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Abstract. Coordinated evolution is a process with complexity, temporality, spatiality, and continuity. The existed methods
cannot relevantly satisfy and measure the degree of coordinated evolution in real conditions. Aiming at solving the coor-
dinated evolution problems for the urban traffic network, the information complexity must be evaluated, this paper uses
the multi-dimensional connection number for compressing the factors of traffic network. Firstly, the basic characteristics
of traffic network are analysed on the definition of traffic information complexity. The traffic network measurement model
is established based on the information entropy, and the coordinated evolution process of the multi-layer urban traffic
network is analysed for defining the ordered parameters of the traffic network. Then the coordinated measurement model
for the multi-layer traffic network is constructed by the ordered parameters. In addition, we set up a coordinated evolution
model according to the proposed estimation criteria of the ordered parameters and the theory of the multi-dimensional
connection numbers. The case analysis shows that the order degree of Hangzhou traffic network is 0.7929, which approach-
es to 1 as while the comprehensive coordinated index of Hangzhou multi-layer traffic network is 0.3323, which clearly and
intuitively gives a measurement value for the multi-layer urban traffic network. The result is also effectively verified the
validity of the proposed models.

Keywords: urban traffic, traffic network, traffic information complexity, coordinated evolution, complexity degree.

Notations

ATC - air traffic control;

BRT - bus rapid transit;

CPT - conventional public transport;
CTOD - China TOD;

MRT - mass rail transit;

NBT - normal bus transit;

sions and planning. Therefore, how to accurately measure
the traffic information complexity has become one of the
hottest topics in the academic and practical fields of trans-
portation.

The domestic and foreign scholars have constructed
some measurement models from different angles and have

RBF - radial basis function;
SVM - support vector machine;
TOD - transit oriented development;
TOPSIS - technique for order of preference by similarity
to ideal solution.

Introduction

Traffic system is a dynamic nonlinear and complexity sys-
tem including traffic network, traffic flow, vehicle speed,
congestion, and other traffic conditions. The traffic infor-
mation complexity is a synthesize value helping the ordi-
nary man intuitively know the traffic condition of a road,
a street or even a city for well making their travel deci-

attempted to scientifically measure the traffic information
complexity. Wang and Zheng (2005) early began studying
the measurement model for the planning of urban bicycle
traffic network in China. They only proposed a conception
of bicycle network planning and managing through ana-
lysing urban traffic composition, but they verified that the
bicycle network was an important part of urban traffic net-
work in China. Zhao et al. (2009) introduced the concept
of complex network and then proposed two approaches
to extracting urban transportation systems as complex
networks for solving the problem of traffic information
complexity. They mainly focused on the statistical features
of network evolution. In order to solve the sustainability
problem of MRT, Li et al. (2010) proposed a TOD plan-
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ning model. They put forward the objective functions and
constraints of CTOD model and designed the algorithm
of this multi-objective optimal problem, one of which is
the complexity of traffic network (MRT network). They
mainly focused on the objective functions of operation
costs and land-using level. Zhang and Deng (2012) estab-
lished SVM comprehensive evaluation method to evaluate
the development level of economic circle traffic network.
They mainly focused on getting the appropriate RBF core
function value of SVM for the measurement model (com-
prehensive evaluation method), and verifying the validity
of their proposed model through comparing with Neu-
ral network method and matter-element method. Jiang
(2014) proposed a new method based on multi-layer vec-
tor network for studying the efficiency of traffic planning.
He first analysed several existed traffic planning systems
and then pointed out the shortcomings of the methods
dealing with the network nodes in a traffic network. It is
important that he divided the whole network nodes into
several pieces so that it is easier to calculate the complex
nodes problem. In that paper, author mainly focused on
the efficiency of traffic planning through the traffic net-
work nodes. The idea of network layering in our paper
comes from his approach. Wang and Li (2017) provided
traffic information to all travellers is an effective method
to induce each individual to make a more rational route-
choice decision after they considered both the high com-
plexity of urban traffic flow systems and the bounded ra-
tionality of travellers. However, they mainly focused on
revealing the relationship between the evolution process
of network traffic flow and the strategy of providing traf-
fic information. Batishcheva and Ganichev (2018) thought
human factor ranked first among causes of road accidents,
and they proposed a number of organizational and techni-
cal measures to improve safety of complex road junction
including use of redundant road markings.

Recently, more researches on traffic information com-
plexity have been transferred to the air traffic fields. Krsti¢
Simi¢ and Babi¢ (2015) presented the research on the re-
lationship between airport traffic complexity and time
and environmental efficiency for different ATC tactics
and mainly emphasized the evaluation of airport traffic
complexity, aircraft fuel consumption, gas emissions and
time efficiency for different ATC tactics and/or airport
airfield layouts. They proposed a measure of air traf-
fic complexity called “dynamic complexity” for finding
a tool, which could indicate potential delay generators.
Aimed at increasing airspace capacity and traffic efficiency
but reducing the cost while preserving safety, Radanovic
et al. (2018) proposed an innovative separation manage-
ment service to shift the completely centralized tactical
ATC interventions to more efficient decentralized tactical
operations. When they explained the relationships of air
traffic factors, they further analysed the traffic complexity
taking into consideration the so-called domino effect, i.e.
a number of the surrounding aircraft causally involved in
the separation management service by means of identifi-
cation of the spatiotemporal interdependencies between

them and the conflicting aircraft. That content of spati-
otemporal interdependencies also inspires us when we
considering the traffic network dependency.

