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Abstract

Based on a three-stage stackelberg dynamic game analysis, this paper constructs a product
quality control strategy model for three types of distribution channels (direct channel, retail
channel and mixed channel) in a three-echelon supply chain, which is composed of one
manufacturer, one retailer and the final customer. This paper studies how to design a distri-
bution channel strategy and provides a product quality control strategy. Furthermore, this
paper analyzes three types of distribution channels strategy in the context of how they influ-
ence a manufacturer’s product quality decision and quality prevention strategy, a retailer's
product pricing decision and quality inspection strategy, and the final customer’s product
demand decision. We compare the manufacturer’s product quality level, quality prevention
effort level, wholesale price, direct sale price and the retailer’s quality inspection effort level,
retail price in three types of distribution channels and determine the manufacturer’s and
retailer’'s expected profits function and the final customer’s consumer surplus. In addition,
we introduce the distribution channels demand elasticity ratio to analyze the influence of
determining the product quality control strategy. Most importantly, we conduct a numerical
sample analysis that will prove the model’s effectiveness and indicate a specific application
in practice.

1 Introduction

In recent years, with the rising of network economy and e-commerce, in addition to the tradi-
tional retail channel, more and more customers or consumers choose to purchase products
from the internet channel(direct channel), which have become an important way of products
sale. With the changing in customer or consumer buying behavior, more and more companies
are beginning to redesign or rebuild their distribution channel structure(Chiang W et al. 2003
[1], Tsay A et al. 2004 [2], Kenji M 2017 [3], Yan W et al. 2018 [4]), Such as HP, Nike, Lenovo,
in addition to focus on the traditional retail channel, have also opened up an internet channel
(direct channel); Dell, MI has been focused on internet channel in the past, and now also
began selling products in traditional retail channel; and Apple, Haier sell their products in the
traditional retail channel and internet channel in the same time, which used a mixed channel
structure. Many facts have proved that the mixed channel structure which composed of the
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traditional retail channel and the internet channel(direct channel), on the one hand can
achieve better customer coverage and penetration(Jerath K et al. 2017 [5], Tian L et al. 2018
[6]), on the other hand may also lead to different distribution channels conflict, competition
and imbalance(Chen J et al. 2017 [7], Lan Y et al. 2018 [8]).

Nowadays, more and more researchers focus on how to design a distribution channels
strategy and determine a product quality control strategy in different types of distribution
channels in a three echelon supply chain that is composed by one manufacturer, one retailer
and the final customer, which have become one of hot research fields in supply chain manage-
ment. However, nowadays the research field has three potential systemic problems: first of all,
how to design different types of distribution channels structure in a three echelon supply chain
(direct channel, retail channel and mixed channel); what’s more, the different types of distribu-
tion channels structure in supply chain how to influence the manufacturer’s product quality
decision and quality prevention strategy, the retailer’s product pricing decision and quality
inspection strategy, and the final customer’s product demand decision; above all, how to influ-
ence the manufacturer’s and retailer’s expected profits function and the final customer’s con-
sumer surplus, and how to determine a product quality control strategy in order to eliminate
“channel conflict” and “free-riding behavior”. All of these problems and difficulties have not
been fully resolved, which are also important research directions for current researchers.

In this paper, we will construct a distribution channel strategy model in a three echelon
supply chain that is composed of one manufacturer, one retailer and a final customer based on
a three-stage stackelberg dynamic game. Furthermore, we will introduce the distribution chan-
nel demand elasticity ratio and investigate how to craft a product quality control strategy in
three types of distribution channels (direct channel, retail channel, and mixed channel), which
will eliminate the influence of “channel conflict” and “free-riding behavior”. Most important,
we will determine the manufacturer’s product quality level, quality prevention effort level,
wholesale price, direct sale price, and the retailer’s product quality inspection effort level and
retail price, the manufacturer’s and retailer’s expected profits function, and the final custom-
er’s consumer surplus. Then, we will conduct a numerical sample analysis that will indicate a
specific application in practice.

2 Related literature

This paper is chiefly related to three streams of literature. The first stream is the research on
how to design a distribution channels structure strategy, the different types of distribution
channels structure and how to influence the product quality decision in a supply chain. Yunch-
uan Liu (2011) [9] established a channel model to analyze the benefits of competitive upward
channel decentralization. Anastasios X (2012) [10] studied how to apply optimal newsvendor
policies for a dual-sourcing channel in a supply chain. Hongyan Shi et al. (2013) [11] analyzed
consumer heterogeneity and product quality and how to influence the coordination of distri-
bution channels. Guangye Xu et al. (2014) [12] constructed a two-way revenue contract to
coordinate a dual-channel supply chain. Salma Karray (2015) [13] investigated how vertical
strategy and horizontal strategy influence cooperative promotions in the distribution channel.
Kenji M (2016) [14] investigated the optimal product distribution strategy for a manufacturer
that used dual-channel supply chains. Kinshuk J et al. (2017) [15] discussed how to make a
product quality level decision in a distribution channel with demand uncertainty. Liu Yan
etal. (2018) [16] provide insights on how market size uncertainty affects the optimal quality
and quantity provision in distribution channels. Ranjan A and JhaJ (2019) [17] investigate the
pricing strategies, green quality and coordination mechanism between the members in a dual-
channel supply chain.
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The second stream pertains to designing a product quality contract and establishing a qual-
ity incentive mechanism in a supply chain. Peng Ma et al. (2013) [18] created a product quality
contract design for two-stage supply chain coordination through integrating manufacturer-
quality and retailer-marketing efforts. Jie Zhang et al. (2014) [19] discussed a strategic pricing
method with reference effects in a quality competitive supply chain. Raaid B et al. (2016) [20]
analyzed the effect of adopting a dual-channel on the performance of a two-level supply chain.
Chen J et al. (2017) [7] consider the supply chains can be centralized or decentralized, and
demonstrate that quality improvement can be realized when a new channel is introduced. Li
Wei and Chen Jing (2018) [21] develop game-theoretic models in which the retailer sells a
product in two quality-differentiated brands to demonstrate that the quality difference. Zhang
J etal. (2019) [22] use an analytical model to study the interrelationship between a platform’s
contract choice and a manufacturer’s product quality decision.

