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Public summary

m The study explores how the manufacturer designs optimal trade credit contracts when adverse selection and moral haz-
ard coexist.

m The manufacturer can identify the retailer’s private information and motivate it to exert the optimal effort level by
designing acceptable and appropriate trade credit contracts.

m The manufacturer can identify the retailer’s private information and motivate it to exert the optimal effort level by
designing acceptable and appropriate trade credit contracts.
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Abstract: Trade credit, as an effective tool for integrating and coordinating material, information, and financial flows in
supply chain management, is becoming increasingly widespread. We explore how a manufacturer can design optimal trade
credit contracts when a risk-averse retailer hides its sales cost information (adverse selection) and selling effort level (mor-
al hazard). We develop incentive models for a risk-averse supply chain when adverse selection and moral hazard coexist,
which are then compared with the results under single information asymmetry (moral hazard). Moreover, we analyze the
effects of private information and risk-aversion coefficient on contract parameters, selling effort level and the profit or util-
ity of the supply chain. The study shows that when the degree of retailer’s risk aversion is within a certain range, reason-
able trade credit contracts designed by the manufacturer can effectively induce the retailer to report its real sales cost and
encourage it to exert appropriate effort. Furthermore, we find that the optimal trade credit period, optimal transfer pay-
ment, and retailer’s optimal sales effort level under dual information asymmetry are less than under single information

asymmetry. Numerical analysis are conducted to demonstrate the effects of the parameters on decisions and profits.
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1 Introduction

Insufficient working capital has become a problem that can
seriously affect the survival and development of enterprises
across the world. Trade credit is an important source of short-
term financing and an effective incentive for coordination; it
provides indirect financing services that compensate for defi-
ciencies in the financial flow. Trade credit has thus been
widely used by enterprises in different regions, such as China,
the United States, and Europe! . Under trade credit, manu-
facturers that are larger and well-funded function as both
product providers (PPs) and financial service providers
(FSPs), providing products and financing services to down-
stream small and medium-sized retailers that are vulnerable to
cash flow difficulties. That is, under a trade credit contract,
manufacturers allow retailers to pay for purchases at the end
of the trade credit period. Intuitively, trade credit provides a
win-win solution to enterprises involved in the supply chain.
Trade credit can help supply chains to improve efficiency and
effectiveness and gain competitive advantage!* .

Most extant articles of trade credit assume that information
is symmetric, that is, all information is common knowledge to
manufacturers and retailers. However, information asym-
metry often arises in trade credit contracting. For example, re-
tailers possess information on their private sales cost because
they know their own operation status and information on mar-
ket demand because they directly face the market, meaning
that retailers can obtain preferential credit terms from manu-

facturers, which is a typical “adverse selection” problem.
After manufacturers and retailers sign trade credit contracts,
the retailers may become lazy because manufacturers cannot
accurately observe retailers’ selling efforts, which is a typical
“moral hazard” problem. These information asymmetry prob-
lems often occur at the same time, which results in inefficient
operations and even failures of trade credit. Therefore, under
the dual information asymmetry of adverse selection and mor-
al hazard, it is crucial that manufacturers design reasonable
contracts that not only motivate retailers to report their real
information and promote their sales efforts, but also help
manufacturers gain as much profit as possible.

Moreover, the operational environment of trade credit in-
volves an increasing number of uncertainties, such as inform-
ation asymmetry, market demand uncertainties, price fluctu-
ations, and changes in corporate funds. Supply chains have
become more vulnerable to such uncertainties, and decision
makers focus more on risk®'”. Smaller enterprises that are
short of funds often react more strongly to risks and show the
characteristics of risk aversion, which may influence the de-
cisions and profits of the supply chain.

Based on the above analysis, the following questions may
arise: How can acceptable and appropriate incentive con-
tracts be designed to induce the retailer to report its real sales
cost and exert appropriate effort and thus achieve supply
chain equilibrium? What impact does the degree of risk aver-
sion have on incentive contracts and supply chain decisions?
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How does it affect the benefits of supply chain members and
the system?

To answer these questions, we consider a supply chain
composed of a risk-neutral manufacturer and a risk-averse re-
tailer. The manufacturer provides trade credit to the retailer.
We first develop a principal-agent model by considering the
retailer’s risk aversion in the case when adverse selection and
moral hazard coexist simultaneously. We then further invest-
igate trade credit incentive contracts and analyze the effects
of risk aversion on the decisions and profits of the supply
chain.

The contributions of our paper are as follows. First, our pa-
per explores how the manufacturer can optimally design trade
credit contracts when both the retailer’s sales cost and selling
effort level are unobservable (in which adverse selection and
moral hazard coexist). Second, we develop a principal-agent
model that incorporates adverse selection, moral hazard, and
risk aversion in a trade credit setting. The retailer’s risk aver-
sion and asymmetric information have important effects on
trade credit contracts, operations decisions, and the supply
chain’s profits. To the best of our knowledge, no theoretical
exploration of the incentive of trade credit in risk-averse sup-
ply chains under dual information asymmetry exists in the op-
erations management literature.

The rest of this paper is organized as follows. The literat-
ure review is presented in Section 2. Section 3 focuses on
mathematical models under single information asymmetry
and dual information asymmetry. Section 4 presents the mod-
el analysis. A set of numerical experiments and analyses are
conducted to illustrate the models in Section 5. At last, Sec-
tion 6 provides conclusions and future research.

2 Literature review

Our paper is closely related to three bodies of literature, trade
credit as well as risk aversion and information asymmetry in
trade credit. We will review the literature as follows.

2.1 Trade credit in operations management

One stream of research has focused on trade credit, which is
widely used as a marketing tool to promote sales and a mech-
anism to coordinate a supply chain. Wang and Liu!"" provided
a review of the operational management literature on trade
credit. Haley and Higgins['? earliest introduced trade credit
into the buyer’s inventory policy. And then Goyal™,
Huang™, Wu et al."? and Cardenas-Barréon et al.'” con-
sidered given trade credit terms and built economic order
quantity (EOQ) models to decide the order policy. Abad and
Jaggi!, Wang et al.'! and Pramanik et al."” developed mod-
els to find the optimal trade credit terms for vendors.

