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Multi-stage collaborative efficiency measurement of sci-
tech finance: network-DEA analysis and spatial
impact research

Liying Yu, Weishu Li, Zixuan Chen, Mingkang Shi and Hongda Liu

School of Management, Shanghai University, Shanghai, China

ABSTRACT
Sci-tech and finance plays an increasingly important role and
have become an important driving force in economic develop-
ment. In China, the problem of insufficient financial support for
sci-tech innovation is important to enterprises. According to the
internal relationship between different stages of Sci-tech and the
finance system, this paper is aimed at exploring the efficiency
measurement method between sci-tech and finance systems.
Firstly the multi-stage collaborative structure of sci-tech finance is
built, where the system of sci-tech is divided into three stages
including the R&D stage, transformation stage of sci-tech achieve-
ments and industrialization stage, and the financing channel is
the input of the finance system into the sci-tech system at differ-
ent stages. The measurement method of the multi-stage collab-
orative efficiency between sci-tech and finance systems is put
forward by the framework of network DEA. Then, taking China as
an example, we collect the information of 30 provinces and cities
from 2009 to 2016 and measure the efficiency of each system
and the collaborative efficiency of the both. The efficiency’s spa-
tial correlation is tested by means of Moran index. Finally, the
influencing factors of the collaborative efficiency are analyzed
based on the spatial econometric regression model, which consid-
ers the financing channels and human capital. To sum up, there
are significant differences in the sci-tech finance collaborative effi-
ciency among regions in China. Among them, the collaborative
efficiency of Beijing, Shanghai and Jiangsu ranks in the top three.
Comparing the different stages of the sci-tech system, the com-
mercialization stage is a weak link in many regions of China.
Human capital and financing channels of sci-tech finance have
different degrees of positive impact on the sci-tech finance collab-
orative efficiency. Among them, human capital plays a greater
role in promoting the sci-tech finance collaborative development.
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1. Introduction

The study on the relationship between finance and science and technology has been
going on for decades of years. As long ago as 1911, Schumpeter (1934) analyzed the
effect of currency, credit, and interest and other various kinds of variables on busi-
ness innovation and economy, and therefrom pointed out that a torrent of financial
activities could pump up regional economy to a great extent by way of promoting sci-
ence and technology innovation. Also, Hicks (1969) surveyed the effectiveness of
financial market from the perspective of science and technology innovation, which
has gotten the similar result. All these time-honored studies displayed the positive
effect of finance on the scientific world and constructed the research paradigm of sci-
tech finance, which placed an open door for scholars in later generations.

Since then, especially when we stepped into the nineties, plenty of science and
technology have been rapidly carried out, and numerous financial enterprises have
simultaneously sprung up in every part of the world. This resultant force generated a
series of miracles, like Silicon Valley, which has been benefited from American
finance system, have astounded and inspired us again and again. As a consequence,
specialists in growing numbers have conducted research to enable us to understand
this kind of interaction, and to find the best way to make financial instruments to
penetrate the business surface into the depth of science and technology demand.

In the study of the relation between technology development and finance,
researchers paid more attention to the needs of technology development for finance,
that is, the needs of technology R&D and technology output for financial tools and
financial policies. Finance was regarded as one of the important influencing factors of
regional, industrial and corporate innovation capabilities. Canepa and Stoneman
(2007), surveyed the restriction of financial factors to technological innovation in the
UK, considering that the financial industry could positively affect innovative activity,
especially for small- or medium-sized high-tech businesses. Using Korea as the case,
Ang (2010) investigated the impact of financial reforms on innovation, and the result
demonstrated that financial liberalization was one of the key factors that could signifi-
cantly help forward knowledge production. From the investment prospective, Arqu�e-
Castells (2012) in Spain found that business patenting production can be exception-
ally increased after being funded by venture capital. Coincidentally, Popov and
Roosenboom (2012) gathered abundant information about venture capital and patents
in Europe, referring to 21 countries and 10 industries in the period of 1991–2005.
The study showed that venture capital which played an important role in stimulating
innovation, largely appeared in countries with better commercial environment.
Chowdhury and Maung (2012) conducted a survey among 70 countries in the range
of 1997–2006, in an effort to analyze whether financial market could enhance the
effectiveness of research and development (R&D). Likely, the work indicated that a
sound financial market and well-designed government policies would improve R&D
efficiency by reducing information asymmetry. In Italy, Giannetti (2012) explored the
relationship between firms and banks. In short, this study suggested that banks
should take different approaches to support different firms, and posited that main
banks’ financial decision could positively influence the capability of business innov-
ation. Based on India’s experience, Ang (2014) and Sasidharan et al. (2015) shed light
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on the role financial sectors played in technological innovation and the correlation
between financing constraints and R&D, respectively. The general conclusion was
that for promoting new knowledge production, a series of financial reforms and gov-
ernment interventions might help. After researching 32 developed or emerging coun-
tries, Hsu et al. (2014) considered that well-developed equity markets would
dramatically benefit companies which are technology-oriented and are indifferent and
insensitive to external finance, yet the role credit markets played seemed to be
reversed. Minetti and Herrera (2015) surveyed Italian manufacturing firms in detail
and found that companies with longer credit relationships were more willing to carry
out innovation activities and the most noticeable effect of banks was at the stage of
technology introduction, rather than technology assessment and development. Da
Fonseca and Veloso (2018) took the USA and Brazil as cases to discuss the influence
government exerted in supporting science, technology and innovation. Comin and
Nanda (2019) investigated the impact of financial market development on the prolif-
eration of 16 major technologies in 17 countries, found that the development of
financial markets plays a key role in promoting the early stage of technological innov-
ation. The greater the depth of the financial market, the faster technology spreads.
Tolliver et.al (2021) studied the relationship between green innovation and green
finance in Japan, South Korea and China, and discovered that finance and innovation
have mutually reinforcing effects. Zhu et al. (2020) research in 50 countries showed
that the expansion of the financial industry may damage innovation activities and
thereby damage innovation-led growth.

