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Abstract

The diffusion of new technology among competing firms is of long-standing interest in
industrial organization. There is an extensive theoretical literature on technology adoption
in which firms can instantaneously deploy a new technology in the market at a cost that
is exogenously falling over time. While such models explain diffusion (firms adopt asyn-
chronously), Fudenberg and Tirole (1985) show that the incentives to preemptively adopt
in subgame perfect equilibria can cause rents to be equalized across firms. In contrast, we
study technology development where costly and time consuming effort is required to deploy
a new technology. With diminishing returns to instantaneous effort, delaying deployment
reduces the firm’s cost, as in adoption models. However, the incentive to preempt is lower:
with its development already partially complete, a preempted firm delays deployment less
than with adoption. We provide reasonable conditions under which the subgame perfect
equilibrium outcome corresponds that in the pre-commitment equilibrium first proposed
by Reinganum (1981a, 1981b), yielding both diffusion and first mover advantages for the

case of technology development.
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1. Introduction

The incorporation of new technology into products and services is an important driver of
economic growth and a potentially significant source of advantage for competing firms. For
example, advances in information technology have created new internet-based retail channels,
allowed firms to offshore an increasing number of productive activities, and led to the de-
velopment of advanced product features in telecommunications, automobiles and consumer
electronics. The impact of new technology depends on how quickly it diffuses; that is, on how
quickly firms choose to deploy the new technology in their products and services and in their
production processes. The time required to deploy new technology can be substantial: the
launch of a new version of an automobile, microchip or airplane takes years from the start of
the design process until products start rolling off the production line. Some firms choose to lead
the introduction of new technology in their industry, such as Mercedes in automobiles, Sony
in consumer electronics, and Samsung in memory chips. One can ask, however, whether such
early deployment actually leads to a first mover advantage where the technology leader enjoys
superior financial performance (Robinson et al, 1994; Lieberman and Montgomery, 1988).
Although bringing new technology to product markets can be a very time consuming
activity, the formal literature on diffusion (see Hoppe (2002) for a survey) has focused on
adoption decisions where deployment is instantaneous once a firm has decided to adopt. The
modern game theoretic treatment of this topic starts with Reinganum (1981a), although it is
the analytic approach of Fudenberg and Tirole (1985) that is followed by subsequent authors
such as Katz and Shapiro (1987) and Riordan (1992). New technology diffuses over time in
these models because the cost of adoption is assumed to fall exogenously over time (either due
to advances in fundamental research or due to the increasing efficiency of technology suppliers).
A firm’s adoption time then trades off cost reductions from waiting with the forgone profits

from delayed access to the technology.!

! Although Katz and Shapiro (1987) frame their paper as being about development, in their model “once
chosen, development is assumed to take place instantaneously” (p. 405) and hence it is usually seen as part
of the literature on adoption (Hoppe, 2002). For us, a defining feature of development is that it is a time
consuming activity.



In contrast to the adoption literature, we consider time consuming and costly development
as the driver of diffusion. In our theory, the cost of deploying the new technology at a given
time is endogenously determined by the ease with which firms can compress their development
processes. The completion of development and the deployment of the new technology in the
market is observable, but following Hopenhayn and Squintani (2006), internal development
efforts are not. We consider the same core issues as the adoption literature, namely whether
or not competing firms deploy the technology at different times and when they do, whether
there are first mover advantages. We get fundamentally different answers. In contrast to
adoption, the timing of development is not driven by preemption incentives that serve to
dissipate the rents of first movers. The reason is that a preempted firm has partially completed
its development and hence it delays its deployment less than in the case of adoption and this
lowers the returns to preempting.

We follow the literature on adoption timing in how we model the effect of the new tech-
nology on firm profits and specifically use the continuous time formalization introduced by
Reinganum (1981a) and subsequently studied by Fudenberg and Tirole (1985). There are two
competing firms that are initially symmetric and which receive a flow of profits that are ini-
tially the same. When a firm chooses to adopt the new technology, or in our case completes
its development, its profit flows increase while those of its competitor (weakly) decrease. The
main restriction on the profit flows is that the profits of the first firm to deploy the new tech-
nology increase more than the profits of the second mover.? When firms adopt or develop the
technology at different times, we say that the first firm to deploy the technology in the market

is the first mover.

1.1. The Adoption of New Technology

In their classic paper on adoption, Fudenberg and Tirole (1985) show that while there may be
a first mover in equilibrium, competitive forces dissipate rents so that the payoffs of the first

and second mover are the same. Their paper is notable both for the striking result of rent

2This profit ordering is a weak assumption given the assumption of initially symmetric firms. For the case
of a new market, it simply requires that the profits of a monopolist are greater than those of a duopolist.



equalization and for the introduction of the subgame perfection equilibrium (SPE) concept to
the adoption timing literature. Subgame perfection is a widely accepted refinement that rules
out equilibria based on incredible threats. In the case of adoption games, subgame perfection
requires that firms are expected to respond optimally to prior adoption by a competitor.

Fudenberg and Tirole (1985) show that there is a unique Pareto optimal SPE and that it
can take one of two possible forms. The first is a preemption equilibrium where one firm is a
first mover. The adoption time of the second firm is fixed by the tradeoff between the declining
cost of adoption and the forgone profit flows from deploying the new technology later. The
first mover has superior profit flows for an interval of time, but also higher costs due to the
earlier adoption. In equilibrium, the increase in profit flows must be exactly offset by the costs.
Otherwise, the second mover could profitably deviate and adopt just before the equilibrium
adoption time of the first mover, which would cause the firm that was supposed to be the first
mover in equilibrium to optimally respond by adopting at the time of the second mover.

A second possibility arises when moving first leaves both firms worse off than if adoption
were sufficiently delayed. Then, there exists a joint adoption equilibrium where the firms adopt
late-at the point where joint payoffs are maximized.®> With the firms adopting at the same
time, rents are again equalized.

Reinganum (1981a) solves the same model as Fudenberg and Tirole (1985) for pre-commitment
equilibria where firms simultaneously choose an adoption time at the start of the game and are
unable to deviate later on. In particular, a firm does not change its adoption time if the other
firm deviates from its equilibrium adoption time. Such pre-commitment equilibria have nice
properties. There are unique equilibrium adoption times and one firm is always a first mover.
Moreover, there is a first mover advantage in that the first firm to adopt has a higher payoff
than the second adopter. Unlike subgame perfect equilibria, which have larger strategy spaces,
it is straightforward to generalize the analysis to an arbitrary number of firms (Reinganum,

1981b; Quirmbach, 1986). However, subsequent authors have followed Fudenberg and Tirole

3The joint adoption equilibrium only arises when there is a sufficiently large negative externality from the
first adopter on the other firm. In the case of a new market, where there is no such externality, the preemptive
outcome is the unique SPE.



(1985) in viewing SPE as the appropriate solution concept for adoption games.?

1.2. Costly and Time Consuming Development

While we model the effect of new technology on profit flows as in the received literature on
diffusion, we do not assume an exogenously given cost of the new technology that is falling
over time. Instead, we make three key assumptions. The first is that exploiting the new
technology requires costly and time consuming internal development efforts.” For example,
exploiting internet technology to offer online technical support for a product requires a firm
to develop the website. We model development as requiring that firms complete a certain
number of steps. For example, the development of an offshore call center to exploit advances
in telecommunications and information technology would require the design of the call center,
the leasing of the facility, the design and implementation of the IT and telecommunication
system, and the recruiting and training of the staff.o

The second key assumption is that there are diminishing returns to effort at any point in
time. Thus, ten engineers working for a month on a crash project to develop a new product
are less productive than two engineers working for five months. One reason is the increasing
fraction of time taken up with coordination as the size of a team grows. An interest in
diminishing returns dates back to the early literature on research and development (Mansfield,
1971). Scherer (1967) is one of the earliest authors to discuss “diminishing returns to time
compression” so that “as time is compressed, total development cost increases at an increasing
rate.” The specific model of resource development we employ is due to Lucas (1971), who

solves the monopoly problem.” We focus on the case of quadratic cost of progress, which is

‘In an empirical study of technology adoption, Schmidt-Dengler (2006) characterizes the extent to which
adoption decisions reflect preemption incentives. He finds a small but statistically significant effect of pre-
emption on the adoption of MRI machines by US hospitals.

>There are two ways to interpret development in the model. It could literally be the time and costs required
to develop the new technology. Alternatively, it could be the time and cost required to develop the products
and services that exploit the new technology.

5Some of what is required to exploit a new technology might be available from the market such as the facility
for a call center which could be rented rather than built. Nonetheless, market solutions usually require time
consuming and costly effort including searching for suppliers and negotiating terms.

"Pacheco de Almeida and Zemsky (2006) extend the model of Lucas (1971) to characterize sequential de-
velopment by competing firms. The current paper analyzes the more complicated setting of simultaneous
development, which is the setting that closely parallels the adoption literature.



particularly tractable given the complexity of our problem.

We can solve for the firm’s cost minimizing effort profile, which depends on the target
completion date, the number of steps to complete and the cost of capital. The optimal effort
profile balances the benefit of spreading effort over time due to the diminishing returns to effort
and the benefit of delaying effort due to the time value of money. Given these optimal effort
profiles, there is a decreasing, convex relationship between development time and development
cost. Such a time-cost tradeoff is also a longstanding feature of the literature on technology
development (Gilbert and Newbery, 1982; Mansfield, 1971). Moreover, the specific time-cost
tradeoff that we derive satisfies the assumptions in the adoption literature (c.f. Fudenberg and
Tirole, 1985).