The third stream of related literature concerns research on product quality risk sharing and
the quality strategy of distribution channels in a supply chain. Zhu Lilong et al. (2011) [23]
explored manufacturers’ moral hazard strategy and quality contract design in a two-echelon
supply chain. Cinzia B et al. (2012) [24] discussed product quality-driven innovation with the
design of a quality control contract. Christina Wong et al. (2013) [25] investigated the com-
bined effects of internal and external supply chain integration on product quality innovation.
Rui H and Lai G (2015) [26] investigated the deferred payment and inspection mechanisms
for mitigating supplier’s product quality risk. Xiao T and Jim Shi (2016) [27] studied a manu-
facturer marketing a product and considered the pricing and channel priority strategies of
dual-channel supply chain. Wang S.J et al. (2017) [28] explore interaction of channel structure
with price-and quality-based competition between two manufacturers. Lin T and Jiang B
(2018) [29] discussed the effects of consumer-to-consumer product sharing risk and profit on
different distribution channel structure.

In this paper, first of all, we will introduce the distribution channel demand elasticity ratio
and investigating how to construct a product quality control strategy model and channel coor-
dination in three types of distribution channels (direct channel, retail channel, and mixed
channel); what’s more, we consider the manufacturer’s product quality decision and quality
prevention strategy, the retailer’s product pricing decision and quality inspection strategy, and
the final customer’s product demand decision in a three-echelon supply chain; above all, we
also establish a product quality control strategy model in three types of distribution channels
to eliminate the influence of “channel conflict” and “free-riding behavior”, which will improve
the manufacturer’s and retailer’s expected profits and the final customer’s consumer surplus.

The remainder of our paper is organized as follows: in section 3, we describe the model and
the basic assumption; in section 4, we consider the product quality strategy in the direct chan-
nel and determine the first-best contact parameters; in section 5, we investigate the product
quality strategy in the retail channel and establish the manufacturer’s and retailer’s stackelberg
“leader-follower” quality control model, and we compare the contract parameter differences
with the direct channel. In section 6, we investigate the product quality strategy in the mixed
channel that includes a retail channel and a direct channel scenario simultaneously, and in sec-
tion 7 we present a numerical example analysis to verify our model results. Finally, we provide
the research conclusions and direction for future research.

3 The model and assumption

In this paper, we establish a three-echelon supply chain structure that consists of a risk-neutral
manufacturer and retailer, and the final customer. The manufacturer first makes decision of
the product quality. g; is the manufacturer’s product quality level; furthermore, i € {D,R,MC}
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denote the direct channel, the retail channel and the mixed channel respectively. The product
quality cost function is C,(g,) = kq’ /2 (k is the manufacturer’s production technology elastic-
ity); so, we assume C(q,) > 0, C,(g,) > 0 and C; (0) = C/(0) = 0, C/(+o0) = +00, i.e. Ci(q)) is
the convex function of increasing marginal cost. 1,, is the manufacturer’s product quality pre-
vention effort level, and 4,,, €[0,+00); then, we can obtain that the manufacturer’s product
quality prevention level is (1 — e~*»). Furthermore, (1 — e™*») € [0, 1], and the corresponding
manufacturer’s quality prevention cost function is (1 — e *)C,,(An) = NAms M is the manu-
facturer’ quality prevention cost elasticity. The parameter w is the manufacturer’s wholesale
price, Pp is the direct sale price in a direct channel, and T is the manufacturer’s transfer pay-
ment to the retailer in order to eliminate the manufacturer’s and retailer’s channel conflict.

The retailer purchases the product from the upstream manufacturer and makes decision of
the product quality inspection. A, is the retailer’s quality inspection effort level, and
2, € [0,4+00); then, the retailer’s product quality inspection level is (1 — e~*"). Furthermore,
(1 —e*) € [0,1], and the corresponding retailer’s quality inspection cost function is (1 —

e *) C{4,) = n,A, 1, is the retailer’s quality inspection cost elasticity. The parameter py is the
retailer’s retail price.

The final customer’s quality utility is 6q;, and 6 denotes the type of final customer; then, we
assume 0 ~ Ula, b] uniform distribution, i.e. a is the final customer lower limit of distribution
quantity, b is the final customer upper limit of distribution quantity, and the corresponding
final customer’s consumer surplus is (0g; - p;).

