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Aiming at the dual-channel pharmaceutical supply chain, which consists of two distribution channels, offline medical institutions, and online e-commerce platforms, and taking into account the impact of different strategic choices made by relevant stakeholders on the drugs quality of different distribution channels, this article constructs an evolutionary game model involving the participation of government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies. The stable equilibrium points of each participant's strategic choices are solved; the stability of strategic combination is analyzed by Lyapunov's first method, and MATLAB 2020b is used for simulation to verify the influence of each decision variable on the strategic choice of different participants. The results show that, first, the purpose of punishment is to ensure the drugs quality in the pharmaceutical supply chain, but when the fine is too high, it will restrain the economic behavior of pharmaceutical enterprises, which is not conducive to the performance of social responsibilities by other relevant participants. Second, the probability that government regulator strictly supervises the pharmaceutical supply chain and the probability that pharmaceutical enterprises provide high-quality drugs are negatively related to their additional cost. Third, whether medical institutions and pharmaceutical e-commerce companies choose inspection is affected by multiple factors such as inspection cost, sales price, and sales cost. Furthermore, when the penalty for non-inspection of pharmaceutical e-commerce companies is greater than the threshold Fm0, it can ensure that it chooses an inspection strategy. Finally, this article puts forward countermeasures and suggestions on the drugs quality supervision of different distribution channels in the pharmaceutical supply chain.
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Introduction

Nowadays, COVID-19 is still ongoing, and the entire pharmaceutical industry is constantly adapting to dramatic changes in the global economy and public health. The unique attributes of the drugs make their supply chains the most complex, and drugs supervision is gradually expanding to a global scale. Issues such as inconsistent drugs supervision standards, endless drugs problems, and lagging supervision concepts have become common challenges faced by all countries. In October 2020, Purdue Pharma admitted to inciting pharmacies and doctors to promote the company's “OxyContin” through bribery and other methods and agreed to pay a criminal fine of $3.544 billion and a civil penalty of $2.8 billion. In September 2020, the website of the French Competition Authority showed that three biopharmaceutical companies, Novartis Pharmaceuticals Group, Roche, and Genentech, were fined 445 million euros for market violations and alleged abuse of market dominance in marketing. In December 2020, the Japanese pharmaceutical company Kobayashi Chemical Co., Ltd. was ordered to suspend business for 116 days by the government for violating the “Drugs and Medical Devices Law” due to fraudulent behavior. In January 2021, China Simcere Pharmaceutical Group was fined 100.7 million CNY by the State Administration for Market Regulation according to law for its monopolistic behavior. In order to ensure the drugs quality and safety of the pharmaceutical supply chain, countries have formulated relevant strategies or plan to promote coordinated international supervision and global cooperation.

The pharmaceutical supply chain and the Internet are deeply integrated, the boundaries of enterprises are broken, and information technology forces the industrial chain to strengthen supply chain coordination. The application of Internet technology has produced a professional commodity trading network platform, using information technology to combine e-commerce with the traditional pharmaceutical distribution industry, forming a pharmaceutical supply chain with two distribution channels, such as online pharmaceutical e-commerce companies and offline medical institutions. However, the differentiation and information asymmetry between online and offline channels have exacerbated the dilemma of drugs quality and safety and restricted the drugs quality level of the pharmaceutical supply chain. How to realize the efficient coordination of the main bodies of the pharmaceutical supply chain under different distribution channels, ensure the drugs quality level of the pharmaceutical supply chain, and improve the supervision efficiency has become an urgent problem to be solved.

Therefore, this article considers the strategic choices of drugs quality supervision entities in the pharmaceutical supply chain under different distribution channel structures and constructs an evolutionary game model involving the participation of government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies. By solving and analyzing the stability of strategic combination and the influence of each element on strategic choices, it aims to solve the following three problems. First, how does the strategic choice of pharmaceutical enterprises affect the behavior of government regulator, medical institutions, and pharmaceutical e-commerce companies? Second, how each decision variable affects the strategic choices of drugs quality supervision participants of different distribution channels in pharmaceutical supply chain? Third, how to promote government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies actively perform their responsibilities and ensure the drugs quality level of the pharmaceutical supply chain?

The remaining parts of this article are arranged as follows. The second part combs and reviews the relevant literature; the third part makes hypotheses and constructs an evolutionary game model which involves government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies; the fourth part analyzes the stability of the strategic choice of the four participants; the fifth part analyzes the stability of strategy combination according to the Lyapunov's first method; the sixth part is the simulation analysis with MATLAB 2020b; the seventh part discusses and outlines related suggestions; the last part suggests the conclusions.



