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ABSTRACT

A correct assessment of the innovation activities is critical to firm performance. To this purpose, some
authors have analyzed the relationship between innovation and firm’s market value within a framework
based on the real options theory. However, in these papers there is not an explicit modeling of the ‘real
options’. Our model of market value formally includes a technology switch option, which allows the
firm to exchange one technology with another when it achieves a major innovation. The model also
accounts for the stochastic nature of the innovation. We test the model on a panel of publicly traded
British firms operating in different manufacturing industries. The results provide support to the claim
that the stock market recognizes and evaluates a technology switch option.
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Introduction

Different actors within the economic system need nowadays more accurate methods to assess the value
of the firm’s intangible assets (Lev, 2001). In particular, the evaluation of innovation-related activities
is critical to firm’s performance and even survival. However, assessing and financing R&D
investments pose still several specific and unresolved questions (Hall, 2002). A stream of empirical
studies has addressed these problems analyzing the relationship between different measures of
technological knowledge and the market value of the firm (see Hall, 1999, for a review). Although this
issue has been extensively investigated, the empirical and theoretical debate on the factors affecting the
market valuation of R&D investments and other innovation-related assets is still open (Hall, 1999;
Oriani and Sobrero, 2003). Moreover, the discussion on short-termism has been recently nurtured by
empirical studies suggesting the existence of a systematic underestimation of firms’ R&D investments
by the stock market (Lev and Sougiannis, 1996; Chan et al., 1999).

In response to these questions, some authors have tried to re-analyze the relationship between
innovation and market value within a different framework based on the emerging issues of the real
options theory (Bloom and Van Reenen, 2002; Oriani and Sobrero, 2002). However, in these papers
there is not an explicit modeling of the options embedded in the firm’s capital of technological
knowledge. On the other side, several authors have tried to model with increasing sophistication the
management of R&D programs within a real options perspective (Grenadier and Weiss, 1997; Childs
and Triantis, 1999; Weeds, 2002). While providing interesting insights on the timing of R&D
investment or innovation adoption and value maximization in R&D portfolio decisions, these works
have not produced empirically testable models, mainly because of their complexity. Indeed, we are still
lacking an empirical validation of evaluation models based on real options theory, with the exception of
very specific fields, such as petroleum leases (Paddock et al., 1988) or real estate contracts (Quigg,
1993). This shortcoming is mainly due to the difficulty of defining reliable option valuation parameters
being able to reflect the complexity of the ‘real’ investment domain (Copeland and Keenan, 1998;
Lander and Pinches, 1998; Luehrman, 1998; Fernandez, 2001).

The aim of this paper is then to move towards a reconciliation of theoretical and empirical works on
R&D investments and real options through the formulation and the test of a model of the firm’s market
value in which a real option is explicitly formalized and evaluated. In particular, in our model the
market value of the firm embeds a technology switch option, which is the option to exchange one

technology with another when the firm achieves a major process or product innovation. In order to
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evaluate this option, we referred to the models already available in the financial literature. The switch
option has been originally defined and evaluated for financial assets by Margrabe (1978), extended by
Carr (1988, 1995) and recently applied to R&D valuation by Lee and Paxson (2001).

The model also accounts for the stochastic nature of the innovation at the firm level, following previous
contributions on R&D competition (see Reinganum, 1989, for a review). This literature, which is
primarily game theoretic in nature, has modeled a stochastic innovation race among firms, providing
interesting results on the timing of innovation, the patterns of R&D investments and the identity of the
innovator, but the scarcity of empirical data has left these insights relatively untested, with the
exception of the work of Cockburn and Henderson (1994).

We test our model on a panel of publicly traded British firms operating in different manufacturing
industries. We gathered data from analyst estimates and patent databases in order to define the the
parameters needed for the valuation of the technology switch option. The results show that the financial
market positively evaluates the technology switch option held by a firm and recognizes that firm-
specific R&D investment increases the likelihood to innovate. Moreover, the regression fit notably
improves when the technology switch option is included in the analysis, suggesting that the model built
and tested in this paper better explains the factors affecting a firm’s market value.

In this paper we offer several contributions to previous literature and practitioners. First, we build a
model of the firm’s market value explicitly including a real option, which is accurately defined and
evaluated. Second, we provide support for the claim that the market valuation reflects the value of an
option created by the firm trough its R&D activity. Third, we use data from different sources to
estimate the parameters for the option valuation formula. Fourth, we validate a valuation tool for R&D
investments that can find useful applications inside and outside corporate boundaries.

The rest of the paper is organized as follows. In the next section, the theoretical and empirical works on
technology and real options, with a focus on the switch option, will be reviewed. In section 3, the
model to be tested will be defined moving from the existing literature on innovation and market value
and building on the main contributions on financial and real options, whereas in section 4 the variables,
the option valuation model and the option parameters will be described in detail. In section 5 the results
of the empirical analysis will be presented and in the final section the main conclusions reached in the

paper and the most significant implications for practitioners will be discussed.
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Technology investments, real options and firm’s value

The effect of technological innovation on firm performance is hardly predictable, mainly because it is
affected by a high degree of uncertainty related to both the technical success of the R&D projects and
the evolution of market demand and technology within the industry. The application of valuation
methods based on discounted cash flows, assuming investors’ risk-aversion and the non changeability
of the firms’ actions once planned, normally fails to fully capture the economic effects of technological
innovation and can push the management towards a general preference for the short term (Kogut and
Kulatilaka, 1994). Indeed, an emerging group of scholars has proposed a new theoretical framework to
analyze the economic value of technological innovation based on the theory of real options, which
builds on the analogy between financial options and investment opportunities in the ‘real’ world
(Trigeorgis, 1996). In this respect, “to a much greater extent than rival techniques, real options can help
companies make their way through the maze of technological and market uncertainties that face them
when they make their decisions” (Copeland and Keenan, 1998: 141).

