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Abstract


This paper builds Pharmaceutical Manufacturer Stackelberg, Pharmacy Stackelberg and Nash game models with and without price cap regulation. The optimal pricing, performance and social welfare are derived and compared in three different power structures to find out how price cap regulation and power structures affect the drug supply chain. More power over other supply chain members always allows the pharmaceutical manufacturer to obtain more profits. However, the pharmacy cannot always benefit from its dominant position in the market with changes in the wholesale price cap. Additionally, the balanced market structure may harm social welfare under certain conditions. Another interesting finding is that the restricted wholesale price cap deeply affects the financial performance and social welfare in the manufacturer-dominated and pharmacy-dominated markets. The research results can provide important management insights, which will be beneficial to the government to design smart price-limiting policies that take into account the power relationships of the supply chain.
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1. Introduction


There has been growth in the global drug industry in recent years, which the whole world valued at about $1.2 trillion in 2018 [1]. As a special product, the high price of medicines has been a high concern of the governments, insurers and patients. Since the 21st century, China’s per capita medical and health expenditure for urban and rural residents has grown rapidly, from 171.09 yuan in 2000 to 1479.28 yuan in 2018. Expensive medical expenditure may cause many social problems and even threaten the financial sustainability of public health systems [2]. Governments in both developing and developed countries have enacted measures to restrict medical institutions from overcharging patients [3,4,5,6]. Price cap regulation and external reference pricing are the two most commonly used drug price control mechanisms for reducing the burden of patients in most countries around the world [7,8].



In China, price cap regulation and “expensive medical treatment” policy are applied to address the serious social problem of “expensive medical care”. However, setting maximum prices for drugs may cause pharmaceutical companies to exit the market and increase the risk of drug shortages [3,9,10]. Patients may pay higher fees for imported drugs with the same curative effect [11,12]. Thus, policymakers should consider both social and economic benefits in order to ensure the successful implementation of policies.



However, different power structures have a significant impact on the profit of a single company and the profitability of the whole supply chain. In real life, power structure also exists in drug supply chain. The role of drug manufacturers is particularly important for anticancer drugs that require a long development period—in addition, selling day-to-day care drugs or services such as obesity, with independent or chain pharmacies leading the way.



Reasonable pricing of medicines is crucial to the social welfare of the people. Welfare economics considers welfare to be divided into three dimensions: individual, social and economic. Social welfare usually refers to the collection of the whole welfare obtained by a certain social group for more people. Taking China as an example, despite the increasing income level of the people, the high cost of drugs is still unaffordable for most ordinary people, which makes the people complain. Bargaining power in the market largely affects the profits that enterprises can obtain. Chen et al. and Danzon et al. discussed the impact of various price cap regulations on the pricing, profits, and social welfare of the pharmaceutical supply chain when the pharmaceutical manufacturer is Stackelberg leader [3,13]. Zheng et al. established four price cap models for the offline-to-online pharmaceutical supply chain when the pharmacy dominates in the market [2]. Previous studies focused on the important role of different price cap regulations while ignoring the effects of the power structure on the pharmaceutical supply chain. In this paper, power structures and price cap regulation are considered to investigate the pharmaceutical supply chain. Some key questions will be discussed.



	(1)

	
What effects do power structures have on pricing, performance and social welfare in the pharmaceutical supply chain where the pharmaceutical manufacturer is regulated?




	(2)

	
How does the restricted wholesale price cap affect the financial performance and social welfare in three different power structures?







This paper focuses on a two-echelon supply chain including a pharmaceutical manufacturer and a pharmacy with an O2O mixed channel. The government imposes price caps on the pharmaceutical manufacturer. We establish three basic models and price cap regulation models (including Pharmaceutical Manufacturer Stackelberg, Pharmacy Stackelberg, Vertical Nash) respectively. The optional pricing, profits and social welfare in three different power structures are obtained through game theory. By comparing the model equilibriums in the above models and performing sensitivity analysis on the restricted price cap (θ), we find out how power structures and wholesale price cap affect economic and social performance.



The main contributions of this paper are as follows: (i) it complements the existing studies on price in the pharmaceutical supply chain through a comprehensive examination of the effects of price cap and supply chain power relationships on pharmaceutical firms’ which are in mixed channel operational decisions and the consequential economic and social performance of the supply chain. It provides a foundation for exploring the cross-effects of other price cap regulations (pharmacy price cap regulation and linkage price cap regulation) and power structures on the pharmaceutical supply chain. (ii) Our research provides insights for policymakers to take a novel approach for evaluating regulatory policies on price standards of pharmaceutical products by modeling the decision of the pharmaceutical firms and the associated economic and social performance of the supply chain. Such an approach enables regulators to develop appropriate price regulations to improve the sustainability of the pharmaceutical supply chain, thereby safeguarding social welfare and pharmaceutical firms’ profitability. (iii) Insights derived from the analytical results provide important managerial implications that support pharmaceutical firms in making operational decisions to sustain market competitiveness.



The rest of the paper is organized as follows. Section 2 presents a brief review of the relevant literature. Section 3 presents model descriptions and assumptions. Section 4 presents mathematical models and equilibrium analysis. In Section 5, we discuss the effects of power structures on the pharmaceutical supply chain. In Section 6, we discuss the effects of the price cap regulation on the pharmaceutical supply chain. Section 7 summarizes the important findings of the paper and points out the limitations of mathematical models and future research directions.




2. Literature


This paper reviews three streams of literature that are particularly relevant: (i) price cap regulations in the pharmaceutical supply chain; (ii) power structure in the supply chain; (iii) social welfare in the supply chain.



	Price cap regulation in pharmaceutical supply chain 

	
 







Governments in most countries set maximum selling prices for medicines to prevent medical firms from charging patients excessively. Abbott III found that at first, the price cap in a regulated market is higher than the price in an unregulated market, and the price in an unregulated market would exceed that in a regulated market in few years [14]. Zheng et al. proposed that linkage price cap regulation can improve both financial performance and social welfare [2]. However, some studies show that price cap regulation may bring unexpected results. Price cap regulations discourage market competition including brand-name drugs and generic drugs [13,15,16]. Furthermore, pharmaceutical firms may withdraw from the market, and the risk of drug shortages increases [9].



Online pharmaceutical channels in many countries have developed rapidly in recent years [17]. As a result, academics started to explore the impact of price cap regulation on the dual-channel medical supply chain. Li et al. explored the dual-channel drug supply chain operation in different power structures when the government imposes a price cap on the pharmaceutical manufacturer. The research results show that the price cap regulation only restrains the price of medicines in medical institutions when the medical institution is Stackelberg leader, and the price-limiting policy can restrain the prices of medicines in two channels when supplier is Stackelberg leader [18]. Besides, Li et al. also proposed that reducing price cap is beneficial to increase supply chain profits and social welfare in dual-channel pharmaceutical supply chain [19]. The above research mainly focuses on exploring the impact of price cap regulation on the decision-making and economic benefits in single and dual channel supply chains. Competition between supply chain members is also an important factor affecting supply chain performance. Therefore, the interactions between different supply chain members and their power relationships should also be considered.



	Power structure in the supply chain 

	
 







The effects of power relationships on the firm’s decision-making, operation and performance have been extensively explored by scholars. Manufacturer Stackelberg, Retailer Stackelberg and Nash game models are established to investigate the influence of power structures on pricing and profit of the supply chain from the perspective of competition [20,21,22,23,24,25]. Some scholars indicated that whether a company benefits from its power force is related to the demand function and product differentiation [23,24,25]. Chen and Wang found that the smartphone supply chain should choose a bundled channel in Stackelberg power structures under certain conditions and select a free channel in a Nash power structure [21]. Most previous studies indicate that more power over other supply chain members enables manufacturers or retailers to obtain more profits. In addition, the total profits and social welfare of the supply chain benefit from a balanced power structure [3,20,21,22,26,27].



Supply chain coordination in different power structures is also an important research field. Cai et al. proposed that price discount contracts can enhance supply chain performance in noncontract scenarios in three power structures [28]. Chen et al. indicated that a two-part tariff contract can coordinate the supply chain which consists of a manufacturer and a retailer in three different power structures [27]. Chen et al. suggested that a complementary agreement can enable manufacturers and retailers to achieve a win–win situation in a dual-channel supply chain where the manufacturer is the Stackelberg leader [29]. Pan et al. found that a revenue-sharing contract is beneficial to manufacturers under the manufacturer-dominated scenario in certain situations and that the revenue-sharing contract is beneficial to the retailer under the retailer-dominated scenario in certain situations [30]. To the best of our knowledge, there is no literature focusing on how the power structure and price cap regulation affect the operation and decision making of a dual-channel pharmaceutical supply chain. Our work aims to address this research gap.



