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Abstract: Innovation is the main driving force to promote national technological progress. It is
of great significance to explore the optimal path to improve innovation efficiency by using the
qualitative method and neural network prediction model to promote the high-quality development of
the national economy. This study focuses on high-tech industries in the eastern, central and western
regions of China; a factor-dependent research framework for innovation efficiency improvement in
high-tech industries is constructed in China. The fuzzy-set qualitative comparative analysis method
(QCA) is used to explore multiple paths to enhance the innovation efficiency of China’s high-tech
industries. Then, a GA-PSO-BP neural network is used to construct an optimization model for the
enhancement path of technological innovation efficiency, which clarifies the optimal path for the
enhancement of innovation efficiency of high-tech industries in the eastern, central and western
regions of China. Finally, innovation management strategies for high-tech industries are presented
with regional features. The study finds that none of the individual conditions are necessary to promote
the innovation efficiency of China’s high-tech industries, and only the linkage effect of the factors can
achieve the goal of improving the innovation efficiency level of China’s high-tech industries. There are
four configuration paths to improve the innovation efficiency of China’s high-tech industries, which
are: “Multinational company (MNC) innovation—economic development—government support”;
“MNC innovation—government support”; “economic development—government support”; and
“economic development”. The characteristics of regional heterogeneity make differences in the
optimal paths of innovation efficiency improvement in high-tech industries in eastern, central and
western regions of China.

Keywords: technological innovation efficiency; path optimization; China’s high-tech industries;
qualitative comparative analysis; GA-PSO-BP neural network

1. Introduction

With the strengthening trend of economic globalization and the advent of the era of
knowledge economy, technological innovation has not only become a means for enterprises
to make profits, but also the basis and driving force for their survival and development.
High innovation efficiency motivates enterprises to continuously develop new technologies
and products in line with market demand, which increases the added value of products
and brings good economic benefits to enterprises [1]. Meanwhile, with improved economic
efficiency, enterprises will be able to increase their innovation investment, continue to
improve their innovation efficiency, and gain a sustainable and competitive technological
advantage [2,3]. As for technological innovation, it is closely related to human resources,
capital investment, institutional protection and industrial structure. Therefore, technolog-
ical innovation is a multi-input and multi-output process by using internal and external
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innovation resources such as human, financial, material, and institutional [4,5], and the
process is dynamic and regionally heterogeneous. In the increasingly fierce business en-
vironment, how enterprises use advanced and intelligent methods, means that obtaining
the optimal path for innovation and development is always a research topic in the field of
national technology and economic strategy.

Current research on the efficiency of technological innovation focuses on two aspects:
measurement methods and impact factors, as shown in Table 1. Existing results on the
efficiency measurement of technological innovation have been synthesized, and it was
found that two basic measures are mostly used. One is mathematical programming-based
data envelope analysis, which mainly applies a set of multiple input and output obser-
vations to estimate effective production fronts. The other is stochastic frontier analysis,
which is developed based on knowledge production functions that require setting the
production–function relationship between inputs and outputs in advance and using regres-
sion analysis and other methods to estimate the parameters of the production function.
Moreover, in order to effectively promote the evolution of corporate innovation, scholars
have explored the factors that influence the efficiency of corporate innovation at different
levels and perspectives.

Table 1. Current research on the efficiency of technological innovation.

Measurement Methods
Author Methodology Main Contribution

Xu et al. (2020) [6] DEA-SBM model measures the efficiency of sustainable development in the
east, central and western regions of China

Chen et al. (2021) [7] SBM model evaluates and analyzes the efficiency of green technology
innovation in Chinese industrial enterprises

Peng et al. (2021) [8] SBM model and Malmquist
index

compares and analyzes the technological innovation
efficiency of technology-based SMEs in Hebei Province

Qiao et al. (2021) [9] SFA model measures the technological innovation efficiency of
Chinese listed technology companies

Chen et al. (2022) [10] SFA model analyzes panel data on renewable energy firms in China
Lanfranchi et al. (2021) [11] DEA and SFA models measures the efficiency of technological innovation in U.S.

insurance companies
Impact factors

Author Methodology Main contribution

Zou et al. (2021) [12] Super-efficient SBM model
and panel regression model

Strengthens international cooperation and increasing
financial support. Can contribute to the innovation

efficiency of high-technology enterprises

Huang et al. (2022) [13]
Comprehensive entropy
method and BP neural

network

The level of economic development and the degree of
openness to the outside world will have different degrees

of impact on the efficiency of technological innovation

Xi et al. (2022) [14] Meta-frontier approach and
econometric model

The level of economic development and government
subsidy support are important factors to promote the

efficiency of technological innovation in the video game
industry

Chen et al. (2020) [15] DEA model and spatial
econometric model

Government support, R&D investment intensity and
economic development have different degrees of

influence on innovation efficiency in China’s high-tech
industries

Lu et al. (2022) [16] Spatial econometric model Foreign direct investment and industrial structure can
affect the efficiency of green technology innovation

Wang et al. (2023) [17] Panel regression model
Openness and intellectual property protection can have a

significant impact on the efficiency of green
technology innovation

While existing studies have provided theoretical guidance and practical insights for
technological innovation, further improvements are still needed. On the one hand, existing
studies typically use traditional regressions to explore the net effect arising from a single
variable, whereas changes in the efficiency of technological innovation are the result of
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multiple factors acting together. Therefore, when examining the path of efficiency improve-
ments of technological innovation, not only should the degree of influence and direction
of actionable individual factors be considered, but also focusing and mastering the joint
effect of multiple influencing factors. On the other hand, enterprises are located in different
innovation environments, and the direction and degree of influence exerted by factors may
also produce differences. In the case of China’s eastern, central and western regions, the
eastern region of the country, with its superior market environment and a high level of
development capability factor, has moved away from its previous crude economic growth
model, which was dominated by traditional factor inputs. Innovative activities are market-
driven, and science and technology innovation has become a major engine of economic
development. However, some provinces in Central and Western China are still falling
behind in infrastructure construction, opening up to the outside world and having relatively
low marketization. Although the innovation environment in the central and western regions
has been improved by the policies of “Rise of Central China” and “Western Development”,
it still has a large gap with the eastern regions. Therefore, regional heterogeneity should also
be included in the study of technological innovation efficiency improvement, and regional
innovation efficiency should also be improved according to local conditions.

To make up for the shortcomings of existing studies, we aim to dig deeper into the
path of technological innovation efficiency enhancement in China’s high-tech industries.
A qualitative approach is introduced to examine the joint effects of antecedent conditions,
such as the level of economic development, human capital, government support, industrial
structure, the level of openness to the outside world, the level of intellectual property protec-
tion, and MNC innovation on the efficiency of technological innovation. A neural network
prediction model is used to explore the optimal path of innovation efficiency enhancement
in China’s high-tech industries and to provide theoretical support for promoting China’s
technological progress. The main contributions of this paper include: firstly, the fuzzy-set
qualitative comparative analysis (fs/QCA) method, which is used to deeply explore the
innovation efficiency enhancement paths of China’s high-tech industries and enrich the the-
oretical explanation of the antecedent conditions of technological innovation efficiency; and
secondly, utilizing the Applying Genetic Algorithm (GA) and Particle Swarm Optimization
(PSO) to optimize the Back Propagation (BP) neural network to identify the optimal paths
of innovation efficiency enhancement in China’s high-tech industries, which will open up
new horizons in China’s technology innovation research, enrich and improve the methods
and tools of China’s regional innovation development research, and provide support and
suggestions for promoting China’s high-quality science and technology development.

The remainder of the paper is organized as follows: Section 2 is a literature review and
theoretical framework, which mainly describes the mechanism of action between antecedent
conditions and technological innovation efficiency; Section 3 is the research design, which
mainly uses the QCA method and GA-PSO-BP neural network to build the path optimization
model; Section 4 is empirical to identify the improvement path of the innovation efficiency of
China’s high-tech industry and the optimal path of each region; Section 5 provides further
discussion; and finally, the conclusion and suggestion are provided in Section 6.