With equivalent profit flows and an identical time-cost tradeoff, our model of development
simplified to a single monopolist is equivalent to a monopoly model of adoption, and hence it
has the same optimal deployment time. This equivalence carries over to the pre-commitment
equilibrium outcomes, which are the same for adoption and development. However, as in the
case of adoption, it seems that SPE is more compelling in that firms should respond optimally
to observable actions of their rivals. This brings us to our third key assumption: what is
observable in our model?

We follow Fudenberg and Tirole (1985) and assume that firms can instantaneously observe
when a competitor deploys the new technology in the market. Unlike adoption models, there
is the additional issue of the observability of a firm’s internal development efforts. We fol-
low the recent work of Hopenhayn and Squintani (2006), and assume that a firm’s internal
state variable, which in our case is effort towards technology development, is unobservable by
competitors. Accurately observing the status of a competitor’s ongoing internal development
projects is infeasible in many settings.

Two of the defining features of our model of technology development — namely, development
time is significant and internal processes are secret — are consistent with the survey results
of Cohen et al. (2000) on the appropriability of the returns to innovation. They report that

“patents tend to be the least emphasized by firms in the majority of manufacturing industries,



and secrecy and lead time tend to be emphasized most heavily” (p. 1). These results also
justify the study of profit flows that are not winner take all, as in the adoption literature that

we build on.

1.3. Overview of Results

Although the pre-commitment equilibrium outcomes are the same for adoption and develop-
ment, we show that the subgame perfect equilibrium outcomes are radically different. First,
joint development equilibria (where both firms complete their development at the same time)
are not possible. Equilibria where both firms adopt late at the same time are supported by the
threat that if one firm adopts earlier, the other firm best responds by adopting immediately.
With time consuming development, such an immediate response is not possible. A firm may
speed up its development activities in response to an earlier than expected development by its
competitor, but this turns out to be insufficient to support joint development.

A striking result is that the pre-commitment outcome can be supported in a subgame per-
fect development equilibrium and, moreover, that this happens under fairly weak conditions.
For example, the pre-commitment outcome is necessarily supported when profit flows are given
by Cournot competition with linear demand and constant marginal costs that are reduced arbi-
trarily by the new technology. We show that there may be other subgame perfect development
equilibria, with these involving some amount of preemption. However, full preemption where
rents are equalized is not possible, except in the new market case. Moreover, whenever the
pre-commitment outcome is supported as an SPE, it is the unique Pareto optimal equilibrium.

We thus offer a formal justification for the pre-commitment equilibria in Reinganum (1981a)
where preemption incentives are not considered. Our justification does not depend on informa-
tion lags or on costs to changing strategies. Rather, our results arise because the incentives to
preempt are less for time consuming development than for adoption. A firm that is preempted
slows down its development (because the payoff to being second are lower than the payoff to
being first). However, the effect is less than under adoption because the preempted firm has

already completed some of its development at the faster pace of a first mover.



We compare the diffusion of new technology when it is more of an adoption decision (e.g.
hospitals buying new medical equipment) and when it is more of a development decision (e.g.
automobile manufacturers launching a new model with a hybrid engine). We find that the
first mover’s competitive advantage is more sustainable (i.e. lasts longer) for adoption, but it
yields a higher payoff for development.® The preemptive behavior that occurs with adoption
leads to earlier deployment by the first mover, but does not alter the adoption date for the
second mover, which results in both a more sustainable advantage and a lower payoff for the
first mover.

We extend the model to allow firms to differ in their development capabilities. We find that
such asymmetries widen the region in which the pre-commitment outcome can be supported
as a SPE, which reinforces our argument that preemption is less of an issue with development
than with adoption.

The paper proceeds as follows. Section 2 defines the model and Section 3 characterizes the
cost minimizing development profiles. Section 4 reviews the key results on technology adoption
in the context of our model, while Section 5 contains the main results on the existence of
development equilibria. Section 6 compares adoption and development. Section 7 extends the

model to incorporate differing development capabilities while Section 8 concludes.

2. The Model

We analyze a continuous time game played by two firms indexed by ¢ = 1,2 that compete
in an output market. Time is indexed by ¢ > 0 and there is an infinite horizon. Each firm
can engage in the costly and time consuming development of a new technology. Initially,
firms are identical but they may vary in the speed at which they choose to develop the new
technology. We now detail our assumptions about product market competition and technology

development, before turning to the equilibrium concepts we employ.

8We follow Pacheco de Almeida and Zemsky (2006) and say that a firm has a competitive advantage at a
point in time when it has deployed the new technology and the competitor has not. The sustainability of a
competitive advantage is then the interval of time over which the asymmetry persists. When defined in this
way, sustainable competitive advantage is distinct from the overall financial performance of the firm, which is
net of technology development costs.



2.1. Product Market Competition

Firms receive a flow of profits from the output market and these flows are affected by technology
development. When no firm has completed development of the new technology, firms have
instantaneous profits of mgp > 0. When only one firm has completed development, its profit
flow increases to 719 > mgp, while the profit flows of its disadvantaged competitor (weakly)
decrease to mp1 € [0,mgo]. Finally, profit flows when both firms have developed the new
technology are given by w11 € [mgo,710). As is standard in the diffusion literature (e.g.,
Reinganum, 1981a; Fudenberg and Tirole, 1985), we assume that the increase in profit flows
is greater for the first firm to deploy the technology: w19 — mgg > 711 — 7o1.

The case of a new market, where developing the technology is required to have positive
profit flows, is a special case of this model with mgg = w91 = 0. In this case, the restriction
that the first mover has a greater increase in profits is w19 > 711, which is just the property

that the profits of a monopolist are greater than the profits of a duopolist.

2.2. Technology Development

Technology development is a deterministic process requiring the completion of a continuum of
K > 0 steps. Firm ¢ chooses an effort profile that specifies the level of effort to be exerted over
time on technology development as given by the function z;(¢) > 0. There are diminishing
returns to effort so that development progresses at a rate m . With a slight abuse of
notation, firm #’s progress up to time ¢ is then K;(t) = fg \/mds. For a given completion
time T; > 0, the effort profile z;(¢) must satisfy the feasibility condition K;(7;) = K, so that
all steps are finished by the completion date.

The flow of costs associated with technology development are proportional to the effort
exerted by firm ¢, ¢;(t) = z(t)/w. Instantaneous costs are then a quadratic function of the

rate of progress. Without loss of generality, we take w = 1.° The discounted cost of technology

9The parameter w represents the (common) productivity of firms in terms of new technology development.
What matters for the analysis is the number of steps relative to firm productivity K/w and hence taking w =1
is without loss of generality. In Section 7, we generalize the analysis to allow firms to have different development
capabilities and hence different w;.



development for a given completion time 7; is then

T;
/ zi(t)e "dt,
0

where 7 > 0 is the common cost of capital (discount rate) for the two firms. This model of
technology development was first proposed by Lucas (1971), who solves the monopoly case.!’

We assume that w17 — mo1 > (rK )2, which assures that firms have an incentive to develop
the technology even if they expect to be second to market.!!

Firms observe when their competitor completes technology development, but internal de-

velopment efforts are not observable.

2.3. Solution Concepts

We assume that firms choose their effort levels simultaneously at any point in time and we solve
for pure strategy equilibria. We consider both pre-commitment and subgame perfect equilibria,
although our primary interest is with the subgame perfect equilibria. In a pre-commitment
development equilibrium each firm’s (pure) strategy consists of a profile z;(¢) that together
constitute a Nash equilibrium at the initial date. This implies that firms are committed to
their strategies and do not change them in response to the arrival of information. In particular,
they do not adjust their development profiles in response to the competitor’s deployment of
the technology in the market prior to the time implied by the equilibrium effort schedules.

In a subgame perfect development equilibrium, firm strategies must constitute a
Nash equilibrium in any well defined subgame. There are subgames after one of the two firms
completes development, in addition to the overall game starting at time ¢ = 0. There are no

intermediate subgames given the assumption that a firm’s progress is not observable, as in

'0ther papers building on Lucas (1971) are Grossman and Shapiro (1986) who extend the analysis, Tox-
vaerd (2006) who incorporates an agency problem, and Pacheco de Almeida and Zemsky (2006) who consider
sequential development problems.

' Therefore, the model does not apply to winner take all contexts such as patent races, for which 711 = 7o1.



Hopenhayn and Squintani (2006).12

We will sometimes invoke the equilibrium refinement of Pareto optimality, which limits
attention to those equilibria for which it is not possible to find another equilibrium in which
one firm is better off and the other is no worse off. We use this to refine the set of subgame

perfect equilibria.

2.4. Payoffs

We say that there is a first mover if the firms develop at different times, that is, if 71 # T5.
Let subscript L denote the identity of the first mover and F' the identity of the second mover,
and for convenience when 177 = T5 let L = 1 and F' = 2. Thus, T}, is the development time of
the first mover and Ty is the development time of the second mover.

Firm payoffs for any pair of effort profiles are the net present value of their cash flows given

the implied development times. For the leader, the payoff is

TL TF [e'e) TL
(T, Tr) = / mooe " dt +/ Tioe”"dt +/ me "t —/ 2Ty, K)e dt,
0 Tr Tr 0

and for the follower

1L T 00 Tp
Ip(TL, TF) Z/ WooeTtdt+/ 7r016”dt+/ mle”dt—/ 2*(t; Tp, K)e "dt,
0 T Tr 0

where z*(t; T;, K) is the cost minimizing effort profile for a firm that plans to complete devel-
opment at T;, which is derived in Lemma 3.1.
We say that there is a first mover advantage if there is a first mover and the first mover

has a strictly higher payoff than the second mover: Ty, < T and I (Ty,Tr) > Up(Ty, TF).

