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In many cases, the benefit to a consumer of a product increases with the number of other
users of the same product. These demand interdependencies are referred to in the literature
as positive demand externalities or network externalities. This paper examines the dynamic pricing
behaviors of an incumbent and a later entrant, with special attention to the impacts of demand
externalities, compatibility, and competition on prices and profits. Defining market power as
the ability to price above a competitor without losing market share, we show how demand
externalities and installed base combine to confer market power. We model optimal pricing as
a differential game with the optimal price trajectory established as Nash open-loop controls.
For a duopoly durable goods market with strong demand externalities, the results show an
increasing price trajectory can be optimal. As expected, a new entrant is better off if its products
are compatible with those of the incumbent, especially when demand externalities are strong
and the installed base of the incumbent is large. Less intuitively, the incumbent as well may
be better off agreeing on common standards. The comparison of monopoly and duopoly shows
that under strong demand externalities and a small installed base, the incumbent profits from
compatible entry.

(Diffusion; New Products; Dynamic Pricing; Duopoly Competition; Network Externalities; Com-

patibility; Standards)

1. Introduction
Demand externalities are an important feature of many
services and durable goods industries. For example, the
value to a user of an electronic mail service depends
upon how many other users subscribe to the service.
The larger the number of other users one can reach, the
more valuable the service. Facsimile machines are an
example of a durable good which exhibits demand ex-
ternalities: owning a fax machine is more desirable if
other consumers own them. Demand externalities may
also arise for complementary goods. For example, the
larger the installed base of personal computers, the more
software will be written for PCs. The availability of
software will in tumn make PCs more valuable to po-
tential customers.

Product complexity and risk aversion can lead to pos-
itive demand externalities for a wide range of products.
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Kalish (1985 ) notes, As the product is introduced, there
is uncertainty associated with the product’s experience-
type attributes. The value of the new product to a risk-
averse customer is lower than the product’s vaiue if all
experience information was available. As more custom-
ers adopt the innovation, more of the uncertainty is
removed and the valuation of the product increases.”
Thus, as the installed base increases, word of mouth
reduces the uncertainty of potential consumers, resulting
in an increase in risk-adjusted product valuation and
hence potential demand.

Compatibility is an important issue in a market with
demand externalities. For communications networks,
the question is whether subscribers of one network can
communicate with subscribers of other networks. For
durable goods, such as modems, facsimile machines, or
videoconferencing equipment, the question is whether
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equipment from one vendor can interwork with equip-
ment from a different vendor. For complementary goods
A and B, the issue is whether goods of type B produced
for use with one line of products of type A can be used
with a different line of products of type A. Compatibility
influences the extent of the externality, thereby influ-
encing the optimal strategy. Where positive demand
externalities result from the reduction of uncertainty,
“compatibility” refers to the extent to which one product
is similar enough to benefit from the same word of
mouth or installed base effect as another product. In-
compatibility means that customer knowledge and un-
certainty reduction gained from installation and use of
a product do not influence the uncertainty about com-
petitive products.

The purpose of this paper is to understand the influ-
ence of demand externalities on the dynamics of new
product markets with muiltiple suppiiers. We want to
know:

(1) How do competition and compatibility affect the
competitors’ profitability? If the new entrant can choose
to be compatible with the incumbent, should it do so?
If the incumbent can control compatibility (e.g., via
patent protection), should it permit or prohibit com-
patible entry?

(2) To what extent do demand externalities and in-
stalled base confer market power on an incumbent?

(3) How should pnicing by an incumbent respond to
a new entrant? How should a new entrant price to suc-
cessfully compete?

(4) How do the answers to these questions vary with
the extent of demand externalities and the size of the
installed base of the incumbent at the time of entry?

1.1. Prior Research

Three streams of work underlie the present paper: (1)
studies of the diffusion of new products and the effect
of price on market dynamics; (2) studies of pricing
strategies in the presence of competition; and (3) studies
of markets with demand externalities.

In Bass’ original diffusion model (Bass 1969), product
price does not appear explicitly as a variable. Since then,
several researchers have incorporated the effect of price
on demand and diffusion within a Bass model frame-
work (Robinson and Lakhani 1975, Bass 1980, Dolan
and Jeuland 1981, Clarke et al. 1982, Jeuland and Dolan
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1982, Jain and Rao 1990). Optimal monopolistic pricing
has been studied extensively by Kalish (1983, 1985).

In the last decade, several researchers have applied
differential game theory to optimal dynamic pricing
problems in competitive environments. Dockner (1985)
extends the Robinson-Lakhani model to a duopoly
which looks for a Nash equilibrium in open-loop con-
trols. Erickson (1983) studies an oligopoly market and
provides numerical solutions for a wide range of pa-
rameter combinations. Eliashberg and Jeuland (1986)
analyze dynamic pricing strategies in a two-period con-
text—a monopoly period followed by a duopoly period.
Dockner and Jergensen (1988) survey the literature on
optimal pricing strategies for new products in dynamic
oligopolies and develop a more general framework
which provides an analytic solution of the Erickson
model. The oligopolistic pricing decision has also been
studied by Thompson and Teng (1984), Gaugush
(1984), Rao and Bass (1985), and Nascimento and
Vanhonacker (1987).

The increasing importance of standardization, partic-
ularly in information technology markets (Cargill 1989),
has led to a number of recent papers examining demand
externalities and product compatibility. The majority of
these works, however, treat market size and diffusion
as exogenously given. Katz and Shapiro (1985, 1986)
combine assumptions of demand externalities and oli-
gopoly in a two-period game theoretic model. Consum-
ers are assumed to perfectly forecast sales of each prod-
uct in future periods in estimating the demand exter-
nality benefits of alternative product choices; the papers
focus on the private and social welfare effects of com-
patibility. Farrell and Saloner (1986) also examine the
effects of compatibility and installed base on new en-
trants; potential users arrive over time at an exogenously
determined rate and select between an incumbent stan-
dard and a new technology. Farrell and Gallini (1988)
show that under some circumstances a monopolist
should encourage compatible entry, for example, tech-
nology licensing to a second source. A more recent paper
by Katz and Shapiro (1992) considers the optimal time
for a new entrant to challenge an incumbent in a market
with demand externalities. The model makes very par-
ticular assumptions about the underlying cost structures
of the competitors. It also assumes that customers enter
the market at an exogenously determined rate. Beggs
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and Klemperer (1992) have examined competition
among duopolists in an infinite period dynamic model
without demand externalities but with switching costs.