2. Literature Review

Technological innovation is an important part of the country’s innovation system.
Enhancing the efficiency of technological innovation is an important way to improve a
country’s competitive edge and achieve sustainable development goals. In this study,
both inductive and deductive methods are used to identify and select configurations for
technological innovation efficiency improvement. First, a top-down deductive approach is
used to explicitly select both external and internal antecedents. Then, a bottom-up inductive
approach is applied to summarize the research on the efficiency of technological innovation.
Levels of economic development, human capital, government support, industrial structure,
innovation of multinational corporations, openness to the outside world and protection of
intellectual property rights were chosen as final antecedents. Finally, this study concludes
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with theoretical results on the mechanism of action between each antecedent and the
efficiency of technological innovation.

2.1. External Influences on the Efficiency of Technological Innovation
2.1.1. The Economic Development and the Efficiency of Technological Innovation

Pulling market demand is not only the basic starting point for promoting innovative
activities but also an important source of motivation [18], which plays an irreplaceable role in
enhancing the efficiency of technological innovation. A higher level of economic development
can provide a good material base and market demand for innovation, which has a great
supporting effect on innovation activities and directly enhances the efficiency of technological
innovation [19]. Meanwhile, economic development helps to promote the education of
human resources, investment in workforce training, and the level of infrastructure, which
indirectly contributes to the efficiency of technological innovation [20]. Therefore, the level of
economic development is a non-trivial influence on the efficiency of technological innovation.

2.1.2. Human Capital and the Efficiency of Technological Innovation

China’s economic growth pattern has gradually shifted from a traditional factor-driven
model to an innovation-driven development model. Human capital, as an important factor
leading innovation-driven development, provides knowledge carriers and technological
support for innovation development, and is the main driving force for promoting scientific
and technological research, and development and transformation of achievements [21]. The
increase in human capital means that the higher the supply of high-level, highly skilled and
qualified personnel, the greater the selectivity of companies for high-quality research and
development (R&D) personnel, and the higher the competence of the personnel ultimately
involved in innovation activities, which contributes to the success rate of carrying out
innovation activities [22]. Meanwhile, a high level of human capital helps to reduce
production and R&D costs, improve the efficiency of the use of invested capital, and thus
achieve an increase in the efficiency of technological innovation.

2.1.3. Government Support and Efficiency of Technological Innovation

The government is an essential participant in the regional innovation system, and
government support for innovative behavior plays an important guiding and fundamental
role in the improvement of technological innovation efficiency [23]. Government support is
central to the construction and optimization of innovative environments. The government
supports enterprises’ innovative R&D by providing R&D funds, granting innovation
subsidies and providing tax incentives to enterprises [24], which stimulates enterprises
to carry out independent innovation activities and helps to promote their innovative
output [25]. Moreover, government-led innovation environment construction is conducive
to the clustering of innovation factors. As a result, clusters of high-quality innovative
resources are formed to better exploit the scale effect, which is conducive to improving the
efficiency of technological innovation.

2.2. Internal Influences on the Efficiency of Technological Innovation
2.2.1. Industrial Structure and Efficiency of Technological Innovation

There is a consensus that industrial structure can have an impact on regional inno-
vation. The upgrading of regional industrial structure can provide a broad market for
the application of new knowledge and technology, attract the concentration of high-tech
industries, and promote the development of strategic emerging industries [26]. Moreover,
the upgrading of industrial structure will further deepen the division of labor and promote
the efficiency of regional innovation [27]. However, some scholars have also found that the
blind pursuit of upgrading and promoting advanced industrial structure under a relatively
reasonable industrial structure can hinder the rational allocation of innovation production
resources, which in turn inhibits the efficiency of technological innovation [28]. Therefore,
industrial structure is an important influence on the efficiency of technological innovation.
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2.2.2. The Level of Openness and the Efficiency of Technological Innovation

Reform and opening up is not only an important prerequisite for the country’s rapid
economic development, but also an inevitable requirement for the country to achieve high-
quality technological development. An active policy of opening up to the outside world can
help attract more foreign capital inflows and increase the market size and investment scope
of the host country [29]. Meanwhile, the increased level of openness is conducive to the
introduction of high-quality talent, high-level technology, advanced management concepts
and business models. The competitive and learning effects motivate enterprises to actively
upgrade their own products and technological innovations, which can also effectively drive
the development of affiliated enterprises and promote the regional innovation capacity [30].

2.2.3. The Intellectual Property Protection and the Efficiency of Technological Innovation

Intellectual property creation is not only key to promoting innovation and high-quality
development in the region, but also an important driving force to stimulate and drive
innovation. Firstly, regions with a higher level of intellectual property protection have a
lower risk of intellectual property rights infringement for enterprises, which is conducive to
motivating enterprises to invest more in R&D and strengthening their willingness to sustain
innovation [31]. Secondly, when the government enforces intellectual property protection,
enterprises will provide more critical information about R&D investment projects, which
will help increase the willingness of external investors to invest and promote innovation.
Finally, enterprises tend to use intellectual property pledge financing to obtain resource
support in an environment of fair competition, and transparent and open information,
which helps to enhance the comprehensive strength of regional innovation [32].

2.2.4. MNC Innovation and Efficiency of Technological Innovation

MNC innovation can have a positive effect on host country innovation activities by
generating technology transfer and technology spillover effects through demonstration
effects, competitive effects, personnel mobility and industrial linkage effects [33]. The
entry of multinational companies into China inevitably leads to personnel and technology
exchanges with high-tech Chinese industries, which promotes the flow of innovative
resources [34]. Meanwhile, the entry of multinational companies can increase market
competition [35]. This makes the high-tech industries compete not only with domestic
enterprises but also with foreign enterprises. It has prompted high-tech industries to pay
more attention to core technology research and increase investment in innovation, which
has boosted the efficiency of innovation in high-tech industries.

Therefore, we construct a factor-dependent research framework for innovation effi-
ciency improvement in China’s high-tech industries, as shown in Figure 1.
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3. Study Design
3.1. Research Methodology
3.1.1. QCA Method

The antecedents of technological innovation efficiency do not function in isolation,
but will be correlated and affect each other; hence, the fs/QCA approach was chosen to
construct the factor-linkage model of technological innovation efficiency in this study. QCA
was explicitly proposed by sociologist Regin in 1987 as a case-oriented research method that
integrates the advantages of qualitative and quantitative analysis. Fiss used it in 2007 for
empirical analysis, and since then the QCA method has been widely used in solving man-
agement problems [36]. QCA methods include clear-set qualitative comparative analysis
(cs/QCA), multi-value set qualitative comparative analysis (mv/QCA), and fuzzy-set qual-
itative comparative analysis (fs/QCA). The cs/QCA and mv/QCA require dichotomous
or multivariate segmentation of the variable data, which over-emphasizes the differences
between groups and may indirectly lose a large amount of sample information, leading to
serious outcome errors. Moreover, mv/QCA is difficult to handle continuous data, so these
two methods are only suitable for specific studies. Compared with cs/QCA and mv/QCA,
fs/QCA is good at dealing with analytical problems that are not dichotomous, defining the
degree of affiliation of each variable in the range of [0,1]. It exhibits the characteristics of
ambiguity and is suitable for continuous data studies, where the state of the variables can be
more precisely described and the objectivity and confidence of the results can be improved.
In this study, the fs/QCA method was used to select the innovation efficiency of China’s
high-tech industries as the outcome variable, and the level of economic development,
government support, human capital, industrial structure, innovation of multi-national
corporations, openness and intellectual property protection as the conditional variables.