	Social welfare in the supply chain 

	
 







The maximization problem in the supply chain usually involves the maximization of social welfare under certain circumstances. Social welfare in supply chain consists of social surplus, profits upstream and downstream the supply chain [31]. Wang et al. explored the impact of carbon dioxide on transportation modes and social welfare by using a two-stage Stackelberg [32]. Based on this model, the government’s optimal carbon emission tax scheme and the company’s optimal transportation mode and production decisions are explored. In the context of carbon, Xue et al. considered the cap-and-trade case to explore the impact of corporate competition on carbon emission reduction and social welfare. Finally, they found that the HCVI strategy can bring social welfare [33]. Chen et al. considered consumers’ green dynamic perception to explore optimal production and subsidy rate under different government subsidy orientations [34]. They show that the subsidy rate increases with the consumer environmental awareness under social welfare orientation. Wang et al. found whether it is upstream subsidies, downstream subsidies, or both; continually increasing subsidies cannot promote the sustainable development of the supply chain but will harm social welfare [35]. We can see that the above articles all consider the issue of social welfare maximization in different contexts, so in this paper, we will consider social welfare issues in the context of pharmaceutical supply chain.




3. Model Descriptions


This paper considers a two-echelon pharmaceutical supply chain that consists of a pharmaceutical manufacturer and a pharmacy with an O2O mixed channel. The pharmacy buys medicines from the pharmaceutical manufacturer and then sells to the patients via offline and online channels. The model is illustrated in Figure 1. The pharmaceutical manufacturer’s unit production cost is  c  and the sales price is  w ,   w > c  . Additionally, offline unit cost is defined as    c 1    and offline unit price is defined as    p 1   . Online unit cost is defined as    c 2    and online unit price is defined as    p 2   . We assume    p 1  > w >  c 1    and    p 2  > w >  c 2    to ensure that marginal profits of the pharmaceutical manufacturer and pharmacy are positive. The government imposes a wholesale price cap on the pharmaceutical manufacturer, and we set the wholesale price cap as    w ¯   .



Similar to Chen et al. and Mukhopadhyay et al., the liner demand functions for the online and offline channels are given as follows [22,36,37]:


   d 1   (   p  1 ,   ,  p 2   )  = θ α − β  p 1  + γ  p 2   



(1)






   d 2   (   p 1  ,  p 2   )  =  (  1 − θ  )  α − β  p 2  + γ  p 1   



(2)







The customers demand from the offline channel is described as    d 1   (   p 1  ,  p 2   )   , and the customers demand from the online channel is described as    d 2   (   p 1  ,  p 2   )   . In the demand functions,  α  represents the base market,   θ α   represents the offline market share and    (  1 − θ  )  α   represents the online market share.  β  is the self-price sensitivity and  γ  is the cross-price sensitivity. We set   β > γ  , which means that the self-price sensitivity is higher than the cross-price sensitivity. We assume the pharmaceutical manufacturer and pharmacy are rational and aim to maximize their respective profits. The optimal solutions we derive are unique.



Based on the above demand functions, the pharmaceutical manufacturer’s profit    π m   ( w )    is:


   π m   ( w )  =  (  w − c  )   d 1   (   p 1  ,  p 2   )  +  (  w − c  )   d 2   (   p 1  ,  p 2   )   



(3)







The first part of this formula represents the pharmaceutical manufacturer’s profit via the offline channel, and the second part of this formula represents the pharmaceutical manufacturer’s profit via the online channel.



We assume that the marginal profit of the offline channel is    m 1  =  p 1  − w  ; the marginal profit of the online channel is    m 2  =  p 2  − w  ; the pharmaceutical manufacturer’s profit    π m   ( w )    can also be expressed as follows:


   π m   ( w )  =  (  w − c  )   [  α −  (  β − γ  )   (   m 1  +  m 2  + 2 w  )   ]   



(4)







The pharmacy’s profit    π r   (   p 1  ,  p 2   )    is


   π r   (   p 1  ,  p 2   )  =  (   p 1  − w −  c 1   )   d 1   (   p 1  ,  p 2   )  +  (   p 2  − w −  c 2   )   d 2   (   p 1  ,  p 2   )   



(5)







The first part of this formula represents the pharmacy’s profit via the offline channel, and the second part of this formula represents the pharmacy’s profit via the online channel.



Social welfare consists of the patient surplus, pharmaceutical manufacturer’s profit and pharmacy’s profit. Following Chen et al., Cowan and Jin et al., the patient surplus    C s    is [3,38,39]


      C s  =   ∫  0  θ α − β  p 1  + γ  p 2     (    θ α − x + γ  p 2   β  −  p 1   )   d x  +   ∫  0   (  1 − θ  )  α − β  p 1  + γ  p 2     (     (  1 − θ  )  α + γ  p 1  − y  β  −  p 2   )   d y        =     ( θ α − β  p 1  + γ  p 2  )  2  +   [  (  1 − θ  )  α − β  p 2  + γ  p 1  ]  2    2 β       



(6)








4. Mathematical Models and Equilibrium Analysis


4.1. Base Models


This section explores Pharmaceutical Manufacturer Stackelberg (  MS  ), Pharmacy Stackelberg (  PS  ) and Vertical Nash (  VN  ) models without price cap regulation. The optimal pricing decisions and performances of the pharmaceutical manufacturer and pharmacy will be listed.



4.1.1. Pharmaceutical Manufacturer Stackelberg Model


In the MS model, the pharmaceutical manufacturer is the Stackelberg leader and the pharmacy is the follower. The sequence of events is as follows. Firstly, the pharmacy decides its offline and online retail prices given the pharmaceutical manufacturer’s wholesale price. Then, the pharmaceutical manufacturer decides wholesale price as the response to the pharmacy so as to maximize its own profit. Finally, when customer demand is realized, the pharmaceutical manufacturer and pharmacy will gain their revenues.




4.1.2. Pharmacy Stackelberg Model


In the PS model, the pharmacy is the Stackelberg leader and the pharmaceutical manufacturer is the follower. The sequence of events is as follows. Firstly, the pharmaceutical manufacturer decides wholesale price given the pharmacy’s offline and online retail prices. Then, the pharmacy decides its offline and online prices as a response to the pharmaceutical manufacturer so as to maximize its own profit. Finally, when customer demand is realized, the pharmaceutical manufacturer and pharmacy will gain their revenues.




4.1.3. Vertical Nash Model


In the VN model, the pharmaceutical manufacturer and pharmacy make decisions simultaneously and the order of events is as follows. The pharmacy decides offline and online retail prices to maximize its profits given the pharmaceutical manufacturer’s wholesale price, and the pharmaceutical manufacturer decides wholesale price to maximize its profit given the offline and online retail prices. Finally, when customer demand is realized, the pharmaceutical manufacturer and the pharmacy will gain their revenues.



Based on these functions above, we derive the optimal wholesale prices, the optimal retail prices for the    MS   ,     PS    and   VN   models, which are summarized in Table 1 (Please refer to Appendix A.1).





4.2. Price Cap Regulation Models


In the price cap regulation scenario, the government imposes a price cap regulation on the pharmaceutical manufacturer by setting a wholesale price cap (   w ¯   ). The pharmaceutical manufacturer must decide wholesale price with the constraint,   c < w ≤  w ¯   . We built manufacturer price cap regulation models (MM, PM, VM).



By comparing optimal wholesale prices under different power structures in Table 1, we derive    w  p s   <  w  v n   <  w  m s    . Therefore, there are several potential situations when the government imposes a price cap on pharmaceutical manufacturers:



	(1)

	
If the wholesale price cap is higher than the optimal wholesale price in the MS model (   w ¯  >  w  m s    ), the price cap regulation has no effect on the pharmaceutical supply chain under three power structures.




	(2)

	
If the wholesale price cap is higher than the optimal wholesale price in the VN model and lower than that in the MS model (   w  v n   <  w ¯  <  w  m s    ), the price cap regulation only has effects on the pharmaceutical supply chain when the pharmaceutical manufacturer is dominant in the market.




	(3)

	
If the wholesale price cap is higher than the optimal wholesale price in the PS model and lower than that in the VN model (   w  p s   <  w ¯  <  w  v n    ), the price cap regulation affects the pharmaceutical supply chain when the pharmaceutical manufacturer is dominant in the market or the pharmaceutical manufacturer and pharmacy are in a balanced power structure.




	(4)

	
If the wholesale price cap is lower than the optimal wholesale price in the PS model (   w ¯  <  w  p s    ), the pharmaceutical supply chain under three different power structures will be affected.







The pharmaceutical manufacturer’s profit-maximizing problem   M a x  π m   ( w )    and the pharmacy’s profit-maximizing problem   M a x  π r   (   p 1  ,  p 2   )    are


    M a x  w   π m   ( w )  =  (  w − c  )   [  α −  (  β − γ  )   (   p 1  +  p 2   )   ]   



(7)






  s .   t .   w ≤  w ¯   










    M a x    p 1  ,  p 2     π r   (   p 1  ,  p 2   )  =  (   p 1  − w −  c 1   )   d 1  +  (   p 2  − w −  c 2   )   d 2   



(8)







We derive the optimal wholesale prices, the optimal offline and online retail prices for the MM, PM and VM models, which are summarized in Table 2 (Please refer to Appendix A.2).



