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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 . 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.

drugs quality supervision, distribution channels, pharmaceutical supply chain,
evolutionary games, simulation analysis

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
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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
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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 020 model, which
has the risk of putting online and offline on the opposite side
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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,
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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.

Model hypotheses

HI  Select
pharmaceutical

four participants:

enterprises,

government regulator,

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 S; = (strictly supervise,
loosely supervise); the strategic choice space of pharmaceutical
enterprises is S = (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).

H?2 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: V;, = A — p;. A is the willingness of patients to buy
drugs offline, evenly distributed on [0, b] Ve = pA — pe, p is the
acceptance of online purchases by patients, and p, and p, 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, Vimax =
max {Vy, Ve}. When p{%‘ze < A < b, patients choose to buy

drugs offline; when % <A< pl’%‘ze, they choose to buy drugs
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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.

TABLE 1 Related parameter description.

Parameter  Description

x Probability of government regulator choosing strict supervision

y Probability of pharmaceutical enterprises providing high-quality
drugs

z Probability of inspection of medical institutions

f Probability of inspection of pharmaceutical e-commerce companies

P Pe Retail prices of medical institutions and pharmaceutical e-commerce
companies

Q, Q. The sales volume of medical institutions and pharmaceutical
e-commerce companies

Cop, The unit inspection cost, the unit wholesale price

C, C. The marketing cost of medical institutions and pharmaceutical
e-commerce companies

Fy, The penalty for non-inspection by medical institutions and

pharmaceutical e-commerce companies

online. Therefore, the sales volume of medical institutions and

pharmaceutical e-commerce companies are respectively: Q,
b— Pr—Pe Q — PPr—Pe

I—p > =€ p(1—p)"
H4 The cost of strict supervision is Gy, and the cost of loose

supervision is Gj(Gy, > G; > 0). When government regulator
loosely supervises, they will be fined as Fg.

H5 The cost of providing high-quality drugs is Cj, and the
cost of providing low-quality drugs is C;(C,, > C; > 0). w is
the unit wholesale price of pharmaceutical enterprises to medical
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Parameter  Description

Fy Punishment for loose supervision of government regulator

Gp, The cost of strict supervision of government regulator

G The cost of loose supervision of government regulator

o The acceptance of online purchases by patients
The unit cost of exchanging goods of pharmaceutical
enterprises

A The willingness of patients to buy drugs offline

Cy The cost of pharmaceutical enterprises providing
high-quality drugs

C The cost of pharmaceutical enterprises providing
low-quality drugs

F; Fines for providing low-quality drugs of pharmaceutical

enterprises

institutions and pharmaceutical e-commerce companies, T
is the unit cost of exchanging goods of pharmaceutical
enterprises, @ > T > 0. The marketing cost of medical
institutions is C,, the marketing cost of pharmaceutical e-
commerce companies is C,, and the unit inspection cost
of drugs is Cy. Enterprises that provide low-quality drugs
will be fined F; by government regulator. The penalty for
non-inspection by medical institutions and pharmaceutical e-
commerce companies is Fy;,.
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The parameters and descriptions of this article are shown in
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
medical institutions,

enterprises, and pharmaceutical

e-commerce companies, as shown in 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:

Ex = (1=p)Fs =G, +(1 =) 2 —2z~f)Fm (6]

TABLE 2 Four-party mixed strategy game matrix.

10.3389/fpubh.2022.954371

Elx = A=A = 2)f Fp — G+ (1 = )z +f

— 2f)(Fs — Ey) @)
F(x) = dx/dt = x(Ex — E) = x(1 — x)(Ex — E1_y)
x(1=2[G =G, +(A=p)Fs+(1 -2 -z
U +2)Fm— (A=) +f—2NE—F)l  (3)
(1 —2x)[G;— Gy + (1 = »)Fs+ (1 —y) (2 —z — 2f
+ 2)Fm— (1= )@ +f — 2f)(Fs — Fp)] )

F'(x)

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 < yp, z < z9 or f <
fo, the government regulator’s stabilization strategy is “strict
supervision.” When y > yg, z > zg, or f > fo, its stabilization
strategy is “loose supervision.” When y = yg, z = 29, or f = fo,
we are unable to determine its stabilization strategy.

