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Practically, supply disruption may lead production process to entirely halt (completely disrupted) or the output to differ in
the order size (partially disrupted), which makes it more difficult for the retailer to satisfy stochastic market demand.
Under the circumstance, the retailer is likely to procure products from two suppliers to effectively alleviate the demand-
supply mismatches. /us, under supply disruption and stochastic demand, this paper develops both backup sourcing and
simultaneous sourcing (SS) strategies to analyze the retailer’s performance, where backup sourcing includes wholesale
price priority (WPP) and supply reliability priority (SRP). Specifically, (1) under WPP, when the selling price is relatively
lower (higher), the retailer is suggested to activate the reliable backup supplier after the realization of supply disruption
(demand uncertainty). (2) Under SRP, two scenarios including minor disruption and major disruption can be identified,
where the retailer’s order quantity from the reliable (unreliable) supplier under minor disruption scenario is more (less)
than that under major. (3) Finally, this paper systematically compares the retailer’s preferences among WPP, SRP, and SS
via theoretical results and numerical examples. /at is, when the unreliable supplier is more likely to work normally or
shortage cost (selling price) is relatively lower, the retailer prefers SPR regarding the unreliable supplier as backup sourcing
due to its lower wholesale price and acceptable supply disruption. Otherwise, the retailer is inclined to WPP regarding the
reliable supplier as backup sourcing for ensuring all market demand to be satisfied. In addition, unless the emergency
prices of two suppliers are extremely higher, backup sourcing strategies could perform better than simultaneous
sourcing strategy.

1. Introduction

In practice, the upstream supply process is highly vulnerable
to supply disruption, ranging from major breakdowns be-
cause of natural or man-made disasters (e.g., earthquakes
and floods) to minor interruptions due to material con-
tamination and labour problems [1, 2]. As a result, the
supply process may entirely halt (completely shut down) or
the output differs in the order size (partially disrupted),
leading to supply shortage, loss of goodwill, and the collapse
of supply chain, which has already been viewed as one of the
major challenges to supply chains success and caused
massive economic consequences [3, 4]. For example, the

volcanic eruption in Iceland in March 2010 caused the air
cargo transportation to be completely paralyzed. /erefore,
many companies with production plants in Europe (such as
BMW, Nissan, and Audi) had to suspend production and
shut down the factory due to the supply interruption of key
parts [5]. Further, as Silbermayr and Minner [6] noted,
according to a survey of 519 respondents from 71 countries
across 15 industry sectors in 2015, 75% of the respondents
experienced at least one supply chain disruption. Further,
from the downstream side, the supply chain is also con-
fronted with demand risk due to the variation of market
demand, which further complicates the matches between
supply and demand [7]. Under the circumstance, the retailer
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is subject to the combined negative effects of supply dis-
ruption and stochastic demand, which may significantly
lower operational performances.

To mitigate negative effects of stock-out risk, it is
gradually acknowledged that the retailer could adopt backup
sourcing strategy for hedging against supply disruption and
stochastic demand, which has been widely adopted in air-
craft, pharmaceutical, and electronic industries [8]. /at is,
two suppliers provide products with similar quality but differ
in supply uncertainty and selling price, where one supplier is
viewed as major source and the other is taken as backup
sourcing which would be initiated after observing the major
supplier’s supply [1]. /is procurement strategy is able to
prevent the retailer from potential supply disruption and
simultaneously control operating costs, which enhances the
flexibility and stability of the supply chain [9]. Taking an
example of Japan tsunami on 2011 March, Toyota North
America only operated its 30% capacity due to the lack of
part supply from Japan, while General Motors successfully
solved the supply shortages of 118 parts by implementing
backup plans [10]. Generally, under backup sourcing
strategy, the retailer could procure products from major
sourcing under demand uncertainty, and the backup
sourcing can be postponed after market demand or supply
disruption is realized. /us, under supply disruption and
stochastic demand, there are two types of backup sourcing
strategies based on the retailer’s order sequences [1, 3].

One of the typical forms is wholesale price priority
(WPP) strategy, where the unreliable supplier with lower
wholesale price is regarded as the major sourcing, and the
reliable supplier can be treated as the backup supplier.
Further, the reliable backup supplier can be activated after
the supply disruption occurs or both supply and demand
risks are realized, which can be labeled as WPP-SR and
WPP-DR strategy, respectively. Another typical form is
supply reliability priority (SRP) strategy, where the reliable
supplier with higher wholesale price is viewed as major
sourcing, while the unreliable supplier with lower wholesale
price is viewed as backup supplier.

To sum up, the backup sourcing strategy can be viewed
as emergency procurement requiring higher emergency cost,
which mitigates the high loss due to the occurrence of supply
disruption [5]. Although WPP and SRP have found their
wide applications to prevent the retailer from stock risk, it is
urgent for the retailer to identify the most appropriate
backup sourcing strategy via trading off supply disruption
and stochastic demand as well as wholesale prices.

In addition to backup sourcing, simultaneous sourcing
(SS) strategy from two suppliers is another effective policy
for the retailer to hedge against supply disruption. /at is,
when market demand is stochastic, the retailer procures
products from both the unreliable supplier and the reliable
supplier at the same time. Under this policy, the retailer
could take the advantage of lower wholesale price from two
suppliers and avoid expensive emergency costs, while it is
responsible for demand risk. To summarize, under supply
disruption and stochastic demand, the following three ur-
gent issues are required to be further analyzed:

(1) Under WPP, what are the differences between ac-
tivating backup reliable supplier after supply dis-
ruption and for demand uncertainty?

(2) Under SRP, how does supply disruption of the
unreliable supplier impact the retailer’s procurement
decisions from major and backup suppliers?

(3) When involving both backup sourcing (including
WPP and SRP) and simultaneous sourcing strategies,
what is the retailer’s optimal sourcing strategy under
supply disruption and stochastic demand?

To solve the previous issues, in this paper, the retailer is
assumed to procure products from two suppliers for hedging
against supply disruption and stochastic demand. And
different backup sourcing and simultaneous sourcing
strategies are involved to address the retailer’s optimal
procurement policy. And the major contributions of this
paper can be summarized as follows:

(1) Firstly, two forms of WPP strategies are further
classified on the basis of the reliable supplier to be
initiated after the occurrence of supply disruption
(i.e., WPP-SR) or the realization of both supply and
demand uncertainties (i.e., WPP-DR). Specifically,
WPP-SR ensures the retailer’s order quantity from
unreliable supplier to be always met, while WPP-DR
guarantees themarket demand to be entirely satisfied
with more expensive emergency cost. Further,
positive relationships between selling price (shortage
cost) and the retailer’s order quantity from the re-
liable supplier can be identified under WPP-SR,
which do not exist under WPP-DR. In addition,
when the procurement or emergency price of the
reliable supplier is relatively higher, the retailer’s
order quantity from the reliable supplier under
WPP-SR is less than that of WPP-DR.

(2) Secondly, under SRP, it is surprising that the re-
tailer’s optimal procurement solutions from two
suppliers consist of two scenarios including minor
disruption and major disruption. Specifically, (i)
under minor disruption scenario, the unreliable
supplier is more likely to supply normally or offer a
higher value of emergency price, implying that the
retailer would assume a higher-order quantity from
the reliable supplier when demand is uncertain. And
after the realization of the demand, the retailer ac-
curately places order quantity from the unreliable
supplier based on the difference between the supply
of the reliable sourcing and the demand. (ii) Under
major disruption scenario, on the contrary, the re-
tailer would decrease the order quantity from the
reliable supplier (compared with that under minor
disruption scenario) and set the order quantity from
the unreliable supplier to exceed the gap between the
reliable supplier’s products and the realized demand.

