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Abstract

:

The convergence of the digital economy and real economy is an irreversible trend. This article uses the adjusted Logistic coevolution Model as the main tool to study the interaction factors in the convergence concentrating on conducting the empirical research by using four dimensions data from 2005 to 2019 in China to calculate the intrinsic growth rate, the maximum environmental capacity, the coevolution factors and other key indicators. The study could further simulate and predict the coevolution of the digital economy and real economy under various modes, in attempt to explore an objective reference and theoretical basis for the convergence in China, which could help to fill the research gap to some extent.
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1. Introduction


Since the 21st century, digital technology has entered a new round of accelerated development. The 5G, Big Data, Artificial Intelligence, Internet of Things, Cloud Computing, Blockchain, and other technologies have reconstructed the material foundation of the Information Age and can be found widely in various industries. The world has entered a new era characterized by an intelligent, data-driven, learning economy [1]. The digital economy is a series of economic activities with digital knowledge and information as the key production factors, modern information networks as a crucial carrier and the effective use of digital technology as an important driving force for efficiency improvement and economic structure optimization [2,3,4,5]. The digital economy has gradually extended from virtual space to physical space, which has brought about new changes in innovation model, cost structure, competitive advantage and market demand of the traditional industry, as well as has provided new opportunities for the development of the real economy [6]. In the process of the high-speed development of the digital economy, it becomes more and more prominent for the convergence between the digital economy and real economy in various aspects, for example, technology, production, and circulation. Meanwhile, the development of convergence show more obvious characteristics of the coevolution (such as causal relationship, nonlinearity, and path dependence). Therefore, this article summarizes the previous researches relating to the coevolution to construct a growth model based on a well-known Logistic model in consideration of the convergence. It further analyzes the parameter estimation of the coevolution factors between the digital economy and real economy (including primary, secondary and tertiary industries), and then obtains a quantifiable parameter measurement method. Moreover, the official statistical data in Mainland China from 2005 to 2019 is adopted as the original data to calculate the intrinsic growth rate, maximum environmental capacity, and other factors in order to obtain the coevolution law of China’s digital economy and real economy. On the basis of empirical study, the growth model constructed in this article simulates and predicts the coevolution trend under the seven evolution modes so as to provide an objective reference and theoretical basis for the in-depth convergence of China’s digital economy and real economy.




2. Literature Overview


2.1. The Characteristics of Digital Economy


In the development process, the digital economy has three notable characteristics. First, data becomes a new factor of production. The main body of social economic activities participates in the online and offline convergence of economic and social activities through digital infrastructure, which promotes the expansion of results of economic activities from the physical level to the digital level and accumulates a large amount of data that could be used to reduce transaction costs or improve production efficiency. Furthermore, it would bring new impetus to the sustainable development of society and economy through the use of big data, cloud computing, artificial intelligence and other digital technologies to deeply explore the “knowledge” and “value” in the data. Second, the digital economy has become a new basic industry. According to OECD (2017) statistics, the ICT sector is still a key driver of innovation, accounting for the largest share of OECD business expenditure on research and development, as well as for more than one-third of the total patent applications worldwide [7]. Therefore, the technological foundation of the digital economy is the ICT technology cluster with the characteristics of strong penetration and convergence. Third, the Internet of Everything is an important material foundation of the digital economy. Universal digital technology services provide a foundation for the convergence and development of the digital economy and real economy, enabling the rapid spread of large-scale information technology revolutions and forming a positive spillover effect on economic growth. More importantly, in accordance with “Metcalfe’s Law”, as the number of connected users and devices increases, the value of the digital economy will exhibit a network effect, i.e., exponential growth [8].



It could be identified that the degree of the convergence continues to enhance while the digital economy is growing rapidly. The research on the convergence mechanism will have great strategic significance for promoting social and economic development in the digital era.




2.2. Overview of Industrial Convergence Theory


Since the European Commission published “Green Paper on the Convergence of the Telecommunications, Media, and Information Technology Sectors, and the Implications for Regulation” in 1997, a large number of discussions on industry convergence have been explored in the foreign academics. For example, Yoffie (1997) suggested that the essence of industry convergence was the recombination of enterprises through digital technology. He introduced the well-known CHESS model to rethink traditional approaches to convergence, which represented respectively: creative combinations, horizontal solutions, externalities and standards, scale and bundling, and new production techniques called system-focused development [9]. The Japanese scholar Masu Ukusa (2001) further broadened the scope of research on industry convergence and found that industry convergence could lower the barrier between industries through technological innovation and government deregulation [10]. Strikingly, Curran et al (2010, 2011) established a theoretical framework for the evolution process of industry convergence, concentrating on monitoring convergence through patent indicators, covering all steps of convergence-scientific, technological, and market convergence, which provided an important theoretical and practical basis for studying the convergence of the digital economy and real economy [11,12].



The research on industry convergence started comparatively late in China, starting in the 1990s. As the phenomena of blurring industry boundaries has become increasingly prominent and powerful, the perspective of industry convergence has been broadened as well as the depth of research has been continuously enhanced. For instance, Yu and Li (1997, 2003, 2004) proposed the industry convergence among the three industries and the three-stage convergence process (i.e., industry-independent development stage, industry convergence evolution stage, and deep industry convergence stage), which was accompanied by significant technological innovation penetration [13,14,15]. Moreover, Xie et al. (2006, 2011, 2017) focused on the cost and benefit issues as well as constructed the technical efficiency model from the perspective of convergence of informatization and industrialization. It was argued that the participation of IT companies in investing and operating traditional industries was a concrete manifestation of the convergence [16,17,18].



It could be concluded that the current research on the mechanism, level, and influencing factors of convergence between the digital economy and real economy is still in its infancy after reviewing the researches on industrial convergence in China and overseas.




2.3. Overview of Industrial Coevolution Theory


The theory of coevolution continues to play an important role in studying the methods of industrial convergence. For example, Nelson (1994) revised the classic economic growth model from the perspective of coevolution and combined two broad bodies of the evolutionary theory for the first time. He considered “punctuated equilibrium” before concluding with a consideration of two economic developmental implications [19]. Murmann (2003) adopted the theory of coevolution to compare the development process of dye industry in the United Kingdom, Germany, and the United States, as well as gave a precise definition of the term coevolution, namely: “two evolving populations coevolve if and only if they both have a significant causal impact on each other’s ability to persist. Such causal influence can proceed through two avenues: by altering the selection criteria or by changing the replicative capacity of individuals in population without necessarily altering the selection criteria” [20].