Based on the optimal solutions in Table 2, we obtain the optimal profits for three regulation models, which are summarized in Table 3.





5. Effects of the Power Structures


In this section, we study how power structures affect the pricing decisions, performances, and social welfare of the regulated pharmaceutical supply chain. We present the following propositions.



5.1. Effects of Power Structures on the Pricing and Performance


Proposition 1.

If   w ¯  >  w  m s    , then (i)   w  m m   >  w  v m   >  w  p m    ,   p 1  m m   =  p 1  p m   >  p 1  v m    ,   p 2  m m   =  p 2  p m    p 2  v m    ; (ii)   π m  m m   >  π m  v m   >  π m  p m    ,   π r  p m   >  π r  v m   >  π r  m m    ,   π  p m   =  π  m m   <  π  v m    .





This proposition shows that when the wholesale price cap is higher than the optimal wholesale price in the MS model (   w ¯  >  w  m s    ), the influence of power structures on the drug supply chain will be consistent with previous research results [22,27]. Where there is no price cap regulation, pharmaceutical firms that have more power than other members will set higher prices for higher profits. However, the fierce market competition will improve the total profit of the supply chain.



Proposition 2.

If   w  v n   <  w ¯  <  w  m s    , then   w  m m   >  w  v m   >  w  p m    ,   p 1  p m   >  p 1  m m   >  p 1  v m    ,   p 2  p m   >  p 2  m m   >  p 2  v m    ,   π m  m m   >  π m  v m   >  π m  p m    .





Proposition 2 shows that when the wholesale price cap is higher than the optimal wholesale price in the VN model and lower than the optimal wholesale price in the MS model (   w  v n   <  w ¯  <  w  m s    ), the wholesale price will be restricted in the manufacturer-dominated market. The manufacturer’s prices and profits will be the highest in the manufacturer-dominant market. The optimal offline and online retail prices in the PM model will be higher than those in the MM model, which can be explained by the fact that the pharmaceutical manufacturer is constrained by a lower wholesale price in the MM model, so its retail prices are correspondingly reduced. Besides, the optimal offline and online retail prices in the VM model will be the lowest. In a world, when the wholesale price cap is relatively high, power structures have a more significant impact on the pharmaceutical supply chain than the price cap regulation.



Proposition 3.

If   w  p s   <  w ¯  <  w  v n    , then   w  m m   =  w  v m   >  w  p m    ,   p 1  p m   >  p 1  v m   >  p 1  m m    ,   p 2  p m   >  p 2  v m   >  p 2  m m    ,   π m  m m   >  π m  v m   >  π m  p m    .





This proposition indicates that when the wholesale price cap is higher than the optimal wholesale price in the PS model and lower than the optimal wholesale price in the VN model (   w  p s   <  w ¯  <  w  v n    ), the optimal wholesale price in the MM model will be equal to that in the VM model, higher than that in the PM model. The optimal offline and online retail prices will be the highest in the PM model, in the middle in the VM model, and lowest in the MM model. This is easy to explain the retail prices decrease correspondingly as the wholesale price is restricted in MM market and VM market. In addition, the pharmaceutical manufacturer’s optimal profit will be the highest in the MM model, in the middle in the VM model, and lowest in the PM model. It means that the pharmaceutical manufacturer gains more profit when it has more power in the market, which is consistent with the scenario when there is no price cap.



Proposition 4.

If   w ¯  <  w  p s    , then   w  m m   =  w  v m   =  w  p m    ,   p 1  p m   =  p 1  m m   <  p 1  v m    ,   p 2  p m   =  p 2  m m   <  p 2  v m    ,     π m  m m   =  π m  p m   >  π m  v m    .





According to this proposition, if the wholesale price is lower than the optimal wholesale price in the PS model (   w ¯  <  w  p s    ), the wholesale prices in different power structures will be equal. The optimal offline and online retail prices in the PM model will equal that in the MM model, lower than that in the VM model. It indicates that the pharmacy sets higher offline and online retail prices in the balanced power structure, which is contrary to the conclusion when there is no price cap regulation. Moreover, the pharmaceutical manufacturer’s optimal profit in the MM model will equal that in the RM model, higher than that in the VM model. It shows that the pharmaceutical manufacturer gains more profit in the manufacturer Stackelberg and pharmacy Stackelberg markets.



The optimal profits of pharmacy are derived in Table 3. We use a numerical example to demonstrate the impact of power structures on the performance of the pharmacy when the government imposes a price cap on the pharmaceutical manufacturer. In the example, we set   β = 3  ,    γ = 1.5  ,   α = 10  ,    c 1  = 0.1  ,     c 2  = 0.2  ,    c = 0.01  . Figure 2, Figure 3, Figure 4 and Figure 5 show the profits of the pharmacy in different power structures. When    w  v n   <  w ¯  <  w  m s    , we set    w ¯  = 1.5  . When    w  p s   <  w ¯  <  w  v n    , we set    w ¯  = 0.9  . When    w ¯  <  w  p s    , we set    w ¯  = 0.5  .



Figure 2 shows that if    w  v n   <  w ¯  <  w  m s    , the pharmacy’s optimal profit will be the highest when the pharmacy is dominant in the market, in the middle when the pharmaceutical manufacturer and pharmacy are in a balanced market, and lowest when the pharmaceutical manufacturer has dominant power force. It means that the pharmacy still gains more profits when it has more power in the market in this situation.



Figure 3 illustrates that if    w  p s   <  w ¯  <  w  v n    , the pharmacy’s optimal profit will be the highest when the pharmaceutical manufacturer is the Stackelberg leader in the market; the pharmacy’s optimal profit will be in the middle when the pharmaceutical manufacturer and pharmacy are in a balanced market; and the pharmacy’s optimal profit will be the lowest when the pharmacy is dominant in the market. It means that the pharmacy’s dominant force in the market is not conducive to gain more profit in this case.



Figure 4 illustrates that if    w ¯  <  w  p s    , the pharmacy’s optimal profit in the PM model will equal that in the MM model, higher than that in a balanced market. Combining the above, the pharmaceutical manufacturer’s profit is also the lowest in a balanced market structure. It means that the price cap regulation may be harmful to the establishment of a fair market environment in this situation. Therefore, the government should take the power structure as an important consideration when formulating price cap regulations.




5.2. Effects of Power Structure on Social Welfare


In this subsection, we explore how power structures affect social welfare when the government imposes a price cap on the pharmaceutical manufacturer.



Proposition 5.

If   w ¯  >  w  m s    , then   W  m m   =  W  p m   <  W  v m    .





Proposition 5 shows that if the price cap regulation does not work, social welfare in pharmaceutical-manufacturer-dominated and pharmacy-dominated markets will be equal, rather lower than that in the balanced power structure. In other words, when there is no price cap, more intense competition drives the prices down and enhances social welfare.



When the wholesale price cap is lower than the optimal wholesale price in the MS model (   w ¯  <  w  m s    ), social welfare in three different power structures is shown in Figure 5, Figure 6 and Figure 7.



Figure 5 shows that if the wholesale price cap is higher than the optimal wholesale price in the VN model and lower than the optimal wholesale price in the MS model (   w  v n   <  w ¯  <  w  m s    ), the optimal social welfare will be the highest when the pharmaceutical manufacturer and pharmacy are in a balanced market, in the middle when the pharmaceutical manufacturer is dominant in the market and lowest when the pharmacy has dominant market power. Compared with Proposition 5, we find that social welfare in the manufacturer-dominated market increases. It can be explained that the wholesale price is restricted and the retail prices are correspondingly reduced, so social welfare is improved.



Figure 6 illustrates that if the wholesale price cap is higher than the optimal wholesale price in the PS model and lower than the optimal wholesale price in the VN model (   w  p s   <  w ¯  <  w  v n    ), the optimal social welfare will be the highest when the pharmaceutical manufacturer is the leader in the market, the optimal social welfare will be in the middle when the pharmaceutical manufacturer and pharmacy are in a balanced market, and the optimal social welfare will be the lowest when the pharmacy is dominant in the market.



Figure 7 illustrates that if the wholesale price cap is lower than the optimal wholesale price in the PS model (   w ¯  <  w  p s    ), the optimal social welfare in the PS model will be equal to that in the MM model, higher than the optimal social welfare when pharmaceutical supply chain members are in a balanced market. It means that when the wholesale price cap is very low, the fierce market competition leads to the decrease in social welfare, which is the opposite of a situation where there is no price cap regulation.





6. Effects of the Price Cap Regulation


In this section, we explore that how the price cap regulation affects the performance and social welfare of the pharmaceutical supply chain.



6.1. Effects of Price Cap Regulation on Performance


Proposition 6.