3.1.2. BP Neural Network

Artificial neural network models are mathematical representations formed by ab-
stracting the information transfer of biological neurons using mathematical language. It
has successfully solved many real-world problems in the fields of pattern recognition,
intelligent robotics, automatic control, biology, and economics, and demonstrated powerful
intelligent properties. BP neural network is a classical model of artificial neural network,
which is a multilayer feed-forward neural network model. This neural network model
uses the error backpropagation algorithm to solve the learning problem in the connection
pairs of the hidden layers of a multilayer neural network [37]. BP neural networks can
be used to implement arbitrary nonlinear mapping from input to output by varying the
network weights, layers, and nodes. The basic idea is the gradient descent method, which
uses gradient search techniques to achieve the minimum mean-squared error between the
actual output value and the desired output value of the network [38]. The implementation
process of BP neural network learning algorithm mainly includes the following three parts:
firstly, the input sample forward propagation process. Here, the sample data is passed
from the input layer through the implicit layer to the output layer, and the corresponding
network output values are calculated based on the input samples. The sample data is
passed from the input layer through the hidden layer to the output layer, and the corre-
sponding network output value is computed based on the input samples. Secondly, output
error back propagation process. Here, the sample data is forward propagated to obtain
the output results, and the network weights and thresholds are corrected for learning by
using the error between the output results and the expected ones. Thirdly, cyclic memory
training process. Here, the input sample forward propagation procedure and the output
error backward propagation procedure are repeated until the output error reaches the
desired accuracy value of the ensemble. The specific procedure of the BP neural network is
illustrated in Figure 2.
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3.1.3. GA-PSO Algorithm

GA is a computational model of a biological evolutionary process that mimics the
mechanism of natural selection and genetics of biological evolution [39]. It is an opti-
mization algorithm that finds an optimal solution by simulating a natural evolutionary
process, and is widely used in combinatorial optimization, machine learning, and signal
processing. PSO is a global stochastic search algorithm based on simulating the intelligent
behavior of a flock of birds in the process of predation [40]. The GA-PSO algorithm is a
hybrid algorithm formed by introducing the GA algorithm into the PSO algorithm. The
GA algorithm has the advantage of having excellent global search ability, does not easily
get stuck in local extrema, has good scalability, and can be mixed with other algorithms;
however, it also has the drawback of having low local search ability and being prone to
premature convergence. The PSO algorithm has the advantages of fast convergence, high
generality, and small parameter settings, but it also has the drawbacks of easily conducting
population convergence earlier than normal and having a slow convergence later than
normal [41]. Due to the scalability of the GA algorithm, the genetic operation operator
in its algorithm is brought into the PSO algorithm to perform crossover operations and
variation operations on the position and velocity vectors of the particles during the iterative
process of the particle swarm, which helps maintain the diversity of the population and the
population jumping out of the local extrema, and also greatly improves the global search
performance of the population.

3.1.4. GA-PSO-BP Neural Network

The BP neural network has outstanding merits and can effectively solve the problem
of adjusting the weights and thresholds of multilayer feed-forward neural networks. It
features massively parallel processing, strong fault tolerance, and distributed storage [42].
With a complete theoretical foundation and successful application cases, it implements
a nonlinear mapping function from the input layer to the output layer and has become
a hot topic for applications in several research areas. However, BP neural networks still
have drawbacks, such as slow convergence, a tendency to get stuck in local extrema, and
a tendency to overfit during training [43]. As a result, a variety of improvements have
emerged. For example, the integration of the additional momentum method and the LM
(Levenberg–Marquardt) algorithm in the training of BP neural networks is very effective in
improving the shortcomings of traditional neural BP. In addition, there are also optimization
learning algorithms, such as the PSO algorithm (Partical Swarm Optimization) which is
applied to the learning process of BP neural networks; however, the PSO algorithm still
has shortcomings, such as low solution accuracy and easy scattering, so the performance
of PSO-BP neural networks still needs to be improved. The GA and PSO algorithm were
combined to speed up the convergence of the algorithm and solve the problem of early
convergence [44]. Therefore, the GA-PSO hybrid algorithm is used in this study to optimize
the performance of BP neural networks. The GA-PSO-BP neural network algorithm is
used to construct an improved path optimization model for technological innovation
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effectiveness. The flow chart of the GA-PSO-BP neural network algorithm is shown in
Figure 3.
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3.2. Sample Selection and Data Sources 
Based on the availability of data, 30 provinces in China were selected for this study 

(more data were missing in Tibet, so they were excluded). Regional heterogeneity is taken 
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3.2. Sample Selection and Data Sources

Based on the availability of data, 30 provinces in China were selected for this study
(more data were missing in Tibet, so they were excluded). Regional heterogeneity is
taken into account by dividing the 30 provinces in the sample into three regions: Eastern,
Central and Western, according to the way the National Bureau of Statistics of China
divides them. The eastern region specifically includes Beijing, Fujian, Guangdong, Hainan,
Hebei, Jiangsu, Liaoning, Shandong, Shanghai, Tianjin and Zhejiang. The central region
includes Anhui, Henan, Heilongjiang, Hubei, Hunan, Jilin, Jiangxi and Shanxi provinces.
The western region includes Guangxi, Guizhou, Shaanxi, Sichuan, Yunnan, Chongqing,
Inner Mongolia, Gansu, Qinghai, Ningxia and Xinjiang. The data on innovation efficiency,
economic development level, human capital, government support, industrial structure,
multinational corporation innovation, openness level and intellectual property protection
level of China’s high-tech industries are mainly obtained from the “China High-tech
industries Statistical Yearbook”, “China Industrial Statistical Yearbook”, “China Statistical
Yearbook” and statistical yearbooks of each province. Since the statistical method of “China
High-tech industries Statistical Yearbook” changed after 2008, this study selects 2009-2020
as the research period in consideration of the accuracy of the data.

3.3. Variable Definition and Measurement

The specific measures of antecedent conditions and outcome variables for this study
are listed below. Innovation efficiency of China’s high-tech industries (IE). Data related to
domestic enterprises and state-owned enterprises in China’s high-tech industries were se-
lected to measure the innovation efficiency of China’s high-tech industries. The innovation
efficiency of China’s high-tech industries is measured using the ultra-efficient SBM model
with full-time equivalent research and development personnel, internal R&D funding
and new product development funding as input indicators, and the number of patent
applications and valid inventions and new product sales revenue as output indicators.
Economic development (ED): Gross domestic product (GDP) per capita is used as a proxy
variable to measure the level of economic development, which can reflect the state of
economic development and potential of a region. Human capital (HC): Human capacity
directly affects innovation efficiency, as well as the ability of innovation agents to externally
learn, assimilate and digest new technologies. Thereby, this can indirectly affect innova-
tion efficiency. This study expresses human capital in terms of the ratio of the number of



Systems 2023, 11, 233 9 of 23

researchers to the number of employed people. Government support (GS): The higher the
indicator, the more favorable it is for improving the motivation of the subject to carry out in-
novative activities. In this study, the percentage of government funding in R&D grants was
used to indicate the strength of government support. Industrial structure (IS): Industrial
structure is an important influence on intra-regional efficiency, as measured by the ratio
of tertiary industry output to regional GDP. MNC innovation (MNCI): MNC innovation
has helped activate China’s regional innovation system and has had a major impact on
corporate technology innovation. The innovation efficiency of MNCs in China was chosen
to represent MNC innovation. Openness (OP): The high level of foreign development is
conducive to improving the efficiency of foreign exchange and resource factor accretion,
which has a significant impact on scientific and technological innovation. This study uses
the ratio of total imports and exports to regional GDP to express the level of openness.
Intellectual property protection (IPP): The intellectual property protection system is an
effective guarantee against malicious infringement of knowledge and technology and helps
to increase the innovation-driven effect. In this study, the share of technology market
transactions to regional GDP is used to express the level of intellectual property protection.

4. Empirical Analysis
4.1. Configuration Path for Technological Innovation Efficiency Improvement
4.1.1. Variable Calibration

The fs/QCA method uses set theory to transform variables into sets between [0,1].
Causes and effects are revealed by exploring the set of relations between the conditional and
outcome variables. Therefore, the raw data needs to be transformed into fuzzy-set affiliation
scores to conform to the Boolean logic of the QCA method. The fuzzy-set affiliation scores
can be divided into three-value sets, four-value sets, and six-value sets as needed, which
gives the raw data an interpretable ensemble meaning. This process is known as data
calibration. Based on the actual meaning and vector nature of the sample data, the anchor
point is determined by applying the quartile point method in this study. Referring to
Greckhamer’s method [45], 95%, 50%, and 5% were selected as the three directional anchor
points for data calibration as fully affiliated, intermediate, and completely unaffiliated to
calibrate the sample data. The calibration anchor points for the outcome and conditional
variables are shown in Table 2.

