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Abstract Uncertainty is a main source of opportunistic behaviors in research and development co-

operations, which challenges strategic decisions ranging from investments to operations. To avoid

opportunism arising in cooperations, commitments (either formal contracts or informal communica-

tions) are generally made in advance by members of an alliance. However, how does a commitment

encourage R&D investments and ultimately enhance the total performance, without loss of flexibility

in ex post operations? This study attempts to answer this by investigating a bounded commitment

in the context of vertical collaborations in a supply chain. In this exploratory study, a 3-stage game

model is used (by backward induction) to examine a two-echelon supply chain under a bounded com-

mitment in NPD. Our analysis shows that upstream R&D investment is stimulated more and that both

members are better off under the bounded commitment. At the same time, when the relative bargain-

ing power between the supplier and the manufacturer falls into an appropriate area, it is possible to

reach a bounded commitment, and the manufacturer is more sensitive to this relationship. Finally, the

bounded commitment restrains opportunistic behaviors, but there is no strong sign that an increase in

the ratio of the order outside the chain to the inside one can make firms better.
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1 Introduction

Collaborating to research and develop new products is becoming unavoidable in firms’ strate-
gic decision-making, particularly in high-technology industries where digital tools used to facil-
itate distance collaboration. Managers generally prefer their business partners to competitors
to cooperate in research and development (R&D), because a vertical relationship can exploit
synergy and eliminate such conflicts arising in a horizontal relationship. However, effectively
leveraging R&D efforts and innovative outputs requires careful consideration of uncertainty and
opportunism in operations and productions. In practice, there remain some difficulties to over-
come when trying to confirm such a long-run cooperative relationship by strategic commitments
(either informal communications or formal contracts). Let us begin with two cases.

One case is a famous auto manufacturer (Denoted by F) in China and his partner (Denoted
by C) in the United States. F began to cooperate with C in the 1980s. By 1986, F had
developed a prototype of its new product based on a car model of C under the commitment
that C would sell the complete production line to F. However, C held up the agreement when
it saw a hot-selling in its domestic market. An extremely high price was proposed. But it never
happened. The negotiations failed at the end of 1987 due to disagreements on the quotation
price.

Another case is the cooperation between Dongfeng Motor (DFM) and Cummins Inc. that
started in 1986. During their cooperation, they committed to keeping a long-term and steady
partnership with each other. Importantly, they did so. More than 70% of Cummins engines
(produced by their joint venture) were assembled into DFM’s trucks, and the others were
assembled into the non-DFM market but not DFM’s direct competitors. In 2005, DFM and
Cummins jointly established Cummins East Asia R&D Center, and they extended it in 2011.
DFM accumulated not only fortune but also human resources and knowledge through the
cooperation. Their R&D cooperation was not a one-man show of either Cummins or DFM;
both of them participated deeply. According to BIS R&D scoreboard1, DFM invested 2.3% of
sales into R&D in 2010 with a 101% growth over average of last 4 years, and its rank climbed to
36th within the industry worldwide, and to 1st among Chinese auto makers. In 2013, Dongfeng
planned to invest $2.5 billion in R&D over the next couple of years.

The two cases above have different cooperation paths and managerial senses for NPD col-
laborations in supply chain management (SCM). In the first case, F encountered its partner’s
holdup (a type of opportunistic behavior) due to a hot selling in the upstream (a type of
uncertainty). The collaboration failed due to disagreements on the quotation price. In the
second case, the upper stream (Cummins) made a commitment that the extra-chain sales of
the components (i.e., engines) were limited at a certain level, uncertainty is considered in the
commitment in advance. Moreover, their complementary R&D inputs significantly increased
synergy, which has resisted corrosion of opportunistic behaviors.

There is seldom NPD collaboration free from challenges of opportunism2. The typically

1http://webarchive.nationalarchives.gov.uk/20101208170217/;

http://www.innovation.gov.uk/rd scoreboard/default.asp.
2According to [1], opportunism are those strategic non-cooperative self-interest-seeking behaviors with un-

certainty.
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uncertain nature of R&D activities makes it more difficult to disentangle non-compliance of
partners from exogenous sources of failure of the R&D process and to write contracts contingent
on R&D input to curb opportunism[2]. In general, firms involved in NPD collaboration have
to make some decisions carefully. For example, how can partners’ opportunism be evaluated in
such a long-run uncertain circumstance? In practice, many firms strategically commit something
to each other to avoid a loss brought by opportunism. Then, how do they make a credible
commitment? Does a commitment really promote R&D investments and enhance supply chain
performance?

In this paper, we want to answer the questions above by proposing a flexible commitment
that depends on previous interactions in the framework of a supply chain consisting of a man-
ufacturer and its supplier. The rest of the paper is organized as follows. We will review the
related literature in the Section 2. The basic problem on our topic is described in Section 3,
followed by a model and its analysis of the chain without any commitment in Section 3.2. We
study the bounded commitment in Section 4. Finally, Section 5 concludes the paper.

2 Related Literature Review

This paper is related to three streams of existing literature.
The first stream examines vertical R&D cooperation for demand creation within a supply

chain. According to [3], demand creation is one of the two main goals of R&D3. With re-
gard to demand creation, most research on vertical NPD collaborations addresses partnership,
cooperation patterns, and complementary drivers through empirical methods, e.g., [7, 8]. [9]
offered a systematic review of IT usage in logistics and supply chain management to achieve a
competitive advantage, where in such terms as collaborative innovation, flexibility, and value
creation are addressed by the researchers. However, product development is an uncertain and
long lead time activity with advance investments and collaboration between firms[10]. Regarding
collaborations in product development/design, [11] studied firms’ investment in green product
development, while [12] investigated product design such as final product design and quantity
of new and remanufactured products, and their impact on closed-loop supply chain operations.
Compared with no investment, [11] found that manufacturers investing in green product devel-
opment is dominating in the long term. [13] found that both revenue sharing contract and linear
quantity discount contract cannot fully coordinate the supply chain with demand disruptions.
To eliminate potential risks, members in the alliance may under-invest in R&D in the absence
of commitment. This phenomenon was noted by some researchers, e.g., [14, 15].

The research on R&D collaboration within supply chains is an important but under-studied
stream, although that on either cooperative R&D or SCM has made significant strides over
the last two decades. Readers can see [16] and [17] for excellent reviews on SCM and R&D
cooperation, respectively. Currently, the research on this stream is scattered across divergent
topics and methods, e.g., [5, 7, 18, 19] etc. But the work most related to ours is [10], who
examine two collaboration mechanisms observed in industrial practice: Sharing development
costs and sharing development work. They show that the former is more attractive for new
products with significant timing uncertainty, and this mechanism plays an important role in

3The other goal is cost reduction; see [4], [5] and [6] for examples.
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environments with uncertain product quality, similar capabilities across firms, and controllable
cooperation costs.

