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relations literatures in a simple duopoly model, I compare the technology adoption
patterns under different vertical structures. In particular, the study of the asym-
metric case, where one firm is integrated while the other one is separated, allows me
to make three main contributions. First, I show that the effect of vertical integra-
tion on technology adoption by one firm is influenced significantly by the vertical
structure of the other firm. Second, I consider the two main types of technology
adoption games under an asymmetric set-up and broaden the understanding of the
underlying mechanisms for the solving of such games. Finally, I develop an in-
dustrial policy aimed at encouraging firms to adopt the technology at the socially

optimal timing.

JEL-Code: L11, 122, L51, 033

Keywords: precommitment game, preemption game, timing of technology adoption,

vertical relations, vertical integration

*Economics Department, Arts Building, Trinity College Dublin, College Green, Dublin 2, Ireland;
email: voudonb®tcd.ie. I express my gratitude to my thesis supervisor, Francis O’Toole, for his useful
remarks, comments and for his engagement through the learning process of my PhD. Also, I thank Marie-
Laure Allain, Sarah Parlane, Tara Mitchell, Michael Riordan and the participants of Trinity College and
Columbia University economics seminars for their helpful comments. This research is supported by the
Grattan Scholarship of the Department of Economics, Trinity College Dublin. Any remaining errors are
my own.


mailto:voudonb@tcd.ie

1 Introduction

The study of innovation and technology patterns is a fundamental area of Industrial
Organization. It drives the economic performance of a firm, a market, and more globally,
of an economy. These processes are the core mechanisms of some growth models, as well
as important features of competition models. Indeed, the competition economist must
consider how some regulations and business practices may influence innovation. Such
research activities, whether it takes the form of R&D expenses or technology adoption,
may allow the consumer to access a product at a better price. Hence, a practice that
could have been assessed as anticompetitive according to standard price theories may
be reevaluated as beneficial to the consumer if it promotes innovation. In this paper, I
explore how the vertical structures of market participants affects the timing of technology
adoption. In a market where a new cost-reducing technology is available, how does the

vertical structure of the firms affect the adoption patterns?

Such technologies are costly to adopt for the firm, but they allow the adopter to produce
its product at a lower cost, which is beneficial to the consumer as it leads to lower prices.

Game theorists developed models in order to explain the adoption patterns of such a

cost-reducing technology within a market. [Reinganum| (1981b)) and [Fudenberg and Tirole]
(1985)) introduced the main two games exploited in the literature of technology adoption;

namely, the precommitment game and the preemption game, respectively. Both models

start with a symmetric duopoly set-up, and conclude on technology diffusion, whereby
firms adopt the technology one after the other. However, the two games use different
solution concepts: the precommitment one uses Nash equilibrium while the preemption
one uses subgame perfection. Their results differ in terms of pay-off; while there is a first
mover advantage in the precommitment game, rent-equalization occurs in the preemption
game. The mechanism behind such models rely essentially on the trade-off between adopt-
ing early in order to preempt the competitor and adopting later due to the decreasing

adoption cost function.

Many papers extended these models to more firms, but almost none of them explored the
impact of different vertical structure on such adoption processes. Indeed, the capacity
of an upstream firm to invest in a cost-reducing technology surely depends on its rela-
tionship with its downstream partner, and the degree of vertical integration definitely
has an impact on the incentives to adopt such a technology. To my knowledge,
appear to be the only work comparing the timing of technology adoption
under input outsourcing and input insourcing, and showing that the presence of a vertical
dimension may affect the speed of adoption of a new technology. Since the timing of
adoption depends on the increment to profits that the adopter gets from it, integration,

affecting such profitability, may accelerate the speed of adoption when the adopter could



not capture enough of the gains from adoption when separated, due to the inevitable

profit-sharing between upstream and downstream firm.

I exploit many of their model’s features and adapt them to an asymmetric set-up. Indeed,

IAlipranti et al. (2015)) only compared a duopoly where either both firms are separated or

both are integrated, and the only adoption game they exploited is the precommitment

game of [Reinganum)| (1981bf). This paper extends their work by considering the asymmet-

ric case where only one firm is vertically integrated, and using both precommitment and
preemption game. Taking the vertical structure as exogenousHI evaluate the impact of
a single integration on the speed of adoption, and I see how such impact differs from a
situation where the competitor is already integrated to a situation where it is separated.
In addition, I can tell whether the type of technology adoption game affect these results.
Such an investigation matters for competition policy purposes, as the competitive assess-
ment of an integration in this context may be reconsidered and affected by the effect of

such vertical merger on the timing of adoption.

In this paper, I use a duopoly model, where two vertical structures compete in quanti-
ties. The upstream firm is the technology adopter, so my model extends easily to any
producer-retailer relationship. Downstream firms compete a-la Cournot, and contract
negotiation between upstream and downstream partners occurs according to a Nash bar-
gaining program. The first stage of the game is the technology adoption game, which
can be either the precommitment game or the preemption game. I show that integration
accelerates adoption whenever the upstream bargaining power is low and the efficiency of
the technology is high, which is qualitatively unaffected by the type of adoption game. I
highlight two main effects of integration: a bargaining effect and a strategic effect. The
bargaining effect stems from the profit-sharing occurring under separation between up-
stream and downstream partners. When its bargaining power is low, the upstream firm
(i.e. the adopter) faces some kind of hold-up issue, as it cannot capture the full benefits
from its investment in the cost-reducing technology. In such a context, integration al-
lows the adopter to capture the full benefits from the technology adoption. The strategic
effect comes from the best-response functions of the separated firms. When separated,
firms may benefit from a strong competitive advantage by setting a below-cost wholesale
price (which is then compensated by the fixed fee) which affects downstream quantities

and the response of the competitor. Hence, vertical separation is jointly more profitable

for the vertical structure, which is a standard result from [Bonanno and Vickers| (1988).

The study of the asymmetric case allows me to show that these effects of integration on
technology adoption substantially depends on the vertical structure of the competitor, an
effect not highlighted before.

In this work, I don’t discuss the vertical merger decision in itself but its impact on the timing of
technology adoption. In another working paper, I investigate the decision to integrate in a similar context.



Also, the exploration of the asymmetric market structure allows me to examine the impact
of the type of game explored. My work is among the first ones to have explored the
technology adoption games in an asymmetric set-up. Such games are highly intractable,
and numerical simulations must be used, but the exploration of such games extend our
knowledge on technology adoption patterns. Indeed, the previous literature on technology
adoption essentially built up on the assumption of symmetry of the market, which may not
fit the reality of many markets. Exploring both preemption and precommitment games in
an asymmetric set-up allows me to highlight new intuitions about the solving of these two
types of game and their fundamental differences. A first result is that a unique equilibrium
may exist under the asymmetric set-up, whereas only multiple symmetric equilibria exist
under the symmetric cases. A second result is the fact that for some parameter values,
both games yield the same timing of adoption, which is never the case under a symmetric

set-up.

Ultimately, I explore an industrial policy implication of this research: how can the policy-
maker influence the adoption timing? In fact, in many cases, the firms are rarely choosing
the socially optimal timings of adoption; the market generally adopts the technology too
late according to consumers’ preferences, and too early according to the preferences of the
adopter’s competitor. The balance of such preferences determines whether the laissez-
faire adoptions are occurring too late or too early from society’s overall perspective.
Since adoption timing is determined by its profitability, I develop a taxation scheme that

influences the timing of adoption without distorting price and quantities.

This work relates to several literatures. A first one is dedicated to the study of vertical
relations and their link with innovation. Indeed, an important branch of vertical relations

is dedicated to the non-price strategies of the different agents of a market, and how the

vertical structure of this one affects R&D investments. For instance, |[Stefanadis| (1997)),
IBanerjee and Lin| (2003)), [Banerjee and Lin| (2003]), [Buehler and Schmutzler| (2008)), [Chen|
land Sappington| (2010)), [Fauli-Oller et al.| (2011)) and [Milliou and Pavloul (2013)) develop

models in which innovation is an extra strategic parameter affected by vertical relations.

My work contributes to this literature as it studies both the impact of vertical relations

on innovative processes.

This paper relates also to the integration literature. This classical branch of Industrial

Organization focuses on the impact of vertical mergers decision both in competitive and

innovative terms (e.g. [Bonanno and Vickers| (1988]), [Salinger| (1988)), [Hart and Tirole|
(1990)), [Stefanadis| (1997)), [Riordan| (1998)), [Farrell and Katz| (2000)), (Chen| (2001]), [Brocas|
(2003)), [Beladi and Mukherjee| (2012)), |Allain et al. (2014]) and (2016))). My paper is

a contribution to this literature as it studies the effect of integration in a duopoly set-up

in the presence of a cost-reducing technology, in a dynamic framework.



This work is linked to the literature relative to the timing of technology adoption. These

articles describe, using game theoretical tools and other economic theories, the determi-

nants of firms’ timing choice when adopting a new technology (e.g. [Reinganuml| (1981b)),
IReinganum| ((1981al), [Fudenberg and Tirole| (1985)), |Quirmbach| (1986]), [Hoppe| (2000)),
|Cabral| (1990)), [Riordan| (1992)), |Riordan and Salant| (1994)), |Choi and Thum| (1998)), [Ruiz-|
|Aliseda and Zemsky]| (2006)), [Milliou and Petrakis| (2011]) and [Allain et al.| (2015)). My

work fits in this literature as it exploits the same features as technology adoption models,

but I introduce vertical structure and asymmetry issues in such a framework.

