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Abstract

We consider the situation where a single consumer buys a stream of goods
from different sellers over time. The true value of each seller’s product to
the buyer is initially unknown. Additional information can be gained only
by experimentation. For exogeneously given prices the buyer’s problem is a
multi-armed bandit problem. The innovation in this paper is to endogenize
the cost of experimentation to the consumer by allowing for price competition
between the sellers. The role of prices is then to allocate intertemporally the
costs and benefits of learning between buyer and sellers. We examine how
strategic aspects of the oligopoly model interact with the learning process.

All Markov Perfect Equilibria (MPE) are efficient. We identify an equilib-
rium which besides its unique robustness properties has a strikingly simple,
seemingly myopic pricing rule. Prices below marginal cost emerge naturally
to sustain experimentation. Intertemporal exchange of the gains of learning
is necessary to support efficient experimentation. We analyze the asymptotic
behavior of the equilibria.
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1. Introduction

Much of the existing literature on dynamic choice under uncertainty has focused
on the case where a single decision-maker chooses sequentially among a fixed set of
alternatives. In many economic situations, the alternatives are supplied by a separate
economic agent {(or a group of economic agents) and the decision theoretic analysis
provides then only a description of the demand side of the market.

We develop a simple dyna.xhic equilibrium model of price formation under learning
and uncertainty. In an infinite horizon model with price competition, a buyer chooses
sequentially between products whose qualities are initially unknown to all parties in
the model; the buyer does not know the underlying characteristics of the products
while the producers are uncertain about the tastes of the buyer. Each purchase yields
additional information about the true product quality to all parties in the model.

In the decision theoretic situation where prices are exogenously fixed, it isr well
known that the optimal purchasing strategy by the buyer may involve experimenta-
tion. That is, in some periods the buyer is willing to sacrifice some of her current
payoff in order to gain additional information which is valuable for future decisions.
This temporal separation of costs and benefits causes no ex ante efficiency losses in
the single player case since the costs of experimentation have to be born by the same
agent who enjoys any gains from successful experiments. However, if prices are set by
profit maximizing producers, a nontrivial problem of intertemporal allocation arises
as current and future prices determine the costs and benefits of experimentation to
all the parties in the model.

To illustrate the point, consider a factory manager (the buyer) choosing between
two alternative technologies supplied by outside contractors (the sellers). In each pe-
riod, she signs a one period lease with one of the contractors. The output from each
technology is a random variable depending on both the true productivity of the tech-
nology in the factory (the value of the match between the factory and the technology)

and some outside random effects. If output is publicly observable, then all parties



receive a common noisy signal about the true productivity of the technology chosen
in each period. Beliefs are updated in a Bayesian fashion and posterior beliefs deter-
mine the relative competitive positions of the two contractors. We want to compare
the incentives of the factory manager in the equilibrium model where the contractors
react optimally to changes in beliefs to the decision theoretic model, where prices are
exogenously fixed. In particular, the incentives to undertake experimentation may be
fundamentally different under the two scenarios.

Suppose that the beliefs about product qualities are such that the optimal strategy
in the decision theoretic case suggests experimentation (i.e., choosing the product
with lower expected quality) in the current period. Is the buyer still willing to pay for
an experiment in the equilibrium model if the outcomes of experiments are publicly
observed? A bad outcome in the experiment results in more pessimistic beliefs on
the quality of the product purchased. If the buyer decides to switch suppliers, the
bad outcome results in a higher price to be paid in the next period since the relative
competitive position of the nonselling firm has improved. On the other hand, if
the outcome of the experiment is good, the buyer becomes more optimistic about
the product quality and as a consequence, her willingness to pay for the product is
increased. Sipce the outcome is publicly observable, the seller observes an increase
in her monopoly power relative to the competitors and has an incentive to raise the
price in future periods to appropriate the maximal amount of consumer surplus from
the buyer. Since neither a good nor a bad outcome leads to an increase in consumer
surplus, the willingness of the buyer to experiment is reduced. If it is in the firms’
interest to sustain experimentation, the consumer will have to be compensated for
experimentation costs in the current period.

For the case of two sellers and one buyer, we characterize the set of Markov
perfect equilibria. The central result of the paper states that in spite of future rent
seeking by the firms, all Markov perfect equilibria in the model are efficient, i.e. the
discounted expected sum of consumer surplus and the two firms’ profits is maximized

along any equilibrium path!. In particular, efficient amount of experimentation is

1With multiple buyers and publicly observed signals, the externalities involved in the experimen-



undertaken on any Markov perfect equilibrium path. Using this fact, we can deduce
the sequencing of consumer purchases immediately, since the efficient paths coincide
with the solution paths of the buyer’s decision problem when prices are fixed to be
identically zero. A solution for this decision problem is available in the statistical
literature on multi-armed bandits. The remaining task is thus to calculate the prices
that support efficient experimentation in equilibrium and determine the division of
surplus between the buyer and the sellers along the efficient path.

In analogy with the one-shot pricing game with heterogenous product quality, we
need a refinement similar in nature to trembling hand perfection to select a unique
equilibrium. In this equilibrium, which we call the cautious equilibrium, current prices
provide the buyer with insurance against future rent seeking resulting from successful
experiments. Note, however, that a bad outcome for the currently selling firm is
a good outcome for the nonselling firm. As a consequence, prices do not provide
insurance against bad outcomes in the experimentation. The buyer is left worse off
since the nonselling firm acts as an outside option for the buyer in the determination
of selling prices. Rent seeking by the nonselling firm in these contingencies allows the
selling firm to charge higher prices. The equilibrium pricing rule is quite simple. In
each period, the selling price is equal to the difference in expected qualities and is
hence similar to the equilibrium price in the myopic Bertrand game. The identity of
the seller does not, however, coincide with the myopic game since the efficient path
involves experimentation at some nodes.

Recent papers by Smith (1992) and Bolton and Harris (1993) also introduce dy-
namic learning models with many agents. Smith considers a sequence of sellers en-
tering the market. Each seller can individually observe the fraction of incumbents
charging a low price, before solving his own bandit problem. He shows that the most
profitable pricing option is eventually chosen by the market with probability one,
as opposed to the case of an individual seller, who might charge the less profitable

price forever even under optimal learning, as Rothschild (1974) showed. Bolton and

tation process cannot be fully internalized by the firms and hence the equilibrium path will differ
from the efficient path, in general. The restriction to two sellers is made purely for expositional

convenience. We discuss various extensions to the model in Section 3.