From the supply chain’s point of view, Jaber and Osman®™”
explored order quantity and trade credit to minimize the cost
of the whole supply chain under constant demand. Luo”" and
Yang et al.”™” proved that trade credit is a new supply chain
incentive mechanism. Sarkar et al."’ studied the multi-level
trade credit and single-setup multiple-delivery policy in a
global sustainable supply chain. Lee and Rhee"™’, Heydari et
al.’ and Tsao" investigated the role of the composite mech-
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anism based on trade credit and other traditional coordinating
contracts in supply chain coordination for uncertain demand.
Zou and Tian™ formulated an inventory model for a supply
chain simultaneously considering flexible trade credit con-
tract and two-level trade credit policy. Ren et al.’ built a
Bertrand model of a two-echelon supply chain consisting of
two suppliers and a retailer and analyzed the impact of trade
credit on supply chain parties’ pricing decisions and profits.

Another stream of research has focused on trade credit un-
der which the supplier allows the buyer to delay the payment
as a common means of short-term financing. Seifert et al.'! |
Babich and Kouvelis®” reviewed the existing literature on
trade credit at the interface of operations and finance. Yang
and Birge™ investigated the interaction of firms’ operations
decisions and financial constraints and multiple financing
channels (bank loans and trade credit), and explored the risk-
sharing role of trade credit. Wu et al.”” studied a supply chain
consisting of a manufacturer and two asymmetric retailers,
the manufacturer offered trade credit to the weak retailer that
was capital-constrained and showed that the manufacturer
used trade credit as a strategic response to the bargaining
power of its dominant retailer. Kouvelis and Zhao®” investig-
ated the impact of trade credit ratings on the operational and
financial decisions of a supply chain with a supplier and a re-
tailer. Yan & He!" examined a supply chain with a manufac-
turer and a capital-constrained retailer with and without bank-
ruptcy costs, and showed that trade credit may encourage the
retailer to increase order size.

2.2 Risk aversion and information asymmetry in trade
credit

Risk aversion in the trade credit setting has received little at-
tention with a few recent exceptions. Li et al.”” investigated
that the risk-averse supplier offered trade credit to the retailer
with CVaR criterion and analyzed the impact of risk aversion
on supply chain decisions. Yang et al.'? built a mean-vari-
ance model to analyze the decisions of the supply chain with
a risk-averse capital-constrained retailer and a supplier under
both trade credit financing and bank credit financing, and
found that risk aversion played an important role in determin-
ing the financing equilibrium. Zhang and Chen"” considered a
dyadic closed-loop supply chain consisting of one risk-averse
supplier and one risk-neutral capital-constrained OEM and
three financing modes-partial trade credit with bank loan
(PTC-with-BL), full trade credit with bank loan (FTC-with-
BL) and pure bank loan (PBL), and studied the optimal pro-
duction and financing portfolio strategies.

Several articles have investigated the incentive effects of
trade credit under asymmetric information. Luo and Zhang""
derived the optimal trade credit periods when the buyer’s cap-
ital cost was asymmetric. Wang et al.”! investigated and com-
pared the screening, checking, and insurance mechanisms to
address credit default problems in a supplier-retailer-custom-
ers supply chain when the retailer’s credit level was unob-
servable. Devalkar and Krishnan®" studied how trade credit
coordinated supply chains when the buyer cannot observe the
supplier’s exerting effort (moral hazard). Wang et al.”? con-
sidered the setting in which a risk-neutral supplier offered
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trade credit to a risk-averse retailer, and explored the incent-
ive effect of trade credit on the supply chain’s decisions un-
der adverse selection.

Unlike their models, we concentrate on trade credit con-
tracting in a risk-averse supply chain under dual information
asymmetry, namely, considering adverse selection and moral
hazard simultaneously. Moreover, we analyze the influence of
risk aversion on the optimal contracts and optimal decisions,
thus providing strategic guidance for the operation of trade
credit.

3 Model setup

In a supply chain consisting of a risk-neutral manufacturer
and a risk-averse retailer, the manufacturer offers a single
product to the retailer, and allows the latter to delay payment;
that is, the retailer does not have to pay the manufacturer im-
mediately when products are delivered but pays all purchased
at the end of the credit period.

In this study, product quantity ¢ demanded in the final
market is given by the demand function g =a—bp+e€+ f (e),
where a is market size and b is demand responsiveness to
sales price. The sales price is exogenous. We assume the mar-
ket random factor € to indicate market uncertainties, which
follows a normal distribution such that € (0, o?)®*, f(e) is
the output function of the retailer’s sales effort level e, fol-
lowing f'(e) >0 and f~ (e) <0, which will affect the market
demand. Referring to the literature”, we assume that
f(e) =e and then obtain g =a—bp+e€+e. The cost C(e) to
the retailer of exerting e units of sales effort is c(e) = ’E‘ez, and
C (e) is increasing, convex, and differentiable in e (¢ (e) >0,
¢ (e) 20), where u is the effort cost coefficient and x>0
and e>0 " The manufacturer often cannot directly ob-
serve the retailer’s sales effort level, but can observe the de-
mand (i.e., the value of ¢), and may then motivate the retailer
based on realized demand.

The retailer holds private information about its unit sales
cost C,, which may not be fully observable to the manufac-
turer. The manufacturer only knows that C, is random and
C.€[C,,C,], which has a probability density function f(C,)
and a cumulative distribution function F(C,), and is continu-
ous and conforms to increasing failure rate distribution
(IFRD) characteristicst™* .

Other parameters used in this paper are as follows:

w-Manufacturer’s unit product wholesale price; C,-Manu-
facturer’s unit production cost; p-Retailer’s unit product sales
price; C,-Retailer’s unit sales cost; i,-Manufacturer’s capital
cost rate; i,-Retailer’s return on investment; 7-Trade credit
period; k-Risk aversion coefficient.

To avoid unrealistic and trivial cases, we assume that
w>C,,p>C,, and i, > i,.

