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Abstract

This paper considers the impact of investment cost asymmetry on the
value and optimal real option exercise strategies of “rms under imperfect
competition. Both “rms have an opportunity to invest in a project en-
hancing (ceteris paribus) the pro t ow. We show that three types of
equilibria exist and derive critical levels of cost asymmetry separating the
regions in which they prevail. The presence of strategic interactions leads
to counter-intuitive results. First, depending on the level of asymmetry, a
marginal increase in the investment cost of the ~rm with the cost disad-
vantage can increase this “rm's own value. Second, such a cost increase
can result in a decrease in value of the competitor. Moreover, we dis-
cuss the welfare implications of the optimal exercise strategies and show
that the presence of identical “rms can result in a socially less desirable
outcome than if one of the competitors has a signi cant investment cost
disadvantage. Finally, we prove that pro t uncertainty always delays in-
vestment, even in the presence of a strategic option of becoming the ~rst
investor.
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1 Introduction

The aim of this paper is to study the e®ects of imperfect competition on
the optimal real option exercise strategies in a situation where the costs of
exercising options di®er among ~ rms. The need for a separate treatment of
real, as opposed to ~nancial, options results from the non-exclusivity of the
former. In particular, the optimal exercise decision of a ~rm competing in an
oligopolistic market depends not only on the value of the underlying process
but also on the actions undertaken by its competitor(s) (cf. Zingales [22]). For
example, the investment opportunity to set up the production line of personal
cars in place of the existing assembly line may be represented as a real option
to exchange a ~ xed amount of money for an incremental stream of uncertain
cash °ows. The cost of launching the production net of the scrap value of
the assembly line can be viewed as the strike price of the option, whereas the
increase in the expected present value of the stochastic pro t ®ow corresponds
to the underlying asset. The value of the investment opportunity, as well as
the optimal exercise strategy associated with it, highly depends on the actions
taken by the competing car manufacturer. Consequently, neither the value of
the “rm nor the optimal exercise strategy resembles any longer the situation
where the “rm has an exclusive option to invest.

The last decade's research results in a number of contributions dealing
with the non-exclusivity of real options. The basic continuous-time model of
strategic real option exercise under product market competition is presented
by Smets [18]. He considers a duopolistic ~ rm's decision to (costly) switch the
production from a developed to an emerging economy where production costs
are lower. Applications and extensions of the strategic real option exercise
model include Grenadier [5], [6], Williams [21], Lambrecht and Perraudin [12],
Dficamps and Mariotti [2], Perotti and Rossetto [16], and Mason and \Weeds
[15], whereas Reinganum [17], and Fudenberg and Tirole [4] provide the game-
theoretical foundations within a deterministic framework.!

In this paper we analyze the situation where two ~rms have an op-
portunity to invest in a pro t enhancing investment project and face di®erent
(e®ective) investment costs. This framework, which allows for a departure from
the unrealistic assumption that the duopolistic rivals are identical, re®ects a
number of factors.? First, investment cost asymmetry is present when the ~rms
have a di®erent access to the capital markets. In such a case, the cost of capital
of a liquidity-constrained ~rm is higher than of its counterpart with an access
to a credit line or with substantial cash reserves (Lensink, Bo and Sterken [13]).
Consequently, the investment cost of the “rm facing capital market imperfec-
tions is higher as well. Moreover, cost asymmetry occurs when the “rms exhibit
a di®erent degree of organizational °exibility at implementing a new produc-
tion technology. This °exibility, known as absorptive capacity (cf. Cohen and

1The discrete time analysis of a strategic options exercise is presented, among others, by
Smit and Ankum [19], and Kulatilaka and Perotti [11].

21t is expected that other forms of asymmetry (such as pro tability of the project, pro t
uncertainty characteristics etc.) lead to similar results.



Levintal [1]), measures the rm's ability to adopt external technologies, to assim-
ilate to a changing economic environment, and to commercialize newly invented
products. A higher absorptive capacity is therefore equivalent to a lower cost
associated with an investment project. Di®ering real options embedded in the
existing assets of the rms are another source of the investment cost asymme-
try. This re®ects the possibility that the rms currently exploit two di®erent
but equally excient technologies. After an arrival of a new invention it may
appear that one of the existing technologies is more easily extendable than the
other. Finally, the di®erence in the investment costs is often a consequence of
purely exogenous factors, resulting e.g. from di®erent regulation. Those legal
and scal factors are discussed later in the section concerning social welfare.

We consider the optimal real option exercise strategy of duopolistic
“rms already competing in a product market. Both ~rms have an investment
opportunity enhancing (ceteris paribus) the pro t “ow. If one rm invests,
the other "rm's payo® is reduced. This is, for example, the case when the
investment gives the rm the possibility to produce more exciently and thus
cheaper, which leads to a higher market share. The rms di®er ex ante only
with respect to the required sunk cost associated with the investment. Our
framework most directly generalizes Smets [18] and Grenadier [5], who restrict
the analysis to a game between symmetric rms and of Huisman and Nielsen
[10], who consider a new market entry of asymmetric “rms. This generalization
results in the presence of three di®erent equilibrium strategies. First, when the
asymmetry among ~rms is relatively small and so is the ~rst-mover advantage,
the " rms invest jointly. When the ~rst-mover advantage is su=ciently large, the
lower-cost “rm preempts the higher-cost “rm. In the situation where both the
“rst-mover advantage and asymmetry between ~rms are signi  cant, the “rms
exercise their investment options sequentially and their investment timing do
not a®ect each other directly. The two latter equilibria are also present in Perotti
and Rossetto [16].

Subsequently, we determine the ~rms' values and present welfare impli-
cations of the strategic option exercise. We ~nd that, when an increase in the
investment expenditure of the higher-cost " rm results in a switch from joint in-
vestment to preemption equilibrium, the value of both ~rms decrease. Moreover,
in a preemption equilibrium, an increase in the higher-cost “rm's investment
expenditure results in increasing its value due to its commitment not to invest
before the market is suzciently large. Then the low cost ~rm knows that it
could delay the investment without bearing the risk of being preempted. This
investment delay raises the value of the higher cost “rm. Using an example of a
duopoly in which after the investment the “rms can o®er a good with a higher
quality, we show the relationship between the type of equilibrium and the level
of consumer surplus. This analysis indicates that an equal access of competitors
to a new technology (or a new market) may not be socially optimal. Finally,
we analyze the impact of uncertainty on the optimal investment thresholds. We
“nd that the value of waiting option increases in the pro t volatility despite the
presence of strategic interactions.

The paper is organized as follows. In Section 2 we present the model.



Section 3 contains the derivation of value functions and optimal investment
thresholds. The discussion of the resulting equilibrium strategies is presented in
Section 4 and the analysis of the impact of strategic interactions on the value of
the " rms is included in Section 5. In Section 6 we analyze the relationship be-
tween rms' investment strategies and social welfare whereas Section 7 discusses
the impact of uncertainty on the timing of investment. Section 8 concludes.

2 Framework of the Model

Essentially, the basic framework of the non-strategic model of McDonald
and Siegel [14] is adapted here, with the di®erence that we consider two ~rms
rather than one. The two ~rms are risk neutral, compete in the product market,
and realize a non-negative stochastic pro t °ow.® The uncertainty in each of the
“rms' pro ts is introduced via a geometric Brownian motion x = fx; : t _ 0g
such that

dXt = ®Xtdt + %Xtth; (1)

where ® and % are constants corresponding to the instantaneous drift and,
respectively, to the instantaneous standard deviation, dt is the time increment
and dwy is the Wiener increment. In order to obtain " nite valuations, we impose
® < r, where r is a risk-free rate. The uncertainty in the pro t function is
included in a multiplicative way. The instantaneous pro t of Firm i can be
expressed as

YNy Ny = XeDigng s €3

where, for i;j 2 0;10; 1 6 j :
Y

No= O ~rm i has not invested,
| =

1 if "rm i has invested.

