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STRATEGIC SOURCING UNDER RECALL LOSS SHARING AND PRODUCT
QUALITY INVESTMENT

BINWEI DONG!, WANSHENG TANG!Y* AND CHI ZHOU?

Abstract. Product recall has been a widespread practical operation risk in the production outsourc-
ing. To remit even avoid product recall risk, this paper considers a two-echelon supply chain where the
original equipment manufacturer (OEM) orders a critical component from one or two contract manu-
facturers (CMs) and uses it to produce finished product with potential quality defect. The CMs can
decide investment level to reduce defect possibility and share recall loss with the OEM once product
recall is implemented. When the recall loss sharing rate is fixed, the OEM may adopt the single sourcing
strategy or the dual sourcing strategy which depends on the recall loss sharing rate. Moreover, if the
sharing rate is relatively small, the single sourcing strategy is an optimal choice for the OEM. However,
when the recall loss sharing rate is determined by the OEM, she prefers to adopt the dual sourcing
strategy. Meanwhile, an increase of the recall loss sharing rate may not force the CM to improve product
quality. By the numerical analysis, if the marginal recall loss is large or the wholesale price is relatively
small, the OEM and the CMs can reach a win-win scenario. Finally, we examine an extension in which
the CMs have pricing ability on wholesale price, and the result shows that the OEM can not obtain a
cost-reduction benefit under the dual sourcing strategy.
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1. INTRODUCTION

It has been a common practice that brand-name companies outsource the production of their products to
CMs. Conventional wisdom holds that outsourcing is a pervasive feature of supply chain and has contributed
significantly to the growth of global economy. However, the outsourcing decision can be far more complex in
practice. On the one hand, outsourcing has many advantages to the brand-name companies, such as saving
operation and capital cost, strengthening the firms’ core competencies in R&D and marketing. On the other
hand, outsourcing has also caused inevitable impacts, for instance, the lacking of flexibility of manufacturing
adjustment, and increasing recall risk because of possible deficiency in product quality management [18].

In practice, the dual sourcing strategy also has inherent flaws such as amplifying recall risk. For example,
the iPhone 6s (Plus) uses the A9 processors from Samsung and TSMC, respectively. The quality difference on
battery life incurs Apple’s fans resentment and shouting returns [36]. Similarly, Galaxy Note 7’s battery comes
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from two vendors: Samsung’s own SDI subsidiary and Amperex Technology (ATL). However, Galaxy Note 7
using SDI-manufactured battery brings the overheating issues and has been recalled in the global [1]. As the
previous examples show, the potential recall risk causes corresponding production loss for the CM. After the
Galaxy Note 7 battery exploding, Samsung SDI may loss around $16 million which is tied down by supplying of
defect component in the third quarter of 2016 [33]. Consequently, Samsung Electronics and Samsung SDI need
to suffer recall loss of Note 7 together as the cause of supplying defect batteries. Moreover, for the detail recall
loss allocation scheme, some studies introduce the partial allocation contract to allocate the external recall loss
[6]. However, compared with the partial allocation contract, the fixed allocation contract has been commonly
adopted, in which the recall loss is allocated at the fixed sharing rate. It is therefore interesting to compare the
performance of a partial allocation rate case against that of a fixed sharing rate case in our study.

In addition, facing recall loss due to defect components, component suppliers have been taking actions to
improve their components quality performance. After the battery explosion event, for instance, Samsung SDI
has planned on investing about $128 million to improve battery safety. In terms of the production of OLED
displays, LG Display invests $2.6 billion to improve component performance and increase iphone reliability [15].
These examples indicate the quality improvement of key component makes the OEM’s sourcing strategy choice
become a challenge. To address this challenge, there is an expanding body of literature considering reliability
improvement (more see, e.g. [12,21,43]). In particular, they assume that the production or component process is
unreliable in terms of the quantity of qualified output. To reduce recall risk of sold product, the supplier should
have incentive on quality investment to improve component performance. With consideration of this motivation,
this paper will propose an endogenous quality improvement setting to explore its effect on the OEM’s sourcing
strategy choice.

In order to study the OEM’s strategies preferences on procurement outsourcing, we suppose that there are
two sourcing strategies (single sourcing and dual sourcing) for the OEM under different quality improvement
incentive cases. Specifically, we attempt to solve the following questions: (i) What is the optimal sourcing
strategy from the OEM’s perspective, and which external and internal conditions does it depend on? (ii) How
would the supply chain partners’ optimal decisions and profits change under different sourcing strategies? And
on a deeper level, what is the role of the feature of market condition in influencing the change? (iii) How does
the endogenous decision on the recall loss sharing rate influence the OEM’s profit and product defect rate? In
particular, whether the endogenous transformation will affect the OEM’s sourcing strategy preference?

To address these questions, we consider a two-echelon supply chain where the original equipment manufacturer
(OEM, she) orders a critical component (or potentially a finished product) from outside contract manufacturers
(CMs) and uses it to produce a product for the end market. With the single and the dual sourcing strategies, the
product may have recall risk but can be improved by the CM(s)’ quality investment. Furthermore, we analyze
the two quality improvement cases (the fixed sharing rate and the partial sharing rate), and characterize the
OEM’s optimal sourcing strategy.

When the recall loss sharing rate is exogenous, the OEM may adopt the single sourcing strategy or the dual
sourcing strategy which depends on the recall loss sharing rate. Specifically, when the sharing rate is small,
the OEM prefers to adopt the single sourcing strategy. Otherwise, the dual sourcing strategy is superior to the
single sourcing strategy. Meanwhile, the OEM achieves higher sale avenue and lower recall loss under the single
sourcing strategy than that under the dual sourcing strategy. Therefore, the single sourcing strategy may be an
optimal choice for the OEM.

When the recall loss sharing rate is endogenous, the OEM prefers to adopt the dual sourcing strategy. Due to
the endogenous recall loss sharing rate, the OEM generally controls the whole supply chain and extracts other
partners’ profit. That is to say, the OEM may stretch the CM’s profit seriously while the latter has to obey
the former contract clause. Intuitively, the OEM may prefer to adopt the dual sourcing strategy since the two
CMSs’ competition decreases their control power on the supply chain. As an extension, we consider the wholesale
price is endogenous, and find that the OEM pays higher wholesale price under the dual sourcing strategy than
that under the single sourcing strategy. This result suggests the OEM can not obtain the cost-reduction benefit
under the dual sourcing strategy.
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In addition, under the endogenous recall loss sharing rate, the marginal recall loss (the wholesale price) has a
positive (negative) effect on the quality investment level and the recall loss sharing rate. Interestingly, we find an
increase of the recall loss sharing rate may not motivate the CM to improve product quality. When the sharing
rate beard by the CM becomes small, the OEM increases order quantity as a strategic response. Therefore, the
CM is willing to add quality investment to decrease his recall loss. Moreover, facing increasing marginal recall
loss, the order quantity first increases then decreases under the single sourcing strategy, but under the other
strategy, it first decreases then increases and back decreases. With a decrease of the wholesale price, the order
quantity first increases then reaches a ceiling. For the OEM’s profit, it decreases in the marginal recall loss and
the wholesale price. In terms of the CM’s profit, it first increases then decreases in the marginal recall loss under
the single sourcing strategy, but it first decreases then increases and back decreases under the dual sourcing
strategy. In addition, when the marginal recall loss is large or the wholesale price is relatively small, the OEM
and the CMs can reach a win-win scenario.

The rest of the paper is organized as follows. Section 2 reviews the related literature. Section 3 describes
the model setting. The optimal sourcing strategies for the fixed sharing rate and the partial sharing rate are
presented in Sections 4 and 5, respectively. In section 6, we derive some sensitivity analysis and analyze the
impact of sourcing strategy on optimal decisions and profits of supply chain members. Section 7 presents a
model extension where we consider the wholesale price is endogenous. Section 8 concludes the paper. All proofs
are given in the Appendix A.

2. LITERATURE REVIEW

Our study is primarily related to three broad streams of literature. The first stream focuses on the procurement
outsourcing in the supply chain. The second stream examines the sourcing strategy under uncertain environment.
The last stream addresses the product’s quality improvement in the presence of price competition.

The first stream of literature is related to the procurement outsourcing in the production operation. Early
studies focus on the effect of production outsourcing on cost reduction [37]. In consideration of scale economies,
Cachon and Harker [5] show firms can benefit from outsouring strategy that mitigates price competition. When
supply chain partners have opportunities to invest in cost reduction, Gilbert et al. [16] show a external supplier
can dampen competition between the OEMs. In addition, a number of studies which examine procurement
outsoucing issues also consider other factors, such as technology spillovers, service quality or value-added services
[7,27-29]. Nevertheless, these papers only consider the competition between the OEMs, and our focus is upstream
competition between the CMs. In recent studies, Chen et al. [9] consider a more complex competition structure,
namely, a CM not only is the OEM’s upstream partner but also is the latter’s downstream competitor under the
private procurement cost for the CM. Following a similar supply chain structure, Wang et al. [39] drive optimal
quantity timing equilibrium by considering three Cournot game sequences. With simple quantity discount and
price-only contracts, Kayis et al. [24] focus on information asymmetry regarding suppliers’ production costs to
examine a manufacturer’s optimal procurement strategy (control vs. delegation). To illustrate the impact of
the OEMs competition on their optimal procurement strategy, Bolandifar et al. [2] adopt the quantity discount
pricing form. In a similar pricing form, Dong et al. [11] examine optimal component procurement strategy with
private discount ability information in which an OEM can either control component procurement or delegate
this task to the CM. Our study differs from these studies in three critical aspects. First, we analyze the strategic
response of the down-tier supplier (namely, the CM). Specifically, the CM could improve the product’s defect
rate by quality investment. Second, we focus on the OEM’s sourcing strategy by examining two possible recall
loss sharing cases. Third, we describe the quality deficit by product recall which can be recognised after sale
rather than before sale.