These researchers also concurred with those of China. As a distinctive fast-growing
economy, Chinese financial and scientific activities have been positively conducted,
which appeals to large numbers of researchers from all over the world. Through
investigating more than 120,000 unlisted Chinese companies (including foreign-
funded ones) from 2000 to 2007, Guariglia and Liu (2014) looked into the matter
whether financing constraints could affect innovation activities, and verified that
internal finance is the main factor limiting the innovation of Chinese corporation,
especially small or private firms. By virtue of game models, Li found that among vari-
ous financial instruments, innovation fund, bond, and equity were the main contribu-
tors for company innovation and innovation fund was the most significant one
among the three troika members. Qian and Zhang (2017) collected the data of listed
companies in Chinese stock markets, indicating that the development of technology
finance was an important driving force for tech firms’ R&D investment. As an effort
to explain China’s sustained and high-level economic growth, S€oderlund and Tingvall
(2017) tried to reveal the relationship between finance and development at the pro-
vincial level. The result documented that free capital flow, sound finance system and
regulatory system, and marketization were principally the levers for boosting econ-
omy, and in some ways this effect was even sharper in less-developed regions. Hou
and Song (2020) verified that finance improves the efficiency of regional R&D innov-
ation by affecting the rate of return on capital and R&D investment.

The development of science and technology needs the financial industry to provide
funds and capital input. Similarly, the development of science and technology also
promotes the development of the financial industry. In recent years, “FinTech,” a
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contraction of “Financial technology,” has attracted increasing attention. Arner et al.
(2016) referred FinTech to technology enabled financial solutions. It is often seen
today as the new marriage of financial services and information technology.
Moreover, a group of researchers considered cooperation among finance, commercial
activities, and scientific research as an ecosystem (Lee & Shin, 2018; Mackenzie,
2015), which mainly referred to the basic concepts of this kind of study and how to
bring into full play the advantages of each part in practice. Palmie et al. (2020) illus-
trated the impact the FinTech ecosystem has had on disrupting the financial services
industry. Hendrikse et al. (2020) believed that FinTech plays an important role in the
formation of the financial ecosystem. Yang et al. (2021) emphasized the impact of
FinTech on the profitability, financial innovation and risk control capabilities of com-
mercial banks.

In summary, today there are numerous papers and studies taking part in sci-tech
and finance, and this kind of research is all but conducted through quantitative mod-
els to disclose the relationship, or even articulation, between financial activities and
science and technology. The general conclusions of them are as follow. First, finance
could exceedingly support and give impetus to the development of commercial indus-
tries and scientific research by means of participating into risk management, supervi-
sion, education, informatization, and investment, and other various kinds of
processes (Sokol, 2017). Besides, science and technology can in turn support the
financial industry to a large extent, providing theoretical or practical methodologies,
and investment opportunities from which modern finance can be benefited. Second,
in this process, government and regulatory institutions have often played a pivotal
role that could largely facilitate and stimulate the communication and cooperation of
each part.

At this point, no one would seriously question the co-existence and mutual pro-
motion between finance and science and technology. But so far, at least to our know-
ledge, there is another problem truly important, yet barely noticed, i.e., what extent
to which the two systems can affect each other. Without too much exaggeration, this
issue might have a deep reality-oriented meaning, because it can straightforwardly
instruct us how to allocate resources, how to formulate collaborative policies and
whether this kind of bilateral or multilateral cooperation is necessary.

China’s national strategic plan emphasizes the integration of technology and
finance, and proposes the specific implementation plans to promote innovation in
financial services technology (in 2010, the Ministry of Science and Technology and
other five departments jointly issued the "Promoting the Integration of Technology
and Finance Pilot Implementation Plan"). Science-technology finance (Sci-tech
finance), which serves technological innovation has been developed under actual
demand and policy promotion. However, under the current circumstances, the devel-
opment of financing channels in China’s Sci-tech finance is not satisfactory: The role
of venture capital investment is not fully played, the development of technology cap-
ital markets is limited, and the types of technology investment products of financial
institutions are small and the service form is single. How to play the value of Sci-tech
finance is an important issue? This requires several questions to be resolved: How to
establish the collaborative relation between Sci-tech and finance? How to measure the
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collaborative efficiency of Sci-tech and finance? What are the problems with the sci-
tech system and the finance system in the collaborative relationship? What are the
influencing factors of the collaborative efficiency of Sci-tech and finance? Therefore,
it is necessary and important to explore the collaborative structure of sci-tech finance,
quantitatively disclose each system’s efficiency and the collaborative efficiency of the
both, and then to analyze what are the influencing factors of the collabora-
tive efficiency.

With this in mind, we researched massive documents about efficiency measure-
ment, a really age-old field in operations research (Farrell, 1957), and finally chose
data envelopment analysis (DEA) as the key technique. Briefly speaking, DEA is a
well-known math model originated in the late 1970s, which could evaluate the indi-
vidual efficiency of a decision making unit (DMU) within a group of interest that
perform in a certain practical field (Castelli et al., 2004). Since the seminal work of
(Charnes et al., 1978), DEA has evolved at a fast speed (Lampe & Hilgers, 2015),
spawning a big, methodological system (Cook & Seiford, 2009; Liu et al. 2013;
Seiford, 1996), and has been gradually applied to various kinds of social science areas
and beyond (Liu et al. 2013), which can be seen as a spear head in efficiency meas-
urement. Moreover, in the DEA family, network DEA, carried out by F€are and
Grosskopf (1996), is definitely a super star in recent years (Kao, 2014). For example,
Cook et al. (2010) systematically summarized the two-stage DEA model and per-
formed efficiency decomposition to evaluate the efficiency of non-life insurance com-
panies. Luo et al. (2012) and Matthews (2013) provided empirical analyses of the
efficiency of Chinese commercial banks, from the perspective of index selection and
risk management, respectively. Wang et al. (2014) conducted the bank efficiency
evaluation with the network DEA model with undesired outputs. Iftikhar et al. (2016)
used the network DEA to divide the economic operation system into two stages of
economic output and resource allocation. Fukuyama and Matousek (2017) applied
the network DEA to exploring the relationship between bank income function and
non-performing loans. Still, there are lots of studies dealing with efficiency evaluation,
like Badiezadeh et al. (2018) for supply chains, An et al. (2019) for resource sharing
and payoff allocation, Losa et al. (2020) for the efficiency of airline groups, etc. In
conclusion, it can be seen that network DEA method is widely used, which can be
used to measure system efficiency with multi-stage characteristics of internal structure
and internal subsystem efficiency.

