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Abstract: This paper studies a loss-averse newsvendor problem with reference dependence, where both
demand and yield rate are stochastic. We obtain the loss-averse newsvendor’s optimal ordering policy
and analyze the effects of loss aversion, reference dependence, random demand and yield on it. It is
shown that the loss-averse newsvendor’s optimal order quantity and expected utility decreases in loss
aversion level and reference point. Then, that this order quantity may be larger than the risk-neutral
one’s if the reference point is less than a negative threshold. In addition, although the effect of random
yield leads to an increase in the order quantity, the loss-averse newsvendor may order more than,
equal to or less than the classical one, which significantly depends on loss aversion level and reference
point. Numerical experiments were conducted to demonstrate our theoretical results.

Keywords: newsvendor problem; random yield; loss aversion; reference dependence

1. Introduction

The newsvendor problem is a fundamental decision-making model in operations management
and has attracted much scholarly attention over the decades. Nevertheless, most previous studies
mainly focused on the randomness in demand, while ignoring the supply uncertainty. In fact,
supply risk has been increasingly significant in recent years and seriously undermines the operational
performance and profits. Many factors, such as equipment malfunctions in production process and
damage during transportation, often result in the supply uncertainty, and then the quantity received
by the newsvendor is different from that ordered. For example, a semiconductor manufacturer in the
high-tech industries often suffers a very high yield loss that is usually more than 50% [1]. Another
example occurs in agriculture and the perishable fruit and vegetables often suffer a loss in transit. As a
result, the newsvendor indeed is confronted by both demand and supply uncertainties, and should
consider these two factors simultaneously when he makes the order decisions. Treatment of supply
risk has been an important topic in analyzing inventory management, and extensive reviews of the
literature on random yield models are provided by Yano and Lee [2] and Grosfeldnir and Gerchak [3].

In addition, the decision makers are assumed to be risk-neutral and the expected profit maximizers
in most of the newsvendor-type models. However, many practical examples show they are bounded
rationality and the actual order quantities are deviating from the optimal solution, which is referred to
as "decision bias" (e.g., [4-7]). Then Kahneman and Tversky [8] propose prospect theory and explain
this phenomenon. They suggest that the outcome is separated into gains and losses using a reference
point (i.e., reference dependence), and the decision makers facing equivalent gains and losses are more
averse to the latter (i.e., loss aversion). Since prospect theory can better characterize the individual
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choice behavior under risk, many researchers introduce it into inventory management and study the
loss-averse newsvendor models, while most of them only take into account the demand uncertainty.
Although several works (e.g., [9,10]) consider the supply risk simultaneously, the reference point is
set to zero in the loss aversion utility function and thus its effect is ignored. However, some existing
studies have revealed that reference dependence plays an important role in explaining the decision bias
and has a significant effect on the order decisions (e.g., [11,12]). Therefore, it is meaningful to study the
loss-averse newsvendor’s ordering policy when both supply uncertainty and reference dependence
are considered. The purpose of our study is to shed light on the following problems: (1) How does the
loss-averse newsvendor with reference dependence make order decisions under uncertain demand
and supply? (2) How would the newsvendor’s optimal order quantity and expected utility change if
the loss aversion level or reference point were to vary? (3) How do the demand and yield uncertainties
affect the order decisions? (4) What are the joint effects of loss aversion, reference dependence and
supply risk on the order quantity?

To address the above problems, we studied a loss-averse newsvendor problem with reference
dependence and stochastically proportional yield, a typical supply risk under which the yield is the
product of random yield rate and order quantity. This approach of modeling supply uncertainty is
widely used in the literature (e.g., [10,13,14]), and can apply in a case in which batch size is relatively
large or its variation is small, etc. [2]. To the best of our knowledge, this model has not been considered
in the literature. The loss-averse newsvendor’s optimal ordering policy in the presence of reference
dependence and random yield is first obtained herein. Then we analyze the effects of loss aversion,
reference dependence, random demand and yield on it, and also derive the managerial insights on
their joint effects. The loss-averse newsvendor’s order quantity may be larger than the risk-neutral
one’s if the reference point is less than a negative threshold. In addition, although the effect of random
yield drives the order quantity up, the loss-averse newsvendor may order more than, equal to or less
than the classical one, which heavily depends on loss aversion level and reference point. These results
demonstrate the significance of considering reference dependence.

The rest of this paper is organized as follows. In Section 2, we review the newsvendor problem
with loss aversion and reference dependence, as well as uncertain supply. In Section 3, we formulate
the problem. In Section 4, we obtain the optimal ordering policy and study the impacts of different
factors on it. In Section 5, we conduct numerical experiments to illustrate our results. In Section 6,
we conclude our paper.

2. Literature Review

We review the literature on the newsvendor problem from the following three aspects: loss aversion,
reference dependence and supply uncertainty. Note that the existing studies only consider one or two
factors, whereas we build a comprehensive model by jointly considering those three factors.

The first stream is on the newsvendor problem based on loss aversion. Schweitzer and Cachon [15]
is a seminal paper on this problem and shows that loss-averse preferences lead to a decrease in the
order quantity. Then this problem has attracted much attention and been studied in various contexts
in recent years. Wang and Webster [16] extend their model by considering shortage cost and find
that the loss-averse newsvendor may order more than the risk-neutral one. Wang [17] assumed
multiple loss-averse newsvendors order from a single supplier and studied the newsvendor game
under the proportional demand allocation rule. Liu et al. [13] also investigated the game in which
two loss-averse newsvendors compete for substitutable demand. Both studies found the supply chain
inventory understocking would occur if the effect of loss aversion was strong enough and dominated
that of competition. Xu et al. [18] investigated the newsvendor’s option purchase decision when the
excess demands could be replenished. When only the mean and variance of the demand distribution
were known, Yu et al. [19] considered the robust newsvendor problem and obtained the robust optimal
ordering policy. Moreover, some researchers consider the loss-averse newsvendor’s risk management
and introduce CVaRmeasure into this problem. Xu et al. [20] studied the loss-averse newsvendor
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problem, wherein the objective is to maximize the CVaR of utility, and present some insights for the
risk management of loss-averse newsvendor. Xu et al. [21] considered the newsvendor problem with
backordering, and found the optimal order quantity with the CVaR objective was smaller than that
maximizing expected utility.