The problem facing the manufacturer is a mixture of moral
hazard (post-contractual opportunism associated with the de-
cision about effort level) and adverse selection (pre-contractu-
al asymmetric information about sales cost). Under these cir-
cumstances, the manufacturer needs to offer a menu of con-
tracts to motivate the retailer to report its real information
about sales costs and encourage it to exert the appropriate ef-
fort expected by the manufacturer. The retailer decides
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whether to accept a contract, and if so, how much sales effort
to exert. We consider an incentive contract {t,7}, where ¢
means the credit period and 7 means the lump-sum transfer
payment.

Based on the preceding parameters and assumption, the re-
tailer’s expected profit is E[r]=(p-C.—w+itw)
(a—bp+e)-te—T.

The  variance of  the
Var(n) = (p—C,—w+itw) o

The retailer’s expected utility is

E(U]=E|[r]-kAVar(m,) =

(p—-C,—w+itw)(a—bp+e)—

retailer’s  profit s

gez—k(r(p—C,—w+i,.tw)—T =
(D

WhereE [U,] = E[n,]—k+Var(r,), similar to Lau ",
andkreflects the degree of risk aversion, i.e., a higher value
implies higher risk aversion, and k = 0 denotes that the retail-
er is risk-neutral. To ensure that the retailer’s utility is not
negative, let (p—C,—w+itw)(a—bp+e—ko) >0, and we
have k € [0, “'f—f”).

The manufacturer’s expected profitis E [r,] =(w — C, —i,tw)-
(a—bp+e)+T. Using these equations, we present the follow-
ing analysis and discussion.

(p—C,.—w+i,.tw)(a—bp+e—k0')—gez—T

3.1 Models under moral hazard (single information
asymmetry)

As a benchmark, we first study the case of moral hazard.
After the manufacturer and retailer reach a trade credit agree-
ment, as the manufacturer cannot observe the retailer’s selling
effort level e, the retailer may become lazy, resulting in the
loss of the manufacturer’s profits. In the case of moral hazard,
the manufacturer needs to offer an incentive contract to in-
duce the retailer to exert the intended sales effort. The con-
tract must be acceptable to the retailer, in addition to having
the objective of maximizing the manufacturer’s own expec-
ted profit. Problem R1 of finding an optimal incentive con-
tract can be stated as

maxE [r]=w-C,—igtw)(a—bp+e)+T. 2)
T
S.t.
IC: ¢" = argmaxE|[U,]. 3)
=0
IR:E[U]>n 4)

-r

Constraint (3) is an incentive compatibility (IC) constraint
indicating that the retailer can choose the optimal selling ef-
fort level to maximize its expected utility. Constraint (4) is an
individual rationality (IR) constraint indicating that the retail-
er is better off participating relative to its reservation utility{rr.

Proposition 1. Under moral hazard (single information
asymmetry), the manufacturer’s optimal contract configura-
tion {#’,T"} is as follows:
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(.=i)u(a=bp)+p=C,—w] __ pko
(2i,—1i,)wi, Qi,—i)w’
5)

- w=C,
CQi—igw

T'=-n+(p-C.—w+i,t'w)(a—bp—ko)+
1
—(p-C,—w+itw). (6)
2u

The retailer’s optimal selling effort level is as follows:

-C,—w+ir
o= PG oWl w’ )
M

where i <i, <2iy and k € [0, w).

Proof. See Appendix A.

Furthermore, under moral hazard (single information asym-
metry), we have the manufacturer’s optimal expected profit
E*[n ], retailer’s optimal expected utility £ [U,], and system’s
optimal expected utility E*[Usc], as follows:

E'[r]=Ww-C, —ixt*w)(a—bp+ p_C’_Iu—W-H'tW)+ T°. (8)
E'[U]=nx. )
E [Uscl=E[n]+E[U,]. (10)

The manufacturer’s expected utility equals its expected
profit E*[n,] because it is risk-neutral.

Proposition 1 shows that the manufacturer can effectively
motivate the retailer to exert its selling effort by appropri-
ately adjusting incentive parameters.

3.2 Models under simultaneous adverse selection and
moral hazard (dual information asymmetry)

The manufacturer needs to design a menu of contracts {z,7}
when it cannot observe the retailer’s selling effort level e and
sales cost C, and only knows the probability density function
f(C,)and cumulative distribution function F(C,) of C,. The
menu must meet the three following requirements: The first is
that the menu must include at least one acceptable contract
{t(c.).T(C.)1.C, €[C.Cp] for any C,€[C,.Cp] so that
both retailer and manufacturer will reach an agreement; The
second is that the manufacturer should ensure that the retailer
chooses the appropriate contract corresponding to its real cost
C.!'">%1: The third requirement is that the manufacturer can
correctly anticipate the amount of selling effort under each
type of retailer, and ensure that the intended selling effort
level is acceptable to that type of retailer.

The sequence of contracting between the manufacturer and
the retailer (essentially a Stackelberg game process) is as fol-
lows.

* The manufacturer offers a menu of contracts {#(-),7 (-)}.

* The retailer chooses one of the contracts{t(C,) ,T (C) and
discloses its cost information to the manufacturer.

* The retailer determines its optimal selling effort level ac-
cording to its sales cost type.

We first consider the retailer’s effort decision. Due to in-
formation asymmetry, the retailer may choose a contract

{t(C,.),T(C,)}that is not intended for his real cost C.. Then,
the retailer’s expected utility function E[U,] (C HCo e) is
EWU(C.C le)=|p-C,—w+it(C)w]
[a—bp+e(C,.)—k0']—
gez (c)-1(c) .
Now, let e* (C) be the corresponding optimal sales effort
level of the retailer; that is,

p—C.—w+ i,t(C,)w

e” (C,) =argmaxE[U,] (C,,C,. | e) =

e20 '
12)

Substituting e* (C,)of (12) into (11), we calculate the ex-
pected utility achieved by a retailer with cost C, for choosing
contract {t(C,),T(C,) as

EWU](c.C)=(p-C -w+it(C.)w)@-bp—ko)+

1 . 2

z(p—C,—w+l,t(C,)w) —T(C,). (13)

We also calculate the expected utility achieved by a retail-

er with cost C, by choosing an appropriate contract
{t(C),T(C)} as

E[U.I(C)=E[U,]I(C,,C,) =
(p—-C,—w+it(Cow)(a—bp—ko)+

L pmCmwrirCowy-TC).  (14)
2u

When a retailer that has sales cost C, chooses contract
{t(C,),T(C,)}, the manufacturer’s expected profit is as fol-
lows.