The final customer’s product demand function will be D,(q,) = o — B,p,/q;; o denotes the
market maximum demand, and f; is the product demand price elasticity.

In this paper, the manufacturer will determine the three types of distribution channels
including a direct channel, a retail channel and a mixed channel. The three-stage stackelberg
game is in the following order: in stage one, the manufacturer determines the product quality
level in a different distribution channel and determines the product quality prevention effort
level; in stage two, the manufacturer determines the wholesale price in a retail channel or the
direct sale price in a direct channel; and in stage three, the retailer determines the product
quality inspection effort level and the retail price.

And then, the three types of distribution channels decision system is described as Fig 1.

4 Product quality strategy in direct channel

In the direct channel, the manufacturer sells its product to the final customer directly through
an internet or online ordering system; then, the manufacturer determines the product quality

level, the quality prevention effort level and the direct sale price. Therefore, the manufacturer’s
expected profits’ function model is as follows.

MaszI(QD7)“m7pD) = (pD - kq% / 2)(“ - ﬁDpD / qD)(l - 67/17”) - nmim (1)

The manufacturer’s decision variables are the product quality level qp, the quality prevention
effort level 4,,, and the direct sale price pp.

Proposition 1 In the direct channel, with the final customer’s product demand price elastic-
ity decreases, the manufacturer’s product quality level and direct sale price will increase, and
the quality prevention effort level will also increase. In this scenario, the manufacturer’s
expected profits’ function is concave; i.e. an optimal product quality level exists that will to be
maximum. Then, the final customer’s consumer surplus will increase with the decreasing in
the demand price elasticity.

Proof. Based on the stackelberg game analysis, this paper will use the backward induction
method to solve the equation. Thus, using the first-order and second-order optimal condition
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Direct Channel(i = D) Retail Channel (i=R)  Mixed Channel (i = MC)
Fig 1. Three types of distribution channels decision system.

https://doi.org/10.1371/journal.pone.0231699.g001

with respect to pp in formula (1) yields the following:

anfx[ [ Opp = (o0 = Bppp /[ 4p)(1 — en) + (pp — qu /2)(=Bp/ ap)(1 — e’ln)=0 (2)

01Ty, [ Opy = (=Bp [ ap)(1 = e) + (=B / qp)(1 — ™) <0 (3)

Spp = (WID + kﬁin) / 2)/ 2B, (4)

Then, we substitute Eq (4) into formula (1) and use first-order and second-order optimal con-
ditions with respect to 4,,,, which yields the following:

MazIT}(qp, 2,,) = (2qp [ 2B, — kap [ 4) (e /2 = kBpap / 4)(1 — ) —n, k4, (5)

oIty (qp, 4,,) [ 02y = (24, [ 2B, — ks [ 4) (2 /2 = kBpap /4 e —n,, =0 (6)

O I (4ps 2,) [ 02, = —(2ay, / 2B — kay [ 4) (e ) 2 = kfpay [/ 4)e ™
< 0 (concave function)

Therefore, we derive that
;"mD = ln (an / 2ﬁl_) - kq2D/4)(O( / 2 - kﬁ])qD / 4) /nm (7)

Based on the above analysis, we conclude that p, and A,,” is the manufacturer’s first-best sales
price, and the quality effort level occurs with a direct channel.
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Thereafter, we use the first-order and second-order optimal conditions with respect to qp
in Eq (5), which yields the following:

oI (q,) / gy = () 2B, — kay / 2)(2 /2 — kfpay ) 4)(1 — en)
—(aqp /2By — ks / 4)(=kB, / 4)(1 — e ") =0 (8)
qp =20/ 3kf,or qp =20/ kf, 9)

O (q,) / 0% < 0 (concave function)

gy < da/3kB, (10)
Combine Eqs (9) and (10), we derive that
@y =200/ kP (11)

a4,/ OB, = —2a / 3kB% < 0 (monotonically decreasing function)

We substitute Eq (11) into Eqs (4) and (7), respectively, to obtain the following
P, = 40* | OkB, A0 = In20 | 2Tkn, B (12)

Op;, | OB, = =80’ | 9k}, < 0, 04 | OB, =—2/B, <0

m

Thereafter, we substitute Eqs (11) and (12) into formula (1), and we obtain that
Dx . .
I, =2/ 27kB, = n,,(1 +1n 20" / 2Thkn, ) (13)

Therefore, we can describe the final customer’s consumer surplus as follows:

wos” | (0~ P (O)d0 = (a-+ by 358, — 422 94 (14

-.0CS” 0B, = —(3(a+ b)p,o — 8a?) / 9kB, < O(monotonically decreasing function)

QED

Based on proposition 1, we conclude that, in the direct channel, the manufacturer’s product
quality level, the direct sale price and the quality prevention effort level will increase with a
decrease in the final customer’s product demand price elasticity. In addition, the manufactur-

Dx
er’s expected profits function is concave, and g;, and HM (q;,) is the manufacturer’s optimal

quality level and maximum expected profits. Thereafter, the final customer’s consumer surplus
will increase with the decrease in demand price elasticity.

