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Abstract

We study the optimal investment policy of a firm facing both technological and
cash-flow uncertainty. At any point in time, the firm can irreversibly invest in a stand-
alone technology or wait for a technological breakthrough. Breakthroughs occur when
market conditions become favorable enough, exceeding a threshold value that is ex-ante
unknown to the firm. The Markov state variables for the optimal investment policy
are the current market conditions and their historic maximum, and the firm optimally
invests in the stand-alone technology only when market conditions deteriorate enough
after reaching a maximum. The path-dependent return required for investing in the
stand-alone technology is always higher than if no technological breakthroughs could
occur and can take arbitrarily large values following certain histories. Decreases in
development costs or increases in the value of the new technology make the firm more
prone to bear downside risk and to delay investment in the stand-alone technology.
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1 Introduction

It has long been emphasized that firms’ incentives to adopt a technology depend on their
expectations about future technological improvements (Schumpeter (1950)). Thus Rosenberg
(1976, page 525) argues that “as soon as we accept the perspective of the on-going nature of
much technological change, the optimal timing of an innovation becomes heavily influenced
by expectations concerning the timing and significance of future improvements.” As a result,
a firm expecting imminent technological improvements may be reluctant to adopt the current
state-of-the-art technology, for fear of committing itself to practices soon to be antiquated.
Expectations of future improvements may thus be a factor accounting for the apparently
slow rate at which, historically, some technologies—such as the steam engine in shipping, the
oxygen steel-making process, or, more recently, photovoltaic power and hybrid vehicles—have
diffused throughout the economy (Rosenberg (1972)).

Since the seminal contribution of Balcer and Lippman (1984), models of technology
adoption under technological uncertainty have assumed that the process through which
technological innovations are made available to firms is exogenous to the industry under
consideration. In particular, it is independent of market conditions, such as the evolution
of demand for the final goods manufactured by firms in the client industry. This implies
that the interactions between the supply and the demand for innovations are not taken
into account, even in a reduced-form way. This assumption may be relatively harmless
in the case of general-purpose technologies, but less so for technologies that are targeted
at a specific sector. For instance, the incentives of aircraft manufacturers to develop new
airplanes can hardly be divorced from the evolution of air traffic, and thus from airlines’
willingness to invest in new equipment. Similarly, the incentives of arms manufacturers to
develop new weapon systems depend on geopolitical factors that affect the DoD’s willingness
to acquire such weapons. Finally, a recent instance in which the arrival of a new technology
has arguably been tied to market conditions is the development of mRNA vaccines in the
wake of the global COVID pandemic.

To speak to these issues, this paper characterizes the optimal investment policy of a firm
who can invest in the current, stand-alone technology, or wait until a breakthrough occurs
and a superior technology becomes available. We build on a standard real-options model
in the spirit of McDonald and Siegel (1986) or Dixit and Pindyck (1994), in which market
conditions—representing, for instance, the output price in the industry under consideration—
evolve in continuous time according to a diffusion process. The novelty of our approach,

compared to real-options models of investment under technological and cash-flow uncertainty;,



is that breakthroughs do not occur independently of market conditions. Specifically, we
assume that a breakthrough occurs only when market conditions become favorable enough,
exceeding a certain threshold value. Technological uncertainty is captured by assuming that
the firm has incomplete information about the value of this threshold. Thus it does not
know when, and under which market conditions, a breakthrough will occur.

Because they are key to our results, we provide a microfoundation for these assumptions
in Section 2. The idea of this motivating example is to explicitly model the supply of the
superior technology by competing developers. These developers are assumed to be caught in
a race to be the first to supply this technology to the firm; supplying the technology involves a
development cost, the same for each developer, which is their private information. Following
the usual logic of rent dissipation in winner-take-all preemption games, as in Fudenberg and
Tirole (1985), each developer is ready, in equilibrium, to develop the new technology as
soon as the payoff from doing so covers the development cost. Assuming that the surplus
of investing in the superior technology relative to investing in the stand-alone technology is
shared between the firm and the developer who wins the race according to the Nash (1950)
bargaining solution, this implies that a breakthrough must occur in a boom—specifically,
when market conditions reach a certain threshold value, which triggers the development of
the new technology. However, because the firm does not know the cost of developing the
new technology, it does not know under which market conditions the developers just break
even either. This gives the firm’s optimal stopping problem the general structure that is
analyzed in this paper.

In this context, we study the optimal investment decision of the firm. At each point in
time, the firm can invest in the stand-alone technology, or wait until the superior technology
becomes available. A key observation is that the resulting optimal stopping problem is
not Markovian with respect to current market conditions, unlike in real-options models of
technological adoption that assume a memoryless process for technological breakthroughs.
This reflects that, at each point in time, the history of market conditions encodes both the
desirability of investing in the stand-alone technology, which typically is high when current
market conditions are favorable, and what the firm has learned about the likelihood of
benefiting from the superior technology. An implication of this is that the optimal investment
policy is necessarily path-dependent.

An intuitive property of the optimal investment policy is that it is not optimal for the
firm to immediately invest in the stand-alone technology once market conditions reach a

new maximum, because this may be precisely the time at which a breakthrough occurs and



the superior technology becomes available. By contrast, once such a maximum has been
reached and market conditions start to deteriorate, then the firm for a while no longer learns
about the advent of a breakthrough—for instance, in our motivating example, it no longer
learns about the cost of developing the new technology. This suggests that the relevant
Markov state variables are the current market conditions and their historic maximum, as
established in Proposition 1. This result further shows that the option value of waiting
for a breakthrough can be written as the expectation of an integral with respect to future
increments of the maximum process, which is a novel feature of the optimal stopping problem
studied in this paper. An intuitive complement to this result is that, after market conditions
have reached a maximum yet no breakthrough has occurred, the firm revises its beliefs and
becomes more pessimistic about benefiting from the superior technology, at least in the near
future. In particular, the more market conditions deteriorate, the longer it will take for the
market to recover and for the firm to resume learning. Our central result, Theorem 1, shows
that, as a consequence, investment in the stand-alone technology takes place when market
conditions cross from above an investment boundary.

The resulting optimal investment policy is characterized by two phases. In a first phase,
which takes place before the market conditions have reached a certain level, the firm never
invests in the stand-alone technology; it may, however, invest in the superior technology,
should it become available. Once this level has been reached, the firm enters into a new
phase, and invests in the stand-alone technology when market conditions deteriorate enough
after having reached a maximum. The corresponding lower investment threshold is not
a constant, unlike in Dixit’s (1989) model of entry and exit decisions under uncertainty.
Rather, this threshold, which is always greater than the optimal stand-alone investment
threshold, is a strictly increasing function of the maximum market conditions achieved so
far, which describes the optimal investment boundary. This implies that the return required
for investing in the stand-alone technology is path-dependent and always higher than if
no technological breakthroughs could occur, and that it can take arbitrarily large values
following certain histories. Theorem 1 gives a complete characterization of the optimal
investment boundary and of the firm’s optimal value function as the solutions to a variational
problem; specifically, the optimal investment boundary is shown to be the unique solution
of an ordinary differential equation that satisfies a limit condition, akin to a transversality
condition, and the firm’s value function is explicit given the investment boundary.

In the context of our motivating example, a testable implication of our model is that

investments in new technologies requiring the active cooperation of developers should take



place in booms, whereas investments in the current state-of-the-art technology should take
place in busts. This is because favorable market conditions give developers an incentive to
supply superior technologies by increasing the surplus from investing in such technologies
rather than in the state-of-the-art technology, which they share with the firms in the client
industry. This, in turn, gives incentive to these firms to invest in the state-of-the-art
technology only if market conditions deteriorate enough, while still remaining sufficiently
favorable so that investment would take place immediately if firms were not expecting
future technological breakthroughs. We show that a decrease in development costs in the
hazard-rate order, or an increase in the value of the new technology in both absolute and
marginal terms, makes the firm more prone to bear downside risk and to delay investment

in the stand-alone technology.

The paper is organized as follows. Section 2 provides our motivating example. Section
3 discusses the relevant economic and mathematical literature. Section 4 precisely describes
the firm’s problem and the assumptions under which we solve it. Section 5 provides the
Markovian formulation of the firm’s problem. Section 6 heuristically derives and formally
states our main theorem. Section 7 is devoted to the analysis of the variational system.
Section 8 completes the proof of our main theorem by providing the required verification
argument. Section 9 discusses the implications of our analysis. Section 10 concludes. Proofs

not given in the main text are collected in the Online Appendices A—C.

2 A Motivating Example

Our motivating example is an investment-timing game with technological breakthroughs that
can be informally described as follows. The benchmark is that of a decision maker (DM) who
decides when to invest in a project whose net value at investment time 7 is R(X,), where
X = (Xt)i>0 is an observable and continuous Markov process and R is a net payoff function.
The interpretation of X depends on the intended application of the model. If the DM is a
firm, X may stand for the cash-flow upon investing or for the consumers’ willingness-to-pay
for the DM’s output. If the DM is a social planner, X stands for the social desirability of the
investment project. Whatever the interpretation, the DM, if left to his own devices, would

solve the following standard optimal stopping problem:
Vr(z) =sup E, [e7"R(X,)], (1)

where r > 0 is the DM’s discount rate. Now, suppose that the DM can benefit from the help

of two competing developers D1 and D2, each of whom can develop, at some endogenously
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determined random time, a new technology allowing the DM to improve his net payoff
function from R to U > R. We refer to such an event as a breakthrough; a breakthrough

increases the value of the investment project to
Vo(z) = sup B [e " U(X,)]. (2)

An immediate implication of (1)—(2) is that Vi (x) > Vg(x), so that there is a surplus to be
shared between the DM and the developers.

Developing the new technology involves a sunk cost Z € R, the same for each developer.
We assume that Z is the developers’ private information; from the DM’s perspective, Z
is drawn at time 0 from a known distribution, independently of X. Like the DM, each
developer observes the evolution of X and decides when to develop the new technology; she
also observes the decisions of her competitor. To avoid coordination failures, we assume
that, if both developers simultaneously attempt to develop the new technology, then only
one of them, each with probability %, can effectively have a breakthrough.!

The payoffs of the different parties can be described as follows. If the DM invests at
time 7 before a breakthrough occurs, then he obtains his stand-alone payoff R(X,) and
each developer obtains a zero payoff. If a breakthrough occurs before the DM invests in
the project, at a time 78 < 7 at which X,s = z, then the DM and the developer who has
a breakthrough share the surplus Vi (z) — Vg(z) according to the Nash (1950) bargaining
solution. By himself, the DM can obtain Vz(z) and, by herself, the successful developer can

obtain zero. We deduce that their continuation payoffs at time 77 are
1 1
G(z) = 5 V() + Vg(z)] and P(x) = 5 Vu(z) — Vg(z)], (3)

respectively, while the other developer obtains a zero payoff.

For every strategy 7 of the DM, these assumptions on payoffs give to the interaction
between the developers the structure of a pure preemption game. Following Dutta and
Rustichini (1993), we obtain that, in any pure-strategy subgame-perfect equilibrium, a
breakthrough occurs at the first time at which the developers break even; that is, assuming

that P is strictly increasing and maps the state space for X onto R, , we have
P =1rxsy =inf{t >0: X, >V},

where Y = P~'(Z). The upshot from this discussion is that, when 7 > 7x>y, the DM
pays P(X

rxsy) 10 a developer at time 7x>y, which gives him the opportunity to benefit

LAs in Katz and Shapiro (1987), this implicitly assumes that the developer losing the coin flip does not
incur the cost Z. Dispensing with this public randomizing device would not significantly modify the DM’s
problem, see the remark below.



from a superior payoff U (X, ) at time 7. Thus the DM solves the following optimal stopping

problem:
Sup ECC |:1{T<szy} e_TTR(XT) + 1{7‘27‘){2)/} [e_rTU(XT) - e_rTXZYP(XszyXI]‘ (4)

Because Vi (X

szy)

— P(Xry.y) = G(Xryoy) by (3), the dynamic programming principle
implies that the DM’s problem (4) can be rewritten as

sup B, [1{7'<7'X2Y} e TR(X;) + 1{TZTX2Y} e_TTXZYG(XTXZY)]‘ (5)

This is the general form of the problem we shall deal with in this paper.

Remark Whenever a public randomization device is not available, the game can easily be
modified to allow for simultaneous developments. In that case, it is convenient to assume
that the DM and the developers share the surplus Vi (z) — Vr(x) according to the Shapley
(1953) value, which generalizes the Nash (1950) bargaining solution in the transferable-utility
case. We distinguish two cases. Suppose first that only one developer, say, D1, develops
the new technology at time 72. Then D2 is effectively a null player, and hence she obtains
a zero payoff; the DM’s and D1’s continuation payoffs at time ¢ are then given by (3) as
before. Suppose next that D1 and D2 simultaneously develop the new technology at time
78. By himself, the DM can obtain Vz(z) and, by themselves, D1 and D2 can obtain zero.
Moreover, each developer does not increase the value of the coalition consisting of the DM

and the other developer. We deduce that the continuation payoffs for the DM and each

developer at time 77 are
Gla) =  [2V(w) + Va(e)] and  P(x) = £ [Vir(e) — Vo)), (6)

respectively. Notice from (3) and (6) that G(z) > G(v) and P(z) > P(z), reflecting
that the DM has a higher bargaining power when both developers have a breakthrough.
The developers’ strategies can be described using Riedel and Steg’s (2017) adaptation of
Fudenberg and Tirole’s (1985) concept of extended mixed strategies to stochastic timing
games. The equilibrium outcome is as follows. First, if Xy < P7}(Z), then a single
breakthrough occurs at time 7x>y. Next, if P7'(Z) < Xy, < P~(Z), then one or two
simultaneous breakthroughs occur at time 0, depending on the realizations of the developers’
extended mixed strategies. Finally, if Xy > P~'(Z), then two simultaneous breakthroughs

occur at time 0. Thus the possibility of benefiting from two simultaneous breakthroughs can

only increase the DM’s payoff at time 0, which does not modify the solution to problem (5).



