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JIRAWUTE CHOUNGSIRAKULWIT : PORTFOLIO MANAGEMENT OF
OPTION-BASED INVESTMENT IN TECHNOLOGY RESEARCH AND
DEVELOPMENT. THESIS ADVISOR : DARICHA SUTIVONG, Ph.D., 58 pp.

This research proposes a quantitative model for managing a portfolio of R&D
projects using real options valuation in order to balance and optimize R&D portfolio
budget allocation. The model focuses on two dimensions of uncertainty — market and
technical — in the investmeni process, which is divided into two critical stages: R&D
phase and commercialization phase. The real options analysis is employed to account
for management flexibility, such as an option to stop and later restart the investment or
an opfion to defer the product launch. We utilize Monte-Carlo simulation technique to
illustrate an application of the model using Gillette’s MACH3 numerical data set. A utility
theory is also used to optimize porifolic based on investors' various risk attitudes.
Finally, the simulation results are studied using risk-return approach, and sensitivity
analysis offers comparison and recommendation of an optimal portfolio as well as
illustrates the effecis of technical and market uncertainties on the R&D investment

process,
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Risk-Neutral

Risk-Seeking

Utility

Risk-Averse

Wealth
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wly if y#0
U(w) = _ (2.11)
Inw if »=0
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Abstract

This paper proposes a quantitative model for
balancing and optimizing portfolio of R&D projects.
The model focuses on two dimensions of uncertainty —
market and technical - to formulate R&D portfolio
budget allocation problem. The investment is broken
into two critical stages, namely R&D phase and
commercialization phase. The real options analysis is
then employed to allow for management flexibility,
such as to defer the investment or to stop and later
restart the investment costlessly. We utilize Monte-
Carlo simulation technique to illustrate the model
calculation using Gillette’s MACH3 numerical data.
The simulation and sensitivity analysis results, which
are studied through risk-return tradeoff, offer
comparison and recommendation of an optimal
portfolio management of R&D investment projects.

1. Introduction

When dealing with R&D investment decision, it is
known that the traditional discounted. cash flow
method is improper due to_uncertain cash flows, sunk
costs and project management flexibility in R&D
process. The real options method, in contrary,
explicitly captures the effects under uncertainties. As a
result, several research works in valuation of R&D
projects utilize the real options concept. The well-
known analytical -approach, Black-Scholes formula
(1973), is widely used to value financial options, but it
fixes the maturity date and ignores cost uncertainty.
Benaroch and Kauffman [1] showed the first
application of the Black-Scholes model in a real-world
situation involving information technology and the
Yankee24 project. They explained how the model is
mapped to the problem but still pointed out drawback
of ignoring cost uncertainty.

Daricha Sutivong
Department of Computer Engineering,
Chulalongkorn University, Thailand
daricha.s@chula.ac.th

The next and widely used approach is binomial
option pricing model proposed by Cox, et.al. [2] and
further developed by Trigeorgis and Mason [3] to value
real options by assuming that the gross value of a
project follows a random walk (a stochastic process)
and using a tree structure to depict uncertain
movement over time. This model is widely used in the
field of R&D. Dias and Rocha [4] applied the model to
calculate the optimal investment timing in petroleum
exploration and production. Herath and Park [5] and
Pries [6] developed an options pricing model in the
Gillette’s new MACHS3 project.

Despite popular acceptance of the binomial option
pricing model, it has limiting conditions on cash flows
and the number of decision variables. To overcome
these limitations, Dixit and Pindyck [7] represented the
stochastic evolution of the cash flows which looked
more intuitive and powerful than tracking the changes
of an underlying asset. Schwartz and Moon (2000)
applied this approach and summarized risks of R&D
project with three underlying uncertainties: investment
cost, future payoffs, and possibility of failing before
the project is completed. Schwartz and Zozaya-
Gorostiza [8], further developed this model and used it
in information technology development projects but
did “not “embed “managerial flexibility of having
multiple stages of development and allowing decision
making in between, which are characteristic of R&D
investment.

In our approach, uncertainties of R&D project are
categorized by two dimensions of stochastic evolution:
investment cost involving technical uncertainty and
future payoffs involving market uncertainty. We
consider two critical stages of investment, R&D and
commercialization phases, and construct a portfolio
valuation model. The main contribution of this paper
lies in developing a quantitative model for portfolio
management of R&D projects in order to analyze
tradeoff from investing in each type of options, driven
by market and technical uncertainties



The paper is organized as follows. Firstly, we
introduce the main characteristic of R&D investment
and show how the real options approach is mapped to
the problem. Secondly, we propose the valuation and
simulation model and then apply it to a real-world
situation of R&D investment. Thirdly, we discuss
results, sensitivity analysis, and insights from using the
model. Finally, we present discussion and conclusion.