Harris introduce strategic interaction in a learning model in which N players face
simultaneously the same experimentation problem. Although the alternatives are
still exogenously given, the informational externality, which arises through the public
good aspect of experimentation, transforms the bandit problem into a game of strate-
gic experimentation. The idea of an informational externality arising in a sequential
learning model is aiready central to Rob (1991), who studies a dynamic model of entry
when the size of the market is uncertain. In our work, public observability of the sig-
nals creates no informational externalities since the product qualities are assumed to
be statistically independent. With multiple buyers and publicly observed signals, free
riding on other buyers’ experimentation becomes a problem. The firms are, however,
able to internalize this externality to a large extent and this may reverse the typical
results on underinvestment in information as discussed in Section 3.

While we consider the situation where a single consumer makes purchases over
time in an oligopolistic market, several other economic applications could be analyzed
within our framework. The bandit framework is often used as a matching model in the
analysis of the labor market as in Jovanovic (1979) and Miller (1984), which ignore
however the aspect of strategic interaction between employee and employer.2 The
choice and financing of new and uncertain technologies and R&D projects fits also
exactly into the framework we develop in this paper.

A brief outline of the paper follows. The duopoly model is introduced in section
2. In section 3 we investigate the efficiency of the Markov Perfect Equilibria for the
infinite game. In section 4 we single out a particular equilibrium, we call it cautious
equilibrium, which besides its unique robustness properties, has very appealing eco-
nomic features. Subsequently we analyze the asymptotic properties of the equilibria
and characterize the entire set of Markov Perfect Equilibria by the lower and upper
bounds of the payoffs. We conclude in section 5 with a discussion of some variations

of the basic model.

2Recently, Felli and Harris (1994) introduced a matching model in continuous time where wages
are renegotiated at every instant of time. The equilibrium in their basic model is the continuous

time equivalent of the cautious equilibrium in our model.



2. The Model

In this section, we describe the players, the learning environment and the strategies.
Then we compare the strategic pricing model briefly to the multi-armed bandit model.
The comparison will prove useful for the welfare analysis of the equilibrium model in
Section 3.

Price competition between two firms, indexed by ¢ = 1,2, takes place in discrete
time with an infinite horizon, £ = 0,1, 2, ... . The firms announce in each period their
prices p} simultaneously. The goods produced by the two firms differ only with respect
to their (expected) quality. Firms have the same unit costs normalized to zero. The
buyer has unit demand in each period. At time ¢, the buyer’s expected valuation of

a purchase is a linear function of the expected quality and the price:
EX; —p, =z} —p},

where the random realization of the quality of product 7 in period ¢ is denoted by
X$.3 Each X} is a non-negative real valued random variable with finite expectations
on some probability space (2, F,P). The expected value of the quality realization
X} conditional on the history until period t is given by zi = E,X;. All parties have
common priors about the reward processes X! = {X{}to:o at the beginning of the
game. Moreover, the sample realization X; is publicly observable.

We concentrate our attention for simplicity on sampling processes. A sampling
process is a sequence X! = {Xt‘}:o of independent, identically distributed random
variables X{, X!, ..., drawn from a distribution with an unknown (vector-valued) pa-
rameter §° belonging to a family of distributions D. The associated density functions
are denoted by f*(-]6°). The prior density for the parameter §° € IR is given

1 -2

by 7j(-).The posterior beliefs are represented by m; = (n},n?). After observing the

random variable X} in period ¢, m} is converted by Bayes rule into 7}
w6 F(XE6)
Ji(8) - fi (XL | §)do

3Any quasilinear utility function U(X}) — p} could be used alternately.

'"ti+1(9i | X{) =

(2.1)




Starting with prior beliefs and applying (2.1) recursively, we obtain a sequence of
beliefs {7} q.t

The consumer and the firms discount the future with the same discount factor g3,
with 0 < 8 < 1. Past quality realizations together with past prices and past consumer
decisions constitute the history of the game. We denote with H; the set of all possible
histories up to, but not including period t. An element h; € H, includes all past

prices, ps = (p,p?), 0 < s < t, the consumers decision variable, d; = (d’, d?), where

7 1 if the consumer accepts the offer of firm 7 in period s,
s —

0 if the consumer rejects the offer of firm 4 in period s,

and the random realizations X' of the purchased product i, 0 < s < ¢t. Hence h; is,
ht = (pOa dO) Xé; "'7pt—ladt—17 th—l)v

where the upper index s = 1,2 represents the successfully selling firm.
A pricing strategy of seller ¢ at any time ¢ is a function from the history into a

distribution on the real numbers,
pi: Hy — A(R).

The buyer makes her purchase decision knowing the past play and the prices currently
offered. Her acceptance strategy is a function from the history and the current prices

into her decision space A({0,1} x {0,1}\(1,1)):
dy: Hy x R x IR — A({0,1} x {0,1}\(1,1)).

Notice that unit demand imposes the constraint d} + d? < 1, which allows the buyer
not to purchase at all, if she prefers to do so. We denote with ds = {d;}{2, the
sequence of decision functions starting in period s. Similarly pi = {p{}$2, is the

sequence of future pricing strategies of firm i starting in period s.

“While our exposition will be restricted to sampling processes, all our results remain true for a
general non i.i.d. filtration set-up. Similarly all our results extend naturally from a duopoly to a

general N-seller oligopoly model.



1he discounted expected profit for irm ¢ under a given strategy triple (ds, ps, pZ)

E, [z ﬂt-Sd:p:] | 22)
t=s

and the expected present value for the consumer in period s is

at time s is

E, fjﬂ‘-S{d:(X: —p}) +dF (X7 —p?)]}- (2.3)

t=s

Each player acts so as to maximize the expected discounted return given the beliefs
over the return processes and the strategies of the other players. To facilitate the
equilibrium analysis in the next section, we compare our model to the multi-armed
bandit problem.

An n-armed bandit consists of n statistically independent alternatives (arms)
which may be chosen in any order and one at a time. We concentrate our atten-
tion without loss of generality to n = 2. The maximization problem of the decision

maker is to find an allocation strategy d* which solves

max B [S720 B4} X} + T5Zg B,
st di +d? <1.

(2.4)

The solution to (2.4) is the celebrated index policy. Gittins and Jones (1974) showed
that it is possible to assign to each alternative i an index function M {(n¥) which
depends only on the state 7} of project i. The optimal policy based on the index
function is simple: Compute at any given time the indices of the different alternatives
and engage a project with maximal index. The index of project i is defined in terms
of the following optimization problem involving only project i. Suppose the decision
maker is facing in each period only the choice between continuing with the random
sequence X' or stopping the sequence to obtain a terminal reward z. The value

G*(n}, z) of this problem is defined by the dynamic programming equation
Gi(ni, z) = max {z, Epi[Xi + BEG (i, z)]} . (2.5)

The dynamic allocation or Gittins index M*(}) is given through the equation (2.5).



