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he extant supply chain management literature has not addressed the issue of coordination in supply

chains involving risk-averse agents. We take up this issue and begin with defining a coordinating
contract as one that results in a Pareto-optimal solution acceptable to each agent. Our definition
generalizes the standard one in the risk-neutral case. We then develop coordinating contracts in three
specific cases: (i) the supplier is risk neutral and the retailer maximizes his expected profit subject to a
downside risk constraint; (ii) the supplier and the retailer each maximizes his own mean-variance
trade-off; and (iii) the supplier and the retailer each maximizes his own expected utility. Moreover, in
case (iii), we show that our contract yields the Nash Bargaining solution. In each case, we show how we
can find the set of Pareto-optimal solutions, and then design a contract to achieve the solutions. We also
exhibit a case in which we obtain Pareto-optimal sharing rules explicitly, and outline a procedure to
obtain Pareto-optimal solutions.
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1. Introduction

Much of the research on decision making in a supply
chain has assumed that the agents in the supply chain
are risk neutral, i.e.,, they maximize their respective
expected profits. An important focus of this research
has been the design of supply contracts that coordi-
nate the supply chain. When each of the agents max-
imizes his expected profit, the objective of the supply
chain considered as a single entity is unambiguously
to maximize its total expected profit. This fact alone
makes it natural to define a supply chain to be coor-
dinated if the chain’s expected profit is maximized
and each agent’s reservation profit is met. A similar
argument holds if each agent’s objective is to mini-
mize his expected cost.

In this paper, we consider supply chains with risk-
averse agents. Simply put, an agent is risk averse if the
agent prefers a certain profit 7 to a risky profit, whose
expected value equals 7. In the literature, there are
many measures of risk aversion; see Szego (2004) for
examples. Regardless of the measure used, when one
or more agents in the supply chain are risk averse, it is
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no longer obvious as to what the objective function of
the supply chain entity should be. Not surprisingly,
the issue of coordination of supply chain consisting of
risk-averse agents has not been studied in the supply
chain management literature. That is not to say that
the literature does not realize the importance of the
risk-averse criteria. Indeed, there are a number of
papers devoted to the study of inventory decisions of
a single risk-averse agent. These include Lau (1980),
Bouakiz and Sobel (1992), Eeckhoudt, Gollier, and
Schlesinger (1995), Chen and Federgruen (2000),
Agrawal and Seshadri (2000a), Buzacott, Yan, and
Zhang (2001), Chen, Sim, Simchi-Levi, and Sun (2003),
and Gaur and Seshadri (2003). There also have been a
few studies of supply chains consisting of one or more
risk-averse agents. Lau and Lau (1999) and Tsay (2002)
consider decision making by a risk-averse supplier
and a risk-averse retailer constituting a supply chain.
Agrawal and Seshadri (2000b) introduce a risk-neutral
intermediary to make ordering decisions for risk-
averse retailers, whose respective profits are side pay-
ments from the intermediary. Van Mieghem (2003)
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has reviewed the literature that incorporates risk aver-
sion in capacity investment decisions. While these pa-
pers consider risk-averse decision makers by them-
selves or as agents in a supply chain, they do not deal
with the issue of the supply chain coordination involv-
ing risk-averse agents.

It is this issue of coordination of supply chains
consisting of one or more risk-averse agents that is the
focus of this paper. That many decision makers are
risk-averse has been amply documented in the finance
and economics literature; see, for example, von Neu-
mann and Morgenstern (1944), Markowitz (1959), Jo-
rion (2001), and Szego (2004). We shall therefore de-
velop the concept of what we mean by coordination of
a supply chain, and then design explicit contracts that
achieve the defined coordination.

For this purpose, we use the Pareto-optimality cri-
terion, used widely in the group decision theory, to
evaluate a supply chain’s performance. We define
each agent’s payoff to be a real-valued function of a
random variable representing his profit, and propose
that a supply chain can be treated as coordinated if no
agent’s payoff can be improved without impairing
someone else’s payoff and each agent receives at least
his reservation payoff. We consider three specific
cases of a supply chain: (i) the supplier is risk neutral
and the retailer maximizes his expected profit subject
to a downside risk constraint, (ii) the supplier and the
retailer each maximizes his own mean-variance trade-
off, and (iii) the supplier and the retailer each maxi-
mizes his own expected utility. We show how we can
coordinate the supply chain in each case according to
our definition. In each case, we do this by finding the
set of Pareto-optimal solutions acceptable to each
agent, and then constructing a flexible contract that
can attain any of these solutions. Moreover, the con-
cept we develop and the contracts we obtain general-
ize the same known for supply chains involving risk-
neutral agents.

The remainder of the paper is organized as follows.
In Section 2, we review the related literature in supply
chain management and group decision theory. In Sec-
tion 3, we introduce a definition of coordination of a
supply chain consisting of risk-averse agents. In Sec-
tion 4, we characterize the Pareto-optimal solutions
and find coordinating contracts for the supply chains
listed as the first two cases. In Section 5, we first take
up the third case using exponential utility functions
for the agents, and design coordinating contracts as
well as obtain the Nash Bargaining solution. Then, we
examine a case in which the supplier has an exponen-
tial utility followed by a linear utility. Section 6 pro-
vides a discussion of our results. The paper concludes
in Section 7 with suggestions for future research.

2. Literature Review

There is a considerable literature devoted to contracts
that coordinate a supply chain involving risk-neutral
agents. This literature has been surveyed by Cachon
(2002). In addition, the book by Tayur, Ganeshan, and
Magazine (1999) contains a number of chapters ad-
dressing supply contracts. In light of these, we limit
ourselves to reviewing papers studying inventory and
supply chain decisions by risk-averse agents. First, we
review papers dealing with a single risk-averse
agent’s optimal inventory decision. Then, we review
articles dealing with decision making by risk-averse
agents in a supply chain.

Chen and Federgruen (2000) re-visit a number of
basic inventory models using a mean-variance ap-
proach. They exhibit how a systematic mean-variance
trade-off analysis can be carried out efficiently, and
how the resulting strategies differ from those obtained
in the standard analyses.

Agrawal and Seshadri (2000a) consider how a risk-
averse retailer, whose utility function is increasing and
concave in wealth, chooses the order quantity and the
selling price in a single-period inventory model. They
consider two different ways in which the price affects
the distribution of demand. In the first model, they
assume that a change in the price affects the scale of
the distribution. In the second model, a change in the
price only affects the location of the distribution. They
show that, in comparison to a risk-neutral retailer, a
risk-averse retailer will charge a higher price and or-
der less in the first model, whereas he will charge a
lower price in the second model.

Buzacott, Yan, and Zhang (2001) model a commit-
ment and option contract for a risk-averse newsven-
dor with a mean-variance objective. The contract, also
known as a take-or-pay contract, belongs to a class of
volume flexible contracts, where the newsvendor re-
serves a capacity with initial information and adjusts
the purchase at a later stage when some new informa-
tion becomes available. They compare the perfor-
mance of strategies developed for risk-averse and risk-
neutral objectives. They conclude that the risk-averse
objective can be an effective approach when the qual-
ity of information revision is not high. Their study
indicates that it is possible to reduce the risk (mea-
sured by the variance of the profit) by six- to eight-
fold, while the loss in the expected profit is almost
invisible. On the other hand, the strategy developed
for the expected profit objective can only be consid-
ered when the quality of information revision is high.
They show furthermore that these findings continue to
hold in the expected utility framework. The paper
points out a need for modeling approaches that deal
with downside risk considerations.

