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ABSTRACT In recent years, an increasing number of e-retailers have adopted drop-shipping strategy to save
logistics costs, and used backup-sourcing strategy to mitigate supply risks. However, the existing literature
ignores the significant relationship between the two strategies. In this study, we develop a multi-stage game-
theoretical model to investigate the optimal procurement decisions for an e-retailer who can activate both
drop-shipping and backup-sourcing strategies. Specifically, our model considers the e-retailer sourcing some
units of a product from a supplier to meet the random demand of online customers. The units of the product
are held by the supplier, and then are directly shipped to the customers from the supplier side (i.e., drop-
shipping strategy). However, there is disruption risk for the supplier; thus, after the randomness of the supplier
is realized, the e-retailer can urgently order some units of the product from an expensive but perfectly reliable
outside option (i.e., backup-sourcing strategy). We examine the optimal order decisions of the e-retailer and
the optimal wholesale price decision of the supplier. Our study shows that for the retailer, the activation of
both backup-sourcing and drop-shipping strategies increases its profit, and there is substitutability between
the two strategies. For the supplier, the implementation of the drop-shipping (backup-sourcing) strategy
increase (decreases) its profit, but the drop-shipping and backup-sourcing are complementary strategies. For
the supply chain, when the logistics cost is low or high and the backup-sourcing cost is low, the backup-
sourcing and drop-shipping are complementary strategies, whereas in other cases, they are substitutive
strategies. Our study not only brings some academic contributions to supply chain management, but
also provides significant management insights for the operational practice in terms of drop-shipping and

backup-sourcing.

INDEX TERMS Supply chain management, drop-shipping, backup-sourcing, supply risk.

I. INTRODUCTION

A variety of emergencies, such as natural disasters, political
unrest, terrorist attacks, worker strikes, technical failures,
financial problems, and shortage of raw materials, etc., may
pose supply disruption [1]-[3], [38]. Compared with tra-
ditional industries, the e-commerce industry is more vul-
nerable to the risk of supply disruption due to the greater
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globalization and looser management of supply chains [4].
For example, according to a survey of Accenture, the
e-commerce industry has a 67% delivery failure rate dur-
ing major holidays, such as Christmas [5]. To cope with
the risk of supply disruption, backup-sourcing has become
one of the most common strategies for online retailers. For
instance, in January 2020, the suppliers located in Hubei
Province of China suffered disruption due to the severe
COVID-19 epidemic and the corresponding road closure
measure from the local government; then, the Meituan Fresh,
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a famous online fresh product retailer of China, quickly pur-
chased a great number of fresh agricultural products from
backup suppliers located in Shandong province with lighter
epidemic to ensure that consumers’ demand could be met
(finance.sina.com). The backup-sourcing strategy has also
been widely adopted by many e-retailers such as Missfresh
and JD.com (finance.sina.com).

In addition to supply risk, cost is another core issue that
e-commerce enterprises need to consider. As a result, a
strategy called ‘“‘drop-shipping” has been favored by an
increasing number of online retailers and suppliers. In drop-
shipping, an e-retailer does not keep stock but instead for-
wards orders to a supplier, who then prepares and ships
the orders directly to the end customers [5], [11]. Due
to the advantage of this strategy in saving logistics costs,
about 22% -33% of online retailers, such as Zappos, Cook-
ing, Spun and Doba, adopt drop-shipping as their primary
order fulfillment method [11].

In recent years, an increasing number of online retailers
have activated drop-shipping strategy to save logistics costs,
and used backup-sourcing strategy to mitigate the risk of
supply disruption. For example, Salehoo, a world-famous
drop-shipping platform, has more than 8,000 qualified sup-
pliers. The platform provides a list of suppliers for each
product so that when a retailer encounters the shortage from
her primary supplier, she can select other suppliers from the
list for backup [6]. To take another example, China’s well-
known online food retailer “Benlai” has involved a large
number of physical convenience stores and fruit/vegetables
supermarkets as its suppliers. If a customer places an order,
the retailer will ask the nearest supplier to deliver directly
to the customer. Moreover, once the supplier closest to
the customer is out of stock, the second nearest supplier
(i.e., the backup supplier) can quickly make up the goods
(money.163.com). Thus, motivated by operational examples,
we investigate the drop-shipping and backup-sourcing strate-
gies for e-commerce related supply chain under the risk of
supply disruption.

Although there is rich literature that investigates drop-
shipping strategy (e.g., [4]-[7], [9]-[11]) or backup-sourcing
strategy (e.g., [12]-[21]), there is little literature considering
both. To explore the strategic usage of drop-shipping and
backup-sourcing under supply risk, we propose the follow-
ing model. Consider an e-retailer sourcing some units of a
product from a supplier to meet the random demand of online
customers. The units of the product are always held by the
supplier, and then are directly shipped to the end customers
from the supplier side (i.e., drop-shipping strategy). However,
there is a disruption risk of the supplier’s supply. To mitigate
this risk, after the randomness of the supplier’s supply is
realized, the e-retailer can urgently order some units of the
product from a perfectly reliable outside option with a higher
cost (i.e., backup-sourcing strategy).

Our model sheds light on the following research questions.
First, for the online retailer, does the drop-shipping strat-
egy strengthen or weaken the value of the backup-sourcing
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strategy on risk mitigating? Our research shows that the
implementation of both the two strategies increases the profit
of the retailer. However, for the retailer, the backup-sourcing
strategy reduces the value of drop-shipping strategy, and vice
versa. Second, for the supplier, how does the backup-sourcing
strategy affect the value of the drop-shipping strategy on cost-
saving? We find that the implementation of the drop-shipping
strategy increases the supplier’s profit; whereas the usage of
the backup-sourcing strategy decreases that. Furthermore, for
the supplier, the backup-sourcing strategy increases the value
of the drop-shipping strategy, and vice versa. Third, for the
supply chain, what is the relationship between the two strate-
gies? Interestingly, our analysis shows that for the supply
chain, the two strategies are either substitutive when the logis-
tics cost is low or high and the backup-sourcing cost is low,
or complementary when the opposite is the case. Based on the
above important research questions and interesting results,
this study not only brings academic contributions to supply
chain management, but also provides significant manage-
ment insights for the operation management of e-commerce
enterprises.

The rest of this paper is organized as follows. Section II
reviews the related literature. Section III presents the model
description. Section IV provides the optimal solution of the
model and the decision analysis of the supply chain members.
Section V shows the values of the drop-shipping strategy and
backup-sourcing strategy. We extend our model in Section VI
and conclude this study in Section VII. All the proofs are
included in the Appendix.

Il. LITERATURE REVIEW

In previous studies, there are two streams of literature related
to this paper. The first stream of literature is concerned
with the drop-shipping strategy. Khouja (2001) analyzes
the advantage of the drop-shipping strategy on cost saving
and the disadvantage of that on uncontrollable logistics [7].
Netessine and Rudi compare three strategies for an online
retailer, i.e., holding inventory, drop-shipping, and a mixture
of the two, and obtain the dominant condition for each of
the three strategies [8]. Yao et al. design a revenue-sharing
mechanism for a drop-shipping supply chain, and find that
the mechanism not only encourages the supplier to improve
its reliability, but also allows the supplier to voluntarily
share its private cost information [4]. Gan et al. investigate
the commitment-penalty contract for a drop-shipping supply
chain in which the online retailer has private information
about demand [9]. Chiang and Feng examine a joint optimiza-
tion decision-making problem in the EOQ model for a retailer
who uses the drop-shipping strategy [10]. Cheong et al. study
the impact of opacity of inventory information on the supply
chain performance when the drop-shipping strategy is acti-
vated, and find that the retailer is more likely to underestimate
the inventory of the manufacturer than overestimate that;
in addition, the opacity has greatly increased the operating
costs of the retailer and the manufacturer, and this effect is
more significant for the former [5]. Yu et al. analyze the
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decision-making issue in which a manufacturer uses dual-
channel (i.e., online and offline) and needs to deter-
mine whether to adopt drop-shipping strategy or traditional
strategy (i.e., the retailer holding inventory) on the online
channel; the authors find that the manufacturer only adopt
drop-shipping strategy when the online retailer faces a small
market size [11]. Zeng et al. investigate the channel choice
between drop-shipping and traditional channel in a sup-
ply chain including a wholesaler and multiple financially
constrained e-retailers; the authors find that the wholesaler
always provides two channel options conditionally under
partial trade credit but may offer only one supply chain
structure under full trade credit [34]. Ma and Jemai examine
a single-period inventory model in which the store inventory
can be used to fulfill both offline demand and online demand,
and the drop-shipping is used as an additional option for
online sale; they analyze two rationing policies for store
inventory, i.e., the fixed-portion policy and the threshold
policy, and find that there exists an optimal order quantity
for store inventory and an optimal stock rationing level below
which the manager starts to use drop-shipping for online
demand [33]. Shi et al. consider a dual-channel supply chain
consisting of a manufacturer, an online retailer, and a physical
store, where the online order can be fulfilled by either the tra-
ditional wholesale contract or the drop-shipping contract; the
authors find that when the matching probability of the product
and the cost of travel to the physical store are relatively low,
drop-shipping contract is the only option. They also show
that no matter what kind of contract is signed, the online
retailer can benefit from the unbalanced bargaining power
of dual-channel retailers [32]. Different from the previous
literature on drop-shipping, this study considers supply risk
in the drop-shipping supply chain.

