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Aggregate cost uncertainty, arising from real shocks or unanticipated inflation, reduces the
informativeness of prices by scrambling relative and aggregate variations. But when agents can
acquire additional information, such increased noise may in fact lead them to become better
informed, and price competition will intensify. We examine these issues in a model of search
with learning, where consumers search optimally from an unknown price distribution while firms
price optimally given consumers’ search rules. We show that the decisive factor in whether
inflation variability increases or reduces the incentive to search, and thereby market efficiency, is
the size of informational costs.

1. INTRODUCTION

Consider the problem of a consumer who observes an unexpectedly high price at a gas
station. She must estimate how much of it is due to a common factor affecting all other
suppliers, such as an oil shock or high inflation working its way through the economy,
and how much of it reflects a specific supply or demand shock for this particular seller.
If the first explanation is deemed more relevant, it is not worth looking for a better deal
elsewhere; in the opposite case it may pay to do so. Similarly, when this consumer
observes that an automobile manufacturer is offering large rebates on new cars, she must
resolve whether this reflects factors which are specific to this particular brand and make
the offer a truly good deal, or whether the whole industry is having a sale. Again, her
search behaviour will vary with the inferences she draws from observed prices. These
inferences are in.turn based on her knowledge of the relative variability of idiosyncratic
and aggregate shocks, inflation being one of the latter kind.

This problem of search with learning from prices is the main focus of the paper; it
is important on several counts. First, from a microeconomic point of view, the inferences
which buyers draw from prices underlie their demand functions, and should therefore
play an important role in determining how markets react to oil shocks, weather variations,
technological innovations, etc. Second, from a macroeconomic point of view, it has
implications for what is often thought to be an important source of welfare losses from
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unanticipated inflation: a deterioration in the information content of prices, operating
through increased relative price variability." According to this view, stochastic inflation
constitutes a source of aggregate noise in market signals, leading to inefficient allocation
decisions. While this is well understood in models where the information structure is
exogenous (e.g. Lucas (1973)), what happens when agents can decide to acquire additional
information, by searching or otherwise, has not been explored. Finally, another common,
but not previously formalized idea, is that sellers can “hide” behind aggregate or inflation-
ary noise to charge higher real prices, taking advantage of consumers’ reduced information
to increase their markups.’

In this paper we attempt a first exploration of these issues by analyzing the effects
of aggregate cost uncertainty, arising from real shocks or from unexpected general
inflation, on the efficiency of allocations in an oligopolistic search market.’

Lucas (1973) and Barro (1976) show that stochastic inflation can cause producers
to mistake aggregate price movements for relative ones, leading them to inefficient supply
decisions. Cukierman (1979) and Hercowitz (1981) show that if supply elasticities differ
across markets, these misperceptions will also manifest themselves through a correlation
between the variance of inflation and that of relative prices. Our paper shares these
models’ central concern with “‘signal-extraction”, but emphasizes the informational prob-
lems of consumers as well as producers. More fundamentally, it departs from the
traditional literature by recognizing that:

(i) informational costs realistically imply market power. Standard macroeconomic
models rely on an extreme asymmetry between informational costs within a
market (zero) and across markets (infinite) to sustain the co-existence of perfect
competition with imperfect price information. More plausible forms of informa-
tional imperfections will generate non-Walrasian prices; the issue then becomes
whether inflationary uncertainty will worsen or alleviate pre-existing distortions.

(ii) information is endogenous: agents’ incentives to acquire information and pricing
strategies are determined jointly in equilibrium, and are both affected by the
inflation process.® For instance, a deterioration in the reliability of price signals
due to increased inflationary noise can spur agents to seek more price data,
making them actually better informed in equilibrium. Naturally, the costs of
acquiring information, such as search costs, will play a central role.

To take account of these points, we build a model with a stochastic environment
similar to that of previous models, but with very different information and market
structures. Duopolistic firms observe their own production costs, then set prices. Since

1. Several studies documenting the correlation between the variance of unanticipated inflation and relative
price variability (Vining and Elwertowski (1976), Parks (1978), Fischer (1981)) seem to lend support to this
idea. Hercowitz (1981), on the other hand, finds that aggregate real shocks, not monetary shocks, explain
relative price dispersion in the United States. As the average rate and the variability of inflation are also
correlated (e.g. Taylor (1981), Pagan, Hall and Trivedi (1983)), high inflation is often seen as indirectly
responsible for any informational costs of unanticipated inflation. The empirical literature on these issues is
surveyed extensively in Fischer (1981) and Cukierman (1983).

2. For instance, there is a debate over whether oil companies and gasoline retailers took advantage of
the confusion generated by the 1990 shutdown of the Alaskan pipeline and 1991 Persian Gulf war to increase
their markups. The Hotelling model can explain why oil prices rise in such situations; but the issue is whether
gasoline retailers respond by increasing their markups over the now higher price for oil. Borenstein, Cameron,
and Gilbert (1992) document asymmetric gasoline price responses to crude oil price changes and argue that
the data is not inconsistent with the implications of our model.

3. For a related analysis of the effects of anticipated inflation, see Bénabou (1988, 1992).

4. This can be viewed as a more constructive restatement of the standard criticism of “‘misperceptions”
models, that agents need only obtain macroeconomic price or monetary statistics to become fully informed.
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costs are correlated due to common, inflationary shocks, buyers observing one firm’s price
can use their knowledge of pricing strategies to learn something about the other firm’s
price. Given these inferences, they decide whether or not to search. Conversely, when
setting prices firms take account of buyers’ search rule, as well as of their own inferences
about their competitor’s cost and price.

Ours is therefore a model of search market equilibrium with Bayesian learning: it
combines optimal adaptive search (De Groot (1970), Rothschild (1973), Rosenfield and
Shapiro (1981)) with strategic pricing. To our knowledge this paper, and independent
work by Dana (1990) and Fishman (1990) are the first such models. These two papers
have a different focus from ours, namely the limited responsiveness of prices to cost
shocks, due to partial or complete pooling. They also use much more restrictive (two-state)
stochastic cost structures.

Not surprisingly, the problem is quite complex, and this forces us to focus attention
on a single market, as opposed to a general equilibrium framework. The question then
arises of how to capture the effects of inflation in a microeconomic setting. We identify
an increase in inflation uncertainty with an increase in the variance of industry-wide cost
shocks. In effect, we take as given the fact that inflation impacts inter-industry costs, and
examine how such shocks affect intra-industry pricing behaviour and market performance.

Of course, this is only a partial and crude representation of inflation. First, inflation
should affect the demand side as well as the supply side. But this is mainly a timing issue:
realistically, when consumers are faced with an unexpected price change, their resources
have not yet been fully and unambiguously affected by the inflationary shock (if they
had, the price change would not be unexpected, and there would be no difficulty in
assessing relative prices). Similarly, when firms discover unexpected changes in costs,
they have not yet experienced the full increase in nominal demand which consumers will
eventually address to them. Second, our model has no money. But if one takes as given
that inflation affects nominal costs, there is no substantial problem with calling the
numeraire good money. Since all price changes are unexpected by agents given their
information (any inflationary trend has already been factored out), the dollar prices which
they observe are their best assessments of real prices, and may enter their utility and
profit calculations without implying any money illusion.

Thus in spite of the model’s obvious limitations, we feel that what we learn from it
about the effects of real, aggregate cost shocks remains relevant for genuine, money-driven
inflation. The reader who does not share these convictions can maintain a purely ‘“real”
reading of the paper; indeed the relationship between the stochastic structure of supply
shocks and market efficiency is of interest independent of any possible link to inflation.

The variability of joint cost shocks affects consumers’ signal-extraction problem,
hence their search rules. This in turn determines the elasticity of demand faced by each
firm, hence its pricing strategy and ultimately social welfare. This relationship between
aggregate cost or inflation uncertainty, monopoly power and market efficiency is the focus
of the paper. It is important to note that we are not concerned here with increases in
the mean of inflationary shocks which have no impact on the informational content of
price. Only changes in the variance of inflationary shocks affect consumers’ and firms’
inference problems and the value of search.

We identify two major effects of an increase in inflation uncertainty. We refer to the
first one as the correlation effect. In a market where search costs are high it reduces search,
resulting in higher real prices; when search costs are low, on the contrary, it fosters search,
hence lowers prices. The intuition goes as follows. As the variance of joint shocks
increases, firms’ costs become more correlated, and in equilibrium so do their prices.



72 REVIEW OF ECONOMIC STUDIES

Bayesian consumers then put more weight on the first observed price and less on their
prior, when forming their posterior beliefs about the second firm’s price. Thus a high
first observation implies a higher conditional mean of the price at the second firm; this
lowers the value of search, as it becomes less likely that the observed high price is truly
a bad deal. Conversely, if the observed price is low, greater correlation implies a lower
conditional mean for the second firm’s price. This increases the option value of search,
as it becomes more likely that an even better deal can be found. If search costs are high,
buyers’ reservation price is high, so through the correlation effect variability tends to
increase it even more, and with it market power. Conversely if search costs are low, so
is buyers’ reservation price; inflation variability then tends to decrease it further, making
the market more competitive.

An increase in the variance of joint cost shocks affects not only the correlation of
costs, but also the variance of their distribution. This in turn increases the conditional
variance of prices, and thereby the value of search, as is well known. This is what we
term the variance effect; as the variability of inflationary shocks increases, it always
promotes search and tends to lower firms’ market power.