Finally, this paper relates to the empirical literature that explored the link between in-
novative investments and vertical structure in many industries: the coal industry
(11991))); the insurance industry (Forman and Gron| (2009)); the auto industry
(11995)) ); the TV industry (Chipty| (2001)), D’ Annunzio| (2017))); and the cement industry

(Hortagsu and Syverson| (2007))). My contribution is to explore the adoption timings un-

der several vertical structures and different technology adoption games, yielding a set of

predictions fitting the reality of various industries.

This paper proceeds as follows. In Section [2], the theoretical framework is introduced. I
proceed then by backward induction, solving the quantity competition and the contract
negotiation first, for every type of vertical structure of the market (Section . The solving
for the timing of adoption under precommitment game is presented in Section [4 and the
one under the preemption game is presented in Section [5] Finally, policy implications are

discussed in Section [6l

2 The Framework

In the following section, the model is described. Much of the notation of this work is

taken from |[Alipranti et al| (2015); our frameworks are very similar, but in this model,

the cost-reducing technology is adopted by the upstream firm. While they modeled the
relationship between an innovative manufacturer transforming a product from an input

provider, this work generalizes the reasoning to a simple producer-retailer framework.

2.1 The Set-Up

I consider a market where there are two upstream firms, U4 and Up, and two downstream
firms, D4 and Dp, selling a homogeneous good. A given upstream firm ¢ faces a marginal
cost of production ¢; (where i € {A, B}), and downstream firms face no costs apart
from the contracted two-part tariff. This contract consists of a wholesale price w; and a

fixed fee f;, determined by a Nash bargaining process, where § € [0, 1] is the bargaining



power of the upstream firm. Each upstream manufacturer deals with one downstream

firm exclusively, i.e. Uy deals with D4 and Up deals with Dg. This vertical set-up,

taken from [Bonanno and Vickers| (1988]), is more tractable than the one with interlocking

relationships, and allows us to study a case where there are no foreclosure incentives (nor
synergies). The demand for final good is P(Q)) = a — Q = a — qa — qp, where ¢; is the
quantity produced by downstream firm i. The set-up is represented in Figure [I]

Upstream Firm A Upstream Firm B
A A
W4, fA wapg, fB
Y Y
’ Downstream Firm A ‘ ’ Downstream Firm B ‘
2 0

Figure 1: The Set-Up

Time t is continuous and has infinite horizon. At ¢ = 0, a new cost-reducing technology
is available, and when adopted, it reduces upstream marginal costs by A (i.e. marginal
costs go from ¢ to ¢ — A). In addition, the present value of adoption costs k(t) reduces

rt

with time. The current cost of adoption k(t)e™ is decreasing but at a decreasing rate,

where 7 is the interest rate

I make two other standard assumptions. In order to ensure that both vertical structures
are active (i.e. ¢; > 0) and that marginal costs remain positive in all cases (i.e. c—A > 0),
the following assumption must hold:

Assumption 1. M =a—c< § and5£%<%

where M is the market capacity (always positive) and § (always positive) captures how

drastic is the innovation, relative to the market capacity.

In order to ensure that adoption occurs at a finite time strictly greater than zero (i.e.
I want to avoid the situations where adoption occurs immediately or never occurs) and

that profit functions are concave, the following assumption must hold:
Assumption 2. e (k(t)e™) <0 and (k(t)e™)” >0
o limy 0 k(t) = —limy_0 k' (t) = 400 and lim;_,o, k' (t)e™ =0

o r(rl —7%)e "t < K'(t)

2These assumptions are standard in the timing of technology adoption literature, see
(1981b)), [Fudenberg and Tirole{ (1985)).




2.2 The Timing of the Game

The timing of the game is as follows: at Stage 1, upstream firms U; (firm ¢ when integrated)
decide simultaneously their adoption dates 7. No other technologies are made available
during the rest of the game and firms cannot change their adoption decision.rf] Then,
at each t > 0, each upstream - downstream firm pair bargains simultaneously over the
contract terms (Stage 2). Finally, D4 and Dp simultaneously set their quantities (Stage

3). Figure [2| represents the timing of this game.

Stage 1 Adoption Decision
Stage 2: t=0, 1, 2,... Contract Negotiation
Stage 3: t=0, 1, 2,... Quantity Competition

Figure 2: The Timing of the Game

Stage 1 depends on the type of adoption game. Under the precommitment game, Stage
1 occurs at time ¢t = 0: firms choose their adoption timing and credibly commit to it for
the rest of the game. Under the preemption game, Stage 1 occurs at every period ¢ > 0
until adoption, and firms can react immediately to each other’s adoption decision. One
way to think of the difference between these two types of game is that information lags

are infinite under precommitment whereas they are zero under the preemption game.

The vertical structure of the market is determined exogenously. It can take three forms:
the vertically separated case (whereby both firms are vertically separated), the vertically
integrated case (whereby both firms are vertically integrated), and the asymmetric case
(whereby one firm is integrated and the other one is separated). The focus of this work is
not on the vertical merger decision[| but on the market performance in terms of technology
adoption depending on its vertical structure. The link with integration will be made
when comparing the timing of technology adoption between the symmetric cases and
the asymmetric case. Such comparison allows me to discuss the impact of integration on

adoption timings when the competitor is separated and when the competitor is integrated.

3These are also standard assumptions of the technology adoption literature.
41 explore that dimension of the problem in another working paper, as discussed in the conclusion of
this paper.



3 Quantity Competition and Contract Negotiation

In this section, I solve the last two steps of the game: the quantity competition and the
contract negotiation. I do this for the three different vertical structures that can arise:

the vertically separated case (Subsection , the vertically integrated case (Subsection
and the asymmetric case (Subsection [3.3).

3.1 The Vertically Separated Case

In this subsection, the two last stages of the game are solved for the case where both firms
are vertically separated, as depicted in Figure [Il The subscript i (where i € {4, B}) is
used throughout this subsection as this is a symmetric case: the identity of the firm does

not matter.

During the second stage of every period t, D; chooses ¢; to maximize its gross per-period

profits 7P~

0 = (P(Q) — wi)g = (a — ¢ — qj — wi)g;

where j € {A, B} and j # i. The subscript of the profits denote the identity of the vertical
structure (A or B) and the superscript denotes the position in this vertical structure (U
for upstream, D for downstream). The “-” in the superscript denotes gross profits (i.e.

without fixed fees). Equilibrium quantity is then:

a — 2w; + wj

3

g =
During the first stage of every period ¢, w; and f; (paid from downstream firm to upstream

partner) are determined by maximizing the Nash bargaining problem:

max (U7 + f)P(xP — ;)0 (1)

wi, fi
where 3 is the upstream bargaining power.

Solving for f; and plugging back into , one can observe that each upstream firm gets a
proportion 8 of the sum of upstream and downstream gross profits, while the downstream
firm gets a proportion (1 — ) of same. Therefore, w; is chosen in order to maximize the

sum of the gross profits, and is equal to:



—a + 8¢; — 2¢;
w. =
! 5

*

Finally, plugging the equilibrium wholesale price into the quantity and profits equation,

one gets:

2
q = g(a — 3¢ + 2¢;)

o/ = B(rV~ + 7TZ~D7) = %(a — 3¢ + 2@)2 (2)

! 25
=1 -B) 7V +7P) = —2(12; f) (a — 3¢; + 2¢;)?

3.2 The Vertically Integrated Case

This subsection presents the solving of the case in which both vertical structures are

integrated. This set-up is represented in Figure

Firm A Firm B

Figure 3: The Vertically Integrated Case

qa

qB

Hence, vertical structures A and B behave as in a horizontal set-up, without contract

negotiation. The per-period profits are then:

T = (P(Q) - Ci)%‘ = (CL —q; — g5 — Ci)Qi

The profits maximizing quantity is:

a—2¢ + ¢

I
~~

w
~—

q;

Maximized profits are:

T = —~(a—2¢; + ¢;)? (4)



3.3 The Asymmetric Case

The case (henceforth “the asymmetric case”) in which one firm is integrated and the other
one is separated is now investigated. I am going to call firm Al the vertically integrated
one, and firm AS the vertically separated one, as represented in Figure E| Thus, the
resolution follows the same steps as Subsection for firm AS. However, for firm Al
there is no contract negotiation, as in Subsection [3.2]

Upstream Firm AS

wAs, fAS
Y

Firm Al ’ Downstream Firm AS ‘

Figure 4: The Asymmetric Case

qas

qArI

Let’s write the downstream per-period profits:

war = (P(Q) — car)gar = (a — qar — qas — Car)qar

fo)s = (P(Q) —was)qas = (a — gas — qar — Was)qas

Maximizing the previous equations with respect to g4; and qag yields:

a — 2cAr +was
3

a — 2was + car
3

qar =

qas =

wys and fag are determined by the Nash bargaining problem:

max  (4g + fas)’(7hs — fas)
was,fas

Solving for fag, then for wag one gets:

—a — ca; + 6cas

Whg = 4
" a—+ car — 2CA5
das = 5 (5)
. a — 3car + 2cas
QAI = 4

5“AI” stands for asymmetrically integrated, and “AS” for asymmetrically separated. Each vertical
structure A or B can be AS or Al

10



The optimal profits are then:

TAg = (a+CA]—QCA5)2

1
Ty = E(a — 3car + 20A5)2

U é
8

4 The Precommitment Game

In this section, I solve the first stage of the game under the precommitment game as-

sumptions. As in [Reinganum| (1981b]), only equilibria in pure strategies are considered.

