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1 Introduction

Although game theory has been applied to many areas in economics, the
combination of real options and game theory — two Nobel-prize winning the-
ories (game theory in 1994 with Nash, Selten, Harsanyi and options pricing
in 1997 with Scholes and Merton (with references to real options applica-
tions) (Dias and Teixeira, 2003) — for the valuation of R&D investments is
quite a new field of research. In fact, this view of investment valuation which
incorporates managerial flexibility via the real options approach (ROA) and
competition via game theoretic models only exists since about 10-15 years
and there is still a lot of room for further research.

The goal of this paper is to show how real options theory and game the-
ory can be merged to enrich the theory of R&D investment valuation with
a dynamic and strategic competitive perspective, to apply this theory for
analyzing models of duopoly competition vs. joint R&D cooperation and to

highlight possible further applications and research topics.

The integrated options-and-games perspective of this paper is particularly
relevant for oligopolistic and innovative industries like consumer electronics,
pharmaceuticals/biotech or telecommunications which face high R&D invest-
ment costs over several stages in a technologically uncertain and competitive
setting (Smit and Trigeorgis, 2006). As Smit and Trigeorgis (2004b) point
out, companies in these sectors have to make prior investments in R&D to
improve their competitive position and their ability to better capture growth
opportunities in the industry later on. As stated by Bowman and Moskowitz
(2001), an R&D investment program can therefore be seen as a two-stage
process where the firm usually makes a small initial investment (purchasing
the option) and a larger later investment (exercising the option). In fact, the
value of these R&D investments does not derive so much from the expected
cash inflows of the investment opportunity but rather from the option to

invest in future commercial exploitation. Moreover, R&D investments are



characterized by long-time spans between initial research and the comple-
tion /commercialization of the project, high uncertainty in costs and revenues
as well as the importance of regulatory aspects like patents or standardization

agreements.

2 Real Options Approach

According to Dixit and Pindyck (1994) investment decisions are characterized
by uncertainty, irreversibility of the investment and choice about the timing
of the investment. As Copeland and Antikarov (2003) point out, when tra-
ditional net present value (NPV) valuation is applied to R&D investment
opportunities there are several limitations with regard to these characteris-
tics of R&D investments. In fact, NPV valuation requires the prediction of
all cash flows (returns and costs) for a project over its entire economic life
and discounts these cash flows by a rate of return which should reflect the
risk of the project but which is essentially a simplification that which comes
at the cost of dealing with uncertainty in an abbreviated and non-intuitive
way. Therefore, it is not possible to explicitly deal with uncertainty and
the resulting managerial flexibility and NPV valuation consistently underes-
timates R&D project values by ignoring the value of management’s options.
Actually, managers can change their minds regarding a project over its life
as various key uncertainties are resolved and can respond flexibly when new
information arrives. Therefore, it is necessary to look at these options that
managers possess during the life of an R&D project in the context of real op-
tions theory which comes from financial options theory and refers to the fact
that firms have similar rights like the holders of financial options but with
regard to real assets. Although a close analogy between real and financial
options can be established as in Trigeorgis (1996), the non-exclusiveness of
real options presents a major difference (Huisman et al., 2004) and will later
give rise to a game theoretic viewpoint of competition as many companies

can possess a real option over an R&D investment opportunity at the same



time.

Gilbert (2004) presents three generic sources of managerial flexibility that
can be dealt with in a real options context. First, there can be differing de-
grees of operational flexibility. Second, management can expand or contract
the project (or abandon it temporarily or permanently). Third, it can delay
the start of a project until key uncertainties are resolved. This last flexibility
which is referred to as the option to wait is generally the most important
source of option value as it enables the firm to wait with the investment until
market conditions develop favorably and do not invest otherwise. Here, a
key limitation of this flexibility is the likelihood of competitive actions which

can be captured via game theory.

As stated by Copeland and Antikarov (2003) and various other textbooks,
in order to value the flexibility of an R&D investment opportunity, real op-
tions valuation techniques can be directly derived from financial options. In
fact, analytical solutions and approximations like the standard Black-Scholes
model as well as numerical methods like Monte Carlo simulation or binomial
lattices may be applied, depending on the actual model. Herewith, numerical
solutions are generally preferred due to the strong assumptions underlying
analytical solutions and because they enable the decision-maker to integrate
multiple sources of uncertainty (Monte Carlo simulation) and provide an in-
tuitive, generic, and flexible approach (binomial lattices). When applying
real options valuation, the valuation procedure starts with the identification
of the traditional NPV model. In the next step, key sources of uncertainties
as well as corresponding parameters for the uncertain variables need to be
identified. Then it is necessary to identify management’s opportunities to
respond to these key uncertainties as well as to estimate the costs of exer-
cising these flexibilities. The key uncertainties and flexibilities can then be
combined in a valuation framework in order to determine the real options
value which is finally added to the underlying (no flexibility) value of the
project given by the NPV model.



