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We develop a coordination model of a one-manufacturer multi-retailers supply chain with a dominant retailer. We consider the
impact of a dominant retailer on the market retail price and his sales promotion opportunity and examine how the manufacturer
can coordinate such a supply chain by revenue-sharing contract after demand disruptions. We address the following important
research questions in this paper. (i) How do we design an appropriate revenue-sharing contract to coordinate the supply chain with
a dominant retailer without demand disruptions? (ii)When demand is disrupted with variations inmarket scale and price sensitive
coefficient, can the original contract still be valid? (iii) How do the demand disruptions affect the coordination mechanism under
different disruption scenarios and how should the new contract change? Finally, we generate important insights by both analytical
and numerical examples.

1. Introduction

In the real world, there are some sudden events resulting in
the change of demand abruptly, such as exposure of enter-
prises’ own problem, outbreak of infectious diseases, and
policy change of the government. Recently, more and more
food safety problems are revealed by the media and do harm
to the development of relevant industries in China, such
as “Sudan red dye” incident and “Melamine” incident. The
outbreaks of mad cow disease and swine flu lead to demands
for disinfectors and medicines increasing considerably and
attack the market of chicken or beef. Besides, government
policies and international relationship can also affect market
demand and corresponding partners of supply chain. For
example, due to strained relationship between China and
Japan, sales of Japanese commodities and vehicles slumped
in 2012. Therefore, the disruption management and coordi-
nation mechanisms of supply chain have become an active
research topic in both science and business community. In
order to ensure that supply chain is robust enough to handle
the demand and supply uncertainties, the researchers have
proposed certain coordination models to deal with the
disruption risk in supply chain [1–3].

In this paper, we investigate coordination of a one-
manufacturermulti-retailers supply chainwith one dominant
retailer after demand disruptions. As [4] said, in some of
today’s retailing markets, the dominant retailer is the largest
distributor for the manufacture and is the price leader of the
market in general. Therefore, we assume that only the dom-
inant retailer can provide the demand-stimulating service to
the manufacturer’s products. We regard the fringe retailers as
a whole, for they are identical. As it is assumed in [1, 5], our
model is under the assumption of perfect information and
all the partners of supply chain are risk-neutral. Moreover,
demand disruptions often lead to certain extra deviation
costs associated with the total production deviation quantity.
In our model, the manufacturer bears these deviation costs
totally, which [6, 7] supported. Based on these assumptions,
we analyze the effect of demand disruptions on supply
chain and propose corresponding coordination mechanism
by revenue-sharing contracts.

The rest of the paper is organized as follows. The next
section reviews related literature. Section 3 outlines our basic
model with a dominant retailer and studies how the supply
chain is coordinated by revenue-sharing contracts when there
are no disruptions. In Section 4, we discuss the response
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strategies that the manufacture and the dominant retailer
should do after demand is disrupted. The analytical results
are elaborated by numerical examples in Section 5. Finally,
Section 6 provides conclusions and points out directions for
future research.

2. Literature Review

In this paper, the study stems from the intersection of supply
chain coordination and disruption management. Recently,
large quantities of studies in supply chain management
focus on how to design the coordination schemes. Cachon
[8] summarized supply chain coordination mechanisms in
detail and reviewed the literature excellently. Bernstein and
Federgruen [9] designed a nonlinear wholesale contract to
coordinate the supply chain with one supplier and competing
retailers. Raju and Zhang [4] coordinated the supply chain
with a dominant retailer through either quantity discounts
or two-part tariffs. Revenue-sharing is a very attractive con-
tract [10], and increasingly manufacturers and retailers are
implementing revenue-sharing contracts to coordinate distri-
bution supply chainsmore effectively [11]. Gerchak andWang
[12] studied wholesale-price and revenue-sharing contracts
in assembly systems with random demand. Giannoccaro and
Pontrandolfo [13] provided a revenue-sharing mechanism to
coordinate a three-stage supply chain. Zou et al. [14] proposed
a model to synchronize the assembly process in a two-
echelon system with stochastic demand and deterministic
order processing times. Their study found that a revenue-
sharing contact through proper safety stock placement could
make the supply chain coordinationmuch better. Cachon and
Lariviere [10] demonstrated that revenue-sharing contracts
can coordinate the supply chain with both a single retailer
and competing retailers. Comparing revenue-sharing with
other contacts, they found that revenue-sharing is the same as
buyback in the newsvendor case and is equivalent to price dis-
count in the price-setting newsvendor. Koulamas [11] studied
a one-manufacturer-one-retailer supply chain and compared
the expected profits which are received from the tradi-
tional ordering case and the revenue-sharing contract. Linh
and Hong [15] studied supply chain coordination through
revenue-sharing contract between one wholesaler and one
retailer in a two-period newsboy environment.They also dis-
cussed a single-buying-opportunitymodel and a two-buying-
opportunity model. Xu et al. [16] studied two-stage fashion
supply chain coordination with risk-averse retailer and price-
dependent demand by use of revenue-sharing contract, two-
part tariff contract, and combined contracts. Palsule-Desai
[17] designed a game model for revenue-dependent revenue-
sharing contracts with the actual proportions, and their
supply revenues which were shared among the players in
each period depend on the actual revenue generated. Hsueh
[18] proposed a new revenue-sharing contract embedding
corporate social responsibility to coordinate a two-tier supply
chain. Sang [19] investigated return contract and revenue-
sharing contract with one supplier and multiple competing
retailers in a fuzzy demand environment and proposed
their optimal policies. Xu et al. [20] presented an analytical
framework for price decisions in both a centralized and

decentralized dual-channel supply chain with risk aversion
and proposed the two-way revenue-sharing contract to
achieve supply chain coordination. Govindan and Popiuc [21]
proposed an analytical model of revenue-sharing contract for
the two- and three-echelon reverse supply chain and took the
personal computers industry as an example. Feng et al. [22]
studied a revenue-sharing contract with reliability in an 𝑁-
stage supply chain and compared it with common revenue-
sharing contract.