I solve and determine the timings of adoption under the different market set-ups in the

three following subsections and I compare them in Subsection [4.4]

4.1 The Vertically Separated Case

Since the situation is symmetric, subscripts denote the technology position (no longer
the identity of the vertical structure): the subscript 1 denotes the technology leader (i.e.
the first adopter) and the subscript 2 denotes the technology follower (i.e. the second
adopter). The technology leader maximizes the discounted sum of its infinite stream of
per-period profits with respect to its time of adoption 7}, and the technology follower

maximizes its equivalent with respect to T5:

Ty T2 00
max IIY(T1,Ty) = / et dt —I—/ e "t dt +/ a%e "t dt — k(1Y)
0

T T T
Ty T o)
max [5(T},T;) = / et dt + / Vet dt + / et dt — k(Ty)
T2 0 T T
where 70 = 7V*(c,c), 7" = 7V (c — A,¢), 7% = 7Y (c — A,c — A) and 7Yr =

7% (c,c — A)ﬁ Hereinafter, the superscript V'S denotes the optimality conditions un-

der the vertically separated case. Denoting:

6
IYS =Ty, — Ty, = %BM25(2 + 3(5)

6
L% =my, —my, = %51\425(2 —9)

(7)

6T write here the per-periods profits m;(c;, ¢;) as a function of the firm’s own costs ¢; and the other’s
ones ¢j. “0” denotes the situation when no one has adopted, “1” when the firm is the technology leader,
“b” when both have adopted and “f” when the firm is the technology follower.

11



First order conditions are: e
VS _ 1V SN\ T

(8)
I;/S S (T2VS>6TT2VS

From these conditions, one can observe that technology diffusion (i.e. non-simultaneous
technology adoption) happens under both pure strategy equilibria. Indeed, since I}¥ >
1Y% and since —k/(t)e" is decreasing (see proof in Appendix [A.1]), T} < TYS. Also, a

first mover advantage is occurring here as first exposed by [Reinganum] (1981b)[]

4.2 The Vertically Integrated Case

Similar to before, one must solve:

T Tz 00
max 11 (71,Tz) = / e " dt + / rletdt + / mle "t dt — k(Ty)
T 0 T T2

T T2 o)
max Ily(71,Ts) = / mle "t dt + / mle mtdt + / e "tdt — k(Ty)
T2 0 Ty T

where 70 = 77 (c,c), 7' = i (c — A, ¢), 7 = 7 (c — A,c — A) and 7/ = 77 (c,c — A). The

superscript VI denotes the optimality conditions under the vertically integrated case.

Denoting:
4
IYI =T — Ty = §M2(5(1 —|—(5>
VI _ 4.9 (9)
IQ =Ty —Tf = §M
First order conditions are:
]YI _ _k/(TIVI>6rT1VI
= Rt 1

Again here, technology diffusion happens under both pure strategy equilibria (17 > I)7).

One can also observe the first mover advantage

4.3 The Asymmetric Case

In the asymmetric case, two situations may occur. In pure strategies, either firm Al or
firm AS is the technology leader. Hence, I solve the precommitment game under these

two possible situations.

"It is easy to show that IV (77, 7Y% > MY (Ty' %, TyS) = IS (Ty°, Ty %) > Y (TVS, TY9).
81t is easy to show that I1y (T !, Ty'1) > Iy (T3 1, Ty 1) = Ta(TY 1, TY 1) > T (TY 1, Ty 1).

12



Let’s consider first the case where firm Al (the vertically integrated firm) is leading. Using

the same notations as in the previous sections, firms maximize:

T Tz 0o
max 47 (Th,T5) = / 7o e "t + / mhy e tdt + / ro e tdt — k(Th)
Ty 0 Ty 1>

Ty T> 0
max IY4(T1, Tp) = / WASB_Ttdt + / ngse_”dt + / nge_rtdt — k(1)
1> 0 T T>

where 70, = (¢, ¢), Tyy = T (c— A, ¢), mhy = Th(c— A c—A), and WX?S‘ = ma5(c. o),
ngs = 7t (c,c — A), 7t = 7{i(c — A, ¢ — A). For the ease of exposition, the optimal
conditions are denoted by a subscript indicating the technology position (i.e. 1, 2) and a

superscript indicating the identity of the firm (i.e. AI, AS). Denoting:

3
M =7, — 7% = = M52+ 30)

16 (11)
3% = rlly — mh = —5M26
First order conditions are:
IAI —k/(TAI)
(12)

]AS _ k/(TAS) rTS

For such an equilibrium to exist, I need T < T§'9. This is true for a certain range of

parameter values:

TA < TS

& IAI > I3 (13)

& f<pi=- (2+36)

The case where the vertically separated firm leads is now considered. Using the same

notation as before, firms maximize:

Ty T 00
max 044 (T1, Ts) :/ 7rASe Ttdt+/ ngse Ttdt—i—/ ngge "t — k(Th)
1 0 T T

T Tz 0o
max Il47(Th,T5) = / 7o e "t + / ﬁj{lle_’"tdt + / e "t dt — k(Ty)
T> 0 Ty T>

where Wg?q = mas(e ), W,Zs =Tas(c—A0), 7TAS =mas(c— A, e—A), and my; = 7 (c, o),

13



73{11 =14 (c,e — A), 7%, = 7%, (c — A, ¢ — A). Denoting:

[{¥ = mis — miy = —5]\/[25(1 +9)

AT _ b F; 3 5 (14)
First order conditions are:
]’AS k/(TAS) TTAS
" (15)
IAI _J (TAI) T3
Such an equilibrium exists if and only if:
TS < T
AS Al
. _ 3(2-0)
= > = —
> b 8(1+0)

Therefore, according to the values of § and 9, several types of equilibria may exist. Figure
displays the threshold values associated with equilibrium existence conditions and
. One can state the following proposition.

Proposition 1. In the asymmetric case, the equilibria in pure strategies are as follows:

1. when B < (5(9), there is a unique equilibrium in which the vertically integrated firm

18 the technology leader.

2. when B > B} (9), there is a unique equilibrium in which the vertically separated firm

15 the technology leader.

3. when p3(0) < B < pi(9), there are two equilibria: one in which the vertically
integrated firm is the technology leader, one in which the vertically separated firm is

the technology leader.

Intuitively, the condition of existence of these equilibria relies on the fact that the incen-

tives to adopt first must be higher than those of adopting second.

For instance, let’s consider the case where firm AS leads. From equation , one can
see that the timing of first adoption relies on the increment to profits from first adoption,
whereas the timing of second adoption relies on the increment to profits from second
adoption. For the equilibrium to exist (i.e. for first timing to be earlier than second
timing), the first must be larger than the second. However, for the parameter values in
the area below (;(0), the increment to benefits of the technology leader (the vertically

separated firm) is lower than the one of the technology follower (the vertically integrated

14
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Figure 5: Equilibria under Precommitment: the Asymmetric Case

Note: For the values of 8 and ¢ below the plain line, the equilibrium in which the vertically integrated
firm is the leader exists. For the values of 8 and d above the dashed line, the equilibrium in which the
vertically separated firm is the leader exists.

firm). When the upstream bargaining power ( is low, the upstream firm AS does not
capture much of the benefits from the technology adoption, since the upstream firm’s
per-period profits is a share [ of total profits. While a low upstream bargaining power
considerably reduces the incentives to adopt early for the vertically separated firm, the
incentives to adopt the technology for the integrated firm are unaffected by it. This is
what I call a bargaining effect: vertical separation implies profit-sharing between upstream

and downstream partners, which does not occur under vertical integration.

Let’s consider now the case where firm Al leads. From equation , one can see that here
too, for the equilibrium to exist, the increment in terms of revenues from first adoption
must be higher than the one from second adoption. However, for the parameters values
in the area above [(9), the increment to profits from technology adoption is higher
for second adopter (i.e. the vertically separated firm) than for the first one: a high §
implies that the innovator in the vertically separated case captures most of the gains
from technology adoption, whereas a low § implies that the innovator in the vertically
integrated case has low gains from technology adoption. The effect at stake here is what
I call a strategic effect, since it is related to the competitor’s best response function.
When separated, an upstream firm can give an important competitive advantage to its
downstream partner using below-cost wholesale price, and then capturing a share of profits
using the fixed feeﬂ Hence, per-period total profits are higher for firm AS, and upstream

firm AS has incentives to adopt very early whenever (5 is high. As ¢ increases, however, the

9This is a result demonstrated by |Bonann0 and Vickers| q1988[).
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aforementioned competitive advantage of vertical separation vanishes, since the leader’s

advantage (i.e. the vertically integrated firm) increases: this is why S;(0) is upward
slopping.

I discuss further now the fact that §7(d) is upward slopping and (55(J) is downward
slopping. For £7(9), this is due to the fact that, when ¢ increases, the speed of adoption
generally increases faster for firm Al when it is the leader than for firm AS when it is
aggl > 818225). For (5(d), this is due to the fact that, when ¢ increases,
the speed of adoption generally increases slower for firm Al when it is the follower than

Al AS
for firm AS when it is the leader (i.e. oL o o ). In fact, often the impact of

the follower (i.e.

6 6
the effectiveness of the technology is stronger (weaker) on the timing of first (second)
ATl AS
adoption for the vertically integrated firm than for the separated one (i.e.agld > 8216

Al AS
and 8[8—25 < 818_26)’ Indeed, this is a result of the aforementioned strategic effect: the gains

from being the technology leader, and the losses from being the technology follower, are

particularly intense when competing with a vertically separated firm.

This is an important intuition revealed by the study of the asymmetric case. This com-

plements the work of [Alipranti et al| (2015) by pointing out that what matters in a firm’s

decision to adopt is not only its own vertical structure but also the competitor’s vertical
strcuture. Indeed, the gain from being the leader (or the loss from being the follower) is
very strong when facing a separated competitor, since the cost-reduction of the adopter
affects not only the quantity competition but also the contract negotiation. The upstream
firm will react to the adoption by changing the level of his wholesale price, which in turn
will change the strategy of the downstream firm. This sort of amplification effect makes

the firm’s decision to adopt very sensitive to the efficiency of the technology, .

