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Abstract
Innovative development to some extent overcomes the path-dependent characteris-
tics of knowledge proximity, and the diversity and complexity of regional knowl-
edge and technology foster regional economic growth. This study constructs a 
dynamic mechanism for maximizing the enterprise profit to explore the conditions 
enabling regions that can achieve knowledge accumulation and technological leap-
frogging. Utilizing the fitness landscape methodology based on customs data from 
30 provinces in China and employing genetic algorithms, we analyze two modes of 
enterprises with similar and different initial conditions under varying leapfrogging 
scenarios. By applying profit maximization rules within the fitness landscape of the 
product space, we examine how to promote regional industrial transformation and 
upgrade. The results indicate that a larger leap range in the production of products 
by enterprises, reflecting stronger innovative capabilities, significantly enhances the 
region’s ability for industrial transformation and upgrade. There is a strong positive 
relationship between the initial industrial foundation and regional economic devel-
opment. When regions share a similar industrial base, the complexity of regional 
knowledge becomes more critical. Therefore, an increase in the foundational devel-
opment of industries and technology-intensive products can enhance the potential 
for regional path innovation. Past research has primarily been based on the path 
dependence theory, emphasizing that the most crucial aspect for underdeveloped 
economies is the accumulation and development of foundational capabilities. How-
ever, our study contends that, for emerging economies, it is crucial to enhance the 
diversity and complexity of knowledge and technology. Particularly, it is essential 
to, based on a comprehensive understanding of their own strengths, open up new 
areas and new arenas in development, continually shaping new growth drivers and 
new strengths. This emerges as a significant factor in regional growth and leapfrog 
development.
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Introduction

Advanced technologies and financial resources tend to concentrate in metropolis, 
widening economic development gap between economically lagging regions and 
knowledge innovation centers. This has led to a new round of regional differentiation 
(Feldman et al., 2021). Fundamentally, underdeveloped regions, relying on resources 
and investment for growth, struggle to sustain their economic development and catch 
up. Even with policy support, these regions consistently lag behind developed areas, 
ultimately causing severe imbalance in regional development. Relying on traditional 
resources and investment-driven development methods cannot effectively promote 
high-quality regional development and economic convergence among regions. As 
the economy transitions towards high quality, regional growth patterns have shifted 
from factors and investment-driven to innovation-driven.

Evolutionary development economics proposes that regional development has 
entered the innovation-driven stage, where knowledge and technology are funda-
mental factors determining the regional development gap and serving as the pri-
mary drivers of regional economic development (Andrews and Alexander, 2022). 
In technologically advanced regions, ongoing industrial and technological competi-
tions continually deepen, fostering the emergence of new technologies and indus-
tries. This process stimulates the derivation of significant innovation and industrial 
clusters, gradually accompanied by higher-level infrastructure, research institutions, 
and universities, creating a matching environment for the region’s innovation. Con-
sequently, the regional innovation ecosystem and innovation capacity reach higher 
levels, transforming these regions into innovation centers. Conversely, regions with 
weaker technological capabilities, stemming from an overreliance on traditional 
resource inputs, lack inherent innovation mechanisms and effective reform strate-
gies, resulting in insufficient growth momentum. Consequently, these regions gradu-
ally assume the status of innovative peripheral areas.

Industrial transformation is a development process that evolves from labor-
intensive to capital-intensive industries and then to technology-intensive industries, 
thereby fostering regional productivity (Kee and Heiwai, 2016; Bing et  al., 2020; 
Jones, 2022). Neo-Schumpeterian growth theory challenging the equilibrium notion 
of neoclassical economics and asserting endogenous knowledge and innovation are 
the core driving forces of economic growth (Boschma and Lambooy, 1999). There-
fore, the current focus should shift from discussions solely on the traditional static 
comparative advantages of regions to a multidimensional analysis of the generation, 
overflow, accumulation, recombination, and distribution of knowledge and tech-
nology within the context of dynamic evolution. Additionally, the current research 
lacks a detailed study of the structural transformation process. Throughout the pro-
cess of the economic system evolution, innovation continuously emerges, presenting 
new opportunities (Xiao, Makhija and Karim, 2022). Economically disadvantaged 
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regions possess the potential of catching up or even surpass economically better-off 
areas through path innovation.

Therefore, previous research has predominantly focused on the differences in 
static comparative advantages shaping regional development. In the stage of innova-
tive development, this study explores how the evolution of knowledge and technol-
ogy from a dynamic perspective influences the development capabilities of different 
regions and the leapfrog development of economically disadvantaged areas.

The article is structured as follows. The “Literature Review” section critically 
reviews the literature on regional development path, knowledge, and product space. 
In the “Analytical Framework for Industrial Development Path: Maximizing Enter-
prise Profits” section, we present an analytical framework for the theory of industrial 
development paths based on maximizing enterprise profits. The “Characteristics 
of China’s Product Space” section describes the characteristics of China’s product 
space, while the “Fitness Landscape of China’s Product Space” section constructs 
the fitness landscape of China’s product space. The “Results” section is the results 
of the study. Our discussion in the “Discussion” section summarizes the findings of 
the study. In the “Conclusion” section, we carry future research directions for deep-
ening our understanding of regional development paths.

