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POSITION PAPER
Metropolitan Area Network Model Design Using Regional Railways
Information for Beyond 5G Research

Takuji TACHIBANA†a), Senior Member, Yusuke HIROTA††b), Keijiro SUZUKI†††c), Members,
Takehiro TSURITANI††††d), Fellow, and Hiroshi HASEGAWA†††††e), Senior Member

SUMMARY To accelerate research on Beyond 5G (B5G) technologies
in Japan, we propose an algorithm that designs mesh-type metropolitan
area network (MAN) models based on a priori Japanese regional railway
information, because ground-truth communication network information is
unavailable. Instead, we use the information of regional railways, which is
expected to express the necessary geometric structure of our metropolitan
cities while remaining strongly correlated with their population densities
and demographic variations. We provide an additional compression algo-
rithm for use in reducing a small-scale network model from the original
MAN model designed using the proposed algorithm. Two Tokyo MAN
models are created, and we provide day and night variants for each while
highlighting the number of passengers alighting/boarding at each station
and the respective population densities. The validity of the proposed al-
gorithm is verified through comparisons with the Japan Photonic Network
model and another model designed using the communication network in-
formation, which is not ground-truth. Comparison results show that our
proposed algorithm is effective for designing MAN models and that our
result provides a valid Tokyo MAN model.
key words: metropolitan area network, Beyond 5G, regional railway,
network model design, Tokyo metropolitan area

1. Introduction

The fifth generation (5G) of wireless communication
promises to fulfil several new service and enterprise require-
ments, such as ultra-high speed, low latency, and multi-
ple simultaneous connections. Metropolitan area networks
(MANs) are expected to be the key to implementing such
5G services [1]–[4] and will become more important in the
forthcoming “Beyond 5G” (B5G) era [5]. The research and
development of network technologies and systems aiming
for B5G must be conducted using appropriate MAN mod-
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Fig. 1 Relationship between topology with multiple rings and undirected
graph with no self-loops and no multiple edges.

els, and their network-level performances must be verified
based on the specific metropolitan characteristics and ge-
ography. These characteristics must be parametrized as
topology graphs with nodes, link lengths, and traffic dis-
tributions/intensities. Prior to this, benchmarking metrics,
including the total number of facilities and transmission la-
tency/throughput between node pairs, must be appropriately
measured.

Extant MAN models from worldwide metropolitan ar-
eas are available and will greatly contribute to 5G/B5G de-
ployment [6]–[8]. Most topologies of MANs are mesh-type
and ring-type [9], and the mesh-type is currently more com-
mon than ring-type [10]. Moreover, as shown in Fig. 1, a
topology with multiple rings is represented as a mesh-type
topology if an undirected graph with no self-loops and no
multiple edges, which are also known as parallel edges [11],
has to be used in B5G research. This is because a ring is
denoted as a vertex or edges depending on the number of
vertexes on the ring. Hence, mesh-type MAN models are
more appropriate to provide useful B5G research material.
However, to the best of authors’ knowledge, there are no
mesh-type MAN models in Japan. One reason for this lack
is that there are no ground-truthMANdata about Japan cities
[12]. Moreover, it is difficult to design MAN models using
current design approaches as can be inferred from the fact
that no newMANmodels has been created for several years.
Hence, new approaches for designingmesh-typeMANmod-
els are needed to enhance B5G research in Japan.

To establish this approach, alternative information is
required. Notably, a vast database of transportation infras-
tructure information is publicly available. Originally, com-
munication networks were constructed by utilizing the ex-
isting social infrastructure (e.g., sewer and transportation),
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and cables were installed along motorways, railway lines,
and sewer pipes, not to mention the many underground cable
plants [13]. Therefore, communication networks are usu-
ally well-aligned geographically with the transportation in-
frastructure [12], although their similarities and differences
come with four interaction types: substitute, complement,
modify, and neutral [14]–[20].

Japan Photonic Network Model (JPNM) that captures
the core network in Japan was designed based on transporta-
tion information and regional characteristics (e.g., popula-
tion distributions) because ground-truth network information
was not available [21], [22]. The JPNM consists of three
models that have different numbers of nodes and links. The
JPNM has been used for performance evaluations in many
studies and has contributed significantly to the development
of network technologies [23], [24]. In summary, public in-
formation on regional railways and their characteristics is
expected to be utilized to design MAN models in Japan.

