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Abstract: Although supply quality management has been studied extensively, one important
marketing phenomenon, that is, reference effect has been rarely considered in dual-channel supply
chain quality management literatures. In fact, the quality reference effect is also an important factor
which influences consumer purchasing behavior. We aim to explore the influence of the reference
effect on the optimal decisions and performance of a dual-channel supply. Thus, we formulate
dynamic models that include the product quality reference effect and the service quality reference
effect in a dual-channel supply chain system consisting of a manufacturer and a retailer under the
different decision-making scenarios. Utilizing differential game theory, optimal decisions are obtained
for the product quality and service quality decision under the different decision-making scenarios.
In addition, the optimal decisions and profits are compared, then a service cost-sharing coordinating
mechanism is proposed and proven to be effective in the supply chain system. The main results
show when the initial reference service quality is low, the consumer service quality reference effect is
beneficial to the manufacturer. The spillover effect of service quality is not conducive to the retailer
and the manufacturer. When the initial reference product quality is low, both online and offline
product quality reference effects are beneficial to the retailer and the manufacturer. The stable (or final)
reference quality will not be affected by the initial reference quality. The sum of the two members’
profits under decentralized decision making is less than the total profit of the supply chain under
centralized decision making. We design a cost-sharing coordinating mechanism to eliminate the
double marginal effect.

Keywords: dual-channel; quality; reference effect; differential game; coordination

1. Introduction

Under the new mode of economic development, economic growth has changed from mainly
relying on increasing the consumption of material resources to mainly relying on scientific and
technological progress, improving the quality of workers and management innovation. There is no
doubt that we need to increase the development of circular economy. A circular economy can be
defined as an economic model aimed at the efficient use of resources through waste minimization,
long-term value retention, reduction of primary resources, and closed loops of products, product
parts, and materials within the boundaries of environmental protection and socioeconomic benefits [1].
The objective of circular economy is to extract the advantage of materials, enemy and wastes of an
industry [2]. Some scholars have carried out relevant research in the context of ecological economy [3,4].
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The development of circular economy must improve the quality of products and service,
because without quality support, circular economy cannot adhere to the principle of “reduction,
reuse, recycling”, and cannot continue to develop. The best way to save is to improve product quality
for extending product life, and improve service quality for promoting economic operation efficiency.
Quality is the key content of social wealth, the important driving force of a country’s economic and
social development and the main evaluation scale of the level of economic and social development.
In February 2019, all Dyson’s products were removed from its list of recommended vacuum cleaners,
according to consumer reports, the leading US consumer magazine. The reason was that consumers
cannot expect these vacuum cleaners to last. According to the survey data, nearly half of Dyson’s
hand-held vacuum cleaners will be damaged within five years, with the cracking rate higher than any
other brands [5]. In 2014, Volkswagen Sagitar took recall and maintenance measures due to the product
quality problem of rear axle longitudinal arm fracture, but still could not eliminate the safety risk.
Product quality problems not only reduce the reputation of enterprises, but also waste resources [6].
Therefore, many enterprises take more measures to increase investment in product quality and service
quality. Yulai automobile always attach great importance to product and service quality. According to
relevant statistics, from 2016 to the first half of 2019, the R & D cost of Yulai is up to 10.445 billion RMB,
the amount spent on sales and management costs is 11.571 billion RMB, and the amount spent on
operating expenses is 22.016 billion RMB [7]. Due to the fierce market competition, quality has always
been the cornerstone of the survival and development for a enterprise. Therefore, how to design the
optimal product quality and service quality is a very important matter, which is the main content of
this paper.

In recent years, the public has been paying greater attention to product quality. In specific
segments of the market in some industries, competition is shifting from price to quality [8,9]. Therefore,
more firms are adopting quality improvement as a powerful competitive tool in the market. And in
supply chain management, how to design optimal product quality and service quality has attracted
extensive attention. Another important marketing phenomenon, the reference effect, has also been
studied. However, most scholars focus on the price reference effect and seldom consider the quality
reference effect. According to Fibich et al. [10], the reference price is defined as the weighted average
value of the product price observed in previous purchase experience. The further away from the present,
the less the weight of the price corresponds to the past moment. The influence of the asymmetric
reference price effect on the price strategy of the enterprise is analyzed in infinite and limited time
lengths, respectively. In addition, some researchers have extended the concept of reference point to
product quality [11-14]. According to Fibich et al. [10] and He et al. [13], we can define reference
quality as the quality r that consumers have in mind and to which they compare the current quality z
of a product. When r > z, consumers will form a sense of “gain” that will increase demand; otherwise,
they will form a sense of “loss”. The above research works are only related to the product quality
reference effect. In the paper, we further divide the quality reference effect into product quality
reference effect and service quality reference effect. In particular, in their frequent traditional shopping
experience previously, consumers have formed an expected service quality (called the reference point).
When the actual service quality provided by the retailer is higher than the expectation of consumers,
consumers will form a sense of gain and be attracted to shopping once again. Since the reference effect
can influence consumers’ purchase behavior, it is meaningful for enterprises to explore how reference
effect affects quality decision making and profit. Through the research of this paper, it can provide
guidance for enterprises in the decision making process.

With the growing maturity of e-commerce technology, increasing numbers of manufacturers have
opened online channels on the basis of the original traditional retailer channels. The development
of a manufacturer’s network channel will erode the retailer’s market demand and lead to channel
competition and conflict. Facing threats of the invasion of manufacturers’ direct marketing channels
to the traditional offline market, retailers begin to provide service—that online stores are not able
to provide (such as a shopping environment, touchable goods, enthusiastic shopping guide service



Sustainability 2020, 12, 2296 3 0of 23

and so on)—to help consumers to better understand the product performance and promote demand.
Therefore, in the competitive dual channel supply chain, one of the main objectives of this paper is to
investigate the impact of the service quality reference effect on all members.

The research objectives of this paper are as follows: First, in the context of circular economy;,
considering the influence of the reference effect on consumers’ purchase decision making, effective
strategies are developed for enterprises. Second, according to the degree of cooperation between the
members, this paper compares the profits of each member in different decision making scenarios,
then provides a win-win coordination mechanism for the sustainable development of the enterprise
alliance. Third, to clarify the impact of reference effect on the profits and decisions in dual channel
supply chain is helpful for managers to adjust strategies flexibly in different scenarios.

This paper proceeds as follows. A literature review is presented in Section 2. Section 3 describes
the notations and proposes basic assumptions and three models under the three scenarios are proposed,
and solutions are derived in the following sections. The optimal decisions and profits under the three
scenarios are compared and analyzed in Section 4. A coordinating mechanism is proposed in Section 5.
Section 6 provides a numerical analysis. Finally, Section 7 provides the concluding remarks.