Table 2. Calibration anchor points for each variable.

Variables
Anchor Points

Fully Affiliated Intermediate Completely Unaffiliated

Outcome variables Innovation efficiency 0.771 0.546 0.162

Conditional variables

MNC innovation 0.723 0.438 0.289
Economic development 0.561 0.204 0.153

Government support 0.386 0.247 0.112
Human capital 0.328 0.219 0.128

Industrial structure 0.624 0.458 0.404
Openness 0.450 0.123 0.005

Intellectual property protection 0.757 0.579 0.231

4.1.2. Necessity Analysis

After the variables have been calibrated, a necessity test needs to be performed on
the individual conditional variables to check for the presence of a necessity condition in
the conditional variables that affect the outcome variables. The fuzzy affiliation scores
of the sample data are imported into the fs/QCA software, which generates two metrics,
coherence and coverage. Consistency is the degree of agreement between a sample test and
a pooled relation, and coverage measures the importance of a combination of conditional
variables. The results of the tests are shown in Table 3. If the consistency of a conditional
variable is greater than 0.9, it means that the variable is a necessary condensation of the
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outcome variable and requires a special label for the necessary condition. According to
Table 3, the agreement of each conditional variable is below the critical value of 0.9, which
means that no conditional variable is necessary to influence the outcome variable. This
suggests that the rising efficiency of innovation in China’s high-tech industries is subject to
the combined effect of several influencing factors. Therefore, a combined analysis of the
factors affecting the innovation efficiency of China’s high-tech industries is needed.

Table 3. Results of the necessity test for a single condition variable.

Conditional Variables Consistency Coverage

MNC innovation 0.573 0.587
~MNC innovation 0.708 0.638

Economic development 0.687 0.675
~Economic development 0.572 0.535

Government support 0.603 0.644
~Government support 0.637 0.553

Human capital 0.667 0.667
~Human capital 0.606 0.558

Industrial structure 0.768 0.805
~Industrial structure 0.556 0.491

Openness 0.638 0.632
~Openness 0.603 0.559

Intellectual property protection 0.629 0.566
~Intellectual property protection 0.645 0.662

4.1.3. Analysis of Conditional Configurations

The configuration distribution of all conditional variables is determined by construct-
ing a truth table. Case thresholds and consistency thresholds are determined during the
construction of the truth table. A combination of conditional variables with a concordance
score greater than or equal to the threshold can be called a fuzzy subset of the outcome
variable, while a combination of conditional variables with a concordance score less than
the threshold does not constitute a fuzzy subset. In this study, the consistency threshold,
case threshold, and PRI threshold were set to 0.80, 1, and 0.75, respectively, based on Park’s
study [46]. Then, the configuration effect of innovation efficiency in China’s high-tech
industries was analyzed.

The normalization runs were performed with the fs/QCA software and yielded 3-form
solutions including complex, simple and intermediate solutions. The complex solution will
reject all logical residual terms. As a result, more combinations of conditions are obtained,
which are not favorable for the analysis of the results. Simple solutions accept all logical
residual terms without evaluating and filtering the conditional variables, which can easily
lead to deviations from the actual situation. The intermediate solution lies between the
above two, and it incorporates a logical residual term that is consistent with theory and
practice. The conclusions of the analysis are objective in nature and have a high degree of
applicability. Therefore, this study uses a combination of intermediate and simple solutions
to analyze the conditional configurations that affect the innovation efficiency of high-tech
industries in China. Based on the results of the research data shown in Table 4, a path
of improvement in the efficiency of innovation in China’s high-tech industries has been
constructed.
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Table 4. Result of condition configuration.

Conditional Variables
Configuration

Path 1 Path 2 Path 3 Path 4

MNC innovation
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theory and practice. The conclusions of the analysis are objective in nature and have a 
high degree of applicability. Therefore, this study uses a combination of intermediate and 
simple solutions to analyze the conditional configurations that affect the innovation effi-
ciency of high-tech industries in China. Based on the results of the research data shown in 
Table 4, a path of improvement in the efficiency of innovation in China’s high-tech indus-
tries has been constructed. 

Table 4. Result of condition configuration. 

Conditional Variables 
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Path 1 Path 2 Path 3 Path 4 
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Government support     
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Intellectual property protection     

Consistency 0.844 0.840 0.839 0.894 
Original coverage 0.293 0.320 0.401 0.196 
Unique coverage 0.047 0.050 0.264 0.011 

Consistency of the overall solution 0.852 
Coverage of the overall solution 0.785 

Note:  means the core condition exists,  means the edge condition exists,  means the core con-
dition is missing,  means the edge condition is missing, and blank means the condition variable 
can exist or be missing. 

It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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theory and practice. The conclusions of the analysis are objective in nature and have a 
high degree of applicability. Therefore, this study uses a combination of intermediate and 
simple solutions to analyze the conditional configurations that affect the innovation effi-
ciency of high-tech industries in China. Based on the results of the research data shown in 
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It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
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It can be seen from Table 4 that the seven conditional variables eventually form four
causal configuration paths. The consistency of each path and the overall solution for the in-
novation efficiency of China’s high-tech industries is greater than 0.8, and the total coverage
is 0.785, which indicates that these four conditional configurations can cover and explain
more than 78.5% of the innovation efficiency improvement of China’s high-tech industries,
and the results are more satisfactory. Based on the distribution of conditional configu-
rations, combined with the comparison results for simple and intermediate solutions, it
can be found that innovation, economic development level, and government support play
major roles for MNCs in each of the four configuration paths. They are the core conditions
that drive the innovation efficiency of China’s high-tech industries. With the development
status of innovation in China’s high-tech industries, four paths to enhance the efficiency of
innovation in China’s high-tech industries have been analyzed specifically around the three
core conditions of MNC innovation, economic development and government support.

Path 1 “MNC innovation—economic development—government support” linkage type.
MNC innovation, economic development and government support emerge simulta-
neously as core conditions with human capital and the level of existing intellectual
property protection as marginal conditions. This condition configuration indicates
that high efficiency of multinational innovation, a good level of economic develop-
ment and strong government support in the region, complemented by abundant
human capital and a sound intellectual property protection system, can promote
the efficient development of innovation in China’s high-tech industries. Zhejiang
Province, Jiangsu Province and Shandong Province are typical regions that be-
long to this conditional configuration. These provinces are among China’s more
economically, technologically and intellectually educated regions, ranking high
in terms of total GDP. The region has sufficient R&D capital investment, a large
number of research institutions, universities and high-tech enterprises, which will
pool and collect rich resources of talent, and a good level of intellectual property
protection. As a result, MNCs are driven to invest in R&D in these regions, and
with superior innovation environments and innovation resources, continuously
spill new knowledge, technologies and management concepts for other innova-
tion agents in the region, while enhancing their own innovation efficiency. It has
boosted the innovation efficiency of China’s high-tech industries and accelerated
the continuous improvement of regional innovation capabilities.

