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Abstract: Exploring the coordinated development of urbanization (U), technology innovation (T),
and the atmospheric environment (A) is an important way to realize the sustainable development
of new-type urbanization in China. Compared with existing research, we developed an integrated
index system that accurately represents the overall effect of the three subsystems of UTA, and a
new weight determination method, the structure entropy weight (SEW), was introduced. Then, we
constructed a coordinated development index (CDI) of UTA to measure the level of sustainability of
new-type urbanization. This study also analyzed trends observed in UTA for 11 cities in Zhejiang
Province of China, using statistical panel data collected from 2006 to 2017. The results showed that:
(1) urbanization efficiency, the benefits of technological innovation, and air quality weigh the most in
the indicator systems, which indicates that they are key factors in the behavior of UTA. The subsystem
scores of the 11 cities show regional differences to some extent. (2) Comparing the coordination
level of UTA subsystems, we found that the order is: coordination degree of UT > coordination
degree of UA > coordination degree of TA. This suggests that the atmospheric environment system
improvement is an important strategic decision for sustainable urbanization in Zhejiang. (3) The
UTACDI values of the 11 cities are not high enough, as the coordination is mainly low, basic, or good,
while none of the cities reached the stage of excellent coordination. (4) Gray Model (1,1) revealed that
the time taking to achieve excellent coordination varies for different cities. Hangzhou and Ningbo
were predicted to reach the excellent coordination level in 2018. Other cities are predicted to take 2–4
years to adjust their urbanization strategies enough to be considered to have excellent coordination of
their UTA system.

Keywords: urbanization-technology innovation; atmospheric environment system; new-type
urbanization; coordinated development index; sustainability evaluation; Zhejiang Province

1. Introduction

Sustainable progress towards new-type urbanization is an important part of the Beautiful China
project [1,2]. Urbanization is one of the most significant human activities to affect regional environment
and sustainable development. Over the past 40 years since the reform and opening-up, China’s
urbanization has undergone rapid development [3,4], with the urban demographic growing from
17.9% in 1978 to 58.52% in 2017. However, urban expansion alters land cover and industrial structure,
and the surge in fossil fuel consumption is accelerating urban air pollution [5,6], which not only affects
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the health of residents, but also directly threatens the sustainable construction of new urban structures.
Thus, under the background of increasingly developed scientific and technological innovation, it is of
great significance to realize the coordinated development of regional urbanization and the atmospheric
environment [7–9].

Urbanization sustainability assessment is a test of population agglomeration, land space use,
industrial economy, social and cultural reconstruction, the development of science and technology,
and eco-environmental sustainability [10,11]. In recent years, within systems theory and complexity
science, more and more scholars have been paying attention to the relationship between urbanization
and the environment [12–16]. The coupling of urbanization and the environment is a dynamic,
multidimensional, and collaborative system. It forms a set of concepts, for instance urban
social-ecological systems (USEs) [17], urbanization-resources-environment systems (UREs) [18,19],
and urban population-resources-environment-economic and social development systems (PRED) [20].
Although the evaluation indicators selected by different evaluation systems are different, they
undoubtedly have deepened our understanding of the functional relationship between urbanization
and the environment. As an important component of the eco-environment, the air environment
subsystem has an extremely complex interaction with the urbanization process, and has been a major
concern in social and academic circles [8,9,21]. Existing studies using a coupling coordination degree
model focus on the interaction between urbanization and the air environment [7], which exhibited
a S-shaped curve. The double exponential curve and three principals were proposed to analyze the
coupling regularity between urbanization and the atmospheric environment [22,23]. In addition,
many environmental economists have discussed the relationship between urbanization and air quality
by using econometric and geographic methods, such as ordinary least squares (OLS) [24], spatial
regression models [6,25], geographically weighted regression (GWR) [6,26], and the geographical
detector method [27]. All of these studies reveal the impact of population, industrial structure, energy
consumption, and other factors on the air environment system in the process of urbanization [6,12,28].
However, the above studies present the following two problems: (1) Urbanization is an open and
complex system; however, the regulation and promotion of science and technology are neglected
in the existing urbanization-air environment system, although research on the relationship between
technological innovation and environmental pollution in industrial enterprises has been receiving more
and more attention [29,30]. (2) The existing urbanization and eco-environmental coupling (UEC) model
always treat urbanization, resources, and the environment as independent systems with complex
interactive forcing relationships [18]. However, from the perspective of coordination, the three systems
of urbanization, technological innovation, and the atmospheric environment are inseparable and thus
form a larger system, UTA, the coherence and internal state of which indicate the sustainability of
new-type urbanization. Hence, it is necessary to reanalyze and explore the interactions among the
urbanization, technological innovation, and atmospheric environment subsystems of UTA to realize
sustainable new-type urbanization with a new framework. Suitable management measures should be
implemented without delay in rapidly urbanizing areas [18,31].

Compared with the existing research, the main contributions of this paper are as follows: (1)
we develop an integrated index system that accurately represents the overall effect of urbanization,
technological innovation, and the atmospheric environment (UTA) on the sustainability of new-type
urbanization. This paper investigates the three subsystems of UTA at the same level to highlight
the important coordination and linking role of technological innovation in urbanization and the
atmospheric environment. (2) The structure entropy weight (SEW) method is introduced in this study
and the advantages of subjective and objective weight methods are considered so that more accurate
and reliable scoring results of coordinated development index of UTA can be obtained. (3) The values
of individual cities in Zhejiang are predicted based on the Gray Model (1,1), which is conducive to the
formulation of new urbanization management policies.

The remainder of this paper is organized as follows. Section 2 describes the study area, data
processing, and the methodology used to establish the analysis theoretical framework for UTACDI.
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Section 3 discusses the models developed in Section 2, analyzes the results obtained for 11 cities in
Zhejiang, and predicts the variation of UTACDI. Section 4 draws the main conclusions derived from
the empirical study.