The second stream of literature focuses on backup-
sourcing strategy under supply risk. Tomlin studies a strat-
egy selection problem (i.e., determining whether to hold
excessive inventory or implement backup-sourcing) for a
firm who faces the supply disruption risk from the primary
supplier, where the backup supplier has higher cost than the
primary supplier but is perfectly reliable; the author analyzes
the dominant condition for each of the two strategies [12].
Kouvelis and Li investigate the backup-sourcing strategy
for a buyer who faces the random lead time from its pri-
mary supplier [13]. Hou et al. explore a buyback contract
between a buyer and a backup supplier when the buyer
faces the risk of supply disruption from its primary sup-
plier [14]. Hou and Zhao consider a supply chain involving
one retailer and two suppliers, i.e., a main supplier and a
backup supplier, where the backup supplier can be used as
a regular provider or a stand-by source, and the backup
contract with penalty scheme is proposed to cope with the
supply disruption (from the main supplier) and the demand
uncertainty [37]. Chen and Yang investigate a periodically
reviewed inventory system with backup options, in which the
expensive backup supplier with limited capacity can be acti-
vated when the primary supplier suffers from disruption [15].
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Considering that the contract supplier has a random yield,
Chen and Xiao examine the backup-sourcing strategy for
the buyer and the production plan for the supplier; in addi-
tion, the value of backup-sourcing strategy is also investi-
gated [16]. Zeng and Xia design a revenue-sharing contract
for backup-sourcing of a buyer, and find that the contract
not only responds to the supply disruption risk from the
primary supplier, but also encourages the backup supplier
to reserve capacity for the buyer [17]. Guo et al. study a
procurement problem in which the primary supplier suffers
from both random disruption and random yield, and ana-
lyze the impact of these two different risks on regular and
backup-sourcing decisions [18]. Kamalahmadi and Parastb
evaluate the effectiveness of a combination strategy with
holding inventory, backup-sourcing, and protecting suppliers
in mitigating supply risk [19]. Li e al. consider a supply
chain including a manufacturer and a supplier with supply
disruption, and propose two dynamic mitigative approaches;
that is, a dynamic reactive strategy for a non-prevention
system named passive-backup, and a dynamic combination
strategy that contains reactive and proactive strategies for
the prevention system named recovery-backup [35]. In the
case of the major supplier’s disruption risk, Yin and Wang
compare three different backup-sourcing strategies for the
manufacturer, i.e., advance purchase, reservation, and con-
tingency purchase; they find that the manufacturer selects the
advance purchase strategy when the disruption risk is high,
reservation strategy when the disruption risk is moderate,
and contingency purchase strategy when the disruption risk is
low [20]. Gao et al. study three strategies (i.e., safety stock,
strategic reserve, and backup-sourcing) for a manufacturer
to mitigate the supply disruption risk [3]. Considering both
instant and delaying consumers, Du and Jiang compare two
risk mitigating strategies, i.e., backup-sourcing and relia-
bility improvement, and analyze the dominant condition of
each of the two strategies [21]. He et al. examine a make-
to-stock production-inventory system where the manufac-
turer may suffer supply disruption; the authors forecast the
post-disruption customer behavior, propose dynamic backup-
sourcing strategy, and derive the optimal sourcing time [36].
Different from previous research, our study is, to the best of
our knowledge, the first to examine the strategic combination
of drop-shipping and backup-sourcing under supply risk.

Ill. MODEL

A. MODEL DESCRIPTION

Consider an e-retailer selling a product to the customers of
an offshore market through an e-commerce platform. The
market demand D faced by the retailer is random and fol-
lows the uniform distribution on [0, d] (see, [22]—[25]).] The
market is fully competitive; thus, the market price p of the

IWe will extend our model in Section VI to the situation where D follows
general distribution.
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product is exogenous (see, [7], [9], [23], [26]).2 In order
to meet the demand, the retailer needs to order the product
from a supplier. For convenience, this order is referred to
as the regular order. The supplier firstly determines the unit
wholesale price w and then the retailer determines the regular
order quantity Q,. After getting the regular order, the supplier
starts to produce the product. Assume the unit production
cost of the supplier is c (e.g., [40]); thus, the total production
cost is cQ,. However, the supply of the supplier is unreliable
due to various potential factors such as natural disasters,
terrorist attacks, technical failures, and worker strikes, etc.
This unreliability is reflected in the disruption risk; thus,
as with previous studies (e.g., [27]-[29]), we assume that the
supplier’s fulfillment rate § follows the distribution (0, 1), i.e.,
5 1, with probability a
~ |0, with probability 1 — a

where 0 < a < 1. Note that a is the probability of successful
delivery by the supplier; then, similar to previous studies
(e.g., [27]-[29]), we define a as the reliability of the supplier.
As a result, the quantity actually supplied by the supplier
is §Q,, and the retailer needs to pay éwQ, (that is, once the
supply fails, the retailer pays O to the supplier).

In order to save the cost of logistics, the retailer and the
supplier adopt the mode of drop-shipping; that is, after each
purchase is placed by a customer, the retailer transmits cor-
responding information (e.g., the address of the customer,
the purchase quantity, etc.) to the supplier, and then the sup-
plier directly delivers the product to the customer. We assume
that the unit logistics cost of the delivery is ¢;, which is paid
by the retailer. This drop-shipping strategy is very common
in both theoretical research (e.g., [4], [5], [7]) and opera-
tional practice (e.g., Amazon and Tmall, which are mentioned
in [11]).

To mitigate the disruption risk from the supplier, after the
supplier has finished the production (i.e., after the retailer
has observed the realized §), the retailer can urgently order
some units of the product from a nearby outside option (e.g., a
spot market or a short-term cooperative supplier). For conve-
nience, this order is referred to as the backup order. Suppose
the unit cost of the backup order is r. The retailer needs to
determine the backup order quantity Q. The units of product
from the backup order will be delivered to customers by the
retailer, and the unit logistics cost will be also ¢;. Since the
backup source is near the retailer, the logistics cost of backup-
sourcing is assumed to be zero.

Finally, the retailer sells the product through the
e-commerce platform. Unsold units are discarded, and unsat-
isfied demand is lost. The timeline of the events is shown
in Figure 1.

20n online retail platforms, consumers can easily compare the retail prices
of products. As a result, the retail prices of similar products are almost the
same; in other words, a retailer has little flexibility to make decisions about
product price. Thus, we adopt the classic assumption of the newsvendor
model; that is, we assume that the demand for the product is random, and the
price of the product is exogenous. This assumption is very common in the
studies related to the online retail market (e.g., [4], [5], [7], [9], [33], [34]).
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To investigate the value of the drop-shipping strategy,
we also need to examine the scenarios (i.e., Scenarios 1 and 3
mentioned later) in which the drop-shipping strategy is not
activated. In these scenarios, the supplier needs to deliver
the yielded units of the product to the retailer, and then the
retailer delivers them to customers. Since the supplier and the
retailer are geographically far apart, without loss of general-
ity, we assume the unit logistics cost from the supplier to the
retailer in the traditional mode as ¢;. To avoid meaningless
discussions, two assumptions are made as follows:

Assumption 1: p > r + ¢;. This assumption implies
that the unit (market) price of the product (i.e., p) is higher
than the sum of the unit backup order cost (i.e., ) and unit
delivery cost (i.e., ¢;). This assumption is to ensure that the
backup-sourcing of the retailer is profitable.

Assumption 2: r > c/a + c;. This assumption means that
the unit backup order cost (i.e., r) is greater than the sum of
the expected unit production cost of the supplier (i.e., c/a) and
unit delivery cost (i.e., ¢;). If this assumption is not held, in the
scenarios where the drop-shipping strategy is not used (i.e.,
Scenarios 1 and 3 mentioned later), the retailer will always
use backup order to meet the demand, and the regular order
cannot be activated.

B. NOTATION
Table 1 shows the main variables and parameters used in our
study.

TABLE 1. A list of notations.

Notation  Description

p Market price

d Upper bound of the demand

D The random demand faced by the retailer, which
follows U[0,d]

0, Regular order quantity determined by the retailer in
Scenario i

0, Backup order quantity determined by the retailer in
Scenario i

o Random yield of the supplier, which follows the (0-1)
distribution

c Unit production cost of the supplier

G Unit logistics cost of the delivery

r Unit cost of the backup order

a Reliability of the supplier

w; Unit wholesale price determined by the supplier in
Scenario i

P Expected profit of the supplier in Scenario i

Expected profit of the retailer in Scenario i

IV. DECISION ANALYSIS FOR THE SUPPLY CHAIN

In this section, we discuss the optimal decisions for the
supplier and the retailer in the following 4 scenarios.
In Scenario 1, neither the drop-shipping strategy nor the
backup-sourcing strategy is activated (see, subsection A).
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The retailer determines
the regular order
quantity purchased from
the supplier

The retailer determines the backup
order quantity from a reliable but
expensive outside option (i.e.,
backup-sourcing strategy)

The regularly ordered units of the product are
delivered to customers by the supplier (i.e.,
drop-shipping strategy), and the backup ordered

units are delivered to customers by the retailer

\ \
The supplier The supplier's
determines the unit production is over;
wholesale price that is, 0 is realized

FIGURE 1. Timeline of the events.

In Scenario 2, the supplier and the retailer only exer-
cise the drop-shipping strategy (see, subsection B).
In Scenario 3, the retailer only exercises the backup-
sourcing strategy (see, subsection C). In Scenario 4, both
drop-shipping strategy and backup-sourcing strategy are
activated (see, subsection D).

In order to distinguish the variables in different scenarios,
subscripts 1, 2, 3, and 4 are used to represent the labels
of Scenarios 1, 2, 3, and 4, respectively. For convenience,
we refer to the retailer as “she’ and the supplier as “he.”

A. OPTIMAL DECISIONS WITHOUT THE DROP-SHIPPING
STRATEGY AND BACKUP-SOURCING STRATEGY

In this subsection, we discuss the optimal decisions for the
supplier and the retailer when neither the drop-shipping
strategy nor the backup-sourcing strategy is activated
(i.e., in Scenario 1). In this scenario, the retailer needs to
determine the unit wholesale price, and the supplier needs to
decide on the regular order quantity.

Through backward induction, we first analyze the decision
of the retailer. Given the supplier’s unit wholesale price w
(the subscript “1” is the label of Scenario 1), the retailer
needs to determine the regular order quantity Q,; to maxi-
mize her own expected profit nf ,i.e.,

max 71 =aEp[p-min(D, Q;1)—w1Qr1 —c;-min(D, 0r1)]
rl

4+ (1—a)Ep[p-min(D, 0)—w;-0—c¢;-min(D, 0)] (1)
st. 0,1 >0 2)

where the superscript R is the label of the retailer, Ep[p -
min(D, Q;1) — w10,1 — ¢; - min(D, Q,1)] is the retailer’s
profit when § = 1 (i.e., no supply disruption occurs), and
Ep[p - min(D, 0) — w1 - 0 — ¢; - min(D, 0)] is that when § = 0
(supply disruption occurs).

Next, we analyze the wholesale price decision of the sup-
plier. The supplier needs to determine the unit wholesale price
w1 to maximize his own expected profit n{w ,i.e.,

M
max my" = aw1Qr1 — cQr1 — ac;Qri 3)
1

where aw;Q;1 is the expected revenue of the supplier, cQ;1
is the supplier’s production cost, and ac;Q, is the expected
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T >
The retailer sells the

product through the e-
commerce platform

logistics cost because the supplier has to deliver the product
to the retailer.?

By solving the aforementioned two programs, Lemma 1
can be obtained.

