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Abstract

This dissertation studies coordination mechanism design for sustainable supply net-

works in a globalized environment, with the goal of achieving long-term profitability,

environmental friendliness and social responsibility. We examine three different types

of supply networks in detail.

The first network consists of one supplier and multiple retailers. The main issue

is how to efficiently share a scarce resource, such as capacities for green technology,

among all members with private information under dynamically changing environ-

ment. We design a shared surplus supply agreement among the members which

can lead to both efficient private investments and efficient capacity allocation under

unpredictable and unverifiable market conditions. The second network is a serial

supply chain. The source node provides critical raw material (like coffee cherries)

for the entire chain and is typically located in an underdeveloped economy, the end

node is a retailer serving consumer at a developed economy (like Starbucks Co.). We

construct a dynamic supply agreement that takes into account the changing market

and production conditions to ensure fair compensations so that the partners have

the right incentives to work together to develop sustainable quality supply.

The third network is a stylized global production network of a multinational com-

pany consisting of a home plant and a foreign branch. The branch serves the foreign

market but receives a key component from the home plant. The distinctive feature is

that both facilities belong to the same company, governed by the headquarters, yet
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they each also have their own autonomies. We analyze the role of the headquarters

in designing coordination mechanism to improve efficiency. We show the headquar-

ters can delegate the coordination effort to the home plant, as long as it keeps veto

power.
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1

Introduction

This dissertation studies coordination mechanism design for sustainable supply net-

works in a globalized environment. As companies seek global resources and markets,

the supply networks are becoming more and more geographically dispersed across

different economies and cultures, involving long distance communication and trans-

portation. As a result, companies are facing increasingly pressing sustainability

issues, such as long term profitability, environmental friendliness and social respon-

sibility. To meet these challenges, it requires the members in the supply networks to

build long-term relationships with mutual trust and economic accountability. The

purpose of this dissertation research is to design coordination mechanisms to enable

companies to achieve these requirements. We examine three different types of supply

networks in detail.

Chapter 2 studies a network consisting of one supplier and multiple retailers.

The main issue is how to efficiently share a scarce resource, such as capacities for

green technology, among all members with private information under dynamically

changing environment. This setting is applicable to many situations such as an

organic produce farmer and a set of supermarkets, a hybrid car manufacturer and a

1



set of dealers, or a contract manufacturer and a set of OEMs. The goal is to induce

optimal investments in both the production and applications of green technology

and to allocate the limited production resource to the mostly needed. We design

a shared surplus supply agreement among the members which can lead to both

efficient private investments and efficient capacity allocation under unpredictable

and unverifiable market conditions.

Chapter 3 studies a serial supply chain. The source node provides critical raw

material (like coffee cherries) for the entire chain and is typically located in an under-

developed economy, the end node is a retailer serving consumer at a developed econ-

omy (like Starbucks Co.). With information asymmetry and unevenly distributed

bargaining powers along the global supply, the supplier at the source is often un-

fairly compensated, leaving it difficult to make ends meet, not to mention having

the resources and ability to invest in the production process to maintain the quality

of the critical material, which endangers the sustainability of the entire chain. We

construct a dynamic supply agreement that takes into account the changing market

and production conditions to ensure fair compensations so that the partners have

the right incentives to work together to develop sustainable quality supply.

Chapter 4 studies a stylized global production network of a multinational com-

pany consisting of a home plant and a foreign branch. The branch serves the foreign

market but receives a key component from the home plant. The distinctive feature is

that both facilities belong to the same company, governed by the headquarters, yet

they each also have their own autonomies. The existing production and logistics cost

allocation schemes result in great inefficiency in the cross-continental supply chain

with complex international logistics, contributing adversely to the environmental and

economic outcomes. We analyze the role of the headquarters in designing coordina-

tion mechanism to improve efficiency. We show the headquarters can delegate the

coordination effort to the home plant, as long as it keeps veto power.

2



The Appendix contains all the proofs.
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2

Shared Supply Surplus Mechanism

2.1 Introduction

A manufacturer and N − 1 independent retailers come together to form a simple

supply chain. Examples of the supply chain we envision include an organic-produce

farmer and a set of supermarkets, a hybrid-car manufacturer and a set of dealers,

or a contract manufacturer and a set of OEMs. The retailers are seeking a reli-

able supply of goods to sell to their customers. The manufacturer wants a reliable

source of retailers to buy his stock of goods. Each supply chain member benefits

by establishing a coordinated supply channel that provides for an ample supply and

efficiently allocates capacity to the highest demand retailers. With a supply chain

in place, the members profit by making investments to create capacity (in the case

of the manufacturer) and to increasing demand for their merchandise (in the case of

retailers). Moreover these investments are complementary; the greater the supply,

the more profitable it is for the retailer to invest to increase his demand, and the

greater the demand, the more profitable it is for the manufacturer to increase his

capacity.

4



The members’ mutual gains from a coordinated supply channel are great, but so

are the problems in attaining coordination. As Cachon and Lariviere (1999) demon-

strate, coordination among buyers and sellers of capacity is hard to achieve because

the retailers’ demand and the manufacturer’s costs fluctuate across periods in ways

that are difficult to predict and impossible to verify. Whereas a simple revenue shar-

ing arrangement is sufficient for coordination when demand and supply conditions

can be observed and contracted on, such agreements are unenforceable when the

revenues and costs of the channel members are private knowledge. Consider for in-

stance, the producer who agrees to provide retailers with specified levels of supply

each period. What is he to do when retail orders exceed his capacity or when retail

orders fall short of his supply? Whereas a cost or revenue sharing agreement between

the supplier and retailers could in principle resolve this problem, it’s generally diffi-

cult, if not impossible to measure the supplier’s cost or the retailer’s revenues upon

which the reallocation is based. Other processes for reallocation, such as propor-

tional rationing of original orders that the supplier may commit to are contentious

and are susceptible to strategic manipulation by the retailers.

Whenever there is imperfect allocation of supply capacity, either because stock-

ing demands are unobservable or noncontractible, Cachon and Lariviere (1999) and

Plambeck and Taylor (2006) demonstrate the incentives for members to make re-

lationship specific investments to increase supply chain value are distorted as well.

In our context the less reliable supply becomes, the less the retailer will invest to

increase demand for his merchandise. In turn, the less retail demand there is, the

less the manufacturer will invest in capacity. Generally the failure to coordinate one

downstream activity like reallocating supplies to meet excess demand, can lead to

”holdup” problems (e.g. Rogerson (1992), and Plambeck and Taylor (2006)) that

adversely impacts upstream investment in manufacturing capacity and product in-

novation.

5



In this paper we view supply chain coordination as an exercise in mechanism

design directed to address three fundamental questions:

• What supply capacity allocations can be implemented?

• What initial investments in capacity and demand can be induced?

• What agreements for coordination are self enforcing and sustainable?

The first question is formally addressed by designing a mechanism that allocates

supplies among the members based on the supplier’s report of cost and the retailers’

reports of their demand. The mechanism characterizes the set of allocations that

can be implemented by payments of transfers between the channel members based

on their reports. The mechanism requires, without any loss of generality, that the

transfers be designed to induce the members to report truthfully.

Interestingly enough, the mechanism reveals that the ex post efficient supply

allocation is possible. Moreover it can be implemented with transfer payments that

are similar to the revenue sharing agreements employed to coordinate channel supply

with verifiable costs and revenues (see Cachon and Lariviere (2005) and Bernstein

and Federgruen (2003)). The transfers which we call Shared Supply Surplus or SSS

extends the revenue sharing concept to settings where costs and revenues aren’t

observed and allocations are repeatedly renegotiated. Under SSS the manufacturer

receives compensation equal to the reported revenues generated by the retailers.

In turn each retailer pays the producer’s reported costs and receives the reported

revenues of all other retailers. Since costs and revenues are not publicly observed,

the sharing of surplus is entirely based on the self reported cost and revenues of the

supply chain members.

The effect of SSS is to make all members the owners (or residual claimants)

of the expected supply channel surplus. As a result, the incentives of the supplier

6



and retailers are perfectly aligned to allocate supplies efficiently to maximize supply

chain surplus. To illustrate, under SSS each retailer pays the manufacturing cost and

receives the revenues generated by the other retailers. Therefore he has an incentive

to gather and report information on market demand to maximize his and other

members’ net revenues. Likewise, the manufacturer has incentives to gather and

report information on his cost to allocate supply in order to maximize his and other

members’ channel surplus. In each instance, SSS induces members to coordinate

decisions to produce efficiently.

The question of investment is also efficiently resolved by SSS agreements. We

demonstrate that SSS induces members to invest efficiently in the supply chain, even

for instance, when an investment by one member may hurt or harm another member.

The SSS agreement induces members to internalize spillovers when investing by

making each a residual claimant to the total chain surplus.

Finally, the last question of sustainability is addressed by analyzing what SSS

agreements are sufficient to sustain each member’s voluntary participation in the

channel. Supply agreements can not be enforced against members who refuse to

participate. When an agreement is breached members may exercise their residual

control rights to determine what claims they have to supply capacity in the future.

Default rights can vary. One allocation of rights allows the supplier to buy out his

obligation to serve the retailers. Another allocation allows one or more retailers to

buy out the supplier to obtain control of his capacity. We find agreements that

allocate rights to capacity in reverse order of how much the member would pay

to control supply, are sustainable. So if retailers value the supply more than the

manufacturer, then the manufacturer is allocated exclusive rights of control. The

agreement is sustained by giving members who are most likely to breach the contract

the least rights of control.

Our findings are related to a number of ideas that have appeared in the supply
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chain management literature and in the incentives literature in economics. With re-

gards to supply chain management our analysis is most closely related to the papers

by Cachon and Lariviere (1999, 2005), Bernstein and Federgruen (2003) and Plam-

beck and Taylor (2005, 2006, 2007) 1. This literature emphasizes the role of contracts

partnerships and joint ventures in coordinating supply and facilitating investment.

The extent to which channel coordination is achieved depends on what coordinating

devices are employed, what variables, like revenues and costs, can be observed and

what activities, including supply and investment, are contractible. This literature

considers a class of contracts restricted to known allocation mechanisms, and con-

cludes that complete coordination can be achieved if and only if market conditions

are verifiable and actions are contractible. Our analysis differs from this literature

in two respects. First, we consider the larger unrestricted class of mechanisms for

implementing coordinated supply. And second, as a result, we find that coordina-

tion is generally possible even when market conditions are unverifiable, provided that

channel members can contract over default control rights.

There is also a literature on contracting in economics that our paper builds on.

Our analyses extends previous work on efficient exchange mechanisms by Cramton,

Gibbons and Klemperer (1987), Edlin and Reichelstein (1996), Krahmer and Strausz

(2006), Rogerson (1992), Schweizer (2006) and Segal and Whinston (2009) to a dy-

namic setting. The analyses closest to ours are recent papers by Bergemann and

Valimaki (2006, 2010) and Athey and Segal (2007a,b). These papers construct con-

tracts implementing efficient exchange and investment, but fail (in Athey and Segal)

to always be individually rational and (in Bergemann and Valimaki (2006, 2010)) to

balance the budget. Our paper extends these analyses by constructing agreements

1 See also the excellent surveys by Cachon (2003) and Chen (2003) that describe earlier work on
contracting in supply chain coordination.
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that are always ex post efficient, budget balancing and individually rational.2 The

enabling mechanisms for achieving budget balance and voluntary participation is to

allow the members to exchange control rights upon the arrival of new information.

The rest of the paper is organized as follows: The next section outlines our model

of channel coordination. Section 3 constructs SSS agreements that allocate supplies

efficiently, are budget balancing and self enforcing. Section 4 demonstrates how

channel coordination and investment may be implemented in theory and in practice.

2.2 Shared Surplus Supply Chain

2.2.1 Model of the Supply Chain

We consider the multi-period version of the capacity choice and allocation model

analyzed in Cachon and Lariviere (1999). A supply chain consisting of N risk neutral

members is formed. Member i = 1, is the designated supplier who sells to the retail

buyers j = 2, .., N, although we make no real distinction between a supplier and

buyer in our analysis.3 There is a fixed total capacity x̄ (normalized to 1) that is

allocated among the members in each period, t = 1, .., T in the amount of xt
i, where

xt
i ≥ 0 and Σix

t
i = 1.We are implicitly assuming that supply is fixed and is perishable

so that it must be used by the end of the period, or it is lost. Alternatively one can

imagine that the supplier is able to sell his unused supply to businesses outside of

the supply chain at a price determined on the spot market.

Before each period, each i privately observes his demand type represented by

θti ∈ [0, 1] for that period. Member 1′s demand represents the opportunity cost of

selling his supply to retailers, which he could otherwise use for self production or for

2 Kuribko and Lewis (2010) derive an agreement with the same properties for the governance of
a joint development partnership.

3 The restriction to a single supplier can easily be modified to allow for multiple suppliers without
any substantive change to our results.
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sale outside of the supply chain. The retailers’ demands are for the products they

distribute to their customers. Member i′s single period profit, πi(θ
t
i , x

t
i), is a function

of his demand θti and supply, xt
i, and is twice continuously differentiable with,

∂πi(θ
t
i , x

t
i)

∂xt
i

> 0,
∂πi(θ

t
i , x

t
i)

∂θti
> 0,

∂2πi(θ
t
i , x

t
i)

∂ (xt
i)

2 < 0,
∂2πi(θ

t
i , x

t
i)

∂xt
i∂θ

t
i

> 0 for θti ∈ (0, 1]

Profits are increasing in supply at a decreasing rate and total and marginal profits

are increasing in demand.

The demand valuation is a privately observed finite random variable, θti ∈ [0, 1] ,

which is serially correlated with time, but independently distributed across mem-

bers. The demands evolve according to a first order Markov process.4 Member i′s

demand θti is drawn form a c.d.f. ,F t
i (θ

t
i|θt−1

i ) ,with a bounded, strictly positive and

continuous density, f t
i

(
θti|θt−1

i

)
> 0. For now we assume the initial value distribution

F 1
i (θ

1
i |I) depends on an initial investment I ≡ (I1, .., IN) the members make in period

t = 0 prior to formation of the supply channel, (and is described below in section 4).

The demands in different periods are assumed to be stochastically ordered by,

∂F t
i (θ

t
i|z)

∂ (z)
≤ 0, (FOSD)

that is an increase in previous period demand shifts the present period distribution

towards higher demands. This allows for demands to be positively correlated or to

be independently distributed over time. When there is strictly positive correlation,

a further technical assumption that is convenient to impose in some instances is,

∂2F t
i (θ

t
i|z)

∂ (z)2
= 0. (LFOSD)

4 The restriction to Markov processes is for convenience in characterizing the efficient supply
agreement, and can be extended to more general settings with some additional complications that
we discuss below.
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The linear FOSD condition (LFOSD) indicates that there is a constant shift in the

distribution function for any increase in previous period costs. This is a regularity

condition that ensures that the expected surplus functions are convex and therefore

there is a unique demand realization where the members’ participation constraint

binds.5

2.2.2 The Optimal Coordinated Chain

The fully coordinated supply chain achieves the maximum surplus. This requires

the members to coordinate on a capacity allocation each period, xt ≡ {xt
i}

N
i=1, that

maximizes the channel value. Given θt ≡ (θti)
N
i=1 and xt the period t aggregate supply

surplus is

Π(θt, xt) ≡
∑
i

πi(θ
t
i , x

t
i).

Previous assumptions on πi (·) and F t
i (·) ensure there is a unique surplus maximizing

capacity allocation, x∗ (θt) , such that

Π∗(θt) ≡ Π(θt, x∗ (θt)) =∑
i

πi(θ
t
i , x

∗
i

(
θt
)
)

is the maximized period t channel surplus and

V t
(
θt
)
≡ ΣT

k=tδ
k−tEΠ∗(θk | θt)

is the total expected discounted value of the supply channel starting in period t with

demand, θt, given δ ∈ (0, 1] is the common discount factor and EΠ∗(θk | θt) is the

expected chain surplus in period k, given θt.

5 In static models, the convexity condition is automatically satisfied. Additional structure on the
demand distributions are required to ensure this holds for the multi-period case when demands are
positively correlated over time.
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2.2.3 Shared Surplus Supply Agreement

This section proposes a direct mechanism to determine the set of capacity allocations

and investments that the supply chain can implement. The mechanism can indicate

the conditions under which full coordination of the supply channel is possible. Once

we determine this we specify the agreement required for complete coordination. This

approach does not presume a particular supply policy is optimal, but instead it

determines what allocations are possible given the constraints that the members

operate under.

Formally, a mechanism is an agreement specifying the capacity allocation and

transfers each member receives in each period. One constructs the mechanism by

having the members report their current period capacity demands, θti . Based on

the reports the capacity allocation is assigned and transfers between members are

designated. This construction is without loss of generality as the Revelation Principle

ensures any feasible allocation can be implemented through a direct mechanism that

allocates capacity based on the members’ reports.6

The interaction between the members proceeds as follows. Initially the members

agree to a multi period direct mechanism, denoted by7

M
⟨
xt, τ t, rt+1

⟩t=T

t=1
(2.1)

In each period t, M stipulates a vector of supplies, transfers and control rights,

denoted respectively by
{
xt
(
h̃t
)
, τ t
(
h̃t
)
, rt+1

(
h̃t
)}

which is based on the history,

h̃t =
(
h̃t
1, .., h̃

t
N

)
of reported capacity demands through period t. Each i′s reported

history h̃t
i =

(
θ̃1i , .., θ̃

t
i

)
consists of the disclosed capacity demands through period t,

6 The Revelation Principle is due to Myerson(1986). It asserts any feasible allocation of resources
to privately informed agents can also be implemented by committing to an allocation based on the
agents’ truthful disclosure of their information.

7 Note in period T, the supply channel is dissolved so that rT+1 is undefined.

12



which can’t be verified and may differ from i′s actual history of demands denoted by

ht
i = (θ1i , .., θ

t
i) .

Let H̃ t be the set of all reported demands. Then the capacity allocation under

M is determined by the mapping,

xt : H̃ t → X, (2.2)

where xt is the t period allocation and X is set of all feasible allocation such that

xt
i ≥ 0 and Σix

t
i = 1 for all i, t. After determining the allocation, each i makes (or

receives) a transfer τ ti , determined by the mapping,

τ t : H̃ t → RN . (2.3)

The last and most noteworthy provision of M is the assignment of control rights.

The rights for period t are allocated by the mapping,

rt : H̃ t−1 → [0, 1]N s.t.
∑

i
rti = 1. (2.4)

Control of the supply capacity is awarded to member i with probability, rti , if the

SSS is dissolved in period t.8 In practice, most contracts provide for the enforcement

of default rights of control when the parties fail to agree. These rights stipulate who

controls the asset(s), which is the supply capacity in our case. For instance, the

manufacturer may receive exclusive rights to his supply or the supply rights may

be awarded to one or more retailers to use. In our setting we allow for probabilistic

rights so that partial control can be distributed to several members in contrast to

vesting complete control with one member.9

8 It is reasonable to assume that the rights are allocated independent of who initiates the breakup
of the supply chain agreement. Practically, courts are only able to observe the dissolution of an
agreement , but not the member(s) who precipitated the breakup. This is similar to a ”contracting
at will” standard where courts only enforce agreements that are contingent on the level of trade,
but not on who precipitates the trade disruption.

9 It is also possible to give members control of fixed portions of the capacity. However, this would
be hard to enforce without a formal agreement.
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In our application rights are allocated to enable members to dissolve the agree-

ment if they desire. We assume each period any party may dissolve the agreement

after observing their current period demand. In that case member i is assigned con-

trol right rti , the probability that he is allowed to employ the capacity for his own

use. With this right i may thereby earn expected continuation profits equal to,

rtiV
t
i

(
θti , 1

)
= rtiΣ

T
k=tδ

k−tE
[
πi

(
θki , 1

)
| θti
]
,

where V t
i (θ

t
i , 1) is the expected profit for member i with current demand θti who

controls the supply chain capacity starting in period t.

The rights are allocated to ensure each member’s participation in the SSS is

voluntary. The allocation distributes all of the capacity only to the members so

that, Σir
t
i = 1. This prevents the destruction or diversion of assets to a third party

who serves as a budget breaker (e.g. Plambeck and Taylor (2006)) to prevent dis-

agreement. This provision reduces the private cost of dissolving the agreement by

providing some assets to the members if the channel agreement is terminated. There-

fore it makes it more difficult to sustain the agreement because members can leave at

lower cost. Nonetheless we retain this assumption, because in practice the confisca-

tion of members’ assets is illegal and therefore difficult to implement. Moreover, we

are only able to assess the limits of self sustaining agreements, by assuming members

are free to quit.

In summary, the provisions of the agreement are specified by the dynamic mech-

anism, M that is implemented each period in two stages:

Stage 1: Decision to Participate: Each i privately observes θti and decides to

remain in or quit the supply chain. If a member(s) quit, the chain is dissolved and

i receives the rights to control supply with probability rti. Otherwise the agreement

moves to the next stage.

Stage 2: Reporting: Each i reports θ̃ti ∈ [0, 1] and the capacity allocation–
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transfers–rights provisions,
⟨
x
(
h̃t
)
, τ ti

(
h̃t
)
, rt+1

i

(
h̃t
)⟩

are implemented. If t =

T, the agreement ends, otherwise if t < T the agreement moves to period t+ 1.

2.2.4 Equilibrium

The mechanism M induces a sequential simultaneous move game, wherein the mem-

bers choose a sequence of disclosure rules in each period to maximize their expected

surplus. (Section 4 extends this game to include initial investment.) Member i′s

expected payoff from reporting a sequence of capacity demands θ̃i =
{
θ̃ti

}
, given

members different from i report θ̃−i =
{
θ̃t−i

}
, is

E
∑T

t=1

[
δt−1

(
τ ti

(
h̃t−1, θ̃ti , θ̃

t
−i

)
+ πi

(
θti , x

t
i

(
h̃t−1, θ̃ti , θ̃

t
−i

)))]
.

Member i selects a disclosure, that maps from his history of reports and period t

demand,

θ̃ti :
[
h̃t−1, θti

]
→ [0, 1]

to solve the following sequential maximization problem. Let W t
i

[
h̃t−1, θti

]
be i′s

maximized surplus in period t, given his history of reports and his period t demand.

Then W t
i

[
h̃t−1, θti

]
is determined as the solution to this dynamic program,

W t
i

[
h̃t−1, θti

]
= max

θ̃ti

Eθ̃t−i

{
τ ti

(
h̃t−1, θ̃ti , θ̃

t
−i

)
+ πi

(
θti , x

t
i

(
h̃t−1, θ̃ti , θ̃

t
−i

))
+ δEW t+1

i

[
h̃t, θt+1

i | θti
]}

, (BIC)

where EW t
i

[
h̃t, θt+1

i | θti
]
is i′s expected continuation surplus in period t + 1 given

θti .

The reporting strategies of members i = 1, ..., N comprise a Bayesian incentive

compatible equilibrium, (BIC) , provided that truth telling is a mutual best response
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for all i.10 Truth telling is a best response for member i, provided that if all members

different from i are truthfully disclosing then the solution to the following dynamic

program

W t
i

[
h̃t−1, θti

]
= max

θ̃ti

Eθ̃t−i

{
τ ti

(
h̃t−1, θ̃ti , θ

t
−i

)
+ πi

(
θti , x

t
(
h̃t−1, θ̃ti , θ

t
−i

))
+ δEW t+1

i

[
h̃t, θt+1

i | θti
]}

(BIC)

is θ̃ti = θti for all t. Expressed in words, (BIC) says that a necessary and sufficient

condition for truth telling, is that member i does not wish to deviate once from truth

telling, provided all other agents are truthfully reporting.11

The equilibrium is ex post efficient, (EE) , provided

xt
(
θt
)
= x∗ (θt) , (EE)

so the efficient allocation x∗ (θt) is employed for all θt.

Given M, the equilibrium is interim individual rationality, (IIR) , provided for

all i, t and θti ,

W t
i

[
h̃t−1, θti

]
≥ rtiV

t
i

(
θti , 1

)
, (IIR)

Each i′s expected payoff W t
i [·] exceeds his expected outside option from quitting.

The equilibrium satisfies ex post budget balance, (BB) , if for all i, t and h̃t

∑
i
τ ti

(
h̃t
)
= 0. (BB)

It is important to note the compromises in equilibrium selection we have made

to preserve some desired features of our agreement. The SSS is voluntary or IIR,

10 See Fudenberg and Tirole (1991) Chapter 7 for an elaboration of Bayesian Incentive Compatible
equilibrium in mechanism design.

11 This condition is known as the single stage deviation principle. It asserts that it is necessary
and sufficient that member i does not wish to deviate once from truth telling, in order for truth
telling to be a best reply to truthful reporting by other agents. The single stage deviation principle
applies in all settings, including our model, where the member’s private information follows a first
order stochastic Markov process. See Pavan et al (2009)
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to ensure members participate. This is required of any long term arrangement that

members initially agree to. Moreover the agreement is ex post budget balanced.

This ensures the channel is self supporting without a third party–budget breaker to

subsidize or to divert resources. This is required of any self sufficient private agree-

ment. These requirements are satisfied at a cost, however. By requiring voluntary

participation and budget balance, it is not possible to implement ex post efficient

exchange as an ex post incentive compatible equilibrium, where truth telling is each

member’s best response independent of the distribution of other members’ types.12

Instead, we must adopt a short cut by assuming the SSS agreement can be supported

by a Bayesian incentive equilibrium.

2.2.5 Remarks and Observations

We conclude this section with a few remarks about our modeling approach which

may be unfamiliar to some analysts of supply chain management. Most studies of

supply chain coordination, exemplified by Cachon and Lariviere (1999), focus on the

performance of some known mechanism such as, linear and individually responsive

allocations. The degree of supply coordination achieved is determined then by the

comparative performance of allocations in the consideration set. The advantage this

approach offers is that it evaluates known mechanisms, used in practice, that have

desirable properties. The analysis reveals the strengths and weaknesses of these

mechanisms and typically leads to some increase in coordination. The limitation of

this approach is that it is tethered to existing practices and therefore less likely to

yield breakthrough discoveries of new methods for coordination.

In contrast to this we model coordination as a mechanism design problem. We

propose a mechanism that identifies what allocations are possible when members

12 Each member prefers to report truthfully, independent of the types (private preferences) of
the other players in an ex post incentive compatible equilibrium. This is a stronger, more robust
equilibrium concept that is preferable to Bayesian incentive compatibility.
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are privately informed about their demands, their exchanges of supply capacity are

contractible while their investments are not. In comparison to previous analyses, we

do not restrict attention to a specific class of mechanism.13 Only after we characterize

the set of possible allocations, do we enquire which specific mechanism exists to

implement the desired coordination. This approach permits us to show whether a

mechanism exists that allocates supply efficiently, induces members to make efficient

investments, balances the budget and is voluntary. The advantage of this approach

is that it identifies what allocations are and are not possible and therefore reveals

the implicit cost of requiring allocations to have desired properties.14 The limitation

of mechanism design is that it does not address how the desirable allocations can

be implemented. This is left to the analyst to do. In section 4 we demonstrate how

the SSS allocation may be implemented by a conventional supply auction similar to

business to business auctions we observe in practice.

2.3 Constructing the Shared Surplus Supply Agreement

The SSS agreement is constructed by making each member the residual claimant to

(or the owner of) the expected supply chain surplus in equilibrium. An agreement

with this property is known as an AGV−Arrow mechanism.15 AGV mechanisms

ensure each member is incented to truthfully disclose its private capacity demand

to maximize its surplus. Once we construct this mechanism it remains for us to

show it is also individually rational and ex post budget balancing to complete our

13 We do restrict attention to mechanisms that are incentive compatible. However this restriction
is without loss of generality by the revelation principle, e.g., Myerson (1986).

14 Mechanism design is also useful in explaining, in hindsight, why some market mechanisms, like
second price auctions, are so useful in practice.

15 The AGV-Arrow mechanism, independently derived by d’Aspremont and Varet (1979) and Arrow
(1979), pays each member the expected surplus created by the other members. This mechanism is
closely related to the better known V CG mechanisms, developed by Vickrey (1961), Clark (1971)
and Groves (1973) in which each member is paid the actual (as opposed to expected) surplus created
by the other members. The AGV mechanism has the advantage that it provides for a balanced
budget, whereas the VCG mechanism generally doesn’t.
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construction.

The construction of the SSS agreements proceeds in three steps 16

1. First, we propose an AGV mechanism that endows each member as a residual

claimant of the expected surplus.

2. Second, we identify the conditions on M sufficient for individual rationality

and budget balancing.

3. Third, we construct transfers satisfying these properties and confirm the AGV

mechanism implements the ex post efficient capacity allocations as a Bayesian

Incentive Compatible equilibrium.

2.3.1 Constructing the AGV Mechanism

Consider an AGV mechanism, M, where each i is a residual claimant to the expected

channel surplus. For any AGV mechanism i′s continuation surplus at time t with

demand θti can be written as

W t
i

[
θt−1, θti

]
= Eθt−i

V t
(
θt
)
−Ki

(
θt−1

)
, (2.5)

where Ki (θ
t−1) is a surplus, independent of θ̃ti , i

′s reported demand, that depends

only on the prior period demand conditions.17 Hence, member i is promised the

expected channel surplus (minus a term, independent of its report) in equilibrium.

16 Segal and Whinston (2009) employ a similar process in constructing one period efficient mecha-
nisms.

17 Note the history of reported demands is h̃t−1 = ht−1 on the equilibrium path since all members
truthfully report their costs each period. ht−1 is completely summarized by θt−1 since demand
conditions are first order Markov. Consequently we can represent i′s period t continuation surplus

as, W t
i

[
h̃t−1, θti

]
= W t

i

[
θt−1, θti

]
.
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2.3.2 Ensuring Individual Rationality and a Budget Surplus

In order for M to satisfy IIR we require for all i , t and θti ,

W t
i

[
θt−1, θti

]
− rtiV

t
i

(
θti , 1

)
= Eθt−i

V t
(
θti , θ

t
−i

)
−Ki

(
θt−1

)
− rtiV

t
i

(
θti , 1

)
≥ 0 (IIR)

Define

w̄t
i

(
rt, θti

)
= Eθt−i

V t
(
θti , θ

t
−i

)
− rtiV

t
i

(
θti , 1

)
as the differential surplus for member i of participating in the channel and receiving

Eθt−i
V t
(
θti , θ

t
−i

)
or dissolving the channel and receiving rtiV

t
i (θ

t
i , 1) . Given our as-

sumption, w̄t
i (r

t, θti) is minimized at some critical demand, θtiw ∈ [0, 1] that we refer

to as the ”worst off type ”. In the analysis to follow we assume there is a unique

minimizer θtiw (rt) which is a differentiable function of rt. This requires the differential

surplus function w̄t
i (r

t, θti) is sufficiently well behaved so that IIR binds at a unique

point. A sufficient condition for this is that the distribution functions, Fi

(
θti | θt−1

i

)
satisfy (LFOSD) which ensures that the w̄t

i (r
t, θti) function is strictly convex in θti .

18

The following Lemma gives conditions on the independent surplus term,Ki (θ
t−1) ,

required for (IIR):

Lemma 1. M is IIR provided

Ki

(
θt−1

)
≤ wt

i

(
rt
)
≡ min

θti

[
w̄t

i

(
rt, θti

)]
To balance the budget the total expected value the members receive must be less

than the channel surplus; otherwise members receive more surplus than they create

for some demand realizations. This requires,

E
[
V t
(
θt
)
| θt−1

]
− ΣiEW t

i

[
θt−1, θti

]
≥ 0. (2.6)

18 (FOSD) ensures period t′s profit is strictly convex in θtiwhile (LFOSD)ensures the expected
profit staring from period t+ 1is strictly convex in θti .
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Since Ki (θ
t−1) ≤ wi (r

t (θt−1)) , (2.6) implies

Bt
(
rt
)
≡ Σiw

t
i

(
rt
(
θt−1

))
− (N − 1)E

[
V t
(
θt
)
| θt−1

]
≥ 0. (2.7)

B2 (rt) measures the sum of participation payments in excess of the members’ net

surplus. Participation payments are a function of the control rights rt (θt−1) . The

budget surplus is most likely to be positive when the control rights, r∗t are chosen

to maximize the aggregate willingness to pay. The next Lemmas characterize these

rights, r∗t, and show they produce a strictly positive budget surplus.