Path 2 “MNC innovation—government support” linkage type. MNC innovation and gov-
ernment support exist as core conditions, economic development, human capital
and openness as marginal conditions, and industrial structure and intellectual prop-
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erty protection are absent. This condition configuration indicates that MNCs with a
high innovation efficiency and strong government support in the region, combined
with advanced economic development, sufficient human resources and high levels
of openness, can promote the innovation efficiency of China’s high-tech industries.
Beijing, Shanghai and Guangdong province are typical regions that belong to this
condensation configuration. These regions are China’s economic, technological, ed-
ucational and market centers, with top-notch economic development levels, ample
government investment in research and development, high-quality research uni-
versities, institutions and enterprises, numerous state-of-the-art laboratories and
other science and technology innovation service platforms, and clear advantages
in innovation environment and innovation resources. Meanwhile, with the benefits
of reform and opening-up, most of the above-mentioned regions have taken the
lead in building a sound trading market system in China. It has not only facilitated
the marketization of scientific and technological achievements in China’s high-tech
industries, but also helped a large number of oversea MNCs rapidly enter the
Chinese market. The cooperation between MNCs and each innovation body in the
region is strengthened, the inter-regional technology transfer and transformation
of scientific research results is accelerated, and the deep integration of regional
science, technology and economy is accelerated, which can promote the progress
of China’s regional innovation capacity and effectively enhance the innovation
efficiency of China’s high-tech industries.

Path 3 “Economic development—government support” linkage type. Economic develop-
ment and government support exist as core conditions, human capital as marginal
conditions, and MNC innovation, industrial structure and openness are absent.
This condition configuration indicates a good level of economic development and
strong government support in the region. Even if MNCs do not have a high level
of innovation, abundant talent resources, imperfect industrial structure and low
level of openness to the outside world, they can still contribute to the innovation ef-
ficiency of China’s high-tech industries. Liaoning, Tianjin, Shaanxi and Chongqing
are typical regions that fall under this model. These regions are partly located in
China’s important heavy industrial agglomerations and have strong manufacturing
bases. Part of this is in the Beijing–Tianjin–Hebei region, where new industries
such as new materials and biomedicine are developing rapidly. Another part is in
Western China, but has more manufacturing industries and abundant educational
resources. Each of these regions has its own strengths in terms of economy, tech-
nology and other resources. Universities and research institutes are encouraged to
cooperate and exchange with local industries to promote an organic combination of
industry-academia research and results transformation. Ultimately, it has boosted
the innovation efficiency of China’s high-tech industries.

Path 4 “Economic development” driven type. Only economic development exists as a
core condition; MNC innovation, government support and human capital exist as
marginal conditions; and industrial structure, openness and protection of intellec-
tual property rights are absent. The condition configuration indicates that a higher
level of economic development, combined with a certain amount of multinational
innovation spillover, a moderate amount of government support and sufficient
human resources, can promote the efficiency of innovation in China’s high-tech
industries even if the industrial structure is not perfect, the level of openness is
relatively low and the intellectual property protection system is not robust. Jiangxi
and Anhui provinces are typical regions that belong to this model. These regions
are mainly located in the central part of the country, and the leading industries
are mainly precision manufacturing. Although it is comparable to the developed
provinces in the eastern region, there are some gaps in the level of science and tech-
nology, human resources, and the market system. However, the above-mentioned
region is an important hinterland of the Yangtze River Delta, the Pearl River Delta
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and the economic zone on the west coast of the Taiwan Strait with unique location
advantages. With its geographical advantages and industrial base, it has attracted
more investment from MNCs and absorbed resources and technology transfers
from developed provinces such as Guangdong, Zhejiang, Shanghai and Jiangsu.
By continuously transforming and driving the development of technological inno-
vation in the region, the innovation efficiency of China’s high-tech industries in the
region has been boosted, and the technological innovation capability and industrial
competitive strength have been enhanced.

4.1.4. Robustness Test

In order to ensure the robustness of the results, the calibration quantile was adjusted.
The 95% quantile of the fully affiliated threshold and the 5% quantile of the fully unaffiliated
threshold were adjusted to the 90% and 10% quantile, respectively, and the other steps
were kept unchanged, and fs/QCA analysis procedure was continued. The specific results
of the robustness test are shown in Table 5. Comparing the results in Table 4 with those
in Table 5, it can be seen that two of the three conditional groupings are identical to Paths
1 and 3, and the other one is a subset of Path 2. The congruence and coverage also yield
only minor changes, indicating that neither the core condition nor the grouping path has
changed substantially. This demonstrates the robustness of the findings in this study.

Table 5. Test for robustness.

Conditional Variables
Configuration

Configuration 1 Configuration 2 Configuration 3

MNC innovation
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The normalization runs were performed with the fs/QCA software and yielded 3-
form solutions including complex, simple and intermediate solutions. The complex solu-
tion will reject all logical residual terms. As a result, more combinations of conditions are 
obtained, which are not favorable for the analysis of the results. Simple solutions accept 
all logical residual terms without evaluating and filtering the conditional variables, which 
can easily lead to deviations from the actual situation. The intermediate solution lies be-
tween the above two, and it incorporates a logical residual term that is consistent with 
theory and practice. The conclusions of the analysis are objective in nature and have a 
high degree of applicability. Therefore, this study uses a combination of intermediate and 
simple solutions to analyze the conditional configurations that affect the innovation effi-
ciency of high-tech industries in China. Based on the results of the research data shown in 
Table 4, a path of improvement in the efficiency of innovation in China’s high-tech indus-
tries has been constructed. 

Table 4. Result of condition configuration. 

Conditional Variables 
Configuration 

Path 1 Path 2 Path 3 Path 4 
MNC innovation     

Economic development     
Government support     

Human capital     
Industrial structure     

Openness     
Intellectual property protection     

Consistency 0.844 0.840 0.839 0.894 
Original coverage 0.293 0.320 0.401 0.196 
Unique coverage 0.047 0.050 0.264 0.011 

Consistency of the overall solution 0.852 
Coverage of the overall solution 0.785 

Note:  means the core condition exists,  means the edge condition exists,  means the core con-
dition is missing,  means the edge condition is missing, and blank means the condition variable 
can exist or be missing. 

It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
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causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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form solutions including complex, simple and intermediate solutions. The complex solu-
tion will reject all logical residual terms. As a result, more combinations of conditions are 
obtained, which are not favorable for the analysis of the results. Simple solutions accept 
all logical residual terms without evaluating and filtering the conditional variables, which 
can easily lead to deviations from the actual situation. The intermediate solution lies be-
tween the above two, and it incorporates a logical residual term that is consistent with 
theory and practice. The conclusions of the analysis are objective in nature and have a 
high degree of applicability. Therefore, this study uses a combination of intermediate and 
simple solutions to analyze the conditional configurations that affect the innovation effi-
ciency of high-tech industries in China. Based on the results of the research data shown in 
Table 4, a path of improvement in the efficiency of innovation in China’s high-tech indus-
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Consistency 0.844 0.840 0.839 0.894 
Original coverage 0.293 0.320 0.401 0.196 
Unique coverage 0.047 0.050 0.264 0.011 

Consistency of the overall solution 0.852 
Coverage of the overall solution 0.785 

Note:  means the core condition exists,  means the edge condition exists,  means the core con-
dition is missing,  means the edge condition is missing, and blank means the condition variable 
can exist or be missing. 

It can be seen from Table 4 that the seven conditional variables eventually form four 
causal configuration paths. The consistency of each path and the overall solution for the 
innovation efficiency of China’s high-tech industries is greater than 0.8, and the total cov-
erage is 0.785, which indicates that these four conditional configurations can cover and 
explain more than 78.5% of the innovation efficiency improvement of China’s high-tech 
industries, and the results are more satisfactory. Based on the distribution of conditional 
configurations, combined with the comparison results for simple and intermediate solu-
tions, it can be found that innovation, economic development level, and government sup-
port play major roles for MNCs in each of the four configuration paths. They are the core 
conditions that drive the innovation efficiency of China’s high-tech industries. With the 
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4.2. Path Optimization of Technological Innovation Efficiency Improvement

Although the configuration paths for innovation efficiency improvement in high-tech
industries in China are obtained by fs/QCA, the regional heterogeneity in China can lead
to differences in the optimal paths for efficiency improvement in different regions. In this
study, a simulation platform was built with the help of Matlab software to construct a path
optimization model for innovation efficiency improvement in high-tech industries in China
using a BP neural network optimized by a hybrid GA-PSO algorithm. Different scenario
sets and simulations were conducted to obtain the optimal path for the improvement of the
efficiency of innovation in high-tech industries in different regions of China.