This paper is also related to the supply chain literature in strategic sourcing choices under uncertain environment.
In the early studies, Mishra and Tadikamalla [30] compare single sourcing and dual sourcing and find that single-
sourcing with lot streaming can result in better performance than dual sourcing. Burke et al. [3] analyze the supplier
selection and quantity allocation decisions under demand uncertainty. Then they characterize conditions under
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which single-sourcing and multiple-sourcing strategies are optimal. Moreover, Burke et al. [4] extend the analysis to
an uncertain supplier reliability setting in an environment with stochastic demand. Yu et al. [42] develop a two-stage
supply chain in which two suppliers who are geographically different and offer two wholesale prices provide a needed
critical part for the manufacturer’s final product. They compare the performance of these two sourcing strategies
and identify the critical factors governing the choice between the two sourcing alternatives. In a subsequent paper,
the effect of learning on the supplier selection problem is investigated by Glock [17]. He et al. [19] drive the optimal
procurement allocation strategy in the presence of supply disruption risks. Based on the special cost characteristics,
Heese [20] uses the generalized Nash bargaining framework to study a manufacturer’s sourcing decision problem by
considering bilateral negotiations and learning effect. Moreover, Silbermayr and Minner [34] extend the models in
[20] by developing a stochastic dynamic model in which a buyer can use dual sourcing strategy and purchase from
two potential suppliers to satisfy a constant deterministic demand. Motivated by scale economies with the total
output produced, Jain and Hazra [23] formulate a simultaneous game model where a buyer allocates its sourcing
requirements among two asymmetric suppliers. To explore the strategic sourcing choice under capacity constraint
and asymmetric cost information, Huang et al. [22] consider a buyer who procures a critical component from two
outside suppliers for the final product. Kumar et al. [25] study two competing retailers engaged in competition and
determine the cutoff probabilities for optimal sourcing strategies for the retailer. In a co-opetitive supply chain, Niu
et al. [32] investigate the OEM’s sourcing strategy choice and find she always prefers dual sourcing even though one
supplier is unreliable. However, the above literatures only consider the retalier’s sourcing choices but not suppliers’
strategic response by improving product quality. In addition, different from these studies which without enough
consideration of the superiority of single sourcing, we propose a more practical case where the CMs can determine
the quality investment level to improve defect product given the consideration of order quantity from the OEM.

Finally, there is a growing literature on product quality choice in the price competition setting. Tagaras and
Lee [35], as the early study, measure the quality level of incoming materials and final product by a probability
that the material or product is functional operation. With a dynamic decision setting, Mukhopadhyay and
Kouvelis [31] propose differential game model where two firms decide quality and price of their respective
product in a continuous time. Then Wang and Yang [38] adopt a two-stage noncooperative game in which two
firms decide respective product quality in the first stage. Using a similar competition supply chain, Choudhary
et al. [10] develop a duopoly model where two firms choose different product quality and compete in quality and
price. Moreover, our paper is most closely to the literature on quality improvement by investment incentive of
supply chain members. In a yield uncertainty environment, Zhu et al. [43] consider a supply chain where both a
buyer and a supplier need to invest in quality improvement under different quality cost sharing contracts. They
demonstrate the buyer is more likely to obtain high-quality product by allocating a higher order to the supplier.
By elaborating improvement with product quality, Chao et al. [6] examine the implications of product recall
cost sharing formats on quality improvement effort of the supplier. From the view of cost information about
service quality, Zhu and Mukhopadhyay [44] develop a single-to-single model to drive the optimal quality level
for the supplier under the full information and the asymmetric information, respectively. In the decentralised
supply chain, Xiao et al. [40] study a quality coordination problem consisting a manufacturer and a retailer
with a revenue-sharing contract. As a significant contribution, they develop a dynamic game theoretic model
and consider consumers’ response to waiting time. Based a similar contract, El Ouardighi [14] explores the
potential coordinating power of revenue-sharing contracts in supply quality management. As an expansion,
Yan [41] investigates a joint pricing and product quality decisions problem in a decentralized supply chain
and compares different contract formats. In development, Dong et al. [13] assume the brand owner and the
supplier can exert efforts to improve the quality of the manufacturing process and the quality of the sourced
component, respectively. And quality improvement efforts of both parties are private actions but not verifiable
and contractible. However, a significant difference between our work and other literatures comes from the focus
of study context in this stream. Most papers on quality improvement focus on the firm’s pricing decision and
quality choice, while we examine the effect of quality improvement level on the OEM’s sourcing strategy choice
with different recall loss sharing cases.
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3. THE MODEL

Consider a two-echelon supply chain where the original equipment manufacturer (OEM) orders a critical
component (or potentially a finished product) from the two outside contract manufacturers (CMs) and uses it
to produce product in the terminal market. For tractability, the OEM and the CMs, which are risk neutral and
maximize their own expected profits, are represented as the subscripts o and ¢, respectively.

After the product is sold to the consumer, during its using period, it may fail to perform its function if
any one of its components fail to do so. Therefore, we define the defect rate, which is the proportion of defect
units failing to meet consumers’ satisfactions relative to the order quantity the CM delivered to the OEM, to
characterize the quality of products. Clearly, this implies that the larger the defect rate, the lower the level of
quality. Specifically, the CM’s initial product defect rate is denoted by A < 1, which can be reduced by quality
investment such as technical assistance and employees training. In essential, the quality investment promotes
the yield rate and decreases the defect product quantity [21]. Given the level e; of CM 4’s quality investment,
CM #’s defect rate reduces from the initial level X to an improved level \; = X —e;, where 0 < \; < \, i = 1,2.
And when the CM #’s quality investment level is e;, then he occurs an invest-related cost %e?, where 7; > 0
denotes the investment cost parameter to improve quality. Moreover, under the single sourcing strategy, the
symbols of the CM’s order quantity, investment level and cost parameter simplify ¢, e and 1 > 0, respectively.

The defect product can incur the recall cost comprising of replacement costs, labor costs, and other service
costs, and we refer to it henceforth as recall loss m. Based on the business practice, the recall loss should be
shared between the OEM and CMs, and thereby the sharing rate is 8. Without loss of generality, the OEM’s and
the CMs’ unit loss are (1 — 8)m and 6m, respectively. Note that § > 1 implies the CM bears extra loss and the
OEM benefits from product recall based on penalty clause of outsourcing production contract. For the ordered
product, the OEM needs to pay unit transfer payment w to CMs. Note that we assume the CMs offer same
wholesale price w to the OEM, and this assumption has practical sense which has been extensively used [8]. In
an extension, we also analyze the situation in which the CMs can determine the wholesale price simultaneously,
and find that our main findings are robust.

Assume that market demand is price sensitive and the inverse demand function is given by p = a — bq, where
q is the total available-to-sell quantity, parameter a denotes the market potential and b > 0 is the quantity
sensitivity parameter. This paper studies both monopoly setting and duopoly setting. In the monopoly setting,
the inverse demand function is given by

p(q) = a — bq,

where ¢ is the monopolist’s production. In the duopoly setting, we model the competition among CMs and then
apply the Cournot model. Then the inverse demand function for the OEM is assumed as

p(q1,q2) = a — b(q1 + q2),

where g1 and ¢o are the available-to-sell quantities by CM 1 and CM 2, respectively.

The used product will be returned after consumers find the product is defect, thus the defect rate will be
one of the most important factors in affecting the market demand. Therefore, the OEM has incentive to make
quality investment for the CM to reduce the defect rate and to gain a competitive advantage in quality over its
rival. The main problems the OEM faces are how many products to order under different sourcing strategies,
and whether to determine recall loss sharing rate.

To investigate how the recall loss sharing rate affects the OEM’s sourcing strategies, we consider a fixed
sharing rate case and a partial sharing case, respectively. Specifically, under the fixed sharing rate case, the OEM
assumes a fixed percentage of the total recall loss based industry standards, and the OEM decides the sharing
rate under the partial sharing rate case. Therefore, Table 1 summarizes four cases for simplified expression.
Throughout the paper, we use the following notation. Let %, ¢® and 72 be the OEM’s optimal sharing rate,
order quantity and profit, respectively, for case R € {FS,FD,PS, PD}. Similarly, e® and 7% present the CM’s
optimal quality investment level and profit for case R.
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TABLE 1. The cases under different sourcing strategies.

Single sourcing  Dual sourcing

The fixed sharing rate FS FD
The partial sharing rate PS PD

4. SOURCING STRATEGIES WITH FIXED SHARING RATE

In this section, we focus on the optimal sourcing strategy for the OEM with a fixed sharing rate. Specifically,
the external failure cost between the CM and the OEM is allocated at the fixed sharing rate. In addition, we
assume that both the OEM and the CM are fully informed about the component’s initial failure rates (i.e., the
initial state of the component quality prior to quality improvement effort). This usually occurs when the CM
and the OEM have been working together for several years, and therefore both parties have a good idea of the
component’s process capabilities.

