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Abstract

:

In order to improve the market competitiveness of suppliers and their resilience to emergencies, it is of great significance to discuss the investment decision making of suppliers in developing new products under uncertain and competitive environments. In this paper, with the background of knowledge spillover, absorptive capacity, initial R&D investment, and innovation efficiency asymmetry, the uncertainty of price, sales, and cost are incorporated into the evaluation system as three important risk factors. On the basis of the existing real option investment evaluation model, a real option game model of R&D investment of supplier enterprises based on multiple random variables is established. The sensitivity analysis of parameters is carried out with an example of one enterprise’s monitor R&D project. The results depict that the probability of R&D success has a great impact on the value of enterprise options, which depends on the R&D investment, innovation efficiency, and R&D performance of enterprises. Secondly, the drift rate of price, sales, and cost also has a significant impact on improvement in enterprise option value.
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1. Introduction


With the implementation of the “Fourteenth Five-Year Plan” in China, policies for the development of various medical institutions continue to be issued. The rapid construction of hospitals across the country has driven the development of the medical device industry. According to “the Blue Book of Medical Device Industry: Annual Report on the Development Medical Device Industry in China (2021)” [1], China’s medical device industry has developed rapidly amid COVID-19 prevention and control. The number of medical device manufacturers increased from 18,070 at the end of 2019 to 26,465 at the end of 2020, with a growth rate of 46%. Especially in the post-pandemic period, the demand of the medical device industry is rigid. To gain competitive advantages, domestic medical device enterprises must accelerate R&D and innovation and continue to improve product technology and quality while reducing costs.



According to “the Blue Book of Medical Device Industry: Annual Report on the Development Medical Device Industry in China (2019)” [2], more than 90% of China’s medical device manufacturers are small- and medium-sized enterprises. Their average annual main revenue is CNY 30 to 40 million; compared with the average annual main revenue of CNY 300 to 400 million of domestic pharmaceutical industry enterprises, there is still a huge gap. However, enterprises have certain R&D capabilities, often limited by factors such as talent, technology, experience, or capital. Thus, they cannot carry the risks of developing new products alone. At the same time, considering the recurrence of the epidemic, there are unknown risks, like unstable raw materials prices, factory closures, worker shortages, transport disruptions, and uncertain output. How to choose the R&D investment strategy to enhance enterprise income and market share is particularly important.



Therefore, in the face of increasingly competitive markets, enterprises form joint ventures and collaborative R&D through R&D alliances based on the lack of their own resources or capabilities, combined with their own resources and technology to jointly bear the cost and risk required for R&D to innovate and develop new products and improve their market competitiveness. In this paper, the real option theory is applied, and the uncertainty of price, sales, and cost are included in the evaluation system as three important risk factors under the asymmetry of two medical device suppliers. Further, a real option game model for R&D investment of medical device suppliers is established based on multiple random variables. The expected investment value and investment critical value expressions of medical device suppliers in following investment, leading investment, and cooperative R&D investment are derived. The investment strategies and their applicable conditions of waiting investment, sequential investment, preemptive investment, and cooperative investment are provided. The influence of uncertainty of price, cost, one-time R&D investment, and R&D success probability on investment value is emphatically analyzed, enabling investors to better grasp investment opportunities according to market dynamics, determine the investment opportunity in a timely manner, and improve their market share.



Literature Review


At present, the method of discounted cash flow (DCF) is commonly used by Chinese enterprises when investing in venture projects. The methodology takes into account the time value of capital, but cash flows may differ from the initial expectation due to changes in demand, uncertainty, and competition in the actual market. DCF ignores the impact of management flexibility, such as the uncertainty of value, the selection of discount rate, which inevitably incorporates subjective factors, and the delayed investment by the project. It tends to make the investors underestimate the project value, thus losing good investment opportunities [3]. The work of Black and Scholes (1973) [4] in the field of financial options revealed a new way to solve this problem. Since then, the evaluation method of real option investment has become a hot topic in the theory and business circles in recent years.



Myers (1977) [5] and Ross (1978) [6] first put forward the concept of “real option”, which innovatively regarded potential investment opportunities in venture capital projects as a kind of option for pricing. This provided support for investment decision making of R&D projects. Keste (1984) [7] discussed the concept of growth opportunity on the basis of Myers (1977). He estimated that the option value of an enterprise exceeded half of the owner’s equity, even reached 70–80% in industries with high uncertainty. Carr (1988) [8] analyzed the pricing of compound options, which can be used to price sequential investment opportunities in theory. In terms of real option theory of R&D projects, Sahlman (1988) [9] and Trigeorgis (1993) [3] discussed the characteristics of enterprise staged options. Kolbe et al. (1991) [10] analyzed the option factors contained in R&D projects. Copeland and Weiner (1990) [11] believed that, when uncertainty can be identified, enterprises can flexibly manage it by real options in order to gain a competitive advantage.



In terms of real option value evaluation, Newton and Pearson (1994) [12] evaluated the value of R&D projects through Black–Scholes real option model. In addition to the classic Black–Scholes model, Merton (1976) [13] derived the real option model under jump diffusion. Geske (1979) [14] discussed the single-stage and two-stage compound option models, which are used to evaluate the value of investment opportunities with only one asset object and only one market uncertainty. Schwartz and Moon (2000) [15] established the continuous time model and discrete time model of real options and calculated the numerical solution of compound options through Monte Carlo simulation. In addition, Schwartz (2004) [16] evaluated the value of the patent right with the real option method and considered the uncertainty of the investment cost and profits after the commercialization of the project. Andergassen and Sereno (2012) [17] added jumping factors to the compound real options, which could assess the sudden risk. However, this did not discuss other risks in R&D projects. The study of Alvarez and Stenbacka (2001) [18] found that, with an increase in market uncertainty, the value of growth options would greatly increase. According to the method and model of real options, the critical value of investment or not can be obtained in multi-stage project investment.



