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Supply risk can have a negative impact on a manufacturer’s performance. Backup sourcing is one of the most commonly used
strategies to mitigate the adverse consequences of supply risks. In this paper, we study a procurement strategy with backup sourcing
when a manufacturer faces stochastic supply risk and demand. The optimal decisions of the players involved are investigated
theoretically using the game theoretic framework, and the impacts of the key parameters, such as wholesale prices and the risk
probability, are assessed numerically under supply information symmetry and asymmetry. The results illustrate that the reservation
price provided by the backup supplier varies greatly under different information-sharing conditions. Reservation quantity is
negatively correlated with the reservation price, which is affected by the risk probability, wholesale prices, and marginal cost of
the backup supplier. We also show that given the same wholesale prices, the potential supply risk has a substantial impact on the
manufacturer’s expected profit, and the performance of the manufacturer under asymmetrical supply information is not always
better than that under symmetrical information. In addition, we also discuss the impact of wholesale prices on reservation price
and participants’ profits based on numerical examples. The research enriches the understanding of a procurement strategy under

stochastic supply risk, and the conclusions have certain management significance.

1. Introduction

With the promotion and application of the asset-light strat-
egy, more original equipment manufacturers (OEMs) out-
source noncore manufacture business to reduce capital
investment and ensure the core competitiveness of enter-
prises. Boeing, the world's largest aircraft manufacturer, only
produces cockpits and wing tips; Google, Samsung, Sony,
and many other original equipment manufacturers adopt
radio frequency front-end designed and manufactured by
Qualcomm Technologies. OEMs and external suppliers form
a partnership in the process of business outsourcing, and
the manufacturer’s service level largely depends on the per-
formance of outsourced suppliers. However, manufacturing
outsourcing complicates OEMS’ ability to completely control
the production process of contract suppliers. In many cases,
OEMs can only obtain partially ordered products or the
quality of products delivered cannot be guaranteed, thus
introducing a supply risk [1]; for example, the impact of

Philips' fire incidents on Ericsson and Nokia [2], the volcanic
eruption in Iceland that stopped Nissan from producing
three auto models, BMW’s production cuts in Germany [3],
and an earthquake in Japan caused companies around the
world to rebuild their supply chains to cope with supply
disruption. All of these incidents indicated that a supply
risk can cause large or even fatal injuries to enterpris-
es.

Realizing the potential losses from supply risks, enter-
prises have shown a growing interest in incorporating risk
management into their operations. Dual sourcing is a pre-
vailing strategy for mitigating supply risk to ensure supply
chain stability [3]. One approach to work with a dual supply
strategy is to order products from two or multiple suppliers at
the same time (Tomlin [4]; Yu, Zeng, and Zhao [5]; Ju, Gabor,
and Ommeren [6]). All suppliers provide similar-quality
products for enterprises, but homogeneous products may
have differences in terms of price, lead time, reliability, and
other attributes [7]. Another method is to allow enterprises
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to order products in advance from the backup supplier and
decide whether to place an emergency order after observing
the primary supplier’s supply [8]. In addition, research on
the coexistence of multiple suppliers and backup suppliers
also exist [9]. Generally, since enterprises must consider pro-
duction and procurement costs, the primary suppliers are
always unreliable but the wholesale price is lower, while the
backup supplier is reliable but the wholesale price is higher.
Opverall, regardless of how dual-source procurement is imple-
mented, dual-source procurement is beneficial for reducing
the bullwhip effect in supply, enhancing the flexibility and
stability of the supply chain, and reducing operating costs
[10].

While dual sourcing has attracted considerable attention,
most studies focus on its effect on manufacturer perfor-
mance under disruption risk. Research on a procurement
strategy under stochastic supply risk and considering the
benefit of each participant is very limited. In this paper,
we consider a supply chain in which the manufacturer
mainly procures a critical component from one primary
supplier with stochastic capacity risk, and supply chain
stability is built through a capacity reservation contract
with a backup supplier. We examine the manufacturer’s
strategic purchasing use of a backup supplier in a single-
period model. We will mainly solve the following problems:
when does the manufacturer need to reserve capacity?
What is the optimal reservation quantity for the manufac-
turer and how will the reservation price affect it? What is
the optimal quantity of a manufacturer's emergency order
when the primary supplier’s supply has been observed? In
addition, we will also compare the impact of information
sharing on the reservation price and expected profits of the
manufacturer and backup supplier based on procurement
strategy models under information asymmetry and symme-
try.

The major contribution of this paper is that it extends
research on a procurement strategy with backup sourcing
from the following dimensions. First, we study the capacity
reservation strategy and utilization strategy in the context of a
supply chain with both stochastic supply risk and demand. In
this setting, the backup is an important component in main-
taining supply chain stability. Second, we consider the Stack-
elberg game problem in the capacity reservation with a
backup supplier as the pioneer. We believe that the manu-
facturer is at a disadvantage in emergency procurement, and
the decision made in the presence of risk should be mutually
beneficial and acceptable to both partners. In addition, we
also consider the impact of information sharing on the
procurement strategy. To our best knowledge, this has not
been examined in the existing research on dual sourcing
procurement.