Relevant literature


Pharmaceutical supply chain

The pharmaceutical supply chain covers many links such as raw material supply companies, pharmaceutical enterprises, terminal drugs sales agencies, and patients (1). The pharmaceutical supply chain is complex, and there are many drugs quality risk nodes (2), and there are problems such as non-standard drugs production testing and imperfect supervision mechanisms, which have become a research hotspot. Provide a competitive pharmaceutical supply chain under the product life cycle (3), supervise activities in the supply chain (4), and avoid monopoly (5) and collusion (6) among pharmaceutical supply chain entities, so as to better provide pharmaceutical retail services. Pharmaceutical products are perishable and improving the reliability, safety, and efficiency of the supply chain is the goal of the development and research of the pharmaceutical supply chain (7).



Distribution channels

Inventory management and distribution network of pharmaceutical products is one of the most important issues in the medical field (8). Online and offline sales' channels in the pharmaceutical supply chain have their own unique advantages. Online channels are more convenient and faster than offline channels, which expands purchasing opportunities (9), but cannot provide accurate consultation services (10). The pharmaceutical retail industry adopts the O2O model, which has the risk of putting online and offline on the opposite side of the competition (11). The pursuit of profit maximization by pharmaceutical enterprises as suppliers and the existence of competition between online and offline retailers will affect the overall quality level of the pharmaceutical supply chain (12). The supply chain in which suppliers cooperate with retailers of different channels cannot achieve complete coordination and competition, and multi-channels bring greater challenges to the drugs quality supervision of the pharmaceutical supply chain (13).



Drugs quality supervision

The quality supervision of the pharmaceutical supply chain determines the level of drugs safety (14). The intensity of government supervision should be gradually increased from the raw material suppliers (15), and the downstream entities should improve the testing level (16). By establishing a blockchain-based scenario application model and achieving a collaborative management mechanism (17), the purpose of shortening supply chain management time, improving efficiency, and meeting demand can be achieved. Government regulator should play a more active role (18) in further optimizing the decision-making process of pharmaceutical supply chain supervision (19), and giving economic penalties or government subsidies (20) can effectively promote pharmaceutical enterprises to provide high-quality drugs (21) and improve the quality of pharmaceutical supply chain (22).

To sum up, the existing literature mainly discusses the optimal decision-making of pharmaceutical supply chain members and how to improve the profit and efficiency of the supply chain. There is still a lack of research that simultaneously analyzes the strategic choice, mutual influence, and stability of strategic combination of the four participants: government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies in drugs quality supervision.

Therefore, the research contributions of this article have the following three points. First, considering the strategic choices of government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies in the drugs quality supervision of the pharmaceutical supply chain under different distribution channels, a game model involving four parties is constructed. Second, considering the influence of whether pharmaceutical enterprises provide high-quality drugs on the strategic choices of other participants, the evolutionary stable strategic combinations under different conditions are solved. Finally, the influence of the changes in different factors on the strategic choice of each participant is solved and analyzed, and the validity of the model is verified through the simulation analysis of MATLAB 2020b. Provide countermeasures and suggestions for the government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies to participate in the drugs quality supervision of the pharmaceutical supply chain.




Model hypotheses and construction

This article chooses the evolutionary game as the research method because it can explain the dynamic process of the evolution of each stakeholder's strategic choice and explain why this state has been reached and how to reach it.

Therefore, considering a pharmaceutical dual-channel supply chain consisting of a pharmaceutical supplier, an offline medical institution, and an online e-commerce platform, this article constructs the drugs quality supervision structural relationship as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Drugs quality regulatory structure relationship. Figure is the structural relationship diagram that shows the relationship among government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies in the drugs quality supervision of different distribution channels in pharmaceutical supply chain.



Model hypotheses

H1 Select four participants: government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies. In an evolutionary game, the four parties are all bounded rational participants, and the strategy choice evolves and stabilizes to the optimal strategy over time, and assume that the strategic choice space of the government regulator is S1 = (strictly supervise, loosely supervise); the strategic choice space of pharmaceutical enterprises is S2 = (provide high-quality drugs, provide low-quality drugs); the strategic choice space of medical institutions is S3 = (inspection, non-inspection); the strategic choice space of pharmaceutical e-commerce companies is S4 = (inspection, non-inspection).