Definition 1. The dynamic allocation index of the alternative i is defined as

Mi(nj) = sup{ze R|G'(n},2) >z},
= inf{zERIG%ﬂ'Z,z):z}.

In words, the index M*(w}) of alternative i in state =} is the supremum over
all terminal rewards, such that the decision maker still prefers to continue with the
random stream; or alternatively, it is the infimum over all terminal rewards such that
the decision maker is indifferent between continuing with the random sequence and
retiring with the stopping reward M*(n}). The indez process M} = {M'(x{),t € N}
reduces the n-dimensional problem to a comparison of n 1-dimensional problems.®

The buyer’s decision problem in our model differs from the multi-armed bandit
problem in two important aspects. First, in the strategic model the return stream of
the buyer is affected by the pricing policies of the sellers, where each pricing policy
is in turn the solution to the firm’s profit maximization problem (2.2). The second
difference is central to the intertemporal aspect of the game. In the multi-armed
bandit problem, the value of the random sequence i depends only on the information
acquired along the sequence ¢, but not on the history of the other random sequences.
In the duopoly game, however, we naturally expect any pricing strategy of seller i to
react not only to its own quality realizations, but also to those of the competing alter-
native. Hence, the current expected reward, z} — p} or z7 — p?, and the expectation

~over future rewards of the competing alternatives become mutually dependent.

3. Equilibrium Price Competition and Efficiency

The conceptual distinction between our strategic model and the decision theoretic
learning model is that in our model the alternatives are owned by separate economic
agents. The pricing of alternative ¢ is now a strategic decision made by seller i in each
period. By introducing the separation in ownership we can examine how the costs

and benefits of learning are allocated intertemporally between the buyer and sellers in

5Whittle (1982) and Gittins (1989) are excellent references for more details on the multi-armed
bandit theory.



equilbrium. First, we investigate the efficiency of the learning process in the presence
of strategic interaction. In the next section, we analyze the dynamic allocation of the
payoffs needed to sustain the equilibrium learning process.

We are interested in Markov Perfect Equilibria of the game for which 7 is the state
variable.® By requiring that players base their decisions in equilibrium only on payoff
relevant variables, current prices and current information (summarized in the densities
m = (m}, m2)), we focus the equilibrium analysis on the strategic effects of the learning
process. The Markov property will also limit the set of equilibria significantly and
we will discuss the main differences between Markovian and non-Markovian equilibria
briefly in the next section .

An equilibrium in the game is defined in

Definition 2. A Subgame Perfect Equilibrium (SPE) is a triple of decision rules
{d, p*, p?} which form a Nash equilibrium in every subgame.”

Player 4’s strategy is Markov if it depends only on the payoff relevant history.
Definition 3. A Markov Perfect Equilibrium (MPE) is an SPE, where

pil) = pi(m), and
di(wtap%’p?) = di(ﬂ-ap11p2) fori= 1,2.
The definition explicitly states that the Markov strategies should be time-invariant
or stationary in the sense that whenever 7y = 74, then pi(m;) = p'(mi4,) and also

d; (7rt1 p% 7p?) = di+s(7rt+sap%+s’p?+s) ha've to hOId's

6See Maskin and Tirole (1994) for a detailed account of the Markov Perfect Equilibrium concept.
7There are two alternative ways to look at this game. The first is an incomplete information game

where nature moves at the first node to select the types of sellers. Information is partially revealed
at subsequent nodes. In this representation the game has no proper subgames. An alternative
representation, adopted for this paper, is a complete information game with a unique starting node
given by the priors and a perfectly observed move by nature in each period determining the transition
on the state variables of all players. In this representation, each choice by the buyer starts a new

subgame.
8We index 7 with t henceforth only as a matter of recording time.
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ror tne cnaracterization ol the Markov equilibria we cast the players’ decision
problems in a stochastic dynamic programming framework. We define the value
function of each player 7 as
Vi(m) = Vi | o),

where we take the strategies of the other players as given and 7; as the state variable
of the system. The buyer has to choose simultaneously between the current returns,
Xi — pi(m;) or X — pi(m;) and their associated learning opportunities as indicated
by (7, X¢) or (s, X]). We shall write VB(m;, X¢) rather than V3(r,,;) to indicate
which sample, X} or th , conditions the transition from #; to 7;+;. The Bellman

equation for the buyer is given by

VE(m:) = max E, { X} —p} + BV E (74, X}), X7 — 1} +BVE(m, X7), 0+ BVE(my)} .

(3.1)
The consumer can always refuse to make a purchase and receive a reservation value of
zero. If the best decision for the buyer should be to not accept any offer, then under
the Markov assumption, this will remain her best possible decision forever. Consider
next the dynamic programming problem for the firms. Each seller, when choosing his
price, has to consider the benefits of realizing a sale today, or foregoing that possibility
today and instead betting on future sales in a possibly changed environment. The

value function for the first seller is

Vim) = ngth: {dilp" (me) + BV (me, X{)) + 7BV (74, X7) + (1 — d3) (1 — )8V (m4) }
(3.2)

and for the second seller it is symmetrically

Vi(m) = max E; {d2[p*(me) + BV2(me, XP)) + di BV (me, X7) + (1 — d})(1 — d}) BV (mr) } -
(3.3)
If the buyer decides not to accept any offer in m; then we have of course 71 = 7.
We concentrate our attention for the moment on MPE in pure strategies. It will

be shown in Proposition 1, that this involves no loss of generality.
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Lemma 1. In any pure MPE the buyer makes a purchase in every period and
VB (m) = B [X; — 1 (me) + BVB(m, X2)] 20,
where s = 1,2 is the accepted seller.

Proof. Notice first that VZ(m;) > 0, V¢, by the no purchase option and V(m;) > 0,
V¢, since the seller can always ask for positive prices, which can at most be refused.
Suppose that no purchase is made in period t. By Markov assumption no sales are
made in future periods either and hence all agents’ value is zero. Since E; X} > 0 by
nonnegativity of X*, one of the firms can offer a strictly positive price 0 < p¢ < E; X}
that yields a strictly positive value to the firm as well as the buyer. Hence a sale has

to be made in all periods in equilibrium. W

For pure strategy equilibria, price competition implies that the consumer is in-
different between the choices offered by the two firms (or between one firm and the
no-purchase option) at all points in time. At equilibrium prices, the selling firm, s,
must (weakly) prefer to make the sale, whereas the non-selling firm, n, must (weakly)
prefer to concede in the current period. The following (in-) equalities for the buyer
(B), the selling firm (S*) and the non-selling firm (S™) are equilibrium conditions and

central to the following analysis. We state them independently in the following

Lemma 2. Assume E; [X{ — p*(n) + BV B(my, X;)] > 0. The strategy triple {d,p*, p?}
is a pure MPE if and only if the conditions (B), (S°) and (S™) are met for all t and
e
E, [XP —p™(me) + BVE(me, X)),
BE\V*(m, XT),
p"(me) + BEV™ (me, X7),

(B) E; [X; —p°(m) + BVE(m, X))
(5°) p°(m:) + BE VS (7, X¥)
(™) BE V™ (7, X7)

v

v

where n # s.