As mentioned above, finance and science and technology are entangled with each
other, together forming a new sophisticated social system. The process of techno-
logical innovation can be divided into three stages, namely research and development,
the commercialization of sci-tech achievements and sci-tech industrialization. Finance
plays an important role in this process. Financial institution technology investment,
venture capital investment and sci-tech capital market investment support the realiza-
tion of the three stages. We need to explore: How do the three stages of the sci-tech
system relate to the finance system? What is the role of the finance system in each
stage? Apparently, network DEA can be seen as an instrument to help us seeing
through this “black box” and then perceiving the essence of the collaboration between
the two systems. Therefore, in this work, based on Chinese experience and the
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fundamental knowledge of network DEA, we creatively develop a new DEA method
for scaling the collaborative efficiency of sci-tech finance.

This method fully considers the operating mechanism of sci-tech finance in time
sequence and divides the collaborative system into three stages, i.e., R&D, commer-
cialization, and industrialization, so as to span all aspects of the collaboration.
Through such design, we hold that this method, in some ways, could enrich the
research method of sci-tech finance, and provide a model for studying the multi-sys-
tem multi-stage collaborative structure, which can push forward the sci-tech finance
research and DEA methodology at the same time.

Taking this brief introduction as Section 1, the work in Section 2 introduces the
design proposal, process, and operational guide of the DEA method in detail. Section
3 measures the sci-tech finance collaborative efficiency and subsystem efficiency at
the provincial level from 2009 to 2015 in China, and then Section 4 analyzes the
influencing factors of sci-tech finance collaborative efficiency, followed by Section 5,
which summarizes the entire work, and provides several pertinent suggestions for all
sides of sci-tech finance activities.

2. Methodology and data

2.1. The collaborative structure of sci-tech finance

The economy system is a collection of interrelated members, which is quite similar to
the biological community. In order to exist and grow up, each member of the com-
munity requires both assistance and protection from other members, which acceler-
ates the share of information and other resources. Sci-tech system and finance system
are two key subsystems in the economy system, and there is an interaction between
them. If the elements within these two systems can form a mutually-promoting and
mutually-affected relationship during the development process, these two systems can
promote the sustainable development of the economic system. When the two systems
form such a relationship, it can be called a sci-tech finance collaborative structure.
This structure is a platform for interaction between the sci-tech system and the
finance system, enabling various elements to play a greater role and realizing an over-
all function which is greater than the sum of each part function.

In the study of the collaboration between the finance system and the sci-tech sys-
tem, existing literature used to integrate R&D stage and commercialization stage
which is then considered as a black box. In fact, in the sci-tech system, scientific
institutions have different development stages ranging from the initial technical
research to industrialization in accordance with the maturity of products. Based on
the experience of Chen et al. (2018), this paper divides the development of the sci-
tech system into three stages, i.e., R&D, commercialization, and industrialization. In
this way, the cooperation of sci-tech finance systems across different stages in differ-
ent regions is studied.

The first stage, R&D, mainly focuses on new technologies. After successful oper-
ation, these technologies are expected to be appeared as papers and patents which
can be used by scientific institutions and enterprises to generate new products. The
research institutions provide platforms and environment for sci-tech innovation. And
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research institutions are also willing to invest human resources to support the
research and development. Therefore, this paper takes the number of sci-tech practi-
tioners and research institutions as the measurement index of the input factor of the
R&D stage. In the R&D stage, there are two types of achievements: research papers
and patents, which are the output of R&D, as well as the input of commercialization
stage. The number of patents includes the number of patent grants and patent appli-
cations. To fully reflect the level of innovation, we select the number of patent appli-
cations as the output factor of the R&D stage.

The second stage is the commercialization of sci-tech achievements. This stage
mainly refers to that scientific institutions or enterprises turn technologies into prod-
ucts which are profitable. If a product could make a profit, it also completes this
stage. Therefore, this paper mainly chooses the technical market turnover as the out-
put variable for measuring this stage.

The third stage is industrialization. At this stage, new enterprises continuously
come into the products’ market which then plays a pivotal role in the foundation of
high-tech industries. Sci-tech innovation needs all kinds of sci-tech finance services.
At the same time, enterprises may raise funds to develop the high-tech industry
through capital market. The market is continuously expanded and progressively form
related high-tech industries. Therefore, this paper mainly uses high-tech output value
and high-tech product exports to measure the output at this stage.

2.2. Indicator selection of sci-tech system and finance system

2.2.1. Input indicators and output indicators of finance system
The input of the finance system mainly includes human resources and fixed assets of
financial industry. Human resources are represented by people who work in the
financial industry. Fixed assets are represented by the stock of financial fixed assets.
Since the investment of the fixed assets listed in the China Statistical Yearbook is
each year’s newly increased flow, the perpetual inventory method is adopted for con-
version. The calculation formula is Kt ¼ ð1�dtÞKt�1 þ It�1, where Kt represents the
stock of financial fixed assets in period t, dt , usually set as 10%, means the depreci-
ation rate, and It�1 is the fixed capital input flow in a period lagging behind.

The output indicators of finance system include final output indicators and inter-
mediate output indicators of the finance system. The final output indicator for the
finance system includes growth in the financial sector, which is from the China
Statistical Yearbook. The intermediate output indicators of the finance system are the
indicator of input to sci-tech system, which mainly includes three financing channels,
include the financial institutions technological investment, the venture capital invest-
ment and the sci-tech capital market investment. The financial institutions techno-
logical investment is measured by miscellaneous investment written in the China
Statistical Yearbook (Sun & Wu, 2017). The venture capital investment is measured
by venture capital investment intensity, which is computed through dividing venture
investment by GDP and regularly published by Venture Capital Development in
China. The sci-tech capital market investment can be regarded as the total financing
of technology companies publicly listed on the Shenzhen Stock Exchange and
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Shanghai Stock Exchange (Zhang & Zhao, 2015). For the definition of technology
companies, we refer to the criteria of the Analysis Report on Technology Sectors of
Listed Companies for sample selection.