Literature Review

Path of Regional Industry Derivation

Industrial evolution exhibits path-dependent characteristics (Martin and Sunley, 
2006; Boschma and Frenken, 2011). New industries emerge in close connection to 
historical economic activities, as enterprises, the primary agent within the economic 
system, tend to generate products that build upon existing knowledge and technol-
ogy. This process is guided by cognitive proximity (Boschma, 2005; Uyarra and Fla-
nagan, 2022). Consequently, industries that share strong technical connections with 
local industries are more likely to emerge. Hidalgo et al. (2007) introduced the prod-
uct space theory, which utilizes global trade data to show the technology embed-
ded in regional development through exported products. Based on the product space 
derived from the complex network theory, they creatively analyzed industrial trans-
formation and upgrading using the dynamic evolution of comparative advantage. 
The study confirmed that regional industrial evolution is a path-dependent process. 
Guo and He (2017) used China’s customs data to map China’s product space and 
found that new industries have a strong tendency toward proximity to local indus-
tries, highlighting path-dependence characteristics of industrial evolution of. Fur-
thermore, for countries and regions with a strong economic foundation, possessing a 
product space with relatively technology-intensive or complex technologies is more 
conducive to industrial transformation. However, emerging countries with a weak 
economic base face challenges in achieving industrial transition through endogenous 
impetus (Junyang and Shengjun, 2020). In this context, product space theory only 
explains how regions fall into the development trap.
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Considerable research attention has been devoted to innovation within regional 
development paths. Exogenous forces, unrelated technologies, and various factors 
may prompt regional industries to embark on a breakthrough in their development 
path. In the theory of windows of opportunities, the evolution of new regional indus-
tries is no longer overtly tied to historical legacies due to economic globalization. 
These industries possess the capacity to attract global working capital and advanced 
technology, thereby diminishing their dependence on a locally entrenched indus-
trial base (Neffke et  al., 2011; Gong et  al., 2022). Furthermore, targeted regional 
industrial strategies play an important role in achieving breakthroughs in develop-
ment paths. Regions can strengthen economic ties with other area, foster new indus-
tries and technologies of unrelated diversity to current production capacities, and 
introduce foreign technologies. This, in turn, paves the way for the creation of new 
growth paths (Bathelt et al., 2004; Martin and Sunley, 2006; Zhu et al., 2017; Allen 
and Donaldson, 2021; Baumgartinger-Seiringer et  al., 2022). Neffke et  al. (2018) 
conducted an analysis of the relationship between related variety, unrelated variety, 
and regional industry. They found that new enterprises with unrelated variety, espe-
cially non-local enterprises with foreign characteristics, are more likely to achieve a 
breakthrough in their development path.

For emerging countries, lacking the technological and industrial foundation of 
developed nations, it is challenging to rely on endogenous derivation to generate 
high-productivity emerging industries. Consequently, this challenge has prompted 
extensive research into the evolutionary process of emerging industries in these 
economies (Zhong and He, 2021). In the course of China’s economic transforma-
tion, technological proximity has endowed regional industrial development with 
path dependence. However, to a large extent, exogenous forces are driving the 
path innovation of China’s regional industry (Guo and He, 2017; Li et  al., 2019). 
Since the initiation economic reform and opening up, China’s economy has under-
gone advanced transformation, transitioning from a planned economy to a market 
economy and from a closed economy to an open one. This transformative journey is 
intricately connected with the endogenous factors of long-term capacity accumula-
tion. Nevertheless, external drivers from the reform and opening up have provided 
more opportunities for industrial transformation. Wei and He (2021) conducted an 
analysis of the industrial evolution paths in China’s regions using Chinese customs 
data. Their findings revealed that industrial development in the eastern coastal areas 
and capitals of the central and western regions demonstrates high path innovation. 
The increasingly tightened affiliations between China and other countries, driven by 
export-led policies, are fostering industry evolution in China (Felipe et al., 2010; Hu 
and Hassink, 2017; Zhu et al., 2017; Wang and Wei, 2021).

Product Space, Knowledge, and Regional Development Path

Currently, numerous studies have explored the product space of countries in Euro-
pean, America, East Asia, the Latin America, and Africa. Research indicates that 
developed countries encompass a diverse and complex of knowledge types in 
their products, leading to a dense product space with a highly concentrated central 
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location. In contrast, economically less developed countries exhibit lower diversity 
and complexity in the knowledge embedded in their products, resulting in a rela-
tively sparse product space. In these countries, the majority of exported products 
cluster at the periphery of the product space, primarily comprising unprocessed raw 
materials, resource products, textiles, and agricultural goods (Boschma et al., 2013; 
Hausmann et al., 2014; Boschma, 2022).

According to the product space theory, the revealed comparative advantage of 
new products is heavily influenced by the current products within the product space. 
Therefore, the prevailing industrial structure will significantly impact the future eco-
nomic development path, indicating a process of path dependence. If a country’s 
product space is relatively sparse, with most products clustering at the periphery, it 
implies lower diversity and complexity in knowledge. Consequently, transitioning 
to new products with comparative advantages may be more challenging, posing the 
risk of falling into a path of weak development and a growth trap (Hidalgo et al., 
2007).

Look at China’s development history, in the 1960s, the main products consisted 
of raw materials and semi-processed products, predominantly clustering at the 
periphery of the product space. Subsequently, in the 1970s, China’s exported prod-
ucts primarily comprised labor-intensive products, such as clothing. Overall, during 
this period, the product space had a lower density and was situated at the periphery. 
Moving into the 1990s, China’s export products gradually shifted toward technol-
ogy-intensive products, including machinery manufacturing and electronics. In the 
early twenty-first century, the comparative advantage in electronics became evident. 
Felipe et al. (2010) conducted an analysis of China’s product space over the past 50 
years and found that the knowledge diversity and complexity embedded in China’s 
exported product have consistently increased, with the majority of products exhibit-
ing revealed comparative advantages. As early as 1962, China had 105 out of 779 
globally recognized products with a comparative advantage, indicating the potential 
for China’s future economic development. Li et al. (2019) observed that the knowl-
edge diversity embedded in China’s exported products continues to strengthen, and 
product space structure has evolved from a polarized structure to a relative balance 
one.