Rohlfs (1974) studies a demand function with positive
demand externalities. By combining Rohlfs’ demand
function with a diffusion equation to describe the pro-
cess by which subscribers actually sign up in a service
market, Dhebar and Oren (1985, 1986 ) create a dynamic
model of market growth for a market with a single sup-
plier. They characterize an optimal dynamic pricing
strategy that maximizes the present value of future prof-
its in the presence of demand externalities. Theirs is the
only prior work in the area of demand externalities that
determines the arrival rate of customers within the
model.

Markets with demand externalities constitute an in-
creasingly important set of industries, and the behavior
of markets with demand externalities differs markedly
from those without. Previous authors have studied
problems of diffusion, optimal pricing under competi-
tion, and demand externalities, either singly or taken
two at a time. This paper combines all three elements
in a single model. By including diffusion within the
model, we are not obliged to assume, as have most of
the previous studies of demand externalities, that quan-
tities purchased in each period are completely indepen-
dent of product prices.

1.2. Organization of the Paper

In §2 we derive a model of duopolistic dynamic demand
in the presence of demand externalities that is a function
of both price and installed base.

In §3, under very general assumptions about demand
and diffusion, optimal pricing strategies are found as
the solution to an open-loop Nash equilibrium game.
Optimal strategies in the presence of demand external-
ities are contrasted to optimal strategies when they are
not present. We examine the impact of compatibility
vs. incompatibility on firms’ profitability given optimal
pricing,.

In 84, we define market power as the ability to price
above competitors while still outselling them, and show
how demand externalities and installed base combine
to confer market power.

In §5, we look at some numerical examples which
illustrate the optimal pricing behaviors and compatibility
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issues discussed earlier. Section 6 summarizes our re-
sults.

2. A Model of Duopolistic Dynamic

Demand and Diffusion

In this paper we consider two firms providing competing
but differentiated durable goods characterized by pos-
itive demand externalities. Consumers may buy zero or
one Of these goods but not both; there are no repeat
purchases. Limited resale is permitted as discussed in
footnote 3. Since the goods are durable, installed base
equals cumulative sales. The firms are permitted to con-
tinuously vary their prices over time.

2.1, Dynamic Duopolistic Demand in the Presence
of Demand Externalities

Kalish (1983, 1985) and Feichtinger (1982) analyze
pricing for a single supplier where the market potential
is a function of price. Dhebar and Oren (1985, 1986)
examine a market in which the potential demand de-
pends on the market price and installed base, but their
model can only be applied to a market with one pro-
ducer. Nascimento and Vanhonacker (1987) use a bi-
variate distribution describing the heterogeneity in res-
ervation prices across the population, without demand
externalities, to study the strategic pricing of a differ-
entiated durable in a dynamic duopoly. We wish to for-
mulate a demand model that incorporates the effects of
bath price and installed base in a market with multiple
suppliers.

Consider first a monopoly market without demand
externalities. Assume a heterogeneous population where
each individual perceives a benefit w from the product
and w is randomiy distributed across the population
with density function f(w). Following Kalish (1985),
for a given price p at time ¢, the dynamic potential de-
mand (or more simply the dynamic demand) for the
monopolist’s product is

D.(p) = J; f(w)dw. (2-1)
Dn(p) € [0, 1] is the fraction of the total population
which would have a positive consumer surplus if they
paid a price p to obtain a product with benefit w.’

! To simplify the presentation, we present the following discussion
in terms of normalized sales and demand.
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Now consider the effect of demand externalities. Since
the consumption benefit will increase with the instailed
base, users will perceive a higher benefit w from the
product when the installed base is larger. As a result,
as the installed base increases, the density function shifts
in the direction of having higher values for large w.

With demand externalities, the dynamic demand is

Du(p, x) =j; f(w. x)dw, (2-2)

where f(w, x) is the density function of product benefit
over the entire population and x, measured as a fraction
of the total population, is the cumulative sales to date,
which by assumption is also the current installed base.
For positive demand externalities, it is clear that the
dynamic demand should satisfy:

2Iﬁ> 0 forallp.

ox (2-3)

Now let’s look at a market with two competing firms.
Each individual receives product benefit w, from the
product of firm i (i = 1, 2). At any point in time an
individual is either a potential buyer of firm 1, a potential
buver of firm 2, or not a potential buyer. The consumer
surplus function of individual k is assumed to be:

U =w) -p, and U4 =0,

where U/ is the consumer surplus that the individual
obtains from purchasing the product of firm i. The in-
dividual will

(a) not be a potential buyer of either product if U}
<0, fori=1,2;

(b) be a potential buyer of product i if Uf > 0 and

Uur>uy, i, j=12j+i.
When faced with two competitive products, both of
which provide positive consumer surplus, the consumer
buys only one product—the one which provides the
higher surplus. Figure 1 classifies each individual in
product benefit space for given prices.

Turning to the definition of compatibility, let y; be
the effective installed bases that consumers use to eval-
uate the consumption benefit derived from product i.
Without considering expectations of market growth, y;
is a function of the current individual installed bases x,
and x,. If the two products in a durable good duopoly
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Figure 1 Classification of individuals in the Product Benefit Space
wa | W2 =W! +P2-P1
Potential Users
of Product Two
Potential Users
Py - of Product One
Nono,sés
L -
Vs
y Py bl

market are incompatible, then the effective installed
base is equal to the individual installed base?

yi=x, i=1,2 (2-4)
For a market with compatibility the effective installed
base is equal to the sum of the individual installed bases

Vi=x+x, i=1,2, (2-5)

If expectations of future market growth play an impor-
tant role in the consumption decision, the effective in-
stalled base will be a function of expected market size,

‘which may in turn be a function of current installed

base, current sales, current price, firm reputation, ad-
vertising and other variables. To avoid further compli-
cating our model, this research does not consider the
impact of expectation.