(3) Finally, under supply disruption, this paper system-
atically compares the retailer’s preferences towards
backup sourcing and simultaneous sourcing strategies
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via theoretical results and numerical examples. (i)
Since WPP-DR could ensure market demand to be
entirely satisfied by expensive emergency replenish-
ment from the reliable supplier, the retailer would
regard it as the optimal backup sourcing when selling
price or shortage cost is relatively higher. On the
contrary, the retailer would adopt SRP for directly
improving the supply reliability and avoiding ex-
pensive emergency replenishment from the reliable
supplier. (ii)When the unreliable supplier is less likely
to work normally, the retailer would prefer WPP-DR
and regard the reliable supplier as backup sourcing for
ensuring all market demand to be satisfied. Otherwise,
the retailer would prefer SPR regarding the reliable
supplier as backup sourcing due to its lower wholesale
price and its acceptable supply disruption. (iii) In
addition, unless the emergency prices of two suppliers
are extremely higher, backup sourcing strategies could
perform better than simultaneous sourcing strategies.

/e remainder of this paper is organized as follows.
Section 2 presents a series of literature reviews concerning
supply disruption, backup sourcing, and simultaneous
sourcing strategies. And Section 3 depicts key assumptions
and relevant notations which are used to present the models.
/en, Sections 4–6 take views of WPP, SRP, and SS to in-
vestigate the retailer’s optimal procurement policies, re-
spectively. Furthermore, in Section 7, several numerical
examples are provided to explicitly derive more managerial
insights. Finally, derived results are summarized in Section 8.

2. Literature Review

In view of negative impacts of supply disruption towards
operational practices, a series of researches have been
conducted to optimize operational performance of firms.
Schmitt et al. [11] integrated discrete-event uncertainty
(disruptions) and continuous sources of uncertainty to
address their effects on optimal solutions for newsvendor
models. Under the deterministic demand setting, Tang et al.
[12] assumed the buyer to offer incentives (including in-
vestment subsidy and inflated order quantity) to the supplier
under supply disruption for enhancing process reliability.
Under supply and demand uncertainty, Ray and Jenamani
[13] applied newsvendor approach to formulate two models
for optimal order allocation of a risk-neutral or risk-averse
decision-maker. Inderfurth and Kiesmuller [14] established
a periodic-review inventory model for a single item, which
involves two different types of uncertain supply, including
binomial and stochastically proportional yield. Nevertheless,
besides the all-or-nothing setting (i.e., binomial) concerning
supply disruption, several scholars have pointed out that
supply disruption may also lead to partial disruption, where
the manufacturer’s final output could be a fraction between
complete shutdown and working normally. Based on this
assumption, Hou et al. [1] applied capacity reservation and
minimum order quantity to mitigate the disruption risk,
while Zeng and Xia [10] adopted a decision-tree approach to
consider disruption situations at all levels.

To hedge against supply disruption, a series of researches
have incorporated wholesale price priority (WPP), the most
widely adopted backup sourcing strategy, to improve supply
reliability under the deterministic demand setting. Yin and
Wang [15] proposed three common options including ad-
vance purchase, reservation, and contingency purchase for
firms to adopt when cooperating with the backup supplier to
hedge against the disruption risk. Via a sequential optimi-
zation process, Hou et al. [16] applied a buy-back contract to
coordinate a buyer with a backup supplier, when the main
supplier experiences supply disruption. In a continuous-
review inventory problem, Qi [17] used the order-up-to
policy to explore the retailer’s operational solutions when
the primary supplier is subject to random disruptions.

Further, in the context of WPP, several studies have also
analyzed the retailer’s procurement policy under supply
disruption and stochastic demand. Giri and Bardhan [5]
built a two-echelon supply chain under uncertain demand
and supply disruption, where the penalty contract mecha-
nism is applied to achieve supply chain coordination. Zhang
et al. [4] adopted a procurement strategy with backup
sourcing under stochastic supply and demand, where the
game-theoretic framework is involved to explore optimal
decisions of the players. Nevertheless, it can be concluded
that these papers simply assume backup supplier to be
initiated after supply disruption is realized, which do not
distinguish WPP-SR from WPP-DR. Additionally, in their
studies, partial disruption is excluded from supply disrup-
tion, which certainly merits additional attention.

In addition to backup sourcing, simultaneous sourcing
from two suppliers is another effective policy to hedge
against supply disruption. Under supply disruption, Sil-
bermayr and Minner [6] compared risk reduction via dual
sourcing with learning effects when negotiating with a single
supplier via a long-term contract. Under disruption risk,
Kumar, Basu, and Avittathur [9] analyzed the retailer’s
optimal pricing and dual-sourcing policies for competing
with another retailer supplied by a reliable supply chain. In a
two-stage supply chain with a nonstationary and price-
sensitive deterministic demand, Yu et al. [18] quantified
impacts of supply disruption towards single and dual
sourcing. Nevertheless, existing researches are still lack of
addressing simultaneous sourcing policy under partial
supply disruption and demand uncertainty.

To our best knowledge, Li [3] is the closest to our study,
which systematically addresses the retailer’s procurement
policy from two unreliable suppliers under deterministic
demand. Specifically, Li [3] incorporated both the all-or-
nothing supply disruption and the proportional random
yield to analyze how supply risks influence the retailer’s
order decisions. Further, under deterministic demand, Li [3]
compared different decision sequences including backup
sourcing and simultaneous sourcing strategies, suggesting
the retailer to regard the relatively expensive supplier as a
backup source via computational experiments. Unlike Li [3],
this paper desires to incorporate both stochastic demand and
supply disruption to vary decision sequences to generate
more procurement strategies. It indicates that the retailer
could place orders from two suppliers before or after

Complexity 3



demand uncertainty (or supply disruption), resulting in
WPP-SR, WPP-DR, SRP, and SS. And compared with Li [3],
due to the joint effects of stochastic demand and partial
disruption, this paper identified that the retailer shows
different order incentives and procurement preferences
towards backup sourcing and simultaneous sourcing
strategies.

To sum up, in order to explicitly distinguish this paper
from previous studies, the following table is adopted to
summarize key characteristics of the above-mentioned pa-
pers under supply disruption (Table 1).

3. Model Description

/e following notations and assumptions are adopted to
develop new proposed models throughout the paper.

3.1. Notations

i: i �1, 2 represent supplier 1 and supplier 2,
respectively
j: j �WS, WD, SR, and SS denote WPP-SR, WPP-DR,
SRP, and SS, respectively
p: the unit selling price of the retailer
wi: the unit procurement price of supplier i when
demand is stochastic
wi: the unit emergency price of supplier i when demand
is deterministic
cs: the unit shortage cost of the retailer
co: the unit holding cost of the retailer
Q: the retailer’s order quantity from supplier 1 (deci-
sion variable)
R: the retailer’s order quantity from supplier 2 (decision
variable)
y: the disruption magnitude (0≤y≤ 1), indicating the
fraction from supplier 2
m: the probability of supplier 2 to completely break
down; that is,y � 0
n: the probability of supplier 2 to work normally; that is,
y � 1
Πj: the retailer’s expected profit under j strategy

3.2. Assumptions

(1) In a single period, this paper focuses on the retailer’s
procurement problem where two suppliers offer
similar products. Supplier 1 is perfectly reliable with
a higher wholesale price, while supplier 2 is subject to
supply disruption with a lower wholesale price.

(2) At the beginning of the period (i.e., stage 1), the
market demand D is assumed to be stochastic, where
the cumulative and probability distribution func-
tions of D are F(D) and f(D), respectively. And
market demand F(D) is differentiable, strictly in-
creasing, while its complementary CDF
F(D) � 1 − F(D). Further, at the end of the period

(i.e., stage 2), the market demand D can be realized,
where the emergency replenishment can be pro-
ceeded via backup sourcing.

(3) /e retailer’s order quantities from suppliers 1 and 2
are Q and R, respectively. At stage 1 when market
demand is stochastic, wholesale prices of products of
suppliers 1 and 2 are w1 and w2, respectively, where
p>w1 >w2. And at stage 2 after demand is revealed,
wholesale prices of suppliers 1 and 2 would increase
to w1 and w2, respectively, where w1 > w2.

(4) Supplier 1 can fully fulfill the retailer’s order quantity
Q, while supplier 2 is subject to supply disruption,
leading final output to be yR. By referring to Hou
et al. [1] and Zeng and Xia [10], y is a fraction
between 0 and 1 representing the magnitude of a
disruption, which can be

g(y) �

m, y � 0,

1 − m − n, 0<y< 1,

n, y � 1.

