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Abstract: Due to the sudden surge of orders, it is difficult for suppliers with a limited capacity to
ensure that all orders are delivered in time and all the products are qualified. Suppliers are likely to
put more limited capacity into completing orders, thus ignoring the quality of products. This will
easily lead to the occurrence of product quality events, and then affect the goodwill of enterprise
products. The innovations of this paper are as follows: first, based on the above facts, a negative
and dynamic correlation between the delivery level and the quality level is established, which has
been involved in previous studies. Second, the joint decision model of timely delivery, product
quality, and marketing is constructed. Thirdly, centralized decision-making is the best way of supply
chain cooperation, and cost sharing contracts can coordinate the supply chain. This paper provides
guidance for enterprise managers when making decisions on quality, marketing and delivery. It also
provides the basis for enterprise managers to formulate effective cooperation models. We can draw
some research implications: when consumers are less sensitive to timely delivery, enterprises should
give some coupons and small gifts to consumers in exchange for the extension of delivery time and
put their limited capacity into improving the product quality. When consumers are highly sensitive
to timely delivery, they can outsource some orders to cost-effective and professional third-party
enterprises, which not only improves the delivery rate but also improves the product quality.

Keywords: timely delivery; product quality; marketing; differential game; coordination

1. Introduction

Improving product quality is not only of great significance to the development of
enterprises, but also will have a far-reaching impact on society. The quality of products or
services is the main factor that determines the quality, development, economic strength,
and competitive advantage of enterprises. Quality is also the most critical factor to compete
for the market. Whoever can provide users with satisfactory products or services in a
flexible and fast way will win the competitive advantage in the market. Product quality
safety is an important issue in supply chain management.

Empirical evidence shows that improving product quality and ensuring product
quality safety can improve consumers” willingness to pay, expand consumers’ market
demand, and improve the business performance of supply chain enterprises [1-3]. This
shows that supply chain enterprises have great enthusiasm to improve product quality.
However, it can be found that quality and safety incidents are still common in recent years.
In 2010, Toyota spent nearly USD 1.3 billion recalling more than 8 million vehicles due to
defects in the accelerator pedal of its supplier. In 2020, General Motors announced the recall
of about 7 million vehicles worldwide due to the quality problems of airbags that were
produced by supplier Takata, and assumed the total recall cost of nearly USD 1.2 billion. In
2022, according to Reuters, the German Federal transport administration said that due to
the failure of the automatic emergency call system, Tesla’s Model 3 and Model y electric
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vehicles would be recalled, and 59,129 vehicles worldwide would be affected. This recall
undoubtedly made Tesla’s situation worse, which undoubtedly damaged Tesla’s market
reputation. From these quality safety events, we can see that the product quality defects of
upstream enterprises in the supply chain are the main reasons for the occurrence of quality
safety events.

With the continuous development of social productivity, customers have multi-level
and diversified requirements for products under the condition of market economy, which is
both an opportunity and a challenge for enterprises. Enterprises can adapt to the changes of
market economy only by continuously improving their rapid response ability. Among them,
delayed delivery is the biggest obstacle for enterprises to achieve rapid response, and it is
also a difficult problem that enterprises must solve. Delayed delivery has a negative impact
on manufacturing enterprises and customers. At the same time, the level of timely delivery
is a symbol to measure the comprehensive strength of enterprises. On the one hand, due to
the delayed delivery, the manufacturing enterprises have confused the internal production
system, and face the delay penalty from customers, which reduces the credibility of the
whole enterprise which gradually loses its market share. On the other hand, it causes
serious losses to customers. Due to the rapid upgrading of contemporary products, delayed
delivery makes downstream demanders lose sales opportunities and suffer heavy losses.

Generally speaking, the phenomenon of delayed delivery can be divided into internal
factors and external factors. The external factors are unavoidable factors, such as the global
financial crisis, earthquakes, and other natural disasters. Internal factors are the expanding
influence of internal problems of enterprises, such as the organizational management ability
of the supplier. This paper mainly considers the internal factors of the enterprise, that is,
the loss that can be reduced through the continuous improvement of the enterprise itself.

When merchants promote sales, the demand for certain goods (orders) suddenly
increases. According to the order requirements, the supplier needs to deliver qualified
products to downstream customers in time. However, it is difficult for suppliers with
capacity constraints to ensure the timely delivery of all products and qualified product
quality. Suppliers may tend to invest more resources (human, material, and financial
resources) to complete customer orders on time, while ignoring product quality. This can
easily lead to the occurrence of product quality events, and then affect the goodwill of
enterprise products.

Therefore, the research objective of this paper is to build a negative correlation between
timely delivery and product quality based on the realistic background, which has rarely
been involved in previous studies. By comparing strategy and profit, it provides effective
guidance for enterprises to make decisions. In addition, this paper analyzes how consumer
sensitivity factors affect decisions and profit changes. The conclusions of the analysis can
provide suggestions for enterprise managers to take effective measures.

The innovations of this paper are as follows: first, a negative and dynamic correlation
between the delivery level and the quality level is established. Secondly, it studies the joint
decision-making of timely delivery, product quality, and marketing under different decision-
making modes. Thirdly, it compares the timely delivery, product quality, marketing strategy,
and supply chain profit under different decision-making modes, and designs the cost
sharing contract mechanism.

This paper proceeds as follows: a literature review is presented in Section 2. Section 3
describes the notations and proposes the basic hypothesis. The optimal decisions and profits
under the two scenarios are obtained and compared in Sections 4 and 5. A coordinating
mechanism is designed in Section 6. Section 7 provides a numerical analysis. Finally, the
concluding remarks are obtained in Section 8.

