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This paper presents a theoretical examination of price responses to movements in demand
and supply where firms face either unwanted inventories or stockouts in each period. The
response mechanism consists of two complementary motives that arise when operating under
uncertain business environments. To an increase in demand, a firm has a motive to lower its
price reflecting lower effective marginal costs but also has another motive to raise its price to
rebalance expected marginal revenues associated with two distinct demand states, unwanted
inventories and stockouts. These two motives cancel out each other at optimum, resulting in
a limited response of prices to demand shocks. To a cost-push shock, the firm has a motive to
raise its price reflecting higher effective marginal costs for a given output level and is further
prompted to raise prices reflecting a higher expected value of unit inventory. The two
motives push prices up in the same direction, resulting in a large response of prices to supply
shocks.
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I. Introduction
The responsiveness of prices to demand and supply movements is a crucial

question in economics because it helps explain short-run output fluctuations. Prior

research has focused on the frequency of price changes,' but this paper shifts the
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focus to the magnitude of price changes and their dependence on the nature of
shocks. The theory presented predicts that prices respond little to demand shocks
but much to supply shocks.

The framework used in this theory, developed by Kim and Moon (2017),
highlights two complementary motives that shape a firm’s pricing and production
decisions where its sales performances and profits are stochastic. Any firm that
needs to set prices and produce outputs before knowing its precise market demand
like most businesses in the real world would end up with either of two loss
consequences: unwanted inventories (excess supply) versus unwanted stockouts
(excess demand). Two complementary motives may emerge then. On one side, a
firm has a “cost-compensating” motive to reflect some additional costs associated
with the increased probability of being left with unwanted inventories. On the other
side, the firm also has a “loss-balancing” motive to balance contingent losses that
arise from two distinct states.

The two motives also come into play in response to movements in demand and
work to reoptimize the probabilities of unwanted inventories and stockouts. An
increase in demand induces a firm to lower its price for each given level of output to
reflect the lower effective marginal costs of unwanted inventories. At the same time,
as the favorable demand shock generates imbalances in losses between two distinct
demand states, the firm has a motive to raise prices, thereby reducing the stretched
amount of marginal revenue associated with excess demand. These opposing
motives cancel out each other at optimum, resulting in a limited response of prices
to demand shocks.

A cost-push shock, by contrast, increases the effective marginal costs of
production and induces a firm to raise its price for each given level of output. At the
same time, the shock increases the expected value of unwanted inventories, in turn
increasing the marginal revenue associated with excess supply. The firm will raise
prices, with a motive to rebalance marginal revenues associated between two distinct
demand states. As the two motives let prices move in the same direction, prices will
respond greatly to the adverse supply shock.

Our theory is supported by recent microeconomic evidence on price-setting
behaviors. For instance, Gagnon and Lopez-Salido (2019) find that prices change
little to even large demand shocks such as mass population displacement and
shopping sprees around hurricanes and snowstorms, using a weekly scanner data set
from US supermarket chains. Moreover, the size of price responses is barely relevant
to price stickiness in that such small price responses to large demand shocks are
made amid frequent price changes.

Eichenbaum et al. (2011) use a similar weekly scanner data set, but shift their
focus to the sources of large price movements. They find that although prices
typically change every two weeks, the magnitude of price changes is contained
within a narrow band, which they call “reference prices.” They further find that
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large price movements are associated with shifts of the reference levels, which occur
systematically in relation to changes in costs. In other words, prices hover around
reference levels most times unless the reference levels themselves shift, and large
price movements are observed typically when costs change.”

These studies jointly support the predictions of our theory: Eichenbaum et al.
(2011) provide evidence of large price movements to cost shocks, while Gagnon and
Lopez-Salido (2019)’s findings are evidence of little price responses to demand
shocks.

A number of empirical studies examining the size of unconditional price changes
document the prevalence of small price adjustments, which is also closely related to
the baseline prediction of our model. For example, Klenow and Kryvtsov (2008)
examine the BLS microdata set for items of the US CPI and find that more than 40%
of regular price changes are smaller than 5% in absolute value. These findings are
consistent around the world: Wulfsberg (2009) documents that nearly half of price
changes are smaller than 5% in Norway; Barros et al. (2012) report a similar result
for Brazil and Vermeulen et al. (2012) for the Euro area.

This paper provides a unified explanation for such scattered pieces of empirical
evidence, which have long been found across different countries but without a
theory. Furthermore, our theory contributes to the literature on the causes and
mechanisms that underlie short-run output fluctuations. Most of the existing
studies assume price stickiness and take it as a convenient device for generating
large output movements in response to demand shocks. We shift the focus from
frequency to magnitude and demonstrate how demand shocks and supply shocks
can lead to considerable different price responses.