Lemma 2. Assume θtiw (rt) is continuously differentiable. Then the control rights,

r∗t, that maximize total willingness to pay,
∑

iw
t
i (r

t) , minimize the aggregate outside

option value,
∑

i r
t
iV

t
i (θ

t
iw (rt) , 1) .

Lemma 2 shows that the optimal control rights r∗t that maximize the sum of

the member’s willingness to pay, do so by minimizing the sum of the member’s

outside options, evaluated at their worst off types.19 It seems intuitive that sur-

plus maximizing rights r∗t should minimize the members’ aggregate outside option,∑
i r

t
iV

t
i (θ

t
iw (rt) , 1) . In a loose sense, members’ willingness to participate is greatest

when their incentives to leave the channel to pursue their outside options is mini-

mized. In section 4 we describe what this implies for the determination of control

rights for different channel settings.

Lemma 3. Bt (r∗t) > 0.

The proof proceeds by demonstrating the willingness to pay exceeds the transfer

payments required for making each i a residual claimant. Lemma 3 indicates the

rights, r∗t, maximizing the total willingness to pay, provide a strictly positive budget

surplus. For convenience, we will use the r∗t rights in constructing the mechanism,

noting there may be other control right allocations that would work as well.

19 Schweizer (2006) employs a similar method to identify an initial allocation rule that permits
budget balancing in his analysis of static efficient budget balancing mechanisms.
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2.3.3 Transfers that Ensure IC and a BB AGV Mechanism

To complete the construction we need to confirm there are transfers that ensure

IIR, BB and implement the efficient allocation as a Bayesian incentive compatible

equilibrium. Denote p̃ti

(
h̃t
)
as the the net payment to i in period t where,

p̃ti

(
h̃t
)
= τ̃ ti

(
h̃t
)
− w̃t

i

(
r∗t
(
θ̃t−1

))
+ δEθ̃ti

w̃t+1
i

(
r∗(t+1)

(
θ̃t
))

(2.8)

such that

τ̃ ti

(
h̃t
)

= Eθ̃t−i

∑
j ̸=i

πj

(
θ̃tj, x

∗
(
θ̃t
))

,︸ ︷︷ ︸
i’s transfer

w̃t
i

(
r∗t
(
θ̃t−1

))
=

wt
i

(
r∗t
(
θ̃t−1

))
−

Bt
(
r∗t
(
θ̃t−1

))
N


︸ ︷︷ ︸

i’s expected participation payment for t

δEθ̃t−i
w̃t+1

i

(
r∗(t+1)

(
θ̃t
))

= δEθ̃t−i

wt+1
i

(
r∗(t+1)

(
θ̃t
))

−
Bt+1

(
r∗(t+1)

(
θ̃t
))

N


︸ ︷︷ ︸

i’s expected participation payment for t+1

Member i′s net payment consists of three transfers. The first transfer, τ̃ ti

(
h̃t
)
, is the

expected surplus created by the other channel members. By transferring τ̃ ti

(
h̃t
)
to

i, he becomes the residual claimant of all the expected channel surplus. The second

transfer, w̃t
i

(
r∗t
(
θ̃t−1

))
, is i′s fee to participate in period t. The third transfer,

δEw̃t+1
i

(
r∗(t+1)

(
θ̃t
))

, equals i′s expected participation fee in period t + 1. This

transfer ensures i doesn’t benefit from misreporting current market conditions to

reduce future participation costs.

To balance the budget the net payments of all members must sum to zero. This

requires each i receive adjusted net transfers, τ ti

(
h̃t
)
, equal to his net payments
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minus i′s share of net payments to other members j ̸= i.

τ ti

(
h̃t
)
= p̃ti

(
h̃t
)
− 1

N − 1

(
Σj ̸=i

(
p̃tj

(
h̃t
)
− Eθp̃

t
j

(
h̃t
)))

(2.9)

We are now ready to prove our main result,

Proposition 4. The dynamic mechanism, M
⟨
x∗
(
θ̃t
)
, τ t
(
h̃t
)
, r∗(t+1)

(
θ̃t
)⟩T

t=1
, im-

plements the efficient allocation x∗ as a Bayesian incentive compatible, individually

rational and balanced budget equilibrium.

The proof of Proposition 4 provides an algorithm for implementing efficient ex-

change. The process requires each member receives an AGV transfer, τ̃ ti . This makes

the member a residual claimant and therefore induces him to truthfully disclose his

demand condition in all periods to maximize social surplus. Members are assessed a

participation fee, w̃t
i (r

∗t) , to fund these transfers. The fee maximizes collections sub-

ject to ensuring individually rational participation. To construct the control rights

that support these fees, requires knowledge of the members’ future outside options.

This information is common knowledge in a one period mechanism. However with

multiple periods, the information must be solicited from the members. To eliminate

incentives for misreporting, each member receives a payment equal to his discounted

expected future participation fee.

2.4 Applications and Examples

In this section, we illustrate the model and the mechanism through three application

settings.

2.4.1 A Single Period Problem

What should the supplier do when retailer orders exceed her capacity? Cachon

and Lariviere (1999) studies the capacity allocation problem under many practical
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supply chain settings: allocation of nicotine patches based on sale histories and

location, turn and earn used by car companies, explicit preferences for Frito-Lay to

have access to P&G and the allocation based on demand priority used widely in toy

industry. Due to the heterogeneity of the retailers’ demand distribution, the retailers

may game the system when deciding their order quantities and hence cause supply

chain inefficiency. In particular, they try to answer the following three questions:

1) Which allocation mechanisms are manipulable and which are truth-inducing?

A larger class of mechanisms is manipulable

2) Does truth telling helps the supply chain?

3) How the chosen allocation mechanism influences the supplier’s capacity choice?

They find that a large class of allocation mechanisms applied in practise is manip-

ulatable. Moreover, compared with the truth telling mechanisms, the manipulable

mechanisms result in greater supply chain efficiency. On the supplier side, early in-

vestment in capacity is restricted to intensify competition between retailers (retailers

will order a larger quantity).

We compare our mechanism with Cachon and Lariviere (1999) by restricting M

to a single period allocation mechanism. Before the period begins, the supplier has

chosen an investment to improve his capacity value, simultaneously the retailers have

chosen investments respectively to improve the product’s market value. Each mem-

ber’s investment affects the distribution of their private information and it cannot

be verified or credibly announced.

During the period, the following sequence of events occurs: 1) the supplier and the

retailers simultaneously learn their private information and decided to participate or

not; 2) the supplier and the retailers simultaneously submit their private information

to a third party; 3) the third party enforces the allocation and transfer payments

based on the mechanism; 4) the supplier and the retailers consume capacity.

The mechanism is an agreement specifying the capacity allocation and transfer
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payments the supplier and the retailers receive. It is denoted by two terms:

M ⟨x, τ⟩ . (2.10)

The first term x = (x1, x2, ..., xN) characterizes the allocation mechanism. xi(θ̃)

is the proportion of capacity allocating to member i given all member’s reports θ̃.

The second term τ = (τ1, τ2, ..., τN) characterizes the transfer payments. τi(θ̃) is the

amount of payment member i receives given all member’s reports θ̃.

The capacity is jointly owned by all members. The ownership is characterized

by a probability distribution called the control rights r = (r1, r2, ..., rN). For any

given mechanism M , if any member decides not to participate in the mechanism, the

partnership dissolves and member i receives the entire capacity with probability ri.

We would like to construct a mechanism that has the following desired properties

under Bayesian Equilibrium:

1. Incentive Compatibility.

Each member reports truthfully his private information (capacity value or mar-

ket value)

θ̃ = θ.

2. Supply chain optimality.

The supply chain optimal allocation is selected based on θ̃.

x(θ̃) = x∗(θ̃).

3. Voluntary participation.

Each member’s expected profit is maximized when he chooses to participate in

the partnership.

Eθ̃−i
[πi(θi, xi(θ̃)) + τi(θ̃)] ≥ riπi(θi, 1) +

∑
j ̸=i

rjπi(θi, 0).
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4. The transfer payments are balanced.

∑
i

τi(θ̃) = 0.

Proposition 5. For any given control rights r, construct mechanism M as follows:

x(θ̃) = x∗(θ̃), τi(θ̃) = p̃i(θ̃)−
1

N − 1

∑
j ̸=i

(
p̃j(θ̃)− Eθ̃p̃j(θ̃)

)
(2.11)

where

p̃i(θ̃) = τ̃i(θ̃)− w̃i(r),

τ̃i(θ̃) = Eθ̃−i

∑
j ̸=i

πj

(
θ̃j, x

∗(θ̃)
)
,

w̃i(r) = wi(r)−
B(r)

N
,

wi(r) = Eθ−i
[Π∗(θ)]− riπi(θi, 1),

B(r) =
∑
i

wi(r)− (N − 1)E[Π∗(θ)].

1) Mechanism M satisfies the four requirements if B(r) ≥ 0.

2) There exists a control right allocation r∗ such that B(r∗) ≥ 0. Especially,

B(r∗) > 0 when

r∗ = argmax

{∑
i

wi(r)|
∑

ri = 1, ri ≥ 0, i = 1, 2, ..., N

}
.

3) R = {r|B(r) ≥ 0,
∑

ri = 1, ri ≥ 0, i = 1, 2, ..., N} is a non empty closed

convex set.

Cachon and Lariviere (1999) defined an allocation mechanism to be individually

responsive (IR) if a retailer is receiving a positive allocation and orders more, the
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retailer gets more unless he has already been allocated all of the capacity. Example

of individually responsive allocations are proportional allocation, linear allocation

and Pareto allocation. They show that all members truthfully reporting their opti-

mal stocking level is not an IR Bayesian equilibrium when the capacity is allocated

based on a whole sale price scheme. By relaxing the pricing scheme and introduce

probabilistic control rights, Proposition 5 illustrates an allocation that is Pareto, and

hence individually responsive, and induces truth telling under Bayesian equilibrium.

Moreover, contrary to Cachon and Lariviere (1999)’s finding that truth telling mech-

anisms are supply chain wise less efficient, the above mechanism guarantees supply

chain optimality.

However, we can still observe the gap between our mechanism and the allocation

schemes used in practise. In the next section we focus on the implementation of our

mechanism to reduce this gap. In particular, our mechanism can be implemented

by an all pay auction and possesses similar properties to a turn and earn policy: a

higher θ (better selling history) leads to a higher potential to receive more capacity

in the future.

2.4.2 IFRC

International Federation of Red Cross and Red Crescent (IFRC) is an non-profit

organization that carries out and manages disaster reliefs in different regions around

the world. In particular, one of IFRC’s responsibility is to obtain and allocate re-

sources to each region according to the disaster conditions. This includes coordi-

nating the donors (National Societies (NS)), distributing basic resources as well as

sending emergency response units to the most needed regions.

On the one hand, IFRC is uncertain about the price to obtain the total basic

supplies. This is due to two reasons. First, IFRC is uncertain about how much money

or basic supply it can receive from the donors. Second, IFRC needs to negotiate the
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purchase price of the basic supplies before disaster happens. The final purchase price

changes as the world economy changes.

On the other hand, IFRC needs to optimize the allocation process. First, IFRC

needs to keep a base line of supply every period to anticipate disasters. Second, to

prevent the arrival of unsolicited goods from ”over-enthusiastic” NSs, IFRC needs

to integrate the donors and gives incentives to each region to share their private

information on the types of supplies and the quantity needed.

We propose an allocation process for a single good that takes into account the

uncertainty on the supply side and also guarantees efficient allocation.

Assume IFRC needs to distribute a single type of good (i.e. rice, flour etc.) to

N − 1 regions for T periods. IFRC keeps a basic supply of 1 unit good every period.

The capacity in the previous period cannot carry over to the next period because

they will expire. In period t, let θt1 ∈ [0, 1] be the percentage of goods donated by

the donors. We assume {θt1, t = 1, ..., T} is private information of IFRC and it is

i.i.d. with c.d.f. F (·). With out loss of generality, assume the purchase price for

the good is c1 and it is publicly known(this is reasonable if we take into account

the uncertainty of θt1). IFRC’s percentage of good allocated is xt
1 ∈ [0, 1]. Then

the total cost of IFRC is c1[1 − xt
1 − θt1]. Normalize the cost into profit, we have

π1(θ
t
1, x

t
1) = c1[x

t
1 + θt1].

Let θti , i = 2, ..., N be region i’s disaster condition. It can take value 0 (disas-

ter does not happen/not severe) or 1 (disaster happens/severe). Assume {θti , t =

1, ..., T} is private information of region i and it is i.i.d. and Pr(θit = 1) = pi. Let ci

be the cost per unit incurred if there is a disaster in region i. ki is the maximum per-

centage of good needed if a disaster happened in region i. Both ci and ki are publicly

known. xt
i be the percentage of allocated goods to region i. The cost in region i is

ciθ
t
i(1−xt

i). Normalize the cost into profit, we have πi(θ
t
i , x

t
i) = ciθ

t
i(x

t
i∧ki). Without

loss of generality, assume that 0 < c1 < ci for all i = 2, ..., N and
∑N

i=2 ki ≤ 1. All
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the participants share a common discount factor δ. Let [x]+ = max{0, x}.

In period t, given θt, the efficient allocation solves the following maximization

problem

max
xt
i

{
N∑
i=2

θtici(x
t
i ∧ ki) + c1[θ

t
1 + xt

1]

}

s.t.
N∑
i=1

xt
i = 1, xt

i ≥ 0.

Solve the above problem we have x∗t
i = θtiki, i = 2, ..., N and x∗t

1 = 1 −
∑N

i=2 x
∗t
i .

The supply chain profit under the efficient allocation is

Π∗(θt) =
N∑
i=2

θti(ci − c1)ki + c1(1 + θt1).

The expected supply chain profit under optimal allocation is

V t(θt) =
T∑

n=t

δn−tE[Π∗(θn|θt)].

Given rti , θ
t
iw is the minimizer of the problem below:

min
θti∈{0,1}

∆t
i(θ

t
i) = min

θti∈{0,1}

{
Eθt−i

[V t(θt)]− rti

T∑
n=t

δn−tE[πi(θ
n
i , 1)|θti ]

}
.

When i = 2, ...N ,

Eθt−i
[V t(θt)] =

N∑
j=2,j ̸=i

pjkj(cj − c1) + θtiki(ci − c1)

+c1E(1 + θt1) + δEθt−i
[V t+1(θt+1)],

rti

T∑
n=t

δn−tE[πi(θ
n
i , 1)|θti ] = rtiθ

t
iciki + rti

T∑
n=t+1

δn−tpiciki.
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It is equivalent to solving

min
{
0, ki(ci − c1)− rticiki

}
.

Note that when rti = 0, θtiw = 0; when rti = 1, θtiw = 1. Moreover, θtiw is increasing in

rti , there exists a r0ti = (ci − c1)/ci such that θtiw switches from 0 to 1. When i = 1,

∆t
1(θ

t
1) =

N∑
j=2

pjkj(cj − c1) + c1(1 + θt1)

+δEθt−1
[V t+1(θt+1)]− rt1c1(1 + θt1)− rt1

T∑
n=t+1

δn−tc1(1 + E[θ1])

is increasing in θt1. Therefore, θ
t
1w = 0.

The optimal control rights r∗ti solves the maximization problem below:

max
rti

N∑
i=1

∆i(θ
t
iw)

s.t.

N∑
i=1

rti = 1, rti ≥ 0.

This is equivalent to

max
rti

{
N∑
i=2

{
θtiwki(ci − c1)− rtiθ

t
iwciki − rtipicikiξ(t)

}
− rt1c1 (1 + ξ(t) (1 + E[θ1]))

}

s.t
N∑
i=1

rti = 1, rti ≥ 0.

where ξ(t) =
∑T

n=t+1 δ
n−t. Rank {picikiξ(t), (1+piξ(t))ciki, c1(1+ξ(t)(1+E[θ1])| i =

2, ..., N} from the least to the most. Let

i0 = argmin
i
{(1 + piξ(t))ciki|i=2,...,N , ci(1 + ξ(t)(1 + E[θi])|i=1},

C(i0) = min
i
{(1 + piξ(t))ciki|i=2,...,N , ci(1 + ξ(t)(1 + E[θi])|i=1},
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and

S(i0) = {i, picikiξ(t) ≤ C(i0)}.

S(i0) is non empty because i0 ∈ S(i0). Rank S(i0) in ascending order of piciki:

pi(1)ci(1)ki(1) < pi(2)ci(2)ki(2) < ... < pi(m)ci(m)ki(m),

where i(l) ∈ S(i0) and m = |S(i0)| is the number of elements in S(i0). Let r0t1 = 1.

The optimal control rights allocation can be characterized as follows:

r∗ti(l) = [min{r0ti(l), 1−
l−1∑
j=1

r0ti(j)}]+, i(l) ̸= i0, i(l) ∈ S(i0),

r∗ti0 = 1−
m∑

j=1,j ̸=i0

r∗ti(j),

r∗ti = 0, i /∈ S(i0).

From the above expression we know that there is at most one θtiw = 1.

Next we discuss the properties of r∗t as t changes. First, ξ(t) is decreasing in

t. Second, the rate of change for member i in ξ(t) is piciki for i = 2, ..., N and

c1(1+E[θ1]) for i = 1. The member with a larger rate of change receives less control

right at the beginning of the horizon and more control right towards the end of the

horizon. This implies a more volatile control right change in time. Third, ciki for

i = 2, ..., N and c1 characterizes the control right allocation towards the end of the

horizon. member i receives control right towards the end of the horizon if ciki for

i = 2, ..., N or c1 for i = 1 is small. Finally, the magnitude of the control right is

measured by ci. Member i receives greater control rights if ci is large.

This analysis gives suggestions of how to allocate control rights. For example, a

region with low probability of having a disaster (low pi) but high disaster cost (high

ciki) will should receive larger control rights at the beginning of the partnership
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but less control rights towards the end. That is because at the beginning of the

partnership region i has the incentive to stay for the large cost of the future disasters

but towards the end, his incentive drops because of the low occurring probability.

Our control allocation scheme ensures that region i is staying in the partnership by

assigning him less control right when his incentive for quitting is high.

Finally we verify that B(r∗t) ≥ 0.

B(r∗t) =
N∑
i=1

[Eθt−i
V t(θt|θt−1)|θti=θtiw

− r∗ti V
t
i (θ

t
iw|θt−1

i )]− (N − 1)E[V (θt|θt−1)]

= δE[V t+1(θt+1)]−

[
N∑
i=2

r∗ti ξ(t)piciki + r∗t1 ξ(t)c1(1 + E[θ1])

]

+
N∑
i=2

θtiwki(ci − c1)−
N∑
i=2

r∗ti θ
t
iwkici + c1(1 + θt1w)− r∗t1 c1(1 + θt1w).

Note that E[V t+1(θt+1)] −
[∑N

i=2 r
∗t
i ξ(t)piciki + r∗t1 ξ(t)c1(1 + E[θ1])

]
≥ 0 because

the expected supply chain profit under optimal allocation is always greater than the

weighted sum of the expected profit under non optimal allocation. If there is no

θtiw = 1, then B(r∗t) ≥ 0. If there is one θtiw = 1 and i ̸= 1, then r∗t1 = 0 and

N∑
i=2

θtiwki(ci − c1)−
N∑
i=2

r∗ti θ
t
iwkici + c1(1 + θt1w)− r∗t1 c1(1 + θt1w)

= ki(ci − c1)− r∗ti θ
t
iwkici + c1 > 0;

if θt1w = 1, then

N∑
i=2

θtiwki(ci − c1)−
N∑
i=2

r∗ti θ
t
iwkici + c1(1 + θt1w)− r∗t1 c1(1 + θt1w) = 2c1 − 2r∗t1 c1 > 0.

This guarantees the existence of the mechanism.
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2.4.3 Capacity Planning in Pharmaceutical Industry

Consider a single manufacture provides production capacity for N − 1 drug dealers

for T periods to innovate in new medicine. The capacity needs to be allocated to

the drug dealers during the process. However, once the capacity is allocated to a

certain member, it cannot be taken back. At the end of the T periods, the success

of innovation is observed and profit is obtained. At the beginning of the horizon,

the manufacturer has a total capacity of 1. The problem is to allocate the capacity

through time so that the expected supply chain profit is maximized.

In period t, the manufacturer incurs a maintenance fee for the capacity that has

not been allocated. The maintenance fee has a maximum rate of c per unit, and θt1 is

the percentage paid by the manufacturer. {θt1} is i.i.d. with c.d.f. F (·). The capacity

allocated to the manufacturer is xt
1 ∈ [0, 1]. It is the capacity that has not yet been

allocated to the drug dealers. Thus, the manufacture needs to pay c1θ
t
1x

t
1 in period

t. And the manufacturer’s corresponding profit in period t is π1(θ
t
1, x

t
1) = −c1θ

t
1x

t
1.

θti ∈ [0, 1] is the drug dealers’ estimate in period t of the probability of success at

the end of the horizon. It follows a Markov Process that θti = αiθ
t−1
i + βi(1− θt−1

i ).

αi and βi are random variables with c.d.f. Gi(·) and Hi(·). Each period, αi ∈ [0, 1]

and βi ∈ [0, 1] are drown independently from Gi(·) and Hi(·). αi is the percentage of

signals indicating success in the previous period that stay positive this period while

βi is the percentage of signals indicating failure in the previous period that turn

positive this period. Assume E[αi] > E[βi] so that the {θti}Tt=1 is stable. xt
i is the

total capacity allocated to drug dealer i in period t. The profit in period t for the

drug dealer is zero. The expected profit of member i at the end of the horizon is

E[piθ
T
i x

T
i |θti , xt

i], where pi is the profit rate if drug dealer i succeed at the end of the

horizon.

The optimal allocation in period t, x∗t, is obtained by solving the following dy-
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namic program:

V t(θt, xt−1) = max
{
−cθt1x

t
1 + Eθt+1V t+1(θt+1, xt)

}
,

s.t. xt
i ≥ xt−1

i , i = 2, ..., N,

xt
1 = 1−

N∑
i=2

xt
i.

and

V t+1(θT+1, xT ) =
N∑
i=2

piθ
T+1
i xT

i − cxT
1 θ

T+1
1

θT+1 = 0, or 1.

Substitute xt
1 = 1−

∑N
i=2 x

t
i into the dynamic program and reduce one dimension of

the problem, we have:

V t(θt, x̃t−1) = max

{
−cθt1

(
1−

N∑
i=2

xt
i

)
+ Eθt+1V t+1(θt+1, x̃t)

}
,

s.t. x̃t
i ≥ x̃t−1

i , i = 2, ..., N.

and

V t+1(θT+1, x̃T ) =
N∑
i=2

(piθ
T+1
i − cθT+1

1 )x̃T
i − cθT+1

1 ,

where x̃t = (xt
2, ..., x

t
N).

Let

J t(θt, x̃t) = c1θ
t
1(1−

N∑
j=2

xt
j) + E[V t+1(θt+1, x̃t)],

∆x̃t
i
J t = c1θ

t
1 + ∂E[V t+1(θt+1, x̃t)]/∂xt

j
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and

∆t(θt) = c1θ
t
1 +max

j
{∂E[V t+1(θt+1, x̃t)]/∂xt

j}.

The following properties solves the optimal allocation problem.

Proposition 6. 1) V t(θt, x̃t−1) is coordinatewise linear in x̃t−1 and hence

Eθt [V
t(θt, x̃t−1)] is coordinatewise linear in x̃t−1. Thus, ∆x̃t

i
J t and ∆t(θt) are inde-

pendent with x̃t.

2) The optimal allocation is: if ∆t(θt) ≥ 0, then x̃∗t
j = 1 −

∑
i ̸=j x̃

t
i and x̃∗t

i = x̃t−1
i

for all i ̸= j, where j = argmaxj{∂E[V t+1(θt+1, x̃t)]/∂xt
j}. If ∆t(θt) < 0, then

x̃∗t
i = x̃t−1

i .

3) The supply chain optimal cost, V t(θt, x̃t−1), given θt is convex in θt. Moreover,

it is also concave in θt implying that V t(θt, x̃t−1) is a hyperplane in θt.

Assume that at the beginning of the horizon, the manufacturer holds all the

capacity. Then the optimal policy is to allocate all the capacity to drug dealer i in

period t if ∆t(θt) > 0 for the first time and i = argmaxj{∂E[V t+1(θt+1, x̃t)]/∂x̃t
j}.

Then the process terminates. Thus, at the beginning of period t, the allocation of

capacity is fully characterized by ∆t(θt), which is a function of θt. This guarantees

that the mechanism can be constructed similarly to the ones we discussed in the

previous sections.

After we characterized the optimal allocation scheme, we calculate θtiw. For sim-

plicity, we use the original cost function with allocation xt instead of x̃t.

θtiw = argmin
θti

{Eθt−i
V t(θt, x∗(θt))− rtiV

t
i (θ

t
i , 1)}

Since V t(θt, x∗(θt)) is a hyperplane, there exists r0ti such that

∂Eθt−i
V t(θt, x∗(θt))

∂θti
= r0ti

∂V t
i (θ

t
i , 1)

∂θti
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and

θtiw =

{
0 rti ≤ r0ti ,
1 rti > r0ti .

i = 2, ..., N,

θt1w =

{
0 rt1 ≥ r0t1 ,
1 rt1 < r0t1 .

.

Now we calculate r∗t

r∗t = argmax
r

{
N∑
i=1

Eθt−i
V t(θt, x∗(θt))|θti=θtiw

−
N∑
i=1

rtiV
t
i (θ

t
iw, 1)

}

s.t.

N∑
i=1

rti = 1, rti ≥ 0.

Since
∑N

i=1 Eθt−i
V t(θt, x∗(θt))|θti=θtiw

−
∑N

i=1 r
t
iV

t
i (θ

t
iw, 1) is increasing in rt1 and de-

creasing in rti for i = 2, ..., N .

r∗t1 = 1, r
t

i = 0, i = 2, ..., N.

The manufacturer always has full control right over the capacity before they are

allocated. This is because the manufacturer has the least incentive to control the

capacity that he is the only one who pays if the capacity belongs to him.

Finally we verify that Bt(r∗t) ≥ 0:

Bt(r∗t) =
N∑
i=1

Eθt−i
V t(θt, x∗(θt))|θti=0 − V t

1 (0, 1)− (N − 1)E[V t(θt|θt−1)]

≥ EθtV
t(θtw, x

∗(θt))− V t
1 (0, 1) ≥ 0.

The second inequality follows because allocating the capacity randomly results in

more profit than not allocating the capacity.
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2.5 Implementation and Investment in SSS Agreements

This section extends our results to address the implementation of desired allocations

and ex ante investment.

2.5.1 Implementing the SSS Agreement

Given the rather abstract nature of the SSS agreement, it is important to know

if it can be implemented by conventional means such as an auction for example.

Following Cramton et al (1987) we construct an all pay auction that proceeds as

follows. At the beginning of each period, before observing their demands, θti , each

member i pays an entry fee,

zt
i

(
r∗t
)
= w̃t

i

(
r∗t
)

that is equal to the participation payment provided for in the direct mechanism, M.

These payments ensure that the all pay auction breaks even in each period. Following

this, each member i observes his current θti and decides whether to dissolve the SSS

agreement and receive his outside option value r∗ti V
t
i (θ

t
i , 1) , or to remain a member

and submit a bid, bti (θ
t
i) = b̃ti.

20 (In equilibrium, of course, all members submit bids.)

The auction induces a bidding game. We conjecture the equilibrium to this game

is supported by bid functions, bi (θ
t
i) , that are strictly increasing in θti . These func-

tions can be inverted to determine each member’s demand. The capacity allocation

for period t is given by x∗
(
(bt1)

−1
(
b̃t1

)
, .., (btN)

−1
(
b̃tN

))
, where (bti)

−1
(
b̃ti

)
is the

inverse of the bid function. Since this is an all pay auction, all bidders i receive a

payment, whether they win or lose. The payment,

mt
i

(
b̃ti, b̃

t
−i

)
= b̃ti −

∑
j ̸=i

(
b̃tj − Eθt b̃

t
j

)
N − 1

+δw̃t+1
i

(
r∗(t+1)

((
bt1
)−1
(
b̃t1

)
, ...,

(
btN
)−1
(
b̃tN

)))
(2.12)

20 Note that bti (θ
t
i) is the bid function and b̃ti is the amount of the bid.
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is equal to the weighted sum of bids plus a credit for the next period entry fee.

Proposition 7. A sequential all-pay auction with entry fees and bid payments{
zt

i (r
∗t) ,mt

i

(
b̃ti, b̃

t
−i

)}N

i=1
in each period t = 1, ..., T implements the SSS agreement.

In equilibrium each member i bids,

bti
(
θti
)
= Eθt−i

(
Σj ̸=iπj

(
θtj, x

∗
j

(
θt
)))

(2.13)

The derivation of the sequential auction as summarized in Proposition 2 allows

us to clarify how the supply channel’s allocation of capacity and control rights can

be decentralized. The auction that implements the SSS agreement differs from

the well known first price or sealed bid auctions in several respects. First, as we

emphasize above, this is an all pay auction in which all bidders make or receive

some payment whether or not their bid is the winning one. An all pay auction is

needed to implement the transfer payments between the members that balance the

budget and make each member a residual claimant. Second, the primary purpose

of the auction is to allocate capacity efficiently and to distribute control rights that

sustain the SSS agreement. In equilibrium members reveal their demands by the

amount they bid. A higher bid signals the member has a higher demand. However,

since the members typically draw their demands from different distributions, the

highest bidder is not necessarily the member with the highest demand. Hence the

auction does not necessarily allocate greater current capacity to the highest bidder,

but instead allocates capacity to members with the highest demand as revealed by

their bid. Finally, the auction assigns next period control rights, r∗(t+1), and the

corresponding entry fees w̃t+1
i

(
r∗(t+1)

)
for the next period according to the demands

that are revealed by each member’s bid.
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2.5.2 Illustration

To illustrate how the SSS agreement is implemented in practice we consider an

example of supply chains where supply compatibility between members may differ.

Example 8. A supply channel consists of a supplier S with one unit of capacity

and a buyer, B. The supplier’svaluation for capacity in period t , θtS, is uniformly

distributed over
[
0, θ̄
]
. B′s capacity valuation varies according to how compatible he

is with the supplier. For a given compatibility, c = “high” (H) or c = “low” (L), the

buyer’s valuation, θtB, is uniformly distributed over
[
0, θ̄c

]
where 0 ≤ θ̄L < θ̄H ≤ θ̄.

The higher the compatibility the higher is B’s valuation on average. The supply chain

lasts for T periods and the common discount factor is δ = 1.

The efficient supply channel agreement is implemented by the sequential auction

characterized in Proposition 2, where members i = S,B bid bti (θ
t
i) , receive payment

mt
i

(
bti, b

t
−i

)
, are allocated capacity x∗

i (θ
t) and control rights r∗ti in each period.

Table 2.1: SSSH Agreement: θtS ∈ [0, 100] , θtB ∈ [0, 100] , T = 5, Ex∗t
B = Ex∗t

S = .5

1 2 3 4 5

UH,t 333.33 266.67 200.00 133.33 66.67

w̃H,t
B = w̃H,t

S 166.67 133.33 100 66.67 33.33
r∗tB = r∗tS .5 .5 .5 .5 .5

Table 2.2: SSSL Agreement: θtS ∈ [0, 100] , θtB ∈ [0, 50] , T = 5, Ex∗τ
B = .25, Ex∗τ

S =
.75

1 2 3 4 5

UL,t 270. 83 216. 67 162. 50 108. 33 54.16
w̃t

B 72.91 58.335 43.75 63.61 43.58
w̃t

S 197.92 158. 33 118.75 44.72 10.58
r∗tB 1 1 1 .58 .33
r∗tS 0 0 0 .42 .66

Tables 1 and 2 summarize the implementation of the shared supply surplus agree-

ments, denoted by SSSH and SSSL respectively. Focusing first on SSSH in Table
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1, both B and S have valuations drawn from the same interval [0, 100] . Since they

are symmetric they receive the same expected allocation, Ex∗t = .5 in each period.

