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Abstract

Investments in the area of technological innovations are particularly risky, since, apart from
price uncertainty, firms must take into account not only uncertainty in the arrival of innovations
but also the presence of potential rivals. Therefore, we develop an analytical framework for
sequential investment in order to determine how duopolistic competition impacts a firm’s tech-
nology adoption strategy. We assume that firms either adopt a compulsive strategy and invest
sequentially in each technology that becomes available or a leapfrog/laggard strategy, whereby
they first wait for a new technology to arrive and then decide whether to invest in a newer or an
older version, respectively. Thus, we determine both the optimal technology adoption strategy,
and, within each strategy, the optimal investment rule. Results indicate that the relative loss in
the value of a leader due to the presence of a rival decreases as the first—mover advantage and
the rate of innovation increase, yet increases with greater price uncertainty. Intriguingly, while
technological uncertainty has a non—monotonic impact on the optimal investment threshold of a
follower, it does not impact a leader’s investment decision. Finally, we compare the investment
strategies and illustrate how, unlike in the case of monopoly, the compulsive strategy always
dominates the leapfrog/laggard strategy.
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1 Introduction

As a product of research and development (R&D), technological innovations occur at random points
in time and the firm that adopts them first is able to capture a greater market share. Furthermore,
since technological innovations are subject to frequent upgrades, a firm typically does not hold a
single but rather a sequence of investment opportunities, and, as a result, it must determine both
the optimal adoption strategy, and, within each strategy, the optimal investment rule taking also
into account the presence of potential rivals. Although various models have been developed in order
to analyse sequential investment under price and technological uncertainty, most of these assume a
monopoly or perfect competition (Grenadier and Weiss, 1997; Farzin et al., 1998; Doraszelski, 2001;
Chronopoulos and Siddiqui, 2014), and, as a result, how strategic interactions impact sequential
investment decisions under price and technological uncertainty remains an open question.

Incorporating such features in an analytical framework for sequential investment is crucial as
these are pertinent to various industries, e.g., computer software, telecommunications, pharmaceu-
tical, etc. For example, firms producing brand—name drugs enjoy high revenues so long as their
patents are protected. Once their patent protection expires, a rival firm may launch a generic
drug, thereby lowering prices (Wall Street Journal, 2013a). In the area of telecommunications,
Apple’s iPhone sales declined prior to the introduction of iPhone 4s in 2012, while, as the same
time, Samsung’s Galaxy Ss, the closest rival to Apple’s market leading iPhone, took close to 18%
of the market (Financial Times, 2012). Apple claimed that this was a result of Samsung’s illegal
adoption of technologies that are found in iPhones and demanded total damages of up to $2.75
billion. Even though no direct link was established between Samsung’s alleged infringement and
the subsequent increase in its market share, the legal debate between Apple and Samsung reflects
a highly competitive environment, in which firms can potentially profit from adopting other firms’
patented technologies. Of course, there are various other competitive advantages that a firm may
have, however, their analysis is beyond of the scope of this paper. For example, while Apple relies
on many suppliers to make parts for its devices, Samsung is more vertically integrated, and, thus,
is able bring products to the market more quickly (Wall Street Journal, 2013b).

Real options theory finds particular application in such sectors as it facilitates the analysis
of capital budgeting, yet models for analysing strategic interactions under price and technologi-
cal uncertainty remain somewhat underdeveloped. Therefore, we consider the case of duopolistic
competition, where two firms invest sequentially in technological innovations facing price and tech-
nological uncertainty. We analyse the case of proprietary duopoly, which occurs when a firm controls
the innovation process, and, therefore, does not run the risk of pre-emption. The same setup is
amenable to a non—proprietary duopoly which would occur if both firms fight for the leader’s posi-

tion, e.g., when the innovation process is exogenous. Hence, we contribute to the existing literature



by first developing a theoretical framework for sequential investment in order to analyse the impact
of price and technological uncertainty on investment under proprietary duopoly. Second, for each
firm we determine the optimal technology adoption strategy, and, within each strategy, the value
of the option to invest and the optimal investment rule. Finally, we provide managerial insights for
investment decisions based on analytical and numerical results.

We proceed by discussing some related work in Section 2 and formulate the problem in Section
3. In Sections 4 and 5, we consider a single investment option and analyse the impact of price and
technological uncertainty on the optimal investment rule under monopoly and duopoly settings.
In Section 6, we assume that firms adopt each technology that becomes available (compulsive
strategy), and, in Section 7, we assume that a firm may either skip and old technology in order
to adopt the next one (leapfrog strategy) or wait for a more efficient technology to arrive before
adopting the previous one (laggard strategy). We provide numerical results for each case in Section
8 and illustrate how strategic interactions impact technology adoption strategies under price and
technological uncertainty in order to enable more informed investment decisions, and conclude the

paper in Section 9.

2 Related Work

The majority of real options models address the problem of optimal investment timing without
considering competition (McDonald and Siegel, 1985 and 1986), while the ones that do, ignore
either technological uncertainty or the sequential nature of such investments. Examples in the area
of investment under technological uncertainty include Balcer and Lippman (1984), who analyse
the optimal timing of technology adoption and find that technological uncertainty tends to delay
adoption. Different technology adoption strategies, e.g., compulsive, leapfrog and laggard, have
been analysed in Grenadier and Weiss (1997) within the context of sequential investment under
technological uncertainty. They find that a firm may adopt an available technology even though
more valuable innovations may occur in the future, while future decisions on technology adoption
are path dependent. Farzin et al. (1998) investigate the optimal timing of technology adoption
assuming technological uncertainty and irreversibility, yet ignore price uncertainty. Although they
find that the real options theory yields the same investment rule as the NPV approach when a
firm has a finite number of investment options, Doraszelski (2001) identifies an error in Farzin et
al. (1998) and shows that, compared to the NPV approach, a firm will defer technology adoption
when it takes the option value of waiting into account. Tsekrekos (2001) extends Weeds (1999)
by allowing uncertainty over the implementation phase to affect not only the investment timing
but also the profitability of a project. Results indicate that uncertainty over the implementation

phase of a project may facilitate or delay investment compared to the corresponding certainty



case. Although the aforementioned papers offer a comprehensive analysis of investment under
technological uncertainty, they ignore the implications of strategic interactions.