2. Literature Review

The research issues that are involved in this paper include product quality, timely
delivery, and marketing.
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The quality level of the product and the delivery date affect each other. The improve-
ment of the delivery level will affect the quality level [4], and the two are mostly dynamic.
For this, scholars have carried out extensive research by using differential games and
other methods. Hong et al. [5] used the method of differential game to study the optimal
quality management strategy and optimal profit of a two-level supply chain under four
quality management games. Huang et al.’s [6] research showed that under the uncertainty
of market demand, there is an optimal combination of product price, delivery time, and
quality, which enables enterprises achieve the objectives of optimizing pricing strategy,
improving delivery punctuality, and reducing operating costs. Wang et al. [7] used the
differential game model to draw the conclusion that the higher the duopoly manufacturer’s
investment in the unit product warranty service, the longer the warranty period, and the
higher the equilibrium price. Voros [8] established a dynamic model in which demand
depends on both the price and quality. The research showed that the quality can be im-
proved by investing in the development process, and the value of accumulated quality
knowledge can be incorporated into the model. Chen et al. [9] used the method of game
theory to theoretically analyze the impact of the input capacity constraints on food quality
and quality regulation. Their research results show that both capacity input constraints
lead to the reduction of the output level, quality level, and consumer surplus level, but the
price level increases. They also found that rewards are more effective than punishment or
fines in food quality assurance programs. Cellini et al. [10] put forward a dynamic model
about price and quality competition by using a differential game to analyze the impact of
competition on quality. Their research results show that if the suppliers adopt closed-loop
decision-making rules, the more intense the competition is, the higher the quality will be,
but the quality is still lower than that under open-loop rules. Heydari et al. [11] studied a
two-level reverse supply chain that was composed of a single remanufacture and a single
recycler, which has uncertainties in the quality of recycled products and remanufacturing
capacity and designed a customized revenue sharing contract and shared risks together.
Supply chain members’ reciprocal altruism and consumers” quality and service reference
effects are important behavioral factors that affect the decision-making of supply chain
members [12,13]. Zhou et al. [13] established a dynamic model including product quality
reference effect and service quality reference effect. Using differential game theory, the
optimal decisions of product quality and service quality under different decision scenarios
are obtained. Ruidas al. [14] explored a production inventory model considering two
high-tech products of the same kind and believed that the demand of the updated product
is also dependent on the quality of the primary product. Qiu et al. [15] considered the
dynamic reference quality effect under the O20 environment.

As the level of timely delivery (i.e., service level) that is invested by the supplier
has an impact on profits, high service level needs to bear the loss of profits and taking
the joint decision of ordering can reduce the loss of profits that are caused by the pursuit
of service level [16]. Therefore, how to optimize the service level of products is also
the focus of academic research in recent years. For example, Wang et al. [17] analyzed
the impact of product service system value, cost, and service value ratio on consumer
strategic behavior by building a dynamic game model of two sales stages. Tian and Ge [18]
proposed a service-oriented dynamic multi-level prediction maintenance grouping strategy,
constructed the penalty cost and grouping service cost, and designed an improved k-means
method to dynamically group the predicted optimal services. The research on delivery
level is more about how to determine the delivery date. The hot spots mainly focus on
inventory management, such as optimal price and optimal order quantity. Many scholars
at home and abroad have conducted in-depth research in this field. Modak and Kelle [19]
examined such a dual-channel supply chain under price- and delivery-time-dependent
stochastic customer demand. Glock et al. [20] assumed that the delivery lead time is not
fixed, but that both the retailer and the manufacturer have the option to shorten it. Shorter
lead times enable the retailer to place orders closer to the start of the selling season where
additional information on customer preferences has become available, reducing demand
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uncertainty. Qiu et al. [21] studied the decision-making problem of dual channel supply
chain under the sensitive demand of price and delivery date. Roy and Sana [22] addressed
an inter-dependent reduction strategy of lead time and ordering cost in a two-stage single
vendor and single buyer supply chain model. The marketing efforts of enterprises such as
advertising, channel expansion, product display, and salesperson’s explanation also affect
the market demand of products.

In the previous literature on supply chain decision-making considering product sales
efforts, Yue et al. [23] studied the pricing and advertising investment decisions of the supply
chain when both manufacturers and the retailer offered price discounts and found that the
situation that was dominated by the manufacturer was more beneficial to the manufacturer
than the situation of equal power between the two sides. Song et al. [24] first considered the
impact of different channel power structures on the production decisions of manufacturers
and the retailer when product quality and sales efforts affect demand at the same time.
Pu et al. [25] studied the impact of the retailer” fair preference on promotion efforts and
supply chain operation under the manufacturer-led framework. Gao et al. [26] studied the
decision-making model of retailer-led closed-loop supply chain when product greenness
and sales effort affect demand at the same time, and compared and analyzed the impact of
the greenness effect and sales effort utility on enterprise decision-making. Ma et al. [27]
studied a supply chain decision-making model considering marketing efforts to improve
corporate social responsibility under symmetric and asymmetric information The above
literature studies the influence of marketing efforts on the decision-making of supply chain
members. This paper comprehensively analyzes the interactive mechanism of marketing
efforts and innovation ability on the decision-making of supply chain members. Ranjan
and Jha [28] investigated the pricing strategies and coordination mechanism between
the members in a dual-channel supply chain. Ezimadu [29] used Stackelberg differential
game theory to model the direct involvement of both the distributor and the retailer
in advertising.

See Table 1 for the summary of the main research issues that were raised in the current
relevant research literature. The existing research on product quality, timely delivery,
and marketing has the following shortcomings, which is proven by literature review.
First, although the topic of product quality, timely delivery, and marketing has attracted
the interest of many scholars, there is not much literature on the joint decision-making
of product quality, timely delivery, and marketing. Secondly, although some scholars
consider the supply chain equilibrium strategy of timely delivery and quality, or marketing
and quality, most of these studies are based on the static framework, and few studies
consider the dynamic characteristics of the supply chain. From the dynamic point of
view, it is obviously not enough to build models and methods from the static architecture,
and it is difficult to provide appropriate decision-making suggestions for supply chain
management. Thirdly, there are few studies about the relationship between timely delivery
and product quality.