With the basic establishment of a real option investment evaluation model, the research in this field has gradually matured. By integrating the strategic behavior of competitors into the real option method [19], the research of enterprise investment decision making under competitive and uncertain environments promoted the development of the option game theory [20]. Smets (1993) [21] established a symmetric continuous time duopoly option game model. Dixit and Pindyck (1994) [22] extended the Smets model by discussing the leader and follower exogenous and endogenous cases. They argued that external uncertainty could improve the value of waiting for new information. Therefore, enterprises need to wait for more new information when investing to avoid the impact of external uncertainty on investment returns. Huisman and Kort (1999) [23] considered three competitive scenarios, preemptive equilibrium, common equilibrium, and Pareto equilibrium, and analyzed the mutual influence of the leader’s strategy and the follower’s strategy, while the model of Dixit and Pindyck [22] did not consider the impact of a leader’s strategy on followers. Wu and Xuan (2004) [24] and Yang and Da (2005) [25] expanded the model by adding operating cost and investment cost, respectively, to the model of Huisman and Kort [23]. Thijssen (2010) [26] analyzed the first mover advantage in the game between both competitors. The game model followed Brownian motion and modified the model of Huisman and Kort.



In recent years, scholars have shifted their focus from the application of the option model to the expansion of the option model. Among them, the uncertainty analysis of project value is one of the important directions of model expansion. They began to consider the impact of fluctuations in price, sales, cost, technology, and environment on the investment value [27,28,29]. Xu and Zhang (2001) [30] and He et al. (2013) [31] proposed a real option investment evaluation model for R&D projects based on multiple random variables. Marjit (1991) [32] and Combs (1992) [33] studied the effect of uncertainty on cooperation incentive, showing that cooperation is worthwhile only when the probability of success is relatively high. Niu (2022) [34] considered the investment in the supply chain process with innovation uncertainty and concluded that the investment strategy depends on the intensity of knowledge spillover if the success probability of innovation is high. Huisman (2001) [35] explored the investment decision making of both enterprises under the uncertainty of investment cost. In the context of real options, Jahani et al. (2018) [36] redesigned the supply chain network to meet corporate objectives, taking into account the uncertainty of demand and price. Cao et al. (2006) [37] and Zhang et al. (2008) [38] analyzed the investment option game equilibrium of duopoly enterprises under the conditions of symmetry and asymmetry of R&D cost and construction time, respectively. Wang et al. (2011) [39] and Zhang et al. (2015) [40] considered the option game model of investment decision making of both enterprises in different environments under the conditions of limited investment project time and different options, respectively. They analyzed the investment value and investment critical value of enterprises. Zheng and Li (2003) [41] and Li (2007) [42] emphasized the importance of the spillover effect on the evaluation of the value of R&D projects when studying the investment decision making of R&D projects under uncertain conditions. Nishihara (2018) [43] established an R&D investment evaluation and optimization model considering duration, growth opportunity, technology, and preemptive uncertainty. He analyzed the degree of influence of various uncertain factors on R&D investment decisions. Xie (2021) [44] considered the uncertainty of demand and R&D level as well as R&D competition and constructed geometric Brownian motion with random jumps of demand obedience. He used real option and Stackelberg game to establish a leader and follower R&D investment decision model to explore the influence of demand and R&D success probability on game strategy. Figure 1 briefly introduces the development course of R&D investment under the competitive environment of an option game model, including the stages of option pricing, application of real option theory in R&D projects, and value evaluation of real option, option game, and option game under uncertain environments. Several representative papers are listed in each stage.



Although scholars have pointed out various uncertain factors affecting the investment value of development projects, respectively (such as R&D cost, demand, and spillover effect, etc.) [45,46], most of their evaluation models can only reflect one of them and ignore other factors. Our main contribution is that, in the context of real options, two suppliers whose innovation may fail due to their inherent uncertainty are considered. The stochastic process of price, cost, and sales of products in the market is simulated through three related geometric Brownian motion (GBM) processes. In addition, knowledge spillovers created by suppliers benefit each other. However, they differ in the use of knowledge due to different absorptive capacities. In this context, we attempt to incorporate several salient features of manufacturing into our model to discuss how they affect the incentives of suppliers to invest in R&D innovation. In particular, the model captures a series of factors that have a key impact on suppliers’ knowledge stock, including absorptive capacity, innovation uncertainty, and spillover effect, etc. This paper also provides the degree of influence of different factors on the option value, especially the importance of price, cost, sales, and R&D success probability on the investment value of suppliers. Moreover, this research analyzes how they choose investment opportunities and investment strategies, which makes this paper different from previous studies.





2. Construction of Investment Model


Most innovation plans are usually based on forecast data. However, it is very difficult to predict the real-world demand. There are always random changes, so some prediction errors may occur, which may have a negative impact on suppliers. How to control the R&D investment and production cost and set the selling price is crucial for suppliers to cooperate and innovate new products.



2.1. Model Assumptions


Suppose that the medical device industry is composed of two asymmetric supplier enterprises in a certain region ( i  and  j ). Both enterprises have different absorptive capacity, technology spillover level, and innovation capacity. Their own R&D investment level and initial R&D investment are also different, but the products produced by both enterprises are homogeneous. In order to reduce the spillover of innovation achievements and the risk of independent R&D, both supplier enterprises will decide the R&D investment strategy according to market demand and price fluctuations. Assuming that the enterprise is flexible in operation, can determine production based on sales, production without lag, and is not overstocked, it can be considered that the output is equal to the sales.



Suppose that   P  t   ,   D  t  ,   and   C  t    are stochastic processes defined in the full probability space     Ω , F , ℙ    , representing the stochastic processes of price, sales, and unit production cost, respectively. Set    t 0    as the initial time and    t N    as the terminal time. For simple symbols, set    t 0  = 0  ,    t N  = T  , and then     0 , T     is the time set. This paper assumes the total period    t N    is divided into  N  equal    t n    interval with length   t =  t N  / N  ,   n ∈   1 , N    . Then, price, sales, and unit production cost are controlled by the following stochastic processes:


  P  t  =  ρ P  P  t  d t +  σ P  P  t  d  B P   t  ,  



(1)






  d D  t  =  ρ D  D  t  d t +  σ D  D  t  d  B D   t  ,  



(2)






  d C  t  =  ρ C  C  t  d t +  σ C  C  t  d  B C   t  .  