4.1. Single sourcing strategy

Under the single sourcing strategy (namely, case FS), the OEM only orders component from one CM, and
assembles products for selling to market. Formally, the sequence of events is as follows: (i) the OEM chooses
order quantity from the CM; (ii) the CM chooses related quality investment level at a fixed recall loss sharing
rate; (iii) expected demand is realized after the product has been delivered from the CM to the OEM. When
the OEM adopts the single sourcing strategy, the profit function is

7o(q) = q(a —bg) — (1 = 0)(A — e)mq — wyq, (4.1)

where the first term is the realized revenue, the second term is the cost share incurred for recall loss, and the
last term is the transfer payment to the CM. Note that w is assumed to exogenous, because there are usually
many third-party manufacturers who would like to compete for the outsource business. So there is not much
flexibility for the manufacturer to negotiate w with the OEM. Correspondingly, the CM’s profit can be written
as

7e(e) = wqg — (X — e)mq — geQ, (4.2)

where the first term is the transfer payment from the OEM, the second term is the cost share incurred for recall
loss, and the last term is invest-related cost.

Therefore, the mathematical formulation of Stackelberg game under the single sourcing can be given as
follows,

max 7, (gle*)
q
s.t. e* = arg max 7.(e),

0<eh
m(e) = 0.

In the following, we will develop model and solve it backward. The following lemma states the CM’s best
response after taking into account the OEM’s order quantity.

Lemma 4.1. Given the OEM’s order quantity, the CM’s best response on quality improvement level is as
follows,

o qu.
n
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Intuitively, the CM sustains penalty incentive from the recall loss m and the sharing rate § due to quality
defect. Namely, the two parameters are higher, the CM makes more quality investment to reduce component
defect probability. Besides, order quantity is a positive incentive for the CM. That is, more order quantity,
more quality investment level offered by the CM. And the CM also incurs internal negation incentive because of
investment cost. In a word, the CM would not prefer making quality improvement investment with an increase
in the investment cost.

The OEM, as the leader of the game, will anticipate the CM’s best response when making the decision on
the order quantity g. With the CM’s best response e*, the OEM’s profit can be rewritten as,

7o = =(b= 2001 = Om?)e? + (@ = w = Fm(1 = 0))a (43)

The next proposition gives the unique solution for ¢ that maximizes the OEM’s profit.

oy . . — >V — —_ >V —_ % P .
Proposition 4.2. Under the single sourcing strategy, when 6 < (a—w+im) V;%HZU-h\mP 8bn\ , the CM’s opti-
mal investment level

rs _, a—w—(1—0)Am
= 0 o =81 = )ym?]’

and the OEM’s optimal order quantity

S _ a—w—(1-6)Am
13 Ton — (1 — 9)ym?]

In this proposition, the condition of by — 6(1 — #)m? > 0 is easy to meet based on practical business. In the
economic market, firms recall their own products frequently due to quality defect under complete legal system.
Then consumers are accustomed to this behaviour of products recall and not suspicious of the firms’ reputation.
Consequently, the recall loss of firms is limited and mainly derived from defect products. Otherwise, firms will
be bankrupt once products recall happens. The following proposition shows the effects of recall loss sharing rate
on optimal order quantity and investment level.

Proposition 4.3. When the CM’s the sharing rate of defect product recall loss is less than a threshold value,
o~ FS o~
i.e., 8 < 01, then order quantity increase in the sharing rate, i.e., % > 0; similarly, when 0 < 603, then

dGFS
G > 0.

According to this proposition, we find, under a small sharing rate, with an increase in the sharing rate, the
OEM offers more order quantity to the CM (6 < 61), and she also gives more quality investment for improving
product quality (0 < 52) Naturally, these results suggest that the order quantity and the quality investment
level are unimodal in sharing rate. In other words, the OEM has a most preferred sharing rate, and she has no
incentives to further add order quantity or increase quality investment level, if the rate still can.

Moreover, plugging the optimal order quantity into the OEM’s profit function, we can achieve the OEM’s
optimal profit as follows,

FS
o

(a—w—Am(l —0))?
byp—60(1 — 0)m2

™

n
=7 (4.4)

In the following, we also obtain similar result about the effect of sharing rate on the OEM’s profit which
summarized by the following proposition.

Proposition 4.4. When the CM’s the sharing rate of defect product recall loss is less than a threshold value,

FsS

e, 0 <6< 53, then the OEM’s optimal profit increases in the sharing rate, i.e., dgg > 0.
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Similarly, when the sharing rate is small, the OEM can earn more profit with an increase in the sharing rate.
That is to say, bearing lesser recall loss makes the OEM order more quantity, and the CM could provide higher
quality investment due to heavier pressure of the recall loss. Consequently, the OEM can obtain more profit.
Meanwhile, the CM also reduces the recall loss by improving product quality. However, the sharing rate may
damage the CM’s profit when the rate becomes large. This is because the high sharing rate could make the CM
have less incentive to provide necessary quality investment due to the less profit from the quality improvement
business.

4.2. Dual sourcing strategy

Under the dual sourcing strategy (namely, case FD), the OEM will choose order quantity ¢; from the CM
i, ¢ = 1,2. Formally, the sequence of events is as follows: (i) the OEM chooses order quantity from the two
CMs respectively; (ii) the CMs choose related quality investment levels simultaneously at a fixed recall loss
sharing rate; (iii) expected demand is realized after the product has been delivered from the CMs to the OEM.
Therefore, the OEM’s profit function under the dual sourcing strategy can be written as follows,

o(q1,q2) = (1 + g2) [a — b(q1 + g2)] — (L — ) (A —e1)mgr — (1 — 0)(A — e2)mgo — w(q1 +q2),  (4.5)

where the first term (q; + ¢2) [a — b(q1 + g2)] is the realized revenue, the second term (1 — 0)(\ —e;)mq; + (1 —
0)(X — ez)mgy is the cost share incurred for recall loss, and the last term w(q; + g2) is the transfer payment
to the CM 1 and 2. Similarly with the single sourcing strategy, the transfer payments for the CM 1 and 2 are
exogenous. Besides, we also assume that the components from the CM 1 and 2 have same initial quality level
. There are some reasonable interpretations for this assumption. First, in the outsource industry, the OEM
usually provides the components quality requirement further the detailed design. Second, the two CMs have
mature manufacturer technology and use alike raw material for the components. Correspondingly, the CM 1’s

profit can be written as follows

Her(er) = wqy — 6(X = e1)mgy — e, (4.6)
and the CM 2’s profit is
_ Y M2 o
Iea(e2) = wga — O(A — e2)mgs — o €2 (4.7)

where the first term is the transfer payment from the OEM, the second term is the cost share incurred for recall
loss, and the last term is invest-related cost for the CM 1 and 2, respectively.
Therefore, the mathematical formulation of Stackelberg game under the dual sourcing can be given as follows,

max II,(q1, q2le7, €3)

q1,92
s.t. e} =arg max Il.(ey),
0<er <X
e = arg max_Il.o(eq),
0<ea <

Iei(er) > 0, Iea(ez) > 0.

In the following, we develop model and solve it backward. The following lemma states the two CMs’ best
response after taking into account the OEM’s quantity decision.

Lemma 4.5. Given the OEM’s order quantity, the CMs’ best response on quality improvement level is as
follows,
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Due to the heterogeneity of the two CMs, the findings about the lemma are different from the single sourcing
strategy. In the dual sourcing strategy, the two CMs have different cost for quality improvement. Consequently,
when one CM makes optimal response for quality investment level, he only considers the cost for quality
improvement of himself, but does not consider the other cost. Meanwhile, the two CMs sustain penalty incentive
from recall loss m and sharing rate 6 due to quality defect. Apparently, the recall loss and the sharing rate are
mutually complementary. Therefore, the two parameters are higher, the CMs make more quality investment
to reduce component defect probability. Besides, order quantities are positive incentive for the CMs. More
order quantity, more quality investment level offered by the CMs. And the CMs also incur internal negative
incentive because of investment cost. That is to say, the CMs would not prefer making quality improvement
investment with an increase in the investment cost. Note that, although the two CMs’ optimal response about
quality investment levels only depends on their own order quantity, their competition is embodied in quantity
by demand function substantially. This result signifies the CM does not consider another CM’s order quantity
when he decides investment level. However, with an increase in another CM’s order quantity, the CM can achieve
less order quantity and further decrease investment level.

The OEM, as the leader of the game, will anticipate the two CMs’ best response when making the decision on
the order quantities ¢; and g2. With the two CMs’ best response e} and e}, the OEM’s profit can be rewritten
as:

m,= — (b - %9(1 — 9)m2)q% +(a—w—Xm(1—0))q1 — 2bgi1g
= (b= 00 = 0)m®) 3 + (0 = w = Xm(1 = 0))gs. (48)

The next proposition gives the unique solution for ¢; and ¢o that will maximize the OEM’s profit.

< = =2
Proposition 4.6. Under the dual sourcing strateqy, if 1 < 6 < (awtXm)y/(awthm) 2 8b(m +12)X , the CMs’

. . 22m
optimal investment levels are
e?D:egD:G—m a—w—(1-0)Am
2 b(m +m2) — (1 — 0)m?’
respectively. And the OEM’s optimal order quantity allocations are
b m a—w—(1—0)Am o 2 a—w—(1—0)Am

T2 b ) — 61— T 2 b ) — 01— O)m?
Otherwise, the OEM prefers to procure component only from CM 1 and this case degenerates into the single
sourcing strategy.