E[r](C) = [ {Iw—Cs —ist(C)w]

|a—bp+ ==L 7 (C))dF (C). (15)

Based on the revelation principle™*J, the retailer will se-
lect an intended contract corresponding to its real sales cost
C.. Taking into account the retailer’s incentive compatibility
constraint of moral hazard and incentive compatibility con-
straint of adverse selection, and the individual rationality con-
straint, the manufacturer’s problem of maximizing its expec-
ted profit is described by the following model R2:

(gr}%)é )E [7,](C,). (16)

S.t.
IC1: E[U1(C) > E[U,](C..C,). (17)
IC2:¢” (C,) = argmaxE[U,](C,). (18)
IR:E[U]CC)>xr,, (19)

where VC,,C, € [C,,,C,].
Function (16) is the manufacturer’s objective function.
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Constraint (17) is the incentive compatibility constraint of ad-
verse selection, ensuring that the retailer picks the contract in-
tended for its type. Constraint (18) is the incentive compatib-
ility constraint of moral hazard, stating that each retailer can
choose the optimal effort level for its type. Constraint (19) is
the individual rationality constraint, ensuring that each retail-
er earns at least its reservation utility sz . Denote
{t"(C,), T (C,)} as an optimal solution of model R2.

Proposition 2. Under dual information asymmetry (when
moral hazard and adverse selection coexist), the manufacturer’s
optimal contract configuration {¢*(C,),T"(C,)}is as fol-
lows:

L [-FC)
(€)= (zi&—mw[ e c&]+
i, —i,)wi, CQi—igw (20)

T*(C)=[p-C.—w+ir* (C)w|(a—bp—ko)+

1
—[p-C.—w+ir (Cow]' —x —
2u =

2 -T— i

IC {(a—bp—kO')+ (p-r=wi (T)W)}dr.

G u

(21
The retailer’s optimal selling effort level e** (C,) is
-C, - A
()= PG Cow. )
u
a—-bp+e

where i <i, <2is, ke[0,

sales costis C,,YC, € [C,.,,C,z].o—

Proof: See Appendix B.

Furthermore, under dual information asymmetry, we have
the manufacturer’s optimal expected profit E* [n,](C,), retail-
er’s optimal expected utility E** [U,](C,), and system’s optim-
al expected utility E~ [Ur,.(C,)], as follows:

) and the retailer’s true

E”[n](C) =
cn p—C —w+it (C)w
I {[a—bp+ ”

(p-C.—w+it*(Cow)(a—bp—ko)+

[w—c, =it (C)w]+

L peCmwrin Cywy - -
2u '
IS la=bp—ko)+ /.ll (p=C.—w+it" (1) W)]dT} dF(C,).
(23)
E”[UIC) =

T+ fz [(a—bp—ko)+ /% (p=C.—w+ir (@wld, (24)

E"[Usc1(C) =E" [7,](C)+ E"[UJ(C). (25)

The manufacturer’s expected utility equals its expected
profit E* [r,] (C,) because it is risk-neutral.

-5

4 Model analysis

4.1 Validity of the manufacturer’s contracts

Theorem 1. Under dual information asymmetry, the incent-
ive contract menu {¢(C,),T (C,)} has the characteristic of self-
selection; that is, there is no motive for a retailer to disguise
itself as another cost type, so it will self-select the appropri-
ate contract.

Proof: See Appendix C.

Theorem 1 shows that facing dual information asymmetry,
the manufacturer can design a reasonable contract menu and
motivate the retailer to reveal her truthful sales cost informa-
tion. Then by executing the contract menu, the manufacturer
will be able to distinguish different-cost-type retailers.

Theorem 2. Whether under single or dual information
asymmetry, trade credit incentive contracts enable the retailer
to achieve the optimal effort level at which it obtains the op-
timal expected utility, and the manufacturer can obtain the net
income from the retailer's efforts.

Proof: Under dual information asymmetry, the marginal
cost of the retailer’s effort is ¢’(e™) = p—-C,—w+i,t" (C,)w,
and the marginal expected utility of the retailer’s effort is
EU[pg—C.q—wq+it*(Cowgl=p—-C,—w+it"(C)w
Then we know that the marginal cost of the retailer’s efforts
and the marginal expected utility of its efforts are equal,
which demonstrates that trade credit incentive contracts can
enable the retailer to reach the effort level that maximizes its
utility.

Moreover, at this point, the net income due to the retailer’s

. 1
efforts is [P = C,—w+it"(C)w]e” —c(e™) = Z[p —C, —w+

i,t* (C,)w]*. From Equation (21), we can see that the net in-
come can be completely transferred from the retailer to the
manufacturer by skillfully designing incentive contracts. This
can be proved under single information asymmetry using the
same reasoning. Hence, we conclude the proof.

According to Theorems 1 and 2, in the practice of trade
credit, the manufacturer can prevent the coincidence of ad-
verse selection and moral hazard by designing incentive con-
tracts, which can induce the retailer to disclose its true cost in-
formation and inspire the retailer to work hard enough.

4.2 Comparison and analysis of decisions under single
and double information asymmetry

Theorem 3. The retailer only obtains the reserved utility 7.
under single information asymmetry. Under dual information
asymmetry, the retailer can obtain an extra strict non-negat-
ive information rent that is negatively correlated with C, be-
cause it possesses private information C,.

Proof. From Eqs. (24) and (9), the retailer’s information
rent M is as follows.

M=E"[UI(C)-E[U]=

J. {(a—bp—ko) - }1 (pr—wir” (T)W)}dT’

1
where (a—bp—ko)+—(p—1—w+it" (r)w) >0 when C, <

C. < C,,. Hence, information rent is strictly non-negative. We
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M
have 3C. <0 and M =0 where C, = C,,, so M monotonic-

ally decreases in C,. Hence, we conclude the proof.

