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Preface

This book is a culmination of my experiences in a variety of companies I have 
worked in or consulted with during the past two decades, spread around 
life sciences, energy, technology, financial services, and other areas. In most 
cases, my focus has been financial analysis and planning related to invest-
ment decisions—project selection, design, portfolio management, mergers, 
and acquisitions. Often, I found significant effort expended in analysis—to 
precisely define cash flows and timings—as well as identifying proxies (simi-
lar transactions in the past) in an effort to determine an appropriate discount 
rate to calculate a net present value (NPV). I also found that scenario analysis 
is prevalent: to get a better feel for pessimistic and optimistic outcomes in an 
effort to improve decision quality.

However, when it came down to making a decision, much of the analysis 
was ignored. The eventual decision was largely based on qualitative aspects 
or “gut feel.” In some cases, the financial analysis was modified to support 
the decision made—either by changes in projected cash flows or the discount 
rate used. This led me to wonder why companies spend so much effort in 
financial analysis up front if the results of such analysis do not aid the deci-
sion. It occurred to me that discounted cash flow (DCF) analysis may not be 
fully capturing the rich details underlying the decision, and the responsible 
decision maker incorporates these details through qualitative considerations. 
The decision maker may be using the cash flow analysis to ensure that the 
assumptions are debated among various stakeholders, and that he or she is 
not missing anything “big.” The result of the DCF analysis itself may not be 
that relevant for the decision.

This pattern of financial analysis and decision making has been consistent 
in all industries to which I have been exposed. This has led me to believe that 
there is something inherently absent in the traditional methodologies that  
makes them less useful for decisions. Missing are two important consider-
ations: uncertainty and flexibility. Both of these attributes drive the value 
of an investment and are not systematically considered in traditional finan-
cial analysis. Since the decision maker intuitively knows this, he or she will 
attempt to incorporate these on top of a somewhat rigid NPV in an attempt 
to make the right decision and enhance the value of the company.

This led me to create a tool set that allows the incorporation of uncertainty 
and flexibility in investment decisions up front, but not to make it too complex 
so it defies explanation and inhibits effective communication. In doing so, we 
eliminate uncertainty in outputs (scenario analysis) but capture uncertainty 
in inputs: costs, timelines, risks, and revenues. Cash flows are not consid-
ered precise, thus eliminating significant time spent in data gathering and 
consensus building. Imprecise descriptions of cash flows are then married 
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with a rich understanding of future flexibility, focusing decision makers and 
analysts on the assumptions that drive economic value and determine the 
decision. The result is less time spent in data collection and the creation of 
complex spreadsheets and more time spent on the assumptions that drive 
the decisions, including uncertainty and flexibility. It allows the incorpora-
tion of the qualitative attributes of the decision problem and the gut feel of 
the decision maker, leading to an analysis that not only is useful in making 
the decision but also provides an effective communication tool for consensus 
building. I hope the reader will find this tool useful in reducing the time and 
effort needed to reach decisions and building consensus, improving decision 
fidelity and communication, and enhancing the value of the enterprise.
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1
Introduction

This book is meant for anyone approaching investment decision making sys-
tematically and analytically when uncertainty and flexibility are present in 
areas such as life sciences, commodities, energy, technology, manufacturing, 
and financial services. Uncertainty typically exists in all aspects of invest-
ment decisions—timelines, costs, success rates, market potential—and is often 
ignored in traditional financial analysis and decision making. Flexibility means 
the ability to select, defer, abandon, expand, switch, and optimize among alter-
natives that drive current and future decisions. The term decision options is 
used to represent decisions that have option-like characteristics. Readers may 
be familiar with financial options (such as a call option on a stock). The price 
of a call option is driven by the uncertainty in the underlying asset (on which 
the option is based, such as a stock) and the inherent flexibility (the right but 
not the obligation to exercise) in them. Decision options are decisions in real 
life and on real assets driven by the uncertainty in the underlying assump-
tions and the flexibility in the nature and timing of the decision. The value of 
decision options is driven by the same parameters that influence the value of 
financial options. However, decision options are not single-standing options 
and cannot be solved by available closed-form formulas.

A decision is a specific action one can take in the present or in the future 
but not in the past. An option is a right but not an obligation to do something 
in the future. Decision options are generalized representations of a decision 
that may include financial and real options, cash flows, risks, swaps, switch-
ers, and other constructs that may or may not interact with each other. An 
option has economic value only if the parameters that drive it have uncer-
tainty and flexibility. Similarly, the decision options framework will reduce 
to traditional frameworks if either uncertainty or flexibility is absent. If flex-
ibility is absent but uncertainty is present, the issue will reduce to scenario 
analysis or Monte Carlo simulation. If flexibility is present but uncertainty 
is absent, it will reduce to decision tree analysis. If neither uncertainty nor 
flexibility is present, it will reduce to discounted cash flow analysis. Thus, 
decision options represent a super set of all the traditional techniques—dis-
counted cash flow, decision tree analysis, Monte Carlo simulation—typically 
deployed for financial analysis and investment decision making.

The book has a singular focus: economic value-based decision making that 
is normative (market based). The content is useful to analysts, managers, and 
decision makers involved in the selection, design, risk management, and 
portfolio optimization of investment opportunities. It is also an introduction 
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to students of business and finance at the graduate level. It can be assigned 
reading for business courses in the area of strategy, valuation, risk manage-
ment, and decision making.

Chapters 2 and 3 contain a qualitative introduction to decision options. 
Those who are well versed in decision theory and real options can skip these 
and proceed directly to Chapter 4. In Chapter 2, I introduce decisions and 
options and describe how they are related. Chapters 3, 4, and 5 contain the 
introduction of decision options and the quantitative treatment of private and 
market risks. Chapter 3 illustrates how decisions can be viewed as a combi-
nation of three fundamental entities: options, predetermined outcomes, and 
risks. Chapter 4 describes in detail what risks can be characterized as private 
risks, how they relate to decisions, and how they can be captured and repre-
sented in decision problems. Chapter 5 explores market risks and the use of 
stochastic processes to represent them in decision problems.

Chapter 6 contains an introduction to self-standing options such as finan-
cial options and options pricing theory. This chapter touches on risk-neutral 
pricing of options and the assumptions underlying financial options pricing. 
It also provides a brief introduction to the Black-Scholes equation, a closed-
form solution for single-standing options when the underlying asset follows 
a specific price process called random walk.

Chapter 7 describes how decision options are different from single-stand-
ing financial options and why techniques of financial options pricing do not 
directly transfer to the decision options world. An introduction to a software 
tool, Decision Options Technology (DoT), is provided in illustrating how to 
formulate, model, and solve simple decision options problems. Chapter 8 
deals with a special case of decision options in pricing employee stock options, 
something that has characteristics of both financial and decision options.

Chapters 9–12 deal with case studies of practical applications of decision 
options. We look at applications in different industries such as pharmaceu-
ticals, energy, manufacturing, and financial services. Chapter 9 deals with 
life sciences, including pharmaceuticals, biotechnology, and devices. This is 
followed by technology and manufacturing examples in Chapter 10. Chapter 
11 provides examples from the different world of commodities, including 
publicly traded metals and energy. Finally, Chapter 12 provides an assort-
ment of cases in financial services including venture capital, incentives, and 
hedging using financial instruments.

In Chapter 13, some of the common misperceptions that exist around the 
term real options and the use of it in decision making are discussed. Chapter 
14 deals with the impediments that currently exist in large companies for the 
systematic practice of decision options. These include academic challenges 
as well as many practical issues that one has to overcome in the quest to 
move organizations to consider uncertainty and flexibility in decisions.

Finally in Chapter 15, I provide a qualitative assessment of how organiza-
tions have changed and what they have to focus on to become successful in 
the future.
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2
Decisions, Options, and Decision Options

We all make decisions. Sometimes we make them without much thought, 
and sometimes we spend a lot of time analyzing. For example, the decisions 
made by a batter in a baseball game are taken rapidly, possibly based on 
information on the pitch as well as other information such as the style of the 
pitcher, weather conditions, and the state of the game. On the other hand, the 
decision made by Intel to site a new manufacturing facility in South Korea 
was taken after considerable analysis. Such an analysis may have considered 
market conditions, price and margin expectations, cost characteristics, cur-
rency expectations, country risk, technology trends, as well as the possible 
actions of the competitors and the governments.

Some of this information is not precise; some is no more than a guess. But, 
imprecise information is always better than no information, and decisions 
based on imprecise information are better than random ones. It is possible 
that the idea of “imprecise information” gives many in business an uncom-
fortable feeling. This is because the existing analytical framework requires 
deterministic data, and we grew up in a world where imprecision or uncer-
tainty was always considered “bad” and to be avoided in decision making. 
This led us to analyses that need deterministic and precise data—a single 
number to represent an input.

However, outside the corporate environment, many are more comfortable 
using imprecise information in decision making. For example, we almost 
always make decisions based on imprecise information in our personal lives. 
The decision to carry an umbrella on a trip is a decision based on available 
but imprecise information. There are big decisions, such as the decision to 
move from one job to another, the decision to buy a home, the decision to 
return to school, the decision to get married, the decision to have children, 
and the like. There are also less significant decisions such as what to have 
for dinner, when to exercise, and whether to travel by air or by car. In all 
cases, we are given some imprecise information, some based on past experi-
ence and some based on forecasts. The information gives us an assessment 
of various types of risks, and it may present us with choices or options. We 
may intuitively weigh the risks in various choices or perform a valuation of 
the choices considering costs, benefits, and risks to pick the best possible one. 
We may pick a choice that appears to be of the highest value and in some 
cases to be of the lowest risk. In any case, we all employ a “decision process” 
to reach a conclusion. If there is not enough time to employ a systematic 
decision process, as in the case of imminent danger, we may fall back on our 
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instincts, a sort of autopilot that takes over decision making, mostly driven 
by past experiences.

We all have differing decision processes to take imprecise information and 
reach conclusions. Some of us may be driven more by “intuition,” a feeling 
that one way is right compared to others, and some may be more analytical, 
with preference for detailed analysis before reaching a decision. There are 
many different types of intuitive decision makers also; for some, intuition 
is based on experience accumulated from the better or worse outcomes of 
decisions made in the past in similar situations. For others, intuition may 
be merely a feeling uncluttered by experience or historical data. There are 
many different types of analytical decision makers as well; some may reduce 
imprecise data to more deterministic figures and use them to reach conclu-
sions. For others, imprecise information allows a probabilistic understand-
ing, and decisions are made by minimizing risk or maximizing value. Some 
of these analyses are not necessarily mathematical but may depend on other 
senses, such as decisions made from visualization of the imprecise informa-
tion. Such decisions may depend on pattern finding and comparing such 
patterns to past experiences. The brain is a complex and fascinating machine, 
able to digest and visualize imprecise information, guess optimally, and con-
clude fast.

The competency in decision making may have deep roots in human evolu-
tion. The ability to make good decisions would have been a very important 
survival skill: how much food to store or consume, where and when to hunt, 
where and when to sleep, whom to trust and whom not to trust, and more 
are all decisions that would have made a difference between life and death 
for Homo sapiens as they ventured out of the African savannahs. Those who 
had a slightly higher probability of getting this right than wrong survived. 
Over the ages, the selection process may have resulted in certain types of 
decision processes dominating others.

We cannot, however, assume that the decision processes most employed 
today are the best for two important reasons. First, selection acts on a bundle 
of characteristics exhibited by an individual; thus, any single competency 
cannot be selected optimally. This is one reason we have a variety of dis-
eases that were “selected” along with certain other attributes that were more 
important at certain other times. Second, the environment and the availabil-
ity and the type of information that existed tens of thousands of years ago 
were substantially different from today. So, all we can assume is that how 
our brains process information and reach conclusions may have an evolu-
tionary base, but what we did may not have been optimal then and is likely 
not optimal now.

One of the more difficult decisions for us is making judgments about 
another human being, whether it is in hiring, marriage, or in court. Although 
many may not admit it, there are certainly emotions generated by visual 
images such as the shape of the skull or face that get tangled up in other 
imprecise information as we make decisions. Pattern matching may be at 
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work here, perhaps based on recent experiences or based on evolutionary 
empiricism. Modern humans have gotten a lot better in recent times at coun-
teracting such forces, and we have “modernized” the decision processes to 
be more “objective.” In some sense, we have better human software that can 
mask these tendencies, but realizing that the hardware we possess, the brain 
itself, cannot change in such short periods of time (in the context of evolu-
tion) may be important in achieving a better understanding of our own deci-
sion processes as well as those of others.

The genealogy of decision processes is an important area for further 
research. Recent research shows that our genes predict who is likely to go to 
the voting booth and who may not. One cannot predict the candidate they 
may vote for from the genes, but the likelihood of the act of voting can be 
predicted. This indicates a possible hardwiring in our brains regarding deci-
sions and the act of decision making. Similarly, people from different loca-
tions and cultures may reach differing decisions when presented with the 
same data. Although the effect of training and experience (human software) 
cannot be removed in such experiments, the notion of the hardware design 
of the brain as an important aspect of decision process cannot be rejected.

Now, let us think about decisions systematically and create a nomenclature 
that I consistently follow through the book. A decision is a conclusion reached 
or action taken regarding a present or future event based on past, present, or 
forecasted information. This definition has the following implications:

	 1.	There are no decisions in the past. Decisions already taken are not 
decisions we consider in this context. As defined in finance, deci-
sions in the past are like sunk costs. They may have an impact on the 
decision at hand only through the information they generated in the 
past.

	 2.	Decisions may use past and present information that is observed. 
Decisions may also use forecasted information as necessary.

	 3.	Decisions may or may not result in an action. In all cases, decisions 
relate to a conclusion reached from the information used.

	 4.	There are no qualifications on the type of information used in reach-
ing decisions. Information can be imprecise, historical or forecasted, 
based on theory or empiricism, and based on data or opinions.

Let us look at some examples.
Consider the decision by an individual investor to buy a stock in the mar-

ket. The decision here is to buy or not to buy; this is a binary decision. It has two 
defined and opposite actions. This decision is not directly affected by a past 
decision to buy or not to buy the same stock or other stocks. This decision is 
taken today, and past decisions are not relevant. However, the information cre-
ated from a past decision can influence the present decision. One example of 
this will be the risk aversion of the investor. If the investor lost money buying 
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the same stock in the past, it may bias the current decision toward not to buy. 
The more relevant information for the current decision will be the financials 
of the company as well as future forecasts of the prospects of the company, its 
industry, and the overall economy. If you are a strict believer of the efficient 
market hypothesis (which proposes that the current price already reflects all 
known information), one could argue that the financials of the company do 
not matter as the current price already reflects such information. In this con-
text, forecasted information requires further consideration. To forecast infor-
mation, one has to follow a process. In most of the discussions here, I follow a 
normative process—one that is based on market expectations.

Now consider a similar binary decision, a decision to get married or not 
to get married. The information considered here is complex, and most of the 
information may be related to the other person in the marriage scenario. In 
certain cultures, it can get more complex as the scope of information may 
need to include families, clans, and in some cases entire societies. In any 
case, the basic elements remain the same. This decision has characteristics of 
an option; it gives the holder the right but not the obligation to act, assuming 
that the person considered for marriage is willing since the counterparty 
also has an option to reject the proposal. Since this action cannot be imme-
diately remedied (such as selling the stock later after realizing it was issued 
by a bad company), the option to delay the decision is more important in 
this case. If the information considered in reaching the decision is highly 
imprecise (or shows a lot of variability), it may be intuitive that the right to 
delay the action is more valuable. The higher the variability in the informa-
tion used to make the decision, the higher the chance that the decision will 
be delayed. There are costs of “exercising” this option as well as the present 
value of expected future profits from holding the asset (here the relationship 
with the spouse). In this case, the future profits may include the value of 
utility gained from companionship, availability of future options such as the 
ability to have children, as well as the incremental economic value gained 
by living together, which may include scale advantages in the purchase, pro-
duction, and consumption of food, housing, and transportation as well as 
tax advantages such as filing a joint tax return. The cost may include lack of 
freedom, and if the uncertainty in benefits and/or costs is high, the exercise 
of this option will be delayed. Both parties may continue the relationship 
longer in an attempt to gather more information (and thus reduce uncer-
tainty). If the marriage option is perpetual (does not have an expiry), it may 
never be exercised. However, the longer one waits, the lower the benefits. As 
both parties age, some of the expected benefits of the marriage may no lon-
ger exist; thus, there is a trade-off between the delay in exercise and the loss 
in benefits, somewhat like a call option on a stock that pays large dividends 
(and thus loses value).

To take this one more step, briefly consider the decision to commit sui-
cide. This is an ultimate “put option” with no chance of reversing the effects. 
Since it is a “perpetual put option”—perpetual until the natural death of the 
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person—such an option will only be exercised if the variability in future 
forecasts is zero. Alternately, if the present value of the future expectations 
of the individual is zero or negative, exercise of the put option may be opti-
mal. As expected, most people delay the exercise of this put option as long 
as possible.

In 1973, Fischer Black and Myron Scholes, then at the University of Chicago, 
discovered a closed-form solution to price financial stock options. A finan-
cial call option (called a derivative) on a stock gives its owner the right (but 
not an obligation) to buy one share of the stock (the underlying) at a pre-
scribed future time (expiry) for a preset price (strike price). The holder of 
the option will exercise the option at expiry only if the stock price at that 
time is higher than the strike price. If the stock price is lower than the strike 
price, the holder will simply walk away and let the option expire “out of 
money.” The now-famous Black-Scholes equation utilizes the geometric 
Brownian motion (GBM), also known as random walk in physics, to model 
the price process of the underlying stock and market equilibrium conditions 
in deriving the value of an option on the stock. The stochastic processes, 
including the GBM, are investigated in Chapter 5, and how the fundamental 
arguments in options theory are derived is shown. It is, however, important 
to note that the closed-form solutions, such as the Black-Scholes equation, 
are valid only under certain conditions, such as a single option on a stock, 
the price of which follows the GBM stochastic process. In most decisions, 
we have many options that interact with each other, and it is impossible to 
derive an elegant closed-form solution.

Often, the stochastic processes that drive the prices of the underlying assets 
may not follow the highly mathematically tractable GBM. A good example 
of this is the price of commodities such as oil. The price of oil is affected by 
both demand and supply, which are both dependent on the price itself. As 
the price of oil goes up, demand declines (aided by conservation and higher 
efficiency), and supply increases (as more production capacity comes on line 
enticed by the higher price). These tend to drive the prices down to a long-
run equilibrium level. If the price of oil goes down, the opposite happens, 
driving prices back up. This type of a price process is called the mean revert-
ing process (MRV), and an option based on this type of asset cannot be solved 
by the original Black-Scholes equation.

There are two types of simple options: American and European. The 
American type can be exercised any time before expiry, and the European 
type can only be exercised on the day of expiry. Options present in deci-
sions can be both types, and it is generally not optimal to exercise an option 
before expiry. One category of options typically exercised earlier than expiry 
is employee stock options (ESOs) given by companies to key employees as an 
incentive for performance. The idea is that ESOs are typically issued with a 
strike price equal to the current price of the stock and with an expiry date and 
vesting date in the future. The employee is free to exercise the option after it 
vests and before it expires. If employees have higher productivity and make 
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better decisions, the stock price of the company goes up, and the employees 
profit from the exercise of the ESOs given to them by the company. Since 
ESOs behave just like exchange-traded options, it is not optimal to exercise 
them before expiry if one can sell them. Since employees, typically, cannot 
sell ESOs, they may be forced to suboptimally exercise them prior to expiry. 
In many cases, a large percentage of the employees’ wealth may be tied up 
in these ESOs, and they may be forced to exercise them either to diversify 
their portfolios or to meet major expenses, either planned or accidental. The 
Financial Accounting Standards Board (FASB) recently made an accounting 
change that requires companies to expense these options in their financial 
statements. ESO valuation is described in detail in Chapter 8, taking into 
account past employee behavior, such as early exercise, as a function of stock 
price or time after award.

For the past decade, a debate has been raging among finance practitio-
ners involved in investment decision making. A few have been advocating 
something called real options as an alternative to the more conventional and 
well-known discounted cash flow (DCF) techniques, both for valuing invest-
ment opportunities and for choosing among such opportunities when faced 
with budget constraints. The term real options was coined in the late 1980s to 
describe decisions on real assets that show option-like characteristics. Since 
these are options on real assets (as opposed to financial assets), the term 
seemed appropriate. As shown in the many cases discussed in this book, real 
options represent a way of thinking about corporate strategy, and if appro-
priate, it is a technique for quantifying the value of corporate assets and 
strategies. Stylized and academic applications of real options, however, are 
not sufficient to make faster and better decisions in companies. Real options 
have to be removed from the shackles of academics and brought to the enter-
prise in an understandable format that is able to solve real problems.

In the early 1990s, Hewlett-Packard Company (HP) invented and imple-
mented a concept called “postponement.” The idea behind postponement is 
that it is better not to fully customize a product until the last moment, that 
is, until the consumer is ready to pick it up and pay for it. The managers 
responsible for the decision did not call the method real options, but they 
clearly understood the value of postponing certain aspects of the manufac-
turing process, such as product customization, and thus keep the options 
alive. They decided to delay the decision to customize. The product in this 
case was an inkjet printer in a box, including manuals, power cords, and all 
the other accessories. Once a printer had been put in a Japanese box with a 
Japanese manual and a 100-V power supply, it could be sold only to custom-
ers in Japan; at that point HP had lost the value of any postponement options 
as the company has already exercised those options.

The alternative approach, which HP began to put in place in the early 1990s, 
was to standardize parts and assemble them in stages, reaching higher and 
higher levels of customization only as they approached the eventual sale. 
Such progressive customization had the benefit of keeping the postponement 
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option alive (until it was optimal to exercise) while increasing standardiza-
tion upstream, which provided scale advantages in manufacturing. This 
simple idea of postponement also led to a complete rethinking of HP’s sup-
ply chains, including the location of manufacturing and assembly plants as 
well as warehouses.

Another example of real options is a software company that was develop-
ing software to help customize products in the computer hardware indus-
try. By making the software specific to computer hardware companies, the 
software company could develop the product faster, provide “hard-wired” 
custom features, and go to market sooner with a product tailor-made for 
the targeted segment. Alternatively, it could develop more generic software 
as a “platform” product that could be used across a variety of industries—
from furniture manufacturers to airlines. This platform product could then 
be customized as appropriate to the needs of the ultimate customer. After 
considering the choices, the company settled on investing in the platform 
technology and preserving the “option” to move into a variety of industries 
in the future. This decision, although somewhat delaying the market entry of 
the new software, significantly broadened its market potential.

A third example of real options at work can be seen at a large pharmaceuti-
cal company that was considering acquiring a prototype molecule from a bio-
technology company. The molecule was in the very early stages of research 
and development (R&D), and the question was how much it was worth. Since 
these transactions are quite common in the biotechnology industry, one 
would assume that similar questions had been asked and answered numer-
ous times in the past, and that formal valuation techniques had been devel-
oped as a result. This was not the case. Of course, companies engaging in 
these types of transactions have developed some “rules of thumb” based on 
trial and error and past experience. They are something like this:

	 1.	Pay as little as possible.
	 2.	Try to avoid royalties and give cash up front, if possible.
	 3.	See if there are comparable transactions in the past and, if so, take 

that price and reduce it by 25% as an opening bid.
	 4.	Do not pay more than a 25% premium over the prior price (if a prior 

price can be established).

The problem with such rules, however, is their failure to provide any clear 
guidance regarding what a reasonable price might be, especially when no prec-
edents can be established. It is also possible that a particular rule of thumb (such 
as avoiding royalties) resulted from a single bad experience in the past and is 
not a reliable guide for future decisions. A DCF analysis of the costs, revenues, 
and expected in-licensing terms (at the pharmaceutical company’s weighted 
average cost of capital) indicated that the molecule had a negative NPV (net 
present value). But, this result contradicted the intuition of the decision makers. 
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How could a product that showed such promise and had no legal issues have 
a negative value? Baffled by this result, they looked for answers but could not 
establish a normative process fast enough to help the transaction. So, they fell 
back on what is typically done in the industry: proxy pricing. This means that 
the deal terms are based on past transactions either within the company or with 
competitors. This is hard to do as new inventions in this industry are unique 
and may not have allowed usable proxies in the past.

Decisions with embedded options as described can get quite complex. For 
example, consider the R&D program in a pharmaceutical company. It is a 
long and daunting process, taking over a decade for an idea eventually to 
make it to a marketed drug after hundreds of millions of dollars in expenses. 
Typically, such programs are conducted in stages, often called phases. The 
duration, complexity, and required investments increase as the R&D process 
progresses. In each phase (or stage), a variety of decisions has to be made 
related to the manufacturing of the new chemical entity (the prototype 
chemical tried as a new drug), testing on animals and humans, and eventu-
ally filing for an approval from the Food and Drug Administration (FDA). In 
each phase, such decisions will result in an investment outlay. Actions taken 
in accordance with the decisions also result in new information. As new 
information arrives, we may want to change or rethink our strategy, and 
future decisions will be clearly be affected by the information revealed in 
past actions. For example, if we are unable to manufacture the new chemical 
in an economically viable fashion (companies may have a cost of goods sold 
[CGS] target for manufacturing based on the drug’s pricing power and over-
all market potential), we may decide to abandon it even if it shows promise in 
some of the animal experiments. Similarly, the experiments in animal mod-
els and occasionally in human models may have shown unacceptable toxic 
effects that may preclude the approval and marketing of the drug, and this 
may force abandonment of the program. There are also other types of less 
drastic changes that may need to be incorporated into the program in light 
of new information, such as redoing or redesigning experiments, delaying 
certain future experiments, and if we are lucky, accelerating the program to 
market. It is important to note that almost always the information we have is 
imprecise. So, often it is not precise data gained but rather a probability dis-
tribution of possible future events. In some cases, experiments are designed 
to narrow the uncertainty—tighten the distribution of probabilities. At other 
times, experiments may be conducted to tease out information that allows 
the drug to be designed to increase its scope and thus reduce uncertainty.

It may not be intuitively clear why someone will design a prototype to 
increase uncertainty in future outcomes. Note that the R&D process is a series 
of interacting options, and until the drug reaches the market, the company 
has future options to exercise. Uncertainty is valuable for options. The more 
uncertain the outcome, the more valuable options are. This may be counter-
intuitive to those who have gotten accustomed to choosing investments to 
always reduce uncertainty. This may be a good way to manage if there are 
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no future investment decisions (with options characteristics) related to the 
present one. But, in the presence of future decision flexibility, uncertainty 
can be good.

The following common themes are investigated in detail in other chapters:

	 1.	R&D programs are typically conducted in stages, each stage designed 
to reveal new information that may help managers make better deci-
sions in the succeeding stages.

	 2.	Arrival of new information may result in changes in the R&D plan, 
some drastic (e.g., abandonment of the entire program) and some 
less drastic, such as a delay.

	 3.	Most information gained is not precise. Information may be in the 
shape of a probability distribution of future events.

	 4.	Not all experiments are designed to decrease uncertainty, and some-
times reducing uncertainty is not necessarily optimal. We want to 
get information that reduces intrinsic uncertainty, but we may also 
buy information to allow us to design a prototype to increase uncer-
tainty in future outcomes.

I now expand the nomenclature with the introduction of some new items. 
I started with the definition of decisions in this framework and then intro-
duced options as part of that framework. The staged R&D process discussed 
is a complex decision options problem with many different and interacting 
options and uncertainties. Uncertainty (risk) is unbundled into private risks 
and market risks. For example, the price of a traded asset such as a stock of 
a technology company is subject to market risks (systematic risks) that are 
related to the broad economy as well as the company’s industry. The process 
also has private risks, such as the risk of losing a specific chip design patent 
the company holds in a lawsuit. The private risks (unique risks or unsystem-
atic risks) can be diversified away by holding a large number of companies 
in a portfolio. Intuitively, we can understand that the private events to which 
any specific company is exposed are not correlated to other companies; thus 
if there are many different companies in a portfolio, the shock of a private 
event can be diluted and, in the extreme, completely diversified (as there may 
be positive and negative shocks). As such, the private risks will not be priced 
by the market, that is no one will pay a premium to assume private risks as 
they can be costlessly diversified in a well-functioning and broad stock mar-
ket. The market risk (systematic risk), however, is correlated with the overall 
economy and thus cannot be diversified by having a large number of differ-
ing companies in the portfolio. For example, recession in the U.S. economy 
affects (in differing degrees) most companies in the economy and thus is a 
systematic or market risk.

In the decision options framework, private risks and market risks are 
treated differently just as in traditional frameworks such as the single-factor 
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capital asset pricing model (CAPM). Even though most companies practice a 
version of CAPM in discounting cash flows to determine the NPV of invest-
ments, it is generally applied in an ad hoc fashion without a clear delineation 
of private and market risks. In CAPM, systematic risks are captured in the 
discount rates and private risks in probability adjustments to the cash flows 
in the numerator. Often, in the practice of DCF analysis both private and mar-
kets risks are bundled into one with arbitrary adjustment to the discount rate 
to account for both together. In many cases, an internal rate of return (IRR) is 
calculated from the cash flows and then compared against a threshold level. 
An IRR generally incorporates private and market risks into a single number 
and is thus inconsistent with traditional theories such as the CAPM.

This can be made more personal by considering a real-life situation of a 
decision options problem with private risks embedded. Suppose you would 
like to buy a piece of land and construct an office building to rent to others. 
The decision to be made is how much to pay for the land today. Perhaps 
two options can be seen: the option to buy the land and then an option to 
construct the building. In the absence of any additional data, this decision 
options problem can be solved as two sequential and interacting options 
driven by market processes such as real estate prices and rental rates in the 
area. But, it is made more interesting by introducing a private risk. An exam-
ple of such a risk would be the probability of a zoning change. The land is 
currently zoned commercial, and there is a chance, say in 2 years, that the 
zoning will be changed to residential. Also assume that the land acquisition 
decision must be made in 1 year (the first option) and the construction deci-
sion in 3 years (second option). Between these two options, there is now a 
private risk—the risk of a zoning change—that is not associated with market 
processes such as real estate prices and rental rates. The chance of a zoning 
change is really at the whim of the county regulators, who are notoriously 
fickle and make decisions uncorrelated with the broad market. This deci-
sion option problem has two options connected by a private risk. For those 
who seek pain, additional private risks can be imagined, such as the risk of 
unearthing hazardous materials while excavating the land for the founda-
tion of the office building. Such a risk is also private and is unrelated to the 
market.

Some components of decisions can be represented as swaps or options to 
swap. For example, consider an electricity generation plant. First, consider a 
base load plant, a plant that operates continuously to provide a base level of 
power to the grid. The demand for power will always be greater than what 
is provided by the base load plants, and they have to operate without stop-
page. The plant is fired with oil and produces electricity that is supplied to 
the grid. If the price of electricity is greater than the cost of fuel and main-
tenance, the plant operator makes a profit. If not, the plant will run at a loss. 
Such a plant can be represented as a swap between electricity and fuel. If 
profits and losses every hour are examined, the transaction will be an hourly 
swap during the time of operation (until the next expected outage). If the 
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price of electricity is higher than the cost of operation (including fuel and 
personnel costs), the plant will make money. Otherwise, it will lose money.

We can also think of a peaking plant: a plant that produces electricity 
when demand is higher than what is supplied by the base load plants. Let’s 
make this interesting by introducing a dual-fuel plant; it can take both 
natural gas and oil as fuel. Also assume that this plant was designed to be 
flexible; this plant can be turned on or off at will. Now there is a very inter-
esting decision options problem. The plant operator can chose from gas or 
oil to fire the plant (the operator may use the cheaper fuel) and decide to 
operate or shut down, depending on the price of electricity. Electricity is a 
unique commodity that does not yet allow a very efficient storage mecha-
nism. This means that electricity needs to be used once produced or is only 
produced when there is a demand. This makes the electric grid a dynamic 
place where the price can wildly fluctuate. One does not want a power fail-
ure in the middle of a heart transplant operation, so if the demand is there 
and the supply is limited, price will climb. This is a custom-tailored situa-
tion for the operator of the dual-fuel flexible plant. Every hour the operator 
considers prevailing prices and decides to start the plant or shut down. 
If plant will be operated, a decision on which fuel to use also needs to be 
made. In many cases, there may be contracts and fuel hedges in place that 
maximize the overall profits of the company (that owns the plant). This 
may make the plant operating decision a very complex one. In any case, 
the plant can be visualized as a series of options to swap between electric-
ity prices and the lowest-cost fuel prices. The decision options framework 
allows a variety of such derivative instruments to interact in a complex 
decision process.

Now you are ready to explore the decision options framework—a frame-
work that allows better decisions to be reached systematically, to represent 
all components of a decision (e.g., options and risks) in a standardized fash-
ion, and to utilize a dynamic process to incorporate new information as it 
becomes available. Always remember the two important ingredients of a 
decision options problem: uncertainty in inputs and decision flexibility in 
present and future decisions. When uncertainty and flexibility are present, 
decisions will have options like characteristics, and traditional frameworks 
that ignore one or both fail to provide reasonable answers. The utility of a 
generalized framework that always considers uncertainty and flexibility will 
become obvious as we take this journey together.
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3
Decisions as Predetermined 
Outcomes, Options, and Risks

This chapter dissects decisions into three major building blocks: predeter-
mined outcomes, options, and risks. These three components form a deci-
sion options framework. We are only concerned about the future, and any 
decisions or occurrences in the past have no impact on future decisions. In 
the traditional financial jargon, the past may be considered as “sunk” and 
thus irrelevant for future decisions. Each of these components has distinctly 
different characteristics.

A predetermined outcome is something that is expected with certainty in the 
future. As many know, death and taxes fit this criterion well. Although there 
are no future events with a probability of 1.0, in the decision options framework 
these are outcomes that are “contracted” to happen. For example, if we enter 
into a contract that we pay somebody $1 now and the person pays us back $1.10 
in 1 year, both the cash outflow of $1.00 at time 0 and the cash inflow of $1.10 
at time 1 are predetermined outcomes. In the decision options framework, we 
further generalize predetermined outcomes and the time of occurrences as not 
constants but probabilistic. For example, we can enter into a contract by which 
we pay somebody $1 now (both time and amount are constants) and the per-
son pays us back an amount that is a sample taken from a normal probability 
distribution with an average of $1.00 and standard deviation of $0.50 at a time 
that is a sample from a lognormal distribution with an average of 1.0 year and 
a standard deviation of 3 months. In this case, the cash inflow in the future and 
the time of inflow are both probabilistic. Chapter 4 treats probability distribu-
tions in detail; it will suffice to remember now that a probabilistic outcome can 
also be a predetermined outcome as long as the characteristics of the distribu-
tion are predetermined. In this complex contract, we predetermined that the 
cash inflow will occur at a time that is a sample from a lognormal function 
with predetermined characteristics (average and standard deviation), and the 
amount of inflow is also predetermined as a sample from a normal distribu-
tion with predetermined characteristics (average and standard deviation). We 
assume that all contracts will be honored, and we live in a society with well 
established contract laws and property rights.

An option is a right but not an obligation to take certain action in the future. 
The action can be taken at a predetermined time (European option) or any-
time before a predetermined time (American option). For example, a con-
tract to pay $0.10 now for the right to claim $2.00 in 1 year by paying €1 is 
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an option that gives us the right to buy $2.00 for €1 in that timeframe. This 
option will not be exercised if the dollar continues its depreciation and the 
price of €1 is more than $2.00 in 1 year. If the price of €1 is less than $2.00, 
we will exercise the option and pocket the difference. This is a simple and 
self-standing option with no interactions and can be solved with available 
closed-form solutions.

The third component of the decision options framework is risk. Risk can 
come in different flavors. The most basic type of risk is a probability that an 
event will happen. For example, we can say there is a 50% chance that it will 
rain tomorrow where you live. So, the risk of rain happening (or not happen-
ing) is 50%. This is a binary event with a constant probability of occurring. 
In the traditional finance based on the capital asset pricing model (CAPM), 
we identify two distinct types of risks: systematic (market) and unique (pri-
vate). The term market is used throughout this book to mean the universe 
of all investable securities, and it has the same meaning as the market in 
traditional finance, the correlation against which determines the β in the sin-
gle-factor model of CAPM. It is sufficient to note that we are used to assum-
ing the Standard and Poor’s (S&P) 500 or the Wilshire 5000 index of traded 
stocks in the United States as a fair representation of the market. However, 
as the percentage of the World gross domestic product (GDP) created by the 
United States declines (in both nominal and real terms as the dollar loses 
value), it will increasingly become a less-accurate proxy for the “market.” 
In any case, the systematic risk cannot be diversified away, and the holders 
of this type of risk will expect a reward commensurate with the magnitude 
of the risk taken. The other type of risk is called a private risk. If the event 
is uncorrelated with the market (such as the probability of rain tomorrow), 
it can be fully diversified away by combining a large number of uncorre-
lated events. Since the outcomes of these uncorrelated events are unrelated 
to one another, the effect of one may be cancelled out by another, and thus 
the “portfolio” of a large number of such events will not have any private 
risk. For example, consider three uncorrelated events: the chance of rain, the 
chance of finding a parking spot close to the railway station, and the chance 
of finding a friend with an umbrella. If you set out to catch the train without 
an umbrella, the net effect of your getting drenched by the rain depends on 
the probability of all of the uncorrelated events. If it did not rain, you reach 
the train without any problem. If it rained but you secured a parking spot 
close to the station, you avoid an encounter with rain. If it rained and there 
were no parking spots close to the station but you found a friend with an 
umbrella, you accomplish the mission. With the availability of these three 
uncorrelated events, the risk of being drenched by the rain is substantially 
reduced. This portfolio effect of the ability to diversify uncorrelated risk is at 
the heart of the traditional financial theory.

In the decision options framework, private risks are incorporated in differ-
ent ways. Private risks can lead to a probabilistic outcome as discussed. They 
can also be incorporated into a time series as a sudden change (a jump). In 
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Chapter 5, stochastic functions (time series) such as random walk are detailed. 
A time series shows the value of a variable (such as the Dow Jones Industrial 
Average) over time. Readers may be familiar with time series charts shown 
in various business newspapers and on television. They show how a price 
has changed over time. It is easy to draw prices from the past (as we have 
already observed the prices), but forecasting them into the future is a dif-
ferent story. Although many pundits claim that they have perfect foresight 
predicting prices of stocks and commodities, the evidence for this is scant.

We can, however, create a price process that can model the future progres-
sion of prices. Such a process does not tell us the precise outcome in the future 
but can incorporate the characteristics of the expected evolution of prices in 
the future. One such process is the random walk. A random walk is expected 
to follow certain mathematical characteristics and does not include a jump. 
This is because most often prices evolve smoothly. However, a private risk 
(which is uncorrelated with the broad market) can be introduced into such a 
smooth process as a sudden deviation from the expected next value (a jump). 
For example, the Dow Jones Industrial Average may follow a random walk 
but can also show jumps (extreme events) such as the 9/11 disasters.

As mentioned, the decision options framework allows combining options, 
predetermined outcomes, and risks in making a decision. The framework 
is generalized to the highest level so that any combination of these com-
ponents that may interact with each other can be solved in a single frame-
work. Although interactions between predetermined outcomes and risks are 
easily incorporated with simple mathematics, interactions among options 
are a more complex phenomenon. Traditional finance based on the CAPM 
deals only with predetermined outcomes and risks. For example, when 
we calculate the NPV (net present value), we take cash flows (which are by 
definition predetermined) and adjust them for noncorrelated risks (private 
risks). Typically, we multiply a cash flow by the probability of that cash flow 
occurring and then discount the probability-adjusted cash flow by a rate that 
reflects the systematic risk of the cash flow discounted.

For example, consider an investment proposal that requires an investment 
of $100 now and expects a payback of $200 a year from now. The $200 that we 
expect back carries a systematic risk similar to the market (a β of 1.0). The β is a 
measure of systematic risk. The β (as shown in the next equation) is a function 
of the standard deviation of returns of the security σ and that of the market σm 
as well as the correlation of the return of the security with the market ρ:

	 β σ σ ρ= ( / )m

The β can also be expressed as the ratio of the covariance of the asset’s 
return against the market and the variance of market returns as follows:

	 βam a m mCov R R Var R= ( , )/ ( )
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Note that β depends on both how the securities returns are correlated with 
the market and the volatility (standard deviation) of the security’s returns. A 
security perfectly correlated with the market (correlation of 1.0) but showing 
volatility twice that of the market will have a β of 2.0. Similarly, a security 
that is showing volatility in returns similar to the market but a correlation of 
50% will have a β of 0.5.

Assume that the return expectation on a market portfolio is 10%. This 
means that if we buy all securities in the exact proportion as in the “mar-
ket,” we expect to make a return of 10%. If we can find a single security that 
is perfectly correlated with the market and shows variance similar to the 
market, such a security will have a β of 1.0 and thus an expectation of return 
similar to the market (10%). Further assume that there is a binary event that 
may happen 6 months from now. This event either maintains the cash inflow 
expectations or drops that to zero catastrophically. Note that $200 is an expec-
tation—an average of all possible payoffs that can occur in various future 
states of the market. In this case, we can express net present value as

	 NPV p r= − + × +100 200 1/( )

where p = .5 and r = 10%
All of the parameters in the NPV equation are predetermined. In the pre-

ceding NPV equation, the cash flows are presupposed to occur with certain 
probability. We accept the cash flows as they come; we do not have any flex-
ibility to modify them based on a future state (no optionality). This does not 
mean that the cash flows are definite to occur or do not carry any risk. In fact, 
the $200 payback is not at all ensured. It carries two types of risks: the risk of 
a catastrophic failure resulting in a $0 payback (regardless of the state of the 
market) and the risk of an outcome of more or less than $200 as a function 
of the state of the market. However, we assign specific factors representing 
these risks today (we adjusted the $200 expectation by 50% to account for 
the binary event and then discounted the probability-adjusted cash flow by 
10% to account for the market risk) and calculated an NPV assuming that we 
have no flexibility to change them in the future.

Options are different. Options allow us to pick a more favorable cash flow 
in the future depending on a future state. For example, consider a modified 
investment proposal that requires a payment of only $10 today for the right 
to make a decision to buy the payback 1 year from now at a cost of $200. The 
probability of the binary event is maintained as before. As before, we can 
write the following NPV equation:

	 NPV p OptionValue= − + ×10

where p = .5
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We need to now calculate the option value, the value of the option today 
to buy the future payoff of the project at a cost of $200. In options parlance, 
$200 is the “strike price”. We have 1 year to “exercise” this option. What we 
get (“asset”) is a cash flow that is expected to be $200. In the real world, the 
project payoff (asset) can take on a variety of values based on the state of 
the economy. For the traditional NPV calculation, the possibility of a variety 
of values for the project payoff was not relevant as we were only interested 
in the expectation (or average payoff). The shape or the distribution of the 
payoff was also of no consequence; the average was sufficient to calculate the 
NPV. However, in the case of the current example that includes an option, the 
average is not enough as we have the right (but not an obligation) to exercise 
the option in the future after having observed the state of the project (and the 
market). This gives us the flexibility to alter the cash flow in our favor.

Options pricing is discussed in more detail in the succeeding chapters. It 
is sufficient to remember now that when options are present, the distribution 
of the future payoff figures in the valuation as well. To make matters more 
interesting, if multiple options are present in the same decision options prob-
lem, they interact with each other, and such a problem cannot be solved with 
closed-form solutions such as the famous Black-Scholes formula for options 
pricing. It is also worth noting that closed-form solutions for options pricing 
have constraining assumptions such as the stochastic characteristics of the 
underlying cash flow (the project in our example) and are not universally 
applicable. In the decision options framework, we generalize all factors that 
affect the price of the option as well as the factors that affect predetermined 
outcomes and risks.

To summarize, the decision options framework is a generalized frame-
work that allows the solution of any combination of options, predetermined 
outcomes, and risks. All three of these constructs have meaning that is much 
more general than what is traditionally meant by them. For example a pre-
determined outcome just means that the characteristics of the outcome are 
predetermined, and we have no optionality (flexibility) to alter them in the 
future. Risks encompass all types—correlated and uncorrelated to market. 
Options include future decisions that have flexibility, and they can be based 
on evolving parameters that show uncertainty of many different kinds.
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4
Private Risks and Probabilities

A private risk is uncorrelated with the market. The risk of rain tomorrow and 
the risk of an accident at 5:00 p.m. today on Interstate 95 are private risks 
(unique risks). Equally unique is the risk of the failure of a dam or the risk 
of obtaining unfavorable data in a clinical experiment on a particular drug 
of a pharmaceutical company. These types of risks are not related to what 
is happening in the general economy. All the risks mentioned will have the 
same chance of happening whether the economy is in recession or growing 
rapidly.

The decision to carry an umbrella clearly depends on the risk of rain. We 
can incorporate this risk into our decision options framework as a binary 
outcome. A binary outcome has two possible states (it rains or it does not 
rain); one has a probability p and the other a probability of 1 − p of occurring. 
For example, we can look at how many days in the last 30 days it rained. If it 
rained 15 of the 30 days, the risk of rain is 50%.

Risks can also be on variables that can take many different values (not just 
binary). For example, we can plot the maximum temperature on all days in 
May in Manhattan for the last several years. We can create a probability dis-
tribution (or a histogram) of maximum temperatures.

Figure 4.1 shows one possible scenario. On the x axis, we have the tempera-
tures (°F); on the y axis we have the probability of that temperature occurring 
on any day in May. It shows an average temperature of 62°F and a tempera-
ture range of 45 to 90°F. This is a probability distribution of temperature. It 
also shows that it has a standard deviation of 9. We also calculated what is 
called higher moments of this distribution, such as skewness and kurtosis. 
The distribution shows a skewness close to 0 and kurtosis of over 5. Students 
of probability know that a normal distribution has a skewness of 0 and kur-
tosis of 3.

So, this temperature distribution shows skewness close to normal but a 
higher kurtosis (tendency to have thicker tails; higher probability of extreme 
events than what is expected if the temperature was normally distributed). 
A positive skewness (higher than 0) would have implied a tendency to have 
significantly higher than average temperatures than normal and a negative 
skewness (less than 0) the opposite. We can also draw out the cumulative 
probability distribution of the same temperature observations (Figure 4.2).

The x axis of Figure 4.2 shows the various outcomes of temperatures, and 
the y axis shows the cumulative probability of that temperature. Cumulative 
probability as represented here is the probability that the temperature on 
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any specific day is lower than a specific number. For example, the cumula-
tive probability for a temperature of 70°F is 85%. This means that there is a 
15% chance that the temperature on any specific day in May will be higher 
than 70°F. We can also create confidence intervals. For example, we are 90% 
confident that the temperature will be between 52 and 73°F.

Figure 4.2
Cumulative probability distribution of temperature.

Figure 4.1
Temperature histogram.
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The examples in this book deal with three primary types of probability 
distributions: normal, lognormal, and triangular. A normal distribution is 
the classical “bell curve” in statistics. This is sometimes also called Gaussian 
distribution and is totally symmetrical about its mean (average). Given in 
Figure 4.3 is a normal distribution function with average of 200 and standard 
deviation of 50. It has a skewness of 0 and kurtosis of 3.

We use the normal distribution when a large number of observations show 
a roughly symmetrical shape around an average. A normal probability plot 
can be used to assess the normality of a data set. The equation that repre-
sents the probability of an outcome in a normal distribution (also called the 
probability density function) can be represented as
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where µ = average, and σ = standard deviation.
A predetermined outcome may be a sample from a normal distribution. 

If we enter into a contract to pay $100 today and receive a sample from a 
normal distribution of average 200 and standard deviation 50 at 1 year from 
now, the value of the contract will be

	 NPV N r= − + +100 200 50 1( , )/( )

where N(200,50) represents a sample from a normal distribution of average 
200 and standard deviation 50.

Figure 4.3
Normal distribution with mean of 200 and standard deviation of 50.



24	 Decision Options: The Art and Science of Making Decisions

The discount rate r in this equation will be the risk-free rate as the project’s 
cash flow 1 year from now is uncorrelated with the market and hence car-
ries no systematic risk. Normal distributions may be used to represent items 
such as the probability of the total number of experiments needed to reach a 
milestone or the probability of finding a certain level of impurity in a chemi-
cal sample when a large number of previous readings showed a probability 
distribution that is roughly normal.

The second type of distribution that is typical in business problems is the 
lognormal function. The lognormal distribution is a single-tailed distribu-
tion of a random variable whose logarithm (to the base e) is normally distrib-
uted. In other words, if variable X is lognormally distributed, then ln(X) is 
normally distributed where ln represents the logarithm to the base e (natural 
logarithm). Figure 4.4 shows an example of a lognormal distribution with 
mean (average) of 1 and standard deviation of 0.5. It clearly shows a positive 
skew (in this case 1.7) as well as a kurtosis (thicker tail) above 8.0 (which is 
higher than the expected 3.0 for normal function).

The probability density function of a standard lognormal function can be 
represented as
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Figure 4.4
Lognormal distribution with mean of 1.0 and standard deviation of 0.5.
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Lognormal functions may be used to represent the time taken to complete an 
activity or the total cost to completion of an activity. If we enter into a contract 
to pay $100 today and receive a cash inflow of a sample from a normal func-
tion with average 200 and standard deviation 50 at a time that is a sample from 
a lognormal function with average of 1 and standard deviation of 0.5, the net 
present value (NPV) of this transaction can be represented as

	 NPV N r norm= − + +100 200 50 1 1 0 5( , )/( )log ( , . )

Since this cash flow is not correlated with the market, the discount rate r will 
be the risk-free rate (as β is zero).

A third type of probability distribution that may often fit historical data 
well is the triangular function. Although this is not as mathematically trac-
table as the previous two functions, it is simpler to visualize and understand. 
The probability density function of a triangular distribution looks like a tri-
angle, hence its name. For example, the probability density function given in 
Figure 4.5 is for a distribution that has an average value of 1, minimum value 
of 0.5, and maximum value of 1.5.

Let us further complicate the transaction described in which we elected 
to receive a sample from the normal distribution of N(200,50) at a time rep-
resented by a sample from the lognormal distribution, lognormal(1,0.5). 
Assume that the amount we receive is multiplied by a sample taken from a 
triangular distribution with an average of 1, maximum of 1.5, and minimum 
of 0.5. In effect, we are saying that the project payment may be reduced as 

Figure 4.5
Triangular distribution with mean of 1.0, minimum of 0.5, and maximum of 1.5.
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much as half, but we can also get a bonus as much as half of the project’s 
expected value based on the outcome of an external event. We can imagine 
this as a bonus structure in which we take the actual project cash flow and 
increase it (positive bonus) or decrease it (negative bonus). The NPV of this 
contract can be represented as

	 NPV tria N r= − + × +100 1 1 5 0 5 200 50 1( , . , . ) ( , )/( )lognnorm( , . )1 0 5

For a risk-free rate of 3.0%, the NPV distribution of this contract is as given in 
Figure 4.6 with an expected value of $95.

In this contract we deal with a private risk—the risk of a bonus (positive 
or negative). We also have two predetermined outcomes: the timing and the 
amount of the project cash inflow. We also do not have any optionality (flex-
ibility) as the entire problem is composed of predetermined outcomes and 
private risks.

It is worth mentioning that those who are used to applying the capital 
asset pricing model (CAPM) for financial analysis may be uncomfortable 
using the risk-free rate for discounting any cash flow. Remember that a strict 
application of the CAPM will require a discount rate based on the correlation 
of the asset in question against the broad market. If no correlation exists, the 
correct discount rate is the risk-free rate and not the weighted average cost 
of capital (WACC) of the company, which represents the average risk of all 
projects in the company. It is also worth mentioning that the WACC is not a 
suitable discount rate for a single project in the company unless that project 

Figure 4.6
NPV distribution of the contract.
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has the average risk of all projects in the company’s portfolio. The CAPM 
requires a discount rate commensurate with the risk of the project consid-
ered and not the risk of the portfolio (the company) in which the project 
resides. A large percentage of the discounted cash flow analyses conducted 
in corporate finance may use the WACC or a corporate prescribed rate (such 
as 10% or hurdle rate) in discounting cash flows from all projects. This is 
for convenience only. NPV created from discounting project cash flows at 
WACC will overvalue projects with a higher systematic risk (which requires 
a higher discount rate) and undervalue projects with a lower systematic risk 
(which requires a lower discount rate). Often, the cash flows of projects are 
arbitrarily adjusted to account for such disparity. Both the discounting at 
average discount rate and the subsequent adjustments of cash flows to attri-
bute systematic risk differences in projects take us away from the spirit of 
traditional finance theory, the CAPM.
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5
Market Risks and Stochastic Processes

This chapter introduces stochastic processes (time series) and explains how 
they are related to decisions as well as risks. First, let us revisit the tradi-
tional finance theory: the capital asset pricing model (CAPM), which is a 
single-factor model. As discussed previously in this book, the CAPM can 
be used to determine the necessary rate of return on an asset. The private 
risks of the asset can be diversified away and will not be priced by the mar-
ket, so the only relevant risk is the systematic risk that is represented by β. 
Mathematically,

	 E R R E R Ra f am m f( ) ( ( ) )= + −β

	 E Ra( ) = Expected return on asset a

	 E Rm( ) = Expected return on market

	 Rf = Risk-free rate

	 βam = β of asset a against market

	 βam a m mCov R R Var R= ( , )/ ( )

	 Cov R Ra m( , ) = Covariance between asset returns and market returns

	 Var Rm( ) = Variance of market returns

When we utilize the CAPM to price an asset, we need to calculate a β first. 
To do this, we need the covariance of the asset’s return against the market’s 
return as well as the variance of market returns. Note that the “market” is 
the summation of all investable assets and by definition nearly impossible to 
observe. So, a strict application of CAPM is impossible, but in most cases we 
select imperfect proxies for the market such as the Wilshire 5000 stock index 
in the United States.
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Let’s look at HPQ (Hewlett-Packard Company) stock as an example. 
Assume that Wilshire 5000 is a good proxy for the market. By using the daily 
returns of HPQ and the market, we can calculate a β. Assume that the β 
of HPQ is 1.4. Further assume that the expected yearly return on the mar-
ket is 8%, and that the risk-free rate is 3%. In this case, we can calculate the 
expected return on HPQ stock:

	 E RHPQ( ) % . ( % %)= + −3 1 4 8 3  = 10%

Figure  5.1 shows the price history of HPQ for 5 years. Clearly, in some 
years HPQ underperformed, and some other years it overperformed com-
pared to the expected return of 10% (based on the market benchmark and 
its own β).

The weak form of the efficient market hypothesis (EMH) developed in 
the 1960s at the University of Chicago asserts that the prices of all traded 
assets reflect all known information in the current price; thus, past prices are 
not useful in predicting future prices. This conceptually simple and elegant 
idea has stood the test of time. Although there are many challenges to the 
empirical validation of EMH, in a world with a large number of participants 
using widely available technologies, it is difficult to conceptually challenge 
the idea that all information gets reflected in the prices of traded securities 
reasonably quickly.

In this context, we can now investigate a stochastic process called random 
walk. Random walk is a general stochastic process (time series) in which the 
position of a particle (which is doing the random walk) in the next moment 
solely depends on its position now and some random variable. What posi-
tions the particle assumed earlier provide no additional information that is 
not available in its current position. A case of the random walk is called geo-
metric Brownian notion (GBM). GBM satisfies the requirements of the EMH 

Figure 5.1
HPQ stock price from 2003 to 2008.
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and has some elegant mathematical properties that make it very attractive as 
a model for the evolution of the price of any traded asset. The GBM stochastic 
process can be represented by the following differential equation:

	 dS S dt S dWt t t t= +µ σ

In simple terms, it means that the change in the price of the asset dSt 
depends on two factors. The first term, µStdt, is called the drift term. It is a 
function of the current price and a constant µ that is called drift. The second 
term is called the diffusion term and is a function of a constant σ that is called 
volatility, the current price as well as the derivative of the Weiner process 
(please see below). The analytic solution of the differential equation is

	 S S et
t Wt= − +

0
2( ) )µ σ σ

where
	 St	 =	 Value at time t
	 S0	 =	 Value at time 0
	 µ	 =	 Drift
	 σ	 =	 Volatility
	 Wt	 =	 N(0,1) t
	N(0,1)	 =	 A sample from a standard normal distribution (average = 0, stan-

dard deviation = 1) as shown in Figure 5.2. It has skewness of 0 and 
a kurtosis of 3.

The analytical solution of the GBM can also be expressed as follows:

	 Ln S Ln S t N tt( ) ( ) ( ) ( , )= + − +0
2 0 1µ σ σ

The random variable Ln S Ln St( )/ ( )0  is normally distributed with a mean 
( )µ σ− 2 t and a standard deviation σ t .

Let us revisit the Hewlett-Packard example. We derived an expected return 
for HPQ to be 10%. If HPQ stock is following GBM, it will show a drift of 
10%. Assume that the volatility of HPQ stock is 30%. With these two param-
eters, the drift (10%) and volatility (30%) applied on the current price of HPQ 
(assume 20), we can project future (possible) price paths for HPQ using the 
analytical formulation of the GBM.

Figure 5.3 shows 25 different stochastic simulations of HPQ price over 5 
years starting from the price of 20. The only two parameters needed to con-
duct this simulation are the drift and volatility and the assumption that HPQ 
price evolves according to GBM, a type of random walk. From this point, the 
terms random walk and GBM are used interchangeably to mean the GBM 
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stochastic process that is used to approximate the evolution of the price pro-
cesses of all traded assets.

To better understand why we use GBM as a proxy for price progression of 
traded assets, we have to revisit the EMH. The idea of efficient markets was 
first expressed by the French mathematician Louis Bachelier in his doctoral 

Figure 5.2
Normal distribution with mean of 0.0 and standard deviation of 1.0.

Figure 5.3
GBM stochastic simulation of HPQ price.
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dissertation, “The Theory of Speculation.” Nearly 65 years later, Eugene 
Fama at the University of Chicago published his thesis, revitalizing the idea. 
Five years later, Fama formalized EMH further and provided a review of 
both theory and evidence. He also provided three levels of the EMH: weak, 
semistrong, and strong forms.

The idea of efficient markets seems to create strong emotions in its propo-
nents and challengers. However, at the heart of EMH is a very simple notion. 
In the modern world, information travels fast and reaches the participants in 
the market of traded assets. Not all participants may reach the same conclu-
sion regarding the effect of such new information on a particular asset, but 
when there are a large number of participants (all trying to maximize utility 
but not necessarily completely rationally), the combined effect of actions of 
all participants moves the price of the traded asset to an efficient level. That 
is, the price reflects the information efficiently, and no participant can take 
advantage of new information to create arbitrage profits.

Let’s look at EMH in a more practical context. I am sure most readers of this 
book have invested in the stock market at one time or the other. If we watch 
any business show on TV, we find many experts able to “precisely” predict 
where the markets are going tomorrow, next week, and next year. Many are 
even able to “pick” specific stocks and predict where the prices will be in 
the future. In fact, there is an entire industry of buy-side analysts providing 
future prices (target prices) for all kinds of securities. It is nearly impossible 
to find an analyst admitting that he or she does not know what the price 
might be in the future. Most traders are confident in their predictions and 
their ability to make money on those predictions. In spite of this overflow-
ing wisdom of market gurus, evidence shows that few are able to “beat” the 
market indices on a consistent basis. Note that beating the market requires 
the calculation of a metric, α, that stands for risk-adjusted excess returns. 
Remember that if one bought a stock with a β of 2.0 and the market went up 
10%, the stock is expected to go up 20% (assume risk-free rate is zero). Raw 
returns are not sufficient to assess whether the stock picker has beaten the 
market. The return has to be adjusted for the risk and an excess return (α) 
needs to be calculated. It is true that some are able to create α sometimes, 
but the persistence of α is very rare. This means that we are in a world in 
which there is not much information advantage to market participants, and 
the prices are generally efficient.