As mentioned above, the previous literature rarely studies the negative correlation
between timely delivery and product quality, and rarely involves the joint decision-making
of product quality, timely delivery, and marketing. Therefore, the theoretical contributions
of this paper include the following aspects: first, the negative correlation between timely
delivery and product quality is considered in the supply chain decision model; Secondly,
the joint decision model of timely delivery, product quality, and marketing is constructed.
It enriches the theory of supply chain quality, marketing, and delivery decision. The
practical contributions include the following aspects: first, this paper provides guidance for
enterprise managers when making decisions on quality, marketing, and delivery. Secondly,
it provides the basis for enterprise managers to formulate effective cooperation models.
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Table 1. Comparison of recent relevant literature research points.
. Publish Timely D(.eh.very Product Q.u.a lity Marketing as a Using Differential
Literature . as a Decision as a Decision . . . .
Time . . Decision Variable = Gaming Methods
Variable Variable
Huang et al. 2016 yes yes no no
Modak and Kelle 2018 yes no no no
Ranjan and Jha 2019 no no yes no
Chakraborty et al. 2019 no yes no no
Zhou et al. 2020 no yes no yes
Glock et al. 2020 yes no no no
Roy and Sana 2021 yes yes no no
Qiu et al. 2021 yes no no no
Qiu et al. 2022 no yes no yes
Zhan et al. 2022 no yes yes yes
Ezimadu 2022 no no yes yes
This paper 2022 yes yes yes yes
3. Symbols and Assumptions
We study a supply chain system that was composed of a retailer and a supplier. The
products that are produced by the supplier are sold through the retailer, considering the
dynamic change of demand. The supplier determines the quality level and timely delivery
level of the products; the retailer determines the marketing level of the products. Based on
this, the relevant symbols and descriptions are shown in Table 2.
Table 2. Symbols and descriptions.
Symbol Description Symbol Description
The supplier’s effort in timely delivery, . . .
Ewn which is a decision variable. I The marginal profit of the supplier.
The product quality level of the supplier, . . .
q P which ?s a de};ision Variable.pp IL The marginal profit of the retailer.
The marketing level of the retailer, which is a The impact factors of product quality level
E, . . . .
decision variable. on timely delivery level, § > 0.
x Timely delivery level of products. 0 Decay rate of timely delivery level, 6 > 0.
The supplier’s quality cost coefficient, Sensitivity coefficient of consumers to the
T a1 > 0. "0 level of timely delivery, 7o > 0.
The supplier’s timely delivery cost Sensitivity coefficient of consumers to the
T2 coefficient, 77,2 > 0. Tm product quality level, v, > 0.
The retailer’s marketing cost coefficient, Sensitivity coefficient of consumers to
"Tm3 Nmsz > 0. T marketing level, 7y, > 0.
The impact factors of timely delivery
« investment effort on timely delivery level, 0 The discount rate, p > 0.

a > 0.

Hypothesis 1. Since the supplier’s quality level, timely delivery effort, and the retailer’s mar-
keting level are convex functions of quality input, delivery input, and marketing input cost, re-
spectively [30], then the costs of quality input, delivery input, and marketing input at time t
are, respectively:

Cy = St (1) )

Ce = %UmZE:n(t) ()
_1 o

Cr = 3mE (1) ®)

where Cy, Ce, and C; represent the costs of quality input, delivery input, and marketing input at
time t, respectively.
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Hypothesis 2. During the busy period of production, the supplier devotes more energy to timely
delivery, and it is easy to ignore product quality [4]. The level of timely delivery of products
(i.e., on-time delivery rate) has a certain correlation with the quality level. It is assumed that the
timely delivery level of the supplier is not only related to the delivery input efforts of the supplier
(used to increase workers, update equipment, etc.), but also has a certain negative correlation with
the quality of products. Then, the state equation of the change of timely delivery level with time can
be expressed as:

x(t) = aBw(t) — pg(t) — ox(t) 4)

where x(t) represents the timely delivery level at time t; the initial delivery level is x(0) = xo,
(xp > 0); Ey(t) is the supplier’s timely delivery effort at time t; and a(a > 0) is the supplier’s
delivery effort impact coefficient, which indicates the impact of timely delivery efforts on the timely
delivery level. q(t) is the product quality level at time t. B(B > 0) is the impact factor of the
product quality level on timely delivery level. J is the decay rate of the timely delivery level, which is
caused by the accumulation of orders during the hot sales period, season change period, or large-scale
promotion period.

Hypothesis 3. According to the assumption in reference [31], the market demand can be expressed as:

D(t) = ’YOx(t) + ’Ymﬂ(t) + 'YrEr(t) ®)

where yg > 0, v > 0, v, > 0 are the sensitivity coefficients of consumers to the level of timely
delivery, product quality, and marketing, respectively.

Hypothesis 4. The discount rate of both the supplier and the retailer is p(p > 0), and the members
of the supply chain make decisions based on their optimal profits in the infinite time zone.

4. Decentralized Decision-Making

Under decentralized decision-making, the supplier and the retailer, as independent
individuals, make decisions based on the principle of their own best interests. Superscript
d indicates decentralized decision-making in the supply chain. The instantaneous profit
function of the supplier and retailer can be expressed as:

(1) = [T, br0%(6) + 1 (6) + 1Er (0] = S ?(5) = 5B ©

i} =TT [vox(t) + vma(t) + 1 Er(t)] - %mErZ @)

In this case, the goal of the supplier and the retailer is to find out the optimal quality
level, timely delivery effort, and marketing level in continuous time, so as to maximize the
discount value of their supplier’s and retailer’s profits. Therefore, the objective function of
supplier is:

o]

= [P T lr0x(0) + 1w (8) + 1 En(8)) = 51md® = yEnlldt (®)
0

s.t.x(t) = aEp () — Bg(t) — ox(t).
Next, we solve the optimal quality level and timely delivery effort to maximize the
objective function, and the corresponding present value Hamilton Function is:

1 1
Hy = Hm [Do + v0x + Ymq + ¥rEr] — Eﬂmlqz - EUmZEmZ + X1 («Em — Bg —0x)  (9)
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The supplier’s optimal decision-making needs to meet the following conditions:

dH
ﬁ = —Wm2Em +aXy1 =0 (10)
dH
—= =TI, vm—1mq—BXm =0 (11)
: dH,,
Xml (t) = PXml - W - Xml 1Y + 5 H Yo (12)

Hessian matrix of H; with respect to E;; and g is:

d*H, 42H 0 — 1
dLudq —df T

42 Hyy d?Hyyy
H, = dEmz dEmdq _ |:_77m2 0 :l
q= =

Now |Hy| > 0, ddé{”” < 0. This shows that the Hessian matrix H; is negative definite.

