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Abstract

Buyers can manage product quality sourced from suppliers in three ways: they can
improve the quality incoming from suppliers directly by investing in suppliers to improve
a process/product, they can improve the incoming quality indirectly by incentivizing
supplier quality‐improvement e�orts, and/or they can control the quality outgoing to
subsequent processes by inspecting incoming units. In this study, we study a buyer's use
of these three instruments—investment, incentives, and inspection—to manage the
sourced quality. To do so, we consider a general relationship between the buyer's direct
investment e�ort and supplier's quality‐improvement e�ort, allowing them to be
complementary, substitutable, or additive in their quality‐improvement e�ects. For
situations in which the buyer and the supplier decide their e�orts simultaneously with
contractible internal‐failure events, we identify three types of strategies: the investment‐
based strategy (focusing on the buyer's investment e�ort) for strongly substitutable
e�orts, the inspection‐based strategy (focusing on inspection) for strongly complementary
e�orts, and the integrative strategy (emphasizing all three instruments) for additive
e�orts. If buyer‐investment commitment is possible, then the inspection‐based strategy
in which both parties defect in their e�orts will be replaced by a collaboration‐based
strategy in which both parties exert high e�orts to improve quality. Contracting upon
external failures (in addition to internal failures) does not change this strategy pattern;
however, when combined with buyer‐e�ort commitment, such a contract achieves the
�rst‐best result.

1 Introduction
Manufacturers face important tasks to manage suppliers’ quality, as manufacturing
outsourcing increases their product quality dependence on suppliers. Nonetheless, supplier
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quality management becomes more di�cult due to the increasing production scale and
complexity taken by suppliers. It is not uncommon to �nd product quality incidents being
traced to supplier quality defects. For instance, Mattle faced quality scandals in 2007 for lead
paints found with toys sourced from Chinese suppliers (Tang 2008). In another case, Boeing,
Inc. su�ered a multi‐year delay in launching its new 787 Dreamliner, partially due to quality
issues of parts provided by suppliers (Sanders 2009). Although traditional buyers tend to
treat their suppliers as pro�t competitors and focus on inspection to control quality, rising
levels of supplier responsibility call for a cooperative relationship that requires buyers’ direct
investment in supplier quality improvement (Liker and Choi 2004) and appropriate incentive
contracts to align suppliers’ quality choices. Three instruments—inspection, incentives, and
investment—provide di�erent ways for buyers to access and control suppliers’ quality in a
multi‐faceted system, and this study aims to develop an integrated framework that uses
these instruments to manage supplier quality.

A common practice for buyers to manage sourced quality is to inspect incoming products
delivered by suppliers. There are two main bene�ts provided by inspection. First, given the
quality of incoming products, inspection allows the buyers to identify defects (denoted as
“internal failures”) upon delivery, thereby controlling the quality outgoing to subsequent
processes. Without inspection, defects could eventually reach customers (denoted as
“external failures”), causing additional processing costs and expensive consequences, such
as liability charges, product recalls, and market loss (Tang 2008). Mattel's action after the
2007 toy quality scandal testi�ed to the importance of inspection: the manufacturer
intensi�ed its inspection of the suppliers’ shipments, despite the result of operation delays
and lowered sales (Tang 2008). Second, detecting the defective units immediately upon
delivery helps to hold suppliers responsible for defects. Otherwise, quality problems may be
reported long after suppliers’ delivery, making it di�cult to trace back to the source due to
the lack of visibility of material �ows. Even if responsible suppliers are identi�ed in this
process, collecting compensations from suppliers may prove challenging, especially if such
suppliers are small and reside in a foreign country (Babich and Tang 2012). In sum,
inspecting suppliers’ delivery allows buyers to identify defects in time, and enables monetary
transfers to re�ect appraised quality.

The incoming quality provided by suppliers depends on suppliers’ e�orts to ensure quality
(i.e., investment in quality management systems, improvement to production processes, and
use of high‐quality tools and materials). As such e�orts are often neither contractible nor
directly observable by outside parties, buyers may provide monetary incentives to motivate
suppliers to improve quality. Squeezing suppliers’ margin can back�re, leading suppliers to
retreat to low‐quality solutions to contain costs (Wharton 2009). For example, although
suppliers were blamed for resorting to lead‐contaminated paints in the Mattel case,
purchasers also shared blame for aggressively pushing down prices, which was considered a
driving force behind suppliers’ use of low‐quality materials, for “in the end, they (purchasers)
[would] get the quality of work they [were] willing to pay for” (Wharton 2007, 2009).
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Supplier quality improvement may also be achieved with buyers’ investment in suppliers,
such as supplier assistance programs that enhance suppliers’ capability. Japanese
automakers, as one example, often help their suppliers improve their production systems to
reduce costs and increase quality (Liker and Choi 2004, Sako 2004). In particular, suppliers
from developing countries often lag in quality standards and lack management know‐how.
Thus, for buyers sourcing from those areas, providing support and education that suppliers
greatly need helps elevate standards, a lesson gleaned from the Mattel scandal (Wharton
2009).

Buyers’ e�orts (investment in supplier quality) and suppliers’ own e�orts may interact and
jointly a�ect the quality delivered by suppliers. The relationship between the two‐sided
e�orts in their e�ects on the supplier quality may di�er based on the speci�c activities
engaged by the two parties. The e�orts are complementary, when one e�ort makes the other
e�ort more e�ective in improving quality. For example, buyers can o�er education and
training programs on lean production and quality management to suppliers’ employees.
Such buyer e�orts complement suppliers’ own e�orts to improve production systems, since
the information and skills acquired from these programs enable suppliers to deploy
resources more e�ciently to enhance quality. In other cases, the e�orts can be substitutable,
in that the input of one decrease the marginal e�ect of the other to improve quality. For
example, buyers who use engineering support to directly improve suppliers’ production
processes or solve their quality problems reduce the suppliers’ need to address these same
issues; in such cases, buyers’ e�orts have substituted for suppliers’ engineering e�orts,
making the latter less essential. Finally, when buyers’ and suppliers’ e�orts improve quality
in parallel with the e�ect of one independent of the other, we call these e�orts additive. In
Mattel's example, the product paint quality can be accessed from both paint suppliers and
from contract manufacturers’ paint procurement processes. In this case, Mattel's e�ort to
certify paint suppliers is additive to its manufacturers’ e�orts to control their procurement
processes, e.g., performing mandatory tests, to ensure the quality of paints (Tang 2008). As
another example, Apple invested in advanced production technology and equipment for its
suppliers (Satariano 2013). Such investments may be considered additive to suppliers’
e�orts to improve their production and total quality management systems, as the
technology and management address di�erence sources of quality defects, enhancing the
product quality in parallel.

As discussed above, the three instruments—inspection, incentives, and investment—
address supplier quality concerns in di�erent ways; speci�cally, inspection controls the
outgoing quality, whereas investment and incentives a�ect the incoming quality, directly and
indirectly. U.S. manufacturers traditionally favor the inspection‐based approach, while
Japanese manufacturers are noted for investing in their suppliers to improve quality (Liker
and Choi 2004, Taylor and Wiggins 1997). Although �rms may use di�erent approaches,
these instruments are not necessarily mutually exclusive, but instead should be considered
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simultaneously to construct an e�ective strategy. In this paper, we study how buyers may
adopt these instruments with a holistic view to manage supplier quality.

Our base model investigates cases for which a buyer and her supplier move simultaneously
in their quality‐improvement e�orts and only the internal failures (but not the external
failures) are contractible. Such a situation foregrounds the di�culty of the buyer committing
to certain e�ort before the supplier takes action, as well as the challenges of identifying the
responsible supplier and pursuing compensation for defects that are discovered after they
reach customers (i.e., external failures). We then extend our model to situations where the
buyer is able to commit her e�ort (section 5) and where the external failure is also a
contractible event (section 6), followed by the case in which both conditions are met (section
7). We summarize our main �ndings below.

First, both monetary incentives and inspection are necessary to induce supplier e�ort,
implying a carrot‐and‐stick policy. However, when the supplier e�ort strongly complements
the buyer e�ort, these two instruments alone are ine�ective at motivating the supplier, who
may respond negatively to the incentive price anticipating low inputs of the buyer e�ort. In
this case, a commitment of the buyer e�ort before the supplier's move is important to
incentivize the supplier.

Second, we identify four types of buyer strategies, based upon the equilibrium outcome, and
characterize the strategy choice. An investment‐based strategy relies heavily on buyer e�ort
to improve quality while using minimal inspection and low monetary incentives that result in
little supplier e�ort. Next, an inspection‐based strategy focuses on controlling the outgoing
quality with stringent inspection, leaving the incoming quality low, as both the buyer and her
supplier exerting low e�orts. Further, a collaboration‐based strategy features high e�orts
from both the buyer and the supplier, the latter induced by the buyer o�ering high
monetary incentives while maintaining moderate inspection. Finally, an integrative strategy
occurs when the buyer emphasizes all three instruments: exerting signi�cant e�ort herself
by investing in the supplier, o�ering high monetary incentives, and inspecting supplier
shipments with high accuracy, thereby inducing signi�cant supplier e�ort.