For completeness, also understand the three levels of EMH as proposed 
by Fama. The weak form of EMH states that current prices reflect all past 
information. This means that the billions of dollars expended in technical 
analysis in predicting stock prices is a waste. Patterns in past prices do not 
hide any information (that is not already in the current price) and thus are 
not useful at any level in predicting future prices. The semistrong form takes it 
to the next step and asserts that all current information is already reflected in 
the prices. This means that the billions of dollars expended in fundamental 
analysis of the financial statements of companies represent a waste. Prices 
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adjust instantly to an efficient price as soon as a company publishes its finan-
cial statements; thus, any type of analyses of the financial data after they are 
already known to the market is not going to be useful in predicting future 
prices. The strong form of the EMH makes the analysis complete by asserting 
that any information (published or unpublished) is already reflected in the 
current prices. This means that not even insiders who may have proprietary 
information can take advantage of it. In other words, insider trading (which 
is illegal) is not really useful in creating excess profits.

Empirical evidence is strong for the weak and semistrong forms of EMH. 
The fact that many executives in recent times ended up in jail for insider 
trading (and making tangible excess profits) implies that markets are not 
quite strong-form efficient. However, we can comfortably assume that mar-
kets are semistrong efficient as persistence of overperformance is very rare 
among money managers and market forecasters who use both technical and 
fundamental analyses. This means that the current price reflects all the past 
and present information, and that only “new or unknown (insider) informa-
tion” will have a predictable impact on future prices. Since we do not know 
the nature and timing of new information that may arrive in the future, it is 
impossible to predict future prices of traded securities, such as the common 
stock of a company. In practice, new information arrives randomly; hence, 
the prices will also move in a random fashion. This may not be a comfort-
able thought to the many technical and fundamental analysts who make a 
living either by “charting” or by “financial statement analysis.” But, the fact 
that none of the experts has been able to “corner” the market proves that it 
is not that easy.

GBM satisfies the characteristics of price movement of a traded asset if the 
market for that asset is efficient and at least the weak form of EMH holds. As 
we have seen, GBM has two components: a drift component (constant) and 
a volatility component (random). We established the reason for the volatil-
ity component through the EMH. The drift term represents an “expected 
return” of the asset. Since there is a risk to any asset, nobody will hold the 
asset unless the asset is “expected” to return at a level commensurate with 
the systematic risk taken. As discussed, the expected return of an asset is 
dependent on the level of systematic risk (risk correlated with the market) 
in the asset.

	 ln( ) ln( ) ( ) ( , )S S t N tt = + − +0
2 0 1µ σ σ

where

	 ( )µ σ− 2 t 	=	Drift component that represents the expected return

	 σN t( , )0 1 	=	Random component that represents random arrival of new 
information

	 N( , )0 1 	=	Standard normal function
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From this point, assume that any traded noncommodity asset in the public 
markets follows GBM. This is a practical assumption and one that is well 
supported by both theory and empirical evidence.

There are certain classes of assets, such as commodities (e.g., crude oil), that 
show mean reversion to a long-run average value. For example, in the case of 
oil, mean reversion happens because higher current prices of the commodity 
attract higher levels of investments in exploration, which results in a higher 
supply in the future. This is coupled with lower demand aided by conser-
vation and diminished use. Both of these factors will dampen prices, pull-
ing them down to a long-run mean. Similarly, lower current prices result in 
underinvestment and subsequent lower supplies. Simultaneously, demand 
will increase as use increases and efforts on conservation decrease. This will 
drive up prices in the future. This tendency for prices to decline after they 
have risen and increase after a collapse is called mean reversion and is seen 
in the price processes of commodities such as oil. This is also the case for 
asset classes such as currencies and interest rate futures for similar reasons. 
The differential form of the arithmetic mean reversion process can be repre-
sented as

	 dS m S dt dWt t t= − +η σ( )

where
	 η	 =	 Rate of reversion
	 m	 =	 Long-run average
	 σ	 =	 Volatility
	 Wt	 =	 N(0,1) t

For the mean reverting stochastic process given, we can calculate a half-life, 
which is the time taken to retrace half the way to the mean value once the 
price has deviated from it. Mathematically, half-life can be expressed in the 
following way, where H is the half-life, and η is the rate of mean reversion:

	 H = ln( )/2 η

Given in Figure 5.4 is the yearly price of crude oil (inflation adjusted) from 
1949 to 2006. Also, Figure 5.5 shows the simulation of crude oil prices with 
the following parameters: $20 starting price, $20 long-run average, 20% vola-
tility, and 5-year half-life Throughout this book, we designate this type of 
mean reverting process MRV.

Note that mean reversion does not mean that prices will be pulled back 
fast to the mean. It really depends on the reversion rate (or half-life). The 
higher the reversion rate, the faster the price will move back to the long-run 
average. In the simulation, we assumed that the half-life was 5 years, which 
is sufficient to show significant excursions away from the long-run mean for 
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Figure 5.4
Inflation-adjusted crude oil prices from 1949 to 2006.

Figure 5.5
Stochastic simulation of crude oil prices for 56 years.
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extended periods of time. If the reversion rate is low, it will be difficult to 
differentiate the mean reversion process from its cousin, the GBM. However, 
most commodities have reasonably high reversion rates, and modeling the 
price processes of commodities such as oil cannot be done by GBM. In addi-
tion, interest rates and currencies also show mean reversion for other rea-
sons and typically cannot be modeled by GBM.

Interest rates also show mean reversion characteristics due to the expan-
sion and contraction of the overall economy and business cycles. Interest 
rates tend to rise (more demand for money) in rapid economic expansions. 
This will also be reflected in the monetary policy as the U.S. Federal Reserve 
(FED) may move to slow a fast-accelerating economy by raising borrowing 
rates for the banks or removing liquidity from the markets through other 
open market operations. The reverse may happen in economic contractions. 
Similarly, currency exchange rates also show mean reversion. Intervention 
by central banks is one reason. A central bank of a country may act to shore 
up its falling currency by buying it or slow fast appreciation by selling it. In 
an integrated macroeconomy, a depreciating domestic currency will result 
in stronger exports and improving current account surplus, which in turn 
begin to move the currency back to an equilibrium level. So, both the inter-
est rate and the currency exchange rates are typically modeled with mean 
reversion properties.

Another form of mean reverting stochastic process can be written as follows:

	 ln( ) (ln( ) ln( ))dS m S dt dWt t t= − +η σ

In this case, it is not S but ln(S) that is following the mean reverting process. 
As can be seen from the equation, ln(S) is mean reverting to Ln(m). We desig-
nate this type of mean reversion process MRL.

All three processes described thus far (GBM, MRV, and MRL) are smooth 
processes. There are no big moves from one time step to another. They do not 
“jump.” However, it is also possible to introduce jumps into these processes. 
The events on September 11, 2001 created a catastrophic move in prices 
of assets that will not happen in the type of smooth processes described 
thus far. We can accommodate this by adding a jump term in the stochastic 
process:

	 dS S dt S dW dqt t t t= + +µ σ

	 dq p pud N m sd= φ( , , ( , ))

where dq represents a jump in dt with certain probability p and a jump mag-
nitude of a sample from a normal density function with average m and stan-
dard deviation sd and with probability pud that the jump is up (positive).
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Similarly, we can introduce jumps in the mean reverting process:

	 ln( ) (ln( ) ln( ))dS m S dt dW dqt t t= − + +η σ

or

	 S m S dt dW dqt t t= − + +η σ( )

In these cases, the jump will be neutralized over time by the mean reversion 
effects. After the jump, prices will be pulled back to the long-run mean faster 
as they will instantaneously deviate from the long-run average significantly 
(more than what could be expected from a smooth process) and exert a pres-
sure opposite to the direction of deviation (for reasons previously explained).

It is also possible that when a jump occurs, the process fundamentally 
changes and assumes a different reversion rate and possibly a different long-
run average mean. One could imagine significant technology change result-
ing in a jump and simultaneously settling into a different price process with 
a new reversion rate and long-run average mean. We call these regimes. The 
price process may be in regime 1 with certain characteristics until it is met 
with a “shock” resulting in a jump that kicks the process to another regime 
2. In the new regime, the price process characteristics can be very differ-
ent from the preceding regime. If this is a tactical shift, yet another shock 
can reset the process back to the original regime. If the jump represents a 
permanent change, the process does not reset and continues in the current 
regime until another shock puts it in yet another new regime. For example, 
the shock related to the 9/11 events may have been a tactical regime shift 
for many assets—most of which reset back to long-run characteristics soon 
afterward. However, the financial shock related to the credit crunch and real 
estate collapse may have long-run effects on the U.S. economy. Regime shifts 
related to this shock may never reset, and this may have implications for the 
long-run growth and savings rate in the U.S. economy.

To summarize, if the weak form of EMH holds (as is the case in most 
empirical tests), we can model the price processes of traded assets using 
GBM as long as the asset does not have mean reversion. Mean reversion hap-
pens when the supply and demand of the asset (as in the case of commodi-
ties) respond to the current prices. As prices move higher, supply increases 
(due to increased investments) and demand declines (aided by conserva-
tion), forcing prices down (reversion to the mean). Similarly, when prices 
move lower, supply decreases (due to reduced investments) and demand 
increases (as conservation decreases), resulting in an upward thrust on 
prices. Without further rigor, we assume that all commodities are modeled 
using the mean reverting process. It should be noted that if the rate of rever-
sion is low, the process will be very similar to the GBM, and either will give 
reasonable results.
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6
Self-Standing Options and 
Pricing of Options

An option is a right but not an obligation to do something. A European call 
option on a stock in the financial market gives the holder the right to buy 
a share of stock (exercise the option) at a predetermined price (strike price) 
at a predetermined time (time of expiry). The holder of such an option is 
under no obligation to buy the share of stock or do anything for that mat-
ter. But, if the price of the stock is higher than the strike price when the 
option can be exercised, the holder of the option most likely will exercise 
it by paying the strike price for a share of the stock. In effect, the holder of 
the option can pocket the difference between the stock price and the strike 
price. But, if the stock price is lower than the strike price, the holder of 
the option will not exercise it and will let the option expire worthless. An 
option is valuable to its owner as the worst that could happen is that the 
option expires worthless. Since the price of stock does not have a technical 
upper bound, this difference between the stock price and strike price also 
does not have an upper bound (although the price of the stock is unlikely 
to exceed certain limits based on the characteristics of the industry and 
overall economy).

How can one price an option when it is bought or sold? Clearly, the value of 
the option depends very much on the price of the stock on which it is based. 
Consider a call option, which gives the right to purchase a share of stock at 
a future time for a prespecified strike price. The higher the stock price at the 
time of purchase of the call option, the higher the value of the call option 
will be. Similarly, the lower the strike price, the higher the value of the call 
option will be. Intuitively, it may also be clear that the more volatile the stock 
is, the more valuable the option is as well. This is because the “payoff” of an 
option is asymmetric. If the price is lower than the strike price at the time 
of exercise, the gain is zero. The gain is always zero regardless of how much 
lower the price is compared to the strike price—as long as the price is less, it 
does not matter. On the other hand, if the price is higher than the strike price, 
the gain is proportionately higher. Another factor that affects the value of the 
option is the time to exercise. The longer the time to exercise, the broader the 
range of possible outcomes of the stock price at the time of exercise. As such, 
the option value is also higher when the time to exercise is longer. Another 
factor that also affects the value of the option is the interest rate, the rate at 
which money can be borrowed. Why interest rates affect option pricing will 
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become clear once we have studied the option pricing techniques described 
in this chapter.

To understand risk-neutral pricing of options, consider the following styl-
ized example: Suppose we have a 1-year call option on stock XYZ at a strike 
price of $110. The current price of the stock is $100. Further assume that stock 
XYZ can only take two values in 1 year: It will either drop to $80 or rise to 
$125. This is a measure of volatility of XYZ, its tendency to go up or down. 
Although in real life the stock can take many different possible values, the 
problem is simplified in this stylized case. It can be shown that if the time 
step is made smaller and smaller, at the limit we can safely assume that the 
stock price moves to only two possible values. Call the state in which the 
price drops to $80 the “bad state” and the state in which the price moves 
up to $125 the “good state.” Since the call option has a strike price of $110, 
it will have a value of $0 in the bad state and a value of $15 ($125 − $110) in 
the good state. Remember that the call option gives the owner the right but 
not an obligation to buy one share of XYZ at $110. So, the option will mature 
worthless in the bad state, and it will be exercised for a profit of $15 in the 
good state.

Also assume that the interest rate is 10%. We can now create a synthetic 
option, something that will have the same payoff in the bad and good states. 
We do this by creating a bundle that has one share of stock and $72.70 in debt 
(we borrow $72.70 at an interest of 10% per year). This bundle currently is 
worth $27.3 ($100 [current price of stock] − $72.70 [borrowed money] = $27.3). 
Think of this bundle as a security that has two components (which always 
go together). In this case, the two components are one share of stock and the 
obligation to pay back $72.70.

Look at what this synthetic option will be worth in the future. In the good 
state, the price of the stock moves to $125, and we have to pay back the bor-
rowed money with interest ($72.70 + $7.30 = $80), so the synthetic option will 
be worth $45 ($125 − $80). In the bad state, the stock moves to $80, and we 
owe the bank $80 ($72.70 + $7.30), so the synthetic option is worth $0. This is 
very convenient as the synthetic option that we created with a share of the 
stock and borrowed money has the same payoff as three times the original 
option. Remember that the original option had a value of $15 in the good 
state and $0 in the bad state. If the synthetic option is three times as potent 
as the actual option, its current value also will be three times the value of the 
original option. If not, one can make arbitrage (no-risk) profits.

For example, if the synthetic option (stock + loan) is priced higher than the 
price of three options, one can sell (short) the synthetic option bundle and 
buy (long) three options. At maturity, this position will yield a profit regard-
less of the state of the economy. Similarly, if the synthetic option is priced 
lower, one can enter into a reverse trade by going long on the synthetic option 
bundle and short (write) the options and make guaranteed profit regardless 
of the state of the economy. In efficient markets, such arbitrage profits (profits 
that carry no risk) cannot exist. We established that the synthetic option was 
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worth $27.3 today; hence, we can conclude that the original option is worth 
$27.3/3 = $9.10 as it has a payoff of ¹∕³ of the synthetic option bundle.

	 OptionValue Stock ice Loan= × −∆ ( )Pr

We call Δ the number of synthetic option bundles needed to pay exactly the 
option. In the example, Δ is ¹∕³.

	 OptionValue = × − =1 3 100 72 7 9 1/ ( . ) .

Why is this important? This simple stylized example gives us an elegant way 
to price options. We priced an option by creating a synthetic option (which 
included the underlying stock) and invoked a no arbitrage argument (i.e., bun-
dles of securities with the same future payoff characteristics should have the 
same price today). This is irrespective of the risk preferences of the investors, 
so we can now take an elegant leap forward and say that the mechanics of the 
options pricing will work under any risk. For example, we can price the option 
in a risk-free world, and we can safely ignore the risk characteristics of the 
stock.

Let us revisit the first example. Now assume that we are in a risk-free 
world where the risk-free rate is 10%. We can borrow and lend money at 
the risk-free rate of 10%. The risk-free rate is observable in the marketplace. 
Typically, we use the yield on 90-day T‑bills as a proxy for the risk-free rate 
as the chance of the U.S. government going bankrupt in such a short period 
of time is virtually zero.

In such a world, every asset will return exactly the same—the risk-free rate 
(we assumed this to be 10%). Remember that the stock dropped to $80 in the 
bad state and rose to $125 in the good state. So, the return in the bad state is 
−20% and the return in the good state is 25%.

Since the expected return on the stock (and every other asset) in this world 
is 10%, we can calculate the probability of the bad and good states occurring. 
Say that p is the probability of the good state. This means that the probability 
of the bad state will be (1 − p) as there are only two states.

	 10 25 1 20% % ( ) %= × + − × −p p

	 p = 67%

This means that there is a ²∕³ chance that the future state will be good and a ¹∕³ 
chance that the future state will be bad. Since the price of the option is $15 in 
the good state and $0 in the bad, the expected value of the option is $15 × 67% 
= $10. Since the return on all assets is the risk-free rate of 10%, today’s value 
of the option is 10/1.1 = $9.10, the same as the prior calculation.
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This simple example demonstrates that as long as we can create a synthetic 
bundle by combining the underlying asset with a loan that has the same pay-
off as the option on the asset, we can price the option without consideration 
for risk characteristics. We can simply assume that we are in a risk-neutral 
world and price the option using the risk-free rate. In the stylized example, 
we assumed that there are only two possible outcomes, but this obviously 
is not the case for a real asset. We can now combine the idea of risk-neutral 
pricing with the stochastic processes discussed.

In the discussion, we established that the price process of traded assets 
can be assumed to follow geometric Brownian motion (GBM). This assump-
tion satisfies the efficient market hypothesis. GBM in a risk-neutral world 
will have a risk-free drift. Remember that the GBM has two terms: a drift 
term and a volatility term. The price progression of an asset (such as stock) 
will have a drift commensurate with the expected return on the stock. The 
expected return on any asset in the risk-free world is the risk-free rate; hence, 
the drift of the price process followed also will be the risk-free rate.

Remember that the expected return is a function of the β (or systematic 
risk) of the asset. Hence, the real drift of the price process followed by an 
asset will be its expected return. However, to value an option on such an 
asset, we can deploy the risk-neutral valuation technique. We do this by pro-
viding a risk-neutral drift to the price process followed by the asset (assumed 
to be GBM). This is analogous to finding the probability of the good and bad 
states in the two-state stylized example.

Figure  6.1 shows the simulation of the price process of HPQ (Hewlett 
Packard Company) with a risk-free rate of 2% for a period of 1 year starting 

Figure 6.1
Stochastic simulation of HPQ price.
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with an initial price of $40 and volatility of 30%. Note that the volatility term 
has significant influence over the progression of the price process; thus, the 
actual drift of the simulated price process is difficult to ascertain just by 
observation. In some sense, it gets lost in the “noise.” In any case, the risk-
neutral simulation of the HPQ price is the input we can use to price an option 
on the stock. Assume that we are interested in pricing a call option on HPQ 
with the following characteristics: European option type (we can only exer-
cise at a specific time), 1 year time to exercise, and $40 strike price.

At this point, I would like to introduce the proprietary software called 
Decision Options Technology (DoT), which can be used to solve complex 
options problems. Figure 6.2 is a representation of the HPQ call option within 
DoT. The framework shown has the following constructs:

A pictorial representation of the option that shows its fundamental •	
characteristics: name of the asset, time to exercise, and strike price. 
The option is shown as a block with three bands; the asset is shown 
on the top of the block, the time in the middle, and the strike price 
at the bottom. The two gray handles on either side are for connect-
ing it to other entities. The name of the option is provided on the 
handle to the left. In this case, it is called Do1. The underlying asset 
for this option is the stock price of HPQ, represented as HPQ in the 
top band. The time to exercise is 1 year, as shown in the middle. The 
strike price is $40, as shown in the bottom band.

Figure 6.2
Decision Options framework for the representation of an option.
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The representation of the asset (in this case, a share of the HPQ •	
stock) with its fundamental characteristics: the type of price process, 
initial value, and its volatility. The term dostoch tells the program 
that the asset HPQ follows a stochastic process. No definition of the 
stochastic process is provided, so the program assumes that HPQ 
follows GBM. The initial value is the current price of HPQ, which 
can be observed in the marketplace, and volatility is a measure of 
how much HPQ price bounces around over time. The initial price 
(today’s price) is $40 (identified as “init”), and the volatility is given 
as 30% (identified as “vola”).

The representation of the risk-free rate (in this case, we assumed 2•	 %). 
This is represented as “doriskfree.”

Also provided are simulation parameters. The term •	 dosimulations 
represents how many simulations are to be run, and the term dot-
imesteps represents how many time steps are used in each simulation. 
By referring to the picture of a few sample risk-free simulations of 
HPQ (see Figure 6.3), you can see that each simulation (represented 
by a single line starting today and ending 1 year from now) is dis-
cretized into a large number of time steps. By using 1,000 time steps, 
we discretize the stochastic progression of HPQ into 1,000 steps, 
each representing approximately 36% of a day (365/1,000).

The definition of the option is now complete, and we can price this option 
using risk-neutral stochastic simulation. Note that this problem can be easily 
solved using a Black-Scholes equation, which is a closed-form solution for 
such single-standing financial options as this one. We return to why simula-
tion is a useful technique for options pricing as well as how to use the Black-
Scholes equation later in this chapter.

The 1-year option on HPQ stock at a strike price of $40 is priced at $5.20. 
If such an option traded in the marketplace, we expect it to trade at approxi-
mately $5.20. Options markets are not as liquid as the stock market, and the 
actual price may depend on liquidity constraints, but we have established 
that the efficient price of such an option is $5.20. If the option is priced higher 
or lower, it will represent arbitrage profits that will be quickly neutralized in 
efficient markets. With computers scanning the markets continuously look-
ing for such price discrepancies and eager to make markets “efficient” by tak-
ing away the arbitrage profits, it is difficult to find mispricing in large public 
markets.

How do we calculate the option price using simulation? First, we simulate 
the price of HPQ stock in a risk-neutral world with a risk-free drift (as dis-
cussed). For each simulation of the price process, we get a price at the end of 
1 year. If this price is above the strike price of the option (in this case $40), we 
exercise the option and get a value that is the difference between the stock 
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price at the end of 1 year and the strike price. We then discount this value 
using the risk-free rate back to today, which gives us the value of the option 
in that simulation. We then repeat this process thousands of times (50,000 
times in this case), and in each simulation we get a value for the option. We 
then take an expectation of all these values (by averaging them), which gives 
us the value of the option today.

We can visualize the risk-neutral payoff diagram in these simulations. 
Figure  6.4 shows the risk-neutral payoff distribution from the HPQ call 
option for 1 million simulations. The x axis shows the value of the option, 
and the y axis shows the probability of getting that value in a simulation. 
This is similar to frequency diagrams or histograms in which the value is 
shown on the x axis and frequency is shown on the y axis.

Note that this is the risk-neutral payoff and does not represent the actual 
payoff from the option. We solved the option problem in the risk-neutral 
world (using the replication and no arbitrage technique explained in this 
chapter) so that we do not have to worry about the actual risk of the stock 
and the option. Note that HPQ stock will have a risk commensurate with the 
systematic risk carried by Hewlett-Packard equity (which is a function of 
its operating risk and financial leverage), which is certainly different from a 
risk-free rate. More important, the option on HPQ that will have significantly 
higher volatility (depending on the price of HPQ and the time to expiry) 
will carry systematic risk many-fold higher than HPQ itself. The systematic 

Figure 6.3
Pricing of HPQ call option using Decision Options Technology.
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risk of the option is nearly impossible to determine as it has a complex and 
asymmetric payoff in different states of the world.

However, the risk-neutral payoff is instructive in that we can get a feel for 
the probability of making money from buying the option. Figure 6.4 shows 
that approximately 50% of the time the option will expire worthless (this will 
happen if the HPQ price 1 year from now is at or less than 40). The remaining 
50% of the time, we will exercise and make some money from the option. A 
small percentage of the time, we will make large amounts of money, and the 
return from the option will be huge. Remember that the option is currently 
priced at approximately $5, so anything above $5 is money in the pocket, so 
a $10 payoff is a 100% return in 1 year. Be cautioned not to attach “real mean-
ing” to these numbers as these are from the risk-neutral simulation. In the 
real world, the actual payoff distribution will be slightly different. We are not 
assuming that HPQ has risk-free characteristics. We are just using the risk-
neutral technique to value the option on HPQ.

Now, also look at what impact the parameters of the stochastic process 
defining HPQ (its initial value and volatility) have on the option value. The 
two parameters that affect option value are the initial price and the volatility 
of the underlying asset (HPQ stock), assuming that everything else such as 
the strike price, time to expiry, and interest rate remain the same. We can run 
an impact analysis to accomplish this. To assess the impact of one param-
eter, say volatility, we keep everything else the same and change volatility (a 
bit higher and a bit lower) and value the option. Figure 6.5 shows that a 1% 
increase in volatility (from the assumed 30%) increases option value by 0.9%. 
It is nearly symmetrical on the downside; that is, a 1% reduction in volatility 

Figure 6.4
Risk-neutral payoff from HPQ call option.
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reduces option value by 0.9%. This allows us to understand how the valua-
tion will change if we were slightly off in our calculation of volatility. We do 
the same exercise for initial value. For a financial option, the current price 
can be observed in the marketplace, so it may not make intuitive sense to do 
an impact analysis. As we discuss in this book, for real assets our estimate 
of initial value of the underlying asset is an estimate as in many cases we 
cannot observe it in the market directly. So, understanding how the valua-
tion changes as the assumption of initial value changes will help us assess 
the robustness of our conclusions and decisions. In this case, we find that 
the option value increases by nearly 6% by a 1% increase in initial value. On 
the downside (i.e., if the initial value is less by 1%), the value drops only 3% 
(less than in the case on the positive side). Remember that the downside risk 
is eliminated for options. If the option matures out of the money, it does not 
really matter how far below the strike price the stock price ends. The option 
will not be exercised, and the payoff will be zero. On the upside, however, it 
does make a difference how much more the stock price is as the gain from 
options exercising is the difference between the stock price and the strike 
price.

Note that we obtain these results from simulation, so a large number of 
simulations and time steps may be necessary to get precise values. Also 
note that the “impact” of a parameter on option value is not linear. So, the 
results above make sense only within certain ranges of changes. For most 
cases involving decision options on real assets, we have an idea how far off 
we may be on the assumptions (in other words, we may have optimistic and 

Figure 6.5
Impact analysis on options price.
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pessimistic scenarios that will bound the limits of input variability). To bet-
ter understand how the option value changes as the value of the stochastic 
parameter changes, we can run a sensitivity analysis. For example, Figure 6.6 
shows the results of the sensitivity analysis of volatility.

In the previous problem, we assumed that the price of HPQ follows plain 
vanilla GBM. Now let us introduce some jumps into the process. Assume 
that there is a 50% probability that a jump will happen before the matu-
rity of the option. If a jump happens, the stock loses 20% of its value. We 
also assume that in 90% of the cases, such shocks are negative (price drops). 
In 10% of the remaining cases, the stock rises by an equal amount (20% of 
the price just prior to the jump event). One could imagine such price moves, 
such as when the company disappoints in earnings due to unforeseen events 
from what the market expected. Note that these are simplified assumptions 
of more real-world cases as it is impossible to precisely determine either the 
probability of a jump or the magnitude of the jump as these occur due to 
unforeseen events. As we will see, we can estimate certain characteristics 
of such jumps based on historical data, especially if the characteristics are 
driven by repeating events.

Some have pointed out the erratic behavior of stock prices at the release of 
financial results of the company as evidence that markets are not efficient. 
Academic studies have shown that such market adjustments to release of 
financial statements are complex as they have to take into account changes 
from financial expectations that existed prior to the release of the informa-
tion, possible signaling effect by management, and possible discounting of 

Figure 6.6
Sensitivity analysis of volatility.
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the market’s expectation of management competency that exists at the com-
pany. Remember that if markets are weak-form efficient but not semistrong 
efficient, the prices can (and will) change as the company releases informa-
tion unknown to the market. A jump process (an instantaneous change in 
price as new information is released) confirms that the market behaves as 
expected. Further analysis of the company’s financial analysis may not help 
make excess profits as the change is instantaneous.

We can visualize the HPQ price process with jumps as shown in 
Figure  6.7. In this case, we assumed that there is a 50% chance that the 
jump will happen in 1 year, and if the event happens the price will move 
20% up or down from the price just prior to the occurrence of the event. 
The jumps are also biased to the downside by providing only a 10% chance 
of a positive jump. You can see significant jumpy moves of the price in cer-
tain simulations.

Such a process that has a much higher probability of a negative shock to the 
asset price will decrease the value of the option. Let us price the 1-year HPQ 
option discussed. The possibility of the asymmetric negative shock substan-
tially reduces the value of the option (from $5.20 to $3.50; Figure 6.8).

Let us also briefly discuss a closed-form solution for self-standing options 
called the Black-Scholes equation. The Black-Scholes equation can be used 
to price options when the underlying stochastic process is GBM and when 
options have no interactions. This means that it is valid only for single options 
(not combinations of options that may interact). It also cannot be used when 
the stochastic process is not GBM and may show mean reversion character-
istics, as in the case of commodities. It also cannot be used when there are 
jumps in the stochastic process of the underlying asset.

Figure 6.7
Stochastic simulation of HPQ price with jumps.
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The Black-Scholes equation is as follows:

	 C S d Ke drT= − −φ φ( ) ( )1 2

	
d S K r T

T
1

2
= + +ln( / ) ( )σ

σ

	 d d T2 1= − σ
where
	 C	 =	Call price
	 S	 =	Stock price
	 K	 =	Strike price
	 T	 =	Time to exercise
	φ(d1)	=	Cumulative standard normal distribution (N(0,1)) = delta

Although the equation is somewhat intimidating, there is a simpler way 
to understand it. Remember our stylized risk-neutral valuation of the hypo-
thetical asset. We priced it by creating a synthetic option containing the 
underlying stock and a loan. The Black-Scholes equation is a representation 
of the process we used. The first term represents the stock and the Δ (the 
number of synthetic options needed to replicate the option payoff exactly). 
So, this is the current value of the number of stocks in our synthetic option 
bundle. In our stylized example, the Δ was ¹∕³.

Figure 6.8
Pricing of HPQ option with negative jumps in HPQ price process.
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The second term represents the loan, which is the present value of the 
amount we need to borrow to create the synthetic option bundle. Note that 
the loan is a function of the present value of the exercise price. The higher 
the exercise price, the more money we need to borrow to create the synthetic 
option. The current value of the option then is the difference between the 
value of stock in the bundle and the money borrowed, essentially the value 
of the synthetic bundle, multiplied by Δ. Just to understand how the mechan-
ics works, let us price the HPQ option we solved using simulation.

For the HPQ example, we have the following inputs: S = 40, K = 40, T = 1, 
r = 2%, and σ = 30%

	 d1 40 40 2 30 1
30 1

2
= + +ln( / ) ( % % )

%
 = 0.006

	 d2 0 006 30 1= −. %  = −0.294

	 φ( )d1  = Probability that a sample from N(0,1) will be less than d1

In other words, it is the cumulative probability of d1 in a standard normal 
function. Figure  6.9 indicates the cumulative probability distribution of a 
standard normal function. For d1 = 0.006, we can calculate φ( )d1  = 0.55 (Δ). 
For d2 = −0.294, we can calculate φ( )d2  = 0.43.

Figure 6.9
Standard cumulative probability distribution for Black-Scholes parameters.
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	 C S d Ke drT= − −φ φ( ) ( )1 2

	 C e= × − × ×−40 0 55 40 0 40 02. ..  = 5.14

The value of the option according to the Black-Scholes equation is $5.14 and 
is close to the value we calculated using the risk-neutral simulation method 
($5.20).

Let us also introduce another concept at this stage: the dividend. As intuition 
will tell us if the stock paid a dividend, its price will decline (as cash is returned 
to shareholders). So, an option on a dividend paying stock will be slightly less 
than one that does not pay dividends, keeping everything else constant. Let us 
return to the HPQ example and assume that Hewlett-Packard pays a dividend 
of 2% per year. We can incorporate this into the stochastic process by giving it 
a negative drift of 2%. Remember that in the risk-neutral world, the expected 
drift is the risk-free rate, so the negative drift will be applied after the positive 
drift of the risk-free rate. So, if the risk-free rate is more than the dividend rate, 
the stochastic process will still have a positive drift.

Mathematically, we can modify the differential equation for GBM by intro-
ducing the dividend δ as a modification to the drift term. In the risk-neutral 
world, µ is the risk-free rate, and the actual drift of the stochastic price pro-
cess will then be (µ – δ), which will be positive if the risk-free rate is higher 
than the dividend and negative otherwise.

	 dS S dt S dWt t t t= − +( )µ δ σ

Figure  6.10 gives the price of the option for HPQ when there is a 2% 
dividend yield (but not the jumps discussed previously). The option price 
decreases to $4.70 from the original $5.20 if the underlying stock pays a 2% 
annual dividend. The 2% dividend will result in $0.80 (based on the initial 
price) to be returned to shareholders and correspondingly reduce the stock 
price by that much. Note that the value of the option has not gone down 
by the amount of the dividend. This is because of the asymmetric payoff 
of options. If the option matures out of the money, it does not really matter 
whether the company issues a dividend. The option will not be exercised.

We can do a similar exercise for a commodity. To make a similar compari-
son, assume that we have an option to buy one barrel of oil at $100 a year from 
now. The current price of oil is $100/barrel with a volatility of 20%. The half-
life of oil is 2 years, and the long-run average expectation of oil prices is $60/
barrel. Current risk-free rate is 2%. What is the price of this option today?

We can price this option using the same techniques as the HPQ example. 
We can simulate the price process of oil in a risk-neutral world (Figure 6.11). 
In this case, the underlying asset is the oil itself. Because it is a commodity 
driven by supply-and-demand pressures (which are a function of the current 
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price), it exhibits mean reversion to a long-run average. In Figure 6.11, we can 
see the effect of mean reversion in oil price. Since the half-life is assumed to 
be 2 years, it does take significant time for prices to revert to long-run aver-
age after a big excursion from it. The current price of $100 is significantly 
different from the long-run average price of $60.

Figure 6.10
Valuation of HPQ option with dividend yield.

Figure 6.11
Stochastic simulation of oil price.
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As shown in Figure 6.12, this option is priced at approximately $2.40. Note 
that even though the long-run average price is a lot lower than the strike 
price, the current high price coupled with a half-life of 2 years results in a 
relatively high option value. This means that one is willing to pay up to $2.40 
for the right to buy one barrel of oil 1 year from now for $100.

In this example, we assumed that the price of oil mean reverts to the long-
run average (the stochastic MRV process). If we instead use the ln(P) as the 
mean reverting variable (the stochastic process MRL), we get a slightly lower 
value for this option ($1.60), as shown in Figure 6.13.

So, the assumptions on the stochastic characteristics of the oil price are 
quite important in pricing this option. The initial price is observed in the 
marketplace, and the volatility can be easily derived from historical prices. 
Derivation of half-life and long-run average mean values is more compli-
cated, and there are a number of numerical techniques available to do so. As 
in any valuation, it is always important to assess the sensitivity of assump-
tions to ensure the robustness of the valuation and conclusions made.

Commodities do not have dividends, but there is a similar concept called 
convenience yield. The discussion around convenience yields can get a bit 
theoretical, but it is sufficient to remember that convenience yield for a 
commodity happens because of the “convenience” of owning the physical 
commodity rather than a long futures contract on the commodity. You can 
imagine this as an option the holder has on the physical commodity; the 
holder can either consume it today or store it for the future. This “timing 
option” of when to consume is not available to those who are holding only 

Figure 6.12
Pricing of option to buy oil.
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futures contracts. They do not have the commodity (yet); they only have a 
contract to take delivery of the commodity at a future time. The holder of a 
physical commodity incurs storage costs. So, the convenience yield can be 
positive or negative.

When the convenience yield is positive, the futures price of the commodity 
will be lower than the spot price. This is called backwardation. This is typi-
cally the case for most commodities. In the case of crude oil, more than 75% 
of the time a futures curve shows backwardation.

We can now modify our mean reverting stochastic equation by incorpo-
rating convenience yield to “correct” the discount rate. Remember that the 
original equation is

	 dS m S dt dWt t t= − +η σ( )

The real drift of this mean reverting process is η( )m S dtt− , where η is the 
reversion rate, and m is the long-run average mean. Assume that the risk-
adjusted discount rate is µ as we used previously. As established, the conve-
nience yield δ will be a correction to the discount rate. Mathematically,

	 δ µ η= − −( )m St  

To price options, however, we need to simulate a risk-neutral mean reverting 
process. If the risk-free rate is r, we can then equate

Figure 6.13
Oil option with mean reversion in ln(P).
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	 r r m St− = − + −δ µ η( )

This allows us to modify the drift term in the mean reverting stochastic pro-
cess in a risk-neutral world as

	 dS r m S dt dtWt t t= − + − +( ( ))µ η σ

Practically, in the risk-neutral world, there is a correction that needs to be 
applied to the drift term. We subtract µ – r, where µ is the discount rate of the 
underlying commodity.

Commodities are driven by both demand and supply and thus exhibit low 
correlation with the broad market. Hence, we will assume that when we deal 
with commodities, the systematic risk of the underlying commodity is close 
to zero, and the discount rate is the risk-free rate. The correction described 
becomes zero, and we can simulate the price process without a correction for 
the risk-neutral valuation. We thus use a real risk-free discount rate of 0% for 
all commodities in this book.

Let us also value the option with positive shocks. Assume that within 1 
year, there is a 20% probability of a superspike in oil prices. The superspike 
doubles oil prices in a very short period of time. The reversion rate (and hence 
the half-life) and long-run average mean of the price process do not change, 
however. In the real world, a superspike may represent a significant change 
in the demand-and-supply characteristics of oil, and most likely many of the 
primary parameters of the process such as volatility, long-run mean, and 
half-life need to be modified. In this case, we assume that all of those param-
eters remain the same pre- and postspike. Figure 6.14 indicates the price pro-
cess with some scenarios showing the effect of superspikes and the price of 
the option in the presence of superspikes. Note that mean reversion is not a 
guarantee that prices will move back, and there can be situations when the 
superspike is followed by a continued move up. However, the further the 
price is from the long-run mean, the higher the force is to bring it down in 
subsequent periods.

The 1-year option is of significant value in this case ($19), as shown in 
Figure 6.15. A 20% chance of a superspike (defined as the doubling of price) 
increases the value of the option many-fold.

In summary, we can price individual options on a single asset, such 
as a call option on a stock, by simulating the price process of the stock 
in the risk-neutral world and taking the present value of the expectation 
of value at exercise. For assets that follow GBM, the Black-Scholes equa-
tion allows a closed-form solution to reach the same answer. However, 
the Black-Scholes equation cannot be applied when the price process of 
the underlying asset is not GBM or if the option is not single standing. 
In all cases, we can value an option on the underlying asset by risk-neu-
tral valuation. We use assumptions of replication (creation of a synthetic 
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bundle with the same payoff as the option) and no arbitrage to create a 
framework of risk-neutral valuation of options. When dividend or conve-
nience yield is present, the risk-neutral stochastic drift can be modified 
to account for it.

Figure 6.14
Stochastic simulation of oil price with superspikes.

Figure 6.15
Pricing of oil option with superspikes in oil price.
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Commodities generally exhibit mean reversion and do not follow GBM. 
Options on commodities can also be solved by simulating the mean reverting 
stochastic process in a risk-neutral framework. Since the correlation between 
commodities and market is low, we generally assume that the discount rate 
on the underlying is the risk-free rate.
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7
Pricing of Decision Options

We are now ready to tackle decision options—a general problem that con-
tains multiple interacting options, cash flows, private risks, and other enti-
ties. Options pricing theory was invented to price financial options. As we 
have seen, financial options are single-standing. When they are on assets 
such as stocks, whose price process follows geometric Brownian motion 
(GBM), we have a very convenient closed-form solution in the Black-Scholes 
equation. Both risk-neutral valuation techniques and the Black-Scholes 
equation rely on the assumption that we can invoke a no-arbitrage condition 
against a synthetic bundle, formed using the underlying asset and debt, that 
has the same payoff as the option and the option itself. As we discussed, in 
an efficient market, assets with the same future payoffs will be priced the 
same today.

In all the examples we considered thus far, we had only a single option 
on a single underlying asset. In the examples that follow, we analyze com-
plex option bundles that interact with each other. Throughout the book, we 
make liberal use of the software Decision Options Technology (DoT). DoT 
utilizes constructs that are predesigned to represent various types of deci-
sions (options), private risks, and cash flows. It also has a schema to describe 
underlying assumptions as well as reporting of results.

DoT analysis typically shows three areas. It shows the assumptions for 
the model on top, a graphical representation of the decision problem in 
the middle, and the entire valuation results at the bottom (Figure 7.1). The 
assumptions are generally divided into different areas. They largely fall into 
the following three types: stochastics (time series), probabilities or constants, 
and simulation parameters.

As explained, stochastics are used to represent tradable assets that are 
driven by market risks. Probabilities or constants are used to represent pri-
vate risks, predetermined outcomes, or time. Simulation parameters include 
number of simulations, time steps, discount rate, risk-free rate, and tax rate 
(Figure 7.2).

The model is a graphical representation of the decision problem being solved 
as shown in Figure 7.3. Each of the boxes in the picture represents a decision 
or private risk. A decision can be an option, cash flow (a predetermined out-
come), and as we see later, a swap or option to swap. As you have seen, the box 
representing a private risk is characterized by shading in the middle.

Information is provided on top, in the middle, and at the bottom of the box. 
In the case of decisions (options, cash flows, and swaps), the top represents 



60	 Decision Options: The Art and Science of Making Decisions

Figure 7.2
Decision Options input schema.

Figure 7.3
Decision Options model schema.

Figure 7.1
Decision Options Technology (DoT) software schema.
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the asset (what you get by making a decision or in the case of a cash flow 
what is given to you), the middle represents the time available to make a 
decision or receive a cash flow (in all examples described here we use years 
as the unit of time), and the bottom represents a cost (on which you have an 
option to pay—the strike price—in the case of options and swap and what 
you have to pay in the case of a cash flow). For private risks (as represented 
by boxes with the shading in the middle), the top represents a risk, and the 
middle represents time in years. The risk can be a discrete probability or a 
probability distribution. The distributions can be of any type, including a 
binary outcome that takes a value of 1.0 or 0.0 as in the case of life sciences 
experiments that reveal information that results in a complete abandonment 
of a program due to unacceptable drug toxicity.

A decision sequence moves from the left to right. The total duration of the 
decision problem is the sum of all the time (in years) shown in the middle of 
all boxes (whether decisions or private risks). The time in each box represents 
the available time from the end of the previous decision or risk to the one 
being considered.

In some cases, models may also include a decision tree-like construct as 
shown in Figure 7.4. These constructs are not decision trees but are decision 
option trees. Some of them may be “OR” or “AND” trees that allow decision 
flexibility in decisions, and some of them may take probabilities or prob-
ability distributions and will act like private risks. So, the tree constructs can 
represent optionality or just private risks.

In combination, this framework and constructs of the software provide com-
plete modeling functionality of most known decision problems with many 
different types of uncertainties and decision flexibilities. They also allow 
users to switch off “uncertainty” or “flexibility” to better understand how 
these attributes affect their decisions. It should be noted that switching off 
flexibility in a decision options tree will make it act like traditional decision 
trees with uncertainty and will allow the user to create probability distribu-
tions of discounted cash flow (DCF) net present value (NPV) using traditional 

Figure 7.4
Decision Options tree schema.
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Monte Carlo simulation. By switching off uncertainty, decision options trees 
will behave as traditional decision trees in decision tree analysis (DTA), and 
if the tree structure is not present, they will reduce to traditional DCF analy-
sis. Thus, this framework allows the user to learn the effects of constraining 
assumptions in traditional methodologies as well as to make better decisions 
considering all available information: uncertainty and flexibility.

Now let us consider a new type of security called MSIBM. This is a com-
bination option. It gives you an option to buy one share of IBM in 1 year at a 
strike price of $120. If you do exercise that option, 1 year later you can make 
another option exercise decision. This time, you have the option to exchange 
an IBM share for four shares of Microsoft.

IBM’s price today is $120 and shows a volatility of 20%. MSFT’s price today 
is $30 and shows a volatility of 25%. The risk-free rate is a bargain 2%. What 
is the value of this option today? Figure 7.5 is a representation of this decision 
option. The two blocks in the diagram represent the two options. These two 
options are sequential; that is, the holder of this instrument has to make two 
exercise decisions in sequence. At the end of the first year, the holder has to 
make a decision to exercise the first option. If the holder does not exercise the 
first option (to buy one share of IBM at $120), the holder forfeits not only the 
first option but also the second one. This means that the exercise of the first 
option is necessary to keep the second option alive. As you can appreciate, 
this makes the first exercise decision (in 1 year) a complex one. As we have 
seen, for single-standing options, exercise decisions are trivial; at the time 
of expiry, the option holder only has to observe the market price of the asset 
and compare it against the strike price. If the asset price is higher than the 
strike price, the holder will exercise and otherwise not. In the case of this 
combination option, however, the first exercise decision needs to take into 
account the value of keeping the second option alive. In other words, the 
asset that is “bought” by the first exercise decision is not just one share of 
IBM but an additional option to exchange one share of IBM for four shares of 
MSFT 1 year later. If you are beginning to feel overwhelmed, I do not blame 
you; it is not a simple decision.

Figure 7.5
Decision Options representation of combination option.
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Figure  7.5 is the schema representing the combination option (decision 
options). The boxes represent the two options and the text on top of the fig-
ure describes the price processes associated with the assets (in this case the 
stock of MSFT and IBM). In the boxes, the top band shows the asset (the 
stock), and the bottom band shows the strike price. In the middle, the time to 
expiry is also shown.

This problem cannot be solved using conventional methods or the Black-
Scholes equation. In pricing the option combination today, we have to con-
sider not only what will happen 1 year from now but also what will happen 2 
years from now and how that will affect your decision 1 year from now. The 
option to buy one share of IBM 1 year from now is not simply an option on an 
underlying asset, but it is an option on an option as well. These are interact-
ing options. The value of this combination option is driven by two underlying 
assets: IBM and MSFT. As can be seen from Figure 7.5, we have defined the 
initial prices of IBM and MSFT to be $120 and $30, respectively (these are 
observed in the marketplace today). We have also defined the volatility of 
IBM and MSFT to be 20% and 25%, respectively (these were calculated from 
historical prices of the two stocks).

Assume that we priced this option combination using some technique 
today, and we decided to buy it. One year from now, we will conduct an 
analysis to see if we should exercise the first option. Note that if it were a 
single option, this decision will be a trivial one; if the price of IBM is higher 
than $120, we will exercise, and we will not exercise if the price of IBM is less 
than or equal to $120.

In the case of this combination option, we may exercise this option (in 
some situations) even if the price of IBM is less than $120. Why is this so? 
We will exercise the first option at a loss if we believe the present value of 
the second option is greater than the loss we incur at the first option. To 
make this intuitively clear, imagine that 1 year from now the price of IBM 
is $115. When we come to exercising the first option, we know that we will 
immediately lose $5. Assume that Microsoft’s price then is $32, and based 
on its characteristics our expectation of Microsoft’s price 1 year after the first 
exercise (2 years from now) is $35. Meanwhile, our expectation of IBM 1 year 
later (based on its current price of $115 and volatility) is $120. This means 
that our expectation of the gain from the second option is 4 × 35 − 120 = $20. 
So, the loss of $5 now is far better compensated from the present value of the 
expected gain from the second option of approximately $20. We will exercise 
the first option and decide to gamble 1 year later for the second one. Note 
that we can only get an “expectation” of prices for IBM and MSFT at a later 
time, so nothing is guaranteed. It is possible that MSFT moves down from its 
price of $32 by the second year and IBM moves up. So, by the time the second 
option exercise time arrives, the gain from it is lower than what we antici-
pated, or even worse, the second option matures worthless.

Let us completely understand the mechanics of this decision 1 year from 
now as this forms the basis of many of the complex decision options problems 
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described in this book. First, visualize the risk-neutral price paths for IBM in 
the 2-year horizon. Both the 1-year time point and the 2-year time point are 
shown in Figure 7.6.

Consider the scenario marked “Good one” in Figure 7.6. In this case the 
IBM stock price rises rapidly in the first year. Although it gets a bit tepid 
toward the end of first year, it still looks very good at $145/share by the time 
the first option is mature (ready to be exercised). So, it has risen a whopping 
$25 in the first year, nearly a 20% gain from the original $120 stock price. 
IBM shareholders are certainly happy. For the holder of the option combina-
tion also, this is an easy decision. The holder will exercise the first option, 
can immediately sell the share of IBM at $145, and can pocket the $25 gain. 
The holder maintains the option to make more money in the next year by 
exchanging a share of IBM for four shares of MSFT. When the second option 
matures in the money, the holder can always buy a share of IBM to exchange 
for the four shares of MSFT. So, the holder’s overall gain can only be higher 
than the current $25 as the minimum the holder could make in the second 
year is zero as it is an option.

Now, consider the scenario “Bad one.” IBM prices collapsed in the first 
year, and although they came back a bit toward the end of the year, they still 
lost $25 to a price of $95. This is nearly a 20% loss from the original price of 
$125. IBM shareholders are screaming at the management and considering 
replacing the board. For the holder of the combination option, this is a much 
more complex decision. If the holder does not exercise the first option, the 
holder forfeits the opportunity to exercise the second option. The first option 
is out of the money, so if the holder exercises (note that if it were a single 

Figure 7.6
Stochastic simulation of IBM stock price.
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option, the decision is trivial, and there is no exercise), he or she immediately 
loses $25. You may ask why the holder would even consider exercising the 
first one at a loss. The answer is that if the holder believes that the gain from 
the second option will be higher than the loss from the first, it may become 
optimal to exercise the first and take a loss. To assess the chances of mak-
ing money from a combination option, the holder has to estimate the price 
of IBM and MSFT shares by the end of next year (2 years from the start of 
the problem). Also note that the exercise decision depends on the expecta-
tions of IBM’s price 1 year from the first exercise as well. The exercise of the 
first option gives the holder a second option to exchange a share of IBM for 
four shares of MSFT. The holder does not have to own an IBM share for the 
exercise of the second one. If the second option is in the money, the holder 
can simply buy another share of IBM in the market and exchange that for 
four shares of MSFT. More likely, the writer of the option will settle with the 
holder for the net proceeds (4 × Price of MSFT − Price of IBM) without any 
open market transaction.

Consider the “Bad one” scenario from the risk-neutral price paths for 
IBM stock price again. At the 1-year mark, when the holder is considering 
whether to exercise option 1, he or she has observed the price of IBM to be a 
pathetic $95/share. Taking this and the stochastic characteristics of the IBM 
stock price, the holder can now estimate what the price is likely be by end of 
year 2 (Figure 7.7).

Note that such “estimation” is never precise (if it were, I would be writ-
ing this while sitting on a beach in Bermuda), but it is a better estimate than 
what the holder would have arrived at 1 year ago when he or she bought the 

Figure 7.7
Forecasting IBM stock price range after observing first-year price.



66	 Decision Options: The Art and Science of Making Decisions

combination option. The improved estimate will be within the cone shown 
in Figure 7.7. This cone of possibilities is much tighter than what it would 
have been at the start of the problem. Remember that the outcomes for IBM’s 
price will be a wider band the longer into the future we need to project. At 
the inception, there were 2 years to the maturity point of the second option. 
At the exercise point of the first option, 1 year has already passed, and only 
one more year remains. The holder knows what the price is at the 1-year 
point, and the projection for IBM price is within a tighter cone than the one 
that existed at inception. The projection can be done by initiating another 
stochastic simulation with an initial price of $95 (observed price at year 1) 
and a volatility of 20%. This simulation has only 1 year to run, and we can 
estimate the probability of different outcomes of prices the next year.

However, a better estimate of the IBM price 1 year hence is not enough to 
make the exercise decision on the first option. The holder also has to have an 
estimate of the MSFT price as the second option is to exchange one share of 
IBM for four shares of MSFT. Figure 7.8 shows scenarios of risk-neutral price 
paths for MSFT.

Let’s imagine that while IBM managers are having great difficulties in 
shoring up falling prices, MSFT is having a great year. The new operating 
system, in spite of its tendency to crash when humidity is high, turned out 
to be quite popular with customers. The price path is the one indicated by 
the arrow in Figure 7.8. It has risen to $50 from the starting $30, a mind-
boggling 40% increase in the first year. MSFT is firing on all cylinders, it 
appears. At the 1-year period, the holder of the combination option can 
also witness this outcome. The holder can now estimate what MSFT prices 

Figure 7.8
Stochastic simulation of MSFT stock price.
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could be by the time he or she reaches the exercise decision for the sec-
ond option. Just as in the case of IBM, the “cone of uncertainty” is smaller 
because the holder can now observe both the 1-year price as well as the fact 
that only one more year is left for the exercise of the second option. Again, 
this estimation can be done by running a stochastic simulation for MSFT 
price with an initial price of $50 (1-year price) and a volatility of 25% for the 
remaining 1 year.

Assume that, utilizing analytical techniques, the holder has “estimated” 
that the expected IBM price at the end of 2 years is $102, and the expected 
MSFT price at the end of 2 years is $55. These estimations are done at the 
maturity of the first option as he or she is trying to make a decision whether 
to exercise the first option (and take a loss) to keep the ability to exercise 
the second option alive. Since the second option is to exchange one share of 
IBM for four shares of MSFT, the holder can now estimate the gain from the 
second option at the time of the first exercise. The expected gain is 4 × 55 − 
102 = $118. The present value of this second-year expected gain is 118/1.02 
= $115.50 as the risk-free rate is 2%. This far exceeds the loss the holder will 
take from the exercise of the first option (−$25), so the holder will gladly 
exercise the first option, cross his or her fingers, and root for IBM manage-
ment to continue to have problems and MSFT to have a great year. After the 
exercise of the first option, the holder can sell IBM. When the second option 
is mature, the holder can simply settle it as a net transaction with the writer 
of the option.

Now let us examine what actually happened. As luck would have it, IBM 
managers got their act together, the new computer with a titanium frame is a 
good seller to corporate customers, and the stock has risen to $115 (from the 
1-year price of $95). MSFT had problems with the new operating system (as it 
began to crash every Monday morning), and the stock took a slight tumble to 
$45 by the time the second option matured. The value of the second option 
at maturity is 4 × 45 − 115 = $65. It exceeds what the holder lost from the first 
exercise, so he or she made money on the combination option, albeit much 
less than what the holder estimated while exercising the first option. You can 
easily imagine situations when the holder will also lose money by exercising 
the first one and the second option matures out of the money, thus netting 
a loss.

Visualize the risk-neutral payoff from this combination option. As men-
tioned, this is only a conceptual view (risk-neutral world), and actual payoffs 
will be different in the real world as both MSFT and IBM have a price process 
that has a drift commensurate with the systematic risk in their equity (which 
includes both operating risk and financial leverage).

The probability and cumulative probability of the risk-neutral payoff of the 
combination option being analyzed are shown in Figure 7.9 and Figure 7.10, 
respectively. Note that we value this option today at approximately $25.

A number of properties of this option and risk-neutral payoffs are worth 
noting.
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Figure 7.9
Risk-neutral payoff of the combination option.

Figure 7.10
Cumulative probability of risk-neutral payoff of the combination option.
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	 1.	The option is highly valuable: priced at $25, although it is currently 
at the money for both options. Intuition may tell us that an option 
with an uncertain strike price (second option has a strike price 
equal to the price of IBM 2 years from now) is more valuable than 
one with a constant strike price. Because of the asymmetry in payoff 
(we can choose not to exercise if the strike price is greater than the 
asset price), higher volatility would imply a more valuable option. 
An option with volatility in both asset and strike prices will thus be 
more valuable.

	 2.	The risk-neutral payoff shows negative values. This may be a bit 
confusing as we have so far established that options do not have 
negative values. But in this case, negative values do occur for the 
combination option because of the “gamble” the option holder has 
to make 1 year from now. Remember that one year from now, the 
holder has to make an educated guess regarding what the second 
option might be worth, combine that guess with the first one, and 
make a “go” or “no-go” decision. Sometimes it works out, and 
sometimes it does not. So, the negative values are those instances 
(in simulations) when the exercise decision taken at option 1 was 
the “wrong decision” and results in a loss of value. The risk-neu-
tral payoff does not take into account the “price” the holder may 
have paid in “buying” this option combination at inception. So, the 
actual loss will be the loss from the options added to the price the 
holder paid for buying it.

	 3.	There is a pronounced 20% probability peak at value 0. This cor-
responds to the no-go decision the holder may make at the exercise 
of the first option. This represents those instances when he or she 
decided not to exercise the first option at year 1 (after observing IBM 
and MSFT prices then and making an educated guess regarding 
what might be optimal). Note that the price of the option is “lost” in 
any case, and 0 value means that the holder does not lose any more. 
In this case, the holder decides not to exercise the first option and 
automatically walks away from the second one as well.

	 4.	Although the option combination is very valuable (worth $25 today), 
there is only about a 60% probability that it will result in a positive 
payoff and only about ¹∕³ chance that the value will be above $25 
and the holder will break even. As we have seen, this is a unique 
characteristic of options: there are small probabilities that large pay-
offs happen, but the most likely outcome is that the option expires 
worthless. Of course, this is a function of the strike price. If the strike 
price is a lot lower than the current price, the option will be highly 
in the money and will behave less like an option as the exercise is 
virtually guaranteed.
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It is also possible to calculate “trigger price” combinations for both MSFT 
and IBM at the first decision point, which will make exercise of the first option 
optimal. In this rather trivial combination option case, exercise is optimal 
in all scenarios in which the IBM price is higher than the strike price. The 
holder of the combination option can just exercise the first option and pocket 
the difference between the price of IBM and the strike price. The holder is 
under no obligation at the end of second year to exercise the next one, and 
the least he or she could make from the second option is zero. However, if 
the price of IBM is lower than the first option strike price, it becomes more 
complex. Certain combinations of the first-year IBM and MSFT prices will 
make exercise optimal, and certain other combination of prices will make 
abandonment (walking away from both options) optimal.

Now, let us look at a problem that is not based on financial assets but on 
“real” assets. Assume that we are interested in buying a piece of land in the 
neighborhood. We do not, however, have the money (or the inclination) to 
buy it outright. What we would like to do is to buy an option to own the land 
at a later time. Let us make this a simple option. We would like to enter into a 
contract with the owner of the land to have the right (but not the obligation) 
to buy the land for $10 million 1 year from now. We can do market research 
and determine (at least approximately) the current value of the land. Assume 
this is $10 million. We also need volatility for land prices to calculate the 
value of this option in the contract. We can look at the value of this land and 
similar properties in the area over time. Volatility is a measure of how much 
prices move around over time. If we have historical prices of the property 
(or similar properties), we can simply take the standard deviation of ln(Pt+1)/
ln(Pt) where Pt+1 is the price at time t + 1 and Pt is the price at time t. Assume 
that we have done this, and the volatility is 10%. The risk-free rate (typically 
the yield on a 1-year T‑bill) is 2%. Figure 7.11 shows the model.

We price this option at $0.5 million. This means that we will be willing to 
enter into a contract with the owner of the land that will give us a right to 
buy it 1 year from now at $10 million if the contract price we pay at inception 
is $0.5 million (or less). In the options parlance, the owner of the firm will be 
“writing” this option, and we will be buying it. For the owner, this is actu-
ally a way to create an income for this year while holding on to the asset for 
another year. Once the contract is signed, the owner will actually be hoping 
for a recession and a general fall in property prices in the area. This will 
mean that by next year, the value of the land will be less than $10 million, 
and we will just walk away from it (deciding not to exercise the option). In 
that case, the owner is better off by $0.5 million, the sum we paid to enter the 
contract. On the other hand, if the economy really takes off or there is more 
development in the area that enhances the value of the property to some-
thing more than $10 million, we will exercise the option. Note that we will 
only break even if the price of the land exceeded $10 million plus the price we 
paid to enter the contract. The $0.5 million that we calculated as the price of 
the contract is the efficient value. In negotiating with the owner of the land, 



Pricing of Decision Options	 71

we will like to negotiate a price less than $0.5 million. If we do pay $0.5 mil-
lion to enter the contract, we are not expected to make any profit from it.