For the MM model, if   w ¯  <  w  m s    , then the pharmaceutical manufacturer’s profit will increase in   w ¯   andthe pharmacy’s profit will decrease in   w ¯   . For the PM model, if   w ¯  <  w  p s    , then the pharmaceutical manufacturer’s profit will increase in   w ¯   , the pharmacy’s profit will decrease in   w ¯   . For the VM model, if   w ¯  <  w  v n    ,the pharmaceutical manufacturer’s profit will increase in   w ¯   , the pharmacy’s profit will decrease in   w ¯   .





Proposition 6 indicates that no matter what power structure the pharmaceutical supply chain is in, the higher the restricted wholesale price cap, the higher the profit of the pharmaceutical manufacturer. Conversely, when the restricted wholesale price cap is lower, the profit of the pharmacy is higher.




6.2. Effects of Price Cap Regulation on Social Welfare


In this subsection, we explore the impact of the price cap regulation on social welfare, and the proposition is presented below.



Proposition 7.

For the MM model, if   w ¯  <  w  m s    , then social welfare will decrease in   w ¯   . For the PM model, if   w ¯  <  w  p s    , then social welfare will decrease in   w ¯   . For the VM model, if   w ¯  <  w  v n    ,the social welfare will be dependent on   w ¯   .





Proposition 7 shows that when the pharmaceutical manufacturer dominates the market or pharmacy dominates the market, the restricted wholesale price cap set by the government is negatively related to social welfare. Additionally, when the pharmaceutical firms are in a balanced market structure, the restricted price cap has no effect on social welfare. Price cap regulations aim to improve patient welfare and social welfare; in order to achieve this goal, the power structure should also be considered.





7. Conclusions and Future Research


In this paper, we studied a two-echelon regulated pharmaceutical supply chain consisting of a pharmaceutical manufacturer and a pharmacy with an O2O mixed channel. We defined three different supply chain power structures: Pharmaceutical Manufacturer-Stackelberg, Pharmacy Stackelberg and Nash equilibrium. Optimal pricing, profits and social welfare are derived in different power structures by game theory. Then we analyze the impacts of power relationship and price cap regulation on decision making, economic performance and social welfare of the pharmaceutical supply chain. The main findings are as follows:




	(1)

	
When the price cap is in different ranges, the influence of the power structure on the economic and social benefits of the pharmaceutical supply chain is different. When the wholesale price cap is higher than the optimal wholesale price in the MS model, the price cap regulation will not work in the supply chain in three different power structures. The pharmaceutical manufacturer and pharmacy can gain more profits when they dominate the market, whereas the balanced power relationship between supply chain members can improve the total profit and social welfare. When the wholesale price cap is lower than the optimal price cap, the pharmaceutical manufacturer will still gain higher profits when it has more market power over other supply chain members. However, for pharmacies, market power cannot ensure that they can make more profits with the influence of the restricted wholesale price cap. Therefore, leading pharmacies may resist the price cap regulation; as a result, this increases the risk of policy failure. The government may consider subsidizing dominated pharmacies when implementing price cap regulation. When the price cap is very low, an interesting discovery is presented. Price cap regulation might harm financial performance and social welfare when pharmaceutical firms are in a balanced power structure. Thus, when the wholesale price cap is lower than a certain threshold, price cap regulation might be detrimental to creating a fair market environment for enterprises.




	(2)

	
We find the wholesale price cap is an important parameter that affects financial performance and social welfare of the pharmaceutical supply chain. Regardless of the power structures, the pharmaceutical manufacturer’s profit is positively correlated with restricted wholesale price. The pharmacy’s profit is negatively correlated with the restricted wholesale price. In addition, social welfare in pharmaceutical manufacturer Stackelberg and pharmacy Stackelberg markets is negatively correlated with the restricted wholesale price, and social welfare in the balanced market is dependent on the restricted wholesale price.




	(3)

	
Overall, this paper provides insights into the pricing decisions of pharmaceutical companies under different power structures. In addition, it also provides a decision-making basis for the government to make price limit policies in different power markets.









Similar to the existing literature, some research limitations exist in our work. For example, our model only discusses a supply chain consisting of one pharmaceutical manufacturer and one pharmacy with O2O channels. An important extension is to explore the complex pharmaceutical supply chain with multiple channels and multiple manufacturers and pharmacies [40,41]. Additionally, our model sets by using linear demand. Another important extension is to consider stochastic demand [22,25]. Finally, we consider pharmaceutical manufacturer price cap regulation. Future research will consider pharmacy price cap regulation and linkage price cap regulation [3]. Power relationships in the pharmaceutical supply chain with different price cap regulations may yield important insights for policymakers.
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Appendix A


Appendix A.1. Proof of the Table 1


Appendix A.1.1. MS Model


From (5), we find     ∂  π r   (   p 1  ,    p 2   )    ∂  p 1    = θ α − β  (  2  p 1  − w −  c 1   )  + γ  (  2  p 2  − w −  c 2   )   ,     ∂  π r   (   p 1  ,    p 2   )    ∂  p 2    =  (  1 − θ  )  α − β  (  2  p 2  − w −  c 2   )  + γ  (  2  p 1  − w −  c 1   )   ,      ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1    2    =    ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2    2    = − 2 β  ,      ∂ 2   π r   (   p 1  ,    p 2   )     ∂ 2   p 1   p 2    =    ∂ 2   π r   (   p 1  ,    p 2   )     ∂ 2   p 2   p 1    = 2 γ  . So the Hessian matrix is    (         ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1    2           ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1   p 2             ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2   p 1           ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2    2         )  = 4  (   β 2  −  γ 2   )  > 0  . So    π r   (   p 1  ,    p 2   )    is joint concave in    p 1    and    p 2   . Set     ∂  π r   (   p 1  ,    p 2   )    ∂  p 1    =   ∂  π r   (   p 1  ,    p 2   )    ∂  p 2    = 0  , we find    p 1  m s   =    [   (  1 − θ  )  γ + θ β  ]  α   2  (   β 2  −  γ 2   )    +   w +  c 1   2   ,    p 2  m s   =    [   (  1 − θ  )  β + θ γ  ]  α   2  (   β 2  −  γ 2   )    +   w +  c 2   2   . Replace    p 1  m s     and    p 2  m s     into Formula (3), we find    π m   ( w )  =    (  w − c  )   [  α −  (  2 w +  c 1  +  c 2   )   (  β − γ  )   ]   2   . Then we find     ∂  π m   ( w )    ∂ w   =   α −  (  4 w +  c 1  +  c 2  − 2 c  )   (  β − γ  )   2    and      ∂ 2   π m   ( w )    ∂  w 2    = − 2  (  β − γ  )  < 0  . So    π m   ( w )    is concave in   w  . Let     ∂  π m   ( w )    ∂ w   = 0  , so    w  m s   =  α  4  (  β − γ  )    +   2 c −  c 1  −  c 2   4   . Replace    w  m s     into    p 1  m s     and    p 2  m s    , we find    p 1  m s   =    [   (  1 + 4 θ  )  β +  (  5 − 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )    +   2 c + 3  c 1  −  c 2   8   ,    p 2  m s   =    [   (  5 − 4 θ  )  β +  (  1 + 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )    +   2 c −  c 1  + 3  c 2   8   .




Appendix A.1.2. PS Model


From (4), we find     d  π m   ( w )    d w   = α −  (  4 w +  m 1  +  m 2  − 2 c  )   (  β − γ  )    and     d  π 2    m   ( w )    d  w 2    = = − 4  (  β − γ  )  < 0  . So    π m   ( w )    is concave in  w . Set     d  π m   ( w )    d w   = 0  , we find     w =   α +  (  2 c −  p 1  −  p 2   )   (  β − γ  )    2  (  β − γ  )     . Replace    w  p s     into Formula (5), we find    π r  =  (   3 2   p 1  +  1 2   p 2  −  α  2  (  β − γ  )    − c −  c 1   )   (  θ α − β  p 1  + γ  p 2   )  +  (   3 2   p 2  +  1 2   p 1  − c −  c 2  −  α  2  (  β − γ  )     )   [   (  1 − θ  )  α − β  p 2  + γ  p 1   ]   .      ∂  π r   (   p 1  ,    p 2   )    ∂  p 1    =  (  1 + θ  )  α +  (  γ − 3 β  )   p 1  +  (  3 γ − β  )   p 2  +  (  β − γ  )  c +  c 1  β −  c 2  γ ,      ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1    2    = −  (  3 β − γ  )  < 0  ,     ∂  π r   (   p 1  ,    p 2   )    ∂  p 2    =  (  2 − θ  )  α +  (  γ − 3 β  )   p 2  +  (  3 γ − β  )   p 1  +      (  β − γ  )  c +  c 2  β −  c 1  γ  ,      ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2    2    = −  (  3 β − γ  )  < 0  , and      ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1   p 2    =    ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2   p 1    = 3 γ − β  . So the Hessian matrix is    (         ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1    2           ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1   p 2             ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2   p 1           ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2    2         )  = 8  (   β 2  +  γ 2   )  > 0  . So    π r   (   p 1  ,    p 2   )    is joint concave in    p 1    and    p 2   . Let     ∂  π r   (   p 1  ,    p 2   )    ∂  p 1    =   ∂  π r   (   p 1  ,    p 2   )    ∂  p 2    = 0  . We find    p 1  p s   =    [   (  1 + 4 θ  )  β +  (  5 − 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )    +   2 c + 3  c 1  −  c 2   8      and    p 2  p s   =    [   (  5 − 4 θ  )  β +  (  1 + 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )    +   2 c −  c 1  + 3  c 2   8   . Substitute    p 1  p s     and    p 2  p s     to  w , we find    w  p s   =  α  8  (  β − γ  )    +   6 c −  c 1  −  c 2   8   .