Lau and Lau (1999) study a supply chain consisting
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of a monopolistic supplier and a retailer. The supplier
and the retailer employ a return policy, and each of
them has a mean-variance objective function. Lau and
Lau obtain the optimal wholesale price and return
credit for the supplier to maximize his utility. How-
ever, they do not consider the issue of improving the
supply chain’s performance, i.e., improving both play-
ers’ utilities.

Agrawal and Seshadri (2000b) consider a single-
period model in which multiple risk-averse retailers
purchase a single product from a common supplier.
They introduce a risk-neutral intermediary into the
channel, who purchases goods from the vendor and
sells them to the retailers. They demonstrate that the
intermediary, referred to as the distributor, orders the
optimal newsvendor quantity from the supplier and
offers a menu of mutually beneficial contracts to the
retailers. In every contract in the menu, the retailer
receives a fixed side payment, while the distributor is
responsible for the ordering decisions of the retailers
and receives all their revenues. The menu of contracts
simultaneously: (i) induces every risk-averse agent to
select a unique contract from it; (ii) maximizes the
distributor’s profit; and (iii) raises the order quantities
of the retailers to the expected value maximizing
(newsvendor) quantities.

Tsay (2002) studies how risk aversion affects both
sides of the supplier-retailer relationship under vari-
ous scenario of relative strategic power, and how these
dynamics are altered by the introduction of a return
policy. The sequence of play is as follows: first the
supplier announces a return policy, and then the re-
tailer chooses order quantity without knowing the
demand. After observing the demand, the retailer
chooses the price and executes on any relevant terms
of the distribution policy as appropriate (e.g., return-
ing any overstock as allowed). Tsay shows that the
behavior under risk aversion is qualitatively different
from that under risk neutrality. He also shows that the
penalty for errors in estimating a channel partner’s
risk aversion can be substantial.

In a companion paper (Gan, Sethi, and Yan 2003),
we examine coordinating contracts for a supply chain
consisting of one risk-neutral supplier and one down-
side-risk-averse retailer. There, we design an easy-to-
implement risk-sharing contract that accomplishes the
coordination as defined in this paper.

Among these supply chain papers, Lau and Lau
(1999) and Tsay (2002) consider the situation in which
both the retailer and the supplier in the channel are
risk averse. However, neither considers the issue of
the Pareto-optimality of the actions of the agents. The
aim of Agrawal and Seshadri (2000b) is to design a
contract that increases the channel’s order quantity to
the optimal level in the risk-neutral case by having the
risk-neutral agent assume all the risk. Once again, they

do not mention the Pareto-optimality aspect of the
decision they obtain.

Finally, since our definition of coordination is based
on the concepts used in the group decision theory, we
briefly review this stream of literature. From the early
fifties to the early eighties, a number of papers and
books appeared that deal with situations in which a
group faces intertwined external and internal prob-
lems. The external problem involves the choice of an
action to be taken by the group, and the internal
problem involves the distribution of the group payoff
among the members. Arrow (1951) conducted one of
the earliest studies on the group decision theory, and
showed that, given an ordering of consequences by a
number of individuals, no group ordering of these
consequences exists that satisfies a set of seemingly
reasonable behavioral assumptions. Harsanyi (1955)
presented conditions under which the total group util-
ity can be expressed as a linear combination of indi-
viduals’ cardinal utilities. Wilson (1968) used Pareto-
optimality as the decision criterion and constructed a
group utility function to find Pareto-optimal solutions.
Raiffa (1970) illustrates the criterion of Pareto-optimal-
ity quite lucidly, and discusses how to choose a Pa-
reto-optimal solution in bargaining and arbitration
problems. LaValle (1978) uses an allocation function to
define Pareto-optimality. Eliashberg and Winkler
(1981) investigate properties of sharing rules and the
group utility functions in additive and multilinear
cases.

3. Definition of Coordination of a
Supply Chain with Risk-Neutral

or Risk-Averse Agents

In this section, we define coordination of a supply
chain consisting of agents that are risk neutral or risk
averse. We use concepts developed in group decision
theory that deals with situations in which a group
faces intertwined external and internal problems. The
external problem involves the choice of an action to be
taken by the group, and the internal problem involves
the distribution of the group payoff among the mem-
bers. In group decision problems, a joint action of the
group members is said to be Pareto-optimal if there
does not exist an alternative action that is at least as
acceptable to all and definitely preferred by some. In
other words, a joint action is Pareto-optimal if it is not
possible to make one agent better off without making
another one worse off. We call the collection of all
Pareto-optimal actions the Pareto-optimal set. It would
not be reasonable for the group of agents to choose a
joint action that is not Pareto-optimal. Raiffa (1970)
and LaValle (1978) illustrate this idea quite lucidly
with a series of examples.

A supply chain problem is obviously a group deci-
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sion problem. The channel faces an external problem
and an internal problem. External problems include
decisions regarding order/production quantities, item
prices, etc. The internal problem is to allocate profit by
setting the wholesale price, deciding the amount of a
side payment, if any, refund on the returned units, etc.
Naturally, we can adopt the Pareto-optimality crite-
rion of the group decision theory for making decisions
in a supply chain. Indeed, in the risk-neutral case, the
optimal action under a coordinating contract is clearly
Pareto-optimal. In general, since the agents in the
channel would not choose an action that is not in the
Pareto-optimal set, the first step to coordinate a chan-
nel is to characterize the set. Following the ideas of
Raiffa (1970) and LaValle (1978), we formalize below
the definition of Pareto-optimality.

Let (Q, &, P) denote the probability space and N
denote the number of agents in the supply chain, N
= 2. Let S; be the external action space of agent i, i
=1...,N,and § = §; X--- X Sy. For any given
external joint action s = (s, . . ., sy) € S, the channel’s
total profit is a random variable Il(s, w), € €. Let E
and V denote the expectation and variance operators
defined on (€2, &, P), respectively.

Now we define a sharing rule that governs the
splitting of the channel profit among the agents. Let ®
be the set of all functions from S X Q to R.

DeriniTION 3.1. A function 6(s, w) € O is called a
sharing rule if >; 0,(s, w) = 1 almost surely. Under the
sharing rule 6(s, w), agent i’s profit is represented by

I1;(s, w, 6(s, w)) = 0.(s, w)Il(s, w),i=1,...,N.

Often, when there is no confusion, we write I1(s, w)
simply as II(s), 6(s, ) as 6(s), and Il(s, w, 6(s, w)) as
ITi(s, 6(s)). A supply chain’s external problem is to
choose an s € S and its internal problem is to choose
a function 6(s) € . Thus the channel’s total problem
is to choose a pair (s, 0(s)) € S X O.

Now we define the preferences of the agents over
their random profits. Let I' denote the space of all
random variables defined on (), &, P). For X, X' € T,
the agent i’s preference will be denoted by a real-
valued payoff function u,(-) defined on I'. The relation
u(X) > u (X', u(X) < u(X"), and u(X) = u,(X') indi-
cate X is preferred to, less preferred to, and equivalent to
X', respectively.

It should be noted that this definition of payoff
function allows for ordinal as well as cardinal utility
functions. We provide following examples of payoff
functions.

ExampLE 3.1. If agent i wants to maximize his
mean-variance trade-off, then his payoff function is
u (X) = E(X) — AV(X), X €T, for some A > 0.

Examrie 3.2. Assume that agent i maximizes his
expected profit under the constraint that the probabil-

ity of his profit being less than his target profit level «
does not exceed a given level 8, 0 < B = 1. Then his
payoff u; can be represented as

u;(X) = {Eﬁ?

ExaMPLE 3.3. Suppose agent i has a concave in-
creasing utility function g;: R' — R' of wealth and
wants to maximize his expected utility. Then, the
agent’s payoff function is u(X) = E[g(X)], X € I".