Figure 7.12 indicates the risk-neutral payoff of the contract. Note that the 
actual payoffs will be slightly different, and this representation is useful to 
assess the probabilities of certain payoffs. Many options purists may raise a 
number of objections about this example. The first objection will be that the 
underlying asset may not be replicatable. Remember that we are relying on 
the risk-neutral pricing assumptions here to price the option. Risk-neutral 
pricing is valid only if a “replicating portfolio” can be created and if markets 
are complete and no arbitrage is possible. Market completeness in this con-
text means that the investment does not expand the investment opportunity 
set (it is already part of it), and arbitrage is not possible when investors will 
quickly and costlessly move the price of the replicating portfolio to that of 
the asset itself.

To effect risk-neutral pricing, we need to be able to create a synthetic bun-
dle that contains the underlying asset. In the case of a traded stock, this was 
easy. In the case of this real estate property, it is not as straightforward. The 
second objection is the assumption of GBM. We assumed that the markets 
are complete, and that the prices of land will follow GBM just like a traded 
stock. Although the assumptions that underlie risk-neutral pricing may 
appear daunting for many real assets, all of the said conditions can be met if 
a market can be conceived for the underlying asset.

We revisit this in number of places in this book and continue to provide fur-
ther reinforcement to the idea of risk-neutral pricing and why it is perfectly 

Figure 7.11
Valuation of the option on land.
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acceptable in all cases even if we cannot precisely create a synthetic bundle 
to match the payoff of the option.

We used GBM for convenience here, but if one suspects mean reversion in 
land prices, one can always find the rate of mean reversion and use the mean 
reverting stochastic process to represent the land. You may be wondering 
why land prices may show mean reversion. Land is a special kind of com-
modity—it is not completely divisible or substitutable. For land, location does 
matter. However, land prices are a function of real estate demand. Real estate 
demand includes the demand for residential and commercial building space. 
If demand is high, developers will buy land and start land development proj-
ects. This leads to a higher supply of residential and commercial building 
space, which will in turn drive prices down. As prices come down, proper-
ties become affordable for first-time buyers, and that in turn drives demand 
up. In addition, demand for properties is driven by mortgage interest rates, 
which in turn are tied to interest rate and the state of the economy. Demand 
typically increases as the economy heats up. In that case, the Federal Reserve, 
fearing an uptick in inflation, may move to increase borrowing rates. This 
will in turn increase mortgage rates, and this will dampen demand. So, there 
are multiple effects that may introduce mean reversion into land prices. As 
we have seen, that does not violate any principles of risk-neutral pricing. We 
are, however, assuming that markets are at least weak-form efficient. If the 
weak form of the efficient market hypothesis (EMH) does not hold, technical 
analysts would have amassed the world’s wealth by simply exploiting “pat-
terns” in asset prices. Since this has not yet happened, it appears that EMH 
is a safe and conceptually elegant assumption.

Figure 7.12
Risk-neutral payoff from the land contract option.
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Let us further complicate the land contract. Assume that we are consider-
ing a contract on the same property with the following characteristics. In 1 
year, we have an option to put in $2 million to have a right to buy the land 
2 years from now. This $2 million is like a “deposit” for the owner. If we 
do pay the deposit 1 year from now, we keep the option to buy the land 
for $8 million 2 years from now. However, there is a zoning decision that is 
expected 18 months from now regarding this particular property. The prop-
erty is currently zoned commercial, and that is status quo. However, there 
is a 10% chance that it will be rezoned and categorized as noncommercial. 
In this case, we forfeit the option and get back half of our initial deposit of 
$2 million. If the status quo zoning (commercial) is maintained, then we can 
exercise the option to buy the land for $8 million. All characteristics of the 
land price processes are as before (it is the same land). Figure 7.13 is a deci-
sion options model for this problem.

As you may have guessed, this problem has two options: one at the end 
of the first year (the decision to pay the deposit) and the other 2 years from 
now (the decision to buy the land). These are options because we have no 
obligation to do either. We do not have to make these decisions now; they 
can be made at a future time. They are dependent on land prices that we can 
observe. They also depend on a private risk, the chance of a zoning change. 
We have a probabilistic expectation of this event, and we get no informa-
tion on how likely or unlikely this event is over time. We will only know 
after the event. The second decision to buy the land, 2 years from now, is a 
simple one. By then we will know if the zoning change has happened and 

Figure 7.13
Decision options model for land contract.
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the market price of the land. If the zoning change has happened, the option 
to buy the land does not exist any more, and we get $1 million back. In that 
case, the decision is made for us (a predetermined outcome). However, if the 
zoning change did not happen, we hold an option to buy the land for $8 mil-
lion (assuming we made the deposit the prior year). To exercise the second 
option, we will simply compare the market price of the land (in 2 years) and 
$8 million we need to pay to acquire the land. If the market price is higher 
than $8 million, we will exercise the option and become the proud owners, 
and if the market price is lower than $8 million, we simply walk away and 
take solace in the fact that we lost only $2 million and perhaps we can write 
that off on a tax return. If we do buy the land, we can also immediately 
sell it at market price and pocket the difference (Market price − $8 million). 
Depending on our credit rating, we may not even have to put up the $8 mil-
lion if the transaction is going to happen immediately.

The decision to invest a $2 million deposit 1 year from now, to keep the buy 
option alive, is a much more complex one. By the time the first year comes 
around and the option to make the deposit becomes mature, we have new 
information on land prices. We can observe the market price of the land then. 
This price is likely different from what it is now. However, we do not know 
what the prices will be when we are ready to buy it (1 year hence) or if the 
regulators’ finicky policy making will result in a zoning change. As one can 
imagine, anticipating policy is a real gamble.

The decision to pay a deposit is similar to the financial instrument MSIBM 
we discussed. When the time arrives to make this decision, we can observe 
the market price of the land and, based on that, anticipate what the prices 
will be 1 year later. We then calculate the gain from the second option, make 
an appropriate correction for the private risk (the chance of zoning change), 
and then ask whether it is worthwhile to pay the deposit. We will only do so 
if the present value of our expectation of the future gain (adjusted for regula-
tor whim) is higher than the $2 million we need to spend. Note that in spite 
of our best intuition and analysis, it is possible that we may be wrong, so this 
is an educated guess. We do have the benefit of observing the land prices 1 
year from now before making the decision, and we have no reason to make 
it now. You may want to contrast this situation with what is typically done 
in traditional DCF.

Considering the uncertainty in land prices and future decision flexibility 
embedded in the options, this contract can be valued at $470,000 currently. 
This means that we are willing to pay “up to” $470,000 ($0.47 million) to 
enter this contract today. In other words, if we enter the contract today with 
no initial payment, we are expected to gain $470,000 from the entire deal.

Figure 7.14 is the risk-neutral payoff from the contract. The high peak of 
45% centered on 0 implies that there is a very high likelihood that we will 
never pay the deposit in the first year and will call it quits. This may seem 
counterintuitive to some. Why would the contract be worth $470,000 today if 
the most likely outcome is walking away from the deal in 1 year? The answer 
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is that 1 year is a long time, and you do get a lot of information during that 
time to make a better decision. Paying the deposit is a complex decision that 
involves evaluating how land prices are doing and our chances of making a 
fair return at the end of the contract. The counterparty in this contract knows 
that the option to deposit at a later time as well as the option to buy 2 years 
later are valuable, and he or she will likely demand some compensation up 
front for such a contract. Our analysis shows that we may want to negotiate 
this up-front compensation, but if we pay anything more than $470,000, we 
will lose. We may want to negotiate our way up from zero and walk away 
from the contract if he or she demands more than $470,000 up front.

The risk-neutral payoff diagram in Figure  7.14 shows that in 45% of the 
cases, we decide that it is better just to walk away and not put up a deposit 
at the end of first year. But, in the other 55% of the cases, we do go forward. 
However, we may lose our deposit completely if the zoning did not change 
but in 2 years the land prices drop to less than $8 million, so the second 
option expires worthless. In some cases, we get half the deposit back (but 
still lose the other half) as regulators in their infinite wisdom turn the dials 
and make a zoning change. In some cases, we do make a profit from buy-
ing the land as the market price is higher than the $8 million purchase price 
(second option), but it may not be enough to compensate for the deposit of 
$2 million, so we still end up losing some money (but not all the $2 million). 
However, it is not all bleak. In some cases, we make a killing: no zoning 
change and land prices really take off. It is for these “killer” scenarios that 
we actually buy an option.

Figure 7.14
Risk-neutral payoff from land contract.
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Since the landowner already knows that we will only exercise if the market 
looks good and simply walk away from the deal otherwise, he or she will likely 
want an up-front fee to sign off on such a contract. The type of analysis con-
ducted here does give the option holder a reserve price (a price beyond which 
he or she is likely to lose money) and a great advantage in negotiations.

To understand the modeling architecture, let us also consider another 
similar problem in which the two options are the same. Instead of a zon-
ing change probability of 10% (and associated refund), we assume that at 
any time between the first and second year there is a 10% chance a zoning 
change may occur. If such a change occurs, the value of the land prices drop 
by 50%. We model this as a jump in the stochastic process. Figure 7.15 shows 
the model. As can be seen in the model, the contract is worth $0.42 million 
($420,000), slightly less than the contract we discussed.

Given in Figure 7.16 are a few samples of the simulation of the land prices. 
Note that 2 of the 25 samples show catastrophic drops in prices between the 
first and second years. We modeled these jumps to occur any time after the 
first decision. In these two cases, soon after writing the check for the deposit, 
we may end up cursing our luck as the drop will almost ensure that the 
prices cannot climb back to a level that will make the purchase profitable. So, 
even though we may have done a good job anticipating prices based on the 
market, we still cannot win because of the arrival of the jump. Life is interest-
ing but never fair.

Figure 7.17 shows the risk-neutral payoff from such a contract. As can be 
seen from the distribution, in some cases the $2 million deposit is lost, and 

Figure 7.15
Land contract with jump in land price process.
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there is a high probability of walking away from it without paying a deposit 
when the first year comes around.

As you may have gathered, what is different in all these examples from tra-
ditional finance is that there is flexibility in future decisions. When we come 
to a future decision point, we have more information on the assets involved, 
and we have an option—the right but not an obligation—to do something. 
This uncertainty and evolving information coupled with decision flexibility 
makes evaluating such investments different from the rigid assumptions of 
DCF analysis based on the capital asset pricing model (CAPM). It may be 
worthwhile to revisit the assumptions underlying the CAPM-based DCF. 
When we have a set of future cash flows as in the example of the land con-
tract problem, we assume the following:

	 1.	All decisions affecting future cash flows are made now (no flexibility 
in future decisions).

	 2.	If we are doing traditional DCF, we also assume there is no uncer-
tainty. So, we take the average expectations and use point estimates 
of cash flows.

	 3.	We also have to find a discount rate. This is where significant confu-
sion still exists for practitioners. Remember that the discount rate is 
supposed to reflect the systematic risk. In the case of the land con-
tract, somehow we need to find the correlations of expected return in 
the contract against a “market portfolio.” We have multiple problems 
here. The market portfolio is not really observable (perhaps we can 

Figure 7.16
Stochastic simulation of land prices with jumps.



78	 Decision Options: The Art and Science of Making Decisions

use some proxy such as the world index of stocks, bonds, and real 
estate investment trusts). To determine the discount rate, we then 
have to find the correlation of the asset’s return against the market 
portfolio’s return. Typically, a proxy that can be observed in the mar-
ket is used. It is a complex exercise, and in many cases a proxy can-
not be found. In case a marketed proxy can be found, one also has to 
be careful in calculating the asset β. To avoid all these complications, 
analysts tend to use the cost of capital of the firm (in this case, it will 
be our cost of capital, i.e., the cost of borrowing money for us) as the 
discount rate. Some throw in the towel and use 10% as it has a nice 
ring to it.

	 4.	Some approach these types of problems by calculating an internal 
rate of return (IRR). The IRR is a metric that sometimes incorporates 
private and market risks in a single number (if cash flows are not 
adjusted for private risk before the IRR calculation). The process of 
comparing IRR to cost of capital or other thresholds to make a deci-
sion suffers from the same issues mentioned.

In any case, the first two assumptions—lack of uncertainty and lack of 
flexibility in future decisions—are clearly not the case, so DCF, NPV, and  
IRR are unlikely to be useful in making a decision.

Figure 7.17
Risk-neutral payoff from land contract with jumps in land prices.



79

8
Employee Stock Options as Decision Options

Many companies have been awarding employee stock options (ESOs) to 
managers and key employees for many years. You may be familiar with the 
back-dating of stock options scandal that emerged recently in some technol-
ogy companies. Some companies may have engaged in the fraudulent prac-
tice of changing the characteristics of the employee options (time to expiry 
and strike price) when their stock prices fell and the options awarded to 
employees matured worthless. ESOs are similar to financial options with 
one unique difference: they are not traded and are typically exercised pre-
maturely by the employees. As you know, it is never optimal to exercise an 
option prematurely if you can sell it. In the case of ESOs, holders may exer-
cise them prematurely to diversify their portfolios or to create income. For 
many owners of the ESOs, a large percentage of their revenue and estate are 
tied to the prospects of the company for which they work, and diversifica-
tion may become a strategic need. You may remember that many employees 
of Enron, who invested most of their 401(k) pension plan assets in Enron 
stock and owned ESOs on Enron stock, had a difficult time when Enron went 
bankrupt. There is no better wisdom than the importance of diversification 
in all areas of finance.

As one can imagine, these options are valuable; thus, companies that 
issue them are “paying” something to their employees although there is no 
cash payment. Since there is no cash payment, companies do not “expense” 
options in their financial statements and basically keep them off their finan-
cial reporting. Only when options are exercised do they show up as having 
an impact on the company’s capital.

The following is an excerpt from the Financial Accounting Standards 
Board (FASB):

On March 31, 2004, the Financial Accounting Standards Board (FASB) 
issued a proposed Statement, Share-Based Payment, that addresses the 
accounting for share-based payment transactions in which an enter-
prise receives employee services in exchange for (a) equity instruments 
of the enterprise or (b) liabilities that are based on the fair value of the 
enterprise’s equity instruments or that may be settled by the issuance of 
such equity instruments. The proposed Statement would eliminate the 
ability to account for share-based compensation transactions using APB 
Opinion No. 25, Accounting for Stock Issued to Employees, and gener-
ally would require instead that such transactions be accounted for using 
a fair-value-based method.
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The FASB recently made an accounting change, now requiring companies 
to expense stock options based on the fair value of these options. What is 
interesting here is the question of what may be fair value for these options. 
It is clear that since these options are not freely traded and are typically 
exercised prematurely (and thus suboptimally), they do not have the “full 
value” as one may calculate using traditional option pricing models such as 
the Black-Scholes equation. However, the value is clearly not zero; otherwise, 
employees will not happily accept them or companies issue them to “retain” 
and “motivate” their best employees.

How can we calculate the value of ESOs? One way to do this is to simulate the 
price process of the stock and artificially impose early exercise rules to create 
the value of the ESO. Figure 8.1 shows a software tool that allows companies to 
value their ESO awards based on the exercise patterns of their employees.

An ESO has the same fundamental attributes of a call option, such as the 
strike price and the time to expiry. However, it has some added features. For 
example, it cannot be exercised before it is vested and can be exercised any 
time after the vesting period is over.

In Figure 8.1, the interest rate, dividend, and volatility can be stochastic. 
This means that instead of a constant risk-free rate, dividend rate, and vola-
tility, we can actually provide a “term structure” in risk-free rate and divi-
dend rate. They vary with time, and we have expectations around how they 
are going to change in the future. For example, the term structure in risk-
free rate can be observed in the marketplace by using the yield on risk-free 
instruments such as T‑notes and T‑bills with differing maturities. Similarly, 
the company may have a dividend policy in place with increasing (or 
decreasing) dividends in the future. We can also derive a time-varying vola-
tility by using historic volatility or implied volatilities from market-traded 
derivative instruments. Implied volatility can be calculated from the prices 
of market-traded options of differing maturities on the company’s stock. If 
such market-traded instruments exist, it is always better to derive an implied 
volatility and use it in pricing rather than falling back on historical volatility 
as markets always look forward. As we all know, driving a car using images 
in the rear view mirror is always risky.

For ESOs, there are additional complications related to premature exer-
cise. Employees may exercise them prior to expiry, thus driving down the 
value. As may be clear, premature exercise of options always decreases the 
value of the option (except in certain special cases when dividends occur 
close to expiry). The company may have historical records of ESO exercise 
patterns from the past. If the employee pool does not change dramatically 
over time, the company can make an argument that the past employee exer-
cise patterns will continue into the future. There are two types of premature 
exercise patterns seen in ESOs. First, employees tend to exercise when the 
stock price goes up a certain percentage. This is akin to timing the market 
by equity investors. The more the stock price goes up, the more likely that 
the employees will exercise. Second, the employees tend to exercise after a 
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certain time from the award of options either to create income or to diver-
sify the portfolio. The “older” the options are, the higher the chance of exer-
cise. By using historical data, a company can create an option exercise curve 
as a function of stock price growth (as a percentage of strike price or award 
price) and as a function of time (from the moment of award). As mentioned, 
estimates based on history are never perfect. This is especially true if the 
demographics of the employees (age, gender, and location) have changed 
over time. In such situations, the company may be better off estimating pre-
mature exercise based on broader industry data on ESOs than using its own 
historical records. In any case, the fact remains that employees will exercise 
prematurely.

To further complicate ESO valuation, the company may impose certain 
blackout periods during which time no exercise is permitted. There may 
be quarterly or yearly blackout windows as well as ad hoc blackout periods 
when there is significant news pending. These are constraints that need to be 
imposed on the ESO that may further drive the value down from a pure mar-
ket-traded option. Constraints on exercising can have a significant impact on 
value because the ESO cannot be sold in the market.

A company will have pools of ESOs with varying maturities (as given to 
employees over a period of time). Each of these pools may share certain com-
mon characteristics such as time to expiry and strike price. To carry ESOs on 
its balance sheet, a company may first have to categorize all the unexercised 
ESOs in its book into pools that share common characteristics. Then, it has to 
value each pool and add them to determine total liability. A change in this 
liability may also be an expense (or unusual gain) every year. To expense 
the award of ESOs in any particular year, a company has to value what was 
awarded that year as well. So, to accurately reflect the effect of ESOs in its 
financial statements, a company has to value both its stock of unexercised 
ESOs and the new batches of ESOs being written. For many technology com-
panies, ESOs may represent a significant “off-balance-sheet” liability as well 
as a big expense that will affect reported earnings per share (EPS). ESOs are 
transfers of shareholder value to employees.

To value an ESO, we first simulate the stock price path using stochas-
tic simulation, assuming that the stock price follows geometric Brownian 
motion (GBM). In this simulation, risk-free rate, dividends (either continuous 
or discrete), as well as volatility are allowed to vary as a function of time. As 
shown in Figure 8.1, the ESO calculator, you can specify the risk-free rate, 
dividend rate, and volatility for every year in the future until the expiry of 
the ESO being valued. It is also possible to consider discrete dividends (as is 
typical). A company can specify its dividend policy for every year into the 
future until the expiry of the ESO. In the stochastic simulation of the price 
process of the stock of the company (on which ESOs are awarded), we use 
the appropriate drift (risk-free rate − dividends) at every time period as well 
as the appropriate volatility at every time period.
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In the GBM equation we considered, we now have r, d, and σ as a function 
of time:

	 ln( ) ln( ) ( ) ( , )S S r d t N tt t t t t t= + − − +−1
2 0 1σ σ

The mechanics of simulation remain the same. Once we have the risk-neutral 
price paths of the stock price, we can then impose the early exercise patterns 
of the employees. Since we use the percentage change in stock price to model 
early exercise based on price, the exercise windows will remain the same 
whether the price paths are simulated using risk-adjusted discount rate or 
risk-free rate. Similarly, we can impose the early exercise pattern based on 
time. For every simulation, in every time interval from the award to expiry, 
we can calculate the price (using the term structure in risk-free dividend 
and volatility) and then exercise options according to the early exercise pat-
terns. So, we get a value of the option in every simulation considering all the 
information provided. By doing this simulation thousands of times, we can 
calculate the expected value of the ESO.

In the example, the stock price at the time of award as well as the strike 
price is $50. The vesting period is 3 years; this means that the option cannot be 
exercised in the first 3 years. This constraint is applied by companies to ensure 
that the employees who have ESOs do not immediately exercise them and quit, 
defeating the reason for providing ESOs to motivate employees. The current 
policy of the company is four quarterly dividends of $0.25 each, so this stock 
currently has a 2% dividend yield. The management of the company believes 
that this dividend will grow at 5% per year as has been the norm in recent 
years. Based on its analysis, the company has decided to use a constant risk-
free rate of 4% and a volatility of 25%. The ESO has a 10-year expiry period.

By doing a historical analysis of its employees’ ESO exercise patterns, the 
company has created early exercise patterns. First, it looked at when employ-
ees exercise as a function of stock price. The following pattern was found:

% of ESO holders exercising % of stock move up from award

10   10
20   25
10   50
30 100

This means that 10% of the employees exercised when the stock moves up 
10%. So, if the stock moves to $55 from $50, the company expects 10% of 
the employees who received this award to exercise. Another 20% exercised 
when the stock price increased by 25%. So, a total of 30% of the employees 
would have exercised once the stock moved up by 25%. An additional 10% 
exited when the stock price moved up by 50%. When the stock doubles (up 
by 100%), a total of 70% would have exercised. The remaining 30% did not 
exercise until maturity and held on to the “full value” of the option.
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Similarly, the company created an exercise pattern as a function of time 
from award:

% of ESO holders exercising Time (years) from award

10 3.5
20 7

The company found that 10% of the employees exercised (regardless of price) 
within the first 3.5 years. Note that the ESO had a vesting period of 3 years. 
So, this means that 10% of the employees exited very soon after the vest-
ing period. Within the first 7 years 30% (20% added to the 10% who exited 
within 3.5 years) of the employees exercised. From the exercise pattern based 
on stock price, we have found that about 30% exercise when the stock has 
moved up 25%. So in combination, it appears that the stock moves up about 
25% in 7 years.

Let us first calculate the full value of the ESO assuming no constraints 
and premature exercise. The vesting period of 3 years has no impact as the 
optimal exercise policy of the option is at maturity. The model in Figure 8.2 
shows that the full value of this ESO (if held to maturity) is $15.5. A volatile 
stock combined with a long period (10 years) to maturity gives this option a 
huge value. In some cases, the employees may not fully appreciate the value 
given to them.

Please note the following about the inputs. First, we have used a continu-
ous dividend yield of 2% instead of the company’s discrete dividend policy 

Figure 8.2
Full value of an ESO without constraints.
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(as used in the ESO valuation). Second, we assume that the 5% increase in the 
discrete dividend policy the company has set forth is to maintain its dividend 
yield in the range of 2%. Note that dividends have to increase over time to 
keep the dividend yield as the company’s stock price will also be increasing. 

Figure 8.3
Risk-neutral payoff from an ESO if held to maturity.

Figure 8.4
Cumulative probability of risk-neutral payoff from an ESO if held to maturity.
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Also, given in Figure 8.3 is the probability of risk-neutral payoff from the 
option (if held to maturity). We find that nearly 73% of the time the option 
expires out of the money if held to maturity. It may be counterintuitive to 
you why the optimal exercise policy still is at maturity even with such a high 
chance of expiring out of money. The reason is the tail of the risk-neutral pay-
off. In the remaining 27% of the time, the option could be highly valuable.

We find that if held to maturity, there is only a 27% chance of making 
money on this option, and the expected value of the option is $15.50. The 
company that awarded this option may find it hard to “expense” the full 
$15.50 in its income statement as it knows a large percentage of its employees 
will exit much earlier than the 10 years given to maturity. Figure 8.4 indi-
cates the cumulative probability of the risk-neutral payoff that shows that the 
chance of making money on the option is only 27%.

From the results on the ESO calculator, we find that by considering the 
early exercise patterns of its employees, discrete dividends, growth in divi-
dends, and vesting period, the actual value of the ESO is $13.50. This is 13% 
less than the full value we calculated. We also find that expected holding 
period on the ESO is 6.9 years, and that there is a 51% chance that the option 
will be exercised in the money. Contrast this with the full value calculation 
in which the holding period was always 10 years (maturity), and only 27% 
exercise in the money. So, by exercising earlier (about 3 years earlier on aver-
age), nearly twice the employees (51% instead of 27%) made some money 
(more than 0), but in aggregate they made 13% less ($13.50 instead of $15.50). 
Note that we have excluded any information advantages for the employees 
in “timing” the exercise of their options. Also, unlike regular options (which 
can be sold), employees can only “exercise” to exit the position. So, exit is 
synonymous with exercise for the ESO, and that may justify the premature 
exercise behavior of some employees.

As some are aware, there has been a recent scandal involving many high-
tech companies that “backdated” their ESOs. In this case, the backdating 
may work as follows. Suppose the company issued the ESO on January 1, 
2003, at $50 strike when the stock price was $50. Five years later, on January 
1, 2008, it finds that the stock has crashed to $25. Its key employees now know 
that their options are reasonably worthless as they have only 5 more years 
to maturity. Changing the parameters on the ESO after observing what the 
price has done is a bit like asking for your money back after losing a hand at 
the blackjack table. While obviously illegal, some companies have changed 
either the strike price or the time to expiry on the ESO. For example, they 
can “change” the strike price on this ESO on January 1, 2008, to $25, making 
it instantly highly valuable, or they can provide more time for the option to 
expiry, providing a higher probability that the stock will move back over the 
strike price. Both of these practices are illegal, and akin to taking money out 
of the shareholder’s pockets and giving it to the employees in broad day-
light. However, the illegality did not seem to deter the management of cer-
tain companies.
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We started the ESO discussion to ascertain how much the company should 
expense when it awards an ESO. In the example we discussed, the “dimin-
ished value” of the ESO due to early exercise patterns of the company’s 
employees is $13.50. So, the company should expense $13.50 for every such 
ESO given out. This is the true value of the ESO, and the award is not dis-
similar to writing a check to the employee for $13.50 for each ESO. This is 
real compensation for the employee and a loss of value for the shareholders. 
By not recognizing the award in its financials, the company may give a false 
impression of “income” from its operations as it will “undercount” compen-
sation expenses. For many technology companies and start-up companies, 
stock options are primary components of compensation for their employees. 
For technology companies, this is one way to find and retain highly motivated 
employees. For start-up companies, this is a method to save cash expenses 
up front as they have to invest in research and development before creating 
revenues. In either case, such options have to be valued and expensed in the 
financials of these companies for a truer picture of their financial position.

The market may have been correctly assessing the value of ESOs even 
before they showed up in the financials (as needed by the recent FASB 
accounting change). Companies afraid of making the accounting change 
should take comfort in the fact that the market already knows how to value 
ESOs, and the award details were always in the financials. It is unlikely that 
an accounting change will substantially change the value of the company 
to shareholders or the stock price. The value of the company is not based on 
backward-looking financial statements but rather forward-looking expecta-
tions of cash flows based on the company’s strategy. Thus, the time spent 
dressing up the financial statements for cosmetic quarterly and annual EPS 
is a waste. It will be a lot better if companies publish all information in a con-
sistent way and let the market figure out what the price of stock should be. 
In this context, any deterministic EPS forecasting and numerous subsequent 
adjustments to it are activities that add no shareholder value. Avoiding such 
activities could provide executives with more time to think about strategies 
that have positive impacts on the company’s value.
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9
Case Studies in Life Sciences

The U.S. life sciences industry—a category that includes pharmaceuticals, bio-
technology, and medical equipment companies—invests over $100 billion a 
year on research and development programs that aim to discover and develop 
new therapies to prevent, diagnose, cure, or alleviate diseases affecting humans 
and animals. These expenses are spread over a long time, often decades, from 
idea generation stage to marketed product. And, with only 1 of over 100 ideas 
turning into a commercially viable product, the risks are enormous.

The life sciences industry (including pharmaceuticals, biotechnology, and 
diagnostic equipment) generated total revenues of over $800 billion in 2007. 
The pharmaceuticals segment was the industry group’s largest in 2007, gen-
erating total revenues of over $600 billion, equivalent to 75% of the industry 
group’s revenue. The performance of the industry group has been forecasted 
to decelerate, with an anticipated CAGR (cumulative annual growth rate) of 
8% for the 5-year period 2007–2012. The group is expected to generate rev-
enues exceeding $1.2 trillion by the end of 2012.

Despite the robust revenue numbers and robust growth forecasts, the 
pharmaceutical industry has been in a perfect storm for nearly a decade. The 
factors that have brought it from a business with one of the highest returns 
on investment (ROI) to one with the lowest are both external and internal. 
However, all of these factors have been exacerbated by a management style 
that is still largely operating as if the environment had not changed. It is 
imperative that the industry move into better ways to select and design proj-
ects and systematically manage a portfolio of projects to enhance shareholder 
value. More important, with the world’s population aging and the risk of bio-
terror increasing, life sciences products take on a more important role in the 
survival of our own society. To move back to their former glory, life sciences 
companies have to break away from the shackles of conventional manage-
ment and traditional ideas perpetuated by consulting companies and advi-
sory firms. Mergers and long research-and-development (R&D) and product 
cycles in this industry have led to a lack of accountability and market test for 
management decisions.

The life sciences industry not only has to manage significant uncertainty 
(technical, market-based, regulatory, demographic) but also has several 
degrees of management flexibility to manage through it. The decline in the 
value of the pharmaceutical sector has now created an acute pressure that 
needs a response. Clearly, the traditional techniques such as cost cutting 
through reduction in the size of R&D spending will not fix the problem.
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R&D programs generally have a macro-objective, such as finding a cure 
for Alzheimer’s disease using a specific mechanism and technique. To meet 
the objective, R&D programs target to develop a number of different “can-
didates” that may fit a general profile. Each candidate has expectations in 
terms of the end products, delivery mechanisms, pricing, and other factors. 
Each candidate also has a project plan with various investment options and 
schedules, and some plans contemplate expansion of the product into other 
disease areas, population groups, and delivery mechanisms (dosage forms). 
To reach their goals, the project plans must coordinate a number of differ-
ent “specialty” areas or disciplines, including clinical, toxicology, chemistry, 
biostatistics, substance manufacturing, and pharmacy. Adding further to the 
complexity, the development plan for each candidate may also include many 
partners outside the company (research collaborations, universities, con-
tract research organizations (CROs), contract manufacturers, governments, 
regulators, insurance companies, physicians, and patients) who may provide 
resources and services specific to the program. It is indeed a massive under-
taking, with some development plans surpassing the gross domestic product 
(GDP) of small countries in overall required investments. The complexity of 
these development plans creates significant uncertainty about outcomes, but 
along with such uncertainty comes considerable opportunity to build mana-
gerial flexibility into the design and execution of such programs.

The value of life sciences companies is primarily driven by their internal 
R&D. As previously seen in many other industries, neither acquisitions nor 
ad hoc cost reductions increase their value. In acquisitions or selective licens-
ing of products from other companies, the price paid generally exceeds value 
gained and thus can only result in shareholder value loss. Cost reductions, 
if indiscriminate and ad hoc (as they typically are), result in collateral dam-
age in value-producing entities. In this people- and information-intensive 
industry, cost cutting generally results in loss of skilled people and lack of 
overall flexibility for future growth. The market, recognizing this, generally 
welcomes R&D cost cutting by selling the stock of the company.

Economic analysis and empirical observations show that over 50% of the 
market value of a pharmaceutical company is related to growth options from 
internal R&D. In other words, a traditional financial analysis of the company 
can explain only 50% of the market value. This means that the market fully 
appreciates the optionality in internal R&D in pricing the company. Contrary 
to popular belief that Wall Street is obsessed with short-term earnings per 
share (EPS), evidence shows that markets are generally forward looking in 
valuing a company. The efforts spent by the finance organizations in pre-
cisely predicting and “meeting” EPS is an activity that destroys shareholder 
value in the long run (at least by the wasted effort expended).

Life sciences companies have long recognized that their primary assets are 
the R&D programs in the pipeline. Although most managers have an intui-
tive understanding of the value of R&D programs, the quantification of that 
value has been a challenge for a variety of reasons:
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	 1.	There are conceptual misunderstandings about what is meant by 
value.

	 2.	Traditional techniques such as discounted cash flow (DCF) and deci-
sion tree analysis (DTA) do not capture the uncertainty and flexibil-
ity inherent in R&D programs.

	 3.	The availability of tools to conduct valuation based on more general-
ized and appropriate frameworks has, thus far, been limited.

	 4.	Existing managerial incentives within departments may prevent 
needed changes in decision processes.

The industry practice in external transactions such as licensing and con-
tract manufacturing has been to use rules of thumb developed over the 
years. At the same time, however, “internal transactions” such as project 
selection, prioritization, and resource allocation are evaluated primarily 
using traditional techniques such as DCF and decision trees. Decision mak-
ers understand that current practices are limited and potentially misleading, 
and they attempt to compensate for the limitations of these techniques by 
making qualitative adjustments based typically on the technical aspects of 
the program.

The following are fairly reliable indicators that the concept of value is not 
understood or not applied in a consistent way in valuing R&D:

	 1.	Reliance on rules of thumb or proxy-based licensing and contract deals 
with external partners. This is similar, in many respects, to the valu-
ation practices used in the venture capital industry. Factors such as 
the size of the overall market, the reputation of management, and 
any available technical data tend to be the main drivers of transac-
tions. Initial bid prices, which typically take the form of milestones 
and royalties, are based on those in previous transactions or, more 
likely, a single successful transaction in the past. There is often some 
negotiation around such rules, but almost always within limits 
established by sacred cows (e.g., “absolutely no milestone payments 
at filing”). Discussions and debates focus on technical details (e.g., 
“the rat study is very promising, and that is the primary basis of 
this deal”). How all this translates into shareholder value added is 
almost never mentioned. Moreover, the split of value between the 
licensee and licensor created by the deal structure is also generally 
not subject to much analysis. The tacit assumption underlying such 
practices is that if the deal is structured according to the rules of 
thumb, it is a good deal for the company.

	 2.	Prioritization of programs (and entities) using rankings and multiple 
evaluation criteria. R&D programs are complex and provide signifi-
cant flexibility for multidimensional rankings (on criteria such as 
safety, efficacy, manufacturability, differentiation, and the cost of 
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raw materials). Traditional decision trees have been used widely in 
pharmaceutical companies, and they can be used to calculate the same 
net present values (NPVs) produced by DCF analysis. But, such NPVs 
are generally viewed by decision makers as only one of several crite-
ria—one that may be too narrowly “financial” to capture the “spirit” 
of the program under consideration. Moreover, the use of traditional 
decision trees has led to some confusion in the marketplace as some 
practitioners have mistakenly labeled it “options analysis” (to denote 
the branches in the tree). As most first-year business school students 
know, traditional decision trees are simply pictorial representations of 
the mechanics of the DCF analysis, nothing more. That is, they do not 
consider all uncertainties present or incorporate the impact of man-
agement flexibility that is inherent in the decision process.

	 3.	Resourcing (budgeting) decisions are segmented by departments, products, 
and specializations and are generally based on last year’s budgets. Since 
there is no common currency to compare investment choices across 
departments, products, and specializations, resourcing decisions 
(budgets) are typically done in a segmented fashion. Resources are 
allocated into buckets, typically according to a formula based on 
overall sales, last year’s budget, and growth rates. Once a depart-
mental (or product) budget is set, managers further divide that 
amount based on local formulas. Such allocations in turn typically 
depend on last year’s budget or on managers’ negotiating skills. It is 
not unusual to find strong correlations between departmental bud-
gets and the seniority and education of the manager.

It is intuitively clear to decision makers that every product or investment 
opportunity has an intrinsic value to the company. It is also clear that invest-
ment opportunities may present various paths forward, and each path (or 
design) may have different values. If a method could be established to sys-
tematically value every investment decision (including alternative designs), 
one could create a common currency for use in selecting, comparing, pri-
oritizing, designing, buying, and selling investment opportunities. If the 
method is applicable across all investment choices, the common currency 
of value can be the only decision variable regardless of the nature, loca-
tion, time horizon, size, and so on of the investment choices that are avail-
able. This is because value, if calculated using an economically consistent 
method, would capture the information related to all parameters and the 
uncertainties in the estimation of those parameters. Moreover, the valua-
tion method should be roughly consistent with the intuition and thought 
process that experienced decision makers go through when they select the 
best opportunities.

To put this in the right context, consider a pharmaceutical company with 
the following types of investment choices in R&D:
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	 1.	A full development candidate entering phase III (large-scale clinical 
studies undertaken after proof of concept has been established)

	 2.	An early development candidate that has just filed an IND 
(Investigational New Drug) application and is ready to enter the 
clinic (human trials to assess safety)

	 3.	An IT (information technology) infrastructure improvement project 
that is expected to enhance productivity in record keeping

	 4.	An expansion of a pilot plant that requires significant capital 
expense

	 5.	Hiring of new personnel with specific expertise in oncology
	 6.	A licensing opportunity with a biotech company on a candidate in 

an area in which the company has its own program

Suppose also that the company has a hard resource constraint (a limited 
budget), either imposed by senior management on R&D or set by market 
forces on the level of R&D that appears optimal at the current time. The 
question is how such resource constraints should affect investment decisions 
inside R&D. How does the company decide which investment opportuni-
ties to select and prioritize? How and when should the company execute 
the projects it decides to undertake? In a traditionally managed company, 
investment opportunities will be selected, prioritized, and funded by differ-
ent departments in a largely uncoordinated process, and as mentioned, the 
budgets for those departments are likely to be determined mainly by last 
year’s budgets. Such segmentation introduces the possibility that the best 
opportunities, if located within the wrong department, may be underfunded 
or passed over completely for “lack of budget.” To make matters worse, 
finance departments may make tactical adjustments to the departmental 
budgets to improve quarterly financial statements (apparently believing that 
investors focus mainly on the next quarter’s earnings). As such tactical allo-
cations (cutbacks or increases) flow through departments, they further affect 
the optimality of the investments undertaken by department managers.

In sum, existing practices and incentives are likely to reward management 
more for the ability to negotiate budgets than to add value for shareholders, 
resulting in overinvestment in some projects and underinvestment in oth-
ers. One requirement for changing such practices and incentives is to devise 
a better measure of the value added by R&D projects. But, this, of course, is 
far easier said than done since the payoffs from such investments tend to be 
realized years after the initial decisions are made, and managerial incentives 
tend to be much shorter in time frame.

The fundamental issue, then, is the lack of a common currency (denomi-
nated in terms of shareholder value added) that can be used by management 
to assess the company’s entire investment opportunity set. Traditional finan-
cial techniques such as DCF and decision trees are applicable only to a small 
subset of such opportunities. The reason is that the constraining assumptions 
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in DCF and decision trees—namely, that cash flows are “deterministic” and 
that there is thus no decision flexibility in the future—do not hold for most 
investment opportunities in R&D. Although decision makers may ask that 
such traditional analyses be conducted on a larger number of opportunities, 
they generally know that the results will not be sufficiently robust to make 
decisions. In such situations, smart decision makers will be more interested 
in the assumptions used by the analyst and less in the results of the analysis.

To remedy this situation, we need methodologies and tools that satisfy the 
following criteria:

	 1.	The methodology is sufficiently generalized to be applicable across 
the entire investment opportunity set.

	 2.	A tool is available that can be consistently and systematically used 
across all opportunities.

	 3.	Application of the methodology and the tool is as fast and easy as 
the application of traditional techniques such as decision trees.

	 4.	Senior decision makers understand both the advantages of the 
method and the need for change.

	 5.	Application of the tool is sufficiently systematic to be repeatable 
throughout the organization.

To analyze all investment opportunities in an enterprise, we need a flexible 
methodology that allows problems to be specified that have both private and 
market risks. In pharmaceutical R&D, private risks are related to experiments 
testing the safety and efficacy of the candidates. There may be private risks 
in R&D manufacturing as well, leading to nonscalability, lack of stability, or 
inability to manufacture within certain cost thresholds. Such risks should 
be treated separately and differently from market-related risks. Market risks 
have to do with the anticipated revenue streams from those products that end 
up passing the technical hurdles and are actually brought to market.

Another important consideration is that the follow-on capital invest-
ments required at different stages of the experiment and the duration of the 
experiments are highly uncertain at the outset. Nevertheless, there are large 
amounts of data from repeated and standardized experiments run in phar-
maceutical R&D that enable companies to form probability-weighted expec-
tations—and such expectations should be used in the analysis instead of the 
averages typically used in DCF and decision tree analyses. Because of the 
focus on averages in traditional analysis (average cost, average time, average 
revenue), significant time and effort are devoted to getting these averages 
“right.” But, as experienced managers and analysts recognize, the averages 
that result from such analyses generally obscure more than they reveal. 
Given the variability and uncertainty associated with the costs and benefits 
of R&D programs, the best one can do when contemplating a new program is 
to start by providing a good description of the range of possible outcomes.
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Decision Options methodology is ideally suited to tackle problems encoun-
tered in the life sciences business. Using decision tree-like constructs to rep-
resent managerial choices in response to variability in expected timelines, 
costs, and revenues enables the analyst to distinguish between flexible and 
committed decisions and between the effects of private risks and market 
risks. Since the method is not specific to any situation or set of assumptions, 
it is applicable across the entire investment opportunity set in the company. 
Moreover, by adopting such a framework that focuses on uncertainty rather 
than average outcomes, companies can actually reduce both the amount of 
data and the mechanical intensity of the valuation process.

Let us consider an R&D program in detail. Pharmaceutical R&D is done 
in stages. It is a complex process that requires many disparate functions to 
work together to advance an idea to market. The major stages are shown 
in the table, and approximate durations of these phases are also given. The 
journey from idea to launch takes over a decade, and it is a grueling process 
of trial and error.

Stage Duration (years)

Idea 2
Lead 2
Candidate 2
Phase I 1
Phase II 2
Phase III 3
Registration 1
Launch

What the company gets at the end of this decade-long process is a market-
able drug for a specific disease or class of diseases. That product is a trad-
able asset (just like a stock), and this chapter’s discussion assumes that all 
life sciences assets follow the geometric Brownian motion (GBM) stochastic 
process. Each of these phases can be further divided into subphases and 
may have many decision points. Further, many different organizations have 
to make decisions regarding manufacturing, testing, and marketing of the 
drug during the process, and their decision processes may or may not be 
fully aligned with the product timeline shown here. All these complications 
are addressed as we dig deeper into the life sciences R&D process.

The following are some examples of the type of investment decisions that 
a pharmaceutical company makes routinely.

	 1.	Buying or selling an intellectual property (IP) position (R&D can-
didate, patent, proprietary technology etc.) from another company 
such as a biotechnology company

	 2.	 Investing in an internal R&D program, including money, people, 
space, manufacturing capacity, tax credits, and so on
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	 3.	Collaborating (and investing) in an external R&D program with 
another company, university, or the government

	 4.	Selecting projects to form a portfolio (with or without a constraint on 
available resources of money, people, skills, space, capacity, etc.)

	 5.	Designing a project plan for an R&D program (when, what, how, and 
how much)

	 6.	Making insourcing and outsourcing decisions (where and when)
	 7.	Making decisions around adopting new technologies and abandon-

ing old technologies (when and how)
	 8.	Making decisions on the nature of experiments (how much informa-

tion to buy and when)
	 9.	Making project selection/design decisions and marketing decisions 

when competitive information is present (label design, launch tim-
ing, and pricing)

	 10.	 Infrastructure decisions (buildings, space, locations)
	 11.	Organizational design, compensation, and incentive decisions

The pharmaceutical business currently is largely based on creating chem-
ical agents to effect a specific action in a complex biological entity. These 
new chemical entities (NCEs) can be designed to have specific actions on 
cell surface receptors that modulate the cellular signaling pathways con-
trolling cellular function. Pharmacology is the science of how drugs affect 
biological entities. It has two aspects: pharmacokinetics (how the body 
affects the chemical) and pharmacodynamics (how the chemical affects the 
body). Since the NCE is “new” by definition, its pharmacokinetic proper-
ties (absorption, distribution, metabolism, and excretion) are not precisely 
known. The manufacturing process of the NCE also has to be invented from 
available chemicals (some of these processes can have as many as 15 manu-
facturing steps of reactions starting from what is called alpha raw materials 
(common chemicals). Each manufacturing step represents the manufactur-
ing of an intermediate chemical from existing ones, which then feeds into 
the subsequent step. Also, one can only guess the pharmacodynamic prop-
erties of the NCE and its hypothesized effect on cell receptors and how such 
effects ultimately translate into efficacy (beneficial effect) and toxicity (bad 
effects). Often, the difference in efficacy and toxicity (therapeutic index) 
determines the viability of the drug as there is no chemical without some 
toxic effects (side effects) and none with perfect efficacy.

Discovery and development of a drug include the manufacturing of a new 
chemical, the properties and manufacturability of which are not precisely 
known. The chemical has to be tested in complex biological systems, but the 
effects of the chemical cannot be precisely predicted. This means that all 
through the R&D process we are dealing with various types of uncertainties, 
and the decisions regarding the nature, timing, and size of manufacturing 
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and testing activities have to be made in a highly uncertain environment. 
These uncertainties can be largely divided into the following four categories:

	 1.	Cost uncertainties: The cost of conducting an R&D program depends 
largely on the people and materials needed to manufacture and 
test the prototype. The prototype here typically is an NCE or an 
NDE (new device entity). The “people costs” (largely driven by 
compensation) may represent over 75% of the costs in this people-
intensive business, and the rest is related to materials, equipment, 
and other infrastructure. A typical R&D program involves various 
specializations such as clinicians, toxicologists, engineers, chem-
ists, biologists, statisticians, and others. The complexity of the 
program as well as the company that conducts the program also 
requires support personnel, including human resources, informa-
tion technology, infrastructure maintenance, accounting, and man-
agement. So, in addition to the “direct” costs of people involved 
directly in the production and testing of the prototype, we also 
have to include “indirect” costs related to the support personnel as 
well as infrastructure.

			   Costs thus have a variable component as well as a fixed component. 
Fixed costs represent infrastructure costs and some of the support 
costs that cannot be avoided in the short run. R&D programs are also 
conducted in stages, so costs have to be estimated for each stage sepa-
rately. In each stage, certain quantities of the NCE are manufactured 
(called drug substance). The drug substance is then formulated into 
a drug product (such as a tablet or capsule) that can be used in an 
experiment. In certain animal experiments or early human experi-
ments, the drug substance could be used directly without formula-
tion. In the manufacturing of the drug substance and subsequent 
formulation into drug product, one has to estimate the quantity 
needed for the current experiment and possible future experiments. 
Further, since the manufacturing and formulation processes have to 
be “invented,” the precise yield (the amount of finished goods as a 
function of raw materials) is also not known. In making decisions 
regarding a specific R&D program, one should only include costs 
that are “avoidable” (or marginal). This is a function of the nature 
and timeline of the program, and since one cannot precisely predict 
the timeline or the complexity of manufacturing and testing ex ante 
(because of all the uncertainties discussed), one can only get an 
uncertain estimate of the costs of the proposed R&D program.

	 2.	Timeline uncertainties: The R&D programs in pharmaceuticals are 
discovery-and-development programs. They start with a hypoth-
esis regarding how a disease can be treated, cured, or prevented by 
effecting certain actions in the body by introducing a chemical entity 
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in a specific fashion. Since none of the components of this hypothesis 
are precisely known, the manufacturing of the drug substance and 
drug product for conducting the experiments requires the creation 
of a new manufacturing process. This process requires starting with 
raw materials that may be purchased from many vendors around 
the world or only a few specialized ones. Uncertain lead time exists 
between the order and arrival of starting materials from a vendor 
(who has to deal with other sets of uncertainties related to orders 
from many customers, availability of equipment and raw materi-
als, shipping, and regulatory clearance). Once the starting materials 
arrive, further manufacturing delays may follow related to avail-
ability of personnel and equipment, availability of the specification 
of the manufacturing and quality control/testing processes, and 
the design and configuration of the manufacturing kit. Since the 
yield from each manufacturing step is not known, steps may need 
to be repeated to manufacture the necessary quantities. Since the 
impurities in the manufactured drug substance have to be precisely 
controlled (as impurities may have unanticipated toxic effects not 
related to the NCE itself), certain batches of the manufactured final 
drug substance or intermediates may have to be discarded if found 
to contain unknown impurities or known ones outside control lim-
its. All of these possibilities make the timeline for the manufactur-
ing of the drug substance and drug product to the required quantity 
highly uncertain. To make matters more complicated, there are com-
pounding timeline uncertainties on the testing side. Experiments 
have to be run on animal and human models in stages. In animal 
models, availability of specific kinds of animals as well as personnel 
to conduct the experiments may introduce delays. In human experi-
ments, selection and establishment of investigator sites (clinicians 
who conduct the tests), enrollment of subjects or patients (people 
who volunteer to undergo the study), and unanticipated and unique 
side effects (sometimes resulting in the shutting down of the experi-
ment in a person, site, or the program) all can introduce uncertain-
ties in the timeline.

	 3.	Success rate uncertainties: In each stage of the R&D program (and vir-
tually at any time), new information arrives from experiments that 
may result in a reestimation of the anticipated success rate of the 
program. For obvious reasons, the R&D program will proceed only 
if the expected success rate is high enough and if the expected prof-
its from manufacturing and marketing of the drug are high enough. 
We use “high enough” here as traditional decision processes are 
based on “qualitative metrics” and generally not on a holistic share-
holder value metric. Two types of “bad news” could force a “rethink-
ing,” “slow down,” or even “abandonment” of the R&D program. 
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The first one is the lowering of the therapeutic index, either due to 
lower-than-expected efficacy (the drug does not produce the ben-
eficial effects anticipated) or a higher-than-expected toxicity (the 
drug has higher-than-expected toxic effects) or both. Such informa-
tion arrives from the animal tests or clinical experiments conducted. 
The second type of bad news is that the cost of manufacturing the 
chemical is substantially more than expected due to higher-than-
expected raw material costs, lower-than-expected yield, or higher-
than-expected equipment costs. There can also be “good news” (the 
opposite of events described for bad news), which can result in a 
decision to “accelerate” the program by increasing the enrollment 
rate of patients and subjects by increased incentives. In either case, 
arrival of new information may force us to change our expectation 
of “success” of the R&D program. Most often, the success rate is con-
sidered to be a binary outcome; it either succeeds or not. But, it is not 
always the case that the program suddenly dies. New information 
may force a redesign or modified label expectations (what can be 
sold in the market).

	 4.	Market potential uncertainties: Pharmaceutical R&D is a long-drawn 
process, often taking over a decade from idea to market. For many 
decision makers in R&D, this is a long time, and considering the mar-
ket potential in R&D, decisions are often difficult. However, market 
potential is obviously an equally important component of R&D deci-
sions. The expectations around market potential are unclear when 
the program starts and continue to change all through its progres-
sion, affected by competitive and regulatory actions, label expecta-
tions, therapeutic index, and a host of other factors.

In making a decision in R&D, all one can do is to capture all the uncer-
tainties and use them systematically. Existence of a complex set of uncer-
tainties should not be the cause of adoption of ad hoc decision processes. 
Shareholders do not pay decision makers to gamble; they expect them to 
improve decision quality. Decision quality is related to the systematic use of 
all available information.

Project Design under Multiple Uncertainties

Let us look at a stylized problem in R&D. Figure 9.1 is a three-stage R&D 
program. The three stages are represented by costs, timelines, success rate, 
and a gain at the end of the decision options tree. The first two stages 
require an experiment that results in a technical outcome. In this case, a 
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technical outcome is a binary event that makes the drug technically viable 
or not. If the drug is not technically viable (either because its therapeutic 
index is low, i.e., low efficacy and high toxicity, or manufacturability is not 
possible for a reasonable cost), it has to be abandoned. If the drug “passes” 
and subsequent investments are made, it will eventually create a gain at 
the completion of stage III. At the end of stage III, it can be sold for the 
anticipated “gain” to another company. If the company does decide to go 
forward at any stage (in essence, exercising the option to invest in a stage), 
each of the stages also has uncertain costs, represented by c1, c2, and c3. 
After investing in each stage (investments are taken in manufacturing and 
testing of the drug), we get information that results in a binary outcome: 
the drug is technically viable or it is not. We represent these by probabili-
ties p1 and p2. In stage I, there is a probability p1 that the drug will “techni-
cally succeed.” In other words, there is a probability (1 − p1) that the drug 
will fail for technical reasons after stage I. Similarly, there is a probability 
p2 that the drug will technically succeed after stage II. Each of the stages 
also has uncertain timelines; we cannot precisely predict how long it will 
take to manufacture and test the drug (for all the reasons mentioned).

As you can imagine, this indeed is a complex problem—decisions taken 
in a sea of uncertainty. Decision makers in the life sciences industry strug-
gle with similar problems every day. Not a single day passes without new 
information that may force them to rethink their strategy. We simplified 
the current problem by constraining it to a few stages and few decisions. In 
actuality, there are hundreds of these types of decisions in the progression 
of a drug from idea to market—a journey that takes more than a decade. 
Decision complexity does not abate after the drug is approved and reaches 
the consumers for the first time. In some sense, it is only a start. Every time 
a patient takes the drug, more information is generated regarding the drug’s 
safety and efficacy. Unanticipated adverse events do happen (some of these 
may be due to the specific attributes of the person taking the drug and some 
due to interactions with other drugs taken or a complex combination), and 
this may prompt the Food and Drug Administration (FDA) to reevaluate 
the drug. This may involve stricter warning labels, requiring the drug to be 
given only in the presence of a doctor or in a hospital. It can also result in 
a withdrawal of the drug from the market altogether. So, the history of any 
drug is fraught with uncertainty and the arrival of new and unanticipated 
information over multiple decades.

Figure 9.1
Representation of a three-stage R&D program.
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Let us model some of these uncertainties (Figure 9.2). First, assume that 
we have done thorough market research on the gain we can expect if the 
drug completes the three stages of development. This analysis may have 
taken into account the overall market for the drug, including patients seek-
ing treatment; prescription patterns; compliance rates; existing drugs of 
similar types; reimbursement patterns (since the insurance companies typi-
cally pay for the drug), including the probability of being in the formulary 
(list of drugs approved by insurance company); and many other factors. 
None of these is precisely known, but we can get imprecise estimates of 
all these factors. Using these estimates, we can calculate what the drug’s 
value could be at the completion of the three phases. This is the price we 
can expect to get in an external transaction with another party and is in 
fact the NPV of the free cash flows generated from the drug (assuming it is 
marketable at the end of the third phase). The free cash flow from the drug 
will be a function of total units that can be sold, price, the growth of units 
over time, the remaining patent life (discussed separately in this chapter), 
the cost of manufacturing and logistics, marketing costs, and other general 
and administrative costs.

The remaining patent life of the drug may need explanation. Since it is an 
NCE, the company may have taken patents on the composition of the chemi-
cal, the method of manufacture, the mechanism of action (how the drug acts 
on the body), and possibly other attributes of the therapy. These patents, once 
issued, are given for a fixed period (approximately 20 years) from the date 
of issue. Once the patent life runs out, the drug becomes generic, allowing 
any company to produce and sell it. If this happens, the premium pricing 
enjoyed by the inventing company disappears, and the drug’s market price 
will drop quickly. Generic pharmaceutical companies that dominate the seg-
ment of such generic drugs have no R&D costs, and their cost structure is 
similar to commodity chemical companies. Once the manufacturing process 
of the drug is known and the inventor of the drug has no exclusive right 

Figure 9.2
Modeled uncertainties in a three-stage R&D program.
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to it, generic companies simply can replicate the process, produce the drug, 
and sell it under a different generic name (the original company may still 
have the trademark on the original name). The generic market is increas-
ingly competitive, so the loss in sales of a drug after a patent runs out (“loss 
of exclusivity”) is indeed dramatic.

The “gain”—the value of the drug as it enters the market—has to consider 
all possible cash flows from the product before and after loss of exclusivity 
(end of patent life). The “expected free cash flows” need to be discounted 
back in time using a discount rate commensurate with the systematic risk 
of the drug. Note that many companies use only the weighted average cost 
of capital (WACC) of the company, and this is incorrect. Since the com-
pany engages in a variety of projects, the use of WACC in the discount-
ing of a single project can either underestimate the project’s risk (resulting 
in a higher-than-appropriate NPV) or overestimate the risk (resulting in a 
lower-than-appropriate NPV). Also, note that a straight application of dis-
counting based on the capital asset pricing model (CAPM) is sufficient here 
as once the drug is ready to be marketed, there is no more flexibility associ-
ated with R&D decisions (the only type of decisions we are considering in 
this particular problem); thus, the free cash flow stream from the drug has 
no optionality.

By considering the various uncertainties described, we can get an average 
NPV as well as minimum and maximum NPV. We calculate the minimum 
NPV by considering a scenario in which the cash flows are the lowest (low 
revenue, high costs, and short period of time to loss of exclusivity) and the 
maximum NPV by considering a scenario in which the cash flows are the 
highest (high revenue, low costs, and long period of time to loss of exclusiv-
ity). The NPV is the “gain” in the decision options problem. We assume that 
this is a traded asset; thus, its value follows GBM. We further assume that 
this gain can be replicated in the market, so the value of the decision options 
(which are options on this underlying asset) can be calculated using the risk-
neutral valuation method. Options purists may object to it by arguing that 
the gain cannot be perfectly replicated in the market. Every time we come 
back to this question, think about the following:

	 1.	To employ risk-neutral valuation, we do not need a “perfect clone” of 
the underlying asset. The asset only needs to be “replicatable.” The 
gain may be replicated in this case by using the stock of a biotechnol-
ogy company with a project similar to the one under consideration. 
Or, it could be replicated by a complex combination of securities such 
as exchange-traded funds that include many companies that focus 
on a specific indication (as targeted by the drug). Such a bundle may 
also include short or long positions in futures such as the futures 
traded on presidential candidates if the pricing is affected by certain 
political parties remaining in power or not.
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	 2.	This replication process is “imperfect.” The market portfolio used in 
a single-factor model such as the CAPM is also not perfect; the cal-
culation of β using a market-traded proxy is also imperfect. The idea 
here is that the framework is a reasonable representation of what 
happens.

	 3.	 In a world with a large number of participants and increasing level 
of information flow, assets will continue to move toward a state at 
which replication is always possible by a combination of traded 
assets by a wide variety of participants, including investors, employ-
ees, suppliers, and customers of the company.

This means that we now have an asset called gain that can be assumed to 
follow GBM, and we can employ risk-neutral valuation. We also know the 
current value of gain (which is the average NPV) as well as the minimum 
and maximum value. Using these three (average, minimum, and maximum), 
we can create a “volatility” parameter of gain that is assumed to follow the 
GBM price process. As we have seen, volatility is a measure of how much the 
price of an asset (in this case gain) moves up and down during its lifetime. 
Since we know how GBM progresses (thinking back to the stochastic pro-
cess equations) and the minimum and maximum values it can take within 
a period of time, we can back-calculate the volatility. Note that we are not 
doing any inflation adjustments, so all numbers are real (not nominal).

Shown in Figure 9.3 is the risk-neutral simulation of “gain” over approxi-
mately 5 years. As we will see in future problems, there may be other types 

Figure 9.3
Stochastic simulation of gain from the R&D program.
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of options present even after the drug is ready to be marketed, such as the 
following:

	 1.	Option to expand to other geographic areas. Typically, the approval 
of the drug is sought in one geographic area (such as the United 
States or European Union) first and then expanded to other regions.