Appendix A.1.3. VN Model


From (5), we find     ∂  π r   (   p 1  ,    p 2   )    ∂  p 1    = θ α − β  (  2  p 1  − w −  c 1   )  + γ  (  2  p 2  − w −  c 2   )  ,     ∂  π r   (   p 1  ,    p 2   )    ∂  p 2    =  (  1 − θ  )  α − β  (  2  p 2  − w −  c 2   )  + γ  (  2  p 1  − w −  c 1   )   ,      ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1    2    =    ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2    2    = − 2 β ,      ∂ 2   π r   (   p 1  ,    p 2   )     ∂ 2   p 1   p 2    =    ∂ 2   π r   (   p 1  ,    p 2   )     ∂ 2   p 2   p 1    = 2 γ  . So the Hessian matrix is    (         ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1    2           ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1   p 2             ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2   p 1           ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2    2         )  = 4  (   β 2  −  γ 2   )  > 0  . So,    π r   (   p 1  ,    p 2   )    is joint concave in    p 1    and    p 2   . From (4), we find     d  π m   ( w )    d w   = α −  (  β − γ  )   (   m 1  +  m 2  − 2 c + 4 w  )   ,      d 2   π m   ( w )    d  w 2    = − 4  (  β − γ  )  < 0  . So    π m   ( w )    is concave in   w  . Let     d  π m   ( w )    d w   =   ∂  π r   (   p 1  ,    p 2   )    ∂  p 1    =   ∂  π r   (   p 1  ,    p 2   )    ∂  p 2    = 0  , we find    w  v n   =  α  6  (  β − γ  )    +   4 c −  c 1  −  c 2   6   ,    p 1  v n   =    [   (  1 + 6 θ  )  β +  (  7 − 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )    +   4 c + 5  c 1  −  c 2    12     and    p 2  v n   =    [   (  7 − 6 θ  )  β +  (  1 + 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )    +   4 c −  c 1  + 5  c 2    12    .





Appendix A.2. Proof of Table 2


Appendix A.2.1. MM Model


First for the pharmacy, From the proof of MS model in Table 1, we find    p 1  m s   =    [  θ β +  (   1 -  θ  )  γ  ]  α   2  (   β 2  −  γ 2   )    +   w +  c 1   2    and    p 2  m s   =    [   (  1 − θ  )  β + θ γ  ]  α   2  (   β 2  −  γ 2   )    +   w +  c 2   2   . Replace    p 1  m s     and    p 2  m s     in Formula (3); We should solve     M a x  w   π m   ( w )  =    (  w − c  )   [  α −  (  2 w +  c 1  +  c 2   )   (  β − γ  )   ]   2    subject to   w ≤  w ¯   .



	(i)

	
If    w ¯  >  w  m s    , the manufacturer price cap regulation has no effect on the medical supply chain, so the optimal prices are    w  m m   =  w  m s    ,    p 1  m m   =  p 1  m s     and    p 2  m m   =  p 2  m s    .




	(ii)

	
If    w ¯  <  w  m s    , the price cap regulation has effects on the pharmaceutical manufacturer and pharmacy, so the optimal wholesale price is    w  m m   =  w ¯   ,    p 1  m m   =   [ θ β + (  1 -  θ ) γ ] α   2 (  β 2  −  γ 2  )   +       w ¯  +  c 1   2   ,    p 2  m m   =    [   (  1 − θ  )  β + θ γ  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 2   2   .








Appendix A.2.2. PM Model


For the pharmaceutical manufacturer, we need solve     Max  w   π m   ( w )  =  (  w − c  )   [  α −  (  β − c  )   (   p 1  +  p 2   )   ]    subject to   w ≤  w ¯   .



	(i)

	
If    w ¯  >  w  p s    , then the manufacturer price cap regulation has no effect on the pharmaceutical manufacturer and pharmacy, so the optimal prices are    w  p m   =  w  p s    ,    p 1  p m   =  p 1  p s     and    p 2  p m   =  p 2  p s    .




	(ii)

	
If    w ¯  <  w  p s    , then the manufacturer price cap regulation has effects on the pharmaceutical manufacturer and pharmacy, so the optimal prices are    w  p m   =  w ¯   , Replace    w  p m     in Formula (5), we need solve     M a x    p 1  ,    p 2     π r   (   p 1  ,    p 2   )  =  (   p 1  −  w ¯  − c  )   (  θ a − β  p 1  + γ  p 2   )  +  (   p 2  −  w ¯  − c  )   (  θ a − β  p 2  + γ  p 1   )   .     ∂  π r   (   p 1  ,    p 2   )    ∂  p 1    = θ α − β  (  2  p 1  −  w ¯  −  c 1   )  + γ  (  2  p 2  −  w ¯  −  c 2   )   ,     ∂  π r   (   p 1  ,    p 2   )    ∂  p 2    =  (  1 − θ  )  α − β  (  2  p 2  −  w ¯  −  c 2   )  + γ  (  2  p 1  −  w ¯  −  c 1   )   ,      ∂ 2   π r  (  p 1  ,  p 2  )   ∂  p 1    2    =       ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2    2    = − 2 β ,      ∂ 2   π r   (   p 1  ,    p 2   )     ∂ 2   p 1   p 2    =    ∂ 2   π r   (   p 1  ,    p 2   )     ∂ 2   p 2   p 1    = 2 γ  .







So the Hessian matrix is    (         ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1    2           ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 1   p 2             ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2   p 1           ∂ 2   π r   (   p 1  ,    p 2   )    ∂  p 2    2         )  = 4  (   β 2  −  γ 2   )  > 0  . So    π r   (   p 1  ,    p 2   )    is joint concave in    p 1    and    p 2   . Set     ∂  π r   (   p 1  ,    p 2   )    ∂  p 1    =   ∂  π r   (   p 1  ,    p 2   )    ∂  p 2    = 0  , we find    p 1  p m   =    [  θ β +  (   1 -  θ  )  γ  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 1   2    and    p 2  p m   =    [   (  1 − θ  )  β + θ γ  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 2   2   .




Appendix A.2.3. VM Model


	(i)

	
If    w ¯  >  w  v n    , then the manufacturer price cap regulation has no effect on the pharmaceutical manufacturer and pharmacy, so the optimal prices are    w  v m   =  w  v n    ,    p 1  v m   =  p 1  v n     and    p 2  v m   =  p 2  v n    .




	(ii)

	
If    w ¯  <  w  v n    , then the manufacturer price cap regulation has effects on the pharmaceutical manufacturer, so the optimal prices are    w  v m   =  w ¯   ,    p 1  v m   =  p 1  v n     and      p 2  v m   =  p 2  v n    .









Appendix A.3. Proof of Proposition 1


Proof of Proposition 1.

If     w  ¯  >  w  m s    , From Table 2, we find    w  m m   −  w  v m   =   α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )    12  (  β − γ  )    > 0 ,  w  v m   −  w  p m   =   α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )    24  (  β − γ  )    > 0  , so    w  m m   >  w  v m   >  w  p m    .





From Table 2, we find    p 1  m m   −  p 1  v m   =   α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )    24  (  β − γ  )    > 0   and    p 1  m m   −  p 1  p m   = 0  , so    p 1  m m   =  p 1  p m   >  p 1  v m   .    p 2  m m   −  p 2  v m   =   α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )    24  (  β − γ  )    > 0     and      p 2  m m   −  p 2  p m   = 0  , so    p 2  m m   =  p 2  p m   >  p 2  v m    . From Table 3, we can directly find    π m  m m   >  π m  v m   >  π m  p m    .



From Table 3, we find    π r  v m   −  π r  m m   =   7  [  α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )   ]    288  (  β − γ  )    > 0  ,    π r  p m   −  π r  v m   =     [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    144  (  β − γ  )    > 0  , so    π r  p m   >  π r  v m   >  π r  m m    .



From Table 3, we find    π  m m   −  π  p m   = 0  ,    π  m m   −  π  v m   =   − 5   [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    144  (  β − γ  )    < 0  , so    π  v m   >  π  p m   =  π  m m    . This completes the proof. □




Appendix A.4. Proof of Proposition 2


Proof of Proposition 2.

