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This paper proposed a substantial gap to a large-scale population density and city size on regional innovation output. To measure
the impact of population density and city size on regional innovation output, this study employs the threshold effect model with
panel data of 230 prefectures and cities from 2007 to 2016. Based on the econometric analysis, the results exhibit a positive and
significant relationship between population density, city size, and innovation output. This correlation suggests that when one
factor increases, the other increases in the parallel direction and vice versa. Moreover, when the city size expands the threshold
value of 2.934 percent, the innovation promotes and increases the effects of urban-scale expansion. On the other hand, for
medium- and low-density cities, the increase of urban population density has a significant and positive impact on urban
innovation output. However, for high-density cities, the increase of population density has no significant impact on innovation
output.

1. Introduction

With the advancement of the new urbanization strategy, the
population mobility flows rapidly increase between urban
and rural cities, while the population size of Chinese cities
is constantly changing. In recent years, the population mobil-
ity flows from the first-tier cities such as Beijing, Guangdong,
Shanghai, and Tianjin, which increase alongside with the
second-tier cities, namely, Nanjing, Chengdu, Suzhou,
Dalian, Tianjin, Zhongshan, and Dongguan. However, some
uncompetitive urban population continued to flow out and
even evolved into “shrinking cities.” At the same time, the
population density level of different cities also changed
accordingly. Due to the unplanned allocation of infrastruc-
ture development in many Chinese cities, urbanization is
expanding faster than the growing population in these cities,
while the population density of Chinese cities shows a down-
ward trend due to the lack of planned development. Never-
theless, the changes in urban population density in different
scales are determined on basis of various administrative
levels and region-to-region significant disparities [1]. In the
urban population density in dominant administrative level,

the study examines that the central and eastern regions are
growing fast. The city is the core carrier of innovation, and
scholars widely believe that innovation is mainly in the city.
Moreover, larger cities are the backbone core centers of tech-
nological innovation; numerous research scholars extensively
acknowledge that innovation is the first place phenomenon
in a city. Pred (1996) found the per capita patents of 35 larg-
est cities in the United States from 1860 to 1910 and exam-
ined that per capita of the four megacities was
approximately four times larger than the national average
[2]. According to Duncan et al. (1999), a study of 26 metro-
polises in the United States investigated that these metropol-
itan cities not only occupy a large number of territorial areas
but also carry a large number of the urban population and
generated 75% of the patents of the national metropolises
[3]. Marella et al. (2017) and Wojcik-Popek (2019) explored
the links between city size and patents. However, their find-
ings cannot identify external effects [4, 5]. Oort and Bosma
(2012) performed empirical analysis on the data of 14 coun-
tries and 110 regions in Europe; they examined the mecha-
nism of the impact of urban scale on innovation, and their
findings show that the impact of urban scale on innovation
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is linked by human capital [6]. A study proposed by Carlino
et al. (2007) with external factors remaining unchanged
found that for every 2-fold increase in population density
in metropolitan cities of the United States, the corresponding
patent strength would increase by 20% [7]. A study per-
formed by Yuan-quan and Jia-jia employed a cluster analysis
to explore the impact of urbanization scale distribution on
regional innovation efficiency; he found that there is an
“inverted U” association between urbanization scale distribu-
tion and regional innovation efficiency. In addition, an opti-
mal city size distribution can maximize the efficiency of
regional innovation. Inefficient or excessive city size is not
conducive to the improvement of regional innovation effi-
ciency [8]. Gao (2015) performed empirical research of more
than 287 prefecture-level cities; the larger the scale of the city,
the stronger its innovation ability and performance [9]. Guo
et al. (2015) described the city size in terms of population
density, innovation output, and patent strength; they
explored the relationship between population density and
regional innovation output using spatial economic methods.
The study found that when the population of the city is
between 50 and 90 million, the innovation output level of
the city is the highest, and there is a significant “inverted
U” relationship between the city size and innovation [10].
In the two key factors such as agglomeration effect and
crowding effect, many scholars explored that the relationship
between population density and regional innovation output
is not necessarily driving a linear relationship which depends
on the comprehensive outcome of both agglomeration effect
and crowding effect. Recent research work by Min and
Changquan (2019) addresses that in certain regions when
the population density increases excessively, it will lead to
the phenomenon of excessive agglomeration and the genera-
tion of congestion effect in the region [11]. Additionally, Ye
et al. (2016) propagate that there is a threshold effect between
the population density and regional innovation efficiency by
analyzing the relationship between the population density
and regional innovation efficiency [12]. Some scholars dis-
cussed big data and smart cities such as analysis of dimen-
sionality reduction techniques on big data and deep
learning for future smart cities. Kumar et al. (2021) think that
smart cities have become the mainstream of urbanization
[13]. Ram et al. (2021) discussed security-by-design (SbD)
concepts in the energy harvester technologies for sustainable
and secured IoT with uninterrupted energy resource smart
villages and smart cities [14]. Liu et al. (2017) discussed enor-
mous data from IoT is stimulating our cities to become smar-
ter than ever before [15].

