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ABSTRACT. We develop a new approach to dealing with real options problems with uncertain maturity.
This type of situation is typical for R&D investments and mine or oil exploration projects. These types of
projects are characterized by significant on-going investment costs until completion. Since time to completion
is uncertain, the total investment costs will also be uncertain. Despite the fact that these projects include
complicated American abandonment/switching options until completion and European options at completion
(because of fixed final investment costs) we obtain simple closed form solutions. We apply the framework
to situations in which the owner of the project has monopoly rights to the outcome of the project, and
to situations in which there are two owners who simultaneously invest, but where only one of them may
obtain the rights to the outcome. We expand the real options framework to incorporate game theoretic
considerations, including a generalization of mixed strategies to continuous-time models in the form of

abandonment intensities.

1. INTRODUCTION

The valuation and analysis of investment projects in which time to completion is uncertain, such as R&D

investments and mine or oil exploration projects, is a very difficult task since there is uncertainty not only
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2 REAL OPTIONS WITH UNCERTAIN MATURITY AND COMPETITION

about the outcome when the investment project is completed but also about the total investment costs. The
problem gets even more complicated if the situation involves competitive interactions, such as the case when
two different firms at the same time are competing to develop a pharmaceutical drug for a particular disease.

The real options approach has been applied to the valuation of R&D investment projects and to mine or
oil exploitation projects. These type of projects involve not only uncertain cash flows after completion, but
also uncertain costs and time to completion. So far in the literature, solutions to these type of problems
have involved complex numerical solution techniques. Pindyck (1993) introduces a stochastic process to
govern uncertain time to completion. Schwartz and Moon (2000) extend this approach to value an R&D
project with both uncertain costs and also uncertain value of the completed project. The solution involves
a complex numerical procedure to solve elliptical PDEs. Schwartz (2004) solves the same R&D investment
problem using Monte Carlo simulation methods applying the Longstaff-Scwhartz procedure (cf. Longstaff
and Schwartz, 2001) to value the American abandonment feature of the problem. Miltersen and Schwartz
(2004) extend this framework to deal with competitive interactions and Hsu and Schwartz (2006) analyze
the design of research incentives in R&D research. Both of the last two papers also apply Monte Carlo
simulation solution techniques. One problem with the Monte Carlo numerical solution techniques used to
solve these types of problems is that it cannot easily handle temporary suspensions of the projects. Hence, it
is very difficult to compare investment projects with and without the temporary suspension option to isolate
its value. Moreover, the numerical methods applied are designed to estimate the value of the projects, but
they do not estimate the abandonment /swiching threshold levels very accurately.

In this paper we take a different approach. Without loosing the essential ingredients of the problem, we
simplify the framework enough to get closed form solutions. Our simplified framework can be applied to many
interesting and important cases of investments with uncertain time to completion. Moreover, our simplified
framework allows us to look at cases not only where the owner of the investment project has exclusive rights
to the outcome of the investment project if completed successfully, such as, e.g., an investment project where
the owner of a property explores for gold, but also to look at cases where two (or more) firms are researching
for the same product and at most one of them will be successful.

The main simplification we propose in our framework is that completion of the project is governed by an
independent exponential distributed random variable.! This implies that the value of the projects will be a
solution to an ordinary differential equation, instead of a partial differential equation. Normally, the values
of finite time option problems are solutions to partial differential equations, and since the type of investment
projects we consider involve both American and European options, it is impossible to obtain closed form
solutions without the simplification we propose. Carr (1998) uses a similar simplification as a numerical
procedure to approach the value of financial American put options.

In our framework the owner of the investment project pays a certain amount of on-going investment costs
per unit of time until a product or a mine is discovered. The completion date at which the product or the
mine is discovered is uncertain. Since the completion date is uncertain, the on-going investment costs paid
until completion will also be uncertain. At the completion date, when the product or mine is discovered,
the owner of the investment project has to decide whether it is worth while to make a final investment
in building a plant to produce the product or extract the mineral. To make this decision the owner of the
investment project compares the final investment costs with the present value of the net cash flows that could

IThis implies that the conditional probability of completion per unit of time is constant. This assumption might be somewhat
unrealistic for some situations.
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be generated by selling the product or mineral. This present value of the net cash flows we will call the value
of the outcome of the investment project. We assume that the value of the outcome evolves stochastically
through time and that it can be observed or estimated by the owner of the project at any point in time.
The idea here is that as investment and/or time progresses, the owner of the investment project changes his
estimate of the present value of the net cash flows that could be derived from the investment project and
that this updated information may influence the owner’s willingness to continue with the investment project.

Within this framework we analyze two general types of models. In the first type of models, monopoly
models, the owner of the project has exclusive rights to (the value of) the outcome of the investment project
if and when it is completed. In the second type of models, duopoly models, two owners of similar investment
projects compete to be the first to complete their investment projects because only the first to complete will
get the right to (the value of) the outcome.

We analyze three different monopoly models. In the first model we allow the owner of the investment
project to abandon the investment project if the future prospects are not good enough. Since the owner
of the investment project is paying on-going investment costs to keep the investment project alive, for low
enough values of the outcome it will be optimal to abandon the investment project.

In the second model we allow the owner of the investment project to switch from an active investment
project into a passive investment project and vise-versa. When the investment project is active the owner
incurs on-going investment costs and there is a positive probability of completing the project. When the
investment project is passive there are no on-going investment costs but also no possibility of completion. If
the value of the outcome is high enough it will be worth while to pay the on-going investment costs to have
the possibility of completion. In the passive state there are no on-going investment costs, so if the value
of the outcome is low enough, the owner would like to switch to the passive state. Hence, there will be a
threshold value of the outcome above which it is optimal to have the investment project active and below
which it is optimal to have it passive. Moreover, it will never be optimal to abandon the investment project,
since it is costless to keep it passive.

Finally, we consider a model with both switching and abandonment options. In this model the owner can
switch between two different levels of investment activity, high and low. At the high investment activity
level, the owner pays high on-going investment costs and the probability of completion per unit of time
is high. That is, there is a high chance of discovering a product or a mine per unit of time. At the low
investment activity level, the on-going investment costs are lower but the probability of completion per unit
of time is also lower. In this setting there will be a threshold value of the outcome above which it is optimal
to have a high investment activity level and below which it is optimal to have a low investment activity level.
Moreover, there will be another threshold value of the outcome below which it is optimal to abandon the
investment project.

In all these three models the owner of the investment project has monopoly rights to the value of the
outcome, that is, there is no competition as to whom owns the right to the value of the outcome when the
investment project is eventually completed. We then look at another type of models where there are two
different owners of investment projects, but only the one whose investment project is completed first gets
the value of the outcome. Here the values of the investment projects and the decisions to abandon or switch
will depend not only on the value of the outcome but also on the competitive interactions between the two

owners (players). To be able to solve these types of problems we need to expand the real options framework
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we have developed to incorporate game theoretic considerations, where the optimal actions of each player
depend on the (optimal) actions of the other player. To simplify the analysis we assume that the two players
are identical with respect to the size of their investment costs and their probability of completion.

We again analyze models with abandonment and with switching. In order to analyze the abandonment
option we first consider the case where one of the players (the leader) has a un-modeled advantage over the
other player (the follower), such as slightly less investment costs or more financial resources available. In this
model the two players have different abandonment threshold levels. We then look at the model where the
two players are truly identical and we analyze the game that occurs. We obtain three (Nash) equilibria. One
of these equilibria involves a strategy for each of the two players where they each chooses an abandonment
intensity. The abandonment intensity gives for each player the probability of abandoning their individual
investment projects at each instant of time. This equilibrium concept is a natural extension of mixed strategy
equilibria to continuous-time models and as far as we are aware it has not appeared in the literature.

We finally analyze the duopoly model with the switching option between a passive and an active state.
In this case the switching threshold levels for the two players are again determined as a Nash equilibrium in
a game between the two players.

The simplified framework we develop allows us to obtain simple closed form solutions to the values of
the investment projects and the threshold levels® of all the models described above. We are therefore able
to easily perform comparative statics of each model and compare the different models. We hope that this
simple and flexible framework will generate more insight and more analysis and solutions of many interesting
real options problems.

The monopoly models are presented in Section 2 and the duopoly models in Section 3. Section 4 develops
some extensions of the models and Section 5 concludes. To simplify the presentation some of the derivations

are given in the Appendix.

2. MoNoPOLY MODELS

In this section we consider models in which the owner of the investment project does not face any com-
petition as to whom will have the right to the value of the outcome at completion of the investment project.
In that sense the owner has a monopoly right to the value of the outcome of the investment project.

Consider an investment project that requires on-going investment costs at the rate of k per unit of time.
The investment project will be completed at a random date 7 at which date the owner of the investment
project has the option to pay final (fixed) investment costs K in order to obtain the (net present) value of
the outcome V. In this setup the value of the investment project at the random completion date, 7, would
be max{V; — K, 0}.

For the case of an R&D investment project, k would represent the rate of expenses for the R&D program,
7 would represent the random date at which the research project is completed, K would represent the costs of
building a plant for manufacturing the products obtained from the research project, and V' would represent
the net present value of the benefits from selling the products.

Similarly, for the case of a mine or an oil exploration project, k would represent the rate of expenses for

the exploration phase, 7 would represent the random date at which a natural resource may be discovered,

In the combined abandonment and switching model the two threshold levels have to be found numerically, but a very simple
goal-seek in, e.g., Excel finds these two values in less than a tenth of a second.
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K would represent the costs of developing the mine or the oil field, and V would represent the net present
value of the benefits from exploiting the natural resource discovered.

We assume that the value of the outcome, V', can be observed (estimated) at any date ¢ by the owner
of the investment project. This value we denote V;. We assume that the dynamics of V is given by the

geometric Brownian motion
(1) dVy = Vipdt + ViodWy.

Here o is the instantaneous volatility of the value process, u is its instantaneous drift, and W represents a
Brownian motion.

We assume that the random time to completion, 7, is exponentially distributed with intensity, A, and
that the time to completion is independent of the value process, {Vi}ie[,00). Hence, the expected time
to completion is T = % without taking into account any abandonment possibilities nor any possibilities of
switching to different levels of intensity, A. Finally, we assume that the riskless interest rate, r, is constant.
In order to avoid the possibility of infinite values of the investment projects which we consider in this paper,
we assume that the instantaneous drift of the value process, p, is strictly less than the riskless rate, r, i.e.
1 < 7. The memorylessness feature of the exponential distribution implies that the expected time (and the
whole distribution of the time) to completion of the investment project does not dependent on calendar time.
Hence, time to completion and the completion date will have the same distribution, so we will not distinguish
between these two terms. Moreover, the value of the investment project at a given date, ¢, depends only on
the value of the outcome, V;, and not on the calendar date t itself. This property considerably simplifies the

analysis and allows us to obtain closed form solutions for many important and interesting cases.

2.1. Model with Abandonment Option. We first consider the model with abandonment. In addition
to the option to the value of the outcome at the completion date, 7, the owner has the option to abandon
the investment project at any date before completion. This means that the owner would loose the option to
the value of the outcome but on the other hand she/he will save the remaining (future) on-going investment
costs. Given that the owner of the investment project is spending on-going investment costs at the rate k
per unit of time there will be a threshold level, Ay, so that if the value of the outcome, V', drops below this
threshold level at a certain date, then it will be optimal to abandon the investment project at that date.
We denote the value of the investment project M(V).> The investment project is a contingent claim on the

value of the outcome, V. Applying standard arguments, M (V') must satisfy the system of ODEs*

1
(3a) SO VIM (V) + pV M'(V) = (r + M(V) =k =0 when Ay <V < K

3For notational simplicity and clarity we write the value of the investment project as a function of current value of the outcome
instead of the date ¢ value of the dynamic value process V;.

4Either we can assume that there exists a sufficiently dynamically complete financial market and that we have modeled the
dynamics of the value process, V in Equation (1), under a risk neutral measure, or we can assume that the owner assesses the
value of the investment project at date ¢ as

min{r,v}
(2) MW) = max E; 1{.,.<l,}efr("'7t) max{V, — K,0} — / ke (5=t gs]|.
ve - t

Here v represents the stopping time for abandonment which the owner chooses to follow. E: denotes expectations given all
information at date ¢ and 1¢;<,} denotes the indicator function that the stopping time for completion, 7, occurs before the
stopping time for abandonment, v. The owner maximizes her/his value of expected future cash flows by choosing the optimal
abandonment stopping time, v, from the set, S, of all optional stopping times. The assessment in Equation (2) reflects a risk
neutral owner.
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and

(3b) %UQVQM”(V) S VM (V) = (r 4+ NM(V) =k AV —K)=0  when K < V.

Here we have implicitly assumed that the abandonment threshold level, Ay, is below the final investment
costs K (this K is also the exercise price of the option to the value of the outcome).’ Equation (3a) describes
the value of the investment project when the value of the outcome, V', is below the exercise price, K, that is,
if the option to the value of the outcome is out of the money (should the investment project be completed
immediately). For the rest of the paper we will say that the investment project is out of the money to describe
this situation. (Obviously, to describe the opposite situation, namely that V' > K, we say that the investment
project is in the money.) Equation (3a) reflects the fact that with intensity A (i.e., with probability A per
unit of time) the investment project would be completed and because the investment project is out of the
money, the value of the investment project will jump down to zero. This corresponds to a loss in value of
M (V). In addition, the owner has to pay on-going investment costs at the rate k per unit of time in order
to keep the investment project alive. Equation (3b) describes the value of the investment project when it is
in the money. This equation reflects the fact that with intensity A the value of the investment project would
jump to the completion value, V — K. This corresponds to a jump in value of V — K — M (V). In addition, the
owner still has to pay on-going investment costs at the rate k£ per unit of time in order to keep the investment
project alive. We can solve each of the two ODEs, (3a) and (3b), separately for given boundary conditions.
We denote the general solution for ODE (3a) M;(V) and the general solution for ODE (3b) My (V). The
boundary conditions will be used to tie the different general solutions for the different areas of the value of
the outcome, V', together into one continuous (and differentiable) value function for the investment project

for all values of the outcome, V. The general solutions to each of these two ODEs, (3a) and (3b), are

k
(4&) Ml(V) =mq VY 4+ mqaV¥2 — 7’-1——>\ when Ay <V < K
and
AV k+ \K
(4b) MQ(V) = mo1 VY 4+ moaV¥2 4 — + when K < V.

r+A—pu r+A

Here the powers, y; and y», are given by

a — 2(r+ A
(50) o2 V AT
and

1o —u) - — 202 T+ A
(5b) Y2 = z ) \/(M > Frera e <0.