In the area of competition, Smets (1993) first combined real options with game theory, thus
developing a continuous—time model of strategic real options under product market competition,
assuming stochastic demand and irreversibility. Spatt and Sterbenz (1985) analyse how the degree
of rivalry impacts the learning process and the decision to invest and find that an increase in the
number of players hastens investment and that the investment decision resembles the standard
NPV rule. Via a deterministic model, Fudenberg and Tirole (1985) show that a high first—mover
advantage results in a pre-emption equilibrium with dispersed adoption timings, as it increases a
firm’s incentive to pre—empt investment by its rivals. Extending the framework of Fudenberg and
Tirole (1985), Huisman and Kort (1999) find that uncertainty creates a positive option value of
waiting that increases with uncertainty, thereby raising the required investment threshold. More
specifically, in deterministic models high first—mover advantage leads to a pre—emptive equilibrium,
whereas in the stochastic case, increasing price uncertainty raises the required entry threshold for
both firms. Finally, if first—mover advantages are sufficiently large for the pre—emptive equilibrium
to result in the deterministic model, then high uncertainty results in simultaneous investment
equilibrium. An analytical model that deals with the coordination problem that arises in pre—
emptive competition is presented by Thijssen et al. (2012).

In the same line of work, Tsekrekos (2003) analyses the impact of temporary and permanent
first mover advantage under price uncertainty, while Lambrecht and Perraudin (2003) incorporate
incomplete information into an equilibrium model in which firms invest strategically. Paxson and
Pinto (2005) develop a rivalry model under price and quantity uncertainty, and, among other
results, they find that an increase in the correlation between the profits per unit and the quantity
of units raises their aggregate volatility, and, in turn, the triggers of both the leader and the
follower. Takashima et al. (2008) assess the effect of competition on the investment decision of
firms with asymmetric technologies under price uncertainty. They show how mothballing options
facilitate investment, thereby offering a competitive advantage to a liquified natural gas thermal
power plant over a nuclear power plant. By contrast, lower variable and construction costs increase
the competitive advantage that a nuclear power plant has over a coal or an oil-thermal power plant.
Bouis et al. (2009) analyse investments in markets with more than two identical competitors, and,
in the setting including three firms, they find that, if the entry of the third firm is delayed, then the
second firm has an incentive to invest earlier so that it can enjoy the duopoly market structure for a
longer time. This increases the incentive for the first firm to delay investment, as it faces a shorter
period in which it can enjoy monopoly profits. Graham (2011) finds that an equilibrium may not

exist when allowing for asymmetric information over revenues. Siddiqui and Takashima (2014),



develop an analytical framework for sequential investment under price uncertainty and competition
in order to explore the extent to which sequential decision making offsets the impact of competition.

In the area of competition under technological uncertainty, Weeds (2002) analyses irreversible
investment in competing research projects under price uncertain assuming a winner—takes—all patent
system. Results indicate that competition reduces the value of the option to invest and that, in a
pre—emptive competition, firms invest sequentially. However, a symmetric outcome may also occur
in which investment is more delayed than in the case of monopoly. Compared to the optimal cooper-
ative investment pattern, investment is found to be more delayed when firms act non—cooperatively
as each refrains from investing in the fear of starting a patent race. Huisman and Kort (2004) anal-
yse a duopolistic competition under price and technological uncertainty and show that high arrival
probability can turn a pre-emption game into a war of attrition and that price uncertainty induces
the adoption of a new technology. Miltersen and Schwartz (2004) analyse how competition in the
development and marketing of a product impacts investment in R&D. They find that competition
in R&D not only increases production and reduces prices but also shortens the development stage
and raises the probability of a successful outcome.

More pertinent to our analysis, is the working paper by Chronopoulos and Siddiqui (2014) who
develop an analytical framework for sequential investment under price and technological uncer-
tainty, yet ignore the impact of competition. They analyse a compulsive as well as leapfrog/laggard
strategy and show how uncertainty regarding the availability of future versions may hasten invest-
ment in the current one. Additionally, they show how a firm adopts only a compulsive strategy
when the output price is low, yet under a high ourput price, a firm may consider a leapfrog/laggard
strategy as the rate of innovation increases. We extend this framework by considering two identical
firms that invest sequentially in technological innovations and determine how competition interacts
with price and technological uncertainty to affect the technology adoption strategy of each firm. As
in Chronopoulos and Siddiqui (2014), price uncertainty is modelled via a geometric Brownian mo-
tion (GBM) whereas technological uncertainty via a Poisson process and reflects the random arrival
of innovations. We analyse three strategies, i.e., compulsive, leapfrog, and laggard, and determine
the feasibility of each strategy under different levels of price and technological uncertainty. Results
indicate that relative loss in the value of the leader due to the presence of a rival decreases as the
first—mover advantage and the rate of innovation increase. By contrast, the relative loss in the
value of the leader increases with greater price uncertainty. Interestingly, while technological un-
certainty has a non—monotonic impact on the optimal investment threshold of the follower, it does
not impact the leader’s decision to invest. Finally, unlike in the case of monopoly, the compulsive

strategy always dominates the leapfrog/laggard strategy.



3 Problem formulation and assumptions

Given a probability space (2, F,P), we assume that the revenue at time ¢, P;, where ¢t > 0 is
continuous and denotes time, follows a GBM that is described in (1), where u is the annual growth
rate, o is the annual volatility, and dZ; is the increment of the standard Brownian motion. Also,

p > 1 denotes the subjective discount rate.
dP, = pPdt+oPdZ,, Ph=P >0 (1)