The idea that investments in technology create opportunities that are analogous to the options traded in
the financial markets has been widely accepted by the literature on the management of innovation (e.g.
McGrath, 1997; Huchzermeier and Loch, 2001) and the financial management of R&D investments
(e.g. Boer, 2002). Several models have also been elaborated for the valuation of R&D projects (Perlitz
et al., 1999; Schwartz and Moon, 2000) and patents (Pitkethly, 1999) and the management of R&D
portfolios (Childs and Triantis, 1999; Benaroch, 2001; Lint and Pennings, 2001) within a real options
framework. Explicit modeling of R&D investments as sequential options is found in Lee and Paxson
(2001). All these studies explicitly or implicitly build on the basic assumption that research programs
are structured in a series of sequential steps and can be revised at the end of each step conditional on
the information gathered and the results achieved up to that moment (Dixit and Pindyck, 1994).
However, although recent theoretical contributions in real options have reached a significant level of
complication and sophistication in modeling several features of technology investments (e.g. Grenadier
and Weiss, 1997; Childs and Triantis, 1999), we are still lacking a strong empirical validation
confirming the ability of the option-based models to assess the value of technological assets and, in the
end, the value of the firm. A pioneering empirical study on patent and real options has been realized by
Pakes (1986). The author used data on patent renewals in conjunction with an option-based model of

patent holders’ decisions to estimate patent returns. More recently, Ziedonis (2002) analyzed firms’
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decisions to acquire commercialization rights for University technologies within a real options
framework. Yet, these studies do not relate real options to the overall firm performance.

Other authors referring to the vast body of literature on innovation and market value (Hall, 1999) tried
to test the presence of an option-based logic in the stock market valuation of technology. Oriani and
Sobrero (2002) adopted a real options ‘lens’ to analyze whether market and technological uncertainty
affected the stock market valuation of firms’ R&D investments. Consistently with the predictions of the
real options framework, they showed a positive impact of technological uncertainty, whereas market
uncertainty had a more ambiguous effect. Bloom and Van Reenen (2002), building on the previous
analysis of Hall et al. (2000), showed that patents positively reflect into the market value of the firm,
but market uncertainty reduces the effect of patents on productivity because firms keep the waiting
option alive and do not embed new technologies in product and processes. Indeed, even adopting a real
options logic, none of these studies tested an analytic model of the option value.

We could then gain new insights from a model of the firm’s market value explicitly including and
evaluating a ‘real option’. Some recent contributions in the management field have advanced that
firm’s R&D activity generates new technological assets that can be placed ‘on the shelves’ waiting for
new information on market and technology evolution (Garud and Nayyar, 1994). Miller (2002) focused
on the management of knowledge inventories, which involves acquiring, deploying, idling, and
abandoning technologies over time. In this perspective, “the willingness of firms to invest in idle
technologies reflects their interest in maintaining flexibility to switch technologies in the future”
(Miller, 2002: 690). Thus, technological assets can be considered analogous to ‘options’ allowing the
firm to switch to an emerging technology in the future and representing hedges against technological
uncertainty (McGrath, 1997). Consistently with this interpretation, Hatfield et al. (2001) showed that
technology hedging is more likely in the period of technological ferment preceding the emergence of a
dominant design, but also in this case an empirical validation of a closed form of switch option was not
provided.

Building on these arguments, we advance that firms investing in R&D hold an option to switch to a
new alternative technology in the future if this proves to offer higher expected returns in the new
competitive environment. The exercise of this option is conditioned upon the achievement of a major
product or process innovation randomly originating from the firm’s R&D activity. This situation is
analogous to the switch option originally defined for the financial assets (Margrabe, 1978), which is the

option to exchange one financial asset with another. Accordingly, we will formulate and test a model of
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firm value in which a technology switch option is formalized and evaluated according to the

contributions on the valuation of the options to exchange one asset with another.

The model

Previous models of the market value of the firm (e.g. Griliches, 1981; Hall, 1993a, 1993b) did not
address two significant aspects of the relationship between technology and corporate value: the
stochastic nature of the innovation and the discretional, option-like nature of the firm’s decision to
adopt it. Building on the emerging issues of the real options theory, the aim of the model formulated in
this paper is to include the value of the potential benefits from future stochastic innovations into the
firm’s market value equation. To this purpose, we make two main assumptions. First, the value of the
firm has two different components: one is deterministic and consists of the present value of the
expected cash flows conditional on all the available information, whereas the other is represented by
the potential benefits from future unpredictable innovation and can be modeled as an option. This
approach is consistent with the seminal work of Myers (1977) and the more recent contributions of
Berger et al. (1996), Berk et al. (1999) and Jagle (1999). Second, innovation has a stochastic nature and
the time of its occurrence has an observable probability function, as in previous studies modeling R&D
races (e.g. Loury, 1979; Lee and Wilde, 1980; Reinganum, 1983).

Traditional literature in financial economics has argued that the value of a firm at time 0 should be
equal in perfectly competitive markets to the present value of its expected cash flows conditional on the
set of available information at time 0 (Fama and Jensen, 1985). Assuming that the present value of
expected cash flows of firm i at time 0, s;¢, is a function of its tangible assets (4;) and technological
knowledge capital (K;y) at time 0, we can express the market value of the firm i at time 0 (V;) as

follows':

Vio=58i0= f[(p(Ai,o Ko )]

[1]

! The underlying assumption is that in the future the firm will continue to invest in 4 and K according to the rule of optimal
profit maximization (see Hall, 1993b, Appendix A, for a formal description).

