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We study games in which the decision to exercise an option is a signal of private informa-
tion to outsiders, whose beliefs affect the utility of the decision-maker. Signaling incen-
tives distort the timing of exercise, and the direction of distortion depends on whether the
decision-maker’s utility increases or decreases in outsiders’ belief about the payoff from
exercise. In the former case, signaling incentives erode the value of the option to wait and
speed up option exercise, while in the latter case option exercise is delayed. We demon-
strate the model’s implications through four corporate finance settings: investment under
managerial myopia, venture capital grandstanding, investment under cash flow diversion,
and product market competitionJEL G31, D82)

The real options approach to investment and other corporate finance
decisions has become an increasingly important area of research in financial
economics. The main underlying concept is that an investment opportunity
is valuable not only because of associated cash flows but also because the
decision to invest can be postponed. As a result, when making the investment
decision, one must take into account both the direct costs of investment and the
indirect costs of foregoing the option to invest in the future. The applications
of the real options framework have become quite brbad.
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The early literature, started brennan and Schwart¢1985) andMcDonald and Siege(1986), is well
summarized inDixit and Pindyck (1994). Recently the real options framework has been extended to in-
corporate competition among several option holders (&genpadier 2002L.ambrecht and Perraudin 2003
Novy-Marx 2007 and agency conflictsGrenadier and Wang 2005). Real options models have been ap-
plied to study specific industries such as real estatan@n 1985 Williams 1991 and natural resources
(Brennan and Schwartz 198%nd other corporate decisions such as defaults (&gland 1994 and
mergers ambrecht 2004;Morellec and Zhdanov 2005Hackbarth and Morellec 2008Hackbarth and
Miao 2011). Sed_eslie and Michaelg1997) for a discussion of how practitioners use real options ideas.

© The Author 2011. Published by Oxford University Press on behalf of The Society for Financial Studies.
All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com.
doi:10.1093/rfs/hhr071 Advance Access publication August 3, 2011

TT0Z ‘2T SOqUIBAON U0 SaLIRIqIT LAl e /BI0SeUINO [pI0X0'SH//:dny Woiy popeojumoq


http://rfs.oxfordjournals.org/

TheReview of Financial Studies /v 24 n 12 2011

Oneaspect that is typically ignored in standard models is that most real
options exercise decisions are made under asymmetric information: The
decision-maker is better informed about the value of the option than outsiders.
Given the importance of asymmetric information in corporate finance, it is use-
ful to understand how it affects real options exercise decisidnshis article,
we explore this issue by incorporating information asymmetry into real options
modeling. We consider a setting that is flexible enough to handle a variety
of real-world examples, characterize the effects of asymmetric information,
and then illustrate the model using four specific applications: investment under
managerial myopia, venture capital grandstanding, investment under cash flow
diversion by the manager, and product market entry decisions by two asym-
metrically informed firms.

In the presence of asymmetric information, the exercise strategy of a real
option is an important information transmission mechanism. Outsiders learn
information about the decision-maker from observing the exercise (or lack of
exercise) of the option, and thereby change their assessment of the decision-
maker. In turn, because the decision-maker is aware of this information trans-
mission effect, the option exercise strategy is shaped to take advantage of it.
To provide further motivation for the study, consider two examples of options
exercise decisions, where asymmetric information and signaling are likely to
be especially important.

Example 1. Delegated investment decisions in corporationsn most
modern corporations, the owners of the firm delegate investment decisions to
the manager. There is substantial asymmetric information: The manager is typ-
ically much better informed about the underlying cash flows of the investment
project than the shareholders. In this context, the manager’s decision when to
invest transmits information about the project’s net present value (NPV). While
in some agency settings the manager may want to signal higher project values
to boost her future compensation, in other agency settings the manager may
want to signal a lower project NPV to divert more value for her own private
consumption. In either setting, however, the manager will take this information
transmission effect into account when deciding when to invest.

Example 2. Exit decisions in the venture capital industry.In the ven-

ture capital (VC) industry, there is substantial asymmetric information about

the value of the fund’s portfolio companies, since the VC firm that manages the
fund has much better information about the fund’s portfolio companies than
the fund’s outside investors. In this context, the firm's decision when to sell

a portfolio company transmits information about its value, and hence impacts
outsiders’ inferences of the firm’s investment skill. Because investor inferences
of the firm’s investment skill impact the firm’s future fund-raising ability, the

2 SeeTirole (2006), Chapter 6, for a discussion of asymmetric information in corporate finance.
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firm will take this information transmission effect into account when deciding
when to sell a portfolio company.

We call such interactions real options signaling games, and study them in
detail in this article. We begin our study with a general model of options
exercise under asymmetric information. Specifically, we consider a decision-
maker whose payoff from option exercise comprises two components. The first
component is simply some fraction of the project’s payoff. The second compo-
nent, which we call the belief component, depends on outsiders’ assessment of
the decision-maker’s type. The decision-maker’s type determines the project’s
NPV and is the private information of the decision-maker. Our central inter-
est is in separating equilibria—equilibria in which the decision-maker reveals
her type through the options exercise strateyjye characterize a separating
equilibrium of the general model, and prove that under standard regularity con-
ditions it exists and is unique. The equilibrium is determined by a differential
equation given by local incentive compatibility.

We show that the implied options exercise behavior differs significantly
from traditional real options models. The first-best (symmetric information)
exercise threshold is never an equilibrium outcome, except for the most ex-
treme type: Because the decision-maker’s utility depends on outsiders’ belief
about the decision-maker’s type, there is an incentive to deviate from the sym-
metric information threshold to mimic a different type and thereby take advan-
tage of outsiders’ incorrect belief. While information asymmetry distorts the
timing of options exercise, the direction of the effect is ambiguous and depends
on the nature of the interactions between the decision-maker and outsiders.

The first contribution of our article is the characterization of the direction of
distortion. We show that the direction of distortion depends on a simple and in-
tuitive characteristic: the derivative of the decision-maker’s payoff with respect
to the belief of outsiders about the decision-maker’s type. If the decision-maker
benefits from outsiders believing that the project’s value is higher than in re-
ality, then signaling incentives lead to earlier options exercise than in the case
of symmetric information. In contrast, if the decision-maker benefits from out-
siders believing that the project’s value is lower than in reality, then the option
is exercised later than in the case of symmetric information. The intuition un-
derlying this result comes from the fact that earlier exercise is a signal of the
better quality of the project. For example, other things equal, an oil-producing
firm decides to drill an oil well at a lower oil price threshold when it believes
that the quality of the oil well is higher. Because of this, if the decision-maker
benefits from outsiders believing that the project’'s quality is higher (lower)
than in reality, she has incentive to deviate from the first-best exercise thresh-
old by exercising the option marginally earlier (later) and attempting to fool the

3 Infact, as we discuss in Section 2.4, any non-separating equilibrium can be ruled out using the D1 restriction on
the out-of-equilibrium beliefs of outsiders.
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market into believing that the project’s quality is higher (lower) than in reality.

In equilibrium, the exercise threshold will be lowered (raised) to the point at
which the decision-maker’s marginal costs of inefficiently early (late) exer-
cise exactly offset her marginal benefits from fooling outsiders. Importantly,
outsiders are rational. They are aware that the decision-maker shapes the exer-
cise strategy to affect their belief. As a result, in equilibrium outsiders always
correctly infer the private information of the agent. However, even though the
private information is always revealed in equilibrium, signal-jamming occurs:
The exercise thresholds of all types, except for the most extreme type, are dif-
ferent from the first-best case and are such that no type has an incentive to fool
outsiders.

The second contribution of our article is illustrating the general model with
four corporate finance applications that put additional structure on the be-
lief component of the decision-maker’s payoff: investment under managerial
myopia, venture capital grandstanding, investment under cash flow diversion
by the manager, and product market entry decisions by two asymmetrically
informed firms. The first application we consider is a timing analogue to the
myopia model ofStein(1989). We consider a public corporation, in which the
investment decision is delegated to a manager, who has superior information
about the project’s NPV. As iBtein(1989), the manager is myopic in that she
cares not only about the long-term performance of the company but also about
the short-term stock price. The timing of investment reveals the manager’s
private information about the project and thereby affects the stock price. As
a result, the manager invests inefficiently by exercising her investment option
too early in an attempt to fool the market into overestimating the project's NPV
and thereby inflating the current stock price.

The second application deals with the VC industry. As discussédimpers
(1996), younger VC firms often take companies public earlier than older VC
firms to establish a reputation and successfully raise capital for new funds.
Gompers terms this phenomenon “grandstanding” and suggests that inexpe-
rienced VC firms employ early timing of initial public offerings (IPOs) as a
signal of their ability to form higher-quality portfolios. We formalize this idea
in a two-stage model of VC investment. An inexperienced VC firm invests
limited partners’ money in the first round and then decides when to take its
portfolio company public. Limited partners update their estimate of the gen-
eral partner’s investment-picking ability by observing when the decision to
take the portfolio company public is made and use this estimate when deciding
how much to invest in the second round. Because the amount of second-round
financing is positively related to the limited partners’ estimate of the general
partner’s ability, the general partner has an incentive to fool the limited part-
ners into believing that her ability is higher. Since an earlier IPO is a signal of
better quality of the inexperienced general partner, signaling incentives lead to
earlier than optimal exit timing of inexperienced general partners, consistent
with the grandstanding phenomenon@mperq1996).
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Theother two applications belong to the case of the decision-maker benefit-
ing more when outsiders believe that the project’'s NPV is lower than in reality,
and thus imply an inefficiently delayed options exercise. Similar to the first
application, the third application studies a delegated investment decision in a
corporation. However, unlike the second application, the nature of the agency
conflict is different. Specifically, we consider a setting in which a manager
can divert a portion of the project’s cash flows for private consumption, which
makes the problem a timing analogue of the literature on agency, asymmet-
ric information, and capital budgeting (e.¢farris, Kriebel, and Raviv 1982
Stulz 1990 Bernardo, Cai, and Luo 20Q1In this application, private infor-
mation gives the manager an incentive to delay investment so that outside in-
vestors underestimate the true NPV of the project, which allows the manager
to divert more without being caught. This creates incentives to fool outside
investors by investing as if the project was worse than in reality and thereby
leads to later investment than in the case of symmetric information. In equilib-
rium, outside investors correctly infer the NPV of the project, but still signal-
jamming occurs: Investment is inefficiently delayed to prevent the manager
from fooling outside investors.

Finally, the fourth application we consider is sequential entry into a product
market in the duopoly framework outlined in Chapter Daxit and Pindyck
(1994). The major distinction of our application is that we relax the assumption
that both firms observe the potential NPV from launching the new product. In-
stead, we assume that the two firms are asymmetrically informed: One firm
knows the project’s NPV, while the other learns it from observing the in-
vestment (or lack of investment) of the better-informed firm. As a result, the
better-informed firm has an incentive to delay investment to signal that the
quality of the project is worse than in reality and thereby delay the entry of
its competitor and enjoy monopoly power for a longer period of time. Thus,
the timing of investment is inefficiently delayed. However, the underinformed
firm rationally anticipates the delay of investment by the better-informed firm,
so in equilibrium the timing of investment reveals the NPV of the product
truthfully.

Our findings have a number of implications. First, the effect of informa-
tion asymmetry on investment timing is far from straightforward. In fact,
information asymmetry can both speed up and delay investment, thus leading
to overinvestment and underinvestment, respectively. The direction of distor-
tion depends on the nature of the agency conflict between the manager and
shareholders. For example, both the first and the third applications deal with
corporate investment under asymmetric information and agency, but have dif-
ferent implications for the effect of information asymmetry on investment. If
the agency problem is in managerial short-termism, then asymmetric informa-
tion leads to earlier investment. In contrast, if the agency problem is in the
manager’s ability to divert cash flows for personal consumption, then asym-
metric information leads to later investment.
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Secondpecause the degree of distortion depends on a simple and intuitive
measure, one can evaluate the qualitative effect of asymmetric information on
the timing of investment even in complicated settings with multiple agency
conflicts of differing natures. Clearly, in the real world, there are many potential
agency conflicts, including managerial short-termism and the ability to divert
cash flows among others. One can obtain the resulting effect of asymmetric
information by looking at the effect on the manager’s payoff of a marginal
change in the belief of outsiders. This characterization can be important for
empirical research, as it implies a clear-cut relation between investment, on
the one hand, and the complicated structure of managerial incentives, on the
other hand.