It could be found that the characteristics of coevolution include: First, there is a two-way or multi-directional causal relationship in the process of evolution. When only two subjects evolve, there must be a two-way causal relationship; otherwise, the two would not be a coevolution relationship. In the case of the evolution of multiple subjects, one interactor may have a causal relationship with multiple interactors, and thus there is a multi-directional causal relationship. In the complex relationship, the change of any variable may be caused by the causal relationship between multiple variables [21]. The second characteristic is nonlinearity. Coevolution is composed of multiple continuous feedback paths, while the complex interaction between variables makes it impossible to describe the relations between the populations as a simple linear relationship. Therefore, the evolution of one organization may also cause unexpected changes in other organizations [22]. The third is the significant path dependence. The coevolution process between populations has certain path and historical dependence characteristics. That is, a single population cannot be determined by its environment when facing evolutionary decisions. Thus, it may have a fixed evolution trajectory for a long time [23].



Under the background of accelerating the convergence between the digital economy and real economy, we could find that the studies on the convergence mechanism take qualitative analysis as the core, and there are less quantitative researches. Therefore, we need to conduct more quantifiable empirical research to further explore the internal mechanism of the convergence. Meanwhile, the basic characteristics of the coevolution theory are similar to those of the convergence between the digital economy and real economy as discussed earlier. Accordingly, it is feasible to use the theory of coevolution to study the convergence mechanism between the digital economy and real economy.





3. Research Methodology


3.1. Logistic Evolution Model


The Logistic model was first proposed by Belgian mathematician Pierre François Verhulst (1845) when studying the relationship between population growths [24]. The original model is:


  P  t  =    P 0  ×  e  r t     1 +    P 0  ×    e  r t   − 1      P m       



(1)






   P 0  = P    t 0     



(2)




in which P(t) denotes the population density at the time t, r is the natural growth rate of the population, and Pm is the maximum capacity that can be achieved due to external environmental constraints when the population density is t→∞.    t 0    denotes the initial time of the population evolution and   P    t 0      is the maximum allowable environmental capacity when   t =  t 0    (i.e., initial situation). The original Logistic model probability distribution could be obtained by simulation in Figure 1:



As shown in Figure 1, the probability distribution of the model basically conforms to the industrial evolution (the five stages of development theory suggested by Gort and Klepper in 1982) [25]. After further simplification, the original Logistic model could be transformed into a basic growth equation:


          d P  t    d t   = r   1 −   P  t     P m      P  t         P 0  = P    t 0           



(3)




in which   1 −   P  t     P m      denotes the retardation effect. As the population size is closer to the maximum capacity of the environment, its potential growth space is smaller, which conforms to the law of industrial evolution in reality. It could be observed from Equation (3) that two equilibrium points, i.e.,     0 , 0      and      + ∞ ,  P m    ,   can be obtained when     d P  t    d t   = 0  . From the perspective of the second derivative of   P  t    (i.e.,      d 2  P  t    d  t 2    = r   1 −   2 P  t     P m      d P  t  / d t  ), when   P  t  <  P m  / 2  , then      d 2  P  t    d  t 2    > 0  ; and the population size increases rapidly as  r  increases; conversely, when    t  >  P m  / 2 ,   the growth rate of population size slows down. As a result, the Logistic model has “three-peirod” growth characteristics: The first is the initial period, the second is the growth period, and the third is the mature period. The growth curve is as shown in Figure 2:




3.2. Model Construction


We suppose the population density of the digital economy and real economy in year t are    P 1   t    and    P 2   t   ; the natural growth rates are    r 1    and    r 2   , respectively; and the maximum growth capacities in the external environment are    P  m 1     and    P  m 2     respectively. Moreover,    β  12     is the coevolution impact factor of the real economy to the digital economy, while    β  21     is the coevolution impact factors of the digital economy to real economy in the coevolution process.    β  12     and    β  21     denote the mutual promotion or hindering effect of the two economies in the growth process. In accordance with Equation (3), the newly constructed/adjusted growth models of the digital economy and real economy are as follows:


          d  P 1   t    d t   =  r 1   P 1   t    1 −    P 1   t     P  m 1     +  β  12   ×    P 2   t     P  m 2               d  P 2   t    d t   =  r 2   P 2   t    1 −    P 2   t     P  m 2     +  β  21   ×    P 1   t     P  m 1              



(4)







It could be identified from Equation (4) that the value of    β  12     and    β  21     would affect the population growth rate of the digital economy and real economy. According to the value range of    β  12     and    β  21    , this article divides the coevolution between the two populations into seven modes based on Pang Bohui’s classification method [26]. The corresponding value range for various evolution modes are as shown in Table 1.



As Table 1 shows, the coevolution modes between the digital economy and real economy would express different features when the values of    β  12     and    β  21     vary. According to Equation (4), this article divides the process into two circumstances for analysis, specifically:




	
Independent development of the digital economy and real economy








The values of    β  12     and    β  21     in Equation (4) are both 0 under the condition, then there is no interaction between the digital economy and real economy, therefore, Equation (4) is adjusted to:


          d  P 1   t    d t   =  r 1   P 1   t    1 −    P 1   t     P  m 1               d  P 2   t    d t   =  r 2   P 2   t    1 −    P 2   t     P  m 2              



(5)







Considering that the joint-system composed of the digital economy and real economy is affected by the external environment, the maximum growth capacity is a complex curve that changes over time. Assuming that   ∆ Z  t    is the change in external environmental impact in year t,    δ 1    and    δ 2    are the factors that affect the maximum growth capacity of the populations respectively. The maximum growth capacity of real economy changes from static    P  m 1     to dynamic    P  m 1    t   , the maximum growth capacity of the digital economy changes from static    P  m 2     to dynamic    P  m 2    t   , then the basic model evolves into:


         P  m 1    t    =  P  m 1   +  δ 1   f 1    ∆ Z  t           P  m 2    t    =  P  m 2   +  δ 2   f 2    ∆ Z  t           



(6)







In accordance with above Equations (5) and (6), the growth model in the circumstance that the two groups have no interaction in light of considering the influence of dynamic environmental factors is:


          d  P 1   t    d t   =  r 1   P 1   t    1 −    P 1   t     P  m 1    t              d  P 2   t    d t   =  r 2   P 2   t    1 −    P 2   t     P  m 2    t             