⎧⎪⎪⎨

⎪⎪⎩
(1)

From (1), the supplier 2’s probability of entire
shutdown (y � 0) and entire reliable (y � 1) is m and
n, respectively. And the probability of being partially
disrupted is 1 − m − n, which is continuous for
0<y< 1. In addition, the retailer should pay off the
purchase cost based on the received quantity as soon
as receiving products from supplier 1 or supplier 2.

(5) In this paper, the following two backup sourcing
strategies are involved.

(i) Wholesale price priority (WPP): the retailer pro-
cures R units from the unreliable supplier 2 with w2
when demand is stochastic. Further, the reliable
backup supplier would be ordered by the retailer
with w1 after the supply disruption occurs or with
w1 after both supply and demand risks are realized,
which can be labeled as WPP-SR and WPP-DR
strategy, respectively.

(ii) Supply reliability priority (SRP): the retailer pro-
cures Q units from the reliable supplier 1 with w1
when market demand is uncertain. And the retailer
conducts emergency procurement from the unre-
liable supplier 2 with w2 when market demand is
realized.

(iii) Simultaneous sourcing (SS): when demand is sto-
chastic, the retailer simultaneously procures Q and
R units from the reliable supplier 1 and the unre-
liable supplier 2, respectively.

4. Retailer’s Optimal Procurement
Policy under WPP

As previously mentioned, there are two types of WPP on the
basis of the emergency order from supplier 1 to be con-
ducted after supply disruption is realized (WPP-SR) or both
supply and demand are realized (WPP-DR).
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4.1. Optimal Procurement Policy under WPP-SR. Under
WPP-SR (see Figure 1(a)), the retailer should firstly order R

units with w2 from the unreliable supplier 2 to satisfy the
stochastic demand. And after supply disruption is revealed, the
retailer receives yR from the unreliable supplier 2 and then
further procures Q units (i.e., R − yR) with w1 from supplier 1
to ensure that the amount of available products equals R units.
/erefore, considering the supply disruption of supplier 2, the
retailer’s expected profit function can be presented as follows:

(1) When the supplier 2 supply process is entirely dis-
rupted, we have yR � 0 and the retailer would
procure R (i.e., Q � R − yR) units from supplier 1
with the wholesale price w1. Under the circumstance,
ΠWS

11 � E[pmin(D, R) − cs

(D − R)+ − co(R − D)+ − w1R].
(2) When the supplier’s supply process is entirely nor-

mal, we have yR � R and there is no need for the
retailer to further order products from supplier 1.
/us, ΠWS

12 � E[pmin(D, R) − cs(D − R) + − co(R−

D)+ − w2R].
(3) When the supplier’s supply process is partially dis-

rupted, that is, R>yR> 0, the retailer would procure
the rest of the products from supplier 1. /us, we
have ΠWS

13 � E[pmin(D, R) − cs(D − R)+−

co(R − D)+ − w1(1 − y)R − w2yR].

Hence, the retailer’s expected profit function under
WPP-SR can be depicted as follows:

ΠWS
1 (R) � mΠWS

11 + nΠWS
12 +(1 − m − n) 

1

0
ΠWS

13 dy. (2)

According to (2), the following theorem can be
summarized.

Theorem 1. Under WPP-SR, the retailer’s optimal order
quantity RWS from the unreliable supplier 2 can be uniquely
obtained by the following expression: F(RWS) � Δ1, where
Δ1 � [(1 + m − n)w1 + (1 + n − m)w2 + 2co]/[2(p + cs + co)].

Proof. /edetails can be found at Appendix A. From/eorem
1, it can be found that WPP-SR ensures that the retailer’s order
quantity RWS from the unreliable supplier 2 can be always met
by emergency replenishment from the reliable supplier 1 (i.e.,
(1 − y)RWS) and enables the retailer to avoid higher emergency
procurement price w1 of supplier 1 after both supply and
demand uncertainty are realized. Furthermore, it is apparent
that RWS is positively related to p and cs, while it is negatively
related tow1 andw2./at is, underWPP-SR, the retailer would
increase (decrease) the order quantity from the unreliable
supplier 2 when confronted with higher value of selling profit
and shortage cost (procurement prices). In addition, since
w1 >w2, the retailer would place a higher-order quantity from
the unreliable supplier 2 when supplier 2 is more (less) likely to
work normally (complete shutdown). □

4.2. Optimal Procurement Policy under WPP-DR. Under
WPP-DR strategy, the decision-making process of the re-
tailer’s order allocation scheme consists of two stages (see
Figure 1(b)). (1) In the first stage, when the market demand
is stochastic, the retailer firstly orders R units of the product
from the unreliable supplier 2 with the lower price w2. (2) In
the second stage, the retailer has received the final output
yR, and the market demand can be realized. /en, the re-
tailer will decide whether to place an emergency order Q

from supplier 1 with w1. /us, under WPP-DR strategy, the
backward induction method can be used to obtain the re-
tailer’s optimal procurement policy.

4.2.1. Procurement Policy at the Second Stage. In the second
stage, the market demand D and the supplier 2’s final output
yR are revealed to the retailer. /erefore, the retailer should
order Q units from supplier 1 on the basis of the difference
between supply and demand in the first stage, that is,
D − yR. In summary, the following lemma can be obtained.

Lemma 1. Under the second stage of WPP-DR, the retailer’s
optimal order quantity from supplier 1 QWD � (D − yR)+.

Table 1: Literature reviews of backup (simultaneous) sourcing models under supply disruption.

Authors Supply disruption Demand
Backup sourcing

Simultaneous sourcing
WPP SRP

Hou et al. [1] Partial Det. ✓
Li [3] Binomial Det. WPP-SR ✓ ✓
Giri and Bardhan [5] Binomial Sto. WPP-DR
Silbermayr and Minner [6] Binomial Det. ✓
Kumar et al. [9] Binomial Det. ✓
Zeng and Xia [10] Partial Sto. ✓
Tang et al. [12] Binomial Det. ✓
Yin and Wang [15] Binomial Det. WPP-SR ✓
Hou et al. [16] Binomial Det. WPP-SR
Qi [17] Binomial Det. WPP-SR
Zhang and Wang [19] Binomial Sto. WPP-DR
Yu et al. [18] Binomial Det. WPP-SR ✓

Present paper Partial Sto. WPP-DR,
WPP-SR ✓ ✓

Note. For convenience, let terms Det. and Sto. denote deterministic and stochastic, respectively.
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From Lemma 1, since the supplier 1’s supply process is
reliable, the market demand can be always satisfied under
WPP-DRwith higher emergency cost. Specifically, if D<yR,
the retailer would not adopt emergency order; otherwise, the
supplier 1 could fully deliver D − yR units to the retailer.

4.2.2. Procurement Policy at the First Stage. In the first stage,
market demand D is stochastic and the retailer should order
R units from the unreliable supplier 2. /erefore, consid-
ering the supply disruption of supplier 2, the retailer’s ex-
pected profit function can be presented as follows:

(1) When the supplier 2 supply process is entirely dis-
rupted, we have yR � 0 and the retailer would
procure D − R (i.e., Q � R − yR) units from supplier
1 with the wholesale price w1. Under the circum-
stance, ΠWD

11 � E[(p − w1)D].

(2) When the supplier 2 supply process is entirely
normal, we have yR � R. /en, if R>D, the retailer
should pay off additional holding cost; otherwise, the
retailer should further order D − R units from
supplier 1. /us, based on the stochastic demand D,
ΠWD

12 � 
R

0 [p D − co(R − D)]f(D)dD + 
+∞
R

[p D − w1(D − R)]f(D)dD − w2R.

(3) When the supplier 2 supply process is partially
disrupted, that is, R>yR> 0, then, the retailer
should either pay off holding cost for the surplus
products D − yR or procure the shortages from
supplier 1./us, we haveΠWD

13 � 
yR

0 [p D − co(yR −

D)]f(D)dD + 
+∞
yR

[p D − w1(D − yR)]f(D)dD −

w2yR.