On the basis of the above studies, this paper investigates how a certain commitment enlarges
the investments in the context of R&D collaborations, focusing on firms’ strategic commitments
and flexibility in R&D investments (efforts).

The second stream of the literature examines commitments and opportunism in either R&D
cooperation or supply chains. It consists of two topics.

First, evidence widely indicates that opportunism often exists in inter-firm relations[20, 21].
[22] presented the drivers of opportunism from a contracting perspective; in a subsequent study,
[23] proposed a conceptual framework to review the determinants of opportunism. [24] explored
opportunistic behavior of purchasing professionals in strategic supplier relationships at the
individual level, focusing on triggers, manifestations and consequences. However, as [25] noted,
opportunistic behaviour erodes all members’ long-term gains from cooperation. Moreover, [21]
used an incomplete contracts approach to show that both anticipation and observability of
opportunistic behaviour are typically not sufficient to prevent it when members can renegotiate
contractual outcomes. Consequently, members of an alliance may under-invest in R&D to
eliminate potential risks in the absence of commitment, a phenomenon highlighted by [14] and
[15].

Second, as shown above, it is necessary for firms to make some commitments in such en-
vironment. Commitment refers to the willingness of partners to comply with the negotiated
practices on behalf of the relationship[26]. Research has also been conducted on bilateral com-
mitment within supply chains. For example, [27] and [28] analyze order commitment as an
operational strategy in supply chain management, and its mutual strategies from the partners,
such as price discounts, demand forecast, etc. Along this direction, [29] investigated strategic
commitment to a production schedule in a day-ahead electricity market, while [30] propose a
commitment-based revenue-sharing and penalty model. [31] applied game theory to analyze
suppliers’ participation decision, identifying Bayesian Nash equilibrium strategies and charac-
terize advantages of firm’s commitment that may foster more innovativeness in the supply chain
management. These studies investigate strategic commitments in production/operations, and
show some basic and positive effects on supply chain performance.

Most of the literature above discusses supply or production contracts, with a few notable
exceptions on vertical R&D collaboration. [14] considered a supplier’s strategic commitment
on price to stimulate downstream cost-reducing innovation. [32] demonstrated collaboration
amongst the owners of the complementary producers with sectorwide commitments can be
helpful in encouraging process innovation to support lean supply chains and sustainability.
However, the supplier sacrifices an important means of responding to demand uncertainty once
it makes a commitment. [33] studied collaborative cost reduction between two partners in
a supply chain and propose an expected margin commitment to encourage the supplier to
participate in this obviously profitable collaboration. By comparing this arrangement with
a screening contract, they find that commitment is preferred when cost reduction is large or
demand variability is low. [34] investigated a strategic commitment under cost uncertainty, and
find that it encourages both firms’ investments.
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Based on the research above, we investigate commitments and efforts in demand-creating
R&D when both members face uncertainty, including technological and demand uncertainty.

The third stream of the literature examines the flexibility of decision-making within supply
chain. The flexibility of decision-making can often serve as an important buffer against market
uncertainty or means of mitigating supply chain risks[35, 36]. [37] investigated the role of alloca-
tion flexibility for achieving allocation flexibility against market demand uncertainty in supply
chain, while [38] explored the value of the flexibility created by the transportation options in
mitigating supply chain transportation risks. Some research focus on the effect of flexibility
as an important role among the collaboration, commitment and production. [39] empirically
examined the relationship between commitment and flexibility by analysing the benefits of com-
mitment in terms of the integrated development of components and the flexibility provided by
externally sourcing components. [40] extended the theory of supply chain flexibility by con-
sidering two types of flexibility, logistics flexibility and process flexibility, and examine how it
is affected by such factors as demand, production, etc. It is followed by [41] who studied the
design of process flexibility in a multiperiod production system. By investigating interactions
between policy adjustments from governments and production decisions, [42] showed that a
flexible subsidy policy is, on average, more expensive, unless there is a significant negative de-
mand correlation across time periods. [43] explored the effect of supply chain flexibility and
market agility and their role in SME performance, including responsiveness to customer needs
and the speed of new product launches. However, the flexibility of commitments is seldom
discussed in the field of vertical R&D collaborations.

In contrast to the research above, this paper will investigate how the flexibility benefit
cooperation and output effectiveness within a supply chain.

3 The Basic Problem

We investigate a simple supply chain with one manufacturer (denoted by “m”) and one
supplier (denoted by “s”)4. They first commit some items to each other and then collaboratively
invest in R&D. After this, the supplier produces and sells a new component to the manufacturer,
and finally the manufacturer makes and sells a new product. More specifically, the supplier
invests in R&D for a new component, and the manufacturer invests in R&D for the final product.
The event sequence is described in the following and can be seen as a first look in Figure 1.

Figure 1 The event sequence of collaborative NPD with commitments

4We adopt the convention of using the pronouns she and he to refer to the supplier and the manufacturer,

respectively.
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3.1 The Sequence of Events

We first specify their decision-making below, then present their commitments in Section 4.
D0: Committing to each other. The two firms commit some items to each other according

to a certain committing rule. In this paper, we consider a rule that the supplier commits the
wholesale price while the manufacturer commits the production volume. Although commit-
ment can only be reached after several rounds of negotiation with each other, we emphasize
commitment strategies and opportunistic behaviors other than the negotiation process in this
paper. The content of the bounded commitment is in Section 4.

D1: Making R&D investments. In this stage, both firms simultaneously make their own
R&D efforts (investments). In this paper, we adopt the “innovation level” to indicate R&D
output. In the current literature, [44] define a concept of “innovation level”, a scheme of non-
subjective criteria for giving an award to innovative products and processes. For any given
innovation level of the supplier, denoted by x, she has to make an R&D effort u = u(x).
Similarly, the manufacturer has to make an effort v = v(y) to achieve an innovation level y. As
shown in the literature, more output requires more effort with an increasing marginal rate, i.e.,
u′(x) > 0, v′(y) > 0, u′′(x) > 0 and v′′(y) > 0.

The R&D output is measured by the new product’s potential market, i.e., I = θxy, where
the multiplicative relationship between x and y reflects a synergy effect, and θ is a random
variable representing market uncertainty, to be described later. Let the corresponding efforts
u(x) = ρxα and v(y) = ρyβ with ρ, α, β > 0. [45] assumed linear costs of efforts in the analysis
of the contract of collaborative services, with a parameter, denoting the marginal costs of efforts
for both parties, In fact, ρ has a similar meaning here, but refers to marginal cost of innovation
level. Similar assumptions can be found in the literature such as [46]. To simplify the model, we
assume that the two firms are symmetrical in the R&D investment stage. Actually, 1/α and 1/β

are the elasticities of x and y with respect to their own efforts. Then, I = θ(u/ρ)1/α(v/ρ)1/β ,
which satisfies a general form of the Cobb-Douglas production function. We also call x and
y R&D efforts if there is no confusion because they have a 1-1 correspondence with u and v,
respectively. Moreover, it is necessary to assume 1/α + 1/β < 1 to guarantee the strictly joint
concavity of the chain profit. Otherwise, there may be no optimal R&D investment for the
chain. As for xα and yβ , quadratic functions are clearly unsuitable because 1/α + 1/β = 1,
although they are common in the literature.