Nevertheless, these studies still have some limitations,
which can be summarized as follows: (1) the proposed
measurement models are not comprehensive enough for
accurately measuring the traffic information complexity
(Zhang et al. 2014; Suzuki et al. 2012; Sun 2014; Chen
et al. 2013; Chen 2013; Liu 2011); (2) the existing re-
searches are mainly based on the static measured data so
that the models lack dynamic factors for evaluating the
complexity of multi-layer traffic network in practice (Li
et al. 2013; Zhou et al. 2011; Zhu et al. 2014). In addition,
their studies were mainly focus on the single-layer traffic
network, and did not from the aspect of whole traffic net-
work (Wang, Li 2017; Batishcheva, Ganichev 2018).

In order to measure the complexity of multi-layer
urban traffic information more comprehensively and dy-
namically, in this paper, we put forward a new measure-
ment model for dealing with above problems from the an-
gle of data complexity. In the meantime, the information
entropy theory is usually used for quantizing substance,
information and attribute. Therefore, we use the multi-
dimensional connection numbers of the information en-
tropy theory to establish an entropy model for measuring
the traffic information complexity. As defining the ordered
parameters of the complexity, the coordinated evolution
model of multi-layer traffic network is established.

The rest of the paper is organized as follows: Section 1
introduces the concept of traffic complexity, and then gives
the definitions and formulas of traffic information com-
plexity using the information entropy theory. In Section 2,
we firstly describe the coordinated evolution mechanism
of the multi-layer traffic network, and establish 4 models
of the single-layer networks respectively, and propose the
order degree criterions of the ordered parameters. In Sec-
tion 3, we propose the coordinated evolution model for
the multi-layer traffic network based on the previous pro-
posed models. In Section 4, we verify the effectiveness and
the feasibility of the proposed models through the case of
Hangzhou. Conclusions are available in the last section.

1. Traffic network complexity

Urban traffic network is the component of whole traffic
system. Therefore, a reasonable planning usually plays an
important role in the urban road-network for facilitating
the urban life and improving the life quality, and solving
other urban traffic problems (Hu, Sun 2013).

The traffic information complexity is a kind of data
complexity, which can reflect the static and dynamic as-
pects of traffic information when the traffic system is run-
ning (Zeng, Li 2011; Yu et al. 2013). In addition, the traffic
information complexity is composed of different meas-
urement indexes with a multi-dimensional measurement
domain, and each measurement index has different influ-
ences on the data complexity. Therefore, it is necessary
to adopt a new method for solving the traffic complexity
problem. The multi-dimensional connection theory as a
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mathematical method is usually used for studying the un-
certainty theory, and the core concept of the uncertainty
theory is treating the objective thing as a systematic di-
mension that using the deterministic measurement or
uncertainty measurement (Liu et al. 2015). On the basis
of above analysis, we can study the complexity problem
with the multi-dimensional connection numbers, and es-
tablish a coordinated evolution measurement model for
the multi-layer traffic network.

1.1. Equations of traffic information complexity
Definition 1. Traffic information complexity

Assuming at time t, there are n measurement indexes i,
iy, i, to measure the information complexity of the traffic
network, and each measurement index should meet the
preferences and independent conditions. We regard the n
measurements as a #-dimensional vector with i, i, 4;, and
then use the utility function to express the traffic informa-
tion complexity:

—

p.(t)=c1'f£+c2-é+...+cn-in,

(1)

where: ?1, é, ..., i, represent n measurement indexes
respectively; ¢}, ¢, ..., ¢, €R are the dimensional coef-
ﬁc1ents of the correspondmg measurement indexes 11, 12,

.., i, which can be obtained through the quantitative
calculatlon or qualitative analysis. The specific calculating
process of the dimensional coefficient is showed in the ref-
erences (Ferreira, Couto 2013; Codina et al. 2014). Hereby,
t is referred to each traffic network NW,.

—

Definition 2. Calculation formula of traffic
information complexity

Assuming the value range of the measurement objective
Xis {xl, Kys s Xy }, and the average information contrib-
uted rate of each measurement factor corresponding to the

n.
overall complexity is f (xl- ) =—1, we introduce the infor-
mation entropy function (Zhu et al. 2014) to describe the

traffic information complexity of X:

Zf In f(x)= ann%

i=1

where: E(x) represents the information content of the
traffic information complexity; n; represents the traffic in-
formation content of the i-th single-layer traffic network;
n represents the whole traffic information content of the
multi-layer traffic network.

We can measure the traffic information complexity us-
ing the Equation (2), and also use the multi-dimensional

()
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connection number theory to establish the measurement
model of traffic information complexity from two aspects
of the static and dynamic information.

Thus, there are 6 sub-dimensions information entropy
models for the traffic information complexity. Further-
more, we will introduce the form of Equations (1) and (2)
to construct the traffic information complexity equation
in next sections.