H2 The probability of government regulator choosing strict supervision is x(0 ≤ x ≤ 1), and the probability of choosing loose supervision is 1 − x. The probability of pharmaceutical enterprises choosing to provide high-quality drugs is y(0 ≤ y ≤ 1), and the probability of choosing to provide low-quality drugs is 1 − y. The probability of medical institutions choosing inspection is z(0 ≤ z ≤ 1), and the probability of choosing non-inspection is 1 − z. The probability of pharmaceutical e-commerce companies choosing inspection is f(0 ≤ f ≤ 1), and the probability of choosing non-inspection is 1 − f.

H3 The utility obtained by patients from purchasing the drugs from offline medical institutions and online e-commerce platforms are: Vr = λ − pr. λ is the willingness of patients to buy drugs offline, evenly distributed on [0, b] Ve = ρλ − pe, ρ is the acceptance of online purchases by patients, and pr and pe are the retail prices of drugs, respectively. Considering the rationality of consumers, patients always choose the way of purchasing drugs based on the principle of maximizing utility, that is, Vmax = max{Vr, Ve}. When [image: image], patients choose to buy drugs offline; when [image: image], they choose to buy drugs online. Therefore, the sales volume of medical institutions and pharmaceutical e-commerce companies are respectively: [image: image], [image: image].

H4 The cost of strict supervision is Gh, and the cost of loose supervision is Gl(Gh > Gl > 0). When government regulator loosely supervises, they will be fined as Fg.

H5 The cost of providing high-quality drugs is Ch, and the cost of providing low-quality drugs is Cl(Ch > Cl > 0). ω is the unit wholesale price of pharmaceutical enterprises to medical institutions and pharmaceutical e-commerce companies, T is the unit cost of exchanging goods of pharmaceutical enterprises, ω > T > 0. The marketing cost of medical institutions is Cr, the marketing cost of pharmaceutical e-commerce companies is Ce, and the unit inspection cost of drugs is Cθ. Enterprises that provide low-quality drugs will be fined Fs by government regulator. The penalty for non-inspection by medical institutions and pharmaceutical e-commerce companies is Fm.

The parameters and descriptions of this article are shown in Table 1.


Table 1. Related parameter description.

[image: Table 1]



Model construction

Based on the above hypotheses, this article constructs a drugs quality supervision game matrix in the pharmaceutical supply chain involving government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies, as shown in Table 2.


Table 2. Four-party mixed strategy game matrix.

[image: Table 2]




Analysis of the strategic choice stability


The government regulator's strategic choice stability

The replicated dynamic equation and the first derivative of the government regulator's strategic choice are:

[image: image]
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[image: image]

According to the stability theorem of differential equations, if the probability of the government regulator choosing strict supervision is to be in a stable state, the following conditions must be met: F(x) = 0 and F′(x) < 0.

Proposition 1 When y < y0, z < z0 or f < f0, the government regulator's stabilization strategy is “strict supervision.” When y > y0, z > z0, or f > f0, its stabilization strategy is “loose supervision.” When y = y0, z = z0, or f = f0, we are unable to determine its stabilization strategy.

Proof Make G(y, z, f) = Gl − Gh + (1 − y)Fs + (1 − y)(2 − z−2f + zf)Fm−(1−y)(2+f − zf)(Fs−Fg), when G(y, z, f) = 0, the thresholds [image: image], [image: image] and [image: image] can be calculated. Because ∂G(y, z, f)/∂y < 0, ∂G(y, z, f)/∂z < 0, and ∂G(y, z, f)/∂f < 0, G(y, z, f) is a decreasing function of y, z and f. When y < y0, z < z0, or f < f0, G(y, z, f) > 0, [image: image] and F(x)|x=1 = 0 can be calculated, so x = 1 is stable. When y > y0, z > z0, or f > f0, G(y, z, f) < 0, [image: image] and F(x)|x=0 = 0 can be calculated, so x = 0 is stable. When y = y0, z = z0, orf = f0, G(y, z, f) = 0 and F′(x) = 0 can be calculated, we are unable to determine a stable strategy.

Proposition 1 shows that if the probability of pharmaceutical enterprises to provide high-quality drugs increases, the stabilization strategy of government regulator will change from strict supervision to loose supervision. If the inspection probability of medical institutions and pharmaceutical e-commerce companies is reduced, the stabilization strategy of government regulator will change from loose supervision to strict supervision. Therefore, in the drugs quality supervision of distribution channel in the pharmaceutical supply chain, when pharmaceutical enterprises voluntarily provide high-quality drugs, and the online and offline dual-channel entities take the initiative to undertake the inspection obligations, the government regulator realizes this and chooses loose supervision.