2. Real options in hedging R&D portfolio
management risk

This section provides an overview of using real
options analysis in R&D investment. It also expands to
a more complex view of portfolio management.

2.1. R&D investment process

Technology R&D involves multiple stages and a
long unpredictable payback period. A sequence of
R&D investment can be divided into four stages [5] as
shown in Figure 1. A conceptual stage lists potential
projects and their relationships. A feasibility stage
analyzes the decision to invest further. A development
stage contains prototype development and testing, and
finally a commercialization stage involves construction
and manufacturing.
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Figure 1. A sequence of R&D phases effected by
technical and market risks

These stages of R&D mainly involves two types of
risk — technical and market-[9] Figure 1 illustrates the
workflow in a typical R&D process and the occurrence
of technical and market risks along the process. As
each stage encounters different types of uncertainty, it
is difficult to formulate the payoff function.

At the beginning of investment, new ‘technology
and unclear trajectory of technology development lead
to  high technical  uncertainty. Later in
commercialization phase, there are numerous questions
regarding who will buy the product at what price and
in what frequency, which reflect market uncertainty. In
a highly unpredictable environment, an effective
response to future challenges is to deploy various
options rather than making a single big bet on one
project.

-ammarcislgstion |
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2.2. Portfolio management of R&D

Due to many uncertainties in R&D investment,
portfolio management plays an important role in
hedging risk. A number of recent papers addressed
specific aspects of R&D portfolio management, such
as project selection, resource allocation and portfolio
balancing. Bitman [10] combined a number of R&D
portfolio management techniques for project selection
and proposed a conceptual framework for balancing
portfolio for both short and long range innovation.

Besides a project selection technique, portfolio
management can be viewed as a balancing tool for a
company to maximize its return and minimized its risk.
Lawson [11] showed the risk-return tradeoff on the
fundamental model developed by Markowitz (1959).

In terms of portfolio resource and budget allocation,
Turnquist [12] developed a solution approach for
planning, scheduling and managing project’s efforts
under significant uncertainties in duration, resource
requirement and outcome of individual tasks. Santiago
[13] studied budget allocation for R&D portfolio with
constraints and limited resources. The formulation
made a distinction between a budget constraint in the
development phase and the commercialization phase .

Dickinson [14] proposed R&D portfolio management
model to balance risk versus reward by mapping the
magnitude of change (or risk) against the resulting
capability (or return) enabled by the process. Projects
were partitioned into three areas: 1) “Planning” with
low risk and generally providing infrastructure for later
stages; 2) “Incremental” containing near-term payoff
projects with medium risk; 3) “Platform” with risky
projects developing new processes and capabilities.

The model is closely related to later development by
MacMillan and McGrath [15] to balance portfolio of
R&D investment using real options. Depending on
degree of technical and market uncertainties, three
types of real options are categorized (Figure 2),
namely ' positioning  options, scouting options, and
stepping stone options. The important distinction lies
in their purpose and nature. Positioning options are
used to preserve a company’s opportunity to compete
in -unclear future technological arena. They are
different from scouting options, in.which one invests
in order to learn about market by probing or offering
prototypes. Stepping stone options are risky in both
market and technological dimensions, but have the
potential to open new classes of opportunity for the
firm. A combination of launches and options
investment was proposed to provide an organization
with a long-run technology strategy while new
knowledge is created.
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Figure 2. R&D portfolio management model [15]

2.3. R&D
approach

investment using real options

Most investment decisions, especially in R&D, are
characterized by irreversibility and uncertainty about
future reward [16] As management can repeatedly
gathers information about uncertain R&D projects and
market characteristics, managerial flexibility has value.
Consequently, the real options approach emerges as a
trend in R&D project valuation, as it accommodates
new information and enhances value of investment
opportunity by recognizing an upside potential while
limiting downside losses [3].

Because several options occur during the
investment process, Benaroch [17] distinguished
operating options from (strategic) growth options.
Operating options exist mainly in operational
investments, and their value follows directly from cash
flows and/or cost savings that they generate. Growth
options are usually found in infrastructure investments,
and their value is derived from new investment
opportunities that they open.