SWe analyze the (much simpler) situation when A, is above K in Appendix A.

60ne may argue that it is unrealistic to assume that the investment project is valueless if it is completed at a time when the
value of the outcome, V, is below the fixed investment costs, K. The owner would still be able to claim the right to her/his
discovery (either by patenting or other legal actions) and eventually put it into production at a later date. That is, a more
realistic assumption would be that at the date of completion of the investment project the owner receives a perpetual American
call option on the value of the outcome with exercise price equal to the final investment costs, K. We analyze this extension of
the model in Section 4.
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Note that y; > 1 and that yo < 0. Since the value of the investment project can never exceed the value

of the outcome, V', we know that limy_, Mr"év) must be finite (in fact, it must be less than one). This

implies that mg; = 0 since y; > 1. Hence, we can eliminate the V¥ term in Equation (4b). Moreover, we

can substitute T = % for the expected (remaining) time to completion of the investment project to get

(6a) Mi(V) = mp V¥ +mpV2 — T —]T—Z;T when Ay <V < K
and

kT + K
(6b) My (V) = maa V¥ + v * when K < V.

1+ —pwT 14T

The value of the investment project has the following boundary conditions

(7&) Ml(AM) = O7

(7b) Mi(Am) =0,

(7c) My (K) = M2(K),
and

(7d) M{(K) = My(K).

Condition (7a) reflects the fact that at the abandonment threshold level, Ay, the value of the investment
project is zero. Condition (7b) is the usual smooth pasting condition at the abandonment threshold level.
Condition(s) (7c) (and (7d)) reflect(s) the fact that the value function should be continuous (and differen-
tiable) at the point when the two differential equations (3a) and (3b) meet at the final investment costs, K.

We can solve the system of equations (7) in the four unknowns, mi1, mia, mao, and Aps. The solution is

(L+(r —yop)T)K' ™%

(8a) mip = (y1 —y2)(1 + (r — w)T)(1 +rT)’
kT +
(8b) A = ((y2 - y1§/(21 +7“T)m11)‘ :
(8c) mig = —M7
Y2
and
(8d) Mgz = M1z + A+ (r =y ) T)K 2

(1 —y2)(1+ (r = wWT)(L+1T)

Finally, the value of the investment project is

0 when V < Ay,
(9) M(V) = 4mp V¥ +moV¥2 — lijro when Ay <V < K,
Mmoo VY2 + 1+(rV—u)T — kﬂ_ﬁf when K < V.

We made an implicit assumption when setting up the system of ODEs (3) above, namely that the abandon-
ment threshold level, Ay, is below the final investment costs, K. If it turns out that by solving the system

of equations (7), the solution to A; from Equation (8b) is greater than K, we must reconsider the whole
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Parameters for the dynamics of the value process, V'
Instantaneous drift I3 3% per year

Instantaneous volatility o 40% per year

Parameters for the investment project

Expected time to completion T 5 years
On-going investment costs rate k $1 per year
Final (fixed) investment costs K $5

Other parameters

Riskless interest rate r 5% per year

TABLE 1. Parameter values for numerical illustration: the base case.

problem, because in this situation the investment project is always in the money when it is kept alive. We
analyze this situation, which turns out to be much simpler, in Appendix A. In this situation the value of

the investment project is

0 when V < Ay,

. Y v _ kKT+K A
msa VY2 + T T when Ay < V.

(10) M(V) =

Here AM and mso are
i (4 —p)T) (KT + K)

11 Arv =
(112) M g — (1 + )
and
Al—y2
(11b) m3zo2 = AM

(4 (= wT)

Note that the abandonment threshold level in this situation (denoted A M) 1s, in general, different from A,
from Equation (8b). For notational simplicity, however, we will always refer to Ay; as the abandonment
threshold level for the rest of the paper even though strictly speaking we should distinguish between Aj; and
Ajpr depending on whether Ay; < K or Ay; > K. These two events are mutually exclusively and collectively
exhaustive.”

To illustrate the nature of the solution, we consider an investment project that requires on-going invest-
ment costs of $1 (million) per year until completion. We assume that the expected time to completion is
5 years and that at completion the investment project requires final investments of $5 (million) in order to
obtain the cash flows of the outcome. The instantaneous drift of the value process is 3% and its instanta-
neous volatility is 40% per year. Finally, the interest rate is 5% per year. The parameters of this numerical

illustration, which we call our base case, is summarized in Table 1.

7Thorough extensive numerical investigations have confirmed that in the parameter space, {(u, 0,7\, k, K) € RS|u < r,0 >
0,7 > 0,\ > 0,k > 0,K > 0}, the sets {A); > K} and {Aj; > K} are (generically) identical. This is also the case for the
sets {Aps > K} and {Apy > K} and also {Ay = K} and {Ay = K}. However, we have not formally proven this result
analytically.
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FIGURE 1. Values of investment projects (denoted MY(V), M>(V), and M(V)) as a
function of the value of the outcome, V', for three different values of expected time to
completion, T'= 1, T = 5, and T = 10 years. The figure also shows the corresponding
abandonment threshold levels (denoted A};, A3, and A}) on the horizontal axis for the
three different values of expected time to completion. The exact levels are Al, = 4.37,
A5 = 5.26, and A}) = 6.26. Finally, the figure also shows the completion values of the
investment project (denoted V' — K) as a function of the value of the outcome. All other
parameters are given in Table 1.

In Figure 1 we show the values of the investment projects as a function of the value of the outcome, V,
for three different values for the expected time to completion, T'=1, T'= 5, and T' = 10 years. We denote
the corresponding values of the investment projects as M*(V), M5(V), and M1°(V). As can be seen from
the figure the values of the investment projects are higher when the expected time to completion is shorter.
Since the owner of the investment project pays on-going investment costs in the order of $1 per unit of time
the investment project is more valuable with shorter expected time to completion. For realistic values of
on-going investment costs the typical situation is that the value of the investment project decreases with
longer expected time to completion. However, for very low values of on-going investment costs rate, k, (say
k is in the order of 1-4% of the value of the final investment costs, K) the value of the investment project

may be increasing in the expected time to completion. This is so because the value increasing effect of
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postponing the final investment costs, K, at completion may dominate the value decreasing effect of paying
the on-going investment costs for a longer time.® Hence, in general, the value of the investment project may
be non-monotonic in the expected time to completion.

In Figure 1 we also show the corresponding abandonment threshold levels on the horizontal axis for the
three different values of the expected time to completion, denoted A};, A3,, and A19. When the expected
time to completion is 5 years or 10 years the corresponding abandonment threshold levels are above the final
investment costs, K, and are therefore derived from Equation (11a). The exact levels are A3, = 5.26 and
A% = 6.26. When the expected time to completion is 1 year the corresponding abandonment threshold level
is below the final investment costs, K, and it is therefore derived from Equation (8b). The exact level is
AL, =4.37.

Finally, in Figure 1 we also show the completion values of the investment projects as function of the value
of the outcome. We denote these values V — K. In most cases the value of the investment projects is below
the corresponding completion values mainly because the owner has to pay the on-going investment cost in
order to keep the investment projects alive. However, for investment projects that are out of the money or
at least not too far in the money, (early) completion can result in a negative jump in value, because the
value of the project (before completion) includes the chance of a higher completion value.

When the abandonment threshold level is above the final investment costs, K, an increase in the expected
time to completion of the investment project will typically lead to an even higher abandonment threshold
level since the effect that the owner has to pay the on-going investment costs for a longer time typically
dominates. However, when the abandonment threshold level is below the final investment costs, K, an
increase in the expected time to completion of the investment project may lead to a lower abandonment
threshold level since the effect that a longer expected time to completion increases the likelihood that the
investment project will be completed in the money dominates the effect that the owner has to pay the
on-going investment costs for a longer time. In Figure 2 we show the abandonment threshold levels as
a function of expected time to completion, T', with our base case parameters. As we have just explained,
typically, the abandonment threshold levels will be an increasing function of the expected time to completion.
However, for short expected time to completion (for T below 0.36 years with our base case parameters), the
abandonment threshold levels decrease with increased expected time to completion. Hence, even with our
base case parameters, Figure 2 demonstrates that the abandonment threshold levels may be a non-monotonic
function of the expected time to completion. For T'= 0, the abandonment threshold level is clearly equal to
the final investment costs, K = 5. Finally, note that the abandonment threshold level function in Figure 2
is smooth around the level 5 on the vertical axis where the abandonment threshold level shifts from being

defined by Equation (8b) to being defined by Equation (11a), as claimed in footnote 7.

2.2. Model with Switching Option. Now consider the same investment project as in sub-section 2.1 but
with the following modification. The owner of the investment project can temporarily suspend investing in
the project. When the investment project is suspended both the on-going investment costs rate, k, and the

intensity of completion, A, switch to zero. In other words, the owner has the option to switch from an active

8In general this effect may again be dominated by another value decreasing effect. That is, if the value of the outcome, V| is
high enough compared to the final investment costs, K, then the value decreasing effect of having to wait a longer time to get
the value of the outcome may dominate the value increasing effect of postponing of the final investment costs. This effect is
caused by our assumption that the instantaneous drift, u, of the value process is less than the riskless interest rate, r. Moreover,
the greater the difference between r and p, the stronger is this effect.
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FIGURE 2. Abandonment threshold levels (denoted Ajs) as a function of expected time to
completion, T'. All other parameters are given in Table 1.

investment project to a passive (mothballed) investment project and vice versa costlessly. Clearly, in this
model it would never be optimal to abandon the investment project since there are no costs of keeping the
investment project passive. Abandonment is a non-reversible decision, whereas switching allows for multiple
changes of state. Since when the investment project is passive there is no possibility of completion, there
will be a threshold level, Sy, so that if the value of the outcome, V', is above this threshold level at a certain
date, then it would be optimal to be in the active state at that date, and if V' is below this threshold level it
would be optimal to be in the passive state at that date. We call Sy the switching point. It is easy to see
that Sy will be above the final investment costs, K, since by mothballing the investment project when it is
out of the money, the owner can avoid that the investment project is ever completed out of the money. Let
N(V) denote the value of the investment project for this model. Following arguments similar to the previous
model, N (V') must satisfy the system of ODEs

1
(12a) 5aZVQN”(V) +uVN' (V) =rN(V) =0 when V < Sy
and

1
(12b) 5aZVQN”(V) +uVN' (V)= (r+NNV) =k + AV - K)=0 when Sy < V.
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Equation (12a) describes the value of the investment project when it is passive. This equation reflects
the fact that there is no chance (or risk) that the project will be completed as long as it is passive, i.e.
A = 0, and that there are no on-going investment costs when the investment project is passive, i.e. £ = 0.
Equation (12b) describes the value of the investment project when it is active. This equation has the same
terms as Equation (3b) because, as we have argued, the investment project is always in the money when
it is active. The general solutions to each of the two ODEs, (12a) and (12b), which we denote Ny (V') and
No(V), are

(13a) Ni(V) = n V™ +nppV* when V < Sy
and

kKT + K
(13b) No(V) = nan V¥ + nga V¥ + 4 + when Sy < V.

1+ (r—pT 1+¢T

Here the powers, 1 and x2, are given by

(30% = ) + /(1 = $02)2 + 2002

(14a) T = 5 >1
o
and
(207 =) = /(1 — $02)2 + 2002
(14b) To = 3 < 0.

o
The powers y; and y, are still defined by the system of equations (5). Comparing the powers z; and x5
with the corresponding powers y; and ys, we see that y; > x; > 1 and that yo < 22 < 0. In our general
solution in Equation (13a) we can eliminate the V2 term, since the value of the investment project must
be zero when the value of the outcome, V', converge to zero. Since xo < 0, the coefficient in front of the
V*2 term must be zero in order for the value of the investment project not to explode as the value of the
outcome, V', converge to zero. In addition, using the same arguments as in sub-section 2.1, we know that

limy o0 Nz‘sv) must be finite. Hence, we can eliminate the V¥ term in Equation (13b). The value of the

investment project has the following boundary conditions

(15a) N1 (Sn) = No(Sn)
and
(15b) Ni(Sn) = N3(Sn).

The two conditions, (15a) and (15b), reflect the fact that the value function should be continuous and
differentiable at the point when the two differential equations (12a) and (12b) meet at the switching point,

Sn. In order to find the optimal switching point itself, Sy, we solve
(15¢) ASy — K) = AN2(Sn) + k.

Equation (15c¢) is based on the following instantaneous trade-off argument. At each instant in time the owner
considers the instantaneous costs and benefits from switching between an active and a passive investment

project. The increased instantaneous benefits from switching from a passive state to an active state is the
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increased intensity of completion which has a value flow A(V — K) per unit of time. On the other hand the
increased instantaneous costs of switching are (i) the increased intensity of loosing the investment project
(an inevitable consequence of completion) which has a value flow AN2(V) per unit of time® and (ii) the
increased on-going investment costs at the rate k per unit of time.

