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Perishables’ freshness is a dynamic state, which can be captured by statistical big data based on advanced product identification and
sensory technologies. A time-based markdown strategy model is proposed to consider the markdown strategy in maximizing
performance. The results showed that demand uncertainty would force them to implement a markdown strategy in advance,
merchants’ profit and initial inventory are sensitive to the uncertainty and deterioration rate of perishable quality, and

markdown time has a regulatory effect on initial inventory.

1. Introduction

Freshness is becoming a quality criterion of great importance
to consumers regarding perishable products (Peneau et al.
[1]). The freshness as well as the price has been viewed as an
important factor influencing consumers’ purchase decision.
Many companies are making efforts to promote the fresh con-
cept in the retail market. Perishable operation management
must consider how to deal with perishables before they spoil
to ensure food safety. Sales at discounted prices have become
a common strategy in retail processes, especially with long lead
times and hard-to-predict demand. As a common method of
matching supply and demand, the markdown strategy has a
dramatic effect on a retailer’s profitability [2], i.e., too early
or too deeply will lead to lost revenue, while delaying mark-
downs or keeping them shallow will lead to liquidating inven-
tory at even lower prices at the end of the season [3]. Hence,
effective markdown strategies should not ignore the timing
of the markdown as well as the initial inventory.

Perishable’s typical characteristic is that the freshness
(i.e., quality) is a dynamic state that decreases continuously
to the point when it is unfit for consumption. Most advanced
product identification and sensory technologies such as
radio frequency identification technology (RFID) and time
temperature indicator (TTI) have been developed to make
it possible to capture the perishables’ quality information,
such as product identity, properties, and related data [4-
8]. These rich quality index data can be used to predict
dynamically the shelf life. At present, some research liter-
ature of perishable products focus on the preservation
technology investment [9-11] and some research consid-
ered the price and inventory problem of perishables by
considering the markdown time as an exogenous variable
[12-14]. However, how to effectively implement mark-
down strategies consisting of time and inventory based
on the dynamic shelf life information should be an impor-
tant issue in perishable operation management, especially
in an uncertain demand environment.
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A time-sensitive markdown strategy is employed to con-
sider the markdown time challenge based on the time-
variance market sale model. This time-variance markdown
model can capture the dynamic quality evolution characteris-
tics. The relations between the markdown time and the initial
inventory are considered under uncertainty market demand.
Partial decision-making attributes are demonstrated through
numerical analysis. The results suggest that market uncer-
tainty may not always be detrimental to merchants and
may even increase the ultimate benefit to them. Both the
merchant’s profit and initial inventory are sensitive to the
market demand uncertainty while the markdown time is not.

The rest of this paper is organized as follows. Section 2
presents a review of the existing literature related to our
research. The model description is presented in Section 3.
We will consider the markdown strategy under deterministic
and uncertain market demand, respectively, in Sections 4 and
5. Section 6 presents numerical results based on the theoret-
ical results. A summary of this research and discussion of
future research directions are conducted in Section 7. Some
proofs are presented in supplementary files (available here).

2. Literature Review

Perishables’ production and inventory control problems have
been given more attention in the inventory literature [12, 15].
In the study of perishables, the research relating to this study
can be grouped into two streams.

A stream of related research literature focuses on the
preservation technology investment. These researches con-
sider how to control and reduce the deterioration of perish-
ables through effective procedural changes and specialized
equipment acquisition. The main theme is to decide the
investment in preservation technologies to reduce deteriora-
tion rates using product inventory models [9-11]. Fox exam-
ple, Shah et al. [16] derived the optimal preservation
technology investment, retail price, and purchase quantity
for inventory systems where units are subject to constant
rates of deterioration.

Another stream of related research literature focuses on
the price and inventory control model, which either con-
siders the product with fixed lifetimes, random lifetimes,
and decay rates that correspond to proportional inventory
decreases in terms of utility or quantity [14, 17, 18]; or
focuses on combining pricing and inventory controls to
investigate how different pricing modalities affect pricing
and inventory decisions [19-22]; or considers how to adjust
prices to attract customers over one or more periods in a cer-
tain demand market [13, 23]. These researches suggested that
customer valuations have significant effects on retailers’ price
and inventory decisions [24-26], and markdown strategy in
operation management is a controversial topic. In particular,
the markdowns would not be viewed as an optimal pricing
modality for monopoly firms when the firm has high levels
of inventory [27], and has often been characterized as a
wasteful practice [28]. However, markdowns have also been
suggested to be a more profitable strategy than single fixed
prices [29] and a better pricing modality when customer
behavior is considered [30, 31]. We noticed that these
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researches always viewed the markdown time as an exoge-
nous variable when considering price and/or inventory for
perishables. However, this paper differs in that it views the
markdown time as a decision variable and considers it under
uncertainty market demand.