In this paper, we propose an algorithm for designing
mesh-typeMANmodels to accelerate B5G research, and it is
completely different from the algorithm for designing JPNM.
The algorithm utilizes information on regional railways, in-
cluding topology and the number of passengers alighting
and boarding at each railway station. Regional character-
istics (e.g., population distributions and government office
locations) are also used alongside the connectivity situations
between node pairs, maximum nodal degrees, and number
of nodes. We also propose a separate compression algorithm
that is used to create a small-sized network model from the
original larger network model designed using the first al-
gorithm. These algorithms, which include several common
and general-purpose processes, are intended for the Tokyo
23-wardsmetropolitan area, which iswell-served by regional
railways. Therefore, some aspects of the algorithms must be
revised when porting to new metropolitan areas.

Using our proposed algorithms, we designed two differ-
ent sized MAN models of the Tokyo 23-wards area, which
is well served by regional railways. One model has 23 nodes
and 43 links, and the other has 12 nodes and 21 links. Day
and night versions of each are also designed using the popula-
tion densities and numbers of passengers alighting/boarding
at each station. We provide a thorough explanation of how
we tailored the proposed algorithms to the Tokyo 23-wards
area. Our four MAN models should be able to be leveraged
according to their research goals and performance evalua-
tion intentions. We investigated the efficacy and validity of
our proposed algorithms by comparing our designed mod-
els with others. However, our two algorithms cannot be
compared with existing approaches because previous Tokyo
23-wards MANS do not exist. Moreover, the validity of pro-
posed algorithms cannot be discussed based on the lack of
ground-truth information.

The novelty and contributions of this paper are summa-
rized as follows:

• A MAN model design algorithm based on a priori re-
gional railway information and regional characteristics
is proposed.

• A compression algorithm is proposed for developing
smaller network models from the original MANmodel.

• Mesh-type MAN models of Tokyo 23-wards area are
designed to accelerate research on B5G.

Our proposed MAN model-design algorithm is pioneering
and innovative because only publicly available regional rail-
way information and characteristics are used to designMAN
models. The resulting Tokyo23 and Tokyo12 models are the
first relevant mesh-type MANmodels in the world, and B5G
research in Japan are expected to be accelerated as a result.

The remainder of this paper is organized as follows.
Section 2 provides an overview of the extant network mod-
elling approaches and explains the JPNM in detail. Section 3
explains our proposed algorithm for designingMANmodels,
and in Sect. 4, two MAN models for the Tokyo 23-wards is
designed. Section 5 explains our proposed compression al-
gorithm for preparing a small-sized model from the original
full-MAN model, and Sect. 6 describes the specific design
for the Tokyo 23-wards. Section 7 presents the characteris-
tics of the four designed network models, and the validity
of our proposed algorithm is investigated in Sect. 8. Finally,
Sect. 9 concludes this paper.

2. Related Work

2.1 Existing Network Model Design Approaches

In this subsection, we explain the existing approaches for
designing network models.

One of the simplest approaches to network mapping is
to directly use the configuration file of each internet protocol
(IP) router [25], [26]. Because the configuration file includes
the current operational information, a ground-truth network
model can be designed using these files. However, most
configuration files are not published because of their high
confidentiality; hence, these materials are rarely available
to researchers. The record route of the IP header can also
be used as it accumulates packet routing information as it
traverses the network [27]. Unfortunately, this approach
cannot be used in many situations owing to security and
performance concerns.

The traceroute command has been utilized to design
network models in many studies [28]–[33], and its efficacy
can be improved by exploiting parallel probes and stochastic
sampling methods [34]. However, it is difficult to map IP
router interfaces to the correct routers and trace accurate
routes through opaque Layer-2 clouds [35]. The traceroute
command is therefore insufficient for scientifically inferring
connectivity at the IP router level. To design a statistical
network model, network tomography has been utilized [36],
[37]. In this approach, probe packets are sent from a source
to destination nodes to measure the distances between them.
Unfortunately, the large error accumulations that are normal
in this method renders the method inappropriate for MANs.

When network operators make their own network in-
formation public, it becomes possible to build ground-truth
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models. This was accomplished by Knight et al. [38] and
Bowden et al. [39]. However, much of the network infor-
mation was manually designed [38], which inherently leads
to inaccuracies. This approach is also inappropriate, be-
cause most network operators do not publish detailed net-
work information, and those that do tend to lack accuracy
and validity.