Finally, regarding the last application, our findings demonstrate that com-
petitive effects on investment can be significantly weakened if the competitors
are asymmetrically informed about the value of the investment opportunity.
A substantial literature on real options (e\lilliams 1993 Grenadier 2002)
argues that the fear of being preempted by a rival erodes the value of the
option to wait and, as a consequence, speeds up investment. However, when
the competitors are asymmetrically informed about the investment opportu-
nity, better-informed firms have incentives to fool the uninformed firms into
underestimating the investment opportunity and delaying their investment. The
better-informed firms achieve this by investing later than in the symmetric in-
formation case. Thus, signaling incentives imply an additional value of wait-
ing, and therefore greater delay in the firms’ investment decisions.

Our article combines the traditional literature on real options with the
extensive literature on signaling. It is most closely related to real options mod-
els with imperfect informationGrenadier(1999), Lambrecht and Perraudin
(2003), andHsu and Lambrech2007) study options exercise games with in-
formation imperfections, however, with very different equilibrium structures
than in this article. InGrenadier(1999), each firm has an imperfect private
signal about the true project value. lLambrecht and Perraudif2003), each
firm knows its own investment cost but not the investment cost of the competi-
tor. And in Hsu and Lambrecht (2007), an incumbent is uninformed about the
challenger’s investment cost. While these papers study options exercise with
information imperfections of various forms, the beliefs of outsiders do not en-
ter the payoff function of agents. Therefore, the models in these papers are
not examples of real options sighaling games: The informed decision-maker
has no incentives to manipulate investment timing so as to alter the belief of
outsiderst

Our application on cash flow diversion is also related@nadier and Wan(2005) andBouvard(2010), who

study investment timing under asymmetric information between the manager and investors, where the timing of
investment can be part of the contract between the parties. The major difference between their models and our
diversion application is that theirs are screening models, while ours is a signaling model.
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Notably Morellec and Sctirhoff (2011) and Bustamante (forthcoming) de-
velop models that are examples of real options signaling games, and thus can
be thought of in the context of our general model. SpecificallyMiorel-
lec and Schrhoff (2011), an informed firm, seeking external resources to fi-
nance an investment project, can choose both the timing of investment and the
means of financing (debt or equity) of the project. In Bustamante (forthcom-
ing), an informed firm can decide on both the timing of investment and whether
to finance its investment project through an IPO or costlier private capital.
Bustamante (forthcoming) arMorellec and Sctrhoff (2011) find that asym-
metric information speeds up investment as the firm attempts to signal better
quality and thereby secure cheaper financing. Our contribution relative to these
papers is the characterization of the distortion of investment in a general setting
of real options signaling games, which allows for a wide range of environments
where real options are common, such as public corporations, VC industry,
or entrepreneurial firms. First, we show that whether asymmetric informa-
tion speeds up or delays investment depends critically on the nature of the
interactions between the decision-maker and outsiders. In fact, as we show in
the applications, signaling incentives can often delay investment, unlike in
Bustamante (forthcoming) adorellec and Sciirhoff (2011) where signaling
incentives always speed up investment because of the specific nature of the
interactions between the manager and outsiders. Second, we characterize the
exact conditions when each of the two distortions is in place. This implies
specific predictions for each particular institutional setting and shows when
a distortion induced by one type of agency conflict (e.g., possibility of
cash flow diversion) can be overturned by the presence of another agency
conflict (e.g., managerial short-termism). FinalBenmelech, Kandel, and
Veronesi(2010) consider a dynamic model of investment with asymmetric
information between the manager and outsiders and show that in the
presence of stock-based compensation, asymmetric information creates
incentives to conceal bad news about growth options. Unlike our article,
they focus on a specific setting and do not model investment as a real
option.

The remainder of the article is organized as follows. In Sectiowe for-
mulate the general model of options exercise in a signaling equilibrium and
consider the special case of symmetric information. In Se&@jome solve for
the separating equilibrium of the model, prove its existence and unigueness,
and determine when asymmetric information leads to earlier or later options
exercise. In Sectio3, we consider two examples of real options signaling
games in which signaling incentives speed up options exercise: investment
in the presence of managerial myopia and VC grandstanding. In Sektion
we consider two examples of real options signaling games in which signaling
incentives delay option exercise: investment under the opportunity to divert
cash flows and strategic entry to the product market. Finally, we conclude in
Sectionb.
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. Model Setup

o

o

In this section, we present a general model of a real options signaling game.
Then, as a useful benchmark, we provide the solution to the first-best case of
symmetric information. For the ease of exposition, we discuss the model as if
the real option is an option to invest. However, this is without loss of generality.
For example, the real option can also be an option to penetrate a new market,
make an acquisition, or sell a business.

1.1 The real option

The firm possesses a real option of the standard form: At anyttitie firm

can spend a cogt > 0 to install an investment project. The project has a
present valueP (t), representing the discounted expected cash flows. Follow-
ing the standard real options framework (eldgDonald and Siegel 1986;
Dixit and Pindyck 1991 we assume tha® (t) evolves as a geometric Brown-
ian motion:

dP(t) = uP (t)dt+oP (t)dB(t), (1)

wheres > 0 anddB(t) is the increment of a standard Brownian motion.
All agents in the economy are risk-neutral, with the risk-free rate of interest
denoted by . To ensure finite values, we assumes r.° If the firm invests at
timet, it gets the value of

Pt)—0+s, 2

wheree is a zero-mean noise term, reflecting the difference between the re-
alized value of the project and its expected value upon investment. It reflects
uncertainty over the value of the project at the time of investment, which can
stem from random realized cash flows or random installation costs.

The investment decision is made by the agent, who has superior information
about the NPV of the project. Specificallig, (t) is publicly observable and
known to both the agent and outsiders. In contr@ss the private informa-
tion of the agent, which we refer to as the agent’s (or project’s) type. Because
the payoff of the project depends 6megatively, higher types correspond to
worse projects. Outsiders do not have any information abeutept for its ex-
ante distribution, which is given by the cumulative distribution functi@r)
with positive density functiog (-) defined on¢, 8], whered > 6 > 08

Thus,the payoff from investment comprises three components: the publicly
observable componemR (t), the privately observable componehtand the

SeeMcDonaldand Siege(1986) and Chapter 5 d@ixit and Pindyck(1994) for a discussion of this restriction.
Instead of risk neutrality, we could assume tRat) evolves as {) under the risk-neutral measure.

Theassumption that the privately observable component of the project is the investment cost is without loss of
generality. The model can also be formulated when the privately observable compaoergspondso part of

the project’s present value rather than the investment cost @imadier and Wang 20p6r when it affects the
present value of the project multiplicatively (as in Bustamante forthcomindvamellec and Sctrhoff 2017).
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noiseterme. Outsiders will update their belief about the type of the agent by
observing the timing of investment and its proceeds. The noised@msures

that proceeds from investment provide only an imperfect signal of the agent’s
private informatior.

1.2 The agent’s utility from exercise

Having characterized the project payoff, we move on to the utility that the
agent receives from exercise. We assume that the agent’s utility from exer-
cise is the sum of two components. The first component is the direct effect of
the proceeds from the project on the agent’s compensation. This effect can be
explicit, such as through the agent’s stock ownership in the firm, or implicit,
such as through future changes in the agent's compensation. For tractability
reasons, we abstain from solving the optimal contracting problem, and instead
simply assume that the agent receives a positive sharkthe total payoff

from the investment projeétThe second component is the indirect effect of
investment on the agent’s utility due to its effect on outsiders’ belief about the
agent's type. Intuitively, the timing of investment can reveal information about
the agent, such as an ability to generate profitable investment projects. Letting
6 denote outsiders’ inference about the type of the agent after the investment,
the agent’s utility from the option exercise is

Agent’s utility from exercise= share of project+ belief component
=a(P(T)—9+e)+W(9,9). @)

While standard real options models typically assume that the agent’s utility is
solely a function of the option payoff, in this case the agent also cares about the
belief of outsiders, in thad explicitly enters into the agent’s payoff function.
The form of the utility function is general enough to accommodate a variety
of settings in which a real option is exercised by a better-informed party who
cares about the belief of less-informed outsiders.

Following Mailath (1987), we impose the following regularity conditions on

W(é,&):

TT0Z ‘2T SOqUIBAON U0 SaLIRIqIT LAl e /BI0SeUINO [pI0X0'SH//:dny Woiy popeojumoq

We introduce the noise term to make the timing of exercise a meaningful signal of the agent’s private information.
If ¢ werealways equal to zero, then outsiders would be able to learn the exact valuleooh observing the
realized value of the project. As a consequence, the timing of exercise would have no information role. Because
of risk neutrality, as long as there is some noise, its distribution is notimportant for our results, with the exception
of the model in Section 4.1, where its distribution impacts the underlying costly state verification model.

SeeGrenadieand Wang2005) andPhilippon and Sannikof2007) for optimal contracting problems in the real
options context.

Theform of the utility function from exercise in3) is chosen to keep the model both tractable and sufficiently
general. We have also solved the model for an even more general utility funeti®n(P (r)) — 0 +¢) +

W (P (r),d,6). The results are very similar, as long as the utility function satisfies the regularity conditions in
Mailath (1987).
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Assumption1. W (é, 9) isCZ?on|, é]z;
Assumption2. W (0, 0) < a0,

Assumption 3. Wj (9,9) never equals zero 0[@, 5]2, and so is either
positive or negative;

Assumption 4. W (é, 9) is such thatwy (é, 0) <aV (é, 6) e [0, 9]2
andW; (0, 0) + Wy (0,0) < a ¥0 < [0, 4];

Assumption 5. Agent’s utility from exercise satisfies the single-crossing
condition, defined in Appendix A.

These conditions allow us to establish the existence and uniqueness of the
separating equilibrium derived in the following section. Assumption 1 is a
standard smoothness restriction. Assumption 2 states that under perfect infor-
mation the effect of the belief component does not exceed the direct effect
of 8. This ensures that the exercise decision is non-trivial, because otherwise
the optimal exercise decision would be to invest immediately for any project’s
present valud® (t). Assumption 3 is the belief monotonicity condition, which
requires the agent’s payoff to be monotone in outsiders’ belief about the agent’s
type. This defines two cases to be analyzetlvjf< 0, then the agent benefits
if outsiders believe that the project has a lower investment cost. Conversely, if
W; > 0, then the agent gains from belief of outsiders that the project has a
higher investment cost. Assumption 4 means that the agent is better off from
having a better project\y (é, 0) < o implies that the agent’s utility from
exercise is decreasing thfor any fixed level of the outsiders’ belief; simi-
larly, W5 (0, 0) + Wp (0, 0) < o implies that the agent’s utility from exercise
is decreasing i if both the agent and outsiders kndw Finally, Assump-
tion 5 ensures that if the agent does not make extra gains by misrepresenting
0 slightly, then she cannot make extra gains from a large misrepresentation. It
allows us to find the separating equilibrium by considering only the first-order
condition.