(3)




where    t  n − 1   ≤ t ≤  t n   ,    ρ P   ,    ρ D   , and    ρ C    are the drift terms, representing the growth rate,    σ P   ,    σ D   , and    σ C    are the diffusion terms, representing the volatility, and they are constants. In addition,    B P   t   ,    B D   t   , and    B C   t    are three related standard Brownian motions in the full probability space     Ω , F , ℙ    , representing the uncertainty of price, sales, and cost, respectively.


  d    B P   t  ,  B D   t    =  μ  P D   d t ,  



(4)






  d    B C   t  ,  B D   t    =  μ  C D   d t ,  



(5)






  d    B P   t  ,  B C   t    =  μ  P C   d t .  



(6)




where    μ  P D   ,    μ  C D   ,    μ  P C   ∈   − 1 ,   1     is the correlation coefficient of two Brownian motions. For any value  t , Equations (1)–(3) are three lognormal random variables.



According to Itö integral, stochastic differential Equations (1)–(3) have the following solutions:


  P  t  =  P 0  exp    σ P   B P   t  +    ρ P  −    σ P 2   2    t   ,  



(7)






  D  t  =  D 0  exp    σ D   B D   t  +    ρ D  −    σ D 2   2    t   ,  



(8)






  C  t  =  C 0  exp    σ C   B C   t  +    ρ C  −    σ C 2   2    t   .  



(9)




where    P 0   ,    D 0   , and    C 0    are the initial values of   P  t   ,   D  t   , and   C  t   , respectively.



According to the properties of geometric Brownian motion, the expected values of product price, sales, and cost are   P  t  =  P 0   e   ρ P  t    ,   D  t  =  D 0   e   ρ D  t    ,   C  t  =  C 0   e   ρ C  t    .




2.2. Investment Model


The net cash flow (NCF) of a project at time  t  can be summarized as a function that generally defines sales, price, cost, and time. The project value is the expectation of the profit flow in continuous time.



The expected profit of enterprise  i  is


   φ i  = V   P  t  , D  t  , C  t    −  I i  .  



(10)




where  α  is the risk-free annual interest rate, and the expected income of the project is


  V   P  t  , D  t  , C  t    = F  t  − U  t  .  



(11)







The innovation cost, initial R&D investment, and effective R&D level of enterprise  i  are independent of time and one-time investment,    A i  >  X i   . Record as    I i   .


   I i  =  c i  +  A i  −  X i  .  



(12)







The investment cost of innovation R&D of enterprise  i  is


   c i  =  1 2   β i   x i 2  .  



(13)




where    β i    is the innovation efficiency coefficient of enterprise  i ,    β i  > 0  ,    x i    is the R&D investment level of enterprise  i .



Considering the ability to learn and absorb knowledge outside the industry and the degree of technology spillover, the effective R&D investment level of enterprise  i  is


   X i  =  x i  +  α i  ( z +  γ j   x j  ) .  



(14)




where    α i    is the absorptive capacity of enterprise  i ,  z  is the knowledge outside the industry,    γ j    is the technology spillover degree of the opposite enterprise  j ,    x j    is the R&D investment level of enterprise  j ,   0 ≤  α i  ,  γ j  ≤ 1  .



After the investment of enterprise  i , in the     0 , T     time period, the expected sales function of enterprise  i  is


  F  t  = E     ∫  0 T  P  s  D  s   e  − μ s   d s   = E     ∫  0 T   P 0   D 0  exp    σ P   B P   s  +  σ D   B D   s  +    ρ P  −    σ P 2   2    s +    ρ D  −    σ D 2   2    s − μ s   d s   =    P 0   D 0     ρ F    ( 1 −  e  −  ρ F  T   ) .  



(15)




where    ρ F  = μ −  ρ P  −  ρ D  −  μ  P D    σ P   σ D   ,  μ  is the industry average discount rate, assuming   μ = 15 %  .



Expected cost amount function of enterprise  i  is


  U  t  = E     ∫  0 T  C  s  D  s   e  − μ s   d s   = E     ∫  0 T   C 0   D 0  exp    σ C   B C   s  +  σ D   B D   s  +    ρ C  −    σ C 2   2    s +    ρ D  −    σ D 2   2    s − μ s   d s   =    C 0   D 0     ρ U      1 −  e  −  ρ U  T     .  



(16)




where    ρ U  = μ −  ρ C  −  ρ D  −  μ  C D    σ C   σ D   .



In the     0 , T     time period, the expected investment profit function of enterprise  i  is


    φ i  = V  t  −  I i  = F  t  − U  t  −  I i     =    P 0   D 0     ρ F    ( 1 −  e  −  ρ F  T   ) −    C 0   D 0     ρ U      1 −  e  −  ρ U  T     −  A i  +  x i  +  α i  ( z +  γ j   x j  ) −  1 2   β i   x i 2  .   



(17)







Let   R  t  = P  t  − C  t  > 0   to represent the instantaneous profit of the unit product. The Itö theorem shows that   R  t    follows geometric Brownian motion:


  d R  t  =  ρ R  R  t  d t +  σ R  R  t  d  B R   t  .  



(18)




where    ρ R    is the drift term, representing the instantaneous profit growth rate of per unit product,    σ R    is the diffusion term, representing the instantaneous profit volatility of per unit product. And they are constants. In addition,    B R   t    represents the standard Brownian motion with uncertainty.



Let   π  t    denote the instantaneous cash flow,   π  t  = R  t  D  t   , and obtain the Itö differential:


  d π  t  = D  t  d R  t  + R  t  d D  t  + d R  t  d D  t  .  