In summary, the response function of x is

[image: image]

According to Proposition 1, the phase diagram of government regulator strategic choice is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Phase diagram of the government regulator's strategic choice. Figure is the phase diagram that shows the evolutionary trend of government regulator's strategy obtained by calculating the response function of the probability of government regulator choosing the “strict supervision” strategy.


It can be seen from Figure 2 that the volume of Vg1 is the probability that government regulator chooses the “strict supervision” strategy, and the volume of Vg0 is the probability that it chooses the “loose supervision” strategy. And,

[image: image]

[image: image]

Corollary 1.1 The more additional costs government regulator pays for strict supervision, the less likely it will choose “strict supervision” strategy.

Proof According to the probability Vg1, the first-order partial derivatives of Gh − Gl can be calculated,

[image: image]

Corollary 1.1 shows that the probability of government regulator choosing “strict supervision” strategy is a decreasing function of Gh − Gl. The greater the additional cost of strict supervision, the less likely it will conduct “strict supervision” in order to reduce costs.

Corollary 1.2 The higher the Fm, the greater the probability that the government regulator chooses the “loose supervision” strategy; the higher the Fs, the lower the probability that it chooses the “loose supervision” strategy.

Proof Make M = Fs−(3−z)(Fs−Fg), N = Fs+(2−z)Fm−2(Fs − Fg). According to the probability Vg0, the first-order partial derivatives of Fs and Fm can be calculated,

[image: image]

Corollary 1.2 shows that the probability Vg0 is a decreasing function of Fs and an increasing function of Fm. The higher the fines imposed on medical institutions and pharmaceutical e-commerce companies, the more they will voluntarily conduct inspection, which can restrict the behavior of pharmaceutical enterprises. At this time, government regulator is more likely to choose loose supervision.



Pharmaceutical enterprises' strategic choice stability

The replicated dynamic equation and the first derivative of pharmaceutical enterprises' strategic choice are:

[image: image]
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[image: image]

According to the stability theorem of differential equations, if the probability of pharmaceutical enterprises choosing to provide high-quality drugs is to be in a stable state, the following conditions must be met: F(y) = 0 and F′(y) < 0.

Proposition 2 When x > x1, z > z1 or f > f1, pharmaceutical enterprises' stabilization strategy is “providing high-quality drugs.” When x < x1, z < z1 or f < f1, their stabilization strategy is “providing low-quality drugs.” When x = x1, z = z1 or f = f1, we are unable to determine their stabilization strategy.

Proof Make K(x, z, f) = T(b − pe/ρ) + Cl + Fs − Ch − [T(b − pe/ρ) + Fs](1 − z)(1 − x)(1 − f), when K(x, z, f) = 0, the thresholds [image: image], [image: image], and [image: image] can be calculated. Because ∂K(x, z, f)/∂x > 0, ∂K(x, z, f)/∂z > 0, and ∂K(x, z, f)/∂f > 0, K(x, z, f) is an increasing function of x, z, and f. When x > x1, z > z1, or f > f1, K(x, z, f) > 0, [image: image], and F(y)|y=1 = 0 can be calculated, so y = 1 is stable. When x < x1, z < z1, or f < f1, K(x, z, f) < 0, [image: image], and F(y)|y=0 = 0 can be calculated, so y = 0 is stable. When x = x1, z = z1, or f = f1, K(x, z, f) = 0 and F′(y) = 0 can be calculated, we are unable to determine a stable strategy.

Proposition 2 shows that with the increase of probability x, z, and f, the stable strategy of pharmaceutical enterprises will change from providing low-quality drugs to providing high-quality drugs. Therefore, the active provision of high-quality drugs by pharmaceutical enterprises requires the joint supervision of social entities.

In summary, the response function of y is

[image: image]

According to Proposition 2, the phase diagram of pharmaceutical enterprises' strategic choice is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Phase diagram of pharmaceutical enterprises' strategic choice. Figure is the phase diagram that shows the evolutionary trend of pharmaceutical enterprises' strategy obtained by calculating the response function of the probability of pharmaceutical enterprises choosing the “providing high-quality drugs” strategy.


It can be seen from Figure 3 that the volume of Vs1 is the probability that pharmaceutical enterprises choose the “providing high-quality drugs” strategy, and the volume of Vs0 is the probability that they choose the “providing low-quality drugs” strategy. And,

[image: image]

[image: image]

Corollary 2.1 The higher the additional cost for pharmaceutical enterprises to provide high-quality drugs, the less likely they are to provide high-quality drugs.

Proof According to the probability Vs1, the first-order partial derivatives of Ch − Cl can be calculated,

[image: image]

Corollary 2.1 shows that the probability Vs1 is a decreasing function of Ch − Cl. When the additional cost of providing high-quality drugs is greater, pharmaceutical enterprises are less willing to provide high-quality drugs for economic benefit.