Note that Equation (15¢) also implies that the value function, N(V'), will be two times differentiable at
the switching point, Sxn. To see this note that N is a solution to the ODE (12b), hence,

(16) %UQS]Q\,NQ”(SN) — rN>(Sw) — pSn N4(Sx) + AN (Sx) + k — A(Sw — K).

Using Equation (15¢), we can eliminate the last terms in Equation (16), so we have

(1) L2 S3 N (S) = riVa(S) — S NA(S).

On the other hand Nj is a solution to the ODE (12a), hence,

(18) Lo2SA N (S) = Vi (S) — S N (5).

Using Equations (15a) and (15b) we conclude that the right hand sides of Equations (17) and (18) are
identical, hence the left hand sides must also be identical. Since Sy > 0 and o > 0, we conclude that

(19) N{'(Sn) = N3/ (Sn)-

In order to find the value of the investment project, we solve the system of equations (15) in the three

unknowns, 111, N2, and Sy, to get

(@1 + (21 —yo)rT)(A + (r = WT) (KT + K)

(2034) Sy = (l‘l -1+ (xl — yQ)(r _ M)T)(l + TT) ;

(20b) ni = y2(1+ (r =) T)(KT + K) + (1 — y2)(1 +7T)Sn
! (w1 —y2) (L + (r = p)T)(1 +rT) Sy ’

and

(20¢) nyy — TLAH = DT + K) = (21 = 1)L +rT) Sy

(@1 = y2) (1 + (r = W) T)(1 +rT) S

From Equation (15¢) it is clear that Sy > kT 4+ K. To see this note that kT + K would have been the
optimal switching point if the owner did not take into account the costs of losing the investment project.
That is, if the term AN3(Sy) would not have been present on the right hand side of Equation (15¢) then the
optimal switching point would have been kT 4+ K. Since No(Sy) is strictly positive, the optimal switching
point must be higher than k7T + K. Finally, the value of the investment project is

ny V=1 when V < Sy,

y VvV kTHK
ngaV¥2 + e — T T when Sy < V.

(21) N(V) =

The solution to the switching point from Equation (20a), which essentially is based on the instantaneous
trade-off argument from Equation (15¢), also has the property that it maximizes the value function, N(V),
globally. That is, if we consider the value of the investment project, now denoted N(V;S), not only as a

function of the value of the outcome, V', but also as the function of a given pre-committed switching point,

9Note that it does not matter whether we use N1(Sn) or N2(Sy) for the value of the investment project at the switching point
since by Equation (15a) the two functions have the same value at the switching point, Sy .
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S, then the switching point solution, Sy, from Equation (20a), maximizes the function S — N(V;S) for
any choice of V.

Note that this switching option model has the standard perpetual American call option as a limit case.
That is, if A = oo, switching to an active investment project will trigger immediate completion. This
corresponds to the decision of exercising a perpetual American call option written on the value of the
outcome, V', and with the final (fixed) investment costs, K, as exercise price. Inserting 7' = 0 (corresponding
to A = 00) into Equation (20a) gives the well-known optimal exercise threshold level'”

1

(22) W=D

K

and the well-known value

L(L)xlil when V < S
(23) N(V)={ = \Sw "
V-K when Sy < V.

In Figure 3 we show the values of the investment projects as a function of the value of the outcome, V,
for three different values of the expected time to completion, T =1, T =5, and T = 10 years. We denote
the corresponding values of the investment projects as N1(V), N®(V), and N'9(V). As can be seen from
the figure, we have the same observation as for the model with the abandonment option, namely that the
values of the investment projects are higher when the expected time to completion is shorter. Now, since
there are no costs of keeping the investment projects passive, the projects have strictly positive values even
for very low values of the outcome. For comparison we also show in Figure 3 the value of the corresponding
investment project with abandonment option for 7' = 5 years. We denote this value M>(V). For very high
values of the outcome the value of the investment project with the abandonment option and the one with
the switching option converge since for very high values of the outcome the option to abandon and to switch
are far out of the money and therefore their values become negligible compared to the intrinsic values of the
investment projects which are identical for the two models.

In Figure 3 we finally show the corresponding switching points on the horizontal axis for two of the three
different values of the expected time to completion, denoted S} and S%,. The switching point for T = 10 is
to the right of the figure. The exact levels are Sk = 32.04, S}, = 37.58, and S}’ = 44.79.

In Figure 4 we show the switching points as a function of the expected time to completion, T, with
our base case parameters. We denote the switching points Sy. Typically the switching points will be an
increasing function of the expected time to completion but, as in the abandonment model, for short expected

time to completion (for T below 0.72 years with our base case parameters), it may be a decreasing function

of time even for realistic parameter values. For T' = 0, the switching point is equal to xfilK = 35.75 with

our base case parameters as derived in Equation (22).

2.3. Model with both Abandonment and Switching Options. Next we consider the model where the
owner of the investment project can switch between two activity levels, low and high. At the low activity
level the on-going investment costs rate is k and the intensity of completion is A, and, hence, the expected
time to completion is T' = % At the high activity level the intensity of completion is increased to A > A

but the on-going investment costs rate is also increased to k > k. Note that at the high activity level the

10The size for the on-going investment costs rate, k, is irrelevant since the waiting time until completion is zero, so the present
value of those costs will be zero. Note also that as A goes to infinity, y2 will go to minus infinity.



REAL OPTIONS WITH UNCERTAIN MATURITY AND COMPETITION 15

M(V), N(V)
30 e
NYW) /
25
NlO(V)
20
15
10
= MB (V)
5
----- v
A3y
0 T T T
0 5 10 15 20 25 30 Sk 35 s 40

FIGURE 3. Values of investment projects (denoted N1(V'), N3(V), and N'°(V)) as a func-
tion of the value of the outcome, V', for three different values of expected time to completion,
T=1,T =5, and T = 10 years. The figure also shows the corresponding switching points
(denoted S} and S%;) on the horizontal axis for two of the three different values of expected
time to completion. The switching point for T" = 10 is off the chart. The exact levels are
Sk =32.04, S}, = 37.58, and SN = 44.79. For comparison the figure also shows the value
of the investment project with the abandonment option (denoted M?5(V')) instead of the
switching option for T = 5 and its corresponding abandonment threshold level (denoted
A3;). All other parameters are given in Table 1.

i
X

will prefer to reduce the expected time to completion even if this requires a higher on-going investment costs

expected time to completion is reduced to T' = + < T. When the value of the outcome is high, the owner
rate, and when the value of the outcome is low, the owner will prefer to reduce the on-going investment costs
rate even though the expected time to completion will be longer. Moreover, when the value of the outcome
is very low the owner may even want to abandon the investment project. For the case of an R&D investment
project we can imagine that the owner can switch between two different levels of research activity. A low
research activity level with low on-going costs rate, k, and a corresponding long expected time to completion,
T, versus a high research activity level with higher on-going costs rate, k, but also shorter expected time
to completion, T. The owner will of course also have the option to abandon the R&D investment project
definitively. Clearly the decision of which research activity level to choose and eventually when to abandon

will depend on the net present value of the benefits from selling the products, V. As in the first model we
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FIGURE 4. Switching points (denoted Sy ) as a function of expected time to completion, T'.
All other parameters are given in Table 1.

studied in sub-section 2.1, there will be a threshold level, Ao, such that when the value of the outcome is
below this level it is optimal for the owner of the investment project to abandon it; and as in the second
model we studied in sub-section 2.2, there will be another threshold level, So, where it will be optimal to
switch between the two possible activity levels. As in sub-section 2.2 we assume that there are no switching
costs. We solve this model in Appendix B.

In Figure 5 we show the values of an investment project of this kind as a function of the value of the
outcome, V. In this investment project the owner can switch to a lower level of activity with a lower on-
going investment costs rate, k = 0.3, but also a longer expected time to completion, T" = 10 years. All
other parameters are as in our base case. We denote this value O(V'). For this model the optimal switching
point between the two activity levels is So = 51.41 (which is to the right of the figure) and the optimal
abandonment threshold level is Ao = 3.03 with our base case parameters. For comparison we also plot the
values of the corresponding investment project with only the abandonment option in the base case. That
is, here the owner has expected time to completion of T'= 5 years and an on-going investment costs rate of
k = 1. In this model the owner’s only option is to abandon her/his investment project, which she/he will do
at the abandonment threshold level Ap; = 5.26. We denote this value M (V). Also for comparison, we plot
the values of the corresponding investment project with only the switching option in the base case. That

is, here the owner can switch between a passive and an active investment project. The passive investment
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FIGURE 5. Values of an investment project (denoted O(V)) as a function of the value of
the outcome, V', in which the owner can switch to a lower level of activity with a lower
on-going investment costs rate, k& = 0.3, but also a longer expected time to completion,
T = 10 years. The optimal switching point between the two activity levels is So = 51.41
and the optimal abandonment threshold level is Ap = 3.03. For comparison the figure also
shows the values of the corresponding investment project with only the abandonment option
(denoted M (V). The abandonment threshold level for this model is Ap; = 5.26. The figure
also shows the values of the corresponding investment project with only the switching option
(denoted N(V)). The switching point for this model is Sy = 37.58. Both switching points
(So and Sy) are off the chart. All other parameters are given in Table 1.

project has an on-going investment costs rate of £ = 0 and no chance of completion, i.e. T = oo, whereas
the active investment project has expected time to completion of T' = 5 years and an on-going investment
costs rate of £k = 1. In this model the owner’s only option is to switch between the passive and the active
investment project, which she/he will do at the switching point Sy = 37.58 (which is also to the right of
the figure). We denote this value N (V). Interestingly, as the value of the outcome, V, increases, the values
of the three investment projects converge. This is so because for very high values of the outcome the option
to abandon and/or switch are far out of the money and therefore their values become negligible compared

to the intrinsic values of the investment projects which are identical for all three investment projects.
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3. DuopoLy MODELS

In the previous section we considered models in which the owner of the investment project does not face
any competition as to whom will have the right to the value of the outcome when the investment project is
completed. Now we consider models in which there are two different owners of investment projects. Only
the one whose project is completed first, gets the value of the outcome, V', and the other gets nothing. That
is, we make a winner-takes-it-all assumption. A typical illustration of this would be when two competing
research teams are working to develop similar products and the one who completes first is able to patent the
product and obtain all the benefits. To simplify the analysis we consider models in which both owners (which
we will now call players) have the same rate of on-going investment costs, k, the same final investment costs,
K, and the same expected time to completion, 7. We also assume that the two exponential distributions
governing the time to completion of the two investment projects are independent. As in the previous section

we will consider first the abandonment option and then the switching option.

3.1. Model with Abandonment Option. Since there is only one stochastic process governing the value
of the outcome for both players and the two players have the same characteristics, both will meet the optimal
abandonment threshold level at the same point in time. This abandonment threshold level will be as least
as high as the abandonment threshold level in the corresponding monopoly model, Ay, from Equation (8b),
which we derived in sub-section 2.1. Hence, both players will prefer that the other player abandons so that
she/he would get the investment project as a monopolist. The decision as to whom abandons is the result of
a game. To break the tie we first consider the case where one of the players, the leader, has an unmodeled
advantage over the other player, the follower. This advantage could be slightly lower investment costs or
more capital, etc. In this case, we assume that the follower abandons first and leaves the monopoly value to
the leader. The threshold level at which the follower will abandon we will denote, Ag. Clearly, as we have
argued, Ag > Apr. After having analyzed the leader-follower case we will consider the case where the two

players are identical and analyze the game that occurs.

3.1.1. Leader and Follower. If the two players know in advance whom will be the player who will abandon
first, the abandonment threshold levels will reflect this and be different for each of the two players.

3.1.1.1. The Follower. First we analyze the follower’s investment project. As in the two previous abandon-
ment models we analyzed in sub-sections 2.1 and 2.3 we will have to consider both the situation where we
assume that the abandonment threshold level, Ag, is below the final investment costs, K, and the situation
where it is above. Here we assume that Ag < K. In Appendix C we analyze the situation when Ag > K.
Let Q(V') denote the value of the investment project for the follower. This value must satisfy the system of
ODEs

(24a) %UQVQQ”(V) VO (V) = (r 4+ 20Q(V) — k=0 when Ag < V < K,
and
(24b) %UQVQQ"(V) +uVQ (V)= (r+20)Q(V) —k+ ANV - K) =0 when K < V.

Equation (24a) describes the value of the follower’s investment project when it is out of the money. This
equation reflects the fact that with intensity 2\ either the follower’s or the leader’s investment project will be

completed out of the money. If it is the follower’s investment project which is completed out of the money the
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value of her/his investment project would jump down to zero (cf. footnote 6). If it is the leader’s investment
project which is completed out of the money, we assume that the value of the follower’s investment project
also jumps down to zero.'! In addition, the follower has to pay on-going investment costs at the rate k per
unit of time to keep the investment project alive. Equation (24b) describes the value of follower’s investment
project when it is in the money. This equation reflects the fact that with intensity 2\ either the follower’s
or the leader’s investment project will be completed in the money. If it is the follower’s investment project
which is completed, the value of her/his investment project would jump to the completion value, V — K.
But, if it the leader’s investment project which is completed, the value of the follower’s investment project
will jump to zero because of our winner-takes-it-all assumption. In addition, the follower has to pay on-going
investment costs at the rate k£ per unit of time to keep the investment project alive. The general solutions
to each of the two ODEs, (24a) and (24b), which we denote Q1 (V) and Q2(V), are

(25a) Q1(V) = quuV*™ + q2V*™ — " fz)\ when Ag <V <K
and
AV k+ K

25b = o = - hen K < V.
(25b) Q2(V) = g1 V™ + @22V +7“+2>\—H Y when K < V.
Here the powers, z; and z,, are given by

(0% = ) + /(1 — $02)2 +2(r + 22)o
(26a) Z1 = 3 >1

o

and

(302 = ) — /(1 = $02)2 4+ 2(r + 22)0
(26b) Z2 = o < 0.