Proof Make G(y,z,f) =G — G, + (1 —»)Fs+ (1 —»)(2 —
z=2f +2f)Fm — (1 = )2 +f —2f)(Fs — Fg), when G(y, z,f) = 0,
the thresholds yp = 1 — F5+(27z72f+zf)1?m7(12+ffzf)(Fng)’
_ Gn=Gi= (=) F = (1) 220 Fpn+(1—y) 2+/) (Fs—Fy) andfy =

A=Pf (Fs=Fg)=(1=)Fp]

20

Choice of Medical Government regulator
strategy institutions Strictly supervise x Loosely supervise 1 — x
Pharmaceutical e-commerce companies
Inspection f Non-inspection Inspection f Non-inspection
1-f 1-f
Pharmaceutical Provide Inspection o(Q, +Q,) — Cy o(Q, +Q.) — Cy o(Q, +Q,) — Cy o(Q, +Q.) — Cy
enterprises high-quality z (pr—o0—Cp)Q, — C, (pr—o—C)Q, — C, (pr—o0—Cp)Q, — C, (pr—o—C)Q, — C,
drugs y -Gy —Gp, -G -G
(pe—0—GCp)Q —Ce (pe —0)Q —C. (pe =0 —Cp)Q —Ce (pe —0)Q —Ce
Non- o(Q+ Q) = Cy o(Q+ Q) —Cy o(Qr+ Q) = Cy o(Q + Q) — Gy
inspection (pr —0)Q — C, (pr — 0)Q, — C; (pr —0)Qr — C, (pr —0)Q, — C;
1-z -Gy, —Gp -G -G
(pe—w—GCy)Q —C. (pe —)Q — C. (pe =0 —Cy)Q —C. (pe —)Q — C.
Provide Inspection (0 = THQ + Q) — (0 = T)Qr + Qc) — (0 = THQ + Q) — (0 = T)Qr + Qc) —
low-quality z C) — F C; — F Cy — Fs C) — F;
drugs 1 —y (pr —0—C)Qr — Gy (pr — = Co)Q — G, (pr —0—C)Qr — Gy (pr— o —GC)Q = Cr
E, — Gy F,+F, — G F.—F,—G Fo+Fp—F — G
(pe—0—Cp)Q —C, (pe —®)Q. — C. — Fyy (pe—0—Cp)Q —C (pe —®)Q. — Ce — Fyy
Non- (0 = T)Qr + Qe) — (0 = T)Qr + Q) — (0 = T)Qr + Qe) — o(Q + Q) —C
inspection C —F C —F; Ci—Fs
1-2z (pr —0)Q, —C, — Fy (pr —®)Qr — C, — Fp, (pr —0)Q, —C, — Fp, (pr —0)Qr — C,
F;+ F,, — Gy F; + 2F,, — Gy, Fi+Fy —Fg — G -G
(pe =0 —Cy)Qe — C, (pe —@)Qe — Ce — Fyy (pe—0—Cy)Q —C, (pe —@)Qe — Ce
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strategy.

Y <Y

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”

Y=Y,

GG ((11 _}2)%(2512) ﬁi(f(fiiﬁz_(};g)y JEEy) can be calculated.
Because 0G(y,z,f)/dy < 0, 9G(y,z,f)/0z < 0, and
9G(y,z,f)/9f < 0, G(y,z,f) is a decreasing function of y, z and
f.-Wheny < yg,z < z,0r f < fo, G, 2,f) > 0, F'(x) [x=1 <O
and F(x) |x—1 = 0 can be calculated, so x = 1 is stable. When
y > y0,2 > zg, ot f > fo, GOz, f) < 0, F'(x)|x=0 < 0 and
F(x) |x=0 = 0 can be calculated, so x = 01is stable. When y = yy,
z = z9, otf = fo, 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

Gy—Gp

R R ) o T o

x=100 if y=1~ prr et —ar—nE=ry) )
1

R Y e g e ()

According to Proposition 1, the phase diagram of
government regulator strategic choice is shown in Figure 2.
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It can be seen from Figure2 that the volume of
Vg1 is the probability that government regulator chooses
the “strict supervision” strategy, and the volume of Vg
is the probability that it chooses the “loose supervision”
strategy. And,

_(r _ Gh — G
Ve = /0 ./0 YO =y — (1= 2)(Fs — Fy)
Fs — (3 — z)(Fs — Fg)
2= D — 2(Fs — ) ©
Voo = 1— Vg1 = Gh — Gi
87 T T () — (1= 2)(Fs — Fy)
1 Fs — (3 — z)(Fs — Fg) @)

n
Fs+ (2 — 2)Fy — 2(Fs — Fg)

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 Vg, the first-order
partial derivatives of G;, — G; can be calculated,

3Vg1 _ 1
WGy —G) (2= 2)Fm— (1 —2)(Fs — Fy)
In Fs — (3 — 2)(Fs — Fg)
Fs+ (2 — 2)Fy — 2(Fs — Fy)

<0

Corollary 1.1 shows that the probability of government
regulator choosing “strict supervision” strategy is a decreasing
function of G, — Gj. The greater the additional cost of strict
supervision, the less likely it will conduct “strict supervision” in
order to reduce costs.
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Corollary 1.2 The higher the F;;, 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—2)(Fs—Fg), N = Fs+(2—2)Fn —
2(Fs — Fyg). According to the probability Vg, the first-order
partial derivatives of Fs and Fy;, can be calculated,