Proof. (=) Consider (B) first. Suppose not. Then the two terms in the Bellman

equation (3.1) of the consumer differ by a strictly positive number, which implies that

12



the firm offering the higher value to the consumer could raise her price by € > 0 and by
E, [X§ —p*(m) + BVE(m, X{)] > 0, this would not affect the consumer’s decision,
which contradicts the equilibrium assumption. Consider now (S°) and (S™). If (S%)
does not hold, then by (B) we know that a deviation to a higher price induces the
buyer to switch sellers and consequently is a profitable deviation. Similarly, if (S™)
does not hold, a downward deviation by ¢ is profitable for the nonselling firm by (B).

(<) Recall that the value function of each player is defined given the opponents’
strategies. Conditions (B),(S°) and (S™) are then the appropriate conditions to
make sure that no one-shot deviations are profitable for any of the players. Since the
payoffs are bounded from below, we refer to the principle of optimality to conclude
that strategies satisfying conditions (B), (S°) and (S™) are optimal given the other

players’ strategies and hence form an equilibrium. W

Remark. Lemma 2 is true for all pure MPE for which E; [th —p*(me) + BV E(my, Xf)] >
0 holds along the equilibrium path for all ;. If the assumption doesn’t hold, an equi-
librium with some 7, could conceivably exist such that E; [ X7 — p*(m;) + BV B (7, X§)] =
0. The equilibrium price p"(7;) would then not necessarily satisfy (S™) and possi-
bly break the equality (B). It is easy to verify that whenever such an equilibrium
exists, an outcome equivalent MPE with 7*(m;) and p"(m;) < p™(m;) also exists,
which contrary to the later satisfies both conditions (B) and (S™). We will see in
Proposition 3 that all pure MPE for which (B), (S%) and (S™) are satisfied have
E; [X{ — p*(m) + BV E(m, X§)] > 0, which allows the conclusion that all pure MPE
are characterized by (B), (S°) and (S™), and that the qualification made for the
moment is only a temporary one.

Price competition between the sellers in each period makes the stage game similar
to a static Bertrand pricing game in which firms have different costs. To illustrate
this point, we take the continuation values of each subgame for the moment as given.
Upon entering the competition each firm has to consider the benefits as well as the
costs of making a sale today. The benefits for firm i of selling today come from the

realized current price and the future sales following (m;, X}), but by doing so firm i

13



foregoes all possible sales along the continuation game of (¢, Xf ):

benefits of making a sale costs of making a sale
N A

p(me) + BEVi(ms, X)) —  BEVi(m, X7).

If we take the difference in the future payoffs of the two paths, BE;Vi(m;, X7) and
BE.Vi(m:, X}), to be the net costs c*(7;) of making a sale today, which are of course

endogenous in equilibrium:
c(my) = BEV (my, X]) — BE V' (my, X7), (3.4)
then we can read conditions (5°) and (S™) simply as

(8*)  p°(m) 2 *(m),

(S™) p™M(m) < c™(me).
The equilibrium price for the selling firm, s, must exceed the costs of making a sale,
whereas the price of the conceding seller, n, must not exceed the costs of making a
sale, for otherwise he could lower his price slightly and attract the consumer. We
may note at this point that the dynamic duopoly model inherits the multiplicity of
equilibria present in the static Bertrand game with different costs.? Since the buyer
is indifferent between fhe sellers in equilibrium, choosing n instead of s is without
costs for her. By quoting a high enough price, seller n makes sure that a deviation
by the buyer is not to his disadvantage. In other words, he is cautious enough to
ask for a price which he does not regret should he be chosen against all expectations.
For future reference we shall call the equilibrium in which the conceding seller bids

exactly his intertemporal costs of competition, cautious equilibrium.

Definition 4. A MPE is cautious if seller n is indifferent between selling and con-

ceding to the competitor:

pn(ﬂ't) + ,BEtVn(Wt,X{l) = IBEtVn(ﬂ't, th) (35)

9The reader may recall that in a static Bertrand game where firms have different costs ¢; < e2,
the “standard” equilibrium is p; = p2 = c2 and the low cost firm is making the sale. However any
price combination p; = pa € [c1, ¢2) can also be sustained as an equilibrium if the consumer chooses

the low cost producer with probability one.

14



Before we attack the question of how efficient the learning process is under compe-
tition, we clarify a more technical issue concerning the similarity of the mixed strategy

equilibria with the pure strategy equilibria.

Proposition 1. Every Markov Perfect Equilibrium is outcome equivalent to some

Markov Perfect Equilibrium in pure strategies.

Proof. We notice first that there is no MPE in which all sellers use mixed strategies
in any one period simultaneously. For given continuation payoffs the price setting
game in any period is just like a static Bertrand duopoly game with different costs
for each seller and unit demand. By a standard, but tedious argument which we omit
here, one can show that both sellers do not simultaneously engage in mixed strategies.
We now show that only the seller who is not chosen by the consumer in equilibrium
would ever use mixed strategies. Consider a pure strategy p’(m;) by seller 7 and seller
J is employing a mixed strategy. Take the price p’(m;) at which the buyer is just
willing to buy from j:

B, [Xi = p(m) + BVE(r, X)) = B [X{ - P(r) +BVB(re, X))
Should the inequality
P (m0) + BEV? (m, X{) > BE VI (my, X7)

hold, then seller j would never use a price lower than 7’ (7;) in his mixed price strategy.
But at any price higher than p’ (), he would be rejected by the buyer, thus seller j
offers a unique price 7’ (7). If seller j is then using a mixed strategy with 7 () in

its support it must satisfy
P (m) + BE VI (r, XI) < BE VI (7, XD).