Fitness Landscape

The complex adaptive system, based on evolutionary theory, is a tool that was previ-
ously utilized to analyze the mechanisms of genetic selection, differentiation, and 
mutation. The system adopts the concept of species inheritance found in nature and 
simulates gene sequence using a genetic algorithm. It combines these sequences to 
form a population and promotes natural genetic selection in populations. Fitness 
denotes an individual’s adaptation to the current environment, serving as an indi-
cator to measure whether an individual can sustainably survive in its the current 
surroundings. The fitness landscape is depicted as a 3D map formed by combining 
genes and their corresponding fitness levels. It is employed to analyze the repro-
ductive ability of individuals and optimize genes according to the specific target. 
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The application of this method in the complex adaptive system is more commonly 
observed (Kauffman & Levin, 1987).

The complex adaptive system has found applications in various fields over time. 
In economics, the system, which is based on a network composed of agents, cap-
tures the dynamic activities of the economy through individual behaviors and inter-
actions. March (1991) utilized the NK model within the complex adaptive system 
of the fitness landscape and found that when the cognitive environment of employee 
changes, those engaged in rapid social interaction and experiencing high turnover 
positively impact enterprise development. Kaufmann et  al. (2000) calculated the 
optimal distance for a firm to improve the technology by assessing the cost of mov-
ing the company within the fitness landscape. Their results indicated that rational 
firms would initially seek opportunities for improvement in a broader range (break-
through innovation) before selectively adopting incremental innovation for enter-
prise development. Chang and Harrington (2000) constructed an adaptive landscape 
for enterprise performance and analyzed the optimal performance of subsidiary and 
parent companies. They incorporated an economic base into the complex adaptive 
model, specifically considering the interrelationship between consumer preferences 
and firm performance.

Overall, we contend that the product space lacks an interpretation of regional 
development path innovation. Product space theory places greater emphasis on 
the importance of the initial state of a region. If a region currently possesses a 
product space with high density and a concentrated central location, indicating a 
greater diversity and complexity of knowledge, the probability of new products with 
revealed comparative advantage is higher. For regions with a sparse product space, 
predominantly at the periphery, industrial transformation and upgrading tend to be 
relatively challenging. Furthermore, the construction of the product space is based 
on the scope of all globally exported products, showing the industrial development 
paths of various countries within this framework. This indicates that the regional 
industrial structural transformation and upgrading occur within the current global 
product framework, continually enriching the existing global product space and 
gradually converging from the periphery towards the center. Therefore, the product 
space theory does not explain situations where regions break through the current 
product space scope.

Moreover, a premise is that the product space is continuous, implying that as long 
as an economy can constantly improve its production capacity based on comparative 
advantage, it will eventually become prosperous, albeit at varying rates. Given this 
assumption, there is a lack of a micro-dynamic mechanism driving structural trans-
formation and upgrading. In a product space, the acquisition of production capacity 
required for each product is random, indicating that regional capacity acquisition 
is not further refined. However, as the main agents in the economic system, enter-
prises engage in various production activities, ultimately producing a range of prod-
ucts in the market with diverse knowledge and technological complexity. Therefore, 
the acquisition of different products is closely related to the enterprise and is not 
random.

This study establishes a dynamic mechanism for micro-enterprise profit maxi-
mization. It employs the fitness landscape approach and uses 2001–2016 China 
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customs data and CEPII-BACI data, analyzing patterns of change in the fitness land-
scape of the product space to explain the emergence of regional development traps 
and leaps in economic development.

Analytical Framework for Industrial Development Path: Maximizing 
Enterprise Profits

This study establishes a dynamic enterprise mechanism to explore industrial devel-
opment path, drawing on the model developed by Hausmann and Klinger (2006b). 
We posit a scenario with two enterprises in a market: the first enterprise produces 
the existing good A, while the second enterprise produces good A in the early stage 
and a new good B in the later stage. The standard price for good A is PA = 1 , and the 
price for the new good B is PB > 1 . The enterprise faces the decision of whether to 
produce good B based on its the current productivity. The first enterprise possesses 
a mature production capacity for A, ensuring stable produce and profits. Another 
option is to produce higher-priced good B for additional benefits PB−A . However, 
the first enterprise lacks production capacity for B, necessitating an investment cost 
C to enhance its production capacity. According to product space theory, cost C is 
determined by product proximity C

(
�AB

)
 . The additional revenues of transformation 

to the new product are

Once the enterprise successfully undergoes transformation and acquires the pro-
duction capacity for the new product B, this capacity becomes a public good. Other 
companies will no longer pay the fixed costs if they wash to produce B, resulting 
in first-period benefit. If PB−A < C

(
𝛿AB

)
+ 1 , the new product is unprofitable, and 

the first enterprise will continue producing A. The second enterprise has the option 
to produce product A in both periods, yielding a revenue of 2. Alternatively, it can 
incur cost for producing good B while also producing A, resulting in a revenue of PB . 
Therefore, the condition for enterprises to choose the transformation to produce B is

If the specified conditions are met, the enterprise will produce the new good B in 
both periods and maintain that state. The other enterprise will continue producing A, 
which does not achieve Pareto optimality for social development. In the third period, 
satisfying the inequality becomes easier, as

This suggests that the enterprise is not internalizing profits. When the model is 
extended to n products, the interindustry spillover effect persists. The enterprise 
will continue to shorten the distance to the new product by enhancing its production 

(1)PB−A = PB − C
(
�AB

)

(2)PB >
C
(
𝛿AB

)
2

+ 1

(3)PB >
C
(
𝛿AB

)
4

+ 1
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capacity. The jump distance will be determined by the enterprise to maximize prof-
its. Product revenue remains proportional to the proximity ( �AB).