Comparing the powers z; and zo with the corresponding powers y; and ys from the corresponding monopoly

model from the system of equations (5), we see that z; > y1 > 1 and that 2o < yo < 0. Using the same

arguments as for the previous models, we know that limy _ Qz‘(/‘/) must be finite. Hence, we can eliminate

the V' term in Equation (25b). In addition, we can substitute 7' = } for the expected (remaining) time to

completion of the investment project to get

kT
(27a) Q1(V) =quV™ + q12V* — ST when Ag <V <K
and
KT + K
(27b) Q2(V) = g22V* + 4 — + when K < V.

24 (r—wT 24T

L This reflects that the leader still has a right to her/his discovery (either by patenting or other legal actions) even though it
turns out that it is not worth putting into production immediately. As we indicated in footnote 6 on page 6 a more realistic
assumption would be that the owner (in this case the leader) receives a perpetual American option at the completion date
of her/his investment project. The important assumption here is that if the leader’s investment project is completed, then
the follower’s investment project becomes valueless because of the winner-takes-it-all assumption. We think this is the most
realistic and appealing assumption. As an alternative, we could assume that if the leader’s investment project is completed out
of the money, then the follower suddenly becomes a monopolist and that the value of her/his investment project will jump to
the corresponding monopoly value, M (V'), which we derived in sub-section 2.1. This case is also solvable, although the optimal
abandonment threshold level can only be found numerically.
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The value of the follower’s investment project has the following boundary conditions

(28a) @1(Aq) =0,
(28Db) Q1(Ag) =0,
(28¢) Q1(K) = Q2(K),
and

(28d) Q' (K) = Q3(K).

These boundary conditions are the same as the boundary conditions used in the corresponding monopoly
model with abandonment, cf. the system of equations (7) in sub-section 2.1. In order to find solutions for

the four unknowns, q11, gi2, g22, and Ag, we solve the system of equations (28). The solution is

2+ (r — )K=

(29a) MG e - pD) T
501, A, — ZQkT i
(29b) Q= ((zg—zl)(Q-H’T)(Iu)
(29c¢) qi12 = —%a
and
B 2+ (r—apmT)K =
(29d) Q2 = Q12 + (21 — 22)(2 + (7“1— wT)(2+rT)

Finally, the value of the follower’s investment project is

0 when V < Ag,
(30) Q(V) =9 q1V?* + q2V*2 — 2ijro when AQ <V <K,
Qa2 V7?2 + 2+(T‘/—1L)T — 1927371{ when K < V.

Note the close similarity to the corresponding monopoly solution from Equation (9) and the system of
equations (8) in sub-section 2.1. It is not so obvious when one looks at the ODE, but from the solution it
is clear that the value of the follower’s investment project is identical to half the value of the corresponding
monopoly investment project with double the on-going investment costs rate and half the expected time

to completion.'? Therefore, the abandonment threshold level for the follower, Ag, is also identical to the

12py post, after having discovered this result, it is easy to see that it is possible to derive it directly from the ODEs. Take the
system of ODEs (24) describing the value of the follower’s investment project, Q(V). In order to get two times this solution,
i.e. 2Q(V), we need to double the cash flow rates. That is, X(V) = 2Q(V) would be a solution to the system of ODEs

1
(31a) 5UQVQX”(V) +uVX' (V)= (r+20)X(V)—2k=0 when Ax <V < K,
and

1
(31b) 5a?v?X”(v) +uVX' (V)= (r+20)X (V) =2k +2X(V —K) =0 when K < V.

The boundary conditions for X (V) are the same as for Q(V), cf. Equations (28). Now comparing the system of ODEs (31)
to the corresponding system of ODEs (3) for the monopoly model from sub-section 2.1 and also the boundary conditions, cf.
Equations (7), it is clear that X (V') is the value of a monopoly investment project with intensity 2\ (corresponding to an
expected time to completion of %) and an on-going investment costs rate of 2k.
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abandonment threshold level for the corresponding monopoly investment project with double the on-going
investment costs rate and half the expected time to completion.
If it turns out that the solution to Ag from Equation (29b) is greater than K, we must reconsider the

problem. We do this in Appendix C. In this situation, the value of the follower’s investment project is

0 when V < Ag,

Vv ET+K A
g32V>2 + STO—WT ~ orer when Ag < V.

(32) QV) =

Here AQ and g3o are
= 224 (r—p)T)(ET + K)

An =
(332) Q (22— 1)(2+1T)
and
141722
(33b) 432 = Q

TmE+ (- pl)

Note again that the abandonment threshold level in this situation (denoted AQ) is, in general, different from
Ag from Equation (29b). For notational simplicity, however, we will always refer to A¢ as the abandonment
threshold level for the follower for the rest of the paper even though strictly speaking we should distinguish
between Ag and le depending on whether Ag < K or AQ > K.

3.1.1.2. The Leader. After having found the abandonment threshold level for the follower, Ag, we can turn
to the valuation of the leader’s investment project. The abandonment threshold level for the leader, Ap, will
always be lower than the abandonment threshold level for the follower, Ag. Hence, the follower will always
have abandoned before the leader considers abandoning her-/himself. So the leader will find her-/himself
in the corresponding monopoly situation before she/he considers abandoning. Hence, the abandonment
threshold level for the leader will be the same as the abandonment threshold level in the corresponding
monopoly model. That is, Ap = Aps. Moreover, the value of the leader’s investment project will be equal
to the value of the corresponding investment project in the monopoly model, M (V'), as soon as the follower
has abandoned. Hence, we only need to analyze the value of the leader’s investment project for values of
the outcome, V, above the abandonment threshold level for the follower, Ag. As it was the case when
we analyzed the value of the follower’s investment project, we have to consider both the situation when
Ag < K and and when Ag > K. Here we analyze the situation when Ag < K. In Appendix D we analyze
the situation when Ag > K. Let P(V') denote the value of the leader’s investment project. This value must
satisfy the system of ODEs

1
(34a) EUQVQP”(V) +uVP (V)= (r+20)PV)—k=0 when Ag <V < K,
and

1
(34b) EUQVQP”(V) +uVP (V)= (r+20)P(V)—k+ ANV -K)=0 when K < V.

The system of equations (34) for the value of the leader’s investment project is identical to the system of
equations (24) for the value of the follower’s investment project and the explanations for the terms are the

same. Since the value of the leader’s investment project is equal to the value of the corresponding investment
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project in the monopoly model as soon as the follower has abandoned we have

Using the same arguments as for the follower we get the solutions to each of the two ODEs, (34a) and (34b),
which we denote Py (V) and P, (V), as

kT
(35b) PUV) =puV* 4 p1aV? — 5o when Ag <V < K,
and
\% KT+ K
(35¢) Py(V) = paaV* + A when K < V.

24 (r—wT 24T

The value of the leader’s investment project has the following boundary conditions

(36a) Pi(Aq) = M(Aq),
(36D) Pi(K) = P2 (K),
and

(36¢) P{(K) = Py(K).

Condition (36a) reflects the fact that at the abandonment threshold level for the follower, Ag, the value of
the leader’s investment project is the same as the value of the corresponding monopoly investment project.
Note that the value of the leader’s investment project is not (necessarily) differentiable at the abandonment
threshold level for the follower. This is so because (i) the leader does not take any active decisions at this
point,'3 and (ii) the value process of the leader’s investment project only follows this path once (opposite a
switching point where the value processes of the two players’ investment projects may pass back and forth
over this threshold level infinitely many times). Conditions (36b) and (36¢) are the usual continuity and
differentiability conditions at the final investment costs, K. We can solve the system of equations (36) in

the three unknowns, p11, p12, and pas. The solution is'*

2+ (r = )K=

37 = )
(37a) P e+ (r— p)T)(2 +T)
kT
= Ayl Ay2 - AZI - e
(37b) pr2 = (m A% +mAf —piAg A +rT)(2+ rT)) AG
and

2+ (r — )T~
21— 22)24 (r—p)T)2+rT)"

Note that the solution to p11 from Equation (37a) is identical to ¢i1 for the follower from Equation (29a).

(37(7) P22 = p12 + (

Note also the similarity between pos from Equation (37c) and goo for the follower from Equation (29d).

131t is the follower who determines when to abandon her/his investment project, so her/his value should smooth paste at this
threshold level, cf. Equation (28b).

14Note that M (V) on the right hand side of Equation (36a) is actually M;(V) from Equation (6a), since Ay < Ag < K.
Therefore we get the terms mq1 and mi2 in the solution to pi12 in Equation (37b).
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Finally, the value of the leader’s investment project is

0 when V < Ay,

(38) P(V) = M(V) when Ay <V < Ag,
puVa +pipV= — S when Ag <V < K,
P22V + 2+(r‘iu)T - k;rtq}“( when K < V.

We analyze the situation when Ag from Equation (29b) is greater than K in Appendix D. In this situation

the value of the leader’s investment project is

0 when V' < Ay,
(39) P(V)=q M(V) when Ay <V < le,
P32V + 2+(T‘1H)T — E£E when Ag < V.
Here p39 is
(40) Dy = (m”{lgf - aeneen (1+(T—/L)TI??2+(7"—M)T)) Alg; when Ay < K
(Al — ety + (1+(T—/L)TIL;?2+(7"—H)T))A%QZ when Ay > K.

Substituting the value of the corresponding monopoly investment project, M(V), into Equation (39) is
straight forward but a little care is needed.'® See Appendix D for details.

In figure 6 we show the values of both the leader’s and the follower’s investment projects as a function of
the value of the outcome, V', with our base case parameters. We denote the values of the leader’s investment
project as P(V) and the values of the follower’s investment project as Q(V'). For comparison we also show
the values of the corresponding monopoly investment project. These values we denote M (V). We also show
the corresponding abandonment threshold levels on the horizontal axis for the follower and for the leader.
We denote the abandonment threshold level for the follower Ag. The abandonment threshold level for the
leader is the same as the abandonment threshold level in the corresponding monopoly model. Therefore, we
denote this abandonment threshold level, Ay;. The exact levels are Ag = 6.30 and Ap; = 5.26 with our base
case parameters. For values of the outcome below the abandonment threshold level for the follower, Ag, the
value of the leader’s investment project is the same as the value of the corresponding monopoly investment
project.

It is interesting to note that the value of the leader’s investment project is actually a decreasing function
of the value of the outcome for values of the outcome just above the abandonment threshold level for the
follower (for V' between 6.30 and 6.56 with our base case parameters). The reason for this is as follows:
Suppose we are in the situation when the follower has not yet abandoned. A small increase in the value of
the outcome, V has two effects. There is a value decreasing effect on the leader’s investment project because
of the reduced likelihood that the follower will abandon and there is a (natural) value increasing effect of
a higher value of the outcome at completion of the leader’s investment project. For values of the outcome

close to the threshold level where the follower will abandon, the value decreasing effect dominates.

L5Basically, one needs to be careful to substitute the correct version of M (V) into Equation (39) depending on whether Ay, < K
or Ay > K.
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FIGURE 6. Values of both the leader’s (denoted P(V)) and the follower’s (denoted Q(V))
investment projects as a function of the value of the outcome, V. For comparison the figure
also shows the values of the corresponding monopoly investment project (denoted M (V).
The figure also shows the values of the investment projects using the coin-toss solution
(denoted %(P + Q)(V)), cf. Paragraph 3.1.2.1 below. Finally, the figure also shows the
corresponding abandonment threshold levels on the horizontal axis for the follower (denoted
Ag) and for the leader (denoted Ajr). The exact levels are Ag = 6.30 and Ay = 5.26. All
other parameters are given in Table 1.

For high levels of the outcome the values for the leader’s and the follower’s investment projects converge
because the advantage of being the leader becomes relatively small compared to the intrinsic values of the

investment projects which are identical for the leader’s and the follower’s investment projects.

3.1.2. Identical Players. When the two players are truly identical we need to analyze the abandonment
decision as a game. The value of each of the two players’ investment projects when both keep investing we
will denote R(V). M (V) is the value of the investment project in the corresponding monopoly model from
sub-section 2.1. Tt is easy to see that R(V) < M (V). The two players consider whether to continue investing
or whether to abandon by studying the normal form representation of the game in Table 2. If the value
of the outcome, V, is high enough to make R(V) strictly positive, it is easy to see (by eliminating strictly
dominated strategies) that the unique Nash equilibrium in pure strategies is that both players continue
investing in their investment projects. When the value of the outcome is below the abandonment threshold

level in the corresponding monopoly model, i.e. when V' < Ajy, it is no longer profitable to continue investing
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Player two

Continues investing Abandons

Continues investing R(V,),R(Wy) M(W),0
Abandons 0, M(V4) 0,0

Player one

TABLE 2. Normal form representation of the (one-shot) abandonment decision game. R(V')
denotes the value of each of the two players’ investment projects when both keep investing.
M (V') denotes the value of the investment project in the corresponding monopoly model
from sub-section 2.1.

even for a monopolist, so then the unique Nash equilibrium in pure strategies is that both players abandon
their investment projects. Finally, when the value of the outcome is in the area when R(V) <0< M(V),
then there are two Nash equilibria in pure strategies. These are characterized by the fact that one of the
players continues investing and the other player abandons. This is exactly the leader-follower case, which we
have just analyzed. However, if the players are (truly) identical there is no mechanism to select one of the
two equilibria from the other. A co-operative solution in this case would be that the two players agree to
meet and to flip a coin in order to break the tie and decide whom should be the leader and whom should be
the follower. We will term this solution the Coin Toss Solution. From an ez-ante point of view both players
prefer this solution, since this gives each of the two players the highest ex-ante value of their individual
investment projects.