Hence, we have unique critical point which maximizes the supplier profit.
From Equations (10) and (11), we obtain:

X
E, = ”‘17 le (13)
m
g— [T ’Yr:; —1 BXm (14)
m
By solving the differential equation of (12), we obtain:
Xy (1) = cre o D0 (15)
Substituting Equation (15) into (13), we obtain:
Emzi[clep-&-é)t HerO} 16)
Mm2 p+é
Substituting Equation (15) into (14), we obtain
q:Hm’)/M_L(Ceer& Hm,)/O) (17)

Tot M1 o+

When t — oo, the supplier’s quality level and timely delivery effort are limited, so
tlim En(t) < oo, tlim q(t) < oo. Therefore, it can be judged that ¢ in Equations (16) and (17)
—00 —00
is equal to 0. Simplify the supplier’s quality level g and delivery effort E,;, that is:

E* = I1n (18)

Mm2 (P + 5)

Hm Ym _ inm Y0 (19)
Nm1 Mmt p+90

Since the quality level g is greater than 0, the optimal quality level also needs to meet

g =

the condition vy, > %'yo.
Then, to solve the optimal marketing level of the retailer, and its optimal decision-
making meets the following conditions:

dr
~=[Ly—mE =0 (20)
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o

And it is easy to get @1 .

dE,?
From Equation (20), the optimal marketing level of the retailer can be obtained as:
E =Ly, @

Substituting Equations (18) and (19) into (4), we can get the change track of the
supplier’s timely delivery level with time:

&Ey x —Bg*

M)
1)

+ 67&(360 — ;

x* (t) = (22)

Based on the above analysis, Theorem 1 is obtained.
Theorem 1. Under decentralized decision-making, when v, > p%’)/o > 0, the supplier’s op-

timal product quality level, the timely delivery effort, and the retailer’s optimal marketing level
are, respectively:

[T«
E, %% = m &
" Nm2 (P + 5) (o +0)
o= Dt B o

Ml m P +96

Erd 11_7L"Yr
The timely delivery level is:

d _ u vy _ Brm Bro —ot _ I a0
() =5 [“sz(PJrfS) Tt m(pt0)d T € {xo al Hm2(0+0)
_ Bym Bro ]}
Nm1 Hm1 (P+5)

Substituting the above Theorem 1 into Equations (6) and (7) and simplifying the present
value profit function of the retailer and the supplier, we obtain the following equations.

Em L milm rYr *
Ird:%{nr,y (4 /361 )+’V’7ﬂl;[ (Ym — 51%)+H’Y = %WrErd 2} 2
+Hr 'YO( _ “Em 7,Bqd*)
p+o )
= LT, (L B 711 P ﬁvo)Jrnm [ = M (o, _ B10y?
~p mlV0 P Nl TYm — ) 2 Ym o5 (24)

1 * «E d* _podx

5. Centralized Decision-Making

Under centralized decision-making, the supplier and the retailer are regarded as two
departments in an enterprise, which maximize the profits of the supply chain by designing
the optimal quality level, timely delivery efforts, and marketing level. Superscript c
indicates centralized decision-making.

The goal of the supply chain system is to find the optimal quality level, timely delivery
efforts, and marketing level in a continuous time ¢ € [0, c0) to maximize the discount value
of its profits. The objective function of the supply chain system is:

_ 1 1 1
]rcm = /e pt H +H ’)/()X "’ 7m‘7( ) +’)’7Er(t)] - Enmlqz - EﬂmZEmz - Eﬂm?)ErZ]dt (25)

0
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s.t. x(t) = aEy (t) — Bq(t) — dx(t). The optimal decision-making problem of the supply
chain is described as the optimal control problem max J5.- Using the maximum
q>0,E >0
E,>0
principle, the Hamilton function is constructed.

Hy,© = (Hm +Hr)[70x +vmg + ')’rEr] - %Umqu - %UmZEmz - %Um?)ErZ

26
+X2(aEy — Bg — 6x) (26)
The optimal decision-making of supply chain meets the following conditions:
dH
aE, = maEn X @)
dH
g = L AT L) vm =g = Xp (28)
dH
b = TL+TL)r ek 29)
r
Y der
Xpa(t) = pXp2 — o (e+0)X—v(L+11,) (30)
Hessian matrix of H, with respect to E;;, ¢ and E, is
dszr dszr dszr
dE,°>  dEndq dEndE;
dzHer dszr dZHmr _r]mz
Hc = dEudq dq? dqdE, = Hc =
dszr dZHmr dszr
dE,dE, dqdE,  dE,>
Now |H,| < 0, d;é{”é’ <0, _7(7)’"2 1(7) > 0. This shows that the Hessian matrix
mn —Ifml

H. is negative definite. Hence, we have unique critical point which maximizes the supply
chain profit.
From Equations (27) and (28), we get:

_aXp

En 31
Nm2 (1)
q — (HT + Hm)’)’m — IBXVZ (32)
Mm1
By solving Equation (30), we get:
5 r + m

Xa(t) = crele o 1 U o RS = (33)

Substituting Equation (33) into (31) and (32), we get:

x 5 [T, +1La)0
= [c2e PR, ] (34)
(Hr + Hm)')’m :B (o+0)t (Hr + Hm)r)/o

= ———— — —(cge + = 35
q = - (c2 P ) (35)

When t — oo, the supplier’s quality level and delivery effort are limited, that is
tlim En(t) < oo, tlim q(t) < co. Therefore, it can be judged that c; in Equations (34) and (35)
—00 —00
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is equal to 0. The optimal quality level and delivery effort of the supply chain system
are obtained:

_ (T +1Tn)
" o o) (36)
_ (L +1Tw), BT +1Tw)
1= Mm1 o Hm(p +6) o &0
From Equation (29), we get:
E, — (Il ‘;Hm)% (38)

Substituting Equations (36) and (37) into (4), the change track of delivery level with
time in the case of centralized decision-making is obtained:

x*(f) = B * —pq* o0

_ Ep x —ﬁq*)
6

(%o 5

(39)
Based on the above analysis, Theorem 2 is obtained.
Theorem 2. In the case of centralized decision-making, when vy, > p%”yo > 0, the optimal product

quality level, timely delivery effort, and the optimal marketing level of the supply chain system
are, respectively:

¢ (Hm +Hr)‘x
Epls = wm T8
’ 77m2(P + 5) o
qc* _ (Hm +Hr>’)’m _ ﬂ (Hm +Hr)’)/0
Hm1 Mm — p+0
ES = (Hm;‘Hr),Yr

The level of timely delivery is:

_ ([Tw+I1,) Xy _ Bym Bro
¥ () = 0 [D‘(Irl_,[nz(p(%[ts)) o+ (%Jré)] p
—ot _ m + r &Y0 _ Ym Y0
te {xo 0 [0( 77n12(P+5) Nm1 Nm1 (P+§) ] }

Substituting the above Theorem 2 into Equation (25), we obtain the profit present
value function of the supply chain system, as shown below:

Emc —Bq° m r 11 r 1 rZ
Jset = G {(T, +TTu) [Do + yo(*F5-0) o Lol il (o, — 39 o L o)

L+ mz 2 o 2 T € EunS5—Bat
R I

(40)

Then, the optimal decisions and profits are compared under the above two different
decision modes.
Comparing the optimal delivery effort, we get:

c __ d — “(Hr"'ﬂm) _ Hma
En—En = Tale+0) 107 alpr3) 10
- WrnZ(P:"‘S) "0 > 0

Comparing the optimal product quality level, we get:

(ITy +1Tw) ﬁ(Hr +11n) _ [Tnvm B

c _ 44 _ _
qm qm - Nm1 ,ym '7m1(P+‘5) ’)/O Nm1 77m1( P+5 )

I I

_ I _
- Tm1 Tm MTm1 (P+‘5) "o - O

1T
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Comparing the optimal marketing level, we get:

EC_Ed: (Hr_‘_Hm),Yr_&,)/r &7r>0
o Nr 1r r
Comparing the overall profits of the supply chain under different decision-making
modes, we get:

fO e pt(nsc - ngc)d(t)
f“e—m{(E En) (T + 1M1 — w2 (s + Em)] + (7° = @) [(TT + IT,) Mo }mu>
0 *%ﬂml (q + qc)] + (Eﬁ - Er)[(nm +Hr)'7r - %ﬂr(E; + Er)]

— Im

b0, My = 2 — b0, My = 1. As By > Enf, g > o,
Ef > E,“, itis easy to get ([T, +T1-)M1 > 3m2(Efu + Em), (TTy +T1,)M2 = 3171 (q + q°),
(I +T1,)Ms > 3-(E; + E;). Therefore, we obtain [;° e (75, — n%,)d(t) > 0.

Based on the above analysis, the following inference is obtained.

where M; =

Inference 1. In the case of centralized and decentralized decision-making, when the condition
Ym > P%’YO is satisfied, there is E;,“x > E,, %, gex > qd*, E,“s > E %, fooo e PH(7S, )d(t) >

fooo e_pt(ﬂgw)d(t)'

6. Cost Sharing Mechanism for Timely Delivery

From the above analysis, it can be concluded that the present value profit of the supply
chain system under the centralized decision-making mode is greater than the present value
profit of the supply chain system under the decentralized decision-making mode. Therefore,
it is necessary to design an effective coordination mechanism to realize that the present
value profit under the decentralized decision-making mode is equal to the present value
profit under the centralized decision-making mode. This paper designs a timely delivery
effort cost sharing contract to coordinate the supply chain. In this contract coordination
mechanism, both the supplier and retailer adopt the optimal product quality decision,
delivery effort decision, and marketing decision of the centralized decision-making model.
The retailer makes a reasonable delivery cost sharing proportion k to distribute the total
profits of the supply chain of the centralized decision-making. Then, the present value of
the profits of the supplier and retailer can be expressed as:

’Xm* * m\l Iy m r 1 Lz
I, :%{Hr[’y E 5‘1)_|_7(1_[+H)(,Ym 1370)_|_(1_[+H )Y ]

Mm1 p+o Mr (41)
Em*—
_ (Hri;ﬂm) (,)/m _ %) _ (Hr '2"';71?"1) _ 7k17m2Em2} + 'YOHr( O & *J 13‘7*)
Em m r m r 1 72
It = { Tro(*E2EEe) + 22l (o, — ) o Htlaloe w0

2 Epx—Bg*
— (Hr;;]nlz—llm) (Y — %) — (1 = K)yu2En? — S E2Y + Hm“m( xg — AEn* Bax)
Add Equations (41) and (42) left and right to get Equation (43), which is equal to the
total profit of the supply chain of centralized decision-making. How to set the proportion
of delivery cost sharing (in the case of cooperation mechanism) will affect whether the
profits of the supplier and the retailer are reasonably distributed.

XLm* —pg* m r m r m 72
¢ I%{(Hrﬂan)['Yo( E - Bq )+ 2 (H +H )(,ymfﬁ)Jr(H +H )Y ]

_ (Hy +I_Im)z /g’YO 2

(v~ B8~ o~ } »
2 Tm — x5 5 Mm2Em 77r

Erz} + HV +Hm)'70( xXo — “Em*(;ﬁq*)

One of the necessary conditions to realize supply chain coordination is that the retailer’s
profit meets the following constraints. That is, in the case of coordination mechanism, when
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the cost sharing proportion of timely delivery efforts meets k., € [0, 1], the retailer’s profit is
not less than the retailer’s optimal profit under decentralized decision-making.