REMARK 3.1. In Raiffa (1970) and LaValle (1978), each
agent is assumed to have a cardinal utility function of
profit, and his objective is to maximize his expected utility.
However, some preferences, such as the one in Example 3.2,
cannot be represented by a cardinal utility function.

ifP(X=a)=pB,
ifP(X=a)>B.

A point a € RY is said to be Pareto-inferior to or
Pareto-dominated by another point b € RY, if each com-
ponent of a is no greater than the corresponding com-
ponent of b and at least one component of a is less than
the corresponding component of b. In other words, we
say b is Pareto-superior to a or b Pareto-dominates a. A
point is said to be a Pareto-optimal point of a subset of
RY if it is not Pareto-inferior to any other point in the
subset. With these concepts, we can now define Pa-
reto-optimality of a sharing rule 6(s) and an action
pair (s, 6(s)).

DEerInITION 3.2. Given an external action s of the
supply chain, 6*(s) is a Pareto-optimal sharing rule, if

(uy (IL, (s, 64(s))), . . ., uy(I1y(s, 6*(s))))

is a Pareto-optimal point of the set

{(ur (I, (s, 6(9))), . . ., un(Ily(s, 6(s)))), 6 € O},
where u,(I11,(s, 6(s))) is the payoff of the ith agent.

DEFINITION 3.3. (s*, 0*(s*)) is a Pareto-optimal action
pair if the agents’ payoffs

(uy (IL (5%, 0%(%))), . . ., un(Iy(s*, 6%(s*))))

is a Pareto-optimal point of the set

{(,(IL (s, 6(s))), . . ., un(Iy(s, 6(s)))), (s, B(s)) € S X O}

Clearly if (s*, 6*(s*)) is a Pareto-optimal action pair,
then 0*(s*) is a Pareto-optimal sharing rule given s*.

We begin now with an examination of the Pareto-
optimal set in a supply chain consisting of risk-neutral
agents. If an external action maximizes the supply
chain’s expected profit, then it is not possible to make
one agent get more expected profit without making
another agent get less. More specifically, we have the
following proposition.

ProrosiTION 3.1. If the agents in a supply chain are all
risk neutral, then an action pair (s, 6(s)) is Pareto-optimal
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if and only if the channel’s external action s maximizes the
channel’s expected profit.

Proof. The proof follows from the fact that in the
risk-neutral case, for each s,

> u;(I;(s, 6(s))) = X EIL,(s, 6(s))
=E D II;(s, 6(s)) = EII(s).

Thus, every (s*, 0(s*)) € S X 0 is Pareto-optimal
provided s* maximizes EII(s*). []

Since agents in a supply chain maximize their re-
spective objectives, the agents’ payoffs might not be
Pareto-optimal if their objectives are not aligned prop-
erly. In this case, it is possible to improve the chain’s
performance, i.e., achieve Pareto-superior payoffs. The
agents can enter into an appropriately designed con-
tract, under which their respective optimizing actions
lead to a Pareto-optimal payoff. In the supply chain
management literature, a contract is defined to coor-
dinate a supply chain consisting of risk-neutral agents
if their respective optimizing external actions under
the contract maximize the chain’s expected profit.
Then, according to Proposition 3.1, a coordinating
contract is equivalent to a Pareto-optimal action in the
risk-neutral case. It is therefore reasonable to use the
notion of Pareto-optimality to define supply chain
coordination in the general case.

DerINITION 3.4. Supply Chain Coordination. A
contract agreed upon by the agents of a supply chain
is said to coordinate the supply chain if the optimizing
actions of the agents under the contract:

1. satisfy each agent’s reservation payoff constraint,
and

2. lead to an action pair (s*, 6*(s*)) that is Pareto-
optimal.

Besides Pareto-optimality of a contract, we have
introduced the individual-rationality or the participation
constraints as part of the definition of coordination.
The constraints ensure that each agent is willing to
participate in the contract by requiring that each gets
at least his reservation payoff. It is clear that each agent’s
reservation payoff will not be less than his status-quo
payoff, which is defined to be his best payoff in the
absence of the contract. Thus, we need consider only
the subset of Pareto-optimal actions that satisfy these
participating constraints. The reservation payoff of an
agent plays an important role in bargaining, as we
shall see in the next section.

Now we illustrate the introduced concept of coor-
dination by an example.

ExampLE 3.4. Consider a supply chain consisting of
one supplier and one retailer who faces a newsvendor
problem. Before the demand realizes, the supplier de-
cides on his capacity first, and the retailer then prices
the product and chooses an order quantity. The sup-

plier and the retailer may enter into a contract that
specifies the retailer’s committed order quantity and
the supplier’s refund policy for returned items. In this
channel, the external actions are the supplier’s capac-
ity selection and the retailer’s pricing and ordering
decisions. These are denoted as s. The internal actions
include decision on the quantity of commitment, the
refundable quantity, and the refund credit per item.
These internal actions together lead to a sharing rule
denoted by 6(s). Once the contract parameters are
determined, the agents in the supply chain choose
their respective external actions that maximize their
respective payoffs. If (s, 6(s)) satisfies the agents’ res-
ervation payoffs and is Pareto-optimal, then the chan-
nel is coordinated by the contract.

The definition of coordination proposed here allows
agents to have any kind of preference that can be
represented by a payoff function satisfying the com-
pleteness and transitive axioms. For example, all of the
seven kinds of preferences listed in Schweitzer and
Cachon (2000), including risk-seeking preferences, are
allowed. Since often in practice an agent is either risk
neutral or risk averse, we restrict our attention to only
these two types.

REMARK 3.2. Our definition applies also to a T-period
case. For this, we define the payoff function of player i as

u (I} (s*, 0%(s*)), I (s*, 6%(s*)),
o (s, 0%(s*) : TT — R,

where T1i(s*, 0*(s*)) is agent i’s profit in period t.

4. Coordinating Supply Chains
Each Pareto-optimal action pair (s, 6(s)) results in a
vector of payoffs

(u1(I1, (s, 6(s))), . . ., uy(Ily(s, 6(s)))),

where u,(ILi(s, 0(s))) is the payoff of the ith agent. Let

W = {(u; (I, (s, 0(9))), . . ., uy(Iy(s, 6(5))))|(s, 6(s))
is Pareto-optimal, (s, 6(s)) € S X O},

denote the set of all Pareto-optimal payoffs, and let ®
C ¥ be the subset of Pareto-optimal payoffs that sat-
isfy all of the participation constraints. We shall refer
to ® as Pareto-optimal frontier. We will assume that @ is
not empty.

To coordinate a supply chain, the first step is to
obtain the Pareto-optimal frontier ®. If ® is not a
singleton, then agents bargain to arrive at an element
in @ to which they agree. A coordinating contract is
one with a specific set of parameters that achieves the
selected solution.

A contract is appealing if it has sufficient flexibility.
In Cachon (2002), a coordinating contract is said to be
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flexible if the contract, by adjustment of some param-
eters, allows for any division of the supply chain’s
expected profit among the risk-neutral agents. This
concept can be extended to the general case as follows.

DErFINITION 4.1. A coordinating contract is flexible if,
by adjustment of some parameters, the contract can
lead to any point in ®.

We shall now develop coordinating contracts in
supply chains consisting of two agents: a supplier and
a retailer. We shall consider three different cases. In
each of these cases, we assume that agents have com-
plete information. In Case 1, the supplier is risk neu-
tral and the retailer has a payoff function in Example
3.2, i.e., the retailer maximizes his expected profit sub-
ject to a downside constraint. In Case 2, the supplier
and the retailer are both risk averse and each maxi-
mizes his own mean-variance trade-off. In Case 3, the
supplier and the retailer are both risk averse and each
maximizes his own expected concave utility. We con-
sider the first two cases in this section and the third
case in Section 5.