Hence, the retailer’s expected profit function under
WPP-DR can be depicted as follows:

ΠWD
1 (R) � mΠWD

11 + nΠWD
12 +(1 − m − n) 

1

0
ΠWD

13 dy.

(3)

Based on (3), the following theoretical results can be
summarized.

Theorem 2. Under WPP-DR, the retailer’s optimal order
quantity RWD from the unreliable supplier 2 can be uniquely
obtained by the following expression: nF(RWD) + (1 − n − m)


1
0 yF(yRWD)dy � [(1 + n − m)(co + w2)]/[2(co + w1)].

Proof. /e details can be found at Appendix B. From
/eorem 2, WPP-DR ensures that the market demand can
be always satisfied by the reliable backup sourcing with
expensive emergency cost from supplier 1 with w1. Under
the circumstance, the retailer’s order quantity RWD is ir-
relevant to p and cs, which is totally different from the results
derived from WPP-SR. Further, the retailer would increase
order quantity from the unreliable supplier 2 when con-
fronted with higher (lower) values of w1(w2). And based on
/eorems 1 and 2, the following theoretical results can be
obtained.

Corollary 1. Let Δ2 � (co + w2)/(co + w1) and Δ3 � [(1+

n − m)w2 − (1 − n − m)w1 + 2nco]/[2n(co + w1)], the fol-
lowing hold true:

(1) If Δ1 ≥Δ2, thenRWS ≤RWD,

(2) If Δ1 <Δ3, thenRWS >RWD.

Proof. /e details can be found at Appendix C. From
Corollary 1, the differences concerning the retailer’s order

Under stochastic demand,
procuring from supplier 2

Purchasing from the
reliable supplier 1

Supply disruption
is realized

WPP-SR strategy

(a)

Both disruption and
demand are realized

WPP-DR strategy

Under stochastic demand,
procuring from supplier 2

Purchasing from the
reliable supplier 1

(b)

Under stochastic demand,
procuring from supplier 1

SRP strategy

Demand is
realized

Purchasing from the
unreliable supplier 2

(c)

Both disruption and
demand are realized

SS strategy

Under stochastic demand,
procuring from suppliers 1 and 2

(d)

Figure 1: Retailer’s order sequences under different backup and simultaneous sourcing strategies.
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quantity from sourcing reliable supplier 1 between WPP-SR
and WPP-DR can be explicitly identified. Specifically, when
p or cs is relatively lower or w1(w1) is relatively higher, Δ1 is
more likely to be greater than Δ2, implying that the retailer’s
order quantity RWS from the unreliable supplier 2 under
WPP-SR is less than that of WPP-DR. Otherwise, when p or
cs increases to some degree or w1 (w1) is relatively lower, Δ1
may be less than Δ3, indicating that the retailer would order
less quantities from the unreliable supplier 2 under WPP-
DR.

5. Retailer’s Optimal Procurement
Policy under SRP

In SRP strategy, the retailer’s procurement decision process
can be divided into two stages (see Figure 1(c)). Specifically,
(1) in the first stage (at the beginning of the selling period),
the retailer should order Q units from the reliable supplier 1
at a higher price w1 to meet the stochastic market demand.
(2) In the second stage (at the end of selling period), the
market demand can be revealed by the retailer. And based on
the gap between the realized demand and the supplied
quantity Q by supplier 1, the retailer can urgently order R

units from unreliable supplier 2 with a lower price w2. To
sum up, the retailer optimal procurement policy under SRP
can be solved by the backward induction method, which can
be formulated as follows.

5.1. Optimal Procurement Policy at the Second Stage. In the
second stage, the retailer is aware of both market demand D

and supplier 1’s delivery quantity Q. /erefore, according to
the differences between supply and demand in the first stage
(i.e., D − Q), there are two situations to analyze:

(1) If D≤Q, the supplied quantity of supplier 1 can
effectively meet the market demand, indicating that

the retailer will not order any product from the
unreliable supplier 2 at this stage; that is, RSR � 0.

(2) If D>Q, the retailer should urgently purchase R

units from the unreliable supplier 2. According to the
probability density function g(y), three situations
can be obtained concerning the actual output yR.

(i) When supplier 2 is completely disrupted with
the probability of m (yR � 0), the retailer’s
profit equals ΠSR21 � pQ − cs(D − Q)+.

(ii) When supplier 2 fully supplies products with
probability n (i.e., yR � R), the retailer’s profit
equalsΠSR22 � pmin(D, Q + R) − cs(D − Q− R)+

− co(Q + R − D)+ − w2R.
(iii) When supplier 2’s product supply is partially

disrupted (i.e., R>yR> 0), the retailer’s profit
equals ΠSR23 � pmin(D, Q + yR) − cs

(D − Q − yR)+ − co(Q + yR − D)+ − w2yR.

To sum up, in stage 2, since the market demand is
deterministic, in the context of D>Q, the retailer’s expected
profit function at the second stage can be presented as
follows:

ΠSR2 (R) � mΠSR21 + nΠSR22 +(1 − m − n) 
1

0
ΠSR23 dy. (4)

Furthermore, according to the relationship between R

and D − Q (in the second stage, the market demand D is
deterministic), ΠSR2 (R) can be rewritten as follows:

ΠSR2 (R) �
ΠSR12 (R), R≥D − Q> 0,

ΠSR22 (R), R≤D − Q,

⎧⎨

⎩ (5)

where

ΠSR12 (R) � m pQ − cs(D − Q)  + n p D − co(Q + R − D) − w2R 

+ 
(D− Q)/R

0
p(Q + yR) − cs(D − Q − yR) − w2yR (1 − m − n)dy

+ 
1

(D− Q)/R
p D − co(Q + yR − D) − w2yR (1 − m − n)dy,

(6)

ΠSR22 (R) � m Q p + cs(  − csD  + n p(Q + R) − cs(D − Q − R) − w2R 

+ 
1

0
p(Q + yR) − cs(D − Q − yR) − w2yR (1 − m − n)dy.

(7)

In addition, since ΠSR12 (D − Q) � ΠSR22 (D − Q),ΠSR2 (R)

is continuous in R. Combining cases of D≤Q and D>Q, the
following lemma can be obtained via analyzing the prop-
erties of (5).

Lemma 2. Under the second stage of SRP and let Δ4 �����������������������������������������
[(p + cs + co)(1 − m − n)]/[(w2 + co)(1 − m + n)]


, the fol-

lowing hold true:

(1) When Δ4 ≤ 1, the retailer’s optimal order quantity
from supplier 2 RSR � (D − Q)+

(2) When Δ4 > 1, the retailer’s optimal order quantity
from supplier 2 RSR � Δ4(D − Q)+

Proof. /e details can be found at Appendix D. From Lemma
2, whenD>Q, the retailer’s emergency procurement quantity
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from unreliable supplier 2 would be definitely not less than D −

Q considering the supply disruption. And under SRP, two
scenarios can be identified concerning the retailer’s order
quantity from the unreliable supplier 2. /at is, (i) when the
emergency (shortage) cost is relatively higher (lower) or the
supplier 2 is more likely to supply normally (i.e., higher values of
n), Δ4 is more likely to be less than 1 (denoted as minor dis-
ruption scenario), implying that the retailer’s emergency order
quantity from the unreliable supplier 2 remains at (D − Q)+. (ii)
On the contrary, when supplier 2 is more possible to be entirely
or partially disrupted,Δ4 would increase to exceed 1 (denoted as
major disruption scenario), indicating that the retailer will set
the order quantity from the supplier 2 equal to Δ4(D − Q)+,
aiming to avoid the shortage and minimize the operating cost.

5.2. Optimal Procurement Policy at the First Stage. In the first
stage, the market demand D is stochastic, and the retailer
should order Q units from the reliable supplier 1. Consid-
ering the impact of Δ4 on the retailer’s order quantity from
unreliable supplier 2 (from Lemma 2), the following two
cases are considered:

(1) When Δ4 ≤ 1, then RSR � (D − Q)+. Based on the
relationship between D and Q mentioned in Lemma
2, we have the following two cases:

(i) When D≤Q, we have RSR � 0 and the retailer’s
profit equals ΠSR11(Q) � p D − co(Q − D) − w1Q.