With highly unpredictable payoff and multiple
stages, R&D investment suits well with the use of real
options pricing model [7,5,13]. Cobb and Charnes [18]
proposed a mathematical model containing several
decision variables and stochastic inputs that yields an
optimal decision rule. Simulation is used to evaluate a
portfolio by maximizing the mean discounted cash
flows over combinations of _decision variables.
Bardhan [19] developed a nested option model to value
and prioritize a portfolio of information ‘technology
projects and exemplified it using data from a utility
company.

3. The proposed methodology

We form a portfolio by considering each project’s
market and technical risks. The total budget is
allocated into five partitions using two variables (X
and Y), whose values range from 0 to 1. The funding
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budget for each investment type is the percentage area
as divided by X and Y (Figure 3). This two-variable
approach allows for easy sensitivity analysis while
clearly distinguishing between market and technical
risks.
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Figure 3. Budget allocation determined by X and Y

At the project initiation, it will be classified into one
of the five investment types according to its degree of
technical and market uncertainties (denoted by v and o
respectively). The project then enters an investment
process which consists of the R&D phase and the
commercialization phase.

3.1. Real options valuation with technical and
market risk

As discussed earlier, our approach focuses on two
types  of uncertainty, market and technical. We
represent market uncertainty with fluctuation in the
project value, while the remaining cost to project
completion depicts technical uncertainty. We assume
that the project value (V) follows a geometric
Brownian motion, while the remaining cost of the
R&D project (K) follows a stochastic process that was
proposed by Pindyck [20]:

dV = aVdt +oVdz 1)

dK = — Idt + v(1 -K)?dw )

| represents.a rate of investment that can only be a
maximum rate of investment (ly), i.e. to invest, or
zero, i.e. not to invest. The second term in the right
hand side of (2) signifies technical uncertainty which is
non-zero only when the investment takes place.

Consider a company that encounters two critical
stages of investment when dealing with its portfolio of
R&D projects (Figure 4). The first one is R&D stage,
in which the remaining cost is K. The second one is
commercialization stage which captures performance
of the product being launched into the market, and the
total cost in commercialization stage is denoted by C.
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Figure 4. Real options valuation in R&D process

In R&D phase, where a company encounters
technical uncertainty, we employ a model developed
by Pindyck [20], which leads to (3). The model
assumes that only technical uncertainty occurs and
there are options to stop and later restart costlessly.

V242

FI(K’V):V _K+V2(\é)72/vz (Vz}j_z) - (3)

In the next stage of commercialization, we replace
the project value in (3) by the options value (F»(V))
which readily takes into account market uncertainty.
Not knowing whether the product will favorable, the
company has an option to defer the investment. Dixit
and Pindyck [7] proposed the real options valuation for
this problem as shown in (4).

10VIR, (V) +(r-8\VFR(V)=rR,()=0  (4)

The decision model is to maximize the project’s
expected payoff when F,(V) represents the project
value at commercialization. We obtain the formulation:

V242

R (KR () = R, (V) -K +v2(_Fz;V )yt K5 (5)

V42
3.2. Portfolio management and optimization

With limited budget and many R&D project
candidates, the project selection can be viewed as a
knapsack problem, which is NP-Hard[21]. “We
formulate a stochastic 0/1 knapsack problem,.in which
item values and sizes are independent random
variables. In this case, item values are the projects’
options values, and item sizes are the projects’ R&D
costs. We employ greedy algorithm to solve the
problem. All projects are ranked by the ratio of its
value to cost.

3.3. Simulation model and implementation

We obtain an approximation of the continuous-time
stochastic processes by simulating time step of cash
flows. In this study, the time step (At) is 0.08 year, and
the total duration is 20 years. For five types of
investment, many R&D projects are initialized as long
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as the allocated budget still remains. The objective is
to find an optimal portfolio allocation that maximizes
the future payoff and minimizes risk. Each initialized
R&D project has two variables indicating the degree of
uncertainty (o,v). The simulation paths for the project
value and the remaining cost to project completion
follow the below discrete-time stochastic processes:

vV _Ve[(a%oz)mfrﬁ-m
t+ vt

-1, V2 1At
Kt :Kte[?(l%Z)AHVJ%{K]
+1

Model assumptions are summarized as follow:

e The company has a limited constant budget to
invest each year (100 M$ per year).

e The budget is allocated to five types of
investment without any lending conditions.

e For each type of investment, the projects are
prioritized and funded using the ratio of options
value to cost.

e Investments can be stopped and later restarted
costlessly with a maximum investment rate (ly).

e At completion (K=0), the payoff is the project
value at that time (V).