(19)







And   D  t  d R  t  = R  t  D  t     ρ R  d t +  σ R  d  B R   t     ,   R  t  d D  t  = R  t  D  t     ρ D  d t +  σ D  d  B D   t     ,   d R  t  d D  t  =  σ R   σ D  R  t  D  t  d  B R   t  d  B D   t  =  μ  R D    σ R   σ D  R  t  D  t  d t  ;    μ  R D     is the correlation coefficient of two Brownian motions, so we have


  d π  t  =    ρ R  +  ρ D  +  μ  R D    σ R   σ D    π  t  d t + π  t  d    σ R   B R   t  +  σ D   B D   t    .  



(20)







Because of   d    σ R   B R   t  +  σ D   B D   t    =  σ π   B π   t   , then


  d π  t  =  ρ π  π  t  d t +  σ π  π  t  d  B π   t  .  



(21)







The instantaneous cash flow   π  t    follows geometric Brownian motion. Where    ρ π  =  ρ R  +  ρ D  +  μ  R D    σ R   σ D   ,    σ π 2  =  σ R 2  +  σ D 2  + 2  μ  R D    σ R   σ D   ,    B π   t  =    σ π   B π   t  +  σ π   B π   t     σ π     .    ρ π    is the drift term, representing the instantaneous profit growth rate,    σ π    is the diffusion term, representing the instantaneous profit volatility. And they are constants.    B π   t    represents the standard Brownian motion with uncertainty.   π  t    comprehensively reflects the growth trend and uncertainty of instantaneous profit   R  t    and instantaneous sales   D  t    of per unit product, while    B π   t    comprehensively reflects the market risk faced by enterprises. Then, the expected investment income of enterprise  i  is


  V  t  = F  t  − U  t  = E     ∫  0 t    P  s  − C  s    D  s   e  − μ s   d s   = E     ∫  0 t  R  s  D  s   e  − μ s   d s   = E     ∫  0 t  π  s   e  − μ s   d s   .  



(22)







Since the enterprise cannot obtain profits from the product endlessly, that is,   V  t    cannot be infinite, then   μ >  ρ π   .



Known   d π  t  =  ρ π  π  t  d t +  σ π  π  t  d  B π   t   , and then   π  t    can be solved:


  π  t  =  π 0  exp    σ π   B π   t  +    ρ π  −    σ π 2   2    t   .  



(23)







According to the interchangeability of integral and expectation, first calculate the expectation for the random variable of integral term; that is


  V  t  = E     ∫  0 t  π  s   e  − μ s   d s   =   ∫  0 t   e  − μ s     E π  s    d s .  



(24)







And   E π  s  =  π 0  exp    σ π   B π   t  −    σ π 2   2  t   exp    ρ π  s    , so we can obtain


  V  t  =  π 0  exp    σ π   B π   t  −    σ π 2   2  t     ∫  0 t   e  − μ s +  ρ π  s   d s =  π 0  exp    σ π   B π   t  −    σ π 2   2  t     exp   − μ t +  ρ π  t     μ −  ρ π    =   π  t    μ −  ρ π     e  − μ t   .  



(25)







It can be obtained from the Itö formula:


  d V  t  =  ρ V  V  t  d t +  σ V  V  t  d  B V   t  .  



(26)




where    ρ V  =  ρ π  − μ  ,    σ V 2  =  σ π 2  =  σ R 2  +  σ D 2  + 2  μ  R D    σ R   σ D   . The above formula shows that the expected cash flow income   V  t    follows geometric Brownian motion.    ρ V    is the drift term, indicating the expected income growth rate, and    σ V    is the diffusion term, indicating the expected income volatility. And they are constants.    B V   t    represents the standard Brownian motion with uncertain expected income.



Because of    ρ V  =  ρ π  − μ < 0  , it can be seen that the expectation of   V  t    is a minus function of time  t . After entering the expansion period, the venture enterprise will continuously and steadily obtain positive cash flow, so   V  t    is always positive, consistent with the non-negative characteristics of geometric Brownian motion.




2.3. Enterprise Option Value


If the patent value    G i    is regarded as the option value and the expected income   V  t    is regarded as the price of the underlying asset, investment option value    G i    is the function of income   V  t    and time  t , namely    G i  =  G i    V  t  , t    . According to Itö lemma and no arbitrage theory,    G i   V    satisfies the following equation:


   1 2   σ V    2   V 2   t     ∂ 2   G i   V    ∂  V 2   t    +   α −  δ V    V  t    ∂  G i   V    ∂ V  t    +   ∂  G i   V    ∂ t   − α  G i   V  = 0 .  



(27)







The above formula is a stochastic partial differential equation that satisfies the value of real options, where return shortage rate    δ V    is similar to the dividend rate of financial options, and    δ V  = α −  ρ V   .



In addition, at   V =  V i    *   , from the value matching condition and smooth pasting condition, the equation also needs to meet the following boundary conditions:


   G i   0  = 0 ,  



(28)






   G i     V i    *    =  V i    *  −  I i  ,  



(29)






   G i    ′     V i    *    =   ∂  G i     V i    *      ∂  V i    *   t    = 1 .  



(30)




where    V i    *    represents the critical value of monopoly investment of enterprise  i . The general solution of the investment value of enterprise  i  can be derived from Formula (27) as follows:


   G i   V  = A  V ω  .  



(31)







 ω  is the solution to the equation    1 2   σ V    2  ω   ω − 1   +   α −  δ V    ω − α = 0  , where one of the solutions is less than 0, so it was discarded.


  ω =  1 2  −   α −  δ V     σ V    2    +        1 2  −   α −  δ V     σ V    2       2  +   2 α    σ V    2      .  



(32)







Substituting from Equation (31) into the boundary conditions (29) and (30), we can obtain


   V i    *  =  ω  ω − 1    I i  .  



(33)







Simultaneously, Equations (29), (31) and (33) obtain the solution of parameter A:


  A =    V i    *  −  I i         V i    *     ω    =       ω − 1     ω − 1        ω   ω   I i     ω − 1     .  