Row 1 indicates the expected surplus UH,t that B and S each receive in each period.

Row 2 indicates the identical fees B and S pay to be members of the channel in

period t. Each party pays half of the transfer fees because they are symmetric and

have equal bargaining power. At the beginning of the agreement in period 1, each

member expects to contribute 166.66 to support the agreement which promises to

provide each member with expected total surplus equal to 333.33

Row 3 shows the control rights supporting the agreement are r∗tB = r∗tS = .5,

reflecting the identical outside options of the parties. This specification of rights

is necessary to sustain the agreement. If the supplier were given exclusive rights,

r∗tS = 1, for instance, it’s easy to show that the SSSH agreement could not be

sustained, since the participation fees that B and S would pay would be insufficient.21

The SSSL agreement is portrayed in Table 2. In this case B′s valuations vary

uniformly in the interval [0, 50] reflecting her decreased valuation due to the fact that

B and S are relatively incompatible. As a result the expected per period exchange

surplus is only 54.16 as reported in row 1 for period 5. The expected allocations

are now Ex∗t
B = .25 and Ex∗t

S = .75. The fees that B and S pay and their control

rights allocations appear in row 2− 5. At the beginning in period 1, B has complete

control with rH,1
B = 1. S ′s outside option value is much greater than B′s. The

buyer is awarded absolute control to prevent S from defaulting on the agreement.

21 To illustrate, suppose the channel agreement last for a single period, and suppose all control
rights reside with the seller so that rtS = 1 and rtB = 0. Then the seller and buyer’s respective
willingness to pay to participate are equal to

Eθt
B
V
(
θtSw, θ

t
B

)
− VS

(
θtSw, 1)

)
= 6.25

Eθt
S
V
(
θtBw, θ

t
S

)
= 50.0

The sum of these fees, 56.25 is less than 66.66, the total transfers between the parties, so that the
SSS can not be sustained. We reach the same conclusion when the agreement last for more than
one period, as well.

40



S ′s bargaining position is reduced and he is assessed larger participation fees than

B.22 As time progresses S and B′s outside options converge and their control rights

become more balanced. By the end of the agreement, S has a larger control right

and B bares a larger share of the transfers. The variation in the assessment of fees

reflects the changing bargaining positions of the parties.

2.5.3 Inducing Efficient Investment

We have shown how efficient exchange of supply capacity can be implemented with

standard contracts. However, it is generally thought that standard contracts can

not implement both efficient ex ante investment and efficient ex post exchange.

Williamson (1975) for instance, observes contracts that are renegotiated to ensure

efficient exchange usually generate inefficient ex ante investment. The provisions en-

suring efficient exchange are not adequate to induce the parties to invest efficiently.

This disconnect between up-front investment and ex post exchange is a necessary

consequence of incomplete contracting. But suppose contracting is complete, can

there be both efficient ex ante investment and ex post exchange?

To answer this we extend our model to include ex ante investment by the members

prior to the exchange of supply capacity. We envision that initial demands are

determined by private investment the retailers undertake to increases the market

value of their goods. The supplier invests initially to increase the value of inputs

that he employs for his own use. The initial valuations are drawn from distributions,

F 1
i (θ

t
i|I) that are differentiable functions of I = (I1, .., IN) , the vector of members’

investment expenditures. Higher investments shift the distribution towards higher

values so that I ′ ≥ I ′′ ⇒ F 1
i (z|I ′) ≤ F 1

i (z|I ′′) 23. Two aspects of our setup are

22 As we show below, B must compensate S for the fee that he bears, with an initial payment prior
to the beginning of the agreement.

23 We adopt the convention that
I

′
≥ I ′′ ⇒ I ′i ≥ I ′′i
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noteworthy. One is the investment affects demands over the life time of the supply

chain. A higher initial valuation implies future valuations are higher. A second

one is that investment externalities exist in that one member’s valuation may be

increased by another member’s investment. For instance, one member may adopt a

product design that another member can also use to increase demand for its product.

However, although there are investment spillovers we continue to assume members’

demands are drawn independently, conditional on the initial investment, I.

The efficient investment vector, I∗, is assumed to be unique and interior with

I∗i ∈ (0,∞) for all i. These assumptions are convenient for ensuring the optimal

investment can be implemented.24 Given our maintained assumptions, the first order

condition determining I∗ is,

d

dIi
[EV 1(θ1|Ii, I∗−i)− Ii] = 0.

Whether the members select the efficient investment depends on the outcome of

the following investment game induced by the SSS agreement, M⟨x∗, τ, r∗|I∗⟩. The

mechanism provides for the same allocations of supply capacity, as before, under the

assumption members initially invest I∗. At the onset of the supply channel agreement,

each i selects Ii to maximize his expected continuation profit, Wi(Ii, I−i), which is

Wi(Ii, I−i) = max
Ii

{EV 1(θ1|Ii, I−i)− Ii − Σj ̸=iI
∗
j }

−
w̃1

i (r
∗1(I∗))(N − 1) +

∑
j ̸=i w̃

1
j (r

∗1(I∗))

N
(2.14)

The first term in (2.14) is i’s expected profit net of investment costs, including the

for all i, with strict inequality for at least one i.

24 Under weaker assumptions, there may be other investment vectors, I ′ satisfying first order
condition that are local optima, but not global optima. In this case it is possible to implement
the efficient investment as a Nash equilibrium, but other inefficient investments may also be Nash
equilibria. The members must coordinate their investments to select the efficient one in this case.
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projected efficient investments of members j ̸= i and the second term is i′s share of

the participation fees, calculated on the assumption the members invest efficiently.

Proposition 9. I∗ is the unique Nash equilibrium to the ex ante investment game

where each firm invests to maximize his expected continuation profit.

Proposition 9 illustrates an important advantage of our SSS agreement.25 Other

AGV-type mechanisms are unable to implement efficient investment when there are

externalities.26 Our mechanism induces efficient investment and thereby solves the

holdup problem (e.g. Rogerson (1992) and Edlin and Reichelstein (1996)) with ex-

ternalities because each member is a residual claimant of the entire surplus. Each

member is incented to invest efficiently even when his investment increases the de-

mands from the other members.

2.5.4 Illustration of Supply Chain Investment

We conclude our illustration of the SSS agreement with an example demonstrating

how efficient investment may be implemented in practice.

Example 10. The supply channel compatibility, c,is determined by the private in-

vestments, (IB, IS). With probability λ (IB, IS) the supply channel is compatible, H,

and with probability 1−λ (IB, IS) it is of low compatibility, L. There is a unique pair

of investments, (I∗B, I
∗
S), that maximize the expected channel surplus,

U (I∗B, I
∗
S) ≡ λ (I∗B, I

∗
S)U

H,1 + (1− λ (I∗B, I
∗
S))U

L,1 − I∗B − I∗S

where UH,1 and UL,1 is the expected surplus of a T -period SSSc agreement for a H

and L supply chain, respectively.

Under the investment agreement, each member iinitially posts a deposit of w̃o
i =

U(I∗B ,I∗S)
2

and makes a private investment, Ii to increase the channel compatibility.

25 Krahmer and Strausz (2006) demonstrate a similar result in the context of AGV mechanisms.

26 See Bergemann and Valimaki (2002) and Arozamena and Cantillon (2004), for instance.
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Once the investments are completed, B observes the outcome, determines his com-

patibility with the supplier, H or L, and then selects a SSS agreement from the

menu below:

SSSH SSSL

S τHS = w̃H,1
S , MH

S τLS = w̃L,T
S , ML

S

B τHB = w̃H,T
B , MH

B τLB = w̃L,T
B , ML

B

The example illustrates how the efficient ex ante investment is implemented by

the investment agreement. Once B observes the compatibility of the channel he

selects from the menu. Each selection c = H,L from the menu consists of a transfer

payment–mechanism pair for S and B, denoted by {(τ cS, M c
S) , (τ

c
B, M c

B)} . These

selections provide B with the maximum expected surplus, U c,1 corresponding to the

true supply channel compatibility, c. For instance if c = H and B selects SSSH , then

he receives initial payment τHS = w̃H,1
B and he expects to earn total surplus equal to

UH,1 − w̃H,1
B under the MH

S mechanism. Consequently the net surplus he earns from

this selection is

w̃H,1
B +

(
UH,T − w̃H,1

B

)
= UH,1

This makes B the residual claimant to all the surplus generated by his choice of

agreement SSSH . B can do no better than to select the SSSH agreement that is

designed for high compatible channels. By a similar argument, S also becomes the

residual claimant to all of the supply chain surplus when B selects SSSH , since his

pair
(
τHS , MH

S

)
generates net surplus equal to ,

w̃H
S +

(
UH,1 − w̃H,1

S

)
= UH,1

S can therefore depend on B to select the agreement appropriate for the channel

compatibility.
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At the time of investment, B and S anticipate they will be the residual claimants

to all of the surplus their investments create. Hence each member i will select an

investment to

max
Ii

λ
(
Ii, Ij

)
UH,1 +

(
1− λ

(
Ii, Ij

))
UL,1 − I∗i − I∗j − ω̃0

i

The efficient investment pair, (I∗B, I
∗
S) , is the unique Nash equilibrium to this invest-

ment game. In equilibrium, each member i receives

U0
i = λ (I∗B, I

∗
S)U

H,1 + (1− λ (I∗B, I
∗
S))U

L,1 − I∗B − I∗S − ω̃0
i

= U (I∗B, I
∗
S)− ω̃0

i

=
U (I∗B, I

∗
S)

2

The members split the maximum ex ante surplus generated by the supply channel.
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3

Mechanism for Sustainable Quality Supply

3.1 Introduction

Sustained quality of input materials is vital for all supply chains. The problem is,

for many supply chains serving the developed markets, the key material inputs are

sourced from underdeveloped economies and traveled through many different value-

adding parties across different countries and continents. With information asym-

metry and unevenly distributed bargaining powers along the global supply chain,

the suppliers at the source are often unfairly compensated, leaving them difficult to

make ends meet, not to mention having the resources and abilities to invest in the

production processes to maintain or improve the quality of the key material. As a

result, long-term quality material supply is at risk, which may eventually terminate

the business of the supply chain. Think of the coffee beans grown in Arabic farms

for Starbucks, the world’s largest specialty coffee retailer; water used in hundreds

of plants all over the world for the products of Coca-Cola Co. – the world’s largest

beverage company; toys made in Southeast Asian factories for Mattel, the world’s

largest toy manufacturer; and i-pods made by contract manufacturers in Asia for
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Apple Computers. Realizing this issue, many well known companies in the devel-

oped economies have initiated sustainability and corporate responsibility programs

in the hope to develop long term reliable partnership with their suppliers to ensure

the supply of premium quality and environmental friendly raw materials. One exam-

ple of the C.A.F.E. (Coffee and Farmer Equity) Practices developed by Starbucks;

see Duba et. al. (2007). According to these authors, in early 1990’s, a worldwide

oversupply of low-quality coffee beans depressed the market prices, leaving the coffee

growers unable to cover their production costs, which consequently threatened the

future supply of high-quality specialty coffee that Starbucks needed to support its

growth. To resolve the issue, over the last decade, Starbucks developed the C.A.F.E.

Practices to help the growers to improve their livelihood and production conditions

and reward the growers for high-quality sustainably grown coffee. The C.A.F.E. prac-

tices is to achieve economic accountability, social responsibility, and environmental

leadership.

However, not surprisingly, the implementation of C.A.F.E. faces many challenges,

such as information asymmetry, misaligned incentives, and dynamically changing en-

vironment. In fact, these issues and challenges are typical for any other supply chain

sustainability initiatives as well . See the Global Water Project at Coca-Cola Co.

(Renge 2008) for another example. This is because that this kind of programs is truly

collaborative in nature, requesting different supply chain members contributing com-

plementary resources, expertise, and technology. Yet, different members belong to

different organizations and may locate in a different countries or regions. The ques-

tion is: what should be the key components and conditions of such programs – with

the goal of achieving sustainable quality supply – that can meet these challenges?

We explore the answers in this paper. In particular, we develop a multiperiod supply

chain model with a risk neutral supplier and a risk neutral retailer. The supply chain

is formed to provide the retailer access to a long term reliable supply source of mate-
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rials that it transforms into final products for sale to its customers. The construction

of the chain requires the supplier to make an initial investment in capacity and for

the retailer to make an initial investment in product development. The investments

are relationship specific and cannot be publicly observed. After investment, the sup-

ply of materials to the retailer begins. The costs of supply as well as the demand for

the materials vary randomly from one period to the next due to unforeseen changes

in market conditions. Prior to each period, the supplier privately learns his cost of

production and the retailer privately observes his demand. The privately informed

parties exchange information to determine the desired supply of materials for that

period and bargain with each other to determine the terms of exchange.

We analyze the tradeoffs of quality investment and supply for each supply chain

partner and construct a dynamic mechanism to incentivize all partners to collaborate

to achieve sustainable quality supply. We call this mechanism Sustainable Quality

Supply Agreement or SQSA. The Participation in the supply agreement is voluntary,

at any time the supplier or retailer may request the agreement be dissolved and that

the decision rights of the supply quality for the remaining periods are allocated

between the parties as specified in the supply agreement. We show that a SQSA

achieves the system-wide optimal supply quality level in each period. Moreover, the

agreement is incentive compatible and individually rational. It is also ex post budget

balancing so it is self-enforceable and does not need to involve any third party, and

it can be implemented through an all-pay auction. Finally, the mechanism induces

optimal ex ante supply chain investment.

There are two key elements of our mechanism design that permit such a con-

tract with these strong properties. The first is the shared surplus type of mechanism

that permits the supplier and retailer to be a residual claimant to all the additional

supply chain profit it creates. As suggested in the motivating examples, the sustain-

ability endeavor requires the collaboration of all parties. Every member in the supply
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chain contributes different skills and resources, demonstrating strong complementar-

ity and dependence. Therefore, to ensure full collaboration to achieve supply chain

optimality, each party should be fairly compensated according to its contribution.

The first element accomplishes this goal precisely; it aligns the partners’ incentives

to truthfully share information and to produce and invest efficiently.

The second element is the dynamic allocation of the decision rights on supply

quality. To reflect the above mentioned strong complementarity and dependence of

the supply chain members, instead of a given principal-agent relationship typically

assumed in the supply chain literature, we treat two players in the supply chain as

“parallel” partners in the sense that the decision rights in each period are allocated

between the partners, according to the current state of the system. In other words,

there is no “fixed” owner of the supply chain, and the formation of the supply chain

is truly a partnership. At the beginning of each period, after observing his current

state of the environment, a player can choose to quit from the agreement, but the

supply-demand relationship of the two players continues to the end of the horizon,

following the pre-agreed responsibilities of the supplier and retailer in future periods.

In particular, the payment terms are fixed. If one is awarded the decision rights for

quality, this member will specify a quality level for the remaining periods, and the

supply chain will continue the supply-demand relationship at this quality level and

the prespecified payment terms.

An important feature in our model that contributes to the value of this second

element is that we explicitly model a stochastically changing environment for both

players. For the supplier, this environment may mean production (such as weather,

land and labor) conditions. For the retailer, this may mean consumers’ valuation of

quality or general economic conditions. When these conditions change, the economics

of exchanges change, which, in turn, affect the desired quality level as well as the in-

centives in investment and trade in the partnership. Recognizing these uncertainties,
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our mechanism is designed in a way so that at each stage, the retailer and supplier

renegotiate the decision rights allocation in order to sustain each other’s participa-

tion in the supply agreement. The principle for allocating the decision rights is to

minimize the value of the supply chain’s outside option or to increase the switching

costs of quitting the supply agreement.

We illustrate our mechanism SQSA in the context of a simplified version of the

Starbucks’ coffee supply chain. We show that many features of this mechanism

resemble those in the C.A.F.E. Practices. For example, its reward scheme coincides

with the dynamically changing price of the C.A.F.E. certified coffee beans. We also

show that changing pattern of the control right allocation in different environment

can provide valuable guidance to practice.

The paper is organized as follows. In Section 2, we relate our work to the existing

literature. In Section 3, we describe the model setting and the mechanism structure

and desired properties. In section 4, we construct the specifics of the mechanism

SQSA and show that it indeed leads to the desired equilibrium properties. We also

demonstrate that the mechanism can be implemented through an all-pay auction.

In section 5, we show that the optimal ex ante supply chain investment is also

achievable under SQSA. In section 6, we discuss the role of control rights through

a simplified version Starbucks’s supply chain and discuss its relationship with the

C.A.F.E. Practices. Finally, in Section 7, we conclude the paper with a few remarks.

3.2 Literature Review

Sustainability is an increasingly popular topic in many fields(for specific definitions

on sustainability see van Marrewijk and Werre 2003 and Goodland 1995) especially

in operations related fields. The core concept that helps to operationalize sustain-

ability is the triple bottom line approach: to achieve a minimum performance in

economical, environmental and social aspects (Seuring and Müller 2008). Specifi-
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cally, in supply chain management, the definition of sustainability is given as ’the

management of material, information and capital flows as well as cooperation among

companies along the supply chain while taking goals from all three dimensions of sus-

tainable development, i.e., economic, environmental and social, into account which

are derived from customer and stakeholder requirements’ (see Seuring and Müller

2008) (see De Burgos and Lorente 2001, Baumann et al 2002 for more extensive

reviews). Although wide research have been done in green/environmental issues,

research in social sustainability and the integration of the three dimensions are still

rare (see Seuring and Müller 2008). Our paper provide a theoretical framework to

analyze supply chain sustainability focusing on the integration of social (supplier

development issues) and economical (profitability) dimensions. Most empirical stud-

ies find that there is a positive link between firms have incentives to collaborate to

achieve supply chain sustainability with their economical benefits (Bowen et. al.

(2001), Vachon and Klassen (2006), Rao and Holt (2005). Our paper supports the

empirical findings and further show the existence of a mechanism that can algin the

firms incentives to implement supply chain sustainability with their benefits.

Another stream of related literature in supply chain management economics is

about how supply chain partners can share information to achieve efficiency; see, for

example, Cachon and Lariviere (2001), Ha (2001) and Tomlin (2003). Within this

literature, the most related works to ours are Plambeck and Taylor (2005, 2006, 2007)

and Taylor and Plambeck (2007). Plambeck and Taylor (2005) analyze the perfor-

mance of OEM and CM when the OEM’s innovation is non-contractible. Plambeck

and Taylor (2006) consider a joint production problem with two sided moral haz-

ard and incomplete information. The repeated interaction between firms introduces

dynamics and the actions have future influence on the process. They are able to con-

struct the optimal rational contract and show that it is state dependent. Plambeck

and Taylor (2007) study investment efficiency under two kinds of breach remedy:
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specific performance and expectation damage. They show that there is no single

breach remedy that can achieve efficient investment under all possible settings. Tay-

lor and Plambeck (2007) consider relational contracts under two sided asymmetric

information. They are able to characterize the optimal relational contract and show

that the contract is static. In sum, these papers analyze how firms negotiate among

themselves and with their upstream stages for capacity, when the cost of supply may

not be publicly known and when these firms demand is possibly private information.

Our setting has two sided information asymmetry and double moral hazard which

generalizes the information structure in Plambeck and Taylor (2005, 2006, 2007)

and Taylor and Plambeck (2007). Moreover, without restricting to certain contract

forms, we consider complete contracts that accommodate the dynamically changing

demand and supply conditions.

Our methodology for constructing the dynamic mechanism is similar to those

in Kuribko and Lewis (2010) and Lewis, Liu and Song (2011). Instead of task

assignment and resource allocation considered in these two papers respectively, our

focus is on the supply quality decision jointly made by the supplier and the retailer.

In addition, different from these two papers, our model has a non-symmetric supplier-

retailer feature in which the supplier incurs cost while the retailer generates revenue.

This feature allows us to obtain several new insights.

Our paper is also related to the literature on supply chain quality. In most of this

literature, quality does not affect the market (see Wang and Gerchack 1996, Nahmias

and Moinzadeh 1997, Bollapragada and Morton 1999, Grosfeld-Nir et al. 2000 and

Rajaram and Karmarkar 2002 for some recent work). These papers consider how im-

perfections and deteriorations of the products affect the supply system. In our paper,

the quality of the product has a positive effect on the supply chain surplus through

the seller’s profit return from a quality sensitive market. Some other works focus on

inspection issues. For example, Starbird (1997) studies a buyer’s inspection policy
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and finds conditions under which there are zero defects, and Reyniers and Tapiero

(1995 a,b) study the buyer’s inspection policy under both non-coorperative game and

cooperative game. In our paper, the collaboration among firms is self-enforceable.

Instead of inspection, we identify conditions under which the firms are self disci-

plined to follow the quality investment theme given in the contract. Some authors

focus on how quality issues affect supply chain efficiency. For instance, Baiman et al.

(2000) analyze the effect of contract terms such as quality enhancements and qual-

ity appraisal. Lim (2001) studies how a producer with incomplete supply quality

information design a contract to maximize his profit and obtain the true informa-

tion about quality. In our paper, the collaboration guarantees ex post supply-chain

optimal quality investment under which the information on quality investment may

or may not be fully extracted. Iyer et al. (2005) and Zhu et al. (2007) study the

effect of a buyer investing in its supplier’s quality improvement. In our paper, the

retailer’s investment in market sensitivity about quality indirectly affects the quality

investment selection of the supplier. We analyze the influence of such investments

on quality as well as on other sustainability issues. Finally, Kaya and Ozer (2009)

identify two factors contributing quality risks in an outsourcing relationship – non-

contactable quality and private supplier cost of quality – and study how to use a

pricing strategy to mitigate the risks. Our model assumes the second risk but not

the first. This is consistent with what we observe in the C.A.F.E. practices. There,

there are third-party agencies to verify and assess the supply quality.

3.3 Model and Mechanism Structure

3.3.1 Model

Consider a two-party supply chain with a risk neutral supplier S and a risk neutral

retailer R, in which S provides material inputs (e.g., coffee beans) that R employs
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to make a product (e.g., coffee) for its retail franchise. The two parties form a

partnership to work together to develop sustainable quality supplying over a period

of time, t = 1, , , T . The T -period relationship represents a long-term commitment

which is an important feature in all sustainability programs.

We measure the quality of the supply by a scalar x ∈ [0, 1]; a higher value of

x means a higher quality level. For example, x can be the yield of each period’s

production (assuming production quantity is fixed for all periods), i.e., 1− x is the

defect rate. This model is also consistent with the grading and scoring methods

used in practice. For instance, in the C.A.F.E. Practices initiated by Starbucks, a

scoring system with detailed guidelines and weighing factors is developed. A supplier

can earn up to 100 percentage points based on a set of environmental and social

criteria graded by a third-party certification company. Suppliers with high scores

are awarded preferential status and price premiums. Other companies such as Coca-

Cola and Wal-Mart also adopt a single measurement for evaluating water quality or

organic-produce quality, etc.

Supplier’s Cost

In each period t = 1, 2, , , T , the supplier S can provide material inputs of quality

xt ∈ [0, 1] at a cost of C (xt, θts), with C (0, θts) = 0. Here, θts ∈ [0, 1] is a parameter

reflecting current production conditions, such as whether, land, and labor market

conditions. We assume C is increasing and convex in xt but increasing and con-

cave in θts. Also, the marginal cost of quality improvement is increasing in θts, i.e.,

∂2C (xt, θts) /(∂x
t∂θts) > 0. One example is

C
(
xt, θts

)
= θtsc

(
xt
)
, (3.1)

where c(x) is the effort for providing quality x, which is strictly increasing and convex

in x for x > 0, with c (0) = 0, c (1) = 1, c′ (0) = 0, c′ (1) = ∞.
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Retailer’s Revenue

With the material input of quality xt, the retailer R generates revenue R (xt, θtr),

with R (0, θtr) = 0. Here, the parameter θtr ∈ [0, 1] represents the demand condition

such as consumers’ valuation of quality and awareness of environmental issues, or

the general economic conditions. A higher value θr implies a more favorable demand

condition. We assume R is strictly increasing and concave in xt but strictly increasing

and convex in θts. Also, the marginal revenue of quality improvement is increasing in

θts, i.e., ∂
2R (xt, θts) /(∂x

t∂θts) > 0. An example is

R(xt, θtr) = θtrx
t (3.2)

where θtr is the market size in period t assuming the product’s unit selling price is

fixed at 1 in every period, and xt is the proportion of customers who would purchase

the product with quality level xt, assuming the customers’ valuation of quality given

the price is 1 is uniformly distributed in the interval [0,1].

The parameters (θtr, θ
t
r) are drawn independently from a CDF F t

i

(
θti | θt−1

i

)
with a

bounded, strictly positive and continuous density f t
i

(
θti | θt−1

i

)
, i = r, s. In addition,

we assume the following:

Assumption 11. θti is linear increasing in θt−1
i in the form θti = νt

iθ
t−1
i + ϵti, where

ϵti is an independent random variable with mean 0, i = r, s.

Here, νt
i can be understood as the exogenous impact on the two firms, such as the

global economic conditions, exchange rates, etc. With these assumption, for each i,

the random variable θti is governed by a first order stochastic process, with positive

serial correlation. The distribution of the first period parameter, F 1
i (θ

1
i ) is assumed

to depend on known initial conditions that are publicly known. See Section 6 for

some examples.
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3.3.2 Coordinated Supply Chain

At the beginning of each period t, S and R privately observe information about

costs and demand respectively. If the supply chain members coordinate and share

their information, they can select the quality that maximizes the supply chain profit

of the current period given the current market and production conditions. Define

θt = (θtr, θ
t
s). Then

xt∗(θt) = x∗(θt) = argmax
x

{R
(
x, θtr

)
− C

(
x, θts

)
} (3.3)

is the supply-chain optimal quality in period t given θt, and the corresponding supply-

chain profit of the period is

Πt
(
θt
)
= R

(
x∗ (θt) , θtr)− C

(
x∗ (θt) , θts)

Let δ ∈ (0, 1) be the common discount factor for S andR. Because x∗(θk) is reachable

for all k, provided θk is known, the expected optimal supply-chain profit, beginning

at time t with market conditions θt, is given by

V t∗(θt) = Πt
(
θt
)
+

T∑
k=t+1

δk−tE[Πk(θk)|θt ].

And the myopic quality levels xt∗ in (3.3), t = 1, ..., T , are the supply-chain optimal

quality levels that maximizes the T -horizon expected discounted supply-chain profit.

For any two environmental vectors θt and ϕt, we say θt is “better” than ϕt,

denoted by θt ≻ ϕt, if θts < ϕt
s and θtr > ϕt

r. In other words, θt has more favorable

market and production conditions than ϕt. We have

Proposition 12. For any given t and θt:

1) xt∗(θt) is increasing in θtr but decreasing in θts.

2) Πt(θt) is increasing and convex in θtr but decreasing and convex in θts. Moreover,
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Πt(θt) is jointly convex in θt and hence E[Πt(θt)|θt−1] is jointly convex in θt−1.

3) If θt ≻ ϕt, then xt∗(θt) > xt∗(ϕt), and the expected quality in period t+ 1 satisfies

E[x(t+1)∗(θt+1)|xt∗(θt)] ≥ E[x(t+1)∗(ϕt+1)|xt∗(ϕt)].

The first two parts of the proposition indicate that both the supply-chain opti-

mal quality and profit are increasing when either the current market or production

conditions improve. In addition, the optimal profit increases at an increasing rate

as these conditions improve. The third part shows that a current higher optimal

quality level can lead to a higher expected optimal quality level in the next period,

because a better current environment leads to a stochastically better future envi-

ronment (Assumption 1). Thus, even though the optimal quality levels are selected

myopically, they can be positively correlated between periods through the changes

in the underlying environment. This is consistent with the observation in Starbucks’

practice in which the quality is selected based on the grower’s cost and technology,

but a grower who can provide high quality coffee beans this period is likely to provide

high quality coffee beans in the next period because her production technology has

been improved, i.e. the level of the quality is consistent over periods.

3.3.3 Mechanism Design for Sustainability

We now design a dynamic mechanism to facilitate the long-term commitment of S

and R to achieve supply-chain optimal quality. Because the environment changes

dynamically and information is asymmetric, the cost and benefit of a particular qual-

ity level in each period has different implications to different players, the mechanism

is an agreement between the partners that specifies the quality of the of materials to

be supplied in each period and each member’s compensation. These specifications

depend on the information that S and R report about their private market condi-

tions. In addition, to ensure voluntary participation in the partnership and at the

same time discourage the myopic behavior that a member with a favorable current
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status may wish to quit before seeing the true benefit of the long-term commitment,

the mechanism specifies how to allocate the decision rights on supply quality if any

member chooses to quit in the interim. The allocation of the decision rights too de-

pends on the information that S and R report about their private market conditions.

The basic principle of the decision-rights allocation is to limit the value of outside

options or to increase the switching costs when quitting from the partnership.

When the supply agreement is formed, the initial distribution F 1
i (θ

t
i) for i = s, r

is common knowledge. Thereafter, at the beginning of each period t, S and R

privately observe θts and θtr respectively. Since θ
t are determined by a Markov process,

member i′s private history of conditions to time t is completely summarized by

ht
i = θt−1

i . By the revelation principle we are, without loss of generality, able to

restrict attention to direct mechanisms that ask each member i to report its condition

θ̃ti ∈ [0, 1] .1 The reports may or may not be truthful, that is, θ̃ti need not equal θti . Let

h̃0 = (F 1
s (·), F 1

r (·)) be the initial distribution of S and R. The subsequent history

of reports can be recursively defined as h̃t = (h̃t−1, θ̃t ). Denote H̃ t as the set of

possible period t reported histories.

The multi-period direct mechanism, denoted by

M
⟨
xt, τ t, ρt+1

⟩t=T

t=1
(3.4)

is a sequence of quality levels, xt, transfer payments, τ t, and decision rights, ρt+1,

with the following properties. First, the mapping

xt : H̃ t → [0, 1] (3.5)

specifies the quality of materials supplied at time t. Second, after the materials are

1 The revelation principle is due to Myerson(1986). It states that any allocation that can be
implemented by some process that depends on the parties types, as described by their private
information, can also be implemented by a direct mechanism in which the parties are induced to
truthfully report their types.
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supplied, each member i, makes (or receives) a payment τ ti , according to the mapping

τ t : H̃ t → R2 (3.6)

Third, following the completion of period t’s material supply and transfer of pay-

ments, the mapping

ρt+1 : H̃ t → [0, 1]2 s.t. ρt+1
r + ρt+1

s = 1. (3.7)

assigns decision rights when the contract ends in the next period. It means that

the right to decide the quality is awarded to member i with probability ρt+1
i if the

contract is terminated in period t+ 1.

The decision rights ensure each member’s participation in the supply agreement

is voluntary. Any member can dissolve the supply agreement at the beginning of a

period and request the assets of the supply agreement be distributed according to

the decision rights allocation, ρt+1.2 The allocation requires all of the decision be

distributed only to the members. This provision prevents the diversion of authority

to a third party who could act as a budget breaker to prevent the supply agreement

from dissolving. The provision, of course, makes it more difficult to sustain the

agreement by reducing a member’s private cost of terminating the agreement.