1.3 Symmetric information benchmark

As a benchmark, we consider the case in which information is symmetric.
Specifically, assume that both the agent and outsiders obgéf¢et V*

(P, 6) denote the value of the investment option to the agent, if the type of the
agent is¥ and the current level dP (t) is P. Using standard arguments (e.g.,
Dixit and Pindyck 1994), in the range prior to investmant,(P, ) must solve

the differential equation:

1
0= E(;2F>2v,;tp+qu;:—rv*. (4)

If neither the agent nor outsiders obsefyéhen the model is analogous to the one in this section.
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Supposehat the agent of typé invests the first time whe (t) crosses
thresholdP* (9) from below. Upon investment, the payoff of the agent is spec-
ified in (3), implying the boundary condition for the agent’s expected payoff
from exercise:

V* (P*(),6) = a (P* () —0) + W (©,6). (5)

Solving @) subject to boundary conditioB)yields the following option value
to the agent:!

, .
(+5) @ (P @ = 0) + W ©,0)),if P < P*©),

V*(P.0) = [ (6)

a(P=0)+W(@®,0), it P> P*(0),

where g is the positive root of the fundamental quadratic equat%mr‘?ﬂ
B=D+up—-r=0:

2 o2\ 2 -
ﬂ=0—12|:—(ﬂ—%)+\/(ﬂ—7) +2ra2J>1. (7

The investment triggeP* (#) is chosen by the agent so as to maximize
her value:

P*(@):alggzgx[;ﬁ (a (F3—0)+W(9,<9))}. @)

Taking the first-order condition, we conclude thit (0) is given by

e B () W0
P(H)_ﬁ_l(ﬁ . ) 9)

In particular, if W (@,60) = 0, we get the standard solution (e.Bixit and
Pindyck 1994):P* (9) = 6/ (S — 1). Because the agent’s utility from ex-
ercise is decreasing thby Assumption 4, the investment thresh®d (9) is
increasingn @, which means that the firm invests earlier if the project is better.
The results of the benchmark case can be summarized in Propdsition

Proposition 1. Suppose tha# is known both to the agent and to outsiders.
Then, the investment threshold of typeP* (6), is given by @) and is increas-
inginé.

11 sinceP = 0is an absorbing barriek/* (P, #) mustalso satisfy the condition* (0,6) = 0.
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2. Analysis

12

13

In this section, we provide the solution to the general real options signaling
game under asymmetric information between the agent and outsiders. First, we
solve for the agent’s optimal exercise strategy for a given inference function of
outsiders. Then, we apply the rational expectations condition that the inference
function must be consistent with the agent’'s exercise strategy. This gives us
the equilibrium investment threshold. We present a heuristic analysis in this
section and prove that it indeed yields the unique separating equilibrium in
Proposition 2. Finally, we analyze properties of the equilibrium.

2.1 Optimal exercise

To solve for the separating equilibrium, consider the agent’s optimal exercise
strategy for a given outsiders’ inference function. Specifically, suppose that
outsiders believe that the agent of typexercises the option at triggé (9),
whereP (6) is a monotonic and differentiable function@fThus, if the agent
exercises the option at triggét € P ([¢, 7]), then upon exercise outsiders

infer that the agent’s type B! (P) 12
LetV (P, 0, 9) denote the value of the option to the agent, whers the

current value ofP (t), 6 is a fixed outsiders’ belief about the agent’s type,
andd is the agent’s true type. By the standard valuation arguments Q&xif.,
and Pindyck 1994 in the region prior to exercis&,(P, 9, §) must satisfy the
differential equation:

1
0= Eazpzvpp + uPVp —rV. (10)

Suppose that the agent decides to invest at trigtyddpon investment, the
payoff to the agent is equal t8), implying the boundary condition

V(lﬁ,é,e)za(ﬁ—e) +W@,0). (11)

Solving differential equation1(0) subject to boundary conditiofX) yields
the value of the option to the agent for a given investment threshold and the
belief of outsiders?

V(P,d,0,P) = PPU (é,e, ﬁ), (12)

Notethat outsiders also learn from observing that the agent has not yet exercised the option. Specifically, when-
ever P (t) hits a new maximum, outsiders update their belief of the agent’s typBylit) = max<t P (),
outsiders’posterior belief is the prior belief truncated arl (Ppm (1)) from below (above), ifP (9) is increas-

ing (decreasing) i. Once the agent exercises the optiorPabutsiders’ posterior belief jumps 81 (lf‘).
Becausenly outsiders’ belief upon option exercise enters the payoff function of the agent, we can disregard the
pre-exercise dynamics of outsiders’ belief.

As in the symmetric information case, the option value must satisfy the absorbing barrier condition
V(0,6,6) =0.
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where
U (é,e, ﬁ) - % [a (ﬁ —6) +W(é,e)]. (13)

Given solution (12) and the hypothesized outsiders’ inference fun®ion
the optimal choice of exercise threshdde P ([¢, 6]) solves

- 1 ~ -
P(e,P)eargYeﬁn(w[%D[Yﬁ (e (v =0)+w(p (Y),H))]. (14)

Taking the first-order condition, we arrive at the optimality condition
p(a (P -0) +w (P (B).0)) =aP+ B, (P (7),0) L)
(15)

Equation(15) illustrates the fundamental trade-off between the costs and ben-
efits of waiting in the model with asymmetric information between the agent
and outsiders. On the one hand, a higher threshold leads to a longer waiting
period and, hence, greater discounting of cash flows from the option exercise.
This effect is captured by the expression on the left-hand sidéx)f On the

other hand, a higher threshold leads to a greater NPV at the exercise time and
higher belief of outsiders. These effects are captured by the first and the second
terms on the right-hand side dfg), respectively.

2.2 Equilibrium

In a separating equilibrium under rational expectations, the inference func-

tion P (9) must be a monotonic function that is perfectly revealing. Thus,

P-1(P) = 6. Intuitively, this means that when the agent takes the inference

function P (0) as given, her exercise behavior fully reveals the true type.
Conjecturing that a separating equilibrium exists, we carPsé(P) =

in Equation (15) and simplify to derive the equilibrium differential equation:

dP(6) _ W; (0, 6) P (0)

— _ ) 16
do a((B=1)P(@O)— o)+ BW(©0,0) (16)

The equilibrium differential equation (16) is solved subject to the appropri-
ate initial value condition. By Assumption 3, there are two cases to consider.

Case 1:W; <0

For this case, the appropriate initial value condition is that the highest type
invests efficiently:

P (@) =P*(0). 17)

Theintuition is as follows. Suppose you are the worst possible type, which is
0 for the case\; < 0. Then, any exercise strategy in whictvj did not hold
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would not be incentive-compatible. This is because #ypeuld always deviate
and choose the full-information triggé™* (). Not only would this deviation
improve the direct payoff from exercise, but the agent could do no worse in
terms of reputation since the current belief is already as bad as po$sible.
Thereforepnly when (17) holds does the worst possible type have no incentive
to deviate.

Case 22W; > 0
For this case, the appropriate initial value condition is that the lowest type
invests efficiently:

P©) =P (). (18)

Theintuition for (18) is the same as fol 7). However, with\; > 0, 0 is now
the worst type.

Proposition 2 shows that under regularity conditions, there exists a unique
(up to the out-of-equilibrium beliefs) separating equilibrium, and it is given
as a solution to Equatiori§) subject to boundary conditiot{) or (18). The
proof appears in Appendix B.

Proposition 2. Let P () be the increasing function that solves differential
equation (16), subject to the initial value conditidv) if W; < 0, or (18) if

Wj; > 0, where Assumptions 1-5 are satisfied. Ther) is the investment
trigger of typed in the unique (up to the out-of-equilibrium beliefs) separating
equilibrium.

2.3 Properties of the equilibrium
To examine how asymmetric information affects the equilibrium timing of
investment, we compare the separating equilibrium derived above with the
symmetric information solution established in Sectio8.

Proposition3 shows that asymmetric information between the decision-
maker and outsiders has an important effect on the timing of investment. Its
direction depends on the sign'df;. The proof appears in Appendix B.

Proposition 3. Asymmetric information between the decision-maker and
outsiders affects the timing of investment. The direction of the effect depends
on the sign ofwj;:

(i) If W; < 0, then the firm invests earlier than in the case of symmetric
information:

P (@) < P*(©) forallg < 4.
Our model assumes that outsiders’ actions impact the agent’s payoff only through the belief compofent,
discussed irMailath (1987), this is the reduced-form specification that incorporates optimal (with respect to

the given belief) actions of outsiders, which are taken after the agent exercises the option. Thus, the harshest
punishment that can be inflicted on the agent is the belief that she is the worst possible type.
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(i) If W; > 0, then the firm invests later than in the case of symmetric
information:

P (@) > P*(9) forallg > 6.

As we can see, information asymmetry has powerful consequences for the
timing of investment. It can both increase and decrease the waiting period, and
the direction of the effect depends on the sigh\gf The intuition comes from
traditional signal-jamming models (e.g=udenberg and Tirole 1986tein
1989; Holmstrom 1999). Whenfd is the agent’'s private information,
outsiders try to infer it from observing when the firm invests. Knowing this,
the agent has incentives to manipulate the timing of investment to confuse out-
siders. For example, ¥V; > 0, the agent has an interest in mimicking the
investment strategy of the agent with a higher investment cost. Since higher
types invest at higher investment thresholds, the agent will try to mimic that
by investing later than in the case of symmetric information. In equilibrium,
outsiders correctly infer the type of the agent from observing the timing of
investment. However, signal-jamming occurs: Outsiders correctly conjecture
that investment occurs at a higher threshold. The opposite happens when
Wé < 0.

For concreteness, let us consider a particular parameterizach(@f, 6)
that permits a simple analytical solution. Specifically, we \Ae(é,e) =

w (6 — 6), for some functiorw (-) with w(0) being zerd:® In this case, the
agent’s utility from misspecification of outsiders’ belief about the agent's pri-
vate information depends only on the degree of misspecificaienf. For
this special case, Equation (16) takes the following form:

dP () P (©) w (0)
= _ . 19
do a((ﬁ—l)P(Q)—ﬂ@) (19)
The general solution to this equation is given implicitly by
B (©) +CP @) vo = LT w0/ +ﬂw_’(?/ %, (20)

where the constari is determined by the appropriate boundary condition.
For the case in whicly’ < 0, we apply boundary conditiorl) to show
that the equilibrium solutiorP (¢) satisfies:

PO |1+

’ 5 _%_1 ’
w<0)(P<0>) O\ _pw e, o

af \ P () p-1

15 An example of such function that satisfies Assumptions 16 (é - 6)) = Cyp X ((5 - f)), wherec,, is any
non-zero constant abovex.
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In the limit, if the highest type has an unboundedly large o sty oo0), then
P () approaches the simple linear solutith:
B+ w'(0)/a
p—-1
For the case in whicl’ > 0, we apply boundary conditiorig) to show
that the equilibrium solutiofP (¢) satisfies:

P () ~ 0. (22)

PO |1+

_ _ b _q
/ 0 P w’ (0 / 0
w'© (P ©) _prw@a, oy
af \ P*(0) -1
If the lowest type can reach an infinitesimal cast-6 0), then P () again
approaches the simple linear solution (22).

2.4 Other equilibria
While our article focuses on the separating equilibrium, various forms of pool-
ing equilibria are also possible. Here, we present a simple example of an
equilibrium in which there are a range of types that pool, and a range of
types that separate. Notably, the construction of this equilibrium with pooling
requires much of the analysis presented for the construction of the separating
equilibrium.

In this simple exampleq is distributed uniformly over6,4]. We also
assume a simple functional form for the belief componegt(é - 0), with
c, < 0,whered now refers to the expected type of the agent according to the

belief of outsiders.” Finally, in this simple example, we assume that proceeds
from the project are not informative about the agent’s type. Considemtype

(0, 6). We will show that there exists Bpool, With Ppool < P (9) < pP* (9)
suchthat all typesd in the range[Q, é] pool and exercise together Bhool,

while all types# in the range(@, ] separate and exercise at the trigefd).