2. Methods and Materials

2.1. Study Area

Zhejiang, located on the southeast coast of China, is an economically developed province, which
includes Hangzhou (capital city), Ningbo, Wenzhou, Jiaxing, Huzhou, Shaoxing, Jinhua, Quzhou,
Zhoushan, Taizhou, and Lishui—11 cities in total. As an important part of the Yangtze River
Delta economic circle and the Yangtze River economic belt, Zhejiang’s economic development and
urbanization have important referential significance and play a guiding role. It covers 105,500 km2,
1.06% of China’s territory, and in 2017 it had a population of 56.57 million and a GDP of 5176.8
billion yuan, 6.13% of China’s total GDP. Zhejiang is rapidly urbanizing, with the percentage of urban
population growing from 48.67% in 2000 to 56.5% in 2006 and 68% in 2017, with an average annual
growth rate of 2.2% over the last 18 years. The rapid urbanization of Zhejiang Province inevitably
intensifies the consumption of resources and environmental damage [32]; for instance, the emission of
air pollutants is increasing [33,34]. Figure 1 shows the economic indicators, waste gas discharged, and
urbanization rates for the whole of Zhejiang Province from 2006 to 2017.
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In recent years, with the implementation of the National New-Type Urbanization Plan (2014–2020),
Zhejiang Province is also accelerating the implementation of new-type urbanization construction. A
number of cities (e.g., Ningbo, Jiaxing, Taizhou) have been included in a national pilot program for the
comprehensive construction of new urbanization. Therefore, it is important to realize the sustainability
of new-type urbanization and build a beautiful Zhejiang.

2.2. Data Preprocessing

Based on existing research and data availability, we chose to focus on 2006–2017 in this study;
2006 also marked the start of China’s 11th Five-Year Plan (2006–2010). The Five-Year Plan outlines
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the country’s plans for national economic and social development, setting goals and directions for
the long-term development of the national economy. The data used in this paper were mainly
obtained from the Zhejiang Statistical Yearbook (2007–2018) [35], the Zhejiang Natural Resources and
Environment Statistical Yearbook (2007–2018) [36], the Zhejiang Statistical Yearbook of Science and Technology
(2007–2018) [37], Zhejiang 11 cities’ Statistical Yearbook (2007–2018), and the National Economic and Social
Development Bulletin; some additional data are available from Zhejiang and 11 cities’ Environmental
Quality Bulletin, as well as related official government websites.

To eliminate the influence of different indicators’ magnitude, dimension, and sign, we normalized
the data using Equations (1) and (2) [18,38,39]:

For a positive indicator:

Xi j =
(
xi j −min

{
x j

})
/(max

{
x j

}
−min

{
x j

})
. (1)

For a negative indicator:

Xi j =
(
max

{
x j

}
− xi j

)
/(max

{
x j

}
−min

{
x j

})
, (2)

where xi j represents the value of indicator variable, x, indexed by j, in year i; max
{
x j

}
and min

{
x j

}
denote the maximum and minimum values of indicator x j over all years, respectively. Thus, the value
of all indicators x j were normalized in the range of [0,1].

2.3. Methods

2.3.1. Theoretical Framework and Indicator System for the Evaluation of UTA

Compared with existing analysis frameworks between urbanization and air environment
system [7], we developed a new comprehensive indicator system to evaluate the relationship among
urbanization, technology innovation, and the atmospheric environment (UTA) and its component
subsystems. UTA subsystems have natural interactions and couplings and they are mutually conditional,
restrictive, and reinforcing, which guarantees the sustainable development of new-type urbanization
(shown in Figure 2). The development of new urbanization relies on technological innovation and
constant improvement of the environment, which includes the air environment.

First of all, the development of urbanization provides a broad platform for technological innovation,
but it also brings about challenges in the form of changes in the regional atmospheric environment [7,22].
The process of urbanization is a process of agglomeration and the utilization of population, land,
industry, and other factors, which provides a basis for scientific development and technological
innovation; it also provides a platform for applications of scientific and technological innovations. On
the other hand, the expansion of urbanization has intensified the consumption of resources, brought
about an increase in pollutant emissions, and affected the quality of the city’s atmospheric environment
to various degrees. Maintaining a beautiful living environment and continuously improving the
quality of the air environment are goals pursued by new urbanization.

Secondly, technology innovation is the source of power for the development of new urbanization
and the key to achieving air pollution control and air quality improvement. Technology innovation can
not only promote industrialization to attract rural surplus labor, but also integrate and coordinate with
urbanization. For example, through the application of technological innovation products, urbanization
will develop in a sustainable, healthy, and intelligent direction, reducing energy consumption and
accelerating regional industrial transformation and upgrading. At the same time, the upgrading of
corporate pollution control technologies and equipment can improve resource utilization efficiency,
effectively reduce the emissions of atmospheric pollutants, and thus improve the quality of the
air environment.

Thirdly, the atmospheric environment is a powerful catalyst for restricting urbanization and
accelerating technological innovation. The deteriorating urban atmospheric environment will restrict
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the migration of the urban population and affect the health of residents. In order to pursue excellent
urban environmental quality, environmental regulation measures restricting the entry of polluting
industries and controlling the rapid expansion of population are strategies that must be adopted. At
the same time, under the high-pressure objectives of atmospheric environment control, enterprises
have to accelerate the pace of technological innovation and realize the development and upgrading of
new technologies and new products.

Figure 2 shows the structure of UTA and its internal interaction.
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Figure 2. Framework and interaction of three UTA subsystems.

Comprehensive content and a reasonable level of evaluation system are the premises of the
coupling coordination analysis among the three UTA subsystems. Based on the above analysis,
considering data availability, index representativeness, system relevance, etc., and referring to the
existing relevant research results [7,22,23], we create a comprehensive evaluation indicator system
consisting of three subsystems, eight second-level indicators, and 28 primary level indicators (shown
in Table 1). The urbanization (U) subsystem is derived from two weighted indexes for second-level
indicators (urbanization level and urbanization efficiency), which are in turn derived from nine primary
indicators. The technology innovation (T) subsystem is derived from three weighted indexes for
second-level indicators (input in technological innovation, output in technological innovation, and
benefits of technological innovation), which are in turn derived from eight primary indicators. The
atmospheric environment (A) subsystem is also derived from three weighted indexes for second-level
indicators (air pollution emission, air pollution control, and air quality), which are in turn derived
from 11 primary indicators.



