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Abstract

The Real Options framework has been proposed as an effective tool to evaluate

uncertain R&D projects because it can capture asymmetric upside potentials. We

show in a simple model that established options theory understates the value of an

R&D project if it does not account for corrective action that management can take

during the project. The model supports intuition from options theory that variabil-

ity in market payoffs increases the value of the real option. However, an increase

in technical variability or in the variability of market performance requirements,

without a corresponding increase in the hedging capacity or ability to respond, may

reduce rather than enhance the option value, contrary to conventional options theory

wisdom.

Keywords: Real options, R&D projects, project evaluation, investment risk, de-

cision trees, stochastic dynamic programming.
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1 Introduction

The literature on real options pricing, that is, pricing of investments in physical, human,

and knowledge assets, has made an important contribution to the valuation of strategic in-

vestments. Real options explicitly take into account the long-term nature and the riskiness

in the payoffs of such investments (e.g., Kogut and Kulatilaka (1994)).

In particular, it has been observed that the real options framework is applicable to the

evaluation of R&D projects. R&D projects may offer flexibility, for example in the form of

a growth option or an abandonment option, and several articles have shown that standard

option evaluation methods can be applied, and that the option value exists. The articles

generally find that, as in financial options, more asset price variability is good because

the asymmetricity of the option can hedge against the downside (e.g., Dixit and Pindyck

(1994), Schwartz and Moon (1995)).

In this paper, we add to this literature in three aspects: First, we refine the concept of

"variability" in the context of R&D projects, by identifying the precise source of uncer-

tainty. In a simple model, we identify three types of variability stemming from market

payoffs, technical uncertainty, and from uncertainty in market performance requirements

for the product under development. We show that for market payoff variability, the stan-

dard option theory intuition is indeed correct, and more variability is better. However,

more variability in technical performance outcome and more variability in market perfor-

mance requirements each separately reduce the option value, contrary to option theory

intuition.

Second, we show that using the risk-free rate in the context of our model is consistent with

shareholder value maximization, provided that the project plan is "unbiased" in the sense

that the project targets the true expected performance requirement from the beginning.

Third, we extend the usual taxonomy of types of real options (delay, abandon, contract,
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expand, switch assets) by "improvement." Mid-course actions during R&D projects to

improve the technical performance of the product (or to correct its targeting to market

needs) are commonly used. Such improvement actions represent an additional source

of option value. Formally, improvement could be mapped to an expansion option, but

it happens mid-course through the project, not at the end, and it has very different

managerial implications. We therefore believe it useful to think of improvement as a

separate option type.

In section 2, we give a brief overview of the relevant option theory literature. Section 3

develops the basic evaluation model. Section 4 demonstrates the three types of project

variability and their effect on the option value of the R&D project. Section 5 derives

the appropriate discount rate consistent with shareholder maximization, while Section 6

provides an outlook.

2 Literature Overview

Determining the option value and selecting R&D projects are key management issues

since they impact the firm's shareholder value directly (Dixit and Pindyck (1995), Froot

et al. (1993)). In global industries, the ability to capitalize on a time-to-market advantage

and a low acceptance risk of new and innovative products have become the key drivers

of a firm's competitiveness (Bowen et al. (1994), Clark and Fujimoto (1991), Reinertsen

(1997), Smith and Reinertsen (1991), Stalk (1990), Wheelwright and Clark (1992, 1995)).

In general, there are three alternative methods for project evaluation and selection in

an R&D environment: strategic project portfolios (Roussel et al. (1991), Cooper et al.

(1997)), standard capital budgeting methods assuming certainty in future cash flows and

the application of contingent claims analysis to the pricing of real options. In particular,

Kaplan (1986) and Copeland et al. (1995) have argued that staged investment policies
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to	 contingent on future states of nature can enhance the value of long-lived R&D projects or

	

ket	 real options significantly.

	

rce	
In capital budgeting, typically, two evaluation methods are being adopted. The main dis-

	

)ut	
advantage of the Discounted Cash Flow (DCF) method and the Internal Rate of Return

(IRR) method are that they do not account for contingencies (Brealey and Myers (1996),

"a Pindyck (1991), Sick (1995), Trigeorgis (1995, 1996)). Alternatively, Decision Tree Analy-

sis (DTA) requires an enumeration of operating policies and future scenarios to determine

the state-dependent payoffs (Smith and Nau (1995)). The major downside of decision tree

analysis, beside tractability, is that both the discount rate and the system state proba-

bilities are not risk-adjusted, i.e., the results are not consistent with operational decisions

derived from applying standard option pricing theory.

The value of real options results mainly from a timing of investment decisions. Generic

investment strategies include the decision to expand, to contract, to abandon/exit, to

wait or to switch contingent on future realizations of the underlying stochastic variable,

e.g., the price of a traded asset. Alternatively, investments or the consideration of mul-

tiple real options can lead to growth options (Kester (1984), Smith and Triantis (1995),

Wilmer (1995)), platform investments (Kogut and Kulatilaka (1994), Baldwin and Clark

(1997)) or portfolio strategies (Lint and Pennings (1997), Ward et al. (1995)). Examples

of growth options are strategic acquisitions or joint ventures. Examples of platform in-

vestments are product platforms in the automotive industry or the adoption of customiza-

tion/localization postponement strategies in the consumer goods industry. An example of

a portfolio strategy would be the simultaneous development of two or more R&D projects.