Lemma 1: When neither the drop-shipping strategy nor
the backup-sourcing strategy is activated (i.e., in Scenario 1),
the optimal wholesale price decision of the supplier is

ap +c
2a

and the optimal regular order quantity decision of the supplier
is

w, =

*
1

“

oF = d(ap — 2ac; — ¢)
T 2ap —¢p)

According to Lemma 1, we have 8w’1‘/8a = —c/2a2 <0
and Z)Q;*1 /Ba = cd/2a2(p —¢7) > 0; that is, the wholesale
price wj of the supplier is decreasing in the reliability a,
whereas the retailer’s order quantity Q7 is increasing in a.
This is because the lower the reliability of the supplier,
the higher the expected unit production cost. As a result,
when the reliability of the supplier is low, he needs to set a
high price to maintain his profit, and the order quantity of the
retailer is decreased accordingly.

Combining equations (1), (3), (4) and (5), the optimal
expected profit of the supplier in Scenario 1 is

&)

e
da(p — cp)

The corresponding optimal expected profit of the retailer is

(ap — 2ac; — c)* (©6)

Rx

=~ (ap —2ac, — c)?
T Sa(p—cl)(ap ac; — ¢)

3Note that the objective function of equation (3) is simplified from the fol-
lowing formula: 7" = a(w; —c—c;)Qr1+(1—a)(w;-0—c;-0—cQ,1), which
means that when the supply disruption occurs, the supplier’s post-profit
(i.e., wi -0 —¢; - 0 — cQ,1) is negative. This setting is realistic, because
in practice, the disruption risk often stems from a variety of emergencies,
such as natural disasters, political unrest, terrorist attacks, worker strikes, etc.
When such risk events (with small probability) occur, productive firms will
inevitably encounter losses (i.e., negative profit). In addition, despite this,
our mathematical program (i.e., equation (3)) can ensure that the supplier’s
(ex-ante) expected profit is positive, because the supplier’s wholesale price
decision is made before the randomness is realized. Furthermore, even if
we consider the salvage value, it will not change any property of the results
obtained in this paper, and the only difference is to replace c in the current
results with ¢ — s, where s is the unit salvage value. In fact, our setting that
does not consider the salvage value is very common in the studies related to
the risk of supply disruption (e.g., [3], [12], [17], [20], [35]-[37]).
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B. OPTIMAL DECISIONS WITH ONLY DROP-SHIPPING
STRATEGY

In this subsection, we discuss the optimal decisions for the
supplier and the retailer when only the drop-shipping strategy
is activated (i.e., in Scenario 2). In this scenario, the supplier
needs to determine the wholesale price, and the retailer needs
to decide on the regular order quantity.

Through backward induction, we first analyze the order
decision of the retailer. Given the supplier’s wholesale
price w» (subscript 2 is the label of Scenario 2), the retailer
needs to determine the order quantity Q,» to maximize her
own expected profit 7t§ ,1.e.,

max nX=aEp[p-min(D, Q2)— w202 —c;-min(D, 0,2)] (7)
r2
s.t. Q0 >0

where p - min(D, Q,) is the revenue that the retailer obtains
when 6 = 1, wa Q- is the corresponding order cost of the
retailer, and ¢; - min(D, Qy;) is the logistics cost paid to
the supplier who directly delivers the product to customers
according to the retailer’s requirement.

Next, we analyze the decision of the supplier. The supplier
only needs to determine a wholesale price w, to maximize his
own expected profit, i.e.,

M
max 7" = awyQr2 — cQr2 ®)
2

where aw> Q2 is the supplier’s expected revenue and cQ,- is
his production cost.

To solve the aforementioned 2 programs, Lemma 2 can be
obtained.

Lemma 2: When the retailer only exercises the drop-
shipping strategy (i.e., in Scenario 2), the optimal wholesale
price decision of the supplier is

« ap—+c—ac
wy = 7 )
and the optimal regular order quantity decision of the retailer
is
- d(azp ac; — c) (10)
a(p —cp)

According to Lemma 1 and 2, we can obtain Corollary 1.

Corollary 1: Compared with Scenario 1 (i.e., neither the
drop-shipping strategy nor the backup-sourcing strategy is
activated), the implementation of the drop-shipping strategy
(i.e., Scenario 2) decreases the wholesale price of the supplier,
i.e., wy < wj, but increases the regular order quantity of the
retailer, i.e., Q7, > Q7.

When the drop-shipping strategy is not activated
(i-e., in Scenario 1), the cost of the supplier consists of two
parts; that is, production cost and logistics cost. However,
the usage of the drop-shipping strategy (i.e., Scenario 2) saves
the logistics cost for the supplier; thus, the wholesale price of
the supplier is reduced and the order quantity of the retailer
is correspondingly increased. The management insight of
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Corollary 1 is that the implementation of drop-shipping
improves the efficiency of the supply chain.

Combining equations (7), (8), (9) and (10), the optimal
expected profit of the supplier in Scenario 2 is

we d

% _ )2
Ty _4a(p—c1)(ap ac; — ¢) (11D

Correspondingly, the optimal expected profit of the retailer is

Rx

_ _ )2
Ty = —Sa(p—cl)(ap ac; — c)

C. OPTIMAL DECISIONS WITH ONLY BACKUP-SOURCING
STRATEGY

In this subsection, we discuss the optimal decisions for the
supplier and the retailer when only the backup-sourcing strat-
egy is activated (i.e., in Scenario 3). In this scenario, the
supplier needs to determine the wholesale price, and the
retailer needs to decide on both the regular order quantity and
the backup order quantity.

Through backward induction, we first analyze the backup
order decision of the retailer. Given the supplier’s wholesale
price w3 (subscript 3 labels Scenario 3), the retailer’s regular
order quantity Q,3, and the realized yield rate §, the retailer
needs to determine the backup order quantity Qp3 to maxi-
mize her profit 71,; that is,

max mfs = Eplp - min(D, Qp3 + 80,3) — w38Qr3
b3

—rQp3 — ci(min(D, Op3 + 30;3))] (12)
s.t. Op3 >0 (13)

where p-min(D, Qp3+50,3) is the retailer’s revenue, w35Q;3
is the regular order cost, rQp3 is the backup order cost,
and c;(min(D, Qp3 + 80;3)) is the logistics cost yielded by
delivering the product from the retailer side to customers.

Next, we analyze the retailer’s regular order decision.
Given the supplier’s wholesale price w3, the retailer needs to
determine the regular order quantity Q,3 to maximize her own
expected profit 7r§ ,1.e.,

max 7§ = aEp[p - min(D, Qp3 + 0r3) — w303

Or3
—rQp3 — ci(min(D, Op3 + 03))] (14)
+ (1 —a)Eplp - min(D, Op3) — rOp3
— ci(min(D, Op3))]

st. 93>0

where Eplp - min(D, Op3 + Or3) — w303 — 70p3 —
c;(min(D, Qp3+0r3))] is the profit of the retailer when § = 1,
and Ep[p-min(D, Qp3)—rQp3 —c;(min(D, Qp3))] is the profit
of the retailer when 6 = 0.

Finally, we analyze the supplier’s wholesale price decision.
The supplier only needs to determine the wholesale price w3
to maximize his own expected profit né"’ ,1.e.,

M
max 73 = aw30r3 — ¢cQr3 — ac;Q0r3 (15)
3
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where aw3(Q,3 is the supplier’s expected revenue, cQ,3 is
the supplier’s production cost, and ac;Q,3 is the expected
logistics cost incurred by the supplier to deliver the product
to the retailer.

To solve the aforementioned 3 programs, Lemma 3 can be
obtained.

Lemma 3: When the retailer only exercises the backup-
sourcing strategy (i.e., in Scenario 3), the optimal wholesale
price of the supplier is

«_J@p+0o/2a, r=(ap+c))2a
" r, r < (ap+c)/2a

the optimal regular order quantity of the retailer is

OF, = d(ap—2acl—c)/2a(p—cl), rZ(ap+c)/2a
e dp—ci—r)/(p—cp, r<(ap+c)/2a

and the optimal backup order quantity of the retailer is

or =10 §=1
B ldp—ca—n/p—c), §=0

Lemma 3 shows that in Scenario 3 (i.e., when only the
backup-sourcing strategy is activated), the retailer orders
from the supplier even if the wholesale price of the supplier
equals to the backup-sourcing cost, i.e., w§ = r. This is
because, in this case, there is no difference between regular
ordering and backup-sourcing for the retailer in terms of the
profit. However, in order to maintain a long-term relationship
with the supplier, the retailer tends to order from the supplier.
Moreover, even if the regular order is not eventually delivered
(i.e., a supply disruption occurs), the retailer can still imple-
ment backup-sourcing at a unit cost of r.

Corollary 2: Compared with Scenario 1 (i.e., neither the
drop-shipping strategy nor the backup-sourcing strategy is
activated), the implementation of the backup-sourcing strat-
egy (i.e., Scenario 3) reduces the wholesale price of the sup-
plier, i.e., w§ < wf], but increases the regular order quantity
of the retailer, i.e., Q7 > Q7.

As we all know, the backup-sourcing strategy plays a sig-
nificant role in mitigating supply risk. Interestingly, however,
Corollary 2 indicates that the backup-sourcing strategy also
plays a role in reducing the wholesale price of the upstream
firm. This is because the unit cost of the backup order is r,
which forces the wholesale price of the supplier not to be
higher than r, otherwise the retailer will give up the regular
ordering and directly implement the backup-sourcing. Thus,
the usage of the backup-sourcing strategy is equivalent to
introducing a competitor to the supplier. Then the supplier
has to lower his wholesale price, and the retailer accordingly
increases the regular order quantity.

Combining (14), (15) and Lemma 3, we obtain the optimal
expected profit of the supplier in Scenario 3 as follows

d(ap—2ac;—c)? _ap +c
—’ r_
M* _ 4a(p—cy) 2a
T = d(p—c;—r)(ar—ac;—c) ap+c (16)
, <
Pp—c1) 2a
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and corresponding optimal expected profit of the retailer as
follows

d(ap —2ac; — > (1 —a)d(p —c; —r)?

)

Balp —c1) 2(p — <)
s L e
7T3 = r - 2a
dip —c; —r)? ap +c

, r<
Qp —c) 2a

D. OPTIMAL DECISIONS WITH BOTH DROP-SHIPPING
STRATEGY AND BACKUP-SOURCING STRATEGY

In this subsection, we discuss the optimal decisions for
the supplier and the retailer when both the drop-shipping
strategy and the backup-sourcing strategy are activated
(i.e., in Scenario 4). In this scenario, the supplier needs to
determine the wholesale price, and the retailer needs to decide
on both the regular order quantity and the backup order
quantity.