We let b = m, ¢, f (denoting monopolist, leader, and follower, respectively). Moreover, we assume
that each firm has N < oo investment options and that ¢ is the technology that is currently in
operation, j is the one that a firm wants to invest in, and k is the latest one available (i < j < k).
There is no operating cost associated with technology ¢, while the investment cost is I, (Ii < Ij)
and the corresponding output is D,(X), where X = 0,1,2 denotes the number of firms in the
industry. Hence, D, (X) is decreasing in X and increasing in i. The state in which technology i(j)
is in operation and X = 1,2 is denoted by 2 (l) and 7 (3), respectively. Depending on the number
of firms in the industry, a firm’s option to invest in technology j when it currently operates version
i and k is the latest one available is szi? (+), while pi(;: , is the corresponding optimal investment
threshold. For example, a leader’s option to invest in technology j when both firms currently
operate technology ¢ is denoted by Fz Z;]\: (), while pi(j: is the corresponding optimal investment
threshold. Similarly, the expected projg(’:t value from o’i)’erating technology ¢ when k is the latest one
available inclusive of embedded options is @:(:) (1) for X = 2. In order to have a trade off between
an old and a more efficient technology, the point of indifference, p, where p : @f(j : (p) = CI’Z(;V) (»),
must satisfy @f(: : (p) > 0. Finally, we assume that all investment options are perpetual and that
technologies have an infinite lifetime.
We introduce technological uncertainty by assuming that technological innovations follow a
Poisson process {M;,t > 0}, which is independent of the price process, P;, and is defined in (2).
M, = Z L1y (2)

d>1
Notice that T; = Zzzl y, and {y,,d > 1} is a sequence of independent and identically distributed
random variables, with y, ~ exp()). Intuitively, M; counts the number of innovations that occur
between 0 and ¢, and h, =T, —T | is the time interval between subsequent innovations. Hence,
if no innovation has occurred for ¢ years, then, with probability Adt, it will occur within then next
short time interval dt, i.e:

1 ,with probability Adt
dM; =

0 ,with probability 1 — A\dt



4 Monopoly with N =1

Although this case is analysed in Chronopoulos and Siddiqui (2014), we present the analysis here
for ease of reference and to allow for comparisons. Once an innovation takes place, the firm moves
from state (0,0) to (0,1, 1), where it can exercise the option to invest, and, thus, move to state (1, 1),
where it receives a perpetually operating project. The expected NPV from immediate investment

in the first technology is described in (3).

e PD,
e, P) = — -1 (3)
P
Next, the value of the investment opportunity in state (0,1, 1) is described in (4), where 8, > 1,3, <
m)
0 are the roots of %azﬁ(ﬁ — 1)+ upB — p =0, while the endogenous constant, A , |, and investment

m(1) . . . . .-
threshold, p |, are determined via value-matching and smooth—pasting conditions between the

two branches of (4) and are indicated in (A-3) (all proofs can be found in the appendix).

m1) m(1)
(D) Ao,;,lpﬁl P < Py
Fo,;,1 (P) = (D) (D) (4)

® ., (P) .P=p,,,
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The dynamics of the firm’s value function in state (0,0) are described in (5). Notice that over an

infinitesimal time interval dt, either an innovation will take place with probability Adt and the firm
m (1) . e . . .

will receive the option to invest, F (P), or, with probability 1 — Adt, no innovation will take

0,1,1
m(D)
place and the firm will continue to hold the value function ®_ (P).

1) m(

m(1)
(P) = e it [)\thp [Fo,l,l (P + dP)} + (1 — Adt)Ep {@0,0

ml

(P dP)” (5)

0,0

By expanding the right-hand side of (5) using It6’s lemma and solving the resulting ordinary
differential equation, we obtain the expression of the value function in state (0,0) as indicated in (6).
The endogenous constants A:;l) and B:f ;1) are determined via value—matching and smooth—pasting
conditions between the two branches of (6) and are indicated in (A-5) and (A-6), respectively. Also,
8, and &, are the roots of the quadratic 2025(6 — 1) + pué — (p+ A) = 0, with 6, = 3, and §, = 3,
for A = 0.

(D) (D) (D)
) A PPy AT P P <py, ;
0,0 B APD, A m) (6)

I m(1) 5
E ) Ry +B,, P .P>p,,,

The top part of (6) is the option to invest (first term) adjusted (via the second term) to the fact
that an innovation has not taken place yet. The first two terms in the bottom part of (6) are the
expected profit from the new technology, while the third term is the probability that the price will

drop into the waiting region before an innovation occurs.



5 Proprietary duopoly with N =1

We extend the previous framework by assuming that there are two firms in the industry. Since the
proprietary leader does not run the risk of preemption, once an innovation occurs she will receive
the option to invest and move to state (0,1,1). At péi?l, the leader will invest, thereby moving
to state (1,1) where she receives monopoly profits until the follower enters the market. Once the
leader invests, the follower moves to state (0,1,1) and receives the option to invest in the same
technology as the leader. At pg,(;l, the follower invests and both firms share the market, as in

Figure 1.

Figure 1: Proprietary duopoly with N = 1 under a compulsive strategy

We determine the value functions of the leader and the follower in each state via backward
induction. The expected NPV from investing immediately in the first technology, i.e., state (1, 1),
is described in (7), where b = ¢, f and D_ < D,

v PDT
oy = 0, g
— (1) (1)
while the value function of the follower in state (0,1,1) is described in (8), where AgT , and -
are indicated in (A-T).
(1) 1)
) Al ph P <y
F (P — 0,1,1 0,1,1 (8)
01,1 e ey
o (P) ,Pz=p

1,1 0,1,1

(1) (1)
The value function of the follower in state (0,0) is indicated in (10), where Ago and B’ are

0,0
described in (A-8) and (A-9), respectively. Over an infinitesimal time interval dt, either an inno-
(1)
vation will occur with probability Adt and the follower will receive the option to invest, FofT . (P),
or no innovation will take place with probability 1 — Adt and the follower will continue to hold the
1)
value function @g’o (P).

e

0,0

£

ey dP)] + (1= Adt)Ep [<I>O,O) (P + dP)” )

)
01,1

= e Pt [AdtIE B [F

1)
The expression for <I>£ , (P) is indicated in (10), where the first term in the top part of (10) is the

option to invest, however, since the technology is not available yet, it must be adjusted via the



second term. The first two terms on the bottom part of (10) reflect the expected profit and the
third term the probability that the price will drop into the waiting region before an innovation
takes place.
(1) (1) (1)
5 ACJ:T 1P51 + Ag,o P P < pg 1 (10)
0,0 - APD_ bV O s s
My A
(o+A—p)(p—p)  pFA ™ B0,0 pe P2 Poxy

Assuming that the follower chooses the optimal investment policy, the value function of the

= Il

(1)
leader in state (1,1) for P < pgT _ is described in (11). The first term is the monopoly profits from
operating the first technology before the follower’s entry and the second term reflects the expected

reduction in the profits of the leader due to the entry of the follower.