	 2.	Option to expand the “label” (the description on the drug describ-
ing the type of diseases [indications] for which the drug is effective). 
Typically, the drug is first proven to be effective for one or a few 
indications before it is brought to market. The company may try the 
drug for other indications at a later time.

	 3.	Option to create different formulations and dosage forms. Typically, 
a single formulation and dosage form are used at the market entry. 
The dosage form is the drug product, such as a tablet or capsule. The 
company may choose to improve the drug’s characteristics with bet-
ter dosage forms in the future.

We ignore these and other postmarketing options for now.
Next, let us look at costs. We have three costs (c1, c2, and c3) that represent 

the three stages of the R&D program. We are embarking on stage I immedi-
ately, so we have a really good estimate of what it will take. In fact, we are 
so sure of this, we are going to assume it is a constant: $15 million. However, 
c2 and c3 are going to occur at some future point in time, so we only have 
some expectations for them. We will also only know how much these costs 
are when we start those stages. For example, we assume c2 will be around 
$300  million. By analyzing historical data of similar projects, we antici-
pate that c2 will be a sample from a lognormal function with an average of 
$300 million and a standard deviation of $50 million. Given in Figure 9.4 is 
the distribution for c2. This means that the cost for stage II is in the range of 
$180 to $480 million, with an average of $300 million.

As is typically the case for cost estimations, there are small probabilities 
that we will have significant cost overruns (the distribution has a positive 
skew and fatter tails than a normal distribution). There are other types of 
distributions (such as γ) that may be used to better describe cost overruns, 
but throughout this book the concept is kept simple, using only one of the 
three common distributions: normal, lognormal, and triangular. Lognormal 
distribution is always used to represent time and cost overruns in project 
plans. Similarly, we assume the expected cost of stage III is also $300 million, 
but it is little bit more uncertain, showing a standard deviation of $75 mil-
lion. The distribution of stage III cost is given in Figure  9.5. The range of 
expected stage III cost is $140 to $570 million.

Now let us study the timelines for the project. Here, we are assuming 
that we commit some budget when we start each of the stages (represented 
by c1, c2, and c3) and the project timelines for stages I and II are t1 and t2, 



Case Studies in Life Sciences	 105

respectively. Stage III happens immediately after stage II, and we have the 
option to buy gain by spending c3. We can imagine this as committing the 
cost of conducting stage III in a contract with the buyer of the drug at the end 
of stage II. The selling company (the company conducting stage I and stage 

Figure 9.4
Probability distribution of cost in stage II.

Figure 9.5
Probability distribution of cost in stage III.
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II experiments) is also committing the expense of conducting stage III but 
selling the drug at that point to another entity.

Note that we have to commit the stage I cost of $15 million immediately. 
This is a cash flow, not an option as there is no time to make this decision. 
We assume the time that will be taken to conduct stage I is approximately 1 
year. However, we do not know this precisely. Analyzing past experiments 
of similar nature, we estimate that the timeline is a lognormal distribution 
with expected outcome of 1 year and a standard deviation of a quarter (0.25 
year) as shown next. This means that we can get really lucky and complete 
stage II in 6 months (0.5 year), or it could drag on for as much as 2 years. 
Figure 9.6 shows the probability distribution of the stage II timeline.

The only remaining item that needs discussion is the success rate. Success 
rates are sometimes called private risks (to differentiate them from market 
risks), and they are not correlated with the market. For the current case, we 
are going to assume that the risks are binary outcomes. For example, we 
are 70% confident that a stage I experiment will be successful. This may be 
based on historical data or expert judgment. For example, we may find that 
30% of similar experiments in the past failed, resulting in a complete stop of 
the R&D program. We call these types of risks binary as they are either good 
or bad (and nothing in between). In many cases, the outcomes may not be 
as clear-cut, and they may result in either diminished or enhanced expecta-
tions around the technical aspects of the product (and its marketability). We 
consider such risks in other cases.

Now that we have defined the asset (gain from selling the drug at stage 
III); the costs of conducting the program, including a committed cost of the 

Figure 9.6
Probability distribution of time in stage II.
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stage III program (to be conducted by the buyer of the drug); the timelines 
for the different stages; and the success rates, we can calculate an economic 
value of this decision options bundle.

To value the current decision options problem, we need one more item: 
the risk-free interest rate. Remember that we are going to value this in the 
risk-neutral framework (taking advantage of the assumption of complete 
markets). Also note that while calculating expected costs and gain (NPV of 
cash flows), we used non-inflation-adjusted real numbers. This means that 
the risk-free rate has to be the real risk-free rate. A 5-year T‑bond (which is 
the approximate duration of this decision options problem) yield gives us the 
nominal risk-free rate. By subtracting the inflation rate from it, we can calcu-
late the real rate. For convenience, we assume that the risk-free real interest 
rate is 0. For most of the problems of this nature, we continue to assume a 
real risk-free rate of 0 as it is close to what we currently observe. It is possible 
to use a term structure in the risk-free rate as the yield curve will be sloped, 
but for most practical problems, such complexity does not improve deci-
sion making and may take the decision maker into long-drawn discussions 
around theoretical nuances that have little effect on ultimate conclusions.

Analyzing the current problem, we find that the value of this R&D pro-
gram currently is $13 million. So, the company should go ahead and invest 
in stage I. Figure 9.7 shows the completed model.

Now consider that we have an opportunity to conduct stage II differently. We 
can break it into two; call these stages IIA and IIB as shown in Figure 9.8. Each 
of these substages consumes 50% of the cost of stage II. So, in combination, 

Figure 9.7
Completed model of a three-stage R&D program.
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they still total the original cost of c2. It is just that we are breaking the experi-
ment into two smaller ones. It is also the case that the time taken for conduct-
ing each of these substages is 50% of the original stage II timeline. So, again in 
combination it takes the same amount of time to complete the entire stage II. 
Also assume that the success rate from stage II remains the same. Remember 
that we had an original stage II success rate of 80%. This means that 20% of 
the time a drug failed in stage II. To have the same success rate from stage II, 
the success rates from each of the substages have to be higher than 80%. Why? 
If we assume that both stage IIA and stage IIB have the same success rate as 
before (80%), then the combined success rate of stage II will be (80%)2 = 64%. 
Remember that we are combining two probabilities in sequence here. So, the 
success rate in each of the two substages has to be 80% = 89%. Everything 
else remains the same. The only difference in this design is that we have bro-
ken up stage II into two parts with a decision point between. At that point 
(halfway into stage II), we can also make a decision (an option) whether we 
want to proceed further. By then, we may also have a better estimate of gain, 
having observed it for the past couple of years.

Intuition tells us that such a design introduces a higher level of flexibil-
ity into the decision process. With everything else (timeline, cost, risk, and 
gain) remaining the same, it is also likely to increase value. As shown in 
Figure 9.9, this additional flexibility increases the value of the R&D program 
to $16.6 million from the original $13 million, a 28% increase.

This is an important insight for those designing R&D programs. As we 
intuitively know, the more flexibility we have in the program, the higher 
the value of the program will be. It should also be clear to the user that the 
incremental value is generated by the ability to walk away from the program 
at stage IIA. Such an “abandonment option” is not related to the failure of the 
drug in an experiment (technical failure) but rather to a reevaluation of the 
program’s potential in stage IIA. Note that by the time stage IIA is completed 
we have completed t t1 2 2+  of the overall timeline for the program (approxi-
mately 2 years). During this time, we may have gotten more information on 
gain, including but not limited to pricing power, competitive R&D, govern-
ment and regulatory policy changes, public attitude toward seeking treat-
ment for the specific disease targeted by the drug, and more. This better 
estimate of gain may have resulted in a loss of NPV, and we may reconsider 
the original plan to invest in stage IIB and stage III. If gain has fallen to a 
sufficiently low value, it may force abandonment. It is this decision flexibility 
that enhances the R&D program value by 28%.

Figure 9.8
R&D program with split stage II investment sequence.
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Let us make this problem a little more complicated. Assume that we can 
actually observe the costs of stage II and stage III over time, and they are cor-
related. We can model this problem by assuming cost also follows the GBM. 
The model is shown in Figure 9.10.

Figure 9.9
Completed model for split stage II R&D program.

Figure 9.10
R&D program with correlated costs.
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In this case, we create a stochastic variable called c and use that in stages 
IIA, IIB, and III. Since we are using the same variable, we are also assum-
ing that the costs in these stages are perfectly correlated. The lower stage II 
costs are, the lower stage III costs will be and vice versa. As we go forward 
in time, we get better and better estimates of the overall cost of the program 
(Figure 9.11). In this case, at the completion of stage IIA, we not only get a 
better estimate of gain but also better estimates of all costs for all subse-
quent phases as they are correlated with the costs just incurred in stage IIA. 
Intuition tells us that this may further increase decision flexibility as the 
decision to abandon in all stages after stage I can now be based on better 
cost estimates. Since the company is interested in the highest profits, the cost 
information combined with the gain information is more powerful in mak-
ing abandonment decisions.

We find the value of the R&D program to be approximately $31  million, 
nearly double the case when the costs can only be known when a stage started 
and costs from previous stages do not include any information regarding costs 
in subsequent stages. In calculating the R&D program value, such assumptions 
can become critical and will have meaningful effects on decisions, especially 
when all feasible R&D programs cannot be pursued due to capital constraints, 
and the company is forced to pick a limited set of programs to pursue.

You may also have realized that experiments that reveal information such 
as cost and gain have value. For example, one could visualize a pilot manu-
facturing process experiment that can be conducted quickly (and cheaply) 
to get a better assessment of costs prior to starting the large experiment in 

Figure 9.11
Completed model for R&D program with correlated costs.



Case Studies in Life Sciences	 111

phase II. Similarly, the company could interview doctors to better assess the 
drug’s potential if it were to be successful in R&D.

One assumption with which options purists may take issue is the idea that 
costs follow the GBM with a risk-neutral drift. Here, we treated costs exactly 
like gain, so all assumptions regarding replicability now have to hold for 
cost also. How can one replicate costs? Perhaps this can be done through 
traded assets such as the stock price of contract manufacturing organizations 
(CMOs) or contract research organizations (CROs) that may have entered 
into fixed-price contracts with pharmaceutical companies. Since costs are a 
function of supply and demand of materials, manufacturing capacity, and 
patients, CMOs and CROs may also be driven by the same dynamic. In any 
case, remember that we are not really trying to precisely replicate the under-
lying R&D program but doing a mental exercise on how replicability can be 
achieved. We can also visualize the risk-neutral payoff distribution from this 
R&D program (Figure 9.12).

The peak in Figure 9.12 represents the high probability of abandonment at 
stage IIA. Note that this distribution is not the real payoff from the program 
(as we are using a risk-neutral valuation technique to value it). But, the shape 
of the payoff is instructive and demonstrates reasonably high levels of possi-
ble losses (albeit low probability) from pursuing the program. Some of these 
are due to technical failures in the various stages. After investing in the pro-
gram, we find out that it does not work (a technical failure). Some losses are 
due to abandonment since after investing in some stages, we have decided to 
cut the losses as the cost rises or gain diminishes. If the program succeeds, 
there are also high gains, as shown in the right tail of the distribution. These 

Figure 9.12
Risk-neutral payoff distribution from the R&D program.
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big gains make up for all the losses, especially because of a few relatively 
high-payoff scenarios in which we get lucky with the gain (highly valuable 
drug) or our costs are a lot lower than anticipated and the program pro-
gressed rapidly. Note that we are ignoring the changes in the period of loss 
of exclusivity due to a faster or slower program. In future cases, we demon-
strate how this effect can also be incorporated.

Decision to Invest More in an Existing R&D 
Program to Enhance Success Rate

One of the questions with which R&D managers often struggle is whether 
it is worthwhile to invest more into an ongoing R&D program. Consider a 
decision to buy information that increases the success rate of a program. 
Information is “bought” by investing more into the program either by run-
ning a larger clinical study or by creating a better drug product that improves 
the action. It can also be other type of investments such as equipment, inter-
nal or external personnel, and adding other types of studies.

Improvement in the success rate has to be understood in the context of 
errors in technical decisions. The technical go/no-go decisions are typically 
made on a therapeutic index such as the therapeutic ratio (TR), which is the 
ratio of the dose of the drug that creates a toxic effect for 50% of the study 
population (T50) and the minimum effective dose that is needed to create 
an efficacious effect in the same population (E50). Obviously, the higher the 
toxic dose, the higher the TR, and the lower the efficacious dose, the higher 
the TR.

	 TR T E= 50 50/

The difference between a toxic and an efficacious dose can be very narrow 
(the therapeutic range or therapeutic window), so assessment of these doses 
is critical for making a decision to go forward with the drug after a stage 
is completed. In each stage, the drug may be tested in a certain number of 
subjects or patients. For example, in phase I, healthy volunteers (subjects) 
take part in the experiment for the assessment of the toxicity of the drug. 
Similarly, in phase IIA a group of patients goes through the experiment for 
the assessment of the efficacy of the drug. Since all human beings are not 
the same, the effect seen in one will differ from the effects seen in others 
and thus the information collected is not precise but probabilistic. Generally, 
the more information available (larger number of subjects and patients), the 
higher the confidence in the assessment of the TR and the higher the chance 
of making the “correct” technical go/no-go decision.
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Clinical study design has to take into account the null hypothesis (which 
may be accepted or rejected) and the sample size needed to reach a statisti-
cal conclusion. Students of statistics are familiar with type I (false-positive) 
and type II (false-negative) errors. Since we start most experiments with a 
hypothesis and collect sufficient information to either accept or reject the 
null hypothesis, both of these types of errors are costly mistakes for the 
company conducting R&D. If type II error occurs (incorrectly concluding 
that the drug is not beneficial when it actually is), the R&D program may 
be abandoned. This is the error of accepting the null hypothesis when it 
should have been rejected. In this case, a potentially good drug will be 
abandoned, and the investments made up to that stage become a waste; 
more important, the company will “throw away” a valuable prototype. 
If type I error occurs (incorrectly concluding that the drug is beneficial 
when it is not), the R&D program will progress to subsequent stages, forc-
ing the company to perform larger and larger experiments. This is the 
error of rejecting the null hypothesis when it should have been accepted 
and accepting the alternative hypothesis. As the “bad drug” progresses 
through the R&D process, “burning more money,” more information will 
become available. This may result in the abandonment of the drug at a later 
stage. In some cases, the company may continue to make type I errors in 
all stages of R&D, taking the drug to market. However, once the drug is on 
the market, the number of patients taking it dramatically increases, and 
the information exponentially expands, making the error very transpar-
ent. Adverse effects may show up in some percentage of the population, 
and the actual therapeutic range reveals itself. Depending on the level of 
toxicity, a number of different outcomes—such as the FDA requirement of 
sterner warning, a black box label, hospital-based administration, or with-
drawal from the market—are possible. Both type I and type II errors are 
extremely costly for the company.

Consider a comparative clinical study in which the null hypothesis is 
that the drug under investigation is the same as other existing therapies for 
the same disease. A type I error is concluding that the new drug is better 
than existing ones (when they are generally the same). In this case, the null 
hypothesis is falsely rejected. In any experiment, there is a probability that 
a type I error could exist (sometimes called the p value). Type I error can be 
reduced by increasing the number of data points (by having more patients in 
the study). However, it may also increase the type II error (the null hypothesis 
may be accepted that the new drug is not any better when it actually is). The 
type II error can be reduced by increasing the power of the study.

Note that type I and type II errors are also a function of the design of 
the clinical study. They are “statistical errors” assuming that the design of 
the study is correct in obtaining the information sought. For all the cases 
described in this book, it is implicitly assumed that the experiments are 
always designed appropriately, and that the type I and type II errors are low 
enough to be discarded. So, the success rate in a clinical study is the “true 
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success rate,” and we always make the right call around the technical success 
of the candidate given the information from the experiments.

Consider the R&D program given in Figure  9.13. The first section of this 
sequence of decisions deals with R&D as shown in Figure 9.14. This drug can-
didate is in phase IIB. Once that stage is completed, the drug will move into 
phase III. If that experiment succeeds, the company will have enough infor-
mation to file for FDA approval (we call this stage REG for regulatory). There 
are expectations of cost for the three phases, designated by PIIBC, PIIIC, and 
REGC, respectively. There is also a placeholder for PIII for some “additional 
cost,” designated as ADRC. Note that at Phase III, the final phase of this R&D 
program prior to submitting and NDA (new drug application), there are a 
number of trials already planned. As many as 2,000 patients may go through 
trials during this time (which extends 3 or more years). With the current design 
(which takes a total cost of PIIIC), we expect a certain success rate of PIIIp. In 
this success rate, there is a certain probability of type I and type II errors. As 
mentioned, we always assume that the “decision” is correct, and that the type I 
and type II errors are low enough that they do not figure in our decisions.

Based on historical data, the chance of success in this phase is estimated to 
be PIIIp. Similarly there are expectations of success rates for PII (represented 
by PIIp) and for FDA approval (represented by REGp). All of these success 
rates are binary. This means that from a technical standpoint, we assume 
that the program either succeeds or fails (no other options). Although this 
may be a reasonable representation for most advanced R&D programs in 
pharmaceuticals, it is not always the case. The information obtained from 
R&D experiments is not typically black and white, and decision makers have 
to analyze large amounts of conflicting information. In some cases, the com-
pany may find that although it is unprofitable to take the candidate forward, 
it may still be possible to sell it to another company that may have a lower 
cost structure, better expertise in certain areas, draw synergies from its own 
existing programs, or utilize its sales force more optimally. So, the decision 
may not always be a complete abandonment but allow other modalities such 
as out-licensing (selling to another company). In out-licensing, the company 
may also retain certain options to “take part” in the success of the program 
at a later stage when more information is available. Obviously, such options 
have a price associated with them.

The additional cost ADRC is for an additional clinical trial that will uti-
lize a different type of dosage form. This “tablet” uses new technology that 
improves certain pharmacodynamic properties of the chemical. With this 
additional experiment (and cost), we can extract a new set of data that will 
not be available in the traditional study. In effect, we are trying out a “new 
way” to create the necessary effect from the drug candidate. It is complemen-
tary to existing design. We assume that this additional investment enhances 
the chance of success beyond the original PIIIp. It is possible that the new 
experiment has some effect on the overall type I and type II errors, but we 
ignore them for now.
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The question we are trying to answer is whether the additional investment 
ADRC is worthwhile. To answer this, we can calculate the economic value of 
the R&D program with or without the additional investment. In analyzing 
the economic value, we also have to forecast what happens when the drug 
gets to market. The section of the model representing the market is shown 
in Figure 9.15.

Figure 9.15 shows the sequence of decisions after the drug is approved by 
the FDA. After the approval, the company commits launch costs (some costs 
may already be committed and invested while the drug is reviewed by the 
FDA as most companies do not want to lose much time after approval). The 
cost associated with launch is represented by LC. For the rest of the model, 
we assume that every year the company assesses the revenue potential for 
the drug and the marketing costs and makes a decision to keep it on the 
market or not. After 5 years, if the drug is still on the market, the company 
will sell the mature product to another company, and we expect three times 
the peak sales (represented by ps) in that transaction.

In every year, we calculate the revenue as a function of peak sales ps and 
gross margin gm. For the first 5 years, we assume a growth curve for the 
drug as a function of peak sales. For example, for the first year we assume 
10% of peak sales, for the second year 20% of sales, and so on. We can create 
such growth curves from historical data of similar drugs. We also assume 
a marketing cost/year (represented by MC) irrespective of the sales. Since 
marketing costs are related to reaching doctors, insurance companies, and 
patients, they may be driven by other dynamics. We assume (in this prob-
lem) that they are uncorrelated with the revenue from the drug. We also 
assume that the gross margin, which is (sales − cost of goods)/sales, is a 
constant 75%. The cost of goods is generally well established by the time the 
drug is ready to be marketed.

Figure  9.16 shows all the assumptions related to status quo (the current 
design). In the current design, we have traditional clinical trials in both PII 
and PIII. Figure 9.16 shows the solution from the status quo analysis. Note that 

Figure 9.14
First section of the R&D model.

Figure 9.15
Portion of the model representing marketing.
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we have set ADRC to zero and SR to 100%. This means that we are not tak-
ing any additional costs in PIII (for the specialized dosage form and modified 
study), and the success rate we expect is the same as calculated from historical 
data.

We have defined two stochastic functions: peak sales ps and marketing 
cost/year MC. Both of these can be observed over time, and we gain better 
understanding of both as the drug candidate progresses through the pipe-
line. We also assume that they are tradable assets, and that they follow a 
GBM price process. We also assume that both peak sales and marketing costs 
are “replicatable”; thus, we can solve this problem in the risk-neutral frame-
work. The costs we assume to be probabilistic and independent. We assume 
all costs to be lognormally distributed, and we obtain this from historical 
cost data of similar programs. The duration of each phase, also obtained 
from historical data, is also represented by lognormal distribution. The suc-
cess rates for PII, PIII, and REG phases are 75%, 75%, and 90%, respectively, 
and they are binary (success or failure).

We can visualize the risk-neutral price paths of both peak sales and mar-
keting cost during the course of the decision options problem. Figure 9.17 
depicts the price process for peak sales. Note that in many scenarios the 
peak sales hit the upper boundary of $1,000 mil (we assumed it is the maxi-
mum peak sales that can be achieved). This is a bit like introducing a mean 
reversion into the GBM price process. In this case, if the price hits the upper 
boundary, it does not go through it. There are many practical reasons why 
this is a reasonable assumption. A very successful drug becomes the target 

Figure 9.16
Completed R&D model.
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for competition, which may bring similar products to market (acting as a 
curb on the upper limit on peak sales). Policy makers and insurance com-
panies (which pay for the drugs) also take notice when a particular drug 
becomes very successful and may introduce limitations on pricing power.

Figure 9.18 shows the price process for marketing costs. This also has upper 
and lower limits. The upper limit may be self-imposed by the company, and 
the lower limit may happen when the company is obligated to conduct certain 
programs for education even if the drug “sells by itself.” We also included the 
postmarketing studies the company may conduct (sometimes called phase IV 
costs) into the marketing costs. Any general and administrative costs (incre-
mental to existing costs) are also included in the same variable. Note that we 
are only interested in incremental costs and not existing costs in analyzing the 
value of the R&D program. The company may not be able to avoid some of these 
costs even if the drug sells itself without any marketing by the company.

Options purists may object to boundaries imposed on the GBM in a risk-
neutral framework. They may argue that such boundaries, if they exist for the 
reasons I described, are in the real world and cannot be artificially imposed 
on a risk-neutral price process. I would request that you do not lose too much 
sleep over such technical complications. In this problem, we can also argue 
that the appropriate risk-adjusted discount rate is the risk-free rate as these 
have low correlation with the market. So, both the price processes and the 
payoff diagrams are close to what we should observe in the real world.

Shown in Figure 9.19 is the risk-neutral payoff from investing in the drug 
candidate. The two peaks in the left are related to abandonment decisions at 
the beginning of PIII or after it (before submitting for FDA approval). Most of 

Figure 9.17
Stochastic simulation of peak sales.
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this is due to technical failures, and when the technical failure happens the 
company is forced to abandon the program and loses its investment. Note that 
the technical failure-related stoppage of the program is not an option. As often 
stated, an option is the right to do something but it is not an obligation. When 

Figure 9.18
Stochastic simulation of marketing costs/year.

Figure 9.19
Risk-neutral payoff from the R&D program.
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technical failure happens, we are obligated to stop the program, but this is well 
compensated by the small probability of making large amounts of money if the 
drug succeeds and reaches high levels of peak sales.

The cumulative probability of the risk-neutral payoffs is shown in 
Figure 9.20. Although these are not the actual payoffs (as we are solving this 
problem in the risk-neutral world), they are instructive in understanding the 
risk inherent in engaging in this type of R&D. The first thing we notice is 
that there is only about a one-in-two chance of actually making money from 
this. Most of this is driven by private risk in R&D.

Now let us analyze the new plan in which we conduct additional experi-
ments in phase III and conduct phase IIB in anticipation of it. This increases 
cost in phase III (but not in phase IIB). PIII costs increase by $50 million, and 
availability of results from this additional experiment increases the chance 
of technical success by 5%. We can now find the economic value of the modi-
fied program.

Figure 9.21 shows the assumptions and the results from the new design. 
We find that the $50 million additional investment is worth it. The economic 
value of the program increases to $1.05 billion. A 5% gain in economic value 
can be captured by the alternative design, which is more costly (by an addi-
tional $50  million in phase III) but improved the drug candidate’s action. 
Note that we did not take into account any change in the duration of phase 
III due to the addition. We also did not explicitly model in the constraining 
patent life of the drug candidate, which will have an impact on the over-
all expected revenue if the time spent in R&D changes. We deal with these 
aspects in the next case.

Figure 9.20
Cumulative probability of risk-neutral payoff from the R&D program.
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Followers of pharmaceutical companies know that the risk of a drug does 
not go to zero after it is marketed. In many cases, we get more information 
that results in a loss of value for the drug. Competition is one reason for a 
spontaneous loss in value for a marketed drug.

Let us introduce a jump in the peak sales stochastic process to represent a 
spontaneous loss in value either due to competition or due to some regula-
tory or market change. Assume that there is a 2% chance every year from 
now that some adverse effect (competitive entry, regulatory change, etc.) 
happens, and if that happens, the value drops by 20% (but never below the 
minimum value of $400 million). Figure 9.22 shows the price process with 
these adverse events. The arrow in the figure shows a catastrophic value loss 
in one of the simulations.

Shown in Figure 9.23 are the assumptions and the economic value of the 
status quo program with spontaneous loss in value. We find that value 
declines to $950 million (5% loss). The 2% chance every year for such a loss 
does have significant effect on the economic value of the program.

The probability of technical success (a private risk) is an important attribute 
of value in R&D programs. In pharmaceuticals, nearly every program is new, 
and it is difficult to precisely assess the chance of success. It is always better 
to use a historical success rate in cases such as these as it is difficult for most 
to provide a probability of an event, especially if the event has binary (go/
no-go) outcomes. The company’s success rates may be more relevant than 
industrywide metrics. The historical success rate of the company at various 
stage gates is a function of expertise of the company, its business processes, 
and other natural factors that affect success.

Figure 9.21
R&D program with early investments to reduce attrition.
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Figure 9.22
Stochastic simulation of peak sales with catastrophic value loss due to competitive entry.

Figure 9.23
Economic value of the R&D program with competitive entry and catastrophic loss in expected 
peak sales.
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Decisions to Accelerate an Existing R&D 
Program by Additional Investment

In the last case, we studied investing more assets into an existing R&D pro-
gram to enhance the chance of success. In this one, we investigate how to 
evaluate the opportunity to accelerate an R&D program by more investing. 
There are many ways to accelerate an R&D program. Life sciences R&D 
requires many departments (e.g., manufacturing, clinical, and toxicology) 
to come together to conduct a program. One way to accelerate a program 
is to identify the department that is in the critical path and speed that up. 
For example, if manufacturing is in the critical path, it means that clinical 
and toxicology functions that use the drug to run experiments are waiting 
for the availability of materials. This delay can be avoided by finding addi-
tional suppliers or dedicating more manufacturing resources to the produc-
tion of this particular drug. If, on the other hand, materials are sitting in the 
warehouse or at investigator centers waiting to be used and there are not 
enough patients to start clinical trials, incentives can be increased to acceler-
ate enrollment, thus speeding up the R&D program. In either case, we can 
invest more into the department that is behind and tying up the process.

Consider the R&D program shown in Figure 9.24 for a drug candidate in 
PIIB. In PIII, we consider a scenario of investing more than status quo (that 
cost PIIIC) by additional cost (ADDC). The additional cost will be applied in 
the functional area that is in the critical path in the status quo project plan. 
If we do so, we expect to reduce the time needed for PIII by REDT (as in 
reduced time). On the marketing side, we have the model in Figure 9.25.

As in the preceding case, we have two stochastic functions, one repre-
senting peak sales ps and one representing marketing cost MC. We have a 
growth in peak sales reaching the maximum value in year 5. We assume that 
after the peak sale is reached, the company sells the drug to another firm, 
which may have a lower cost structure and can create a higher value from 

Figure 9.24
R&D program in phase IIB.

Figure 9.25
Marketing model of the R&D product.
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the mature drug. We also model the idea of a fixed patent life in the terminal 
value as shown in Figure 9.26. We assume that the drug currently has a pat-
ent life of 18 years. Since we have only uncertain estimates of the duration 
of the various phases, we subtract these variables from the total of 18 years 
(current time to exclusivity) to calculate the remaining patent life when the 
drug is considered mature and ready to be sold (after 5 years on the market). 
We also include the variable REDT as the time reduced from phase III as 
it will be an added benefit for the duration of the drug on the market. We 
assume that the terminal value equals peak sales × time to exclusivity × 0.4.

First, we calculate the value of the status quo project plan with REDT and 
ADDC set to zero. Given in Figure 9.27 are the assumptions and the result 
from the analysis. We find the value of the R&D program with status quo 
design is approximately $1.0 billion.

We can also look at the impact of our assumptions on the valuation. 
Figure 9.28 shows the impact of the peak sale assumptions on the economic 
value of the R&D program. Impact analysis shows that a 1% reduction in 
the average peak sale assumption will reduce R&D program value by 1.7%. 

Figure 9.26
Terminal profits modeled as a stream of cash flows.

Figure 9.27
Analysis of the R&D program.
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Similarly, a 1% increase in average peak sales increases R&D value by 1.1%. 
The assumptions on the minimum value have little impact on the economic 
value. A 1% reduction in maximum value results in an 0.8% reduction in eco-
nomic value of the program, but the impact is very little on the upside. These 
observations give us an indication of which assumptions are most sensitive 
to the results and may need more attention.

The new design with an additional $50 million invested to reduce the PIII 
time by 6 months (0.5 years) also can be valued to assess whether it is a better 
way to manage the program. Figure 9.29 shows the results from that analy-
sis. The results show that the economic value of the program is roughly the 
same as before, with the new design marginally higher by 2%. Reduction 
of time in R&D has competing effects on economic value. The extension in 
patent life has a positive value as the drug can generate more revenue before 
it reaches loss of exclusivity. However, reduction in time also means that 
there is less time to observe what is happening to peak sales and marketing 
cost expectations before decisions are made to make further investments. 
Also, there is an obvious increase in cost ($50 million) due to the additional 
investments taken to accelerate the program. Note that the economic value 
increase calculated already has this additional cost considered, so it is bet-
ter in this case to pursue the accelerated program. The accelerated program 
increases value by 2%.

Assume that this program has a 10% chance of encountering a negative 
event every year (such as competitive entry or regulatory change), and if that 
happens, value spontaneously drops by 25%. Figure 9.30 shows the analysis 
with the new assumptions incorporated in status quo. The economic value is 

Figure 9.28
Impact analysis of peak sales assumptions on value.
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Figure 9.29
Analysis of R&D program with acceleration.

Figure 9.30
Analysis of R&D program with competitive entry.
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significantly lower, dropping to $580 million. A 10% chance every year is sig-
nificant as the program duration is over 10 years. We can calculate the chance 
of the bad outcome not happening during the life of the drug as (90%)10 = 
35%. This means that the 10% chance every year translates to a 65% chance of 
a bad outcome during the life span of the drug. The drop in economic value 
is over 40%. It is important to understand the probability of adverse effects 
such as these during the life span of the drug first and then translate that into 
a probability per year (as required in the model) to avoid mistakes.

Now let us analyze the accelerated program with the same assumptions. 
Figure 9.31 shows the results. The accelerated program is significantly better in 
this case. This is primarily due to the program reaching peak sales faster, reduc-
ing the overall chance of an adverse event during the high-revenue period.

Note that in all these cases we have not considered any pricing and mar-
keting impact that may happen by reaching the market faster or slower. We 
also did not consider any competitive strategy. These effects can also be 
incorporated into the analysis. It is important that analyses such as these 
focus on describing the problem in rich detail with all associated uncertain-
ties. However, any time spent to precisely define inputs (when uncertainty 
exists) is a wasted effort. The Decision Options framework allows the user to 
get comfortable with uncertainty and reach reasonable decisions faster using 
inputs with uncertainty embedded. The model described can be standard-
ized and made available for decision screens within R&D. Such a process 
will allow the company to ensure that all operating decisions consider eco-
nomic value systematically.

Figure 9.31
Analysis of the accelerated R&D program with competitive entry.
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Nonbinary Risk in Product Enhancement

In previous cases, we modeled the private risks as binary risks. In many cases, 
this is a valid method. The information obtained from an experiment may 
result in a catastrophic failure of the drug. However, there are also cases for 
which such risks are not binary. The information obtained from an experiment 
may enhance or diminish our expectations but not necessarily kill the drug. 
These are especially true for “product enhancement” programs by which a 
marketed drug goes through additional R&D to either improve the dosage 
form or expand the label (by adding more populations such as children or 
more indications). There are also drug interactions that may require further 
evaluation after the drug is on the market. It is impossible to test for every pos-
sible interaction (adverse effects if the drug is taken with other drugs) during 
the initial R&D process. Once on the market, the FDA may require additional 
studies to eliminate any such concerns. The company may also try to titrate 
the dose better (to achieve a more optimal dose based on population charac-
teristics) by performing additional clinical trials after the drug reaches the 
market. Another possibility is conducting clinical trials in specific population 
groups (such as in Japan) who may require what is called “bridging studies” 
to take into account certain differences in how the drug is metabolized. In 
many of these cases, the company and the regulators are satisfied with the 
drug’s safety and efficacy profile, and the additional experiments are either to 
expand its use or to eliminate certain concerns that may have surfaced post-
marketing. Since we do not expect these experiments to fail outright, model-
ing private risks in a binary fashion may not be appropriate.

Consider an R&D program for product enhancement. For the first analysis, 
consider a program to improve the formulation of the drug. Currently, the 
drug needs to be taken once a day, and a new form is suggested that will 
allow the drug to be taken once every week. This “sustained-release” for-
mulation requires R&D to devise a new manufacturing process. It then has 
to be tested in a population to ascertain the effectiveness. If it is found to be 
as effective as the once-a-day version, then both versions can be sold on the 
market. The once-a-week version may provide higher pricing power for the 
company due to the convenience it offers for patients and higher assurance of 
compliance it provides to doctors. A successful product enhancement of this 
type, then, will enhance the overall revenue for the company over and above 
what is expected currently from the marketed drug. The company consid-
ers the additional investment because it may enhance the value of the drug 
(because of the higher revenue).

Consider the product enhancement program shown in Figure 9.32. If the 
product enhancement goes as expected, we expect an increase in value of the 
drug by 20%. This is due to both a higher pricing power for the more conve-
nient and compliant product and a halo effect it will create for the existing 
product. We value the current marketed product as $1.0 billion. As before, 
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this is the NPV of the free cash flows expected from the marketed drug (from 
today until the end of its life) using a discount rate commensurate with the 
systematic risk in these cash flows. This means that if we were to sell the 
drug to another company today, we should expect to get approximately 
$1.0  billion. The product enhancement program, including the regulatory 
process, is expected to take 3 years. By analyzing the uncertainties around 
product revenues, we also estimate a minimum and maximum of the value 
of the drug in the 3-year window. Such an analysis may also include any 
competitive actions and associated effect on the drug.

It requires a $15 million commitment up front to test the feasibility of cre-
ating a new form that will allow once-a-week dosing. It is expected to take 
6 months (but this timeline is uncertain). We designate this as PIIBt. At the 
end of this experiment, the program will succeed with the probability, PIIBp. 
We expect this outcome to be 1.0 (the expectation we have going into the 
experiment). We can, however, be disappointed and get an outcome that is 
0.5. In this case, our expectation of value from the product enhancement is 
reduced by 50% due to a technical problem. Or, we can get lucky, and the 
value enhances by 50% (a value of 1.5).

At the completion of this pilot study and after getting a technical reading 
that enhances or diminishes our expectation of value enhancement from the 
program, we have the option to abandon the program or invest more into it 
to manufacture the prototype at scale and test it. This is phase III. We expect 
this phase to take approximately 2 years (but it is uncertain, represented 
by PIIIt). The cost of entering this phase is a function of the time needed 

Figure 9.32
Product enhancement model.
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to complete the phase. The cost is $50 million per year (as it is an expense 
largely driven by people). If it takes 2 years to complete this phase, the invest-
ment needed will be $100 million ($50 million × 2). The scale-up and test-
ing in PIII also carries significant risk. If everything goes as expected, the 
probability (PIIIp) takes a value of 1.0. However, this value can be anywhere 
between 0.2 and 1.3. The lower bound represents significant scale-up issues 
diminishing the value of the attempted product enhancement. Conversely, 
there is a possibility of a positive surprise as well.

At the completion of phase III, the data have to be submitted to the FDA for 
approval. It is going to take a total of $25 million in expenses and 1 year (the 
timing is uncertain and is represented by REGt). There is also a 90% chance 
that the FDA will approve the new formulation for sale. If so, the value of 
the marketed product is enhanced by 20% (represented by drug × 0.2). The 
gain from conducting this product enhancement program, then, is 20% of 
the value of the drug when the program completes.

This creates an additional complication. As the drug has a fixed patent 
life, its value will decrease as we progress in time as there is less patent time 
left. This is bit like a heavy dividend-paying stock. As described, as the stock 
pays a dividend, it loses value (as money is returned to investors).

In this R&D program, the underlying asset is the marketed drug, so 
the various investment choices are options on the value of the program. 
Figure 9.33 shows examples of the progression of value of the marketed drug. 
As can be seen in assumptions given further below, we model the value of 
the marketed drug with a dividend yield of 5%, so it is expected to lose 5% 
of its value every year.

Figure 9.33
Stochastic simulation of the value of the marketed drug.
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Using the assumptions described, we value the product enhancement 
program currently at $26 million as shown in Figure 9.34. The probability 
and cumulative probability of risk-neutral pay off from the investment are 
given in Figure 9.35 and Figure 9.36, respectively. The peak in the probability 

Figure 9.34
Value of the product enhancement program.

Figure 9.35
Risk-neutral payoff from the product enhancement program.
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distribution represents abandonment at the start of phase III. Since this 
problem does not involve a catastrophic technical failure, this peak repre-
sents a conscious decision by the manager of the program to abandon it. 
The cumulative probability of risk-neutral payoff illustrates that there is only 
a 60% chance of actually making an economic profit by entering the prod-
uct enhancement program. For a company focusing on NCEs, such product 
enhancement programs are not necessarily attractive (either due to a higher 
cost structure or due to the opportunity cost of limited resources such as 
skilled personnel and space that could be utilized in more valuable R&D 
programs seeking NCEs). In this case, it may be better to attempt to out-
license the product enhancement opportunity to another company with a 
lower cost structure.

This type of analysis is useful in both selecting higher-value programs that 
may be competing for limited resources (selection decision) and structuring 
out-licensing deals. For example, if the company decides to sell (out-license) 
the product enhancement program described here, it can negotiate a price 
close to $26 million. Since the buyer is also likely to perform similar analyses, 
it is unlikely that the transaction will happen at that price. If the company 
wants to retain at least 50% of the economic value in the product and yield 
the other 50% to the buyer, it may negotiate a price close to $13 million. More 
likely, the transaction will be a complex one that will include milestone pay-
ments (which happen at specific decision points) and royalty payments if the 
product makes it to market. Such a structure allows both the buyer and the 
seller to share the risk. We discuss such contract structures in more detail 
later in the book.

Figure 9.36
Cumulative probability of risk-neutral payoff from the product enhancement program.
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Regime Risk with Approval Alternatives in an R&D Program
In the previous cases, we learned different types of private risks (binary, con-
tinuous) as well as uncorrelated event risks incorporated in the price process 
of the underlying asset. In the case of event risks, we assumed that there is 
certain probability that an event may happen (anytime during the duration 
of the Decision Options problem) that instantaneously reduces the value of 
the asset by a certain percentage. In many cases, such events happen only in 
certain regimes. For example, we can be reasonably sure that if no unknown 
product risk surfaced in the first 3 years of the program, it is less likely to occur 
later. Similarly, the risk of competitive entry may be higher a few years after 
launch as competition gathers data on the marketed product and reengineers/
redesigns the product to be more effective, less toxic, or both. Competitive 
entry probability is also high during the year of launch as competitors rush to 
market to capture any benefits of being the first entrant. Such efforts take time 
for R&D, so competitive entry is more likely to occur the first couple of years 
after launch. It may also be a strategic decision by the competitor to wait to see 
how the product is accepted and formulate a marketing strategy for its own 
product that could be more effective. Whatever the reason, the probability of 
certain events to happen is higher in certain times of the drug’s life.

Consider the R&D program shown in Figure 9.37. The drug candidate is 
currently completing phase IIA, and a decision has to be made to start phase 
IIB in 6 months. If phase IIB is kicked off, a commitment of $25 million is 
needed. PIIB is expected to last 2 years and has a success rate of 70% (binary). 

Figure 9.37
R&D model with approval alternatives.
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If the drug succeeds PIIB, then it can enter phase III, which typically lasts 
3 years (but it is uncertain with lognormal characteristics and a standard 
deviation of 1 year). The cost for phase III scales with the total duration of the 
phase and is expected to be $50 million/year. There is an 80% chance of suc-
cess (binary) from phase III. If the drug succeeds in phase III, an NDA (New 
Drug Application) can be filed at a cost of $25 million. The FDA decision is 
expected 1 year after filing. However, the approval is not as straightforward 
as previous cases. The drug is expected to be approved, but there are two 
possible outcomes; the first one is a regular approval, in which case the drug 
can be launched at a cost of $100 million. This is the likely outcome (80% 
chance). But, there is a 20% chance that the FDA will require a “black box” 
label on the drug—a strict warning regarding side effects and constraints 
on how the drug can be prescribed and administered. If this is the case, 
the value of the drug will be only 10% of the expected value under regular 
approval. The company will sell the drug at that stage to another firm with 
lower cost structure or more specialized expertise in marketing the drug 
with black box labels for the disease targeted.

To compute the economic value of this R&D program, we have to esti-
mate the value of the drug at launch (under regular approval). Using mar-
ket research data and applying regular DCF analysis using a discount rate 
commensurate with the systematic risk in the free cash flows from the drug, 
the following assumptions are reached. The average expectation of value at 
launch is $650 million with a range of $500 million to $1 billion. This excludes 
the launch cost.

There is one other complication. In the last year of the R&D program, there 
is a 20% chance of a competitor entering the market. While the drug waits for 
FDA approval, the competitor’s product can garner valuable market share, 
leading to a 25% loss in the value of the drug. We represent the stochastic 
process of the drug’s value in the fashion shown in Figure 9.38.

The value of the drug (called gain) is in the range $500 million to $1 bil-
lion with an expectation of $650 million at launch. There is a 20% chance 
a “jump” happens (jpro, representing competitive entry), and if that hap-
pens, the magnitude of the jump is 25% (jmag, representing loss of value). 
All jumps are negative (value is always lost), and the percentage of positive 
jumps (jpos) is zero. The jumps start 85% into the R&D program (from now). 
Since the total R&D duration to launch is 6.5 years, this means that jumps 
start 5.5 years into the R&D process. Note that since the total duration is 
uncertain, the precise start of jumps is not known. The “regime” in which 
jumps occur starts 85% into the R&D process and ends at launch (or licensing 
out in the case of the black box label).

Figure  9.39 shows examples of the progression of the value of the drug 
with these characteristics. The arrow indicates a scenario in which a com-
petitive entry has occurred and has resulted in a corresponding loss in 
value. Also shown is the regime during which jumps are assumed to hap-
pen. Figure 9.40 shows the risk-neutral payoff from the analysis. The R&D 
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Figure 9.38
Description of stochastic process of gain.

Figure 9.39
Stochastic simulation of gain with jump regime.

Figure 9.40
Risk-neutral payoff from the R&D program.
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program is currently valued at $95 million. The peak represents either tech-
nical failure or abandonment after phase IIB. The negative tail is due to tech-
nical failures after phase III and situations in which a black box label was 
required and the drug’s value is low.

Figure 9.41 indicates the cumulative probability of risk-neutral payoff indi-
cating close to a one-in-two chance of making an economic profit from the 
program. The regime risk (risk that happens only within a window of time) 
may be due to a variety of reasons. In this example, we considered competi-
tive entry as a regime risk. Regulatory actions (which are uncorrelated with 
the market) may also be modeled as a jump in the stochastic process that 
models asset value. Such a risk is higher after the conclusion of an experi-
ment and the filing of regulatory materials. The economic value of the pro-
gram depends on when decisions are taken for further investment (whether 
such decisions are made before or after the resolution of the regulatory risk), 
although project managers intuitively know this, and they add flexibility 
into the design of the experiment to stop or scale down if an unfavorable 
regulatory action materializes. Because of the different influence on value 
by a variety of such factors, a holistic analysis is always better for making a 
project design and selection decision.

Portfolio Diversification in Large Companies
The established notion in finance is that a diversification discount exists for 
conglomerates with disparate businesses because it is easier for investors to 

Figure 9.41
Cumulative probability of risk-neutral payoff from the R&D program.
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diversify than it is for companies to do so. Investors like pure plays, and each 
investor will form a portfolio that is on the efficient frontier by assembling 
a well-diversified group of companies on his or her own. We can take it one 
step further and hypothesize that the investors also prefer one-product com-
panies (the ultimate pure play) compared to a company that has a number of 
similar products. If this is the case, investors will prefer one-product biotech-
nology companies to pharmaceutical companies as they can buy a number 
of biotechnology stocks to replicate the portfolio of a larger pharmaceutical 
company. For this to be true, we also have to assume that there are no scale 
effects in larger companies, and they do not gain any advantages in transac-
tions with external parties such as suppliers and investigators.

There are indications that scale and transaction-based advantages have 
indeed declined for large companies. However, there may be capital-related 
advantages for a large portfolio company in life sciences. Early withdrawal of 
capital (by venture capital firms or other entities that fund smaller companies) 
can result in a loss of value for biotechnology companies. Small portfolio com-
panies also face high private risks (undiversified private risks emanating from 
few products), resulting in high volatility in their equity that may exclude 
them from certain public funding sources (such as mutual funds and uni-
versity endowments that may impose artificial constraints on single-position 
volatility even though such volatility is uncorrelated with the market), creat-
ing a market failure. In such situations, the theoretical arguments that hold in 
perfect markets around cheaper diversification by investors may not be valid.

Let us visualize how portfolio diversification changes the payoff expecta-
tions in small and large companies. Consider the R&D program from the pre-
ceding case. Assume that this is the only program under development in a 
small company. The expected risk-neutral payoff (which is close to the actual 
payoff as the correlation with the market is low) is shown in Figure 9.42. This 
looks very risky indeed as the company may lose as much as $300 million in 
the worst case. In any scenario that is less than zero, the company is effec-
tively bankrupt as the venture capital firms that fund such a company will 
likely pull all promised funding. Now, consider a large company that has 
50 such programs under development. The risk-neutral payoff of this large 
portfolio is shown in Figure 9.43.

The first thing to notice in Figure 9.43 is the difference in payoff expec-
tation. This is the average payoff, so the total payoff from the portfolio is 
50 times the value here as the larger company has 50 similar programs in 
R&D. The range of average payoff from a single program is from $30 mil-
lion to $150 million. (Remember that the single company payoff ranged from 
−$300 million to $500 million.) So, for a portfolio of 50 such candidates, we 
can expect an economic value of $1.5 billion to $7.5 billion, and the chance of 
a loss in economic value is virtually eliminated.

Figure 9.44 shows the cumulative probability of risk-neutral payoff. Notice 
that there are no negative outcomes in the average payoff, and we are nearly 
100% confident that the portfolio has a positive payoff.
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Figure 9.42
Risk-neutral payoff from a single R&D program or a company with a single program.

Figure 9.43
Risk-neutral payoff of a diversified company with 50 different R&D programs of similar 
types.
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The question is whether there is a premium (or discount) for the large com-
pany performing the portfolio diversification as opposed to an individual 
investor (by buying a large number of small single-product companies). The 
theoretical argument here is that an individual investor can assemble a simi-
lar portfolio as held by the pharmaceutical company by buying 50 single-
product companies, and so the investor can manufacture the portfolio return 
of the pharmaceutical company at a cost less than what it takes a pharmaceu-
tical company to do so. Unfortunately, this is not simply a theoretical finance 
question as many other factors such as learning from repeated experiments 
in a large company, market failures due to short windows of capital pro-
viders in small companies, meddling in operations of smaller companies by 
capital providers, lack of resources to assemble the right skill set in smaller 
companies, and many other factors point to a more efficient portfolio diver-
sification mechanism in a large company.

The ability to diversify private risk in a portfolio of uncorrelated projects is 
clear. However, it is unclear who is in a better position to diversify: an oper-
ating company (such as a large pharmaceutical company) or an individual 
investor buying stock in a large number of diverse single-product compa-
nies. The real asset diversification conducted by the pharmaceutical com-
pany is technically equivalent to the financial diversification attempted by 
the investor. The trade-off is the scale and learning advantages in the phar-
maceutical company against the cheaper and liquid diversification benefits 
in a financial portfolio. Further research is needed to identify actual benefits 
and costs and determine whether investors place a premium (or discount) for 
the diversification provided by the pharmaceutical companies.

Figure 9.44
Cumulative probability of risk-neutral payoff of a diversified company with 50 different R&D 
programs of similar types.
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Rigid Budgeting and Capital Constraints 
Leading to Loss of Value

Budgets and other artificial capital constraints can have a significant effect on 
the value of R&D programs. The budgeting process in a large company can 
get complex because of the large number of different departments working 
together on a large number of R&D programs in different stages of develop-
ment. Because the business is both people and information intensive, the 
budgeting process needs to include different resources such as people/skills, 
money, time, equipment, and space. Generally, all components are driven 
down to the dollar using conversion rates that can hide specific resource 
constraints that can affect the progression of R&D or, in some cases, prema-
ture termination solely due to lack of a specific type of resource. Small, one-
product companies are generally supported by venture capital firms, at least 
partly. The venture capitalist generally has a portfolio of small companies, 
in effect replicating the portfolio of a larger firm. Although conceptually it is 
clear how an individual investor can create a fully diversified portfolio with-
out cost in a public market, the advantages of a venture capital firm doing 
so is unclear. It is not the diversification benefits that motivate the venture 
capitalist but market inefficiencies such as information inefficiencies related 
to privately held firms in which they typically play. However, once having 
assembled a portfolio of privately held firms, the venture capitalist may act 
similar to managers of a larger firm (with an internal private portfolio). In 
these situations, if the venture capitalist does not have a good understanding 
of the operating characteristics of individual companies, technologies, and 
products, his or her involvement in operating decisions can destroy value. 
The trade-off is the information advantage gained by the venture capitalist 
in identifying and investing in private companies against the operating dis-
advantage of a complex portfolio of not only products but also companies. In 
this sense, venture capital firms that focus on the financial aspects of their 
portfolio take a more hands-off approach to operating aspects and may have 
a higher chance of enhancing shareholder value for their investors.

Consider the R&D program shown in Figure 9.45. Assume that this is the 
only program in a small company. If this program is funded, we calculate the 
value of the program (and the company in this case) to be $26 million.

The budgeting process (using large spreadsheets that take into account 
all types of costs) may have concluded that the company needs a total of 
$265 million to take the program to completion. From the assumptions in 
Figure 9.45, it can be seen that $15 million is needed in stage I, $100 million 
in stage IIA, $100 million in stage IIB, and $50 million in stage III. These 
are the average expectations of the total costs in the company. Suppose 
we fund this company with $265 million as a hard constraint. That is, the 
company gets only $265 million, and if it cannot make a transaction (i.e., 
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get the drug to market, sell it, or issue an initial public offering [IPO] for 
further capital) within that cost, no more money is provided by the venture 
capitalist. This is a hard capital constraint as the original capital provider 
owns a substantial part of the company, and if he or she does not choose 
to participate in the next round (assuming that it is needed), the chance of 
acquiring additional capital by the company (over and above the original 
$265 million) is very slim. Life sciences IP is also complex and requires sig-
nificant work to sell to another party (assuming a buyer can be found) prior 
to the completion of a critical experiment that the company may already 
have entered. That is, if the company runs out of money in the middle of an 
experiment and the original capital provider does not provide additional 
resources, it is pretty much stuck—unable to acquire new capital or sell the 
existing IP to another firm.

The company can be valued by applying a hard constraint of $265 million. 
In this case, we value the R&D program (the only IP position within the 
company), assuming that the program will be abandoned and the company 
will cease operations if it runs out of the initial capital provided ($265 mil-
lion). Figure 9.46 and Figure 9.47 show the results and the risk-neutral payoff, 
respectively, from such a company that faces a hard capital constraint.

The peak in Figure 9.47 represents abandonment or technical failure after 
stage I. In this case, the company folds after the first $15  million, and the 
capital provider loses the $15 million and walks away. The rest of the losses 
to the left are related to technical failures, abandonment, or simply running 
out of money. As can be seen, imposing an ex ante hard capital constraint 

Figure 9.45
Multistage R&D program.
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diminishes the value of the company from the original $26 million to −$5 mil-
lion. This means that investing $265 million (only) into this company (with a 
single R&D program) is a negative NPV project. It does not make sense. The 
capital provider has to make decisions at a later time considering all available 

Figure 9.46
R&D program funded with a rigid capital constraint.

Figure 9.47
Risk-neutral payoff from an R&D program with a rigid capital constraint.
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information. In life sciences, it is difficult to get new information on a drug’s 
prospect when a company is in the middle of an experiment.

Clinical trials are typically double blinded. The trial is conducted with a 
control group. Some part of the patient population receives the drug, and 
the remaining group receives a placebo (a sugar pill that is designed to look 
like the drug tablet). Double blinded means that neither the investigator (cli-
nician conducting the trial) nor the patient knows who is getting the drug 
and who is getting the placebo. Once the trial is completed and all the data 
are available from the study, the data can be analyzed, and the results from 
the population who received the drug can be compared to that of those who 
received the placebo (control group). If the company ran out of money during 
the trial, it may have to suspend the trial, complete its regulatory obligations, 
and walk away. More likely, the company may have completed one arm of 
the trial and exhausted its resources. Before a conclusion can be reached, the 
situation may require additional studies. Whatever the case, assume that the 
hard capital constraint is in effect. If the company runs out of the original 
“budget,” it has to stop everything.

Why would anyone impose such a constraint? There are many possible 
reasons. The capital provider may use the constraint as a “disincentive” on 
management so management will be more resource conscious. The manag-
ers know the implications of running out of money up front. Another reason 
is downside risk management in the portfolio. The capital provider may have 
invested in many similar companies and wants to control the risk of overin-
vestment in any specific company. It may also be “irrational risk aversion”—
the investor’s risk tolerance decreases after the original investment and he 
or she starts to consider the “sunk costs” in the decision-making processes. 
This is dangerous for the capital provider. The provider becomes regretful of 
the sunk costs and walks away from a valuable asset because the uncertainty 
has not completely resolved and the traditional financial methods are not 
capable of assessing economic value.

This type of capital constraint can also exist in large companies, although 
it is less likely. Decision makers may use proxies such as sunk cost as a 
measure of attractiveness of the program. If the program is more costly 
than anticipated or slow to progress, decisions may be based on only the 
costs (without consideration of the overall value). Since costs are more “vis-
ible” in a long-drawn R&D process in life sciences, unfortunately costs 
sometimes do become the only proxy for decisions. The abandoned R&D 
programs and associated IP also are locked up in most large pharmaceuti-
cal companies as a sale of these programs to other companies (with differ-
ing cost structure, scope, and specialization) is not typically pursued as 
an alternative for a variety of reasons, including the fear of losing IP from 
active programs.

Another type of capital constraint is a hard yearly budget. In this case, 
the capital provider sets a hard yearly budget, and if the budget is exceeded, 
refuses to fund the program (or company) further. This may be another 
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situation in which a capital provider may be using the yearly budget as a 
disincentive against underperformance or overexpenditure. Assume that 
in the R&D program and the one-product company discussed the capital 
provider has set a constraint of $100 million per year. This means that if 
the project manager runs out of the yearly budget, the manager is forced 
to abandon the project. The $100 million is reached arbitrarily. In this case, 
it overfunds the program early and underfunds it later—almost the exact 
opposite of what may be optimal for the company from a value perspective. 
Figure 9.48 shows the value of the program and the company under this 
constraint. Again, the values of the program and the company are reduced 
to close to zero. A hard yearly budget such as this (we are assuming that 
once the budget runs out, we simply abandon the program) can also hap-
pen in a large company.

Certain companies continue to spend large amounts of money and time in 
precise projections of quarterly EPS, guidance setting, and meeting of the EPS. 
It is true that if the company precisely forecasts an EPS a few weeks before it 
is released and fails to meet the forecasted EPS, its stock will take a tumble. 
It is not necessarily because the market is “disappointed” at not getting this 
quarter’s EPS, but rather it is disappointed at the management’s inability to 
forecast and manage the company. If the managers of the company “miss” 
such a tactical measure (which affords significant “accounting flexibility”), 
the market may lose confidence in the management. In information-driven 
industries that show high levels of uncertainty such as life sciences, energy, 
and technology, it is nearly impossible to project profits precisely.

Figure 9.48
R&D program with rigid yearly budget.
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There are a few companies that have understood this concept and have 
decided not to forecast EPS or to give any guidance to the market. They 
have decided to give the market the uncertainties involved in its business 
and the primary parameters that drive the company’s profitability. This is 
much more relevant information for the market in projecting the company’s 
value compared to a precise (and deterministic) forecast of EPS. There are a 
number of “value-destroying” actions that a company could take to attempt 
to meet the tactical EPS (such as shutting down R&D programs, delaying 
critical purchases, hiring freezes, termination of leases, etc.) once the EPS 
projection is “promised” to the market. By avoiding such actions and focus-
ing the company’s management on value-increasing actions, companies can 
substantially improve their long-term strategic position. It can also be noted 
that projections of deterministic EPS estimates reduce management flexibil-
ity, and that alone can reduce the value of the company.

There are number of examples of companies and industries that have lost 
their dominant positions because of a focus on tactical and deterministic finan-
cial measures. Some of this is due to experiences and training from the produc-
tion economy (where quantity and cost were supreme) applied in a dramatically 
different world of the information economy that is driven by uncertainty and 
intangible assets such as IP. Assuming that such companies could be run by 
tactical financial measures is a gross misunderstanding of how value is cre-
ated in this environment. It is the ability of the management to create, nour-
ish, and optimally exercise a portfolio of options that is critical in shareholder 
value improvement. Good managers get paid handsomely not because they are 
great forecasters of the future but because they have an innate ability to man-
age uncertainty. There is no avoiding the uncertainty by precise forecasting. 
Devising systems, processes, and methodologies to take advantage of uncer-
tainty differentiates management. It is for this ability that they earn their keep.

It is difficult to replicate good management intuition and decision making 
under uncertainty. However, it is possible to approach these situations more 
systematically if managers own up to the existence of uncertainty and pro-
actively manage it using analytics similar to those cited in this book. These 
types of analyses do not replace the need for good management intuition but 
aid in its development and nourishment.

Structuring and Valuing an External Transaction

Consider a pharmaceutical company Maxo that has been active in the area of 
cancer research for a number of years. It was a strategic shift for the company 
when it decided to ramp up its oncology (cancer-related) R&D. In doing so, 
it also invested in sales and marketing of oncology drugs in anticipation of 
new drugs coming out of its newly focused R&D. As luck would have it, the 
R&D machine has not kicked into gear yet, and the company is in need of new 
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products to keep its marketing machine busy and its revenue line growing. 
One way to do this is to “buy” drug candidates in development from other 
companies.