Research on such complex options is very sparse, and closed form solutions have been

developed only for select cases.

In principle, the contingent claims approach (Black and Scholes (1973), Hull (1997)) can

be applied successfully to the pricing of investments such as R&D projects (Brennan and
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Schwartz (1985), Constantinides (1978), Faulkner (1996)), McDonald and Siegel (1985),

Mitchell and Hamilton (1988), Dixit and Pindyck (1995), Schwartz and Moon (1995) and

Teisberg (1994)). In general, the value of the financial option is determined by five factors,

i.e., the strike price K, the stock price S, the variability in the logarithm of stock changes

cr2 , the time to maturation T and the interest rate r. In analogy, the value of the R&D

project is determined by the required level of investment, the expected discounted cash

flows derived from the project, the variability in the driver of the project value, the project

duration and the internal discount rate. Assuming market efficiency, the downside risk is

contracted away for a "fair" market price to the issuer of the option, whereas the buyer of

the option gets to keep the upside potential. The net gain is zero and thus the option is

priced at "zero-cost". Similarily, the increase in the DCF or net present value (NPV) value

of an R&D option is driven mainly by frequent reviews and the decision to continue or to

abandon the project in order to avoid or to cut financial losses. Following the analogy, the

value of the option is expected to rise with respect to increases in the time to maturation

and/or the variability in the underlying stochastic variable.

In the context of R&D projects, compound options may need to be evaluated. Results

from two main references on financial options pricing are often adapted to a real options

setting. First, Marg,rabe (1978) evaluates the option of exchanging one asset for another,

i.e., one development project for another. Second, Stulz (1982) and Boyle and Tse (1990)

propose evaluation models on the maximum and the minimum of two assets, e.g., the

simultaneuous launch of parallel projects. In both cases, the modeling realism is limited.

In general, the application of standard financial option pricing techniques to the evaluation

of R&D projects is difficult for several reasons: R&D projects i) are often long-lived and

thus vary in their time-to-maturation, ii) are compound options which require incremental

financial investments over time, iv) are typically capacity- or resource-constrained and

and thus can not easily be altered in scope, and iv) are impacted by several sources of
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uncertainty and types of risk, e.g., technical or development risk, price risk and demand

uncertainty. As a result, there is limited evidence of real options pricing of R&D projects

in practice, in spite of reports that Merck uses the method (Sender 1994).

3 The Basic Model

Consider an R&D project proceeding in T discrete stages toward market introduction.

The market success is determined by the product performance, which is modeled by a

one-dimensional parameter i, such as processor speed in a computer or acceleration in a

sports car. The project is subject to two sources of uncertainty, stemming from the market

and from technical development risk.

The market requires a certain level of performance D. If the project meets or exceeds this

performance level, the market will yield a premium profit margin M, but if the project

misses the target, it must compete on cost, and produces only a smaller margin m. The

required market performance is not known to the firm in advance and is resolved only

after the product launch. The firm has an estimate in the form of a normal distribution:

D N a). The demand uncertainty is depicted in Figure 1.

Figure 1 about here

Thus, if the project launches a product of performance level i, the expected payoff can be

written as

IIi = m+ (I)( 
i —

)(M — m) ,	 (1)

where (I) (z) is the cumulative distribution function of the standard normal distribution.

From the characteristics of the standard normal distribution function, it follows that rim =

(M m)/2, IL is strictly increasing in i, and it is convex for i < p, and concave for i >

Technical uncertainty causes product performance to "drift" in every period. The state
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of the system is characterized by (i, t), the level of product performance i at time t.

We follow the standard assumption in option theory that the drift follows a binomial

distribution in each period, independent of the previous history of project progress. From

period t to the next period, the performance may unexpectedly improve with probability

p, or it may deteriorate with probability (1 — p), due to unexpected adverse events. We

generalize the binomial distribution slightly by allowing the performance improvement

and deterioration, respectively, to be "spread" over the next N performance states, with

transition probabilities

if j E	 +11

Pii = if j E fi—	 —.1-p

0	 otherwise

If N = 1, then this is the usual binomial distribution. While probability p characterizes

the mean, parameter N characterizes the variability of the technical performance; the

variance of this distribution grows following a polynomial of third degree with N. The

state space of technical performance over time is illustrated in Figure 2.

Figure 2 about here

If p = 0.5, the expected technical performance state at launch is i = it, the expected

performance requirement, which means the project plan is unbiased. If p > 0.5, then

the project plan is too pessimistic, and the true expected performance is above the ex-

pected requirement. If p < 0.5, the project plan is too optimistic, and the true expected

performance is lower than the expected requirement.