Assume w, and w, have a joint density function. Then
the duopolistic dynamic demand in a market with de-
mand externalities can be written as:

Dx(Pll P2, X1, X3)

x 1*+P2— P
=L J:” f(wy, wa, y1(x,, x3),

¥2(xy, x3))dw,dw,, (2-6)

* Similarly, for a network service, a duopoly market is considered not
interconnected if the effective installed base is equal to the individual
installed base.
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Dz(Pl; Pz: xll Iz)

o 2+ P1=P2
= f f' f(wll W2, yl(xlr xz)l
Py 0

Ya(xy, X2))dw dw,, (2-7)

where f(w;, w2, Y1(X1, X2), Y2(X1, X2)) is the joint product
benefit density function for the two products across the
entire population. The dynamic demand D; inciudes the
x; individuals who have already bought product from
firm i and the nonusers who are currently willing to
buy from firm i but have not yet done so. Of course, at
equilibrium we must have D;(p,, p2, x1, x2) = x;.

We see from Figure 1 that the duopolistic dynamic
demand given by (2-6) and (2-7) satisfies:

aD, aD; .. S
Lo, Hiao, ij=1,2i%), (28)
ap; op; J J

which are the standard assumptions for oligopoly.

By definition, the presence of positive demand ex-
ternalities implies that the total demand will increase
with an increase in the installed base of either compet-
itor. This is true whether or not the firms’ products are
compatible, because an increase in the installed base
can only increase the perceived benefit of a product and
cannot decrease it, leading to Equation (2-9):

-‘2>0, where D =D, + D,,i=1, 2,

P (2-9)

It is not obvious, however, how the demand for the
products of each firm will change separately with an
increase in the instailed base. When the two products
are incompatible, we expect an increase in the installed
base of firm i will increase the benefit only of product
i but not of product j. So, the dynamic demand is an
increasing function of one’s own installed base. When
firm j’s installed base increases, the value of product j
increases; as a result, some former potential users of
firm i may become potential users of firm j because of
a higher surplus. Thus, the dynamic demand is mono-
tonically decreasing in the competitor’s installed base.
These conclusions are embodied in Equation (2-10):
aD; aD;

0, —<0,
o, " o

i,j=1,2,i%#j,i,jnot compatible. (2-10)
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When the two products are compatible, however, the
effect of an increase in the installed base of firm i has
an ambiguous impact on the demand for its own prod-
ucts. While the total potential demand must increase,
(Equation (2-9)), the existence of competition may re-
sult in either an increase or decrease in the potential
demand for firm i, depending on how the increase in
installed base affects the relative attractiveness of the
products of firms i and j. Thus, Equation (2-10) may
not hold when the two firms’ products are compatible.

2.2, The Diffusion Model

We assume the sales rate is linear in the unfulfilied de-
mand (D; - x;); then the diffusion process can be ex-
pressed as:

Di -4 X,
(2-11)

x-i = Bi(xlr x2)(Di(pl' Pz; Xy, Iz) - xl)'

where B; is the hazard rate. Note that if p; and p; change
such that D; < x;, the sales of good i halt. As in Kalish
(1983), we argue the optimal pricing policy of firm i
will never lead to D, < x,, so we need focus only on
the case of D, = x;.}

The diffusion process includes an imitation effect,
when

*D, 1s presumed to be the sum of the instalied base plus all those
who find the product to have positive consumer surplus but have
simply not yet acted. D, may decline for une of two reasons: increasing
p, or decreasing p,. If D, should deciine then there may be consumers
who are included in the installed base, x,, but notin D,. If (D, - x,)
is to measure correctly the unfulfilled demand for good i, we must
assume that individuals in the installed base who no longer find the
expense for good i to be justified, or who wouid denve greater net
benefit from good /, sell good i in the secondary market to those who
prefer it. Under this assumption, (D, - x,) will continue to correctly
charactenize unfulfilied demand. Resale does not affect the dvnamic
demand. As in Kalish we argue that firm i will never find it optimal
to increase its own price to the point where D; < x,. If a reduction in
price by firm j would lead to D, < x,, we assume that firm i responds
by lowering its price—even adopting a negative price—so that D, is
never less than x;. Note also that given our formulation of joint de-
mand, actions by firm j can result in a reduction in D,, but cannot
cause a previous customer of firm i to wish to leave the market al-
together. Thus, it will always be possible for firm i to maintain D;
2 x,. A negative price at which D; = x;, leads to zero sales, so we
have the same result as if we had simply defined ¥, = 0 for D, < x,,
but we avoid dealing explicitly with boundary effects. In practice, D
is generally not close to x; during the early stages of the product life
cycle on which we focus our attention here.
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aBl'(xi ’ xi) > 0’

- (2-12)

i.e., the hazard rate of diffusion increases with past sales
due to word of mouth or potential customers imitating
past customers. By extension, dB;( x;, x;) /dx; > 0 implies
a cross-imitation effect.

3. Effect of Competition and
Compatibility on Profit under
Optimal Dynamic Pricing

Section 2 introduced a general dynamic model for de-
mand and diffusion for a market with demand exter-
nalities. In this section we show how to calculate the
optimal pricing strategy for the firm under different as-
sumptions about market structure. We then consider
some general propositions about how competition and
compatibility affect the present value of future profits
when each firm is presumed to follow its optimal pricing
strategy.

3.1. Optimal Pricing Under Different Market
Structures
Optimal Monopoly Pricing. As a baseline for com-
panson with duopoly markets we first consider a mo-
nopoly market. Let 7, be the present value of all profits
over the planning honzon. Then the optimal pricing
probiem for a monopoly can be formulated as follows:

r
Max =, = f e ¥[p — c]gadt, (3-1)*
pLt) o

subject to: x(t) =g
=B(x)(D(x,p) = x), x(0)=1x, (3-2)

where 4 is the discount rate, T is the planning horizon,
and ¢ = ¢(x(t)) is the unit cost or marginal cost. We
expect ¢ to exhibit learning effects, dc /dx < 0, but do
not require it; our results depend only on the assumption
that ¢ = c(x(t)). g is the diffusion equation, which we

¢ The optimal pricing problem for a network service market requires
only a slight modification to the objective function:

T
Max =, = 1; e ¥p =~ clxdt,
Pt

since subscribers pay a subscription fee periodically.
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assume is the hazard rate B times the unfulfilled de-
mand. Following Kalish (1983) the optimal pricing tra-
jectory p(t) must satisfy:

p=—L—tc— (3-3)

where ) is the costate variable.