Demand uncertainty is an important issue in operation
management literature. Perishables’ market demand is also
uncertain and would be influenced by the dynamic quality
evolution. The newsvendor model is always used to consider
the decision problem under uncertain demand [32, 33].
However, most of the extant newsvendor model literature
assumed that demand uncertainty is exogenous. The time-
variant market demand model in a quick response system
assumed that lead-time reduction can help to enhance fore-
cast accuracy of uncertain market demand [34-36] and was
then employed to consider the lead-time decisions (purchase
timing, guaranteed delivery time, lead time, and options con-
tracts) in the supply chain [36-39]. Inspired by this stream of
research, we assumed the perishables’ demand uncertainty is
time-sensitive and relates to the sale period length, which is
also common in reality, i.e., the longer the sale period, the
greater the uncertainty. The literature that is closely related
to this study is [3] and that by Wang et al. [40]. However,
Sen [3] considered the markdown time for perishable and
substitutable produce under a determined market, and Wang
et al. [40] consider the introduction time for a holiday prod-
uct with similar cumulative market demand model. The
main difference from the above literature is that this study
assumed that the market demand rate is price- and time-sen-
sitive, then considers the markdown time as well as the initial
inventory strategy under uncertain markets.

3. Model Description

All perishables are available for a limited sale period and must
be sold before the “sell-by-date,” which has been printed on
product labels by the producer to assure the product is of sat-
isfactory quality. The perishables’ freshness then can be repre-
sented in terms of remaining shelf life. The effects of
remaining shelf life on freshness with the market demand
are expressed commonly by the kinetic model approach in
the literature [41]. An exponential quality-decay weighting
function (i.e., ﬁqe’)‘t) derived from the kinetic model
approach has been widely adopted in perishables’ product
research [14, 42] then a price and quality sensitive expected
market demand rate for perishable product can be viewed as
fD(6)) =f(p(t),t) =d —ap(t) + Pq(t) =d — ap(t) + Pge™,

where d(>0) is the maximum potential market demand
rate, A represents the quality deterioration rate, and a, 5(=0)
represent demand sensitivity to the product price and product
quality, respectively. The market demand rate satisfies df
(D(t))/dp <0, df(D(t))/dt<0. The expected market

demand during the selling season [0, T] is then D(T) =

[of(p(t), )dt.

Merchants prepare inventory in advance and then appro-
priately use markdown pricing during the season to reverse
the declining demand. Theoretically, dynamic pricing strat-
egy p(f) can maintain the expected demand rate at a high
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level as the quality deteriorates. However, dynamic pricing
methods incur change cost, and too many markdowns repre-
sent failure in some area [43]. A single price change may be as
effective as the more flexible pricing ([44]; Sen, 2013). Hence,
it is reasonable to assume that merchants would have only
one chance to implement the markdown strategy during
the selling season. If the merchant makes the markdown
price at time ze€ (0, T), then the retail price would be
expressedas p(t) ={p,0<t<z;p0,z<t<T,0€(0,1]} with
a price discount 60, and then the expected market sales are
divided into two parts as E(D (p(1), 1) = [of (p(t), t)dt =

Ho.(p(2),2), E(D,(p =/, f(p(2) dt—.“zT(P( )> 2).

The errors of the actual market sales relate to the sale
time [35, 40]. So, market sale can be expressed as D, (p(t),
t) = po, + €(2), D,(p(1), t) = p,p + &(T — z), where &(t) is the
stochastic part of market sales and satisfies dVar(e(¢))/dt
<0 (Chiu, Choi, and Li 2009). Following Chen and Chuang
[35] and Wang et al. [40], we assume &(t) = ((T - t)/T)oX,
where X ~N(0, 1) with the pdf f(x) and cdf F(x) and its
inverse function F'(x). A larger 0 means higher market
demand uncertainty. ED(p(¢),¢) must be larger than o so
that Pr (D(p(t), t) <0 can be negligible.