Cost C is proportional to the square of the proximity. As the proximity increases, 
so does the cost. If the connection between the products is very low, there is no tech-
nical proximity. Then, it is extremely difficult to shift to another product.

The profit ( RB−A ) that the first enterprise wants to obtain through industrial trans-
formation is

The first derivative of profit can be used to find the optimal proximity that maxi-
mizes the profit of the enterprise:

If the first enterprise wants to keep it, it needs to satisfy 𝛿AB > 2f∕c . If the 
region’s initial capacity endowment does not reach this proximity, it will be difficult 
to transform. Good A cannot be transformed into good B, nor will it be transformed 
into a higher profit good C or D.

The model is extended to the maximum profit of many enterprises as

where f∕c is the jump distance of the new enterprise in the first phase, and 2f∕c is 
the jump distance of the new enterprise in the second period. We then expand the 
proximity matrix ( φn∗n ) to n-dimensions, including all products.

It can be found that industrial transformation depends on the proximity and 
whether the price of new products is higher than that of current products. The 
assumption is that the evolution of new products is a linear process (Fig. 1).

However, this path-dependent process cannot capture the leapfrog development 
paths in the region. Consequently, there is a need to elucidate path innovation in 

(4)PB−A = f �AB

(5)C
(
�AB

)
= c�2

AB
∕2

(6)RB−A = PB−A − C(�AB) = f �AB − c�2
AB
∕2

(7)
max
�0

R0 = f �0 − c�2
0
∕2

�0 = f∕c

(8)
max
�n,1�n,2

Rn = f �n,1 −
c�2

n,1

2
+ f �n,2 −

c(�n,2−�n,1)
2

2

�n,1 =
2f

c
�n,2 =

3f

c

(9)�
n∗n =

⎡
⎢⎢⎢⎢⎢⎢⎣

0 �1,2 �1,3 … … �1,n

0 �2,3
0

…

⋯

0

…

…

…

⋮

⋮

⋮

0
�
n−1,n

0

⎤⎥⎥⎥⎥⎥⎥⎦
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industrial transformation. The hypothesis posits that the profit of new good B is n 
times than that of good A.

The enterprise’s maximum revenue is

The optimal distance for the enterprise’s maximum revenue is � = ndf∕c , and 
the maximum jump distance is �∗ = 2ndf∕c . If the initial capability of the enter-
prise can support this jump distance, it will achieve path innovation and obtain high 
value-added profit. Figure  2 shows that a linear development path can only jump 
f∕c distances, and the revenue is f 2∕2c , but it is more likely that the region will be 
locked into a barren product space. The optimal distance increases to ndf∕c , and the 
revenue is dn2f 2∕2c . Through the accumulation of production capacity and inno-
vation, enterprises can enhance the optimal jump and longest jump distances sup-
ported under the current conditions. This increases the probability of new products 

(10)PB−A = nf �

(11)maxR = nf � −
c�2

2d
n ≥ 1, d ≥ 1

� = ndf∕c

Fig. 1  The path of industrial transformation
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with high value added in the product space and reduce the likelihood of regions fall-
ing into lock-in and development traps. Consequently, regions facing difficulties in 
industrial transformation due to their spare product space can also achieve leapfrog 
development. Additionally, with significantly expanded enterprise profits, the region 
can be propelled to the technology forefront, enabling emerging countries to achieve 
technological catch-up to some extent.

Characteristics of China’s Product Space

Study Area and Data

This study’s focuses on 30 provinces on the Chinese mainland (excluding Tibet). 
The data were obtained from China customs data and CEPII-BACI data. The China 
customs database was updated until 2016, and this study’s starting year was set as 
2001, coinciding with China’s entry into the WTO. Therefore, the data cover the 
period from 2001 to 2016.

Revealed Comparative Advantage

Hausmann et al. (2014) assessed the product proximity of 128 countries, represent-
ing for 99% of global trade, 97% of global GDP, and 95% of the world’s population. 
The assessment was based on the United Nations commodity trade database for HS 
and SITC 4-digit level, and it involved mapping the product spaces of these coun-
tries. In China’s product space, the number of products with revealed comparative 
advantage (RCA) experienced a significant increase, rising from 316 in 2001 to 389 
in 2018. While there was a slight decline in minerals and agriculture, there was a 
consistent upward trend in textiles, stone, metals, chemicals, vehicles, machinery, 

Fig. 2  Product proximity for enterprise profit
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and electronics. The continued increase in product diversity indicates an enhance-
ment in the knowledge diversity and complexity embedded in the region1.

Next, we analyze changes in the RCA 2 of different types of products at the HS 
1-digit level. We use 2001 as the starting year and 2018 as the comparison period 
to determine the presence of RCA for each product. The products are categorized as 
follows: (1) products that maintain their RCA (with RCA in both 2001 and 2018), 
(2) products that are abandoned (with RCA in 2001 but without RCA in 2018), (3) 
a shift to new products (without RCA in 2001 but with RCA in 2018), and (4) prod-
ucts with no RCA (without RCA in both 2001 and 2018).