Kalish (1983) shows that if: (1) the discount rate is
zero, (2) the dynamic monopoly demand depends only
on price, and (3) there is no imitation effect (i.e., 5 = 0;
D,, = D(p): and B /dx = 0), then the optimal pricing
strategy is monotonically decreasing. How do positive
demand externalities change the optimal pricing trajec-
tory? Keeping the other conditions the same, we find
the optimal pricing path given by Equation (3-3) is
increasing if the positive effect of the installed base on
the potential demand is strong. More specifically, the
optimal price path is increasing at any point in time ¢’
if and only if:

8Du . _(Dy=x):9°D./dxdp

ax 2|4D,,/dp| ’

t=t, whereD, =D(x,p). (3-4)
Equation (3-4) will be satisfied if aD,,/dx is large
enough. A large dD,./dx means that every new user
greatly increases the benefit as perceived by other po-
tential users, significantly increasing the number of
people who are willing to buy at the current price, i.e.,
demand externalities are strong. In the appendix® we
show an example where the condition of equation
(3-4) is satisfied and where, as expected, the optimal
price trajectory is increasing.

Optimal Duopolistic Pricing under a Nash Game.
The duopolist’s optimal pricing problem is to determine
a pricing strategy, p;(t), that will maximize its dis-
counted profits over the planning horizon taking the
competitor’s price into account. We model this as a dif-
ferential game problem and look for a noncooperative
Nash equilibrium. Let =; be the discounted value of all

* The appendix, with compiete proofs of the propositions, was judged
too lengthy to include in this publication. It is availabie from the
authors, or can be retrieved via the Internet using worldwide web
from: URL = http:/ /www.cs.cmu.edu/afs/andrew.cmu.edu
/usr/mséb/www / competition_and_externalities.appendix.ps.gz
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future profits of firm i (i = 1, 2); the optimal pncmg
problem of firm i can be formulated as:

T
Max 7; = J‘ e~¥pi — cilgidt,
0

pilt)

(3-5)

subject to:

= g,( D,( Pi. P2, X4, xZ)I x;'l I’(O) = xlo
j=1,2, where (3-6)

(3-7)

(1)

8 = Bi(x1, 2)(Di(pr, p2, 1, X2) — X;).

In Equation (3-6), the dynamic demand is determined
not only by the prices of the two firms’ products but
also by their installed bases—implying demand exter-
nalities. We assume that the dynamic demand satisfies
the conditions given by Equation (2-10), and again that
¢ =6 (x(t)).

Following Dockner and Jorgensen (1988), we assume
that g, satisfies the following assumptions:

gfll <0, (3-8)
gib 0, (3-9)
3;% ng <0, (3-10)
ap,jxl’. s 0. (3-11)

These assumptions indicate that (1) the sales rate is
a decreasing function of one’s own price but an increas-
ing function of the competitor’'s price, i.e., the two
products are substitutes; (2) the influence of one’s own
price change is stronger than that of the competitor’s;
(3) the negative impact of one’s own price change on
sales rate is stronger {(weaker) when the competitor’'s
price is higher (lower). Our model differs from those
of Dockner and Jergensen (1988) in that we posit a
diffusion process in which potential demand is a joint
function of price and installed base, whereas the latter
assume a growth process in which price effects and in-
stalled base effects are multiplicatively separable.

The Nash equilibrium is a pair of strategies such that
each strategy is the best response for the other strategy.
Given that its competitor does not deviate from its
strategy, firm i would not find it beneficial to deviate
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from its own strategy. The pricing policies are estab-
lished as open-loop strategies, which means that the
firms commit themselves to using pricing strategies
based on time only. The Hamiltonian for the optimal
pricing problem of Equation (3-5) is:

Hi(xy, xa, P P2, X, >\;)
=e7"{(pi — i + N)g + Mg},

The optimal trajectories x;, A{ and \!. must satisfy the
differential Equation (3-6) and

» OH;

(3-12)
P

)‘t _5)\1_ —_ i = { i -
e P M(T)=0, i#j; (3-13)
o OH; -
PHEN YU TS 3;' H(TY=0, i#j. (3-14)

The optimal price trajectory should satisfy the first-order
necessary condition:

LU 8i +[p,—-c,+)\']-&+)\‘-§L]

ap;
i%®j  (3-15)
Finally, the optimal pricing trajectory for firm i is the
solution to the following equation:
= TNO8 /0P )
agi / 9pi

¢ =N, i%j. (3-16)

3.Z. Effect of Competition and Compatibility on
Profitability

In a market with demand externalities, the firms’ prof-
itability is affected by the choice to be compatible or
incompatible with the competition. Is an incumbent al-
ways better off to be a monopolist? Should an incum-
bent prevent or permit compatibility when a new en-
trant enters? The following proposition states the effect
of competition and compatibility on the incumbent's
profitability.

PROPOSITION 3-1. (i) The profit of the incumbent in
a duopoly market where the two products are incompatible
is always lower than its monopoly profit. (ii) The profit of
the incumbent in a duopoly market where the two products
are compatible may be higher than its monopoly profit.

“ Profit” refers to the present value of future profits over
the planning horizon given that firms follow the optimal
pricing strategies which satisfy Equations (3-3) or (3-16).
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PROOF. See appendix.

Proposition 3-1 compares the profit a firm obtains
when it is the only producer in the market with the case
of duopolistic competition. The first statement is intu-
itive. The incumbent would always be worse off to have
an incompatible competitor, because the incompatible
entrant provides an alternative for the potential cus-
tomers of the incumbent; this reduces the demand of
the incumbent and constrains the incumbent’s pricing.
However, the second statement is not so intuitive. It
says that by having a compatible competitor, the in-
cumbent may actually realize greater profits than it
would have realized had it continued as a monopolist.
This is an interesting result. A compatible entrant has
two opposing effects on the incumbent’s profitability.
On one hand, the incumbent’s product will be valued
based on the total installed base, not on its installed
base alone, which makes the incumbent’s product more
attractive. On the other hand, the entrant, by providing
an alternative for the potential customers of the incum-
bent, may attract customers away from the incumbent
or force it to lower prices to maintain sales. The second
statement of Proposition 3-1 tells us that an incumbent
facing a new entrant may not always want to discourage
compatbility even when it has the power to do so. Un-
der certain conditions, the overall effect of competition
and compatibility on the incumbent’s profitability may
be positive. In that case, the incumbent should facilitate
compatibility,

One of the numerical examples given in §5 (Figure
5) shows that in a market with strong demand exter-
nalities, the incumbent obtains a higher profit by having
a compatible entrant if the entry happens before the
incumbent has built a large installed base. However, if
at the time of entry the incumbent has developed a
significant installed base, the existence of a compatible
competitor reduces the incumbent’s profit. It also shows
that in a market with weak demand externalities, the
incumbent would always be better off to be the mo-
nopolist than to have a competitor.