These insights make clear the main result of the paper: whether inflation uncertainty
lowers or raises welfare crucially depends on how costly it is to acquire information. Thus
when it is recognized that informational imperfections give rise to market power and
endogenous information gathering, the case for information-related welfare losses from
variable inflation must be carefully considered.

The paper proceeds as follows: Section II describes the model and Section III
contains the construction of the equilibrium. The effects of changes in inflation variability
are discussed in Section IV, both through analytic examples and simulations. Section V
concludes.

II. THE MODEL

In this section we present a model of a duopolistic search market equilibrium with
Bayesian learning. Buyers’ search decisions depend on the inferences they make from
observed prices, taking into account firms’ strategies. Conversely, firms’ pricing decisions
incorporate their own inferences about their competitor’s prices, and their knowledge of
buyers’ inference and search rules.

1. Market and information structure

There are two identical firms, with constant marginal costs ¢, and c,, drawn from a
symmetric joint distribution with support [¢~, ¢*]Xx[c™, ¢*],0= ¢~ < c¢* <+00. This distri-
bution is common knowledge to all market participants. Firm i only observes its own
cost ¢;, but ¢; generally provides information -about its rival’s draw ¢;. The distribution
F(¢;| ¢;) and density f(¢;| ;) of ¢; conditional on ¢; are taken to be continuously differenti-
able in both arguments, almost everywhere.

We assume that costs are positively correlated or ““affiliated” (Milgrom and Weber
(1982)), in the sense that f(c,|c,) has the monotone likelihood ratio property or MLRP:

flealer) Zf(c2| c1)
fchler)  fleileh)

This property can also be written as 8> Log f(c,| ¢;)/dc,d¢, = 0. It means that observing
a higher ¢, makes a higher ¢, more likely; in particular, it implies first-order stochastic

for all ¢;=c) and c,=c5. 1)
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dF(c,| Cl)so
ac -

Fy(¢c;|c)= (2

A simple structure which leads to the desired correlation is the following. Each
firm’s cost reflects the sum of a common shock (e.g. inflation) and a firm-specific shock
(e.g. real cost), which the firm does not observe separately: h(c;) = 0+ v;, where h(c) is
some increasing function and 0, y,, v, are independent.® It can then be shown that (1)
holds, provided the ;s have a log-concave density.” In Section IV we use two such
specifications, one multiplicative (h(c) =Log (c)) and one additive (h(c) = c) to examine
how an increase in aggregate or inflationary uncertainty, measured by the variance of 6,
affects equilibrium and welfare.

We now turn to buyers. There is a continuum of identical consumers, with measure
normalized to one. Let S(p)= ]:° D(r)dr be the surplus each them derives from buying
at price p, where D(p)=—S'(p) is her demand function in the absence of search. We
make the standard assumption that a firm’s profit per customer II(p, ¢)=(p—c)D(p) is
strictly quasi-concave in p for all ¢ in [¢™, ¢*]. Since II(p, c) is the profit function of a
monopolist with cost ¢, let IT,,(c) denote its maximum value, achieved at p,(c).

In addition to (1), we shall require some more technical assumptions on F, S, and
I1. Since they offer little insight, we have gathered them in Appendix A at the end of the

paper.

2. Search and learning from prices

Initially, half the buyers observe firm 1’s price and half firm 2’s price, at no cost. Given
the observed price, each buyer must decide whether to purchase or to search and find
out the other firm’s price. Searching entails a cost o but allows the consumer to buy at
the cheapest of the two prices. The assumption that the first offer can be recalled costlessly
means that o is a pure informational cost, rather than a transportation or communication
cost.

Given the first observed price, say p,, a consumer must first infer the extent to which
it reflects a firm-specific shock or a joint shock. She then forms a posterior about the
other firm’s price, with distribution G(p,|p,) and density g(p,|p,) on the price support
[p~,p']. Finally, given these beliefs, the consumer will decide that it is worth finding

5. For general properties of densities with the MLRP, see Milgrom (1981). In particular, (1) implies
monotonicity of the conditional hazard rate:

i[ flese) ]50 e 8* Log (1 - F(cy| ¢y))

=0
ac, L1-F(cy|¢y) ac,9¢,

by integration of (1) over c,e[c}, c*]. Our analysis only requires this weaker condition, which also ensures
stochastic dominance by integration over c,€[c™, ¢3], for any c5.

6. The assumption that firms do not know 6 is not essential but fits well with the idea of aggregate
uncertainty. Firms are themselves buyers of inputs, and do not have perfect information on whether high or
low materials and labour prices are specific to their own suppliers or economy-wide. In a richer model, of
course, firms could also decide to become informed at some cost. The essential feature is that consumers do
not observe 6, but use the price to make inferences about both 6 and c,. This inference problem remains even
when firms observe 6, as long as they do not observe their rival’s private cost shock.

7. Indeed, conditional on 6 the c;’s are independent and their density has the MLRP, as it is a log-concave
function of h(c;)—6. By Theorem 1 in Milgrom and Weber (1982), (6, ¢, ;) are then affiliated; then by
Theorem 4 so are (c,, ¢,), which means that (1) holds.
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out p, before buying if the expected benefit from search,

Py Py
W(p,)= J _[S(p)—S(p1)1g(p2| p1)dp, = j _ D(p,)G(p:| p1)dp., ®3)
p p

is larger than the search cost o; otherwise she will just buy right away at p,.

Note from (3) that observing a high price has two effects on the expected return
from search. For a given distribution, a higher p, makes it more likely that a better deal
can be found, and this tends to increase W(p,); but if firms’ prices are correlated, a high
p1 is “bad news” about the distribution G(p,|p,) of the other firm’s price, and this tends
to reduce W(p,). As is well-known from the literature on optimal sampling from an
exogenous unknown distribution (e.g. DeGroot (1970)), this learning effect can result in
search strategies where a price p, is rejected but a higher price py> p, is accepted. To
preserve the reservation price property, Rothschild (1973) makes assumptions on the
distribution of prices which ensure that the learning effect is not too strong, so that W(p,)
is monotone. Rosenfield and Shapiro (1981) impose an alternative condition, namely
that the return to an additional search never cross the horizontal line W(p,)= o from
above. In an equilibrium model, however, the price distribution is endogenous; therefore
no such assumptions can be made.

We shall in fact follow similar lines of reasoning, but with respect to the exogenous
distribution of costs F(c,|c,). We mainly focus on equilibria where buyers’ search rules
have the reservation price property. This is both because it is a rather natural property,
required in particular for demand functions to be downward-sloping, and because the
model’s non-reservation price equilibria (if they exist) are too complicated for us to solve.
We show that a pure-strategy reservation-price equilibrium exists provided that either:

(i) Firms’ costs are not too correlated (F, is not too large),

(ii) Buyers’ search cost o is not too large.

The first assumption will ensure that W(p,) is monotonic. Alternatively, the second
will ensure that W( p,) never falls below o once it has risen above.

III. EQUILIBRIUM
1. General properties

We look for a symmetric, perfect Bayesian equilibrium of the game between firms and
buyers. We use the definition of Fudenberg and Tirole (1991), which imposes the following
consistency restrictions on beliefs off the equilibrium path. First, a consumer’s observation
of firm 1’s price p, only directly affects her beliefs about firm 1’s cost ¢,. Thus, if p, is
off the equilibrium path, there are no restrictions on the consumer’s beliefs about ¢,; but
in determining whether or not to search, she must use these arbitrary beliefs about ¢, to
form beliefs about ¢, which are consistent with the joint distribution of costs and Bayes’
rule. Secondly, these beliefs about ¢, and the equilibrium strategy must be used to form
beliefs about p,. This will be important below; for example, if a consumer observes at
firm 1 a price less than the lowest price p~ played with positive probability, she will still
put zero probability on the other firm’s having a price less than p~.

We identify four different types of equilibria. If search costs are sufficiently high,
each firm will be able to charge its monopoly price without triggering any search. If
search costs are not quite large enough to support this outcome, there may still be an
equilibrium without search, where firms with higher costs bunch at consumers’ reservation
price to prevent search. These two equilibria are qualitatively similar to those of the
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Reinganum (1979) model. A new type of equilibrium arises for lower search costs: a
pure strategy, reservation price equilibrium with buyers searching at higher prices and
firms’ markups decreasing to zero as their costs increase toward the maximum c*. The
fourth possible type of equilibrium involves mixed strategies. High-cost firms charge
prices which make consumers indifferent between buying and searching, and the fraction
of consumers which search at any price makes this pricing rule optimal.

We prove the existence of the first, second, or third types of equilibrium under quite
intuitive conditions. We do not have any existence result for the mixed strategy equili-
brium. Nor can we rule out the possibility that for some parameter values there exists
more than one of the four equilibrium types, or even some other, less intuitive type.®

The first proposition shows that all equilibria share an intuitive feature: low cost
firms charge their monopoly price.

Proposition 1. In any equilibrium of the game, there exists an £ >0 such that a firm
with cost ce[c™, ¢” + €] sets price equal to p,,(c).

Indeed, since search costs are strictly positive, consumers who observe a price
sufficiently close to the lowest price p~ charged in equilibrium will not search. If
P <pm(c”) the firm charging p~ can deviate and raise its price without losing any
customers, thereby increasing its profits. This is true a fortiori if p~> p,,(c7).