1.2. Complexity of different traffic networks

Traffic information is complicate, and it is difficulty to
choose the correct parameters. If choosing less parameters
of the traffic information, the ordinated evolution process
of the multi-layer traffic network cannot be reflected avail-
ably. Otherwise, choosing more parameters could cause
the difficulties in modelling and generate the repeated in-
formation. Therefore, we choose the parameters from the
views of the space and the time, which is mainly accord-
ing to the traffic characteristics. From the view of space,
we choose three parameters (the macro, the medium and
the micro information). From the view of time, we choose
two parameters (the static information and the dynamic
information)

Urban traffic network is usually divided into 4-layers:
bicycle traffic network NW, conventional public traffic
network NW,, rapid public transport (BRT transportation
network) network NW; and rail transit network NW,.
This paper defines the performance parameters of traffic
network from the traffic characteristics after analyse vari-
ous form of traffic network, which are showed in Table 1.

According to Table 1, the information entropy model
for urban traffic network can be constructed by using the
form of Equation (1):

©)

where: NWi(I) represents the i-th single-layer traffic
network, i = 1, 2, 3, 4 respectively represent 4-layers of
the whole urban traffic networks (bicycle traffic network,
conventional public traffic network, rapid public traffic

network and rail transit network); I = [11, By is the

measurement index of the performance parameters of the
multi-layer urban traffic network.

NM/i(I):Cil'll+Ci2 h Gy TGyl s

Information entropy model of traffic network
compactness c;;

Usually the “compactness” is an effective way to express
the information complexity distinction between two traf-
fic networks, so that we think of using the information
entropy to measure the traffic information complexity.

Table 1. Basic parameters of each traffic network

Basic parameter
Name —
Compactness Relevancy Connectivity Node degree Average degree
Traffic network NW;, o i i Cig Cis
i=1,234 macro information | static information | dynamic information | micro information | medium information
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The information entropy model for traffic network com-
pactness can be constructed by using the form of Equa-
tion (2):

n. n.
_ lll'h’l ill (4)

>

i M

G1=

where: ¢;; represents the compactness of traffic networks;
n;; represents the defined “macro information” contain-
ing all the traffic information (including the construction
information of traffic road, feature, etc.) at the i-th single-
layer traffic network; n;;, represents the “macro informa-
tion” that containing the i-th kind of the measurement
parameter at that network layer.

Hereby, n;; is not the same parameter to # in Equa-
tion (2), and n;;; is not the same parameter to #; in Equa-
tion (2).

Information entropy model of relevancy degree c;,
between different traffic networks

Originally, the relevancy degree represents the relation-
ship between two things. Actually, in mathematics, it can
be refer to express the similarity degree between two func-
tions. Similarly, the information entropy model for the rel-
evancy between traffic networks can be constructed using
the form of Equation (2):

>

7] 7]

Min Min
€y =———-In—"= (5)

where: ¢;, represents the relevancy degree; n;, represents
the defined static traffic information at the i-th layer traffic
network (including some basic parameters of traffic roads,
length, width, etc.); n;,; represents the static traffic infor-
mation of the i-th measurement parameter.

Hereby, n;, is not the same parameter to n in Equa-
tion (2), and n;,, is not the same parameter to »; in Equa-
tion (2).

Information entropy model of traffic
network connectivity c;;

In the traffic network, arbitrary pair of the network nodes,
which keeps at least one node connecting to another node,
that is called the “connectivity”. The information entropy
model for traffic network connectivity is constructed us-
ing the form of Equation (2):

n; n;
_ 431 n i31 , (6)
N3 N3

Ciz =

where: ¢;; represents the connectivity between the traf-
fic networks; n;; represents the dynamic information that
containing all the information of the i-th single-layer traf-
fic network (the number of the nodes); n;;, represents the
dynamic information that containing the i-th kind of the
measurement parameters at that network layer.

Hereby, n;; is not the same parameter to n in Equa-
tion (2), and n;3; is not the same parameter to #; in Equa-
tion (2).

Information entropy model of traffic
network node degree c;4

In traffic network, the node degree is the number of edges
that associating the nodes with each other. The informa-
tion entropy model of traffic network of node degree is
constructed using the form of Equation (2):

Ciy :—Mlnﬂ, (7)
Hig Hig
where: ¢;, represents the network node degree; n;, rep-
resents the micro traffic information containing the i-th
layer traffic network; n;,; represents the micro traffic in-
formation containing the i-th measurement parameter at
that network layer.

Hereby, n;, is not the same parameter to #n in Equa-
tion (2), and n,, is not the same parameter to »; in Equa-
tion (2).

Information entropy model of average
degree of traffic network c;s

Traffic information structure can determine the spatial
dimension of traffic information database, while the time
dimension of database is determined by the size of traf-
fic information. In addition, the number of data in traffic
information has the most directly affect data complex-
ity. Therefore, the traffic information complexity can be
calculated from the tuple number of traffic information
database. The information entropy model for average de-
gree of traffic network is constructed using the form of
Equation (2):

n. n.
Cis =— i51 .In i51 , (8)
Mis Mis

where: ¢;5 represents the average degree of the i-th single-
layer traffic network; ;5 represents the medium traffic in-
formation, which is containing the information of the i-th
single-layer traffic network; n;5; represents the medium
traffic information that containing the i-th measurement
parameter at that network layer.