Note that when the contract ends in period t, no more market information ex-

change will take place from t on, so the chain will become an uncoordinated one. In

this situation, the most viable contract form is to specify a constant quality level x

that S needs to supply and a constant transfer payment τ from R to S across all

periods from t through T . We assume that the contract specifies τ = τm to be the

market medium price (as of the time when the contract is signed), but the value of

2 It is reasonable to assume that the rights are allocated independent of who initiates the breakup
of the supply chain agreement. Practically, courts are only able to observe the dissolution of an
agreement, but not the member(s) who precipitated the breakup. This is similar to a “contracting
at will” standard where courts only enforce agreements that are contingent on the level of trade,
but not on who precipitates the trade disruption.
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x is subject to the decision by the member who is awarded the decision right. Under

this scheme, S’s and R’s profit in period k, k = t, .., T , for a given market condition

θk are respectively

Πk
s

(
x, θk

)
= τm − C

(
x, θks

)
Πk

r

(
x, θk

)
= R

(
x, θkr

)
− τm.

Therefore, the expected profit of S andR from period t on, assuming period t market

conditions θt and a given quality level x from t through T , is

V t
s (x, θ

t) = Πt
s

(
x, θt

)
+

T∑
k=t+1

δk−tE[Πk
s

(
x, θk

)
|θt ]

V t
r (x, θ

t) = Πt
r

(
x, θt

)
+

T∑
k=t+1

δk−tE[Πk
r

(
x, θk

)
|θt ]

For convenience, we normalize τm = 0. Let xo
i be the quality level member i selects

if he/she is awarded the decision rights when the agreement terminates. Note that

C(x, θ) is decreasing in x, so in the event that S is awarded the right, she will select

to supply quality xs = 0 and therefore receive its maximum profit of V t
s (0, θ

t
s) = 0.

If, on the other hand, R is awarded the decision right, because R(x, θ) is increasing in

x, he will select its preferred quality xr = 1 and will receive profit equal to V t
r (1, θ

t).

Thus, in the rest of the paper, when we refer to xo, we mean

xo
s = 0 and xo

r = 1. (3.8)

Also, from the above discussion, under this mechanism, the expected value of the

outside option for member i if the contract ends in period t with market condition

θt is

Ot
i(θ

t
i) ≡ ρtiV

t
i

(
xo
i , θ

t
i

)
+ ρt−iV

t
i

(
xo
−i, θ

t
i

)
. (3.9)

Throughout the paper, when i = r, −i = s, and vise versa.
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One way to interpret Ot
i(θ

t
i) is through buyout options. When the partnership dis-

solves, S and R can buyout their rights and let the government serve the agreement

after the government pays them their respective expected profit under the current

decision right allocation.

The dynamic mechanism, M ⟨xt, τ t, ρt+1⟩t=T
t=1 , is implemented as a two stage pro-

cess in each period:

Decision to Participate Stage: Each i = s, r privately observes θti and decides

to remain in or quit the supply agreement. If a member(s) quit, the agreement is

dissolved and i receives the exclusive rights to decide supply quality with probability

ρti. Otherwise the agreement moves to the next stage.

Reporting Stage: Each i reports θ̃ti ∈ [0, 1] and the quality–payments–rights pro-

visions⟨
x
(
h̃t
)
, τ ti

(
h̃t
)
, ρt+1

i

(
h̃t
)⟩

are implemented. If t = T, the supply agreement ends.

Otherwise, if t < T the agreement moves on to period t+ 1.

3.3.4 Properties of the Equilibrium: Meeting All the Challenges

The mechanism M induces a sequential simultaneous move game, wherein the mem-

bers choose a reporting strategy in each period to that maximizes their expected

profit.

Assuming the supply chain is governed by the mechanism for all t = 1, 2, , T ,

the expected payoff for member i = s, r from reporting a sequence of conditions
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θ̃i =
{
θ̃ti

}
, given member −i reports θ̃−i =

{
θ̃t−i

}
, is

E
∑T

t=1

[
δt−1

(
τ ts

(
h̃t−1, θ̃ts, θ̃

t
r

)
− C

(
xt
(
h̃t−1, θ̃ts, θ̃

t
r

)
, θts

))]
(3.10)

E
∑T

t=1

[
δt−1

(
τ tr

(
h̃t−1, θ̃tr, θ̃

t
s

)
+R

(
xt
(
h̃t−1, θ̃tr, θ̃

t
s

)
, θtr

))]
(3.11)

for S and R respectively. Member i selects a reporting strategy,

θ̃ti :
[
h̃t−1, θti

]
→ [0, 1]

which is a mapping from the history of reported conditions and i′s current condition

into a current condition report, to solve the following sequential maximization prob-

lem. Let W t
i

[
h̃t−1, θti

]
be i′s maximized profit starting in period t given the history

of reported conditions and i′s period t condition. Then W t
i

[
h̃t−1, θti

]
is determined

as the solution to the following dynamic program for i = s, r,

W t
s

[
h̃t−1, θts

]
= max

θ̃ts

Eθ̃tr

{
τ ts

(
h̃t−1, θ̃ts, θ̃

t
r

)
− C

(
xt
(
h̃t−1, θ̃ts, θ̃

t
r

)
, θts

)
+ δEW t+1

s

[
h̃t, θt+1

s | θts
]}

W t
r

[
h̃t−1, θtr

]
= max

θ̃tr

Eθ̃tr

{
τ tr

(
h̃t−1, θ̃tr, θ̃

t
s

)
+R

(
xt
(
h̃t−1, θ̃tr, θ̃

t
s

)
, θtr

)
+ δEW t+1

r

[
h̃t, θt+1

r | θtr
]}

where EW t+1
i

[
h̃t, θt+1

i | θti
]
is i′s expected continuation surplus in period t+1 given

θti .

Of course our goal is to find the right specifications of M – the terms xt, τ t, and

ρt+1, for all t – so that they induce an equilibrium of this dynamic game that achieves
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sustainable quality supply. As such, these specifications should be designed to meet

the main challenges in carrying out sustainability initiatives. These chanllenges

are: a) difficult to ensure information sharing among privately informed members,

b) difficult to ensure voluntary participation because of the dynamically changing

environment, and c) difficult to build self-enforceable system that operates without

financial support from a third party. In other words, we would like the equilibrium

to achieve the following characteristics: i) supply chain transparency, ii) voluntary

participation, iii) self-enforceability, and iv) sustainable quality supply. The following

provide more details of these characteristics.

Supply Chain Transparency

Supply chain transparency requires that each member truthfully reports his/her pri-

vate information. Thus, we would like the reporting strategies of members i = s, r

comprise a Bayesian incentive compatible equilibrium, (BIC) , provided that truth

telling is a mutual best response for all i. By the one stage deviation principle it

is sufficient to show that provided the other member −i is following a truth telling

strategy, then the solution to the following dynamic program for member i = s, r,

W t
s

[
h̃t−1, θts

]
= max

θ̃ts

Eθ̃tr

{
τ ts

(
h̃t−1, θ̃ts, θ̃

t
r

)
− C

(
xt
(
h̃t−1, θ̃ts, θ̃

t
r

)
, θts

)
+ δEW t+1

s

[
h̃t, θt+1

s | θts
]}

W t
r

[
h̃t−1, θtr

]
= max

θ̃tr

Eθ̃tr

{
τ tr

(
h̃t−1, θ̃tr, θ̃

t
s

)
+R

(
xt
(
h̃t−1, θ̃tr, θ̃

t
s

)
, θtr

)
+ δEW t+1

r

[
h̃t, θt+1

r | θtr
]}

(BIC)

is θ̃ti = θti for all i.
3

3 According to the single stage deviation principle, it is necessary and sufficient that member i does
not wish to deviate once from truth telling, in order for truth telling to be a best reply to truthful
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Supply Chain Optimal Quality

The supply chain archives sustainable quality supply when the optimal quality is

selected in every period based on the realization of the supply chain environment θt.

That is, given M , the equilibrium is ex post efficient (EE):

xt
(
θt
)
= xt∗ (θt) = x∗ (θt) . (EE)

Voluntary Participation

The supply agreement is voluntary to participate if each member decides to partic-

ipate even if they are given the right to quit. That is, given M, the equilibrium is

interim individual rational (IIR) implies: for all i and θti ,

W t
i

[
h̃t−1, θti

]
≥ Ot

i(θ
t
i). (IIR)

The inequality means that each i′s expected payoff W t
i [·] exceeds its outside op-

tion payoff, Ot
i(θ

t
i) from quitting. This is a minimal requirement of any long term

arrangement that is entered into voluntarily.

Self-Enforceability

The supply agreement is self-enforceable if it is financed entirely by the member

without assistance of a third party, i.e., it does not require a budget breaker to

subsidize or divert resources from the members. That is, the transfer payments in

the equilibrium are ex post budget balance (BB): for all t and h̃t

τ tr

(
h̃t
)
+ τ ts

(
h̃t
)
= 0. (BB)

This is a reasonable expectation of any private contract arrangement.

reporting by other agents. The single stage deviation principle applies in all settings, including our
model, where the member’s types follow a first order Markov process.
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3.4 Sustainable Quality Supply Agreement (SQSA)

In this section, we show that we can indeed identify elements of M that will lead

to an equilibrium with all the desired properties described in Subsection 3.3.4. We

term the resulting mechanism Sustainable Quality Supply Agreement (SQSA). We

further show that SQSA can be carried out through an all-pay auction, which offers

great potential for implementations in practise.

3.4.1 Constructing the Mechanism

To induce supply chain transparency, i.e., to induce each member to truthfully re-

port its current market condition, we restrict the contract form to an AVG-Arrow

mechanism (see Lewis et al. (2011) for a more detailed discussion of this type of

mechanism). This form endows each member as a residual claimant. That is, it

allows each member to receive the expected supply chain profit which is dependent

on the current market condition, upon paying a participation fee that is independent

the current market condition. In particular, member i’s expected profit in period t,

i = s, r, given θti is of the form

W t
i

[
θt−1, θti

]
= Eθt−i

V t∗ (θt)−Ki

(
θt−1

)
. (3.12)

whereKi (θ
t−1) is a constant depending only on the previous period conditions, θt−1.4

To ensure voluntary participation, i.e., (IIR), we need to have

W t
i

[
θt−1, θti

]
= Eθt−i

V t∗ (θt)−Ki

(
θt−1

)
−Ot

i(θ
t
i)

≥ 0.

4 Note the history of reported demands is h̃t−1 = ht−1 on the equilibrium path since all members
truthfully report their costs each period. ht−1 is completely summarized by θt−1 since demand
conditions are first order Markov. Consequently we can represent i′s period t expected profit as,

W t
i

[
h̃t−1, θti

]
= W t

i

[
θt−1, θti

]
, xt(h̃t) as xt(θ̃t) and ρt(h̃t) as ρt(θ̃t).
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Define

ŵt
i(ρ

t, θti) = Eθt−i
V t∗ (θt)−Ot

i(θ
t
i).

Then ŵt
i(ρ

t, θti) is a measure of member i’s willingness to pay to participate in the

contract. Define

θtiw(ρ
t) = argmin

θti

{
ŵt

i(ρ
t, θti)

}
.

Then

wt
i

(
ρt
)
= ŵt

i(ρ
t, θtiw(ρ

t))

is member i’s willingness to pay under the “worst off” condition. In other words,

under this worst off condition, member i has the least willingness to participate, or

has the biggest incentive to quit. This may happen, for instance, when the market

condition is unfavorable to R, so R has incentive to terminate the long term com-

mitment. Similarly, when the production condition turns out to be very bad, S may

consider it is too difficult to provide specified quality so she may consider to quit.

To ensure (IIR), we then have:

Lemma 13. (Voluntary Participation) M is IIR provided Ki (θ
t−1) ≤ wt

i (ρ
t)

Note that wt
i (ρ

t) can also be interpreted as member i’s switching cost (to its

outside options) in period t. To sustain the long term commitment and to avoid the

myopic behavior of some member may want to quit in the interim, it is intuitive that

we should choose ρt to maximize the switch costs of the members (i.e. to maximize

the willingness to participate). This ρt is then a device that the designers of the

sustainability programs can employ to lock in strategic and high-potential suppliers.

We can indeed show the following:

Lemma 14. (Long-Term Commitment) The decision rights, ρt∗,that maximize

members’ total participation fee, wt
s (ρ

t) +wt
r (ρ

t) , minimize the members’ total out-

side option value
∑

i ρ
t
i

[
V t
i (x

o
i , θ

t
iw (ρt)) + V t

−i

(
xo
i , θ

t
−i,w (ρt)

)]
.
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Note that wt
i (ρ

t) depends on θt−1, therefore, the above constructed ρt∗ depends

on θt−1. We next show ρt∗ also ensue that the agreement is ex ante self-enforceable,

i.e., (BB).

Lemma 15. (Ex ante Budget Balancing)

Bt
(
ρt∗
)
≡ wt

r

(
ρt∗(θt−1)

)
+ wt

s

(
ρt∗(θt−1)

)
− E

[
V t∗ (θt) | θt−1

]
> 0 (3.13)

Because of the above properties, we will use ρt∗ to construct the remaining part

of the mechanism, noting that there are other decision right allocations that would

ensure mechanisms under the same equilibrium as well.

Recall that we would like the supply-chain optimal quality to be achieved, so we

need to restrict xt(θt) = x∗(θt). Then what is left is to see how to construct the

transfer payment terms τ t, based on the properties of ρt∗ and x∗(θt).

Take any period t. Given h̃t, let p̃i

(
h̃t
)
denote the net payment to i in period t,

defined by

p̃ti

(
h̃t
)
= τ̃ ti

(
h̃t
)
− w̃t

i

(
ρt∗
(
θ̃t−1

))
+ δEθ̃ti

w̃t+1
i

(
ρ(t+1)∗

(
θ̃t
))

(3.14)

where

τ̃ ts

(
h̃t
)

= Eθ̃tr
R
(
x∗
(
θ̃t
)
, θ̃tr

)
,︸ ︷︷ ︸

S’s AGV transfer

τ̃ tr

(
h̃t
)
= −Eθ̃ts

C
(
x∗
(
θ̃t
)
, θ̃ts

)
,︸ ︷︷ ︸

R′s AGV transfer

(3.15)

w̃t
i

(
ρt∗
(
θ̃t−1

))
=

wt
i

(
ρt∗
(
θ̃t−1

))
−

Bt
(
ρt∗
(
θ̃t−1

))
2


︸ ︷︷ ︸

i’s expected participation payment for t

(3.16)

δEθ̃t−i
w̃t+1

i

(
ρ(t+1)∗

(
θ̃t
))

= δEθ̃t−i

wt+1
i

(
ρ(t+1)∗

(
θ̃t
))

−
Bt+1

(
ρ(t+1)∗

(
θ̃t
))

2


︸ ︷︷ ︸

i’s expected participation payment for t+1

(3.17)
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These transfer payments have the following implications:

a) Sustainable Quality Supply The first transfer, τ̃ ti

(
h̃t
)
, is the expected profit

created by the other member. By transferring τ̃ ti

(
h̃t
)
to i, he obtains the expected

supply chain profit in period t. This transfer ensures that i has the incentive to select

the supply chain optimal quality.

b)Self-Enforceability The second transfer, w̃t
i

(
ρt∗
(
θ̃t−1

))
, is the participation

fee that member i must pay to the system in order to balance the budget in period

t. This transfer ensures self-enforceability.

c) Supply Chain Transparency The third transfer, δEw̃t+1
i

(
ρ(t+1)∗

(
θ̃t
))

, is a

payment from the system that equals the expected participation fee that member i

will be asked to pay in period t+1. This transfer ensures supply chain transparency,

i.e. member i does not benefit from misreporting his current period costs, in order

to reduce his future participation fee.

Note that E
[
p̃ts

(
h̃t
)
+ p̃tr

(
h̃t
)]

= 0, implying that the expected transfer pay-

ments are balanced. The following adjusted net transfers for member i ensures ex

post budget balancing:

τ t∗i

(
h̃t
)
= p̃ti

(
h̃t
)
− p̃t−i

(
h̃t
)
+ Eθp̃

t
−i

(
h̃t
)
. (3.18)

Because w̃t
i

(
ρt∗
(
θ̃t−1

))
can be calculated through

w̃t
i

(
ρt∗
(
θ̃t−1

))
=

1

2

(
min
θti

{Eθt−i
V t∗(θt)−Ot

i(θ
t
i)} −min

θt−i

{Eθti
V t∗(θt)−Ot

−i(θ
t
−i)}+ E[V t∗(θt)]

)
,

where all the terms on the right-hand side can be calculated directly from definition.
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To summarize, we have

Theorem 16. The dynamic mechanism SQSA as specified in

M
⟨
x∗
(
θ̃t
)
, τ t∗

(
h̃t
)
, ρ(t+1)∗

(
θ̃t
)⟩T

t=1
leads to an equilibrium that achieves the supply-

chain optimal quality level x∗, ensures supply chain transparency, voluntary partici-

pation and self-enforceability.

Theorem 16 shows that sustainable quality supply can be achieved under two

sided asymmetric information and information updating. The payment τ t∗i satisfies:

τ t∗i = τ̃ ti − τ̃ t−i︸ ︷︷ ︸
i’s first transfer

+ w̃t
i − w̃t

−i + Eθp̃
t
−i

(
h̃t
)

︸ ︷︷ ︸
i’s second transfer

+ δEw̃t+1
i − δEw̃t+1

−i︸ ︷︷ ︸
i’s third transfer

. (3.19)

The second transfer is a constant that does not vary with the outcome of the en-

vironment. The first and third transfers depend on the realization of the market

condition θti and are hence related to the agreed optimal quality. In particular, the

first transfer reflects the value of the current period collaboration while the third

transfer reflects the value of the future collaboration. This payment structure is

consistent with two-part nonlinear tariffs commonly seen in practice. For instance,

in the C.A.F.E. Practices, according to Duba et. al. (2007), the grower receives a

bottom line price fixed at the beginning of every crop cycle, as well as a real-time

payment based on the quality of the crop, such as a bonus payment per pound if the

coffee is scored above 90. This real-time payment is a combination of the reward to

the high quality in the current period and the signal for being a potential preferred

grower in the future. The real-time payment ensures the fairness of the transaction

while the bottom line price ensures the participation of the growers. This payment

structure (bottom line plus bonus payment) can also be observed in the practices of

Wal-Mart and Coca-Cola Co.

Theorem 16 implies that the sustainability programs with long-term commitment
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should dynamically allocate the decision rights over time instead of keeping it fixed.

This can be implemented by modifying the buyout options both parties need to

pay to quit the partnership. When the partnership dissolves, S and R can buyout

their rights from the government to serve the agreement after the government pays

them their expected profit under the current decision right allocation. These buyout

options updates dynamically according to the cost and market condition. By having

dynamic buyout options in the system, the mechanism can help implement programs

involving long-term goals.

The following Corollary emphasis on the properties of the transfer payments that

reflects the practice stated above.

Corollary 17. The transfer payment τ̃ ts(h̃
t) is decreasing in θts and τ̃ tr(h̃

t) is increas-

ing in θtr. Both τ t∗r (h̃t) is decreasing in xt∗(θt) and τ t∗s (h̃t) is increasing in the optimal

quality xt∗(θt).

Next we develop an algorithm to calculate the contract terms recursively from

the last period.

Initial Settings

V T+1(θT+1) = 0, w̃T+1
s (θT+1

s ) = 0, w̃T+1
r (θT+1

r ) = 0

Period t

Step 1: Calculate xt∗(θt) = argmax
x

{R(x, θtr)−C(x, θts)}, Eθti
[V t∗(θt)], E[V t∗(θt)]

and Ot
i(θ

t
i).

Step 2: Calculate wt
i(ρ

t) = min
θti

{Eθt−i
[V t∗(θt)− ρtrO

t
r(θ

t
r)− ρtsO

t
s(θ

t
s)]} and

θtiw(ρ
t) = argmin

θti

{Eθt−i
[V t∗(θt)− ρtrO

t
r(θ

t
r)− ρtsO

t
s(θ

t
s)]} as a function of ρt.

Step 3: Calculate ρt∗ = arg max
ρts+ρtr=1

{wt
s(ρ

t) + wt
r(ρ

t)}

Step 4: Calculate Bt = wt
s(ρ

t) + wt
r(ρ

t)− E[V t∗(θt)].
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Step 5: Calculate w̃t
i(ρ

t∗) = wt
i(ρ

t∗) + Bt/2, τ̃ tr = −EθtsC(xt∗(θt), θts) and τ̃ ts =

EθtrR(xt∗(θt), θtr).

Step 6: Calculate τ ti = τ̃ ti − w̃t
i + E[w̃t+1

i ] − (τ̃ t−i − w̃t
−i + δE[w̃t+1

−i ]) + Eθt(τ̃
t
−i −

w̃t
−i + δE[w̃t+1

−i ])

Step 7: CalculateW t
s = τ ts−C(xt∗(θt), θts)+δE[W t+1

s ] andW t
r = τ tr+R(xt∗(θt), θtr)+

δE[W t+1
r ].

Step 8: Calculate Eθt−1 [w̃t
i ].

Step 9: If t > 1, move to period t− 1, else end.

3.4.2 Initial Decision Rights

Before the supply agreement is formed, the initial decision right may be exogenously

determined by the size of the members, market power and so on. The following

proposition characterizes the property of the domain of the initial decision rights

that can induce SQSA.

Proposition 18. There exists 0 ≤ ρ1
r
< ρ̄1r ≤ 1, such that when ρ1r ∈ [ρ1

r
, ρ̄1r]

mechanism M exists.

When ρ1r < ρ1
r
or ρ1r > ρ̄1r, M is no longer feasible and the only way to achieve

sustainable quality supply is by centralizing the supply chain, i.e. one member sells

his ownership to the other member.

Proposition 18 illustrates the applicability of the mechanism when ρ1r is exoge-

nously given. The feasible domain for the decision rights is an interval. The results

predict that the Equity Agreement is implementable only if the power of S and R

is balanced. In practice, a retailer with a large market share, such as Starbucks, has

big power and is willing to sustain the high quality supply, and therefore strategi-

cally selects suppliers who have potential to produce high quality coffee beans. The

suppliers who have the low production cost or potential for lower production cost for
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high quality coffee beans possess greater power over those who do not, and hence are

more likely to become partners of Starbucks. Similar difference in supply chain own-

ership structure due to different supply chain power allocation are also observed in

Wal-Mart’s supply chain. Wal-Mart’s Direct Farm Program practise is implemented

differently between Europe and Asia. The European farmers have greater power

than the Asia farmers. Consequently, Wal-Mart collaborate with European farmers

based on supply contracts without taking control over the local land and production

process; while in Asia, Wal-Mart purchase farms, design production process and hire

farmers for organic produce supply.

3.4.3 Implementing SQSA as a Sequential Auction

Even though we find a mechanism that ensures sustainable quality supply, it is diffi-

cult to implement such mechanism due to two reasons: first, the private information

can be complicated and hard to measure. Second, it is unrealistic to have a third

party financially involving in implementing transfer payments. In practise, instead

of revealing market condition and production cost rate, S and R announce and ne-

gotiate on price. Then based on the agreed price, S and R trade directly with each

other. In this section, we show that the Agreement is equivalent to a sequential

auction and hence can be implemented by conventional transactions.

Consider the auction where in each period member i = s, r submits a sealed bid

based on its privately known cost or market condition, bti (θ
t
i). We conjecture that

there is a bidding equilibrium to this game. At the beginning of period t, before θti

is observed, each member pays an entry fee,

Ct
i (ρ

t∗) = w̃t
i(r

t∗),

which is member i’s participation fee in period t. After observing θti , member i

decides to quit the agreement and receive Ot
i(θ

t
i) or stay in the partnership and
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submits a bid that is strictly increasing in θti . In equilibrium, all members stay in the

partnership. Given this the bid functions can be inverted to determine the party’s

type. The resource allocation that is assigned for period t is therefore determined

by x∗ (θti (b
t
i)) where θti (b

t
i) is the inverse of the bid function, bti. Member i receives a

total payment,

mt
i

(
bti, b

t
−i

)
= bti − bt−i + Eθtb

t
−i (3.20)

equal to the weighted sum of bids minus i′s share of switching costs. This is an

all-pay sequential auction where all bidders receive some payment in each round.

Proposition 19. A sequential all-pay auction with payments,

mt
i

(
bti, b

t
−i

)
= bti − bt−i + Eθtb

t
−i + δEw̃t+1

i

(
ρ(t+1)∗ (θt))

implements the efficient supply chain agreement. In equilibrium each member bids

btr
(
θtr
)
= Eθts

(
−C

(
θts, x

∗ (θt))) (3.21)

bts
(
θts
)
= Eθtr

(
R
(
θtr, x

∗ (θt))) (3.22)

The derivation of the sequential auction allows us to clarify how the membership

functions to efficiently allocate profit. In equilibrium members signal their relative

efficiency by the amount they bid. The signal may be used (a) to allocate decision

rights and participation fee for the following period and (b) to select quality to maxi-

mize supply chain profit. Members may bid strategically to signal their participation

fee in the future. To prevent this type of signaling each member’s expected profit

from continuing in the supply agreement does not depend on that member’s current

period bid.5 On the other hand, members do bid to signal their value on quality.

The higher value the member has (large θr or small θs) will result in higher quality.

5 The expected profit of each member after the period t auction is EV (t+1)∗ (θt+1
)
which does

not depend on the period t bid(s) of any of the member(s).
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In practise, the bidding scheme can be applied to reduce the complexity of the

information system. Instead of reporting every cost measures, R can report a single

price (the bid) to indicate his cost condition. The payments then can be calculated

through a pre-made chart which corresponds the bids to the payments. This reduces

the information redundancy and makes the construction of the information system

to become possible.

3.5 Supplier Development: Optimal Ex-Ante Investment

The agreement we constructed ensures ex post optimal quality supply. However, is

it possible to have ex ante investment and ex post exchange both be optimal? This

section explores this possibility.

In practise, Starbucks invests not only to develop its end customer market but

also to help the growers develop their farming technology and improve their living

conditions. However, the investments are relationship specific and cannot be verified.

The question is, with all the hidden information, is it possible to have S and R invest

optimally under SQSA? This section explores this possibility.

We extend our model to allow investments priori to the construction of the supply

agreement and focus on the possibility to achieve system optimality. To explore this

possibility, we modify our model by assuming that before the supply chain is formed,

S invests Is ≥ 0 in supply capacity and R invests Ir ≥ 0 in initial market develop-

ment. For example, in the coffee supply chain, Is can be the grower’s investments

for improving land condition, using organic fertilizers and hire qualified workers. Ir

can be Starbuck’s investments on advertising for premium quality coffee beans. The

members’ actual investments, I ≡ (Ir, Is), affect each member’s initial state, θ1i ,

which is drown independently from distributions Fi(θ
1
i |I) in period 1, with future

period condition drawn from distributions Fi(θ
t
i | θt−1

i ), as before. Notice investment

externalities may arise since the distribution of first period state, θ1i , depends on the
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entire investment profile I, not just on separate member’s investment Ii. However,

we retain the private values setting, since θs are stochastically independent, given I.

Before period 1, members privately select investment anticipating the supply

agreement will be governed by the efficient mechanism, M⟨xt∗, τ t∗, ρ(t+1)∗| I∗⟩Tt=1,

which presumes members invest efficiently such that Ii = I∗i . The efficient invest-

ment, I∗ ≡ (I∗r , I
∗
s ), assumed to be unique with I∗i ∈ [0,∞), is determined by the

condition,

I∗i = argmax
Ii

[EV 1∗(θ1|Ii, I∗−i)− Ii]

Whether the members select the efficient investment depends on the outcome of the

following investment game that is induced by the mechanism,M⟨xt∗, τ t∗, ρ(t+1)∗| I∗⟩Tt=1.

Member i selects Ii to maximize his/her expected continuation profit, Wi(Ii, I−i),

which is

Wi(Ii, I−i) = max{EV 1∗(θ1|Ii, I−i)− Ii} −
∑

j w̃j(ρ
1∗(I∗))

2
,

where the first term is member i’s expected profit and the second term is his share

of the switching costs, calculated on the assumption the members invest efficiently.

Proposition 20. I∗ is the unique Nash equilibrium to the ex ante investment game

where each member invests to maximize its expected continuation profit.

Proposition 20 shows that the supply chain’s optimal investments are achieved

independent of whether one member’s investment is complements or substitutes of

the other member. This is different from the conclusion by Iyer et. al. (2005) in their

setting. This is because our mechanism design endows each partner to be a residual

claimant of the entire supply chain profit. Since each partner is the beneficiary of all

the cost saving he creates, he is incented to act efficiently even in extreme cases where

his investment only reduces the costs of other member. This is indeed interesting.
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Remark 21. Extension: Periodic Investment Consider S and R are allowed to

make investments I t = (I ts, I tr) at the beginning of every period. I t affects the distri-

bution of θt along with θt−1. Specifically, θti is drown from distribution F t
i (θ

t
i|θt−1

i , I t).

When I t = (0, 0), F t
i (θ

t
i|θt−1

i , I t) degenerates to F t
i (θ

t
i|θt−1

i ). Here we assume the in-

vestments only directly affect the current period market condition, however, they also

indirectly affects the future market conditions through the underlying connections of

the market conditions. Similar to the initial investments, I ti , i = s, r are relationship

specific and cannot be verified. At the beginning of period t, the efficient mechanism

continuing from period t is M t⟨xt0∗, τ t0∗, I t0∗, ρ(t0+1)∗| I t∗⟩Tt0=t, where I t∗ = (I t∗s , I t∗r )

is the optimal investment that maximizes the expected profit in period t. We assume

I t∗ is unique with I t∗i ∈ [0,∞), is determined by the condition,

I t∗i = argmax
Iti

[EV t∗(θt|I ti , I t∗−i, θ
t−1)− I ti ] = 0.

Each member anticipating to follow M t after they invest. The mechanism M t

induces an investment game. Member i selects investment I ti to maximize his expected

profit, W t
i (I

t
i , I

t
−i), in period t.

W t
i (I

t
i , I

t
−i) = max{EV t∗(θt|I ti , I t−i)− I ti , θ

t−1} −
∑

j w̃
t
j(ρ

t∗(I t∗))

2
,

Parallel to Proposition 20, the optimal investments I t∗ is the unique Nash equilibrium

to the period t ex ante investment game.

The following example shows the properties of the investments for supplier de-

velopment under long term commitment.

Example 22. Consider a well developed retailer R, i.e. Starbucks who has a fixed

market condition θtr = 1 for all t = 1, ..., T , decides to invest in its under devel-

oped supplier S, i.e. the grower. The grower’s production cost is uncertain due
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to uncertainty in technology and innovation. In each period R can invest a posi-

tive amount I t ∈ [0, 1] to reduce the grower’s cost, the reduction is linear satisfying

θts = νt
sθ

t−1
s −I t+ ϵ. According to Proposition 20, R selects I t = I t∗ which maximizes

the expected supply chain profit.

The following proposition shows the investment trend of R under mechanism M t.

Proposition 23. Assume V T+1(θT+1) = 0.

1) I t∗(θt−1
s ) is achieved at the boundary, i.e. either invest the full amount I t∗ = 1

or not invest I t∗ = 0.

2) I t∗(θt−1
s ) is decreasing in θts. In each period there exists a θts0 such that

I t∗(θt−1
s ) = 1 if θts < θts0 and I t∗(θt−1

s ) = 0 if θts ≥ θts0.

3) I t∗(θt−1
s ) is decreasing in t, and therefore θts0 is increasing in t.

Proposition 23 shows that the investment is increasing as the number of period in-

creases. This implies that the longer the commitment is, the more R will invest in S.

This matches the observation under most supplier development contexts. However,

since I t∗(θt−1
s ) is decreasing in θts, when the production cost is above a certain thresh-

old θts0, R will not invest in S. As the number of periods increases, θts0 increases

implying that R would invest on a larger possible set of suppliers.

3.6 Illustration and Connection to the C.A.F.E. Practices

In this section, we illustrate our dynamic mechanism through a simplified version

of Starbucks’s supply chain. The examples will show how the supply-chain optimal

quality level and transfer payments, as well as the allocation of decision rights are

dynamically changing according to the changing environment. We also emphasize the

role of the decision rights in the long-term commitment to develop sustainable quality

supply, and discuss its implications to the implementation the C.A.F.E. Practices.