5



Technology Switch Option and the Market Value of the Firm: A Model and an Empirical Test

where ¢(4,0,K; ) is the capital aggregator function. If we choose a linear functional form for the capital

aggregator, as in Hall (1993b), the [1] becomes:

Vi,O = b(Ai,O + 7Ki,0 )

[2]

where b is the market valuation coefficient of firm’s total assets reflecting its differential risk and
monopoly position, ) is the relative shadow value of the technological knowledge capital to tangible
assets, and the product by is the absolute shadow value of the technological knowledge capital. In
practice, byreflects the investors’ expectations on the overall effect of K,y on the present value of the
expected earnings of the corporation, while yexpresses the differential valuation of the technological
knowledge capital relative to tangible assets (Hall, 1993b). Expression [2] can be interpreted as the
basic version of the model that is known in literature as a hedonic pricing model, where the good being
priced is the firm and the characteristics of the good are its assets, both tangible and intangible
(Griliches, 1981).

However, firm i can achieve a major unpredicted product or process innovation at an uncertain time ¢
€ (0,0] and acquire a new alternative technology. We assume that there is a finite time 7 after which
this innovation has no longer effect on the firm’s expected profits. The idea is that the evolution of
technology within the industry deprives innovations achieved after time 7 of any economic value. Time
7 depends then on the exogenous industry-specific technological pace. Consequently, if and only if
innovation occurs before or at time 7, the alternative technology can be either adopted or not by the
firm. Its eventual adoption shifts the present value of expected cash flows from s;,+ to §; ,«, so that the
firm will decide to adopt the alternative technology if and only if the condition §; ;+> s;+ strictly holds.
Given the discretional, option-like nature of this choice and expression [2], the market value of the firm

at time 0 can then be expressed as follows:

Vio = b{(Ai,O +K,, )+ J[pi,O (T) W.o(s:, 5, T)]}
(3]

where p;o(7) is the probability at time O that the firm i achieves the innovation at any time {<tand

Wio(s,$,7) is an option to exchange s; with §; before or at time 7. The present values of expected cash
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flows, s; and §;, are random variables. In particular, s; is equal to s;9 at time 0 and, according to the
financial options literature (Black and Scholes, 1973) and recent models of R&D competition and real

options (Weeds, 2002), is assumed to follow a Brownian geometric motion:

ds; =rs; dt + oy, dz
[4]

where 7 is the instantaneous expected percentage change of s; per unit time, o is the instantaneous
standard deviation per unit time and dz is the variation of a standard Wiener process. The random

variable §; is assumed to be equal to §;p = s, at time 0 and to follow a Brownian geometric motion:

&, =5, dt +0'5, dz'

[5]

where 7’ is the instantaneous expected percentage change of §; per unit time, ¢’ is the instantaneous
standard deviation per unit time and dz’ is again the variation of a standard Wiener process. The degree
of correlation between dz and dz’ is p. We are then assuming that at the current status the alternative
technology has the same expected value of the existing technology, but follows a different stochastic
process in the future.

The probability p; y(7) in equation [3] is assumed to be independent from the stochastic processes of s;
and §;. This implies that the stochastic processes underlying the evolution of s; and §; over time do not
depend on the stochastic process related to the achievement of innovation by the firm. In other words,
similarly to Weeds (2002), we separate the economic uncertainty concerning the future profitability of
the technology from the technological uncertainty over the success of the R&D investment. The
probability p;(7) has been modeled as an exponential distribution by previous literature on R&D races
(Loury, 1979; Lee and Wilde, 1980; Reinganum, 1983). In this paper, we choose a Weibull

distribution, which is a generalization of the exponential distribution. Accordingly, we can write:

Pio(P=pit*< i =1—exp(-A7)
[6]
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where 1 — exp(-A7°) is the Weibull cumulative density function and A is the hazard rate. In the special
case of @ = 1, we have p;o(7) = 1 - exp(-A7), which is the exponential cumulative density function. In
addition, we relate the hazard rate to both the specific innovation efforts of firm i and the R&D
competition within the industry. To this purpose, we assume that the hazard rate is a linear function of

the ratio of the firm i’s R&D investments at time 0, R;, to industry total R&D investments at time 0,

R()22

ﬂ = Z](R,',() /Ro)
[7]

Combining [3], [4], [5], [6] and [7] and writing RD _SHARE = R; /Ry, we obtain the following equation

to be estimated:

Vio = b{(Ai,O +IK,, )+ 5[1 - exp(— ARD _SHARE - 7° ) Wi0(8105:0,0:,0;", ,0,1')}

[8]

Consistently with the arguments presented in the previous section and the stochastic processes of s; and
§; described in expressions [4] and [5], we interpret W; o(s;, S, 0;, G;’,p, 7) as a technology switch option.
Equation [8] can be transformed, as done by several previous studies (Cockburn and Griliches, 1988;
Hall, 1993b; Blundell et al. 1999; Hall et al., 2000; Bloom and Van Reenen, 2002), dividing both

members by 4; ¢ and then taking the natural logs:

(Vo /4,, )=inb+Inll+ 7K, , /4, + Sexpl- ARD _SHARE -7)-W,(s,.3,,6,,0,'. p.7)/ 4, ]

[9]

Equation [9] will be estimated through non-linear least squares (NLLS), as done by the works of Hall
et al. (2000), Bloom and Van Reenen (2002) and Oriani and Sobrero (2002) applying the hedonic
methodology. These studies adopted a repeated cross-section approach. Indeed, the recent study of Hall

? Similarly, Darby et al. (1999) assume that the probability of innovation by firms in the biotechnology industry is a linear
function of the firm’s human capital, represented by the number of ties to star scientists.
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and Oriani (2003) showed that the inclusion of firm-specific effects in the estimation of the hedonic
method on a UK sample does not remarkably affect the results.