In short, according to Newton, Paxson and Widdicks (2004), the implicit
assumption of managerial inflexbility, the ignoration of strategic value from
follow-up investments and several other limitations can lead to inaccurate
valuations when traditional NPV valuation is applied to R&D, particularly
in case of long-term, risky projects. Here, real options valuation has the
advantage of giving a more accurate estimate of expected project value and
forcing a change in the emphasis of decision-makers from "predicting the
future perfectly" (NPV) to "identifying what can/should be done about re-
sponding to uncertainty" (ROA). This comes at the cost of higher complexity

and the resulting need for more resources (time, good estimates, etc.).

3 Merging Real Options with Game Theory

3.1 Option Games

An initial screening of literature on option games — the combination of real
options and game theory — shows that although many new papers were writ-
ten in the last 10-15 years, this field of research is still in its infancy within the
area of real options analysis. As Boyer, Gravel and Lasserre (2004) point out,
competition in real options models is usually modelled as playing against na-
ture (e.g. as a jump process element in the stochastic revenue process) rather
than via game theoretic concepts. Moreover, according to Dias and Teixeira
(2003) there should be a large potential for research due to the vast individ-

ual literature on both topics.

With regards to synergies for real options analysis and game theory, it can
be stated as in Smit and Trigeorgis (2004a) that on the one hand game the-
ory introduces strategic competition into real options project valuation and
thereby emphasizes the flexibility vs. commitment trade-off which is often
neglected in real options models which recommend waiting too long. On the

other hand, the creation of new opportunities relative to competition from



investment projects via real options enhances game theory by introducing
dissimilar characteristics of competitors. So, option games enable the quan-
tification of qualitative strategic thinking and merge the internal (resources,
capabilities) and external (industry, competition) views of the firm.

In general, according to Smit and Trigeorgis (2006) an option perspective
on R&D says that information over the success of R&D is revealed stage
by stage and management has the flexibility to delay the investment deci-
sion so that new information can be revealed and the firm will only invest
when the project is clearly desirable. Nevertheless, from a strategic (game)
perspective it is not always advisable to defer investment because the firm
could lose early cash flows or miss out a competitive first-mover advantage.
Therefore, it is necessary to weigh the strategic benefits of early investment
commitment against the lost flexibility value when exercising the option.
So, according to Weeds (2002a), option games theory should be applied when
there is an option value of delay and when the option to invest is affected by
strategic interactions. With regards to strategic interactions, it then has to
be examined whether these involve first-mover or second-mover advantages.
First-mover advantages offer the possibility of a higher payoff by investing
before a rival does so and therefore lead to entry games. By contrast, second-
mover advantages involve situations where a firm prefers its rivals to act first
and therefore lead to exit games or wars of attrition. As a result, first-mover
advantages tend to conflict with real options by eroding the flexibility to
delay whereas second-mover advantages tend to complement real options by
enhancing the motivation for delay. In case of first-mover advantages it is
then necessary to clarify how the follower’s action affects the firm’s profits
and how the follower is likely to react to its action. In case of second-mover
advantages a firm has to ask itself whether investment by another firm is
beneficial to it and whether it is worthwhile to delay investment to benefit

from other firms’ actions.



3.2 Duopoly Competition

Although game theory can be used to analyze competition and develop dif-
ferent investment tactics under various market structures like monopoly,
duopoly, oligopoly and perfect competition, this section will concentrate on
duopoly competition in R&D because normal form games are especially useful
for analyzing duopolies. Generally, as it is stated in Kong and Kwok (2005),
an option games model is based on an investment model with stochastic pro-
cesses for costs and/or revenues. Based on these processes, the (leader and
follower) value functions are derived as well as the corresponding optimal
investment thresholds to follow, preempt or dominate the competitor. Fi-
nally, strategic investment decisions can be analyzed under various forms of
strategic equilibria like preemptive equilibrium, sequential equilibrium and
simultaneous equilibrium. Such a model can usually be modified to deal with
issues like first-mover vs. second-mover advantages, symmetric vs. asymmet-

ric firms or complete vs. incomplete information.