Table 1 indicates that the first product category comprises 264 RCAs, the sec-
ond product has 52, the third product has 125, and the fourth product has a total of 
425. Among products that maintain their RCA, textiles account for 78 kinds (the 
largest number), while minerals only have three kinds. For successfully transitioned 
products, chemicals and machinery lead with 31 and 29, respectively, while miner-
als have the lowest count at only 1. China’s economic transformation is facing huge 

Table 1  Comparison of RCA of 
products in 2001 and 2018

Whether it has RCA 
in 2018

Whether it has RCA in 2001 Yes No
Agriculture Yes 32 31

No 9 136
Textiles Yes 78 4

No 11 15
Stone Yes 13 4

No 10 15
Mineral Yes 3 8

No 1 30
Metals Yes 34 7

No 22 49
Chemicals Yes 30 3

No 31 86
Vehicles Yes 6 1

No 7 20
Machinery Yes 39 3

No 29 62
Electronics Yes 29 1

No 5 12

1 Data resource: http:// atlas. cid. harva rd. edu

2 RCA
r,i,t =

X
r,i,t

�∑
i
X
r,i,t∑

r
X
r,i,t

�∑
r

∑
i
X
r,i,t

 , RCAx
i,t =

{
1 if RCA

r,i,t > 1

0 otherwise

{
 , where X

r,i,t is the export value of 

good i in region r in time t. RCAx
i,t indicates whether the product has revealed comparative advantage.

http://atlas.cid.harvard.edu
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environmental and resource pressures, with gradual decline in resource exports or a 
shift to imports to sustain development. In the fourth category of products, agricul-
ture holds the highest proportion, with 136 agriculture products accounting for 32%, 
86 chemicals making up about 20%, and 62 machinery products constituting approx-
imately 15% (a total of 425 products). The results suggest that China’s previous two 
decades of high GDP growth rate relied heavily on traditional labor-intensive indus-
tries, occupying a significant number of production factors and resources. This situ-
ation has impacted the development of capital- and technology-intensive industries.

We illustrate the dynamic evolution of RCA in 30 provinces of China from 2001 to 
2016, utilizing data from the China customs and CEPII-BACI databases. As depicted 
in Fig. 3, the number of products with RCA has witnessed a substantial increased. The 
eastern region consistently outperforms other regions, maintaining a prolonged absolute 
advantage, especially in provinces like Shanghai, Jiangsu, Zhejiang, and Shandong. In 
the northeast, there has been a significant decline in the number of products from 2012 
to 2016, as observed in Liaoning, Jilin, and Heilongjiang, where the decrease amounted 
to 21%, 16%, and 25%, respectively. Conversely, the western region has demonstrated 
significant improvement. Gansu and Qinghai, in particular, experienced a more than 
threefold increase in the number of products, reaching 411 and 349, respectively, in 
2016 compared to 2001. The implementation of “The Belt and Road Initiative” in 2013 
provided a substantial economic stimulus to western China and regions along the route. 

Fig. 3  Products with revealed comparative advantage in provinces for 2001–2016
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In 2016, Gansu’s foreign trade with other countries exceeded $1.4 billion, reflecting 
a year-on-year growth of 10% according to China’s customs data. Qinghai leveraged 
“The Belt and Road Initiative,” with its total foreign trade increasing from $0.14 billion 
in 2010 to $1.4 billion in 2016, boasting an average annual growth rate of 17.6%.

Proximity

Based on data availability and applicability, we utilized export data spanning from 
2001 to 2016 from China Customs Import and CPEII-BACI (covering 224 coun-
tries). The China Customs Import and Export Database provides information such 
as the HS 6-digit code, enterprise codes, and the export trade value of export prod-
ucts. Meanwhile, the CPEII-BACI database includes the HS 6-digit code, country 
code, and export trade value of export products. Upon initial data processing, we 
extracted the HS 4-digit code, comprising 1251 kinds of Chinese export products 
and 1257 kinds of global export products from 2001 to 2016. Subsequently, we cal-
culated a product proximity matrix of dimensions 1251 * 1251 based on the data, 
yielding 781,875 pairs of proximity relationships between products. Flowing the 
product space construction method outlined by Hidalgo et al. (2007), we employed 
the product proximity matrix as the node connection and the export volume as the 
node size to construct the product space of the region. Proximity is between goods i 
and j in time t.

where RCAxi,t shows the comparative advantage of goods i in time t. We measure 
the proximity of products and show the results by the cumulative probability distri-
bution in Fig. 4.

In Fig. 4, around 80% of the product proximity was less than 0.2 in 2001, decreas-
ing to approximately 70% by 2016. This indicates an improvement in the proximity 
among products, with knowledge spillover continuously enhancing regional produc-
tion capacity. The increased probability of new product emergence suggests that the 
region will encompass more diverse and complex knowledge. However, it is also 
noticeable that from 2001 to 2016, over 80% of the products proximity were below 
0.3, with less than 10% having proximities exceeding 0.4. This implies that the 
knowledge proximity of the majority of Chinese products is not particularly high. 
Relying solely on path dependence is challenging for driving industrial transforma-
tion and upgrading. This also exhibits distinct features of path breakthroughs

Fitness Landscape of China’s Product Space

We construct the fitness landscape of product space using the methods of Des-
marchelier et  al. (2018). This fitness landscape delineates the easy with which a 
region can undergo industrial transformation via jump methods by enterprises. Each 

(12)
𝜑i,j,t = min

{
P
(
RCAxi,t|RCAxj,t

)
,P

(
RCAxj,t|RCAxi,t

)}

RCAxi,t =

{
1 if RCAi,t > 1

0 otherwise
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optimal point in the fitness landscape serves as a stimulus for enterprises to engage 
in jump behavior, subsequently fostering regional growth. Giving the symmetric of 
the proximity matrix, we solely utilize upper triangular data to construct Fitnessi,j 
based on the export value at HS 4-digit level.

where i and j represent product i and product j, respectively; r is the province; and 
exportr,i,t is the export value of good i for province r in time t. On the diagonal of the 
proximity matrix, the fitness of i is equal to the sum of the export values of product 
i with RCA ( RCAr,i,t > 1 ) across all provinces. If not on the diagonal of the proxim-
ity matrix, the fitness measurement necessitates that both products i and j exhibit an 
RCA ( RCAr,i,t > 1 and RCAr,j,t > 1).