W (G, — G)(1 — 2) N
OFs  [(z—2Fm—(1—2)(F—F)I? M
(G, — Gy z—2 1
e DFm-(-oF -F) M TN O
3Vg0 (Gh — Gl)(z - 2) N

0Fn (= 2Fm—(1—2)(F—F)2 M
(G, — G2 —2)

[c—2)Fm — (1 D(Fs — F)IN

Corollary 1.2 shows that the probability Vg is a decreasing
function of Fs and an increasing function of Fj;. 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:

E, = o(Qr + Qe) — Cyy (8)
El—y = (@ = T)(Qr + Qe) — C; — Fs + [T(Qr + Qe)
+ F]J(1 = 2)(1 —x)(1 —f) %)

F(y) = dy/dt = y(Ey — E) = y(1 — y)(Ey — E1—y)
= y(L = IT(b —pe/p) + C; + Fs — Cy, — [T(b — pe/p)

+ Fl(1 = 2)(1 = x)(1 - f)] (10)
F(y) = (1 =2)[T(b — pe/p) + C+ Fs — Cyy — [T(b — pe/p)
+ Fl(1 =2)(1 —x)(1 - )] (11)

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 > xj,z > zj or f > fi,
pharmaceutical enterprises’ stabilization strategy is “providing
high-quality drugs.” When x < x1,z < zj or f < fi, their
stabilization strategy is “providing low-quality drugs.” When
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X = x1,z = z1 or f = fj, we are unable to determine their
stabilization strategy.

Proof Make K(x,z,f) = T0m — pe/p) + C +
Fs — Cp — [T(b — pe/p) + FJ01 — 201 — 01 —
f), when K(x,z,f) = 0, the thresholds x; = 1 —

T(b—pe/p)+Ci+Fs—Cy z1 = 1 — T(b—pe/p)+C+F—Cy
[T(b—pe/p)+E]A—2)0—f)” 1 = [T(b—pe/p)+Fs](1—x)(1—f)’
and fi = 1 — [ngigﬁé Q_;ﬁgf;)f(lcﬁx) can be calculated.
Because 0K(x,z,f)/dx > 0, 0K(x,z,f)/dz > 0, and

0K (x,z,f)/df > 0,K(x,z,f)isan increasing function of x, z, and
f-Whenx > x1,z > zj,orf > fi,K(x,2,f) > 0,F () [,=1 <0,
and F(y) ‘ y=1 = 0 can be calculated, so y = 1 is stable. When

x <x1,z <z, orf < fi,Kx,z,f) < 0, F(y) |y:0 <0, and
F(y) | y=0 = 0can be calculated, so y = 0 is stable. When x = x1,
z=z,orf =f1,K(x,z,f) = 0and 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

. T(b—pe/p)+CiH+Fs—Cy
0 iff<1- TG /oI L5

_ . 1 _ —Pe/P [Ts—%h
y=10D i f=1 [T /oI5

. _ —Pe/P Itrs—Lp
Vi f > 1 = ) FI0=20-%)

(12)

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

It can be seen from Figure3 that the volume of Vg
is the probability that pharmaceutical enterprises choose the
“providing high-quality drugs” strategy, and the volume of Vi
is the probability that they choose the “providing low-quality
drugs” strategy. And,

T(b—pe/p)+Cj+Fs—Cyy

Vi = /lfliwﬁdxdy
0 JO
—1- T(b_Pe/P)+Cl+Fs_Ch(1
[T(b — pe/p) + Fs](1 — 2)
[T(b — pe/p) + EsI(1 — 2)
o _T(b—Pe/P)+Cl+F5—Ch
Vo= V= G e+ B =)

[T(b — pe/p) + Fsl(1 — 2)

Corollary 2.1  The additional  cost

for  pharmaceutical

higher the
enterprises to  provide  high-
quality drugs, the less likely they are to provide

high-quality drugs.
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high-quality drugs” strategy.

f </

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

f>h

Proof According to the probability Vi, the first-order
partial derivatives of C;; — C; can be calculated,

AN 1

ICp—Cp) — [T(b—pe/p) + Fsl(1 — 2)
[T(b — pe/p) + Fs](1 — 2)
T(b = pe/p) + C;+ Fs — Cy,

In <0

Corollary 2.1 shows that the probability Vi is a
decreasing function of C;; — C;. 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/p) + C; + Fs — Cy, B =
[T(b — pe/p) + Fs](1 — z). According to the probability Vi,
the first-order partial derivatives of T can be calculated,

IV Ch—C A
T g Ay @
Pe,—z[T(b — pe/p) + Fs] + Cp — C
- =) <0
P B?