Atmosphere 2019, 10, 652 6 of 21

Table 1. Indicators of urbanization, technology innovation, and atmospheric environment subsystems
in UTA.

Subsystem Second Level Indicator W1 Primary Indicator W2 W3 Effect

Urbanization

Urbanization level 0.466
Percentage of urban population 0.386 0.180 Positive

Area of urban construction land (km2) 0.303 0.141 Positive
Percentage of the tertiary industry 0.311 0.145 Positive

Urbanization efficiency 0.534

GDP per capita (Yuan) 0.204 0.109 Positive
Number of college students per 10,000 people 0.195 0.104 Positive

Number of health technicians per 10,000 people 0.121 0.064 Positive
Urban residents’ per capita disposable income 0.208 0.111 Positive

Green coverage in built-up areas 0.124 0.066 Positive
Private vehicle ownership 0.148 0.079 Positive

Technology
innovation

Input in technological
innovation

0.277
proportion of R&D expenditure in GDP 0.395 0.109 Positive

Number of R&D personnel (10,000 people) 0.341 0.094 Positive
Number of R&D projects of industrial enterprises above

scale 0.264 0.073 Positive

Output in technological
innovation

0.324
Number of patent applications granted 0.385 0.124 Positive

Technical contract transaction amount (100 million yuan) 0.228 0.074 Positive
Output value of high-tech industry (100 million yuan) 0.387 0.126 Positive

Benefits of technological
innovation

0.399
Production rate of new product 0.527 0.210 Positive

The added value of high-tech industry accounts for the
proportion of industries above scale 0.473 0.189 Positive

Atmospheric
environment

Air pollution emission 0.307

Total volume of waste gas emission (100 million cu. m) 0.257 0.079 Negative
Mass of sulfur dioxide emission (10,000 tons) 0.200 0.061 Negative

Mass of nitrogen oxide emission (ton) 0.252 0.077 Negative
Mass of smoke & dust emission (10,000 tons) 0.292 0.089 Negative

Air pollution control 0.253
Energy consumption per unit of GDP 0.399 0.101 Negative

Investment in environmental pollution control 0.288 0.073 Positive
Waste gas treatment facilities of unit industrial output 0.314 0.079 Positive

Air quality 0.440

Sulfur dioxide concentration (µg/m3) 0.216 0.095 Negative
Nitrogen dioxide concentration (µg/m3) 0.224 0.099 Negative

Particulate Matter 10 concentration (µg/m3) 0.279 0.123 Negative
Good air quality rate 0.281 0.124 Positive

Note: W1 and W2 are the calculation results of the structure entropy weight (SEW) method. W3 is the result of
W1*W2 in the corresponding index hierarchy. GDP represents the gross domestic product. R&D represents the
social research and development.

2.3.2. Determination of Indicator Weight

At present, there are two kinds of quantitative weighting methods: subjective weighting and
objective weighting. The subjective weighting method has a strong subjectivity, which is based on
the experts’ experience of how the index influences the system, such as the AHP method [40,41]. The
greater the degree of subjectivity, the greater the indicator’s weight. By contrast, the objective weighting
method does not rely on people’s subjective judgment and is based on a strong theoretical calculation
process, such as the entropy method [18,42], principal component analysis [43,44], or the mean squared
deviation decision (MSD) method [7,45,46]. However, the objective method sometimes loses more
information, and sometimes it is greatly affected by the discrete value [47]. Thus, a synthetic evaluation
method has been widely adopted in recent research [7,12,47]. In order to eliminate the deviation
between subjective and objective weight, the structure entropy weight (SEW) method is introduced in
this study, which considers the advantages of the subjective and objective weight methods [48–50]. It
is a method of weight coefficient structure analysis combining qualitative analysis and quantitative
analysis. The basic principle of the SEW method involves ranking the importance degree of each index
and then using the entropy method to quantitatively analyze the uncertainty of the typical order. The
data of the deviation are statistically processed, and then the weight of each index is obtained [48,51].
A detailed explanation of the above steps is as follows.
Step 1: Collect opinions of experts and form a typical ranking.

Select experts who are familiar with the UTA index system to form an expert group. In this
study, we obtain the judgments of the index’s importance ratings from 20 experts in the fields of urban
geography, technological management, environmental science, and sustainable development based
on the Delphi procedure. Table 2 shows a sample questionnaire survey of the importance of index
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rankings, where experts use natural numbers to rank the indexes. The most important indexes are
ranked as 1 and so on, in a similar formation.

Table 2. Questionnaire survey of the importance of index rankings.

UTA Indexes No. of Experts 1st Choice 2nd Choice 3rd Choice 4th Choice

Index A
E1

√

E2
√

E3
√

Index B
E1

√

E2
√

E3
√

Index C
E1

√

E2
√

E3
√

Step 2: Transform typical ranking to entropy values.
The opinions of experts on typical rankings often have data noise, which may cause errors

and uncertainties. The entropy theory method can effectively reduce the uncertainty of the typical
rankings [48]. The specific steps are the statistical analysis and processing of the qualitative judgment
conclusions of the indexes in Table 1, and the transformation equation is as follows:

µ
(
ai j

)
=

ln(m− S)
ln(m− 1)

. (3)

In the above equation, aij refers to the sequence number of ith expert’s evaluation on jth index. j is
the number of indexes and m equals j + 2. bij equals µ(aij), and are the transformed value of aij. Thus,
the overall recognition of index j among k experts can be calculated with the following equation:

b j =
[
µ
(
a1 j

)
+ µ

(
a2 j

)
+ · · ·µ

(
akj

)]
/k. (4)

Step 3: Reduce the typical ranking uncertainty.
The uncertainty generated by experts’ knowledge is also called blindness, Qj. It is calculated

as follows:
Q j =

{[
max

(
b1 j, b2 j · · · bkj

)
− b j

]
+

[
min

(
b1 j, b2 j · · · bkj

)
− b j

]}
/2. (5)

Obviously, Qj>0.
Then, we define all invited experts to have an overall awareness of c j for each index j.