2.2.2. Input indicators and output indicators of sci-tech system
The input of sci-tech system mainly includes the number of sci-tech practitioners and
research institutions (Cao et al., 2011). Because increasing the number of sci-tech
practitioners and investment in research institutions will improve the efficiency of
enterprise R&D. And the quality of sci-tech practitioners has an important impact on
the efficiency of enterprise innovation. Both indicators are derived from China
National Bureau of Statistics.

The output of sci-tech system is comprised of the output indicators of three stages:
R&D, commercialization, and industrialization.

At the R&D stage, scientific research institutions and technology companies mainly
focus on basic research and common technology research, to create papers and pat-
ents which can promote the development of new products. Therefore, the output of
this stage is measured by the number of patents and papers. Both indicators are
derived from China Science and Technology Statistical Yearbook.

At the commercialization stage, enterprises transform patented technologies into
new products to create revenue for the enterprises. Therefore, the output of this stage
is measured by the new products sales revenue and the technical market turnover.
Both indicators are derived from China Science and Technology Statistical Yearbook.

At the industrialization stage, new enterprises will continue to enter the market,
and the market scale will gradually expand, thereby forming a science and technology
industry, creating high-tech output value and exporting to the outside world. Both
indicators are derived from National Bureau of Statistics of China.

The input indicators and output indicators of finance system and sci-tech system
chosen in this paper are shown in Table 1.

2.3. Measurement model of collaborative efficiency of sci-tech finance

Based on the indicator selection of sci-tech system and finance system, and consider-
ing the internal operation mechanism of sci-tech system and finance system, we
construct the sci-tech finance collaborative system in Figure 1.

According to the collaborative structure of finance system, sci-tech system, and
index system, we depict the multi-stage collaborative structure of sci-tech finance in
Figure 2:

In Figure 2, the input variables of the finance system (financial fixed assets and
the number of financial practitioners) are set as x; the output variables of the finance
system are set as z, and the final output variables of the finance system (financial
industry growth) are set as z0; The intermediate output variables of the finance sys-
tem (financial institution technology investment, venture capital investment, and sci-
tech capital market investment) are respectively set as z1, z2, and z3.

The input and output variables of the sci-tech system are set as y. The input varia-
bles (number of sci-tech practitioners and scientific research institutions) of the R&D
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stage are set as y0; the output variables of the R&D stage (the number of patents and
papers) are set as y1; the output variables of the commercialization stage of sci-tech
achievements (new product sales revenue and technology market turnover), which also
are the input variables of industrialization stage, are set as y2. The output variables of
industrialization stage (hi-tech product exports and hi-tech output) are set as y3.

In order to further introduce the sci-tech finance multi-stage collaborative effi-
ciency measurement model, the variables are set as shown in Table 2.

Table 1. Input indicators and output indicators of finance system and sci-tech system.
System Variable type Variable name

Finance system Input variable Financial fixed assets
Financial practitioners

Output variable Financial industry growth
Financial institution technology investment
Venture capital investment
Sci-tech capital market investment

Sci-tech system Input variable Sci-tech practitioners
Research institutions

R&D output variable Number of patents
Number of papers

Commercialization output variable New product sales revenue
Technical market turnover

Industrialization output variable Hi-tech product export
Hi-tech output

Source: the author based on the variable relation.

Figure 1. Sci-tech finance collaborative system.
Source: the author based on the variable relation.

Figure 2. Collaborative structure of sci-tech finance.
Source: the author based on the variable relation.
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Table 2 shows that hSFk represents the multi-stage collaborative efficiency of sci-
tech finance of measurement object k; xrk represents the rth input variable of meas-
urement object k in the finance system; when p¼ 0, ypsk represents the sth input
variable measurement of object k in the scientific and technological development
stage; when p¼ 1,2,3, ypsk represents the sth output variable of the measurement object
k in the p stage of the science and technology system; when q¼ 0, zqtk indicates that
the measurement object k is tth final outputs in the finance system; when q¼ 1,2,3,
zqtk represents the tth input variable of the measurement object k in the finance sys-
tem’s qth stage in the sci-tech system; and, ur, vs, wt are weight coefficients of
xrk, y

p
sk, z

q
tk, respectively.

In the case of constant returns to scale, the DEA model of the collaborative effi-
ciency can be described as:

maxhSFk ¼ 1
2
ð
X3
q¼0

XT
t¼1

wtz
q
tk þ

X3
p¼1

XS
s¼2

vsy
p
skÞ

s:t:

X2
r¼1

urxrk ¼ 1

X2
s¼1

vsy
0
sk þ

X3
q¼1

XT
t¼1

wtz
q
tk ¼ 1

X3
q¼0

XT
t¼1

wtz
q
tj�

X2
r¼1

urxrj � 0, j ¼ 1, . . . , J

X3
p¼1

XS
s¼2

vsy
p
sj�ð

X2
s¼1

vsy
0
sj þ

X3
q¼1

XT
t¼1

wtz
q
tjÞ � 0, j ¼ 1, . . . , J

vr, us,wt � 0, r ¼ 1, . . . ,R, s ¼ 1, . . . S, t ¼ 1, . . . ,T

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

(1)

Expanding output is focused when inputs are relatively determined in a multi-stage
collaborative system of technology and finance. In the objective function of model
(1), wtz

q
tk and vsy

p
sk are selected respectively as the output combination of the finance

system and the scientific and technological system as the objective function.

Table 2. Notation and definition.
Symbol Explanation

h the collaborative efficiency of sci-tech finance
x finance system output variable
y sci-tech system variable
z finance system input variable
k Object of efficiency measurement
j Object of efficiency measurement besides k
p The stage number of y (p¼ 0,1,2,3)
q The stage number of z (q¼ 0,1,2,3)
r The indicator number of x (r¼ 1,… ,R)
s The indicator number of y (s¼ 1,… ,S)
t The indicator number of z (t¼ 1,… ,T)
u weight coefficients of x
v weight coefficients of y
w weight coefficients of z

Source: the author based on the variable relation.
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Among the constraints, the first constraint represents constraints on the input
combination of finance system inputs urxrk: The second constraint represents the
constraints on the input combination of the technology system vsy0sk and wtz

q
tk: The

third constraint represents the constraints of the combination of inputs urxrj on the
outputs of finance system wtz

q
tj: The fourth constraint represents the combination of

the input of the technology system vsy0sj and wtz
q
tj on the output combination vsy

p
sj:

The fifth constraint means that all the weight coefficients ur, vs and wt are positive.
The measures of finance system efficiency are derived from the collaborative effi-

ciency model of sci-tech finance, which mainly extract input variables and output varia-
bles related to the finance system from Model (1). The measurement model is set as:

maxhFk ¼
X3
q¼0

XT
t¼1

wtz
q
tk

s:t:

X2
r¼1

urxrk ¼ 1

X3
q¼0

XT
t¼1

wtz
q
tj�

X2
r¼1

urxrj � 0, j ¼ 1, . . . , J

vr,wt � 0, r ¼ 1, . . . ,R, t ¼ 1, . . . ,T

8>>>>>>><
>>>>>>>:

(2)

In Model (2), hFk represents the finance system efficiency of measurement object k.
For the output-oriented model, the output combination wtz

q
tk is selected as the object-

ive function. The first constraint in the constraint condition represents the constraint
on the input combination urxrj of the finance system, and the second constraint rep-
resents the relationship between on the input combination urxrj and output combin-
ation wtz

q
tj of the finance system.

The efficiency measure of the sci-tech system is derived from Model (1), which
mainly extracts input variables and output variables related to the sci-tech system.
The measurement model is set as follows:

maxhSk ¼
X3
p¼1

XS
s¼1

vsy
p
sk

s:t:

X2
s¼1

vsy
0
sk þ

X3
q¼1

XT
t¼1

wtz
q
tk ¼ 1

X3
p¼1

XS
s¼1

vsy
p
sj�ð

X2
s¼1

vsy
0
sj þ

X3
q¼1

XT
t¼1

wtz
q
tjÞ � 0, j ¼ 1, . . . , J

vs,wt � 0, s ¼ 1, . . . S, t ¼ 1, . . . ,T

8>>>>>>>><
>>>>>>>>:

(3)

In Model (3), hSk represents the sci-tech system efficiency of measurement object k.
For the output-oriented model, the output combination vsy

p
sk is selected as the object-

ive function. The first constraint in the constraint condition represents the constraint
on the input combination vsy0sj of the sci-tech system, and the second constraint
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represents the relationship between on the input combination (vsy0sj and wtz
q
tj) and

the output combination vsy
p
sj of the sci-tech system.

3. Collaborative efficiency measurement results and analysis

3.1. Sci-tech finance collaborative efficiency

In accordance with model (1), (2) and (3), by limiting the input variables and maxi-
mizing the output variables, sci-tech finance collaborative efficiency (It is referred to
as sci-tech finance efficiency in the form) and its subsystem efficiency can be meas-
ured, which are shown in Table 3. The closer the value approaches 1, the higher the
efficiency would be.

As can be seen, 30 provinces and cities’ collaborative efficiency largely range from
0.2 to 1, which are considered very high. Beijing, Shanghai, and Jiangsu top the list,
whose three kinds of efficiency are wholly effective. And the efficiency of its finance
system efficiency and sci-tech system efficiency also maintain a high level. The
finance system efficiency of Tianjin and Guangdong also maintain a good develop-
ment trend. There is a certain gap between sci-tech finance efficiency and frontier
level in central and western regions. The efficiency difference is more than 0.5, the
sci-tech system efficiency still needs to be improved.

3.1.1. The spatial analysis of sci-tech finance collaborative efficiency
In Figure 3, this paper further draws the spatial distribution of the collaborative effi-
ciency of sci-tech finance in China from 2009 to 2016, in order to visually analyze
the distribution of sci-tech finance efficiency in various provinces and cities:

3.1.2. The trend analysis of sci-tech finance collaborative efficiency
In Figure 4, during the sample period, the three kinds of efficiency has generally
soared. The efficiency of sci-tech system and finance system have increased by more
than 15%. Among them, the average value of the collaborative efficiency in 2015 has
reached 0.603, an increase of 10% compared with 2009, indicating that the overall
collaboration of sci-tech finance is good.

In general, all regions in China are still at the stage that research creation and
value are derailed. This may be a major challenge for China during the period of eco-
nomic restructuring. So, it is urgent to promote the commercialization of sci-tech
achievements. The commercialization of sci-tech achievements is a systematic project,
which should take not only the improvement of efficiency in each stage but also the
coupling of the whole stage into consideration.

3.2. The analysis of sci-tech system and finance system

3.2.1. The comparison of the efficiency of R&D and commercialization in sci-
tech system
In the period of sci-tech R&D, all regions make progress in the transformation effi-
ciency of sci-tech achievements at present, and achieve a high efficiency value.
Among them, the sci-tech R&D efficiency of 20 provinces and cities are higher than
the commercialization efficiency of sci-tech achievements, indicating that China have
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been made some achievements in the research results. China has made some achieve-
ments in research achievements such as papers and patents, but the efficiency in the
transformation stage of scientific and technological achievements is relatively low. It
shows that the transformation of scientific and technological achievements is a weak
link in all regions of China, and there is a certain gap between the transformation
and the research and development stage of science and technology. Therefore, China
needs to further strengthen the construction of institutions to assist the transform-
ation of scientific and technological achievements, and formulate supporting strat-
egies, so as to solve the problems of insufficient transformation of scientific and
technological achievements and subsequent industrialization as soon as possible.

From the Figure 5, it can be seen that finance system efficiency and sci-tech sys-
tem efficiency are similar for the leading areas. And the two subsystems maintain a
balanced development relationship. For the relatively backward areas in the coordi-
nated development of science-technology and finance, sci-tech system efficiency is
lower than finance system efficiency under the condition of low efficiency value of
the two systems. From the output point of view, the development of science-technol-
ogy system generally needs a relatively long period of time, and the centralized invest-
ment needs a certain period of time to show results. In terms of input, the
construction of scientific research institutions and the talents of scientific- techno-
logical innovation also need long-term policy and financial support. Therefore, the
coordinated development of science-technology and finance in backward areas needs
to focus on promoting the development of science and technology system.

3.2.2. The insufficient output of financing channels in finance system
In order to further explore the impact of output variables on efficiency values and adjust
the allocation of resources for the lack of output, this paper analyzes the part of the out-
put indicators that are insufficient when generating efficiency values. The situation of
insufficient DEA output in different regions from 2009 to 2016 is shown in Table 4.