Corollary 2.2 shows that the probability Vg 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.
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Medical institutions’ strategic choice
stability

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

(15)
(16)

Ez = (pr—0—Cy)Qr — Cr
El—z = (pr—0)Q —Cr — (1 —p)x+f —x)Fm
F(z) = dz/dt = 2(E, — E) = z(1 — 2)(E; — E1_,)
= z(1 = 2{(d = y)(x +f — 2 )Fm — [b — (pr — pe) /(1

— p)1Cy} (17)
Fl(z) = (1 = 22){(1 = y)(x +f — %) Fm — [b— (pr — pe)/(1
— p)ICy} (18)

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 > x3,y < yz, or f > f, medical
institutions’ stabilization strategy is “inspection.” When x < x,
y > y2,0rf < fp, their stabilization strategy is “non-inspection.”
Whenx = x3,y = y3,0rf = fo, we are unable to determine their
stabilization strategy.

Proof Make J(x,y,f) = (1 — y)(x + f — xf)Fm —

[b — (pr — pe)/(1 — p)]Cy, when J(x,y.f) = 0, the
[b—=(pr—pe)/(1=p)1Co—(1=y)f Fn
thresholds x, A=) (=DF» , 2 1 —

[b*(Pr*Pe)/(I*p)]CG andf _ [bf(Pr*Pe)/(l*p)]cef(lf)’)xpm
(x+f—xf)Fm > 2 = (1=y)A—=x)F,,
can be calculated. Because 9J(x, y,f)/dx > 0, d](x,y,f)/dy < 0,

and 9J(x,y,f)/9f > 0, J(x,y,f) is an increasing function of x
and f, and a decreasing function of y. When x > x3, y < y2,
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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.

‘JV

x> X,

orf > 5, J(x,y.f) > 0, F'(2) |,=1 <0, and F(z) |,—; = 0 can
be calculated, so z = 1 is stable. When x < x2, y > y2, or
f<hJyf) <0, F(2)|,=0 <0,and F(z) |;—9 = 0 can be
calculated, so z = 0 is stable. When x = x3,y = yp, or f = fo,
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

[b=(pr=pe)/(A1—p)]Co—(1—y)f Fin

0 fx< A—(0—)F
z=101) if x= Pfi/_(;)(plc)% A (19)
1 lf x> [b— (Pr_Pe)/(l p)Co— (l_y)J[Fm

(l_y)(l_f)Fm

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

It can be seen from Figure 4 that the volume of V1 is the
probability that the medical institutions choose the “inspection”
strategy, and the volume of V¢ is the probability that they
choose the “non-inspection” strategy. And,

[b— (Pr Pe /(1=p)]Co
Vi = / / xydydz
—(pr — pe)/(1 — p)ICy
(1 —=f)Em [f
[b— (pr — pe)/(1 — p)]Cy f
— In F, |- T—f (20)
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[b—(pr — pe)/(1 — p)ICy
Vig=1—Vg=1—
L=tV (0 —NEnm 4
[b— (pr — pe)/(1 — p)ICy f
— In F, 1+ =7 (21)

Corollary 3.1 The probability of inspection by medical
institutions is negatively related to the cost of inspection.
Proof According to the probability V,j, the first-order

partial derivatives of [b — (pr — pe)/(1 — p)]Cy can be calculated,

V1 _ 1 f+1
b —(pr—pe)/(1—p)ICg (1 —f)Em
—In [b— (pr — pe)/(1 — p)]C(?]
Fn
<0

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 Vg, the first-order

partial derivatives of F;;; can be calculated,

Vo [b— (pr — pe)/(1 — p)]Cy

0Fm (1 = f)Fm? =7
oG —p;)/(l =%,

Corollary 3.2 shows that when the price paid by medical
institutions for non-inspection increases, the probability of
choosing “non-inspecting” is lower.
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Pharmaceutical e-commerce companies’
strategic choice stability

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

Ef = (pe—w — Cp)Qe — (22)
Ejf = (pe—0)Qe — Ce — (1 = y)(x + z — x2)Fp (23)
F(f) = df/dt = f(Ef — E) = f(1 — /)(Ef — E;_y)

= fA =M1 = y)x +z = x2)Fn — [(opr

— pe)Col/lp(1 = p)]} (24)
F'(f) = (1 =2){(1 — y)(x + z — x2)Fp — [(ppr
— pe)Col/lp(1 — p)]} (25)

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 > y3,0r z < z3, their stabilization
strategy is “non-inspection.” When x = x3, y = y3, 0r z = z3,
we are unable to determine their stabilization strategy.