2. Literature Review

This paper involves research issues including dual-channel supply chain and quality.

In recent years, with the increasing development of e-commerce technology and with the change
of the way consumers shopping, more and more firms have opened online channels on the basis of
the original traditional retailer channels. Dual-channel supply chain has become an emerging field of
supply chain management research. Chiang et al. [15] found that a manufacturer can reduce the channel
competition by reducing the wholesale price after introducing a direct marketing channel. Considering
that consumers are either brand loyal or retailer loyal, Kumar and Ruan [16] inferred the conditions
under which manufacturers can benefit from additional direct channels. Cai et al. [17] studied the
influence of the pricing mechanism on channel competition in the dual channel supply chain and found
that a uniform pricing strategy can alleviate channel conflict. Ryan et al. [18] found that when the
retailer’s market share is larger than the manufacturer’s direct channel market share, the manufacturer
will implement a price discrimination strategy. Yan et al. [19] found that a manufacturer can encourage
the retailer to improve their service level by introducing online channels. Lu and Liu [20] studied
the impact of opening up network channels on the profitability and behavior of manufacturers and
physical retailers in the supply chain. Li et al. [21] studied the impact of service provided by retailers in
a dual channel supply chain composed of a manufacturer and a retailer with fair concern. It was found
that whether the retail service quality is beneficial to both the manufacturer and the retailer depends on
the loyalty of the consumer to the traditional retail channel. He et al. [14] investigated how firms should
incorporate the reference quality effect under different business models: a pure offline store case, a pure
online store case, and an O20 (online-to-offline) case. Ni et al. [22] examined a two-echelon supply chain
with an upstream supplier and a downstream manufacturer transacting an intermediate product via
direct bilateral contracting and futures market channels with differentiated productivities. Li et al. [23]
investigated the strategic effect of return policies in a dual-channel supply chain. Zhang et al. [24]
integrated the product quality and returns caused by quality problems into the design of a dual-channel
coordination mechanism in closed-loop supply chains. Modak and Kelle [25] considered to develop
a dual-channel supply chain strategy under price and delivery-time dependent stochastic customer
demand. Alizadeh-Basban and Taleizadeh [26] studied dual channel green supply chain considering
sale’s efforts, delivery time, and hybrid remanufacturing. The delivery time in the online channel as
well as the distributor sales effort in the retail channel were devised. The above literature studied
the pricing [15,17,18,25], service level [19,21], delivery [25,26], return [23,24], remanufacturing [26],
contract model [22] and consumer behavior [14,21] of dual channel supply chain. However, there are
few works on product quality and service quality in dual channel supply chain, as well as the effect of
service spillover on channel members.
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In recent years, the news reports on product quality have not been rare, which has also attracted
the attention to supply chain quality. Boyaci and Gallego [27] considered two competitive supply chains
with a supplier and a retailer and studied three kinds of competition scenarios between supply chains.
Gurnani and Erkoc [28] constructed the demand function of product quality and marketing effort
and compared three different supply chain contract forms. Chenavaz and Regis [29] and He et al. [14]
studied the dynamic quality decision making of enterprises in which consumers have reference
quality behavior. Zhu et al. [30] took a three-level supply chain as the research object, constructed
three distribution channel models, and compared the quality strategies in different channel models.
Xiao et al. [31] studied four kinds of supply chain decision making scenarios and proposed that supply
chain cooperation could not necessarily improve the product quality of the supply chain. From an
irrational perspective, Liu et al. [32] considered that the downstream retailers have a preference for
loss aversion and studied the supply chain quality decision making in a centralized and decentralized
situation. The above works studied a case in which the manufacturer or supplier designs the product
quality to promote the market demand, but did not consider that the retailer improves service quality.

The research on service quality has also attracted the attention of many scholars. Tsay and
Agrawal [33] studied the dynamic model of service competition with capacity constraints. Shirui
Xia et al. [34], Ali et al. [35], Zhou et al. [36] and other scholars have also studied the service quality
in the supply chain. In the dual channel supply chain model, Pu [37] considered the offline service
quality spillover effect on the online channel and designed a cost-sharing contract to achieve supply
chain coordination. Qin et al. [38] studied the competition and cooperation strategies between two
competitive logistics service providers and the online retailer. Ren et al. [39] and Dan et al. [40] both
studied service competition online and traditional channels.

Improving product quality is the foundation for survival and development for an enterprise,
and how to effectively transferring products to the consumer, to a certain extent, also needs effective
service quality, both of which are very important for an enterprise to improve their performance and
enhance competitiveness. Therefore, it is necessary to study the coordination of the supply chain
considering both product quality and service quality. To date, most of the literature has focused
on the unilateral research of product quality or service quality. A few scholars have assumed that
market demand is affected by both product quality and service quality and studied supply chain
coordination [24]. However, in the case of the dual channel supply chain, there are few works regarding
the combination of product quality and service quality strategy.

Our paper proposes the following major differences from the aforementioned literatures. Firstly,
the influence of the product quality reference effect and the service quality reference effect on demand
is considered. Secondly, from the perspective of reference effect, we explore and analyze the impact of
service quality spillover on online and offline channels.

On the basis of the above literature, this paper further expands the scope of the research to consider
the consumer behavior (called the product quality reference effect and the service quality reference
effect) in the dual channel supply chain, formulating a Nerlove-Arrow model. Utilizing differential
game theory, optimal decisions are obtained for the product quality, service quality decision-making
and coordination mechanism.

3. Model Development

Consider a supply chain where a manufacturer sells a final product through both a traditional
channel retailer and their own online channel in parallel: the manufacturer invests in product quality
improvement, where z(t) denotes the product quality level over time ¢, while the retailer invests in the
service quality improvement, where f(t) denotes the service quality level over time t. See Table 1 for
the notations and related descriptions.
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Table 1. Notation and description.

Notation Description
f) Retailer’s service quality at time ¢, which is a decision variable.
z(t) Manufacturer’s product quality at time ¢, which is a decision variable.
Ot Service quality’s effectiveness on market demand in traditional channel.
O Product quality’s effectiveness on market demand in traditional channel.
Oz Product quality’s effectiveness on market demand in online channel.
p1 Retailer’s marginal profit in traditional channel.
P2 Manufacturer’s marginal profit in traditional channel.
P3 Manufacturer’s marginal profit in online channel.
kq Cost parameter associated with service quality improvement by the retailer.
ky Cost parameter associated with product quality improvement by the manufacturer.
A Discount rate. A > 0.
o7 Cost-sharing rate provided under decentralized decision making.
ol Cost-sharing rate provided under coordinating mechanism.