More generally, problem (5) naturally arises in any situation in which a DM decides
at each instant of time whether to settle for a basic payoff function R or to wait until
a continuation value function G guaranteeing him a higher value than the option value
associated to R becomes available. As we will see in Section 5, because the time 7x>y at
which this occurs is, by construction, the hitting time by X of an unknown threshold Y, the
Markovian formulation of problem (5) leads to a two-dimensional stopping problem whose

state variables are the process X and its running maximum.

3 Related Literature

This paper is closely related to the literature on technology adoption under technological
uncertainty pioneered by Balcer and Lippman (1984) and further developed by Weiss (1994),
Farzin, Huisman, and Kort (1998), and Doraszelski (2004). We share with these authors the
basic premise that the DM faces uncertainty about the arrival of a new technology or of
an improvement on the current best practice. This implies that he has an option value
of waiting before adopting the current state-of-the-art technology; for instance, Balcer and
Lippman (1984) show that it is optimal for a firm to do so only if the technology it has
in place lags behind by more than a certain amount. However, a key assumption of these
models is that the value of the current state-of-the-art technology is fixed and known to the
firm; thus, for instance, there is no output-price uncertainty. By contrast, we assume that
this value—as well as the value of the new technology, should it become available—fuctuates
randomly as a function of market conditions. Thus, in addition to technological uncertainty,
the DM in our model faces cash-flow uncertainty, as in the standard real-options models of
MacDonald and Siegel (1986) and Dixit and Pindyck (1994), or, in the context of technology
adoption, as in the pure uncertain-profitability models of Jensen (1982), McCardle (1985),
and Bhattacharya, Chatterjee, and Samuelson (1986). A contribution of our paper is to
bring together these two classes of models of technology adoption.

In this respect, it is interesting to contrast our general investment problem and the
investment-timing example of Section 2 with recent developments of the real-options literature
on investment under technological and cash-flow uncertainty. Papers in that literature, such
as Alvarez and Stenbacka (2001), Huisman and Kort (2004), Murto (2007), Chronopoulos
and Siddiqui (2015), and Chronopoulos and Lumbreras (2017), assume that technological
breakthroughs are exogenous and arise independently of the realizations of the cash-flow
process; a common assumption is that breakthroughs occur in a memoryless way, according to

an independent Poisson process. This implies that current market conditions are the relevant



Markov state variable for the firm’s optimal investment policy. By contrast, breakthroughs
are endogenous in our investment-timing example, and they arise in equilibrium when the
market conditions become favorable enough to cover the developers’ cost of introducing
the new technology. This generates a rich two-dimensional dynamics involving current
market conditions as well as their historic maximum, and leads to the stark prediction
that investment in the stand-alone technology only takes place when market conditions
deteriorate enough after having reached a maximum.

Lambrecht and Perraudin (2003) and Pawlina and Kort (2005) consider setups in which a
firm faces, on top of cash-flow uncertainty, a risk whose realization depends, as in our model,
upon the cash-flow process reaching a certain threshold whose value is ex-ante unknown to
the firm. The difference is that this risk is a downside risk, associated to either preemption
or cost increases, rather than an upside potential. As a result, and in contrast with our
model, the firm is protected from downside risk as long as the current cash-flow stays below
its historic maximum, and it is optimal for the firm to invest only when the cash-flow exceeds
a certain threshold value.

Grenadier and Weiss (1997) is closer to the present setup. However, they do not interpret
the underlying stochastic process as a cash-flow process, but rather as describing the evolution
of the state of technological progress; they assume that a breakthrough occurs when this
process reaches a known threshold. By contrast, the threshold at which a breakthrough
occurs in our investment-timing example is unknown to the DM as he does not observe the
cost of introducing the new technology; as time goes by and the cash-flow process reaches
new maximum values without a breakthrough occurring, the DM learns about this cost,
becoming more pessimistic that he will eventually benefit from a breakthrough. Another
difference is that the payoffs upon investing are functions of the current cash-flow in our
model, whereas they are random variables independent of the state of technological progress
in Grenadier and Weiss (1997).

From a technical viewpoint, this paper is related to the literature on two-dimensional
stopping problems involving the running maximum of a one-dimensional diffusion. Following
the seminal contributions of Shepp and Shiryaev (1993), Dubins, Shepp, and Shiryaev (1994),
Graversen and Peskir (1998), and Peskir (1998), an abundant literature in mathematical
finance has used such models for the pricing of exotic options; see, for instance, Pedersen
(2000), Guo and Shepp (2001), Dai and Kwok (2006), Guo and Zervos (2010), Ott (2014),
and Rodosthenous and Zervos (2017). Compared to these studies, we do not a priori

postulate an objective functional depending on the running maximum, as, for instance,



in the analysis of Russian options; rather, we derive it from a natural investment problem
using an appropriate change-of-variables formula. Moreover, a key distinctive feature of the
Markovian formulation of our problem is that the objective functional does not involve the
running maximum itself, but rather the integral of the discounted payoff from investing in
the superior technology with respect to the increments of the maximum process, reflecting
that the DM does not know at which threshold value of the underlying diffusion process
a breakthrough will occur. Finally, most studies that provide an explicit solution to an
optimal stopping problem involving the running maximum assume a specific functional
form—typically, a geometric Brownian motion—for the underlying diffusion process; by

contrast, our results hold for a rich class of time-homogenous diffusion processes.

4 The Model

In this section, we precisely formulate our general stopping problem and relate it to the

model of investment under technological breakthroughs informally presented in Section 2.

4.1 A General Stopping Problem

Let X = (X¢)t>0 be a one-dimensional time-homogeneous diffusion process defined over the
canonical space (2, F, P,) of continuous trajectories with Xy = x under P, which is solution

in law to the stochastic differential equation (SDE)

driven by some Brownian motion W = (W;);>o. The state space for X is an interval
7 = (a, ), with —oo < a < f < o0, and p and o are continuous functions, with ¢ > 0
over Z. We assume that a and [ are inaccessible (natural) endpoints for the diffusion.
Therefore, X is regular over Z and the SDE (7) admits a weak solution that is unique in
law. We also consider a random variable Y with law Q taking values in Z and independent
of X. Overall, the relevant probability space for our analysis is the canonical product space
(Q,F,P,)=(2xI,F®B(I),P,®Q), where B(Z) is the Borel o-field over Z. We denote
by E, and E, the expectation operators associated to P, and P, respectively.

The DM observes the evolution of X, which he must stop at an appropriate time. Thus his
strategy space is the set Tx of all stopping times of the right-continuous filtration generated
by X over the canonical space; notice that the elements of Tx can be identified to functions

defined over Q and taking values in R, U {oc}. Letting
Txsy =inf{t >0: X; > Y},
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we define the value for the DM of stopping X at 7 € Tx as

J(w,7) = Ew [1{T<szy} e "R(X;) + 1{TZszy} e_TTXZYG(XTXzYﬂ (8)

for some Borel functions R and G defined over Z.? The interpretation of (8) is that the DM
chooses 7 without knowing the realization of Y. If he stops the process X before it reaches
Y, then he is rewarded according to R, at time 7. Otherwise, the game is stopped when X
reaches Y, and he is rewarded according to G, at time 7x>y. Our objective is to solve the

following optimal stopping problem:

V(z) = sup J(z,7). 9)
TE€Tx
Before we detail the technical assumptions we impose on the primitives of the model, it is
helpful to relate problem (9) to the investment problem with technological breakthroughs
(4), which we used to motivate our analysis in Section 2. In problem (4), the stopping time
7 belongs to Tx x>y, the set of all stopping times of the filtration (G;)i>¢ over Q defined
by G; = o(X, Lirysy<s}; 8 < t) for all t > 0. That is, the information that accrues to the
DM up to any time t is the evolution of X up to time ¢, as well as the breakthrough time
at which X reaches Y, should this happen before time t. For the sake of completeness, we

verify in Appendix B that the dynamic programming principle applies to problem (4), which

allows us to rewrite it under the general form (9).

4.2 Technical Assumptions

We first recall useful properties of the solution X to the SDE (7). We next detail the
assumptions on the payoff functions R and G and on the law Q of the random variable
Y under which we solve problem (9). We also emphasize useful properties of the following
auxiliary optimal stopping problem:
Vr(z) = sup E [e " R(X,)], (10)
T€TX

which plays an important role in our analysis. Intuitively, (10) corresponds to the stand-alone

investment problem in which the DM cannot benefit from a technological breakthrough.

Properties of the Diffusion X The infinitesimal generator of the diffusion X is defined
for functions u € C*(Z) by

Lu(z) = plx)u'(z) + %02(55)1/’(1'), rel. (11)

2By convention, we let f(X,) =0 over {T = oo} for any Borel function f and any random time 7.

10



That ¢ > 0 over Z ensures that the equation Lu — ru = 0 admits a two-dimensional
space of solutions in C?(Z), spanned by two positive fundamental solutions h; and hso,
respectively strictly increasing and strictly decreasing, that are uniquely defined up to a
linear transformation. By Abel’s theorem, the ratio

y hi(x)ha(x) — hn(x)hs(x)
S'(x)

of the Wronskian of h; and h, and of the derivative of the scale function of the diffusion X,

>0 (12)

which is uniquely defined up to an affine transformation by

S(z) = / exp (— /Cy 358 dz> dy, z€T (13)

for some fixed ¢ € Z, is a constant independent of x. Because the boundaries o and § of Z

are natural, we know in particular that

lim hy(z) =0, lm hy(z) =00, lim hy(x) =00, lim he(z)=0. (14)

z—at T—B~ z—a™t T—B~

Furthermore, defining the hitting time 7(y) = inf{¢t > 0 : X; = y} for all y € Z, the mapping

hi(z)
if x<uy,
(2,9) = Byle @] = { iy 1= (15)
ha (o) if x>,

is continuous and C? over {(x,y) € Z x I : x # y}.

Assumptions on the Payoff Functions R and G We assume that R € C*(Z), and that

it satisfies
A1 For each z € Z, B, [sup,sge " |R(Xy)]] < oo.
A2 For each x € Z, lim;_,o, e " R(X;) = 0, P -almost surely.

A3 There exists zg € Z such that LR —rR > 0 over («, x9) and LR —rR < 0 over (zo, ).

A1 guarantees that the family (e7""R(X;))re7y is uniformly integrable. A1-A2 imply the
useful growth property

. R(@) . Rx) _
A (@) ap Ta(a) (16)

and are in line with the convention made in Footnote 2. A3 guarantees that the optimal
stopping region {z € Z : Vg(z) = R(x)} for the stand-alone optimal stopping problem (10)

is of the form [z, §) for some threshold xr > g, so that

hi(x) .
Va(r) = { Tutem fo0) 102 < 20 (17)
R(x) if =>uxp,

11



and the smooth-fit property applies at zg, that is, R'(zgr) = Z}gg R(zg) (Peskir and

Shiryaev (2006), Dayanik and Karatzas (2003, Corollary 7.1)). It follows from standard
optimal stopping theory that (e "*Vxr(X})):>0 is a supermartingale and that LV — rVg <0
over Z \ {zgr}. The following lemma holds.

Lemma 1 Vi > 0 over Z and R > 0 over [zg, ().

We assume that G € C}(Z), that G is piecewise C? over Z, and that it satisfies
A4 For each z € Z, E, [sup,5q e ""G(Xy)] < oo.
A5 For each x € Z, limy_,o, e "G (X;) = 0, P -almost surely.
A6 G > Vi over T.
A7 LG —rG <0 everywhere G” is defined.

From (10), A6, and Lemma 1, we have G > RV 0 over Z; hence A4 guarantees that the
family (e7""G(X;))re7y is uniformly integrable. A4-A5 imply the useful growth property

. Gl . G)
ey Ay = O (18)

The interpretation of A6-A7 is that G dominates the value function Vg of the stand-alone
optimal stopping problem (10) and that it incorporates itself the solution to an optimal
stopping problem, so that (e "*G(X}));>0 is a supermartingale. In the investment problem
with technological breakthroughs (4), this occurs because, at time Tx>y, the developers
allow the DM to enjoy, instead of the stand-alone technology, with payoff function R, a more
efficient technology, with payoff function U > R. The function G results from a subsequent
optimal stopping problem involving the superior payoff function U, as shown by (2)—(3).

Assumptions on the Distribution of ¥ Recall that the random variable Y takes values

in Z and is independent of X. We further assume that its law Q satisfies
A8 Q has locally Lipschitz density f > 0 over Z with respect to Lebesgue measure.
We denote by F' the cumulative distribution function of Y.

In line with the real-options literature (Dixit and Pindyck (1994)), a natural specification
of the model consists in letting X follow a geometric Brownian motion with drift u < r
and volatility ¢ > 0, and in letting the payoff functions be given by R(z) = = — I and

U(z) = kx — I; here I is a positive investment cost that the DM must incur to obtain a
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cash-flow X (under the stand-alone technology) or kX (under the more efficient technology),
where k > 1. Finally, we assume that the development cost Z is drawn from a distribution
with locally Lipschitz density fz > 0 over (0,00) with respect to Lebesgue measure. We
verify in Appendix C that this specification satisfies A1-AS.

5 A Markovian Formulation

We now turn to the analysis of our main problem (9), for which we first give a convenient
Markovian formulation. Given m € [z, §), define the maximum process M = (M;):>o by
M; = m Vsup X,
s<t
for all t > 0, so that the pair (X, M) defines a continuous Markov process starting at (z,m).
We denote by P, ,, the law of this Markov process over (2, F) ® (2, F) and by E,,, the
corresponding expectation operator. Observe that any stopping time in the set 7x s of all
stopping times of the right-continuous filtration generated by (X, M) over (2, F) ® (2, F)

is P, ,,-almost surely equal to a stopping time in Ty.
Proposition 1 The function

V(z,m)= sup E,,|[1 —F(M)]e " "R(X;)+ /OT e "'G(My) f (M) dM, (19)

TGTXJV[

1s well-defined and
V(z) =V(z,2) + F(2)G(x) (20)
forallx € T.