Corollary 2.2 The higher the unit cost of exchanging goods of pharmaceutical enterprises providing high-quality drugs, the lower the probability of providing low-quality drugs.

Proof Make A = T(b − pe/ρ) + Cl + Fs − Ch, B = [T(b − pe/ρ) + Fs](1 − z). According to the probability Vs0, the first-order partial derivatives of T can be calculated,

[image: image]

Corollary 2.2 shows that the probability Vs0 is a decreasing function of T. When the unit cost of exchanging goods is higher, the probability of pharmaceutical enterprises choosing to provide low-quality drugs will be smaller in order to ensure economic benefits.



Medical institutions' strategic choice stability

The replicated dynamic equation and the first derivative of medical institutions' strategic choice are:

[image: image]
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[image: image]

According to the stability theorem of differential equations, if the probability of medical institutions choosing inspection is to be in a stable state, the following conditions must be met: F(z) = 0 and F′(z) < 0.

Proposition 3 When x > x2, y < y2, or f > f2, medical institutions' stabilization strategy is “inspection.” When x < x2, y > y2, or f < f2, their stabilization strategy is “non-inspection.” When x = x2, y = y2, or f = f2, we are unable to determine their stabilization strategy.

Proof Make J(x, y, f) = (1 − y)(x + f − xf)Fm − [b − (pr − pe)/(1 − ρ)]Cθ, when J(x, y, f) = 0, the thresholds [image: image], [image: image], and [image: image] can be calculated. Because ∂J(x, y, f)/∂x>0, ∂J(x, y, f)/∂y < 0, and ∂J(x, y, f)/∂f>0, J(x, y, f) is an increasing function of x and f, and a decreasing function of y. When x > x2, y < y2, or f > f2, J(x, y, f) > 0, [image: image], and F(z)|z=1 = 0 can be calculated, so z = 1 is stable. When x < x2, y > y2, or f < f2, J(x, y, f) < 0, [image: image], and F(z)|z=0 = 0 can be calculated, so z = 0 is stable. When x = x2, y = y2, or f = f2, J(x, y, f) = 0, and F′(z) = 0 can be calculated, we are unable to determine a stable strategy.

Proposition 3 shows that if the probability of strict supervision by government regulator and the probability of inspection of pharmaceutical e-commerce companies increase, or the probability of pharmaceutical enterprises to provide high-quality drugs decreases, the stability strategy of medical institutions will change from non-inspection to inspection. Therefore, the active behaviors of government regulator and pharmaceutical e-commerce companies will play a restrictive role in medical institutions.

In summary, the response function of x is

[image: image]

According to Proposition 3, the phase diagram of medical institutions strategic choice is shown in Figure 4.


[image: Figure 4]
FIGURE 4. Phase diagram of medical institutions' strategic choice. Figure is the phase diagram that shows the evolutionary trend of medical institutions' strategy obtained by calculating the response function of the probability of medical institutions choosing the “inspection” strategy.


It can be seen from Figure 4 that the volume of Vr1 is the probability that the medical institutions choose the “inspection” strategy, and the volume of Vr0 is the probability that they choose the “non-inspection” strategy. And,

[image: image]

[image: image]

Corollary 3.1 The probability of inspection by medical institutions is negatively related to the cost of inspection.

Proof According to the probability Vr1, the first-order partial derivatives of [b−(pr − pe)/(1 − ρ)]Cθ can be calculated,

[image: image]

Corollary 3.1 shows that the higher the inspection cost of medical institutions, the lower the probability of choosing the “inspection” strategy.

Corollary 3.2 The probability that medical institutions choose “non-inspection” is negatively related to their fine.

Proof According to the probability Vr0, the first-order partial derivatives of Fm can be calculated,

[image: image]

Corollary 3.2 shows that when the price paid by medical institutions for non-inspection increases, the probability of choosing “non-inspecting” is lower.



Pharmaceutical e-commerce companies' strategic choice stability

The replicated dynamic equation and the first derivative of pharmaceutical e-commerce companies' strategic choices are:

[image: image]
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According to the stability theorem of differential equations, if the probability of pharmaceutical e-commerce companies choosing inspection is to be in a stable state, the following conditions must be met: F(f) = 0 and F′(f) < 0.

Proposition 4 When x > x3, y < y3, or z > z3, pharmaceutical e-commerce companies' stabilization strategy is “inspection.” When x < x3, y > y3, or z < z3, their stabilization strategy is “non-inspection.” When x = x3, y = y3, or z = z3, we are unable to determine their stabilization strategy.