The second stream is on the newsvendor problem with reference dependence. Herweg [22]
studied the expectation-based loss-averse newsvendor problem, wherein the overall utility consists
of realized profit and gain-loss utility. Long and Nasiry [11] demonstrated that prospect theory can
explain the newsvendor’s ordering behavior observed in experiments when the reference point is
considered. Wu et al. [23] studied the competitive newsvendor problem in the case of proportional
demand allocation and demand reallocation. They showed that the total inventory level in the
decentralized case may be lower than that in the centralized case. Wang and Wang [24] proposed
a reference dependence utility function to study the newsvendor problem, and showed that the
loss-averse newsvendor may order more than the classical one. Mandal et al. [25] investigated the joint
pricing and ordering problem under an inventory-dependent demand. Bai et al. [26] also considered
this problem under a price-dependent demand. They found both demand and reference point types
have a heavy impact on the optimal decisions. Uppari and Hasija [27] built several newsvendor models
under different reference point types and found that mean demand, as a stochastic reference point,
outperformed others.

The third stream is on the newsvendor problem with supply uncertainty, in which random
yield and random supply capacity are two main forms of modeling supply risk. Gerchak et al. [28]
studied the periodic review model with random yield and obtained the optimal ordering policy in
each period. Wang and Gerchak [29] extended their work when random supply capacity was also
considered. He [30] analyzed how a firm made price and production quantity decisions under random
yield. Lee and Lu [31] studied two firms’ inventory competition when the yield was random and
demand was substitutable. Shi et al. [32] investigated the effect of supply process improvement on
the newsvendor’s decision when capacity was random. Moreover, some researchers incorporated
the loss-averse preferences into this problem. Liu et al. [33] studied the loss-averse newsvendor
problem with random yield, while considering both shortage cost and no shortage cost, respectively.
Ma et al. [14] assumed that yield rate follows a binomial distribution and also investigated this
problem. Regarding both supplier and retailer having loss-averse preferences, Du et al. [10] considered
a two-echelon supply chain with random yield and obtained the supplier’s and retailer’s optimal
policies. Liu et al. [34] investigated a periodic review inventory problem with loss-averse retailer and
random supply capacity. Nevertheless, all those studies set a zero reference point and ignored the
effect of reference dependence, which is the key factor of prospect theory.

3. Model Description

We consider a single-period inventory problem with random yield and loss-averse newsvendor
(retailer). Before the selling season, the newsvendor makes an order quantity decision. The supplier
responds to provide the quantity the newsvendor orders and the lead time is zero. Due to the issues
that may arise in production and transit, there are some defective units in the products delivered.
Assuming the fraction of good units (yield rate) is random, the available quantity is the product of
yield rate and initial order quantity. The newsvendor only needs to pay for this quantity rather than
the quantity ordered. The leftover inventory at the end of the season is salvaged and any unsatisfied
demand is lost. The notation concerned in this paper is listed in Table 1.
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Table 1. Summary of the notation.

Notation Description

p Selling price per unit,

c Purchasing cost per unit,

s Salvage value per unit, p > ¢ > s,

Q Order quantity,

X Random demand. Its probability density function is f(x)
and cumulative distribution function is F(x),

Y Yield rate, then the available quantity is YQ. Its probability
density function is g(y) and mean is y,

wo Target profit per unit (reference point),

A Loss aversion level,

Q* Optimal order quantity,

Q7 Optimal order quantity of the risk-neutral newsvendor,

Q3 Optimal order quantity under deterministic yield,

Q3 Optimal order quantity of the classical newsvendor.

For the realized market demand x and yield rate y, the newsvendor’s profit under the order

quantity Q is
(P —yQ x 2 yQ,
Q/ 7 = 1
Q) {(p—S)x—(C—S)yQ, x <yQ. =

The newsvendor is loss-averse and we employ the following piecewise-linear utility function:

U(m) = @

7T — Tto, T > T,
A=), < TI,

where A > 1 is the newsvendor’s loss aversion level and 7 is his reference point that makes him
change risk attitude. That is, there is a kink at 77y, and the newsvendor will perceive gains if 7 > 7,
whereas he will perceive losses if 1 < 5. When A = 1 and 77y = 0, our model reduces to the
risk-neutral one. Note that although multiple forms of loss aversion utility function are presented
(e.g., [15,24,35,36]), among them this piecewise-linear one is most widely used in the economics, finance
(e.g., [37,38]) and operations management literature (e.g., [15-21,23,24,26]) because of its simplicity.
Nevertheless, 71 is generally set to zero in (2), and we will consider the non-zero case.

In the inventory models with reference dependence, target gross profit is the main setting for
mp. For example, Long and Nasiry [11] and Mandal et al. [25] used a convex combination of the
newsvendor’s maximum and minimum possible payoff. It follows from (1) that if the newsvendor’s
minimum possible payoff is (s — ¢)yQ and the maximum possible payoff is (p — ¢)yQ, the reference
point (target gross profit) depends on the order quantity and yield rate in this setting. However,
the decision maker usually has a clear and definite target in practice. In view of this, Wu et al. [23]
and Bai et al. [26] suggest that it is easier and more realistic for the newsvendor to choose the target
unit profit instead of target gross profit as reference point. Similarly to them, we introduce a target
unit profit wy € [s — ¢, p — c] as the reference point, where the minimum s — ¢ < 0 is the loss per unit
unsold product and the maximum p — ¢ > 0 is the revenue per unit selling product. Then the target
gross profit rp = woyQ. Moreover, Bai et al. [26] also clearly state that this setting for the reference
point is consistent with that in Long and Nasiry [11]. When combining with (1), the utility function (2)
can be formulated as

(p —c—wo)yQ, x>0,
(p—s)x—(c—s+wp)yQ, c— s+w0 4O < x < y0, 3
/\[(p_s)x_(C—S—i-wO)yQ]/ 0<x< c— S+waQ

U(n(Q x,y)) =
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The newsvendor’s expected utility is (as shown in Figure 1)

y
(p=s)x=(c=s+w,)y0=0

0 x\—yQ:O X

Figure 1. A graphical presentation of demand and yield rate outcomes.