Therefore, the existence of equilibria in the asymmetric case is determined by two effects:
an strategic and a bargaining effect. Whenever the strategic effect is relatively strong,
the equilibrium where Al leads does not exist, and whenever the bargaining effect is
relatively strong, the equilibrium where AS leads does not exist. To discuss the impact of
an integration on the speed of adoption, I need to compare the timings of adoption under

the three different cases previously studied, which is done in Subsection [4.4]

4.4 The Timing of Adoption: a Comparison

In this subsection, I compare the timing of adoption of the new technology under the
three different market set-ups previously examined. Using the first order conditions of

the various aforementioned cases, I obtain a set of threshold values and a ranking of the

0By often, I mean for many parameters values. An extended discussion and demonstration of this
claim is presented in Appendix @
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timing of technology adoption according to the market structure. This allows a further
discussion of the two main effects of the vertical structure on the timing of adoption,

namely the strategic and the bargaining effect.

4.4.1 The Vertically Separated Case versus the Asymmetric Case

First, let’s compare the vertically separated case and the asymmetric case. In fact, starting
from a situation where both firms are separated, this corresponds to examining the impact
of the first integration on the timings of adoption: firm AS remains separated while firm
Al becomes integrated. Therefore, the timing of first and second adoption must be
compared for both existing pure strategy equilibria under the asymmetric case, yielding

the following four relations:

25
TN <TVS o 0<p<Bi=" and 0<6<1/2

32 (17)
5 <1y & 0<B<1 and 0<06<1/2
1
T <1V & 0<f<1l and 0<d<0=17
18)
25 (
M <T)S & 0<p<f=5 and 0<0<1/2

The range of parameter values for which a certain set-up yields an earlier adoption than
another one can then be delimited for both equilibria and both adoptions. In Figure 6], the
striped area delimits the zone where the equilibria do not exist and the lines corresponds

to the threshold values described in equations and . I also state Corollary .

Corollary 1. Under the precommitment game, when the competitor is separated and:

e when the integrated firm is the technology leader in the asymmetric case, integration

always accelerates second adoption and accelerates the first one when 8 < [35.

e when the integrated firm is the technology follower in the asymmetric case, inte-

gration accelerates first adoption when & < 07 and accelerates the second one when

B < ps.

In the first case (when Al leads), integration necessarily accelerates the second adoption.
This is a due to the strategic effect: when competing with a vertically integrated firm,
a vertically separated firm (being the technology follower) has more incentives to adopt
the technology earlier than the case in which it competes with a vertically separated firm.
Indeed, the loss from being the technology follower is more intense in this second situation

than in the asymmetric case.

When Al leads, integration accelerates first adoption for all parameters values under
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Figure 6: Comparison of Precommiment Timing: VS v. Asymmetric Case

Note: The stripped area corresponds to the parameter values for which the appropriate equilibrium in
the asymmetric case does not exist. (a) For the values of 8 and § below the dotted line, integration
accelerates first adoption. For all values of § and 0, integration accelerates second adoption. (b) For the
values of  and § to the left of the plain line, integration accelerates first adoption. For the values of 3
and ¢ below the dotted line, integration accelerates second adoption.

the dotted line, which is below 5 ~ 0.78. This is due to the bargaining effect: once
vertically integrated, the innovator no longer has to share the increment to profits from
the innovation. However, when the bargaining power of the vertically separated firm is
high, the vertically separated firm gets a higher increment to profits from first adoption

than if it was integrated. Then, for 5 < 33, first integration accelerates both adoptions.

For the equilibrium where AS leads, integration makes first adoption occur earlier in the
area to the left of the plain line, that is below 67 ~ 0.09. As suggested by equation ,
the impact of integration on first timing depends on ¢ only. This is due to the same
strategic effect aforementioned: for low values of §, the increment in terms of revenue
from first adoption is higher for the vertically separated firm when competing with a
vertically integrated firm. Intuitively, the advantage from being the technology leader
is more important when competing with a vertically separated firm, but only when the
effectiveness of the technology is sufficiently large. Also, when AS leads, integration
accelerates second adoption if and only if 5 < 33. Here too, the bargaining effect is
relevant: for low upstream bargaining power values, the increment to profits, and then

the incentives to adopt second faster, are higher after first integration.

4.4.2 The Asymmetric Case versus the Vertically Integrated Case

Second, let’s compare the asymmetric case to the vertically integrated case. This corre-

sponds to estimating the impact of second integration on timings of adoption: firm Al
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is already integrated, and firm AS gets integrated. Here as well, the two pure strategy

equilibria have to be considered, yielding the following set of four equations:

TV < TN o 0<B<1 and 0<86<1/2

8 (19)
' <T = 0<p<pi=g5 and 0<0<1/2

8
/< T o 0§ﬁ<ﬁj{£§ and 0<9§<1/2 20)
<M o 0<B<1 and 0<6<1/2

In Figure[7] the stripped area delimits the zone where the equilibria do not exist and the
lines corresponds to the threshold values described in equations and . I also state
Corollary

Corollary 2. Under the precommitment game, when the competitor is integrated and:

e when the integrated firm is the technology leader in the asymmetric case, integration

always accelerates first adoption and accelerates the second one when 3 < [3}.

e when the integrated firm is the technology follower in the asymmetric case, integra-

tion always accelerates second adoption and accelerates the first one when 5 < Bj.
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Figure 7: Comparison of Precommitment Timing: Asymmetric Case v. VI

Note: The stripped area corresponds to the parameter values for which the appropriate equilibrium in
the asymmetric case does not exist. (a) For the values of 8 and § below the dotted line, integration
accelerates second adoption. For all values of 8 and 4, integration accelerates first adoption. (b) For the
values of 8 and § below the dotted line, integration accelerates first adoption. For all values of 8 and 4,
integration accelerates second adoption.

When Al leads, integration always accelerates first adoption. This is the strategic effect:
the increment to profits from first adoption is higher for a vertically integrated firm when

facing another integrated firm than when competing with a vertically separated firm.
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Indeed, the gain from being the leader are mitigated when the competitor is separated.
Under this equilibrium, integration accelerates second adoption when the upstream bar-
gaining power is below 3 ~ 0.89. This is the bargaining effect: when [ is very high, the
innovator (the upstream firm) earns most of the gains from second technology adoption,

and the incentives to adopt are therefore higher.

When AS leads, integration accelerates the first adoption for 5 < (5, due to the bargaining
effect mentioned before. Under this equilibrium, second adoption always occurs earlier

after integration: the strategic effect previously described prevails here.

In sum, the exploration of the asymmetric set-up under the precommitment game allowed
highlighting two main insights. The first one concerns the resolution of the precommit-
ment game in itself: while the existence of two symmetric pure strategy Nash equilibria
is systematic in the symmetric cases, the precommitment game may have a single pure
strategy Nash equilibrium depending on the incentives to adopt of each player. The sec-
ond insight relates to the effect of integration on timings of adoption. Such effect depends
crucially on the vertical structure of the competitor (i.e. whether it is integrated or not)
and on the technology position of the integrating firm. Whenever the bargaining effect is
strong enough (i.e. when the upstream bargaining power is low), integration unambigu-
ously accelerates adoption. Whenever the strategic effect is strong enough (i.e. when
and 0 are high), integration may slow down adoption. The next section investigates the
preemption game in an asymmetric set-up and allows to prove whether these insights are

specific to the type of game exploited.

5 The Preemption Game

I explore now the impact of the vertical structure on the outcomes of the preemption

game as first described by [Fudenberg and Tirole| (1985]). Contrary to the precommitment

game where firms commit at ¢ = 0 to their adoption timing, firms can adjust their
adoption decision at any time in the game. Technically, there is no information lag in the
preemption (while there are infinite ones in the precommitment game): firms immediately

know about the other’s decisions. Hence, I am using the concept of subgame perfection.

An intuitive way to think about such a game is described by |Riordan| (1992). One can

think of the preemption game as a discrete sequential game where firms take turn in
deciding whether to adopt the technology or not, and where the time gap between every
node of the extensive form of the game (i.e. between every step of the sequential game)
tends to zero. Time is then continuous, and firms are taking decisions simultaneously,

but to solve the game, it is helpful to think of it as a sequential game.
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5.1 The Symmetric Case

The intuition behind the derivation of the adoption timing is better explained with a
graph, under the symmetric case. The second adoption occurs at the same timing as
in the precommitment game: taking the technology follower position as given, there is
no profitable deviation from 7% CE In Figure , the payoffs of the technology leader and
the technology follower are represented as a function of the first adoption timing, 77.
The payoff of the technology leader is concave in T, with its maximum at 77°, the
precommitment timing. In the rest of this section, the superscripts pc and pe denote
the precommitment timing and the preemption timing respectively. The payoff of the
technology follower is linearly increasing in 7Tj: indeed, the later the first adoption, the
shorter the period during which the technology follower suffers from the competitor’s

exclusive adoption.

payoffs

— (11, T3)
: ___H?(Tlnga)
T/ 7 T

Figure 8: Preemption in the Symmetric Case

Note: The plain curve and the dashed line represents respectively the profits of the technology leader and
the profits of the technology follower, as a function of the timing of the first adoption. The technology
leader’s profits reach a maximum at 77°, the precommitment timing, and are equal to the follower’s ones
at T7¢, the preemption timing.