Theorem 3 indicates that the retailer with higher sales cost
receives a lower information rent, and therefore obtains a
lower profit than the retailer with lower sales cost. As a result,
private information is more valuable to the manufacturer as
sales cost decreases.

Theorem 4. The optimal trade credit period #*(C,), optim-
al transfer payment 7 (C,), and retailer’s optimal selling ef-
fort level e (C,) under dual information asymmetry are less
than the optimal trade credit period ¢, optimal transfer pay-
ment 7, and retailer’s optimal selling effort level e* under
single information asymmetry.

Proof: Comparing Equation (20) with Equation (5), we
have t*(C,) <t'. Following Theorem 1, under dual informa-
tion asymmetry, the manufacturer needs to shorten the trade
credit period to motivate the retailer to report its private in-
formation.

Comparing T+ (C,) with T* according to +*(C,) <t", we
have 7 (C,) <T*. Under dual information asymmetry, the
transfer payment obtained by the manufacturer is less than
that under single information asymmetry.

Lastly, comparing e (C,) with e* according to #*(C,) < ',
we have e~ (C,) < ¢". Hence, we conclude the proof.

Theorem 4 suggests that compared with single information
asymmetry, the manufacturer may offer a shorter trade credit
period to the retailer under dual information asymmetry. And
another observation is that the retailer’s sales effort becomes
smaller under dual information asymmetry than that under the
single information asymmetry. In the presence of dual in-
formation asymmetry, due to the shorter credit period offered
by the manufacturer, there is insufficient incentive for the re-
tailer to work hard.

4.3 The effects of the retailer’s risk aversion

Theorem 5. Whether under single or dual information asym-

metry, the optimal trade credit period decreases as the degree

k of the retailer’s risk aversion increases, where ke€
a—-bp+e

[0, ——).

o
Proof: Under dual information asymmetry, we have

or(C,) _ o <0 g . . o )

ok b(ZiA —i)w rom Equation (19), where
—-bp+

0<k< aopre , so the optimal trade credit periods(C,)is

a decreasing function of the risk-aversion coefficient k.
Hence, we conclude the proof.

Theorem 5 shows that the risk-averse behavior of the retail-
er will weaken the incentive effect of trade credit. This can be
proved under single information asymmetry using the same
reasoning.

Theorem 6. Regardless of single or dual information
asymmetry, the retailer’s optimal selling effort level
creases as the risk-aversion coefficient k decreases.

Proof: Under dual information asymmetry, we have
de”(C) _ 1.
= —i,w >0 from Equation (22); that is, the retailer’s

in-

or(C) u

optimal sales effort level increases as the optimal trade credit
4 We also have XC)___no

period increases. We also have —5— = Qi—iw

-6

—bp+e(C, .
where k € [0, Le()) from Eq. (20); that is, the op-
timal trade credit period decreases with the risk-aversion
0 (C) ___poi, o
ok Qi,—igu - vnere

); that is, the retailer’s optimal sales ef-

coefficient. We thus obtain
a-bp+e~(C,
ke [0’ p—()
o

fort level is negatively correlated with the risk-aversion coef-
ficient. Hence, we conclude the proof.

The proof under single information asymmetry is similar to
that under dual information asymmetry.

4.4 The effects of the retailer’s sales cost and other para-
meters

Theorem 7. Regardless of single or dual information asym-
metry, the optimal credit period, optimal transfer payment and
retailer’s optimal effort level decrease as the retailer’s unit
sales cost C, increases.

Proof. Under dual information asymmetry, we know

or (C,) .
3C <0 in Theorem 1. From Eq. (21), we also have
or™ (C o (C
% =(a-bp-ko)iw Bé, ) +

o (C)

1
—|p=-C,—w+i.t"(C, ]
’u[p w4+t (Cowliw ac,

or (C
iw aé, ) (a—bp—ko+e" (C)).
In addition, (a—bp—ko+e*(C,)) >0, so we obtain
aT" (C,)
—ac. <°
" oe" (C) 1

We have B (C) = ;i,w >0 from Eq. (22); that is, the re-

tailer’s optimal sales effort level increases as the optimal
at" (C))
acC,

<0. Hence, we con-

trade credit period increases. We also know <0 from
de” (C)

ocC

Theorem 1. Then we obtain

clude the proof.

Theorem 7 indicates that the higher the retailer’s selling
cost is, the shorter the credit period provided by the manufac-
turer and the lower the transfer payment received by the man-
ufacturer. The higher-cost-type retailer obtains the shorter
credit period, leading to insufficient incentives, which makes
it reduce its selling effort level. In addition, this further
demonstrates that the manufacturer’s contracts can provide
different appropriate trade credit periods and transfer pay-
ments to different-cost-type retailers.

The case of single information asymmetry can be proved
using the same reasoning.

Theorem 8. Regardless of single or dual information
asymmetry, the optimal credit period, optimal transfer pay-
ment and retailer’s optimal effort level decrease as the retailer’
s unit sales cost C, increases. The optimal credit period and
retailer’s optimal effort level increase as the market sizea in-
creases.

Proof: Under dual information asymmetry, from Equations
U C) _ =i,

da  Qi—i)iw
or' (C,) _ 1

- 0
ac. Qi—iyw

(20) and (21) and (22), we obtain
e (C)  (,—1)
da  (2i,—i,)

>0,
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de” (C) _ 1 <0 T (C,)

ac. ~ @i-ipw o ad e
conclude the proof.

Theorem 8 shows that as the manufacturer’s production
costs increase, the manufacturer is unwilling or unable to pay
more capital costs, and consequently the credit period
provided by the manufacturer becomes shorter, the transfer
payment obtained by the manufacturer decreases, and the re-
tailer’s effort level also decreases. The improvement of the
market’s basic demand situation will prompt the manufac-
turer to extend the length of the trade credit period to encour-
age the retailer to engage in cooperation and work harder. The
case of single information asymmetry can be proved using the
same reasoning.

<0, Hence, we

S Computational experiments

We now use numerical computations to further analyze the
effects of sales cost and risk aversion on the supply chain’s
profit and utility. We assume that a=7900, b=20,
i,=02, i,=0.15, C,=150, w=250, m =10000; € fol-
lows the normal distribution € (0, 150°), and C, follows the
uniform distribution with the probability distribution function

C,—110
FC)=—55—

[C,,C] = [110,130].