Disruption management in supply chain is the most
closely related research to our work. Qi et al. [1] introduced
the idea of disruption management into supply chain coordi-
nation management. They first investigated that disruptions
led to deviation penalties for the original production quantity
change and coordinated the supply chain with one supplier
and one retailer by wholesale quantity discount policies after
demand disruptions. Xiao et al. [2] extended the model into
the supply chain including two competing retailers with sales
promotion opportunities.They proposed a price-subsidy rate
contract to coordinate promotion investment and demand
disruptions. Based on this supply chain, Xiao and Qi [5]
added cost disruption into previous issues and studied the
supply chain coordination by an all-unit quantity discount
scheme and an incremental quantity discount scheme. Zhang
et al. [3] investigated how to coordinate supply chainwith one
manufacture and two peer retailers under demand disrup-
tions by revenue-sharing contracts. However, Xiao et al. [6]
considered that the production deviation cost was borne by
the manufacturer or the retailers and studied the coordina-
tion mechanism by either a linear quantity discount schedule
or an all-unit quantity discount schedule when demand is
disrupted. Huang et al. [23] developed a two-period pricing
and production decision model in a one-manufacturer-one-
retailer dual-channel supply chain with demand disruptions.
Lei et al. [24] studied the riskmanagement strategies in supply
chain with one supplier and one retailer under demand dis-
ruptions and cost disruptions with asymmetric information.
They utilized linear contract menus to analyze this issue.
He andWang [25] investigated production-inventory system
for deteriorating items with demand disruptions and derived
the optimal production run time and replenishment policy
for spot market purchase in different scenarios. Cao et al.
[26] developed a coordination mechanism with revenue-
sharing contract when the production cost and demand were
simultaneously disrupted and their supply chain included one
manufacturer and 𝑛 Cournot competing retailers. X. Wang
and Y. Wang [27] constructed a game model to coordinate
the two-echelon closed-loop supply chain with one manu-
facturer and one retailer. They considered the market scale,
reproduction cost, and recovery price sensitivity coefficient
are disrupted simultaneously when abrupt incident occurred.
Tavakoli and Mirzaee [28] investigated the coordination
of a three-level supply chain with one manufacturer, one
distributer, and one retailer under demand disruptions by
revenue-sharing and return policy contracts.

Meanwhile, the retail trade market today is increasingly
dominated by large, centrally managed “power retailers” [4].
Their study showed that service investment can mete out
minimum incentive for the manufacturer to engage the
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dominant retailer in supply chain coordination. Geylani et
al. [29] presented a theoretical model to illustrate a strategic
manufacturer response to a dominant retailer. In their model,
the dominant retailer could determine his own wholesale
price, but the manufacturer set the wholesale price for the
fringe retailers. Chen and Xiao [7] designed the supply
chain coordination mechanism with one manufacturer, one
dominant retailer, and multiple fringe retailers after demand
disruptions. They considered linear quantity schedule and
Groves wholesale price schedule. Chen and Zhuang [30] con-
tinued studying this problem under linear quantity discount
scheme, but the increased demand and the cost by demand-
stimulating service are independent, while the former is a
function of [7].

There are several differences between our model and
previous papers. Above all, we study how to coordinate a one-
manufacturer multi-retailers supply chain with a dominant
retailer by revenue-sharing contracts after demand disrup-
tions for the first time. We fully consider the impact of a
dominant retailer on the market retail price and his sales
promotion opportunity. The dominant retailer is implicitly
recognized as the leader, while the other fringe retailers are
considered as the price followers. Secondly, previous papers
only discuss the case in which the market scale changes
when demand is disrupted. In this paper, we considered both
the market scale and price sensitive coefficient are disrupted
simultaneously.

3. The Basic Model

In this section, we investigate a supply chain model with one
manufacturer selling products through a dominant retailer
and𝑁 fringe retailers, where𝑁 ≥ 2.We assume the dominant
retailer has market power and determines the retail price.
Once the price is settled down, all fringe retailers regard it
as the market retail price, which is generally consistent with
the marketing operation described earlier, where some small
retailers use the pricing book of a large retailer. For instance,
Wal-Mart can be regarded as a dominant retailer because the
proportion of its sales makes up 39% of Tandy’s total sales
and 17% of P&G’s in 2002 [31]. Another example is the US
automobile industry, where General Motors has traditionally
been the price leader [32]. Moreover, only the dominant
retailer can provide the demand-stimulating service to the
manufacturer’s products [4]. For instance, the dominant
retailer can carry on some propagating advertisement to
promote the production.

Similar to Chen and Xiao [7], we assume that the total
market demand is

𝑞
𝑇
= 𝛼 − 𝛽𝑝 + 𝜃√𝑠. (1)

Here, 𝛼 represents the total market scale and 𝛽 is the
price sensitive coefficient (𝛼, 𝛽 > 0). The service cost of the
dominant retailer is 𝑠, which could be opportunity cost. 𝜃 is
the demand sensitivity to 𝑠, 𝜃 ∈ (0, 2√𝛽). To ensure that the
order quantity is nonnegative, we assume 𝛼 + 𝜃√𝑠 > 𝛽𝑝.

Therefore, the market demand for the dominant retailer
is 𝑞
𝑑
= 𝛾𝑞
𝑇
, where 𝛾 ≤ 1 is the fraction of the market demand

which the dominant retailer accounted for. Meanwhile, the
demand, which is shared by the 𝑁 fringe retailers in our
assumption, is 𝑞

𝑟
= (1 − 𝛾)𝑞

𝑇
as a whole.

Commonly, the contracts have been proven to be effective
in improving supply chain performance. At the same time,
each of the chain partners can earnmore profit than that they
could attain without revenue-sharing contract [13].

In the centralized supply chain, the total profit is

𝑇 = (𝑝 − 𝑐
1
− 𝑐
0
) 𝑞
𝑇
− 𝑠. (2)

Here, the manufacturer produces products with a unit
cost 𝑐
0
and sells to the retailer 𝑖 at a unit price 𝑤

𝑖
(𝑖 = 𝑑, 𝑟).

After purchasing the products from the manufacturer, the
retailers add some values to them with a unit cost 𝑐

1
. In our

study, we assume both dominant and fringe retailers pay the
same unit cost.

The profit function of the dominant retailer is

𝜋
𝑑
= [𝜑
𝑑
𝑝 − (𝑤

𝑑
+ 𝑐
1
)] 𝑞
𝑑
− 𝑡𝑠. (3)

Here, 𝜑
𝑑
is the revenue share of the dominant retailer

(0 < 𝜑
𝑑
< 1) and 𝑡 is the fraction of service cost that the

dominant retailer bears. As the authors in [4, 33] said, 𝜑
𝑑
and

𝑡 are similar but not identical.
The profit function of the fringe retailer is

𝜋
𝑟
= [𝜑
𝑟
𝑝 − (𝑤

𝑟
+ 𝑐
1
)] 𝑞
𝑟
, (4)

where 𝜑
𝑟
is the revenue share of the fringe retailer (0 < 𝜑

𝑟
<

1) and 𝜑
𝑖
𝑝 ≥ 𝑤

𝑖
+ 𝑐
1
(𝑖 = 𝑑, 𝑟).

