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Abstract: This paper studies the implications of risk considerations for option
contracts in a two-echelon supply chain. Under the mean-variance framework, we
first investigate the conditions for coordinating the supply chain by using option
contracts. We find that supply chain coordination is not always achieved, contrasting
with the result that properly designed option contracts can always coordinate a supply
chain in the absence of risk considerations. Second, we analyze the Stackelberg game
for a decentralized supply chain in two cases, depending on whether the retailer’s risk
aversion threshold is known to the supplier. We show that when the threshold is
public information, there exists a unique equilibrium in which the supplier with a
higher risk tolerance prefers to reduce the exercise price, and thus, the retailer’s order
quantity increases. When the retailer’s risk aversion threshold is private information,
the retailer has an incentive to pretend to be less risk averse. To curb this incentive
distortion, we design a new minimum option quantity commitment for the supplier.
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1. Introduction

Risks are pervasive in firms’ operational decisions, and thus, risk management
plays a vital role in the success of firm operations. Indeed, inappropriate risk
management may lead to significant financial losses. For example, rapidly weakening
demand coupled with locked-in supply agreements incurred a $2.5 billion inventory
write-off for Cisco Systems, Inc. in the second quarter of 2001 (Norrman and Jansson,
2004). In the third quarter of 2001, Nike lost $100 million in sales revenue due to an
inventory shortage (Norrman and Jansson, 2004). Therefore, incorporating risk factors
into supply chain decisions has drawn heightened attention from practitioners. For
instance, Hewlett-Packard established a procurement risk management system to
evaluate and control supply chain risks. Through this system, Hewlett-Packard saved
at least $100 million in sourcing costs in 2008 (Nagali et al., 2008). Although firms
have begun to realize the importance of supply chain risk management, determining
how to make a tradeoff between profit and risk remains a significant challenge.

Previous studies have mainly focused on two types of supply chain risk:
disruption risks, such as those associated with wars, earthquakes, diseases and
terrorist attacks (Qi et al., 2004; Sodhi et al., 2012; Ray and Jenamani; 2016), and
operational risks, such as those emanating from supply reliability and demand
uncertainty (Wei and Choi, 2010; Liu and Nagurney, 2011; Xue et al., 2016, Zeng and
Yen, 2017, Fan et al., 2017). Researchers have proposed various methods for
managing a supply chain under risk constraints. The most widely used method is the
mean-variance framework, originating from Markowitz’s portfolio theory. Markowitz
originally proposed the mean-variance framework to analyze risk diversification of
financial assets and to help investors design an optimal portfolio (Markowitz, 1959).

The mean-variance framework is widely explored within the realm of operational
decisions to address various supply chain risks, particularly those arising from
uncertain market demand (Tomlin, 2006; Choi et al., 2008a; Wu et al., 2009; Choi and
Chiu, 2012; Liu et al., 2016; Chiu and Choi, 2016). Specifically, Choi et al. (2008a)
carry out a mean-variance analysis for the newsvendor problem in which decision

makers are risk-averse, risk-neutral, or risk-taking. They analytically investigate the
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effective frontiers for each case. With the same objective function, Choi and Chiu
(2012) study the mean-downside-risk and mean-variance newsvendor models for both
the exogenous and endogenous retail price cases. They find that the retailer orders the
same stocking amounts in the mean-downside-risk and mean-variance models. Some
studies have also analyzed how to achieve supply chain coordination within the
mean-variance framework (Gan et al., 2004; Gan et al., 2005; Choi et al., 2008b; Choi
et al., 2008c; Wei and Choi, 2010; Chiu et al., 2011). For instance, Choi et al. (2008c)
study the coordination of a buyback contract under the mean-variance framework.
They find that channel coordination is not always achievable under risk constraints, in
contrast to results indicating that the conventional buyback contract can always
coordinate a supply chain (Pasternack, 1985; Tsay, 2001; Lee and Rhee, 2007). Chiu
et al. (2011) investigate the channel coordination problem for a target sales rebate
contract in which supply chain parties make decisions based on a mean-variance
analysis. Wei and Choi (2010) explore the coordination of both a wholesale price and
a profit-sharing contract under the mean-variance model. They analytically
characterize the necessary and sufficient conditions under which supply chain
coordination is achieved. The present paper contributes to this line of research by
providing a mean-variance analysis of option contracts, with a focus on supply chain
coordination and equilibrium analysis for a two-echelon supply chain.

Contract arrangements provide a useful risk management mechanism in supply
chains under demand uncertainty. For example, option contracts allow a buyer to
determine how much to purchase according to the realized market demand, while
providing a supplier with upfront payments. Option contracts have seen widespread
application in a number of industries, including IT, telecommunications,
semiconductors, and electricity (Wu and Kleindorfer, 2005; Anderson et al., 2017).
For example, many giant companies, such as IBM, Sun Microsystems and
Hewlett-Packard, have taken a portfolio procurement strategy with options (Tsay and
Lovejoy, 1999). In addition, option contracts have been used in the agriculture
industry (Zhao et al., 2013; Wang and Chen, 2017). For example, to facilitate

vegetable sales in Ishikawa, Japan, some local farmers established an agriculture
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agency as their representative to negotiate with vegetable buyers such as stores and
restaurants. The agency has offered the option contracts of vegetables to its buyers
since 2008. The buyers first place an option quantity before the growing season and
pay 4% of the total value as deposits. The farmers then grow the vegetable based on
the buyers’ orders. During the selling season, the buyers purchase an amount of the
vegetable up to the option quantity from the farmers at a pre-determined exercise
price to satisfy the realized market demand. Figure 1 illustrates this transaction

process.

@ Production @ 4% deposits
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Fig. 1. Transaction process

An increasing number of studies have focused on the application of option
contracts to procurement risk management (Wu and Kleindorfer, 2005; Wang et al.,
2006; Wang et al., 2012; Zhao et al., 2013; Liu et al., 2014; Nosoohi and Nookabadi,
2016; Paul et al., 2016; Sawik, 2016; Anderson et al., 2017; Zhao et al., 2018). Zhao
et al. (2013) examine the feedback effects of the bidirectional option on the retailer’s
initial order strategy. Nosoohi and Nookabadi (2016) investigate the manufacturer’s
decisions in two stages under call, put and bidirectional options. Wang et al. (2006)
analyze a call option contract and show that this contract improves the buyer’s
performance. Wang et al. (2012) show that in a two-stage model, the buyer has a
higher expected profit in the first stage, whereas the supplier may have worse
performance in the second stage compared with the case without option contracts.
Those studies compare the optimal decisions relating to option contracts with the
conventional newsvendor model within a risky environment. However, little research
has examined how risk (as an exogenous factor) affects the supply chain decisions

involved in option contracts. Introducing risk constraints into a mean-variance model,
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we examine supply chain coordination and optimal decisions for option contracts. We
find that channel coordination depends on the retailer’s risk attitude and may not
always be achieved, in contrast to results indicating that properly designed option
contracts can always coordinate a supply chain (Gomez_Padilla and Mishina, 2009;
Wang and Liu, 2007; Zhao et al., 2010; Wang et al., 2015).

In this paper, we study the mean-variance model under option contracts in a
two-echelon supply chain. We investigate the tradeoff between profit and risk faced
by supply chain parties. Our proposed mean-variance model of option contracts is in
sharp contrast to that of a buyback contract presented by Choi et al. (2008 c) and that
of a profit sharing contract presented by Wei and Choi (2010). Table 1 summarizes
the difference of the three contracts with risk constraints.

Table 1. The comparisons of three contracts with risk constraints

Contracts Control Degree of control Coordination
parameter
Buyback contract (Choi .
et al. 2008¢) Returns price b Weak Not always

Wholesale price
w and profit Strong Always
sharing ratio 1

Profit sharing contract
(Wei and Choi 2010)

Option price o
and exercise price Strong Not always
e

Option contract (our
paper)

In terms of model setup, the supplier in Choi et al. (2008c) only decides the
returns price b while the wholesale price is fixed. The manufacturer in Wei and Choi
(2010) decides the wholesale price w and the profit sharing ratio A. In our option
contract, the supplier decides the option price o and exercise price e. These three
contracts therefore provide the supplier with different degrees of control in achieving
supply chain coordination. As a result, the coordination outcomes are different as well.
In Choi et al. (2008c), a higher buyback price offers the retailer higher expected profit
and lower risk but imposes on the supplier lower expected profit and higher risk. The
results seem inconsistent with classical investment theory, in which a high risk is
often accompanied by a great expected profit. Wei and Choi (2010) show the

necessary and sufficient conditions that coordinate the supply chain, and they
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characterize the equilibrium for the Stackelberg game in a decentralized supply chain
when the proportion of the profit and risk sharing is predetermined. Our proposed
model, however, shows that when the supplier (retailer) bears a lower risk, she (he)
obtains a lower expected profit. In addition, in our mean-variance models, the
proportion of risk sharing between the supplier and retailer is not predetermined;
instead, it is determined by the option price and exercise price. By changing the prices,
the allocation of expected profit and risk sharing will be altered. Our results are in line
with the observation that with a higher risk tolerance, the supplier always prefers to
reduce the exercise price, and the retailer increases the option quantity to enjoy more
profit.