In each case, let us denote the retailer’s and the
supplier’s reservation payoffs as m, = 0 and 7, = 0,
respectively. We first obtain ® and then design a
flexible contract that can lead to any point in ® by
adjusting the parameters of the contract.

4.1. Case 1: Risk-Neutral Supplier and Retailer
Averse to Downside Risk

We consider the supplier to be risk neutral and the
retailer to maximize his expected profit subject to a
downside risk constraint. This downside risk con-
straint requires that the probability of the retailer’s
profit to be higher than a specified level is not too
small.

The risk neutrality assumption on the part of the
supplier is reasonable when he is able to diversify his
risk by serving a number of independent retailers,
which is quite often the case in practice. When the
retailers are independent, the supply chain can be
divided into a number of sub-chains, each consisting
of one supplier and one retailer. This situation, there-
fore, could be studied as a supply chain consisting of
one risk-neutral supplier and one risk-averse retailer.

We say that an action pair (s, €(s)) is feasible if the
pair satisfies the retailer’s downside risk constraint.
We do not need to consider a pair (s, 0(s)) that is not
feasible since under the pair the retailer’s payoff is —o
and he would not enter the contract. We denote I1(s),
IL(s, 6(s)), and Il (s, O(s)) as the profits of the supply
chain, the retailer, and the supplier, respectively.
Other quantities of interest will be subscripted in the
same way throughout the paper, i.e., subscript r will
denote the retailer and subscript s will denote the
supplier.

Then we have the following result.

THEOREM 4.1. If the supplier is risk neutral and the
retailer maximizes his expected profit subject to a downside
risk constraint, then a feasible action pair (s, 6(s)) is Pareto-
optimal if and only if the supply chain’s expected profit is
maximized over the feasible set.

Proof. ONLY IF: It is sufficient to show that if EII(s)
is not maximal over the feasible set, then (s, 6(s)) is not
Pareto-optimal.

If ETI(s) is not the maximal channel profit, then there
exists an s’ such that EII(s") > EII(s). Consider the pair
(s’, 0'(s")) inwhich IT(s’, 0'(s")) = I1,(s, 6(s)) and I1(s’,
0'(s")) = II(s") — IL(s, 0(s)), we then get

u,(I1,(s’, 0'(s"))) = Ell.(s, 6(s)) and
u,(IL,(s’, 0'(s"))) = EII(s") — Ell, (s, 6(s)).
We can see that

u,(IL,(s’, 0'(s"))) = u,(I1,(s, 6(s))) and

u (I, (s’, 0'(s"))) > u,(IL,(s, 6(s))).

This means that (s, 6(s)) is Pareto-inferior to (s’, 6'(s")),
which contradicts with the Pareto-optimality of (s, 6(s)).

IF: Suppose the supply chain’s expected profit is
maximized. If (s, 6(s)) is not Pareto-optimal, then ac-
cording to the definition of a Pareto-optimal action
pair, there exists a feasible pair (s”, 0"(s")) that is Pa-
reto-superior to (s, ). Since it is Pareto-superior to (s,
0(s)), it is also feasible. Thus,

us (I (s", 0'(s")) + u, (11, (s", 6'(s"))) = EI(s") > EI(s)
= u,(IL (s, 0(5))) + u,(IL(s, 6(s))),

which contradicts the fact that EIl(s) is the maximal
expected channel profit. []

Let s* be an action of the channel that maximizes the
channel’s expected profit, and let EII (s*) be the retail-
er’s payoff. Since the retailer’s and the supplier’s res-
ervation payoffs are 7, and 1, respectively, we must
impose the participating constraints of the agents on
the solutions in W. Thus,

EIl,(s*) = &, and EIl(s*) — EIl.(s*) = =,. (1)
Together with Theorem 4.1, we get
® = {(EII,(s*), ETI(s*) — EII,(s*))|EII(s*) —
= ElL(s*) = m,}.
Clearly, if Ell(s*) — m, = m,, then ® is not empty.

In Gan, Sethi, and Yan (2003), we show that a re-
tailer, who is subject to a downside risk constraint,
may order a lower quantity from a supplier than that
desired by the channel under a wholesale, buy-back,

or revenue-sharing contract. Based on an initial con-
tract, a risk-sharing contract is designed, which stipu-
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lates the supplier to offer a full refund on unsold items
up to a limited quantity. The contract coordinates the
supply chain, and requires that both the supplier and
the retailer share the risk. Another coordinating con-
tract is possible when EII (s*) exceeds the retailer’s
target profit o, where s* is the channel’s optimal ac-
tion. In this case, a contract that provides a payoff of
EII(s*) to the retailer and remainder to the supplier
coordinates the supply chain. This contract is of two-
part tariffs type as defined, for example, in Chopra
and Meindl (2001, p. 160). However, if E1l(s*) is less
than the retailer’s target profit «, then the contract
does not work since the downside risk constraint of
the retailer is not satisfied. But the risk-sharing con-
tract in Gan, Sethi, and Yan (2003) still works, since the
retailer’s downside risk constraint P(X = «) = B is
always satisfied under that contract.

4.2, Case 2: Mean-Variance Suppliers
and Retailers
In this case, both the supplier and the retailer maxi-
mize their respective mean-variance trade-offs.
Let the retailer’s payoff function be

ETI,(s, 6(s)) — A, V(IL (s, 6(s))), )
and the supplier’s payoff function be
ETL(s, 6(s)) — A V(IL(s, 6(s))). 3)

We first find all Pareto-optimal sharing rules for any
given channel’s external action s. We show that, regard-
less of the selected external action s, the optimal sharing
rule has the same specific form. Under this form of a
sharing rule, we obtain optimal external actions. This
procedure results in a Pareto-optimal (s, 6(s)).

We now solve for the Pareto-optimal set for a sup-
ply chain consisting of N agents, and then specialize it
for supply chains with two agents. We assume that the
ith agent’s payoff function is

Ell;(s, 6(s)) — A, V(I1;(s, 6(s))). (4)

To obtain Pareto-optimal sharing rules, we solve

max | >, ETI;(s, 6(s)) — EAV(H (s, 0(5)))] (5)

oo |7
s.t.
S THi(s, 6(s) = 11(5). ®)
The solution of this problem is given in the following

proposition.

ProrosiTION 4.1. A sharing rule 0 is a solution of the
problem (5)—(6) if and only if

H(S) + 771/ - 1/ o N/ (7)

1/N
IL;(s, 6(s)) = S 1/A,

almost surely, where m;, i = 1 ---
satisfying >, m = 0.

Proof. Because 2, E1l(s, 0(s)) = EIl(s), the problem
is equivalent to

N, are constants

min E N VI (s, 6(s))), (8)
0ce 1

s.t.

3 TLGs, 066) = TI(s). ©)

It is easy to see that

S AV, 6(5)) = 3 A VTG, 06s)
2
+2UM%m%mg—Zm@mwﬂ

1
=517, V016, 06)

> A V| T(s, 6 LA (s 10
£ SAV|Tis, 069) — 575 )| (10)
Since the second term on the RHS of (10) is nonnega-
tive, we have shown that

1
2 MV(I(s, 6(s) = s 1/, V(s 06) (1)
! 7 7

for any feasible Il(s, 0(s)), i N. Thus, (1/ E]-
1/1)V(I(s, 6(s))) provides a lower bound for the ob-
jective function (8). Note that a @ satisfies (7) if and
only if

1/A
V[H,«(s, 0(s)) — S /A IIs)|=0,i=1,---N.

This means that

E A V(Ii(s, 6(s))) = V()  (12)

1
2 1/A,
and

1
S VLS, 06) > 5 73 ViTlGs)
for any 0 not satisfying (7). [
For any optimal sharing rule 6* given in Proposition
4.1, the sum of the agents’ payoffs equals

Ell(s) — V(IL(s)).

