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Abstract: Reasonable spatial system distribution is the prerequisite for the optimization of resource
and spatial allocation and the coordinated development of the regional economy. Therefore, correctly
identifying the impact of different types of spatial structures on scientific and technological innovation
is an important way to promote the rational layout of regional spatial structures and enhance the
strength of regional scientific and technological innovation. Based on the theory of regional spatial
structure and panel data of 26 provinces and autonomous regions in China from 2005 to 2019, this
paper tested the impact of regional spatial structure on innovation efficiency and gap by constructing
the regional spatial structure index, the innovation efficiency index, and the innovation gap index.
The research results show that: First, the agglomeration effect produced by a single-center spatial
structure is conducive to improving the efficiency of scientific and technological innovation, whereas
the spillover effect generated by a multi-center spatial structure is more favorable for narrowing
the gap in scientific and technological innovation. Second, the single-center spatial structure is
more suitable for provinces and cities in the western region with relatively low levels of economic
development, whereas the multi-center spatial structure is more beneficial to the achievement of
innovative and high-quality development in the eastern region. Third, the moderating effect analysis
shows that with an increase in cultural diversity and inter-city distance, the partial effects of the
single-center spatial structure on innovation efficiency present an “N” shape and an “inverted-U”
shape, respectively, whereas the partial effects of the multi-center spatial structure on the innovation
gap exhibit “inverted-U” shapes. This research not only provides theoretical support for the impact
of regional spatial structure on innovation efficiency and gap but also offers empirical evidence for
future regional development path choices.

Keywords: technological innovation efficiency; innovation gap; regional spatial structure; regional
heterogeneity

1. Introduction

Since 2010, China’s economic growth rate has shown a clear trend of fluctuation and
decline. From 2010 to 2019, the annual growth rate of China’s GDP dropped from 10.64%
to 6.11%. It can be seen that although China has realized its new normal of transition from
high-speed growth to medium-high growth in the current stage of economic development,
the problem of a conversion fault between old and new kinetic energy caused by the rapid
decline in traditional kinetic energy and the insufficient growth of emerging kinetic energy
is still serious. Technological innovation is the primary driving force for development and
implementing an innovation-driven development strategy is conducive to accelerating
the conversion from old kinetic energy into new kinetic energy. In fact, the CPC and
the Chinese government have always been committed to improving the level of regional
innovation and have achieved remarkable results. As shown in the 2019 World Intellectual
Property Report, Shanghai and Beijing have become two of the top ten global innovation
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hotspot cities, whereas the regional innovation capabilities of Guangdong, Zhejiang, and
Jiangsu in the eastern coastal area have also been significantly improved. At the same time,
some cities in the central and western areas are gradually converging toward high-level
innovation cities. The 2019 China Regional Innovation Capability Evaluation Report shows
that the innovation and development capabilities of Chongqing, Hubei, and Anhui have
ranked among the top 10 in China. However, in the current stage, there is still a lot of room
for improvement in the development of China’s scientific and technological innovation. In
addition, with the further escalation and proliferation of Sino–US trade frictions, as well as
the restriction and suppression of China’s high-tech enterprises and technologies by the US,
there is a more urgent need for China to accelerate scientific and technological innovation.

The adjustment of regional spatial structure has always been considered one of the im-
portant ways to promote regional development, namely allocating and combining scattered
resources and elements through a spatial organization to improve the utilization efficiency
of elements and resources (Zheng, 2014) [1]. In general, from the perspectives of morphol-
ogy and function, regional spatial structure can be divided into two types: single-center
spatial structure and multi-center spatial structure (Yu et al., 2022) [2]. As a model for imple-
menting spatial structure-driven strategies (Spyra et al., 2021; Dembińska et al., 2022) [3,4],
the EU has been continuously promoting the project process of spatial structure-driven re-
gional sustainable development, from the European Spatial Development Planning Network
(ESDP), Sustainable Development Management of European Polycentric Mega-City Regions
(POLYNET), to the European Spatial Planning Observation Network (ESPON). Similarly,
whether it is the construction of large-scale urban agglomerations, such as the Beijing-Tianjin-
Hebei region, the Yangtze River Delta, and the Guangdong-Hong Kong-Macao Greater Bay
Area, or the establishment of nine national central cities, such as Beijing, Shanghai, and
Guangzhou on a small scale, it is clear that both central and local governments in China
are trying to seek spatial balance with the strategy of spatial structure and promote the
coordinated development of different regions (Wu et al., 2021; Ma et al., 2022) [5,6].

Meanwhile, active explorations have long been conducted in academia to promote
the development of the urban agglomeration economy and identify the appropriate urban
development model through the optimization of spatial structure. Despite lacking a unified
definition, monocentricity and polycentricity are a group of close-to-intuitive and well-
understood concepts that express two different distribution states (Zhang et al., 2018) [7].
In simple terms, a single center describes that most of the population or employment
is concentrated in a certain center within a certain area, whereas a multi-center spatial
structure describes that the population or employment is distributed to a “comparable
strength” in multiple centers within a certain range (Arribas and Sanz, 2014) [8]. In addition,
it should be noted that single- and multi-center have no definite dividing line. In theory,
they are a series of continuous states, where the spatial structure, in reality, is mostly
located (Wu, 2021) [9]. Moreover, they are a debate on the way of urban expansion or
spatial growth. In particular, the spatial distribution pattern of population/employment is
of crucial importance when urban population size reaches a certain threshold (Brezzi and
Veneri, 2014; Rauhut, 2017; Sun and Lv, 2020) [10–12].

With the growing status of regional spatial structure in regional development, the
economic, social, and ecological environmental effects of different spatial structures have
gradually drawn the attention of the academic community. Firstly, the regional spatial
structure has economic effects. Existing literature argues that different types of spatial struc-
tures have heterogeneous effects on regional economic performance (Sun et al., 2019) [13].
Some scholars believe that a single-center structure has a higher possibility of generating
agglomeration economies (Burger et al., 2014) [14], which can accelerate the agglomeration
and exchange of population, knowledge, and information (Zhang et al., 2020) [15] so as to
take advantage of the continuous improvement of transportation, network, etc. infrastruc-
ture realizes agglomeration externalities (Li and Liu, 2018; David et al., 2022) [16,17], and
then promotes the economic development of the entire region through a “point-to-surface”
approach. Some scholars also maintain that the excessive agglomeration effect of a single
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center will bring about congestion, pollution, high housing prices, public health crises, and
other agglomeration uneconomic phenomena (Chen et al., 2021) [18], and even produce
agglomeration shadows (Krugman, 1993; Volgmann and Rusche, 2020) [19,20]. One of the
important ways to solve the above problems is to decentralize agglomeration and give
play to the scale borrowing effect (Meijers and Burge, 2017) [21]. That is to say, multiple
centers are set up in a larger space (Lin, 2015) [22], which can achieve the economic benefits
of scale and agglomeration through the close connection and division of labor among
spatial units (Zou et al., 2020; Jun, 2020) [23,24] in order to promote high-quality regional
development (Mukim, 2015; Haider et al., 2018) [25,26]. Secondly, the regional spatial
structure has social effects. Existing research on the social effects of spatial structure mainly
focuses on what type of spatial structure can solve social problems like income and land
prices. First, a large number of scholars’ studies have shown that a single-center spatial
structure is more inclined to form market segmentation under the effect of local protection,
reducing employment opportunities for workers in other regions (Duranton, 2015) [27]
and thus lowering income levels and widening income gaps (Garcia-López and Moreno-
Monroy, 2018) [28]. Second, some scholars believe that a multi-center spatial structure
may accelerate traffic congestion (Li et al., 2019) [29] and significantly inhibit high urban
land price levels (Sun and Lv, 2020) [12], which however will increase the level of land
prices in low sections of a city and the overall average land prices in the city (Wen and Tao,
2015) [30]. Third, the regional spatial structure has environmental effects. With the con-
tinuously deepening status of the ecological environment in regional development, some
scholars have begun to probe into the impact of different types of spatial structures on the
ecological environment. The research results of some scholars have suggested that urban
spatial structure has a significant impact on environmental quality and energy consumption
(Guo et al., 2019) [31]. Among them, the multi-center spatial structure has a more balanced
job-housing distribution (Chen et al., 2021; Liu et al., 2022) [32,33], and residents have less
demand for commuting (Sun et al., 2020) [34], giving rise to less environmental pollution
(Xu et al., 2022) [35]. Nevertheless, some scholars hold that multi-center spatial structure
may lead to urban sprawl and development (Bereitschaft and Debbage, 2013) [36], resulting
in a large amount of smog and harmful gas emissions (Bai et al., 2019) [37] and thereby
aggravating air pollution (Han et al., 2020) [38].