This implies that the elasticity of output with respect to R&D effort (i.e., 1/α, 1/β) will be
significantly lower than 0.5 at the firm level (0.5 corresponds to the elasticity under quadratic
functions). This has been demonstrated by the empirical research on R&D productivity. [47]
reviewed the econometric literature on measuring the returns to R&D; they found that the R&D
elasticity ranged from 0.01 to 0.25, but centered on 0.08 or so. More studies include [48] (ranging
from 0.05 to 0.25) and [49] (ranging from 0.05 to 0.115 for OECD countries). Particularly, [50]
studies the impact of the Internet on R&D efficiency and verifies that the Internet significantly
improves R&D efficiency for high-tech firms, with an increase of 0.18 (from 0.12 to 0.30), but
still less than 0.5.

These findings above support the view that the elasticity is far lower than 0.5. We therefore
adopt biquadratic functions to model R&D efforts, that is, u = ρx4 and v = ρy4. Actually, a
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new final product has to undergo two stages of inputs transformation: A transformation of R&D
efforts into new technologies, and one of new technologies into a market potential. Each stage
requires the concavity with respect to inputs, respectively. Thus, it is a biquadratic function
of each firm’s R&D effort, provided that a quadratic function was adopted in each stage. All
functional forms introduced thus far are assumed to be common knowledge.

U: Observing information of uncertainties. After investments, the R&D output will be trans-
ferred into commercialized productions. Generally, the supplier may obtain some extra order
by modifying the component and selling it with permission, and the manufacturer evaluates
the future demand of the final product.

U1: Extra order of the supplier. As mentioned above, the supplier can get an extra order
from other markets. For example, high-modularity components can be sold to other manufac-
turers with minor modifications. But it is not allowed to sell to other homogenous manufac-
turers, since the harm of this activity to the manufacturer has been confirmed by the literature
[51, 52]. Denote the extra order by a random variable ε, [ε, ε̄] with mean μ1 and variance σ2

1

(i.e., E(ε) = μ1 and D(ε) = σ2
1), and the modifying cost is sufficiently low.

U2: Market uncertainty. As mentioned in I = θxy, the potential market is also influenced
by θ, a stochastic proxy of market uncertainty influenced by new technology and commercial-
ization. As demonstrated by [53], project managers of NPD may have perceptions of such
uncertainty regarding the application of technology to the current development project or re-
garding impending changes in that technology. So, we assume that the distribution of market
uncertainty can be perceived by decision makers. Furthermore, let θ is distributed in [θ, θ̄] with
mean μ2 and variance σ2

2 .
We assume that ε and θ are independent of each other, as shown in the introduction where

the demand of engines from DFM’s competitors is excluded by Cummins for the sake of a
smooth cooperation. Our model is driven by the assumption that the market uncertainty,
either of new components or of new products, is a public information. In other words, there
is no private information; all firms can observe the values of both ε and θ once uncertainties
are resolved. Unlike high confidentiality of firms’ internal data, the market information can be
accessed openly, to some extent, for firms within the supply chain, or calculated through some
appropriate indicators, e.g., their capabilities, wholesale price of modified components, etc.
Further, internet-based or digital tools now augment human thinking into analyzing more data
efficiently, regarding communication and sharing of information directly within supply chains.
Such information systems as ERP and S&OP (Sales and operations Planning) can serve to
quickly and efficiently ensure that critical market information is communicated, or deduced from
public sources (e.g., internet-based, or professional dataset). Particularly, advanced demand
planning and proper strategies can also help uncover data and identify demand realized in
partners’side.

D2: Pricing the component. We assume a wholesale price contract, simple but commonly
observed[54], under which the supplier decides a wholesale price w of new components, and
its production pulled by the demand of new products. Extremely, the manufacturer can stop
production and then clear new products when the demand is insufficient.

D3: Downstream production. As we know, it is difficult to precisely describe the dynamic
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of the demand because R&D collaboration is a long-lasting process with high uncertainty.
In general, the manufacturer can forecast a rough, static demand before his decision-making,
disregarding operational factors. Therefore, we assume the stock of new products can be cleared
(i.e., the production volume d), and the market-clearing price is a function of d and I:

p = I − kd = θxy − kd, (1)

where k is constant which indicates a sensitive index of price to quantity.

3.2 The Chain Without Commitment

In this subsection, we investigate a three-stage game, i.e., Stage D1∼D3, by ignoring the
commitment stage D0.

By backward induction, we introduce the final stage first.
Stage D3: The manufacturer’s production volume The manufacturer decides d in

this stage, provided with R&D efforts x and y, the wholesale price w, and a realization of θ.
Denote the unit production cost of the supplier and the manufacturer by cs and cm, respectively,
and the total cost by c = cs + cm. Thus, the manufacturer’s profit is

πm(d|x, y, w, θ) = (p − w − cm)d − ρy4, (2)

where p satisfies Equation (1). For optimizing πm above with respect to d, the optimal produc-
tion is

d∗(x, y, w, θ) = arg max
d

πm(d|x, y, w, θ) =
θxy − w − cm

2k
. (3)

Clearly the price is p∗(x, y, θ) = θxy − kd∗(x, y, w, θ) = (θxy + w + cm)/2. For convenience,
d∗(x, y, w, θ) and πm(d|x, y, w, θ) are written as d∗ and πm, respectively, and similarly to other
notations below if there is no likelihood of confusion.

Stage D2: The supplier’s wholesale pricing The supplier determines w to maximize
her profit. Because the supplier cannot observe the realization of θ, her expected profit is in
the following manner, provided with x, y, and revealing ε

πs(w|x, y, ε) = Eθ[(w − cs)(d∗ + ε) − ρx4]

=
1
2k

(w − cs)(μ2xy − w − cm + 2kε)− ρx4, (4)

where Eθ[·] denotes the expectation with respect to θ.
Let ϕ = μ2xy−c denote the expected unit-profit potential. The optimal price for maximizing

πs is

w∗(x, y, ε) = cs +
ϕ

2
+ kε. (5)

It is a separating equilibrium in the sub-game including Stage D2∼D3.
Stage D1: Both firms’ investments in NPD In this stage, the two firms play a

Nash game in which they simultaneously decide their own R&D efforts. Substituting (5) into
Equations (3) and (1), the production volume and retail price are, respectively,

d∗(x, y, ε, θ) =
ϕ

4k
+

(θ − μ2)xy

2k
− ε

2
,
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p∗(x, y, ε, θ) = c +
3
4
ϕ +

(θ − μ2)xy

2
+

kε

2
.