In the symmetric case, ¢ and j are the sameE Hence, per-period payoffs and second
adoption timing are the same. Let’s assume that a first firm decides to adopt at T7°: one
can see that it is a profitable deviation for the follower to adopt at 77 — € for € very small
(i.e. TI3(TP°, TY%) < TIN(TY° — €, T5°)). Knowing this, the first adopter will choose T7° — e,
but again, adopting at 77 — € — € is a profitable deviation. This keeps happening until
T?°, where the payoffs of the technology leader are equal to the ones of the follower, that

is when there is no longer any profitable deviation. Hence, rent-equalization occurs, and

HThis is a standard result from the technology adoption literature.
12The notation ¢ and j is kept for later exposition of the asymmetric case.
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there are two subgame perfect equilibria: one where firm i adopts at T7° and firm j at
T2, and one where j adopts at 77 and i at T5°[F

Henceforth, T7¢ is obtained by solving T (T}, T5%) = 112(Ty, T5%). Such solving yields, in

the symmetric set-up, the following condition:

R(TY) — k(T5")

efrTfe _ o—rIye

o —nf=r

(21)
e
Such condition does not have a closed-form solution, even after giving a specific form to
the adoption cost function. Hence, the comparison of timings under the different set-up

necessitates running simulations.

5.2 The Asymmetric Case

To my knowledge, no works have explored the solving of the preemption game in an
asymmetric set-up. Such an attempt has three main difficulties. The first one stems from
the fact that pure strategy precommitment equilibria do not exist for all parameter values,
which implies that the payoffs as a leader and as a follower may not have the same shape
as in Figure[§] The second difficulty comes from the fact that 77 and 73 are not the same
for firm ¢ and firm j. The final difficulty is the impossibility of obtaining a closed-form
solution for 7¥°, nor even a condition similar to equation . In the following section, I
denote TP the Solutio to the equation:

0} (Th, T99) = 11 (Th, T5°) (22)

The full description of the different possible situations that may arise during the solving
of such a game is described in Appendix[A.3] For the sake of readability, I describe the
intuitions behind the solving of such a game, and explore the results using numerical
simulations. I describe first the best response function of the firms in Lemma [T}

Lemma 1. Firm i’s adoption decision depends on its willingness to be the technology

leader and its capacity to preempt its competitor:
o [If firm i has an incentive to be the technology leader and:
— If TP < TP then firm i adopts first at T .

—If Tfm < Tlpej, then firm i adopts first at TlpCi.

13T am not considering the continuum of equilibria where firms adopt at the same time after T, explored
by [Fudenberg and Tirole| (1985)).

T Actually, T am talking only about the solution before TP, as IT} (T}, T?*’) and TI2(Ty, TP®') intersect
twice (see Figure .
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— If TP > TP then firm i adopts second at TP
e If firm i has an incentive to be the technology follower, firm i adopts second at Tfei.

Let’s cover these different situations and describe the reasoning behind the results. When
the firm has some gains from being the technology leader, it may or may not be able to
preempt its competitor. In this case, TT“ measures the capacity to preempt: it represents
the earliest timing at which it is profitable to preempt the competitor. If TP < TP,
it means that Firm j can preempt Firm i up to 7P%, which is earlier than 77 but
still later than T7 . As one can see from Figure , Firm ¢ would like to adopt as close
as possible to T} “but if it does, it will be preempted by Firm j. Hence, the latest
Firm i can adopt without being preempted is 7P, the competitor’s preemption timing
of adoption If TP < TP this means that Firm j capacity to preempt is so weak
that it cannot profitably adopt before the precommitment timing of Firm . In that case,
Firm i adopts at T7 “_ However, as soon as Firm i knows it does not have the capacity
to preempt its competitor (i.e. TP > TPY), it decides to adopt second at T%. A last
case that may occur is that Firm ¢ may prefer in all cases to be the technology follower:
this may happen whenever its incentives to adopt are extremely low compared to the one
of the competitor (this possibility is discussed in Proposition . In that case, Firm ¢

naturally chooses to adopt second.

Using the best response function described in Lemma [T} I can now find the equilibria of
the game under a specific parametrization. First of all, I need to use a specific adoption
cost function. A classical function exploited in several papers (introduced by
land Tirole| (1985))) is k(t) = e~ @)t where o > 0 is the rate at which the current costs

of adoption are falling. Taking an interest rate of 3% (r = 0.03), a market capacity equal

to one (M = 1), and a = 0.8, I obtain the set of equilibria depending on those parameter
values in Figure @E

From this Figure [0 I state the following proposition:
Proposition 2. Under the specific parametrization where r = 0.03, M =1 and a = 0.8,
the technology adoption equilibria under the preemption game in the asymmetric set-up

are as follow:

o when B < B, Firm AI is the technology leader and adopts at the precommitment

Lo pcAl
timing, 17 .

e when 51 < B < 62, Firm AI 1is the technology leader and adopts at the preemption
timing of Firm AS, TP“S.

15Technically, Firm i is adopting at TP% — ¢, so that j has not incentive to preempt. I am just taking
€ infinitely small.

I6Market capacity is set to one for simplicity, the interest rate to the reasonable rate of three percent,
and the choice of « is guided by the readability of Figure[J] Appendix explores other parameteri-
zations.
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o when By < B < B3, Firm AS is the technology leader and adopts at the preemption
timing of Firm AI, TP

o when B > B3, Firm AS is the technology leader and adopts at the precommitment

.o AS
timing, TP~
.
9+
81
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T
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.3
2
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Figure 9: Equilibria under Preemption - the Asymmetric Case

Note: In this graph, the parametrization is the following one: M =1, r = 0.03 and a = 0.8. The three
thresholds delimits the four types of equilibria: the one where Al is the technology leader and adopts
at the precommitment timing, the one where Al is the technology leader and adopts at the preemption
timing, the one where AS is the technology leader and adopts at the preemption timing and the one
where AS is the technology leader and adopts at the precommitment timing.

Some novel intuitions stem from Proposition 2] First of all, the preemption timing as

described by |[Fudenberg and Tirole| (1985)) is not necessarily the timing chosen by firms

in a preemption game under an asymmetric set-up; in some cases, the firm still adopts at
the precommitment timing. This is due to the fact that adoption is not only influenced
by its profitability for the adopter but also by the profitability of the adoption for the
competitor. Indeed, as outlined by Lemma [} two elements influence the capacity to
adopt early or not: the firm’s capacity to preempt its competitor and the competitor’s
capacity to preempt. The first element affects whether the firm has the potential to be
the technology leader or not. For low upstream bargaining power (i.e. low ), AS prefers
being the technology follower, as it does not have enough incentives to be the leader (due
to the bargaining effect). This is in line with the results of the precommitment game: the
more a firm is able to capture benefits from the adoption, the earlier it will adopt the

technology.

Also, the study of the asymmetric case under preemption highlights the importance of the
competitor’s capacity to preempt on a firm’s decision to adopt. If the competitor have

very strong incentives to preempt, it is a better strategy for the firm to adopt second. On
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the contrary, if the competitor has very low incentives to preempt, the firm can afford
to adopt at the precommitment timing without fear to be preempted. Ultimately, if the
competitor have some incentives to preempt (but not enough to force the firm to adopt
second), the competitor will be able to adopt as late as the competitor is able to preempt:
the less the competitor can preempt, the closer to the precommitment timing the firm

will be able to adopt.

Finally, a novel result highlighted by the study of the asymmetric case is the existence
of unique subgame perfect equilibria under such a set-up. In the symmetric cases, in
the precommitment game as in the preemption game, two symmetric equilibria exist:
one where firm A is the leader and one where firm B is the leader. In the asymmetric
case, I know with certainty that Al is the technology leader for parameter values below
By, and AS is the technology leader for those above By. Also, another novel finding is
that, for 8 < (1 and 8 > S5, the timings and order of adoption are the same under the
precommitment game and the preemption game. Therefore, under asymmetry, these two

games have the same predictions for a certain range of parameter values.

In sum, the study of the preemption game under an asymmetric set-up highlights how

the capacity of the competitor to preempt drives how early adoption will occurF_T]

5.3 The Timing of Adoption under Preemption: a Comparison

Using the same parametrization, [ am able to compare the adoption timing under the two
symmetric cases versus the asymmetric case, for the preemption game. The preemption
game highlights the same strategic and bargaining effects, but they are embodied in a single
effect that drives the speed of adoption: the preemption effect. This effect determines

which firm will adopt first and how fast it will adopt in the asymmetric case.

5.3.1 The Vertically Separated Case versus the Asymmetric Case

Let’s consider the effect of the integration of a firm when the competitor is separated,
represented in Figure [I0] From these graphs, I state Corollary
Corollary 3. Under the specific parametrization where r = 0.03, M = 1 and a = 0.8,

under the preemption game and when the competitor is separated:

e integration accelerates first adoption when the integrated firm have strong incentives

to adopt first at the precommitment timing in the asymmetric case (i.e. for low
values of ().

ITThe previous intuitions are qualitatively unaffected by changes in the parametrization, as shown in

Appendix
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e integration accelerates second adoption when the separated firm is the technology

follower in the asymmetric case (i.e. whenever [3 is not high).

) )
(a) First Adoption (b) Second Adoption

Figure 10: Comparison of Preemption Timing: VS v. Asymmetric Case

Note: In this graph, the parametrization is the following one: M = 1, r = 0.03 and « = 0.8. The grey
area corresponds to the parameters values for which the adoption is occurring earlier after the integration.

One can see that the conclusion about the impact of integration when the competitor is
separated is different though quite similar to the precommitment game. In particular,
the case of the first integration is more complex due to what I call the preemption effect.
Indeed, for low upstream bargaining power, Firm Al knows it cannot be preempted
and will adopt at its precommitment timing, whereas if it remained separated, it would
have adopted at the vertically separated preemption timing, which is late for such low
values of § (due to the bargaining effect). For the rest of the parameter values, the
preemption incentive is much stronger under the vertically separated case than under the
asymmetric case, due to the strategic effect. Hence, the area of parameters for which
integration accelerates first adoption is smaller under the preemption game than under
the precommitment game, because preemption always occurs under the symmetric set-up,

which is not necessarily the case in the asymmetric one.