Through backward induction, we first analyze the backup
order decision of the retailer. Given the wholesale price w4 of
the supplier (subscript 4 is the label of Scenario 4), the regular
order quantity Q,4 of the retailer, and the realized yield rate &,
the retailer needs to determine the backup order quantity Qpa
to maximize her profit 7154, ie.,

max 7y = Eplp - min(D, Qpa + 8Q0r4) — wad Q4
b4

—1Qp4 — cy(min(D, Ops + 80r4))] 17
s.t. Opa =0 (18)

where p-min(D, Qp4+5Q;4) is the retailer’s revenue, wad Q4
is the regular order cost, Qp4 is the backup order cost, and
c;(min(D, Qpsa + 8Q;4)) is the total logistics cost.

Next, we analyze the regular order decision of the retailer.
Given the supplier’s wholesale price wy, the retailer needs to
determine the regular order quantity Q4 to maximize her own
expected profit nf ,1.e.,

HQIaX 7R =aEp[p-min(D, Qps+Qra) —wsQra—rQps—ci
r4

-(min(D, Qps + Or4))] + (1 — a)Eplp
- min(D, Opa) — rQp4 — c;(min(D, Op4))]
s.t. 0y >0 (19)

where Eplp - min(D, Opa + Qra) — waQra — rQpa —
c;(min(D, Qpa+Qra))] is the retailer’s profit when § = 1, and
Epl[p-min(D, Qps) — rQps — c;(min(D, Op4))] is the retailer’s
profit when § = 0.

Finally, we analyze the wholesale price decision of the sup-
plier. The supplier only needs to determine the unit wholesale
price w4 to maximize his own expected profit, i.e.,

max 7y = awaQrs — cOna (20)

where aw4Q,4 is the supplier’s expected revenue and cQ,4 is
his production cost.

To solve the aforementioned 3 programs, Lemma 4 can be
obtained.
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Lemma 4: When both the drop-shipping strategy and the
backup-sourcing strategy are activated (i.e., in Scenario 4),
the optimal wholesale price of the supplier is

r>(ap+c—acy)/2a

W= (ap + ¢ — acy)/2a,
4 r, r < (ap+c—acy)/2a

the optimal regular order quantity of the retailer is

- d(p—cl—r)/(p—cl), r<(ap+c—ac1)/2a

o {d(ap—acl—c)/(Za(p—cl)), rz(ap—i—c—acl)/Za
rd —
and the optimal backup order quantity of the retailer is

0, s§=1
dp—c—r/p—c), §=0

Corollary 3: Compared with Scenario 3 (Scenario 2), the
implementation of drop-shipping strategy (backup-sourcing
strategy) reduces the wholesale price of the supplier, i.e.,
wy < w§ (w; < wj), but increases the regular order quantity
of the retailer, i.e., 0%, > Q75 (QF, = OF,).

Recall that Corollaries 1 and 2 show that the implementa-
tion of drop-shipping or backup-sourcing reduces the whole-
sale price of the supplier. Interestingly, Corollary 3 indicates
that the joint use of the two strategies further reduces the sup-
plier’s wholesale price. This is because, as mentioned before,
the usage of the drop-shipping strategy can reduce the cost of
the supplier, and the usage of the backup-sourcing strategy is
equivalent to introducing a competitor to the supplier; that
is, both the two strategies have the effect on reducing the
wholesale price of the supplier. Thus, the wholesale price
when both the two strategies are activated is lower than that
when only one strategy is used. Furthermore, the reduction
of the wholesale price naturally leads to an increase in the
regular order quantity of the retailer.

Combining (19), (20) and Lemma 4, the optimal expected
profit of the supplier in Scenario 4 is as follows: (1) if ¢; <
(ap — c)/3a, then

QZ4={

d(ap — acy —¢)? - ap + ¢ — acy

;
- 2a

M* dalp —c;))
T4 = dp—r —cplar —c) ap +c¢ —ac
bl < - A
p—c 2a
1)
(2)If ¢; > (ap — ¢)/3a, then
w}l" = d(ap — ac; — ¢)* Aa(p — ¢)) (22)

Similarly, the optimal expected profit of the retailer in
Scenario 4 is

(1—a)d(p —c; —r)?
2(p —c1)
dip —c; — r)2
2(p— 1) ]

b

R d(ap — ac; — c)?
Ty = max
Ba(p — ¢1)
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V. VALUES OF THE DROP-SHIPPING STRATEGY AND
BACKUP-SOURCING STRATEGY
In this section, we will discuss the impacts of drop-shipping
strategy and backup-sourcing strategy on the profits of the
supplier, the retailer and the supply chain.

Proposition 1: Regardless of whether backup-sourcing
(drop-shipping) strategy is activated, the implementation of
drop-shipping (backup-sourcing) strategy can increase the

profit of the retailer, i.e., 7X* R and 7f* > #

(7r§* > nf* and Jrf* > nf*).

Proposition 1 shows that when the backup-sourcing strat-
egy is not activated (i.e., in Scenarios 1 and 2), the imple-
mentation of drop-shipping strategy increases the retailer’s
profit, i.e., 715* > nf*. Similarly, when the backup-sourcing
strategy is activated (i.e., in Scenarios 3 and 4), the usage
of drop-shipping strategy also increases the retailer’s profit,
ie., nf* > n§*. This is because the usage of drop-shipping
strategy can reduce the cost of the supplier, thereby reducing
his wholesale price. Correspondingly, the order quantity of
the retailer increases; as a result, the retailer’s profit increases,
too. Proposition 1 also shows that when the drop-shipping
strategy is not activated (Scenarios 1 and 3), the implemen-
tation of the backup-sourcing strategy increases the retailer’s
profit, i.e., nf* > nf?*. Similarly, the usage of the backup-
sourcing strategy also increases the retailer’s profit, i.e.,
nf* > nf*, when activating the drop-shipping strategy
(Scenarios 2 and 4). This is because the backup-sourcing
strategy can mitigate the supply disruption risk.

Define
VR = gl _ R

as the value of drop-shipping strategy to the retailer when the
backup-sourcing strategy is not activated. Similarly, define
VE =l — nf
as the value of drop-shipping to the retailer when the backup-
sourcing strategy is activated. Define
Vf = gt e
as the value of backup-sourcing strategy to the retailer when
the drop-shipping strategy is not activated. Similarly, define
VR — qfx _ gix
as the value of the backup-sourcing strategy to the retailer
when the drop-shipping strategy is activated. Then we have
Proposition 2.

Proposition 2: For the retailer, there is substitutability
between the drop-shipping and backup-sourcing strategies,
ie, VR <vRand vE < VR

Interestingly, Proposition 2 shows that the two seemingly
unrelated strategies of drop-shipping and backup-sourcing
are substitutive. This is because for one thing, from the
aforementioned analysis (i.e., Corollary 1), it can be found
that the usage of the drop-shipping strategy can decrease the
wholesale price of the supplier. Thus, the retailer increases
the regular order quantity; that is, the drop-shipping strategy
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FIGURE 2. Substitutability between the drop-shipping and
backup-sourcing strategies for the retailer.

Note: Vlﬁi (Vf) is the value of drop-shipping strategy to the retailer
when the backup-sourcing strategy is (not) activated; the parameters are
d=100,c=1,p=5,¢;,=0.5,a=0.8.

makes the retailer more dependent on the supplier. At this
time, if the backup-sourcing strategy is added, which is equiv-
alent to introducing a competitor to the supplier, the retailer’s
regular order quantity will decrease; that is, the depen-
dence of the retailer on the supplier will be reduced. There-
fore, the implementation of the backup-sourcing strategy
reduces the value of drop-shipping (i.e., VX, < V&) For
another, the usage of backup-sourcing strategy can miti-
gate supply risk. At this time, if the drop-shipping strat-
egy is added, the wholesale price of the supplier will
decrease (see, Corollary 1), and the retailer’s regular order
quantity will increase; that is, the retailer is less depen-
dent on the backup-sourcing. Thus, the implementation
of the drop-shipping strategy also reduces the value of
the backup-sourcing strategy (i.e., V[ﬁ < V}f). Based on the
aforementioned two aspects, there is substitutability between
the two strategies. The management insight is that when both
the two strategies are activated, the benefits that the retailer
receives are less than expected. In other words, for the retailer,
the drop-shipping and backup-sourcing may not be the most
ideal strategic combination. Thus, the retailer can try other
risk-mitigating or cost-saving strategies to find out a better
combination of strategies.

Figure 2 visualizes the formula Vlffi < Vf, which is equiv-
alent to Vtﬁ, < Vf according to the proof of Proposition 2;
that is, this figure illustrates the results of Proposition 2.
In addition, it can be also found from Figure 2 that in the
case of activating the backup-sourcing strategy, the value of
drop-shipping strategy to the retailer (i.e., Vfd) is equal to
zero when r is small, increasing when r is moderate, and
constant when r is large. This is because when r is small,
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the supplier’s wholesale price is equal to the unit backup
order cost r (see, Lemma 4). It means that there is no dif-
ference between regular ordering and backup-sourcing; thus,
the value of drop-shipping strategy to the retailer is zero.
When r is moderate, the wholesale price of the supplier is
less than the unit backup order cost r, and the retailer has
the cost advantage through regular ordering, so the value of
drop-shipping strategy to the retailer is positive; moreover,
with the increasing of the unit backup order cost r, the retailer
decreases the backup order quantity and correspondingly
increases the regular order quantity, then the value of drop-
shipping strategy to the retailer also increases. When r is
large, the retailer only places regular order without backup-
sourcing; thus, the value of drop-shipping strategy to the
retailer reaches the maximum and remains constant. Figure 2
also shows that VX — VX, weakly decreases in r; that is, for
the retailer, the substitutability of the two strategies decreases
in the backup-sourcing cost. This is because, with the unit
backup-sourcing cost increasing, the backup order quantity
decreases. As aresult, the substitutability of the two strategies
is weakened.

There is rich literature that investigates drop-shipping
(e.g., [41, [6], [7], [9], [11], [33]) or backup-sourcing
(e.g., [12], [14], [15], [17], [18], [20], [21]) strategy. These
studies show that the use of drop-shipping or backup-sourcing
strategy can increase the downstream retailer’s profit. Differ-
ent from the existing research, our study considers both of
the two strategies, and finds that although each strategy can
increase the retailer’s profit, there is substitutability between
the two strategies for the retailer; that is, when both of the two
strategies are activated, the retailer’s profit increment will be
less than expected. Furthermore, our study also shows that
such substitutability decreases in the backup-sourcing cost.