E 1/

By adjusting the constants 7, i = 1 - - - N, the sharing
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rule 6* allows for any division of the total payoff
among the agents. Therefore, an optimal external ac-
tion, given 6*, has to maximize the total payoff, i.e., it
must be an action pair of

1
max [EH(S) E /n V(I1(s)) |. (13)

SES

Next, we characterize the set of Pareto-optimal ac-
tions by summarizing the results we have gotten.

THEOREM 4.2. An action pair (s*
if and only if

, 0%) is Pareto-optimal

s* = arg max | EIl(s) — s, ;//\ V(H(s))] (14)

SES

and, almost surely,

I1,(s, 6*(s)) = H(s) +m,i=1,---N. (15)

3 1/N )\

Clearly, if a contract can allocate the channel profit
among the N agents proportionally, then the contract
along with a side payment scheme can coordinate the
supply chain. Moreover, this contract is flexible by
adjusting the amounts of side payment.

Theorem 4.3, as a special result of Theorem 4.2,
characterizes the set of Pareto-optimal actions for sup-
ply chains consisting of one supplier and one retailer.

THEOREM 4.3. An action pair (s*, 0*(s*)) is Pareto-

optimal if and only if

s* = arg max | E1l(s) — V(II(s)) (16)

scs A, + )\
and, almost surely,
I, (s* * A I1 17
,(s,()*(s))—)\+)\ (s*) + m, (17)
I, (s*, 6%(s*)) = A+ A (s*) — (18)

where m, is a side payment from the supplier to the
retailer.

It follows from Theorem 4.3 that, under any Pareto-
optimal solution, the retailer gets a fixed proportion
A/ (A, + A,) of the channel profit plus m, and the
supplier gets the remaining profit, i.e., A,/ (A, + A,) of
the channel profit minus m,. If A, > A, i.e., the retailer
is more risk-averse than the supplier, then the supplier
takes a greater proportion of the channel profit. In
other words, the agent with a lower risk aversion takes
a higher proportion of the total channel profit than the
other one does. The side payment, which is deter-
mined by the respective bargaining powers of the
agents, determines the agents’ final payoffs.

According to Theorem 4.3,
’\I} — A % )\ *
= /\J”\u(s) wO,AJrAu(s)

where u(s*) represents

) S Rl}

EIl(s*) — AV(I1(s*)).

Since the retailer’s and the supplier’s reservation pay-
offs are m, and ,, respectively, m, has to satisfy the
participating constraints of the agents. Thus,

u(s*) + my = m, and u(s*) — my = m,.

A+ A, )\+)\

Then ® can be represented by the set

A A
* M N
{<)\, + A u(s) + m, A+ A u(s*) 770) such that

A
A+ A

A
u(s*) —m=m=m, — A A u(s*)}
Furthermore, if

A
A+ A

A
u(s*) — my=m, — XA u(s*),
ie, if m, + 7, = u(s*), then ® is not empty.

The problem considered thus far is quite general, in
the sense that the external action s is rather an abstract
one that can include such decisions as order quantity,
item price, etc. We next consider a special case. Here
the retailer faces a newsvendor problem and makes a
single purchase order of a product from the supplier
at the beginning of a period, who in turn produces and
delivers the order to the retailer before the selling
season commences. Let p denote the price per unit, c
the supplier’s production cost, v the salvage value,
and g the retailer’s order quantity. In this problem, the
supply chain’s external action is the retailer’s order
quantity q.

According to Theorem 4.3, the coordinating contract
should allocate the profit in the same proportion for
every realization of the channel profit in the absence of
any side payment. We shall call such a sharing rule a
proportional sharing rule. Here we only examine buy-
back and revenue-sharing contracts. With a buy-back
contract, the supplier charges the retailer a wholesale
price per unit, but he pays the retailer a credit for
every unsold unit at the end of the season. With a
revenue-sharing contract, the supplier charges a
wholesale price per unit purchased, and the retailer
gives the supplier a percentage of his revenue. See
Pasternack (1985) and Cachon and Lariviere (2002) for
details on these contracts. In the following, we see that
both buy-back and revenue-sharing contracts allocate
the channel profit proportionally.
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ProrosiTIiON 4.2. If the parameters of a revenue-shar-
ing contract satisfy

w = ¢c, (19)

then the retailer’s fractional share of the supply chain profit
is ¢ and the supplier’s share is 1 — ¢.

Proof. Let D denote the demand faced by the re-
tailer. Then the supply chain’s profit is

pD+ (g —D)v—cq ifD=g, 5
pq —cq, if D>gq. (20)
On the other hand, the retailer’s profit is
¢pD + ¢(g — D)v —wqg if D =gq,
bpq — wy, ifD>q. (21)

By using w = ¢c into (21), we can see that the retailer
gets the proportion ¢ of the supply chain’s profit for
every realization of the demand. []

Cachon and Lariviere (2002) prove that, for each
coordinating revenue-sharing contract, there exists a
unique buy-back contract that provides the same
profit as in the revenue-sharing contract for every
demand realization. They show that the buy-back con-
tract’s parameters have the form

b=(1-¢)p—0), (22)
w=p(l—¢)+ ¢c, (23)

where b is the refund to the retailer for each unsold
unit, and ¢ is the retailer’s share of the channel profit
in the revenue-sharing contract. It is easy to see that
the same result holds here as well.

ProrosiTiION 4.3. A buy-back contract allocates the
channel profit (a random variable) proportionally. If the
contract parameters satisfy (22) and (23), then the retailer’s
fractional share is ¢ and the supplier’s is 1 — ¢ under this
contract.

Nagarajan and Bassok (2003) obtain the Nash Bar-
gaining solution in the risk-neutral case. According to
their results, if both the retailer and the supplier are
risk neutral, the retailer’s share of the supply chain
profit is

olIl(s) = [II(s) — @, + m,]/ 2. (24)

Under a buy-back or a revenue-sharing contract, the
retailer’s problem is

max [EIl(s) — AV(II(s))]|. (25)

Mot
SES ’ At A
For a given m, the retailer’s problem (25) becomes

max [EII(s) — AV(I1(s))], (26)

SES

which has been solved by Lau (1980) and Chen and
Federgruen (2000). Since the solution is s*, the retailer
would choose the optimal external action voluntarily.
So, we can state the following two theorems.

THEOREM 4.4. If the parameters of a revenue-sharing
contract satisfy
LA

w (27)

then the revenue-sharing contract along with a side pay-
ment 1, to the retailer coordinates the supply chain. The
profit allocation is given in (17)—(18).

THEOREM 4.5. If the parameters of a buy-back contract
satisfy
b= 2
=T (p—0), (28)
_ A N A
CEP L L TR

(29)

then the buy-back contract along with a side payment 7, to
the retailer coordinates the supply chain. The profit alloca-
tion is given in (17)—(18).

If we compare (19) to (27) and (22)-(23) to (28)—(29),
we see that, while the fraction ¢ in the risk-neutral
case can vary as long as the participation constraints
are satisfied, the fractional share the retailer receives in
the mean-variance case is fixed at A,/(A, + A,); and it
is this fraction that is used in the formulations (27)-
(29) for the parameters of the coordinating contracts.
Thus, in the mean-variance case, the participation con-
straints of the agents as well as the flexibility of the
contracts are achieved only via the side payment .