From the above studies, a wide range of census by numer-
ous scholars noticed that there is an extensive and compli-
cated relationship existed between urban innovation output
and urban scale, population density, and the nonlinear rela-
tionship between population density and regional innovation
output. However, few studies have explored the threshold
effect of urban size and population density on regional out-
put. Therefore, based on the panel data of 225 cities at the
prefecture level and above in 2007-2016, this study examined
the impact of city size and population density on regional
innovation output. In contrast, the existing literature on the

innovation of this research lies in various ways. Firstly, this
study considers an empirical analysis of the cross effect of
innovation output on urban size and population density to
examine whether there is an alternative or complementary
relationship between urbanization size and population den-
sity. For this purpose, we add the cross terms of urbanization
size and population density into the empirical analysis model
to examine whether the effectiveness of one variable is condi-
tional on another variable and if so whether there is a com-
plementary or alternative relationship.

Secondly, this study considers an empirical analysis on
whether there is a threshold effect on the regional innovation
output of urban scale and population density. Considering
that the improvement of urban scale and population density
will promote the improvement of urban innovation capabil-
ity, such improvement may depend on the development of
urban scale and population density to a certain extent, which
means that there may be a “threshold effect” in the improve-
ment effects of urban scale and population density on inno-
vation competency. Therefore, this study uses city size and
population density as threshold variables and utilizes the
bootstrap method to sample 500 times, to measure the
threshold effect of regional innovation output of city size
and population density.

2. The Internal Mechanism of the Impact of
Urban Scale and Population Density on
Innovation Output

Developed cities are the core hub of innovations such as
human resources, scientific research, technological advance-
ment, and information resources. The impact of urban-
scale expansion on innovation output is primarily reflected
in many aspects such as the expansion of urban scale helps
to promote the agglomeration of regional innovation output,
expertise, and boost innovation patterns. Many researchers
believe that the expansion of city scale promotes regional
innovation such as human resources, intellectual property
protection, product professional test, and intermediate and
technical information services. In addition, it has been widely
acknowledged that the Chinese first-tier cities attracted mil-
lions of highly skilled workers that resultantly consolidate
the city innovation output on a larger scale and also promote
the technological innovation research to rapidly diminish the
innovation cost and time. The latest study by Gerlach (2009)
shows that when conducting innovation activities, most
enterprises prefer to choose regions with higher concentra-
tion, because these enterprises have rich shared resources,
compared with the regions with low concentration; these
regions can enable enterprises to save innovation costs and
reduce their risks [16].

Secondly, the expansion of the urban scale will help to
enhance the matching degree and supply of the labor market.
Consequently, the innovation subjects can match highly
skilled talents and thus promote the development of regional
innovation [17]. Another study by Parrotta et al. (2014)
shows that the abundance of talent selection will significantly
reduce the innovation robustness of enterprises [18]. The
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refinement of the matching degree of the labor market will
also help to promote the structural matching and accumula-
tion velocity of knowledge creation and promote innovation
output. Thirdly, the expansion of city scale means the expan-
sion of market scale and the continuous expansion of the
demand of innovation outcomes. All these factors encourage
enterprises to increase the absorption capacity and integra-
tion of innovation resources that improve their innovation
capabilities.

The impact of urban population density on innovation
output is mainly through the following ways: (i) the spatial
proximity effect brought by the increase of population
density is conducive to innovation output. The spatial
proximity effect can create highly skilled talents to better
communicate and boost the frequency of communication
that is conducive to the spillover and dissemination of
knowledge, especially invisible knowledge and noncoding
knowledge to promote the generation of innovation. (ii)
The social network effect brought by the increase of pop-
ulation density is beneficial to innovation output with all
kinds of innovative outcomes obtained in the city. More-
over, establishing a formal contact is becoming a perfect
social network, in the long-term stable cooperative rela-
tionship. In addition, it helps to reduce the contract cost
caused by the uncertainty and inconsistency of informa-
tion, promote the sharing of information resources, and
improve the regional innovation ability. A similar study
by Glaeser (1999) shows that even with the development
of modern technology, people can communicate in a more
diversified and convenient way. However, in social net-
works, the impact of informal relations on knowledge
and information dissemination will not be neglected,
because it cannot replace face-to-face communication,
which is inevitable in a formal contract [19].