Although the impact of urban spatial structure on various aspects, such as urban
economic growth, traffic congestion, and the ecological environment, has been analyzed in
existing research, which provides inspiration and effective methods for this study, there
are still some limitations. Firstly, few studies have explored the relationship between
spatial structure and technological innovation, which is the core driving force of regional
development. Secondly, there is a lack of research results on which spatial structure is more
conducive to regional innovation and development. Thirdly, most existing studies have
been conducted from a single dimension of efficiency or fairness rather than systematically
evaluating the performance of regional spatial structure from multiple dimensions.

To sum up, the issues that this paper focuses on are: At present, under the guidance of
the development strategy of building an innovative country, local governments in China are
committed to formulating corresponding policies to promote the improvement of regional
innovation levels. Hence, can the win-win situation of the rational development of urban
spatial layout and the rapid growth of scientific and technological innovation be achieved
through the adjustment of spatial structure? That is to say, which form of spatial structure
is more conducive to promoting the efficiency of scientific and technological innovation? In
addition, the spatial development patterns and the distribution of innovation factors across
China are highly different. Is there any heterogeneity in the impact of different spatial
structures on technological innovation?

To explain the above problems, this paper used the panel data of 26 Chinese provinces
and autonomous regions from 2005 to 2019 and tested the effects of regional spatial struc-
ture on the efficiency and gap of technological innovation by constructing regional spatial
structure, innovation efficiency, and innovation difference indices. On this basis, the mod-
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erating role of culture and inter-city distance in the impact of regional spatial structure
on technological innovation was further discussed. Compared with previous studies, this
research has the following possible contributions: First of all, it analyzes the impact of dif-
ferent spatial structures on technological innovation from the two aspects of efficiency and
gap, deepening the related research on regional spatial structure effects. Secondly, it studies
the moderating effects of cultural diversity and inter-city distance, revealing the boundary
of the influence of different spatial structures on innovation and providing a reference for
different regional governments to formulate appropriate spatial planning and innovation
planning. Finally, this paper explores the regional heterogeneity of the innovation effect
of spatial structure, showing that single-center spatial structures in underdeveloped areas
have higher innovation efficiency but smaller innovation gaps than multi-center ones.

2. Characteristic Facts and Theoretical Analysis
2.1. Basic Characteristic Facts

The population Pareto index calculated in 2020 was used as the measurement index
of the regional spatial structure index, and 26 provinces and cities across the country
were divided into single- and multi-center spatial structures according to the calculation
results. On this basis, the technological innovation strength, efficiency, and gap of the top
10 provinces and cities in monocentric and polycentric spatial structures were calculated,
respectively.

2.1.1. Stronger Sci-Tech Innovation Capabilities of Provinces and Cities with a
Single-Center Spatial Structure

As shown in Figure 1, the technological innovation input or output of provinces
and cities with a single-center spatial structure is much higher than that of those with a
multi-center spatial structure. From the perspective of sci-tech innovation investment, the
average full-time equivalent of R&D personnel and internal expenditure of R&D funds in
the top 10 provinces and cities with a single-center spatial structure in 2020 are 7.39 and
10.11 times the average of those with a multi-center spatial structure, respectively. From
the perspective of sci-tech innovation output, the average number of patent grants and
the main business income of high-tech industries in the top 10 provinces and cities with a
single-center spatial structure are 16.25 and 29.11 times the average of those with a multi-
center spatial structure, respectively. This means that a single-center spatial structure tends
to have more sci-tech innovation resources with greater density compared to a multi-center
spatial structure, leading to a larger agglomeration effect and higher efficiency brought
about by the shared division of labor and specialization in technology. A single-center
spatial structure is conducive to strengthening sci-tech innovation strength. With the
reallocation of innovation resources across the country, a single-center spatial structure will
be more beneficial to absorbing high-quality innovation resources, thereby enhancing the
strength of regional sci-tech innovation.

2.1.2. Smaller Internal Innovation Gap between Provinces and Cities with a Multi-Center
Spatial Structure

As presented in Figure 2, the innovation efficiency of regions with different spatial
structures and the innovation gap between inner cities are different. Specifically, the
two spatial structures are basically the same in the aspect of technological innovation
efficiency. The average innovation efficiency of the top 10 provinces and cities with a single-
center structure is slightly higher than that of those with a multi-center structure. This
phenomenon further illustrates the agglomeration effect and scale effect brought by a single-
center structure, which can promote the rational use of innovation resources, and thus
better contribute to improving innovation efficiency. In terms of the innovation gap, the
average innovation gap within provinces and cities with a multi-center structure is much
smaller than that within those with a single-center structure. This result is basically in line
with the cognition of the authors in this paper. That is, a multi-center spatial structure will
promote the equal distribution of innovation resources, which is of use to the coordinated
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and balanced development of a region. Besides, the technological innovation network
formed by a multi-center spatial structure can promote the flow of innovation elements
to expedite the spillover effect of innovation, which is more conducive to narrowing the
regional innovation gap.
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2.2. Theoretical Analysis and Research Assumptions
2.2.1. Impact of Spatial Structure on Innovation Efficiency

Generally speaking, the innovation output of the regional innovation sector is formed
by the joint action of capital, labor, and factors. In the free market without considering
income distribution, therefore, its production function was assumed to conform to the
standard Cobb–Douglas production function:

Y = ALcKd (1)
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where A is the total factor productivity in the innovation process, which can represent
innovation efficiency (Hsieh and Klenow, 2009) [39]; Y represents the output of sci-tech
innovation; K denotes the capital stock of sci-tech innovation; L refers to the labor of sci-tech
innovation; c and d stand for the output elasticity coefficients of innovation capital and
labor, respectively. The depreciation rate of all innovative equipment was assumed to be
100%. Under the condition of constant return to scale (c + d = 1), the average salary of the
innovation sector in city i in period t was:

wit = ptdAKc
itL

d−1
it (2)

where pt is the relative price of innovative products in period t. The region was assumed
to have j cities and a first one, which can be divided into the sum of all other cities
(a city) and the first one (b city). Then, the innovation production functions of a and b
were: Ya = ALηKϕ and Yb = ALαKγ. The total number of innovators in the region was the
sum of the number of innovators in a and b, and the regional spatial structure (S) was the
proportion of the population of the first city (Lb) to the total population in the region. The
larger the index was, the higher the degree of monocentricity would be, and vice versa, the
more the region tended to be polycentric:

L = La + Lb (3)

S =
Lb
L

(4)

Referring to the method of Zheng (2014) [1], the utility function of innovative talents
was assumed to conform to the Cobb–Douglas production function. In the case of constant
returns to scale, their income was mainly used for the consumption of sci-tech and other
commodities with a unit of 1. The formula was:

Ui = riX
y
i (K

h
i /C1Li)

1−y
(5)

where Uit is the utility function of innovative talents in city i; Xy
it represents the consumption

of other commodities by innovative talents in city i; Kh
i denotes the consumption of sci-tech

commodities by innovative talents in city i; Li stands for the input of innovative labor
force in city i; ri refers to the innovation resources of city i; C1 is a constant; y means the
elasticity of substitution between the consumption of technology and other commodities
for innovative talents, with a value range of (0, 1).

Referring to the relevant research of Zou et al. (2022) [40], all the income of innovative
talents in period t was assumed to come from the remuneration of labor in period t and
the interest earned from savings in period t − 1. These incomes were mainly spent on
technology and general consumption as well as savings. The budget constraint of the utility
function of innovative talents was:

wit + (
Ri,t−1

πit
)Di,t−1 = Xit + (

Kh
it

C1Lit
)(1 + Rh

it) + Dit (6)

where wit is the salary income of innovative talents in city i at time t; Ri,t−1 represents the
savings rate in city i at time t − 1; πit denotes the inflation rate in city i at time t; Rh

it refers
to the consumption of sci-tech goods in city i at time t; Di,t−1 and Dit are the amount of
money stored in city i at time t − 1 and t, respectively.

No unemployment and population growth was assumed to occur. The only way for
regional spatial structure to evolve was population flow. Whether innovative talents in
city b chose to flow to city a mainly depended on the wage difference between the two
cities and various costs brought about by mobility. When liquidity costs were taken into
consideration, the equilibrium conditions for the innovative labor market were:

E(Ub) = E(Ua)− G (7)
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where E(Ua) and E(Ub) represent the utility function of innovative talents in cities a and b,
respectively; G stands for the sum of various intangible costs brought by the flow from city
b to a. According to the research of Cao and Birchenall (2013) [41], the above formula can
be expressed by the average salary of innovative talents:

E(wb) = τE(wa) (8)

where τ , eG/(1+β) > 1, τ is the wage gap between cities a and b, and β is the discount
factor. Under free market conditions, the equilibrium formula of the labor market can be
expressed as:

wb = τwa = τη(1− S)η−1Lη−1 (9)

Formulas (2) and (9) were combined to get:

τη(1− S)η−1Lη−1 = pdAKcLd−1 (10)

A =
τη(1− S)η−1Lη−1

pdKcLd−1 = HLθ (1− S)η−1

Kc (11)

where H = τη
pd , θ = η − d. It can be seen from Formula (11) that c, d, and η are constant and

the value range is between (0, 1), τ is the wage gap between cities a and b, and its value is
greater than 1. p is the relative price of an innovative product and its value is greater than 0.
Hence, H is a constant and its value is positive. The value of θ is between (−1, 1), and the
value range of η − 1 is (−1, 0). To sum up, innovation efficiency (A) and regional spatial
structure (S) had a positive nonlinear effect. That is, the larger the regional spatial structure
index was, the higher the innovation efficiency would be under the condition of controlling
innovation labor and innovation capital investment.

Hypothesis 1 (H1). Single-center spatial structure can better promote the efficiency of regional
sci-tech innovation.

2.2.2. Impact of Spatial Structure on Innovation Gap

However, previous studies have not considered the innovation gap between cities.
Starting from the calculation method of spatial structure, this study believed that regions
can be divided into the first city (a city) and the sum of all other cities (b city). The innovation
gap is mainly composed of three aspects, namely the innovation gap within the first city,
that among all other cities, and the gap between the first city and all other cities. According
to the research of Shorrock and Wan (2005) [42], therefore, the overall regional innovation
gap (I) can be expressed as:

I= (1− S)Ia + SIb + (1− S)ln
(

w
wa

)
+ Sln

(
w
wb

)
(12)

where w is the average salary of innovators in the region as a whole. Equations (8) and (12)
were combined to get:

I= (1− S)Ia + SIb + ln[(1− S) + τS]− Slnτ (13)

where SIa, (1− S)Ib and ln[(1− S) + τS]− Slnτ are the innovation gap within the first
city, that of all other cities, and the gap between all cities, respectively. Since the innovation
gap considered in this study was mainly reflected in regional differences, Formula (13) can
be adjusted as:

I = ln[(1− S) + τS]− Slnτ (14)
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In order to further study the relationship between the innovation gap and urban spatial
structure, a social welfare function was proposed according to Sen and Foster (1997) [43]:

SW = we−I = [(1− S)wa + Swb]e−I (15)

The constraints for maximizing the social welfare function were:

(1− S)η Lη−1 = µ
1+β (1 +

βa
p )[(1− S)wa + Swb]

wa = η(1− S)η−1Lη−1

wb = pγAkαSγ−1Lα+γ−1

a = pαAkα−1SγLα+γ−1

pk = β
1+β [(1− S)wa + Swb]

(16)

where µ is the ratio of innovative products in city a to the total number of regional innova-
tive products. Equation (16) can be substituted into Equation (15) to get:

SW = e[lnη+(η−1)lnL+I]+∏ (s) (17)

m =
( 1+β

µη − 1)[
1 + α

γ (1 + β)
] (18)

∏ (s)= (η − 1 + S)ln(1− S) + Slnm (19)

where m is the range of values (0, 1). The logarithm of both sides of Formula (17) can be
taken to get:

lnSW = [lnη + (η − 1)lnL + I + (η − 1 + S)ln(1− S) + Slnm] (20)

Equation (20) can be converted to:

I = K− (η − 1 + S)ln(1− S)− Slnm (21)

where K = lnSW − lnη − (η − 1)lnL; K is a constant with a value of (0, 1). It can be seen
that Formula (21) can be regarded as a function of the regional spatial structure S as the
independent variable and the innovation difference I as the dependent variable. At this
time, the first derivative function of innovation difference I with respect to the regional
spatial structure was: S

I′ = −lnm + 1 +
η − 1 + S

1− S
(22)

where I′ > 0 since S is within the value range of (0, 1). That is, Formula (21) is a monotoni-
cally increasing function. I → K > 0 when S→ 0 and I → +∞ when S→ 1 . It can be
seen that the innovation gap (I) was positively correlated with the regional spatial structure
(S). That is, the greater the regional spatial structure index was, the greater the innovation
gap would be under the condition of controlling the innovation labor input unchanged.
This result is basically in line with cognition. That is, the technological innovation network
formed by multiple centers can promote the flow of innovation elements, and the inno-
vation spillover effect is significant, which is more conducive to narrowing the regional
innovation gap.

Hypothesis 2 (H2). Multi-center spatial structure is more conducive to narrowing the technologi-
cal innovation gap between regions.