It is assumed that consumers’ expectations (called the reference point) with respect to product
quality and service quality evolve over time and are based on their frequent shopping experience
previously with the product. When the quality level is higher than the reference point, consumers will
form a sense of “gain”; otherwise, they will form a sense of “loss”.

In our study, which is based on the reference effect formation of Kopalle and Winer [41] the
changes of the reference service quality and product quality are given, respectively, by Equations (1)
and (2):

():a(f_()_”f()) 1)
rr(0) =750
r2(t) = ap(z(t) —r2(t))
Tz(o)—rzo @)

where 74(t) is the consumer’s reference service quality level over time ¢, f(f) is the retailer’s actual
service quality level, 7,(f) is the consumer’s reference product quality level over time ¢, and z(f) is the
manufacturer’s actual product quality level. oy and a; indicate service quality memory parameter and
product quality memory parameter, respectively, a; > 0, a; > 0.

Compared with online shopping, consumers are more likely to be affected by the service level of
traditional retailers. Traditional retailers can provide a service that online stores are unable to provide,
such as a shopping environment, touchable goods, enthusiastic shopping guide service and so on.
In order to highlight this difference, this paper only considers the traditional offline retailers’ service
quality without considering manufacturers’ online service quality. Based on the above assumptions,
the traditional channel demand d; is affected by product quality, reference product quality, service
quality and reference service quality. The online channel demand 4, is affected by product quality,
reference product quality, reference service quality of the traditional channel. The demand functions in
the traditional channel and online channel are as follows:

di(t) = ar + Opf (1) + Bre[f (1) =75 (1)] + Ouz(t) + Bat[z(t) —72(t)] 3)
de(t) = e + Ozez(t) + Pre(z(t) — 12 (t)] + Bre[ f(£) — 1 (H)]

where a;, a,, Ost, Ozt, Oze, Brts Pats Pre and p e are positive constants. a; and 4, indicate potential
sales volume in traditional channel and online channel respectively,a; > 0,4, > 0. The expression
O:f(t) represents the actual service quality effect on traditional demand. The expression f[f(t) -
r¢(t)] represents the reference service quality effect on traditional channel demand. The expression
Brelf(t) —7¢(t)] represents the spillover effect of service quality in traditional channel on online demand.
The expression 0;z(t) and 0.z (t) represent the actual product quality effect on traditional and online
demand respectively. The expressions B;[z(t) — rz(t)] and Bz [z(t) — rz(t)] represent the reference
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product quality effect on traditional and online demand, respectively. The relationship between related
variables and demand in this article is shown in Figure 1.

Decision variables

Product quality Online

Traditional

Reference product quality i
Cost-sharing rate \wi
Traditional

Consumer .
Onlin

Manufacturer

Demand

Reference service quality Traditional

Retailer Service quality

Traditional

Figure 1. Relationships between related variables and demand.

In our model, we assume that the marginal profits p1, p2, p3 are kept as constants for the following
reason. The main purpose of this paper is to investigate the influence of the reference effects on the
quality of channel members’ decisions and explore an effective contract that could coordinate the
supply chain.

Similar to previous studies [12,41], the product and service quality cost functions are quadratic
with respect to the quality level, as specified by

1
r = ki f2(t
c 21 1f~(t) @)
Cm = EkZZz(t)

where the manufacturer’s product quality improvement cost ¢, and the retailer’s service quality
improvement cost ¢, are the increasing functions of z(t) and f(t), respectively, which meet the
conditions of ¢;” (z) > 0, ¢;” (f) > 0.

According to the extent of cooperation between enterprises, in general there are two possible
relationships between enterprises, namely, decentralized decision making without a cost-sharing
contract (called model D) and decentralized decision making with a cost-sharing contract (called model
DC). Then this paper puts forward the centralized decision (called model C), and compares the total
profit of supply chain in three decision making scenarios. Finally, a win-win solution is proposed,
which is the model CS. It also proves the importance of cooperation between enterprises.

We start by analyzing the first scenario in which each member makes decisions without a
cost-sharing program (model D). In this scenario, the manufacturer does not share the service quality
improvement cost with the retailer and all members make independent decisions. We use the superscript
‘n’ to signify this scenario. In the second scenario, each member makes decisions within a cost-sharing
construct, in which the manufacturer promises to share the service quality improvement cost of the
retailer, and all members still make independent decisions (model DC). We use the superscript ‘d’ to
signify this scenario. In the third scenario, the manufacturer vertically integrates with the retailer.
That is to say, the manufacturer and the retailer are regarded as two departments in an enterprise,
which maximizes the profit of the enterprise by designing the optimal service quality and product
quality (model C). We use the superscript ‘c’ to signify this scenario. In the fourth scenario, the supply
chain is coordinated by introducing a cost-sharing coordination mechanism. Under the scenario,
the total profit of the centralized decision making supply chain is reasonably distributed between
the manufacturer and the retailer through the cost sharing rate, while both the manufacturer and
the retailer adopt the optimal strategy of the centralized decision making (model CS). We use the
superscript ‘cs’ to signify this scenario.
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3.1. Model D

In this scenario, the manufacturer and the retailer make decisions respectively without a
cost-sharing program. Each member tries to maximize the present values of its profit. All members
carry out Stackelberg’s differential game, where the manufacturer plays as the dominant while retailer
as the follower in the infinite planning period. By serving as a benchmark model, this part aims to
compare with the following models in order to propose the supply chain coordination mechanism.

The profit functions for two firms are represented by the following equations:

e (t) = prde(t) - %klfz(t)

1 %)
T (t) = padi(t) + pade(t) — Ekzzz(t)

Note that the profits for the two firms change along with time ¢. Each member tries to maximize
the present values of its profit in infinite time zone. With a common discount rate A>0, we have the
following equations for the retailer

1
f prds(t) — Sk F2(1)]dt (6)
0
For the manufacturer

f Pzdt + p3de( ) - %kzzz(t)]dt (7)
0

Proposition 1. Under decentralized decision making without a cost-sharing contract, the manufacturer’s
optimal product quality level and the retailer’s optimal service quality level, respectively, are as follows:

e = p1(Of + Bse) (A + a1) —a1p1Pye
B (A + a1k .
e _ (@24 V)lpa(0zt + Bat) + p3(Oz + Be)] — @2 (pofat + p3pe)
(/\ +0£2)k2

The reference service quality path is given by

r(t) = (rpo— fM)e ™ 4+ f )
The reference product quality path is given by

1" (t) = (rz0 — 2"™)e 2t 4 2™ (10)

Proof (See Appendix A).