Suppose thaP (t) = Ppooi andconsider the decision of the agent whether
to exercise the option immediately and pool or wait and exercise the option
in the future. For types that exercise immediately and pe¥, (Q+ 9) /2.
Thus,the immediate payoff from pooling is

0+6
a (Ppool — 8) + Cu (_T - 0) . (24)

To see this, note that Assumption 4 ani(0) < 0 imply that—g% — 1> 0. Therefore, ad — oo, the

left-hand side converges @ (0).

More generally, the belief component can be any function of the distribution of outsiders’ posterior belief about
the agent’s type.

4008

TT0Z ‘2T SOqUIBAON U0 SaLIRIqIT LAl e /BI0SeUINO [pI0X0'SH//:dny Woiy popeojumoq


http://rfs.oxfordjournals.org/

1

©

RealOptions Signaling Games with Applications to Corporate Finance

Types that wait and separate obtain

(Ffp"d )ﬁa (P®) —0), (25)

where P (9) is the thresho[d of typ@ in the fully separating equilibrium,
given by (L6)—(17)18 Type d is the one that is indifferent between pooling
and separating:

o (Ppoct = ) + <. (%) - (2 )ﬂa (Pé)-5). ()

As shown in Appendix B, for any), (26) determines the unique value of
Ppool (é) All types & < 4 find it optimal to exercise aPpool (é) while

all typesd > 4 find it optimal to separate and exerciseRatd). By vary-

ing 6, one can obtain a continuum of these equilibria. In addition, there may
exist equilibria with higher types pooling and lower types separating, as well as
equilibria with multiple pooling groups. In general, itis difficult to say whether
the agent’s utility in the separating equilibrium is higher or lower than in other
equilibria. As shown in Appendix B, in this particular example the agent’s util-
ity in the semi-pooling equilibrium is the same as in the separating equilibria
if & > 6 and higher than the utility in the separating equilibriuré i& 4.

Given multiplicity of equilibria, it is important to select the most reasonable
one. A standard approach in signaling games to select between equilibria is
to impose additional restrictions on out-of-equilibrium beliefs. One standard
restriction is the D1 refinement, which has been applied to a wide range of
signaling environments such as security design (Blgchman and Noe 1994
DeMarzo, Kremer, and Skrzypacz 2QGhd intercorporate asset saleke@e
et al. 2009. Intuitively, according to the D1 refinement, following an “un-
expected” action of the informed party, the uninformed party is restricted to
place zero posterior belief on typevhenever there is another tyiethathas
a stronger incentive to deviaté As Choand Sobe(1990) andRamey(1996)
show, only separating equilibria can satisfy the D1 refinement. A slight mod-
ification of Rameys (1996) proof can be applied here to establish the same
result in our modef® Thus,the separating equilibrium is in fact the unique
equilibrium under the assumption that out-of-equilibrium beliefs must satisfy

This result holds because for ady the boundary condition is the same and is determined by @ypéote

that in the case oWV > 0, this result does not hold, because the boundary conditions are different: In this
semi-separating equilibrium it is determined by tyhavhile in the separating equilibrium it is determined by
typed.

19 seeChoand Krepg1987),Cho and Sobe1990), orRamey(1996) for a formal definition.

20 gpecifically unlike in Ramey(1996), the space of actions in our model is bounded from below and the agent's

payoff converges to zero as the action converges to infinity.
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therestriction specified by the D1 refinement. In this regard, focusing on sep-
arating equilibria is without loss of generality.

Applications with Acceleration of Options Exercise

3.1 Managerial myopia

In this section, we present an application of the timing signaling equilibrium
that is similar in spirit tdStein’s (L989) article on managerial myopia. $tein
(1989), the manager cares about both the current stock price and long-run
earnings. The manager invests inefficiently through earnings manipulation (by
boosting current earnings at the expense of future earnings) to attempt to fool
the stock market into overestimating future earnings in the stock valuation.
Even though the equilibrium ensures that the market is not fooled, the manager
behaves myopically and inefficiently sacrifices future earnings for short-term
profits. Our version is an analogue 8fein(1989) that focuses on investment
timing rather than earnings manipulation. Here, the manager invests ineffi-
ciently by exercising the investment option too early to attempt to fool the
market into overestimating the project’'s NPV.

3.1.1 Manager utility. As in Stein(1989), the manager’s utility comes from
a combination of current stock value and long-run earnings value. Specifically,
the manager’s utility comes from holding > 0 shares of stock that may be
freely sold, plusaz > 0O times the present value of future earnings. This can
be viewed as a reduced form utility coming out of a more complicated model
of incentive compensatioff. Thus,the manager makes two decisions: when to
invest in the project and when to sell holdings that may be freelyZold.

Let S(t) denotethe stock price andP(t) the present value of the project’s
cash flows. At a chosen time of exercisdf the manager still holda; shares
of stock, her stock holdings will be worthy S(7).22 Similarly, her utility from
her interest in the present value of all future earninga2igP (z) — 0). In
summary, the manager’s utility from exercise at any time

manager’s utility from exercise: a1S(z) + a2 (P (z) — ). 27)

One can motivate this split between the current and long-term stock price as dealing with options vesting
schedules, limits on stock sales of executives (either contractual, or determined by the informational costs of
trading), or the expected tenure of the manager’s affiliation with the firm.

We assume that outsiders do not observe whether the manager sells the stock or not. We make this assumption
to make the application simple and tractable. One can get similar results in a more realistic setting, in which
outsiders observe the manager’s sale decision, as long as it does not reveal the manager’s private information
perfectly; for example, if the manager sells stock with positive probability for an exogenous reason.

As we shall see below, managers with sufficiently higbhooseto sell all shares prior to investment, in which
case the stock component of utility disappears.
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3.1.2 The stock price process. Let us now consider the valuation of the
stock. The market will infer the value daf by observing whether or not

the manager has yet invested. We begin by valuing the stock for all moments
prior to the investment in the project. During this time period, the market
updates its belief every time the project value rises to a new historical
maximum. LetP (9) denote the equilibrium investment threshold for tgpa
function increasing i to be determined below. L&y (t) denotethe histori-

cal maximum ofP (t) up to timet. Then, at any time prior to investment, the
stock priceS(t) = S(P (t), Pw (1)) is given by

PO

B -
S(P (), Pw (1)) =Eo [(ﬁ(@)) (P@®) —0)10 > P~ (Pw (t))} - (28)

Next, consider the value of the stock when the firm invests at threshokd
this moment, the market observes the investment trigger, and the stock price

immediately is set using the imputéd= P! (Is) Thus, the stock price
immediately jumps to the valug — P~1 (f’) Finally, after the net proceeds

from investment are realized, the stock price move$te 6 + ¢. Recall,
however, that the market is unable to disentangle the true costfrem, and
its expectation of remaing.

3.1.3 The equilibrium investment decision. Consider the manager’s in-
vestment timing decision, conditional on holding sharef tradable stock.
Suppose that the manager has not sold the tradable shares prior to the invest-
ment date. If the market’s belief about the type of the manaés, belows,

then the manager is better off selling shares immediately upon the investment
date and gaining from the market’s optimistic belief: She recefvesd from

selling versus (an expecte®) — 0 from holding. Alternatively, iff > 6, the
manager is better off holding the stock. Thus, given the equilibrium threshold
function P (9), the problem of the manager who does not sell the stock before
the investment date is

mstx[1§<9 [alé (I5 —5) + oz }ﬂ (I3 —9)}

P
+15.p (a1 + a2) FA)lﬂ ('5—9)]
=m§lx[(a1+a2) ;ﬁ (ﬁ—e)— ;ﬁalmin(é—ﬁ,o)]. (29)

We can thus see that this problem is a special case of the general model with

w (é, 9) — —gqmin (é _o0, o) anda = a1 + oo (30)
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Moreover, becaus&V (é, 0) is a function ofd — , the separating equilibrium
function P (9) is given by (204

b0 +chpe) b am, (31)
-1

The boundary condition for EquatioBX) is determined by noting that the
manager may choose to sell shares prior to investment. In the separating equi-
librium with all a3 sharesheld, information is fully revealed, and thus the
manager does not gain from selling overvalued stock at the time of investment.
Therefore, the manager sells shares before investment if and only if they are
overvalued by the market. As is apparent from the valuation functio@8j (
the overvaluation is decreasing over time, and thus the manager will either sell
shares at the initial point or never. Thus, the appropriate boundary condition is
that for the range of for which the stock is initially overvalued, the manager
will choose to sell all of the liquid shares. This implies that for this rang® of
a1 = 0in Equation 81), which means tha® (9) equals the first-best trigger,
P©) = 450.

All that remains is to determine the rangeddadt which immediate sale of
stock is warranted. If the stock is sold immediately, the stock will be priced

> 5
based on the market’s prior éh or fé’ (F,’_(OZ) (P (0) —0) ¢ (0)do.25 If the

P©)
stock is held, it is wortl'(gi(%)ﬁ (P (9) — ). Therefore, the manager will sell
stock immediately if and only i is above a fixed thresholt determined by
P (9)/‘ A\

°(0)

We have now fully characterized the solution. Pat [Q, é], the investment
thresholdP (9) is given by @1), whereC is given by

_ Blagtap)

N A, “ a1 A
c= (ﬁ' - 16) (a1 +a2) (B — 1)8' (33)

Ford e (0,0], P (0) = ﬁi

Note that —a1 min (5 -0, O) hasa kink atd = 6. However, this does not create problems, because only the
regiond > 4§ isimportant for the incentives: Clearly, no type wants to mimic a type above. Hence, the problem is
equivalent to a problem witiv ((7, ()) =—aq ((7 - 0). Note that this functiotw (0, 0) satisfiesAssumptions

1-5, as argued in footnote 15.

To ensure that none of the types invest immediately, we assume bk P(8).
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3.1.4 Discussion. The equilibrium investment strategy is to invest according
to strategyP(#) in (31), which implies earlier investment than in the case
of symmetric information for all types belo. For types abové, however,
investment occurs at the full-information threshold. Intuitively, if the private in-
formation of the manager is such that the stock is overvalued, then the
manager sells the flexible part of her holdings before investment reveals the
type of the project. Once the manager sells her tradable stock, the manager
no longer has any short-term incentives, so she chooses the investment thresh-
old to maximize the long-term firm value. On the contrary, if the project is
sufficiently good, then the stock of the company is undervalued relative to
the private information of the manager, so she does not sell the flexible part
of her holdings. As a result, when deciding on the optimal time to invest,
the manager cares not only about the long-term firm value but also about
the short-term stock price. In an attempt to manipulate the stock price, the
manager invests earlier than in the symmetric information case. In equilib-
rium, the market correctly predicts this myopic behavior and infers the private
information correctly.

The left graph of Figurd shows the equilibrium investment threshéld6)
as a function of the investment casfor three different values ef1 /(a1 + a2).
The equilibrium investment threshold (§) has two interesting properties.
First, it moves further away from the first-best investment thresirsid9)
asai/(a1 + a2) goes up. Intuitively, if the manager can freely sell a higher
portion of her shares, she has a greater incentive to invest earlier to fool the
market into overestimating the NPV of the project and thereby boost the current
stock price. Even though the market correctly inf@rén equilibrium, the

6.5
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o
o

Investment threshold, P(0)

@
o

o

&
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Figure 1

Equilibrium investment threshold of a myopic manager

The left graph shows the equilibrium investment trigger as a function of the investmenitfooshree different

values ofay / (a1 + a3), as well as the benchmark case. The top curve corresponds to the investment threshold

P* (9) when there is no incentive for signaling. The other curves correspond (from top to bottom) to the cases

when the manager can freely sell 25%, 50%, and 75% of her shares, respectively. The right graph shows the

corresponding option premium as a function of the investmenttcddte parameter values of the project value

process are = 0.04, 1 = 0.02, ¢ = 0.2. The investment costs are distributed uniformly oMe®].
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equilibrium investment threshold goes down so that the manager has no
incentives to deviate. Second, for each of the curves, the impact of asymmetric
information is lower for projects with greater costs (lower types). Intuitively,
incentive compatibility requires that the investment threshold of &/pe suf-
ficiently below that of typ& + ¢ for an infinitesimal positive:, so that type
6 + ¢ has no incentive to mimic typ€. However, this lowers not only the
investment threshold of typ# but also investment thresholds of all types be-
low 6, as they must have no incentive to mindicin this way, the distortion
accumulates, so the investment threshold of a lower type is closer to the zero
NPV rule.