IVC* 2 ]Td*lo S kmax S 1 (44)

According to Equation (44), the maximum proportion of retailers that are willing to
share the cost of timely delivery of the supplier is:

20 I 0“2 + g + 7, Er] = Spuad® — S B2

Il 70 _ aEmx—Pgx
' B + pr+5 (xo 5 )
max ﬂmZEnf*z

Similarly, only when the supplier’s profit meets the following constraints can the
supplier accept the coordination mechanism, that is, under the coordination mechanism,
when the cost sharing proportion of timely delivery efforts meetsk . € [0,1], the supplier’s
profit is not less than the supplier’s optimal profit under decentralized decision-making.

In® = I, 0 < Kiyin < 1 (45)

From Equation (45), it can be seen that the minimum proportion of the supplier

requiring the retailer to share the cost of timely delivery efforts cannot be less than:

%{Hm[’YO(’XE'n*oJ) +Ymq + vrEr] — %’leqz - %’YrErz}

& E;x—Bgx

77m2Em2

2p

Moreover, it is easy to get k. — ki, > 0, so the following theorem is obtained.

max

Theorem 3. When the cost sharing proportion of timely delivery meets k € [k, Kooin)s Konin € 0, 1],
and k., € [0,1], the supply chain system can reach a coordinated state, and the profit Pareto of the

supplier and the retailer can be improved.

Theorem 3 shows that when the cost sharing proportion of timely delivery meets
k € [kmaxr kmin)s kmin € [0,1], and k5, € [0,1], both the supplier and retailer adopt the
optimal strategy of centralized decision-making, so that the profits of both supply and
demand sides are not lower than those under decentralized decision-making. The value of

k depends on the dominant position of the supplier and retailer in the supply chain.

7. Numerical Analysis

Through numerical experiments, this section analyzes the differences of supply chain
profits and strategies in different situations, in order to verify the previous theoretical
results.

Suppose that the values of the parameters in the model are p = 0.1, [],, = 10,
IL=4nm=4Lnp=1,n=1L,a=28=150=14,x=2,v%=1 9 = 2,
vr = 1, respectively.

First, according to the benchmark parameters, the profits of the supplier and the retailer
under the timely delivery cost sharing coordination mechanism change with the proportion
of cost sharing, and is compared with the profit of corresponding enterprises without the
coordination mechanism, as shown in Figure 1, where the superscript c represents the
timely delivery cost sharing contract coordination mechanism, the superscript d represents
the non-coordination mechanism, the subscript r represents the retailer, and the subscript
m represents the supplier.
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Figure 1. Changes of supply chain profits under different decision-making situations.

As shown in Figure 1, the profit of supplier under the timely delivery cost sharing
mechanism increases with the increase of the proportion of cost sharing. Within the range
of [0.21, 1], the supplier’s profit is not less than the supplier’s profit without contract
mechanism. Within the range of [0, 0.21], the supplier’s profit is less than that under
the non-contract mechanism. When within the range of [0, 0.95], the retailer’s profit is
not less than that under the non-contract mechanism. Within the range of [0.91, 1], the
retailer’s profit is less than that under the non-contract mechanism. Therefore, it can be
seen that when the cost sharing proportion is within the range of [0.21, 0.95], the profits of
the supplier and the retailer are not less than that under the non-contract mechanism.

Next, the changes of the sensitive factors of consumers’ timely delivery level to profits
under the cost sharing coordination mechanism and without coordination mechanism are
plotted, as shown in Figure 2.

From the above, v, > %’m, we can get the value range of g as (0,2). Figure 2a
shows that within the range 7o € (0,2), the overall profit of the supply chain decreases
first and then increases with the increase of the sensitive factor of the timely delivery
level of consumers under centralized decision-making and decentralized situations. When
the sensitivity factor of timely delivery is small, the increase of the timely delivery level
sensitive factor will increase the overall sales revenue of the supply chain, but at the same
time, it will lead to the increase of the input cost of the timely delivery efforts of the supply
chain, so that the increase of the cost is greater than the increase of the sales revenue,
which will reduce the profits of the supply chain. When the sensitivity factor of timely
delivery level is high, the increase of timely delivery cost is less than that of sales revenue,
resulting in the increase of supply chain profits. From Figure 2a, it can also be concluded
that the supply chain profit under centralized decision-making is greater than that under
decentralized decision-making. Figure 2b shows that when the cost sharing proportion
is k = 0.6, the profits of enterprises under centralized decision-making and decentralized
decision-making will decrease first and then increase with the increase of the sensitivity
factor of timely delivery level. When the sensitivity factor of timely delivery is small,
the increase of the sensitivity factor of timely delivery level will increase the income of
supplier and retailer, but at the same time, it will lead to the increase of the input cost
of enterprise delivery efforts, so that the increase of cost is greater than the increase of
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The present value of profit

sales revenue, which will reduce the profits of supplier and retailer. When the sensitive
factor of timely delivery level is high, the increase of delivery cost is less than that of sales
revenue, resulting in the increase of profits of supplier and retailer. It can also be seen that
the profits of supplier and retailer under centralized decision-making are greater than those
of enterprises under decentralized decision-making.
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(@) Impact of ), on supply chain profit. (b) Impact of ), on enterprises profits.
Figure 2. Impact of sensitive factor ¢ on profits under decentralized and centralized decisions.
Next, the changes of the sensitive factor of product quality to profits under the cost
8 p q p
sharing coordination mechanism and without the coordination mechanism are plotted, as
shown in Figure 3.
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Figure 3. Impact of sensitive factor <, on profits under decentralized and centralized decisions.