Merchant’s markdown strategies are to consider the ini-
tial inventory (Q) and markdown time z to improve the oper-
ation performance with the quality evolving over time. In
order to focus on the initial inventory and the markdown
time decisions under uncertain market demand, the initial
price p and the markdown price are exogenous and predeter-
mined as assumed in [3]. Then, the merchant’s optimal deci-
sion function is

MN

n(p(t),z) = ) p(t) min (Q Dy(t)) - cQ. (1)

1

4. The Markdown Strategy under Deterministic
Market Demand

As a benchmark, we first consider markdown strategy under
the deterministic market demand. Then, the actual market

demand is ED(p, 0, z) = [;d — ap + Bge M dt + fZTd —apf+ B
geMdt = (Bg/A)(1 - e*T) +dT — ap(6T + (1 - 0)z) with the
predetermined price p(t) ={p,0<t<z;p0,z<t<T, 9 € (0,

1]}, and the profit function can be viewed as 7(z, Q) =p;
d—ap + PgeMdt +p9fz d—apd + BgeMdt — cQ with Q=E
D(p, 0, z).

Theorem 1. Under deterministic market demand, there exists
unique optimal markdown time for the merchant’s expected
profit function as z*=(1/A)In (Bq/(a(p(1+6)—c)—4d))
and then the initial inventory is Q= (Bq/A)(1—e*) +dT
—ap(0T + (1 -0)z*).

Proof. Direct derivation of the profit function is sufficient.

Proposition 2. The higher the initial retail price, the earlier
the markdown time; the higher the discount price, the later

the markdown time; and the later the markdown time, the
smaller the inventory would be.

Proof. Direct derivation is sufficient as dz*/0p < 0, 0z*/00 < 0

Theorem 1 and Proposition 2 suggest that if a merchant
sets a high initial price, then he will implement the price
reduction early. However, if the merchant plans to take a sig-
nificant price cut, he would delay the price reduction time.
Eventually, the willingness to delay price reduction would
lead to conservative initial inventory.

5. The Markdown Strategies under Uncertain
Market Demand

Under an uncertain market demand, the merchant can adopt
the markdown strategy under two scenarios as follows.

5.1. Inventory Clearance Markdown. If the markdown
price is aimed at clearing the inventory, then it can be
viewed as the salvage price in most operation literature,

ie., pO <c. Then, the merchants’ profit function is 7(Q, z)
=E(p min (Q, D) +p0 (Q-D)") - cQ=p min (4, (p(2)) +
&(2), Q) + pO(Q - py, (p(2)) — £(2))" = Q= (p— )Q - p(1 -
0)(T - 2/T)o [\ &t TT2) B () .

Lemma 3. For any markdown time z , the merchant’s profit
function is a concave in the initial inventory.

Proof. Derive the profit function twice on Q and then obtain
that 97(Q, 1)/9Q = (p— ¢) - p(1 ~ ) - F(((Q - )/o)(T/(T -

2))), 0*m(Q 1)/0Q* =—(p(1-60)/0)(TIT -z) - f(((Q—w)/
o) (TI(T - 2))) <O0.

Theorem 4. To clear the inventory with the markdown price,
the merchant would delay the markdown time to the expi-
ration rate or time as the demand rate decreases to zero,
ie, z*=T or z*=(1/A) In (Bq/(ap - d)) , and the inven-
tory is Q*=(d—ap)z* +(1-e*)Bgid+0o(T-2*)/T-
F((p-c)ip(1-0)).

Proposition 5. If the markdown price is aimed at clearing the
inventory, the markdown time may be earlier than that under
the deterministic market demand.

Proof. Compare the markdown times as follows, a(p(1+
0)-c)=ap+a(pd—c)<ap(pd<c), then (1/A)1In (Bq/(ap
-d))<(U/A) In (Bg/(a(p(1+6)—c)—d))<T.

5.2. Promotional Markdown. If the markdown price is not to
clear the leftover inventory at once but to reverse the declin-
ing demand caused by quality deterioration, it would occur
whenever the demand rate cannot reach the expected value.
Then, the markdown price would not surely clear the inven-
tory. The market sales before and after the markdown price
can be viewed as min (Q, D;) and min (Q — min (Q, D;),



4
10000 —
- 0
=
2
(=¥
= -10000 —
<
=
()
3
= _
-30000 —

I T T T T T I
5 10 15 20 25 30 35

Markdown time

(a)

Wireless Communications and Mobile Computing

4000 —

3000 —

2000 —

Initial inventory

1000 —

I T T T T T I
5 10 15 20 25 30 35

Markdown time

(®)

FIGURE 1: Merchant’s profit (a) and initial inventory (b) on the markdown time.