B X)) = [ [ U(r(Q 5 fsg(y)dndy
= [[17(Qxy) - mlf<)gdxdy + [[((Qxy) - mlf(x)()dxdy
51

S,US3
=(A—1) /01 /OWL’Q[(P —5)x — (c — s + wo)yQlf (x)g(y)dxdy )
+ /1 /yQ [(p—s)x — (c —s+wo)yQ|f (x)g(y)dxdy
// p —c—wo)yQf (x)g(y)dxdy.

The newsvendor’s objective is to choose an order quantity Q that maximizes the expected utility
E[U(7(Q,X,Y))]. Note that Liu et al. [33] studied a similar problem wherein the reference point was
zero, and we extend their model to the non-zero case.

4. Optimal Policy and Analysis

The loss-averse newsvendor’s optimal ordering policy when considering random yield and
reference dependence is as follows.

Proposition 1. The newsvendor’s expected utility E{U(7t(Q, X, Y))] is concave in Q, and there exists a unique
optimal order quantity Q* that satisfies

(A =1)(c—s+w) fy vF (522yQ" ) g(y)dy + (p—3) Jy yFQ )gw)dy = (p —c—wo).  (5)

Proof. It follows from (4) that the first-order and second-order partial derivatives of E[U(7(Q, X,Y))]
with respect to Q are

JE[U(r(Q, X,Y))] =—(A=1)(c—s+wp) /Ol yF (C_s—i_won> <(y)dy

aQ p—s (6)
1
—(p—s) /0 yF(yQ)g(y)dy + (p — c — wo)u,
and
PE[U(n(Q,X,Y))] (A=1)(c—s+wp)* (1 5. (c—s+wp
=- vf | ———vQ)gw)dy
an p—s /0 ( p—s ) (7)

1
~(p=9) | FEQsm)y <0,
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respectively. Thus E[U(71(Q, X,Y))] is concave. Since %S,X,Y))]
IE[U(m(QX,Y))] ’

9Q Q—o0
quantity Q*; that is, Q* satisfies (5). O

00 (p—c—wp)u > 0and

= —Alc—s+wp)u < 0, setting (6) equal to 0 gives a unique optimal order

This proposition shows that the newsvendor’s optimal order quantity significantly depends on
loss aversion level, reference point, random demand and yield. Next we discuss the effects of those
factors on it in detail.

4.1. The Effect of Loss Aversion

The following proposition characterizes how the optimal solution and expected utility change
when loss aversion level increases.

Proposition 2. For any given wy, the newsvendor’s optimal order quantity Q* and expected utility
E[U(7(Q*, X,Y))] are decreasing in A.

Proof. Let

c—8S+ wy
p—s

1
p—s) /O yF(yQ*)g(y)dy — (p — ¢ — wo) -

M(Q) =4 - 1)(e s +ao) [ o vQ') s(w)dy

®)

Its partial derivatives with respect to Q* and A are

W) — Ollesiunl” fhy2 g (e2ttoyon) gly)dy + (p—s) o ¥*F(Q7)g(W)dy >0, (9)

and

oM (O* 1 _
# =(c—s+ wo)/0 yF (C;_JrSwaQ*) 8g(y)dy > 0. (10)

Applying the implicit function theorem to M(Q*) = 0 yields

dQ* _ _ oM(Q") /aM(Q*)

A oa g =0 (11)

thus Q* is decreasing in A.
When the order quantity is Q¥, it follows from (4) that

dE[U(m(Q", X, Y))] _ 0E[U(m (Q* X,Y))] N OE[U(m(Q%, X, Y))] dQ*
A 30" A

o yQ*
_/ / —s)x — (c —s+wo)yQ"|f(x)g(y)dxdy <0,

(12)

c—. €+w0

which implies that E[U(71(Q*, X, Y))] is decreasing in A. [J

This proposition shows that compared with risk neutrality (A = 1), loss-averse preferences (A > 1)
drive the order quantity and expected utility down. The more loss-averse the newsvendor is, the less
his order quantity is, which we refer to as the loss aversion effect. When loss aversion level increases, the
newsvendor is more averse to losses. Then he will select a smaller order quantity to avoid the potential
losses that come from the possible excess order. Note that the loss aversion effect is consistent with
that found in many inventory models based on loss aversion (e.g., [13,14,17]).
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4.2. The Effect of a Reference Point

We next study the effects of a reference point on the optimal solution and expected utility.

Proposition 3. For any given A, the newsvendor’s optimal order quantity Q* and expected utility
E[U(7t(Q*, X,Y))] are decreasing in wy.