We summarize the key results of our paper as follows. We first study the channel
coordination of option contracts with risk constraints. We find that supply chain
coordination depends on the retailer’s risk tolerance and, more importantly, may not
always be achieved. We next study a decentralized supply chain in which the supplier
and retailer are maximizing their own profits subject to risk constraints. We consider
two cases: (1) the retailer’s risk aversion threshold is public information; and (2) the
threshold is private information of the retailer. In the former case, we find that
changing the option price and exercise price reallocates expected profit and risk
sharing between the retailer and the supplier. We also show that a unique equilibrium
exists in the Stackelberg game, and the equilibrium outcomes depend largely on the
supplier’s and retailer’s risk tolerance levels. In the latter case, we first show that the
retailer benefits from pretending to be less risk averse. To avoid untruthful
information reporting on the part of the retailer, we propose a minimum option
quantity commitment for the supplier.

The contribution of our paper is twofold. First, our paper contributes to the option
contract literature by investigating the implication of risk considerations for option
contracts. In doing so, we develop insights into how risk considerations shape the
coordination results and equilibrium outcomes. Second, this paper contributes to the
literature on contract design with risks by studying supply chain coordination and

equilibrium analysis in an option contract setting. In particular, we study both
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symmetric and asymmetric information settings in which the retailer’s risk attitude
may be known or unknown to the supplier.

The rest of this paper is organized as follows. Section 2 describes the notation and
assumptions. Section 3 studies supply chain coordination with option contracts in the
mean-variance model. Section 4 conducts the equilibrium analysis in the
decentralized case under both symmetric information and asymmetric information

cases. Section 5 concludes and provides some management insights.

2. Model description

We consider a two-echelon supply chain consisting of a supplier and a retailer in
which the newsvendor-like retailer orders products from the supplier to satisfy an
uncertain demand X. The probability density function (PDF) of X is f(x), the
cumulative distribution function (CDF) is F(x), and the complementary CDF is
F(x). The mean and standard variance of X are u and o, respectively. For
convenience, we refer to the supplier as “she” and the retailer as “he” in the following
analysis.

We are interested in a situation in which option contracts are used to capture the
contractual relationship between the supplier and the retailer. As discussed earlier,
option contracts have been used in many industries, such as telecommunications, IT
and agriculture. The option contract is characterized by an option price o and an
exercise price e. By convention, e is the price that the retailer pays to the supplier
per unit of the product purchased, and o is the price paid in advance for the reserved
options. In practice, the option price o can be thought of as an upfront payment made
by the retailer for reserving one unit of the product before the sales season.

The supplier decides the option price o and exercise price e, and the retailer
decides how much to reserve from the supplier, which we term the option quantity q.
Based on the realized demand x, the retailer purchases min{x, q} units from the
supplier at the exercise price e. The expected sales quantity is given by

S(q): = E(min{X, q}), where the expectation is taken over the random demand X. It



is straightforward to show that S(q)=q — foq F(x)dx. To avoid triviality, we assume

0<c<o+e<p (Zhao et al., 2010; Feng et al., 2014). In fact, assuming o < c¢
avoids the unreasonable case in which the supplier’s production is risk-free. Moreover,
assuming c<o+e and o+ e < p avoids the trivial cases in which the supplier is
unwilling to produce and the retailer is unwilling to order. We also consider zero
salvage values for the unsold products. Such a setting is appropriate for seasonal
products with a long lead time and a short selling horizon. The above setting has been
used in many supply chain management papers, such as Kouvelis and Zhao (2012),
Kouvelis and Zhao (2016), Feng et al. (2015) and Chen (2015). The sequence of

events is illustrated in Fig. 2.

Decide option Exercise options  Sale incomes
quantity g-at o min{x,q] at e p x min{x,q}
Retailer -
|
|
| N
PN | 4
! 12 3 | 4 > Time
| |
Supplier v v
Decide g-and ¢- Receive Production q Receive payment
payment oq e x min{x,q}

Fig. 2. Sequence of events
Incorporating risk preferences of supply chain members, we construct the
mean-variance model to analyze the decisions involved in an option contract. Each
supply chain decision maker aims to maximize their expected profits given their risk
constraints. For clear interpretation, we list the main notation in Table 2.

Table 2. Summary of notations.

Notation Definition

p Selling price

0 Per-unit option price
c Procurement cost

e Per-unit exercise price

X Market demand level




f(x)
F(x)

S(q)

qscEp

qRr,EP

EP,

SP,

qsc,sp

qssp

qRr,sp

qsc.mv

qr,mv

Probability density function of market demand

Cumulative distribution function of market demand

Mean of market demand

Standard variance of market demand

Commodity option quantity

Expected sales

Optimal order quantity that maximizes the expected profit of the
supply chain

Optimal order quantity that maximizes the expected profit of the
retailer

Expected profit of agent i, where i = SC,S,R

Profit of agent i, where i = SC,S,R

Standard deviation of the expected profit of agent i, where
i =S5CS,R

Risk aversion threshold of agent i, where i = SC,S,R

Supply chain’s maximum order quantity that satisfies the risk
constraints

Supplier’s maximum order quantity that satisfies the risk
constraints

Retailer’s maximum order quantity that satisfies the risk
constraints

Optimal order quantity that maximizes the mean-variance
optimization problem for the supply chain

Optimal option quantity that maximizes the mean-variance

optimization problem for the retailer

For convenience, we use the following notations throughout the paper: EP is

short for expected profit, SP is short for standard deviation of profit, and MV is

short for mean-variance. Furthermore, the subscripts SC,S and R denote supply

chain, supplier and retailer, respectively.
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3. Supply chain coordination

In this section, we examine whether or not supply chain coordination can be
achieved and, if achievable, under what conditions. Following the approach for supply
chain coordination under the mean-variance model (Choi et al., 2008c), the supplier is
supposed to play the role of supply chain coordinator. The supplier’s objective is to
set an optimal option price and an optimal exercise price such that the retailer’s order
quantity equals the supply chain’s optimal quantity.
3.1 Supply chain optimal solution

To begin, we first look at the supply chain optimal solution. Suppose the
production quantity is g. With the realized demand x, the sales quantity is given by
min{x,q}, and the supply chain’s profit is given by Ps; = pmin{x,q}—cq =
(p — ¢)qg — p(q — x)*. Therefore, the supply chain’s expected profit is given by

EPsc = pS(q) = cq = (p — ©)q — p Jj F(x)dx. (1)
The standard deviation of the supply chain profit is given by SPs. = p./&(q), where

£(q) = Var((q - X)") = 2 [J(q — OF ()dx — (J F(x)dx)*. 2
We now formulate the mean-variance model of the supply chain as follows:

max EPsc (q)
q

s.t. SPsc(q) < Kge. (P1)
The objective of (P1) is to maximize the supply chain’s expected profit subject to a
constraint on the standard deviation of the supply chain’s profit, where Kg- > 0 is
the supply chain’s risk-aversion threshold. A small K;- means a low risk tolerance of
the supply chain. Compared with the case in which the risk is not considered, the
supply chain uses a more conservative strategy for the mean-variance model, as

illustrated in the following proposition.

Proposition 1. (i) SPsc(q) is increasing in q; (i) The supply chain optimal solution

IS gscmy = min{qscegp,qscsp}, and qscyy 1S non-decreasing in Ksc, where

11



dscep = F_l(%) and qscsp = argmaxg {SPsc(q) < Ksc}-

It is worth noting that SPg-(q) is increasing in g, indicating that as the option
quantity increases, so too does the standard deviation of the supply chain profit. The

intuition is as follows. The leftover inventory g — S(q) can be viewed as the risk
associated with the demand. Knowing g — S(q) = foq F(x)dx, we observe that the

leftover inventory increases in g, which suggests that the risk indicated by SPs.
also increases in q. Proposition 1(i) is consistent with the findings in Choi et al.
(2008a,b,c). In the centralized case, the supply chain risk always increases with order
quantity but is independent of the adopted contract.