3. Empirical Study on the Impact of Urban Scale
and Population Density on
Innovation Output

3.1. Variable Selection and Data Analyzation. In this paper,
we add one explanatory variable that is innovation output
(patent density) and describe it as the number of invention
patents per 10000 people. Conventionally, the main indica-
tors to measure the innovation output include the number
of patent licenses, the number of patent applications, the
transfer of patent use fees and royalties, and the technical
market turnover. Moreover, it is difficult to measure accu-
rately and effectively the regional innovation output, because
the number of patent applications contains a large number of
unlicensed patents. In addition, patents include invention
licenses, utility model patents, and design patents. The
amount of patent license can be considered to estimate the
regional innovation output and information more effectively
and efficiently. However, although the indicators such as roy-
alty and technical market turnover with other data sources
can more fully reflect the regional innovation output.

Explanatory variables include the size of a city that is rep-
resented by the resident population of the municipal district.

Innovation is primarily a city phenomenon. The high con-
centration of various facilities in the city is more conducive
to the development of innovation. The larger the city scale,
the greater the agglomeration and attraction of innovative
highly skilled talents. On the other hand, if the city scale is
large, it is relatively easier to acquire relevant professional
machinery and equipment. In addition to this, large-scale cit-
ies provide access to obtain relevant intellectual support and
innovation-related services. At the same time, large city sizes
are substantial to accommodate the division of labor and
cooperation and various information exchanges related to
innovation. Presumably, the city size helps to improve the
process efficiency resulting from innovation output.

3.1.1. Population Density-Regional Innovation Output Nexus.
This research uses the employment-population density of the
municipal district to measure the employment-population of
the municipal district, the built-up area of the municipal dis-
trict. Because there are different categories and segments of
the districts (mainly urban districts) and built-up areas in
China, the population density is measured based on the
urban district’s population density and agglomeration due
to the inclusion of a large number of rural areas. Substan-
tially, most of the economic activities of a city are mainly
concentrated in the urban start-up areas. Therefore, this
paper uses the number of the urban population divided by
the start-up area to better measure the regional population
concentration [20, 21]. Knowledge exchange and accumula-
tion are the basis of innovation. Moreover, the higher the
population density, the more conducive the formation of a
compact space distance and intensive social relationship net-
work. Furthermore, it is convenient for people to exchange
knowledge, disseminate implicit information and accumulate
knowledge, and improve the frequency of contact between
people. The higher frequency of contact increases the possi-
bility of knowledge dissemination and innovation, which in
turn promotes the enhancement of regional innovation effi-
ciency and regional innovation output.

3.1.2. Research and Development Investment. In this section,
we focus on the local financial science and technology expen-
diture of the municipal government to measure the govern-
ment’s financial support for technological innovation. On
the one hand, the financial science and technology-related
expenditure of the local government could directly provide
financial support and related preferential policies for urban
innovation activities, which increases the urban innovation
input and thus improves the urban innovation output. On
the other hand, the government’s investment in innovation
can serve as a “good gesture” and policy guidance. It is
reflecting the local government’s support capacity and image
for innovation, which helps to strengthen the confidence of
enterprises in investment and lead enterprises to increase
more investment in research and development as well as cre-
ate more innovation output. At the same time, the “leverage
effect” brought by the government’s innovation investment
can leverage more private investment; thus, the urban inno-
vation ability becomes stronger.
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3.1.3. The Proportion of the Third Industry. In this section, we
use the proportion of the third industry in GDP of municipal
districts to measure the cluster development of the service
industry that can provide targeted specialized services for
innovation activities. It provides legal and advisory services
in the process of the patent application that reduces the
transaction costs of innovation activities. Furthermore, the
development of financial services in the regional industry
can effectively reduce the financial cost of enterprises,
improve the financing efficiency, and provide more invest-
ment in innovation funds for enterprises. Therefore, the
research by Yang and Bao (2019) also found that the special-
ization and diversification of producer services have a signif-
icant role in promoting urban innovation [22].

3.1.4. Foreign Direct Investment. In the amount of foreign
direct investment in a municipal district compared with the
domestic level, foreign direct investment can bring more
advanced technology, highly skilled management, and more
proficient innovation development. On the one hand, the
proportion of high-quality foreign innovation capital has
increased, which can directly improve the regional innova-
tion efficiency with its efficient innovation ability. On the
other hand, the foreign direct investment will bring technol-
ogy spillover to the region and promote the innovation abil-
ity and innovation efficiency of the region through
demonstration effect, competition effect, human capital flow
effect, and correlation effect [23]. Foreign direct investment
not only brings a large amount of capital investment but also
brings advanced technology and highly skilled talent to boost
domestic technological progress. It was in a relevant study
where Miao (2009) used panel data to conduct spatial mea-
surement research and found that FDI caused imitation effect
and competition effect, which had a significant positive
impact on innovation [24].

3.2. Model Specification. Based on the previous theoretical
analysis, we constructed the following empirical model:

Patent densityit = α0 + α1sizeit + α2densityit+〠αkXkit + εit ,
ð1Þ

where i = 1, 2,⋯,N represents the different cities, t = 1, 2,
⋯, T represents the cities, t represents the years, patent
densityit is the patent density, i.e., the number of invented
patents authorized per 10000 people, and is the explained
variable of the model, sizeit represents the city size, densityit
represents population density, and Xk represents a series of
control variables.