Proposition 1 gives the manufacturer optimal product quality and the retailer optimal service
quality under decentralized decision making without a cost-sharing contract. It can be seen that the
service quality of retailers is only affected by the marginal profit p; instead of the marginal profit py, p3.
According to the optimal quality, it is easy to deduce the path of reference quality changing with time.
By substituting Proposition 1 into Equation (6) and Equation (7), the profit function of the retailer and
the manufacturer can be simplified as follows:
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1
_oonx n*2
Pllﬁzt(rzo z ) oy klf
PZﬁzt(T’ZO - Zm)
o p3Bre(rro— f)

1 "
T p3Bre(rro— f*)

1
_ fn=
/\+a pllﬁff(fo )= A+ ay
— fnEy _
! 1 /\_l_alpZﬁft(”fO )=
_ﬁk n*z + XPB (ae + ngzn*) -

1
J't = 1P (ar + O f™ + O22™) -

1
'™ = sz(at + Gftfm + Gztzn*) -

(S
A+a2p3ﬁze(rzo z ) 1+

——kzZ”*2 + Apg (a¢ + Ozez™) — p3Pze(rz0 —2™) —

2A /\+a2

3.2. Model DC

In the supply chain structure dominated by the manufacturer, in order to encourage the retailer to
improve service quality and promote sales, the manufacturer actively shares a certain rate ¢? of the
retailer service quality improvement cost. Decision sequences of the two members are described as
follows: (i) the manufacturer offers the cost-sharing rate for the retailer’s service quality improvement
cost and (ii) after observing the manufacturer’ a cost-sharing contract, the retailer and manufacturer
determine their quality improvement efforts along time f simultaneously. We keep the cost-sharing rate
fixed and calculate the quality improvement effort of the retailer and manufacturer utilizing differential
game theory. Then we calculate the optimal cost-sharing rate.

Similarly, the profits for the value functions of the manufacturer and the retailer are obtained
easily as follows

B = [ Mol - 51 6" 0 12
0
f p2de () + pade(t) — %cpdkl () - %kﬂz(t)]dt (13)
0

Proposition 2. Under decentralized decision making with a cost-sharing contract, the manufacturer’s optimal
product quality level and the retailer’s optimal service quality level, respectively, are as follows:

P1(Of + Brr) (A +a1) — p1Bgr an

d* _
S T A ak 0
it {PZ[(“Z + A)ta + /\ﬁzt] =+ P3[(a2 + )0z + /\ﬁze”
B (A+az)k

The reference service quality path is given by

= (g0 - Y 4 (15
The reference product quality path is given by

1% = (ry0 —2™)e 2t 4 2% (16)
The proof of Proposition 2 is similar to the proof of Proposition 1 and is omitted.

Proposition 3. Under decentralized decision making with a cost-sharing contract, the optimal service
cost-sharing rate of the manufacturer is

2B-A
(Pdse — 2B+A” 2B>A (17)
0, 2B<A
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p2(05(A+ar)+ABr]+p3ABfe
(/\+C¥1)

P1 (Qﬂ/\+‘8ﬁA+9ﬂal)

A= (Atay) :

where B =

Proof (See Appendix B): Put the above conclusions into Equation (12) and Equation (13),
and simplify the profit functions of the retailer and the manufacturer as follows:

1
1 A+ap
]mdx- — sz(at + thfdx- _|_ tazdxv) —_

1
p1Bat (rz0 — 2%) — 5y (1= P )k f22
1
2Bt (120 — 2%) — ﬁkzzd*z
(18)
paBre(rpo— f)

paBre(ro— f*)

1
]rd* = Xpl(at + thfd* + tazd*) - Pl.Bft(’”fO _fd*) - A —|—[l2
A+a1p2ﬁft(rf0—fd*)‘

1
—ﬁqod*kl 42+ Lps(ar + 0z2%) -

A+ap
PBﬂze(rzo - Zd*) -

A+ap

1 1 A +511
dx d* 1 dx ds
7 ? ki f2 4 1 p3(ae + Oz2™) = mpsﬂze(fzo -z%) -

A+ap

Property 1. Under the condition that all members accept the cost-sharing contract, the cost-sharing rate
is positively related to the marginal profit of the traditional channel and online channel respectively
@dp™ /dps > 0, dp™ /dps > 0). This implies that the higher the manufacturer’s marginal profit
is, the more service quality cost the manufacturer will bear, increasing the motivation for the
retailer’s service quality improvement and obtaining more sales revenue. Although the increase of the
manufacturer’s marginal profit means that retailer will invest more in the service quality improvement,
the manufacturer bears more service costs (Proposition 2), but after trading off between the sales
revenue and the costs, the manufacturer’s profit will still increase. On the contrary, the cost-sharing rate
is negatively correlated with the retailer’s profit margin (d¢® /dp; < 0). This implies that the higher
the retailer’s marginal profit, the higher the retailer’s service quality improvement cost (Proposition 2).

Property 2. In decentralized decision making, the higher the marginal profit p, and p3, the higher the
product quality level. The higher the marginal profit p;, the higher the service quality level.

Property 2 shows that the marginal profit has a great impact on members’ quality investment
decisions. If the marginal profit is larger, the enterprise will be more motivated to improve the quality.
The greater the marginal profit of the manufacturer, the more active it will be to support the retailer
to improve the service quality level. On the contrary, if the marginal profit is smaller, the lower the
support for service quality improvement will be.

3.3. Model C

Under centralized decision making, the manufacturer and the retailer are regarded as two
departments in an enterprise which maximizes the profit of the enterprise by designing the optimal
service quality f(f) and product quality z(t). The superscript ¢ indicates centralized decision making.
The present value of supply chain profit under centralized decision making is

(59

ot = [ ML(pa + p1)(t) + psdelt) = 31 20) = o0l (19)
0

Proposition 4. Under centralized decision making, the manufacturer’s optimal product quality level and the
retailer’s optimal service quality level, respectively, are as follows:

o (p24p)(Op +Ps)(A+a1) + psred — (p2 + p1)Brivy
for =

(A + Oél)kl (20)
20— (p2 + 1) (Ozt + Bzt) (A + @2) + p3(Oze + Bze) (A + @2) — (p2 + p1)Bztaz — p3Pzea

(/\ + az)kz
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The reference service quality path is given by

rf = (rpo = f)eT 4 £ (21)
The reference product quality path is given by

R = (rg—27)e ! 427 (22)

The proof of Proposition 4 is similar to the proof of Proposition 1 and is omitted.
Put the above conclusions into Equation (19); the profit function of the supply chain can be
simplified as follows:

Jowr® = % (p2 + p1)(as + 05 f + 042”) = iz (p2 + p1)Bga(ryo = f) = 3 PaBre(rpo = )

23
—ﬁvz(m + p1)Bat(rz0 —27) + %P3(ae + 0z2) - #@93528(7”20 —-z) - ﬁklfc*z - ﬁkzzaz 2

4. Comparative Analysis

In order to facilitate analysis and comparison, the optimal values in three decision making
scenarios are listed in Table 2.