(34)







When the expiration date of the option is   t ′  , the corresponding call option boundary condition is   G   t ′   = max   V   t ′   −  I i  , 0    . In the time period     t ′ , T    , the expected value of the patent call option can be obtained by Black–Scholes pricing method as follows:


   G i    t ′   = E   max   V  e  −  δ V     t ′  − t     −  I i  , 0    e  − α    t ′  − t       = V  e  −  δ V     t ′  − t     N    d 1    −  I i   e  − α    t ′  − t     N    d 2    ,  



(35)






   d 1  =   ln  V   I i    +   α −  δ V  +    σ V 2   2       t ′  − t      σ V       t ′  − t       ,  



(36)






   d 2  =   ln  V   I i    +   α −  δ V  −    σ V 2   2       t ′  − t      σ V       t ′  − t       =  d 1  −  σ V       t ′  − t     .  



(37)




where  t  is the current time, and then    t ′  − t   is the time from the due date.   N  ·    is the cumulative probability distribution function of normal distribution variables.



Technology has a life cycle. The R&D process of technology cannot be infinite. There is a certain maximum. Assuming that the R&D success time  t  is the Weber distribution, the maximum R&D allowable time is set as  K , and the minimum R&D necessary time is set as  k . Its probability density function is   f  t  = a  e  − a   t − k      ,   t > k  .  a  indicates the influence of other factors on the R&D success time, reflecting the arrival speed of the enterprise’s R&D success time, and is set as a constant. Then, the probability of enterprise technology R&D success is   p = P r o b   k < t < K   =   ∫  k K  a  e  − a   t − k     d t = 1 −  e  − a   K − k      .



Considering the uncertainty of R&D success, the expected total value of R&D investment and innovation of enterprises can be expressed as follows:


   φ i ′  = p  G i  −  I i  =   ∫  k K  f  t   G i  d t −  A i  +  x i  +  α i  ( z +  γ j   x j  ) −  1 2   β i   x i 2  .  



(38)








2.4. Investment Models under Different Investment Strategies


When making R&D investment decisions, both enterprises will not only consider independent investment strategies but also consider whether to cooperate with competitors to innovate. Influenced by many factors, such as initial R&D investment, absorptive capacity, spillover effect, and innovation efficiency, both enterprises will make R&D investment decisions based on the comparison between the project profit of R&D investment as a partner and the project profit of independent R&D investment.



Suppose that two enterprises occupy the whole market and become a duopoly. The market share of enterprise  i  is  θ ; enterprise  j  accounts for   1 − θ  . In the previous section, the expected investment profits when enterprises invest separately have been discussed. Next, the backward induction method is applied to derive the expected investment profit of enterprises when they follow the investment and lead the investment. This paper also analyzes the investment critical values of both enterprises under different investment models.



2.4.1. Waiting for Investment Strategy


When the investment income of both enterprises fails to meet the requirements of leading investment critical values, that is,   V  t  <  V  i l     *   t    or   V  t  <  V  j l     *   t   , the profit obtained from the investment is not enough to compensate the cost of the enterprise. Instead of investing, the enterprise should continue to wait to form the waiting investment equilibrium. At this time, the investment probability of both enterprises is 0.




2.4.2. Follow Investment Strategy


For rational followers, the optimal investment strategy is to make decisions on the premise that they recognize themselves as followers. When the enterprise satisfies   V  t  ∈   min    V  i f     *   t  ,  V  j f     *   t    , max    V  i f     *   t  ,  V  j f     *   t       , it will make investment at time    t  m f    ,    t  m f   = inf   t > 0   V  t  ≥  V  m f     *   t    ; m = i , j    , and    V  m f     *   t    is the critical value of the following investment of the enterprise.



When enterprise  i  invests as a follower, enterprise  i  determines the investment effort to maximize its own expected profits before    t  i f    . Due to the leading R&D investment, enterprise  i  can not only absorb knowledge outside the industry but also enhance its own effective R&D investment level through the technology spillovers of competitors. Assume its market share   θ <  1 2   ; after    t  i f    , the expected investment profit function is


   φ  i f   = θ V  |   t  i f    T  −  A i  +  x i  +  α i  ( z +  γ j   x j  ) −  1 2   β i   x i 2   



(39)







When   V  t  =  V  i f     *   t   , there is    φ  i f   =  φ i   . Then, the following investment critical value of enterprise  i  is


   V  i f     *   t  =   θ  P 0   D 0     ρ F    ( 1 −  e  −  ρ F  T   ) −   θ  C 0   D 0     ρ U      1 −  e  −  ρ U  T      



(40)








2.4.3. Leading Investment Strategy


When enterprises satisfy   V  t  ∈   max    V  i l     *   t  ,  V  j l     *   t    ,     min    V  i f     *   t  ,  V  j f     *   t       , the leading investment value of both enterprises is greater than the following investment value; that is,    φ l  >  φ f   . Both enterprises have leading investment motives and adopt preemptive investment strategies. As long as the competitors do not invest, they will invest immediately to form the preemptive investment balance. Because of the existence of the optimal investment time, the investment strategy of the enterprise is uncertain. Therefore, the investment strategy adopted by both enterprises constitutes a mixed strategy Nash equilibrium.



In the leading R&D investment stage, the enterprise determines the investment effort to maximize its own expected profits. As only knowledge outside the industry can be absorbed and utilized, the effective R&D investment level of the enterprise changes. After the time point    t  m f     when the follower is completed and put into production, the follower goes into production and obtains the same product demand as the leader. Then, before    t  m f    , the product demand of the leader is     1 − 2 θ   D  t    and   1 − 2 θ >  1 2   . To sum up, when enterprise  j  invests as a leader, its expected investment profit function is


   φ  j l   =     1 − 2 θ   V  | 0   t  i f     + θ V  |   t  i f    T    −  A j  +    x j  +  α j  z   −  1 2   β j   x j 2   



(41)







When both enterprises have the motivation of preemptive investment, becoming a leader not only depends on the investment cost, their own R&D capability, and innovation efficiency but also depends on the investment critical value    V  m l     *   t    required by the two enterprises when they are leading the investment. The critical value of investment    V  i l     *   t    for enterprise  i  to become a leader is determined by its expected investment profit    φ  i l   =  φ  i f      . The critical value of investment    V  j l     *   t    for enterprise  j  to become a leader is determined by its expected investment profit    φ  j l   =  φ  j f    . Namely:


   V  m l     *  = inf   0 < V  t  <  V  m f     *     φ  m l   =  φ  m f       , m = i , j  



(42)







Equation (42) has no analytic solution to the leading investment critical value of enterprise  j . If the leader does not have a follower, it can be assumed that the leading investment value of the enterprise is equal to the monopoly investment value of the enterprise, meeting the following conditions:


    1 − 2 θ   V  | 0   t  i f     =  w  w − 1    I j  .  