From the above, we can know that vy, > Tﬁé’)/o, and the value range of 7, is (1,0).
Figure 3a shows that in the range of v, € (1,00), the overall profit of the supply chain
increases with the increase of consumer quality-sensitive factor under centralized decision-
making and decentralized decision-making. As the increase of quality-sensitive factor
will lead to the improvement of product quality, and then the increase the overall sales
revenue of the supply chain. Although it will also lead to the increase of supply chain
quality input cost, the increase of the cost is less than that of the sales revenue, resulting in
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the increase of supply chain profit. It can also be seen that the supply chain profit under
centralized decision-making is greater than that under decentralized decision-making.
Figure 3b shows that when the delivery cost sharing proportion k = 0.6, in the range
Tm € (1,00), the profits of enterprises in the supply chain increase with the increase of
consumer quality-sensitive factor under centralized decision-making and decentralized
decision-making. For the supplier, the increase of quality-sensitive factors will lead to the
improvement of the product quality level, and then increases the income of enterprises.
Although it will also lead to the increase of supplier quality input cost, the increase of the
cost is less than that of the sales revenue, resulting in the increase of supplier profit. For
the retailer, the increase of quality-sensitive factors will increase the sales revenue of the
retailer without increasing the quality input cost.

It is also noted that when <, > 3.37, the supplier’s profit under the cost sharing
mechanism is less than that under the decentralized decision-making, which shows that
when the cost sharing proportion k = 0.6, the supply chain cannot coordinate effectively.
Therefore, when the cost sharing proportion k = 0.6, the value range of vy, is (1,3.37).
When v, € (1,3.37), the retailer’s profit under the cost sharing mechanism is greater than
that under the decentralized decision-making.

Next, we analyze how the sensitive factor g or 7, affects the changes of timely deliv-
ery or product quality under the cost sharing coordination mechanism and no coordination
mechanism, as shown in Figure 4.
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(a) Impact of y, on decision variables.
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Figure 4. Impact of sensitive factors 7y and 7, on decision variables in decentralized and centralized
decision-making situations.

From the above, we can know that v, > P—is'yo, and the value range of v is (1,2).

Figure 4a shows that in the range of 99 € (1,2), the product quality level decreases
with the increase of consumer delivery sensitivity under centralized decision-making and
decentralized decision-making. In practice, timely delivery is very important to consumers,
so the retailer will put forward higher requirements for the supplier to deliver on time.
Then, the supplier will put limited capacity and resources into timely delivery, but this will
also affect the product quality. In addition, we can also find that the timely delivery level of
suppliers is positively correlated with the delivery sensitivity coefficient of consumers.

When vy = 1, from 7, >

)
that when 7, € (1, 0), the morepsensitive consumers are to quality, it will help to improve
the quality of products, but will not affect the level of timely delivery. From Figure 4a,b,
it can be found that the product quality level and timely delivery level under centralized
decision-making are greater than those under decentralized decision-making.

Finally, the change of timely delivery level with time is plotted, as shown in Figure 5.

Y0, the value range of 1y, is (1, 00). Figure 4b shows
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Figure 5. Changes of supplier’s timely delivery level with time.

It can be seen from Figure 5 that in the case of decentralized decision-making and
centralized decision-making, the timely delivery level of the supplier increases with time
and tends to a stable value. In addition, the timely delivery level of the supplier under
centralized decision-making is higher than that under decentralized decision-making.

8. Results and Discussion

Generally speaking, when an order is placed, consumers expect to receive the product
in time. In particular, during the shopping festival, Christmas day, and the promotion
period of merchants, the large-scale purchases of consumers have put more production
pressure on the upstream manufacturers. However, in order to complete the order, the
manufacturers put limited human, material, and other resources into timely delivery, and
do not pay more attention to product quality. Thus, it is easy to cause product quality
disputes and lead to the decline of enterprise reputation. In view of this, the supply chain
that is composed of a single supplier and a single retailer is taken as the research object.
The differential equation is constructed to reflect the negative correlation and dynamic
relationship between product quality and timely delivery. The timely delivery, product
quality, marketing strategies, and supply chain profits under different decision-making
modes are analyzed and compared.

By comparing the optimal value and profit of different decision-making modes, the
following findings are obtained:

(1) Under certain conditions, the product quality, marketing, and delivery strategies un-
der centralized decision-making are greater than those under decentralized decision-
making. Under centralized decision-making and decentralized decision-making,
the product quality level decreases with the increase of consumers’ timely delivery
sensitivity. The level of timely delivery of the supplier increases with the increase
of consumer-sensitive factor of timely delivery. The increase of consumer quality-
sensitive factors will also improve the quality level of products but will not affect the
level of timely delivery.

(2) For the supply chain profits, the supply chain profit, the supplier profit, and the
retailer under centralized decision-making are greater than those under decentralized
decision-making. First of all, there is a threshold for the timely delivery-sensitive
factor of consumers. When the timely delivery-sensitive factor of consumers is lower
than the threshold, the higher the timely delivery-sensitive factor is, the smaller the
profit of the supply chain system is. When the timely delivery-sensitive factor of
consumers is higher than the threshold, the higher the timely delivery-sensitive factor,
the greater the profit of the supply chain system. Further, it can be concluded that
under the centralized decision-making and decentralized decision-making situations,
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the profits of enterprises in the supply chain decrease first and then increase with
the increase of timely delivery-sensitive factor. Finally, supply chain profit, supplier
profit, and retailer profit increase with the increase of the consumer quality-sensitive
factor under centralized decision-making and decentralized decision-making.

(3) Timely delivery cost sharing contract can coordinate the supply chain. That is, there is
a range of timely delivery cost sharing proportions in which the profits of the supplier
and the retailer are greater than their respective profit without a cost sharing contract.
Under the condition that both the supplier and retailer accept the cost sharing contract
of timely delivery, the cost sharing proportion that is provided by the retailer is
negatively related to the profit of the retailer. On the contrary, the cost sharing ratio
that is provided by the retailer is positively related to the profit of the supplier.

(4) Under the two decision-making situations, the level of timely delivery increases with
time and tends to a stable value. The level of timely delivery under centralized
decision-making is greater than that under decentralized decision-making.