Several analytical methods of designing network mod-
els have been proposed [40]. The Erdős–Rényi method [41]
can be used to design a random network model, and the
Watts–Strogatz method [42] is an algorithm for designing
random network models with small-world properties. The
Barabási–Albert method [43] is the most popular algorithm
for creating scale-free network models. In addition, the
Gabriel [44] and Waxman [45] methods can be used to de-
sign network models by explicitly using information on node
locations. Arakawa et al. [46] proposed a design method in
which a new node likely connects to the nearest one, and
new links are added based on node utilization. Fabrikant et
al. [47] presented a model-design method in which a newly
added node connects to existing ones to minimize the sum
of the Euclidian distances between them and the logical dis-
tances from existing nodes. These algorithmic methods are
useful for designing general network models; however, they
are ineffective when designing network models based on
regional characteristics.

Thus, many network model design methods have been
proposed owing to the importance of the endeavor. Never-
theless, no appropriate methods exist to createMANmodels,
because the ground-truth information does not exist.

2.2 Optical Core Network Model in Japan

Figure 2 shows three optical core network models in Japan:
JPN48, JPN25, and JPN12 [21], [22]. In JPN48 (Fig. 2(a)),
a node is placed in each prefecture, and an additional one is
placed in Tokyo. Each node is named after its respective pre-
fecture capital, and the number of degrees is greater than or
equal to two. Each link between nodes is set according to the
following priority order of six railway lines: 1) Shinkansen
bullet-train line, 2) Japan Railways (JR) express line, 3) pri-
vate railway express line, 4) JR conventional line, 5) private
railway conventional line, and 6) subway line. If there is no
railway line between two nodes, a regular shipping line is
selected.

JPN25 consists of 25 nodes, as shown in Fig. 2(b). The
model consists of 20 nodes selected in descending order
based on prefectural population, four nodes selected from
prefectures with Ministry of Internal Affairs of Communica-
tions (MIC) offices, and another node in Tokyo. Figure 2(c)
also shows JPN12, which includes 11 nodes selected from
prefectures with MIC government offices and another in To-
kyo. Note that one node is located in Hakata, where the
population is the largest in Kyushu; however, the MIC gov-
ernment office is located in Kumamoto Prefecture.

In these network models, regional population informa-
tion is added to each node. The population per node is based

Fig. 2 Three optical core network models in Japan.

on the corresponding prefecture. Each link length is deter-
mined by the route of the selected railway line or regular
shipping line. Detailed information on all models can be
downloaded from [48].

3. MAN Model Design Algorithm Using Regional Rail-
way Information

In this section, we propose our method of designing MAN
models using regional railway information, which is not used
by any of the existing methods discussed in Sect. 2.1. The
MAN model is a simple plane graph that can be tailored for
many additional studies. In the following, we focus on a
metropolitan area with many railway lines. The proposed
algorithm includes common and general-purpose processes
that can be tailored to accommodate many metropolitan ar-
eas. These processes must be revised according to the region
in question. Table 1 shows the list of variables used in our
proposed model-design algorithm.

In the proposed model-design method, the number of
nodes, N , is given in advance, and ni denotes the ith node
(i = 1, · · · ,N). Here, a node corresponds to a city, ward,
town, etc. in the metropolitan area. For ni , let Li denote the
number of railway lines whose stations are in ni , and let the
jth railway, ( j = 1, · · · , Li), be denoted as ri j . Additionally,
the number of stations for ri j in ni is Si j , and the kth station
is denoted as ski j (k = 1, · · · ,Si j). Figure 3 shows two nodes,
ni and nj . In Fig. 3, lines ri1 and ri j are shown in ni , and Si j
is eight in ni . The stations are denoted as sm

i1 and ski j for ri1
and ri j , respectively.

When the number of passengers alighting/boarding at
ski j is pki j , the maximum number of passengers in ni for ri j
is given by pmax

ij = maxk pki j . For N nodes, the links are set
using the following algorithm:

A-1) Set i = 1 and go to A-2).

A-2) For ni , select two railway lines, riδ and riη , such that
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Table 1 List of variables for the proposed model-design algorithm.

Variable Railway & characteristics information
N Number of nodes.
ni ith node.
Li Number of railway lines for ni .
ri j jth railway line for ni .
Si j Number of stations in ni for ri j .
ski j kth station in ni for ri j .
pki j Number of passengers at ski j .

pmax
ij Maximum number of passengers

at any station in ni for ri j (maxk pki j).
bi Population size of ni .

smax
ij kth station whose pki j is equal to pmax

ij .

Fig. 3 Relationship among nodes, stations, and railway lines.

pmax
iδ and pmax

iη are large. Then, go to A-3).

A-3) A link is set between ni and nj that is adjacent to ni for
riδ . Moreover, a link is set between ni and nk , which is
adjacent to ni for riη . Go to A-4).

A-4) After i is increased by one, go to A-2) if i is smaller
than N; otherwise, go to A-5).

