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1. Introduction
Evaluation has become a core tool of strategic planning and management of public programmes to support research and development (R&D). During the past several years governments all over the world have made sustained efforts to more systematically evaluate their R&D programmes. Evaluation refers to both ex-ante programme appraisal and ex-post evaluation and includes all three building blocks of the evaluation properly shown on Figure 1:

· Priority setting

· Monitoring

· Impact assessment
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Figure 1. A Framework for Public Research Evaluation
Such evaluation activities have been promoted in the effort to enhance accountability and transparency, initiate systematic ex-ante appraisals of proposed programmes, further extend programme monitoring and ex-post impact assessment, and improve the communication of programme activities and outcomes to policy decision makers and sponsors.
This paper deals with the first building block of evaluation (priority setting) at the individual R&D project level. It argues that significant advances in economics and finance theory of pricing derivatives and in computing power at our disposal over the last 20 years make it feasible now to introduce strategic capital budgeting methodologies which, for the first time, allow capturing in financial terms the flexibility inherent in active strategy and management of R&D resources. Research and business strategies can now be analyzed as chains of ‘real options’. 
The remainder of the paper is organized as follows. Section 1 introduces the concept of ‘Strategic Capital Budgeting’, followed by R&D options in Section 2. A review of literature regarding applying Options theory in practice is given in Section 3, which also includes a subsection on volatility and data requirements in order to execute the evaluation using real options. Finally, concluding remarks are provided in Section 4. 

2. Strategic Capital Budgeting
Strategic, long-term research and development (R&D) projects have been typically justified in the past on the basis of qualitative arguments and expert opinions regarding windows of opportunity such R&D opens in new technological areas. A case in point is all major federal agencies in the United States funding non-defense research at a considerable scale. Such research has been justified on the basis of peer review arguments focusing on research quality and expert panel opinions regarding potential future benefits. Conventional capital budgeting methods such as net present value (NPV) and return on investment (ROI) have been circumvented under the argument that they do not capture the full value of an investment opportunity, often unduly penalizing investments with expected payoffs further out in the future.

An important underlying reason for this attitude is that strategic planning and capital budgeting have historically been treated as two distinct domains for resource allocation. Strategic planning projects an organization into the future, creating a path from the present to where the organization should be some years later. Starting down the path, however, the organization is supposed to begin learning – about business conditions, competitors’ actions, the quality of own operations, and so on – and must be able to respond flexibly as a result. Capital budgeting has traditionally followed as a separate step dealing with measurable returns (profits/cash flows) of a project while abstracting from more intangible strategic benefits associated with the project. The result has always been an alleged chronic deficit between the calculated value of strategic, long-term projects and their “true” value. The deficit is due to the oversight by the conventional NPV model of the inherent strategic value of the projects and the flexibility associated with active management to alter the project's trajectory once undertaken. Several factors are inadequately treated in the traditional approaches, including:

· Uncertainty of the outcome

· Timing of the investment

· Irreversibility of committed resources

· Inaccurate use of the discount rate

Given that the above-mentioned are major characteristics of strategic long-term R&D, inadequate accounting for them may seriously distort decision-making based on the potential benefits of investments in government sponsored R&D programmes.

Conventional methods for assessing long-term R&D investments are also criticized for using inappropriate discount rates which: (i) blend time discount and risk adjustment factors thus creating the false impression that project risk follows a time path with no predictable pattern; (ii) do not account for the fact that the product of R&D is often better information which will decrease uncertainty (and risk) over time. ‘Official’ discount rates required by the U.S. government for analysis of federal projects, for example, disregard the significant situational variability among different technology fields.

There is scope for significant improvement. A growing number of economists and business analysts have advocated the use of the option-pricing method to appraise future R&D investments. It is argued that the theory of options on financial securities can be applied to non-financial investments, resulting in a ‘real options’ analytical framework that also allows placing a valuation on the flexibility and strategic characteristics of long-term investments. That is to say, real options can formally address not only the measurable returns but also the intricacies of market and technological uncertainty, timing, irreversibility, and the discount factor associated with strategic, long-term investments.