At each project stage t, management can take any one of three possible actions: abandon,

continue, or improve. The first two options are standard in real option theory. Abandon-

ment terminates the project immediately, foregoing any further costs or revenues. Contin-

uation proceeds to the next stage (t + 1) at a continuation cost of c(t). The continuation
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cost increases over time as is typical for R&D projects: c(t) < c(t + 1). Over the period,

the performance state evolves according to the transition probabilities shown above.

In addition to these two possibilities, management can also choose to take corrective action

and inject additional resources to improve product performance by one level (from state

(i, t) to (i + 1, t)) relative to market requirements. This imposes an improvement cost of

a(t) in addition to the continuation costs. The improvement cost, like the continuation

cost, increases over time, since changes become more difficult as more of the product

design is completed, which is again typical for R&D projects: a(t) < a(t + 1). With an

improvement effort, the transition probabilities become:

Pu

N

1-p
N if j E fi, + 1 —

otherwise

At the start of the project, an initial investment of I must be made, for example, to

put the project infrastructure in place. Costs and revenues are discounted at a rate

r (the appropriate choice of r will be further discussed in the section on Shareholder

Maximization). At each stage, project continuation and improvement costs have to be

paid at the beginning of the period.

This sequential decision problem can be fbrmulated as a dynamic program. The backward

recursion results in the following value function:

abandon: 0;

3/4(T)

	

,(T) 	
/2+0-p)ni_ •

	

3 / 	 .= max continue: —( N(1+7.)

	

improve: —c(T)	 (T) 	
m

N(1+,)

abandon: 0;

V(t) = max continue: —c(t)
:i=iu'vi+J/2(t+i)+(i-p)vi_j/2(t+i)] 

N(1+7•)	 ;

improve: —c(t) — a(t) :,:-_-it.PVi+i-,3/2(t+1)+(i-r .+1-3/2(t+1)]
N(i+r)

(2)

(3)
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We can characterize the optimal decision rule, or policy, for this dynamic program. Propo-

sition 1 describes the policy using the fact that the payoff function Hi is increasing and

convex-concave.

Proposition 1 If the payoff function Hi is convex-concave increasing, the optimal policy

in period t is characterized by control limits L„(t) > L,,, (t) and L i (t) (where all may be

outside the range [—NO, (N + 1)t/2]) such that it is optimal to:

• choose continuation when i > L IL (t) and i > Li (t),

• choose improvement when L„(t) > i > L,,, (t) and i > Li (t),

• choose continuation when L, (t)> i > Li (t) and i > Li (t),

• choose abandonment when L i (t) >

Moreover, the optimal value function V (t) is also convex-concave increasing in i, and L„(t)

lies in its concave region and L„,(t) in its convex region.

Proof

For easier readability of the text, all proofs are shown in the Appendix.

Figure 3 demonstrates the policy and the value function on an example. To the right is the

market payoff function H. The cone corresponding to the increasing number of possible

states contains the values of the optimal value function. Underneath, the same cone

is repeated showing the optimal decisions in each state. In this example, the technology

uncertainty N has been set at 1 for easier exhibition. Vo(t = 0) corresponds to the optimal

value before the investment costs of I = 50 are deducted. Below the cones, the option

value after deducting I is shown.

Along with the optimal option value, two benchmark values are shown: first, the "tradi-

tional" discounted cash flow (DCF) value, which corresponds to setting all decisions equal
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opo-	 to "C" (continue), and deciding at the beginning to do the project or not, depending on

and

	

	 whether V0 (0) exceeds I. If the project plan is unbiased, this is equivalent to discount-

ing the expectation of the payoffs minus the appropriately discounted continuation costs

9licy
	 (which accrue with certainty in this case).

y be
	 Figure 3 about here

The second benchmark is the "standard" option value resulting from having the possibility

to abandon, but not to improve, in each period. It comes as no surprise that it is lower

than the optimal value in our model, where the decision-maker has additional possible

action of improving the project at his/her disposal.

One could argue that formally, improvement corresponds to the standard "expansion" or

"contraction" option in real options theory. However, the operational character of expan-

sion or contraction is very different from a mid-course correction such as improvement
.(t)

in our model. Expansion and contraction refer to the flexibility of setting the size or

capacity of the project, for example, by adding capacity to a production facility after its

completion, or enlarging/reducing the production rate of an oil well after it is developed.

Mid-course improvement during an R&D project, in contrast, represents flexibility in the

project for responding to contingencies affecting the product characteristics, which are

he	 fixed after development is completed. Expansion and contraction are strategic options

ble	 that may be foreseen from the beginning. Mid-course improvement poses challenges for

me	 project management and for the operational process of producing the asset.

gY

zal 4 Is More Variability Really Better?
on

The standard wisdom in real options theory is that more variability enhances the option

di-	 value because the very nature of an option consists in eliminating the downside while

aal	 allowing to enjoy the benefits of the upside. In the context of an R&D project, how-
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ever, variability can have several different meanings, and we must be careful to specify

which type of uncertainty the variability refers to. Only then can we assess the impact of

increasing variability on the option value of the project.