Note that Eθ(p) > c if and only if d < (μ2xy − c)/k, which means that the production is
expected to be profitable only when the volume is lower than (μ2xy− c)/k. Here, (μ2xy− c)/k

indicates a potential for a profitable production in the sense of expectation. As the innovation
level increases, the bound becomes greater. Furthermore, as the value of μ2 increases, the bound
becomes greater. Generally, the profitability of the new product has a positive effect on the
supplier’s extra profit. For instance, a high qualitative improvement of the new product makes
it credible to promote the new component, even modified. Thus, we suppose μ1 is proportional
to (μ2xy − c)/k; that is, μ1 = λ(μ2xy − c)/k for a certain positive constant λ. In details, λ

indicates the ratio of the order outside the chain to the inside one, named the outside/inside
(O/I) demand ratio in this paper. It makes sense to study a case in which the chain faces
a positive production volume for all (ε, θ), which also means Eε(Eθ(d∗)) ≥ 0, i.e., λ ≤ 1/2.
Otherwise, the chain will face a negative demand and then a negative profit.

As a support to the O/I demand ratio λ, we collect some data about the cooperation
between Dongfeng and Cummins from DFM’s annual reports and related articles. From their
history of cooperation, we focus on the data from 1999 to 2005. The reason we eliminate the
data after 2006 is that they established an R&D joint venture in 2006 and then developed
multidimensional cooperation with other manufacturers, which may make the data lose purity
in reflecting the specified cooperation. Table 1 gives an approximate representation of the ratio
of Cummins’ extra order from the non-DFM market to the sales volume of Dongfeng commercial
vehicles (equipped by Cummins ISB & ISC series engines). Because it is so difficult to observe
the potential demand of Dongfeng vehicles (i.e., (μ2xy − c)/k), we adopt the sales volume of
Dongfeng commercial vehicles. Thus, the ratio can be approximately viewed as λ in this paper.
From the ratio listed in the table, we can find λ kept in two stable areas: 0.110 ∼ 0.14 or
0.273 ∼ 0.335. A higher level of λ in the later stage comes from two following facts. Before
2001, Cummins primarily sold ISB series to DFM and consequently increased the production
of ISC. Another important fact is that the vehicle manufacturers faced a depressed market in
China from 2002 to 2004, which certainly caused a stagnant demand of Dongfeng vehicles. The
volume of ISB for non-DFM did not exceed 12.28% up to 2004, which was broken by Cummins’
new strategy to enter the shipping industry in 2005.

Table 1 The ratio of Cummins’ sales volume in non-Dongfeng market

Year 1999 2000 2001 2002 2003 2004 2005

CE 36600 - - 114400 96300 122000 -

ND 3700 - - 16000 13500 15000 -

DV 33100 - - 47800 49500 45400 -

R 0.112 0.10 0.14 0.335* 0.273* 0.330* 0.28*

Remark: CE: Sales volume of Cummins engines; ND: CE in non-DFM; DV: Sales

volume of Dongfeng vehicles equipped by Cummins; R: The ratio of ND to DV;

*: Including ISC series; -: Unnecessary.
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Because there is no private information, the manufacturer can know about ε. For any given
x, y, observations ε and θ, the two firms’ profits are

πs(x, y, ε) = πs(w∗|x, y, ε) =
1
2k

(
ϕ

2
+ kε

)2

− ρx4, (6)

πm(x, y, ε, θ) = πm(d∗|x, y, w∗, θ) =
1
4k

[
ϕ

2
+ (θ − μ2)xy − kε

]2

− ρy4. (7)

Thus, the two firms’ expected profits in the R&D stage are,

πs(x, y) = Eε[πs(x, y, ε)] =
ϕ2(1 + 2λ)2

8k
+

kσ2
1

2
− ρx4, (8)

πm(x, y) = Eε,θ[πm(x, y, ε, θ)] =
1

16k
ϕ2(1 − 2λ)2 +

σ2
2x2y2 + k2σ2

1

4k
− ρy4, (9)

respectively. Hence, the Nash game in Stage D1 can now be written as
⎧⎨
⎩

max
x

πs(x, y),

max
y

πm(x, y).
(10)

Let ϕ∗ = μ2x
∗y∗ − c be the value of ϕ in equilibrium (see Theorem 2 in the appendix for

equilibrium). Thus, the firms’ profits in equilibrium are

π∗
s =

(1 + 2λ)2

16k
ϕ∗(ϕ∗ − c) +

kσ2
1

2
, (11)

π∗
m =

(1 − 2λ)2

32k
ϕ∗(ϕ∗ − c) +

σ2
2(x

∗y∗)2 + 2k2σ2
1

8k
. (12)

Both profits above consist of two parts:

• Mean profit, i.e., the first term, which represents the average level of the firm’s profit;

• Opportunistic profit, the second term, which comes from opportunistic behavior. The
opportunistic profit just relies on the realization of stochastic variables.

For example, the supplier’s mean profit is (1 + 2λ)2ϕ∗(ϕ∗ − c)/(16k), and her opportunistic
profit is kσ2

1/2 gained from a variation of ε. Recalling that the wholesale price w∗ is uniquely
determined by ε, and the supplier’s profit is influenced by the variance of ε but is independent of
that of θ. As a subsequent decision, the production volume of the manufacturer is determined
by w∗ and the realization of θ. Then, the variance of both ε and θ has an impact on the
manufacturer’s profit. Hence, the opportunistic profit of the supplier is only related to σ1, but
that of the manufacturer relates to both σ1 and σ2.

Therefore, opportunistic behavior will appear in production and sales. [55] has verified
that opportunism is unavoidable, especially in some extreme cases where its either a high extra
demand of the new components or a very low potential demand of the final products may
cause members deviations, even though some penalties may be imposed. For instance, the
manufacturer will cut his order if the realization of θ is sufficiently low. However, this action
may hurt the supplier, particularly when she faces a high setup cost. Similarly, when suppliers
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face higher external orders, i.e., the realization of ε, they can increase the wholesale price to
obtain higher additional profits. But it is not easy for a partnering firm to engage in extremely
aggressive forms of opportunistic behaviors. Under opportunistic behavior, the wholesale price
of suppliers and the production volume of manufacturers will be adjusted within a range. If
this is taken into account in the commitment formulation stage, whether it can improve the
performance of the supply chain, we will study a flexible commitment in the next section.