The fundamental idea is that if the stock market recognizes and evaluates accordingly the technology
switch option, we should observe a positive sign of the coefficient 6. Moreover, if the likelihood that
firm i innovates before time 7 depends on its R&D investments compared to competitors’ R&D

investments, we expect the coefficient A; to be positive.

Data and Methods

Sample

The initial sample we created consisted of a panel of about 250 R&D-doing manufacturing companies
publicly traded in the United Kingdom from 1989 to 1998. The choice of this country was due to
several reasons: the relatively large size of the stock market; the R&D accounting regime, requiring the
firm to disclose R&D investments in their financial statements, differently from other European
countries (such as France, Germany and Italy)*; the very recent attention to the issues related to the
market valuation of R&D investments as compared to the United States’; and the claim of short-
termism of the UK stock market made by several empirical contributions (e.g. Miles, 1993;
Cuthbertson et al., 1997; Black and Fraser, 2000). All these aspects, while assuring wide data
availability, raised great interest on the question of whether the British stock market evaluated the real
options created through a company’s R&D activity.

In the original database we retained only those companies for which data were available for at least
three continuous years. We then classified the firms into 24 different industries by SIC 1992 code,
based on the classifications defined and used in previous studies (Hall and Vopel, 1996; Oriani and
Sobrero, 2002; Hall and Oriani, 2003). The source for accounting figures and market capitalization at
the firm level was Datastream International, which has a full coverage of publicly traded British firms

(including information for dead stocks).

’ Here we are implicitly assuming that RD_SHARE is constant over time. This assumption is supported by the empirical
evidence on the stability of the firm-specific time patterns of R&D expenditures (Hall et al. 1987).

* See Belcher (1996) on this point.

> Recent remarkable exceptions are: Green et al. (1996); Blundell et al. (1999); Toivanen et al. (2002); Oriani and Sobrero
(2002); Hall and Oriani (2003).
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However, in order to calculate the present value of the expected cash flows (s; ), which represents the
underlying asset of the technology switch option, we had to integrate this database with the data on the
financial analysts’ forecasts, as we shall explain in detail later in this section. In particular, following
Berger et al. (1996), we referred to the data on analysts’ consensus estimates provided by IBES, which
includes analyst data on over 18,000 companies in 60 different countries. IBES summary history
consists of chronological snapshots of consensus level data taken on a monthly basis. Forecast
measures include items such as earnings per share, cash flow per share, net income, EBITDA, long-
term growth. Nevertheless, IBES forecast data availability for the companies traded in the UK was
limited in several ways as compared to the data originally gathered from Datastream. In fact, earnings
per share and cash flow per share forecasts were reported only from 1993 and just for a part of the
companies included in the original sample. Moreover, we retained only those observations for which
cash flow forecasts were available for at least the three following years and for which LTG was
estimated. In the end, we were able to create an unbalanced panel of 90 firms and 336 observations in

16 different industries from 1993 to 1998.

Firm-level variables

The total market value (7) should be calculated as the sum of the market capitalization of the firm and
the market value of its debt. However, the data on the market value of debt are often not available.
Some of the studies on US samples tried to define proxies for the market value of debt using data on
corporate bond market (Hall, 1990). This solution was not feasible for European samples because of
very limited development of corporate bond markets. Therefore, according to previous similar analyses
on UK data (Blundell et al., 1992, 1999), we calculated the market value of the firm adding the value of
outstanding debt to the market capitalization observed the last trading day of the year.

The capital of technological knowledge (K) was computed as a perpetual inventory of the past R&D
expenditures with a constant 15% depreciation rate, as done by several previous analyses applying
hedonic method (e.g. Jaffe, 1986; Cockburn and Grilches, 1988; Hall, 1993a, 1993b) and as described
in detail by Griliches and Mairesse (1984) and Hall (1990). The capitalization of R&D investments was
needed because annual R&D costs are not capitalized in the balance sheet, but they are normally

expensed in the P&L accounts when they occur®.

® These conditions are consistent with the prescription of GAAP accounting standards that allow some costs related to R&D
activities to be appropriately capitalized and carried forward as assets only if they have alternative future uses (Lev and
Sougiannis, 1996).

10
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The firm’s R&D share (RD_SHARE) was computed for each year as the ratio of the firm’s annual R&D
expenditures drawn from Datastream to the industry total R&D expenditures reported by the ANBERD
database, released by OECD. We had to exclude those observations presenting a value of RD SHARE
larger than one. This situation was due to the presence of multinational companies (Marconi, Unilever,
TI Group and Pilkington) performing most of their R&D activity outside the UK.

In our regression model we also included some variables to account for specific effects that could affect
the corporate value. At the firm level, we considered the capital of other intangible assets of the firm
(1), mainly consisting of trademarks and goodwill, scaled by the book value of total tangible assets (4).
The inclusion of this variable was necessary to explain that part of the market value related to non-
R&D intangibles. Furthermore, in order to control the size effects due to economies of scale and scope
and learning curves, we included the natural log of the firm’s total tangible assets (4). Finally, we

introduced a full set of year dummies to account for eventual time-specific effects.

