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ABSTRACT

The gplication d fundamental option pricing models (OPMs), such as the binomial and the Black-Scholes
models, to problems in information techndogy (IT) investment dedsion making have been the subjed of
some debate in the last few yeas. Prior reseach, for example, has made the cae that pricing “red options’
in red world operational and strategic settings offers the potential for useful insights in the evaluation o
irreversible investments under uncertainty. However, most authors in the IS literature have made their cases
using ill ustrative, rather than adual red world examples, and have dways concluded with caveas and
questions for future reseach abou the gplicability of such methods in pradice This paper makes three
important contributions in this context: (1) it provides a formal theoreticd groundng for the validity of the
Black-Scholes option pricing modd in the @ntext of the spedrum of capital budgeting methods that might
be enployed to asessIT investments; (2) it shows why the ssaumptions of bath the Bladk-Scholes and the
binomial option pricing models place onstraints on the range of IT investment situations that one can
evaluate that are similar to those implied by traditional capital budgeting methods guch as discourted cash
flow analysis; and (3) it presents the first applicaion d the Bladk-Scholes model that uses a red world
business ftuation involving IT as its test bed. Our applicaion focuses on an analysis of the timing of the
deployment of point-of-sale (POS) debit services by the Yankee 24 shared eledronic banking network of
New England. This application enables us to make the cae for the generaizability of the gproach we
discussto four IT investment settings.
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1. INTRODUCTION

Recait reseach in the Information Systems (1S) literature (e.g., Clemons, 1991, Dos Santos, 1991,
Kambil et a., 1993 Kumar, 1996 Chalasani, Jna and Sullivan, 1997 has recognized the importance
of utilizing the theory of irrevesible investment under uncertainty (Dixit and Pindyck, 1994 to
emphasize the option-like dharaderigtics of information technology (IT) projed investments. A
projed embeds a real option (e.g., Sick, 199Q Nichols, 1994 Trigeorgis, 1995and 199§ when it
offers management the oppatunity to take some future adion (such as abandoning, deferring, or
scding W the projed) in response to events occurring within the firm and its business environment.

Yet, in spite of this new interest, littl e work published in the IS literature aldresses the problem of
evaluating such "red options' in pradice Moreover, various authors have expresed a number of
concerns related to the dficacgy of applying option pricing theory to I T investments.

The fild of Finance has developed a variety of option pricing models (OPMs), with the
fundamental ones being the binomial and the Black-Scholes model option pricing models. Becaise
these models were originaly developed to evaluate options on seaurities traded in the financial
markets (e.g., European and American put and cdl options), they make ceatain assumptions that more
naturaly apply to options on traded assts. Over time, these models and their extensions have dso
been used in a variety of evaluative settings involving capital budgeting investments embedding red
options (e.g., Kogut and Kulatilaka, 1994 and Badwin and Clark, 1994). In this context, however,
the validity of these models is often questioned: the aiticisms primarily focus on whether one can
analyze non-traded assets using models that were formulated to evaluate as<ts that are traded in a
financial market.

The Bladk-Scholes model is espedally interesting in this regard. Althoughthere exists a general
perception among IS reseachers that OPMs, and the Bladk-Scholes model in particular, may not be
applicablein IT caoital budgeting due to their theoreticd basis and key assimptions (Kauffman et al.,
1993 p. 588), our realing of the relevant literature in Finance suggests a diff erent view -- one that we
develop fully in this reseach note. This paper makes threeimportant contributions in this context:
(1) it provides a formal theoreticd grounding for the validity of the Bladk-Scholes option pricing
model in the mntext of the spedrum of capital budgeting methods that might be employed to
as®ess IT investments; (2) it shows why the asaumptions of both the Bladk-Scholes and the
binomial option pricing models place onstraints on the range of IT investment situations that one
can model that are similar to those implied by traditional capital budgeting methods such as
discounted cash flow analysis; and (3) it presents the first applicaion of the Bladk-Scholes model
that uses ared world business tuation involving I T asitstest bed. Our applicaion focuses on an
analysis of the timing of the deployment of point-of-sale (POS) debit services by the Yankee 24
shared eledronic banking retwork of New Engand, and enables us to make the cae for the
generali zability of the goproach we discuss