The remainder of this paper is organized as follows.
Section 2 reviews related literature. Section 3 presents the
model setup. Section 4 characterizes the procurement strat-
egy of the manufacturer and the pricing strategy of the
backup supplier in different cases. Section 5 provides numeri-
cal studies. We conclude this paper in Section 6. All the proofs
are included in the Appendix.
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2. Literature Review

The importance of supplier diversification for mitigating sup-
ply risks has been recognized, and a large amount of research
has emphasized various issues around sourcing strategies
under supply risk. Multiple sourcing provides greater assur-
ance of timely delivery and increased flexibility of the supply
chain [11]. Burke, Carrillo and Vakharia [12], Federgruen
and Nan [13], Mansini, Savelsbergh and Tocchella [14], and
Silbermayr and Minner [3] provide in-depth discussions of
multisource procurement strategy issues, such as supplier
quantity selection and optimal order. However, a diversifica-
tion strategy may involve higher costs and complexity [15].
Fang et al. [2] study the performance of different sourcing
strategies (single, dual, multiple, and contingent sourcing)
and find that the addition of a third or more suppliers yields
considerably reduced marginal benefits.

Considering relevance, we summarize the existing lit-
erature on dual sourcing procurement from four profiles,
which can highlight the literature positioning of this paper,
as shown in Table 1. In these studies, most scholars only focus
on the manufacturer’s behavior and ignore the game between
the manufacturer and the backup supplier. Actually, when a
manufacturer cooperates with a backup supplier to mitigate
potential supply risks, it may not be the primary customer of
the backup supplier. Thus, the backup supplier will maximize
its own interests through the reservation price game in the
process. Therefore, the interaction between the manufacturer
and reserve supplier should not be neglected. In addition,
due to different research objectives and the diversity of
parameter settings, the decision-making scenarios of the
procurement strategy with reliable and unreliable suppliers
are very complicated. Although the paper is most similar to
those of Zeng and Yu [16] and Chen and Xiao [17] in terms
of risk profiles and strategic profiles, significant differences in
specific methods and objectives remain.

In this paper, we focus on the procurement strategy with
backup sourcing, where the manufacturer faces stochastic
supply risk and demand risk. Using the game theory, we study
the interaction between the backup supplier’s reservation
pricing and the manufacturer's optimal reservation contract
in which the backup supplier is the pioneer in the Stackelberg
game, which represents the major gap that we try to fill. We
argue that the reservation price determined by the backup
supplier has a significant impact on the manufacturer's capac-
ity reservation strategy. We assume that the backup supplier
is in the leading position in this game and first determines
the price strategy according to the manufacturer's response to
the price, and the manufacturer will determine the reserved
amount of capacity based on the observed reservation price.

Moreover, another focus of this paper is the impact of
information sharing on procurement strategies. Some exist-
ing research on procurement strategies has focused on this
issue. Wagner and Friedl [18] analyze the impact of symmetric
or asymmetric information about the backup supplier’s cost
structure on the transformation of procurement strategies.
Yang, Aydin, and Babich [19] consider that a supplier has
private information on supply reliability, and they investigate
the risk-management strategies of the manufacturer. Xu et al.
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TABLE 1: Representative studies of dual source procurement.

Authors Risk profile Strategy profile Objective Characteristics/ Contributions
Deterministic Sourcing strate
Yu et al. [5] demand Dual sourcing 88 &y Price-sensitive demand
. . selection
Supply disruption
. A multiperiod inventory system
J. Chen, Zhao Stochastic demand . L. K
. . Dual sourcing Order decision and the backup supplier has
and Yun [22] Supply disruption . :
limited capacity
Deterministic . . . . .
Sawik [8] demand Dual sourcing Supplier selectllon, Integration of supplier selectllon
. . Order scheduling and customer order scheduling
Supply disruption
Zeng and Yu Stochastic demand . Reserved capacity; A combination of a decision-tree
. . Backup sourcing Revenue-sharing .
[16] Stochastic supply risk and the Nash game is used
contracts
. Deterministic Optimal Price-sensitive and elastic
Tao, Sethi and . .
Zhang [23] demand Dual sourcing procurement demand; the two suppliers are
& Stochastic supply risk strategy both unreliable
Huang and Xu Stochastic demand Backup sourcing Sourcing strategy Coexistence anc.i exclusivity of
. . . . backup sourcing and dual
[9] Supply disruption & Dual sourcing selection .
sourcing
Chen and Xiao Stochastic demand . The value (.)f backup sourciig 1n
. . Backup sourcing Order strategy decentralized and centralized
[17] Stochastic supply risk
channels
. Deterministic The 1n.1piacts of.suP p fier
Silbermayr and . . characteristics, reliability, cost
- demand Dual sourcing Order allocation . s
Minner [24] . . and learning ability on the
Supply disruption

procurement strategy

Stochastic demand

Maximizing the expected utility

Liand Li [25] Supply disruption Dual sourcing Order strategy considering a loss-averse
preference
Hou, Zeng and Deterministic . Cap ac1Fy The contract has minimum order
. demand Backup sourcing reservation . :

Li [7] . . quantity constraints
Supply disruption contract

Freeman et al. Stochastic demand Dual sourcin. Optimal strate Product alternatives are

[26] Supply disruption & p &Y considered

Zhe and Chen Deterministic . . Consider three categories of

demand Backup sourcing Strategy selection . .