D,). The merchant’s profit function can be expressed as
7(Q, p) =E(p min (Q, D;) + pf min (Q - min (Q, D;), D,))

—¢Q. Drawing on the approach used by Netessine and
Shumsky (2005) and noting that min (Q, D;) = {Q, (1/0)(T/

(T=2))(Q- ty,) <3 Dy, (10)(THT ~2))(Q - ) > 5}
and min (Q - min (Q, D;), D,) ={0, (1/0)(T/(T - 2))(Q -
to.) < %5 Q= Dy, (Q— gy )0 < x < (110)(TH(T - 2)) (@ -
o) 3 Dy x < (Q—pyp)/o}, the merchant’s profit function

can be rewritten as 7(Q, p) :p(j<T/z)((Q_”1)/”)(

X OB [ (010 QT 3)) + 201 S50 (@
po — (2 T)ox)f (x)dac [\& Wot Dl 1y 4 (T - 2)/T) o) f
(x)dx) = cQ= (p - )Q - p(1 - 0)(z/T)o [/ (@ H0)7 p(x)d
x— pgajsfg(ﬂoZ+#zr))/GF(x)dx.

po, + (2/T)o

Lemma 6. For any markdown time z , the merchant’s profit
function 71(Q, z) is a concave in the initial inventory Q . The
optimal initial inventory Q*(z) satisfies the equation as p —

¢=p(1=0)F((TI2)((Q =y, )/0)) = pOF((Q = (4o + p1.1))!

0)=0.

Lemma 7. The initial inventory satisfies (z/T)oF*((p —c)/
P)+ g, <Q <oF((p—c)ip) + iy +py, » L€
(1) if (c/p) 0.5, then F'((p—c¢)/p) =0, and 0< (z/T)
OF 1 ((p - )lp) + iy, < Q" <TF(p—C)ip) + by

(2) if (c/p) 2 0.5, then F'((p - ¢)/p) <0, then o(>0) sat-
isfies that

(a) if oF 1 ((p—c)Ip) + 1, >0, then p,, <Q* <oF'((p
- C)/p) T Ho T Hr

(b) if oF ' ((p—c)/p) + u, <0, then Q* <y,

Theorem 8. There exists an optimal markdown time z* ,
which can be found by the following algorithm:

(1) For any given z, solving the equation p — c— p(1-6)F
((THT =2))((Q - t5,)10)) = POF((Q = py r) = 0 to obtain
the optimal inventory Q™ ; (2) substituting the Q™ into the profit
function and then obtaining the 1(Q*, z) ; (3) computing value
n(Q*,z) on z€ (0, T) and then obtaining the optimal z* =
arg max 71(Q%, z).

Proof. Substituting the Q*(z) into the merchant’s profit func-
tion and then obtaining 7(Q*(z), z). Note that 7(Q*(z), z) is
a nonlinear univariate continuous function and satisfies

lim 71(Q"(2), 2) =7(Q*(0), 0) and lim 7(Q"(2),2) = (p—¢)

Q- p@a]’(_?);“ 0-1)'% B(x)dx. Actually, if z — 0%, the markdown
strategy degenerates into a daily low price strategy. So, there
must exist an optimal time z* € [0, T] that satisfies z* = arg

max 77(Q*(z), z).

Lemma 7 and Theorem 8 suggest that there exists an
optimal markdown time for a single price change strategy.
The initial inventory is influenced by the initial price and
the uncertainty in market sales. Tiny margins and large
uncertainty would seriously dampen the merchant’s initial
inventory. Markdown strategy with time decisions can pro-
vide different insights for perishable operation management.
Although the optimal initial inventory and markdown time
can be derived, more decisions and the relations among the
decision variables cannot be obtained analytically due to the
nonlinearity of expressions. Therefore, more market insights
implied in these complex relationship structures need to be
explored by numerical analysis.

6. Numerical Analysis

Before performing the numerical analysis, we need to reorga-
nize the constraints among parametric variables such as that
the ED(p(¢), t) must be larger than o so that Pr (D(p(t), t)
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FiGure 2: The market-sale deviation on the decisions.