The following discussion of option games situations in R&D is taken from
a recent article by Smit and Trigeorgis (2006) who look at an expanded
(strategic) NPV which consists of the direct (passive) NPV plus a strategic
(commitment) value and a flexibility value. They analyze symmetric and
asymmetric innovation races, a game with incomplete information and the
choice between competition vs. cooperation and thereby build on the follow-

ing prototypical games:

e Prisoner’s dilemma: firms have an incentive to invest immediately to
avoid being preempted but this erodes the flexibility value; the payoff
would be greater if both firms could follow a coordinated wait-and-see

strategy

e Grab the Dollar: same situation as in Prisoner’s dilemma but with a
negative payoff when both firms end up investing simultaneosly as they

would both lose in case of a market battle



e Burning the bridges: a firm can use the threat of a market battle if it
has a first-mover advantage and thereby can make the first investment

to capture a large portion of the market

e Battle of the sexes: the firms may find it beneficial to follow an acco-

modating strategy and cooperate to avoid a market battle

The first situation involves a symmetric innovation race with a shared R&D
option among two consumer electronics firms P and S to develop an inter-
active CD technology with subsequent commercialization applications. The
total market value of immediate investment is $400m, the additional value of
flexibility to delay investment under demand uncertainty is $200m. There-
fore, there is a total (shared) opportunity value of $600m if the two firms
could fully appropriate the flexibility value of waiting.

The 2x2-matrix in figure 1 describes the payoffs in the four investment-

Firm S
Wait Invest
Wait
(300, 300) (0, 400)
Firm P
Invest
(400, 0) (200, 200)*

Figure 1: Prisoner’s dilemma

timing scenarios: both invest simultaneosly (200,200); one firm preempts its
competitor (400,0)/(0,400); both firms decide to wait (300,300). Both firms
have a dominant strategy to invest, resulting in a Nash equilibrium outcome
in the lower right cell (200,200) which corresponds to a Prisoner’s dilemma
where both firms would have been better off to collaborate or coordinate and

fully appropriate the option value of waiting.



The second situation describes an asymmetric innovation race with the same
initial situation but now, if both firms invest, they end up in a market share
battle with a negative payoff of (-100,-100). Moreover, asymmetry is intro-
duced by assuming that P has an edge in developing the technology but
has limited resources. Now, each firm chooses its effort in developing the
technology which can be either low or high. Low effort is consistent with a
follower strategy involving lower costs and more flexibility (safety) in case
of unfavorable developments whereas high effort is consistent with a leader
strategy involving higher costs and a possible earlier product launch with a
first-mover cost advantage.

Figure 2 shows that P has a dominant strategy to pursue low-effort R&D.

Firm S
Low High

Low | ($200m, $100m) | ($10m, $200m)"

Firm P

Hich | (8100m. $10m) (-$100m, -$100m)

Figure 2: Grab the Dollar

Given this, S will pursue a high-effort R&D strategy and the Nash equilib-
rium outcome will be (10,200) which is the second-worst payoff for P.

In contrast, if P could make its R&D investment before S can decide which
strategy to follow (as opposed to the simultaneous situation from before),
P would invest heavily in R&D, thereby signalling a credible commitment
to the high-effort strategy (figure 3). Now, S would respond with low-effort
and the equilibrium with sequential investment would result in a more desir-
able payoff for P ($100m) than with simultaneous investment ($10m) as the
threat of a market battle works in firm P’s favor. This represents the early
exercise of a shared multistage R&D option which explicitly influences com-

petitive behavior and the firm’s future profit base as the positive strategic



(-$100m, -$100m)

High

High
effort ) ¥
($100m. $10m)

($10m. $200m)

effort ™ (§200m, $100m)
Figure 3: Burning the Bridge

commitment effect can influence the competitor’s investment decisions and

the equilibrium outcome favorably for the pioneering firm.

The third situation deals with duopoly competition under incomplete infor-
mation. Here, S has incomplete information about the research capabilities
of P. Whereas firm P knows whether it has normal or superior research ca-
pabilities, firm S has to assign equal probabilities (0.5) to assess firm P’s
research capabilities.