To grasp the intuition for this result, consider a static version of our problem in which
the DM has no decision to take and all uncertainty is resolved immediately at time 0. Then
the DM obtains G(x) with probability F'(z), as in (20), and R(x) with probability 1 — F(z),
as in (19) for 7 = 0. The integral with respect to the maximum process in (19) should thus
be interpreted as the added value of postponing investment in the hope of a technological
breakthrough. Specifically, because breakthroughs only occur when the process X reaches
new maximum values, the probability that a breakthrough occurs during the time interval
(0,7) is F(M,;) — F(m), and the expected discounted value of such breakthroughs to the
DM, compounded over the increments of M over (0, 7), is given by

[T e G (M) f(M;) dM,
F(MT) - F(m) ‘
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By contrast, the downside risk of postponing investment is that, with probability 1 — F(M,),
no breakthrough may occur before time 7, in which case the DM may well end up with a

payoff R(X;) < R(z).

Proof. Because the diffusion X is regular over Z, we know that, for each y € [z, (), the
hitting time 7(y) = inf {t > 0 : X; = y} is finite with positive probability under P,. Notice

that 7x>y = 7(Y) over {Y > z} and 7x>y = 0 over {Y < z}. By Fubini’s theorem, we have

)
{ [Lirery e TR + Lipzrn e TV G ()| Q(dy) + F(x)G(x)]

E[ [ fwayermree) + [ e dy] T F()G()

=E., [[1 — F(M:)]e”""R(X;) +/ eTG(y) F(y) dy] + F(z)G(z). (21
By Al, we have
By [[1— F(M,)] e R(X,)] < o0

for all 7 € Tx pr. The remainder of the proof of Proposition 1 relies on the following lemma,
which establishes a change-of-variables formula that clarifies the dependence of the payoff

with respect to the maximum process M.

Lemma 2 For each 7 € Tx 1,

| ercmimay = [ e on am, (22)

m

P, ..-almost surely.

Proof. Fix some w € €2, and consider the continuous nondecreasing mapping ¢t — M, and

its right-continuous inverse
Cy=inf{t>0: M, >y}, yem,/p),

with inf () = oo by convention. By construction, C,,_ = 7(y) for all y € (m, §). Consider the

Borel function

9(t) = Ljoci<ry e ""G(My) f(My), t>0,
with g(oco) = 0 by convention, which is nonnegative as G > 0 over Z. According to
the change-of-variables formula for Stieltjes integrals (Revuz and Yor (1999, Chapter 0,
Proposition 4.9)), we have

B8
/ oty dM; = / 9(C,) dy (23)
[0,00)

m

14



whenever these integrals are well-defined. To check that this is the case, notice first that,
because M is continuous, y = M,y for all y € [m,[); moreover, because C is right-
continuous and nondecreasing, 7(y) = C,— = C, for all y € [m, ) outside of a countable
set. It follows that
B B
[ 9@y = [ tpco,eny G0 1Mo, dy

m m

= / eTWG(y) f(y) dy. (24)

We claim that the quantity (24) is P, ,,-almost surely finite. Indeed, taking expectations

and using Fubini’s theorem, we have

M, B8
Ex,m[ / e-”<y>G<y>f<y>dy} < [(BL ]G0 ay
< [1 = F(m)] sup Bu[e"G(X.)],

TETx

which is finite by A4. Therefore, the integrals in (23) are well-defined, as claimed. To
conclude the proof of Lemma 2, simply observe that the left-hand side of (23) is equal to
the right-hand side of (22) and that, in line with (24), the right-hand side of (23) is equal
to the left-hand side of (22). The result follows. |

We are now ready to complete the proof of Proposition 1. By Lemma 2, the value function

V' of problem (19) is well-defined and, by (21)-(22), we have

V(z) = sup J(z,7)

TETx

= sup E,, {[1_F(M e "TR(X +/MT TWG(y) fly )dy] + F(2)G(z)

TETX, M

— sup E., {[1—F(M e R(X,) + /0 e G(M,)f Mt)th} + F(2)G(2),

TGTXJM

which is (20) by (19). Hence the result. |

Our initial problem (9) hence reduces to an optimal stopping problem for the two-

dimensional Markov process (X, M) over the state space
J={(x,m) €T XTI :m>z}.

Compared to similar problems involving the maximum process so far considered in the
literature, a distinctive feature of problem (19) is that the DM’s payoff function features an

integral with respect to the maximum process.
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6 The Main Theorem

In this section, we first heuristically derive a variational system for the value function V'
of problem (19). Our main theorem then states that this system has a unique solution,
which coincides with V| and expresses the optimal stopping time for (19) in terms of a free

boundary in the domain 7.

6.1 A Heuristic Derivation

The Stopping Region We start with three educated guesses about the optimal stopping
region S C J for problem (19), which are in line with Peskir’s (1998) classic analysis of the
stopping problem for the maximum process.

First, because G > Vi by A6, a lower bound for V is obtained by stopping X at the
optimal threshold zy for the stand-alone optimal stopping problem (10). Intuitively, it is
thus suboptimal for the DM to stop (X, M) before X reaches xg. That is, we guess

S {(x,m)eJ: x> xgr}.

Second, the maximum process M can increase only when (X, M) hits the diagonal D =
{(z,m) € J : x =m} of J, at which point the DM’s payoff may jump upwards. Intuitively,
it is thus suboptimal for him to stop (X, M) over D. That is, we guess

SND=40.

Third, after (X, M) hits D, it is costly for the DM to let it run horizontally too far to
the left of D because of the time needed to reach a new value of M. Intuitively, because
of discounting, the opportunity cost of delaying action increases when (X, M) moves away

from D. That is, we guess
S={(z,;m)e T m<m<pand g <z <b(m)}

for some m € (xzg,B) and some function b : [m,5) — [zg, ) that satisfies b(m) = xpg,
b(m) < m for all m € [m, ), and the limit condition

mhj%_ b(m) = 0.
The fact that the free boundary x = b(m) is defined for x > zz and m > m follows naturally
from our investment problem and is specific to our model. We will see that the limit condition
turns out to be a consequence of the growth property (18). This reflects the idea that the
DM should be reluctant to let the process (X, M) run too far from D as X grows large.
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Dynamic Programming The dynamic programming principle for (19) relies on the key
observation that M does not increase as long as (X, M) stays away from D. Hence the
infinitesimal generator of (X, M) restricted to functions u € C*!(int J) coincides over int J

with the infinitesimal generator of X,

%
ox

1 o?

Lu(x,m) = p(x) — (z,m) + 5 o?(z) 8_1; (x,m), (z,m)e€intJ.
x

Letting C = J \ S be the continuation region, the dynamic programming principle then

states that, provided V is C*! over intC C int J, we have
LV (z,m)—rV(x,m)=0, (r,m)é€intC.

The dynamic programming principle is at this stage only an educated guess, which we will

ultimately confirm by a verification argument.

Value-Matching As usual, the value-matching condition
V(z,m) =[1—F(m)R(z), (x,m)eS
pins down the value function on the stopping region.

Smooth-Fit We conjecture that the value function satisfies the smooth-fit property along

horizontal lines at the free boundary x = b(m):

ov
S (m),m) = [1 = F(m) R (b(m)),  m € [m, B).

Like the dynamic programming principle, the smooth-fit property is at this stage only an
educated guess, which we will ultimately have to verify using an appropriate candidate for

the free boundary.

Neumann Condition The Neumann condition expresses the behavior of the value function
at D, where the process (X, M) undergoes a normal reflection. In our setting, the Neumann

condition takes the form

g—:; (m,m) = —f(m)G(m), meZI,

which can be heuristically derived by observing that, from (19) and (22),

Vimm) = sup Eym|[l— F(M,)]e "R(X,) + / "Gy () dy |-

TETX, M m

Intuitively, starting from a point (m,m) € D, a marginal increase in the second argument

brings bad news to the DM. Indeed, noticing that f(m)dm corresponds to the probability
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that a breakthrough occurs in [m,m + dm], the term f(m)G(m) on the right-hand side of
the Neumann condition represents the expected foregone payoff for the DM if X reaches
a new maximum value yet no breakthrough occurs. It should be noted that this heuristic

derivation incorporates our guess that the free boundary = = b(m) does not cut D.

Boundary Condition Finally, because the lower endpoint « of 7 is inaccessible for X and
lim, .+ Vr(x) =0 by (14) and (17), we conjecture that the value function vanishes at «,

lim V(z,m)=0, mel.

r—at

Overall, we are led to find a threshold m € (zg, ), a function b : [m, ) — [zg, ), and a

function W : J — R that jointly satisfy the following variational system (VS):

bm) = . (25)
v < bm) <m, m e m,5), (26)

Jim_b(m) = B, (27)

LW (z,m) — rW(z,m) =0, (2,m) € intC, (28)
Wi m) = [1 = F(m)]R(), (2,m) €8, (29)

T8 (bm),m) = 1~ )R 00m), m € [m, ). (30)

O mm) = —fm)G(m), meT, 1)

lim W(a,m) =0, meL, (32)

where S ={(z,m) e JT:m<m<fandzg <z <b(m)}andC=J\S.

Remark As in the literature on two-dimensional stopping problems involving the running
maximum of a one-dimensional diffusion, an important feature of our variational system
is that the smooth-fit condition is not sufficient to characterize the solution that coincides
with the value function of the optimal stopping problem. To address this issue, the classical
method of Shepp and Shiryaev (1993) and Dubins, Shepp, and Shiryaev (1994) consists in
imposing a well-chosen growth condition on the free boundary or on the solution of the
variational system; this is analogous to a transversality condition and allows them to pin
down the optimal free boundary. The corresponding solution to the ODE turns out to be
the largest solution which stays strictly below D, a property referred to by Peskir (1998) as
the mazimality principle. In our problem, it is not straightforward to guess the appropriate
growth condition, nor to apply the maximality principle. Instead, the simple limit condition

(27) turns out to characterize the optimal free boundary among all candidate solutions.
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6.2 A Formal Statement

Our central theorem can now be stated as follows.
Theorem 1 (VS) admits a unique solution (m,b, W) in (zg, ) X C*(m, 8)) x V, where

v=C(J)n cl(j \ Tm) NCHH (1) NCH (T) NC*H(Ts) N CH(S),
z,m) € J :x € (a,m]},
m) € J :m € [m,[) and x < zg},
x,m) € € [m, 8) and = > b(m))},
m) € m € (o, m]}.
Moreover,
(i) the function b is strictly increasing;
(ii) the function W coincides with the value function V' of problem (19);
(iii) the stopping time
mn=inf{t > 0: My >m and zp < X; < b(My)}
is optimal for problem (19), that is,
T
V(z,m) =E;,|[1 — F(M,)] e ™R(X,,) +/ e "G(My) f (M) d M,
0

for all (x,m) € J.

Remark Notice that a function in V need not be globally C* over J. Indeed, it will turn
out that the partial derivative with respect to m of the function W part of the solution to
(VS) is not continuous at the points (x,m) for z < m. This relates to the fact that the DM
is willing to invest in the stand-alone technology only after X reaches m. We elaborate on

this distinctive feature of our solution in Proposition 4 of Section 9.

The optimal stopping region is illustrated on Figure 1. The proof of Theorem 1 consists
of two parts.

The first part of the proof is purely analytical, and consists in showing that (VS) admits
a solution (m,b, W) that satisfies the required regularity conditions. The function b is
characterized as the solution to an ordinary differential equation (ODE), and the function

W is explicit given b. This part of the proof is provided in Section 7.
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Figure 1: The optimal stopping region.

The second part of the proof follows the theory of optimal stopping. We exploit two
properties, which we show are satisfied by any function W part of a solution to (VS). The
first property is that W is bounded below and above as follows:

[1—F(m)|R(z)V0<W(x,m)<[l—F(m)G(x)

for all (z,m) € J; this notably implies a useful uniform integrability property. The second

property is that W is superharmonic; that is, for any stopping time 7 € Tx ur,
W (o) 2 B | W6 M)+ [ e GO0 A,
0

for all (z,m) € J. We then argue that these two properties together imply that W must
coincide with the value function V' of problem (19) and that the stopping time 7, is optimal
for this problem. Incidentally, this also shows that (VS) admits a unique solution. This part

of the proof is provided in Section 8.

7 Analysis of the Variational System

The central result of this section is that (VS) admits a solution.

Proposition 2 There exist m € (zg,[3), a strictly increasing function b € C*(|m, 8)), and

a function W € V such that (m,b, W) is a solution to (VS).
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It should be noted that Proposition 2 does not establish that (VS) admits a unique
solution. Instead, uniqueness is a by-product of the verification procedure in Section 8. The

proof of Proposition 2 consists of three steps, which we develop in Sections 7.1-7.3.

7.1 An ODE for the Free Boundary

The first step of the proof consists in showing that, if a solution (m, b, W) to (VS) exists, then
the function b describing the free boundary satisfies an ODE. Specifically, let £ : Jg — R
be the vector field defined over Jg = {(z,m) € J : © > xp} \ D by

_ H(m)o*(x)
B m) = S e hat)
~S' () T V() — RV (2
X{D(m) [R(x)hs(m) — Glm)ha(@)] + R (x)hs(x) — R(x)h)( )}, (33)
where

L(r) = LR(x) — rR(z), (34)
D(xz,m) = hy(m)hy(x) — hi(z)ha(m), (35)
Him = L (30)

Notice that H corresponds to the breakthrough rate, that is, H(m)dm is the probability
that a breakthrough occurs over (m, m+ dm| conditional on no breakthrough occurring over
(ar,m]. Observe that E is well-defined because L < 0 over [zg,3) by A3 along with the
fact that xr > x¢, and because D > 0 over Jg as h; is strictly increasing and hs is strictly
decreasing. Moreover, E is continuous and, as h; and hy are C2, G is C', and H is locally
Lipschitz by A8, E is locally Lipschitz in its second argument. However, because D vanishes
over D, E cannot be continuously extended to the closure Jp = {(z,m) € J : © > xg} of

JE, as the following lemma shows.

Lemma 3 For each m € [zg, ),

lim E(z,m') = occ. (37)

(z,m’),z<m/—(m,m)

We are now ready to state the central result of this section.