Proof. It follows from (8) that

oM(Q*) _r 1)/01 JF (c—s—l—won*) 2(y)dy + (A=1)(c—s+wy)Q*

p) — —
wo 1 N p—s p—s (13)
c—s+wy
/ v (_OyQ ) §(y)dy +p > 0.
0 p—s
Applying the implicit function theorem to M(Q*) = 0 and combining with (9) yields
dQr _ oM(QY) /oM(QY) _
dwg o IO (14)
thus, Q* is decreasing in wy.
When the order quantity is Q*, we have
dE[U(n(Q, X, Y))] _ 9E[U(r(Q", X, Y))] | 9E[U(m(Q", X, Y))] dQ"
dwy dwy 00" dwg
1 (15)
* c—s+wp * *
=-(-1Q /0 yE (p_SyQ ) gy)dy —pQ" < 0;

then E[U(71(Q*, X,Y))] is decreasing in wy. [

This proposition states that when the reference point increases, the newsvendor will order less
products and thus his expected utility decreases. When the newsvendor selects a larger reference point,
an outcome is more likely to be perceived as a loss and then ordering less can help hedge against
the potential losses caused by overstocking. Moreover, compared with the zero reference point case,
the effects of positive and negative reference points on the optimal order quantity are significantly
different. More specifically, the newsvendor with positive reference point (wg > 0) orders less than the
one with zero reference point (wg = 0), and the larger the reference point is, the less his order quantity
is, which we refer to as the positive reference point effect. However, the newsvendor with a negative
reference point (wp < 0) orders more than the one with a zero reference point, and the smaller the
reference point is, the larger his order quantity is, which we refer to as the negative reference point effect.
In short, the positive reference point effect induces the newsvendor to order less while the negative
reference point effect induces him to order more.

4.3. Joint Effects of Loss Aversion and Reference Point

As shown in Propositions 2 and 3, when the reference point is positive, both loss aversion and
reference point effects drive inventory down and thus the loss-averse newsvendor orders less than the
risk-neutral one (zero reference point). However, when the reference point is negative, the reference
point effect drives inventory up and may mitigate the loss aversion effect. To see how the loss aversion
and reference point interact, we compare the optimal order quantity of the loss-averse newsvendor Q*
with that of the risk-neutral one Q7. Note that when A = 1 and wy = 0, Q* reduces to Q7, and from (5)
we have

(r=5) [ vEGRDE W) = (p— g a6)
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c— S+ wy
p—s

=~ (A—=1)(c —s+wp) /Olyp( yQ’{) 8(y)dy

Q Q=i (17)

—(p—s) /01 yF(yQ1)g(y)dy + (p — ¢ — wo) p.

Proposition 4. For any given A, the relation between Q* and Q7 is as follows:

(i)  When0 < wp < p—c, then Q" < Q7.
(ii)  Whens —c < wy < 0, there exists a unique wj € [s — c,0) that satisfies L(wg) = 0. If wy < wf,
then Q* > Q7 if wo = wy, then Q* = Q7 otherwise, Q* < Q7.

Proof. When 0 < wy < p — ¢, we have mentioned above that Q* < Q7 due to both positive reference
point and loss aversion effects.
When s — ¢ < wy < 0, since F is increasing, L(wp) is decreasing in wp and

L(s—c)=—(p—s) ./: yF(yQ1)g(W)dy + (p —s)u = (p —s) /01 [1—F(yQi)lyg(y)dy >0. (18)

By combining that with (16), we have

ey [P (€75 o o [ x _
L(0) =—(A—=1)(c S)/OyF<p_syQ1>g(y)dy (p S)/OyF(le)g(y)dyHP c)p )

—— = ne-9) [ vF (22001 ) sty <o,

Thus there exists a unique wj € [s — c,0) that satisfies L(w() = 0. If wy < wyj, then L(wg) > 0.
Since E[U(7(Q, X, Y))] is concave and Q* is the optimal solution, then Q* > Q7. Similarly, if wy = wy,
then L(wp) = 0and Q* = Qf; if wy > wfj, then L(wp) < 0and Q* < Qf. [

A loss-averse newsvendor with a zero reference point usually understocks (e.g., [14,34]),
while Proposition 4 shows this does not always hold when the reference point is non-zero.
When 0 < wy < p — ¢, the loss-averse newsvendor’s order quantity is less than the risk-neutral
newsvendor’s due to loss aversion and positive reference point effects. However, there exists a
threshold of reference point wy; when s —c¢ < wy < 0. If wy > wy, then the loss aversion effect
that decreases the order quantity will dominate the negative reference point effect that increases
the order quantity. The loss-averse newsvendor’s order quantity is still less than the risk-neutral
one’s. If wy = wy, then the loss aversion and reference point effects offset each other and their order
quantities are equal. If wy < wj, then the negative reference point effect is strong and will dominate the
loss aversion effect. Thus the loss-averse newsvendor’s order quantity is larger than the risk-neutral
one’s. This will never occur in most loss-averse newsvendor problems where reference dependence
is ignored.

4.4. Effect of Random Demand

We now investigate the impact of the change to demand risk on the optimal order quantity
by incorporating first-order stochastic dominance. When the demand distribution changes from
F(x) to H(x), we say F first-order stochastically dominates H if F(x) < H(x) for all x € [0, c0) [39].
That is, the random demand with distribution F is stochastically larger than that with distribution
H. Let E[Ur(7(Q,X,Y))] and E[Uy(7(Q,X,Y))] denote the expected utilities when the demand
distributions are F(x) and H(x), respectively. Q} and Qj; are the corresponding optimal order
quantity, respectively. Then the effect of random demand is as follows.
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Proposition 5. If F first-order stochastically dominates H in [0,00), then Qf > Qj;.

Proof. Since F(x) < H(x) for any x € [0,00), F (C 5+waQ> (C S+waQ) and F(yQ) < H(yQ).

OE[Up (7(Q.X,Y))] < OE[Up(m(QX.Y))] — >
It follows from (6) that 30 ’Q:Q}é < 30 ‘Q:Qﬁ 0. Then we have Qr > Qp,
from the concavity of E[Uy(7(Q, X,Y))]. O

This proposition shows under the first-order stochastic dominance condition that the newsvendor
will order more products when the demand is stochastically larger, which is intuitive.