Suppose Starbucks’ supply chain consists only one grower, S, and one retailer R

77



– Starbucks. The two parties make a long term commitment to develop and supply

premium quality coffee beans to the market place over a period of T years. In each

period t = 1, 2, , , T , the grower can provide coffee beans of quality xt ∈ [0, 1] at a

cost C (x, θts) = θtsc (x), where θts ∈ [0, 1] is a parameter reflecting current growing

conditions and the effort cost c(·) satisfies the conditions specified in Section 3.1.

The assumed cost conditions ensure that it is always efficient for the grower to

provide beans of intermediate quality provided θts > 0. With regards to demand,

Starbucks generates revenues from the sale of its coffee, R (xt, θtr) = xtθtr, where

θtr ∈ [0, 1] represents the demand conditions.

3.6.1 Shared Decision Rights

Suppose the coffee supply chain is operating in a stationary environment, so that the

demand conditions {θtr} and the supply conditions {θts} are i.i.d. sequences. This is

appropriate when the sustainable quality concept is well known to the consumers and

the technology of growing premium coffee beans has been efficient and stabilized. In

this case, according to the previous analysis, SQSA exists. It can be shown:

Proposition 24. If the distributions of θtr and θts are identical. The optimal decision

rights are given by:

ρt∗r (θ
t
rw; θt−1) =

1− (δλ)T−t

1− δλ
E[x∗(θtrw, θ

t
s)]

and they satisfy these properties:

a) Shared decision rights: ρt∗r ∈ (0, 1) for all t.

b) Equal supply chain outside options at the worst off condition: V t
s (1, θ

t
w) +

V t
r (1, θ

t
w) = V t

s (0, θ
t
w) + V t

r (0, θ
t
w).

c) ρt∗r is increasing in θtrw.

d) The decision-rights allocations are sequentially independent.
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Proposition 24 indicates that under stationary environment with identically dis-

tributed supply and demand conditions, when the partnership is formed under SQSA,

the quality decision rights are always shared in each period the decision rights allo-

cation to a member increases as the member contributes more to the supply chain

profit under the worst off condition, i.e. the retailer with a larger θtrw or the supplier

with a smaller θtsw. However, the member who has a larger decision right in this

period may not be rewarded with a larger decision right in the future. The purpose

of independently distributing the decision rights over time is to minimize the sup-

ply chain’s aggregate outside option to prevent the members from abandoning the

partnership.

The condition that θtr and θts are identically distributed implies that R and S

are almost identical in terms of size and power. In the real Starbucks’ supply chain,

however, typically, R has dominant power over S.

3.6.2 Extreme Decision Rights

Let us now consider the situation of non i.i.d. market conditions. Suppose the

expected demand condition for premium coffee beans demonstrates a jump in an

interim period t0 and stays at that level in the remaining periods. We can interpret

the time before and at t0 as the market development stage, and the time afterward

the developed stage. Assume the expected market condition follows constant step

functions as listed below:

E[θtr] =

{
µr t ≤ t0

µr + ε t > t0
E[θts] =

{
µs t ≤ t0

µs − ε t > t0

Note that from Lemma 14, the difference of the outside options is the key to

indicate the value of the decision rights. We analyze the difference below to see

when the decision rights take extreme values.
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Define Nl(t) be the number of years that the system is in the developing stage

from period t on. ThenNl(t) = [t0−t]+. DefineNh(t) be the number of years that the

system is in the developing stage from period t on, then Nh(t) = [T − t0− [t0− t]−]+.

By definition, Nl(t) +Nh(t) = [T − t]+.

In year t, given the supplier’s cost rate and the retailer’s market condition, their

expected outside options are

V t
r (1, θ

t
r) = θtr + (Nl(t) +Nh(t))µr +Nh(t)ε

V t
s (1, θ

t
s) = −θts − (Nl(t) +Nh(t))µs +Nh(t)ε

V t
r (0, θ

t
r) = 0

V t
s (0, θ

t
s) = 0

and the supply chain outside profits are:

V t(1, θt) ≡ V t
r (1, θ

t
r) + V t

s (1, θ
t
s) = θtr − θts + (Nl(t) +Nh(t))(µr − µs) + 2Nh(t)ε

V t(0, θt) ≡ V t
r (0, θ

t
r) + V t

s (0, θ
t
s) = 0,

Then the normalized difference is

V t(1, θt)− V t(0, θt)

µr − µs

=
θtr − θts
µr − µs

+∆t
r−s,

where

∆t
r−s = (Nl(t) +Nh(t)) + 2Nh(t)

ε

(µr − µs)

is the normalized difference of the number of years in the developing and developed

stages.

Note that when ε = µs − µr, ∆
t
r−s degenerates to Nl(t) − Nh(t). In this case,

∆t
r−s is equivalent to the difference of the number of years in the developing stage to

the developed stage. In the developing years, the cost of S is high if R selects the

80



quality, while R’s revenue is constant zero independent of the quality. Therefore,

S has a higher incentive to control quality. Alternatively, in the developed stage,

the revenue for R is low if S selects the quality, and hence R has a higher incentive

to control quality. Therefore, Nl(t) − Nh(t) characterizes the relative incentive to

control quality between S and R. When ∆ is large, S has more incentive and when

∆ is small, R has more incentive.

Example 25. Suppose Starbucks and the grower agree to jointly develop C.A.F.E.

practices. The parameters are taken according to the table below. Assume θtr and

θts are distributed according to a continuous, strictly increasing c.d.f. F t
r and F t

s

respectively and are i.i.d. in the first 7 years and i.i.d. in the last 3 years. For this

example 6

ρt∗r


= 1 if ∆t

r−s > 1.25
= ρ̃t ∈ [0, 1] if ∆t

r−s ∈ (−1.25, 1.25)
= 0 if ∆t

r−s < −1.25

 ; ρt∗s = 1− ρt∗r

The normalized difference of the number of years in the developing and developed

stages and the corresponding optimal quality rights for the retailer in periods t =

1, ..., 10 are reported in the Table below.

Table 3.1: T = 10, t0 = 7, ur = 0, µs = 0.8, ε = 0.8

Year 1 2 3 4 5 6 7 8 9 10
∆t

r−s 3 2 1 0 -1 -2 -3 -2 -1 0
ρt∗r 1 1 ρ̃ ρ̃ ρ̃ 0 0 0 ρ̃ ρ̃
ρt∗s 0 0 1− ρ̃ 1− ρ̃ 1− ρ̃ 1 1 1 1− ρ̃ 1− ρ̃

According to Table 1, as in years 1 and 2, when the supplier has an advantage

exceeding 1.25, if he decides to quit, he is awarded no decision rights. The rationale

6 For the case where ∆t
r−s ∈ (−1.25, 1.25) the exact calculation of ρ̃ requires that we specify

specific distributions for F t
r and F t

s , and it depends on t. Without this specification we only know
that ρ̃ ∈ [0, 1].
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for this allocation of decision rights is to prevent the supplier who has a greater

incentive than the retailer to decide the supply quality from dissolving the partner-

ship. However, as the supplier’s cost falls in the following year 2, the supplier begins

accruing larger decision rights that eventually become absolute once the retailer’s

revenue gets sufficiently large as it does in year 6. Again the rationale for this allo-

cation of decision rights is to distribute the rights to the supplier who now has the

smaller incentive to decide the quality. The variation in decision right allocations

across different stages of the project is therefore an attempt to prevent one member

from dissolving the partnership to pursue his outside option. 7

In the following, we illustrate that the allocation of Bt is flexible depending on

the bargaining power of each party.

Example 26. Continuing Example 1, suppose the market condition θr follows dis-

tribution Pr(θr = 0) = 1 from year 1 to year 7 and Pr(θr = 0) = 0.2 and

Pr(θr = 1) = 0.8 from year 8 to year 10. The grower’s cost rate θs follows dis-

tribution Pr(θs = 0) = 0.2 and Pr(θs = 1) = 0.8 from year 1 to year 7 and

Pr(θs = 0) = 1 from year 8 to year 10. Then, the decision rights as well as the

other contract terms can be specified in the table below:

In Table 2, the decision rights are determined given the distributions of the market

conditions. However, it is possible to have multiple decision right allocations that

maximizes the aggregated participation fee. For example, in year 4, the optimal

allocation can be any division between R and S. This is because R has as much

incentive as S to decide quality and the allocation of decision rights does not effect

the supply chain’s total outside option value. However, this does not imply that the

members are indifferent with the allocation. Indeed, the decision rights do affect the

7 Our findings are consistent with the legal analysis of Gilson et al (09) who similarly argue that
the ongoing adjustment in control and property rights in development contracts that they examine
is explained as a response of collaboration parties to continually changing conditions that require
adjustment to maintain a stable partnership.
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Table 3.2: θtr = 0 for t ≤ 7 and Pr(θtr = 0) = 0.2 and Pr(θtr = 1) = 0.8 for t > 7.

Pr(θts = 0) = 0.2 and Pr(θts = 1) = 0.8 for t ≤ 7 and θts = 0 for t > 7.
Year 1 2 3 4 5 6 7 8 9 10
xt∗ 0 0 0 0 0 0 0 1 1 1
ρt+1∗
r 1 1 1 any 0 0 0 0 0 any

ρt+1∗
s 0 0 0 any 1 1 1 1 1 any
τ t∗r 0.4 0.4 2.8− 2.4ρ4r 2.4ρ4r 0 0 -0.4 -0.4 -0.4 0
τ t∗s -0.4 -0.4 −2.8 + 2.4ρ4r −2.4ρ4r 0 0 0.4 0.4 -0.4 0
W t

r 4.8 4.4 4 1.2 + 2.4ρ4r 1.2 1.2 1.2 1.6 1.2 0.8
W t

s -2.4 -2 -1.6 1.2− 2.4ρ4r 1.2 1.2 1.2 0.8 0.4 0
Bt(ρ∗t) 5.6 4.8 4 3.2 2.4 2.4 2.4 2.4 1.6 0.8

btr 0 0 0 0 0 0 0 0 0 0
bts 0 0 0 0 0 0 0 0.8 0.8 0.8

expected profit of each member and hence the allocation of the decision rights need to

be determined through negotiation.

Member i’s bid is the expected surplus of the other party given member i’s private

information. The bid signals member i’s private information to the other party. For

example, on the one hand, from year 1 to year 7, S bids zero because the expected

surplus of R is zero. From year 8 to year 10, since S’s production cost lowered to

zero, therefore, x∗ = 1 and the expected surplus of R increased to 0.8. Consequently,

S announces a larger bid of 0.8 signaling his production cost has reduced. On the

other hand, R’s bids stay constant at zero because the expected surplus of S, i.e. the

production cost, stays at constant zero through the entire contract.

Assume that Bt is distributed evenly between R and S, implying an equal bar-

gaining power of the partners. The following graphs shows τ t and its first, second

and third transfers.

However, the bargaining power may not be equally distributed due to various rea-

sons, such as different outside options. When the grower has outside option o, he

will obtain bargaining power that allows him to receive at least his outside option.

One common assumption is that o = 0. In particular, if ρ4t = 0, from year 1 to year
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Retailer’s transfer Supplier’s transfer
Figure 3.1: Retailer’s and Supplier’s transfer payments

3, Bt needs to be redistributed so that the grower is willing to participate. Assume

Bt is allocated so that the grower’s expected profit is equal to his outside profit, the

table below lists the corresponding contract terms from year 1 to year 4 after the

adjustment:

Year 1 2 3
ρt∗r 1 1 1
ρt∗s 0 0 0
τ t∗r 0 0 1.2+[min{−o, 3.2}]+
τ t∗s 0 0 -1.2-[min{−o, 3.2}]+
W t

r 2.4 + [min{−o, 3.2}]+ 2.4 + [min{−o, 3.2}]+ 2.4 + [min{−o, 3.2}]+
W t

s −[min{−o, 3.2}]+ −[min{−o, 3.2}]+ −[min{−o, 3.2}]+
Bt(ρ∗t) 4.8 4 3.2

There are two factors that affect the profit allocation: the grower’s outside profit o

and the negotiable profit Bt. o determines the magnitude of the profit the grower can

receive while Bt puts an upper bound on the grower’s profit. In particular, the upper

bound binds in year 3 at B3 = 3.2. If o ≤ −3.2, the outside profit for the grower is

low. From the collaboration with R, the grower receives a profit that is greater than

his outside profit by threatening to dissolve the partnership. When −3.2 < o ≤ 0, the

grower is indifferent in joining the partnership and receive his outside profit. when

o > 0, the grower will choose not to join the partnership.
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3.7 Concluding Remarks

We have developed a two-party supply chain model and designed a dynamic mecha-

nism to facilitate the long-term commitment of supply-chain partners to collaborate

to achieve sustainable quality supply. The mechanism specifies transfer payments

and the allocation of decision rights dynamically according to the current supply

and demand conditions. This mechanism allows voluntary participation and leads

to supply-chain optimal quality. It is also self-enforceable. In addition, it induces

optimal ex ante investment which leads to efficient supplier development. There are

two key elements that enable such strong properties. The first is to to make each

partner the residual claimant of the supply chain surplus. The second is the dynamic

allocation of the decision rights, which in effect minimizes the supply chain’s outside

options so to facilitate the long-term commitment.

On the one hand, our mechanism agrees with many elements of the C.A.F.E.

Practices. For example, the pattern of the dynamic changing transfer payments

matches that of the dynamically changing price for C.A.F.E. certified coffee beans

between each crop cycle. The higher the quality selected by the mechanism, the more

the growers are rewarded, which in practice, indicating a fair trade environment.

Our mechanism also agrees with the supplier development practice before C.A.F.E.

is implemented. We model supplier development as early investments. The invest-

ments are made optimally even when they are relationship specific and allow exter-

nalities. This result coincides with the supplier development project Starbucks is

implementing to help the growers, both financially and technologically, to build a

better living and working environment.

On the other hand, our study also indicates some potential risks in the implemen-

tation of the C.A.F.E. Practices: In this program, the growers have the full possession

of decision rights on the supply quality. Without a mechanism that dynamically allo-
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cates the decision rights may lead to inappropriate switching costs which may cause

the termination of the partnership in the interim. Our analysis can provide a tool

to guide companies, such as Starbucks, to foresee reasonable allocation of decision

rights along the development course of a sustainability initiative like the C.A.F.E.

Practices.

Our effort in this paper is only a first, though important, step towards a bigger

goal of developing tools and theory to guide long-term partnerships to achieve supply

chain sustainabilty. Several extensions are worth pursue, such as more complex

supply network structures involving multiple and competing suppliers or retailers.
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4

Dealing with Local Autonomy in Global
Production Networks

4.1 Introduction

The case

A Fortune 500 US company with its headquarters located in the center of the U.S. op-

erates a domestic home plant (H) and a foreign branch (B) in Asia. B is partly owned

by the company and is responsible for the final product assembly and the emerging

market in Asia. In order to be adaptive to the fasting changing market conditions,

the headquarters have given B the autonomy to make independent decisions on local

production and logistics, including inventory, capacity and assembly decisions. H

is fully owned by the company and is responsible for the production of parts and

components and the related scheduling and expediting issues. The headquarters also

delegate authority to let H manage its production and capacity. However, due to

strict requirements in technology and production, as well as proprietary concerns, a

key and complex component must be produced at H and shipped to B.

These settings have three implications:
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• First, B incurs a high setup cost k associated with the overseas ordering and

shipping of the key component, including specialized human resources and in-

ternational telecommunication services, such as custom clearance, special ship-

ment packaging and insurance, phone conferences, and faxes. For this reason,

B uses an (s, t) replenishment policy for the key component, where t is the or-

der interval and s the order-up-to level. The fixed replenishment interval helps

the branch to schedule the complex international ordering process. To spread

out the large k, it is desirable for B to choose a long replenishment interval t

(see §3), which may be as long as half a year.

• Second, because H is the exclusive supplier of a key component, the headquar-

ters require H to fulfill the branch’s orders with 100% service level. When

an order exceeds the inventory level at H, H expedites the shortfall through

overtime production or from another H and uses air shipping. This practice

implies a convex production cost of t at H (see §3 for more detail). The large t

imposed by B , therefore, is costly for H . For instance, the air transportation

cost alone may amount hundreds and thousands of dollars per order cycle.

• Third, the headquarters still has the veto power on possible external changes

between facilities, such as initiating cost sharing contracts, modifying the

amount of transfer payments, transferring ownership of the components/parts

etc, even though each facility has full authority on their internal decisions. The

role of the headquarters, on the one hand, is to ensure the collaboration does

not lead to significant supply chain efficiency losses; while on the other hand,

provides enough flexibility for B and H to be adaptive to the environment. (see

Arnold (1999))

This combination of decentralized and centralized features made this system clearly

suboptimal. The system would be more effective if a smaller t is chosen. Recognizing
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that it is the different responsibilities of costs that induce different preferences in

choosing t, a cost-sharing scheme may prove to be effective.

Semi-Centralized System

A semi-centralized system is a production supply network that has both centralized

and decentralized features. On the one hand, each facility has its own autonomy to

make internal decisions, due to needs for product localization, local knowledge and

expertise, as well as incentives to grow. On the other hand, a headquarters control

the collaboration between facilities and has the veto power on cross-facility decisions.

Moreover, because all facilities belong to the same parent company, they share certain

information vertically with the headquarters and obtain exclusive support, such as

key components supply.

In this paper we study the collaboration scheme under the specific semi-centralized

structure given in the case. By investigating several ways to coordinate the system,

we find features that can be extended to a more general setting

One possibility for coordinating the supply chain is for the headquarters to act

as a central planner to reallocate k between the two parties. In §4, we assume that

the headquarters designs the cost sharing contract. We show that this can indeed

coordinate the supply chain despite the fix cost is public information or private

information. However, in either case, the contract is difficult to implement. When

the fix cost is public information, while the optimal allocation of the fix cost always

benefits B , it is not so for H . Therefore, the solution is not always implementable.

When the fix cost is private information, the contract let B pay the full production

cost at H allowing B to obtain full power over H . This is not implementable.

An alternative is to delegate the coordination effort to H , i.e., to have H ini-

tiate a cost-sharing contract with B , resolving the above difficulties. In §5 and 6

we investigate the effectiveness of such an delegation. §5 assumes that H has full
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knowledge of the fixed order cost k and determines the cost sharing percentage. We

show that the optimal contact exists. This contract benefits both B and H as well as

the entire supply chain (denoted by C ) and it reduces the replenishment interval sig-

nificantly and hence the role of the headquarters diminishes completely. Specifically,

the payment from H to B consists of two parts: the operational compensation and

the informational rent. However, this contract cannot lead to full supply chain co-

ordination. On the other hand, numerical examples indicate that in some situations

the contract can lead to near optimal performance. Also, the split of the benefit

between the two parties depends highly on the cost structure of H. When demand

is deterministic, we obtain explicit expressions for the optimal sharing percentage as

well as percentage gains of all parties (B , H , and C ).

§6 assumes that H has only a distribution knowledge about k and offers a menu

of replenishment interval and the corresponding compensation to the branch. We

show that the optimal contract exits and the compensation consists of two parts:

the operational compensation and the informational rent. Moreover, under certain

conditions, the role of the headquarters diminishes completely. Under deterministic

demand, we obtain explicit expressions for the contract terms, which allow us to

gain deeper insights. Numerical results indicate that the optimal contract does not

necessarily benefit H on every realization of k, even though the expected cost of H

is reduced.

§7 compares the performance of the contracts under asymmetric and full in-

formation. Interestingly, the optimal contract under asymmetric information can

sometimes lead to significantly better supply chain performance than that under

symmetric information.

We provide concluding remarks and discuss future research directions in §8. All

proofs are in the Appendix.
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4.2 Literature Review

Supply chain contract research has been very active in the last couple of decades.

While most of the work in this area focuses on coordination of decentralized systems

(see Cachon 2003, Chen 2003), we aim to coordinate a semi-centralized system. In

addition, our paper appears to be among the very few that analyze supply chain

contracts in the presence of fixed order costs.

One way of coordinating a decentralized system is through a central planner, as in

Chen (1999), Porteus (2000) and Shang et al. (2009), among others. This approach

assumes a single decision maker with full information and control of the entire entire

supply chain. In our benchmark analysis, we employ a fixed-cost allocation scheme

in a similar spirit to Shang et al. (2009).

In the absence of a central planner, the literature on decentralized supply chains

study various contracts between independent parties. Two lines of research in this

literature are most relevant to our work. One line is on cost sharing contracts, such

as in Cachon and Zipkin (1999), who analyze backorder-cost sharing contracts. Our

fixed-cost sharing contract under full information is inspired by their work. The

other line is on asymmetric cost information, of which Corbett (2001) is the most

related. While Corbett also considers the coordination of a two-party supply chain

with fixed order cost and uncertain demand, the details are very different from ours.

First, he assumes there is only one inventory location, at the downstream location

in the supply chain, whereas we allow inventory at both locations. Second, he as-

sumes that the supplier incurs the holding cost while the retailer incurs the backorder

cost, whereas we assume that each location is responsible for its own inventory and

backorder costs. These differences imply different incentives, which in turn require

different mechanisms for coordination. In particular, in Corbett’s setting, the the

supplier prefers large but infrequent orders. He suggests the supplier design a con-
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tract menu consisting of order batch sizes and the corresponding compensations, so

that the retailer would choose a larger order size for a higher compensation. In

our case, the supplier incurs production and expediting costs and therefore prefers

a smaller replenishment interval. We suggest the supplier offer a contract menu

with replenishment intervals and corresponding compensations, in which a smaller

reorder interval is associated with a higher compensation. In addition, in our model,

we need to impose constraints to reflect the semi-centralized feature. To gain insights

from this new type of optimization problem, we employ a methodology developed in

Blackorby and Szalay (2007). In our numerical studies, we use measures similar to

those used in Chao et al. (2009) to quantify the value of information and the value

of a menu of contracts.

We have not seen any work in the supply chain literature that is specifically

on semi-centralized systems. The closest concept is perhaps that of the degree of

centralization in the industrial organization literature. Even there, the concept is

not formally given. For example, in Palokangas (1991) the degree of centralization

stands for the number of industries in the multi-regional environment, but in Kolmar

(2001), the notion is characterized as the cost of exclusion of the regional government

(decentralization) and taxation of the central government (centralization). Based on

these definitions, some works in this literature study the optimal degree of central-

ization; see, e.g., Bucovetsky(2005), Janeba and Wilson (2005). Although most of

the work on this topic is related to political science, using empirical and case studies,

Arnold (1999) uses the notion of degree of centralization to analyze the structural

aspect of global purchasing. This is different from our focus on operational aspects

of a global production network.

Our work is also related to the literature on internal coordination. Kouvelis and

Lariviere (2000) focuses on coordination through transfer pricing, assuming there

are internal and external markets. Zimmerman (1979) is one of the first papers that
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studies cost allocations between facilities. The paper pointed out that the facility

managers have incentives to maximize the facility’s profit due to responsible account-

ing (the performance of the manager is evaluated based on the profit of the facility

he/she is responsible for). Nonetheless the cost allocation can reduce inefficiency of

the firm especially when the facilities have hard to measure costs. Some of the inter-

nal coordination papers focus on fixed cost allocations. Wei (2004) and Toktay and

Wei (2009) study the fixed cost allocation under symmetric information and show

that it can lead to supply chain efficiency while cost allocations that depends on

quantity will result in double marginalization. Edlin and Reichelstein (1995) study

fixed cost allocation under asymmetric information with negotiable transfer pricing.

They are able to construct a mechanism that leads to supply chain efficiency. How-

ever, all of the papers ignored the initial state of the system. This restricts the

feasibility of the contract because managers would deny the contract if it hurts the

facility’s performance compared to the initial state. In our paper, we focus on the

coordination that facilities have authority to stay at the initial state if the contract

will not benefit them.

Inventory models with (s, t) policies have been discussed in many papers. For

example, Graves (1996) provides an approach to evaluate the cost for distribution

systems under a virtual allocation rule. Shang and Zhou (2010) discuss echelon

(r, nQ, T ) policies with fixed costs in a centralized serial system. They find near-

optimal heuristics by generating upper and lower bounds and provide properties of

the optimal policy. Our two-stage system is different from these papers, especially

in that the upstream system is required to provide 100% service to the downstream

stage. Also, our focus is different. Rao (2003)and Liu and Song (2010a) study the

properties of the (s, t) policy in a single location. Our analysis of the foreign branch

problem is built on these properties.

Huggins and Olsen (2003) discuss a two-node supply chain with guaranteed deliv-
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ery. They assume no fixed cost for the downstream retailer but a positive fixed cost

at the upstream stage if expediting occurs. They find the optimal policy is structured

as follows: the upstream stage follows a base stock policy, and the downstream stage

follows an (s, S) policy. In our setting, the downstream incurs a fixed order cost

and follows an (s, t) policy, while the upstream needs to guarantee a 100% service

level with a finite production capacity and a finite shelf space. Liu and Song (2010b)

characterize the optimal inventory and expediting policy for the home plant, and

Liu and Song (2010c) shows that under the optimal policy, the home plant’s cost is

increasing and convex in the review cycle. We employ these results in §3.

4.3 Semi-Centralized System

We consider a global production network of a company comprising a home plant (H),

a foreign branch (B) and a headquarters. We focus on the semi-centralized features

observed from the inventory replenishment process of a key component that is sup-

plied by H to B. In this section, we describe the detailed operational characteristics

of each facility, reflecting the requirements from the company’s headquarters, and

derive their respective long-run average costs.

4.3.1 Foreign Branch

Let D(τ) be the cumulative demand of the key component at B within time interval

(0, τ ]. We assume the demand process {D(τ), τ ≥ 0} is nonnegative, stationary,

and has independent increments. The stationary independent increment property

implies that {D(τ), τ ≥ 0} is a semi-group, i.e. the demand can be decomposed into

the sum of two independent parts: D(τ1 + τ2) =st D(τ1) +D(τ2) for all τ1, τ2 ≥ 0.

Furthermore, D(τ) is stochastically increasing and linear by sample path (SIL(sp)) in

τ . That is, for any τ1 < τ2 < τ3 < τ4 ∈ [0, ∞) with τ1+τ4 = τ2+τ3, we can construct

four random variables Di, Di =st D(τi), i = 1, 2, 3, 4 to satisfy 1) D1+D4 = D2+D3
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a.s. and 2) max[D2+D3] ≤ D4 a.s. (see Shaked and Shanthikumar 1994). Examples

include stationary Poisson and compound Poisson processes.

Assume that the delivery leadtime from H to B is a fixed constant L and that

unsatisfied demand at B is backlogged. For every replenishment order, there is a

fixed order cost k. There is also a linear inventory holding cost at a per-unit rate h

and a linear backorder cost at a per-unit rate b. B follows an (s, t) policy to replenish

the inventory of the key component, where t is the reorder interval and s is the base

stock level. That is, for every time interval t, B places an order from H to bring

the inventory position back to s. This type of policy is very common in practice,

and is particularly favored when there is a need to coordinate the replenishment

processes of many products (see Rao 2003) and thus suitable in a global setting. In

addition, when demand follows a Poisson process, Rao (2003) demonstrates that the

(s, t) policy compares well with the continuous-review (r, q) policy, which is known

to be optimal among all policies under this demand process and cost structure.

Given the demand and cost parameters, B chooses s and t to minimize its long-run

average cost:

min
s,t≥0

B(s, t|k) = kθ(t) + hE[s−D(L+ U(0, t))]+ + bE[s−D(L+ U(0, t))]−, (4.1)

where U(0, t) is a random variable with the uniform distribution on [0, t], and

θ(t) = Pr(D(t) > 0)/t (4.2)

is the order frequency under any given reorder interval t. Here, for convenience of

the later analysis, we use k to index the cost function to highlight its dependance on

the fixed cost.

Fix any k, let s(t|k) = argmins B(s, t|k) be the optimal base stock level for any

given order interval t. Similarly, t(s|k) = argmintB(s, t|k) is the optimal reorder

interval for any given base stock level s. To proceed, we need the following result:
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Lemma 27. (Liu and Song 2010a) For any given k, B(s, t|k) is coordinatewise

convex and submodular in (s, t). Also, s(t|k) increases in t and t(s|k) increases in s.

In addition, we have

Lemma 28. For any given k, limt→∞B(s(t|k), t|k) = ∞.

Hence, for any given k, there exists a least minimizer of B(s(t|k), t |k), de-

noted by (s(k), t(k)), which is also the global minimizer of B(s, t|k). Consequently,

B(s(k), t(k)|k) is the minimum long-run average cost of B . Define

Bu(k) = B(s(k), t(k)|k)

as the optimal cost for B in the uncoordinated system.

Note that θ(t) is decreasing and convex in t and is in the form of θ(t) = (1−e−ρt)/t,

where ρ is a positive constant depending on distribution of D(t) (see Liu and Song

2010c). Also, if demand is continuous, Pr(D(t) > 0) = 1 for all t > 0, then

θ(t) = 1/t. We can show:

Lemma 29. a) The optimal replenishment interval t(k) increases in k. b) Bu(k)

is increasing and concave in k. c) As k → 0, t(k) → 0, so the system reduces to a

continuous-review system with base stock policy. d) For continuous demand, k > 0

implies t(k) > 0.

Deterministic Demand

According to Rao (2003), the optimal reorder interval t(k) is relatively insensitive

to demand variability. In particular, using the optimal reorder interval based on

deterministic demand, which has a closed-form solution, and optimizing over s, the

resulting long-run average branch cost is within 6.125% of optimal. For this reason,

it is interesting and insightful to examine the behavior of the system, especially that

of the reorder interval, under deterministic demand. We shall discuss this special
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case throughout the paper. For simplicity, whenever we consider this special case,

including all the numerical studies later, we assume L = 0. This assumption merely

changes a constant term in both the average cost and the base-stock level.

Suppose the demand is deterministic with rate λ, i.e., D(τ) = λτ , τ ≥ 0. Then

the branch’s problem reduces to an EOQ problem with planned backorders (see

Zipkin 2000, Chapter 3).

Denote

γ = λhb/[2(h+ b)]. (4.3)

The optimal policy and cost are

t(k) =
√

k/γ, s(k) = 2γt(k)/h, Bu(k) = 2
√

γk = 2γt(k). (4.4)

All these quantities are increasing in k and proportional to
√
k.

4.3.2 Home Plant

For any given replenishment interval t, H faces a discrete-time i.i.d. demand stream

{Xn = D((n− 1)t, nt), n ≥ 1}, where the Xn have the same distribution as D(t).

As mentioned in the introduction, under the semi-centralized regime, H has the

following supply restrictions: First, the headquarters requires H to provide 100%

fulfillment to B. Second, H has finite capacity and has many other products to

produce. Hence H can only make to stock (instead of make to order) in anticipation

of the orders from B. When the orders from B exceeds its inventory on hand, to

meet the 100% service level, H needs to expedite production either within its own

production facility or from other home plants within the company. These features

are also considered in Huggins and Olsen (2003, 2009). Assume the unit regular

production cost is c and the unit expediting cost is ce, where ce > c. Let hp be the

unit finished-goods inventory holding cost rate.

97



There are two kinds of capacities at H. The first is the production capacity µ,

which is the maximum production rate of this component at H. The second is

the shelf space capacity ν, which is the maximum finished-goods inventory of this

component that can be held at H. The shelf space capacity is particularly relevant

when the component is bulky and when H produces many different products. This

parameter is independent of time and the production cycle.

Under this environment, Liu and Song (2010b) show that the optimal control

policy for H is to produce up to a fixed base-stock level in every production cycle

(of t periods) and expedite to clear the shortfall at the end of production cycle. Let

H(t) be the optimal long-run average cost at H . Then, according to Liu and Song

(2010c), we have

Lemma 30. H(t) is increasing and convex in t.

Deterministic Demand

When demand is deterministic at rate λ, so D(t) = λt, the home plant cost H(t) is

piecewise linear (see Liu and Song 2010c):

H(t) =
(
ce(λ− µ)+ + c(λ ∧ µ)

)
t1{t≤ν/(λ∧µ)} + (ceλt− (ce − c)ν) 1{t>ν/(λ∧µ)}. (4.5)

Here, x∧y = min{x, y}, and 1U is the indicator function of event U . Clearly, H(t) is

increasing and convex in t. Moreover, the coefficient of t is increasing in ce. Figure

1 shows H(t) under several different values of λ.