1
and density function f(C,) = 20’ where

5.1 The effects of sales cost C, on the supply chain’s

profit and utility

The results, as shown in Fig. 1, are as follows:

Under single information asymmetry (moral hazard), a re-
tailer of any cost type receives only the reservation utility,
ie., E'[U,]=mnr =10000. However, under dual information
asymmetry, the retailer benefits from a positive information
rent, as it possesses private information, so the retailer’s util-
ity is not less than reservation utility 7;. Moreover, the lower
the sales cost C, is, the larger the information rent gained by
the retailer. Thus, the retailer’s utility increases as its sales
cost decreases. Therefore, under dual information asymmetry,
only the retailer with the highest sales cost (C,, = 130) ob-
tains the reservation utility 7 . These results are consistent
with Theorems 3 and 8.

Under single information asymmetry (moral hazard), when
the sales cost C, increases, the manufacturer’s profit de-
creases. However, under dual information asymmetry, the
manufacturer’s profit weakly increases with the increase of
the retailer’s selling cost. The manufacturer needs to pay in-
formation rent to the retailer for identifying the retailer’s real
sales cost under dual information asymmetry, so that the man-
ufacturer’s profit is less than under moral hazard.

The system utility decreases as the sales cost increases un-
der both single and dual information asymmetry. When the
sales cost is lower, the difference of the channel utility under
single versus dual information asymmetry (moral adventure)

11 & 10*
T T T
-------- the supplier’s expected revenue under single asymmetric information
the supplier’s expected revenue under dual asymmetric information
- e the retailer’s expected utility under single asymmetric information
the retailer’'s expected utility under dual asymmetric information
9t ——+—— the system’s total utility under single asymmetric information
the system’s total utility under dual asymmetric information
2 ———
- - T ——— * —
= 8 S E*[Usc]
S [T —
5 A |
s [ By T E*[Usc](Cr)
U= B S
s | T T s
e 6~ T -
o
(]
-
8 5 B ek 7
4 E*[x J(Cr)
X
() 4| -
e E**[Ur](Cr)
E
g 3 1
o
2F E*[Ur] i
1

0
110 112 114 116 118

120 122 124 126 128 130

the retailer's sales cost

Fig. 1. The effects of sales cost C, on the supply chain’s profit and utility y (k=0.5,C, € [110,130]).
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is smaller, or even close to zero. As the retailer’s sales cost in-
creases, the system utility decreases under both single and
dual information asymmetry, dropping at a faster rate under
dual information asymmetry. This demonstrates that the over-
all performance of the supply chain will be to some extent
weakened because the retailer possesses private information.

5.2 The effects of risk aversion k£ on the supply chain’s
profit and utility

From the horizontal point of view, Fig. 2 shows that under
single information asymmetry (moral hazard), any cost-type
retailer only receives the reservation utility (i.e.,
E*[U,] =n =10000) and is not affected by its risk aversion
coefficient. However, the retailer’s risk attitude has a greater
impact on the manufacturer’s profit and system’s utility in the
case of single information asymmetry, and on the manufac-
turer’s profit, system’s utility, and retailer’s utility in the case
of dual information asymmetry. In addition, the profit or util-
ity decreases as the retailer’s risk-aversion degree increases.
Therefore, manufacturers are reluctant to cooperate with re-
tailers with greater risk aversion.

From the vertical perspective, we see that the manufacturer’
s profit and system’s utility under dual information asym-
metry are smaller than under single information asymmetry,
but the retailer’s utility under dual information asymmetry is
larger than under single information asymmetry, which is
consistent with Fig. 1.

The preceding numerical analysis yields a number of mana-
gerial insights: regardless of single or dual information asym-
metry, when manufacturers choose retailers to form a supply
chain, they should pay attention to the retailers’ sales cost in-
formation and risk attitude information. Assuming other
factors do not take precedence, manufacturers should try their
best to pick low-cost, low-risk retailers to cooperate with,
which will help create value for manufacturers themselves
and the entire supply chain system.

6 Conclusions

We have considered the case when a manufacturer offers
trade credit to a downstream retailer; that is, the retailer does
not need to pay the manufacturer immediately when the
products are delivered, but completes all payments at the end
of the sales period. Given that the retailer’s sales cost is un-
known to the manufacturer, its sales effort level is unobserv-
able, and the retailer is risk averse, we have used double-ob-
jective incentive models to obtain several interesting insights:

( I) When the degree of the retailer’s risk aversion is with-
in a certain range, the manufacturer can effectively identify
the retailer’s private information and motivate it to exert the
optimal effort level by designing acceptable and appropriate
trade credit contracts.

(1I') Under dual information asymmetry, the optimal trade
credit period, optimal transfer payment, and retailer’s optimal

4
x10
10 | \ | : : : : : :
-------- the supplier’'s expected revenue under single asymmetric information
\ the supplier’s expected revenue under dual asymmetric information
9r \ E— the retailer’s expected utility under single asymmetric information
\ the retailer's expected utility under dual asymmetric information
\ —+—— the system’s total utility under single asymmetric information
8r \ the system’s total utility under dual asymmetric information I
z ~C
-‘g 7 \ E* U B
- Sy [Usc]
3] S~
ot E[r] ~
5 6 ~ 1
= ~__
oS 5| E¥nr s](Cr)/7 ~_, i
(] T~
e \
(5]
8
X 4r
(4]
©
E 3t
2
o E**[Ur](Cr)
2 — -
E*[Ur]
1
0 | I | I 1 I | 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
risk aversion coefficient
Fig. 2. The effects of risk aversion coefficient & on the supply chain’s profit and utility (C, = 120,k € [0, 2]).
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sales effort level are less than under single information asym-
metry. The retailer can receive a non-negative information
rent due to its holding private cost information, where the in-
formation rent is negatively correlated with the cost.

(1IT') The retailer’s risk aversion will weaken the incentive
of trade credit and the willingness of the retailer to exert ef-
fort.

( IV) Manufacturers prefer to offer trade credit to low-risk,
low-cost retailers.