4.2.1. Data Preparation and Pre-Processing

Parameters of the proposed BP neural network algorithm. The neuron transfer function
from the model input layer to the hidden layer is set to be the S-type function tansig. The
excitation function of neurons in the layer-to-output layer is a linear function purelin. The
training function is used as trainlm and the training algorithm is the LM algorithm. The
maximum number of iterations is 1000, the expected error is 0.001, and the learning rate
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is 0.1. The setting is a separate hidden layer network, and the number of neurons in the
hidden layer is calculated as shown in Equation (1),

s =
√

m + n + α (1)

where s, m, and n are the number of neurons in the hidden layer, input layer, and output
layer, respectively, and are taken as integers between [1,10]. In the model, m = 7, n = 1, and
s takes values in the range of [4,13]. The other parameters and structures in the network are
kept constant, and the model with the number of neurons in hidden layers 4–13 is tested
for attention. Finally, it was determined that the error of the BP neural network algorithm
is minimized when the number of neurons in the hidden layer is 9.

Parameters of the proposed GA-PSO algorithm. The number of particles contained in
the population should not be too large, as the variation of the number of particles in the
population can significantly affect the complexity of the network operation. The population
size is set to 30, the maximum number of iterations is 100, the crossover rate is 0.7, the
mutation rate is 0.1, and the learning factor is 1.5, according to the data characteristics and
practical experience. The formula for calculating the individual dimension is shown in
Equation (2), and the individual dimension of the particle can be calculated as 82.

D = m× s + s× n + s + n (2)

4.2.2. Setting of Scenarios

Based on the configuration paths obtained from the fs/QCA, scenarios are set for the
possible development trends of innovation efficiency in China’s high-tech industries. One
category is the baseline scenario setting, which uses real impact factor data as baseline
metrics. Another category is the simulated scenario setting, where the covariates in each
path are adjusted to form a new combination of influences based on the baseline metrics.
The values of the innovation efficiency of China’s high-tech industries in benchmark and
simulation settings are compared to obtain the optimal path for innovation efficiency
improvement.

The direction of adjustment of the variable settings is determined. The innovation
efficiency of China’s high-tech industries was used as an explanatory variable. Economic
development, human capital, government support, MNC innovation, industrial structure,
openness and intellectual property protection are the explanatory variables. Econometric
regression models were used to identify the direction of the explanatory variable on the ex-
planatory variable, and the detection results are shown in Table 6. Economic development,
human capital, government support, MNC innovation, openness and intellectual property
protection positively affect the innovation efficiency of China’s high-tech industries. In turn,
the industrial structure negatively affects the innovation efficiency of China’s high-tech
industries.

Table 6. Direction of action of conditional variables on outcome variables.

ED GS HC MNC IS OP IPP

IE 0.008 0.662 0.024 0.231 −0.417 0.364 0.153

Scenario settings for the four paths obtained according to the action direction of the
conditional variable. Path 1: Driven by a combination of MNC innovation, economic
development and government support efforts. Based on the baseline data, the value
of MNC innovation, economic development, government support, human capital and
intellectual property protection was increased by 10%, the value of industrial structure was
reduced by 10% and the value of openness level was left unchanged. Path 2: Driven by a
combination of MNC innovation and government support. Based on the baseline data, the
values of MNC innovation, economic development, government support, human capital
and openness were increased by 10%, while the other conditional variances remained
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unchanged. Path 3: Driven by a combination of economic development and government
support. Based on the baseline data, the value of economic development and government
support increased by 10%, the value of MNC innovation, human capital, industrial structure
and openness decreased by 10%, and the level of intellectual property protection remained
unchanged. Path 4: Driven primarily by economic development. Based on the baseline
data, the values of MNC innovation, economic development, government support and
human capital were increased by 10%, while the values of the other conditional variables
remained unchanged.

4.2.3. Selection of the Optimal Path

Selection of the optimal path in Eastern China. The benchmark data for the eastern
region is set according to the four path simulation metrics described above and fed into a
path optimization model based on GA-PSO-BP neural network for innovation efficiency
improvement in high-tech industries in China. The predicted value of the performance of
local innovation in Eastern China for different paths from 2009 to 2020 is obtained and the
trend of the change of the value under the four paths is depicted in Figure 4. All four paths
can effectively improve the innovation efficiency of high-tech industries in Eastern China,
which demonstrates the effectiveness and robustness of the high-tech industries innovation
efficiency in China obtained by the fs/QCA method.

Systems 2023, 11, x FOR PEER REVIEW 16 of 25 
 

 

  
(a) (b) 

(c) (d) 

Figure 4. Path forecast of innovation efficiency improvement of high-tech industries in Eastern 
China, 2009–2020: (a) Path 1; (b) Path 2; (c) Path 3; and (d) Path 4. 

The difference between the predicted mean and the true value of innovation effi-
ciency for the high-tech industries in Eastern China under the four paths is shown in Table 
7. The predicted mean values of innovation efficiency corresponding to Paths 1, 2, 3, and 
4 are 0.765, 0.739, 0.743, and 0.753, respectively. Compared to the mean value of true in-
novation efficiency (0.709), their differences are 0.056, 0.030, 0.034 and 0.044, respectively. 
The effect of the four paths on enhancing the innovation efficiency of high-tech industries 
in Eastern China is slightly different. The difference of Path 1 is significantly the largest, 
which indicates that Path 1 is the optimal path to improve the innovation efficiency of 
high-tech industries in Eastern China. 

Table 7. Path predicted values of innovation efficiency improvement of high-tech industries in East-
ern China. 

Path Predicted Mean Value Difference Value 
Path 1 0.765 0.056 
Path 2 0.739 0.030 
Path 3 0.743 0.034 
Path 4 0.753 0.044 

Selection of the optimal path in central China. The benchmark data for the central 
region is set according to the four path simulation metrics described above and fed into a 
path optimization model based on GA-PSO-BP neural network for innovation efficiency 
improvement in high-tech industries in China. The predicted values of the performance 

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

In
no

va
tio

n 
ef

fic
ie

nc
y 

im
pr

ov
em

en
t o

f h
ig

h-
te

ch
 in

du
str

ie
s i

n 
ea

ste
rn

 C
hi

na

True value
Path 1

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

In
no

va
tio

n 
ef

fic
ie

nc
y 

im
pr

ov
em

en
t o

f h
ig

h-
te

ch
 in

du
str

ie
s i

n 
ea

ste
rn

 C
hi

na True value
Path 2

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

In
no

va
tio

n 
ef

fic
ie

nc
y 

im
pr

ov
em

en
t o

f h
ig

h-
te

ch
 in

du
str

ie
s i

n 
ea

ste
rn

 C
hi

na

True value
Path 3

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

In
no

va
tio

n 
ef

fic
ie

nc
y 

im
pr

ov
em

en
t o

f h
ig

h-
te

ch
 in

du
str

ie
s i

n 
ea

ste
rn

 C
hi

na True value
Path 4

Figure 4. Path forecast of innovation efficiency improvement of high-tech industries in Eastern China,
2009–2020: (a) Path 1; (b) Path 2; (c) Path 3; and (d) Path 4.

The difference between the predicted mean and the true value of innovation efficiency
for the high-tech industries in Eastern China under the four paths is shown in Table 7.
The predicted mean values of innovation efficiency corresponding to Paths 1, 2, 3, and
4 are 0.765, 0.739, 0.743, and 0.753, respectively. Compared to the mean value of true
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innovation efficiency (0.709), their differences are 0.056, 0.030, 0.034 and 0.044, respectively.
The effect of the four paths on enhancing the innovation efficiency of high-tech industries
in Eastern China is slightly different. The difference of Path 1 is significantly the largest,
which indicates that Path 1 is the optimal path to improve the innovation efficiency of
high-tech industries in Eastern China.

Table 7. Path predicted values of innovation efficiency improvement of high-tech industries in
Eastern China.