Hereby, n;5 is not the same parameter to #n in Equa-
tion (2), and n;5; is not the same parameter to #; in Equa-
tion (2).

2. Traffic network complexity

We first comprehensively consider the development situ-
ation of the urban traffic network, in particular, analyse
the coordinated evolution process of the multi-layer urban
traffic network. Relative to the single-layer traffic network,
the multi-layer traffic network is more complex and is
hard to express its complexity degree.

2.1. Complexity of different traffic networks

The purpose of constructing the coordinated evolution
model of multi-layer urban traffic network is to transform
the topological structure of independent urban traffic
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Table 2. Coordinated evolution index of traffic network

393

Name Compactness Relevancy Connectivity Node degree | Average degree
Bicycle traffic network NWwW, 11 12 13 Cl4 €15
CPT network NW, €1 €y €3 o4 25
BRT traffic network NW; 31 3 33 C34 C35
Rail traffic network NWw, a1 Can a3 Cay C45

network and clearly express the complexity degree of the
multi-layer urban traffic network. According to analyse
the characteristics of the complex network (multi-layer
network), different objectives: bicycle traffic network, con-
ventional public traffic network, BRT and the rail transit
network are evolved coordinately for integrating the in-
dexes of the multi-layer traffic network.

Table 2 gives the specific coordinated evolution index
about the multi-layer traffic network using the proposed
concept of Section 1.2, in particular, the Table 1. Here,
we use the multi-dimensional connection number to con-
struct the coordinated evolution model of the 4-layers net-
work for analysing the coordinated evolution process of
traffic network, which are showed as follow.

Evolution model of bicycle traffic network

In urban traffic network, the bicycle network is usually
based on the existing urban road networks, which is
composed by many bicycle networks. The bicycle traffic
network is essential to urban transportation, so that it is
considered as one layer of multi-layer traffic network. The
evolution model of bicycle traffic network can be con-
structed referring to the form of Equation (3):

My =Cpydp + 05 b +C3 B+ 0y iy + 05 5. ©)
Evolution model of BRT network

The urban BRT system is a new-style public passenger
transport system that is between the RRT and the NBT.
The BRT uses the modern bus technology and matches
up the intelligent transportation technology and the op-
eration management to open the bus routes, and to set up
new-style bus stations, so it can realize new rail transit-
mode operation services. Now the BRT system is very
common in the urban traffic network. Thus, the BRT is
considered as one layer of the multi-layer traffic network.
The evolution model for BRT can be constructed referring
to the form of Equation (3):

My =Coptdp + 0yt +Cp3 - I3+ 0oy - iy +Co5 - s (10)

Evolution model of CPT network

The CPT is the most common traffic network, which re-
fers to the vehicles for passenger travelling. The CPT owns
the fixed route with a regular time. It is also considered as
one layer of the multi-layer traffic network. The evolution
model for conventional public traffic network can be con-
structed referring to the form of Equation (3):

M3 =C3p0h +C3p b +C33 53 +C3y By +C35 7 5. (11)

Evolution model of rail transit network

The rail transit is a kind of transportations having the fea-
tures of large volume, fast speed, safety, punctuality, en-
vironment protection, energy saving and land using. The
subway, light railway, fast railway, tram and other traffic
modes are belonged to the categories of rail transit. The
evolution model of rail transit network can be constructed
as the form of Equation (3):

My =Cqp by +Cyp -l +Cy3 - I3 +Cyy - By +Cy5 - bs. (12)

2.2. Order degree model of multi-layer
traffic network

Because of the complexity and uncertainty of the urban
transportation system, it is impossible to distinguish the
change degree of the ordered parameters over time, or
to find the accurate ordered parameters with coordinate
transformation. Nevertheless, the concert theory regards
the order degree as the evolution direction of one system,
and it can determine the system’s coordinated order state.
Therefore, the ordered parameters can only be estimated
by the criterion of ordered parameters. In addition, the or-
dered parameters existing the upper and lower threshold
ranges, which represent the ideal and the non-ideal states
of the parameters, and we can set the threshold ranges
refer to the experience from developed countries and
Chinese urban traffic development. Therefore, we decide
to introduce the concept of order degree to measure the
coordination of the multi-layer traffic network.

As the concert theory showed, the ordered param-
eters from each layer of the traffic network should stay
in a certain range of critical threshold that ensuring the
multi-layer traffic network system to evolve coordinately
and orderly. That means the range should be greater than
the minimum critical value, and lesser than the maximum
critical value.