Lemma 4 If (m,b,W) is a solution to (VS) such that b € C*([m,)) and W € V, then b
satisfies the ODE
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The proofs of Lemmas 3—4 are provided in Appendix A.
In light of (26)—(27), Lemma 4 narrows down the set of candidates for the free boundary
to the set of solutions to (38)—(39) that satisfy zr < b(m) < m for all m € [m, ) and

lim,,,,3- b(m) = 8 for an appropriate choice of the endpoint m.

7.2 The Set of Candidates for the Free Boundary

The second step of the proof consists in showing that the set of candidates for the free
boundary is nonempty. As the vector field £ in (38) cannot be continuously extended
to Jg by Lemma 3, the existence of such a candidate does not immediately follow from
standard results and requires a specific analysis. Our approach relies on the following lemma,
whose geometrical interpretation is that the vector field £ points to the left above a strictly

increasing C' curve.

Lemma 5 There exists a strictly increasing C' mapping x — m, over [xg, ) such that

(1) for each x € (xR, 3), ms > x;
(ii) for each (x,m) € Jg, E(x,m,) =0 and E(x,m) < 0 if m Z my;
(iii) lim,_5- My = B.

Proof. We use a change of variable introduced by Dayanik and Karatzas (2003). For each

x € Z, define ((z) = Z;Eg, which is strictly increasing in = and maps Z onto (0, c0). For any

function g : Z — R, define the function g by

i(y) = h% o (y), v e (0,00). (40)

A direct computation (De Angelis, Ferrari, and Moriarty (2018, Appendix A.1)) shows that,
if ¢ is twice differentiable at x € Z, then (L£g — rg)(z) has the same sign as ¢”({(z)). Hence
A3 and zz > o imply that R’ < 0 over [((z),0), and A7 and G is C' imply that G is

concave over (0,00). Moreover, G > 0 over (0,00) as G > 0 over Z, and (18) implies

im EW g (41)
y=oo Yy
Finally, because R > 0 over [z, 3) by Lemma 1, we have R > 0 over [((zg), 0); because R
is strictly concave over [¢(xg),00), it must then be that R’ > 0 over [((zg), o0).
We now use (40) to obtain a more compact expression for E(z,m). By (12) and the

definition of (, we have

() = hi(@)he(z) = ha(@)hy(x) 75" (x)
[ha ()2 [ha(2)]?
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for all 2 € Z, and thus (C1)(¢(z)) = g; . By (40), this implies

_ R(@)hafa) — RE)hy(x)
) = (22) ey oy = LD R (42)

Thus, for each (z,m) € Jg, we have

( Jo?(x)yS'(x ){R(ﬂf)hz(m)—G(m)hz(ﬂf) R/(:v)h2($)—R($)h’z(:v)}

E(x,m) =

(
2L@)ha(a) | (m)ha(e) — I (@)ha(m) NETE
B ehSe) (1 _[R)_ Glm) gy,
2L (@)hal2) {<<m>—c<x>[h2<x> h2<m}+R“< ))}
Hm)o (e} (@) [ Gcm)) — R(C(x))
T L) he(a) () —C) @) (43)

where the first equality follows from (33) and (35), the second inequality follows from (42)
and the definition of ¢, and the third equality follows from (40).
Because L(x) < 0 for all x > xg, the upshot from (43) is that, for each (x,m) € Jg,

sgn E(z,m) = sgn G(Cém - i%(x)) - fi’(((x))]. (44)
Using the notation z = ((m) and y = ((z), consider for all z > y > 0 the quantity
O ) (49

For each y > ((zg), we have lim,_,,+ 7(2,y) = oo and lim,_, 7(2,y) < 0 by (41) along with
the fact that R/(y) > 0. Moreover, for each z > v,

01, = GEC- >[<> R)] _ G-y >[<> Gl _,

(46)

where the first inequality follows from G(y) > R(y), and the second inequality follows from
the concavity of G. This shows that, for each y > ((xp), there exists a unique z, > y
such that n(z,,y) = 0, n(z,y) < 0 for all z > z,, and n(z,y) > 0 for all z € (y,%,). By
construction, lim, ,,, 2, = co. To conclude the proof, observe from (45) and n(z,,y) = 0

that

A N A

—R'(y)(z —y) + G(z) — R(y)
(zy —y)?

on

gy (0 ¥) = —R'(y) =—R"(y) >0 (47)

for all y € [((xR),0). Applying the implicit function theorem, we obtain from (46)—(47)
that the mapping y — z, is C', with % > 0 over [((zr),o0). Letting m, = (" (2¢() for all

r € [xg, B) and recalling that ¢ is C? and strictly increasing, it is straightforward to verify
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Figure 2: The vector field E and the free boundary x = b(m).

that the mapping  — m, is C! and strictly increasing over [zg,3), and that it satisfies
(1)(iii). The result follows. |

It follows from Lemmas 4-5 along with the limit condition lim,, ,5- b(m) = / that, in
the space (x,m), the free boundary = = b(m) must lie strictly below the locus of points
m = my, at which E vanishes, and strictly above D, at which E explodes; this situation is
illustrated in Figure 2. In particular, the endpoint m must belong to the interval (zg, m,,).
Notice that it is crucial for this argument that the mapping = — m, be C'. We denote by
Jg ={(x,m) € Jg : my > m > x} the corresponding domain.

The set of candidates for the free boundary b can then be formally described as follows.
For each mg € (xg, my,), let by, be the maximal solution to the ODE b'(m) = E(b(m), m)
with initial condition b(mg) = xg that satisfies (b, (m),m) € Jg for all m in a nonempty
maximal interval (mg,m,,,). Because the vector field E is continuous and locally Lipschitz
in its second argument and b}, (1) > 0 as mg < My, the existence and uniqueness of by,
is guaranteed for all my € (xg, my,) by the Cauchy-Lipschitz theorem. For any such my,
we will say that b,,, is a candidate for the free boundary if and only if m,,, = 8. Observe
that we then have my,, () > m for all m € [my, 3); hence, by Lemma 5(iii), the limit

condition lim,,_,z- b,,,(m) = [ is automatically satisfied, which justifies the terminology.
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Moreover, b,,, is strictly increasing as J = E~1((0,00)) by Lemma 5(ii). As the following
lemma shows, the fact that the vector field E is outward-pointing at the boundary of J.

guarantees the existence of such candidates.

Lemma 6 There exists a nonempty compact interval I° C (xg,my,) such that by, is a

candidate for the free boundary if and only if mo € Z°.

Proof. Fix some mg € (zg, m,,,) and the corresponding maximal solution b,,. If m,,, < f,

then we either have by, (T,,,) = My, and by, cuts 0~ T4 = {(z,m) € D : x > xzp} at My,

OF bing (M) = My, (- ) a0 by, cuts 0T Ts = {(x,m) € Jg : m = m,} at M,,,. Define

mo)

also the degenerate solutions b,,, = {(zg,zr)} and b,,, = {(xg, M)}, which correspond to

Map
the limit cases of these two situations, respectively. Therefore, we can partition the interval

(xR, m,,] into three pieces:
1. Z7, the set of mg such that b, cuts 9~ J;
2. 79 the set of mg such that m,,, = 3;
3. IT, the set of mg such that b,,, cuts 0" J; .

Clearly T- # D asagp € T, I" # 0D asmy, € I, and Z-NZT = () as m, > z for all
x € |xg, B). From the non-crossing property of the solutions to the ODE ¥/ (m) = E(b(m), m),
Z- and " are intervals. If Z= and Z* are relatively open in [xg,m,,], then, because
(2R, M., cannot be the union of two disjoints open intervals, Z° must be a nonempty closed
interval in (zg,m,,), which concludes the proof. The fact that Z= and ZT are relatively
open in [zg,m,,| follows directly along the lines of the proof of Theorem 1 in Bobtcheff,
Bolte, and Mariotti (2017), to which we refer for details. Specifically, that Z~ is relatively
open in [zg, m,,] is a consequence of the fact that, by Lemma 3, the vector field £ explodes
over 9~ J4, whose slope is 1; and that Z* is relatively open in [xg,m,,] is a consequence
of the fact that, by Lemma 5, the vector field £ vanishes over 9% 7, , whose slope is locally

bounded as the mapping z — m, is C*. The result follows. |

The proof essentially follows the retraction principle of Wazewski (1947), see for instance
Hartman (1964, Chapter X, Theorem 2.1), with slight adjustments owing to the fact that
E cannot be continuously extended to Jg. Observe that Lemma 6 shows the existence but
not the uniqueness of a candidate for the free boundary: for all we know at this stage, the

set ZV may not be reduced to a singleton.
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7.3 A Solution to the Variational System

The third and final step of the proof consists in showing that to every candidate b : [m, §) —
(xR, B) for the free boundary corresponds a solution (m, b, W) to (VS). Specifically, because
any such b € C'([m, 3)) is strictly increasing and satisfies (25)—(27), all we need to do in
order to complete the proof of Proposition 2 is to exhibit a function W € V that satisfies
(28)-(32) for S={(z,m) e T :m<m < fandaxgr <x <bm)} andC =T\ S. Our

construction of W is explicit given b and consists of four steps.

Step 1 Consider first the points (z,m) € S. In this region, we let W be equal to the
payoff from stopping (X, M) immediately,

W(z,m)=[1-F(m)|R(x), (x,m)e€S, (48)
in line with (29).

Step 2 Consider next the points (x,m) € C to the left of S, such that (z,m) € (a, zg) X
[m, B). In this region, we let W be equal, up to multiplication by 1 — F(m), to the stand-

alone value function Vg,

W(z,m)=[1— F(m)] h}il(iiz) R(zg), (z,m) € (a,xg) x [m,[), (49)

which satisfies (28) by definition of h; and (32) by (14), and pastes continuously with (48).

Step 3 Consider now the points (z,m) € C to the right of S, such that m € [m,f)
and z € (b(m),m]|. In this region, we let W be equal to the solution to (28) that pastes
continuously with (48) at the free boundary = = b(m), and that satisfies the smooth-fit

condition (30). As shown in the proof of Lemma 4, this leads to

W(x,m) = A(m)hi(z) + B(m)he(z), m € [m,B) and x € (b(m), m], (50)
where
F(m) T
A(m) = 75,( (m))[ '(b(m))ha(b(m)) — R(b(m))h5(b(m))], (51)
= (m) "(b(m m)) — m))h, (b(m
B(m) = - 75’(b(m)) [R(b(m))ha(b(m)) — R(b(m))hy (b(m))], (52)

and the ODE (38) for b guarantees that the Neumann condition (31) is satisfied. Notice
that B(m) = 0 as b(m) = zr by construction and R'(zg) = % R(xg) by the smooth-fit
property for Vx.
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Step 4 Consider finally the remaining points (x,m) € C, such that m € (a,m) and
x € (a,m]. In this region, we let W be equal to the solution to (28) that satisfies the
boundary condition (32), the Neumann condition (31), and that pastes continuously with

the solution constructed so far. By (14), the boundary condition leads to
W(x,m) = C(m)hi(x), m € (a,m) and z € (a, m], (53)

for some function C' € C'((a, m)). Because B(m) = 0, continuous pasting requires
1— F(m)
Cim)=A(m) = —F—— R(x
(1) = Alwm) = =55 Riar)
by (51), using (12) along with the smooth-fit property for Vx. The Neumann condition is

satisfied if and only if

from which we conclude that

C(m) = 1;1(—};? Rlz) + / " % Gly) dy. (54)

This completes the construction of a function W satisfying (28)—(32) and, hence, of a solution
(m,b,W) to (VS). It should be noted that, given b, W is the unique solution to (28)—(32)
that is continuous over J. Together with Lemma 6, which characterizes the set of candidates

for the free boundary b, this yields a complete characterization of the solutions to (VS).

There only remains to check that the function W defined by (48)—(54) satisfies the

regularity conditions required in Proposition 2.
Lemma 7 W € V.

The proof of Lemma 7 is provided in Appendix A.
To conclude this section, we note that W is strictly positive over J, which reflects that

the functions A, B, and C' are strictly positive over [m, 3), (m, (), and («, m], respectively.

Corollary 1 For each (z,m) € J, W(x,m) > 0.

8 Verification

Let us now fix a candidate b for the free boundary, which by Lemmas 4 and 6 satisfies the
ODE (38)—(39) for some endpoint m € Z° and is strictly increasing, and let (m, b, W) be the

corresponding solution to (VS) constructed in Section 7.3. Denote by
m =inf{t > 0: (X, M;) € S}
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the hitting time of the stopping region S = {(z,m) € J :m <m < f and g <z < b(m)}

associated to b, which need not be P, ,,-almost surely finite, and denote by
Tb
Vi(z,m) =E, | [1 — F(M;,)] e "™ R(X,,) + / e ""G(My) f(M;) dM,; (55)
0

the value for the DM of stopping (X, M) at 7, starting from (z,m).

So far, our analysis has thus led us to construct three functions over J: the value
function V' of problem (19), the function W analytically characterized by (48)—(54) as part
of a solution (m, b, W) to (VS) given the candidate b for the free boundary, and the function
Vj, defined by (55) given the stopping time 7,. The central result of this section is that these

three functions coincide.
Proposition 3 V =W =1,.

Proposition 3 concludes the proof of Theorem 1. As a by-product, it entails that the
interval Z° of possible endpoints for a candidate for the free boundary is reduced to a
point, which in turn implies that there is a single such candidate. Indeed, if there were two
different candidates b; and by for the free boundary corresponding to different endpoints
my,my € Z° then we would have two different solutions (my, by, W;) and (my, by, Ws) to
(VS), contradicting Proposition 3 given that the value function V' of problem (19) is uniquely
defined. Therefore, (VS) has a unique solution.

The proof of Proposition 3 consists of three steps, which we develop in Sections 8.1-8.3.

8.1 Two Useful Bounds

The first step of the proof consists in providing appropriate bounds for the function W
defined by (48)-(54). We first show that W is bounded below by the DM’s payoff from
stopping (X, M) immediately.

Lemma 8 For each (xz,m) € J,
W(z,m) > [1 — F(m)|R(z), (56)
and this inequality is strict if (x,m) € C.

