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ABSTRACT

The Capital Economic Circle (CEC) is one economic growth pole
and occupies important position in China. However, imbalance of
allocation of technological resources leads to heterogeneous
industrial productivity and economic development in the CEC. To
analyze and solve this problem, we combined input-output and
network methods to explore structural defects of technology dif-
fusion system of CEC and effective measures to promote indus-
trial technology synergy and integrated development. Firstly, the
principles of Multi-Regional Industrial Technology Flow Tree (MR-
ITFT) modelling and methods were proposed. Secondly, the struc-
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tural indexes and the effect indicators including technology spill- ~ 01: 03; C6

over and absorption intensity, and spillover and absorption
multiplier were designed based on MR-ITFT, which were applied
to identify structural defects of industrial system and its effects
on technology diffusion. The empirical research shows that heteri-
zation and polarization, imbalance of supply and demand, non-
integrated vertical function, and centralization and convergence
in industrial technology system are structural factors that inter-
feres the circulation of technology flow, and further was reflected
in the reduced, inverse and unstable structural effects.
Contradiction between low return and high demand of technol-
ogy investment results in an unsustainable circulation system of
CEC. Construction of industrial technology system with high inte-
gration and cooperation was suggested.

1. Introduction

At present, the problem of China’s economic gap between the east and the west has
turned into the widening gap between the north and the south. Beijing is at the cen-
ter of the northern China, and has huge comprehensive advantages in geographic
location, political and economic status, and innovation power. In China’s economic
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development plan, Beijing, Tianjin and Hebei are classified as Capital Economic
Circle (CEC). The GDP and population of the CEC account for about 8.62% and
8.08% of the total in the country respectively in 2019. As one of China’s economic
growth poles, the CEC is responsible for driving the overall development and revital-
ization of the northern China and providing strong support to restructuring eco-
nomic structure, strongly interacting with the rapidly growing Central Plain urban
agglomeration and Shandong peninsula urban agglomeration.

The CEC focuses on transferring the industries with high-resource and high-pollu-
tion consumption in Beijing and Tianjin to Hebei, developing the new emerging
industries and improving the traditional industries, to realize the complementary
advantages of the three regions, build an integrated industrial system and achieve sus-
tainable and synergistic economic development. However, the per capita GDP of
Beijing, is 1.82 and 3.55 times that of Tianjin and Hebei respectively in 2019.
Obviously, there is a huge gap of economic productivity among the regions.
Technological innovation is crucial in any economic development process
(Schumpeter, 1934) and R&D investment is generally related to industrial techno-
logical progress. The internal industrial R&D investment in Beijing was nearly 22
times that of Hebei, and the per capita investment was more than three times that of
Hebei. It can be seen that the highly heterogeneous industrial productivity and eco-
nomic efficiency can be attributed to imbalance of talents and technological resources
in some degree. On the other hand, technology diffusion is an important way to pro-
mote technological progress and efficiently reallocate innovation resources, and prom-
inent factor for improvement of industrial production efficiency (Scherer, 1982).
However, the process of the high-quality technological resources effectively diffused
and shared in the full scope industrial system of the CEC is highly inhibited, and the
balanced and efficient allocation of technology resources can’t be implemented. There
are large differences in innovation efficiency, development potential and industrial
structure in the CEC and the problem of the one-way flow of innovation factors is
still prominent (Bo & Chen, 2015). Therefore, it is necessary to identify the defects of
the system of industrial technology diffusion and find reasonable way to improve the
system to effectively relocate technological resource.

Technology resources enter the industrial market exchange system as the initial
input, and the structure of industrial system is key in influencing technology diffu-
sion. However, the existing literatures have little discussion on this. Industrial linkage
is described by the input-output relationship, and when integrated the R&D invest-
ment, technology diffusion can be analyzed on the input-output (I-O) method
(Dietzenbacher & Los, 2002). R&D expenditures and I-O table are combined to meas-
ure inter-sectoral product-embedded R&D flows to identify the main technology-pro-
viding and technology-using industries in the process of technology diffusion.
However, information obtained through I-O model is too scattered, and is difficult to
fully reflect structural features of industrial system (Norbu et al.,, 2021). On the other
hand, technology diffusion interacts with inter-industry network structure (Semitiel-
Garcia & Noguera-Mendez, 2012), can reallocate production factors, and thus pro-
mote optimization of industrial network structure. In regard to the weaknesses of I-O
analysis in processing structural information, the industrial technology diffusion
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network was introduced, taking industrial sectors as nodes and economic relation-
ships among industrial sectors as edges. Technological inputs in multiple sectors can
be used in production of a specific commodity embodying technology flow, and con-
versely, the commodity can also be used in the production process of multiple sec-
tors, forming a complex interconnected industrial network system (Tang et al., 2019).
Structural adjustment of the network can improve efficiency of technology diffusion
(Cai et al, 2022; Zuo et al,, 2022) and industrial network method is appropriate on
analyzing structure of technology diffusion system.