4 Bounded Commitment
The commitments are made in Stage D0. Both firms first commit their own R&D invest-

ments x̃ and ỹ, simultaneously. Subsequently, the supplier commits an upper bound of wholesale
price w̄, followed by the manufacturer’s commitment of the lower bound of production volume,
d.

In practice, the two firms have different half-open intervals for opportunistic behaviors,
which has been verified by [55]. In details, the supplier commits an upper bound of the wholesale
price while the manufacturer commits a lower one of the production volume. Compared with
the commitment at a certain level, the bounded commitment allows the firm to justify its
actions according to the circumstance. Clearly, the commitment on both the upper bound w̄

and the lower bound d not only encourages flexibility, but also restrains themselves for a return
from partners. Furthermore, the supplier generally expects an elevation of d as a return when
she drops w̄. Thus, it is reasonable to assume d reversely changes with w̄. Consistent with
Equation (3), we suppose that there is a linear relationship between w̄ and d, in the following
manner:

d = [μ2xy − c − b(w̄ − cs)]/(2k), (13)

where b is a exogenous coefficient reflecting a comparison between bargaining powers of the
manufacturer and of the supplier in negotiations. In other words, b indicates a relative bar-
gaining power between the manufacturer and the supplier. An increase in the bargaining power
of the manufacturer will bring an increase in b. Inversely, b will decrease when the bargaining
power of the supplier increases. Thus, the manufacturer will make a lower commitment of his
production volume when the relative bargaining power b becomes a lower value. Exploiting
Nash bargaining games, the literature has studied how barging powers affect the allocation of
profit, e.g., [56, 57], and so on. Essentially, the relative bargaining power in this study directly
affects the allocation of their profits in the alliance. From the perspective of supply chain man-
agement, [58] empirically investigate, and point out how the manufacturer margins are scaled
by the factor (1 − λ)/λ where λ is the bargaining power of the downstream. The relative bar-
gaining power b in our model is similar to the factor (1− λ)/λ proposed by [58]. In particular,
the equation above becomes (3) when b = 1.

Let us begin with Stage D3. Given (w̄, d) and a realization of (ε, θ), the manufacturer will
optimize his profit function, the same with Equation (2), under the constraint d ≥ d. Thus,
given x̃, ỹ and w, the optimal production is

ḋ = max
{

θx̃ỹ − w − cm

2k
, d

}
=

⎧⎨
⎩

θx̃ỹ − w − cm

2k
, if θ > θ′ :=

2kd + w + cm

x̃ỹ
;

d, otherwise.
(14)
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Substituting it into Equation (4), the supplier’s expected profit is

πs(w|x̃, ỹ, w̄, ε) = Eθ[(w − cs)(ḋ + ε) − ρx̃4]

= (w − cs)
[ ∫

θ>θ′

θx̃ỹ − w − cm

2k
dF (θ) +

∫
θ≤θ′

ddF (θ) + ε

]
− ρx̃4

=
w − cs

2k

[
μ2x̃ỹ − w − cm + 2kε + x̃ỹ

∫ θ′

θ

F (θ)dθ

]
− ρx̃4, (15)

where F (·) is the distribution function of θ. The supplier will maximize her expected profit
πs(w|x̃, ỹ, w̄, ε), subject to w ≤ w̄. Note that πs(w|x̃, ỹ, w̄, ε) depends on F (·). Suppose that θ

is uniformly distributed in [θ, θ̄], so does ε in [ε, ε̄]. Furthermore, let ϕ̄ = θ̄x̃ỹ − c, ϕ = θx̃ỹ − c,
δ = ε̄ − ε and Δ = (θ̄ − θ)x̃ỹ. We have the following proposition.

Proposition 1 Given ε and the committed bounds w̄ and d, there is an optimal wholesale
price ẇ as follow:

ẇ =

⎧⎨
⎩

cs +
2
3
(ϕ̄ − 2kd) − 1

3

√
(ϕ̄ − 2kd)2 − 12kΔ(d + ε), if ε ≤ ε′,

w̄, otherwise,
(16)

where ε′ is a threshold uniquely determined by the following equation

w̄ = cs +

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Δ
12

+
2
3
ϕ̃ +

4
3
kε′, if b = 1 or 3,

Δ(2 + b) − √
Δ2(2 + b)2 − Δ(3 − 4b + b2)(Δ + 8ϕ̃ + 16kε′)

2(3 − 4b + b2)
, otherwise.

(17)

The proposition above shows that ẇ is uniquely determined by ε and ε′. Substituting
Equations (16) and (17) into πs(w|x̃, ỹ, w̄, ε), the supplier’s profit is πs(ε′|x̃, ỹ, ε) = 1

54kΔ{u3 +
Φ[Φ2 + 36kΔ(d + ε)]} − ρx̃4, where Φ = ϕ̄ − 2kd and u =

√
Φ2 − 12kΔ(d + ε). Furthermore,

the supplier’s expected profit is

πs(ε′|x̃, ỹ) = Eεπs(ε′|x̃, ỹ, ε) =
1
δ

∫
ε<ε′

πs(ε′|x̃, ỹ, ε)dε +
1
δ

∫
ε≥ε′

πs(ε′|x̃, ỹ, ε)dε.

Because there is an 1-1 correspondence between ε′ and w̄, it is equivalent to choose ε′ to
maximize πs(ε′|x̃, ỹ). Note that the two committed bounds are manufacturer commits a lower
bound of production according to Equation (13). Thus, we have the following theorem.

Theorem 1 For b ∈ [1, 3/2], there must be a ceiling of ε in (μ1, ε̄), denoted by ε′ such
that it uniquely corresponds to the optimal price w̄ , which is interior and above average.

The theorem is one of our significant findings in the sense that it ensures the existence of
an interior point to commit. Otherwise, the setting of the ceiling at ε′ does not make sense for
managers. We verify the existence of ẇ in bounded commitment in Proposition 1. According to
Proposition 1 and Theorem 1, after the supplier observes the realization of ε, it can determine
the optimal wholesale price according to the Equations (16) and (17). In fact, due to the
constraint of the lower bound of the manufacturer’s production volume, even if the supplier
is facing high external market demand, it will not always increase the external chain orders,
which restricts the opportunistic behavior that may occur in the supply chain.