The prices p?(;) which are in the support of the mixgd strategy, cannot be lower than
P’ (m¢), because otherwise j would be chosen by the buyer, although he prefers not
to. Thus the support can only contain 77 (n;) and higher prices. But at higher prices
than 7(m;), 7 will never be chosen by the buyer. Thus this equilibrium is outcome

15



equivalent to the one in which the seller, who plays the mixed strategy simply charges
the lower bound in the support of his mixed strategies, namely 7’(m;). Finally, if
the buyer is randomizing, then both sellers have to be indifferent between selling and
non-selling, otherwise one of them would deviate. And if both sellers are indifferent

then choosing one of them with probability one is again a pure strategy equilibrium. ll

It will prove instructive to express the value function of each player for given (equi-
librium) policies explicitly by the entire sequence of payoffs. The buyer’s alternating
between the sellers as she acquires experience can be represented by two sequences
of switching times, which are in fact stopping times: {0,},.; and {7,}52,. The
switching times are random times which depend on the sample path and the prices
offered along the sample path. We define 7,, as a (stochastic) time at which the
consumer stops buying from the first seller and switches to the second, and o, as a
(stochastic) time at which the reverse switching behavior occurs. In other words, o,
is a time period in which the buyer begins her n —th round of purchases from the first
seller and 7, is the period in which the buyer begins her n — th round of purchases
from the second seller. The value function of the buyer admits then the following

representation

oo Tp—1 o0 Ong1—1
Ve {Z > Bt [X) - pl(ms) +Z S optx (m)]}
n=1 s=op, §=T, (36)
The value of the buyer is the discounted expected sum of the periodic net gains,
X} —p'(m,s) or X2 — p%(m,), along all sample paths.’® For seller i it is the expected
discounted sum of all realized sales. The value of the game for the first seller is then

o Tp—1
V {Z Z ,Bs_t 1(775 },

n=1 s=o,

0By Lemma 1, there is no time period where she does not buy at all, so that the purchasin
g

behavior is completely described by {cn}52; and {7,}32 ;.
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and for the second seller

o0 Ong1-—1
Wt) {Z Z ,Bs —t 2(,”5 }

§=Tn

The social value W(m;) of the game in any state = is simply W(m) = VB(m) +
V() + V3(m;) and can be explicitly expressed through:

o0 Tp-—1 oo Ony1—1
W(m) = {Z Noomixiey Y 5s-tx’~’} (3.7)

n=1 s=on n=1 s=71,

We define an efficient equilibrium.

Definition 5. An equilibrium is efficient if it maximizes the social value W (r;)for

all Tt -

The notion of efficiency should of course be understood as a notion of (informa-
tionally) constrained or ex ante Pareto efficiency.

The problem of maximizing the social value of the game as depicted in (3.7) is
in fact identical to the multi-armed bandit problem given in (2.4). An equilibrium
is then efficient if and only if the stopping times {on},-, and {7,}n., coincide with
the stopping times prescribed by the dynamic allocation index policy. With this
identification in place no ambiguity should arise when we refer to the efficient path or
the efficient (inefficient) or superior (inferior) alternative i (§), by which we simply
mean that M*(m,) > M3 (m,). 1!

The explicit representation of the payoff sequence of the buyer in (3.6) suggests also
that the buyer should be willing to support the efficient allocation path through her
choices if she is guaranteed to share sufficiently, today and in the future, in the gains
from learning, which are only limited by the prices she has to pay. Ultimately, the
question of efficient experimentation then hinges on the price path induced through
the duopoly game.

We may distinguish two different situations. When long-run efficiency as indicated

by the allocation index and high current return coincide in alternative i,i.e. M(w;) >

1By the index theorem efficiency follows already by M*(wi) > M7(nJ), i.e. the index Mi(xi) is

independent of r{ . To save on notation we shall neglect this distinction.
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MY(m;) and E;X; > E,X?, then firm i should be able to attract the buyer and yet
obtain a relative high price for its product since the competing product is inferior on
both accounts. The inferior firm’s best strategy is to wait, since a price low enough
to attract the consumer today would not be justified on the current expectation for
future profits.

The intertemporal incentives are more complicated when long-run efficiency and
current high returns do not coincide, ie. Mi(m) > M’ (m) but EX; < E.XJ.
Suppose for simplicity of the argument that the quality of firm j7’s product is known
with certainty. We may ask, how long firm 7 is willing to make sales. In this simplified
case, we know by the Markovian assumption that once the buyer selects firm 7, she
will buy from firm j forever and consequently firm i’s profit is zero from then on.
As long as the total surplus along paths beginning with a sale by firm i exceed the
total value of paths switching immediately, firm i can offer low enough prices today
to attract the consumer while making a positive expected profit in future periods.
But this is exactly the condition stated earlier in the form of the dynamic allocation
indices: M*(m¢) > M (). The following theorem shows that this intuition extends to
the case of two uncertain products. In the following section, we determine equilibrium

prices needed to support the appropriate intertemporal division of gains from trade.

Theorem 3.1. (Efficiency)
All Markov Perfect Equilibria are efficient: If seller i is chosen in period t, then

Mi(my) > M (m,).

Proof. '? Suppose that firm i is chosen in period ¢. By Lemma 2 the following

(in-)equalities have to hold:

(B) Ei[Xi—p(r) +AVE(mu X)) = Ei[X]—p(m)+BVE(m, X},
) PH(m) + BEVi(my, X}) > BE.Vi(n,, X}), and
(52) BE, VI (my, X3) > P (1) + BE VI (my, X7).

12We thank Guy Laroque for suggesting a different proof strategy, which led to a shorter and more

transparent argument.
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By summing both sides of the three (in-)equalities and recalling the definition of

W (), we get:
E X} + BEW(my, X}) > E X] + BEW (7, X7).

Hence the social value of the game, W (), calculated along the equilibrium path

satisfies the following functional equation:
W (m) = max {EX; + BEW (m, X;), BX{ +6W (m,X{)}. (38)

But (3.8) characterizes the value function of the planner’s problem as well. An easy
application of the contraction mapping theorem establishes the uniqueness of solutions
to (3.8). Consequently, firm i is selected in equilibrium only if firm ¢ is selected along
some optimal path in the planner’s problem. By the Gittins index theorem this is
equivalent to M* (m;) > M7 (r;). B

The message of Theorem 3.1 is unambiguous. The fact that all MPE are efficient
demonstrates that no firm has an interest to stop the efficient learning process, since
the costs involved in doing so are too high at each stage. In particular, the conceding
seller rather than forcing a sale through a very low price prefers to postpone it in the
expectation of a more favorable competitive context in the future.

The efficiency result of Theorem 3.1 continues to be valid in more general settings.
If the buyer is not restricted to a single experiment but can allocate up to N experi-
ments among the sellers in each period, the resulting equilibria are still efficient. The
necessary modification to establish efficiency in this framework is to allow firms the
use of nonlinear pricing schemes.

The sellers are offering non-linear pricing schedules to the buyer:
bl = (o),

where p{k denotes the unit price of firm j’s product if the buyer purchases & units.