Dn;n; stands for the deterministic contribution to the pro t function, and it
holds that

Dioc > Dqo
D11 > Do

Dig > Dgo implies that the pro t of the “rm that invests as ~ rst exceeds ceteris
paribus the initial (symmetric) pro t. Moreover, this investment leads to the
deterioration of the pro t of the ~rm that did not undertake the project yet,
i.e. Dgg = Do;. Finally, the 'catch-up' investment made by the lagging “rm
enhances its pro  t, so D1 > Dg1, but, at the same time, it reduces the pro t

3 Alternatively, the risk neutrality assumption may be replaced by the replicating portfolio
argument.



of the “rst mover, so that Dy; < Djg: The last inequality implies that there are
negative network externalities among the “rms.*

The investment opportunity is assumed to last forever and the structure
of the associated payo® can only change as a result of the competitor's action.
Therefore, the opportunity can be modelled as a perpetual American option
with a payo® determined endogenously. Consequently, we denote the investment
cost of Firm i; i 2 1;2g by I;: Without loss of generality 1 is normalized to
I; which is the investment cost of the low-cost “ rm, and I, is set equal to %I;
where %2 [1;1):

Finally, we assume that the initial realization of the process underly-
ing both “rms' pro ts is low enough, so that an immediate investment is not
optimal

3 Value Functions and Investment Thresholds

There are three possibilities concerning the timing of Firm i's investment
relatively to the decision of the competitor (Firm j). First, Firm i may invest
before Firm j does and, therefore, become the leader. Alternatively, Firm j
may invest sooner and Firm i becomes the follower. Finally, Firm i and Firm j
may invest simultaneously.

In this section we establish the payo®s associated with the three sit-
uations described above. As in the standard approach used to solve dynamic
games, we analyze the problem backwards. First, we derive the optimal strat-
egy of the follower, who takes the strategy of the leader as given. Subsequently,
we analyze the decision of the leader. Finally, the case of joint investment is
discussed.

3.1 Follower

Consider an investment decision of Firm i and de” ne ¢ j to be the moment in
time at which its competitor (Firm j) invests as the leader. Firm i will undertake
the investment when pro™ ts are su=ciently large, i.e. when x; exceeds a certain
threshold level denoted by xf. Determining xI is equivalent to ~nding the
optimal option exercise strategy. At x, where t _ ¢, the value of Firm i as the

4Mason and Weeds [15] allow for D11 = D1o to re®ect the positive network externalities
that can arise among the competitors. In our setting (" rms already compete in a product
market) such an assumption would be more di%cult to justify. Moreover, Dio > D11 does
not preclude the presence of positive network externalities among the “rms’ customers (for
example, the pro ts generated by Microsoft Corp. in the ozce software segment are not likely
to be positively a®ected by technological improvements made by Corel).

SImmediate investment is optimal in case of a suzciently high initial realization of the
stochastic process. Then mixed strategies equilibria can occur, as discussed for identical “rms
in Huisman and Kort [9].



follower equals

" . #
VF(x) = E XsDg1e17¢Gi0(s ©)
min[t;TF] .
" Az LE:2
F 1 F
+E eirmax[Ti it;0] XSDlleir(simax[t;Ti ])dS i Ii :
max[t;TF]
where
o ¢
TF =inf tjx, . xF 4

The realization x§ corresponds to the follower's optimal investment threshold®

I.
Xj === (i ®); ©)
and ~ (> 1) is the larger root of the quadratic equation

%%Z‘Fi DN+® jr=0 (6)
The ~rst integral in (3) corresponds to the present value of pro ts obtained
before the investment is undertaken. The second part of (3) re°ects the present
value of pro ts after the investment is made minus the associated sunk cost.

The value of the rm as well as the optimal investment threshold can
be calculated explicitly by applying the well-known standard dynamic program-
ming methodology (see Dixit and Pindyck [3]). By solving the Bellman equation
with corresponding value-matching, smooth-pasting and no-bubbles conditions,
we arrive at the following expression for the value of Firm i as the follower

8 3 -3 “_
< x:Do + X'-:. (D11iDg) . | Xt if x, - xF°
VF (o) = ri® ri® i xE t i ©)
i - %D . : F.
- prr-al W T if X¢>xj;

The interpretation of (7) is as follows. The " rst row is the present value of pro ts
when the follower does not invest immediately. The “rst term is the payo® in
case the follower refrains from investing forever, whereas the second term is the
value of the option to invest. The second row corresponds to the present value
of enhanced cash °ows resulting from immediate investment minus its cost.

81t is worth pointing out that the Marshallian investment threshold, xXE ™, which is based
on the static NPV criterion, equals

1

FM 1
e =1 (r;: ®):
! DlliDOl(I )

As explained in Dixit and Pindyck [3], the di@erence between xF and xf'™ re®ects the value
of the option to wait, which raises the optimal threshold by factor = L



3.2 Leader

Following a similar reasoning as in the previous subsection, we determine
the payo® of Firm i when it invests “rst, thus Firm i is the leader. Then the
value function of Firm i, evaluated at X, ;, where ¢; is the moment of investing,
equals

"7 ¢ z, ] #

Vit (x;,) =E xsDoei "Cicidgs § I; + _ XsD1161"C1Ti )ds :  (8)
éi T3
The “rst two components of (8) correspond to the present value of the leader's
pro ts realized until the moment of the follower's investment net of the leader's
sunk cost. The second integral corresponds to the discounted perpetual stream

of pro ts obtained after the investment of the follower.
Using the results of the follower problem, we can express the value of

Firm i as the leader in the following way

8 i 3 _
< x;:Di10 . X; (D11i D1o)  x.. . E.
i i+ = if x . - X
L — @ |1 i i® E 2 ,
Vir(xg)=_ 1 X._Dllrl g . I J,: ©
- f'i? ili if x,; >Xxj:

The “rst row of (9) is the net present value of pro ts before the follower made
the investment minus the present value of future pro ts lost due to the follower's
investment. The second row corresponds to the net present value of pro ts in a
situation where it is optimal for the follower to invest immediately.

3.3 Simultaneous Investment

It is possible that the “rms, despite the asymmetry in the investment cost,
decide to invest simultaneously. The value function of Firm i investing at its
optimal threshold simultaneously with Firm j is

"7 15 #
VS = ' ir(sit)
i (Xt) - E XSDOOe dS —+ (10)
, min[TS]
Z 4 #
E XsDyp e irEImaxtTPD g § ;e i 7 max[TP i t0]
max[t; T3]
where
s _ . . s¢
T =inf tjxe o X (11)
and
_ I
S i
XiT = 5. p. (ri®): 12
I ilDlliDOO(. ) (12)



Expression (10) is interpreted analogously to (3) and (8). Consequently, the
value of Firm i when the investment is made simultaneously equals

8 3 -3 T
s < X:Doo + X-S,§D11 iDoo) . l: Xg if X - X-S'
Ve (x) = Tri® [ N S €O
- e i l; if X¢> X7,

The second row equals the value of Firm i when the simultaneous investment
is made immediately. In such a case, we denote the value of Firm i by ViJ ®):
From (12) it can be seen that xiS di®ers among the “rms. As it is shown in
the next section, this divergence does not preclude the simultaneous investment
strategy.

4 Equilibria

There are three types of equilibria that can occur in the choice of strate-
gies, namely the preemptive, sequential and simultaneous equilibrium. In this
section we discuss the characteristics of each type of equilibrium and present
the conditions under which each of them occurs.