4.5. The Effect of Random Yield

In the previous analysis, we assumed the yield was random. However, it is interesting to
investigate the effect of random yield on the optimal decision. To do this, similarly to (4), the loss-averse
newsvendor’s expected utility in the case of deterministic yield is

c—s+wp Q

EUG(Q X)) = =1) [ 77 “l(p=s)x = (c = s+ wo) Qlf (x)dx o

+/ p—s)x—(c—s+wy)Q dx—i—/ p—c—wy)Qf (x)dx

It is easy to prove that E[U(71(Q, X))] is concave and then the optimal order quantity Qj satisfies
the first-order condition, that is,

(A—1)(c — s+ wp)F (;”JOQZ) (p—$)F(Q}) = p—c — wp. 1)

Proposition 6. For any given A and wy, the newsvendor’s optimal order quantity under random yield is larger
than that under deterministic yield; i.e., Q* > Q5.

Proof. Plugging Q7 into (6) and combining with (21), we have

JE[U((Q,X,Y))] (A —De— st w 1 c—s+wp
30 g = A e [P (S0 ) sty

~(p=9) [ VFGDSWy + (p w0l

=(A—1)(c—s+wo>/oly {F (C?ﬂ%) (C_;%Mﬂ

)y + (p5) [ YIF(Q3) ~ FyQ3)lg(y)ey > 0.

(22)

Since E[U(7(Q, X, Y))] is concave and Q* is the optimal solution, Q* > Q;. O

This proposition implies that compared with the case of deterministic yield, yield uncertainty
induces the newsvendor to order more products, which is consistent with our common sense and
referred to as the random yield effect. When the yield is random, the available quantity the newsvendor
actually receives is less than that he orders; thus, the newsvendor will order more products to hedge
against the supply risk.

4.6. Joint Effects of Loss Aversion, Reference Point and Random Yield

Propositions 2, 3 and 6 show that random yield effect leads to an increase in the order quantity,
whereas loss aversion and positive reference point effects lead to an decrease in the order quantity and
may mitigate the inventory overstocking caused by yield uncertainty. To further investigate the joint
effects of loss aversion, reference point and random yield on the order quantity, we next compare the
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optimal order quantity Q* with the classical newsvendor solution Q3. When A = 1 and wy = 01in (21),
Q5 reduces to Q3 and satisfies

(p—s)F(Q3)=p—c (23)

To facilitate the analysis, let

Rew) = G EIN] oty [ or (S5 0003) sty
1 Q=03 (24)
~(p=9) | VFWQIW)y + (p— e~ wo)
and .
Ao =14+ P9 Jo VIF(Q3) — FGQs)ly)dy. 25)

1 —5 1, )%
(c=3) Jy vF (525vQ3) sw)dy
Proposition 7. The relation between Q* and Q3 is as follows:

(i) When A < A, there exists a unique wi* € [0, p — c| that satisfies R(wy*) = 0. If wy < wg*, then
Q" > Q3 ifwg = wg*, then Q* = Q3; otherwise, Q* < Q3.

(i)~ When A > Ay, there exists a unique wi* € [s — c,0) that satisfies R(w{*) = 0. If wy < w*, then
Q" > Q3 ifwg = w(*, then Q* = Q3; otherwise, Q* < Q3.

Proof. It follows from (24) that R(wy) is decreasing in wy, and we have

R(s—c)=—(p—s) '/0'l yF(yQ3)g(y)dy + (p —s)u = (p —s) /0'1 y[1—F(yQ3)lg(y)dy >0, (26

and
1
R(p—c) = =Mp—s) [ yF (yQ3) g(y)dy <0, @)

Moreover, combining with (23) yields
1 c—3 1
RO) == (A= 1)(e=9) [P (5=2003 ) stoddy = (p=3) [ vFwQiswdy + (= ol

(28)
——(A—l)(c—s)/olyP<

c —

1

S=2005 ) sty -+ (=) [ 9IFIQ5) ~ FYQ3 ().

When A < A, then R(0) > 0. Thus there exists a unique w* € [0, p — c] that satisfies R(w{*) = 0.
If wy < w*, then R(wg) > 0. Since E[U(71(Q, X, Y))] is concave and Q* is the optimal solution, then
Q* > Qf. Similarly, if wy = w{*, then R(wy) = 0and Q* = Q}; if wy > w*, then R(wp) < 0 and
Q" < Q5.

When A > Ay, then R(0) < 0 and there exists a unique wj* € [s — c,0) that satisfies R(w(*) = 0.
Thus part (ii) can be proved in a similar way. [

This proposition shows whether yield uncertainty leads to inventory overstocking depends
on loss aversion level and reference point. It provides the sufficient condition under which the
loss-averse newsvendor may order more than, equal to or less than the classical one (see Table 2).
When loss aversion level is small (less than A), there exists a positive threshold of reference point
w;*, above which both the loss aversion and positive reference point effects that decrease the order
quantity will dominate the random yield effect that increases the order quantity. Then compared with
the classical one, the loss-averse newsvendor will order less products. If wy is equal to wj*, then they
will order the same quantity. However, if wg belongs to [0, wj*), the random yield effect is strong
and will dominate the loss aversion and positive reference point effects. In addition, if wy belongs to
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[s — ¢,0), the random yield and negative reference point effects will dominate the loss aversion effect.
Therefore, in these two cases, that is, when wg € [s — ¢, wg*), the loss-averse newsvendor will order
more products. On the other hand, when loss aversion level is large (larger than Ag), there exists a
negative threshold of reference point, below which both the random yield and negative reference point
effects that increase the order quantity are strong and will dominate the loss aversion effect. Then the
loss-averse newsvendor’s order quantity is larger than the classical one’s. Otherwise, the loss-averse
newsvendor’s order quantity is less than or equal to the classical one’s.

Table 2. Relation between Q* and Q3.