c j = b j ×
(
1−Q j

)
. (6)

Step 4: Normalize and calculate the final weight.
The overall evaluation vector of all indexes by all k experts is: C = (c1, c2, . . . c j).
To obtain the weight of index j, normalize c j:

w j =
c j∑m

i=1 c j
, (7)

where, (j = 1,2,· · · ,n)>0, and
∑n

i=1 w j = 1. W = {w1,w2· · · , wn} is the weight vector of the index set. In the
actual calculation, we perform the operation in three steps. First, we obtain the second-level indicators’
weight in Table 1, named W1. Then, we calculate the primary indicator’ weight corresponding to the
second-level indicator, named W2. Thus, each indicator’s weight W3 is the result of W1*W2 in the
corresponding index hierarchy. The final detailed weight values are shown in Table 1.
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Furthermore, we calculated the composite index Si for each subsystem UTA in year i using
Equation (8):

Composite index for each subsystems UTA in year i:

Si =
t∑

j=1

W3 ×Xi j, (8)

where Si represents the final score of UTA subsystems, which is applied to Equations (9)–(11).
Furthermore, t represents the number of indicators in comprehensive UTA subsystems, among them t
= 9 in the subsystem of urbanization (U), t = 8 in the subsystem of technology innovation (T), and t =

11 in the subsystem of atmospheric environment (A).

2.3.3. UTA Coordinated Development Index

Coordination evaluation is an important means to measure the relationship and coherence
among all subsystems [52]. Many existing studies have adopted a coupling coordination degree
model (CCDM) to measure the subsystems’ relationship [7,42,53–55]; however, this method has some
subjective differences when setting the weight coefficient of each subsystem. In order to evaluate
the coordination level of subsystems more objectively and comprehensively, we developed the UTA
coordinated development index (UTACDI), which is based on the coordination degree model for
China National Sustainable Communities [56]. UTACDI can be used to assess sustainable new-type
urbanization in most regions as the interactions between urbanization, technology innovation, and
the environment occur everywhere that urbanization occurs. Compared with the CCDM method,
the UTACDI calculation process is more convenient and efficient. Meanwhile, the above index will
comprehensively reflect the comprehensive level of sustainable new-type urbanization. To obtain
UTACDI, we first estimate the coordination degree between pairs of subsystems as follows:

Coordination degree between U and T in year i:

CUTi = 1−
|SUi − STi|

max(SUi, STi)
. (9)

Coordination degree between U and A in year i:

CUAi = 1−
|SUi − SAi|

max(SUi, SAi)
. (10)

Coordination degree between T and A in year i:

CTAi = 1−
|STi − SAi|

max(STi, SAi)
, (11)

where SUi, STi, and SAi represent the composite indexes of the individual subsystems U, T, and A,
respectively, in year i. Then, we calculate the coordination degree of the combined system UTA by:

Coordination degree of UTA in year i:

Ci = average(CUTi, CUAi, CTAi). (12)

This overcomes the subjective difference of the artificial setting of the subsystem weight coefficient.
Furthermore, to fully reveal the coordination degrees between different systems, a coordinated
development index of UTA is established:

CDIi =
√

average(SUi, STi, SAi) ×Ci. (13)
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The final value of CDIi is distributed in the range of [0,1]. Meanwhile, the higher the value of
CDIi, the more coherence there will be between the subsystems of UTA. Furthermore, the coordination
level of UTA’s CDIi, can be divided into five types, as shown in Table 3.

Table 3. Five levels of coordinated development index (CDI) for UTA.

Coordinated development
index range [0, 0.20] (0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1.00]

Coordination
Types

Serious
imbalance

Little
coordination

Basic
coordination

Good
coordination

Excellent
coordination

Source: Adapted from Wu et al. (2017) [53].

2.3.4. Gray Predicted Model (1,1)

A grey prediction model is an effective tool to deal with small sample prediction problems, and
requires fewer basic data with high accuracy [57,58]. The common gray prediction model is GM
(1,1), which has no specific requirements for sample size, and can be used to research future time
distributions for specific time intervals. In addition, the model can filter out irregular changes in
sample data, reflect trend changes, and forecast the main trends of sequence changes [57,59].

In order to predict the coordinated development index (CDI) of the UTA system in 11 cities of
Zhejiang Province, the Gray Model (1,1) is used for forecasting. We record the i city’s (i = 1,2· · · , 11)
time series of CDI in 2006–2015 as: xi

(0)= {xi
(0)(1), xi

(0)(2), . . . , xi
(0)(10)

}
, where the CDI in 2006 is

expressed as xi
(0)(1), and the CDI in 2015 is expressed as xi

(0)(10) by analogy. The whitening equation
of the model is as follows:

dxi
(1)

dt
+ aixi

(1) = ui, (14)

where xi
(1)= {xi

(1)(1), xi
(1)(2), . . . , xi

(1)(10)
}

can be the cumulative coupling degree time series of the

time series value of the CDI of the city i xi
(0). That is to say, dxi

(1)

dt refers to the change rate of time series
of cumulative CDI of the city i.

Thus, the dxi
(1)(k)
dt will be the CDI of the year k. ui and ai will be the endogenous control gray level

and development gray level. These two parameters can be solved by the least square method. Finally,
the predicted value of the cumulative CDI sequence of the i city can be solved:

x̂i
(1)(k+1) = [xi

(0)(1) −
µ

a
]e−ak +

µ

a
. (15)

By progressive reduction, the gray prediction model of the number series of i city’s CDI can
be obtained:

x̂(0)i1 (k + 1) = x̂(1)i1 (k + 1) − x̂(1)i1 (k). (16)

The final CDI forecast results are shown in Section 3.3.

3. Results and Discussion

3.1. Variations of Comprehensive Level of UTA Subsystems

3.1.1. Urbanization Subsystem

As shown in Table 1, in the urbanization system, the population urbanization rate (0.180) has a
greater impact on the urbanization level subsystem. Meanwhile, the per capita disposable income
(0.111) and per capita GDP (0.109) of urban residents have a greater impact on the urbanization
efficiency subsystem. The three indicators have a 40% explanatory effect on the change of the whole
urbanization subsystem. This means that, since the 11th Five-Year Plan, the urbanization of Zhejiang
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has mainly relied on population agglomeration and economic development, while the positive impact
of urbanization on higher education, health care, public facilities construction, and other aspects has
not been fully assessed. In the future, improving the urbanization efficiency in these areas should be
focused on.