12With the aim of being more formal, let us define

L-(t):{ Lif Ki(t) > K

0 else ’

that is, 1;(¢) denotes whether or not firm ¢ € {1,2} has developed the technology by date ¢. The time-¢ history
for any firm consists of how many steps are left for completion as well as whether or not the competitor has
already developed the new technology by date t. More precisely, the date-t history for firm ¢ € {1, 2}, denoted
by hf, is defined as follows: hl = {2;(s), 13—:(s) Jo<s<:. Letting H} denote the set of all histories for firm i up
to time ¢, a strategy for firm i is an infinite sequence of mappings from H} into an effort level.

10



3. Cost Minimizing Technology Development

We begin the analysis by characterizing a firm’s cost minimizing effort profile for a given
development time. This allows us to express the cost of development as a function of the
development time, which is a key input into the equilibrium analysis. As we want to consider
SPE, where firms may want to reoptimize their effort profiles in mid course, we characterize
the cost minimizing effort profile for any number of remaining steps £ < K, not just the initial

number of steps K. We have the following result, originally shown by Lucas (1971).

Lemma 3.1. Suppose that a firm seeks to develop the new technology over an interval of
time of length T when the number of remaining steps is k € (0, K]. The cost minimizing effort

profile is

N rke™ \?
z (t;Tak): <6TT—1> s

and the progress at any time t < T is given by
K*(t;T,k) =

The minimized cost of technology development is

rk?

C(T.k) = ——.

When k = K, we drop the parameter k from these functions (e.g. we write C(T) for
C(T,K) or K*(t,T) for K*(t;T, K)). Figure 3.1 illustrates the progress of the cost minimizing
development path as given by K*(t,T") for the completion times 7" = T} and T" = T}, which are
defined in the next section. The convexity of the curves arises because z*(¢; T, k) is increasing
over time: firms concentrate effort towards the end of the process due to discounting, although

the effect is limited by the diminishing returns to effort at a point in time.

11
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Figure 3.1: Cost minimizing development paths when K = 10 and r = .1 for the development
times 17 and T}7. These are equilibrium development times when r = .1, w19 = 9, 711 = 4,
w00 = mo1 = 0. The dotted line shows how the firm that was supposed to be the leader alters
its development at the follower’s optimal preemption time.

The cost function C(T', k) is an increasing, convex function of the number of steps k and a
decreasing, convex function of the development time T". This sort of a time-cost tradeoff goes

back to the early literature on development.'® Note that the expression for development costs

rK?

in the payoff functions, which is fOTi 2*(t; Ty, K)e "dt, can be replaced with C(T;) = ST 1
e [

It is useful to consider the optimal development time of a monopolist that increases its
flow profits from 7 to w + A when it develops the new technology and development requires K
steps. Such a firm’s payoff is given by II(T) = fOT me "tdt + [°(m + A)e "dt — C(T). There

is a unique solution to the first order condition IT'(7T') = 0, given by

If (rK)? < A, then the firm maximizes its payoff at T = T*, while if (rK)? > A, then its

payoff is maximized at 7' = oo (i.e., non development). Note that there is no incentive to

3 Gilbert and Newbery (1982) write “In its simplest representation, T, is a deterministic function of the time
paths of expenditures. The present value of an optimal expenditure path defines a cost function C(T"), that is
a decreasing function of the invention date. The cost function is the same for all firms engaged in research and
development,” which could equally well describe our model. See also Mansfield (1971).

12



delay deployment after development is complete as the firm would be better off to slow down

development so as to complete just at the deployment date.

4. Adoption of a New technology

Our model of development is very close to models of adoption timing. Not only do we have
(by construction) an equivalent structure for the profit flows, but the specific C(T") time-
cost tradeoff that we derive satisfies the general properties assumed in the adoption literature
(c.f. Fudenberg and Tirole, 1985). While we derive our cost function from an underlying
development process, the adoption literature assumes an exogenously given tradeoff.'* As one
of our objectives is to compare and contrast outcomes under development and adoption, we
now state the classic results for adoption games for our cost function C(7'). For proofs, the
reader is referred to the original papers.

We begin with the pre-commitment equilibrium studied by Reinganum (1981a). It is useful

to define the following development times

1 rK
T ==-In(l - ——=)""!
L=t e
and

1 rkK
T: == 1n(l — ——) L.
r ( \/7F11—7701)

T} is the optimal deployment time for a single firm that expects its profit flow to increase

by A = w9 — moo when it deploys the new technology and when adoption costs are given

rkK?2
erT _

by C(T) =

T T} is the optimal time for a single firm that expects its profit flows to

increase by A = w11 — 7o1.

Proposition 4.1. In a pre-commitment adoption equilibrium, there is a first mover and

adoption times are (11,,Tr) = (T},T}y). There is a first mover advantage: I (T}, T} ) >

YWhile the adoption literature usually proceeds by imposing general properties on the function C(T), Katz
and Shapiro (1987) propose the functional form C(T) = Ke""MT with A > r. This differs from the one we
derive. For example, their function has a finite cost of instantaneous development unlike in our case.

13



Up(TE, TF).

In a pre-commitment adoption equilibrium, there are no strategic interactions once the
order of adoption is fixed. The equilibrium adoption times mirror those of the single firm
analysis (with profit flows suitably defined). An attractive feature of this outcome is that
there is diffusion (in that firms adopt asynchronously) even though there are symmetric firms
and complete certainty. This is due entirely to the curvature of the cost function and the
falling benefits of deploying the technology (i.e., w11 — mo1 < m19 — moo)- It is straightforward
to generalize the pre-commitment analysis to n > 2 firms (Reinganum, 1981b; Quirmbach,
1986). Finally, the model has a clear prediction of first mover advantage.!?

As Fudenberg and Tirole (1985) point out, pre-commitment is critical for Reinganum’s
results. The equilibrium is supported by the leader’s threat to adopt at time 717 regardless of
the adoption time of the other firm. Without some form of pre-commitment, such a threat
is not credible. Once one firm has adopted, the optimal adoption time for the other firm is
T}.. Combining this observation with the first mover advantage, one has that (77,7} ) cannot
constitute a subgame perfect adoption equilibrium outcome. Figure 4.1 shows the profits of
a firm when the competitor plans to adopt at 17 but best responds to preemptive adoption
prior to this time by adopting at 7. The best response by the supposed follower is to adopt
just prior to T7. The firm that was supposed to adopt first now adopts at T and the other
firm obtains the superior payoff of the first mover.

As in an auction, the price of being the first mover (in terms of the extra cost of adoption)
gets bid up through earlier and earlier adoption in a SPE until the payoffs are equalized.
Define the resulting preemption time 11, by the smaller of the two solutions to HL(TL, 1)) =

p(Ty, Tf), which yields

. 1 K./ —
Ty = ~In(1 — YT 0Ly -1
r 10 — 701

As is typical in a duopoly investment game, it is possible that equilibrium investment levels

can have a Prisoner’s Dilemma structure, where the firms end up over investing because of

5To see the existence of a first mover advantage, note that I (TF,T5) > Hp(Th, Tr) = e (Th,TH) >

14



payoff

Figure 4.1: The profits of the follower if the leader is planning on adopting at time 77 but
best responds to pre-emptive adoption by the follower by adopting at 1% for the parameters
as in Figure 3.1

the negative externality on each other. Specifically, it is possible that firms would be better
off if they both waited to adopt until the technology cost had fallen substantially. Such
considerations turn out to matter for subgame perfect equilibria. Define the profit maximizing

joint adoption time by T’y = arg maxIly (T, T'), which is just
T

Fudenberg and Tirole (1985) establish the following.

Proposition 4.2. There is a unique Pareto optimal subgame perfect adoption equilibrium.
If T (T}, Ty) > 1L (Ty, Ty) then the equilibrium times are (Ty,, Tr) = (Ty, T) and otherwise

they are (Tr,, Tr) = (T7,T7). In either case, there is rent equalization.

When the maximal payoff from being a first mover exceeds the maximal payoff from waiting
and adopting together (i.e., I (T}, T%) > HL(TJ, TJ)), then the unique SPE is the preemption

equilibrium (TL, T}.). Otherwise, there exist equilibria where the firms wait and adopt jointly

15



at later times.'® These equilibria are supported by the threat that if a firm adopts prior to
the joint adoption time the other firm’s best response is to adopt immediately (since T > Tr
holds in this case).!”

While there may or may not be a first mover and hence diffusion in a subgame perfect

adoption equilibrium, there is no first mover advantage.

5. Development of a New Technology

This section characterizes both pre-commitment and subgame perfect development equilibria.
We are interested in how these equilibria compare to those under adoption, particularly in

terms of whether there is a first mover and whether moving first leads to a higher payoff.

5.1. Pre-Commitment Equilibria and their Breakdown

The analysis of pre-commitment development equilibria is straightforward. Given that firms
do not reoptimize their effort profiles during the course of the game, there is no loss in assuming
that firm strategies involve the choice of a development time T; given the cost function C(T3).
Hence, the pre-commitment development game is equivalent to the pre-commitment adoption

game and we have the following result.

Proposition 5.1. The pre-commitment development equilibrium has the same development

times as the pre-commitment adoption equilibrium, (Ty,,Tr) = (T}, T}).

As with the adoption game, it seems appropriate to consider subgame perfect equilibria
that allow firms to reoptimize their strategies in response to the unexpected development of a
competitor. The question is whether the pre-commitment outcome breaks down for the case

of development, as it does for adoption.