3.1.2.1. Coin-Toss Solution. If the players have agreed that they will meet to flip a coin in order to determine
whom should be the leader and whom should be the follower, and it is clear that the looser ex post, after
the coin has been tossed, would honor the agreement and actually abandon, then both players would like to
know the outcome of the coin toss as soon as the value of the outcome, V', hits (or is below) the abandonment
threshold level for the follower, Ag, from Equation (29b),'6 in the corresponding leader-follower case. This
is so because Aq is the optimal abandonment threshold level for the looser of the coin toss. As long as V
is above Ag the players do not need to know the outcome of the coin toss since it would not change their
investment decisions—both players would optimally continue investing for values of the outcome, V', above
Ag.

Before the players flip the coin to determine whom should be the follower and whom should be the leader
they each have a fifty-fifty chance of being the leader or being the follower. Hence, the value of each of the
two players’ investment projects in this case will be half the value of the leader’s investment project and half
the value of the follower’s investment project from the corresponding leader-follower case.

In Figure 6 we show the values of the investment projects using the coin-toss solution as a function of the
value of the outcome, V, with our base case parameters. We denote these values %(P + Q)(V). Obviously,
these are the values of each of the two players’ investment projects for a given value of the outcome before
the coin is flipped. At the point in time when the coin is flipped the value of the winner’s investment project

jumps up to the value of the leader’s investment project, P(V'), and the value of the looser’s investment

16Note that if Agq from Equation (29b) is above the fixed investment costs, K, then the relevant abandonment threshold level
for the follower is Ag from Equation (33a) and not Ag from Equation (29b).
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project jumps down to the value of the follower’s investment project, Q(V). It is interesting to note that
also the values of the investment projects using the coin-toss solution is a decreasing function of the value
of the outcome for values of the outcome just above the abandonment threshold level for the follower, Ag,
(for V between 6.30 and 6.44 with our base case parameters). However, the interval in which the values of
the investment projects using the coin-toss solution is a decreasing function of the value of the outcome is
smaller than the interval where the values of the leader’s investment project is a decreasing function of the
values of the outcome because the values of the follower’s investment project is always an increasing function
of the value of the outcome.

For values of the outcome in the interval between the abandonment threshold levels for the leader and for
the follower, i.e., for V' € (An, Ag), the interpretation of the values 3 (P + Q)(V) is still that it is the values
to each of the two players before the coin is flipped. One reason why these values can be of interest is that
the initial date-zero value of V' may be in this range, i.e., Vo € (Am, Ag). In this case the players should
flip the coin immediately and the looser should abandon as soon as the outcome is realized.
3.1.2.2. Variable Abandonment Intensity Solution. A problem with the Coin-Toss Solution, however, is that
it is not sequentially rational for the looser of the coin toss to actually abandon if she/he thinks that the
whole game can be repeated if she/he stays in. In continuous time repeated games can be defined in different
ways. The basic problem is that if there is not at least some finite time interval between points in time when
the game outlined in Table 2 can be repeated, then there is basically no costs of playing another round
and therefore none of the players will ever abandon. That is, we are not able to trade off the present value
of the on-going costs of keeping investing (for another round) and the present value (of the probability) of
becoming the monopolist.

One way to introduce this trade off is to let each player choose an abandonment intensity at each instant in
time. It turns out that intensities play the same role in a continuous-time model as mixed strategies does in a
non-repeated game or even in a repeated game setting in discrete time. A player’s choice of an abandonment
intensity (i.e., a probability to abandon per unit of time) quantifies her/his tendency to abandon versus
continuing investing in her/his investment project in the right way in a continuous-time model since all the
benefits and costs are also in rates per unit of time.

To be precise, we assume that each player has an associated Cox process with an intensity chosen by the
player. This intensity may vary over time. However, since the only state variable in our model is the value of
the outcome, V', and this process is Markovian, the intensity can at most depend on the current realization of
this process. We denote player i’s chosen abandonment intensity v;(V'), for ¢ = 1, 2. The strategy of player
1 is to continue investing in her/his investment project until the associated Cox process jumps. When the
Cox process jumps, player ¢ should abandon her/his investment project. That is, player i abandons her/his
investment project with (instantaneous) probability 7; (V) per unit of time. We assume that, conditional on
V', the two Cox processes governing the actual abandonments of each of the two players are independent.
Player i’s strategy is completely determined by her/his chosen abandonment intensity, v;(V'). Hence, we will
call ;(V') player i’s abandonment strategy.

For values of the outcome, V, above the abandonment threshold level for the follower, Ag, in the corre-
sponding leader-follower case both players will continue investing for sure so they will both optimally choose
to have zero abandonment intensities, i.e., v;(V) =0 for V> Ay and ¢ = 1, 2. For values of the outcome,

V', at or below the abandonment threshold level in the corresponding monopoly model, Ay, both players
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will abandon immediately so they will both optimally choose infinitely high abandonment intensities, i.e.,
(V) = o0 for V< Aps and i = 1, 2. For values of the outcome, V, in the interval between Ay and Ag,
both players will optimally choose non-trivial abandonment intensities which trades off the on-going costs
of keeping investing in their individual investment projects and their individual value of (the probability
of) becoming the monopolist. Clearly, as soon as one of the players abandons her/his investment project,
the other player automatically becomes the monopolist, and therefore, it is optimal for her/him to switch
her /his abandonment intensity to zero.

The interesting question is how the two players should choose their individual abandonment strategies,
~i(V), for i = 1, 2, as their (instantaneous) responses in an instantaneously repeated game in continuous
time for all possible values of the outcome, V', in the (relevant) interval between Ajs and Ag.

Let R;(V') denote the value of player i’s investment project in this case, i = 1, 2. Note that this value, in
general, will depend on both players chosen abandonment strategies, v;(V), j =1, 2.

An essential argument in our approach to finding the abandonment strategies is that the chosen strate-
gies should be sequentially rational. That is, when the associated Cox process of one of the players, say
player 4, jumps, indicating that player i should abandon her/his investment project, then it is essential that
abandonment is not a dominated strategy for player . If player i’s value of continuing investing in her/his
investment project, R;(V), is strictly positive, then abandonment (which clearly has value zero) would be
dominated by continuing investing for player i. Hence, player i’s value of continuing investing in her/his
investment project cannot be strictly positive. On the other hand, if player i’s value of continuing investing
in her/his investment project is strictly negative, then the strategy of continued investing (with the cho-
sen abandonment intensities for both players, v;(V), i = 1, 2) would be strictly dominated by immediate
abandonment (corresponding to an infinitely high abandonment intensity) for player i. That is, the chosen
abandonment intensity for the players, v;(V'), i = 1, 2, for values of the outcome, V, in the interval between
Ay and Ag can only lead to sequentially rational strategies if R;(V) = 0 for all values of the outcome, V,
in the interval between Ay and Ag and @ =1, 2.

As it was the case in all the previous abandonment models we have analyzed in this paper, we have
to consider different situations, depending on where the threshold levels for abandonment are compared
to the final investment costs, K. For this case we will have three situations to analyze. We will have (i)
Ay < Ag < K, (ii) Ay < K < Ag, and (iii) K < Ay < Ag. Here we analyze the first situation when
Am < Ag < K. In Appendix F we analyze the two other situations, which are conceptually similar.

As we have just argued, R;(V) =0 for V € (An, Ag] and i = 1, 2. On the other hand, using arguments
similar to all the other models analyzed in this paper, since player i is still investing in her/his investment
project, R;(V) is still a solution to the ODE

1
(41) 502\/21%;’(\/) +uVR (V)= (r+2X+ % (V) +~;(V))Ri(V)
+ 7 (V)M;(V) —k; =0 when Ay <V < Ag.

Here we use index j to refer to the other player, i.e. 5 = 3 —i. M;(V) denotes player i’s value of the
investment project in the corresponding monopoly model from sub-section 2.1.17 Since both players assign

the same value to the investment project in the corresponding monopoly model there is, strictly speaking, no

17In sub-section 2.1 we used subscripts on M (V) to denote the different general solutions to the different ODEs in the system
of ODEs (3). Here we use subscripts to denote player specific values of becoming the monopolist.
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need for the index i on the value M (V'), but we think it clarifies our arguments if we allow for player specific
values of becoming the monopolist. For the same reason, we also allow for a player specific rate of on-going
investment costs, k;, in ODE (41). The ODE (41) describes the value of player i’s investment project when
it is out of the money. The ODE has the same terms as the ODE (24a) for the value of the follower’s
investment project and the ODE (34a) for the value of the leader’s investment project in the corresponding
leader-follower case and the explanations to these terms are the same. In addition, the ODE (41) has two
extra terms, (v;(V) +7;(V))R;(V) and v;(V)M;(V). The term (v;(V) +;(V))Ri(V) reflects the fact that
with intensity v; (V) +, (V) either player i or player j will abandon. If it is player ¢ who abandons then the
value of her/his investment project clearly jumps to zero. This corresponds to a loss in value of R;(V). If it is
player j who abandons, then player i becomes the monopolist and therefore the value of her/his investment
project jumps to M; (V). This corresponds to a jump in value of M;(V) — R;(V). This explains the second
term, ~; (V)M (V).

Since R;(V) is zero over the whole interval (Aps, Ag], we know that both R;(V) and R} (V) must also be
zero in the whole open interval (Aar, Ag). Hence, from Equation (41) we conclude that the only way that the
chosen strategies for the two players can be sequentially rational is if player j chooses her/his abandonment

strategy to be

(%) when V < Ay,
(42) (V)= —Mf(iV) when Ay <V < Ag,
0 when Ag < V.

Clearly the same arguments apply to player ¢’s abandonment strategy. So player ¢ chooses her/his abandon-
ment strategy to be v(V) from Equation (42).

The question is now whether the abandonment strategies (77 (V),~5(V)), from Equation (42), form a
Nash equilibrium. We show formally that this is the case in Appendix E. Basically the argument is that as
long as both players use the abandonment strategies, v, (V'), ¢ = 1, 2, both players’ values of their individual
investment projects, R;(V'), are zero. The question is now whether any of the players, say player i, has
any incentives to deviate from using the abandonment intensity v*(V'), given that she/he knows that the
other player (player j) uses the abandonment intensity v; (V). When player i’s value of her/his investment
project, R;(V'), is zero, and she/he knows that player j uses the abandonment intensity, v; (V'), then player i is
instantaneously indifferent between any choice of her/his own abandonment intensity—including immediate
abandonment. So there is no other strategy, i.e. no other choice of abandonment intensity, for player i that
is strictly better than using the abandonment intensity, v} (V). Since this argument applies for both players,
the abandonment strategies (7 (V'),v5(V)), from Equation (42), form a Nash equilibrium. Moreover, player
i is only indifferent between any choice of her/his own abandonment intensities exactly when player j uses the
abandonment intensity 77 (V), and similarly, player j is only indifferent between any choice of her/his own
abandonment intensities ezactly when player ¢ uses the abandonment intensity v;(V'), so there is only one
Nash equilibrium where the two players use non-trivial abandonment strategies for values of the outcome,

V in the interval (Aar, Ag]. However, as we formally show in Appendix E, there are exactly three Nash
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equilibria. The two other Nash equilibria are the two pure strategy equilibria corresponding to the cases
where one of the players is the follower and the other one is the leader analyzed in sub-sub-section 3.1.1.'%

Since the two players have the same benefits of becoming a monopolist, M (V'), and also have the same
rate of on-going investment costs, k, it is clear from Equation (42) that the two players choose identical
abandonment intensities. We will denote this common abandonment intensity function, v*(V').' Moreover,
the two players will also have identical values of their individual investment projects. We will denote this
value R(V). As we have already argued, R(V) = 0 for all values of the outcome below (and including)
Agqg. For values of the outcome, V, above the abandonment threshold level for the follower, Ag, in the
corresponding leader-follower case, the value of each of the two players’ investment projects is a solutions to
the same system of ODEs as we set up both for the follower (24) and the leader (34). Hence, the solutions
to each of the two ODEs, which we denote Ry (V') and R(V), are?0

kT
(43a) Ri(V)=rii VA 4+ r V=2 — ST when Ag <V < K,
and
1% kT + K
(43b) Ro(V) = rasV* + _EE when K < V.

24 (r—wT 24T

Moreover, the boundary conditions are

(44a) Ri(4q) =0,
(44b) Ri(Aq) =0,
(44c¢) Ri(K) = Rs(K),
and

(44d) R (K) = Ry(K).

Conditions (44a) and (44b) are actually continuity and differentiability conditions at the abandonment
threshold level for the follower, Ag, in the corresponding leader-follower case. The right hand side of
these equations are zero because, as we have argued, R(V) = 0 for V € (An,Ag] and R/ (V) = 0 for
V € (Am, Ag).?* Conditions (44c) and (44d) are the usual continuity and differentiability conditions at the
final investment costs, K. The boundary conditions (44) are identical to the boundary conditions for the
follower in the corresponding leader-follower case from the system of equations (28). So because both the
general solutions to the system of ODEs are the same as for the value of the follower’s investment project,
compare Equations (27) and (43), and also the boundary conditions are the same, compare Equations (28)

and (44), the two players’ investment projects have exactly the same value as the value of the follower’s

18Recaders familiar with game theory can compare our variable abandonment intensity game with the battle of the sexes game
in e.g., Gibbons (1992a,b, Chapter 1). This game also has three Nash equilibria. Two pure strategy equilibria and one (Pareto
inferior) mixed strategy equilibrium.

19The common value of the investment project in the corresponding monopoly model, M (V), to substitute into Equation (42)
is M1 (V) from Equation (6a).

20o keep the notation consistent with the previous sub-sections of this paper, the subscripts on R(V') now refer to the different
general solutions of the different ODEs from the system of ODEs (24) (and (34)) and not to the individual players’ values of
their individual investment projects.