We �nd that, with a simultaneous move of the buyer's and supplier's e�orts, the buyer
should adopt the investment‐based strategy when e�orts are strongly substitutable, should
adopt the inspection‐based strategy when e�orts are strongly complementary, and should
adopt the integrative strategy when e�orts are additive. Further, if the buyer can commit to
an investment e�ort, then the inspection‐based strategy, in which both parties defect in
their respective e�orts, will be replaced by a collaboration‐based strategy in which both
parties exert high e�orts to improve quality. This strategy pattern remains even when
external failures (in addition to internal failures) are also contractible events.

Third, we identify the sources of ine�ciency in the decentralized system and investigate how
these sources may be mitigated or eliminated with buyer‐e�ort commitment and contract
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structures. The ine�ciency stems from over‐inspection that is connected to internal‐failure‐
based monetary incentives, and also from the di�culty of coordinating simultaneous e�ort
moves. The external‐failure‐based contractual transfer mitigates the inspection ine�ciency,
whereas buyer‐e�ort commitment improves the alignment of e�orts. Neither of them alone
can retain full system e�ciency, but, when combined, they achieve the �rst‐best outcome.

2 Literature Review
This paper studies quality‐management issues in a decentralized supply chain with bilateral
investments. This focus makes this study relevant to two literature streams: the quality‐
management literature that analyzes strategic decisions in a supply chain concerned with
quality, and the supply‐chain management literature that considers the incentives of
bilateral investments.

The quality‐management literature has typically focused on contract designs along with
inspection decisions in a moral hazard setting concerned with a supplier's quality choice. For
example, Baiman et al. (2000) analyze a variety of scenarios in which players’ actions or
product failures may or may not be contractible. Also, Hwang et al. (2006) compare supplier
appraisal and certi�cation. Taylor and Wiggins (1997) investigate the relationship between
lot sizing and inspection in multi‐period quality control. Further, Babich and Tang (2012)
compare inspection and deferred payment mechanisms, a comparison that Rui and Lai
(2015) extend to a multi‐unit setting. Chen and Deng (2013) examine the impact of product
certi�cation along with screening contracts on a supplier's investment in quality. Although
these papers collectively consider product quality that is fully determined by suppliers’
e�ort, our study is distinct in its incorporation of buyers’ e�ort to improve quality.

Another group in the quality‐management literature considers a product that is partially
manufactured by both the supplier and buyer (e.g., Baiman et al. 2001, Balachandran and
Radhakrishnan 2005, Chao et al. 2009, Dong et al. 2015). In these papers, the supplier e�ort
is the sole input to the supplier quality, and can be identi�ed (imperfectly) by inspection of
the supplier's delivery before it intertwines with the buyer e�ort in the �nal product quality.
In contrast, the supplier quality in our study combines inputs of both the supplier e�ort and
buyer e�ort, causing a di�erent interplay between the e�ort and inspection decisions. Zhu
et al. (2007) examine the case in which suppliers can advance the quality invested by buyers
without considering inspection and hence internal failures of the product. We di�er by
incorporating inspection as a way to control quality that turns external failures to internal
failures (in addition to considering a general e�ort relationship and di�erent commitment
structures).

This study also relates to the supply‐chain literature that focuses on contracts with bilateral
investments. Of note, �ndings in this literature stream depend on both the information
structure and time sequence of investment decisions. When parties move simultaneously in
their investment decisions and neither investment is observable, double moral hazards
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arise, inhibiting the �rst‐best outcome. Bhattacharyya and Lafontaine (1995), Kim and Wang
(1998), and Corbett et al. (2005) analyze second‐best contracts for double moral‐hazard
problems. Roels et al. (2010) allow e�orts to be veri�able (thus contractible) at costs, and
they subsequently study the choice of contracts with or without verifying either e�ort. When
parties move sequentially in their e�orts, then the �rst‐mover's e�ort is often observable by
the second mover. In this case, the �rst‐best outcome can be achieved under certain
conditions, as shown in Demski and Sappington (1991), Nöldeke and Schmidt (1998), and
Edlin and Hermalin (2000). In these papers that explore bilateral investments, the output of
joint e�orts is veri�able, which therefore allows for contracts contingent upon output.
Bhattacharya et al. (2014), meanwhile, consider the case in which the e�ort output is not
veri�able, but rather is stochastically correlated with another veri�able metric. Speci�cally,
they derive the optimal contract structure for both a simultaneous and sequential move of
e�orts to show that the latter yields the �rst‐best solution. Di�ering from these papers, we
consider the situation where neither the e�ort nor the e�ort output (product quality) is
observable or veri�able. Instead, the buyer obtains a costly signal of the e�ort output by
inspecting the product. Therefore, in our setting, it is not only bilateral investments, but also
the inspection decision that together drive supply‐chain performance.

There has been increasing research on supplier social and environmental responsibility in
recent years. Papers in this stream consider various incentive instruments to manage
supplier responsibility, including contracting and auditing (inspection) as the most common
ones (see, e.g., Chen and Lee 2017, Cho et al. 2016, Guo et al. 2015). Supplier responsibility
and supplier quality share some similarity in the sense that they both require costly e�orts
from suppliers, which are often unobservable and subject to uncertain outcomes. Hence,
similar instruments may be used to induce supplier e�ort in both contexts. However,
supplier quality and responsibility are also di�erent in the sense that the former refers to
attributes of products produced by a supplier, whereas the latter often pertains to processes
used by the supplier in production. Therefore, the accuracy of supplier responsibility
inspection may be determined by the frequency and timing of supplier site visits (Kim 2015),
can be compromised by the supplier's e�ort to hide information from auditors (Plambeck
and Taylor 2016), and often depends on the information policy (Cho et al. 2016).
Furthermore, while inspection in both contexts enables incentive contracts contingent on
the inspection outcomes, inspection in the quality context also controls the outgoing quality,
turning external failures to internal failures, an aspect we consider in our study.

Finally, we consider a general relationship between buyers’ and suppliers’ investments,
highlighting the impact of the e�ort relationship upon the incentive structure. Although
Roels (2014) models a general relationship between buyer and supplier e�orts on service
outputs, his study, with its focus on service design, explores the optimal e�ort allocation
between the two parties without considering their strategic interactions.

3 Model Setup
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We consider a two‐tier supply chain with a buyer and a supplier. The buyer sources a
product from the supplier, and we normalize the number of units to one. Emphasizing the
supplier's impact on the product quality, we assume zero processing on the buyer side (i.e.,
the buyer directly sells the product sourced from the supplier to the market). This
assumption applies to the cases of contract manufacturing (such as Mattel and Apple) where
a supplier is in charge of the main, if not entire, manufacturing process of the product that
determines the product quality.

Market: Let the market price of the product be r. An external failure occurs if the product
turns out defective after it is sold to a customer. In this case, the buyer not only loses
revenue r, but also su�ers a loss s, due to costs related to product recall, litigation, and
goodwill loss, among others.

Quality Efforts: The product defect rate depends on both the direct investment from the
buyer and the quality‐improvement e�ort from the supplier. Let the buyer's investment
e�ort be x ∈ [0, 1] and supplier's e�ort be y ∈ [0, 1]. These e�orts incur costs: The cost of
buyer e�ort x is characterized by α(x) ≡ ax /2, and the cost of supplier e�ort y is
characterized by β(y) ≡ by /2. Both cost functions are increasingly convex, with a > 0 and
b > 0 representing the marginal disutility of e�orts. To clearly understand the economic
drivers of the e�ort decisions, we assume the e�orts are equally expensive for the buyer
and supplier (i.e., a = b), and, as will be explained below, are symmetric in their quality
e�ects. Hence, the e�ort di�erence between the two parties will be an endogenous result of
their respective strategic decisions. For the remainder of our study, we assume
(r + s)/2 < a < r along with r > s to focus on the most plausible and interesting cases. Doing so
assumes that the revenue is large enough to render transaction, and that the e�ort cost is
neither too high for the parties to possibly collaborate, nor too low to demand nontrivial
e�ort decisions.

Product Quality: Given buyer e�ort x and supplier e�ort y, the probability of the supplier
delivering a good‐quality product is P(x, y) ∈ [0, 1], and hence the probability of defects is
1 − P(x, y). Let P  = ∂P/∂x and P  = ∂P/∂y be the �rst‐order partial derivatives, P  = ∂ P/∂x  and
P  = ∂ P/∂y  be the second‐order partial derivatives, and P  = ∂ P/∂x∂y the second‐order
mixed derivative. The function P(x, y) requires P  ≥ 0, P  ≥ 0, P  ≤ 0, and P  ≤ 0 for all
x,y ∈ [0, 1]. The sign of P  characterizes the relationship between the two‐sided e�orts in
quality improvement. The e�orts are complementary if P  ≥ 0, substitutable if P  ≤ 0, and
additive if P  = 0, for x,y ∈ [0, 1].