Given Proposition 1, it will be useful to define:

Vin(c)= I [S(pm(c2) = S(pm())1f(c;| c)de, = J _D(pm(c2))pm(cr) Flez| c)dc,. (4)

V..(c) is the value of search W( p) when observing a price p = p,,(c), if all firms with
cost below ¢ charge their monopoly price, and no firm with cost above c¢ charges less
than p,,(c). We now move to a characterization of equilibrium, starting with the case of
large search costs.

2. Monopolistic equilibrium

When search costs are large enough, the range of monopolistic pricing of Proposition 1
can cover all cost realizations, and consumers will still not search, independent of the
price observed at the first store.

Proposition 2. If V,,(c)<o for all c in [c”, c¢*], there exists an equilibrium in which
each firm charges its monopoly price p,,(c), and consumers never search.

Given monopoly pricing, if a consumer observes p,e[p~, p*] at the first store, the
value to search is W(p;)=V,,(¢;) <o so it does not pay to search. As a result, no firm
can attract more than 1/2 of all customers, no matter what price it charges. Therefore
pm(c) is the optimal price, independent of consumers’ behaviour off the equilibrium path.

8. For instance, one can not even exclude equilibria where a firm’s price p(c,) decreases with its cost ¢,
over some range. The usual revealed preference argument fails here because c, affects firm 1’s expected demand
function through its correlation with ¢, and p,. We shall, however, restrict attention throughout the paper to
equilibria where p(c) is non-decreasing.
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3. No-search equilibrium with bunching

When search costs are not large enough to support the equilibrium of Proposition 2, there
may still be an equilibrium in which no consumer searches. Define ¢* as the smallest
solution to:

c*

Vm(C*)EJ_ D(pm(c2))pm(c2) F(cy| c*)de, =0, (5)
and let p*=p,.(c*). A consumer is indifferent between search and purchasing at a store
charging p*, if all firms with cost ¢ = ¢* charge p,,,(¢) and no firm with cost ¢ = ¢* charges
less than p*, so that p* reveals c¢*. We shall focus on reservation price equilibria where
consumers accept prices p; up to p* but reject higher ones.’

Firms with ¢ = ¢* are still able to charge their monopoly price. Consider, however,
a firm with cost just above c*. If it charges its monopoly price, it will induce search;
rather than accept the resulting first-order loss in customers (they search and find a lower
price with a probability of at least F(c|c)), it prefers charging p*, which causes no loss
of customers and only a second-order effect on profits per customer. In fact, we show
that if p*> ¢, there is an equilibrium in which all firms with cost above c* charge p*.
In this equilibrium, consumers do not search but prices are constrained by the possibility
of search.

Proposition 3. If search costs o are such that p* > c¢* > c*, there exists an equilibrium
in which consumers have reservation price p* and firms’ pricing rule is: p(c) = p,(c) for
c=c* and p(c)=p* for c*<c=c".

Proof. See Appendix B. ||

This equilibrium can be sustained by any beliefs which make if profitable to search
in response to prices p, > p*; for instance, a belief that ¢; = c*. Any firm which deviates
to such a price then earns zero profits, while it could earn positive profits by playing its
equilibrium strategy. Therefore such deviations will not occur, and this allows the imposed
beliefs. Each firm chooses instead the price p = p* which maximizes its profit per customer
and prevents search. Finally, by definition of ¢*, accepting offers below p* is optimal
for consumers.

The equilibrium types of Propositions 2 and 3 are analogous to those of the Reinganum
model, except that consumers’ reservation price p* depends here on the learning which
results from the fact that firms’ costs are correlated. The other essential difference with
Reinganum (1979) is that we analyze a duopoly instead of a continuum of firms; as shown
below, this allows search to take place in equilibrium.

4. Reservation price equilibrium with search

Smaller search costs lead to a new but much more difficult case, in which consumers’
reservation price p* is less than ¢*. A firm whose cost exceeds p* can then not avoid
search, unless it makes negative profits. If the market contained a continuum of firms,

9. It can be shown that any reservation price equilibrium with p(c) non-decreasing must have the same
form as those we examine (with p* simply replaced by p =p*). Moreover those with p <p* necessarily rest
on very implausible out-of-equilibrium beliefs. Since the basic features of the equilibrium and the spirit of the
results remain unchanged, we do not think it worthwhile to go into the complexities of equilibrium refinement,
and simply concentrate on the more natural reservation price equilibrium where p = p*.
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as in Reinganum (1979), such a firm would have to stay out, because its consumers who
searched would all find a lower price. However, with only two firms in the market (more
generally a finite number), it is possible to charge a price which induces search, but still
expect positive profits when one’s rival, who follows the same strategy, has an even higher
cost, and hence an even higher price.

We now characterize a pure-strategy reservation price equilibrium in which search
actually takes place. Firms’ pricing strategy is illustrated in Figure 1. For low cost
realizations, it is similar to that of Proposition 3: a firm with cost below ¢* charges p,,(c)
and a firm with cost between c* and some ¢*®> c¢* charges consumers’ reservation price
p¥*=p.(c*). A firm with higher cost realization ¢, however, charges a price pr(c)> p*,
so all consumers who visit this firm first will search.

We now derive pr(c). If firm i charges a price p; which induces search, it sells to
all consumers if its rival has a higher price, and to none if its rival has a lower price. Its

p(c)
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FIGURE 1
Equilibrium pricing strategy with search
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expected profits are therefore:
Y(pi, ) =1I(p;, c;) - [1 - Prob(p(¢) = pi| c)], (6)

where p(-) is the equilibrium pricing strategy. Assume for now that p(-) is increasing
and differentiable on [c®, ¢*], with p*= p(c*) > p*; this will be verified below. Choosing
a price in [p®, p*] is equivalent to choosing a cost ¢ in [c*, ¢*] and charging p(¢). By
the revelation principle, selecting ¢ = ¢ must maximize expected profits:

¥(& c)=M(p(), c) - (1-F(|c)). (7)
The first-order condition is:

flele)  T(p(e), c)
1-F(c|c) M,(p(c),c)’

Each firm’s pricing rule must satisfy this differential equation over the region of costs
which lead to search, namely [c®, ¢*]."® The associated boundary condition is found by
considering a firm with the highest possible cost, ¢*. In equilibrium, it makes no sales
since consumers search and always find a lower price: ¥(c*, ¢*)=0. Therefore, it must
be the case that p(c*) = c*; otherwise the firm could pretend to have a slightly lower cost
é=c"*—¢ and sell with positive profits whenever its rival’s cost was higher.

We show in the appendix that the differential equation (8) with terminal condition
p(c*)=c" has a unique solution on (¢~, ¢*); we denote it as pr(c). Because the problem
does not satisfy Lipschitz conditions at (¢*, ¢*) nor at points ( p,,(c), ¢), standard theorems
are not applicable. We construct instead pr(c) as the fixed-point of a contraction mapping.
We also show that it is strictly increasing and satisfies ¢ = pr(c) <p.(c), with equality
only at ¢*.

Let us now consider the second-order conditions for maximizing (¢ c), or
equivalently Log ¢(¢, ¢). A sufficient condition for this function to be strictly quasi-
concave in ¢ is that 9°> Log ¢(¢, c)/dcoé> 0 everywhere.'' But the monotone likelihood
ratio property (1) implies that Log (1— F(&|c)) has a positive cross partial (see footnote
5). Moreover p’(c) >0 implies the same for Log IT( pr(¢), ¢). Therefore Log (¢, c) and
¥ (&, c) are strictly quasi-concave and maximized at ¢ = ¢ over ¢ = ¢*. Equivalently, ¥(p, c)
is strictly quasi-concave in price and maximized at pg(c) over p = pg(c®).

The final step in characterizing firms’ strategies is to find the threshold cost c*
separating those which prefer to charge p* from those which prefer to charge pg(c) > p*.
The first strategy prevents search but the second yields greater profit per consumer, if
they come back. By definition a firm with cost ¢’ is indifferent between the two:

[1-F(c*|c’)/2] - TI(p*, ¢*) =[1-F(c’|¢*)] - I(p(c?), ¢*). ®

The left-hand side represents profits from charging p*. A firm which does this sells
to all 1/2 consumers who visit it first and to all consumers who visit the other firm first
and observe a price above p*. Given the symmetry of the pricing rule, the latter is just
31— F(c*|c*)]. The right-hand side represents profits from charging pr(c*®). The firm
then sells to all buyers who visit it first, search, find a higher price and return; given
symmetry, this is 3[1— F(c®|c®)] customers. It also sells to customers who visit the other
firm first, search, and find its lower price, i.e. to another 3[1— F(c®|c*)] customers.

p'(e)= (8)

10. Since charging p > p* leads consumers to become fully informed, it is not surprising that this pricing
rule is quite similar to the optimal bidding rule in an auction with correlated values (Milgrom and Weber
(1982)). The difference, and source of difficulty, is that I1( p, ¢) cannot be expressed as a function U(p—c).