Fmi=A

o« e W s P (Dp—=D)
o (P) = o (P)+AL1P1, A, = 0,1,1 P <0 (11)

Prior to state (1, 1), the leader is in state (0,1,1) and holds the option to invest. The value function

(1) (1)
of the leader in state (0,1,1) is indicated in (12), where Az ., and pz ., are obtained via value-

matching and smooth—pasting conditions between the two branches of (12) and are indicated in
(A-10).
o(1)

D gy
o(1) _ ) AP P <py,, (12)

0,1,1 (1) (1)

@ (P) 7P Z pf)’l’l

1,1

As indicated in (13), in state (0,0) the leader will either receive the option to invest if, over an

infinitesimal time interval dt, an innovation occurs with probability Adt, or she will continue to
(1)

hold the value function @2’0 (P) if, with probability (1 — Adt), no innovation takes place.

(1)

0,0

(1) (1

(P) = erd [)\thp [F (P + dP)} + (1 — \dt)Ep [@0,0) (P + dP)H (13)

0,1,1
The expression of the leader’s value function in state (0,0) is described in (14). The first term
on the top part of (14) is the option to invest, while the second term reflects the correction to
the first term since the technology is not available yet. The first two terms in the bottom part of
(14) reflect the expected monopoly profits from investment, while the third term is the reduction
in profit due to the presence of a rival. Notice that since the technology is not available yet, the

third term must be adjusted via the fourth one. Finally, the last term reflects the likelihood that

(1) (1)
the price will drop before the arrival of an innovation. The endogenous constants Aé , and C’é 0

are obtain via value-matching and smooth—pasting conditions between the two branched of (14)

(1)
and are indicated in (A-12) and (A-13) respectively, while Bé , is obtained by value matching the
es ’

bottom part of (14) with the bottom part of (10) at p_ _ .
(1) (1) (1)
W AL Pl At pa P <p
L P . 0,1,1 0,0 0,1,1 (14)
0,0 o APD, A dD g, D s, PSSR o)
OFr—m(o—p) — p+—1)\ + A;,1 P+ Bo,o P+ Co,o P P> Do 1a



6 Compulsive strategy under proprietary duopoly

Unlike Section 5, now both firms hold two investment options and adopt a compulsive strategy, i.e.,
they invest in each technology that becomes available. Once an innovation takes place, the leader
receives the option to invest and moves from (0,0) to (0,1,1). By contrast, the follower receives
the option to invest when the leader adopts the first technology. The follower enters the market
at pg,(;)l, and the same process is repeated once the second innovation takes place, as illustrated in
Figure 2. Unlike in the case N = 1, in state (1,1) the firms share the market, yet they do not hold
the same value function. In fact, the leader (follower) holds the value of the active project with an

embedded option to invest in the second technology first (second).

Figure 2: Proprietary duopoly with N = 2 under a compulsive strategy

We begin with state (2,2), in which both firms operate the second technology. The expected
project value is described in (15), where b =/, f and D_ > D_.

5(2) PD?
5. (P) = = -, +1,) (15)
In state (1,2,2), the follower’s option to invest in the second technology is described in (16), where

(2) (2)
A;Q and pﬁm are obtaine via value—matching and smooth—pasting conditions between the two

branches of (16) and are described in (A-14).

(1) (2) (2)
o) i (P)+ AT ph , P < pf,
o (P) — 1,1 1,2,2 1,2,2 (16)
1,2,2 72 p P> 72
2,2 ( ) o= pT,§,2

Next, we step back and consider state (1,1) in which both firms operate the first technology.
Following the same reasoning as in (9), we can obtain the differential equation for the value function
of the follower under technological uncertainty, and then solve it in order to obtain the expression
for @gf) (P), that is indicated in (17). The endogenous constants Aif) and B:f) are determined via
value-matching and smooth—pasting conditions between the two branches of (17) and are indicated

in (A-15) and (A-16), respectively.

1) (2 (2 (2

@ ol (P)+ Al EP 4 AT po P < pl_
P pP) — 1,1 1,2,2 1,1 1,2,2 (17)

11 E[ADf—i—(p—,u,)DT] AL, $(2

(2)
-1 +B§,1 po2 ,P>p

(A=) (p—p) — p+X =132

10



In state (0,1,1), the follower’s option to invest in the first technology with an embedded option to
72

(2)
invest in the second, which has yet to become available, is described in (18), where AgT ) and J

are obtained numerically via (A-17) and (A-18).

(2) (2)
£ AT ph , P < pf,
F(p) = 0,1,1 01,1 (18)
0,1,1 72 72
(I)TJ (P) ’P = poj,1

Finally, in state (0,0) no innovation has occurred yet and the value function of the follower is
(2) (2)
indicated in (19), where Ago and Bg , are obtained via value-matching and smooth-pasting

conditions between the two branches of (19) and are indicated in (A-19) and (A-20), respectively.

1 oy Aﬁ,f,)lPﬁl +A£,(02) P ,P<p
" s = M Al Py AT PR Bl PR Py

Assuming that the follower chooses the optimal investment policy, the value function of the
leader in state (2,2) for P < p;(; is described in (20), where the first term reflects the monopoly
profits from operating the second technology before the entry of the follower, and the second term

is the expected reduction in profits due to the follower’s entry.

@A
0(2) . pT,§,2 ('Di B DZ) <0 (20)
pP—H

£(2) PD @ g
= p_i_(11+12)+A2’2P17

2,2 22

Next, in state (1,2,2) the leader’s option to invest in the second technology is described in (21)

0(2)
where A_
1,2,2

(2)
and p; , are indicated in (A-21).