Proof. By (48), (56) holds as an equality for (z,m) € S. We thus only need to prove that

(56) holds as a strict inequality for (z,m) € C. We consider two cases in turn.
Case 1 Suppose first that (z,m) € C is such that m € (o, m), so that W (z,m) is given
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by (53)-(54) and (56) is equivalent to

C(m) R(x)
= F(m) = h(z)

Now, observe that the optimality of the stopping threshold zg for problem (10) implies that,
for each x € Z,

R(zr) _ R(x)
h(en) = Tn(z)

Thus it is sufficient to show that, for each m € (a,m),

C(m) R(xg)
1= F(m) ~ In(zr)

or, equivalently, by (54),

= fy) [hl(IR)
m hl('rR) h’l(y)

We now prove that the integrand in (57) is strictly positive for all y € (o, m), which concludes

aly) - R(a:R>] dy > 0. (57)

the discussion of this case. For y € (o, xg), we have

hi(y)
hl (JTR)

T(zR)
G(zg) = By[e " G(X o)) = Gly) + B, /0 e (LG — rG)(X,) dt| < G(y)

by It6’s lemma, where the inequality follows from A7. Hence, by A6,

hl (Z'R)
ha(y)

as desired. For y € [z, m), we similarly have

G(y) — R(zgr) = G(zr) — R(zgr) > 0,

hl ($R)
hi(y)

G(y) = Euple WG (X, = G(zg) + Eupy

/T(y) e LG —rG)(Xy) dt] :

Because the mapping y — 7(y) is P, ,-almost surely strictly increasing, it follows from this

and A7 that the mapping y — %@S) G(y) is nonincreasing over [z, m). To conclude, we
thus only need to check that
hi(zr)
G(m) > R(xg). 58

To see this, recall that, because m € Z° C (zg, m,,) by Lemma 6, we have E(zg,m) > 0 by

Lemma 5. Hence

1= sen { U Gl halon) ~ Rloalalm)] + s (o) ~ R enhaten)
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- {gsﬂ (Clm)ha(rr) — Rlzg)ha(m)] + Rizr) {h’ﬂm _ Mlen) m(m)} }

(xR, m) hi(zR)
1 1
~en {m (Glunha(en) — Ra)ba(m)] - - R(scR>}
= sgn M(xr) m) — R(x
—sn | 728 ()~ R(ar) |

where the first equality follows from (33) along with the fact that L(xg) < 0, the second
equality follows from the smooth-fit condition R'(zg) = Zigzg R(zpr) for problem (10), the

third inequality follows from (12), and the fourth equality follows from (35) along with the
fact that D(xg, m) > 0. This proves (58), which concludes the discussion of this case.

Case 2 Suppose next that (x,m) € C is such that m > m. For x € («,xg), we have
W(x,m) = [1 — F(m)|Vgr(x) by (49), and the result follows from noticing that Vg > R
over (a,zg). For € (b(m), m] and, hence, © > xg, we once more rely on the change of
variable (40). As pointed out in the proof of Lemma 5, A3 and xg > z( imply that R" <0
over [((xg),00); thus R is strictly concave over [((xR),00). Now, let us fix some m > m
and, for each x > b(m), let u,(x) = W(x,m). By (40) and the continuous-fit condition
U (b(m)) = [1 — F(m)|R(b(m)), we have

i (C(b(m))) = [L = F(m)]R(¢(b(m))): (59)
Next, by (40) and (50), we have
m(y) = A(m)y + B(m) (60)
for all y > ¢(b(m)). Finally, by (42) and (51), we have
R (b(m))hs(b(m)) — R(b(m))h5(b(m))

[1 = F(m)]R'(¢(b(m))) = [L — F(m)] S 00m) = A(m). (61)

Taken together, (59)—(61) imply that the affine mapping y — 4,(y) is tangent to the

mapping y — [1 — F(m)]R(y) at ((b(m)). As the latter is strictly concave over [¢(zg), o0)

and, hence, over [((b(m)), 00), we obtain that
i (y) > [1 = F(m)]R(y)
for all y € ({(b(m)),(m)], and thus, by (40), that
um(z) > [1 — F(m)]R(x)
for all @ € (b(m), m], which is the desired inequality. The result follows. |
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It should be noted that the proof of Lemma 8 makes essential use of A7, which reflects
that GG incorporates itself the solution to an optimal stopping problem. The key inequality
(58) intuitively expresses that, at (xg, m), the DM would be ready to wait until X reaches
m again if he were certain that a breakthrough would occur at this point, allowing him to
obtain a payoff G(m) instead of his payoff R(xg) from stopping (X, M) immediately; yet,
precisely because a breakthrough may occur only later on, it will be optimal for him to invest
in the stand-alone technology at (xg, m).

We next show that 1 is bounded above by the value the DM could obtain if G(X) were

immediately available.
Lemma 9 For each (z,m) € J,
W(zx,m) <[l —F(m)|G(z). (62)
Proof. We consider four cases in turn.
Case 1 Suppose first that (z,m) € S, so that W (z, m) is given by (48). Then
W(z,m) = [1 - F(m)|R(z) < [1 — P(m)|G(x)
by A6.

Case 2 Suppose next (z,m) € (o, zg) X [m, ), so that W (x, m) is given by (49). Then

ha ()
hl (IR)

W(x,m)=[1— F(m)] R(zg) < [1 — F(m)]G(x)
by (17) and A6.

Case 3 Suppose now that m € [m, ) and = € (b(m), m], so that W (z,m) is given by
(50)—(52). Then

W(x,m) = A(m)hi(z) + B(m)ha(z)
= [A(m)¢(x) + B(m)]hy(x)
= [1 = F(m){R(C(b(m))) + R (C(b(m)))[¢ () = ¢(b(m))]}ha ()
= [1 = F(m)[{G(¢(2)) = n(¢(2), ¢(b(m)))[¢ () = C(b(m))]}ha(2)
< [1 = F(m)]G(¢(x))ha(x)
=[1 = F(m)]G(x),

where the second equality follows from the definition of ((x), the third equality follows from
(51)—(52) using (40) and (42), the fourth equality follows from (45), and the inequality follows
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from noticing that ((z) > ((b(m)) and n(¢(x),(b(m))) > 0. To prove this last inequality,
let z¢(b(my) be the unique z such that 7(z,((b(m))) = 0 as in the proof of Lemma 5; we then
have 1(z, {(b(m))) > 0 if and only if z € (¢(b(m)), z¢(b(m)))- Because ((x) > ((b(m)), we thus
only need to show that ((z) < zp(m)); this follows from the fact that {(x) < ((m) along
with the observation that (44)—(45) and E(b(m),m) =V (m) > 0 imply n({(m), {(b(m)) > 0
and, hence, ((m) < Z¢(p(m))-

Case 4 Suppose finally that m € (a,m) and = € (a,m], so that W(x, m) is given by
(53)—(54). Then

W (z,m) = { Tz (%) R(zg) + /m lfl((i)) G(y) dy] ha(z)
F(m) fly)
< e+ [ o) an

IN

[1 = F(m)]G(x),

where the first inequality follows from (58), and the second inequality follows from the fact

that the mapping y — %é’/)) is nonincreasing over [z, m], as shown as in the proof of Lemma

8. The result follows. |

It should be noted that the proof of Lemma 9 makes essential use of the fact that the
candidate for the free boundary is strictly increasing. Observe that the bounds (56) and
(62) have intuitive interpretations in terms of problem (19): the lower bound (56) results
from letting 7 = 0 in (19), while the upper bound (62) results from (19) upon observing that
G > R by A6 and that (e ""G(X})):>0 is a supermartingale by A7.

The final result of this section is an immediate consequence of A4, Corollary 1, and

Lemma 9.
Corollary 2 The family (e™""W (X, M;))re7y ., 15 uniformly integrable.
Corollary 2 is key to the next step of the verification argument, as we shall now see.

8.2 The Superharmonicity Property

The second step of the proof consists in showing that the function W defined by (48)—(54)

is superharmonic.
Lemma 10 For all T € Ty and (xz,m) € J,

W(z,m) > By e W(X,, M,) + / "o G(M,) F(My) dM, . (63)
0
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Proof. Because b € C'([m, 3)) is strictly increasing, (b(M;))s>o is a semimartingale of locally
bounded variation. Therefore, we can apply the generalized version of 1t0’s lemma due to
Peskir (2007, Theorem 4.1).> We obtain that, for any P, ,-almost surely finite stopping

time 75 € Tx 1,

Tf
W(l‘, m) = e_TTfW(XTf, MTf) + / e_rt(TW — EW) (Xt, Mt)l{Xté{wR,b(Mt)}} dt
0

- i ow
+ / e f(M;)G(M;) dM; — / o " 5 (Xo, M) o(Xy) AW, (64)
0 0

P, ,-almost surely; notice that there is no local-time term in (64) as W is C* on each
horizontal line. Let ([, 5,])neny be an increasing sequence of compact intervals of Z such
that | J, ey [@n: 8] = T, and, for each n € N, let 7, = inf{t > 0 : X; ¢ [y, 5,]}. Observe
that 7,, < oo and that (X, M) € [an, Bn] X [an, Bn] over {t < 7,}, P, ,-almost surely
(Karatzas and Shreve (1991, Chapter 5, Section 5.C)); as W € V and ¢ is continuous, there
exists K, > 0 such that }aa—‘f (Xt,Mt)‘ o(X:) < K, over {t < 7,,}, P, p-almost surely. It
follows that

TN\Tn
E:C,m [/ e—rt —aW (Xt, Mt) U(Xt) th:| = 0.
0 Ox

Next, because LW —rW = LVi —rVr < 0 over intS and LW — rW =0 over C, we have
TN\Tn
Ex,m |:/ eirt(TW - £W> (Xtv Mt)l{Xt¢{mR,b(Mt)}} dt:| > 0.
0

Therefore, applying (64) to 7 = 7 A 7,, and taking expectations, we obtain
TNATn
W(:L‘a m) Z Eac,m [e_TTATnW(XT/\Tnv MT/\Tn) + / e_rtG(Mt)f<Mt) th:| . (65>
0

Using Lemma 2 along with the fact that G > 0 over Z, we have

TATn o0 A
/ e "G (M) f(My) AM; < / "G (M) f(My) AM; = / e”TIG(y) f(y) dy,
0 0

m

and the right-hand side of this inequality has finite expectation as shown in the proof of
Lemma 2. Because X is a regular diffusion, lim,, ,., 7, = oo and, hence, lim,_,., 7 A7, = T,
P, ,-almost surely. Therefore, we have
TNTh T
lim E,,, [ / e G(My) f(My) th] =Eom { / e ""G(My) f (M) th} (66)

by Lebesgue’s dominated convergence theorem. Next, because

lim e " "W (Xpnr s Mopr ) iresey = € TW (X7, M) 17 oo,

n—oo

3 Actually, we need a slightly more general version of Peskir’s (2007) formula that can easily be obtained
by concatenation across the four regions over which W is piecemeal constructed.

33



P, ,-almost surely and, hence, in P ,,,-probability, and because, by Corollary 2, the sequence

(™" W (Xrar, Mrar, ) 1r<oo} Jnen is uniformly integrable, we have

lim E:c,m [e_TT/\TnW(XT/\Tna MT/\Tn)l{T<OO}] = Ex,m [e_TTW(XTa MT)l{T<OO}] (67>

n—o0

by Vitali’s convergence theorem. Finally, over {7 = oo}, we have e "™ W (X A, , Mops, ) =

e "W (X, , M., ). For n large enough, x € (ay,, 8,). Therefore,

E. [e_TTnW(XTm MTn)]
=E;n e ™ W (X5, MTn)l{XTn=an}] + Ezm e ™ W (X5, Mm)l{XnFﬁn}]
S Ez,m [e_rT(an)W<an7 M‘r(an))} + Ex7m [e_TT('Bn)W(ﬂrw ﬁn)]

hg(x) h1<£l§'>
ala) () &)

for any such n, where the second inequality follows from Lemma 9 along with the fact that the

<[1-F(m)]

G(ay) +

maximum process M is nondecreasing. Together with Corollary 1 and the growth property
(18), this implies
lim E, ,,,[e”"™W(X,,, M., )] =0. (68)

n—oo

Using (66)—(68) to take the limit as n goes to oo in (65) yields (63). The result follows. W

8.3 Wrapping Up

We are now ready to complete the proof of Proposition 3 and, thereby, of Theorem 1. First,

by (19) and (55), we have Vj, < V. Next, by Lemmas 8 and 10, we have
W(a,m) = Bop |1~ FOL) e "ROG) + [ o7 GM)F(M) b |
0

for all 7 € T,,, and (z,m) € J. Taking the supremum over 7, we obtain V' < W by (19).

All we then need is the following lemma.
Lemma 11 W =V,.

Proof. By (48) and (55), we have W(x,m) = Vy(z,m) for all (z,m) € S. Now, let
(x,m) € C and, for each n € N, define 7,, as in the proof of Lemma 10. For each t < 7, A 7,
we have (X, M;) € C, P, ,-almost surely, and thus X; ¢ {xg, b(M;)}. Hence, applying (64)

to 7y = 7, A 7., we have
To\Tn,
Wz, m) = e W (X pn ) Moypn ) + / e (W — LIW)(X,, M,) dt
0
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ToN\Tn To\Tn aW
+ / e_rtG(Mt)f<Mt) th — / e_rt % (Xt, Mt) O'(Xt) th,
0 0

P, ,-almost surely. The second term on the right-hand side vanishes as LW —rW = 0 over
C, and the fourth term on the right-hand side has zero expectation as shown in the proof of

Lemma 10. Therefore,
T/ \Tn
Wi(x,m) =E;n, {e”bAT”W(XTbATn, Mnr,) + / e "'G(M,) f (M) th}.
0
Letting n go to oo as in the proof of Lemma 10, we obtain
Tb
W (y0) = B [0 (0,0, + [ 601 £(08) ]
0
Tb
~ B (- PO e ROG) + [ 608 ]
0
= ‘/b(xa m)
by (48) and (55). The result follows. |

The proof of Theorem 1 is now complete.