The purchasing decision of the buyer is then represented by two numbers

dt = {n%,’n?},
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where n{ denotes the number of units demanded from firm j.

The optimization problem of the consumer in the value function form can then
be given by

Vim) = OSn?-li—arféSN E, {n% (X} — p:":) +n2(X2 - pfnf) + BV (m, nl, nf)} )
The sellers’ problems are described similarly. As in the case of a single unit, the con-
sumer will always buy N units and will never use her no-purchase option. Analogues
to Lemmas 1 and 2 continue to hold in this setting and using the same equilibrium

concepts and welfare criteria as above we are able to prove the following:
Theorem 3.2. All MPE in the multi-unit game are efficient.

Furthermore, all the results pertaining to the price path of the cautious equilibrium
discussed in Section 4 continue to hold in the multi-unit case. We also point out that
the efficiency result would continue to hold if the quality realizations of the products
were mutually dependent.!®

Extending these results to a game with multiple buyers proves to be substantially
more difficult. Since the experiments are publicly observed, each purchase creates an
informational externality on the other buyers. In the case of fixed prices this leads
to well-known free-rider problems as in Bolton and Harris (1993). In our model, the
firms are able to internalize some of these effects since a successful experiment by one
consumer leads to an improved competitive position with respect to all consumers in
the next period. It turns out, however, that we cannot expect efficient experimentation
in general even with nonlinear prices. A consumer has to be compensated for her
experimentation costs only, while the gains of experimentation are collected from all
consumers through higher prices. As a consequence, experimentation tends to be too
cheap from the firms’ point of view in the multiple buyer case and ex ante optimal

experimentation is not achieved.!* This has to be contrasted to the single buyer with

13 All model extensions as mentioned above have however the drawback that efficient policies cannot
be characterized by index policies anymore, since they are either not known or simply don’t exists

as in the case of mutually dependent alternatives.
14 A well known fact on ex ante efficient experimentation in multi-armed bandit models states that
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multiple unit demand, who perfectly internalizes the price increase on all units in

future periods.

4. Characterization of the Markov Perfect Equilibria

The equilibrium choice path of the buyer has been established by the efficiency prop-
erty of the MPE and we focus now on the equilibrium price path. Prices determine
the intertemporal allocation of gains from experimentation between buyer and sellers.
We focus on the cautious equilibrium where the pricing path provides the intertém—
poral incentives to experiment in a surprisingly simple and intuitive way. Finally, we
characterize the entire set of MPE by giving upper and lower bounds on the payoffs

for the players in Proposition 3.

4.1. The Cautious Equilibrium

We recall that the equilibrium condition as given in Definition 4 made the conceding
seller (S™) indifferent between realizing a sale or foregoing the sale in the current
period,

(8™). p™(m) + BEV™ (m, X7') = BEV™ (my, X7). (4.1)

In other words, in the cautious equilibrium the conceding seller always sets his price

equal to his net costs of competing ¢*(m;) = BE,V™(m, X§) — BEV™(m, X]):
P (m) = c*(m).

The intertemporal allocation of the costs and benefits of the learning process in the

cautious MPE are described completely in

ex post efficiency fails with positive probability. Since experimentation is relatively cheap in the
multiple buyer case, an interesting conjecture to be checked in future research is that equilibrium in

the pricing game is closer to the ex post efficient path than the ex ante efficient path.
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Theorem 4.1. The cautious equilibrium is unique, efficient and:
p(m) = EX;—EX]!=x]—z}, (4.2)
p*(m) = PBEV™(m, th) — BE V™ (7, XT). (4.3)
The pricing rule of the conceding seller is a submartingale:
ph(m) < BE{p"(m, X{)}. (4.4)

Proof. The non-selling firm in period £, say j, is indifferent between selling and not

selling by the definition of the cautious equilibrium:
P (m) + BE VY (my, X]) = BEVI (my, X7). (4.5)
By the consumer’s indifference
E, [X{ —p'(m) + BVZ (re, X])] = B [X] -p(r) + VP (m XD)],  (46)
we can express VB (m;) for a given equilibrium either as
VE(m) = E, [X] — p'(m) + BV E(m, X])], 4.7)

or as

VE(r,) = E, [Xg’ —p(m) + BVE (my, X7 )] . (4.8)

We can extend (4.7) and (4.8) in this way by any number of periods. Since the
equality (4.6) has to hold in each period, we are free to choose which alternative, i or
J, to use in any period in the particular extension. For now we extend (4.7) and (4.8)

by the continuation game which accepts the seller j forever. Extending (4.7) we get

VB(r) — B {265" [x: —p"(mn} , @9)
s=t
and extending (4.8) we have
vE(m) = E, {X:’ -pm)+ Y At (X! —p"(ﬁs)]} : (4.10)
s=t+1
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We decorated the state variable 75 in (4.10) to distinguish it from the state variables
7s in (4.9), since their experimenting paths are different. We solve equation (4.6) for
the price of the superior seller ¢ in period t, when the inferior seller j adheres to his

pricing policy (4.5). By extending (4.5) in the same manner as (4.9) or (4.10) we

Et{iﬂs"z)’(ﬂs)} . E{ 5 ﬂs-tpf@)}.

s=t s=t-+1

obtain

We can finally use equality (4.5) to simplify equality (4.6) and obtain:
p(m) = EX{ ~ EX] = z{ -,

describing the price of the successful seller in period t. To obtain an expression of
p?(m;) for the non-selling firm, we start again with equation (4.5) and extend both
sides by one period. Since the Gittins index of seller j might rise above the one of
seller 7 in t 4+ 1 after an observation of th in ¢, equality (4.5) might turn into an

inequality in t + 1, conditional on X{ :
P (m, X]) + BEVI (my, X], X1, 1) > BEV (7, X7, Xi41). (4.11)
As a consequence we obtain from (4.5):
P (m) + BPEV (m, X{, Xi1.1) < BE? (me, X) + BBV (me, X, X,a),

resulting in
P’ (m) < BEp (me, X}),

which concludes the proof. B

A few aspects of the pricing strategies in the cautious equilibrium deserve discus-
sion. Experimentation is efficient and all sales are made at p*(m;) = E; X7 —E; X}*. No-
tice that efficiency, M*(m;) > M™(m;), does not imply E; X; > E; X!*. It may be that
M#(m) > M™(m:), although E; X7 < E; X[, in which case p*(m) = E; X{ —E. X < 0.
Negative (or below cost) prices appear then in equilibrium as a natural instrument
to support the learning process of the consumer. Negative prices are associated with

states m; where M*(m;) > M™(m:) but E;X; < E;X['. In these states seller s is willing
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to offer negative prices because the superiority of his dynamic allocation index indi-
cates that he will be able to recover the initial losses through higher future prices. On
the other hand, the consumer expects negative prices as an advance payment because
the gains from learning will eventually be diluted through higher prices.