4.1 Preemptive Equilibrium

The “rst type of equilibrium we consider is the preemptive equilibrium.’
It occurs in the situation in which both “rms have an incentive to become the
leader, i.e. when the cost disadvantage of Firm 2 is relatively small. Therefore,
Firm 1 has to take into account the fact that Firm 2 will aim at preempting
Firm 1 as soon as a certain threshold is reached. This threshold, denoted by
x5, is the lowest realization of the process x¢ for which Firm 2 is indi®erent
between being the leader and the follower. Formally, x5, is the smallest solution
to

»2 (Xt) = 0; (14)
where »; (X¢) is de ned as
» (Xe) = ViL CON ViF (xt); (15)

where V;F (x¢) and V- (x¢) are given by (7) and (9), respectively. As a conse-
quence, Firm 1 invests at

o}
i P ., L .
min X5;; X7 ;

where xt is Firm 1's optimal leader threshold equal to

|
" i 1D i Doo

7For an elaborate treatment of this type of equilibrium the reader is referred to Fudenberg
and Tirole [4].

xt = (ri®): (16)




Figure 1 shows an example of the ~rms' payo®s associated with being
the leader, both investing at Firm 1's optimal simultaneous investment thresh-
old and both investing immediately. The follower payo® of Firm i is set as a
reference level.

100 100
N——
s ~ ?\f —|
s s0 s 50 Vi
> 5
=0 S0 S |
Ve D
- = l [
& 250 K 250 | \
= < l
7100 2100 5
12
Figure 1

Figure 1. The relative (to the follower value) value functions of Firm i, i 2 f1; 2g,
as the leader, V,- § V{7, in case of optimal simultaneous investment, V> j V7,
and when simultaneous investment is made immediately , VlJ i Vl':, for the set of
parameter values: % = 1.2; r = 0:05; ® = 0:015; % = 0:1; I = 100; Dgg = 0:5;
DlO = 1:5; Do]_ = 0:25; and Dll =1.

Firm 1 invests as soon as the process reaches the smaller of two values:
x5, at which Firm 2 is indi®erent between being the leader and the follower, and
x; at which it is optimal for Firm 1 to invest given that Firm 2 does not invest
until x}- is reached. It can be seen in Figure 1 (right) that to the left of x5, the
value of Firm 2 as the leader is lower than the value as the follower, while to
the right the opposite is true. Consequently, Firm 1 uses the fact that Firm 2
has no incentive to invest before x5, and preempts it by just an instant. For %
tending to 1, i.e. when ~rms become symmetric, x5, gets closer to the Firm 1's
preemption point, x7, at which Firm 1 itself is indi®erent between being the
leader and the follower.

The presence of cost asymmetry implies the following corollary.

Corollary 1 Firm 1 extracts a relative surplus from becoming the leader vs.
being the follower, i.e.

; £ og ; £ o i £ ag
sy min xExE =V min xS xk T i v 'min xEixE >0 (17)
Proof. The proof directly follows frpm the de nition of the preemption
point and the observation that x7 < min x5;x} :
4.2 Sequential Equilibrium

The sequential equilibrium occurs when Firm 2 has no incentive to become
the leader, i.e. when (14) does not have a real solution. In this case, Firm 1



simply maximizes the value of the investment opportunity, what always leads
to investment at the optimal threshold x%: In other words, Firm 1 acts as if it
had exclusive rights to invest in a pro t-enhancing project. Figure 2 describes
the " rms' payo®s corresponding to the sequential investment equilibrium.

100 100
< o
s 50 % s0
= B
3 0 = 0
g
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Figure 2

Figure 2. The relative (to the follower value) value functions of Firm i, i 2 f1; 2g,
as the leader, V- j V{7, in case of optimal simultaneous investment, V5 § V;7,
and when simultaneous investment is made immediately , VlJ i Vl':, for the set of
parameter values: % = 1:4;r = 0:05 ; ® = 0:015; % = 0:1; 1 = 100; Dgg = 0:5;
Dig = 1:5; Dg; = 0:25; and D1, = 1.

From Figure 2 (right) it can be concluded that Firm 2 is never better o® by
becoming the leader compared to being the follower. Therefore Firm 1 does not
need to take into account the possibility of being preempted by Firm 2. As a
result, Firm 1 is able to invest at its unconditional threshold, x} (see Figure 2,
left diagram). At x| the value of the investment opportunity smooth-pastes to
the net present value of incremental bene ts from making the investment (cf.
Dixit and Pindyck [3]). As in the previous case, Firm 2 invests at its follower
threshold x5 :

Proposition 2 There exists a unique value of % > 1; denoted by %", which is
equal to
A _ T
e = 1 (D10 i Do1) i (D1 i Do) '1;
D11 i Do - (D10 i Du1)

(18)

that separates the regions of the preemptive and the sequential equilibrium. For
% < %® Firm 1 needs to take into account possible preemption by Firm 2, whereas
% _ %" implies that ~ rms always invest sequentially at their optimal thresholds.

Proof. See Appendix.
Intuitively, Proposition 2 states that there is a cut-o® level for the cost

disadvantage of Firm 2 above which Firm 1 can act as a monopolist in exercising
its investment option.

10



4.3 Simultaneous Equilibrium

Another type of equilibrium is the simultaneous (or: joint investment) equi-
librium. In this case, the rms invest at the same pointin time. Figure 3 depicts
both “rms' payo®s associated with the simultaneous equilibrium.
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Figure 3. The relative (to the follower value) value functions of Firm i, i 2 f1; 2g,
as the leader, V= j V{7, in case of optimal simultaneous investment, V;° § V;7,
and when simultaneous investment is made immediately , VlJ i Vl':, for the set of
parameter values: % = 1:1; r = 0:05; ® = 0:015; % = 0:1; | = 100; Doy = 0:5;
Dip = 1:25; Doy = 0:25; and Dy; = 1. The set of input parameters results in the
optimality of a simultaneous investment at xf.

In the simultaneous investment equilibrium one of the “rms has to adopt
a strategy that does not optimize its payo® unconditionally (since the optimal
joint investment thresholds di®er). Since the optimal threshold of Firm 1 is lower
than of Firm 2, the only candidate for a simultaneous investment threshold is
x3; de ned by (12). For simultaneous investment to occur, the payo® of Firm
1 associated with being the leader has to be lower than the payo® resulting
from simultaneous investment. Otherwise, Firm 1 will invest either at xt or
at x5 (depending on the level of cost asymmetry). Moreover, Firm 2's follower
threshold must be lower than x$: In other words, Firm 2 has to “nd it more
pro table to respond to Firm 1's investment at x; immediately than to wait.
Otherwise, Firm 2 would invest as the follower at x5 : It turns out that wherever
it is optimal for Firm 1 to invest simultaneously, Firm 2 prefers simultaneous
investment to being the follower (see the proof of Proposition 3 below).
In the subsequent section we analyze under which circumstances the
simultaneous equilibrium occurs.

4.4 Conditions for Equilibria

The occurrence of a particular type of equilibrium is determined by the
relationship between the relative payo®s, which in turn depend on the level of
cost asymmetry, ~rst-mover advantage and market parameters such as volatility,

11



the growth rate and the interest rate. From Proposition 1 we already know
the cut-0® value of the cost asymmetry that separates the preemptive and the
sequential equilibrium. Now, we concentrate on determining the region in which
the simultaneous equilibrium occurs. In order to do so, let us de ne

3 (%) = Vi (%) i Vit (Xe): (19)

3, (X¢) can be interpreted as the change in Firm i's value associated with re-
fraining from an immediate (at x¢) investment as the leader in favor of the
simultaneous investment strategy. If the minimum of 3, (X¢) on the interval
[xo; X¥ ] is larger than zero, the change is positive, and thus a simultaneous equi-
librium occurs. In other words, the simultaneous equilibrium requires that Firm
1 is always better o® by investing jointly at its optimal threshold x§ compared
to becoming the leader.® Otherwise, either the sequential or the preemption
equilibrium occurs.