The profit function of the manufacturer is

𝜋
𝑚
= [𝑤
𝑑
− 𝑐
0
+ (1 − 𝜑

𝑑
) 𝑝] 𝑞
𝑑

+ [𝑤
𝑟
− 𝑐
0
+ (1 − 𝜑

𝑟
) 𝑝] 𝑞
𝑟
− (1 − 𝑡) 𝑠.

(5)

From (2), we can obtain the optimal retail price and
service level in the centralized supply chain:

𝑝
∗
=

2𝛼 + (2𝛽 − 𝜃
2
) (𝑐
0
+ 𝑐
1
)

4𝛽 − 𝜃2
,

𝑠
∗
=
𝜃
2
[𝛼 − 𝛽 (𝑐

0
+ 𝑐
1
)]
2

(4𝛽 − 𝜃2)
2

.

(6)

The corresponding optimal total order quantity is

𝑞
∗

𝑇
=
2𝛽 [𝛼 − 𝛽 (𝑐

0
+ 𝑐
1
)]

4𝛽 − 𝜃2
. (7)

For convenience, we make the following assumption.

Assumption 1. The market share (𝛾) of the dominant retailer
satisfies 1/(2 − (𝜃2/4𝛽)) < 𝛾 < 1.

This implies that 𝛾[𝑝∗ − (𝑐
0
+ 𝑐
1
)](𝛼 − 𝛽𝑝

∗
+ 𝜃√𝑠∗) − 𝑠

∗
>

max
𝑝
𝛾[𝑝 − (𝑐

0
+ 𝑐
1
)](𝛼 − 𝛽𝑝). The above inequality means

the market share of the dominant retailer is too large for the
dominant retailer to provide the demand-stimulating service



4 Mathematical Problems in Engineering

voluntarily, and the manufacturer would like to induce such
service even when the supply chain is in the decentralized
operation. The magnitude of 𝛾 indicates that the dominant
retailer has market power absolutely and can decide the retail
price and demand-stimulating service level.

In the decentralized supply chain, the dominant retailer
determines the retail price to maximize his own profit.
Solving the first-order conditions of (3) with respect to 𝑝 and
𝑠, we can obtain

𝑝
Δ

𝑑
=

2𝑡𝜑
𝑑
𝛼 + (2𝑡𝛽 − 𝛾𝜃

2
𝜑
𝑑
) (𝑤
𝑑
+ 𝑐
1
)

4𝑡𝜑
𝑑
𝛽 − 𝛾𝜃2𝜑

2

𝑑

,

𝑠
Δ

𝑑
=
𝛾
2
𝜃
2
[𝜑
𝑑
𝛼 − 𝛽 (𝑤

𝑑
+ 𝑐
1
)]
2

(4𝑡𝛽 − 𝛾𝜃2𝜑
𝑑
)
2

.

(8)

Let 𝑝Δ
𝑑
= 𝑝
∗ and 𝑠Δ

𝑑
= 𝑠
∗ and we have

𝑤
∗

𝑑
=
𝜑
∗

𝑑

𝛽
(−𝛼 + 2𝛽𝑝

∗
− 𝜃√𝑠∗) − 𝑐

1
,

𝑡
∗
=
𝛾𝜃𝜑
∗

𝑑

2𝛽√𝑠∗
(𝛼 − 𝛽𝑝

∗
+ 𝜃√𝑠∗) = 𝛾𝜑

∗

𝑑
.

(9)

Here, 4𝑡∗𝛽−𝛾𝜃2𝜑∗
𝑑
> 0.The function of 𝑡∗ implies that the

higher market share of the dominant retailer is, the smaller
subsidy is provided by the manufacturer.

In order to take as much profit away from the fringe
retailer as possible and eliminate any free-riding on 𝑠 by fringe
retailers, the manufacturer should design wholesale price 𝑤

𝑟

and achieve its maximum profit by setting 𝜑
𝑟
𝑝
∗
= 𝑤
𝑟
+ 𝑐
1
.

It is also common in practice. In some monopoly industries,
the leader prevents new partner from entering the market
[32]. Similarly, the profit of fringe retailers is much less than
that of dominant retailer. Therefore, for the convenience of
calculation, we assume 𝑤∗

𝑟
= 𝜑
∗

𝑟
𝑝
∗
− 𝑐
1
.

If the system is in themarket-like settingwithout any con-
tracts, it would work as follows. The manufacturer produces
the products at a unit cost 𝑐

0
and sells them to retailer 𝑖 at

a unit price 𝑤
𝑚
. Based on the market demand and the retail

price 𝑝
𝑚
, retailer 𝑖 orders the quantity 𝑞

𝑖𝑚
(𝑖 = 𝑑, 𝑟) and his

unit cost is 𝑐
1
.

In the market-like setting, the profit function of the
dominant retailer is

𝜋
𝑑𝑚
= [𝑝
𝑚
− (𝑤
𝑚
+ 𝑐
1
)] 𝑞
𝑑𝑚
− 𝑠
𝑚
. (10)

The profit function of the fringe retailer is

𝜋
𝑟𝑚
= [𝑝
𝑚
− (𝑤
𝑚
+ 𝑐
1
)] 𝑞
𝑟𝑚
. (11)

The profit function of the manufacturer is

𝜋
𝑚𝑚

= (𝑤
𝑚
− 𝑐
0
) 𝑞
𝑇𝑚
, (12)

where 𝑞
𝑇𝑚
= 𝛼 − 𝛽𝑝

𝑚
+ 𝜃√𝑠𝑚, 𝑞𝑑𝑚 = 𝛾𝑞𝑇𝑚, and 𝑞𝑟𝑚 = (1 −

𝛾)𝑞
𝑇𝑚

.
The total profit of the supply chain in the market-like

setting is

𝑇
𝑚
= [𝑝
𝑚
− (𝑐
0
+ 𝑐
1
)] 𝑞
𝑇𝑚
− 𝑠
𝑚
. (13)

By solving the first-order condition 𝜕𝜋
𝑑𝑚
/𝜕𝑝
𝑚
= 0 and

𝜕𝜋
𝑑𝑚
/𝜕𝑠
𝑚
= 0, we can obtain the optimal retail price in the

market-like setting given by

𝑝
𝑚
=

2𝛼 + (2𝛽 − 𝛾𝜃
2
) (𝑤
𝑚
+ 𝑐
1
)

4𝛽 − 𝛾𝜃2
,

𝑠
𝑚
=
𝛾
2
𝜃
2
[𝛼 − 𝛽 (𝑤

𝑚
+ 𝑐
1
)]
2

(4𝛽 − 𝛾𝜃2)
2

.