Supposing the j-th ordered parameter (here j = 1, 2,
3,4, 5) is c;; when it is at the i-th layer of the multi-layer
traffic network (here i = 1, 2, 3, 4, 5), the minimum critical
threshold is ¢;;,,,, and the maximum critical threshold is
Cijmax - Obeying the above definition, ¢; should stay in the
critical threshold range, which meets ¢;; €| ¢jinin» Cijmax |-
Based on the critical threshold values above, the estima-
tion criterions about the order degrees of the ordered pa-
rameters, and of the single-layer and the multi-layer traffic
network are built as following sections.
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2.2.1. Criterion about the order degree
of the traffic network ordered parameters

The traffic network ordered parameters can be divided into
three types according to the properties of multi-attribute
data (Brito, De Almeida 2012): Those are cost type, benefit
type and fixed type. Obeying the commensurability of dif-
ferent parameters, the criterion about the order degree of
traffic network ordered parameters can be constructed by
the quantization values.

Estimation criteria for the benefit-type
ordered parameter

Supposing the ordered parameter value c; under the
threshold interval is bigger, and the order degree of the
i-th single-layer traffic network is higher, otherwise, the
order degree is lower. Such parameter is called the benefit-
type ordered parameter. The order degree u; of the j-th
ordered parameter of the i-th single-layer traffic network
can be calculated by the equation:

Cii —Cis s
uij(cij):%_ (13)

ijmax ~ Cijmin

Estimation criteria for the cost-type ordered parameter

Similarly, supposing the ordered parameter value ¢; under
the threshold interval is smaller, and the order degree of
the i-th single-layer traffic network is lower. Otherwise, ¢;;
is bigger, the order degree of the i-th single-layer is higher.
Such parameter is called the cost-type ordered parameter.
Thus, the order degree u;; of the j-th ordered parameter
of the i-th single-layer traffic network can be calculated
by the equation:

(g ) =5 (14)

Cijmax ~ Cijmin
Estimation criteria for the fixed-type ordered parameter

If the ordered parameter c;; is closer to a certain value ¢ in
the range of threshold interval, the order degree of the i-th
layer traffic network is higher. Otherwise, c;; is far away
from ¢, and the order degree of the i-th single-layer traffic
network is lower. Such parameter is called the fixed-type
ordered parameter. The order degree u;; of the j-th ordered

parameters of the i-th single-layer traffic network is:

Cij —C

(15)

uij(cij)=1—

It is necessary to estimate the correct type according
to the characteristics of ordered parameters firstly and to
choose the corresponding calculated formula. Referring
to the ordered parameters of Table 2 and the references at
home and abroad (Lindau et al. 2014; Hassannayebi et al.
2014; Ferreira, Couto 2013; Codina et al. 2014), this paper
gives out the variable range of the order degree and of the
ordered parameters (including the parameter type) of the
4-layers traffic network, which are showed in Table 3.

Cijmax ~ Cijmin

2.2.2. Estimation criterion for the order degree
of the single-layer traffic network

Through calculating the order degree of the single-layer
traffic network to analyse the characteristics of the single-
layer traffic network in different periods, and then re-
vealing the coordinated evolution mechanism among the
multi-layer traffic networks (conventional traffic network,
BRT traffic network, rail traffic network, bicycle traffic
network, etc.). Therefore, the order degree u; (cij
be used as a feedback factor of the i-th layer traffic net-
work for the evolution process of the multi-layer traffic

network. If meeting u; (cij ) € [O, 1], the i-th layer traffic

can

network evolves toward to the order direction, it states the
setting plan of this layer traffic network is feasible. After
estimating all the values of u; (CU) in the i-th layer traffic

network, the order degree of the i-th single-layer traffic
network is:

5
r=2 0 uy(c ) (16)
=1

where: 7; is the order degree of the i-th single-layer traffic
network, i = 1, 2, 3, 4; w;; is the weight coefficient of the

5
ordered parameter x;, ©; >0, Z(’Oij =1
j=1
If the order degree of the i-th layer traffic network is

greater, which indicates the coordinated degree of this
layer traffic network is higher and the system function is

Table 3. Threshold interval of the ordered parameters and the order degree of the 4-layer traffic network

Threshold range
Name Compactness Relevancy Connectivity Node degree | Average degree
Benefit type Benefit type Benefit type Cost type Fixed type
Order of the order parameter of
bicycle traffic network [0.3, 0.5] [0.7, 0.9] [0.7, 0.9] [0.5, 0.7] 0.5
Order of the order parameter of CPT [0.7, 0.9] [0.6, 0.8] [0.7, 0.9] [0.3, 0.5] 0.7
Order of the order parameter of BRT
traffic network (0.2, 0.4] (0.3, 0.5] [0.2,0.4] [0.2,0.4] 0.3
Order of the order parameter of rail
ot network [0.1, 0.3] [0.2, 0.4] [0.1, 0.3] [0.1, 0.3] 0.1
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more efficient. Otherwise, the system function is less ef-
ficient. That is the estimation criterion for the order degree
of the single-layer traffic network.