(7)






         P 1   t  =    P  m 1    t    1 +  e  −  r 1    t −  t 0         P  m 1    t  −  P 1     t 0      /  P 1     t 0             P 2   t  =    P  m 2    t    1 +  e  −  r 2    t −  t 0         P  m 2    t  −  P 2     t 0      /  P 2     t 0             



(8)







	
The interacting development of the digital economy and real economy






Considering the actual development process in the case,    β  12    ,    β  21    ,    P  m 1    , and    P  m 2     are functions that vary with time and are affected by environmental factors. Hence, on the base of Equation (4), changing    β  12     to    β  12    t   ,    β  21     to    β  21    t   ,    P  m 1      to     P  m 1    t    as well as    P  m 2     to    P  m 2    t   , and then the growth model based on the Logistic equation will be adjusted to:


          d  P 1   t    d t   =  r 1   P 1   t    1 −    P 1   t     P  m 1    t    +  β  12    t  ×    P 2   t     P  m 2    t              d  P 2   t    d t   =  r 2   P 2   t    1 −    P 2   t     P  m 2    t    +  β  21    t  ×    P 1   t     P  m 1    t             



(9)







On the basis of Equation (9), the natural growth rate ( r ) and the maximum environmental capacity (   P m   ) show dynamic changes that are both affected by the environment as well as the mutual coevolution factors in the process of interactive development between populations. Therefore, we suppose that    ε 1   t    and    ε 2   t    are the dynamic natural growth rates respectively under the coevolution factor in year t. Moreover,    W 1   t    and    W 2   t    are the maximum environmental capacity in year t respectively under the action of the coevolution factor; the above four variable equations can be described as follows:


         ε 1   t  =  r 1    1 +  β  12    t  ·    P 2   t     P  m 2    t             ε 2   t  =  r 2    1 +  β  21    t  ·    P 1   t     P  m 1    t             



(10)






         W 1   t  =  P  m 1    t    1 +  β  12    t  ·    P 2   t     P  m 2    t             W 2   t  =  P  m 2    t    1 +  β  21    t  ·    P 1   t     P  m 1    t             



(11)







After incorporating Equations (10) and (11) into Equation (9), we could obtain the growth model below, while considering that the development of the digital economy and real economy is affected by the dynamic environment and the coevolution factors (as close to reality):


          d  P 1   t    d t   =  ε 1   t   P 1   t    1 −    P 1   t     W 1   t              d  P 2   t    d t   =  ε 2   t   P 2   t    1 −    P 2   t     W 2   t             



(12)






         P 1   t  =    W 1   t    1 +  e  −  ε 1    t −  t 0         W 1   t  −  P 1     t 0      /  P 1     t 0             P 2   t  =    W 2   t    1 +  e  −  ε 2    t −  t 0         W 2   t  −  P 2     t 0      /  P 2     t 0             



(13)








3.3. Parameter Estimation Method


The natural growth rate (i.e.,    ε 1   t    and    ε 1   t   ) and the maximum environmental capacity (i.e.,    W 1   t    and    W 2   t   ) in the two populations growth models are all influenced by the two group coordination coefficients and change over time, which cannot be obtained through simple calculations. The article draws upon the dynamic and complex parameter processing methodology of Tang et al. (2009) in the population evolution process and adopts the four-steps method to estimate model parameters [27]:



Step one: Find the natural growth rate (   r 1    &    r 2   ) and the maximum environmental capacity (   P  m 1    t    &    P  m 2    t   ) of the two populations during the independent development; divide the evolution process of the digital economy and real economy in units of years (i.e.,:   t ∈    t i  ,    t  i + 1       i = 0 , 1 , 2 ⋯ , n   , ∆ t = 1  ); the macro-evolution curves of the two population densities can be regarded as the connection of the micro-evolution curves in each time interval, as described in Figure 3:



It is assumed via the processing that the population density increments in the unit time interval are   ∆  P 1     t  i + 1       and   ∆  P 2     t  i + 1      , respectively; the average population densities are      P 1   ¯     t  i + 1       and      P 2   ¯     t  i + 1      , respectively; and then the relationship between the population density increment and the population density average is in following:


        ∆  P 1     t  i + 1     =  P 1     t  i + 1     −  P 1     t i          ∆  P 2     t  i + 1     =  P 2     t  i + 1     −  P 2     t i           



(14)






           P 1   ¯     t  i + 1     =    P 1     t  i + 1     +  P 1     t i      ÷ 2          P 2   ¯     t  i + 1     =    P 2     t  i + 1     +  P 2     t i      ÷ 2        



(15)







Accordingly,     d  P 1    t + 1     d t     and     d  P 1    t + 1     d t     can be calculated by using the following equation:


          d  P 1    t + 1     d t   ≈ ∆  P 1     t  i + 1             d  P 2    t + 1     d t   ≈ ∆  P 2     t  i + 1            



(16)







On the basis of Equation (16), the slope of the population-independent growth curve is close to the slope of the straight line connecting the two ends of the interval in an interval with an annual unit. The population density in the micro interval can be the mean value in this interval, and then Equation (5) will change to:


        ∆  P 1     t  i + 1     =  r 1     P 1   ¯     t  i + 1       1 −      P 1   ¯     t  i + 1        P  m 1      t  i + 1               ∆  P 2     t  i + 1     =  r 2     P 2   ¯     t  i + 1       1 −      P 2   ¯     t  i + 1        P  m 2      t  i + 1                



(17)







After sorting, the iterative formula for the maximum environmental capacity is as follows:


         P  m 1      t  i + 1     =    r 1     P 1   ¯     t  i + 1        r 1  −   ∆  P 1     t  i + 1          P 1   ¯     t  i + 1                P  m 2      t  i + 1     =    r 2     P 2   ¯     t  i + 1        r 2  −   ∆  P 2     t  i + 1          P 2   ¯     t  i + 1                



(18)







Furthermore, since the maximum environmental capacity is always positive, the range of intrinsic growth rates of the two populations is:


         r 1  >   ∆  P 1     t  i + 1          P 1   ¯     t  i + 1              r 2  >   ∆  P 2     t  i + 1          P 2   ¯     t  i + 1              



(19)