The rest of the paper is structured as follows: Section 2 develops a dynamic
model of monopolistic pricing and production decisions by extending the static
model of Kim and Moon (2017). Section 3 examines some key properties of the
model. Section 4 presents theoretical predictions and quantitative results. Section 5

concludes.

IL. Setup

We have expanded the static model proposed in Kim and Moon (2017) into a

dynamic model with an infinite horizon.> The fundamental business environment

? Midrigan (2011) uses a different term “regular prices” corresponding to the notion of “reference
prices” and finds similar price behaviors. Using store-level scanner data collected at Dominick’s Finer
Foods in the Chicago area, he finds that prices change frequently but tend to return to “regular prices”,
which themselves barely change.

> Kim and Moon (2017) developed a static model in which firms have to handle uninsurable
business losses to address why we observe unclear and mixed cyclical behaviors of markups. The paper
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remains the same, where firms need to set prices and produce goods without prior
knowledge of their market demand. However, in the dynamic model, firms base
their pricing and production decisions on their expectations of future business
conditions such as the evolution of production costs and demand distributions. At
the start of each period #, a firm sets price p, and produces output y, before the
realization of demand d,. Once the price p, and output y, are decided, the
market demand d, is determined upon the realization of a random demand factor
x,:

t

dz :xtD(pt)’

where the demand function D is twice-continuously differentiable with D, <0
and follows the standard property that 2D, (p)+pD,,(p) <0, indicating a
decreasing marginal revenue as the price p increases.

Market demand evolves along the transition path of the probability distribution
function for x. Let the distribution function be denoted by F(x;6), where the
second argument 6, an mx1 vector, characterizes the distribution function F .
The distribution function is continuous and differentiable for given 8; f(x;0)=
% >0. @ is assumed to be realized at the beginning of each period according
to the transition function G following a Markov process, G(6',0)=Pr(0,,, <
0'16 =0).

At the beginning of each period ¢z, the firm produces output y, and makes it
., —d,_)" brought
forward from period z—1. Given that », is known at the beginning of period z,

available for sales together with inventory holdings #n, =(s

choosing the output level y, is equivalent to choosing the level of stock s,
available for sales,

s, =y, +n,. (1)

We consider production technology with constant returns to scale and total
production cost C(y,) to be proportional to output produced: C(y,)=c,y, with
¢, >0 for all z. This specification helps to formulate the monopolist’s dynamic
decision problem to a standard recursive structure of the Bellman equation. Given
that carrying inventories 7, from the previous period is costly, we also introduce
the marginal cost of holding inventories, g, >0. We assume that ¢, and g, are
realized at the beginning of each period.

We now define x as the lowest admissible value of the realized x needed to

clear the market:

found that the cyclicality of markups depends on firms’ fundamental characteristics such as their
market power, production technology, and reservation value of products.
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s, =%,D(p,). 2)

With this identity (2), (p,,s,) and (p,,x,) are one-to-one injective mapping and

s, 1s monotone-increasing in &, for every given p,. Using this relationship, the

realized period profit for a firm that starts with inventory holdings 7, and ends

with a realized market demand d, can be expressed as a function of p,, x,, 7,
and @ . This equation takes the form:
ﬂ(Pt,xt, t) t) PZ{S nl‘Fl}_Cl(Sl_nt)_qlnl (3)

:Pt{xt _(it _xt)+}D(Pt)_Ct{‘ftD(Pt)_nt}_qtnt’

where 7, is determined by the difference between #, and x,, multiplied by a
factor D(p,);n,, =(x,—x,)"D(p,) such that (£, —x,)D(p,) for %, >x, and zero
otherwise. The first term in the equation represents the revenue generated by the
sale of goods, while the second and third terms represent the production cost and
the cost of holding inventory, respectively. The realized period profit 7 appears
random at the beginning of each period and thus the expected period profit at the
time of making decisions for each period # can be written as follows:

W(P”J?,,n,,a)
J- Pz’xz’nt’x )dF(xz’ t) (4)

=pD(p)[, 5 dFP30)+p D). 3dF(x;0)=c 5 Dip)=nYgm,

where x(0) and x(6) are the lower and upper bounds of x for the distribution
function F(x;6).
We assume that the firm makes pricing and production decisions to maximize

the expected present value of the future profit stream:

E AW ( )|, 5
s B S 050, 0) ®
st n,, =(x,—x,) D(p,) forall 1=0,1,2,...,
xD(p,)=n,,
(n,,0,) given.
E[-] for ¢=0,1,... denotes the expectations operator conditional on period-z

information set. The constraint, x,D(p,)2n,, follows from the feasibility condition
that y, >0 and thus s, 2, for all #’s. [ is a subjective discount factor lying
between 0 and 1 and thus SA4,, /A, is seen as the stochastic discount factor over
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¢t and z+1.