Proposition 1(ii) gives the analytical solution of the supply chain optimal order

quantity gscay under the mean-variance model. First, if the risk constraint is absent,
then the supply chain optimal solution is given by qscpp = F7* (%). When

considering the risk constraint, it is intuitive that the optimal order quantity qsc yy
will not exceed gqscgp. We find that the supply chain optimal quantity is the

minimum of qscgp and qscsp, the latter of which is the largest quantity satisfying
the risk constraint. Specifically, when SPsc(CIsc,Ep) > Ksc, the risk constraint
becomes active and the optimal solution will be gscsp, Which is increasing in K.
When SPsc(qscep) < Ksc, the impact of risk aversion on the supply chain

performance is ignored and the optimal solution will be gs¢ gp, Which is independent
of Ks-. Proposition 1(ii) shows that the order quantity in the centralized case
increases with the supply chain risk tolerance when the risk is active. This result is

similar to Choi et al. (2008c) in that with a buyback contract, the order quantity
increases with the risk in the interval K € [0, SPsc(qsczp)]-

In the mean-variance model, we can see that a tradeoff is made between the
expected value and the standard deviation of the supply chain profit. Such a tradeoff
can be illustrated by using Fig. 3, which depicts how the supply chain’s expected

profit and the standard deviation vary with the option quantity. In the figure, we
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consider three cases of risk-aversion thresholds Kgc; , where j=1,2,3 .
Correspondingly, gsc,spj is the supply chain’s maximum order quantity, given Kg;.
Fig. 3 (also the proof of Proposition 1) reveals that the supply chain’s expected profit
Is a concave function of the option quantity and that the standard deviation increases

with the option quantity. As can be seen from the figure, there are three scenarios for

the supply chain optimal quantity. If Ksc = Kec1 < SPsc(qscep), then qseys =

Gscsp1, and the SPg. constraint is active. If Kgc = Kscp = SPsc(qscgp), then
QSC,MVZ = QSC,SPZ = qSC,EP’ and the I‘ISk COﬂStraInt |S InaCtlve If KSC = Kscg >
SPsc(qsc.ep), then qscmvs = qscep, iMplying that the risk constraint does not play

arole either.

EPsc /) A SP,

qscsp1 9sc.ep 49sc,sp3 q

Fig. 3. EPsc(q) and SPs-(q)

3.2 Retailer’s ordering decision

As mentioned earlier, supply chain coordination refers to a situation where the
retailer’s order matches the supply chain optimal quantity. In this subsection, we look
at the retailer’s ordering decision for any given option contract (o0,e). With the
contract (o,e), the retailer first pays the upfront fee og for the g units of options
before the sales season. During the sales season, according to the realized demand, the
retailer exercises the option by paying the exercise price. Let x be the realized

demand. Then, the retailer orders min{x, q} units from the supplier at the exercise
13



price e. The retailer’s profit is given by P = (p —e)min{x,q} —0oq = (p —e —
0)q — (p —e)(q —x)*. Therefore, the retailer’s expected profit and the standard

deviation are respectively

EPr=(p—e—0)g—(p—e) [ F(x)dx (3)
SPr = (p — e)E(@), 4)

where &(q) is given in Equation (2). It is noted that the standard deviation of the
retailer’s profit depends on the exercise price e but not the option price o.

In the mean-variance model, the objective of the retailer is to maximize EPg
subject to a constraint on the standard deviation of the retailer’s profit. Therefore, the
model of the retailer is formulated as follows:

max EPg (q)
q

s.t. SPr(q) < Kz, (P2)
where Kp =0 is the retailer’s risk-aversion threshold. We define qpg¢p(e) =
argmaxqa{SPr(q) < Kg}, which gives the retailer’s maximum quantity that satisfies

the condition SP;(q) < Kj.

Proposition 2. For the retailer’s ordering problem, we obtain the following: (i) The
retailer s optimal order quantity is given by qgyy(0,€) = min{qggp(0,€),qrsp(€)},
o

where gggp(0,) = F71(E=22); (ii) There exists a threshold e; = p — ————,
: p-e Farsp(en)

where gz py(0,€) is increasing in e for e € (c —o,e;) and decreasing in e for

e € [e;,p — 0).

Proposition 2(i) characterizes the retailer’s optimal order quantity for any given
option contract (o,e). In the absence of the risk constraint, the retailer’s order
quantity is given by qrzp(0,e). In the presence of the risk constraint, however, the
retailer’s order quantity may not maximize his expected profit. When Ky is a small
value, the retailer has a low risk tolerance and, hence, orders a relatively conservative

quantity grmy(0,e) = qrsp(e). When Ky is a large value (i.e., high risk tolerance),

14



then the retailer orders the same amount as in the absence of risk constraint, that is,
qrmv(0,€) = qrep(0,€).

As noted earlier, the standard deviation of the retailer’s profit depends on the
exercise price e but not the option price o. Proposition 2(ii) examines how the
retailer’s optimal order quantity changes with the exercise price. Specifically,
qrmv(0,€) firstincreases and then decreases in e. This is somewhat counterintuitive
because common sense suggests that a higher price may lead to a smaller order
quantity. Indeed, when the risk constraint is absent, the retailer’s order quantity
qrep(0,e) decreases in the exercise price e. However, in our mean-variance model,
the retailer’s order quantity is the minimum between qg gp(0,e) and grsp(e), and it
can be readily shown that g sp(e) increases in e. As a result, when e is small (i.e.,
e € (c —o,e,)), the risk constraint is active, and the retailer’s order quantity is equal
to qrsp(e). Thus, a further increase in e will lead to a larger order quantity. This
explains why the retailer’s optimal order quantity first increases in the exercise price.
On the other hand, when e is large (i.e., e € [e;,p — 0)), the retailer’s order quantity
is equal to gg gp(0, e). Therefore, for this case, the retailer’s order quantity decreases
in the exercise price.

3.3 Coordination mechanism

In this subsection, we identify the conditions of the option price o and exercise

price e under which the retailer will order the supply chain optimal quantity qsc v -

Proposition 3 summarizes the results.

Proposition 3. When SPr(qrep((0,e)y)) < Kr, then the supply chain is

coordinated under any option contract (o,e) in the set M = {(o0,e):0 = (p —
e)F(qscuv)}; When SPr(qrep((0,€)n)) = Kg, then the supply chain is coordinated

under any option contract (o,e) in the set N = {(0,e):e =p — }; When

__Kr
Vvétascmv)
SPr(qrep((0,e)y)) < Kp < SPr(qrep((0,e)x)), then the supply chain cannot be

coordinated, where (o,e),, denotes (o,e) € M and (o,e)y denotes (0,e) € N.

15



Proposition 3 shows that if SPr(qrep((0,e)n)) < Kr < SPr(qrep((0,€)n)),
then there are no option contracts that can coordinate the supply chain; otherwise, we
are able to characterize the conditions under which the supply chain is coordinated by
adjusting the prices, as shown in Proposition 3. It is noted that the conditions involve
a one-to-one relationship of the option and exercise prices. Specifically, when the

option price is fixed: if SPr(qrep((0,€)n)) < Kg, setting e =p — can

F(ascmv)

achieve the supply chain coordination; if SPr(qrgp((0,e)y)) = Kg , setting

can achieve the supply chain coordination. When the exercise

e=p— —E& _

-P VvéCascmv)
price is fixed: if SPr(qrep((0,€)y)) < Kr, setting o = (p — Q)F(QSC,MV) can
achieve the supply chain coordination; and if SPr(qggp((0,€)n)) = Kg, the supply

chain coordination is achieved only when e = p — This is because in this

__Kr
JECasem)'

situation, the retailer’s risk constraint is active. Furthermore, the retailer’s option
quantity qrsp(e) only depends on e and is independent of o.

Choi et al. (2008c) show that when the risk constraints are considered, supply
chain coordination is not always achievable by setting a returns price only. In this
setting, maximizing the supply chain’s expected profit may hurt the supplier. A larger
returns price brings the retailer greater expected profit and lower risk. However, it
leads to smaller expected profit and higher risk for the supplier. Hence, offering a
returns price that maximizes the supply chain’s expected profit may not be a wise
decision for the supplier. With an option contract, the supplier can balance the tradeoff
between the expected profit and risk by setting the option price and exercise price.
Hence, compared to the buyback contract in Choi et al. (2008c), the option contract
seems more powerful in terms of supply chain coordination.

Fig. 4 illustrates whether it is possible to coordinate the supply chain under the
mean-variance model for a given option price o, where ey, e, € M, ey, ey’ €N.
For gscmvi < qrmv(eq), the proof of Proposition 4 shows that qg sp(en) = qsc.mv1

SPr(qrep(em)) < Kg, then qryyv(en) = qrep(en) = qscmvi- Therefore, setting

16



e = ey coordinates the supply chain. If SPr(qrep(en)) = Kg, then qg yy(ey) =
qrsp(en) = qscmy1- Setting e = ey coordinates the supply chain. For qscyy, >
qrmv(e1), the proof of Proposition 3 shows that qrgp(ey’) = gscmy. and
qrsp(en’) = qscmv2 » as illustrated by points C and D in Fig. 4. |If
SPr(qrep(en)) < Kp < SPr(qrer(en)) . then qrsp(ey) < qrep(ey) and
qrep(en’) < qrsp(ey’) . Clearly,  qruyv(ey’) = qrsp(en’) < qscmvz and
qrmv(en’) = qrep(en’) < qscmyv2- The retailer will not order at the supply chain’s
optimal order quantity level. Therefore, coordination of the supply chain cannot be
achieved.