Proof Make H(x,y,z) = (1 — y)(x + z — x2)Fy, — [(ppr —
pe)Col/[p(1 — p)], when H(x,y,z) = 0, the thresholds x3 =

Wppr=pe)Col/lpA=p))l=(A=p)zFm 1 _ Uppr—pe)Col/Lp(1=p)]

=) (1=2)Fp 3= Gtz—x2)Fy
[(ppr_pg)?(i]_/j;)((ll__xglr;(l_y )*Em can be calculated.
0, dH(x,y,2)/dy < 0, and

0H(x,y,2)/0z > 0, H(x, y, z) is an increasing function of x and

and z3 =
Because 0H(x,y,z)/0x >

z, and a decreasing function of y. When x > x3,y < y3 or
z > z3, H(x,y,2) > 0, F'(f) ‘le < 0 and F(f) )le = 0 can
be calculated, so f =
z < z3, H(x,y,2) < 0, F'(f) ‘f:() < 0 and F(f) ‘f:() = 0 can be
calculated, so f = 0 is stable. When x = x3,y = y3, 0r z = z3,

1 is stable. When x < x3, y > y3, or

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

[(ppr—pe)Col/[p(1—p)]—(1—y)zFm

P (opr—p ol A1y,
f _ (0, 1) Zf x = PPr—Pe ((197 )ﬂ(l ng y)zEkm (26)
1 if x> [(opr—pe)Col/lp(1—p)]=(1—y)zFp

(1=y)(1=2)Fy
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According to Proposition 4, the phase diagram of

pharmaceutical e-commerce companies strategic choices
is shown in Figure 5.

It can be seen from Figure 5 that the volume of V,p is
the probability that pharmaceutical e-commerce companies
choose the “inspection” strategy, and the volume of Vg is the

probability that they choose the “non-inspection” strategy. And,

1— PPlr Pe}):ce
Veo = f / P sdydf
_ (ppr — pe)Co [z—In (ppr — pe)Co
p(1—p)(1 — 2)Fp p(1 — p)Fm
- = (27)
1—z
(opr — pe)Co
Vo = 1= Vyg=1— ——£F 2720
¢l = 0 DF
_ (ppr — pe)Co z
o p(1 — p)Fm I+ l1—z (28)

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

Proof According to the probability Vej, the first-order
partial derivatives of p, can be calculated,

Vel
ape

Cy p(1 — p)Fp
= —1+In———— 0
p(1 = p)(1 = 2)Fpy [e=1+1n (opr — pe)Cy 1=

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 Fy,
commerce companies will choose the

> Fpo, pharmaceutical e-

« P
inspection” strategy.

When F; < Fy, they will choose the “non-inspection”
(ﬂprfpe)cé)
p(1=p)(1—y)(x+z—x2)
Proof According to Proposition 4, when H(x,y,z) =
(ppr—pe)Cy
O Fmo = S0 A—p)rz—x2)
0H(x,y,2)/0Fyn > 0, H(x,y,z) is an increasing function of

Fm. When Fp, > Fpo, H(x,,2) > 0, F'(f) =1 <0 and

strategy. The threshold is Fy,0 =

can be calculated. Because

F(f) ‘le = 0 can be calculated. When Fy; < Fp0, H(x, ¥, 2) <

0, F'(f) ‘f=0 < 0, and F(f) }f=0 = 0 can be calculated.

Corollary 4.2 shows that, when F; > Fyy0, 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,

frontiersin.org


https://doi.org/10.3389/fpubh.2022.954371
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Zhang and Zhu

10.3389/fpubh.2022.954371

X=X

FIGURE 5

e-commerce companies choosing the “inspection” strategy.

X <X

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

el

x> X,

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

Equilibrium point Eigenvalues A1,12,13,A4 Sign Stability
(L1,1,1) Gh — Gi, =[T(b = pe/p) + C1 + Fs = Gyl [b — (pr = pe)/(1 = p)]Ca, (ppr — pe)Co/p(1 — p) (+ =+ +) Unstable
(1,1,1,0) Gh — Gi, =[T(b — pe/p) + Ci + Fs — Gy, [b — (pr — pe)/(1 = p)1Cs, —(0pr — pe)Co/p(1 — p) (+ =+ -) Unstable
(1,1,0,1) Gy — G, —[T(b — pe/p) + Ci + Fs — Cpl, —=([b — (py — pe) /(1 — p)1Cos (ppr — pe)Co/p(1 — p) (+, = —+) Unstable
(1,1,0,0) Gh = G, =[T(b — pe/p) + C + Fs = Cyl, =[b — (pr — pe)/(1 = p)1Co, —(ppr — pe)Co/p(1 — p) (= =) Unstable
(0,1,0,0) Gt — G, Cy = Cp, =[b — (py — pe) /(1 = P)]Ca, —(ppr — pe)Ca/p(1 = p) (—+ =) Unstable
(0,1,0,1) Gi — G, =[T(b = pe/p) + Ci + Fs = C1, =[b — (pr — po)/(1 = p)1Cy, (opr — pe)Co/p(1 — p) (== =+ Unstable
(0,1,1,0) G = Gy, =[T(b = pe/p) + Ci + Fs — Cul, [b — (pr — pe) /(1 = p)1Co, —(ppr — pe)Co/p(1 — p) (== +-) Unstable
0,1,1,1) Gy = Gy, =[T(b = pe/p) + Ci + Fs — Gy, [b = (pr — pe) /(1 = p)1Co, (ppr — pe)Co/p(1 — p) (== =) ESS
medical institutions, and pharmaceutical e-commerce When pharmaceutical enterprises