In the context of this paper, we define the term "increasing variability" with respect to an

underlying distribution: A distribution is said to exhibit higher variability than a second

distribution if both have the same mean, and the former has a higher variance. This

definition corresponds to Rothschild and Stiglitz's (1970) definition of higher risk in this

case, since we are dealing with a normally distributed payoff distribution. Focusing on

variability separates changes in distribution means from changes in risk.

In our model, we can identify three different types of variability, summarized below and

graphically characterized in Figure 4:

1. Market Payoff Variability. This corresponds to uncertainty in market prices, caused

for example, by high price elasticities on the side of customers. It increases with the

variance of the (two—valued) market price distribution. Specifically, market payoff

variability increases with an increasing difference (M — m), holding the average

constant.

2. Technology Variability. This corresponds to uncertainty in product development,

expressed by the stochastic performance state transitions from one period to the

next. It increases with parameter N in the transition probabilities, i.e., with a wider

spread of the binomial transitions, and as a result a larger number of states reachable

in a transition.

3. Market Requirement Variability. This corresponds to uncertainty in what perfor-

mance the market desires. It increases with the variance (7 2 of the market perfor-

mance requirement, while holding the mean market requirement it constant.

Figure 4 about here
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pecify	 It turns out that for the first type, market payoff variability, the intuition from real options

	

ct of	 theory is correct: when variability increases, the firm can benefit from the upside, while

at the same time cutting the downside. This is made precise in Proposition 2. However,

an standard real options theory does not apply for the second and third type of variability,to

as is shown in Propositions 3 and 4: The operational flexibility from improvement andcond

abandonment is always valuable, but increasing variability in technical outcomes or inThis

market performance demands reduces the value of the flexibility.a this

	

ag on	 Proposition 2 Assume the project plan is unbiased, that is, p = 0.5, and the expected

performance requirement u = 0. Then the option value Vo(0) increases if the market payoff

variability (M — m) increases while the average payoff (M m)/2 remains unchanged.7 and

The expected performance requirement is = 0 is only a question of normalization of the

performance parameter around zero. The condition that the project plan be unbiased is

more interesting. Consider the case of an overly optimistic project plan with p < 0.5.

Then technical performance will "drift" downward over time as the project progresses,

and the payoff will be biased toward lower values. Now, if the payoff function has higher

variability, the project is likely to end up in the lower half of the performance range where

the expected payoff decreases with the higher variability. In other words, the project value

is likely to suffer. The options of improvement and abandonment may or may not suffice

to offset this suffering of the payoff.

On the other hand, if the project plan is too pessimistic (p > 0.5), the technical perfor-

mance is biased toward the upper end of the performance range where expected payoffs

already benefit from the higher payoff variability. hi this case, even the straight NPV al-

ready benefits from a payoff variability increase, and the option value increases the benefit

even more.

Thus, the unbiased case that we analyze in Proposition 1 is the limit case where the NPV

is not affected by the increase in variability. The option value, however, increases because
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of its asymmetric effect, taking advantage of the increasing upside while hedging against

the also increasing downside. This is precisely the effect that is widely discussed in the

real options literature. However, contrary to the standard option theory results, increasing

variability in technical performance and market requirements reduces rather than enhances

the option value, as we show below.

Proposition 3 Assume the project plan is unbiased, that is, p = 0.5, and the expected

performance requirement = 0. Then the option value V0 (0) decreases when the technology

variability N increases.

The fact that higher technical uncertainty reduces the option value is, of course, no surprise

in view of consistent findings in the new product development and R&D literature (see, e.g.,

Roussel et al. (1991)). Proposition 3 shows that option theory can give consistent results.

The negative impact on the option value stems from the higher uncertainty "smearing

out," or averaging out, the achievable performance over a wider range. This "smearing

out" de facto reduces the payoff variability in the market. The intuition is represented

in Figure 5. From any current performance state during the project, higher technical

uncertainty increases the range of possible ultimate payoff values that may result. Thus,

the expected payoff function flattens, which reduces the hedging potential the decision

maker can achieve by intelligently choosing improvement or abandonment of the project.

Thus, by Proposition 2, the option value suffers.

Figure 5 about here

This effect of technical variability does not appear in the real options literature to date

because the payoff function usually assumed is linear in the uncertain variable — e.g.,

the option value follows directly the stochastically varying price of the underlying asset.

In our model, however, the product performance i achieved by the R&D project is not

linearly related to payoffs but via a convex-concave payoff function. The convex-concavity
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stems from the fact that the performance requirement in the market itself is stochastic

(unforeseeable). The convex-concavity of the payoff function is the essential driver of our

result that technical variability "washes out" payoff variability, thus reducing the hedging

power of the option. Proposition 3, therefore, points to one important effect that needs

to be included in the literature on real options, namely a non-linear relationship between

the stochastic variable and payoffs.

In Proposition 4, we point to a second important effect that introduces a negative impact

of variability on the option value. This effect is related to market requirement variability

and a limit in the "capacity" of the project in responding to this requirement variability.

Proposition 4 Assume the project plan is unbiased, that is, p = 0.5, and the expected

performance requirement = 0. Then the option value V0 (0) decreases if a, the market

requirement variability, increases. Furthermore, if 1/(0) > 0 for any a, then there is a CF

such that for all a > Cf the optimal policy is to "continue" in all states (i, t), in which case

V0 (0) = DCF, the value of the discounted cash flow analysis.