Sustainability 2022, 14, 12095 9 of 22

3. Research Methods and Data Sources
3.1. Measurement of Key Variables
3.1.1. Measurement of the Regional Spatial Structure Index

(1) Pareto Index (PI)
ln(R− 0.5) = C + PI ∗ ln S (23)

where PI is the Pareto index, R is the ranking of each city in the province in descending
order of the number of residents, S is the number of residents in each city in the
province, and C is a constant. The larger the PI is, the more the regional spatial
structure will be inclined to be a single-center one. The smaller the PI is, the more the
regional spatial structure is likely to be a multi-center one.

(2) Herfindahl–Hirschman Index (HHI)

HHI =
n

∑
i=1

(
Si
S

)2
(24)

where HHI is the Herfindahl–Hirschman index, and S and Si are the total population
of a province and the population of i city in the province, respectively. Consistent
with the Pareto index, the larger the Herfindahl–Hirschman index is, the more the
regional spatial structure is inclined to be a single-center one.

3.1.2. Measurement of the Technological Innovation Efficiency Index

DEA method is a common nonparametric statistical estimation method for multi-input
and multi-output effectiveness evaluation. However, both the traditional CCR and BCC
models may have multiple effective decision-making units with an efficiency value of 1,
which results in failure to compare these decision-making units. Therefore, this paper
draws on the practice of Wang and Ren (2022) [44] and Song and Han (2022) [45] to select
the full-time equivalent of R&D staff and the internal expenditure of R&D as the personnel
and economic input of scientific and technological innovation, respectively, and the number
of patent applications authorized and the main business income of high-tech industries
as the direct and indirect output of scientific and technological innovation, respectively.
Then the super-efficiency DEA model is adopted to realize the comparative analysis of the
scientific and technological innovation efficiency of each decision-making unit. Its formula
is as follows:

SE =



min
[
θ − ε(eTs−) + eTs+

]
n
∑

j=1
xjλj + s− ≤ θxj0

n
∑

j=1
yjλj − s+ ≤ yj0

n
∑

j=1
λj = 1

λj ≥ 0, j = 1, 2, L, n, j 6= j0
s+ ≥ 0, s− ≥ 0


(25)

where n represents the number of decision-making units, xj0 and yj0 are the input and
output values of j0 unit, respectively, and θ is the input reduction ratio.

3.1.3. Measurement of the Technological Innovation Gap Index

This paper draws on the practice of Kong et al. (2017) and Ahn and Yoon (2020) [46,47],
using the total number of patent applications authorized as the core indicator and the
coefficient of variation (CV) to measure the technological innovation gap of provincial
spatial units. Its formula is as follows:

CV =
SD
x

(26)



Sustainability 2022, 14, 12095 10 of 22

where CV represents the coefficient of variation of the technological innovation gap in
province a, x is the average number of patent applications authorized in province a, and
SD is the standard deviation of the numbers of patent applications authorized in all cities
in province a.

3.2. Research Methods

Based on previous theoretical analysis, this paper attempted to establish the empirical
functions of regional spatial structure and innovation efficiency and gap as follows:

ln(E f f ii,t) = θ0 + θ1ln(Pcapi,t) + θ2ln(Phumi,t) + θ3ln(Strui,t) + ∑ θj ln Xi,t + µi + δt + εi,t (27)

ln(Di f fi,t) = θ0 + θ1ln(Strui,t) + ∑ θj ln Xi,t + µi + δt + εi,t (28)

where Stru is the spatial structure measured by PI. The larger the index was, the more the
regional spatial structure tended to be single-center, and vice versa, it tended to be multi-
center. Effi represents the efficiency of sci-tech innovation using the full-time equivalent
of R&D personnel and the internal expenditure of R&D funds as input indicators, and
the number of patent applications authorized and the main business income of high-tech
industries as output indicators calculated using the super-efficiency data envelopment
analysis (DEA) model. Diff represents the sci-tech innovation gap, with the total number
of patent authorizations as the core indicator. The coefficient of variation (CV) was used
to measure the sci-tech innovation gap of provincial spatial units. Pcap stands for the
innovation capital per labor (expressed as the ratio of social fixed asset investment in
scientific research and technical service industries to gross domestic product), and Phum
denotes the human capital per labor (expressed as the proportion of graduates or above
in all employees). X refers to other factors that may affect the efficiency and gap in
technological innovation, mainly including the economic development level measured by
per capita GDP (Pgdp), the information infrastructure measured by the number of Internet
broadband access users (Info), the government expenditure on science and technology
measured by the proportion of science and technology expenditure in government fiscal
expenditure (Gove), the local market demand measured by the proportion of total retail
sales of social consumer goods in GDP (Mark), and the openness level measured by the
proportion of actually utilized foreign investment in GDP (Open). µi represents the regional
fixed effect that does not change with time, δt is the time fixed effect that does not change
with the individual, and εi,t is the random error.

3.3. Data Sources

Given that the focus of this paper, regional spatial structure, is morphological, whereas
the administrative structure within the municipality is special, the spatial structure division
of which is functional, the four municipalities of Beijing, Shanghai, Tianjin, and Chongqing
were excluded. In addition, due to the almost total lack of relevant data in the Tibet Au-
tonomous Region, it was also eliminated. In this study, indicators such as spatial structure,
innovation efficiency, and innovation gap were calculated by relevant formulas, and the
data for other variables were collected from the 2006–2020 China Statistical Yearbook, China
Urban Statistical Yearbook, and China Science and Technology Statistical Yearbook Data.
Some missing data were filled up by the interpolation method. The statistical description
of the relevant variables is shown in Table 1.
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Table 1. Statistical description of the relevant variables.

Variable Obs Mean Std. Dev. Min Max

PI 390 1.353 0.518 0.394 2.480
HHI 390 1.975 1.938 0.030 6.091
Effi 390 0.423 0.302 0.070 1.230
Gini 390 0.644 0.155 0.375 0.930
CV 390 0.190 0.290 0.044 1.683

Pcap 390 0.317 0.186 0.083 0.802
Phum 390 0.517 0.954 0.122 5.082
Pgdp 390 3.343 1.731 1.312 7.607
Info 390 0.066 0.095 0.002 0.517

Gove 390 1.820 1.501 0.492 6.584
Mark 390 34.636 4.716 23.887 44.137
Open 390 2.358 2.028 0.049 7.961

4. Results Analysis
4.1. Analysis of Benchmark Results

According to Formula (27), the spatial structure and sci-tech innovation efficiency in-
dex were regressed. The specific results are shown in Table 2. Model (1) was the regression
result after the addition of two variables, namely capital per labor and human capital per
labor. Model (2) was the regression result after the addition of other control variables. It can
be seen from the benchmark regression results that the regression coefficient of the spatial
structure index was significantly positive whether it was regression alone or after the addi-
tion of control variables. At the provincial level, therefore, the spatial organization form in
which elements were mainly concentrated in a large city can better exert an agglomeration
effect, and the uneconomic phenomenon brought about by the agglomeration of such
elements was not serious. Hence, the overall allocation of sci-tech innovation resources in
the region was more efficient with the expansion of the scale of agglomeration. The possible
reasons are as follows: Firstly, central cities with a single-center spatial structure often have
the highest economic and political status. Thus, the resulting agglomeration effect can
quickly gather relevant technological innovation elements such as technological innovators
and innovation funds in central cities, contributing to the higher efficiency of technological
innovation. Secondly, central cities with a single-center spatial structure are more capable
of gathering large-scale and high-efficiency scientific and technological innovation entities,
which often have the advantages of resource absorption and allocation and can benefit
from the scale effect in the process of scientific and technological innovation. It is conducive
to the allocation and reorganization of scientific and technological innovation resources.
Finally, with a single-center spatial structure, central cities tend to have stronger market
control capabilities, as well as less competition and repulsion from other cities (Meijers
and Burger, 2017) [21]. Thus, they are more likely to accelerate the spillover and diffusion
of innovation elements and achievements, thereby contributing to higher scientific and
technological innovation efficiency.