[27] . . backup strategic options

Supply disruption

[20] evaluate how the involvement of a backup supplier
with private cost information affects the performance of the
primary supplier and the manufacturer by constructing a
Stackelberg game model. Nosoohi and Nookabadi [21] inves-
tigate an option contract design problem of the manufacturer
when the supplier has private information on cost. In contrast
to the above works, which regard cost information as private
information, another focus of this paper is to analyze the
impact of supply information on the purchasing strategies of
manufacturers and the profits of backup suppliers.

3. Model Description

We consider a single-period problem where the manufacturer
faces a stochastic market demand D with a density function
of f,(D), which is subject to uniform distribution, and orders
N units of components from the primary supplier with
unit price w at the beginning of the period. This primary

supplier is prone to stochastic capacity risk; we denote the
probability for the primary supplier of capacity loss as p, and
the probability of working normally is therefore 1 — p,. When
the production capacity is abnormal, the residual capacity 0 is
also composed of random variables that also obey a uniform
distribution with a density function of f,(6). We assume that
the manufacturer takes the initiative in the market and that
the primary supplier will endeavor to meet the needs of the
manufacturer. That is, the primary supplier can provide N
units of components when it works normally and NO units
when its capacity is partially disrupted.

In addition, the manufacturer will evaluate the produc-
tion status of the primary supplier, i.e., the probability of
supply risks, before each phase begins and decide whether to
reserve components according to the evaluation result, the
negotiated wholesale prices (;w and #,w), and the reser-
vation price provided (k) by the backup supplier. When the
primary supplier’s production is abnormal, the manufacturer



will decide whether to place an emergency order or the order
quantity if the manufacturer reserves components depending
on the actual situation of risk.

Facing possible supply risk, we study the optimal pro-
curement strategies that may be adopted by the manufac-
turer under different situations: one strategy is that the
manufacturer regards the supply information of the primary
supplier as private information. The backup supplier only
has access to the expected emergency order quantity and the
risk possibility of the primary supplier when negotiating the
reserved contract with the manufacturer. The other strategy
is that the manufacturer shares supply information with the
backup supplier. That is, the backup supplier knows not only
the risk probability before offering the reservation price but
also the quantity delivered by the primary supplier under
different risk conditions.

We assume that the backup supplier is reliable and that
the emergency order will be delivered on time. For the
manufacturer, to ensure that these components can be deliv-
ered by the backup supplier in time, the manufacturer must
pay extra reserve expenses. We assume that this cost is
linearly related to the reservation quantity. In addition, for the
components reserved, the wholesale price will be 7w, and
the manufacturer can still buy the components that are not
reserved but at a higher price #,w. Thus, we can describe the
emergency order cost when the manufacturer purchases from
the backup supplier using the following equation:

kQ + nwx x<Q
g (x) = @
kKQ+nmwQ+nw(x-Q) x>Q

where x represents the emergency order quantity and Q
represents the reservation quantity. kQ is the reservation cost,
n,wx is the purchase cost when the actual emergency order
quantity is lower than the reserved quantity, and 7,wQ +
n,w(x — Q) is the purchase cost when the actual emergency
order quantity is greater than the reserved quantity. The
backup supplier must bear the operating cost caused by
production rescheduling, resource reallocation, adjusting
delivery dates for other customers and so on. Therefore, in
this paper, we consider w < qw < w < p.

4. Optimal Decision Model with
Stochastic Supply Risk

The procurement strategy under supply risk includes three
decision-making stages: in the first stage, the backup supplier
offers the reservation price to the manufacturer; then, the
manufacturer determines the reservation quantity according
to the reservation price in the second stage and determines
the emergency order quantity according to the specific
situation of risk in the third stage. We characterize these
optimal decisions in this section.

4.1. The Emergency Ordering Decision Stage. In the third
stage, the manufacturer makes ordering decisions contingent
on the state of the primary supplier. Suppose that the quantity
reserved by the manufacturer in the second stage is Q and that
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the reservation price provided by the supplier is k. Therefore,
the profit of the manufacturer when the backup is utilized can
be characterized as

7y (90)

9<Q (2)

{—wNG—qu—kQ+h(N9+q)

~wNO-nuwQ-1,(q-Q)-kQ+h(NO+q) q>Q

Equation (2) denotes the manufacturer’s profit when the
emergency order quantity g is less than or greater than
the reservation quantity Q. We assume that each unit of a
component can produce one unit of a finished product whose
residual value is 0. Therefore, the quantity of the finished
products that can be produced at the end of the period is
NO+g; therefore, the expected revenue that the manufacturer

can obtain is H(NO + q) = p(j0N9+q Df,(D)dD + I;\JIGW(NG +

q) f1(D)dD). Let q* denote the optimal emergency order
quantity, and its value is given in the following proposition.

Proposition 1. When the primary supplier's order delivery
rate satisfies O < b(p —n,w)/Np, the optimal emergency order
quantity is

*

q
0 6>b(P_’71w)
Np
0 b(p-mw)-pQ _, _blp-mw)
Np Np ©)
Q b(p—nzw)—pQ<9<b(p—mw)—pQ
Np Np
b(p-nw)-pQ
G 0< (p '33) p
{ p

where q, = (b(p—nw)—-NOp)/p, q, = (b(p—n,w)—NOp)/p.