The following corollary discusses the effect of com-
patibility on the firms’ profits when the two firms are
symmetric. The two firms are considered a symmetric
duopoly if: (a) the joint density function of product ben-
efit is symmetric in the product benefit space; (b) the
hazard rates are symmetric; (c) the initial conditions
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are identical; and (d) product costs are symmetric
(Equations (3-17)-(3-20)):

f(wy, w2, y1(x1, X2), Y2(x1, X2))

= f(wa, wy, Y231, X2), Ya1(x1, X2)),  (3-17)
Bi(x1, X2) = Ba(x2, X1), (3-18)
x1(0) = x,(0), (3-19)

€ = cy. (3-20)

COROLLARY 3-1. For a symmetric duopoly where each
follows the optimal pricing strategies which satisfy equation
(3-16), the present value of future profits of each firm are
greater with compatibility than without compatibility.

PROOF. See appendix.

Corollary 3-1 indicates that in a symmetric duopoly
market, the overall impact of compatibility is positive.
Both firms will always be better off to be compatible
than incompatible, no matter what the installed base at
t = to (provided they are equal).

We turn now to an examination of the effects of de-
mand externalities and installed base on market power.

4. Market Power
By market power we mean the ability to charge a higher
price than one’s competitor while maintaining a higher
sales rate. Differences in installed base, intrinsic product
benefit, or rate of diffusion may give one firm market
power over its competitor. In this section we derive the
necessary conditions for a firm to have market power
and show how demand externalities and installed base
combine to confer market power.

We start by considering a specific functional form for
the product benefit density function—the product of
two exponentials:

f(wll wa, yl(xlt xz), yz(xh x2))
= ay (1) Exp[—a1(y1)w:]az(y2) Exp[—aa(y2)w:],
(4-1)

where «; is a measurement of product benefit, o; > 0,
i =1, 2. A smaller a; corresponds to a benefit density
function with a larger mean benefit received from the
products of firm i. Firm i experiences positive demand
externalities if and only if
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dai(!i) <0

dy,' )

Equation (4-2) implies that the product benefit received

from product i depends on the effective installed base

of firm . The value of da; (y; )/ dy; measures the strength

of demand externalities. It is easy to see that the dynamic

demand function derived from Equation (4-1) satisfies

all required properties discussed above (Equations
2-8)-(2-10)).

An exponential density function implies an asym-
metric distribution of product benefit in which the bulk
of consumers perceive a product benefit below average,
but a few consumers perceive a very high product ben-
efit. We assume this form for the benefit density function
for three reasons. First, exponential functions are fre-
quently used in marketing models (Lilien and Kotler
1983; Evans 1985), and many authors have demon-
strated that linear, multiplicative, and exponential
models give very similar results (e.g., Bolton 1989).
Second, the assumption of an exponential form in
equation (4-1) still leaves room for wide variation in
the incorporation of installed base, since the coefficient
«; is constrained only to be everywhere positive and,
in the case of positive demand externalities, to have a
negative derivative (Equation (4-2)). Finally, the as-
sumption of an exponential product benefit function
provides some analytic convenience.

For incompatible products, L.e. y, = x,, we define two
values, E,, and E, as follows:

(4-2)

(B,‘ + Bj)a,

E = (Bi + Bix; — B;'xj)((!i + ;) , (4-3)
(B + Ba . o
E = CieLaisl
" (Bi + Bx; — BixiJ(ai + o) Lj=L214%]
(4-4)

E, and E; are functions of product benefit, hazard rate,
and installed bases. We prove in the appendix that the
relative magnitudes of E; and E; determine whether one
of the firms will have market power and, if so, which
one. We find that if these two values are not equal to
each other, there must be one and only one firm, say i,
which has market power in the sense that it will be able
to find a price, §;, at which firm i is guaranteed to have
a higher sales rate than its competitor (%; = x;) whatever
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its competitor’s (positive) price. In other words, if firm
i, with market power, sets its price below the ceiling p;,
no matter how low firm j drops its prices, it cannot
expect to outsell firm i. An important finding here is
that §; does not depend on p;. We call p; an absolute
price boundary. However, if firm i does not focus on
market share but is more interested in increasing its
contribution margins, it may price above 7;. In this case,
firm j will be able to find a price, p;, below which firm
j will have a higher sales rate, and above which firm j
will lose ground. We call p; a relative price boundary
since p; depends on p;. When E, equals E,, there is no
absolute price boundary. The lower priced firm will have
a higher sales rate.

The above results can be summed up in the following
propositions and corollary.

PrOPOSITION 4-1. For a duopoly market in which the
joint density function of product benefit is given by equation
(4-1) and the market dynamics are expressed by equation
(2-11), if E; > E;, then there exists an absolute price
boundary, p; > 0, such that if firm i prices under p;, there
is no nonnegative price firm j can charge in order to have
a higher sales rate than firm i. Formally, at any time t';

ifE,>Ejand p; < pi,
then X, (1) = x,(t') forany p, > 0.
The ceiling price p; is given by

- _InE

Pi (4-3)

[21]

PROPOSITION 4-2. If the firm with market power (firm
i) prices above p; given by Equation (4-5) then there exists
a relative price boundary p;, such that if the competitor
(firm j) prices below p;, it is guaranteed to outsell the firm
with market power. Formally, at any time t'

ifE; > E; and p; > pi,
then X;(t') < x(t') ifandonly if p; < p;.

Where p; is given by

(Bi 4+ (Biai = Biay) Exp(—aipi) )
In

(ai +ay)
7= B; Exp(—aip;) — Bixi + B;x; . (4-6)

@
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COROLLARY 4-1. IfE; = E;, then x;(t') 2 x,(t') if and
only if p; < p;.

The propositions above quantify the notion of market
power by showing how a combination of product ben-
efit, hazard rate, price, and installed base can be trans-
lated into a guaranteed ability to have a higher sales
rate than the competitor whatever the competitor’s
price. All else being equal, we would expect (1) that
the firm with higher intrinsic product benefit would
have market power relative to its competitor, and (2)
that a firm with a higher hazard rate—for example, due
to heavier advertising—would have market power rel-
ative to its competitor. It can be proved easily that both
of these conjectures hold for our model (lete, = E, — E,,
then, de;,/da; < 0, and de;, /3B, > 0).