11. Indeed, this implies that for all c'<c<c", 8Logy(c’,c)/d¢>dLogy(c',c')/a¢=0 and
d Log ¢(c", ¢)/aé <a Log y(c", c")/a=0.
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We show in the appendix that there is indeed a unique cutoff ¢® in (c*, ¢*] such that
firms with cost above c® prefer to charge pr(c) while those with cost in [c*, c*) prefer
p*; as usual, firms with cost below ¢* optimally charge p,,(c). Assuming that consumers
have reservation price p*, each firm’s pricing rule is thus completely characterized by c*,
pr(+) and c*, which are respectively the unique solutions to (5), (8), and (9). It remains
to verify that given firms’ strategy, optimal search is indeed characterized by the reservation
price p*: W(p,)> o if and only if p, > p*. This is where issues associated with equilibrium
learning will be most important.

Consider first p; < p*; then W(p,) = V,,(¢;) < V,,(c*) = o, by definition of c* in (5);
so consumers buy at p*. Next, if p, = p*, consumers only infer that c,e[c*, c¢*), so

c*

W(p.)= J _ D(pm(e2))pm(c)F(c| c*=c,<c’)dc,

c

= J _ D(pm(€))pm(c))F(cy| ey =c*)de; = V,(c*) =0,
and they still do not want to search. For out-of-equilibrium prices p, € (p*, p*), assume
that they lead to the belief that ¢, = c¢*, so that:

W(P1)=J. _l D(p,)G(p:|p)dp,= J' ~ D(Pz)G(lepl)dP2+[S(P*)_S(Pl)]G(P*lpl)

=V, (c*)+[S(p*) = S(p))IF(c*|c*) > o,

due to (4) and c*> c¢~. More generally, any out-of-equilibrium beliefs which put sufficient
weight on ¢, being closer to ¢* than to c* will lead to search at prices p, € (p*, p*)."?

Finally, buyers will search at any p,=p° if and only if W(p,)>o; given firms’
strategies, this is equivalent to V(c;) = o for all ¢, = ¢’ where:

V(Cl)EI D(Pm(cz))P:n(Cz)F(‘:z'cl)dcz+[S(P*)“S(Ps)]F(CS|Cl)

c_

+ j | D(pr(e)pi(e) F(cs| e))de. (10)

c

Since o = V(c*) by definition of ¢*, the condition for search becomes:

C

[S(p*)—S(p*)IF(c’|e))+ j : D(pe(cy))pr(c2) F(ez| €1)de,

4

> J ~ D(pm(c2))pm(c)[F(cs| ¢*)—F(c,|¢))]de,, Ve zc’ (11)

The left-hand side, which we shall denote as £(c,, o), is the direct effect of finding
the price p* instead of p*: it is the additional incentive to search which results from the
prospect of finding a price p* = p,<p, (conditional on ¢,). The right-hand side is the
“bad news” from inferring c, rather than c*, about the likelihood of finding a price
p><p*. For buyers to have a reservation price rule, this disincentive to search at high

12. The fact that consumers’ beliefs do not remain monotonic in the observed price as it moves off the
equilibrium path is admittedly unappealing. But one has to choose between such monotonicity and the
reservation price property. Indeed, due to bunching, consumers who observe their reservation price p* strictly
do not want to search; if observing p*+ ¢ did not lead them to infer a lower c,, hence a lower c, and p,, they
would also not want to search, a contradiction.
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prices must not be too large; we shall denote it as x(c,, o). From (11) we see that x(c,, o)
will be small in two intuitive cases, which respectively extend the insights of Rosenfield
and Shapiro (1981) and of Rothschild (1973) to an equilibrium content.

The first one is when search is inexpensive, i.e. o is small, making c¢* close to ¢™.
The following proposition formalizes this intuition.

Proposition4. Ifsearch costs are relatively low, there exists a pure-strategy, reservation-
price equilibrium, characterized by critical cost levels c* and c*, withc™ <c*<c* <c*. Buyers
have reservation price p* = p,,(c*). Firms charge p,,(c) ifce[c™, ¢*], p* ifce[c*, ¢*), and
pr(c) if celc’, ¢*] with ¢ =pr(c) = pm(c).

Proof. See Appendix B.

The second case in which a reservation-price rule is optimal is when a firm’s cost
does not reveal too much information about that of its competitor, i.e. when F,(c,|¢,) is
not too large. The two distribution functions in y are then close to one another.

Proposition 5. If firms costs are not too correlated, i.e. if,
F,=max {F,(c,|¢))|c S c,=¢;=c"}

is not too large, there exists a pure-strategy reservation price equilibrium. For o above some
level o*, it involves no search and corresponds to that of Proposition 2 or 3, depending on
whether V,,(c") is larger or smaller than o. For o < a*, it involves search and corresponds
to the equilibrium in Proposition 4.

Proof. See Appendix B. ||

5. Mixed strategy equilibrium

If the assumptions of low search costs or low correlation do not hold, there may be no
reservation price equilibrium, as one should expect. Indeed, simulations suggest that
there exists an intermediate range of search costs in which none of the three types of
equilibria discussed above exist (see Section IV). We must therefore turn briefly to a
fourth type of equilibrium, which involves mixed strategies by consumers and generally
does not have the reservation price property.

In such an equilibrium, pricing at low levels of costs remains unchanged, i.e.
p(c)=pm(c), for c=c* From c*to c* the pricing rule pg(c) makes consumers indifferent
between searching and not, and they will randomize this decision. Thus forall ¢, € [c*, ¢*]:

J _ [S(pm(c2)) — S(pr(c1))1f(ca| €1)der+ J : [S(pr(c2)) —S(pr(c)))1f(cz| €1)de, =0
(12)

Differentiating this expression with respect to ¢, yields pk(c,) as a function of all
Pr(¢y), for ¢, < ¢;; this allows the function pg(-) to be constructed, moving up from the
initial condition pgr(c*)=p*. The fraction wg(p) of consumers who search at any price
p > p* must then make the pricing rule pr(c) optimal; for all ¢, e (c*, ¢*]:

Pr (P)

Pr(cy) € argmax {H(P, 01)[1 —wr(p)+ J’"l wr(pr(c2))f(c,] Cl)dcz], PEP*} (13)
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Note that in this type of equilibrium pg(c*) > ¢*. The highest-cost firm makes positive
profits because not all its consumers search; yet if it raised its price they all would search,
and it would then make zero profits.

Such an equilibrium is somewhat less appealing intuitively than the previous reserva-
tion price equilibria. It is also much more difficult to construct for a general specification:
one must show the existence of solutions pg(c) to (12) and wg(p)€[0, 1] to (13), both
of which are extremely complicated. We have not established general conditions under
which this equilibrium exists, but report below on simulations using simple functional
forms which indicate that it does exist in the intermediate range where none of the other
three types do.

IV. THE EFFECTS OF INFLATION UNCERTAINTY

We are now ready to examine how an increase in the uncertainty of the inflationary
process affects search and pricing rules, and thereby profits and consumer surplus.

First we demonstrate the two most important intuitions, regarding what we call the
correlation effect and the variance effect. This is done by analyzing the comparative statics
of ¢*, using a particularly convenient specification where costs are log-linear and demand
is iso-elastic. As explained below, c¢* provides an intuitive but only partial indicator of
monopoly power in the model. So in the second part of this section, we present a variety
of simulations. These are carried out using an alternative specification, both for technical
reasons and as a check on the robustness of the results derived in the first part. They
confirm that the correlation and variance effects provide insights into the full equilibrium
effects of inflationary uncertainty in this model.

Recall that c* characterizes consumers’ reservation price p* = p,,(c*), and is therefore
the cost above which firms are prevented from charging their monopoly price. In the
no-search equilibrium of Proposition 3, it is clear that an increase in ¢* to ¢*' results in
prices which are equal up to c* and greater above. The effects accompanying an increase
in ¢* in the search equilibrium of Proposition 4 are more complicated, since the differential
equation (7) giving pr(c) is affected in a complicated manner by the underlying changes
in the inflation process. This is where we must resort to simulations.

Case 1: Log-normal costs, iso-elastic demand

Let us now denote firms’ costs as C;, i=1,2, and assume that ¢c;=log C;=c+0+y,
where 0 ~ (0, v,), v:~N(0, »,) and 6, y,, v, are independent. Condition (1) is then
satisfied.

The distribution of ¢, conditional on c, is therefore normal, with mean pc, +(1—p)c
and variance (1—p?)(ve+v,), where p = vy/(v,+v,) is the correlation coefficient of ¢,
and c,. We shall examine how v,, which measures aggregate cost or inflation uncertainty,
affects the conditional distribution F(c,|c,) and consumers’ return to search.

Assume that demand is iso-elastic, D(P) = P™", n > 1, so that the log of the monopoly
price is: p,,(¢) =c+log(n/(n—1)). The unconditional distribution of Pm(c) is normal,
with mean p= ¢+log (n/(n —1)) and variance v,. The conditional distribution of p,.(c,),
given c, =, is normal with mean u(p,,(c)) and variance s, where we define:

w(p)=pp+(1—-p)p, s*=1-p°)(¥st+w,). (14)

To better demonstrate the two effects of inflation uncertainty, let us for the moment
consider p and s?, rather than v, and v,, as the parameters of interest. Consumer surplus
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at the monopoly price is:

S(pm(c))= exp [(1—7)pm(c)]-

n—1
Therefore the return to search in the region of monopoly prices is:

2
oo 2s

with u = u(pm(c)). Rewriting in terms of the distribution ® and density ¢ of a standard
normal:

P () 1 , — 2
=5 [ s terp - mpa-exp 1= mpatel exp | 2L L,

Vn(e) = 7—1°%P [—% (n =125 +2p(Pm(c)—p)—s*(n - 1)]]
_q)[(l—p)(pm(C)—ﬁ)ﬂz(n—1)]
S
— L exp[=(n=Dpm()]- <I>[“ —p)pn(c) =P )]. (15)
n—1 s
Hence:
f";'"T(C)=—(pm(c>—ﬁ) exp —3(n = D)[25+2p(pm(c)— ) — s (n —1)]

S

, ¢[(l—p)(pm(6)—ﬁ)+s2(n—1)]'

9Vle) _ ¢[(1—p)(pm(C)—ﬁ)+sz(n—1)]+s(n_1)¢[(1—p)(pm(C)—ﬁ)+s2(n—1)]

as s s

-exp [ —3(n — 1)[25+2p(pm(c) = §) = s*(n — D]].