Given estimated values of    r 1    and    r 2    that are      r 1   ^    and      r 2   ^   , the estimated values of maximum environmental capacity (   P  m 1      t  i + 1       &    P  m 2      t  i + 1      ) are      P  m 1    ^     t  i + 1       and      P  m 2    ^     t  i + 1       respectively. Then, we can obtain the two populations density estimated values in    t  i + 1     (i.e.,      P 1   ^     t  i + 1       and      P 2   ^     t  i + 1      ) after substituting into Equation (8); specifically as follows:


           P 1   ^     t  i + 1     =      P  m 1    ^     t  i + 1       1 +  e  −  r 1     t  i + 1   −  t i           P  m 1    ^     t  i + 1     −  P 1     t i      /  P 1     t i               P 2   ^     t  i + 1     =      P  m 2    ^     t  i + 1       1 +  e  −  r 2     t  i + 1   −  t i           P  m 2    ^     t  i + 1     −  P 2     t i      /  P 2     t i             



(20)







Pursuant to the given estimated values (     r 1   ^    &      r 2   ^   ), the variance of the population density of real economy in each micro-interval (i.e.,        σ 1   ^   2     t  i + 1       and        σ 2   ^   2     t  i + 1      ) is:


             σ 1   ^   2     t  i + 1     =    ∑   i = 0  n          P 1   ^     t  i + 1     −  P 1     t  i + 1        2             σ 2   ^   2     t  i + 1     =    ∑   i = 0  n          P 2   ^     t  i + 1     −  P 2     t  i + 1        2         



(21)







The Nelder–Mead Simplex method [28] could be adopted to iteratively calculate infinitely close to the optimal point by Equation (21). When        σ 1   ^   2    and        σ 2   ^   2    reach the minimum value, we could get the optimum estimation value of    P  m 1      t i     ,    P  m 2      t i    ,  r 1  ,  r 2   .



Step two: In the presence of the coevolution factors, calculating the natural growth rate (   ε 1   t    &    ε 2   t   ) and the maximum environmental capacity   (  W 1   t    &    W 2   t   ). In units of years (  t ∈    t i  ,    t  i + 1       i = 0 , 1 , 2 … , n   ,   ∆ t = 1  ), the population density curve in the micro-range is similar to the slope of the straight line connecting the two ends of the interval. Furthermore, the population density value is very close to the straight line mean, then the Equation (12) can be evolved into the following:


        ∆  P 1     t  i + 1     =  ε 1     t  i + 1        P 1   ¯     t  i + 1       1 −      P 1   ¯     t  i + 1        W 1     t  i + 1               ∆  P 2     t  i + 1     =  ε 2     t  i + 1        P 2   ¯     t  i + 1       1 −      P 2   ¯     t  i + 1        W 2     t  i + 1                



(22)







Then the maximum environmental capacity equation of the digital economy and real economy under the influence of coevolution factors can be obtained after sorting, as follows:


         W 1     t  i + 1     =    ε 1     t  i + 1        P 1   ¯     t  i + 1        ε 1    t  i + 1    −    ∆  P 1      t  i + 1           P 1   ¯      t  i + 1         ,  ε 1     t  i + 1     >   ∆  P 1     t  i + 1          P 1   ¯     t  i + 1              W 2     t  i + 1     =    ε 2     t  i + 1        P 2   ¯     t  i + 1        ε 2    t  i + 1    −    ∆  P 2      t  i + 1           P 2   ¯      t  i + 1         ,  ε 2     t  i + 1     >    ∆  P 2      t  i + 1          P 2   ¯     t  i + 1              



(23)







Similarly to the analysis of step one, given a set of estimated values of    ε 1     t  i + 1       and    ε 2     t  i + 1       (i.e.,     ε ^  1     t  i + 1       and     ε ^  2     t  i + 1      ), we substitute into Equation (23) to calculate the estimated values of the maximum environmental capacity in each micro-range (i.e.,     W ^  1     t  i + 1       and     W ^  2     t  i + 1      ), and then also substitute the maximum estimated environmental value into Equation (13) to get the estimated population density:


          P ^  1     t  i + 1     =     W ^  1     t  i + 1       1 +  e  −  ε 1     t  i + 1   −  t i          W ^  1     t  i + 1     −  P 1     t i      /  P 1     t i              P ^  2     t  i + 1     =     W ^  2     t  i + 1       1 +  e  −  ε 2     t  i + 1   −  t i          W ^  2     t  i + 1     −  P 2     t i      /  P 2     t i             



(24)







Using the Nelder–Mead Simplex again to keep the estimated value close to the macro curve, the intrinsic natural growth rate and the corresponding maximum environmental capacity are obtained when the variance is minimum [28]. The specific equation is in the following:


             ρ 1   ^   2     t  i + 1     =    ∑   i = 0  n          P 1   ^     t  i + 1     −  P 1     t  i + 1        2             ρ 2   ^   2     t  i + 1     =    ∑   i = 0  n          P 2   ^     t  i + 1     −  P 2     t  i + 1        2         



(25)







Step three: The above two steps have calculated the best estimated values of    P  m 1    t   ,    P  m 2    t   ,    r 1   ,    r 2   ,    ε 1   t   ,    ε 2   t   ,    W 1   t   ,    W 2   t    in each interval. In addition, we can get the calculation equation of    β  12    t    and    β  21    t    through Equations (10) and (11), as follows:


         β  12    t  =      ε 1   t  +  W 1   t     P 1   t  +  r 1    − 1      P  m 2    t     P 2   t           β  21    t  =      ε 2   t  +  W 2   t     P 2   t  +  r 2    − 1      P  m 1    t     P 1   t           



(26)







Substituting the best estimated value of each variable calculated in the first two steps into Equation (26), then the best estimated value of    β  12    t    and    β  21    t    can be obtained.



Step four: In order to ensure that the estimation is objective, this article will first calculate the best estimated values of    β  12    t    and    β  21    t    from different population perspectives (e.g., value-added, fixed investment). Then, the entropy method is adopted to weigh    β  12    t    and    β  21    t   . The specific process of entropy weighting is as follows [29,30]:




	
Standardizing the data








Supposing k-type indicators (   X 1  ,  X 2  , … ,  X k   ), where    X i  =    x 1  ,  x 2  , … ,  x n     , has been standardized to be    Y 1  ,  Y 2  , … ,  Y k   ; while    Y  i j   =    X  i j   − min (  X i  )   max  X i  − min (  X i  )    .