Notably, the cost of stockouts is implicitly contained in the model’s economic
profits as lost sales opportunities. This cost reflects the fact that customers who
cannot purchase the product may turn to buying a competitor’s product. The cost
can be further explicitly specified to include other costs associated with stockouts,
such as reputation damage, which could also affect the firm’s future sales. We leave
the explicit inclusion of such costs for numerical analysis later without unnecessary
complications.

IIL. Optimal Policy Rules

The optimal pricing and production policies that solve the dynamic decision

problem (5) satisfy the first-order conditions with respectto x, and p,:

Wipion 00+ B Ao f) (e =a. D00 30) | =0, ©
and
W, (p,,%,,n,,6,) (7)
+E [ A [, =0, M5, =2 3D, (n)dF:0) | =0
where A, = l/‘l*' , and W, and W, are the first-order derivatives of the

expected period profit W defined by (4)

W,(p,.2,,n,,0,) =D(p)1" p,dF(x,;0,)-c,],
W,(p,,2,n,,0,) =%, 2[D(p,)+p,D,(p))dF (x,;6,) (8)
+[7% 2,D(p,)dF (x,;6,)+ %D, (p) 113" pdF(x,;6,)—c,].

By substituting back with (8) and rearranging them, we can reduce (6) and (7) to

e =rf " arwOE| N (- q)ar(s0)|, ©
M?-JY z x(0) |
i MRY.XD

MRY.XS

and
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N %(0)
0=£D(p)], dF(x;0)+ (10)
[, ¥DG)+D,(p)pYaF(x;0)- E[A'Jj(g)(c’ — gD, (p)dF(x; 9)} ,

respectively, where we use “prime ()” to denote the next period ones while
removing time subscripts. A set of acronyms in the language of economics
accompanies the static version of the model developed in Kim and Moon (2017)
(p.535 provides details)." For example, “MR.Y.XD” can be read as the expected
marginal revenue (MR) w.r.t. production decision (Y) over excess demand states
(XD).

Equations (9) and (10) characterize the two optimality conditions in terms of
marginal analysis in economics. Equation (9) is the standard statement of MR=MC.
But this time, because the production decision is made before the realization of
demand shock, the firm needs to take into account two distinct states of excess
demand and excess supply. Therefore, an ex-ante optimal production decision will
be made where the marginal cost equals the expected marginal revenues summed
over the two distinct states: XD and XS. To appreciate some unique features of the

condition in comparison with the standard “MR=MC” statement, we rewrite (9) to

__F(x;0)
1-F(x;0)

—_—
XS/XD odds

{e—E[N'(c'=¢")IF(3;0)} . (11)

This expression can be seen as a dynamic version of the one that was proposed by
Prescott (1975) and has repeatedly appeared in the literature to capture the idea of
effective marginal cost pricing under demand uncertainty (for example, Eden
(1990), Rotemberg and Summers (1990), Dana (1998, 1999), and Kim and Moon
(2017)). The term denoted by “XS/XD odds” amounts to some additional cost
attributable to demand uncertainty. As a whole, (11) shows a schedule for the firm’s
willingness to supply by adding the shadow cost of production under demand
uncertainty to the traditional supply curve. As in Kim and Moon (2017), we refer to
the condition as an offer curve to differentiate it from the traditional supply curve.
Equation (10) states that, for a given production level, the firm’s optimal pricing

is made at which the expected marginal revenues over the two distinct states (XD

* MC stands for marginal cost; MR for marginal revenue; Y for w.r.t. production; P for w.r.t. pricing;
XD for excess demand; and XS for excess supply.
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and XS) cancel out each other. The firm’s ex-ante chosen price for a given level of
production will result in either state of excess demand or excess supply ex post. The
state of excess demand (excess supply) means that the price set ex ante turns out too
low (high), in turn meaning that a marginally higher price would make additional
revenue (loss). Therefore, an ex-ante optimal pricing decision, as enunciated in
MR.P.XD+MR.P.XS=0 from equation (10), seeks to balance the two marginal
revenues associated with XD and XS states. We refer to the condition as a hedge
curve to highlight the firm’s balancing motive.

A dynamic relationship that commonly appears across the two conditions
associates the marginal revenue with XS states. This is because unwanted
inventories are modeled to be carried forward next period, whereas stockouts are
not.” The marginal revenues associated with XS states are formed on the difference
between future production costs and future inventory-holding costs (i.e., ¢'—¢") to
measure how much the marginal impacts of XS states affect the future profit stream.
In other words, this term shows how much the firm can save tomorrow if it carries
forward one additional unit of output produced today. Its expected present value,
namely, E[A',[i(g) (c'"—q")dF(x;0)], can be thus seen as a “forward-looking
reservation price” at which the firm is indifferent between selling an additional unit
in the present and carrying it forward to the future.