A linear form example of such a quality function could be P(x, y) = L(x, y|γ) ≡ γxy + (1 − γ)(x +
(1 − x)y), for which xy and x + (1 − x)y, weighed by γ and 1 − γ, represent the complementary
and substitutable e�ects of the buyer and supplier e�orts on product quality, respectively.
The weight γ ∈ [0, 1] characterizes the overall relationship between the two‐sided e�orts.
Speci�cally, as P  = 2γ − 1, γ < 0.5 implies a substitutable relationship, γ > 0.5 implies a
complementary relationship, and γ = 0.5 implies an additive relationship. On one extreme,
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γ = 0 means the e�orts are perfect substitutes as P(x, y) = x + (1 − x)y, with one taking e�ect
on a part uncovered by the other. On the other extreme, γ = 1 means the e�orts are perfect
complements as P(x, y) = xy, with one enabling and enhancing the e�ect of the other on the
quality delivered by the supplier. The intermediate case with γ = 0.5 means the e�orts are
additive in quality improvement, which yields P(x, y) = (x + y)/2. Such linear function forms
similar to L(x, y|γ) are widely used in the economics and management literature to model
the interaction of two actions with joint value (see, e.g., Kremer 1993, Schaefer 1999,
Siggelkow 2002). The only di�erence is that L(x, y|γ) has the coe�cients adjusted to keep the
inputs and outputs between 0 and 1 in order to model the interaction in a quality context. In
this study, we will derive generic results based on the general function form, P(x, y). In
addition, we use the linear form, L(x,y|γ), to provide more speci�c insights on the impact of
e�ort relationship parameterized by γ, for it o�ers a higher degree of analytical tractability.

Inspection: The buyer performs inspection upon receiving the product from the supplier.
An internal failure occurs when the product fails an inspection, which results in a rejected
product and, thus, zero revenue for the buyer.  As standard in the quality literature, an
inspection always generates a good signal when product quality is good, but not necessarily
a bad signal when product quality is bad; in other words, an inspection never rejects a good‐
quality product, but may fail to identify a bad‐quality product (Baiman et al. 2000). Let
Q ∈ [0, 1] be the probability of receiving a bad signal for a bad‐quality product, and denote
this probability as inspection accuracy. This inspection accuracy depends on the amount of
resources invested in the inspection, with the total cost increasingly convex in the achieved
accuracy. Let c(Q) be the inspection cost for a given accuracy Q ∈ [0, 1], for which c(0) = 0, c′
(Q) ≥ 0, c′′(Q) ≥ 0. We assume the inspection cost is su�ciently small to exclude the case in
which the buyer cannot a�ord any inspection (i.e., Q is always 0).

A speci�c form of the inspection cost function can be c(Q) = Φ(Q|η) ≡ −η log (1 − Q), in which
η > 0 measures the costliness of inspection. This function can be interpreted as the
inspection accuracy tied to the number of trials (test runs) conducted for the inspection,
where each trial incurs a constant cost and independently yields a success or failure for the
unit to pass.  Papers in the supply chain quality literature often adopt an inspection model
that is a special case of Φ(Q|η) by limiting the number of inspection trials between zero and
one (see, e.g., Babich and Tang 2012, Balachandran and Radhakrishnan 2005, Lim 2001,
Reyniers and Tapiero 1995). Again, while generic results are derived based on general forms
of c(Q), more speci�c insights are obtained based on Φ(Q|η).

Contract: We assume internal failures are contractible events, but external failures are not;
that is, the buyer and supplier can write a contract with transfers contingent on internal‐
failure events (i.e., inspection results) but not on external‐failure events (Baiman et al. 2000).
An internal failure is contractible because an inspection result is veri�able based on
objective measures. An external failure, however, may not be contractible due to the
di�culty of identifying the root cause and responsible party of the failure, as well as
pursuing compensation from the party. For this case, let the contract be (w, u), for which
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(1)

(2)

w ≥ 0 is the price paid to the supplier if the product passes inspection, and u ≥ 0 is the
penalty that the buyer collects from the supplier if the product fails inspection (i.e., an
internal failure occurs). We do not lose generality by considering this contract form, as any
contract contingent on internal failures can be reduced to this form. Section 6 econsiders an
extension in whichxternal failures are also contractible events, allowing the buyer to charge
penalties based on external failures.

Sequence of Events: We model the interaction between the buyer and supplier as follows.
First, the buyer o�ers a contract (w, u) to the supplier. This supplier will then accept the
contract if it generates a non‐negative pro�t on expectation (with the reservation pro�t
normalized to zero); otherwise, the supplier will reject the contract, which results in no trade.
After the contract is accepted, the buyer exerts an investment e�ort of x ∈ [0, 1] and the
supplier exerts a quality‐improvement e�ort of y ∈ [0, 1]. The supplier then delivers this
product to the buyer, who inspects the product with a chosen accuracy, Q. The buyer rejects
the product if it fails the inspection; otherwise, the buyer accepts and sells the product on
the market, generating a revenue r (if the product is in good quality) or a loss s (if the
product is in bad quality) for the buyer.

For this case, we assume that the buyer and supplier make their respective e�ort decisions
simultaneously. This assumption makes intuitive sense, as a buyer's investment e�ort—
realized in activities such as engineering support, on‐site assistance, training and education
—can be hard to specify in a contract or commit to beforehand, while a supplier has to make
his own non‐observable investment before receiving the buyer's, due to long lead time of
the quality‐improvement process.  Furthermore, a buyer cannot commit to inspection
accuracy because this accuracy depends on invested resources, such as the number of test
runs, that are hard to verify but easy to change. Therefore, the three operations decisions—
the buyer e�ort, supplier e�ort, and inspection accuracy—are made by the buyer and
supplier at the same time without knowing each other's choices. In section 5, we investigate
the impact of e�ort commitment by analyzing the case in which the buyer commits her
e�ort before the supplier chooses his own e�ort.

First‐Best Result: Before studying the two parties’ strategic decisions, we analyze the �rst‐
best result as a benchmark. Given buyer e�ort x, supplier e�ort y, and inspection accuracy
Q, the total supply‐chain pro�t is:

This pro�t contains the revenue received for a good‐quality product, the external‐failure cost
paid for a bad‐quality product that passes inspection, the inspection cost, and the disutility
of the buyer's and supplier's respective e�orts. The �rst‐best solution of buyer e�ort x ,
supplier e�ort y , and inspection accuracy Q  is de�ned as:
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(3)

(4)

4 Base Model
The base model considers the case in which the buyer and the supplier move
simultaneously in their respective e�orts and external failure events are not contractible. In
this model, the buyer's and supplier's decisions are organized in two stages. In the �rst
stage, the buyer determines the contract (w, u). Then, given this contract, in the second
stage, the supplier chooses his quality‐improvement e�ort y, and the buyer chooses her
investment e�ort x along with inspection accuracy Q, simultaneously. The notation for the
base model of the decentralized system is di�erentiated with superscript “d.”

4.1 Analysis
We �rst analyze the second‐stage equilibrium for a given contract, and then investigate the
buyer's contract decision in the �rst stage. Let π(x,y,Q|w,u) and Π(x,y,Q|w,u) be the supplier's
and buyer's respective pro�ts, given �rst‐stage contract (w, u) and second‐stage operations
decisions (x, y, Q).

Recall that the supplier collects price w from the buyer if the product passes inspection, and
pays penalty u otherwise. We de�ne t ≡ w + u as the sum of reward price t and penalty price
u, and call it the incentive price. Given product quality P (the probability of the product with
good quality) and inspection accuracy Q, the supplier's expected pro�t is w(1 −
(1 − P)Q) − u(1 − P)Q − β(y). Using t = w + u, the supplier's pro�t can then be expressed as
follows:

in which the �rst two parts compose the total expected transfer from the buyer to the
supplier.

The buyer's pro�t consists of the expected net revenue from the market, rP − s(1 − P)(1 − Q),
less the transfer to the supplier, inspection cost c(Q), and e�ort cost α(x), which yields the
expression:

As shown in Equation 4, the buyer receives an equivalent pro�t margin, r − t, for a good‐
quality product, but pays a cost, t + s, for a bad‐quality product that passes inspection.

Equations 3 and 4 suggest that the e�ective marginal transfer between the buyer and
supplier for a product passing inspection is incentive price t. Given t, penalty u acts as a �xed
transfer from the supplier to the buyer. In turn, we base our following analysis on the terms,
t and u (instead of the original contract terms, w and u), for convenience. Incentive price t
drives the players’ quality and inspection investment decisions, while �xed transfer u
allocates pro�ts within the supply chain.
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(5)

We apply the restriction t ≤ r to prevent the buyer bene�tting from quality failures of the
supplier. Otherwise, with t > r, the buyer would recover more from the supplier (i.e., the
penalty u) than the actual loss incurred (i.e., r − w) for an internal failure. In reality, such
contracts would be considered unfair and unenforceable by courts (Balachandran and
Radhakrishnan 2005).