Real investment opportunities typically involve multiple options whose individual values most often will interact and may be valued together (Trigeorgis, 1996). This feature should make them unsuitable for conventional discount cash flow methods that approach capitalized budgeting from a decentralized point-of-view, valuing projects on a stand-alone basis. Which is probably why R&D managers in the private and public sectors, having long recognized that projects can have intangible strategic benefits that may lead to competitive advantage, have not trusted such methods in the past. The options approach is an attempt to capture these benefits in the valuation analysis. It is imperative that one accounts for all options in order to attain the best estimation of valuation.

The ‘real options’ methodology has, then, significant strengths for the ex ante appraisal of R&D investments. It holds promise for convincingly unifying the processes of strategic planning and capital budgeting into an active process of ‘Strategic Capital Budgeting’,
 thus allowing the long sought rigorous, yet realistic, method of long-term R&D project appraisal. The real options methodology can, in principle, be applied to appraise both more basic and applied research.
It should be noted here that the ‘real options’ methodology draws heavily upon the fundamentals of risk neutrality.
 There are three advantages in using this risk-neutral environment. First, it allows incorporating into the analysis the various flexibilities (options) available in a typical investment project to be incorporated in the analysis. Such options include the optimal time to invest, options to stop and restart, the option to abandon the project, the option to expand, etc. Second, it uses all the information contained in market prices (e.g., futures prices) when such prices exist. Third, it allows using the powerful analytical tools developed in contingent claims analysis to determine the value of the investment project and the optimal operating policy (exercise of real options). (Schwartz and Trigeorgis, 2001)

By explicitly incorporating in the valuation both the inherent uncertainties (market, technology) and the active decision making required for a strategy to succeed, the options methodology purports to systematize quantitatively what managers have yearned for always. It would help executives think strategically and capture the value of doing that – of managing actively rather than passively (Luehrman, 2001). The creative activity of strategy formulation can, thus, be informed by valuation analyses sooner rather than later. Financial insight may actually contribute to shaping strategy, rather than being relegated to an after-the-fact exercise of ‘checking the numbers’. ‘Strategic capital budgeting’, in other words, becomes a real tool for R&D planning.
In concluding this Section a caveat must be mentioned. Strategic capital budgeting will need to draw upon the accumulated experience with investment appraisal. The real options methodology for assessing R&D investments can not, and should not, be viewed in isolation of the traditional science and technology assessment tools utilized by government agencies. In particular, it is imperative to understand that the methodology will depend on expert reviews for critical pieces of information about the nature of the project, the technology, the timing and magnitude of the benefits, and so forth. Expert reviews and options appraisals of R&D projects should complement, leverage, and enhance each other.
3. In Search of R&D Options

The decision to invest initially in an R&D project with a highly uncertain outcome is conditional on revisiting the decision sometime in the future. This is similar in its implications to buying a financial call option: this will permit (but not oblige) the owner to purchase stock at a specified price (exercise price) before or on the expiration date of the option. Similarly, an initial R&D investment will permit (but not oblige) the investor to commit to a particular technological area – thereby, buying the entitlement of the future stream of profits – sometime until the predetermined date for revisiting the initial investment decision.

The analogy between the R&D option and the stock option can be summarized as follows:

· The cost of the initial R&D project is analogous to the price of a financial call option.

· The cost of the follow-up investment needed to capitalize on the results of the initial R&D project is analogous to the exercise price of a financial call option.

· The stream of returns to this follow-up investment is analogous to the value of the underlying stock for a financial call option.

· The downside risk of the initial R&D investment is that the invested resources will be lost if, for whatever reason, the follow-up investment is not made. This is analogous to the downside risk of a financial call option which, in case that the option is not exercised, will be the price of the option.

· Increased volatility (uncertainty) decreases the value of an investment for risk-averse investors. It, consequently, increases the value of an option to this investment. Similarly, increased uncertainty (for the whole required R&D investment) raises the value of an initial R&D project if it is considered an option to a potentially valuable technology.

· A longer time framework decreases the present discounted value of an investment. It, consequently, increases the value of an option to that investment. Similarly, time length may well increase the value of an initial R&D project if it is considered an option to longer-term, high-opportunity investments.