Likewise, we also investigate whether there is a substitu-
tion relationship between urban size and population density
in the case of small city size. Nevertheless, the improvement
of population density can make up for the low innovation
efficiency brought by the small city size. In the case of insuf-
ficient population density, the expansion of the urban scale
makes up for the problem of low innovation output caused
by insufficient communication due to low population den-
sity. Therefore, we add the interactive terms of urban size

and population density into Equation (1) to obtain the final
expression of the theoretical model in this paper:

Patent densityit = α0 + α1sizeit + α2densityit + α3sizeit
∗ densityit+〠αkXkit + εit :

ð2Þ

3.3. Data Source and Descriptive Statistics. In this paper, we
used unbalanced data due to the lack of relevant observations
for some prefecture-level cities. For the administrative region
adjustment of relevant cities in the sample range of 2007-
2016, it is necessary to adjust the relevant data to maintain
the consistency and accuracy of the data. Therefore, this
study conducts essential steps as follows. Firstly, the manage-
ment area of some cities has changed significantly, which
may be due to the adjustment of different zones. Therefore,
we have eliminated the sample cities with land area change
of more than 5% during the sample period. Secondly, for
some indicators, data of individual cities are missing. To
overcome this issue, this study uses the method of moving
average to carry out the edge in processing by referring to
the processing methods of relevant research. Thirdly, some
sample cities with substantial data deficiency, such as Sansha
City, Baying City, and Fangchenggang City, were excluded
from the study. At the same time, taking into account the
time of innovation (assuming 1 year), it generally takes 1 year
to apply for and obtain patents. In this paper, the number of
invention patents measured by regional innovation output
since the regression equation is 2005-2014.

The data used in this paper are obtained from the China
Urban Statistical Yearbook, China Regional Economic Statis-
tical Yearbook, and China Statistical Yearbook from 2006-
2016 issued by the National Bureau of Statistics as well as
the relevant annual statistical yearbook of the provinces
where the relevant cities are located. Due to the lack of some
of the missing data supplemented by the statistical yearbook
of the city where they are located, some of the data cannot be
obtained and supplemented by the linear interpolation
method. Taking into account the impact of inflation, the
GDP deflator is added to take 2007 as the base period to con-
duct the deflator processing on R&D, FDI, and other data.
The summary statistics are presented in Table 1.

3.4. Analysis of Empirical Results. This study includes the
panel data of 230 each prefecture-level city and over 10 years.
We assume that i > t; the individuals of the samples in each
period are the same, with balanced panel data. Since the num-
ber of individuals in this panel is much larger than the time
dimension, therefore, we run a regression model without a unit
root test. The basic model of panel data regression is as follows:

Patent densityit = α0 + α1sizeit + α2densityit+〠αkXkit + εit:

ð3Þ

In the empirical section, this paper employs a variety of
panel data regression models, such as mixed-effects model,
individual random-effects model, and fixed-effects model.
The specific model shall be determined through relevant
tests. Firstly, the appropriate estimation method is
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determined effectively: B-P test
(chibar2 ð01Þ = 2126:92, Prob > chibar2 = 0:0000) and LR
likelihood ratio (LR test of sigma). The results of the
(u = 0 : chibar2 ð01Þ = 868:50, Prob ≥ chibar2 = 0:000) test
indicated that it significantly rejected the original assumption
at the level of 1%, indicating that individual random-effects
model should be selected between mixed-effects model and
individual random effect. Therefore, this paper employs the
fixed-effects model with the best estimation effect as the
main illustration object. As a comparison, the regression
results of the random-effects model and the mixed OLS
model are also presented in Table 2. Similarly, we add the
cross terms of urban size and population density in model
4 to investigate whether there is a mutual or one-way rela-
tionship between urban size and population density.

The results indicate that urban scale has a significant and
positive effect on innovation output at the level of 1%. It
shows that the larger the city scale, the more innovative out-
put factors such as people, enterprises, and industries accu-
mulation. On the other hand, the urban scale provides a
more suitable environment for innovation, which is condu-
cive to the development of the latest science and advanced
technology. At the same time, the larger the scale of the city,
the better for people to learn knowledge, develop their skills,
promote the formation of human capital, and ultimately pro-
mote the innovation ability of the city. The increase of the
city scale is beneficial to the resembling and curtailing of
the knowledge of different innovative groups, improving
the efficiency and quality of knowledge cognition among dif-
ferent groups which helps in reducing the cost of science and
technology. Likewise, innovation activities need to consoli-

date equipment and information to find people for division
of work cooperation and information exchanges. The appli-
cation and transaction of patents need the support of external
service institutions. In large-scale cities with a large number
of employees and a developed service industry, these
demands are easier to meet and obtain high-quality services
and support.