Table 3. 2009-2016 China’s provincial sci-tech finance collaborative efficiency and subsys-
tem efficiency.

Area

Sci-tech
finance
efficiency

Finance
system
efficiency

Sci-tech
system
efficiency Area

Sci-tech
finance
efficiency

Finance
system
efficiency

Sci-tech
system
efficiency

Beijing 1 1 1 Henan 0.489 0.39 0.595
Shanghai 1 1 1 Hubei 0.477 0.533 0.477
Jiangsu 1 1 1 Hunan 0.472 0.711 0.359
Tianjin 0.999 1 0.997 Guangxi 0.462 0.414 0.53
Guangdong 0.997 1 0.993 Hainan 0.452 0.345 0.681
Hebei 0.915 0.87 0.995 Chongqing 0.425 0.298 0.765
Shanxi 0.914 0.815 0.996 Sichuan 0.383 0.775 0.284
Liaoning 0.764 0.656 0.924 Yunnan 0.366 0.425 0.34
Jilin 0.7 0.639 0.777 Shaanxi 0.354 0.352 0.373
Heilongjiang 0.665 0.521 0.926 Gansu 0.341 0.479 0.267
Zhejiang 0.592 0.581 0.635 Ningxia 0.305 0.333 0.286
Anhui 0.59 0.658 0.61 Xinjiang 0.257 0.395 0.198
Fujian 0.511 0.4 0.723 Inner

Mongolia
0.252 0.425 0.184

Jiangxi 0.507 0.351 0.931 Qinghai 0.241 0.41 0.172
Shandong 0.49 0.332 0.937 Guizhou 0.224 0.331 0.17

Source: the author based on the original data and empirical results.
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Since the collaborative efficiency of sci-tech finance in Beijing, Shanghai and
Jiangsu has reached 1, there is no shortage of output. In the finance system, the
shortage of financial institution technology investment mainly restricts the coordi-
nated development of China’s sci-tech finance, and the average output shortage rate
has reached 0.209. Insufficient financial institution technology investment in Hunan,
Jilin, and Inner Mongolia have reached 0.627, 0.431, and 0.428 respectively. It is
necessary for these provinces to financial institution technology investment.
Heilongjiang, Qinghai, and Guizhou need to strengthen venture capital investment to
enhance the collaborative efficiency. In the sci-tech system, compared with the num-
ber of papers and granted patents, the technical market turnover is the main factor
that restricts the coordinated development of sci-tech finance in China. The average
output shortage rate has reaches 0.184, indicating that China’s sci-tech system still
need to be improved in the stage of commercialization.

3.3. Spatial correlation analysis of sci-tech finance collaborative efficiency

This paper uses the exploratory spatial data method, Moran index, in order to study
whether the variables have spatial correlation and aggregation.

The value of the Moran index ranges from �1 to 1. The Moran index larger than
0 indicates that the coordinated development of sci-tech finance in China is spatially

Figure 3. The spatial distribution of sci-tech finance collaborative efficiency.
Source: the author based on the original data and empirical results.

Figure 4. National sci-tech finance collaborative efficiency mean line chart.
Source: the author based on the original data and empirical results.
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significant. The Moran index closer to 1 indicates that the spatial difference is small.
The Moran index smaller than 0 indicates spatial negative correlation, and the region
is significantly different from the surrounding area. The Moran index closer to �1
indicates that the spatial difference is big; the Moran index equal to 0 indicates that
the variables are spatially irrelevant.

The Figure 6 represents the specific Moran coefficient value of sci-tech finance col-
laborative efficiency from 2009 to 2016. The value of the Moran index fluctuated
within the range of 0.14 to 0.2, all of which maintained high significance. Among
them, the index value in 2012 and 2015 maintained a high level, which reflects that
China’s multi-stage collaborative efficiency in science and technology and finance as a
whole maintained a certain correlation.

From the Figure 7, the Beijing-Tianjin area and the Yangtze River Delta have a
high gathering effect, while the central China and western regions of China have a
low gathering effect. Therebefore, the spatial correlation of sci-tech finance in China
can be taken into the consideration of promoting the collaborative development of
sci-tech finance in the central and western regions.

4. Analysis of influencing factors of the collaborative efficiency

4.1. Econometric regression model

To improve the sci-tech finance multi-stage collaborative efficiency, it is necessary to
analyze its influencing factors. For the development of the sci-tech finance system,
human capital and financing channels of sci-tech finance are obviously direct influ-
encing factors. This paper constructs a spatial econometric regression model to study
the influencing factors of sci-tech finance collaborative efficiency. The explanatory
variables of the model are selected as follows:

1. Related variables of human capital investment: Human capital plays an important
role in the development of sci-tech system and finance system. The practitioner
income has greatly affected the choice of practitioner (Zhao & Zhang, 2010).

Figure 5. R&D and commercialization stage percentage comparison chart.
Source: the author based on the original data and empirical results.
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Besides, educational level of the whole society reflects the quality of human cap-
ital (Fan & Zhou, 2012), which can be measured as the number of students in
high schools per 100,000 population in each region. Therefore, related variables
of human capital investment are selected as: financial practitioner income, sci-
tech practitioner income, and the education level.

2. Related variables of financing channels for sci-tech finance: In the sci-tech
finance multi-stage collaborative structure, the finance system conducts in-depth
collaboration with the three stages of the sci-tech system through financing chan-
nel, which reflects technology capital market investment, venture capital invest-
ment and financial institution technology investment play the important role in

Figure 6. The Moran Index value line chart of sci-tech finance collaborative efficiency.
Source: the author based on the original data and empirical results.

Figure 7. The Moran scatter diagram of sci-tech finance collaborative efficiency.
Source: the author based on the original data and empirical results.
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promoting the sci-tech finance collaborative development (Hussain et al., 2017).
Therefore, related variables are selected as: technology capital market investment,
venture capital investment and financial institution technology investment.

3. Control variables: Existing literature generally selects macroeconomic indicators
such as degree of openness, economic development level, and economic structure
as control variables when researching technological innovation and financial
development. Therefore, we choose the economic development level, the open-
ness, and the economic structure as the control variables of the influencing factor
analysis model.

The influencing factors of the sci-tech finance collaborative efficiency in this paper
are shown in Table 5.