It has, thus, been argued that when an investor commits to an irreversible investment the investor essentially exercises his call option. In other words, the investor ‘… gives up the possibility of waiting for new information to arrive that might affect the desirability or timing of the expenditure; [the investor] cannot disinvest should market conditions change adversely.’ (Dixit and Pindyck, 1994, p. 6).

On the other hand, for most investments there exists some abandonment value in terms of a salvage value or the opportunity to simply shut down should the project become unprofitable. The abandonment option is parallel to a financial put option – where a price is paid for the opportunity to sell a security at a favorable price should the security decline in value. Thus in each R&D investment there is an inherent value in the ability to stop investment or redirect resources to another project.

The important implication is that the question of how to go about exploiting future opportunities reverts to a question of how to exercise the corresponding call options optimally. Academics and financial practitioners have studied this problem in (financial) stock option pricing theory where the value of a stock option has been formally expressed as a function of the underlying parameters. The basic principles arising from this work can be transferred to the arena of ‘real’ that is, non-financial investments.

The real options method seems, then, well suited to deal with uncertainty and flexibility related to an R&D investment project. The various decisions are often grouped into category types. For example, Brigham and Ehrhart (2002) distinguish between four categories:

· Investment timing option;

· Growth option;

· Abandonment option;

· Flexibility option.

The first category involves an option concerning the placement of an investment. The second concerns options for growth in the future if expansion was desired. The third concerns the choice to abandon a given investment. In a R&D environment the option to abandon is always present since, at any point in time, previous R&D activities can be considered sunk costs. Finally, the fourth category concerns options that allow changes to the current situation in a relatively short-term time frame. In an R&D environment most option value occurs due to growth and flexibility options.

R&D projects generally involve multiple phases with or without overlapping. If the investment is made in a phased manner, with the commencement of a subsequent phase being dependent on the successful completion of the preceding phase, it is known as sequential investment.

Each stage provides information for the next thus creating an opportunity (option) for subsequent investment in a new technological area. Such projects can be valued using the techniques of ‘Compound Options’, also known as ‘Option on Options’.

By explicitly recognizing the choice-to-invest aspect of earlier-stage R&D projects, this mechanism greatly enhances the ability of decision-makers to justify long-term R&D investments made by the public sector. For example, an early R&D investment by the public sector in an emerging technological area may be considered the mechanism for enabling (establishing the option for) the private sector to undertake the follow-up investment required to innovate in that area. Moreover, by differentiating among the various stages in an R&D projects, this mechanism allows the better evaluation of both technological and market risk, principally because it allows frequent adaptation to the new knowledge obtained in the previous stages.

Of course, the methodology still has limitations. At the theoretical level, the reviewed models which treat R&D investment as a sequential compound option, where investments take place in a phased manner, impose a ‘linearity’ which has been shown in the innovation systems literature to be useful as a first approximation but less so as an end in itself because:

i. R&D phases very often take place in parallel or, at least, overlap significantly;

ii. There are significant feedback loops between research stages (learning).

In order to address issue (i) one needs to solve simultaneous compound options. This has only been achieved through the binomial approach until now. Continuous time ‘real option’ models remain on the future research agenda. In order to address issue (ii) one will need to introduce significant complication to existing models. Efforts to overcome this problem include a paper by Berk, Green and Naik (2004) that uses Bayesian approach to represent learning.

At the more practical level, the ‘real options’ valuation methodology is still under development – i.e., it remains ‘fluid’ – adding to its natural complication. Nevertheless, there has been progress in applying these concepts in practice as explained in the next Section.
4. An Application: Office of Science Study

An exploratory study was initiated three years ago by the Office of Science of the US Department of Energy to appraise the feasibility of the ‘real options’ analytical methodology for supporting investment portfolio analysis in systematic priority-setting processes aimed at long-term, highly uncertain research projects. The study falls within the realm of DOE’s on-going efforts to characterize its portfolio of sponsored research. The study purported to address two overall objectives:

· To determine the feasibility of developing a succinct compound options model to support systematic priority-setting systems for DOE-sponsored research projects.

· To develop a methodology for undertaking investment portfolio analysis using the ‘real options’ approach.