The contracts obtained in Theorems 4.5 and 4.4,
when A, = A, = 0, reduce to the standard contracts
obtained in the risk-neutral case, because the fraction
A/ (A, + A,) can take any value in [0, 1]. In particular,
if the supplier is risk neutral and the retailer is risk
averse, i.e., A, = 0, the fraction A,/(A, + A,) = 1, which
means that the supplier takes the entire channel profit
and gives a side payment to the retailer. In this case, it
is Pareto-optimal for the supplier to bear all of the risk.
Since the retailer’s profit is a side payment from the
supplier, the supplier’s expected profit is the channel’s
profit minus that payment. Therefore, the supplier’s
payoff is maximized when the channel’s expected
profit is maximized. Thus, we have a coordinating
contract under which the supplier and the retailer
execute s*, the retailer gets a constant profit m,, and
the supplier gets the remaining profit.

In the following example, we design a coordinating
contract according to Theorem 4.5. We also obtain the
optimal ordering quantity and determine the required
side payment.
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ExampLE 4.1. Consider a supply chain consisting of
one retailer and one supplier. The retailer faces a
newsvendor problem and makes a single purchase
order of a product from the supplier at the beginning
of a period, who in turn produces and delivers the
order to the retailer before the selling season. Suppose
that the demand D is uniformly distributed on some
interval, which without loss of generality, can be taken
as interval [0, 1]. Thus, the distribution function F(x)
=xfor0=x=1and F(x) = 1 for x = 1. We confine
the ordering quantity g to be in [0, 1]. Let the unit price
p be 100, the supplier’s production cost ¢ be 60, and the
salvage value v be 20. Let the retailer’s and the sup-
plier’s payoff functions be, respectively,

EIl, — A, V(I1,) and EIL, — A, V(IL,), (30)

where A, = 0.05 and A, = 0.01. We assume that the
agents have equal bargaining powers in the sense that
their payoffs are equal.

According to Theorem 4.3, the retailer’s payoff is

As

Y V(H(q))] +m, (1)

s

A+ A

Ell(g) —

where 11(g) is the channel’s profit when the retailer’s
ordering quantity is q, 0 = g = 1. Thus, the retailer’s
optimal order quantity is a g* that maximizes (31).
From Chen and Federgruen (2000), we have

EIl(g) = 40g — 80g* and V(I1(g)) = 6400(4°/3 — g4*/4).
(32)

With this, the retailer’s problem is

160 40
max [40g — 80 — o~ ¢ + 5 4*|, (33)
0=g=1 9 3
and g* = 0.236. According to Theorem 4.5, the retail-
er’s and the supplier’s payoffs are 0.799 + m, and 3.99
— m,, respectively. It is easy to see that my = 1.598
equalizes their payoffs, as has been assumed.

5. Coordinating a Supply Chain
Consisting of Agents with Concave
Utility Functions

In this case, we assume that agent 7/ has an increasing
concave utility function g;(+) of his profit, and wants to
maximize his expected utility, i = r, s. Then his payoff
function is E[g,(")].

To compute the set of Pareto-optimal actions, we
first find the Pareto-optimal sharing rules given an
external action s. According to the group decision
theory literature (Wilson 1968 and Raiffa 1970), the
problem can be formulated as follows:

max [a,Eg,(I1,(s, 8(s))) + a,Eg,(IL(s, 6(s)))], (34)

00

s.t.
IL, (s, 6(s)) + I1(s, 6(s)) = II(s), (35)

where a,, a, > 0, a, + a, = 1. The specification of (a,, a,)
is derived from their respective bargaining powers. By
varying a, and a, we can get all possible Pareto-opti-
mal sharing rules ¥, denoted as the set

{(u, (I (s, 6(s))), u,(IL (s, 6(s)))) such that
0 is Pareto-optimal, 8 € @}. (36)

Clearly, each point in W, represents, given s, the
agents’ payoffs under a Pareto-optimal sharing rule.
Then we can get ¥, which is the set of Pareto-optimal
points of the set U g V.. According to Definition 3.3,
any action pair that leads to a point in ¥ is Pareto-
optimal.

It is well known that the problem of maximizing the
expected quadratic utility can be reduced to one of
maximizing a mean-variance trade-off. Therefore,
when both agents” utility functions are quadratic, we
can coordinate the channel with the contracts devel-
oped in Section 4.2. Levy and Markowitz (1979) show
that a utility function exhibiting constant risk aver-
sion, particularly of the form log x or x*, 0 < o <1, can
be approximated by a quadratic function. Thus, if both
agents’ utility functions are of this type, we can use the
contracts in Section 4.2 to coordinate the channel ap-
proximately.

For general utility functions g,(-), i = r, s, it is not
always possible to get Pareto-sharing rules in closed
form. Indeed, in the literature, closed-form solutions
exist only in a few special cases. In the next subsection,
we specialize the model by assuming the case of ex-
ponential utility functions, and obtain an explicit co-
ordinating contract. We also obtain the Nash Bargain-
ing solution. Finally, we design a flexible contract to
coordinate the supply chain.

5.1. Characterizing the Pareto-Optimal Set
Let the retailer’s and the supplier’s utility functions be,
respectively,

g(x)=1—-e¢*and g (x)=1—-e™" (37)

Then the absolute risk aversion measure for the re-
tailer and the supplier are A, and A,, respectively; see
Pratt (1964). We want to find a Pareto-optimal sharing
rule for any given channel’s external action s. Raiffa
(1970) solves the problem (34)—-(35), which implies the
following result.

ProrosiTION 5.1. For a given external action s for the
channel under consideration, a sharing rule 6*(s) is a Pareto-
optimal sharing rule if and only if
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A a\, the Pareto-sharing rules may depend on the channel’s ex-
I, (s, 0%(s)) = A A II(s) = AIn N, (38) ternal action. See Wilson (1968), Raiffa (1970), and LaValle
(1978) for further details on Pareto-optimal sharing rules.
and
Now, we summarize the results in the following
A, theorem.
I1,(s, 6*(s)) = PNESY I(s) + )\ln )\ , (39)

almost surely, where a,, a,>0,a, + a,=1,and A = 1/(A,

+ AY).
Thus, we can get the set
V. ={(u,I1,(s, 6%(s))), u,(IL,(s, 6*(s)))) such that
a,,a;,>0,a,+a, =1},
where

u,(IL, (s, 0%(s))) = 1

A, a.\,
—exp +)\ln A Eexp| —
u;(IL (s, 6*(s))) = 1
A, ! aA, £
TP A e P T

Since both the retailer and the supplier’s payoff
functions decrease with

MAJII(s)
A+ A ) (40)

MAJLI(s)
A+ A ) (41)

)\r)\SH(s))

Eexp(— A tA)

it is easy to check that
W = {(u,(1L,(s*, 0)), u,(IL(s, 0))la,, a;> 0, a, + a, = 1},

(42)
where s* is the solution of the problem
E AT (s) 43
mnFel Nk @

Now the supply chain’s external problem has been
transformed to problem (43). This problem has been
studied in the literature in some special situations.
Bouakiz and Sobel (1992) have shown that a base-stock
policy is optimal in a multi-period newsvendor problem,
when the newsvendor has an exponential utility func-
tion. Eeckhoudt, Gollier, and Schlesinger (1995) discuss
the situation in which the entity faces a newsvendor
problem, and they prove that the newsvendor orders
less than that in the risk-neutral case. Agrawal and Se-
shadri (2000a) consider the entity’s price and inventory
decisions jointly in a newsvendor framework.

REMARK 5.1. Although we have got proportional shar-
ing rules for the above case and the second case in Section
4, the Pareto-optimal sharing rules usually are not propor-
tional for any two utility functions (Raiffa 1970). Moreover,

THEOREM 5.1. An action pair (s¥,
optimal if and only if

0*(s*)) is Pareto-

. L E MAJII(s) 14
s —argr?el? exp T A A (44)
and, almost surely,
I (s, %) = 5 1 H(s)—AlnM, (45)
I, (s* * il I(s* 1 4
(s 0(s) = 3 I + AT A/ (46)

where a,, a, > 0,a, + a, = 1.