Another implication is that the investment option value can be significantly
eroded through information asymmetf/Analogouslyto Grenadier(2002),
let the option premium define the NPV of investment at the moment of exercise
divided by the investment cost:

a1 \ PO -0
op(e,al+a2)_ — (34)

The right graph of Figurel quantifies the effect of asymmetric information

on the option premium. In the case of symmetric information, equilibrium in-
vestment occurs only when the NPV of the project is more thdd #mes

its investment cost. Asymmetric information reduces the option premium, and
the effect is greater for projects with lower investment costs and managers
with greater incentives to boost the short-run stock price. For example, if the
manager can freely sell 50% of her shares, the option premium ofitypé is

1.41, agreater than 40% decrease from the symmetric information case. Asym-
metric information typically affects the option premium of the best
projects the most and does not affect the option premium of sufficiently bad
projects at all.

3.2 Venture capital grandstanding
In this section, we consider an application of our real options signaling model
to VC firms. As shown irGomperg1996), younger VC firms often take com-
panies public earlier to establish a reputation and successfully raise capital for
new funds. Gompers terms this phenomenon “grandstanding”and suggests that
younger VC firms employ early timing of IPOs as a signal of their ability to
form higher-quality portfolios.

We characterize experienced VC firms (the general partners) as those hav-
ing a performance track record, and inexperienced VC firms as having no
performance track record. For simplicity, we consider a two-stage model. An

Previous researchWilliams 1993 Grenadier 2002) has demonstrated that the value of the option to invest can
be significantly eroded because of competitive pressure in the industry. This application shows that if a portion
of the manager’s utility comes from the short-term stock price, then the value of the option to invest can be
eroded even in monopolistic industries, as long as the manager is better informed about the investment project
than the market.

4014

TT0Z ‘2T SOqUIBAON U0 SaLIRIqIT LAl e /BI0SeUINO [pI0X0'SH//:dny Woiy popeojumoq


http://rfs.oxfordjournals.org/

RealOptions Signaling Games with Applications to Corporate Finance

inexperienced VC firm invests outsiders’ (limited partners’) money in the first
round. The firm then chooses when to allow its first-round portfolio companies
to go public. When such an IPO takes place, the firm becomes experienced
and raises money for the second round. Notably, its ability to attract outsiders’
funds in the second round will depend on the belief of outsiders of its skill, as
inferred from the results of the first round.

We shall work backward and initially consider the second round (an experi-
enced VC firm), to be followed by the first round (an inexperienced VC firm).

3.2.1 The experienced VC firm. In the second round of financingz dol-
larsare invested, wherk is endogenized below. The value of the fund, should
it choose to go public at time is

(P2(t) — 0 +e2) H(l2), (39)

whereP; (1) is the publicly observable component of valées the privately
observed value of the VC firm’s skill, ang is a zero-mean shock, which
corresponds to the contribution of luck. Only the VC firm knows the value
of its skill & (lower & means higher skill); the outside investors must use an
inferred value of).2” While outside investors cannot disentangle the mix of
skill and luck, the VC firm learns the realization of luek, upon investment.
Finally, H(-) describeghe nature of the returns to scale on investment. To
account for declining returns to scale (that is, at some point the firm runs out
of good project opportunities), we impose the Inada conditiéh€) = O,
H’ > 0,H” <0, H’(0) = o0, andH’ (co) = 0. In addition, we assume that
H’” is continuous.

We assume that the VC firm receives as compensation a fractafrthe
proceeds from an IPO (or a similar liquidity evef)The VC firm decides if
and when to allow the portfolio to go public. Thus, the timing of the IPO is
a standard option exercise problem where the expected payoff to the VC firm
upon exercise is

a (P2(t) —0) H(l2). (36)
Theoptimal second-round IPO exercise trigger is thus the first-best solution;
5 B
P2 (0) = ——0. 7
20) = 70 (37)

We now endogenize the second-round level of investment. At the beginning
of the second round, the limited partners decide how much capital to contribute

27 The model can be extended to a more realistic, albeit less tractable, setting in which the firm has imperfect
knowledge of its ability. This extended model has similar results and intuition, as long as the firm is better
informed about its ability than investors.

28 For purposes of this application, we take the compensation structure of the general partner as given. This struc-
ture is quite similar to the observed industry practice (dAgtrick and Yasuda 2030
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tothe fund. We normalize the value of the publicly observable component upon
the initiation of the second round; (0), to one, so thaP,(t) representshe
value growth over the initial cogf. The limited partners choose the level of
investmentl, so as to maximize the expected value of their net investment.
Because the limited partners do not observe the VC firm’s 8kithey use
inferenced based on the IPO signal from the first round. For a gifethe
limited partners choosk by solving the following optimization problem:

max (1—a)i)_ﬁéH(lz)—lz . (38)
R0

Thelnada conditions guarantee that the optimal level of investmglﬁé), is
given by the first-order condition:

20w (L) ] e

P (5) is strictly decreasing i, meaning that the limited partners invest more

if they believe that the general partner is more skilled.
Thus, for giverd andé, the value of the second-round financing to the VC

firmis i
a%H (|2 (é)). (40)

Importantly this value is a decreasing function of the inferred tgpélence,
the VC firm benefits from higher inferred skill.

3.2.2 The inexperienced VC firm. Now, let us consider the first rouridl.
Thefund hasl; invested, and the VC firm must choose if and when to allow
its portfolio to go public. The payoff to the VC firm is the sum of their share of
the proceeds from going public and the expected utility of the second-round fi-
nancing. The proceeds from going public at tirege (P (t) — 6 + ¢1) H (11),
whereg; is a zero-mean shock, while the value of the second-round financing
is given by @0). Thus, for an IPO trigger d?y, the expected payoff to the VC

firm is )
a(ﬁl—G)H(I1)+a%)9)_ﬂeH (lz(é)), (41)

Becausef this normalization, we assume that the parameters of the model are suéh(that 1.

For simplicity, we assume that the skill parametesf the VC firm is the same in both rounds. The model can
be extended to the case of different, but correlated, skill levels across rounds. In such a case, in equilibrium the
timing of investment is an imperfect rather than perfect signal about the general partner’s talent.
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wherel, (9) is given by (39). For simplicity, we normalizel (I1) to 1. We
can thus see that this problem corresponds to the general modét with

N P -0 5
whereWj; < 0. Assuming that the lowest possible type is not too low,

Q>ﬁ—1(9__w(é,é))’ @3
B a

the single-crossing condition is satisfiétl Thus, the separating equilibrium
the investment triggeP; (@) is given by

dPL(0) _ PLO)I3©)/(L—a) )
W (B-DPLO) - O+ TEDTH (120)

solved subject to the boundary condition that tyfeinvests at the full-
information threshold?

0= 250 B0ty w@). e

2

3.2.3 Discussion. The timing of the IPO of the inexperienced firm charac-
terized by (44)—(45) has several intuitive properties. First, the inexperienced
firm takes the portfolio company public earlier than optimal. Because the in-
experienced firm is better informed about its talent than the limited partners,
the inexperienced firm has an incentive to manipulate the timing of the IPO
to make the limited partners believe that its quality is higher. Because an ear-
lier IPO is a signal of higher quality, it will go public earlier than in the case
of symmetric information. In equilibrium, signal-jamming occurs: The limited
partners correctly conjecture that the VC firm goes public earlier than optimal,
so the type of the general partner is revealed. The degree of inefficient timing is

Notethat if the limited partners observe the proceeds from the first round, then they may also use this information
to inferd. However, this does not affect the model, because the proceeds are a noisier signal of the firm’s private
information than the timing. Indeed, the proceeds reveal the valde-of, while the timing in a separating
equilibrium reveal®.

32 It can be easily checked that functiW\((?, H) in this application also satisfies Assumptions 1-4, provided that

the optimal IPO threshold in the first round in the case of symmetric information is finite.

33 To ensure that none of the types does an IPO immediately, we make an assumption that the initfal@pise

belov Py (6). Then, the unique separating equilibrium investment threshold is defined as an increasing function,
which solves 44) subject to45).
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Exercise Trigger
w
o

Ratio of Exercise Triggers
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General Partner's Talent, 0 General Partner's Talent, o

Figure 2

Exit strategies of the inexperienced general partner

The left graph shows the equilibrium triggé, (9), and the symmetric information triggeRy” (0), as functions
of 9 (higherd corresponds to lower talent). The right graph shows the ratio of the two triggge(8) /}51* @).

The production function is the power functioH:(1) = AI2/3, The parameter values of the price process are

r =004, x = 002 ¢ = 0.2. The interval of possible types [g, é] = [1,2]. The share of the IPO proceeds
that goes to the general partneris= 0.2. The value ofA is calibrated atA = 3.015so that for the middle
typed = 1.5, the equilibrium investment into the second project equals the investment into the first project, i.e.,
F(l200) =1

illustrated in Figure2. The left graph plots the equilibrium exercise threshold
of the inexperienced firmP; (9), and the efficient exercise threshoke; (6),
which would be the equilibrium if the limited partners were fully informed
about the general partner’s talent.

Inefficient investment timing depends not only on the experience of the
general partner, but also on the firm’s talent. Specifical) (mplies that
the least talented firm takes the portfolio public at the efficient time even if
it is inexperienced. At the same time, all other types take the portfolio public
earlier than efficient. The right graph of Figuzdllustrates the dependence of
earlier than optimal IPO on the general partner’s talent. The degree of ineffi-
cient investment increases in the general partner’s talent from 0% for the least
talented general partned & 2) to 19% for the most talented general partner
@ =1).

While the inexperienced firm takes the company public earlier than optimal,
the experienced firm does so at the efficient threshold. Because the limited
partners learn the true talent of the firm from observing its track record, the
experienced firm does not have any incentive to manipulate the belief of the
limited partners.

. Applications with Delay of Options Exercise

4.1 Cash flow diversion
We consider a cash flow diversion model in which a manager (with a partial
ownership interest) derives utility from diverting the owners’ cash flow from
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investment for personal consumpti¢thThus,in this case, the manager would
like shareholders to believe that the investment cost is higher than in reality.
We begin by providing a costly state verification model to endogenize the man-
ager’s cash flow diversion utility. Then, conditional on the manager’s diversion
incentives, we move on to modeling the manager’s optimal investment strategy.
The assumption that a portion of project value is observed only by the
manager and not verifiable by the owners is common in the capital budget-
ing literature. This information asymmetry invites a host of agency issues.
Harris, Kriebel, and Ravi{1982) posit that managers have incentives to un-
derstate project payoffs and to divert the free cash flow to themselves. In their
model, such value diversion takes the form of the manager reducing her level of
effort. Stulz (1990),Harris and Ravi|1996),Bernardo, Cai, and Lu(2001),
andMalenko (2011) model the manager as having preferences for perquisite
consumption or empire-building. In these models, the manager has incentives
to divert free cash flows to inefficient investments or to excessive perquisites.
Grenadier and Wan@005) apply an optimal contracting approach to en-
sure against diversion and to provide an incentive for the manager to exercise
optimally.