16 The joint adoption equilibrium does not arise in discrete time models even in the limit as the period length
goes to zero. Papers such as Riordan (1992) avoid the joint development equilibrium by using discrete time
models.

""The restriction to Pareto optimal equilibria matters when II; (T, T5) < II.(T7,Ts) as then there are
multiple SPE. Typically there are a continuum of joint adoption equilibrium (since it is optimal to adopt earlier
if the other firm is expected to adopt then as well) and (TL, T%) continues to be a possible equilibrium outcome.
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Consider subgames in which one of the firms has completed development at some time 7.
Suppose the other firm has k € (0, K] steps remaining. This is then a single firm development
problem where there are k steps to complete, the shift in flow profits is A = w17 — 71, and

the problem starts at time ¢ = 1" rather than at £ = 0. The firm’s best response is then

rk 1

——)
T11 — To1

THMQET+1ma—
T

Figure 3.1 illustrates a reoptimized development path for a firm that is initially developing
to be the first mover at time 77 but is unexpectedly preempted at a time Tr < Ty . The dotted
line shows the optimal development path after the preemption. When the firm is no longer
expecting to be the first mover, it slows down its development, which causes it to complete
development after time 77. However, unlike with adoption, it develops before time T} since
some of its development has already been completed at the faster pace of a first mover.

Now consider strategies for the full game that lead to the outcome (77},T}). Firm effort
profiles on the equilibrium path must be given by z*(¢,7}) for the leader and z*(¢,T}.) for
the follower, as this assures cost minimization for the equilibrium development times. We
can assume that the follower continues to develop according to z*(¢,T}.) even if the leader
fails to develop by time T 2.18 All other off equilibrium path strategies are determined by the
requirement of subgame perfection as incorporated into the best response function T(T, k).

Observe that the leader does not have a profitable deviation. Since there is no impact on the
follower’s development time, 77 is optimal because T} = arg maxy Il (T, T}) by construction.
What about the follower? Because IIp(T},T%) > Ip(Tf,TF) for Tp > T}, any profitable
deviation would involve preemption at some time T < T7. Figure 5.1 illustrates the follower’s
payoff as a function of its development time (for the same parameters used in the previous

figures). Unlike the case of adoption illustrated in Figure 4.1, there is no discontinuity at

18The follower’s effort choice when the leader fails to develop by time T} is off the equilibrium path and not
part of a well defined subgame (since the leader’s progress is not common knowledge). Hence, the follower’s
strategy is not restricted by subgame perfection. However, as long as the follower believes that the leader is
about to complete develop, then continuing to develop according to z*(¢,7%) is optimal. Moreover, having
the follower speed up because it now expects to be first to market with some probability, would not affect the
analysis. See subsection 5.4 for further analysis.
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Figure 5.1: The profits of the follower if the leader is planning on developing at time 77 but
reoptimizes its effort profile in response to preemptive development by the follower for the
parameters as in figures 3.1 and 4.1.

T = T}. The reason is that the leader has all but completed its development for preemption
times just before 77 and hence its development time is still close to T7. The earlier a firm
preempts the less progress the other firm has made and the more its completion date is delayed,
but the greater are the preempting firm’s development costs. Define the optimal preemptive

deviation given that the leader plans to develop at T} as
Tr = argmaxIl, (T, T(T, K — K*(T,T})).
T

The question is whether such a deviation is profitable (i.e., I (Tr, T(Tr, K — K*(Tr, T})) >
(T}, Tf)), in which case (T75,T}) fails to be a subgame perfect development equilibrium.
For the parameters used to generate Figure 5.1, the deviation is not profitable. The general

conditions required to support (17, T}.) are as follows.

Proposition 5.2. (i) For a new market (i.e. moo = mo1 = 0), (T}, T}) constitutes a subgame
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perfect development equilibrium outcome if and only if

v
10 9,

11

(ii) In general, a sufficient condition for (T},T};) to be a subgame perfect development equi-
librium outcome is

710 — 700 < 6.85

11 — To1

The pre-commitment outcome is a subgame perfect development outcome when the incen-
tives to preempt are not too large. This occurs, for example, when the flow profits from being
first to market w19 are not too large and when the flow profits from being second 711 are not
too small. The bounds in Proposition 5.2 are quite weak, as becomes clear when we apply the

result to standard models of competition.

5.2. Application to Cournot and Bertrand Competition

Consider how Proposition 5.2 applies to Cournot competition. Specifically, suppose that the
profit flows (moo, 710, 711, 7o1) result from Cournot competition in which there is linear
demand p = a —b(q1 + ¢2) and constant marginal costs that are reduced from ¢ to ¢ > 0 when
a firm develops the new technology. We assume that ¢ < a as otherwise all profit flows are
zero. There are three cases depending on the value of c.

Suppose ¢ > a. This is the new market case (mg9p = mo1 = 0) and Cournot profits are
710 = (a — /)?/(4b) when one firm has completed development and 711 = (a — ¢’)?/(9b) when
both have completed development. We have that m19/711 = 9/4 < 9. By Proposition 5.2 (i),
we have that (T}, T}) is a subgame perfect development equilibrium for any value of ¢/, a and
b (such that ¢ > a).

Now suppose that (a + ¢’)/2 < ¢ < a, in which case the new technology is a drastic
innovation in that the output and profit of a disadvantaged firm is zero (mp; = 0). We have

that w19 = (a—c')?/(4b), mo0 = (a—c)?/(9b) and 711 = (a—c')?/(9b). Hence, (w10—m00)/(m11—
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mo1) < mio/m11 = 9/4 < 6.85. By Proposition 5.2 (ii), we have that (77,T}) is a subgame
perfect development equilibrium for all parameter values consistent with this case.
Finally, suppose that ¢ < (a + ¢)/2 in which case the new technology is not a drastic

innovation and both firms always produce positive amounts. In this case we have that

T10 — 700 _ (a+ c— 26/)2/(95) - (CL - 6)2/(9b)
11 — To1 (a—¢)2/(9b) — (a+ ¢ —2¢)%/(9b)
Syt

where the inequality follows from setting ¢ equal to the upper bound of (a + ¢’)/2. Again, we
have that (T7,T}) is a subgame perfect development equilibrium. Thus, we have shown the

following.

Corollary 5.3. If flow profits are given by Cournot competition with linear demand and
constant marginal costs that are reduced by the new technology, then (T},T}) is a subgame

perfect development equilibrium for all parameter values.

A similar analysis for Bertrand competition shows that (775,7}) is a subgame perfect de-
velopment equilibrium outcome as long as products are slightly differentiated. Again, suppose
that firms have constant marginal costs of ¢ without the new technology and ¢ < ¢ with
it. Suppose that there exists a representative consumer whose preferences over the products
offered by the two firms are:

B
Ulg1,92) = a(q1 + q2) — §(Q% + q% +20q192) — P1g1 — P242,

where a > ¢/, 8 > 0 and where p; and g; respectively denote the price charged and the quantity
sold by firm ¢ € {1,2}. Noting that the inverse of parameter 6 € (0,1) measures the degree
of product differentiation, we have the following sufficient, but not necessary, condition for

(T7,T}) to be a subgame perfect development equilibrium outcome in this setting:

Corollary 5.4. If flow profits are given by Bertrand competition with differentiated products

and constant marginal costs that are reduced by the new technology, then (T}, T}.) is a subgame
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perfect development equilibrium outcome if 6 < 0.918.

5.3. Discussion

Our model of development offers a justification for the pre-commitment equilibrium analysis
in Reinganum (1981a, 1981b). Interestingly, many of the elements of our model are present in
her verbal descriptions except that what we call development she refers to as “adjustment”.
For example, Reinganum (1981b) states that C(T') “represents the purchase price of the new
technology plus the adjustment costs required to bring the new technology online by date”
T and later she refers to the cost savings from “spreading out adjustment”. It appears that
Reinganum was influenced by the prior literature on time consuming development and that
it is Fudenberg and Tirole (1985) who focus the literature on pure adoption problems where
deployment is instantaneous. Writing about her diffusion models in the Handbook of Industrial
Organization after the criticism by Fudenberg and Tirole, Reinganum (1989) is more explicit:
“The justification for this assumption [of pre-commitment| is that adoption of a process inno-
vation is a time-consuming activity, with installation and adjustment costs a function of the
planned adjustment path. Thus, the choice of an ‘adoption date’ really represents a time at
which adoption will be completed (assuming it begins immediately).”

While our model formalizes the notion of adjustment (i.e., development) costs that are
incurred over time, our results go beyond Reinganum’s verbal arguments. In the end, the
argument in Reinganum (1989) comes down to invoking a large cost to changing effort pro-
files: “it may be very costly to alter the planned path of adjustment once it has been se-
lected. .. We assume that such alterations of plans are prohibitively costly”. We show that
the pre-commitment outcome can be supported even when effort profiles can be changed cost-
lessly. The assumption that adjustment takes place over time and is unobservable is sufficient
to obtain the result.™

Intuitively, the leader’s past development efforts act as a form of partial commitment to

an early deployment date. The incentives to preempt are then dampened because the leader

Y90Of course, any costs to changing effort profiles would only reinforce the result and enlarge the parameter
space in which (T7,TF) is supported as a subgame perfect development equilibrium.
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only responds to preemption to the extent to which it has not already sunk its development

efforts.

5.4. Other Possible Subgame Perfect Development Equilibria

What about other possible subgame perfect development equilibrium (SPDE) outcomes, in
particular the joint development and preemption outcomes that exist in adoption models? We

consider each of these types of equilibria in turn.