On the other hand, the results from the proposed model
illustrate that population density has a significant and posi-
tive effect on regional innovation output at the level of 1%.
The research and development (R&D) personnel in densely
populated cities have relatively more person-in-person com-
munication opportunities, which is beneficial to the develop-
ment of innovative ideas. The higher the population density,
the shorter the interaction distance and time, while more
opportunities and lower costs for the communication
between people in different industries and disciplines. In
addition, it is easier for individuals with different knowledge
to exchange ideas by searching for partners to improve the
efficiency of knowledge exchange and promote the creation
of knowledge. The increase in urban population density also
contributes to the rapid expansion and exchange of innova-
tive ideas and outputs. Geographical distance plays a distinct
role in the process of knowledge exchange and innovation
cooperation. The distance between people will affect the
intensity of knowledge exchange, innovative cooperation
behavior, and propagation of implicit knowledge. However,
the theoretical part also supports that the spillover effect
and proximity effect affect the probability and quality of
innovation cooperation and information exchange. More-
over, the study finds that if the population density is higher,

Table 1: Summary of descriptive statistics.

Variables Observations Mean Std. Max Min

Patent density (piece/10000 persons) 2300 17.08 26.74 290.34 0.01

City size (10000 persons) 2300 125.01 104.64 2440.82 26.3

Population density (person/km2) 2300 13254.5 4402.50 28021.88 2688.73

R&D investment (ten thousand yuan) 2300 28242.89 66778.04 954447 44

Third industry (%) 2300 43.07 11.02 78.66 8.58

FDI (ten thousand dollars) 2300 78802.76 134140.10 983567 0.38

Table 2: Regression results of fixed-effects model, random-effects model, and mixed-effects model.

Variable
Model 1

(fixed-effects model)
Model 2

(random-effects model)
Model 3

(mixed-effects model)
Model 4

(add cross product)

Size 0.193∗∗∗ (7.71) 0.183∗∗∗ (4.42) 0.105∗∗ (3.65) 0.164∗∗∗ (4.42)

Density 0.285∗∗∗ (16.78) 0.261 (0.90) 0.424∗∗∗ (8.95) 0.296∗∗∗ (7.10)

R&D 0.235∗∗∗ (14.46) 0.250∗∗∗ (12.20) 0.271∗∗∗ (9.70) 0.246∗∗∗ (6.15)

Third industry 0.131∗∗∗ (4.57) 0.127∗∗∗ (3.81) 0.092 (2.81) 0.091∗∗ (3.01)

FDI 0.042 (1.31) 0.045 (1.21) 0.062 (1.16) 0.116 (1.11)

Size ∗ density 0.121∗∗∗ (8.8)

Constant 0.035∗∗∗ (2.80) 0.2444 (6.20) 0.011 (0.48) 0.069∗∗ (3.52)

R-squared 0.374 0.394 0.525 0.331

t value in brackets. ∗ indicates significance under 10% significance level. ∗∗ indicates significance under 5% significance level, ∗∗∗ indicates significance under
1% significance level.
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it will ultimately be favorable to promoting social proximity,
enriching the knowledge exchange channels between innova-
tion outputs, and improving the multidimensional exchange
and interaction between innovation contents [25]. Likewise,
the urban population density promotes the spillover of inno-
vation knowledge among subjects for the purpose to improve
the level of regional innovation. The higher the population
density, the more easily the agglomeration economic exter-
nality will be obtained. The implicit knowledge related to
innovation is often before some core employees, and the
regions with high population density can effectively promote
the flow and exchange of people and accelerate the spread of
tacit knowledge.

Finally, the result of the cross product of urban size
and population density is significant and positive, indicat-
ing that the impact of urban size and population density
on innovation output is interdependent and contribution
is interactive. There is a significant positive association
between the two variables, one of which is essential to
the other. It shows that the impact of urban population
density cannot be ignored when considering the promo-
tion of urban scale on innovation output. If the city size
is too small and has a high population density, it is diffi-
cult to play a role in promoting the increase of innovation
output. On the other hand, if the size of the city is large,
but there is no certain population density support, it is
difficult to form a sufficient agglomeration effect to pro-
mote the increase of regional innovation output.

3.5. Robustness Test. To further investigate the robustness of
the results and ensure the rationality of the model accuracy
and reliability, this study utilizes the following regression
results to crosscheck the coefficients of all the selected vari-
ables. The robust estimates were performed for the following
regression:

Firstly, we replace the main explanatory variable city size
of this study. In the previous study, the resident population of
municipal districts was used to measure the city size. Next,
this study uses the total GDP of urban districts as the proxy
variable to measure the city size and estimate the relevant
measurement test results (model 1). Secondly, previous stud-
ies at the national level have shown that urban size and pop-
ulation density have a significant positive impact on
technological innovation.