In its earlier stage, the study reviewed the already extensive real options literature to determine the best modeling approach to follow in the case of appraising longer-term research investments in energy-related fields. 
The options are broadly classified according to the timing of decision-making, the obtained solution and the addressed uncertainties. Based on the timing of decision-making, these models can be classified into discrete time and continuous time models. In the discrete time models, prices are assumed to change at some fixed interval of time, say daily, monthly or semi-annually, whereas in the continuous time models prices change continuously. Different models address different types of uncertainties relating to cost, asset price, technology, etc. Figure 2 illustrates the primary models in the various categories we have considered.

In the discrete time model category, we have considered binomial and quadranomial models. In the binomial model, the project value are assumed to take two distinct values in the next time period, whereas the quadranomial model assumes that it can take four possible values. This number of values reflects the type of assumed uncertainty and, in particular, the existence of technological uncertainty only (binomial) or the co-existence of technological and market uncertainty (quadranomial). Assuming complete markets and risk neutral valuation allows computing an option value under the binomial framework (Cox, Ross and Rubinstein, 1979). Only two available securities are required: the risk free asset and the underlying security.
 The risk neutral valuation of the Cox-Ross-Rubinstein binomial option valuation model is based on the same assumption of risk indifference as the Black-Scholes model (Black and Scholes, 1973): the expected return on the underlying asset is the risk-free interest rate. When the application is more complex and includes particular features of a real asset, such as multiple sources of uncertainty or many decision dates, analytical solutions cannot typically be obtained. Numerical methods are required in such applications. 
The binomial option valuation model has three advantages: (a) it can be utilized to value any type of real option; (b) it retains some feature of discounted cash flow valuation; and (c) uncertainty and consequences of contingent decisions are easily demonstrable. (Amram and Kutilaka, 2002). Moreover, binomial discrete time models are easy to understand and involve basic mathematics, thus making them very convenient for practitioners (Benninga and Tolkowsky, 2002; Copeland and Antikarov, 2002; Perlitz, Peske and Schrank, 1999; Shockley, Curtis, Jafari, Tibbs, 2003). 
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Figure 2. Main option models under consideration.
Discrete time models provide an approximation of the optimal time to modify the investment, a limitation that is addressed by continuous time models.  The simplest of these is the Black and Scholes (1973) model which computes the value of European call and put options. Cox, Ross and Rubinstein (1979) prove that in the limit – i.e., if we allow the number of steps to approach infinity, thus making the price jump to be close to zero – then the binomial model converges to the Black-Scholes model.

Pindyck (1993), one of the cornerstone publications in the continuous time literature, described two forms of cost uncertainty that are of relevance to our analysis:

· Technical uncertainty which refers to the typical limitations in carrying out an R&D project successfully such as skill shortages, lack of adequate knowledge, and limited resources of all kinds. This uncertainty can only be resolved by investment.

· Input cost uncertainty which is external to the firm and includes things such as the increase in the price of raw materials.

These two kinds of uncertainty can be described as the diversifiable and non-diversifiable risks of the portfolio management. In a narrow sense, R&D projects involve diversifiable risks. However, their complete evaluation, also including the market exploitation of the resulting opportunities, will also involve non-diversifiable risks. 

In long-term R&D projects, cost uncertainty matters and could interact with asset value uncertainty. Higher uncertainty raises the value of the option. By referring to the example of a fusion energy project at NASA, Ott and Thompson (1996) show that cost uncertainty is equally important to the asset value uncertainty in valuing long-term R&D projects. Cost uncertainty is found to increase not only the active investment region but also the project value. Compared to the case when there is a no cost uncertainty, its presence raises the expected discounted value of the completed project and lowers the expected discounted value of the expenditures. The overall effect is an increase in the active investment region.

The advent of the work by Schwartz and Moon (2000) gave a major push forward to the possibilities of using real options analytical methodologies in valuing longer-term R&D projects. Building on Pindyck (1993), Schwartz and Moon (2000) consider three uncertainties associated with an R&D project:

· Cost uncertainty which pertains to the expected cost of completion of the project and is assumed to follow the controlled diffusion process introduced by Pindyck (1993).