The valuation of the technology switch option

In order to estimate equation [9], we needed a closed form valuation formula for W, (s;, S, 6, &;’,p, 7).
In this respect, we calculated the value W;, using the model originally proposed by Margrabe (1978).
This is a generalization of the Black and Scholes (1973) formula that evaluates the European option to
exchange one asset with another. This model presents the limit to evaluate a European option, which
implies that, differently from an American option, the option cannot be exercised before its maturity.
Some more recent models combined the switch option with the compound option to evaluate a
European sequential exchange option (Carr, 1988) and even an American sequential exchange option
(Carr, 1995; Lee and Paxson, 2001), which more realistically represent the technology switch option
when R&D programs are organized in stages and provide the firm with sequential investment
opportunities that can be exercised at the end of each stage. However, we decided to rely on Margrabe
(1978) formula because this is more parsimonious in terms of the number of parameters required for
the estimation. This is a relevant aspect, since one of the main limitations for the practical applications
of the real options theory is the difficulty of calculating reliable input parameters for the valuation
formulas (Lander and Pinches, 1998; Luehrman, 1998; Fernandez, 2001). This problem can become
particularly severe when the option values are simultaneously computed for firms operating in different
industries, as we shall do later in this paper. Therefore, in this context the use of a more simple

valuation formula reduced the possible biases arising from parameter estimation. According to the

11
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valuation formula defined by Margrabe (1978), the value of the switch option, /¥, can be expressed as

follows:

W;,o =§i,0N(d1 )_S;,ON(dz)

(8, /5,0)+1/2v7
d, = =

14
d,=d, -t

[10]

where N(*) is the normal cumulative density function, v>=0""-20"'0p+0> is the variance of

d(si/s;)/(si/s;) and 7is the time to maturity. Indeed, as remarked above, one of the most complicate tasks
in testing real options is the definition and the assessment of the option parameters. According to [10],
in order to calculate W;, we needed measures for s; ¢, which in the previous session was assumed to be
equal to S;, V and 7.

With respect to s;9, we followed an approach similar to that used by Berger et al. (1996), referring, as
mentioned above, to financial analysts’ estimates. The use of analysts’ data to assess a firm’s value had
been validated by Kaplan and Ruback (1995). In this paper, we gathered the information on analysts’
forecasts from the IBES consensus estimates data file. Similarly to Kaplan and Ruback (1995), we
adopted the Adjusted Present Value (APV) method, which discounts expected operating cash flows
after corporate tax, including the tax benefits of deductible financial interest payments, at the discount
rate for an all-equity firm (for details on the APV method see Brealey and Myers, 2003: 555-564). The
APV method simplifies the evaluation of firms’ cash flows as compared to the widely used weighted
average cost of capital (WACC) approach because the estimation of the weighted cost of capital would
require assumptions on the changing level of firm-specific leverage over time (Kaplan and Ruback,
1995).

In particular, for any company in our original sample we picked, when available, the estimation made
at the end of year 0 of the operating cash flow per share (CPS) for year 1 (CPSI), year 2 (CPS2) and
year 3 (CPS3) and the long-term growth rate (L7G). The measure of CPS calculated by IBES is the
cash flow from operations, before investing and financing activities divided by the weighted average
number of common shares outstanding in the year of the estimation. Note that interest payments are

included in this definition of CPS, so that it results consistent with the APV method. LTG represents

12
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the expected annual increase in operating earnings over the company’s next full business cycle. In
general, LTG forecasts refer to a period of three to five years. Due to the variance in methodologies for
LTG calculations, as recommended by IBES, we used the median value as opposed to the mean value,
because the former is less affected by outlier forecasts. We completed this information with the number
of outstanding shares (NS) that the selected companies had at the end of each year in the sample.
Finally, as mentioned above, we retained only those observations for which CPSI, CPS2, CPS3, LTG
and NS were reported in the IBES consensus estimates data file.

Then, we calculated for each firm and year the expected operating cash flows over a period of five
years. For the first three years we had CFI = CPSI * NS, CF2 = CPS2 * NS and CF3 = CPS3 * NS,
whereas we moved from CF3 and used the LTG estimation to compute the expected operating cash
flows for the fourth and fifth year: CF4 = CF3 * (1 + LTG) and CF5 = CF3 * (1 + LTG)*. We also
calculated the present value of the cash flows after year 5 (PVCF). To this purpose, we discounted CF5
as a perpetual rent, assuming a 0% growth rate. Kaplan and Ruback (1995) repeated their estimation of
the present value of the perpetuity for alternative nominal growth rates of 0%, 2% and 4%. In this paper
we chose a 0% growth rate to be conservative and avoid the potential risk to overestimate the value of
Si0-

However, our calculation of the cash flows did not include yet the outflows related to the investment in
capital assets and working capital. Unfortunately, IBES does not provide forecast data on these items.
One possible solution was to develop forecasts from historical figures, but the variations over time in
capital expenditures and working capital can lead to overestimate these flows in some year and
underestimate them in other years. Therefore, we followed the approach adopted by Berger et al.
(1996), who subtracted from discounted cash flows a fixed percentage representing the expected excess
capital expenditures and working capital increases. This percentage was calculated as the ratio of
excess capital expenditures and working capital growth to the market value of equity. They had a
median deduction of 12% for excess capital expenditures and 5.5% for working capital expenditures’.
We used these values to calculate the present value of capital expenditures (CAPEX) and working

capital growth (WCG) for all the observations in our sample. In order to be conservative and not to

7 Berger et al. (1996) grouped the observations drawn from the Compustat database into deciles of the historical levels of
both excess capital expenditures and expected earnings growth. Then, for each observation, they adjusted the present value
of expected earnings by a fixed percentage accounting for future excess capital expenditures and working capital growth
depending on the decile rankings of the specific observation. Our data did not allow us to define decile rankings with the
precision that was allowed by Compustat. For this reason, we preferred to subtract the same percentage from all the
observations.
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overestimate the value of s;9, we multiplied the previous ratios not for the market value of the firm’s
equity, but for the enterprise value (V), which had been calculated in the previous sub-section.
Finally, we had to determine the cost of equity (rz) to discount the expected cash flows. In this respect,

we referred to the traditional CAPM method. The expected CAPM return is defined as follows:

re=rr+ B (rm—1y)
[11]

In expression [11], ris the risk-free interest rate and was assumed equal to the interest rate on 10-years
UK Government Bonds® registered at the end of each year in the sample and retrieved from the Global
Financial Databases, whereas 7, is the risk premium of the stock market and was set equal to 4.51%

according to the estimation provided by Damodaran (www.damodaran.com) for the UK stock market’.