(14)

By substituting (14) into (12) and solving the first-order
conditions of (12) with respect to 𝑤

𝑚
, we have

𝑤
∗

𝑚
=
𝛼 + 𝛽 (𝑐

0
− 𝑐
1
)

2𝛽
. (15)

The optimal retail price 𝑝∗
𝑚
and the corresponding opti-

mal service level 𝑠∗
𝑚
in the market-like setting are

𝑝
∗

𝑚
=

4𝛼𝛽 + (2𝛽 − 𝛾𝜃
2
) [𝛼 + 𝛽 (𝑐

0
+ 𝑐
1
)]

2𝛽 (4𝛽 − 𝛾𝜃2)
,

𝑠
∗

𝑚
=
𝛾
2
𝜃
2
[𝛼 − 𝛽 (𝑐

0
+ 𝑐
1
)]
2

4(4𝛽 − 𝛾𝜃2)
2

.

(16)

Based on the above discussions, we can deriveTheorem 2.

Theorem2. The following revenue-sharing contracts can coor-
dinate the supply chain with one dominant retailer:

𝑤
∗

𝑑
=
𝜑
∗

𝑑

𝛽
(−𝛼 + 2𝛽𝑝

∗
− 𝜃√𝑠∗) − 𝑐

1
,

𝑡
∗
=
𝛾𝜃𝜑
∗

𝑑

2𝛽√𝑠∗
(𝛼 − 𝛽𝑝

∗
+ 𝜃√𝑠∗) ,

(17)

𝑤
∗

𝑟
= 𝜑
∗

𝑟
𝑝
∗
− 𝑐
1
, (18)

𝜑
𝑑
< 𝜑
∗

𝑑
< 𝜑
𝑑
, (19)

where

𝜑
𝑑
= max{

𝛽𝑐
1

𝛽𝑝∗ − 𝑞
∗

𝑇

,
2𝛽 {[𝑝

∗

𝑚
− (𝑤
∗

𝑚
+ 𝑐
1
)] 𝑞
∗

𝑑𝑚
− 𝑠
∗

𝑚
}

𝑞
∗

𝑇
(2𝑞
∗

𝑑
− 𝛾𝜃√𝑠∗)

} ,

𝜑
𝑑
= min{

2𝛽 [(𝑝
∗
− 𝑐
1
− 𝑐
0
) 𝑞
∗

𝑇
− (𝑤
∗

𝑚
− 𝑐
0
) 𝑞
∗

𝑇𝑚
− 𝑠
∗
]

𝑞
∗

𝑇
(2𝑞
∗

𝑑
− 𝛾𝜃√𝑠∗)

, 1} .

(20)

Proof. In order to coordinate the supply chain, the revenue-
sharing contracts have to be designed such that𝑝Δ

𝑑
= 𝑝
∗, 𝑠Δ
𝑑
=

𝑠
∗, and 𝜑

𝑟
𝑝
∗
= 𝑤
𝑟
+ 𝑐
1
. We get (17) and (18).

Since 0 < 𝜑
∗

𝑑
< 1 and 𝑤∗

𝑑
> 0, the dominant retailer’s

revenue share satisfies

𝛽𝑐
1

𝛽𝑝∗ − 𝑞
∗

𝑇

< 𝜑
∗

𝑑
< 1. (21)
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Then, we will further analyze how the contract can be
designed to satisfy win-win condition for the chain partners.
Assume that 𝜋∗

𝑘
is the optimal profit of the actor 𝑘 (𝑘 =

𝑚, 𝑑) in the supply chain with the revenue-sharing contracts
and 𝜋∗

𝑘𝑚
is the optimal profit of the actor 𝑘 (𝑘 = 𝑚, 𝑑) in

the market-like setting. We know that the revenue-sharing
contracts are acceptable to the chain partners only 𝜋∗

𝑘
> 𝜋
∗

𝑘𝑚
.

Then we have

[𝜑
∗

𝑑
𝑝
∗
− (𝑤
∗

𝑑
+ 𝑐
1
)] 𝑞
∗

𝑑
− 𝑡
∗
𝑠
∗
> [𝑝
∗

𝑚
− (𝑤
∗

𝑚
+ 𝑐
1
)] 𝑞
∗

𝑑𝑚
− 𝑠
∗

𝑚
,

[𝑤
∗

𝑑
− 𝑐
0
+ (1 − 𝜑

∗

𝑑
) 𝑝
∗
] 𝑞
∗

𝑑
+ [𝑤
∗

𝑟
− 𝑐
0
+ (1 − 𝜑

∗

𝑟
) 𝑝
∗
] 𝑞
∗

𝑟

− (1 − 𝑡
∗
) 𝑠
∗
> (𝑤
∗

𝑚
− 𝑐
0
) 𝑞
∗

𝑇𝑚
.

(22)

By substituting (14) and (17) into (22), we can obtain

𝜑
∗

𝑑
>
2𝛽 {[𝑝

∗

𝑚
− (𝑤
∗

𝑚
+ 𝑐
1
)] 𝑞
∗

𝑑𝑚
− 𝑠
∗

𝑚
}

𝑞
∗

𝑇
(2𝑞
∗

𝑑
− 𝛾𝜃√𝑠∗)

,

𝜑
∗

𝑑
<
2𝛽 [(𝑝

∗
− 𝑐
1
− 𝑐
0
) 𝑞
∗

𝑇
− (𝑤
∗

𝑚
− 𝑐
0
) 𝑞
∗

𝑇𝑚
− 𝑠
∗
]

𝑞
∗

𝑇
(2𝑞
∗

𝑑
− 𝛾𝜃√𝑠∗)

.

(23)

Equation (19) is directly obtained by (21) and (23).

Based the above discussion, we can see that if the revenue-
sharing contracts satisfy Theorem 2, the supply chain can
be coordinated under normal operation without demand
disruption.

4. Supply Chain Coordination under
Demand Disruptions

When the demand is disrupted, the original scheme may
become invalid. In our model, we utilize the changes of
the market scale and price sensitive coefficient to indicate
demand disruptions. In this section, we will investigate sup-
ply chain coordination mechanism with revenue-sharing
contract under demand disruptions. For clear expression, we
use the notation with a tilde (∼) to denote this case. Demand
disruptions often lead to certain extra deviation costs associ-
ated with the total production deviation quantity. As used in
[1, 2, 7], we assumed the deviation costs are incurred to the
manufacturer, since it often employs a return policy for the
unsold products and providemore for the increased demand.

