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Abstract: This paper aims to seek the innovative development strategy for a leading firm in a competitive market when considering product unreliability and risk behavior. A higher innovation level may bring about better product performance. Nevertheless, it may cause some unreliability events which might incur serious negative outcomes (e.g., products recall). Facing uncertain outcomes, the innovative firm may care more about the risk of innovation when making decisions, especially in a competitive market. We build a Stackelberg game model for a competitive market consisting of a leading firm and a competitor. The Conditional Value-at-Risk (CVaR) is used to measure the firm’s risk attitude. The optimal innovation strategy of the leading firm and the response strategy of the competitor is obtained. We find that the optimal innovation strategy takes three different forms depending on the risk attitude and the development cost of innovation. i.e., no innovation, complete innovation and partial innovation. In addition, different from most existing literature on risk-averse players’ pricing decisions, we find that a risk-averse innovative firm may set a higher price to focus on only tech-savvy consumers. Moreover, the effects of innovation are also investigated. We find that the two competing firms can achieve a win-win result by adopting an appropriate innovation strategy. 
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1. Introduction
[bookmark: _Hlk91091251][bookmark: _Hlk93508550][bookmark: OLE_LINK7][bookmark: _Hlk93508564]Innovation is seen as one of the key strategies to attract demand in most industries. Nowadays, many firms upgrade their products by applying some new innovative technologies. For example, Samsung released its curved-screen smartphone, Samsung Galaxy S6 Edge. Tesla introduced some innovative technologies, e.g., new pack thermal architecture, new autopilot mode, on its newly launched smart electric cars. Obviously, product innovation can introduce new functions and improve overall product performance (Gao et al., 2021). In this way, innovation can help companies expand their market and attract more demands. In addition to the price competition, innovation competition has become a new tool for companies - to innovate, or be killed in the market (Moreira et al., 2020).
[bookmark: _Hlk91090251][bookmark: _Hlk91090281][bookmark: OLE_LINK8][bookmark: _Hlk93592335][bookmark: _Hlk91091796][bookmark: _Hlk93592383]However, a majority of firms in the market still tend to upgrade their products by using mature technologies to achieve regular improvements rather than revolutionary development with innovative technologies, especially the followers in the market (Alexis, 2020). For example, firms in the electronic market more like just to introduce a new phone with a bigger screen, or release a laptop with more memory regularly. The resulting attraction and competitiveness of regular upgrades are obviously lower than the radical innovation (if the product is reliable enough). The conservative behavior of these conventional firms is mainly because that product innovation requires companies not only to commit high R&D investment, but also to face the risk of product unreliability after launching the products. Since innovative technologies are often not fully mature, an innovative product is more likely to cause unreliability events, which may result in highly risks (Gao et al., 2021). Product unreliability often causes huge losses to the companies. On the one hand, companies may face mandatory requirements to recall or repair all unreliable products due to regulatory pressures from institutions such as the government (Bala et al., 2012; Gao et al., 2021). On the other hand, the occurrence of negative events means that the corporate image will fall sharply. One of the world’s largest manufacturers of electronic products, Apple Inc., unveiled its fourth-generation MacBook Pro in October 2016. The new product also introduced a “second-generation” butterfly-mechanism keyboard. Due to the structural characteristics of this type of keyboard, the keys are relatively stable, which can effectively improve the accuracy of typing. In addition, the new keyboard structure helped Apple make its products thinner and lighter. According to MacRumors[footnoteRef:1], Apple had received the most online orders for the new MacBook Pro compared to its previous generations. However, a report by AppleInsider[footnoteRef:2] showed that the failure rate of the new butterfly-mechanism keyboard was twice of the Apple’s older models. In 2018, Apple filed two class actions for keyboard problems. Later, Apple announced a “free repair of eligible MacBook and MacBook Pro keyboards” service program. In 2019, Apple promised that any MacBook keyboard with butterfly-mechanism keyboard will be repaired or replaced free of charge within four years from the date of sale. This has led to expensive repair cost. The implication is that the innovation strategy implies risk and may incur cost. This is probably one of the main reasons that most companies in the electronics industry prefer to launch new products with evolutionary improvements such as a bigger screen for mobile phones, and more memory and storage for laptops. There is another example about the risks of product innovation in the automobile industry. Tesla introduced Tesla Model 3 in mid-2017, which included some innovative technologies, e.g., new pack thermal architecture, new autopilot mode. However, there is much negative news about Tesla’s Tesla Model 3 due to the risks associated with its autopilot feature. In June 2021, Tesla recalled more than 285,000 electric cars to resolve the problems related to its autopilot mode after an investigation conducted by China’s market regulator. What’s more, in 2021, the State Administration for Market Regulation officially proposed a new guideline about vehicle defect investigation work mechanism for new energy and smart connected vehicles, which are increasingly prominent in recalls, aiming to establish an intelligent vehicle safety self-assessment and accident reporting system, and regulatory sandbox. Actually. There are also many other examples about the recall events of innovative products. On September 2, 2016, Samsung recalled 2.5 million Galaxy Note 7 phones due to the batteries catching fire accidents during charging, just after 2 weeks of release[footnoteRef:3]. Boeing 787 Dreamliner, which is seen as one of the most innovative aircraft[footnoteRef:4] has been recalled and revised because of its several in-service problems like engine failures associated with the lithium-ion batteries (Gao et al., 2021), which is blamed on the pursuit of inappropriate innovation (Morrison, 2013). It should be noticed that the measure of product reliability will be largely affected by the epistemic uncertainty or other factors (Kang et al., 2016). As these examples show, due to the lack of practical applications and the requirement of faster time-to-market (Fetaji et al., 2019), it is often impossible to make accurate predictions about the actual reliability levels of new products with immature technologies before they are launched to the market (Gao et al., 2021). Researches show that newly-designed products may have significantly higher failure rates than the expectations after they are launched (Ge et al., 2018; Lu et al., 2007). Even though the firm could overcome the development risk and design a seemly “successful” product that has passed the necessary tests and allowed to launch to the market (it means the reliability of the products is considered being acceptable), the product might still cause unpredictable problems in use. This further increases the complexity and uncertainty of the innovation strategy. Thus, it is reasonable that firms may consider the uncertainty and risks of the innovation during their decision-making process (Cucculelli et al., 2013).  [1:  Available at https://www.macrumors.com/2016/11/02/phil-schiller-new-macbook-pro-interview/]  [2:  Available at https://appleinsider.com/articles/18/04/30/2016-macbook-pro-butterfly-keyboards-failing-twice-as-frequently-as-older-models]  [3:  Available at https://www.businessinsider.com/how-samsung-overcame-its-galaxy-note-7-fiasco-2017-10]  [4:  Available at https://www.cnn.com/travel/article/dreamliner-features/index.html] 