From Equation 4, the margin for identifying a defect through inspection is t + s, as that allows
the buyer to not only avoid external‐failure cost s, but also save total transfer t by avoiding
payment w and meanwhile collecting penalty u. This margin is higher than the one in the
centralized system, s. Hence, the incentive price o�ered in the decentralized system causes
over‐inspection (for given product quality). Let Q (P, t) be the buyer's optimal inspection
accuracy for a given product quality P and incentive price t. If c′(0) > (t + s)(1 − P), then Q
(P, t) = 0; otherwise, Q (P, t) is the solution (bounded by 1) to

Let x (t), Q (t) and y (t) be the equilibrium outcome of the buyer e�ort, inspection accuracy,
and supplier e�ort in the second stage for a given incentive price t. This outcome is de�ned
by the following joint equations:

As can be seen in Equation 3, the buyer's inspection incentivizes the supplier's e�ort.
Nonetheless, higher inspection accuracy is not necessarily associated with greater supplier
e�ort in the equilibrium. This happens because the buyer's quality‐improvement e�ort x
and inspection e�ort Q act as substitutes (i.e., for a given contract and supplier e�ort,
increasing inspection accuracy reduces the marginal bene�t of buyer investment).
Therefore, when the e�orts are complementary, more stringent inspection (i.e., a higher Q)
may lead to lower e�orts from both the buyer and supplier due to the synergy between the
e�orts. Plambeck and Taylor (2016) o�ers a similar insight in the responsible sourcing
context that increased auditing can back�re by reducing the supplier's responsibility e�ort
under certain conditions. Their result occurs due to the substitutability between the
supplier's responsibility e�ort and the e�ort to hide information, whereas ours is driven by
the substitutability between the inspection e�ort and the buyer's quality‐improvement
e�ort, combined with the complementarity between the supplier's and buyer's quality‐
improvement e�orts.

In the �rst stage, the buyer chooses the contract terms, t and u, to maximize her pro�ts,
anticipating the second‐stage outcome. For a given t , the buyer can always choose a �xed
transfer u to extract all surplus from the supplier. Doing so results in the buyer's pro�t as
Π (t) = Π (x (t), y (t), Q (t)). Although the buyer obtains all pro�ts in the supply chain, the
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decisions of x , y , and Q  are made in a decentralized system, depending on the design of t.
Let t  be the solution of t that maximizes Π (t).

We �nd that there can exist two equilibria for an intermediate t > 0, one without inspection,
Q  = 0, and one with inspection, Q  > 0. When that happens, we choose the equilibrium with
inspection because the one without inspection renders the buyer pro�ts independent of t
and can always be achieved as the unique equilibrium with t = 0.

4.2 Impact of Incentive Price
Before presenting the optimal result, we discuss the impact of t and the interplay among the
decisions. Lemma 1 characterizes the impact of t on the second‐stage equilibrium (x , y , Q ).

Lemma 1. (i) When y  > 0, we have t > 0 and Q  > 0. (ii) When the e�orts are substitutable or
additive (P  ≤ 0), x  decreases and y  increases with t. (iii) When the e�orts are
complementary with P (x, 0) = P (0, y) = 0, then x  = y  = 0 for any t. (iv) Assume P(x, y) = L(x, y|
γ) and c(Q) = Φ(Q|η) with η > 0 su�ciently small. When the e�orts are strongly
complementary (γ > 1/2 is su�ciently large), x  and y  �rst increase and then decrease as t
increases.

Part (i) of Lemma 1 implies that, to motivate supplier e�ort, the buyer must inspect the
supplier's delivery and o�er a signi�cant incentive price. Recall the incentive price t is the
sum of reward w and penalty u, both contingent on the inspection outcome. Hence the
result implies that the buyer who wishes to incentivize the supplier must expose the supplier
to both a substantial reward for a good‐quality product and a severe penalty for a bad‐
quality product. This echoes the importance of using both “carrots” and “sticks” as
incentives, a practice advocated by practitioners (Wharton 2009).

Part (ii) further indicates that, when e�orts are substitutable or additive, a higher incentive
price induces greater supplier e�ort while reducing the buyer's own e�ort. When the e�orts
are strongly complementary, however, they may not be responsive at all to the incentive
price, as shown in part (iii). Synergistically, the e�ort of one party helps improve the product
quality only if the other party also exerts a high e�ort. This induces a prisoner's dilemma:
although the buyer and the supplier would both bene�t from collaborating with high e�orts,
they will nevertheless both hold o� their e�orts, anticipating low e�ort of the other party. In
the extreme case when e�orts are perfectly complementary (i.e., the e�ect of one e�ort is
zero in the absence of the other e�ort, P (x, 0) = P (0, y) = 0), neither party will exert e�ort at
all, regardless of the incentive price; this is formalized in part (iii) of Lemma 1.

With the speci�c function forms (L(x, y|γ) and Φ(Q|η)), we can �nd further evidence that a
higher incentive price does not always substitute for more buyer e�ort, nor necessarily leads
to greater supplier e�ort. That is, the pattern that x  decreases and y  increases in t may not
always hold, as shown in part (iv) of Lemma 1. Speci�cally, when the two e�orts are
complementary, the synergy between the e�orts in quality improvement may drive these
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e�orts to respond in the same direction, both increasing in t for a small t and decreasing for
a large t. Our result that a higher incentive price may lead to lower supplier e�ort is
comparable to the result in Plambeck and Taylor (2016), who �nd that increasing the
supplier's margin can reduce the supplier's responsibility e�ort. Again, their result is driven
by the interaction between the supplier's responsibility e�ort and the e�ort to hide
information about irresponsible actions, whereas ours occurs due to the interaction
between the buyer's and supplier's quality‐improvement e�orts.

4.3 Strategy Outcome
We denote the optimal incentive price that maximizes Π (t) over t as t . The optimization is
complex due to t's impact on the equilibrium of the three operations decisions. Therefore,
Proposition 1(i‐iii) characterize the equilibrium structure for the extreme cases of e�ort
relationship, with general function forms for the product quality P(x, y) and inspection cost
c(Q). In part (i) for substitutable e�orts, the condition dP(z + δ/2, z − δ/2)/dδ ≥ aδ/r implies
that the product quality P(z + δ, z − δ) increases quickly (relative to aδ/r) when the disparity of
e�orts δ increases, while keeping the same total e�ort 2z; hence, it can be considered as a
condition for strongly substitutable e�orts. Part (ii) focuses on additive e�orts. Part (iii) is
based on strongly complementary e�orts characterized by P (x, 0) = P (0, y) = 0 (i.e., the
e�ort of one party has no e�ect on the quality if the other party exerts zero e�ort) along
with a su�ciently small P (0, 0) (i.e., the synergy between the e�orts is small when both
e�orts are low). Then, using the speci�c function forms L(x, y|γ) and Φ(Q|η), Proposition 1(iv)
further characterizes the behavior of the e�ort and inspection decisions over a continuous
spectrum of e�ort relationship based on γ ∈ [0, 1] (for small η), connecting the structures for
the extreme points identi�ed in parts (i–iii).

Proposition 2.

i. When the e�orts are strongly substitutable (P  ≤ 0 with dP(z + δ/2, z − δ/2)/dδ ≥ aδ/r for
all z ∈ [0, 1] and δ ∈ [0, min(1 − z, z)]), the buyer's optimal solution has t  = 0, x  > 0, and
y  = 0.

ii. When the e�orts are additive (P  = 0), the buyer's optimal interior solution has t  > 0,
x  > y  > 0 and Q  > 0.

iii. When the e�orts are strongly complementary (P  ≥ 0 with P (x, 0) = P (0, y) = 0 and
P (0, 0) < 2a/(r + s)), the optimal solution has t  = 0, x  = y  = 0, and Q  > 0.

iv. Assume P(x, y) = L(x, y|γ) and c(Q) = Φ(Q|η) with η > 0 su�ciently small. When the
e�orts are weakly substitutable (γ < 1/2 is su�ciently large) or when the e�orts are
complementary (γ ≥ 1/2), as γ increases, (1) the optimal incentive price t  is �rst
increasing and then decreasing; (2) the buyer e�ort x  at the equilibrium is decreasing,
and the supplier e�ort y  is �rst increasing and then decreasing, with x  > y ; and (3)
the inspection accuracy Q  is increasing.
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Figure 1 illustrates the outcome, using L(x, y|γ) and Φ(Q|η) with parameters r = 4, a = b = 3.5,
s = 0.5, and η = 0.1 (these parameters will also be used for �gures presented later in this
study). It veri�es the structure characterized in Proposition 1.  The left plot shows the
optimal incentive price, t , and the right plot shows the equilibrium outcome of buyer e�ort
x  (solid line), supplier e�ort y  (dashed line), inspection accuracy Q  (dotted line), along with
the resulting quality P(x , y ) (dashed‐dotted line), based upon the optimal incentive price.