21Since we want R(V) to be differentiable at the value Ag, we also have that R'(Ag) = 0.
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investment project in the corresponding leader-follower case. That is, the value of each of the two players’

investment projects is
(45) R(V) =Q(V).

Since the value of each of the two players’ investment projects, when they play the variable abandonment
intensity game, is the same as the value of the follower’s investment project in the corresponding leader-
follower case, the variable abandonment intensity Nash equilibrium is, however, Pareto inferior to both
of the two pure strategy leader-follower equilibria. But as we have argued previously, if the players are
(truly) identical and they are not allowed to communicate, there is no mechanism to select one of the two
leader-follower equilibria from the other.??

The values of the follower’s investment project (denoted Q(V)) shown in Figure 6 also represents the
values of the two identical players’ investment projects when they play the variable abandonment intensity
game. There is however an important difference in the investment decisions. The follower abandons her /his
investment project as soon as the value of the outcome hits (or is below) the abandonment threshold level,
Agq. The two players playing the variable abandonment intensity game, on the other hand, keep investing in
their individual investment projects also for values of the outcome below the abandonment threshold level,
Ag. The values of their individual investment projects just happens to be zero for all values of the outcome,
V in the range between the abandonment threshold level for the corresponding monopoly model, Ay, and
the abandonment threshold level for the follower in the corresponding leader-follower case, Aqg, because of
the variable abandonment intensity game they are playing with each other in this range. The players apply
just the right intensity of abandonment in order to balance the other player’s chances of getting the monopoly
value and her/his on-going costs of keeping investing. Eventually when one of the two players abandons in
this range the value of the other player’s investment project jumps up to the corresponding monopoly value
(denoted M (V') in Figure 6).

In Figure 7 we show the abandonment intensities for each of the two players as a function of the value
of the outcome, V, with our base case parameters. We denote the abandonment intensities v*(V'). In the
figure we also show the abandonment threshold level for the follower in the corresponding leader-follower
case and the abandonment threshold level in the corresponding monopoly model on the horizontal axis. We
denote the abandonment threshold level for the follower in the corresponding leader-follower case as Ag and
the abandonment threshold level in the corresponding monopoly model Aj;. The exact levels are Ag = 6.30
and Ap; = 5.26 with our base case parameters. For values of the outcome below Aj,; the abandonment
intensities are infinitely high and for values of the outcome above Ap the abandonment intensities are zero.
This means that the abandonment intensity jumps at the abandonment threshold levels for the follower in
the corresponding leader-follower case, Ag. That is, v*(Ag) = 3.89 with our base case parameters. But for
any V > Ag, v*(V) = 0. Finally, note how dramatically the abandonment intensities increase as the value
of the outcome, V', becomes smaller. This is so because as V' becomes smaller so does the value of becoming

the monopolist but the on-going costs of keeping investing stays at the same rate, k.

22This is also the case in the battle of the sexes game (Gibbons, 1992a,b, Chapter 1). In this game the mixed strategy equilibrium
is also Pareto inferior to the two pure strategy equilibria. But again, if the two players are not allowed to communicate, there
is no mechanism to select one of the two pure strategy equilibria from the other.
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FIGURE 7. Abandonment intensities (denoted v*(V')) as a function of the value of the out-
come, V. The figure also shows the abandonment threshold levels for the follower (denoted
Ag) in the corresponding leader-follower case and the abandonment threshold level in the
corresponding monopoly model (denoted Ajs) on the horizontal axis. The exact levels are
Ag =6.30 and Ay = 5.26. For values of the outcome below A;; the abandonment intensi-
ties are infinitely high and for values of the outcome above Ag the abandonment intensities
are zero. All other parameters are given in Table 1.

Player two
Active Passive
Active | AV = K) = 2AUY(V) =k, A(V — K) = 2AU2(V) — k | A(V — K) — AUYN(V) — k, —=AU2(V)
Passive “AUN V), ANV = K) = AU%(V) -k 0,0

Player one

TABLE 3. Normal form representation of the switching game.

3.2. Model with Switching Option. Finally we will consider the model where two identical players each
can switch (costlessly) between an active and a passive investment project. As it was the case in sub-
section 2.2, where we analyzed the corresponding monopoly model, we find the switching points of the two
players by an instantaneous trade-off argument. Again, as it was the case in the corresponding monopoly
model, it is clearly optimal for both players to be in passive state when the investment projects are out of

the money. Hence, each of the players’ switching points will be above the final investment costs, K. Let
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Ut(V) denote the value of player i’s investment project. The players decide whether to be active or passive
by considering the normal form representation of the game in Table 3. Take Player one. The instantaneous
benefits of being active is the value flow from the intensity of completion, A(V — K). The instantaneous
costs of being active is the intensity of loosing the investment project, which has a value flow of \U1(V), and
the on-going investment costs at the rate k. If the other player (Player two) is active there is an additional
instantaneous cost, namely the intensity of loosing the investment project in case she/he finishes her/his
investment project. This instantaneous cost also has a value flow of AU*(V'). Player one incurs this flow of
costs whether she/he is active or passive her-/himself. We can apply exactly the same arguments for Player
two.

Based on the normal form representation of the game in Table 3 we see that Active is a strictly dominating

strategy for player ¢ for values of the outcome, V', such that
MV —K)> XU (V) +k

and that Passive is a strictly dominating strategy for player ¢ for values of the outcome, V', such that
MV = K) < XU (V) + k.

Hence, if the two players have the same value functions, they will use the same switching point, which we
will denote, Sy. So if the two players are identical, they will use the same switching point and have the
same values of their individual investment projects. So we can skip the superscript on U (V) for the values

of the two players’ investment projects. Moreover, we find the switching point, Sy, by solving

(46) ASy — K)=XU(Sy) + k.

Following arguments similar to the previous models, U (V') must satisfy the system of ODEs

(47a) %UQVQU”(V) +uVU' (V) =rU(V) =0 when V < Sy,
and

(47D) %UQVQU"(V) +uVU' (V) = (r+20U(V) =k + AV = K) =0 when Sy < V.

Equation (47a) is the same as Equation (12a) for the corresponding monopoly model and similarly, Equa-
tion (47b) is the same as Equation (24b) for the follower and Equation (34b) for the leader. Moreover,
the explanations for the terms are the same. Using the same arguments as in the monopoly model, cf.
sub-section 2.2, we get the solutions to each of the two ODEs, (47a) and (47b), which we denote U1 (V') and
Us(V), as

a 1 =uy1 when V' < Sy,
48 UL (V v hen V < §
and

1% kT + K
(48b) Us (V) = uV*? + + when Sy < V.

24 (r—pwT 24T

The value of each of the two players’ investment projects has the following boundary conditions

(49a) Ur(Su) = U2(Su)
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and

(49b) Ui(Su) = Us(Sv).

These conditions are the usual continuity and differentiability conditions at the switching point, Sy. In
order to find solutions for the three unknowns, u11, ua2, and Sy, we solve the system of equations from (46)
and (49). The solution is

(1 + (21 = 22)(A +7T))2 + (r = W) T) (KT + K)

(50&) Su = (xl — 1+ ((El — 22)(]_ + (7“ _ M)T))(Q + TT) )

(50b) uyy = 224 = DT + ) + (1= )2+ 1T)Sy
! @ - =)t D)2t rD)SE

and

(50¢) tyy = BCF =TT + K) — (11 = )2 +rT)Sy

(1~ 2)2+ - WD)+ T)57

Note the close similarity to the corresponding monopoly solution from the system of equations (20) in sub-
section 2.2. Note also that by the same arguments as in sub-section 2.2, we can use Equation (46) to argue
that Sy > kT + K as long as U(Sy) > 0. Moreover, since U(V) < N(V) for all V' > 0 it is clear that

Su < Sn. Finally, the value of each of the two players’ investment project is

u V71 when V < Sy,

z \%4 _ ETH+K
U V*2 + STO—T ST when Sy < V.

(51) UV) =

Note that the value function for each of the two players’ investment projects, U(V), is not two times
differentiable at the duopoly switching point, Sy, (unless A = 0) because of the way the switching point is
selected in the game between the the two players, cf. Equation (46).

If we again look at the special case of the perpetual American option as we did in sub-section 2.2, we see
that by inserting 7' = 0 into Equation (50a) we get the well-known competitive exercise threshold level for

the perpetual American option
(52) Su=K

and thereby a value of zero of the option in this special case. Note that in this special case U (V') = 0 for all
V, so it is not a violation of Equation (46) to have Sy = K.

In Figure 8 we show the values of the two players’ investment projects as a function of the value of
the outcome, V, with our base case parameters. We denote these values U(V). For comparison we also
show in the figure the values of the corresponding monopoly investment project and the values of the
corresponding investment projects using the coin-toss solution. We denote the values of the corresponding
monopoly investment project N(V') and the values of the corresponding investment projects using the coin-
toss solution 3 (P + Q)(V). (Note that the scale on the horizontal axis in Figure 8 is different from Figure 6,
where we had also shown the coin-toss solution.) In Figure 8 we also show the corresponding switching
points on the horizontal axis. The switching point for the duopoly model we denote Sy and the switching
point for the monopoly model we denote Sy. The exact levels are Sy = 13.05 and Sy = 37.58 with our base
case parameters. For high levels of the outcome the values of the two players’ investment projects converge

to the value of the corresponding investment project using the coin-toss solution (and thereby also to both
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FIGURE 8. Values of the two players’ investment projects (denoted U(V')) as a function of
the value of the outcome, V. For comparison the figure also shows the values of the corre-
sponding monopoly investment project (denoted N (V")) and the values of the corresponding
investment projects using the coin-toss solution (denoted (P + Q)(V)). The figure also
shows the corresponding switching points (denoted Sy and Sy) on the horizontal axis. The
exact levels are Sy = 13.05 and Sy = 37.58. All other parameters are given in Table 1.

the values of the leader’s and the follower’s investment projects, cf. Figure 6) because the options to switch
and to abandon become far out of the money and thereby their values become relatively small compared to
the intrinsic values of the investment projects which are identical for the two players’ investment projects
and the corresponding investment projects using the coin-toss solution. Finally, a careful look at Figure 8
shows that the curvature of the value function, U(V'), changes at the duopoly switching point, Syy. This
indicates that this function is mot two times differentiable at the duopoly switching point, Sy .

In Figure 9 we show the switching points for the duopoly model as a function of the expected time to
completion, T', with our base case parameters. We denote the switching points for the duopoly model Sy .
For comparison we also show in this figure the corresponding switching point for the monopoly model, cf.
sub-section 2.2. We denote the switching points for the monopoly model Sy . The monopoly switching points
are also shown in Figure 4, although in a different scale. The monopoly switching points are substantially
higher than the corresponding duopoly switching points for all values of the expected time to completion, T,

due to the lack of competition. For T' = 0, the switching point in the duopoly model is equal to K (as derived
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FIGURE 9. Switching points for both the duopoly model (denoted Si;) and the monopoly
model (denoted Sy) as a function of expected time to completion, 7. All other parameters
are given in Table 1.

in Equation (52)) and for the monopoly model it is equal to 25K = 35.75 (as derived in Equation (22))
with our base case parameters.

This analysis has some important policy implications. First of all, competition accelerates investments
and therefore reduces (expected) time to completion. For values of the outcome between the switching point
for the duopolists, Sy (which with our base case parameters is around 5-12 depending on the intensity of
completion, A), and the switching point for the monopolist, Sy (which with our base case parameters is
around 32-36 depending on the intensity of completion, ), a monopolist would remain passive whereas the
duopolists would be active. As we explain in the conclusion (Section 5) we could easily compute the expected
time to completion for both of the two cases in closed form and make an exact comparison. Secondly, since the
switching point would never go below the final investment costs, K, even with a large number of competing
investment projects we see that in this model just the step from one monopolist to two duopolists brings us

most of the way from monopoly to full competition.

4. EXTENSIONS

In this section we analyze the model where at the completion of the project the owner obtains a perpetual

American option on the value of the outcome. Up to now we have assumed that at the completion date of the
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investment project, the owner must exercise immediately the option to pay the final fixed investment costs.
That is, if the project is in the money at the completion date, 7, then the value of the investment project is
V — K. Moreover, if the investment project happens to be completed at a time when it is out of the money
we have up to now assumed that it is valueless. Now we extend the model by giving the owner the option
to delay paying the fixed final investment costs in order to obtain the value of the outcome. This extension
is especially interesting when the project is completed out of the money. Take, e.g, an R&D investment or
a mine exploration project where a product/mine has been discovered (i.e., we are at the completion date),
but the owner would like to wait until the optimal time to build the plant and launch the product/mineral.

We will only develop this extension for the monopoly model with the abandonment option, which we
analyzed in sub-section 2.1. Similar analysis could be done for all the other models we have developed in this
paper. Instead of the exercise value of the investment project, max{V — K, 0}, at the completion date, 7, the
owner gets the value of a perpetual American call option. We denote the value of the perpetual American
call option H(V'). Since the owner is paying on-going investment costs at the rate k, there will still be an
abandonment threshold level, which we denote Ay, so that the owner abandons her/his investment project
when the value of the outcome is below A;. However, since H(V) is always greater than (or equal to) the
exercise value of the American call option, max{V — K, 0}, it is clear that the abandonment threshold level,
Ay, for this extension is less than the corresponding abandonment threshold level, Ajs, for the monopoly
model with abandonment analyzed in sub-section 2.1. Let L(V') denote the value of the investment project
for this extension. L(V') must satisfy the ODE

(53) %U2V2LH(V) +uVL (V)= (r+NL(V)—k+ H(V) =0 when Az < V.