(ii) When D>Q, we have RSR � D − Q, indicating
that the retailer’s profit equals
ΠSR12 (Q) � m[Q(p + cs) − csD] + n[D(p − w2) +

w2Q] + 
1
0 Q[(p + cs)(1 − y) + w2y] + [(p − w

2)y − cs(1 − y)]D}(1 − m − n)dy − w1Q.

(2) When Δ4 > 1, then RSR � Δ4(D − Q)+. Similarly,

(i) When D≤Q, we have RSR � 0 and
ΠSR11 (Q) � p D − co(Q − D) − w1Q

(ii) When D>Q, we have RSR � Δ4(D − Q), indi-
cating that the retailer’s profit equals ΠSR12(Q) �

m[Q(p + cs) − csD] + n pD − [co(Δ4 − 1) + w2

Δ4](D − Q)} + 
1/Δ4

0
pQ − [cs(1 − yΔ4) + w2

yΔ4] (D − Q)}(1 − m − n)dy + 
1

1/Δ4
pD − [co

(yΔ4 − 1) + w2yΔ4](D − Q)(1 − m − n)dy− w1
Q.

Under the circumstance, the market demand D is sto-
chastic, indicating that the retailer’s profit function in-
cluding both Δ4 ≤ 1 and Δ4 > 1 can be presented by the
following maximization problem:

ΠSR1 (Q) � 
Q

0
ΠSR11(Q)f(x)dx + 

+∞

Q
ΠSR12(Q)f(x)dx. (8)

/us, under different conditions of Δ4, the following
theorem can be obtained.

Theorem 3. Under the first stage of SRP, let Δ5 � (p + cs)

(1 − n + m) + w2(1 + n − m) and Δ6 � (p + cs + co)m +

�������������������������������������
(p + cs + co)(1 − m − n)(w2 + co)(1 − m + n)


; the follow-

ing hold true:

(1) When Δ4 ≤ 1, then QSR � F− 1[1 − 2(w1 + co)/(Δ5 +

2co)]

(2) When Δ4 > 1, then QSR � F− 1[1 − (w1 + co)/Δ6]

Proof. /e details can be found at Appendix E. From
/eorem 3, under both scenarios includingminor andmajor
disruption (corresponding to Δ4 ≤ 1 and Δ4 > 1, resp.), it is
apparent that QSR is negatively associated with w1, while it is
positively related to p, cs, and w2. /at is, the retailer would
procure more quantities from the reliable supplier 1 to
improve supply reliability if shortage cost plays a more
important role or the selling price can be set higher values.
Further, the comparison concerning QSR under different
scenarios can be presented in the following.

Corollary 2. In SRP, the retailer’s order quantity from the
reliable supplier 1 under minor disruption scenario (i.e.,
Δ4 ≤ 1) is not less than that under major disruption scenario
(i.e., Δ4 > 1).

Proof. /e details can be found at Appendix F. From
Corollary 2, it is apparent that, under minor disruption
scenario, the retailer would increase order quantity from the
reliable supplier 1 compared with that of major disruption
scenario. And combined with Lemma 2, it can be found that,
under SRP, the retailer could assume different procurement
policies according to the possibility of supply disruption.
/at is, (i) under minor disruption scenario, the retailer
would assume a higher-order quantity from supplier 1 when
demand is uncertain and accurately place order quantity
from the unreliable supplier 2 based on (D − Q)+ after
demand is realized. (ii) On the contrary, under major dis-
ruption scenario, the retailer would decrease the order
quantity from supplier 1 (compared with that under minor
disruption scenario) and set the order quantity from the
supplier 2 equal to Δ4(D − Q)+.

6. Retailer’s Optimal Procurement
Policy under SS

Under SS, the retailer simultaneously procures products
from two suppliers when market demand is stochastic,
aiming to take the advantage of lower wholesale prices (see
Figure 1(d)). And considering supply disruption of supplier
2, the retailer’s expected profit can be presented as follows:

(1) When the supplier 2 supply process is entirely dis-
rupted (i.e., yR � 0), the retailer could only apply Q

units offered by supplier 1 to satisfy the market
demand. And we have ΠSS11(Q, R) � E

[pmin(D, Q) − cs(D − Q)+ − co(Q − D)+ − w1Q].
(2) When the supplier’s supply process is entirely nor-

mal (i.e., yR � R), the market demand can be met by
the retailer’s total received products Q + R units.
And we have ΠSS12(Q, R) � E[pmin(D, Q + R) − cs

(D − Q − R)+ − co(Q + R − D)+ − w1Q − w2R].
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(3) When the supplier’s supply process is partially dis-
rupted; (i.e., R>yR> 0), the retailer’s total available
products are Q + yR units. And we haveΠSS13(Q, R) �

E[pmin(D, Q + yR) − cs(D − Q − yR)+ − co(Q + y

R − D)+ − w1Q − w2yR].

/us, the retailer’s expected profit function under SS can
be depicted as follows:

ΠSS1 (Q, R) � mΠSS11 + nΠSS12 +(1 − m − n) 
1

0
ΠSS13dy. (9)

By analyzing the property of (9), the following theorem
can be obtained.

Theorem 4. Under SS, when n>m(1 − m − n) and
(p + cs − w1)/(p + cs − w2)> (1 − m + n)/(1 − m − n), the
retailer’s optimal order quantity from supplier 1 and supplier
2 can be obtained by the following expressions: 

1
0 F(QSS+

yRSS)dy + nF(QSS + RSS) + mF(QSS) � (p + cs− w1)/(p +

cs+ co) and 
1
0 yF(QSS + yRSS)dy + nF(QSS+ RSS)/(1 − m −

n) � [(1 − m + n)(p + cs − w2)]/[2(p + cs + co)(1 − m − n)].

Proof. /e details can be found at Appendix G. From
/eorem 4, under SS, it can be identified that both QSS and
RSS are decreasing with the procurement prices of two
supplies, including w1 and w2. Furthermore, according to
/eorems 1–4, it is possible to partially compare the re-
tailer’s order quantity from two suppliers under different
sourcing strategies, which can be formulated as follows.

Corollary 3. When n>m(1 − m − n) and (p + cs− w1)/(p +

cs − w2)> (1 − m + n)/(1 − m − n), the following hold true.

(1) RegardingWPP-SR, if w2 ≥ [(1 − m − n)(p + cs) + w1
(1 + m − n)]/[(1 − n)(1 + n − m)], then RWS ≥RSS

(2) With respect to WPP-DR, if w1 ≥p + cs − co, then
RSS ≤RWD

(3) With respect to SRP and (m + n)2 − m + n> 0

(i) if Δ4 ≤ 1 and (p + cs − w2)/(p + cs + co)≤ 1 −

2(w1 + co)/(Δ5 + 2co), then QSS ≤QSR

(ii) if Δ4 > 1 and (p + cs − w2)/(p + cs + co)≤
1 − (w1 + co)/Δ6, then QSS ≤QSR

Proof. /e details can be found at Appendix H.
From Corollary 3, under mild assumptions, a series of

results can be obtained to present differences of the re-
tailer’s procurement solutions under different sourcing
strategies. Specifically, (1) with respect to WPP, provided
that the selling price or cs is relatively lower, the retailer’s
order quantity from the unreliable supplier 2 under WPP
(including WS and WD) is more than that of SS. In ad-
dition, if the wholesale price (emergency cost) of the re-
liable supplier 1 is relatively lower (higher), supplier 1 still
plays a more important role under WPP than under SS. (2)
Further, with the increase of the procurement (emergency
cost) of the unreliable supplier 2, the retailer’s order

quantity from the reliable supplier 1 under SRP is likely to
be greater than that under SS.