The above findings are significantly distinct from the results in Zhao et al. (2010).
Their findings show that option contracts without risk constraints can always
coordinate the supply chain and achieve Pareto improvement. This implies that the
risk constraint has an important impact on the coordination of a supply chain.
Therefore, ignorance of risk considerations may lead to misalignment between the

retailer’s order and the supply chain optimal order.
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Fig. 4. qrep(e), qrsp(e) and qgyy(e)
To gain further insight into the supply chain coordination conditions, we use
Table 3 to demonstrate how the supplier sets her exercise price to coordinate the

supply chain under different risk aversion thresholds. We maintain the following
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assumptions over the simulations: (1) the random demand is normally distributed with
u =100 and ¢ =50; and (2) p =100 and ¢ =15 (Choi et al., 2008c). We also set
o =10, with a focus on examining how the exercise price changes with the risk
aversion thresholds. Table 3 illustrates that e is decreasing in Kz and Ks., while
qscmy 1S increasing in Kz and Ksc. As Ksc and Kp increase, the risk tolerance of
both parties becomes greater, and hence, they are more willing to take the profit risk.
The supplier therefore decreases e and then the retailer orders more, which brings
both parties more profit. We also note that under the option contract, the expected
profit of the retailer with risk constraints and his standard deviation are substantially
reduced compared to the risk-neutral case. In contrast, the expected profit and the
standard deviation of the supplier’s profit with risk constraints are significantly
increased. This is because the retailer reduces the order quantity to reduce the risk.
Therefore, the mean-variance model is quite different from the risk-neutral case, and
it provides important insights into how to achieve the coordination of the supply chain
with risk considerations.

Table 3. Exercise prices that coordinates the supply chain in the mean-variance model

Optimal

Parameters ..
decision

Expected profit Standard deviation

Ksc  Kg e qscmv  EPsc EPg EPg SPsc SPr SPs
00 o 333 157.0 7727.8 51519 25759 4180.3 2/86.9 1393.4
3200 1200 72.7 120.2 7367.0 1303.3 6063.7 3200.0 874.2 2325.8
3000 1000 75.7 1142 72240 1031.6 61922 3000.0 729.6 227/0.4
2500 800 80.9 100.0 6773.8 5821 6191.7 2500.0 478.0 2022.0
2000 1000 84.2 86.2 61854 319.6 5865.8 2000.0 3153 1684.7
1500 1000 86.4 719 54208 164.9 52559 1500.0 204.0 1296.0
1000 500 88.0 56.2 44226 69.9 4352.7 1000.0 120.0 880.0

4. Decentralized supply chain
In this section, we study the strategic interaction between the supplier and the
retailer in a decentralized supply chain. For this setting, each player’s objective is to

maximize their own expected profit subject to their respective risk constraints. In the
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centralized case, the information about the retailer’s risk aversion threshold is
common knowledge for the players. However, in the decentralized case, the supplier
may not know this information. Therefore, we consider two information cases in the
decentralized case. We first study the information symmetry case in which the
retailer’s risk aversion threshold is public information. Then, we explore the
information asymmetry case in which the retailer’s risk aversion threshold is private.
The timeline of the game is the following: The supplier determines o and e, and
given these prices, the retailer decides the option quantity q and pays oq to the
supplier. After that, the demand is realized, and the retailer purchases min{x, q} units
from the supplier at the exercise price e. As can be seen, this is a Stackelberg game
where the supplier is the leader and the retailer is the follower. Following the standard
backward induction approach, we start by analyzing the retailer’s ordering decision
and then look at the supplier’s pricing decision.

4.1. Symmetric information: the retailer’s risk aversion threshold is public

The retailer’s ordering decision is the same as that for the supply chain
coordination analysis (see Subsection 3.2). From Proposition 2, we know that the
retailer’s optimal option quantity is given by gqguy(0,e) = min{qgrep(o0,e),
qr,sp(€)}-

Under the mean-variance model, the objective of the supplier is to maximize EP;
subject to a constraint on SPs. Given any option quantity g and the realized demand
x, the supplier’s profit is given by Ps = (0o —c)q + emin{x,q} = (e+0—c)q —
e(q — x)*. Therefore, the supplier’s expected profit and the standard deviation of the

supplier’s profit are respectively given by

EPs = (0+e—c)q—ef0qF(x)dx (5)

SPs = e JE@), (6)

where &(q) is given by Equation (2). We formulate the supplier’s pricing problem as

follows:
Tf;%x EPg (qR,MV(O' e))

s.t. SPs(qgrmv(0,€)) < K (P3)
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where Kg >0 is the supplier’s risk aversion threshold and gy (0,e) is the
retailer’s optimal order quantity. Denote by gssp(e) the largest quantity g such that
SPs(q,e) < Kg, that is, we have ggsp(e) = argmax,{SPs(q,e) < Ks}. Regarding
the constraint, if max.{SPs(qrumv(0,e))} < Ks, the supplier’s risk constraint is

inactive. If max.{SPs(qrmv(0,€))} > Ks, the supplier’s risk constraint is active.

Proposition 4. (i) EPg = aEPsc and EPs = (1 — a)EPgc, Where a = %

and a is decreasing with o and e ; (ii) SPr = fSPsc and SPs = (1 — B)SPsc,

where B = (1 — g) and B isdecreasing in e.

Proposition 4(i) indicates that the supplier’s expected profit and the standard
deviation of her profit (EP; and SPs) are proportional to those of the supply chain
(EPgc and SPgc). Similarly, the retailer’s expected profit and the standard deviation
of his profit are proportional to those of the supply chain. We note that the retailer’s
profit-sharing proportion a is decreasing in both o and e and that the retailer’s
risk-sharing proportion £ is decreasing in e. Hence, the retailer’s EP is decreasing
in o and e, and SP is decreasing in e. Correspondingly, the supplier’s EP is
increasing in o and e, and SP is increasing in e. The results are consistent with the
classical investment theory that a higher profit is linked to a larger risk. Therefore, the
adjustment of o and e can effectively allocate EPs and SPs between the supplier
and retailer. However, the above result differs from that of Choi et al. (2008c) in that
they find that a higher returns price brings the retailer greater expected profit and
lower risk but leads to smaller expected profit and higher risk for the supplier. This
result seems inconsistent with the classical investment theory, in which a high risk is
often accompanied by a great expected profit. In our models, when the player bears a
higher risk, it will obtain a greater expected profit. In particular, the supplier will
balance the tradeoff between the expected profit and risk by adjusting the option price
and exercise price.

With option contracts, we next examine the channel player’s optimal decisions
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under the risk-neutral situation. To obtain analytical results, we consider demand

xf (x)
F(x)

distributions with the increasing generalized failure rate (IGFR). Define h(x) =

as the general failure rate. When 222

> 0, the demand distribution satisfies IGFR

(Wei and Choi, 2010). As is well known, IGFR is a mild condition that many
commonly used distributions can satisfy, including Normal (as well as truncated
normal at zero), Uniform, Exponential, Power, Gamma with shape parameter > 1,
Beta with parameters > 1, and Weibull distribution with shape parameter > 1.
distributions (Lariviere and Porteus, 2001; Wei and Choi, 2010; Kouvelis and Zhao,
2012).

Lemma 1. Given o, EPr(qo,ey) = maxEPr(q,e) and EP;(qo, e,) = maxEP;(q,e),
q e

o
F(qo)’

ol of(qo) (90 & _ _
where pF(qo) _C_Wfo F(x)dx =0 and e, =p

The risk-neutral case is equivalent to the mean-variance model, where K and
Ks go to infinity. This is because when K, and Kg go to infinity, the risk constraints
will not affect either party’s optimal decisions. Lemma 1 characterizes the supplier’s

optimal exercise price e, and the retailer’s optimal option quantity gq,. Consider the

extreme case where the option price is zero (o = 0). We observe that g, = F (%)
which gives the supply chain optimal quantity, and the exercise price is given by
ey = p.

When K and K are not significantly large, the retailer’s order quantity may
satisfy qrmy(0,e) < qo. In this case, the supplier will set e according to

qrmv(0,e). Proposition 5 gives the optimal exercise price e* for different risk

thresholds.

Proposition 5. Given o, (i) if Kg = max{SPs (qR_MV(o,eo)),SPS(qR,MV(o,el))},

then e* = max{eo, e,}; (ii) if Ks < max{SPs(qruy(0,¢0)),SPs(qruv(0,))},
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then e* = argmax{EPs (qR,MV(o, el)),EPS (qR,MV(o, eu))} , Where e, satisfies

qrmv(0,€r) = qssp(er), t =1,u.

Because KS = maX{SPS (qR,MV (0, eo)) ’SPS(qR,MV(O' 61))}, the Supplier’s risk

constraint is inactive. The equilibrium exercise price e* is dependent on K. Hence,
e” = max{e;, ey} . Because Ks < max{SPs(qrmv(0,€0),SPs(qruv(0,e1)}, the

supplier’s risk constraint is active. The equilibrium exercise price e* is dependent on

Ks and Ky . Hence, e* = argmax{EPs (qR,MV(o,el)),EPS (qR,MV(o,eu))} and

SPs (qR,MV(o,e*)) = K. In the decentralized case, Choi et al. (2008c¢) find that if the

optimal returns price for the supplier is unique, then there will exist a unique
equilibrium. In line with this finding, we obtain a unique equilibrium for the
Stackelberg game with option contracts (Proposition 5).