Lemma 5.5. There cannot be a subgame perfect development equilibrium where both firms

develop the technology at the same time.

Late joint development does not occur in subgame perfect equilibria of our model. In these
equilibria, firms have an incentive to deviate and develop the technology shortly before the
joint date if they can get the first mover profit flows. For the case of adoption, equilibrium
joint development times are supported by the credible threat that earlier adoption triggers
immediate adoption by the other firm (and hence results in second mover profit flows). In
our setting, a deviation does cause the competitor to speed up its development and to deploy
earlier than it would have, but this lagged response turns out to be insufficient to support a
joint development outcome.?’

We now further restrict the form of any SPDE. Given Lemma 5.5, there is a firm that
expects to develop first and another that expects to develop second in any subgame perfect
development equilibrium, i.e. 177, < Tp. It must be that the leader develops at some time
Ty, < T}, as otherwise the follower would increase its payoff by developing earlier than the
leader. On the other hand, note that the follower’s choice of development time has no impact
on the leader’s development time as long as Tr > Tp. Since T} = argmaxy>t, Hp (17, T)
for Ty, < T}, we have that the follower must develop at time 77 in any subgame perfect

development equilibrium. Finally, with the follower developing at T% in equilibrium and also

200ur result highlights the fragility of a joint deployment outcome. This outcome also fails to be a subgame
perfect adoption equilibrium in a discrete time model even in the limit as the period length goes to zero. In
both cases, it is because the response to a deviation needs to be instantaneous.
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developing at this time for any 77, < T}, it cannot be that Tj, > T7, since the leader does
better developing at time 77. In summary, we have that 77, < 17 and Tr = T} in any
(candidate) SPDE.

The above arguments do not rule out preemptive behavior where the leader develops at
some time 77, < T}. In such equilibria, the leader would delay its development time if the
follower’s development time were to be fixed at T7. However, this need not be the case, as
discussed below. We can rule out full preemption, where 17, = fL and rents are equalized
except for the new market case. With full preemption, the leader would get HL(f L, Tr) =
HF(fL,T}). However a deviation by the leader to Ty is necessarily more profitable. Let
T > T, 7, denote the follower’s development time when the leader deviates and develops at
time T7.. For any such 7", we have that the leader’s deviation is profitable since IIp(T",T}) >
HF(fL,T;) for mpg > 0.21 For Ty, < T, L, a deviation to T} is always profitable. We are left

with the following.

Proposition 5.6. In any subgame perfect development equilibrium the leader develops at

some time Ty, € [TL, T7] and the follower develops at time Tr = T},. For mog > 0, Ty, > ny

In general, we are not able to rule out SPDE with some preemption and indeed such
equilibria exist. These equilibria involve some rent dissipation relative to the pre-commitment
outcome (17,T}). They are supported by an expectation that the follower will speed up
its development if the leader misses its equilibrium development time. Because the state of
internal development is private information, the requirement of subgame perfection does not
restrict off equilibrium path behavior in this case.??

One could go beyond the SPE requirement and ask whether speeding up by the follower is

consistent with common knowledge of rationality. The rationality of speeding up requires that

the follower now expects to be the first to market (as otherwise the best response is still 7).

2For T € (Ty, Tp] we have that Ip(T7,T%) > Ip(Ty, Tj) and the deviation is profitable. For 77 > T, we
have that I (Tk, T') > U (T, Th) = Up(T, Tr) > HF(fL,T}) and the deviation is profitable.

22To be precise, let T, < T; denote the leader’s equilibrium development time. The follower’s strategy would
then be to develop according to z*(¢,T) for ¢ € [0,T¢] and to develop according to z* (¢, 1%, K — K* (11, TF))
for any t € [Tr,Tr] for which the leader has not developed for some T% € (T, TF); after the leader develops
the follower’s strategy is given by subgame perfection.
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This suggests that one could further refine the set of equilibria by restricting off equilibrium
path beliefs in some way. We do not pursue such refinements. First, there is no universally
accepted refinement of off equilibrium path beliefs, especially in a setting such as ours where
player types (the state of internal development) are endogenously determined. Second, we

have already restricted the set of equilibria sufficiently that they can be Pareto ranked.

Proposition 5.7. The unique Pareto optimal subgame perfect development equilibrium in-

volves the timing (11, Tr) = (1}, T}) whenever this is a SPE outcome.

Preemption makes each firm worse off. Hence the refinement of Pareto optimality is suf-
ficient to assure uniqueness of the pre-commitment outcome (77, T}) whenever it exists as a
SPE. Thus, we have identified conditions on the payoffs (Proposition 5.2) and a simple equi-
librium refinement (Pareto optimality) such that the original outcome in Reinganum (1981a)

is the unique subgame perfect equilibrium outcome.

6. Sustainability and Performance

Whether or not diffusion of new technology is driven by preemption matters. Here we focus on
the implications for firm performance and the sustainability of the leader’s competitive advan-
tage. We follow Pacheco de Almeida and Zemsky (2006) and say that a firm has a competitive
advantage at a point in time when it has deployed the new technology and the competitor has
not. The sustainability of a competitive advantage is then the interval of time over which the
asymmetry persists. When defined in this way, sustainable competitive advantage is distinct
from the overall financial performance of the firm, which is net of technology development
costs and is captured by the payoff functions II; and IIz in our model.

Formally, we compare the preemption outcome (TL, T}.) associated with technology adop-

tion with the outcome (77,7} ) associated with technology development. The sustainability
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Figure 6.1: Payoffs of leader and follower in subgame perfect development and adoption equi-
libria as a function of K when flow profits are given by Cournot competition with ¢ = 1/2,
d=1/3,a=b=1and r=0.1.

of the first mover’s competitive advantage for each outcome is denoted

(a8
I

Tr: — 1Ty,

S* = T:-T.

Proposition 6.1. Although S* < S’, so that the leader’s competitive advantage is less sus-
tainable under development than under preemption, the leader’s payoff is higher. The payoff
ordering is T, (TF, T) > Up(TE, TE) > Up(Ty, TE) = Uy (Ty, TE) and the follower’s payoff is

higher under development as well.

Preemption not only serves to equalizes rents, the greater competitive pressures also serve
to depress industry payoffs relative to what occurs under development. Figure 6.1 shows how
payoffs vary with the parameter K.?> The payoff g /r in Figure 6.1 is what the firms would

get if the new technology were not available.

ZFor the case of development, we have interpreted the parameter K as the number of required steps. For the
case of adoption, K is a shift parameter in the cost function. A general way to interpret K is as the complexity
of the new technology.
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In order to provide linkages to potential empirical work, we now consider comparative
statics with respect to the parameters K and r. In addition to results on payoffs, we also

consider results on timing and sustainability because these may be much easier to observe.

Proposition 6.2. (i) All of the equilibrium times T}, T}, Ty, and TJ are increasing in K
and r. (ii) Sustainability of the leader’s competitive advantage is increasing in K and r; the

increase is faster for adoption than for development:

or or’
0 < 8S*<8_5’
0K 0K

Proposition 6.3. Restrict attention to the development times (17,T}). (i) The payoff of the
leader and follower are both falling in r and are both non-monotonic in K, first decreasing and
then increasing (except for the new market case where the follower’s payoffs are everywhere
decreasing). (ii) The extent of the leader’s first mover advantage, Il11(T},Ty) — Hp(T7, 1),

is increasing in K and does not vary with .

The differing effects of the parameters on the sustainability of competitive advantage and

the overall performance reinforces the point that these are distinct concepts within the model.

7. Differing Capabilities

We now relax the assumption of symmetric firms. In the adoption literature, both Katz and
Shapiro (1987) and Riordan (1992) consider asymmetric firms. Specifically, these authors
focus on asymmetries in the profit flows across firms. In the case of development, there is
another natural avenue for introducing asymmetries, namely differences in firm development
capabilities. For example, in empirical work on time-cost tradeoffs, Mansfield (1988) finds that
Japanese firms tend to have cost and time advantages over US firms in the commercialization

of new technologies. We now generalize our equilibrium analysis to consider asymmetric capa-
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bilities. Our primary interest is in whether the conditions under which the pre-commitment
outcome can be supported as a SPE get easier or harder to satisfy. A secondary question arises

as well, which is whether or not it is possible for the less capable firm to be the first mover.

7.1. Extending the model

Firms vary in the effective number of steps K; that they must complete in order to develop
the new technology. There is a strong firm, denoted by i = S, that has greater development
capabilities than a weaker rival, denoted by i = W. Specifically, K5 < Ky .?*

The payoff functions are as in the base model except that we limit the analysis to the new
market case where 79 = mo1 = 0. We define the ratio p = m19/m11 > 1. The cost of technology
development for firm ¢ € {S, W} is still given by Lemma 3.1:

7“Ki2

We need to generalize the pre-commitment outcome (17,7} ) to reflect the asymmetries.
There are now two possible outcomes depending on which firm moves first. Define the strong

first mover outcome as (7¢;, Ty ) where S is the first mover and where

1
TS = =In(1-—
SL ” n(

1
T = —In(l-
WF , n(

Similarly, define the weak first mover outcome as (17}, 7¢y) where W is the first mover and

where

1
TF/}/L = —ln(l —
T

1
Tén = =In(l —
SF , n(

2By “effective number of steps” we have the following in mind. Recall that firm productivity in the base
model is paramaterized by w which we normalize to w = 1 since what matters is K/w. We have in mind that
firms have differing productivities ws > ww. We can then define the effective number of steps for each firm as
Kw = K/ws and Kw = K/ww.
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Figure 7.1: The existence regions of different equilibria when firms differ in their development
capabilities.