In this section, we assume that the market scale 𝛼 is
changed into �̃� = 𝛼+Δ𝛼 > 0 and the price sensitive coefficient
𝛽 is changed into 𝛽 = 𝛽 + Δ𝛽 > 0, where Δ𝛼 and Δ𝛽
are the shock to the market demand with Δ𝛼 > −𝛼 and
Δ𝛽 > −𝛽.Δ𝛼 > 0 represents an increased demand scale, while
Δ𝛼 < 0 represents a decreased demand scale. Δ𝛼 and Δ𝛽
are independent of the demand-stimulating service.Then, the
total demand function can be denoted by 𝑞

𝑇
= �̃� − 𝛽𝑝+ 𝜃√𝑠.

The total production deviation quantity is

Δ𝑄 = 𝑞
𝑇
− 𝑞
∗

𝑇
= 𝛼 + Δ𝛼 − (𝛽 + Δ𝛽) 𝑝 + 𝜃√𝑠 − 𝑞

∗

𝑇
. (24)

If Δ𝑄 > 0, the manufacturer needs to produce more
products to meet the unplanned increased market demand,

which will cause an extra cost in machines, labor input, and
raw materials. If Δ𝑄 < 0, there are some extra holding
costs that result from an excess supply which generate some
leftover inventory. As used in [1, 5], we define a unit penalty
cost 𝑐
𝑢
≥ 0 for the increased production and similarly a unit

penalty cost 𝑐
𝑠
≥ 0 for the decreased production.

The total profit of the centralized supply chain is

�̃� = (𝑝 − 𝑐
1
− 𝑐
0
) 𝑞
𝑇
− 𝑠 − 𝑐

𝑢
(Δ𝑄)

+

− 𝑐
𝑠
(−Δ𝑄)

+

. (25)

From Assumption 1, we can see that when the price
sensitive coefficient (𝛽) changes, the market share (𝛾) of the
dominant retailer should adjust to satisfy 1/(2 − 𝜃2/(4𝛽)) <
𝛾 < 1.

By solving the Kuhn-Tucker conditions of (25), we can
obtain the following results.

Corollary 3. When demand disruptions occur, the optimal
retail price and service levels in the centralized supply chain are
as follows.

(1) If (2�̃�𝛽 − 2𝛽2(𝑐
0
+ 𝑐
1
) − (4𝛽 − 𝜃

2
)𝑞
∗

𝑇
)/2𝛽
2
≥ 𝑐
𝑢
, then

𝑝
∗

1
=

2�̃� + (2𝛽 − 𝜃
2
) (𝑐
0
+ 𝑐
1
+ 𝑐
𝑢
)

4𝛽 − 𝜃2
,

𝑠
∗

1
=

𝜃
2
[�̃� − 𝛽 (𝑐

0
+ 𝑐
1
+ 𝑐
𝑢
)]
2

(4𝛽 − 𝜃2)
2

.

(26)

(2) If −𝑐
𝑠
< (2�̃�𝛽 − 2𝛽

2
(𝑐
0
+ 𝑐
1
) − (4𝛽 − 𝜃

2
)𝑞
∗

𝑇
)/2𝛽
2
< 𝑐
𝑢
,

then

𝑝
∗

2
=

𝛽
2
(2𝛽 − 𝜃

2
)

𝛽2 (2𝛽 − 𝜃2)

(𝛽𝑝
∗
− 𝛼) +

�̃�

𝛽

, 𝑠
∗

2
=
𝛽
2

𝛽2
𝑠
∗
. (27)

(3) If (2�̃�𝛽 − 2𝛽2(𝑐
0
+ 𝑐
1
) − (4𝛽 − 𝜃

2
)𝑞
∗

𝑇
)/2𝛽
2
≤ −𝑐
𝑠
, then

𝑝
∗

3
=

2�̃� + (2𝛽 − 𝜃
2
) (𝑐
0
+ 𝑐
1
− 𝑐
𝑠
)

4𝛽 − 𝜃2
,

𝑠
∗

3
=

𝜃
2
[�̃� − 𝛽 (𝑐

0
+ 𝑐
1
− 𝑐
𝑠
)]
2

(4𝛽 − 𝜃2)
2

.

(28)

From Corollary 3, we know that it is optimal for the
supply chain to keep the original quantity if the changed
amount is sufficiently small. Hence, the supply chain should
keep the original quantity to avoid the production deviation
cost and change the original retail price to offset the effect of
the demand disruptions. If the changed amount is large, the
manufacturer should change the production quantity to
satisfy the new market demand.
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In a decentralized supply chain, we know that the profit
functions of the dominant and fringe retailers and the
manufacturer are

�̃�
𝑑
= [𝜑
𝑑
𝑝 − (𝑤

𝑑
+ 𝑐
1
)] 𝑞
𝑑
− �̃�𝑠,

�̃�
𝑟
= [𝜑
𝑟
𝑝 − (𝑤

𝑟
+ 𝑐
1
)] 𝑞
𝑟
,

�̃�
𝑚
= [𝑤
𝑑
− 𝑐
0
+ (1 − 𝜑

𝑑
) 𝑝] 𝑞
𝑑
+ [𝑤
𝑟
− 𝑐
0
+ (1 − 𝜑

𝑟
) 𝑝] 𝑞
𝑟

− (1 − �̃�) 𝑠 − 𝑐
𝑢
(Δ𝑄)

+

− 𝑐
𝑠
(−Δ𝑄)

+

.

(29)

Solving the first-order condition of �̃�
𝑑
, we have

𝑝
Δ

𝑑
=

2�̃�𝜑
𝑑
�̃� + (2�̃�𝛽 − 𝛾𝜃

2
𝜑
𝑑
) (𝑤
𝑑
+ 𝑐
1
)

4�̃�𝜑
𝑑
𝛽 − 𝛾𝜃2𝜑

2

𝑑

,

𝑠
Δ

𝑑
=

𝛾
2
𝜃
2
[𝜑
𝑑
�̃� − 𝛽 (𝑤

𝑑
+ 𝑐
1
)]
2

(4�̃�𝛽 − 𝛾𝜃2𝜑
𝑑
)
2

.

(30)

In order to coordinate the decentralized system, let 𝑝Δ
𝑑
=

𝑝
∗

𝑖
and 𝑠Δ
𝑑
= 𝑠
∗

𝑖
, 𝑖 = 1, 2, 3. Similar to the previous analysis, the

manufacturer should design wholesale price of fringe retailer
𝑤
𝑟
to achieve its maximum profit by setting 𝜑∗

𝑟
𝑝
∗
= 𝑤
∗

𝑟
+ 𝑐
1
.