Proposition 3 There exists a unique value of %
equal to

1; denoted by %**, which is

Y

2 A | 3

- (D iD
%* = max4(D11 i Do1) ( 101 1) = ;19
(D10 i Doo) i (D11 i Doo)

» o (20)

that determines the regions of the simultaneous and the sequential/preemptive
investment equilibria. For % < %" the resulting equilibrium is of the joint invest-
ment type, whereas for % _ %"° the sequential/preemptive investment equilibrium
occurs.

-

Proof. See Appendix.

Proposition 3 implies that for a relatively high degree of asymmetry between
“rms (for a given set of Djjs and ), simultaneous investment is not optimal and
either a sequential or preemption equilibrium occurs. Moreover, there exists a
set of parameter values for which simultaneous investment is not optimal even
when the “rms are symmetric. In this case %°° is equal to 1. We present an
illustration of when the resulting equilibria occur in a two-dimensional graph.
In Figure 4 we depict the investment strategies as a function of the ~ rst-mover
advantage, D19=Dj31, and the investment cost asymmetry, %.

8Strictly speaking, the equilibrium with sequential /preemptive investment still exists in
this case but is Pareto-dominated by the simultaneous entry equilibrium (cf. Fudenberg and
Tirole [4]).

12



Sequential i nvestnent

Joi nt

11F  investnent i nvest nent

11 12 13_ 14 15 16
Dt

Figure 4

Figure 4. The regions of sequential , preemptive and joint investment equilibria for
the set of parameter values: r = 0:05; ® = 0:015; % = 0:1; Dgg = 0:5; Dg1 = 0:25;
and D11 = 1:

When the investment cost asymmetry is relatively small and there is no
signi- cant " rst-mover advantage, the “rms invest jointly (a triangular area in
the south-west). When the ~rst-mover advantage becomes signi cant, Firm 1
prefers being the leader to investing simultaneously. This results in the preemp-
tion equilibrium (area in the south-east). Finally, if the asymmetry between
“rms is signi cant (for the set of parameter values in the upper part of the
Figure 4), the "rms invest sequentially and Firm 1 can act as a monopolist.

5 Cost Asymmetry and Value of the Firm

In this section we discuss the impact of the degree of investment cost
asymmetry on the value of each "rm and, in particular, on the net present
value (NPV) of the investment opportunities. We show that, in the presence
of strategic interactions, the relationship between the magnitude of the invest-
ment cost asymmetry and the value of the “rm is, in general, discontinuous and
non-monotonic.

In the absence of strategic interactions among the “rms the value-
asymmetry relationship is relatively straightforward. An increase in the in-
vestment cost of Firm 2 a®ects its value via i) a higher present value of the
investment expenditure that has to be incurred and ii) a delay in the optimal
timing of investment which results in postponing the moment of the pro t “ow
increase. Consequently, the value of Firm 2 decreases monotonically in %. Con-
versely, the value of Firm 1 remains una®ected by a change in % since the “rms
do not interact with each other.

Introducing competition changes the way the asymmetry a®ects the
values of both ~rms. In such a case, the value of Firm 2 is a®ected not only by
an increase in its investment cost but also by the fact that Firm 1 can nd it
optimal to revise its reaction curve in response to the changing characteristics of

13



Firm 2. Consequently, the value of Firm 2 will be also a®ected by the change of
Firm 1's investment timing in°uencing cash °ow of the former. We illustrate the
impact of strategic interactions with an example in which parameter values are
chosen in such a way that all three types of equilibria are possible (cf. Figure 4).
The rms" values resulting from their optimal strategies are depicted in Figure
5 below.
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Figure 5. The value of Firm i (V;) corresponding to the regions of the joint
investment, preemptive and sequential equilibria for the set of parameter values: r =
0:05; ® = 0:015; % = 0:1; Dgg = 0:5; Doy = 0:25; Dyg = 1:33; D17 =1, 1 =100
and Xy = 4.

The lowest degree of asymmetry between the ~rms corresponds to the si-
multaneous investment equilibrium. In the simultaneous equilibrium the out-
come closely resembles the case where the strategic interactions are absent. A
marginal increase in % does not a®ect the value of Firm 1 and has a negative
impact on the value of Firm 2.

As % increases, the sequential investment becomes more attractive for
Firm 1 because of the increasing Firm 2's follower threshold. This means that
Firm 2 will invest later so that Firm 1's sequential investment pro t goes up.
Consequently, for % exceeding %™, Firm 1 would optimally invest at its leader
threshold x}-. However, Firm 2 anticipates this and, since its leader value at x%
is larger than its follower value, it is willing to invest an instant before Firm 1
does. In such a situation the shift in Firm 1's reaction curve is discontinuous
and a preemption equilibrium resulting in lower values of both “rms occurs.
The implication is that a marginal increase in the investment cost of Firm 2
that changes the equilibrium from simultaneous to preemptive, results in both
“rms’ payo®s jumping downward.

Once the “rms are in the preemption region, the values of both ~rms
increase in %. The at " rst sight surprising positive relationship between Firm
2's investment cost and its value is caused by the fact that increasing % makes
Firm 2 a ‘weaker' competitor. Thisimplies that the preemption threat of Firm 2
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declines in the investment cost asymmetry, so that x5, increases with %. There-
fore, Firm 1 invests later, and this is bene cial for the cash °ow of Firm 2 since
it can enjoy a higher cash °ow for a longer period. In this case, the non-strategic
and strategic e®ects work in the opposite direction and the latter dominates. As
far as Firm 1 is concerned, its value increases because its investment threshold
moves closer to xt-. Moreover, it bene™ ts from the delayed investment of Firm
2.

When the asymmetry between the ~rms reaches the critical level %°,
above which it is not optimal anymore for Firm 2 to become the leader, the
sequential equilibrium occurs. Upon the switch to the sequential equilibrium
the values of both “rms jump upward. This jump is in both cases caused by
the discontinuous change, from x5, to xt, of Firm 1's investment threshold. By
investing at X7 Firm 1 maximizes its value, and lets Firm 2 enjoy a higher cash
°ow for a longer period.

In the sequential equilibrium region the changes in the rms" values
result entirely from the sunk cost asymmetry and its impact on Firm 2's in-
vestment timing. Consequently, Firm 1 bene ts from the delayed investment
of Firm 2 and the value of the latter decreases for the same reason as in the
non-strategic case.

In order to provide better intuition about the nature of the non-monotonic
relationship between the value of the " rm, V;, and the investment cost asymme-
try, %, we decompose V; into three components. First, we calculate the expected
value of discounted future pro tsin case no investment is made, which re°ects
the value of assets in place, A=P;. Further, we derive the value of the rm’s own
investment opportunity given that the other “rm does not invest, PV GO2, and
the impact of the competitor's investment on the "rm's pro ts, PV GOiC. The
sum of PV GOP and PV GOF can be interpreted as the strategic NPV of the
investment opportunity of Firm i.

Table 1a contains the decomposition of Firm 1's value for di®erent levels
of the cost-asymmetry.

Y 1:1 1:15 1:2 1:25 1:33 1.5
A=P; 57:14 57:14 57:14 57:14 57:14 | 5714
PVGO? | 14:19 15:14 17:16 18:15 18:15 | 18:15
PVGOf §858 | j12:17 | §11:51 | 1091 | §10:05 | 857
V, 62:75 60:12 62:80 64:39 65:24 | 66:72
%® = 1:222 | %°® = 1:124
Table 1la. Decomposition of Firm 1's value into the expected present value of the
perpetual cash ®ow stream from assets in place, A=P;, the option to invest, PV GO?,
short the competitor's option to invest and the value reduction due to the competitor's
investment, PV GOf, for the set of parameter values r = 0:05; ® = 0:015; % = 0:1;
Dgg = 0:5; Doy = 0:25; D19 = 1:33; D11 = 1; and | = 100. The value of the rm,
V1, equals A=P; + PV GOP + PV GOf.