Note that the above propositions assume a very gen-
eral form for the hazard rate, B; = B;(x,, x;) and do not
assume the existence of positive demand externalities.
The results depend only on the assumption of an ex-
ponential distribution of product benefit, as given in
Equation (4-1).

In the presence of positive demand externalities, we
expect that a larger installed base would increase the
dominant firm’s market power. If firm { has market
power. then an increase in p, implies greater scope for
firm 1 to raise prices while still vutselling its competitor.
In the appendix, we show that dp, /dx, > 0 if and only
if

dB, da,
5;" M - B,(Bi + B)a,(a, + a)) — E;,- L > 0, where
(4-7)
M= oB(a; + a;)(1 —x, —x)>0, (4-8)

L= (B, + B)a,(B, + Bix; = Bjx,) + 5— InE >0. (4-9)

In Equation (4-7) the hazard rates B; and B, are always
positive. dB; /dx; measures the imitation effect and is
assumed nonnegative (Equation (2-12)). From Equation
(4-2) we know that more negative values of da; /dx;
correspond to stronger positive demand externalities.
Equation (4-7) shows that installed base can confer
market power in two ways: first, by increasing the im-
itation effect, and second, by increasing positive demand
externalities. Without imitation effect and demand ex-
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ternalities (i.e., 3B; / 8x; = 0 and dao; / dx; = 0), Equation
(4-7) shows that increases in installed base can only
decrease p;, i.e., decrease the firm'’s market power. This
is because a large installed base is also equivalent to a
high realized demand, hence saturation, and that has
a negative impact on sales. However, if demand exter-
nalities are strong enough, even without imitation effect,
an increase in installed base may unambiguously raise
the price ceiling under which the dominant firm can
always outsell its competition. We summarize these ob-
servations in the following corollary.

COROLLARY 4-2. Suppose one firm (firm i) has market
power (E; > E;). If demand externalities for this firm are
strongly positive such that

da Bi(Bi + B)(ai + ay)e;
w—— < — ’
dx,' L

then an increase in installed base increases the firm’s ability
to raise prices and still outsell its competitor.

(4-10)

5. Numerical Analysis

Given a specific form for the joint product benefit den-
sity function, f(w,, Wi, Y1(Xy, X2), Y2(Xy, X3)), it is pos-
sible to calculate the optimal price trajectories and, more
generally, the dynamic behavior of the system. In this
section, results for several such systems of equations
are presented.

5.1. Model and Parameters
The numerical analyses focus on the situation where
the incumbent (firm 1) has a substantial installed base
X, at the time a new entrant (firm 2) enters with x;
= 0. We consider the joint density function introduced
in Equation (4-1), where «;(y;) is given by
a;(y@)——'———-v+y‘/a, =12 (5-1)
Equation (5-1) implies that the two products are as-
sumed to have similar distributions of product benefit
across the population, and they differ, if at all, only in
the effective installed base. Over the range of values
used in our simulation,

aD' aD’
o, >0 and ;04 <0. (5-2)
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Equation (5-2) implies the market exhibits positive de-
mand externalities and the parameter a is a measure of
the strength of the demand externalities. We explore
the impact of demand externalities by varying the value
of a: a small a corresponds to a situation with strong
demand externalities and a large a to a situation with
weak demand externalities. Equation (5-2) assumes that
the product benefit function is the same when y; = y;
= 0, no matter what the value of a, which means that
markets with different strength of demand externalities
have the same demand curve when the effective in-
stalled bases are zero. To explore the impact of installed
base, we vary the size of the installed base of the in-
cumbent at the time when the new entrant enters the
market.

We assume that B;(x;, x;) is a linear function in cu-
mulative sales volume:
Bi(x;, x) = bjo + bixi + byx;, i,j=1,2i%j, (5-3)
where b;, is referred to as the “’coefficient of innovation”’;
bi; and b;; are referred to as “coefficients of imitation.”
We consider both zero and nonzero values for b; and
bi,. Where we have assumed an imitation effect, we set
b, > b, on the assumption that the firm’s own cumu-
lative sales have a stronger impact than the competitor’s
sales.

We assume the following marginal cost function:

C, = co(Mox,)™, i=12, (5-4)
where ¢, is the cost of the first unit (which we will
assume is the same for the two products), M, is the
total market size, and k is the learning parameter.® Table
1 gives the parameter values used in the numerical in-
vestigation. These values were selected from the range
of “typical” values found in Sultan et al. (1990).

Optimal solutions are derived over a finite horizon
of 20 time periods. The resulting optimal price trajectory
is calculated using the BVPFD subroutines from the
IMSL library which solves two-point boundary value
problems.

¢ While we investigated cases with and without learning effects
(k > 0 and k = 0), the resuits presented below are all for k = 0. The
assumption of learning effects did not change any of our conclusions.
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Table 1 Parameter Vaiuves of Numerical Investigation
be—innovation parameter 0.03
b,—cross-imitation parameter 0.0.1
by—imitation parameter 0. 0.033
Xy{0)—initial instailed base of the first mover 0.0001, 0.1, 0.2
x2{0)—initial installed base of the entrant 0.0001
a—parameter of exponential distribution 0.05, 0.25

v—parameter of exponential distribution 2

Co = Cp = Co—COSt parameter 1.0, 20, 3.0
k~cost learning parameter 0, 0.05. 0.1
T—finite time horizon - 20
Mo—size of population 100000

5.2. Discussion of Numerical Results

The Impact of Demand Externalities. To study the
impact of demand externalities on optimal pricing and
profitability in general, we look first at markets where
the two products are not compatible. As in the monop-
oly case, when demand externalities are strong (Figure
2), the optimal duopoly pricing strategy is to graduaily
increase price over the time horizon or an increasing
price followed by a decreasing price. This illustrates the
positive effect of the installed base: the growth in the
installed base substantially increases willingness to pay,
allowing later buyers to be charged a higher price. When
demand externalities are weaker, the installed base has
very little effect on the potential demand. Thus, the
optimal strategy is to start out pricing high, extracting
surplus from those with higher willingness to pay, and
then decreasing price monotonically over time.