Proposition 4.6 shows that the CMs make same quality investment although they are heterogeneous. And
there are some interesting findings under specific conditions. For instance, if the CMs do not bear quality recall
loss at all, or the product does not have recall loss, i.e., # = 0 or m = 0, then the CMs do not offer quality
investment, but achieve order quantity. At the same time, when the CMs bear all recall loss, they could make
quality improvement investment but not consider quality recall unit loss m. Next, plugging the optimal order
quantity into the OEM’s profit function, we can achieve the OEM’s optimal profit as follows,

LD _ +n2 (a—w—Am(1—0))?

° 4 by +m2) — 0(1— O)m?>

(4.9)

Note that the OEM procures only component from the CM 1 when 6 < 1. That is to say, the single sourcing
strategy becomes the optimal choice for the OEM. This is because if the OEM needs to bear the recall loss, she
prefers to offer all orders to one CM with high efficiency. Consequently, the CM has more incentive to improve
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product quality, then the marginal recall loss is reduced for the OEM and the CM simultaneously. This result
is counterintuitive given that the exact literature shows that the dual sourcing strategy is optimal choice for
the OEM in the presence of the uncertain demand/supply under outsourcing sourcing. In business practice,
for a monopolist buyer, the dual sourcing brings value by reducing the variability in market output, and thus
reducing the market output inefficiency caused by the random yield. However, these literatures don’t consider
the product defect possibility and the CM’s strategic response on quality improvement. In fact, the OEM may
source product or key component by single sourcing or dual sourcing in practice. Therefore, in our paper, we find
counterintuitive results by taking account of the CM(s)’ quality investment decision to improve the product’s
quality level.

To analyze the effect of sharing rate on the OEM’s profit, the corresponding results are summarized by the
following proposition (to better focus on the role of the dual sourcing strategy, the inequation of 6 > 1 is
assumed).

Proposition 4.7. When the sharing rate of defect product recall loss the CM bears is less than a threshold,

~ FD ~ FD -~ FD
namely, 0 < 04, then dzﬁg > 0; similarly, when 6 < 05, then dzlé = 0; when 0 < 0g, then —g3— >0, i=1,2.

dm
d

The Proposition 4.7 shows the effect of the sharing rate of recall loss on the OEM’s order quantity and the
CMs’ quality investment levels. Specifically, when the CMs bear less sharing proportion of recall loss, i.e., 64 or
05, the OEM could distribute more order quantity or CMs make more quality investment levels with an increase
in the sharing rate the CMs bear. However, when the sharing rate of recall loss is more to enlarge, the CMs
have to decrease quality investment level due to pressure of high quality recall loss. Furthermore, because of the
high product defect rate, the OEM has to decrease order quantity to CMs. Consequently, the each CM’s profit
first increases then decreases in the sharing rate of recall loss. Interestingly, the OEM’s profit increases in the
sharing rate all the time. This is because the OEM can adjust order quantity to obtain high marginal profit
and further achieve high total profit.

Proposition 4.8. When the two CMs are homogeneous (i.e., 11 = n2 = n) and the OEM has a recall benefit
(i.e., 8 > 1), compared with the single sourcing, the OEM orders more product with the higher defect rate under
the dual sourcing, i.e., ¢"5 < ¢fP + 5P, S > efD (i = 1,2), and the dual sourcing is optimal choice for the
OEM, i.e., 7F8 < 7D,

With two homogeneous CMs, the above proposition also provides the comparison of the OEM’s order quantity,
the CM'’s quality investment level and profit under the single and the dual sourcing strategy when 6 > 1. In
this case, compared with the single sourcing strategy, the OEM can make more order quantity and the CMs can
make lower quality investment level under the dual sourcing strategy. Furthermore, the OEM obtains higher
profit under the dual sourcing strategy than that under the single sourcing strategy. That is to say, the OEM
prefers to adopt the dual sourcing strategy. This is an intuitive result because the existed literatures show dual
sourcing strategy has more advantage than single sourcing strategy under uncertain environment. However, in
this paper, our result depends on the sharing rate of recall loss heavily. Although the delivered product has
lower quality under the dual sourcing strategy than that under the single sourcing strategy (because competition
between the two CMs makes them achieve low order quantity), the OEM obtains product-recall benefit from
CMs who have excessive loss-taking (6 > 1). However, when the OEM also bears certain recall loss (6 < 1), the
CMs make low quality improvement investment, then the produced product has high defect rate. Therefore, the
OEM does not have incentive to adopt the dual sourcing strategy.

5. SOURCING STRATEGIES WITH PARTIAL SHARING RATE

In the previous section, we have analyzed the OEM’s optimal sourcing strategy when the recall loss sharing
rate is fixed. In this section, we consider another case where the sharing rate is partial between the OEM and
the CMs. Specifically, the sharing rate is determined by the OEM as a leader in the Stackelberg game. Note
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that the case with partial sharing rate is different from that with fixed sharing rate, which allocates the external
recall loss between the CMs and the OEM at a fixed sharing rate. We will analyze the effect of the OEM’s the
sharing rate decision on herself sourcing strategy choice.

5.1. Single sourcing strategy

When the OEM adopts the single sourcing strategy (namely, case PS), she only orders component from one
CM and assembles products for selling to market. Under the PS case, the sequence of events is as follows: (i) the
OEM orders product or key component quantity from the CM and decides recall loss sharing rate simultaneously;
(i) the CM then chooses related quality investment level after the recall loss sharing rate has been determined;
(iii) after the product has been delivered from the CM to the OEM, the consumer demand is realized. In this
case, she will order ¢ units to maximize the expected profit:

To(q,0) = q(a — bg) — (1 — 0)(A — e)mq — wq, (5.1)

where the first term g(a — bq) is the realized revenue, the second term (1 —6)(\ —e)mgq is the cost share incurred
for recall loss, and the last term wq is the transfer payment to the CM. Similarly with the above section, the
exogenous transfer payment w still holds on due to competition of third-party manufacturers. Note that the
recall risk sharing rate becomes the OEM’s decision variable under the partial sharing rate case. This is a
reasonable supposition when the OEM can decide the recall loss sharing rate. Correspondingly, the CM’s profit
can be written as,

7e(e) = wqg — O\ — e)mq — geQ, (5.2)

where the first term is the transfer payment from the OEM, the second term is the cost share incurred for recall
loss, and the last term is invest-related cost.

Based on the sequence of the events under the PS case, the optimization problem faced by the OEM is defined
as,

max 7,(q,0]e*)
q,0
s.t. e* =arg max m.(e),

0<eh
me(e) = 0.

Because the problem is depicted as Stackelberg game, we would develop model and solve it backward. Because
the optimal response on order quantity is depicted in Lemma 4.1, we do not character the optimal response any
more in this case. Next, the solved result is summarized directly by the following proposition.

Proposition 5.1. Under the single sourcing strategy, the optimal order quantity is

PS _ 2(a—w)—Xm-

a4 4bn — m?

And the CM’s recall loss sharing rate and optimal investment level are

1 A(4bn —m?) 2 m(2(a — w) — mX)
0" = 2<1+m(2(a—w)—m)\))’ e = 2<1+ X(4b77—m2) >7

respectively.

Proposition 5.1 shows that the OEM forces the CM to bear more than half of recall loss (§ > 3) and the

percentage decreases with order quantity. Whereas once e’ = X, then #7S = 1. This is because an increase in
the order quantity may motivate the CM to invest heavily in quality improvement. Therefore, the whole supply
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chain achieves a extreme situation. That is to say, the OEM offers most order quantity to the CM and let him
bear all quality-related recall loss. Meanwhile, the CM would make highest quality investment level so that the
product has highest quality and does not occur recall loss. The reason behinds this result is that the OEM can
decide recall loss sharing rate and has stronger control power on recall loss allocation with the CM. In this case,
the quality defect problem could be solved because the CM invests for quality improvement as much as possible.

5.2. Dual sourcing strategy

Here we analyze the OEM’s profit under the dual sourcing strategy (namely, case PD). When the OEM
adopts the strategy, she will choose order quantity g; from the CM 4, ¢ = 1,2. The sequence of events under
this sourcing strategy is as follows: (i) the OEM chooses order quantity and recall loss sharing rate from the
two CMs respectively; (ii) the two CMs determine related quality investment levels simultaneously; (iii) after
the product has been delivered from the two CMs to the OEM, the consumer demand is realized. If the OEM
sources product or key component from two CMs, he will order related quantity to maximize the expected
profit,

(g1, 92,0) = (@1 + q2) [a — b(q1 + q2)] — (1 = O)(A —e1)mgr — (1 — O)(A — e2)mqe — w(q1 + q2),  (5.3)

where the first term (g1 + g2) [a — b(q1 + ¢2)] is the realized revenue, the second term (1 —0)(X —e1)mq; + (1 —
0)(A — ea)mgs is the cost share incurred for recall loss, and the last term w(q; 4 g2) is the transfer payment to
the two CMs. Correspondingly, the CM 1’s profit can be written as,

T (e1) = wq — O\ — e1)mqy — %e%. (5.4)

Similarly, the CM 2’s profit function is
Tlea(e2) = wge — O(\ — e2)mga — %e%, (5.5)

where the first term is the transfer payment from the OEM, the second term is the cost share incurred for recall
loss, and the last term is invest-related cost. Without loss of generality, 11 < 72 is assumed to reflect the CMs’
heterogeneity.