If    w  v n   <  w ¯  <  w  m s    , from Table 2, we find    w  m m   =  w ¯   ,    w  v m   =  w  v n     and    w  p m   =  w  p s        w  m m   −  w  v m   =  w ¯  −  w  v m   > 0  , so    w  m m   >  w  v m   >  w  p m    .





From Table 1, we find    p 1  p m   −  p 1  m m   =  p 1  p s   −  p 1  m m   >  p 1  p s   −  p 1  m s   = 0  , so    p 1  p m   >  p 1  m m    . We also find    p 1  m m   −  p 1  v m   =   − α   12  (  β − γ  )    +   6  w ¯  −    4 c + c   1     + c   2    12   >   − α   12  (  β − γ  )    +   6  w  v n   −    4 c + c   1     + c   2    12   =   − α   12  (  β − γ  )    +  α  12  (  β − γ  )    = 0  , so    p 1  m m   >  p 1  v m    . Therefore,    p 1  p m   >  p 1  m m   >  p 1  v m    . Similarly, we also obtain    p 2  p m   >  p 2  m m   >  p 2  v m    .



From Table 3, obviously,    π m  v m   >  π m  p m     and we find    π m  m m   −  π m  v m   =  π m  m m   −  π m  v n   >  π m  m s   −  π m  v n   =     [ α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )  ]  2    18   > 0  , hence,    π m  m m   >  π m  v m   >  π m  p m    . This completes the proof. □




Appendix A.5. Proof of Proposition 3


Proof of Proposition 3.

If    w  p s   <  w ¯  <  w  v n    , from Table 2, we find    w  m m   =  w  v m   =  w ¯  ,    w  p m   =  w  p s    .    w  v m   −  w  p m   =     w ¯  −  w  p s   > 0  . Hence,    w  m m   =  w  v m   >  w  p m    .





From Table 2, we find    p 1  p m   −  p 1  v m   =   α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )    24   > 0  , so    p 1  p m   >  p 1  v m    , so. We also find    p 1  m m   −  p 1  v m   =   − α   12  (  β − γ  )    +   6  w ¯  −    4 c + c   1     + c   2    12   <   − α   12  (  β − γ  )    +  α  12  (  β − γ  )    = 0  , so    p 1  v m   >  p 1  m m    . Therefore, we find    p 1  p m   >  p 1  v m   >  p 1  m m    . Similarly, we also find      p 2  p m   >  p 2  v m   >  p 2  m m    .



From Table 3, we find    π m  m m   −  π m  v m   =    (   w ¯  − c  )   [  α +  (  − 6  w ¯  + 4 c −  c 1  −  c 2   )   (  β − γ  )   ]   6   , Set   G  (   w ¯   )  =        (   w ¯  − c  )   [  α +  (  − 6  w ¯  + 4 c −  c 1  −  c 2   )   (  β − γ  )   ]   6   .      d G  (   w ¯   )    d  w ¯    = α + ( − 12  w ¯  + 10 c −  c 1  −  c 2   (  β − γ  )   ,      d 2  G  (   w ¯   )    d    w ¯   2    = − 12  (  β − γ  )  < 0  .   G  (   w ¯   )    is concave in    w ¯   . Set     G  (   w ¯   )  = 0  , we find       w  ¯  = c   and    w ¯  =  w  v n    . When     c <  w  p s   <  w ¯   <   w  v n   ,   G  (   w ¯   )   >  0  , so    π m  m m   >  π m  v m    .



   π m  v m   −  π m  p m   >  π m  v n   −  π m  p s   =     [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2   8  > 0  . So    π m  m m   >  π m  v m   >  π m  p m    . This completes the proof. □




Appendix A.6. Proof of Proposition 4


Proof of Proposition 4.

If     w  ¯  <  w  p s    , from Table 2, obviously,    w  m m   =  w  v m   =  w  p m    . From Table 2, we find    p 1  m m   =  p 1  p m     and      p 2  m m   =  p 2  p m    .





   p 1  v m   −  p 1  m m   =  α  12  (  β − γ  )    +   4 c −  c 1  −  c 2  − 6  w ¯    12   >   α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )    48  (  β − γ  )    > 0  , so    p 1  v m   >  p 1  m m    . Hence,    p 1  v m   >  p 1  m m   =  p 1  p m    . Similarly, we find    p 2  v m   >  p 2  m m   =  p 2  p m    .



From Table 3, we find    π m  m m   =  π m  p m    ,    π m  p m   −  π m  v m   =    (   w ¯  − c  )   [  α +  (  − 6  w ¯  + 4 c −  c 1  −  c 2   )   (  β − γ  )   ]   6   .



Set   G  (   w ¯   )  =    (   w ¯  − c  )   [  α +  (  − 6  w ¯  + 4 c −  c 1  −  c 2   )   (  β − γ  )   ]   6   ,     d G (  w ¯  )   d  w ¯    = α + ( − 12  w ¯  + 10 c −  c 1  −  c 2  )  (  β − γ  )   ,      d 2  G  (   w ¯   )    d    w ¯   2    = − 12  (  β − γ  )  < 0  .   G  (   w ¯   )    is concave in    w ¯   . Set   G  (   w ¯   )  = 0  , we find    w ¯  = c   and    w ¯  =  w  v n    . When   c <  w ¯  <  w  p s   <  w  v n    ,   G  (   w ¯   )  > 0  , hence    π m  m m   =  π m  p m   >  π m  v m    . This completes the proof. □




Appendix A.7. Proof of Proposition 5


Proof of Proposition 5.

If    w ¯  >  w  m n    , we can easily derive    W  m m   −  W  p m   = 0  ,    W  p m   −  W  v m   = −    (   π r  p m   +  π r  v m    )   [  α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )   ]    24 β  (  β − γ  )    −   − 5   [ α −  (  2 c +  c 1  +  c 2   )  ]  2    288  (  β − γ  )    < 0  , so    W  p m   =  W  m m   <  W  v m    . This completes the proof. □






Appendix A.8. Proof of Proposition 6


Proof of Proposition 6.

For the MM model, if      w ¯  <  w  m s    ,     d  π m  m m     d  w ¯    = −  (  β − γ  )   w ¯  +   α +  (  2 c −  c 1  −  c 2   )   (  β − γ  )   2   ,      d 2   π m  m m     d    w ¯   2    = − 2  (  β − γ  )  < 0  , so    π m  m m     is concave in    w ¯   . When     d  π m  m m     d  w ¯    = 0  ,      w ¯   1  =  α  4  (  β − γ  )    +   2 c −  c 1  −  c 2   4  =  w  m s    ,    π m  m m     reaches the maximum. When    w ¯  <  w  m s   =    w ¯   1   , so    π m  m m     increases in    w ¯   .     d  π r  m m     d  w ¯    =  (  β − γ  )   w ¯  −   α −  (   c 1  +  c 2   )   (  β − γ  )   2   ,      d 2   π r  m m     d    w ¯   2    = β − γ > 0  , so    π r  m m     is convex in    w ¯   . When      w ¯   2  =  α  2  (  β − γ  )    −    (   c 1  +  c 2   )   2   ,    π r  m m     reaches the minimum.    w  m s   −    w ¯   2  = −   α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )    4  (  β − γ  )    < 0  , so    w  m s   <    w ¯   2   . When    w ¯  <  w  m s   <    w ¯   2   . Then    π r  m m     decreases in    w ¯   .





For the RS model, if      w ¯  <  w  p s    ,     d  π m  p m     d  w ¯    = −  (  β − γ  )   w ¯  +   α +  (  2 c −  c 1  −  c 2   )   (  β − γ  )   2   ,      d 2   π m  p m     d    w ¯   2    = −  (  β − γ  )  < 0  , so    π m  p m     is concave in    w ¯   . When      w ¯   1  =  α  4  (  β − γ  )    +   2 c −  c 1  −  c 2   4  =  w  m s    ,    π m  p m       reaches the maximum.    w  p s   −  w  m s   < 0  ,    w  p s   <    w ¯   1   . When    w ¯  <  w  p s   <    w ¯   1   , then    π m  p m     increases in    w ¯   .     d  π r  p m     d  w ¯    =  (  β − γ  )   w ¯  −   α −  (   c 1  +  c 2   )   (  β − γ  )   2   ,      d 2   π r  p m     d    w ¯   2    = β − γ > 0  , so    π r  p m     is convex in    w ¯   . When      w ¯   2  =  α  2  (  β − γ  )    −    c 1  +  c 2   2   ,    π r  p m     reaches the minimum.    w  m s   −    w ¯   2  = −   α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )    4  (  β − γ  )    < 0  , so    w  m s   <    w ¯   2   . When    w  p s   <  w  m s   <    w ¯   2   , then    π r  p m     decreases in    w ¯   .