5 Product quality strategy in retail channel

In the retail channel, the manufacturer sells product to the retailer, which will determine a
product quality inspection strategy and then sell the product to the final customer. The manu-
facturer determines the product quality level, the quality prevention effort level and the whole-
sale price, and the retailer determines the quality inspection level and the retail price.
Therefore, the manufacturer’s and retailer’s stackelberg “leader-follower” control model is
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described as follows:

Ma’mnﬁ(qh’,?;brm w) = ('U} - kq?? / 2)(0C - ﬁRpR / qR)(l - ei;‘m) - nm;t’m (15)

s.t{l,, pp} = arg MazIT}(4,,pp)

Maxng(/l”p}?) = (pp — w)(& — Bppr / ¢5)(1 — e’r) - 04, (16)

Therefore, formula (15) is the manufacturer’s expected profits function; formula (16) is the
retailer’s expected profits function.

Proposition 2 In the retail channel, with the final customer’s product demand price elastic-
ity decreases, the manufacturer’s product quality level and wholesale price will increase, and
the retailer’s product retail price will also increase. In comparison with the direct channel sce-
nario, the product quality level and the retail price will be much higher.

Proof. In this paper, we still use the backward induction method to solve the model. Thus,
we use the first-order optimal condition with respect to pr and A, in formula (16), which yields
the following:

(= Brpr/ 4p)(1 — 6—/%) + (Pp— w)(=Br / )1 — 6_;‘") =0 (17)

(P — w)(ot — Brpp / qH)esz -1n,=0 (18)
Therefore, we derive that
P = (2qy + Brw) / 2B, A, = In(py — w)(2 — [’)Rqugl) /1, (19)

We substitute Eq (19) into formula (15) and use the first-order optimal condition with respect
to w, and we obtain that

MazlT} (g, 2y w) = (0= kyy [ 2)(0/ 2 = Brw / 2¢5) (1 — ) = 1,4, =0 (20)

anjrf[(q1?7)“m7 U)) /aw = 07 wR = aqR / QBR + kq?? / 4 (21)

We substitute Eq (21) into formula (20) and use the first-order optimal condition with respect
to A,,, which yields the following:

Maxﬂf[(qm)vm) = (aqp / 2Bp — qu? [4) (/4 —kBrqy/8)(1— eiim) — Nt =0 (22)

anf](qﬂw )"m> /a/lm = 07 j']rfi =In (aql? / QﬂH - kq; / 4)(“ / 4- kﬁRqB’ / 8) /”m (23)

Thereafter, we use first-order and second-order optimal conditions with respect to g, in for-
mula (22), which yields the following:

OITy(qy) / 0q, = (o / 2By — kap / 2)(ox / 4 — kByq, / 8)(1 — ™)
—(oqy / 2By — kay / 4)(—kBy / 8)(1 —e™) =0 (24)
o Gp = 200/ 3kpy or g, = 200 / kf,
IR (q,) / Oq% < 0 (concave function)

gy < 4o/ 3k,
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Therefore, we obtain that

qr = 20 / 3kBy (25)

0q;, | 0By = —20 / 3kf: < 0 (decreasing function)
We substitute Eq (25) into formula (21) and (23) and rearrange as follows:
wh = 4o? | 9kps, N =Ino® / 2Tk, Br (26)
Therefore, we substitute Eqs (25) and (26) into formula (19) and rearrange as follows:

P, =502 ) 9kBs, X =1no’ / 5dkn, B (27)

oW | OB, = —8a* | 9kB; < 0, Op} / OB = —100> / 9kB; < 0

Based on the assumption condition and the Y.C Liu (2011) and Salma Karray (2015) research
results, we assume S, = £z, where € is the demand elasticity ratio in a different distribution
channel condition and € >1. The demand price elasticity for the direct channel will be greater
than for the retail channel; i.e., the final customers are more sensitive to price in the direct
channel. Samar K.M (2008) earlier had proved that n,,, = 1,

We compare Eqs (25), (26) and (27) with Eqs (11) and (12), respectively, as follows:

Q= qp, >0, gy > q)p

ph—w™ >0, w" —p,>0andp;, —p, >0, ..p,>w">p

QED

Based on proposition 2, we conclude that the manufacturer’s product quality level in the retail
channel will be much higher than that in the direct channel scenario; the retailer’s retail price
will be greater than the wholesale price, which will be also much higher than the manufactur-
er’s sales price in the direct channel scenario.

Corollary 2.1 /4 > 2% > 10" (e > 2).

Proof. We compare the manufacturer’s quality prevention effort level and the retailer’s
quality inspection effort level in the retail channel with that in the direct channel; then, we
determine that

AP = no? ) 2Tk, B —1n 20° ) 2Tkn, 5 =In B2/ 2% =Ing? /2 > O(e > V2)
M =1Ino® ) 2Tkn, B — Ino® [ 54kn B =1n 2y, /5, >0
M 0P =1no® ) 54k, B, — In 20° / 2Tkn, B3
=In fon,, /4B, =Ine’n, [ 4n, > 0(e > 2)

We conclude that 2" > 1™ > 17" (e > 2)
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QED

Based on corollary 2.1, we can infer that the manufacturer’s quality prevention effort level in
the retail channel will be greater than the retailer’s quality inspection effort level, which will
also be greater than the manufacturer’s quality prevention effort level in the direct channel.