To improve structure of industrial technology diffusion system in the CEC, this
paper combines I-O method and network model to explore the structural defects of
interregional and inter-industry technology diffusion system of the CEC and
improvement measures. Firstly, we measured inter-regional industrial relationship
based on I-O tables and the MR-ITFT was modeled to describe the foundational skel-
eton of industrial technology diffusion system. Secondly, we designed the structural
indexes including root, center of gravity, diameter, trunk and hierarchy on the MR-
ITFT to find structural factors that affect industrial technology diffusion in the CEC.
Further, we applied the indicators including the industrial technology spillover and
absorption intensities and multipliers to reveal the comprehensive effects of structural
factors, which reflect the imbalance of technology flow in the CEC. Finally, sugges-
tions on improving the system were given. This research proposed the modeling of
MR-ITFT and contributes to improving the structural analysis method of industrial
technology diffusion, and investigating its application in analyzing and solving the
problem of imbalance and inefficient allocation of industrial technology resources in
the CEC.

2. Literature review
2.1. Researches on technology synergy and diffusion of CEC

The space-time evolution characteristics and mechanism of technology synergy in
urban agglomeration and metropolitan areas has attracted a lot of attention (Jiang
et al., 2021; Sefer & Ercan, 2011; Zhong et al., 2023) and efficient technology synergy
can significantly improve quality of regional development (Timothy et al., 2002; Zhao
& Zhu, 2021). The industrial technology synergy is regarded as a gradient and differ-
ential industrial technology transfer or diffusion. Many dilemmas of industrial syn-
ergy and technology diffusion in the CEC have been discussed. Especially due to
continuous siphonage of advantageous technology elements, industries in the CEC
show hierarchical differences and the industrial development of the CEC has been
very uneven (Wei & Miao, 2017). As a result of the hierarchical difference, Hebei is
excluded from integration of emerging industries in the CEC, and Tianjin is also
inhibited in updating industrial structure. Based on the spatial lag model including
foreign trade, policy, human investment, environment and technological progress, Xie
and other scholars further explored the main factors affecting the effect of technology
synergy (Xie & Hu, 2021). It can be seen that reasonable collaboration and allocation
mechanism of technology resources has not been yet established in the CEC, and
there is a phenomenon of ‘technology islands’. Industrial, innovation, service and
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capital chains can’t be effectively integrated and motivation of government is insuffi-
cient (Sha, 2015), and the long-term split interest pattern among local governments
in the CEC has caused lack of effective commitment to cooperation in reality (Yin &
Wang, 2016). Specifically, technology resources are input into the industries and then
organized through inter-industrial market transactions and the relationships among
industries and so industrial structure is critical to understand the transfer and distri-
bution of technology resource. However, from the perspective of qualitative analysis,
the relevant literatures only focused on impact of single factors on technology synergy
or diffusion, and haven’t involved analysis of heterogeneity of the overall multi-
regional industrial structure and adaptability of the multi-industrial technology sys-
tem. Thus, the global, systematic, multi-regional and inter-industrial structure that
can be related to the imbalance of technology resources can’t be clearly described and
identified, and it is difficult to find reasonable and effective implementations for the
problem.

2.2. Researches on industrial technology diffusion

Technology diffusion refers to the continued diffusion of the technology through the
market or non-market channels after it has been utilized for the first time (Rogers
et al., 2008). In regional industrial clusters, technology flows among industrial chains
through the process of technology diffusion, leads to an increase in the technological
capability of the industries within the chain, as well as the firms included in the
industries. Therefore, technology diffusion of a region is one of the most fundamental
relationships and activities, and is usually defined as the knowledge transfer and
interaction among sectors or innovators by movement of products, capital, human or
other knowledge carriers (Rogers & Valente, 1991), who actively or passively learn
from each other and innovate themselves through product trade or technology invest-
ment. During the process, technology spillover occurs to affect other related indus-
tries (Jaffe, 1998). In this sense, the study of technology diffusion based on industrial
chains (or network) is particularly important, which can help us to study the vertical
integration of industries and the diffusion processes of innovation (Debresson &
Andersen, 1996). The vertical technology diffusion happens between upstream and
downstream industries and the horizontal technology diffusion happens among
industries with certain technological commonalities due to the similar input or output
structures (Yin, 2017).