The S was calculated for each firm and year as the slope of a straight line fitted to 156 observations of
weekly relative price changes obtained from Datastream. In particular, the weekly percent price change
in a particular stock was regressed on the weekly percent change of the FTSE all-share, which is the
index including all the stocks traded on the London Stock Exchange, applying ordinary least squares.

Resuming, the value of s; ) was calculated according to the following expression:

CF, + (PVCF —CAPEX —-WCG

1+rE)5

5
S. =
L0 =1 (l + I"E )t

[12]

According to definition provided with respect to expression [10], in order to measure 1#, we needed
measures of 0, ¢ and p. However, the joint calculation of these parameters for a cross-industry
database posed several difficulties that made the potential estimation unreliable. Thus, we decided to
define a measure of ¥ without estimating the abovementioned parameters in detail. To this purpose, we

recalled that 1/ is the variance of the percentage variation of §; relative to s; over time. This critically

¥ The choice of 10-years government bonds interest rate to measure the risk-free interest rate is often suggested by scholars
and practitioners (see for example Copeland et al., 1994).

® Damodaran first estimates the market risk premium for the United States based upon a simple 2-stage dividend discount
model. The estimation reflects the risk premium that would justify the current level of the index, given the dividend yield,
expected growth in earnings and the level of the long-term bond rate. After that, he estimates the market risk premium for
the other countries using the country ratings assigned by Standard and Poors’. The market risk premium for the UK is equal
to the market risk premium estimated for the US.
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depends on the uncertainty over the occurrence of a technological substitution in the future. In fact, the
value of §; relative to s; depends on the diffusion pattern of the new technology as compared to the
existing one. Previous literature on technological change has remarked the existence of a technology
cycle (Abrnathy and Utterback, 1978). At industry level periods of incremental innovations along given
technological trajectories are followed by radical innovations requiring major changes in the underlying
technology (Anderson and Tushman, 1990). Radical innovations open periods of ferment in which the
technological standard is not defined and performance requirements are uncertain (Henderson and
Clark, 1990). In these periods, the uncertainty over the diffusion of a new technology is remarkably
higher. Accordingly, we calculated V# as a function of the uncertainty over the future technology in the
industry. This approach was coherent with the model assumption that the stochastic processes of s; and
S; are exogenous with respect to firm-specific innovation.

We created our variable of technological uncertainty similarly to Oriani and Sobrero (2002). In
particular, we defined the measure of technological uncertainty building on patent data. In this respect,
the main operational problem we had to deal with concerned the correspondence between firms’
industrial classification and patents’ technological classification. In fact, while the SIC classification is
application oriented, technological classifications, such as IPC, are normally function oriented, so that
technological classes do not match to industry groups. In order to overcome this problem, we selected
the patents belonging to the firms that constitute the Tech-Line® sample created by CHI Research,
including the worldwide top patenting firms and institutions (see Narin, 1999, for further details on on
the sample constituents)'’. We eliminated Universities and public research centers from the original
sample, so to retain only private companies. We then reclassified these companies by SIC92 code, in
order to have a classification consistent with our firm-level database. We eliminated those
conglomerate corporations that could not be assigned to a specific industry. In the end, we attributed
the patents granted from 1993 to 1998 to the companies in the Tech-Line sample to the industry of their
assignee.

We then decided to use patent citations to build our indicator. Each patent normally cites previous
patents that represent the prior state of art. Data on patent citations have been used in a series of
empirical works (Jaffe and Trajtenberg, 2002). In particular, the measure we calculated is based on the
Technology Cycle Time (7CT) indicator, defined and calculated by CHI Research. This is computed as

the median age in years of the US patent references cited on the front page of the patent. When

12 Patent assignees are consolidated at corporate level by CHI Research. Moreover, when M&A operations occur, the
patents are automatically reassigned to the acquiring company.
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calculated at industry level, it captures some elements of the rapidity of the technology cycle in that
industry since it measures the time between the previous patents upon which current patents are
improving and the current patents (Narin, 1999). Accordingly, companies operating in an industry with
a shorter technology cycle have to switch more rapidly from prior to new technology and consequently
face a greater uncertainty about the future technological design than companies in industries with a
longer technology cycle. This implies that industries with a lower 7CT are characterized by a higher
degree of technological uncertainty. Therefore, for each industry and year in our sample we calculated
1/ as the inverse of the average TCT indicator calculated at the industry level. In practice, we had 1 =
(TCTy)". In Figure 1 we plot the estimated values of ¥ by industry and year. It is possible to see that
these values are comprised between .07 and .17 and are rather constant over time within the industry
(except for th utility industry). In the electronics, scientific instruments and pharmaceutical industries
the values of V* are much higher than in all the other industries.