From Proposition 1, one can intuitively understand that
the fewer components that the primary supplier actually
supplies, the greater the quantity that the manufacturer
will order from the backup supplier. The emergency order
quantity is also affected by the reservation quantity.

4.2. The Reservation Ordering Decision Stage. In the second
stage, the manufacturer determines the reservation quantity
to maximize the expected profit based on the actual pur-
chasing quantity g in the emergency ordering decision stage
and the reservation price k. If the manufacturer reserves Q
units of components, then the manufacturer’s expected profit
function can be expressed as follows:

E(my) = (1-p,) (~wN6 - kQ + h(N))

(4)
+PrJﬂM (a7:0) f,(0)do
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In (4), the first part, which is multiplied by 1 - p,, denotes
the profit when the supplier works normally; the second
term, multiplied by p,, shows the profit function when the
primary supplier suffers a risk and can only deliver N8 units
of components to the manufacturer.

Proposition 2. When the reservation price of a unit com-
ponent k is given, the optimal reservation quantity of the
manufacturer is as follows:

Q*

2pNk
O k+D >
T P G ) Cp—w (i + )b

0 otherwise

)

;:/here D, = -N/w(-1, +1,) pp» P, = 2pb— (1, +1,)bw)/2p,
>0

Proposition 2 describes the conditions under which the
manufacturer will reserve components and the optimal
reservation quantity. Note that yyw < nw < p, d; <
0 regardless of the value of p, when p, > 0, indicating
that the reservation price has a significant impact on the
quantity that the manufacturer reserved. The lower the
reservation price is, the more the manufacturer will reserve.
Note that p, = 2pNk/w(-n, + 1,)(2p — w(y, + 1,))b. From
Proposition 2, backup sourcing will be utilized only when
p, > P, Notably, the wholesale prices and reservation price
have been identified by the manufacturer and the backup
supplier; therefore, we can regard p, as the parameters that
can reflect the manufacturer's risk tolerance. We can obtain
the following corollary.

Corollary 3. The manufacturer's tolerance for supply risk
increases as the reservation price k increases.

4.3. The Pricing Decision Stage. As a pioneer in the game, we
assume that the backup supplier knows the manufacturer's

kaQi + p, (Ma1w — ) E(q})

T[gA (ko) =

reflection function on its reservation price. Therefore, the
reservation price should be accepted by both parties willingly,
and the backup supplier will select its own optimal pricing
strategy based on the manufacturer’s strategy to maximize its
own interests while ensuring that the reserved price can be
accepted by the manufacturer.

4.3.1. The Pricing Decision under Asymmetric Supply Informa-
tion. Ifthe delivery information is the manufacturer's private
information as we emphasized earlier, then the backup sup-
plier can only set the reservation price k, > 0according to the
expected purchase quantity provided by the manufacturer.
According to (3), the expected quantity of the manufacturer’s
emergency order is

b(p=1aw)/Np

E(@)- | PAGLL

(b:(p—naw)-p-Qs)/Np

(b:(p—naw)-p-Qs)/Np
.| QO ©
(

b-(p-nsw)-p-Qs)/Np

(b:(p—naw)-p-Qs)/Np
o NG

0

where g4,, g4, represent the emergency order quantity,
and other parameters are set in the same manner. In this
paper, we assume that 6 obeys the distribution of uniform 0-1;
then, (6) can be simplified as follows:

b (p-wny,)’ L wQy (a1 —1Map) b )
2Np? Np

E(qy) =

Since the backup supplier may be a primary supplier to
other manufacturers, we assume that the marginal produc-
tion costs (¢,) are stable and unaffected by the manufacturer's
reservation quantity. Therefore, the profit of the backup
supplier can be calculated as

(8)

kaQi+ Py (M = &) (E(q3) - Q) + (naw - ) Q%) E(qh ) > Q;

Equation (8) denotes the manufacturer’s profit when the
expected emergency order quantity E(q)) is less than or
. . *
greater than the reservation quantity Q),, where #,,w — ¢
and 774, w — ¢, indicate the sales profit of the unit components
when the actual sales volume is less than or greater than the
reservation quantity.

Proposition 4. When the backup supplier has access to
information about the expected quantity of the manufac-
turer's emergency procurement E(q},) and the risk probability
of its primary supplier p,, the optimal reservation price

provided by the backup supplier to the manufacturer is as
follows:

ky"
. 2p—-2¢)b- pN wi g, +p)
maxfk,,50p 2P co)2 PN (wimtp) ©)
_ 2b w (Har = Ma2) b+ PN
. (p-26)b-pN (Wi +p)°
max{k,, ,0 <
thsa” 0} 2b? w (a1 —1a2) b+ pN

wherek ;" = (a1~ 14z )4 w— ¢ )Wb/2Np) p, — D, /2Dy;
ka" = (a2 = 1a) (NP + blcy = 40w))wp, /2Np — @, /20,.



Proposition 4 shows the optimal pricing strategy of the
backup supplier. Considering bw(1,, —114,) + Np > 0, using
equal (9), proving that k,,* — k4, " > 0 is easy. Additionally,
the backup supplier has different pricing decisions when
facing different wholesale prices. If #,; is lower and 7, is
high, the supplier is more likely to choose a higher pricing
strategy, while it may use a lower reservation pricing strategy
when 71, is high. When we further analyze the monotonicity
of the reservation price, we can obtain the following corollary.