Based on the settings in Table 3, we examine how the supplier’s EP and SP
change with e in Fig. 5. Given Kpg, the solid lines are the supplier’s expected profits,
and the dashed lines are the supplier’s standard deviations. We can also calculate the
equilibrium prices using the results in Lemma 1 and Proposition 5. For the
risk-neutral case, e* = e, =78.5. For the risk constraints case, given Kg; =1,000,
we have e; =70< e, =78.5. When K >2338.7, then e* = e, =78.5. When
Ks = 1000 <2338.7, then e; =50 and e, =87.6. The efficient region of e* is
e € (5,50] U [87.6,90). We have e* = e, =87.6. Given Ky, =400, we have
e; =82.9> ¢, =78.5. When K > 2000, then e* = e; =82.9. When Ky = 1000 <
2000, then e; =71.5 and e, =87.6. The efficient region of e* is e € (5,71.5] U
[87.6,90). We have e* = e, =87.6.
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To show the impact of risk aversion on the equilibrium decisions of the
Stackelberg game in the decentralized supply chain, given different values of K and
Kg, Table 4 shows different values of e*, qruy(0,e) and the corresponding EP
and SP. By comparing Table 3 with Table 4, we find that both players in the
centralized case have greater expected profit (EP) than in the decentralized case. In
the meantime, we note that both players with greater expected profit in the centralized
case also bear larger risk (SP) than in the decentralized case. This finding is consistent
with the classical investment theory in that a high expected profit is often
accompanied by a large risk. We observed that as K increases, e* decreases,
whereas the EPs and SPs of the retailer, supplier and supply chain all increase. The
decreasing e* leads to increasing qg vy (0, e), which further leads to increasing EPs
and SPs. As Ky increases, the e*, EPs and SPs exhibit the same changes as those
indicated above. We also note that as K (Ks) increases, the retailer’s (the supplier’s)

profit sharing proportion « and risk sharing proportion g increase (see Proposition
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4). This suggests that the party facing a higher risk always requires more profit to
compensate for potential losses. Our findings are distinct from the results in Choi et al.
(2008c), in which, with a buyback contract, a larger return price brings the supplier a

lower profit sharing proportion and a higher risk sharing proportion.
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Table 4. The optimal e* and qgy for different Ks and K in the decentralized case.

K Kg e” qr.mv EPs¢ EPg EP; SPc SPg SPs  EP;/EPg¢

500 100 89.00 39.7 32289 239 3204.9 561.9 61.9 500.0 99.2%
200 89.00 39.7 32289 239 32049 561.9 61.9 500.0 99.2%

500 89.00 39.7 3228.9 239 3204.9 561.9 61.9 500.0 99.2%

1000 89.00 39.7 32289 239 3204.9 561.9 61.9 500.0 99.2%

1500 89.00 39.7 32289 239 3204.9 561.9 61.9 500.0 99.2%

750 100 88.36 50.9 4054.8 51.4  4003.4 848.7 98.7 750.0 98.7%
200 88.36 50.9 4054.8 51.4  4003.4 848.7 98.7 750.0 98.7%

500 88.36 50.9 4054.8 51.4  4003.4 848.7 98.7 750.0 98.7%

1000 88.36 50.9 4054.8 51.4  4003.4 848.7 98.7 750.0 98.7%

1500 88.36 50.9 4054.8 51.4  4003.4 848.7 98.7 750.0 98.7%

1000 100 88.35 51.0 4072.8 52.2  4020.6 850.0 100.0 750.0 98.7%
200 87.60 60.9 4736.8 92.3 46445 11417 141.7  1000.0 98.0%

500 87.60 60.9 4736.8 92.3 46445 11417 141.7  1000.0 98.0%

1000 87.60 60.9 4736.8 92.3 46445 11417 141.7  1000.0 98.0%

1500 87.60 60.9 4736.8 92.3 46445 11417 141.7  1000.0 98.0%

1500 100 88.35 51.0 4072.8 52.2  4020.6 850.0 100.0 750.0 98.7%
200 86.40 71.0 5370.2 1649 52053 1470.6 200.0 1270.6 96.9%

500 85.30 79.5 58449 237.0 5607.9 1762.2 262.2  1500.0 95.9%

1000 85.30 79.5 58449 237.0 5607.9 1762.2 262.2  1500.0 95.9%

1500 85.30 79.5 58449 237.0 56079 1762.2 262.2  1500.0 95.9%

2000 100 88.35 51.0 4072.8 52.2  4020.6 850.0 100.0 750.0 98.7%
200 86.40 71.0 5370.2 1649 52053 14706 200.0 1270.6 96.9%

500 81.20 98.9 6736.3 5585 6177.8 2464.1 464.1  2000.0 91.7%

1000 81.20 98.9 6736.3 5585 6177.8 2464.1 464.1  2000.0 91.7%

1500 81.20 98.9 6736.3 5585 6177.8 2464.1 464.1  2000.0 91.7%

25



To further depict the impacts of risk on e and the EPs, we examine how e and
the EPs change with the standard variance o. Fig. 6, 7 and 8 illustrate that in both
cases, as o increases, the supplier increases e and that the EPs of the retailer and
supply chain both decrease. When facing the high demand risk indicated by a large o,
the retailer reduces the option quantity to lower the potential risk. The supplier
correspondingly increases e to compensate the expected profit. Both actions reduce

the EPs of the retailer and supply chain.
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4.2 Asymmetric information: the retailer’s risk aversion threshold is private
In the previous section, we focused on the information symmetry case in which

the retailer’s risk attitude is known. However, in practice, the supplier may not know
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the retailer’s risk aversion threshold before offering her prices. It is an interesting
question to examine how information asymmetry affects all the decisions in the
decentralized case. The sequence of events is as follows: First, the retailer discloses
his risk aversion threshold to the supplier, which may not be truthful. Second, the
supplier offers an option price and an exercise price to the retailer. Third, the retailer
decides the option quantity according to his true risk aversion threshold.
4.2.1 Retailer’s problem

Suppose that Kj is the retailer’s risk aversion threshold disclosed to the supplier.
Correspondingly, the supplier adjusts the exercise prices e; and e; to e;(Kg) and
e:(Ky) based on Propositions 2 and 5. Lemma 2 presents the retailer’s information

disclosure decision.

Lemma 2. If K; > K, then EPR(Ky) = EPRr(Kg).

Lemma 2 shows that the retailer has an incentive to pretend to be less risk averse.
By disclosing a smaller risk aversion threshold, the retailer makes the supplier believe
that he will likely order more. This incentivizes the supplier to reduce the exercise
price. The proof of Lemma 2 indicates that the retailer’s expected profit is decreasing
in the exercise price. Therefore, pretending to be less risk averse will lead to a greater
profit for the retailer.
4.2.2 Supplier’s problem

Lemma 2 shows that the retailer has an incentive to set Kj > K. This untruthful
disclosure benefits the retailer. What action can the supplier take as a Stackelberg
leader to prevent this from happening? Motivated by Wei and Choi (2010), we
construct a minimum option quantity contract in which both the exercise price and
minimum option quantity q,;, are specified. If the retailer chooses a certain contract,
then he will order no less than q.,;, at a corresponding exercise price. Proposition 6

shows how the minimum option quantity contracts are designed.
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Proposition 6. (i) When Kg > max{SPs (qR,MV(o, eo)),SPS(qR‘MV(o, e )}, if
eg < e;(Kg), then qmin = qrsp(e1(Kr),Kg) and e*(Kg) = e;(Kg) ; if e;(Kg) <
e then Gmin = qrep(0, €p) and e"(Kp) =ey (i)  When
Ks < max{SPs (QR,MV(Of eo))rSPS(QR,MV(OI e))} . if e*(Kg) =e/(Kg) , then
qmin = qssp(e(Kg),Kg) and e*(Kgp) = e;(Kg); if e"(Kg) =e,, then quin =

qR,EP(Or e,) and e*(Kg) = ey,.

We explain the result in Proposition 6 as follows. First, in the case of K >
max{SPs (CIR,MV(Ot eo)):SPS(QR,MV(O: e1))}, the supplier is more risk tolerant and

the risk constraint is inactive. If the risk constraint with Kj is active for the retailer,
then the supplier sets the minimum option quantity as g, = qrsp(e1(Kg), Kg). If
the risk constraint with Ky is inactive for the retailer, the supplier sets the minimum
option quantity as gin = qrep(0, €p).