9 Discussion

In this section, we discuss the implications of our model in the context of the motivating

example introduced in Section 2.

9.1 Properties of the Value Function

Intuitively, an increase in m, holding x fixed, brings bad news for the DM unless it is
accompanied by a breakthrough, for it means that he will have to wait for X to reach
a higher maximum value before hoping to benefit from a breakthrough. Our next result
confirms this intuition, and moreover shows that the marginal cost of an increase in m is

discontinuous across the open half-line (o, m) x {m}.

Proposition 4 The following holds:
(i) G <0 over T\ (T \ {(m,m)}).
(it) For each (x,m) € Jpn \ {(m,m)}, % (z,m") > 3L (z,m").

F3} om L

Hence, over the half-line (a, m] x {m}, g—ZL is continuous at the endpoint (m, m)—because

the Neumann condition holds everywhere over D—but not at the points (z,m) for x < m.
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This notably reflects that, whereas B(m) = 0—which is required by the continuous-fit
condition—we have B’(m) > 0. One can also check that the Neumann condition at (m,m)
implies A’'(m) < C’(m). This discontinuity intuitively reflects the change of regime across the
half-line (o, m] x {m}: before X reaches m, the DM only invests in the superior technology,
should it become available; afterwards, the DM starts investing in the stand-alone technology;,
which happens if X decreases enough after having reached a maximum.

We now examine the impact on the DM’s value of an increase in x, holding m fixed. To
obtain a clear-cut result, we have to make additional assumptions about the diffusion X and

the payoff function R. The following result holds.
Proposition 5 If hy and hy are convex and R' > 0 over L, then %—‘; > 0 over J.

The assumption that h; and hy be convex is mild and is typically satisfied in real-options
models of investment; for instance, this is the case if X follows a geometric Brownian motion.
More generally, because the lower endpoint « of Z is, by assumption, inaccessible, a sufficient
condition is that the net depreciation rx — p(x) of an asset yielding a revenue flow X be

nondecreasing in x (Alvarez (2003, Corollary 1)).

9.2 Implications for Investment Theory

A key feature of the optimal investment strategy is that investment in the stand-alone
technology with payoff function R only takes place when the process (X, M) hits the free
boundary = = b(m), that is, when, after having reached a maximum value m, the process
X drops down to the lower threshold b(m). Thus, unlike in the standard real-options model
(Dixit and Pindyck (1994)), investment in the stand-alone technology takes place in busts
rather than in booms; this reflects that the stand-alone technology becomes attractive for the
DM only if he becomes sufficiently pessimistic about eventually benefiting from the superior
technology with payoff function U. In line with this intuition, a necessary condition for
investment in the stand-alone technology is that X must have reached m.

By contrast, if U satisfies A1-A3, then investment in the superior technology only takes
place, after a breakthrough has occurred, when X reaches an upper threshold z; that is,
in booms rather than in busts. For instance, in the specification outlined in Section 4.2 and
detailed in Appendix C, we have zy < xpr; hence, when m > m, either X drops down to
b(m) before reaching a new maximum value, which triggers investment in the stand-alone
technology, or, if a breakthrough occurs when X reaches a new maximum value xz > m,

investment in the superior technology takes place immediately.
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This qualitative difference between investments taking place in booms and investments
taking place in busts is a novel prediction of the model. An empirical implication is that
investments requiring cooperation from outside developers should take place in booms, in
contrast with investments involving a more routine technology. A further implication of
our model is that, because b(m) > xg is strictly increasing in m > m, the return required
for investing in the stand-alone technology is path-dependent and is always higher than it
would be, were this the only technology that may become available. In particular, when
B = oo and R is strictly increasing and unbounded above, the limit condition (27) implies
that the return required for investing in the stand-alone technology may assume arbitrarily
high values. Intuitively, this is because, under technological uncertainty, the DM is willing
to further delay investment in the stand-alone technology, and requires a higher return to
give up the option to invest in the superior technology.

It is interesting to compare this pattern of investment to that arising in models of
investment under uncertainty where the DM can invest in alternative projects. Building
on Dixit (1993), Décamps, Mariotti, and Villeneuve (2006) suppose that the DM can invest
in two alternative projects, one with a high investment cost and a high output rate, and the
other with a low investment cost and a low output rate. They show that investment in the
former only takes place in booms, while, for certain values of the parameters, investment in
the latter can also take place in busts, that is, when the DM becomes sufficiently pessimistic
about the output price recovering soon enough to make investment in the high-cost and
high-output project worthwhile again. The distinguishing feature of the present model is
that the superior technology is not present from the outset, as it is only supplied by the
developers when the share of the surplus they can secure by bargaining with the DM covers
their development cost; moreover, the time at which such a breakthrough occurs is unknown
to the DM because the development cost is the developers’ private information. Thus the
evolution of the cash-flow process X provides information both about the desirability of
investment and about the developers’ cost, leading to a rich two-dimensional dynamics. A
similar duality arises in the war-of-attrition investment model of Décamps and Mariotti
(2004), where each player does not observe his rival’s cost; however, their model is cast in
a Poisson rather than in a Brownian framework, which allows one to reduce each player’s
decision problem to a standard one-dimensional optimal stopping problem.

In our model, investment in the stand-alone technology optimally takes place in busts
because the DM faces a downside risk as well as a standard upside potential. This feature

also arises when the DM learns about the drift of the cash-flow process, as in Décamps,
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Mariotti, and Villeneuve (2005) and Klein (2009). The difference is that the downside risk
in our model is not tied to an intrinsic but unknown characteristic of the investment project,
but rather to the fact that, while the DM has the option to wait until a superior technology
becomes available, he may have to resign himself to use the stand-alone technology should

the underlying cash-flow deteriorate too much.

9.3 Comparative Statics

Our comparative-statics results rely on two partial orders over the sets of development-cost
distributions and of payoff functions that are motivated by (33) and (38)—(39). We throughout
assume that U satisfies the same assumptions as R, so that, following a breakthrough, it is
optimal for the DM to invest as soon as X reaches a threshold zy, and that P’ > 0 over Z.
A case in point is the specification outlined in Section 4.2.

First, let Fz; and Fz 5 be two distributions of development costs with C ! densities fz1>0
and fz2 > 0 over R,. Following Shaked and Shanthikumar (2007, Section 1.B.1), we say

that F'zo dominates Fz; in the hazard-rate order if

fZl fZ2
. > : 69
1_FZ,1 1_FZ,2 ( )

over Ry, so that, in particular, Fz, first-order stochastically dominates Fz;: development

costs tend to to be higher under Fz 5 than under Fz;. The following result then holds.

Proposition 6 Let by : [m1,0) — [zg, ) and by : [mo, B) — [xg,5) be the optimal free
boundaries under the distributions Fz, and Fzo of development costs. If Fzo dominates

Fyz1 in the hazard-rate order, then my > mo and by > by over [my, 5).

A consequence of this result is that, if the development cost increases in the hazard-rate
order, then the DM becomes more cautious and less prone to bear downside risk. As a result,
he is more likely to invest in the stand-alone technology.

Next, let U; and U, two payoff functions from investing in the new technology, and let
F; be the distribution of development costs. We say that Us dominates Uy if Uy > Uy and

Uy > U;. As usual, we say that F; satisfies the monotone hazard-rate property (MHRP) if

fz
—Fy

is nondecreasing over Z. The following result then holds.

Proposition 7 Suppose that hy is convex, Uy is concave, and Fy satisfies MHRP, and let
by : [m1,B) — [zr,B) and by : [me, ) — [zg,B) be the optimal free boundaries under the
payoffs functions Uy and Us from investing in the new technology. If Uy dominates Uy, then

my > my and by > by over [ms, 3).
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When the payoff function from investing in the new technology increases from U; to Us
in the partial order we have defined, two effects are at play. The direct effect is that, by
(2), the value V; increases, and hence that so does, by (3), the continuation value G that
the DM can obtain by bargaining with a successful developer. The indirect effect operates
through the incentives of the developers. Notice, indeed, that the breakthrough rate H in

(33) can be written as H = P’ < f?,;i 5, and hence depends on the share P of the surplus

Vi — Vi that a successful developer can obtain by bargaining with the DM, as well as on
its derivative P’. If hy is convex and U; is concave, then, when U increases from U; to Us,
both P and P’ increase, reflecting that the developers stand to gain both in absolute and
marginal terms;? if, moreover, F; satisfies MHRP, then we obtain that the breakthrough
rate increases, as in Proposition 6. Overall, an increase in U makes it more likely that the
DM will benefit from an even superior technology earlier on, which makes him more prone
to bear downside risk; observe that the indirect effect described above is absent from models

that treat technological breakthroughs as exogenous.

10 Concluding Remarks

In this paper, we have provided a new model of investment under technological and cash-flow
uncertainty. The distinctive feature of our model is that the values of the stand-alone
technology and of the superior technology depend on current market conditions, and that
the occurrence of technological breakthroughs is correlated with the evolution of market
conditions; hence, in our motivating example, a new technology is introduced as soon as
market conditions are favorable enough to make it profitable for developers to do so, given
the share of the surplus from the innovation that accrues to a successful developer. Thus our
model may be seen as a first step towards a theory of the interactions between both sides of
the market for technological innovations.

The main insight from our analysis is that investment in the stand-alone technology
should only occurs in busts, when the market conditions deteriorate enough after having
reached a maximum; we provide a complete characterization of the corresponding optimal
investment boundary. By contrast, investments in new technologies requiring the active
cooperation of developers should take place in booms. This intuitively reflects that the
stand-alone technology becomes attractive only when the firm becomes pessimistic enough

about a breakthrough shortly being forthcoming. As a result, and in contrast with standard

4The convexity assumptions on h; and U; are not needed for this result if the optimal investment threshold
is higher under U, than under U;.
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models of investment under uncertainty, the firm bears downside risk, in addition to the
upside potential associated to technological breakthroughs. A decrease in development costs,
or an increase in the value of the new technology, makes the firm more prone to bear such
downside risk and to delay investment in the stand-alone technology.

We have throughout assumed that at most two technologies are available. In that respect,
our analysis is less rich than that of Balcer and Lippman (1984), who consider a sequence of
innovations arising according to a semi-Markov process. We conjecture, however, that, for
every innovation except the last one, qualitatively similar results would hold if the model
were extended to allow for multiple innovations. Another limitation of our analysis is that we
have considered the investment policy of an isolated firm. A fascinating avenue of research
would be to investigate the implication of technological and cash-flow uncertainty for the

equilibrium of an industry. We leave these questions for future work.
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Appendix A: Ommitted Proofs

Proof of Lemma 1. By (10) and (15),

VR(I) > E:Jc [eiTT(y)R<XT(y))] = hl(y)

forallz € Z and y € [z, 5). Letting y go to f~ and taking advantage of (16), we obtain that
Vr > 0 over Z and, as R = Vi over [zg,3) by (17), that R > 0 over [xg, ). To show that

these inequalities are strict, observe from A3 that R cannot be identically zero over [zg, ().
Thus R(y) > 0 for some y € [zg, #). Because, by (10), (15), and (17),
hl(x) R( .
_ o Bly) if z <y,
R(z) = Va(z) > B, [e " WR(X, )] = § 1l

ha(y)

for all € [zg, B), this implies that R > 0 over [zg, #), which, along with (17) again, in turn
implies that Vg > 0 over Z. The result follows. |

Proof of Lemma 3. For each m € [zg, ), we have G(m) > R(m) by A6, and L(m) <0

as shown in the text. It follows that

lim D(z,m" E(x,m') = Mysl(m)hg(m)[}%(m) — G(m)] > 0.

(z,m'),z<m/—(m,m) 2L(m)h2(m
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Thus the mapping (z,m) — D(z, m)E(z,m) can be continuously extended over Jgz, which

implies (37) as D vanishes over D. The result follows. |

Proof of Lemma 4. To avoid notational clutter, we hereafter write b for b(m) and v’ for
b'(m). Notice first that, over the subset {(x,m) € J : m > m and z € (b,m|} of C, any
solution W € V to (28) is of the form

W(x,m) = A(m)hi(z) + B(m)ha(x) (A.1)

for some functions A, B € C!([m, 8)). By (A.1), the continuous- and smooth-fit conditions
W(b,m) = [1 — F(m)]R(b) and 2% (b,m) = [1 — F(m)]R'(b) are satisfied if and only if

A(m)hyi(b) + B(m)ha(b) = [1 — F(m)|R(D), (A.2)
A(mRy(6) + Blm)h(b) = [1 — F(m)]R'(5). (A3)
By (A.3), we have
B(m) {[1 = F(m)]R'(b) — A(m)h (b)}.