The net value of the sale to the buyer is the current expected quality of the
dynamically inefficient firm: E;X; — p*(m) = E:X{". As long as the buyer does not
switch from seller 1 to seller j, her net value of a purchase remains thus constant at
E; Xf and the price of the successful seller 7 forms a martingale. Marginal gains and
costs of experimentation ére reflected in the price set by seller ¢ in response to new
information. The buyer is thus insured during any single round of experimentation
with a particular seller and realizes intertemporal costs or benefits only when she is
switching from one seller to the other.

The conceding seller hence represents, in equilibrium, the insurance or outside
option to the buyer. If the buyer continues to experiment with 7 although the estimate
E; Xf decreases, she weakens her future insurance position vis-a-vis seller j. Or, put
differently, the future switching costs from 7 to j are increasing when the expected
quality of seller 7 decreases. Consequently, if seller i still intends to make the sale,
i has to compensate the buyer for the induced future risk of higher switching costs.
Conversely, if the buyer expects to switch from i to j because the value of learning is
high, but not because the current return of j dominates 4, then 7 provides the buyer
with a comparatively high insurance level in the future. In consequence seller i can
ask today for a price higher than what is justified by current quality differences. The
discrepancy between the intertemporal pricing rule and the static pricing rule can be
systematically linked to this insurance effect.

In a myopic environment the optimal pricing rule p},(m) of the successful seller
is given by:

Pla(me) — p(m) = i — . (412)
The price pi,(m;) at which i can make a sale is such that the price difference between
i and j equates the estimated quality difference between the competing products. We

contrast this with the incentives provided by the intertemporal pricing rules. Recall
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from the definition of the cautious equilibrium that

P (m) = BE, [V? (m, X{) = V7 (me, X7 )] (4.13)

and from Theorem 4.1 that

P (m) =z} — 4. (419

Comparing equations (4.12) and (4.14) we observe immediately that the price differ-
ential in the cautious equilibrium is smaller than in the myopic case if p? (7;) > 0. By
(4.13) we can relate this condition to the future competitive position of the currently
conceding seller j. When p’ (m;) > 0, then the expected continuation payoff for firm
j is higher if the buyer experiments today with firm ¢’s product rather than with j’s
product:

P (m) >0 & EVI (m,X!) > BV (m,xz).

Experimentation with seller 7 must hence provide better prospects for an improvement
in j’s competitive position than a direct experiment with ] himself. The improvement
can only come through a decrease in the expected quality of firm ¢’s product along
the path of the play. But the decrease in E; X} along the equilibrium path implies
that the outside option seller ¢ provides to the buyer, conditional on switching from
seller 7 to seller 7, is expected to decrease. Since the buyer realizes the negative future
impact of experimentation with seller 1 today, she is not willing pay the myopic price

Pl () and seller i has to settle for less than the myopic price:
P (m) < Py (7).

The potential of future rent-seeking by seller j after current experimentation with i,
is consequently expressed in the fact that only a strictly positive price determined
by (4.13) makes seller j indifferent between a sale today and the improvement in the
competitive position induced by experimenting with seller i. A similar argument can
be given for p’ (m) < 0, in which case seller i can extract a higher than myopic price

since he provides the buyer with a relatively stable insurance value and consequently:
P (me) > pry () -
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With more accurate estimates of the product qualities, the changes in the compet-
itive environment become smaller over time. In turn we would expect the deviation
from the myopic pricing policy to become less significant as more information accu-
mulates. In the next subsection, we describe the asymptotic properties of the cautious
equilibrium and show that in general, the long-run prices are different from the myopic

Bertrand prices under perfect information.

4.2. The Asymptotic Behavior of the Cautious Equilibrium

As time goes by the buyer will learn more'about the true value of the purchased
products. By Lemma 1 a purchase is made in every period and at least one seller will
be chosen infinitely often. The value of learning, (1 — 8) M*(m,) — ¢, as distinct from
the value of the current return diminishes as the dyriamic allocation index (and the
posterior mean) converge to the true mean of the reward process. Consequently the
value of sampling decreases and the ranking of the alternatives with respect to their
current pay-off tend to coincide with the ranking of the indices. Below cost prices
associated with states m; where the learning effect dominated the current return effect,
should therefore gradually disappear. We may ask whether the pricing and acceptance
policies will approach those of the static Bertrand competition in the limit.

Proposition 2. (Asymptotic Behavior)

The asymptotic behavior of the cautious MPE is given by:
(i) limy oo p°(m) = 2° — limy— 0o Bt X7 > 0,
(ii) imy oo V() = 0.

Proof. (i) By Definition 1 and the Martingale convergence theorem,
: o] .00 _
t]iIEoM (me) =2/ (1-B) a.s.

where M* and z*° are the dynamic allocation index and the true mean of any

alternative which is chosen infinitely often. Since

M?*(m) > M™(m) > E X[/ (1-B),
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has to hold by the efficiency of the MPE, we have
tlim pi(m) = tlim [Ee X — E X7 =2° — tlim EX] > 0.

Since the claim applies to the prices of all sellers who are chosen infinitely often we
don’t exclude the case where switching between the sellers occurs infinitely often. To
wit that lim; o, E;X]* may not converge to z", since if a seller j is abandoned after
a finite time, convergence to z™ is by no means guaranteed.

(i) Clearly liminf; o, V™ (m) > 0 by the no sale option and we want to show
that in fact lim;_,o, V™ (m;) = 0, where n; is the conceding seller in period ¢, and
8y is the successful seller in period u. We proceed by contradiction. Assume that
limsup,_, o, V™ (7} > 0, which implies that there exists € > 0 such that

lim Pris, =n;, u>t|m] >e¢,

t—o0

where Pr[-] is the probability assessment of the players along the path of the play.

Standard convergence arguments imply that

]imPr[suznt,u>t|xi7ézj] =0,

t—o0
and consequently if

lim Pr(my, sy =1, u >t |7 > ¢,

t—o00
then
lim Pr[z* =27 |m] =1,
t—00

in which case it has to be that
tlim ps“(wu,su = nt) = tlim [EtXf - EtX;n] =0.
which implies that limsup,_,., V™ (m;) = 0, concluding the proof. B
The equilibrium converges exactly to the myopic Bertrand equilibrium if both

sellers are chosen infinitely often and all learning possibilities are exhausted, in which

case even lim; o, E: X' = z™ holds. The asymptotic behavior is somewhat different
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when only one seller is chosen infinitely often in equilibrium. The price p™(m;) is

determined by Theorem 4.1 as
p"(m) = BEV™(me, X)) — BEV™ (m, XT'),
By Proposition 2 we also have lim; oo V() = limy—, o0 BE V™ (¢, X7) = 0, so that
tl_i’xgop"('/rt) = —BE,V™{m, X7).