A S A[) A > /\0
wo [s—c0) [0wg™) wg” (wgp—c] [s—cws™) wg” (wg™,0]  [0,p—]
Jointeffects R+N>L R>L+P L+P=R L+P>R R+N>L R+N=L L>R+N L+P>R
Relation Q>0 Q'>Q; Q'=Q; Q<3 Q"> Q3 Q=05 Q' <Q; Q<
R = random yield effect; N = negative reference point effect; P = positive reference point effect; L = loss aversion effect.

The abbreviation “R + N > L” denotes “random yield and negative reference point effects dominate loss aversion effect”,
and other abbreviations in this row are explicated similarly.

5. Numerical Experiments

In this section, we carry out numerical experiments to illustrate the newsvendor’s order decisions
when loss aversion level and reference point change. Then the joint effects of loss aversion, reference
dependence and random yield on the optimal order quantity are investigated. Let p = 3, c = 2 and
s = 1. The demand X follows a truncated normal distribution with mean 100 and standard deviation
50, and the yield rate Y follows a uniform distribution with support [0, 1]. We conduct two sets of
numerical experiments. In the first set, to illustrate the effects of loss aversion and reference point,
we vary wy from s —c = —1to p — ¢ = 1 in steps of 0.05, and three different loss aversion levels are
considered: A =2, A =5 and A = 8. In the second set, to illustrate the joint effects of three factors, we
vary wp from s —c = —1 to p — ¢ = 1 in the cases of random and deterministic yields, respectively,
and two different loss aversion levels are considered: A =2 and A = 8.

Figure 2 shows the optimal order quantity with respect to the reference point under different loss
aversion levels. Note that when wy = s — ¢, the newsvendor will always perceive gains and order more
products; thus the optimal order quantity is co. On the other hand, when wy = p — ¢, the newsvendor
will always perceive losses and it is better for him to order no products; thus, the optimal order
quantity is 0. Thus, the curves become steeper when wy approaches its minimum s — ¢ or maximum
p — c. For any given loss aversion level, the optimal order quantity decreases when the reference
point increases. Moreover, for any given reference point, the optimal order quantity is decreasing in
loss aversion level. That is, the larger the reference point (loss aversion level) is, the less the order
quantity is, which confirms that both loss aversion and reference dependence have a significant
impact on the order decisions. Those facts are in accordance with Propositions 2 and 3, and can be
explained by the fact that ordering less helps hedge against the potential losses come from the possible
excess order. Further, it is easy to calculate the risk-neutral newsvendor’s optimal order quantity
is Q7 = 150.5. This figure also illustrates when A = 2, there exists a threshold of reference point
wj = —0.1. Compared with loss aversion effect, the negative reference point effect is strong and will
dominate it when wy < wy, and thus Q* > Qj. Otherwise, we have Q* < Q. Similarly, in the case of
A =5and A = 8, the thresholds are —0.25 and —0.35, respectively. These results are consistent with
Proposition 4.
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Figure 2. Optimal order quantity vs. reference point for different loss aversion levels.

Figure 3 illustrates the optimal order quantity with respect to the reference point under random
and deterministic yields. As we can see, the order quantity decreases when the reference point
increases, no matter whether yield is deterministic or random. For any given reference point and loss
aversion level, the order quantity under random yield is larger than that under deterministic yield,
which implies the yield uncertainty makes the newsvendor order more products. This is intuitive
since the newsvendor will enhance the order quantity to hedge against it. It is also apparent that their
difference is smaller when the reference point becomes larger, which indicates the random yield has
a less significant effect. Moreover, the classical newsvendor’s optimal order quantity is Q5 = 101.4.
This figure also shows that when yield is random and A is small (A = 2), there exists a positive threshold
of reference point w;* = 0.3, above which the loss aversion and positive reference point effects will
dominate the random yield effect and then Q* < Q3. Otherwise, we have Q* > Q3. On the other hand,
when A is large (A = 8), there exists a negative threshold of reference point wj* = —0.05, below which
the negative reference point and random yield effects will dominate the loss aversion effect and
Q* > Q3. Otherwise, we have Q* < Q3. These results are in accordance with Propositions 6 and 7.
Note that although we restrict our consideration of truncated normal demand and uniform yield rate
in the experiments, our results based on Propositions 2—4, 6 and 7 are independent of their distributions
and parameter values.

500 T T T
—6—2\=2, random yield
—A—)=8, random yield
\ —4— =2, deterministic yield

- 400 - —A—)=8, deterministic yield []
2
g

S 300 i
(¢}
@
<
(@)

< 200 4 B
£
a
(@)

101.4
100
0 L L L L L h % .
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

Reference Point w,

Figure 3. Optimal order quantity vs. reference point under random and deterministic yields.
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6. Conclusions

In this paper, we investigate a loss-averse newsvendor problem with reference dependence
where the yield rate is random. The newsvendor’s ordering policy is first derived. It is shown that
the optimal order quantity and expected utility are decreasing in loss aversion level and reference
point, respectively. Then we examine the interaction effects of loss aversion and reference point on
the optimal order quantity. There exists a negative threshold of reference point, above which the
loss-averse newsvendor’s order quantity is always less than the risk-neutral newsvendor’s. However,
if the reference point is less than this threshold, then the negative reference point effect that increases
the order quantity will dominate the loss aversion effect that decreases the order quantity, and the
loss-averse newsvendor’s order quantity is larger. Then we analyze the impact of random demand on
the optimal order quantity by incorporating first-order stochastic dominance. The newsvendor will
order more products when the demand is stochastically larger. Further, we also find that compared
with the case of deterministic yield, yield uncertainty induces the newsvendor to order more products.
Then the overall effects of loss aversion, reference dependence and random yield are discussed.
When the loss aversion level is small, there exists a positive threshold of reference point, above which
both the loss aversion and positive reference point effects that decrease the order quantity will dominate
the random yield effect that increases the order quantity. Then the loss-averse newsvendor will order
less products than the classical one. Otherwise, he will order more. On the other hand, when loss
aversion level is large, there exists a negative threshold of reference point, below which both the
random yield and negative reference point effects will dominate the loss aversion effect, then the
loss-averse newsvendor will order more products. Otherwise, he will order less. Thus, in contrast
to Ma et al. [14] and Liu et al. [33], who studied the loss-averse newsvendor problem with random
yield and zero reference point, our results indicate that reference dependence has a great impact on the
newsvendor’s decisions.

