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Price Stickiness under Stochastic Demand

Sheng-Yeh, Wu' and Guan-Ru, Chen®

Abstract

This study develops a two-period model in which the manufacturer determines a price floor and sets
production output prior to resolution of uncertainty. The closer the distance between the minimum price
and the high-demand-state price, the higher the degree of price rigidity. Solving for the minimum resale
price and production output, the model indicates that asymmetric price transmission could be a
characteristic of competitive markets. The retail price in a highly concentrated retail market might be
lower than that in a retail market with fierce competition. The relationship between price adjustments and
the market competition suggests that the reason underlying price rigidity should be considered while
formulating the antitrust and monetary policies.

JEL classification numbers: D12, L11
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1 Introduction

Although classical economics predicts continuous and full adjustment of prices in response to
continuous changes in supply and demand conditions, price rigidity has been documented for a variety of
markets (Carlton, 1986; Kashyap, 1995; Bils et al., 2003; Klenow and Kryvtsov, 2008; Nakamura and
Steinsson, 2008). In theoretic models, the market-clearing prices are inevitably volatile if the
manufacturers’ output is determined before the realization of demand uncertainty. Likewise, models that
treat retail prices as fixed variables cannot explain why price rigidity varies across products, as described
by previous studies. Caplin (1993) describes it as unfortunate “that so little attention has been given to
characterizing the circumstances that give rise to high and low levels of nominal price inertia,” while the
factors influencing firms’ price changes are critically important to understanding the workings of a market
economy and the consequences of public policy (Blinder et al., 1998). Carlton (1986) found that steel,
chemical, and cement have a higher degree of price rigidity than household appliances, plywood, and
nonferrous metal. Bils et al. (2003) found that prices of newspapers, men’s haircuts and taxi fares change
less than once every two years, while prices of gasoline, tomatoes and plane tickets change more than
once a month on average, suggesting that the frequency of price changes varies dramatically across
products. Conlisk et al. (1984), Caucutt et al. (1994, 1999), and Tirole (1988) found that durable products
have a relatively high price rigidity across industrial product classes, indicating that the salvage value of
merchandise plays a role in price stickiness. Since 1970, an often-noted concern in congressional hearings
and commissions is that retail prices respond asymmetrically to exogenous changes (Mathews et al.,
1999). The conventional industrial organization (I0) wisdom suggests that prices in less competitive
markets display more downward stickiness than prices in highly competitive markets (the
administered-price hypothesis, Mean, 1935). Likewise, Carlton (1986) also reported that the level of
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market concentration is strongly correlated with price stickiness. However, other studies used more
aggregate data to examine the speed of price adjustment, yielding conflicting results. Domberger (1979,
1983) and Weaver (1989) found that prices in more concentrated industries adjusted more quickly to
changes in costs or demand, Kraft (1995) further indicated that prices are more flexible in periods of high
demand than in times of recession. Domowitz et al. (1986) found a significant positive relationship
between the speed of price adjustment and market concentration in producer goods and consumer goods
industries. Caucutt et al. (1999) found that the sizes of price changes in consumer goods are positively
related to market concentration, while those of price changes in producer goods are negatively related to
market concentration. This suggests that the effects of market concentration on prices differ depending on
whether the goods are for final consumption or are intermediate inputs. Weaver (1989) indicated that the
presence of output and price control in a concentrated market of imperfectly competitive firms implies
coordination and this may suggest that prices adjust efficiently to maintain desired levels of profit. Powers
and Powers (2001) studied retail markets and concluded that markets that are more concentrated
experience larger price changes. Peltzman (2000) argues that asymmetric price transmission may be a
characteristic of competitive markets, and its presence does not automatically imply market power. Weber
and Anders (2007) showed that large retailers change prices more frequently than small companies do.
Holzer and Bittmann (2019) found that private label products are more rigid than national brands, since
national brands hold a stronger market power. In summary, the existing literature on the association
between market concentration and price inertia is mixed.

The remainder of this study aims to investigate the relation between market power and price rigidity.
As market competition intensifies, do market price become more stable or more volatile? We establish an
economic model to yield numerical analysis to answer this question in supporting of empirical literature.
The remainder of this study is organized as follows. Section 2 analyzes variations in price rigidity by
constructing a model with a monopoly manufacturer. Section 3 uses a numerical analysis to depict the
extent price adjustment under various parameters. Section 4 explains the managerial implications of price
rigidity model and concludes.

2 The Model

In the basic setting, the manufacturer sells her merchandise directly to consumers instead of selling
through retailers. For a two-period model under demand uncertainty, the manufacturer must determine the
production output and price floor before the resolution of demand. The details can be summarized in the
following assumptions.