The following result ensures that under a certain condition, the two optimality

conditions constitute an optimal set of pricing and production.

Lemma. Let 0 be a fixed parameter. A set of pairs ( p,x ) satisfying equation (9)
generates an upward-sloping curve (which we call an offer curve). By contrast, a set of
pairs ( p,x ) satisfying (10) generates a downward-sloping curve (which we call a hedge

.- xf (x:0
curve) under the condition that lif;:;g)) 8(p)>m, where &(p) denotes the

price elasticity of demand.

Proof. To prove that an offer curve is upward-sloping, we will show that

% . >0 for all & along (9). Similarly, to prove that a hedge curve is
downward-sloping, we will show that %|qu 10<0 forall % along (10) under the

stated condition. The complete proof can be found in the Appendix. O

This result helps clearly visualize the two optimality conditions (9) and (10)
through the association of p and x.Equation (9) depicts a positive relationship
between p and x, whereas (10) shows a negative relationship between p and
% under the stated condition.

The stated condition for a downward-sloping hedge curve is worth appreciating.

° If the model is extended to include explicit cost of stockout, the marginal revenues are associated
with XD states as well. We provide such a model later in Section 4.2 for numerical analysis.
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. 3 (5:0 .. ..

The ratio, lffp(;;,g) , on the r.h.s. of the condition can be read the elasticity of excess
. R 0 —FG 2 e

demand probability w.r.t. x because 1-fp((§;e)) = [d(ll_f((;:f))} /“%]. Thus, the condition

requires the firm never to set prices within the inelastic range of the excess demand
probability, similar to the standard textbook statement that a monopolist never sets
prices within the inelastic range of market demand.

Given that the two curves described above complement each other, the firm’s
optimal pricing and production decisions are made where the two curves intersect.

IV. Price Responsiveness to Demand and Supply Shocks
4.1. Price Response Mechanism

The two curves represent two motives that emerge from where a firm faces
stochastic business outcomes that may lead to unwanted inventories or unwanted
stockouts. On one side, a firm has a “cost-compensating” motive, by which it
reflects the shadow cost of production under demand uncertainty on its supply
schedule. On the other side, the firm also has a “loss-balancing” motive, by which it
seeks to balance contingent losses that arise from two distinct states.

These two motives also work to rebalance the probabilities of such outcomes in
response to changing business conditions. This mechanism results in different price
responses based on the nature of shocks faced by the firm. We begin by examining
price responses to demand shocks and then contrast them with price responses to
cost shocks.

Price Response to Demand Shocks

To understand how a firm reoptimizes its pricing and production decisions, we
will consider a demand shock that takes the form of a changing mean of x
following a lognormal distribution. The following result presents the mechanism by

which prices respond to an increase in demand.

Proposition 1. Consider a log-normal distribution for x:In(x)~ N (1,06°). Suppose
an increase in p from O={u,c’}. On impact, the offer curve (9) associates every
given x with a lower price following an increase in [, whereas the hedge curve (10)

associates every given x with a higher price under the condition of Lemma.

Proof. The proof consists of two main parts. First, we demonstrate that the
optimality conditions (9) and (10) are no longer valid after the demand shock.
Second, we show that these conditions can be restored through the reoptimization
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of pricing and production, subject to the condition stated in the Lemma. A complete
proof is provided in the Appendix. m]

A favorable demand shock leads to a higher probability of stockouts and a lower
probability of unwanted inventories for every given (p,x). That is, the favorable
demand shock (u'> u) is expressed as a first-order stochastic dominance in that
1-F(x; ) >1—F(x; 1) for every given x.This means that the firm is more likely
to face lost sales opportunities and less likely to be left with unwanted inventories.
As a result, condition (9) breaks down as the r.h.s. of (9) exceeds the marginal
production cost ¢. To restore the condition, the firm needs to lower prices for
every given % (or increasing production for every given p ). As a result, the offer
curve shifts downward (or shifts outward) as shown in Figure 1(a).

At the same time, the favorable demand shock breaks condition (10) and leads
the r.h.s. of (10) to exceed zero. To restore the condition, the firm needs to raise
prices for every given x (while also increasing production for every given p). As
a result, the hedge curve shifts upward as shown in Figure 1(a).

These results can be intuitively understood. The offer curve is underlain by a
“cost-compensating” motive, upon which firms set prices according to the schedule
of effective marginal costs. Given that the favorable demand shock means being
more likely to sell for every given output level, the effective marginal costs fall for

every given output level; thus, the offer curve shifts down.