(43)







The leading investment critical value of enterprise  j  is


   V  j l     *   t  =   w  I j      w − 1     1 − 2 θ     .  



(44)








2.4.4. Cooperative R&D Investment Strategy


When the enterprise satisfies   V  t  ∈   max    V  i f     *   t  ,  V  j f     *   t    , ∞    , the investment value of both enterprises is greater than the leading investment value and the following investment value; that is,    φ c  >  φ l   ,    φ c  >  φ f   . At this time, no enterprise has a leading investment motivation. Both enterprises may adopt cooperative R&D investment strategies and share R&D results.



At this time, the information of cooperative R&D between both enterprises is disclosed. They can reduce costs not only through the direct effect of their process investment but also through the indirect effect of the use of external knowledge. Enterprise  i  will make investment efforts in the investment stage, and    X i    will maximize its joint expected profits. It can be assumed that both enterprises obtain the same proportion of the market at this time, and then the joint expected profit function of enterprise  i  and enterprise  j  is


   φ c  =    1 2   V i  +  1 2   V j    −  A i  −  A j  +  x i  +  α i  ( z +  γ j   x j  ) +  x j  +  α j  ( z +  γ i   x i  ) −  1 2   β i   x i 2  −  1 2   β j   x j 2  .  



(45)










3. Case Analysis


This section mainly takes the medical product monitor of Biolight as an example to further explain the above models and applies MATLAB to analyze the investment strategy and sensitivity of the above models.



3.1. Case of Biolight


Guangdong Biolight Medical Technology Co., Ltd. is a private listed enterprise engaged in the R&D, manufacturing, and sale of medical equipment and software. It is committed to the R&D and manufacturing of clinical medical equipment. Its business segments cover life information and support, nephrotic medicine, and general health medicine. One of its main products, the monitor, is mainly used to monitor the physiological parameters of patients for 24 h, detect the change trend, and point out emergencies. Throughout the development of the company in recent years, the growth in revenue scale has been flat, and the growth rate has declined significantly. However, the outbreak of the epidemic made the monitor market demand surge, and the company’s performance multiplied. On the whole, the market scale of monitors continues to expand, but Biolight mainly focuses on middle- and low-end products. The proportion of the company’s investment in R&D is not very outstanding. In recent years, the proportion of R&D investment is only about 5%, and the competitiveness is relatively weak. Because the explosive growth of the epidemic is not sustainable, the market will return to the new normal of strengthening epidemic prevention and medical construction in countries around the world. The overall competitiveness of the company is still weak. In addition, some of the technical patents of the company’s monitor will expire in a few years, so Biolight plans to develop and research new technologies and carry out systematic and modular design of medical monitors, which can more effectively meet the professional requirements of various departments of the hospital. At the same time, according to the proposed new national infrastructure, wireless, information, and 5G telemedicine also impact the development direction of the medical monitoring system. Only in this way can we achieve intelligence and meet the needs of hospitals and patients.



Take the data of sales, average unit cost, and average unit selling price of Biolight monitor from 2015 to 2021 as samples for estimation, as shown in Table 1.



Based on the above data, after estimation,    ρ P  = − 0.11  ,    ρ C  = − 0.13  ,    ρ D  = 0.44  ,    ρ R  = 0.01  ,    σ P  = 0.24  ,    σ C  = 0.20  ,    σ D  = 0.72  ,    σ R  = 0.29  . It is known that, due to the impact of COVID-19, the sales in 2019–2020 fluctuate greatly, resulting in a large variance in the sample sales and a large deviation in data. In order to ensure the accurate estimation of the expected investment value in the future, this group of values will be removed. It can be obtained that the growth rate and volatility of the new sample sales are    ρ D  = 0.17  ,    σ D  = 0.29  . When multiple uncertain factors are affected by the market environment at the same time, there is high correlation. This paper argues that there are high correlation coefficients between sales and cost, sales and selling price, selling price and cost, and cost and unit instantaneous profit. According to the above sample,    μ  C D   = − 0.66  ,    μ  P D   = − 0.55  ,    μ  P C   = 0.98  ,    μ  R D   = − 0.39  . The risk-free interest rate  α  is taken from the annual interest rate of the short-term loan of the People’s Bank of China at 4.35%.



According to the data of the annual report of Biolight, it is assumed that the initial R&D investment of the monitor is CNY 30 million, and the enterprise’s own R&D level, the absorptive learning capacity coefficient, and innovation efficiency are    x i  = 100  ,    α i  = 0.5  , and    β i  = 0.4  , respectively. The R&D level, technology spillover degree, and knowledge level outside the industry of competitors are    x j  = 60  ,    γ j  = 0.2  , and   z = 0.05  , respectively. The initial sale of the product is 700,000 units, the initial unit cost is CNY 300, the initial unit selling price is CNY 520, and the production cycle is 5 years.



Based on the estimation of the above sample parameters, the drift rate and volatility of the product’s instantaneous cash flow   π  t    are first calculated,    ρ π  = 0.147  ,    σ π  = 0.32  . Then, the drift rate and volatility of the expected investment income   V  t    can be obtained,    ρ V  =  ρ π  − μ = − 0.003  ,    σ V  =  σ π  = 0.32  . Then, the return shortage rate is calculated,    δ V  = α −  ρ V  = 0.047  . The expected income   V  t    of the Biolight monitor within 5 years is CNY 601.9439 million.