Proof Make H(x, y, z) = (1 − y)(x + z − xz)Fm − [(ρpr − pe)Cθ]/[ρ(1 − ρ)], when H(x, y, z) = 0, the thresholds [image: image], [image: image], and [image: image] can be calculated. Because ∂H(x, y, z)/∂x > 0, ∂H(x, y, z)/∂y < 0, and ∂H(x, y, z)/∂z > 0, H(x, y, z) is an increasing function of x and z, and a decreasing function of y. When x > x3, y < y3 or z > z3, H(x, y, z) > 0, [image: image] and F(f)|f=1 = 0 can be calculated, so f = 1 is stable. When x < x3, y > y3, or z < z3, H(x, y, z) < 0, [image: image] and F(f)|f=0 = 0 can be calculated, so f = 0 is stable. When x = x3, y = y3, or z = z3, H(x, y, z) = 0 and F′(f) = 0 can be calculated, we are unable to determine a stable strategy.

Proposition 4 shows that if the probability of strict supervision increases, the probability of inspection by medical institutions increases, or the probability of pharmaceutical enterprises providing high-quality drugs decreases, the stable strategy of pharmaceutical e-commerce companies will change from non-inspection to inspection.

In summary, the response function of f is

[image: image]

According to Proposition 4, the phase diagram of pharmaceutical e-commerce companies' strategic choices is shown in Figure 5.


[image: Figure 5]
FIGURE 5. Phase diagram of pharmaceutical e-commerce companies' strategic choice. Figure is the phase diagram that shows the evolutionary trend of pharmaceutical e-commerce companies' strategy obtained by calculating the response function of the probability of pharmaceutical e-commerce companies choosing the “inspection” strategy.


It can be seen from Figure 5 that the volume of Ve1 is the probability that pharmaceutical e-commerce companies choose the “inspection” strategy, and the volume of Ve0 is the probability that they choose the “non-inspection” strategy. And,

[image: image]

[image: image]

Corollary 4.1 The inspection probability of pharmaceutical e-commerce companies is positively correlated with online drugs retail price.

Proof According to the probability Ve1, the first-order partial derivatives of pe can be calculated,

[image: image]

Corollary 4.1 shows that with the increase in online drugs retail price, pharmaceutical e-commerce companies are more inclined to conduct inspections on drugs quality.

Corollary 4.2 When Fm > Fm0, pharmaceutical e-commerce companies will choose the “inspection” strategy. When Fm < Fm0, they will choose the “non-inspection” strategy. The threshold is [image: image].

Proof According to Proposition 4, when H(x, y, z) = 0, [image: image] can be calculated. Because ∂H(x, y, z)/∂Fm > 0, H(x, y, z) is an increasing function of Fm. When Fm > Fm0, H(x, y, z) > 0, [image: image] and F(f)|f=1 = 0 can be calculated. When Fm < Fm0, H(x, y, z) < 0, [image: image], and F(f)|f=0 = 0 can be calculated.

Corollary 4.2 shows that, when Fm > Fm0, it can ensure that pharmaceutical e-commerce companies choose the “inspection” strategy. Therefore, it is necessary to increase the degree of punishment for pharmaceutical e-commerce companies that do not inspect to restrain their behavior.




Stability analysis of strategic combination

In the replication dynamic system of the quadrilateral game between government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies, the stability of the strategic combination can be judged according to the Lyapunov's first method. If all the eigenvalues of the Jacobian matrix are negative, the equilibrium point is the progressive evolutionary stable strategy (ESS). If at least one of the eigenvalues is positive, the equilibrium point is unstable. If the eigenvalues are all negative except zero, the equilibrium point is in a critical state and the stability is uncertain. This article analyzes the stability of the 16 pure strategy Nash equilibrium points, the Jacobian matrix of the replication dynamic system is,

[image: image]


When pharmaceutical enterprises provide high-quality drugs

If the stability strategy of pharmaceutical enterprises is “providing high-quality drugs,” that is, when condition T(b − pe/ρ) > Ch−Cl−Fs is satisfied, the asymptotic stability analysis of the equilibrium point of the replicated dynamic system is shown in Table 3.


Table 3. Asymptotic stability of the equilibrium point in providing high-quality drugs.

[image: Table 3]

It can be seen from Table 3 that if pharmaceutical enterprises provide high-quality drugs, the equilibrium point (0, 1, 1, 1) of the replicated dynamic system is ESS.