[Figure 1] Price response mechanism: demand shock vs. cost shock

b offer curve ? offer curve

1

1 1

1 ]

' [
' )
[}

— s
hedge curve edge curve
0 X 0 X
(a) Shifts to demand shock (b) Shifts to cost-push shock

The hedge curve is underlain by a “loss-balancing” motive, upon which firms set
prices to remove any imbalances in marginal revenues associated with excess
demand and excess supply. As the marginal revenue associated with excess demand
(MR.P.XD) increases in response to the favorable demand shock and the marginal
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revenue associated with excess supply (MR.P.XS) decreases, firms will raise prices
to rebalance the marginal revenues by moving some of the increase in MR.P.XD to
cover some of the decrease in MR.P.XS for every given output level. The hedge
curve shifts up.

Altogether, the two motives induce opposite price responses to the favorable

demand shock. Prices little respond to demand shocks.
Price Response to Supply Shocks

The response mechanism based on the two motives remains applicable to shocks
of various types, although the resulting pricing behaviors may vary. Next, we shift
our focus to the supply side and investigate how a firm adjusts its pricing and

production decisions in response to a positive shock to production cost.

Proposition 2. Let ¢ be a stochastic process with a positive autocorrelation. Suppose a
positive shock to c. Then, the offer curve (9) and the hedge curve (10) both associate
every given x with a higher price on impact.

Proof. The proof consists of two main parts. First, we demonstrate that the shock
causes the two optimality conditions (9) and (10) to break down. Then, we show
that one can restore them by reoptimizing price and production as stated. The
complete proof can be found in the Appendix. ]

As for condition (9), a cost-push shock increases present and future production
costs (¢ and ¢"). However, the maximum possible change in the r.h.s. is smaller
than the shock size on immediate impact because the stochastic discount factor and
the probability of excess supply are both less than 1. Therefore, the cost-push shock
makes condition (9) break down toward the Lh.s larger for every given (p,x). To
restore the condition, the firm needs to raise prices for every given x. As a result,
the offer curve shifts upward as shown in Figure 1(b).

The response of the firm to the cost-push shock with respect to condition (10) is
more straightforward. The adverse supply shock affects the condition to the extent
that it adds to expected future production costs (c'), leading it to break down as its
whole r.h.s expression now falls below zero for every given (p,x). To restore the
condition (10), the firm needs to raise prices for every given x. As a result, the
hedge curve also shifts upward as shown in Figure 1(b).

Intuitively, an increase in production costs causes the two motives to react in the
same direction. Firms with the cost-compensating motive will raise prices when the
effective marginal costs increase, which is indeed so this time by the cost-push shock.
The ofter curve thus shifts up.

At the same time, the cost-push shock raises the future production costs, in turn



300 The Korean Economic Review Volume 40, Number 2, Summer 2024

raising the value of future inventories that are carried forward in the state of excess
supply. As the marginal revenue associated with the excess supply becomes greater
than before (or, the marginal loss expected in the state of excess supply becomes
smaller now), firms with the loss-balancing motive will raise prices and thus the
hedge curve shifts up.

Altogether, the two motives make prices respond to the same direction in
response to the cost-push shock. Prices are highly responsive to supply shocks.

[Table 1] Benchmark model: Parameter values and steady states

Parameter values Steady states

55 5 A 5

a & P P P PP p ot & N g
1 6099 09 09 09 09 1 05 1 099 05 123 221 056

4.2. Numerical Analysis
We now consider a demand function with constant elasticity that is used
extensively in the macroeconomics literature: D(p)=ap © with the price elasticity

of demand &£ >1.° For a log-normal distribution for x, In(x)~ N (u,0°), we
have (9) and (10) as follows: (A'= 1"/ 1)

c=pll=F(%0)}+E[A('-¢")IF(%;0), (12)

0 =J?{l—F(J?;@)}—f-%{l—¢(p)}exp[%+,u]{l—erf{a +,u—lnxﬂ’ (13)

where

2 2 o2

F(f)e):l“‘lel‘f(lnx_#j, az{luaaz} 5

and

p(p)=¢

bl

[P‘E[A""‘q'”j
p

with the Gauss error function, erf(x), defined by

¢ Strictly speaking, the demand function should be written as D(p)=a(p/P*)°, where P* is
the aggregate price index. However, since the aggregate price index is given exogenously in our partial
equilibrium model, we have normalized it and set P* =1.
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erf(x) = %jexp(—tz )dt .
T

We consider a spread-preserving positive demand shock and allow g to shift
over time. We assume that u follows a stationary AR(1) process:

’ S8
u=1=-p " +p,p+te,,
where 4 denotes the steady state value of u, p, its autoregressive coefficient,
e, i.i.d. normal disturbances with mean zero.
We also consider fluctuations in the marginal costs of production ¢ and assume
that ¢ follows a stationary AR(1) process:

d=1-p)c" +pc+te,,

where ¢” denotes the steady state value, p_  autoregressive coefficient, and e,

1.1.d. normal disturbances with mean zero.