Based on the sequence of the events under the PD case, the optimization problem faced by the OEM is
defined as,

max II,(q1, g2, 0e7, e5)
q1,92,0

st.  ef =arg max_mq(e1),
0<er <X

€5 = arg max_me2(ez),
0<ea<

mei(er) = 0, mea(ez) > 0.

Because the problem is depicted as Stackelberg game, we would develop model and solve it backward. The
solved result is summarized as follows.

Proposition 5.2. Under the dual sourcing strategy, the OEM’s optimal order quantities for two CMs are

af'l,U*Xm
" =n; 5,
20(n +1m2) —m

and the CMs’ recall loss sharing rates and optimal investment levels are

gPD — 1(1 n )\(72:;521_‘*‘107]2_) ;mﬂ)lQ))’ oPD A (1 m(a —w — Am) )

2 T2 XN2b(ny + 12) — m?)
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According to the Proposition 5.2, we find similar result with the Proposition 5.1. Specifically, the OEM offers
most order quantity to two CMs when the latter tries their best to improve product quality (namely, when
ePP = ), then PP = 1). Apparently, the whole supply chain achieves an extreme situation in which the two
CMs bear just all recall loss due to product recall. In addition, there are also some differences between the two
sourcing strategies. For instance, under the dual sourcing strategy, the two CMs have lower control power on the
sharing rate than that under the single sourcing strategy. This is because the OEM splits all order quantity to
the two CMs equally. However, the two CMs still determine same quality investment levels to provide product
with perfect quality. These changes mean the two CMs have lower profits than that under the single sourcing
strategy. Furthermore, Proposition 5.3 indicates the indifference of sourcing strategies choices for the OEM
under the partial sharing rate case.

Proposition 5.3. With the same marginal production cost for the CMs, the OEM prefers the dual sourcing
strategy.

Different from the case of fixed sharing rate, as shown in Proposition 5.3, the OEM prefers to adopt the dual
sourcing strategy when the CMs have the same production efficiency. This result occurs because the right to
make decision on recall loss sharing rate decreases the OEM’s recall loss even brings positive revenue for her,
i.e., 8 > 1. Consequently, the OEM benefits from a serious product recall under the dual sourcing strategy.
However, some parameters such as marginal recall loss and wholesale price affect the decisions and profits of
the OEM and the CMs, and this investigation could be demonstrated by numerical examples in Section 6.
In addition, from the CM(s)’ perspective, he achieves low order quantity and profit under the dual sourcing
strategy because the competition between the CMs decreases their control power on recall loss allocation. Note
that the CM with low investment efficiency may have low profit so that he has to reject the cooperation with
the OEM, and this possibility suggests dual sourcing strategy becomes single sourcing strategy and the another
CM would be a monopolist. However, to keep with the competition setting, the OEM may distribute more order
to the CM with costly investment expense.

6. NUMERICAL EXAMPLES

In this section, we use several numerical examples to analyze the effect of different sourcing strategies on
optimal decisions, and to seek the optimal profit. Meanwhile, we also analyze the effect of the cost for quality
improvement on sourcing strategies choice. In particular, parameter settings that we used are provided as follows:
a=4,w=15 =1, m=1b=0.8and n =1, =1 = 1. In the following, all decisions and the profits of the
OEM and the CMs are investigated based on the use of different parameter settings. Along this line, when the
value for one or more of the parameters is changed, the others remain unchanged as described above.

6.1. The effect on optimal decisions

Now we analyze the effect of the marginal recall loss and wholesale price on the decision of the OEM under
different sourcing strategies. First, the effect of the marginal recall loss on quality investment level and recall
loss sharing rate will be analyzed by numerical example under specific parameters.

In the single sourcing strategy, as Figure la shows, the quality investment level (recall loss sharing rate) first
increases (decreases) then reaches a highest (lowest) value, 4.e., A (1), with an increase in the marginal recall
loss. That is to say, the marginal recall loss has diverse influence on the quality investment level and the recall
loss sharing rate. In particular, facing the pressure of increasing marginal recall loss, the CM increases quality
investment level to decrease the possibility of product recall. Consequently, as a recognition mechanism for the
CM with high quality investment level, the OEM decreases the recall loss sharing rate on him accordingly.
However, the quality investment level reaches a ceiling when the marginal recall loss is overlarge. Accordingly,
the OEM only requires the CM to bear all recall loss (i.e., 85 = 1). In the Figure 1b, under the dual sourcing
strategy, we also obtain same results but the point to reach a ceiling of the quality investment level is later than
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FI1GURE 1. The effect of marginal recall loss on quality investment level and recall loss sharing
rate under different sourcing strategies.
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FIGURE 2. The effect of wholesale price on quality investment level and recall loss sharing rate
under different sourcing strategies.

that of the single sourcing strategy. This is because the each CM obtains less order quantity under the dual
sourcing strategy and further has few incentives to invest product quality.

Facing increasing wholesale price, the decisions of both the OEM and the CM have different changes with
facing the marginal recall loss, as shown in the Figure 2. For example, in the Figure 2a, with a decrease in the
wholesale price, the quality investment level (recall loss sharing rate) first increases (decreases) then reaches
a highest (lowest) value, i.e., A (1). In fact, a decrease of the wholesale price forces the CM to strengthen its
investment level and avoid unnecessary recall loss. Meanwhile, the OEM can split more revenue by increasing
wholesale price, so she decreases the recall loss sharing rate to enhance the CM’s willing to increase quality
investment level. However, with a further decrease in the wholesale price, the quality investment level can reach
a ceiling and the OEM only requires the CM to bear all recall loss (75 = 1), accordingly. Similarly, with a
decrease in the wholesale price, the quality investment level and the recall loss sharing rate first reach a critical
value under the single sourcing strategy than that of the dual sourcing strategy. This result implies that an
increase in the marginal recall loss and a decrease in the wholesale price have the same effects on the OEM’s
and the CM’s optimal decisions.
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F1GURE 3. The effect of recall loss on quantity and investment level under different sourcing
strategies.

Figure 3a shows that order quantity first increases and then decreases as the marginal recall loss becomes
more serious (m increases). This occurs because the marginal recall loss incentives the CM to bear more
investment effort, and the OEM can benefit it from increasing order quantity. However, as the marginal recall
loss increases, the optimal quality investment level reaches a ceiling eventually. Consequently, the OEM only
incurs more profit loss with a increase in the marginal recall loss. Note that, when m is close to zero, the
increase of the expected order quantity is more rapidly than the increase of the order quantity, since the CM
also increases the quality investment level at the same time. Interestingly, under the dual sourcing strategy,
the order quantity first decreases then increases and back decreases with an increase in the marginal recall loss
in the Figure 3b. To understand this pattern, note that the marginal recall loss not only changes the OEM’s
recall loss sharing rate, but also affects the CM’s quality investment level. When m is close to zero, the CM
is more motivated to invest in product quality and the OEM decreases the recall loss sharing rate on the CM
accordingly. Thus, the OEM can decrease order quantity to balance market sale quantity in the narrow range
of the marginal recall loss. However, as the increase of the m, the OEM has to add order quantity to ensure
qualified product whose quantity is relatively sufficient. Furthermore, when the quality investment level reaches
a ceiling, the OEM cannot benefit by increasing order quantity, but faces the pressure of increasing marginal
recall loss. Consequently, the OEM decreases order quantity eventually. In terms of qualified product quantity,
the marginal recall loss has same effect on it under different sourcing strategy. Differently, the ceiling of the
m is first reached under the single sourcing and then under the dual sourcing. This finding suggests that the
competition between the CMs delays the arrival of reaching the ceiling.

Moreover, as shown in Figure 4, with a decrease in the wholesale price, the order quantity and the qualified
product quantity first increase then reach a ceiling under each sourcing strategy. This is intuitive because the
OEM obtains more profit by increasing order quantity when the wholesale price decreases. However, the increase
is limited because there is a ceiling on the quality investment level. In addition, we find that the ceiling is started
earlier under the single sourcing than that under the dual sourcing. This is because the competition between
the CMs splits their order quantity. Consequently, facing decreasing wholesale price, the two CMs have less
incentive to increase their quality investment level, and the ceiling of the investment level is started later under
the dual sourcing strategy.

6.2. The effect of sourcing strategies on optimal profit

In the previous subsection, we consider the effect of the marginal recall loss and the wholesale price on the
OEM’s and the CM’s decisions under different sourcing strategies. In the following, the OEM’s and the CM’s
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FI1GURE 4. The effect of loss share level on quantity and investment level under different sourcing
strategies.

profits will be analyzed under single and dual sourcing strategies, respectively. For the single sourcing strategy,
from Figure 5a, the OEM’s profit decreases in the marginal recall loss all the way but first slowly then rapidly.
Essentially, the marginal recall loss plays a key role. Specifically, the increasing of the m forces the CM to increase
quality investment level and decreases the probability of product recall although it also causes large marginal
recall loss. When the m is close to zero, the quality investment level increases in the m, thus the OEM’s profit
decreases slowly. However, with the further increase of the m, the quality investment level no longer increases,
and then the OEM’s profit decreases rapidly. Differently, the CM’s profit first increases then decreases in the m.
This is because the OEM can decrease the recall loss sharing rate with the increase of the m when it is relatively
small, thus the CM decreases recall loss. Under the dual sourcing strategy, as shown in Figure 5b, the changes of
the OEM’s and the CM'’s profit on the m become complicate. To be specific, the OEM’s profit decreases in the
m but first rapidly then slowly and back rapidly. Note that the OEM obtains less profit when the m is relatively
small because the CMs split the OEM’s order quantity and have less motivation to increase quality investment
level. Consequently, the OEM decreases recall loss sharing rate slowly on the CM and obtains profit slowly.
And the two CMs’ profit first decreases then increases and back decreases with an increase in the m. Note that
the OEM decreases order quantity with an increase in the m from the start. Therefore, the CM’s profit first
decreases. When the m is moderate, due to the overlapping of increasing investment level and decreasing recall
loss sharing rate, the CM’s profit increases in the m. But with the further increase in the m, the marginal recall
loss is significant and the CM'’s profit begins to decrease rapidly. For the sourcing strategy choice of the supply
chain numbers, the OEM and the CMs can reach a win-win scenario when the marginal recall loss is relatively
large.