Rx D+
Corollary 2.2 HM (q7) > HM (q5,)-
Proof. We substitute formula (25), (26) and (27) into Egs (15) and (16); then, we find that

Rx* . .
S, =2/ 27kB% = n, (1 +Ino? [ 2Tkn, B3) (28)

15 ==/ 54kB% = n,(1 +1n o / 54kn,B3) (29)
Therefore, we compare formula (28) with (29) to obtain that

L - TL =208 (B, — B2) / 2Tk + 1, 2% / B3 > 0

.".we obtain that Hf; > Hfj
QED

Based on corollary 2.2, we conclude that the manufacturer’s expected profits in the retail chan-
nel will be greater than that in the direct channel scenario.

Corollary 2.3. cs® @ r PR > cs? (@b P*D)-

Proof. The final customer’s consumer surplus in the retail channel will be described as fol-
lows

o5 — ‘/b(gq;E —pp)f(0)d0 = (a+ b)o / 3k, — 5062/974352 (30)

Therefore, we compare formula (30) with (14) to obtain
208" — O8” = (a+ 0)u(By — Br) / 3kBuBr — o* (58, — 4B7) / 9B B

We obtain CS** > CS”*

QED

Based on corollary 2.3, we conclude that the final customer’s consumer surplus in the retail
channel will be greater than that in the direct channel.

6 Product quality strategy in mixed channel

In the mixed channel, the manufacturer may sell a product to the final customer directly
through an online ordering system or sell wholesale to the retailer who will continue to sell the
product to the final customer. Thereafter, the manufacturer will determine a transfer payment
to the retailer to eliminate the channel conflict. Therefore, the manufacturer determines the
product quality level, the quality prevention effort level, the wholesale price and the direct sale
price, and the retailer determines the quality inspection level and the retail price. The
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manufacturer and the retailer’s stackelberg “leader-follower” control model can be described
as follows:

MamH%G(qMC, Jos W Ppy) = (pp — kq?wc /2)(e = Bppp [ Qo)1 — 6727")
+(w - kquC / 2)(“ - ﬁl{pli / qMC)(l - ei/lm) - ’/’mim - T (31)

st{A,, pp} = arg Ma:c]‘[fgc(/lr, D)

MGIH%C(}LM Pr) = (Pr — ) (% — Brpr / Q)1 — ef/:,.) -, + T (32)

Therefore, formula (31) is the manufacturer’s expected profits function, formula (32) is the
retailer’s expected profits function, and T 'is the transfer payment.

Proposition 3 In the mixed channel, in comparison with a direct channel and a retail chan-
nel scenario, the manufacturer’s product quality level will be greater than which in the direct
channel and less than which in the retail channel, i.e. g;, < g;,. < g, the wholesale price will
decrease, i.e. WY < w**, and the manufacturer’s direct sale price will increase, i.e. p¥“* > pr.
In addition, the retailer’s retail price will decrease, i.e. pi“* < pr.

Proof. We still use the backward induction method to solve the model. Thus, we use the
first-order optimal condition with respect to pg and A, in formula (32), which yields the follow-
ing:

(= Bppr / Que) (L =€) + (pg — w)(—=Br / que)(1 — ) =0 (33)
(Pr — w)(ot = Bppp / que)e™ —n, =0 (34)

O ) Opt = —2B,(1 — e") / gy < O (concave function) (35)
2" = @y + Brw) [ 2B 2, =10 (pp — w) (@ — Baprdise) /1, (36)

We substitute formula (36) into formula (31), which yields the following

Maxni;c‘(qMCW Jos W, Ppy) = (pp — 271]“1%10)(0‘ = Bopp /[ Que)(1 — eizm)

+Hw =2k o) (0 ) 2 = Brw [ 2qy0) (L — ) =, 4, — T (37)
Therefore, we use the first-best condition w and pp in formula (37) and obtain that
S = 0gye ) 2B+ ke /4 ppC = taye [ 2By + ke /4 (38)
Thereafter, we substitute formula (38) into formula (37), which yields the following

Maxﬂ%c(qMc, ) = (2 Qy0 / 2B — 471]“1?1/10)(“ /2= Bpkaqye/4)(1 — ei/lm>

(o qye / 2B, — 471]‘;‘1?&10)(0‘ /4= Brkaye/8)(1 - ei}hm) —n,A, =T (39)

We use the first-best condition 4,, and first-best and second-best condition g,,. and obtain
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that
e 1 e %ue ke, % Bokduey | 29uc  Kdie, @ Brkduc
200 =y (e My 2 PR | e Myt Pilucy (g
O (qye) / 0dye = 0, 0TI (qye) / 0d%e < O (concave function) (41)

e = 20(4—m) [ 3k(By + B), m=(10-3(e+e"))? 2<e<3) (42)
Therefore, we substitute formula (42) into formula (36), (38) and (40) and obtain that

SN = (4 —m) | 3kB(Bp + Bi) + o (4 = m)” ) 9k(By, + i)’

I =T, (4 — m) | 6kBuBy, — o' (4 — m)' (8 +m) | 54k(B, + B)T]  (43)
Py = (4 —m) [ 3kBy(By + Be) + (4 — m)* | OK(B, + B’
PR = (4 —m) | 2KkBy(By + Br) + (4 — m)” / 18K(B, + B)°