Furthermore, according to the above system score calculation formula, we obtained the
urbanization comprehensive score (SUi) of 11 cities in Zhejiang Province from 2006 to 2017, as
shown in Figure 3.Atmosphere 2019, 10, x FOR PEER REVIEW 10 of 20 
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We see that: (1) From 2006 to 2017, the comprehensive score of urbanization of 11 cities showed a
trend of steady growth. The comprehensive score of urbanization of Hangzhou, the provincial capital,
was the highest, increasing from 0.483 in 2006 to 0.971 in 2017, with an average annual growth rate of
6.56%. Quzhou, the city with the lowest urbanization score, had the highest growth rate, from 0.076 in
2006 to 0.371 in 2017, with an average annual growth rate of about 15.5%. (2) There are significant
spatial differences in the urbanization scores of cities with different social and natural backgrounds. As
to the ranking of city scores, the overall pattern, from high to low, is: Hangzhou > Ningbo > Wenzhou
> Zhoushan > Shaoxing > Jinhua > Taizhou > Jiaxing > Huzhou > Lishui > Quzhou. The highest score
of Hangzhou in 2017 is 2.62 times that of Quzhou. It is noteworthy that Zhoushan, an island city, has
a high comprehensive score in urbanization, ranking fourth in the province, mainly due to its high
urbanization rate, per capita GDP, and developed tertiary industry. Since it was incorporated into
the National New Area Construction in 2011, Zhoushan has taken advantage of its location near the
ocean and in a free trade zone, and has promoted the high-quality development of urbanization [60].
Restricted by natural conditions and industrial factors, the urbanization level of Quzhou and Lishui in
southwestern Zhejiang has always been the lowest in the whole province.

3.1.2. Technology Innovation Subsystem

Similarly, as shown in Table 1, in the technology innovation system, the proportion of R&D
expenditure in GDP (0.109) has a greater impact on the subsystem of input in technological innovation;
the output value of high-tech industry (0.126) has a greater impact on the subsystem of output in
technological innovation, and the production rate of new products (0.210) has a greater impact on the
benefit subsystem of technological innovation. The three indicators have a 44.5% explanatory effect on
the change of the whole technological innovation subsystem. This means that since the 11th Five-Year
Plan, the development of technological innovation in Zhejiang Province has mainly relied on the input
of R&D funds, the development of high-tech industries, and the high output rate of new products. In
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recent years, in order to speed up the construction of a strong province through innovation, Zhejiang
has vigorously promoted comprehensive innovation based on scientific and technological innovation
and the innovation ecosphere, providing strategic support for the construction of a modern economic
system [61].

Furthermore, according to the above system score calculation formula, we obtained the
comprehensive score of technological innovation (STi) of 11 cities in Zhejiang Province from 2006 to
2017, as shown in Figure 4.Atmosphere 2019, 10, x FOR PEER REVIEW 11 of 20 
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It can be observed that: (1) From 2006 to 2017, the comprehensive score of technological innovation
in 11 cities showed a trend of steady growth, consistent with that of urbanization, but the growth
rate was higher than the development of urbanization. Hangzhou had the highest comprehensive
score of technological innovation, which increased from 0.269 in 2006 to 0.881 in 2017, with an average
annual growth of about 11.36%. Lishui’s comprehensive score for technological innovation increased
the fastest, from 0.012 in 2006 to 0.351 in 2017, with an average annual growth of about 35.94%. (2)
There are also significant spatial differences in technological innovation scores among the cities. As to
the ranking of city scores, the overall pattern, from high to low, is: Hangzhou > Ningbo > Jiaxing >

Wenzhou > Shaoxing > Taizhou > Huzhou > Jinhua > Lishui > Quzhou > Zhoushan. The highest
score, that of Hangzhou in 2017, is 2.9 times that of the lowest score (for Zhoushan).

In recent years, Hangzhou has made the establishment of national independent innovation
demonstration zones and small and micro enterprises its main focus, pushing forward the reform
of system and mechanism, improving the environment of scientific and technological innovation,
and achieving remarkable results in various scientific and technological areas. For example, R&D
expenditure accounts for more than 3% of GDP; the added value of high-tech industries is 137.29
billion yuan, ranking first in the province; and the number of successful patents is 36,579, ranking first
in the capital cities of the country and second in the subprovincial cities. The number of state-level
incubators reaches 30, ranking first in provincial capitals and subprovincial cities.

3.1.3. Atmospheric Environment Subsystem

As shown in Table 1, in the atmospheric environment system, the volume of smoke and dust
emission (0.089) has the greatest impact on the air pollution emission subsystem. Energy consumption
per unit of GDP (0.101) has a greater impact on the air pollution control subsystem, while a good air
quality rate (0.124) has a greater impact on the air quality subsystem. The three indicators have a 31.4%
explanatory effect on the change of the whole atmospheric environment system. Because the volume of
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smoke and dust emission is closely related to the concentration of atmospheric particulate matter, and
the reduction of energy consumption per unit GDP is the fundamental guarantee to realize the emission
of atmospheric pollutants from the source, the air environment system in Zhejiang Province since the
11th Five-Year Plan has been realized mainly on the basis of energy saving, emissions reduction, and
air quality improvement.