2.2.3. Estimation criterion for the order degree
of the multi-layer traffic network

For the urban, its traffic system is composed of the multi-
layer traffic network, and the multi-layer traffic network
is composed of many single-layer traffic networks. The
urban traffic network, which is defined to be composed
of the 4-layer traffic network, the single-layer networks
are the conventional traffic network, the BRT network, the
rail transit network and the bicycle traffic network respec-
tively. Thus, this paper constructs the order degree func-
tion of the multi-layer urban traffic network from the 4
single-layer traffic networks:

4
R:Zmi-n, (17)
i1

where: R is the order degree of the multi-layer urban traf-

fic network; ; is the weight coefficient of r; (r; is the or-

der degree of the i-th single-layer traffic network), ®; >0,
4

Z(Di =1
i=1

If the order degree R is greater (approaching to 1),
which means the coordinated degree of the multi-layer
urban traffic network is higher, and its system function is
more efficient. Otherwise, R is smaller (approaching to 0),
the coordinated degree is lower, and it indicates the func-
tion of this urban traffic system is less efficient.

3. Coordinated evolution model of
the multi-layer urban traffic network

From the view of the concert theory, the coordinated evo-
lution model of the multi-layer urban traffic network can
reflect the complementary competition and the coordinat-
ed evolution mechanism of the multi-layer traffic network.
This paper establishes the coordinated evolution model by
the proposed order degree model.

3.1. Hypothesis of the traffic network
coordinated evolution

For the multi-layer traffic network (setting the 4-layers
traffic network as the research object), supposing that (see
below).

The ordered parameter set of the traffic network
Iz(il,iz,i3,i4,i5) equals to the set {compactness, rel-
evancy, connectivity, node degree, average degree}. The
traffic network set NW =(NW, NW,, NW;,NW,)
equals to the set {bicycle traffic network, CPT network,
BRT, rail transit network}. The weight vector of the or-
dered parameters of the i -th single-layer traffic network
; :(wil, ©;5> W3, Djy» (uis), and the set meets o 20,

5
D =1,
j=1

395

Using the order degree of the single-layer traffic net-
works to measure the coordinated degree of 4-layer traffic
network in city A, and then constructing the coordinated

evolution matrix of city A:
O i Teph To3h 0y 1y +6505
Cov o d 4 Copy by Con s+ Cog - By +Cos - i
D(A): 21_.1' 222 233 24_;1 255 .(18)
G htC h+03 310, 1y +6500

Cap y +Cyp 03 3+ 0y 1y +Cys5 15

3.2. Coordinated evolution model for
the multi-layer urban traffic network

The coordinated evolution model is established by using
the theory of the multi-dimensional connection numbers.
For accurately obtaining the value of the comprehensive
coordinated evolution, we design a complete calculated
process of the coordinated evolution model for the multi-
layer urban traffic network (Figure 1).

Step 1
Determining the weight vector W, = (wil, Win> Wiz> Wig> Wis )
of the order degree of the i-th single-layer traffic network,
i=1,2,34.

In order to reduce the subjectivity in the calculation
process, we use Equation (19) of the fuzzy deviation
weight method to calculate the weight coefficient of I:

1
5

Wy = Ay XA | (19)
i=1

4 4
1 = = 1 .
where: A =ZZ‘bl] —bj‘, b; :Z'zbl’j’ bj; is the or-
i=1 i=1

dered parameter value.

Step 1. Determine the weight vector of order degree in the i-th layer network

!

Step 2. Determine the positive ideal solution and negative ideal solution of traffic
network order degree

Step 3. Calculate the distance of the traffic network between the positive and negative
ideal solution. Here has

df=w"-d, u*):i (w
J=1

W= (W Wy W Wys W)

y-t)

j i

b=b]) and =W d(u, 1) =Y (-

j=1
Step 4. Calculate the coordinated index of the i-th layer traffic network. Here has
p =d/-d;

Step 5. Calculate the comprehensive coordinated index of urban multi-layer traffic
network. Here has

4
p=2op

<>

Figure 1. The calculated process of the coordinated
evolution model
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Step 2

Determining the positive ideal solution and the negative
ideal solution of the order degree. The concepts of the
positive ideal solution and the negative ideal solution are
from the TOPSIS theory (Zhu et al. 2014), it is usually
used the “distance” to express the difference degree be-
tween different values. The purpose is to construct these
solutions (those are also called the optimal solution and
the worst solution) for the ordered parameter indexes.

Setting ¢j = maxc; is the maximum critical thresh-
1<i<4

old, ¢; =minc; (j=1,2,...,5) is the minimum criti-
I 1ziza Y

cal threshold, the positive ideal solution is u* =c; ?1 +
¢t -, +¢f iy +cf iy +cf - iy, and the negative ideal solu-

—

tionis p~=c¢; 4 +¢; b +tcy i tcy iy tcg s
Step 3

Calculating the distance between the positive solution
and the negative ideal solution. Setting the equation of

5
the positive distance is: d ( HiaW) = Z‘by —bJ|, the dis-

tance from the i-th layer traffic network to the positive
ideal solution can be described as Equation (20) (Shih
et al. 2007; Zhu et al. 2014):

5
dr =Wt )= 3wy Joy b
j=1
Similarly, setting the eciuation of the negative distance
is: d(ui, puo ) = Z‘bij - b]f ‘, the distance from the i-th layer
traffic networkjt:(; the negative ideal solution can be de-
scribed as Equation (21):

di—=WT.d(ui,u_)zi(wz’j"bﬁ_b;‘)' =
Step 4 a

). (20)

Calculating the coordinated index of the i-th layer traf-
fic network. According to the distance from the i-th layer
traffic network to the absolute positive ideal solution and
the negative ideal solution, the coordinated index of the
i-th single-layer traffic network is:

pi=d —d;, (22)
where: p; is the coordinated index of the i-th single-layer
traffic network, i = 1, 2, 3, 4.