Corollary 5. When p, € (0,1],

(1) if 34y + a)w < 2p + 26, then k™ > 0 and k 4, *
increases with p,;

(2)if2(p + ) + 2Np/b > (4, + 34w, then k,™ > 0
and k ,," increases with p,.

(b(p - mw)

p
b(wnyy — wia, +2p - 26)

QA* =9 4p

(2p = 2¢y + (42 = Mar) w) b - 2Np
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According to Corollary 5, the risk probability is an impor-
tant factor affecting the reservation price. When the reser-
vation price k,* > 0, a higher risk probability corresponds
to a higher reservation price. When the reservation price
k,* = 0, retaining sufficient components is advantageous
for the manufacturer. In this case, we assume that the
manufacturer's reservation quantity equals the maximum
emergency-ordered quantity, i.e., Q" = g4, wheren, =14,
Na = 0,and 0 = 0. Therefore, we can draw the following
corollary.

Corollary 6. The reservation quantity determined by the
manufacturer under information asymmetry is as fol-
lows:

p,>prand k" =0

p,>prand k" =ky "t >0

4p

From Corollary 6, we can see intuitively that the impacts
of n,, and #1,, on the reservation quantity are different. If
ky* = ky ", Q4 increases with 7,, and decreases with

N4> while Q" increases with 77,4, but decreases with 74, if
kA* = kAZ* .

4.3.2. The Pricing Decision under Symmetric Supply Informa-
tion. Notably, if the backup supplier is in a favorable position
in the reservation contract, then the backup supplier does
not expect any loss in the reservation process regardless of
how much the manufacturer orders from it. Therefore, the
backup supplier will try to achieve symmetry of the supply
information. When the backup supplier has exactly the same
information as the manufacturer, the profit of the backup
supplier can be described as

E (”gs) = ksQ;

<J'(b'(17—’lszw)—P'Q:)/NP

+Pr (52w = ) (52 — Q7)

(10)
p,>prand k" =ky >0
P <P
+ (1w - ) Q:) £,(0)do
(b-(p=n151w)=p-Q))/Np .
o (51w - ) Q; f (6) d6
(b-(p—15,w)—p-Q} )/ Np
b(p-nsw)/Np
+ J (7151“’ - Co) qs1.f> (0) d@)
(b-(p—nsw)-p-Q})/Np
(11)

where 7w and 7, w also represent the wholesale prices.
According to Proposition 2, we have Q. = @, kg+Dg,, where
Dg) = -N/w(-1s; +15;) prs P = (2pb = (15 +1751)bw) /2.
Let kg* denote the optimal reservation price for the backup
supplier under information symmetry; its value is given in
the following proposition.

Proposition 7. When the manufacturer shares supply infor-

mation with the backup supplier, the optimal reservation price
is kg

b (P TG — WHg — wﬂsz) (7752 - rlsl) wp,

kg* = PN

Proposition 7 indicates that the wholesale prices 7qw
and 7g,w are important reference factors for the backup
supplier to decide whether to charge for the reservation

P+ G > wh Wy (12)

P+ G = whg +wig

fees, and the supply risk probability faced by the manu-
facturer is the important factor affecting the reservation
price.
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z X1 X2 X3 X4 X5 7 _
* * * * 2
ka* >0 ka* >0 ks™ > kyy ks™ > kap (p+a)
kay" =0 ko =0 ks™ <kp” kg™ < kpy
k" =0 | k¢" >0
FIGURE 1: Value relationships between reservation prices.
TaBLE 2: Comparison of reservation prices in different scenarios.
Condition z<¢=x Nn<¢<x Xo<P<xs Xs<P<Xs Xa<P<xs Xs<¢$p<Z
(z, X110 (2, x,10 (2, x,10 (2, x,10 (2, x,10 (2, x,10
ki (X0 Z] k" (X2 Z] k" (X0 @l kar” (X @l kar” (X0 @l kar” (X @l kar”
(6, Z] ko’ (¢, Z ko' (6. Z] ko’ (¢ Z ko'
(2. x5 (2. x5 (2. x5 (2 xs] (2 )] & (¢ x5) (2. x4l
. k' <k, k' <k," k' <k," k' <ky" k' <k," k' <ky"
ks
(X5 Z] (X5 Z] (x5 2] (X5 Z] (X ¢] & (X5 Z] (XsZ]
k' >k, k' >k, k' >k, k' >k, k' >k, k' >k,

Corollary 8. Under symmetric information, the reservation
price increases with p, when p + ¢, > Wy + WH,,.

As in the case of information asymmetry, we also
assume that the reservation quantity equals the maximum
emergency-ordered quantity and #, = 0 when k; = 0.
Therefore, we can obtain the following corollary.

Corollary 9. The reservation quantity under information
asymmetry is

Qs

(1 +10) w=26)b
2p

P+ > wny +wng, and p.> P,
_ (13)
= 0 p+%>wﬂ51+wﬂsz und prspr
b(p - r]slw)

- P+ 6 Swng +why and p, > P,

Corollary 9 indicates the manufacturer's reservation
decision in the face of different reservation prices. Obviously,
when the manufacturer cooperates with the supplier, Qg
increases with wr,, wy, if the wholesale prices are low but
decreases with 7, if the wholesale prices are high.