There are generally two methods of analyzing technology diffusion among indus-
tries: I-O models and industrial networks. The I-O approach was developed by com-
bining input-output tables of intermediate goods with a conformable matrix of
sectoral innovative effect (R&D), thus obtaining a particular input-output matrix of
technology flow (Leoncini & Montresor, 2000). Technology spillover obtained by one
sector is the weighted sum of R&D inputs of other sectors, which is called ‘indirect
R&D’ (Pan et al, 2011). Taking into account both supply and demand factors,
describing the diffusion process of technological R&D embodied in products with
data of R&D and input-output transactions matrixes, and measuring the technological
R&D flow across sectors and countries, I-O models can model a technology system
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on basis of technology flow contained in the intermediate products and capital prod-
ucts (Hauknes & Knell, 2009). However, I-O method is insufficient in analyzing
multi-dimensional structure of complex technology systems. Besides, difficulty of
compiling interregional input-output tables limits application of this method in the
multi-regions. Based on I-O model, scholars further constructed regional technology
spillover, transfer and diffusion networks for identifying the structural characteristics
(Dimitrios et al., 2022; Garcia-Muniz & Vicente, 2014; Jiao et al.,, 2018; Kim et al,,
2016). The technology flow matrix is transformed into a 0-1 matrix, which is the
adjacency matrix of industrial technology diffusion network (Essletzbichler, 2015),
where sectors are treated as nodes, while their product-embedded R&D flow as
edges and direction of an edge indicates spillover and absorbed technology flow
among industries. On the network, such indicators of inter-sectoral technology dif-
fusion as density, the shortest distance, network size, and strong or weak ties
(Magalhaes & Afonso, 2017) could be used to analyze structure characteristics of
the technology system (Chang & Shih, 2005; Jiao et al., 2017, 2018). Industry
Technology Flow Network (ITFN) is defined as random, dynamic and complex net-
work and could be constructed on the graph theory and network method (Yin,
2017). ITFN is a dynamic stochastic network describing relationships and structure
of industry technology flow. The core-periphery of the ITEN reflects difference of
sector aggregation, and the structural hole reflects role and influence of industrial
sectors (Chang & Shih, 2005; Garcia-Muniz et al., 2010; Semitiel-Garcia & Noguera-
Mendez, 2012). But few models are suitable to describe the foundational structure
of technology diffusion system in multi-regions, and the structural indicators are
also relatively single and cannot identify the multi-dimensional effects. Tree is an
important model in graph theory. Based on the tree model, foundational structure
of the system could be explored (Aroche, 2006; Hu et al., 2017), and key sectors
can be identified, but it hasn’t been applied in analysis of technology system, espe-
cially interregional technology system.

3. Methods and models

The research framework is shown in Figure 1. The research process is composed of
three levels. The first includes measurement on relationships and structural modeling,
which is the foundation for the other levels. Mining of patterns and evaluation on
effects are on the second level and is critical in identifying the defects of industrial
system and impacts on CEC’s technology diffusion. Suggestions are to provide solu-
tions for the problem of structural defects leading to imbalance of technology resour-
ces allocation. Detailed models and methods are analyzed in 3.1 to 3.4.

3.1. Measurement of interregional industrial technological relationship

Input coefficient in I-O table can systematically reflect the economic and techno-
logical relationships among industries in production process. Multi-regional industrial
technological relationship is measured by integrating input coefficient, market com-
petitiveness and policy intensity (Yin et al., 2021). Define that there are m regions,



6 (&) CYINETAL

Measurement of inter-regional
industrial technological
relationship

I

Modeling MR-ITFT
(projecting the skeleton of the industrial
technology diffusion system in the CEC)

T |

i Gravity J ]

i 5 Root Design and application of Design and application of

: lameter structural indexs effect indicators

! Trunk

i Hierarchy l l .

Finding structural factors that
hinder industrial technology
diffusion in the CEC

Evaluating and validating the

effects of the structural factors on
imbalance allocation of

echnology resource in the CE

!

Suggestions and implications

Figure 1. Research framework.
Source: the authors.

and each region has n industrial sectors. For industry i in region r and industry j in

region s, the measurement is
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Table 1. Interregional industrial technological relationship matrix (mnxmn).

region 1 region m
sector 1T ... ... sector n sector T ... ... sector n
region 1 sector 1
sector
region m  sector 1
sector

Source: the authors.

where OR; is i’s intermediate output vector, IS; is j’s intermediate input vector, P rep-
resents policy intensity, M represents the marketability index, and A is the input coef-
ficient matrix of region r and s. RS is a matrix with mn columns and mn rows, as
shown in Table 1. RS(ri,rj) is the y-th row and z-th column element of the matrix,
where y=[(r-1)xn +i] and z=[(s-1) xn +j].