7. Numerical Examples and Discussion

Example 1. In this section, the following numerical exam-
ples are provided to emphasize the retailer’s preferences
towards backup sourcing and simultaneous sourcing
strategies in an explicit manner. Specifically, referring to Giri
and Bardhan [5] and Zeng and Xia [10], let the market
demand D follow a normal distribution with μ � 150 and
σ � 5. Other parameters are set as follows:
p � 27, cs � 0.5, co � 1, w1 � 7, w2 � 5, w1 � 20, w2 � 15,
m � 0.2, and n � 0.4. As a result, the form of g(y) can be
presented as follows:

g(y) �

0.2, y � 0,

0.4, 0<y< 1,

0.4, y � 1.

⎧⎪⎪⎨

⎪⎪⎩
(10)

In this numerical example, by changing the values of p,
cs, and μ, the retailer’s expected profit under different backup
sourcing and simultaneous sourcing can be depicted in
Figure 2.

From Figure 2, under most of circumstances, the retailer
achieves better performance under backup sourcing strategy
than under simultaneous sourcing. It implies that when
market demand is relatively stochastic, it is unwise for the
retailer to simultaneously procure products from both
suppliers. And more conclusions can be further obtained as
follows:

(1) It is apparent that, under any sourcing strategy, the
retailer can earn more expected profit when products
can be sold at higher selling price p (see Figure 2(a)).
Further, when the selling price is relatively lower, the
retailer could earn less profit margin, leading the
retailer to adopt SRP for directly improving the supply
reliability and avoiding expensive emergency re-
plenishment from the reliable supplier. And as the
selling price of products increases, the retailer is less
sensitive to supply disruption and becomes more
inclined to order quantities for achieving better
performance. As a result,WPP-DRwould be regarded
as the optimal backup sourcing by the retailer for
lower wholesale prices from the unreliable supplier.

(2) Along with the increase of unit shortage cost cs, ΠSR1
and ΠWS

1 and ΠSS1 decrease, while ΠWD
1 remains the

same (see Figure 2(b)). /at is, since WPP-DR could
ensure market demand to be entirely satisfied with
expensive emergency replenishment from the reliable
supplier, WPP-DR would be the priority strategy for
the retailer when cs is relatively higher. Nevertheless,
other sourcing strategies are still under the effects of
shortage cost. Furthermore, when cs is insignificant,
the retailer is better off under SRP to take the ad-
vantage of both supply reliability and lower wholesale
prices of the reliable supplier.
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(3) Higher values of μ lead to the increases of ΠSR1 and
ΠWD

1 , while resulting in the slight decreases of ΠSR1
and ΠSS1 (see Figure 2(c)). In other words, under SRP
and WPP-DR, since one of the suppliers can be
activated after the realization of market demand, the
retailer could gain more profit by increasing the
emergence quantity from the backup sourcing. On
the contrary, the retailer under WPP-SR and SS
would pay off more shortage costs in the same
situation.

Example 2. In this example, via changing values of m and n,
this part aims to further verify the effects of supply dis-
ruption on the retailer’s preferences towards different
sourcing strategies. And two types of data concerning
wholesale prices are further proposed including (i) w1 ≤ w2
(i.e., w1 � 11, w2 � 16) and (ii) w1 > w2 (i.e., w1 � 16,
w2 � 11), while other parameters remain the same in Ex-
ample 1. Additionally, numerical results for w1 ≤ w2 are
presented in Figures 3(a) and 3(c), while others for w1 > w2
are shown in Figures 3(b) and 3(d).

According to Figure 3, it can be found that the retailer’s
expected profit under backup sourcing strategies can be
improved to some degree when the supply process of the
unreliable supplier 2 grows to be more reliable, i.e., the
decrease of m or the increase of n. Further, the retailer could
earn more profit under SS when either m or n increase,

indicating that the retailer can always benefit as long as the
possibility of partial disruption reduces. In addition, in this
example, the retailer is better off under backup sourcing than
simultaneous sourcing. And the variation of m and n would
impact the retailer’s preference towards different backup
sourcing strategies:

(1) From Figures 3(a) and 3(b), the retailer is under
the combined effects of supply disruption (i.e., m)
and the relationship of wholesale prices (i.e., be-
tween w1 and w2). Specifically, if the unreliable
supplier 2 is less likely to entirely disrupt (i.e., m is
relatively lower), the retailer would pay off more
emergency cost to purchase products from the
unreliable supplier 2, leading SRP to be the priority
strategy. And along with the increase of m, the
retailer is less convinced to receive products from
the unreliable supplier 2 when demand is realized.
In this case, the retailer would choose WPP-DR to
regard the reliable supplier 1 as the backup
supplier.

(2) From Figures 3(c) and 3(d), when the unreliable
supplier 2 is less likely to work normally (i.e., n is
relatively lower), the retailer is better off underWPP-
DR. /at is, the retailer would regard the unreliable
supplier 2 as major sourcing for purchasing products
with the lowest wholesale price and take the reliable
supplier 2 as backup sourcing for ensuring all market
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Figure 2: /e retailer’s expected profit under different values of p, cs, and μ.
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Figure 3: /e retailer’s expected profit under different values of m and n.
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Figure 4: /e retailer’s expected profit under different values of w1 and w2.
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demand to be satisfied. Further, when the unreliable
supplier 2 becomes more reliable, the retailer would
prefer SPR, which regards supplier 1 as backup
sourcing due to the lower wholesale price and its
acceptable supply disruption. And this finding is
irrelevant to the relationships between w1 and w2.

Example 3. In this example, we aim to change values of
wholesale prices to demonstrate the differences among
different backup sourcing strategy and simultaneous
sourcing policy. Apparently, along with the decreases of w1
and w2, all of three backup sourcing strategies would achieve
better performance, while simultaneous sourcing strategy
remains the same. /us, in this example, we aim to change
values of w1 and w2 to quantify their impacts. For simplicity,
let p � 28, μ � 100, and other parameters keep the same as
those in Example 1.

From Figure 4, along with the increases of w1 and w2, the
retailer’s expected profit under both backup sourcing and
simultaneous sourcing would be lowered. And since WPP-
DP and SRP are irrelevant to w1 and w2, respectively, it can
be found that the retailer is better off under WPP-DP or SRP
when w1 or w2 is relatively higher. In other words, compared
with simultaneous sourcing strategy, the retailer is able to
choose the specific backup sourcing strategies on the basis of
wholesale price and the possibility of supply disruption.
Additionally, unless the emergency prices are extremely
higher, backup sourcing could perform better than simul-
taneous sourcing strategy.

8. Conclusions

Subject to the combined negative effects of supply disruption
and stochastic demand, the retailer would suffer from supply
shortage and loss of goodwill, which may significantly lower
operational performances. To mitigate negative effects of
supply uncertainty, this paper proposes different backup
sourcing and simultaneous strategies, where backup
sourcing includes wholesale price priority (WPP) and supply
reliability priority (SRP). Although these different types of
sourcing strategies have found their wide applications to
prevent the retailer from stock risk, it is urgent for the
retailer to identify the most appropriate sourcing strategy via
trading off supply disruption and stochastic demand as well
as wholesale prices:

(1) Under supply disruption and stochastic demand, two
types of WPP strategies including WPP-SR and
WPP-DR are available for the retailer to regard the
unreliable supplier with lower wholesale price as the
major sourcing. Specifically, (i) under WPP-SR, the
reliable supplier is initiated after the occurrence of
supply disruption for ensuring the retailer’s order
quantity from unreliable supplier to be always met.
(ii) Under WPP-DR, the retailer would replenish
from the reliable supplier after the realization of both
supply and demand uncertainties, which guarantees
the market demand to be entirely satisfied with more
expensive emergency price. Besides, it is apparent

that, along with the increases of selling price and
shortage cost, the retailer definitely orders more
quantity from the reliable supplier under WPP-SR,
while it remains the same under WPP-DR. In ad-
dition, when the procurement or emergency price of
the reliable supplier is relatively higher, the retailer’s
order quantity from the reliable supplier under
WPP-SR is less than that of WPP-DR.