One such company is Egen, an up-and-coming biotechnology company 
formed 5 years ago by a few budding entrepreneurs, scientists, and academ-
ics. Egen has been focusing on the discovery of oncology drugs for all types 
of indications. It has been firing on all cylinders and now has three drug 
candidates in advanced discovery and toxicology testing stages. One such 
candidate, Edoxin, is getting ready to enter the clinic for the first experi-
ments in humans. Egen has already completed toxicology studies in animal 
models such as rats and dogs, and everything looks good thus far.

On a fine fall afternoon as the Egen managers were conferencing on the 
development plan on Edoxin, they got a surprise call from the chief scientific 
officer of Maxo. Maxo has been studying Edoxin after reading an article pub-
lished by one of Egen’s enterprising scientists. It looked very interesting to 
Maxo, and the mechanism of action is something they are pursuing as well. 
Maxo has a number of discovery programs in this area but none as advanced 
as Edoxin. Maxo needs a drug soon to rev up its revenue growth, and Edoxin 
appears to fill the need.

For Egen senior management, this was a welcome call. As anybody who has 
gone through a start-up knows, cash is king. They had venture capital funding 
when the company started. Further rounds of financing got them to the current 
stage, but they are fast running out of money. Everybody knows they have valu-
able assets in the pipeline, but unless they can be “monetized,” it does not help 
their cash flow situation. The venture capital firms are always interested in “exit 
strategies,” and some of the early investors are keen on creating internal cash 
flows to fund newer discovery programs rather than investing more funds.

There may be a motivated buyer in Maxo and motivated seller in Egen. 
Let us take a closer look at Edoxin (Figure  9.49). Egen has big plans for 
Edoxin and an elaborate development plan. First, they plan to test the drug 
for a relatively small indication, pancreatic cancer. This is the first indica-
tion for which the drug has shown efficacy in animal models. But, they do 
not plan to stop there. If it succeeds in treating pancreatic cancer, the com-
pany plans to try the drug for various other indications in the cancer area, 
specifically lung, neck, and breast cancer. Smaller companies like Egen 
economize on development programs by staging them, in this case trying 
one indication first and expanding it to other indications once the lead 
indication succeeds and is approved. There are advantages and disadvan-
tages to this strategy. An advantage obviously is that they commit small 
investments early, prove the prototype, and then expand (substantially 
reducing the downside risk and increasing decision flexibility by delay-
ing decisions). The decrease in downside risk, however, comes at a cost of 
reduction in upside potential. The first loss of upside potential comes from 
the delay in getting to market and corresponding loss in usable patent life 
after approval. Remember that the composition of matter patent on the 
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chemical will be taken during the trials of the pancreatic cancer indica-
tion. By delaying the testing and possible marketing of “larger” indica-
tions, the company will have less time on the market for those indications 
(provided of course it succeeds and gains approval). The other disadvan-
tage is that the delay gives the competition a leg up. Once the drug is on 
the market, competition can study it as well as all the trial data. This may 
provide them with ammunition to accelerate their own programs, possibly 
for indications targeted by the company’s product.

All these are true, but for a small biotechnology company in a current cash-
strapped situation, the best it could do is to push forward with the pancreatic 
cancer indication and hope for the best. If the drug does get to market, Egen 
holds valuable expansion options it can exercise or sell. These can be exercised 
if Egen is successful in raising more money as the purse strings of the venture 
capitalist may be a little less tight as he or she watches positive cash flows from 
the approved indication and possibly the widening eyes of the big pharmaceu-
tical companies thinking of acquisitions.

Egen has done an initial analysis of Edoxin’s development plan to ascertain 
the economic value. To do this, it has collected the following types of data:

	 1.	Market size, patients seeking treatment, pricing power, and reim-
bursement patterns to define the revenue growth. In doing so, Egen 
has also considered the possibility of competitive entry, regulatory 
and consumer attitudes toward cancer treatments, as well as the 
approaching presidential elections and saber rattling by certain poli-
ticians against pharmaceuticals.

Figure 9.49
R&D project plan for Edoxin.
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	 2.	Product timelines based on industry norms and benchmarking data. 
It has not done any development programs.

	 3.	Cost estimates from a CMO to which it has outsourced the man-
ufacturing because it has very limited manufacturing facilities to 
produce the chemical at scale. They also provided them a manufac-
turing plan and associated uncertainties such as availability of raw 
materials, lead times, yield, and other aspects.

	 4.	Design of clinical trials, including the number of patients and dose 
arms needed based on the hypothesis being tested. In this context, 
they have also gathered estimates from a CRO Egen selected to con-
duct the clinical trials. The CRO has also provided estimates of clini-
cal investigative sites and expected enrollment rates of patients.

	 5.	Based on information gathered from their suppliers, the CMO, and 
CRO, Egen has modified its project timelines and uncertainties, and  
also calculated overall costs and uncertainties in various phases.

	 6.	Egen also gathered industry benchmarking data on success rates in 
various stages for the indications pursued. Its experts then applied 
some adjustments to the success rates based on the data from the 
preclinical experiments and discovery chemistry.

Based on these data, Egen compiled the assumptions shown in Figure 9.50.
First, it used standard Monte Carlo simulation to estimate the value at 

launch of the drug for the various indications. For example, for pancreatic 
cancer, it made the following assumptions:

Peak sales Average of $50 million and a standard deviation of $20 million
Net margin Average of 40% (range of 30% to 60%)
Real discount rate Risk-free rate of 0 (as the cash flows are not correlated with 

market). This is because diseases such as cancer need therapies 
whether the economy is expanding or contracting (or markets 
are going up or not). This is not the case for lifestyle and other 
types of drugs that are not lifesaving.

Time to reach peak sales 3 years
Time of stable sales (peak) 1 year
Time of declining sales 4 years
Terminal value $5 million

Egen also assumed that the drug revenue growth would be smooth from 0 
to the peak sales in 3 years. After the peak sales are reached, revenue drops 
to close to zero, smoothly over 4 years. It also assumed a terminal value of 
$5 million as the drug may still stay in the market for a while. Using the Monte 
Carlo functionality of the Decision Options software, it simulated these 
uncertain cash flows after approval and calculated the NPV (Figure 9.51).
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Egen introduced two types of uncertainties. (1) It assumed that the peak 
sales were lognormally distributed with an expectation of $50 million and 
a standard deviation of $20 million. (2) It assumed that the net margin (after 
cost of goods and general marketing and administrative costs) was 40% and 
could be in the range of 30% to 60%. Ignoring all taxes, it ran a Monte Carlo 
simulation on the NPV of the free cash flow and obtained the following 
results. The value of the pancreatic cancer indication at launch was $100 mil-
lion (with a range of $20 million to $260 million). Figure 9.52 shows the dis-
tribution of NPV from the simulation. Egen used a real risk rate of 0 for the 
NPV simulation as well.

It also conducted similar simulations on other indications, but this time 
reducing the expected time on the market as the product for these indica-
tions will reach the market approximately 3 years after the launch of the 

Figure 9.50
Assumptions in the R&D program.

Figure 9.51
Monte Carlo parameters for NPV of the marketed drug.
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drug for pancreatic cancer. It also decided to model costs and timelines using 
lognormal distributions (taking into account all uncertainties). It also consid-
ered the success rates as binary (it was a go/no-go type decision).

On the cost side, Egen modeled the costs in different stages of pancreatic 
cancer (there are three stages: safety, efficacy, and registration) as indepen-
dent but stochastic. This means that we can observe costs over time and get 
better estimates as they go forward in the R&D program. Once the drug is on 
the market for pancreatic cancer, Egen can consider the expansion options for 
the other three indications. These indications do not need safety studies as 
the safety has already been proven. They do need efficacy studies or another 
supplemental filing with the FDA. Egen shrank these activities into a single 
phase as the chances of not filing are negligible if the efficacy study succeeds, 
and the chance of approval is high. It combined the costs and probabilities 
into a single phase for the expansion indications. In all cases, it calculated 
an overall cost (with uncertainties) and an overall timeline (using industry 
benchmarks and feedback from the engaged CMO and CRO).

Oncology programs such as this one have generally high success rates. One 
reason is that they are treating diseases that do not have cures, so the objec-
tive is extending life. Toxic effects and TR have to be evaluated differently. In 
this case, Egen assumed a very high success rate from the safety experiment 
(99%), but the efficacy success rate was a more conventional 75%. For expan-
sion indications, it combined the efficacy and approval probabilities into one 
and assumed that each indication had a success rate of 35%. This is lower 
than what was assumed for the lead indication as Egen had less confidence 
that the drug would be effective in these expanded indications.

Figure 9.52
Probability distribution of NPV for the first marketed indication.
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One of the questions that came up during the modeling session (which 
was done in a single afternoon) is the correctness of modeling the value of 
indications and R&D costs as stochastic (following GBM in a risk-neutral 
framework). Some in the room said that they could see how the value of 
indications can have a proxy in the market, but they struggled with consid-
ering the costs in that fashion. They however concluded that the systematic 
risk of these cash flows (for a cancer drug) was low, and even for the tra-
ditional CAPM-based DCF analysis, the appropriate discount rate was the 
risk-free rate. Also, all revenues and costs were not inflation adjusted, so the 
appropriate discount rate was the real risk-free rate. Since the duration of the 
problems was approximately 6 years, a 5-year T-bond yield may be appropri-
ate. Given the low yield (3%) and generally high inflation (close to 3%), Egen 
decided to use a real risk-free rate of 0. It also decided not to worry about 
taxes until it set out to calculate the value of the R&D program.

Given all the assumptions and a rather complex-looking model, the first 
thing Egen did was a traditional DCF analysis. Figure 9.53 shows the results 
from the DCF analysis. The results were a bit discouraging. The lead program 
was worth less than $1  million. This did not seem correct so participants 
rechecked all inputs but found them to be correct. Someone suggested that 
perhaps the discount rate was causing the low NPV, but everybody quickly 
realized that it could not be any lower than the 0% real discount rate that 
they assumed. Looking through the results, they found that there were nega-
tive NPVs emanating from the three expansion arms of the decision tree. 
This also seemed counterintuitive as Egen did not necessarily have to invest 

Figure 9.53
DCF NPV of the entire R&D program.
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in these if they were of negative value to the company. Someone suggested 
that perhaps they should remove the expansion indications, which would 
bring the NPV close to $5 million. Removing the options to expand the drug 
improved the NPV—again a counterintuitive result.

The next step was to run a Monte Carlo simulation of NPV. There was so 
much uncertainty in all the inputs that taking only the average value (as 
is done in traditional DCF analysis) may not have been proper. The result 
from the Monte Carlo simulation of NPV is shown in Figure 9.54. Egen mod-
eled the success rates as average probabilities. This is similar to running a 
scenario analysis such as optimistic, average, and pessimistic. In creating 
the NPV distribution, Egen ran 100,000 different scenarios with the cash 
flows adjusted with the average probability of success rates. Although the 
expected value of the NPV was close to zero, some felt a little better with 
this result, which took into account all the uncertainties they knew existed. 
Some really focused on the right side of the distribution and wondered if 
they could have more positive values and avoid the negative ones on the left 
would improve the result. It was clear that the program could indeed be very 
valuable, although on average it was not.

After some discussions, they decided to run a Decision Options analy-
sis, this time allowing the decisions to be options. This means that each 
decision to commit investment into a stage was an option. It was a right 
but not an obligation. The same held true for the expansion options. After 
the pancreatic cancer approval, Egen would have had better information 
on the costs of running other experiments for newer indications as well 
as the market potential of new indications. If the potential was high or 

Figure 9.54
Monte Carlo simulation of NPV for the R&D program.
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costs low, Egen would have the right to try them, essentially capturing the 
right side of the probability distribution of NPV. But, if potential was low 
or costs were high, the company simply could not do it, thus avoiding the 
negative side of the distribution. What Egen wanted (capturing more of 
the positive outcomes and avoiding more of the negative outcomes) was 
in fact possible. It was intrinsic in the design itself. These decisions were 
true options. Considering such decision flexibility (inherent in options), 
combined with all the uncertainty, Egen conducted a complete Decision 
Options analysis (Figure 9.55). Figure 9.56 shows a better result. The value 
of the program was approximately $27 million if the flexibility in the deci-
sions was considered. In this case, Egen also considered the success rates 
to be binary.

There are two important aspects to note from these results. First, the range 
of risk-neutral payoff was from −$300 million to $800 million with an expec-
tation of $27 million. The low values occurred in undesirable scenarios when 
the expansion option investments were all taken, and they either technically 
failed or resulted in very low-value products so that it is better to walk away 
rather than take them to market.

Figure  9.57 shows the cumulative probability of the risk-neutral payoff 
from the program. The cumulative probability distribution shows that that 
the program has only one in four chances to make money. However, the posi-
tive skew of the payoff makes it valuable enough to undertake. It is also the 
case that there is a 15% chance that the program will lose more than $65 mil-
lion but an equal chance that it will make over $110 million.

Figure 9.55
Completed analysis of the R&D program.
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The analysis gave the Egen team a reserve price for its program. They now 
knew that the intrinsic value of the program was approximately $27  mil-
lion. If Maxo were to buy the program outright, Egen should at least get 
$27 million. Egen also felt that since it was unlikely that Maxo had done an 

Figure 9.56
Risk-neutral payoff of the R&D program.

Figure 9.57
Cumulative risk-neutral payoff of the R&D program.
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analysis similar to this one, they should start at a higher number and negoti-
ate downward if necessary. In this case, Egen decided to ask for $50 million 
for the transaction. That would be sufficient for it to pursue five new discov-
ery programs, and this model of bringing candidates to the door of the clinic 
and selling them may be a better model than undertaking an extremely risky 
and expensive development program. A large pharmaceutical company like 
Maxo is better able to diversify such risk by pursuing a portfolio of similar 
programs.

So, Egen’s chief executive officer (CEO) contacted Maxo and discussed 
what Egen believed the value of the program to be. After a few days, Maxo 
came back with a different type of deal. Maxo said that it was not inter-
ested in buying the program outright but would like to enter into a licensing 
deal with Egen. Maxo understood that Egen was in need of some immediate 
cash, and was willing to pay $3 million up front. The rest would come in 
milestones and royalty payments. Maxo suggested the following licensing 
structure:

Up-front payment at contract signing $3 million
Milestone payment at NDA filing $5 million
Royalty on net income (on all marketed drugs) 10%
Milestone payments at the start of expansion indications $3 million each

The milestones and royalties suggested by Maxo appeared low to Egen. 
The first thing Egen did was to go back to its valuation model and revalue 
it with the milestone and royalty information. Since it established that the 
value of the current program was $27 million, it wanted to find the value 
that Maxo would get if Egen accepted the suggested licensing structure. 
The result is shown in Figure 9.58. Egen included the $3 million in contract 
signing and the $5 million milestone payment at NDA filing (REG phase) 
as additional costs to Maxo. Remember that if Egen signed off on the deal, 
Maxo would take over the program and would then be responsible for all 
R&D costs. Maxo would pay Egen $3 million up front. This is an additional 
cost for Maxo, over and above what it would cost it to run the safety experi-
ment. If the drug candidate reached the registration phase, Maxo also would 
be responsible for all the costs, and would have to pay an additional $5 mil-
lion in milestone payment to Egen. If the drug was launched, Maxo would 
also have to pay 10% royalty on net income. This in effect reduced the value 
Maxo would get from the marketed drug by 10%. Maxo represented this in 
the launch phase by reducing the NPV by 10%. Also, note that there were 
additional milestones to be paid ($3 million each) if Maxo decided to prog-
ress the drug into expansion indications. These were additional costs for 
Maxo, and it represented them appropriately. The royalty reached through 
to additional indications as well. Egen had a 10% claim on any indication 
approved and marketed by Maxo. This means that the value of all marketed 
indications by Maxo had to be reduced by 10%.
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After incorporating the components of the suggested licensing structure, 
Egen management revalued the R&D program from Maxo’s perspective and 
found that the value was approximately $15 million. This means that Maxo 
gained $15 million in shareholder value from the R&D program. This also 
means that Egen’s gain of value was $12  million (the original $27  million 
minus $15 million). The suggested licensing structure thus resulted in Egen 
capturing only 44% of the original value of the program.

Two things became clear to Egen management. First, it was unlikely that it 
could sell the R&D program to Maxo at a value higher than what it was cur-
rently worth; second, it was likely that Egen would have to share some part 
of the $27 million value with Maxo for the deal to work. Egen felt that at least 
75% of the value of the program should accrue to it and it would have to get at 
least $20 million for the contract to be fair (since the total value was $27 mil-
lion). Egen went back to the model and made two changes (Figure 9.59). First, 
it set the milestone payments at the start of the expansion indications to 
$5 million instead of the $3 million suggested by Maxo. Second, it changed 
the royalty on all indications to 20% instead of the suggested 10% by Maxo. 
With these two changes, it revalued the contract for Maxo. It found that the 
value to Maxo with these changes was $7 million, allowing Egen to retain 
$20 million of the original value.

Maxo was a bit cool to the suggested changes by Egen. A week passed, and 
Egen management began to worry whether it turned Maxo off with aggressive 
negotiations. To its surprise, Maxo came back and suggested a new structure 
that looked very interesting. Maxo managers said that they were aware that 

Figure 9.58
Analysis of a licensing deal for the R&D program.
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Egen was in need of cash in the short run. Maxo would like to increase the up-
front fee to $5 million instead of the original $3 million, but wanted to keep 
the rest of the structure the same. Maxo also suggested that this was its last 
offer as they were in the hunt for similar candidates from other companies.

Egen management got together to evaluate the new offer. The $5 million 
up-front fee appeared very attractive as Egen was really in need of new 
resources to push its discovery programs forward. They could quickly cal-
culate that the new proposal gave Maxo a value share of $13  million (the 
$15  million they calculated for the original contract minus the $2  million 
additional up-front fee offered). This was a 50:50 split of the value of the R&D 
program (with a total value of $27 million). It appeared to be a reasonable 
contract. Before agreeing, Egen wanted to take a look at the sensitivity of its 
assumptions on the value calculated.

One of the bigger indications for the candidate was breast cancer. Although 
it is a reasonably big market, the data from the preclinical studies indicated 
that the drug, if approved, would be administered in conjunction with exist-
ing therapies. Based on this, Egen evaluated the market and possible pricing. 
In calculating the expected value at launch for the breast cancer indication, 
it also considered that the new indication would only be approved 6 years 
from now (unlike the first indication, which was expected within 3 years). 
Egen wanted to know what impact the three assumptions on the potential of 
breast cancer (average, minimum, and maximum NPV) would have on the 
value of the drug. Figure 9.60 shows the impact analysis for the breast cancer 
assumptions.

Figure 9.59
Evaluation of suggested new deal structure.



158	 Decision Options: The Art and Science of Making Decisions

Egen also did a sensitivity analysis of the assumption of expected (initial) 
value of breast cancer indication to understand how it might affect the value 
of the R&D program. The result is given in Figure  9.61. The breast cancer 
assumptions affected the value of the R&D program close to 1:1 for errors 

Figure 9.60
Impact analysis of the parameters of breast cancer indication on value.

Figure 9.61
Sensitivity analysis of the expected value of breast cancer indication to value of the R&D 
program.
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within 15%. It was more sensitive on the upside and less sensitive on the 
downside. For example, a 10% error in breast cancer assumption caused a 
close to 10% error in the value of the R&D program. A 10% error in breast can-
cer value would represent an error of $40 million (10% of $400 million) in the 
estimates, and this would lead to a change of $2.7 million (10% of $27 million) 
in the R&D program value. Also note that Egen looked at errors here and not 
uncertainty. It already established that it did not precisely know the breast 
cancer indication’s market potential. There is a range of possible outcomes 
from $200 million to $900 million. The estimation error of this range and its 
effect on the calculation of value were showcased by the sensitivity analysis.

Just to get a complete understanding, Egen also quickly performed a sen-
sitivity analysis of the maximum value of breast cancer potential against the 
value of the R&D program and  found that it was much less sensitive, as can 
be seen from the result in Figure 9.62.

Egen also wanted to run a few scenarios on the success rate assumptions 
for the efficacy experiment for the lead indication. It used both industry 
data and expert opinion to reach the 75% success rate assumption to see 
whether it could be a bit more optimistic here (say a success rate of 80%) 
and how that changed the valuation. Figure 9.63 indicates the results from 
the scenario analysis. Egen found that the value increased by 15% for a 
7% increase in success rate (increase to 80% from 75%) or value increased 
2:1 for a change in the success rate in the efficacy experiment. This rein-
forced what the company already knew: success rates obviously have a 
big impact on value. Success rates, however, cannot be changed much, 

Figure 9.62
Sensitivity analysis of the maximum value of breast cancer indication to value of the R&D 
program.
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especially if the failure emanates from toxicity. If failure is due to lower 
efficacy related to suboptimal pharmacokinetic properties of the chemical, 
perhaps it could be improved by a better dosage form. In this case, Egen 
felt that the 75% was a reasonable estimate of its chance to succeed in the 
efficacy experiment.

Overall, Egen management felt that the uncertainties captured were roughly 
correct. They also understood that decisions under these types of uncertain-
ties were never perfect. The best they could do is to capture all the uncertain-
ties using the best information they had and combine them systematically to 
reach a normative economic value. Use of such a process and value is the best 
and most objective way to reach decisions. After signing the contracts, the 
Egen CEO sat back, sighed, and remarked, “It is a tough business.”

Selection of Optimal Legal Strategy

Consider a medical device company M-Device. It was founded 10 years ago 
by a couple of university professors and since then has grown to over 100 
employees. Over the last decade, it has received multiple patents on some of 
the new technologies it invented. It has licensed some of these technologies 
to other companies for incorporation into devices manufactured by them. It 
also has a few R&D programs currently under development.

Figure 9.63
Scenario analysis.
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Last week was a busy one for M-Device senior management and the com-
pany’s patent attorney. First, they got a letter from an inventor accusing the 
company of patent infringement. The inventor claimed that one of the devices 
currently in clinical trials by the company uses technology that infringes on 
a patent the inventor holds. The inventor wants compensation or threatens 
legal action against the company.

Later that week, the company learned that one of its competitors has a 
similar product in R&D and that the prototype may be incorporating tech-
nologies the company owns, infringing its own patent. If this technology is 
encumbered (if the claim of the individual inventor is true), then M-Device 
may not have a case against the competitor’s use of their technology. But, on 
the other hand, if the inventor is wrong, M-Device may have a claim against 
the competitor. It is also possible that its technology supersedes the inven-
tor’s patent, in which case they may have a claim against both the inventor 
and the other company. M-Device’s CEO asked, “How do we figure out the 
best strategy to pursue?”

M-Device decided to analyze its options as follows:

	 1.	 It could settle with the inventor, in which case it would not have any 
claim against its competitor using similar technologies. This strat-
egy is named settle.

	 2.	 It could ignore the inventor’s challenge (assume that it was irrel-
evant) and prosecute a claim against its competitor. It named this 
strategy pros1.

	 3.	 It can prosecute both parties (assuming its technology supersedes 
both). This strategy is called pros2.

Each of these strategies has an economic value associated with it. 
Obviously, the strategies depend on the value of the company’s own 
development program and the private risk (probability) of winning in 
any of the actions taken.

M-Device first looked at the value of settling with the inventor and ignor-
ing possible patent infringement by the competition (settle). Initial conversa-
tion with the inventor indicated that the inventor would be willing to settle 
for a structure that had an up-front payment and a settlement payment at a 
future time if and when the company received approval for its device and 
was ready to market it. M-Device estimated that the value of the product, if 
it succeeded in R&D and obtained FDA approval, would be in the range of 
$125 million to $300 million, with an expected value of $200 million. Based 
on historical data, it estimated that the probability of reaching the market 
(after considering both R&D and approval risk) was 75%. The cost of devel-
opment that needs to be committed now was $50 million. If the device gets 
approved, launch costs would be $5 million.

If M-Device were to settle with the inventor now, it would have to pay the 
inventor $10 million immediately and then a settlement cost if the product got 
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to market. If the product did not reach the market (development and approval 
timelines add up to 3 years), there would not be any further settlement pay-
ment as the technology then would be rendered nonviable. M-Device estimated 
a future settlement cost of $100 million (range of $75 million to $150 million), 
roughly half the value of the product payable to the inventor if and when it 
marketed the product. It assumed that this settlement cost was correlated with 
the product value (a correlation of 50%) as the more valuable the product was, 
the higher the settlement was likely to be. The costs were not completely corre-
lated as M-Device has some control over the negotiated settlement through its 
legal and IP strategy. Figure 9.64 shows the model and result. M-Device found 
that the settlement strategy could be valued at approximately $10 million.

With the same underlying assumptions on product costs, market potential, 
and success rate, M-Device analyzed the strategy of ignoring the inventor’s 
challenge but prosecuting a patent infringement case against the competitor 
(pros1). It estimated that the legal fee would be approximately $35 million. It 
would only start the proceedings in 2 years as it gave the company sufficient 
time to assess the chances of the product’s R&D success. It expected the case 
to drag on for a year after it started proceedings. It also gave itself a 50% 
chance of winning, and if it did, the settlement from the competitor would 
be around $75 million (range of $50 to $100 million). The company assumed 
that the amount of this settlement was also correlated with the value of the 
product (a 50% correlation).

However, ignoring the inventor’s challenge had the downside of the inven-
tor starting a patent infringement case against the company. M-Device 

Figure 9.64
Model for settle.
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assumed that the inventor would do this only if the product reached the 
market. It gave the inventor a 50% chance of success on the legal case. If 
M-Device were to lose to the inventor, it estimated that the settlement cost 
would be 50% higher than what was estimated in the case of settling now. 
The model and result from this scenario are shown in Figure 9.65.

M-Device estimated that the value of this strategy was $46 million, nearly 
three times higher than the scenario in which it settled with the inventor 
now and ignored the possible patent infringement by the competitor. Buoyed 
by the increase in value of this strategy, it also considered a more aggres-
sive strategy in which it prosecuted both the inventor and the competitor. It 
found that this strategy was also of similar value ($46 million). The model 
and result are shown in Figure 9.66.

To select the strategy it wanted to put in place, it analyzed the three strate-
gies in different dimensions. First, it looked at the downside risk (probabil-
ity-adjusted risk-neutral loss) against upside potential (probability-adjusted 
risk-neutral gain). The higher the upside potential, the better and the lower 
the downside risk, the better it would be. M-Device knew that from a purely 
economic perspective, it should pick the strategy that yielded the highest 
value (which is pros2). However, from a more practical perspective, it also 
wanted to minimize downside risk. Figure 9.67 shows the chart of downside 
risk versus upside potential for the three strategies discussed.

Although strategy pros2 (take legal action against both the inventor and 
the competitor) had the highest value, it also had the highest downside risk. 
The strategy of prosecuting only the competitor appeared optimal as it had 

Figure 9.65
Model for pros1.
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similar value but much less downside risk. Although settling with the inven-
tor now had the lowest downside risk, its value was significantly lower than 
the other two. Before deciding on a strategy to pursue, M-Device also wanted 
to see the value against total risk (standard deviation of risk-neutral value 

Figure 9.66
Model for pros2.

Figure 9.67
Value, downside risk, and upside potential of strategies.
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distribution/average of risk-neutral value distribution). Figure  9.68 shows 
value against total risk. M-Device found that total risk of the two strategies 
(pros1 and pros2) was similar, so it decided to go with strategy pros1—take 
legal action against the competitor if the product succeeded and ignore the 
inventor’s challenge for now (exposing itself to be sued later and incurring a 
much higher settlement cost).

Figure 9.68 shows the risk-neutral payoff for the selected strategy pros2. The 
peak represents scenarios in which the company committed the development 
cost but after 2 years decided not to proceed with any legal actions and the 
product failed. The negative outcomes are cases in which legal actions were 
taken, and either the product or the legal actions did not succeed. Because of 
the various events that may happen—technical failure and legal action fail-
ure—the outcome is quite variable, as illustrated by the risk-neutral payoff. 
Given all the information today (and all associated uncertainties), M-Device 
concluded that the strategy of initiating a legal action against the competition 
2 years from now and ignoring the challenge by the inventor (not settle now, 
settle later if needed) is the most valuable strategy for the company to pursue.

Portfolio Management and Budgeting

Large pharmaceutical companies have hundreds of R&D programs in differ-
ent stages. Most of them face significant uncertainty in market potential, costs, 
timelines, and success rates. Most need significant investments—people, 

Figure 9.68
Risk-neutral payoff from strategy pros1.
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money, space, and time—to progress through the R&D pipeline. Since 
resources are often limited, one of the fundamental problems in R&D is allo-
cation of limited resources to many disparate investment opportunities to 
maximize the value of the company. This is a complex problem, and differ-
ent companies approach it differently. Some use private risks as the primary 
proxy for selection and allocation decisions. Others may use minimization 
of cost, maximization of speed to market, or maximization of overall market 
potential as objective functions in selection and allocation decisions. None of 
these ensure that the portfolio that the company selects and advances is the 
most optimal from a shareholder value standpoint.

Multidimensional criteria-based selection and allocation decisions are 
also common in pharmaceutical companies. In this case, various criteria 
are given specific weights or importance. Each R&D program or investment 
opportunity is given a rank along each of the criteria dimensions. Such rank-
ings may be created by a group of experts within R&D, such as the portfolio 
management group, or by a survey of the larger employee population. An 
overall score is then calculated for each R&D program as the weighted aver-
age of the product of criteria weight and rank. Decision makers may use such 
scores for project selection, resourcing, and prioritization decisions. Since 
multidimensional criteria-based scores are qualitative judgments—in both 
the importance of a criterion and the rank of a project on that dimension—
they may not have any correlation to normative economic value. A significant 
amount of time and effort is wasted in the creation and use of such scores 
inside large companies in the belief that decisions are improved by such an 
exercise. Companies can both improve decision making and reduce the time 
taken in the process of project selection, resource allocation, and budgeting 
decisions by adopting metrics derived from economic value.

Figure 9.69 shows the result of a portfolio analysis of projects. The chart 
shows 16 projects with decision options value against traditional NPV. The 
size of the bubble represents option value. This chart shows the decision 
makers the following:

	 1.	Which projects appear to represent the highest value for the 
company

	 2.	Which projects have the highest option value (and hence higher 
uncertainty, decision flexibility, or both)

Such a depiction is useful to test and understand existing decision processes 
in the company. For example, if the company uses traditional NPV, either 
from DCF or from decision trees, a large number of projects in IP-intensive 
businesses (such as life sciences) and capital-intensive businesses (such as 
energy and high technology) will show negative values. If decisions are 
made strictly according to traditional NPV, only projects to the right of zero 
(on the x axis) can be selected. This means that only two projects in the port-
folio have positive NPV. Immediately after such an analysis, results will be 
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discarded, and decisions will be based on gut feel. This is obviously a lot bet-
ter as most projects in the portfolio have a positive value in this case. Projects 
higher up on the y axis (which shows economic value) are the best. If there is 
a resource constraint that does not allow the company to pursue all projects, 
decision makers can select a subset that has the highest value. When the 
company does not have the resources to pursue such projects, it may con-
sider out-licensing them to other companies with lower cost structures that 
may find them attractive. Projects have a shelf life (primarily because of the 
limited patent life), so keeping them within the company (if resources are not 
available) may not be optimal.

In making a selection decision under a resource constraint, the company 
could also use downside risk as a cutoff measure. Figure 9.70 shows a decision 
aid that illustrates the downside risk and upside potential in each project. We 
define downside risk as the area under the curve of a risk-neutral payoff to the 
left of zero. Similarly, we define upside potential as the area under the curve of 
a risk-neutral payoff to the right of zero. Hence,

	 Project value = Upside potential − Downside risk

Decision makers may have risk aversion beyond a certain threshold 
downside risk in a project since a catastrophic failure of a project with high 
downside risk may result in the bankruptcy of the company. Although mini-
mization of downside risk cannot be an objective function for project selec-
tion and resource allocation decisions, a certain threshold cutoff in downside 
risk always plays a role in such decisions. In the chart in Figure 9.70, projects 

Figure 9.69
Economic value against traditional NPV.
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are shown in a matrix of downside risk and upside potential. Decision mak-
ers may decide to elect a cutoff value for downside risk for each project. For 
example, in the chart, −$7 million is shown as the cutoff value for downside 
risk. In this case, projects K and D may be foregone despite their reasonably 
high economic value.

The company can also form an investment frontier in making a portfolio 
selection and budgeting design. Figure 9.71 provides an example in which 
the cumulative project value is shown against the cumulative start-up costs 
for the projects. The start-up costs represent the initial budget needed (this 
year) to initiate the project. In computing the economic value of the project, 
the model needs to incorporate uncertainty in future costs, timelines, private 
risks, and market potential in addition to the expected initial outlay. This 
is useful in selecting projects within a budget constraint. In the example in 
Figure 9.71, the budgetary constraint for the year is $255 million. By selecting 
the highest-value projects, the company can enhance shareholder value by 
approximately $80 million. In this case, it will forgo projects I, F, E, L, C, and 
M. The last two projects have negative economic value, and thus selection of 
these projects will result in a loss of shareholder value. Note that if the com-
pany were to select all projects (without consideration to economic value), 
its budget would have swelled to $450 million (from the current $255 mil-
lion), and there is no net economic gain. The total economic gain remains 
approximately $80 million. Also, to execute the highest-value portfolio (of 
approximately $90 million) by selecting everything with a positive economic 
gain, the company needs a substantial increase in budget to approximately 
$400 million from the current $255 million.

Figure 9.70
Value, downside risk, and upside potential.
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For the purely academic perspective, these decision aids may not be very 
compelling as the cleanest decision rule is to pick all projects with a positive 
NPV (economic gain). Unfortunately, in the practical world budgets exist, and 
managers are forced to select projects from a basket of available opportuni-
ties to meet a hard resource constraint. Using a holistic metric of economic 
value, downside risk, and upside potential, they can avoid the temptation 
of complex analyses of multidimensional criteria, weight, and ranking that 
do not correlate with economic value. Since such scores are qualitative and 
subjective by definition, they can easily be manipulated. Ultimately, resourc-
ing decisions may favor those projects that have strong and vocal champions 
who can argue for a higher rank for their projects and demonstrate a higher 
score. The score becomes only a vehicle to show why a project is important. 
It can also lead to a long and contentious budgeting process as any score can 
be challenged. An objective criterion such as the economic value is less prone 
to such complications. Also note that traditional NPV is not useful in most 
cases as it does not capture the inherent uncertainty and decision flexibility 
in projects.

Economic value metrics, as demonstrated here, can also be tracked in 
real time as project characteristics change, and a portfolio adjustment is 
necessary. Annual budgeting and portfolio prioritization processes also 
do not allow dynamic changes in the portfolio as new information arrives. 
Portfolio management should be a dynamic process and not something 
performed at fixed time intervals such as a quarter or year. In many 

Figure 9.71
Investment frontier.
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industries, the assumptions that went into the budgeting decisions at the 
beginning of the year may already have changed by the time the initial 
spending is authorized on the selected projects. In many cases, project 
plans are followed because “the budget was authorized.” To make matters 
worse, incentives may be structured for managers to “come in on budget” 
rather than managing the projects better. Those who “managed” the bud-
get perfectly may get a higher bonus. Rigid budgets and incentives based 
on accounting rather than economic value may destroy shareholder value 
rather than improve it. In long-cycle businesses such as life sciences, the 
effects of such value-diminishing decision processes surface only after a 
long period of time. By then, both the decision makers and the champions 
of qualitative budget processes move on and are not held accountable for 
the loss in shareholder value. A normative value-based dynamic capital 
allocation process is a necessary condition for success and survival of com-
panies in industries with significant uncertainty and decision flexibility.
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10
Case Studies in Technology 
and Manufacturing

Decisions to adopt technologies in companies—to improve productiv-
ity and profitability—are important from a shareholder value perspective. 
Often, such decisions have a critical impact on the viability and success of a 
company in a dynamic and hypercompetitive world. Technology has a big 
impact on the design of facilities and manufacturing plants as well as the 
management of logistics.

In the 1990s, many companies invested massively into information tech-
nology (IT)—in the collection, aggregation, storage, and reporting of data 
as in enterprise resource planning (ERP) systems and activity tracking sys-
tems (ATS). Often, such decisions were driven by fashion and fear. Many 
such investments were also made in fear of being left behind as technol-
ogy improved economics of competing firms. Investments were aided by 
the promise of “huge” productivity improvements by software firms that 
created the technology and consulting firms that assisted in implementing 
them. The jury is still out on whether such investments reduced the flexibility 
of companies to adapt to changing conditions and diminished shareholder 
value. Software and consulting companies calculated a return on investment 
(ROI) for the implementation of their suggestions to convince their clients of 
the value. Such ROI calculations were made using deterministic calculations 
of costs, timelines, and benefits. As anyone involved in such implementa-
tions knows, costs, timelines, and benefits could not have been predicted 
with any level of certainty. In many cases, the risk of the technology imple-
mentation not delivering expectations was also ignored. Implementation 
projects were designed in a rigid fashion, allowing little decision flexibility 
after the project started. This is a valuable experience for all companies con-
sidering technology implementation without a clear understanding of how 
it affects shareholder value.

In considering technology and design improvements, it is also important 
to understand the impact on the entire system. In manufacturing, for exam-
ple, an improvement in some aspects of the supply chain (such as reducing 
internal capacity to save costs) may have deleterious effects in other aspects 
(such as stock outs). Supply chain optimization techniques have been applied 
in many cases to improve performance, but the metrics used to measure 
improvement (e.g., cost, speed, availability, etc.) do not automatically imply 
an enhancement in economic value. Although reducing cost, increasing 
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speed, and increasing availability (reducing stock outs) could be beneficial, it 
is impossible to say they are the correct actions to take individually without 
considering the holistic metric of economic value that incorporates all effects 
from the entire system. The systemic effects are not contained within the 
firm but extend to its customers and suppliers. How the company designs 
the interactions among its suppliers and customers has an important bear-
ing in the performance of the supply chain. For example, contracts can be 
designed to increase flexibility, thus allowing the company to manage uncer-
tainty better with a corresponding increase in economic value. Uncertainty 
is considered “bad” by traditional supply chain managers, and they focus on 
reducing uncertainty rather than increasing flexibility to manage it. As you 
have seen in the preceding chapter, uncertainty is not bad, but it is important 
to have the flexibility to manage it to enhance shareholder value.

In this chapter, we consider situations for which technology and flexible design 
could enhance economic value by allowing better management of uncertainty.

Manufacturing Capacity Optimization 
in Pharmaceutical Research and Development

Research and development (R&D) manufacturing in pharmaceutical com-
panies faces significant uncertainty. Manufacturing is typically divided into 
two areas: drug substance and drug product. Drug substance manufacturing 
deals with the manufacturing of the active pharmaceutical ingredient (API). 
The API is then formulated into a drug product before it is used in human 
clinical trials. The API could also be used directly in animal experiments 
or in certain early human trials. Pharmaceutical companies can invest into 
creating API manufacturing capacity internally or outsource manufacturing 
to contract manufacturing organizations (CMOs). Creating internal capacity 
is costly as it often requires heavy up-front capital investment.

The demand for API manufacturing (we will use batches as a unit of mea-
sure) is a function of the R&D pipeline dynamic of the pharmaceutical com-
pany. It is a function of the stock of candidates in the pipeline, the position 
of candidates in the R&D process, and the flow of new candidates into the 
pipeline. If R&D is creating candidates at a healthy rate or the stock of can-
didates in the pipeline is high, the demand for API batches will be high. On 
the other hand, if R&D productivity is slow, demand for API batches will be 
low. R&D is also a creative process that may not work like a manufacturing 
process that produces at a constant rate. Ideas arrive randomly, and ideas 
progress up the R&D pipeline with uncertain timelines and success rates. 
This means that the demand for API batches is uncertain in terms of both 
quantity and timing. It is also the case that pharmaceutical companies expe-
rience “bunching of candidates” in the pipeline for a variety of reasons that 
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result in a bolus of candidates at one time and corresponding increase in API 
demand followed by periods of low activity.

Investing in internal capacity takes committed investments up front. It 
will create a fixed capacity internally. Because it is internal to the company, 
the marginal cost of production of an API batch will be lower, after the up-
front investment is taken. Creation of a fixed internal capacity, however, 
reduces flexibility for the company. If demand is low, the up-front invest-
ment expended in creating fixed capacity will be wasted.

A strategy of outsourcing API manufacturing will allow the company to 
match demand with capacity on an as-needed basis. Such flexibility is valu-
able in a highly uncertain environment. It, however, comes at a cost. The 
suppliers, CMOs, will demand premium pricing, and the marginal cost per 
batch of acquiring API from vendors will be higher than internal production. 
CMOs have made an investment in capacity on the basis of future demand 
and will demand a return on that investment. Since they can manufacture 
for many different customers, they have a higher level of flexibility in man-
aging demand and capacity compared to a single pharmaceutical company. 
Thus, it is possible that the cost of acquiring an API batch from outside is 
lower than internal cost. Increasingly, low-cost countries such as India and 
China provide expertise and capacity for API manufacturing at a reduced 
cost, providing an additional lever of flexibility for pharmaceutical compa-
nies struggling to balance demand and capacity.

Let’s study the case of GiantPharma. GiantPharma executives have been 
thinking about reconfiguring manufacturing capacity for the last several 
months. They have internal capacity for API manufacturing, enough to meet 
current demand. However, lately the discovery productivity has been increas-
ing, and the pipeline is getting filled up again. They expect this trend to con-
tinue, and the current lull in the stock of candidates in the pipeline may change 
to a bolus. Looking forward, they anticipate a much higher demand for API 
manufacturing, more than what can be met with the current internal capacity. 
However, as has happened in the past, many of the drug candidates may not 
progress for technical reasons; this can also result in lower demand for API 
manufacturing. The number of batches needed is also a function of the chemi-
cal characteristics, the target disease, and the clinical experiment design. Thus 
it is impossible to predict the future demand with any level of certainty. The 
executives have two alternatives. First, they can build another manufacturing 
plant and thus increase internal capacity; second, they can pursue a strategy of 
outsourcing the excess demand to CMOs on an as-needed basis.

“This is complicated,” said the chief financial officer (CFO). He has been 
wary of new investments in internal capacity, and as a veteran of the phar-
maceutical industry, he has seen demand fluctuate wildly. Creation of inter-
nal capacity takes a huge investment up front, and that reduces flexibility. 
On the other hand, he also knows the perils of outsourcing when demand for 
API manufacturing is high industry wide. The lead time for new capacity is 
significant, and if the industry capacity is exhausted, prices will climb. Since 
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API batches are crucial for R&D, there will not be any alternative but to pay 
the price demanded by the CMOs.

One of the younger recruits in the R&D organization has been thinking 
about analyzing this problem. She decided to look at the alternatives from an 
options perspective. In discussions with experts in R&D, she pulled together 
the following information:

Current internal capacity 200 batches/year
Current demand 200 batches/year
Cost of new plant $8 million

Capacity of new plant 100 batches/year
Variable cost of internal production $50 thousand (K)/batch (average)
Fixed cost of internal production $500K/year
Cost of on-demand outsourcing $100K/batch (average)

To select a better strategy (internal capacity increase or on-demand outsourc-
ing), she decided to model the problem considering all uncertainties. Since 
these are mutually exclusive strategies, she decided to assess the superiority 
of one strategy over the other. If internal capacity exists, the variable operating 
cost will be only $50K/batch. There is a fixed cost of $500K/year to operate the 
plant. The plant will incur the fixed cost regardless of demand. If the company 
builds internal capacity, it will save $50K/batch in variable cost of production 
per batch as the cost per outsourced batch is $100K. To do so, it has to invest 
$8 million up front to build the plant. The internal marginal cost of production 
does not include plant depreciation and any such accounting costs as once the 
investment is taken these are irrelevant for production decisions.

She decided to model the incremental benefit of internal capacity as an 
option to swap internal cost for outsourced cost. A swap is a recurring instru-
ment (over a period of time), and at the elapse of a specific time duration, the 
owner will get the difference between asset and cost; this will be repeated 
until the end of the life of the swap. In effect, the benefit of internal produc-
tion is the cost of the outsourced batch (the company saves that), and the cost 
is that of internal production (the company incurs that). The company cur-
rently has an internal capacity of 200 batches, so if demand is below that it 
will not outsource anything. After the new plant comes in line, the internal 
capacity will increase to 300 (the current 200 and the capacity of the new 
plant of 100), and if the demand is above that, the company will be forced 
to outsource the excess demand. After the new plant is in line, the company 
will meet demand up to 300 batches/year through internal production.

In studying demand patterns for the last several years, the analyst calcu-
lated the volatility parameter for demand to be 15%. Since the company has 
several decades of demand data, she felt that it was a reasonable estimate. 
She also decided to model the demand as a mean reverting function with a 
half-life of 5 years. Using industry-wide historical data, she found that peri-
ods of high demand are followed by periods of low demand and vice versa. 
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She speculated that the cyclical phenomenon is due to technology life cycles. 
Pharmaceutical R&D productivity is often driven by the invention of new 
technology platforms. Each technology platform allows scientists to explore 
hitherto unknown mechanisms and chemicals, leading to a bolus of drug 
prototypes. Over time, scientists across different companies and countries 
exhaust what can be discovered using the new technology, and the produc-
tivity drops until yet another new technology platform arrives on the scene. 
By studying the data, she determined that a half-life of 5 years was appropri-
ate for the demand process.

In discussions with the company’s experts in manufacturing, she gath-
ered that both the internal and external costs of production are not fully pre-
dictable. The estimate of $50K/batch of variable internal cost is an average. 
Looking forward 10 years, some felt that they could see a range of $40K/batch 
to $65K/batch due to a variety of aspects, including manufacturing complex-
ity, equipment and personnel availability, raw material costs, and raw material 
availability. Similarly, the cost of outsourced batches may also be volatile, in 
the range of $60 to $150K/batch with an average of $100K/batch as the CMOs 
are also subject to many of the cost uncertainties the company has and more. 
She also felt that the external cost/batch would be cyclical as contract manu-
facturing prices will be driven by the supply characteristics of the industry. If 
supply is limited and prices are high, more firms are likely to enter and push 
the prices down. Historical data indicated that the half-life of outsourced cost/
batch is in the range of 2 years. This is related to the lead time needed to build 
and validate plants that have to satisfy strict regulatory constraints in good 
manufacturing practices (GMPs). The internal cost of production is not driven 
by such cyclicality as it is not affected by external supply characteristics.

The analyst also thought about possible correlations. She felt that the internal 
cost of production was likely to increase as internal demand goes up. This is 
because the manufacturing has some shared components with other parts of 
R&D, and as space, equipment, and personnel become tight in supply (due to 
accelerating demand for all activities in R&D), manufacturing cost will likely 
go up. She decided to correlate the internal cost with demand at a 50% level. 
Based on expert opinions and historical data, she derived the following:

Internal demand volatility 15%
Internal demand half-life 5 years
Internal cost volatility 5%
External cost volatility 10%
External cost half-life 2 years
Internal cost correlation 50% to internal demand

The model is given in Figure 10.1. There is a fixed cost of $8 million up 
front (to build the plant) followed by a swap with a duration of 10 years with 
a swap frequency of 1 year. This means that the benefit to the company (the 
difference between external and internal cost of production) is calculated 
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every year based on the number of batches demanded. This process is con-
tinued for 10 years, the presumed lifetime of the plant.

The option to swap every year works in the following fashion. If the asset 
(in this case, the cost of outsourcing) is greater than the strike (in this case, 
the cost of internal production that includes both the fixed and variable com-
ponents), we will swap asset for cost and take the difference (in this case, this 
is the saving from internal production). If the asset is less than the strike, we 
will not swap and take zero. This is similar to assuming that the company 
does not have any savings if the internal cost is higher than external cost, 
and it will simply outsource all production. This swap is not a plain vanilla 
swap, by which the difference between asset and cost is taken whether or 
not asset exceeds cost. This is a swaption, an option to swap. This means that 
the company has the option to decide whether to produce internally or out-
source, depending on the cost characteristics.

Note that the objective here is to find out how much the company will save 
from the lower-cost internal production if it were to expand capacity. Although 
the initial estimate of internal variable cost of production ($50K/batch) is a lot 
lower than the external cost ($100K/batch), they are driven by different char-
acteristics, and it is possible that in the future the cost of internal production 
will be higher than external cost. One such scenario will be excess external 
manufacturing capacity, forcing CMOs to drastically cut prices to keep their 
companies afloat. This may temporarily depress the external price. However, 
this will force many CMOs out of business, resulting in a reduction in external 
capacity and subsequent increase in external prices. Thus, the external cost 
per batch follows a mean reverting process just like the price of a commodity.

Figure 10.1
Addition of internal capacity in manufacturing.
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The model shows a $5.4 million savings from internal production over the 
10-year period (using a real risk-free rate of 0). In Figure 10.1, the value of the 
swaption is designated as Do2. However, the capital cost of the new plant 
is $8 million, far in excess of the anticipated gain from lower internal pro-
duction costs, making the net present value (NPV) of the internal capacity 
addition of −$2.6 million. Figure 10.2 shows the cumulative probability of 
risk-neutral payoff from the project. It shows that there is only a 22% chance 
of making an economic profit from adding internal capacity. It also shows 
that there is a 15% chance of losing $8 million, the entire capital investment.

This means that the company is better off employing a strategy of out-
sourcing on an as-needed basis, even though the cost per batch is signifi-
cantly higher than the anticipated internal costs. In an environment in 
which demand, internal cost, and external cost are volatile, a flexible capac-
ity (while costly on a per unit basis) is more dominant. The CFO was happy 
with the analysis. He asked manufacturing to devise a different plant 
design, one with lower cost and perhaps one in which the capacity can be 
added over time rather than in a single step. He felt that such a design could 
make the scenario of internal capacity increase more attractive.

The manufacturing manager felt that it was difficult to reduce the cost 
of construction of the plant according to the current design. She had been 
experimenting with a modular design that allowed capacity expansion 
incrementally. For example, the plant could be divided into four manufac-
turing lines (modules) that could be brought into production over time. This 
increased flexibility may enhance value and make the plant viable.

Figure 10.2
Cumulative probability of a risk-neutral payoff from a manufacturing capacity addition.
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She was also thinking about the possibility of selling excess capacity to other 
pharmaceutical companies. If she is left with excess capacity, she can use it to 
manufacture API for other companies and create revenues, just like the CMOs. 
This way, she would not have to worry about overbuilding capacity. There are, 
however, some logistical and legal complications. One issue is the protection of 
intellectual property (IP) as the companies may be competing in the same area, 
and assurance of IP protection may make the process difficult to manage. So, a 
modular design may be the better approach for the company to consider.

By implementing a modular design, the up-front investment can be reduced 
significantly, and the company would have to take further investments in the 
future only if such investments added value. For example, if the demand 
increases rapidly and the external costs remain at the current level or even 
become higher, the company can add further capacity (at additional cost). In 
another chapter, the importance of such modular designs in manufacturing 
is analyzed.

Value of Modular Design and Flexible Capacity

Imagine a manufacturing plant with certain capacity to produce some end 
product, which can be a chemical (as in life sciences or commodity chemi-
cals), an electronic component (as in technology), finished materials of a cer-
tain grade (as in mining), gasoline (as in a refinery), or any finished good in 
any industry. The capacity may be a function of equipment, people, space 
(for manufacturing and storage of raw materials, in-process inventory, and 
finished goods), and availability of manufacturing components (such as raw 
materials, additives, electricity, water, etc.). The capacity will require some 
lead time before it can be functional for the production of the finished goods. 
The term raws is used to represent any inputs into the process, equipment 
represents any conversion mechanism (including people), and finished goods 
represents the output from the process.

Managers of supply chains and manufacturing and demand/capacity bal-
ancing struggle to ensure that their capacity utilization is high enough for 
a profitable operation but not so tight it creates a delay in the system. Often, 
the lead times involved in creating capacity are long, so managers have to 
anticipate future demand well in advance and invest in creating optimum 
capacity for it. If they overdesign the supply chain, the result may be excess 
and idle capacity (increasing costs). If they underdesign, they may be forced 
to find alternative suppliers for excess demand (which cannot be met with 
existing capacity) or accept a delay in delivery (and related loss of revenue, 
increase in costs, or both).

In this case study, we first examine how much economic value can be added 
by closely matching demand to capacity. We assume that the equipment can be 
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modular, allowing capacity to be increased in a certain fixed amount. We try 
to match demand to capacity by selecting the level of modularity (the capacity 
of equipment) that can be incorporated into the design. For the time being, the 
cost of modular design is neglected, and the sole focus is the benefit.

Let us study a manufacturing technology with a 5-year life. Before pro-
duction starts, the manager has to make a decision regarding the design of 
equipment. The only variable considered here is the capacity of each machine. 
For now, assume that the cost of design is the same for each machine. The 
capacity per machine is selected up front. After that, each year the manager 
will decide how many machines to activate after observing the demand for 
that year. There are no costs to activate or mothball machines. Also, ignore 
capital costs completely just to understand how the ability to match demand 
to capacity affects value. The unit of production is the batch.

The model is shown in Figure  10.3. In this simple stylized example, we 
consider five stochastic processes: demand for batches (d), price per batch 
(p), internal capacity (i), internal cost per batch (c), and external (supplier) 
cost per batch (o). The company can produce a batch at a cost of c/batch if it 
has internal capacity of i batches. If it does not have internal capacity, it will 
incur a cost of o/batch by outsourcing the production to a supplier. All of 
these numbers are uncertain, but we have expectations of ranges for these 
variables over the timeline considered.

Each year, the manager has to make a decision to continue production. 
He or she must estimate the profits that can be created from operating the 

Figure 10.3
Modular manufacturing plant mode.
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plant until its end of life. In any year, if the manager decides to discontinue 
production (because the sum of the current and future profitability of the 
plant is not positive), the entire facility is shut down, and all machines are 
scrapped. The price and costs are shown in thousands of dollars ($K).

The manager’s decision each year is represented as an option as shown 
in Figure  10.4. Every year, the manager selects just enough machines to 
meet demand but not exceed it. The number of machines is represented 
by int(d/m), where int represents the integer part of (d/m), d is demand in 
batches, and m is the capacity of each machine. For example, if the demand 
is 200 and the capacity of each machine is 15, the manager will assemble the 
plant with int(200/15) = 13 machines. Since the manager does not want to 
overdesign the plant capacity, an internal capacity of 13*20 = 190 batches is 
accepted, and the remaining 10 batches are outsourced to an external sup-
plier (at a cost/batch possibly higher than the internal cost).

The revenue is calculated as demand × price = (d*p). The cost is a function 
of internal capacity. The manager’s decision to assemble int(d/m) machines 
means that the internal capacity for that year is set to int(d/m)*m. Hence, 
the cost of internal production is int(d/m)*m*c, where c is the internal cost 
of manufacture per batch. This, however, is not the total cost as the man-
ager is forced to outsource (demand − internal capacity). This means that 
the cost of outsourcing is (d − int(d/m)*m)*o, where o is the outsourced cost/
batch. Note that the decision the manager makes every year is related not 
only to that year’s profitability but also to expected future profitability. If the 
manager chooses not to produce any year, the plant is shut down, and the 
manager effectively loses the option to produce in the future. Every year, the 
manager has to make a decision whether to continue the operation and if so 
how many machines to activate. There is the option to abandon the entire 
manufacturing operation in any single year.

Let us analyze the problem with a design decision of 500 batch capacity 
machines. Note that the demand expected per year is 500 batches (range of 
200 to 1,000 during the course of the plant life), so selecting this “modular-
ity” is a bit like a rigid plant (conventional plant built for a fixed capacity) as 
the manager will likely make a decision to utilize no, one, or possibly two 
machines per year.

Using the expected values and possible ranges of demand, price, internal 
cost, and external cost, we can simulate the asset and cost each year. The 
decision options problem has five sequential options; and we can solve this 

Figure 10.4
Production decision each year.
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entire problem using simulation and dynamic programming. Each year, 
demand, price, internal cost, and external cost are simulated, and optimal 
decisions are made based on what is known in that year. In doing so, the 
manager also has to project future years and combine those expectations 
with the current year’s known profits (or losses). By analyzing the problem 
this way, the value of this rigid plant that has machines with large capaci-
ties of 500 batches/year can be calculated as approximately $9  million. 
Figure 10.5 shows the risk-neutral payoff from the plant. Negative values 
show plant production decisions at a loss (in anticipation of future profits) 
and subsequent abandonment of the entire plant because profitability did 
not improve as envisioned.

We can now run various scenarios in which the machine capacity differs. 
In each of the scenarios, we assume the design capacity of each machine to 
be fixed. The capacity of each machine has to be decided at design. Once 
this design parameter is selected, machines are produced only at that capac-
ity. All machines are produced prior to the operating decisions every year. 
Operating decisions include whether the plant should be shut down and 
how many machines must be activated for production.

It is intuitively clear that the lower the capacity of a single machine, the 
higher the modularity of the plant and thus the higher the value of the plant 
as higher modularity allows closer matching of capacity to demand. Ten dif-
ferent scenarios starting from a capacity of 50 batches (microcapacity) to 500 
batches (rigid capacity) are performed. The value of the plant as a function of 
the capacity of a single machine is shown in Figure 10.6.

Figure 10.5
Risk-neutral payoff from a rigid plant.
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The results show that the value of the plant continues to decrease until a 
machine capacity of 300 batches or so with a relatively stable period between 
300 and 450 batches is reached. The reason that the value is slightly up from 
300 to 450 batches is that the larger machines are able to match demand more 
closely. Remember that the demand is expected to be 500 batches, and the 
operating policy is to pick just enough machines so that internal capacity 
does not go over demand. When the capacity of a single machine is between 
300 and 450, generally only a single machine can be picked. Thus, the larger 
the capacity, the closer the internal capacity is to demand with a single-
machine plant. Since outsourcing costs are higher, the value of the plant is 
higher if the internal capacity is as close to demand as possible.

Now, let us make this problem more realistic. Assume that there is a cost 
of activation of each machine. One could imagine this as setup, shipping, 
installation, and maintenance costs that may increase with the number of 
machines and not with capacity. The cost of activation is assumed to be 
$600K per machine per year. In this case, the more machines used every 
year, the higher the cost of setup will be. Thus, there is an advantage for 
larger machines as there will be fewer machines and correspondingly lower 
activation costs. Smaller-capacity machines provide higher flexibility for the 
manager to match capacity to demand but also require higher setup costs. 
So, there is a trade-off between operating costs and setup costs.

Figure  10.7 shows the value of the plant as a function of capacity per 
machine from the analysis that includes the setup and maintenance cost per 
machine. The analysis shows that when the machine capacity gets too low 

Figure 10.6
Value of the plant as a function of modular machine capacity.
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(fewer than 150 batches), the value from closely matching capacity to demand 
is counteracted by the setup and maintenance costs of machines. Since the 
costs of setup and maintenance increase with the number of machines, the 
smaller a single machine’s capacity is, the larger the number of machines 
needed and the larger the overall setup and maintenance costs incurred. 
With such costs, the most efficient capacity is 150 batches per machine. We 
also get a secondary peak at 450 batches per machine as this allows closer 
matching of capacity to demand.

Figure 10.8 shows the risk-neutral payoff of a plant that considers the setup and 
maintenance costs of each machine and at a modular capacity of 150 batches/
machine. The expected value of the plant is approximately $23.5 million.

In the previous analyses, we considered that if the manager makes a deci-
sion not to produce in any year, the plant has to be shut down, and no future 
production is possible. Now, consider a situation in which the manager can 
decide to shut down the plant any year but bring it back in a later year if the 
economics improve.