Our research can be extended in the following ways. First,
this paper only considers that the retailer is risk-averse, but
the provision of trade credit may make the manufacturer con-
front a number of risks, such as the retailer’s demand risk and
default risk, which may induce the manufacturer to exhibit
risk-averse behavior. Therefore, we will consider the case that
both the manufacturer and the retailer are risk-averse in the
future research. In addition, our model considers the whole-
sale price to be exogenous. Offering trade credit will influ-
ence the wholesale price decision. Therefore, we will regard
the wholesale price as a decision variable in the future work.
Meanwhile, in the actual operation of trade credit, manufac-
turers and retailers conduct more multi-period cooperation.
As a result, we will extend our future research to the case of
multiple periods.
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From Eq. (1), we have the first-order and second-order partial derivatives of E[U,] with respect to e as follows:

OE[U,]

———=(p-C,—w+itw)—pue,

de
E[U,]

Therefore, E[U,] is concave in e. We can solve T, =0 to obtain e’ =

OPE[U,]

Toe
p—C.—w+itw
—,u .

<0.

We can substitute e* into model R1 and arrive at the following model:

maxE[x]=w-C,—itw) (a -bp+
t.T

p—C,—w+z,tw). 26)

1
IR: (p—C,—w+itw)(a—bp—ko)+ Z(p—C,—w+i,tw)2—T >n. 27)

—-r

Next, we construct a Lagrange function as follows, where / is the Lagrange multiplier:

p—C.—w+itw

Lz(w—Cs—ixtw)(a—bp+
u

Jo7+a)-n

»

We have the following Karush-Kuhn—Tucker conditions:

1
+(p-C.—w+itw)(a—bp—ko)+ 2—(p—C,—w+i,tw)2—T . (28)
1

OL i _ =0,
oT
ar = (29)
/l[—zr +(p—C,—w+i,tw)(a—bp—k0')+i(p—C,—w+i,tw)2—T] =0,
- 130.

From Model (A4), we obtain 1=1 and [—” +(p=C,—witw)(a—bp—ko)+ £ (p~C.—w+i,w)’ — T] =0. Therefore, in
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constraint (A2), the equation is established; that is, the expected utility of the retailer equals the reserved utility.

Thus, we have T =-n +(p—C,—w+itw)(a—bp—ko) + i(p —C,—w+itw) and substitute T into the Lagrange function
(A3). . o
From & = 0, we have the retailer’s optimal credit period #".

w—C,  (i,—i)[ula-bp)+p—-C,—w] pko

2, —i)w (2i,—i,)wi, Qi,—iyw’

*

Obviously, when is < i, < 2i5, we have #* > 0. When 2i; <i,, we have #* <0, which is not suitable for delayed payment; and
when 2i; =i,, t* does not exist.
Substituting ¢* into IR constraint (A2), we obtain the optimal transform payment 7~:

1
T'=-—mn+(p-C,—-w+it'w)(a—bp—ko)+ 2—(p—C,—w+i,t*w)2.
, u

We prove that (#*,77) is a maximizer of (A1)-(A2) as follows. Conditioned on the Lagrangian multiplier A = 1, define the re-
stricted Lagrangian function:
+T+|-n

—C —w+it
L:(W_Cx_i.ytw)(a—bp+ M)

1
+(p—C,.—w+i,.tw)(a—bp—k0')+2—(p—C,—w+i,tw)2—T . (30)
: "

It is straightforward to obtain
0L iw? Qi —i) PL L
- == I=1), 7= =
or u ooT  OT>

2

Since 2i,—1i, > 0, then % < 0 and the Hessian matrix is negative semidefinite.

According to Lemma 4.4.1 in Bazaraa et al."”), we conclude that (#*,7") is a maximizer of (A1).
o . -C,—wH+itw . .
Substituting ¢ into e" = p—’ we obtain the optimal sales effort level:
7

_p=C.—w+irw
p .

%

Hence, we conclude the proof.
A.2 Proof of Proposition 2
Based on the revelation principle, the retailer with sales cost C,receives its optimal expected utility when it chooses the appropri-

ate contract intended for its sales cost C,, i.e., let E[U,](C,) = maxE|[U,] (C,,C,). According to the envelope theorem, we have
dE[U,](C “
%(’) = —(a—bp—ko')—i(p—C,—w+i,t(C,)w) <0.

—bp+e(C, dEUAC, . . .
From k € [0, Le()), we have % <0. Therefore, E[U,](C,) decreases in C,. Combining IR constraint (19), we

o
have E[U,](C,,) = minE[U,](C,) > n . Then, there is

—-r

E[U](C,)=E[U](C,)+ fz [(a—bp—ko)+ ,111 (p-C.—w+it(mw)ldr>n + fi [(a—bp—ko)+ % (p—C.—w+it(t)w)ldr,

where C,, <C,<C,.
Therefore, IR constraint (19) in model R2 is translated into the IR1 constraint as follows:
IR1: E[U]J(C)>m + fgz [(a—bp—ko)+ i (p—-C,—w+it(r)w)ldr.
Next, we obtain the following optimal model:

max E[r ](C,). 31
HCp).T(Cr)
s. t.

IC: E[U,)(C) > E[U)(C,.C)). (32)

, 1
IR1:E[UJ(C) =7 + jf {(a—bp—kO')+ ~(p-C,—w+it(1) w)}dr, (33)

o Jea U

where YC, € [C,,,C,,].
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We construct the Lagrange function as follows, where A and 5 are the Lagrange multipliers:
szc,z{ p—C,—w+i,.t(C,)w]
Cr

f(C)dc, +ﬁ{(p—C, —w+i,t(CHw)(a—bp—ko)+ %(p— C,—w+it(C)wY =T (C)—(p=-C,—w+it(C.)w)(a—bp—ko) - 51;

a—-bp+ [w—cs—iyt(C,.)w]+T(C,A)}

1 .
{@—CrMWLNQMWM—M%k®+5%p—G—W+w«UWY—TKD—5—fZ
72 ”

{(a—bp—ko') + ;11 (p-C, —w+i,t(‘r)w)}d‘r}.
(34)