The most ideal situation for government regulator is pharmaceutical enterprises providing high-quality drugs, inspected by medical institutions, and pharmaceutical e-commerce companies are. At this time, in order to save financial expenditures and maximize social interests, the government regulator will carry out loose supervision.



When pharmaceutical enterprises provide low-quality drugs

If the stability strategy of pharmaceutical enterprises is “providing low-quality drugs,” that is, when condition T(b − pe/ρ) < Ch−Cl−Fs is satisfied, the asymptotic stability analysis of the equilibrium point of the replicated dynamic system is shown in Table 4.


Table 4. Asymptotic stability of the equilibrium point in providing low-quality drugs.

[image: Table 4]

It can be seen from Table 4 that if condition is satisfied, the equilibrium point (1, 0, 0, 0) of the replication dynamic system is ESS. When condition is satisfied, the equilibrium point (0, 0, 0, 0) of the replication dynamic system is ESS.

The above two states of stable equilibrium point are not ideal. Strict supervision by government regulator is to play a deterrent role. The drugs quality supervision of the pharmaceutical supply chain requires the joint efforts of stakeholders and their respective social responsibilities in order to create a good business environment for pharmaceutical enterprises.




Simulation analysis

Based on the above theoretical analysis, MATLAB 2020b is used to conduct an intuitive observation of numerical simulation, so as to obtain more enlightenment on the drugs quality supervision of distribution channels in the pharmaceutical supply chain. Combined with the actual situation and relevant literature content, the parameters are set as: Gh − Gl = 7, Ch − Cl = 7, Fg = 3, Fs = 4, Fm = 3, Cθ = 2, Ce = 2, Cr = 3, pe = 3, pr = 4, ω = 2, b = 5, and ρ = 0.5, T = 1.


Impact of penalty

Suppose that the penalty for loose supervision by the government regulator is Fg = {0, 4, 10}, the penalty for pharmaceutical enterprises for providing low-quality medicines is Fs = {0, 6, 10}, and the penalty for non-inspection by medical institutions and pharmaceutical e-commerce companies is Fm = {0, 4, 10}. The evolution process and results of players' strategy in the quartet game are shown in Figure 6.
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FIGURE 6. Impact of penalties on the evolution of each player's strategy. Figure is the simulation diagram that shows the influence of the penalties on the strategic choices of government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies. (A) When Fg = 0, Fs = 0, Fm = 0; (B) when Fg = 4, Fs = 6, Fm = 4; (C) when Fg = 10, Fs = 10, Fm = 10.


Figure 6 shows that when the fines are 0, the government regulator will loosely supervise, pharmaceutical enterprises provide low-quality drugs, and medical institutions and pharmaceutical e-commerce companies do not inspect. As the fines increase, the stable strategies of medical institutions and pharmaceutical e-commerce companies are changed to inspection. When the fines are further increased, the cost of providing low-quality drugs is too high for pharmaceutical enterprises, and they will choose to provide high-quality drugs, but at this time other entities realize this and will not conduct supervision and inspection in order to save costs.



Impact of cost of exchanging goods

Let the probability that pharmaceutical e-commerce companies choose inspection is f = 0.5. Suppose the unit cost of exchanging goods is T = {0, 2, 4}. The tripartite game evolutionary process and results of government regulator, pharmaceutical enterprises, and medical institutions are shown in Figure 7.
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FIGURE 7. Impact of T on the evolution of each player's strategy. Figure is the simulation diagram that shows the influence of the unit cost of exchanging goods of pharmaceutical enterprises on the strategic choices of government regulator, pharmaceutical enterprises, and medical institutions. (A) When T = 0; (B) when T = 2; (C) when T = 4.


Figure 7 shows that when the unit cost of exchanging goods is 0, there is only one evolutionary stable equilibrium point (0, 0, 0) in the replication dynamic system, and pharmaceutical enterprises provide low-quality drugs at this time. When the cost of exchanging goods increases, the replication dynamic system is in an unstable state. As T further increases, the evolutionary stable equilibrium point of the replication dynamic system is (0, 1, 0), and pharmaceutical enterprises will consciously provide high-quality drugs in order to avoid additional expenditure on adjusting goods.



Impact of additional cost

Let the probability that medical institutions choose inspection is z = 0.5. Consider the additional cost of a government regulator choosing strict supervision Gh − Gl = {0, 3, 7} and the additional cost for pharmaceutical enterprises to provide high-quality drugs Ch − Cl = {0, 3, 7}. The tripartite game evolutionary process and results of government regulator, pharmaceutical enterprises, and pharmaceutical e-commerce companies are shown in Figure 8.