7.2. Equilibrium existence

When Kyw = Kg, Proposition 5.2 (i) states that (17,7%) = (T, Tyyp) = (T, Tép) is a
subgame perfect development equilibrium for p = m19/m11 < 9. We are interested in how the
support for these equilibria varies as the asymmetries in the firms’ development capabilities
increase. It turns out that existence depends only on the flow profit ratio p and the relative

capabilities Kg/ Ky . Define

and note that 2(9) = 1 and that Kg/Kw < 1.

Proposition 7.1. (i) The strong first mover outcome is a subgame perfect development equi-
librium if and only Kg/Kw < 1/Q(p). (ii) The weak first mover outcome is a subgame perfect

development equilibrium if and only Kg/Kw > Q(p).

Figure 7.1 presents the results graphically. Asymmetric capabilities make it easier to

support the strong first mover equilibrium because preemption by the weak firm gets more
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and more costly and has less and less effect on the strong firm’s development time. Thus,
the strong first mover outcome can always be supported as a subgame perfect equilibrium for
p < 9 (since it can be supported when there is no asymmetry). For larger values of p, the
equilibrium can now be supported as long as the capability asymmetry is sufficiently large.
Specifically, it can be supported for all parameter values except those in Region C of Figure 7.1.
Conversely, asymmetric capabilities make it harder to support the weak first mover outcome
since deviation by the strong firm are less costly and have a greater impact on the weak firm’s
development time. Such outcomes are only supported when p < 9 and the asymmetries are
sufficiently small. In particular, the weak first mover outcome can only be supported in Region
A. Since Q(p) > 0.89, large capability asymmetries are not consistent with this outcome being
an equilibrium.

One drawback of the (T}, T}:) outcome in the base model is that there is multiplicity: either
firm can be the first mover. The determination of which firm gets the rewards of being the
first mover lies outside of the model. Once the model is extended to allow for asymmetries,
multiplicity is less of an issue. It is only in Region A that there is both the strong and the
weak first mover equilibria.

In the base model, (T}, T}:) always exists as a pre-commitment equilibrium outcome. Define

_ 11
Q = - —_—
(p) 2+2\/ﬁ,

and note that Q(p) < Q(p) and ﬁl(p) < 0.

Proposition 7.2. (i) The strong first mover outcome is a pre-commitment equilibrium for all
parameter values. (ii) The weak first mover outcome is a pre-commitment equilibrium if and

only if Q(p) < Kg/Kw .

The requirements of the pre-commitment equilibrium are easier to satisfy for both the
strong and weak first mover outcome. Thus, the pre-commitment concept overstates the
extent to which a weak firm can be a first mover. Figure 7.1 graphs Q(p). Note that in

Region B, the weak first mover outcome is a pre-commitment equilibrium but not a subgame
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perfect equilibrium, while in Region C, the strong first mover outcome is a pre-commitment

development equilibrium but not a subgame perfect development equilibrium.

8. Conclusion

Pre-commitment equilibria are often justified by invoking information lags such that firm
actions are only observed with a delay. We develop an alternative justification in which firm
actions are implemented over time and hence only partially adjust in response to the arrival of
new information. We show that such partial adjustment can reduce the incentives to deviate
sufficiently to sustain the pre-commitment outcome as a subgame perfect equilibrium.

Although we have emphasized the assumption of time consuming development, there are
several other important assumptions in our theory. We now highlight these and speculate on
what would happen if they were relaxed. First, it is important that internal development is
unobservable as otherwise firms might compete from the beginning to establish a sufficient lead
to emerge as the first mover. Second, we assume a particular curvature for the diminishing
returns to effort, specifically the cost of effort is quadratic. We hypothesize that as the extent
of diminishing returns goes to zero and the cost of effort becomes linear, then development
becomes instantaneous and we would expect preemption incentives to again drive behavior.
This suggests that our results require that the time-cost trade-off be sufficiently great. The
extent of diminishing returns to effort and the resulting time-cost tradeoff is an empirical
question that merits more study. Finally, there is no uncertainty in our development process.
We note that adding uncertainty is likely to prove difficult.?>

We would like to highlight a couple of avenues where future work might prove to be inter-
esting. The first is to relax the assumption that internal development efforts are completely
unobservable prior to completion. One way to do this is to consider milestones, such as a

working prototype, which are observable.?6 The adoption literature has derived interesting

*Lucas (1971) and Grossman and Shapiro (1986) extend the development model we use to include uncertainty
about the number of required steps. Their analysis of the single firm problem is already quite complex.

20 At the other extreme, Harris and Vickers (1985) examine patent races with continuous observation of
development efforts, but find no equilibrium when firms move simultaneously (even if firms are allowed to
employ mixed strategies). Such a result is likely to persist in settings that are not winner takes all.
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results for the case of asymmetric flow profits, which can be interpreted as arising from one
firm being an incumbent and the other being an entrant. It would be interesting to extend
our analysis to consider the effect of such asymmetries in development problems.

More broadly, IO models often make the simplifying assumption that the actions that
firms take are not time consuming. In many settings, such assumptions are hard to justify.
Yet they can be critical for the nature of the strategic interactions among firms. In this paper,
we show that the timing of new technology deployment can depend critically on whether or
not deployment is time consuming. Pacheco de Almeida and Zemsky (2003) show that the
classic tradeoff in models of strategic investment under uncertainty between commitment and
flexibility depend on whether or not investment is time consuming. What other problems

could benefit from explicit modeling of the fact that actions are time consuming?
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9. Appendix

Proof of Lemma 3.1 Recall that K (t) = fot \/2(s)ds denotes the number of steps completed
by a firm at date ¢ when following effort profile {2(s)}cjo,q- Therefore, if the firm targets at
developing the new technology by date 7', then it solves the following program:

T
min / z(t)e "dt
2(t)=0.J ¢

t. ‘2—[: — /200, K(0) =0, K(T) = k.

32



Denoting the costate variable by A(t), we can write the Hamiltonian function as follows:

H(z) = —ze "'+ At)V/z.

The necessary (and sufficient) conditions for an interior maximum require that the following

conditions hold:

/\(t) —rt
—~7 = 9.1
dK
- = 9.2
— vz (9:2)
dA
= = 9.3
o (9-3)
K(0) = 0, K(T)=k (9.4)
)\ert 2
Using (9.3), we have that A\(t) = A for some constant A, so z(t) = < 5 ) by (9.1).
. . o AT —1) o
This, together with (9.2), implies that K(T') — K(0) = — Hence, (9.4) implies that
2
A= %, and thus we have that the optimal effort profile given T and k takes the following
6 —_—

form:

N rkett \ 2
2T, k) = <erT_1> .

Therefore, the number of steps completed at date ¢ by a firm that behaves optimally and

wishes to complete k steps at time T’ is

K*(t;T,k) /\/ sTk:ds— 11)

The minimum cost for a firm of developing at time T a technology that requires the completion
of k steps is

rk?
Proof of Proposition 5.2 Recall that the most profitable preemptive development by the
follower should take place at time Tp. To show that T exists and is uniquely defined, we

~ rTF _rT
prove that I (7, T(T, %el))) is strictly quasi concave in T'. Note that
.

> K(erTz —e'T) r —rt T —rt * —rt TK2
(T, 7T(T, ———)) :/ Tooe dt+/ T10€ al7§+/~ e dt — —= T (9.5)
L1 0 T T e -

~ rTF _ T
where we have suppressed the arguments of T'(7T), %el)) for simplicity. Differentiating
o TE_
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(9.5) with respect to T' yields:

~ K e'r‘Tz _erT)
LTI rpeT L
= T N9 (7710 - 7'('00)6 +

ar (erT —1)2
~ K 'r‘Tz_ rT T* ,
dT(Ta %2) 7T’1~”(T,—K(e j;ﬁfe T))
( a7 e e L-1 (7‘1’10—7{'11).
Note that
~ K TTE_ rT
dT (T, HEm=) KT

1 — 1

arT B AVT11 — 7T()1(6TTz - 1) — 7“I((€rTz — eTT)
rKe™L — /11 — mor (e’ — 1)
TK(GTTE — €TT) — /11 — 7T()1<€TTz — 1) )

Therefore, letting dIly (T, T(T, M)) /dT = 0 and rearranging yields the following:

3
eTTL 1

)ZerT

(m10 — mo0)e ™" — (rK)e + (710 — 711) rKeli — /mn — woi(eE — 1) X
(erT — 1)2 TK(erTg — erT) _ \/M(GTTE — 1)
rK(e'Tt — Ty — /m1 — mor(e™ Tt — 1)
Vit — mor (et — 1)erT

or, equivalently,

=0,

rKerT\? rK(mo —7m11)
+ - + * - O
<e’”T - 1) (1 = o) VL — mor(1 — e7"7L)
Hence,
~ 1 K
Tp = ——In(1 - :K(Tr — ), (9.6)
_— 1
(11 — moo + S )2

(1—eL)\/m1 — 7o

which shows that the most profitable deviation by the follower is unique.?”

To conclude the proof, it remains to examine the conditions under which I1p (T}, T}) >
GTTE 7eTTF)

I (Tp, T (T, KA )). Very tedious algebra shows that

3
e'rTL 1

« -
e?"TL _e'r*TF )

E3
erTL 1

p(TE, Tp) — My (Te, T(Tr, X ) >0

if and only if the following holds:

2\/(7T10 — m00) (711 — 700) (711 — To1) + (710 — ™11) (710 — T00) v/ (710 — T00) (711 — T01)—

(711 + ™10 — 2701) V710 — To0 + (To0 — To1)V/ 711 — To1 > 0 (9.7)

« -
ETTL _er TR )

2Tt is simple to show that dZHL(TF,T‘(TF, K(

indeed single-peaked, as we claimed.