(1) (2) (2)
/(2) o’ (P) + AT p” , P < pf
F_ (P) — 1,1 1,2,2 1,2,2 (21)
1,2,2 0(2) 0(2)
(1)22 (P) ’P—pT,QQ

_ (2)
The expression for the leader’s value function in state (1,1) is indicated in (22), where Ai . and
@ e
C; . are determined by value matching and smooth pasting the two branches of (22), while B; )

(2)
is obtained by value matching (22) with (17) at p;[

32"
(1) (2) (2) (2
@ d (P)+A P+ AT PN P <p
P — 1[,1 1,;],2 1,1 1,2,2 (22)
1,1 P )\Der(pfu)DT Al @ gy @ 5 2 sy 0(2)
(b —wlp—p) p-l——Q)\ o Il + A2,2 Pt BT,1 P+ CT,l P P2 pT,g,z

Next, we step back and consider the leader’s value function in state (1,1). According to Proposition

6.1, the leader can not invest in the second technology before the follower enters the market, since

0(2) f(2)

122 Pog Consequently, the leader will have to go through state (1,1). Hence, the value function

(2)
of the leader in state (1, 1) is indicated in (23), where Ail < 0 is obtained by value matching (23)

11



with the leader’s value function in state (1,1), i.e., with the top part of (22), at p(f)’(;)l and is indicated
in (A-23). The first term on the right-hand side of (23) reflects the monopoly profits from the
first technology, and, the second term, is the expected reduction in the leader’s profits due to the
follower’s entry inclusive of the embedded option to invest in the second technology.

2(2) m(1) 0(2) 81

® (P) = & (P)+A

11

(23)

1,1

oo 2(2) £(2)
Proposition 6.1 p ,, >p

011"
In state (0,1, 1), the value of the leader’s option to invest in the first technology with an embedded

option to invest in the second, which has yet to become available, is described in (24).

o(2) 51 0(2)
+(2) Ao,;,l P P < Doy
= (24)

0,1,1 2(2) 2(2)

o (P) ,P=p,,,
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Interestingly, pé(j)l is not affected by technological uncertainty, as shown Proposition 6.2. Intu-
itively, this result is a consequence of the optimality of myopic behavior based on which a firm
disregards subsequent investment decisions when evaluating the current one. The optimality of
myopic behavior is not generally true but holds under certain assumptions. For example, it holds
in the case of monopoly (Bertola, 1989; Pindyck 1988, 1993) and perfect competition, as well as
within a context of strategic interactions provided that the profit is additively separable if more

that one technologies are considered (Baldurson and Karatzas, 1997).
(2)
Proposition 6.2 pz L, s independent of \.

(2) (2)
Finally, in state (0,0), the value function of the leader is indicated in (25), where Az , and Cs , are
determined via value-matching and smooth—pasting conditions between the two branches of (25),

(2)
while Bg , is determined by value matching the bottom part of (25) with the top part of (22) at

(2)
the optimal investment threshold of the follower in the first technology, pg

»1,1

2(2) 81 2(2) 51 o(
o) AO’LIP + AO,O P , P < Dy,

0.0 - APD A ) ) 2 éﬂl (25)
) ¥4 ¥4 5 £ 5. ¥4
’ 1—1_141113314_300Pl—i_C()OPQ ,PZPO

OFp=—mlp—m) — pHA 11

2)

As it will be illustrated numerically, the relative loss in the leader’s value of investment opportunity,
which is described in (26), is decreasing with A. This happens because greater A reduces the loss
in option value due to technological uncertainty, thereby decreasing the discrepancy between the

option value of the leader and the monopolist.

m(2) 0(2)
FO,Ll (P) B Fo,;,1 (P) (26)
L (P)
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7 Leapfrog/laggard strategies under proprietary duopoly

Instead of adopting each technology that becomes available, the leader may decide to ignore a
technology temporarily and wait for another one to arrive before deciding which one to invest in,
as illustrated in Figure 3. Thus, instead of moving from (0,1,1) to (1,1), the leader moves to
(0,1V 2,2), and, then, either invests in the first technology while holding the option to switch to
the second, and, thus, moves to state (1,2), or (V) invests directly in the second technology, thereby
moving to state (2,2). In the former case, the follower receives the option to invest in the first
technology and moves to state (0,1,1), which implies that she will adopt both technologies. By
contrast, in the latter case only the second technology will be commercialised, and, therefore, the

follower will never invest in the first one.

2(2)

x SJ :"S 0(2) o i
RS po,z,z PR
) %22
5 A& e ®
NQ”: 1 i -
G-
Al £
‘ leapfrog _ Poss _
0,0 > 0,2,2 Fo---imoe 2,2
. r(2 A
compulsive @) O

Figure 3: Proprietary duopoly with N = 2 under a leapfrog/laggard strategy

Since the value function of the leader in states (2,2), (2,2), (1,2,2), and (1,2) is the same
as in Section 5.2, we proceed directly to state (0,1 V 2,2), where the leader holds an option to
choose between two alternative technologies. The expected payoff from immediate investment in

—(2)
the second technology is indicated in (27), where A; is obtained by value matching (27) with the

(2)
follower’s value function at pgi -

RO R

D,P (2 () D.—D,)p _
— 2 _1'2 +A22 PBI’ A‘iQ _ ( 2 2) 0,2,2 (27)

pP—H - - p—H

~0(2)

2,2

(2)
The value function of the leader in state (1,2) is described in (28), where Af , is obtained by value

(2)
matching (28) with (21) at pgT E

o2 D, P @ 5 @ 1 (D; = Dy)p, ;, 7@
1,2 p) = p— I —L+ A;,2 L AL? - pf(2)31 p— I T AT,z,2po,T,1 (28)
0,1,1
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Notice that in order to have a trade—off between the two technologies the condition indicated in
(29) must be satisfied. Intuitively, if we denote by p the point of indifference between the two
projects, then the value functions (27) and (28) evaluated at p should be positive. If this condition

does not hold, then a firm would have no incentive to invest in the first technology.