Table 2. Optimal decisions under different decision scenarios.

Model D Model DC Model C
f = p1(Of+Bpr) (A+a1)—p1fs an fd* _ p1O@ptBp) (Atar)—piBsr an o= (p2+p1) (85t +Bsi) (A+a1)+pareA=(p2+p1) vt
- (Aa1)k - (1-¢7) (A1 )k - (Aa1)ky
z& =
N IR e
oo Ltpollon £ 0 Ap] |0 | palln £ 002 0] | )1+ 09) = (p2 + pr stz = pafist]
2)%2 @2)%2 Atam)k

After analysis and comparison, we can obtain the following conclusions:
Corollary 1. The optimal service quality of the retailer under three scenarios follows the following relationship:

(i) f > f*
(ii) if 2B > A, then f* > f™ (24)
(iii) if 2B < A, then f# = f™

Proof (See Appendix C.1).
Corollary 2. The optimal product quality of the manufacturer under three scenarios follows the following relationship:

2> 2t =g (25)

Proof (See Appendix C.2).

By comparing the optimal decisions under three scenarios, it can be found that the optimal
decisions of product quality and service quality under the centralized decision are higher than those
under the decentralized decision making scenario, respectively. When the condition 2B > A is satisfied,
the optimal decision of service quality with a cost-sharing contract is greater than the corresponding
value without a cost-sharing contract, while for the product quality, there is no improvement under the
two decision scenarios.

The optimal profit of the supply chain under the three scenarios is compared and analyzed,
and the following conclusions are obtained.
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Corollary 3. The profit of the supply chain under the three scenarios follows the following relationship:

(i) ]mrc* > ]mrd’6
(ii) if 2B > A, then J,,®™ > Jp™ (26)
(iii) if 2B < A, then ;% = ],

Proof (See Appendix C.3).

5. Supply Chain Coordination Mechanism (Model CS)

From the above comparative analysis, it can be concluded that optimal decisions and profit of the
supply chain under centralized decision making are greater than that under decentralized decision
making. It is necessary to design an effective coordination mechanism to distribute the supply chain
overall profit of centralized decision making, so that the relationship between the manufacturer and
the retailer can attribute to achieve Pareto optimality. To achieve the above objective, the supply
chain is then coordinated by introducing a cost-sharing coordination mechanism. In the cost-sharing
coordination mechanism, both the manufacturer and the retailer adopt the optimal decisions of
centralized decision making. At the same time, the leading manufacturer distributes the total profit of
the supply chain in the centralized decision making by making a reasonable service cost-sharing rate
¢®. According to above analysis, the present value profits of the manufacturer and the retailer can be
expressed as follows:

I = Fp2(ar + 05 f + 022) = 5z p2Bre(rpo = f) = i Pare(rpo = f7) = grkaz™

27
_#@Pﬁzt(rzo —z%) - ﬁ‘?cs*klfc*z + %PEB(“e + 0z27) = #@93526(720 -z%) &7

i = xp1(ar + 05 f* + 0242) — = p1Bre (o = ) = maz P1Bat (120 = 2) = (1= ¢S ka f2 - (28)

By adding Equations (27) and (28) together, we obtain Equation (29), which is equal to the total
profit of the supply chain of the centralized decision making. The following equation can be obtained.

]mrcs* = ]mrc* (29)

Setting the service cost-sharing rate ¢ will affect whether the total profit of the supply chain is
reasonably distributed under the cost-sharing coordination mechanism.

Jir®™ = 3 (p2+ p1) (@ + 05 f< + 0:427) = b= (p2 + p1)Bre (0 = ) = bz paBre(rpo = f)

30
_#@(PZ + p1)Bat (120 —27) + %P?)(“e + 0227) — #@93526(7’20 -z%) — ﬁklfc*z - %kzzaz G0

The necessary condition to achieve supply chain coordination is that the manufacturer’s profit
is not less than the manufacturer’s optimal profit under decentralized decision making while the

cost-sharing rate meets ¢, € [0,1] under the coordination mechanism.

T = Jn®™,0 < %, <1 (31)

It is found from Equation (31) that the largest rate ¢3,, that the manufacturer is willing to share

of the service cost of the retailer is

ﬁ e C* *
ZA{ 30207+ s pabps + Tyt U = F) + (hpo0a + s papa }
cS

+ 130z + T P3P (27 = 2%) + 59"k 12 + ik (27 - 27)
max — klfc*z

(32)
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In the same way, the necessary condition for the retailer to accept the coordination mechanism
is that the service cost-sharing rate satisfies qbiflin € [0,1], and the retailer’s profit is not less than the
optimal profit of the retailer under the decentralized decision.

]rCs* > ]rdx-,o < qb;slin < 1 (33)

It is found from Equation (33) that the service cost-sharing rate that the retailer requires the
manufacturer to share cannot be lower than iflin.

1 1 * % 1
o [Xpieft + mplﬁg] (f¢ l—fd ) +d[zp1§z£
; 15 P1B] (27 = 2%) + 57 (1= % )y f5
min 1- k 1 fc=e2

(34)

s _ CS

Moreover, it is easy to get o — 1

> 0; thus, we obtain the following proposition.

Proposition 5. If the service cost-sharing rate satisfies % € [P, 0. |, 0. € [0,1] and ¢34 € [0,1],
it can realize the coordination of the supply chain system.

Proposition 5 shows that if the service cost-sharing rate satisfies ¢% € [¢S,,, 0. |, ¢, € [0,1]
min min
and ¢%,, € [0,1], both the manufacturer and the retailer adopt the optimal strategies of the centralized

decision. The value of ¢* depends on their bargaining power in the supply chain.

6. Numerical Analysis

Due to the complexity of the model, some analytical properties are difficult to analyze. This section
uses numerical examples to compare the performance of firms under different decision making
scenarios, and further analyzes the impact of important parameters on firms’ decision making and
profits in order to obtain corresponding management insights.

We consider the following values:A = 0.1, p1 =0.5,po =land ps3 =1, a1 =1, a0 = 2, B = 0.1,
Pzt = 0.2, Bze = 0.1, Bg, = 0.05, Oy = 0.5, 04 = 0.8, 0ze = 0.8, ks = 1, ko = 1,10 = 3, 159 = 2,
a; = 2, a, = 2. To obtain qualitative insights into how the present value of profit varies as the service
cost-sharing rate ¢ varies under the coordination mechanism scenario and decentralized decision
scenario, we keep the other parameters fixed. The relationships are shown in Figure 2.

| ]
| |
_\-P'B_ -

0.6} A, e
0.4- Ad,, — Jes o gd
Ady — des o qd

0ol -

g
0 : 0.1 02 03 - 0-5

P

Figure 2. The impact of service cost-sharing rate on profits.