It follows from Theorem 5.1 that, under any Pareto-
optimal solution, the retailer and the supplier get fixed
proportions of the channel profit minus/plus a side pay-
ment. The side payment depends on their risk-aversion
measures and their bargaining powers. In particular, if
aA, = a,\,, then there is no side payment. Moreover, in
the absence of a side payment, if A, > A, ie, if the
retailer is more risk averse than the supplier, then the
supplier takes a greater proportion of the channel profit.

5.2. Bargaining Issue

We have gotten Pareto-optimal payoffs set ¥ in (42).
Since u#, < 1 and u, < 1 from (40) and (41), we assume
that m, <1 and =, < 1. The participating constraints of
the agents are

u,(I1,(s*, 0%(s*))) = , and u,(IL(s*, 6*(s*))) = m,. (47)
Conditions (47) are equivalent to
. e ( AL\ fad\ M/ o)
(1= m)/Eexpl =) )= \an,
MAJI(s%)
= —
=Eexp| — DS /(1 m,). (48)

Then ® can be represented by
{(u, (IL(s%, 0#(s"))), u,(IL(s*, 6*(s*))la,, a,> 0, a, + a,

=1, and (48) is satisfied.}. (49)
I (1 - m)/E expl-AAIE)/ (O, + A)] =
E exp[—AAJL(s*) /(A + A)1/ (1 — m), ie., if
MAJI(s%)\)2
1=-m)1 -7 = {E exp(—)\_l_/\)}

then ® is not empty.
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Nagarajan and Bassok (2003) use the Nash Bargain-
ing concept to deal with bargaining issue in the risk-
neutral case. Here, we use the same concept to deal
with the bargaining issue in a risk-averse case. Ac-
cording to Nash (1950), a bargaining solution satisfies
the following eight axioms.

1. An agent offered two possible anticipations can
decide which is preferable or that they are equally
desirable.

2. The ordering thus produced is transitive; if A is
better than B and B is better than C, then A is better
than C.

3. Any probability combination of equally desirable
states is just as desirable as either.

4. If A, B, and C are as in Axiom 2, then there is a
probability combination of A and C which is just as
desirable as B. This amounts to an assumption of
continuity.

5. If 0 =p =1 and A and B are equally desirable,
then pA + (1 — p)C and pB + (1 — p)C are equally
desirable. Also, A may be substituted for B in any
desirability ordering relationship satisfied by B.

6. Let S, which is compact and convex and includes
the point (7, 7,), be the agents’ payoffs set and let ¢(S)
denote the bargaining solution point in this set. If « is
a point in S such that there exists another point Sin S
with the property u,(8) > u,(a) and u (B) > u,(a), then
a ¢ c(S).

7. 1f the set T contains the set S and ¢(T) is in S, then
c(T) = c(S).

8. If S is symmetric, i.e., its graph is symmetrical
with respect to the line u, = u,, then ¢(5) is a point on
the line u, = u,.

Clearly, exponential utilities in (37) satisfy the first
five axioms. The agents” payoff set S is

{(u,(IL,(s, 6(5))), u,(IL(s, 6()))|(s, O(s)) € S X O}

We assume that TI(s) be continuous in s, so that S is
compact. Now we prove the convexity of S by show-
ing that its frontier is a concave curve. The Pareto-
frontier of this set is given in (49), where

u, (I1, (s*, 6*(s%))) = 1

A, as)\s> ( MAJI(s*)
xp| —

_W4M+Mmmm m+m> (50)

u, (I, (s*, 0%(s¥))) = 1

- Ao ah AMIGsY) -
P+ A eSO U )

From (50) and (51),

(1- ur)()\ﬂr)\s)/)\r(l — us)(,\,ﬂs)/,\s

)\r)\sH(S*) (A 2As)2/ Arhs
= {E exp(— )} .

A+ A (52)

Clearly, the curve represented by (52) is concave since
the right side is a constant.

Axiom 6 assures that the solution is Pareto-optimal,
Axiom 8 expresses the bargaining equality of bargain-
ing skills. Nash (1950) shows that the bargaining
solution point is the point that is the solution of the
problem

max (u, — m,)(u, — ). (53)

(ur ,us)ES

Since the solution has to be Pareto-optimal, (53) is
equivalent to

max (u, — m,)(u, — ). (54)

(ur us ) ED

Now we solve the problem (54). Let E(u) represent
E exp[=AAII(s*)/(A, + A)]. Then,

(uV - Wr)(us - WS)

T

— )\S )
N+wa]

A\ R AN\ A
— E()| (1= m)| °° A= -

Thus, problem (54) is equivalent to

A —As /(A As) a A /(A As)
min [“‘“)(,A,) ”“”sM) ] %9)

ar As a

=1-m)1-m)+ exp(

Thus, when

agh, . (1 - Wr)As
a.\, a (1 - ’n-s))\r,

(56)

(u, — m,)(uy, — ) is maximized. Therefore, the Nash
Bargaining solution is represented by the payoffs given
in (50) and (51) with parameters (a,, a,) that satisfy a, > 0,
a,>0,a, +a, =1, and (56).

From (56), we can see that a,A,/a,A, decreases in the
retailer’s reservation payoff m, and increases in the
supplier’s reservation payoff m,. Thus, the retailer’s
payoff increases in m, and decreases in ,. The same
property holds for the supplier. These properties im-
ply that, in the Nash Bargaining solution, each agent’s
payoff increases with his own reservation payoff and
decreases with the other agent’s reservation payoff.
When (1 — m,)A, = (1 — m)A,, then A In(a,A,/a,A,) =0,
i.e. the side payment disappears. Finally, we can see
that the Nash bargaining solution assigns a player a
higher payoff when the other player becomes more
risk averse.

5.3. Designing a Coordinating Contract

For the special supply chain considered in Section 4.2,
we can use either a buy-back or a revenue-sharing
contract to allocate the channel profit. Under either of
these contracts, the retailer’s problem is:
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MAI(s) realized channel profit, i.e., it depends on the chosen
masx 1= Eexp|— VAR external action as well as the realized random event.

sE T S

This problem is equivalent to problem (43), which
implies that the retailer would voluntarily choose the
optimal external action s*. So we have the following
two results.

THEOREM 5.2. If the parameters of a buy-back contract

satisfy

A

b=y n o

o A,
CEPY I A TS

then the buy-back contract along with the side payment
A In (aA,/a.\,) to the supplier coordinates the supply
chain. The profit allocation is given in (45)—(46).

THEOREM b5.3. If the parameters of a revenue-sharing
contract satisfy
— AS
BV

w

then the revenue-sharing contract along with the side pay-
ment A In (a,A,/a,A,) to the supplier coordinates the supply
chain. The profit allocation is given in (45)—(46).

Note that, if a, and a, satisfy condition (56), then
both the revenue-sharing and the buy-back contracts
achieve the Nash Bargaining solution. By adjusting the
bargaining coefficients a, and a,, one can attain any
point in ®. Thus, both these contracts are flexible.

We should note that, in general, Pareto-optimal
sharing rules are not proportional as in the case with
exponential utility functions. Wilson (1968) provides a
necessary and sufficient condition for Pareto-optimal-
ity of a sharing rule in a channel with N agents. The
condition is stated in the following theorem.

THEOREM 5.4. Given an external action s, a necessary
and sufficient condition for Pareto-optimality of a sharing
rule is that there exists nonnegative weights a = (ay,
ay, ..., ay) and a function p: R' — R, such that

Z Hi(sl 0(5)) = H(S)/ (57)

almost surely, and for each i
a;8i(ILi(s, 6(s))) = w(Il(s)), (58)
almost surely.