This study measures China’s average fitness using province data for the period 
2001–2016 and illustrates the fitness landscape (Fig.  5) with a symmetric fitness 
matrix (1251 * 1251). Figure  5 reveals a substantial zero area (yellow) and local 
optima represented by darker colors (ranging from red to black). Most capital- and 
technology-intensive products, along with some textiles, exhibit high fitness levels 
(600–1251). Conversely, most agricultural products, minerals, and chemicals dis-
play low fitness, with only a few achieving local optimal fitness (1–600). Textiles 

(13)if i = j Fitnessi,j,t =
∑30

r=1
exportr,i,t

(14)if i ≠ j Fitnessi,j,t =
∑30

r=1
(exportr,i,t + exportr,j,t)

Fig. 4  The cumulative probability distribution of proximity for 2001–2016



1 3

Journal of the Knowledge Economy 

and stone, being China’s traditional comparative advantage industries, consistently 
maintain their competitiveness (600–800). In comparison to electronics and vehi-
cles (1100–1251), metals and machinery (800–1100) demonstrate higher fitness, 
although the optimal value for these products remain somewhat indistinct.

Setting of Initial Conditions

As a structured simulation method, low-value-added products lacking competitive-
ness can attain the optimal position through enterprises’ search of the optimal fitness 
of products. However, when a majority of enterprises in a region exhibit low pro-
duction capacities, reaching an optimal position becomes challenging, and the risk 
of being confined to an underperforming area increases. Consequently, the initial 
location selection of enterprises becomes crucial. It is conceivable that if a region’s 
products have a RCA, then at least one firm in the region produces the product in 
time t. We make two assumptions about the initial conditions.

The first assumption posits that provinces possess vary numbers of enterprises 
engaged in the production of different product types. The number of enterprises pro-
ducing a product with an RCA ranges from 1 to 5. If both products i and j have an 
RCA, the enterprises can produce both products simultaneously; otherwise, only the 
product with an RCA is produced. Consequently, all the regions in the initial setup 

Fig. 5  The fitness landscape of China’s product space
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mirror the real product space. In the actual product space, the number of products 
with RCAs in Shanghai was 337 in 2001, while in Guizhou, it was 125 during the 
same period. The former is 2.696 times that of the latter. Under the current assump-
tion, the number of enterprises in Shanghai will be more than twice that of Guizhou. 
Therefore, this assumption underscores substantial differences in the initial condi-
tions of regions. The second assumption stipulates that the number of enterprises 
producing different products in provinces remains constant, implying there are 2000 
enterprises in each province, thereby ensuring uniform initial conditions across 
regions.

Dynamic Behavior of Enterprises

Enterprises strive to navigate within the fitness landscape of product space continu-
ally, motivated by the goal of maximizing revenue and searching for the optimal 
product location. The movement of the enterprise is influenced by the fitness land-
scape and competition of surrounding enterprises. Hence, a product location selec-
tion algorithm is established:

Based on the Von Neumann neighborhood, enterprises are constrained to a maxi-
mum jump distance of 5 or 10. The new position after a random jump in the fitness 
landscape is (i�, j�) . A larger set jump distance signifies greater innovation capability 
for enterprises, where Ni′,j′ is the number of enterprises producing (i�, j�) . A success-
ful jump occurs if the proximity matrix at the new location is consistently larger 
than the random uniformly distributed U(0, 1) . Consequently, each mode is executed 
randomly 100 times, with a minimum of 30 completions to ensure the stability of 
each region. Within the fixed product space, enterprises continuously attempt to 
transform into new products to maximize revenue. The spatial location of products 
is updated with each enterprise jump, and the scope of fixed product space may even 
be expanded through innovation, thereby facilitating industrial transformation.

Results

This study utilizes the fitness landscape of product space to explore regional indus-
trial transformation and growth paths. We have chosen eight provinces, namely, 
Hebei, Shanxi, Henan, Guizhou, Inner Mongolia, Liaoning, Shanghai, and Guang-
dong, to illustrate the obtained results. These eight provinces, each possessing dis-
tinctive characteristics, are deemed representative for this study. Specifically, the 
selected provinces are Shanghai and Guangdong, situated on the east coast and serv-
ing as economic hubs of China. Hebei is a significant eastern province. Shanxi and 
Inner Mongolia are resource-based provinces in the central region. Henan stands out 
as a major province in central China. Liaoning represents an established industrial 

(15)
Fitnessi�,j�

Ni�,j� + 1
>

Fitnessi,j

Ni,j
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area in the northeast. Guizhou, situated in western China, has undergone rapid 
growth in recent years.