· Asset value uncertainty which reflects the risk associated with the resulting cash flow (revenue) after the successful launch of the product made possible by the R&D project under investigation. Asset value uncertainty follows a Geometric Brownian motion.

· Possibility of a catastrophic event which considers the situation when the project halts unexpectedly due to external factors and its value reduces to zero. For example, if a competitor successfully develops a product before the completion of the R&D stage of a given firm, then the firm may abandon the project.

Using the contingent claim analysis with two state variables (asset value at successful completion of the R&D project; expected cost to completion), Schwartz and Moon (2000) find the value of the project as well as determine the optimum investment rule. In other words they determine the value of the state variables inducing the optimal investment. 

In an important applied work, Davis and Owens (2003) have used the Schwartz and Moon (2000) and Ott and Thompson (1996) analytical approach to evaluate R&D investments in renewable energy sources. The major conclusion of the paper is that renewable energy technologies hold a significant amount of option value that cannot be captured by using traditional valuation techniques such as NPV. In order to derive the benefits of continued R&D spending a more advanced valuation perspective such as real option analysis is needed.

Last, the theoretical article by Berk et al. (2004) modifies Schwartz and Moon (2000) by incorporating revisions in the probability of successful R&D using the Bayesian framework. Technical cost uncertainty is described as purely idiosyncratic risk that can be diversified, whereas the asset value uncertainty is systematic in nature (non-diversifiable). During the R&D stage, the arrival of new information on the expected asset value changes the systematic risk of the project and results in revisions in the project’s value at successful completion. Thus, ‘learning by doing’, absent in Schwartz and Moon (2000), impacts both the project value and the investment cost. Four state variables are used – number of stages to completion, level of future cash flows, occurrence of obsolescence (catastrophic event), and project history – to determine the value of the R&D project, the optimal investment policy, and the risk premium. The risk premium is higher during the initial stage of R&D and reduces as the project approaches completion. Closed form solutions for the R&D project value and for the risk-premium are possible, even for the multi-stage R&D project, when no learning is involved. When there is ‘learning by doing’, numerical methods are used for finding the optimal investment rule and the value of the project.
The continuous-time modeling technique of Pindyck (1993), Ott and Thompson (1996), Schwartz and Moon (2000), and Berk et al. (2004) encapsulates some of the most important concepts regarding our objective (Figure 2). It incorporates all relevant uncertainties of long-term R&D. It provides not only the value of the project but also the optimum investment rule. The model is sufficiently developed already for R&D applications. Agreeing with Davies and Owens (2003), we believe that it is currently the most promising for the task in hand. It was proposed as such to the Office of Science.
Managers and policy decision makers, however, get cold feet when confronted with complicated theoretical analyses. For this reason, a subsequent phase of the project concentrated on establishing the validity of an alternative technique that would maintain the main characteristics of the specific continuous-time model above but would be simpler, more user-friendly, and closer to the concepts that prospective users in the public sector are already familiar with. We have found it in the seminal discrete time model of Cox, Ross and Rubinstein (1979), as applied more recently by Shockley et al. (2003). The strengths of the model include:
1. Relatively straightforward, easy to understand

2. Relatively easy to calculate

3. Provides back-of-the-envelope calculation

4. Gives fairly reasonable approximation

5. Extensively used by practitioners

A second relevant model in the discrete time tradition has been developed by Copeland and Antikarov (2001). The basic difference with the previous model is the number of uncertainties that are operational at any point in time. Shockley et al. (2003) only deal with technological uncertainty. The expected cash flow (revenue) resulting from the application of the R&D outcome in the economy is assumed to be known. Copeland and Antikarov (2001) add market uncertainty and revert to a quadranomial model. 