Proposition 3: The implementation of the drop shlppmg

strategy increases the supplier’s profit, i.e., né” > 71{”

and 714 M rr3 M”. whereas the usage of the backup sourcing
strategy decreases the supplier’s profit, i.e., 7t3 < n{” " and
<t

Proposition 3 shows that no matter whether the backup-
sourcing strategy is activated (Scenarios 3 and 4) or not
(Scenarios 1 and 2), the implementation of drop- shlppmg
1ncreases the supplier’s profit, i.e., né” S JT{” and 774 >

. This is because the usage of drop-shipping strategy
can reduce the cost of the supplier (i.e., save the logis-
tics cost for the supplier). Proposition 3 also shows that
no matter whether the drop-shipping strategy is activated
(Scenarios 2 and 4) or not (Scenarios 1 and 3), the implemen-
tation of the backup—sourcing strategy reduces the supplier’s
profit, i.e., 7[4” < n{” " and ni” < 712 . This is because the
implementation of the backup-sourcing strategy is equivalent
to introducing a competitor to the supplier, forcing the sup-
plier to lower his wholesale price (Corollary 3.2); as a result,
the supplier’s profit is reduced.

Define

* *
Vi' =m' -
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as the value of the drop-shipping strategy to the supplier
when the backup-sourcing strategy is not activated. Similarly,
define
M M* M*
Voa =74 — 73
as the value of the drop-shipping strategy to the supplier when
the backup-sourcing strategy is activated. Define

M _ _M*_ _M*
Vy =m3 —m

as the (negative) value of backup-sourcing strategy to the
supplier when the drop-shipping strategy is not activated.
Note that Vé"’ is negative; thus, Vlf” is actually a loss to
the supplier caused by the retailer implementing backup-
sourcing strategy. Similarly, define
VL% =M _ néw '

as the (negative) value of the backup-sourcing strategy to the
supplier when the drop-shipping strategy is activated. Then
we obtain Proposition 4.

Proposition 4: For the supplier, the drop-shipping and
backup-sourcing are complementary strategies, i.e., V,% >
Vi and VIl > VM.

For the supplier, the implementation of the backup-
sourcing strategy reduces his profit (Proposition 3); thus,
it would be intuitive to imagine that the usage of the
backup-sourcing strategy also reduces the value of the
drop-shipping strategy. However, according to Proposition 4,
the fact is exactly the opposite: the implementation of
the backup-sourcing strategy increases the value of the
drop-shipping strategy; i.e., VI% > VZIW . This is because
the backup-sourcing strategy is equivalent to introducing
a competitor to the supplier, and then the supplier needs
to use the drop-shipping strategy to reduce his cost to
gain competitive advantage. As a result, the implementation
of the backup-sourcing strategy increases the value of the
drop-shipping strategy; that is, for the supplier, they are
complementary strategies. The management insights are that
although the backup-sourcing strategy results in the loss
of the supplier’s profit, this loss is smaller than expected
when both the drop-shipping and backup-sourcing strate-
gies are activated. Furthermore, according to the definitions
of VM, vI vM and VM, it is not difficult to find that
IV —vMy/oc = 0 and a(VY — VI /dc > 0; that
is, the supplier can increase the complementary of the two
strategies by reducing his production cost.

Figure 3 visualizes the result of Proposition 4
(i.e., VM > V). In addition, it can be also found from
Figure 3 that when the backup-sourcing strategy is acti-
vated, the value of the drop-shipping strategy to the supplier
(.e., VI%) fist decreases and then increases in r. This is
because when r is low, the supplier sets a wholesale price
which is exactly equal to the unit backup-sourcing cost r,
i.e., wj = r (see, Lemma 4); then with the increase of r,
the wholesale price increases, and the regular order quantity
of the retailer decreases, thus, the value of the drop-shipping
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FIGURE 3. Complementarity between the drop-shipping and
backup-sourcing strategies for the supplier.

Note: V% (Véw ) is the value of drop-shipping strategy to the supplier
when the backup-sourcing strategy is (not) activated; the parameters are
d=100,c=1,p=5,¢;,=0.5,a=0.8.

strategy to the supplier decreases. When r is large, the whole-
sale price of the supplier is less than the unit backup-sourcing
cost (see, Lemma 4); then with the increase of r, the retailer
reduces the backup-sourcing quantity and correspondingly
increases the regular order quantity, thus, the value of the
drop-shipping to the supplier increases. Figure 3 also shows
that V) — v first decreases and then increases in r, which
means that for the supplier, the complementarity of the two
strategies first decreases and then increases in r.

To the best of our knowledge, there is abundant literature
examining drop-shipping (e.g., [4], [6], [7], [9], [11], [33]) or
backup-sourcing (e.g., [12], [14], [15], [17], [18], [20], [21])
strategy, which shows that the drop-shipping (backup-
sourcing) strategy increases (decreases) the supplier’s profit.
Different from previous research, in this study, we consider
both of the two strategies, and find that although the drop-
shipping (backup-sourcing) strategy makes the supplier’s
profit increase (decrease), the implementation of backup-
sourcing increases the value of the drop-shipping strategy
for the supplier. Furthermore, such increment in value first
decreases and then increases in the backup-sourcing cost.

Define

S R M* R M*
Vd =7T2*+7T2 _(7[1*"_77:1 )

as the value of drop-shipping strategy to the supply chain
when the backup-sourcing strategy is not activated. Similarly,
define

S Rx M* Rx M*
Vbd 2774 +7T4 _(773 +7T3 )
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FIGURE 4. The relation between the drop-shipping and backup-sourcing
strategies for the supply chain.

Note: ¢j1 = 2(ap — ¢)/(Ta); cjp = (ap — ¢)/(2a); r1 = (2ap + 6¢)/(8a);
01(c;) = (ac; +2ap + 6¢)/(8a), where ¢; < «c¢y1; 62(c;) = (4ac;—
ap + 3¢)/(8a), where ¢; > cj3.

as the value of drop-shipping strategy to the supply chain
when the backup-sourcing strategy is activated. Define

S R M* R M*
Vb =7T3*+7T3 _(77:1*"_7[1 )

as the value of backup-sourcing strategy to the supply chain
when the drop-shipping strategy is not activated. Similarly,
define

S _ R M* R M*
Vip =73 +7g — (0" 47y )

as the value of the backup-sourcing strategy to the supply
chain when the drop-shipping strategy is activated. Then
Proposition 5 is obtained.

Proposition 5: For the supply chain: (i) when ¢; > (ap—c)/
(2a), the drop-shipping and backup-sourcing are either sub-
stitutive strategies (i.e., V3, < V5, V3, < VHifr >
(4ac; — ap + 3c) / (2a), or complementary strategies (i.e.,
Ve > VS, VS > VI)if r < (dac; — ap + 3c)/(a); (i)
when 2(ap — ¢) / (7a) <c; < (ap—c) / (2a), there is substi-
tutability between the two strategies (i.e., ij < Vbs, Vlfd <
Vj); (iii) when ¢; < 2(ap — c)/(7a), the drop-shipping and
backup-sourcing are either substitutive strategies (i.e., thb <
VS, Ve, < VI if r > (ac; + 2ap + 6¢)/(8a), or com-
plementary strategies (i.e., VdSb > V}f , Vhsd > Vg) if r <
(ac; + 2ap + 6c)/(8a).

Figure 4 visualizes the results of Proposition 5; that is, for
the supply chain, there is either substitutability or comple-
mentarity between the drop-shipping and backup-sourcing
strategies. This is because, for the retailer, there is substi-
tutability of the two strategies (see, Proposition 2), whereas
for the supplier, the two strategies are complementary
(see, Proposition 4); thus, for the supply chain, the relation-
ship of the two strategies depends on the trade-off between the
substitutability and complementarity. Specifically, the low
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backup-sourcing cost is equivalent to introducing a strong
competitor to the supplier, and the supplier urgently needs
to reduce his own cost by drop-shipping to maintain his
competitive advantage; that is, the backup-sourcing strategy
has a significant role in enhancing the value of drop-shipping
strategy, and the two strategies are significantly complemen-
tary to the supplier. Moreover, the high logistics cost makes
the effect of the drop-shipping strategy on the reduction of the
supplier’s cost more significant; that is, the complementarity
becomes stronger. Thus, when the logistics cost is high and
the backup-sourcing cost is low (i.e., the lower right cor-
ner of Figure 4), the complementarity of the two strategies
for the supplier dominate the substitutability of that for the
retailer; that is, the two strategies are complementary for
the supply chain. According to the aforementioned analy-
sis, it can be found that the two strategies are complemen-
tary in the condition of low backup-sourcing cost. The low
logistics cost makes the value of the drop-shipping strat-
egy to the retailer small, thus, for the retailer, the existence
of the backup-sourcing strategy weakens the value of the
drop-shipping strategy; that is, the substitutability of the two
strategies for the retailer is weak. As a result, when both
the logistics cost and the backup-sourcing cost are low (i.e.,
the lower left corner of Figure 4), the complementarity of the
two strategies for the supplier dominate the substitutability of
that for the retailer; that is, the two strategies are complemen-
tary for the supply chain. In other cases, (i.e., in addition to the
aforementioned two cases), according to similar analysis, it is
easy to conclude that the substitutability of the two strategies
for the retailer dominate the complementarity of that for the
supplier; that is, the two strategies are substitutive for the
supply chain.

The management insights of Proposition 5 are as
follows. When the logistics cost is low or high and the
backup-sourcing cost is low, both the drop-shipping and
backup-sourcing strategies should be activated, because the
supply chain can obtain higher-than-expected profit; whereas
in other cases, the supply chain obtains lower-than-expected
profit, thus, the supply chain can try other risk-mitigating
or cost-saving strategies to find out the most ideal strategic
combination.

Different from the existing studies which investigate drop-
shipping (e.g., [4], [6], [7], [9], [11], [33]) or backup-sourcing
(e.g., [12], [14], [15], [17], [18], [20], [21]) strategy sep-
arately, our study is the first to analyze the relationship
between the two strategies. Furthermore, we show that for
the supply chain, the drop-shipping and backup-sourcing are
either substitutive strategies when the logistics cost is low or
high and the backup-sourcing cost is low, or complementary
strategies when the opposite is the case.

VI. EXTENSION

In this section, we extend our model to the situation where
demand D follows the general distribution with cumulative
distribution function F and probability density function f on
[0, d] (e.g., [39]). Then we obtain Lemma 5.

VOLUME 8, 2020



N. Zeng et al.: Drop-Shipping and Backup-Sourcing Strategies Under the Risk of Supply Disruption

IEEE Access

Lemma 5: When demand D follows the general dis-
tribution, in the Scenario of both drop-shipping and
backup-sourcing strategies being activated, the optimal
wholesale price of the supplier is

wf* = min(r, w*)

the optimal regular order quantity of the retailer is
_ min(r, w*)
O =F'1l-—")
pP—cq
and the optimal backup order quantity of the retailer is
-1 r
F7d———), §=0

p—ca
0, =1

*
Qb4 =

where

w
p—c

Lemma 5 extends the results of Lemma 4. Similarly,
the optimal decisions of the retailer and the supplier in other
simpler scenarios (i.e., Lemmas 1, 2, and 3) can also be
extended to the situation where demand D follows the gen-
eral distribution, and the idea of the extensions is similar to
Lemma 5. For simplicity, we don’t repeat them here.