The above examples and arguments illustrate the underlying trade-off between the attraction and the reliability of innovative products for companies to adopt appropriate innovation strategies. In most situations that require the firms to launch products timely, it is difficult for the firms to maintain high reliability and high attraction of the products simultaneously. Introducing a product with high innovation technologies and functions can improve the performance of the product and attract more customer demands, which may help the firms expand the market and generate more revenue. On the other hand, the firms also have to face the risk of product unreliability after launching the products, which may incur heavy defective costs. In contrast, introducing a regular product with mature technologies and functions is more reliable. Nevertheless, the regular product may be less attractive to customers; as a result, the firm may lose customers to its competitors. As such, we want to examine the appropriate innovation strategy when a company plans to develop products.
[bookmark: _Hlk92297902]In competitive markets, the impact of the innovation strategy of one company can further trigger more spillover effects. An innovative company’s accident of product unreliability is likely to have an impact on other conventional companies in the same market. Therefore, the impact of innovation strategy and the uncertainty on the company’s competitors are worthy of investigation. However, most of the existing studies involving R&D and product recalls only consider a single firm and neglect the competitors. In addition, to the best of our knowledge, the research about the effect of firms’ risk attitude predominantly focuses on the uncertainties such as supply uncertainty, demand uncertainty and cost uncertainty; none of them consider the uncertainty generated from innovation and recall loss. In this paper, we attempt to fill the research gap by considering the innovation strategy of a leading firm (firm M) and the response strategy of its competitor (firm C), which can be seen as the representative of the conventional firms facing innovation encroachment in the market. To analyze the interactions between factors such as competition, risks, innovation uncertainty and their effects on strategic decisions, a Stackelberg game model is established with the Conditional Value-at-Risk (CVaR) measuring the firms’ attitude to the risk. We attempt to address the following research questions: (1) When there are reliability uncertainties and risks associated with the innovative products, considering the possible recall or repair loss, how do the company determine the innovation strategies and pricing strategies to compete with other conventional companies? In what condition should the firm launch an innovative product? (2) How does the firm’s attitude to the risk affect the optimal strategies and profits in the market? (3) What are the effects of the innovation strategies on the firm’s and its competitor’s profits and decisions? How should a conventional firm respond to the leading firm’s innovation strategy and possible uncertain events?
[bookmark: OLE_LINK9][bookmark: OLE_LINK5][bookmark: OLE_LINK6]To the best of our knowledge, we are the first to examine a firm’s innovation strategy considering product unreliability and innovation risk in a competitive market from the game theory perspective. We obtain the optimal innovation strategy of the leading firm and find that the risk attitude is the main factor affecting whether the company would innovate when facing the unreliability of the innovative products. The innovation costs can only affect the level of innovation (e.g., complete innovation or partial innovation). Based on different market positions and market environments, the company has to consider different innovation strategies. The response strategy of the competitor is also introduced. We investigate the impact of risk attitude and market attributes on two companies’ optimal decisions and their profits. Different from most existing literature, we find that the prices of two firms may increase when the leading firm pays more attention to the risk. Finally, we find that the firm’s innovation may bring a spillover effect to its competitor based on three effects, i.e., the risk effect, the snatching effect and the expansion effect. The risk effect is generated from the uncertain product defective events, which is related to the recall loss and the risk attitude of firms. The expansion effect and the snatching effect are generated from the attraction of the innovative product to the consumers outside the potential market and the consumers inside the traditional market from the competitor. The three effects will be defined in detail in section 4.3. The spillover effect may be positive or negative. When the risk effect and the expansion effect are dominating, there exists a Pareto zone in which both firms can get benefits from the innovation activity of the leading company.
The rest of this paper is organized as follows: in section 2, we review the existing relevant studies. In section 3, the assumption and the problem are described. The models with product innovation and without innovation are built, and the equilibrium solutions are obtained. In section 4, we analyze the equilibrium results and elaborate the optimal innovation strategy. The effects of the risk attitude and the innovation strategy are examined. In section 5, we further made some extensions to examine some more general cases. Finally, conclusions and limitations are explained in section 6.

2. Literature Review
Our research is related to three research streams. The first research stream is about innovation strategies in competitive markets. The second research stream is about uncertainties, reliability and recall events of innovative products. The third research stream concerns the decision-making with risk attitude generated from uncertainty in supply chain management.

2.1. Innovation Strategies in Competitive Markets
The literature about innovation R&D strategies for new products is abundant, like Hua et al. (2011); Gmelin et al. (2014); Dai et al. (2017) and Wu et al. (2016). It should be noted that all of the above studies believe that through the innovation upgrade, the performance and quality of products can be significantly improved, which has a positive impact on the customer’s valuation and demands. Thus, in a competitive market, besides price competition, innovation is another important tool for firms to occupy the market. The following studies emphasized innovation R&D as a major tool to win in the competitive market by game theory. Minniti (2010) analyzed the relationship between product competition and R&D. They found that when market competition is more intense, companies tend to improve product quality development, while the level of innovation has been neglected. Williams et al. (2011) compared the impact of different retail channel structures (single-channel and dual-channel) on manufacturers’ optimal new product development strategies and profits. Their numerical analysis showed that in the case of single-channel, manufacturers prefer low-quality and high-price strategies. When competitive retailers enter the market, manufacturers will improve product quality and get higher profits than the single retailer system. But when there are more retailers, manufacturers will ignore the impact of retailers on their product development. Matsumura et al. (2013) considered the impact of the R&D investment on the profits in a duopoly market. In addition, they conducted in-depth analysis from the perspective of profits and social welfare. They found that when the competition intensity in the duopoly market was high or low enough, the R&D activities were more important. Li et al. (2013) used Hoteling model to analyze the stochastic R&D competition between two companies. They introduced technical risks to their model and investigated the company’s R&D investment and location decisions. Song et al. (2021) constructed a two-stage dynamic R&D competition game model. In the first stage, the firm does not know the difficulty of development and the firm has to choose when to stop its development. They found that competition is not always good for social welfare. In addition to game theory, there are also some researches that use other methodologies such as data-driven or other mathematical methodologies, to evaluate the innovation strategies and their competitiveness. For example, Morgan et al. (2001) examined the quality and time-to-market strategy for the firms by a discrete optimization model. They found that the multiple generation approach is an effective method to compete with other firms. Souza et al. (2004) considered the effect of clockspeed, product development and competition on the decisions about time-to-market and quality for a new product using Markov Decision Process. Correa et al. (2012) studied the relationship between competition and innovation by data analysis. They found that there is a positive relationship between competitiveness and innovation during 1973-1982, whereas the relationship is not obvious during 1983-1994. Bessonova et al. (2019) analyzed company’s motivation to innovate in response to the competition through empirical method. They found a modest level of competition could induce the firms to introduce more innovative products. However, nearly all of the above studies neglect the unreliability and the uncertainties of the innovative products after launching, which is a major factor affecting companies’ innovation strategy.