Figure 1

Open in �gure viewer PowerPoint

Optimal Incentive Price and Equilibrium Outcome [Color �gure can be viewed at

wileyonlinelibrary.com]

These results reveal how di�erent instruments may be used to manage supplier quality. We
categorize the strategies into three types, based on the quality–e�ect relationship between
the e�orts:

1. When e�orts are strongly substitutable, the buyer should rely on her own e�ort to
improve quality, resulting in an investment‐based strategy. This outcome can be seen in
Proposition 1(i) and in Figure 1 for γ ≤ 0.2. It occurs because the buyer can achieve high
quality by herself, requiring little input from the supplier. Accordingly, the buyer does
not need to incentivize the supplier to improve quality, nor intensively inspect the
supplier's shipment. Therefore, when the buyer can replace the supplier to improve
product quality, she should step in and aggressively get involved to do so, rather than
counting on the supplier's e�ort to improve incoming quality or counting on inspection
to control outgoing quality. This reasoning echoes the strategy that Boeing eventually
took to address the Dreamliner crisis; the �nal hurdle was overcome by having
Boeing's own employees reside in suppliers’ sites to oversee their operations and
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tackle problems at their plants (Lunsford 2007). Similarly, Toyota often dispatches
engineers to help identify and address the root causes of suppliers’ quality problems
(Sako 2004).

2. When e�orts are additive, the buyer should emphasize all three instruments, resulting
in an integrative strategy. See Proposition 1(ii) and the outcome for 0.4 ≤ γ ≤ 0.6 in
Figure 1. Following such a strategy, the buyer exerts signi�cant e�ort herself and also
o�ers a high incentive price to induce signi�cant supplier e�ort; simultaneously, the
buyer still needs to inspect shipments with high accuracy. This strategy would suggest
that, to address the quality problem related to lead paints, Mattel should invest in
certifying paint sources, should provide its manufacturing supplier with su�cient
monetary incentives to better control paint procurement processes, and, meanwhile,
should strictly inspect the supplier's shipment. This strategy would address the three
key issues: lack of compliance, over‐squeezed supplier margin, and poor inspection, all
of which (in hindsight) contributed to the central problem (Tang 2008, Wharton 2007,
2009).

3. When the e�orts are strongly complementary, the buyer should adopt the inspection‐
based strategy. See Proposition 1(iii) and the outcome for γ ≥ 0.9 in Figure 1. In such
cases, the buyer will not exert much e�ort of her own, nor o�er signi�cant incentives
to induce supplier e�ort, due to the prisoner's dilemma. Hence, low product quality will
result, requiring stringent inspection to guard against defects. This strategy re�ects the
choice of �rms in an adversarial supply‐chain relationship, as often exempli�ed by
traditional US manufacturers (Liker and Choi 2004), and leads to an undesired outcome
of poor product quality. In the next section, we discuss how e�ort collaboration can be
achieved between the two parties to deliver good quality.

5 Commitment of Buyer E�ort
Next, we consider the case in which the buyer e�ort is contractible or can be observed
before the supplier's e�ort decision. For example, a buyer may specify contractually the
number of engineering hours she will spend on assisting the supplier, or provide education
and training for that supplier, before the supplier allocates his own resources to improve
quality. This process allows the buyer to commit to her investment e�ort before the supplier
chooses his own e�ort, resulting in a sequential move between the buyer's and supplier's
e�ort decisions. We investigate how the buyer‐e�ort commitment will a�ect the use of the
three instruments. The notation for the commitment model is di�erentiated with
superscript “m.”

With commitment, the buyer decides upon contract (w, u) (hence, an incentive price t = w + u)
as well as an investment e�ort x in the �rst stage. In the second stage, the supplier
determines his quality‐improvement e�ort y and the buyer chooses inspection accuracy Q
simultaneously, given u, t, and x o�ered in the �rst stage.
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Given contract (t, u) and buyer e�ort x, the inspection accuracy Q  and supplier e�ort y  in
the second‐stage equilibrium are jointly de�ned by the following:

In the �rst stage, for any x and t, the buyer will choose u to extract the entire supply‐chain
pro�t. Therefore, the buyer designs x and t jointly to maximize her pro�t,
Π (x, t) = Π (x, y (x, t), Q (x, t)). Lemma 1 characterizes the behavior of the e�ort and
inspection decisions based on incentive price t.

Lemma 3. (i) y  is weakly increasing in t. (ii) When the e�orts are strongly complementary
(P  ≥ 0 with P (x, 0) = P (0, y) = 0), then x  > 0 for any t. (iii) Assume P(x, y) = L(x, y|γ) and
c(Q) = Φ(Q|η) with η > 0 su�ciently small. x  is decreasing in t when the e�orts are strongly
substitutable (γ < 1/2 is su�ciently small), and increasing in t when the e�orts are strongly
complementary (γ > 1/2 is su�ciently large). Also, when the e�orts are additive (γ = 1/2), x
is �rst decreasing and then increasing in t.

We highlight two di�erences from the case without e�ort commitment. First, the supplier
e�ort always increases with t; in other words, the e�ect of the incentive price on the supplier
e�ort is always positive. This result contrasts with the case without commitment, in which
supplier e�ort can decrease with t when e�orts are complementary. This di�erence
suggests that, with buyer‐e�ort commitment, the incentive price is more e�ective at
motivating supplier e�ort. Second, when the e�orts are strongly complementary, both
e�orts respond positively to t (Lemma 1‐i&iii) and buyer e�ort is always positive regardless
of t (Lemma 1‐ii), whereas without commitment, the two e�orts can decline in t
simultaneously (Lemma 1‐iv), retreating to zero for any t when they are perfect
complements (Lemma 1‐iii). Therefore, by aligning direct investment with incentive price to
proactively drive inspection and supplier e�ort, a buyer is able to induce collaboration in
quality improvement between herself and her supplier.

5.1 Optimal Strategy
Let the optimal �rst‐stage solution of the buyer e�ort and incentive price be x  and t , and
the corresponding second‐stage equilibrium outcome of the supplier e�ort and inspection
accuracy be y  and Q  . Proposition 1 characterizes the behavior of the equilibrium strategy
based on e�ort relationship. Figure 2 illustrates the outcome using the same parameters as
in Figure 1.
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Figure 2

Open in �gure viewer PowerPoint

The Choice of Buyer E�ort and the Second‐Stage Equilibrium for a Given Incentive Price in the

Case of Commitment [Color �gure can be viewed at wileyonlinelibrary.com]

Proposition 4.

i. When the e�orts are strongly substitutable (P  ≤ 0 with dP(z + δ/2, z − δ/2)/dδ ≥ aδ/r for
all z ∈ [0, 1] and δ ∈ [0, min(1 − z, z)]), the buyer's optimal solution has t  = 0, x  > 0,
and y  = 0.

ii. When the e�orts are strongly complementary (P  > θ(r + s)P P  for x, y ∈ [0, 1], where
θ = max 1/c′′(Q)), the optimal solution has t  > 0, x  > 0, y  > 0, and Q  > 0.
Furthermore, given a su�ciently small s (i.e., s < t ), x , y , and t  weakly increase with
e�ort complementarity (i.e., as P  gets higher for all x,y ∈ [0, 1]).

iii. Assume P(x, y) = L(x, y|γ) and c(Q) = Φ(Q|η) with η > 0 su�ciently small. When the
e�orts are weakly substitutable (γ < 1/2 is su�ciently large) or the e�orts are
complementary (γ ≥ 1/2), as γ increases, (1) the optimal incentive price t  > 0 is �rst
decreasing and then increasing, (2) the optimal buyer e�ort x  is increasing, (3) the
supplier e�ort y  is increasing, and (4) the inspection accuracy Q  is decreasing when γ
is even larger.

The strategy structure remains similar to the one without commitment for substitutable or
additive e�orts. However, for strongly complementary e�orts, the buyer o�ers a high
incentive price along with high direct investment, which leads to high supplier e�ort. In
addition, both the buyer e�ort and supplier e�ort increase, while the inspection accuracy
decreases, as their complementarity becomes stronger. Therefore, when e�orts are strongly
complementary, the buyer adopts a collaboration‐based strategy, in which both parties exert
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high e�orts to improve quality together. This contrasts with the inspection‐based strategy
adopted in the absence of buyer‐e�ort commitment, in which both parties refrain from
investing in quality.

Although commitment improves e�ort e�ciency, the incentive price still causes over‐
inspection. As a result, the buyer needs to balance inspection e�ciency with e�ort (quality)
e�ciency, leading to second‐best e�ort decisions. Therefore, the endogenous inspection
decision prevents the decentralized system from achieving �rst‐best e�ort choices, even
with a sequential move of these e�orts. This result di�ers from those in previous studies,
including Demski and Sappington (1991), Nöldeke and Schmidt (1998), and Edlin and
Hermalin (2000), all of which establish the �rst‐best outcome based upon a sequential move
of bilateral investments.

(6)

6 Contractible External Failure
Next, we extend our study to the situation in which a contract can be contingent upon
external‐failure events, while maintaining the setup without buyer‐e�ort commitment.
Without loss of generality, such a contract is speci�ed by three terms: payment w for
accepted delivery and penalty u for rejected delivery, both contingent on internal‐failure
events (inspection outcomes), as well as penalty g, contingent on external‐failure events.
Note that the model in section 4 sets g = 0. The notation for this model is di�erentiated with
superscript “e.”

Using t = w + u, the supplier's pro�t becomes:

and the buyer's pro�t is:

Similar to that in the base model, the external‐failure penalty is restricted by g < r + s, since
any compensation higher than the buyer's actual loss (r + s) from an external failure would
be deemed unfair and unenforceable by courts (Balachandran and Radhakrishnan 2005).