Second, in the case of K¢ < max{SPs (CIR,MV(Or eo))rSPS(QR,MV(Or e1))}, the

supplier is less risk tolerant and the risk constraint is active. If Kj is active for the
retailer, then the supplier sets the minimum option quantity as
Gmin = qrmv (0, e;(Kg)) = qssp(e(Kz)). If K is inactive for the retailer, then the

supplier sets the minimum option quantity as gmin = qrzp(0,€y).
For Kp to be active, since SPs(qrmv(0,e*(KR)) = qmin) = K, the retailer

bears the larger risk. The retailer will have to disclose his true risk aversion

information. For Ky to be inactive, the retailer’s untruthful disclosure has no impact
on the supplier’s decision. Thus, the supplier sets quin = qrep(0,€*(K)) only

based on her risk constraint. Overall, the contract proposed in Proposition 6 efficiently
prevents the retailer from reporting untruthfully.

In Wei and Choi (2010), the retailer’s largest order quantity that satisfies his risk
constraint is independent of the wholesale price. The retailer can therefore control his
risk. However, in our model, the retailer’s largest option quantity that satisfies his risk

constraint depends on the exercise price, which is determined by the supplier based on
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the retailer’s disclosed risk aversion information and the supplier’s risk constraint.
Therefore, the information that the retailer intentionally discloses can influence the
actual option quantity.

To gain further insights into the supplier’s action, we use Table 5 to illustrate how
the supplier sets minimum option quantity contracts. The scenario of K = Ky
represents the case where the retailer provides the true information of the risk
aversion threshold. Compared to case (1a), case (1b) presents the case where the
retailer pretends to be less risk averse (K = 1500 > Kz =1000). Then, the supplier
sets a smaller exercise price e*(Kp) =84.50 than e*(Kg) =86.50 based on the true
information. This is consistent with e, < e;(Kg) < e;(Kg) in Proposition 6. The
supplier’s estimated option quantity is 84.35. However, based on e*(Kg) =84.50 and
the true Kr =1000, the retailer’s actual option quantity is 65.58. This benefits the
retailer but hurts the supplier. To prevent this from happening, the supplier sets the
minimum option quantity g, = qr.sp(e1(Kz), Kr) =84.35. Compared to case (2a),
case (2b) is consistent with e;(Kz) < ey < e;(Kz) in Proposition 6. Then, the
supplier sets the minimum option quantity g, = qrep(0,e,) =107.2. Compared to
case (3a), case (3b) is consistent with case e;(Ky) < e;(Kr) < eo. The supplier’s
optimal exercise price e, is independent of the retailer’s risk aversion threshold. The
faked information Ky therefore has no impact on the supplier’s decision. The
supplier’s estimated option quantity equals the retailer’s actual option quantity, i.e.,
qrmv(0,€"(Kr)) = qrmv(0,e*(Kz)) = qrep(0,e0) =107.2. Similarly, in cases (4)

and (5), the faked information Ky has no impact on the supplier’s decision.
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Table 5. The optimal e* and qgay for different Kg and Kp when the retailer’s risk-aversion threshold is private.

Ks Kg Kp  ea(Kp)(Kr) e (KR)(Kr)  drmv(KR)(KR)  qmin EP; EPg SPs SPg
(1a) 2500 200 200 86.50(86.50) 86.50(86.50) 71.2(71.2) 71.2 52186 1584 1275.1 200.0
(1b) 2500 200 300 84.50(86.50) 84.50(86.50)  84.35(65.58) 84.35 4759.9 277.5 1090.2 200.0
(2a) 2500 500 500 80.50(80.50) 80.50(80.50) 101.2(101.2) 101.2 6207.3 613.8 2049.7 500.0
(2b) 2500 500 1000 70.00(80.50) 78.50(80.50) 107.2(95.2) 107.2 5815.9 771.3 1827.3 500.0
(3a) 2500 1000 1000 70.00(70.00) 78.50(78.50)  107.2(107.2) 107.2 6239.0 783.8 21655 5934
(3b) 2500 1000 1500 60.00(70.00) 78.50(78.50)  107.2(107.2) 107.2 6239.0 783.8 21655 593.4
(4a) 1000 200 200 87.00(87.00) 88.14(88.14.) 60.58(60.58) 60.58 4652.2 61.6 1000.0 134.6
(4b) 1000 200 300 87.00(87.00) 88.14(88.14.) 60.58(60.58) 60.58 4652.2 61.6 1000.0 134.6
(5a) 1000 500 500 87.00(87.00) 88.14(88.14.) 60.58(60.58) 60.58 4652.2 61.6 1000.0 134.6
(5b) 1000 500 500 87.00(87.00) 88.14(88.14.) 60.58(60.58) 60.58 4652.2 61.6 1000.0 134.6

Note: The symbols “a” and “b” represent the retailer’s true and faked information disclosure, respectively.
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5. Conclusion and management insights

In this paper, we analyze supply chain coordination and option contract design
under the mean-variance model. In this model, each party aims to maximize their
expected profits subject to constraints on the risk. Our main results are fourfold.

First, the supply chain is not always coordinated under option contracts with
risk constraints. By leveraging the exercise price, the supplier achieves the channel
coordination only when the retailer’s risk aversion threshold falls within certain
intervals. Such a result is distinct from existing research on option contracts without
risk constraints, in which the coordination of a supply chain can always be achieved.
The option contract with risk constraints may help the supplier balance the tradeoff
between the expected profit and risk. In particular, setting the option and exercise
prices that maximize the supply chain’s expected profit may benefit the supplier.

Second, the adjustment of the option price and exercise price reallocates the
proportion of the expected profit and risk sharing between the supplier and retailer.
As the option price increases, the supplier’s expected profit increases, whereas the
retailer’s expected profit decreases. As the exercise price increases, the supplier’s
expected profit and risk increase, whereas the retailer’s expected profit and risk
decrease. This suggests that a supplier with a higher risk tolerance always prefers to
reduce the exercise price and that a retailer with a higher risk tolerance prefers to
increase option quantity. This finding is consistent with classical investment theories,
in which a higher profit always accompanies a higher risk.

Third, there exists a unique equilibrium for the Stackelberg game in a
decentralized supply chain. Both the equilibrium exercise price and the option
quantity depend on the risk aversion thresholds and the solutions for the risk-neutral
case. When the supplier and retailer both have high risk tolerance, which
corresponds to large risk thresholds, they will adopt relatively positive operational
strategies.

Finally, in the scenario where the retailer’s risk aversion threshold is private, we
find that the retailer has an incentive to pretend to be less risk averse. We also find

that by constructing a minimum option quantity contract, the supplier is able to
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prevent the retailer from intentionally disclosing faked information. When the
retailer’s risk constraint is active, a minimum option quantity commitment proposed
by the supplier places a higher risk on the retailer than his true risk tolerance. The
retailer is therefore motivated to disclose his true information. When the retailer’s
risk constraint is inactive, the retailer’s faked information has no impact on the
supplier’s decision, and thus, the supplier sets a minimum option quantity based
solely on her risk constraint.

Our work points to two important managerial insights. First, all decisions
involved in option contracts are dependent on the risk tolerance. A supplier with a
higher risk tolerance always prefers to reduce the exercise price to induce the retailer
to order more. A retailer with a higher risk tolerance is willing to increase option
quantity to gain more expected profit. Such actions lead to a higher supply chain risk.
Second, the adjustment of the option price and exercise price causes the reallocation
of the expected profit and risk sharing between the supplier and retailer. By setting
prices, the supplier is able to determine who can enjoy more profit or take less risk in
the supply chain under an option contract.

Finally, we discuss several potential extensions arising from this research. First,
the current paper considers a deterministic selling price. It is a potentially
meaningful research direction to consider the selling price as an endogenous decision
variable (Choi and Chiu, 2012). Second, both the supplier and the retailer in our
model are endowed with unlimited capital. However, in reality, supply chain parties
may be financially constrained. Thus, another possible extension is to consider the
players’ financial constraints in the presence of bankruptcy risk. Third, we model
risk within the commonly used mean-variance framework. It would be interesting to
explore other modeling frameworks. A notable example is the CVaR framework,
which focuses on the decision maker’s expected profit from the lower quantile (Lotfi
and Zenios, 2018). By considering different risk modeling frameworks, one may
draw comparisons with our mean-variance framework. We leave these extensions as

future research.
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Appendixes
Appendix A (Proof of Proposition 1)

(i) Taking the first-order condition of SPs. with respect to g yields 95Psc _

q
WF(q)f F(x)dx. ObV|oust, € > 0. Furthermore, we have that SPs. is

increasing in q.