Furthermore, according to the above system score calculation formula, we obtained the trends in
the atmospheric environment system scores (SAi) of 11 cities in Zhejiang Province from 2006 to 2017, as
shown in Figure 5.Atmosphere 2019, 10, x FOR PEER REVIEW 12 of 20 
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It can be seen that: (1) From 2006 to 2017, the comprehensive atmospheric environment score
of 11 cities showed a trend of fluctuation and good transition, which is different from the change
characteristics of the previous two systems. This phenomenon is mainly attributed to the fluctuation
of the air environment quality and the instability of pollution control. Especially in some cities,
the air environment has been changing for the better. For example, the air environment improved
significantly in Hangzhou, Ningbo, and Wenzhou since 2016. The effect of pollutant emissions
reduction is remarkable, and the air quality has improved significantly. However, in some years, there
are lower scores indicating the deterioration of the air environment. This shows that the effective
improvement of the air environment will be a long-term process of prevention and control. (2) The
scores for air environment in different cities also exhibit a relatively large variation in ranking. As to the
ranking of city scores, the overall pattern of 12 years’ average values, from high to low, is: Zhoushan
> Lishui > Taizhou > Quzhou > Wenzhou > Shaoxing > Jiaxing > Jinhua > Huzhou > Ningbo >

Hangzhou. Because of the good natural conditions (good vegetation in an island or mountainous city)
and less-polluted industrial structures, Zhoushan and Lishui have the best air environment scores
in the province, at 0.769 and 0.732, respectively. The two cities are in first place in different years.
The cities with relatively poor air environment scores are mainly those with a developed industrial
economy and urbanization, such as Hangzhou and Ningbo. The deteriorating air environment also
poses severe challenges to the sustainable development and ecological civilization construction of
these cities.

To sum up, urbanization efficiency, the benefits of technological innovation, and air quality are
the largest influences in the indicator system, which indicates that they are key factors in the behavior
of UTA. The subsystem scores of 11 cities show regional differences to some extent.
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3.2. Variations of Coordinated Development Index of UTA Subsystems

3.2.1. Coordination Degree of UTA in 11 Cities

The coordination degree of UTA reflects the behavior and coordination relationship between the
two UT subsystems, UA and TA. Based on Equations (9)-(12), we get the values of CUT, CUA, CTA, and
Ci. Figure 6 shows the radar map of annual coordination degree of 11 cities in Zhejiang in 2006–2017; a
larger radar circle indicates a higher level of coordination between the two systems.Atmosphere 2019, 10, x FOR PEER REVIEW 13 of 20 
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As shown in Figure 6, different cities have significant differences in coordination levels. Based
on the results of the coordination level of CUT, Hangzhou and Ningbo have a higher coordination
level, as well as higher values of SUi and STi, which reflects the coordination level of urbanization
and technological innovation. Hangzhou is the capital city of Zhejiang and has received enough
investment to improve the urbanization. With Zhejiang University and Alibaba as typical examples, the
technology leading platforms have greatly promoted scientific and technological innovation and other
achievements in Hangzhou in terms of talent, information technology, and other factors. As a deputy
provincial city, Ningbo is also a new-type urbanization pilot city. Relying on strong industrial and
economic advantages, Ningbo has achieved remarkable results in terms of urbanization and scientific
and technological innovation. On the contrary, Lishui and Zhoushan have a lower coordination level
of CUT, as well as lower values of SUi and STi, which reflect the low coordination level of urbanization
and technological innovation. There is huge room for improvement in the future. The rest of the
cities, despite their high coordination level of CUT, scored poorly on urbanization and technological
innovation, so there is still great potential for improvement.

As for urbanization and the atmospheric environment system, Ningbo, Wenzhou, Shaoxing, and
Jinhua have a higher coordination level of CUA. These are regions where urbanization and the air



Atmosphere 2019, 10, 652 14 of 21

quality are moving forward in tandem. Lishui, Zhoushan, and Quzhou, though they have high scores
of SAi, lag behind in terms of the urbanization level (SUi), thus affecting the final coordination level
values of CUA. It is urgent to improve the level of urbanization infrastructure and social and economic
investment in these cities.

As for technological innovation and the atmospheric environment system, Hangzhou, Ningbo,
Jiaxing, Huzhou, and Shaoxing, have a higher coordination level of CTA. These cities are the major
regions of Zhejiang’s scientific and technological innovation, with rapid development of high-tech
industries and a fast increase of technological innovation enterprises. They have played a good role in
energy consumption control and air pollution reduction [33]. Similarly, although Quzhou, Zhoushan,
and Lishui have high air environment system scores, their technological innovation levels are relatively
low, which will directly affect the sustainable development of these regions. It is important for these
three cities to explore a new type of urbanization that is led by science and technology, featuring green
strategies and coordinated development.

In addition, when comparing the coordination level of UTA subsystems among cities, we found
that CUT > CUA > CTA, and the latter two coordination levels are generally close. Therefore, it is
an important strategic decision to improve the atmospheric environment system for the sustainable
promotion of new urbanization in Zhejiang. Referring to policies that have become reality in recent
years, with the stated aim to “ Build a beautiful Zhejiang, create a better life,” Zhejiang introduced a
series of governance policies, such as the Action Plan for Prevention and Control of Air Pollution in
Zhejiang province (2013–2017), the 13th Five-year Plan for Industrial Pollution Prevention and Control
in Zhejiang Province, and a Three-year Action Plan to Win the Blue Sky Battle in Zhejiang Province
(2018–2020). Influenced by these policies, Zhejiang Province has made every effort to promote the
cogovernance of the five gases (coal-burning flue gas, industrial exhaust gas, vehicle and ship exhaust
gas, dust and ash gas, and catering exhaust gas), accelerated the transformation and upgrading of
heavily polluting enterprises with the support of scientific and technological progress, vigorously
developed a circular economy and clean production, and established an improved atmospheric
environment supervision system.

3.2.2. Coordinated Development Index of UTA in 11 Cities

The coordinated development index (CDI), represents the behavior of the composite complex
system UTA, which indicates the sustainability of new-type urbanization within the 11 cities in Zhejiang.
As previously described, Table 3 categorizes the degree of coherence between the subsystems of UTA
according to the values of CDI and defines them by five coordination types. Figure 7 shows the annual
classifications of 11 cities by coordination type within Zhejiang, according to the coordination level
defined in Table 3.

From Figure 6, we can see that within the study period, the UTACDI values of all cities are not
high enough, the coordination is mainly at the low, basic, or good level, and none of the cities achieved
excellent coordination. In particular, Lishui experienced a serious imbalance in 2006–2007. According
to the analysis results, the reasons for this are that the urbanization development level and technology
innovation ability of Lishui are in last place in Zhejiang Province, even though Lishui has good air
quality. At the same time, the weak basic ability of urban development also directly affects the quality
of life of local residents and impairs sustainable development.