	
Finding the information entropy value of each indicator






The entropy of the index J is:


   E j  = −  1  ln  n      ∑   i = 1  n   p  i j   l n  p  i j    



(27)






   p  i j   =    Y  i j      ∑  i = 1  n   Y  i j      



(28)







	
Determining the weight of each indicator






Calculating the weight of each index   (  W i  =   1 −  E i    k − ∑  E i     ) in accordance with the entropy value of each index (   E 1  ,  E 1  , … ,  E k   ) obtained in Step 2.



After the abovementioned method and process, we could get more objective best estimated values of    β  12    t    and    β  21    t   .




3.4. Variable Selection and Data Source


3.4.1. Variable Selection


First of all, this article needs to select the data ranges and dimensions. Specifically, for the data range, this article controls the scope of the digital economy and real economy analysis to Mainland China in consideration of the timeliness and availability of data. For the data dimension, since the real economy and digital economy are not strictly biological populations, the current academics often adopt data such as the number of enterprises in the economy or industry, gross production value, industrial value added, investment amount, and number of employees as the industrial population biomass. Then the comprehensive index of population biomass could be obtained through standardized processing and weight distribution processing [31,32,33,34,35,36,37]. Based on the above-mentioned indicators, this article constructs the population density statistics from the two dimensions of economic benefit and social benefit complying with the principles of scientificity, systematization, and availability. The selection of secondary data indicators in each dimension are as shown in Table 2.



On the selected indicator dimensions, it is also necessary to clarify the statistical boundary of the digital economy and real economy, then A1, A2, B1, and B2 values of each economy could be counted. Moreover, in order to observe the coevolution, real economy needs to be further divided into primary, secondary, and tertiary industries. This article comprehensively sorts out the concepts and analysis in the “G20 Digital Economy Development and Cooperation Initiative” issued by the G20 Hangzhou Summit in 2016; the “Defining and Measuring the Digital Economy” issued by the US Department of Commerce (BEA) in 2018; the definition of the digital economy by the British Economic and Social Research Institute; the “Digital Economy Plan” announced by Russia in 2017; and the definition of the digital economy by Chinese scholars, combined with China’s latest “National Economic Industry Classification” (GB/T4754-2017); therefore, this article defines the boundaries of the digital economy and the three industries as follows [38,39,40,41]:




	(1)

	
The statistics of the digital economy include C39 (computer, communication and other electronic equipment manufacturing) and I63~I65 (information transmission, software and information technology service industry).




	(2)

	
The statistics of the real economy statistics include:









For the primary industry, it includes agriculture, forestry, animal husbandry, and fishery (A01~A05).



For the secondary industry, it includes mining (B06~B10, B12), manufacturing (C13~C38, C40~C42), electricity, heat, popularity and water production and supply (D44~D46), and construction (E47~E50).



For the tertiary industry, it includes agricultural and sideline product processing (A06); mining professional and auxiliary activities (B11); metal products, machinery and equipment repair industry (C43); wholesale and retail industry (F51, F52); transportation, storage and postal industry (G53~G60); accommodation and catering industry (H61, H62); financial industry (J66~J69); real estate industry (K70); leasing and business service industry (L71, L72); scientific research and technical service industry (M73~M75); water conservancy, environment and public facilities management industry (N76~N79); resident service, repair and other service industry (O80~O82); culture, sports and entertainment industry (R86~R90); and public management, social security, and social organizations (S91~S96).




3.4.2. Data Sources


In pursuance of the above industry classifications and statistical boundary, the data in the study is basically from the 2005–2019 China Statistical Yearbook, 2005–2019 China National Economic and Social Development Statistical Bulletin, the 1st to 4th National Economic Census Communiqué as well as the “Annual Statistical Report on Software and Information Technology Services Industry” of 2018 and 2019 [42,43]. Meanwhile, taking into account the availability, timeliness and reliability of data, the following principles should be followed in the processing: First, the development data of various industries from 2005 to 2019 would be adopted to ensure the timeliness of data; second, in order to ensure availability, the added value of the three industries uses the data of enterprises above designated size and the number of market entities in the three industries is calculated by the number of legal persons, while the number of entities in the digital economy market is calculated by the number of enterprises; third, since the National Bureau of Statistics had no longer published the total output value of each segment of the industry from 2012, this article uses operating income as the added value of the computer, communications, and other electronic equipment manufacturing industries to ensure data consistency.






4. Empirical Research


4.1. Analysis of the Coevolution Model


This article uses Matlab software to calculate on a computer with a CPU frequency of 1992 MHZ and a memory of 8G. The specific process is as follows:




	(1)

	
The first step: Using Equations (14) to (21) to calculate the annual intrinsic growth rate and maximum environmental capacity under the independent development of the digital economy and real economy from 2005 to 2019. Since this part of the data is large and only used for subsequent calculations, the processing data is not displayed. If readers are interested, they can obtain this part of data from the authors.




	(2)

	
The second step: Calculating the population growth rate (  ε  t   ) and the maximum environmental capacity of the population (  W  t   ) under the interacting development between the digital economy and real economy from 2005 to 2019 by adopting the Equations (22) to (25). Similarly, since this part of the data is large and only used for subsequent calculations, the processing data is not displayed. If readers are interested, they can obtain this part of data from the authors.




	(3)

	
The third step: The intrinsic growth rate (   r 1   ,    r 2   ) and the maximum environmental capacity (   P  m 1    t    and    P  m 2    t   ) under the independent development can be obtained through the first step. Meanwhile, the natural growth rate (   ε 1   t    and    ε 2   t   )and the maximum environmental capacity (   W 1   t    and    W 2   t   ) under the interacting development are obtained through the second step. Furthermore, the coevolution factors (   β  12    t    and    β  21    t   ) of the digital economy and real economy in the four dimensions (A1, A2, B1, and B2) after incorporating the above parameters into Equation (26) can be identified.