[Figure 2] Impulse responses to a demand shock

1 1 1
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
-1 -1 -1
0 10 20 0 10 20 0 10 20
Price xhat Stock
1 1 1
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
-1 -1 -1
0 10 20 0 10 20 0 10 20
Expected inventory value XS probability Expected inventory stoc

Note: The line with crosses traces the movements of variables over 20 periods in response to
shocks to the demand distribution () . The size of the shock is normalized to 1% of its
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steady state level and the size of responses is expressed in % deviation from the steady state.

We similarly assume AR(1) processes for the transition of the stochastic discount
factor (A"= A"/ A) and the cost of inventory holdings (g).

Table 1 presents parameter values and steady states for the model. p indicates
the AR(1) autocorrelation coefficient of a variable. The superscript “ss” appended to
a variable indicates the steady state value of that variable. We set these parameter
values following the literature: the demand elasticity & is set to 6, as it is usually
assumed between 3 and 10 in the literature. The subjective discount factor [ is
set to 0.99, implying that one period in the analysis can be considered a quarter in
the calendar. As part of a robustness check, we also carry out quantitative analysis
with different parameter values and find that our results remain to hold
qualitatively.

Figures 2 and 3 show impulse responses of prices (p), threshold value (x),
stock levels (s), expected value of unit inventory E[A'J;H)(c’—q’)dF(x;e)], XS
probability F(#;6), and expected inventory stock E[n']|=E[(x—x)" D(p)] over
the subsequent 20 periods to demand and cost shocks at time 0, respectively. In each
case, the size of the shock is normalized to 1% of its steady state level and the size of
responses is expressed in % deviation from the steady state. The quantitative results
confirm the key predictions of Propositions 1 and 2.

Figure 2 demonstrates results from the demand shock. Prices respond little to a
positive increase in demand on impact and throughout the whole time horizon.
This result remains unchanged irrespective of shock persistence. By contrast, the
level of x rises on impact by about 1% from its steady state level and gradually
decreases toward the steady state. These contrasting behaviors of p and x are
what has been expected for the case of demand shocks as well illustrated by Figure 1
(a). Furthermore, the optimal responses of output stock s can be easily
understood from the joint movements of (p,x). As defined by equation (2),
{(p,s)} has a one-to-one map to (p,x). Given that p responds little while x
adjusts by about 1% before gradually returning to its steady state, the stock s also
increases immediately by about 1% followed by gradual fall. As a whole, the
numerical experiments show that demand shocks lead to a small price adjustment
and make it contrast with output responses. This is exactly as predicted by
Proposition 1.

The lower three panels contain extra information. The unresponsive XS
probability implies that x responds proportionally to the size of shock to . The
expected value of unit inventory is neither responsive to the demand shock because
the future marginal costs of production and inventory holdings (¢" and ¢') are
exogenously given. The expected inventory stock increases as the firm optimally
raises the level of stocks in response to the favorable demand.

Figure 3 shows the results from a cost-push shock. A 1% increase in the marginal
production cost is reflected onto price change, driving prices up about 1% from the
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steady state level on impact. Prices then gradually return toward the steady state. By
contrast, the level of £ responds little to the cost-push shock.” These contrasting
responses of p and x are as expected from Figure 1 (b), which illustrates how the
hedge and offer curves shift for the case of supply shocks. The optimal responses of
output stock s can then be easily understood from the joint movements of (p,x)
along with equation (2). Given that p increases by 1% while % responds little,
the stock s=xap® will fall by as much as the magnitude of demand elasticity &,
which is arbitrarily assumed 6 in the present numerical experiment (Table 1 shows
specific parameter values).

[Figure 3] Impulse responses to a cost-push shock
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Note: The line with crosses traces the movements of variables over 20 periods in response to
shocks to the production cost (c). The size of the shock is normalized to 1% of its steady
state level, and the size of responses is expressed in % deviation from the steady state.

Again, the lower three panels contain extra information. The increase in the
expected value of unit inventory reflects the fact that it becomes more expensive to
produce output due to the cost-push shock. The impulse responses for the other two
variables can be also easily understood: the XS probability rises reflecting a small
increase in x while the distribution function F itself unchanged. The expected

inventory stock falls on impact as the firm optimally reduces the level of stocks in

7 However, the qualitative responses of # are ambiguous depending on the precise shifts of the
hedge and offer curves. This is well illustrated by 1 (b).
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response to the adverse cost shock.