3.2. Modeling MR-ITFT

Industrial tree can be obtained as the smallest structure that connects industries with
the minimum number of relations (Aroche-Reyes, 2003), which is advantageous in
studying foundational structure of technology diffusion system. Multi-regional indus-
trial technology flow tree (MR-ITFT) is one kind of industrial technology flow net-
work with maximum edge weights and non-cycles. The MR-ITFT is denoted as
{Vr,Er, W(Vr), W(E7)}, where V7 is set of all the industrial nodes, Er is set of
edges among nodes, W(Er) is the edge weight, measured by the matrix MT and
W(Vr) is the node weight, measured by the R&D investment of industries.
Technology spillover and absorption reflect the technology diffusion activities of sec-
tors (Dietzenbacher & Los, 2002) and the total technology flow matrix, including
absorption flow matrix Ty and spillover matrix T}, is

~

T = (rd) (%) (I = MT) ™" + (I — MT) ' (rd) (%) = Ty + Ty )

According to Kruskal’s algorithm, method for modeling the MR-ITFT is as follows
(Cherif & Madkour, 2023; Wu et al, 2021): a) Set an empty set F and put all the
node v; € Vr into F; b) Select the edge with the maximum weight in RS(i,j), if the
node to which the edge is attached does not form a cycle, then put it into F, and set
MT(i,j) = RS(i,j). Otherwise, this edge is discarded and the next edge with the max-
imum weight is tested one by one until an edge is suitable; c) Repeat Step b) until all
the nodes are on the same connected component.

3.3. Structure index of MR-ITFT

According to the existing achievements and graph theory, the structural characteris-
tics of trees can be described in terms of nodes, paths and hierarchy, and the follow-
ing five indexes are reasonably selected.
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1.

Root and center of gravity. The root is the node with the largest R&D investment
in the MR-ITFT and taken as the industry with the greatest demanding of tech-
nology flow. The center of gravity is a node in the MR-ITFT whose largest sub-
tree is the smallest. The center of gravity is taken as a node with the power over
the global technology diffusion relationships. The process to find the center of
gravity is as follows: a) Start from any node r and perform Depth First Search
(DFS) on the subtree of this node, and take the weight of its largest subtree as
max_part(r); b) Repeat a) for all the nodes; c¢) Find the minimum value of
max_part and the smallest subtree and the root of this subtree is the center of
gravity (Guha Neogi & Goswami, 2021).

Diameter and trunk. The diameter is the path with the maximum distance of the
shortest weighted distance between any two nodes (Lopez & Pérez-Rosés, 2015)
in the MR-ITFT. The diameter means the longest industrial technology chain.
The method for diameter of MR-ITFT is as follows: a) Start from any node u €
Vr, and do DFS to find the farthest node v of u; b) Do DFS on v to find the far-
thest node w. The length of the path from v to w is the diameter of the MR-
ITFT. The trunk is the path between any two nodes in the MR-ITFT with the
largest weight, that is, the sequence of edges with the strongest technology flow.
The trunk is the industry cluster that can obtain the most efficient transmission
and utilization of technology flow (Wu et al., 2021).

Hierarchy. Hierarchy is the clustering nodes based on the heterogeneity of sta-
tus, role and function in transmission of technology flow. In hierarchy, the
first-level nodes are those with no inflow and the source of technology flow.
The middle-level nodes have both inflow and outflow. The last-level nodes are
the sink of technology flow with no technology outflow. A hub in hierarchy is a
node that connects more than five lower-level nodes and has the function of
technology flow reassignment, related to the efficiency of allocation of technol-
ogy resource.

3.4. Indicators of technology diffusion effect

The total forward and backward linkage was suggested as a reasonable measure of
diffusion effect (Beyers, 1976). The indicators, including technology spillover intensity
(TSI) reflecting forward technology spillover and technology absorption intensity
(TAI) reflecting backward technology absorption on the MR-ITFT can be applied.
The industrial technology diffusion intensity including TSI and TAI describes the
level that an industry interacting with other industries in process of technology diffu-
sion, benefits from other industries’ R&D activities, or its own innovation activities
benefit other industries (Pan, 2015).