Both the binomial and the quadranomial have been adapted to our environment and the technique will be reported in some detail in a subsequent paper. We now turn to the core role of uncertainty (volatility) in these analytical techniques.
4a. Volatility (Uncertainty)

Volatility is a core input parameter in the pricing of financial options such as options on stocks, bonds, index, currency, futures etc. It is a measure of how much the value of the underlying asset can vary between the initiation and the expiration of the option. In real options contexts – e.g., R&D project – the underlying asset is the (expected) output of the R&D project in question. This can include a new or improved product, service, or production process.
It is important to notice that the analogy of real options to financial options is not perfect: there is uncertainty not only about the value of the underlying asset (the outcome of R&D) but also about the successful completion of the R&D project itself (i.e., about the “options vehicle”). Volatility in R&D projects can, then, be interpreted as the combination of two different types of uncertainty:

· Technical uncertainty reflecting the chances of successfully completing the research project

· Market uncertainty reflecting the fluctuation in the value stream of the underlying asset – i.e., the fluctuation in the stream of returns to the output of the research.
There are various ways of estimating technical uncertainty – e.g., the binomial example mentioned above – and market uncertainty – e.g., forecasting econometric models, Monte-Carlo simulations. 
Technical and market uncertainty seem unrelated at the first look. In reality, they interact and may be strongly correlated. Differences in the degree of interaction between applications has serious analytical implications.
For simplicity, it can be argued that there are important differences between research aiming at “process” technologies and research aiming at “product” technologies. In the former case, the product sold in the market is well understood. In the latter case, it is not.
Combined Technical and Market Uncertainties: New Process

Consider the example of developing technology for building a new type of power plant to generate electricity. In this example, R&D related risks can be termed as technical uncertainty. The price of electricity, the demand for electricity and the variable costs of electricity generation depend on market-wide factors. During the R&D stage, information becomes available not only about the likelihood of successful completion of the R&D project but also about the market uncertainty parameters. While technical uncertainty is not affected by the improved understanding of the market, the obtained information could well lead to a revision of previous estimates of the future value stream of the R&D output which, in turn, can affect the decision to continue or abandon the R&D project. This is a case of uncorrelated, but interacting, technical and market uncertainties.
Combined Technical and Market Uncertainties: New Product

Now consider the example of early-stage biotech research to identify a new pharmaceutical compound for a yet imperfectly understood viral disease. Again, R&D related risks can be termed as technical uncertainty. The expected price of the new drug, the demand for the drug, and the variable costs of producing the drug depend on market-wide factors. During the R&D stage information becomes available not only about the likelihood of successful completion of the R&D project as originally defined. New information will probably relate to better understanding of the target virus itself. It may, for example, indicate new mutations of the virus which require modifications in the R&D project, in turn, affecting technical uncertainty. Moreover, such information also affects the market uncertainty parameters. The obtained information will lead to a revision of both the previous estimates of the chances of success of the R&D project and of the future value stream of the R&D output. These two together will affect the decision to continue or abandon the R&D project. This is a case of correlated technical and market uncertainties.
For the needs of the Office of Science study, we have hypothesized that the target technologies are of the former kind (new process): the final product is well understood. The search is for alternative ways of producing it cheaper and cleaner. The quadranomial model of Copeland and Antikarov (2001) is applicable and has been adapted.
4b. Data Requirements

Real options calculations for R&D projects require a certain amount of information which is not distinctly different from other methodologies. More specifically, the variables required for such an application include:

· Number of investment phases in the R&D project. 

· Expected cost of investment for each phase.

· Time to completion for each phase.

· Probability of success in each phase.

· Value of the technological advancement: This is the value of the R&D outcome (or the value of the underlying asset in finance terms). Assuming that the research is successful and one (or more) marketable technological advancement has been created, the requested information is for the expected cash flows (revenue) generated during commercialization. In the case of public R&D investments, economists would call here for the sum of private and social returns from it.
· Price of capital investment necessary for the economic application of the specific technological advancement(s). Economists typically use the interest rate as the cost of capital. The Office of Management and Budget also determines a discount rate for public investments.
· Investment required for commercialization (capital cost such as plant, etc.)