Assumption 1: There is a pre-season (t =1) and a selling season (t =2). A risk-neutral manufacturer
produces the merchandise at t =1, with production cost as follows:

TC =(f, + f,Q)Q 1)

where f,, f, > Oare constants, and Q denotes production output.

Assumption 2: At t =1, the current demand is given by:

Q=aX-bP (2)
where a,b >0 are constants, P is the market price, X is the demand uncertainty that realizes at
t =2, and has a binominal probability distribution as follows:

N Xy = Xe"', with probability = & 3)
X, =Xe™"" with probability =1—c«
The probability « >0 can be given exogenously or determined endogenously. The latter is the
risk-neutral probability (Cox et al., 1979), and can be written as:
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where r >0 denotes the discount rate, v>0 denotes the volatility of demand shocks, t>0 denotes
the time interval between two periods, while e and e "' are the percentages of upward and
downward movements, respectively. The risk-neutral probability has the advantage of being independent
of subjective beliefs regarding the occurrence of the possible states, and it ensures that the expected
growth rate of demand equals the discount rate I, which can be written as:
e =q- e+ (1l-a)e™" (5)

Equation (5) shows that once the appropriate discount rate is chosen, the expected growth rate of demand
will be independent of volatility and probability.

Assumption 3: Along with production output Q, the manufacturer determines the price floor P

before the realization of market demand. If the low-demand state ( X =X, ) occurs and the

market-clearing price is below the price floor at t =2, there are unsold quantities at the binding price
floor, and the salvage value per unitis s.
Given Assumptions 1-3, the profit maximization problem for the manufacturer can be written as:

Max m, = (= fo—f QR +m( X, —%)Q+UE(3XL—bE)—US(Q—(aXL—bE))

aXy _2>P2ﬂ_9

vyt t

(6)

st.  —— >
b b b b

H _%2E were violated,

there would be unsold goods even in the high-demand state. This would be economically unreasonable
and the second-order sufficient conditions for profit maximization would not hold. If the constraint

aX
P> 0 = —% were violated, the price floor would not bind even in the low-demand state, rendering the

price floor meaningless. The solution to Equation (6) can be found by forming the Lagrangian and
satisfying the Kuhn-Tucker conditions:

£=(-f,-f QI+ m(EX,, ~2)Q+UP(aX, ~bP)-us(Q - (@X, ~bP)

where m=cae ™", and u=(1—a)e "for simplicity. If the constraint

x, (7)
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The Kuhn-Tucker conditions are as follows:
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Proposition 1 indicates the optimal production and price floor, both for the cases where the constraints are
met with equality, as well as the cases where they are not.

Proposition 1: Given Assumptions 1-3, the manufacturer’s optimal strategy consists of setting
production output and price floors according to various constraints:

Q:amXH+bus—bf0’ E:aXL+§ " aX,, —9>E>ﬂ—9 ®)
2fb+2m 2b 2 b b b b
—rt _ —
Q- uerauXu =X )=bhy 4 p_8Xy Q ©)
2fb+2e b b
Q:amXH +auxtn—bf0 " E:ﬂ_g (10)
2fb+2e b b

Proof: If Xy —9>P>ﬂ Q
b b b

. oL o .
- E , the Kuhn-Tucker conditions — ,—— > 0 are naturally satisfied.
2

Since the two constraints are not binding, one can assume 4, =A, =0, and the first-order conditions

become:
%:—fo—zleer(a)gH —%Hus:o (11)
Z—ﬁ:auxu —2buP +ubs =0 (12)

Solving for Q and P yields:
o amX,, +bus —bf, P axX, s

2fb+2m T~ 2b 2

The following second-order sufficient conditions for a maximum are automatically satisfied given f;, >0
(which is guaranteed by Assumption 1):

2
%:_zfl_z_m<0, %z—Zbu<0, oLoL oL = 4(f, + )(bu) > 0
oQ b oQ 0P oQoP b
axXy aX,

_—_E’ the constraint P = —%cannot be binding, so we assume that 2,2 =0. The

- b
first-order conditions become % = % = % =0
oQ oP o4
2m 1 amX
—2f —— 0 — fo— H_

1" b | 0
0 —2buP 1| P|=| -—auX —usb (13)
1 a
= 1 0|4 ZX
b b "

Solving the equations yields Equation (9). The second-order sufficient condition requires that the
following boarded Hessian be positive:
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-2f,-2m/b 0 1/b
0 —2buP 1 |=2(f,+m/b)+2uP (14)
1/b 1 0

That is satisfied given f, >0. Following the same procedure, one can obtain Equation (10) under the
aX, Q
b b

constraint P =

Q.E.D.