	(4)

	
The fourth step: The entropy value can be obtained after standardizing the data of A1, A2, B1, and B2 respectively. The weight of each dimension index is determined by the entropy value as illustrated in Table 3:









The    β  12    t    and    β  21    t    in the four dimensions (A1, A2, B1, and B2) are weighted by entropy weighting method. The specific data and the evolution trend are illustrated in the following Table 4 and Figure 4:



As Table 4 and Figure 4 show,    β  12    t    and    β  21    t    are both greater than 0 and    β  12    t  ≠  β  21    t  .   In other words, the relationship between China’s digital economy and real economy from 2005 to 2019 basically followed the asymmetric reciprocal symbiosis mode. Specifically, it could be roughly divided into three stages: Firstly, when    β  12    t  >  β  21    t  > 0   from 2005 to 2007, China’s real economy’s positive driving role in the digital economy was greater than the digital economy’s enabling effect, while the scale and level of development of the digital economy were relatively low. Secondly, when    β  21    t  >  β  12    t  > 0   from 2008 to 2015 (except 2013), the empowering effect of the digital economy on real economy was significantly higher than the positive driving effect of real economy on the digital economy. Then “digital industrialization” became the main driving force for the integrated development at this stage. Finally, when    β  12    t  >  β  21    t  > 0   and the value of    β  12    t    and    β  21    t    continued to converge from 2016 to 2019, China’s real economy’s positive driving effect was slightly higher than the digital economy’s enabling impacts. It can be observed that “industrial digitalization” became the main motivation in this stage to promote the convergence. Based on the analysis of the overall trend, this article further analyzes the coevolution trend of the digital economy and three industries, as shown in Table 5, Table 6 and Table 7 and Figure 5, Figure 6 and Figure 7.



Table 5 and Figure 5 could indicate that    β  12    t    and    β  21    t    are both greater than 0 and    β  12    t  ≠  β  21    t    from 2005 to 2019. In this circumstance, the convergence of the digital economy and primary industry basically followed the asymmetric reciprocal symbiosis mode, however, the digital economy has a small empowering effect on primary industry. In particular, the coevolution process was comprised of three phases in general: The driving effect of primary industry on the digital economy was greater than the enabling effect of the digital economy from 2005 to 2008, while the value of    β  12    t    was overall greater than the value of    β  21    t   . The coordination coefficient from 2009 to 2015 showed a dynamic trend of instability, viz. the convergence between the digital economy and primary industry was in an unstable state. Moreover, the driving effect of primary industry was once again higher than the enabling effect of the digital economy from 2016 to 2019. It could indicate that the convergence needed to closely integrate the characteristics of primary industry to engage in innovations and practices, which could fully stimulate the vitality of the digital economy and realize the mutual promotion of digital economy and primary industry.



It could be observed from Table 6 and Figure 6 that    β  12    t    and    β  21    t    are both greater than 0 and    β  12    t  ≠  β  21    t    from 2005 to 2019. Generally speaking, the convergence of the digital economy and secondary industry followed the asymmetric reciprocal symbiosis mode in the period. Specifically, the coevolution process could be divided into four phases below: From 2005 to 2008, secondary industry had a relatively stronger driving effect on the digital economy, which could effectively promote the development of the digital economy from the initial stage to the growth stage. The co-evolutionary factors (the values of    β  12    t    and    β  21    t   ) during the period from 2009 to 2014 fluctuated one after another while the empowerment effect of the digital economy was gradually increasing. Gradually, when the value of    β  12    t    was overall higher than the value of    β  21    t    from 2015 to 2017, the role of secondary industry in driving the digital economy was significantly greater than the enabling effect of the digital economy. Finally the convergence entered the “deep water” area from 2018 to 2019. On a positive note, the technological dividends in the previous convergence were fully released. Then, new digital infrastructure became the main driving force for the coordinated development of the digital economy and secondary industry. The enabling effect of the digital economy was again higher than the driving influence of secondary industry.



As Table 7 and Figure 7 illustrate, when    β  12    t    and    β  21    t    were both greater than 0 and    β  12    t  ≠  β  21    t    from 2005 to 2019, the convergence of the digital economy and tertiary industry evolved from the asymmetric reciprocal symbiosis mode to symmetric reciprocal symbiosis mode. Particularly, there were three stages roughly about the process. Firstly, when    β  12    t  >  β  21    t  > 0   from 2005 to 2008, tertiary industry had a relatively stronger driving effect with laying a solid foundation for the convergence and penetration. Secondly, it can be found from 2009 to 2014 that    β  21    t    >    β  12    t    > 0. Meanwhile, the values of    β  12    t    and    β  21    t    evolved from a state of decline to a state of convergence in this stage while the empowerment effect of the digital economy was gradually increasing. Thirdly, from 2015 to 2019, as the development dividend of the consumer internet was slumping, the degree of convergence reached a relatively high level with further converged values of    β  12    t    and    β  21    t  .   In short, the mode of the digital economy and tertiary industry had also developed from the asymmetric reciprocal symbiosis mode to symmetric reciprocal symbiosis mode. Accordingly, it reflected that tertiary industry has the highest level of digitalization in the three industries.




4.2. Simulation of the Coevolution Path of Digital Economy and Real Economy


In order to further explore the trend under various co-evolutionary relationships, this article will focus on the simulation of    β  12    t    and    β  21    t    by assuming a time span of 50 years, which is based on Equation (9) with initial value of gross output (GDP) in 2019 as the initial value, the intrinsic growth rate of the population (   r 1  = 0.2182 ,    r 2  = 0.3294  ), and the maximum environmental capacity (   P  m 1    t  = 126 , 700 ,    P  m 2    t  = 17 , 049.3  ). The purpose of this is to simulate the development of various collaborative modes of the digital economy and real economy.



	
Independent mode:






It can be identified from Figure 8 that the industrial value added increases gradually and stabilizes after reaching a peak on the premise of the same environmental capacity under the independent mode (   β  12    t    =      β    21    t  = 0  ). Furthermore, real economy would peak and stabilize at about the 20th year and the digital economy would peak and stabilize at about the 15th year.



	
Competition mode:






As shown in Figure 9, the trend of industrial growth value is influenced by the relative strength of the coevolution factor in the competition mode (   β  12    t    <   0 ,      β    21    t  < 0  ). When the degree of competition in real economy is higher than the digital economy (   β  12    t  = − 0.5 ,      β    21    t  = − 1  ), the value added of real economy would initially decline due to the impact of competition, but it would stabilize to rebound and eventually reach its peak at about the 5th year. However, the digital economy is relatively in a competitive disadvantaged position, while the industrial value added gradually decreases and is going to die out. When the degree of competition in real economy is lower than the digital economy (   β  12    t  = − 1 ,      β    21    t  = − 0.5  ), real economy is at a competitive disadvantage when the industrial value added continues to decline rapidly. Meanwhile, the digital economy is in a competitive position, in which the value added declines due to the influence of real economy competition in the early stage, but it would recover quickly and maintain a growth trend at about the 5th year.