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,

0F(x)/dx 0F(x)/dy 0F(x)/dz dF(x)/df
dF(y)/0x 0F(y)/dy 0F(y)/dz OF(y)/of
dF(z)/dx dF(z)/dy 0F(z)/dz 9F(z)/df
dF(f)/0x 9F(f)/dy OF(f)/dz OF(f)/df
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provide high-quality drugs

If the stability strategy of pharmaceutical enterprises is
“providing high-quality drugs,” that is, when condition T(b —
pe/p) > Cy—C;—F; is satisfied, the asymptotic stability analysis
of the equilibrium point of the replicated dynamic system is
shown in Table 3.

It can be seen from Table3 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.
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TABLE 4 Asymptotic stability of the equilibrium point in providing low-quality drugs.

Equilibrium Eigenvalues A1,12,13,4 Sign Stability
point
(1,0,1,0) Gy — Gy + Fs — Fyy — 2F, T(b — p./p) + Ci + Fs — Cp, [b — (pr — pe)/(1 — p)]Cg — Fpy, (X, —+,—) Unstable
En = [(opr = pe)Co/p(1 = p)]
(1,0,1,1) Gy — G+ F, — 2Fg, T(b — po/p) + Ci + Fs — iy [b— (p, — p)/(1 = p)ICy — Fo, (x,—+,+)  Unstable
[(ppr = pe)Co/p(1 — p)] — Fp
(1,0,0,0) Gp, — Gy + Fy — 2Fyy — 2Fg, T(b — pe/p) + Ci + Fs — Ciy Fyy — [0 — (pr — po)/(1 — p)1Ca, (%, = — — When condition [J
Fo — [(ppr — pe)Co/p(1 — p)] is satisfied, it is ESS
(1,0,0,1) Gy — Gy + 2F, — 3F,, T(b — p./p) + Ci + Fs — Cy, Foy — [b— (pr — pe)/(1 — p)]Cy, (x,——+) Unstable
[(opr = pe)Co/p(1 = p)] — F
(0,0,0,0) Gi — Gy — Fs + 2F, + 2F, C; — Cpp, —[b — (pr — pe) /(1 = p)]1Cy, —(0pr — pe)Co/p(1 — p) (X, —y—, — When condition []
is satisfied, it is ESS
(0,0,0,1) G — Gy — 2F; + 3F, T(b — pe/p) + C+ Fs — Cpy Fyy — [b— (pr — pe) /(1 = p)]Co, (ppr — pe)Co / p(1 — p) (%, ==, +) Unstable
(0,0,1,0) G — G — Fo+ Fy + 2Fg, T(b — pe/p) + Ci + Fs — Gy, [b— (pr — pe) /(1 — p)]1Co, (%, =+ -) Unstable
En = [(opr = pe)Co/p(1 = p)]
0,0,1,1) G — Gy — Fy + 2Fg, T(b — po/p) + Ci + Fs — iy [b— (p, — p)/(1 = p)ICy — Fo, (x,—+,+)  Unstable

[(ppr = pe)Co/p(1 — p)] — Fpy

x indicates that the sign is uncertain. If the conditions [J and [J are met, they are, respectively, stable points.

Condition U: Gy — G < 2F;, + 2Fg — Fs; Condition U: 2F,, + 2F; — Fs < Gy — G.

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/p) < Cy— C;—F; is satisfied, the asymptotic stability analysis
of the equilibrium point of the replicated dynamic system is
shown in Table 4.

It can be seen from Table 4 that if condition [J is satisfied, the
equilibrium point (1, 0, 0, 0) of the replication dynamic system
is ESS. When condition [J 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—C1=7,Fg=3,Fs=4,Fm=3,C9 =2,
Ce=2,Cr=3pe=3pr=4w=2b=5andp=05T=1.
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Impact of penalty

Suppose that the penalty for loose supervision by the
{0,4, 10}, the penalty for
pharmaceutical enterprises for providing low-quality medicines

government regulator is Fg =

is Fs = {0, 6, 10}, and the penalty for non-inspection by medical
institutions and pharmaceutical e-commerce companies is Fy; =
{0, 4, 10}. The evolution process and results of players’ strategy in
the quartet game are shown in Figure 6.