We only consider a single-period inventory problem. In the multi-period case, the reference
point may change in different periods and affect the reorder point and optimal order quantity.
How to determine the optimal ordering policy in each period will be a direction for future research.
Furthermore, shortage cost was ignored to facilitate the analysis. When considering shortage cost,
the reference point depends on the maximum demand, so the complexity of analysis is increased
largely. Besides, as the loss aversion level increases, the newsvendor will order more products if
the effect of stockout on profit dominates that of overstock. Thus, the joint effects of loss aversion,
reference point and random yield may be significantly different from those in our paper. The model
incorporating shortage cost deserves further study. Finally, our study is based on the assumption that
the random demand and yield rate are independent. Another future research direction would be to
consider their dependence and investigate how this would impact the whole analysis performed in
this work.

Author Contributions: Conceptualization, W.L. and S.S.; methodology, W.L. and S.S.; software, H.Z,;
writing—original draft, W.L. and Y.Q.; writing—review and editing, Y.Q. and H.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by National key Research and Development Project of China (grant number
2018YFB1702903), and Natural Science Foundation of China (grant number U1660202).

Acknowledgments: The authors thank the anonymous referees for their valuable remarks.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Grasman, S.E.; Olsen, T,; Birge, J. Setting basestock levels in multi-product systems with setups and random
yield. IIE Trans. 2008, 40, 1158-1170. [CrossRef]
2. Yano, C.A; Lee, H. Lot sizing with random yields: a review. Oper. Res. 1995, 43, 311-334. [CrossRef]


http://dx.doi.org/10.1080/07408170801967062
http://dx.doi.org/10.1287/opre.43.2.311

Mathematics 2020, 8, 1231 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

Grosfeldnir, A.; Gerchak, Y. Multiple Lotsizing in Production to Order with Random Yields: Review of
Recent Advances. Ann. Oper. Res. 2004, 126, 43—-69. [CrossRef]

Brown, A.O.; Tang, C. The impact of alternative performance measures on single-period inventory policy.
J. Ind. Manag. Optim. 2006, 2, 297-318. [CrossRef]

Feng, T.; Keller, L.; Zheng, X. Decision making in the newsvendor problem: A cross-national laboratory
study. Omega 2011, 39, 41-50. [CrossRef]

Postorino, M.N.; Versaci, M. A neuro-fuzzy approach to simulate the user mode choice behaviour in a travel
decision framework. Int. . Model. Simul. 2008, 28, 64-71. [CrossRef]

Cacciola, M.; Calcagno, S.; Megali, G.; Morabito, F.; Pellicano, D.; Versaci, M. FEA design and misfit
minimization for in-depth flaw characterization in metallic plates with eddy current nondestructive testing.
IEEE Trans. Magn. 2009, 45, 1506-1509. [CrossRef]

Kahneman, D.; Tversky, A. Prospect theory: an analysis of decision under risk. Econometrica 1979, 47,263-291.
[CrossRef]

Liu, W.,; Song, S.; Qiao, Y.; Zhao, H. The loss-averse newsvendor problem with random supply capacity.
J. Ind. Manag. Optim. 2017, 13, 1417-1429. [CrossRef]

Du, S.; Zhu, Y.; Nie, T,; Yu, H. Loss-averse preferences in a two-echelon supply chain with yield risk and
demand uncertainty. Oper. Res. 2018, 18, 361-388. [CrossRef]

Long, X.; Nasiry, J. Prospect theory explains newsvendor behavior: The role of reference points. Manag. Sci.
2015, 61, 3009-3012. [CrossRef]

Zhao, X.; Geng, W. A note on “Prospect theory and the newsvendor problem”. J. Oper. Res. Soc. China 2015,
3, 89-94. [CrossRef]

Liu, W,; Song, S.; Wu, C. Impact of loss aversion on the newsvendor game with product substitution. Int. J.
Prod. Econ. 2013, 141, 352-359. [CrossRef]

Ma, L.; Xue, W.; Zhao, Y.; Zeng, Q. Loss-averse newsvendor problem with supply risk. J. Oper. Res. Soc.
2016, 67, 214-228. [CrossRef]

Schweitzer, M.E.; Cachon, G. Decision bias in the newsvendor problem with a known demand distribution:
experimental evidence. Manag. Sci. 2000, 46, 404—420. [CrossRef]

Wang, C.X.; Webster, S. The loss-averse newsvendor problem. Omega 2009, 37, 93-105. [CrossRef]

Wang, C. The loss-averse newsvendor game. Int. J. Prod. Econ. 2010, 124, 448-452. [CrossRef]

Xu, X,; Chan, F; Chan, C. Optimal option purchase decision of a loss-averse retailer under emergent
replenishment. Int. J. Prod. Res. 2019, 57, 4594-4620. [CrossRef]

Yu, H.; Zhai, ].; Chen, G. Robust optimization for the loss-averse newsvendor problem. J. Optim. Theory Appl.
2016, 171, 1008-1032. [CrossRef]

Xu, X,; Chan, C.; Langevin, A. Coping with risk management and fill rate in the loss-averse newsvendor
model. Int. J. Prod. Econ. 2018, 195, 296-310. [CrossRef]

Xu, X.; Wang, H.; Dang, C.; Ji, P. The loss-averse newsvendor model with backordering. Int. . Prod. Econ.
2017, 188, 1-10. [CrossRef]