For the VM model, if    w ¯  <  w  v n    ,     d  π m  v m     d  w ¯    =   α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )   3  > 0  , so    π m  v m     increases in    w ¯   .     d  π r  v m     d  w ¯    = −   α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )   3  < 0  , so    π r  v m     decreases in    w ¯   .



This completes the proof. □




Appendix A.9. Proof of Proposition 7


Proof of Proposition 7.

For the MM model, if    w ¯  <  w  m s    ,     d  W  m m     d  w ¯    = −  (  β − γ  )   w ¯  +  (  β − γ  )  c  ,      d 2   W  m m     d    w ¯   2    = −  (  β − γ  )  < 0  , so    W  m m     is concave in    w ¯   . When      w ¯   3  = c  ,    W  m m     reaches the maximum. Obviously    w ¯  >  w 3  = c  , so    W  m m     decreases in    w ¯   .





For the PM model, if    w ¯  <  w  p s    ,     d  W  p m     d  w ¯    = −  (  β − γ  )   w ¯  +  (  β − γ  )  c  ,      d 2   W  p m     d    w ¯   2    = −  (  β − γ  )  < 0  , so    W  p m     is concave in    w ¯   . When      w ¯   3  = c  ,    W  p m     reaches the maximum. Obviously    w ¯  >  w 3  = c  , so    W  p m     decreases in    w ¯   .



For the VM model, if    w ¯  <  w  v n    ,     d  W  v m     d  w ¯    = 0  , so    W  v m     is independent on    w ¯   . This completes the proof. □
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Figure 1. The model illustration. 
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Figure 2. The pharmacy’s profit when    w ¯  = 1.5  . 
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Figure 3. The pharmacy’s profit when    w ¯  = 0.9  . 
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Figure 4. The pharmacy’s profit when    w ¯  = 0.5  . 
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Figure 5. Social welfare when    w ¯  = 1.5  . 
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Figure 6. Social welfare when    w ¯  = 0.9  . 
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Figure 7. Social welfare when    w ¯  = 0.5  . 
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Table 1. Optimal solutions for base models.
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	MS Model
	PS Model
	VN Model





	  w  
	    α  4  (  β − γ  )    +   2 c −  c 1  −  c 2   4    
	    α  8  (  β − γ  )    +   6 c −  c 1  −  c 2   8    
	    α  6  (  β − γ  )    +   4 c −  c 1  −  c 2   6    



	    p 1    
	      [   (  1 + 4 θ  )  β +  (  5 − 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c + 3  c 1  −  c 2   8    
	      [   (  1 + 4 θ  )  β +  (  5 − 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c + 3  c 1  −  c 2   8    
	      [   (  1 + 6 θ  )  β +  (  7 − 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c + 5  c 1  −  c 2    12     



	    p 2    
	      [   (  5 − 4 θ  )  β +  (  1 + 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c −  c 1  + 3  c 2   8    
	      [   (  5 − 4 θ  )  β +  (  1 + 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c −  c 1  + 3  c 2   8    
	      [   (  7 − 6 θ  )  β +  (  1 + 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c −  c 1  + 5  c 2    12     



	    π m   ( w )    
	       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    16  (  β − γ  )      
	       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    32  (  β − γ  )      
	       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    18  (  β − γ  )      



	    π r   (   p 1  ,  p 2   )    
	     4 A  + 5  β  - 3  γ    32 (   β 2  −  γ 2  )    α 2  +  B 8       −      2 c + c   1   (  8 θ − 3  )  +  c 2   (  5 − 8 θ  )    16   α      +   β  (  5  c 1    2  − 6  c 1   c 2  + 5  c 2    2   )    32        +   γ  (  3  c 1 2  − 10  c 1   c 2  + 3  c 2    2   )    32     
	     2 A  + 3  β − γ    16 (   β 2  −  γ 2  )    α 2  +  B 4       −      2 c + c   1   (  4 θ − 1  )  +  c 2   (  3 − 4 θ  )   8  α      +   β  (  3  c 1    2  − 2  c 1   c 2  + 3  c 2    2   )    16        +   γ  (   c 1 2  − 6  c 1   c 2  +  c 2    2   )    16     
	     9 A  + 13  β − 5 γ    72 (   β 2  −  γ 2  )    α 2  +   2 B  9       −      8 c + c   1   (  18 θ − 5  )  +  c 2   (  13 − 18 θ  )    36   α      +   β  (  13  c 1    2  − 10  c 1   c 2  + 13  c 2    2   )    72        +   γ  (  5  c 1 2  − 26  c 1   c 2  + 5  c 2    2   )    72     







where   A = 4  (  β − γ  )   θ 2  − 4  (  β − γ  )  θ  ,   B = c  (  c +  c 1  +  c 2   )   (  β − γ  )   .













 





Table 2. Optimal solutions for price cap regulation models.
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Models

	

	
   w   

	
     p 1     

	
     p 2     






	
MM model

	
    w ¯  >  w  m s     

	
    α  4  (  β − γ  )    +   2 c −  c 1  −  c 2   4    

	
      [   (  1 + 4 θ  )  β +  (  5 − 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c + 3  c 1  −  c 2   8    

	
      [   (  5 − 4 θ  )  β +  (  1 + 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c −  c 1  + 3  c 2   8    




	
    w  v n   <  w ¯  <  w  m s     

	
    w ¯    

	
      [   (  1 − θ  )  γ + θ β  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 1   2    

	
      [   (  1 − θ  )  β + θ γ  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 2   2    




	
    w  p s   <  w ¯  <  w  v n     

	
    w ¯    

	
      [   (  1 − θ  )  γ + θ β  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 1   2    

	
      [   (  1 − θ  )  β + θ γ  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 2   2    




	
    w ¯  <  w  p s     

	
    w ¯    

	
      [   (  1 − θ  )  γ + θ β  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 1   2    

	
      [   (  1 − θ  )  β + θ γ  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 2   2    




	
PM model

	
    w ¯  >  w  m s     

	
    α  8  (  β − γ  )    +   6 c −  c 1  −  c 2   8    

	
      [   (  1 + 4 θ  )  β +  (  5 − 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c + 3  c 1  −  c 2   8    

	
      [   (  5 − 4 θ  )  β +  (  1 + 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c −  c 1  + 3  c 2   8    




	
    w  v n   <  w ¯  <  w  m s     

	
    α  8  (  β − γ  )    +   6 c −  c 1  −  c 2   8    

	
      [   (  1 + 4 θ  )  β +  (  5 − 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c + 3  c 1  −  c 2   8    

	
      [   (  5 − 4 θ  )  β +  (  1 + 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c −  c 1  + 3  c 2   8    




	
    w  p s   <  w ¯  <  w  v n     

	
    α  8  (  β − γ  )    +   6 c −  c 1  −  c 2   8    

	
      [   (  1 + 4 θ  )  β +  (  5 − 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c + 3  c 1  −  c 2   8    

	
      [   (  5 − 4 θ  )  β +  (  1 + 4 θ  )  γ  ]  α   8  (   β 2  −  γ 2   )         +   2 c −  c 1  + 3  c 2   8    




	
    w ¯  <  w  p s     

	
    w ¯    

	
      [   (  1 − θ  )  γ + θ β  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 1   2    

	
      [   (  1 − θ  )  β + θ γ  ]  α   2  (   β 2  −  γ 2   )    +    w ¯  +  c 2   2    




	
VM model

	
    w ¯  >  w  m s     

	
    α  6  (  β − γ  )    +   4 c −  c 1  −  c 2   6    

	
      [   (  1 + 6 θ  )  β +  (  7 − 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c + 5  c 1  −  c 2    12     

	
      [   (  7 − 6 θ  )  β +  (  1 + 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c −  c 1  + 5  c 2    12     




	
    w  v n   <  w ¯  <  w  m s     

	
    α  6  (  β − γ  )    +   4 c −  c 1  −  c 2   6    

	
      [   (  1 + 6 θ  )  β +  (  7 − 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c + 5  c 1  −  c 2    12     

	
      [   (  7 − 6 θ  )  β +  (  1 + 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c −  c 1  + 5  c 2    12     




	
    w  p s   <  w ¯  <  w  v n     

	
    w ¯    

	
      [   (  1 + 6 θ  )  β +  (  7 − 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c + 5  c 1  −  c 2    12     

	
      [   (  7 − 6 θ  )  β +  (  1 + 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c −  c 1  + 5  c 2    12     




	
    w ¯  <  w  p s     

	
    w ¯    

	
      [   (  1 + 6 θ  )  β +  (  7 − 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c + 5  c 1  −  c 2    12     

	
      [   (  7 − 6 θ  )  β +  (  1 + 6 θ  )  γ  ]  α   12  (   β 2  −  γ 2   )         +   4 c −  c 1  + 5  c 2    12     











 





Table 3. Optimal profits for price cap regulation models.






Table 3. Optimal profits for price cap regulation models.