4.1.1 Costly state verification model. Suppose that the manager can divert
any amounid from the project value before the noisds realized2® As is
standard in the literature (e.dPeMarzo and Sannikov 2096&liversion is po-
tentially wasteful, so that the manager receives only a fradtiari0, 1] of the
diverted value. After the project cash flow Bf — 8 — d + ¢ is realized, the
shareholders either verify whether the manager diverted or not. Verification
costsc > 0. If the shareholders verify that the manager diverted fuhfitem

the firm, the manager is required to return them to the #fhus,the timing

of the interactions is the following. First, the manager decides when to exercise
the investment option. Then, after the investment has been made but before the
cash flow is realized, the shareholders decide on the verification stPitegy.
As in traditional costly state verification modelSovnsend 1979Gale and
Hellwig 1985), the investors (shareholders, in our case) can commit to the de-
terministic verification strategy. After that, but before observing the ngise
the manager decides how much to divert. Finally, the project’'s cash flow of
P — 6 — d + ¢ is realized, and the shareholders either verify the manager or

34 We take the structure of the manager's compensation contract as given. In a more general model, the manager's
ownership stake could itself be endogenous.

35 We make an assumption that the manager is not allowed to inject her own funds into the firm. This assumption
simplifies the solution but is not critical, as long as injection is not too profitable.

36 The model can be extended by allowing the shareholders to impose a non-pecuniary cost on the manager if
diversion is verified.

37 While we assume that the proceeds from the project realize an instant after the investment has been made, the
model can be extended to include the time to build feature (e.g.,Majohand Pindyck 1987
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not,according to the prespecified verification strategy. ¥etndy denote the
cumulgtive distribution and density functions ofrespectively. Assume that
w isC-.

In Appendix B, we demonstrate that any optimal verification strategy takes
the form of verifying the manager if and only if the difference between the
expected and the realized cash flows is greater than a particular threshold. In
other words, for some, verification occursifand onlyiP — 8 — d + ¢ —

(P - 9) < v, or, equivalentlys < v — @ + @ + d. Let us initially choose any
verification parameter and determine the manager’s optimal diversion strat-
egy in response. Then, conditional on this managerial response, we determine
the shareholders’ optimal choice of

Consider a manager of type that is inferred by the market as type
If the manager divertsd, she expects to be verified with probability

¥ (v —6 +6 +d), in which case there is no impact on her payoff, as the
diverted cash flow is returned to the firm. However, she is not verified with
probability 1— ¥ (1) —0+06+ d), in which case she gains fractidnof the

diverted cash flow for her private benefit and loses fractiatue to her own-
ership position. Hence, the manager’s problem is

rgg)x{(i—a)d(l—‘P(v—é+8+d))}. (46)

Clearly if « > 2, then the manager does not divert anythimgz 0.38 Now,
consider the case < A. Assuming that the hazard rate of the distributioms of
h, (2 = v (21 / (1 = ¥ (2)), is increasing, (46) has a unique solutidhthat
satisfies

d*h, (u —0+0+ d*) —1 (47)

The solution d* is a decreasing function af — 8 + 6. Let us denote this
functional dependence Hy (v -0+ 0).

Given the manager’s response to verification rnuleve now solve for the
shareholders’ optimal choice of Under the shareholders’ information set,
they expect the manager to divédt(v) and estimate the probability of veri-
fication at¥ (v + D (v)). For any choice ob, the shareholders lose-1« of
the diverted cash flow when verification does not occur, and paycosken
verification occurs. Thus, the optimal verification parameteis

v =agmin{(l—a)(1— ¥ ©+D©)) D)+ ¥ (+D@)c}. (48)

Technically, the manager is indifferent in her choicelafhena = 4. However, if there is any infinitesimal but
positive fixed cost of diversion, a zero level will be chosen.
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In summary, we have determined the manager’s diversion and shareholders’
verification strategies. I& > A, then the manager does not divert cash flow
and the shareholders do not verify the manadeg: 0,0 = —oo. If a < 4,

the manager divert® (1)* -0+ 9), and the shareholders verify the manager

if and only if the project’s realized cash flow falls below+ P — 4.

4.1.2 Equilibrium investment timing. ~ Given the manager’s diversion rule
derived above, her payoff from exercising the option at thresRolhen her
type is@ and the shareholders’ beliefds equals

a(IS—H)—l—maX(/l—a,O)D(v*—é—i—@)

><(1—5”(0*—é+6+D(o*—é+6))). (49)
Thus,this problem is a special case of the general model with

W(é,@) =max(/1—a,0)D(v*—0~+0)
x (1—&”(0*—9~+9+D(0*—§+9))). (50)

Notice that for 4 > a, W (9,9) > 0, meaning that the application corre-

sponds to Case 2 of the general model. Intuitively, as the shareholders become
more pessimistic about the project’s value, the manager diverts more and gets
verified less frequently.

Using the solution analogous t33), we can expresB (9) implicitly as the
solution to the following equatiof®

— po _
14 max(l —a, 0) (1 —y (D* +D (l)*))) |5 (0) max(i—a,0)(1-¥ (v*+D(v*))) 1
7 @
_p+ max(4 —1,0) 1 — ¥ (v* + D (v¥)))
= ﬁ ]
—_ i — * _ * *
XH max(a 1,0) D (_1) YA-Y@0*+D(@ )))’ (51)
P©)

39 For P (9) to correspond to the separating equilibrium, we need to ensure that the parameters of the
application satisfy Assumption 5. A sufficient condition i > [ma&e[gfé,éfg] %/((Zzﬂ X
(/fﬂ;lalf’ 0)—ab+w(@ —Q)) — w’ (¢ — 0). Analogously to 43), this condition is always satisfied if the
interval [Q, @] is not too wide. Assumptions 1-4 are always satisfiedl\béé, f)) in this application, as long as
P* (9) > 0, as given below.
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whereP* (0) is the symmetric-information threshold of tyfie

A
p* (0) = ﬁi_l (g _ max(; - 1,0) D(v") (1= ¥ (o" + D (v*)))) .
(52)
Note that for the case 6f < a, P () = P* (9) = /%10.

4.1.3 Discussion. The effect of potential cash flow diversion on the timing of
investment is illustrated in Figui@ If diversion is sufficiently costlyA < «),

or, equivalently, managerial ownership is sufficiently high, then the interests
of the manager and those of the outside shareholders are aligned. Because di-
version is never optimal in this case, information asymmetry does not affect
the investment strategy. If diversion is not costly enough>( «), then in-
formation asymmetry leads to a delay in investment compared to the case of
symmetric information. Interestingly, diversion also affects investment thresh-
old under symmetric information abofit When the manager expects to divert
value from the project, she exercises the option at a lower threshold. Because
the manager diverts the same amount for any exercise threshold, higher di-
version is equivalent to a decrease in the investment cost from the manager’s
point of view. Consequently, the symmetric information threshold for the case
2 = 0.5 is lower than that for the case= 0.

8 T T T T

Investment threshold, P(6) and P*(0)
(S D ~

I

w

1 1
1 1.2 14 1.6 1.8 2
Investment costs, 6

Figure 3

Investment threshold when the manager can divert cash flows from the project

The figure shows the equilibrium investment thresholds as a function of the investmefifaosio different

levels of the diversion parametér 0 and 0.5. The bottom curve for this case corresponds to the investment
thresholdP* (9) when there is symmetric information between the manager and the market. The top curve
for this case corresponds to the investment thresRalgl) in the unique separating equilibrium when there is
asymmetric information between the manager and the market. The parameter values of the project value process
arer = 0.04, x = 0.02, ands = 0.2. The managerial ownershipis= 0.2. The interval of possible investment

costs ig[1, 2]. The distribution of noise is N (0, 1). The cost of verification is = 1.
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In Figure3, distortion in the investment threshold due to information asym-
metry is greater for projects of lower quality. This result contrasts with the
results in the previous two applications. There, the exercise trigger is altered
in a way that the manager has no incentives to mimic a lower type. As a re-
sult, distortion in the exercise timing does not exist for the highest types (worst
projects) and exists for lower types. In contrast, now the exercise trigger is
altered in a way that the manager has no incentives to mimic a higher type. As
a result, distortion in exercise timing does not exist for the lowest types (best
projects) and exists for higher types.

4.2 Strategic product market competition

Another example of a real options signaling game in which asymmetric in-
formation delays options exercise is the strategic entry into a product market.
Specifically, consider the entry decisions of two firms that are asymmetrically
informed about the value of a new product. Firm 1 knows the investment cost
@, while firm 2 does not. For example, firm 1 may have greater experience
in similar product introductions or may be the industry’s technology leader.
When there is only one firm in the industry, it receives a monopoly profit flow
of P(t). When there are two firms in the industry, each receives a duopoly

profit flow of AP(t), wherel € (1— % 1).49 We derive the Bayes-Nash

separating equilibrium in two different versions of the game: when firm 1 is

the designated leader (the “Stackelberg equilibrium”) and when the roles of
the two firms are determined endogenously (the “Cournot equilibrium”). We

focus on the limiting cas€ — 0 to obtain the closed-form solutions.

Product market competition in a real options framework has been frequently
analyzed in the literaturéeahy(1993),Williams (1993), andsrenadief2002)
study simultaneous investment by symmetric firms in a competitive equilib-
rium. Novy-Marx (2007) looks at a similar problem with heterogeneous firms.
Grenadien(1996), Weeds(2002), and_ambrecht and Perraud{2003) study
sequential investment in leader-follower games. We follow the simple duopoly
framework outlined in Chapter 9 d@ixit and Pindyck(1994). The key dis-
tinction with the perfect information framework in Dixit and Pindyck (1994)
is that one firm knows the investment cost, while the other attempts to infer it
through the informed firm’s investment decision. The main insight is that the
informed firm will delay its investment to signal to the uniformed firm that the
cost is higher than in reality, thereby attempting to delay the uniformed firm’s
entrance and enjoy monopoly profits for a longer period. In equilibrium, this
effort to deceive will fail, but the informed firm’s entry will still be delayed
relative to the full-information entry timét

40 Essentiallythe assumption that> 1 — 71; rulesout any overwhelming influence of monopoly power.

41 Lambrechtand Perraudirf2003) andHsu and Lambrech2007) are also related to the model in this section.
They study competition between two firms for an investment opportunity when the information structure is
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Theinvestment decision of firm 1 depends on the degree of pressure it feels
due to firm 2's potential preemption. We will begin with the assumption of
a Stackelberg equilibrium (where there is no potential preemption) and then
show the extension to a Cournot equilibrium (where preemption by firm 2 is
possible).

4.2.1 The Stackelberg equilibrium. Let us work backward and begin by
considering the situation when firm 1 has already invested. Firm 2 has used
firm 1’s entry time to make an inference abdytdenoted byd. Given its
inferred signal, firm 2 holds a standard real option whose expected payoff at
exercise isﬁ_—"ﬂ — 6. Firm 2 will thus enter at the first instant whéh(t) equals

or exceeddr (é) given by

Pr (9) =ﬂi_1r ;"é. (53)

Now, consider the entry of firm 1. Upon paymentéht exercise, firm 1
begins receiving the monopoly profit flow &f(t), which is then reduced to
AP(t) once firm 2 enters. Thus, for a given typefirm 2's beliefd, and the
entry triggerP, , the payoff to firm 1 at the moment of entry is

[ —
. 5 Pe () (1-2) . s
rPTLﬂ -6 - (ﬁFP(Lé)) (rzﬂ ,for PL < Pg (9) , 54)

%—6, for FA>|_> F_’F (é)

-

Let P_ (9) denotethe equilibrium entry threshold of firm 1 in the Stackelberg
case. Conjecture th& (0) < Pg (8), which is verified in Appendix B. Then,
from (54), we can see that the payoff from exercise can be written as

a (ﬁL _ 9) +W(PRL,G,0), (55)

_ 1
wherea = = and

W(PL,d,0) = —Pla (1— 1) Pe (é) F _a-ae. (56)

Note that the belief component of this payoff is not a special case of the
model outlined in Sectiod, given thatP_ is included as an argument. In
Appendix B, we show that this slight difference in the functions can be easily

imperfect.In Lambrecht and Perraud{2003), each firm knows its own investment cost but not the cost of its
competitor. InHsu and Lambreci2007), the investment cost of one firm (the incumbent) is public knowledge,
while the investment cost of the other firm is known only to itself.
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handledand that the separating equilibrium investment trigger satisfies differ-
ential equation (B15). The resulting leader’s Stackelberg strategy thus satisfies

(57)

= = = B
dPL(®) 1—7i BPL(O) ( PL(6) )

do AP 0) - po \ 150
Sincethe leader’s payoff is decreasingdnit is solved subject to the boundary
condition that type) invests at the symmetric information threshold. In the
limiting cased — 0, this boundary condition approaches

P (0) = 0. (58)
In Appendix B, we show that the solution is

_ ﬂ r — )2 _

PLO) = 57— 0="PeO). (59)
Thus, firm 1's Stackelberg strategy is to delay investment up to the point that
firm 2's response will be to invest immediately thereafter.