What is the reason for the established real option intuition to fail for increased market

requirement variability? The reason is summarized in Figure 6. When market require-

ments are more spread out without a corresponding increase in payoff variability, part of

the probability mass "escapes" beyond the performance range in reach of the development

project. As a result, the de facto payoff variability seen by the project decreases, and

therefore by applying Proposition 3 the value of the option diminishes. In other words,

the increased requirement variability pushes some of the payoff variability out of reach

for the project, and thus reduces the potential for hedging. When variability becomes so

great that in expectation no payoff difference exists over the reachable performance range,

there remains no option benefit; the project decision becomes static, since the performance

states carry no information about payoffs. The situation in this case is equivalent to a

DCF analysis without any recourse between project start and finish.
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Figure 6 about here

The decrease in option value is demonstrated in Figure 7 on the same example as in Figure

3, with market requirement variability increased from cr = 2 to cr = 2.5. The DCF value

of the project has remained unchanged, but the value of both the abandonment option

and the improvement option has reduced. This becomes apparent when comparing the

optimal policies between Figures 3 and 7 - the number of states in which it is worthwhile

to choose improvement has shrunk because the payoff function is flatter.

Figure 7 about here

The reader should note that the reason for the lost option value in Proposition 4 is very

different from that in Proposition 3, where payoff function nonlinearity, combined with

averaging from technical variability, reduces the hedging potential. The effect in Proposi-

tion 4, in contrast, has nothing to do with payoff nonlinearity – indeed, the effect would

persist with a linear function Il i (the linear function would be "rotated" around i = 0

such that its extreme values in the reachable performance cone would be pushed closer

together). The key phenomenon is that the endpoint of the payoff distribution is pushed

beyond the reachable performance range, and therefore the reachable payoff variability is

reduced.

This effect of probability mass escaping beyond a reachable "capacity" limit, and thus

reducing the potential for hedging, is very important in a different context as well. Consider

an investment in a flexible production facility with a capacity limit. More variability can

be detrimental if probability mass of demand, and thus part of the upside of the option,

escapes beyond the capacity limit. It makes sense, therefore, to speak of the "hedging

capacity" of a real option.

14



5 Shareholder Value Maximization and the Internal

Discount Rate

In this section, we derive the appropriate discount rate and state transition probabilities

for the binomial lattice model which are consistent with shareholder value maximization.

We assume that the measure of product performance i follows a diffusion process.

di = 6 i dt	 e i dz	 (4)

where 6 is the drift and the standard deviation of the technical uncertainty (related to

N) and dz is the standard Wiener process. The discrete version of the previous equation

is:

Ai = 6 i At + i Az (5)

The value of the firm or real asset V is assumed to depend only on the measure of product

performance i and the time t, i.e., V(i, t) . Furthermore, it is assumed that variability

in market payoffs and market requirements is independent whether the firm does or does

not undertake the project (which is realistic in a competitive market). Thus, these two

types of risk impact only the boundary conditions that need to be imposed in addition (see

below). The change of the value of the firm is then determined by the following partial

differential equation:

ay	 1 a2v	 ay
Av = (a

V
 6 i + — + 	 e2 i2 ) At +

i 
e i Az

ai	 at	 2 ai2

It is assumed that the change in the value of the firm AV is for small changes in the

time interval At only. We now construct the following portfolio P. The owner of the

portfolio is short one share of the derivative, e.g., the project has not been undertaken,

and long number of shares, e.g., shares of the company who owns the project. The

net value of the portfolio must then obey:

ay
P = —v + 

az

(6)

(7)
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The change in the portfolio during time interval At is then determined as follows.

AP = –AV + 
av
ai
av

–AV +	 (6 i At + i Az)
ai

( ( aaVi 6 i	 + 21 (9;172	i2) At + av i Az) +
ai

(8)
 •

av
(6 i At + i Az)

ai

	

av	 1 a2v	 .

	

(—1 	 2 -5-0- e2 22) At

Observe that the change in the value of the portfolio is independent of the Wiener term

Az. Therefore, the owner of the portfolio is not rewarded for taking a risk-free loan and

investing the money in a risky project, i.e., the R&D project. This condition must hold

true under the assumption of market efficiency. Furthermore, the value of the riskless

investment must earn interest over the period At as follows:

AP = r P At
	

( 9 )

Setting the last two expressions for the change of the portfolio value as equal, we obtain

the following equation:

av 1 av
	(—at +	 2 e2 i2) At = (V —	 i) At

ai

By rearranging the terms, we obtain the Black-Scholes partial differential equation for the

value of the firm or the real option.

ay	ay	 a2v 
2 -2	 Tat	 r+ri T + 	 =

The partial differential equation is independent of the drift rate 6. The risk-neutral value

of the portfolio can be discounted at the risk-free rate r. Observe that the expected

market payoffs Hi are a function of the project performance measure i realized at

time T only. Similar to Schwartz and Moon (1995), one needs to specify additional

(10)
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free-boundary and terminal-value conditions to determine the value of the R&D project

with incremental investments. A closed form solution to such an enlarged set of partial

differential equations is very difficult to derive. Thus, we revert to a lattice programming

approach as demonstrated in the model in this article with a zero drift rate (corresponding

to an unbiasedness of the project plan) and a discount factor equal to the riskless rate.