(i) Taking the first-order condition of EPs. with respect to g yields

aEPsC = (p—c)—pF(q). Since aZaE—;SC = —pf(q) <0, EPg is concave. Let
OEP _q P . ¢
aqsc = 0. We have qscpp = 1(%). Since % =2(1-F(q) [ F(x)dx > 0,

§(q) is increasing in q . Let gscsp = argmaxgy{SPsc(q) < Kgc} . When
SPsc(qscep) > Ksc, then qscsp < qscgp. Since EPgc is increasing in g in the
interval (0,qscgp), the optimal option quantity that satisfies (P1) qscuyy =
qsc,sp < qscep- When SPsc(qscep) < Ksc, then qscep < gscsp- The optimal
option quantity that satisfies (P1) gscmyv = Gscep < qscsp- Therefore, qscyy =
min{qsc gp, Gsc,sp}- SiNCe qscsp = argmaxy {SPsc(q) < K¢} is increasing in
Ksc and ggcgp is independent of Ksq, we have that ggc y IS non-decreasing in

KSC-

Appendix B (Proof of Proposition 2)

Taking the first-order condition of EPp with respect to q yields —agg’* =

(p—e—0)—(p—e)F(q). Since a;isR =—(p—e)f(q) <0, EP; is concave.
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dEPR

Let =% = 0. We have qrzp(0,€) = F‘l(%). Taking the first-order condition
. . dqrEep(0,e) 0
of 0,e) with respect to e yields : = — <0
Irep(0:€) P y de (p_e)zf(QR,EP(Ore))

Therefore, qrgp(0,e) is decreasing in e.

Since ggsp(e) = argmax{ SPr(q) < Kr} and ¢&(q) is increasing in g, we
q

have (p —e)\/¢(qrsp(e)) =Kz given any risk-aversion threshold Kj .

9qrsp(e) _ ¢(qrsp(e))
de (r—e)F(ar.sp(e)) [TRSP F(x)dx

Furthermore, > 0. Therefore, qrsp(e) is

increasing in e.

o

Let e, =p— F(qrmv(0,e))

be a unique root of qggp(0,e) = qrsp(e). When

e <ep, then gpsp(e) < qrep(o,e) and SPr(qrgp(0,e)) > Kr. The optimal
option quantity that satisfies (P1) qrumy(0,e) = qrsp(e) < qrep(0,e). Hence,
qrmyv(0,e) is increasing in e. When e > ey, then ggsp(e) = qrep(0,e) and
SPr(qrep(0,e)) < K . The optimal option quantity that satisfies (P1)
qrmv(0,€) = qrgp(0,€) < qrsp(e). Furthermore, qgpy(o,e) is decreasing in e.

Therefore, we have qg yy(0,e) = min{qgrgp(0,€),qrsp(e)}.

Appendix C (Proof of Proposition 3)
Taking o and e as variables and solving the equation qggp(0,e) = qscmv.

we obtain the following option contract set, denoted as M, where M = {(o0,e):0 =

(- e)F(qSC,MV)} . It SPr(qrep((0,€)y)) < K , then qguy((0,e)y) =
qr.ep((0,€)p) = qscmy- The supply chain is coordinated under any option contract

(0,e) in the set M. Let qrsp(e) = qscmy. We have e =p — Taking

__Kr
VECascmy)

o and e as variables and solving the equation qrsp(e) = gscmy, We obtain the

following option contract set, denoted as N, where N = {(0,e):e =p —

Kr
If SPr(qrep((0,€)N)) = Kg, then qguy((0,€)n) = qrsp((0, €)n) = qscmv- The
supply chain is coordinated under any option contract (o,e) in the set N. If
SPr(qrep((0,€)n)) < Kr < SPr(qriep((0,€)m)) , then qgep((0,€)n) = qscmv

and  qrsp((0,€)y) = qscmy - Since  qrsp((0,e)y) < qrep((0,e)y) and
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qrep((0,€)y) < qrsp((0,e)y) , we have qguy((0,€)y) = qrsp((0,€)y) <
qscmy and qguy((0,€)n) = qrep((0,€)n) < qscmy. Therefore, the supply chain

cannot be coordinated.

Appendix D (Proof of Proposition 4)
From the expressions of the EPs and SPs of the supplier and retailer,

Proposition 4 can be easily obtained. The details are therefore omitted.

Appendix E (Proof of Lemma 1)

From Proposition 2(i), the retailer’s optimal order quantity is g = F~! (%).

For any given o, e= —%q). Thus, EPs=(o+e—c)g—e [ F(x)dx =

oF(q) q
(p o ) q— (p F(q))f F(x)dx. The supplier’s problem of choosing e is

therefore equivalent to choosing g. Taking the first-order condition of EPs with

: dEPs _ = N of(@ (45 -V
respect to g yields ?—pF(q) c _ﬁ(q)zfo F(x)dx =pF(q) —c

Z’;EZ; f qF(x)dx Taking the second-order derivative of EPg with respect to q
. 0% oh
vields 5 = —pf(q) ~ g (0 52 [y F@)dx + h(9)(@F(9) + (h(q) -

1) [ F(x)dx)}. Let g(q) = qF(q) + (h(q) — 1) [ F(x)dx). Then, taking the
first-derivative of g(q) with respect to q vyields a“‘;—;q)=I3(q)—qf(q)+

6’5—(‘” [IFG)dx + (h(q) — DF(q) = "”;—;‘” [ F(x)dx. Since h(q) is increasing in

q, _ar;;q) >0 . Furthermore, —gg’) >0. Thus, g(q)>g(0)=0. Therefore,
d2EPg : OEPs _ F —c—
= 50 = 0, we have pF(qy) —c

0f(q0) 40
7o )zf F(x)dx = 0.

Appendix F (Proof of Proposition 5)
We first prove that the supplier’s expected profit is concave in e when both the

supplier and the retailer are risk-neutral. Then, we prove Proposition 5.
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0EPs

Taking the first-order condition of EPs with respect to e yields o

(0 — ¢+ eF(qrep(o, e))) M quEP(O E)F(x)dx = (pF(qrep(0.€)) —c)

dqrEep(0,€) qrEep(0,€) . = o0 dqrep(0.e)
— 0 T fo F(x)dx. Since F(qR’EP(o, e)) = we have — =

- —F(qR'EP(O‘e))Z TR dqrEp(0.€) . JEPg .
of (arEr(©2) Substituting — into — yields
OEPs Flarer©)” 5 (7 _ of (arEer(0.e))
= o FAF —c———=——3 ['F From
de of (arep(0€)) (p ( (qR’EP (o, e))) Farep(0e))’ f (¥)dx) - 0

the proof of Lemma 1, EPs (CIR,EP(O' e)) is increasing in the interval (0, q,] and
decreasing in the interval [qo,+o) . Hence, if qrgp(0,e) <qy , then

pF (anep(0,€)) — ¢ — L4RELC) (rEpCOF 4y 0. 1 g pp(0,0) = go
' Flarsp(0.))” '

then pF (qa.5n (0, €)) — ¢ — 2 MELOEG 67O F(x) e < 0. Since HELCS) <

0EPg EPS

0, >0 if e<e, and < 0 if e > e,. Therefore, the supplier’s expected

profit without risk constraints is concave in e.
(i) If Ks = max.{SPs(qrmv(0,e))}, the supplier’s risk constraint is inactive.

If e <e;, then gryy(0,e) = qrsp(e) < qrep(0,e) based on Proposition 2(i).

0EPg

o = quR’SP(e) F(x)dx + (0 —c+ eF(qR_Sp(e)))% . Since

Hence,

qrsp(e) = argmax{SPr(q,e) < Kr} and SPr(q,e) is increasing in qgsp(e), we
a

have (0 — &F (qp5p(®)) 9e5r () P )dquSP() £ (4rsp(©)) = 245, 5p()
2
135579 FGoydx = 2 [557 xF (o) dx — ([ F (0 dx)” = qrsp(e)

(e)
R SP = qr.sp(e)

quSP(e)F( )dx + f (CIR sp(e) —2x )F(x)dx + fRSP(e) (qR,SP(e) -

2
2
Zx)F(x) dx — (quR'SP(e) F(x)dx) < qgsp(€) quR'SP(e) F(x)dx +F (qR'SzP(e))

AR, SP(E) qrsp(e)

( 2 (qrsp(e) — 2x)dx + fRsp(e) (qrsp(e) —2x)dx) —

. 2
(quR_Sp(e) F(x)dx) = qrsp(e) fOQR,SP(e) F(x)dx — (fOQR,SP(e) F(x)dx) _

_ P
Furthermore, (p—e)F(quSP(e)) ng:(e) < f(f””( ) F(x)dx. Hence, we have
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0EPg
de

> aqR;:(e) (pF (qR,SP (e)) + 0 —c). Let e, satisfy the equation
qrsp(€s) = Fﬂ(%)- If e; < e, then grgp(e) < qrsp(e1) < qrsp(es).