So we can obtain

𝑤
∗

𝑑
=
𝜑
∗

𝑑

𝛽

(−�̃� + 2𝛽𝑝
∗
− 𝜃√𝑠∗) − 𝑐

1
,

𝑤
∗

𝑟
= 𝜑
∗

𝑟
𝑝
∗
− 𝑐
1
,

�̃�
∗
=
𝛾𝜃𝜑
∗

𝑑

2𝛽√𝑠∗
(�̃� + 𝜃√𝑠∗ − 𝛽𝑝

∗
) .

(31)

To illustrate the desirability and effectiveness of the
new revenue-sharing contracts, we study the case when the
partners do not make measures to the demand disruptions
and keep the original schemes: the dominant retailer keeps
the optimal retail price 𝑝∗ and service 𝑠∗ and the unit cost
is 𝑐
1
; the manufacturer keeps the contract (𝑤∗

𝑖
, 𝜑
∗

𝑖
) without

demand disruptions and his production cost is still 𝑐
0
. Then

the real total market demand is 𝑞∗
𝑇𝑟
= �̃� − 𝛽𝑝

∗
+ 𝜃√𝑠∗.

The market demand for a dominant retailer is 𝑞∗
𝑑𝑟
= 𝛾𝑞
∗

𝑇𝑟

and fringe retailer is 𝑞∗
𝑟𝑟
= (1 − 𝛾)𝑞

∗

𝑇𝑟
.

The profit functions of the retailers and the manufacturer
in this setting are

�̃�
𝑑𝑟
= [𝜑
∗

𝑑
𝑝
∗
− (𝑤
∗

𝑑
+ 𝑐
1
)] 𝑞
∗

𝑑𝑟
− 𝑡
∗
𝑠
∗
,

�̃�
𝑟𝑟
= [𝜑
∗

𝑟
𝑝
∗
− (𝑤
∗

𝑟
+ 𝑐
1
)] 𝑞
∗

𝑟𝑟
,

�̃�
𝑚𝑟
= [𝑤
∗

𝑑
− 𝑐
0
+ (1 − 𝜑

∗

𝑑
) 𝑝
∗
] 𝑞
∗

𝑑𝑟

+ [𝑤
∗

𝑟
− 𝑐
0
+ (1 − 𝜑

∗

𝑟
) 𝑝
∗
] 𝑞
∗

𝑟𝑟
− (1 − 𝑡

∗
) 𝑠
∗

− 𝑐
𝑢
(Δ𝑄
𝑟
)
+

− 𝑐
𝑠
(−Δ𝑄

𝑟
)
+

.

(32)

Here, Δ𝑄
𝑟
= 𝑞
∗

𝑇𝑟
− 𝑞
∗

𝑇
.

The total profit of the supply chain in the setting is

�̃�
𝑟
= (𝑝
∗
− 𝑐
1
− 𝑐
0
) 𝑞
∗

𝑇𝑟
− 𝑠
∗
− 𝑐
𝑢
(Δ𝑄
𝑟
)
+

− 𝑐
𝑠
(−Δ𝑄

𝑟
)
+

. (33)

According to the above descriptions, we can derive
Theorem 4.

Theorem 4. If demand disruptions occur, the following reve-
nue-sharing contracts can coordinate the supply chain with one
dominant retailer:

𝑤
∗

𝑑
=
𝜑
∗

𝑑

𝛽

(−�̃� + 2𝛽𝑝
∗
− 𝜃√𝑠∗) − 𝑐

1
,

�̃�
∗
=
𝛾𝜃𝜑
∗

𝑑

2𝛽√𝑠∗
(�̃� + 𝜃√𝑠∗ − 𝛽𝑝

∗
) ,

(34)

𝑤
∗

𝑟
= 𝜑
∗

𝑟
𝑝
∗
− 𝑐
1
, (35)

𝜑
𝑑
< 𝜑
∗

𝑑
< 𝜑
𝑑
, (36)

where

𝜑
𝑑
= max{

𝛽𝑐
1

𝛽𝑝∗ − 𝑞
∗

𝑇

,

2𝛽 {[𝜑
∗

𝑑
𝑝
∗
− (𝑤
∗

𝑑
+ 𝑐
1
)] 𝑞
∗

𝑑𝑟
− 𝑡
∗
𝑠
∗
}

𝑞
∗

𝑇
(2𝑞
∗

𝑑
− 𝛾𝜃√𝑠∗)

} ,

𝜑
𝑑
= min{

2𝛽 (�̃�
∗
− �̃�
𝑚𝑟
)

𝑞
∗

𝑇
(2𝑞
∗

𝑑
− 𝛾𝜃√𝑠∗)

, 1} .

(37)

Proof. Because 0 < 𝜑∗
𝑑
< 1 and 𝑤∗

𝑑
> 0, 𝜑∗

𝑑
satisfies

𝛽𝑐
1

𝛽𝑝∗ − 𝑞
∗

𝑇

< 𝜑
∗

𝑑
< 1. (38)

Assume that �̃�∗
𝑘
and �̃�

𝑘𝑟
, respectively, denote the optimal

profit of the actor 𝑘 (𝑘 = 𝑑,𝑚) in the supply chain with
the new and original revenue-sharing contracts. In order to
assure the desirability and effectiveness of the new revenue-
sharing contracts by the chain partners, �̃�∗

𝑘
should be higher

than �̃�
𝑘𝑟
. So we can obtain

[𝜑
∗

𝑑
𝑝
∗
− (𝑤
∗

𝑑
+ 𝑐
1
)] 𝑞
∗

𝑑
− �̃�
∗
𝑠
∗

> [𝜑
∗

𝑑
𝑝
∗
− (𝑤
∗

𝑑
+ 𝑐
1
)] 𝑞
∗

𝑑𝑟
− 𝑡
∗
𝑠
∗
,

[𝑤
∗

𝑑
− 𝑐
0
+ (1 − 𝜑

∗

𝑑
) 𝑝
∗
] 𝑞
∗

𝑑
+ [𝑤
∗

𝑟
− 𝑐
0
+ (1 − 𝜑

∗

𝑟
) 𝑝
∗
] 𝑞
∗

𝑟

− (1 − �̃�
∗
) 𝑠
∗
− 𝑐
𝑢
(Δ𝑄)

+

− 𝑐
𝑠
(−Δ𝑄)

+

> �̃�
𝑚𝑟
.