Equations (7)—(9) enable us to assess the position of the price floor relative to the prices in the
high-demand and low-demand states, denoted by P, =aX,/b—Q/b and P, =aX, /b-Q/b,
respectively. A high degree of price rigidity corresponds to the price floor being near the price in the
high-demand state; the prices are entirely flexible when the price floor coincides with the price in the
low-demand state.

A flexible pricing model, which treats output as a single endogenous variable, can provide a point of
comparison with the price rigidity model. The manufacturer’s profit maximization problem can be written
as follows:

N ax. -Yoru@x, -2
Max m, = (= fo =F Q)R+m( Xy = 9)Q+u( X, = )Q (15)

There is no unsold inventory in the flexible pricing model, so Equation (15) is not a function of salvage
value. Solving for the production quantities yields:

_a(mX,, +uX,) bf,
2(bf, +e™)  2(bf,+e™") (16)

Q

In the following, we use numerical analysis to illustrate the association between price rigidity and market
variables. If the price floor in the price rigidity model or the low-demand state price in the flexible pricing
model is lower than the salvage value S, they will be replaced by the salvage value. However, the lower

bound on price does not limit the manufacturer’s production quantities, so we do not have to add P >$

or aX, /b—Q/b>s as constraints in the Lagrangian.

3 Results of numerical analysis

Fig.1 shows the effects of salvage value on the price rigidity at the end of the selling season. As the
salvage value S increases, the price floor P rises until it reaches the high-demand state price. At point

A, the price floor coincides with the high-demand state price; the market price is fixed regardless of
demand fluctuations and demonstrates perfect rigidity. The value of storable goods at the end of the
selling season limits the downside risk, so the producer does not have to cut price to generate sales. This
result corresponds with those of Conlisk et al. (1984) and Caucutt et al. (1999), who found that durable
products have relatively high price rigidity across industrial product classes. Serra and Goodwin (2003)
demonstrated that price rigidity were not present on the highly perishable dairy products in Spain.
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Figure 1: Salvage value and price rigidity: without retailers
Parameter values: a=50,b=1, X =1,v=0.035,5=32,r=0.02, f; =2, f; =2

Rotemberg and Saloner (1987), Taylor (2000), and Powers and Powers (2001) used the slope of
demand curves as an indicator of market power. A concentrated market implied a steeply sloped consumer
demand function. In Equation (1), we assume that the manufacturer’s perceived customer demand is

Q =aX —bP, with “b ” being the reciprocal of the demand curve’s slope. Fig.2 shows that a larger “b ”

indicates a flatter demand curve and a lower intercept on the vertical price axis, suggesting that the
manufacturer loses more customers from raising prices. Given any quantity, the price at b=1.4 is lower
than that at b =1.0. A higher value of “b” represents less market power, with b — corepresenting
perfect competition (Taylor, 2000).
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Figure 2: The demand curve, Q=aX —bP,a=>50, becomes flatter as b increases

Fig.3 shows that a manufacturer with less market power tends to make smaller price changes in
response to demand fluctuations. The price floor declines with the market-clearing prices but at a slower
rate; as market power continues to weaken, the price become completely rigid. This is consistent with
Taylor (2000), according to whom low market power would lead to a small price change in response to a
change in demand. Caucutt et al. (1999) found that the sizes of price changes in consumer goods are
positively related to market concentration. Domberger (1979) pointed that the costs of search and
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communication among sellers in concentrated industries are relatively low, price adjustments can be
effectively coordinated, and equilibrium in the industry restored rapidly. Ball and Romer (1991) reasoned
that with “coordination failure” or “competitiveness pressure,” no company in competitive markets wants
to be the first to change prices. It is dangerous for monetary authorities to target price levels as policy
instruments (Kahn, 2009; Gaspar et al., 2010). For example, at point A, the central bank wants to use
contractionary monetary policies to lower the price. However, it will not see the desired effect. The price
remains the same even when demand has declined, because the prices are identical in the high and
low-demand states. Therefore, the policymakers would further increase the magnitude of monetary policy.
This might then be too strong and could harm manufacturers with low market power.
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Figure 3: Market power of the manufacturer and price rigidity: without retailers.
Parameter values:a =50, X =1,s=32,v=0.035,r =0.02, f, =2, f, =2

Tables 1.1 and 1.2 compare the price rigidity model with the flexible pricing model with respect to
the prices in the high and low-demand states, the standard deviation of price, the production output and

the profits. The standard deviation of price, which is denoted by S » » can be computed as:

S, =P +(1—a)Max(P_,P)? - AVE, (17)
where AVE, = aP, + (1—-a)Max(P_,P). The demand slope b=0.95 in Table 1.1 refers to a greater

degree of market power than represented by b =1.15 in Table 1.2. Consistent with Fig.3, Tables 1.1 and
1.2 show that manufacturers with smaller market power adjust prices by smaller amounts in response to
market demand changes. S, in the price rigidity model is lower than the corresponding value in the

P
flexible pricing model when the manufacturer’s market power is relatively small (b =1.15). Table 1.2

also shows that P, in the price rigidity model is lower than its corresponding value in the flexible

pricing model due to larger production quantities. The firm’s profit 7,, in the price rigidity model is

greater because choosing both a price floor and production output permits better use of the demand
probability distribution relative to choosing production quantities alone. As product cost rises from

fo =2 to f, =10, the price in the low demand state, Max(P_,P) in Table 1.1 (b=0.95), increases

by $1.39, but Max(P_,P) in Table 1.2 (b =1.15) does not change. This suggests that during economic

recessions, the prices in competitive markets are less responsive to cost changes. These results correspond
with those of Kraft (1995), who found that prices change more in economic recessions than in economic
booms, and prices in more competitive industries adjusted less quickly to changes in costs or demand. In



116 Sheng-Yeh, Wu and Guan-Ru, Chen

Table 1.2, as f, =10 rises to f, =14, Max(P_,P) increases by $0.50; but if f, =10 falls to

f, =6, Max(P_,P) does not fall accordingly. This asymmetry, which does not appear in Table 1.1,

explains the results of Peltzman (2000) found that price transmission asymmetry is negatively related to
market concentration. Peltzman (2000) concluded that asymmetric price transmission might be
characteristic of competitive markets. This contradicts the traditional wisdom that market concentration
and market power are the sources of price transmission asymmetry. Small manufacturers tend to choose
prices based on expected market conditions and lack the ability to change it when market conditions vary.
This is because lowering price in economic recessions does not help to generate much sales quantity to
reduce the loss. So it is dangerous for antitrust policymakers to consider asymmetric price transmissions
as evidence of high market concentration.

Table 1.1 The production cost and prices, b = 0.95

price rigidity model flexible pricing model
fo P, Max(P, P) Sy Tm P, P, Sy m
2 45.72 42.03 1.53 211.39 | 45.72 42.03 | 1.53 211.39
6 46.41 42.73 1.53 179.31 | 46.41 42.73 | 1.53 179.31
10 47.11 43.42 1.53 149.87 | 47.11 4342 | 1.53 149.87
14 47.80 44.11 1.53 123.06 | 47.80 44.11 | 1.53 123.06

Table 1.2 The production cost and price,b=1.15

price rigidity model flexible pricing model
fo P, Max(PL.P) | S, Tm P, P Sy m
2 38.61 36.99 0.67 151.26 | 38.70 35.66 | 1.26 150.79
6 39.26 36.99 0.94 123.25 | 39.31 36.27 | 1.26 123.11
10 39.92 36.99 1.21 98.24 39.92 36.88 | 1.26 98.23
14 40.23 37.49 1.26 76.16 40.53 37.49 | 1.26 76.16

Parameter values:a=50,b=1 X =1,v=0.035,r =0.02,5=32, f; =2.

4 Conclusions

This study investigates the factors that influence price rigidity both with and without retailers. We
make multiple contributions to the literature. First, market price volatility increases with the
manufacturer’s market power. Second, prices are more unresponsive to demand and cost shocks during
economic recessions than in booms, due to the binding price floor, and this asymmetry might be a
characteristic of competitive markets. The monetary policy might be too strong for small companies, and
the reason underlying price rigidity should be considered while formulating monetary policy. Third, the
retail price in a highly concentrated retail market might be lower than that in a retail market with fierce
competition. The rigidity of retail prices increases with the degree of retail market competition. Fourth,
price rigidity increases with the durability of the commodity. It is dangerous to use the rigid prices of
durable goods as an indicator of strong demand.

If price rigidity is, as this model’s prediction, more likely to take place in markets characterized with
competition, macroeconomic policy might be too strong for companies with weaker market power.
During the periods of contraction policy, since price floor coincide with high-demand prices, they cannot
lower the prices to liquidate excess inventories during slack demand. If they choose to lower prices, the
profits cannot be better than that under sticking with price floor. During contraction periods, small
businesses can only choose either sticking price floor or closing business.
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