Herweg, F. The expectation-based loss-averse newsvendor. Econ. Lett. 2013, 120, 429-432. [CrossRef]

Wu, M.; Bai, T.; Zhu, S. A loss averse competitive newsvendor problem with anchoring. Omega 2018,
81, 99-111. [CrossRef]

Wang, R.; Wang, J. Procurement strategies with quantity-oriented reference point and loss aversion.
Omega 2018, 80, 1-11. [CrossRef]

Mandal, P,; Kaul, R; Jain, T. Stocking and pricing decisions under endogenous demand and reference point
effects. Eur. J. Oper. Res. 2018, 264, 181-199. [CrossRef]

Bai, T.; Wu, M.; Zhu, S. Pricing and ordering by a loss averse newsvendor with reference dependence.
Transp. Res. Part Logist. Transp. Rev. 2019, 131, 343-365. [CrossRef]

Uppari, B.S.; Hasija, S. Modeling Newsvendor Behavior: A Prospect Theory Approach. Manuf. Serv. Oper.
2019, 21, 481-500. [CrossRef]

Gerchak, Y.; Vickson, R.; Parlar, M. Periodic review production models with variable yield and uncertain
demand. IIE Trans. 1988, 20, 144-150. [CrossRef]

Wang, Y.; Gerchak, Y. Periodic review production models with variable capacity, random yield, and uncertain
demand. Manag. Sci. 1996, 42, 130-137. [CrossRef]


http://dx.doi.org/10.1023/B:ANOR.0000012275.01260.f5
http://dx.doi.org/10.3934/jimo.2006.2.297
http://dx.doi.org/10.1016/j.omega.2010.02.003
http://dx.doi.org/10.1080/02286203.2008.11442451
http://dx.doi.org/10.1109/TMAG.2009.2012691
http://dx.doi.org/10.2307/1914185
http://dx.doi.org/10.3934/jimo.2016080
http://dx.doi.org/10.1007/s12351-016-0268-3
http://dx.doi.org/10.1287/mnsc.2014.2050
http://dx.doi.org/10.1007/s40305-015-0072-4
http://dx.doi.org/10.1016/j.ijpe.2012.08.017
http://dx.doi.org/10.1057/jors.2015.22
http://dx.doi.org/10.1287/mnsc.46.3.404.12070
http://dx.doi.org/10.1016/j.omega.2006.08.003
http://dx.doi.org/10.1016/j.ijpe.2009.12.007
http://dx.doi.org/10.1080/00207543.2019.1579935
http://dx.doi.org/10.1007/s10957-016-0870-9
http://dx.doi.org/10.1016/j.ijpe.2017.10.024
http://dx.doi.org/10.1016/j.ijpe.2017.03.005
http://dx.doi.org/10.1016/j.econlet.2013.05.035
http://dx.doi.org/10.1016/j.omega.2017.10.003
http://dx.doi.org/10.1016/j.omega.2017.08.007
http://dx.doi.org/10.1016/j.ejor.2017.05.053
http://dx.doi.org/10.1016/j.tre.2019.10.003
http://dx.doi.org/10.1287/msom.2017.0701
http://dx.doi.org/10.1080/07408178808966163
http://dx.doi.org/10.1287/mnsc.42.1.130

Mathematics 2020, 8, 1231 15 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

He, Y. Sequential price and quantity decisions under supply and demand risks. Int. J. Prod. Econ. 2013,
141, 541-551. [CrossRef]

Lee, C.Y; Lu, T. Inventory competition with yield reliability improvement. Nav. Res. Logist. 2015, 62, 107-126.
[CrossRef]

Shi, Z; Li, B,; Liu, S. Supply process improvement decisions for a newsvendor with random capacity.
Comput. Ind. Eng. 2020, 141, 106289. [CrossRef]

Liu, W,; Song, S.; Wu, C. The loss-averse newsvendor problem with random yield. Trans. Inst. Meas. Control
2014, 36, 312-320. [CrossRef]

Liu, W,; Song, S.; Li, B.; Wu, C. A periodic review inventory model with loss-averse retailer, random supply
capacity and demand. Int. J. Prod. Res. 2015, 53, 3623-3634. [CrossRef]

Geng, W.; Zhao, X. Impact of initial wealth on newsvendor problem with s-shaped utility. In Proceedings of
the IEEE International Conference on Industrial Engineering and Engineering Management, Hong Kong,
China, 8-11 December 2009; pp. 349-353.

Xu, X.; Meng, Z.; Shen, R; Jiang, M.; Ji, P. Optimal decisions for the loss-averse newsvendor problem under
CVaR. Int. ]. Prod. Econ. 2015, 164, 146-159.

Barberis, N.; Huang, M. Mental accounting, loss aversion, and individual stock returns. J. Financ. 2001,
56,1247-1292. [CrossRef]

Tversky, A.; Kahneman, D. Loss Aversion in Riskless Choice: A Reference-Dependent Model. Q. J. Econ.
1991, 106, 1039-1061. [CrossRef]

Porteus, E. Foundations of Stochastic Inventory Theory; Stanford University Press: San Francisco, CA, USA, 2002.

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ijpe.2012.09.010
http://dx.doi.org/10.1002/nav.21616
http://dx.doi.org/10.1016/j.cie.2020.106289
http://dx.doi.org/10.1177/0142331213497622
http://dx.doi.org/10.1080/00207543.2014.985391
http://dx.doi.org/10.1111/0022-1082.00367
http://dx.doi.org/10.2307/2937956
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Literature Review
	Model Description
	Optimal Policy and Analysis
	The Effect of Loss Aversion
	The Effect of a Reference Point
	Joint Effects of Loss Aversion and Reference Point
	Effect of Random Demand
	The Effect of Random Yield
	Joint Effects of Loss Aversion, Reference Point and Random Yield

	Numerical Experiments
	Conclusions
	References