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 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,Fyn =0; (B) when Fy = 4,Fs = 6, F, = 4; (C) when Fg = 10, Fs = 10, F, = 10.

FIGURE 7

When T =0; (B) when T = 2; (C) when T = 4.

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)

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
G, — G; = {0, 3,7} and the additional cost for pharmaceutical
enterprises to provide high-quality drugs C;, — C; = {0,3,7}.
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The tripartite game evolutionary process and results of

government regulator, pharmaceutical enterprises, and
pharmaceutical e-commerce companies are shown in
Figure 8.

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
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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 —G(ZO,C},—C[ =0; (B)Wheﬂ Gh—Gz :3,Ch —C( =3; (C)Wheﬂ Gh —G( :7,Ch—C[:7.

parties to choose positive behaviors and maintain a good
market order.

Discussions

This
distribution channels of the pharmaceutical supply chain, and

article considers the participants in different
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

enterprises,

behavior of government regulator, pharmaceutical

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
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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
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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.

the
regulator, pharmaceutical enterprises, medical institutions,

Considering strategic  choices of government

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.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author/s.

Author contributions

SZ wrote the manuscript, solved the models, and made data
analysis. LZ designed the research question, constructed the
models, and revised and edited the manuscript. All authors have
read and approved the manuscript.

References

1. Goodarzian F, Kumar V, Ghasemi P. A set of efficient heuristics and meta-
heuristics to solve a multi-objective pharmaceutical supply chain network. Comput
Indus Eng. (2021) 158:1-25. doi: 10.1016/J.CIE.2021.107389

2. Abbassi A, Kharraja S, El Hilali Alaoui A, Boukachour J, Paras D. Multi-
objective two-echelon location-distribution of non-medical products. Int | Prod
Res. (2020) 59:5284-300. doi: 10.1080/00207543.2020.1777479

3. Shakouhi E Tavakkoli-Moghaddam R, Baboli A, Bozorgi-Amiri A. A
competitive pharmaceutical supply chain under the marketing mix strategies
and product life cycle with a fuzzy stochastic demand. Ann Operat Res. (2021)
2021:1-29. doi: 10.1007/S10479-021-04073-5

4. Zhu LL, Lu BJ. Product quality control strategy of dual distribution
channel structure in three-echelon supply chain. Soft Comput. (2022) 26:829-40.
doi: 10.1007/S00500-021-06406-9

5.Jain N, Hasija S, Netessine S. Supply chains and antitrust governance. Manag
Sci. (2021) 67:6822-38. doi: 10.1287/mnsc.2020.3833

6. Lin ], Ma X, Talluri S, Yang CH. Retail channel management decisions under
collusion. Eur J Operat Res. (2021) 294:700-10. doi: 10.1016/j.ejor.2021.01.046

7. Zandkarimkhani S, Mina H, Biuki M, Govindan K. A chance constrained fuzzy
goal programming approach for perishable pharmaceutical supply chain network
design. Ann Operat Res. (2020) 295:425-52. doi: 10.1007/s10479-020-03677-7

8. Khoukhi S, Bojji C, Bensouda Y. A review of medical distribution logistics
in pharmaceutical supply chain. Int J Logistics Syst Manag. (2019) 34:297-326.
doi: 10.1504/IJLSM.2019.10024399

Frontiersin Public Health

15

10.3389/fpubh.2022.954371

Funding

This work was supported by the National Social Science
Fund of China under grant Nos. 20BGL272 and 21ZDA024 and
the Nature Science Foundation of Shandong Province in China
under grant No. ZR2019MGO017.

Acknowledgments

The authors are grateful to the referees for their valuable
comments and their help on how to improve the quality of
our article.

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential conflict

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

9. Pantoja E, McVie S, Morales-Gémez A. Deal or no-deal? Using administrative
data to explore buyer motivation in online drug purchases and its association
with community risk factors in Scotland. Int J Drug Policy. (2022) 103:103647.
doi: 10.1016/].DRUGPO.2022.103647

10. Liu X, Xu YC, Yang X. Disease profiling in pharmaceutical E-commerce.
Expert Syst Applic. (2021) 178:115015. doi: 10.1016/J.ESWA.2021.115015

11. Kang K, Wang M, Luan X. Decision-making and coordination with
government subsidy and fairness concerns in poverty alleviation supply chain.
Comput Indus Eng. (2020) 152:107058. doi: 10.1016/j.cie.2020.107058

12. Putri AIS, Jauhari WA, Rosyidi CN. A Distributor-retailer inventory
model for pharmaceutical supply chain with expiry cost. In: IOP Conference
Series: Materials Science and Engineering. Sarawak: IOP Publishing Ltd (2019).
doi: 10.1088/1757-899X/495/1/012010