Thirdly, we exclude four municipalities from the model;
the remaining 226 cities above prefecture level were brought
into the panel data for estimation (model 3). From the esti-
mation results, the robustness of the model is illustrated in
Table 3. The results illustrate that the positive impact of
urban size and population density on technological innova-
tion still exists and is consistent with previous analysis. The
results of most explanatory variables are robust and accurate
in the fixed-effects panel model.

The main difference is that in model 2, the estimation
results of subsamples in the eastern, central, and western
regions are different to some extent. The impact of
regional research and development (R&D) investment
intensity on regional innovation efficiency is different
between eastern, central, and western regions. From the
sample regression results, the impact of regional R&D
input intensity on regional innovation output is not signif-
icant in the subsample estimation results of the central
region and western region, while the result of the eastern
region is significantly positive. In this case, the input effi-
ciency of innovation resources in the central and western
regions is tropical except for the eastern region, while
the intensity of R&D input has not been effectively trans-
formed into actual innovation output. Since there are
many historical debts of innovation investment in the cen-
tral and western regions, hence, it is difficult to induce
benefits from R&D investment. It is possible that the
intensity of R&D investment has not yet reached a certain
threshold and cannot play an effective role.

In this section of the paper, the result reveals that foreign
direct investment (FDI) has a significant impact on the inno-
vation output of cities in the western region at the level of 5%,
but has no significant impact on cities in the eastern region
and the central region, respectively. This may be the eastern
and central regions are rich in urban innovation resources
and have a relatively high level of innovation capacity and
efficiency, resulting in an insignificant spillover effect of for-
eign direct investment on regional innovation output. Fur-
thermore, for the cities in Western China, their innovation
resources are relatively scarce, and their innovation ability
and efficiency are relatively low. On the one hand, the inflow
of FDI increases the regional innovation input; on the other
hand, the technology spillover effect and competition effect
enhance the regional innovation output.

Table 3: Results of the robustness test.

Variable Model 1
Model 2

Model 3
Eastern Middle part Western

Size 0.121∗∗∗ (3.21) 0.281∗∗∗ (2.29) 0.213∗∗∗ (2.87) 0.121∗∗∗ (2.67) 0.298∗∗∗ (3.12)

Density 0.241∗∗∗ (6.71) 0.412∗∗∗ (8.22) 0.367∗∗∗ (9.13) 0.712∗∗∗ (10.21) 0.319∗∗∗ (8.32)

R&D 0.235∗∗∗ (14.46) 0.312∗∗∗ (21.23) 0.209 (1.54) 0.281 (1.02) 0.235∗∗∗ (14.46)

Third industry 0.131∗∗∗ (4.57) 0.131∗∗∗ (4.57) 0.131∗∗∗ (4.57) 0.131∗∗∗ (4.57) 0.131∗∗∗ (4.57)

FDI 0.043 (1.09) 0.381 (0.32) 0.124 (1.01) 0.023∗∗ (1.96) 0.121 (0.82)

Constant 0.035∗∗∗ (2.80) 0.244∗∗∗ (6.20) 0.011 (0.48) 0.069∗∗ (3.52) 0.050∗∗∗ (4.35)

R-squared 0.374 0.394 0.525 0.331 0.479

t value in brackets. ∗ indicates significance under 10% significance level. ∗∗ indicates significance under 5% significance level. ∗∗∗ indicates significance under
1% significance level.
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4. Research on the Threshold Effect of Urban
Scale and Population Density on
Innovation Output

Although the enhancement of urban scale and population
density will promote the improvement of urban innovation
ability, such improvement may depend on the development
of urban scale and population density to a certain extent,
i.e., the development effect of urban scale and population
density on innovation ability may have a “threshold effect.”
Therefore, this paper takes city size and population density
as threshold variables and uses the bootstrap method to sam-
ple 500 times to test the threshold effect of explanatory
variables.

4.1. Threshold Effect Test. First, we need to determine
whether the threshold effect exists, and select the appropriate
threshold number as well as the threshold value. Based on F
statistics and 300 “self-sampling,” the P values reported in
Table 4 indicate that when the city size is used as a threshold
variable, the F statistics value (21.038) of the single threshold
test is greater than the 1% horizontal threshold (20.479).
However, the F statistics value of the double threshold test
(7.023) is less than the 10% significance level threshold value
(8.842). Therefore, it can be considered that there is only one
threshold effect in size.

In addition, the study determines the estimate of the
threshold and the 95% confidence interval. See Table 5 for
further details. The single threshold estimate for city size is
293.430, and the 95% confidence interval is [39.000,
326.400]. The first threshold of population density is
17197.297, and the second threshold is 13136.986. The likeli-
hood ratio function is illustrated in Figure 1 that shows the
estimates and confidence intervals of the threshold.