MCx L (4 —m) o’ (4 — m)3ﬁR _ o’ (4 — m)Z
B I By + B T 216Kk(By + B 36Ky ) (44

We compare the product quality level, the wholesale price, the sales price and the retail price
in the mixed channel, with which in the direct channel and the retail channel scenario yields

the following:
YQue / dp = Bp(d —m) [ (Bp + Br) > 1(2 <& < 3)
<1, 2<e<3
qLC/q;:ﬁR(Zl_m)/(ﬁD—i_ﬁR):{1 -
=1, e=3
Sl < Qe < dr (45)
Cowe e @A-m) 1 4-m o 4 | <0, 2<e<3
Y =6, 5 ) B 3B+ ) 9;4;;—{:0, e
R - (4 — m)? _ o*d—m)
P00 kg OBy B BB+ )
. omee_ D0 (4 — m)* L fd-m) >0, 2<e<3
PP ok ISK(B, + B 2kﬁR<ﬂD+ﬁR>‘{:o, ey

Then we can infer that w" < wk*, P} < p¥© and p¥“ < pr.

QED

Based on proposition 3, we conclude that, in the mixed channel, the manufacturer’s product
quality level will be greater than which in the direct channel and less than which in the retail
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channel. In addition, the wholesale price will decrease, the manufacturer’s direct sale price will
increase and the retailer’s retail price will decrease.

Corollary 3.1 201" > 28 > 72 M > )%,

Proof. We compare the manufacturer’s quality prevention effort level and the retailer’s
quality inspection effort level in the mixed channel with which in the direct channel and the
retail channel scenario and obtain the following:

(47)

m

)vMC*—)LR* —In [9(47m)[3R_(47m)1(8+1;1)ﬂ; _ >0, 2<e<3
. 465 4By + Br) =0, e=3

. A MCx Rx

. Am 2 }'m
Dx
m

By Corollary 2.1, we obtain that 2%~ > 2"*; then, we can infer that 1) > 2% > )

M R I

27(4—m)B, | (4—m)’B; 3(4—m)2ﬁ§] B {>0, 2<e<3 )

L12(:BD - ﬁR) 4(ﬁD + ﬁR)3 - 2(ﬁD + ﬂ}z)2 =0, =3

. 7MCx Rx
SATT >

QED

Based on corollary 3.1, we conclude that, in the mixed channel, the manufacturer’s quality pre-
vention effort level will be greater than that in the retail channel and the direct channel, and
the retailer’s quality inspection effort level will be greater than that in the retail channel, which
will effectively eliminate the “free-riding behavior.
Rx MCx D+ MCx Rx

Corollary 32 [ [ (a) > [ [, (@0 > I1,, @) I, () > 1, (@)-

Proof. We substitute formula (42), (43) and (44) into Eqs (31) and (32), which yields the
following:
HMC* B (oc3(4 —m) o*(4-— m)’ (8 + m)) g LG4 =m) o’(4— m)”(8 + m)}

v 6kBpBy  B4K(B, + Ba)’ "N U 6kBB,  B4k(By + )’

—n, — T(49)

B 24kBL(By + Br)  216k(B, + Ba)° 36k(By + Br)

HMC* o*(4 —m) N o*(4 —m)’ By o*(4 — m) )

L BE-m) | BA-mB, SE-m)?
" G ) 2ok, ¢ By deRp A

Therefore, we compare formula (49) and (50) with formula (13), (28) and (29) and obtain that

MCx, Dx MCx , Rx MCx , R,
'~'HM (@) — HM (4p) >0, HM (@he) — HM (qz) <0, HR (@) — Hu (qz) >0

L@ > TL e > TL o) T1L @e) > T 0 (51)
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QED

Based on corollary 3.2, we infer that, in the mixed channel, the manufacturer’s expected profits
will be less than that in the retail channel but will be greater than the profits in the direct chan-
nel; additionally, the retailer’s expected profits will be greater than that in the retail channel.
Corollary 3.3 CS“ (q;,.) > CS¥(q;) > CS™(q},).
Proof. The final customer’s consumer surplus in a mixed channel will be described as fol-
lows

b

(a+b) /2
05" = / (0,0 — pe)F(0)d0 + / (03,0 — PO)F(0)d0

(a+b) / 2

(a—b)(4—ma 1 : (4 —m) 24— m)(3B, + 2B,)
6k(S, + ﬁR)Z 6kBBr(Bp + Br)

3k(By+ By 2

] (52)

Thereafter, we compare formula (52) with formula (14) and (30) and obtain that

SosMe o8 >0, CSM - s >0, CS™ > CS” (corollary 2.3 had proved)

We find that CSY“* > CS* > CS™".

QED

Based on corollary 3.3, we can infer that, in the mixed channel, the final customer’s consumer
surplus will be greater than that in the retail channel and the direct channel.

7 Numerical example

In this paper, we assume a manufacturer that sells computer components through a retailer
(retail channel) or internet online system (direct channel) or through a mixed channel to the
final customer. The parameters are described as follows: k =2, 1, =1, = 1, @ = 60, § ~ U(0,60),
T=120,&={2.5,3.0}, Br ~ [2.5, 3.5]. We use numerical computing by Matlab 7.0 and obtain
the results, as shown in Tables 1-4.

Based on Table 1, we conclude that, in the direct channel, the manufacturer’s product qual-

ity level, the quality prevention effort level and the direct sale price will increase, and the

Table 1. In the direct channel scenario.