))/dT? < 0 so that I, (T, T(T, KL<y i

T AL
erTL71 erTL—l
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In the case of new markets (i.e., mgp = mo1 = 0), it is straightforward to see that this condition
holds if and only if 110 < 9,28 50 let us focus now on the cases in which mgg > mg1 > 0, recalling
that we have alreaﬁi} imposed the additional following parameter restrictions: w9 > w11,
11 > moo and mp — moo > Mi1 — Wo1. Since (9.7) is expressed in terms of differences, we can

normalize so that mg; = 0. Then dividing by (7?10)3/ 2 > 0 yields an equivalent condition:

2\/(1 — 700) (711 — To0)T11 + (1 — 711) (1 — 700) v/ (1 — 7o) 11— (7F11+1)\/1 — Troo+700V/ 711 > 0,

(9.8)
11 — 701

and 717 = ————. We now have the following parameter restric-
T10 =~ To1 T —
tions: 1 > w11 > 7o > 0 and 1— 7o > 7r11 SubJect to these constraints, extensive numerical

N Too — 701
where 190 = ————

analysis shows that (9.8) is automatically satisfied if 711 > .1274.29 Equivalently, it is satisfied
if 7.85(m11 —mo1) > (710 — m00) + (700 — 7o1) holds. Because 711 — mp1 > mop — o1, & sufficient
condition for (9.7) to be satisfied is 6.85(m11 — mo1) > T10 — To0-

Proof of Corollary 5.4 We show the result by partitioning the possible values of « into
four ranges. First of all, if ¢ < a < ¢, then we have the new market case. In such a
situation, it is standard to show that the demand system assumed and price competition

between the two firms imply that the profits of the first firm to develop the new technology

_ N2
are w9 = % > o1 = 0, while the profits when both firms have the technology are
1-6)(a—¢)? 2-60)%(1+6
T = ( )2(a ‘) > mogo = 0. As a result, we have that — o _ ( ) (L+ ), which is
(2—9) (1+9)ﬁ T11 4(1—9)
not larger than 9 if and only if § < .939 holds.
O(c—{)

Second, ifc < a < ¢+ , then both firms are profitable whenever they share the same

2—0
technology. However, the development of the new technology results in a drastic innovation

and leaves the competitor with zero profit. More specifically, it is easy to show that w9 =

(a—¢)? [(a =)A= 0)(0 +2)]? [(a—c)(1 = 0)(0 +2)]?
——— > 71 = 0 and 711 = > moo =
Wt T S v TR T R T e
ence,
7710—7T00_(2—9)2(1+9)_ a—c\?
T11 B 4(1 — 9) a—c '
_ H)2 _
Because w < 6.85 if # < .918, it follows that 110 — 700 < 6.85 if # < .918 holds.
4(1—-6) / / 11
O(c— ) O(c— ) ) ) B
Third, if ¢+ 50 <a<ct A=02+0) it can be shown that each firm attains mgg =

(a0 — )1 —0)(0 +2)]”
(4-0%)2(1-6*)8

a non-drastic innovation in this case, the first firm in developing the technology prices the rival

as long as no firm has developed the new technology. Because we have

28To prove it, let p = m10/m11 and note that we simply have to show that /4p2[1 + (p2 — 1)p] > p(p® + 1) if
and only if \/p < 3. This can be readily seen from the set of solutions to the following equation, recalling that
p exceeds 1: p* — 4p® +2p% +4p—3 =0.

29 Although this can be easily checked graphically, we followed two different numerical procedures to verify
this claim. On the one hand, we randomly generated over a million numbers for #go and 711 (between 0 and
.5 and 0 and 1, respectively). Among those pairs satisfying the constraints, including 711 > .1274, we checked
whether or not (9.8) held. All of them did. On the other hand, we generated over a million points using a grid
and again found no counter example to (9.8).
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(a—c)(c—0d —(1—-0)a) -
36
(o = (1 = 0)(0 +2)”

out of the market, which can be easily shown to imply that w19 =

w91 = 0. In addition, each firm makes a profit of w17 = = 92)2(1 — 92)ﬁ when both
have developed the technology. Therefore, we have that:
T10 — 700 (4—02)2(1—92)(a—c)(c—96'—(1— 0)a) — [(a — )(1 — 0)(0 + 2)]?

T [(a = )O(1 = 6)(6 + 2)]?
2-02A+0)(a—c)Bla—c)—(a—¢c) <a—0>2
(o — )26%(1 - 0) a—c

e (o c) 220 (o)

The right hand side is a strictly concave function of (a — ¢)/(a — ¢/). Because the con-

—c 0

. . . « . .
straints on this case imply that —— € ( —02) and the unconstrained global maximum
a—c

279
2-0)2(1+60)0 0 - 2—-0)2(140) — (2 — 6
( )(;—) <—,—7T10 7r0Oc:anbeautmost( JA+6) )
4(2 - 09) 2 i1 2(1-10)
feasible values of «, 3, 6, ¢ and ¢/. This implies that M < 6.85 for any 6 < .92, since
11

(2-0)%(1+0)—(2-6)

2(1-0)

for

is attained at

is monotone increasing in 6.

Fourth and last, when o > ¢ + %, both firms are always profitable, and it is
straightforward to prove that
M= =00+2) -0 -0 [(a=c)1=0)(@+2)+0( — o)
: (4-07P(1—6%)3 " (4-67)2(1- 678
and
e -0@+2R  [(a—o( = 6)(6+2)P
YToa-era-ds T a-0P-67)8
Hence,
mo—m0 _ [(a—)1-0)+2) —0( — ) —[(a— )1~ 0)( +2)]”
T11 = o1 [(a=c)A=0)(0+2)]* = [(a—c)(1 = 0)(0 +2) +0(c' — )]
-0 +2)+ 67+ 21— 0)(6 +2)[(1 - 6)(6+2) +0] (255)
(1= 0)2(0 +2)2 = 6% +2(1 - 0)(0 +2)[(1 - 0)(0 +2) + 0] (25 )
_ 14 20[(1—9)(0+2)+9]
(L= 0)2(0 +2)2 — 67 +2(1— 0)(0 +2)[(1 — 0)(0 +2) +0] (25
= 1+ 20 .
(1—0)(0+2)—0+2(1—0)0+2) ({;)
. S .. a—c a—c 0
Because the right hand side is monoto;le decreasing in 09— o and —— > A=0eLo)
10 — 700 ; 2 = ——— which is smaller than or
p— can be at most 1+ =00 12 10 —1+2_92, hich ller than 6.85 f
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any 0 € (0,1), since T % increases with 6.
Proof of Lemma 5.5 Suppose to the contrary that there exists some 7 such that both
firms develop simultaneously at T in equilibrium.3? Keep the effort profile of one of the firms
fixed (as long as development by the rival does not take place), and observe that sticking
to the equilibrium effort profile that results in a development time of T yields a payoff of
(T, T) =1p(T,T) for any of the firms. Suppose first that T < T7 and consider a unilateral
deviation by any of the firms such that it delays development until 7% so as to attain I1x (T, T ).
To see that doing so would increase the firm’s payoff, note that the payoff to following is
maximized at T > T} > T for any development date by the leader, so (T, T5) > 1p (T,T)
indeed holds. Hence, we cannot have T' < T7.

Suppose now that T' € (T 7, TF), and consider a deviation by one of the firms such that
it preempts its competitor at 177 < T. Such a move would imply that the competitor
should develop by date T(T}, KT —eT)

once the competitor develops the new technology at Tz.gl Therefore, the preempting firm

) > T, that is, the preempted firm slows down

erT—1

~ rT rTF —
attains a payoff equal to Il (T}, T(T7, %)), which is greater than II;(7},T') because
~ rT rTF — —_ —_ —_
T(Ty, K(eeTT{_el 1)) > T. Note that T > Tf, so Up(TF,T) > IL(T,T), and hence we have
shown that

N K(GTT i erTg)

L (Tg, T(TE, )) > T (T}, T) > (T, T),

el —1
which implies that any firm could improve its payoff by unilaterally deviating and preempting
its rival at T} < T, a contradiction.