(39)

Substituting (34) into (39), we can obtain

𝜑
∗

𝑑
>
2𝛽 {[𝜑

∗

𝑑
𝑝
∗
− (𝑤
∗

𝑑
+ 𝑐
1
)] 𝑞
∗

𝑑𝑟
− 𝑡
∗
𝑠
∗
}

𝑞
∗

𝑇
(2𝑞
∗

𝑑
− 𝛾𝜃√𝑠∗)

,

𝜑
∗

𝑑
<

2𝛽 (�̃�
∗
− �̃�
𝑚𝑟
)

𝑞
∗

𝑇
(2𝑞
∗

𝑑
− 𝛾𝜃√𝑠∗)

.

(40)

From (38) and (40), we can get (36).
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Table 1: Parameters under revenue-sharing contracts.

𝑝
∗

𝑠
∗

𝑞
∗

𝑇
𝑞
∗

𝑑
𝑞
∗

𝑟
𝑡
∗

𝑤
∗

𝑑
𝜋
∗

𝑑
𝜋
∗

𝑚
𝑇
∗

13 4 8 5.6 2.4 0.315 1.25 18.9 41.1 60

Table 2: Parameters in the market-like setting.

𝑝
∗

𝑚
𝑠
∗

𝑚
𝑞
∗

𝑇𝑚
𝑞
∗

𝑑𝑚
𝑞
∗

𝑟𝑚
𝑤
∗

𝑚
𝜋
∗

𝑑𝑚
𝜋
∗

𝑟𝑚
𝜋
∗

𝑚𝑚
𝑇
∗

𝑚

16.42 0.47 3.92 2.75 1.18 11.5 10.29 4.61 29.41 44.32

Theorem 4 gives the coordination mechanism of the
decentralized supply chain with demand disruptions. From
Theorem 4, we can find that when the new contract satisfies
the conditions of Theorem 4, both the dominant retailer
and manufacturer can obtain more profit than keeping the
original revenue-sharing contracts inTheorem 2.

5. Numerical Examples

In the above sections, we discuss how to design the sup-
ply chain coordination mechanism in different scenarios
of demand disruptions in theory. In this section, some
numerical examples are presented to support our model.

5.1. The Basic Model. First of all, we discuss the revenue-
sharing contracts without demand disruptions. We assume
that the values of basic parameters are 𝛼 = 20, 𝛽 = 1, 𝛾 = 0.7,
𝜃 = 0.5, 𝑐

0
= 4, and 𝑐

1
= 1. According to Section 3, we can

obtain the optimal retail price, service level, and order
quantity. From (19) in Theorem 2, the feasible domain for 𝜑∗

𝑑

is 0.2675 < 𝜑
∗

𝑑
< 0.5950, which assures the coordination

of supply chain. Therefore, suppose 𝜑∗
𝑑
= 0.45. Then we

can obtain the associated parameters under revenue-sharing
contracts in Table 1. In order to illustrate the efficiency of the
revenue-sharing contracts, the associated parameters without
any contracts are shown in Table 2. Tables 1 and 2 show
that the profit of supply chain increases obviously when the
supply chain is coordinated by the revenue-sharing contracts.
Meanwhile, the dominant retailer andmanufacturer can both
obtain more profits than that without any contracts.

5.2. Supply Chain Coordination under Demand Disruptions.
In Section 4, we study the coordination of supply chain with
demand disruptions. Here, we utilize a numerical example
to illustrate win-win situation for both the dominant retailer
and manufacturer with revenue-sharing contracts. In the
following example, we assume 𝛼 = 20, 𝛽 = 1, 𝛾 = 0.7, 𝜃 = 0.5,
𝑐
0
= 4, 𝑐
1
= 1, and 𝑐

𝑢
= 𝑐
𝑠
= 1.

Firstly, we analyze the relationship between the optimal
retail price 𝑝∗ and order quantity 𝑞∗

𝑇
, when the demand

is disrupted. We assign five values to the price sensitive
coefficient 𝛽. Then, we study the trend of the optimal retail
price and order quantity when the market scale 𝛼 changes
continuously, which are shown in Figures 1 and 2. From
Figure 2, we find that when the demand is disrupted slightly,
the manufacturer does not change the order quantity. Nev-
ertheless, the dominant retailer will adjust his optimal retail

−3 −2 −1 0 1 2 3
8

10

12

14

16

18

20

O
pt

im
al

 re
ta

il 
pr

ic
e,
p
∗

Δ𝛼

Δ𝛽 = − 0.25

Δ𝛽 = − 0.1

Δ𝛽 = 0

Δ𝛽 = 0.1
Δ𝛽 = 0.25

Figure 1: Optimal retail price versus demand disruptions.
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Figure 2: Total production quantity versus demand disruptions.

price to decrease the effect of demand disruptions (see
Figure 1). However, when demand disruption is sufficiently
large, both the optimal retail price and order quantity are
strictly increasing with the changed amount of demand even
though there are some deviation costs.

Next, we will discuss how the profits change under
demand disruptions. Table 3 reveals that the dominant
retailer, manufacture, and whole supply chain can benefit
from the new coordinating contracts. From Theorem 4,
we can obtain the feasible revenue-sharing contracts when
demand is disrupted in different cases. In our numerical
study, we choose one feasible revenue-sharing contract from
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Table 3: Parameters under demand disruptions.

Case Δ𝛼 Δ𝛽 𝑝
∗

𝑠
∗

𝑞
∗

𝑇
𝑞
∗

𝑑
𝑞
∗

𝑟
𝜑
∗

𝑑
�̃�
∗

𝑤
∗

𝑑
�̃�
∗

𝑑
�̃�
∗

𝑚
�̃�
∗

�̃�
∗

𝑑𝑟
�̃�
∗

𝑚𝑟
�̃�
∗

𝑟
𝜆 (%)