£=3.0 £=25
Bo w 9 Po HZ i cs> Bo w dp 2 HZ i cs™
7.50 4.9574 2.6680 14.2224 136.2650 65.7776 6.25 5.3220 3.2000 20.4800 198.4780 75.5200
7.80 4.8790 2.5654 13.1494 125.6137 63.7737 6.50 5.2436 3.0769 18.9349 183.1055 73.3728
8.10 4.8035 2.4704 12.1934 116.1293 61.8807 6.75 5.1681 2.9630 17.5583 169.4149 71.3306
8.40 4.7307 2.3821 11.3380 107.6481 60.0906 7.00 5.0954 2.8571 16.3265 157.1699 69.3878
8.70 4.6606 2.3000 10.5696 100.0339 58.3960 7.25 5.0252 2.7586 15.2200 146.1746 67.5386
9.00 4.5927 2.2233 9.8767 93.1728 56.7900 7.50 4.9574 2.6667 14.2222 136.2648 65.7778
9.30 4.5272 2.1516 9.2497 86.9692 55.2664 7.75 4.8918 2.5806 13.3195 127.3028 64.0999
9.60 4.4637 2.0844 8.6807 81.3420 53.8193 8.00 4.8283 2.5000 12.5000 119.1717 62.5000
9.90 4.4021 2.0212 8.1625 76.2223 52.4435 8.25 4.7668 2.4242 11.7539 111.7723 60.9734
10.2000 4.3424 1.9618 7.6894 71.5512 51.1341 8.50 4.7071 2.3529 11.0727 105.0196 59.5156
10.5000 4.2844 1.9057 7.2563 67.2780 49.8865 8.75 4.6491 2.2857 10.4490 98.8407 58.1224
https://doi.org/10.1371/journal.pone.0231699.t001
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Table 2. In the retail channel scenario.

Bg

2.50
2.60
2.70
2.80
2.90
3.00
3.10
3.20
3.30
3.40
3.50

https://doi.org/10.1371/journal.pone.0231699.t002

R+
m

6.4615
6.3830
6.3075
6.2348
6.1646
6.0968
6.0312
5.9677
5.9062
5.8465
5.7885

P
5.7683
5.6899
5.6144
5.5417
5.4715
5.4037
5.3381
5.2746
5.2131
5.1534
5.0954

dr Wi Pr H‘; HZ cSs®

8.0000 128.0000 160.0000 1272.5385 313.2317 80.0000
7.6923 118.3432 147.9290 1176.0489 289.1681 82.8402
7.4074 109.7394 137.1742 1090.0861 267.7340 85.0480
7.1429 102.0408 127.5510 1013.1734 248.5604 86.7347
6.8966 95.1249 118.9061 944.0839 231.3406 87.9905
6.6667 88.8889 111.1111 881.7921 215.8185 88.8889
6.4516 83.2466 104.0583 825.4349 201.7784 89.4901
6.2500 78.1250 97.6563 774.2823 189.0379 89.8438
6.0606 73.4619 91.8274 727.7127 177.4417 89.9908
5.8824 69.2042 86.5052 685.1950 166.8570 89.9654
5.7143 65.3061 81.6327 646.2727 157.1699 89.7959

customer’s consumer surplus will also increase with the decreasing in the product demand
price elasticity, which will benefit the manufacturer and the final customer when the distribu-
tion channel demand elasticity ratio decreases.

Based on Table 2, we can infer that, in the retail channel, the final customer’s consumer sur-
plus will increase with the increasing in product demand price elasticity. Compared with the
direct channel, the manufacturer’s product quality level, the quality prevention effort level and
the expected profits will increase, and the customer’s consumer surplus will also increase.

Based on Tables 3 and 4 and Figs 2 and 3, we conclude that in the mixed channel compared
with that in the direct channel and the retail channel, the manufacturer will determine a trans-
fer payment to eliminate channel conflict, the manufacturer’s quality prevention effort level
and retailer’s quality inspection effort level will increase, which will effectively eliminate the
“free-riding behavior”, the manufacturer’s expected profits will be higher than which in the
direct channel and less than which in the retail channel; in addition, the retailer’s expected
profits and the final consumer surplus will increase.

8 Conclusions and future research

In this paper, we construct a product quality control model of three types of distribution chan-
nel (direct channel, retail channel and mixed channel) in a three-echelon supply chain, which

Table 3. In the mixed channel scenario (£ = 3.0).

Br

2.50
2.60
2.70
2.80
2.90
3.00
3.10
3.20
3.30
3.40
3.50

https://doi.org/10.1371/journal.pone.0231699.t003

2 MCx
A

7.1546
7.0762
7.0007
6.9280
6.8578
6.7900
6.7244
6.6609
6.5994
6.5396
6.4817

MCx
j'r

5.7683
5.6899
5.6144
5.5417
5.4715
5.4037
5.3381
5.2746
5.2131
5.1534
5.0954

Tuc Wie e " Hff* H;“ csMe
8.0000 128.0000 64.0000 160.0000 1151.8454 4332317 128.0000
7.6923 118.3432 59.1716 147.9290 1055.3558 409.1681 127.2189
7.4074 109.7394 54.8697 137.1742 969.3930 387.7340 126.2003
7.1429 102.0408 51.0204 127.5510 892.4802 368.5604 125.0000
6.8966 95.1249 47.5624 118.9061 823.3907 351.3406 123.6623
6.6667 88.8889 44.4444 111.1111 761.0989 335.8185 122.2222
6.4516 83.2466 41.6233 104.0583 704.7418 321.7784 120.7076
6.2500 78.1250 39.0625 97.6563 653.5891 309.0379 119.1406
6.0606 73.4619 36.7309 91.8274 607.0196 297.4417 117.5390
5.8824 69.2042 34.6021 86.5052 564.5019 286.8570 115.9170
5.7143 65.3061 32.6531 81.6327 525.5796 277.1699 114.2857
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Table 4. In the mixed channel scenario (£ = 2.5).