We have the following Karush—-Kuhn—Tucker conditions:

L _|_-B-1=0(B5)
L

IT(Cr)

(p-C,—w+it(COw)(a—bp— ko-)of;i(p —C,—w+i,t(C)w) =T (C,)
: g , 2 =0(B6)
—(p— C.—w+ z,t(C,)w)(a—bp—ka') - i(p—Cr —-—w+ l,.t(C,)w) + T(C,.)
(p—-C.—w+it(COw)(a—bp—ko)+ ZL(p —C,—w+it(CH)w) =T (C,)
4 1~ < [a=bp—ko)ldr— [ [ (p=C—wit(@w)]dr =0(B7)

120, >0

From Equation (B5), we have S+ 4 = 1. Furthermore, we can obtain 8 =0 by contradiction. In fact, if 8> 0,, then (B6) or
equivalently (B2) is binding; that is, the retailer’s utility of disclosing its real cost is equal to that of not disclosing its real cost,
which violates the incentive compatibility constraint. Therefore, we obtain 5 = 0.

AsB+A4A=1and =0, we have A = 1. Then, from Equation (B7), we have

1 Cr 1
(p—C.—w+it(Cow)(a—bp—ko)+ 2—(p—C, —w+it(COw)Y =T (C,)-n —jc {(a—bp—kO') +-(p-C,—w+ i,t(‘r)w)}d‘r =0
M -r 2 M
That is, the equality in IR1 constraint (B3) holds. We obtain

TC)H)=(p-C,—w+it(C)w)(a—bp—ko)+ i(p—C,—w+i,t(C,)w)z—n —fz {(a—bp—k(r)+}l(p—C,—w+i,t(T)w)}dT.

(33)
Substituting Equation (B8) into the Lagrange function (B4), we obtain
2 -C, - 1 (C
L= {a—bp+17 Wit 9”1[w—c,—gxcgmq+(p—c,—w+nucgw)
. r
1 . ) C,
(a-bp-ko)+ —(p—-C.—w+it(C)w) —m —j {(a—bp—-ko)+
2/.1 _, Cr
1
—(p-C,—w+it(r)yw)dr}dF (C,). (36)
u
From F(C,)=0,F(C,) =1, by exchanging the integral order, we obtain
[ @b —ko)+ 1 ~C,—wHit@w) tddF (€)= [ fa-b k) + L p=C—wrimw e B )
cnd p k p r r r) = e p /l p r r f(C,) r
(37
Substituting Equation (B10) into Equation (B9), Equation (B9) becomes
L={"ra C)dF«xH{p—wxa—bp—hﬂ+{w—cgwa—bp—h7+pzw)—n, (38)
where
—C. +it(C _
R@,CJ:[w—cm—gmcgw4—4iiﬂ—ﬁﬂ}—mmcgw@—bp—hr+p W)+pc,n¢«mmqm—bp—hﬂ+
1 . 1 . F(C)
—(p—-C.—w+it(CHw) — [(a—b —ko)+—-(p-C,—w+ l,l‘(C,.)W)] .
2t b pt F(C)
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From % = 0, we have the retailer’s optimal credit period.
1 -F(C)

Qi,—iyw| f(C)
Obviously, when is <i, < 2ig, we have " (C,) > 0. When 2is <1i,, we have " (C,) <0, which is not suitable for delayed pay-

ment; and when 2is = i,, " (C,) does not exist.
Substituting £ (C,) into the IR1 constraint (B3), we obtain the optimal transform payment 7" (C,).

+w—C5]+ (i,—i)[u@a=bp)+p-C,—w|  pko

" (C,)= .
€ (2i,—i,)wi, Q2i,—i)w

(p—T—w+i,t**(T)w)}dT

1 "
T (C)=[p-C,—w+it" (CHow](a—bp—ko)+—[p-C.—w+it" (C,) W]2—7T —IC {(a —bp—ko)+
2u o Je M

Conditioned on the Lagrangian multipliers A =1 and =0, define the restricted Lagrangian function. We can prove that
(r*(C,), T (C,)) is a maximizer of (B1)-(B3) in a similar way in Appendix A.
Substituting #* (C,) into Equation (13), we obtain the optimal sales level e** (C,).

p—C.—w+it"(C)hw

e”(C,)= T

Hence, we conclude the proof.
A.3 Proof of Theorem 1
When the retailer has cost C,and chooses contract{¢(C,),T (C,)}, the optimal expected utility is

Cr 1
E"[UJ(C)=n + L [a—bp—ko)+—(p—C,—w+it" (T)w)ldr.
L Je Ju
When the retailer possesses private cost C, and chooses contract {I(C,) ,T (C,), the optimal expected utility is

E*[U](C.C))=(p-C.—w+it(C,)w)(a=bp—ko)+ i(p —C,—wH+it" (C,)w)2 -1"(C,)=(a-bp-ko)(C.-C,)+

,111 (p W+t (C,)W) (C, - C,) + i (C,2 - C,.Z) +71 + IZZ {(a —bp—ko)+ }1 (p—T1—-WHit" (‘r)w)} dr.

Then, the difference between E* [U,](C,) and E* [U,] (cc) is

AUz, =E"[U,)(C)-E"[U,)(C,.C,) =

c 1 1 |
{[(a—bp—kO') +—(p—w+it" (T)W)] - [(a—bp—kO')+ —(p—w+it(C,)w ]}dT = —iwl|t" (r)—t"(C,)|dT.
, . . T Ui O .
According to the assumption that C, satisfies the increasing failure rate distribution, F(C) increases in C,, where
i _d [F(©) " (C) 1 d [F(C)]. -G-i)
F(C)=1-F(C,), and so we obtain ac (C) >0, Thus, we have aC :_(2i—i)w'd_C. (C) +(2iv—i)iw

from Eq. (20). Therefore, optimal trade credit period #* (C,) monotonically decreases in the retailer’s sales cost. Regardless of the
size relationship between C.and C,, there is always AU, > 0 for unit sales cost 7 where C, <7< C, or C, <7< C,, That is, the
retailer will have the utility loss AU, if it does not report its true cost information.

Hence, we conclude the proof.
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