network, but also the model parameters
(i.e. criteria of individual’s activity). Figure 4 is a result
whose parameter is « = 2.0, and even Osaka area disap-
peared unfortunately. Since « measures the importance of
attractiveness of activity zone, high o accelerates the se-

vere concentration to large cities. On the other hand, if
we set y = 0.8, we can describe a scenario that lots of
cities coexists. y measures the ease of long travel, and
high y illustrates that individuals tend to visit nearby
zones. However, please note that it is only the result that
concentration to the metropolitan area is moderated. If
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Fig. 4. Equilibrium distribution {S;}, (@ = 2.0,y = 0.4).

we would like to describe the developments of small cities

by the advance of high-speed transit system, @ < 1 must be
satisfied.

5. Conclusion

In this study, we applied the Harris—Wilson’s balanc-
ing mechanism to Japan islands, and analyzed how the ad-
vance of railway network system affects the developments

of cities. As a result, we clarified that the existence of
high-speed transit system such as Shinkansen and Maglev
accelerates the accumulation to large metropolitan cities.
Though, our model does not several elements such as in-
corporate multiple activities or regulation of land-use, it ob-
tains a clear explanation to the phenomenon of urban activ-
ity distributions.
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Fig. 5. Equilibrium distribution {S;}, (@ = 1.1,y = 0.8).

In this paper, to clarify the effects of railway networks,
we did not incorporate the road network and air ne,t “,]O,rk’ Aomori Prefectural Government (2008): Aomori Shinkansen Group Web
but they also affects the developments of urban activities.

Page,
Hence, it must be a future work to incorporate such other http://www.pref.aomori.lg.jp/kokikaku/shinkansen/sinkansentop.html
transportation system. In addition, we should expand the (could be accessed on February 2008). o o
model to determine the population distribution simultane- Clarke, M. (1985) The role of attractiveness functions in the determination

.. . . of equilibrium solutions to production-constrained spatial interaction
OuSIy’ which is given n this Sde‘ models, Environment and planning A, 17, 175-183.
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