As shown in Figure 2, the manufacturer’s profit difference under the two different scenarios
decreases with the increase of the service cost-sharing rate ¢°. In the range of (0,0.37), the profit of the
manufacturer is not less than that of the manufacturer in decentralized decision making. While in the
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range of (0.37,1), the profit of the manufacturer is less than that of the manufacturer in decentralized
decision making. The profit difference of the retailer under the two different scenarios increases with
the increase of service cost-sharing rate ¢*.In the range of (0.05,1), the retailer’s profit is not less
than the retailer’s profit under decentralized decision. In the range of (0,0.05), the retailer’s profit
is smaller than the retailer’s profit under decentralized decision making. Therefore, it is found that
when the service cost-sharing rate is in the range of (0.05,0.37), the profits of the members under the
coordination mechanism scenario are not less than those of the members under the decentralized
decision making scenario.

Next, we present the value of members’ profits as the effectiveness parameters vary under the
different scenarios. The relationships are shown in Figure 3.
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Figure 3. The impact of effectiveness parameters on profits. (a) The impact of O, on profits (b) The
impact of 0, on profits (c) The impact of 0., on profits.

As shown in Figure 3a, the members’ profits increase with the increase of the effectiveness
parameter 0. This is because the more consumers pay attention to service quality, the more the
retailer invests in service quality, the more the market demand of products can be stimulated,
and thus the greater the retailer’s profit. Although the manufacture shares a certain rate of the
retailer’s service cost, the improvement of service quality increases the demand of both traditional
and online channels. Because the sales revenue generated is greater than the cost borne by the
manufacturer, the manufacturer’s profit increases. It can also be seen from Figure 3a that when 0¢; is
small, the retailer’s profit under the cost-sharing coordination mechanism (¢ = 0.2) is larger than
that under the decentralized decision making. With the increase of O, when it exceeds a certain range,
the retailer’s profit cannot be improved under the service cost-sharing rate ¢s = 0.2. Meanwhile,
for the manufacturer, when 0y; is small, the manufacturer’s profit cannot be improved under the
service cost-sharing rate ¢os = 0.2. With the increase of 0 s when it exceeds a certain range, the profit
of the manufacturer is greater than that of decentralized decision making.

As shown in Figure 3b, the members’ profits increase with the increase of the effectiveness
parameters 0. This is because the more consumers pay attention to product quality, the more the
manufacturer invests in product quality, the more market demand of products can be stimulated,
and thus the greater the profits of the manufacturer and retailer. It can also be seen from Figure 3b that
for the retailer, when the effectiveness parameters 6,; is small, the retailer’s profit cannot be improved
under the service cost-sharing rate ¢ = 0.2. Meanwhile, for the manufacturer, when the effectiveness
parameters 0,; exceeds a certain range, the manufacturer’s profit cannot be improved under the service
cost-sharing rate ¢ = 0.2.
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As shown in Figure 3c, the members’ profits increase with the increase of the effectiveness
parameters 0., and the members’ profits can be improved under the service cost-sharing rate ¢ = 0.2
no matter how 0, changes.

In Figure 4, we present the value of members’ profits along with the initial reference quality varies
under the different scenarios.
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Figure 4. The impact of initial reference quality on profits. (a) The impact of Tfo ON profits. (b) The
impact of .y on profits.

By using Figure 4, we can obtain the following result. The profits of the members decrease with
the increase of initial reference quality under the two different scenarios. This is because when the
initial reference quality is low, the quality level provided by the manufacturer or the retailer can easily
meet the consumers’ requirements, which can have a positive impact on demand and improve the
profits of the members. When the initial reference quality is high, the quality level has difficulty
meeting the requirements of consumers, which has a negative impact on demand and reduces the
profits of the members.

Figure 5a shows the impact of the service quality reference effect on profits. When the initial
reference service quality is low, the manufacturer’s profit increases with the increase of the service
quality reference effect, while the initial reference service quality is high, the manufacturer’s profit
decreases with the increase of service quality reference effect. No matter what the initial reference
service quality is, the service quality reference effect is not conducive to the retailer. Only when the
initial reference service quality is low, can the service quality reference effect benefit the manufacturer.
At this time, as the leader of the supply chain, the manufacturer should share more service cost and
encourage the retailer to improve the service quality.

Figure 5b shows the impact of the service quality spillover effect on profits. When the initial
reference service quality is low, the manufacturer’s profit increases with the increase of service quality
spillover effect, while the retailer’s profit decreases with the increase of the service quality spillover
effect. It can be concluded that the spillover effect of the service quality is not conducive to the retailer
and the manufacturer. At this time, as the leader of the supply chain, the manufacturer should share
more service cost to make up for the retailer’s loss caused by the spillover effect, so as to encourage the
retailer to improve service quality.

Figure 5c shows the impact of the online product quality reference effect on profits. When the
initial reference product quality is low, the profit of the manufacturer increases with the increase of
the online product quality reference effect, while when the initial reference product quality is high,
the profit of the manufacturer decreases with the increase of the online product quality reference effect.
It can be inferred that when the initial reference product quality is low, the online product quality
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reference effect is conducive to the retailer and the manufacturer, at this time, the manufacturer should
increase investment in product quality. When the initial reference quality product is high, the retailer
should bear more service cost to reduce the burden of the manufacturer.

Figure 5d shows the impact of offline product quality reference effect on profits. When the initial
reference product quality is low, the profit of manufacturer and retailer increases with the increase
of offline product quality reference effect, while when the initial reference product quality is high,
the profit of the manufacturer and retailer decrease with the increase of offline product quality reference
effect. It can be inferred that when the initial reference product quality is low, the offline product
quality reference effect is conducive to the retailer and the manufacturer, at this time, the manufacturer
should increase investment in product quality.
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Figure 5. Impact of reference effect on profits. (a) The impact of B¢, on profits. (b) The impact of f 7, on
profits. (c) The impact of ;. on profits. (d) The impact of §,; on profits.

In Figure 6, we present the change of reference quality with time along with the initial reference
quality varies under the different scenarios.

It is found from Figure 6 that, under the two different scenarios, when the initial reference quality
is lower (0 = 2 or r,9 = 0.5), the reference quality will increase with time. When the initial reference
quality is higher (r7g = 2 or ;0 = 3), the reference quality will decrease with time. The reference quality
with time will tend to the same stable value, which is the optimal quality strategy. This implies that a
different initial reference quality will affect the paths of the change of the reference quality changing
with time, but will not affect the final stable value. In addition, it is found that the stability value of
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the reference quality under the coordination mechanism is greater than that under the decentralized
decision making.
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Figure 6. The change of reference quality with time. (a) The change of rf with time. (b) The change of
r, with time.