166 GE Z H, REN Z K, HU Q Y, et al.

Abbreviate πs(ε′|x̃, ỹ) as πs(x̃, ỹ) for short, and denote the manufacturer’s expected profit
by πm(x̃, ỹ). Then,

πm(x̃, ỹ) =
1

(θ̄ − θ)δ

∫ ε′

ε

[ ∫ θ′

θ

πm(d|x̃, ỹ, ẇ, θ) +
∫ θ̄

θ′
πm(ḋ|x̃, ỹ, ẇ, θ)

]
dθdε

+
1

(θ̄ − θ)δ

∫ ε̄

ε′

[ ∫ θ′

θ

πm(d|x̃, ỹ, w̄, θ) +
∫ θ̄

θ′
πm(ḋ|x̃, ỹ, w̄, θ)

]
dθdε

=
x̃ỹ

Δδ

{∫ ε′

ε

∫ θ′

θ

[
θx̃ỹ − μ2x̃ỹ − w̄ − cm

2
− ẇ − cm

]
(μ2x̃ỹ − w̄ − cm)

2k
dθdε

+
∫ ε̄

ε′

∫ μ2

θ

[
(θ − μ2)x̃ỹ(μ2x̃ỹ − w̄ − cm)

2k
+

(μ2x̃ỹ − w̄ − cm)2

4k

]
dθdε

+
∫ ε̄

ε′

∫ θ̄

μ2

(θx̃ỹ − w̄ − cm)2

4k
dθdε +

∫ ε′

ε

∫ θ̄

θ′

(θx̃ỹ − ẇ − cm)2

4k
dθdε

}
− ρy4,

where θ′ = max{θ, μ2 − (w̄ − ẇ)/(x̃ỹ)}.
We investigate the equilibrium by numerical observations. Figure 2 shows a change in the

response functions with b, in which cs = cm = 50, k = 1, λ = 0.1, δ = 40, ρ = 6800, b ∈ [1.2, 1.5]
and θ ∼ U [240, 560]. From the figure, we find that the manufacturer’s response function
changes along the arrows, whereas the supplier’s scarcely moves, meaning that coefficient b

has a significant effect on the manufacturer’s response; i.e., the manufacturer exhibits a more
sensitive response (with respect to b) than the supplier. However, we cannot simply state that
the value of b has no effect on the supplier because it still influences the profit of the supplier
through equilibrium. Through numerical analysis, we find that the existence of equilibrium just
holds for a certain area of b. In other words, the equilibrium may not exist when b is extremely
low or high, as shown in Figure 2 where b falls outside [1.2, 1.5] around. Moreover, the response
function of the manufacturer moves upward with increase of b. From Figure 2, we can verify
that the intersection of the two response functions moves towards the lower left quarter. In
other words, both firms’ investments generally decrease with b. This trend can be explicitly
described by Figure 3.

the shift of response curves with b

The response function of 
the supplier
The response function of 
the manufacturer

3                    4                     5                     6                    7                     8                    9 
x

6

5.5

5

4.5

4

3.5

3

2.5

2

y

Figure 2 The response curves change with b when b ranges in [1.2, 1.5]
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Figure 3 The shift of equilibrium with b when b ranges in [1.356, 1.446]

In the bounded commitment, the investments decrease with b. Along this direction, the firms
can set b as low as possible for larger profits and investments, but this action may challenge the
existence of equilibrium. All in all, coefficient b in the bounded commitment plays a significant
role in affecting the investments and profits. However, there is no sufficient evidence on how
to determine b and who does it. A plausible interpretation lies in the fact that b appears in
the collaboration as a parameter that may be influenced by, e.g., each member’s power and
techniques in negotiation. Furthermore, the bounded commitment needs a strong tie between
members to achieve a suitable coefficient, b, which guarantees the existence of the equilibrium of
investments. When b is larger, the greater the flexibility between the supplier’s wholesale price
and the manufacturer’s production volume, it indicates that one party believes that the other
party is more likely to deviate from the optimal situation without commitment (b = 1), so that
they have reasons to reduce their investment level to avoid the other party take opportunistic
behavior to bring more losses to themselves.

Figures 4 and 5 describe investment changes with λ: x∗ and y∗ without commitment, x̃ and
ỹ under the bounded commitment when b = 1.35. Furthermore, Figures 6 and 7 compare the
profits in which the sub-figures amplify slight variations in π∗

s and π∗
m. Similarly x∗ and y∗ have

the same trends with π∗
s and π∗

m, respectively. The numerical comparison shows the dominance
of the bounded commitment. Under the bounded commitment, the R&D investment level and
profits of both firms increase significantly. We can also find that the supplier benefits from an
increase in λ, it means the supplier can obtain more orders outside the chain, and inversely
does the manufacturer when there is no commitment. This phenomenon is intuitive because
the additional order of modified components primarily benefits the supplier, but it hurts the
manufacturer because of externality.

Clearly, the commitment restrains opportunistic behaviors and then ties up members for a
compatible pursuit of profit. Therefore, both firms benefit from the bounded commitment, but
with a stable trend in general. In Figure 6 and 7, the high volatility may be caused by our
numerical method in computing equilibrium, where a discrete method is adopted to find the
intersection of both firms’ response curves. However, we can still form a basic result from these
figures above, that is, there is no strong sign that an increase in λ can make both firms (or
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either firm) better. A plausible explanation is that the bounded commitment brings a moderate
flexibility and a weak constraint for members. Note that the bounded commitment coordinates
the firms’ decisions only when some extreme cases appear; otherwise, it gives them freedom in
decision-making.

0.03 0.035 0.04 0.045 0.05
1

2

3

4

5

6

7

8

9

λ

x

 

 

x∗

x̃

Figure 4 The supplier’s investment across

different scenarios
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Figure 5 The manufacturer’s investment

across different scenarios

Figure 6 The supplier’s profit across differ-

ent scenarios

Figure 7 The manufacturer’s profit across

different scenarios

5 Conclusions

Opportunistic behavior appears to be a result of uncertainty in R&D cooperations, imped-
ing strategic decisions in firms. Based on the literature review, we study R&D cooperation
for demand creation within a supply chain and commitments and flexibility in either supply
chains or R&D cooperation, respectively. In this paper, a bounded commitment was proposed
in the framework of a supply chain consisting of a manufacturer and its supplier. This was to
understand if commitments promote R&D investments and enhance supply chain performance
as well as how an appropriate commitment can be made without loss of flexibility. We give a
half-open interval bound of commitment with more flexibility. In doing so, we first identified
the firms’ decisions and incorporated a 3-stage game model (by backward induction) to examine
them then later extended it to a bounded commitment where action dependent in NPD collab-
oration was proposed. We find that the bounded commitment can benefit both firms through
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bringing moderate flexibility for decision making and that commitment restrains opportunistic
behaviors thus enhancing investments and increasing profits.