In what follows, we give an example in which the
sharing rule is not of the form of (45)—(46). Here we see
that the Pareto-optimal sharing rule depends on the

ExaMmprLE 5.1. Let
g (x)=1—¢"7, (59)

1—e ™ X=X,
gs(x) = 1— —X0As + A —X0As —
e € (x — x), x> x.

In this example, the retailer’s utility function is the
same as in (37), but the supplier’s utility is changed in
a way that his risk attitude is the same as in (37) at low
profit levels and he is risk neutral at higher profit
levels.

(60)

ProrosiTION 5.2. For a given external action s for the
channel under consideration, a sharing rule 6* is a Pareto-
optimal sharing rule if and only if

(

A II Aln 24,
A+ e a,’
H()<)\,+)\s< Mnasl\s>
s) = Xo —
A 0 a\,
IL (s, 6%(s)) = A a, , (61)
xy xo - )\ 11’1 ar/\T 7
i M A 1 A
(S) )\r xO - )\ ur)\r
(
M TI(s) + A m@
o+ ls) an,’
H()</\,+/\S< N as)\s)
S) = xO - n——
A, aA\,
LG, 0°(5) = N i G
H(S) - xer + /\lnay)\r,
N At A ! aA,
(s) > N Xo— Aln an

almost surely, where a,, a,>0,a, + a, = 1,and A = 1/(A,
+ AY).

Proof. Let
(

AAE
s AAr rs
(@A) (a,A;) exP()\r " )\S),

A+ A ! ag\,
= —
t= Y Xo— A nﬂﬁlr ,

T

u(t) =

s A _ lls)\s
(ar)\r) (as)\s) eXP )\s Xo Aln s

al,
- At A Al agA,
S W RPN &

Then, according to Theorem 5.4, (61) and (62) are
Pareto-optimal since conditions (57) and (58) are sat-
isfied. [J

We can see that, under the Pareto-optimal sharing
rule, the retailer’s profit increases linearly with the
channel’s realized profit when the latter is below a
certain level, and remains unchanged thereafter. This




Gan, Sethi, and Yan: Coordination of Supply Chains

148 Production and Operations Management 13(2), pp. 135-149, © 2004 Production and Operations Management Society

is not a proportional sharing rule, and consequently,
neither a buy-back nor a revenue-sharing contract
along with side payments would coordinate the chan-
nel. It appears that new contract forms need to be
designed to achieve coordination in such cases.

In order to obtain s*, we outline the following pro-
cedure. First, we compute VY, for each s € S according
to (36), and then we find the Pareto-optimal frontier of
the set U,cs V. Any action pair (s*, 0*(s*)) that leads
to a point on this frontier is Pareto-optimal. Note that
s* may not be unique.

To illustrate this procedure, let us assume S = {s;, s,,
S3, 84, S5} for convenience in exposition. Suppose that
the sets W, for s € S are as shown in Figure 1. Then the
frontier consisting of Pareto-optimal solutions is
shown as the bold-faced boundary in the figure. Con-
struction of such a frontier in general would require
development of numerical procedures. This is not the
focus of this paper, and it is a topic for future research.

6. Discussion
One of our main findings is that, in any Pareto-optimal
joint action, the retailer and the supplier must share
the risk appropriately. Specifically, the less risk averse
an agent is, the more risk he assumes by taking a
larger portion of the channel’s random profit. The
agents’ final payoffs can be adjusted by a side pay-
ment depending on their respective bargaining pow-
ers. In the extreme case when one of the agents is risk
neutral, then that agent may assume all of the risk.
Owing to the risk-sharing effect, the supply chain,
when considered as a single entity, is less risk averse
than either the risk-averse retailer or the risk-averse
supplier if considered as the single owner of the whole
channel. For example, in Case 2, the channel’s problem
according to (25) is equivalent to solving the problem

max [E(IL(s)) — AV(I1(s))].

SES

If the retailer or the supplier were to own the channel,
he would solve the problem

Figure 1 Example of a Pareto-optimal frontier.
U,
[
Pareto-optimai Frontier
T
]
—
4
lPs, ‘PS
h !

max [EIl(s) — A, V(Il(s))] or max[EIl(s) — A,V(I1(s))].

SES

Since A < A, and A < A, the channel is less risk averse
than either the retailer or the supplier. In the extreme
case when the supplier is risk neutral, the channel’s
Pareto-optimal external action, as in the risk-neutral
case, always maximizes the channel’s expected profit.
This result can be generalized to the more general case in
which there exists a risk-neutral agent in a supply chain
consisting of N agents. Under an external action that
maximizes the channel’s expected profit, there exists a
Pareto-optimal sharing rule that lets the risk-neutral
agent take all the channel profit and give each of the
other agents a side payment. The amount of the side
payment an agent receives depends on his bargaining
power.

Although we have obtained explicit solutions for
each of the cases in Sections 4 and 5, it is not always
possible to do so. For example, if the retailer maxi-
mizes his mean-variance trade-off and the supplier
maximizes his expected exponential utility, then it
does not seem possible to find a closed-form solution.
Nevertheless, one can see that the sharing of the risk
has to be invoked to get a Pareto-optimal solution.

REMARK 6.1. An alternative way to consider coordina-
tion is to first construct a supply chain’s utility function by
assigning weights to individuals” utility functions. Thus,

u(Il(s)) = 2:1 a;u;(I(s)), o; €10, 1], izl a; =1,

where the agent i’s utility function is denoted as u(I1(s)),
i =1,2,---N. In this case, each agent’s identity is not
preserved and the critical issue is how to determine the
weights «;, 1 =1, 2, - - - N. Once the optimal action for the
supply chain is obtained by maximizing u(Il(s)), the profit
could be allocated according to some weighting scheme,
possibly different from o;, i = 1, 2, -+ N. It is clear that
this method generalizes the risk-neutral case. However, we
do not follow this method because it does not guarantee
Pareto-optimality of the final outcome.

7. Conclusion and Further Research
We have proposed a definition of coordination of a
supply chain consisting of risk-averse agents. We
show that, to coordinate such a chain, the first step is
to characterize the set of Pareto-optimal solutions and
select a solution from this set based on the agents’
respective bargaining powers. The second step is to
design a contract to achieve the selected solution.

In the risk-neutral case, it is easy to see that an
action pair is Pareto-optimal if and only if the supply
chain’s expected profit is maximized. But in the risk-
averse case, it is more difficult to find Pareto-optimal
actions. We characterize Pareto-optimal solutions in



Gan, Sethi, and Yan: Coordination of Supply Chains

Production and Operations Management 13(2), pp. 135-149, © 2004 Production and Operations Management Society 149

three specific cases of a supply chain involving one
supplier and one retailer, and in each case we design
a flexible contract to coordinate the channel. Further-
more, we discuss the bargaining issue in one of the
cases. We provide answers to the following questions:
What is the optimal external action of the supply chain
and what is the optimal sharing rule?

In the specific cases that we have considered, we are
able to obtain Pareto-optimal actions by first obtaining
a Pareto-optimal sharing rule that can be used with
any external action. This property allows us to obtain
an objective function for the supply chain, whose op-
timization yields an external action, which together
with the sharing rule provides us with Pareto-optimal
solutions.

In more general cases, however, we do not have the
above property, and therefore, the sequential proce-
dure used in the special cases does not work. In such
cases, we show by a specially constructed example,
that obtaining Pareto-optimal solutions requires find-
ing first the Pareto-optimal sets corresponding to ex-
ternal actions, and then identifying the Pareto-optimal
frontier of the union of these sets. Moreover, the stan-
dard contract forms that work for risk-neutral cases do
no longer coordinate, and research is required to find
new coordinating contract forms.
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