Path Predicted Mean Value Difference Value

Path 1 0.765 0.056
Path 2 0.739 0.030
Path 3 0.743 0.034
Path 4 0.753 0.044

Selection of the optimal path in central China. The benchmark data for the central
region is set according to the four path simulation metrics described above and fed into a
path optimization model based on GA-PSO-BP neural network for innovation efficiency
improvement in high-tech industries in China. The predicted values of the performance of
local innovation in central China for different paths from 2009 to 2020 are obtained, and the
trend of change in the values under the four paths is depicted in Figure 5. All four paths
can effectively improve the innovation efficiency of high-tech industries in central China.

Systems 2023, 11, x FOR PEER REVIEW 17 of 25 
 

 

of local innovation in central China for different paths from 2009 to 2020 are obtained, and 
the trend of change in the values under the four paths is depicted in Figure 5. All four 
paths can effectively improve the innovation efficiency of high-tech industries in central 
China. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Path forecast of innovation efficiency improvement of high-tech industries in central 
China, 2009–2020: (a) Path 1; (b) Path 2; (c) Path 3; and (d) Path 4. 

In Table 8, the predicted mean values of innovation efficiency corresponding to paths 
1, 2, 3 and 4 are 0.586, 0.595, 0.581 and 0.584, respectively. Compared to the mean value of 
true innovation efficiency (0.537), the difference is 0.049, 0.058, 0.044 and 0.047, respec-
tively. The four paths have a relatively balanced impact on improving the innovation ef-
ficiency of high-tech industries in central China. Path 2 has the largest difference, which 
indicates that Path 2 is the optimal path to enhance the innovation efficiency of high-tech 
industries in central China. 

Table 8. Path predicted values of innovation efficiency improvement of high-tech industries in cen-
tral China. 

Path Predicted Mean Value Difference Value 
Path 1 0.586 0.049 
Path 2 0.595 0.058 
Path 3 0.581 0.044 
Path 4 0.584 0.047 

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

0.4

0.45

0.5

0.55

0.6

0.65

0.7

In
no

va
tio

n 
ef

fic
ie

nc
y 

im
pr

ov
em

en
t o

f h
ig

h-
te

ch
 in

du
str

ie
s i

n 
ce

nt
ra

l C
hi

na

True value
Path 1

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

0.4

0.45

0.5

0.55

0.6

0.65

0.7

In
no

va
tio

n 
ef

fic
ie

nc
y 

im
pr

ov
em

en
t o

f h
ig

h-
te

ch
 in

du
str

ie
s i

n 
ce

nt
ra

l C
hi

na True value
Path 2

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

0.45

0.5

0.55

0.6

0.65

0.7

In
no

va
tio

n 
ef

fic
ie

nc
y 

im
pr

ov
em

en
t o

f h
ig

h-
te

ch
 in

du
str

ie
s i

n 
ce

nt
ra

l C
hi

na

True value
Path 3

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

0.4

0.45

0.5

0.55

0.6

0.65

0.7

In
no

va
tio

n 
ef

fic
ie

nc
y 

im
pr

ov
em

en
t o

f h
ig

h-
te

ch
 in

du
str

ie
s i

n 
ce

nt
ra

l C
hi

na True value
Path 4

Figure 5. Path forecast of innovation efficiency improvement of high-tech industries in central China,
2009–2020: (a) Path 1; (b) Path 2; (c) Path 3; and (d) Path 4.
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In Table 8, the predicted mean values of innovation efficiency corresponding to paths
1, 2, 3 and 4 are 0.586, 0.595, 0.581 and 0.584, respectively. Compared to the mean value of
true innovation efficiency (0.537), the difference is 0.049, 0.058, 0.044 and 0.047, respectively.
The four paths have a relatively balanced impact on improving the innovation efficiency of
high-tech industries in central China. Path 2 has the largest difference, which indicates that
Path 2 is the optimal path to enhance the innovation efficiency of high-tech industries in
central China.

Table 8. Path predicted values of innovation efficiency improvement of high-tech industries in central
China.

Path Predicted Mean Value Difference Value

Path 1 0.586 0.049
Path 2 0.595 0.058
Path 3 0.581 0.044
Path 4 0.584 0.047

Selection of the optimal path in Western China. The benchmark data for the western
region is set according to the four path simulation metrics described above and fed into a
path optimization model based on GA-PSO-BP neural network for innovation efficiency
improvement in high-tech industries in China. The predicted values of the performance of
local innovation in Western China for different paths from 2009 to 2020 are obtained, and the
trend of the change in the values under the four paths is depicted in Figure 6. All four paths
can effectively improve the innovation efficiency of high-tech industries in Western China.
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Figure 6. Path forecast of innovation efficiency improvement of high-tech industries in Western
China, 2009–2020: (a) Path 1; (b) Path 2; (c) Path 3; and (d) Path 4.
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The difference between the predicted mean and the true value of innovation efficiency
for the high-tech sector in Western China under the four paths is shown in Table 9. The
predicted mean values of innovation efficiency corresponding to Paths 1, 2, 3 and 4 are
0.334, 0.332, 0.326 and 0.346, respectively. Compared to the mean value of true innovation
efficiency (0.309), the differences are 0.046, 0.037, 0.033 and 0.044, respectively. The impact
of the four paths on improving the innovation efficiency of high-tech industries in Western
China is clearly different. Path 4 has the largest difference, which indicates that Path 4 is the
optimal path to enhance the innovation efficiency of high-tech industries in Western China.

Table 9. Path predicted values of innovation efficiency improvement of high-tech industries in
Western China.

Path Predicted Mean Value Difference Value

Path 1 0.334 0.025
Path 2 0.332 0.023
Path 3 0.326 0.017
Path 4 0.346 0.037

5. Discussion

Based on the analysis of the configuration mechanism and the optimal path selection,
this study further delves into the theoretical basis of the path to achieve innovation efficiency
improvement in China’s high-tech industries.

5.1. The Innovation Efficiency of China’s High-Tech Industries Is Subject to the Linkage of Multiple
Internal and External Influences

Using the fs/QCA method, this study found that the innovation efficiency of high-tech
industries in China is not a function of individual factors, but a combination of economic
development level, human capital, government support, MNC innovation, industrial struc-
ture, openness and intellectual property protection. The reason for this conclusion is mainly
that the internal and external environment can jointly affect the innovation efficiency of
China’s high-tech industries [47]. In different stages of development and social contexts,
there are differences in the size of MNC R&D, the degree of industrial agglomeration, and
the effect of government policy implementation. According to power change theory, there
is an interplay between organization and environment. Corporate innovation strategy
decisions need to be changed accordingly to changes in the internal and external environ-
ment [48]. In other words, to better adapt to the external environment, China’s high-tech
industries needs to adjust its resource acquisition and technology innovation strategies in a
timely manner by combining internal factors, such as market size, talent pool allocation,
workforce structure and R&D capital. Along the way, the elements will have a linkage
effect and play a role in driving innovation efficiency in high-tech in-dust industries.

5.2. MNC Innovation and Government Support Have a Universal Effect on Improving the
Innovation Efficiency of High-Tech Industries in East–Central China

Comparison of optimal innovation efficiency improvement paths for high-tech indus-
tries in Eastern and Central China shows that MNC innovation and government support
have a universal impact on improving the efficiency of high-tech innovation in Eastern
and Central China. According to resource dependency theory, to adapt to environmental
changes and achieve innovative development, China’s high-tech industries needs to ac-
tively interact with the external environment and search for innovative resources. MNC
innovation is an important way for enterprises to access innovative resources. It is nec-
essary for China’s high-tech industries to promote technological development by giving
full play to the MNC innovation spillover effect [49]. The positive effect of government
support on innovation development has been confirmed by numerous scholars. It is able
to promote technological innovation in China’s high-tech industries in a variety of ways,
such as resource support and signaling [50]. The government can guide enterprises to
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use innovative resources actively and rationally, and this role is even more evident in
East–Central China.