With the rapid development of social economy, the effective strategies of timely
delivery, product quality, and marketing are more and more important to enterprises,
and have been studied by many scholars. This paper analyzes and compares the supply
chain strategies and profits under different decision-making modes and believes that
the profit of supply chain under centralized decision-making is greater than that under
decentralized decision-making (Ghosh et al. [32]), and the cost sharing contract can achieve
the Pareto optimization of supply chain members (Zhou et al. [13], Chakraborty et al. [33]).
Consumers’ timely delivery, product quality, and marketing sensitivity coefficient have a
positive impact on their respective strategies (Roy and Sana [22], Modak and Kelle [19],
Glock et al. [20], Ranjan and Jha [28]), and, with time, each decision value tends to be stable
(Zhou et al. [13], Qiu et al. [15]).

However, the biggest difference between this paper and the previous literature is that
we consider the negative correlation between product quality and timely delivery. The
following findings were obtained: (i) the higher the sensitivity of consumers to timely
delivery is not conducive to improving the product quality of enterprises. As the supplier
has put limited resources into timely delivery in order to complete the order, and has
not paid more attention to product quality, this results in the decline of product quality.
(ii) When the consumer’s sensitivity to timely delivery is low, the sensitivity to timely
delivery is negatively related to the enterprise’s profit. When the consumer’s sensitivity to
timely delivery exceeds a certain threshold, the sensitivity to timely delivery is positively
related to the enterprise’s profit. The main reasons are as follows: first, the lower sensitivity
to timely delivery causes the enterprise to pay more attention to product quality, resulting
in an increase in quality cost. Second, the lower sensitivity has little impact on demand,
resulting in lower sales revenue for enterprises. According to the above, when the sensitivity
is less than a certain threshold, the increase in sales revenue due to the increase in sensitivity
is less than the increase in cost, resulting in a decrease in enterprise profits. Although this
paper is similar to some of the conclusions of the research literature Huang et al. [6],
the essential difference between this paper and the previous literature is that this paper
considers the negative correlation between timely delivery and product quality. This is also
the innovation of this paper.

We only consider the Nash non-cooperative game in the decentralized decision model.
If repeated game, evolutionary game, non-zero -um game, and Stackelberg game are
studied (Abdalzaher et.al. [34,35], Abdalzaher and Muta [36], He et al. [37]), then compared
with this paper, what are the differences between optimal decisions and how sensitive
factors affect optimal decisions, etc., these topics will become more interesting.

9. Conclusions

When some social public events occur or merchants promote sales, the demand (orders)
for some commodities suddenly increases. According to the order, the supplier needs to
deliver the qualified products to the downstream customers in time. However, due to
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limited resources, it is difficult for suppliers to ensure that all the products are delivered in
time and the quality of products is qualified. Suppliers are likely to put more resources
into completing customer orders on time, while ignoring the product quality. This will
easily lead to the occurrence of product quality events, and then that affects the goodwill of
enterprise products. The previous literature rarely studies this phenomenon, that is, the
relationship between the delivery level and product quality. The innovations of this paper
are as follows: first, based on the above facts, a negative and dynamic correlation between
the delivery level and the quality level is established, which has rarely been involved in
previous studies. Secondly, it studies the joint decision-making of timely delivery, product
quality, and marketing under different decision-making modes. Thirdly, it compares the
timely delivery, product quality, marketing strategies, and supply chain profits under
different decision-making modes and designs the cost sharing contract mechanism.

The theoretical contributions of this paper include the following aspects: first, the
negative correlation between timely delivery and product quality is considered in the
supply chain decision model. Secondly, the joint decision models of timely delivery,
product quality, and marketing are constructed. It enriches the theory of supply chain
quality, marketing, and delivery decision-making. The practical contributions include
the following aspects: first, this paper provides guidance for enterprise managers when
making decisions on quality, marketing, and delivery. Secondly, it provides the basis for
enterprise managers to formulate effective cooperation models.

By comparing the strategies and profits under different decision-making modes, the
following conclusions are obtained: (i) Under certain conditions, the product quality,
marketing, and delivery strategies under centralized decision-making are greater than
those under decentralized decision-making. The more sensitive the consumers are to timely
delivery, the more unfavorable it is to improve product quality. (ii) Supply chain profit,
supplier profit, and retailer profit under centralized decision-making are all greater than
those under decentralized decision-making. There is a nonlinear relationship between the
sensitivity coefficient of on-time delivery and the profit of the supply chain. (iii) Timely
delivery and cost sharing contracts can coordinate the supply chain. That is to say, there is a
range of cost sharing proportions of timely delivery, in which the profits of the supplier and
the retailer are greater than those of the respective profits without cost sharing contracts.

From the above conclusions, we can draw some research implications. (i) Enterprises
should realize that the way to increase profits is not only limited to the way to reduce
costs, but also a more effective way to improve timely delivery, product quality, and
marketing level. For example, optimize the process, shorten the delivery time of orders,
improve the reliability and performance of products, increase the investment in product
quality testing, cultivate the knowledge level of enterprise marketing staff, and create
an experiential shopping environment. (ii) When making decisions, enterprises should
not only collect their own data, but also obtain consumer data through market survey
questionnaires. Especially, when consumers are less sensitive to timely delivery, enterprises
should give some coupons and small gifts to consumers in exchange for the extension of
delivery time, and invest limited resources to improve product quality. When consumers
are highly sensitive to timely delivery, they can outsource some orders to cost-effective
and professional third-party enterprises, which not only improves the delivery rate but
also improves the product quality. (iii) Alliance is a way for enterprises to realize resource
complementarity and gain greater competitive advantages. Suppliers can establish strategic
alliances with retailers, form cooperative partnerships, and share the marketing costs of
retailers, so as to encourage retailers to conduct marketing more actively and improve
market demand.

However, the proposed model has some drawbacks. These can be overcome by
extending it in many ways in the future. (i) The marginal profits of the supplier and the
retailer is fixed. The model will be more realistic if we consider price as a variable. (ii)
The proposed model considers a supply chain that is composed of a single supplier and a
single retailer. Supplier competition or retailer competition can be considered in the future.
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(iii) This paper assumes that consumers are homogeneous. In fact, consumers have different
preferences for the level of timely delivery, and the demand function will also be different.
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