D D, ,
- L = Y 29
Z?:l Ii Z?z_ll Ii o ( )

From Décamps et al. (2006), we know that the value function in state (0,1 V 2,2) is described in

(30). Notice that, due to the presence of the second technology, there exist two waiting regions,

@) 2) 2) 2)
ie, P< Bz L and ﬁz L, S P< pz oy P < Bz " then the firm will adopt a laggard strategy, i.e.,

) 2 ©)
wait until Bf),;,z and then invest in the first technology, whereas if ﬁé,;,z <P< pé,gg, then the firm
(2) (2)
can either adopt a laggard, if P | ﬁé! 100 OF & leapfrog strategy, if P 1 ﬁé’z

27

(2) 0(2)
B
O,;VEP ' ’P<Bol2
¢(2) 0(2) (2
F€(2) P o él’g (P) 72_90 192 S P < pO,l,? 30
0 1v2( ) - (2) (2) (5) (2) ( )
»AVZ ° Bo Hz P/Bl L <p [4
Go,;vgp + 0,1v2 ’po,;,2 — < p0,2,2
~(2) 0(2)
k(pg,g (P) ’p0,2,2 S P

Finally, in state (0, 1, 1), either the second technology will become available with probability Adt

(2)
and the leader will receive the option F ‘ (P), or no innovation will take place with probability

0,1v2

(2)
(1 — A\dt) and the firm will continue to hold FOZ .1 (P). The solution is indicated in (31), where
JIC ) R B B C) -

o) . . . .
AO’M, Lo,;,v Uo,;,v Qo,;,ﬁ Ro,;,v and JO,l,l are determined analytically via the value-matching and

smooth-pasting conditions between the branches of (31).

.
0(2) 3 0(2) s 0(2)
1 1
Ao,;vzp + UO,LIP P < Bo,; 2
AD, P A 0(2) 81 2(2) 51 0(2) 5o 0(2) (2
Oy Ve T T AL PR AL PR PR S P <Dy, o)
0,1,1( ) = (@ g OIS @ s @ s o) o2) (31)
Go,lng + Ho,lng + QO’LlP + RMJP +Doro <P< Poso
AD, P Vs ~(2) g 0(2) 0(2)
. Mer . Mg 1 02
(otA=p)(p—p)  p+A + Az,2 Pt Jo,;,lp Poas S

Having determined the value function of the leader in state (0,1,1) under a compulsive as well as
leapfrog and laggard strategies, we can compare these strategies, and, thus, determine the optimal
strategy endogenously. Also, since the comparison between the strategies can be done in (0,1, 1),

without loss of generality, the analysis of state (0,0) is omitted.
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8 Numerical Examples

For the numerical results, the parameter values are p = 0.01, ¢ € [0,0.3], I, = 700, I, = 1800,
D, =16, D. =8, D, =24, D, =16, A € R*. For N = 1, the value functions of the monopolist
as well as the leader and the follower are illustrated in Figure 4, where the thin (thick) lines reflect
the value functions under (without) technological uncertainty. Notice that the proprietary leader
can delay investment, and, therefore, the required investment threshold is 6.56, which is the same
as that of the monopolist. Nevertheless, the leader’s value of investment opportunity is lower
compared to that of the monopolist due to the follower’s entry. Once the follower enters at 13.13,
both firms share the market. Notice also that greater A increases the likelihood of an innovation
and raises the expected value of both the leader and the follower, however, it does not affect the

required entry thresholds.
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Figure 4: Value functions in a proprietary duopoly with N =1 and o = 0.2

Figure 5 illustrates the value function of the monopolist, the leader, and the follower for N = 2
assuming that the first technology is available while the second one has yet to arrive. Once the
follower invests in the second technology at 33.75, then both firms share the market. By contrast, in
state (1,1) both firms have adopted the first technology, yet the value function of the leader is not
the same as that of the follower, since the former will receive the value of the option to invest in the
second technology first. Therefore, unlike state (2, 2), the value function of the leader value matches

— (2)
with her value function in state (1,1) at pﬁT = 13.04 and not with the follower’s option to invest.
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Notice that in state (1,1) the leader can not invest directly in the second technology as shown
in Proposition 6.1, and, as a result, she will have to go through state (1,1). Interestingly, while
the required investment threshold of the follower decreases with greater A, the leader’s decision to

invest is not affected by technological uncertainty, as shown in Proposition 6.2.
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1000 15 20 25 30 35
Output Price, P,

Figure 5: Value functions in a proprietary duopoly with N =2 and o = 0.2

The impact of price and technological uncertainty on the optimal investment threshold of the
monopolist, the leader, and the follower is illustrated in Figure 6. Intriguingly, although the impact
of X on the required investment threshold of the monopolist and the follower is non—monotonic, the
required investment threshold for the leader is not affected by technological uncertainty, as shown
in Proposition 6.1. As the right panel illustrates, higher A\ lowers the feasibility of a compulsive
strategy, thereby increasing the follower’s incentive to adopt the currently available technology in
order to have a shot at the yet unreleased version. Nevertheless, this incentive is not applicable
to the proprietary leader, whose decision to invest in the first technology is not affected by the
likelihood of subsequent innovations. This happens because the leader can not invest in the second
technology from state (1, 1). Indeed, before the leader invests in the second technology the follower
will have already invested in the first one, i.e., po,(;,)1 < pi;, thereby reducing the leader’s profits
in state (1,1). This reduction, removes the incentive to invest sooner and induces the leader to
adopt a myopic behaviour. Additionally, both for the leader and the follower, greater uncertainty
raises the value of waiting by increasing the opportunity cost of investing, thereby decreasing the

incentive to invest.
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Figure 6: Optimal investment threshold pz ., (left) and péT . (right) versus A

The impact of price and technological uncertainty on the relative loss in the leader’s value due
to the entry of the follower under a proprietary duopoly is illustrated in Figure 7. As the left panel
illustrates, the relative loss in the value of the leader decreases with higher \. This happens because
greater A\ reduces the loss in value due to technological uncertainty and raises the expected option
value in states (1,1) and (0,1,1). By contrast, greater uncertainty raises the relative loss in the
value of the leader because it postpones the entry of the follower, thereby increasing the reduction
in market share. Finally, a higher first—-mover advantage lowers the relative loss in the value of the
leader since it raises the incentive to invest, thereby allowing the leader to enjoy monopoly profits

for longer time.

o
~

o =0.1

0.1r

Relative Loss in Value of Leader
Relative Loss in Value of Leader

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Poisson Intensity, A Poisson Intensity, A