We first consider that the shutdown and start-up are costless, and the man-
ager can select shutdown at the beginning of any year after having observed 
demand and assessed the value of operating that year. Since the manager 
can always bring the plant back in a future year costlessly, this is a less com-
plex decision. The manager only has to evaluate whether positive profits are 
possible in any single year. If expected profits are positive in any single year, 
the manager will operate the plant, and if expected profits are negative, the 

Figure 10.7
Value of the plant as a function of modular machine capacity when activation costs are present 
for each machine.
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plant will be closed that year, waiting for the next year to see whether it is 
worthwhile to reactivate the plant. These decisions are now independent and 
can be made without consideration of future effects. We call these switching 
options. They give the owner of the options the opportunity to switch in and 
out (of production, in this case).

Figure  10.9 shows the risk-neutral payoff from the analysis (with a 
machine capacity of 500 batches/year) that has fixed activation costs per 
machine ($600K/machine) as well as flexibility to switch production on or 
off at the plant level costlessly. The value of the plant at a machine capacity 
of 500 batches/machine has nearly doubled to $17 million from the original 
$9 million. This is the additional value due to the plant-switching options. 
Also note that there are no negative profits as the manager will run the 
plant only if the profits are positive. In the other case, the manager had to 
make a judgment whether to operate the plant in any year at a loss in antici-
pation of higher profits in the future years. In some cases, such a decision 
would not have paid off, and the plant would have lost money in the future 
years as well.

Figure  10.10 indicates the risk-neutral payoff from the analysis (with a 
machine capacity of 150 batches/year) that has fixed activation costs per 
machine ($600K/machine) as well as the flexibility to switch production on 
or off at the plant level costlessly. High modularity coupled with switching 
options increased the value of the plant to nearly $26 million.

Figure 10.11 presents the value of the plant as a function of the capacity/
machine when the plant-switching options exist. The chart shows that the 

Figure 10.8
Risk-neutral payoff from the plant with optimal capacity modular machines with activation 
costs.
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ability to switch the plant on and off neutralizes some of the disadvantages 
of rigid machine capacity in high-capacity machines (as opposed to modular 
small machines). However, even with the plant-switching options, a modular 
capacity of 150 batches/machine appears optimal.

Figure 10.9
Risk-neutral payoff from rigid plant with switching options to shut down and restart.

Figure 10.10
Risk-neutral payoff from a plant with optimal modular machines and switching options to 
shut down and restart.
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Now, let us consider the costs of shutting down, starting up, and maintain-
ing the plant. As you can imagine, the shutting down of a plant will incur 
costs, including personnel costs. If the plant remains in the shutdown state, 
it will still require some maintenance costs. Restart also will require addi-
tional costs. Assume that the plant shutdown takes a cost of $3,000K, and 
the start-up requires $2,000K. While in the dormant state, the cost of main-
taining the plant is $500K/year. The decision the manager makes each year 
now is more complicated. In some cases, the manager may operate the plant 
at a loss if he or she believes that the future profits will compensate for the 
current loss. In doing so, the manager also has to consider the alternative of 
shutting down, maintaining, and starting up the plant and associated costs. 
If the current year losses are modest, the manager may decide to continue 
and avoid the plant shutdown and start-up later as those costs may exceed 
the operating losses from a continuously operating plant. Figure 10.12 shows 
the risk-neutral payoff when start-up, shutdown, and maintenance costs of 
the plant are present at a machine capacity of 150 batches/year. Note that the 
value is approximately $2 million less than when plant start-up, shutdown, 
and maintenance costs did not exist.

In summary, it is important to consider flexibility in design, capacity, and 
operations of both the plant and machines to optimize the value of a manu-
facturing operation. Optimization based on conventional analyses (not con-
sidering uncertainty, not considering flexibility, or both) will not result in 
optimal decisions. Analyses such as the one discussed in this case study that 
considers uncertainty and flexibility in a normative economic framework 

Figure 10.11
Value of the plant as a function of machine capacity when switching options exist to shut down 
and restart.
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provide optimal design and operating policies for manufacturing functions. 
Design decisions such as machine modularity and plant flexibility to shut-
down/start-up; operating decisions to operate, mothball, or abandon; and 
configuration decisions such as number of machines in the operating plant 
can have significant impact on the overall value. These decisions cannot 
be made without a systematic consideration of uncertainty in all aspects: 
internal and external production, activation, shutdown, start-up, and main-
tenance costs as well as revenue.

Design of Outsourcing Contracts

Many companies are using outsourcing as an important flexible lever in man-
aging and meeting demand. High internal capacity is costly when the demand 
is highly variable as it reduces flexibility in demand and capacity management. 
The discussions here are applicable to companies in any industry that have 
some internal capacity for the manufacturing of finished goods or interme-
diate components and supplement that capacity by contracting with outside 
suppliers to manage their uncertain demand. Increasingly, these outsourcing 
contracts have become an important strategic consideration for manufacturing 
functions as they have to consider many aspects such as risk of not meeting 
demand; internal and external costs (including marginal and total costs); cost 

Figure 10.12
Risk-neutral payoff from the plant with switching options and costs to shut down/start up/
provide maintenance exist at optimal machine modularity of 150 batches/year.
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of excess capacity; management; logistic complications of outsourcing; and the 
associated costs and economic gains. Often, such contracts are entered on an 
as-needed basis (ad hoc and tactical sourcing) or on a template for long-term 
contracts (with rigid contractual obligations). Because outsourcing is gener-
ally a procurement function, it tends to have characteristics of arm’s-length 
transactions and thus eliminates opportunities for both supplier and buyer to 
introduce flexibility and thus enhance value through better management of 
uncertainty. Principles of procurement and negotiations currently practiced 
by large companies are remnants of the industrial revolution and are not very 
useful in today’s world driven by uncertainty and the need for significant 
flexibility.

There are a number of features that both the supplier and buyer can con-
sider in contracts, such as

Option to terminate
Option to delay
Option to accelerate
Option to increase or decrease committed quantity
Option to change delivery schedules
Option to prebuy certain quantity or capacity
Option to abandon sequestered capacity
Option to cancel or change orders

Consider a manufacturing company MF that has internal capacity to meet 
some of the expected demand for its finished goods. MF is considering enter-
ing into a contract with a supplier that will provide manufacturing services 
for batches that cannot be met with internal capacity. MF believes that this 
manufactured product will be active for 10 years until customers switch to 
something different. MS also has expectations for demand for this product. 
It is currently a stable 10,000 units, but looking forward 10 years, it sees a 
range of 7,500 to 15,000 units (represented as d). The price per unit today is 
$100/unit, but in the range of $90/batch to $125/batch (represented as p). MS 
has internal capacity of 8,000 units/year, but it could also change due to a 
variety of reasons, such as lower- or higher-than-expected equipment down-
time, absenteeism, and a break in service. MS expects internal capacity to be 
in the range of 7,000 to 10,000 units/year (represented by i). Internal cost of 
production/unit (assume this is the marginal cost of production as the inter-
nal capital expense is already taken and thus is a sunk cost) is in the range of 
$70 to $90/unit with an expected cost of $75/unit (represented by c) and the 
expected profit (if manufactured internally) is $25/unit. MS also estimates 
the cost of an outsourced unit (if produced by an external supplier) is in the 
range of $85 to $120/unit with an expected cost of $95/unit (represented by 
o). Note that this is nearly 25% higher than the internal cost of $75/unit. All 
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the ranges provided are minimum and maximum expectations in a 10-year 
horizon. Figure 10.13 is a representation of this manufacturing scheme.

We represent this problem as a 10-year plain swap. A plain swap is one in 
which the holder receives the difference between the “asset” (in this case, the 
revenue from selling the units) and “cost” (in this case, the cost of producing 
the units). A swap is a recurring instrument (over a period of time), and at the 
elapse of a specific time duration, the owner will get the difference between 
the asset and the cost; this will be repeated until the end of the life of the 
swap. In this case, the total duration of the swap (the manufacturing opera-
tion) is 10 years. The swap duration is 1 year, meaning that the owner gets a 
payment at the end of every year. Note also that it is a plain swap. This means 
that the owner will get the difference between the asset and the cost whether 
it is positive or negative. During the operating life of the plant, in those years 
when the revenue is low (due to lower price) or cost is high (because of high 
internal costs, high external costs, high outsourcing or all of these) the prof-
its can be negative. Profits will be positive otherwise. Figure 10.14 shows the 
risk-neutral payoff from such a manufacturing operation.

In this case, manufacturing decisions are made automatically regardless of 
new information. The company sets it up, makes an operating policy about 
internal capacity, and outsources everything the company cannot make. 
The manufacturer accepts the price in the market as well as its internal and 
external costs. In many cases, manufacturing companies are run this way. 
Under this scenario, the value of the manufacturing plant is approximately 
$2.1 million.

Figure 10.13
Manufacturing model with simple excess demand flow through outsourcing and no fixed costs.
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Let us introduce some fixed costs into this manufacturing facility to be 
more realistic. Assume that the fixed cost of running the facility is $600,000. 
Also, the marginal cost of production for the first 8,000 units is $0. The cost 
of producing the 8,000 units is already included in the fixed cost. For any 
production over and above 8,000 units/year, the marginal cost remains at 
$75/unit. A description of the model is given in Figure 10.15.

Figure 10.16 shows the risk-neutral payoff from the manufacturing opera-
tion with a fixed cost and initial sequestered capacity of 8,000 units/year. 
Note that the value of the operation is lower ($1.9 million instead of $2.1 mil-
lion) than before as the fixed costs diminish the flexibility for the company 
in controlling costs.

The contract with the supplier currently is completely flexible. When an 
order is given, the supplier makes the supply and sends an invoice based 
on prevailing rates. The order is only given if the company has exhausted 
internal capacity. Now, assume that the supplier wants some assurances in 
terms of the size of the order per year. It wants an arrangement like a fixed-
price contract. Every year, the company pays the supplier $190,000 as long as 
the order for units remains below 2,000 units/year. If the orders exceed 2,000 
units, the supplier will charge $95/unit for the additional units produced. 
Figure 10.17 shows the model for this type of supplier contract. Note that the 
fixed cost of the company remains as before.

Figure  10.18 indicates the risk-neutral payoff from the analysis that has 
a fixed component in the supplier contract as well. Note that the value of 
the company dropped further ($1.5 million from the original $2.1 million) 

Figure 10.14
Risk-neutral payoff from the manufacturing plant with simple excess demand flow through 
outsourcing.
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as flexibility to control costs diminished further. This contract is obviously 
beneficial to the supplier. One way to make this contract beneficial to the 
company is to negotiate a lower price for the sequestered capacity (fixed cost 
in the contract), lower the cost/unit charged by the supplier, or both.

Figure 10.15
Manufacturing plant with fixed costs.

Figure 10.16
Risk-neutral payoff from manufacturing plant with fixed costs.
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Consider a contract in which the 2,000-unit sequestered capacity is bought 
for a cost of $190,000 but instead of the $95/unit for extra batches, the company 
negotiates a discounted price of $50/unit. The model and result are shown in 
Figure 10.19. This result will increase the value of the contract to $1.7 million.

Figure 10.17
Plant model with fixed internal cost and sequestered external capacity.

Figure 10.18
Risk-neutral payoff from the plant with fixed internal cost and sequestered external capacity.



Case Studies in Technology and Manufacturing	 193

We could also consider a contract in which the company offers the sup-
plier a higher cost/unit without the fixed fee. For example, suppose the com-
pany negotiates the cost/unit for the outsourced batch at a constant $100/
unit (same as the selling price of the unit for the company) but avoids an 
up-front cost for sequestered capacity. It will pay $100/unit for every unit 
it outsources. The model and result for such a contract are represented in 
Figure  10.20. The value of the manufacturing operation can be increased 
to $1.85 million by avoiding the fixed cost even though the cost per unit is 
higher. In general, the more flexibility the company can retain in its supplier 
contract, the better.

We analyzed this manufacturing facility as a plain swap between revenue 
and cost. This means that there is no “optionality” in making the decision to 
manufacture. So, modeling demand, price, and capacity as stochastics have 
no relevance in the decision-making process. But, since the manager is not 
making any decisions based on observing them (as in the plain swap), it does 
not really matter. Modeling them as stochastic implies that they evolve in a 
smooth fashion, and that this year’s demand is correlated with next year’s 
demand. We could easily model them as probabilistic; in that case, this year’s 
demand (or price or capacity) is uncorrelated with next year’s demand (or 
price or capacity). We will be simply picking an independent sample from 
the distributions that define these factors every year.

Suppose the company has the flexibility to produce if the revenue is 
higher than cost and not produce otherwise; we can analyze it as an option 

Figure 10.19
Manufacturing plant model with fixed internal cost, sequestered external capacity, and dis-
counted pricing for excess demand flowthrough.
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to swap (swaption). The owner of a swaption has the right to exercise the 
swap at preset intervals. The exercise happens only if the asset exceeds 
cost. In all the cases discussed, if we treat the manufacturing operation 
as an option to swap, the value will be higher as it allows the company to 
shut down operations if profits are negative. Each option in such a swap is 
independent. The decision is made each year after observing the asset and 
cost. When decisions are made every year, they are not contingent; that is, 
this year’s decision is independent of next year’s decision, and the prob-
ability of exercising future options to swap has no effect on the current 
year’s decision.

Postponement and the Value of Delaying Customization

NewTech Incorporated recently brought a new consumer electronics prod-
uct to market, a wireless phone (WPhone) that can be used anywhere in the 
world and make phone calls over the Internet as well as on a regular phone 
line. Demand has been strong in test markets, and the executives at NewTech 
have been discussing better ways to organize the supply chain so that they 
can manage demand across the globe. For a new product like WPhone, it is 
often difficult to predict demand in various geographies. Because the base 
unit of WPhone is plugged into a power outlet as well as a phone line, it 

Figure 10.20
Manufacturing plant model with negotiated fixed cost for outsourcing.
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has to have different configurations for different countries. Countries have 
different power outlets, voltages, and phone jacks. This has caused a major 
headache for manufacturing and logistics staffs.

Marketing has been having problems projecting demand. Both the newness 
of the product and the various price points and geographies the product could 
be sold across have made it difficult to do this. The company could project an 
expected range of demand, but pinning it down to more precise estimates is 
nearly impossible this early in product introduction. Manufacturing’s prob-
lem related to the fact that if they manufacture the product for one country 
(say, Japan), it will not be usable in another (say, India) as the countries differ 
in power and phone infrastructure. In essence, NewTech must manufacture 
a customized product for every country. If the product takes off in one geog-
raphy and not in others, NewTech cannot switch shipments because of this 
customization.

A recent addition to the engineering department has been thinking about 
the problem and how to help the company. She felt that if the design of the 
WPhone is such that the ultimate assembly can be done closer to the con-
sumer and later in the supply chain, the company can keep its options open. 
For example, if it ships generic units to a central warehouse in Asia and 
the customization components to the various country depots, it can man-
age uncertain demand better. If demand really takes off in India, NewTech 
can send the necessary base units to the local depot in that country and 
customize them for the Indian market. On the other hand, if demand is 
high in Japan, NewTech could divert the base units to that country, combine 
demand in Asia for the base units, and manage the production for the total 
demand.

The engineer decided to run a quick experiment. She studied a situation 
in which there were 20 country markets, each showing high variability in 
demand (say, lognormal distributions of an average of 10K units with a stan-
dard deviation of 5K, 50% of average). The demand from each country thus is 
highly variable. However, the combined demand from those countries may 
show a much lower variability. She ran a Monte Carlo simulation by combin-
ing the different demands and found that the coefficient of variation (stan-
dard deviation/average) in the combined demand was only 12%, a dramatic 
drop from the individual country variation of 50%.

She brought the idea to the manufacturing manager. The manager was not 
receptive first as he felt that the local customization would add cost to the 
end product. His experience told him that scale is important in manufactur-
ing, and any time one does not take advantage of it centrally, it is likely to be 
more costly. But, the engineer was persistent. She argued that she understood 
that the cost would be higher, but the value of such a system would also be 
higher because of the higher flexibility. NewTech could direct products to 
areas where demand is high after observing the demand, and this would 
reduce stock outs. The manager reluctantly agreed that she could compile 
the necessary data to conduct an analysis.
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The engineer collected the following data:

Cost per unit with central manufacturing $100
Cost per unit with decentralized customization $110 (10% higher)
Revenue per unit $200

The company has excellent currency-hedging programs in place, so for 
this simple analysis, she did not worry about currency effects. She put 
together a simple model as shown in Figure 10.21. The model’s table shows 
the following:

Produced 200K units
Country 20 different countries
Demand Simulated demand in each country: lognormal(10k, 5K)
Cummul Cumulative demand to a maximum of 200K units  

(total produced)
Central Units sold and profits from each country with an allocation 

of 10K units to each country; profit per unit = $100  
($200 revenue − $100 cost)

Delayed 
custom

Units sold and profits from each country with no specific 
allocation of units to any country; profit per unit = $90 
($200 revenue − $110 cost); the cost includes 10% increase 
due to decentralized customization

Figure 10.22 depicts the distribution of profits from a simulation of central-
ized manufacturing. The expected profit is $16 million.

Figure 10.21
Monte Carlo simulation of centralized and delayed customized manufacturing.
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Figure 10.23 shows the distribution of profits when delayed customization 
is implemented at a 10% additional cost. The profit of $17.1  million is 7% 
higher than in the case of centralized manufacturing (without delayed cus-
tomization). The profits are higher (in spite of the higher costs) because of the 
company’s ability to more closely match demand wherever demand exists.

Figure 10.22
Risk-neutral payoff from centralized manufacturing.

Figure 10.23
Risk-neutral payoff from delayed customization.
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The increased profit from delayed customization can be understood from 
the inventory that remains in both systems. Given in Figure  10.24 is the 
inventory without delayed customization. Nearly 40K units (20%) of the 
produced units could not be sold because of variability in demand in dif-
ferent countries and the policy of early customization and fixed allocation 
to each country. Figure 10.24 presents the unsold inventory with centralized 
supply chain.

With delayed customization, inventory can be reduced significantly, as 
shown in Figure 10.25. The inventory is only 10K units, about 25% of the case 
without delayed customization. Conventional wisdom in scale-based manu-
facturing and logistics needs to be rethought when uncertainty is present. 
Introducing flexibility in the supply chain may be strategically important for 
many companies. Such flexibility can come from a variety of sources, includ-
ing the design of products, plants, logistical systems, and contracts.

The supply chain is a significant strategic issue for manufacturing and 
logistics companies. Many companies attempt to reduce uncertainty for 
improved performance of the supply chain. Although information that 
allows better prediction (and thus lower uncertainty) is good in the manage-
ment of complex supply chains, the economic value gained from introduc-
ing flexibility should not be discounted. Companies such as Wal-Mart and 
Hewlett-Packard Company have long recognized this and have invested in 
increasing flexibility. In many cases, the success and failure of companies 
may depend critically on how they design manufacturing and logistical sys-
tems as well as the features they incorporate into supplier and buyer con-
tracts. Also, it is not only the functionality of products that is critical but 

Figure 10.24
Unsold inventory in centralized manufacturing.
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also their industrial design. Ability to delay decisions and scale up through 
modularity are critical attributes of industrial design.

Flexible Manufacturing Assembly Line for Automobiles

AutoCar, a large manufacturer of passenger cars, has been having a difficult 
time lately. Gas prices have been volatile, and consumer preferences for auto-
mobiles are more unpredictable every day. The design department has been 
busy putting the final touches on two new models: a sports model called 
Zephyr and a hybrid intermediate called Electra. Both are revolutionary 
designs and will require building new assembly plants as both the body and 
the components are of new materials, and these models are manufactured 
very differently from existing models. The design department has been care-
ful to design them to share certain components and materials as they have 
been very aware of the significant unpredictability in the market both for 
demand and preferences for types of cars.

For the new manufacturing plant, AutoCar is considering two different 
designs. Both designs have two assembly lines. In design A (called fixed), 
each assembly line is specialized. That is, each line can only make one type 
of car. Line 1 will make Zephyr, and line 2 will make Electra. In design B 
(called flexible), assembly lines are not specialized, and both line 1 and 2 
can make either car model. The flexible design is more expensive and will 

Figure 10.25
Unsold inventory in delayed customization.
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require a higher level of investment than the fixed design. All previous man-
ufacturing assembly lines at AutoCar have been versions of the fixed design. 
All lines are specialized and can make only one type of model. The biggest 
advantage of the fixed design is cost. It is cheaper and easier to design.

Given the cost advantage, some members of the executive committee ques-
tioned the consideration of the flexible plant design and consider it just a 
waste of time, money, and space. They feel that although the future is unpre-
dictable, the flexibility offered by the other design is unlikely to justify the 
cost. The debate has accelerated as a small cohort of young plant managers 
started pushing for flexible designs. They feel that it does not make sense to 
have specialized lines for single models as the demand for them is impos-
sible to predict. The utilization of specialized lines will be less, they argued, 
and that alone may justify the additional investment.

As there was no obvious way to select from the alternatives, the CFO 
decided to devise a model to consider the uncertainties and production flex-
ibilities. Both assembly lines each cost $350 million to build for a total invest-
ment of $700 million. If they are designed such that either line could be used 
for the production of either type of car, the cost per line goes up by $35 mil-
lion (10% more), and the total required investment will be $770 million.

The marketing department felt (based on its research) that they could price 
the traditional gas-powered vehicle at around $20K. The range of pricing 
will be $18K to $23K, and the actual price point will depend a lot on competi-
tion, consumer attitudes, and fuel prices. The prices also will have to change 
during the course of the vehicle’s lifetime. Analyzing the historical data of 
similar vehicles, marketing felt that the range was reasonable. For the hybrid 
vehicle, they were confident that a premium could be charged, and they 
estimated this premium to be $5K per vehicle. Again, the ultimate pricing 
will depend a lot on consumer attitudes and fuel prices and other alterna-
tives available. At these price points, marketing felt that the demand for each 
vehicle would be in the range of 100K units/year. Demand is notoriously 
unpredictable, but they had historical data (on both their own vehicles and 
competitive vehicles) to reach a rough estimate of demand at 75K to 150K 
units/year for each (gas powered and hybrid). Younger analysts felt that sell-
ing over 100K units was almost a certainty, but they eventually yielded to 
the veterans, pointing out that they had been equally optimistic last time 
around, and the result was not the way they envisioned.

The design department created blueprints of the assembly line with a 
capacity of 100K vehicles/year. In consultation with the plant manager, the 
CFO estimated that the utilization would be about 90% (accounting for plant 
shutdowns, strikes, and other unforeseen events). It appears reasonable to 
assume a capacity of 85K to 100K vehicles/year from each assembly line. The 
CFO then met with the accounting and design departments to get an esti-
mate of the cost of production. The designers had used some new materials 
(carbon fiber), and they had to estimate the production capacity of the sup-
pliers of those materials and the price points they could negotiate with them. 
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The analysis showed a cost of the vehicle (excluding any capital costs) at $19K 
for the gas-powered one and a lofty $23K for the hybrid, driven by batteries 
and other design components. Both showed net margins of 10% (excluding 
capital costs).

Based on information from the design and marketing departments, the 
CFO also summarized the following inputs:

Price of the traditional gas-powered vehicle $18K to $23K
Price of the hybrid vehicle (with batteries) $23K to $28K
Capacity of each assembly line 85K to 100K vehicles/year
Demand for each type of vehicle 75K to 150K vehicles/year
Cost of production for gas-powered vehicle $17K to $21K
Cost of production for the hybrid $21K to $26K
Life of the plant 8–12 years

The life of the plant was set at 10 years, but some flexibility exists to extend 
it to as long as 12 years. There may also be unforeseen circumstances that 
may force the company to close the plant prior to its expected life due to tech-
nology obsolescence, regulation, environmental issues, lack of raw materials 
at the specific location, currency appreciation forcing location change, and a 
host of other factors.

The CFO also spent time with the planning-and-scheduling department 
to better understand how they will operate the plant. In both designs, they 
will have the same operating policy. At the beginning of each month, they 
will assess the price the market will bear, compare that with their costs, and 
make a production decision. If the price is lower than cost, they will shut 
down the plant, and if it is higher, they will operate. Using just-in-time tech-
niques, they have reduced inventory almost to zero. The shutting down and 
starting up are costless as the plant is almost fully automated with robotic 
technology. There will only be three employees in the entire plant (one each 
for the two assembly lines and one safety inspector), and the cost of employ-
ees is negligible in the cost of production.

To determine whether it is worthwhile to make the $200 million additional 
investment to design and build a flexible plant (that allows production of 
either type of vehicle), the CFO decided to value both designs. First, the 
fixed plant was modeled as shown in Figure 10.26. The inputs in the model 
include price (denoted as Pg and Pe for the gas-powered vehicle and the 
hybrid. respectively); manufacturing capacity (Mg and Me, respectively); 
demand (Dg and De, respectively); and cost (Cg and Ce, respectively). None 
of these is precisely known, but estimates are available. The CFO modeled 
all inputs as geometric Brownian motion (GBM) and assumed a real risk-
free rate of zero.

Each assembly line is modeled as a swaption in which the swap interval is 
1 month. However, the life of the plant is also an unknown. The CFO mod-
eled this as a probability distribution with an expectation of 10 years (but in 
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the range of 8 to 12 years). A swaption replicates the ability to produce when 
the price is higher than cost in each month. The total value for the company 
is the summation of value from both assembly lines. In each assembly line, 
the production is set as the maximum of capacity or demand. If the demand 
is lower than the attainable capacity of the assembly line in any month, the 
company will produce only the demand and leave the rest of the plant idle. 
The company has no cost for idle capacity. If the demand is higher than 
attainable capacity, the company will produce as much as it can of that type 
of vehicle in its assigned assembly line. If the demand is high for one type 
and low for another, only one assembly line will be run to capacity, and the 
other line will have idle capacity. The CFO estimated that the value of the 
fixed plant was $2.77 billion.

Next, the CFO modeled the flexible plant. The operating policy remained 
the same as for the fixed plant. The difference was that the operating manag-
ers can build either type of car on either assembly line. Every month, they 
will assess the total demand (for gas powered and hybrid). First, they fully 
allocate production of the hybrid demand as the margins are slightly better 
on it. Then, they assign the remaining capacity on either assembly line to the 
gas-powered vehicle. They will produce the total demand for both vehicles 
if the attainable total capacity for both assembly lines is higher than total 
demand. If the total demand is higher than total attainable capacity, they will 
likely meet the demand for the hybrid but not necessarily for the gas-pow-
ered vehicle. The model for the flexible design is shown in Figure 10.27. The 
equations on the swap constructs show the production policy of allocating 

Figure 10.26
Automobile assembly plant with rigid design.
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capacity to fully meet hybrid demand and diverting the rest of the capacity 
to gas-powered vehicles. Also shown are decisions made every month after 
observing demand, capacity, cost, and price.

The analysis shows that the flexible design is worth $2.89 billion, $119 mil-
lion more than the fixed design. The value of the flexibility, allowing produc-
tion of either vehicle on both assembly lines, thus is $119 million.

Given that the incremental cost of adding this flexibility is $70 million, the 
CFO found that it is worthwhile to add flexibility. In doing so, the company 
could enhance a net $49 million in shareholder value. Armed with the analy-
sis, the CFO was able to build consensus with the executive team that the 
flexible design was a better one to pursue.

Information Technology Implementation in Stages

GoTech executives have been debating over the implementation of a new IT sys-
tem to improve the productivity of employees for several months. It all started 
when some of them attended an IT conference where a large software company 
exhibited its Productivity Enhancement System (PES) to improve workplace 
productivity. The company showcased ongoing implementation at several of 
GoTech’s competitors. This worried the chief information officer (CIO) of GoTech, 
who felt that if the competitors implemented the system, it may be important for 

Figure 10.27
Automobile assembly plant with flexible design.
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Gotech to take the plunge as well. The CFO was against it and remained con-
vinced that the massive up-front investment to implement the technology was 
a huge risk as they did not have much data to show that PES in fact improved 
productivity.

At the conference, a PES executive described how important it is for com-
panies to implement the system across the entire enterprise. The executive 
showed that an enterprise-wide implementation lowered licensing fees (on 
a per seat basis) as the company would be purchasing a large number of 
seats together. PES pricing was a function of how many copies the client 
purchased in one implementation. PES had scale advantages in terms of 
people and equipment, and the pricing included implementation. The execu-
tive showed statistics that indicated that many of the PES clients decided to 
implement the system across their entire companies to take advantage of the 
favorable pricing.

“I am not really sure,” said the CFO. “How do we know if PES is effective 
and how much productivity improvement can we expect? We have 100,000 
employees and five different departments across a dozen countries, and it 
will be a big investment for us up front. If the expectations are not realized, 
it can have a significant impact on our stock price.” The CFO also felt that 
the fact that the competition was implementing PES was not sufficient for 
GoTech to take the plunge.

In a recent management meeting with the CIO, one of her technology 
managers suggested that perhaps it may be better for GoTech to try a staged 
approach to this implementation. The manager suggested a sequence of 
implementation projects, each project targeting a portion of the employees.

The technology manager decided to run a quick analysis. One of the 
issues the manager wanted to investigate was the benefit from the imple-
mentation. PES was a new system, and although some companies were cur-
rently going through implementation, little hard information was available 
on how much benefit they would derive from it. An associate suggested that 
data from the implementation of similar enterprise systems may be useful 
in this regard. The associate identified a mature technology implemented 
by hundreds of companies in the last decade called TRS as a close proxy of 
PES. TRS (Time Reduction System) reduces the time spent by employees in 
certain tasks and thus improves the productivity of an enterprise.

TRS has been around for nearly a decade now. There are many compa-
nies that have adopted it. Because companies implemented the technology 
at different times, some adopting it early and some late, the associate has 
been able to identify a cross section of companies with differing duration of 
use of the technology. He grouped the companies into buckets, differenti-
ated by their use duration. He found companies to cover the entire spectrum, 
some starting off and some having as much as 5 years of use. He also inter-
viewed representative companies in each bucket to understand their expe-
rience with the technology and found that the benefits companies gained 
from the implementation of TRS varied widely. The more experience they 
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had with the system, the more varied their experiences had been. Some com-
panies were extremely happy with it, and they indicated that the technol-
ogy met their wildest expectations. On the other hand, some companies felt 
that they lost money from the implementation as they failed to capture any 
productivity gains. In talking with companies that had at least 5 years of 
experience with TRS, the associate found that the happiest company with 
TRS was able to derive benefits three times its cost. The most disappointed 
company suggested that the benefits were almost zero, meaning that it could 
not even recoup costs. There were many companies with benefits between 
these extreme cases. Based on this, the GoTech associate calculated a volatil-
ity of expected benefit of 30% for PES.

On the cost side, he found cost overruns of as much as 50% driven by unex-
pected complications with software, training, and databases. Some compa-
nies completed the project at only 75% of the initial expectation. These data 
allowed him to calculate a volatility factor of 10% for cost. Each implementa-
tion lasted between 9 and 18 months (average of 12 months), and timelines 
were unrelated to the total costs.

The GoTech associate wanted to derive an expected ROI for various proj-
ect plans. He considered five different project plans. In the first plan, the 
implementation would be in a single stage for the entire company. In plan 
2, the company was divided into two groups, and the implementation was 
divided in two sequential stages. In plan 3, the company was divided into 
three stages with sequential implementation, and so on. He also assumed 
that the benefits, gains, and timelines from the sequential stages in each of 
the plans were correlated. For example, if cost overruns happened in one 
stage, it was likely they would happen again in subsequent stages. If benefits 
derived from one stage were high, they were likely to be higher in subse-
quent stages as well.

The results from the analysis are shown in Figure 10.28. The figure shows 
that the higher the number of stages, the higher the ROI. This is because 
a staged implementation provides higher flexibility. As the company goes 
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Figure 10.28
ROI versus stages of implementation.
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through the stages, it learns more about the benefits of the technology and 
cost of implementation. This provides the company with an option to aban-
don future implementations if the benefits do not exceed costs. For example, 
if cost overruns are high and the derived benefits from the first-stage imple-
mentation are low, the company may forgo further implementations. On the 
other hand, if the costs are low and benefits are high, the company will 
continue implementation in subsequent phases. The more stages there are, 
the higher the optionality and the higher the expected ROI from the project 
at start.
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11
Case Studies in Commodities

As the world copes with rising costs of conventional energy-producing com-
modities such as oil and gas, alternative energy technologies are becoming 
increasingly viable. These include solar, wind, geothermal, and biofuels. As 
transportation and efficiency considerations also become critical, traditional 
delivery mechanisms for energy are also being rethought. Electricity is gain-
ing momentum as a method of delivery as electric automobiles and trains 
gain popularity. Storage of energy is also becoming critical as energy users 
move more into alternative fuels. The industry thus is experiencing unprec-
edented and massive changes in all aspects of energy production, transmis-
sion, delivery, and storage.

Commodities that produce energy such as oil, gas, and agricultural inputs 
(as in biofuels) share many common characteristics with other commodities 
such as metals, construction materials, water, and synthetic chemicals. In all 
cases, the price of the commodity is driven by supply and demand. Supply 
and demand are influenced by economic cycles and, in certain cases, the per-
ceived stock of raw materials in the world. With the economics improving in 
the BRIC (Brazil, Russia, India, and China) and other developing countries, 
unprecedented global integration in production, pricing, and consumption 
of commodities and the availability of a plethora of financial instruments 
for hedging and speculating have resulted in complex price dynamics and 
increased volatility. Decisions involving the discovery, production, or manu-
facturing and logistics of commodities are increasingly complex, requiring 
considerations of choices among substitutes of fuel, commodity inputs, and 
consumption modalities as well as flexibility in timing and quantity.

Risk management is also of great importance for these markets. Enterprise 
risk management has to consider real and financial risks in a single frame-
work as they are closely integrated. Portfolio management of real and finan-
cial assets requires considerations of interactions among them as well as the 
capital structure and operating flexibility of the company. Thus, decisions 
made by different entities in an organization such as corporate finance, con-
tracts, procurement, and engineering cannot be made independently any 
longer as the viability of the company depends on the holistic management 
of all components of risk and economic value.

In summary, in all segments of the energy and commodity markets, 
decision complexity has increased, aided by interactions and convergence 
among components, globalization, volatility, and the need for holistic risk 
and portfolio management. Analytical tools that aid in the following aspects 
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of business are now requirements for better management of companies 
engaged in energy and commodities:

	 1.	Modeling of decision problems taking into account volatility and 
other characteristics in price and cost processes, choices among con-
verging inputs and outputs, as well as flexibility in timing/quantity, 
leading toward decisions based on economic value

	 2.	Assessment, evaluation, and management of various types of risks 
and incorporation of such risks in decision frameworks in establish-
ing normative economic impacts of decisions

	 3.	Forecasting of parameters that drive fundamental processes (such as 
price and cost) from historical observations and proxy analysis

	 4.	Holistic portfolio management, taking into account interactions among 
real and financial assets as well as the capital structure of the firm

Decision makers have to select and design value-maximizing projects and 
manage an optimal portfolio. They also have to conduct enterprise risk man-
agement, optimization of supply chains, financial engineering, and technol-
ogy design, all in the context of a normative economic value. This will result 
in better and faster decisions, communications, and consensus building in 
all aspects of production, logistics, and consumption.

As discussed, commodities such as metal and crude oil have supply-and-
demand characteristics that force the market prices to exhibit mean reversion. 
Mean reversion is the tendency for prices to move toward long-run equilibrium 
prices. When prices move up from the equilibrium level, supply increases 
(because of higher investments by suppliers), and demand decreases (because 
of lower consumption and higher conservation by users), effecting downward 
pressure on price. Similarly, when prices move down from equilibrium level, 
supply decreases (because of lower investments by suppliers), and demand 
increases (because of higher consumption and lower conservation by users), 
effecting upward pressure on price. If a standardized futures market existed 
for most commodities, one could also observe the futures prices for them.

For convenience, we also assume that the correlations of commodity prices 
with the market are low; thus, they do not carry much systematic risk (β of 
zero). In most cases, we assume a real risk-free rate of zero. Thus, throughout 
this book, we assume that futures prices are unbiased estimates of future 
spot prices. None of these assumptions is required for analysis, but they help 
us understand the stylized case studies presented without a lot of complex-
ity. Once the mechanics are fully understood, you can modify these assump-
tions if needed. We also use futures and forward prices interchangeably 
and ignore effects such as counterparty risks and liquidity premium in less 
standardized forward and swap contracts. In the risk-neutral framework, the 
stochastic price process for commodities will have a risk-neutral drift (in our 
case, the drift is zero), and the expected return on a futures contract is zero.
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Exploration and Development Project for Natural Resources

Natural resources such as metals and crude oil require different stages of 
exploration and development (E&D). In each stage, investments are needed, 
and decisions may depend on various technical uncertainties, such as geolog-
ical, technological, and market-based price uncertainties. Natural resources 
explorations share many common features with research and development 
(R&D) projects in life sciences.

First consider a copper mine. Several staged investments need to be 
advanced in discovering and exploring a site for copper. These investments 
can be stopped at the beginning of a stage if the price of the commodity com-
bined with the expected technical feasibility of the mine indicates that aban-
donment is optimal. If all four exploration stages are successfully completed, 
the company enters the development stage in which additional investments 
are needed to set up the mine for extraction. Typically, the company would 
have received a leasehold on the land it wants to mine from the government. 
This leasehold is for a specific period of time and the longer it takes to explore 
and develop the mine, the less time is left on the leasehold for extraction and 
sale.

For this stylized example, we consider a four-stage exploration project. 
Once all exploration stages are completed, the company has the option to 
enter the development stage in which it has fixed expenses in equipment and 
personnel to set up the mine. If the company completes all stages (which are 
in sequence), it will own a mine with a certain amount of deposits and will 
have certain market value that is a function of the price and cost of extrac-
tion of the commodity (in this case copper). We assume a binary technical 
feasibility outcome in each of the exploration stages. That is, after having 
taken the needed investment in any of the exploratory stages, the company 
may be forced to abandon the mine due to technical infeasibility. It may also 
abandon the mine if the expected revenues from the mine are less than the 
costs of exploration, development, and extraction. The model is shown in 
Figure 11.1.

There are several modeling assumptions to note. First, we model the price 
of copper as a mean reverting stochastic function (since copper is a commod-
ity). The price of copper P currently is $6,000 ($6K)/metric ton (all dollars are 
in thousands in the model in Figure 11.1). Using historical data, we also esti-
mate a minimum and maximum bound for copper at $5K/ton and $9K/ton, 
respectively. By analyzing historical price movements, we also estimate that 
the half-life for the price of copper is 4 years. This is the time taken for prices 
to revert halfway back to the long-run mean after an excursion due to a shock 
or other factors. Figure 11.2 shows sample risk-neutral stochastic simulations 
for copper prices. As explained, we assume the real risk-free rate to be zero.

We also model the operating costs (cost of extraction, concentration, pro-
duction, and logistics) as a single parameter EC. We estimate the current cost 
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of production and transportation per ton to be approximately the same as 
the price ($6K/ton). The range of operating costs is from $5K/ton to $7K/ton. 
Because equipment can be mothballed and returned to service, the operating 
costs revert to long-run averages more quickly than prices. We estimate the 

Figure 11.1
Model of the copper mine.

Figure 11.2
Stochastic simulation of copper prices.
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half-life of costs to be 2 years. The sample risk-neutral stochastic simulations 
of operating costs are shown in Figure 11.3. Compared to the price, the rever-
sion rates are a lot stronger for costs because of the shorter half-life.

There is also a third variable for the total quantity of copper that can be 
extracted from the mine Q. We assume Q to be the quantity of final product 
(not copper ore), which is a combination of raw copper ore and the grade of 
copper. We consider the total quantity to be probabilistic. We model this as 
a lognormal distribution with an average of 1 million tons and a standard 
deviation of 0.25 million tons.

The four stages of exploration projects have binary technical success rates 
of 60%, 75%, 75%, and 90%, respectively. The time required to conduct these 
stages is probabilistic, with expected duration of 1, 2, 2, and 1 years, respec-
tively. The stages have lognormal distributions with standard deviations of 
0.25, 0.5, 0.5, and 0.25 per year, respectively. The costs of conducting these 
exploration stages are a function of time taken. We estimate this to be $4 mil-
lion/year. For example, the cost of conducting stage II exploration is t2 × Y, 
where t2 is the time taken, and Y is the cost per year ($4 million/year).

Once the four exploration stages are completed, the company will be ready 
to develop the mine. We estimate this to take $15 million to conduct, and the 
company has approximately 1 year (Dt) to commit to it. During this time, it 
negotiates with the equipment and logistics providers and prepares contracts 
to execute. One year after the commitment for development is made, the 
company receives the first revenues from the mine. The development costs 
are fixed costs (and sunk once taken).

Figure 11.3
Stochastic simulation of extraction cost.
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We model the functioning mine as a swaption (an option to swap cost for 
price every year) in which the operator observes both the price of copper and 
operating costs at the beginning of each year and makes a decision to pro-
duce that year or not. If the operating costs are lower, the operator will decide 
to shut down the mine for that year and try again next year. Price and operat-
ing costs are assumed to remain the same during the course of the year (only 
for convenience). Figure 11.4 is the model of the operating mine.

The total time of the swaption is the remaining time in the leasehold, which 
was set at 15 years at the beginning of the problem. The time for production 
is what is remaining after subtracting the time taken for E&D from the total 
duration of 15 years (represented in the middle). On top, we represent the 
revenue, which is a function of Q (total quantity of copper in the mine) and 
P (price/ton for copper. We assume 1/10 of Q can be extracted every year. 
This is multiplied by 1E6 (1 million) as we have represented Q in millions 
of tons. Similarly, the cost (at the bottom) is a function of the total quantity 
Q and extraction cost/ton EC. Every year, the operator has the right (but not 
an obligation) to swap cost for price by producing copper from the mine 
and selling it. Note that we ignore a mine shutdown, maintenance, and open 
costs for now. After the 15 years run out, the land has to be returned to the 
government, and no more production is possible.

Figure 11.5 indicates the risk-neutral payoff from the leasehold to explore 
and develop the mine. We value the mine at $23 million.

Figure 11.6 shows the cumulative probability distribution of the risk-neu-
tral payoff from the leasehold. Note that there is only a 15% chance of mak-
ing money, largely driven by the binary technical failure due to geology or 
some other technical issue, including lack of quality and complex soil char-
acteristics. On the upside, there is a 10% probability that the mine will be 
worth over $69 million in economic value by entering into a contract for the 
leasehold today.

Now, consider a situation in which the mine is operated continuously. This 
may be due to technical reasons, costs of shutting down and starting up, or 
simply contractual constraints in the leasehold when the government does 
not let the company reduce employment. We can value the leasehold when 
such a constraint exists; the result is given in Figure 11.7. We find the value 
drops to about $4 million from the original $23 million. The difference of 
$19 million comes from the lack of operating flexibility to operate the mine 
only when revenue is higher than costs.

Figure 11.4
Model of the operating mine.
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We can also calculate the value of the mine if the decisions to go forward 
in the four exploration stages and the development stage are not options. The 
company is obligated to perform (perhaps by contract). This is also what we 
assume while preparing a discounted cash flow (DCF) analysis. As shown 

Figure 11.5
Risk-neutral payoff from the copper mine.

Figure 11.6
Cumulative probability of risk-neutral payoff from the mine.
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in Figure 11.8, if we remove all flexibility (ability to terminate E&D as well as 
the operating flexibility of the mine), we get −$18 million, indicating a nega-
tive net present value (NPV) project. In this case, the simple DCF analysis 
will provide a “no investment” decision for the company, and if the company 

Figure 11.7
Model of a continually operating mine.

Figure 11.8
Model of the copper mine with no flexibility.
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follows that prescription, it will walk away from an investment proposition 
worth over $24 million.

Also consider a situation in which the operating cost of the mine is corre-
lated with the price of copper. This is a realistic scenario because as demand 
for copper increases (and its price increases), the owners of mining equip-
ment will raise their rates, and labor will demand higher wages. In the 
model in Figure 11.9, we assume that the operating cost is correlated with 
price of copper. In this case, we find that the value of the leasehold decreases 
to approximately $17 million from the original $23 million.

Let us add a “speeding up” option for the development phase. After com-
pleting the exploration stages, we initially assumed that the company can 
commit $15 million to develop the mine, and it has approximately 1 year to 
commit to that development. Two years after the exploration stages are com-
pleted, the company receives the first revenue from the mine. Now assume 
that there is a speeding up option it can consider. By spending more money 
($25 million), the company can reach the first revenue stream in 6 months 
(instead of the 1 year initially assumed). This is an option for the company, 
and it does not necessarily need to take that route. It may chose to do this 
if the increased time of production coupled with the price and cost levels 
justify the additional investment. The model with the additional option and 
results is given in Figure 11.10. The additional option increases the value of 
the leasehold by an additional $4 million to a total of $27 million.

These types of acceleration options could be very important in bidding for 
the leasehold. If the company has a better estimate of the ultimate value that 

Figure 11.9
Model of the copper mine with extraction costs correlated with price of copper.
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can be extracted from the leasehold, it will have an advantage bidding for the 
opportunity to develop the mine.

In all the previous examples, we considered the price of copper as mean 
reverting, and the only market information we can see is the current spot 
price. In many commodity markets, there are well-functioning futures that 
allow us to see the market’s expectation of future prices. We consider the 
futures price to be an unbiased estimator of future spot prices. Not tak-
ing this information into account can introduce significant errors into the 
valuation of the leasehold. The forward or futures curve aggregates the 
expectation of a large number of market participants who have many dif-
ferent types of information. It also shows the equilibrium level of futures 
prices between hedgers and speculators. This is crucial information to be 
considered while valuing an asset that critically depends on future com-
modity prices.

One way to incorporate the futures prices into our analysis is to let the 
mean reverting price process to revert to the futures price rather than 
the long-run mean. Futures prices may only be available for a few years 
and may not cover the entire time span of the problem considered. For 
the current problem, the horizon is 15 years. Assume that we can observe 
futures prices for the first 5 years. After the first 5 years, we let the futures 
curve back to the long-run mean. Figure 11.11 is the representation of this 
information.

Futures data show falling copper prices for the first 5 years (for convenience, 
we represented this in yearly numbers). After that, no specific information is 

Figure 11.10
Model of the copper mine with option to speed up development.
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available, so we let the prices revert to the long-run mean of $6K/ton. Sample 
risk-neutral simulations of copper prices with the 5-year futures price infor-
mation are given in Figure 11.12. Note that the futures information does not 
guarantee that prices will be exactly as implied by the futures prices.

Figure 11.11
Futures prices of copper.

Figure 11.12
Stochastic simulation of copper prices with futures information incorporated.
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Figure 11.13 shows the value of the leasehold with the incorporation of the 
futures information. Note that the value of the leasehold drops appreciably 
to $11 million from the previously calculated $23 million. Futures informa-
tion cannot be ignored in this type of analysis.

Governments provide leaseholds to commercial companies using a bid-
ding process both to develop the mine (which reverts back to the government 
at the end of the leasehold) and to create local employment. If the leaseholder 
decides not to develop the land and simply lets the leasehold expire, the deal 
does not serve the purpose. It is unlikely that the commercial company will 
explore or develop the land if it is not going to make a profit. In some situa-
tions, the government may provide incentives to incite E&D. The higher the 
copper prices are, the less likely that the company will require an incentive 
to undertake the project.

Let us analyze an incentive scheme in which the government pays the 
company some amount per year if the price of copper at the beginning of 
the exploration or the development phase is less than $7K/ton. The amount 
is calculated as ($7,000 − price of copper) × $1 million. This will reduce the 
cost of E&D for the company when copper prices are low (situations that 
may result in the abandonment of the mine project). The lower the price of 
copper is, the higher the subsidy from the government will be. Figure 11.14 
provides the (partial) model showing how the subsidy is modeled in each 
year. The value of the leasehold is increased to $28 million from the original 
$23 million due to the government subsidy. This also reduces the probability 
of abandonment.

Figure 11.13
Model of the mine with all pricing information incorporated.
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Let us summarize the results from the various analyses:

Decision Options value of the leasehold as originally modeled $23 million
Value when the mine is operated continuously once developed $4 million
Value when operating costs are correlated with copper price $17 million
Value when all flexibility is removed (DCF value) −$18 million
Value when a speeding up option exists in development $27 million
Value when the futures information is incorporated $11 million
Value when the government subsidy is included $28 million

All of these are different problems with added features or constraints to the 
original problem. Note that the DCF value is the same as when no decision 
or operating flexibility exists, and it shows a negative NPV, implying the 
leasehold is not a worthwhile investment. Intuitively, that does not make 
sense as the leasehold, as an option to explore and develop, cannot be worth 
less than zero.

If an options-based analysis cannot be performed, decision makers may 
use historical proxies in the bidding process. As we have seen, informa-
tion such as the market-based futures prices (which incorporate all known 
information) and correlation of costs to prices significantly affects the overall 
value of the mine. Using historical proxies could lead to erroneous values 
and incorrect bids. Winner’s regret happens in these bidding contests as the 
winner of the leasehold realizes that it has overbid and thus overpaid for the 
asset.

Figure 11.14
Model of the mine with government assistance in exploration phases.
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Hydrocarbon Exploration, Development, 
Production, and Risk Sharing

Hydrocarbon exploration, development, and production are extremely 
expensive and involve long processes that carry significant private and mar-
ket risks. Although the visible tactical profits of oil companies become the 
target of public anger and political sound bites, in times of high oil prices, 
the risks taken and investments needed to explore, develop, and produce 
from an oil field are often forgotten. The length and risk of this E&D process 
of hydrocarbons share some common characteristics with pharmaceutical 
R&D, an equally misunderstood process by the public in general and policy 
makers specifically.

Large oil companies that hold leases and other rights on hydrocarbon-
rich areas often rely on the expertise and technology of oil service and 
equipment companies during the E&D phase. The U.S. oil and gas services 
and equipment industries include over 8,000 companies with a combined 
total annual revenue exceeding $25 billion. Large global suppliers include 
Halliburton, Schlumberger, and Baker Hughes. This industry is highly frag-
mented, and the small specialty firms with expertise in specific aspects of 
E&D are the norm. Demands for E&D and production services and equip-
ment are normally driven by the price of oil and gas. Large companies such 
as Schlumberger can provide the entire spectrum of services demanded 
by the producers, and small firms usually focus on specific aspects of the 
process. Over one-third of the revenue for oil service and equipment com-
panies comes from drilling services as well as drilling equipment. Nearly 
half the revenue comes from preparing wells for production, maintenance/
enhancement of producing wells, and exploration. Equipment such as off-
shore drilling rigs require long lead times for design and manufacture and 
have complex supply-and-demand dynamics.

As the world hunger for oil remains unabated, over 82 million barrels of 
“black gold” are consumed around the world every day. The United States 
accounts for 25%, and emerging BRIC accounts for 20%. Currently, the United 
States, BRIC, Japan, and Germany soak up over 50% of the world’s supply of 
oil. With countries of BRIC showing high growth rates, it is possible that con-
sumption in these four countries can dwarf the rest of the world in a decade. 
With progress in alternative energy stagnating, world growth and stability 
still depend significantly on the identification, extraction, and conservation 
of the energy-giving hydrocarbons.

Oil exploration is an expensive and high-risk operation. Typically, only gov-
ernments or large oil companies embark on such endeavors. With oil prices 
showing high levels of volatility (driven by demand, supply, storage, and per-
ception of remaining stock) and the known deposits of the world’s oil shrink-
ing, oil companies find it increasingly difficult to make optimal decisions in 
E&D. This is a problem faced by the executives of GiantOil.
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GiantOil has E&D rights for a large area in western Africa. It won the E&D 
rights in a bidding round that concluded a couple of years ago and for which 
it paid handsomely. Although the timing appeared right for the creation of 
a profitable operation there, GiantOil executives have been hesitant as they 
felt that the current price level of oil (at $100/barrel) was unsustainable. With 
long lead times involved in E&D, their gut feeling was that initiating the pro-
cess now will put them at the risk of production commencing when prices 
normalize (driven by mean reversion in oil prices). Some of the GiantOil 
executives have been around for a while, and they have had bad experiences 
in the past by getting excited when prices peaked and commissioning large 
projects at significant expense only to find the price of oil, profitability, and 
the stock price fell when they were ready to produce.

ClearTech is an oil services and equipment company that is considered 
highly innovative. ClearTech’s management has been thinking of ways to 
enhance shareholder value through more innovative business processes in 
addition to their ongoing R&D. During a recent executive management team 
meeting, the chief financial officer (CFO) discussed an idea that found some 
traction. She suggested ClearTech share the risk of exploration, development, 
and production with GiantOil. GiantOil has been a long-term customer for 
ClearTech, and the management teams at both companies have a long history 
of collaborating on projects and solving problems together. ClearTech manage-
ment knew that GiantOil has been hesitant to initiate work in western Africa 
because of the timing risk and the large investments needed. If ClearTech can 
share some of the risk, it may induce GiantOil to initiate the investment. Such 
collaboration also gives ClearTech a direct path to getting involved in E&D 
in the new area. The project will be large, and it will ensure a steady stream 
of activity for ClearTech. However, this was new territory for ClearTech since 
its contracts with customers thus far had been conventional, prescribing fees 
for services and timelines. Sharing risk will mean that it must settle for lower 
revenue up front for possible gains in the future. In this case, both the private 
risks (risk of not finding the anticipated quantity and quality) and market risks 
(risk of lower oil prices and higher production costs by the time production 
commences) have to be shared with the customer. ClearTech will have to invest 
into the E&D process along with GiantOil, and if the expectations do not mate-
rialize, their stock prices will take a hit. The CFO was confident that they could 
evaluate and price the risk. She felt that ClearTech may have some advantages 
in pricing a complex contract with GiantOil.

In the first meeting between ClearTech and GiantOil, they discussed some 
ideas both companies could consider in constructing a contract:

	 1.	GiantOil will fund some of the E&D costs. It would like to keep these 
as a fixed amount and let ClearTech pick up the remaining cost. 
GiantOil felt that the cost of equipment and services are within the 
control of ClearTech, so such an arrangement will provide incentives 
for ClearTech to manage E&D costs to a minimum.
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	 2.	 In the exploration phase, GiantOil will share the cost of exploratory 
wells but not of the detailed seismic survey. A preliminary seismic 
survey has already been done, and GiantOil will make the results 
available for ClearTech. If ClearTech feels that the preliminary seis-
mic survey results are not sufficient, it can embark on a more detailed 
survey. Since GiantOil will not fund a detailed survey, ClearTech 
would be responsible for all those costs. ClearTech has multiple ways 
to execute the project; it can go ahead with exploratory drilling first 
(with costs shared by GiantOil), or deploy its own detailed seismic 
survey technology at its own expense to assess the probability of suc-
cess before embarking on exploratory drilling. ClearTech can aban-
don the project if the seismic survey results are not good enough to 
go further. If the exploratory drilling returns dry holes, it can then 
abandon the entire project as well.

	 3.	In the development phase, GiantOil will share the cost of devel-
opment and injection wells but not any technology deployed by 
ClearTech to assess the size and quality of the hydrocarbon deposit. 
As in the exploratory phase, ClearTech has multiple ways to exe-
cute the project; it can go ahead with full-fledged development of 
the field (with costs shared by GiantOil), or deploy its technologies 
to obtain a better assessment of the nature, number, and depth of 
the development wells to be drilled for optimal production. The 
new ClearTech technology uses electromagnetic inductance to 
have a better assessment of the oil field. ClearTech can abandon 
the project at this stage as well if the assessment indicates that the 
continuation of the project may be unprofitable.

	 4.	GiantOil profits have to be at some level for it to consider initiating 
the project. If prices fall below $75/barrel, it will become extremely 
difficult to manage it. GiantOil wants to share profit with ClearTech 
as a function of oil price. It will share a larger percentage of the rev-
enue if the price is above $75/barrel. The revenue share will be at a 
lower bracket if prices drop below $75/barrel.

The CFO assembled a group of experts to gather the necessary informa-
tion. They needed to get an idea of what terms will be economically viable for 
ClearTech to consider and estimated the following parameters for the project:

Cost of an exploratory well $8–$15 million, $10 million mode
Number of exploratory wells needed prior to 
seismic survey

10

Timeline for exploration 0.5–2 years
Probability of success in exploration 60%
Cost of seismic survey $40 million
Probability of success in seismic survey 80%
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Time for seismic survey 6 months
Number of exploratory wells needed after 
seismic survey

6

Chance of success after exploratory wells 75%
Cost of development (1,000/quality) million
Range of quality 0.5–1.5, 1.0 expected
Cost of quality assessment technology $100 million
Cost of development after quality assessment (800/quality) million
Cost of production per barrel 20/quality/barrel
Rate of production per year 25–40 million barrels/year, 30 million 

barrels/year expected

In the second meeting, GiantOil proposed that ClearTech be responsible 
for all costs (except the reimbursement rates discussed in the following para-
graphs). ClearTech also has the option to walk away from the oil field at spe-
cific points in the decision process. These options to abandon the project 
come at the following decision points:

After the seismic survey

After the exploratory wells are completed and data are available

After the technology implementation to assess the quality of reserves

After the development is completed and the field is ready for production

GiantOil will also reimburse ClearTech in the following fashion:

Fixed costs reimbursed for exploratory wells $5 million/well
Fixed cost reimbursed for development $250 million

This means that if the exploratory wells cost more than $5 million, the cost 
will come from ClearTech’s pockets. In essence, ClearTech will be investing 
along with GiantOil. Similarly, the cost of development less the fixed reim-
bursement of $250 million will be invested by ClearTech. These are ClearTech’s 
options, and it can always walk away from further investments at the decision 
points described. GiantOil felt that this arrangement in which ClearTech is 
responsible for the total costs of seismic survey, technology implementation, 
exploratory well drilling, and development preparation will provide incen-
tives to be as efficient as possible. From GiantOil’s perspective, it will not 
run into any cost overages as the payments during the E&D phase are fixed. 
ClearTech is thus assuming all the cost overrun risks of the project. In the 
production phase, ClearTech will be responsible for production costs of oil 
over and above $5/barrel. Here again, GiantOil would like to eliminate cost 
overruns because it will be contracting with ClearTech for the production 
phase as well. For example, if the cost of production is $20/barrel, ClearTech 
will be responsible for $20 – $5 = $15/barrel cost of production.
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In return, GiantOil will share revenues from the field once it starts to pro-
duce. GiantOil will pay ClearTech 33% of the revenue for oil prices up to $75/
barrel and 75% of the revenue for prices exceeding $75/barrel. For example, if 
the price of oil is $90/barrel and the production was 30 million barrels a year, 
the revenue attributable to ClearTech will be calculated as follows:

	 30 million × (75/3 + (90 − 75)*3/4) = 30 × (25 + 11.25) = $1087.5 million

Clearly, the higher the oil prices, the better for ClearTech. GiantOil’s man-
agement reduced the downside risk of the investment significantly but 
also provided some of the upside potential to ClearTech to entice it into the 
arrangement. The first thing the ClearTech CFO wanted to do was to assess 
the economic gain from the proposed deal with GiantOil. Since there are 
many uncertainties (such as oil price, quality, timelines, and costs) as well as 
decision flexibility, the CFO decided to create a decision options model of the 
deal. The partial model is given in Figure 11.15.

The decision options model shows the decisions, choices, and private risks. 
For example, at the onset ClearTech managers can decide if they want to go 
ahead and commission the 10 exploratory wells needed to determine if it is 
possible to develop the field. GiantOil will pay ClearTech $5 million/well, so 
the investment GiantOil must commit is ewc × 10 − $50 million, where ewc is 
the cost of the exploratory well. After this investment is taken, there is only 
a 60% chance that ClearTech will find a feasible development opportunity. 
On the other hand, it can commit $40 million for a detailed seismic survey 

Figure 11.15
Model for the deal showing exploratory phases.