The UTACDI types of almost all cities have undergone step-by-step evolutionary development.
For example, the cities in the first tier, including Hangzhou, Ningbo, Shaoxing, and Taizhou, have
experienced a transition from basic coordination to good coordination; although the transition time
varied (specifically, Hangzhou entered the stage of good coordination in 2011, Ningbo in 2012,
Shaoxing in 2013, and Taizhou in 2015), these cities all have relatively good urbanization and economic
development levels, as well as outstanding technological innovation capabilities, and they play a better
coordinating role in air governance and improvement. Therefore, we named these high-coordinated
cities. In the second class, the cities of Wenzhou, Jinhua, Jiaxing, and Huzhou have experienced a
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three-level transition from low coordination to good coordination, and their coordinated development
abilities have been rapidly optimized. Therefore, they are defined as rapid-coordinated cities. The
third class comprises three cities, Lishui, Quzhou, and Zhoushan, which have advanced from serious
imbalance to basic coordination. The urbanization and technology innovation abilities of these cities
developed more slowly than in the first class, so they are defined as low-coordinated cities. In particular,
Zhoushan, as a sea-island city, had its coordinated development is restricted by its special geographical
location and basic conditions of urbanization development, which caused it to remain at a basic level
of coordination for a long time.
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In addition, a previous study has revealed that understanding CDI is essential for sustainable
urbanization [18]. Considering the development differences in each city, it is necessary to monitor the
CDI variation in these cities to ensure the sustainability of the urbanization, technology innovation,
and atmospheric environment subsystems.

3.3. Predicted Results of UTACDI Based on GM (1,1)

In order to predict the year that each city will achieve the excellent coordination level, we selected
the GM (1,1) to forecast the CDI value for 2018 and beyond, and ran the process in Matlab7.1 software,
The MathWorks, Inc., MI, USA. Firstly, we tested the predicted value error of the GM (1,1); the relative
error test, relational degree test, mean square error ratio test, and small error probability test results are
shown in Table 4. The relational degree test, also known as a geometric test, tests the similarity between
the shape of the model curve and the shape of the original series curve. Small error probability and
mean variance ratio are the indexes of the residual probability test [62,63].
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Table 4. GM (1,1) error test based on CDI value in 2016–2017.

Error Test 2016 2017
Relative

Error
Relational
Degree

Mean Variance
Ratio

Small Error
ProbabilityCity Actual

Value
Prediction

Value
Actual
Value

Prediction
Value

Hangzhou 0.757 0.726 0.773 0.755 0.041 0.674 0.231 1.000
Ningbo 0.769 0.752 0.760 0.786 0.023 0.681 0.111 1.000

Wenzhou 0.679 0.697 0.759 0.746 0.021 0.601 0.060 1.000
Jiaxing 0.696 0.691 0.711 0.734 0.019 0.602 0.069 1.000

Huzhou 0.655 0.659 0.677 0.698 0.011 0.633 0.061 1.000
Shaoxing 0.704 0.703 0.733 0.742 0.029 0.738 0.152 1.000

Jinhua 0.656 0.654 0.658 0.694 0.021 0.701 0.113 1.000
Quzhou 0.544 0.532 0.547 0.565 0.009 0.704 0.072 1.000

Zhoushan 0.513 0.518 0.546 0.539 0.051 0.727 0.310 0.953
Taizhou 0.646 0.646 0.668 0.676 0.012 0.600 0.032 1.000
Lishui 0.545 0.562 0.559 0.587 0.110 0.613 0.161 1.000

From Table 4 we see that the relative error is mainly between 0.01 and 0.04, but always less than
0.05 (except Lishui); all of the values are within an acceptable error range, which indicates that the
prediction effect of the model is good. Moreover, the relational degree is greater than 0.6, which means
that the prediction result is acceptable; the mean variance ratio is less than 0.35, and the small error
probability is greater than 0.95, indicating that the prediction effect is very good. Hence, comprehensive
evaluation shows that the GM (1,1) has good prediction ability and is suitable for medium- and
long-term prediction in a UTA system.

Thus, we obtain detailed forecast results of UTACDI in 11 cities from 2018 to 2017, as shown in
Table 5.

Table 5. GM (1,1) prediction results of UTACDI in 11 cities in 2018–2027.

Year 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

Hangzhou 0.8145 0.8236 0.8463 0.8792 0.9135 0.9490 0.9860 1.0244 1.0643 1.1058
Ningbo 0.8227 0.8604 0.8999 0.9411 0.9842 1.0293 1.0765 1.1258 1.1774 1.2314

Wenzhou 0.7991 0.8554 0.9157 0.9803 1.0494 1.1234 1.2026 1.2874 1.3782 1.4753
Jiaxing 0.7796 0.8281 0.8795 0.9342 0.9922 1.0538 1.1193 1.1889 1.2627 1.3412

Huzhou 0.7396 0.7832 0.8293 0.8782 0.9299 0.9847 1.0428 1.1042 1.1693 1.2382
Shaoxing 0.7844 0.8282 0.8746 0.9235 0.9751 1.0296 1.0872 1.1480 1.2122 1.2800

Jinhua 0.7387 0.7852 0.8347 0.8873 0.9432 1.0026 1.0657 1.1328 1.2042 1.2801
Quzhou 0.6016 0.6400 0.6808 0.7243 0.7706 0.8198 0.8721 0.9278 0.9871 1.0501

Zhoushan 0.5609 0.5831 0.6062 0.6303 0.6552 0.6812 0.7082 0.7363 0.7655 0.7958
Taizhou 0.7086 0.7420 0.7770 0.8136 0.8519 0.8921 0.9341 0.9781 1.0242 1.0725
Lishui 0.7003 0.7814 0.8718 0.9728 1.0854 1.2111 1.3514 1.5078 1.6824 1.8773

Note: The bolded data represent practical and effective prediction results because the theoretical value range of
UTACDI is [0,1].