The conclusions for the second adoption are very similar to the precommitment game: as
long as the separated firm is the follower in the asymmetric case (i.e. when § is high), the
second adoption occurs faster after integration. For some parameter values, the integrated
firm adopts second, but as described in the precommitment case, the bargaining effect is
relevant, and integration accelerates second adoption whenever the upstream bargaining

power is not too high.
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5.3.2 The Asymmetric Case versus the Vertically Integrated Case

I numerically estimate the effect of integration on the timing of technology adoption under
the preemption game, but since the result is unambiguous (i.e. true for all parameter
values), I skip the graphical exposition and directly state Corollary

Corollary 4. Under the specific parametrization where r = 0.03, M = 1 and a = 0.8,
under the preemption game and when the competitor is integrated, integration always

accelerates both adoptions.

The conclusions about the impact of integration on the timing of adoption is much sim-
pler than under the precommitment game. Integration necessarily accelerates the first
integration. When AT is the technology leader in the asymmetric case (i.e. for low values
of B), the strategic and the preemption effect are at stake: an integrated firm has more
incentives to adopt when the competitor is integrated, especially because its preemptive
threat is stronger. When AS is the technology leader in the asymmetric case (i.e. for
high values of f3), even though the bargaining effect is at stake, it is counterbalanced
by the preemption effect: the poor preemptive threat of Al makes AS adopt closer to
its precommitment timing, which is later than the preemption timing of the vertically

integrated case.

Integration always accelerate second adoption when the competitor is already integrated.
Indeed, in the precommitment game, the only situation where second adoption occurs
faster in the asymmetric case was when § was high, and AS was adopting second. Here,
when [ is high, AS is always the technology leader. Hence, second adoption always occur

faster under the vertically integrated case.

The type of game driving the technology adoption decision crucially affect the impact of
the vertical structure of market on the timing of adoption. Especially when considering
the integration of firm facing an integrated competitor, the conclusion about the effect of
such merger on innovative activities strongly differs from the precommitment game to the
preemption game['® The following section, which examines some policy implications, also

highlights some fundamental differences between precommitment and preemption games.

6 Policy Implications: the Socially Optimal Timing

An industrial policy aims at optimizing the performance of an industry by giving it the
right incentives to produce optimally. The optimality standard in this section is social
welfare: an outcome is optimal if it maximizes the sum of profits and consumers’ surplus.

I design here a policy intervention at the adoption decision stage (taking the vertical

18This result, as shown in Appendix does not qualitatively depend on the parametrization.
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structure of the market as exogenous): how and in which direction should the timing of

adoption decision be influenced?

First of all, the socially optimal timing of adoption must be defined. This involves writing
down the infinite stream of per-period social welfare, and maximizing it with respect to
timing of adoption. Under the Cournot type of competition I used in this paper, consumer
surplus is simply defined by the squared total output divided by tWOE Such problem

takes the following form:

(g + ¢2)? T (¢l +q))?

_ 0 0y, ,—rt l fy,—rt
%1%(51/1/;— i ( 5 +m +7)e ahf+/T1 ( 5 + oy )edt :
> (¢} +4)? %)
+/ (% + 7Ti-) + ﬂ?)e_’"tdt — ]C(Tl) — k’(TQ)
T

where i is the identity of the technology leader, j the one of the follower, and where the
superscript has the same meaning as before. Both ¢ and j can be replaced by V.S or VI in
the vertically separated and integrated cases, as the identity of the firm does not matter
in the symmetric case. Also, in this case, the per-period profits are the total ones (i.e.

upstream plus downstream profits).

Maximizing with respect to 77 and T3, I obtain the first order conditions defining the

socially optimal timings, per vertical set-up: IYSSW, IQVSSW, I{/ISW, [;/ISW, IfHSW, I;‘SSW

ASsw Alsw W
I and I;''sw P

’

6.1 Industrial Policy under the Precommitment Game

I compare now these first order conditions to the laissez-faire ones under the precommit-
ment game. This allows me to indicate whether a given adoption is occurring “too fast”
or “too late”, depending on the market structure. Under the precommitment game, I

obtain the following relationships:

V8 > TV5W o 0<B<1 and 0<d6<1/2
2(3 — 49)

and 0<§<1/2

TV >TVsY o 0<B<1 and 0<5<1/2
W <Tys" o 0<B<1 and 0<5<1/2

9This is a standard Cournot result. To see this, one can compute fOQ(a —t)dt — (a — Q)Q.
20Notation is the same than before, where the subscript SW is added to indicate social optimality.

28



TA < TMsw o 0<B<1 and 0<6<65=2/5
TP > T%v o 0< <1 and 0<6<1/2

TAS > TA%W o 0< <1 and 0<6<1/2
T <M o 0<B<1 and 0<6<1/2

I represent the threshold values for the vertically separated case and the asymmetric case
where Al leads in Figure [I1} Then, I state Proposition [3
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J o
(a) The Vertically Separated Case (b) The Asymmetric Case: AI leads

Figure 11: The Optimal Timings of Adoption under Precommitment

Note: (a) For the values of 5 and ¢ below the dashed curve, second adoption under the vertically separated
case occurs too late. (b) For the values of 5 and d to the right of the plain line, first adoption occurs too
late in the asymmetric case where the integrated firm leads.

Proposition 3. Under the precommitment game, defining optimality as mazximizing social

welfare, one can state the following:

o When both firms are separated, first adoption always occurs too late, and second

adoption occurs too late (early) when B < 5% (B > p2).

e When both firms are integrated, first adoption always occurs too late, and second

adoption always occurs too early.

o When the integrated firm leads in the asymmetric case, first adoption occurs too late

(early) when 6 > 65 (6 < d5), and second adoption always occurs too late.

e When the separated firm leads in the asymmetric case, first adoption always occurs

too late, and second adoption always occurs too early.

The intuition is as follow. In Section [4] the timing of adoption depended only on the pay-

off of the adopter. Here, the optimal timing of adoption takes into account three other
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elements: the pay-off of the downstream firm when the firm is separated, the pay-off of
the competitor, and the consumers’ surplus. The weight of these different agents in social
welfare will determine whether the stand-alone incentives to adopt the technology are
too important or not sufficient. In general, the consumers will prefer earlier adoption 1]
whereas the competitor will prefer later adoption; depending on how important these

preferences are, the laissez-faire adoption may occur too late or too early.

Now I have defined whether adoptions should happen later or earlier, which policy in-
strument should be used in order to incentivize firms to adopt at the right time? The
taxation (or subsidization) schedule should be such that no price or quantity distortion is
observed. Ideally, the only variable affected should be the timing of technology adoption.
Hence, a lump-sum per-period tax, imposed to the leader from the first adoption on, and
another one imposed to the follower from the second adoption on, fits such requirements.
Technically, it is necessary to impose a tax on the technology leader only during the pe-
riod between the two adoptions. The reason why I still imposed the tax after the second
adoption is that, from a social policy point of view, it seems hard to defend a taxation
scheme imposed on one firm depending on the actions of its competitor. However, the
reader should keep in mind that taxation for the leader do not need to be imposed after

second adoption.

Mathematically, the tax Tax! and Taz} are imposed such that the problem of the firms

becomes:

. Tl T2 . o0 .
max I (1, Ty) = / mle "dt + / (7! — Tazt)e dt + / (70 — Taz’)e "dt — k(T})
1 0

T1 T2

T Tz oo
max [15(77, T5) :/ ﬂ?e”dt—i—/ ﬂfe”dt—i—/ (7] — Tazl)e 'dt — k(Ty)
T 0 T T
where i € {VS, VI, Al, AS}, like before. Solving this maximization program, it is easy to
show that, in order to obtain the socially optimal first order conditions, one should just
set:

i __ 71 1SW i __ 71 TSW

Whenever Taz’ and Taz}, are negative, they become subsidies. Indeed, they take positive
values when the firms should adopt later, and negative values when they should adopt
carlier. Thus, I state Corollary [5

Corollary 5. The market will naturally select the optimal timing of technology adoption
if a tax Taxi = Il — ISV is imposed on the technology leader from T? on, and if a tax

Taxy, = I) — I, is imposed on the technology follower from Ty on.

Such taxation schedule does not distort price, quantities or contracts; it solely affects the

2Tndeed, they would like simultaneous immediate adoption, since it triggers the highest output.
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timing of technology adoption. However, it may also affect the existence of equilibria in
the asymmetric case: when Al leads, T{*sW < T3W only if § > 6% = 10/31 ~ 0.32. For
parameter values below 03, the incentives to adopt for the separated firm (the follower
in this case) are higher than the ones of the integrated firm (the leader). This is due to
the consumers’ preference for high quantity, and then for the case where the separated
firm, which produces more, has adopted the technology. Therefore, under such taxation
schedule, the asymmetric equilibrium where the integrated firm leads does not exist for
parameter values below 0;. For values below this threshold, the taxation scheme dissuades
the integrated firm to be the leader in the asymmetric case, and the equilibrium where
AS is the technology leader is unique. Henceforth, in the asymmetric case, the taxation
scheme unambiguously increases welfare whenever AS is the leader and when AI is the

leader for parameter values above 3.

6.2 Industrial Policy under the Preemption Game

The optimal timing of adoption under the preemption game is the same as under the
precommitment game. Also, since the timing of second adoption is the same under both
types of game (i.e. TF® = TP™), the conclusions and taxation scheme developed before

for the second adoption are also valid under the preemption game.