1.

w* = argmax (aw — ¢)F ~'[1 —

VIl. CONCLUSION

Considering the supply disruption risk, we investigate the
optimal order decisions of the e-retailer and the opti-
mal wholesale price decision of the supplier when the
drop-shipping strategy and the backup-sourcing strategy can
be activated. The relationship of the two strategies is also
examined in this paper.

We find that the implementation of drop-shipping strategy
reduces the wholesale price of the supplier and increases the
regular order quantity of the retailer, as does the implemen-
tation of backup-sourcing strategy. For the retailer, both the
drop-shipping and backup-sourcing strategies can increase
her profit, and there is substitutability between the two strate-
gies. This is because drop-shipping strategy makes the whole-
sale price of the supplier decrease and the regular order
quantity of the retailer increase; that is, it makes the retailer
less dependent on the backup-sourcing. Thus, for the retailer,
the implementation of drop-shipping strategy reduces the
value of the backup-sourcing strategy (i.e., the two strategies
are substitutive). We also observe that for the supplier, the
drop-shipping strategy makes his profit increase, whereas the
backup-sourcing strategy makes that decrease; but the drop-
shipping and backup-sourcing are complementary strategies
for him. This is because the backup-sourcing strategy is
equivalent to introducing a competitor to the supplier, and
then the supplier needs to use drop-shipping strategy to
reduce his cost to gain competitive advantage. As a result,
for the supplier, the implementation of the backup-sourcing
strategy increases the value of the drop-shipping strategy
(i.e., the two strategies are complementary). Furthermore,
depends on the trade-off between the substitutability of the
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two strategies for the retailer and the complementarity of
that for the supplier, for the supply chain, the drop-shipping
and backup-sourcing are either substitutive strategies when
the logistics cost is low or high and the backup-sourcing
cost is low, or complementary strategies when the opposite
is the case. Finally, by numerical study, we show that for the
retailer, the substitutability of the two strategies decreases in
the backup-sourcing cost, and for the supplier, the comple-
mentarity between the two strategies first decreases and then
increases in the backup-sourcing cost.

There are several extension directions for this paper. First,
our study assumes that the production cost is linear; but in
reality, there may be economies or diseconomies of scale for
production. Thus, this paper can be extended to the situation
of nonlinear production cost. In this situation, it is an inter-
esting research question how the economies/diseconomies
of scale will affect the substitutability or complementarity
between the drop-shipping and backup-sourcing strategies.
Second, we assume that the supplier’s unit production cost
is common knowledge in this paper; however, in operational
practice, the unit production cost may be the supplier’s private
information, so the future research can extend this study to
the case of asymmetric information. In this case, it is difficult
but significant to investigate how the existence of asymmetric
information affect the role of backup-sourcing strategy in
risk mitigating, the value of drop-shipping strategy in cost
saving, and the substitutability or complementarity between
the above two strategies.

APPENDIX
Proof of Lemma 1: To solve (1), two cases are discussed
as follows.
(O If Q1 <d, then

D9 DSQ}’l

. O
min(®- 0 {er, D> 0n

Thus,

d min(D.,
nf*=a<p—cz>/ MfiD—aner
0

Qr] 1 d .
—atp— e [ DG g [ 2000 )

d er d
—aw10r1
Or1 D d
=alp—cp) |:/ EdD—i‘ Q(;IdD:| —aw10r1
0 er
a(p —cNQ;
= —Trl +alp —c; —wi)Qr

() If Qy1 > d, then min(D, Q,1) = D. Thus,

dp 1
771R=a(l?—01)/0 EdD—aMer=—aW1Qr1+§a(P—Cl)d

As a result,
a(p—cy)
—(p—Qfl-i‘a(P—Cl—Wl)er, 0r1 <d
Q)= 2d
11%rl alp—c))d
_aWIer"'Ta Or1>d
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It is not difficult to find that the aforementioned piecewise
function is continuous. Furthermore, the first segment of
the piecewise function is concave and its FOC (the first-
order-condition) solution is Q,1 = d(p — w; — cl)/(p —Cp).
The second segment of the piecewise function is decreasing
in Q. Since d(p —wi —c))/(p—c)) < d, Tf(Qy1) can
reach the maximum value at Q1 = d(p — w1 — cl)/(p — ).
Combining with the constraint condition (2), we have

dp — wy —
le — max (M,()) (A1)
p—a
Substituting equation (A1) into (3), we obtain
d(wi+c;—p)(c+ac;—awr)
M ) wr<p—cC
(W)= p—ci
0, wizp—c

The first segment of the above function is concave and its
FOC solution is w; = (ap + ¢) / 2a. According to Assump-
tions 1 and 2, it is not difficult to find that (ap + ¢) / 2a <p—
c1; thus, the optimal solution of n{”(wl) isw] = (ap + c)/2a.
Then substituting w} into (A1) results in equation (5). O
Proof of Lemma 2: Following the same argument of the
proof of Lemma 1, Lemma 2 is obtained. O
Proof of Corollary 1: According to Lemmas 1 and 2,
we have w3 —wj = —01/2 andQ7, — O, = cld/(2p —2¢)).
Therefore, w5 < wi, and 0%, > O7,. O
Proof of Lemma 3: We first solve the program (12).
Since the realized § is either equal to 0, or equal to 1, two
cases are discussed as follows.
(1) When § = 0, the objective function of (12) can be
rewritten as

4 min(D,
mly=@- Cl)/ #dD —1Op3
0

—p—cp /Q“ min(D, Qb3)dD
0

4" min D,
n /' ( Qb3)dD] O
Or3 d
93 D
Sy —— / ~dD + %dD] — O3
o d o d

= —%szﬁ +@—c —r)0p
Obviously, the aforementioned function is concave on Qp3
and its FOC solution is Qp3 = d(p —c; — r)/(p — 1) > 0,
which is the optimal solution in the case of § = 0.

(2) When § = 1, the objective function of (12) can be
similarly rewritten as

1
nf = g[—(p—W)Q% +2(c10y3—pQr3—cid+pd —rd)Qp3
+ (c1Qr3 — pQr3 — 2¢1d + 2pd — 2w3d) Q3]
It is not difficult to find that the aforementioned func-
tion is concave in Qp3 and its FOC solution is Qp3 =

d(p —c;—r)/(p — c;) — Q3. Combined with the constraint
condition (13), the optimal solution in the case of § = 1 is

Op3 = max(0,d(p —c; — r) [(p — c1) — Or3).
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Therefore, the optimal backup order decision of the retailer
is
max(0.d(p—c; =) /(p—c1) = Qr3), 8=1

dip—c1—r)/(p—cp), 5=0
(A2)

*
Qb3 =

Substituting the first segment of (A2) into the first term of
equation (14), and the second segment of that into the second
term of (14), we have

7X(0r3)
d(p—ci—r)? —c;—r)d
a(r—wg)Q,ﬁ-%, 03 < (ppci—Clr)
_ 2

- %-Fa(l?—cl—mmﬂ

d(1—a)(p—ci—r)? 0> (p—c;—r)d
2(p—c1) ' "= p—a

(A3)

It is not difficult to find that the aforementioned function is
continuous, and the second segment of the function is con-
cave and its FOC solution is Qr3 = d(p — c; — w3) /(p — c1).
In order to obtain the optimal solution, two cases are
discussed as follows:

(1) If ws < r, the first segment of (A3) is increas-

ing, and the FOC solution of the second segment satisfies
dp—ci=w3)/p—c) = dp—c;—r)[(p—cp; that is,
the second segment is a unimodal function. Thus, n?(Qﬁ)
reaches its maximum at Q,3 = d(p —¢; — W3)/(p —Cp).

(2) If w3 > r, the first segment of (A3) decreases,
and the FOC solution of the second segment satisfies
dp—ci—w3)/(p—c)) < dp—ci—r)/(p—cp); that is,
the second segment also decreases. Thus, nf(Qﬁ) reaches
its maximum at 9,3 = 0.

As a result, the retailer’s optimal regular order quantity is

- dp—cr—w3)[(p—c), w3<r (Ad)
0, w3 >r
Substituting (A4) into (15), we have
d(w3+c;—p)(—aws+c+acy)
M , W3 =T
73 (w3)= p—ci
0, w3 >r
(AS)

It is not difficult to find that (A5) is discontinuous at w3 = r
and né"’ (r) > 0. In addition, the first segment of (A5) is
concave and its FOC solution is w3 = (ap + ¢) / 2a. Thus,
it is necessary to discuss the following cases:

() If r > (ap+c)/ 2a, the first segment of (AS)
is unimodal. Thus, né” (w3) reaches the maximum at
w3 = (ap + c)/2a.

(2) If r < (ap+c)/2a, the first segment of (A5) is
increasing. Thus, né” (w3) reaches the maximum at w3 = r.
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Therefore, the supplier’s optimal wholesale price is

Wi = { @+ofa r=@+ola o

r, r <(ap+c)/2a

Combining (A2), (A4) and (A6), Lemma 3 is obtained. [J
Proof of Corollary 2: According to Lemmas 1 and 3,
we have

Wt 0, r=(ap+c)/2a

3 ! r—(ap+c)/2a, r<(ap+c)/2a
Thus, wi — w} < 0, or equivalently, w} < w}. Following the
same argument, we have Q7 > Q7. O
Proof of Lemma 4: To solve the program (17), two cases

are discussed as follows.
(1) When § = 1, equation (17) can be rewritten as

d
T =p—cr) /0 min(D, Qp4~+Qra)f (DYAD —w4Qra—1Qp4

which can be simplified as

R __ (p=cD)(Qra+0pa)(Qra+Ops—2d)

Ty 2d —1Qpa—w4Ora
(A7)
Note that according to Assumption 1, we have
32k -
21’4 =9 9
aQb4 d

which means that nlﬁ can reaches its largest value at the FOC
solution or endpoint. By equation (A7), it is not difficult to
find that the FOC (first-order-condition) solution is

dp—c —r)
p—q
Thus, combining with the constraint condition (18), we have
dp—c —r)

p

—q

Ops = —Or4

04 = max(0,

- Qr4)

(2) When § = 0, equation (17) can be rewritten as

Ops
=@ — )X fo min(D, Qp4)f (D)dD

d

+ : min(D, Opa)f (D)dD) — rQp4
b4

which can be simplified as

(® —c1) Ops (Ops — 2d)

R
=— — A8
TTpa 2d rQp4 (A8)
Note that according to Assumption 1, we have
32nR —
2}’4 = _p=a <0
0074 d

that is, equation (AS8) is concave. The FOC solution of equa-
tion (A8) is

dp—c —r)
pP—q

Ops =
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According to Assumption (1), we have

dp—c—r)
— >0
p—a
Thus,
dp—c —r)
Opy=—"—"
b4 p—c
In summary,
dp-a-n 5—0
Oy = Pt e (A9)
max(0, dp—a—n _ 0,4), 8§=1
p—aa

Substituting equation (A9) into (19), we obtain

d 2
a(r—w)@—%

d(p—c;—r)

R Ors < —P_Cl

Ty = _ 2
_ AT | e —wa) 0
_ (—adpte+r) 0 d(p—ci—r)
2epten T pa
(A10)

Then two cases are discussed as follows.