The main contribution of this paper is the investigation of the bounded commitment in
vertical NPD collaboration with a focus on decision flexibility. R&D cooperation is a new
topic appearing recently in supply chain management, though it has long been studied from
the standpoint of R&D management. In the context of the interface between supply chain
management and R&D cooperation, the research on flexible commitments is still in its infancy,
particularly those under a demand-creative collaboration of NPD. In this paper, we verify
the dominance of bounded commitments by quantitative analysis and numerical observation
under a supply contract of wholesale price and a manufacturers commitment of production
volume. Generally, the bounded commitment restrains opportunistic incentives, promote R&D
investments, and then improve the whole supply chain performance.
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Appendix: proof of the theorems

Proof of Proposition 1

Let t = w−cs, and rewrite πs(w|x̃, ỹ, w̄, ε) as πs(t|x̃, ỹ, w̄, ε) = t
2k

[
ϕ̃ − t + 2kε +

(2kd+t−ϕ)2

2(ϕ̄−ϕ)

]
−

ρx̃4. Also, let ∂
∂tπs(t|x̃, ỹ, w̄, ε) = 0, then get 2(ϕ̄−ϕ)(ϕ̂−t+2kε)−2t(ϕ̄−2kd−t)+(2kd+t−ϕ)2 =

0, i.e., 3t2 − 4(ϕ̄− 2kd)t + 2(ϕ̄− ϕ)(ϕ̃ + 2kε) + (ϕ− 2kd)2 = 0. Solving the quadratic equation

of t yields the unique maximizer5 as t = 2
3 (ϕ̄−2kd)− 1

3

√
(ϕ̄ − 2kd)2 − 12k(d + ε)(ϕ̄ − ϕ). This

is exactly the case in Equation (16).

5It can be examined that another solution of the equation does not satisfy the second-order optimality.
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Now we turn to study ε′. Denote t′ = w̄ − cs. It is obvious that lim
ε→ε′

t = t′, i.e., 2
3 (ϕ̄ −

2kd) − 1
3

√
(ϕ̄ − 2kd)2 − 12kΔ(d + ε′) = t′. Substituting d = (ϕ̃ − bt′)/(2k) into it, we obtain

(3−4b2+b2)t′2−Δ(2+b)t′+ Δ2

4 +2Δ(ϕ̃+2kε′) = 0. There are two cases in solving this equation
of t′. If (3−4b2+b2) = 0 (i.e., b = 1 or b = 3), then t′ = Δ

12 + 2
3 ϕ̃+ 4

3kε′. Otherwise, we obtain two

solutions: t′1,2 = [Δ(2 + b) ±
√

Δ2(2 + b)2 − Δ(3 − 4b + b2)(5ϕ̄ + 3ϕ + 16kε′)]/[2(3 − 4b + b2)].
However, we can eliminate the greater one because t′ is not continuous at points b = 1, 3
(actually lim

b→1,3
t′ = ∞). Thus, the proposition is proven.

Proof of Theorem 1

By accumulation, πs(ε′|x̃, ỹ) = Eεπs(ε′|x̃, ỹ, ε) = 1
δ [

∫
ε<ε′ +

∫
ε≥ε′ ]πs(ε′|x̃, ỹ, ε)dε = ū5−u′5

1620k2Δ2δ +
u′3(ε̄−ε′)
54kΔδ + 2Φ

3δ (ε̄ε′ − ε′2
2 − ε2

2 ) + Φ3

54kΔ + 2
3dΦ − ρx̃4, where ū =

√
Φ2 − 12kΔ(d + ε) and u′ =√

Φ2 − 12kΔ(d + ε′). Similarly to the proof of Proposition 1, let t′ = w̄ − cs. Then, we get

∂πs(ε′|x̃, ỹ)
∂ε′

=
[
ū3(Φ + 3Δ)b
324k2Δ2δ

− u′4(2b − 3)
324k2Δ2δ

+
u′2(ε̄ − ε′)(2b − 3)

18kΔδ

]
dt′

dε′
+

2Φ(ε̄ − ε′)
3δ

+
[
b(2ε̄ε′ − ε′2 − ε2)

3δ
+

Φ2b

18kΔ
− Φb

3k
+

2db

3

]
dt′

dε′
− u′3

54kΔδ
. (18)

Note that t′ is continuous when b approaches 1. Thus, we just give the proof for b ∈ (1, 3/2]
because the proof for b = 1 can be similarly obtained as an extreme instance. From Equations
(13), (16), and (17), we get

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Φ = Δ
2 + bt′,

u′ = Δ + (2b − 3)t′,
dt′

dε′
=

4kΔ√
Δ2(2 + b)2 − Δ(3 − 4b + b2)(Δ + 8ϕ̃ + 16kε′)

.

(19)

Thus, u′3(Φ+3Δ)b−u′4(2b−3)
324k2Δ2δ

dt′
dε′ = u′3

54kΔδ . Denote G(ε′) = ∂πs(ε′|x̃,ỹ)
∂ε′ . Substitute them into Equa-

tion (18), then G(ε′) = [ (ū
3−u′3)(Φ+3Δ)b

324k2Δ2δ + u′2(ε̄−ε′)(2b−3)
18kΔδ + b(2ε̄ε′−ε′2−ε2)

3δ ]dt′
dε′ + [ Φ2b

18kΔ − Φb
3k +

2db
3 ]dt′

dε′ + 2Φ(ε̄−ε′)
3δ . Therefore, it suffices to prove G(μ1) > 0 and G(ε̄) < 0.

First, G(μ1) = [ (ū
3−u′3)(Φ+3Δ)b

324k2Δ2δ +u′2(2b−3)
36kΔ + b(4d+3μ1+ε)

6 ]dt′
dε′ +( Φ2b

18kΔ−Φb
3k )dt′

dε′ +
2Φ
3 . Obviously,

dt′
dε′ ≥ 0. Thus, it suffices to prove G(μ1) ≥ 0 when the coefficient of dt′

dε′ is negative. In Equation
(19), Δ2(2 + b)2 −Δ(3− 4b+ b2)(Δ +8ϕ̃+ 16kε′) ≥ Δ2(2 + b)2 − 5Δ2(3− 4b+ b2) = Δ2(−11+
24b−4b2), where the inequality results from 2ϕ̃ ≥ Δ and ε′ ≥ 0. Because −11+24b−4b2 ≥ 4b2

for 1 < b ≤ 3
2 , dt′

dε′ ≤ 2k
b at the point ε′ = μ1. When the coefficient of dt′

dε′ is negative, we have

G(μ1) ≥ (ū3−u′3)(Φ+3Δ)
162kΔ2δ + k(4d+3μ1+ε̄)

3 + Φ2

9Δ − u′2(3−2b)
18bΔ by exploiting dt′

dε′ ≤ 2k
b . Due to Φ2 ≥ u′2,

it is easy to prove Φ2

9Δ ≥ u′2(3−2b)
18bΔ for b ∈ (1, 3

2 ]. Furthermore, ū3 ≥ u′3 and 4d + 3μ1 + ε ≥ 0.
Thus, G(μ1) ≥ 0 holds.