7. Conclusions and Discussion

We consider a dual channel supply chain system consisting of a manufacturer and a retailer in
which the manufacturer sells a final product through both a traditional channel retailer and their own
online channel in parallel. Based on the quality reference effect and the service quality spillover effect,
the paper builds decision models under the different scenarios, compares the optimal decisions and
profits, and designs the cost-sharing coordination mechanism. The following conclusions are obtained.

In the three decision making scenarios, the optimal value of product quality and service quality is
the highest under a centralized decision making. In the case of decentralized decision making, if the
marginal profit satisfies a certain relationship, the cost sharing contract can encourage the retailer to
improve service quality, but it cannot promote the manufacturer to improve product quality. In the case
of centralized decision, the overall profit of supply chain is greater than that in a decentralized decision.
If the marginal profit satisfies a certain relationship, the manufacturer’s profit, the retailer’s profit and
the supply chain’s overall profit under the decentralized cost sharing decision making are all greater
than these in a no cost sharing contract. Given the above analysis, the vertical integration of supply
chain can reduce the double marginal effect and improve the profits of manufacturer and retailer. At the
same time, under the competitive market environment to date, the vertical integration can improve the
product quality and service quality and thus improve the competitiveness of enterprises. There is a
saying: “today’s market competition is not the competition between enterprises, but the competition
between supply chains”. So vertical alliance is an important way of sustainable development for
enterprises. Otherwise, they will be eliminated by the market. Dong Mingzhu, chairman of Gree
Electric, emphasized that the cooperation between Gree (an excellent manufacturer) and Suning
(an excellent seller) is a strong combination of technology and service. Gree is committed to mastering
the core technology, using its own R & D technology to make the world fall in love with made in China,
while Suning constantly improves its service [42].

Under the decentralized decision making, the cost-sharing rate provided by the manufacturer
is positively related to the marginal profit of the manufacturer’s traditional and online channels.
The higher the manufacturer’s marginal profit is, the more manufacturer will bear the service
cost, meaning that the retailer will further increase the enthusiasm of service quality investment,
the manufacturer’s income increase. On the contrary, the cost-sharing rate is negatively related to the
retailer’s marginal profit. The higher the retailer’s marginal profit is, the more active the retailer is in
improving the service quality. Meanwhile, according to the contract, the manufacturer will bear more
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service cost, which to a certain extent affects the enthusiasm of the manufacturer to share the retailer’s
service improvement cost. Therefore, the manufacturer adopts advanced technology, optimizes the
production process, and realizes the purpose of reducing the production cost. It is possible for the
manufacturer to outsource the logistics business to a professional third-party logistics enterprise,
reduce the cost of the circulation link, so as to improve the marginal profit of the manufacturer’s unit
products. Second, manufacturer design products to meet the needs of consumers’ personality, and then
improve the value of products. Otherwise, manufacturers will lose the chance to make more profits.

When the initial reference service quality is low, the consumer service quality reference effect is
beneficial to the manufacturer. At this time, the manufacturer should share more service cost, so as
to encourage the retailer improvement of service quality. The spillover effect of service quality is
not conducive to the retailer and the manufacturer. Therefore, it is necessary for the manufacturer
to share more service cost to make up for the loss of the retailer caused by spillover effect, so as to
enhance the enthusiasm of the retailer to improve service quality. Otherwise, retailers may lower
quality of service, which may affect the sustainability of the cooperation. When the initial reference
product quality is low, both online and offline product quality reference effects are beneficial to the
retailer and the manufacturer. Then, the manufacturer may increase investment in product quality.
When the initial reference product quality is high, it is necessary for the retailer to bear more service
cost to reduce the manufacturer economic burden caused by the adverse product quality reference
effect on the manufacturer. Otherwise, it may affect the manufacturer’s enthusiasm for product quality
improvement, which will lead to the breakdown of cooperation and the loss of retailers” profits.

If the rate of cost-sharing satisfies a certain relationship, and the manufacturer and retailer adopt
the optimal quality decisions of the centralized decision respectively, the supply chain system reaches
the coordination state, which can realize the Pareto improvement for the manufacturer and retailer.
On the contrary;, if the cost-sharing ratio provided by the manufacturer is not within the reasonable
range that the retailer can accept, the retailer will refuse to cooperate with the manufacturer, that is,
the retailer will not take the optimal strategy of centralized decision making, and the manufacturer’s
profit will not be improved. The coordination mechanism proposed in this paper is an effective way
to realize the supply chain alliance, which can have a positive guiding significance for the business
decision making. At the same time, maintaining a long-term stable cooperative relationship can not
only improve the present value of their profits, but also ensure the stability of the supply chain system.

Different initial reference quality will only affect the track of reference quality changing with time,
and reference quality will tend to be stable with time. The stable (or final) reference quality will not be
affected by the initial reference quality. And the stable reference quality is equal to the optimal quality.
It can be concluded that before the supply chain reaches a stable state, the reference effect can have
an impact on the profits of the supply chain. After reaching a stable state, the reference effect has no
impact on the profits of the supply chain.

The quality characteristics of products generally have six aspects: performance, life (durability),
reliability and maintainability, safety, adaptability and economy. There is no doubt that consumers attach
great importance to product quality. Therefore, manufacturers should actively improve product quality
by introducing advanced technology or R & D investment, and then expand market share, so as to obtain
greater present value of profits. The improvement of product quality is conducive to the formation of
good goodwill, which is the basis for the sustainable development of enterprises. In addition, at present
consumers prefer green products and the government issues relevant environmental protection policies,
so in the process of production, enterprises should not only meet the standards of product quality
characteristics, but also meet the ecological standards of products, which is conducive to the sustainable
development of enterprises. Otherwise, it will cause unnecessary economic loss. According to the
Ministry of ecology and environment of China in 2019, due to environmental protection problems,
Mercedes Benz (China) Automobile Sales Co., Ltd. recalled 302 imported Benz vehicles, which were
mixed with exhaust catalytic converters, resulting in the failure to meet the requirements of vehicle
emission standards, etc., which may lead to the alarm of on-board diagnosis system [43]. In the
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context of circular economy, the government not only promulgates environmental laws and regulations,
but also should strengthen the publicity of circular economy, advocate ecological culture, so as to
improve the public’s awareness of environmental protection and promote ecological consumption.