The transition probabilities and the discrete scenario are chosen such that they match

the first two moments of the underlying distribution (Dixit and Pindyck (1994), Harrison

(1985), Huchzermeier and Cohen (1996), Hull (1997) and Ingersoll (1987)).

6 Conclusion

In this paper, we have developed a simple real option model of an R&D project where tech-

nical performance of the product developed varies stochastically over the project phases

(time periods t) until completion at time T. In each period t during the project, manage-

ment can decide to continue, to invest in an additional performance improvement effort,

or to abandon the project. The market performance requirement is determined at time T

after product launch according to a normal distribution N(11, o). If the achieved perfor-

mance of the product exceeds the realized performance requirement, a premium margin

can be earned, otherwise the firm must accept a lower margin from the product.

First, we show that "improvement" represents an extra source of option value, in addition

to abandonment, expansion, or contraction (which are widely discussed in the option

literature). Improvement is the capability of an operational mid-course correction during

the execution of the project, and it is thus different from later expansion or contraction of

scale.

Second, we investigate, in the context of this simple model, the effect of "variability" on

the option value of the R&D project. We identify three types of variability stemming

17



from market payoffs, technical uncertainty, and from uncertainty in market performance

requirements for the product under development. We show that for market payoff vari-

ability, our model is consistent with standard option theory: More variability is better

because the option allows taking advantage of the upside. However, more variability in

technical performance outcome and more variability in market performance requirements

each separately reduce the option value, contrary to option theory intuition.

The effect of technical variability stems from the fact that the expected market payoff

function is not linear, but convex-concave because it comes from a normal distribution

of performance requirements. Higher technical variability, which is modeled as a larger

spread of product performance achieved, leads to "averaging" over the market payoff

function, and thus to a diminishing of its spread, which reduces the hedging potential for

the project option. Higher market performance variability results in a part of the payoff

range "escaping" beyond the reachable product performance range of the project. Since

the extreme market payoffs cannot occur, the effective payoff variability for the project is

reduced, and thus the hedging potential of the option is diminished. These two results

suggest that non-linear payoff functions of the underlying assets as well as the "hedging

capacity" of real options should be further investigated.

Third, we show by introducing a non-arbitrage condition into the valuation of the project

by the firm that using the risk-free rate is consistent with shareholder value maximization,

provided that the project plan is "unbiased." Unbiasedness refers to the project targeting

the true expected performance requirement at the outset rather than systematically under-

or overestimating the market performance required.

The model proposed in this paper is only a simple qualitative illustration of the fact that

different types of variability may have differing effects on option value. For example, we

have modeled technical uncertainty only in the form of uncertain quality, with no schedule

or budget uncertainty. Both could be incorporated into the dynamic programming model,

18
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one in the form of stochastic advancement to the next period, the other in the form

of the continuation costs c(t) becoming random variables. Neither have we addressed

the issue of strategic interactions between firms when there is a first mover or time-to-

market advantage (Smit and Trigeorgis (1995)), dynamic R&D investment policies for

several R&D projects (Childs and Mantis (1997)), cost uncertainty and learning (Pindyck

(1993), Dixit and Pindyck (1994), Schwartz and Moon (1995)) or uncertainty in interest

rates (Ingersoll and Ross (1992)). Such considerations may lead to additional types of

variability with surprising effects.

Real options, especially in the context of R&D projects, are sophisticated risk management

tools leading to subtle phenomena. In this article, we emphasize that different types of

risks are relevant for R&D real options, and we make a step toward understanding for

what type of risk the R&D option may be a good hedging tool. We hope this will lead

to more work in theory and practice in order to sharpen the use of options theory in an

R&D context.
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7 Appendix

7.1 Proof of Proposition 1

For all proofs, our convention is to use the term "increasing" in the sense of non-decreasing,

and vice versa. If we want to exclude remaining constant, we use the term "strictly"

increasing or decreasing.

We proceed by induction. By assumption, IL is strictly convex-concave increasing. We

show first that the control policy is optimal as claimed. Then we show that the resulting

value function Vi (t) is convex-concave increasing as well.

Lemma 1. Vi (t) has the described optimal policy.

Proof. We recall that Vi (t) is defined as the maximum of the three expressions in Equa-

tion (3). To better illustrate this, we have sketched the regions of the policy in Figure 8.

We make the following observations:
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Figure 8 about here

First, the values corresponding to continuation and improvement in (3) both increase in i

because Vi (t + 1) does. Thus, if we find an Li (t) for which abandoning is the best action,

then abandoning is also best for all i < Li (t). This determines region A in Figure 8. The

reader should note that region A is independent of regions C 1 , C2 and I.