2.2. Uncertainties, Reliability and Recall Events of Innovative Products
Product development could also bring uncertainties sometimes, especially for innovative products, such as R&D success uncertainty (Bhaskaran et al., 2009), development time uncertainty (Song et al., 2021), demand uncertainty (Xie et al., 2021) and investment uncertainty (Bilgiç et al., 2012). 
[bookmark: _Hlk91239850]In fact, product innovation development can also influence the reliability of the product (Gao et al., 2021), which is another uncertainty generated from the innovation. In addition, there may be higher event handling costs (e.g., recall loss) with lower reliability products by the regulation of the government (Gao et al., 2021; Iyer et al., 2017). However, there are few studies considering these factors. Öner et al. (2015) introduced a component upgrade model to investigate product reliability issues. They designed two component upgrade strategies: one is preventively upgrading of all components, and the other is to upgrade when components fail. They found that the advantages and disadvantages of these two strategies depend on the entire lifecycle of the product. Shah et al. (2016) analyzed the impact of product recalls on firms’ profits. They found that although most studies believe that product recalls can have a devastating impact on companies, it depends on other factors such as product type, plant characteristics, capacity effectiveness and so on. Bala et al. (2016) considered the impact of product recall events on the competitor’s decisions in the pharmaceutical industry. It is shown that the firms in the market should set the defensive effort to prevent the negative impact of its competitor’s product recall. Kirshner et al. (2017) studied the optimal product upgrades strategy for an innovative firm considering the brand commitment and the risk of product failure. They found the firm could reduce the risk by decreasing the price of products. Most of the above studies are empirical or based on optimization methods. 
[bookmark: _Hlk92297993]As far as we know, there are only two published studies that have analyzed the impact of product reliability and handling costs on the firm’s product development and other decisions using game theory, which will be adopted in our model. Iyer et al. (2017) stated that the product reliability is difficult to estimate even the R&D process is completed. Neither the customers have all the reliability information, nor can the manufacturer fully understand the safety level of the product. If there is a safety-related event concerning the product, both the buyer and the seller will suffer losses (recall costs). They built a game model to explore whether the company should request the testing certification and whether the information should be published. Gao et al. (2021) believed that the development of innovative products can improve the performance (quality) of products, but also increase the risk of safety and reliability (development failure). Specifically, a highly innovative product can satisfy more customers, but the safety risk of the product increases. They obtained the enterprise’s optimal R&D decisions and the government’s regulatory strategies in such case. Nevertheless, the above two papers both considered a monopolist firm producing a single product in the market. They didn’t consider those important issues (e.g., uncertainty of innovation and recall loss) in a competitive market. Moreover, the risk attitude generated from the reliability uncertainty is ignored. Further, the product reliability is assumed to follow a two-point distribution. In our model, the product reliability is modeled as a continuous random variable, which is more general.

2.3. The Effect of Risk attitude in Supply Chain Management
Due to the uncertainty of the outcomes, innovative R&D may lead to serious events handling risks and incur high losses. Therefore, decision-makers tend to take a risk-averse attitude. Different from rational decision-makers, risk-averse firms not only care about the expected performance, but also concern about the deviation of the performance from the expected one. The risk-averse behavior has been analyzed in many supply chain decisions making situations, especially the risk behavior generated from the demand uncertainty (Ma et al., 2012; Li et al., 2014; Wang et al., 2019; Xie et al., 2021). 
[bookmark: _Hlk92916922]However, the risk attitude may also be derived from other sources of uncertainty. Demirag et al. (2013) proposed a mean-variance model to analyze the price and promotion decisions of a risk-averse retailer under weather uncertainty. Liu and He (2013) analyzed the optimal order decision of a risk-averse decision-maker under the consumer returns uncertainty. They used the mean-variance model to examine the effect of risk attitude on the decisions of retailers. Xue et al. (2016) built a mean-variance model to consider the diversification strategy of a risk-averse manufacturer collaborating with unreliable suppliers. In this paper, we consider the firms’ risk-averse attitude generated from the recall risk of the innovative product. Some researchers have studied the effect of risk attitude on firms’ innovation willingness. For example, Baker et al. (2016) examined the effect of risk attitude on the benefits obtained by firms through innovation according to the data about U.S. business managers. Cucculelli et al. (2013) and Zhang (2021) analyzed the relationship between the managers’ risk attitude, product innovation and firm performance. However, it should be pointed out that the above researches analyzed the effect of risk attitude through experimental methods. We adopt analytical methods and our findings could support their results theoretically. As far as we know, there has been no researches that have deeply analyzed the effect of firms’ risk attitude caused by the uncertainty of product reliability theoretically. 


Several common methods have been used to measure the risk attitude in the finance field, such as mean-variance (MV), Value at Risk (VaR) and Conditional Value at Risk (CVaR), etc (Li and Song, 2021). These methods have now been extended to many other fields like sustainable management, supply chain management, marketing management. Mean-Variance method estimates the risk according to the variance of the uncertain factor. Thus, it is often used under the normal distribution. In addition, there is a major limitation for the Mean-Variance method, i.e., it is a symmetric method and treats good outcomes and undesirable outcomes equally when considering the risk (Li and Song, 2021). Therefore, MV is not suitable for the decision-makers who are more concerned with bad outcomes generated by the risk. Later, VaR and CVaR are introduced and they are more appropriate to characterize such decision-makers (Zheng et al., 2017). Through the VaR model, we can define a confidence level  as the decision maker’s risk attitude, and VaR is a new threshold ensuring that the profit is below the value with probability  (Artzner et al., 1997). Nevertheless, the VaR method is not always a concave function and may result in multiple extreme values. Thus, it is difficult to work with numerically (Rockafellar and Uryasev 2002). The CVaR method is a more recent measurement evolved from VaR, which reflects the average of all potential profits below VaR. It can overcome most of the above shortcomings. Further, it could also measure the tail end of the distribution of profit well, which is more related to our research question, because risk-averse firms are more concerned with the potential loss rather than the possible excess profit. Among all the above methods, mean-variance and CVaR are the most commonly used tools in the management field and fruitful results have been achieved (Choi et al., 2008, Wei et al., 2010, Shen et al., 2013, Cui et al., 2016, Li et al., 2018, Zheng et al., 2017). Compared to mean-variance, CVaR (extended from VaR) has the advantage of measuring the tail of the distribution of the harmful outcome more appropriately (Ma et al., 2012, Rockafellar and Uryasev, 2002). Thus, this paper adopts the CVaR to measure the risk attitude.
It can be concluded that the existing literature has rarely considered the risk attitude of the decision-makers generated from the reliability uncertainty of the innovative product, especially in a competitive market. To fill the research gap, we will investigate the impact of risk attitude and product unreliability on the firms’ innovation strategy and pricing decisions in a competitive market. The product unreliability is represented by a random variable reflecting the uncertainty of the innovative product after launching. In addition, we will analyze the relationship between the risk attitude, the competition and the innovation as well as their cross impacts on the profits and other economic outcomes.

3. The Model
Consider a competitive market consisting of two firms, called firm M (he) and firm C (she). The two firms compete with each other by selling substitute products. We assume firm M is the leading firm that may choose to conduct a revolutionary improvement for his product with innovative technologies. Firm C is his competitor preferring evolutionary improvements, representing the conventional firms with weaker innovation ability in the market. The case that the innovative firm leads the market is not rare in practice. For example, one of the world’s largest and leading manufacturers of electronic products, Apple Inc., unveiled its fourth-generation MacBook Pro with a “second-generation” innovative butterfly-mechanism keyboard. However, most companies in the electronics industry especially the followers prefer to launch new products with evolutionary improvements. In most situations, firms usually design and develop their products first, after the development phase, they will further set the price (Kraft et al., 2017; Zheng et al., 2020). That is, the decision on innovation strategy often proceeds the pricing decisions, which forms a sequential decision-making scenario (Stackelberg game). In our model, the evolutionary firm does not involve innovation strategy decision, and can be regarded as a follower. Nevertheless, the two firms make the pricing decision simultaneously after the innovation development. The full sequence of decisions is divided into three phases: development phase, sales phase, and after-sales phase, as shown in Figure 1.