2. ITINVESTMENT OPTIONS: MODELING ISUES

The gplication of option pricing models to evaluate projeds has been reported by reseachers and
praditioners. Baldwin and Clark (1994 examined how the design of software aedes options for
rapid deployment of future software products development when software is reused. Kogut and
Kulatileka (1994 used OPMs to gauge the value of production flexibility in world-wide
manufaduring operations affeded by foreign exchange rate movements. And, Nichols (1994, in an
interview with Judy Lewent, then chief financid officer of Merck & Co., the pharmacaiicd
manufadurer, discuses how OPMs are used to evaluate rporate aquistions that promote
pharmacaiticd R&D. We next introduce the IT investment problem that Yankee 24 faced, and
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explain the situational spedfics that prompt us to frame Yankeés stuation in terms of techniques
from the literature on irreversible investment under uncertainty, instead o the usual capital budgeting
techniques asociated with net present value analysis.

2.1. TheYankee24 Timing Option

Y ankee 24 was formed in 1984to provide dedronic banking retwork services to its more than 200
member ingtitutions. It charged a one-time membership fee ad a transadion feefor al eledronic
banking transadions srviced by the Yankeeswitch. In 1987 Richard P. Yanak, Yankeés president,
evaluated the businesscase for providing POS debit card network to member firms, in addition to its
traditional businessof switching automated tell er machine (ATM) transadions.

Entry as ealy as 1987 into the POS debit market had broad apped. It would have generated
revenues and creaed entry barriers for potential network competitors. Additionally, there was good
patential for future revenues, e.g., the passhility that state governments would start using eledronic
payments to ddliver welfare benefits was one indication of how large the revenues could grow.
However, at this time the POS debit card businessinvolved considerable uncertainty. For example,
the percdved environmental risk was sibstantia; the expeded revenues in New Endand might be
low, if consumer accetance and retailer adoption were @& dow as what had been observed in
California ealier in the decale. Retailer adoption was percaved to be espedaly criticd: the state of
Massachusetts, representing about 50% of the total New England market, regulated the aloption of
eledronic banking services by non-banking industry participants. A second source of uncertainty
derived from Yankeés ladk of maturity as an ATM service provider. The network, whose ATM
service infrastructure would subsequently grow to serve more than 700 firms, did not have dl of the
network resources it needed to suppat a new businessin place athetime. Time would tell whether
growth in the ATM businesswould provide the complementary network technology asts to make
the sts of entry into the POS debit market acceptable.

Yanak's grategic vison of the growth potentia of Yankeés eedronic banking services
encompassed growth outside the limited redm of ATM banking. He dso recognized that Y ankeehad
the option to wait to achieve the best timing for entry; in his view, this was threeyeas later. Thus,
from Yanak's perspedive, a dedsion to enter the debit card businesswas a matter of timing. Yankee
could afford to wait becaise there were no credible threds in its immediate markets: the only possble
competitor at the time, the New Y ork Cash Exchange (NYCE), ajoint venture of several New Y ork
City-based commercial banks, had no presence in the ATM or the POS debit markets in New
Endand. In this ®nse, Yanak believed that Yankee 24 could operate & a nea monopdy in New
Endand -- at least urtil NY CE or some other competitor chose to enter the POS debit market. By
waiting, Yanak reasoned, uncertainties concerning the accetance of POS debit services in Yankeés
markets and the viability of additiona irreversible network infrastructure investment would be
resolved. In turn, this would enable Yanak to lean more aout the potential returns to such
investment. For example, the accetance rate might increase @ consumers leaned about the
convenience and value of POS debit services. Simultaneoudly, Y ankee ould take adionsto lower its
market entry risk, e.g., by lobbying for changes in Massaachusetts statutes to promote POS debit
adoption. Naturdly, by waiting Yankeewould lose some revenues. More importantly, waiting too
long could leal to market share gains by competitors who had no prior presencein the market.