So finally,
aV,.(c _ -
sgn 6p( )=Sgn (P—pm(c))=sgn(c—c) (16)
QV’"—(C)> 0. a7
a8

The first result (16) shows what we call the correlation effect. Recall that the mean
of the distribution of ¢, conditional on ¢, = c is a weighted average of the observation ¢
and the unconditional mean ¢, with weights p and 1—p, respectively. This conditional
mean is thus increasing in p if ¢> ¢, and decreasing if ¢ <¢. By increasing p, the first
effect of an increase in v, is therefore to raise the value of search at ¢ <¢, and to lower
it at ¢>¢!® This correlation effect captures the idea that inflation or aggregate cost
uncertainty makes people search less when they see a high price, because they think it
more likely that things are just as bad elsewhere. However, it also makes them search
more when they see a low price, because they think it more likely that even better bargains
can be found.

13. Of course, what really determines search is not the conditional distribution of cost c,, but the
conditional distribution of surplus S(p,); see (3). The difference between the two involves the equilibrium
pricing rule p(c) as well as the convexity of S(p). The discussion above is only meant to give the main qualitative
intuitions.
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The second result (17) shows what we call the variance effect. Given that buyers can
return to the first store costlessly, an increase in the variance s* of the conditional
distribution increases the option value of search. But note that an increase in v,, the
unconditional variance of the joint cost shock, does lead to such an increase in the
conditional variance:

s> J v 2 v
Y I s W S
Avg IV, vetv, (vo+v,)

This raises the value of search and tends to reduce the market powers of firms.

We now examine how these two effects impact consumers’ reservation price and
firms’ pricing. We focus on the case where search matters, i.e. where c*=
inf {¢| V,,(c) =0} <co. Then V,,(c*)>0, so (16) and (17) imply:

a *
sgn£=sgn[pm(c*>—ﬁ]=sgn(c*—e> (18)
a *
% <o. (19)
os

If c* exceeds ¢, the correlation effect tends to increase it further, resulting in monopoly
markups over a wider range of costs; the variance effect, however, works in the opposite
direction. By definition, such a configuration with ¢*> ¢ occurs when search is relatively
costly. With a relatively low cost of search, on the other hand, c* is less than ¢; in this
case both the variance and the correlation effects reduce it even more, and the market
becomes more competitive.

While this log-normal case is very specific, the intuitions behind the correlation and
variance effects seem quite robust. One can think in general of the variability of inflation,
or of any common shock to firms’ costs, as having two effects on the conditional distribution
of costs (and through equilibrium pricing, of surplus). First, by making costs more
correlated, it shifts F(c,|c,), upward for high c,, downward for low ¢;; second, since it
is a source of additional uncertainty, it causes a mean-preserving spread in the shifted
distribution. The generality of these intuitions is also supported by the simulations, using
a very different specification, reported below.

In addition to these two central, information-related effects, inflationary uncertainty
has other consequences in our model. First, greater price variability in itself tends to
increase consumer surplus, which is convex in price; this is a feature of partial equilibrium,
where the marginal utility of income is constant. Similarly, equilibrium profits may be
positively affected because they depend in part on monopoly profits, which are convex
in cost."* Neither of these effects is really interesting; in particular, they have nothing to
do with information, since they occur even when search is impossible and consumers
always buy at the monopoly price. When performing comparative statics, we shall
therefore normalize surplus, profits and welfare by their respective values in a monopolistic
market. This will allow us to isolate the effects which are really due to the interaction of
the inflationary process with the informational role of prices.

The last, and much more interesting effect of inflation uncertainty is the following.
Even though an increase in the value of search raises each firm’s elasticity of demand,
an increase in search activity shifts consumers and purchases toward the firm with lower

14. Note however that firms face both ex-ante and ex-post uncertainty, because they set their price after
learning their cost, but before learning that of their competitor.
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cost. Since these firms are more profitable, this tends to increase total expected profits
and efficiency at the same time.

The log-normal specification used above yields very clear, closed-form results for
the effects of inflation uncertainty on c¢*. On the other hand it does not allow us to
construct (even numerically) a full equilibrium with search. This is because it does not
satisfy the assumption ¢* < +00, so that one can not use pr(c") = ¢* as a terminal condition
to solve (8). We therefore turn below to an alternative specification; it also serves as a
robustness check on the insights just derived.

Case 2: Uniform Costs, Linear Demand

Let us now assume that costs are the sum of a joint cost shock and a private cost shock,
both uniformly distributed: ¢; = ¢+ 0+ y;, with 6 ~ U[—a, a], v;~ U[-b, b], and vy, v,,
6 independent. Condition (1) is again satisfied. Finally, demand is taken to be linear:
D(p)=A-p.

We assume that a <b, which reduces the number of cases to analyze but is not
essential; a represents the volatility of inflation. The unconditional density of costs is
the familiar, trapeze-shaped, sum of two uniform distributions. But of greater interest is
F(c,|¢,), or equivalently the conditional distribution of 6, given ¢,. Inferring ¢, from a
price observation causes a consumer to update his beliefs about the joint shock 6 as follows:

if c,e[¢—a—b, ¢+ a—b] the posterior of 0 is § ~ U[—a, c,—C+b];
if c,e[¢+a—b,c—a+ b] the posterior of 0 is 6 ~ U[—a, a];
if c,e[¢—a+b, &+ a+b] the posterior of 9 is § ~ U[c,—C—b, a].

Note that if c, falls in the intermediate region there is no learning. However, if ¢,
falls in the lowest region, the conditional expectation of ¢, =+ 0+, is less than ¢, and
decreasing in the variability a. On the contrary, if ¢, falls in the highest region the
conditional expectation of ¢, is above ¢, and increasing in a. Thus the correlation effect
works here in a way similar to the log-normal case. The same is true of the variance
effect, since the supports of 6 and c¢,, given c,, always widen as a increases.

We now look at a number of simulations of this example, in order to get some feeling
for the relative size of the various effects of an increase in aggregate uncertainty. In all
simulations, D(p)=15—p, =6, and b=3. We allow search costs o and the dispersion
of the joint cost shock a to vary. The results for low, intermediate, and high search costs
are given in Tables 1, 2, and 3, respectively. We define these terms so that low search
costs lead to a ¢* well below the unconditional mean of ¢ =6, intermediate search costs
lead to a c* near ¢, and high search costs lead to a c¢* well above <.

Looking first at the effects of o (say, for a =1-50 or 2-0), we see that as it increases,
the equilibrium first involves reservation price strategies and search (“type 3”), then
mixed strategies (*“type 4”), then monopolistic pricing plus bunching at p* (“type 27),
and finally unconstrained monopolistic pricing (“type 1”’). These results support the
intuitive way in which we associated, in Section III, each type of equilibrium to a different
range of search costs.

Next we turn to our main subject of interest: the effects of inflation uncertainty on
monopoly power and on the components of welfare in equilibrium.

Table 1 reports the case of low search costs; c* is decreasing in a, because both the
variance and correlation effects make search more valuable. This reduction in firms’
market power with increases in the variability of joint cost shocks leads to gains in



85

SEARCH WITH LEARNING

2

BENABOU & GERTNER

‘1stjodouows e st 219y} Ji Jownsuod 1ad a1ejjom pajdadxa ay) £q papialp rownsuod 13d (snjdins 19onpoid snid
Jownsuoo) arejjom pajoadxoe ay3 pue ‘Jsijodouow e st 219y} ji snjdins paroadxs s Iownsuod e Aq PIpIAIP (5100 yoteas Jo jou) rownsuod Jod snidins
Ppa1vadxa ‘rownsuod 19d sygoid payoadxa s sijodouows e £q papIAlp Jounsuod 1od sygord Ansnpur paroadxa ‘Ajoanpadsas are , M /M WSO /SO “LI1/11

‘wIns J19Y) pue (S1s0d Yoreas Jo jou) Jownsuod 1od snjdins paradxs ‘rownsuod 1od sygord Ansnpur paroadxa ‘Ajpandadsar ‘are M ‘O “II

‘woij saseyornd dys 210)s IY) Je 1500 pardadxa ay) pue sfed Jowrolsno e jey) oud parpadxs ay) ‘Ajpandadsar ‘are (2)7 pue (d)g