Case Studies in Commodities	 225

of the area. Note that ClearTech is alone here as GiantOil will not contribute 
to the seismic survey. ClearTech estimates that there is a 20% chance that it 
will find the field is not viable after the seismic survey, in which case it will 
abandon the entire project. If it obtains data that show viability, it can go 
ahead and conduct exploratory drilling. With the seismic data, it can better 
position the wells, so only six wells are needed to reach a conclusion of fea-
sibility. For those six wells, GiantOil will pay $30 million ($5 million/well). 
The data from these wells will give ClearTech a 75% chance of going ahead. 
Note that the technical probability of success for the oil field is still 60% (80% 
× 75%), but in the latter case ClearTech obtains information in two bundles 
and can split the investment decisions, providing higher flexibility. However, 
this delays development by 1 year, and ClearTech is responsible for a higher 
percentage of the total cost and has some expectations of the time needed 
to conduct the exploratory phase and a better handle on the seismic survey 
timeline (they estimate 1 year), but the exploratory drilling phase may take 
6 months to 2 years depending on availability of equipment and qualified 
personnel.

Once the exploratory phase is over and the data show that the development 
is feasible, then the development phase can begin (Figure 11.16). Here again, 
ClearTech has multiple choices. Even if the exploration technically succeeds, 
it can decide not to develop if the economics are not attractive (maybe due to 
falling oil prices, rising costs, or both). It can enter full-fledged development 
with GiantOil footing $250 million of the total development cost. The cost of 
development is (1,000/quality) million, where quality is a variable between 

Figure 11.16
Model for the deal showing development phases.
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0.5 and 1.5. It is a proxy for the geological characteristics of the basin. This 
means that the cost of development ranges from $667 to $2,000 million. It has 
substantial uncertainty. Alternately, ClearTech can commission an imple-
mentation of a new technology it owns for more information on the quality, 
which will allow it to design a better configuration of wells and injection 
systems. It will cost ClearTech $100 million as GiantOil does not share these 
costs. The $100 million in investment in technology reduces the cost of devel-
opment to (800/quality) million for ClearTech. So, the cost of development 
reduces to a range of $533 to $1,600 million, primarily because the new infor-
mation allows a more efficient design. However, the technology phase will 
extend the timeline by 1 year.

Once the development phase is completed, production can start 
(Figure 11.17). The companies estimate a production of 25 to 40 million bar-
rels/year, with an expected production of 30  million barrels. The cost of 
production is also related to the quality of the find. They estimate a produc-
tion cost of 20/quality per barrel. This means that the cost of production is 
in the range of $13.3 to $40/barrel. GiantOil pays $5/barrel of the produc-
tion cost, so the cost of production for ClearTech is in the range of $8.33 to 
$35/barrel. The revenue shared with ClearTech is a function of the price of 
oil. Revenue is represented in the equation on top, and cost is represented 
in the equation at the bottom. The symbol p represents price of oil, Q rep-
resents quality, and oil is the total production per year. If the price of oil is 
below $75/barrel, ClearTech gets only one-third of the revenue stream. If 
the price is above $75/barrel, ClearTech receives 75% of the revenue over 
and above the $75 level.

The negotiating team also analyzed recent oil prices and created the 
parameters shown in Figure 11.18. The current price of oil is high, $100/bar-
rel compared to the historical long-run average price of $50/barrel. Oil prices, 
just as the price of other commodities, is mean reverting. They estimated an 
annual volatility of 20% and a half-life of 3 years along with a 2% chance that 
in any year the oil price takes a jump (a shock) from normal. When such a 

Figure 11.17
Details of production.

Figure 11.18
Stochastic characteristics of oil price.
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shock happens, the price can jump by 1.5 (50% more than the price at which 
the shock happens). After the jump, mean reversion increases with a corre-
sponding decrease in half-life to 2 years. The volatility also changes to 30% 
from the normal level of 20%.

Mean reversion in prices tends to pull prices back even after severe shocks 
to the system. Positive shocks will make many of the marginal oil fields in 
the world viable, and the supply will increase as producers scramble to pump 
more. Meanwhile, consumers and industrial users will pull back on con-
sumption. As new supply comes on line and demand drops, driven by higher 
prices (and possibly slowing economy due to the shock), an oil glut results, and 
prices normalize. The reverse happens in the case of negative shocks as many 
fields shut down, and consumers shelve all desire to conserve. Figure 11.19 
shows sample simulations of the oil prices with these assumptions.

The team also modeled a variable to represent quality of the geological 
characteristics. They modeled this as probabilistic. They estimated these 
parameters to be in the range of 0.5–1.5, with an expectation of 1.0. So, they 
can have surprises both on the positive and negative sides.

Similarly, the production rate is a function of total quantity as well as the 
configuration of wells. They expect to produce 30 million barrels/day, but 
production is in the range of 25 to 40 million and depends on a variety of 
factors. They modeled this as probabilistic as well.

With the assumptions on the characteristics of the oil field and suggested 
contract terms by GiantOil, ClearTech’s team set out to assess the shareholder 
value, if any, accruing to ClearTech if it were to enter the deal. Figure 11.20 
indicates the risk-neutral payoff distribution to ClearTech from the contract.

Figure 11.19
Stochastic simulation of oil price.
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The results show that the value accruing to ClearTech is approximately 
$300 million. The peak represents abandonment either after seismic survey 
or after exploratory wells, either for technical reasons (most likely) or for 
market reasons. There is also a small probability of abandonment in devel-
opment as represented by the negative side of the distribution. This is related 
to conscious decisions made by ClearTech to abandon the field and walk 
away from the contract because the economics have deteriorated. This may 
be due to the fact that oil production is not viable after development due to 
a collapse in oil prices, an increase in production costs, or both, leading to 
nonviable production economics. It is assumed that the oil field will be func-
tional for 10 years, and ClearTech can make production decisions in any year 
depending on price of oil and costs.

Figure  11.21 shows the cumulative probability of risk-neutral payoff for 
ClearTech. It shows that ClearTech has a 35% confidence in making money 
from the contract. There is significant risk, but overall it is of significant value 
to ClearTech.

One piece of information it has not taken into account in the current analy-
sis is the forward price of oil. Since oil is a well-traded commodity around 
the world, the market has certain expectations for its price in the future. 
These can be seen in the forward curve of oil prices. Figure 11.22 shows the 
forward curve, and Figure 11.23 shows the sample of simulated prices with 
the forward curve information incorporated in it.

Reanalyzing the contract with forward information incorporated, ClearTech 
found the value of the deal to be close to $287 million, roughly the same as 
the earlier value.

Figure 11.20
Risk-neutral payoff from the deal to ClearTech.
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Armed with the information that the deal adds approximately $300 million 
in shareholder value, ClearTech’s management wanted to accept it. However, 
the CFO felt that GiantOil may have set the terms based more on experience 
than on analysis. ClearTech may have an opportunity to renegotiate some 

Figure 11.21
Cumulative probability of risk-neutral payoff to ClearTech.
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of the deal terms to its advantage. This means determining what aspects 
of the contract were the most important to GiantOil. In conversations with 
the analysts, ClearTech understood that the up-front costs were more impor-
tant and wanted to reduce the cost of the exploratory well from the current 
$5 million/well and in return reimburse a higher percentage of the produc-
tion costs. Based on this information, ClearTech managers wanted to suggest 
an alternative deal to GiantOil. ClearTech would pay all of the exploratory 
costs; that is, there will not be any reimbursement of exploratory well costs 
by GiantOil. In return, though, ClearTech would like GiantOil to pick up 
more of the production cost per barrel of oil. Instead of the current $5/barrel 
reimbursement, ClearTech wants $8.5/barrel. This suggestion was welcome 
news for GiantOil’s management, who sought to further reduce its risk.

Using the new contract terms, ClearTech reevaluated the deal and found 
that the value of the contract to them was enhanced to approximately $1 bil-
lion. The ability to price and buy risk allowed it to negotiate a contract of 
significantly higher value (more than three times the value of the original 
contract). GiantOil’s aversion to risk in E&P cost it significantly (an incre-
mental $700 million in value was transferred from GiantOil’s shareholders 
to ClearTech shareholders).

The CFO also thought of other creative ways to increase value by buying 
a put option to sell the oil field back to GiantOil under certain conditions. 
Note that ClearTech revenue and cost streams are different from those of 
GiantOil, so even if it is unprofitable for ClearTech to operate the oil field, it 
may still profitable for GiantOil to do so. For example, the CFO thought of 

Figure 11.23
Stochastic simulation of oil price with forward curve information.
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including an option to sell ClearTech’s rights to produce from the field after 
the development is completed for a price of $3 billion.

From GiantOil’s perspective, this was another good outcome. The expected 
output of 30 million barrels/year for 10 years put the total production from 
the patch at 300 million barrels. The $3 billion price tag implies a profit per 
barrel of $10. With expected cost of production of $20/barrel and the long-
run expected price of oil at $50/barrel, the probability of less than $10/barrel 
profit is small. GiantOil management jumped at the chance of adding this 
additional feature in the contract. From ClearTech’s perspective, it adds more 
flexibility because it is an option given (at GiantOil’s expense) and it will only 
exercise the option if doing so is profitable (compared to operating the field 
under the contract conditions). If the cost of production is high and prices 
are low, it may be worthwhile to exercise the option to “put” the field for 
$3 billion and walk away. This actually caps the downside risk for ClearTech. 
Including such a put option, the ClearTech team calculated the value of the 
deal again and found that to be higher.

Design of Subsidies and Incentives 
for Alternative Energy Technologies

Governments around the world have been struggling to create policies that 
will aid the long-term strategic development of their countries. The recent 
“superspike” in crude oil prices has understandably sent shock waves 
through the entire world as many countries struggle to avoid recession (or 
even stagflation), and some others are unable to find the “energy” to feed 
their hypergrowth. My goal here is the demonstration of the application of 
decision options in policy making and not to influence policy. All examples 
here are stylized, and the numbers used are only for illustration.

Ethanol is a substitute for gasoline (petrol) for automobiles and can be pro-
duced from plant materials such as corn. Ethanol production in the United 
States has risen from a paltry 175 million gallons in 1980 to close to 7.5 billion 
gallons in 2008. The United States leads in ethanol production using corn, 
closely followed by Brazil, which uses sugarcane as the input to production. 
Worldwide production is estimated to be 15 billion gallons per year, approxi-
mately twice that of the U.S. production. The latest readings show over 150 
ethanol plants in the United States. Subsidies and incentives are a big part of 
ethanol production in the United States.

Ethanol is typically produced by the dry mill process. First, the corn kernel 
is ground into flour. It is then mixed with water and enzyme to form a slurry. 
The slurry is then heated to reduce viscosity before it is pumped into a pres-
surized cooker and cooked for 5 minutes. The mixture is then cooled and 
held in a tank for couple of hours. During this time, the starch in the flour 
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is broken down by the added enzymes. After this, another type of enzyme 
is added, and the mixture is pumped into fermentation tanks. Yeast is then 
added to convert the mixture into ethanol and carbon dioxide. The fermenta-
tion process takes approximately 3 days. The mixture from the fermentation 
process contains 15% ethanol. It is then distilled to boil the water off and 
create a 95% ethanol mixture. A dehydration process follows to remove the 
remaining water and produce 100% ethanol, which is the end product. It is 
then sent to storage tanks or directly to the terminal for distribution. This 
process produces two by-products, distiller’s grains and carbon dioxide. 
The mixture from the distillation tanks (where ethanol is purified) contains 
grain, yeast, and water. Using centrifuges, this can be converted into “wet 
distiller’s grain,” which is excellent cattle feed. The fermentation process also 
produces large amounts of carbon dioxide that can be captured and purified 
by a scrubber and marketed to food processors for use in carbonated bever-
ages or for dry ice (frozen carbon dioxide).

Consider the decision to build an ethanol plant of 50 million gallons/year 
capacity. We assume actual production per month to be 4–4.5 million gal-
lons. Assume a capital cost of $80–$140 million to be invested equally in four 
stages; each stage is 6 months long. The construction costs are uncertain due 
to a variety of factors, including land cost, equipment and construction labor, 
weather, and unanticipated outages.

The inputs into the process are primarily corn, water, enzymes, and other 
chemicals. The variable costs include electricity, other fuels, labor, mainte-
nance, and other administrative costs. The cost of production and the price 
of output have the following components:

Fixed operating cost for personnel and maintenance $2 million/year
Cost of inputs (corn, enzymes and other additives) $1.70–$2.50/gallon
Cost of production (electricity and other variable costs) $0.45–$0.60/gallon
Cost of transportation, storage, insurance, and other $0.50–$0.80/gallon
Price of ethanol at terminal (same as automobile gas/petrol) $2.50–$4.00/gallon
Price of by-product 1 (dried grain) $0.20–$0.30/gallon
Price of by-product 2 (carbon dioxide for bottlers and dry ice makers) $0.03–$0.05/gallon
Life span of equipment and facility 8–15 years

We assume that the real risk-free interest rate is zero.
Let us calculate the value of the ethanol plant as a fixed plant where pro-

duction happens regardless of prices of outputs and costs of inputs. We rep-
resent all prices of outputs and costs of inputs as mean reverting processes 
as all of them are commodities. By analyzing past price behavior, we can also 
calculate the rate of mean reversion (or half-life) for each of these items. We 
represent the cost of construction as mean reverting, and the components 
of cost (such as equipment and labor) are driven by supply and demand. By 
analyzing the historical equipment leasing and labor rates, a reversion rate 
can be calculated. The model and results are shown in Figure 11.24.
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All prices—ethanol, dried grain, and carbon dioxide as well as all input 
costs (corn, conversion, and transportation)—are modeled as mean reverting 
with appropriate parameters calculated from historical data. These are sto-
chastic and can be observed over time. The capacity and the life of the plant 
are modeled as probabilistic. The fixed cost is a constant $2 million per year. 
The cost of construction in every stage is also stochastic. The costs for each 
stage are fully correlated. The higher the cost of construction in one stage, 
the higher the costs in subsequent stages.

The results show that the value of the plant is nearly zero today. The 
expected gain from the plant of $76 million and the flexibility value of the 
four-stage construction phase (which cost a total of $100  million) nearly 
cancel each other.

If the plant is run continuously, it will be worth $76 million (after construc-
tion). In this case, we are assuming that the plant will operate at a loss in 
some months if the revenue from the outputs (ethanol and by-products) is 
lower than the cost of production (inputs, conversion, and transportation). 
Consideration of the staged construction options (which allow abandonment 
of the plant at any time) provides an NPV that is close to zero. No investor 
is likely to build an ethanol plant if he or she assumes that the plant will be 
operational all through its life.

Now, consider the situation in which the plant can be operated only if the 
revenue is greater than expected cost. The plant operating decision will be 
made every month (0.0825 years in the model). Every month, the plant man-
ager will observe the prices for ethanol and all by-products, compare those 

Figure 11.24
Model of the ethanol plant including staged investments.
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with all the costs (input, conversion, and transportation), and make a deci-
sion whether to operate the plant. If the revenue is higher than costs, the 
manager will operate the plant. Otherwise, the plant manager will shut it 
down or, if it is already shut down from a previous month, keep it shut down. 
We assume that there are no additional costs to starting or shutting down a 
plant. The results are presented in Figure 11.25.

In this case, we find that the plant will be operational approximately 78% 
of its life span (when revenues exceed cost), and that the plant is worth an 
expected $88 million after construction. By keeping the plant idle about 22% 
of the time (when costs are high or revenue is low), the plant value can be 
increased from $76 to $88  million. The value of investment at the start of 
construction is still very low ($1 million). The reason it has a positive NPV is 
due to the staged investment that allows 2 years of observing the market and 
possible abandonment at any stage.

The numbers used in this example are roughly correct. You may be won-
dering what is causing the enormous jump in ethanol production in the 
United States. The answer is “subsidies.” For example, suppose there is a 
subsidy from the government to induce investment in ethanol. There are a 
number of ways this subsidy can be provided. One way is to provide money 
to the producer when it sells ethanol. Consider a blending subsidy of $1 per 
gallon. This subsidy is available to any company that takes ethanol, blends 
it with automobile gasoline, and sells it. Since ethanol producers have the 
option to extract this subsidy by blending, most producers will also attempt 
to forward integrate into blending from production.

Figure 11.25
Model of the ethanol plant with flexibility to shut down and start-up.
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Figure 11.26 shows the model and result with a blending subsidy of $1/gal-
lon (half from the federal government and the other half from various state 
government schemes). The following items are noteworthy:

	 1.	The value of the plant has increased significantly from $1  million 
to $483 million. This is essentially a direct transfer of government 
funds to the operator to entice the construction of the plant and pro-
duction of ethanol. The total subsidy provided by the government is 
$500 million (approximately $1 × 50 million gallons × 10 years).

	 2.	The plant is operational 100% of the time (instead of the original 
78%) as the subsidy has made it profitable virtually all the time.

	 3.	 In effect, this is a direct transfer from the taxpayer’s pockets to the eth-
anol manufacturer. The transfer of $500 million resulted in a $483 mil-
lion gain for the manufacturer, resulting in an overall economic loss of 
$17 million.

From a policy perspective, one has to wonder if this is an optimal one. 
The policy has effected investment in ethanol production, but the production 
now has no market-based decisions. Many plants will be built, and produc-
tion will be continuous. Policy makers bought this outcome by a straight 
transfer of $500  million to the ethanol manufacturers. The policy has not 
only distorted allocation of capital to efficient production methods but also 
resulted in a net economic loss to society (not to mention the taxpayers, who 
may have better use for the $500 million). If the policy makers really want to 
save the world by producing ethanol, there may be better policies.

Figure 11.26
Model of the ethanol plant with blending subsidies captured by the producer.
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Now, consider another type of subsidy. To induce investment, the govern-
ment can provide construction assistance. For example, it could offer tax 
breaks during construction. Assume that the net tax break for the investor 
from such a scheme is 30% of the investment. The cost to the government is 
$30 million (30% of the expected $100 million to be invested). The economic 
value of the plant under such a scenario is given in Figure 11.27. We reduce 
the investment needed at each stage by 30%.

In this case, the value of the plant increases to $18 million from the origi-
nal $1 million. This is significant and will induce investment. The value of 
the plant after construction remains $88 million. The $70 million investment 
returns a plant worth $88 million in 2 years. This shows an internal rate of 
return of approximately 16%, attractive enough to many classes of capital 
providers as the private risk in the investment is very little as the ethanol 
production is a mature process (already applied by hundreds of plants across 
the world). The government can induce investment in ethanol (if that is the 
right thing to do) by providing incentive during the construction phase (at 
the fraction of the original subsidy cost).

If the policy makers are set on the blending subsidy, they could try to 
improve it by providing a subsidy only when they want to induce produc-
tion. For example, from a societal standpoint, production is suboptimal 
when cost of inputs (which include corn, which is a feedstock) is higher than 
the price of ethanol. In this case, the act of inducing production through 
blind subsidies creates suboptimal use of resources and may cause unin-
tended consequences such as grain price inflation. When the cost of inputs 

Figure 11.27
Model of the ethanol plant with construction assistance.
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is low, it is good to convert excess grain into energy. Consider a subsidy as 
given next:

	 Subsidy per gallon = 1 − 1.5 × I/P

where I is cost of inputs, and P is price of ethanol.
The subsidy is the highest when cost of inputs is low or price of ethanol 

is high or vice versa. The 1.5 only normalizes the long-run average of I ($2/
gallon) to P ($3/gallon). Figure 11.28 shows the result of valuation when such 
a subsidy is applied. The value of the plant after construction increases to 
$101 million, and the value of the investment opportunity at start is a hand-
some $7 million and is sufficient to induce investment. The cost of this type 
of subsidy is substantially lower than the original blending subsidy. In this 
case, the plant does not operate when the price of ethanol is lower than the 
cost of production, and there are no production distortions due to subsidies. 
By inducing production when input prices are low or ethanol prices are high, 
the subsidy is applied only when production adds value. The plant operates 
only 77% of the time when ethanol production is profitable with or without 
a subsidy.

Another type of subsidy the government could consider is providing an 
incentive to increase efficiency in conversion through innovation. Consider a 
scenario in which the government provides a bonus:

	 Bonus per gallon = price of ethanol/(cost of conversion × 100)

Figure 11.28
Model of the ethanol plant with varying subsidies based on price of output and cost of inputs.
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The lower the cost of conversion, the higher the bonus from the govern-
ment. If the ethanol producer invests into process innovation and finds 
better ways to manufacture ethanol, the producer gets two benefits: the 
cost of production goes down and profit goes up and profits increase even 
further, enhanced by the bonus from the government. The result from such 
a bonus scheme is indicated in Figure 11.29. The result shows a healthy eco-
nomic value of $14 million, sufficient to induce investment. Once the plant 
is operational, it will have ongoing incentives for the producer to drive 
down conversion costs by better design of equipment, process, and other 
technologies.

Another way to induce societally beneficial behavior by the ethanol pro-
ducer is providing incentives for increasing the yield from the manufac-
turing process. Another bonus could be designed to induce investments 
into process technology that will enhance the yield from inputs (thus 
reducing the amount of input needed per gallon of ethanol produced). 
Although such incentives exist for the manufacturer naturally (as this will 
reduce the manufacturer’s costs and increase profits), existence of blind 
subsidies such as a blending subsidy for every gallon produced makes it 
less likely that efforts will be expended in improving efficiency. Ethanol 
producers may spend more time creating bigger and less efficient plants as 
fast as they can as the profits from a live plant are so much greater (due to 
subsidies) than incremental benefits gained from efficiency improvements 

Figure 11.29
Model of the ethanol plant with subsidies based on conversion efficiency.
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in existing plants. As the policy makers toast their success of subsidies, 
more inefficient ethanol plants will be constructed, each competing for 
inputs and driving input prices up. Since the inputs are also feedstocks, 
higher ethanol production increases the price of food for people as well as 
animals. The increase in cost of food for animals in turn drives up the cost 
of meat. Further, the need for transportation of feedstock to plant loca-
tions and  ethanol to the terminal may drive up demand for transportation 
and result in correspondingly higher transportation costs. As the costs of 
inputs and transportation increase, many plants will start to lose money 
(even after the generous subsidy). Politicians may reconvene to “solve 
the problem,” and they may consider creative solutions, such as a higher 
blending subsidy.

Valuation of a Flexible Electricity Generation Plant

Electricity is a special commodity. It is needed for virtually every aspect of 
life in the modern world, but it cannot be stored effectively and at scale. 
Electricity has to be produced when it is needed. If the supply of electric-
ity is not commensurate with demand, the price will spike as the marginal 
user will pay the market-clearing price. Since total demand cannot be pre-
cisely predicted most of the time, demand and supply imbalances and corre-
sponding price fluctuations do occur. Electricity producers deal with it with 
a network of plants, some producing power constantly (base load plants) and 
some operating only when there is a spike in demand (peaking plants). By 
optimizing production between the base load and peaking plants, generat-
ing companies can closely match the demand.

Base plants typically cost less and they operate for long periods of time 
before a planned or unplanned outage occurs. Nuclear power plants fall into 
this category. Peaking plants are flexible and can be switched on and off as 
needed. They are typically fossil power plants that use fuels such as natural 
gas or oil.

Valley Municipal Electric (VME) is considering investing into a new elec-
tricity generation plant. Its service area has been growing, with many manu-
facturing companies moving in and taking advantage of low-cost land and 
lower taxes. VME already has a few base load plants to meet the demand of 
its customers. It has been managing peak loads by buying electricity from 
others and  enters into forward contracts for such purchases. As demand 
grows and volatility increases (due to many different types of manufactur-
ers), VME finds it difficult to manage the peak loads. More important, the 
chief executive officer (CEO) felt that VME could take advantage of the situa-
tion and increase profits by adding a peaking plant to the network:
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Plant type Combined cycle gas-fired turbine plant with natural gas
Capacity 3,000 MW
Heat rate 5
Lifetime 20 years
Investment $100 million

Heat rate is the conversion efficiency of the plant. The lower the heat rate, the 
more efficient the plant is in converting heat from gas into electricity.

	 Electricity MWHr HeatRate Gas MMBtu( ) ( )× =

The CEO is not fully convinced of the advantages of the peaking plant as 
he felt that base plants with contracts to meet the peaks are the best way to 
manage the system. However, he has been listening to some of the enterpris-
ing engineers and financial analysts who have been pushing investment in 
a flexible peaking plant. The investment needed ($100 million) is substantial, 
and it required convincing both the CEO and the investors.

An electrical engineer decided to pull together an economic valuation of 
the proposed plant. In building a model, the engineer first collected histori-
cal prices for electricity and gas. In the case of electricity, grid congestion 
and associated spikes have been a common occurrence in the area. From 
historical prices, the engineer estimated the following factors for the electric-
ity price process:

Long run mean $60/MWh
Daily volatility 15%
Half-life Half day
Probability of a spike (up or down) 10% per day
Magnitude of spike 20%
Standard deviation of spike 25%

The factors are represented in the form shown in Figure 11.30 in modeling 
the mean reverting price process for electricity.

Then, electricity prices for 20 years were simulated with a time step of a 
day. Figure 11.31 shows the result from the simulation. The engineer found 
that prices can exceed $120/MWh for many days during the course of the 
year. Prices also fall into the $40/MWh range routinely. Also, a forward curve 
exists for electricity, and this information is not currently incorporated into 
the simulation. Based on the forward prices, a forward curve for electricity is 

Figure 11.30
Stochastic characteristics of electricity.



Case Studies in Commodities	 241

shown in Figure 11.32. The forward curve indicates that the market expects 
the price of electricity to rise in the next decade with a subsequent fall to a 
more moderate level. Incorporating the forward curve information, electric-
ity prices were simulated again, obtaining the chart shown in Figure 11.33. 
Although incorporation of the forward curve information can be seen in the 

Figure 11.31
Stochastic simulation of electricity prices.

Figure 11.32
Forward curve for electricity.
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simulation, clearly it is lost in the high daily volatility and spikes in prices. 
Nevertheless, the engineer was now satisfied that all available information 
was incorporated in the price process.

The next task was to model the gas prices. Being a commodity, gas also 
shows mean reversion. Based on historical data, the following parameters 
were estimated for the price process for gas:

Long-run mean price $10/MMBtu
Daily volatility 5%
Half-life 10 days

Using simulation, the sample in Figure 11.34 for the price process of gas was 
obtained.

However, this was not enough. The engineer felt it important also to incor-
porate the forward curve information in the case of gas. Gas prices have 
been on the rise, and the market expects this trend to continue. Using market 
data, the forward curve for gas was constructed as shown in Figure 11.35 
and could be incorporated into the simulation as well. Figure 11.36 shows 
the result.

The power plant could now be modeled. First, the plant was modeled as a 
base load plant in which the operation of the plant will be continuous. This 
means that regardless of the prices or electricity and gas, the plant will oper-
ate. The plant will lose money if revenue from electricity is less than the cost 
of generating it. Otherwise, it will make positive profits.

Figure 11.33
Stochastic simulation of electricity prices with forward curve.
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Using a real risk-free rate of zero, the risk-neutral payoff (Figure  11.37) 
that shows the value of the plant to be $51 million was obtained. This means 
that if the plant is operated as a base load plant with continuous operation, 
the expected profit from the plant for 20 years is $51 million. The plant is 
expected to make anywhere between $13 and $89 million during its lifetime. 

Figure 11.34
Stochastic simulation of gas prices.

Figure 11.35
Forward curve of gas.
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Since the expected gain from the plant ($51 million) is less than the initial 
investment of $100 million, this plant is too expensive to run as a base load 
operation.

However, if the plant is designed and operated in a flexible fashion that 
allows the plant to be switched on or off every day depending on the price 

Figure 11.36
Stochastic simulation of gas prices with forward curve.

Figure 11.37
Risk neutral payoff from a continuously operating base plant.
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levels of electricity and gas, it may become viable. Every day, the plant man-
ager will make a decision whether to operate the plant. If electricity prices 
are higher than heat rate times gas prices, the manager will operate the plant. 
If not, the plant will be shut down until the next day, when another decision 
will be made. Assuming the starting, shutting down, and maintenance costs 
are small, the engineer obtained the following result: the risk-neutral payoff 
shows the value of the plant to be approximately $200 million (Figure 11.38). 
The risk-neutral payoff shows a range of $180 to $250 million.

Figure 11.39 shows the model of the plant and the results. The plant will 
be operational only 11.3 years out of the available 20 years. This means 
that the plant will operate only about 200 days per year (on average) when 
the revenue from the plant is expected to be positive. As the plant nears 
its life end, the gas prices are expected to continue to rise (as indicated 
by the forward curve), and electricity prices are expected to fall. Thus the 
plant is likely to be operated less toward the end of its life.

After considering the results, the engineer wanted to make them more 
realistic. He knew that there are two types of outages that could happen in 
the plant: planned and unplanned. The plant was estimated to be in planned 
outage for 1% of the time for maintenance. This represents approximately 1 
day per quarter. In addition, an unplanned outage (the plant shuts down for 
unexpected reasons) was estimated for 1 day per month. This represents a 
3% probability of an unexpected plant shutdown on any given day. In com-
bination, the planned and unplanned outages represent a 4% probability 
that the plant will not be functional on any given day. To represent the out-
age, a stochastic variable was created that assumes a value of 1.0 (normal 

Figure 11.38
Risk neutral payoff from a flexible plant.
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plant operation) for 96% of the time and a value of 2.0 (plant shutdown) for 
the remaining 4% of the time. The model was run again (results shown in 
Figure 11.40), obtaining a value for the plant of approximately $195 million. 
So, the outages represent a cost of $8 million (difference from the original 

Figure 11.39
Model of the flexible plant.

Figure 11.40
Plant model with outages.



Case Studies in Commodities	 247

value) for the plant owner. This is roughly the same as a 4% drop from the 
original value of $203 million.

The engineer wanted to add more reality to the model. For example, he 
noticed seasonality in the price process for electricity. By analyzing past 
prices, he found that the price in the summer was 25% higher than that in 
the spring, and price in the winter was 25% lower than in the spring. The 
fall price was approximately the same as that in spring. This seasonality 
in electricity prices was incorporated by modifying the long-run average 
(which is currently driven by the forward price curve, which is only avail-
able for yearly intervals). Figure 11.41 is a simulation of electricity prices 
when seasonality is included. The analyst found that the value drops to 
approximately $160 million, so seasonality in electricity prices is an impor-
tant consideration in the value of the plant.

The engineer wanted to make a few more refinements to the model. First, 
the analyst wanted to consider volatility of electricity and gas prices as 
stochastic (time varying) rather than constant. The reason is that volatility 
regimes persist, and this may show serial autocorrelation. Generally, high 
volatility will be followed by high volatility until the regime breaks down, 
switching to a low-volatility regime.

He modeled the volatility as a mean reverting process with a half-life of 
30 days. This means that it takes about 30 days for volatility to retrace its 
path back to long-run average after a significant excursion from the average. 
Figure 11.42 shows the simulated volatility in electric prices over the lifetime 
of the plant.

Figure 11.41
Simulation of electricity prices with seasonality.
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Figure 11.43 indicates the progression of volatility during the course of a 
sample year. Slow mean reversion in volatility of 30 days implies that the 
higher or lower volatility tends to persist.

Figure 11.44 presents the result of the valuation of the power plant with all 
assumptions included. The present value of the peaking plant of $165 million 

Figure 11.42
Stochastic simulation of electricity price volatility.

Figure 11.43
Volatility of electricity prices for a sample year.
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exceeds the present value of construction cost of $100 million. Engaging in 
the plant investment will net the company $65 million in shareholder value. 
The analysis was good enough to convince the CEO of the merits of the proj-
ect, and the company decided to proceed with it.

Although none of the assumptions—prices, seasonality, volatility, and 
other aspects—is known precisely, describing them with known uncer-
tainties is an important aspect of the valuation of the plant. How the plant 
operates also significantly affects value. Existence of uncertainties is not a 
sufficient reason to avoid a systematic valuation of the plant as it is possible 
to value uncertainties as demonstrated in this case.

Opening and Closing of a Mine

The operator of a mine has the option to operate or temporarily close a mine, 
depending on the cost of the mined commodity. This can also be thought 
of as the flexibility to switch between operating modes—open or closed. 
Depending on the state of the mine, the switching of the operating modes 
may incur expenses. For example, opening of a closed mine may incur setup 
costs, and closing of an operating mine may incur closing costs. Neither 
opening nor closing costs will be present if the mine were operating con-
tinuously. Opening costs may be related to the removal of maintenance 

Figure 11.44
Model for the plant with all assumptions included.
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equipment, addition of mining equipment and personnel, and other admin-
istrative costs. Closure costs may represent preparations to keep the mine 
idle, employment contract termination costs, and other regulatory and gov-
ernment costs. A closed mine also will involve additional recurring costs, 
such as maintenance because closing does not mean abandonment. In the 
case of closure, the mine has to be kept in a condition that will allow it to be 
opened at a future time. There may be regulatory or lease-related costs that 
may prescribe certain payments for environmental or local employment rea-
sons. Since these costs exist, the decision to close, open, or maintain a mine 
in any given year is related not only to commodity prices and costs of pro-
duction but also to future expected states of the mine. The cost incurred in 
any year is also affected by the current state of the mine (whether in a closed, 
open, or mothballed state).

Consider a gold mine the operator will only operate if the price of gold is 
greater than the cost of extraction, refining, and logistics. The operator will 
continue operating the mine in this case if it is already operating. If the mine 
is in a closed state, the operator will open the mine and incur an opening 
cost. If the cost is more than the revenue that can be generated from the pro-
duced gold, the operator will close the mine if it is operating or keep it closed 
if it is not operating. If the operator closes the mine, closing costs will be 
incurred. During the time the mine remains closed, it will also incur main-
tenance costs. Closing is a complex decision that must take into account the 
current state of the mine and additional costs incurred, if any, in closing the 
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mine now and opening the mine, if needed, at a later time. Gold is extracted 
at a prescribed rate. This extraction rate in combination with the expected 
stock of gold in the mine will define the total number of years the mine can 
operate.

Figure 11.45 shows the non-inflation-adjusted price of gold from 1970 to 
2005. As is obvious, gold prices accelerate rapidly when inflation surfaces as 
gold is considered an inflation hedge. High inflation in the 1980s is revisited 
in 2008, with growth accelerating in the developing countries and a depreci-
ating U.S. dollar due to a variety of macro- and microevents.

The annual volatility of gold prices over the past 35 years is shown in 
Figure 11.46. Volatility takes brief but pronounced excursions from an aver-
age of 13% per year. Consider a mine with the following parameters:

Current price of gold $900/ounce
Long-run mean price of gold $500/ounce
Cost of extraction/refinement/logistics $500/ounce
Annual volatility of price 13%
Annual volatility of cost 5%
Real risk-free rate 0%
Half-life of gold prices 1 year
Capacity 100K ounces/year
Total reserves 1 million ounces
Total time the mine is leased 20 years
Cost of opening a closed mine $1 million
Cost of closing an open mine $2 million
Cost of maintaining a closed mine $0.5 million

Two mean reverting stochastic variables are used, one for revenue and 
the other for cost. Each year the mine is in operation, the revenue from the 
extracted gold is the price of gold times 100K ounces. At the current price of 
$900/ounce, this represents revenue of $90 million/year. However, the long-
run average price of gold is $500/ounce, so in the long run, this revenue is 
expected to decline to a more moderate $50 million/year. The total cost of 
production in an operating year (which will produce 100K ounces) is also 
$50 million year (at $500/ounce). The total cost of production is equal to the 
expected long-run revenue from the mine.

Figure 11.47 is the model of the mine that allows switching flexibility (open, 
close, or maintain) in any year for a period of 20 years. A constraint is also 
applied to restrict the total number of operating years to 10 as the maximum 
stock of gold in the mine is only 1 million ounces and the rate of extraction 
is 100K ounces/year. Revenue from the mine in any operating year is mod-
eled as G, and the total operating costs if the mine is open is modeled as E. 
The current revenue from the mine is $90 million, helped by the high current 
price of gold of $900/ounce. This revenue shows a volatility of 13% (same as 
the volatility of gold prices) and is mean reverting with a half-life of 1 year. 
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Figure 11.47
Mine model.
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The cost of production per year for the mine (if it is in the open state) is 
$40 million. The cost also shows a volatility of 5% driven by labor, equipment 
rental rates, cost of chemicals, and other costs.

Figure 11.48 and Figure 11.49, respectively, present the sample simulations 
of revenue and the cost of production from the mine over a period of 20 
years. The costs of opening, closing, and maintaining the mine are also rep-
resented in the model. Every year, the operator of the mine makes a deci-
sion whether to operate the mine. The decision depends on the current and 
anticipated revenue from the mine, operating cost, and the current state of 
the mine. The current state is important in the operating decision because of 
the closing, opening, and maintenance costs. If the mine is open, the opera-
tor has to consider the continuation of the operating mine or incur the cost of 
shutting it down as well as the future maintenance costs. In certain cases, the 
operator may decide to continue operations even if the mine is losing money 
currently. This is because the anticipated future profits may be higher from 
the continuously operating mine than the profits from the one that is shut 
down and opened later. Similarly, a shutdown mine will remain inactive 
even if the current profits of an operating mine are positive. This is because 
the anticipated future losses from the open mine may be higher than the 
losses from a shutdown mine that incurs maintenance costs.

Assuming that the operator of the mine makes the right decisions every 
year, after observing gold prices and costs, we can value the mine. The risk-
neutral payoff from the mine is shown in Figure 11.50. The mine is valued at 
$110 million.

Figure 11.48
Stochastic simulation of yearly revenue from the mine.
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As seen in the historic patterns of volatility of gold prices, volatility shows 
both regime persistence and extreme jumps for very short periods of time. 
Such jumps occur in periods of extreme tension or confusion in broad mar-
kets as investors flee to the perceived safety of real assets such as gold that 
serve as an inflation hedge. Volatility can be modeled as a stochastic variable. 

Figure 11.49
Stochastic simulation of yearly cost of operating the mine.

Figure 11.50
Risk neutral payoff from the mine.
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Figure 11.51 indicates the parameters for a more detailed modeling of rev-
enue from the mine with the volatility of revenue modeled to be stochastic. 
A variable VV is modeled to have an initial and long-run average of 0.13. The 
volatility of this parameter is 5%, and it is mean reverting with a half-life of 1 
month (0.08 years). It also shows a 10% probability of a jump (an extreme and 
sudden move from the current value). When a jump happens, we expect the 
magnitude of the jump to be on average 0.13 (the total value doubles, mod-
eled as a 100% jump) with a standard deviation of 0.05. Sample simulations 
of the volatility VV of the revenue from the mine are shown in Figure 11.52. 
With the stochastic volatility modeled in, the value of the mine increases to 
$112 mil (approximately a 2% increase from the initial $110 million).

In the valuation of the mine, thus far, we have assumed that the revenue 
from the mine and the cost of production are uncorrelated. Labor and equip-
ment costs specialized for mining tend to increase when gold prices increase. 
It may be more realistic to assume that they are correlated rather than per-
fectly independent. Figure 11.53 presents assumptions with a 50% correla-
tion assumption between revenue and cost. The first block defines parameter 
VV as stochastic volatility of revenue (which depends on gold prices). The 

Figure 11.51
Modeling assumptions for revenue and revenue volatility.

Figure 11.52
Stochastic simulation of gold price volatility.
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revenue parameter G takes VV as its volatility. Finally, cost E is described as 
correlated with G at the 50% level. Intuition tells us that when options are 
present (in these cases, they are switching options), any correlation between 
asset and cost will reduce value. It is the case for the mine value also. If costs 
move in correlation with revenue (and gold prices), the net profit from the 
mine when it is operational will be lower as higher revenue will be met with 
higher cost. Note that it does not matter how much higher the costs are if the 
mine is not operating. Since the mine is likely to be operating when revenues 
are high, if costs are lower or at the very least noncorrelated with revenues, 
profits are likely higher.

Figure  11.54 shows the risk-neutral payoff from the mine with these 
assumptions. The value of the mine is reduced to $105 million.

Sometimes, the country that has allowed a commercial enterprise mine 
imposes constraints on the company. Examples of such constraints include 
minimum level of local employment, maximum profits, and maximum rev-
enue from the mine. Consider a revenue constraint that imposes maximum 
revenue from the mine of $500 million. This means that once the company 
has cumulatively obtained total revenue of $500 million, the leasehold termi-
nates, and the mine reverts back to the government.

Figure 11.55 gives the cumulative risk-neutral payoff from the mine with 
a revenue constraint of cumulative maximum revenue of $500 million. The 
value of the mine drops to approximately $92 million. Cumulative proba-
bility also shows that we are 85% confident that the mine is worth at least 
$50 million.

Let us also look at the value of the mine if the gold price currently is at 
the long-run average of $500/ounce. Note that in the previous valuation we 
assumed the current price to be much higher than the long-run average at 
$900 million. With a half-life of 2 years, this price is expected to rapidly move 
down, as shown in the previous sample simulations. Figure 11.56 presents 
the cumulative risk-neutral payoff from the mine if the gold price currently 

Figure 11.53
Mine model assumptions.
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is at the long-run average price of $500/ ounce. The value of the mine is only 
$30 million in this case. This means that almost two-thirds of the $92 million 
value (calculated previously) is due to the current jump in gold prices. Under 
normal conditions, the mine will be valued much lower. An 80% jump in 

Figure 11.54
Risk-neutral payoff from the mine with correlation between revenue and cost.

Figure 11.55
Cumulative probability of risk-neutral payoff from the mine with a hard constraint on total 
revenue of $500 million.
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gold prices (from $500/ounce to $900/ounce) has increased the value of the 
mine by over 300% (from $30 million to $92 million). Since the value of the 
mine is a derivative of the gold price (underlying asset), this is to be expected. 
Thinking back to the basics of option valuation, remember that the volatility 
of the derivative (option) is much more magnified from the volatility of the 
underlying factors.

Figure 11.56
Cumulative probability of risk-neutral payoff from the mine with current gold prices at $500/
ounce
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12
Case Studies in Financial Services

Finance has been a hotbed for innovation for the past decade. However, most 
of the innovation has been limited to securitization and bundling of finan-
cial claims in a variety of ways. The forces that drove this innovation wave 
may also have taken us away from market-based economics, in which risk is 
always priced in a normative fashion. One thing we learned from the recent 
meltdown of the subprime markets is that there will always be participants 
who get lazy in assessing the risk and pricing the instruments they are buy-
ing and selling. Instruments that bundle risk are complex and if such instru-
ments are transacted among a few players in somewhat inefficient markets, 
inefficient pricing can prolong for a period of time. However, if the risk is not 
priced properly, one party in the transaction will pay for it (if not now, then 
later).

Market-based pricing of risk in securities is as important in the public mar-
kets as in the private markets. The methodologies and tools discussed thus 
far are valid in both markets. Financial instruments and investment deci-
sions, whether in public or private markets, share common characteristics 
in terms of the stochastic characteristics of underlying assets, private risks, 
and interacting components. It is important to systematically disaggregate 
the instrument or decision into components and characterize them appro-
priately as options, risks, and predetermined outcomes. Then, each of these 
components has to be analyzed using a consistent and systematic methodol-
ogy that is market based.

Those who blame innovation in derivatives and hedging instruments for 
the creation and bursting of the dot-com and real estate bubbles as well as 
market volatility miss the following important notions:

	 1.	Bubbles form in discontinuities when market-based valuation 
becomes difficult to perform using traditional techniques with mod-
els that do not capture uncertainty and flexibility. This is a good 
example of what happened in the dot-com bubble. A systematic 
market-based valuation by capital providers and investors may have 
avoided that problem. When market-based valuation is absent, buy-
ers and sellers tend to use proxy pricing. The inefficient pricing of 
initial public offerings (IPOs) seen during the dot-com bubble is a 
good example of this. Similarly, the real estate bubble suffered from 
lack of consistent and appropriate valuation methods. So, a common 
symptom of bubble formation is that at least some participants in 
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the market are transacting without pricing the instruments using 
market-based techniques. One should also note that bubbles (as 
we define them) are not inconsistent with efficient markets. When 
uncertainty is high, as in a technology or asset price discontinu-
ity, the expectations of market growth have a significant impact on 
prices. Even when the market incorporates these assumptions into 
prices properly, they may turn out to be incorrect.

	 2.	Financial innovation is not a synonym for fraud. If market par-
ticipants do not play by the rules, all sorts of problems can ensue. 
Regulators and compliance officers cannot fail to fulfill their respon-
sibilities and expect well-functioning financial markets.

	 3.	Derivatives and hedging instruments are fundamentally important 
for the functioning of financial markets. Hedge funds, for example, 
provide an important service to the markets by providing and remov-
ing liquidity as new information arrives. Volatility is a characteristic 
of the markets, and it will rise in periods of higher uncertainty even 
if the regulators lock up all hedge fund managers and speculators 
(assuming they can be identified uniquely from hedgers). Hedgers 
and speculators are necessary participants for well-functioning 
markets. Unfortunately, they do not wear color-coded jackets so that 
we can pick out the speculators from the crowds or open cry pits.

	 4.	Leverage adds significant risk to an investment. Certain large firms 
were given exceptions by the regulators to increase leverage as much 
as three times normal (1:40), and they obliged instantly by buying 
large amounts of inefficiently priced security bundles using borrowed 
money. If the returns are not positive in the underlying bundle, then 
leverage will create significant distress to those on the bad side of the 
transaction. As one senior executive from an investment bank famously 
observed, “People are learning there are two sides to leverage.”

In sum, the application of basic principles—market-based valuation of 
security bundles, consistent implementation of well-crafted regulation when 
market failures are present, and holistic risk management with an under-
standing of the effects of leverage—would have avoided the financial crisis 
of 2008.

Option to Delay Decisions

Next, we evaluate decision options to delay decisions. Imagine a contract in 
which we have the option to swap a notional amount of $1 billion for €1 bil-
lion. The exchange rate currently is $1 = €1. The swap can be exercised at the 
end of each of the next 5 years. Each year, the buyer of this instrument has 
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a choice (1) to exercise the swap or (b) to decide to wait until next year. The 
buyer will only exercise if the value of the dollar is higher than the euro. Only 
then does the buyer have to decide whether to exercise or delay the exercise. 
If the value of the dollar is lower than the euro, the buyer will automatically 
wait until the next year and see if the dollar appreciates. The volatility of the 
dollar/euro exchange rate is 10% per year. The real risk-free rate is assumed 
to be zero.

The model and result are given in Figure 12.1. The exchange rate d (price 
of dollar in euros) is modeled using the geometric Brownian motion (GBM) 
process. We value this instrument at $91.5 currently. As you would have 
guessed, there is no value in exercising this option before the end of the 
full 5 years as premature exercise of an option is always suboptimal. The 
holder of this instrument will swap (if it is in the money) only at the end of 
5 years (as indicated by the shaded swap). In effect, the decision to exercise 
will be delayed until the fifth year. When the holder of the swap feels that the 
exchange rate may move against him or her, the holder can simply sell the 
swap (assuming there is a market) and not exercise it.

Now, consider when the dollar is expected to depreciate at 3% per year. 
This can be modeled as a dividend since depreciation of the currency is simi-
lar to the stock giving out dividends (and declining in value). In this case, 
an earlier exercise may become optimal. The model and result are given in 
Figure 12.2. We value the instrument at $42 million with the dollar expected 
to depreciate at 3% per year. The expected exercise in this case is in year 4, as 
indicated by the shaded option.

Figure 12.1
Currency swap model with option to wait.
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Next consider an expected depreciation of 6% per year for the dollar; the 
model and result are given in Figure 12.3. With a higher dividend, the option 
to delay becomes less valuable. The instrument is valued at $24 million with 
an expected exercise in year 3.

Figure 12.2
Currency swap model with slowly depreciating currency.

Figure 12.3
Currency swap with moderately depreciating currency.
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Now, consider an even higher depreciation of 10% per year. The model and 
result are given in Figure 12.4. As expected, the value drops dramatically to 
$12.5 million, and now the expected exercise is in year 2. The value from the 
option to delay exercise is even lower.

This example demonstrates the option value to wait and see how the value 
of the delay option declines in the presence of a dividend or depreciation of 
the asset. Depreciation of the asset can also happen in pharmaceuticals, for 
which the patent life is limited, and in mineral exploration and development, 
for which the life of a leasehold is limited. In pharmaceuticals, when patent 
life is limited, delaying an experiment means that the value of the marketed 
drug will be lower (because of the lower expected patent life when it enters 
the market), and this is similar to a dividend-paying stock. Similarly in min-
erals exploration and development, delaying exploration or development 
means that the length of time available for extraction is shorter; thus, the 
value of the developed mine is also less. This is also similar to a depreciating 
or dividend-paying asset.

Consider a pharmaceutical research and development (R&D) program in 
which a phase can be delayed as much as 5 years (Figure 12.5). Every year the 
program is delayed, valuable patent life is lost, and the value of the marketed 
drug drops by 10%. Also, every year the program is delayed, costs rise as 
much as 3% due to higher production and testing costs. Assume the value of 
the drug at the end of the phase is $100 million, and the cost of completing 
the phase is also $100 million.

Figure 12.4
Currency swap with heavily depreciating currency.
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The current value of the R&D program is approximately $8 million. We find 
that the program is expected to be delayed 3 years even though the marketed 
value of the drug is declining and the costs are increasing. Waiting to assess 
both the drug’s marketed value and the cost has significant option value. 
Pharmaceutical companies in the past operated on the assumption that the 
faster they reached the market, the better. Although this may be true when 
marketing advantages exist for early entry, it may not be universally true for 
all programs. For example, assume that there is a 25% chance a competitor may 
enter any year in the 5-year decision horizon, and if an entry occurs, the value 
of the drug catastrophically drops by 50%. This provides additional incentive 
to start the R&D program early. The model and result are given in Figure 12.6. 
Value now drops to $5.5 million, and the program is expected to be started 1 
year earlier than before (still a delay of 2 years in program start is optimal).

The exploration and development programs in natural resources are 
also similar. Figure 12.7 shows an example in which the developed mine is 
valued at $100 million. It is mean reverting with a half-life of 3 years. The 
cost of development is $50 million, growing at 3% per year. The investment 
opportunity is valued at approximately $52 million, and the expected start 
of development is in year 4.

This demonstrates that even when asset values are dropping continuously 
(due to fixed patent life as in the case of pharmaceutical R&D) and the cumu-
lative probability of catastrophic loss increases with time (due to completive 
entry and other factors), there is significant value in option to delay decisions. 
Although this is generally well understood in exploration and development 

Figure 12.5
Delaying R&D program when timing flexibility is present.
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of natural resources, it is much less of a consideration in life sciences, for 
which getting to market as fast as possible has been the normal mode of 
operation. This habit formed in the 1990s when the value of a marketed drug 
was very high (compared to costs), and the loss of value due to patent loss 

Figure 12.6
R&D start delay even in the presence of competitive entry.

Figure 12.7
Delaying option in natural resources exploration and development.
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and competitive entry was significant. However, the economics of the indus-
try have changed dramatically in recent times, and rushing to market at any 
cost may not be universally optimal.

Carve-Out Option for Business Unit

The technology company HTech has been considering spinning off one 
of its divisions to raise cash for future investments. This division, which 
manufactures mature electronic components, has operations around the 
world and an infrastructure that is well managed. The decision to spin 
off has been contentious among senior managers. Some felt that the divi-
sion is well positioned for a spin-off. They made the following compelling 
arguments:

	 1.	The new company can provide good transparency to Wall Street 
into its source and use of cash and thus allow it to raise financing if 
needed in the future.

	 2.	The business is reasonably mature and, as a separate company, may 
be allowed to rev up its innovation engine and bring up new prod-
ucts to drive growth in the future.

	 3.	The spin-off allows the parent company to raise cash quickly and 
redeploy it to other areas such as expansion of core products into 
emerging markets.

However, a smaller contingent felt that there are significant synergies 
between the components division and the rest of the company, including 
controls and robotics. They argued that many of the design engineers work 
across the divisional boundaries and share ideas. Further, a detailed under-
standing of component costs allows engineers to design more efficient con-
trols and robots, the company’s core products. After many months of debate, 
the management team was nowhere close to a final decision, and the invest-
ment bankers they engaged to advise were getting impatient.

One of the analysts in the corporate finance department had an interesting 
idea to possibly bring the two sides together. She suggested that the com-
pany consider a “carve out” of the division with an option to buy back con-
trol if the “synergies” that were argued to exist were significant. In effect, 
the company can spin off the division but hold an option to buy back 51% of 
the equity (to gain control) at a predetermined price within a period of time. 
This is a simple call option. To effect such a transaction, the company may 
have to pay the investors something close to the value of such an option. It 
may be able to do this by providing a discount to the initial price.
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In a typical carve-out, only a minority stake in the new company is pro-
vided for the IPO, and the parent company holds the majority stake. In this 
“special carve-out” suggested by the analyst, all the equity is provided for 
the IPO, but the parent company holds an option to buy back a majority stake 
in the future. This option is valuable and may have an effect of capping the 
returns to the IPO investor.

The mechanics of the option exercise will be as follows. If the parent com-
pany exercises the buyback, the new company will issue new shares that will 
be bought by the parent company at a prespecified price. The parent company 
is likely to exercise this option only if the price of the stock of the new com-
pany is higher than the prespecified strike price, and this acts as a cap on the 
stock price of the new company. Hence, the exercise of this option may mean 
dilution to the existing shareholders of the new company. The chief financial 
officer (CFO) was intrigued by the idea; however, it was not clear to him how 
the company could value such an option. The company will only exercise 
the option if the value of the division including the synergies is greater than 
the strike price. He decided to compile estimates of the various parameters. 
Using simple price/earnings (P/E), price/sales (P/S) comparables, he valued 
the division at $100 million currently. The synergy between the components 
division and the rest of the company will only be evident over time after the 
division is carved out and has started operating as a separate company. He 
estimated this synergy as a multiplier on the value with expectation of 1.1 
(10% enhancement in value of the division) but in the range of 1.0 to 1.25. A 
value of 1.0 means no synergy. This multiplier can only be captured by the 
parent company (as the synergies are between the different divisions in the 
company) and can only be observed by it.

After discussions with the corporate finance team, the CFO decided to set 
the strike price at $100 million and the option as European type with duration 
of 5 years. This means that the parent company has the option to buy 51% of 
the carved out division in 5 years for $100 million. It will not be a tender offer, 
but the new company will issue new shares to the parent company so that the 
parent company will own 51% of the outstanding equity and the new company 
will book $100 million in additional paid-in capital. So, postexercise, the new 
company’s value will be enhanced by $100 million. The company has no debt in 
its capital structure. The CFO also decided to use a real risk-free rate of zero.

At IPO, the company is valued at $100  million. The analysts expect the 
value of the new company to be in the range of $50 to $200 million in 5 years. 
Figure 12.8 is the model that shows the call option. The “asset” that can be 
bought in 5 years is 51% of the new company, and the $100 million is paid in 
capital (since new shares will be issued) enhanced by the factor called syn-
ergy. The value of this option today is $15 million. Since this option is effec-
tively “written” by the investors of the new company at IPO, the company has 
to pay the investors $15 million for the transaction to be value neutral. At an 
IPO price of $85 million (a 15% discount to the current value of the division 
of $100 million), the transaction will be value neutral. Since this information 
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is known only to the company and the synergies can only be captured by 
the company, the CFO felt that he could market the IPO without a discount. 
Cosmetically, since the strike price of $100  million is half of the high-end 
value expected for the new company in 5 years, he felt that the investors 
would value the call option lower than what it was actually worth.

If the company were to hold 51% of the equity at IPO, as is customary in 
a carve-out, the IPO will raise $49 million (for the 49% equity), which does 
not capture any incremental value for the company’s shareholders who also 
stand the risk of losing value if significant synergies exist between the spun-
off division and other parts of the company. Instead, in the nontraditional 
carve-out as suggested by the analyst, the company can enhance shareholder 
value by better marketing of the following features and issue an IPO without 
discount (for the call option):

	 1.	The current value of the division is $100 million. In 5 years, the value 
of the division (as an independent publicly traded company) will be 
in the range of $50 to $200 million.

	 2.	The company intends to spin off the division for $100 million with 
a special feature. It can buy 51% of the new company in 5 years for 
$100 million. This is the upper end of the range of expected value 
for the new company in 5 years, so the original investors do not lose 
anything.

	 3.	When it buys the 51%, additional shares will be issued, and the com-
pany will invest an additional $100  million in the new company, 
helping its liquidity position tremendously.

Figure 12.8
Carve out with option to buy back.
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	 4.	 In essence, this option is like a positive boost for the investors in the 
IPO. If the new company is successful, it is guaranteed a capital infu-
sion by the parent at a price that is expected to be the highest value 
for the independent company. The parent not only is willing to spin 
off and sell the entire division but also is going to “stand behind” it 
with an option to provide a capital infusion in the future. The inves-
tors should gladly give this option to the company.

By convincing investors of this argument, the CFO enabled the current 
shareholders of the company to pocket $15 million in incremental value. It 
also allowed the company to keep its option free and open. In 5 years, the 
company will get a lot more information on the synergies as well as the eco-
nomic prospect of the spun-off division. If everything is to its satisfaction, it 
can gladly invest the $100 million and take control of the spun-off division. If 
not, it can simply walk away. The IPO was oversubscribed, and the price rose 
20% on the first day. The option feature “was deemed attractive” by certain 
institutional investors and hedge funds.

Economic Valuation of a Private Company

LiveRx is a small biotechnology company established by two university pro-
fessors. Over the last couple of years, they have been perfecting a platform 
technology (CytoRx) that enables companies to create more potent and safer 
drugs. First, they planned to license the platform technology to other life 
sciences companies, which could incorporate it into their R&D processes to 
improve productivity. The productivity benefits come from lower attrition 
in the pipeline as CytoRx allows companies to improve the characteristics of 
their chemicals and improve the therapeutic index (higher efficacy and lower 
toxicity). As they were applying the final touches on version 2 of the technol-
ogy, they began to think differently about their new company. They wanted to 
develop a marketing infrastructure and raise additional capital.

To seek capital, they had to produce a premoney valuation of the com-
pany. Since the company has no cash flows currently, its value resides in 
a patent (for the platform technology) and the passion of two individuals 
to create a new business. The LiveRx founders felt that the traditional net 
present value (NPV) analyses would not be that useful in assessing the 
value of their enterprise.

At a biosciences conference in Chicago, one of the founders met an old 
friend who agreed to help them value LiveRx. She said that a decision options 
analysis may be suitable as there is significant uncertainty and decision flex-
ibility in new chemical entity (NCE) research and development. In consulta-
tion with the founders, she collected the following assumptions:
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	 1.	The LiveRx technology platform is applicable only in oncology (can-
cer treatment). The R&D program for cancer pursued by life sciences 
companies has the following major phases in sequence:

	 a.	 Lead: A lead chemical is identified for a specific target.

	 b.	 Preclinical: A candidate is nominated for preclinical 
experiments.

	 c.	 IND: Investigative New Drug application is filed

	 d.	 POC: Proof of concept is established

	 e.	 Development: Full-fledged development to prove viability 
occurs.

	 f.	 NDA: A New Drug Application is filed.

	 g.	 Launch: The new drug is launched.

	 2.	They expect each NCE to spend 9 to 18 months in each of the phases, 
except in the development phase, which is expected to be twice as 
long. Launch will be immediate after approval. The durations of 
these phases are correlated. The more time it takes to complete one 
phase, the more time it will take to complete subsequent phases.