In some ranges of the parameters, we obtain a linear cost function H(t) = at,

where a is a positive constant. For example, from equation (4.5), H(t) = at with

a = ceλ when the shelf capacity constraint is binding (µ = ∞) and a = ce(λ−µ)+cµ

when the production capacity is binding (µ < λ and ν = ∞). In other parameter

ranges, we may approximate H(t) well by a quadratic function. This fact will be

used in the numerical studies in the later sections.
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Figure 4.1: Deterministic H(t): ce = 10, c = 5, µ = 5, ν = 10, λ = 4, 5, 6

4.4 Headquarters Initiated Cost Sharing

In this section, we assume the headquarters takes full authority on initiating the

contract and acquires full information on both H and B . Note that even though

the headquarters has the fully authority on the contract, it cannot interfere with

the internal decisions each facility makes. Moreover, it cannot force each facility to

participate in the contract. We first provide a bench mark that characterizes the best

supply chain performance for the headquarters. Then we analyze two cost sharing

contracts when k is either observable or unobservable to the Headquarters.

4.4.1 A Benchmark: The Best Performance of the Supply Chain

According to Huggins and Olsen (2003), the optimal policy for a two echelon system

with guaranteed delivery is a (s, S) policy for the down stream and base stock policy

for the upstream. The policy degenerates to multi-echelon base stock policies when

the expediting fixed cost is zero. Therefore, the set of policy selected in our setting

can optimize the supply chain performance and hence the best supply chain per-

formance for the headquarters occurs when (s, t) are selected to minimize the total
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supply chain cost

Ĉ(s, t|k) = B(s, t|k) +H(t).

In this case we have:

Proposition 31. For any given k, the supply chain cost Ĉ(s, t|k) is coordinatewise

convex and submodular in (s, t). The optimal replenishment interval t∗(k) and base-

stock level s∗(k) satisfy the first order condition. Moreover, t(k) ≥ t∗(k) and s(k) ≥

s∗(k).

Thus, in this system, B replenishes more frequently and uses a lower base-stock

level. This, in turn, leads to smoother demand at H, making its operations more

efficient.

4.4.2 Headquarters Initiated Cost Sharing: Full Information

One possible incentive mechanism to reduce the reorder interval is to require H to

share part of B’s fixed order cost k. That is, for each replenishment order from B ,

let H pay a portion of 1− α of the fixed order cost to B, 0 ≤ α ≤ 1. As mentioned

in §1, this is equivalent to asking H to be responsible for some parts of the reorder

process. Under this arrangement, the cost function for B becomes B(s, t|αk) and

that for H becomes H̃(k, α, t) = H(t) + (1− α)kθ(t).

The headquarters wants to selects an α such that both facilities would agree to
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choose the optimal replenishment interval.

min
α∈[0,1]

B(s∗, t∗|αk) + H̃(k, α, t∗)

s.t. (ICB) (s∗, t∗) ∈ arg min
0<s,t

B(s, t|αk)

(ICH) t∗ ∈ arg min
0<s,t

H̃(k, α, t)

(IRH) H̃(k, α, t∗) ≤ H(t)

(IRB) B(s∗, t∗|αk) ≤ B(s(k), t(k)|k)

The first two constraints guarantees that the two facilities agree on the selection

of the replenishment interval, the last two constraints characterizes the individual

rationality of the two facilities.

Without the last two constraints, this problem degenerates to a topical fixed cost

allocation problem in Accounting literatures. Wei (2004) show that the fixed cost

allocation can lead to supply chain efficiency when each facility selects independent

investments. In our setting, both facilities decide on one parameter: the replenish-

ment interval. We show that, dropping the individual rationality constraints, i.e.

assuming the headquarters has the power to force each facility to take the contract,

the cost sharing contract can lead to a consensus on the replenishment interval that

achieves supply chain efficiency. The following proposition shows the possible selec-

tion of α.

Proposition 32. For any k, there exists an α∗ = α∗(k), such that the system is

coordinated. That is, t(α∗k) = th(k, α∗) = t∗(k) and s(α∗k) = s∗(k). Moreover, if

Pr(D(t) > 0) = 1 for all t > 0, then α∗ < 1

For any given k and reorder interval t̃(k), define

C(t̃(k)) = B(s(t̃(k)|k), t̃(k)|k) +H(t̃(k)). (4.6)
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Then C(t̃(k)) is the supply chain cost as a function of t̃(k), provided that B uses the

optimal order-up-to level for t̃(k).

The following result is immediate from Lemma 29 and Lemma 30:

Corollary 33. For any given k, s(αk), t(αk), Bu(αk) and C(t(αk)) are increasing

in α.

According to Corollary 33, both the costs of B and C are lower under the cost

sharing scheme. However, this may not necessarily be true for H. The cost incurred

by sharing k with B may outweigh the gain from a smoother demand, leaving H

reluctant to follow the headquarters’ plan. The next proposition identifies sufficient

conditions for H to benefit from the coordination.

Proposition 34. H has a positive gain in the coordinated system, i.e.,

H̃(k, α∗, t∗(k)) ≤ H(t(k)) if

− θ′(t∗(k))(t(k)− t∗(k)) ≥ θ(t∗(k)). (4.7)

When Pr(D(t∗(k)) > 0) = 1, (A.28) reduces to t∗(k) ≤ t(k)/2.

Thus, if the bench mark solution does not reduce the original reorder interval by

more than a half, the solution may not exist and the supply chain will remain in its

original form. Moreover, the headquarters needs to know the demand distribution

as well as all cost parameters at both H and B . Collecting this information can be

hard or impossible, especially in a global environment in which the two facilities are

operating in different countries with different languages and cultures. In addition,

getting access to these data may be challenging or unwise, because for various reasons

the company may be better off by giving each facility enough autonomy and the

freedom to keep certain information private. Taking all these factors into account,

it is worth investigating whether the headquarters should delegate the coordination

effort to H .
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4.4.3 Headquarters Initiated Cost Sharing: Asymmetric Information

Assume the fix cost k is a random variable privately observed by B , it has a con-

tinuous strictly increasing distribution F (·| t0) on a finite support [k, k̄], where t0 is

the initial replenishment interval and k is stochastically increasing in t0. The distri-

bution function and the initial replenishment interval t0 are publicly known to the

headquarters and H .

The sequence of events is as follows: The headquarters designs a contract based

on F (·| t0). After B observes k, both B and H decide to participate in the contract

or quit the contract. If both decide to participate, B reports k. The replenishment

interval is selected and transfer payments are received based on the reported k. If

either of them decides to quit, then the replenishment interval is selected based on

the break-up rule.

The headquarters objective is to design a contract to minimize the expected

supply chain cost. Consider a contract M = ⟨THA(·), τ(·), r(·)⟩.

The first element THA(·) is the replenishment interval. It is a mapping from all

possible reports to R+:

THA : [k, k̄] → R+.

The second element τ(·) = (τB(·), τH(·)) is the transfer payments each subordinate

receives. It is a mapping from all possible reports to R2:

τ(·) : [k, k̄] → R2.

Note that the transfer payments can be either positive or negative. Positive trans-

fer payments imply that subordinate is receiving a transfer, while negative transfer

payments imply that subordinate is making a transfer.

The third element r(·) = (rB(·), rH(·)) is the probabilistic decision right of the
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replenishment interval decision if either subordinate decides to quit,

r(·) : [k, k̄] → [0, 1]2, rB + rH = 1.

Control of the replenishment interval is allocated to B with probability rB andH with

probability rH . The decision rights are allocated exclusively to the two subordinates.

Since the headquarters has limited power over its subordinates, the mechanism

needs to be design in a way to meet all the requirements from B and H . We

characterize the requirements from B and H as follows:

The Break-up Rule

When either party decides to terminate the contract, the decision to select the

replenishment interval is allocated through the decision rights. If B receives the

power to select the replenishment interval, he will select t(k) to minimize his cost.

If H selects the replenishment interval, he will choose the smallest replenishment

interval possible, and hence causing the supply chain to incur a significant cost at B

. In order to prevent this unstable event, the headquarters regulate the selection of

replenishment interval to be above a minimum level tmin.

Incentive Compatibility

The mechanism should ensure that B ’s best response is to report truthfully.

That is

B(s(THA(k)), THA(k), k)− τB(k) ≤ B(s(THA(k̃)), THA(k̃), k)− τB(k̃)

∀k̃ ̸= k, k̃, k ∈ [k, k̄]

Voluntary Participation

The mechanism should ensure that both B and H prefer participate to quit. That

is

B(s(THA(k)), THA(k), k)− τB(k) ≤ rBB(s(k), t(k), k) + rHB(s(tmin), tmin, k)

E[H(THA(k))− τH(k)] ≤ rBE[H(t(k))] + rHH(tmin).
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Budget Balance

The mechanism should ensure that the system is self-supporting. Both B and H

can coordinate without the headquarters lending or receiving payments from either

of them. That is

τB(k) + τH(k) = 0.

The headquarters problem becomes

min
THA(),τ(),tmin

E[B(s(THA(k)), THA(k), k) +H(THA(k))]

s.t. (ICB) B(s(THA(k)), THA(k), k)− τB(k)

≤ B(s(THA(k̃)), THA(k̃), k)− τB(k̃) ∀k̃ ̸= k, k̃, k ∈ [k, k̄]

(IRB) B(s(THA(k)), THA(k), k)− τB(k)

≤ rBB(s(k), t(k), k) + rHB(s(tmin), tmin, k)

(IRH) E[H(THA(k))− τH(k)] ≤ rBE[H(t(k))] + rHH(tmin)

(BB) τB(k) + τH(k) = 0.

Proposition 35. Let t̄ be the replenishment interval that satisfies: E[H(t(k))] =

H(t̄). We have the following results:

1) There exists a feasible decision right allocation that induces an efficient contract

THA(k) = t∗(k) for all k, i.e. the supply chain is coordinated. The contract makes

each subordinate the residual claimant of the supply chain.

2) For any feasible decision rights allocation rB and rH that induce supply chain

coordination, the transfer payments are:

τB(k) = −H(t∗(k)) + E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]/2− (OB −OH)/2

τH(k) = H(t∗(k))− E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]/2 + (OB −OH)/2

where
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OB = max
k

{B(s(t∗(k)), t∗(k), k)+H(t∗(k))−rBB(s(k), t(k), k)−rHB(s(tmin), tmin, k)}

and OH = E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]− rBE[H(t(k))]− rHH(tmin).

3) Specifically, when tmin ≥ t̄, there exists r0H ≥ 0 such that the feasible decision

rights satisfies rH ≥ r0H .

Proposition 35 implies that supply chain can be coordinated by efficiently al-

locating decision rights. The transfer payments allow B to bare all the inventory-

production cost and H a fixed payment. This payment structure implies that B takes

full responsibility of the inventory-production cost while receiving a fixed compensa-

tion from H . Theoretically the mechanism can be implemented similar to Corbett

(2001), that B controls the production planning at H and H holds consignment

stock for B . However, even though the consignment stock policy can coordinate the

semi-centralized supply chain, in practise, H will not its production planning power.

In the next two sections, we analyze the effectiveness of such delegation. In both

sections, we assume H knows B ’s holding cost rate h, backorder cost rate b, and the

distribution of the demand process D(τ). This is plausible, because H knows the

value of the key component, and it is reasonable to have the headquarters to require

B to share demand forecasts with H . The two sections differ by whether H has full

information about the fixed cost k.

4.5 Dedicate the Contract Design to H

4.5.1 Home-Plant Initiated Cost Sharing: Full Information

In this section, we assume H has full knowledge of the fixed order cost k of B (which

may be provided by the headquarters) and designs a fixed cost sharing contract with

B to reduce its inefficiency. However, in order to make the contract implementable,
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both facilities need to agree on the payments. Moreover, the contract needs to receive

approval from the headquarters.

The sequence of events of the Stackelberg game in the semi-centralized system is

as follows:

1) H offers a sharing proportion 1 − α, α ∈ [0, 1] of the fixed order cost. The

system moves to stage 2.

2) B decides whether or not to participate. If B decides to not participate, then

the game ends and the system will operate under the original setting. If B decides

to participate, then the system moves to stage 3.

3) B decides on its base stock level and the order interval based on the announced

α.

4) The headquarters decide to accept or deny the contract. If the headquar-

ters deny the contract, the system will operate under the original setting. If the

headquarters accept the contract, the system will operate under the contract.

For any given k ∈ (0,∞) and α ∈ [0, 1], B’s set of strategies is: SB = {(s, t)| s :

(0,∞) × [0, 1] → R+, t : (0,∞) × [0, 1] → R+}. B selects its best response by

minimizing its cost:

(s(αk), t(αk)) = arg min
0<s, t

B(s, t|αk)

Note that B participates only if Bu(αk) ≤ Bu(k).

Denote the corresponding optimal base stock level and reorder interval for B are

(s(αk), t(αk)). Then B’s best response is (s(αk), t(αk)).

H’s set of strategies is: SH = {ᾱ| ᾱ : SB → [0, 1]}
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Knowing B’s best response, H’s problem is:

min
0≤α≤1

H̃(k, α, t(αk))

s.t. (IR∗) Bu(αk) ≤ Bu(k)

(HA) t(αk) ≤ t(k).

The two constraints reflect the semi-centralized features: The individual rationality

constraint (IR∗) ensures the contract not hurt B. The headquarters agreement con-

straint (HA) ensures the contract not hurt C . This is because for any t > t(k),

B(s, t) ≥ Bu(k) and H(t) ≥ H(t(k)), and therefore the total supply chain cost

Ĉ(s, t|k) ≥ Ĉ(s, t(k)|k). However, from Corollary 33, both of these constraints are

automatically satisfied.

Because H̃(k, α, t(αk)) is continuous in α and the optimization is over a closed and

bounded region [0, 1], by the Weierstrass Theorem, there exists an optimal solution

αh(k). We have:

Proposition 36. For any fixed k, the optimal fixed cost sharing percentage αh =

αh(k) satisfies αh(k) ≥ α∗(k). Hence, t∗(k) ≤ t(αhk) ≤ t(k), and Ĉ(s(αhk), t(αhk)|k) ≤

Ĉ(s(k), t(k)|k). If the division cost functions are strictly convex, then all the above

inequalities are strict. This implies the role of the headquarters diminishes under full

information.

Thus, under the cost sharing contract led by H , the supply-chain cost will be

reduced. However, in general, the contract cannot lead to a fully coordinated supply

chain.

Deterministic Demand

To gain more insights into the contract and its impact, in this subsection we assume

the demand is deterministic, i.e. D(τ) = λτ for all τ ≥ 0. We also assume a linear

108



home plant cost, H(t) = at, for some positive constant a. Correspondingly, we have

H(t(k)) = at(k) and the supply-chain cost is Ĉ(s(k), t(k)|k) = (a + 2γ)t(k), where

t(k) is given in (4.4). Thus, in this case, the costs of all parties are linear in the

reorder interval.

Denote the cost ratio

η =
H(t(k))

Bu(k)
=

dH(t(k))/dk

d[Bu(k)]/dk
=

a

2γ
. (4.8)

In particular, when a = ceλ, η = ce(1/h + 1/b). When a = ce(λ − µ) + cµ, η =

(ce − µ/λ(ce − c))(1/h+ 1/b). We have

Proposition 37. Suppose D(t) = λt, H(t) = at, and H offers a contract to pay a

proportion of 1− α of the fixed cost to the foreign branch. Then:

a) For any given α, the long-run average cost of H is

H̃(k, α, t(αk)) =
(
a
√

k/γ −
√
γk
)√

α+
1√
α

√
γk.

This is convex in
√
α, thus there exists an unique αh that minimizes H’s cost.

b) αh is independent of k. In particular, if η ≤ 1, then αh = 1, i.e., it is optimal

for H not to share the fixed order cost with B. Otherwise, if η > 1, then

αh = γ/(a − γ). Thus, the optimal percentage (1 − αh) is increasing in a,

decreasing in λ, b and h, and independent of k.

c) When η > 1, all parties (H , B and C ) benefit from the cost sharing contract.

Under the optimal sharing percentage αh, the percentage reduction in the re-

order interval (and hence in all parties’ costs) is 1 −
√
αh = 1 −

√
γ/(a− γ),

which is increasing in a but decreasing in λ, b and h.

d) The optimal centralized cost sharing percentage is α∗ = γ/(a+γ), which is also

independent of k.
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e) When a = ceλ (i.e., the shelf space capacity is binding), η > 1 is equivalent to

ce > hb/(h + b). Moreover, αh = [2ce(1/b + 1/h) − 1]−1 and α∗ = [2ce(1/b +

1/h) + 1]−1. Both αh and α∗ are independent of λ.

f) When a = ce(λ − µ) + cµ (i.e., the production capacity is binding), η > 1 is

equivalent to ce − µ/λ(ce − c) > hb/(h + b). Moreover, αh = [2(ce − µ/λ(ce −

c))(1/b + 1/h) − 1]−1 and α∗ = [2(ce − µ/λ(ce − c))(1/b + 1/h) + 1]−1. Both

αh and α∗ depend on λ only through µ/λ, the percentage of demand covered by

the production capacity.

Property 37 (b) indicates that whether or not H benefits from the contract only

depends on the relative magnitudes of the cost rate a at H and the parameter ratio

γ at B , not on k. Because αh > α∗, under the cost-sharing contract, H shares a

smaller portion of the fixed cost than in the centralized system. Consequently, the

reductions in both the reorder interval and supply-chain cost are less than those under

the centralized coordination. However, the difference between the two coordination

schemes decreases as a increases (e.g., it is more expensive to expedite atH ), because

αh/α∗ = (a+ γ)/(a− γ) is increasing in a.

Note that the cost rate ratio η measures the relative cost changes of H and B as

k changes. It is increasing in a and decreasing in b, h, λ, but is independent of k.

When η > 1, H has a greater increment in unit cost than B as k increases. Thus, H

has an incentive to share some of k to yield a reduced reorder interval. The contract

is a form of compensation for the branch for its loss due to such a reduction. When

η < 1, the decrement of the reorder interval brings greater savings to B than H , the

cost of sharing the fixed cost will surpass the benefit of a smaller reorder interval, so

H does not offer the contract.

We now quantify the split of the contract benefits between the two divisions. Let

∆H(k), ∆B(k) and ∆C(k) be the cost savings of H, B, and C under the optimal cost
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sharing contract, respectively. That is, ∆H(k) = H(t(k)) − H̃(k, αh, t(αhk)), and

the others are defined similarly. Define ξH = ∆H/∆C and ξB = ∆B/∆C = 1− ξH

to be the savings ratio for H and B, respectively. We have

Proposition 38. Suppose η > 1. Then

ξH =
η −

√
2η − 1

1 + η −
√
2η − 1− 1√

2η−1

.

Both ξH and ξB are independent of k and depend on the other parameters only through

the ratio η. In particular, ξH is increasing and concave in η. When η = 2.5, we have

ξH = ξB, i.e., H and B evenly split the benefit. And ξH > ξB if and only if η > 2.5,

i.e., H reaps more benefit only when the expediting cost is very high.

Finally, we take a closer look of the meaning of η > 1 to the supply chain

with a specific example. Consider the case a = ceλ, where η > 1 is equivalent to

ce > hb/(h + b). This is because ce is the unit saving of expediting one unit less

at H, and bh/(b + h) is the expected loss of having one unit less at B. Together

ce > hb/(h+ b) implies that it is beneficial for the supply chain that the two parties

coordinate. This further implies that the cost sharing contract at H is justified only

if it benefits the supply chain as well.

Numerical Study

When demand is stochastic, we can no longer obtain explicit formulas for the contract

terms and cost functions. To gain insights into the effect of demand variability on the

contract effectiveness, we now present a numerical study for the stochastic demand

case and compare it with the findings in the deterministic demand case analyzed

in the previous subsection. We assume D(τ) is a random variable with the normal

distribution with mean λτ and variance λτ . This is a good approximation of the

cumulative demand when customer demand arises according to a Poisson process
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with rate λ. Because we consider large reorder interval cases, Pr(D(t) > 0) is close

to 1, so we assume Pr(D(t) > 0) = 1. We set h = 1, b = 8, λ = 1000. Assume

the cost function of H is H(t) = 10t. We vary the fixed order cost k by taking 100

sample points in [10, 000, 20, 000] with increment of 100.

Figure 4.2: Replenishment Intervals

Effect on Replenishment Interval Figure 4.2 compares the optimal reorder

intervals under three settings: the original uncoordinated system (t(k)), the central-

ized system (t∗(k)), and under the cost sharing contract (t(αhk)). Not surprisingly,

as k increases, the reorder intervals of all settings increase. Also, the cost sharing

contract significantly reduces the reorder interval, although not to the level of the

centralized system. Unlike in the deterministic demand case, however, the reduction

of t(k)− t(αhk) is not independent of k. It increases in k. Thus, with demand vari-

ability, the impact of the cost sharing contract is more significant for large k. This

is reasonable, because demand variability amplifies upward along the supply chain

(the so-called bullwhip effect) and batching is known to be a key factor of this effect

(Lee et al. 1997). For a bigger k, the need for batching is higher.

Effect on Costs In the first part of Figure 4.3, we compare the long-run average

costs of B 1) in the original uncoordinated system, Bu(k), 2) in the centralized

system, B(s∗(k), t∗(k), |k), and 3) under the cost sharing contract, Bu(αhk). In the

second part of Figure 4.3, we plot the counterparts for H, namely, H(t(k)), H(t∗(k)),
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Figure 4.3: Costs of H and B

and H̃(k, αh, t(αhk)). As in the deterministic demand case, under the cost sharing

contract αh, both the H and B are better off. Unlike in the deterministic demand

case, in which all parties achieve the same percentage savings, here, B’s cost improves

more than that of H . The reason that H does not benefit much from the contract

in this example is mainly due to the linear form of the cost function of H. With this

cost structure, the cost improvement at H is linear in that of the reorder interval. If

this function were strictly convex, especially when the first order derivative of H ’s

cost function sharply increases, the reduction of the reorder interval would lead to

more cost savings. (See more discussion at the end of this subsection.)

Figure 4.4: Supply Chain’s Cost

Figure 4.4 compares the supply chain cost under the three settings examined

above. It is interesting to observe that the performance of C improves significantly

under the cost sharing contract, and the cost improvement is increasing in k. This
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latter observation is again different from the deterministic demand case, reflecting

the bigger impact of the contract with demand variability. Moreover, the supply

chain cost is reduced almost to that of the centralized system. This, along with

Figure 4.3, implies that the cost sharing contract (αh) can be effective, especially

when demand is stochastic. Thus, delegating the coordination authority to H can

be worthwhile when demand is random and the fixed cost is large.

Effect of Home-Plant Cost Structure So far, we have assumed linear H cost.

Next, we examine the effect of the cost structure of H . We compare the contract

terms and effectiveness under two different production cost functions of H: H(t) =

10t (linear) and H(t) = 5t2 (quadratic).

Linear Production Cost Quadratic Production Cost
Figure 4.5: H’s Cost Sharing Percentage (1− αh)

Figure 4.5 compares the value of H’s fixed-order-cost sharing percentage under

the contracts designed by a headquarters, 1−α∗, and by H , 1−αh. Observe that as

k increases, these sharing percentages increase, but the gap between them narrows

. So, with demand variability, H incurs a larger share of the fixed cost to reduce

the reorder interval when that cost is bigger. In addition, under the quadratic cost

structure, the gap of the sharing percentages is much smaller. In this case, the cost

sharing contract results in near optimal system performance.

Figure 4.6 illustrates H’s cost savings over the total supply chain cost savings

(ξH) under both cost structures. We can see that the B receives most of the benefit
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Figure 4.6: H’s Saving Percentage

when H has a linear cost structure, but H receives most of the benefit when it has

a quadratic cost structure.

4.5.2 Home-Plant Initiated Cost Sharing: Asymmetric Information

In this section, we assume k is a random variable privately observed by B before the

initiation of this contract. k is drawn from a distribution F (·| t0) with density f(·| t0)

and finite support [k, k̄], where t0 is the replenishment interval. We assume F (·| t0)

and t0 are common knowledge and k is stochastically increasing in t0. This informa-

tional asymmetry with regard to k mostly stems from frictions of the information

flow between H and B, due to lack of streamlined information system, inaccurate

information on customs and transportation fees (especially the local transportation

cost in the foreign country), as well as local personnel costs. Cultural differences

and privacy of B are also contributors. The distributional knowledge of k may be

gained from the headquarters through its experience with other home plant and for-

eign branch subsystems. The branches in these subsystems are usually located in

countries different from the current one of interest. These countries may be devel-

oped countries or emerging markets. The knowledge of the fixed order costs in these

subsystems can be used to infer the distribution of k in the current system.

Given the distributional knowledge of the branch’s type, H would like to design a
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contract menu to the foreign branch to induce the right reorder interval, to increase

efficiency. This section is organized as follows. §6.1 formulates the contract design

problem. §6.2 shows the existence of an optimal contract menu and discusses its

composition. §6.3 assumes deterministic demand and obtains closed-form expressions

for the contract terms to enhance understanding.

We assume that the cost functions of both H and B are strictly convex. For any

function g(x, y), let gx, gxx and gxy denote ∂g/∂x, ∂2g/∂x2 and ∂2g/∂x∂y, respec-

tively.

Contract-Design Formulation

The sequence of events is as follows:

1. At the beginning of the period, a mechanism M =< t0| T (x), A(x) > is an-

nounced by H. Then the system moves to the next phase.

2. B observes its k and decide to quit or not. If B quits, then B gets to update

its replenishment interval according to the observed k and get no support from

H. If B decides to stay in the contract, the system moves to the next phase.

3. B announces k and the corresponding replenishment interval T (k) and the

compensation A(k) are calculated.

4. The headquarters decides to vote to/against the contract. If the headquarters

vote against the contract, B gets to update its replenishment interval according

to the observed k. If the headquarters vote for the contract, the payments are

transferred.

Stage 2) and 4) show the characteristics of a semi-centralized system. 2) allows B

to quit after observing its state k. Moreover, the performance of both parties if the
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contract dissolves is closely tight up together. Stage 4) allows the headquarter to

have the veto power on the contract this makes the coordination more difficult.

The contract requires, first the reporting strategy of B is incentive compatible,

(IC) B̂(k, T (k))− A(k) ≤ B̂(k, T (x))− A(x) for any x ∈ [k, k̄].

Second, B is individually rational,

(IR∗) B̂(k, T (k))− A(k) ≤ Bu(k)

Third, the headquarter approves the contract,

(HA) T (k) ≤ t(k).

According to the revelation principle (see Fudenberg and Tirole 1991), in the

search for the optimal contract, H can restrict the contract menu to items that

provides the branch the incentive to truthfully reveal its fixed order cost. Its objective

is to find the contract menu that minimizes its own cost. Thus, H’s problem is:

(PH) V = min
(T (·),A(·))

k̄∫
k

[H(T (x)) + A(x)]f(x | t0)dx

s.t. (IC) B̂(k, T (k))− A(k) ≤ B̂(k, T (x))− A(x) for all x ∈ [k, k̄]

(IR∗) B̂(k, T (k))− A(k) ≤ Bu(k)

(HA) T (k) ≤ t(k).

As in the standard principal-agent problems, the incentive compatibility con-

straint (IC) ensures that the type-k B will not have incentive to announce a different

fixed order cost x. The individual rationality constraint (IR*) guarantees that B

participating in the cost sharing contract will do at least as well as in the case with-

out the contract. Note that (IR*) is a revised version of the standard individual
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rationality constraints. In the standard models, the right-hand-side of the constraint

is a constant across all types. Here, it depends on the branch type, reflecting the

fact that H is the only supplier available for B , so the best possible cost without

the contract for the type-k B is Bu(k).

In addition to these two standard types of constraints, H needs the agreement

from the headquarters to execute the contract, therefore it needs to ensure C is not

worse off under all possible fixed costs. The headquarters agreement constraint (HA)

serves precisely this purpose. Thus, in this formulation, both the (IR*) and (HA)

constraints represent the semi-centralized feature of the system studied here. These

additional requirements imply that the home plant has less power in designing the

contract than a typical principal in decentralized systems.

Optimal Contract Menu

We now proceed to show the existence of an optimal contract menu. We do so by

showing how to construct the optimal contract menu (T (x), A(x)). To that end, we

first establish a relationship between T (·) and A(·) through the Lagrangian first order

conditions, and therefore reduce the dimension of H’s problem. Finally, we present

conditions under which optimal contract menu can be constructed in a pointwise

manner. Along this analysis, we also identify the key components of the optimal

contract terms and their properties.

First, we observe that the participation constraints yield monotonicity of T (·).

That is:

Lemma 39. The contract reorder interval T (x) is non-decreasing in x.

The following proposition shows we can indeed solve this home-plant’s optimiza-

tion problem. Thus, an optimal contract menu exists for the semi-centralized system.
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Moreover, we can explicitly construct this menu. Let

φ(x) = F (x)/f(x), ω(x) = x+ φ(x). (4.9)

Proposition 40. If ω(x) is nondecreasing, then there exits an optimal contract menu

{(T (x), A(x)), x ∈ [k, k̄]}. Let

Ĥ(k, T (k)) = H(T (k)) + A(k). (4.10)

The optimal compensation A(x) satisfies:

A(k) = [B̂(k, T (k))−Bu(k)] +

k̄∫
k

[θ(T (x))− θ(t(x))]dx. (4.11)

The optimal contract reorder interval T (x) satisfies:

T (k) =

{
T̃ (k) if H ′(t(k)) + θ′(t(k))φ(k) > 0
t(k) if H ′(t(k)) + θ′(t(k))φ(k) ≤ 0

,

where T̃ (k) < t(k) and solves

ĤT (x, T ) = H ′(T (x)) + B̂T (x, T (x)) + θ′(T (x))φ(x) = 0. (4.12)

Note that H obtains the benefits from the type-k B by reducing the reorder

interval t(k) to T (k) and passes down the benefit to B by paying a compensation

A(k). Expression (A.33) indicates that this compensation consists of two parts:

the operational compensation B̂(k, T (k)) − Bu(k) and the informational rent r(k).

Correspondingly, u(k), the net cost for the type-k B , constitutes of two components

– the fixed operating cost Bu(k), which is independent of F (·), and the informational

reward r(k). In addition, r(k) and A(k) are nonincreasing in k, while the net costs

of the divisions u(k) and Ĥ(T (k)) are nondecreasing in k.

Similarly, we can interpret the fixed cost-sharing contract in §4 in the following

way: H pushes B to choose a smaller reorder interval t(αhk) by paying B a side
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payment (1− αh)kθ(t(αhk)) per order. The side payment consists of two parts: the

operational compensation B(s(αhk), t(αhk)|k) − Bu(k) and an extra compensation

Bu(k)−Bu(αhk).

The constraint (HA) is new to the semi-centralized system. When T (k) = t(k),

i.e., (HA) is binding, the contract is the least efficient. Moreover, when (HA) is

binding, H has incentive to raise T (k) above t(k) to extract more benefit from the

contract while pushing the supply chain into a worse condition. The headquarters

hence plays a role to limit H ’s power when he has incentive conflict with the supply

chain. Therefore it would be interesting to characterize when this constraint is tight

at optimality and also when it is slack for all possible k. The condition (A.34) above

already provides some characterization, but it can be strengthened under certain

distributions of k. Let ∆(x) = H ′(t(x)) + θ′(t(x))φ(x).

Corollary 41. Suppose ω(x) is nondecreasing.

a) If ∆′(x) < 0, then there exist k0 such that T (k) = t(k) when k ≥ k0 and

T (k) = T̃ (k) when k < k0.

b) If ∆′(x) ≥ 0, then there exist k0 such that T (k) = t(k) when k ≤ k0 and

T (k) = T̃ (k) when k > k0.

c) A sufficient condition for ∆′(x) ≥ 0 is that φ(x) is nonincreasing.