5.3. The Key to Improving the Innovation Efficiency of High-Tech Industries in Western China Is to
Improve the Innovation Environment and Upgrade Their Basic Skills

Economic development dominates the optimal path of innovation efficiency improve-
ment for high-tech industries in Western China. The main reason for this conclusion is the
lower level of economic development in Western China compared to the country’s east–
central regions. This is reflected in the incomplete talent pool, the imperfect construction of
project support facilities and innovation policy system, as well as the late and slow process
of opening up to the outside world [51,52]. The backwardness of high-tech industries in
Western China is evident. Therefore, the government needs to increase the investment in
education in the western region, improve the educational facilities in schools, grasp the
cultivation of talents from the source, and formulate relevant policies to encourage the flow
of high-quality talents to the western region [53,54]. Meanwhile, the government should
cultivate and develop commodity and factor markets in the western region. Effective
measures will be taken to expand the market size and capacity in the western regions. The
market economy system is being improved and perfected to further regulate the market
order. Marketization in the western region is enhanced so as to continuously improve the
innovation environment in Western China and enhance the innovation base capacity of
high-tech industries in the western region.

6. Conclusions and Recommendations
6.1. Conclusions

This study uses the fs/QCA method to excavate the multi-factor innovation efficiency
enhancement path of China’s high-tech industry, which enriches the theoretical results
of the antecedent conditions of technological innovation efficiency, deepens the system-
atic study of technological innovation efficiency, and extends the dimension and depth
of technological innovation efficiency research. The optimization model of technological
innovation efficiency enhancement in China’s high-tech industries is constructed based
on GA-PSO-BP neural network. According to the group-path warp scenario setting and
simulation, the optimal path for innovation efficiency improvement of high-tech industries
in the eastern, central and western regions of China is obtained. To develop innovation man-
agement strategies for China’s high-tech industries based on the level of regional economic
development and regional endowment characteristics, it is of great practical significance to
efficiently utilize innovation resources and enhance the innovation capacity of localities
and enterprises, and help to promote sustainable progress in the innovation efficiency of
China’s high-tech industries, which in turn promotes high-quality development of regional
innovation in China. The findings of the study include the following main conclusions:

(1) The improvement of technological innovation efficiency is revealed as a con-current
mechanism of multi-factor combination through a configuration perspective. There is
no single condition among economic development, government support, human capi-
tal, industrial structure, MNC innovation, openness or intellectual property protection
that is necessary to promote the efficiency of innovation in China’s high-tech indus-
tries. Only an effective combination of conditions can achieve the goal of increasing
the level of innovation efficiency in China’s high-tech industries.

(2) Four configuration paths of innovation efficiency improvement in China’s high-
tech industries were identified by applying the fs/QCA method. They are: the
“MNC innovation—economic development—government support” linkage type, the
“MNC innovation—government support” linkage type, the “Economic development—
government support” linkage type, and the “Economic development” driven type.

(3) Regional heterogeneity makes differences in the optimal paths of innovation efficiency
improvement in high-tech industries in Eastern, Central and Western China. The
“MNC innovation—economic development—government support” linkage type has



Systems 2023, 11, 233 20 of 23

the best effect on improving the efficiency of innovation in high-tech industries in
Eastern China. The “MNC innovation—government support” linkage type has the
best effect on improving the efficiency of innovation in high-tech industries in Central
China. The “Economic development” driven type has the best effect on improving
the efficiency of innovation in high-tech industries in Western China.

6.2. Recommendations

The innovation management strategies of China’s eastern, central and western regions
cannot be generalized. Combined with the region’s own resource conditions and devel-
opment stage, a corresponding management policy for the improvement of enterprises’
innovation and self-sufficiency should be formulated. This will lead to a coordinated,
balanced and stable development of Chinese innovation in the region. Therefore, the
following recommendations for regional differentiation management are presented in this
study.

(1) Eastern China has a higher level of economic development, human capital, and intel-
lectual property protection. The government’s financial support for the eastern region
is stronger, and the attraction for R&D investment by MNCs is stronger. Therefore,
more attention should be paid to absorbing and digesting MNC innovations and
enhancing independent innovation capabilities to promote the high-quality devel-
opment of regional innovation. As economic development and government policies
change, the advantages of high openness and robust infrastructure in the eastern
region will gradually diminish, and the role of human capital will gradually come to
the forefront. Therefore, the eastern region should focus on introducing MNCs with
a large proportion of R&D-oriented, high-tech and highly educated workers. More
attention should be paid to the cultivation of high-quality talent, the development of
corresponding talent introduction strategies, and the reduction of talent consumption
costs. In this way, we can attract and retain talent and enhance our human capital
edge. Eastern regions should break regional monopolies, cross-regional informa-
tion exchange on innovation should be strengthened, local attributes of innovation
spillover should be reduced, geographical radius of innovation spillover should be in-
creased, and coordinated and balanced development of innovation in China’s regions
should be promoted.

(2) Although Central China is weaker than the eastern region in all aspects, the economy,
capital and technology are in the stage of rapid development, which belongs to the
state that should focus on improving learning, absorbing and imitating advanced
foreign technology. The government should give appropriate policy support and
implement favorable policies to attract multinational companies to the central region,
so that the central region can get more financial support for research and development,
and cultivate and import higher-quality technical talent. The central region should
continue to expand the size of the market, tap the market potential and make the
trading market system robust. Market information exchange network platforms,
innovation achievement transformation platforms and intermediary service agencies
should be constructed. High-tech industries in the central region should accelerate the
conversion of the innovation model based on “imitation innovation” to the innovation
model based on “independent innovation”. Self-competitive advantages should be
enhanced and industries with distinctive advantages should be formed. Meanwhile,
we should strengthen the docking cooperation with the innovation main body in the
eastern and undertake the quality industries transferred from the eastern. The eastern
region plays its radiating and leading role and can realize the rapid improvement of
innovation efficiency of the high-tech industries in the central region.

(3) Compared with the eastern and central regions, the western region has a lower level
of economic development, an incomplete talent pool, and an imperfect construction
of project support facilities and the innovation policy system. Meanwhile, the western
region is opening up to the outside world later and in a slower process. Therefore,
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the western region belongs to the phase of improving the innovation environment
and enhancing the technological learning capability of high-tech industries. The
western region should strengthen hard environmental conditions and improve the
environment for investment in research and development as soon as possible. The
construction of transport and its communication infrastructure should be accelerated.
Regional aviation networks should be constructed, and telecommunications and in-
formation networks should be improved between the western and central regions
and abroad. This way, we can build convenient platforms for research, production
and operations needed by enterprises. The learning and absorption capacity of the
western region should be enhanced. Governments at all levels should continue to
invest more in education and the introduction of talent, and advocate for senior talent
and university students to go to the western, the grassroots and places that are strug-
gling in terms of development commitment and progress. Local enterprises should
actively organize training and conduct regular exchange seminars with MNCs and
high-tech industrial enterprises in the central and eastern. This allows local enter-
prises to learn and summarize new technologies, knowledge and ideas that advanced
enterprises have. Resource advantages were translated into new economic develop-
ment advantages, and efforts were made to enhance their own level of innovation
and development capacity.

6.3. Limitations and Prospects

There are still some limitations in this paper. (1) Based on the availability of data, this
paper examines the innovation efficiency enhancement path of China’s high-tech industries
using provincial data. The research object can be expanded in the future, for example,
the research can be carried out from Chinese cities and manufacturing industries, and
the research can also be deepened from the perspective of high-tech industry subdivision,
which will help to explore the path of technological innovation efficiency improvement
more deeply and make the research conclusion more scientific and comprehensive. (2) In
this paper, the research sample is divided into three regions in the eastern, central and
western parts of China according to the way the China Bureau of Statistics is divided.
According to the physical geography and economic development level, China’s regions
can also be divided into eight economic geographical regions, including northeast, north,
central, southwest, central and south, east, south and northwest. Meanwhile, China has
three major economic circles, including the Yangtze River Delta Economic Circle, the Pearl
River Delta Economic Circle and the Bohai Sea Economic Circle. Future research can be
conducted from the above eight economic geographic regions or three major economic
spheres to expand the breadth and depth of research.
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