{g+v—2 4,0} XeN sa0qe £39)e1)s PIXIWI B YIIM OIB3S SIDWNSUOD LI SIA (2)¥d =(9)d ‘L0 >0 (9)“d=(2)d ¢
*4d 9A0QE Yo1BdS ‘2 =0 (9)9d = (2)d ‘(,0 ‘,2]39A L d=(2)d ‘L0 >0A (9)“d=(2)d :¢
"YoIess ON "2 <A ,d=(0)d ‘Los0oA (9)“d=(2)d T
yoieas oN A (2)“d=(o)d :1
:Kem Suimojjoy ay) ur A891ens Suud wnuqinbs ay) 03 s19j01 2dA
‘€=q ‘9=2 ‘d—¢1=(d)g suone[nuwis [[e U] ‘SIION
(4180 § 669-1 ¥T6-0 191-8¢ 18¢C-81 088-61 STEL-8 620S-S 1€05-6 €L£9-8 96L8-T € 0S-C
LY1-1 L8S-1 876-0 91L-9¢ €691 €6L-61 §560-6 91€L-S 6599-6 $090-6 LIEY-€ € 00-C
1111 89b-1 €60 $6T-S¢ 0SS-S1 ShL-61 990¥-6 ¥006-S v8L-6 8¥hv-6 LL86°E € 0s-1
L80-1 p6g-1 v€6-0 14:18 4% L69-¥1 L89-61 91856 0986-S 9SLL-6 1699-6 ocve-v € 00-1
780-1 €LE 1 L£6-0 121-v¢ (113841 169-61 S1€9-6 0000-9 - - Sevy-v 4 0S-0
180-1 LSE-T w60 6€0-v¢ 8YT-v1 16L-61 99¥9-6 0000-9 - - LvLy-¥ (4 01-0
wM/M  WSD/SO LI/ M Yol o (d)g 0o)a o 2 2 °dhL v

G-0 =D :SIS02 YoUDIs MOT

I 4714VL



REVIEW OF ECONOMIC STUDIES

86

T O—A—N,—- Oom .hunez
000-1 000-1 000-1 08C-C¢€ 09L-01 125-12 00S-01 0000-9 — — I 0S¢
000-1 000-1 000-1 000-2€ L99-01 €€€-1¢C 005-01 0000-9 — — 1 00¢
000-1 000-1 0001 T8L-1€ ¥65-01 881-1¢C 005-01 0000-9 — — I 0s1
000-1 100-1 000-1 9€9-1¢ 5501 780-1¢ 96%-01 0000-9 — — T 001
2001 L£00-1 000-1 865-1€ #85-01 ¥10-1C LLY-01 0000-9 — $91€-8 T 050
100-1 900-1 666-0 LYS 1€ 195-01 986-0C 18%-01 0000-9 — 00€€-8 T 010
wM/M  WSO/SO  LI/I M Yo u (d)q M®a 4 2 °df, v
0-S =0 51500 Youvas Y3y
€ 414VL
‘1 O—DNH oom ‘SAJION
L20-1 9L0-1 £€00-1 LST-€€ €LS-T1 ¥8S-1T  $0ST-01 1€v6-S — L1609 v 05T
620-1 980-1 £€00-1 6£6-T¢€ 186-11 86€-1T  €€€T01  T8P6S — ¥T5T-9 ¥ 00C
L20-1 2181 ¥86-0 §69-T€ 108-11 ¥$8-0C  $ISI-OL  0000-9 — ovLE-9 T 0s1
1€0-1 8111 8860 209-T€ T8L-11 0T8-0C  ILIZ-01  0000-9 — T651-9 T 001
§20-1 $60-1 6860 80€-T¢€ 01511 86L-0C  18€T-0  0000-9 — 86059 T 050
¥20-1 €60-1 066-0 99C-T¢ 9LY-11 06L-0Z  8¥PT-01  0000-9 — 65759 T 010
wM/M  WSO/SO  LI/I M (Yo 1) d)g ®)a <4 +? dhl v

G-T =D IS51S02 YoiD3as Ivipawdaju]

¢ 4714VL



BENABOU & GERTNER SEARCH WITH LEARNING 87

consumer surplus, both in absolute terms and relative to the monopoly level. Conversely,
profits decrease, once the convexity effect discussed earlier is eliminated by normalizing
II by the monopoly level I1™. Finally, the reason why II/II" does not fall more as a rises
is that increased search raises the likelihood that consumers will purchase at a low-cost
firm, which has higher profits per customer. The better matching of consumers to more
efficient firms thus mitigates the decrease in markups. This can be seen from the columns
of Table 1 which report the price E(p) paid by the average consumer and the cost E(c)
incurred for the average customer. At higher levels of a, the decrease in price is offset
by the decrease in cost.

Table 2 reports simulation results for intermediate values of o. When c* is near ¢,
the correlation effect affects it very little. The variance effect alone acts to reduce c* as
a increases, but this reduction is very limited compared to Table 1. Similarly, the total
effect of inflation variability on consumer surplus and profits is small relative to the
previous case. These simulations also indicate that the determination of c* is not the
entire story, because for a=1, c¢* is decreasing, yet (normalized) profits increase and
consumer surplus decreases. Interestingly, total expected profits can exceed the monopoly
level: as explained earlier, search transfers sales from the high-cost to the low-cost firm,
so the relevant average cost is below the average cost for a monopolist.

Table 3 reports the results when c* is significantly greater than ¢. In all equilibria,
there is no search. Note that c* first decreases with a, then increases at higher levels:
the correlation effect eventually becomes dominant. In this higher range, (normalized)
consumer surplus falls, profits rise, and welfare declines.

The lesson from these simulations is that one needs to know a great deal more about
market structure before one can say that increases in inflation uncertainty reduce the
informativeness of prices r&ﬁd therefore decrease welfare. When observing additional
prices is cheap, it is possible for the benefits from an increase in the variance of joint
cost shocks to outweigh the losses. At higher levels of search cost, on the other hand,
we show that the conventional argument is correct. Interestingly, Bénabou’s (1992)
analysis of the effects of anticipated inflation leads to rather similar conclusions about
the importance of market structure, and in particular the size of informational costs.

N

V. CONCLUSION

Aggregate cost uncertainty, whether due to common input price shocks or to stochastic
inflation, reduces the information content of prices by making it difficult to separate
relative and aggregate price variations. In this paper we have explored how this mechanism
operates in an environment where agents can decide to enhance their information via
search. We study how the stochastic structure of shocks, consumer search and oligopolistic
pricing interact in a single product market.

The results indicate that the a priori case for welfare losses from inflation associated
with reduced informativeness of prices has to be reconsidered when one allows for
endogenous information acquisition and price-setting. Indeed, inflationary noise can lead
agents to seek more information, so that in equilibrium they are in fact better informed,
and prices reflect increased competition. We show that the decisive factor in whether
inflation uncertainty improves or deteriorates market efficiency is the size of informational
costs.

Another contribution of this paper is that it develops an equilibrium model in which
Bayesian consumers search optimally from an unknown price distribution, and firms price
optimally given the learning and search rules of consumers. We hope that this analysis
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will be useful for attaining a better understanding of the relation between pricing and
search behaviour in general.

APPENDIX A: TECHNICAL CONDITIONS
In addition to (1) we shall assume that the distribution of costs satisfies:
flcle)>0,Vce[c,c*], (A1)

where f(c”|c7)=lim_., f(c|c) and f(c*|c*)=lim ., * f(c|c). These limits can be positive even with
f(c7|c))=0or f(c*|c,)=0 for all ¢,e (¢, c*). Note that (A.1) implies F(c|c)>0, for all c>c".

Turning to the demand side, we assume that —D'(p)=S"(p) is bounded on [c7,c*], ie. A=
sup {—D’'(p)| ¢~ =p =c*}<co. This may require ¢~ > 0. Finally, strict quasi-concavity of II(-, ¢) implies:

_IL(pc)

= >0 Vp,c=p<p,(c).
Pm(c)=p p=p

p(p, ©)
This also holds in the limit at p,,(c), since I1,,( p,,(c), ¢) <0. Therefore, by uniform continuity on the compact
set K={(¢,p)lc =c=c*,c=p=p,.(c):

0<m=min{p(p, c),(c,p)e K}=max{p(p,c),(c,p)e K}=M <oo. (A.2)

We shall assume:
2
II,,,(c“)éS(c”)—S(c+)+M(%) (ct—c)2 (A.3)

This requires that monopoly profit functions II( p, ¢) be neither too flat nor too spiked, that monopoly
profits for the most efficient firm be sufficiently large, and that the range of possible costs (¢~ ¢*) not be too
wide. Condition (A.3) will ensure the existence of a solution to the differential equation defining the optimal
price strategy of firms with high costs.

APPENDIX B: PROOFS

Proof of Proposition 3. In this equilibrium, consumers’ search rule is to search if and only if the first
observed price exceeds p*. By the definition of c*, no consumer wishes to search at prices below p*. At p*,
all a consumer knows is that ¢, € [c*, ¢*]. By the definition of c*, she is indifferent between searching and not
if she observes p* and knows that ¢, = c*. However, in this equilibrium, observing p* only reveals that ¢, = c*.
Given the positive correlation in costs this implies that the consumer’s beliefs of ¢, are at least as great as if
she knew ¢, = c¢*. This, combined with the (weak) monotonicity of the pricing rule, implies that she does not
wish to search if she observes p*. This shows that consumer search decisions are optimal on the equilibrium
path, where all prices are below p,,(c*). If a consumer observes a price above p*, her beliefs must be such
that it pays for her to search. Believing that ¢, = c*, or more generally that c, is close to ¢* is sufficient to
ensure that she does wish to search.