From Table 1a a number of conclusions can be drawn. First, we notice that
the value attributed to assets in place does not change with the investment cost
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asymmetry. This is understandable since the existing production assets of the
“rms are identical. Second, the value of Firm 1's investment opportunity rises
with %. This re®ects the fact that the growing competitive advantage allows
Firm 1 to keep its investment strategy closer to the unconditional optimum, x}
(at which the value of PV GO? in the example equals 18:15). Consequently, the
only source of non-monotonicity is the interaction of Firm 2's investment deci-
sion with Firm 1's pro™ t (see PV GOf in Table 1a). When the cost-asymmetry
becomes larger, i.e. when % _ %°% = 1:124, then Firm 1 has no longer an
incentive to wait until the optimal simultaneous threshold is reached and is
aiming at preempting Firm 2. As discussed above, the resulting preemption
game deteriorates both rm's payo®s and, as a direct consequence, their values.
Table 1b contains an analogous decomposition of the value of Firm 2.

Y 1.1 1:15 1:2 1:25 1:33 15
A=P, 57:14 57:14 57:14 57:14 57:14 57:14
PVGO? | 13:45 11:94 11:29 10:70 9:80 7:88
PVGOS | i858 | §18:25 | j15:85| j12:67 | j12:67 | j12:67
Vo 62:01 50:83 52:59 55:18 54.61 52:36
W= 1:222 B = 1:124
Table 1b. Decomposition of Firm 2's value into the expected present value of the
perpetual cash °ow stream from assets in place, A=P,, the option to invest, PV GOZO,
short the competitor's option to invest and recapture the part of the market share,
PVGO%, for the set of parameter values r = 0:05; ® = 0:015; % = 0:1; Dgo = 0:5;
Dg; = 0:25; Dyg = 1:33; D11 = 1; and | = 100. The value of the "rm, V,, equals
A=P, + PV GO? + PV GO¥S.

Upon analyzing Table 1b it can be concluded that increasing investment cost
asymmetry has two e®ects on the value of Firm 2. First, it results in the drop
in the value of Firm 2's investment opportunity, PV GOS. This relationship is
monotonic irrespective from the type of the prevailing equilibrium and results
from the increase in the investment expenditure that has to be incurred. Second,
it in°uences the way the competitor's option to invest, PV GOS, a®ects the
value of the "rm. In the region of the preemptive equilibrium, i.e. for % 2
[1:124;1:222], the value of Firm 2 lost due to the exercise of the investment
opportunity by Firm 1, PV GOY, is inversely related to the investment cost
asymmetry. In other words, when Firm 2's cost becomes higher, the investment
of its competitor has a smaller negative impact on its value since the competitor
invests later. This is the result of the strategic e®ect of the marginal increase
in investment cost, via PV GOS, which is stronger than the direct e®ect of the
increase in % on the net present value of the project, PV GO$.

So far, we considered the impact of a di®erence in the investment cost on
the value of the “"rms. We have shown that there exists a non-monotonic and
discontinuous relationship between the cost asymmetry and the ~rms' values
resulting from the switches among the di®erent types of equilibrium strategies.
In the next section we discuss the impact of % on social welfare by showing how
particular types of strategies a®ect consumer surplus.
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6 Welfare Analysis

In order to assess the desirability of policies a®ecting the ~rms' access
to new market segments and technologies, we investigate how investment cost
asymmetry a®ects social welfare. The investment cost that has to be incurred
by the “rm can be in®uenced by the regulator, for instance, via ~scal measures,
governmental guarantees resulting in a lower cost of capital, a di®erent treat-
ment of foreign vs. domestic investors, and the possibility of in®uencing the
speed of knowledge spillovers.®

Desirability of such a policy can be measured by the way it a®ects social
welfare, which is the sum of the consumer surplus and the “rms’ values.*® Since
in the previous sections we already established the ~rms' payo®s, here we begin
the analysis with deriving the consumer surplus. Subsequently, we discuss how
this surplus is in®uenced by the ~ rms investment strategies. After having done
this, we are ready to present the relationship between the investment strategies
and social welfare. Finally, we provide some conclusions.

In order to derive the consumer surplus, we specify the way investment
is bene™ cial to the consumers. To do so, we introduce a simple setting in which
after the investment Firm i is o®ering a product of quality b; > by, where bg
denotes the initial quality of the product. As long as the “rms o®er the same
quality by, k 2 f0; 1g, they compete p la Cournot, whereas after making the
investment “rst, Firm 1 achieves a Stackelberg advantage in the di®erentiated
product market. The Cournot outcome is restored after Firm 2 has invested.
Then both ~rms compete in the market with a higher quality.

The market we consider has a continuum of consumers with utility func-
tion

Z 4 X

Uit = E¢ (Ms;mbk i ps;a) €17ds (21)
t

where Ut.m is @ time-varying consumer-speci ¢ parameter that is uniformly dis-
tributed over the interval [0; A¢]; and pex is the time t price of the product of

quality by while the product o®ered by the other “rm is of quality b;. Parameter
A follows the geometric Brownian motion

H T

1 1 1
® 5% Adt+ZhAdw, (22)

Ar==
dA = 3

where ®; % and dw, are the same as in (1). It is useful to observe (by applying
Ito's lemma) that A? can be replaced by X since it exactly follows the process
(D).

Let us derive the expressions for the instantaneous consumer surplus,
denoted by cst.x1, Where again k and | relate to the quality o®ered by the “rms.

9For instance, lowering the cost of capital via a third-party guarantee is documented by
Kleimeier and Megginson [8]. They “nd that in the sample of 1,803 syndicated project nance
loans an average reduction of the spread due to the guarantees amounts to 43 basis points.
10Tirole [20], Ch. 5-8, provides an excellent introduction to oligopoly theory.
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We have to consider three cases. In the ~rst case only quality by is provided.
In the second case one ~rm provides quality by and the other b; and, nally,
both ~rms o®er b;: In the " rst and third case maximizing the rm's pro ts and
calculating the residual surplus (see Appendix) yields

Zq
t 1 2
CSt:kk = (Pt (@) i pekk)dg = _2Qt(Atbk i Prkk) = §kat2 (23)
0

where Q¢ = 2q.k1 is the total quantity o®ered, ge.x; and pe.ki are the equilibrium
time t quantity and price of the product of quality by, respectively, where the
other “rm's product is of quality by, and Py (q) is a time t inverse demand
function corresponding to the quality by.

The formulation of cs¢.10 (the second mentioned case) is slightly more
involved and it corresponds to a Stackelberg equilibrium with second degree
price discrimination. Consequently, cst.10 consists of two components: the sur-
plus of consumers purchasing the good of quality b; and the surplus of those
who choose hg: Solving the Stackelberg game yields

Z Z
gt;10 Q
CSt10 = (P12 (9) i pt20) dg + (Pt;0 (@) i Pro1)dg
0 Ge;10
4by + 5y |

To "nd out in what way the consumer surplus is related to the “rms’
investment strategies, we analyze the changes in the consumer surplus across the
equilibria. If the resulting equilibrium is of the simultaneous type the consumer
surplus, CS$, equals

"z TS1 Z 3 #
CSS=E e "Scsg. gods + ei"csg10s (25)
t TS1

where T is given by (11). When the resulting equilibrium is of the preemption
type, the consumer surplus, CS, amounts to

z min[Tfl;Ti-] z TS Z 4 #
CSP =E eirScsg.gods + eirScsg.10ds + eirscssq1ds ;
t min[T5;TH] TF
(26)
where
i ¢
TL = inf tix, . x5 ; and 7)
TE = inf 'tk L xb (28)

The consumer surplus jn the sgguential equilibrium is the same as (26), with
the exception that min TJ; T is replaced by T,:

After taking into account that the ~ rms invest later in the simultaneous
equilibrium, a comparison of (25) and (26) enables us to formulate the following
proposition.
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Proposition 4 Under the preemptive/sequential equilibrium the consumer sur-
plus is always larger than in the joint investment equilibrium.