Import the above results into Equations (32)–(37) to obtain parameters  ω ,  A , the monopoly investment critical value    V i    *   , and the investment option value of the patent right    G i   V   .   ω = 1.5955  ,    V i    *  = 8004.68  ,   A = 0.0028  ,    G i   V  = 222270  .



As can be seen from the above evaluation results, the expected return of the Biolight monitor is CNY 601.9439 million, and the investment circle value obtained by the option pricing model is CNY 80.0468 million. This result indicates that it is feasible to invest in the project immediately due to the high demand under the current pandemic. However, the project value is highly uncertain. At a certain point in the future, the market will reach saturation, and the project value may decrease, making the investment infeasible. When the future investment income is lower than the optimal investment critical value, it is not advisable to invest in the industry. Considering the possibility of reducing the project value falling to the critical value during the postponement period, the real option model provides the investment opportunity value of the venture project to be CNY 2222.7 million. This result reveals that the project has a larger investment value in a short time after giving the investor the management flexibility to choose investment time.




3.2. Investment Strategy Analysis


Suppose that, in the medical device industry, in addition to Biolight (recorded as enterprise  i ), there is another risk-neutral enterprise Mindray (recorded as enterprise  j ) that also mainly sells health monitoring devices, such as monitors. There is a certain gap between the strength of both enterprises. Suppose that both enterprises invest in a new type of monitor,   θ = 1 / 4  . In order to reduce the impact of data errors on investment decision making, most of the data are collected from the annual reports of both enterprises, and some of the data are industry averages.



Take the data of sales, average unit cost, and average unit selling price of Mindray monitor from 2015 to 2018 as samples for estimation, as shown in Table 2.



The relevant data of enterprise  i  are analyzed by the example in the previous section. After calculation, the specific parameters of enterprise  j  are as follows:    ρ P ′  = 0.24  ,    ρ C ′  = 0.21  ,    ρ D ′  = 0.18  ,    σ P ′  = 0.17  ,    σ C ′  = 0.16  ,    σ D ′  = 0.18  ,    μ  C D   = 0.39  ,    μ  P D   = − 0.60  ,    I j  = 80   million,    P 0 ′  = 520  ,    C 0 ′  = 420  ,    D 0 ′  = 700000  . By calculation,    ρ V ′  = − 0.009  ,    σ V ′  = 0.147  ,    δ V ′  = 0.052  . According to Equations (40) and (44), the critical value of the following investment of enterprise  i  is CNY 150.486 million, and the critical value of the leading investment is CNY 133.413 million. The critical value of following investment of enterprise  j  is CNY 274.7754 million, and the critical value of leading investment is CNY 121.5153 million.



When   V ∈   0 ,   12151.53    , both enterprises adopt the waiting investment strategy and do not invest, forming the waiting investment equilibrium. When   V ∈   12151.53 ,   13341.13    , enterprise  j  has the first mover advantage and can take the sequential investment strategy to become the leader. Enterprise  i  continues to wait, forming the sequential investment equilibrium. When   V ∈   13341.13 ,   15048.60    , the leading investment value of both enterprises is greater than the following investment. They all adopt the preemptive investment strategy. As long as the competitive enterprises do not invest, they will immediately invest, forming the preemptive investment equilibrium. When   V ∈   15048.60 ,   27477.54    , enterprise  i  with the first mover advantage starts to invest, and enterprise  j  continues to wait, forming the sequential investment equilibrium. When   V ∈   27477.54 , ∞    , both enterprises make immediate investment. Considering that, the higher the value is, the greater the risk is, the cooperative investment equilibrium may be formed.



According to the data of two enterprises, enterprise  i  has a higher following investment value than enterprise  j . At present, there are many mature monitor products in the market, and the enterprise basically enters the monitor investment market as a follower. However, due to large initial R&D investment and limited product demand, enterprises tend to be more wait-and-see. Therefore, if the enterprise wants to invest in a monitor project under the limited market environment and uncertain R&D success probability, it must enhance the core strength of the enterprise, reduce production costs, and improve the R&D success probability to reduce the critical investment value of the enterprise.





4. Sensitivity Analysis


From the enterprise’s investment value model, it can be seen that product sales, cost, price, initial R&D investment, absorptive capacity, technology spillover, innovation efficiency, and R&D success time and probability all have an impact on R&D innovation investment decision making of the supplier. In this section, the control variable method will be used to simulate and analyze the impact of these factors on the investment value through MATLAB. During the simulation, the main parameters in the model are based on the estimated values in the case analysis, and other parameters are assumed to be   k = 0.5  ,   K = 2  .



First, the changes in each factor within the range of [−10%, 10%] are analyzed, and one may observe the degree of influence of different values of the main parameters on the expected option profit of the project investment. The specific results are shown in Figure 2.



As shown in Figure 2:



(1) The values of cost drift rate, price volatility, sales volatility, initial R&D investment, and innovation efficiency in the figure are negatively correlated with the profit of option investment, while other parameters are positively correlated with the profit of project investment. It can be seen from this that larger project volatility will result in higher investment value with other conditions unchanged.



(2) This model considers multiple uncertain factors, and there are many parameters that need to be valued. Excessive parameter valuation may affect the accuracy of the evaluation of the project model results. Therefore, this paper analyzes the sensitivity of multiple uncertain factors to the project option profit. It can be seen from Figure 2 that the R&D success probability, cost drift, price drift rate, and sales drift rate have a relatively significant impact on the option profit results, while changes in other parameters have a weak impact on the evaluation results. This also guarantees the stability of the model to a large extent.



(3) The probability of R&D success is the most significant factor affecting the option profit. This factor implies the enterprise’s own R&D level, learning absorption capacity, and innovation efficiency. It is the estimated value of the project R&D success rate by experienced investors. Therefore, this factor can be seen as the reaction of investors to the subjective preference of the project. A high probability of R&D success indicates that investors are optimistic about the project, while a low probability of R&D success indicates that investors are cautious. Only when the expected return of the project is at a high level can they invest in the project.