Thus, under certain distributions of k, the binding region of (HA) can be an

interval. A sufficient condition is

Condition 1. ω(x) is nondecreasing and φ(x) is nonincreasing.

This holds holds when F is log-convex and (F/f)′ > −1. Examples include

the exponential distribution, the mirror image of the Pareto distribution. (For more

examples and methods of constructing log-convex distributions see Aliprantis (2006))

We also have
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Proposition 42. Suppose the distribution of k satisfies Condition 1 and ĤT (k, t(k)) >

0. Then (HA) is slack for all k.

Proposition 42 implies that when Condition 1 holds, the semi-centralized sys-

tem reduces to a decentralized system. In this case, the role of the headquarters

diminishes.

Deterministic Demand

In this subsection, we assume deterministic demand so to obtain closed-form ex-

pressions of the optimal contract terms. We use the same settings as in §5.2., i.e.,

D(t) = λt and H(t) = at, for some λ > 0 and a > 0, for all t ≥ 0. Recall that

γ = λhb/[2(h+ b)]. Let

β(k) =

√
ω(k)

k
=

√
1 +

ϕ(k)

k
. (4.13)

Equation (A.34) now becomes

a− x

(T (x))2
+ γ − φ(x)

(T (x))2
= 0, (4.14)

and the condition ĤT (k, t(k)) > 0 becomes (β(k))2 ≤ (a−γ)/γ. (This implies η > 1.)

Note that β(k) is non-increasing in k, so (β(k))2 ≤ (a− γ)/γ for all k.

The optimal contract menu is

T (k) =

√
ω(k)

a+ γ
,

A(k) = k/T (k) + T (k)γ − 2
√
kγ + r(k), k ∈ [k, k̄],

where the information rent r(k) for the type-k branch is

r(k) = 2
√

kγ − 2

√
k̄γ +

∫ k̄

k

√
a+ γ

ω(x)
dx.
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Under the optimal contract menu, with a type-k B , the costs of B and H are,

respectively,

u(k) = 2

√
k̄γ −

∫ k̄

k

√
a+ γ

ω(x)
dx ≤ Bu(k),

Ĥ(T (k)) =
√

ω(k)
√
a+ γ

(
1 +

k

ω(k)
+

1√
ω(k)

∫ k̄

k

√
1

ω(x)
dx

)
− 2

√
k̄γ.

Effect of Uncertainty

Suppose the fixed cost consists of two parts: k = kd + kr. The first part kd is an

increasing function of t0, known to all parties, such as the international shipping

cost. The second part kr is independent with t0 and is only known to B, such as

the local shipping, communication and personnel costs. We can assume kd = k,

kr ∼ F (·) and kr ∈ [0,∆], where ∆ = k̄ − k. The optimal contract reorder interval

and informational rent for the type-k B are then simplified to:

T (k) =

√
k0 + κ+ F (κ)/f(κ)

a+ γ
=
√
(t∗(kd))2 + (T (kr))2,

r(k) =
√

(B(kd))2 + (B(kr))2 − B(k̄) +
∫ ∆

kd

1√
(t∗(kd))2 + (T (x))2

dx, kd ∈ [0,∆],

Thus, when kd >> ∆, e.g., when the international shipping cost has the dominate

impact on the fixed cost, so t∗(kd) >> T (kr) and T (k) ≈ t∗(k) for all realization of

kr hence C will be almost fully coordinated. If kd << ∆, e.g., when B ’s private

local cost component has the dominate impact on the fixed cost, the information

asymmetry causes T (k) > t∗(k) in some realization of kr, so C is less efficient.

Contract Effectiveness

We now use the closed-form expressions to discuss the effectiveness of the contract.

Under the optimal contract menu, for any given branch type k, we have:
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1) Compared with the uncoordinated system, the reorder interval is reduced by a

factor of

T (k)/t(k) = β(k)
√
γ/(a+ γ) ≥ 1/

√
3.

The home-plant cost is reduced by a factor of

Ĥ(T (k))/H(t(k)) ≤
√

a+ γ

a− γ
≤

√
3,

and the supply chain cost is reduced by a factor of

C(T (k))/C(t(k)) =

√
a+ γ

γ

(
β(k) + 1/β(k)

2 + a/γ

)

≤
√

a+ γ

γ

(√
(a− γ)/γ +

√
γ/(a− γ)

2 + a/γ

)
.

2) Compared with the centralized system, the reorder interval is increased by a

factor of

t∗(k)/T (k) = 1/β(k) ≥
√
γ/(a− γ),

and supply-chain cost is increased by a factor of

C(T (k))/C(t∗(k)) = (β(k) + 1/β(k))/2 ≤
[√

(a− γ)/γ +
√

γ/(a− γ)
]
/2.

Here, all the bounds are derived under the conditions for Proposition 42.

Set h = 1, b = 8, λ = 100, a = 100, and k ∼ U[2000, 32000], Table 4.1 illustrates

the contract terms and compares the reorder interval on the menu with those in the

uncoordinated and centralized systems. In this example, the optimal contract menu

is very effective, resulting in near optimal supply chain performance. For small k,

the reduction of the reorder interval is quite significant. However, H may not be

benefit from the contract for large k, even though its expected cost is optimized. As

k increases, the information rent decreases rapidly, so does the compensation to B .

The bounds for the ratios of C are reasonably reliable, but not those for t and H.
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Table 4.1: Contract Terms and Effectiveness

k t(k) t∗(k) T (k) A(k) r(k)
T (k)

t(k)

t∗(k)

T (k)

Ĥ(T (k))

H(t(k))

C(T (k))

C(t(k))

C(T (k))

C(t∗(k))
2000 6.71 3.72 3.72 772.82 666.25 0.55 1.00 1.71 0.85 1.00
4000 9.49 5.26 6.45 583.57 519.77 0.68 0.82 1.29 0.87 1.02
8000 13.42 7.44 9.84 435.55 377.97 0.73 0.76 1.06 0.88 1.04
16000 18.97 10.52 14.41 276.51 212.33 0.76 0.73 0.91 0.89 1.05
20000 21.21 11.77 16.22 218.55 150.22 0.76 0.73 0.87 0.89 1.05
24000 23.24 12.89 17.85 167.77 95.35 0.77 0.72 0.84 0.89 1.05
28000 25.10 13.92 19.34 122.08 45.69 0.77 0.72 0.82 0.89 1.05
32000 26.83 14.88 20.72 80.21 0.00 0.77 0.72 0.80 0.90 1.06

Bounds* 0.31 0.89 1.73 0.85 1.01

Bounds hold only under the condition ĤT (k, t(k)) > 0

4.6 Concluding Remarks

In this paper, we discussed the concept of a semi-centralized supply chain and ana-

lyzed its coordination problems, motivated by our experience with a global company.

The supply chain consists of a home plant and a foreign branch, both under the same

parent company, but both have considerable autonomy and private information. The

role of the home plant is to provide a key component to the foreign branch with

guaranteed service (at 100% service level). As a result of a high fixed order cost, the

branch orders the key component rather infrequently, so the home plant suffers from

high inventory and expediting costs. When the headquarters take the role to initiate

coordination, it is possible to have the supply chain fully coordinated. However, the

home plant will passively disagree when the replenishment interval is not significantly

reduced. Changing from this passive service role to a more proactive service role, the

home plant considers to design a cost-sharing contract with the foreign branch so to

reduce its own inefficiency. Given that the home plant is a subordinate in the com-

pany, this initiative needs approval from the headquarters. Thus, the headquarters

has indirect influence on the contract. It needs to make sure that the contract will
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improve the entire supply chain, not only improve the efficiency of the home plant. It

also needs to ensure that the home plant will not reap all the benefits of the contract

by squeezing the foreign branch. These constraints are absent from previous supply

chain coordination models. In this literature, either the headquarters (or a central

planner) observes the problem and develops coordination mechanisms, or one party

in the supply chain initiates a contract with the other party without the concern of

getting a headquarters agreement.

Our study shows that it is possible for the home plant to design a cost-sharing

contract that will pass the audit of the headquarters, both under full information and

under asymmetric information about the fixed order cost of the foreign branch. Under

symmetric information, the role of the headquarters diminishes completely and the

contract form is very simple. It only specifies a cost sharing percentage, which is easy

to compute. It is equivalent to agreeing to share certain steps in the replenishment

order process. Also, the contract can lead to near optimal supply chain performance.

Under information asymmetry, a menu of contracts can also significantly improve

the supply chain performance, and sometimes lead to near optimal performance.

Compared to the result under symmetric information, the supply chain performance

is possible to be more efficient under asymmetric information.

Compared with a semi-centralized system, a centralized system is more efficient in

cost control but has less flexibility, while a decentralized system has more flexibility

but less supply chain efficiency (see Arnold 1999). However, many questions remain

as to how to design a semi-centralized system: In a semi-centralized structure, what

is the optimal allocation of decision power between the superior and subordinates?

How to allocate coordination power to limit the internal conflict when investment

in required to improve the supply chain performance? We shall leave these issues to

future research. We hope our paper can help generate more interest in this general

direction.
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Appendix A

Proofs of Results

A.1 Proof of Results in Chapter 2

Lemma 1 M is IIR provided

Ki

(
θt−1

)
≤ wt

i

(
rt
)
≡ min

θti

[
w̄t

i

(
rt, θti

)]
PROOF: Given Ki (θ

t−1) ≤ wt
i (r

t) , then,

W t
i [θ

t−1, θti ]− rtiV
t
i (θ

t
i , 1) = w̄t

i (r
t, θti)−Ki (θ

t−1)

≥ w̄t
i (r

t, θti)− wt
i (r

t)

≥ 0.

�

Lemma 2 Assume θtiw (rt) is continuously differentiable. Then the control rights, r∗t,

that maximize total willingness to pay,
∑

iw
t
i (r

t) , minimize the aggregate outside

option value,
∑

i r
t
iV

t
i (θ

t
iw (rt) , 1) .

PROOF: Consider the problem:

max
rt

Σiw
t
i

(
rt
)

s.t.

{
rti ≥ 0 for all i
Σir

t
i = 1

. (A.1)
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Given θtiw (rt) is differentiable, the envelop theorem holds (cf Thm 3.10.4 in Sydsaeter

et al (2008)) and the Kuhn Tucker conditions for the solution to (A.1) are

−V t
i

(
θtiw
(
rt
)
, 1
)
+ µt

i + ρt = 0 (A.2)

µt
i, r

t
i ≥ 0 , µt

ir
t
i = 0,

∑
i
rti = 1,

where µt
i and ρt are multipliers for the constraints, {rti ≥ 0} and {

∑
i r

t
i = 1} respec-

tively. Condition (A.2) implies:

V t
i

(
θtiw
(
rt
)
, 1
){ = ρt for rti > 0

≥ ρt for rti = 0

and therefore,

r∗ti =


= 0 if V t

i (θ
t
iw (rt) , 1) > V t

j

(
θtjw (rt) , 1

)
for j ̸= i

∈ [0, 1] if V t
i (θ

t
iw (rt) , 1) ≤ V t

j

(
θtjw (rt) , 1

)
for j ̸= i

. (A.3)

From (A.3) it follows,r∗ti > 0 implies

V t
i

(
θtiw
(
r∗t
)
, 1
)
= min

j
V t
j

(
θtjw(r

∗t), 1
)
.

Therefore

∑
i
r∗ti V

t
i

(
θtiw
(
r∗t
)
, 1
)
= min

i
V t
i

(
θtiw(r

∗t), 1
)
= min

rt

∑
i
rtiV

t
i

(
θtiw
(
rt
)
, 1
)
. (A.4)

�

Lemma 3 Bt (r∗t) > 0.

PROOF

Recall that condition (A.4) in the proof of Lemma 2 implies that the control

rights r∗t are selected to minimize the aggregate outside option, such that

∑
i
r∗ti
{
V t
i

(
θtiw, 1

)}
= min

i
V t
i

(
θtiw, 1

)
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Therefore Bt (r∗t) can be expressed as,

Bt
(
r∗t
)

= −min
i

V t
i

(
θtiw, 1

)
+
∑

i
Eθt−i

[
V t
(
θtiw, θ

t
−i

)]
− (N − 1)E

[
V t
(
θt
)
| θt−1

]
(A.5)

Writing out the expression for B (r∗t) in terms of the profits functions πi (θ
t
i , x

∗
i (θ

t))

we have

Bt
(
r∗t
)

= −min
i

[
V t
i

(
θtiw, 1

)]
+
∑

i
Eθt−i

[
πi

(
θtiw, x

∗
i

(
θtiw, θ

t
−i

))
+
∑T

k=t+1
δk−tEθk

[
πi

(
θki , x

∗
i

(
θk
))]

|
(
θtiw, θ

t
−i

)]
+
∑

i

∑
j ̸=i

[
Eθt−i

[
πj

(
θtj, x

∗
i

(
θtiw, θ

t
−i

))
+
∑T

k=t+1
δk−tEθk

[
πj

(
θkj , x

∗
i

(
θk
))

|
(
θtiw, θ

t
−i

)]]]
−(N − 1)E

[
V t
(
θt
)
| θt−1

]
(A.6)

Notice the allocations x∗
i (θ

t) and x∗
i

(
θk | θt

)
are inefficient relative to the alloca-

tions x∗
i

(
θtiw, θ

t
−i

)
and

(
x∗
i

(
θk
))

|
(
θtiw, θ

t
−i

)
because they are not conditioned on θtiw.

Hence substituting the allocations x∗
i (θ

t) and x∗
i

(
θk | θt

)
for the efficient allocations
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x∗
i

(
θtiw, θ

t
−i

)
and

(
x∗
i

(
θk
))

|
(
θtiw, θ

t
−i

)
in (A.6) we have

Bt
(
r∗t
)

≥ −min
i

[
V t
i

(
θtiw, 1

)]
+
∑

i
Eθt−i

[
πi

(
θtiw, x

∗
i

(
θt
))

+
∑T

k=t+1
δk−tEθk

[
πi

(
θki , x

∗
i

(
θk | θt

))]]
+
∑

i

∑
j ̸=i

[
Eθt−i

[
πj

(
θtj, x

∗
j

(
θt
))

+
∑T

k=t+1
δk−tEθk

[
πj

(
θtj, x

∗
j

(
θk
))

|
(
θt
)]]]

−(N − 1)E
[
V t
(
θt
)
| θt−1

]
(A.7)

= −min
i

[
V t
i

(
θtiw, 1

)]
+
∑

i
Eθt−i

[
πi

(
θtiw, x

∗
i

(
θt
))

+
∑T

k=t+1
δk−tEθk

[
πi

(
θki , x

∗
i

(
θk | θt

))]]
(A.8)

≥ −min
i

[
V t
i

(
θtiw, 1

)]
+ min

(x̄1,,x̄N )

∑
i

[
πi

(
θtiw, x̄i

)
+
∑T

k=t+1
δk−tEθk

[
πi

(
θki , x̄i

)]]
(A.9)

= 0 (A.10)

(A.8) follows from noticing that the third and fourth expressions in (A.7) cancel out

each other. (A.9) results from substituting in the constant allocations (x̄1,,x̄N) that

minimize
∑

i πi (θ
t
iw, x̄i) +

∑T
k=t+1 δ

k−tEθki

[
πi

(
θki , x̄i

)
| θtiw

]
into (A.8) . Finally we

obtain (A.10) because

min
i

[V t
i (θ

t
iw, X)] =

∑
i πi (θ

t
iw, x̄i) +

∑T
k=t+1 δ

k−tEθki

[
πi

(
θki , x̄i

)
| θtiw

]
since πi is strictly

concave in xi and therefore attains a minimum at extreme values of x̄.�

Proposition 4 The dynamic mechanism, M
⟨
x∗
(
θ̃t
)
, τ t
(
h̃t
)
, r∗(t+1)

(
θ̃t
)⟩T

t=1
, im-
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plements the efficient allocation x∗ as a Bayesian incentive compatible, individually

rational and balanced budget equilibrium.

PROOF: The proof proceeds in three steps:

(i) M is BIC : This requires we show that truth telling is a mutual best response

equilibrium for all i. Suppose members j ̸= i truthfully disclose. By the single stage

deviation principle, it suffices to show following any history, h̃t−1
i , i′s best response

is to disclose truthfully in period t, if he expects to disclose truthfully in all future

periods. Given M, i′s continuation value for the reported history and demand,(
h̃t−1
i , ht−1

−i , θ
t
i

)
, when he reports θ̃ti is,

W t
i

[
h̃t−1
i , ht−1

−i , θ
t
i | θ̃ti

]
= Eθt−i

[
τ ti

(
h̃t−1
i , ht−1

r , θ̃ti , θ
t
−i

)
+ πi

(
θti , x

∗
(
θ̃ti , θ

t
−i

))
+δEW t+1

i

[
h̃t
i, h

t
−i

]]
.

(A.11)

Substituting for τ ti

(
h̃t−1
i , ht−1

r , θ̃ti , θ
t
−i

)
from (3.18) into (A.11) yields

W t
i

[
h̃t−1
i , ht−1

−i , θ
t
i | θ̃ti

]
= Eθt−i

[∑
i

πi

(
θti , x

∗
(
θ̃ti , θ

t
−i

))
+ δEV t+1

(
θt+1

)]
, (A.12)

which is clearly maximized by truthful disclosure, θ̃ti = θti . Thus M is BIC.

(ii) M is BB: Note by construction the transfers
{
τ ti

(
h̃t
)}

satisfy ex post budget

balance, since

∑
i

τ ti

(
h̃t
)
=
∑
i

p̃ti (h̃t
)
−

Σj ̸=i

(
p̃tj

(
h̃t
)
− Eθp̃

t
j

(
h̃t
))

N − 1

 = 0

(iii) M is IIR : Along the equilibrium path note,

W t
i

[
h̃t−1
i , ht−1

−i , θ
t
i | θti

]
− r∗ti V

t
i (θ

t
i , 1)

= Eθt−i
V t (θt)− r∗ti V

t
i (θ

t
i , 1) +

Bt(r∗t)
N

− wt
i (r

t)

> 0.
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Proposition 6 1) V t(θt, x̃t−1) is coordinatewise linear in x̃t−1 and hence

Eθt [V
t(θt, x̃t−1)] is coordinatewise linear in x̃t−1. Thus, ∆x̃t

i
J t and ∆t(θt) are inde-

pendent with x̃t.

2) The optimal allocation is: if ∆t(θt) ≥ 0, then x̃∗t
j = 1 −

∑
i̸=j x̃

t
i and x̃∗t

i = x̃t−1
i

for all i ̸= j, where j = argmaxj{∂E[V t+1(θt+1, x̃t)]/∂xt
j}. If ∆t(θt) < 0, then

x̃∗t
i = x̃t−1

i .

3) The supply chain optimal cost, V t(θt, x̃t−1), given θt is convex in θt. Moreover,

it is also concave in θt implying that V t(θt, x̃t−1) is a hyperplane in θt.

PROOF: 1) The statement is true at the end of period T+1. Assume the statement

is true for t+ 1, i.e. ∂V t+1(θt+1, x̃t)/∂xt
j is a constant. Then

∆x̃t
i
J t = c1θ

t
1 + ∂E[V t+1(θt+1, x̃t)]/∂xt

i

is a constant, and hence

∆t(θt) = c1θ
t
1 +max

j
{∂E[V t+1(θt+1, x̃t)]/∂xt

j}

is a constant.

The optimal policy is to allocate all the rest of the capacity to one drug dealer

or not allocate any capacity to any drug dealer. If x̃t
i = x̃t−1

i , then

∂V t(θt, x̃t−1)/∂xt−1
j = ∆x̃t

i
J t;

if x̃t
i = 1−

∑
j ̸=i x̃

t−1
j , then

∂V t(θt, x̃t−1)/∂xt−1
j = 0.

This proves the statement.

2) follows directly from 1).
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3) Assume V t(·, ·) is convex in θ at the end of period T+1. Assume the statement

is true for t + 1, i.e. V t+1(θt+1, x̃t) is convex. Since θt+1 is a linear function of θt,

Eθt+1 [V t+1(θt+1, x̃t)] is convex in θt and J t(θt, x̃t) is convex in θt. Optimizing over

x̃t, we have V t(θt, x̃t−1) is convex in θt. Following the same logic, since V t(·, ·) is

also concave in θ at the end of period T +1, thus V t(θt, x̃t−1) is concave in θt. This

proves the statement. �

Proposition 7A sequential all-pay auction with entry fees and bid payments{
zt

i (r
∗t) ,mt

i

(
b̃ti, b̃

t
−i

)}N

i=1
in each period t = 1, ..., T implements the SSS agreement.

In equilibrium each member i bids,

bti
(
θti
)
= Eθt−i

(
Σj ̸=iπj

(
θtj, x

∗
j

(
θt
)))

(A.13)

PROOF: The proof is to show that {bti (θti)}
N
i=1 are strictly increasing Bayesian

equilibrium bid functions for this sequential auction. Suppose all members j different

from i follow the bidding strategy,
{
btj
(
θtj
)}

. Then i′s best response in period t, given

he intends to adopt bt
′
i

(
θt

′
i

)
in all future periods, t′ > t is the solution to:

max
b̃ti

U t
i

(
θti , b̃

t
i

)
= max

b̃ti

Eθt−i

[
πi

(
θti , x

∗
i (
(
bti
)−1
(
b̃ti

)
, θt−i

)
+mt

i

(
b̃ti, b

t
−i

(
θt−i

))
+ δE

[
U t+1
i

(
θt+1
i , bt+1

i

(
θt+1
i

))
| θti
]]

−zt
i

(
r∗t
)

(A.14)

= max
b̃ti

Eθt−i

[∑
j

πj

(
θtj, x

∗
j

((
bti
)−1
(
b̃ti

)
, θt−i

))
+ δEV t+1

(
θt+1

)]

−zt
i (r

∗) (A.15)

where we’ve substituted for mt
i

(
b̃ti, b

t
−i

(
θt−i

))
from (2.12) into (A.14) to obtain
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(A.15). Differentiating U t
i

(
θti , b̃

t
i

)
wrt to b̃ti to identify the local maximum we obtain:

d

db̃ti
Eθt−i

∑
j

πj

(
θtj, x

∗
j

((
bti
)−1
(
b̃ti

)
, θt−i

))
>
=
<

 0 for
(
bti
)−1
(
b̃ti

)
<
=
>

 θti

Thus i′s best response is to bid b̃ti = bti (θ
t
i) which is strictly increasing in θti and

is therefore invertible. Hence the bid reveals the member’s current period demand.

Therefore each member i′s allocation, x∗
i (θ

t) , can be determined by the members’

bids which reveal their current period demand for capacity. The members with

the higher bids receive the higher allocations. Moreover the payments and fees are

constructed to satisfy IIR and BB. This sequential auction therefore implements

the SSS agreement.�

Proposition 9 I∗ is the unique Nash equilibrium to the ex ante investment game

where each firm invests to maximize his expected continuation profit.

PROOF: Suppose i expects other members different from i, to invest I∗−i. Then

i selects Ii to

max
Ii

Wi

(
Ii, I

∗
−i

)
.

His best response is Ii = I∗i . Since this is true for all i, I∗ is a Nash equilibrium. I∗

is the unique equilibrium since it is the only investment profile where each member

maximizes its expected surplus, given the investments of the other partners. �

A.2 Proof of Results in Chapter 3

Proposition 12: For any given t,

1) xt∗(θt) is increasing in θtr, decreasing in θts.

2) Πt(θt) is increasing and convex in θtr, decreasing and convex in θts. Moreover,

Πt(θt) is jointly convex in θt and hence E[Πt(θt)|θt−1] is jointly convex in θt−1.

3) If the two market conditions that one is strictly better then the other, i.e. θt−1
s <
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ϕt−1
s and θt−1

r > ϕt−1
r , then x(t−1)∗(θt−1) > x(t−1)∗(ϕt−1), and the expected quality

in period t given the realization in period t − 1 satisfy E[xt∗(θt)|x(t−1)∗(θt−1)] ≥

E[xt∗(ϕt)|x(t−1)∗(ϕt−1)].

PROOF:

1) x∗ satisfies the first order condition

∂C(xt∗, θts)

∂x
=

∂R(xt∗, θtr)

∂x
.

Therefore, taking derivatives on both sides, we have

∂xt∗

∂θtr
=

∂2R(xt∗,θtr)
∂x∂θtr

∂2C(xt∗,θts)
∂x2 − ∂2R(xt∗,θtr)

∂x2

> 0

and

∂xt∗

∂θts
= −

∂2C(xt∗,θts)
∂x∂θts

∂2C(xt∗,θts)
∂x2 − ∂2R(xt∗,θtr)

∂x2

< 0.

2)

∂Πt∗

∂θtr
=

∂R(xt∗, θtr)

∂θtr
> 0

∂2Πt∗

∂θtr∂θ
t
r

=
∂2R(xt∗, θtr)

∂θtr∂θ
t
r

+
∂2R(xt∗, θtr)

∂θtr∂x

∂xt∗

∂θtr
> 0.

∂Πt∗

∂θts
= −∂C(xt∗, θts)

∂θts
< 0

∂2Πt∗

∂θts∂θ
t
s

= −∂2C(xt∗, θts)

∂θts∂θ
t
s

− ∂2C(xt∗, θts)

∂θts∂x

∂xt∗

∂θts
> 0.

Therefore, Πt∗ is coordinatewise convex in θt.
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∂2Πt∗

∂θts∂θ
t
s

+
∂2Πt∗

∂θtr∂θ
t
r

−
[
∂2Πt∗

∂θts∂θ
t
r

]2
=

−∂2C(xt∗, θts)

∂θts∂θ
t
s

∂2R(xt∗, θtr)

∂θtr∂θ
t
r

−−∂2C(xt∗, θts)

∂θts∂θ
t
s

∂2R(xt∗, θtr)

∂θtr∂x

∂xt∗

∂θtr

−∂2R(xt∗, θtr)

∂θtr∂θ
t
r

∂2C(xt∗, θts)

∂θts∂x

∂xt∗

∂θts
> 0.

Since the Πt∗ is coordinatewise convex in θt, the above calculation shows that Πt∗ is

jointly convex in θt. Note that θt is linear in θt−1. Therefore E[Πt∗|θt−1] is jointly

convex in θt−1.

Lemma 13: M is IIR provided Ki (θ
t−1) ≤ wt

i (ρ
t) .

PROOF: Given Ki (θ
t−1) ≤ wt

i (ρ
t) , then,

W t
i

[
θt−1, θti

]
−Ot

i(θ
t
iw(ρ

t))

= Eθt−i
V t∗ (θt)−Ki

(
θt−1

)
−Ot

i(θ
t
iw(ρ

t))

≥ Eθt−i

[
V t∗ (θt)−Ot

i(θ
t
iw(ρ

t))
]
− wt

i

(
ρt
)

≥ 0

Lemma 14: The property rights, ρt∗,that maximize total willingness to pay to

participate, wr (ρ
t)+ws (ρ

t) , minimize the members’ aggregate outside option value,∑
i ρ

t
i

[
V t
i (x

o
i , θ

t
iw (ρt)) + V t

−i

(
xo
−i, θ

t
−iw (ρt)

)]
.
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PROOF Consider the problem:

max
ρt

∑
i

wt
i

(
ρt
)

(A.16)

s.t. ρti ≥ 0,
∑

i
ρti = 1.

Given our assumption 2 on Fi

(
θti | θt−1

i

)
and E

[
θti | θt−1

i

]
, the min in (A.16) is finite

and θtiw (ρt) is uniquely defined1 by

d

dz
Eθt−i

V t∗ (z, θt−i

)
− d

dz
Ot

i(z)


≥
=
≤

 0 ⇒ θtiw
(
ρt
)
=


0
z
1


By the envelop theorem the necessary Kuhn Tucker conditions for the solution to

(A.16) are

−V t
i

(
xo
i , θ

t
iw

(
ρt
))

− V t
−i

(
xo
i , θ

t
−iw

(
ρt
))

+ µt
i + λt = 0 (A.17)

µt
iρ

t
i = 0, µt

i, ρ
t
i ≥ 0,

∑
i
ρti = 1

where µt
i and λt are multipliers for the ρti ≥ 0 and

∑
i ρ

t
i = 1 constraints respectively.

Eq (A.17) implies:

ΣjV
t
j

(
xo
i , θ

t
jw

(
ρt
))

= λt for ρti > 0

ΣjV
t
j

(
xo
i , θ

t
jw

(
ρt
))

≥ λt for ρti = 0

Consequently,

ρt∗i =


0 if ΣjV

t
j

(
xo
i , θ

t
jw (ρt)

)
> ΣiV

t
i (xj, θ

t
iw (ρt))

∈ (0, 1] if ΣjV
t
j

(
xo
i , θ

t
jw (ρt)

)
= ΣiV

t
i (xj, θ

t
iw (ρt))

(A.18)

and therefore

1 Assumption 2 part 2 the first two inequalities ensure period t’s profit is strictly convex in θti ;
the third equality ensures the expected profit staring from period t+ 1 is strictly convex in θti .
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min
ρt

∑
i
ρti
[
V t
i

(
xo
i , θ

t
iw

(
ρt
))

+ V t
−i

(
xo
−i, θ

t
−iw

(
ρt
))]

=
∑

i
ρt∗i
[
V t
i

(
xo
i , θ

t
iw

(
ρt∗
))

+ V t
−i

(
xo
−i, θ

t
−iw

(
ρt∗
))]

.

Lemma 15: Under Assumption 1, B (ρt∗) > 0

PROOF: Bt (ρt∗) can be written in terms of uis:

Bt
(
ρt∗
)

=
∑

i
Eθt−i

[
V t∗ (θtiw, θt−i

)]
− E

[
V t∗ (θt) | θt−1

]
−min

{
V t
r

(
1, θtrw

)
+ V t

s

(
1, θtsw

)
, V t

r

(
0, θtrw

)
+ V t

s

(
0, θtsw

)}
=

∑
i
Eθt−i

T∑
k=t

(
E
[
R(x∗(θk), θkr )− C(x∗(θk), θks )|θtiw

])
− E

[
V t∗ (θt) | θt−1

]
−min

{
V t
r

(
1, θtrw

)
+ V t

s

(
1, θtsw

)
, V t

r

(
0, θtrw

)
+ V t

s

(
0, θtsw

)}
Note that, if we substitute x∗(θk|θtiw) by x∗(θk) without the condition θti = θtiw,

then we get an inequality as follows:

B
(
ρt∗
)

≥
T∑

k=t

(
E
[
R(x∗(θk), θkr )|θtrw

]
− E

[
C(x∗(θk), θks )|θtsw

])
−min

{
V t
r

(
1, θtrw

)
+ V t

s

(
1, θtsw

)
, V t

r

(
0, θtrw

)
+ V t

s

(
0, θtsw

)}
Without loss of generality, assume V t

r (1, θ
t
rw)+V t

s (1, θ
t
sw) ≥ V t

r (0, θ
t
rw)+V t

s (0, θ
t
sw)

(the other side of inequality can be proved following the same logic). From Assump-

tion 2, V t
r (1, θ

t
rw)+V t

s (1, θ
t
sw) ≥ V t

r (0, θ
t
rw)+V t

s (0, θ
t
sw) if and only if E[R(1, θkr )|θtrw]−

E[C(1, θks )|θtsw] ≥ E[R(0, θkr )|θtrw] − E[C(0, θks )|θtsw]. Note that E[R(x, θkr )|θtrw] −

E[C(x, θks )|θtsw] is concave in x, therefore, the minima is achieved at the extreme
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point x = 0. Thus,

E
[
R(x∗(θk), θkr )|θtrw

]
− E

[
C(x∗(θk), θks )|θtsw

]
≥ min

x

{
E
[
R(x, θkr )|θtrw

]
− E

[
C(x, θks )|θtsw

]}
= E[R(0, θkr )|θtrw]− E[C(0, θks )|θtsw].

This proves the result.