	 3.	Currently, the probability of success in each phase is 75%, except in 
NDA, which has a probability of 80% for approval. After approval, 
there are no private risks. With the LiveRx platform, companies can 
reduce failure rates in each of the R&D phases except in NDA, which 
is governed by the whims of the regulators. So, with the LiveRx plat-
form, companies can expect a success rate of 80% in all phases. The 
success rate in NDA will remain the same at 80%.

	 4.	They expect the following costs for each of the NCEs, with all costs 
correlated 100% except launch costs, and the more it costs in one 
phase, the more it will cost in subsequent phases:

	 a.	 Lead: $0.75 to $1.25 million, average $1 million.

	 b.	 Preclinical: $5 to $8 million, average $6.5 million.

	 c.	 IND: $15 to $25 million, average $20 million.

	 d.	 POC: $25 to $45 million, average $32.5 million.

	 e.	 Development: $75 to $ 150 million, average $100 million.

	 f.	 NDA: $20 to $40 million, average $26.5 million.

	 g.	 Launch: $75 to $125 million, average $100 million.

	 5.	Cancer indications, as targeted by LiveRx candidates, are expected 
to have the following characteristics in the market:

	 a.	 Peak sales: $200 to $450 million, average $300 million.

	 b.	 Net margin: 40% to 50%, average 45%.

	 c.	 Time in the market: Approximately 10 years.
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Based on these assumptions, she calculated the NPV of the drug when it 
enters the market to be $425 million with a range of $300 to $650 million. In 
doing so, she used the cost of capital derived from pure play companies in 
the area of cancer therapies.

	 6.	The real risk-free rate is zero.

She first constructed a decision options model with these assumptions and 
status quo success rates (Figure 12.9). The results table shows the economic 
value of oncology drug candidates of this type in various phases. She ran the 
analysis again with the expected success rates with the application of LiveRx 
technology. The summary of the results is given in Figure 12.10.

In Figure  12.10, the column “Before” shows the value of the candidate 
before the application of LiveRx (in respective phases), and the column 

Figure 12.9
Oncology R&D model.

Figure 12.10
Value of R&D program in various phases.
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“After” shows the value with the application of the technology. The value is 
higher with the application of the LiveRx technology because of the higher 
expectation in success rates. As the numbers indicate, the percentage increase 
in value is higher earlier in the pipeline because of the combined effect of 
higher success rates in various future phases.

The difference in value of drug candidates in various phases is substantial 
with the application of LiveRx technology. The “Difference” column indicates 
the incremental benefit gained by LiveRx (prospective) clients by the applica-
tion of its technology. In licensing the technology, LiveRx could consider a struc-
ture in which the benefits are shared between the client and the company.

For example, for a biotechnology company with five leads (L) and two 
INDs, the application of the technology will increase the value of the com-
pany by 5 × 3.82 + 2 × 8.13 = $35. The value of the company can be increased 
by $35 million by the application of the technology on the stock of candidates 
in the pipeline. If the client is willing to share 25% of this incremental value, 
the license will be worth approximately $9 million.

The LiveRx licensing structure can be based on when the technology is 
applied by its client (in which phase of the candidate), and each candidate 
will create only a single payment. LiveRx must now approach venture capi-
tal (VC) firms and debate the number of clients they can develop and more 
importantly how many candidates in different phases are likely to imple-
ment the technology. LiveRx partners identified a number of biotechnology 
companies that could use the technology in the next 3 years (they expected 
this to be the life span of the technology). Based on the pipeline of these 
companies, they estimated the number of candidates in development in dif-
ferent phases. Figure 12.11 shows the total number of candidates at client 
companies that they estimated could benefit from the technology, license 
fee per candidate, and total expected fee. Based on this, the LiveRx found-
ers estimated that the platform technology is worth $50 million premoney. 
They wanted to raise $10  million from a VC firm for a 20% stake in the 
company.

They knew that the negotiations with VCs would be tough, so they wanted 
to start at a higher valuation for the company and negotiate their way down. 
After discussions with a few of their friends who had raised capital in the 

Figure 12.11
Calculation of fees from clients.
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past, they decided to start at a valuation of $75 million. In the negotiations, if 
the VC valuations fell below the $50 million mark, they would not take the 
deal and would look for alternatives. The knowledge of this reservation price 
($50 million in this case) is powerful in negotiations.

Decision Options and Financial Hedging

Multinational companies face exchange rate exposures. There are multiple 
types of exposures, such as translational, transactional, and operating expo-
sures. Translational exposure results from translating revenue and costs that 
occurred in another currency to the home country (or reporting) currency. 
It is a tactical accounting exposure. Transaction exposure comes from contrac-
tual terms expressed in one currency and the movements in the exchange 
rates by the time the contract is executed. This is generally short term in 
nature. Operating exposure emanates from the organization and operations 
of a multinational company that generates revenue and incurs costs in many 
countries as the result of the company’s strategy. Operating exposure is a 
long-term issue for any multinational company. Transaction and operating 
exposures are related and may have to be considered together.

Financial hedges are typically used to ensure against short-term moves in 
exchange rates. Southwest Airlines’ purchase of forward contracts on fuel is 
an example of managing operating exposure, but such contracts can also be 
short term, ensuring against anticipated transaction exposures. Since such 
contracts have a fixed quantity, changes in underlying business (as in the 
case of a rapidly falling demand for air travel) may expose the company to 
exchange rate risk in a direction opposite what was carried prior to entering 
a forward contract. The longer the timeline associated with the exposure, 
the more difficult it is to manage such exposure with more tactical financial 
hedges. Even the best thought out financial hedges can ultimately result in 
exposures in a direction not anticipated by the company. Such events can be 
extreme and may even result in the failure of the firm.

To effectively manage currency exposures, multinational companies have 
to design and manage an estate of financial hedges and decision options 
(strategic and operating strategies) in a fashion that maximizes the value of 
the firm. An example of a decision option may be Toyota maintaining flex-
ible manufacturing operations in Japan and the United States, allowing it to 
switch production to take advantage of exchange rates in the future. It is not 
only the more obvious location flexibility that is of importance here, but also 
other important aspects such as equipment flexibility (ability to switch pro-
duction lines to different automobiles such as cars and trucks), labor flexibil-
ity (ability to stop and start production by ramping employees down and up), 
equipment/labor switching flexibility (ability to change labor content in the 
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manufacturing process by incorporating more or less automation), energy 
flexibility (ability to use a variety of energy sources), and others.

Flexibility may also be designed in other parts of the operations, such as 
engineering, marketing, and logistics. The engineering design of manufac-
tured goods should be a focus area for companies as the design can enhance 
the company’s ability to take advantage of various types of flexibilities that 
may exist in the supply chain. For example, modular design and switchable 
components could provide the company opportunities to disaggregate man-
ufacturing on an as-needed basis and the ability to shift production to dif-
ferent locations. Postponing final customization is an example of enhancing 
logistics flexibility. In this case, the company delays the final customization of 
the end product until it is ready to sell the product wherever demand is avail-
able. The uncustomized product can be shifted from a low-demand area to 
a high-demand area, thus enhancing marketing flexibility as well. Country-
based branding coupled with regional brands that target a wide range of 
price points is an example of marketing flexibility that allows the company to 
move up or down the price/brand spectrum on an as-needed basis.

If Toyota proactively takes actions to establish a production network with 
such flexibilities designed in, its ability to take advantage of tactical exchange 
rate fluctuations increases, and the need for pure financial hedges (which 
can be expensive) decreases. However, it may still need to engage in finan-
cial hedges at least for the lead time in the execution of such plans. Because 
exchange rates are mean reverting, there is a “convenience yield” to actually 
having a flexible operating strategy that is active rather than “on paper.” The 
same is true for other types of flexibilities, such as in engineering, marketing, 
and logistics. The lead time in implementing flexibility may be reduced by a 
financial transaction such as buying a company or existing assets of another 
company. However, in such a case, the company may have to forfeit (or the 
very least share) the value generated by flexibility as the seller is fully aware 
of such value. Collaborations and partial equity stakes in other companies in 
locations where the firm anticipates exchange rate exposures are other ways 
to increase flexibility without high up-front investment. One could argue that 
such actions also provide the company an option to delay larger investments. 
However, this may also have a price as the collaborator may seek features in 
the contract that may deter the firm from taking advantage of favorable future 
exchange rate regimes by abandoning the collaboration and going on its own.

It is often the case that corporate finance focuses on the financial aspects of 
the company, including the tactical financial hedges, and other departments 
such as strategic planning worry about decision options. Such a manage-
ment configuration will certainly suboptimize the value of the firm as each 
will attempt to maximize only one piece of the puzzle. To make matters more 
complicated, there can be significant interactions between financial hedges 
and decision options in the company, and systematic portfolio management 
of the entire estate of financial and decision options is the only way to maxi-
mize value.
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Traditionally, economists have argued that a firm should “hedge” all risks 
over which it does not have control. This will allow the managers to focus on 
those aspects of the business that they can influence. However, such a thought 
process may make managers focus only on tactical financial hedging. It is 
possible that managing anticipated risks only in some part of this connected 
system while ignoring others may in fact do more harm than good. In some 
quarters, “holistic risk management” has become a fashionable term, although 
its meaning is unclear. Often, it means all financial risks, as in the case of hedge 
funds. Managing financial and real risks together in a portfolio considering the 
interactions among them is true holistic risk management for companies. To 
accomplish this, firms not only may have to reorganize (away from traditional 
silo management of financial and real risks) but also implement tools capable 
of analyzing all risks in the same framework. Such tools should also be able to 
incorporate interactions between risks. In such a process, firms may also iden-
tify risk components that reinforce each other and when certain thresholds 
are breached may exhibit characteristics that cannot be controlled. It is this 
“runaway train” phenomenon and not the lack of traditional risk management 
that subjects most companies to the risk of failure. Tactical and financial risk 
management may keep them afloat when risks are not high, but such a process 
may not be enough when a discontinuity arrives.

Clearly, the scope of the firm is important in its ability to take advantage 
of a systematic management of financial and decision options. The larger 
and the more spread out the firm is, the higher the value of such a process. 
The currency regime in which the country is operating is also a factor. If the 
home country’s currency is pegged and the firm largely transacts in a loca-
tion where the base currency exists, it may not have a great reason to think 
about exchange rate exposures. If the firm’s products and services have more 
commodity-like characteristics, it is more likely that it can take advantage of 
flexible manufacturing and logistics operations as location specificity is low. 
Even those firms with specialized products can move down from specializa-
tion to commoditization by breaking their products down to components and 
increasing configurability and switchability. Such a thought process, seeking 
flexibility in every aspect of the firm, has now become a necessary condition 
for survival and success in a connected world of people, products, and skills.

Enticing Infrastructure Development in Developing Countries

Some developing countries, such as India and Brazil, are in need of sig-
nificant infrastructure development and improvement. The government 
can entice commercial enterprises to partake in such activities through a 
combination of subsidies, guarantees, and other incentives. One such area 
is in build, operate, and transfer (BOT) schemes for highway construction 
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projects. The government awards a BOT contract to a commercial enterprise, 
typically through a bidding process. Let us analyze such a project.

Consider a highway construction project connecting two cities. The length 
of the required four-lane road is approximately 200 km. MaxCon is a lead-
ing construction company considering bidding on the project. The project 
leader has already conducted surveys and prepared a detailed plan for the 
construction of the highway. She has estimated that the total cost of the proj-
ect, which is expected to take about 4 years, is $75 to $100 million. The BOT 
contract package that is up for bid has a number of features:

	 1.	At the end of construction (build phase), the company has the option 
to sell the highway back to the government for a fixed price of 
$90 million.

	 2.	During the build phase, if MaxCon abandons the project, no repay-
ment is possible, and the government will take over the project.

	 3.	 If the build phase takes more than 4 years, the company has to pay 
the government a penalty of $6 million for every additional year (or 
$0.5 million per month for the delay in completion).

	 4.	During the operating phase (which is expected to last 10 years), the 
company can collect tolls for the traffic on the highway.

	 5.	At the beginning of each year of the operating phase, the company 
has the right to demand its debt service cost (in lieu of tolls for that 
year) provided that the starting debt does not exceed $75 million and 
10% of the principal is retired every year. If the company elects to do 
this, the government will collect the tolls for that year. The company 
can elect to receive this payment either in local currency or in the 
currency of contract transaction (dollars).

	 6.	Every year during the operating phase, the government will guar-
antee tolls of $7  million. If the tolls are less than the $7  million, 
the government will pay the difference (top off revenue to at least 
$7 million/year).

	 7.	During the transfer phase, the government will make a final pay-
ment to the company that is 10 times the tolls collected in the last 
year over and above the expected $10 million per year.

Using detailed traffic pattern analysis, the project leader has calculated 
that the tolls per year will be in the range of $5 to $15 million per year. The 
prevailing interest rate is 10%, and the company will capitalize the project 
with $75 million in debt and the rest in equity. To determine an effective bid-
ding price, it must first value the project.

The contract attributes seemed like options to the project leader, so she 
asks the finance department to devise a decision options model. The follow-
ing features exist in the model:



Case Studies in Financial Services	 277

	 1.	There is a “put option” to sell the entire project back to the govern-
ment and walk away with $90 million at the end of the build phase. 
In this case, the company decides not to operate the project and the 
maximum loss it will incur in engaging in the project is the cost of 
construction, $90 million. The project leader’s estimates showed that 
the project is going to take between $75 and $100 million for construc-
tion, so this is not necessarily a good outcome for MaxCon. However, 
it is a valuable option to have if the value of the project drops after 
construction due to an economic downturn or due to other factors.

	 2.	MaxCon can abandon the project any time during construction and 
incur no liability. Although no one is hoping for this outcome (as 
MaxCon would have lost all investment until abandonment), these 
are also valuable options to have. The project leader knew that these 
options cannot really be exercised any time as the company must 
commit to suppliers and building contractors for a period of time. 
Yearly contracts are the norm, so these options are potentially exer-
cisable at the beginning of each year.

	 3.	The penalty set forth for any delay in the project is not an option but 
something MaxCon must do if the project is not completed within 
the project timeline (4 years).

	 4.	Every year during the operating phase, MaxCon has downside sup-
port at $7  million. If its debt service is higher (selecting favorable 
currency), then the support increases to the debt service payment. 
In effect, it has the option to elect to receive the maximum of the 
tolls collected, $7  million, and debt service payment in favorable 
currency.

	 5.	Finally, the project has a terminal value as a function of tolls col-
lected in the last year of the operating phase. The higher the last 
year’s tolls are, the higher the terminal value will be.

Figure  12.12 shows the model. The value of the project is $17  million. If 
MaxCon bids the project at $17  million, it will not make any money, and 
the expected return is zero. If it bids more than that, shareholder value is 
destroyed. A bid less than $17 million will add to shareholder value. After 
much discussion, MaxCon settled on an initial bid of $7 million. Success will 
increase shareholder value of the company by $10 million.

The risk-neutral payoff distribution is shown in Figure 12.13. Provided in 
Figure 12.14 is the cumulative probability distribution of risk-neutral payoff.

The following are worth noting:

	 1.	The project is risky. The downside is limited to a loss of $40 million, 
and the upside is as high as $100 million. Without government guar-
antees, it is unlikely that any commercial enterprise will be inter-
ested in a project like this one.



278	 Decision Options: The Art and Science of Making Decisions

	 2.	There is a 33% chance that the company will lose money in the proj-
ect in spite of all the features, such as the ability to sell back, as well 
as all the various guarantees by the government.

Figure 12.12
Build, operate, and transfer project model.

Figure 12.13
Risk-neutral payoff from BOT project.
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	 3.	This project is a good candidate for winner’s regret as a slight increase 
in the winning bid can result in a loss for the winner. In a bidding 
situation, it is more likely that companies overbid. Understanding 
the economic value of the entire project, taking into account all asso-
ciated input uncertainties as well as decision flexibility embedded in 
contract features, is essential for companies both to bid successfully 
and to win projects that add value.

Figure 12.14
Cumulative probability of risk-neutral payoff from BOT project.
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13
Misperceptions Regarding Real Options

There are debates among academics as well as practitioners about the usefulness 
of real options techniques in investment analysis. In the past couple of years, 
we have seen no fewer than 20 major conferences focusing on real options. 
And, while it appears that the interest in real options techniques is increasing, 
the debate goes on, and there continues to be a great deal of skepticism.

Options thinking is important when one deals with uncertainty and deci-
sion flexibility. In situations with little variability in expected outcomes and 
no flexibility in future decision choices, conventional techniques like dis-
counted cash flow (DCF) are adequate. But, once some of the assumptions that 
underlie the traditional techniques are no longer applicable, it makes sense 
to move toward a broader options framework. There are classes of decisions 
in every industry that require a method like decision options analysis, but 
it would be a mistake to move into a broader framework when the assump-
tions underlying traditional techniques are valid. In other words, complicat-
ing the analysis unnecessarily does not add value. There also appears to be a 
lot of confusion about how to represent the various types of risks in the real 
options methodology. There are two major types of risks we consider in all 
financial analysis: private risks and market risks. An example of a private 
risk is the possibility that toxic effects are revealed in a clinical experiment 
on a pharmaceutical drug that forces the abandonment of the program. The 
likelihood of a decline in sales for lifestyle drugs if a recession hits the econ-
omy can be considered market risk.

One common argument against the use of real options techniques is that 
they do not work when private risks dominate market risks. It is true that 
when the value of an investment is heavily dominated by private risks, the 
managers of the investing company have much less decision flexibility. In 
some sense, when the investment opportunity is driven by private risks 
(sometimes called unique risks or technical risks), the decisions are made by 
acts of God or other such phenomena over which the decision makers have 
no control. And, it is also true that when there is little flexibility, traditional 
techniques will provide an adequate way of estimating value. But, the point 
to keep in mind here is that private risks are treated the same whether you 
use real options or the old DCF approach. Only the market risks that are 
treated differently.

Some question the empirical validity of the real options approach. The 
problem is that it is difficult to empirically validate a decision methodol-
ogy. In private markets, the real options approach helps improve decision 
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quality. Decision quality means only that all information is used systemati-
cally in making a decision. Because there are many private risks in a decision 
(such as technical failures in a research and development [R&D] program in 
the pharmaceutical industry), we cannot validate the decision after the fact. 
That is, the success or failure of the R&D program, on which the decision is 
made, does not tell us if the decision was a good one. The decision maker 
was already aware of the probability of a technical failure. The fact that the 
technical failure happened does not mean the decision maker was at fault. 
Similarly, one can also question whether we have proof that markets are pric-
ing assets by simply discounting cash flows according to the capital asset 
pricing model (CAPM). Many studies showed that only a small percentage of 
the total value of certain types of companies (such as so-called information 
and knowledge firms) can be explained by DCF values. Much of the rest of 
the value comes from the so-called growth options or investment opportuni-
ties. For pharmaceutical companies, this growth option value represents as 
much as 70% of market capitalization. There is no doubt that the market is 
capable of appreciating value beyond what can be assessed using traditional 
DCF techniques. For example, many of the early users of the Black-Scholes 
formula for stock options, eager to make money with the new technique, 
came to the painful conclusion that markets were already pricing options in 
essentially the same way as proposed by the mathematical equation (prior 
to the existence of the equation). What the Black-Scholes formula did was 
to model an existing market pricing process and thereby institutionalize it. 
In similar fashion, real options analysis should be viewed as providing a 
framework—one that is lacking in traditional corporate finance—that repli-
cates and quantifies sound management intuition about the kinds of invest-
ments that are most likely to create value over the longer term.

Some companies fear that if they adopt real options in decision making, 
their stock prices will suffer. Managers of these companies tend to believe 
that markets are pricing assets using a highly simplistic DCF model—one 
that effectively capitalizes only next quarter’s earnings (or at the most, next 
few quarters’ projected earnings). But, to the extent we can judge from the 
high P/E ratios of many growth firms and from the willingness of inves-
tors to assign large values even to companies without earnings, this view 
clearly seems mistaken. Based on the current concerns about corporate 
governance, those managers who take shortsighted actions to boost quar-
terly earnings per share (EPS; in an attempt apparently to boost stock price) 
are most likely to find themselves punished by the market. Next quarter’s 
earnings are important, to be sure, but not as important as the company’s 
ability to demonstrate that it has a coherent strategy based on building 
and maintaining its long-running competitive advantages. To the extent 
conventional capital budgeting techniques are preventing managers from 
thinking strategically and encouraging them to use tactics for meeting 
near-term earnings targets (originating from a simplistic net present value 
[NPV] model), the long-term impact on the company will certainly be 
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negative. Managers need to adopt decision options thinking and, equally 
important, find effective ways to communicate their thinking to help inves-
tors understand the value of the company’s portfolio of growth options 
and opportunities. Some point to the negative reaction in stock prices to 
an earnings miss by a company as evidence that market uses discount-
ing of quarterly earnings to estimate the value of equity. It is important 
to note that the negative reaction is likely far in excess of what can be pre-
dicted by the difference in actual and predicted earnings. If the company 
has conditioned the market to expect a precise EPS, through estimates and 
projections, the market may take the management on face value. If then the 
company misses the highly publicized quarterly EPS, the market will likely 
punish the company for two important reasons. The market may put an 
“incompetence discount” on the company’s management as unable to even 
perform proper accounting and forecasting. More important, the market 
may also see a possible signal in the company’s inability to meet targets, 
indicating that the future growth potential of the company is declining. In 
either case, the decline in stock price will be far in excess of what can be 
calculated by simple discounting.

There is also a perception that real options are too complicated to be prac-
tical. We can blame some of the academic research in this area for creating 
such a perception in the minds of decision makers. It is certainly true that 
Texas Instruments does not market a real options calculator (yet). In this 
book, we solved complex problems using the Decision Options software. 
There are also complicated calculations in engineering, with detailed model-
ing of aircraft parts relying on techniques such as finite element analysis and 
computational fluid dynamics that are certainly not available on a calculator 
or in Excel. Yet, large aircraft manufacturers do not shy away from these 
techniques. Corporate investment decisions should be evaluated using the 
best available techniques. An accurate assessment of value can make a dif-
ference, and a technique that provides a more accurate quantification using 
all available information should not be ignored. Of course, an analysis does 
not have to be complex to be correct, but perceived complexity in a technique 
is not sufficient grounds for dismissing it. There are many ways to make 
real options models more user friendly, but such models will never become 
as generic as an Excel formula because decision options techniques require 
careful framing of the problem, beyond a forecast of expected cash flows fol-
lowed by rote discounting.

I do not know of any good senior executive who would approach an invest-
ment problem as a now-or-never proposition with no future flexibility or 
variability (the assumptions one is implicitly making in a DCF analysis). It 
would be hard to find a senior executive who, faced with a 5-year investment 
program, does not think about delaying, abandoning, or expanding aspects 
of the program over time, investing on a small scale initially as a means of 
learning about cash flow potential, or forming contingency plans given a 
very uncertain future. This is, and has long been, a natural way of thinking 
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for managers. Until real options were developed, however, corporate finance 
had not provided a way to structure such thinking and quantify the value 
of strategic alternatives. Try explaining DCF to a good senior executive. It 
seems unnatural to forecast single-point estimates of all cash flows and then 
discount those back at one rate (typically the weighted average cost of cap-
ital) to get an NPV. More sophisticated finance departments run scenario 
analyses to create optimistic, normal, and pessimistic projections. But, it is 
also important to keep in mind that neither scenario analyses nor Monte 
Carlo simulations of NPV are good substitutes for real options analysis since 
neither incorporates management flexibility—and there still is the problem 
of how to determine an appropriate discount rate. To assume that there is no 
flexibility in the future and that one needs to make the investment now or 
never is simply unrealistic. In more ways than one, good senior executives 
have internalized real options thinking, which makes it more difficult for 
them to be satisfied with standard DCF analysis. And, in many cases, they 
make decisions in spite of the financial analysis, which can be a frustrating 
experience for financial professionals starting out in the corporate world, 
newly armed with DCF and NPV.

There is also a perception that the data needs for conducting real options 
analysis are very high compared to traditional techniques. The amount of 
data used in an analysis is more a function of the analyst than the method 
employed. A chief executive officer of a Fortune 100 company once said that 
he was more comfortable with one data point than with two—because he 
could draw an infinite number of lines through one, but with two data points 
he felt constrained. In general, real options analyses actually tend to be less 
data intensive. Since the average underlying value is used together with an 
estimate of volatility (variability), real options users tend to be comfortable 
with less precision in that average value. But in a traditional DCF analysis, all 
the information is wrapped into the average cash flow, so there is a stronger 
focus on getting the average right. As a result, extensive market research is 
conducted and scenario analyses are performed to fully define the average. 
Curiously, after exerting significant effort in collecting the data and perform-
ing these analyses, most of the information is thrown away, and the expected 
(or average) cash flows are then discounted at the weighted average cost of 
capital to create a generally meaningless NPV.

It is true that the real options analysis takes a bit more effort to fully appre-
ciate. On the other hand, how many decision makers really understand the 
underlying assumptions of the CAPM when they use DCF? It is not neces-
sary that all users of a technique understand all the underlying assumptions 
and mathematical derivations. In fact, decision makers routinely take NPV 
at its face value without fully appreciating the math underlying it. Moreover, 
the prescribed mechanics and assumptions of the CAPM are often violated 
in practice, but nobody seems to care much.

Consulting firms that promote decision tree approaches have long main-
tained that they are performing real options analysis. The problem here 
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is obvious. Decision trees are merely pictorial representations of DCF 
calculations with private risks, represented in the branches. The appropri-
ate probabilities are applied to the cash flows past that decision point, just 
as we adjust the cash flows for risk before discounting them. In perform-
ing DCF, we adjust (or should be adjusting) cash flows in exactly the same 
way. Decision trees are a good way to frame the decision problem and are 
good communication vehicles, but they do not provide the benefits of a real 
options analysis.

Some argue that real options techniques simply increase value to make a 
project more attractive. It is true that a correctly formulated DCF analysis 
will typically give a lower value than its real options cousin. However, it 
is important to keep in mind the role of the discount rate as a key driver 
of value in DCF analysis. As mentioned, discount rates are not generally 
observable in the market for a specific project or decision. For this reason, 
managers who are predisposed to taking a certain project (regardless of its 
value) are able to start with discounting at weighted average cost of capital 
(WACC) and then adjusting it downward until they get a believable number 
for the value of the project. Although people like to say that valuation is 
more an art than a science, I contend that there is (or should be) a lot more 
science in valuation, and that assumptions that are not market based make 
the whole process useless.

I once had an experience with an investment bank that valued a biotechnol-
ogy company using traditional techniques. The bank performed a bottom-up 
valuation of the company’s products in the R&D phase, but failed to adjust 
the cash flows for private risk applicable to R&D. It then calculated a figure 
that was triple the current stock price of the biotechnology company. A real 
options analysis resulted in a price much closer to the market price as fram-
ing the problem with explicit separation of private and market risks make it 
less likely that some risks will be “forgotten.” I suspect that the ease of use 
of the DCF technique in Excel and other such analytical tools may have let 
these types of mistakes creep in.

Real options got some of the blame for the technology bubble (artificially 
inflating prices) and the failure of Enron. The bubble arose from a technol-
ogy discontinuity. Bubbles form with or without real options (as we have 
proved in the U.S. real estate market recently). The Enron failure resulted 
from fraud. In fact, if real options analysis had been more mainstream in late 
1990s, it might have prevented the technology bubble that we experienced. 
Market participants may have had difficulty assessing value in times of high 
uncertainty without sophisticated tools such as real options. A reliance on 
rules of thumb and precedent may have actually contributed to the overvalu-
ation of the technology stocks, which tend to show extremely high volatil-
ity. The technology bubble is a strong argument for, rather than against, the 
institutionalization of real options analysis in valuation. Regarding Enron, 
I think the perpetuators are enjoying accommodations in a federal peniten-
tiary, unfortunately without any options.
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The bottom line is that the real options framework is only a generalized 
asset-pricing model. Every industry encounters situations that could benefit 
from such a broad methodology. DCF is nothing more than a special case 
that is applicable when there is little variability in outcomes and no manage-
ment flexibility in decisions. But, in the absence of these simplifying assump-
tions, real options techniques are likely to provide a more complete financial 
analysis for the decision maker. In fact, good managers have always thought 
and acted in a real options way—in large part because markets appear to 
value companies and products in the same way. It is important for compa-
nies, particularly those for which “growth options” constitute a significant 
portion of their value, to institutionalize analyses based on decision options 
in their decision processes. Those companies that use traditional techniques 
and focus excessive attention on near-term earnings in their investment deci-
sions are likely to be punished by the market in the long run.
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14
Challenges to Decision Options 
Implementation and Possible Remedies

As you set out to solve decision problems along the lines discussed in this 
book, you are likely to encounter several challenges from both academic 
quarters and institutional resistance to change. Let me list the most likely 
arguments that one is likely to encounter against the use of options thinking 
in decision making and possible ways to overcome them.

First, it is my belief that academic research in the area of real options since 
1990 is primarily responsible for the perception that exists in the industry 
regarding the complexity and applicability of options thinking in decisions. 
Academic research has centered on highly simplified and stylized examples 
of real options, many of which have no relevance for practical decision mak-
ing. However, the solutions of these “simple problems” tend to use a lot of 
high level mathematics and intimidating long equations in an attempt to 
find closed-form solutions. It is also the case that recent academic publica-
tions focused on advanced topics such as “game theoretic applications of 
real options.” This has further reinforced the idea that real options are some-
thing academics love and have no relevance for practical decision making. 
Moving into highly advanced topics such as these before simpler decision 
approaches are implemented is dangerous, especially if publications attempt 
to push these ideas into practice. There are many academic challenges to 
the application of real options, and much still has to be done to create a 
more robust framework for analysis. However, there is a distinct risk that 
academic research in this area will become disconnected from practice, and 
as progress is made in the abstract analysis of the concept, the practice of 
real options will stagnate. I hope the ideas discussed in this book will initi-
ate a more constructive dialogue between theoretical research and tangible 
applications.

The first academic objection to options-based valuation of real assets is 
that the underlying asset is not “replicatable,” and hence the “no arbitrage 
argument” that we invoke to value the derivative in a risk-neutral frame-
work is not valid. This, indeed, is true in many of the cases discussed. Every 
time I have presented these ideas in conferences, someone in the audience 
points this out. He or she will argue that the asset (such as a drug candi-
date) on which I valued the option (such as the option to conduct a clinical 
study) is a private asset, and there is no proxy for it in the marketplace. Thus, 
the risk-neutral valuation I employed is simply not valid. When asked what 
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alternative methodologies they may use, most say, “I don’t really care; all I 
can say is that you cannot do what you describe here because the asset is not 
replicatable.”

In essence, what the person is saying is that markets are not complete. 
In a world where technology and location flexibility are increasing, com-
panies with larger portfolios (built by legacy scale and scope advantages) 
will continue to disintegrate into smaller units, providing a richer array 
of pure companies and entities, warming the hearts of those yearning for 
market completeness. Meanwhile, financial innovation will continue to cre-
ate instruments with increasing focus, such as the exchange traded fund 
for the disease of depression (using the stock of companies that focus in 
this area), moving us closer to “perfect replication” of the underlying. We 
can look forward to technologies, organizational structures, business pro-
cesses, and financial instruments in the future that will help us sleep better 
knowing that the world is moving toward market completeness. However, 
markets are never complete (and it is the case for traditional finance also), so 
we will have “return shortfall” in practice from the pure case. Meanwhile, 
we know that uncertainty and flexibility are important considerations in 
decisions, and it may be better to include them than pretend that they do 
not exist.

However, if the person is objecting to the use of options pricing as a 
method, arguing that traditional finance (discounted cash flow [DCF] based 
on the capital asset pricing model [CAPM]) is better, then we may have 
stronger arguments. Application of CAPM DCF is also not perfect as it will 
require the user to determine a discount rate based on the correlation of the 
asset’s return against the return of a market portfolio return or to find a close 
enough proxy. Since proxies for the asset under consideration and the market 
are hard to find, often analysts fall back on “easier ways.” These may include 
the use of discount rates based on WACC (weighted average cost of capital) 
or corporate prescriptions of a constant discount rate. In some cases, round 
numbers such as 10% are used to discount cash flows. Excel has made cash 
flow discounting easy, and this has provided confidence to the participants. 
In a high percentage of the cases, the net present value (NPV) determined 
from discounting deterministic future cash flow estimates with an arbitrary 
discount rate is not useful for decisions, and this practice is not valid accord-
ing to theory.

In decision options pricing, however, we have the following advantages:

	 1.	Uncertainty and decision flexibility are considered systematically. In 
most decision situations, the factors that drive value such as revenues, 
costs, timelines, and the like are highly uncertain. It is also the case 
that decisions are complex, and typically future decisions, which 
are contingent on the present one, exist. Decisions may also provide 
alternatives (how), timing flexibility (when), show options charac-
teristics (right to do something but not an obligation), interactions, 
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and path dependencies. These are rich attributes of the decision 
and cannot be ignored. One of the reasons good decision makers 
are compensated well is that, in the absence of tools, shareholders 
do not have any alternatives but to hire the best “gut-based” deci-
sion maker, who in the past has shown “good judgment.” Note that 
part of this good judgment is the ability to envision and consider 
flexibility, and the other is the ability to estimate uncertainty—both 
private and market—so that one can make the best decision consid-
ering all risks. Some reach here by trial and error, but errors in busi-
ness can be quite expensive. Some are simply very good at making 
decisions. However, if companies have a method and tool that allow 
a systematic replication of this gut feel and good judgment, they are 
better off. They can use the method in all decisions, regardless of 
personalities, and can train upcoming managers in decision making 
without the more expensive trial-and-error. Although the decision 
options method is not perfect, it is far superior to other alternatives.

	 2.	The use of a risk-free rate (in risk-neutral valuation) removes “gam-
ing” of analytics. This is a major issue for the practice of traditional 
NPV-based decisions. Since there is no systematic way to determine an 
appropriate discount rate, the rate can always be changed if the answer 
is not what one expected. This happens in a large number of decision 
situations, which makes one wonder what such a valuation exercise 
is really accomplishing. The risk-free rate is observable in the market-
place, and as you have seen in many of the cases described in this book, 
a real risk-free rate is generally close to zero. Use of a zero discount 
rate and real cash flows allow us to be consistent in our assumptions 
and methodology. Since private risks are captured explicitly (and not 
lumped in with the discount rate), this practice gets us as close as we 
can to the current theoretical understanding in economics (it is not per-
fect, but neither are other alternatives).

	 3.	 Just as in the correct application of CAPM, in which private risks are 
used to adjust cash flows and market risks are used to determine a 
discount rate, decision options also allow an explicit split between 
private and market risks. In decision options, as seen in the cases 
discussed, the market risks can be disaggregated and used with 
varying characteristics (such as mean reversion and jumps), and pri-
vate risks can be represented in various ways (such as binary and 
probability distributions), providing a much more complete repre-
sentation of the decision problem. It is not perfect but much more 
complete than the current alternatives.

Applications of stylized theory and framework will always be imperfect, 
so perhaps it is acceptable to use the options methodology even with its 
apparent academic deficiencies.
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The second academic argument is that markets are not efficient. For trad-
able assets, one cannot really assume that the price process follows random 
walk. Remember that in many of the cases discussed, we assumed that 
the underlying asset’s price followed random walk or geometric Brownian 
motion. If markets are not (at least) weak-form efficient, it would mean that 
past prices may have an effect on future prices, and the price process cannot 
be assumed to follow random walk. It is clear that billions of dollars are spent 
on Wall Street to prove or disprove tomorrow’s forecasts based on yesterday’s 
information. Fortunately, there are still some academics who believe in the 
abstract concept of efficient markets. From a more practical perspective, it is 
easier to deflect this by pointing out that technical analysts on Wall Street are 
still going to their jobs every Monday morning. If the “head-and-shoulders” 
chart patterns do work, all technicians would have climbed to the list of the 
wealthiest in the world. Fortunately for the proponents of efficient markets, 
this has not (yet) happened. It should be noted that the idea of efficient mar-
kets is a theoretical construct. There are many markets and situations for 
which the degree of efficiency can differ. The primary takeaways from this 
elegant concept are two-fold:

	 1.	 In a world of fast-moving information and technology, prices of 
assets adjust to available information fairly quickly. The price of a 
marketed asset is what is observed in the marketplace, even if one 
has doubts about it. Note that we are excluding fraud and assume 
that the information available to the market is true. It is hoped that 
the group of white-collar crooks, currently enjoying accommoda-
tions in jails for financial fraud, will help us assume that the avail-
able information is generally good.

	 2.	 If prices adjust to new information, past prices are not going to be 
useful in predicting future prices. Arrival of information in the past 
and subsequent adjustment of prices to that information do not tell 
us anything about when and what new information may arrive in 
the future. If this is not the case, wealth will accumulate for some at 
a really fast rate as they successfully predict stock market moves.

Efficient markets mean that prices adjust to new information (reasonably 
quickly), and past information is already reflected in the current price. It is 
difficult to object to this in practice. If we can convince the disbelievers of 
this somewhat simpler articulation of efficient markets, we are in the busi-
ness of assuming prices of traded assets follow random walk.

The third argument, although less academic than the previous two, is that 
real options are not optimally exercised by managers. In the valuation pro-
cess, we assume that the decision makers are rational, and they optimally 
exercise, sell, or abandon their options. Some practical-minded academ-
ics have pointed out that managers never do this. Misaligned incentives, a 
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localized need to save jobs, building bigger departments, and the ego may 
prevent managers from making optimal exercise decisions. Those who invoke 
this argument ask, if managers do not exercise options optimally, how can 
one determine economic value by assuming that they do? They argue that 
such valuations and attempts at making decisions more optimal constitute 
a waste of time as long as managers behave as human beings, always inter-
ested in maximizing personal wealth rather than shareholder value. This is 
indeed true. If companies are mired in agency problems and managers exist 
to destroy value (by suboptimally exercising options), it is not really useful 
to conduct any analysis, let alone options analysis. It is hoped that the own-
ers eventually catch up with managers with a chronic habit of suboptimal 
options exercising and remove them from their jobs. It is more of an agency 
problem in the enterprise, and it will be difficult to wait to think about uncer-
tainty and flexibility until all incompetent managers are removed from their 
jobs.

Even if one is able to win over the academics to the idea of options think-
ing, despite its academic impurity, it is in fact a better way to make decisions 
in companies even if further implementation difficulties arise.

DCF-based NPV (and internal rate of return [IRR]) and decision trees 
have been ruling the financial decision-making process in companies for 
over 30 years. Many companies have invested heavily in tools, account-
ing, and business processes that utilize traditional finance. For example, 
decision tree-based analysis is prevalent in pharmaceutical companies. 
Consulting firms have been helping these companies make project selec-
tion, design, and portfolio management decisions for over two decades 
based on traditional decision trees. Because of the long research and 
development (R&D) cycles, there are no feedbacks to these decisions, and 
no one has asked if such methodologies have actually helped these compa-
nies. This is a slippery slope as traditionalists may ask options advocates 
what evidence they have to argue that options analysis is any better. The 
best way to win this argument is by suggesting that we know uncertainty 
and flexibility exist in R&D, and it may be better to take account of it rather 
than ignore it.

A few consulting companies, while making “strategic decisions” for their 
clients, have argued that decision trees indeed represent options analysis. 
They argue that options are considered at all decision nodes of a decision 
tree, and by articulating the various choices that exist in the future, deci-
sion trees capture the essence of options. They also say that the elaborate 
decision trees that exist for R&D programs alone demonstrate the systematic 
application of options analysis. What is unclear is whether such decision 
making has enhanced shareholder value. This has bred a bit of confusion 
in the enterprise. The two important considerations of options, uncertainty 
and flexibility, are not present in decision tree analysis (DTA). Decision trees 
are pictorial representations of the DCF mechanics. The branches in a DTA 
represent private risk (similar to how cash flows are probability adjusted in 
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the numerator in a DCF equation), and the NPV that is produced is a blind 
discounting of the entire tree (using a generally arbitrary discount rate) with-
out consideration for decision flexibility.

The DTA advocates may argue that to capture uncertainty, they do sce-
nario analysis; so instead of one NPV, they create three or even more NPVs 
(such as average, optimistic, pessimistic, and really pessimistic scenarios). In 
this case, DTA analysis takes in apparently precise inputs (such as cost, time-
line, probability of success, and peak sales) and creates uncertain outputs 
(such as average NPV, optimistic NPV, and pessimistic NPV). One may want 
to suggest that it may be better to consider uncertainty in inputs (which we 
know exist) and create a single output (rather than many possible outputs) so 
that one can make a decision and act on it. For example, if one is trying to buy 
or sell an intellectual property (IP) position, having three or more different 
NPVs does not help as the checkbook can take only one number.

Regarding the apparent capture of options by the branches of a decision 
tree, one may want to suggest that if NPV is calculated (in the DTA) by 
assuming all future decisions are made now (and they are not contingent), 
that does not capture flexibility. If future decisions are choices or options, 
such decisions will be made in the future and not now. The branches of a 
decision tree are not options but a representation of private risks. Also, use of 
a constant discount rate across investment opportunities is fundamentally at 
odds with the application of the CAPM itself. So, DTA has no market uncer-
tainty and no decision flexibility, and the discount rates used typically are 
WACC or 10% (for ease of use), firmly removing any semblance to traditional 
finance theory (including the CAPM).

Even if one survives the wrath of decision tree consultants in attempting to 
impart options thinking in their companies, there may be further obstacles. 
One issue is that (at least in the United States) decision makers have gotten 
too used to IRR and DCF analysis. The calculations are very simple, and 
everybody understands them. Options analysis is not that simple, and this 
creates anxiety for decision makers. Managers are not comfortable making 
decisions on attributes or calculations they do not understand. If better tools 
exist, this may not be an issue, and we are making progress in this dimen-
sion. It will be helpful to get the decision maker focused on the assumptions 
(and the uncertainty around the inputs) as well as the decision framework 
(and associated decision flexibility) rather than the output. If confidence can 
be built that newer tools have made the calculation mechanic facile and fast, 
it will allow the decision makers to engage in richer discussions around the 
factors that drive the decision. Such a process in which analysts and deci-
sion makers engage in describing all uncertainty in assumptions as well as 
choices they can make in the future will help to increase both confidence 
and decision quality. The lack of confidence and the lack of comfort in results 
from traditional analyses force them to commission more analyses, leading 
to many results—average, pessimistic, optimistic, and so on—making clean 
decision making difficult, if not impossible.
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Other issues are executive compensation and managerial incentives. In the 
past two decades, companies have moved into using employee stock options 
as a major incentive mechanism for key employees. However, managerial 
decisions have asymmetric payoffs for the manager who is making the spe-
cific decision because decisions have differing impacts on the individual and 
the entire company. Even if the manager believes a better method exists to 
reach certain decisions, the manager may not commission it. This points to a 
larger agency problem in the enterprise, and it requires more attention from 
the shareholders and organizational theorists. As tools improve in analyz-
ing information systematically and creating more optimal decisions, it is 
imperative that companies design appropriate organizational structures and 
incentive systems to take advantage of them.

One other form of institutional resistance comes from the decision makers 
themselves. Some are not comfortable with the “systematization” of the deci-
sion process they have been conducting qualitatively for decades. If good 
intuition can be replicated, some may think that it will undervalue what 
they currently do. After all, those who make good decisions on a gut feel 
are sought by shareholders, so those who are good (or think they are good) 
have no reason to implement any technology in the decision process. Even 
if one is good in selecting and designing projects and managing a portfolio 
of complex projects by gut feel, he or she has to consider obligations to the 
shareholders of the company. What if this person can improve his or her 
intuition or, even if he or she is perfect, still has to develop future decision 
makers for the company? Can this person really hope that the next chief 
executive officer will be as good, or will the new person require a series of 
trials and errors to improve? In the latter case, the person should consider 
more systematic approaches to decision making as the future of the com-
pany may depend on it.

Academic and institutional challenges exist in the implementation of 
options thinking. Academic challenges to options analysis can be overcome 
by pointing out that markets are reasonably (not perfectly) efficient, markets 
are increasingly (not fully) complete, and managers are reasonable (not fully 
rational) human beings; all theories provide a framework for thinking, and 
practical applications will always be imperfect. Decision options is a gener-
alized method that takes into account technical and market uncertainty as 
well as decision flexibility. It is better to consider uncertainty and flexibility 
that we know exist rather than ignoring them as is the case in traditional 
finance.

The institutional resistance to change is sometimes more difficult to over-
come because certain participants have a vested interest in perpetuating 
status quo or decision makers are uncomfortable or unwilling to consider 
new methodologies. Here, we need new and better tools that will make 
the analysis more facile and faster, allowing decision makers to focus on 
what is important and avoiding the somewhat meaningless debates around 
uncertain results. If organizations are designed better with more aligned 
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incentives for managers, it will become easier to more broadly apply options 
thinking in decisions.

In summary, decision makers should not wait until markets are complete 
and fully efficient to start incorporating options-based analysis. They also 
may not have to wait to think about these ideas until all incompetent man-
agers (who do not exercise options optimally) are removed from companies 
by frustrated owners. Also, uncertainty (private and public) and flexibil-
ity are integral to options, and any theory, methodology, tool, or scheme 
that does not take these into account systematically is not options analy-
sis or applicable across investment choices that exhibit these characteris-
tics. These ideas have been with us for over two decades—the academic 
debates and decision tree consultants have prevented companies from tak-
ing advantage of them.
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15
Past, Present, and Future

The Industrial Revolution ushered in an era of a production economy in 
which a single powerful idea resulted in gigantic industries and huge enter-
prises that thrived on scale. In the scale economy, efficiency was very impor-
tant, and managers had to focus on getting the conveyor belt moving in the 
most optimal fashion. Hand-and-motion studies were conducted to assess a 
better way of producing goods from a generally unchanging specification. 
Strict time records were kept, and wages were only functions of duration of 
work or production. The contract between the employee and owner was sim-
ple: wages for time worked or goods produced. Measurement was reason-
ably straightforward: recorded time on punched cards or paper or a count 
of produced units of goods. This was sufficient to execute the wages part of 
the contract. Work was characterized as a commodity product—a substitute 
could be found with relative ease. This was an era of determinism.

The introduction of a manager in the scale economy meant a slightly higher 
specialization in work. Some of the skills of the scale economy manager—
a strict adherence to rules, error-free record keeping, and the handling of 
money—were different from the skills of a production worker. These skills 
made the manager less of a commodity, although substitutes can be found 
even for that skill set. This is the beginning of the skills-based class struc-
ture in large enterprises. When the owner noticed such a difference (as did 
the manager), the contract between them became a bit more complicated 
than the worker–owner contract. Ease of measurement of work done and 
the linear relationship between compensation and work existed in contracts. 
One of the differences in the manager’s job, however, was the criticality. The 
downside risk of underperformance of the manager was higher (from the 
owner’s standpoint). The owner thus was willing to take insurance against 
such downside risk through a positive reinforcement of an attendance bonus 
or a negative reinforcement, such as a threat of job loss for absenteeism, the 
former representing a call option for the manager and the latter a put option 
for the owner. A manager’s base compensation reflected the existence of 
these options over and above the base. As complexity of production (such as 
skills specialization in workers) increased, the manager’s role began to take 
a higher dominance in the overall system. The manager (because of intimate 
knowledge of workers) held information such as individual worker pro-
ductivity and the proclivity toward absenteeism that allowed the owner to 
optimize production. This upside potential further drove the owner to enter 
into complex contracts with the managers that included a production-based 
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bonus and profit sharing. Such contracts began to show complex embedded 
options for both parties to manage uncertainty. All these trends increased 
the managers’ power in the enterprise. Quality of management was then 
measured by the manager’s ability to produce more work (according to rela-
tively stable specifications and simple instructions).

As economic wealth increased, industries matured, and consumers became 
more knowledgeable, a new competitive arena, differentiation, became fea-
sible. In this environment, value became a function of features and utility in 
addition to weight and numbers. In this environment, the power of a single 
idea diminished, and integration of a sequence of ideas began to command 
higher competitive leverage. These ideas were generally extensions of an 
existing dominant idea or the bundling of one or more existing ideas. Since 
the owner’s value was now a function of production scale and scope of prod-
ucts, the owner–manager contract needed to be constructed to consider both 
aspects. Overall profitability of the owner was dependent not only on aggre-
gate production and efficiency but also on the rate of improvements made 
to the original idea. The value of the improvement was a function of both 
timing (how quick) and relevance (how profitable).

The initial reaction of the owner to the changing environment was the 
introduction of higher specialization of workers. Production and design 
departments were created and kept apart to ensure clean lines of account-
ability. Manager specialization was increasing as well. Production and 
design managers with different skills were sought even though the funda-
mental role of either manager was about the same: higher production. The 
production worker and manager contracts were relatively the same in the 
new environment. For the design worker and manager, the measurement 
complexity was higher. Since both the timing and the relevance of the speci-
fication change were important for owner profitability, incentives had to 
be designed to optimize both. These changes in production specifications, 
however, led to higher inefficiencies in production, and the scale advantages 
(on which the whole enterprise was based) were slowly disappearing for the 
owner (and to the owner’s dismay for the production manager as well). If the 
worker had a strict quantity contract, his or her compensation declined (as a 
changed specification took more time to produce and the brain needed to be 
retrained for a different set of routine activities).

This incremental disutility was compensated by the appearance of vari-
ety for the production worker for the first time. The possibility of replac-
ing a set of routine activities by another similar set of routine activities at 
regular intervals added utility to at least a cohort of production workers. 
For the production manager, this posed new challenges. Measurement of 
worker productivity became more complex, and calculation of compensa-
tion from quantity and time worked were not enough. Worker productiv-
ity did not follow a linear relationship with experience (some were more 
adept at changing quickly than producing more of the same specification). 
With these challenges came new information to the production manager that 
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could be used to leverage profitably for the owner. Both production worker 
and manager contracts changed to take into account, for the first time, the 
ability to change quickly into producing an incrementally different specifi-
cation drawn by the design department. Technological change during this 
time also lent a major blow to the scale-based enterprise. The idea of higher 
efficiency through increased scale was challenged by the ability to achieve 
rapid customization through technology.

There was more tension looming in the horizon for enterprises in the scope 
economy: a natural tension between the design and production departments. 
Complexity in contracts led to misaligned incentives between silos. This led 
to the design department changing specification with no regard to produc-
tion difficulties and the related erosion of profits for the owner. Forward-
thinking owners attempted to combine the departments or align incentives 
more closely to overall profits. Such owners quickly realized that design and 
production were not independent activities, and that production was likely 
to be the best place to extract design ideas. Leveraging the worker knowl-
edge (now fashionably called worker empowerment) helped many compa-
nies increase productivity. In all this chaos, managers gained more power 
as the owners generally lacked information to reach conclusions on optimal 
structures. Unfortunately, the managers’ utility curve had competing priori-
ties. One of these is the desire to have a large group of people working for 
the manager. This was partly the result of incentives in the contracts that the 
owner imposed on the manager. The power base was a function of the num-
ber of workers as the owners’ expectation of the managers’ knowledge was 
highly correlated with the number of workers reporting to the manager. This 
scale mentality led the owner to make incorrect decisions, and the owner 
was generally unable to maximize value.

The spread of ownership through mature equity markets and the efficiency 
of information flow finally provided a new way out of this manager–owner 
stalemate. One outcome was the removal of managers whose utility curves 
were in conflict with overall firm value. To the surprise of owners, the scale 
and scope economy had created a huge growth in the number of manag-
ers, and the removal of a substantial part of this management layer actually 
increased firm profitability. This manager downsizing was also accompanied 
by the breaking up of large enterprises into smaller entrepreneurial units 
with higher alignment of incentives among workers, managers, and own-
ers. This increased flexibility and the ability to manage the enterprise under 
uncertainty. This brought huge incremental value to the overall economy.

During this time, the business environment was experiencing the third 
major change, one that is driven by innovation. Industry finally arrived at 
a point in time that recognized that the brain is in fact more powerful than 
muscle. Scale from the production of powerful single ideas and the incremen-
tal extensions of such ideas through scope gave way to the fundamental need 
for innovation. This was the first real break from the ideas that have been 
with us for so long from the Industrial Revolution. The innovation economy 
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is fundamentally different from the previous situations. In this environment, 
there was little role for the production worker or manager who performed 
essentially routine activities. Technology was available for automation of 
the routine, and leveraging the skills of the workers into innovation was the 
most important competitive lever. The transition into the innovation econ-
omy provided opportunities for companies to configure their value chains, 
taking each other’s strengths and weaknesses into account.

In the innovation economy, shortening product life cycles, diminishing the 
economics of product extensions, and accelerating the wealth of demand-
ing and discriminating consumers all point to a very different way of doing 
business. The competitive advantage is solely dependent on how fast and 
how profitably new ideas are generated in the new environment. It is not 
the quantity of routine production but the quantity of essentially nonrou-
tine innovation that is important. In this new era that is driven primarily by 
the rate of innovation, the traditional management processes and techniques 
need to be changed. The contract between owners and managers needs to be 
redesigned, and the incentive system needs to be rethought.

One important idea in this transformation process is flexibility. In the 
scale-and-scope economy driven by efficiency, we strive to reduce flexibil-
ity as flexibility generally hinders orderly production. However, if innova-
tion is the driving factor, flexibility has to take the front seat. Flexibility has 
to be used as a fundamental guiding principle—in organizational design, 
incentive and contract designs, human resources, infrastructure, planning 
and scheduling, and capital structure—in every aspect of business. What 
does flexibility mean in practice? Business thinkers have been using the term 
organizational agility to describe the ability of the organization to quickly 
adapt to changing environments, competition, and technology convergence. 
Flexibility is an organizing principle to enhance agility. Flexibility allows an 
organization to both identify trends early and adapt successfully. In general, 
as the size of an organization increases, flexibility decreases. One way to stay 
flexible is to design the organization in smaller entrepreneurial units that are 
tied together not by rules but by culture and competence.

Human resources is treated as an afterthought in many companies, and 
the term generally implies people management and not value enhancement. 
In the innovation economy, human resources assumes critical importance, 
and its treatment as a commodity in the scale-and-scope economy needs to 
be abandoned. Innovation is a result of both flashes of brilliance of individ-
ual creativity and systematic problem solving in groups of varied competen-
cies, skills, and expertise. Hiring based on set specifications and offices that 
resemble jail cells no longer work. Introducing higher levels of flexibility in 
human resources with a variety of skills and expertise and designing a work 
style that draws in more unconventional participants (who may not adhere 
to the standard 9–5 rules) are important for the development of a workforce 
capable of innovating at an accelerating rate. Companies also have to real-
ize that diversity is an important ingredient for flexibility. Human resource 



Past, Present, and Future	 299

policies that advertently or inadvertently encourage similarity in thinking, 
education, location, and physical characteristics will reduce flexibility and 
make the company vulnerable to failure in uncertain times.

Incentive and contract designs are also increasingly important in the inno-
vation economy. For example, configuration of the value chain of the com-
pany, including its suppliers and buyers, needs to internalize a systemwide 
flexibility: redundancy in critical suppliers; ability to increase and decrease 
purchases as new information is revealed; ability to reroute and reconfig-
ure in the event of major disruptions; ability to switch products, locations, 
and processes; and so on. Such systemwide flexibility needs to be reflected 
in better contract designs between partners that incorporate flexibility sys-
tematically and price them efficiently. Design of incentives has shown little 
innovation in recent times as most companies follow set principles such as 
stock options and top-down pyramidal compensation schemes inside the 
company and rigid contracts with suppliers and buyers outside. None of 
these have shown to be particularly effective in increasing productivity and 
shareholder value. One of the primary reasons is that these instruments are 
designed more for the scale-and-scope economy, and they generally fail in 
the innovation era. New instruments and methods need to be designed that 
will enhance innovation by the creation, nourishment, and optimal exercise 
of real options. Incentives should encourage better management of uncer-
tainty rather than attempts at eliminating uncertainty. Decision makers have 
to understand that uncertainty is a source of value if managed with flexibil-
ity, and conventional notions of minimizing risk at any cost will lead them 
down the path to mediocrity.

Corporate finance also has been stagnant in recent years in many aspects of 
capital structure, project financing, and portfolio management. The general 
tendency has been to apply traditional theory and assume that the capital 
providers also follow such ideas. For example, a significant amount of time 
and effort of senior decision makers is wasted in the “management” and 
“communication” of quarterly earnings. Although empirical evidence has 
been strong that enterprise value is a function of the future prospects of the 
company and the ability of its management to create, nourish, and optimally 
exercise options, many still act as if value is driven by a blind discounting of 
earnings of this quarter and projected earnings of next quarters.

Companies have to depart from traditional notions that real asset deci-
sions can be fully disconnected from the financing decisions and create a 
holistic portfolio management process that includes both. Management of 
the company in silos—where research and development (R&D) decisions are 
made disconnected from financing decisions and capital structure decisions 
are made in the absence of a good understanding of the risk of the real asset 
portfolio—is fraught with danger. It is clear that the “local optimization” 
attempted by large companies—in providing incentives for R&D to increase 
throughput in product extensions, marketing to increase volume, and 
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finance to meet the numbers—is by definition suboptimal for the owners of 
the firm.

The infrastructures of many large companies today reflect the rigid engi-
neering designs that have been with us since the Industrial Revolution. 
Those who moved forward faster, shunning legacy ideas of production, have 
been able to use infrastructure planning as a competitive advantage in itself. 
Toyota’s ascendancy in automotive manufacturing is a good example of early 
identification of the introduction of flexibility in manufacturing, including 
technology, location, and product design. Similarly, Hewlett-Packard’s appli-
cation of “postponement”—the ability to avoid full assembly of all com-
ponents until the product is ready to be delivered—required a rethinking 
of manufacturing and logistic infrastructure across the world. Companies 
have to almost religiously apply options thinking in designing and man-
aging infrastructure in the modern world, fraught with disruptions caused 
by natural and human-made disasters. Planning, scheduling, and manage-
ment—in both manufacturing and service industries—seem to depend a 
lot on historical data. Again, we see remnants of past experiences from the 
scale-and-scope economy at work. Arrival of computing power at almost 
zero cost allowed installation of large collection bins of historical data in the 
belief that such data will always allow better planning and management. In 
the last decade, enterprise resource management systems have proliferated, 
and data are piling in data warehouses at an exponential rate. It is not clear, 
however, how such data are used in reaching decisions and whether more 
historical data actually enhance planning and management. Attempts at 
precise forecasting of the future based on historical data are futile. A major 
role of historical data is providing information on uncertainty and risk and 
not on forecasting of future outcomes precisely.

In an era driven primarily by innovation, companies have to focus on incor-
porating uncertainty and flexibility in all aspects of business. These include

	 1.	Designing an organization that provides flexibility to adapt and 
learn

	 2.	Hiring, training, and retention policies to create human resources 
with maximum flexibility and diversity

	 3.	Designing compensation and incentives that allow optimal man-
agement of uncertainty (rather than attempts at eliminating 
uncertainty)

	 4.	Creating an infrastructure, both physical and financial, with maxi-
mum flexibility to cope with changing demand and needs

These conditions—flexible designs of organization, human resources, 
incentives, and infrastructure to cope with unavoidable (and not to be 
avoided) uncertainty—are necessary but not sufficient for success for com-
panies in the innovation era. In addition, decision makers must make better 
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decisions on how, when, and what to invest and how to maximize the value 
of their enterprises through holistic risk and portfolio management. They 
have to make decisions systematically based on market-based economic 
value and avoid the temptation to make ad hoc decisions. As you have seen in 
cases described in this book, decision makers can improve decision making 
through the application of systematic methodology, processes, and tools. A 
holistic framework that considers uncertainty and flexibility is essential for 
better management of today’s and tomorrow’s companies.
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