4.2. Threshold Model. Equation (1) can only reflect the com-
prehensive static effect of urban scale on regional innovation
output; the threshold panel model is further explored to ana-
lyze the dynamic effect of urban scale and population density
variations on regional innovation output. According to the
relevant literature, the two-stage least squares method pro-
posed by Hansen (1999) is used to estimate the data model
of the threshold panel. The setting equation of the single
threshold regression model is as follows:

Patent densityit = α0 + α1sizeit + α2densityit+〠αkXkit + εit ,:
ð4Þ

where 1ð0Þ is an indicator function and the value is 1 when
the corresponding condition is raised; otherwise, it is 0.

In contrast, in the actual observation value with the
threshold value, the sample observation value can be divided
into two intervals: the coefficient of the corresponding range
by looking at the marginal coefficients of different intervals.
We examine the impact direction and extent of changes in
urban size and population density on regional innovation
output if there are multiple thresholds; we expand the above
equation based on a single threshold.

4.3. Panel Threshold Analysis. Based on the threshold regres-
sion analysis, the urban innovation output is considered as
the explanatory variable, while the urban scale and popula-
tion density were added as the threshold variable. On the
other hand, research and development (R&D) investment,
the proportion of the tertiary industry, and international
direct investment add as the core explanatory variables for
threshold regression. The specific inspection results are illus-
trated in Tables 6 and 7.

Table 6 shows that there are significant innovation-
promoting effects on urban-scale expansion. When the urban
scale exceeds the threshold value of 293.430, the innovation
promotion effect of urban-scale expansion increases signifi-
cantly, and its effect coefficient increases from 0.128 to
0.233, indicating that although the expansion of urban scale
is favorable to improving urban innovation output. However,
for cities of different scales, when the city size is greater than
the specific threshold (293.430 people/km2), it will further
release the innovation promotion effect brought by the
expansion of the city scale. In theory, if the city size exceeds
a certain threshold, the city will have complete information,
communication, and other infrastructures. Moreover, the
agglomeration effect of innovative resources, the accumula-
tion effect of human capital, the formation effect of informa-
tion exchange network, and the improvement effect of
transaction efficiency can be effectively exerted. The larger
the scale of the city, the easier it is to become the

Table 4: Threshold effect self-sampling inspection.

Variable F P BS 1% 5% 10%

Size
Single threshold test 21.038∗∗∗ 0.033 300 20.479 18.500 18.292

Double threshold test 7.023 0.197 300 11.276 10.574 8.842

Density

Single threshold test 34.622∗∗∗ 0.007 300 14.684 11.965 8.442

Double threshold test 22.498∗∗ 0.023 300 15.269 8.201 6.066

Triple threshold test 4.348 0.211 300 10.034 6.412 5.817

Table 5: Threshold estimation results and confidence interval.

Variable
The threshold

value
Estimated
value

95% confidence
interval

Size Ito1 293.430 [39.000, 326.400]

Density
Ito1 17197.297

[13892.320,
18115.310]

Ito2 13136.986
[86432.016,
14341.831]
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concentration of innovation and invention as well as city size
will affect the regional human capital accumulation [26]. On
the other side, when the city scale is larger, then more various

innovative resources will be gathered; also, more dynamic the
innovation development as well as the innovation segments
will boost likely to produce high-quality innovation results.
The empirical study of Miao (2009) also shows that regional
innovation activities have an externality [27]. The externality
of innovation activities has a certain space scope that innova-
tion activities have agglomeration. The expansion of urban
scale is conducive to the agglomeration of innovation ele-
ments and the promotion of regional innovation output.
The diversity brought by the expansion of urban scales, such
as diversity of economic activities, diversity of innovation
activities, and diversity of innovation groups, also helps to
trigger innovation ideas and improve urban innovation
output.

We refer to the population-density cities the first thresh-
old (13136.986 people/km2) as low-density cities, the
population-density cities between the first threshold and
the second threshold as medium-density cities (13136.986
people/km2-17197.297 people/km2), and the population-
density cities above the second threshold (17197.297 peo-
ple/km2) as high-density cities. From the regression results
in Table 7, we explore that for low-density cities and
medium-density cities, the increase of urban population den-
sity has a significant positive impact on urban innovation
ability. The increase in urban population density can signifi-
cantly improve the technology of new knowledge in the soci-
ety, further improve the level of specialization and division of
labor [28], and is conducive to improving urban innovation.

However, in high-density cities, increasing population
density does not have a significant impact on innovation out-
put. This also indirectly proves that the density of employ-
ment agglomeration in some cities in China is too high,
and there has been a significant agglomeration diseconomy
[29]. This may be due to the lack of economic activities of
congestion in high-density cities, such as the increase in com-
muting costs caused by the congestion effect, resulting in a
large number of losses of effective labor commuting and
damaging the city’s innovation ability. From the perspective
of coefficient, the innovation promotion effect of medium-
sized cities is significantly greater than that of low-density cit-
ies with coefficients of 0.431 and 0.216, respectively. As
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Figure 1: Threshold and confidence interval.