Assume that the wholesale prices are the same under
different information-sharing conditions, i.e., 774, = #s, and
Has = Mg 1t is easy to determine that kg* > k4, * when
2p+ 66 > (514, + 314 )w, and kg™ > k4, " when 2(p + ¢;) >
(37141 + Ha)w + 2pN/b. According to Propositions 4 and
Zolet x; = (a1 + 3100w = 2Np/b, x; = (314 + 1a0)w,
Xs = 2wy + whu)s Xa = (5141 + 31)w - 4¢ and ys
(3141 +Ma2)w + 2pN/b. Proving that y; < x, < X3 < X4 < Xs

is easy. The value of the reservation price under different
information-sharing situations and the relationships between
them are shown in Figure 1.

Let¢ = 4p=-Np/b=(2(p=wn,)*b)/(pN+w(,u~1)b);
the reservation price under symmetric information can be
simply expressed as

2(q+p)<¢
2(qo+p)>¢

max {k,, ", 0
Ky {kai ", 0} (14)
max {kAZ*’O}

Assume that z < 2(p + ¢;) < Z. Therefore, we can obtain
the following the corollary.

Corollary 10. The relationship of the reservation price under
information symmetry and information asymmetry is shown in
Table 2, where (z, x,10 represents k,* = 0 whenz < 2(¢y+p) <

X1

5. Numerical Experiment and Comparisons

In the previous section, we obtained analytical results asso-
ciated with the manufacturer’s optimal reservation decision
and pricing strategy under information asymmetry and
symmetry. In this section, we rely on a numerical analysis
to obtain more insights into the properties of procurement
decisions and the expected profit functions and identify
the relevant price parameters affecting the manufacturer's
procurement strategy. For these purposes, we consider the
following basic parameters: p = 20, b = 1000, ¢, = 3, w = 6,
and N = 700.
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FIGURE 2: The manufacturer’s expected profit under different conditions.

5.1. The Impact of Risk Occurrence on the Expected Profit of
the Manufacturer. We start by studying the manufacturer’s
expected profit under the risk probability of the primary
supplier p, and comparing performance under supply infor-
mation asymmetry and symmetry. Using (4), the manufac-
turer's expected profit function under different conditions
is plotted against the risk probability ranging from 0.05 to
1 with wholesale prices n,w = 1.0w n,w = 15w, w =
12w n,w = 1.8w and yw = 1.5w y,w = 2.2w, where nw
and 7, w represent the same wholesale prices under different
information-sharing situations, as displayed in Figure 2.

Figure 2 shows the manufacturer's expected profit when
given wholesale prices, where the solid lines and dotted
lines represent the profit under information asymmetry
and symmetry, respectively. We can see that regardless of
whether supply information is shared, the expected profit
always decreases with the risk probability p,, and the profit
difference between information symmetry and information
asymmetry under the same given wholesale prices is con-
stantly increasing. At the same time, we also find that sharing
supply information with the backup supplier under different
wholesale prices has different effects on the manufacturer.
When #, = 1.0, #, = 1.5andy, = 15, n, = 2.2, the
manufacturer can increase its expected profits by sharing
supply information; in contrast, when n;, = 12,1, =
1.8, private supply information is more beneficial to the
manufacturer.

5.2. The Sensitivity to (n,,1,) under Asymmetric Information.
Next, we analyze the impact of wholesale prices on the
manufacturer's procurement strategy and discuss two cases
at p, = 0.3 and p, = 0.7. In each case, we assign #,, with
different values. Considering that p > #g,w, we only discuss
the condition where #,, ranges from #,; + 0.05 to 2.8. The
results are illustrated in Figures 3 and 4.

Figure 3 clearly shows the condition for reservation price
decision making. When we focus on #,, = 12, given
the wholesale price 77,4, w, the backup supplier has different
pricing strategies with #,,. If the wholesale price 774, w is low
(M2 < a2)> the backup supplier will set a higher reservation
price k4, ", and if the wholesale price 774,w is high (174, >
fa2)> the backup supplier will set a lower reservation price
k4" However, when 77,, = 1.5, the backup supplier will
always set a lower reservation price k,,*.

Figure 4 illustrates the effect of wholesale prices on the
order quantity. According to Proposition 4 it yields 77,, =
1.486 when 74, = 1.2, as shown in Figures 3 and 4. We
see that when #,, = 1.2 and 7,, < 7,,, the optimal
reservation price will be higher and the reservation quantity
will be lower than the expected emergency order quantity;
otherwise, the optimal reservation price of a unit component
is relatively low, but the reservation quantity will be higher
than the expected emergency order quantity. In addition,
based on Section 4, we know that the risk probability does not
affect the pricing strategy selection of the backup supplier and
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the manufacturer’s expected order quantity and reservation
quantity, indicating that the same situation appears when
p,=0.7.