Step 5

Calculating the comprehensive coordinated index of ur-
ban multi-layer traffic network, set:

4
p= Z(’)i “Pi> (23)
i=1

where: p is the comprehensive coordinated index of urban
multi-layer traffic network; o, is the weight coeflicient of
the coordinated index p; in the i-th layer traffic network,

4
; 20, Zmi =1.
i=1

The purpose of calculating the comprehensive coordi-
nated index of the multi-layer traffic network is to quan-
tize the ordinated development degree of the multi-layer
traffic network, then to reflect the coordinated evolution
degree and the operation quality. It gives the city man-
ager and the researcher the reference for solving the un-
certainty, randomness and fuzziness problems of the city.
The index value is in the range of [0, 0.5] , the larger the
better. The quality of the traffic network can be preferred
through sort p. Hereby, p is greater that indicates the co-
ordinated evolution process of this transportation is better.

4. Case analysis

An example of the coordinated evolution of the multi-lay-
er traffic network is analysed by Hangzhou urban traffic
network in China, and it is mainly analysed for verifying
the feasibility and effectiveness of the proposed methods
with the specific calculation process. After our research
team (High-Speed Railway Science Research Institute of
Nanjing University of Science and Technology, China)
surveyed and refer to the official transportation report
2017 of Hangzhou, the traffic network of Hangzhou is
consisted of 4 sub-networks, such as the bicycle traffic
network, the BRT network, the rail transit network and
the conventional traffic network. Figure 2 shows the routes
of 4 traffic networks in Hangzhou we surveyed before, and
they can be combined to a whole traffic network of Hang-
zhou. In addition, the purpose of dividing the multi-layer
network into 4 single-layer network is to analyse and cal-
culate the comprehensive degree of the complex network
conveniently and intuitively.

The survey data include the required characteristic
data (5 basic parameters we mentioned in Section 1.2) of
each traffic network mentioned in Table 1, specific having
road length, width, quantity, traffic flow, service stations
and so on. According to the expert analysis extensive in-
vestigation and the standard range of threshold interval
for each basic parameters given in Table 3, our research
team uses the information entropy models from Equa-
tions (4)-(8) and the coordinated evolution models of the
single-layer traffic networks from Equations (9)-(12) with
the urban traffic parameters, and to build a coordinated
evolution matrix D(A) of the 4 single-layer traffic net-
works of Hangzhou, the matrix of quantized values are
showed as follow:

0.41-7, +0.82-4, +0.83- 1, +0.65- i, +0.45- i
0787, +0.73-, +0.75-1, +0.43-7, +0.61- 1,
0337, +0.41-4, +0.37 - i3 +0.29- i, +0.23- i,
0227, +0.29-7, +0.18- 7, +0.21-7, +0.17 - s

D(A)=

(24)

where: D(A) can basically represents the relationships
between the whole traffic network and 4 sub-networks.
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Figure 2. Multi-layer traffic network in Hangzhou: a - bicycle traffic network; b - BRT network;
¢ - rail transit network; d - conventional traffic network

4.1. The order degree of the ordinated evolution
model for the traffic network of Hangzhou

According to Equations (16) and (17), the order degree r,
of the bicycle traffic network NW| is 0.7812. Similarly, the
order degree r, of the conventional traffic network NW,
is 0.6753, the order degree r; of the BRT network NW,
is 0.8739, and the order degree r, of the rail transit net-
work NW, is 0.7358. Then using Equations (17)-(19) to
calculate the order degree R of the multi-layer traffic net-
work (whole traffic network) of Hangzhou, and the value
is 0.7929. Hereby, R is approaching to 1, which means
the coordinated degree of the multi-layer traffic network
is relatively high, and the quality of the traffic system of
Hangzhou is high.

4.2. The coordinated evolution model for
the multi-layer traffic network of Hangzhou

The calculation process of the coordinated evolution
model of the multi-layer traffic network in Hangzhou is
calculated as the steps in Section 3:

Step 1

Determining the weight coefficient vector of the order
degree of the Hangzhou traffic network. The weight co-

efficient vectors of the 4-kinds of the single-layer traffic
networks are showed as described below.

As Figure 3 showed, the weight vector of the bicycle
traffic network is:

W, = (0.1831, 0.2026, 0.2053,0.1939, 0.1949), (25)

the weight vector of conventional traffic network is:

W, =(0.2135,0.1763,0.2517,0.1678,0.1707),  (26)

the weight vector of BRT network is:
W; = (0.2005, 0.1697,0.2713,0.1757, 0.1628), (27)

and the weight vector of rail transit traffic network is:

W, =(0.1935,0.1903,0.2377,0.1767,0.1819),  (28)

where: W, W,, W3, W, are the weight vectors of each
single-layer traffic network (There are 4 sub-networks:
NW, ... NW,); and there are 5 weight coefficients — w;;,
Wip» Wiz» Wig» Wis — in each sub-network has to correspond
to the 5 basic parameters.