Figure 1. The sequence of events




[bookmark: _Hlk91085333][bookmark: MTBlankEqn]At the beginning of the game, firm M decides whether to conduct the innovative improvement process. If he decides to develop innovative products, then he should decide the innovative effort, denoted by .  can be seen as the proportion of innovative technologies in the entire product. For example, when , firm M does not apply any innovative feature or effort to the product; when , the firm introduces a totally innovative product. As the follower, we assume firm C is a conventional firm preferring to routinely launch her new products, i.e., a product with mature technologies and features.
[bookmark: _Hlk91085376]After the development phase, the two firms introduce their products to the market and set their prices simultaneously. Then customers make their purchase decisions by observing the innovative degree and the prices of two products. In the after-sales phase, there may be some problems (e.g., design defects) revealed by the customers when using the products. This phenomenon is defined as product unreliability. A more innovative product may have higher product unreliability (Gao et al., 2021). This reflects the reality that a product with more innovative technologies which are less mature could generate more unexpected problems. When the defective event occurs, firm M has to recall/repair or compensate for all his products. For convenience, this paper assumes that the product with fully mature technologies is absolutely reliable.
To investigate the innovation strategy and pricing decisions of the two firms, the following assumptions are formulated.









[bookmark: _Hlk93506901]Assumption 1 (Customer Demand): In the supply chain literature, models with linear price-dependent demand have been widely used, e.g., Xiao et al. (2008), Karaer et al. (2017), Zheng et al. (2017). This paper adopts a similar type of linear demand model. We assume that the total demand in the original market is normalized to 1, and the demand for one firm is price-dependent, i.e., it depends on its price and its competitor’s price; the price sensitivity of the firm is normalized to 1 and the cross-price sensitivity is captured by ,  (Zheng et al., 2020). In order to analyze the effect of innovative products. We assume that the product with higher innovative technologies could exhibit greater performance and more features that original product. As a result, innovative product could attract more demands (Jerath et al., 2017; Dai et al., 2017 and Wu et al., 2016). We assume there are two sources of the attracted demands. The first source related to the competitiveness of innovative products within the original market, which helps the firm with innovative products gain competitive advantage against its competitor. We use ,  to represent this part. Similar settings can be found in Niu et al. (2021); Niu et al. (2022); Liu et al. (2014) and Bala et al. (2017). The second source is related to the attraction of innovative products to consumers outside the potential market, i.e., the newly added innovative features can attract some new customers who are not interested in the original product. This could help the firm with innovative products expand its original market. We use  to represent the fraction of the original market share occupied by firm i (), so the new market share (market power) of the innovative product is , where the parameter  could represent the attraction of innovative product to the original market, . Similar settings are widely used in the field of supply chain management, e.g., Guo et al. (2020), Zhu et al. (2017) and Zheng et al. (2021).
We use superscript I and N to represent the innovation case and no innovation case. Thus, if firm M decides to launch an innovative product, the demands of two firms are shown as:
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If the firm M doesn’t adopt the innovative technologies, then the demands are:
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To simplify the narrative, we set  and , then .




Assumption 2 (Product Cost): We assume that the development cost of an innovative product is a convex, increasing function of . In particular, we set it as a quadratic function. We use  as the scalar for the cost function, thus the development cost for an innovative product with innovative effort  is . The similar form of development cost can be seen in Shin et al. (2016) and Iyer et al. (2016). Since the development cost of a normal product is relatively small, for convenience, we will normalize it to be zero. In addition, we assume that the unit production cost of both products is zero. In section 5.1, we will further consider the cases where the two firms have different production costs.

Assumption 3 (Firm Profit): The firm can obtain a revenue of pi per product from customers, and have to spend the expected total development costs described above. In addition, the innovative product may incur uncertain events during its usage in the after-sale phase; we assume that the firm suffers a loss  per product to handle the product recall or other costs. It means the firm with innovative products may suffer from uncertain loss due to product unreliability. Similar forms of handling cost have been used in many studies on product safety, such as Iyer et al. (2017), Gao et al. (2021).














As we discussed before, due to lacking practice experience, the unreliability of innovative products is hard to predict precisely (Ge et al., 2018; Lu et al., 2007). Thus, we assume that the unreliability of innovative products is represented by an uncertain parameter , representing the probability that the product incurs a failure in the after-sale phase.  is a random variable with cumulative distribution function  and probability density function  over the support [0,]. This assumption may be explained as follows: it is convenient for firm M to set a goal of innovative level ; however, the realized unreliability can’t be predicted directly. It is reasonable to assume that if the innovation level is higher, i.e., the product applies more immature technologies, it’s harder to predict the realized reliability, and the degree of product unreliability and uncertainty is higher (Gao et al., 2021). In our model, the upper limit of the random variable  is related to the innovative effort . When  increases, the leading firm commits more innovative effort, the degree of product unreliability is increasing and the uncertainty of product reliability is amplified, too, i.e., when  increases to , we have  (Wang et al., 2010). Specifically, when , firm M adopts mature technologies (denoted as no innovation scenario), and the product is sufficiently reliable (the probability of failure  is equal to zero). When , firm M introduces a completely innovative product and the usability of the product is less evident. As a result, the potential problems in the product may be hard to find (Kang et al., 2016). In this situation, the random variable  will belong to the widest range from 0 to 1, which indicates it’s the most difficult scenario to estimate the reliability.
Thus, under the innovative upgrade strategy, the profits of the two firms are shown as:
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If the firm doesn’t adopt the innovative technologies, the profits are:


, .



Assumption 4 (Utility under risk-averse attitude): In our setting, the leading firm (firm M) make a decision on conducting the innovative improvement process to its product, which may lead to some problems (e.g., design defects) revealed by the customers in the after-sales phase. When the defective event occurs, the innovative firm has to recall/repair or compensate for all its products. That is, the leading firm has to bear the innovation risk if it chooses to sell an innovative product. It is natural that the leading firm has a risk-averse behavior. On the other hand, the competitor firm (firm C) always adopts the evolutionary improvements and will introduce a product using mature and reliable technologies. This implies that its operation is not under the risk. In that sense, the competitor firm can be interpreted as a risk-averse company. However, its risk attitude (either risk-averse or risk-neutral) has no influence on its objective function. In our paper, to simplify the narrative, we label the leading firm as risk-averse, and the competitor firm as risk-neutral. It should be noticed that in our model, we assume that when the defective event occurs, the firm has to compensate the consumers who have bought the related products, which means the risk borne by the customers is relatively small. Thus, we believe that the consumers are risk-neutral. We use CVaR to measure firm M’s risk attitude, it can be defined as the average profit below the -quantile level, ignores the contribution of profit exceeding the specified quantile, i.e., , where  could be regard as the reserve profits. For the convenience of computation, the CVaR utility can be rewritten as (Rockafellar et al., 2000):

,



When , the firm is risk-neutral；when , the firm is risk-averse, and the firm cares more about the risk as  decreases. Then, under the CVaR measure, the utility of firm M can be written as:

 ,    (7)
The utility of firm C, and the utility of firm M with no innovation are the same as the profit functions.
All parameters and notations used in our model are defined in Table 1.
Table 1. Parameters and notations
	Notation
	Definition

	
 
	i=C, M, where i=C represents firm C and i=M represents firm M.

	

	
the innovative effort, which can be seen as the proportion of innovative technologies in the entire product, 

	

	


the unreliability of the product, which is a random variable over the interval [0,] with the probability density function and the cumulative distribution function ,  respectively.