According to Figure 6a, the OEM’s profit decreases and the CM’s profit increases in the wholesale price.
This result is intuitive because the wholesale price benefits (damages) for the CMs (OEM). However, under the
dual sourcing strategy, the CMs’ profit first increases then decreases with an increase in the wholesale price
in Figure 6b. Note that with the wholesale price increases, the OEM decreases order quantity due to the low
marginal revenue. Consequently, the CM’s profit also decreases when the wholesale price is relatively large.
Moreover, in the single sourcing strategy, the CM’s profit may be higher than the OEM’s when the wholesale
price is relatively large, it is intuitive. However, in the dual sourcing strategy, the CMs’ profit may be lower than
the OEM’s profit when the wholesale price is relatively large. In addition, when the wholesale price is relatively
small, the OEM and the CMs can reach a win-win scenario.
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F1GURE 6. The effect of loss share level on the profits under different sourcing strategies.

7. EXTENSION WITH ENDOGENOUS WHOLESALE PRICE

In the preceding analysis, we assumed that in the business between OEM and CMs, the wholesale price for
order production w is exogenously fixed. A natural extension of this assumption is to study how the endogenous
wholesale price impacts the OEM’s sourcing strategy choice. In this section, we consider w to be an endogenous
variable that is determined by CMs. In addition, we only study the OEM’s sourcing strategy choice under fixed
sharing rate because the results under the other case are simple and no further analysis significance.

When the CMs determine the wholesale price with fixed sharing rate for defect product recall loss, the
sequence of events is as follows: (i) the CM (or CMs) determines the component wholesale price under single
sourcing (or dual sourcing); (ii) the OEM chooses order quantity from the CM(s); (iii) the CM(s) chooses related
quality investment level at a fixed recall loss sharing rate; (iv) expected demand is realized after the product
has been delivered from the CM(s) to the OEM. By backwards induction, we derive the analytical solutions,
and the detail on the optimal wholesale price, order quantity and quality investment level is included in the
Appendix A. The following proposition compares the CMs’ wholesale price under different sourcing strategy.

Proposition 7.1. With the endogenous wholesale price, when the CMs have same marginal quality investment
cost, i.e., n = 1n1 = N2, we have wa > w¥S. And under specific condition, £S5 > 7P,
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In general, as the superiority of the dual sourcing strategy, the CMs may offer low wholesale price due to
order quantity competition between them, and the OEM obtains a cost-reduction benefit. However, in our
paper, the CM charges a higher wholesale price under the dual sourcing than that under the single sourcing.
This result implies that the OEM bears heavy order quantity cost due to upstream competition from CMs who
are homogeneous. Note that the each CM receives lower order quantity and makes a lower quality investment
level under the dual sourcing than that under the single sourcing based on the result of Proposition 4.8. Owing
to the recall loss sharing rate and the CMs’ first-mover advantages, the CMs prefer to raise price to offset
potential recall loss under the dual sourcing, especially when they share a higher recall loss proportion (The
specific condition please see the proof in the Appendix A). Consequently, the OEM prefers to adopt the single
sourcing when the CMs can determine the wholesale price and have same quality investment cost. Moreover,
we find this result is consistent with results derived from the above case where the wholesale price is exogenous.

8. CONCLUSION

In this paper, we consider a supply chain in which an OEM outsources her production to a CM or two
CMs depending on different sourcing strategies. Based on the business operation, we assume the product has
quality problem but can be improved by the CM(s)’ quality investment. Meanwhile, we also consider two recall
loss allocation settings, namely, the fixed sharing rate and the partial sharing rate. Under the two cases, we
characterize the OEM’s optimal sourcing strategy.

With the fixed recall loss sharing rate, the OEM may adopt the single sourcing strategy or the dual sourcing
strategy which depends on the recall loss sharing rate. Specifically, when the sharing rate is small, the OEM
prefers to adopt the single sourcing strategy. Otherwise, the dual sourcing strategy is superior to the dual
sourcing strategy. Intuitively, under the dual sourcing strategy, the OEM would split all order quantity to
the respective CM. Consequently, the each CM lacks the incentive to improve product’s quality by quality
investment. This implies the dual sourcing strategy may be not optimal choice for the OEM. However, when
the recall loss sharing rate is larger than one, the OEM benefits from the product recall by shifting the recall
loss and further extorting a penalty to the CM. Naturally, the OEM prefers to adopt the dual sourcing strategy.

When the recall loss sharing rate is endogenous, the OEM is more likely to adopt the dual sourcing strategy.
Moreover, once the OEM decides recall loss sharing rate, she has stronger control power on sharing rate than that
of the CM(s). Therefore, the OEM transfers the recall loss to the CM and further obtains additional revenue by
asking for overloaded penalty. Although this result may be impractical, we still find some management insights
based on the previous finding. For example, if the OEM has strong control power on sharing rate, then she
generally controls the whole supply chain and extracts other partners’ profit. Intuitively, the OEM may prefer
to adopt the dual sourcing because the competition of the two CMs decreases their control power on the sharing
rate. In addition, as an extension, we consider the wholesale price is endogenous, and the OEM pays higher
wholesale price under the dual sourcing than that under the single sourcing. This result implies the OEM can
not obtain the cost-reduction benefit under the dual sourcing.

By numerical examples, we investigate the effects of some exogenous parameters on the OEM and the CM
when the recall loss sharing rate is endogenous. To be specific, with an increase in the marginal recall loss (or a
decrease in the wholesale price), the quality investment level (the recall loss sharing rate) increases (decreases)
then reaches a ceiling eventually. Interestingly, we find the CM is more likely to increase quality investment
with a decrease in the recall loss sharing rate. With a decrease in the wholesale price, the order quantity
first increases then reaches a ceiling. For the OEM’s profit, it decreases in the marginal recall loss and the
wholesale price. In addition, the CM’s profit first increases then decreases in the marginal recall loss under
the single sourcing strategy, but it first decreases then increases and back decreases under the dual sourcing
strategy. With an increase in the wholesale price, the CM’s profit increases under the single sourcing strategy,
but further decreases when the wholesale price is relatively large under the dual sourcing strategy. In summary,
when the marginal recall loss is large or the wholesale price is relatively small, the OEM and the CMs can reach
a win-win scenario.
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Finally, we discuss some limitations of the current study and suggest future research directions. First,
we focus only on the sourcing strategy choice of one monopolist and do not consider the setting of multi
OEMs. With the OEMs’ competition setting, each firm’s sourcing strategy may depend on its competitor’s
sourcing strategy. Second, we assume the product’s defect rate is uncertain, but the product’s supply is also
uncertain in practice. Intuitively, some of our insights would change if the OEM trades off supply uncer-
tainty and recall loss risk. Therefore, further research may attempt to better understand how competition
of OEMs and trade off between supply uncertainty and recall loss risk affect the OEM’s soucring strategy
choices.

APPENDIX A.

Proof of Theorem 4.1. First, taking the first and second derivatives of the function (4.2) with respect to e,
we get that

dm,

- = Omgq — ne, (A.l)
d?n,

qez =< 0. (A.2)

Apparently, m. is concave in e. We solve the
level.

dd”e“ = 0 to get the CM’s best response on quality investment

Proof of Proposition 4.2. First, taking the first and second derivatives of the function (4.3) with respect to
q, we get that

dm, 1 9 -
iy = —2(b— 00— 0)m )q+(a—w—)\m(1 —0)), (A.3)
ii;" =2 (b - %9(1 - 9)m2) <0. (A4)

Apparently, 7, is concave in ¢ when by — (1 — 6)m? > 0. We solve the d(;;" = 0 to get the OEM’s optimal
order quantity. Accordingly, substituting the OEM’s optimal order quantity into the CM’s best response on
quality improvement level, then the optimal quality improvement level can be obtained.