(2) Further, under SRP, there are two scenarios, in-
cluding minor disruption and major disruption,
when addressing the retailer’s optimal order quantity
from two suppliers. /at is, (i) under minor dis-
ruption scenario, the unreliable supplier 2 is more
likely to supply normally or offer a higher value of
emergency price. /us, the retailer would assume a
higher-order quantity from supplier 1 when demand
is uncertain and accurately place order quantity from
the unreliable supplier 2 based on (D − Q)+ after
demand is realized. (ii) Under major disruption
scenario, the unreliable supplier 2 is more possible to
be entirely or partially disrupted; the retailer would
decrease the order quantity from supplier 1 (com-
pared with that under minor disruption scenario)
and set the order quantity from the supplier 2 equal
to Δ4(D − Q)+. In addition, under both minor and
major disruption scenarios, the retailer would pro-
cure more quantities from the reliable supplier to
improve supply reliability if shortage cost or selling
price plays a more important role.

(3) Unlike existing studies under supply disruption, this
paper systematically compares the retailer’s prefer-
ences towards backup sourcing and simultaneous
sourcing strategies via theoretical results and nu-
merical examples. (i) Since WPP-DR could ensure
market demand to be entirely satisfied by expensive
emergency replenishment from supplier 1, the re-
tailer would regard it as the optimal backup sourcing
when selling price or shortage cost is relatively
higher. On the contrary, the retailer would adopt
SRP for directly improving the supply reliability and
avoiding expensive emergency replenishment from
the reliable supplier. (ii) When the unreliable sup-
plier 2 is less likely to work normally, the retailer
would regard WPP-DR the reliable supplier 2 as
backup sourcing for ensuring all market demand to
be satisfied. Otherwise, the retailer would prefer SPR,
which regards supplier 2 as backup sourcing due to
the lower wholesale price and its acceptable supply
disruption. (iii) In addition, unless the emergency
prices are extremely higher, backup sourcing could
perform better than simultaneous sourcing.

Appendix

A. The proof of Theorem 1

By taking the first- and second-order derivative of ΠWS
1 (R)

with respect to R, we have dΠWS
1 (R)/dR � F(R) − Δ1 and
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d2ΠWS
1 (R)/dR2 � − f(R)(p + cs + co), where Δ1 � [(1 + m

− n)w1 + (1 + n − m)w2 + 2co]/[2(p + cs + co)]. Since
d2ΠWS

1 (R)/dR2 < 0,ΠWS
1 (R) is concave in R. /us, by letting

dΠWS
1 (R)/dR � 0, the retailer’s optimal order quantity from

the unreliable supplier 2 F(RWS) � Δ1.

B. The proof of Theorem 2

By taking the first- and second-order derivative of ΠWD
1 (R)

with respect to R, we have dΠWD
1 (R)/dR � nF(R) + (1 − n −

m)
1
0 yF(yR)dy − (1+ n − m)(co + w2)/2[(co + w1)] and d2

ΠWD
1 (R)/dR2 � − (co + w1) [nf(R) + (1 − n − m)

1
0y2f(yR)

dy]. Since d2ΠWD
1 (R)/dR2<0, ΠWD

1 (R) is concave in R.
/us, by letting dΠWD

1 (R)/dR � 0, the retailer’s optimal
order quantity RWD from the unreliable supplier 2 nF

(RWD) + (1 − n − m)
1
0yF (yRWD)dy � (1+ n − m)(co + w2)/

[2(co + w1)].

C. The proof of Corollary 1

According to the assumption, it is apparent that F(D) is
decreasing with D. And based on /eorem 2, two cases can
be discussed as follows:

(1) For y ∈ (0, 1), we have F(yRWD)>F(RWD), indi-
cating that 

1
0 yF(yRWD)dy>F(RWD) 

1
0 ydy � F

(RWD)/2. /us, it can be inferred that (1 + n − m)

(co + w2)/[2(co + w1)] � nF(RWD) + (1 − n − m) 
1
0

yF(yRWD)dy> (1 + n − m)F(RWD)/2, resulting in
Δ2 >F(RWD), where Δ2 � (co + w2)/(co + w1).

(2) For y ∈ (0, 1), we have F(yRWD)< 1, implying that

1
0 yF(yRWD)dy< 

1
0 ydy � 0.5. /us, it can be

inferred that (1 + n − m)(co + w2)/2(co + w1) � nF

(RWD) + (1 − n − m) 
1
0 yF (yRWD)dy< nF (RWD)

+(1 − n − m)/2, resulting in F(RWD)>Δ3, where
Δ3 � [(1 + n − m) w2 − (1 − n − m)w1 + 2nco] /[2n

(co + w1)].

In addition, according to the expression of F(RWS) � Δ1
in /eorem 1, the following results can be derived:

(1) If Δ1 ≥Δ2, then F(RWS) � Δ1 ≥Δ2 >F(RWD) and
RWS ≤RWD

(2) If Δ1 <Δ3, then F(RWS) � Δ1 ≤Δ3 <F(RWD) and
RWS ≥RWD

D. The proof of Lemma 2

When D>Q, two situations can be classified based on the
relationship between D − Q and R.

(1) We have d2ΠSR12 (R)/dR2 � − (D − Q)2(p + cs + co)

(1 − m − n)/R3 < 0. Via letting dΠSR12 (R)/dR � 0, we
have RSR1 � Δ4(D − Q), where Δ4 �����������������������������������������

[(p + cs + co)(1 − m − n)]/[(w2 + co)(1 − m + n)]


.
Under the circumstance, considering that R≥D − Q,
two cases can be obtained when comparing Δ4 with
1. /at is, if Δ4 ≤ 1, then RSR1 � D − Q; otherwise,
RSR1 � Δ4(D − Q).

(2) Furthermore, we have dΠSR22 (R)/dR �

(p + cs − w2)(1 − m + n)/2> 0. /at is, ΠSR22 (R) is
increasing in R, implying that RSR2 � D − Q.

/us, under the circumstance of D>Q, the following
results can be obtained:

(1) When Δ4 ≤ 1, both ΠSR12 (R) and ΠSR22 (R) can be
maximized at D − Q, implying that the retailer’s
optimal order quantity for supplier 2 RSR � D − Q

(2) When Δ4 > 1, since ΠSR12 (Δ4(D − Q))≥ΠSR12 (D −

Q) � ΠSR22 (D − Q), the retailer’s optimal order
quantity for supplier 2 RSR � Δ4(D − Q)

Furthermore, considering RSR � 0 when D≤Q, the
following result can be formulated:

(1) When Δ4 ≤ 1, the retailer’s optimal order quantity for
supplier 2 RSR � (D − Q)+

(2) When Δ4 > 1, the retailer’s optimal order quantity for
supplier 2 RSR � Δ4(D − Q)+

E. The proof of Theorem 3

According to the value of Δ4, the following two cases can be
obtained:

(1) When Δ4 ≤ 1, we have d2ΠSR1 (Q)/dQ2 � − f

(Q)[(p + cs)(1 − n + m) + w2 (1 + n − m) + 2co]/2
< 0. Let dΠSR1 (Q)/dQ � 0; then QSR � F− 1[1 −

2(w1 + co)/(Δ5 + 2co)], where Δ5 � (p + cs)(1 − n +

m) + w2(1 + n − m).
(2) When Δ4 > 1, we have d2ΠSR1 (Q)/dQ2 � − 0.5f(Q)

[(w2 + co)(1 + n − m)Δ24 + (p + cs + co)(2Δ4m − m−

n + 1)]/Δ4 < 0. Let dΠSR1 (Q)/dQ � 0; then QSR �

F− 1[1 − (w1 + co)/Δ6], where Δ6 � (p + cs + co)m +����������������������������������
(p + cs + co)(1 − m − n)(w2 + co)(1 − m + n)


.