AO

Substituting in (A.2) and multiplying by hj(b), we obtain
A(m)ha (0)hy(b) + [1 — F(m)]R (b)ha(b) — A(m)hy(b)ha(b) = [L — F(m)]R(b)h5(b)

and thus, by (12),

o - F<m) / /
A(m) = 50 [R'(b)ha2(b) — R(b)h5(b)]. (A.4)
By symmetry,
_ - F(m> / _ /
B(m) = S0 [R'(b)ha(b) — R(b)M(b)]. (A.5)
By (A.1), the Neumann condition 2% (m,m) = — f(m)G(m) is satisfied if and only if
Al(m)hi(m) + B'(m)hay(m) = —f(m)G(m). (A.6)

Differentiating (A.4) with respect to m yields

m) = Py R0 ~ RO~ G (RO - RO |
Eﬁb)
_ f(m) / _ /
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Now, observe that

Q) = 5 { 5P OR OI0) - 3 POROILE) + WO ORa(0) ~ RO}
= oy (CR = PR O) = RE)(Cha = 7))
2
2

where the first equality follows from noticing that g,/—((bb)) = — i‘;gzg by (13), the second equality

follows from (11), the third equality follows from the fact that Lhy —rhy = 0, and the fourth
equality follows from (34). Using (A.8) to rewrite (A.7) yields

) = g {22 L) - R0 - ROmO). (A9

By symmetry,

5m) = g {2 omo) - R @) - R} (10)

Using (35)—(36), we obtain from (A.9)—(A.10) that (A.6) holds if and only if

20
a?(b)

L(b)D(b,m) = H(m){R'(b) D(b,m) + R(b)[h} (b)ha(m) — hy(b)hn(m)] — 45" (b)G(m)},

that is, observing that

W (B)ha(m) — Hy(b)ha(m) = 120 )+l(zl

OMEC) 1 () — 1y (B) s (m)
)

_ 15 (0)ha(m) = hy(b) D(b,m)
hg )

by (12) and (35), and that D(b,m) > 0 as b < m, if and only if

. H(m)oX(b) [ 4S'(b)
V= <b>h2<>{D<b,m>

which is (38) by (33). The result follows. [

[R(b)ho(m) — G(m)ha(b)] + R'(b)he(b) — R(b)hg(b)},

Proof of Lemma 7. First, W € C°(J) by construction. Next, as R, h;, and hy are
C? and F, G, and b are C', the functions (48)—(50) and (53) are C*! over the domains
S, i = (a,zg] X [m,B), Jo = {(x,m) € J : m > mandz € [b(m),m]} and J3 =
{(x,m) € J : m < m}, respectively. Finally, that W € CYJ \ Jn) follows from the
following observations. First, the function obtained by pasting together (48)-(49) is C* at
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{xr} % (m,B) by the smooth-fit property for Vi at xp; Second, the function obtained by
pasting together (48) and (50) is C! at {(z,m) € J : m > m and = b(m)} because the
“horizontal” smooth-fit condition

ow ow _
A(m)hy(b(m)) + B(m)hy(b(m)) = —-= (b(m)",m) = —-= (b(m)",m) = [1 = F(m)] & (b(m))
implies, upon differentiating the continuous-fit condition

W (b(m),m) = A(m)hy(b(m)) + B(m)hy(b(m)) = [1 — F(m)]|R(b(m)),

the “vertical” smooth-fit condition

Z_Z (b(m),m™) = A'(m)hy(b(m)) + B'(m)ha(b(m)) = —f(m)R(b(m)) = ?3_17/7‘1/

Thus W € V), as claimed. Notice finally that the function obtained by pasting together (50)

(b(m),m").

and (53) has continuous partial derivatives at (m,m) by the Neumann condition along with

the fact that A(m) = C(m). The result follows. |

Proof of Corollary 1. Recall from A6 and Lemma 1 that R > 0 over [zg, ) and that

G > 0 over Z. We consider four cases in turn.

Case 1 Suppose first that (z,m) € S, so that W(x,m) is given by (48). Then z > =g
and thus W(z,m) > 0 as R > 0 over [zg, ().

Case 2 Suppose next that (z,m) € (o, zg) X [m, ), so that W (x,m) is given by (49).
Then W(x,m) > 0 as R(xg) > 0.

Case 3 Suppose now that m € [m, ) and = € (b(m), m], so that W (x,m) is given by
(50)—(52). We just need to check that A(m) and B(m) are nonnegative, with one of them
strictly positive. By (42) and (51), we have

A(m) = [1 = F(m)|R'(¢(b(m)) > 0 (A.11)

because ((b(m)) > ((xg) and R > 0 over [((xR),00) as shown in the proof of Lemma 5. By
(42) and (52), we have B(m) = 0, and for m € (m, (), we have

B(m) = [1 — F(m)]¢(b(m)) {R“(m”

I (b(rm))
R(b(m))  R(¢(b(m))) — R(¢(xR))
7 = Emle®m) | 3 ) ™ Cbm) = Clan) ]
oy CO)C(n) [ Rlen)  R(b(m)
= 0= F 0m) = can) [m(:sR) h1<b<m>>]
>0
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where the first inequality follows from the strict concavity of R over [((zR),00), and the

second inequality follows from the optimality of the stopping threshold zg for (10).

Case 4 Suppose finally that m € (a,m) and = € («,m], so that W(z,m) is given by
(53)—(54). Then W(x,m) >0 as R(xg) > 0 and G > 0 over Z. Hence the result. |

Proof of Proposition 4. (i) That 3% (m,m) < 0 directly follows from the Neumann

condition. We then consider four cases in turn.

Case 1 Suppose first that (z,m) € S\ {(zr,m)}, so that V(x, m) is given by (48). Then

WV (z,m) =—f(m)R(z) <0as f>0over Zand R > 0 over [zg, ).

Case 2 Suppose next that (r,m) € (o, xg) X (m, 3), so that V(x,m) is given by (49).

Then 5% (z,m) = — f(m) h}il(g) R(zgr) <0as f>0and h; >0 over Z and R(zg) > 0.

Case 3 Suppose now that m € (m, ) and = € (b(m), m], so that V(z,m) is given by
(50)—(52). Then g—r‘; (x,m) = A'(m)hy(x) + B'(m)ha(z). By (A.11), we have

A

A'(m) = —f(m) R (¢(b(m)) + [1 = F(m)]R"(¢(b(m))¢ (b(m))¥' (m) < 0 (A12)

as f >0 and ¢’ >0 over Z, ¥’ > 0 over [m, ), and ((b(m)) > ((zg) and R’ > 0 and R" < 0

over [((xg), 00) as shown in the proof of Lemma 5. Because the mapping x +— Z; Eg

is strictly
increasing, (A.12) implies that

ov ! h1<$) /
o ) = a(o) | Am) S0+ )|
< hy(x) [A’(m) Z;EZEZ;; + B’(m)]
_ el m m
s Fm) ()
<0,
where the second equality follows from the vertical smooth-fit condition g—r‘g (b(m),m) =

—f(m)R(b(m)), and the second inequality follows from the fact that f > 0 and hy > 0 over
7 and that R > 0 over [zg, ().

Case 4 Suppose finally that m € (a,m) and z € (o, m], so that V(z,m) is given by

(53)~(54). Then 2% (z,m) = —,{1((";3) G(m)hi(z) < 0as f >0, hy >0, and G > 0 over Z.

This proves (i).

(ii) We consider two cases in turn.
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Case 1 Suppose first that € («, zg]. On the one hand, by (48)—(49), we have

ov L hy(x)

o .2%) = =) 542 R
On the other hand, by (53)—(54), we have

ov L hi(x)

a_m (13;@ ) - _f<M) hl(m) G<m>7

and the result follows from (58).

Case 2 Suppose next that z € (xg,m). We first derive more compact expressions for
A'(m) and B'(m), where m € (m, ). To avoid notational clutter, we hereafter write b for

b(m). By (50), the vertical smooth-fit condition 3% (b,m) = — f(m)R(b) and the Neumann

condition 2¥ (m,m) = — f(m)G(m) are satisfied if and only if
A'(m)hy (b) + B'(m)ha(b) = —f (m)R(b), (A.13)
A'(m)hy(m) + B'(m)hy(m) = —f(m)G(m). (A.14)
By (A.14), we have
B(m) = s LFm)G(m) + 4 () (m)]

Substituting in (A.13) and multiplying by hs(m), we obtain
A'(m)hi(b)ha(m) — f(m)G(m)ha(b) — A'(m)hi(m)ha(b) = — f(m) R(b)ha(m)

and thus, by (35),

o fm)
A(in) = AP (RO a(m) - Glm)ha(8). (A15)
By symmetry,
B(m) = —Df(ﬁ% (R(b)hs(m) — Gm)ha (b)) (A.16)

Both (A.15)-(A.16) can be extended by continuity at m to evaluate 9% (z,m") for all z €
(xgr,m). Notice from (39) and (A.16) that

Blm) =~ 5 (Rl ()~ Gl an)] > 0

taking again advantage from (58). By (50) and (53), (i) holds at x € (zg,m) if and only if
A'(m)h (z) + B'(m)hs(x) > C'(m)h (x).
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Because B’(m) > 0 and the mapping z +— Zf(w)

@ is strictly decreasing, this is the case for all

x € (zr,m) if and only if
Al(m)h (m) + B'(m)hsy(m) > C'(m)h (m). (A17)

Using (35), (39), (54), and (A.15)—(A.16), it is easily checked that (A.17) is in fact an equality.

This, incidentally, reflects that 37‘2 is continuous at (m, m) because the Neumann condition
holds everywhere over D; notice also that this implies A’(m) < C'(m) as B'(m) > 0. This

proves (ii). Hence the result. [

Proof of Proposition 5. We consider four cases in turn.

Case 1 Suppose first that (z,m) € S, so that V(z,m) is given by (48). Then 2% (z,m) =
[1— F(m)|R(z) >0 as R >0 over Z.

Case 2 Suppose next that (z,m) € (a,zgr) X [m, ), so that V(x,m) is given by (49).

Then 2 (z,m) = [1 — F(m)] h}ill(gz) R(xg) > 0 as b} > 0 over Z and R(zg) > 0.

Case 3 Suppose now that m € [m, ) and = € (b(m), m], so that V(x,m) is given by
(50)-(52). Then 2% (z,m) = A(m)h)(z)+ B(m)hy(x). It follows from the proof of Corollary
1 that A(m) > 0 for m € [m, #) and that B(m) > 0 for m € (m, 8), with B(m) = 0. Hence
V(z,m) is convex in @ € (b(m),m] as hy and hy are convex. Thus 2% (z,m) > 0 because,

by the smooth-fit condition, 2% (b(m), m) = [1 — F(m)|R'(b(m)) > 0 as R’ > 0 over Z.

Case 4 Suppose finally that m € (a,m) and = € (o, m], so that V(z,m) is given by
(53)~(54). Then 2% (z,m) = C(m)k;(z) > 0 as h} > 0 over Z and C' > 0 over (a,m). Hence
the result. [

Proof of Proposition 6. Consider the breakthrough densities f1 = P'fz; 0 P and f; =
P'fz5 0 P associated to fz; and fzo. Then, as P’ > 0, the corresponding breakthrough
rates H, and H, satisfy

- fza(P(m)) / fz2(P(m))  _
Hl(m) =P (m) 1— FZJ(P(m)) P( ) 1— FZ’Q(P<m>> HQ(m>

for all m € Z. Using (33) and Lemma 5, we deduce from this that the vector fields E; and

E, associated to fz; and fzo satisfy
Ey(x,m) > Ey(x,m) (A.18)

for all (z,m) such that x > by(m). Now, suppose, by way of contradiction, that b;(mg) >
ba(my) for some mgy € [my, 5) N [me, 5). Then, by (A.18), we have by(m) > by(m) for all
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m € (my, 5). Fix some € € (0, 5 —myp) and consider the following ODE:

V'(m) = Ey(b(m),m), m > mg+e,

b(mo + 5) = bl<TTL(] + 8),

with maximal solution by satisfying (bi2(m), m) € J4, for all m in a maximal interval with
lower endpoint mg + . By (A.18) again, we have b; > bjs > by over this maximal interval,
which must thus coincide with [mg +e¢, 3). But then the interval Z9 of possible endpoints for
a candidate for the free boundary when the breakthrough density is f; cannot be reduced
to a point, a contradiction. It follows that by(m) > by(m) for all m € [my, 8) N [me, ), and,

in particular, that m; > msy. Hence the result. [

Proof of Proposition 7. The proof consists of two steps.

Step 1 Consider the value functions Vi, and Vi, associated to U; and U, as in (B.1).

Because U; and U, satisfy the same properties as R, we obtain

ha(z) 1 hi(x) .
Vi, (z) = ooy () i @ <wu, Vi (z) = 4 mlewy) Us(zy,) if o < ay,,
Ui it w2 o, Us(z) it >,

for some optimal thresholds zy, and xy,. We claim that Vi, > Vy, and V{j, > V) over
Z. The first inequality follows directly from the assumption that Uy > U;. As for the
second inequality, it is clear from the above expressions that it is satisfied over («, zy, A zy,]
(the common part of the continuation regions) and over [z, V xry,, ) (the common part of
the stopping regions). Consider now the region (zy, A zy,, 2y, V xy,). Suppose first that

xy, < xy,. Then, for each = € (zy,, ),

Vi) = Vi (2) = i Uala,) = Ui )

W (zu,) )
> h1<x52) U2< ) - Ul('rU1>

hi(zu, ) ,
hl(l'Ul) U2( ) - Ul(xUl)
hll(xUl) _ Uz
h (20 ) Ur(zv,) — Uiz,
0

?

where the first inequality follows from the convexity of h; and the concavity of Uy, the second
inequality follows from the optimality of the threshold xy, under U,, the third inequality

follows from Uy > U, and the second equality follows from the smooth-fit property under
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Uy. Suppose next that xy, < xy,. Then, for each z € (zy,, zy,),

h(x)

Vi (o) = Vi () = Vo) = el Uy o)
> Ula) = 12 U
> Ui(zy,) — Zig?; Ui(zv,)
=0,

where the first inequality follows from U} > Uj, the second inequality follows from the
convexity of hy; and the concavity of Uy, and the second equality follows from the smooth-fit

property under U;. The claim follows.

Step 2 Together with (3), Step 1 implies that Gy > Gy, P, > P;, and Pj > P|, with
obvious notation. In particular, because F; satisfies MHRP, the corresponding breakthrough
rates Hy and H, satisfy

fz(Py(m))
1 — Fz(Py(m))

fz(Pi(m))
1 — Fz(Pi(m))

Hy(m) = Py(m) > Py(m) = Hy(m)

for all m € Z. Using (33) and Lemma 5, we deduce from this along with Go > G, that
the vector fields F; and Ey associated to U; and U, satisfy (A.18) for all (x,m) such that
x > bg(m). The remainder of the proof follows along the lines of the proof of Proposition 6.