A-5) When multiple links intersect at a point, a link is
deleted until there are no link intersections and only
one link remains. Go to A-6).

A-6) Some links are deleted for the highest-degree nodes for
exception handling. Then, the algorithm is completed.

In this design algorithm, the processing order of the
nodes has little effect on the designed network model. If a
mesh-type MAN model cannot be designed appropriately,
the processing order should be changed at A-1). In A-2), if
the number of passengers is unknown for each railway line
of station ski j , then pki j is set to

∑Li

j=1 pki j , regardless of the
railway line, ri j . In this case, pki j and pkiδ are the same, and
they increase when ski j has many railway lines. If pkiδ is
also not obtained, the population size of ni may be utilized.
Moreover, A-2) and A-3) ensure that a node with a larger
total number of passengers has a larger number of links. In
these steps, when ni has no starting and terminal stations
and is not adjacent to areas outside the MAN for riδ and
riη , at most four links are set to ni . Even if three or more

railway lines are selected for ni , many lines are duplicates
of lines selected for other nodes, and the number of links
does not increase considerably. On the other hand, links are
more likely to be set to nodes with non-major railway lines,
such as subways. Because such nodes are often minor, some
links can be deleted in A-6). In A-5), a link between two
nodes with a larger distance should be deleted to support the
design of a simple plane graph, which will be useful to other
research areas [49]. The computational complexity of this
algorithm is presented in the Appendix.

After this algorithm completes, information on the link
length is set for each link based on the distances between
adjacent nodes. Then, the population size is set to ni based
on the population size in the corresponding city, ward, town,
etc. and the number of passengers at ri j . Finally, the design
of the MAN model is completed.

4. MAN Model with 23 Nodes in Tokyo

In this section, we design a MAN model with 23 nodes,
“Tokyo23,” referring to the design algorithm proposed in
Sect. 3. Notably, Tokyo23 is classified into two models:
day and night versions, based on the number of passengers
alighting/boarding at each station and the respective popula-
tion densities.

Figure 4 shows the designed Tokyo23 MANmodel. As
shown in the figure, each node is identified by the name of
one of the 23 wards in Tokyo, and each node is located in
a ward office building. To design Tokyo23, N was set to
23 in the proposed algorithm. In A-2), the total number of
passengers,

∑
j pki j , alighting/boarding at ski j is used as pki j ,

regardless of ri j , because it is otherwise too difficult to obtain
pki j . The link between Taito and Kita is deleted due to its
long link length so that a simple plane graph will result from
A-5). Moreover, in A-6), the link between Bunkyo and Taito
is deleted to reduce the node degree of Bunkyo, which has
the largest degree owing to its concentration of subway lines,
which are rarely selected for other nodes.

The minimum walking distance between two ward of-
fice buildings is used as the link length between correspond-
ing nodes. Then, the population size is assigned to each
node using the number of passengers alighting/boarding at
each station and the respective population densities. When
the population size of the ward corresponding to ni is rep-
resented as bi , the population size of ni is equal to bi for
the Tokyo23-night model. For the Tokyo23-day model, if the
information on daytime population, bdi , of the ward corre-
sponding to ni is obtained, bdi is set to the population size of
ni . Otherwise, the number of passengers alighting/boarding
at each station is used. Let smax

ij denote the station whose
number of passengers is pmax

ij , which includes the passen-
gers from/to outside the 23 wards. The population size of ni
is given by

bi
∑Li

j=1 pmax
ij xi j∑N

i=1
∑Li

j=1 pmax
ij xi j

, (1)
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Fig. 4 Designed Tokyo23 MAN model.

Table 2 List of variables for the proposed compression algorithm.

Variable Railway & characteristics information
NS Number of nodes in small-sized model.
M Number of areas in the original model.

Um Set of nodes in the mth area in original model.
|Um | Number of nodes in Um.
nSi ith nodes in small-sized model.
di Node degree of ni .
em Node degree ratio in the mth area

original model (
∑

ni ∈Um
di/

∑N
i=1 di).

dS
i Node degree of nSi .

eSm Node degree ratio in the mth area
small-sized model (

∑
nS
i ∈Um

dS
i /

∑NS

i=1 dS
i ).

where xi j is equal to

xi j =


1, if smax
ij and smax

iδ are different stations
for any δ < j,

0, otherwise.
(2)

That is, the number of passengers alighting/boarding at a
station is included at most once in (1). Because the total
population size cannot be estimated from the number of
passengers, the total number of populations in the Tokyo23-
day model is set to the same value as Tokyo23-night in (1).
However, the impact of the passengers from/to outside 23
wards is considered by pmax

ij .