After the addition of other control variables, the regression coefficients of the spatial
structure index remained significantly positive, and the regression results of the main
control variables were basically consistent with expectations. The coefficients of innovation
capital stock per labor (Pcap) representing the scale of sci-tech innovation and human
capital stock per labor (Phum) representing the quality of sci-tech personnel were both
significantly positive, indicating that both economic and human capital accumulations are
conducive to improving technological innovation efficiency. Khalifa et al. (2022) consider
that technological innovation will require financial resources [48]. The coefficient of gov-
ernment intervention (Gove) was significantly negative, indicating that the investment
of the government in technological innovation cannot improve the efficiency of regional
innovation. In addition, improving the level of regional economic development, improving
the construction of regional information infrastructure, expanding the demand of the local
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market, and strengthening opening to the outside world will all contribute to improving
the efficiency of sci-tech innovation.

Table 2. Benchmark regression results.

Variable M (1) M (2) M (3) M (4)

PI
0.078 * 0.087 ** 0.072 * 0.132 *
(1.78) (2.14) (1.90) (1.90)

ln_Pcap 0.114 ** 0.128 **
(2.12) (2.16)

ln_Phum
0.395 ** 0.389 **
(2.32) (2.72)

ln_Pgdp 0.249 *** −0.300 **
(2.98) (−2.67)

ln_Info
0.446 *** −0.421 ***

(3.32) (−3.30)

ln_Gove
−0.484 ** 0.078 *
(−2.32) (1.85)

ln_Mark
0.823 * −0.381 **
(1.90) (−2.56)

ln_Open 0.208 ** −0.154 *
(2.27) (−1.76)

_cons −1.211 *** −2.774 −2.174 *** −3.394
(−3.77) (−0.34) (−10.49) (−0.48)

Adj R2 0.533 0.605 0.668 0.663
Notes: 1. The value of t is in parentheses; 2. ***, ** and * indicate significance at 1%, 5%, and 10% significance
levels, respectively.

According to Formula (28), the population Pareto index and technological innovation
gap index were regressed separately, and the results are reported in columns (3) and (4) of
Table 1. It can be seen from the benchmark regression results that the regression coefficient
of the spatial structure index was significantly positive whether it was a separate regression
or after the addition of a control variable. That is, the regional technological innovation
gap decreased with the decrease in the spatial structure index. At the provincial level,
therefore, the formation of a polycentric city network can fully display the effect of mutual
borrowing of scale. The existence of such network externalities would accelerate the techno-
logical innovation of small- and medium-sized cities, thereby narrowing the technological
innovation gap between regions. The possible reasons are as follows. First of all, it is
easier for small- and medium-sized cities to realize the effect of mutual borrowing of scale
under a multi-center structure. That is to say, small- and medium-sized cities can burden
the diffusion and spillover effects of large cities through spatial proximity or functional
connection with large cities, relying on the construction of complete transportation and
information infrastructure in the region (Meijers and Burger, 2017) [21], so as to narrow
the regional technological innovation gap. Secondly, a multi-center spatial structure often
has stricter dislocation development principles, thus having a more reasonable industrial
labor division system (Arribas and Sanz, 2014) [8]. This is conducive to the division of
labor and cooperation among different types of scientific and technological innovation
entities between cities, which narrows the technological innovation gap between regions.
Finally, under a multi-center structure, the levels of each central city are close, whereas the
flow of innovation elements is more convenient, with lower costs. This is favorable for the
formation of a close scientific and technological innovation network between cities so that
the regional scientific and technological innovation gap becomes smaller.

After the addition of other control variables, the regression coefficient of the spatial
structure index was still significantly positive, and the regression results of the main control
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variables were basically consistent with expectations. The influence coefficients of economic
development level (Pgdp), information infrastructure (Info), market demand (Mark), and
opening to the outside world (Open) were all significantly negative, indicating that the
promotion of economic development, the improvement of infrastructure construction, the
expansion of local market demand, and the strengthening of external opening up will help
narrow the technological innovation gap between cities in a province. The coefficients
of government intervention (Gove) and human capital stock (Huma) were significantly
positive mainly because government spending on science and technology and talent flow
tended to agglomerate in cities with high economic levels and strong innovation capabilities,
thereby increasing inter-regional economic growth and the innovation gap.

4.2. Robustness Check

In this paper, two methods of replacing explanatory and explained variables were
adopted to test the robustness of the benchmark regression results. First, the number of
patents granted per 10,000 people (Ppat) and the Gini coefficient of the number of granted
patent applications (Gini) were used as surrogate variables for the innovation efficiency
and innovation gap. Secondly, in view of the adjustment of administrative divisions
in some areas during the study and the possible differences in demographic methods
in the statistical yearbook, PI and HHI of nighttime lights were used as the surrogate
variables for regional spatial structure in this study. DSMP/OLS nighttime light data
covers the distribution of population, cities, and other information in the area, which can
comprehensively reflect the density of human habitation and activities. Meanwhile, the
boundary definition of nighttime light data is not completely based on administrative
divisions but according to thresholds. Thus, the continuity and integrity of the interior
space can be guaranteed (Gao and Yuan, 2022) [49]. The results show that the single-center
spatial structure had a positive impact on innovation efficiency and passed the test at least
at the 10% significance level (Table 3). Meanwhile, a multi-center spatial structure can
significantly reduce the innovation gap, indicating that the conclusions of the benchmark
results in this paper have better results.

Table 3. Robustness test.

Variable
M (1) M (2) M (3) M (4) M (5) M (6)

Ppat Gini Effi CV Effi CV

PI
0.088 * 0.215 **
(1.91) (2.04)

PI
0.083 * 0.315 *
(1.93) (1.72)

HHI
0.089 ** 0.127 **
(2.17) (2.73)

control
variable YES YES YES YES YES YES

_cons −5.325 *** −5.696 *** −4.861 *** −3.276 ** −5.649 *** −2.155 ***
(−2.95) (−3.15) (−3.60) (−2.42) (−4.96) (−3.41)

Adj R2 0.603 0.622 0.873 0.643 0.813 0.653
Notes: 1. The value of t is in parentheses; 2. ***, ** and * indicate significance at 1%, 5%, and 10% significance
levels, respectively.

5. Further Analysis

According to the analysis above, it can be found that at the provincial level, a single-
center spatial structure is conducive to improving the efficiency of scientific and technologi-
cal innovation, whereas a multi-center spatial structure is favorable for narrowing the gap
in scientific and technological innovation between cities in the province. However, there
are several issues worthy of further exploration. First, Brezzi and Veneri (2014) argued that
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regional spatial structure has different effects on economic development in different regions
and at different scales [10]. Hence, is there regional heterogeneity in the impact of regional
spatial structure on scientific and technological innovation? That is, are the above two
conclusions applicable to China’s four major eastern, central, western, and northeastern
regions? Second, will the effect of regional spatial structure on technological innovation
be affected by the degree of cultural diversity within the region? Third, will the impact
of regional spatial structure on technological innovation be influenced by the distance
between cities?