	
Parasitism mode






The above Figure 10 shows that, in the parasitism mode (   β  12    t  > 0 ,    β  21    t  < 0   or    β  12    t  < 0     β  21    t   > 0  ), the coevolution factors are that the positive side is parasitic on the other side, while the industrial added value of the positive factor would reach the level of the independent mode and the added value of the negative factor would continue to decline and risk of extinction would occur.



	
Commensalism symbiosis/Reverse commensalism symbiosis modes






It can be observed from Figure 11 and Figure 12 that, in the commensalism symbiosis/ reverse commensalism symbiosis modes (   β  12    t  = 0 ,  β  21    t  ≠ 0   or    β  12    t  ≠ 0 ,    β  21    t  = 0  ), the coevolution factors are positively (negatively) affected by the positive (negative) effect of the other side while the added value shows a rapid growth (decrease) trend in the short term, and the final value is higher (tending to die) compared with the independent mode. Surprisingly, the side whose coevolution factor is zero is not affected, and the final value added is the same as the value in the independent mode.



	
Asymmetric reciprocal symbiosis mode






As Figure 13 shows, the final value added in the asymmetric reciprocal symbiosis mode (   β  12    t  > 0 ,    β  21    t  > 0 ,    β  12    t  ≠  β  21    t   ) is higher than the value in the independent mode. Besides, the one with the greater coevolution factor has a greater increase in the value, benefiting from the stronger synergy effect of the other one.



	
Symmetric reciprocal symbiosis mode






As illustrated in Figure 14, in the symmetric reciprocal symbiosis mode (   β  12    t  > 0 ,    β  21    t  > 0 ,    β  12    t  =  β  21    t   ), the digital economy and real economy could achieve the peak value of industrial added value, which are higher than the values in the independent mode and the asymmetric reciprocity mode. In other words, the final sum of value added of the two major economies would reach the optimal state in the symmetric reciprocal symbiosis mode.





5. Conclusions


Summing up, the following conclusions can be drawn through the above study:




	(1)

	
Generally speaking, the relationship between the digital economy and the real economy during the period from 2005 to 2019 was the asymmetric reciprocal symbiosis mode. From 2005 to 2007, the real economy’s positive driving role in the digital economy was greater than the digital economy’s enabling role in the real economy when the scale and level of development of the digital economy were relatively low. From 2008 to 2015, the rapid growth of the digital economy benefited from the explosive growth of the consumer internet industry, which made much greater impacts on real economy comparing with the positive driving effect of the real economy. From 2016 to 2019, the coevolution coefficient of the digital economy and real economy continued to converge, and the real economy’s positive driving role was slightly higher than the digital economy’s enabling effect.




	(2)

	
The relationship between the digital economy and primary industry was overall in the asymmetric reciprocal symbiosis mode during the period from 2005 to 2019. From 2005 to 2008, the driving effect of primary industry on the digital economy was greater than the enabling the role of digital economy. Gradually, the depth of the convergence of the digital economy and primary industry was insufficient from 2009 to 2015, therefore, the coordination coefficient showed an unstable and fluctuating state. From 2016 to 2019, the driving effect of primary industry was again higher, which indicated that the convergence needed to be in close connection with the characteristics of the primary industry to carry out the innovation and practice of digital transformation.




	(3)

	
During the period from 2005 to 2019, the overall relationship between the digital economy and secondary industry was also in the asymmetric reciprocal symbiosis mode. From 2005 to 2008, secondary industry played a stronger role in the digital economy, which effectively promoted the transition from the initial stage to the growth one. The co-evolutionary factors from 2009 to 2014 flipped back and forth while the enabling effect of the digital economy was gradually increasing. The role of secondary industry in driving the digital economy was significantly greater from 2015 to 2017; however, from 2018 to 2019, the convergence entered the “deep water” area. The technological dividends in the previous development had been fully released and digital infrastructure had become the main driving force for the coordinated development of the digital economy and secondary industry.




	(4)

	
The relationship between the digital economy and tertiary industry evolved from an asymmetric reciprocal symbiosis mode to a symmetric reciprocal symbiosis mode from 2005 to 2019. Tertiary industry made a strong driving effect on the digital economy during the period from 2005 to 2008. However, the co-evolutionary factors changed from declining growth to convergence along with the increasing influences of the digital economy from 2009 to 2014. Moreover, the convergence reached a high level, which further converged the co-evolutionary factors from 2015 to 2019. Thus, the previous mode developed into the symmetric reciprocal symbiosis mode.




	(5)

	
Through simulation analysis, it could be found that the digital economy and real economy did not interfere with each other and the increasing trend was stabilizing while they were in the independent mode. Nevertheless, in the competitive mode, parasitism mode or reverse commensalism symbiosis, one of both sides would always be negatively affected by the reverse effect of the other, which would be a declining risk of population density or even extinction. In other words, the effect of coevolution was not effective. Moreover, when the two major economies were in the commensalism symbiosis mode or the asymmetric reciprocity symbiosis mode, one of the two would be affected from the positive synergy to increase the population density with better coevolution effect. While in the symmetric reciprocal symbiosis mode, the final value added would increase more than the value in the asymmetric reciprocal symbiosis mode. Consequently, the symmetric reciprocal symbiosis mode should be the best mode for realizing the convergence of China’s digital economy and real economy.
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Figure 1. Probability distribution diagram of the original logistic model. 
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Figure 2. Logistic growth curve and the divisions of each stage. 
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Figure 3. Logistic growth curve based on time cutting. 
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Figure 4. The coevolution trend of the digital economy and real economy from 2005 to 2019. 
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Figure 5. The coevolution trend of the digital economy and primary industry from 2005 to 2019. 
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Figure 6. The coevolution trend of the digital economy and secondary industry from 2005 to 2019. 
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Figure 7. The coevolution trend of the digital economy and tertiary industry from 2005 to 2019. 
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Figure 8. Simulation of independent mode of the digital economy and real economy (50 years). 
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Figure 9. Simulation of competition mode of the digital economy and real economy (50 years). 
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Figure 10. Simulation of parasitism mode of the digital economy and real economy (50 years). 
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Figure 11. Simulation of commensalism symbiosis of the digital economy and real economy (50 years). 
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Figure 12. Simulation of reverse commensalism symbiosis of the digital economy and real economy (50 years). 
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Figure 13. Simulation of asymmetric reciprocal symbiosis mode of the digital economy and real economy (50 years). 
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Figure 14. Simulation of symmetric reciprocal symbiosis mode of the digital economy and real economy (50 years). 
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Table 1. Classification of coevolution modes between the digital economy and real economy.