5. Compression Algorithm for Designing a Small MAN
Model

A large MAN model is effective for evaluating network ar-
chitecture performance in realistic situations, but it is some-
times unsuitable for simple performance evaluations. In this
section, we propose a compression algorithm that shrinks
the larger model based on the regional railway information,
which again are not used in the extant methods discussed
in Sect. 2.1. The proposed compression algorithm can be
applied to the original network model in Sect. 3. Table 4
presents a list of variables used in our proposed compression

algorithm.
In the compression algorithm, the number of nodes,

NS , is determined in advance for the small-sized network
model. Then, based on regional characteristics, the original
large model is divided into M areas so that M ≤ NS is
satisfied. For the mth area, a set of nodes in the original
network model is denoted as Um (m = 1, · · · ,M), and the
number of nodes in Um is denoted as |Um |. When the node
degree of ni is di , the node degree ratio, em, of the mth
area is defined as em =

∑
ni ∈Um

di/
∑N

i=1 di . Moreover, for
the small-sized network model, the node degree ratio, eSm, is
defined as eSm =

∑
nS
i ∈Um

dS
i /

∑NS

i=1 dS
i , where nSi is the ith

node (i = 1, · · · ,NS) in the small-sized network model, and
dS
i is the node degree of nSi .

The compression algorithm is applied to the original
network model according to the following steps.

B-1) For the mth area (m = 1, · · · ,M),
⌈
NS

N |Um |

⌉
nodes

are selected as nSi from among Um so that the total area
of the small-sized network model approximates that of
the original one. No nodes are selected from an area
surrounded by other areas. Then, go to B-2).

B-2) For the mth area (m = 1, · · · ,M), the node with the
largest degree is selected as nSi from Um. Even if the
selected node has already been selected in B-1), another
node is not selected. If there are multiple nodes with
the largest node degree, a node is randomly selected as
nSi from among the all, excluding the one selected in
B-1). Go to B-3).

B-3) When the number of nodes selected in B-1) and B-
2) is smaller than NS , a node is selected as nSi from
among the nodes in all areas so that

∑M
m=1

��eSm − em
�� is

minimized until NS nodes are selected. On the other
hand, when it is larger than NS , the extra nodes are
deleted so that

∑M
m=1

��eSm − em
�� is minimized. If NS

nodes are selected, then go to B-4).

B-4) A link is set between any two selected nodes, nSi and
nSj , when a link exists between the two nodes in the
original model. Then, go to B-5).

B-5) A link is set between any two selected nodes, nSi and
nSj , when the two nodes are connected within three hops
without traversing any selected node, nS

k
, in the original

model. Go to B-6).

B-6) If the small-sized model is not a connected graph af-
ter two nodes are removed, some nodes and links are
changed to provide a connected graph. Then, go to
B-7).

B-7) If the designedmodel is not an appropriate small-sized
network model, some nodes and links are changed; go
to B-8).

B-8) When multiple links intersect at a point, a link is
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deleted until there are no remaining intersections. Then,
the algorithm is completed.

From B-1) to B-3), NS nodes are selected so that the
small-sized network model approximates the original net-
work model. If these processes are defined as a minimiza-
tion problem, NS nodes can be selected by using software
(e.g., CPLEX), a meta-heuristic algorithm (e.g., genetic al-
gorithm), etc. A full search may be available when N and
NS are not very large. Additionally, from B-4) to B-5),
links are selected so that the small-sized network model ap-
proximates the original one. In B-6), a small-sized network
model whose node connectivity is larger than two [50], [51]
is designed. In B-8), links between two nodes with longer
distances should be deleted. Note that the node connectivity
of the small-sized network model may not be larger than two
by the processes in B-7) and B-8).

The computational complexity of this algorithm is pre-
sented in the Appendix. When M is small (large), the com-
putational complexity increases (decreases).

6. MAN Model with 12 Nodes in Tokyo

In this section, we design a small-sized MAN model with
12 nodes, “Tokyo12”, by applying our proposed compres-
sion algorithm to Tokyo23. Tokyo12 is also classified into
two models, day and night, based on the number of pas-
sengers alighting/boarding at each station and the respective
population densities.

Figure 5 shows the Tokyo12MANmodel obtained from
the Tokyo23 MAN model. Each node is identified by the
name of one of the 12 wards located in each ward office
building. The correspondence between the ith node, ni (i =
1, · · · ,23), in Tokyo23 and the ith node, nSi (i = 1, · · · ,12),
in Tokyo12 is presented in Table 3. To design Tokyo12, NS

and M were set to 12 and 6, respectively, in the compression
algorithm. Table 4 shows node sets U1–U6 for the six areas
determined by the TokyoMetropolitanGovernment’s Bureau
of Industrial and Labor Affairs.