In addition, to ensure that the optimal quality investment level is lower than the initial level (eS < X), we
have

FS Y _ Om(a —w — (1 — 0)Am) — 2X(bn — 0(1 — 0)m?)
2(bn — 6(1 — 9)m?2)
—2dm?60% + (a — w + Am)mb — 2\bn <0
2(by — 6(1 — B)m?) =

e

(A.5)

_Because the denominator 2(bn — theta(l — 6)m?) is positive, next we only seek a threshold to satisfy
—Am26? + (a — w + dm)mf — 2\bn = 0. By the first order condition with respect to 6, we get two so-

lutions, @=wHim)=v/(@=wim?=8X"bn .4 (awtXm)+y/(a—wAim)?=8X"bn Noto that bn —0(1 — 0)m? > 0

2Am? 22m?2
. — 5Y —+/ (a— 5Y 8\ . . .
the latter can be omitted. Thus when § < @=wHAMI=V(e—w+Am)2=83bn 410 ohtimal internal solutions are

. 2Am?
existed.
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Proof of Proposition 4.3. First, taking the first derivative of the optimal order quantity with respect to 6,
we get that

Aq® _ oym Xby — 001 = 0)m?) + (a = w — m(1 = 0))(1 — 20)m
@ 2 (bn — 0(1 — 0)m?)?
= 5o (1 =g en ~ m(m(1 = 0" + (1-20)(a — )
nm

= 30on 61 = gy 01— mOmO” = 2Aa —w o Am)O + (o —w + Am))

Apparently, the sign of dg‘gs depends on the sign of \bn — m(Amé? — 2(a — w + Am)0 + (a — w + Am))). We

solve the dggs = 0 to get the threshold of 6,

01)\m((aw+)\m)\/(aw+)\m)+)\2bn). (A.6)

-~ FS FS
Naturally, when 6 < 61, then dg‘é > 0, otherwise, dg‘é < 0.
Accordingly, taking the first derivative of the optimal quality improvement level with respect to 6, we get

that

defS  m (@ —w —Im(1 —20))(bn — 0(1 — 0)m?) + 0(1 — 20)m?(a — w — Am(1 — 0))

a0~ 2 (b — 0(1 — O)m2)2

5o a7 —g)ma)e (@~ w = Am)bn —m(m(a —w)0® — 2Xb6))
B 2(by — 9(71”_ 0)m2)? (—=m?(a — w)0? + 2Xmbnd + (a — w — Am)bn).

FS

Apparently, the sign of 95~ depends on the sign of —m?(a — w)8? + 2Ambn6 + (a — w — Am)bn. We solve the

% = 0 to get the threshold of 6,

de
d

G _ Abn + \/(an)2 + bn(a —w)(a —w —Xm).

(A7)

m(a —w)

Naturally, when 6 < 52, then dgzs > 0, otherwise, % < 0.
Proof of Proposition 4.4. First, taking the first derivative of the function (4.4) with respect to 6, we get
that

drfS  2(a—w — Am(1 — 0))Am(bn — 6(1 — 0)m?) + (a — w — Am(1 — 6))*(1 — 26)m?
g (bn — 6(1 — O)m?)?

(2X(bn — 6(1 — 0)m?) +m(1 — 20)(a —w — Am(1 —0)))

(22 + m(a — w)(1 — 20) — Am?(1 — 6))

_mla—w-am 1,;)3) ) (33bn + m(a — w) — m? — om(2(a — w) — 3m)). (A4.8)

dm,

Apparently, the sign of <7 depends on the sign of 2Abn + m(a — w) — Am? — Om(2(a — w) — Am). We solve

the dd’rg" = 0 to get the threshold of 6,

j 4bn — m?
—+A — A9
2 * 2m(2(a — w) — Am) (A4.9)

~

by =
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FS
dm,

Naturally, when 0 < 53, then =&

= 0.

Proof of Theorem 4.5. First, taking the first and second derivatives of the functions (4.6) and (4.7) with
respect to e; and eo, we get that

(ilLecll = Omaqy — meu, (A.10)
(ZL;; = Omqs — Mge2, (A.11)
d;:gl = <0, (A.12)
d;:; ——) (A.13)

Apparently, m.; is concave in e;, i = 1,2. We solve the ddLecz’ = 0 to get the CM 4’s best response on quality
investment level.

Proof of Proposition 4.6. First, taking the first and second derivatives of the function (4.8) with respect to
q1 and qo, we get that

%1:10 = —2(b- %9(1 —0m? )y + (@ —w = Xm(1 - 0)) ~ 2bas, (A.14)
%1:20 = —2(b- 7129(1 —0)m?) gz + (@ — w — Xm(1 - 0)) — 2bay, (A.15)
a;qH%o _ 72(1) B %9(1 B 0)m2), (A.16)
a;qngo _ 72(1) 3 %9(1 _ 0)m2), (A.17)
T e

%1, %11, 9°11, %11, \2 . .. . .
Note that o0 < 0, and o o (8q18q2) > 0 when 6 > 1, the Hessian matrix is negative definite.
oI, __
dq:

Apparently, I, is jointly concave in ¢; and gz. We solve the 5 0 to get the OEM’s optimal order quantity.
Accordingly, substituting the OEM’s optimal order quantity into the CM’s best response on quality improvement
level, then the optimal quality improvement level can be also obtained. In addition, to ensure that the optimal
quality investment level is lower than the initial level (el < X) for the CM 4, it needs a similar threshold to
satisfy the inequation. Due to the same process with the Proposition 4.2 on the threshold, and we omit the
solving solution proof.

However, when 6 < 1, the above critical point is not optimal value for the OEM, then the optimal point may
be boundary optimal solution. Now we turn to solve the boundary optimal solution. Intuitively, ¢ = g2 = 0
makes the OEM obtain a zero profit. And when ¢; = 0 or g2 = 0, the OEM’s optimal solution and profit are
same with that under single sourcing, namely, ¢f = %%@%Zﬂ?, = %%. Because 11 < 12,
then the OEM can only source component from the CM 1 to maximize profits.

Proof of Proposition 4.7. Due to the CMs’ homogeneity, we only proof the CM 1’s sensitivity analysis. First,
taking the first derivative of the optimal order quantity with respect to 8, we get that

dgi® _ mm A(b(m +12) — 0(1 — 0)m?) + (a — w — Am(1 - 0))(1 — 20)m
o 2 (b(m +m2) — O(1 — )m?)?
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— mm ~ (1 — 82 - .
~ 2(b(m + 12) — (1 — O)m2)2 (Xb(m + m2) — m(Am(L — )% + (1 — 20)( )
hm By o 2 ~ _
= S ) i TE (Ab(n1 + m2) — m(Amb* — 2(a — w + Am)0 + (a — w + Am))).
dqu

Apparently, the sign of 42— depends on the sign of Ab(n1 +12) —m(Amb? —2(a—w—+Am)0 + (a —w+ Am))).

We solve the dggD = 0 to get the threshold of 6,

b, = %((a—w+Xm)+\/(a7w+Xm)+X2b(171+172)). (A.19)

~ FD FD
Naturally, when 6 < 6, then dfi‘:g > 0, otherwise, qune < 0.
Accordingly, taking the first derivative of the optimal quality improvement level with respect to 8, we get

that

def® _ m (a—w —Xm(1 = 20)) (b(m +m) —6(1 ~ O)m?) +6(1 — 20)m?(a — w — Xm(1 —6))
o2 (b1 + 72) — O(1 — G)m?2)2
- 2(b(m + 1) — O(1 — B)m?2)2 ((a —w = Xm)b(ny + 12) — m(m(a — w)8> — 2Xb(n1 + 12)6))
T 20601 +1m2) — 0(1 — O)m2)? (=m®(a — w)6? + 2Xmb(n1 + n2)0 + (a — w — Am)b(n1 + n2)).

Apparently, the sign of dzll;D depends on the sign of —m?(a —w)0? + 2 mb(ny +12)0 + (a —w — Am)b(ny +n2).
We solve the dfill;D = 0 to get the threshold of 6,

05 = Ab(m + m2) + \/ (Ab(m + n%),)j:—bgj)l fe e, (A.20)

~ FD FD
Naturally, when 6 < 605, then dzle > 0, otherwise, —dzle <0.

Finally, taking the first derivative of the function (4.4) with respect to 8, we get that

dIEP om0 2(a—w—Am(1—0))Am(b(n1 +n2) —0(1—0)m?) + (a—w—Am(1—0))2(1—20)m?
o (b(m1 + n2) — 6(1 — O)m?)?
_m+n2 m(a—w—Xm(1-0))
4 (b(n+m2)—0(1—0)m?)
_omAne ma—w—=Am(1-0)) - .
= T Botm T ) 60—z 20 + 1)+ m(a — w)(1 - 26) = Xm*(1 - 6))
m+ne  mla—w—Am(1-0))

Ty (b(n +12) —0(1—0)m?)? (2Xb(11 +1m2) + m(a—w) —Am? — Om(2(a—w)—Am)). (A.21)

5 (2X(b(n1+n2) —0(1—0)m>)+m(1—26)(a—w —Am(1-0)))

Apparently, the sign of dggD depends on the sign of 2Ab(n; + 72) + m(a — w) — Am? — Om(2(a — w) — Am).

We solve the 2X ° - 0 to get the threshold of 6,

F
do

. _ 2
fo = Ly Ab0ntme) =m” (A.22)
2 2m(2(a — w) — Am)

-~ FD FD
Naturally, when 6 < g, then dgg > 0, otherwise, dg; < 0.
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Proof of Proposition 4.8. In the proposition, we need to compare the optimal solutions of order quantity
and quality improvement and the OEM’s optimal profit under the two sourcing strategies. For tractability, the
CMs are assumed as homogeneous ones, namely, they have same marginal quality investment cost. For the
comparison of optimal order quantity, we have

a—w—(l—G)Xm_ a—w—(1—6)Am
T -0 —0ym2) " 26y — 6(1 — O)m2

¢ (P +a0) =

_ 1 1
=n(a—w—(1-0)\m) <2(b77 —0(1 — 0)m?2) B 2bm —60(1 — 9)m2>
0(1 — 6)m?