However, the lack of analytical solution for the timing of first adoption prevents us from
drawing general optimality conclusions. Still, I can run simulations and numerically
compare the preemption timings of adoption with the optimal one. Figure 12| depicts the
parameter values for which first adoption occurs too late. When the optimality conclusions

are unambiguous (i.e. true for all parameter values), graphical representation is skipped.

From Figure [12] I state Proposition [

Proposition 4. Under the preemption game and for the parametrization M =1, r = 0.03

and o = 0.8, defining optimality as mazximizing social welfare, one can state the following:

e When both firms are separated, first adoption occurs too late (early) for low (high)

values of upstream bargaining power .
e When both firms are integrated, first adoption always occurs too early.
e Under the asymmetric case, first adoption occurs too late when:

— the integrated firm adopts first at the precommitment timing and the effective-

ness of the technology is high,
— the separated firm adopts first and the upstream bargaining power is very high.

Otherwise, first adoption occurs too early.
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The conclusions about the optimal timing of second adoption under the precommitment

game are also valid under the preemption game.

) )
(a) The Vertically Separated Case (b) The Asymmetric Case

Figure 12: The Optimal Timings of Adoption under Preemption

Note: In this graph, the parametrization is the following one: M =1, r = 0.03 and o = 0.8. The grey
areas correspond to the parameters values for which the first adoption is occurring too late according to
social welfare criterion. For the parameters values in the blank areas, first adoption is occurring too fast
under the preemption game.

The optimality conclusions about first adoption are considerably different. Under the
precommitment game, firms were always adopting too late under the vertically integrated
case, whereas here, they are always adopting too early. This is due to the preemption
effect, that forces the leader to adopt much earlier than he would like to, and even the

competitor would like it to adopt later.

For the vertically separated case, first adoption was always occurring too late under the
precommitment game, whereas it is the case under the preemption game only for low
upstream bargaining power. This is related to the bargaining effect: when [ is low,
the preemption incentive is very low, and adoption does not occur fast enough. On the
contrary, as soon as (3 gets bigger, the preemption effect gets stronger and adoption occurs

too fast according to both firms’ taste.

Finally, in the asymmetric case, when the integrated firm leads and adopts at the pre-
commitment timing under the preemption game, it adopts too late for the same param-
eters range than the precommitment game, that is for high technology effectiveness (i.e.
d > 65). When the separated firm leads, it adopts too late only for very high upstream
bargaining power values, whereas it was adopting too late for all parameters values under
the precommitment game. This is due to the fact that the preemptive pressure from the
competitor is too low when f is high, allowing AS to adopt closer (or at) to its precom-
mitment timing. For the other parameter values, the preemption effect is relevant and

make the firms adopt earlier than they would like to. The previous results are robust to
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parametrization changes, as shown in Appendix

In terms of taxation policy, it remains the same as in the precommitment one for the
second adoption. However, due to the lack of analytical solution, it is impossible to
design a general taxation policy for the timing of first adoption under the preemption
game. Nevertheless, for the symmetric case, condition allows us to figure out which
type of taxation would be efficient. It would still consist of a lump-sum tax imposed on
the technology leader from its adoption until the next one (in order to affect 7! in the left-
hand side of the equation). Indeed, since TP is determined through the equalization of
the leader’s rent and the follower’s one, imposing such tax (subsidy) would make the first
adoption occur later (earlier). Graphically, this would make the leader’s profit curve (i.e.
the concave one) shift down (or up) towards the follower’s profits curve (i.e. the linearly
increasing one) in Figure . Concerning the asymmetric case, imposing a taxation and
trying to influence the timing of adoption would change the equilibria and the technology
positions of the players in the preemption game. Hence, a taxation scheme would distort
the price and quantities through the change of the technology positions, which would

affect the welfare benefit from such a policy.

7 Conclusion

Vertical structure is an important driver of economic performance. In particular, it affects
the capacity to innovate and to undertake costly research investments. In my model, I
show how the vertical structure of a market affect the patterns of adoption of a cost-
reducing technology. In particular, I focus on the resolution of the technology adoption
game under an asymmetric set-up, whereby one firm is integrated while the other one
is separated. The study of the asymmetric case reveals the two main drivers of technol-
ogy adoption: a bargaining and strategic effect. The first one relates to the capacity of
the adopter to capture the benefits from adoption depending on its vertical structure,
whereas the second one relates to the fact that this capacity also depends on the vertical
structure of the competitor. These effects can be differentiated thanks to the study of the

asymmetric case.

This work improves the understanding of the effect of integration on the technology adop-
tion patterns. The investigation of the asymmetric market structure allows comparing the
effect of a vertical integration on technology adoption when the competitor is separated to
the situation when the competitor is integrated. Indeed, the impact of integration on the
timing of technology adoption differs significantly depending on the competitor’s vertical
structure. Especially when considering the preemption game, integration unambiguously

accelerates adoptions when the competitor is integrated, whereas it is not necessarily the
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case when it is is separated.

Finally, this research develops some policy implications. While it is an important informa-
tion for competition authorities to know the effect of a vertical integration on innovation,
the industrial policy-maker can use a taxation scheme to make the market adopt the tech-
nology at the socially optimal time. There are substantial differences between the two
types of adoption game on that question. While firms tend to adopt too late under the
precommitment game, they tend to adopt too early under the preemption game, due to a
preemption effect that accelerates adoptions. Also, while a taxation scheme can be easily
designed under precommitment and symmetry, it is much harder to impose a taxation
system without distorting quantities under preemption and under asymmetric set-up in

general.

In addition, this paper contributes to the technology adoption literature by solving adop-
tion games in an asymmetric set-up. New features of this type of games is revealed by
asymmetry. First, unique pure strategy equilibria may be obtained under the precom-
mitment game, and unique subgame perfect equilibria are obtained under the preemption
game. Also, the timings of adoption under the preemption game may be identical to the

ones of the precommitment game in an asymmetric set-up.

Overall, this work aims to highlight two main features. First, vertical structure is a key
driver of the speed of technology adoption, and this must be taken into account when
considering the impact of a vertical integration on a market performance. Second, the
nature of the technology adoption game considerably affect the predictions of adoption
patterns and their welfare impact. These results pave the way to what I think being two
important future research. A first one shall investigate empirically which type of game
predicts best the adoption patterns within an industry. A second one shall endogenize
the integration decision of firms, in order to estimate the impact of innovation on merger
decisions on the one hand, and whether such integration should be forbidden or not on
the other hand. T explore that research path in my second working paper and show that
the presence of cost-reducing technology affects the integration choices of firm, yielding
under some conditions the situation of asymmetric integration, whereby one firm chooses
to integrate its downstream partner while the competitor remain separated. I ultimately
discuss whether such integrations should be prevented by competition authorities, and

argue that the laissez-faire outcomes are most of the time the socially preferred ones.
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A Appendix

A.1 Proof: —k/'(t)e"" is decreasing

In order to prove that —k'(t)e" is decreasing with ¢, one must show that:

(—K'(t)e™") <0
& —(K'(t)e" +rk'(t)e™) <0 (24)
& E'(t) + k' (t) > 0

By Assumption [2| (k(t)e™) < 0 and (k(t)e™)” > 0. Therefore:

(k(t)e™) <0
& K()e" +rk(t)e™ <0 (25)
& K'(t)+rk(t) <0

and

(k(t)e™)” >0

(26)
& e (K (t) +rk(t)) + e (K"(t) + rk'(t) > 0

Since the first term of this last equation is negative according to , then the second
term is necessarily positive. In other words, if both and hold, then holds
for all ¢.

A.2 Discussion: the impact of § on the timing of adoption

This Appendix subsection discusses the various effects of 9, the effectiveness of the tech-
nology, on the timings of adoption in the asymmetric case. The idea of this subsection
is to show that for most parameters values, the impact of the innovation effectiveness on
the leader’s (follower’s) increment to profits due to adoption is stronger (weaker) when

this firm is competing with a vertically separated firm.

First of all, the partial derivatives of first order conditions with respect to ¢ are computed:

orp 3 oM 3,

= “M?*(1+36 = “M*(1-96
55 —gM (1+30) =M (1-9)
ords 1 oIAs 1
315 :§M25(1+26) 825 :§M25
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These derivatives are all positiveﬂ meaning that an increase in technology’s effectiveness
necessarily accelerates adoption. This result is obvious for first adoption, which relies on
the difference between per-period profits as a leader and those when no one has adopted.
The former increases with 0 whereas the latter is unaffected by it: therefore, the first
order condition increases with . However, the result is less obvious for second adoption,
which relies on the difference between per-period profits when both have adopted and
those as a follower. The former increases with 6 while the latter decreases with it. The

first (positive) effect is visibly stronger than the second (negative) one.

In order to explain why [} is upward slopping and why 35 is downward slopping in Figure

, I show that for most parameters values agﬁl > 816235 and 8({9221 < 8?(23. Indeed, it is easy
to show that:
oIA oI ;3
2% " 95 <:>B<61:Z(1+35)
oM oI , 3 1-=9
< =0 > = ——
o)) a8 B> 5 =77 + 20

Graphically, one can see in Figure [13| that the area between the two lines covers a very

important share of possible parameters values.

1 .
_51(5)
0.8 | - By(9)
06 o
%\ \\\\\
0.4 1 \\\\
0.2 |
0 - - - - |
0 0.1 0.2 0.3 0.4 0.5
)
dIfS a1 9IPs

Figure 13: 2
lgure 19 =55 25 a5 VS Tas

Al AS
Note: For the values of 5 and ¢ below the plaine line, agg > ag% . For the values of g and § above the
ATl AS
dashed line, 613—% < 8{916 .