Proof. See Appendix.

Consequently, from the consumers' viewpoint, the situation in which the
“rms invest simultaneously is undesirable. This is easy to understand since in
this case the rms invest later so that during a longer period of time the product
with a higher quality is not available.

Now, let us investigate social welfare, which equals, as mentioned earlier,
the consumer surplus plus the value of the “rms. In order to relate the latter
to the analyzed market, we can make the following substitution, where the
expressions at the RHS of each equality result from the maximization of the
“rms’ pro ts:

~ bo - bo - 2by i bo - b
16 Do 8

For a particular example, the consumer surplus and the “rms' values are de-
picted as functions of the asymmetry in the investment cost in Figure 6.
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Figure 6. The value of Firm i (V;) and consumer surplus (CS) corresponding to
the regions of the joint investment, preemptive and sequential equilibria for the set of
parameter values: r = 0:05; ® = 0:015; % = 0:1; bg = 5; by = 7; 1 = 100; and
Xy =17.

From Figure 6 it can be concluded that low asymmetry in the investment
costs results in a relatively low consumer surplus and higher values of the “rms.
Increasing the asymmetry among the ~rms, such that the simultaneous equilib-
rium is superseded by the preemption equilibrium, leads to a downward jump
in the ~rms' values and, at the same time, to an upward jump in the consumer
surplus. As seen before, the decline in the “rms' values mainly results from
the need to incur the investment expenditure, I, earlier. The increase in the
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consumer surplus is the consequence of an earlier provision of the higher qual-
ity product. When the cost is large compared to the increase in the consumer
surplus associated with higher quality, it is optimal from a welfare perspective
to postpone the investment. Therefore, in such a case an increase in % leading
to a switch from simultaneous to preemption equilibrium has a detrimental ef-
fect on welfare. Conversely, when the required sunk cost is relatively small, the
resulting preemption equilibrium is socially desirable.

The impact of increasing % on social welfare is summarized in the fol-
lowing corollary.

Corollary 5 There exists a critical level of investment expenditure below which
social welfare is always larger in the preemptive/sequential equilibrium than in
the joint investment equilibrium.

Consequently, if the investment expenditure is small relatively to the
consumer surplus, social welfare is highest under the preemption equilibrium.
In this case, the loss in the ~ rms' values resulting from the preemption game is
outweighed by the e®ect on the consumer surplus of an earlier provision of the
high quality product. This implies that in the case of a relatively low investment
expenditure, a relative cost disadvantage of one of the competitors results in the
strategies yielding a socially preferred outcome.

Conversely, a relatively high investment expenditure implies the social
optimality of the simultaneous equilibrium. This results from the fact that the
simultaneous equilibrium is associated with a later investment outlay. Since the
increase in consumer surplus resulting from providing a higher quality product
earlier is not su=zcient to fully compensate for the higher present value of an
early investment, postponing the investment is socially desirable. Therefore, in
the presence of a high sunk cost of the project, investment strategies resulting
in the simultaneous equilibrium maximize social welfare. This, in turn, implies
that the cost asymmetry is not desirable.

We conclude that an equal access of two ~ rms to a new market segment
does not maximize the consumer surplus. Moreover, after taking into account
the values of the " rms, it is not always socially desirable. If the rms’ investment
costs are not excessively high, the presence of asymmetry among them yields a
socially more desirable outcome.

However, it is important to notice that these conclusions do not carry
over to the case where the ~rst-mover advantage is large, which would occur
when the product quality di®erence is higher. Then, as illustrated in Figure 4
the preemption equilibrium prevails even if rms are symmetric. Consequently,
from a welfare perspective, asymmetry is not desirable even if the investment is
associated with a relatively low sunk cost.
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7 Uncertainty and Investment Thresholds

From e.g. Dixit and Pindyck [3] it is known that in a non-strategic real
options framework increasing uncertainty leads to a higher optimal investment
threshold. As we show below, this observation also holds in strategic models
as long as the “rms' investment thresholds are solutions to the optimization
problem. The follower’s threshold, the leader's threshold in the sequential equi-
librium, and the critical value triggering simultaneous investment satisfy this
condition. Conversely, in the preemptive equilibrium the leader (Firm 1) does
not invest at the threshold that solves its optimization problem, but instead it
invests at the follower's (Firm 2's) preemption point.

From (5), (16) and (12) it is concluded that the optimal thresholds can
be expressed as

P

opt __ i _ .

X; == rij®); 29
' i 1Dafter i Dbefore( ! ) ( )

where Dafter and Dypefore are the deterministic contributions to the pro t func-

tion corresponding to a given threshold. Consequently
@x®t rji® l; 0 -
@ (3/42) ! (_ i 1)2 Dafter i Dpefore @ (%2)

0; (30)

i.e. the optimal follower's threshold, optimal leader's threshold and the criti-

cal value corresponding to simultaneous investment increase with uncertainty.**

The impact of volatility on Firm 2's preemption point, x5;, at which

Firm 1 invests, requires slightly more attention. Let us recall that x5, is the

smallest root of », (X¢) = 0: Consequently, we calculate the derivative of », (X¢)

with respect to the market uncertainty. The change of (15), calculated for Firm
2, resulting from a marginal increase in %2 can be decomposed as follows:

b 0 _ Morp(x) | 0, 0 0E 6

a0 6 oxt d  0(%)

(ChY)

The derivative @@(%Xdﬁ%z) measures the direct in®uence of uncertainty on the

—_ - » F B -
net bene t of being the leader. The product %@‘%‘—*—@—&—2) re®ects the impact
— . 1 .
on the net bene t of being the leader of the fact that the follower investment
threshold increases with uncertainty.

It can be shown that
—2—@»@9‘0—@@2% 5 <0 (32)

0> (x) dxT @~

oxT  d 0@

> o (33)

11Numerical simulations indicate that %°® increases and, respectively, % decreases in %:
This results in additional positive impact of uncertainty on the “rms' investment thresholds.
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Apparently, the joint impact of both e®ects is ambiguous. The ~rst e®ect is
(32), which represents the simple value of waiting argument: if uncertainty is
large, it is more valuable to wait for new information before undertaking the
investment (Dixit and Pindyck [3]) As we have just seen, this also holds for the
follower. The implication for the leader of the follower investing later is that the
leader has a cost advantage for a longer time. This makes an earlier investment
of the leader more bene cial. This e®ect is captured by (33), which can thus be
interpreted as an increment in the strategic value of becoming the leader vs. the
follower resulting from the delay in the follower's entry. Obviously, the latter
e®ect is not present in the monopolistic/perfectly competitive markets, where
the impact of uncertainty is unambiguous.

However, it is possible to show that the direct e®ect captured by (32)
dominates, irrespective of the values of the input parameters.

Proposition 6 When uncertainty of the product market increases, the leader
investment threshold increases as well.

Proof. See Appendix.

Our conclusions concerning the relationship between the investment timing
and uncertainty are consistent with recent empirical evidence. The negative
investment-uncertainty relationship for “rms operating in an imperfectly com-
petitive environment is documented, for example, by Guiso and Parigi [7].

8 Conclusions

In this paper we analyze the impact on the “rms' optimal investment strate-
gies of the di®erence in the costs associated with their pro t-enhancing invest-
ments. Since the ~rms operate in an imperfectly competitive market, the prof-
itability of each "rm's project is a®ected by the other rm's decision to invest.
We show that when the asymmetry among ~rms is relatively small and so is the
“rst-mover advantage, the “rms invest jointly. When the ~rst-mover advantage
is signi cant, the lower-cost ~rm preempts the higher-cost “rm. In the situa-
tion where the asymmetry between ~rms becomes su=ciently large, the “rms
exercise their investment options sequentially and their mutual decisions do not
a®ect each other directly.