Understandably, a greater reservation quantity cannot
save more cost for the manufacturer if the primary supplier’s
production capacity is partially invalid when the wholesale
price 7,,w is low and the difference between #,,w and
Naw is small. This situation will cause the manufacturer
to lose the motivation to reserve more products. Therefore,
for the backup supplier, increasing the reservation price
and obtaining more reserved revenue from reservations are
wise actions. In contrast, when #,;, 74, are high, a lower
reservation price can encourage the manufacturer to reserve
more components because the manufacturer's emergency
procurement cost will be lower if the supply risk has a greater
impact on the system. The backup supplier will also obtain
satisfactory profits because of the larger reservation.

When we observe the expected profit of the manufacturer,
we find that the increased supply risk probability will reduce
its expected profit. When 7, = 1.2, the manufacturer’s profit
is increased after the reservation price strategy changes, as
shown in Figure 5. The reason for the increased profit may be
that the lower reservation price encourages the manufacturer
to reserve more components, resulting in a higher reservation
quantity than the expected emergency order quantity, as
shown in Figure 4. The manufacturer can therefore obtain
sufficient parts to produce finished products to meet the
random market demand.

5.3. Comparisons of Optimal Strategies under Different
Information-Sharing Conditions. To further discuss the
impact of supply information sharing on the manufacturer's
procurement strategy, we assume that 174, = 75 = 1.2,
Naz = Mg, and discuss the expected profit and quantity when
p, = 0.3 and p, = 0.7, respectively. For the convenience of
the description, we use #, and 7, to represent the wholesale
price with or without reservation, respectively. All the results
are plotted in Figures 6-9.

Figure 6 shows the optimal pricing of the backup supplier
for different information-sharing situations. In contrast to
information asymmetry, the optimal reservation price under
information symmetry increases first and then decreases
as #, increases. From Corollary 10, we know that when
the wholesale prices changes, different reservation price
relationships will emerge. If supply information is symmetric,
the reservation price value is higher when #, < #, < 7, and
lower when 7, < #, or 1, > 7. Accordingly, when 7, < 7, <
7, the reservation quantity under information symmetry is
lower, as shown in Figure 7. Furthermore, the manufacturer's
reservation quantity increases with 77, when k,* > 0 and is
constant when ks* = 0, as stated in Corollary 9.

The expected profits of the manufacturer and backup
supplier are presented in Figures 8 and 9, where the red lines
represent profits under symmetric information while blue
lines represent profits under asymmetric information. When
observing the profits of the manufacturer under information
symmetry, we can see that information symmetry does not
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necessarily lead to more profit for the manufacturer. When
the manufacturer's wholesale price #, < #, < 71, sharing

supply information with the backup supplier will reduce the
expected profit. The higher reservation price (see Figure 6)
leads to a decrease in the reservation quantity (see Figure 7),
which ultimately leads to this phenomenon.

However, the backup supplier can gain higher profits
under information symmetry when k,* # 0, as shown
in Figure 9, which is easy to understand because when the
manufacturer shares the original private supply information
with the backup supplier, the manufacturer's bargaining
power is weakened, and the backup supplier can occupy a
more favorable position in procurement. However, if k,* =
0, the source of the backup supplier's revenue is only the
emergency order when the delivery quantity of the primary
supplier does not meet the demand of the manufacturer,
which leads to a reduction in the backup supplier’s expected
profits.

6. Conclusions

Backup sourcing is one of the most frequently used opera-
tional strategies of firms to mitigate supply risks. We consider
a supply chain in which the manufacturer mainly procures
a critical component from one unreliable primary supplier
with stochastic capacity risk and guarantees supply chain sta-
bility through a capacity reservation contract with a reliable
backup supplier. We construct the base model in which the
manufacturer first decides whether to reserve components
from the reliable backup supplier and then may activate
backup sourcing after observing the primary delivery, where
the manufacturer is subject to random demand. The central
issue in this paper is the optimal procurement strategy with
backup sourcing for the manufacturer. We characterize the
manufacturer’s optimal reservation and ordering decisions
and analyze the pricing decisions of the backup supplier
with the game theoretic framework under supply information
asymmetry and symmetry.

From the perspective of decision-making strategies in
different scenarios, we find that the backup supplier will
implement differential reservation pricing according to the
negotiated wholesale prices and whether the manufacturer
shares specific supply information. The value of the reser-
vation price is affected by the wholesale prices, supply
risk probability, and marginal cost of the backup supplier
probability. The boundary conditions for the manufacturer
to pay the reservation cost are also are also discussed in this
paper. Notably, the reservation price increases with the risk
probability of the primary supplier, and when the reserva-
tion price is higher than 0, the manufacturer's reservation
quantity is linearly related to the reservation price. From the
perspective of strategy selection, when the risk probability
is uncertain, our analysis shows that supply information
symmetry is always more beneficial to the backup supplier.
However, whether the manufacturer can improve its expected
profit by sharing private supply information is affected by
the wholesale price. When the risk probability is certain,
the results show that the relationship between the wholesale
price and the manufacturer's profit is very complicated,
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and lower wholesale prices are not always beneficial to the
manufacturer.