TSI describing the level of influence of specific industries in the process of tech-
nology spillover is

TSL=» Tij/ > Y. T 3)
j=1
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b. TAI describing the level of influence of specific industries in the process of tech-
nology absorption is

TAljszi,j/ZZT 4)
i=1

The technology flow is fed back repeatedly through the diffusion channel, con-
stantly amplified and accumulated including the output multiplier and input
multiplier (Oosterhaven & Dirk, 2002) describe the amplification effect of tech-
nology investment on the key industries achieved by the forward and backward
interaction of the sustainable technological flows in the process of technology dif-
fusion (Huang & Zhang, 2020). The technology spillover multiplier (TSM) and
technology absorption multiplier (TAM) can be applied in the MR-ITFT.

c. TSM describing the amplification effect of the technology diffusion of a specific
industry is

TSM; = x; » _ T; j/R&D; (5)
j=1

d. TAM describing the amplification effect of technology flow absorbed by a specific
industry is

i=1

Multi-regional technology diffusion intensity can describe impacts of industrial
technology innovation activities of one region on other regions in the process of
technology diffusion (Ye & Jiang, 2020). The interregional technology spillover
intensity (RTSI) and interregional technology absorption intensity (RTAI) can be
applied in the MR-ITFT.

e. RTSI is the sum of technology flows from region r to region s, as shown in
Equation (7). The higher the indicator is, the greater the spillover effect of
technological diffusion is

m sn

RTSL = Y YTy (7)

i=(r—1)n+1j=(s—1)n+1

f. RTAI is the sum of the feedback technology flows received by region s from
region r, as shown in Equation (8). The higher the indicator is, the greater the
absorption effect of diffusion is

sn rm

RTAL,= > > Ty (8)

i=(s—1)n+1j=(r—1)n+1

where r,s =1,2,,...,m, r <s and n is the number of industrial sectors in region r
or region s.
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4. Empirical results and discussion
4.1. Data collection and processing

The I-O tables of the three regions in the CEC for 2012 and 2017 were applied. The
period from 2012 to 2017 before COVID-19 is just in the economic fluctuation cycle
of China and is of great value in structural analysis, and the input-output data can
just reflect the typical changes in this period. To cope with the dilemma of economic
growth after the financial crisis in 2008, from 2012 to 2017, China intensively issued
many very important policies, such as ‘innovation-driven development strategy’ in
2012, ‘mass entrepreneurship and innovation’ in 2015, ‘supply-side structural reform’
in 2016, ‘rural revitalization strategy’ in 2017, which had deeply changed the eco-
nomic and industrial structure, the level of investment and consumption, and supply-
demand relationships, which promoted technological progress. The changes are
necessary implied in the I-O tables, and the iteration of technical coefficient matrix
can indicate the changes of economic and industrial structure from 2012 to 2017 and
the impact of environment of system. Besides, referred to related literatures (Leoncini
& Montresor, 2000; Pan et al., 2022), the investment of R&D on industry sectors was
integrated with the input-output model, which fully absorbed the impact of technical
fluctuations from 2012 to 2017, so that the data can better reflect the dynamic rela-
tionship of this period, and the structural factors can be more fully displayed.

The data sets of R&D expenditure, fiscal expenditure, and GDP come from the
China Statistical Yearbook. The competition of the regions in 2012 and 2017 is meas-
ured by the marketization index (Wang et al., 2019). 42 sectors were merged into 25
sectors, as shown in Appendix, with a total of 75 sector nodes. Industry nodes in
Beijing, Tianjin and Hebei are marked as numbers 1~ 25, 26 ~ 50, 51 ~ 75 respect-
ively. The data is stored in Excel software, programming is performed by MATLAB,
NETDRAW of UCINET is used to draw the network and the indexes and indicators
were computed by C++ and MATLAB.

4.2. Analysis of structural indexes of MR-ITFT in CEC

The MR-ITFT was identified as Figure 2. Nodes in Beijing, Tianjin, and Hebei are
marked with red, yellow, and blue colors respectively. MR-ITFT-2012 contains a total
of 74 interconnected industry nodes. The industry 55 in Hebei is an isolated island.
Industry 38 and industry 52 are the tree nodes that form the largest number of
branch nodes and leaf nodes (generates 24 branch and 13 leaf nodes, respectively). In
contrast, MR-ITFT-2017 contains a total of 75 interconnected industry nodes and
there is no more isolated industry island. All the industries are on the foundational
technology chains. From 2012 to 2017, the structural evolution of industrial technol-
ogy system was obvious, but there were prominent structural defects in industrial
technology system of the CEC.

a. The regional subsystems of industrial technology system appeared polarized and
heterogeneous, but the subsystems hadn’t reached a better equilibrium state. In
2012, there were more nodes with degrees above 2 in Beijing and Tianjin than in
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Figure 2. MR-ITFT of the CEC.
Source: the authors.