Itis instructive to compare the equilibrium investment threshold of the leader
(59) with the full-information case studied in Chapter 9 in Dixit and Pindyck
(1994), in which both the leader and the follower knéwin that case, the
full-information Stackelberg equilibrium investment threshold for firm 1 is
equal td?

P (0) =

B
-1 r—uwo. (60)
Sincel < 1, firm 1's investment occurs later than in the full-information
setting. Intuitively, firm 1 has an incentive to invest later than in the case
of symmetric information to fool firm 2 and thereby postpone its entry. As
in the other applications, in equilibrium the informed player is unsuccessful in
fooling the uninformed player: Firm 2 learns the true type of the leader, and
invests at the same investment threshold as in the case of perfect information.
Information asymmetry not only leads to later entry of firm 1 but also shortens
the period of time when firm 1 is a monopolist.

4.2.2 The Cournot equilibrium. Now, consider how the Stackelberg equi-
librium of the previous section is affected by the potential preemption of firm 2.
Let P_ bethe threshold at which firm 2 preempts firm 1 by entering first. In
the event of being preempted, the optimal best response for firm 1 is to invest

Theintuition for this result is as follows. The leader never enters &fe(®), since in this region there is always
simultaneous entry, anBg (0) is the optimal trigger for simultaneous entry. Since the leader knows that the
follower enters aPr (9) andthat at that point it will lose the difference between the monopoly value and the
duopoly value, its entry time choice will be the one that maximizes its monopoly VBJug).
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atthe first time wherP (t) equals or exceeds the optimal follower’s threshold
Pr (09).

Given any preemption threshold®, we can compute the conditional
expected value of firm 2 before either firm invests. Bgt (t) denotethe his-
torical maximum ofP (t) as of timet. If firm 1 has not invested before tinte
firm 2 learns that) is such thatP_ (6) > Py (t),i.e.,0 > %rf Pm (1).
Thereare two ranges of: In the upper range, firm 2 enters ﬁrst, and in
the lower range, both firms enter simultaneously. For the case in which
%rfﬂ PL, PL <P (9) andthus firm 2 preempts firm 1 by investing Bt .
For the case in whicld < %ﬁ PL, PL > P_ (9) andthus firm 1 enters
at the Stackelberg trigge®_ (9), where firm 2 will then infe® and immedi-
ately enter. Combining these cases, firm 2’s value, conditiond and Py,
is equal to

>

f%rju F~)L< P )ﬂ (ﬂF’F(é)) _9) $©) do
B iopy \PFO) r—u 1-0 (45 £ Pu)
7 DY i_( B )ﬁ A-1Pe©) _ $(0)
+f%$fi (ﬁ’L) (f—ﬂ Pr(©@) = 0 1-o(5 PM)de'

y (61)
The optimal preemption strategy is to invest at tRg that maximizes
(61). The corresponding first-order conditiofSis

~ r—u
PL= 51 P— . (62)

In other words, the equilibrium preemption trigger equals the expected full-
information Stackelberg trigger, conditional on preemption. In Appendix B,
we show that the optimal preemption threshdfd, is always between 0 and
Pr (9). In particular, assuming thatp (0) / (1 — @ (9)) is increasing iny,
Equation (62) has a unique solution, which determiRe$*

We can now fully characterize the Cournot equilibrium outcome. Firm 2 at-
tempts to preempt firm 1 by investing at trigg@r, which is implicitly given
by (62). If 0 is such thatP. < P_(8), then firm 2 invests first &, and firm
1 invests later aPg (9) = P_ (0). Alternatively, ifd is such that, > P, (),
then both firms invest simultaneously at triggr(d). Thus, in all cases the
informed firm invests later than it would in the case of full information. This
delay is due to its strategic incentive to artificially inflate firm 1's inferred
estimate of).

p E[00= AR ]

Notethat if  is such thatP| (8) > P, it is not optimal for firm 1 to preempt firm 2 by investing at a threshold
below P, . Indeed, if firm 1 invested a® < P, firm 2 would respond by investing immediately after firm 1,
as it would perceive that is such thatP| (9) = Pg (0) = P. As a result, firm 1 does not gain any monopoly
power from investing belowP , so its best response to the preemptive strategy of firm 2 is to invest ét).

Intuitively, this assumption means that the density of distribution does not have abrupt kinks. It is satisfied for
most standard distributions.
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Figure 4

Equilibrium investment thresholds in the Stackelberg and Cournot equilibria

The figure shows the equilibrium investment triggers of firm 1 and firm 2 in the Stackelberg and Cournot equilib-
ria. The lower line corresponds to the investment threshold of the leader (firm 1) in the Stackelberg equilibrium
when both the leader and the follower knéwThe upper line corresponds to the investment thresholds of both
firm 1 and firm 2 in the Stackelberg equilibrium when only the leader kn@wBoint A corresponds to the
preemption threshold in the Cournot equilibriumglf< 0.5, then the outcome in the Cournot equilibrium is

the same as in the Stackelberg equilibrium@ i 0.5, then in the Cournot equilibrium firm 2 invests first. The
parameter values of the project value process at€0.04, u = 0.02, ands = 0.2. The competition parameter

is 4 = 0.4. The investment cost8, are distributed uniformly oveo, 2].

The Cournot equilibrium is illustrated in Figure for the case in which
is distributed uniformly ovefO0, 2]. The preemption threshol®_ , is equal to
0.085. At the point designateti whered) = 0.5, the Stackelberg triggé= ()
is equal toP_. Thus, for all¢ > 0.5, the equilibrium outcome is for firm 2 to
invest first at triggeiP_ and for firm 1 to invest later at the Stackelberg trigger
Pe (0). Conversely, for alb < 0.5, there will be simultaneous entry at the
Stackelberg triggePr (6).

. Conclusion

This article studies real options signaling games. These are games in which
the decision to exercise an option is a signal of private information to out-
siders, whose beliefs affect the payoff of the decision-maker. The decision-
maker attempts to fool outsiders by altering the timing of options exercise. In
equilibrium, signal-jamming occurs: Outsiders infer private information of the
decision-maker correctly, but the timing of the options exercise is significantly
distorted. The distortion can go in both directions. If the decision-maker’s pay-
off increases in outsiders’ belief about the value of the asset, then signaling
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incentves speed up options exercise. Conversely, if the decision-maker’s pay-
off decreases in outsiders’ belief about the value of the asset, then signaling
incentives delay options exercise.

We illustrate the findings of the general model using four corporate finance
applications: investment under managerial myopia, venture capital grandstand-
ing, investment under cash flow diversion by the manager, and product market
entry decisions by two asymmetrically informed firms. The first two applica-
tions provide examples in which signaling erodes the value of the option to wait
and speeds up investment. In the first application, the manager cares not only
about the long-term performance of the company but also about the short-term
stock price. In attempt to boost the short-term stock price, the manager invests
too early, attempting to fool the market into overestimating the project’'s NPV.
In the second application, we consider the decision when to take the company
public by a venture capitalist, who is better informed about its value than are
outside investors. Here, a venture capitalist with a short track record takes his
portfolio companies public earlier in an attempt to establish a reputation and
raise more capital for new funds. The last two applications provide examples
in which signaling incentives delay investment. First, signaling can signifi-
cantly delay investment if the agent can divert cash flows from the project for
her own private benefit. In this case, investment is delayed as the agent tries
to signal that the NPV of the project is lower than in reality, thereby diverting
more for her personal consumption. Second, we illustrate how signaling delays
investment in a duopoly, where the firms are asymmetrically informed about
the value of a new product. In this case, the informed firm’s decision when to
launch the new product reveals information about its value to the uninformed
firm and thereby potentially impacting future competition. The informed firm
delays the decision to launch the product in an attempt to fool the rival into
underestimating the value of the product.

Irrespective of the application, the main message of the article is the same:
Signaling incentives have an important role in distorting major timing deci-
sions of firms such as investment in large projects, IPOs, and developing new
products. This gives rise to several interesting questions that are left outside the
scope of this article. For example, to what extent do the existing contracts pro-
vide incentives to make the timing decisions optimally? As another example,
in what applications do signaling incentives work for or against social welfare?
While signaling incentives reduce the decision-maker’s utility due to an ineffi-
cient timing of options exercise, their effect on the social welfare is unclear.

Appendix
Appendix A: Single-crossing Condition

We list the single-crossing condition, which is used to obtain existence and uniqueness of the
separating equilibrium.
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Assumption 5 (Single-crossing condition) FunctionW ((5, 0) satisfies

LA

00

o

W; (é,e >0 (A1)
for (é, I5) in the graph ofP, whereU (5,0, |5) is given by (13),8 is given by ), andP (9) is
the unique increasing solution of the differential equatib®)( subject to the boundary condition
7). if W (5,9) <0, 0r (18), if W (5,9) > 0.
The single-crossing condition ensures that if the agent does not make extra gains by misrep-

resenting slightly, then extra gains cannot be made from a large misrepresentation. It is standard
for games of asymmetric information, both signaling and screening. Importantly, it is enough that
the single-crossing condition is satisfied (mfr, I5) in the graph ofP.

The single-crossing condition holds in all applications that we consider. As an example, below
we verify the single-crossing condition for the venture capital grandstanding example of Section
3.2. For this application, we have fro®2):

~ B P, (@) -0 <
whereH’ > 0, Ié < 0,and P, (9) is the full-information trigger in (37). Simplifying, we have
W (0.0) = k0> H (12(7)). (A3)

wherek =

ﬁ"_’l (%)_ﬂ > 0. Taking derivatives, we obtain that Assumption 5 requires that

0 -neo - () (o)
P(Jﬁ—lﬁlz(é)

(A4)

is a strictly decreasing function &f for (é, |3) in the graph ofP;. Taking the derivative with
respect t@, we get the following requirement:

(B — )2 P — p29 < 0 for P in the graph ofP;. (A5)

In the graph ofPy, the highest value oP is = ( ) which is given by 45). Therefore, a sufficient
condition for (A5) is
(B—1?Py(6) - p?0 <0 (6)

This is equivalent to43) in Section 3.2. Hence, the single-crossing condition is verified.

Appendix B: Proofs

Proof of Proposition 2. We apply Theorems 1-3 froMailath (1987) to prove the proposition.
We need to show that functid (5, 0, l5) satisfiesMailath’s (1987) regularity conditions:

e Smoothnesdy (5,0, |3) isC2on[o, 9]2 xRy,

o Belief monotonicity:Ug never equals zero, and so is either positive or negative;
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e Type monotonicitylU, 5 never equals zero, and so is either positive or negative;

. “Strict"quasiconcaviwuls 6,0, |5) = 0 has a unique solution iR, which maximizes

u (0, 0, |5), andUpp (9, 0, |5) < 0 at this solution;

o Boundedness: There exigts- 0 such that for al(a, l5) € [0.0]xRy Ugg (0, 0, I5) >
0= |Up (6.6, P)| > 0.