Second, G(ε̄) = b[ (ū
3−u′3)(Φ+3Δ)

324k2Δ2δ + 2(d+μ1)
3 + Φ2

18kΔ− Φ
3k ]dt′

dε′ . G(ε̄) ≤ 0 requires (ū3−u′3)(Φ+3Δ)
324k2Δ2δ +

2(d+μ1)
3 + Φ2

18kΔ − Φ
3k ≤ 0. Recalling that Equation (16) indicates that 12kΔ(d + μ1) ≤ Φ2, i.e.,

d + μ1 ≤ Φ2/(12kΔ). Thus, G(ε̄) ≤ 0 holds if

(ū3 − u′3)(Φ + 3Δ)
324k2Δ2δ

+
Φ2

9kΔ
− Φ

3k
≤ 0. (20)
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Equation (16) also indicates Φ
3 ≤ t′ ≤ 2Φ

3 . Combined with Equation (19), Δ
2(3−b) ≤ t′ ≤ Δ

(3−2b) ,
then 0 ≤ u′ ≤ 3Δ

2(3−b) and 3Δ
2(3−b) ≤ Φ ≤ 3Δ

2(3−2b) . Because u3 − 9Δ
4(3−b)u

2 is decreasing in

u ∈ [0, 3Δ
2(3−b) ], ū3−u′3 ≤ 9Δ

4(3−b) (ū
2−u′2) = 27kΔ2δ

3−b for ε′ = ε̄. Hence, (ū3−u′3)(Φ+3Δ)
324k2Δ2δ + Φ2

9kΔ− Φ
3k ≤

(Φ+3Δ)
12k(3−b) + Φ2

9kΔ − Φ
3k = 1

36kΔ(3−b) [4(3− b)Φ2 +3Δ(Φ +3Δ)− 12(3− b)ΦΔ]. While, 4(3− b)Φ2 +

3Δ(Φ +3Δ)−12(3−b)ΦΔ = [2(3−b)Φ−3Δ][2Φ− 3Δ
3−2b ]− 8b2−28b+21

3−2b Φ(3Δ)− 2(b−1)
3−2b (3Δ)2 ≤ 0

for Φ ∈ [ 3Δ
2(3−b) ,

3Δ
2(3−2b) ] and b ∈ (1, 3

2 ]. Therefore, Equation (20) always holds, which means
G(ε̄) ≤ 0.

Hence, G(μ1) ≥ 0 and G(ε̄) ≤ 0. Clearly, G(ε′) is continuous. Thus, there must be an
optimal solution in [μ1, ε̄] such that G(ε′) = 0. w̄ ≥ w̃ can be obtained from the monotonicity
of w̄ shown in Equation (19). Hence, the theorem is proven.

The existence of equilibrium without commitment

The following theorem gives the existence of equilibrium.

Theorem 2 There is a unique equilibrium (x∗, y∗, w∗, d∗) when (1+2λ)2μ2
2[μ2

2 (1−2λ)2+
4σ2

2 ] > 512k2ρ2.

Proof By Equation (8) and (9), we have ∂
∂xπs(x, y) = ϕ

4kμ2y(1+2λ)2−4ρx3, ∂
∂y πm(x, y) =

ϕ
8kμ2x(1 − 2λ)2 + σ2

2x2y
2k − 4ρy3. Let them be zero, then any equilibrium must satisfy the

first-order conditions:
⎧⎨
⎩

(μ2xy − c)μ2xy(1 + 2λ)2 = 16kρx4,

(μ2xy − c)μ2xy(1 − 2λ)2 + 4σ2
2x

2y2 = 32kρy4.
(21)

Multiplying the two equations yields (1 + 2λ)2μ2(μ2xy − c)[(μ2xy − c)μ2(1 − 2λ)2 + 4σ2
2xy] =

512k2ρ2(xy)2. This is a quadratic equation for xy. By solving the equation, we get two roots
as follows:

x∗y∗ = cμ2
(1 + 2λ)2[μ2

2(1 − 2λ)2 + 2σ2
2 ] ± 2(1 + 2λ)

√
128(1 − 2λ)2k2ρ2 + (1 + 2λ)2σ4

2

(1 + 2λ)2μ2
2[μ

2
2(1 − 2λ)2 + 4σ2

2 ] − 512k2ρ2
.

Under the condition (1 + 2λ)2μ2
2[μ

2
2(1 − 2λ)2 + 4σ2] > 512k2ρ2, the smaller root would bring a

negative margin of the new product, i.e., μ2x
∗y∗ − c < 0. Therefore, it is omitted.

Dividing the second equation by the first one of (21), we get (1−2λ)2

(1+2λ)2 = 32kρy4−4σ2
2x2y2

16kρx4 =

2( y
x)4− σ2

2
4kρ ( y

x)2, which can be viewed as a quadratic equation of (x/y)2. By rearranging terms,
we get the unique non-negative root as

(
x∗

y∗

)2

= (1 + 2λ)

√
128k2ρ2(1 − 2λ)2 + (1 + 2λ)2σ4

2 − (1 + 2λ)σ2
2

8kρ(1 − 2λ)2
.

Therefore, x, y is uniquely determined by the following two equations:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

x∗y∗ = cμ2
(1 + 2λ)2[μ2

2(1 − 2λ)2 + 2σ2
2 ] + 2(1 + 2λ)

√
128(1 − 2λ)2k2ρ2 + (1 + 2λ)2σ4

2

(1 + 2λ)2μ2
2[μ

2
2(1 − 2λ)2 + 4σ2

2 ] − 512k2ρ2
,

(x∗/y∗)2 = (1 + 2λ)

√
128k2ρ2(1 − 2λ)2 + (1 + 2λ)2σ4

2 − (1 + 2λ)σ2
2

8kρ(1 − 2λ)2
.
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Figure 8 illustrates the condition (1 + 2λ)2μ2
2[μ2

2(1 − 2λ)2 + 4σ2
2 ] > 512k2ρ2 for λ =

0.1, 0.2, 0.3, k = 0.1, and ρ = 1. From the figure, we find that it is a broad area to guar-
antee the existence of equilibrium. Generally, the profitability in the production stage requires
that the chain face a high expectation of θ, i.e., μ2. Otherwise, d∗, p∗ − c, and w∗ may be un-
practical. Therefore, the existence of equilibrium investments is generally ensured. Moreover,
Figure 8 shows that as the value of λ increases, the area to ensure the existence will be broader.

μ2

2

0 1 2 3 4 5
0

1

2

3

4

5
=0.1
=0.2
=0.3

The area in the upper right
hand of the line guarantees
the equilibrium existence of 
the chain without commitment

Figure 8 The area to guarantee the equilibrium existence