Figure 7: Relative loss in option value versus A under low, i.e., D, = 16, D, = 24 (left) and high ,
ie., D, =20, D, = 30 (right) first mover advantage
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Figure 8 illustrates the value functions of the proprietary leader and follower under leapfrog
and laggard strategies. Notice that, if the output price is low, i.e., P € [0,6.56], then it is optimal
to wait until P = 6.56 and then invest in the first technology, while holding the option to switch
to the second. The presence of the second technology creates an additional waiting region. Indeed,
if P € [11.2,13.41], then it is optimal to wait and if P drops to 11.2 and then invest in the
first technology otherwise, if P increases to 13.41, then invest directly in the second one. More
specifically, if the output price is low, then once the leader invests in the first technology, the
follower will also receive the option to invest, and, at pg,(;;, the two firms will share the market.
Consequently, once the follower invests, the value function of the leader in state (1,1) decreases
and value matches with her value function in state (1,2,2), i.e., the value of operating the first

technology together with the follower with an embedded option to invest in the second first.
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Figure 8: Value functions in a proprietary duopoly under leapfrog and laggard strategies with
N =2and ¢ =0.2

@ @

The impact of price uncertainty on the investment thresholds pé 19> Dyyqr and p is illustrated

14

0,1,2

in Figure 9. Notice that, since both technologies are available, the investment thresholds are not

affected by A, however, greater price uncertainty does not decreases the likelihood of investing

directly in the first technology. This is contrary to Chronopoulos and Siddiqui (2014) and Siddiqui
vie) 0(2)

(2)
and Fleten (2010) who find that ﬁz ., decreases with o, and that p, , <p,,, at high values of o.

In the current setting it is always possible to invest in the first technology.
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Figure 9: Investment thresholds under a leapfrog/laggard strategy versus o

The relative value of the two strategies in state (0,1,1) is indicated in (32) for low and high
0(2)
0,2,2

is obtained by dividing the top (bottom) branch of (24) with the top (bottom) branch of (31) as

output price and is illustrated in Figure 10. For P < Bﬁ(i and Bﬁ(i <P<p the relative value

indicated in 32. In line with Figure 11, the relative value of the two strategies is strictly greater

than one.
(2) mD) (2)
AP o' (P)+ A P”
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Figure 11 illustrates the impact of A on the value functions of the leader in state (0,1,1) under
compulsive and leapfrog/laggard strategies. The direction of the arrows indicates the increase
in A\. Notice that the compulsive strategy dominates for all values of A, which is in contrast to
Chronopoulos and Siddiqui (2014) who show that, in the absence of competition, a firm may have
an incentive to adopt a leapfrog or a laggard strategy under a high output price and A. In this
case, the reduction in the leader’s profits due to the follower’s entry makes the value function of
the former less responsive to changes in A. Indeed, the reduction in the leader’s profits due to the

presence of a rival reduces the convexity of the leader’s value function.
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Figure 11: Compulsive versus leapfrog/laggard strategies for A = 0.2,0.4 and o = 0.2

9 Conclusions

Investment in technological innovations are considerably risky as they must typically take into
account both price and technological uncertainty. Further complicating the decision to invest is
the highly competitive environment in which firms must consider the presence of potential rivals
when developing a technology adoption strategy. While the problem of sequential investment in
technolical innovations is ammenable to the real option theory, the vast majority of real options
papers analyse the impact of price and technological uncertainty on the decision to invest under
the assumption of monopoly and perfect competition, thus ignoring the implications of strategic

interactions (Grenadier and Weiss, 1999).
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In this paper, we develop an analytical framework for sequential investment in order to examine
the impact of price and technological uncertainty on the optimal investment decision of a firm that
faces competition. Thus, we extend the current literature by analysing how different technology
adoption strategies, e.g., compulsive, leapfrog, and laggard, are impacted by price and technological
uncertainty as well as strategic interactions due to the presence of potential rivals. We find that
under a proprietary duopoly, the rate of innovation has a non—monotonic impact on the optimal
investment threshold of the follower, yet does not affect the leader’s optimal investment threshold.
Also, the relative loss in the value of the leader relative to a monopolist decreases as the rate
of innovation increases and increases with greater price uncertainty. Finally, we find that, under

duopolistic competition, the compulsive strategy always dominates the leapfrog/laggard strategy.

APPENDIX

Monopoly with N =1

The value of the investment option in state (0,1, 1) is indicated in (A-1).

m m1)

) (1 — pdt)Ep [Fm’l (P + dP)} P <Py,
Fo 1,1 (P) - (Ail)

L m1) m()

o (P) P 2Py

By expanding the first branch on the right-hand side of (A-1) using It6’s lemma, we obtain the
the general solution that is indicated in (A-2).

m(1) m(1)

3 M g
F'(P) = A PhyC) | PR (A-2)

0,1,1 0,1,1

m1) m(D
Notice that 8, <0=C_ | PB 5 50 as P — 0. Hence, we must have C,,, = 0. The endogenous
et 1, 1,

) . m(1) .. .
011 and the required investment threshold, Py, aTe indicated in (A-3).

constant, A

m() /61 I1 (p - H) m(1) Py14 D1
= d A L = A-3
Po1a B, —1 D, an 0,1,1 B, o— 11 ( )

Next, we consider the value function in state (0,0), where the first technology has yet to become
m() C . . .

available. The expression for ®_  (P) is indicated in (A-4), where, following the same reasoning

as in (A-2), we can rule out the terms containing the negative exponents, 3, and ¢,, in the top

part of (A—4) and the term containing the positive exponent 4, in the bottom part of (A—4).

m(D) m(D) m(D)
) A" PP AT pY ,P<p
m 01,1 0,0 01,1
e, (P) = (A-4)
0,0 AD, P Ve (D) ()
S Sl W & | Po2 <P
(o+A=p)(p—p)  p+A 0,0 Poya
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m(1) m(D . . .

The endogenous constants A/~ < 0 and B~ > 0 are determined via the value-matching and
’ ’ (D)

smooth-pasting conditions between the two branches of (A-4) at p, , and are indicated in (A-5)

and (A-6) respectively.

CO I I (D) -
() P A, =1)D;p m® W § AT
A = 2L L —6,)A - 2= A5
o0 5 =0 |t A—mp—p) (B = 004011 Poss p+A (45)
O M1— 6D m®) . .
m(l) pO 1.1 - 1 1p0 1.1 m(l) m(l) 1 51 >\Il
B = = =— 4 (01 — P1)A —_— A-6
oo 6, =0, [(p+A=p)(p—n) O = 004011 Pos p+A (46)
|
Proprietary duopoly with N = 1
Follower
_ (1) (1)
In state (0,1,1), A(J:T . and pﬁT | are obtained via value-matching and smooth—pasting conditions
between the two branches of (8) and are indicated in (A-7)
A
®  DP: D_ ) I, (p—
Af, _ ToT11 T and pf, _ B (p— 1) (A-T)
0,1,1 /31 p— 0,1,1 /31 —1 DT

(1) (1)
By applying the same conditions to (10) we obtain Ag , and B’ that are indicated in (A-8) and

0,0 ?