5.1. Regional Heterogeneity

The benchmark regression results show that a single-center spatial structure can im-
prove innovation efficiency, whereas a multi-center development is beneficial to narrowing
regional innovation gaps. However, it is undeniable that there must be applicable boundary
conditions for this result in real situations. The impact of regional spatial structure on inno-
vation will inevitably be constrained by the level of regional economic development. For
example, in the case of a very low level of economic development, multi-center development
will inevitably fail to narrow the regional gap. Therefore, for China, the above research
conclusions will be affected by regional heterogeneity. This paper calculated the spatial
structure and technological innovation efficiency and gap indices of the three major regions
of the east, middle, and west, respectively, and explored the influence of spatial structure on
the efficiency of technological innovation and technological innovation gap by region.

From the quantitative regression results in Table 4, it can be seen that multi-center
spatial structure can effectively improve the efficiency of sci-tech innovation, and help to
narrow the gap of sci-tech innovation between cities in a province for the eastern region.
This is not difficult to understand. In economically developed regions, it has become
increasingly demanding for cities to focus on their rooted technological innovation and
development. Therefore, it is particularly important to strengthen the division of labor and
connections between cities and build a close multi-center innovation network. On the one
hand, the eastern provinces in China have an excellent innovation environment and strong
scientific and technological innovation strength. If they continue to agglomerate innovation
resources, it will not only lead to the waste of a large number of innovation resources but
also be detrimental to the improvement of the innovation capabilities of each city, which
thus impairs the efficiency of scientific and technological innovation in the entire province.
On the other hand, as a region with a relatively high level of economic development in
China, by constructing a multi-center innovation network, the eastern region can not only
accelerate the flow of innovation elements and results and narrow the innovation gap
between cities but also give full play to the effect of mutual borrowing of scale to have an
agglomeration economy shared among cities, thereby promoting the improvement of the
efficiency of scientific and technological innovation across the province.

Table 4. Analysis of regional heterogeneity.

Variable

ln_Effi ln_CV

East Central West East Central West

M (1) M (2) M (3) M (4) M (5) M (6)

PI
−0.312 * 0.482 ** 0.831 * 0.046 ** 0.251 ** −0.147 **
(−2.10) (2.91) (1.85) (3.04) (3.13) (−3.36)

Control
variable YES YES YES YES YES YES

_cons 0.440 *** 0.707 ** 0.236 *** −3.4727 −6.422 *** −2.071 **
(5.22) (2.49) (3.69) (−1.47) (−7.91) (−3.84)

Adj R2 0.618 0.585 0.672 0.524 0.999 0.606
Notes: 1. The value of t is in parentheses; 2. ***, ** and * indicate significance at 1%, 5%, and 10% significance
levels, respectively.
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For the western region, a single-center spatial structure is more conducive to devel-
oping regional sci-tech innovation, which can not only improve the efficiency of sci-tech
innovation but also play a role in narrowing the gap of sci-tech innovation. The main
reason is that the current level of economic development and technological innovation
in the western region is still relatively low, and it is even more necessary to effectively
integrate limited innovation resources and give full play to the agglomeration and scale
effects of cities with high-tech innovation capabilities (Camagni et al., 2016) [50]. For one
thing, restricted by its weak comprehensive economic strength, China’s western region
lacks adequate innovation conditions, innovation resources, and innovation capabilities.
Thus, how to agglomerate limited and relatively low-quality innovation elements to realize
the integration of innovation knowledge and resources is particularly important, which
has also become the main way to improve the efficiency of innovation. For another, the
western region tends to pay more attention to the rapid growth of its economy. As the
primary driving force of economic development, technological innovation will inevitably
become the main field of competition in most regions. Therefore, the implementation of
a single-center spatial structure can not only break the development pattern of “separate
management” but also realize the common development of other cities in the region in
terms of innovation through the innovation spillover effect of the central city. The influence
of the spatial structure of the central region on sci-tech innovation is consistent with that
of the whole country. In other words, a single-center spatial structure is conducive to
improving the efficiency of sci-tech innovation, whereas a multi-center spatial structure is
beneficial to narrowing the gap in sci-tech innovation.

5.2. Analysis of the Moderating Effect of Cultural Diversity

As an important indicator of urban diversity, cultural diversity has received increasing
attention from scholars in terms of its impact on innovation, which has been strongly supported
by a large number of theoretical and empirical studies. Ottaviano and Peri (2006) pointed
out that immigrants from different cultural backgrounds constitute the cultural diversity of
American cities [51]. Due to differences in cultural backgrounds, immigrants have skills
and abilities different from those of the Native American workforce. Thus, innovation and
economic growth can be promoted through their skills complementary to each other. In fact,
people from different geographical and cultural backgrounds also have different cognitive
abilities, thus having different views, perceptions, and solutions to problems. Therefore,
under a multicultural background, people will communicate more frequently, and innovation
exchanges and innovation competition will be more intense, which can give full play to the
spillover effect of cultural knowledge and promote scientific and technological innovation
(Gennaioli et al., 2012; Guo et al., 2016; Burlea-Schiopoiu and Mihai, 2019) [52–54].

The dialect diversity data compiled by Zhu and Grigoriadis (2022) [55] were used
in this paper to represent cultural diversity (Cult) with the provincial dialect diversity
index, with a view to testing whether regional cultural diversity can regulate the impact of
spatial structure on innovation. Its multiplication term with the spatial structure index and
that of spatial structure and cultural diversity quadratic and cubic were introduced into
Equations (27) and (28) as independent variables, and the results are shown in Table 5.

From the perspective of the influence of regional spatial structure on innovation
efficiency, the result after adding the multiplication term of the spatial structure index
and cultural diversity on innovation efficiency was positive, but it failed the significance
test. Besides, quadratic and cubic multiplication terms were added. The results show that
the relationship between the partial effect of single-center spatial structure on innovation
efficiency and cultural diversity roughly presents an “N” type. To be specific, it is easier to
form a single-center spatial structure when the culture in a province is relatively simple, and
the resulting cultural identity will strengthen the connection between innovation subjects,
which is more conducive to improving the efficiency of regional sci-tech innovation. The
gradual increase in cultural diversity will gradually deepen the cultural conflict and increase
the contradiction in the process of innovation exchange. Therefore, the promotion effect of
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a single-center spatial structure on innovation will gradually weaken and even inhibit the
improvement of innovation efficiency. However, the collision of diverse cultures and ideas
under a single-center spatial structure will be of greater use to breaking conventions and
traditions and accelerating the output of innovation achievements with the further increase
in cultural diversity. Therefore, the single-center spatial structure can also improve the
efficiency of sci-tech innovation. From the perspective of the influence of regional spatial
structure on innovation gap, the result after adding the quadratic multiplication term
of the spatial structure index and cultural diversity was the most significant, indicating
that the influence of multi-center spatial structure on innovation gap is affected by the
nonlinearity of cultural diversity. The regulatory effect is more significant as well, roughly
showing an “inverted U” type. That is, with the gradual increase in cultural diversity,
multiculturalism will promote innovation exchanges, better contribute to the spillover of
innovation knowledge and skills, and step up the effect of scale mutual borrowing and
factor flow. Therefore, a multi-center spatial structure is more conducive to narrowing the
innovation gap. When the level is further improved, the fragmentation of multiple cultures
may limit innovation linkages between cities, thus leading to a larger innovation gap on
the right side of the optimal scale.