This paper has the following managerial implication
for the manufacturer. When the primary supplier has a
low probability of capacity risk, reserving components from
the backup supplier will not confer more benefits to the
manufacturer. When the risk probability is high and the
price of components on the reserve market is reasonable, the
manufacturer can contract with the backup supplier for an
emergency order. The manufacturer should determine the
reservation quantity based on the reservation price, the
wholesale prices, and whether the delivery information of the
primary supplier should be shared with the backup supplier.
We find that a favorable action for the manufacturer is to pro-
tect specific supply information from being acquired by the
backup supplier when the wholesale prices are determined
and the reservation price under information symmetry is
higher; otherwise, the manufacturer should share the infor-
mation with the backup supplier.

From the perspective of the backup supplier, it has
two different pricing strategies when the information is
asymmetric. If the backup supplier adopts the lower pricing
strategy, then the increase in the wholesale price of reserved
components will reduce the manufacturer’s demand for reser-
vation, while the increase in the wholesale price of unreserved
components will encourage the manufacturer to reserve more
products. The effect of the wholesale prices is reversed if the
backup supplier adopts the higher pricing strategy. When
the information is symmetric, an advantageous action for
the backup supplier is to charge the reserved cost, and the
appropriate increase in the wholesale prices will not reduce
the reservations. Therefore, the backup supplier can choose
the appropriate pricing strategy to expand its potential
market according to different situations. Notably, obtaining
the delivery information of the primary supplier is always
beneficial to the backup supplier in the presence of reserved
costs.

We can expand future research as follows. First, the
residual value of products and extension of the procurement
strategy to multiple-period cases should be considered. Sec-
ond, the time constraints in the procurement and supply
processes will be interesting to consider. In addition, studying
a situation in which a manufacturer uses another unreliable
supplier as a backup supplier may be worthwhile.

Appendix

Proof of Propositionl. When 0 < g < Q, dmy(q;0)/dq =
—mw — (N + q)p/b + p and d*my,(q;0)/dq* = —p/b <
0. Therefore, 7),(q;0) is concave with g, and the optimal
emergency order quantity satisfies dm,,(q;0)/dq = 0, which
leads to q; = (b(p — ,w) — NOp)/p. Similarly, when q > Q,
we have g, = (b(p — n,w) — NOp)/p. If 0 < q; < Q, then
determining that b(p—n,w)/Np > 0 > (b(p—n,w) - pQ)/Np
is easy, and the optimal emergency quantity is q,; if g; < 0,
we have 0 > b(p — nw)/Np, and the manufacturer will
order nothing from the backup supplier; if g, > Q, 0 >
(b(p — myw) — pQ)/Np, the optimal order quantity is Q or
q,- When g, > Q, 0 < (b(p — n,w) — pQ)/Np, the optimal
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order quantity is g, and 6 > (b(p — n,w) — pQ)/Np, and Q is
the optimal choice. O

Proof of Proposition 2. Taking the derivative of E(mh,) with
respect to the variable Q yields the following equation:

dE (ﬂf/[)

d
Q (A1)
_ 2w ((Q=b) p+(1/2) bw (141 +142)) (a1 — Ma2) P, — 2NpPk
2Np

Let Q" denote the optimal reservation quantity; then, we have
Q *

b (a1 = 1a2) ((1/2) (=141 = 42) W+ p) wp, + Npk (4.2)
pw (May = 1az) Pr

Combined with k, we have

Q= Nk N (2p-w(Ha +12)) b (A3)
w (1 +1a2) Py 2p
Let @, = —(N/w(-na + a2 )p,) © = 2p — npw -

Naw)b/2p; it can be proved that ®; < 0, @, > 0, and then
Q" = ©1k+®,. When p, > 2pNk/w(—14,+14,) 2 p-w(n,, +
142))b, the optimal reservation quantity is greater than 0. [

Proof of Proposition 4. Without loss of generality, we assume
that N > (p — w)b/p and w < wr,; < wyy,, < p, and then
bw(n,, 1)+ Np > 0and (~bwd, (1,4, —14,)/ pN-D;) > 0
is always true. Therefore, the optimal value of k4, " satisfies
dng,(ka)/dk g = (10~141) (14, w—G)wD1bp, [Np+20 1k 4 +
®, = 0 when E(q};) < Q}, which leads to ky," = ((4; —
Na) (M w — G)wb/2Np)p, — ®,/2®, if ®, > ky,, where
kai = (P = 1aw)*0* [ p(b(wn gy — o) + Np) = (N w -
W) (4w — ¢)b/Np)D, p,. Similarly, when E(q}) > QJ,
the optimal value of k,," = (1w — wny)(Np + b, —

Naw))p,/2Np — ©,/20, if O, < ky,, where k,, = (p -
WAzw)zbz/P(b(wﬂAl_”lAzw)+N&(w(’7_Az_’7A1)(NP+b(Co_
Na,w))P, /Np)p,, proving that k4, > k,; is easy. Therefore,
we need to compare the two pricing strategies when k,, <
®, < kg Let An%, = nf,(ky") — 75, (k). Solving
A?Tg 4 > 0, which indicates that k" is a better choice than
k", we can obtain ®, > (1/2)(k 4, + k ,); when AniA <0,
which is @, < (1/2)(k; +k 4,), k4, will be a better strategy,
and when @, = 1/2(k,, + k,,), the backup supplier can gain
the same profit regardless of which strategy is adopted. When
@, < (1/2)(ky, + kay), we have ((2p — 2¢))b — pN)/2b* <
(Whaz + P)* /(W4 ~ 1a)b + PN). u
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