Figure 3 summarizes the cumulative sales of the firms
and the profits obtained by the two firms over the finite
time horizon. From Figures 2 and 3, we see that when
demand externalities are strong, the incumbent’s price
is much higher than the entrant’s price, and its sales
grow much faster than do the entrant’s. As a result, the
incumbent obtains much higher profits over the time
period considered. These results indicate that strong
demand externalities give the incumbent a significant
advantage in profitability.

When demand externalities are weak, though the in-
cumbent still grows faster, the entrant prices higher. As
discussed above, when demand externalities are weak,
a declining pricing policy is optimal. Since the popu-
lation here is heterogeneous in the sense that each in-
dividual differs in the product benefits received from
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Figure 2 Impact of Demand Externalities ( DE)—Pricing Strategies (x,(0) = 0.1. ¢, = 2)
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the two products, and the product benefits are assumed
to be independent, the appropnate price level of each
product depends on its market penetration level. In a
market with weak demand externalities, the entrant can,
without fear of losing customers, start out with a high

Figure 3

Without Imitation
0.25 _
020

920

——&—  Fimn 2's price (DE weak)

price to extract the maximum surpius from those users
who receive a high benefit from its product, but a small
benefit from the incumbent’s product. For the incum-
bent, its larger installed base leads to the demand ex-
ternality effect being dominated by the saturation effect.

impact of Demand Externaiities—Saies and Profits (x,(0) = 0.1. ¢y = ‘2)

With Imitation

Firm 1's sales
Firm 2's sales

5 n

Firm 1's profit

N &

Firm 2's profit
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Accordingly, it is constrained in its pricing if it wishes
to continue to grow. We have not examined the case in
which the benefits each individual receives from the
two products are positively dependent. We would expect
that in that case, the incumbent would benefit more
from demand externalities and, even with weak demand
externalities, the entrant would be unable to price higher
without losing customers to the incumbent.

From Figures 2 and 3 we see that adding an imitation
effect does not change the basic conclusions discussed
above. For a market with strong demand externalities,
optimal pricing with imitation leads to a lower initial
price and faster increases because of the contribution
of imitation to the positive feedback from early sales.
With imitation, prices are lower but adoptions are much
quicker; as a result, firms obtain higher discounted prof-
its and achieve greater penetration within the time ho-
rizon. In the rest of the analysis, we will consider only
cases with a nonzero coefficient of imitation.

The Impact of Competition and Compatibility. We
have shown in §3 that in a market with demand exter-
nalities, an incumbent may be better off or worse off to
have a competitor than to continue to be a monopolist.

The questions we want to answer here are: (1) Under
what conditions, should an incumbent welcome a com-
petitor and facilitate compatibility? (2) How do pricing
strategies of an incumbent differ under monopoly versus
duopoly? (3) How should pricing by an incumbent re-
spond to a new entrant, and how should a new entrant
price to successfully compete?

First, we compare optimal pricing strategies and prof-
itability of the incumbent in the case where it is the
only producer with the case where an entrant provides
a partially differentiated product. We then compare
pricing strategies and profitability of the incumbent and
the new entrant in the cases with and without com-
patibility.

Figure 4 shows that the optimal pricing trajectories
of the incumbent are similar in shape to the corre-
sponding optimal monopoly pricing trajectories. The
optimal pricing of the incumbent under monopoly is
set at a higher level than that under incompatibie du-
opoly, but at a lower level than under compatible du-
opoly.

Figure 5 compares the profits of the incumbent under
monopoly, compatible duopoly, and incompatible

DE Weak

Figure 4 Impact of Duapolistic Competition—Pricing Strategies (x,(0) = 0.1, ¢y = 3)
DE Strong

7.0

6.5 4

6.0 4

4
e

IRt aad
e

5.0
4’5% T T 1
0 5 10 15 20
t

—0——  Fim ['s price (compatible duopoly)
———  Firm I's price (monopoly)

......... oosermman

¥ Firm 1's price (incompatible duopoly)
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Figure 5 Impact of Ducpolistic Competition—Profits (¢, = 3)

03 - DE Strong

e e ey e an e eee e e e e

Bl Fimm I's profit (monopoly)
Firm 1's profit (incompatible duopoly)
B Firm 1's profit (compatible duopoly)

DE Weak

X1(0)=0.1

X1(0)=0.2

duopoly for both strong and weak demand externalities.
We find that when demand externalities are strong, the
profit of firm 1 under monopoly is lower than under
compatible duopoly for x,(0) = 0.1, but it is higher than
under compatible duopoly for x,(0) = 0.2. The positive
impact of competition on profitability resulting from
compatibility may aliow the incumbent to benefit from
competition. However, when the incumbent’s instailed

Figure 6

i Profits

r

0.50

X1(0)=0.1 X1(0)=0.2
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impact of Compatibility—Profits and Saies (DE Strong, ¢, = 2)

X1(0)=0.1

X1(0)=0.2

base is larger, it will gain less or even lose from having
a new entrant. As for the case with weak demand ex-
ternalities, the incumbent is better off under monopoly
for both x,(0) = 0.1 and 0.2. This is because the weaker
the demand externalities, the less benefit obtained from
the compatible new entrant.

Is compatibility a good choice for the entrant? Figure
6 shows that the later entrant realizes a much higher

Sales

Fimm 1 (incompatible)
Firm 1 (compatible)
Firm 2 (incompatible)
Firm 2 (compatibie)

X1Q)=0.1

X1(0)=0.2
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profit when it is compatible with the incumbent than
when it is not, especially when the initial installed base
of the incumbent is large. Again, Figure 6 shows that
when the initial installed base of the incumbent is small,
the incumbent may also be better off agreeing on com-
mon standards (x;(0) = 0.1). Since the larger the in-
stalled base of the incumbent the more relative advan-
tage it gives up by agreeing to compatibility, the less is
the incentive to support compatibility. The incumbent
will suffer a pure loss from compatibility when its in-
stalled base is large enough (x,(0) = 0.2). When de-
mand externalities are strong, the incumbent grows
faster if there is no compatibility than if there is. The
entrant grows faster if it is compatible with the incum-
bent.

Figure 7 shows the firms’ optimal pricing path under
compatible and incompatible duopoly. One surprising
result found here is that when products are compatible,
the price of the later entrant is higher than that of the
incumbent over the given time horizon. Again, this re-
sult can be explained by the balance of negative satu-
ration effects and positive demand externalities coupied
with the assumption of independence of product ben-
efits.