To design Tokyo12 in B-1), we select Minato for U1,

Fig. 5 Designed Tokyo12 MAN model.

Koto, Adachi, and Edogawa forU3, Ota forU4, Setagaya and
Nerima for U5, and Kita for U6. No nodes are selected for
U2 because the corresponding area is surrounded by other
areas. Then, in B-2), Chiyoda is selected forU1, Shinjuku for
U2, Sumida for U3, Shinagawa for U4, Setagaya for U5, and
Kita for U6. Note that Setagaya and Kita have already been
selected in B-1). Here, we used a full search to select the
nodes. B-3) is skipped because the 12 nodes are selected in
B-1) and B-2), and the links are set in B-4) and B-5) based on
the Tokyo23model. In B-7), Sumida andKita are changed to
Bunkyo and Itabashi so that Tokyo12 approximates Tokyo23.
Moreover, in B-8), the link between Adachi and Koto is
deleted. After this algorithm is applied, every link length is
set so that the length equals the minimum walking distance

Table 3 Node numbers and names in the Tokyo23 and Tokyo12 MAN
models.

Tokyo23 Tokyo12 Name Population size in Tokyo12

n1 nS1 Chiyoda bS1 = b1
n2 - Chuo -
n3 nS2 Minato bS2 = b2 + b3
n4 nS3 Shinjuku bS3 = b4 + b16
n5 nS4 Bunkyo bS4 = b5 + b6
n6 - Taito -
n7 - Sumida -
n8 nS5 Koto bS5 = b7 + b8
n9 nS6 Shinagawa bS6 = b9 + b13
n10 - Meguro -
n11 nS7 Ota bS7 = b10 + b11
n12 nS8 Setagaya bS8 = b12 + b15
n13 - Shibuya -
n14 - Nakano -
n15 - Suginami -
n16 - Toshima -
n17 - Kita -
n18 - Arakawa -
n19 nS9 Itabashi bS9 = b17 + b19
n20 nS10 Nerima bS10 = b14 + b20
n21 nS11 Adachi bS11 = b18 + b21
n22 - Katsushika -
n23 nS12 Edogawa bS12 = b22 + b23

Table 4 Node setUm for the compression algorithm.

Area name Node name
U1 Toshin Chiyoda, Chuo, Minato
U2 Fuku-toshin Shinjuku, Bunkyo, Shibuya, and Toshima
U3 Joto Taito, Sumida, Koto, Arakawa, and Adachi,

Katsushika, Edogawa
U4 Jonan Shinagawa, Meguro, Ota
U5 Josai Setagaya, Nakano, Suginami, and Nerima
U6 Johoku Kita, Itabashi
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between two ward office buildings.
In Tokyo12, the size, bSi , of the population of nSi is de-

rived from the size of the population in Tokyo23, as shown in
Table 3. This derivation of bSi is determined so that the node
distribution of Tokyo12 approximates that of Tokyo23. By
using bSi , the Tokyo12-day and -night models are designed,
as was the case with Tokyo23.

7. Characteristics of the Designed Network Models

In this section, we investigate the characteristics of Tokyo23
and Tokyo12 models shown in Figs. 4 and 5. Information on
Tokyo23 and Tokyo12 can be downloaded from [52].

Tables 5 and 6 show the number of nodes, number of
links, average node degree, maximum node degree, andmin-
imumnode degree of Tokyo23, Tokyo12, JPN48, JPN25, and
JPN12. From the comparison with JPN models, we show
how the information on regional railway characteristics af-
fects the design of mesh-type MAN models. Node degree
is a fundamental network metric that is widely used for net-
work analysis [54]–[56]. Moreover, Table II in [53] shows
the characteristics of another 40 network models. The com-
parison with the 40 models provides researchers with useful
information for using our designed models.