F. The proof of Corollary 2

According to values ofQSR in/eorem 3, let g1 � 1 − 2(w1 +

co)/(Δ5 + 2co) − [1 − (w1 + co)/Δ6] � (w1 + co) (Δ5 + 2co−

2Δ6)/[Δ6(Δ5 + 2co)]. Since Δ5 > 0 and Δ6 > 0, we should only
analyze the sign of Δ5 + 2co − 2Δ6. Based on values of Δ5 and
Δ6, we have Δ5 + 2co − 2Δ6 � [

�����������������
(p + cs + co)(1 − m−



n) −
�����������������
(w2 + co)(1 − m + n)


]2 ≥ 0, indicating that g1 > 0 and

F− 1[1 − 2(w1 + co)/(Δ5 + 2co)] ≥ F− 1[1 − (w1 + co)/Δ6].
/us, in SRP, the retailer’s order quantity from the reliable
supplier 1 under minor disruption scenario (i.e., Δ4 ≤ 1) is
not less than that under major disruption scenario (i.e.,
Δ4 > 1).

G. The proof of Theorem 4

According to equation (9), we have z2ΠSS1 (Q, R)/zR2 �

− (p + cs + co)[nf(Q + R)+ (1 − m − n) 
1
0 y2f(Q+ yR)dy],

z2ΠSS1 (Q, R)/zQ2 � − (p + cs + co) [mf(Q) + nf(Q + R)+

(1 − m − n) 
1
0 f(Q + yR)dy], and z2ΠSS1 (Q, R)/zQ zR �

− (p + cs + co) [nf(Q + R) + (1 − m − n) 
1
0 yf(Q + yR)

dy]. /us, the Hessian matrix� (z2ΠSS1 (Q, R)/z
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R2)(z2ΠSS1 (Q, R)/zQ2)− (z2ΠSS1 (Q, R)/zQ zR)2 > (p + cs +

co)2(1 − m − n)[L11+ (1 − m − n) L12], where L11 � nf(Q +

R) 
1
0 (1 − y)2f(Q + yR)dy> 0 and L12 � 

1
0 f(Q + yR)

dy 
1
0 y2f(Q + yR)dy− [

1
0 yf(Q + yR)dy]2 � (1/R2) [F{

(Q + R) − F(Q)] [F(Q + R) − 
1
0 2yF(Q + yR)dy] − [F

(Q + R) − 
1
0 F(Q + yR)dy]2}, where F(Q)< 

1
0 F

(Q + yR)dy.
Furthermore, by letting zΠSS1 (Q, R)/zQ and

zΠSS1 (Q, R)/zR equal zero, respectively, we have

1
0 F(Q + yR)dy � (p + cs − w1)/(p + cs + co) − [nF(Q +

R)+ mF(Q)] and 
1
0 yF(Q + yR)dy � (1 − m + n) (p + cs−

w2)/[2(p + cs + co)(1 − m − n)] − nF (Q + R)/(1 − m − n).
/us, provided that both n>m(1 − m − n) and (p +

cs − w1)/(p + cs − w2)> (1 − m + n)/(1 − m − n), we have

1
0 2yF(Q + yR)dy< 

1
0 F(Q + yR)dy, L12 > 0, and (z2ΠSS1

(Q, R)/zR2)(z2ΠSS1 (Q, R)/zQ2)− (z2ΠSS1 (Q, R)/ zQ zR)2 > 0,
implying that the optimal order quantity from supplier 1 and
supplier 2 can be obtained via simultaneously letting
zΠSS1 (Q, R)/zQ and zΠSS1 (Q, R)/zR equal zero.

H. The proof of Corollary 3

Under the assumption of n>m(1 − m − n) and (p + cs −

w1)/(p + cs − w2)> (1 − m + n)/(1 − m − n) derived from
/eorem 4, values of QSS and RSS can be uniquely obtained,
making it possible to compare the retailer’s order quantity
under different backup sourcing strategies:

(1) With respect to WPP-SR, we have F(RWS) � 1 − Δ1
from/eorem 1. And from/eorem 4, RSS is subject
to both 

1
0 F(QSS + yRSS)dy + nF(QSS + RSS) +mF

(QSS) � (p + cs − w1)/(p + cs + co) and 
1
0 yF (QSS+

yRSS)dy + nF(QSS + RSS)/(1 − m − n) � (1 − m + n)

(p + cs − w2)/[2(p + cs + co) (1 − m − n)], which
can be transformed into F(RSS)< (p + cs−

w1)/[n(p + cs + co)] and F(RSS)< (1 − m + n)(p +

cs − w2)/[2n(p + cs + co)], respectively. Further,
(p + cs − w1)/[n(p + cs + co)] − (1 − m + n)(p + cs−

w2)/[2n(p + cs + co)] � (p + cs − w2) [2(p + cs−

w1)/(p + cs − w2) − (1 − m + n)]/[2n(p + cs + co)]

> (p + cs − w2)/[2(1 − m + n)/(1 − m − n) − (1 −

m + n)]/[2n(p + cs + co)]> 0, which results in
F(RSS)<min (p + cs − w1)/[n(p + cs + co)], (1 − m+

n)(p + cs − w2)/[2n(p + cs + co)]} � (1 − m + n)(p +

cs − w2)/[2n(p + cs + co)]. /us, provided that 1−

Δ1≥(1 − m + n)(p + cs − w2)/[2n(p + cs + co)] (i.e., w2
≥[(1 − m − n) (p + cs) + w1(1+ m − n)]/[(1 − n) (1+

n − m)], we have F(RWS)≥F(RSS) and RWS≥RSS.
(2) With respect to WPP-DR, from /eorem 2, we have

nF(RWD) + (1 − n − m) 
1
0 yF (yRWD)dy � (1 + n −

m)(co + w2)/ [2(co + w1)]. And from/eorem 4, it is
apparent that (1 − m + n)(p + cs − w2)/[2(p + cs+

co)(1 − m − n)] � 
1
0 yF(QSS + yRSS)dy + nF(QSS +

RSS)/(1 − m − n)> 
1
0 yF(yRSS)dy + nF(RSS)/(1−

m − n), which yields (1 − m − n) 
1
0 yF(yRSS)dy +

nF (RSS)> (1 − m + n)(co + w2)/[2 (p + cs + co)]. As
a result, provided that (1 − m + n)(co + w2)/[2(p +

cs + co)] ≥ (1 + n − m)(co + w2) /[2(co + w1)] (i.e.,
w1 ≥p + cs), we have RSS ≤RWD.

(3) According to /eorem 4, it is apparent that QSS is
subject to both (p + cs − w1)/(p + cs + co)> (1 + m

+n) 
1
0 F(QSS)dy and (1 − m + n)(p + cs − w2)/[2(p

+cs + co)(1 − m − n)>F(QSS)/2 + nF(QSS)/(1 − m

− n), which can be transformed into F(QSS)< (p +

cs − w1)/[(p + cs + co)(1 + m + n)] and F(QSS) <
(p + cs − w2)/ (p + cs + co), respectively. Further, (p

+cs − w1)/[(p + cs + co)(1 + m + n)] − (p + cs − w2)/(p

+cs + co ) � ( p + cs − w2)/(p + cs + co ) (1 + m + n))

[(p + cs − w1)/(p + cs − w2) − (1+ m + n)]/[(p + cs +

co) (1+ m + n)]>(p + cs − w2)/(p + cs + co)(1+ m +n)

[(1 − m + n/1 − m − n) − (1 + m + n)]/[(p + cs + co)(1
+m + n)] � (p + cs − w2) [(m + n)2 − m+ n]/ (p + cs+

co)[1 − (m + n)2]}. It implies that when (m + n)2−

m + n>0, we have F(QSS)<min (p + cs− w1)/(p + cs

+co)(1+ m + n), (p+ cs − w2)/(p + cs + co)} � (p + cs −

w2)/(p + cs+ co). Further, from/eorem 3, two cases
can be obtained as follows:

(i) If Δ4 ≤ 1 and (p + cs − w2)/(p + cs + co)

≤ 1 − 2(w1 + co)/(Δ5 + 2co), then F(QSS)<
F(QSR) and QSS ≤QSR.

(ii) If Δ4 > 1 and (p + cs − w2)/(p + cs + co)≤
1 − (w1 + co)/Δ6, then F(QSS)<F(QSR) and
QSS ≤QSR.
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