Second, we observe that improvement is preferred over continuation in state i if

a(t) < =
E31v._11PVi-f-ii-j/2(t+1)+(1–P)Vi+3.—i/2(t+1)1 

N(1-Fr)

E.'iv_I[pvi+j,2(t+i)+0._pwi_;,2(t+i)]
(12)  •N(1+r)

By convex-concavity of Vi (t + 1), the right-hand side (rhs) of (12) first increases, then

decreases in i. Thus, if there is an Lm (t) with RL,(t) < RI,,,(04-1 such that a(t) > Rr„„(t)

but a(t) < RL,(04-1, then continuation is preferred for all i < Lm(t). For state Lm(t) + 1,

improvement is preferred. This describes region C1 in Figure 8.

Third, we observe that if there is an Lu(t) with RI,„(t) < RL„(t)-1 (i.e., Vi (t) is locally

concave), such that a(t) > RL. (t) but a(t) < RL„(0-1, then continuation is preferred, for

all i > Lu(t). For state Lih (t) — 1, improvement is preferred. This determines region C2 in

Figure 8.

Finally, by convex-concavity of Vi (t + 1), there can be no additional switch of condition

(12) in between, which settles region I in Figure 8.

Lemma 2. Vi (t) is convex-concave increasing in i.

Proof. Within the regions of Figure 8, Vi (t) is convex-concave increasing since it is a

linear combination of summands from Vi (t + 1). It remains to check the borders between

the regions.

0
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At i = L„(t) + 1, it is optimal to choose continuation, and at i improvement, thus:

14+1 (t) - Vi(t) = a(t),

Vi ( t) - V-1(t) 	 [PK+1-1-,i/2(t1-1)--(1—P)Vii-i—j/2(t+1)]
N(1+r)

E7.i.[pVi+j/2(t+1)+(1-P)Vi-1/2(t+1)]
N(1+r)

> a(t) by Equation (12).

Thus, Vi (t) is concave at L.M. A precisely symmetric argument at i = L72 (t) implies that

Vi (t) is convex at Lni(t).

Finally, for Li (t) we must consider two cases. First, if Li (t) is in the convex region of Vi(t),

we can write the increments of Vi (t) as follows:

VL i ( t)_ 1 (t) = Viii (t) (t) = 0 by definition of Li (t); thus:
Li(t)—(N— 2/21,1(t)-1-(N1-2)/2

\ 	 Lt(t)+a/2+-3/2	 Vi(t--1)-F(1-p) ELI(t)+1/2	 Vj(t+1)
VLi (t)±1	 Viz(t) (t) = N(l+r)

Vi(t+1)±(1-p)	 ( t+ 1)
	  0N(1+r)

< ilLi (t)±2(t) - 17Li (t)+1(t) because VL i (t)(t) is bounded below at zero

and by local convexity of Vi (t + 1).

Thus, Vi (t) is convex at Li (t). Second, if Li (t) is in the concave region of Vi (t), the

symmetric argument can be used to establish that Vi (t) is concave at Li(t).

7.2 Proof of Proposition 2

Consider two payment distributions (m, M) and (rn, M) such that (M-77-7,) > (M -m), but

the averages are equal. Denote with the upper bar all policies and results corresponding to

	

M). Then ni > Hi for all i > = 0 and vice versa. Moreover, H +	 = IIZ +	 =

2110 = 2IT0 .

The fact that H2 is lower for i < 0, together with convex-concavity and symmetricity

of H and the condition (12) for choosing improvement over continuation imply that the

region of improvement is enlarged for Vi (T) at the cost of the region of continuation:

0
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Z. (T) > Lu(T) > 0 and 1;,(T — 1) <	 — 1) < 0. Similarly, m > IIZ for all i > 0

implies that Li (T) < Li (T) if Ii (T) > 0 and vice versa.

Now consider the expected payoff from continuation, which we call Vi (T)(carit.). From

Equation (2) and the symmetricity of H around zero we can write that

Vo(T)(comt.)	 —c(T)	 E7=1. [Prii/2+(l-p)11_i/ 2]

N(1±r)

= —c(T) + N(l+r) •

Therefore, Vi (T)(cont.) > Vi (T)(cont.) for all i > 0, and vice versa. Moreover, both

V i (T)(cont.) and 3/4(T)(cont.) are symmetric around zero. Recalling that the correspond-

ing payoff for the action of improvement, Vi (T)(impr.), is merely shifted by one perfor-

mance step, we can similarly show that Vi (T)(impr.) > Vi (T)(impr.) for all i > —1, and

Vi (T)(impr.) < Vi (T)(impr.) for all i < —1, and the two functions are symmetric around

i = —1. Call the resulting crossover point i*(T) (it is zero or —1), and consider that both

value functions V i (T) and Vi (T) are equal to zero below the abandonment control limit.