From Table 5, we find that the average node degree
of Tokyo23 is somewhat larger than those of JPN48 and
JPN25, although the number of links in Tokyo23 is not very
large. The minimum node degree of Tokyo23 is also larger
than those of the other models. Therefore, Tokyo23 is more
redundant than JPN48 and JPN25. Among the 40 models
in [53], only ITALY with 14 nodes and EON with 19 nodes
have higher node degrees than Tokyo23. Table 6 shows that
the number of links and average node degree of Tokyo12
are larger than those of JPN12. The maximum node degree
of Tokyo12 is also larger than that of JPN12. By contrast,
the minimum node degree of Tokyo12 is the same as that of
JPN12, unlike the relationship between Tokyo23 and both
JPN48 and JPN12. This is because the number of links in
Tokyo12 is smaller than that in Tokyo23. The average node
degrees of the 38 models apart from ITALY and EON are
also smaller than that of Tokyo12. From these results, it is

Table 5 Comparison of Tokyo23, JPN48, and JPN25.
Tokyo23 JPN48 JPN25

Number of nodes 23 48 25
Number of links 43 82 43
Average node degree 3.74 3.42 3.44
Maximum node degree 5 6 5
Minimum node degree 3 2 2

Table 6 Comparison of Tokyo12 and JPN12.
Tokyo12 JPN12

Number of nodes 12 12
Number of links 21 17
Average node degree 3.5 2.83
Maximum node degree 5 4
Minimum node degree 2 2

clear that Tokyo23 and Tokyo12 are more appropriate than
other models as mesh-type MAN models in Tokyo due to
their high node degrees.

Table 7 shows the link length information, which are
useful to study routing algorithms, etc., for Tokyo23 and
Tokyo12. From this table, we find that the maximum link
length of Tokyo23 equals that of Tokyo12. However, the
minimum link length of Tokyo23 is smaller than that of To-
kyo12. Moreover, the average link length of Tokyo23 is
smaller than that of Tokyo12. This is because the number of
nodes and links of Tokyo23 is larger than that of Tokyo12, al-
though the position of each node is the same in both models.
Table 7 also shows the maximum physical fiber delay, min-
imum physical fiber delay, and average physical fiber delay,
which are derived as 5.0 µs/km based on the link length.

Finally, Figs. 6 and 7 show the population of each node
from the day and night models for Tokyo23 and Tokyo12,
respectively. From these figures, we find that the difference

Table 7 Link length and physical fiber delay for Tokyo23 and Tokyo12.
Tokyo23 Tokyo12

Maximum link length [km] 12.4 12.4
Minimum link length [km] 1.9 5.0
Average link length [km] 5.2 7.8
Maximum delay [µs] 62.0 62.0
Minimum delay [µs] 9.5 25.0
Average delay [µs] 26.0 39.0

Fig. 6 Population of each node in Tokyo23.

Fig. 7 Population of each node in Tokyo12.
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among node populations in the day model is larger than that
in the night model. Therefore, the day and night models for
Tokyo23 and Tokyo12 are useful performance evaluations in
several target situations.

8. Validation of the Designed Network Models

In this section, we consider another network model with 23
nodes, which was designed using communication network
information. We then validate our proposed network model
design by comparing to this one. Note that the comparison
model could not be designed by using the existing approach
due to the reasons explained in Sect. 2.1.

It has been reported that the MAN in Tokyo consists of
multiple ring networks [57]. Among these, one main ring
network approximates the route of the JR Yamanote line,
and multiple subring networks are connected to the main
one. For each ring network, the nodes are placed in carrier
buildings. Figure 8 shows the stations of the JR Yamanote
line as red pins and the Nippon Telegraph and Telephone
Corporation (NTT) office buildings as blue pins. The main
ring network is represented by red pins and a black line,
and the seven subring networks are represented by blue pins
and black lines so that the Tokyo metropolitan area can be
covered.

For the ring networks in Fig. 8, the 23 nodes of Tokyo23
are placed. Each pin is aggregated to a node in the ward to
which the pin belong. Then, multiple links are added to
improve network redundancy, as follows:

C1: Multiple links are set inside the main ring network
based on Tokyo metro optical fiber networks [58].

C2: A link is set between two outermost nodes on adjacent
subring networks (e.g., between A and B and between
C and D in Fig. 8).

C3: A link is set between two nodes on each subring network
(e.g., between E and F in Fig. 8).

Finally, the network model shown in Fig. 9 is designed
for the Tokyo metropolitan area. In this model, the yellow
links correspond to those of the main ring network, and the
red links correspond to links in the seven subring networks.
The green links correspond to C1, and the blue links are
added to the subring networks to improve network redun-
dancy for C2 and C3.

By comparing Figs. 4 and 9, we find that the number of
links in Tokyo23 is greater than that in Fig. 9 because there
are no links between Meguro and Ota and between Meguro
and Shinagawa in Fig. 9. However, all other links are the
same in both models. Therefore, we are convinced that our
proposed design algorithm is effective for designing MAN
models. Note that the comparative approach used to design
Fig. 8 cannot be used to design other MAN models.