We further check the quantitative robustness of these results. First, we examine a
model that explicitly includes stockout costs. We introduce stockout costs by
assuming that a certain fraction of customers who cannot buy products from a firm
due to stockouts never return to the firm. That is, stockouts result in reputational
damage that affects the firm’s future sales. Let b denote the present value of future
sales losses that arise from one unit of stockouts. We assume for simplicity that the
marginal stockout cost is constant for each given period while being allowed to vary
over time. Specifically, the period profit (3) is then changed to

ﬂ(Pz’xz’nz’m 0 pt{sz _nt+l}_cz(sz _nt)_qznz _btmz
:pz{it _(521 —xt)+}D(pt)—Ct{J’C\'tD(Pt)—ﬂt}—qtnt _btmt ’

where 2, is the amount of stockouts that was brought from the previous period
and thus m,, is determined by the difference between x, and x,, multiplied by
a factor D(p,);m, =—(x,—x,) D(p,) such that —(x,—x,)D(p,) for x <x,
and zero otherwise.

The first-order conditions derived from the corresponding maximization

problem are obtained as follows:

¢ ={p—E[N'1}{1-F(2)}+ E[A{c'~q'}F (%),

-
MCY MR.Y.XD MRY.XS

and

0=%D(p){1-F(%)} - E[A'b'DP TN xdF(x)}
[} %D(p)+ pD, (p))F )~ E| N =)D, (9 xdF(x) |

MR.P.XS

Using the same functions from the previous numerical analysis, the two
optimality conditions can be expressed to

c={p—E[ rb]}|:__l [lnx ’HH+E[A'(C'—¢1')]|:%+1 lnx ,U:|

o2

0=9?|:%—le f(lnoi/flﬂ*- E[A'b]exp(i ,uJ{l+erf[ +Oil/:ln j:|
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2

1 ‘+u—Inz
+E{l—¢(p)}exp %—Flu 1+erf O *H-nx

o2 ’
on which the impulse responses shown in Figure 4 are based. More precisely, the
computation of impulse responses assumes that &, the marginal stockout cost,
varies over time around the steady state of 4* =0.5. All the other parameters are
assumed the same as in Table 1 for (12) and (13). As before, the size of the shock is
normalized to 1% of its steady state level and responses are in % deviation from the
steady state. The impulse responses of prices and outputs are qualitatively the same
whether with or without stockout costs. However, with stockout costs, outputs
respond less to a cost-push shock than they do without stockout costs. The firm
reduces production because it now puts more weight on XD states. Above all, the

results are consistent with the predictions from Proposition 1 and

[Figure 4] Impulse responses of price and quantity: with explicit stockout costs
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Note: The impulse responses are from a model with explicit inclusion of stockout costs. The
computation is precisely based on where b denotes the marginal stockout cost that varies
over time around the steady state of 4" =0.5. All the other parameters are assumed the
same as in Table 1 for (12) and (13). The size of the shock is normalized to 1% of its steady
state level and responses are in % deviation from the steady state.
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Secondly, we conduct quantitative examinations against another common
specification of demand used in the literature. With linear demand, D(p)=a—dp,
we find that, although the output response to the cost-push shock is relatively small
compared with that to the constant elasticity case, the dynamic behaviors of prices
and outputs in response to demand and supply shocks remain qualitatively identical.
These results confirm again the predictions of Propositions 1 and 2 (Figure 5 is an

example, where we use D(p)=1-p/2).

[Figure 5] Impulse responses of price and quantity: Linear demand
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Note: The impulse responses are from a model with a linear demand function D(p)=1-p/2.
All the other parameters than demand’s are assumed the same as in Table 1 for (12) and

(13). The size of the shock is normalized to 1% of its steady state level and responses are in %
deviation from the steady state.

V. Conclusions

The paper presents a theoretical model that examines how prices respond to
changes in demand and supply. We consider firms that have to set prices and
produce outputs before knowing its precise market demand. The main prediction of
the model is that prices respond little to changes in demand but much to supply
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shocks. These conditional price movements have been found by empirical studies
with data from many different countries, though less known due to the absence of a
guiding theory.

Our theory provides new insights into how demand and supply shocks can lead
to considerable different price movements. The different price responses to different
shocks are explained within a unified framework in which the cost-compensating
and loss-balancing motives interplay. The predicted sharp contrast in price
responses between demand and cost shocks is consistent with recent microeconomic
evidence that price changes are systematically related to cost changes but little to
even large demand movements.
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Appendix
Proof of Lemma
(A) The XS curve upward-slopes. Eq. (9) can be rewritten to and denoted by
M (p,;0) = pll— F(50)} + EIA'(c' = g IF(3;0) —c =0, (A1)
The derivative w.r.t. p is then given by
M; =1-F(&;,0)>0.
The derivative w.r.t. x is
M} =~{p—EIN(' ~ g} f(£:0) <0,

because any optimal price must be greater than the forward-looking reservation
price E[A'(c"—4")].