(A-9) respectively.

FH7TO1 £ .
f(l) B pO,T,l )‘(52 - 1)po7T,1DT n (IB _s )Af(l) f(l)ﬁl B 52)\11 (A78)
0 T 5,5, [t a—mp T o T
Fm7%2 F( .
) T AL =6,)p . D; PO DY
B = —= -~ + (0 —P1)A _ p - A-9
00 6, =6 [(ptA—p)(p—n) O = B4 Py p+A (4-9)
Leader
(1)

(1)
The endogenous constant, A and the required investment threshold, pf) 1> are obtained via

0,1,1°
value-matching and smooth—pasting conditions between the two branches of (12) and are indicated
in (A-10).
(1) (1) (1) . (1) (1) 1) P
o =t and Ay = < | e () v al | (A-10)
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(1)
The expression for <I>z , (P) is indicated in (A-11).

(1) o(1) (1)
D A011P51+A00P51 ’P<p011
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0,0 APD, A, (D) 81 (1) 51 (1) 59 (1)
OFp—m)(p—m) — prA + A;,1 P+ Bo,o P+ Co,o P P <P

(1) (1) . . . . .-
where A, and C ~ are determined via value-matching and smooth-pasting conditions between

the two branches of (A-11) and are indicated in (A-12) and (A-13), respectively.
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Compulsive strategy under proprietary duopoly with N = 2

Follower

The derivation of the value function of the monopolist in each state follows the same steps as that of
the follower, and, therefore, the analysis is omitted. The corresponding expression can be obtained
by replacing 1 and 2 by 1 and 2 in the subscripts. In state (1,2,2), Ag,(; and p;(; are obtained via
value-matching and smooth—pasting conditions between the two branches of (16) and are indicated

in (A-14).
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Similarly, by applying value-matching and smooth—pasting conditions to the two branches of (17),

(2) (2)
we obtain the expressions for Ag . and BTf . » that are indicated in (A-15) and (A-16) respectively.
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_ (2) (2)
In state (0,1, 1), the endogenous constant A(f)T . and investment threshold p(f)T | are obtained nu-

merically by value matching and smooth pasting the two branches of (18), i.e:

(2
@ @A P, 1@ j@P 2 2%
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(2) (2)
Finally, Ag , and Bg , are obtained via value-matching and smooth-pasting conditions between

the two branches of (19) and are indicated in (A-19) and (A-20) respectively.
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Leader

_ (2) (2)
In state (1,2,2), pé ) and Aé ,, are determined via the value-matching and smooth—pasting condi-

tions between the two branches of (21) and are indicated in (A-21).
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Next, the value function in state (1, 1) is described in (A-22)
(2) D, P (2)
P = Z2— 1,44 P" (A-22)
L 0— 1 1,
TG .
where A, | is indicated in (A-23).
F@A
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1, p— I 1,2,2 1,1 Y011

In state (0,1,1), the leader holds an option to invest in the first technology with an embedded

option to invest in the second. Hence, the value of the option to invest in the first technology is

24



indicated in (A-24)

0(2) 8 2(2)

o) A L P, P<p,,,
— sds sds (A724)

0,1,1 0(2) o(2)

CI’LI (P), P> Pors

(2) 2)
where Af) ., and pf) ., are obtained via the value-matching and smooth—pasting conditions between

the two branches of (A-24) and are indicated in (A-25)

B1
0(2)
¢ Bi (p—wl, o2 1 Dip,,, (2 (2P
Poyr = 5 1 D and A | = pzm PR I +A p,,, (A-25)
0,1,1

|

o 2(2) £(2)
Proposition 6.1: p > Doy

(2) (2)
Proof: From Chronopoulos and Siddiqui (2014), we know that péT < péT ,» where the expression

(2)
for péT , 1s indicated in (A-26).

5@ /61 Il (P — H)
— A-2
pO,T,z B, —1 DT ( 6)

(2)
Also, the expression for pf ,, is indicated in (A-27).

e /81 12 (p — :u)
p = (A-27)
122 p,—1D,—D,
0(2) f(Q)
In order to show that Prys > Doy, WE have:
0(2) f(2) IQ Il
Diyr =D I

> s —2— >
1,2, 0,1,2 1)2 — Dl l)T
& DTI2 > Dzj'1 — 1'1Dl

& DI, <DI,+1,D, <D (I +1,) (A-28)
- D, D . : D, Dy
inally, we have 11, < T which, from the assumption ST < ST Vn, holds. [ |

Proposition 6.2: pfﬁ?l 1s independent of .

Proof: Since pi)g > pgf)l, it is not possible to invest in the second technology even it becomes
available while the leade,r, is in state 1. Consequently, after investing in the first technology, the
leader will have to go through state 1 before considering investment in the second one. Hence, the

value of the option to invest in state (0,1,1) can be written as in (A-29).

1 @)
P ' @ @5
@ 170,11 U U
0,1,1 P = ZI(HQ)aX 0(2) 0— 1L - Il 1,1~ 0,1,1 (A729)
PO 1.1 > P0,1,1
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Applying FONC to (A-29), we can write the optimal investment rule by equation the marginal
benefit (MB) from delaying investment to the marginal cost (MC).

D B, 1 (@ (@F171 B, D (@ (@F171
p —lu + o tBAL P, — pl— ; + B8 AL Py, (A-30)

0,1,1

The first term on the left—hand side is the MB from allowing the project to start at a higher output
price, while the second term is the reduction in MC to saved investment cost. The first term on the
right—-hand side reflects the forgone revenues from delaying investment. Notice that the MB and
MC from the embedded investment option cancel. Effectively, the MB related to this term is the
higher price at which you receive the subsequent investment option, while the MC is the forgone
value from not having the option sooner. These two equal each other because they both stem from
the opportunity to delay. Indeed, since the threshold is chosen optimally, the MB should equal the
MC. |
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