	

	
the cross-price sensitivity of the customers, 

	
 
	
the fraction of the forecasted market demand occupied by firm i, i=M, C,  

	

	
the price per unit product for firm , which is a decision variable, i=M, C.

	
 
	
the competitiveness of the innovative product in the original market, 

	
 
	
the attraction of innovative products to the customers outside the original market, 

	

	
the demand for firm , i=M, C.

	

	
the profit of firm , i=M, C.

	
 
	
the development cost parameter of innovative product, .

	
 
	
the handling cost (e.g., recall loss) of unreliable products, 

	

	
the risk attitude indicator of firm i, where 



Through the first-order condition, we can obtain the equilibrium solutions under no innovation scenario (denoted Scenario N) and innovation scenario (Scenario I) in Lemma 1. All proofs are given in Appendix.
Lemma 1. The equilibrium solutions under no innovation scenario (denoted Scenario N) and innovation scenario (Scenario I) are given as follows:
Scenario N: The equilibrium solution and the optimal profits of two firms under no innovation scenario can be obtained as follows:


,   ,


, .
Scenario I: The equilibrium solution and the optimal profits of two firms under innovation scenario can be obtained as follows:


When  which ensures the existence of equilibrium, where  is given implicitly by the solution to the following equation:

,  (8)
and


, ,
where 

,

,


For convenience of expression, we define , , 

 .

Then, .
All the proofs are shown in the appendix.

4. Results Analysis


According to the equilibrium solutions obtained in section 3, we can compare the results and derive the optimal innovation strategies for firm M. In addition, this section will analyze the effects of product unreliability and innovation effort on the two firms. Finally, by the analysis of the trade-off among the effects of innovation, we find the Pareto zone where the two firms can achieve a win-win result by the innovation strategy. To ease the theoretical analysis, we assume the product unreliability  follows a uniform distribution, i.e. U[0,]. There are several advantages for the uniform distribution in our model. First, it is convenient for analytical discussion, which enables us to analyze the complicated interactions of different important factors and obtain in-depth results and insights. Second, it can reasonably characterize the phenomenon of the accident occurrence, e.g., the greater the proportion of innovative technologies is adopted, the greater the range of unreliability event possibility is. In addition, the uniform distribution can well characterize the unpredictability of the unreliability. In section 5.3, we further examine the robust of our model under the normal distribution.

4.1 The Optimal Innovation Strategy


Under the uniform distribution, we can obtain the equilibrium  in Scenario I and the thresholds  more explicitly: 



,  ,.

Where .

In addition, we find another threshold  and the optimal decisions of the firms can be written as follows:



Where .
The above results can be summarized in Proposition 1 and illustrated in Figure 2.




Proposition 1. When the product unreliability  follows a uniform distribution U [0,], there are two threshold values, innovation cost  and risk attitude , which categorize the optimal innovation strategies for firm M as follows:
(1) 
when , he prefers to introduce a product with complete innovation; 
(2) 
when , he prefers to introduce a product with partial innovation;
(3) 
when , he will introduce a regular product without innovation (i.e., with mature technologies).





[bookmark: OLE_LINK1][bookmark: OLE_LINK2]From Figure 2, we can see that when firm M cares less about the risk (), he prefers to apply the innovative technologies to his products, otherwise, he will routinely launch mature products. In addition, when the attraction of the innovative product increases ( and  increase),  would decrease, which means firm M would like to launch innovative products more likely. Thus, the innovation strategy of firm M depends on the trade-off between the risk and the attraction of the innovative products. In fact, such trade-off across nearly all our analyses. In section 4.3, we will deeply analyze the trade-off among these effects of innovation. Furthermore, when firm M chooses the innovation strategy, if the innovation cost is low enough and the company can afford it (), then he will launch a completely innovative product. If the innovation cost exceeds a certain level, the company will adopt a partial innovation strategy. This is consistent with our intuition. Firms in the industries with strong risk-averse perceptions, e.g., the pharmaceutical industry (Madadi et al., 2014), are more conservative about innovative products. However, firms in the industries with lower risk-averse attitudes and high competition intensity, e.g., the digital products industry (Thompson et al., 2009), often prefer to introduce innovative products. Firms need to consider appropriate innovation efforts of their products during the development period. Setting a high price to maintain their target customer within a small scope of loyal customers to mitigate the losses caused by the event, or introducing a low innovative product to reduce product unreliability should be considered by the manager carefully.
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Figure 2. Categorization of the innovation strategy of firm M with different  and s


Furthermore, it is worth noticing that the threshold  is independent of the innovation cost s. This indicates that the risk attitude indicator  is a major factor affecting whether the firm to innovate, but the cost of innovation can only affect the level of innovation (complete innovation or partial innovation). This phenomenon can be explained as follows: the risk-averse attitude will lead firm M to amplify his perception of uncertain losses. Extremely risk-averse firms may not be able to tolerate any loss uncertainty. In this way, the risk-averse attitude becomes the main factor preventing companies from innovating. However, in our model, the whole innovation cost depends on the level of innovation. For firm M, he can find an appropriate level of innovation so that additional profits can offset the cost brought by product innovation. 



Corollary 1. The threshold  is increasing in  when  and decreasing otherwise.




Interestingly, we find the cross-price sensitivity  and market power  are two important factors affecting firm M’s innovation strategy. If the company is dominant in the market (with strong market power ), when the cross-price sensitivity is increasing, that is, the substitutability and competition between the products of the two companies are increasing, then the threshold  is decreasing. It means as the competition in the market becomes more fierce, firm M more prefers to compete with the rival by innovation and will not care about the risks. However, if the market power of firm M is lower, then the competition between the two products will inhibit the innovation and induce the firm to pay more attention to the risks. For example, the SMEs (small and medium-sized enterprises) in the competitive market will try to avoid competing through innovation and prefer pricing competition instead. This explains the phenomenon that in many competitive markets, the leading company (e.g., Apple and Samsung in the mobile phone market) tend to innovate and produce high-priced products. Large-scale recalls or repairs usually occur in this type of firm. Firms such as Xiaomi in China, which has less market power, are more inclined to compete by trying to lower their selling prices and routinely upgrade their products with mature technologies. On the contrary, in markets with a low degree of substitutability or in markets with severe monopoly, such as the telecom market, large firms are more conservative about innovation. However, small firms or some agents are more inclined to introduce a variety of packages and new services to attract demand. Therefore, firms need to choose an appropriate innovation strategy by carefully considering their market positions and the characteristics of their products.

4.2 The Effect of Risk Attitude of the Leading Firm
In section 4.1, we have demonstrated that the risk attitude of firm M is an important factor affecting his innovation strategy. In this section, we will further analyze the effect of risk attitude and the uncertain loss of the innovation product. First, from the reaction function of the two firms, we have the following lemma.





Lemma 2. Given the innovative effort  ( is seen as an exogenous parameter), the prices of two firms are increasing as firm M is becoming more risk-averse (i.e.,  decreases), that is, , .


Lemma 2 shows that given the innovative effort , when firm M cares more about risk ( decreases), his optimal price will increase, which is different from the results in most studies considering risk attitude generated from other types of uncertainties, e.g., demand uncertainty, return uncertainty and so on (Li et al., 2014, Zheng et al., 2017). In their model, risk-averse firms prefer to set a lower price to attract more customers to compensate for the loss from uncertainties, even though they can only obtain lower marginal returns. However, considering the uncertain reliability of innovation, firm M tends to increase the price to reduce his demands and only capture loyal consumers. In this way, if the unreliability event happens, firm M could face a lower recall loss. Due to the price competition in the original market, firm C can also increase her price (to seek a higher profit from the spillover effect of innovation) at the same time. 