From the prediction results in the above table, we can find out when different cities will
achieve excellent coordination. Hangzhou and Ningbo were predicted to enter the stage of excellent
coordination in 2018. In reality, as one of the first batch of cities to enter the national new urbanization
construction pilot, Ningbo vigorously promoted urbanization and high-quality construction after 2017.
For instance, the government issued an annual work plan for the comprehensive pilot project of a
new-type urbanization in Ningbo, specifying the requirements for people’s livelihood, scientific and
technological innovation, and environmental protection [64]. In 2018, relying on technical progress,
Ningbo deepened its industrial waste gas treatment. The cement, steel, and plate glass industries
have completed the renovation of their desulfurization, denitrification, and dust removal facilities.
Thus, the emission of air pollutants decreased rapidly, while the air quality in Ningbo continued to
improve, with the excellent and good rate of air quality in the central urban area being 87.7% in 2018,
2.5 percentage points higher than in the previous year. The average annual concentration of PM2.5 was
33 µg/m3, down 10.8% from the previous year, reaching the national secondary standard (35 µg/m3)
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for the first time. Later, Wenzhou, Jiaxing, Shaoxing three cities, will enter the excellent coordination
level in 2019. Huzhou, Jinhua, and Lishui will enter the excellent coordination level in 2020, followed
by Taizhou in 2021 and Quzhou in 2023. This means that these cities are predicted to take 2–4 years to
adjust their urbanization strategies to achieve the excellent coordination level according to the UTA
system. Considering the particular needs of island cities, UTA coordination in Zhoushan still has
a long way to go. It may need to focus on improving traffic environment, developing marine and
shipbuilding industries, and actively promoting the construction of a free trade zone.

3.4. Policy Implications

The following suggestions for policy-makers can be offered based on the above analysis.
First, special attention should be paid to air quality. A large amount of industrial waste gas,

vehicle tail gas, and road dust is produced in the process of urbanization. Thus, new urbanization
should strictly control pollutant emissions and reinforce clean production. To achieve this goal, the
scientific disposal of waste gas should be promoted. Science and technology should play a further
role in dealing with air pollution and improving the investment efficiency for pollutant treatment so
that the air quality in Zhejiang can catch up to the pace of urbanization and the UTA system will have
coordinated development.

Secondly, the modernization of city governance should be a focus. The governance capability
of new urbanization should be promoted. Modern information technology and city governance
service should be merged, and intellectual public service should be developed. Science and technical
innovation should be applied to city services and pollutant treatment in order to achieve excellent
coordination as soon as possible. The top-class cities like Hangzhou and Ningbo can set good examples,
and information technology should be exported to other cities so as to improve the management and
service capabilities of surrounding cities and promote coordinated development.

Thirdly, balanced development is important. The urbanization development in Zhejiang shows
significant regional differences. Cities in the second category should try their utmost to overcome
their weaknesses, considering their own situations so as to maintain the coordinated development
of urbanization, science, and the environment. The third category cities (less coordinated cities like
Lishui, Quzhou, and Zhoushan), which lag behind in the urbanization and science indexes, may
consider taking the advantage of their healthy environment and rich natural resources to promote the
development of ecological agriculture, tourism, and marine industry. Logic and systematic working
should be applied to these industries to achieve balanced development.

4. Conclusions

Rapid and disorderly urbanization can cause serious environmental problems, so the promotion
of sustainable new-type urbanization is a vital goal. A major step towards this goal is to balance and
coordinate the relationships between urbanization, technological innovation, and the environment.
This paper takes increasing concerns about the atmospheric environment system as a starting point
to measure the sustainable development of urbanization. Furthermore, we investigate the three
subsystems of UTA at the same level to highlight the important coordination and linking role of
technological innovation in urbanization and the atmospheric environment. Compared with purely
economic or social approaches, systems theory coupled with complexity science is selected to assess
sustainable new-type urbanization. We think that sustainable new-type urbanization requires the
long-lasting, coordinated development of UTA systems, and needs to go hand-in-hand with the current
construction of a Beautiful China.

Then, we conducted a coordinated development index of UTA that indicates the sustainability of
new-type urbanization. Taking 11 cities in Zhejiang as examples, we illustrated how the comprehensive
indexes and CDI can show the degree of coordination and coherence of UTA. The results showed that
the comprehensive score of urbanization and technological innovation system in 11 cities showed a
trend of steady growth, while the comprehensive atmospheric environment score of 11 cities showed
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fluctuation. Comparing the coordination level of UTA subsystems, we found that CUT > CUA >

CTA, and the latter two coordination levels are generally close. This suggested that the atmospheric
environment system improvement is an important strategic decision for sustainable new urbanization
in Zhejiang. Furthermore, within the study period, the UTACDI values of all cities were not high
enough; the coordination levels were mainly low, basic, or good, and none of the cities reached the
stage of excellent coordination. The coordination levels of the UTA systems in different cities are
significantly different, thus, we divided the 11 cities into three categories: high-coordinated cities
(Hangzhou, Ningbo, Shaoxing, and Taizhou), rapid-coordinated cities (Wenzhou, Jinhua, Jiaxing, and
Huzhou) and low-coordinated cities (Quzhou, Lishui, and Zhoushan).

To predict the year that each city would achieve the “excellent” coordination level, we selected
GM (1,1) to forecast the CDI value for 2018 and beyond. The results revealed that the time taken to
achieve excellent coordination is different for different cities. Hangzhou and Ningbo were predicted to
achieve the excellent coordination level in 2018. Other cities are predicted to take 2–4 years to adjust
their urbanization strategies to achieve excellent coordination.

In fact, there are various ways to evaluate the sustainable development of new urbanization.
This paper constructs a new analysis framework by UTACDI and provides a reference for China’s
new urbanization construction and relevant policy-making. On the one hand, the construction of
new urbanization must improve or at least maintain the environment, including the atmospheric
environment. On the other hand, the sustainable development of new urbanization must rely on the
support of scientific and technological progress. At the same time, we must realize that different cities
have different sustainable development strategies due to their different development backgrounds.
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