According to figure 4, P has a dominant low-cost R&D strategy in case
of normal research capabilities and a dominant high-cost R&D strategy in
case of superior research capabilities. Based on this information, S calculates
its expected payoff using its probabilities and chooses a high-cost strategy
($150m vs. $55m).
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Firm S (Type N)
Low High

Low | 00,2000 | (10,200

q=05
High| (1p0.10) | (-100. 100)
Firm P

19=05 Low | (200,100) | (10.200)

High (200, 10) (100, 100)

Figure 4: Incomplete information

3.3 Joint R&D Cooperation

After analyzing various models of duopoly competition, Smit and Trigeorgis
(2006) examine whether it is optimal to compete or coordinate (via standard-
ization agreements) and collaborate (via joint ventures or strategic alliances)
in the innovation phase. Herewith they look at the innovation battle for the
development of the high density disk. Initially, it looked like this effort would
end up in a technology war as each firm claimed victory in advance in order
to enhance the commitment value of their technology by influencing compet-
itive behavior. In fact, each side preferred its own standard but would be
better off to avoid a market battle as can be seen in figure 5.

Here, competition would result in a war of attrition where finally one stan-

Competition

Standard based on Standard based on

MMCD SDD
Standard based on MMCD
(4.3) 2.1)
Philips
Standard based on (1,2) (3.4)
SDD

Figure 5: Battle of the Sexes

dard would become the winning system but both parties would be better
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off with a single standard, preferring its own standard to prevail. Therefore,
there was an incentive to coordinate and a technical working group was es-

tablished to choose one standard via a standardization agreement.

In general, when analyzing cooperation via strategic alliances or joint R&D
ventures vs. direct R&D competition, a firm’s commitment value can be
enhanced by outsmarting competition under conditions of asymmetrical in-
formation or market power as well as of technical or commercial uncertainty.
Nevertheless, market characteristics, demand uncertainty, and competitive
moves may make a collaborative strategy preferable. In fact, cooperation
in the research phase provides several distinct advantages, such as providing
comparable R&D benefits while sharing (and perhaps also reducing due to
synergies) total R&D costs. Moreover, cooperation enables the firms to fully

appropriate jointly the option value of waiting.

4 Further Applications

As shown in the previous chapters, real options valuation and game theo-
retic models can be applied to analyze various issues in R&D. These include
topics like patent races (Garlappi, 2004; Weeds, 2002b), joint ventures (Chi,
2000), first-mover advantages (Miltersen and Schwartz, 2003), asymmetric
costs (Pawlina and Kort, 2001; Perotti and Rosetto, 2002; Spencer and Bran-
der, 1992), imperfect information (Grenadier, 1999), incomplete information
(Lambrecht and Perraudin, 2003), information spillover (Martzoukos and
Zacharias, 2001), information time lags (Weyant and Yao, 2005), network
effects (Mason and Weeds, 2000), partnership deals (Wirl, 2004; Savva and
Scholtes, 2005), new technology adoption (Zhu and Weyant, 2003) or phe-
nomena like sleeping patents (Weeds, 2000) and reverse hysteresis (Weeds,
1999).

Apart from R&D, option games theory can also be applied to other topics like
M&A (Lambrecht, 2004), infrastructure investment (Smit, 2003), corporate

12



investment strategies (Smit and Ankum, 1993) or capacity choice (Wu, 2006).
In addition, apart from the oligopolistic and innovative industries mentioned
in the introduction, the theory can also be applied to various other indus-
tries like oil exploration, real estate development (Grenadier, 1996; Williams,

1993) or aircraft companies (Shackleton, Tsekrekos and Wojakowski, 2004).

5 Conclusion

In all, it can be stated that real options analysis is suitable for valuing R&D
projects and incorporating the uncertainty and resulting managerial flexibil-
ity of these investments. While the real options approach emphasizes the
value of waiting, game theory partly erodes this value of waiting by intro-
ducing competition into the model.

Option games were used to analyze strategic game models of duopoly com-
petition in R&D as well as to discuss the question of competition vs. coop-
eration in early research phases. In fact, most option game models in the
academic literature are generally more complex than the ones presented in
this paper and the theory of option games can be extended /applied to other
topics and industries as well. In short, option games are definitely theoret-
ically interesting as a research topic and practically useful by introducing
strategic options thinking in a company but it might be difficult to put more

complex models into practise due to their high complexity.
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