Theorem 16: EASQS exists. The optimal quality level x∗ is Bayesian incentive

compatible, individually rational and balanced budget in the dynamic mechanism

M
⟨
x∗
(
θ̃t
)
, τ t
(
h̃t
)
, ρ(t+1)∗

(
θ̃t
)⟩T

t=1
.

PROOF We show the payment constructed in part 2) satisfies (EE), (BIC), (IIR)

and (BB).

(i)M is BIC : To demonstrate M is BIC it is sufficient to show that truth telling

is a mutual best response equilibrium for all members i. Suppose that members j ̸= i

always truthfully disclose. By the single deviation principle, it suffices to show that

following any history, h̃t−1
i ,member i′s best response is to disclose truthfully in period

t, if i expects to disclose truthfully in all future periods. GivenM, S ′s expected profit

for the reported history and cost,
(
h̃t−1
i , ht−1

−i , θ
t
i

)
, given he reports θ̃ti is,

W t
s

[
h̃t−1
s , ht−1

r , θti | θ̃ti
]

= Eθtr

[
τ ti

(
h̃t−1
s , ht−1

r , θ̃ts, θ
t
r

)
− C

(
x∗
(
θ̃ts, θ

t
r

))
+δEW t+1

s

[
h̃t
s, h

t
r, θ

t+1
i | θ̃t+1

i

]]
(A.19)

For M to be BIC requires

W t
s

[
h̃t−1
s , ht−1

r , θts | θts
]
≥ W t

s

[
h̃t−1
s , ht−1

r , θts | θ̃ts
]
for all θ̃ts, θ

t
s (A.20)
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Substituting for the transfer, τi, from (3.18) into (A.19) yields,

W t
s

[
h̃t−1
s , ht−1

r , θts | θ̃ts
]

= Eθtr

[
R
(
x∗
(
θ̃ts, θ

t
r

)
, θtr

)
− C

(
x∗
(
θ̃ts, θ

t
r

)
, θts

)
+δEW t+1

s

[
h̃t
s, h

t
r, θ

t+1
i | θ̃t+1

i

]
+ δEθtrw̃s

(
ρ(t+1)∗

(
θ̃ts, c

t
r

))]
+(OT ) (A.21)

where (OT ) is a constant term that does not depend on θ̃ts.

Under the maintained assumption that all members truthfully disclose for all periods

after t the expected profit, δEW t+1
s

[
h̃t
s, h

t
r, θ

t+1
r | θ̃t+1

s

]
, in the second line of (A.21)

satisfies,

δEW t+1
s

[
h̃t
s, h

t
r, θ

t+1
r | θ̃t+1

s

]
 = δEV (t+1)∗ (θt+1)− δEθtrw̃s

(
ρ(t+1)∗

(
θ̃ts, θ

t
r

))
if θ̃ts = θts

≤ δEV (t+1)∗ (θt+1)− δEθtrw̃s

(
ρ(t+1)∗

(
θ̃ts, θ

t
r

))
if θ̃ts ̸= θts

(A.22)

According to (A.22) the maximum expected profit is obtained provided IIR is sat-

isfied in period t+ 1 which is guaranteed whenever agents truthfully disclose their

condition in the previous period t. Otherwise when some member misreports its con-

dition in period t, IIR may be violated which may cause the sustainable supply to

dissolve in t+1, thus reducing the expected profit of each member. From (A.22) and

(A.21) it follows that

W t
s

[
h̃t−1
s , ht−1

r , θts | θts
]
−W t

s

[
h̃t−1
s , ht−1

r , θts | θ̃ts
]

≥ Eθtr

(
R
(
x∗ (θts, θtr) , θtr)− C

(
x∗ (θts, θtr) , θts))

−Eθtr

(
R
(
x∗
(
θ̃ts, θ

t
r

)
, θtr

)
− C

(
x∗
(
θ̃ts, θ

t
r

)
, θts

))
> 0

thus satisfying (A.20) and proving truthful disclosure is a best response for S in

period t.A similar argument shows that truthful disclosure is a best response for R
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in period t, provided S always truthfully discloses. This completes are proof of part

(i).

(ii) M is BB : Note that by construction, the transfers
{
τ ti

(
h̃t
)}

satisfy ex post

budget balance, since

τ tr

(
h̃t
)
+ τ ts

(
h̃t
)
=
∑
i

[
p̃ti

(
h̃t
)
− Σj ̸=i

(
p̃tj

(
h̃t
)
− Ecp̃

t
j

(
h̃t
))]

= 0

(iii) M is IIR : The transfers satisfy voluntary participation, along the Bayesian

incentive compatible equilibrium path, since for S

W t
s

[
h̃t−1
s , ht−1

r , θts | θts
]
− ρt∗s V

t
s

(
0, θts

)
= Eθtr

(
V t∗ (θt)− ρt∗s V

t
s

(
0, θts

))
−min

θts
(EθtrV

t∗ (θts, θtr)− ρt∗s V
t
s

(
0, θts

)
) +

Bt (ρt∗)

2

> 0

A similar argument establishes M is IIR for R as well.

Proposition 18 There exists 0 ≤ ρ1
r
< ρ̄1r ≤ 1, such that when ρ1r ∈ [ρ1

r
, ρ̄1r] mecha-

nism M exists.

When ρ1r < ρ1
r
or ρ1r > ρ̄1r, M is no longer feasible and the only way to achieve

sustainable quality supply is by centralizing the supply chain, i.e. one member sales

his ownership to the other member.

PROOF We show that the initial administration fee is unimodule in ρ1r and it is

first increasing and then decreasing.

The initial administration fee writing in terms of ρ1r is as follows:

wr(ρ
1) + ws(ρ

1) = Eθ1r
[V 1∗(θ1sw, θ

1
r)− ρ1sV

1
s (0, θ

1
sw)− ρ1rV

1
s (1, θ

1
sw)]

+Eθ1s
[V 1∗(θ1s , θ

1
rw)− ρ1sV

1
r (0, θ

1
rw)− ρ1rV

1
r (1, θ

1
rw)]

= Eθ1r
[V 1∗(θ1sw, θ

1
r)] + Eθ1s

[V 1∗(θts, θ
1
rw)]− V 1(0, θ1sw, θ

1
rw)

+ρ1r(V
1(0, θ1sw, θ

1
rw)− V 1(1, θ1sw, θ

1
rw))
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(θ1sw, θ
1
rw) satisfies

d

dy
Eθ1r

V 1∗(y, θ1r)− ρ1r
d

dy
V 1
s (y, 1)


≥
=
≤

 0 ⇒ θ1sw(ρ
1) =


0
y
1


and

d

dy
Eθ1s

V 1∗(θ1s , y)− ρ1r
d

dy
V 1
r (y, 1)


≥
=
≤

 0 ⇒ θ1rw(ρ
1) =


0
y
1

 ,

implying that θ1rw is increasing in ρ1r and θ1sw is decreasing in ρ1r.

By envelope theorem,

∂

∂ρ1r
(wr(ρ

1) + ws(ρ
1)) = V 1(0, θ1sw, θ

1
rw)− V 1(1, θ1sw, θ

1
rw)

and V 1(1, θ1sw, θ
1
rw) is increasing in θ1rw and decreasing in θ1sw, therefore

∂
∂ρ1r

(wr(ρ
1) +

ws(ρ
1)) is decreasing in ρ1r.

The mechanism exists only if the administration fee is greater than one time of

the supply chain profit and we know that the mechanism exists when ρ1r is chosen

to maximize the participation fee. Therefore, [ρ1
r
, ρ̄1r] is a non-empty set and the

mechanism exists when the initial ρ1r ∈ [ρ1
r
, ρ̄1r].

Proposition 19: A sequential all-pay auction with payments,

mt
i

(
bti, b

t
−i

)
= bti − bt−i + Eθtb

t
−i + δEw̃t+1

i

(
ρ(t+1)∗ (θt))

implements the efficient supply chain agreement. In equilibrium each member bids

btr
(
θtr
)

= Eθts

(
−C

(
θts, x

∗ (θt))) (A.23)

bts
(
θts
)

= Eθtr

(
R
(
θtr, x

∗ (θt))) (A.24)
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PROOF: The proof is to show that the {btr (θtr) , bts (θts)} are strictly increasing

Bayesian equilibrium bid functions for this sequential auction. Suppose S follows

the bidding strategy, {bts (θts)}. Then R’s best response in period t, given he intends

to follow bt
′
r

(
θt

′
r

)
in all future periods, t′ > t is the solution to:

Ur

(
θtr
)

= max
b

Eθts

[
R
(
θtr, x

∗
(
θts,
(
btr
)−1

(b)
))

+mt
r

(
b, bts

(
θts
))

+ δEW t
r

(
b, bts

)]
(A.25)

= max
b

Eθts

[
R
(
θtr, x

∗
(
θts,
(
btr
)−1

(b)
))

−C
(
θts, x

∗
(
θtr,
(
bts
)−1

(b)
))

+ δEV t∗ (θt+1
)]

+OT (A.26)

where we’ve substituted for mt
r (b, b

t
s (θ

t
s)) from ( A.24) into (A.25) to obtain (A.26)

and where OT is a constant that is independent of b. Differentiating (A.26) wrt to b

to identify the local maximum we obtain:

d

db
Ur

(
θtr
)
=

d

db
EθtsR

(
θtr, x

∗
(
θts,
(
btr
)−1

(b)
))

− C
(
θts, x

∗
(
θtr,
(
bts
)−1

(b)
))

>
=
<

 0

for
(
btr
)−1

(b)


<
=
>

 θtr

ThusR’s best response is to bid btr (θ
t
r) which is strictly increasing in θtr. The same

reasoning follows for S as well. Hence we have shown these bid functions are mutual

best responses for the two parties and therefore constitute a Bayesian equilibrium

to the bidding game. Moreover the equilibrium bid function implement the efficient

supply quality in each period and the payments and fees that are constructed from

this equilibrium are satisfy IIR and BB. This sequential auction therefore implements

the efficient supply chain arrangement.
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Proposition 20: I∗ is the unique Nash equilibrium to the ex ante investment game

where each member invests to maximize his expected continuation profit.

PROOF: Suppose i expects other members, −i, to invest I∗−i. Then i’s best response

is to

max
Ii

Wi(Ii, I
∗
−i)

Member i’s best response is Ii = I∗i and therefore I∗ is a Nash equilibrium. I∗ is

the unique equilibrium since it is the only investment profile where each member

maximizes its expected surplus, given the investments of the other partners.

Proposition 23: Assume V T+1(θT+1) = 0.

1) I t∗(θt−1
s ) is achieved at the boundary, i.e. either invest the full amount I t∗ = 1

or not invest I t∗ = 0.

2) I t∗(θt−1
s ) is decreasing in θts. In each period there exists a θts0 such that

I t∗(θt−1
s ) = 1 if θts < θts0 and I t∗(θt−1

s ) = 0 if θts ≥ θts0.

3) I t∗(θt−1
s ) is decreasing in t, and therefore θts0 is increasing in t.

PROOF: The solution of the optimal investment can be obtained by solving a

dynamic programming. Let U t(θt−1
s ) be the expected supply chain profit at the

beginning of period t. Then U t(θt−1
s ) satisfies:

U t(θt−1
s ) = max

It
Eθts{Π(1, θ

t
s)− I t + δU t+1(θts)|θt−1

s , I t}

= max
It

Eϵ{Π(1, νt
sθ

t−1
s − I t + ϵ)− I t + δU t+1(νt

sθ
t−1
s − I t + ϵ)}

UT+1(θTs ) = 0.

Next we show that U t(θt−1
s ) is decreasing and convex in θt−1

s by induction. The

statement is true when t = T + 1, assume it is true for all periods after t. Then at

the beginning of period t, we have:

U t(θt−1
s ) = max

It
Eϵ{Π(1, νt

sθ
t−1
s − I t + ϵ)− I t + δU t+1(νt

sθ
t−1
s − I t + ϵ)}
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Note that Π(1, νt
sθ

t−1
s − I t + ϵ) and U t+1(νt

sθ
t−1
s − I t + ϵ) are decreasing and convex

in νt
sθ

t−1
s − I t + ϵ. Therefore, for any given θt−1

s , I t∗ is achieved at the boundary.

Therefore, the dynamic programming can be simplified to

U t(θt−1
s ) = max{Eϵ{Π(1, νt

sθ
t−1
s + ϵ) + δU t+1(νt

sθ
t−1
s + ϵ)},

Eϵ{Π(1, νt
sθ

t−1
s − 1 + ϵ)− 1 + δU t+1(νt

sθ
t−1
s − 1 + ϵ)}}.

Note that both terms before maximizing are all decreasing and convex in θt−1
s ,

U t(θt−1
s ) is decreasing and convex in θt−1

s .

A.3 Proof of Results in Chapter 4

Lemma 28: For any given k, limt→∞B(s(t|k), t|k) = ∞.

PROOF: Note that D[L + U(0, t)] is SIL(sp) in t and it has mean (L + t/2)λ.

Moreover, D[L+ U(0, t)] ≤cx D[L+ t/2] ≤cx λL+D[t/2].

Therefore, for any s, we have hE[s−D(L+U(0, t))]++bE[s−D(L+U(0, t))]− ≥

hE[s−D(L+t/2)]++bE[s−D(L+t/2)]− ≥ hE[s−D(t/2)−λL]++bE[s−D(t/2)−

λL]−. Substitute this inequality into B(s, t|k):

B(k, s, t) ≥ hE[s−D(t/2)− λL]+ + bE[s−D(t/2)− λL]−.

Let s0(t) be the minimizer of hE[s−D(t/2)−λL]++bE[s−D(t/2)−λL]− for any given

t. From Liu and Song (2010b), we have hE[s0(t)−D(t/2)−λL]++bE[s0(t)−D(t/2)−

λL]− is increasing in t with a rate
√
t. Therefore, limt→∞B(s(k, t), t|k) = ∞.

Lemma 29: a) The optimal replenishment interval t(k) increases in k. b) Bu(k)

is increasing and concave in k. c) As k → 0, t(k) → 0, so the system reduces to a

continuous-review system with base stock policy. d) For continuous demand, k > 0

implies t(k) > 0.
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PROOF: a) ∂2B(s, t|k)/∂k∂t = θ′(t) ≤ 0, B(s, t|k) is submodular in (k, t), therefore

t(k) in increasing in k.

b) ∂B(s, t|k)/∂k = θ(t) > 0 and from part a) ∂2B(s, t|k)/∂k2 = θ′(t)t′(k) ≤ 0,

therefore Bu(k) is increasing and concave in k.

c) B(s, t|k) − kθ(t) is increasing in t and θ(t) is decreasing in t, therefore, when

k → 0, from the first order condition we know that t → 0.

d) When k > 0, we know that limt→0 kθ(t) = ∞, therefore t(k) > 0.

Proposition 31: For any given k, the supply chain cost Ĉ(s, t|k) is coordinatewise

convex and submodular in (s, t). The optimal replenishment interval t∗(k) and base-

stock level s∗(k) satisfy the first order condition. Moreover, t(k) ≥ t∗(k) and s(k) ≥

s∗(k).

PROOF: The fact that Ĉ(s, t|k) is coordinatewise convex and submodular is due to

Lemma 27 and Lemma 2. The optimal (s∗(k), t∗(k)) satisfies the first order condition.

Fix s = s∗(k), t∗(k) satisfies the first order condition of Ĉ with respect to t:

∂

∂t
Ĉ((s∗(k), t∗(k)|k) = ∂

∂t
B((s∗(k), t∗(k)|k) +H ′(t∗(k)) = 0.

Because for a fixed t the optimal s for B(s, t | k) and C(s, t | k) is identical.

Therefore, B(s, t | k) and C(s, t | k) has a difference of H(t) after optimizing over s.

Since H(t) is increasing and convex, we obtain t(k) ≥ t∗(k). By Lemma27, s(k) =

s(t(k)|k) ≥ s(t∗(k)|k) = s∗(k). The last equality follows because both s(t∗(k)|k) and

s∗(k) satisfy the first order condition of Ĉ with respect to s, i.e., ∂Ĉ((s, t∗(k)|k)/∂s =

0.

Because H(t) is increasing and convex in t, H ′(t∗(k)) ≥ 0, and hence we must

have

∂

∂t
B((s∗(k), t∗(k)|k) ≤ 0.
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From the convexity of B with respect to t, we obtain t(k) ≥ t∗(k). By Lemma27,

s(k) = s(t(k)|k) ≥ s(t∗(k)|k) = s∗(k). The last equality follows because both

s(t∗(k)|k) and s∗(k) satisfy the first order condition of Ĉ with respect to s, i.e.,

∂Ĉ((s, t∗(k)|k)/∂s = 0.

Proposition 32: For any k, there exists an α∗ = α∗(k), such that the system is

coordinated. That is, t(α∗k) = th(k, α∗) = t∗(k) and s(α∗k) = s∗(k). Moreover, if

Pr(D(t) > 0) = 1 for all t > 0, then α∗ < 1.

PROOF: Note that t(k) ≥ t∗(k) and t(αk) → 0 when α → 0. t(αk) is continuous

in α, thus there exist an α∗ such that t(α∗k) = t∗(k).

Because the cost function of H under α∗ is H(k, α∗, t), the optimal replenishment

interval for the home plant must satisfy the first order condition with α = α∗.

Substitute t∗(k) into the equation, we have:

∂H(k, α∗, t)

∂t

∣∣∣∣
t∗(k)

=
∂H

∂t

∣∣∣∣
t∗(k)

+ (1− α∗)k
∂θ(t)

∂t

∣∣∣∣
t∗(k)

= −

(
∂B

∂t

∣∣∣∣
(s∗(k),t∗(k)|k)

− (1− α∗)k
∂θ(t)

∂t

∣∣∣∣
t∗(k)

)

= − ∂B

∂t

∣∣∣∣
(s(α∗k),t(α∗k)|α∗k)

= 0. (A.27)

Thus t∗(k) = th(k, α∗) is an optimal solution for the home plant and the system is

coordinated.

Note that α∗ and t∗(k) satisfy:

∂Ĉ(s, t|k)
∂t

= 0
∂B(s, t|α∗k)

∂t
= 0.
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Solving for α∗, we have:

α∗ =
∂B(s, t|k)/∂t− kθ′(t)

∂Ĉ(s, t|k)/∂t− kθ′(t)

∣∣∣∣∣
(s∗(k),t∗(k))

,

which is a function of t∗(k) only.

Moreover, th(k, 1) = 0 and since Pr(D(t) > 0) = 1 for all t > 0, we have t(k) > 0.

Therefore, when α = 1, th(k, 1) < t(k) and hence α < 1.

Proof of Corollary 33: Follows from Lemma 29.

Proposition 34: H has a positive gain in the coordinated system, i.e.,

H̃(k, α∗, t∗(k)) ≤ H(t(k)) if

− θ′(t∗(k))(t(k)− t∗(k)) ≥ θ(t∗(k)). (A.28)

When Pr(D(t∗(k)) > 0) = 1, (A.28) reduces to t∗(k) ≤ t(k)/2.

PROOF: We only need to show H(t(k)) ≥ H(k, α∗, t∗(k)). Note that t(k) ≥ t∗(k).

From the convexity of H(t), we have

H(t(k)) ≥ H ′(t∗(k))(t(k)− t∗(k)) +H(t∗(k)). (A.29)

Because t∗(k) is the optimal replenishment interval for the home plant, it satisfies:

H ′(t∗(k)) = −(1− α∗)kθ′(t∗(k)). Thus,

H(t(k)) ≥ −(1− α∗)kθ′(t∗(k))(t(k)− t∗(k)) +H(t∗(k))

≥ (1− α∗)kθ(t∗(k)) +H(t∗(k)) = H(k, α∗, t∗(k)).

If Pr(D(t∗(k)) > 0) = 1, then θ(t) = 1/t, so equation (A.28) is simplified to t(k) ≥

2t∗(k).
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Proposition 36: For any fixed k, the optimal fixed cost sharing percentage αh =

αh(k) satisfies αh(k) ≥ α∗(k). Hence, t∗(k) ≤ t(αhk) ≤ t(k), and

Ĉ(s(αhk), t(αhk)|k) ≤ Ĉ(s(k), t(k)|k). If the division cost functions are strictly

convex, then all the above inequalities are strict. This implies the role of the head-

quarters diminishes under full information.

PROOF: For any 0 ≤ α ≤ α∗, we have

B(α∗k, s∗(k), t∗(k)) ≥ B(αk, s(α∗k), t(α∗k)) ≥ Bu(αk).

Because α∗ coordinates C , we have:

Ĉ(k, s(αk), t(αk)) ≥ Ĉ(k, s(α∗k), t(α∗k)).

Combine the above two inequalities:

H(t(α∗k) + (1− α∗)kθ(t∗(k)) ≤ H(t(αk)) + (1− α)kθ(t(αk)),

which proves the statement.

Lemma 39: The contract reorder interval T (x) is non-decreasing in x.

Proof: From the participation constraint (4.9), we know that for any x′ > x:

B̂(x, T (x))− A(x) ≤ B̂(x, T (x′))− A(x′),

B̂(x′, T (x′))− A(x′) ≤ B̂(x′, T (x))− A(x). (A.30)

Adding the two inequalities we obtain:

B̂(x, T (x)) + B̂(x′, T (x′)) ≤ B̂(x, T (x′)) + B̂(x′, T (x)) (A.31)

Note that B̂kT (x, T ) = ∂θ(T )/∂T ≤ 0 which implies B̂(x, T ) is submodular in (x, T ).

Thus, from (A.31), we know that T (x′) ≥ T (x).
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Proposition 35 Let t̄ be the replenishment interval that satisfies: E[H(t(k))] =

H(t̄). We have the following results:

1) There exists a feasible decision right allocation that induces an efficient contract

THA(k) = t∗(k) for all k, i.e. the supply chain is coordinated. The contract makes

each subordinate the residual claimant of the supply chain.

2) For any feasible decision rights allocation rB and rH that induce supply chain

coordination, the transfer payments are:

τB(k) = −H(t∗(k)) + E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]/2− (OB −OH)/2

τH(k) = H(t∗(k))− E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]/2 + (OB −OH)/2

where

OB = max
k

{B(s(t∗(k)), t∗(k), k)+H(t∗(k))−rBB(s(k), t(k), k)−rHB(s(tmin), tmin, k)}

and OH = E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]− rBE[H(t(k))]− rHH(tmin).

3) Specifically, when tmin ≥ t̄, there exists r0H ≥ 0 such that the feasible decision

rights satisfies rH ≥ r0H .

PROOF:

Part 1) and 2):

Similar to Kuribko and Lewis (2010) and Lewis et al (2011), we conjecture that

the contract has the structure that allows a̋nd B to be the residual claimant of the

supply chain. Let WB(k) and WH to be the long run average cost under the contract.

The conjecture implies

WB(k) = B(s(t∗(k)), t∗(k), k) +H(t∗(k))− UB

WH = E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]− UH ,

where UB and UH are constants independent with the branch’s type.

150



Under the conjecture, let OB(k) be the least transfer that need to reward to type

k branch to satisfy individual rationality. Then

OB(k) = B(s(t∗(k)), t∗(k), k) +H(t∗(k))− rBB(s(k), t(k), k)− rHB(s(tmin), tmin, k),

similarly define

OH = E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]− rBE[H(t(k))]− rHH(tmin).

Take the maximum of OB(k), we obtain the least transfer that is needed to reward

type k branch:

OB = min
k

{OB(k)}.

One necessary condition for the transfers to balance is that the least amount of

cost distributed should be more than the cost generated by the contract.

E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]−OH

+E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]−OB

≥ E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]

which is equivalent to

−rBE[H(t(k))]− rHH(tmin) +OB ≥ 0.

Note that there always exists decision rights that satisfies the above inequality.

To proof this, take rH = 1 and rB = 0. Then OB = maxk{B(s(t∗(k)), t∗(k), k) +

H(t∗(k))−B(s(tmin), tmin, k)} and the left hand side of the inequality becomes

−H(tmin) + max
k

{B(s(t∗(k)), t∗(k), k) +H(t∗(k))−B(s(tmin), tmin, k)}.

For any k ∈ [k, k̄], B(s(tmin), tmin, k) + H(tmin) is the system cost under replen-

ishment interval tmin, which is more than the cost under the supply chain op-

timal replenishment interval t∗(k). Therefore, B(s(t∗(k)), t∗(k), k) + H(t∗(k)) ≤

B(s(tmin), tmin, k)+H(tmin) and hence the inequality holds when rH = 1 and rB = 0.
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Select any rB and rH satisfies the inequality, following Kuribko and Lewis (2010)

and Lewis et al (2011),

τB(k) = −H(t∗(k)) + E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]/2− (OB −OH)/2

τH(k) = H(t∗(k))− E[B(s(t∗(k)), t∗(k), k) +H(t∗(k))]/2 + (OB −OH)/2

are the transfer payments that solves the Headquarters problem.

Part 3)

Substitute rB = 1 − rH in ∆(rB, rH) = −rBE[H(t(k))] − rHH(tmin) + OB and

take derivative respect to rH we have:

∂∆(1− rH , rH)

∂rH
= E[H(t(k))]−H(tmin)

+B(s(t(kw)), t(kw), kw)−B(s(tmin), tmin, kw),

where kw is the maximizer of OB(k). Note that when tmin ≥ t̄, we have:

∂∆(1− rH , rH)

∂rH
= H(t̄)−H(tmin) +B(s(t(kw)), t(kw), kw)−B(s(tmin), tmin, kw)

≤ B(s(t(kw)), t(kw), kw)−B(s(tmin), tmin, kw) ≤ 0,

∆(1 − rH , rH) is decreasing in rH , thus, there exists r0H such that for all rH > r0H ,

∆(1− rH , rH) < 0 and rH < r0H ∆(1− rH , rH) ≥ 0. This proofs the statement.

Proposition 40: If ω(x) is nondecreasing, then there exits an optimal contract

menu {(T (x), A(x)), x ∈ [k, k̄]}. Let

Ĥ(k, T (k)) = H(T (k)) + A(k). (A.32)

The optimal compensation A(x) satisfies:

A(k) = [B̂(k, T (k))−Bu(k)] +

k̄∫
k

[θ(T (x))− θ(t(x))]dx. (A.33)
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The optimal contract reorder interval T (x) satisfies:

T (k) =

{
T̃ (k) if H ′(t(k)) + θ′(t(k))φ(k) > 0
t(k) if H ′(t(k)) + θ′(t(k))φ(k) ≤ 0

,

where T̃ (k) < t(k) and solves

ĤT (x, T ) = H ′(T (x)) + B̂T (x, T (x)) + θ′(T (x))φ(x) = 0. (A.34)

PROOF :

Under the contract menu, the type-k branch’s minimum net cost is

u(k) = min
x∈[k,k̄]

{B̂(k, T (x))− A(x)} = B̂(k, T (k))− A(k), (A.35)

where the second equality follows from the constraint (IC). From constraint (IR*), the

informational rent to the type-k B (i.e. the reward for having the private information)

is

r(k) = Bu(k)− u(k) ≥ 0. (A.36)

By the Envelope Theorem (see Fudenberg and Tirole 1991), u′(k) = B̂k(k, T (k)) ≥ 0.

Along with constraint (HA), we have:

r′(k) = Bu
k (k)− B̂k(k, T (k)) = θ(t(k))− θ(T (k)) ≤ 0,

where θ is given by equation (4.2). Hence, the informational rent is decreasing in k.

Using Lagrangian multipliers, we can show that in order to minimize cost, the home

plant will pay no informational rent to the “least efficient” branch – the branch

with highest k. This means that under the optimal contract r(k̄) = 0. Hence,

u(k̄) = B(s(k̄), t(k̄)|k̄), i.e., under the optimal contract, the type-k̄ branch incurs a

cost that is identical to that under the uncoordinated system. This leads to

r(k) = −
k̄∫

k

r′(x)dx =

k̄∫
k

[θ(T (x))− θ(t(x))]dx, k ∈ [k, k̄]. (A.37)
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Using (A.35)-(A.37), we obtain

A(k) = [B̂(k, T (k))−Bu(k)] +

k̄∫
k

[θ(T (x))− θ(t(x))]dx.

With this relationship, H’s cost with a type-k branch becomes a function of T (k):

Ĥ(k, T (k)) = H(T (k)) + A(k).

Solving T (k) from Ĥ(k, T (k)) we have the results.

Proposition 42 Suppose the distribution of k satisfies Condition 1 and ĤT (k, t(k)) >

0. Then (HA) is slack for all k.

PROOF: Substituting this expression for A(k) into (H), we obtain the following

version of H’s problem with reduced dimension:

(PH
′) V = min

T (·)

k̄∫
k

Ĥ(x, T (x))f(x | t0)dx (A.38)

s.t. T (·) satisfies participation constraints (IC),(IR*) and (HA),

where

Ĥ(x, T (x)) = H(T (x)) + A(x).

In the following proposition, we provide conditions under which (PH
′) can be

solved through pointwise optimization in T . Hence solving (PH
′) is equivalent to

solving the unconstrained problem

(PH
′′) V = min

T (·)

k̄∫
k

Ĥ(x, T (x))f(x | t0)dx. (A.39)
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Using integration by parts, we have

k̄∫
k

k̄∫
k

B̂k(x, T (x))f(y)dxdy =

k̄∫
k

B̂k(x, T (x))φ(x)f(x | t0)dx

=

k̄∫
k

θ(T (x))φ(x)f(x | t0)dx,

k̄∫
k

k̄∫
k

Bk(x, t(x), s(x))f(y | t0)dxdy =

k̄∫
k

Bk(x, t(x), s(x))φ(x)f(x)dx

=

k̄∫
k

θ(t(x))φ(x)f(x | t0)dx.

Taking the derivative with respect to T for each fixed x in (A.39) yields

ĤT (x, T (x)) = H ′(T (x)) + B̂T (x, T (x)) + B̂kT (x, T (x))φ(x)

= H ′(T (x)) + B̂T (x, T (x)) + θ′(T (x))φ(x).

Suppose T (x) satisfies ĤT (x, T (x)) = 0. To establish the proposition, it is suf-

ficient to show that T (x) is increasing in x and T (x) ≤ t(x), and T (x) and the

corresponding A defined in (A.33) satisfy (IC) and (IR*).

We first verify monotonicity. Taking the derivative over x in equation (A.34)

T ′(x) = −B̂xT (x, T (x)) + θ′(T (x))φ′(x)

H ′′(T (x)) + B̂TT (x, T (x))
.

The denominator is non-negative because H(t) is convex in t and B̂(x, T ) is coordi-

natewise convex in T . The numerator is non-positive because B̂xT (x, T (x)) ≤ 0 and

φ′(x) ≤ 0. Thus, T ′(x) ≥ 0 and hence T (x) is non-decreasing in x.
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Next, we prove that T (x) < t(x) for any x. We know that t(x) satisfies B̂t(x, t(x)) =

0; T (x) satisfies ĤT (x, T (x)) = 0, that is, H ′(T (x))+φ(x)θ′(T (x))+B̂T (x, T (x)) = 0.

From Assumption 1, we have H ′(t(k)) + φ(k)θ′(t(k)) > 0. Because H(t) + φ(k)θ(t)

is convex in t, we have for any t > t(k), H(t) + φ(k)θ(t) > H(t(k)) + φ(k)θ(t(k)).

Moreover, because t(k) is the minimizer of B̂(k, t), we have B̂(k, t) ≥ B̂(k, t(k)).

Adding the two inequalities, we have Ĥ(k, t) > Ĥ(k, t(k)). Thus, T (k) < t(k).

For any k > k, because φ(k) is non-increasing in k, we have 0 < φ(k) < φ(k).

Moreover, because t(k) is increasing in k, we have H ′(t(k)) ≥ H ′(t(k)) ≥ 0 and

0 ≥ θ′(t(k)) ≥ θ(t(k)). Therefore, H ′(t(k)) + φ(k)θ′(t(k)) > 0. The rest of the proof

follows exactly as above.

Finally, (IC) and (IR*) hold because of the way we construct A(x).
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