—nla—w—(1—0)N A2
e == = N g g = Bym) (2 — 6(1 — O)m?) e
< 0.
And for the quality improvement level, we have
FS _ _FD _eﬂa_w_(l—e)Xm _gﬁa_w—(l—H)Xm
TN T T —om? T 2 2y — 01— O
1 Y 1 !
= - - - 1 - B
20m(a w — (1 —6)Am) (bn —0(1—0)m2  2bn—0(1 — 9)m2>
1 X b
1 w1 A24
50m(a —w—(1—6)Am) (bn — 6(1 — 0)m?2)(2bn — 6(1 — B)ym?) 2
> 0.
Finally, for the optimal profit under different sourcing strategy, we can find
7FS _ 1FD _ nla—w—(1=0)m)? n(a—w—(1-0)m)
© T T2 2 —0(1—0)m2) 2 2n—0(1—0)m?
n Am)? L :
= — — - 1 - N
p(@—w = (1=0)Am) <2<zm —0(1— B)m?) 2y 0(1 - QW)
. - 0(1 — 9)m?
R A2

N
o

Proof of Proposition 5.1. Because the second stage on the CM’s quality investment level decision is same
with that FS case, then we analyze the first stage on the order quantity and the sharing rate decisions directly.
Based on the function (4.3), taking the first and second derivatives with respect to ¢ and 6 respectively, we get
that,

%ZO — 2(b- %9(1 —)m?)q+ (a — w = Im(1 - 0)), (A.26)
5;;; = —2(b- %9(1 —0)m?), (A.27)
%fao _ %(1 — 20)m2¢® + X, (A.28)
832:20 _ —%m2q2, (A.29)

(1 —20)m?q + Am. (A.30)



1156 B. DONG ET AL.

2
o7, 97, 0°7, 97, . - . . — .
Because B—’Tq <0,and M = 8;2 505 — <8ng> > 0, the Hessian matrix is negative definite, and then 7, is

jointly concave in ¢ and 6. By the two first-order conditions, we have

P 2(a —w) — Am

qa =70 Aby — m2 ) (A?’l)
1 An
PS _
0% = 3t TP (A.32)
PS PS
ePS = 9% (A.33)

Thus the above optimal solutions are the supply chain members’ optimal decision and can be written as
follows,

by 2
oPs — 1(1 L Abn=mT) ) (A.34)
2 m(2(a — w) — mA)
s = A <1 4 mla—w) - mA)). (A.35)
2 A(4bn — m?)
And the OEM’s optimal profit is
aPs = 4bn+m2 ((a —w—m)(a—w) + anQ). (A.36)

Note that when eFS > X, then we can have 65 > 1.

Proof of Proposition 5.2. According to the result of Proposition 5.1, we surmise, in this case, the optimal
solutions are boundary solutions. Therefore, based on the function (4.8), taking the first derivative with respect
to ¢ and 6 respectively, we get that,

‘21;0 = =2(b = —-0(1 = O)m)ar + (a = w— (1 = 0)) — 20 (A.57)
%g; = -2(b- ie(l —0)m?) gz + (a — w = Am(1 - ) - 2bq1, (A-38)
?90 = %(1 — 20)m*qi + i(l = 20)m’q; + Am(q1 + g2), (4.39)
a;qr;o = %9(1 — 0ym?), (A.40)
3;20 = 2(b- %9(1 —o)m?). (A41)
aig; - o
T L=+ o
O, 3(1 — 20)mZgs + Am. (A.45)

0q200 1o
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Note that,
9?11 1
M, = °=_2(b——0(1-60)m?) <0 A.46
1 aq% ( ™ ( )m ) < ) ( )
0710, 9711 971, \ 2 1 1
M, = ° ° ) =4(b——0(1—0)m?)(b— —0(1 —0)m?) — 4% > 0, A .47
°T 0¢ oq (5111&]2) ( ™ ( ) ) ( o ( ) ) (A.47)
—2(b — 01— 9)m2) —2b 2(1—20)m?q) + Am
M = —2 ~2(b— 2001 - 0)m?) 2(1-20)m%q + Xm
,7%(1 —20)m*q1 + Am ,7%(1 —20)m3qx +Am  —2m? (;ﬁ + gg)

2 — 2 —
= — 4(3((1 —20)m2q; + )\m> ((1 —20)m3qy + )\m)
m 72

1 2 -\’
+2 (b - —0(1— 9)m2) ((1 —20)m*q; + )\m)
72 m

+2 (b - i9(1 - 0)m2) (2(1 —20)m?qe + )\m) ’

T 72
2 2 1 1
— 8m? Q1+QQ>< b— —0(1—60)m2)(b— —6(1 — )ym? —b2><o. A48
m(m (5= 2ot - om?) (b- o1 - o)) (A.48)

Intuitively, the Hessian matrix is negative definite, and then II, is jointly concave in ¢i, g2 and 8. By the
three first-order conditions, we have

a—w-—A\m

PD _ A4
4 m 2b(m + 12) — m2’ (A.49)
PD a—w—Am
= A.
q2 12 Qb(’f]l +7]2) o m27 ( 50)
gPD _ 1 n lx(%(ﬂl + 772): m?) (A.51)
2 2 mla—w—AIm)
o _ A A mla—w—m) (A.52)
b2 2X(2b(m + ) —m?)
And the OEM’s optimal profit is
atP = o (2bn — m?) ((a — w)(a — w — Am) + anXQ) + }mz(a —w)?). (A.53)
° (4bn — m?2)? 4

Note that when efD > X then we can have OFP > 1.

Proof of Proposition 5.3. According to Propositions 4.8 and 5.1, we can obtain the difference between the
OEM’s optimal profits under single and dual sourcing strategies,

1 - _
7PS — xPD = m <2m2(a —w)(a —w—2Am) — b77)\2(4b17 - 3m2)). (A.54)
Apparently, the OEM’s sourcing strategy choice depends on the sign of %mz (a—w)(a—w—2 m)— an2(4bn—

3m?). Note that ePS <X, efP <A, we can proof the 2m?(a —w)(a —w — 2 m) — an2(4bn —3m?) < 0, namely,
the OEM prefers the dual sourcing strategy.
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Proof of Proposition 7.1. First, we solve the equilibrium result of the OEM and the CM under the single
sourcing case. Because the sub-equilibrium of third-stage and second-stage (i.e., investment level game and order
quantity game) have been obtained, using the result of Proposition 4.2 and the OEM’s profit after substituted
the best responses on investment level and order quantity (i.e., Eq. (4.4)), now we are ready to derive the
optimal wholesale price of the first-stage game.

Given the best response on quality investment level and order quantity, we can rewrite the CM’s profit as
follows

. = wq — O\ — e)mq — ge2
= (w — fm)q + femq — gez
a—w—1=0xm 1,5, ofa—w—(1-0Am)\>
e n _ A.
(w = mms =gt —oym2 T 27 ™ \ 2 — e = o)m2) (A.55)

Then taking the first and second derivatives of the CM’s optimal profit with respect to w, we get that
dme a—w—(l—G)Xm—i—Gm_ezmza—w—(l—@)Xm
dw 2(bn — 0(1 — 6)m?) 4(bn — (1 — O)m?)?
~ n(2(a—2w — (1 — O)Am + 0m)(bn — (1 — )m?) — 0*°m?(a — w — (1 — 0)Am))

A(bn — ( — 0)m?)?
~ n(2(a—(1-20)Am) (bn—0(1—0)m?)—62m?(a— (1—0) Am) — (4bn—60(4—360)m?)w)
N 4(bn — 9(1 — 0)m?)? ’ (A.56)
d’m.  n(4bn—0(4—30)m?) (A57)

dw? — 4(bn—6(1 — O)m?)?

dfro _

Apparently, 7. is concave in w. We solve the = 0 to get the CM’s optimal wholesale price, namely,

FS _ 2(a(1-20)%m) (by-0(1-0)m>)-0%m? (a—(1-0) Am)

w = o0 (A30)m? . Slmllarly, we also obtain the optimal wholesale price under the
dual sourcing strategy, i.e., wfP = (a—(1—29)>\m)(bz(lzzxzf%jggzggbfm?(a—(1—0)>\m). Note that the CMs have same

optimal wholesale price due to their symmetry.
Next, when the CMs have the same marginal production cost, we compare the CM’s wholesale price under
different sourcing strategy and get that

wi® — wFS = 20002m?(a — Am) > 0. (A.58)

K2

Moreover, the difference of the OEM’s optimal profits under the single sourcing and the dual sourcing is

40m?2(a — Am)(2bn — 6(1 — 0)m? - 9 212
abS kD — (8bn—0(£l—39)m)2()2(an—(9(4—?20)7722)2 ((a—/\m) (2bn—6(1—0)m?) (4bn—0(4—30)m?)

— bnf(a — Am) (1661 — bnd (46 — 390)m* + 26°(3 — 260)(4 — 30)m*)

+ 26n6* Xm? (6bn(1 — 0) — 6% (4 — 30)m2)>. (A.59)

Apparently, when (a—Am) (2bn—60(1—6)m?) (4b77—0(4—39)m2)2 — bnf(a — Am) (16671 — bnb (46 — 390)m? +
202(3—20)(4— 39)m4) +20m03 Am3 (6bn(1 —0)—6%(4— 39)m2) > 0, the OEM prefers the single sourcing strategy,
otherwise, the dual sourcing becomes an optimal choice.
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