Figure 7
DE Strong

B Y

Y
-

—O— Fimn 1's price (incompatible))
~-—e-—  Firm 2's price (incompatible)
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6. Conclusions

This paper examines new product markets where the
consumption benefit increases with the number of other
users consuming the same product. This property is an
important feature of many industries, such as telecom-
munications and computers, where compatibility stan-
dards play an important role. This property is also a
common characteristic in markets where there is un-
certainty with regard to the product’s experience attri-
butes. We develop a model to incorporate the effect of
demand externalities into a dynamic expression for
duopolistic market potential, in which at any time, the
market potential of each firm depends on the prices and
installed bases of the two competing firms and the dis-
tribution of product benefit across the population. We
examine optimal dynamic pricing and compatibility in
the presence of demand externalities under duopolistic
competition.

6.1. Summary of Results

Under very general assumptions about the nature of
the demand function and the diffusion function we
show that:

1. Since an entrant will provide an aiternative for the

Impact of Compatibility—Pricing Strategies (x,(C) = 0.1, co = 2)

DE Weak

s Firm 1's price (compatible)
—d——  Tirm 2's price (compatibie)
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potential consumers of the incumbent’s product, the
incumbent will always prefer monopoly to incompatible
duopoly. If the incumbent is joined by an entrant selling
a compatible but partially differentiated product, the
incumbent may realize greater profits than it would have
realized had it continued as a monopolist offering a sin-
gle product.

2. Compatibility increases the consumers’ product
benefit for both one’s own product and for one’s com-
petitor’s. In a symmetric duopoly market, both firms
can obtain higher profits if they agree on a common
standard.

By assuming a specific function form—an exponen-
tial-—for the demand function, we are able to derive
even stronger results. These are:

3. At each point of time, one of the firms may have
the market power to guarantee that it will have a higher
sales rate than its competitor no matter what its com-
petitor’'s (positive) price. We show how to determine
the existence of market power as a function of the in-
stalled bases, prices, diffusion parameters, and product
benefit functions of the two competing firms.

4. In markets with strong demand externalities, under
duopolistic competition (Nash equilibrium), the optimal
pricing trajectories are similar in shape to the corre-
sponding optimal monopoly pricing trajectories, i.e.,
gradually increasing prices over the time horizon or an
increasing pnce followed by a decreasing price. The op-
timal pnce for a monopolist is higher than the price an
incumbent would set when faced with an incompatible
entrant, but lower than the incumbent should price
when faced with a compatible entrant.

5. If a later entrant appears and the incumbent con-
trols compatibility, the incumbent will be better off
compared to incompatible duopély—-and even to mo-
nopoly—by permitting compatibility on the condition
that entry occurs early in the product life cycle, but will
be worse off if a substantial installed base exists.

6. If a later entrant appears, and if the entrant can
choose to be compatible, the entrant will be better off
making that choice—especially when demand exter-
nalities are strong and the installed base of the incum-
bent is large.

6.2. Business Implications
Typical new product introductions follow a pattern of
a declining price trajectory designed to capture the sur-
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plus of progressively less eager consumers. For pro-
ducers of products with significant positive demand ex-
ternalities, the optimum strategy in these markets is to
price low—even below cost—initially and raise price
over time as consumer valuation of product benefit in-
creases with the installed base. This is true under both
monopoly and duopolistic competition. Successful uti-
lization of such a strategy can be found in Apple’s in-
troductory pricing of the Macintosh and Xerox's intro-
duction of facsimile machines (White 1973).

With respect to the issue of compatibility, the market
for videoconferencing codecs provides one illustration
of the issues presented in this analysis. Codecs are spe-
cial purpose processors used in conjunction with con-
ventional video cameras and monitors to reduce the bit
rate of a video signal by several orders of magnitude in
order to save on communications channel costs. Com-
patible codecs must be used at each end of the com-
munications channel. The larger the installed base of
codecs from one manufacturer, the more potential vid-
eoconferencing partners one can have, and therefore
the greater the value to a potential buyer of acquiring
a codec. In the last several years, developments in in-
tegrated circuits and signal processing algorithms have
led to a new generation of codecs which can be used
over dial-up ISDN (Integrated Services Digital Network)
circuits. The market is dominated by Compression Labs
and PictureTel, which sell incompatible codecs. The re-
sults’of this study would suggest that, given that both
are in the very early stages of market penetration, with
roughly equal shares, they would be better off to agree
to support a compatibility standard. In fact, the inter-
national telecommunications standardizing body, the
CCITT, has promulgated such a standard, and both
firms have agreed to provide upgrades to their products
which will enable them to conform to the standard.

6.3. Suggestions for Future Research

Although the dynamic demand function we derived can
be applied to both durable goods and network service
markets, the study of optimal pricing policies in this
work examines only the case of durable goods. In fact,
the demand characteristic of positive demand exter-
nalities has received more attention in network services
markets such as telecommunications. A crucial business
decision for the network provider in a network services
market is whether or not to agree to interconnect with
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the networks of other operators. For example, AT&T's
refusal to interconnect with the independent telephone
companies prior to the Kingsbury Commitment of 1913
played a crudial role in AT&T’s dominance of the in-
dependent telephone companies (Gabel 1969). More
recently, we have seen various electronic mail service
vendors (Sprintmail, MCIMail, AT&T EasyMail) strug-
gle with the decision of whether to interconnect in order
to allow the subscribers of each of their networks to
send mail to subscribers of the other networks (Schultz
1989). Since the models are similar, this should be a
straightforward extension. -

This research assumes that individuals make purchase
decision and brand choice based on the current instalied
bases. It does not consider the impact of consumers’
expectations of market growth on their decision. Whiie
we believe the assumption of myopic behavior may be
more realistic than the assumption of perfectly fulfilled
expectations used in other studies, clearly neither ap-
proach captures the reality of consumer decision mak-
ing. Incorporating consumers’ imperfect expectations
would be an important extension but would greatly in-
crease the complexity of the model.

A third direction for future research is to study the
impact of varying degrees of product substitutability on
the competitive dynamics.”

7 Support for this work has been provided by a grant from Bell Com-
munications Research. The authors wish to acknowledge many helpful
discussions with David Braden, Dan Horsky, Steven Garber, Sridhar
Moorthy, Benoit Morel. and Kannan Srinivasan.
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