C1 3 −0.25 19.45 11.31 10.09 7.06 3.03 (0.40, 0.73) 0.60 0.42 2.60 52.27 80.18 132.45 34.65 69.1 103.75 27.66
C2 1 −0.1 15.31 5.42 8.38 5.87 2.51 (0.49, 0.58) 0.55 0.39 2.30 27.76 52.68 80.64 24.70 51.40 76.1 5.97
C3 1 0 14 4 8 5.6 2.4 (0.51, 0.53) 0.52 0.36 2.12 21.84 46.16 68 21.42 45.58 67 1.49
C4 −1 0 12 4 8 5.6 2.4 (0.39, 0.41) 0.40 0.28 0.60 16.8 35.2 52 16.38 34.62 51 1.49
C5 −1 0.1 11.04 3.09 7.74 5.42 2.32 (0.36, 0.48) 0.38 0.27 0.52 13.66 29.70 43.36 13.10 26.20 36.45 18.96
C6 −3 0.25 9.05 1.60 6.32 4.42 1.90 (0.25, 1) 0.60 0.42 1.40 12.73 9.59 22.32 3.15 0.6 3.75 495.2

each case, in which the optimal revenue share of dominant
retailer 𝜑∗

𝑑
is a certain value. Thus, we can calculate the profit

in each case and let 𝜆 = (�̃� − �̃�
𝑟
)/�̃�
𝑟
be the efficiency of the

new contract due to disruption management. From Table 3,
we can see that it is harmful for the dominant retailer and
manufacture to keep the original revenue-sharing contracts
nomatter whether the demand is disrupted slightly or largely.
The values of 𝜆 reflect that the effect of proper disruption
management is very remarkable. In other words, the stronger
demand disruption is, the more profit they can benefit from
the new coordination contracts under demand disruptions.
Therefore, it is necessary to adjust the original revenue-
sharing contracts.

6. Conclusion

In this paper, we develop a coordination model of a supply
chain with one manufacture and multiple retailers, one of
which preserves its dominant position in the market. We
also investigate how the manufacturer can coordinate such
a supply chain by revenue-sharing contracts after demand
disruptions. Our study considers the impact of the dominant
retailer on the market retail price and his sales promotion
opportunity. Firstly, we study an appropriate revenue-sharing
contract to coordinate the supply chain without demand
disruptions. Then, we fully consider the variations of mar-
ket scale and price sensitive coefficient and analyze how
the demand disruptions affect the coordination mechanism
under different scenarios. Finally we conclude that the
dominant retailer andmanufacture should adjust the original
contract to ensure their maximum profits after demand
disruptions, especially when the demand changed largely.

For future research, it will be interesting to consider
how to coordinate the supply chain by revenue-sharing
contracts with asymmetric information. Moreover, it is also
interesting to investigate the effect of risk preference on
supply chain coordination and design appropriate revenue-
sharing contracts.

Appendix

Proof of Corollary 3. For convenience, the objective function
(25) can be differentiated into two cases. We can combine
these two cases to give the optimal solutions for the central-
ized supply chain.

Consider

max
𝑝,𝑠

�̃�
1
= (𝑝 − 𝑐

1
− 𝑐
0
) (�̃� − 𝛽𝑝 + 𝜃√𝑠) − 𝑠 − 𝑐

𝑢
Δ𝑄,

Δ𝑄 = �̃� − 𝛽𝑝 + 𝜃√𝑠 − 𝑞
∗

𝑇
≥ 0,

(A.1)

max
𝑝,𝑠

�̃�
2
= (𝑝 − 𝑐

1
− 𝑐
0
) (�̃� − 𝛽𝑝 + 𝜃√𝑠) − 𝑠 − 𝑐

𝑠
Δ𝑄,

Δ𝑄 = �̃� − 𝛽𝑝 + 𝜃√𝑠 − 𝑞
∗

𝑇
≤ 0.

(A.2)

Based on the above formulas, we can see that �̃�1 and �̃�2
are concave functions of the retail price 𝑝 and service invest-
ment 𝑠; thus, the solutions satisfy the first-order condition
when the optimal retail prices and service levels are given.

The Kuhn-Tucker condition of (A.1) is

𝜕�̃�
1

𝜕𝑝
− 𝜆

𝜕 (�̃� − 𝛽𝑝 + 𝜃√𝑠 − 𝑞
∗

𝑇
)

𝜕𝑝
= 0,

𝜕�̃�
1

𝜕𝑠
− 𝜆

𝜕 (�̃� − 𝛽𝑝 + 𝜃√𝑠 − 𝑞
∗

𝑇
)

𝜕𝑠
= 0,

𝜆 (�̃� − 𝛽𝑝 + 𝜃√𝑠 − 𝑞
∗

𝑇
) = 0,

𝜆 ≥ 0,

�̃� − 𝛽𝑝 + 𝜃√𝑠 − 𝑞
∗

𝑇
≥ 0,

(A.3)

where 𝜆 is the Lagrangian multiplier. Solving (A.3), we can
get the following results.

If (2�̃�𝛽 − 2𝛽2(𝑐
0
+ 𝑐
1
) − (4𝛽 − 𝜃

2
)𝑞
∗

𝑇
)/2𝛽
2
≥ 𝑐
𝑢
, then the

optimal retail price and service level satisfy

𝑝
∗

1
=

2�̃� + (2𝛽 − 𝜃
2
) (𝑐
0
+ 𝑐
1
+ 𝑐
𝑢
)

4𝛽 − 𝜃2
,

𝑠
∗

1
=

𝜃
2
[�̃� − 𝛽 (𝑐

0
+ 𝑐
1
+ 𝑐
𝑢
)]
2

(4𝛽 − 𝜃2)
2

.

(A.4)

If (2�̃�𝛽 − 2𝛽2(𝑐
0
+ 𝑐
1
) − (4𝛽 − 𝜃

2
)𝑞
∗

𝑇
)/2𝛽
2
< 𝑐
𝑢
, the

Lagrangianmultiplier 𝜆 > 0, whichmeans that �̃�−𝛽𝑝+𝜃√𝑠−
𝑞
∗

𝑇
= 0. From Kuhn-Tucker condition, we obtain

𝑝
∗

2
=

𝛽
2
(2𝛽 − 𝜃

2
)

𝛽2 (2𝛽 − 𝜃2)
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∗
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𝛽

, 𝑠
∗

2
=
𝛽
2
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𝑠
∗
. (A.5)
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Similarly, if (2�̃�𝛽 − 2𝛽2(𝑐
0
+ 𝑐
1
) − (4𝛽 − 𝜃

2
)𝑞
∗

𝑇
)/2𝛽
2
≤ −𝑐
𝑠
,

the optimal solution of (A.2) is

𝑝
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3
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0
+𝑐
1
)−(4𝛽−𝜃

2
)𝑞
∗

𝑇
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2
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𝑠
, the optimal

solution of (A.2) is

𝑝
∗

2
=

𝛽
2
(2𝛽 − 𝜃

2
)

𝛽2 (2𝛽 − 𝜃2)
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𝛽

, 𝑠
∗

2
=
𝛽
2

𝛽2
𝑠
∗
. (A.7)

Combining these two cases, we can obtain Corollary 3.
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