If we compare the ODE (53) to the system of ODEs (3) for the value of the investment project in sub-
section 2.1, we have simply changed the completion value from max{V — K,0} in the system of ODEs (3)
to the value of a perpetual American call option, H(V'), in the ODE (53). It is well-known that the value of
the American perpetual call option, H(V), is

h11V* when V < Fy,
V—-K when Eyg <V,

(54) H(V) =

where the optimal exercise threshold level, Ey, is

T1
E =
(55) e —
and the coefficient in the value function, hq1, is
1
(56) hi = BT

Substituting the value of the American perpetual call option from Equation (54) into the ODE (53), and
using the boundary conditions for value matching and smooth pasting at the abandonment threshold level

Ay and continuity and differentiability at the exercise threshold level for the American call option Fy, we
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get the value of the investment project as??

0 when V < Ay,
(57) LV) = V" + 1oV — i + s Mo when Ap <V < B,
looV¥2 + v kTHK when Eg < V.

T+ (r—m)T ~ 14T

Here the coefficients, 11, l12, and los, are

y2 K T Lo/ S (z1—y2)h11
(1+rT)Eg 1+(r—p)T (1+(7"—9€1H—%x1(x1—1)a2)T)E2171
(58&) lll = T 7
(yl - yQ)EH
Y1 z1h11 AT?
(58b)  hp = IR S X G PG L
yzA’élj/Q )
and
En hi 1 EF} 1
58¢ lyy = 1 +(z EY 4 - n H )_
(58¢) 22 12 1&g 1+7rT 1—|—(r—u)T 1+(r_$1ﬂ—%$1($1—1)02)T EZ{Q

In order to find the abandonment threshold level, Ay, we need to solve the remaining boundary condition,
(59) L(AL) =0,

numerically using the closed form solutions from the system of equations (58).

Figure 10 shows that the value in this case, L(V'), is always larger than the monopoly case we discussed
in sub-section 2.1, M (V), especially for lower values of the outcome, V. For very high values of the outcome
these two values will converge since the completion will bring immediate exercise of the American call option.

The figure also shows the completion values for these two cases, H(V) and V — K.

5. CONCLUSIONS

In this paper we develop a simple, yet powerful, framework to deal with real investment projects with
uncertain investment costs and time to completion. We apply the framework to situations in which the
owner of the project has monopoly rights to the outcome of the project, and to situations in which there
are two owners who simultaneously invest, but where only one of them (the first to complete) may obtain
the rights to the outcome. We obtain analytical solutions to important cases with abandonment and/or
switching to different levels of investment activity. Hence, we are able to easily compare the project values
and abandonment/switching threshold levels for the different cases.

Our framework can also be applied to derive closed form solutions to the expected time to completion,
probability of completion, expected cost until completion, etc. Basically, all of these key values satisfy very
similar ODEs as the value of the investment project. One simply adjusts the payoff rates and the discount

rates in the ODEs. Hence, the formulas for these key values have the same structure as the formula for the

23As in the other models with abandonment options we have analyzed in this paper, there are different situations. Here we
analyze the most common (and also most complicated) situation when Ay < Ep. However, even though it may seem quite
exotic, we cannot rule out that for extremely high on-going costs, k, the abandonment threshold level for the investment project,
Arp, is so high that it is above the exercise threshold level, Ef, for the American option received at completion. In this situation
the value of the investment project is identical to the standard monopoly model analyzed in sub-section 2.1. That is, if Ayp
from Equation (11a) is greater than (or equal to) Ey from Equation (55), then the value of the investment project—even with
the American option extension—is still given by Equation (10) in sub-section 2.1.



38

value of the investment projects. Moreover, the value of the investment project can also be divided into three
parts: the value of the outcome at completion, the value of all the on-going investment costs until completion

(or abandonment), and the value of the fixed investment costs at completion. However, it is always necessary
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FIGURE 10. Values of the extended investment project (denoted L(V')) as a function of
the value of the outcome, V, and its corresponding abandonment threshold level (denoted
Ar). The figure also shows completion values of the investment project (denoted H(V))
as a function of the value of the outcome and its corresponding exercise threshold level
(denoted Ep). The exact levels are Ay, = 3.79, and Ey = 35.75. For comparison the
figure also shows the value of the (standard) investment project with the abandonment
option (denoted M (V')) and its corresponding abandonment threshold level (denoted Aps).
The exact level is Ap; = 5.25. Finally, the figure also shows the completion values of the
(standard) investment project (denoted V — K) as a function of the value of the outcome.
All other parameters are given in Table 1.

first to solve for the value of the project in order to find the optimal abandonment/switching levels.

abandonment case, the leader-follower solution easily extends to more than two players if we know the order

in which they abandon. Given this solution, the variable abandonment intensity solution also easily extends

to more than two players.

40

The duopoly models we have developed easily extend to more than two players. For example in the
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Anther interesting extension of our framework would be to include asymmetric information between the
two players. For example, each player knows her/his own on-going investment cost rate exactly, but she/he
only knows the distribution of the other player’s on-going costs. The knowledge of the other player’s on-going
investment costs is updated as time progresses observing that he/she still has not abandoned.

Finally, a possible application of our framework is to analyze the design of research incentives for non-

profitable R&D investments as analyzed numerically by Hsu and Schwartz (2006).

APPENDIX A. MONOPOLY MODEL WITH ABANDONMENT OPTION: DERIVATION OF THE VALUE OF THE
INVESTMENT PROJECT WHEN Ay > K.

Assume that the abandonment threshold level is above the final investment costs, K. In this situation,
the value of the investment project (still denoted M (V')) must satisfy the ODE

1 _
(60) 5021/2M”(V) +uVM V)= +AMV)—k+ ANV -K)=0 when Ay, < V.

Note that we denote the abandonment threshold level A M to emphasize that it may be different from the
solution obtained in Equation (8b). The general solution of the ODE (60), which we denote M3(V'), is

|4 _kT—i—K
1+ —wT 14T

(61) Mg(V) = ms3a VY2 + when AM <V

Using the same arguments as in sub-section 2.1, we have eliminated the V¥ term in Equation (61). The

boundary conditions are

(62a) Ms(Ap) =0
and
(62b) Mj(Anr) = 0.

In this situation we just solve the system of equations (62) in the two unknowns mss and Apr. The solution
is
i, _ (it 0= )T + K)
(y2 = 1A +rT)

and
A}V;M
Cyp(l+ (r—p)T)

Finally, the value of the investment project is

msa =

0 whenV</~1M,

" v _ KT+K i
mza VY2 + T T when Ay < V.

M(V) =

APPENDIX B. DERIVATION OF THE MONOPOLY MODEL WITH BOTH ABANDONMENT AND SWITCHING
OPTIONS

As in the first model we analyzed in sub-section 2.1 we will have to consider both the situation where we

assume that the abandonment threshold level, Ao, is below the final investment costs, K, and the situation
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where it is above. So first we assume that Ao < K. Let O(V) denote the value of the investment project

for this model. O(V') must satisfy the system of ODEs

(63a) %UQVQO”(V) VO (V) = (r 4+ N)O(V) —k =0 when Ao <V < K,
(63D) %UQVQO”(V) VO (V) = (r £ N)O(V) =k +A(V = K) =0 when K < V < So,
and

(63¢) %UQVQO”(V) VO (V) = (r + 2)O(V) =k +A(V = K) =0 when So < V.

The general solutions to each of the three ODEs, (63a), (63b), and (63c), which we denote O1(V'), O2(V),

and O3(V), are

kT

(64a) O1(V) = 011V 4+ 012V¥2 — T

\% kT + K
64b 05 (V) = vy V2 —
( ) 2(V) = 021 + 022 +1—|—(r—u)T LT
and

1% kT + K
64 O V — Vw1 Vw2 _ -
(64c) 3(V) = os1 + 032 +1+(r—u)T T2 T

Here the powers, w; and ws, are given by

)2 4+ 2(r + A)o2

(302 — ) + /(- }0?

(65a) wq
and

12 ) - — 152)2 r 4+ \)o2
65b) by 370 Vs B2 420+ V)

g

when Ap <V < K,

when K <V < Sp,

when Sp < V.

>y1>1

<1y < 0.

The powers y; and ys are still defined by the system of equations (5). Comparing the powers w; and ws

with the corresponding powers y; and ys, we see that wy; > y; > 1 and that wy < y» < 0. Using the same

arguments as for the previous models, we know that limy _

Os(V)
1%

must be finite. Hence, we can eliminate

the V1 term in Equation (64c). The value of the investment project has the following boundary conditions

(662) 01(40) =
(66b) 0} (40) =
(66¢) 01(K) =
(66d) O1(K) =
(66e) 02(So) =
and

(66f) 05(S0) = 04(S0).
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Condition (66a) reflects the fact that at the abandonment threshold level, Ao, the value of the investment
project is zero. Condition (66b) is the usual smooth pasting condition at the abandonment threshold level.
Conditions (66¢) and (66d) are the usual continuity and differentiability conditions at the final investment
costs, K, and similarly, Conditions (66e) and (66f) are the usual continuity and differentiability conditions

at the switching point, So. In order to find the optimal switching point, So, we solve
(66g) (A= N)(So — K) = (A= \)0s(S0) + (k — k).

Equation (66g) is based on the following instantaneous trade-off argument. At each instant in time the owner
considers instantaneous costs and benefits from switching between the two activity levels. The increased
instantaneous benefits from switching from the low to the high activity level is the increased intensity of
completion which has a value flow (A — A\)(V — K) per unit of time. On the other hand the increased
instantaneous costs of switching are (i) the increased intensity of loosing the investment project which has a
value flow (A — A\)O3(V) per unit of time and (ii) the increased on-going investment costs at the rate k — k
per unit of time. By the same arguments as in the switching model from sub-section 2.2, Equation (66g)
also implies that the value function, O(V'), will be two times differentiable at the switching point, So. That
is,

(67) 03 (S0) = 03 (So).

In order to find solutions for the seven unknowns, 011, 012, 021, 022, 032, Ao, and Sp, we must solve the
system of equations (66). We are able to solve five of these equations in closed form as functions of Ap and
So using the Equations (66a), (66b), (66¢), (66d), and (66f):

(68a) Ry yzil(Qlk—TF rT)AG
kT
(68b) o yj(ll +rT)AE’
(68c) T ) —lr?r(i ;>2§3§L<)1T+ rT) K=t
— I=y2
and
(68¢) on = (o8 ™! + 0w + T~ T ) 51?02”2 |

In order to find Ap and S, we need to solve the two remaining equations, (66e) and (66g), numerically using

the closed form solutions from the system of equations (68). Finally, the value of the investment project is

0 when V < Ap,

(69) o) = oVt 01V — 1-HT when Ap <V < K,
021 V¥ + 022 V¥2 + 1+(r‘iu)T - kﬂﬁf when K <V < So,
032V W2 4 V. RIHK when So < V.

1+(r—p)T 1+rT
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If it turns out that the numerical solution to Ao is greater than K, we reconsider the problem. In this

situation, the value of the investment project (still denoted O(V')) must satisfy the system of ODEs

1 - N
(70a) 5aQVQO”(V) +uVO' (V)= (r+NO(V) —k+ AV —K) =0 when Ap <V < So
and

1 _ _ -
(70b) 5aQVQO”(V) +uVO' (V)= (r+NOV)—k+AXV -K)=0 when Sp < V.

Note that we denote the abandonment threshold level Ao and the switching point So to emphasize that
they may be different from the (numerical) solutions obtained above. The general solutions to each of the
two ODEs, (70a) and (70b), which we denote O4(V) and Os(V), are

V kT + K - -
(71a) O4(V) = 041 VY + 040VV2 + P r—r 3 —:;“T when Ap <V < Sp

and
1% ET + K

_ h hen So < V.
1+ (r—wT 1+7T Whel 2o =

(71b) O5(V) = 052‘/“}2 +

Using the same arguments as in the previous models, we have eliminated the V"1 term in Equation (71b).

The boundary conditions are

(72a) O4(Ap) =0,

(72b) 0}(4o) =0,

(72c) 04(50) = 05(50),
and

(72d) 04(50) = 05(S0).

In order to find the optimal switching point, So, we solve
(72e) (A= N(So — K) = (A = \)0s(S0) + (k — k).

In order to find solutions for the five unknowns, o41, 042, 052, Ao, and So, we must solve the system of
equations (72). We are able to solve three of these equations in closed form as functions of Ao and So using
the Equations (72a), (72b), and (72d):

(73a) ony — L= w) A+ 7)Ao +1n(1 + (r = T)(KT + K)
(y1 —y2)(1 + (r — w)T)(1 +rT) A% ’
(73D) oy — 1= DA+ 7)Ao — (L + (r = wT) (kT + K)
(1 —y2) (L + (r — WT) (1 +rT)AL ’
and
(7e) or2 = (veouS8 ™+ mouSS ™ + Ty~ T )
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In order to find Ap and So, we need to solve the two remaining equations, (72c) and (72e), numerically using

the closed form solutions from the system of equations (73). Finally, the value of the investment project is

0 when V < Ao,
(74) O(V) =011 VY 4 040VY2 + 1+(r‘iu)T — kljjr—::;( when AO <V« §O7
052V 2 4 v RTHK when Sp < V.

1+(r—)T =~ 14T

AprpPENDIX C. DUOPOLY MODEL WITH ABANDONMENT OPTION: DERIVATION OF THE VALUE OF THE
FOLLOWER’S INVESTMENT PROJECT WHEN AQ > K.

Assume that the abandonment threshold level for the follower is above the final investment costs, K. In
this situation, the value of the investment project (still denoted Q(V')) must satisfy the ODE

(75) %JQVQQ”(V) +uVQ (V)= (r+20)Q(V) —k+ ANV -K)=0 when Ag < V.

Note that we denote the abandonment threshold level for the follower AQ to emphasize that it may be
different from the solution obtained above in Equation (29b). The general solution to the ODE (75), which
we denote Q3(V), is

|4 _kT—l—K
24 (r—p)T 24T

(76) Q3(V) = qs2V* + when Ag < V.