Table 5. Moderating role of cultural diversity.

Variable
Innovation Efficiency (ln_Effi) Innovation Gap (ln_CV)

M (1) M (2) M (3) M (4) M (5) M (6)

PI −0.260
(−0.41)

3.641 ***
(2.85)

7.500 ***
(2.98)

0.080 *
(1.72)

−0.312 *
(−2.01)

−2.803
(−0.75)

PI × Cult 1.791
(1.09)

21.186 ***
(3.02)

55.212 **
(2.68)

0.063
(0.04)

2.248 **
(2.23)

24.213
(0.80)

PI × Cult2 −28.620 ***
(−3.34)

−122.469 **
(−2.25)

−2.879 **
(−2.24)

−63.460
(−0.79)

PI × Cult3 79.289 *
(1.75)

51.183
(0.76)

Control
variable YES YES YES YES YES YES

_cons 2.586
(0.52)

−2.242 *
(−1.73)

−3.995
(−0.96)

−5.805
(−1.08)

−5.319 *
(−1.90)

−4.188
(−0.68)

Adj R2 0.624 0.755 0.780 0.583 0.667 0.551
Notes: 1. the value of t is in parentheses; 2. ***, ** and * indicate significance at 1%, 5%, and 10% significance
levels, respectively.

To sum up, it can be found that when there are fewer cultural types within the province,
an increase in the level of cultural diversity is not only conducive to the positive impact of
a single-center spatial structure on innovation efficiency but also favorable for aggravating
the weakening effect of a multi-center spatial structure on the innovation gap. This is
different from the findings of Fassio et al. (2019) [56]. The possible reasons are as follows.
Firstly, when the level of cultural diversity is low, people’s cognitive differences in culture
are small, and the agglomeration effect in a single-center spatial structure is stronger,
which is conducive to the integration of innovation resources and the improvement of
innovation efficiency. Secondly, when the level of cultural diversity is low, the cross-cultural
communication between individuals from different cultural backgrounds is smoother, and
the region is more inclusive, with less ineffective competition in cities under a multi-center
spatial structure, which is conducive to the spillover of innovative talents, knowledge, and
skills, and thus narrows the innovation gap. When there are various cultural types within
a province, an increase in the level of cultural diversity will inhibit the improvement of
innovation efficiency and widen the innovation gap between regions. This is consistent
with the findings of Eeckhout et al. (2014) [57]. Their research results show that under a
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single-center spatial structure, the more cultural types there are, the greater the differences
in people’s innovative abilities and ideas will be. Diversified ways of thinking are prone
to divergence, which often takes more time and energy to coordinate and thereby affects
the efficiency of regional innovation. On the other hand, people from different cultural
backgrounds may find it difficult to recognize other cultural concepts, which may lead to
conflicts between different cultures. As a result, differences in innovative concepts and
“intergroup distance” emerge, which makes it difficult to efficiently and quickly disseminate
useful information about innovation in the region and hinders the innovation gap from
being narrowed.

5.3. Analysis of the Moderating Effect of the Distance between Cities

According to experience and intuition, if the distances between cities within a region
are very long, the flow of innovation elements between cities will undoubtedly be restricted,
which may impair the role of regional spatial structure in enhancing innovation efficiency
and narrowing the innovation gap. The Learning Region Theory posits that innovation, as
a kind of tacit knowledge, has the characteristics of experience, cognition, and situation.
Therefore, innovation spillover will be attenuated with an increase in the spatial distance,
becoming zero when reaching a certain boundary point (Lundvall and Maskell, 2000;
Bloom et al., 2013) [58,59]. To explore whether the influence of regional spatial structure
on sci-tech innovation is moderated by inter-city traffic distance, this paper calculated the
average distance between cities in a province based on the shortest traffic distance between
cities in the AutoNavi map (Dist) and introduced its multiplication term with the spatial
structure index into the regression equation as an independent variable (Table 6). The
results show that the influence of regional spatial structure on the efficiency of technological
innovation and the gap in technological innovation has a significant nonlinear effect on the
distance between cities.

Table 6. Adjustment effect of the distance between cities.

Variable
Technological Innovation Efficiency (ln_Effi) Technological Innovation Gap (ln_CV)

M (1) M (2) M (3) M (4) M (5) M (6)

PI 0.408 **
(2.66)

0.605 **
(2.16)

−16.207 **
(−2.30)

−0.036 **
(−2.06)

−1.331 ***
(−3.28)

−9.195
(−1.49)

PI × Dist 0.001 **
(2.24)

0.006 *
(1.92)

0.145
(0.66)

0.001 *
(2.02)

0.008 *
(1.84)

0.078 *
(1.76)

PI × Dist2 −6.34 × 10−6 *
(−1.76)

−3.10 × 10−4 *
(−1.77)

−8.559 × 10−6 **
(−2.05)

−1.62 × 10−4

(−1.56)

PI × Dist3 −4.892 × 10−16

(−0.77)
2.465 × 10−16

(1.51)

Control
variable YES YES YES YES YES YES

_cons 2.882
(0.36)

2.066 **
(2.23)

6.559
(1.07)

−2.340
(−0.32)

−3.441 **
(−2.43)

−1.777
(−0.15)

Adj R2 0.619 0.587 0.812 0.512 0.667 0.633

Notes: 1. The value of t is in parentheses; 2. ***, ** and * indicate significance at 1%, 5%, and 10% significance
levels, respectively.

First of all, the relationship between the partial effect of a single-center spatial structure
on innovation efficiency and the distance between cities roughly presents an “inverted-U”
shape. Specifically, when the distance between cities is relatively short, there will be an
agglomeration effect, which is conducive to improving the efficiency of regional scientific
and technological innovation. As the distance between cities increases, the promotion effect
of a single-center spatial structure on innovation will gradually weaken, which will even
inhibit the improvement of innovation efficiency. This is consistent with the findings of
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Keller (2002) [60] who found that in a single-center spatial structure, when the distance
between the central city and its surrounding cities is short, the central city tends to have
stronger market control capabilities and exert the agglomeration effect more easily, so as
to gather the innovation resources of its surrounding cities and improve regional overall
innovation efficiency. However, as the distance between cities continues to increase, the
agglomeration effect of the central city gradually weakens, followed by an increase in the
difficulty and cost of innovation exchanges in the surrounding cities. In addition, the weak
siphon effect of the central city will lead to fierce competition for innovation resources
among other cities, thus restricting the improvement of the overall innovation efficiency of
the region.

Secondly, the influence of a multi-center spatial structure on the innovation gap is also
significantly affected by the non-linear moderating effect of the distance between cities, which
shows an appropriately “inverted-U” trend. This is consistent with the findings of Bottazzi
and Peri (2003) [61]. They studied innovation spillover in 86 regions in 15 European countries
between 1977 and 1995 and found that innovation spillover only existed within 300 km.
Specifically, when the distance between cities is relatively short, it is helpful to strengthen the
connection between regions and is more favorable for narrowing the gap in regional scientific
and technological innovation between regions. As the distance between cities increases, it
is not conducive to the flow of innovative talents and elements. Therefore, the role of a
multi-center spatial structure in narrowing the innovation gap will gradually weaken. The
possible reason for this phenomenon is as follows. In a multi-center spatial structure, when
the distance between cities is short, the costs of urban innovation cooperation and knowledge
spillover are lower. Thus, the radiation ability of the central city becomes stronger, and it is also
easier for the surrounding small- and medium-sized cities to exert a “scale-borrowing” effect,
which is conducive to narrowing the innovation gap between cities (Xiang et al., 2020) [62].
However, with a continuous increase in the average distance between cities, the radiation
capacity of the central city gradually weakens, and the costs of innovation elements and
innovation achievement spillover rise. After the surrounding small- and medium-sized
cities exceed a certain boundary, it is difficult for them to benefit from innovation spillover
(Camagni et al., 2016) [50]. Consequently, the innovation advantages retained by the central
city continue to increase, which further enlarges the innovation gap between cities.