Step 2

Determining the positive ideal and the negative ideal solu-
tion of the order degree of the single-layer traffic network.
According the TOPOSIS theory (Shih et al. 2007), we can
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Figure 3. Weight vectors of the 4 kinds of the single-layer traffic networks in Hangzhou

first get the order evaluation values with each sub-net-
work, and the method is showed in Equation (29):

fll flj CTRRRCY w, 0 0
e T N B R T T )|
fa fzj Gi " G 0 0 W

Then calculating the positive ideal solution:
fi :max(fij ), when ¢;; is belonged to benefit type
or f* :min(flj), when ¢;; is belonged to cost type.
In addition, calculating the negative ideal solution is:

~ =min| f. |, when c;; is belonged to benefit type or
fi (fz]) ij g yp

~ =max| f;; ), when c; is belonged to cost type. All types
fi (fz ) ij g yp yp

of ¢;; have been given in Table 3.
Hereby, the positive ideal solution of each single-layer
traffic network is:

=093 +0.9-4 +0.9-5+0.7-i, +0.7-i5,  (30)
and the negative ideal solution one is:

W =014 +024 +0.1-5 +0.1-i, +0.1- i. (31)

Step 3

Calculating the distance of the traffic network between the
positive and negative ideal solution. The distance of the
positive ideal solution of the multi-layer traffic network
in Hangzhou is d} =1.2309, the distance of the negative
ideal solution is d;” =0.9037 after calculating by Equa-
tions (20) and (21).

Step 4

Calculating the traffic network coordinated index in
Hangzhou. The coordinated index values of the 4 single-

09 h

0.6 1

0.5 b
0.40190

04 0.35710

0.32620

Coordinated index value

03 0.24530

BRT traffic

Rail transit

Bicycle traffic  Conventional traffic

Traffic networks

Figure 4. The coordinated index of traffic network in Hangzhou

layer traffic networks in Hangzhou are calculated from
Equation (22) are showed in Figure 4.

p is the coordinated evolution index of each traffic
sub-network, which is calculated from Equations (20)-
(23) based on the coordinated evolution model. There are
2 kinds of p in this model. The first p is p;, which is the
coordinated index of the i-th single-layer traffic network.
And it can be calculated by Equations (20)-(22). The sec-
ond p is the coordinated evolution index of the whole traf-
fic network, which can be calculated by Equation (23) af-
ter we obtain the 4 weight vectors of W, W,, W5, W,. As
the calculated result, the coordinated index of the bicycle
traffic network p; = 0.3262. The coordinated index of BRT
traffic network p, = 0.3571, the coordinated index of con-
ventional traffic network p; = 0.2453, and the coordinated
index of rail transit network p, = 0.4019.
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Step 5

Calculating the comprehensive coordinated index of the
multi-layer traffic network. According to the calculation
means of Equation (23), the comprehensive coordinated
index p of multi-layer traffic network of Hangzhou is
0.3323. As p = 0.3323 of the multi-layer traffic network is
between 0 and 0.5, the degree of the coordinated evolu-
tion of Hangzhou is relatively higher, which reaches the
expected value, p is also consistent with the estimation
criterion of Section 2.2.3. Furthermore, according to the
official transportation report 2017 from Hangzhou hall, it
shows the traffic congestion ranking of Hangzhou is from
the 45 to the 57-th (relatively high) in China, the utiliza-
tion of main urban traffic network (rail transit network)
is 40.6% (it almost meets p, = 0.4019), and the general
public transport satisfaction has reached 91.3%. Thus, the
proposed coordinated evolution model for the multi-layer
traffic network is consistent with the actual development
trend in Hangzhou, and is also consistent with the results
of the transportation report.

Conclusions

Accurately evaluate the ordinated evolution degree of the
multi-layer urban traffic network is a complex problem.
The main difficulty includes the multi-layer network divi-
sion and the modelling of the single-layer network. This
paper constructs a measurement model of the multi-layer
traffic network based on the information complexity. It
starts from the view of single-layer network for establish-
ing the 5-dimensions (compactness, relevancy, connec-
tivity, node degree, average degree) information entropy
model of the ordered parameters of each single-layer net-
work. As to the information entropy theory, the informa-
tion entropy model can cover the weakness of the complex
information quantization, especially the extension of the
traffic information in the dimension and width. After that,
this paper constructs the ordered parameters degree mod-
el of the multi-layer traffic network by the 4 order degrees
of these single-layer networks. Finally, the coordinated
evolution model is established based on the ordered pa-
rameters degree of the multi-layer urban traffic network.
The real case analysis shows the proposed model is valid.

The proposed model can calculate the traffic informa-
tion complexity, and reduce the characteristic parameters
of the multi-layer network. It also provides a theoreti-
cal foundation for calculating the quantized value of the
multi-layer urban traffic, which can intuitively evaluate the
ordinated development degree of this city. Furthermore,
the model provides the basic and quantitative guides for
solving the coordinated evolution problems of multi-layer
traffic network and other fields.
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