4.1. Impact of Changes in Selling Price and Cost on Expected Income


It can be seen from the cobweb diagram that the price and cost of products have a significant impact on the value of project investment options. The example analysis in the previous section shows that price and cost are highly correlated. The joint effect of both factors on investment income was analyzed and the trend of investment income was discussed.



It can be seen from Figure 3 that the expected income increases with the increase in the selling price and decreases with the increase in the production cost. On the contrary, the higher the price and the lower the cost, the more they play a positive role in promoting project research and development.




4.2. Impact of Changes in R&D Success Probability and One-Time R&D Investment on Project Option Value


It can be seen from the cobweb diagram that the probability of R&D success of a product has the greatest impact on the value of project investment options and is an important driving factor for investment, while the probability of R&D success depends on the enterprise’s own R&D level, learning and absorption capacity, innovation efficiency, talent reserve, and other factors, and is also affected to some extent by one-time R&D investment.



It can be seen from Figure 4 that the project option value is proportional to the probability of R&D success and inversely proportional to the one-time R&D investment. The lowest value is obtained at high R&D investment and low R&D success probability, and the highest value is obtained at low R&D investment and high R&D success probability. However, the option value is also high at high R&D investment and high R&D success probability. Therefore, the probability of R&D success is an important factor affecting the value of options.



It can be seen from the above analysis that, to make product R&D have high investment value, projects with high cash income and R&D success probability and low production costs and investment costs should be selected.





5. Conclusions


Based on the real option evaluation model, this paper establishes an investment evaluation game model based on multiple random variables for the investment model and value influencing factors of medical device suppliers’ R&D of new products. The influence of uncertainty of price, cost, one-time R&D investment, and R&D success probability on investment value is analyzed emphatically. In this paper, the analytical solution of the model is provided, and the price, cost, sales, and their respective drift rate and volatility are analyzed with an example of an enterprise’s monitor product development project.



The work of this paper has the following significance: (1) the key factors that affect the value of medical device suppliers’ R&D investment projects are analyzed, and the impact of the drift rate and volatility of price, cost, and sales on the option value of R&D projects is clarified. It is of great significance to improve the market competitiveness of medical device suppliers and enhance the resilience of medical device suppliers in the face of public health emergencies. (2) This paper breaks through the limitation of the single variable of traditional real option models, derives the option model pricing method under multiple uncertain factors, and has certain universality. (3) The expected investment value expression and investment critical value expression of enterprises in following investment, leading investment, and cooperative R&D investment are derived by using the backward induction method. It helps enterprises to grasp the changing trend of market dynamics and make timely investment choices. On this basis, the investment strategies and their applicable conditions that enterprises should adopt are provided, such as the waiting for investment, sequential investment, preemptive investment, and cooperative investment. (4) Through the analysis of the simulation results of the model, the fluctuation of different influencing factors has varying degrees of impact on the value of project options, enabling investors to determine the investment opportunity in time and determine the investment opportunity based on the market dynamic changes, investment critical value, and expected investment value. This provides a decision making basis for medical device suppliers to increase their market share.



In practical application, if an enterprise wants to gain greater benefits, it should consider that the investment in R&D in advance may lose the option value of future uncertainty, especially the option value of demand uncertainty, but also consider that the delay may lose the “first advantage” or even the exclusivity of the R&D results invested by competitors and lose the whole market. On the basis of the evaluation model of real options established in this paper, the critical value of investment under different investment strategies can be provided to grasp the investment opportunity in time in line with the changes in market dynamics. In addition, sensitivity analysis shows that, although there are many factors affecting project option value, the most significant one is R&D success probability. Enterprises can focus on increasing the investment in the R&D success probability to improve the value of project options. This includes enhancing their own R&D level, learning and absorption capacity, and innovation efficiency. Specific measures can be taken to improve the educational and experience requirements of research and development personnel, regular training and learning, and the introduction of advanced hardware equipment.



The research object of this paper is two asymmetrical medical device suppliers, and the strength of both is quite different. When the strength of the leader and the follower is equal, the roles of both may change due to some subtle factors, thus affecting the R&D strategy and changing the timing of R&D investment. At this time, dynamic game theory should be applied to study this kind of change, which is also a problem to address in terms of further research in the future.
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Figure 1. The development course of R&D investment under the competitive environment of option game model. 
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Figure 2. Cobweb analysis diagram. 
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Figure 3. Cash income under different sales and production costs. 
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Figure 4. Project option value under different R&D investment and R&D success probabilities. 
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Table 1. 2015–2021 sales, cost, and price of Biolight monitor.
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	Date
	Sales
	Average Unit Cost (RMB)
	Average Unit Selling Price (RMB)
	Unit Profit (RMB)
	Gross Profit Margin





	2015
	137,248
	718.24
	1293.27
	575.03
	44.46%



	2016
	228,567
	495.41
	958.42
	463.02
	48.31%



	2017
	244,709
	443.65
	828.34
	384.69
	46.44%



	2018
	250,249
	503.62
	937.17
	433.55
	46.26%



	2019
	289,419
	403.88
	787.78
	383.91
	48.73%



	2020
	817,093
	439.25
	948.24
	508.99
	53.68%



	2021
	769,245
	280.10
	520.22
	240.11
	46.16%
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Table 2. 2015–2018 sales, cost, and price of Mindray monitor.






Table 2. 2015–2018 sales, cost, and price of Mindray monitor.





	Date
	Sales
	Average Unit Cost (RMB)
	Average Unit Selling Price (RMB)
	Unit Profit (RMB)
	Gross Profit Margin





	2015
	109,195
	3753.17
	11,994.13
	8241
	68.71%



	2016
	124,644
	3431.92
	11,750.55
	8319
	70.79%



	2017
	136,386
	3251.07
	11,878.97
	8628
	72.63%



	2018
	171,869
	3933.32
	11,776.41
	7843
	66.60%
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