Pricing rules are clearly optimal. If any firm deviates to a price greater than p* it gets zero consumers,
since they search and find a lower price. Thus, so long as a firm charges a price no greater than p*, it gets half
the consumers. Thus, the optimal price is p,,(c) unless it exceeds p*, in which case (given the quasi-concavity
of profits) the optimal price is p*. ||

Lemma 1. The differential equation (8) with terminal condition p(c*) = c* has a unique solution pg(c) on
(¢™, ¢*), satisfying ¢ = pp(c) < p,(c) with equality only at c*. Moreover, pi(c)>0 for all ce[c™, c*].

Proof. Let C, be the space of continuous functions on [0, c*]. We shall work within the subset:

C={p(-)e Cy|p(c)elc, pm(c)]V¥c}. (B.1)
Denote by v(c)=f(c|c)/[1— F(c|c)] the hazard rate entering (8); then p(-) solves (8) if and only if the function
I(c)=TI(p(c), c) (B.2)

obeys the differential equation:

I'(c)=T1,(p(c), c)p'(c) — D(p(c)) = »(c)I(c) — D(p(c)) (B.3)
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with terminal condition I(c*)=TI(c*, ¢*)=0. Integrating (B.3) backwards:
1) = J D(p(x)) exp (—J v(y)dy)dxs!(p(-), o). (B.4)
This integral is convergent at c*, since p(x) = x implies:

I(c)= J’c D(x)dx=S(c)-S(c*).

c

We have transformed the differential equation (8) into an equivalent integral equation:
J(p(+), c)=T(p(c),c) Ve (B.5)

By assumption II(-, c) is strictly quasi-concave, hence can be inverted from [0, II,,(c)] into [, p,,(c)]. Hence,
with obvious notation, the fixed point formulation is (clearly I(c) € [0, ,,(c)]):

p(e)=1(-, 7' (J(p(-),e)). - (B.6)

We now show that the mapping T:p(-)- Tp(-), where Tp(c) is the r.h.s. of (B.6), is a contraction on C
endowed with the supnorm: | p||=sup.c.*|p(c)|. Let p(-)e C; by construction, Tp(c)e[c, p.(c)], Ve
Moreover, it is easily verified that TI(-, ¢)~'(I) is jointly continuous in (c, II), for all ce[c™, c*] and for all
Me[0,11,,(c)]. Since J(p(-),c)=1I(c) is clearly continuous in ¢, Tp is then continuous, hence Tp(-)e C.
Consider now (p,q)e Cx C and any ce[c™, c*]. We have:

|Tp(c)— Tg(e)| =TI(+, )M (JI(p(+), ¢) =TI(-, €)' (J(g("), ©))]. (B.7)
Note that TI(-, ¢)™! has derivative 1/II,(II(-, ¢)”', c), which is unbounded. For all X, Y €[0,11,,(c)] with
X 2 Y, denote x=TI(-, ¢)"}(X), y=TI(-, ¢)"'(Y). We claim
1 X-Y 1 X-Y
- =x-y=—
M p.(c)-y m py(c)—x
Indeed there exists Z, X=Z = Y, or z=II(-, ¢)""(Z), x= z= y such that (X - Y)/(x—y)=1I,(z c). But, by
(A.1), and the definition of m and M:

IA

(B.8)

- II,(z c)
=pm(c)—z

IIA

M.

Inequality (B.8) then follows from y=z=x=p,(c). Next, apply the first inequality in (B.8) with X'=
I,.(c), x'=pm(c), Y'=X, y'=x:

—_ — 1/2
PRCENCL U pm(c)_xg(g%_x) (B9)
Finally, replace (B.9) in the second part of (B.8), to obtain:
-1 — . -1 =3 — <EL
(-, o) (X)-I(-, )" (Y)=x—y= m =X (B.10)
Therefore,
I eXP(-I v(y)dy)[D(p(x))-D(q(x))]dx
(=Tl ==, V-0,
VM AL exv(—J: V(y)dy)|p(x)—q(x)ldx
=Tm M. () -J(p(), 0)
AVM +
Slp-ql- =5 ==t (B.11)

m VL. (0-J(p("), )’

where A was defined following (A.1). Thus T will be a contraction if, for all c€[0, ¢*],

2
m,.(c)=J(p(+), ¢)> M(%) (ct=c) (B.12)
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Indeed, uniform continuity will then imply that (B.12) holds with M replaced by M/vB, for some B € (0, 1),
so that | Tp — Tq| < B|p —q|. But note that we have,

ot

Hm(C)-J(p(-),C)=Hm(c)—J exr)(—_[ v(y)dy)D(p(x))dx>Hm(C)-J D(x)dx

=I1,,(c)— S(c)+S(c*),

since p(c)> c. Because I1,,(c) — S(c) is increasing, (B.12) then holds by Assumption (A.3). This concludes the
proof of the existence and uniqueness of pg(c).

It remains to show that px(c)>0,Vce[c™, c*]. Force[c™, ¢*), II(pe(c), ¢) >0 by (B.4) while f(c|c)>0
by Assumption (A.1), hence the result, by (8). The case of pk(c*) is more complicated because both the
numerator and denominator in (8) go to zero as ¢ goes to c¢*. For all £>0,

flct—e|c*—e)(pe(c* —€), " —e)—[1=F(c* —¢)| c* = &), (pe(c” —¢), " —£)pk(c* —£)=0. (B.13)
But,
F(c*—glct—&)=F(c*|c) =[f(c*| ")+ F(c*|cD)](-¢) + o(e);
T(pr(c*), ) —T(pp(c* — &), ¢ =€) = [, (pr(c* — &), " —e)pk(c* —€) + T (pr(c” —¢), c* —€)]e +o(e)
=[M,(c*|c)pk(ct — )+ (c*, c*)]e + o(e).
Since F(c*|c*)=1 and II(pg(c*), c*) =0, (B.13) becomes
{f(c*| M-, (c*|cM)pk(ct = &)+ D(cN)]=[f(c*| ") + F(c*| M, (c*, c)pE(ct —e)le = o(e),
or
pr(c*—e)2f(c*| ")+ Fy(c*| eI, (c*, ¢) =f(c*|cT)D(c*) +0(1)
which means that the limit p(c*) =lim,_o pi(c* — €) exists and, since II,(c*|c*) = D(c*),

fetley 1
2f(ct| e+ Fy(ct|c?)” 2

pr(ch)=

This proves the result. ||
Lemma 2. If buyers have reservation price p* = p,.(c*), there exists a unique c* € (c*, c*), such that the
following strategies are mutual best responses for firms: they charge p,(c) if ce[c™, ¢*], p* if ce[c*, ¢*), and

pe(c) if ce[c®, c*]. Moreover, c* and p* = pg(c®) are continuous and non-decreasing in c*.

Proof. We first find c®, the solution to (9), by examining:

8(c)=TI(p*, c)[1-3F(c|c)]-TI(pe(c), e)[1- F(c|c)]. (B.14)
We first show that if 8(c) =0, then §'(¢) <0. Indeed, 6(c)=0 if and only if,
1-F
T(p*, c) =—1—£c|—c)ﬂ(pp(0), ¢) <II(pg(c), ©). (B.15)
1-3F(c|c)

Then:
8'(c) = —D(p*)[1-3F(c|c)1- D(pr(c))[1 - F(c|c)]-T,(pr(c), ©)[1— F(c|c)]px(c)
—BI(p*, ) —TI(pr(c), )1 f(c|e)+ Fy(c| )]

p*-c
pr(c)—c

=-D(p*)[l-%F(CIC)][1- ]—%H(P*, c)f(ele)

+[T(pr(c), ) —3T(p*, €)1Fx(c| )

. where we used both (8) and (B.15). Now (B.15) and (2) imply that the last term is negative, and also that
p* <pgr(c) since TI(-, c) is increasing on [¢, p,,(c)], which contains p* and pr(c). This in turn implies that the
first term above is also negative. Since the second term is always negative, we have shown that §'(c) <0
whenever 8(¢)=0.

Therefore, 8(+) can have at most one zero. Moreover,

8(c*) =TI(p*, ¢*)[1-3F(c*|c*)]-TI(pg (c*), c*)[1- F(c*|c*)]>0
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because p* = p,,(c*) > pp(c*) so TI(p*, c*) >TI(pe(c*), c*). Asto 8(c™) =3T1(p*, ¢*) =3(p* —c*), if D(p*) has
the sign of p*—c*. Thus two cases can arise:

(i) If p*=c*, 8(c*) =0, so all firms with cost in [c*, c¢*] prefer charging p* to pr(c) and therefore also
to any price above p*. Thus p* maximizes profits.