Let us check that these conditions are satisfied for our problem. The smoothness condition is
satisfied, because/ (é, 0) isC2on [Q, 9—]2_ The belief monotonicity condition is satisfied, be-
causeW; is either always positive or always negative. The type monotonicity condition is satisfied,

because 3
Upp (0.6, P) = W >0, (B1)

asa > Wy (é, 0) by Assumption 4. As we show in Section 1B (0, 0, If’) = 0 has a unique
solution in P, denoted byP* (), that maximizes) (0, 0, F3). Also,

* IE *
Upp (0,6,P (6’))=W[a(ﬁ—l)l3 ©)— B+ (@ —-W@O,0)] (B2

p (el —W (0, 0))
p* (0)ﬁ+2

Hence,the “strict"quasiconcavity condition is satisfied. Finally, to ensure that the boundedness
condition is satisfied, we restrict the set of potential investment thresholds to be bouridedroy
above, wherd can be arbitrarily large. We will later show that extending the set of actioRsdo
(0, 00) neither destroys the separating equilibrium nor creates additional separating equilibria.

Notice thatU 5 5 (0, 0, ﬁ’) > 0 implies thataf — W (6, 68) < Pa (8 — 1)/(8 + 1). Hence, for
any(é), |5) e [0.6] x [0,K] such that 5 5 (0, 0, IS) >0,

a(ﬁ—l)lﬁ—ﬂi/gﬁ—zllﬁ

. 5\| — 2(B=DP-Bab-W(0.9)) — aB=D a(B—1)
‘UP (0’9’ P)‘ pA+1 = pA+1 (B+1)PA = B+DKF ~ 0

for any arbitrarily largek. Then, the boundedness condition is satisfied.

By Mailath’s (1987) Theorems 1 and 2, any separating equilibiu(d) is continuous, dif-
ferentiable, satisfies Equatiof), anddP/d# has the same sign ah) 5. BecausdJ, 5 > 0,
P (9) is an increasing function of. Let P denote the solution to the following restricted ini-
tial value problem: Equationlf), subject to 17), if W; < 0, or (18), if W; > 0. Because

‘Wé @, 0)‘ is bounded above by mgé[éﬁ—] ‘Wg @, 9)‘, P is unique byMailath's (1987) Propo-

sition 5. Hence, if a separating equilibrium exists, it is unique and is giveR.bBy Mailath’'s
(1987) Theorem 3, the single-crossing condition guarantees existence of the separating equilib-
rium.
This argument suggests thBtis the unique separating equilibrium in a problem in which
the set of investment thresholds B e (0, k) for any sufficiently large finitek. Finally, it re-
mains to show that considering the space of investment thresholds bouniési oyt restrictive.
First, we argue thaP is a separating equilibrium in a problem with € (0, +c0). To show
this, note that the single-crossing condition holds forRalE (0, +c0). Therefore, local incen-
tive compatibility guarantees global incentive compatibility for Blle (0, +o0), not only for
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P e (0,k). Hence,P is a separating equilibrium in a problem wikhe (0, +00). Second, we ar-
gue that there are no other separating equilibria in a problemﬁ?visth(o, +00). By contradiction,
suppose that there is an additional separating equilibPgnether thanP. It must be the case that
for somed, P, () is infinite. Otherwise, it would be a separating equilibrium in the restricted
problem for a sufficiently largk. However, if P, (9) is infinite for somed, then the equilibrium
expected payoff of typé is zero. Hence, it would be optimal for this type to deviate to any finite

P>o-— max; W ((5,6) /a. Thus, there are no other separating equilibria in a problem with
P € (0, +00). [ ]

Proof of Proposition 3. We can rewrite Equation (16) in the following form:

P ©O)W; (0,0)

a(fp—=1P@O)— @l —W(@0) = 5 )

(B4)

Fromthe proof of Proposition 2, we know th&' (¢) > 0. Hence, ifW; < 0, then the right-
hand side of B4) is negative. ThusB4) implies thatP (9) < P* (9) except the point = 4 in

which the initial value condition holds. Analogously\; > 0, then the right-hand side oB@)

is positive, so B4) implies thatP (§) > P* (9) except the point = @ in which the initial value
condition holds. |

Derivation of the semi-pooling equilibrium. ~ First, we show that for ang e (Q, é), Equation
(26) has the unigue solution denotBgyo| (é) Consider function

f(P;é):(;é))ﬁa(ﬁ(é)—é)—a(P—é)+cwé;Q, (B5)

(P (0):0) =e, 22 <0, @6)

¢ o (B7)

wherethe first inequality holds by,, < 0 and the second inequality holds by Assumption 2.
Consider the derivative of (P; é) with respect toP:

<pa P00, (88)
P ()
<0¢(ﬁ—l)—ﬁozL =0.

P (9)
Thefirst inequality follows fromP < P (é) and fpp (P; é) > 0. The second inequality fol-
lows from P (@) < pP* (é) By continuity of f (P; é), for any@ there exists a unique point in
Ppool (é) atwhich f (Ppoo. (é) : é) —o.
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Second,we demonstrate that each tyfiee [Q, (9] indeed finds it optimal to exercise at

Ppool (é) andeach type e [é, é} finds it optimal to exercise & (9). Consider typ# e [é, 6_]
The difference of the utilities from separatingfatd) and pooling is equal to

Ppoa B _ é—Q

(;(09)) a (P (0) ~0) — a (Ppool —0) + Cw—5— (B9)
=pf max[i(a(v—a)er(ﬁ—l(Y) H))]—a(P —0) +c il

pooIYER+ YB > pool v

By the envelope theorem, the derivative with respeéti®

Ppoo| b
( B (0)) (=a—cy)+a >0, (B10)

because,, <0andPpgo| < P (§). Because typé is indifferent between separating and pooling,
any typed aboved does not have an incentive to deviateRgool- By the single-crossing con-
dition, any deviation to a threshold that is different frd?g,| is also not optimal for any type

0 e [9, (9] Consider typ® e [Q, (9] From B9), the payoff of type from pooling and investing
at Ppool is higher thanPgoolu (5,6, |5). By the single-crossing conditioty (0,6, P (9)) >
U (9,0, P (5)) Therefore, under the worst-possible out-of-equilibrium beliefs, no t/pe
[Q, é] finds it optimal to deviate fronPpao). [ |

Proof that the form of the optimal verification threshold, o P.6),is P — 6 — o for some
constantv. Suppose that the manager’s typéjsind the shareholders’ beliefdsLeto (P, §

denote the more general verification threshold of the shareholders such that shareholders verify
the manager if and only if the realized value is beI@\(/P,é). Then, if the manager of type

6 divertsd, she expects to be verified with probabilif (v (P,é) —-P+6+ d). Hence, the

manager’s problem is

Tfé({(&—a)d(l—W(v(P,é)—P—i—Q—i—d))}. (B11)

Thesolution is a function oP — 6 — o (P, 5), denoted byD (P T — (P, 5))
Given the manager’s response to a verification vu(eP, 67), we now derive the optimal
v (P, é). The shareholders expect the manager to dil'z:e(tP —-0- v), so they estimate the

probability of verification at” (u —-P+0+D (P -0 - v)) Hence, for eacl® andd, v (P, é)
must minimize

A-wD(P-d-0)(1-¥(s-P+i+D(P—i0)))

+cw(u—P+é+D(P—é—v)). (B12)

Since the value function depends@rP, andd only througho — P + 4, any optimal verification
threshold is of the forma (P, 5) = P — § — v for some constant. [ ]

4032

TT0Z ‘2T SOqUIBAON U0 SaLIRIqIT LAl e /BI0SeUINO [pI0X0'SH//:dny Woiy popeojumoq


http://rfs.oxfordjournals.org/

RealOptions Signaling Games with Applications to Corporate Finance

Verification of P_ (8)<Pg(#). By contradiction, suppose that in equilibriufy (9) > Pg (9)
for somed. If firm 1 invests atl5|_ > Pp (67) firm 2 will invest immediately after firm 1. Hence,

in the rangeP| > Pg (67) P<P., VL (P,G, a; I5|_) is equal to

5/ 15
Vi (P,e,é; ﬁL) - (;) (rifL# _g), (B13)

Irrespectve of d, this value function is maximized & = Pg (6). Hence, anyP, (9) > Pg ()
is inconsistent with equilibrium. |

Generalizing the payoff function to W(P,8,8). The equilibrium differential equation in
(16) can be generalized to the case in which the belief function also incRidssan argument.
Provided that the payoff function satisfies the regularity conditiokl@ilath (1987), as does the
particular function in $5)—(56), the equilibrium derivation can proceed as follows. Analogous to
(15), the agent's first-order condition for the optimal selection of the trigyisr

p(a(P-0)+w(P.PL(P).0))

p

- 1(5

=a+Wp (|5, ﬁ—l(ﬁ),9)+w§ (ﬁ, ﬁ—l(ﬁ),a) (mc{ﬁ)(FJ). (B14)
In the separating equilibrium, we can det? (P) = 6/ andobtain the equilibrium differential
equation

dP©) P©O)W; (P©),0,0)
do " a((B—1)P©) - BO) + W (P (©0).0.0) — P ©O)Wp (P (©0).0,0)

(B15)

Solution to differential equation (57) subject to boundary condition (58). Let us look for a
solution in the formPL (§) = A4. Notice that this solution will satisfy the boundary condition
(58) sinceP, (0) = 0. Equation (57) becomes

p—1 (A(ﬁ—m)ﬁ 1-4
A _ =1 B16
se-w \pe-w ) 7 (B16)
Lettingo = A/(jﬂ(r_ _124)) , we get
v—vﬁ—/l(l—vﬁ)zo. (B17)

Letx(®) = v — of =2 (1— l)ﬂ). It is clear thato = 1 is a root ofx(v). Sincex” (v) =

BB -1 (A—-10vA"2 < 0andx(0) = —1 < 0, x(v) has at most one other root. We have

U&moox(v) = —o0, and sincel > 1 — 71; x’(1) > 0. Thus, there exists the second root, and it

exceeds 1. The upper root cannot yield the separating equilibrium since it implies the investment
threshold abové>: (9), which is inconsistent with the separating equilibrium, as shown above.
Hence, (57)—(58) is solved by

B r—u

PL (G)Zﬁ

0. (B18)
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Proof of properties of P . Thefirst derivative of 1) with respect td_ equals

_ B-1P 5
Ee[(PL) PL( P— ﬁG)IHEHPL}

P\ 1 51 B=DPL
:(IST_) lSL(,EIE‘,g [OI(JEWPL]—ﬁ , (B19)

wheren = Tr
for all P summently close toPg (). Hence, 61) is maximized aP|_ e (0, Pg (9)). Therefore,
the sets{e :PE(9) > If>|_} and{é) PE(0) < PL} arenonempty.
Consider the case wheékp (0) / (1 — @ (9)) is increasing irf. First, we show thag¢ (9*) =
7 [gi*w > 0*} is strictly decreasing i#*. Taking the derivative,

a*e«(e*):e(e*)( ¢ (7)o" —1)— (7)o" (B20)

1- @ 0% 1— @ (0%)

Clearly, e(e*) is strictly decreasing i@* for all points below the point at whic %((90*) =1

Considerthe range above this point.  (6*) > 0 for some6*, then it must be the case that
€ (6*) > Oforall 9* above. This implies 1= e (9) > e (¢*), which is a contradiction witle (6*)
for all 6* < §. Hence,e (6*) is strictly decreasing i#*. Now, consider §2). We can rewrite it as

% ~ 1
Eg| —10 > 7P| ==, B21
0 [nPL = Li| 1 (B21)
wherey = /% % Notice that the left-hand side approaches infinity wiRgnapproachesgero

and equals k 1 whenP = d/5 = Pg (0). BecauseEy [—w > ﬂPL] is decreasing irP ,
thereexists the uniqué_ e (0, P (0)) atwhich (62) is satisfied. [ |
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