However, when we treat the innovation effort  as an endogenous variable, the impact of the risk attitude on the optimal decisions is more complex to characterize. For the convenience of analysis, similar to the concept of price elasticity in economics, we introduce a notion, risk elasticity of innovation as follows.


Definition: The risk elasticity of innovation represents the innovation sensitivity to the risk attitude，denoted as , which can be simplified as .


More precisely, this concept gives the percentage change in the innovation level  in response to one percent change in risk attitude indicator . Then, we can obtain the effect of risk attitude on the optimal decisions as Proposition 2.
Proposition 2. Regarding the effect of risk attitude on the decisions of two firms, we have the following properties.

(i) For the innovation decision of firm 1, we can obtain .


(ii) For the pricing decisions of two firms, there exist two threshold values of the risk elasticity of innovation  and  (which can be found in Appendix 2),



if , then ; otherwise .




If  and , then ; otherwise .



Proposition 2 reveals the sensitivities of two firms’ decisions to firm M’s risk attitude. For the innovation decision of firm M, when he cares less about the risk, he tends to improve the level of innovation. This implies that more risk-averse firms are less willing to innovate. For the pricing decisions, the results are more complicated. On the one hand, risk attitude has a direct impact on the pricing decisions from Lemma 1. On the other hand, risk attitude can influence the pricing decisions indirectly by affecting firm M’s innovation effort decision (which will be elaborated in Section 4.3). The ultimate impact of risk attitude on the pricing decisions depends on the combination of both direct and indirect impacts. When the risk elasticity of innovation is large enough, i.e., , the innovation level is highly sensitive to the risk attitude. At this point, the indirect impact of risk attitude on the pricing decisions is opposite to the direct impact and dominates the direct impact (i.e., the risk attitude will inhibit innovation of firm M and then decrease the prices). Thus, as firm M cares more about risks ( decreases), the two companies tend to decrease their prices. When the risk elasticity of innovation is relatively small, i.e., , the innovation effort is less sensitive to the risk attitude. The indirect impact may be positive or negative, but becomes minor, while the direct impact is dominating. As a result, the impacts of risk attitude on both pricing decisions are negative, i.e., firm M tends to increase his price to reduce the demand, which in turn reduces the risk of recall loss; then firm C will adopt the high price strategy simultaneously.




To explore the effect of risk attitude and the uncertainties on the firms’ profits, we show the results of some numerical experiments in Figure 3. We set the parameters , , ,  in our numerical experiments. The above parameter setting is mainly based on Iyer et al. 2017, Karaer et al. 2017.
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(a) varying risk attitude ()            (b) varying recall loss ()
Figure 3. the effect of risk attitude and the uncertain event loss






Figure.3(a) shows how the risk attitude influences the profits of two firms. Specifically, in the case that the innovation has a higher impact on the competition (i.e., ), when firm M is extremely risk-averse (), he will introduce a mature product, thus, the risk attitude has no influence on two firms. When firm M is less risk-averse ( increases), he inclines to innovate to compete for the market, and his profit will increase, while firm C’s profits may decrease. At this point, some demands of firm C are snatched by firm M. However, when the innovation has less impact on the competition, i.e.,  is small (), both firms can achieve higher profits through the innovation of firm M. As firm M tends to be risks-neutral, the profits of both firms are gradually increasing. At this time, firm C can enjoy the positive spillover effect of firm M’s innovation, too. That is, the innovation of firm M may bring a win-win result. As for the profits gap between two firms, when firm M cares less about the risk ( increases), the profit gap will gradually expand. The results illustrate that adopting innovative technologies is not always beneficial or harmful to two firms. We will further discuss the Pareto zone for two firms in the next section (Section 4.3), which is probably more interesting from a practical perspective.




The effect of recall losses on two firms’ profits is shown in Figure 3(b). It can be seen that the recall loss will reduce the profit of firm M, but the profit of firm C will increase. The impact of recall losses can be exacerbated by the competitiveness of the innovative product in the original market , that is, when  is small, the impact of recall losses is reduced. Generally speaking, the recall loss has a similar effect pattern to that of the risk attitude (when  increases and  decreases).

4.3 The Effects of the Innovation Strategy
In section 4.2, we find that the innovation strategy may benefit both two firms, which is a really interesting result. Thus, in this section, by comparing firm M’s no innovation case with the innovation case, we further explore the effects of innovation strategy on two firms’ profits and try to characterize the Pareto zone according to the trade-off among these effects. 










When we compare the two cases, we found there is an important condition across nearly all our analyses, i.e., . We can easily divide this condition into three terms, ,  and . According to our model setting, we try to interpret the meaning of these three terms, which can facilitate the follow-up discussions. The first term,  is proportional to the recall loss of unreliable innovative product . Namely, when the recall events increase (i.e. the risk of innovation increases), the first term increases whereas the other two terms are not affected. Thus, we call the first part the risk effect of innovation. The second term,  is proportional to the attraction of innovative products to consumers outside the potential market, . Note that the first and third terms are not related to . Thus, we call the second part the expansion effect of innovation. Similarly, the third term,  is proportional to the competitiveness of innovative products in the original market, , whereas the other two terms are not related to . Thus, we call the third term the snatching effect. 
Thus, the three effects of innovation strategy are defined as follows:



[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Risk effect: the effect generated from the product defective events, which is relative to the recall loss  and the risk attitude  of firm M, i.e., .


Expansion effect: the effect generated from the attraction of innovative products to consumers outside the potential market, which is relative to the parameter , i.e., .


Snatching effect: the effect generated from the competitiveness of innovative products in the original market, which is relative to the parameter , i.e., .
Then we can obtain Proposition 3:

Proposition 3. (i) The price of firm M is increasing as his innovative effort increases, i.e., .



(ii) The influence of innovation effort on the price of firm C depends on the relationships of the risk effect, the expanding effect, and the snatching effect. When the risk effect and the expansion effect are greater than the snatching effect, i.e., , the price of firm C is increasing in the innovative effort, i.e., ; otherwise,  .
According to Proposition 3, we can further obtain Corollary 2 as follows:

Corollary 2 (i) The price of firm M in the innovative scenario is always higher than his price in the no innovation scenario, i.e., .