ﬂR AI‘Y:C* j.:/IC* q:/jc W;/IC pLI‘;IC* pz/IC* Hﬁf* H;\:C* CsMC»«

2.50 7.2017 5.7914 6.5360 99.8128 52.7453 128.3522 1213.5631 440.6938 105.5656
2.60 7.1233 5.7130 6.2846 92.2825 48.7660 118.6688 1112.4137 416.0655 104.8541
2.70 7.0478 5.6375 6.0519 85.5734 45.2206 110.0413 1022.2992 394.1283 103.9564
2.80 6.9751 5.5648 5.8357 79.5702 42.0482 102.3216 941.6716 374.5045 102.9172
2.90 6.9049 5.4946 5.6345 74.1772 39.1983 95.3866 869.2449 356.8803 101.7716
3.00 6.8371 5.4268 5.4467 69.3144 36.6287 89.1334 803.9440 340.9935 100.5476
3.10 6.7715 5.3612 5.2710 64.9147 34.3036 83.4757 744.8643 326.6235 99.2671
3.20 6.7080 5.2977 5.1063 60.9209 32.1932 78.3399 691.2402 313.5834 97.9478
3.30 6.6465 5.2362 4.9515 57.2847 30.2716 73.6640 642.4206 301.7145 96.6037
3.40 6.5868 5.1765 4.8059 53.9645 28.5171 69.3946 597.8483 290.8809 95.2459
3.50 6.5288 5.1185 4.6686 50.9249 26.9109 65.4858 557.0451 280.9658 93.8833

https://doi.org/10.1371/journal.pone.0231699.t004

8.50
8.00
7.50
7.00
6.50
6.00
5.50
< 5.00
9
=
g 450
24,00
3.50
3.00
2.50
2.00

quality level

is comprised by one manufacturer, one retailer and the final customer, and then we discuss
how to design a distribution channel strategy and craft a quality control strategy. Furthermore,
our paper analyzes three types of distribution channel strategies regarding how to influence

the manufacturer’s product quality decision and quality prevention strategy, the retailer’s

product pricing decision and quality inspection strategy, and the final customer’s product

demand decision. We compare the product quality level in three types of distribution channels
and solve the manufacturer’s and retailer’s expected profits functions and the final customer’s
consumer surplus. In addition, we introduce the distribution channel demand elasticity ratio
to analyze the influence of determining the product quality control strategy.
Our paper demonstrates that, in the direct channel, the manufacturer’s product quality

level, the quality prevention effort level and the direct sale price will increase, and the

—o—the direct channel

8.0000

2000

——the retail channel

bl 1063
} d.9515

—4—the mixed channel

5.7143

. 1. 8059
TE—t09

769
571
67 06

- —2.3000 . 54040

@—=23329 .
¢ e 2.2857

T T T T T T T T T T 1

2.60 2.70 2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50
product demand price elasticity

2.50

Fig 2. The product quality level in three types of distribution channels.

https://doi.org/10.1371/journal.pone.0231699.9002
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Fig 3. The customer’s consumer surplus in three types of distribution channels.

https://doi.org/10.1371/journal.pone.0231699.9003

customer’s consumer surplus will also increase with the decreasing in the products demand
price elasticity. In addition, in the retail channel which is compared with the direct channel
scenario, the manufacturer’s product quality level, the wholesale price, the quality prevention
effort level and expected profits will increase, and the retailer’s retail price, the quality inspec-
tion effort level and the customer’s consumer surplus will be much higher. In the mixed chan-
nel, the manufacturer will determine the transfer payment to eliminate channel conflict, the
manufacturer’s quality prevention effort level and the retailer’s quality inspection effort level
will increase, which will effectively eliminate the “free-riding behavior”. In addition, the manu-
facturer’s expected profits will be higher than that in the direct channel and less than that in
the retail channel. The retailer’s expected profits and the final consumer surplus will also
increase, and our conclusions will be a strong complement to the research field. Most impor-
tantly, we conduct a numerical sample analysis that demonstrates the model’s effectiveness
and the conclusions’ correctness and will also indicate a specific application in practice.

In further research, we will assume that the manufacturer’s quality prevention effort level
and the retailer’s quality inspection effort level have incomplete information regarding how to
craft a product quality control strategy in three types of distribution channels; then, we will
also attempt to construct a multi-stage, repeat and asymmetry information dynamic game
model and analyze the distribution channel strategy regarding how to influence the manufac-
turer’s and retailer’s expected profits function, the final customer’s consumer surplus and
social welfare.
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