	
Models

	

	
     π m   ( w )     

	
     π r   (   p 1  ,  p 2   )     






	
MM model

	
    w ¯  >  w  m s     

	
       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    16  (  β − γ  )      

	
     16  (  β − γ  )   θ 2  − 16  (  β − γ  )  θ + 5 β − 3 γ   32  (   β 2  −  γ 2   )     α 2       −   2 c +  c 1   (  8 θ − 3  )  +  c 2   (  5 − 8 θ  )    16   α      +   c  (  c +  c 1  +  c 2   )   (  β − γ  )   8       +   β  (  5  c 1    2  − 6  c 1   c 2  + 5  c 2    2   )  + γ  (  3  c 1    2  − 10  c 1   c 2  + 3  c 2    2   )    32     




	
    w  v n   <  w ¯  <  w  m s     

	
      (   w ¯  − c  )   [  a −  (  2  w ¯  +  c 1  +  c 2   )   (  β − γ  )   ]   2    

	
    [    [  (  θ − 1  )  θ   2  (  β + γ  )    +  β  4  (   β 2  −  γ 2   )     ]   α 2       +   β − γ  2     w ¯   2  −   α −  (   c 1  +  c 2   )   (  β − γ  )   2   w ¯       +    c 1    2  +  c 2    2   4  β −   θ  (   c 1  −  c 2   )  +  c 2   2  α   




	
    w  p s   <  w ¯  <  w  v n     

	
      (   w ¯  − c  )   [  a −  (  2  w ¯  +  c 1  +  c 2   )   (  β − γ  )   ]   2    

	
    [    [  (  θ − 1  )  θ   2  (  β + γ  )    +  β  4  (   β 2  −  γ 2   )     ]   α 2       +   β − γ  2     w ¯   2  −   α −  (   c 1  +  c 2   )   (  β − γ  )   2   w ¯       +    c 1    2  +  c 2    2   4  β −   θ  (   c 1  −  c 2   )  +  c 2   2  α   




	
    w ¯  <  w  p s     

	
      (   w ¯  − c  )   [  a −  (  2  w ¯  +  c 1  +  c 2   )   (  β − γ  )   ]   2    

	
    [    [  (  θ − 1  )  θ   2  (  β + γ  )    +  β  4  (   β 2  −  γ 2   )     ]   α 2       +   β − γ  2     w ¯   2  −   α −  (   c 1  +  c 2   )   (  β − γ  )   2   w ¯       +    c 1    2  +  c 2    2   4  β −   θ  (   c 1  −  c 2   )  +  c 2   2  α   




	
PM model

	
    w ¯  >  w  m s     

	
       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    32  (  β − γ  )      

	
     8  (  β − γ  )   θ 2  − 8  (  β − γ  )  θ + 3 β − γ   16  (   β 2  −  γ 2   )     α 2       −   2 c +  c 1   (  4 θ − 1  )  +  c 2   (  3 − 4 θ  )   8  α      +   c  (  c +  c 1  +  c 2   )   (  β − γ  )   4       +   β  (  3  c 1    2  − 2  c 1   c 2  + 3  c 2    2   )  + γ  (   c 1    2  − 6  c 1   c 2  +  c 2    2   )    16     




	
    w  v n   <  w ¯  <  w  m s     

	
       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    32  (  β − γ  )      

	
     8  (  β − γ  )   θ 2  − 8  (  β − γ  )  θ + 3 β − γ   16  (   β 2  −  γ 2   )     α 2       −   2 c +  c 1   (  4 θ − 1  )  +  c 2   (  3 − 4 θ  )   8  α      +   c  (  c +  c 1  +  c 2   )   (  β − γ  )   4       +   β  (  3  c 1    2  − 2  c 1   c 2  + 3  c 2    2   )  + γ  (   c 1    2  − 6  c 1   c 2  +  c 2    2   )    16     




	
    w  p s   <  w ¯  <  w  v n     

	
       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    32  (  β − γ  )      

	
     8  (  β − γ  )   θ 2  − 8  (  β − γ  )  θ + 3 β − γ   16  (   β 2  −  γ 2   )     α 2       −   2 c +  c 1   (  4 θ − 1  )  +  c 2   (  3 − 4 θ  )   8  α      +   c  (  c +  c 1  +  c 2   )   (  β − γ  )   4       +   β  (  3  c 1    2  − 2  c 1   c 2  + 3  c 2    2   )  + γ  (   c 1    2  − 6  c 1   c 2  +  c 2    2   )    16     




	
    w ¯  <  w  p s     

	
      (   w ¯  − c  )   [  a −  (  2  w ¯  +  c 1  +  c 2   )   (  β − γ  )   ]   2    

	
    [    [  (  θ − 1  )  θ   2  (  β + γ  )    +  β  4  (   β 2  −  γ 2   )     ]   α 2  +   β − γ  2     w ¯   2       −   α −  (   c 1  +  c 2   )   (  β − γ  )   2   w ¯  +    c 1    2  +  c 2    2   4  β −   θ  (   c 1  −  c 2   )  +  c 2   2  α   




	
VM model

	
    w ¯  >  w  m s     

	
       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    18  (  β − γ  )      

	
     36  (  β − γ  )   θ 2  − 36  (  β − γ  )  θ + 13 β − 5 γ   72  (   β 2  −  γ 2   )     α 2       −   8 c +  c 1   (  18 θ − 5  )  +  c 2   (  13 − 18 θ  )    36   α      +   2 c  (  c +  c 1  +  c 2   )   (  β − γ  )   9       +   β  (  13  c 1    2  − 10  c 1   c 2  + 13  c 2    2   )  + γ  (  5  c 1    2  − 26  c 1   c 2  + 5  c 2    2   )    72     




	
    w  v n   <  w ¯  <  w  m s     

	
       [ α −  (  β − γ  )   (  2 c +  c 1  +  c 2   )  ]  2    18  (  β − γ  )      

	
     36  (  β − γ  )   θ 2  − 36  (  β − γ  )  θ + 13 β − 5 γ   72  (   β 2  −  γ 2   )     α 2       −   8 c +  c 1   (  18 θ − 5  )  +  c 2   (  13 − 18 θ  )    36   α      +   2 c  (  c +  c 1  +  c 2   )   (  β − γ  )   9       +   β  (  13  c 1    2  − 10  c 1   c 2  + 13  c 2    2   )  + γ  (  5  c 1    2  − 26  c 1   c 2  + 5  c 2    2   )    72     




	
    w  p s   <  w ¯  <  w  v n     

	
      (   w ¯  − c  )   [  α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )   ]   3    

	
    [     (  7 − 6 θ  )   (  5 β − γ  )  +  (  1 + 6 θ  )   (  5 γ − β  )     144 (   β 2  −  γ 2  )   +    (  2 θ − 1  )  θ   4  (  β + γ  )     ]   α 2       +    (  4 c − 7  c 1  −  c 2   )   (  6 θ − 1  )  +  (  4 c −  c 1  − 7  c 2   )   (  5 − 6 θ  )    144   α      −    (  4 c + 5  c 1  −  c 2   )   (  1 + 6 θ  )  +  (  4 c −  c 1  + 5  c 2   )   (  7 − 6 θ  )    144   α      −    (  4 c − 7  c 1  −  c 2   )   (  4 c −  c 1  + 5  c 2   )    144   γ −    (  4 c −  c 1  − 7  c 2   )   (  4 c + 5  c 1  −  c 2   )    144   γ      −    (  4 c − 7  c 1  −  c 2   )   (  4 c + 5  c 1  −  c 2   )    144   β −    (  4 c −  c 1  − 7  c 2   )   (  4 c −  c 1  + 5  c 2   )    144   β      −  [   1 3  α −   2 c +  c 1  +  c 2   3   (  β − γ  )   ]   w ¯    




	
    w ¯  <  w  p s     

	
      (   w ¯  − c  )   [  α −  (  2 c +  c 1  +  c 2   )   (  β − γ  )   ]   3    

	
    [     (  7 − 6 θ  )   (  5 β − γ  )  +  (  1 + 6 θ  )   (  5 γ − β  )     144 (   β 2  −  γ 2  )   +    (  2 θ − 1  )  θ   4  (  β + γ  )     ]   α 2       +    (  4 c − 7  c 1  −  c 2   )   (  6 θ − 1  )  +  (  4 c −  c 1  − 7  c 2   )   (  5 − 6 θ  )    144   α      −    (  4 c + 5  c 1  −  c 2   )   (  1 + 6 θ  )  +  (  4 c −  c 1  + 5  c 2   )   (  7 − 6 θ  )    144   α      −    (  4 c − 7  c 1  −  c 2   )   (  4 c + 5  c 1  −  c 2   )    144   β −    (  4 c −  c 1  − 7  c 2   )   (  4 c −  c 1  + 5  c 2   )    144   β      −  [   1 3  α −   2 c +  c 1  +  c 2   3   (  β − γ  )   ]   w ¯    
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