There are still some limitations and deficiencies in this paper, which need to be studied and
expanded in the future. First of all, this paper assumes homogeneous consumers, which have the
behavioral characteristics of quality reference effect. In real life, some consumers are not sensitive
to quality reference effect. In the future, we can study the impact of consumers heterogeneity on
supply chain quality strategy. Secondly, the research of this paper is based on the dual channel supply
chain, and more complex channel structure can be considered in the future. For example, in the same
sales area the manufacturer may sell products through multiple retailers at the same time. Thirdly,
considering the influence of competition behavior between decision-makers on supply chain quality
strategy and supply chain coordination is the future direction worthy of further study. In addition,
future research can also focus on the behavior factors of decision makers.
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Appendix A

Proof of Proposition 1. First, taking Equations (1) into account, the optimal decision problem of the
retailer is expressed as 1}1518( J+"*. Using the maximum principle, its Hamilton function is
>|

1
H," = pilar + Opf + B (f —1f) + Ouz + Bu(z —12)] - Eklf2 + Xprar (f —1f) (A1)
The retailer’s optimal decision problem needs to satisfy the following conditions

dH,"

T p1(65 + Brt) —kif + Xppa1 =0 (A2)
. dH,"
Xrf(t) = AXpp - rT (A4 a1)Xpr + 1Bt (A3)

From Equation (A2), we obtain

o P1Op 4 Pr) + Xopa

By solving the differential Equation (A3), we obtain

) P1B i
X, (t) = crelt+at e +J;1 (A5)
Substituting Equation (A4) into Equation (A3), we obtain
o p1(0f +Br) (A + a1) + (A + a1 )agcreM 90t —aypi By (46)

kl(A +0(1)

Because when t — oo, the service quality of the retailer is limited, so
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lim f(t) < o0 (A7)
t—o0

From the above Equation, it can be judged that ¢; = 0 in Equation (A6). After rearrangement,
the optimal service quality of the retailer is

e P1Of+Bp)(A+a1) —a1p1Bp
/o= k(A +a1)

(A8)

Substituting Equation (A8) into Equation (1), the reference service quality path is obtained
as follows

rft(E) = (rpo— f")e™ 4 (A9)
Taking Equation (2) into account, the optimal decision problem of the manufacturer is expressed
as max/Jy,.
z>0
Using the maximum principle to construct the Hamilton function

Hy" = pola; + eftf +,3ft(f - rf) + 022 + Bzt (z = 12)] + p3lae + 022 + re(z — 12) +ﬁfe(f_ rf)} (A10)
—%kzz2 + Xz (z = 12)

Similarly, the manufacturer’s optimal decision problem needs to satisfy the following conditions

den
dz

= PZ(ta + ,th) + PB(Qze + ﬁze) —koz + Xypzap = 0 (A11)

dH,,,"
dr,,

sz(t) = AXuz — = (A + QZ)sz + PZﬁzt + PSﬁze (AlZ)

From Equation (A11), we obtain

i 20+ Bat) +p3 1529 + Bze) + Ximzaz (A13)

By solving the differential Equation (A12), we obtain

_ (At _ p2Bzt + P3Pze
Xmz(t) = coe TAtm (A14)
Substituting Equation (A14) into Equation (A13), we obtain
{ (A + ag)agcse M)t 4 (A + a2)[pa (Ot + Bat) }
o +p3(0ze + Bze)] = (p2Bzt + paPae) a2 (A15)

ko(A 4+ az)A

Because when t — oo, the quality of products produced by the manufacturer is limited, so

tlimz”(t) <0 (Al6)
From the above Equation, it can be judged that c; = 0 in Equation (A15). After rearrangement,
the optimal product quality designed by the manufacturer is
e (a2 +A)[p2(0zt + Bat) + p3(6ze + Bze)] = (p2Pat + p3Pze) 2

- (a2 + Aka (A17)

Similarly, the reference product quality path is obtained as follows

1" (t) = (rs0 — 2")e™ 2! 4 2™ (A18)
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Because of a1 > 0, ap > 0,the reference service quality path given in Equation (A9) will converge to
the steady state f"* when t—+co. Similarly, the reference product quality path given in Equation (A18)
will converge to the steady state z"* when t—+oc0. O

Appendix B

Proof of Proposition 3. Put the conclusion of Proposition 2 into Equation (13) (manufacturer’s profit
d

Jmu®), and make % = 0, we obtain

(A19)

p2[05(At+ar)+ABr]+p3ABfe A p1(0A+BA+0sa1)
(A-‘r&l) 4 - (A"rt)l])
Equation (A19), when 2B > A, then ¢ = 22113;:3\' otherwise ¢¢ = 0. O

. Dueto0 < ¢ < 1, we obtain by simplifying

where B =

Appendix C

Appendix C.1
Proof of Corollary 1. Let

_ i (Gft/\+ﬁft/\+9fta1)[(1—¢d)(P2+Pl)—Pl]+ p3fre

o = A20
f (1=¢?) (A +a1)ky (A +a1)k (A20)
When 2B > A, that is qbd = %, we obtain
A
f“*—f*:%w (A21)
When 2B < A, that is qbd = 0, we obtain
(OpA + Bpd + Opa1)p2 + p3fre
C% d*
- = A22
fr=f (A + ar)k >0 (A22)
Similarly,
fio_ e — p1(Of +Bre) (A +a1) — p1Bye al( 1 D (A23)
N (A +ap)k 1- g
When 2B > A, we obtain
(OpA + BpA + Oprar)p2 + p3ffe
s gme _ A24
When 2B < A, we obtain
fr—fr=0 (A25)
O
Appendix C.2
Proof of Corollary 2. Let
A e A
S p1l(A + a2) 0zt + ABa] 50 (A26)

(/\ + az)kz

Then
2> ™ (A27)
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We easily obtain
2 =™ (A28)

O

Appendix C.3
Proof of Corollary 3. When 2B > A, we obtain

Jmr “ - ]mrd* (A29)
0 ﬁ * * Zi Z! C* *
= B+ ) (= )+ pr (G + L) (2 - 2™)
When 2B < A, we obtain
Imr & — ]mrd* (A30)
P20 paPyi p3fre | (F—f*) 0160z | p1Be e
= |+ |5 4 (2 4 o -2

According to Corollary 1 and Corollary 2, we obtain f* > fd*, 2% > z%; then, the relationship
TS > ]mrd* can be judged.

Similarly,
When 2B > A B
]mrd*_]mrm = (2/\ )(fd* fn*) (A31)
Because f** > ™, we obtain
Jor™ > Jome™ (A32)

When 2B < A, we obtain f* = ™ from Corollary 1, so we obtain

]mrdyr = ]mrm (A33)
[ p28s |, p2Bs p3Be (thA+ﬁftA+9ftal)
whereB—/\[ T +A+u1+/\(/\+a1)]’A_ Otar)
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