As shown in Equation 6, the margin for identifying a defect is now s + t − g, as opposed to
s + t in the base model without external‐failure penalty: identifying a defect by inspection
avoids an external failure, thereby letting go external‐failure penalty g from the supplier.
Although incentive price t increases the buyer's loss for accepting a defective product, the
external‐failure penalty g compensates for such a loss when an external‐failure event occurs.
Hence, the presence of g counteracts the e�ect of t on the inspection decision. The optimal
inspection accuracy for given product quality P can be expressed as Q (P, t − g), for which Q
is de�ned in Equation 5. The external‐failure penalty mitigates over‐inspection tied to the

PDF

Help

https://scholar.google.com/scholar_url?url=https://onlinelibrary.wiley.com/doi/pdf/10.1111/poms.12802&hl=zh-TW&sa=T&oi=ucasa&ct=usl&ei=k9a3XZ3vJIm6yQSd5qdA&scisig=AAGBfm1HMQ41bliLSKkNu82hzEooyr0gQQ
https://scholar.google.com/scholar/help.html#access


internal‐failure‐based transfer, t; indeed, setting g = t would lead to the �rst‐best inspection
decision, and g > t would result in under‐inspection (for given product quality).

For a given contract, then, the buyer and supplier e�orts, x  and y , and the inspection
accuracy, Q , in the second‐stage equilibrium are de�ned jointly:

In the �rst stage, the buyer again extracts the entire supply‐chain pro�t using u. Hence, the
buyer's total pro�t becomes Π (t, g) = Π (x , y , Q ), in which x , y  and Q  all depend on t and
g. Let the optimal solution to maximize Π (t, g) then be (t , g ).

6.1 Strategy Outcome
Proposition 1 characterizes the structure of (t , g ) along with the corresponding second‐
stage outcome. Figure 3 illustrates the result using the same parameters as for Figures 1 and
2.

Figure 3
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Equilibrium Outcome with Contractable External Failure and No Commitment [Color �gure

can be viewed at wileyonlinelibrary.com]

Proposition 5.

i. When the e�orts are strongly complementary (P  ≥ 0 with P (x, 0) = P (0, y) = 0 and
P (0, 0) < 2a/(r + s)), the optimal solution has t  = g , x  = y  = 0, and Q  > 0, constituting
an inspection‐based strategy.
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Assume P(x, y) = L(x, y|γ) and c(Q) = Φ(Q|η) with η > 0 su�ciently small:

ii. When the e�orts are strongly substitutable (γ < 1/2 is su�ciently low), as γ increases,
(1) the optimal external‐failure penalty g  is decreasing; (2) the optimal incentive price t
is zero; (3) the buyer e�ort x  is 1, and the supplier e�ort y  is �rst increasing and then
decreasing, with x >y ; and (4) the inspection accuracy Q  is zero.

iii. When the e�ort substitutability is low (γ is su�ciently high), as γ increases, (1) the
optimal external‐failure penalty g  is decreasing; (2) the optimal incentive price t  is �rst
increasing and then decreasing, with g  ≥ t ; (3) the buyer e�ort x  is decreasing, and
the supplier e�ort y  is �rst increasing and then decreasing, with x  > y ; and (4) the
inspection accuracy Q  is increasing.

As shown in Proposition 1 and Figure 3, the general structure of the strategy remains similar
to that in the base model, except that the strategy pro�le now includes the external‐failure
penalty in addition to the other instruments. In particular, when the e�orts are strongly
complementary, the buyer still resorts to an inspection‐based strategy, failing to achieve
collaboration between the two parties. This occurs even though the buyer is able to keep
both the external‐failure penalty g  and incentive price t  relatively high to induce some
(though small) supplier e�ort, bene�tting from the two incentives’ counteracting e�ects on
inspection ine�ciency.

Regardless of the e�ort relationship, the buyer charges a higher external‐failure‐based
penalty than the internal‐failure‐based incentive price, giving g  ≥ t . A high g  provides two
bene�ts: the penalty saves inspection costs (as it leads to less inspection) and induces higher
supplier e�ort (in spite of lower inspection). Recall that g  > t  results in under‐inspection (for
given x  and y ); thus, the external‐failure penalty over‐corrects the ine�ciency of over‐
inspection associated with the incentive price in the base model. Although the �rst‐best
inspection could be reached with g = t, it is suboptimal because the system cannot
coordinate the bilateral e�orts. Hence, inspection ine�ciency (for under‐inspection) occurs
to balance e�ort ine�ciency. This result departs from the quality‐management literature
stream (e.g., Baiman et al. 2000) that suggests that the �rst‐best can be achieved when both
internal and external failures are contractible events, by considering only the supplier‐side
e�ort.
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7 Contractible External Failure with Buyer‐E�ort
Commitment
We �nally consider the case in which the buyer is able to commit her e�ort and contract on
the external‐failure penalty. In this case, the buyer can set t = g to remove inspection
ine�ciency, as well as o�er appropriate t (g) along with buyer‐e�ort commitment to induce
desired supplier e�ort. Therefore, the �rst‐best result is achieved when both the buyer‐
e�ort commitment and contractible external‐failure events are possible. We denote with t
and g  the optimal design of t and g, respectively. The equilibrium outcome is summarized
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in Proposition 1 and is illustrated in Figure 4, with the same parameter setting used for the
previous �gures.

Figure 4

Open in �gure viewer PowerPoint

Equilibrium Outcome with External Failure Penalty and Buyer‐E�ort Commitment [Color

�gure can be viewed at wileyonlinelibrary.com]

Proposition 6.

i. The contract with t  = g  = r + s(1 − Q ) achieves the �rst‐best result.
ii. When the e�orts are strongly substitutable (P  ≤ 0 with dP(z + δ/2, z − δ/2)/dδ ≥ aδ/r for

all z ∈ [0, 1] and δ ∈ [0, min(1−z, z)], P (1, 1) < a/(r + s), and P(1, y) = 1), the buyer's
optimal solution has t  = g  = r + s, x  = 1 > y  > 0, Q  = 0.

iii. When the e�orts are additive (P  = 0, P(x , y ) < 1), the buyer's optimal interior solution
has x  = y  > 0, Q  > 0, and t  = g  < r + s.

iv. When the e�orts are strongly complementary (P  ≥ 0 with P (x, 0) = P (0, y) = 0 and
P (1, 1) = P (1, 1) > a/(r + s)), the optimal solution has x  = y  = 1 and Q  = 0, and
t  = g  = r + s.

v. Assume P(x, y) = L(x, y|γ) and c(Q) = Φ(Q|η) with η > 0 su�ciently small. (1) When the
e�orts are strongly substitutable (γ < 1/2 is small), x  > y  with y  increasing in γ, Q  = 0,
and t  = g  = r + s. (2) When the e�orts are weakly substitutable (γ < 1/2 is su�ciently
large) or when the e�orts are complementary (γ ≥ 1/2), x  = y  is increasing in γ, Q  is
�rst increasing and then decreasing in γ, and t  = g  is �rst decreasing and then
increasing in γ.
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The result implies an investment‐based strategy for strongly substitutable e�orts, an
integrative strategy for additive e�orts, and a collaboration‐based strategy for strongly
complementary e�orts, similar to the one with buyer‐e�ort commitment but uncontractible
external failures (section 5). Thus, again, the presence of an external‐failure penalty does not
change the strategy pattern. Nonetheless, there are two distinctions. First, supplier e�ort
overlaps with buyer e�ort in the integrative and collaboration‐based strategies, whereas in
the previous models, supplier e�ort is always lower than buyer e�ort. The symmetric
outcome of buyer and supplier e�orts is caused by their symmetric costs and quality e�ects.
In the previous models, because incentivizing supplier e�ort causes inspection ine�ciency
(over‐inspection when external failures are uncontractible events, and under‐inspection
when they are contractible events), the buyer relies more on her own e�ort than on that of
the supplier to improve quality, trading o� e�ort e�ciency for inspection e�ciency. Second,
both monetary incentives—the internal‐failure‐based incentive price and the external‐failure
penalty—are high even in the investment‐based strategy; such incentives allow the buyer to
induce the �rst‐best supplier e�ort (albeit a small one) without inspecting the supplier
shipment.

In sum, buyer‐e�ort commitment enables coordination of bilateral e�orts, and the external‐
failure penalty improves inspection e�ciency. However, neither case alone can achieve the
�rst‐best result, which requires joint e�ciency of both e�ort and inspection decisions; as
such, they lead to second‐best results that trade o� the two ine�ciencies. Accordingly, the
�rst‐best result is achieved only when the two cases are combined.