(1) When wy < r, the first segment of equation (A10) is an
increasing function. Furthermore, it is not difficult to find that
the second segment of equation (A10) is concave according
to Assumption 1, and its FOC solution is

P—c—wa)d >d(P—Cz—r)
p—c - p—qa

Qr4 =

Thus,
(p—c—wa)d
p—c
(2) When wq > r, the first segment of equation (A10) is a
decreasing function. Furthermore, it is not difficult to find that

the second segment of equation (A10) is concave according
to Assumption 1, and its FOC solution is

p—c—wyd dp—ci—r)
<

Qt4 =

Qr4 =
p—a p—aq
Thus,
0y =
In summary,
P—c—ws)d
N —————————, W4 =r
Oy = p—c (A1)
0, W4 > r
Substituting equation (A11) into (20), we obtain
(p—c1—wa)d (aws — )
, Wa =r
T, = p—c (A12)
0, w4 > T
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It is not difficult to find that equation (A12) is discontinuous
at wg = r and nf‘” (r) > 0 according to Assumption 1.
In addition, the first segment of (A12) is concave and its FOC
solution is wg = ap —ac; + ¢ / 2a. Thus, it is necessary to
discuss the following cases:

() If r > (ap—ac;+c)/2a, the first segment of
(A12) is unimodal. Thus, JTiW (wg) reaches the maximum at
wyq = (ap — ac; + c)/2a.

Q) Ifr <(ap—ac; +c¢) / 2a, the first segment of (A12) is
increasing. Thus, ni” (wyg) reaches the maximum at wy = r.

Therefore,

N I(ap—i—c—acl)/Za, r>(ap+c—acy)/2a (A13)

W4:
r, r<(ap+c—acy)/2a

Combining (A9), (A11) and (A13), Lemma 4 is obtained. [
Proof of Corollary 3: Since wj = min(r, (ap+c—ac;)/
2a), in order to compare wj and w§, two cases are discussed
as follows.
() If ¢; < (ap — ¢)/3a, then

. { (ap+c —acy)/2a, r=(ap+c—ac)/2a

W4 ==
r, r <(ap+c—ac)/2a
Thus,
0, r>(ap+c—acy)/2a
wi —wh =
4 2 r—ap+c—acy/2a, r < (ap+c—acy)/2a
and
a
Wt ap~+c—acy - ap+c—acy -y ap—+c
4—W3= =T, =
- 2a 2a 2a
ap+c—acy
0, r< o
a

As aresult, wj < w3, wy < w3,

@ Ifce; = (ap—c) / (3a), according to Assumption 2 we
have r > ¢ + cla > (ap+c— ac;)/Za, and wj =
(ap + ¢ — acy) /2a. Then w§ — wh = 0, and

* * {_C1/21

wy — wi =
4 3 (ap +c —acy)/2a —r,

r=(ap+c)/2a
r<(ap+c)/2a

Thus, wj = wj, wji < wﬁ.
Therefore, we have wj < w3 and wj < w}. Following the
same argument, we have Q7, > Q;‘z and Q7, > Q. O
Proof of Proposition 1: (1) Firstly, we prove 7&* > g f*
as follows. Since

e Re _ dci(3ac; — 2ap + 2¢)
20 8(c1 — p)

according to Assumptions 1 and 2, it is not difficult to find

that 3ac; —2ap+2c < Oandc; —p < 0. Thus, ﬂf*—nf* >0,

or equivalently, 715* > nf*.

169510

(2) Secondly, we prove nf* > n§* as follows. @ When

¢ > (ap — ¢)/(3a), we have r > %‘l_‘”’, then f* =

d(ap—ac;—c)? + (A-a)dp—c;=r)’ . Thus,

8a(p—ci) 2(p—ci)
Rx Rx

dc;2ap — 2¢ — 3acy) _ap +c
8(p —c1) ’ - 2a
d(ap + ¢ — ac; — 2ar)(3ac; — 3ap + 2ar + ¢)
8alp — ¢ ’
(p—cn) ap e
r<
2a

According to Assumptions 1 and 2, the first segment of the
aforementioned formula is greater than zero; furthermore, it is
not difficult to find that the first derivative of the second
segment with respect to r is greater than zero, i.e., it is
increasing in r. Thus,
d(ap+c—ac;—2ar)(3ac;—3ap+2ar+c)

Ba(p—cy)

 dapte—aq 2" Gagy a4 240

Ba(p—cy)

=0

Then we have rrf* - n§* > 0.
@ When ¢; < (ap — ¢)/(3a),

dp(ap —ac; — ¢ (1 —a)d(p —c; —r)?

2a(2p — ¢1)? 20 —c1)
nf = r>(ap+c—ac)/2a
2
%, r < (ap+c—acy)/2a
Then
dc;(2ap—2c—3acy) - ap—+c
8(p—cy) T 24
d(ap+c—ac;—2ar)3ac;—3ap+2ar+-c)
Tt = 8a(p—ci) apte ’
r
0 apzic—acl
’ 2a

It has been proved that both the first and the second segment
of the aforementioned formula are greater than zero. Thus,
nf* — nf* > 0.

(3) Thirdly, we proven§* > nf* as follows. Note that

(I-ade+r—p? _aptc
2(p — ¢p) ’ -~ 2a
715* _ nf* _)d+r —p)? _ d(2ac; — ap + ¢)?
2(p—cn) 8a(p — c1)
ap +c¢
" 2a

The first segment of the aforementioned formula is greater
than zero; furthermore, it is not difficult to find that the first
derivative of the second segment with respect to r is less than
zero, i.e., it is decreasing in r. Thus,

d(c;+r — p)2 dQac; — ap + c)2
2(p — 1) 8alp — c1)
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d(c; + % —p)? 3 dQac; — ap + ¢)?

~ 2(p —cp) Ba(p —c1)
(1 — a)d(2ac; — ap + ¢)*
= >0
8a2(p — ¢1)

Then we have 713 - >0,ie, née* > nf*.

(4) Finally, we prove nf* > rrg* as follows. ©® When ¢; >
(ap — ¢)/(3a), we have r > W then

(1 —a)d(p —c; —r)?

Rx

re _ dlap —ac; — c)?

T T 8 — e 2Ap —cn)
So
e e _ Lm0t r=p?

20 —c1)
@ When ¢; < (ap — ¢)/(3a),

dplap —ac; — ¢ (1 —a)d(p—c; —r)?

2a(2p — ¢))? 2(p — 1) ’
nf* = r > (ap+c—acy)/2a
d(p —c; — r)?
—, r<(ap+c—ac)/2a
2(p—c1)
so that
l—a)d(p—c;—r)?
(I=a)d(p=ci—r) , r>(ap+c—acy)/2a
2(p—cp)
7 d(p—c;—r)? _d(ap—acl—i—c)2

2(p—cy) Ba(p—cy)
r < (ap+c—acy)/2a

The first segment of the aforementioned formula is greater
than zero; furthermore, it is not difficult to find that the first
derivative of the second segment with respect to r is less than
Zero, i.e., it is decreasing in r. Thus,

dip—c;—r)?  d(ap —ac; + c)?
2(p — 1) 8alp — ¢1)
dp—c +@p+c— acl)/2a)2 d(ap — ac; + ¢)?
> _
2(p — 1) 8alp — cy)
(1 — a)d(ap — ac; — ¢)?
= >0
8a(p — c;)
Then Jrf* — 7T§* > 0. g

Proof of Proposition 2: (1) When ¢; > (ap — ¢)/(3a),

R R
Var—Vi

= R (e )

0. e apz—i—c
= d(ap+c—2ar)(4ac;—3ap+2ar—+-c) apfli—c
, r<
8a(p—cy) 2a
(A14)
Since
ap+c—2ar >ap+c—2a- atc =0

2a
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and

ap +c
4ac; — 3ap + 2ar + ¢ < 4ac; — 3ap + 2a +c=0
the second segment of equation (A14) is less than zero; that
is, nf* — 712 (nR* — nR*) <0.
(2) When ¢; < (ap — ¢)/(3a),

R R
Var—Vi
=l R ()
0. >ap+c
- 2a
d(ap+c—2ar)(4ac;—3ap+2ar+-c)
_ 8a(p—ci) ’
- ap~+c—ac ap—+c
2a " 2a
a
dci(3ac;—2ap+2c) ap+c—ac;
, r<——m—
8(p—cy) 2a

It has been proved that the second segment of the above
formula is less than zero. Furthermore, according to Assump-
tions 1 and 2, the third segment of the above formula is also
less than zero. Thus, JT4 — 712 (7[ *) <0.

Therefore, we have nfr — 2 < n§* — nf*, ie, VR <
VR, In addition, 7f* — nf* < n?* — nf* is equivalent to
nf* — nf* < nf* nf*, ie., Vbd < VR. According to
the definition of substitutability and complementarity given
by [30] and [31], the drop-shipping and backup-sourcing are
substitutive strategies. (|

Proof of Proposition 3: (1) Firstly, we prove Jré” S

* .
n{"’ as follows. Since

dci(2ap — 2¢ — 3acy)

M* M*
T, —mp =
2 ! 4(p —c1)
according to Assumptions 1 and 2, it is not difficult to find

that 2ap — 2¢ — 3ac; > 0, therefore, nM t s JT{” "

(2) Secondly, we provezrftW S 713 as follows. @ When
c; = (ap — ¢)/(3a), by (22), we have

dci(2ap—2c—3acy) - ap+c
r
4(p—cy) ~ 2a
niw*—ﬂéwz d(ap—acl—c)2_d(p—cl—r)(ar—acl—c)
4a(p—cr) p—ci '
ap+c
r<
2a

According to Assumptions 1 and 2, the first segment of the
above formula is greater than zero. Moreover, it is not difficult
to find that the first derivative of the second segment of the
above formula is less than zero; that is, it is decreasing in r.
Then

d(ap — ac; — r)? d(p —c; —r)ar —ac; — c)?

da(p — cy) p—ci
d(ap —ac; —c)*> dp—c — ap“)(aapﬂ —ac; —¢)
4a(p — 1) p—ci
dciQap — 2¢ — 3acy)
= > O
4p — )
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Thus, nf’[*—né"l* > 0.@ When ¢; < (ap—c)/(3a), according
to (21), we have

i
dci(2ap — 2¢ — 3acy) _ap +c
9 r — I
4(p —cp) 2a
d(ap — ac; — c)? d(p —c; —r)ar —ac; —c)
= 4a(p — c; -] '
v ) ap + cp— acy ap +c
——— <
2a - 2a
adci(p —r —¢y) ap + c — acy
—’ < —
p—c 2a

The first segment and the second segment of the afore-
mentioned formula have been proved to be greater than
zero. According to the Assumption 1, the third segment
of the above formula is also greater than zero. Therefore,
nﬁ’l - né‘/[ "> 0.