Table 6: Results of model estimation based on the urban size as a
threshold.

Variable Coefficient Standard error t

Size ≤ 293:430 0.128∗∗∗ 0.040 3.21

Size > 293:430 0.233∗∗∗ 0.059 3.98

Density 0.347∗∗∗ 0.123 2.81

R&D 1.287∗∗∗ 0.247 5.21

Third industry 3.218∗∗ 1.634 1.97

FDI 3.092 3.031 1.02

Constant 0.218∗∗∗ 0.068 3.21

R-squared 0.372

t value in brackets. ∗ indicates significance under 10% significance level. ∗∗
indicates significance under 5% significance level. ∗∗∗ indicates significance
under 1% significance level.

Table 7: Model estimation results with population density as the
threshold.

Variable Result
Standard
error

t

Density ≤ 13136:986 0.216∗∗∗ 0.049 4.37

13136:986 < density ≤ 17197:297 0.431∗∗∗ 0.110 3.92

Density > 17197:297 0.033 0.046 0.72

Size 0.347∗∗∗ 0.025 13.64

R&D 0.821∗∗∗ 0.250 3.29

Third industry 1.921∗∗∗ 0.919 2.091

FDI 0.214 0.177 1.21

Constant 0.306∗∗∗ 0.062 4.91

R-squared 0.461

t value in brackets. ∗ indicates significance under 10% significance level. ∗∗
indicates significance under 5% significance level. ∗∗∗ indicates significance
under 1% significance level.
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previously analyzed, the increase in urban population density
can promote the sharing of public facilities, facilitate the
matching between workers and positions, and promote the
speed and scope of the dissemination and exchange of “hid-
den” knowledge related to innovation. Additionally, the
urban city population facilitates the mutual exchange and
imitation among organizations and talents. However, the
larger population density will highlight crowding and other
negative effects as well as make the marginal agglomeration
effect caused by the increase of urban population density off-
set by the marginal crowding effect, which is not beneficial to
the improvement of urban innovation output capacity.
Therefore, for high-density cities, we should optimize the lay-
out of industry and population within the city to develop
multicenter cities. By decentralizing employment in periph-
eral subcenters, the scale of the urban population is
increased, while the commuting distance is greatly reduced,
the commuting cost is saved, and the negative impact of the
increase in population density is reduced.

5. Conclusions and Policy Recommendations

The empirical research shows that the urban size and popu-
lation density have a significant positive impact on regional
innovation output. The impact of urban size and population
density on innovation output shows a significant and positive
relationship. The empirical results of the threshold panel
model show that when the city size exceeds the threshold
value of 293.430 million people, the regional innovation out-
put development effect of urban-scale expansion increases
significantly. There is a double threshold effect on population
density that has a significant positive impact on urban inno-
vation development with the increase of urban population
density in low- and medium-sized cities. However, the result
also reveals that for high-density cities, the increase in popu-
lation density will not have a significant impact on innova-
tion output.

Based on the empirical analysis findings, to further
enhance the improvement of regional innovation level, this
paper proposes the following countermeasures and sugges-
tions: First, our findings suggest that local and central gov-
ernments should continue to expand the scale of cities,
especially small- and medium-sized cities. We follow the laws
of urbanization development, urban-scale expansion, and
industrial development that actively promote population
urbanization. Specifically, starting from the solution of hous-
ing security, children’s education, medical facilities, pension,
and other issues, we should formulate relevant support and
support policies to promote the “new citizens” to stay in the
city. Particularly, in the context of rising housing prices, it
is necessary to further improve the “government-led, market
participation” housing system, increase the supply of afford-
able housing, and improve the quality of affordable housing.
In addition, small- and medium-sized cities should cultivate
pillar industries according to local conditions, gather popula-
tion through industrial development, and improve the ability
to create employment and acquire labor force. Secondly,
while increasing the size of the city, the policymakers actively
increase the population density of the city promote the expe-

dition of population urbanization, consciously improve the
population density of the city, avoid the large-scale inefficient
outward spread of the city, improve the population and eco-
nomic activities, and boost the utilization efficiency of land
resources. Thirdly, smart growth theory and dense city con-
cept should be merged into urban planning and development
concept. To elude the crowding effect brought by megacities,
the expansion of start-up area or restriction of population
inflow currently adopted at the cost of damaging the regional
innovation ability. It is necessary to integrate smart growth
theory and dense city concept into urban planning and devel-
opment concept into all aspects of urban development and
management, to reduce the crowding effect while increasing
urban population density.
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