Regional Growth Paths with Different Initial Conditions

The product space theory posits that countries have distinct initial product space, 
and the varying probabilities of new products emerging in the evolution of com-
parative advantage determine the divergence in development paths. Some regions 
demonstrate robust economic vitality, while others face sluggish growth or even the 
potential to fall into a development trap. The first hypothesis proposes that the dif-
ferences in the initial development of regions persist. It posits that a region exports a 
certain product with an RCA, signifying that at least one firm produces the product 
and possesses the associated knowledge and technology. Under unchanged condi-
tions, it is assumed that from 2001 to 2016, 1–5 firms randomly produce products 
with RCA. Consequently, in regions with a greater variety of products, more enter-
prises emerge, leading to a more diverse and complex of regional knowledge and 
technology, as well as regional higher development capacity. Considering the fit-
ness and competition of surrounding enterprises, enterprises are constantly seeking 
new optimal positions in the fitness landscape to achieve higher fitness for produc-
ing new products with higher complexity and added value. This pursuit promotes 
industrial transformation.

The selection of a new location involves averaging 100 simulation runs 30 times, 
each computed with different seeds for random draws. Figure 6 presents the estima-
tion results of products with an RCA over 30 times in settings with distances D = 
5 (left) and D = 10 (right). Figure 7 illustrates fitness in these settings for both dis-
tances. Under varying initial conditions, enterprise optimal position within the D = 
5 range results in a significant increase in the number of products with an RCA in 
provinces, stabilizing at t = 10. In the evolution of fitness for, D = 5 and D = 10, 
regions exhibit similar development trends. The expanded range with D = 10 more 
local optimal choices leads to increased regional average fitness.

Regions with high fitness at t = 1, like Shanghai and Guangzhou, maintain t 
maximum fitness at t = 30, regardless of the distance jumped, showing an absolute 
advantage. Similarly, regions with low fitness at t = 1, such as Shanxi, continue to 

Fig. 6  The number of products with RCA with the two assumptions (the left is D = 5 under different ini-
tial conditions; the right is D = 10 under the same initial conditions)
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have lower fitness than other regions at t = 30. In 2016, Shanxi has 148 products 
with an RCA, while Shanghai and Guangzhou had 402 and 306, respectively. With 
the 1–5 random assignment, the number of enterprises in Shanghai and Guangdong 
was at least twice that of Shanxi3. Despite the increase in products with an RCA in 
all the provinces through the path innovation, development disparities persist.

Whether the distance is 5 or 10, Shanghai and Guangdong consistently exhibit 
the highest level of fitness, indicating a growth trend (Fig. 7). These regions produce 
a diverse of highly competitive products internationally, particularly in technology-
intensive sectors like chemicals, vehicles, machinery, and electronics, each with var-
ious development paths. A higher fitness value facilitates significant leaps for enter-
prises, increasing the likelihood of entering areas with optimal fitness. In contrast, 
other provinces experience gradual decline in growth rate, which stabilizes after t 
= 24 (as shown by the blue dotted line). This result may be attributed to a limited 
number of products with an RCA, most of which have low technological complexity. 
Consequently, the initial product space is relatively sparse, with the majority of the 
products distributed along the edges. This challenge makes it difficult for enterprises 
to make local optimal location selections (as depicted by the extensive yellow area 
in Fig. 5), leading to early signs of sluggish growth.

In the context of endogenous growth theory, the expected “late-mover advan-
tage,” where emerging countries benefit from learning and imitate through “learning 
by doing,” does not seem evident in the fitness of the product space. On the contrary, 
regions with less advanced technology trend to lock into their current development 
paths earlier, despite having greater catch-up potential. For instance, in Guizhou, 
fitness exhibits a significant upward trend, gradually narrowing the gap with other 
regions.

Regional Growth Paths with the Same Initial Conditions

The second hypothesis eliminates differences in the initial conditions among prov-
inces and seeks to analyze the development paths assuming each province has 2000 

Fig. 7  Fitness of product space with initial condition differences (the left is D = 5, the right is D = 10)

3 The results of a random assignment simulation show that there are 445 enterprises in Shanxi, 1225 in 
Shanghai, and 926 in Guangdong.
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firms4 producing products with an RCA. Figure 8 presents the fitness of provinces 
with the same initial conditions under the jump distances of D = 5 and D = 10. 
In comparison with previous results, there is no clear correlation between the fit-
ness at t = 1 and t = 30. Shanghai and Guangdong continue to maintain an absolute 
advantage in fitness. With a jump distance of 5, their fitness is significantly higher 
than that of other provinces. As the jump distance increases to 10, the gap between 
regions gradually narrows, a trend also reflected in the map of products with RCAs 
(Fig. 6). Despite an equal initial number of firms, the relative position distribution 
of regions remains similar to that in Fig. 7, owing to differences in regional product 
types.

Regions producing higher complexity products exhibit higher fitness than those 
producing low-complexity products. Enterprises seek optimal positions in the fit-
ness landscape from various directions, leading to gradual regional differentiation. 
For instance, Shanxi maintains lower fitness; however, Guizhou’s fitness has steadily 
improved, with a more significant trend when the jump range is larger (D = 10).

Figure  8 reveals emergence of “clubs” among regions. The first echelon com-
prises Shanghai and Guangdong, which are notably higher than other regions. The 
second echelon includes Liaoning, Hebei, and Guizhou; the third echelon comprises 
Inner Mongolia and Henan, while Shanxi constitutes the fourth echelon. Liaoning’s 
products with an RCA primarily include agriculture, metals, chemicals, and machin-
ery. In recent years, the province has exhibited a sluggish economic growth rate, 
significant path dependence on specific industries, and insufficient market vitality.