6. Main Conclusions and Countermeasures

In its spatial development, the EU emphasizes the role of a multi-center spatial struc-
ture at the regional level in improving economic efficiency and maintaining balanced
regional development. China, which has just entered an innovative stage, also faces a
similar problem of identifying the appropriate spatial development model. However, no
consensus about whether a single-center spatial structure or a multi-center spatial structure
is more conducive to China’s regional innovation and development has been reached in
academia. The focal debate is mainly about whether China should adopt a single-center
structure dominated by large cities or a multi-center structure focusing on small- and
medium-sized cities. With the help of the classical agglomeration economic theory, some
scholars have indicated that since the population of China’s big cities is far from being
saturated and their scales have not yet reached the optimal level, the scale expansion of
big cities should be further encouraged (Au and Henderson, 2006) [63]. However, some
scholars hold the opposite view. Their agglomeration economic theory based on a regional
perspective believes that the agglomeration effect is not limited to the interior of a single city
but has a spatial spillover effect on the surrounding small cities. In particular, considering
China’s vast territory and large population base, the distribution of cities should be more
balanced, which is more suitable for a multi-center urban system dominated by small- and
medium-sized cities. Admittedly, the above viewpoints all have their rationality, but from
the perspectives of efficiency and fairness, the literature on the comprehensive assessment
of the impact of different types of spatial structures on technological innovation is relatively
insufficient. Therefore, this paper attempts to link regional spatial structure, the focus of
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policy-making, with scientific and technological innovation to explore which form of spa-
tial structure is more conducive to promoting the efficiency of scientific and technological
innovation and which form of spatial structure is more favorable for narrowing the regional
innovation gap.

6.1. Main Conclusions

This paper drew on the relevant theories of new economic geography and regional
economics and used the panel data of 26 Chinese provinces and autonomous regions from
2005 to 2019. The influence of technological innovation efficiency and gap and its internal
mechanism was explored. On this basis, this paper further analyzed and discussed the
moderating role of regional heterogeneity, cultural diversity, and inter-city distance in
the impact of regional spatial structure on technological innovation. The main research
conclusions are as follows: First, at the provincial level, a single-center spatial structure
is conducive to improving the efficiency of sci-tech innovation, and a multi-center spatial
structure is beneficial to narrowing the gap in sci-tech innovation. The robustness test was
carried out on the replacement of explanatory and explained variables. After that, the
above results still hold. Second, a single center is of greater help to improve the efficiency
of innovation and the reduction in innovation differences in regions with low levels of
economic development. With the continuous development of the economy, a multi-center
spatial structure can solve the problem of unbalanced regional development, and it is more
conducive to the equal and high-quality development of regions. Third, the partial effects
of a single-center spatial structure on innovation efficiency present “N” and “inverted U”
types with the increase in cultural diversity and the distance between cities, whereas those
of a multi-center one on innovation gap are both “inverted U” types.

6.2. Policy Recommendations

“Single- and multi-center” urban spatial structure layouts have their advantages and
disadvantages, and making choices based on the stage of regional economic development
is necessary. Therefore, China should improve the regional policy system in accordance
with objective economic laws, exploit the comparative advantages of each region, promote
the rational flow and efficient aggregation of innovation elements, strengthen regional
innovation and development momentum, and form a regional structure layout with com-
plementary advantages and high-quality development. The findings of this paper have
several implications for adjusting the provincial spatial structure of China and developing
sci-tech innovation:

The first is to clarify the important role of a regional spatial structure in developing
sci-tech innovation. The adjustment of regional spatial structure is one of the important
ways to promote the development of sci-tech innovation. As an important carrier of sci-tech
innovation, city scale and the relationship between cities directly affect the efficiency of sci-
tech innovation, which thus highlights the necessity of clarifying the functional positioning
and mutual relationship of cities in a province, rationally arranging the spatial structure
within the province and building a regional innovation chain with close cooperation. For
one thing, this is conducive to fully displaying the comparative advantages of innovation
in each city, promoting the division of labor in regional innovation, advancing the rational
allocation of innovation resources, and improving innovation efficiency. For another thing,
the agglomeration and scale mutual loan effects brought by a reasonable spatial structure
and innovation spillover effect are useful to realize the flow spillover of innovation elements
and results, thus the realization of the innovation gap can be narrowed.

The second is to promote the diversified development of regional spatial structure
layout according to local conditions. As the main concept of alleviating uneconomical
agglomeration, multi-centrality has been widely used in the spatial structure layout of
provinces in China. However, the research results of this paper show that in the provinces
and cities pursuing the improvement of innovation efficiency and the development of
multiple centers, blindly following the trend will harm the improvement of innovation
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efficiency. Thus, each region should adopt a reasonable spatial structure according to the
actual situation of its technological innovation and development. For provinces and cities in
the eastern region, they are supposed to accelerate the construction of small- and medium-
sized cities, create a certain number of sub-central cities and promote the formation of a
multi-center and multi-level spatial structure while appropriately controlling the develop-
ment scale of central cities. For the central and western regions with limited innovation
resources, improving the efficiency of innovation and development is the primary task as
far as regions, provinces, and cities are concerned. Therefore, the construction of central
cities should be reasonably promoted to avoid blindly “spreading the pie” of development,
giving rise to resource waste and low-level balanced development.

Third, the development of sci-tech innovation should not only focus on efficiency
but also reflect fairness. With the continuous advancement of the innovation-driven
development strategy and the strategy of building a world sci-tech power, the core position
of sci-tech innovation in the overall situation of the modernization drive of China has
become increasingly consolidated. However, whether it is building a sci-tech innovation
center or laying out a comprehensive national science center, special emphasis is placed
on improving the overall efficiency of the innovation chain. The strength and efficiency of
sci-tech innovation in China indeed have a lot of room for improvement. Therefore, the
allocation efficiency of sci-tech resources is the focus and primary issue of the reform of the
sci-tech system, but the large gap in sci-tech innovation has gradually become an important
problem that cannot be ignored. Either the sci-tech innovation resources represented by
sci-tech personnel and funds or the sci-tech innovation achievements represented by the
number of patent applications and foreign retrieved papers show an obvious pattern of
“more east and less west”, which is conducive to the improvement of innovation efficiency.
Therefore, the fairness of sci-tech innovation should also be fully considered while the
allocation efficiency of sci-tech innovation resources is improved.

It should be pointed out that some content can still be further analyzed and expanded
although this paper elaborated on the relationship and mechanism of regional spatial
structure at the provincial level on technological innovation:

1. The effect mechanism of regional spatial structure on technological innovation at
different spatial levels like cities and urban agglomerations can be analyzed and compared.

2. Typical areas with spatial structure transformation can be selected and tested over a
long time span, and the effect of regional spatial structure on technological innovation can
be explored.
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