(ii) When the risk effect and the expansion effect are greater than the snatching effect, i.e., , the price of firm C in the innovative scenario is higher than her price in the no innovation scenario, i.e., , otherwise, .
Proposition 3 and Corollary 2 show that the more innovative technologies firm M adopts, the higher price he will take, which is understandable because the innovative technologies can improve the product performance with higher development costs. However, the price of his competitor is more complicated. Intuitively, if a company introduces an innovative product, then its competitor tends to cut down the price to maintain her demand. Nevertheless, Proposition 3 and Corollary 2 indicate that firm C’s pricing decision actually depends on the trade-off among the risk effect, the expansion effect and the snatching effect associated with the innovation strategy. 
The risk effect can be interpreted as firm M’ perceived loss from product unreliability taking the risk-averse attitude. When the recall loss increases or firm M becomes more risk-averse, the risk effect will increase, which represents that firm M pays more attention to the negative impact of uncertainty. According to Proposition 2 in Section 4.2, given the innovation effort, the more risk-averse firm M will set a higher price. Meanwhile, firm C can also follow the mark-up strategy. This means when the risk effect is dominating, innovation has a positive influence on firm C’s pricing decision. The expansion effect represents the attraction of innovative products to the consumer outside the original market. When the expansion effect increases, which means the innovative product can attract more additional consumers from other markets, firm M can put more attention to the new consumers. This implies that the competition within the original market will decrease. Benefited from this, firm C can set a higher price when firm M introduces a more innovative product. However, when the snatching effect is dominating, the innovative product will attract more consumers from the original market, this forces firm C to cut down her price to maintain her demands. Thus, the snatching effect has a negative impact on firm C’s pricing strategy. Further, consider the profits of the two firms, we can obtain Proposition 4 as follows:


Proposition 4. When the sum of the risk effect and the expansion effect is greater than the snatching effect, i.e., , firm C can enjoy a free-ride from firm M’s innovation strategy, i.e., . 
Proposition 4 shows that in some situations (i.e., the risk effect and the expansion effect are dominating), the two firms can both get benefits from firm M’s innovation strategy. To further illustrate this phenomenon, we use the numerical experiments (see Figure 4) to display the regions where both two companies can enjoy benefits from innovation, that is Pareto zone.
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(a)                               (b) 
Figure 4. Illustration of the Pareto zone



[bookmark: _Hlk91087743]In Figure 4, the X-axis () and Y-axis () can represent the varying snatching effect and the varying expansion effect respectively. When the expansion effect and snatching effect are dominating (region I, II and III), it is profitable for firm M to apply innovative technologies. In these situations, firm M can more easily win the competition through innovation. When these two effects are sufficiently large, i.e., in region III, firm M will always introduce a fully innovative product. However, it is noticed that in region I, both firms can obtain higher profits from the innovation to achieve a win-win result. At this time, firm C can enjoy the positive spillover effect from firm M’s innovation. In this region, the snatching effect is limited, and the expansion effect is dominating, firm M prefers to attract more additional demand from outside the original market. As for firm C, she can attract considerable customers without the need of cutting-off price. The implication is that an appropriate innovation strategy of firm M will not destroy its competitors; in fact, it could decrease the competition in the original market and bring a positive development for the players. For example, in 2006, Nintendo Inc, a consumer electronics and video game company, introduced a new generation of game consoles called Nintendo Wii. Based on the innovative motion control stick and motion-sensing sports games, Wii attracted many new customers who never played traditional console games before and achieved a big success. In the meanwhile, this innovation strategy also relieved the competition in the market and promoted the development of the industry[footnoteRef:5]. The risk effect is another important factor. When the risk effect decreases ( increases), shown in Figure 4(b), the Pareto zone will expand, and the infeasible area (Region IV) will shrink. This reveals that the less risk-averse attitude of firm M can more easily achieve a win-win situation for two firms. [5:  http://businessmodelalchemist.com/blog/2007/01/nintendos-blue-ocean-strategy-wii.html] 


In order to further analyze the impact of three types of effects on two firm’s profits, we conducted more numerical experiments as shown in Figure 5, the data settings are the same as those used in Figure 3. In general, the expansion effect has a positive impact on firm M’s profit since it can expand the demand source in addition to the original market. However, when firm M is less risk-averse and the expansion effect is relatively low ( is small), then it actually has a negative impact on firm M’s profit (e.g., the red-solid lines in Figure 5). This is because when the expansion effect is relatively small, firm M can only compete for demands in original markets, and the competition in the market is intensified. Firm C has to maintain her demands by lowering her prices. Therefore, firm M is hard to set a higher price for his innovative products to increase profits. That is, for firm M, the loss generated from the intense competition is greater than the benefits generated from the expansion effect. However, when the expansion effect becomes sufficiently large, firm M can put more effort on the new customers outside the original market and no longer pay much attention to compete with firm C. As a result, he will obtain a higher profit. 
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(a)                              (b)
Figure 5. The impacts of the three effects on firms’ profits

Interestingly, observing the blue lines in Figure 5, we find that the snatching effect is not always harmful to firm C, similarly, the expansion effect is not necessarily beneficial to her, either. This can be explained as follows. Generally, firm C’s profit is decreasing as the snatching effect increases, which is in line with our intuition. However, it should be noticed that when the expansion effect is insignificant (i.e.,  is very small), the impact of the snatching effect on firm C could be positive, e.g., firm C’s profit at =0.2 is greater than that at =0.1 when  is sufficiently small (e.g., the left-side part of the blue lines in Figure 5(a-b)). This is because the competition in the original market is fierce at that time, firm C can compete for demands through price reduction. But firm M may not win the price war because of his expensive cost of innovative development. Then firm C could benefit from the snatching effect. In addition, the expansion effect may be harmful to firm C as shown in Figure 5(a), when the snatching effect is relatively high (), the increase of the expansion effect will encourage firm M to set a higher innovation effort, which will snatch more demands from firm C and result in a lower profit for her.

Finally, the risk effect significantly affects the profit gap between the two firms, Figure 5 shows that when the risk effect increases (η = 0.7 to η = 0.5), firm M prefers a more conservative innovation strategy (according to Proposition 2), thus, the profit gap between the two firms  is decreasing. Interestingly, from figure 5(b), we can observe that when the risk effect is different, the expansion effect plays different roles on the profit of firm M. When the risk effect is higher (η = 0.5), firm M’s profit will always increase when the expansion effect increases. In this situation, firm M will put less effort into innovation and focus on the competition with firm C. Thus, with a lower level of innovation, firm M can easily win the price war based on his advantage of market share. Meanwhile, the increase of expansion effect can help firm M get more demands outside the original market. However, it should be noticed, at this moment, the profit of firm M is lower than the situation where the risk effect is lower (η = 0.7).

5. Extensions
In this section, we made some extensions to examine some more general cases. Specifically, we try to analyze the following situations: (1) the case with production cost, (2) the case that both firms introduce innovative products, (3) the case that the unreliability of innovative products follows a normal distribution.

5.1 The effect of production cost






In the basic model, we have assumed that the production costs of the two firms are zero. This assumption simplifies the mathematical model and enables us to concentrate on the effect of uncertainty and innovation. In this section, we further consider the case that the two production costs cannot be normalized to zero simultaneously. Specifically, we assume the innovative product has a higher production cost than the regular product. Let the production cost of the innovative product with innovation effort  be . Since the production process of the regular product is mature enough and can enjoy economies of scale, we assume that the production cost of the regular product is . For the convenience of analysis, we assume the product unreliability  follows a uniform distribution , and  in this extension (Chen et al., 2019; Guo et al., 2020). Thus, the profit of the firm with innovative products (firm M) can be rewritten as:


The utility of the firm with the risk-averse behavior is:

 
The profit and utility of the firm with mature products are the same as those in our basic model because its production cost is normalized to be 0. Then we can obtain the optimal pricing solutions as follows.


Lemma 3. Considering the effect of production cost, given the innovation effort of firm M, , the optimal pricing decisions  are given by:


, .
From Lemma 3, it can be seen that when the production cost of the innovative product is higher than the regular product, if the firm M’s innovation effort is treated as an exogenous parameter, then the optimal prices of two firms are higher than those in the basic model. This result is intuitive. Note that the marginal cost of the innovative product will obviously increase the price. Due to the competition in the market, the firm producing the regular product could also increase its selling price. Next, we treat the innovation effort as a decision of firm M. We can obtain proposition 5.