We can conclude that

V i (T) — Vi (T) V _i (T) — V_i (T).	 (13)

This leaves us with the following three possible scenarios of how V i (T) and Vi (T) compare:

If L1 (T) > 0, then the two value functions are both equal to zero up to L1 (T) > 0, and

V i (T) is larger above. If L1 (T) > 0, the the two value functions cross either at i = —1 (if

any improvement action is chosen in any state in period T at all), or they cross at i = 0

(if improvement is not chosen anywhere in period T). In the two latter cases, the upside

above the crossover is larger than the downside below the crossover (since part of the

downside has been "cut off" by abandonment). In all three cases, both value functions are

convex-concave (from Proposition 1), and Vo(T) > 3/4(T). The three cases are sketched

in Figure 9 for general crossover points of Lit. and iimpr. •

I
Figure 9 about here
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We now proceed by induction: If V i (t + 1) and Vi (t + 1) have the structure as in Fig-

ure 9, then Vi (t) and Vi (t) have the same structure. For case 1, each branch of Equa-

tion (2) directly implies that V i (t) > Vi (t) above the abandonment control limit. In

case 2, Vicont.(t) > Vie.t.(t), again from the fact that the value function is a mixing, if

L1 (t) < icont.• The result fits either case 2 (if continuation is chosen at i = ic ant. ) or case

3 (if improvement is chosen at i = icont. ). If Li (t) > 0, case 1 results. Finally, a similar

argument implies that case 3 will again result in one of the three cases for V i (t) and Vi(t).

To complete the induction, it remains to show that the crossover point i* (t) decreases as

we go from (t + 1) to t. From Equation (3), Vi (t) (cont.) is a convex combination, so (13)

implies that Vi (t) — Vi (t) > V i (t + 1) — Vi (t + 1) and, therefore, icant. (t) < icont. (t + 1). It

remains true that iimpr. (t) = icant. (t) — 1 if any improvement is optimal in period t.

Thus, since the crossover in period T is zero or —1, Vo(t) > Vo(t) for all periods t.

7.3 Proof of Proposition 3

For this proof, we include N as an explicit parameter in the value function VT , N (i) . We

prove that for every N, there exists an i*N such that VT,N +1(i) > VT ,N (i) for all i < i*N and

VT ,N +1(i) < VT , N (i) for all i > i*N . That is, the value function increases with the technical

uncertainty N below an inflection point and decreases with N above the inflection point.

As a result, the value function VT,N (i) is "squeezed" more closely and has thus smaller

increments. Therefore, by Proposition 2, the option value Vo(0) decreases in N, reflecting

the reduced potential for risk hedging. Figure 5 in the body of the text summarizes the

"intuition" of the argument, which is made precise below.

First, consider the expected payoff in period T from continuation. From Equation (2) and

p = 0.5,

VT,N(i)(cont.) = —c(T) + El. vi----4 Ili-Fj/2 + rli-j/2 

N(1 ± r)	 •

0
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Convex-concavity of Hi implies that at i = 0, the first summand in the numerator decreases

with N, and the second summand in the numerator increases with N. As i > 0, the

convex combination in the numerator shifts more toward the concave part of H i and thus

toward decreasing in N, and vice versa. Therefore, we can define icont. (T) analogously to

Proposition 2 such that VT , N (i) (cont.) increases in N for all i < ia„,t. (T) and VT , N (i) (cont.)

decreases in N for all i > i,„,t. (T). Moreover, by symmetricity of Hi, i.t. (T) = 0.

With the symmetric argument, we can show that there exists an i impr. (N) such that

VT,N (i)(impr.) (defined in the same way as VT,N (i)(cont.) above) increases in N for

all i < iimpr. (N) and VT,N (i)(impr.) decreases in N for all i > iimpr. (N). Moreover,

iimpr. (N) = icont.(N) — 1 = —1, which can easily be seen from the fact that the two

expected payoffs are only shifted by one performance level.

By convex-concavity of Hi and Equation (12), Lm (T,N) must increase in N, and Lu(T,N)

must decrease in N. Therefore, when considering two technical variability levels N1 <

N2, we find that the two corresponding value functions fit the structure in Figure 7,

with VT,Ni (i )
 corresponding to the higher variability value function VT(i) in Figure 9.

Proposition 2, therefore, implies that the option value V0 (0) decreases in N.

7.4 Proof of Proposition 4

Consider two performance requirement distributions with equal mean Abut Tr > a. Denote

with the upper bar all policies and results corresponding to the distribution with the larger

standard deviation Q. Equation (1) directly implies that the payoff function Ili has the

same mean but lower variability: (Il i — Tli_ i ) < (Hi — H1_ 1 ) such that (1—li — Hi) < 0

for i > A and vice versa for i < t. Therefore, Proposition 2 applies, with Hi and Hi

exchanged. This proves statements 1 and 2 of the Proposition.

Finally, suppose that rIp/(1 + r)T > ET.:11 c(t), that is, the project exceeds its variable

0
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costs in expectation. Now note that by Equation (1) there exists a o-* such that (fl -

ni_i)/(i+r) < a (t) for all T:f > f and all (i,t), and TI_NT/2/(1+r)T > ELV c(t)/(1-Fr)t.

Then continuation will be chosen in all states (i, t), since the payoff increments are too

small to make improvement worthwhile and the payoff is still high enough even in the

worst reachable state to permit continuation. If continuation is chosen in all states, then

the value of the option degenerates to the value of expected discounted cashflow.
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