Shanxi’s products mainly consist of stone, minerals, and metals, with fewer tech-
nology-intensive products such as machinery, vehicles, and electronics. The sparse 
product space limits opportunities for optimal location selection in the fitness land-
scape. Even with an increased jump distance to 10, the enhancement in economic 
growth is not significant, making it challenging to transition to new products with 
diverse knowledge and complex technology. In contrast, Guizhou, building on a 
less favorable product space, places greater emphasis on accumulating production 

Fig. 8  Fitness of the product space without initial condition differences (the left is D = 5; the right is D = 10)

4 The setting of the number of enterprises is random. To test the robustness of the results, we set the 
number of enterprises at 5000, which is the same as the currently estimated result.
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capacity and introduces high-tech industries. This has led to a significant enhance-
ment in knowledge diversity and technological complexity, creating a fertile prod-
uct space. As the distance expanded to 10, Guizhou’s industrial transformation and 
upgrade become even more pronounced.

Discussion

Broadly speaking, if a region has a weak industrial foundation primarily centered 
around labor- and capital-intensive industries, the product space tends to be sparse 
and concentrated at the edges. In such cases, the development of future new prod-
ucts tends to follow the gradual evolution of existing edge products, leading to a 
reduction in potential development paths. This, in turn, makes it challenging to 
enhance knowledge diversity and complexity, posing significant difficulties for 
industrial transformation. Product space theory, which primarily focuses on the 
evolution within a fixed product space, assumes that the path dependence process 
is self-evolving. While it discusses how regions may fall into development traps, it 
does not provide an explanation for the leapfrog development observed in emerging 
countries.

Thus, we establish a dynamic mechanism for maximization enterprise profit, 
exploring the conditions under which a region can achieve knowledge accumulation 
and technological leapfrogging. Utilizing the fitness landscape approach in the prod-
uct space, we analyze potential ways for enterprises in a region to leap, considering 
two modes with both similar and different initial conditions. Within the fitness land-
scape, we set jump distances at 5 or 10, examining how enterprises, guided by profit 
maximization, promote regional structural transformation and upgrade.

Our findings indicate that the outcomes of studies on enterprises with different 
initial conditions explain why a region might enter a suboptimal product space, 
potentially leading to regional growth sluggishness. When the initial product space 
is poor, the region is more likely to experience a less favorable growth path. Subse-
quently, if the region creates an environment conducive to enterprise development 
by increasing the number of new enterprises, especially those producing products 
with an RCA, and enhancing property rights, this can prevent the region from falling 
into a development trap. Furthermore, an increase in foreign direct investment bring-
ing capital and advanced technology, coupled with the enhancement of indigenous 
innovation capabilities, can improve fitness which makes it easier for the regions to 
position itself at the center of the product space, increasing the development paths 
for new products and thereby enhancing opportunities for industrial transformation 
and upgrade. Results from enterprises with identical initial conditions highlight par-
ticular importance of the knowledge complexity of products. This to some extent 
may negate the significance of product diversity, suggesting that products with high 
knowledge and technology complex are crucial for the future.

Compared to previous research, we have primarily established a micro-level 
dynamic mechanism for maximizing enterprise profits. Current studies on indus-
trial transformation predominantly focus on analyzing the static comparative 
advantages of regions. While related studies in the product space explore structural 
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transformation from a dynamic perspective, their assumption is that the product 
transformation within the network is random. Our research findings reveal that the 
probability of transformation varies for different types of products. Thus, we con-
struct a micro-level dynamic mechanism for profit maximization using enterprises 
as the micro-level entities, showing the characteristics of industrial structural 
transformation.

Secondly, we have addressed the gap in explaining path innovation of regional 
development using economic development data from China. Existing studies on 
industrial transformation often analyze the path dependence of regional develop-
ment. We employ the adaptive landscape approach of genetic algorithms. From 
a dynamic perspective, our approach not only identifies the path-dependent char-
acteristics of regional industrial development but, more importantly, reveals that 
emerging economies must also enhance the complexity of knowledge and technol-
ogy. Based on a thorough understanding of their own strengths, it may be even more 
critical for these economies to open up new areas and new arenas in development.

Conclusion

Innovative development has significantly increased the diversity and complexity of 
knowledge and technology and optimizes resource allocation, overcoming proximity 
limitation and promoting the accumulation of regional production capacity and the 
speed and extent of industrial transformation. In regions with initial higher produc-
tion capacity, innovative development expands the existing product space. Simulta-
neously, emerging countries can achieve leapfrog development by successfully shift-
ing towards technology-intensive products.

Our research conclusions also hold certain guiding implications for industrial 
development. Firstly, the development of technological capabilities follows path-
dependent characteristics, necessitating the enhancement of regional basic tech-
nological levels and the improvement of initial capacity endowments. Therefore, 
elevating the foundational development capacity of a region is crucial. Secondly, 
unrelated new technologies indicate the direction of technological innovation for 
high-quality economic development in the region. By focusing on intertechnological 
connections, guiding regional enterprises towards diverse non-related innovations, 
and assisting and directing enterprises in conducting research and development 
activities in areas of weak foundations, this can help them move beyond the innova-
tion “comfort zone.”

This study has a few limitations. Firstly, it assesses product proximity based on 
China’s customs data. Future research should consider situating proximity within the 
context of the evolving global economy to examine how the positioning of products 
in the global environment influences the substitutability of production factors. Sec-
ondly, our analysis relies on CEPII-BACI and China customs data, excluding infor-
mation on the service trade, potentially impacting the results. Given growing role 
of services in global trade, incorporating service trade data would enable a more 
nuanced analysis of industrial transformation and economic growth in the future.
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