(ii) If p*<c*, 8(-) has a unique zero c* € (c*, ¢*), and a firm with ¢ = ¢* prefers charging pg(c) to p*;
since ¢ > c*, p* is its preferred price among those which do not induce search. Therefore pg(c) is
the globally optimal price for ¢ = ¢®. For ee[c*, ¢®), 8(c) <0 so the firm would rather charge p* than
pr(c), and also than any p = p*, since there is no search below p*=p,.(c) and II(-, c) increases on
[¢, pm(c)]. Finally, a firm with ¢ <c* clearly will prefer charging p,,(c). Note that the uniqueness
of the solution ¢* to 8(c) =0 ensures that it is continuous in c*. Moreover, for ¢> c*, p*<p,.(¢c) so
TI(p*, c) and &(c) increase in p* or c*. Therefore, ¢ increases in c*, and so does p* = pg(c*), since
pr(+) is increasing and independent of ¢*. ||

Proof of Proposition 4. We shall make the dependence of c*, ¢, etc., on o explicit, by denoting them
as c¥, ¢, etc. To show that (11) holds when o is small enough, we examine more closely the determination
of ¢* and ¢’ for small 0. Recall that,

o

Vn(c®) = J _ D(p(e)Pm(c) F(cs] c¥)dey=o.

<
Even if V,, () is not monotonic on all of [¢~, c*], it is monotonic up to some (maximal) c' e (c~, c*], because
V!.(¢c7)>0. Moreover, V,(c)>0 in [c!, c*], so V,(-) is bounded away from zero on this interval, i.e.,
V,.(c)Z V,,>0. Since V,,(c7) =0, there exists a unique c**e[c™, ¢'] such that: Vce[c™, c*] V,,(c)= V,, if
and only if c=c**. Let o**=V,(c**)=V,,. Then for all o=o** Ilc*ec[c”, c**] such that: Vce
[cc*], V,.(c)> o if and only if ¢ > c*, namely c* =max {ce[c~, c**]| V,,(c) = o}. Thus for o = o**, monopoly
pricing can be sustained up to the cost c¢*, and not above. Clearly, as o decreases from o** to zero, c* decreases
to ¢”. In particular, we shall assume that c*<c,(c"), i.e. pX=p,.(c*)<c’.

Let us turn next to the determination of c¢,. The differential equation (8) and its solution pg(-) do not
depend on o, while ¢, is defined by (see (9)):

I(p3, c;)[1-3F(c5 | cx)] =T(pr(cy), €5)[1- F(cg| c3)).

(Recall that p* < c* ensures that unique solution ¢ € (c*, c*) exists.) As o decreases to zero, p* decreases to
p¥=p,.(c”)soby Lemma 2, ¢ decreases to a limit ¢c§ = ¢~. In fact c3 remains bounded away from c¢~, otherwise
in the limit: II(p,,(c7), ¢7) =II(pg(c™), ¢7), which is impossible since ¢~ <pg(c™)<p,,(¢”) and II(-, c7) is
strictly quasiconcave.

We are now ready to examine (11) for low values of o. First, for all ¢, =c:

o*

x(¢,,0) §j _ D(pum(c))Pm(c2) F(cy| c*)de, = o (B.16)

c

so x(c,, o) goes to zero (uniformly in ¢,) with 0. On the other hand we show that:

_f(”)Emin {f(a', cl)y L‘IE [C;y L‘+]}>0 (B'17)

for o low enough. First, note that for all o =0** and ¢, Z ¢, = cj:

c

" D(pr(c))pr(cr)de,

s
<o

|£(a, €1) = £(0, ¢,)| éIS(Pi)—S(P3‘)|+|S(Pi)—3(p3)l+I

=1S(p%) - S(p&)|+2S(p5)—S(py)l, (B.18)

so so £(o, ¢;) converges to £(0, ¢,) uniformly in ¢, as o goes to zero. Therefore, by continuity (B.17) will hold
if £(0)>0, i.e. for all ¢, e[c§, c*]:

c

1
£(0, ) =[S(p¥) ~ S(pr (c§NIF(c3| cl)+J , D(Pr(c)Pr(e) F(ey| ¢))de>0. (B.19)
<o

Since p§ = pr(c§) > p& =pm(c7), the first term can only be zero if F(cj|c;)=0, which by Assumption (A.1)
requires ¢, > cj. The second term in (B.19) can then only be zero if the integrand D(pg(c,))pE(c)F(cy| ),
which is continuous and non-negative, is identically zero on [c§, ¢,]. But D(pg(c;))= D(c*)>0; by Lemma
1 pi(¢,) >0, and by Assumption (A.1) F(¢,|c,)> 0, so this cannot be for c, near c,, and (B.19) must therefore
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hold. Thus (B.17) holds, which, with (B.16), implies that for o low enough (below some o* € (0, o**]), V(c,) —
O'=§((T, Cl)—X(O', cl)>0a vcle[cg! C+]. "

Proof of Proposition 5. We consider distributions F(c,|c,) satisfying (1) and (A.1), and for which
F,=sup{F,(c,|¢,), c"=c,=c¢,=c*}is small. For instance, if c;=¢+0+1v,;, i=1,2, where 6 ~ U[—a, al, y,~
U[-b, b], 6, v, are independent and 0 < a < b, one can show that F, =1/4b; so it suffices that b be large enough.
We first show that if F, is low enough:

(i) V,.(c), the returns to search under monopoly pricing at p = p,,(c), is increasing.
This defines c*, uniquely; if p,,(c*)> c* the equilibrium corresponds to either Proposition 2 or Proposition 3;
if p,.(c*)<c*, we can construct p(-) and define c* e (c*, ¢*). Then for F, low enough, we show:

(ii) V(c), the equilibrium return to search at p = pr(c), ¢ = c°, is increasing;

(iii) V(c®)> o, so that searching above p° is optimal.

This will prove the theorem.

As before with o, we shall make the dependence of c*, c°, etc., on F explicit by denoting them as c¥,

¢k, etc. Since,

c

Vi(e)= D(pm(cl))p:n(cl)F(Cllcl)+J _l D(pm(€2))Pm(c2) Fy(cs| ¢)dc,,

(i) will hold if for all ¢,e(c™, ¢*]:
= _ D(pm(c))Pim(c) Fler| 1)
27 S(pm(€)) = S(pmle))
We can impose (B.20) directly because the r.h.s. is a continuous, positive function of c,, and therefore bounded

away from zero. Indeed, the r.h.s. of (B.20) is strictly positive for ¢; > ¢~, and applying L'Hopital’s rule, it has
limit f(c”|c™)>0 at ¢, =c~. Alternatively, using the convexity of S(p), (B.20) is implied by,

£ D) [p'm(cl)F(clic.)]
2TD(pm(c)) M pler) =Pl ]

(B.20)

(B.21)

where similarly the term in brackets is bounded away from zero on [¢~, ¢*], due to (A.1) and L’Hopital’s rule.
For ¢, = c¥, we have:

c*

V'(¢;) = D(pe(c,))pr(e) F(c,| cl)+j _F D(pm(c2))pim(cr) Fy(cy| ¢y)dc,

c

c

+[S(pE)—S(pF)IFx(ck| Cl)+j : D(pr(c2))pr(cr) Fy(c,|cy)de,

c

2 D(pr(c))Pk(e)F(ci|¢) = Bl S(Pm(c7)) = S(pm(cE)) + S(pE) = S(pE) +S(pE) = S(pr(c)))]
= D(pr(c))Pr(e) Flere) = Bl S(pm(c ) = S(ey)]-
But,
Sfleler) 'H(PF(Cl),cl)2 fle]er) .H(Pm(cl),01)= fleler) R ,.(c1)
1-F(c|¢,) M(pe(c)),e) 1=F(eile)) D(pr(c)) 1-Flele)) D(pe(cy))’

pr(e)=

so,

Sflele)Fleiler)

Vie)= 1-F(ci|ey)

Hm(cl)_FZ[S(p_)_s(cl)l

Thus, (ii) will hold if:

f(c|c)F(c|c)] ) I,,(c*) (B.22)

1-F(cle) 1 S(pm(cT)=S(c*)
By Assumption (A.1), the r.h.s. is strictly positive, but both sides of (B.22) involve the distribution F. Nonetheless,
if we consider a one parameter family of conditional distributions F*(c,|c,), A € [0, A], which satisfy Assumptions
(1) and (A.1), and such that F*, f* depend continuously on A, with F 9=0; then as A goes to zero, so does
the Lh.s. of (B.22) whereas the minimum in the r.h.s. converges to (by L’'Hopital’s rule):
£°c|e)F(c|e)

1-F%c|c) ’
since c¥o> ¢~. Therefore, (B.22) holds for F* with A small enough.

Fz = mince[c’:’c*] [

mince[c’ﬁﬂ,c+]
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Finally, by (11), (iii) will hold if:

V(cr)=[S(p¥)—S(pr)IF(ck|cF) = _[ _FD(pm(Cz))pi,.(Cz)[F(Czl c§) = F(c;| ck)lde,,

c

for which it suffices that:

F S(pE) - S(pr) _ F(cklcr)
T ck-ct S(p)-S(pP
Again, this condition involves F on both sides; moreover, it requires that the function pg(-) be computed, so
as to find ci. Nonetheless, given a family of distributions F*(c,|¢c,) with the properties described above, for
small A the Lh.s. of (B.23) will be small, while the r.h.s. will be close to the finite value corresponding to F °,
This is because the equality (9) defining c}- always requires py> p¥, unless II(p*, cx) =0, i.e. cg=p*=pF;
but ¢=pg(c) is only possible at c=c". Thus pro= p¥o would require pto=c* which can be excluded by

focusing (as we have) on the case where Iz— D(p(c))P(c) FOcy| cP)dey> 0. ||

(B.23)
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