(3) Thirdly, we prove né” T < 71{” " as follows. Since

ap +c¢
0, r= p2
M* M* _ a
T3 T d(ap — 2ar + c)? ap+c
_— r<
4a(p — ;) 2a
we have 71" — 71{”* <0.

(4) Finally, we prove ni” : < né” *as follows. Since

ap+c—ac
07 r> u

M* _ _M* _ - 2a
Ty —T = d(ap—Zar+c—acl)2 ap+c—ac
— . r<—
da(p—cy) 2a
we haver ™" — né"’* <0. O

Proof of Proposition 4. Since V‘% — Vé"[ = nﬁ”* —aM

(" — xM"), then according to (6), (12), (16), and (21),
we have

0. re ap—+c
2a
d(ap—2ar+c)? ap+c—ac ap+c
—_—, —— S<r<-—/—
4a(p—cy) 2a 2a
dci(Qap—ac;—4ar+2c) ap+c—acy
, <
4(p—cy) 2a

It is not difficult to find that the second and third segments
of the aforementioned formula are greater than zero. Thus,
Jri"’ — né"[ — (né"’ — n{"’ )>0,ie., V% > Vé"’. Note that

M M M* M* M* M*
Vg =Vag =ny —my — (1 —mp )

M M M M
=m, —my —(@3 —n)
_yM M
=Var =V

Therefore, VM > V. According to the definition of com-
plementarity given by [30] and [31], there is complementarity
between the backup-sourcing and drop-shipping strategies for
the supplier. 0

169512

Proof of Proposition 5: (1) Whenc; > (ap — ¢)/(2a),

ap +c
0, >
h= 2a
Vz}gb B Vl;g _ d(ap + ¢ — 2ar)(4ac; — ap — 2ar + 3c¢)
8a(p — c1) ’
ap +c
r<
2a

According to Assumptions 1 and 2, it is not difficult to find
that 8a(p — ¢;) > 0 and ap 4+ ¢ — 2ar > 0. Since (4ac; —ap +
3c)/(2a) < (ap+c)/(2a), two cases are discussed as follows.
Firstly, if » > (4ac; — ap + 3¢)/(2a), we have 4ac; — ap —
2ar + 3¢ < 0 which means that Vgh < Vbs or equivalently,
V3, < V3. Secondly, if r < (4ac; — ap + 3¢)/(2a), we have
4ac; — ap — 2ar + 3¢ > 0, which means that Vdsb > VbS or
equivalently, Vlfd > Vg .

(2) When 2(ap — ¢)/(7a) < ¢; < (ap — ¢)/(2a), two cases
are discussed as follows. Firstly, if, (ap — ¢)/(3a) < ¢; <
(ap — ¢)/(2a),

0. r> ap +c
2a
Vg}gb B V,f _ d(ap + ¢ — 2ar)(4ac; — ap — 2ar + 3c¢)
8a(p — cy) ’
ap +c
r< ——
2a

Since r > c/a + ¢; > (4ac; — ap + 3c)/(2a), we have
4ac; — ap — 2ar + 3¢ < 0, which means that ng < Vlf
or equivalently, Vlfd < th. Secondly, if 2(ap — ¢)/(7a) <
¢ < (ap —¢)/(3a),

ap +c
0, >
h= 2a
d(ap + ¢ — 2ar)(4ac; — ap — 2ar + 3c¢)
8a(p — cy) ’
s S ap + ¢ —acy ap +c
e
dci(ac; + 2ap + 6¢ — 8ar)
8(p — 1) '
ap + ¢ — acy
r< ——
2a

For the second segment of the above formula, it is not difficult
to find that r > (ap + ¢ — ac;)/(2a) > (4ac; —ap +3c)/(2a),
i.e., 4ac; — ap — 2ar + 3¢ < 0; For the third segment of the
the formula, it is not difficult to find that r > c/a + ¢; >
(ac; + 2ap + 6c)/8a, i.e., ac; + 2ap + 6¢ — 8ar < 0; thus,
V[fb < VbS or equivalently, Vbsd < Vg.

(3) When ¢; < 2(ap — ¢)/(Ta),

0, r>P*cC

- 2a
d(ap + ¢ — 2ar)(4ac; — ap — 2ar + 3¢)
8alp — ¢p)
VS v = W <r<
dci(acy + 2ap + 6¢ — 8ar)
8(p —c1)

ap + ¢ —acy
2a

r <

(A15)
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It has been proved that the second segment of the above
equation is less than zero. Since (ac; + 2ap + 6¢) / 8a <
(ap+c—acl)/2a, two cases are discussed as follows.
Firstly, if r > (ac; + 2ap + 6¢)/(8a), i.e., ac; + 2ap +
6¢c — 8ar < 0, the third segment of (A15) is less than zero;
that is, ij < Vbsor equivalently, Vdsb < Vj . Secondly, if,
r < (ac; + 2ap + 6¢)/(8a)i.e., ac; + 2ap + 6¢ — 8ar > 0,
we have

dci(ac; + 2ap + 6¢ — 8ar)
8(p —c1)

that is, ng > Vlf or equivalently Vlfd > ng . g

Proof of Lemma 5: Through backward induction, we first

analyze the backup order decision of the retailer. Recall that
the retailer’s decision problem is as follows:

Ve — VS = >0

max 7y = Eplp - min(D, Qpa + 8Qr4) — wad Q4
b4

— 1Qps — cy(min(D, Op4 + §Q;4))]
s.t. Ops > 0 (A16)

To solve the above program, two cases are discussed as
follows.
(1) When § = 1, equation (A16) can be rewritten as

d
mf=@p—c) /0 min(D, Op4~+Qra)f (DYAD —w4Qr4—10p4

Then we have

R Qb4+Qr4
2B = (o — e /0 min(D, Ops + 0,4)f (DD

d
+ / min(D, Ops + 0r4)f (D)D) — wa0ra
Opa+Qra

—1rQp4

which can be simplified as
R Opa+380;4
Tpy = (P — c1)(Qps + 8Qr4 — / F(D)dD)
0

— w4804 — rQps  (A17)

Note that
2_R
0 Tpa

902, =—@P—c)f(Qps~+0ra) <0

n§4 can reaches its largest value at the FOC solution or
endpoint. By equation (A17), it is not difficult to find that
the FOC solution is:

Op=F'1———)— 0.
P —C

Thus,

0Ory = max(0, F~'(1 — ——) — 0,4)
pP—C
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(2) When § = 0, equation (A16) can be rewritten as

Opa4
TR = (p — a) /0 min(D, Qpa)f (D)dD

d

+ ) min(D, Opa)f (D)dD) — rQOpa
b4

which can be simplified as

R Opa
R = (p— 1) Qs — /O F(D)dD) — rQps

It is not difficult to find that the above equation is concave,
and the FOC solution is:
;

Qpa=F~'(1 - )>0
p—c
Thus,
-
Qp=F (1~ )
b4 p—ci
In summary,
F~la — ), §=0
QZ4 = p=a

max(0, F'(1 = — )~ 0,4), 8=1
p—c
(A18)

Next, we analyze the regular order decision of the retailer.
Recall that the retailer’s decision problem is as follows:

HQIaX X =aEp[p-min(D, Qpa~+0ra) —waQra—rQps—ci
r4

-(min(D, Qps + Qra))] + (1 — a)Eplp
- min(D, Qpsa) — rQp4 — c;(min(D, Op4))]

s.t. VR < R (A19)

Substituting equation (A18) into (A19), we obtain

max(Qr4,m)

X = a(p—c))[max(Qya, m)— /0 F(D)dD]—aw4 04
—ar -max(0,m — Qr4) + (1 —a)(p — c;)(m
— / F(D)dD) — (1 — ayrm
0
which can be simplified as
(p—co)m— / F(D)D) + alr—ws)Qy4—rm,
0
Ora <m
R Qr4
mf =1 ap—cplQra— fo F(D)AD]—aws0rs
+(1 —a)(p—c;)(m—/m F(D)dD)—(1—a)rm,
0

Ora>m

(A20)

wherem = F~1(1—r / p — c1). The above piecewise function
is continuous (at Q.4 = m). Then two cases are discussed as
follows.

(1) When wy < r, the first segment of equation (A20) is
an increasing function. Furthermore, it is not difficult to find
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that the second segment of equation (A20) is concave and its
FOC solution is

Qr4=F_1(1—pvj—4€l)2F_1(1— )

p—cC
Thus,

* -1 w4
Crd = a
(2) When wy > r, the first segment of equation (A20) is
a decreasing function. Furthermore, it is not difficult to find
that the second segment of equation (A20) is concave and its

FOC solution is

)

Ou=Fl1-—) <cFla-——)
pP—a p—ca
Thus,
0;4=0
In summary,
Fla— 2 wy<r
Oy = p—ca (A21)
0, wq > 1

Finally, we analyze the wholesale price decision of the
supplier. Recall that the supplier’s decision problem is as

follows:
max 7} = aw4Qr4 — Q4 (A22)
wy

Substituting equation (A21) into (A22), we obtain

1 w4
M (awg —c)F (1 —
7T4 == p - Cl
0, W4 > 1

), w4 <r

Note that if awgy — ¢ > 0 and 1 — W4/([) —c) > 0
(i.e., c/la < w4 < p — ¢1), the first segment of above function
is always greater than zero. According to Assumption 1, there
always exists wy satisfying c/a < wyq < p — ¢y, thus,
the optimal solution must be in the first segment of the above

function. Therefore,
wj = min(B, r) (A23)

where

]

w* = arg max(aw — OF 1 —
pP—qa

Combining (A18), (A21) and (A23), Lemma 5 is obtained. []
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