Hebei. Beijing and Tianjin were characterized by hierarchical connection, with
many branch nodes distributed at multiple levels and orderly connected among lev-
els. However, Hebei was divided into two parts with node 53 as the boundary. One
part was an industrial cluster around node 63 on the left side of the tree, and the
other on the right side approximated a straight line with sequential connection of
industrial sectors. The technology flow was either constrained in local scope or diffi-
cult to penetrate through multi-level industries in the path. Besides, there was even
isolated industry 55, known as ‘technology island” (Xie & Hu, 2021). In 2017, struc-
ture of industrial technology system in Hebei turned to another extreme, forming a
dual centralized substructure with node 51 and 63, where the technology flow of
peripheral nodes was restricted around the central node and the reorganization and
interaction of technology flow was inhibited as a result of insufficiency branches.
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Figure 3. trunk of MR-ITFT in Capital Economic Circle.
Source: the authors.

b.

The supply and demand structure of technology flow was not coordinated. The root
was node 38 of Tianjin in 2012 and was node 63 of Hebei in 2017. It means that the
technology demands had been transferred from Tianjin to Hebei and Hebei had a
strong technological iterative pressure on industries of raw materials and products.
Industry 51 was the node that forms the largest number of branch nodes and leaf
nodes (generates 28 branch and leaf nodes). It is seemed that technology flow was
stored and operated, and the core functional system was constructed all around the
sectors of coal and steel in Hebei. On the other hand, the center of gravity was
industry 13 of Beijing in 2012 and that was industry 11 of Beijing in 2017. The most
innovative and dynamic industry in the CEC had changed from the metal process-
ing industry to the chemical industry which was the key source of high-quality tech-
nology flow. But the technological distance between this sector and that in Tianjin
and Hebei was 11 steps, passing through the industry cluster or technological black
hole centered on the root in Hebei, which can intensify the imbalance of supply and
demand of technology flow. The building of multi-dimensional and coordinated
technology system is urgent, and inter-regional and multi-agent platforms for
industrial common technology should be programmed.

The vertical technology diffusion system had not been integrated. As shown in
Figure 3, it is the same on diameter and trunk that numbers of nodes of the
paths in 2017 were more than that in 2012 and industries in different regions
were separated from each other. The extension of the industrial technology chain
reflects the substitute of industrial horizontal diffusion relationship for vertical
relationships, but the integrated vertical technology diffusion system had not
been established across the overall technology system of the CEC. The number of
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Figure 4. Hierarchy of nodes in the CEC.
Source: the authors.

nodes in Hebei had been greatly reduced, with some manufacturing sectors elim-
inated from the main path, such as node 71, 74, etc. Obviously, Hebei was
excluded from integration with emerging industries, which is in line with the
views of Wei and Miao (2017). We think that the industrial production transfer
among the regions mainly driven by the industrial policy was separated from
intensive technical support. Further, we can see that there were considerable dif-
ferences in the distribution of nodes and edges between the trunk and the diam-
eter in 2017, and the longest path and the strongest path were inconsistent,
which means that the channel of vertical technology diffusion along the main
path had not been opened, and the technology flow cannot effectively reach the
peripheral industries of the industrial system of the CEC. Digital strategy needs
to be joined in industrial policies, and intelligent production technologies and
models should be used to promote multi-regional vertical integration of indus-
tries that can respond quickly to technological needs spatially dispersed.

The trend of centralization and convergence of technology relationships was
enhanced. As shown in Figure 4, MR-ITFT in 2017 had more layers but less
number of nodes in the first layer, indicating that although the industrial tech-
nology flow chain was highly extended, the original technological flow was more
centralized in the resource-consuming industries which had a dominated role in
the upstream technology chain. The hubs in 2012 were industry 11, 13, 38,
63(Smelting and Pressing of Metals industry) and industry 36 and industry 51
were included into the hubs in 2017. The hub nodes in 2017 were more evenly
distributed among the regions which may be advantageous to the integration of
technology chains. However, the increase in the degrees of hubs represented a
centralization of technology flow and can reduce the complexity and randomness
of technology overflow and inflow, which can explain the ‘siphonage’ proposed
in the literatures. Especially for Hebei, the status of its two hubs of energy and
metal industry had jumped from layer 4 to layer 1, which can further result in
shielding technology flow towards downstream industries. Structurally, the indus-
try segmentation of hub nodes, producing industries such as new energy and
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Figure 5. Industrial technology diffusion effect.
Source: the authors.

new materials, can promote the diversified flow of technology and activate
technological innovation synergy of upstream and downstream industries.