Finally, in order to support the claim that generally, the vertically integrated per-period

profits, and then timings, are more significantly affected by the effectiveness of the tech-

2Since § € [0,0.5] and 8 € [0, 1].
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nology than the ones of the vertically separated firms, I show that for most parameters

lues 27 5 12 qpq 2B < L0 ppdeed, it i to show that:
Vauesw>wan W<T.nee,1lseasy O SnoOw al:

DIAT  QIAS . 31436
a5 > a5 TP<hE T35
OIAT  QIAS .3

8?5 < 825 B> p8=01-9)

Graphically, one can see in Figure that the area between the two lines covers an

important share of possible parameters values.

— B3,(9)
08 1 o " 5
5 (4)
0.6 | e
Q - o T~ ~
0.4 | e
0.2 |
0 : : : : |
0 0.1 0.2 0.3 0.4 0.5
)
AT AS AT AS
Figure 14: 8215 Vs 8{915 , 6225 VS 8226
Note: For the values of 5 and § below the plain line, aggl > 8{0125. For the values of 5 and § above the

oIt arg's

dashed line, =545~ < =5

A.3 Solving: Preemption game under asymmetry

This appendix presents the solving of the preemption game under the asymmetric set-up.
To my knowledge, this type of solving has never been covered by the literature. I explain
the solving by presenting graphically the various situations that may occur. The payoffs
of the firm when it is the leader and when it is the follower may have different shapes
in the asymmetric case, as the payoffs and the timings of adoption of the competitor are
not symmetric anymore. Figure [L5| represents the classical case: case 1. I call Firm ¢ the
firm I am considering, and Firm j the competitor. The superscripts pc and pe denote the

precommitment and the preemption timings respectively.

In Case 1 (depicted in Figure , several situations may arise, depending on the tim-
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payoffs

- IF(0, Ty)

g g T,

Figure 15: Preemption in the Asymmetric Case - Case 1

Note: The plain line and the dashed line represents respectively the profits of the technology leader and
the profits of the technology follower, as a function of the timing of the first adoption. The technology
leader’s profits reach a maximum at 77, the precommitment timing, and are equal to the follower’s ones
at T7¢, the preemption timing.

ings of the competitor. If the competitor have very low incentives to preempt (i.e.
TP > TP, and cannot even preempt the precommitment timing of Firm 4, Firm i
will choose its precommitment timing. If the competitor have some incentives to preempt
(i.e. TP < TPY < TP*) but Firm i has stronger preemption incentives, Firm i adopts
at the preemption timing of Firm j (77). Indeed, the closest Firm i adopts to TP, the
more profitable it is. Hence, it adopts as close as possible to the preemption timing of its
competitor. When the competitor has stronger incentives to preempt (i.e. TF9 < TP,
Firm 4 adopts second at T3 “_ Knowing it does not have the possibility to preempt its

competitor, Firm i prefers adopting second.

Since the payoffs and the timing of second adoption are identical for both firms, other
cases may arise. Case 0 is represented in Figure [I6] Case 0 and Case 1 are very similar
and share the same reasoning. The only difference is that in Case 0, Firm ¢ has such
strong incentives to preempt that it can profitably preempt at time ¢ = 0. Hence, it

cannot be preempted.

Case 2, depicted in Figure is a specific case where Firm 7 has no incentives to preempt,
and always prefer to be the technology follower. This situation arises in areas where the
profitability of first adoption is extremely low and the precommitment equilibrium where

Firm 7 leads does not exist. In Case 2, Firm ¢ always adopt second at T4 “.

A final case, Case 3, depicted in Figure [18] can be thought as an intermediary case
between Case 1 and Case 2. The profitability of first adoption is so low that adopting

at the precommitment timing brings less profits than adopting second, but for a certain
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payoffs
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Figure 16: Preemption in the Asymmetric Case - Case 0

Note: The plain line and the dashed line represents respectively the profits of the technology leader and
the profits of the technology follower, as a function of the timing of the first adoption. The technology
leader’s profits reach a maximum at 77, the precommitment timing, and are equal to the follower’s ones
at T7¢, the preemption timing.

payoffs

— Ty, T3)
- (1Y, T3)
T T

Figure 17: Preemption in the Asymmetric Case - Case 2

Note: The plain line and the dashed line represents respectively the profits of the technology leader and
the profits of the technology follower, as a function of the timing of the first adoption. The technology
leader’s profits reach a maximum at 77¢, the precommitment timing. In this specific case, the leader’s
profits are constantly lower than the follower’s ones.

range of timing, preemption is still profitable. t* is the latest timing for which preemption
is profitable. If 'Y > ¢*, Firm 4 adopts second at TP“. Even if it could preempt
the competitor, this would bring profits to lower levels than adopting second and let
the competitor adopt at its precommitment timing. If 77 ) < t*, preemption becomes
profitable, and Firm i adopts at 7P if it can preempt its competitor (i.e. TP < TPY),
or at TP if it cannot (i.e. TP > TP%). The last case that could arise is the one where

TP < 0 and Firm i prefers being the follower at TP®. This is a mix of Case 0 and Case 3,
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Figure 18: Preemption Figure in the Asymmetric Case - Case 3

Note: The plain line and the dashed line represents respectively the profits of the technology leader and
the profits of the technology follower, as a function of the timing of the first adoption. The technology
leader’s profits reach a maximum at 77, the precommitment timing, and are equal to the follower’s ones
at T7¢, the preemption timing. In this specific case, the leader’s profits are lower than the follower’s ones
at T7°.

so I call it Case 30. I do not develop the graphical exposition and the reasoning because
this case does not arise in the parameterizations of this work, and also because it consists

in simply blending the response functions described above for Case 3 and Case 0.

To solve the game, it is simply sufficient to program the different response functions under
the different cases for both Firm AS and AI, and compute the timings of adoption for

every parameter combination of 5 and 0. This is how Figure [J] is obtained.

Two problematic situations may occur. The first one would be that both firms would like
to adopt second. This situation would occur if both firms were in Case 2. This never
happens because it is a situation that arises when the precommitment equilibrium does
not exist, and there is always at least one existing equilibrium in the precommitment
game. The second situation that could be problematic would be that both firms want to
adopt at time ¢ = 0. This corresponds to the case where both firms are in Case 0. This
can occur for some parameters values where both firms have strong incentives to adopt,
but this happens only if the speed of decrease of the adoption cost is not convex enough
(i.e. when « is very low). Hence, I chose parameterizations where this situation does not
arise[%] The following Figures [19] and 20| show the different cases faced by Firm AS and
Al depending on the parameter values, and Table [1| is a matrix showing the cases faced
by both firms and the number of points falling in every combination of case AS and case

Al. T estimated a million combinations of 5 and ¢ in total.

23The reader can think of this choice as an extra assumption to avoid the situation where firms want
to adopt immediately, similar to the one I made in the precommitment game section.
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Case Al / Case AS

Case 0 Casel

Case 2 Case 3

Case 0
Case 1
Case 2
Case 3

0 6,016
9,904

0 1,391

968 86,257

107,222 2,042

337,689 388,667 59,844

0 0
0 0

Table 1: Cases Matrix - Preemption Game

192 -
3

Figure 19: Preemption Cases - Firm Al

Note: In this graph, the parametrization is the following one: M = 1, r = 0.03 and a = 0.8. The numbers

indicate the parameter values for which firm ATl faces the case 0, 1, 2 or 3.

N
N 0
N,
~
'~

Figure 20: Preemption Cases - Firm AS

Note: In this graph, the parametrization is the following one: M = 1, r = 0.03 and a = 0.8. The numbers

indicate the parameter values for which firm AS faces the case 0, 1, 2 or 3.
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A.4 Solving: Alternative parameterizations

This last appendix section present alternative parametrizations for all the results from
the preemption game analysis. Here as well, when the interpretation is unambiguous
(i.e. true for all parameter values), graphical exposition is skipped. This is the case
for two results: regardless of the paramterization, integration always accelerates both
adoptions when the competitor is integrated, and first adoption always occurs too early

in the vertically integrated case.

A.4.1 Adoption Equilibria - Preemption Game

o )
(a) M =1, =1 and r = 0.03 (b) M =1, =0.8 and r = 0.05

4]
(¢) M =05, « =0.8 and r = 0.03

Figure 21: Comparison of Preemption Timing: First Adoption

Note: These graphs are replications of Figure 0] under different parametrizations.
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A.4.2 Comparison of Preemption Timing: VS v. Asymmetric Case

4] 4]
(a) M =1, =1 and r = 0.03 (b) M =1, a=0.8 and r = 0.05

d
(¢) M =0.5, a =0.8 and r = 0.03

Figure 22: Comparison of Preemption Timing: First Adoption
Note: These graphs are replications of Figure [10] (a) under different parametrizations.
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] )
(a) M =1, a=1and r =0.03 (b) M =1, a=0.8 and r = 0.05

)
(¢) M =0.5, «a =0.8 and r = 0.03

Figure 23: Comparison of Preemption Timing: Second Adoption

Note: These graphs are replications of Figure [10] (b) under different parametrizations.
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A.4.3 The Optimal Timings of First Adoption: The Preemption Game

4] 4]
(a) M =1, =1 and r = 0.03 (b) M =1, a=0.8 and r = 0.05

d
(¢) M =0.5, a =0.8 and r = 0.03

Figure 24: The Optimal Timings of First Adoption: The Vertically Separated Case
Note: These graphs are replications of Figure [12] (a) under different parametrizations.
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(a) M=1,a=1and r =0.03 (b) M =1, « =0.8 and r = 0.05
B
)

(¢) M =0.5, «a=0.8 and r = 0.03

Figure 25: The Optimal Timings of First Adoption: The Asymmetric Case

Note: These graphs are replications of Figure (b) under different parametrizations.
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