The specific regression analysis formula is shown as follows:

hSFkt ¼ b0 þ bh1fhckt þ bh2thckt þ bh3edukt
þ bf 1scmkt þ bf 2vckt þ bf 3fodkt

þ bc1ecokt þ bc2openkt þ bc3indkt þ ekt

(4)

In this equation, k represents different provinces, t represents different years, hSFkt
represents the sci-tech finance multi-stage collaborative efficiency in province k in
year t; b0 represents the constant term, bh represents the regression coefficient of the
related variables of human capital, bf represents the regression coefficient of the
related variables of financing channels, bc represents the regression coefficient of
the control variable; fhckt represents the financial practitioner income, thckt represents
the technology practitioner income, edukt represents the education level, scmkt repre-
sents the sci-tech capital market investment, vckt represents the venture capital invest-
ment, fodkt represent the financial institution technology investment, ecokt represents
the economic development level, openkt represents the openness, indkt represents eco-
nomic structure. ekt is a random error term.

4.2. Empirical results and analysis

Based on the data of 30 provinces and cities in China from 2009 to 2016, we carry
out the descriptive statistical analysis of the sample data. The results are shown in the
Table 6:

Table 5. Sci-tech finance collaborative efficiency influencing factors.
Dimension of explanatory variable Name of explanatory variable Symbol

Human capital input Financial practitioner income fpi
Technology practitioner income tpi
Education level edu

Financing Environment Technology capital market investment thc
Venture Capital investment vc
Financial institution technology investment fod

Control variables Economic development Level eco
Openness open
Economic structure ind

Source: the author based on the original data and empirical results.
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From Table 6, we can find that the average value of collaborative efficiency of sci-
tech finance is 0.57, the maximum value is 1, the minimum value is 0.14, and the
standard deviation is 0.26, indicating that the difference different kinds of efficiency
exists in various regions of China.

For panel data, individual characteristics cannot be ignored. The statistic value of
Hausman test is 68.44, and the P-value is 0, which means the individual characteristics
need to be considered. Therefore, this paper uses a fixed effect model. For each influenc-
ing factor, the explanatory variables are the multi-stage collaborative efficiency the sci-tech
finance efficiency, finance system efficiency and sci-tech system efficiency. The calculation
results of the three models are obtained as shown in Table 7.

Among the variables used in this paper, the human capital input index presents
the following characteristics:

1. The regression coefficient of the income of sci-tech practitioners is 0.274, which
is acceptable at the level of 10%, indicating that improving the income of sci-tech
practitioners will promote the coordinated development of sci-tech finance from
the subsystem to the overall system.

2. There is a significant positive correlation between the income of financial practi-
tioners and the collaborative efficiency of sci-tech the finance system, but the cor-
relation is not significant, which indicates that the investment of financial human
capital has not effectively promoted the improvement of the industrialization effi-
ciency of sci-tech achievements.

3. Education level has a positive correlation with the collaborative efficiency and
subsystem efficiency of sci-tech finance. Therefore, provinces should focus on
improving the quality of sci-tech human resources, and at the same time improve
the management ability of human capital, so that high-skilled workers and
researchers can bring their scientific research ability into full play.

Relevant indicators of financing environment show the following characteristics:

1. Sci-tech investment has a significant positive effect on the development of
China’s sci-tech finance. In terms of basic scientific research with high invest-
ment and great social influence, market players are generally unable to play a

Table 6. Descriptive statistical analysis.
　Variables N Avg Std Min Max

Sci-tech finance collaborative efficiency/hSF 240 0.57 0.26 0.14 1
Finance system efficiency/hF 240 0.58 0.26 0.22 1
Sci-tech system efficiency/hS 240 0.64 0.32 0.08 1
Financial practitioner income/fhc 240 129.75 171.14 6.62 1114.73
Technology practitioner income/thc 240 81.26 113.99 1.05 786.94
Education Level/edu 240 2342.85 249.13 1927.23 2834.35
Sci-tech capital market investment/scm 240 116.11 159.63 2.78 934.81
Venture capital investment /vc 240 1531.55 1247.21 528.5 5302.93
Financial institution technology investment/fod 240 312.27 642.4 2.19 3453.89
Economic Development Level/eco 240 18746.58 14714.35 1081.27 72812.55
Openness/open 240 2245.5 3341.91 1.72 37029.54
Economic Structure/ind 240 0.4 0.08 0.13 0.53

Source: the author based on the original data and empirical results.
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role, while government financial institutions, i.e., public players, can support the
lack of investment and market failure, vigorously promote the process of scien-
tific research and innovation, and improve the efficiency level of scientific and
financial development.

2. Venture capital investment has a significant positive effect on the development
efficiency of China’s sci-tech finance. Venture capital not only provides financial
support for start-ups, but also provides professional management advice for them
with its unique professional advantages, which can promote the professional
management and use of financial resources of sci-tech, and lay a foundation for
the development of sci-tech finance.

3. Investment in sci-tech capital market has a significant positive effect on the develop-
ment efficiency of China’s sci-tech finance. The funds for the sci-tech capital market
would strengthen the supervision of the sci-tech innovation activities from the outside
of the main body of sci-tech innovation, improve the transparency of the use of
funds, promote the spontaneous formation of a wide range of supervision within the
region, and improve the efficiency of the use of sci-tech finance resources.

5. Conclusion and suggestion

Based on China’s 30 provinces or cities from 2009 to 2016 as the research object, this
paper sets up finance multi-stage collaborative structure of sci-tech finance and uses the
network DEA to measure the input and output efficiency, and finally uses the spatial
econometric regression model on the influence factors of the sci-tech finance research.
The study found that there is a large space for the enhancement of the collaborative effi-
ciency of China’s sci-tech finance system, and there are significant differences among dif-
ferent regions. The efficiency value at the stage of the commercialization of sci-tech results
in different regions is significantly lower than that at the stage of R&D, which reflects that
the achievement commercialization of China’s sci-tech system needs to be improved.
From the perspective of space, it shows a good spatial correlation, and the correlation
increases year by year. From the perspective of time, the efficiency of each system shows
an increasing trend year by year. Human resources and financing environment have dif-
ferent degrees of positive impact on the collaborative efficiency of sci-tech finance, among