Finally, we had to assess the time to maturity (7) of the technology switch option. In the model
described in the previous section it had been defined as the time after which this innovation had no
longer effect on the firm’s expected profits. It had also been considered exogenous with respect to firm-
specific innovation. Consistently with these assumptions, for each industry and year in the sample we
set 7equal to the average TCT calculated at the industry level. In fact, as discussed above, this indicator
represents a proxy of the length of the technology cycle within the industry. The idea is that an
innovation occurring after the current technology cycle has no economic value because the
technological progress has made it obsolete. Clearly, the 7CT was also used to calculate the time 7
appearing in the Weibull distribution in equation [6], which, according to the model specification,
coincides with the time to maturity of the technology switch option''.

The use of the TCT indicator to calculate both the standard deviation and the time to maturity of the
technology switch option allows us to address empirically the ambiguity of the effect that the length of
the technology cycle has on the value of the option value. In fact, a greater length of the technological
cycle increases the time to maturity of the option, which is a positive element of the option value, but,
negatively impacting on technological uncertainty, decreases the variance of the expected returns of the
underlying asset, which instead should reduce the option value. Using the 7CT indicator to determine
both the time to maturity and the variance, we can observe the prevalence of either the maturity or the

variance effect related to the technology cycle.

"'In fact, 7 has been defined as the time after which the potential innovation has no longer economic value and
consequently represents also the maturity for the exercise of the technology switch option.
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Having defined s;9, v and 7, we could use expression [10] to calculate W;, for any observation
remaining in the sample. We excluded the observations presenting a negative value of s; 9. The average
value W scaled by total tangible assets (4) by industry is shown in Figure 2. The average ratio W/A is
larger than .3 in the electronics, scientific instruments and pharmaceuticals industries and larger than .1
in the chemical, primary metals and motor vehicles industries, whereas it is lower than .1 in all the

other industries.

Descriptive statistics and correlations

After excluding the observations with RD SHARE>1 and s;<0, we were left with a sample of 318
observations, whose distribution across industries is reported in Table 1. The descriptive statistics of
the variables, including mean, standard deviation, median, minimum and maximum values, are shown
in Table 2. Finally, in Table 3 we report the correlations between the variables. W/4 is positively
correlated to both K/4 (.33) and /4 (.33), and negatively correlated to TCT (-.65). There also exists a
high positive correlation between RD SHARE and In A (.62). However, these correlation coefficients

should not raise serious concerns about multicollinearity.

Results

We estimated equation [9] through NLLS. The results are reported in Table 4. We first estimated the
basic version of the hedonic model, without including the technology switch option (Model 1). The
coefficients of K/4 (.59) and /4 (.36) are both positive and statistically significant at 1% level, but they
are lower than one, suggesting that both K and / are evaluated less than 4 by the financial market.
Moreover, these results are very close to those obtained by Hall and Oriani (2003) for a broader UK
sample. The size variable (/n A) has instead a negative (-.039) and significant effect on /n (V/A).

In model 2 we include the technology switch option scaled by total tangible assets (#/4) according to
equation [9]. The coefficient of W/4 is positive (4.74) and statistically significant at 5% level,
supporting the idea that the financial market recognizes the value of the technology switch option. Note
also the increase in the adjusted R, passing from .37 in model 1 to .53 in model 2. This means that the
inclusion of the technology switch option in the regression equation considerably improves the fit of
the regression. The ratios K/4 and I/4 still have positive (.76 and .78 respectively) and significant

coefficients (at 5% level), which however in this model are closer to one. Thus, the results of model 2
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confirm that considering the technology switch option within a market value equation adds information
on the determinants of the firm’s expected performance.

In model 3 we introduce the probability to innovate before 7, as defined in equation [9]. We initially set
a =1, so that we have an exponential probability distribution. The coefficient of RD SHARE is positive
(19.48) and statistically significant at 5% level, suggesting that a higher R&D share improves the
expected probability to innovate before time 7, consistently with the theoretical studies on R&D races
(Loury, 1979; Lee and Wilde, 1980; Reinganum, 1983). The coefficient of W/A is still positive (2.90)
and now significant at the 1% level, confirming a positive valuation of the technology switch option by
the financial market. The coefficients of K/4 and I/4 remain positive (.34 and .49 respectively) and
statistically significant (at the 5% and 1% respectively), whereas /n 4 has again a negative (-.035) and
significant (1% level) coefficient.

In models 4 and 5 we choose different values of a (respectively .5 and 2) for the Weibull distribution
function specified in equation [6], in order to test the robustness of the results of model 3 with respect
to the parametric form imposed to the probability to innovate. We obtain results very similar to those
reported for model 3. The coefficients of K/4, I/A, W/A and In A only show slight changes and the
coefficients of RD SHARE remain positive (57.61 in model 4 and 2.66 in model 5) and statistical
significant at the 5% level. Moreover, when we plot the values of the probability function with respect
to RD SHARE for 7= 9.5 (which is the sample mean of 7CT) in Figure 3, we observe that there is a
very little difference between the alternative parametric forms (exponential; Weibull with a = .5;
Weibull with a = 2). This evidence indicates that our results are robust to the value of a that we choose
for a generic Weibull distribution. We also plot the exponential distribution for several different
industries in Figure 4, setting 7equal to the specific value of 7CT registered in those industries in 1998.
As we could expect, in the industries with a shorter technology cycle, such as electronics or
pharmaceuticals, firms need a higher R&D share than in industries with a longer technology cycle,

such as food and primary metal, to have the same expected probability to innovate.

Discussion and conclusions

Methods for a better evaluation of innovation-related assets are progressively more necessary as these
assets become critical for the competition among firms. The real options theory has provided very

useful insights to this respect, but its practical application has been hindered by several problems
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(Lander and Pinches, 1998; Luehrman, 1998; Fernandez, 2001). First, it is hard to define the valuation
parameters because the real projects to be evaluated are not traded assets. Second, the theory still lacks
of a robust empirical validation. Some studies (Bloom and Van Reenen, 2002; Oriani and Sobrero,
2002) have adopted a real options perspective in the analysis of the stock market valuation of firms’
technological knowledge, but they do not formalize the real options associated with the firm’s R&D
activity.