Consequently,
dp M
- =-— g > O .
dx XS curve (9) p

(B) The XD curve downward-slopes. Eq. (10) can be rewritten to and denoted by

M"(p,4;0) = D(p){1 - F(%;0)}
HD(p)+D,(P)p=D,(PEIN( =)} xdF(x:0)=0, (A2)

We have the derivative w.r.t. p and obtain:

M, =D, (p){1-F(%0)}+{2D,(p)+ pD,,(p)

~EIN( =)D, (p)[ xdF(x:6)<0

x(

because the standard property of demand (i.e., 2D, (p)—pD,,(p)<0) implies
2D, (p)+{p—EIN(~g)}D,, () <0.

We turn to the derivative of M”(p,%) w.rt. % and obtain
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M = D(p){1-F(%0)}+D,(p){p—EIN'(c'~q)1}3f (%;0)

=D<p>{1—F(£-0>}{1+ PDP(P’{P—E[A’@’W’)]} i (5:0) }
’ D(p) ’

=D(p){1—F(£;9)}{1_g(p) i (%6) {p—E[A'<c'—q'>]H< .

1-F(x;0) 4

under the stated condition. Consequently,

dp M?
— =-——><0
X |51 curve (10) Mp

Proof of Proposition 1

(A) The XS curve shifts down. For a log-normal distribution for x, In(x)~
N (u,6°), we will show that the condition (9) breaks down in response to an
increase in 4, leading (A.1) to be greater than zero.

We have the partial derivative of M®(p,2;0) w.r.t. 4 as follows:

s OF (x;0 ., .. OF(x;0
% =—pé+)+E[A ('-g >]é%)
— {p—EIAN -y EED

Because p—E[A'(c'—¢')]>0 and ) =—xf(x;60)<0 for all x’s. To hold (9)

ou
back, the firm needs to lower prices for every given x because Mj >0 (as shown

in the proof of Lemma).

(B) The XD curve shifts up. Similarly, we will show that the condition (10) breaks
down in response to an increase in 1, leading (A.2) to be greater than zero.

We have the partial derivative of M”(p,%;0) w.rt. u:

b OG0 e e D
M = —xD(p>%+ DP)+ D, (=D, (DEINE ~g 1] wdi(ss0).

The last term can be rewritten as follows:

OF (x;0) _Jﬂ? OF (x; H)a,
0 0 0 o

ir xdF (x;0) =%
Op =@ H H
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:J?GF(x;H) N

o I:(g)xdF(x;H)

where the first equality is obtained when applying integration by parts and the
second equality is because

OF (x;0) R N ol — lnx_ﬂz — .
f o dx = a\/i\/;Ie p( ( o2 ]Ja’x fxdF(x,H).

Thus, we have

M? =D (p){p—EIN( )1} L8O
ou
HD(p)+ D, (PAp~EIN( =g} | xdF(x:0)
=D, p=BING -4 LD ipy i - i 00}

=—3[D,(p){p—EIN'(c' =g }3f (#,0) - D(p){1 - F(%;0)}]

where the second equality directly follows from (10) and the third equality utilizes
the fact that 5Féi;€) =—xf(x;6). We finally obtain it upon the elasticity notion as

follows:

M, = —fD(p){pD”(P) {P —HA ~q)]

D(p) P

:,emp)[e(p){f’ ‘E[AP(C 4 )]}ff(f;é’)—{l—F(f;é’)}} >0,

}ff(£;9)+{1—F(£;9)}}

under the condition from Lemma, &(p):Ziig >~y - To hold (10) back, the

. . . N . D .
firm needs to raise prices for every given x since M, <0 (as shown in the proof

of Lemma).
Proof of Proposition 2
(A) The XS curve shifts up. We have the partial derivative w.r.t. ¢ as follows:

M’ :E[A’a—c}F(f;e)—l <0,

c
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as far as ¢ follows a stationary process. To hold (9) back, the firm needs to raise
prices for every given x since M; >0 (as shown in the proof of Lemma).

(B) The XD curve shifts up. We have the partial derivative w.r.t. ¢ as follows:

p_ ,oc" | 2 _
MP = Dp(p)E[A - L(g)xdF(x,Q)>O.

To hold (10) back, the firm needs to raise prices for every given * because
Mf <0 (as shown in the proof of Lemma).
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