4.3. Analysis of industrial technology diffusion effect

The spectrums of diffusion indicators are shown in Figure 5. The impact of the struc-
tural defects in the technology diffusion system can be summarized as follows. (a) The
overall positive effect of the technological flow of the industrial system was inhibited,
and the technological progress was differential. From the industrial technology spillover
spectrum, there were fragmented and discrete segments in all the three regions. The
curves of industrial technology flow intensity and amplification effect had obvious dis-
continuity, especially among the mining, primary processing, deep processing, equip-
ment manufacturing and energy industries. From 2012 to 2017, the technology outflow
showed a sharp fluctuation trend, and in some large segments, such as the entire section
20 ~ 26, 53 ~ 59, 68 ~ 75 the indicators were close to zero. These segments were mainly
concentrated in technology-intensive industries. (b) The reverse movement effect of
technology flow hinders the upgrading of traditional industries and the competitiveness
of high-tech industries. From the technology spillover spectrum, industries with high
overflow intensity or high overflow multiplier were mostly concentrated in industries
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Source: the authors.

such as No.2 and 13. The technology outflows of traditional resource and primary proc-
essing industries were more active. It is known that those industries were mainly con-
centrated in Hebei, and the technology absorption intensity of primary processing
industries such as wood and metal raw materials (52 ~ 60) was low. On the contrary,
the TAI of high-technology industry in the three regions were very high in the past two
periods, especially in Beijing and Tianjin, such as 19~21 and 43 ~46.The strong
absorption of low-intensity technology flow in high-tech industries and the strong out-
flow of traditional industries indicate that the technology flow reversal was more prom-
inent, which not only hinders the upgrading of technical equipment and production
processes in traditional industries, but also further increases the cost of investment, pro-
duction and operation of high-tech industries. (c) The comprehensive effect of indus-
trial technology diffusion was unstable, increasing the cost of innovation resource
allocation. Obviously, industry 2 in 2012 had the high TSI and TSM, which then
declined sharply in 2017. The TSI of industries 6, 11, 31, 67 showed a rapid jump in
2017 compared with 2012. TSI of industries 27, 41, and TSM of industries 13, 25, 74
were much lower in 2017 than in 2012. These industries belonged to the energy and
heavy industries. On the other hand, TAM in 2017 was generally lower than that in
2012. Absorption of technology flow in these industries was nearly saturated. The
decline of inflow and the instability of rapid expansion and contraction of outflow were
partly caused by the imbalance of technology supply and demand structure.

4.4. Analysis of technology flow among the regions of CEC

The multi-regional technology diffusion intensity was summed and the industrial
technology diffusion triangles were established in Figure 6. The identified key indus-
tries of technology spillover, transfer and absorption were marked on the map.
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The direction and the width of the edge represent the direction and the strength
of technology flow respectively. Technology flow in the outer triangle is in the direc-
tion from Beijing to Hebei through Tianjin, and that in the inner triangle is on the
opposite. The three regions of the CEC had formed the pattern of ‘one core and two
fulcrums’. Beijing was the core in regional interaction and the supporter of industrial
and technological progress in Hebei and Tianjin, but the industrial technology dis-
tance between Beijing and Hebei was still large. From 2012 to 2017, the strength of
the Beijing-Tianjin edge in the outer triangle increased in some degree, and the width
of the Beijing-Hebei edge in the inner triangle increased highly. Beijing was the stable
technology source for the other two regions and its technology spillover intensity was
greater than its absorption intensity. In 2017, the strength of each edge was greater
than in 2012, which shows that the depth of technology cooperation was increasing.
It can be seen that Beijing had formed the clear vertical diffusion pattern with the
other two regions, and Hebei and Tianjin were in the horizontal relationship of diffu-
sion. However, the three regions had not yet been integrated into a sustainable circu-
lation system of industrial technology flow, industrial technology integration
relationships of Beijing with Tianjin and Hebei were unbalanced and Beijing exported
more technology flows than it imported. As the cooperation between regions should
be mutually beneficial, the unbalance can inhibit the power of Beijing’s continuous
technology output, and Yin and Wang (2016) also stated that the long-term split
interest pattern among regions has caused lack of effective commitment to cooper-
ation. The low return of technology investment in Hebei is also the reason for
restraining the re-investment of resources. Instead, Hebei needs more technology
resources investment to support upgrading of traditional industries as the metal
smelting and metal products, and cultivation of emerging industries with high return
as traffic equipment manufacturing. For this dilemma, mutual coordination and inte-
grating of industrial technology chain is necessary.

5. Conclusion and suggestions

Imbalance of the allocation of technological resources leaded to heterogeneous indus-
trial production efficiency in the CEC. To solve this problem, we combined I-O
method and network model to explore structural defects of technology diffusion sys-
tem and the impact of such defects on diffusion effect of the CEC. Firstly, MR-ITFT
was modeled on industry complex network to describe the foundational structure of
industrial technology diffusion. It can be seen that from 2012 to 2017, the MR-ITFT
became more complex and the hierarchy was growing in the CEC. Referring to rele-
vant theories and research literature, structural indexes and effect indicators were
designed on the MR-ITFT, which were applied to investigate the defects of the
technological diffusion system, and effects of the defects. We found that heterization
and polarization of subsystems, imbalance of supply and demand, non-integrated ver-
tical function and trend of centralization and convergence were the structural factors
interfering circulation of technology flow and allocation of technical resources, which
can be further reflected on the reduced, inverse and unstable comprehensive effects
on technology flow, resulting in the heterogeneity of regional industrial productivity.
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Contradiction between low return of technology investment and high demand on
technology investment among the regions can lead to an unsustainable circulation
system of the CEC, so under the current situation of China, construction of industrial
technology system with high integration and cooperation is suggested.