Therefore, we must have that T > Ty.. We proceed to show that any of the firms could
unilaterally preempt its competitor at 77 and improve its payoff despite speeding up devel-
opment by the competitor. This will constitute a contradiction and klence will conclude the
proof. It clearly suffices to show that II(T) = I, (T§, T(T5, M)) —.(T,T) > 0 for
any T > Ty Straightforward manipulations yield that

o _ . _ _ K T rT* .
o - (o () () (2o

erT—1

rK?
+ T 1 —K(V?Tlo—ﬂ'oo—TK).
e —
Differentiating and performi lecbra after using TF — —~ In(1 "R vield
1rferentiating an errorming some algepra alter usin = ——1In Ealiay—— 1eldas
g b g g g L r \/m y

that

dTi(T = K \2 _
# — T |7y — 700 + ( T _) < 10 — T11 _ 1) '
dT 1—e T V10 — Moo/ T11 — To1

30Note by Lemma 3.1 that this would require both firms to exert effort at time ¢ as dictated by z* (t;T, K)=

rKe™ \?

eT —1)°

31This holds because the preempted firm was completing steps at a faster pace than had it chosen to move
optimally in the second place (i.e., at T%) from the beginning of the game.
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IL(T)

d
Hence, T > ( if the following inequality holds

T0 — 11
V10 — 0/ T11 — To1

> 1. (9.9)

This, together with the fact that f[(T %) > 0, which can be shown to hold doing some algebra
because /719 — Too > +/7T11 — To1, implies that ﬁ(T) > 0 for any T > Tr.. When inequality
(9.9) is not satisfied, II(T') can be easily scen to be strictly quasi convex with a global minimum

attained at

T* :—lln(l— \/7T10—7700\/7T11—7To1—(7r10—7711))‘

rK
r V11 — Too V10 — Toov/T11 — To1

It is easy to show that in such a case T < T’ ;1,32 so strict quasi convexity implies that ﬁ(T)
is monotonically increasing for T > T}, and hence ﬁ(T) > ( follows from ﬁ(T}) > 0.
Proof of Proposition 6.2 We first perform comparative statics for K. Part (i) follows by

inspection, so we just prove part (ii). Because

os* ol o1y 1 1 -0
8K N 8K 8K N \/7T11—7T01—’I“K \/7T10—7T00—’I“K
and R
@TL o V711 — 701 < 1 _ GTE
8K_7r10—7r01—7“K\/7711—7r01 \/7'1'10—7['00—’1“K_8[(7
95 _ dS*
we have that 9K > K > 0.
We conclude the proof by performing comparative statics for . Thus, take derivatives so
as to get
rK . (1 rK )
n e —
6TI§: \/7T11—7T01—7“K V7T11 — 701
or r2 ’
rK " <1 rkK )
n _——_————————
T VT — 7o — K V10 — T00
or r2 ’
rK . <1 rK >
A n —_——_—
0Ty . /T — moo — 7K V711 — 700

or r2

32Some simple algebra yields that T < Tj if and only if

710 — 711 700 — 7101

- > 0.
VT1i0 —Too /711 — mo1

The left hand side is increasing in 710, so using the lower bound on 719 (namely, w10 > 711 + oo — 7o1) yields
the desired result.
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and

R rK\/m11 — mo1 4 n <1_7"K\/7T11_7701>
OT,  mo—mo1 — rK\/m11 — o1 10 — 701
or r2

The four derivatives can be easily shown to be increasing in K, so the fact that each of

the expressions becomes zero for K = 0 implies that the derivatives are positive for any

feasible K, which proves part (i). Although considerably more tedious, a similar argument
11 — 701
—— < 1 and

applies to the differences Ty, — T} and T} — fL using respectively that
T10 — 700

10— 7o > 1. This shows that @ > 95
V10 — Tooy/T11 — o1 or ~ or
Proof of Proposition 6.3 We first deal with (i). On the one hand, note that

> 0, and hence completes the proof.

O (TF,TF)  OUp(Ty,TE)  (rK)?* —mn
= = <0,
or or r2

which shows that the leader and the follower’s equilibrium payoff both fall in 7. On the other,

an application of the envelope theorem yields

Ollp(T7,TE) oo — mot

= -2 — —rK).
K Vroome T

O°p(T}, Ty)

V711 — 701 _ o0 — 701 <

Because By = 2r > 0, there exists a K' = - e =

" (where the inequality is weak if and only if 799 = w91 = 0) such that B)e

(T, T —
Ofor0 < K < max(07 K’) and m > 0 for max(O, K/) <K< 11 — 701

E)e . In turn,

ONL(TE, TE)  mo—

0K - /71— 7ol

—2(\/m10 — moo — 7K),

V710 — 700 10 — 711

so the strict convexity of Iz, (T, T}) implies that there exists a K" =
oL (T}, T}) O (T}, T})

K’ such that 55 < 0for 0 < K < max(0, K") and 55 > 0 for max(0, K") <
K < @.33 This proves part (i)

As for part (ii), note that
o (T7,Ty) — Up(Ty,Tr)) _ T+ T — 210 L Moo + o1 — 2710

0K V11 — To1 V10 — T00

— <
T 27“\/7T11 — 701

[m10 — To1 — /(711 — To1) (10 — 7o0)][V/7T10 — 700 — V711 — o1

\/(”11 — mo1)(710 — To0)

The last expression is positive because w19 > mgg = w01, 10 > w11 > 71 and w9 —7og > 711 —
Ol (Ty,Ty)  OUp(T7,T)
or N or '

o1, which completes the proof since we have already shown that

O (Tg, T) — e (TE, TF))

0K > 0.

331t can be shown that K < K’. The proof is analogous to that of
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Proof of Proposition 7.1 For the purpose of this proof with asymmetric players, it is
necessary to extend our notation to allow for asymmetries. Thus, for i,7 € {S, W} with i # j
let

T; " o0 " rK?
1L (Tin, TiFr) = / mipe ' dt +/ me ' dt — ﬁ
T T; € 1

and
* —rt TK12
Wir(Tjr, Tir) = e dt = <1

Also, let

*

Kj(ee —erT)

efit —1

Tip = argmaxHiL(T,T(T, )) for i,5 € {S,W}, i +#j.
T

It is standard to generalize (9.6) so as to get:

_ 1 K
Tip = ——1In(1 - e
T

).

’I“Kj(ﬂ'lo — 7T11)

(1- efrT;L)\/Wn

That is, T;p is date at which the firm labeled i € {S, W} could most profitably deviate if its
rival indexed by j € {S, W} (i # j) were targeting technology development in the first place

)2

(m11 +

at time T;‘L.

We now turn to conditions for existence of equilibria. As for a SPDE in which the weak
firm leads, it exists if the following two conditions hold at the same time: the strong firm
has no incentives to preempt the weak firm at TSF, and the weak firm has no incentives to
delay discovery up to Ty}, given that the strong firm is developing at T, (and that the order
of development is fixed even if the weak firm deviates). The first condition implies that the
following should hold:

KW (eTT(/‘VL _ erf'sp)

s (Tyyr, Tep) — Use(Tsr, T(Tsr, = )) > 0. (9.10)
etwr —1
Because
e*TTSF — 1 _ TKS
(11 + V(T — 7T11))%
H Vi
and
Ko (T — erTse Ti0(m10 — T11) 1
—rT(Tsr, W(GTTZVL ¢ )) » rKw(m1 + i )2 —rKg\/T10
e e“wr —1 - ),
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the left hand side of (9.10) can be written as follows after some tedious manipulations:

2 —rT, —rT —rT 2
T11 e_rTgF _ T‘KS _ 7T10(€ risF — g7 ) _ T11€ r i ?”KS
r erTsr — 1 T T erTsr — 1
2
11 TKS _ TKS(N/TFH — TKS) 7T10 TKW TKS\/TUO

\/77_10(7T10—7711) _)

T A/TT11 TKS A/ 711 ;
V711

\/7F11(7711 +
VTi0(mi0 — 711) 1

1
2

VL )

7rll(

rKs(y/mo — /m) — (rKw — /mn) (m +

T \V 7T10(7T10 - 7['11)
VT +
( ! V711

VTo(mio — m11) 1
rK2((r1 + 2 —rK
rKg

A/T11 KW — 2«/7‘(’1 KS —

~—
NI

_l’_

VTio(mi0 — 711)
NaT

mioKw

N

Hence, (9.10) holds if and only if the following holds:

Ks 1 (p—1) _VIT- DVl _
Kw = 2/1+(p-1)yp-1 x/ﬁ -

~—
=

+2Kg(m1 +

Q(p),

where p = m19/m11. Furthermore, we have that Iy r,(T3,;, Tér) —Uwr (TR, T3y ) > 0 should

also be satisfied. As shown in the proof of Proposition 7.2 (see expression (9.11)), this implies

Kg \/_-i-

2 2
that K_W > VA should also hold. Because Tt 1 NG

have that a SPDE in which the weak firm leads exists if and only if Kg > Ky Q(p).
In turn, a SPDE in which the strong firm leads exists if and only if

< Q(p) for any p > 1, we

. . B o Kg erTé'iL _ eTTWF
Mwr(Tér, Tyyr) — Owr(Twr, T(Twr, ( P ))) >0

)

since it is clear that the strong firm has no incentives to deviate and develop later. Note that
this expression is similar to (9.10) except for the indices of the firms, which are interchanged.

Therefore, a necessary and sufficient condition for existence is the following:

Proof of Proposition 7.2 It is clear that a pre-commitment development equilibrium in
which the strong firm is the first mover exists for any feasible value of the parameters. However,
a pre-commitment development equilibrium in which the weak firm moves first need not exist
for certain parameter configurations. In order for this to be an equilibrium, no firm should
have incentives to develop the technology at some other time. On the one hand, existence of
such an equilibrium requires that the strong firm has no incentives to deviate from completing

development in the second place at Ty, given that its competitor is going to develop the
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technology by T3j,;. Some algebra shows that g (T4, Ty p) < Ilsp(Tyy . Tép) if and only
if

[
2 25

On the other hand, the weak firm should have no incentives to deviate from discovering

Kg  —
-2 >
KW_Q@

first at Ty}, given that its rival is going to discover by date T'g F.34 Notwithstanding, it is
straightforward to show that Iy (17}, Tép) — Hwr(Te, Ty r) > 0 holds if and only if the

following is satisfied:
Kg - 2

Kw — \/ﬁ—i-l'
2 1, 1 _ B+l
v+l 20 2y p 2,/p

condition for the existence of an pre-commitment development equilibrium in which the weak

K —
firm moves first is that p be such that K—S > O(p) is satisfied.
w

(9.11)

Because

for p > 1, it follows that a necessary and sufficient

34Tt can be easily checked that conditions on the parameters such that T&x < Ty, holds are too strong.
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