We apply the proposed model to evaluate R&D
options using numerical data from MACH3 R&D
investment project [5] as shown in table 1. This project
is the biggest project that the company has undertaken
in its history. It involves a decade of work, $750
million in R&D, and $300 million for worldwide
advertising and marketing.

Table 1. Numerical data from MACH3 project

Cash flow parameters Value
Expected value of the completed project Vv 20 M$
Expected cost to the project completion K 13 M$
Commercialization cost c 3M$
Investment rate | 0 or 2 /year
Expected project duration T 6.5 years
Drift in project value o 2%
Risk premium on project value 0 6%
Risk adjusted discount rate I 8%
Risk-free rate r 8%

4. Analytical results

To emphasize analysis on effects of options
investment, we bundle two types of launch as one.
Thus, we have four types of investment for
comparison: Stepping Stone, Scouting, Positioning and



Launch. An experiment was conducted to study payoff
behavior from each type of investment by entirely
funding the portfolio to one type, and later 10,000
different sample paths of market and technical
uncertainties were simulated.

Table 2 displays the simulation results and show
that investment in risky projects in both dimensions
(Stepping Stone options) yield the highest return with
the lowest probability of success. The high market risk
projects (Scouting options) generally lead to a higher
return with a lower probability of success than the high
technical uncertainty projects (Positioning options). As
expected, the launch projects offer the highest
probability of success with the lowest return. Figure 5
and 6 summarize the returns and the options values of
the four types of investment. Note that the project
options value significantly increases in an early phase
and becomes stable afterward due to the model
assumption of constant limited total budget.

Table 2. Simulation numerical result

Types of Expected Return Probability

investment T=5 | T=10 | T=15 | T=20 O'Eilfzcoe)ss
Stepping Stone 7.2 22.9 37.2 55.8 0.047
Scouting 3.9 18.2 | 30.5 | 46.5 0.057
Positioning 5.2 14.6 22.9 33.6 0.149
Launch 4.0 12.9 20.2 30.1 0.362
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Figure 6. Options values over time

Figure 7 illustrates risk-return tradeoff for portfolio
with various levels of market risk exposure,
specifically when the portfolio is mainly allocated for
high market risk (X=0), medium market risk (X=0.5)
and low market risk (X=1). Each line is plotted by

56

varying technical risk (different Y). In an experiment,
simulation was run for 5, 10 and 20 years. Note that in
early years, investment in high market risk does not
yield a high return. Making a big bet on high market
risk product when the R&D phase is not completed
does not pay off. While the project still needs time to
complete, the market may fluctuate unpredictably.
Therefore, it is not recommended to take high market
risk in an early phase of investment. Nevertheless, in
the long run, higher market uncertainty projects
provide higher return.
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Figure 7. Risk-return for various market risk (X)
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Figure 8. Risk-return for various technical risk (Y)

Figure 8 compares portfolio with different
technical risk exposure, that is when the portfolio is



mostly allocated for high, medium and low technical
risk (Y is 0, 0.5, 1 respectively). From the results, an
effective portfolio management is to invest in high
technical uncertainty projects in an early phase. This
result reflects the argument “fail fast, fail cheap, try
again” because we have options to stop and later
restart if the project seems to go unprofitable.
Nevertheless, in the long run, portfolio should be strike
a balance in technical risk. This result is useful when
dealing with R&D projects in high technology domain.

5. Discussion and conclusion

This paper has proposed a quantitative model to
evaluate portfolio management of R&D investment
using the real options approach. The research aims to
study risk behavior that affects the R&D process. The
relationship between R&D investment and the market
and technical risk is analyzed through portfolio
analysis and the risk-return tradeoff.

Uncertainties of R&D projects are represented by
two dimensions of stochastic evolutions: the
investment cost involving technical uncertainty and the
future payoff involving market uncertainty. The study
focuses on the two critical stages of investment and
constructs a portfolio valuation model to analyze
tradeoff from investing in each type of options
characterized by different levels of market and
technical uncertainty. A sensitivity analysis is
performed on the risk-return tradeoff, and different
patterns of portfolio allocation are analyzed. The
simulation  results  provide  comparison  and
recommendation on an efficient portfolio management
of R&D investment projects.
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