Asymmetry has remarkable implications for the value of both “rms,
since the value-asymmetry relationship for both ~rms is non-monotonic and
discontinuous. Consequently, we obtain a number of counter-intuitive results.
For reasonable parameter values, deepening the “rm's competitive disadvantage
due to a marginal rise in its irreversible cost may decrease the value of its com-
petitor. This situation results when a switch from simultaneous to preemptive
equilibrium occurs upon the marginal change in the cost asymmetry. Another
interesting e®ect of strategic interactions is present when the “rms are engaged
in the preemption game. Then increasing the extent to which the ~rms is set
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at cost-disadvantage leads to an appreciation of its value due to the strategic
e®ect on the competitor's investment timing.

Moreover, there are signi” cant welfare e®ects of strategic interactions
between the " rms. In an example where the investment increases product qual-
ity, we show that the relationship between cost asymmetry and social welfare
depends on the cost of investment. If it is relatively high and the ~rst-mover
advantage is not too large, social welfare is maximized when none of the rms
su®ers from competitive disadvantage. However, if the investment cost is low,
an increase of the consumer surplus resulting from the early investment in the
preemption equilibrium exceeds the loss of the rms' joint value associated with
such an investment. Therefore, the preemption equilibrium, occurring when the
costs suzxciently di®er, is in this case desirable. This observation allows for the
conclusion that an equal access of competitors to a new technology or market
segment may not be socially optimal.

Finally, the impact of uncertainty is analyzed. Despite the presence of
strategic interactions, increasing uncertainty always results in a higher invest-
ment threshold. This holds not only for the optimal investment thresholds but
also for the case when the lower-cost rm faces the threat of being preempted
by its higher-cost opponent.

9 Appendix

Proof of Proposition 2. The sequential equilibrium occurs when Firm 2
has no incentive to invest as the leader. Formally, this requires that », (X¢) is
negative for all x¢ 2 [Xo;x}). Therefore, we are interested in ~nding a pair
(x7; %) that satis es the following system of equations

( »2 (Xu; 1/2:!):: O
@»zgxu'l/zn[— _ 0 (34)
@x x=x" )
In other words, we are interested in a point (x*;%%) in which Firm's 2 leader
function is tangent to the follower function. After substituting (7) and (9) into

(15), all de ned for Firm 2, and rearranging we obtain

8 3 _ 3 -
2 x%(D10iDa1) . 1%° + xT (D jD1g) X2 R XE(%‘:)(DniDm) x° =0
rie ! 3 M LN (Li®) xE (%°)
= DigiDgy , —DagiDayy X5 il Di1;iDgy x° '1_0.
ri® ri® xE I rie x5 (#7) -

(35)

After multiplying both sides of the second equation in (35) by > subtracting
it from the " rst equation, and rearranging, we obtain

o 1%°
X == rj®): 36
ilDloiDm(I ) (36)
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Substituting (36) into the ~rst equation in (35) and (5) for x§ yields
— H - - M 11-

D iD D : D D =D 1 %°
— 1|1/2n i 1P + 11 1 101/25 11 1 10 i 11 1 01 h

@37

Rearranging (37) leads to the expression (18).
In the remaining part of the proof, we demonstrate that %® > 1. It holds
that

(D10 i Do1) i (D11 i Do1)

~ (D10 i D11) i (D iDo) >0 (39

»w=>1Q0
Consequently

(D10 i Do1) i (D11 i Do)

i (D11 i D01)7i1

" (Do i Du1)
_— (D0 iDo) i(D11iDo) i (DiojiDu)(Du i Do) ;1.(39)
" (D10 i D11)
By substituting
a D11 i Doz; (40)
b Dio i Do; (41)
and rearranging, we conclude that (39) is equivalent to
A !
a b b _
— H H — + :
“(bia) a ili a (42)

After observing thatbh > aand o7 0; we still have to prove that the second

factor of (42) is positive. Let us denote w =2 andgw) =w jlj w+:
Consequently, we have

g() = 0;and (43)
_@g@\(l\\llv) = "wilti">o: (44)

This completes the proof.

Proof of Proposition 3. Firm 1 prefers simultaneous investment unless
for some x. its leader payo®, Vi-(x¢), exceeds the optimal joint investment
payo®, V5 (Xy). Forrpally, sgmultaneous equilibrium occurs only if 3, (x¢) is
positive for all x; 2 x¥;x5 . Therefore, we are interested in “nding a pair
(X"%; %) that satis es the following system of equations

ooy =0
0x X=x" '
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In other words, we are interested in a point (x™;%"%) in which Firm's 1 simul-
taneous investment function is tangent to its leader function. After substituting
(9) and (13) evaluated at (12) into (19), all de ned for Firm 1, and rearranging,
v8ve obtain

3 _ 3 -
< xX*(DeoiDi0) 4 | 4 x?(D11j Do) x™= - x5(D1 iDig) x= =0
ri® s (i®) x5 1, ri® ,7_lx5(%°°)
1 1
= DaoiDig + R1iDio x - —D11iDin _x® =0
ri® ri® x$ 1 ri® x5 (%29) :

(46)

After multiplying both sides of the second equation in (46) by = subtracting
it from the “rst equation, and rearranging, we obtain
I

:_ilDloiDoo(ri®): “n

jole]

X

Substituting (47) into the ~rst equation in (46) and (12) and (5) for x3 and x5
yields

M T H - oo
I D11 i Doo L D11 i Do1 12" Dy
i

Dig
— =0:
Doo il' (D i Doo)¥™ ilDi

Do1
(48)

Given that we only consider the case that %°® _ 1, rearranging (48) leads to the
expression (20).

In the remaining part of the proof we show that the optimality of the
simultaneous investment for Firm 1 implies that Firm 2 is better o® by investing
simultaneously as well. Consequently, we prove that as long as it is optimal for
Firm 1 to invest simultaneously, Firm 2's follower threshold is always smaller
than Firm 1's optimal joint investment threshold (since if this is true, then it is
always optimal for Firm 2 to invest immediately when Firm 1 invests). First,
we determine & which solves

x5 () = x§ (#): (49)

For % < b it holds that x5 () < x3 (). After substituting (5) for Firm 2 and
(12) for Firm 1 into (49), and rearranging, we obtain

D1 i D
h — 11 1 01: (50)
D11 i Doo
Now, we show that B > %"°, i.e. that
A !,1__1
D1 i D " (D i D !
Do i (Pu i Doy Cuibu) =g @
11 i Poo (D10 i Doo) i (D11 i Doo)
holds. After substituting
= Dai1 i Doo;
d = Dio i Doo;
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and rearranging, we obtain that condition (51) is equivalent to

1 M @io=

- 3 > 0: (52)

o
-
o

This implies

-
[EEN
-

il =0

1o
|
ola

Let us denote z = f andh(z)=z §i1i (zil: Consequently, we have

h(1) = 0; and (53)
@%(2_2) =z >0 (54)

since z>1and = > 1. This completes the proof.

Proof of Proposition 4. Since T5; < T < TS, subtracting the value
of consumer surplus in preemptive equilibrium from the value corresponding to
the joint investment yields

Z TF Z s
¢Ccsyis = . e " (cSs:10 i CSs:00) dS + _ e " (cSs:11 § CSs:00)ds > O:
T21 T2

An identical reasoning can be applied while comparing the simultaneous equi-
librium with the sequential exercise strategy.