[image: Figure 8]
FIGURE 8. Impact of additional costs on the evolution of each player's strategy. Figure is the simulation diagram that shows the influence of the additional costs on the strategic choices of government regulator, pharmaceutical enterprises, and pharmaceutical e-commerce companies. (A) When Gh−Gl = 0, Ch−Cl = 0; (B) when Gh−Gl = 3, Ch−Cl = 3; (C) when Gh−Gl = 7, Ch−Cl = 7.


It can be seen from Figure 8 that when the additional costs are 0, there is only one evolutionary stable equilibrium point (1, 1, 1) in the replication dynamic system. At this time, pharmaceutical enterprises provide high-quality drugs, government regulator strictly supervises, and pharmaceutical e-commerce companies choose inspection. As the additional costs increase, the replication dynamic system is in an unstable state. When additional costs further increase, the evolutionary stable equilibrium point of the replication dynamic system is (0, 0, 1). At this time, the government regulator loosely supervises, pharmaceutical enterprises provide low-quality drugs, and pharmaceutical e-commerce companies choose to inspect. Therefore, in drugs quality supervision of distribution channels in the pharmaceutical supply chain, fundamentally speaking, reducing the additional costs of each link can effectively improve the enthusiasm of all parties to choose positive behaviors and maintain a good market order.




Discussions

This article considers the participants in different distribution channels of the pharmaceutical supply chain, and constructs a quartet evolutionary game model of government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies. The stable equilibrium point of each strategic choice is solved, and the stability of the strategic combination of the replication dynamic system is analyzed. This article analyzes the influence of pharmaceutical enterprises' sales channels and various factors on the drugs quality of pharmaceutical supply chain and uses MATLAB 2020b simulation to verify. The main suggestions are as follows.

First of all, the amount of fines can effectively restrain the behavior of government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies, but excessive punishment will inhibit economic behavior, easily lead to collusion, and is not conducive to maintaining a good market order. Therefore, it is necessary to establish a reasonable reward and punishment mechanism. Publicize and praise pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies that fulfill their social responsibilities, and set up a list of exemptions to encourage them.

Second, all parties, as rational subjects, pursue the maximization of interests. Only when their positive behavior can bring profits, they will prompt government regulator strictly supervise, pharmaceutical enterprises provide high-quality drugs, and medical institutions and pharmaceutical e-commerce companies inspect. Therefore, online platform and patient feedback mechanism can be introduced. Information sharing compensation mechanism can be designed to connect government regulator, pharmaceutical enterprises, medical institutions, pharmaceutical e-commerce companies, and other subjects, so that they can actively share drugs quality information and reduce information asymmetry and lag. At the same time, they can supervise each other and check and balance each other, which can reduce the additional cost of strict supervision by the government regulator and improve the supervision efficiency.

Eventually, the sales cost and sales price of different distribution channels are different. Compared with medical institutions, pharmaceutical e-commerce companies do not need to provide diagnosis and treatment services, and the sales cost is lower, which will weaken the advantages of offline medical institutions. In order to avoid monopoly and balance the market, pharmaceutical enterprises should differentiate wholesale prices between medical institutions and pharmaceutical e-commerce companies to maintain a stable business atmosphere.



Conclusion

With the continuous development of Internet technology, pharmaceutical enterprises pay more and more attention to the innovation of supply chain services and the construction of core capabilities of professional pharmaceutical third-party logistics services. The competition between online pharmaceutical e-commerce companies and offline medical institutions is becoming increasingly fierce. Under the different distribution channel structures, the drugs quality supervision of the pharmaceutical supply chain is a common challenge faced by all countries in the world. Set up a reasonable reward and punishment mechanism for the main body of the pharmaceutical supply chain, encourage government regulator to strictly supervise, pharmaceutical enterprises to provide high-quality drugs, and medical institutions and pharmaceutical e-commerce companies to conduct the inspection. Introduce an online information platform to reduce information asymmetry, promote information sharing, and reduce the operating costs of supply chain members. Balancing the competition among different distribution channel entities and pricing reasonably, with the joint participation of all entities, can effectively guarantee the drugs quality level of the pharmaceutical supply chain.

Considering the strategic choices of government regulator, pharmaceutical enterprises, medical institutions, and pharmaceutical e-commerce companies, this article constructs an evolutionary game model for the drugs quality supervision of pharmaceutical supply chains under different distribution channels. However, the constructed game model is complete information under bounded rationality, one-stage, and does not consider the game order. Therefore, considering the influence of information asymmetry, building a multi-stage, repetitive and dynamic game model under the patient feedback mechanism is the next research direction.
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