Table 7. The regression result of the influence factor of sci-tech finance collaborative efficiency.
Model I Model II Model III

　
sci-tech

finance eff hSFkt
finance

system eff hSkt
sci-tech

system eff hFkt
Financial practitioner income/fhc 0.220�� 0.192�� 0.020
Technology practitioner income/thc 0.274��� 0.476� 0.479���
Education Level/edu 0.385�� 0.164� 0.445���
Sci-tech capital market investment/scm 0.155�� 0.149�� 0.358���
Venture capital investment /vc 0.664��� 0.819��� 0.339���
Financial institution technology investment/fod 0.370� 0.852��� 0.284�
Economic Development Level/eco 0.386�� 0.045� 0.341��
Openness/open 0.812�� 0.626�� 0.187��
Economic Structure/ind 0.607�� 0.515�� 0.092
Constant 0.614 0.707 0.639
R2 0.511 0.549 0.619
�<0.1, �� < 0.05, ���< 0.01.
Source: the author based on the original data and empirical results.
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which the human capital investment for scientific researchers has a greater role in pro-
moting the collaborative development of sci-tech finance.

The contribution of the paper is to regard sci-tech finance as a system, taking into
account the interdependence and mutual promotion relationship between various
components in the system, and to use the network DEA method to measure the col-
laborative efficiency of Sci-tech finance. Although there have been studies (Ang, 2010,
2014; Comin & Nanda, 2019; Hsu et al., 2014; Tolliver et al., 2021), which put Sci-
tech and finance together for research, they did not consider the inherent aspects of
operational structure and collaborative relationship between the sci-tech system and
the finance system. In addition, the regression analysis method generally used when
studying the relationship between sci-tech and finance, which focuses on the idea of
sci-tech’s needs for finance, and does not reflect the collaborative between sci-tech
and finance. Technological innovation requires the financial system to provide ven-
ture capital and technology financing credit. At the same time, the transformation
and industrialization of scientific and technological achievements will further promote
the development of financing channels for sci-tech finance. The network DEA
method adopted in the paper is suitable for describing the collaborative relationship
between the finance system and the sci-tech system.

In the collaborative development system of sci-tech finance, the government, enter-
prises and intermediary agencies play different and important roles. Therefore, this
paper puts forward relevant suggestions for each of them.

(1) As the guider, local governments can establish the guiding mechanism for
enterprises. Local governments should increase the mentoring mechanism for science
and innovation enterprises. Although all science and innovation enterprises have
excellent entrepreneurial ideas and strong motivation, they lack experience in oper-
ation. Therefore, enterprise mentors with business operation experience are required
to provide enterprises suitable development paths and marketing capabilities that are
widely accepted in the market. Sci-tech enterprise should make full use of these
experience of successful entrepreneurs and form development planning team of
investors for the enterprise to provide substantial guidance services to improve the
operation efficiency and optimize resources configuration.

Taking into account the expansion of innovation resources but the lack of transform-
ation capabilities in the sci-tech systems of China’s provinces and cities, the government
should optimize corresponding policies and adjust resource allocation issues. Based on the
sci-tech finance collaborative network, the government strengthens resource allocation and
resource sharing strategies. Specific measures include: On the one hand, invalid input
should be avoider. Government should increase the penetration of social networks by
increasing technology and financial participants, and strengthen multi-party collaboration.
Then, sci-tech finance participants could obtain information directly or indirectly related
to entrepreneurship from professional service institutions, universities and research institu-
tions, venture investors and other stakeholders. On the other hand, a good atmosphere of
sci-tech finance should be established. Government should strengthen the direct contact
between the surrounding network nodes and itself, and instill information about new ven-
tures into stakeholders to promote the society’s understanding and support for techno-
logical innovation. At the same time, government also need strengthen the risk
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investment of financial institutions in areas with weak foundations to alleviate the regional
gap in the multi-stage collaborative efficiency of China’s sci-tech finance. The sci-tech
finance collaborative efficiency needs to strengthen the transparency of technology capital
and create an excellent regulatory environment. From the regression results, the expansion
of venture capital investment scale should be encouraged and the standardized manage-
ment should be implemented with strong policy means. It will finally lay the foundation
for the efficient development of sci-tech finance.

(2) Sci-tech financial agency play an important role as media for the government
to support the process of sci-tech development. The generation and transformation of
sci-tech achievements need the long-term support of financial institutions, the capital
market provides financing for scientific experiments and R&D, and the development
of the insurance industry also provides a strong economic support for high-risk scien-
tific research activities. The construction of capital market should persist in the sys-
tematic and long-term strategy, constantly improve the multi-level capital market,
strengthen the risk guarantee system of sci-tech insurance, and assist the development
of sci-tech industry and the transformation of sci-tech achievements.

The intermediary institutions of sci-tech finance should explore the mode of sci-
tech finance and broaden the financing channels. Innovative entrepreneurship is
extremely risky, so it is urgent to have technology and financial products that match
it at all stages to spread risk. Financial institutions should not only effectively identify
the development potential of enterprises, but also make compatible credit policy
standards and risk control program. Sci-tech insurance should be constantly
improved and innovated to improve the coverage of sci-tech insurance, and insurance
products should be adapted to sci-tech risk factors. In addition, it is necessary to train
and find inter-disciplinary employees for sci-tech finance to improve the service qual-
ity, and create a good environment for sci-tech finance.

(3) Enterprises play an important role in the commercialization of scientific
research results, so they need to strengthen their own advantages and grasp the
opportunity of innovation. The sci-tech enterprise itself unifies own industry super-
iority and uses the local resources appropriately to enhance the industrialization effi-
ciency. For example, the heavy industry in the northeast should inject sci-tech vitality
into the basic industries, adhere to the position of their own industrial areas, and
promote the coverage of sci-tech innovation from point to point in order to achieve
high-quality development in backward areas.

The multi-stage collaborative efficiency of sci-tech finance reflects the existence of
certain spatial correlations among various regions in country. The eastern techno-
logical and financial resources should be appropriately tilted to the western part. For
enterprises, appropriate expansion of the business area and drawing on technology
and financial support from advanced areas is conducive to their own efficient devel-
opment. At the same time, enterprises should pay attention to the construction of
reasonable training and incentive mechanism of sci-tech finance talents, in order to
give full play to the role of human resources.
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