Furthermore,  F(qgsp(e)) +0—c > pF (qR,SP( es)) +0—c=0 . Therefore,

JEPg
de

> 0. If e; > e, then F(qp) > % > C;To = F(qrsp(es)) based on Lemma 1.
Furthermore, qo < qrsp(es) < qrsp(e1) = qrep(0,€1). Therefore, e < e; <ey.
Since qrsp(e) is increasing in e, EPg is increasing in e. Furthermore, EP is
increases with e in the interval (¢ — o, e;). Therefore, we have e* = e;. If e > ey,
then qr My (0,e) = qrep(0,e) based on Proposition 2(ii). In this case, the retailer’s
risk constraint is inactive. Therefore, if e, = e, then e* = ¢,. If ey < eq, then
EPs is decreasing in e in the interval (e;,p —o0), and we have e* =e;.
Furthermore, e* = max{e,, ey}

If Ks <max.{SPs(qrmv(0,€))}, then there exists gssp(e) to satisfy
qs,sp(€) < qrmv(0,€). Since gssp(e) = argmax,{SPs(q,e) < Ks} and §(q) is

increasing in g, we have e,/¢(gssp(e)) = Ks given any risk-aversion threshold

9qs,sp(e) _ —¢(qs,sp(e))
de eF(qrsp(@)) J755PE Fx)dx

K. Furthermore, < 0. Therefore, gssp(e) is

decreasing in e. Furthermore, the equation gy (0,e) =qssp(e) has two
solutions. Define by e, the corresponding exercise price such that qp py(0,e;) =
qssp(ey), where t =L, u.

If max{SPs (QR,MV(O» eo)) ,SPs(qrmv(0,€1))} < Ks < meax{SPS (qR,MV(O' e))} .
then max{e,, e;} <e or max{ey e }>e,. The supplier maximizes the
expected profit at point e = e, or e = e;. Therefore, if e; = e,, then e* = ¢,. If
ey < ey, then EPs is increasing in e in the interval (c —o,e,] and is decreasing
in e in the interval (e;,p —o0). Hence, e* =e;. Furthermore, we have e* =
max{e;, e}

@) If Ks < max{SPs (qR,MV(o, eo)),SPS(qR,MV(o, e1))}, then e; < max{ e,

e} < ey,. When e; <e <ey, then gssp(e) < qruy(o,e). Therefore, the supplier

chooses e € (¢ —o,¢;]U[e,, p —0). From the proof of (i), EPs (qR‘MV(o, e)) is
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increasing in e in the interval (c,e;] and decreasing in e in the interval

[ew, p — 0) : Therefore, we have

e’ = argmax{EPs (QR,MV (o, ez)) , EPg (QR,MV (o, eu))}'

Appendix G (Proof of Lemma 2)

If Kr > Kgr, then qrgsp(e1,Kr) < qrsp(e1,Kg) . Furthermore, e;(Kz) <
e1(Kg).

(i) If Ks = max{SPs (qR,MV(o, eo)),SPS(qR,MV(o, e1))}, then e* = max{e,,
e1} and the supplier’s risk constraint is inactive. There exist the following three
subcases.

Subcase 1: if ey < e;(Kg) < e;(Kg), then the estimated exercise price is
e*(Kg) = e;(Kg), while the optimal exercise price based on the true information is
e*(Kg) = e;(Kg). Thus, e*(Kg) < e*(Kg).

Subcase 2: if e (Kg) < ey < e;(Kg), then the estimated exercise price is
e*(Kg) = eq, While the optimal exercise price based on the true information is
e*(Kg) = e;(Kg). Thus, e*(Kp) < e*(Kg).

Subcase 3: if e;(Kz) < e;(Kg) < ey, then the estimated exercise price is equal
to the optimal exercise price based on the true information, i.e., e*(K%) = e*(Kg) =

eo.
(i) If KS<max{SPS(QR,MV(O'eO))'SPS(qR,MV(O'el))} , then e"=

argmax{EPs (QR,MV(Or 91))'EPS (QR,MV(O' eu))}- Since Kp > Kg, qgrsp(e Kg) <
qr,sp(e, Kg). Furthermore, qg v (e, Kr) < qrmv (e, Kz). From Proposition 5(i), we
know that gssp(e) is decreasing in e. Since qryv(e Kr) < qruv(e Kg),
e.(Kr) < e.(Kr), where t = [,u. From Proposition 2, gz sp(e) is increasing in e
while qrgp(0,e) is decreasing in e. Therefore, the equation g sp(e) = qssp(e)
has at most one solution, e = e;. The equation qrp(0,e) = qssp(e) has at least
one solution, e = e,,. There exist the following two subcases.

Subcase 1: if e* = ¢;, then the estimated exercise price is e*(Kz) = e;(Kg),
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while the optimal exercise price based on the true information is e*(Kz) = e;(Kg).
Therefore, e*(Kg) < e*(Kg).

Subcase 2: if e* = ¢, then the estimated exercise price is equal to the optimal
exercise price based on the true information, i.e., e*(Kz) = e*(Kg) = e,.

To summarize the proofs of (i) and (ii), we have e*(Kg) < e*(Kjy).

Taking the first derivative of EP, with respect to e yields a?e)R = ((p—

e)F (QR,MV(O: 9)) - 0)% - quR'MV(O'e)F(x)dx . When gqruy(o,e) =

qrsp(€), then (p—e)F (qR,SP(e)) ang: © < quR'S”(e)F(x)dx based on the proof of
OEPR

de

Proposition 5(i). Furthermore, < 0. When qgruy(o,e) = qrgp(o,€), then

0EPR
de

F(qrer(0€)) = pOTe- Furthermore, = - quR’MV(O'e)F (x)dx < 0. Therefore,

EP, is decreasing in e. Since e*(Kgp) <e*(Kgr), EPr(Kg) = EPR(Kg). The

retailer has an incentive to pretend to be less risk averse.

Appendix H (Proof of Proposition 6)

(i) When Kg > max{SPs (qR,MV(o, eo)),SPS(qR,MV(o, e;))} , then e*=
max{ ey, e;} and the supplier’s risk constraint is inactive. If Ky > Kz, then
qrsp(e1, Kr) < qrsp(e1, Kg) . Furthermore, e;(Kg) < ei(Kr). There exist the
following three subcases.

Subcase 1: if ey <e;(Kg) <e (Kg), then e*(Ky) = e (Kg) <e*(Kg) =
e, (Kg). Therefore, the supplier’s estimated option quantity is qg v (0,e*(Kg)) =
qr.sp(e1(Kg), Kg). Based on e*(Ky) and the true Kp, the retailer orders the option
quantity of qr.sp(e1(Kr), Kr) : Since Ky > Ky :
qr.sp(e1(Kr), Kr) < qr.sp(e1(Kg), Kr). Hence, qumin = qr.sp(e1(Kr), Kg).

Subcase 2: if e;(KR) < ey < ei(Kg), then e*(Kp) = ey, < e*(Kg) = e, (Kg).
Therefore, the supplier’s estimated option quantity is qgumy(0,e*(Kz)) =
qrep(0,€0). Based on e*(Kg) and the true Kp, the retailer orders the actual option
quantity of ggsp(eo, Kz). From the proof of Proposition 2, gz sp(e) is increasing

in e, while qrgp(o,e) is decreasing in e . Furthermore, qggsp(ep, Kz) <
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qrsp(e1(Kgr), Kg) = QR,EP(O' 91(KR)) < qrep(0,€9) : Hence,
Amin = qrmv(0,€"(Kg)) = qrep(0, €0).

Subcase 3: if e (Ky) < e1(Kg) < ey, then e*(Kg) = e(Kg) = e,. Therefore,
the supplier’s estimated option quantity equals the retailer’s actual option quantity,
i.e., qrmv(0,e"(Kgr)) = qruv(0,e*(Kg)) = qrep(0,e9) . Furthermore, the
supplier’s optimal exercise price e, is independent of the retailer’s risk aversion
threshold. The faked information Kj has no impact on the supplier’s decision.

Hence, gmin = qr,ep (0, €0).

(i) When Ks < max{SPs(qrmy(0€0)),SPs(aruv(0,e1))} , then e* =

argmax{EPs (qR,MV(o, el)),EPS (qR,MV(o, eu))} . If Ky > Ky, then e (KR) <
e;(Kg) and e, (Ky) = e, (Kg) = e, based on the proof of Lemma 2(ii). There exist
the following two subcases.

Subcase 1: if e* =¢;, then e*(Ky) = e;(Kg) < e*(Kr) = e;(Kg). Therefore,
the supplier’s estimated option quantity is qg v (0,e*(Kg)) = qrsp(e;(Kg), Kg).
Based on e*(Ky) and the true Kjg, the retailer orders the actual option quantity of
qrsp(e(Kg),Kg) . Obviously, qrsp(e;(Kr),Kr) < qrsp(e(Kg),Kg) . Hence,
Amin = qr,sp(€e1(KR), Kg).

Subcase 2: if e* =e,, then e*(Ky) = e*(Kg) = e,. Therefore, the supplier’s
estimated option quantity equals the retailer’s actual option quantity,
i.e., qrmv(0,e"(Kz)) = qruv(0,e*(Kgr)) = qrep(0,e,). Therefore, the supplier’s
optimal exercise price e, is independent of the retailer’s risk aversion threshold.

The faked information Kj has no impact on the supplier’s decision. Hence,

Qmin = 4R EP (0» eu)-
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