Firstly, policymakers should build a multi-dimensional and coordinated technology
innovation and diffusion system. Collaboration among businesses, research institu-
tions, and universities should be facilitated and strengthened by the government and
society. The government needs to actively promote technology exchange among
industries, promote high-quality and high-tech industrial talents, and create an effi-
cient system for flow of human capital. Financial support should be increased for
these key industries and special R&D funds are set up, providing enterprises with
appropriate financial support and guarantees. Secondly, policymakers should promote
the application of digitalization, networking and intelligence technology, and integrate
‘traditional manufacturing capabilities’ and ‘emerging digital technologies’ in the
CEC. Cultivating intelligent manufacturing and advanced manufacturing cluster and
building an autonomous and controllable modern industrial system should be taken
as the main direction. Regions of the CEC should focus on strengthening the collab-
orative innovation ability of intelligent manufacturing technology, improving the
application level of intelligent manufacturing and building an ecological service sys-
tem for intelligent manufacturing. The public service platform for intelligent manu-
facturing data resources should be launched. Policymakers should also promote the
Industrial Internet to help enterprises solve the problem of isolated data during cross-
chain connection, interaction, and interoperability, realizing the building of the indus-
trial production and innovation ecosystem of the CEC. Thirdly, policymakers should
accelerate technological innovation and integration in the fields of new energy, trans-
portation, and new material, and especially coordinate the development of electric,
networked and intelligent automobile industries. Based on complementation of
regional advantages, the development and application ecology of in-depth cooperation
among market players in the fields should be built. Industrial cooperation should be
extended from the production and manufacturing link of complete vehicles, key parts,
basic data and software, and vehicle operating systems to the whole chain of technol-
ogy research and development, marketing, etc. A number of new emerging industrial
clusters with international influence and competitiveness, which can promote
upstream and downstream collaborative innovation, facilitate the development of
large and medium-sized enterprises, and promote the modernization of the industrial
chain should be cultivated.

This study has some limitations, highlighting future research opportunities. We
should pay attention to the updating method of input-output table to make the data
to better describe the current situation. Further, network technology can be applied
to study the industrial chain and technology chain in detail and future researches
could be focused on the development of circular networks based on multi-regional
input-output models, so as to explore the structural optimization of technology flow.
In addition, we can explore how econometric, machine learning, and other methods
are combined with I-O methods and even industrial networks to better grasp the
essence of economic and technological structure.
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Appendix. Name and number of industrial sectors.

Number

Beijing Tianjin Hebei Name of industry

1 26 51 Mining and Washing of Coal

2 27 52 Extraction of Petroleum and Natural Gas

3 28 53 Mining and Processing of Metal Ores

4 29 54 Mining and Processing of Nonmetal Ores and Other Ores

5 30 55 Manufacture of Foods and Tobacco

6 31 56 Manufacture of Textile

7 32 57 Manufacture of Textile Wearing Apparel, Leather, Feather and Related Products

8 33 58 Processing of Timber and Manufacture of Furniture

9 34 59 Manufacture of Paper, Printing and Manufacture of Articles For Culture,
Education and Sport Activities

10 35 60 Processing of Petroleum, Coking, Processing of Nuclear Fuel

1 36 61 Manufacture of Raw Chemical Materials and Chemical Products

12 37 62 Manufacture of Non-metallic Mineral Products

13 38 63 Smelting and Pressing of Metals

14 39 64 Manufacture of Metal Products

15 40 65 Manufacture of General Purpose Machinery

16 41 66 Manufacture of Special Purpose Machinery

17 42 67 Manufacture of Transport Equipment

18 43 68 Manufacture of Electrical Machinery and Equipment

19 44 69 Manufacture of Computers, Communication Equipment and Other Electronic
Equipment

20 45 70 Manufacture of Measuring Instruments

21 46 71 Manufacture of Other Manufacturing Recycling and Disposal of Waste

22 47 72 Repairing of Metal Products, Machinery and Equipment

23 48 73 Production and Supply of Electric Power and Heat Power

24 49 74 Production and Supply of Gas

25 50 75 Production and Supply of Water

Source: the input-output table.
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