This paper addressed this shortcoming through the modeling of a technology switch option and its
inclusion within a testable market value equation. It also defined new measures of the option
parameters needed for the valuation. To this purpose, indicators of technology uncertainty were built on
industry-level patent data. Moreover, differently from previous models, this paper also tried to account
for the stochastic nature of innovation, linking the firm’s probability to innovate to its R&D
investments.

The results of the empirical analysis support the claim that the stock market recognizes and evaluates
accordingly a technology switch option. The remarkable improvement in the regression fit after
including the switch option strongly suggests that the explicit valuation of this option adds relevant
information on the determinants of a firm’s market value. Moreover, the market valuation seems to
implicitly acknowledge that a greater R&D share increases the firm’s probability to innovate. This
latter result is in line with the theoretical works on R&D competition, which, however, with the
exception of the study of Henderson and Cockburn (1994), has received scarce empirical validation.
We believe that the analysis conducted in this paper can offer several useful contributions to the
existing literature on innovation and real options, as well to managers and financial analysts. First, it
formalizes the value of the technology options that had already been intuitively individuated by
previous contributions on the management of innovation (e.g. McGrath, 1997; Miller, 2002).
Furthermore, the validation of a closed form of the option embedded in the firm’s technological capital
within a cross-industry empirical setting can provide financial analysts with the basis for more
sophisticated models to assess the firm’s market value. In addition, our analysis empirically supports
the effectiveness of an option-based valuation method, defining and testing at the same time new
valuation parameters. In this way it proposes to managers a new tool for the assessment of R&D
strategies.

Finally, it is noteworthy to remark the limitations of this paper. The main problem is that firms
simultaneously develop several product and process technologies. Thus, a more precise formalization

of the switch option would require an analysis at the level of the single R&D project. However, this is
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extremely difficult within a cross-industry setting. This suggests at least two possible fruitful research
avenues. Without loss of generality, building on previous studies on the relationship between patents
and firm’s market value (e.g. Hall et al., 2000), it is possible to model a portfolio of options using firm-
level patent data. Alternatively, limiting the focus on a specific industry, it can be insightful to study
more in depth the determinants of the value of the technology switch option embedded in the firm’s
market value. Further steps into these directions could shed new light on the innovation-related value
creation processes and provide practitioners with more refined valuation methods of a firm’s

technology investments.
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TABLE 1
Observations by industry

Industry Freq. Percent (%)
Food 46 14.47
Textile 6 1.89
Paper 2 0.63
Chemicals 61 19.18
Oil 18 5.66
Rubber & Plastics 15 4.72
Primary metals 10 3.14
Refined metals 13 4.09
Machinery 26 8.18
Electrical 15 4.72
Electronics 13 4.09
Aerospace 12 3.77
Motor vehicles 23 7.23
Sc. Instruments 18 5.66
Pharmaceuticals 29 9.12
Utilities 11 3.46
Total 318 100.00
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TABLE 2
Observations, mean, standard deviation, median, minimum and maximum of the variables included in
the regression

Variable Obs. Mean Std.Dev. Min Med Max
V/A 318 2.7284  2.3106 .6230 1.9408 22.5519
K/A 318 .2099 2410 .0060 1241 1.1682
I/A 318 2704 .6052 .0000 .0009 5.3031
W/A 318 1382 .1386 .0001 .0896 .8108
RD SHARE 318 .1156 .1576 .0001 .0476 .8667
In A 318 13.4955 1.4081 10.0513 13.5539 16.9906
TCT 318 9.5190 1.7310 59212 9.5398 13.6003
TABLE 3

Correlations between the variables included in the regression

V/A K/A /A S/A° RD_SHARE InA TCT
V/A 1.00
K/A 44 1.00
/A 47 24 1.00
W/A .64 .33 .33 1.00
RD_SHARE .04 .33 .00 -.14 1.00
InA -.09 .01 .07 -.34 .62 1.00
TCT -32 -31 -.12 -.65 .07 .06 1.00
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TABLE 4
Results of the NLLS estimation of equation [9]. Dependent variable: In (V/A)
@)) 2 3 4 (&)
Constant 1.16™ 17 7677 767" 707"
(.17) (.40) (.25) (.25) (.26)
K/A 59 76" 347 347 377
(.16) (.38) (.16) (.16) (.18)
/A 367" 78" 49" 49" 527
(.08) (.33) (.14) (.14) (.15)
In A -.039™ -.011 -.035™ -.035" -.033"
(.005) (.022) (.008) (.008) (.009)
W/A 474" 290" 2.83" 3.08"
(2.18) (.82) (.80) (.91)
RD SHARE (Exp, a =1) 19.48™
(8.17)
RD SHARE (Weib, a =.5) 57.617
(24.85)
RD SHARE (Weib, a = 2) 2.66"
(1.12)
Year dummies Yes Yes Yes Yes Yes
Obs. 318 318 318 318 318
Adjusted R? 36 53 51 51 51

X p<.01; ** p<.05
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FIGURE 1
Estimated values of 1 by industry and year
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FIGURE 2
Average W/A ratio by industry
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Relationship between the probability to innovate, p(7), and RD _SHARE (Probability distributions:

FIGURE 3

Exponential; Weibull with a =.5; Weibull with a = 2. 7= 9.5 for all the distributions)
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FIGURE 4
Relationship between the probability to innovate (exponential distribution), p(7), and RD SHARE for
selected industries
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