Hence the result. [ |

Appendix B: Dynamic Programming

In this appendix, we show how to apply the dynamic programming principle to obtain the
general form (5) of our problem, as announced in Section 2. On top of the assumptions made
in Section 4.2, we assume that U € C*(Z), with U > R over Z, and that U satisfies A1-A3,
so that there exists xy € Z such that the stopping time 7x>,, = inf{t > 0: X; > ay} is
the solution to the optimal stopping problem

Vu(z) = sup E,le7""U(X,)]. (B.1)
TETX
Recall that the payoff for the DM when stopping at 7 € Tx x>y is
j(m, T) = Ex [1{T<7’X2Y} e_MR<XT) + 1{TZTX2Y} [e_TTU(XT) - e_rTXZYP(XTXZY)H‘ <B‘2>

The following result then holds.
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A

Lemma 12 For each v € Z, sup,cr, .., J(z,7) = V(x).
Proof. Given that, by (3),

VU(XTXZY) - P(XTXZY) = G(Xszy)v

it is sufficient to prove that

sup  J(z,7) = sup E, [Lircrgoyt € TRIX) + Lipsrgayy © 2 [V (Xryay ) — P(Xrgoy )] -

TETX,XZY TETx

The proof consists of two parts.

Proof of > Consider the filtrations (F})¢>0 and (F;)>0 over Q defined by F = o(X,; s <
t) and F; = NeotFO for all ¢ > 0 and let 72 denote the set of stopping times with
respect to the filtration (F°)i>o. Recall that the filtration (G);>o over Q is defined by
G = o(X, Lirgsy<s)yi 8 < t) for all ¢ > 0, so that we have, for any such ¢,

F {01} c G, c F @ B(I) (B.3)
and
gt = 0<X57 {Y < XO}a {Y > Sl[lp]Xs}a Yl{YG(XO,supse[O’t] X} S < t)a <B4>
s€(0,t

and Tx>y is a stopping time with respect to the filtration (G;);>o. Notice also that 7}? C
Tx x>y if we identify the elements of T to functions defined on Q. For any 7 € Tx x>y, let

us define
(1) = Tlraray) T (Txzay V Txoy) Hrzreoyt-
Using the properties of the o-fields G, and G, ., , we have 7(7) € Tx x>y as
{7(r) <t} = ({7 <t} {7 <7xov P U ({7xzey <80 {7xey <E30{7T 2 7oy })

for all ¢ > 0. Notice that

Tx>zy V TX>Y = TX>Y + Tx>ap © Oryoy Loy <oo}s

where 6 denotes the shift operator on (2.

By construction, X is a strong Markov process with respect to the filtration generated
by X, and also with respect to the filtration generated by X and Y as Y is independent of
X. Hence, because the filtration (G;):>¢ lies in between these two filtrations by (B.3), X is
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also a strong Markov process with respect to the filtration (G;);>0. Denoting by X another
copy of the canonical process defined on (Q, F) = (2, F), the strong Markov property yields

J(x,

Bl
2

= E, [1{T<TX2Y} e ""R(X;)
—TTX>Y e—TTXZwUOHT)(ZY U(XT

XZY+TXZxU09szy) - P(XTXZY):H

* [1{T<TX2Y} e TR(X:) + Lpzrgoyp e Y EX"XZY [e*”;szU U<X ) — P(XO)H

+ 1{TZTX2Y} €

=

T)?ZacU

x [1{T<TX2Y} eirTR(XT) + 1{TZTXzy} e Y [VU(Xszy) - P(Xszy>H'

=

We deduce from this that

sup  J(z,7)

TETX,XZY

> sup j(a:,%(T))

TETX,XZY

= sup Ez |:1{T<szy} e_TTR(XT) + 1{TZTX2Y} e XY [VU(XTXEY) - P(‘XTXZY)H

TET)@XZY

2 Su71_)0 El’ [1{T<TX2Y} e_TTR(XT) + 1{TZTX2Y} S [VU<XTXZY) - P(XTXZY)H
TE ¥

= sup E, [1{T<szy} e TR(X:) + Lirorgyp €Y [VU(XTXzy) - P(XTX>Y)”’

TETx =

where the first inequality follows from the fact that 7(7) € Tx x>y for all 7 € Tx x>y, the
second inequality follows from 7 C Ty x>y, and the second equality follows from the fact
that any 7 € Ty is the limit of the nonincreasing sequence of stopping times (7, )pen in 7y

defined by

Tn = Z 1{T6[k2—",(k+1)2_”)}(k + 1)2*71’ n €N,
k>0

which, given that X is continuous and R is continuous and satisfies A1, allows us to apply

Lebesgue’s dominated convergence theorem to replace the supremum over 7% with the

supremum over Tx. This concludes the first part of the proof.

Proof of < The proof of the reverse inequality is more technical, although it relies on a
very intuitive decomposition of stopping times in 7Ty x>y. Specifically, we show that for any
7 € Tx.x>v, there exists 70 € T such that {7 < Tx>y} = {7 < 7x>y} and

T(w, y) = To(w)l{TO(w)<TXZy(w,y)} + T(w7 y)l{TO(w)ZTXZy(w,y)}a (wv y) € <B5)

We provide a detailed proof for lack of a reference covering exactly the case at hand. The

proof is constructive. Let us choose a continuous strictly increasing map ¢ : Z — Z such
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that ¢ (z) > x for all z € Z, and define

d(w,t) = T<w,¢<sup w8)>, (w,t) € Q x Ry.
s€[0,t]
We verify that (B.5) holds for

W) =inf{t >0: p(w,t) <t}, we

To see this, observe that for each ¢ € R, the mapping (w,y) — l{r(wy)<s is Gi-measurable.
By (B.4), this implies that for each (w,?) € Q x Ry, the mapping y — 1{7(,4)<s} is constant
over (supyepyWs, 8). Because (x) > z for all x € Z, it follows that, for each ¢ > 0, the

following equivalences hold:

P(w,t) <t < there exists y > supyep 4 ws such that 7(w,y) <t

& for each y > sup,¢py ws, T(W,y) <t (B.6)
A consequence of this is that, for each w such that 7°(w) < oo,
{t>0:¢(w,t) <t} =[r"(w),00). (B.7)

Indeed, assume that 7°(w) < oco. For each t' > t, Y(supycipmws) > SuPyciopwWs >
SUDsepo, ws- Hence, by (B.6), ¢(w,t) <t implies that, for each ¢’ > ¢, ¢(w,?') <t < ¢/, and
thus (7°(w),00) C {t > 0: ¢(w,t) < t}. Finally, if y > supcg o0, ws, then y > sup,c(o ) ws
for ¢’ > 7°%(w) sufficiently close to 7°(w), and thus 7(w,y) < ¢’ by (B.6) as ¢(w,t’) < ¢'. This
implies 7(w,y) < 7%(w) by taking the limit and thus ¢(w,7%(w)) < 7%(w) by (B.6) again,
which concludes the proof of (B.7). Now, if 7x>,(w) > 7°(w), then y > sup,c(p o()Ws
and, as above, we obtain that 7(w,y) < 7%w). Similarly, if 7x>,(w) > 7(w,y), then y >
SUD s (0.7 (wy)) Ws» iMPlying that d(w, 7(w, y)) < 7(w,y) by (B.6), and thus that 7°(w) < 7(w,y)
by (B.7). These two inequalities together imply

{Tx5y > 7} ={1x>5y > 7Y and 7(w,y) = 7°(w) if Tx>y(w) > T(w,y). (B.8)

For each t € R,, we have {70 < t} = {#(w,t) < t} by (B.7), and this set belongs to
F? because {(w,y) : 7(w,y) < t} € F ®@ B(Z) and the mapping w +— (w, 1 (supy 4 ws)) is
FP/F) ® B(I) measurable. It follows that 7° € T, which, together with (B.8), concludes
the proof of (B.5).

Using this decomposition, we have

J(@,7) = By [Lrareoyy € TR(X,) + 1ioryy [eTU(X) — ™2 P(X, )]
R —pr70 kRl —rT —rT
_E, [1 frreriar) € T R(XG0) + B [Lrosra [ 7TU(X2) — e ™2 P(X ) |Y]].
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Notice that, by definition, x>y (w, y) = Tx>y(w) and thus x>, € T for ally € Z. Moreover,
for any such y, 7,(-) = 7(-,y) € T¥ because 7 is also a stopping time with respect to the
larger filtration (FP @ B(Z));>o. It follows from Dellacherie and Meyer (1975, Théoréme 103)
that, for each y € Z, there exists a F2 _ ® Fo -measurable function T}, : Q x Q — [0, o0]

TX>y

such that T,(w,-) € T for all w € Q and

Ty (W) Ly @2z (@)} = [Txy (W) + Ty (W, Orys (W) {7y )27 (0))
for all w € 2 such that 7x>,(w) < co. We obtain that, for each y € Z,

E, [1{TOZTX2Y]* e TUXH) Y = y] x [1{TOZTX2y} eirTyU(XTy)]

Trirzy ) U(XTXZy+Ty )}

=FK
=E; [1{TOZTX2y} €

Applying the Markov property yields

Em |:e—7"Ty U(XTXZy+Ty) ’fi{zy} ((U) _ /Qe—rTy(Wv‘:’)U(XTy(w’@)) PXTXZy (w) (d(:))
< VU(XTXZy (w))

for all (w,y) € Q x T such that 7x>,(w) < co. Summing up, we obtain

7 i —r70 —-TT.
J(@.7) € B [Lrocrony €7 R(X0) F Lmvzrgyy €7 [V Xy ) = P(Xrgsy )|
< sup Ex [1{7:<TX2Y} e_r%R(Xf') + 1{%ZTX2Y} e XY [VU(XTXZY) - P(XTXEY)H’

TETx
where the second inequality follows from 7 € T C Tx. This concludes the second part of

the proof. The result follows. [ |

It should be noted that the decomposition (B.5) of stopping times in Tx x>y allows us
to decompose any solution to (4)—where the supremum is taken over the stopping times
in 7x _x>y—into a solution to (5)—where the supremum is taken over the stopping times in

Tx—and a solution to (B.1) in the continuation game.

Appendix C: An Example

In this appendix, we verify that the specification of the model provided at the end of Section
4.2 satisfies A1-A8. We let X follow a geometric Brownian motion with drift 4 < r and

volatility o > 0,
dXt = ,uXt dt + O'Xt th, t Z 0,
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so that the state space for X is Z = (0, 00) and the infinitesimal generator of X writes as

Lu(z) = pau'(x) + %021'22/’@), z € (0,00).

The two fundamental solutions to Lu — ru = 0 are, up to a linear transformation,
hi(z) =2 and hy(z) =27, 2 € (0,00),

where, letting v = % — £,

/ 2 / 2
b= —v+ 1/2+—Z>1 and [ =-—v— 1/2+—2<0.
o o

Observe that h; and hy are strictly convex over (0,00). The derivative of the scale function

is, up to a linear transformation,

2
S'(z) = exp (—/1 g—éuz dz) =277 1z €(0,00),

which leads to

_ Wi(@)ha(z) — In(x)hy(x)
S'(x)

:51 —52~

The payoff functions are R(x) = x — I and U(x) = kx — I for k > 1, which satisfy A3

for xg = #I and rog = -

1
X, =zexp ((u —3 02)15 + UWt)

for the geometric Brownian motion starting at X, = x along with the assumption that r > p.

That R and U satisfy Al follows from observing that

1 1 7
E, {sup e_rtXt} =z E, Hexp (sup W, — — (7“ —u+ = az)t)} ]
t>0 >0 o 2
=—|r—p+=-0"|x exploy——|(r—p+=-0" )y |dy
o 2 0 o 2

r—u+%ﬁ

r—p

o Ix~!, respectively. That R and U satisfy A2 follows from the

explicit expression

Y

where the second inequality follows from the fact that, for each A > 0, the random variable
sup;>o Wy — At has an exponential density with parameter 2A (Revuz and Yor (1999, Chapter

I1, §3, Exercise 3.12)). The value functions Vg and Vy; write as

hi(x) . . hi () B )
VR<£C> = h(zr) (xR I) lf T <% and VU(:U) = hi(zv) (K/xU [> lf r <y,
x—1 if x> xp, kx — 1 if x>y,
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where

Observe that xp > zy and that Vi and Vi; are C! over (0,00), that is, Vi and Vi satisfy
the smooth-fit property. Moreover, Vz and Vi are C? and satisfy LV — rVz < 0 and
LVy —rVy < 0 over (0,00) \ {zr} and (0,00) \ {xy}, respectively, so that the function
G = 5 (Vu + Vg) is C? and satisfies A7 over (0,00) \ {zg,zy}. That G satisfies A5 follows
again from the explicit expression for the geometric Brownian motion along with the fact
that G is bounded above by a linear function, and that G satisfies A6 follows from the fact
that Viy > Vg. Finally, because

O<G<%[’R|+R(xR)+‘U‘+U(xU)]

over (0,00), G satisfies A4 because R and U satisfy Al. Now, consider the function P =
%(VU — VR). According to the analysis in Section 2, we need to show that P is strictly

increasing and onto. We have

h (z hi(x .
hll(g(vU)) (’ixU - I) - hll((zR)) (xR - I) if < Ty,

Vo(x) = Vr(x) =< ko —1— h}il(g) (xgp —1I) if xy <z <uxpg, (C.1)

(k= 1Dz if x> xp.

That P is strictly increasing over [zg, 00) is obvious. Next, because Vi; > Vg, we have

1
hl(xU) hl(IR>

which implies, as hy is strictly increasing, that P is strictly increasing over (0, zy). Finally,

(kxy —I) > (zr — 1),

for each = € [xy, xR), we have

_ hi) _ (xR
hl (IR) hl (I‘R)

where the inequality follows from the fact that h; is strictly convex and that xg > I, and the

Vi () - Vi) =

(ZL‘R—I)>1

(xp—1)=0

second equality follows from the smooth-fit property for Vz. This implies that P is strictly
increasing over [ry,xg). Because P is continuous, and because lim, .o+ P(z) = 0 and
lim, ., P(z) = oo, we obtain that P is strictly increasing and onto, as desired. To conclude,
observe that, if Z is drawn from a distribution with locally Lispchitz density f; > 0 over
(0, 00) with respect to Lebesgue measure, then the density of the law Q of Y = P71(Z) is
given by f = P'fz 0 P > 0. It then follows from (C.1) and from the properties of the value
functions Vi and Vi; that P’ € C'((0,00)\{zg, zr}), with bounded left- and right-derivatives

at rp and zy, so that A8 is satisfied.
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