Table 1. Classification of coevolution modes between the digital economy and real economy.





	Number
	Value
	Mode
	Characteristics





	1
	    β  12   = 0 ,      β    21   = 0   
	Independent
	Two economies develop independently and there is no symbiotic relationship.



	2
	   β  12   < 0  ,    β  21   < 0  
	Competition
	Digital economy and real economy compete for the resources.



	3
	   β  12   < 0       β    21    > 0 ;  

   β  12   > 0  ,    β  21   < 0  
	Parasitism
	One side achieves growth while restraining the other side’s growth



	4
	   β  12   = 0 ,      β    21   > 0 ;  

   β  12   > 0  ,    β  21   = 0  
	Commensalism symbiosis
	One side’s growth drives the other side’s growth, yet other side’s growth does not promote itself.



	5
	   β  12   = 0 ,      β    21   < 0 ;  

   β  12   < 0  ,    β  21   = 0  
	Reverse commensalism symbiosis
	One side’s growth restricts the growth of the other side while the growth of the other side does not promote itself.



	6
	   β  12   > 0 ,      β    21   > 0  ,

   β  12   ≠  β  21    
	Asymmetric reciprocal symbiosis
	When one side achieves growth to drive the growth of the other side, the growth of the other side will drive the growth of itself, but the driving effect is asymmetric.



	7
	   β  12   > 0 ,      β    21   > 0  ,

   β  12   =  β  21    
	Symmetric reciprocal symbiosis
	When one side’s growth to drive the growth of the other side, the growth of the other side will promote its own growth and the driving effects are symmetric.
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Table 2. Development index system of the digital economy and real economy.






Table 2. Development index system of the digital economy and real economy.





	
Indicators

	
Index

	
Dimension

	
Definitions

	
Unit






	
A1

	
Economic benefits

	
Value Added

	
Value added of industries

	
Billion Yuan




	
A2

	
Fixed asset investment

	
Total investment in fixed assets

	
Billion Yuan




	
B1

	
Social benefits

	
Number of employees

	
Total employed persons

	
thousand people




	
B2

	
Number of market players

	
Number of enterprises or legal persons

	
person
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Table 3. The weight indicators of the real economy (three industries) and digital economy.






Table 3. The weight indicators of the real economy (three industries) and digital economy.





	Indicators
	A1
	A2
	B1
	B2





	Real economy
	0.2369
	0.2550
	0.1589
	0.3492



	Primary industry
	0.1655
	0.2813
	0.1897
	0.3636



	Secondary industry
	0.2598
	0.2884
	0.1267
	0.3251



	Tertiary Industry
	0.2244
	0.2306
	0.2334
	0.3115



	Digital economy
	0.1822
	0.2960
	0.1383
	0.3835
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Table 4. The coevolution trend of the digital economy and real economy from 2005 to 2019.






Table 4. The coevolution trend of the digital economy and real economy from 2005 to 2019.





	Year
	β12(t)
	β21(t)





	2005
	7.3153
	6.4296



	2006
	6.7875
	5.3037



	2007
	3.8526
	4.5708



	2008
	2.5247
	4.0273



	2009
	1.3168
	6.8785



	2010
	2.2655
	3.0160



	2011
	1.4927
	6.5439



	2012
	2.1661
	5.9663



	2013
	2.4509
	1.6565



	2014
	2.0316
	6.3297



	2015
	3.8475
	2.3099



	2016
	3.0061
	2.1403



	2017
	3.6873
	2.0617



	2018
	3.2825
	1.8208



	2019
	2.0396
	2.8411
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Table 5. The coevolution trend of the digital economy and primary industry from 2005 to 2019.
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	Year
	β12(t)
	β21(t)





	2005
	−5.0619
	6.4296



	2006
	13.6245
	5.3037



	2007
	8.2317
	4.5708



	2008
	2.6345
	4.0273



	2009
	2.8237
	6.8785



	2010
	4.3606
	3.0160



	2011
	1.8047
	6.5439



	2012
	2.2928
	5.9663



	2013
	3.5478
	1.6565



	2014
	2.6307
	6.3297



	2015
	4.2342
	2.3099



	2016
	2.9559
	2.1403



	2017
	4.8095
	2.0617



	2018
	−0.4861
	1.8208



	2019
	3.8364
	2.8411
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Table 6. The coevolution trend of the digital economy and secondary industry from 2005 to 2019.
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	Year
	β12(t)
	β21(t)





	2005
	3.3439
	5.1772



	2006
	7.1164
	1.8030



	2007
	4.7943
	2.9180



	2008
	2.9369
	3.3632



	2009
	1.9666
	4.0554



	2010
	3.1895
	2.6195



	2011
	1.7536
	4.2862



	2012
	2.9015
	2.7613



	2013
	1.8799
	1.1121



	2014
	2.6862
	3.3220



	2015
	3.4618
	1.4820



	2016
	3.1717
	1.7669



	2017
	1.9552
	2.7489



	2018
	0.1203
	1.8556



	2019
	2.7098
	2.6012
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Table 7. The coevolution trend of the digital economy and tertiary industry from 2005 to 2019.






Table 7. The coevolution trend of the digital economy and tertiary industry from 2005 to 2019.





	Year
	β12(t)
	β21(t)





	2005
	6.3600
	4.5295



	2006
	7.2471
	2.0639



	2007
	5.4725
	2.5091



	2008
	2.8159
	3.1947



	2009
	1.4688
	7.1145



	2010
	3.0172
	3.0136



	2011
	2.1114
	3.7690



	2012
	2.4176
	3.1565



	2013
	1.7159
	2.8944



	2014
	1.9620
	4.6184



	2015
	3.2341
	2.5901



	2016
	2.6249
	2.4504



	2017
	3.1632
	2.5668



	2018
	2.2756
	2.0769



	2019
	2.3962
	2.6412
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