<0 can be negligible, and the parameters «, 8 must satisty
that 0<ap-d<a(p(t)(1+6) —c)-d<pge™ te(0,T). It
is reasonable to assume the values of some parameters as
market size d = 70; initial quality g = 10; demand sensitivity
to price and quality a=1 and f=1.5, respectively; quality
deterioration A =0.02; selling period length T =40; and
product cost ¢ = 22, initial price p = 80, and 8 = 0.25; the sto-
chastic part of market sales is assumed to follow the normal
distribution, i.e., x € N(0, 80).

6.1. The Revenue and Initial Inventory on Markdown Time.
In order to demonstrate the effectiveness and feasibility of
the algorithm in Theorem 8, Figure 1 presents the initial
inventory and merchant’s revenue with the markdown time
evolution. Consistent with the theoretical analysis, the mer-
chant’s revenue function is a concave function on the mark-
down time. Hence, there exists an optimal markdown time.
Besides, although the optimal initial inventory satisfies a spe-
cial equation, the relationship between the initial inventory
and markdown time can be approximately linear.

6.2. The Effect of Uncertainty on the Markdown Strategies.
Based on the algorithm in Theorem 8, the merchant’s profit
function, finial profit, markdown time, and initial inventory
with different market-sale deviation are presented in
Figure 2. Figure 2 suggests that the merchant’s profit as well
as the initial inventory increases with the market-sale devia-
tion increase. Theorem 1 points out that the merchant would
delay the markdown time under a deterministic demand,
which will result in small initial inventory and finally reduce
the sale volumes as well as the profit during the sale period.
However, uncertainty would prompt merchants to imple-
ment early price reduction, which ultimately increases the
potential market sale volumes during the sale season. The
markdown time does not seem to be very sensitive to the
deviation, but indeed affects the extent of the initial
inventory.

6.3. The Effect of Quality Deterioration Rate on the
Markdown Strategies. The most valued characteristic of per-
ishables is the perishability rate. The higher the perishability
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rate, the more difficult it is to preserve. Figure 3 suggests that
the merchant’s profit decreases with the deterioration rate
increase. So, the more perishable the product, the less profit-
able the merchant gets. The markdown time also does not
seem too sensitive to the deterioration rate. It plays a role
in regulating the change of the initial inventory to the deteri-
oration rate. Generally, the shorter the shelf life of the prod-
uct, the more difficult it is for the merchant to handle it, and
the lower the final profit would be. In reality, some merchants
operating in perishables always adopt high initial prices to
quickly cover costs. In particular, products that are too per-
ishable are even sold directly in presales or a custom model.

7. Conclusion

Freshness and price have become major issues in the man-
agement of perishables with the increasing attention paid to
the freshness of perishables. The markdown strategy is a
common operating method to reverse the declining demand

due to the dynamic quality evaluation. An effective mark-
down strategy can avoid waste due to the expiration dates
when optimizing operational performance. Statistical big
data based on advanced product identification and sensory
technologies can capture perishables’ freshness state and
model the evolution of the freshness of perishables with shelf
life (such as Bge™) [45-49]. So, the time-sensitive mark-
down strategies are feasible. By introducing a time-variant
market demand model, we consider the relationship between
the optimal markdown time and the optimal initial inventory
under uncertain market demand. The optimal markdown
time as well as the initial inventory is derived under different
scenarios. The results show that there exists an optimal
markdown time under various scenarios; the uncertainty of
market sales would force merchants to implement a mark-
down strategy in advance. The early implementation of the
markdown strategy would then stimulate the potential mar-
ket demand, which finally increases the merchant’s profit.
Hence, both the profit and initial inventory increase with
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the uncertain market increase and decrease with the increase
in the quality deterioration rate. The dynamic deterioration
of perishable quality harms merchant’s revenue. The more
perishable the product, the less the merchant is willing to pre-
pare in advance. Therefore, many perishables are sold in a
customized way or presale in reality. Besides, markdown time
is less sensitive to the uncertainty and perishability but has a
regulatory effect on initial inventory.

Markdown time as an important issue in markdown
strategy can provide new and significant insights for mer-
chants. This research on time-sensitive markdown strategies
enriches current markdown strategy research and provides a
theoretical basis for an intelligent decision-making system
for perishable product management. However, it should be
noted that the markdown strategy in this study only focuses
on the initial inventory and markdown time under uncertain
market demand. It is undeniable that the initial price and the
magnitude of the markdown price are also important factors
in markdown strategies. Hence, future research on mark-
down strategies should include more decision variables to
provide more insights into market strategies.
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