Using the same arguments as in the previous models, we have eliminated the V** term in Equation (76).

The boundary conditions are

(77a) Q3(4g) =0
and
(77b) Q4(Ag) = 0.

In this situation we just solve the system of equations (77) in the two unknowns gs2 and le. The solution is

i - 2024 (r — w)T)(kT + K)
Q- (22 — 1)(2+ rT)

and
Nl*Zz
__4q ,
22(2+ (r —p)T)

Finally, the value of the follower’s investment project is

q32 =

0 when V < /IQ,

Vv ET+K A
g32V>2 + STOT ~ orer when Ag < V.

Q(V) =

APPENDIX D. DuorPoLY MODEL WITH ABANDONMENT OPTION: DERIVATION OF THE VALUE OF THE
LEADER’S INVESTMENT PROJECT WHEN Ag > K.

Assume that the abandonment threshold level for the follower is above the final investment costs, K.

For values of the outcome, V', above the abandonment threshold level for the follower, le, the value of the
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leader’s investment project (still denoted P(V)) must satisfy the ODE

(78) %UQVQP”(V) +uVP' (V)= (r+20)P(V) =k + AV = K)=0 when Ag < V.

The value of the leader’s investment project is equal to the value of the corresponding investment project in
the monopoly model as soon as the follower has abandoned so in this situation we have

(79a) P(V) = M(V) when Ay <V < Ag.

The general solution to the ODE (78), which we denote P3(V'), is

V _kT+K
24 (r—pwT 24T

(79b) PS(V) =p3aV*2 + when AQ <V.

Using the same arguments as in the previous models, we have (again) eliminated the V*! term in Equa-
tion (79b). The boundary condition is

(80) P3(Ag) = M(Aq).
In this situation we just solve Equation (80) in the unknown psz. The solution is?*
1 KT+ K A 1
(81) Do — (mQQAQ2 T (@+rD) + (1+(T7M)T)E22+(T7M)T)) Agz when AM < K
32 = o
AY ET+K A 1
(m32AQQ — T (2+rD) + (1+(T7M)T)E22+(T7M)T)) AZJQ when AM > K.

Finally, the value of the leader’s investment project is

0 when V < Ay,
(82) P(V) =< M(V) when Ay <V < Ag,
P32 V32 + 2+(r‘iu)T — ’“27_;_"7:7{( when AQ <V

For completeness we will substitute M (V') into both Equation (38) and Equation (82). If Ag < K then also
Ay < K. In this situation we get P(V) from Equation (38) and M (V) from Equation (9). The solution to
P(V) expands to

0 when V < Ay,

P(V) = mp1 VY + mqa V92 — 1_IT$T when Ay <V < Ag,
puVa +ppV= — S when Ag <V < K,
PV + 2+(7~V—H)T - 1927371{ when K <V.

If Ag > K and Ay < K then we get P(V) from Equation (82) and M (V) from Equation (9). In this

situation the solution to P(V') expands to

0 when V < Ay,
PV) = mu V¥ +mpVY — 5 when Ay <V <K,
- moaV¥2 + v — MK when K<V < A
22 14+(r—p)T 14+rT — Q>

Vv ET+K A
P32 V72 + Ho—@T 20T when AQ <V.

24Note that M (V) on the right hand side of Equation (80) can be either My (V) from Equation (6b) or M3(V) from Equation (61)
(in Appendix A) depending on whether Ay; < K or Ay > K (which is equivalent to Ap; > K, cf. footnote 7). Therefore we
will either have an maogz or an mgsz term in the solution to p32 in Equation (81).
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Finally, if Ag > K and Ay > K then we get P(V) from Equation (82) and M (V) from Equation (10). In this
situation the abandonment threshold level in the corresponding monopoly model is Aj; from Equation (11a)
and the solution to P(V') expands to

0 when V < Ay,
P(V) = m32Vy2 -+ 1+(7‘V—vu)T - ﬁz_t? when AM S V< AQ,
p32V*2 + 2+(T‘1M)T — ’;ﬂtg when Ag < V.

APPENDIX E. PROOF THAT THE VARIABLE ABANDONMENT INTENSITIES SOLUTION IS A NASH
EQUILIBRIUM.

To prove that the abandonment strategies (v§(V'),v5(V)), from Equation (42), form a Nash equilibrium,
we look at each of the players best response correspondences. Player i’s best response correspondence is
player i’s set of best responses® (in form of a set of abandonment intensities) to any given abandonment
intensity, v;, chosen by player j, for a given value of the outcome, V. We denote player i’s best response
correspondence v/ (v;; V).

In order to find player i’s (set of) best responses to any given strategy, -v;, chosen by player j, we study
player ¢’s instantaneous benefits and costs for a given value of the outcome, V, in the interval (A, Ag], and
for given strategies chosen by the two players, v; and ;. Player ¢’s instantaneous benefits are the intensity
of becoming the monopolist, which only happens if player j abandons. This has a value flow ~,; M;(V') per
unit of time. (There is no value flow from the intensity of completion since player ’s investment project
is out of the money.) Player i’s instantaneous costs are (i) the intensity of loosing the investment project
either due to abandonment from one of the players or due to completion (out of the money), which has a
value flow (2 +7; 4+ ;) R;(V) per unit of time, and (ii) the on-going costs at the rate k; per unit of time.

Hence, player i’s instantaneous net benefits (denoted m;(7y;,v;;V)) are

(83) i (i, 735 V) = 1 Mi(V) = (2A + i + 7)) Ri(V) — K.
Since we know that R;(V) =0, m;(7s,7;; V) reduces to

(84) i (i, v V) = v Mi(V) — k.

Take a given value of the outcome, V, in the interval (Aar, Ag]. If player j chooses an abandonment
intensity, ;, which is strictly less than 77 (V) from Equation (42), then player 7’s instantaneous net benefits,
i (vi,v5; V), is strictly negative, since M;(V') is positive. Hence, the best response for player ¢ would be
immediate abandonment. On the other hand, if player j chooses an abandonment intensity, ;, which is
strictly greater than 7 (V) from Equation (42) then player i’s instantaneous net benefits, m;(7;,v;; V), is
strictly positive. Hence, the best response for player i would be to continue investing with zero abandonment
intensity. Finally, if player j chooses exactly the abandonment intensity (V') from Equation (42), then
player i’s instantancous net benefits, m;(vi,7;; V), is zero for any choice of his own abandonment intensity,

vi, (including immediate abandonment). Hence, player i is completely indifferent between any choice of his

25The best response correspondence is a generalization of the best response function. Generally, a function returns one value
for a given input. A correspondence returns a set of values for a given input. Player ¢ may have more than one best response to
a given strategy from the other player (player j). The correspondence returns all these responses as a set. (Clearly player 4 is
indifferent between playing any of these strategies in the set, otherwise they would not all be part of his set of best responses.)
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FIGURE 11. The two players’ best response correspondences for a given value of the out-
come, V, in the interval (Aar, Ag]. Player one’s best response correspondence (the dotted
line) is plotted as a function of player two’s abandonment intensity, 2. That is, the inde-
pendent variable is on the vertical axis and the outcome is on the horizontal axis. Player
two’s best response correspondence (the solid line) is plotted as a function of player one’s
abandonment intensity, 1. The three dots indicate the three Nash equilibria.

own abandonment intensity. To summarize, player i’s the best response correspondence is

{0} when ; < v5(V),
(85) % (153 V) = 4 10,00]  when y; = ~;(V),
{0} when v; > ¥ (V).

Clearly the same arguments apply to player j’s best response correspondence. So player j’s best response
correspondence is 77 (7;; V') from Equation (85).

For a given value of the outcome, V, in the interval (Ans, Ag], we plot the two players’ best response
correspondences in Figure 11. Player one’s best response correspondence (the dotted line) is plotted as a
function of player two’s abandonment intensity, 7. That is, the independent variable (y2) is on the vertical
axis and the outcome (i.e. the set of best responses) is on the horizontal axis. Player two’s best response

correspondence (the solid line) is plotted as a function of player one’s abandonment intensity, v;. We see that
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the two players’ best response correspondences cross three times indicating three Nash equilibria. These are
the two leader-follower equilibria and the variable abandonment intensity solution. Hence, we have shown
that the abandonment strategies (77(V),~v4(V)), from Equation (42), form a Nash equilibrium. Note the
similarity between this argument and the standard arguments used to explain why a mixed strategy is a

Nash equilibrium in a simple non-repeated game, (cf. Gibbons, 1992a,b, Chapter 1).

APPENDIX F. IDENTICAL PLAYERS WITH VARIABLE ABANDONMENT INTENSITIES: DERIVATION OF THE
ABANDONMENT INTENSITIES WHEN Ag > K.

Assume that we are in the situation when Ay < K < Ag. We have already argued that R;(V) = 0 for
Ve (Am, le] and ¢ = 1, 2. Since player i is still investing in her/his investment project, R;(V) is still a
solution to the system of ODEs

1
(862) o*VER!(V) + puVR(V) = (r+ 20 +5%(V) + (V) Ri(V)
+’YJ(V)MZ(V)—/€1:O when AM<V<K,
and
1
(86b) 50> VRY(V) + pVRAV) = (r 4+ 20+ 74(V) +75(V)) Re(V)
+ 9 (VIM;(V)+ XV = K) —k; =0 when K <V < Ag.

From the system of ODEs (86) we conclude that the only way that the chosen strategies for the two players

can be sequentially rational is if the two players choose their abandonment strategies to be

o0 when V' < Ay,
ki
s when Ay <V < K,
(87) V) =30 v
W when K <V < Ag,
0 when AQ < V.

The argument why the abandonment strategies (v; (V),v5(V)), from Equation (87), form a Nash equilibrium

is the same as in the previous situation. Player i’s instantaneous net benefits in this situation is

v M (V) — (2)\+'yi+'yj)Ri(V)—ki when Ay <V < K,

88)  mi(vi, V) = _
AV = K) 47 Mi(V) = (2A+ 7 +7;)Ri(V) — ki when K <V < Ag,

for values of the outcome, V', in the relevant range, i.e. V € (A, AQ]. Since again the two players have the
same benefits of becoming a monopolist, M (V'), and also have the same rate of on-going investment costs,
k, the two players choose identical abandonment intensities. We again denote this common abandonment
intensity function v*(V),2¢ and their common individual investment project value R(V'). For values of the
outcome, V', above the abandonment threshold level for the follower, AQ, in the corresponding leader-follower

case, the value of each of the two players’ investment projects is a solutions to the same ODE as we set up

26The common values of the investment projects in the corresponding monopoly model, M (V'), to substitute into Equation (87)
is M1(V') from Equation (6a) when Ap; <V < K and M2(V) from Equation (6b) when K <V < Ag.
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both for the follower (75) and the leader (78). Hence, the solutions to the ODE, which we denote R3(V), is

v KT+ K ]
89 Ry(V) = rgoV™ = hen Ag < V.
(89) V) =ra2V2 4 o7 ~ 25T when Se =

Moreover, the boundary conditions are

(90a) Rs(Ag) =0
and
(90b) Ri(Aq) =0.

Because both the general solutions to the system of ODEs are the same as for the value of the follower’s
investment project, compare Equations (76) and (89), and also the boundary conditions are the same,
compare Equations (77) and (90), the two players’ investment projects have exactly the same value as the

value of the follower’s investment project in the corresponding leader-follower case. That is,
(91) R(V) =Q(V).

Finally, assume that we are in the situation when K < Ay < AQ. We have already argued that R;(V) =0
for V € (Ay, Ag] and i = 1, 2. Since player i is still investing in her/his investment project, R;(V') is still a
solution to the ODE

1
(92) e VERI(V) + pVR(V) = (r+ 22+ 7:(V) + 7 (V) Ri(V)
+ 9 (VIM;(V)+ AV = K) =k =0 when Ay <V < Ag.

From the ODE (92) we conclude that the only way that the chosen strategies for the two players can be

sequentially rational is if the two players choose their abandonment strategies to be

00 when V < Ay,
(93) v (V) = %X;)K) when Ay, <V < le,
0 when AQ <V

The argument why the abandonment strategies (v (V),v5(V)), from Equation (93), form a Nash equilibrium

is the same as in the previous situations. Player i’s instantaneous net benefits in this situation is
(94) (7,753 V) =AMV = K) + 3 Mi(V) = (23 + 7 + 75) Bi(V) = ki,

for values of the outcome, V', in the relevant range, i.e. V € (fiM7 le]. Since again the two players have the
same benefits of becoming a monopolist, M (V'), and also have the same rate of on-going investment costs,
k, the two players choose identical abandonment intensities. We again denote this common abandonment
intensity function v*(V),%” and their common individual investment project value R(V). For values of the
outcome, V', above the abandonment threshold level for the follower, AQ, in the corresponding leader-follower

case, the value of each of the two players’ investment projects is a solutions to the same ODE as we set up

27The common value of the investment project in the corresponding monopoly model, M (V'), to substitute into Equation (93)
is M3(V) from Equation (61) from Appendix A.
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both for the follower (75) and the leader (78). Hence, the solutions to the ODE, which we denote R3(V), is

v KT+ K ]
95 Ry(V) = rgoV™ = hen Ag < V.
(95) V) =ra2V2 4 o7 ~ 25T when Se =

Moreover, the boundary conditions are

(962) Rs(Ag) =0
and
(96b) Ry(Aq) = 0.

Because both the general solutions to the system of ODEs are the same as for the value of the follower’s
investment project, compare Equations (76) and (95), and also the boundary conditions are the same,
compare Equations (77) and (96), the two players’ investment projects have exactly the same value as the

value of the follower’s investment project in the corresponding leader-follower case. That is,
(97) R(V)=Q(V).
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