8 Conclusion
The trend of outsourcing increases supplier responsibility on product quality and, hence, the
importance of buyers’ direct investment in supplier development. To study supplier quality
management, we consider buyers’ investment e�orts to improve supplier quality, along with
monetary incentives to motivate suppliers’ own quality‐improvement e�orts, as well as
inspection upon supplier delivery to control outgoing quality. In doing so, we consider a
general relationship between buyer and supplier e�orts on quality improvement of the
supplier, allowing them to be complements or substitutes. We identify structures of buyer
strategy to apply the three instruments—investment, incentives, and inspection—to manage
supplier quality based on the e�ort relationship, and we reveal impacts of buyer‐e�ort
commitability and external‐failure contractability upon the strategy and system
performance. This study contributes to the quality‐management literature by incorporating
buyer e�ort as a way to improve supplier quality, as well as to the supply‐chain
management literature by considering inspection as a way to monitor supplier output and
control the outcome of bilateral investments.

Our �ndings o�er important managerial implications. First, they highlight the importance of
coordinating supplier development, contracting, and material inspection, functions that
often belong to di�erent departments in a �rm. While a single instrument may work in some

PDF

Help

https://scholar.google.com/scholar_url?url=https://onlinelibrary.wiley.com/doi/pdf/10.1111/poms.12802&hl=zh-TW&sa=T&oi=ucasa&ct=usl&ei=k9a3XZ3vJIm6yQSd5qdA&scisig=AAGBfm1HMQ41bliLSKkNu82hzEooyr0gQQ
https://scholar.google.com/scholar/help.html#access


situations (with the investment‐ or inspection‐based strategies), multiple instruments must
work in conjunction in other situations (with the integrative or collaboration‐based
strategies). Second, the strategy design critically depends on the type of quality‐
improvement assistance that a buyer provides for a supplier and how it interacts with the
supplier's own e�orts (as complements or substitutes). Third, moving early to o�er
assistance (i.e., buyer‐e�ort commitment) may be more important than seeking a more
complex incentive contract (e.g., by including both internal‐failure and external‐failure based
terms), especially when the buyer assistance complements a supplier's own e�ort to
improve quality.

We discuss the implications of some model assumptions (for detailed analysis, please refer
to the online supplement �le). In the study, we establish the strategy structure for extreme
cases of e�ort relationship (i.e., when the e�orts are strongly substitutable, additive, or
strongly complementary) with general function forms for the product quality (as a function
of the two‐sided e�orts) and inspection cost (as a function of the inspection accuracy). We
further examine the structure over a continuous spectrum of the e�ort relationship,
connecting the extreme cases, using a linear function for the quality and a logarithmic
function for the inspection cost. In an extension (online Appendix), to investigate the
structure over the e�ort relationship spectrum without restricting to a linear quality
function, we consider a quality function P(x, y) = γx y  + (1 − γ)(x  + (1 − x )y ) for θ ∈ (0, 2),
which extends the linear function that assumes θ = 1. The numerical study shows that the
structure still holds over the spectrum of e�ort relationships characterized by γ ∈ [0, 1],
although the results for a large or small θ may take a reduced form.

In the model, we assume the buyer purchases a single unit from the supplier, as is common
in the supply‐chain quality literature (e.g., Babich and Tang 2012, Baiman et al. 2000, 2001,
Balachandran and Radhakrishnan 2005, Chao et al. 2009, Hwang et al. 2006, Lim 2001,
Reyniers and Tapiero 1995). This can be considered as the case when the buyer sources a
single project or a �xed lot size from the supplier. When the purchasing quantity is an
endogenous decision, the buyer may in�ate her order to increase the total “yield” (the
number of the non‐defective units). In that sense, the purchasing quantity may be
considered a reactive instrument to mitigate the quality risk, whereas the quality
improvement and inspection e�orts serve as proactive instruments to improve the incoming
and outgoing quality in a supply chain, respectively. Nevertheless, a larger order quantity
increases the total production cost (which is ignored in the main model with a single‐unit
quantity). With our numerical study (see online Appendix), we �nd that the strategy
structure as identi�ed in the main model remains when the unit production cost is relatively
high; in this case, order in�ation will be kept low, prohibiting the buyer from relying on a
large quantity to mitigate quality risks and hence preserving the central role of quality
improvement e�orts in managing quality. If the production cost is low, however, the
structure may change, as high order in�ation diminishes the role of quality improvement.
Therefore, our insights are applicable to the situations when order in�ation is expensive.

θ θ θ θ θ
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Appendix A: A. Proofs

This may be considered as the case for the consumer goods with low‐margins (e.g., toys and
apparel), and for the industrial goods (e.g., aircrafts and automobiles) for which the
production capacity is usually tight, making it expensive to accommodate signi�cant order
in�ation.

Finally, in the study, we consider the buyer as a leader in the supply chain. This is often the
case in industries such as automotive, toys, aerospace, and electronics, where the OEMs are
typically larger �rms that hold greater stakes in the supply chain than the parts suppliers or
contract manufacturers. This leading position also implies that the buyer often has the
management or technical know‐how that can be transferred to the supplier to help the
latter to improve quality. The leading position equips the buyer with strong bargaining
power, allowing her to o�er the supplier a take‐it‐or‐leave‐it contract. If it is the supplier who
o�ers the contract (t, u), then the supplier can obtain the supply chain's pro�t except that
the penalty u will be negative to extract the buyer's surplus. As a result, the equilibrium
decisions will remain the same as the one with the buyer proposing the contract, except that
the allocation of pro�ts within the supply chain will be di�erent. However, if the supplier can
also commit to his e�ort before the buyer, then the �rst‐best can be achieved (even without
augmenting the contract with an external‐failure based penalty) with the supplier charging
only a �xed payment (without a unit price) while committing to the �rst‐best e�ort level of
his own.

Proof of Lemma 7. (i) This directly comes from the de�nition, i.e., y  = tQ P (x , y )/b. (ii)
Denote the best responses for the supplier and buyer as y (x) and x (y), respectively. The
equilibrium e�ort is the �xed point between y (x) and x (y). For P  ≤ 0, we know that y (x) is
decreasing in x and increasing in t and x (y) is decreasing in t. If x (y) is decreasing in y, then
we can conclude that the equilibrium e�ort of the supplier y (t) is increasing in t and x (t) is
decreasing in t. On the other hand, if x (y) is increasing in y, then for the �xed point to be a
contraction mapping we need to have x (y) across y (x) from above (i.e., (dy (x|t)/dx)(dx
(y|t)/dy) < 1). Given that a contraction mapping is assumed, this condition has to be satis�ed.
(iii) When P (x, 0) = P (0, y) = 0, then x  = y  = 0 becomes an equilibrium for any t. (iv) Consider
the speci�c form. For γ > 1/2 su�ciently large, y (x) becomes increasing in x, we use the
implicit function of the best responses to �nd the derivatives, ∂x (t)/∂t and ∂y (t)/∂t, and the
condition that η is su�ciently small leads the relationship. □

Proof of Proposition 8. (i) This part can be proved by showing
Π (x (0), 0, Q (0)) > Π (x (t) + y (t), 0,Q (t)) > Π (x (t), y (t), Q (t)), in which the �rst inequality is
obvious, as when t = 0, (x (0), 0, Q (0)) achieves the optimum. The condition that
dP(z + δ, z − δ)/dδ > 2aδ/r implies that rP(z + δ, z − δ) − α(z + δ) − α(z − δ) increases in δ, thus
leading to Π (x + y, 0, Q) > Π (x, y, Q) that supports the second inequality. (ii) In this case, P can
be expressed as P = (f(x) + f(y))/2, and hence P  = 0. We prove this part by showing that at
t = 0, dΠ (x (t), y (t), Q (t))/dt > 0. Therefore, the optimal t is positive, thus leading to a positive
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y , given that the inspection cost is small so that Q  > 0, which is achievable by c (0) < s/2.
Finally, to prove that x  > y , we �rst show that the optimal solution is either x  > y  or
x  = y  = 0. Next, we prove that y (t) > 0, and hence x  > y . (iii) It is clear that x = y = 0 is an
equilibrium. It is a contraction mapping if (dy (x)/dx)(dx (y)/dy) < 1 at this point. With
P (x, 0) = P (0, y) = 0, the condition for contraction mapping is equivalent to,

thus leading to a su�cient condition as, P (0, 0) < 2a/(r + s). Finally, if there is another �xed
point with x > 0 and y > 0, then it must have x (y) to cross y (x) from above at the point (with x
on the horizontal and y on the vertical axis). With both x (y) and y (x) increasing, it implies (dy
(x)/dx)(dx (y)/dy) > 1 (i.e., it cannot be a contraction mapping). Hence, x =  y = 0 constitutes a

unique equilibrium.

(iv) We start the proof with the case for which η = 0 (see Lemma A1; the proof only involves
simple algebra, and hence is not provided here), and then use Taylor expansion to
approximate the equilibrium e�orts.

Lemma A1. When γ ≥ 1/2 − a/(3r), the optimum consists of, 
, , , and . When

γ < 1/2 − a/(3r), the optimum consists of , , ,
and , in which t  is the largest solution that satis�es ((r − t)/a)((2γ − 1)(t/a)γ + 1 − γ) = 1,

and . Moreover, when a < r < 2a − Δ so that t  does
not dominate,  weakly increases with γ when 0 ≤ γ < 1/2 − a/(3r), and then decreases with γ
when γ > 1/2 − a/(3r);  weakly decreases with with γ when 0 ≤ γ < 1/2 − a/(3r), and then
decreases with γ when γ > 1/2 − a/(3r).