Proof of Proposition 6. The di®erence of Firm 2's payo®s as the leader
and the follower can be expressed as

Xt (D10 i Do1)

» (Xt) = —r L@ ile+ (55)
3 <
1DuiD
I X o) H D1 i Dmﬂ

: __ ~(Dy j Dio) j =22
DlliDOl il ( 11 0 lo)l 1/2 il

We are interested in the direction in which uncertainty a®ects, x5, i.e. the
smallest root of (55). The derivative of (55) with respect to ~ equals

3 <
e
0 (X)) _ I X (i ) £ (56)
@ D1 i Do il
v ST T R |
£ In x i 1D i Doy - _D)_D11|D01
L 1(r j®) 11 1 PY1o '—Vfil
D11 § D T
+D11iD10+—11_I_ Ol|r11/2
AL
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It is straightforward to observe that for suzciently small x¢ (56) is positive.
This can be generalized into the statement that there exists X satisfying
8

< 1 xt 2(0X);
sgn—@»zgxt) = 0 X =X (57)
@ : s (F ¢
T L oxe 2 Xx5

Since (in general) it is not possible to obtain an analytical formula for x5;, we
evaluate the sign of the derivative (56) at such a realization of x; for which the
corresponding sign is the same as at x5,. Consequently, we are interested in the
realization of x; that satis es the following two properties

» (X)) < 0=) »,(x)<08xg and (58)
9xh, =) x5 <x™ (59)

Properties (57) and (59) imply that

_- @»2 (Xt)z

LLP1CO N Lt >0 (60)
@ X=X @ Xt:xzpl
The realization x® equal to (cf. (36))
a B 1%
X == ri® 61
ilDloiDm(I ) (61)

satis es (58) and (59). Property (58) can be veri ed by examining the de nition
of x® (cf. (34)) and by observing that

@»5 (Xt) <0
0% '

Property (59) follows directly. Subsequently, we determine the sign of the deriva-
tive (56) at x” :

3 <
- DiiiDos
@»5 (Xe)- _ | Dioi Dm12 £ (62)
0 = D11 i Do1 il
ORI T o . T
11 i Do — 11 i Do
£ In Dy i 01/2 (DlliDlO)i?
1 1
D11 i Dos i
+Das i Dlo"'—l/—il In%
vl
Let us denote
H T il
. _ D11 i Do ) D11 i Do
() = In Do i D011/ (D11 i D1o) i i (63)
Di1 i D
+Dy11 i Do+ l;—.il %Ly
2



Positive = (%) for 8% 2 [1;%"]; where % is de ned by (18), would imply the
positive relationship between uncertainty and the leader threshold. First, we
show that * (%") is positive. Subsequently, we prove that

") >0=) " (%) >08%2[1%°: (64)

We prove that * (%) > 0 in three steps. First, we change the variables and
factorize the function * (%), what yields the product of two factors: one with
negative and one with unknown sign. Second, we show that the factor with
the unknown sign is increasing in the relevant variable. Finally, we show that
the value of the factor with a priori unknown sign approaches zero when the
underlying variable approaches the upper limit of its domain. The last two steps
imply that the sign of the analyzed factor is negative what is equivalent to the
positive sign of * ().
Consequently, we substitute (37) into (63) and obtain

V1 |
a D1, j D
"®%*) =In D1+D°1 £ (65)
A 10 i Doz '
_ - " (D i D
£ (D11 i Do) i (D11 i Do1) ( 101 ) =
(D10 i Do1) i (D11 i Do1)
O A _ _ !,1_1
1 (D10 i Do1) i (D1 i Do1) Ao
+In@ — A~ (D1, i D
D11 i Do1 (D1o i D11) (D11 i Do)
+Dj1 i Dao:

Now, we change the variables in order to simplify the expression for * (%°).
Substitution of (40) and (41) into (65) yields

°a M —hiaT
") = In - T@ibia == + (66)
b~ b ia
A TR 71]:1-_1!
+In = 2ia T(@ib)+aijhb
a (bija) ! 1=

Consequently, we divide (66) by b; and de ne

a
P=1% (67)
As an immediate result we get
V1 _ 1
- 1/!3 _ _ 1-
=2 = mp pinip Y ©9)
Au Lip gt
+In ___I—_ i D)+pil
®ilin) Pib+pi
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Factorization of (68) yields

T (%°) Lip)

_— = j—— £ 69
b "Cinaip) " ﬂ()

. . _ il - s
£(_il)'lip7+lnp7¢i'1ip¢_ln P 2dip) :

lip
Since it always holds that

tip) (70)

"Cinaip)

we are interested in the sign of the second factor of (69). Therefore, we de ne

. . B 11

- i - ~¢ ¢ T p it

E@) " Cillip +Inp i 1ip “In %p—'p)

Now, we determine the sign of the derivative of (71) calculated with respect to
p. Consequently, we obtain

(71)

_ _ - 11 . 1T
2l ) _ H_|£f(1i|0)ulilnl'l_—'° Sain
@p p(lip lip
(72)
This can be expressed as
_ i -¢ —. - T 1
B ) _ . ip ”_p'1(1jp)”1i|n“_p'1(1jp) L1
egp ' @ip 1ip 1ip
(73)

The “rst factor of (73) is always negative. After the following substitution

Z:_w;

lip 7
the second factor of (73) can be expressed as
iZu‘l i1i|n‘1ﬂ§ (75)
z z
which is negative for every z 2 R4 . This implies
%&)) > 0: (76)

In the last step we show that 8 Iifgé(p;_) = 0: The limit of (71) can be
p

decomposed as
. . H - ll
- —¢ —¢_  T_pil(lj
Iim(_il)'lip +1Inp ilimllip In M : 77)
Pl Pl lip
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The st part can be determined directly
i - -t
Ii‘r.rl1(_il)'1ip +Inp =0: (78)
p
The second part requires a slightly closer examination

. 1
[ —¢_|n“_p Hip

imj 1ip (79)
Pl lip
M T >
. i -¢ ~_1lip i -¢_ i-_¢
=lim j 1jp In = j lip Inp'? =
p"1 lip
Y e |
:Iimillipi_ln_l'p, =0
pl lip
The last equality holds since (by de I'Hbpital rule) we know that
H 1
: ~-1lip
liml - =1 80
pl'r'Tll : lip (80)
Consequently, substituting (78) and (79) into (77) yields
limé& (p;" ) =0: (81)
pUl

(81) together with (76) imply that (71) is negative and, as a consequence, (65)
is positive.

Having proven the positive sign of * (%"), now we show that (64) holds.
Di®erentiating (63) with respect to % yields

K T 3 -
@ (W 1 _ . a a, (ila . Sy A
W_l—/2 (alb)ll/z_il +|In bl/z 1/2_ |((_|l)|n1/2|l)1/2—,
(82)
where a and b are de ned by (40) and (41). De ning
" (1
JORRE S (83)
and substitution of (67) resultin
68 _ _(pil)  p NnCip p o Cilp_
Tl =) ="+ = i Ine— = <00 (89)

This completes the proof.

Derivation of the consumer surplus and pro t functions. When both
“rms o®er a product of quality, the resulting equilibrium is symmetric. The
prices and quantities are equal to

bicAr _A
3 OJukk = 3"

Pt;kk =
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what yield the instantaneous pro t

bkAZ

A = g

The consumer surplus equals

31 T
1 b A 2A 2b
CStik = 5 A i o

VK A 2.
3 3 9 At

After Firm 1 achieves a Stackelberg advantage by investing, the prices and
quantities equal

2b; j b b A
Prio = %At Pror = joAt dt;10 = 7t Jr,01 = Tti
The instantaneous pro ts are therefore equal
2b1 i bo b0
Y10 = TAE Yit;10 = EA%;
and the consumer surplus is
K il M il
1 2b, i bo A¢ 1 bo A¢ 4h, + 5b0
0= A i ——Ar = += boAri A — =————AZ
CSt;10 2b1t| 2 t 2b0tl4t 7 32 t

The observation that AZ? = x allows for an immediate calculation of the con-
sumer surplus in terms of (1) and for an identi cation of the deterministic
contributions of the pro t functions.
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