Now, if a single experiment with n at m; could change the ranking of the indices
then we have BE,V"(m, X*) > 0 and therefore p"(m;) < 0. The fact that V" (m;)
converges nevertheless to zero is only confirming that in equilibrium it is optimal
not to explore the remaining learning opportunities. This has to be contrasted to
statistical decision problems which generally converge in the limit to the short-run,
myopic decision problems as in Aghion et al. (1991), Proposition 2.2. — 2.4. Here
it is the strategy of the conceding seller which documents that if some uncertainty

remains unresolved in the game then the convergence will not be complete.

4.3. The Set of MPE

‘We come to the characterization of the entire set of MPE. By Theorem 3.1, all MPE
are efficient and have hence the same social value W* ('7rt). The multiplicity of equi-
libria then pertains only to different allocations of the surplus W*(w;) among the
players. The equilibrium which maximizes the buyer’s payoff is therefore simultane-
ously minimizing the sellers’ payoff. Conversely, the equilibrium which is maximizing
the sellers’ payoff is simultaneously minimizing the buyer’s payoff. The characteriza-
tion of these two extremal equilibria is then sufficient to describe the lower and upper

bounds on the payoffs of the players.
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Proposition 3 (Characterization of MPE). The set of Markov Perfect Equilibria is
characterized by the lower and upper bounds on the payoffs. The lower bounds are
given by:

(®) VBm) = B {5, T potal, + Tox, Temi T Bt el
(s1) Vi(m) =0,
(s?) V3(m) = 0.
The upper bounds are given by:
(B) VE(m) = W*(m),
() Vi(m) = B {T, Tt 67 sl - 22,1},
(82 Vim) = B {2, T pt -]}

We omit the proof, which can be found in Bergemann and Valimaki (1995), since
the construction of the extremal equilibria, while entirely straightforward is long and
tedious.

The equilibrium which generates the payoffs {(B), (s!), (s?)} reduces the payoffs
of the sellers permanently to zero, which is their individual participation constraint.
The buyer receives the entire value of the game. The second equilibrium, which
generates {(b), (S?),(S?)} is in fact the cautious equilibrium of Theorem 4.1. Let us
here just recall the payoff structure of this equilibrium. The consumer is buying the
product of the superior seller i at the price p(m;) = E, X} —E X! = 2zi—z]. Leti=1
and j = 2. Starting at 7, when the buyer switches from j to ¢ and until o, when she
switches back to j, the estimate of EtXf does not change since no new information
on j’s product becomes available. We can consequently write E, X! = E;, Xﬁn =zl
for t between 7, < t < 0n, — 1. During this time span the buyer is experimenting
with 4, and only the estimate of X}, E;X{ is changing over time. For the same
time interval, 7, <t < o, — 1, the buyer’s periodic return is constant and given by

E X} — p'(m) = E X} ~ (2} — 2% ) = a%_, which is represented in (b).
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‘L'he symmetry 1n the extremal equilibria 1s apparent. '1'he equilibrium which maxi-
mizes the buyer’s payoff makes the successful seller s always indifferent between selling
and not selling: the equilibrium condition (S*) holds as an equality. In the equilib-
rium which minimizes the buyer’s payoff it is to the contrary always the conceding
seller n who is indifferent between selling and not selling and in turn (S™) holds as
an equality. Since the “successful” prices p*(7;) and the “threat” prices p™(m;) each
seller is employing are strategically almost independent devices it is not difficult to
show that the entire convex hull spanned by the payoffs of the extremal equilibria
constitute the set of MPE.

Proposition 3 tells us that the main difference between the set of Markovian and
the set of non-Markovian equilibria lies in the possibility of collusion among the sellers.
This may imply efficiency losses as the following example demonstrates. Consider
the following collusive equilibrium, in which the sellers exactly alternate in selling
at prices p° = E;X; and p™ < E,; X7, and use the trigger strategy to convert to
the equilibrium {(B), (s'), (s2)} should a price deviation by one of the sellers occur.
The buyer’s payoff is now reduced forever to zero and the allocation path is clearly

ineflicient, since the alternating is independent of the actual learning experience.

5. Conclusion

We presented a simple dynamic equilibrium pricing model under uncertainty where
the players take into account the costs and benefits of learning. All MPE are efficient.
The cautious MPE, which was the focus of our analysis implements the efficient
learning solution by a simple and intuitive equilibrium pricing policy of the firms. The
restriction to Markovian equilibria allowed us to focus on the interaction of pricing
and learning policies.

Since there was only one large consumer and the qualities of the firms were sta-
tistically independent, experimentation did not give rise to any externalities. The
extension to statistically dependent alternatives is straightforward and would yield
exactly the same conclusions in terms of efficiency and equilibrium prices as the sta-

tistically independent case. The reader may verify that the independence assumption
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was only used for the characterization of the efficient policy in terms of the dynamic
allocation index. This result underlines the basic mechanism at work in the dynamic
pricing model. Strategic competition can sustain efficient learning outcomes if the
exchange of the costs and benefits is frictionless both intertemporally and interper-
sonally. The necessity of intertemporal exchange was a major theme throughout the
paper. The extension of our model to a multiple buyer market illustrates the neces-
sity of frictionless interpersonal exchange to sustain efficient experimentation. While
our results for multiple buyers are only preliminary, they suggest some interesting
possibilities. In the simplest case of one known and one unknown product with many
buyers, market experimentation will continue beyond the social optimum.

As in the case with a single buyer the seller of the unknown product has to offer
negative prices to compensate for the current quality differential. The essential dif-
ference arises as the seller with the unknown product needs to compensate his buyers
only, rather than all the market participants. Since experimentation is public, he
will eventually appropriate the benefits of a positive sample path from all consumers.
Conversely, the firm with the known product would need to offer to each and every
consumer a price low enough in order to completely prevent experimentation with
the unknown product. This policy is very costly and, rather than trying to exclude
his competitor entirely, he prefers to let experimentation continue beyond the social
optimum to further weaken his opponent’s position. Many open issues have to be
addressed before we can solve for the price and experimentation path in the multiple
buyer market completely. Preliminary analysis suggests, however, that the underin-
vestment in learning result as described in Bolton and Harris (1993) could be reversed

and the equilibrium might involve socially excessive experimentation.
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