Obviously, for long-term research, precise values of these core variables are impossible. Reasonable estimates, however, should be obtainable. The source of the basic information for the first four variables listed above would be research project managers and the expert scientific panels advising R&D-intensive public agencies. Processed appropriately (sensitivity analysis, scenarios, simulation), expert opinions can be used to obtain the required estimates. The remaining three variables are market related. Estimates could be obtained from economic models and simulation models.
5. Conclusion
Almost a decade after Vonortas and Hertzfeld (1998) called for adaptation and use of the real options methodology in ex ante appraisals of public R&D programmes, the follow-up has been light relatively to much more extensive application in the private sector. Some public agencies have, indeed, moved to study the methodology and its adaptability to their needs: they have included agencies like the Department of Energy in the United States which deal with technologies and markets in which the methodology also found its earliest applications in the private sector.
 The energy field is related to the area of natural resource investments where the methodology was applied first due to the availability of traded resource or commodity prices, high volatilities (uncertainties), and long duration (Myers, 1977). Pharmaceuticals and biotechnology have been another large area of application. By now, the use of options methodologies in the private sector is extensive as it is obvious that a very significant part of the market valuation of both large and small knowledge-based companies reflects the technology options they hold. 
We have aligned with the reviewed literature to argue that the ‘real options’ methodology has a lot of strengths and should be considered seriously. In particular, we believe that this method has significant potential for creating a complementary, rigorous mechanism to the established expert review procedures for research priority setting and evaluation in the public sector. Expert reviews and options appraisals of R&D projects should complement, leverage, and enhance each other. A host of recent methodological improvements in assessing both event probabilities and the risks involved in uncertain non-financial investments have become available during the past couple of decades and can now be exploited to greatly enhance formal assessments of strategic, long-term research projects.
In summary, the ‘real options’ methodology holds promise for convincingly unifying the processes of strategic planning and capital budgeting into an active process of ‘Strategic Capital Budgeting’, thus allowing a rigorous, realistic method of long-term R&D project appraisal. The real options methodology can, in principle, be applied to appraise both more basic and applied research. While the application for basic research will be more complicated due to well known reasons, it definitely can be carried out successfully as long as it is not done mechanically and the idiosyncracies of the field are understood.
As far as application is concerned, the ‘real options’ valuation methodology is still under development – i.e., it remains ‘fluid’ – adding to its natural complication. Consequently, we advocate a step-wise procedure in applying it to appraise long-term research with highly uncertain outcomes and markets. Early in the impact assessment process, the nature, scope, and roles of the relevant technology must be mapped out and related to the relevant industries and the competitive dynamics of the associated markets. Such background analysis requires an applied microeconomic and industrial organization approach so that technology trends, corporate strategies, and any external influences such as regulations can be combined into a context for understanding the role of the R&D project being studied. Identifying the “relevant” industries is particularly important because the selection will determine the population to be analyzed. Public research support will have direct impacts on the industries that develop the technology and on those industries that buy the technology. This is the relevant set of players to be analyzed. Economic impacts will naturally extend to other industries and eventually to the final users in the relevant supply chains. However, the relationships between the original R&D investment and its impacts in these downstream industries and users become increasingly blurred due to the classic problem of attribution: too many diverse influences creating noise in the calculations (Tassey, 2003).
The next step should involve the application of a more well understood and fairly simple options approach, known as the binomial model or the quadranomial model (depending on the number of uncertainties to be treated). Such estimation has been shown to provide a fairly good approximation to estimation through more formal ‘real options’ models. Enhanced through sensitivity analysis, scenario analysis and, perhaps, simulation to determine the probabilities associated with different outcomes, binomial models could be used to build decision trees that, as said previously, can provide fairly accurate results and are better understood – less intimidating – by practitioners.
The final step should involve the application of a more formal ‘real options’ model. For R&D investments, we strongly argue for the application of a variant of the continuous time model of Schwartz and Moon (2000) and, perhaps, its important extension by Berk et al. (2004). Needless to say, the theoretical model must be adapted to the specific situation (research project) that the analysis will focus on.
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� The term ‘Strategic Capital Budgeting’ is coined here to describe this concept.


� Risk neutral environment allows discounting using return on risk free asset, i.e., the return with the least amount of risk, e.g. return on US Treasury bills.


� This section draws on Vonortas and Lackey (2003) among others. For extensive reviews of the real options literature see Schwartz and Trigeorgis (2001, various chapters) and Vonortas and Desai (2004).


� The asset whose value determines the price of an option or another derivative.


� See, for example, Davies and Owens (2003) and Vonortas and Desai (2004).
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