Proposition 5. There exists a threshold of firm M’s risk-averse attitude . When , firm M prefers to launch a product with innovative technologies. Otherwise, he prefers to launch a regular product without innovation.


Proposition 5 shows that the results of the extended model are similar to those in our basic model (Proposition 1). That is, when firm M is more risk-averse, he is more likely to launch a regular product. However, we find that the threshold of risk attitude  in the extended model is larger than the threshold in the basic model . Therefore, the production cost of the innovation product reduces firm M’s intention for innovation due to the risk-averse behavior.
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Figure 6. The Pareto zone when considering the nonzero production cost

Figure 6 further illustrates the Pareto zone of two firms when we consider nonzero production cost of innovative products. It could be found that the result is similar to that in Figure 4. However, when the production cost of innovative products increases (from 0 to 0.2), the Pareto zone (region II in figure x) is shrinking. This is because when the production cost of innovative products increases, firm M intends to decrease the innovative effort. As a result, he reduces the opportunities for firm C to enjoy a free ride from firm M. The results demonstrate the robustness of our results numerically.

5.2 Both firms introduce innovative products


In this section, we consider the situation that the two firms could both decide to introduce innovative products. The full sequence of decisions is similar to that in our basic model, i.e., at the beginning of the game, the two firms decide how much effort to conduct the innovative improvement process simultaneously, denoted by  and . After the development phase, the two firms introduce their products to the market and set their prices simultaneously. In the after-sales phase, there may be some problems revealed by the customers when using the innovative products. If the event occurs, the firm that introduces the product has to recall/repair or compensate for all its products.
Similar to our basic model, the demands of two firms when they both introduce innovative products are shown as:




The profits of two firms are shown as:

, i = M, C
The utilities of two firms under the CVaR measure can be written as:

, i = M, C

For convenience, we assume the two firms have the same risk attitude, i.e., . The case that one firm introduces innovative products and the case that no firm introduces innovative products are the same as these in our basic model.

Lemma 4. Given the innovative efforts of the two firms , 
(i) The optimal pricing decisions are shown as:







(ii) the prices of two firms are increasing as the two firms are becoming more risk-averse (i.e.,  decreases), that is, , .


Where , 

Lemma 4 gives the optimal pricing decisions of two firms when the innovative efforts  are exogenous. The main results are similar to those in our basic model shown in Lemma 2, i.e., risk-averse firms prefer to set a higher price to decrease their potential loss from uncertainties, even though they may lose more customers. The explanations are the same as those in our basic model.
Due to the complicated expressions of the price decisions, it is difficult to obtain the optimal innovation strategies of two firms analytically. Thus, the final results of innovation efforts are numerically illustrated in Figure 7. The values of input parameters are the same as those in our basic model.
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	Figure 7. The optimal innovative effort of two firms
	Figure 8. Illustration of the Pareto zone





As shown in Figure 7, when the two firms care less about the risk (), they are more likely to apply innovative technologies to their products. Otherwise, they prefer to introduce mature products. This result is the same as our basic model. However, in figure 8, we find that the Pareto zone (Region III) is different from the result in the basic model (where only the major firm could launch innovative products). When the expansion effect and the snatching effect are lower, i.e., in Region I, the innovative product is not attractive to the customers. Thus, the two firms both could obtain higher profits when they launch mature products. However, when the expansion effect increases (in Region II), the firm with a higher market share (firm M) will launch innovative products whereas firm C prefers to launch mature products. At that time, the firm with a higher market share could attract more customers with its innovative product because it has a larger influence on the market. Finally, when the two effects are both larger enough, the two firms will both obtain higher profits when they introduce innovative products, which achieves a win-win result in Region III.

5.3 The case that the unreliability of innovative products follows a normal distribution






Our main results are based on the assumption that the distribution of unreliability follows a uniform distribution. In this section, we try to verify our main results in the case where the unreliability of innovative products  follows a normal distribution . To be consistent with our main model, we assume  and  to ensure that the random variable  with a 99% level of confidence. We set , and the values of other parameters are the same as those in our basic model. The results are shown in figure 9 and figure 10.
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	[bookmark: _Hlk95055940]Figure 9. The optimal innovative effort of two firms
	Figure 10. Illustration of the Pareto zone








Figure 9 verifies the results obtained by proposition 1 and proposition 2 for the case where  follows a normal distribution, i.e., when firm M is sufficiently risk-averse (), he prefers to introduce a regular product without innovation. Otherwise (), he prefers to introduce an innovative product. When firm M becomes more risk-neutral ( increases), or the development cost of innovative products s decreases, he prefers to introduce products with a higher innovation level. The explanations are similar to those in section 4.1. Figure 10 further shows the Pareto zone of two firms in the case where  follows a normal distribution, which verifies the main results of proposition 4. That is, when the risk effect and the expansion effect are dominating, the two firms can both obtain benefits from firm M’s innovation strategy. The above numerical results illustrate that our findings are robust to the probability distribution of the unreliability of innovation products.

6. Conclusion
In this paper, we investigate the impacts of the risk attitude and the product unreliability after launching on the innovation strategy and pricing decisions in a competitive market consisting of a leading firm (firm M) and a competitor (firm C). Due to the uncertain product reliability generated from the innovative development, the leading firm may care about the associated risk when making the innovation decision. We establish a Stackelberg game model using CVaR to measure the risk attitude and obtain the optimal innovation and pricing decisions for two firms. In addition, we analyze the relationships between risk-attitude, competition and innovation and their cross impacts on the profits and other economic outcomes. 
[bookmark: _Hlk92296555]The result shows that there exists a threshold of the risk attitude, when the leading firm’s concern on the risk is below the threshold level, he prefers to introduce a more innovative product; otherwise, he will routinely introduce a product with mature technologies. This implies that the risk-averse attitude is a decisive factor for the firm to determine whether or not to innovate the product. On the other hand, the development cost of innovation does not affect whether to innovate, instead, it can only affect the innovation level, i.e., complete innovation or partial innovation. In addition, the competitor will follow the innovator and adopt a similar pricing strategy when the two firms’ risk elasticities of innovation are both higher or lower, but the opposite strategy would be selected otherwise. Interestingly, we find that the risk attitude can encourage two firms to set a higher price, which is a different phenomenon compared to most existing literature. Furthermore, we introduce three types of effects of innovation called risk effect, snatching effect and expansion effect. In some situations (the risk effect and the expansion effect are dominating), the competitor can enjoy positive spillover effects from the innovator’s behavior. As far as we know, we are the first to model the risk attitude of firms, reliability uncertainty of innovative products, and competition marketplace simultaneously, and analyze their cross impacts on the economic outcomes. The obtained results can largely explain the phenomena that happened in many competitive markets, such as the smartphone market, the auto market, and so on. The findings can offer useful managerial insight for firms as well as government policymakers. 
It should be pointed out that there are some limitations in our paper. First, the demand function in our model is assumed to be linear, and there are only two firms in the competitive market. In reality, multiple innovators and competitors are likely co-existing. Second, the recall loss is assumed to be a linear cost depending on the demand only. The reputation loss caused by product unreliability is not explicitly included. Further research can be done by relaxing these assumptions.
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