9. Conclusions and Future Work

In this paper, we proposed two algorithms that utilize a priori

Fig. 8 One main ring network and seven subring networks in the Tokyo
metropolitan area.

Fig. 9 MAN topology designed using communication network informa-
tion.

regional railway information to design Tokyo MAN models
to accelerate research onB5G in Japan. By using thesemeth-
ods for the Tokyo metropolitan area, we designed Tokyo23
and Tokyo12 MAN models. Then, we constructed four net-
work models, Tokyo23-day, Tokyo23-night, Tokyo12-day,
and Tokyo12-night, based on the number of passengers
alighting/boarding at each station and the respective pop-
ulation densities. These models were designed using only
publicly available information from the Tokyo metropoli-
tan area. We evaluated the characteristics of Tokyo23 and
Tokyo12 by comparing them to other models. We also in-
vestigated the validity of our proposed design algorithm and
the designed models by comparing Tokyo23 with another
network models that were designed using communication
network information. We are convinced that our proposed
algorithm is effective in designing MAN models, and that
Tokyo23 is a valid Tokyo MAN model. In a future work, we
plan to design MAN models for other major metropolitan
areas, such as Osaka and Nagoya, by revising our current
algorithms.
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Appendix: Computational Complexity

We consider the computational complexity of the proposed
design algorithm in Sect. 3 in the case where a metropoli-
tan area network (MAN) model with N nodes is designed.
Because the number of railway lines for node ni is Li

(i = 1, · · · ,N), riδ and riη are selected from among LiC2 =
Li (Li−1)

2 pairs of railway lines in A-2). In A-3), two links
are set for each node; hence, the number of processes is 2N .
The processes in A-2) and A-3) are repeated N times from
A-1) to A-4). Moreover, in A-5), a maximum of 2N links
are checked. Finally, two links are checked for each node
whose node degree is the highest in A-6). Consequently, the
computational complexity is given by

O
(
N

( Li(Li − 1)
2

+ 2N
)
+ 2N + 2N

)
=

{
O(N L2

i ), if Li (Li−1)
2 > 2N,

O(N2), otherwise.
(A· 1)

Next, we consider the computational complexity of the
compression algorithm in Sect. 5 when the small-sized net-
work model with NS nodes is designed from the original
network model with N nodes (NS < N). Next, to derive
the computational complexity, we assume that the number
of links is K and KS in the original and small-sized network
models, respectively.

In the compression algorithm, the minimization prob-
lem is solved in B-3). In most cases, the computational
complexity depends on the algorithm used to derive the min-
imization problem. We next consider a special case in which
the computational complexity from B-1) to B-8), excluding
B-3), is larger than that of the algorithm for the minimization
problem. Moreover, we assume that N − NS is larger than
three; that is, more than three nodes are deleted from the
original network model to design the small-sized version.

In B-1),
⌈
NS

N |Um |

⌉
nodes must be selected from among

the |Um | nodes for the mth area to calculate the total area
for all node combinations. When NS

N is denoted as α (0.5 <
α < 1.0), and α |Um | is an integer, the number of calculations
for the total area is given by

∏M
m=1 |Um |Cα |Um | . Moreover,

if |Um | is equal to N
M , regardless of m, the computational

complexity in B-1) is given by O(
(
N
M

) ( NM −α N
M )M ). Then,

in B-2), most of the αN nodes, where αN is equal to NS ,
are checked to select the node with the largest node degree
for each area. In B-4), αNC2 pairs of nodes are checked
in the original network model to set links between any two
nodes, and the computational complexity is O(α2N2). In B-
5), following the Dijkstra algorithm, whose computational
complexity, O((N − αN + K) log(N − αN)), is used in the
original network model without αN nodes, the number of
hops is checked for αNC2 pairs of nodes. Therefore, the
computational complexity is O((N −αN +K) log(N −αN)+
α2N2). In B-6), a connected network is checked α2N2 times
because the number of pairs of deleted nodes is αNC2. If
the breadth-first search algorithm is used in this process, the
computational complexity is O(α2N2(αN + βK)), where βK
is equal to KS (0 < β < 1). At most, αN nodes and βK links
are checked in B-7), and β2K2 pairs of links are checked in
B-8). Consequently, the computational complexity is given
by
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O
(( N

M

) (N−αN )

+ αN + α2N2

+ (N − αN + K) log(N − αN) + α2N2

+ α2N2(αN + βK) + αN + βK + β2K2
)

= O
(( N

M

) (N−αN )
)
= O

(( N
M

) (N−NS )
)
, (A· 2)

where N and NS are smaller than K and KS , respectively.
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