(iv‐1) For γ > 1/2 − a/(3r),  is independent of γ, thus the e�ect of η matters. Denote
the buyer's pro�t as Π (x , y , t|γ), and  and  as the equilibrium outcome of the
buyer and supplier e�orts for a given t. From Lemma A1,  and 

. For η → 0, x  (y ) can be approximated by  (
). Replacing them in dΠ /dt and ignoring the quadratic terms of η, 

can be approximated by . Applying a = b, 

, and , we have , and, thus, taking η → 0, the
value of  is dominated by . Next, based on the implicit functions
theorem, we �nd that  is quasi‐concave, and so as , which suggests
that t  is increasing and then decreasing in γ.

(iv‐2 and 3) Lemma A.1 directly gives the �rst part. Showing x (t ) > y (t ) is equivalent to
show that , and the sign is determined by
a(2t + s) − (2γ − 1)t(r + s), which is positive as  and a > r/2. Moreover, 
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(A1)

 as η → 0 is increasing in γ, as  is
increasing and  is decreasing in γ. Thus, Q (t ) is increasing in γ. □

Proof of Lemma 10. (i) When the buyer can commit to x, we have y (x, t) = tQ P (x, y )/a, and
taking the �rst derivative, we have dy (x, t)/dt ≥ 0. (ii) In the �rst stage, the buyer optimize
her pro�t by choosing optimal e�ort x . Consider x = 0 and y  > 0. As P (0, y) = 0, we have

implying that x  > 0 regardless of the value of t. If y  = 0, as P (x, 0) = 0, then we have

in which dQ /dx < 0 and dy /dx > 0, implying that x  > 0 so that the �rst‐order condition can
be satis�ed.

(iii) Similar to Proposition 1, given t, we �rst study the equilibrium when η = 0 (so that Q  = 1
and ) and then approximate the equilibrium for η → 0. When
η = 0, we have the following lemma:

Lemma A2. Assume η = 0. When γ < 1/2 − a/(2r), . When 1/2 − a/(2r) ≤ γ ≤ 1/2,  if
t < t , and

(a decreasing function of t) if t ≥ t . When 1/2 ≤ γ ≤1/2 + a/(2r),  satis�es Equation (A1) (an
increasing function of t) if t < t , and  if t ≥ t . When γ >1/2 − a/(2r),  satis�es
Equation (A1) (an increasing function of t) if t < t , and  if t ≥ t . In particular, t  < r
satis�es (2r − t)t(2γ − 1)γ = a  − ar(1 − γ).

Therefore, this part is largely proved using Lemma A2, except when γ is around 1/2, where 
 when γ = 1/2 becomes a constant of , and . As a result, the e�ect

of η appears. Similar to the proof of Proposition 2, we �nd the �rst derivative of the buyer's
pro�t, , with respect to x, substitute , and �nd the sign of  depends on
(t − r)t/(t + s) + 4 − 2x − t/a. This is a convex function with t, and hence when t increases, in
order for  to achieve zero, x has to decrease �rst and then increase. □

Proof of Proposition 12. (i) This proof is similar to the proof of Proposition 2(i). (ii) We prove
this part by showing that the optimal incentive is t  > 0, which leads to a positive optimal
buyer e�ort as well as Q  > 0. Next, because t  > 0, we can prove that for a given t, x
increases with the complementarity, P , and y  increases with x . Finally, we prove again
that as x  increases, t  increases until it reaches r. To prove that the optimal incentive is
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always positive, we start with the �rst derivative with t, and separate the range of t into (1)
when dQ /dt > 0 (when t is small) and (2) when dQ /dt < 0 (when t is large). Both cases
indicate that dΠ /dt|  > 0, implying that t  > 0. Next, given that t  > 0, with simple algebra,
dΠ /dx is positive, if P (x, y ) > (t + s)P (x, y )P (x, y )/c′′(Q ). Moreover, we also see that
dy /dx increases with P (x, y ), and so as dΠ /dx, implying that the higher complementarity
of the e�orts, the higher synergy between x  and y . Finally, for t  , we again consider the
two ranges of t so that (1) dQ /dt > 0 and (2) dQ /dt < 0. For Case 1, t  = r, whereas for case
2, d Π /dxdt > 0 if t  > s.

(iii) We start with the optimal solution for η = 0 in Lemma A3.

Lemma A3. When γ < 1/2 − a/(2r), the optimum consists of , , and .
When 1/2 − a/(2r) ≤ γ ≤ 1/2 + a/(2r), the optimum consists of 

, which increases with γ, and . When
γ > 1/2 + a/(2r) , the optimum consists of , , . For all cases, .

(iii‐1) First, we only consider positive inspection and an interior y  (i.e., within
1/2 − a/(2r) ≤ γ ≤ 1/2 + a/(2r)), as η is small. Applying Taylor expansion to Q  and y , we have 

 and , and we de�ne  as .
In this case, the pro�t function strictly increases with t and is concave in x. With the
approximation and when t → r, we can show that ∂Π /∂t is a convex function, which
suggests that t  decreases in γ �rst and then increases with γ.

(iii‐2) We next consider the interior optimum x  (i.e., ). With  and , we
can simplify ∂Π /∂x to the terms with non‐negative η,

As  ( ) increases with γ, with the lower bound of γ, we have  and
E = 0 if r ≥ a. As a result, as γ increases, the �rst derivative of the numerator grows faster
than that of the denominator if γ ≥ 1/3, and, hence, E increases with γ, leading to an
increasing x . However, if the range of interior x allows for a smaller γ, x  then could
decrease and then increase with γ.

(iii‐3 and iii‐4) Finally, we start with the product quality when η = 0, i.e., , which increases
with γ when γ is su�ciently large. So we consider only a su�ciently high γ so that both x , 

, and t  increase with γ. The impact of γ on Q  depends on , and hence Q  decreases
with γ. Moreover, the impact of γ on y , which is , depends on ,
which increases with γ, when r+s is su�ciently large and η is small. □

Proof of Proposition 14. (i) It is clear that x = y = 0 constructs an equilibrium. It is a contraction
mapping if (dy (x)/dx)(dx (y)/dy) < 1 at this point. With P (x, 0) = P (0, y) = 0, the condition for
contraction mapping is equivalent to,
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or P (0, 0) < 2a/(r + s). Given that x  = y  = 0, the buyer's pro�t function can be simpli�ed to,

which has an optimal value happens at g = t. In this case, c′(Q ) = s > 0, leading a positive Q .

(ii) For su�ciently small γ, we consider (1) zero inspection and (2) positive inspection. Similar
to Proposition 1, we know that a positive inspection is not valid. Thus, the optimum of zero
inspection in Lemma A. 4 directly prove Part (ii).

Lemma A4. When γ is su�ciently low, the optimum is g  = g  (decreases with γ), x  = 1 and
y  = γg /a (increasing and then decreasing in γ) with t  = 0.

(iii‐1) Starting with η = 0, the e�ect of the external failure disappears, and, hence, the
optimum is the same as the one without g. The buyer's pro�t is denoted by Π (Q , x , y , t, g|
γ). Similar to the proof of Proposition 2, we analyze the impact of γ on 
and . Let  and  be the equilibrium outcome of the buyer and
supplier e�orts for a given t. Using the Implicit Functions Theorem, we can �nd ∂x /∂η and
∂y /∂η. Based on , we simplify the �rst derivative of the pro�t and �nd that if g < t,
the �rst derivative is always positive, and, thus, the optimum happens at g ≥ t. With simple
algebra, we can prove that the �rst derivative of optimal g that satis�es dΠ /dg = 0 has a
negative sign, implying that g decreases with γ in this case.

(iii‐2) Give optimal g, i.e., when dΠ /dg = 0, we discuss the change on t when external failures
are contractible. Similarly, we can handle dΠ /dt by Taylor expansion, i.e.,  can be
approximated by , in which after we apply , , and , the
value of  is dominated by . Based on ,  is
quasi‐concave in γ for su�ciently large γ. In other words, the quasi‐concavity of 
suggests that t  is increasing and then decreasing in γ.

(iii‐3) With , the result x (t ) > y (t ) can be shown from (∂x (t )/∂η − ∂y (t )/∂η)¦  > 0,
given a > r/2. Focusing on the situation when g decreases with γ (i.e., when r/a is not too
large), we know that for x (t ),  decreases with γ, if r/a is not too high. With simple algebra,
we can also simplify y (t ) to a function only involved in r/a, γ, and then η, and it can be
shown that, when r/a is not large, y  increases and then decreases with γ.

(iii‐4) The inspection accuracy is increasing in γ, using the limit of η goes to 0.

 □

Proof of Proposition 16. (i) Committing on x = x  and t = g, the friction caused by t can be
removed from the inspection. Thus, we can achieve the �rst best by letting t be the value
that induces the �rst‐best supplier e�ort, y  (i.e., t  = r + s(1 − Q )). (ii) The best responses for
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