13. Bujar M, McAuslane N, Liberti L. The qualitative value of facilitated
regulatory pathways in Europe, USA, and Japan: benefits, barriers to
utilization, and suggested solutions. Pharm Med. (2021) 35:113-22.
doi: 10.1007/s40290-020-00372-7

14. Zhang SY, Zhu LL. Coregulation supervision strategy of drug enterprises
under the government reward and punishment mechanism. Complexity. (2021)
2021:1-16. doi: 10.1155/2021/5865299

15. Ahuja V, Alvarez AC, Birge JR, Syverson C. Enhancing regulatory
decision making for postmarket drug safety. Manag Sci. (2021) 67:7493-510.
doi: 10.1287/mnsc.2020.3889

frontiersin.org


https://doi.org/10.3389/fpubh.2022.954371
https://doi.org/10.1016/J.CIE.2021.107389
https://doi.org/10.1080/00207543.2020.1777479
https://doi.org/10.1007/S10479-021-04073-5
https://doi.org/10.1007/S00500-021-06406-9
https://doi.org/10.1287/mnsc.2020.3833
https://doi.org/10.1016/j.ejor.2021.01.046
https://doi.org/10.1007/s10479-020-03677-7
https://doi.org/10.1504/IJLSM.2019.10024399
https://doi.org/10.1016/J.DRUGPO.2022.103647
https://doi.org/10.1016/J.ESWA.2021.115015
https://doi.org/10.1016/j.cie.2020.107058
https://doi.org/10.1088/1757-899X/495/1/012010
https://doi.org/10.1007/s40290-020-00372-7
https://doi.org/10.1155/2021/5865299
https://doi.org/10.1287/mnsc.2020.3889
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Zhang and Zhu

16. Jambulingam T, Kathuria R. Antecedents to buyer-supplier coordination in
the pharmaceutical supply chain. Int | Pharm Healthc Market. (2020) 14:289-303.
doi: 10.1108/IJPHM-08-2019-0058

17. He H, Zhang SY, Zhu LL. Green product quality supervision strategy in online
shopping with consumer evaluation and complaint. Front Environ Sci. (2021)
9:702151. doi: 10.3389/fenvs.2021.702151

18. Lu BJ, Zhu LL. Public health events emergency management supervision
strategy considering citizens’ and new media’s different ways of participation. Soft
Comput. (2022) 26:1-21. doi: 10.1007/s00500-022-07380-6

19. Ricciardi W, Pita Barros P, Bourek A, Brouwer W, Kelsey T, Lehtonen L. How
to govern the digital transformation of health services. Eur J Public Health. (2019)
29:7-12. doi: 10.1093/eurpub/ckz165

Frontiersin Public Health

16

10.3389/fpubh.2022.954371

20. Gao Y, Hu Y, Liu X, Zhang H. Can public R&D subsidy facilitate firms’
exploratory innovation? The heterogeneous effects between central and local
subsidy programs. Res Policy. (2021) 50:104221. doi: 10.1016/j.respol.2021.1
04221

21. Zhang SY, Zhu LL. Drug quality co-regulation supervision
strategy considering collusion behavior with new media participation.
Front  Public  Health. (2022) 10:858705. doi: 10.3389/fpubh.2022.8
58705

22. Huang L, Wu Y, Liu L. Research on cooperative benefit distribution
mechanism of pharmaceutical supply chain with the participation of
third-party logistics service providers. Adv Appl Sociol. (2022) 12:34-51.
doi: 10.4236/aas0ci.2022.122004

frontiersin.org


https://doi.org/10.3389/fpubh.2022.954371
https://doi.org/10.1108/IJPHM-08-2019-0058
https://doi.org/10.3389/fenvs.2021.702151
https://doi.org/10.1007/s00500-022-07380-6
https://doi.org/10.1093/eurpub/ckz165
https://doi.org/10.1016/j.respol.2021.104221
https://doi.org/10.3389/fpubh.2022.858705
https://doi.org/10.4236/aasoci.2022.122004
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Drugs quality supervision strategy of different distribution channels in pharmaceutical supply chain
	Introduction
	Relevant literature
	Pharmaceutical supply chain
	Distribution channels
	Drugs quality supervision

	Model hypotheses and construction
	Model hypotheses
	Model construction

	Analysis of the strategic choice stability
	The government regulator's strategic choice stability
	Pharmaceutical enterprises' strategic choice stability
	Medical institutions' strategic choice stability
	Pharmaceutical e-commerce companies' strategic choice stability

	Stability analysis of strategic combination
	When pharmaceutical enterprises provide high-quality drugs
	When pharmaceutical enterprises provide low-quality drugs

	Simulation analysis
	Impact of penalty
	Impact of cost of exchanging goods
	Impact of additional cost

	Discussions
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