With these oncernsin mind, Yanak pased two key questions: how long should Y ankee24 wait to

enter the POS debit card market? Could quantitative analysis bea out his intended approach, given
Yanke€soveral strategy and the prevaili ng competiti ve stuation?
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2.2. Modeling Issues

Two dternative goproaches to modeling Y ankee s dedsion problem are discounted cash flow (DCF)
analysis and ogtion pricing andysis. The seamnd approad is relevant in this instance becaise of
Yankeés ahility to defer entry: it possessed a deferral option.  This option existed becaise, at the
time, Y ankeehad a near monopdy right to invest in the New England market for POS debit services.
(More predsely, Yankeeoperated in a duopdy, but it expeded to hold a “leadership” position for at
least the next threeyeas, dueto theladk of other credible threds.) NY CE, for example, did not have
sufficient infrastructure in New Engand to enter the POS debit market. More importantly, NY CE did
not have the installed base of member banks that Y ankeehad in New England. These banks were the
ones responsible for planning and aggressvely promoting POS debit services to retail ers who would
use the services to garner additional income. Y anak felt that NY CE would nedd at least threeyeasto
develop these "resources”  Yanke€s ability to flexibly defer this roll out can be viewed as an
American call option. In financia market terms, a call option confers upon the owner the right, but
not the obligation, to purchase aseaurity at future date & a pricethat is establi shed when the option is
creded. American ogions are those which can be exercised on or before their expiration date (unlike
European options which can be exercised only on their expiration date).

How can NPV and option pricing be used to answer the question Y anak faced? We identify four
reasons why these gproaches will tred the issues differently. First, in Yankeés case, it is important
to recognize that the distribution of the expeded returns on the POS debit projed probably is not
symmetric. (SeeFigure 1A.) In NPV, animplicit way to acount for this asymmetric distribution is
to cdculate the NPV for the worst, most likely and best case scenarios, while using one risk-adjusted
discount rate that applies equally well to all these scenarios. By contrast, option pricing is able to
explicitly model thisasymmetric distribution; it alows usto describe the uncertain projed revenuesin
terms of their expeded value and their potentia variability (or standard deviation).

Seoond it isimportant to understand that the NPV and option pricing perspedives differ in the
way they trea Yankeé s ability to defer POS debit roll out. (SeeFigure 1B.) The thick line on the
left graph represents the possble investment value based on the usual NPV dedsion rule: “Don't
invest if NPV is negative.” Thislineisalso the dasscd “kinked” payoff profile that is often seenin
ill ustrations of simple cdl option analysis; it coincides with the vaue line of a cdl option, but only if
the option were one that matures immediately (i.e., this would have been the cae if Yankeés had a
“now-or-never” type of investment). Thus, NPV can be said to reaognize the value of embedded
deferral options, but only when the options mature immediately. Overal, if NPV were to alow the
explicit modeling of asymmetric returns, following the dedsion rule implied by both the NPV and the
option pricing perspedives diftsthe distribution of the expeded returnsto the right.

Third, an option to flexibly defer investment for some time T>0 has alarger expeded vaue than a
now-or-never type of investment. Recdl that by waiting Y ankee hopes to get additional information
to make amore informed investment dedsion, assuming that the value of this information could
exceal any posshle lossoccurring during a reasonable deferral period (e.g., lossof market share to
competition). Hence at any moment Yankee ca choose to continue to wait and thus hold the option
(i.e., as an investment oppatunity), C;, or implement the operational projed, A—X (i.e, as an
exercised option that yields revenues with the value A and results in red costs, X). (SeeFigure 1C.)
Yankeeshould be indifferent between these two alternatives only when the information avail able &
time T indicaesthat A is expeded to be higher than the point where the two curves become tangent in
the left graph.



Benaroch & Kauffman

Fourth, it isnecessary to balance the impads of obtaining valuable information to inform dedsion
making and foregoing revenues from an implemented projed. When a firm holds an American IT
investment option and deferral means losing some revenues, waiting urtil the time that the option
expires to make the investment can be suboptimal. (SeeFigure 1D.) Asaime we ae & time t;.
Further waiting unil ti met,, with t;<t,<T, affeds investment value, A—X, such that:

» Adedinesdueto the foregone revenues for not implementing the projed;

« themargina value of waiting from timet to t,, to resolve uncertainties about the size of
expeded revenues may be uncertain (but it generally dedines); and,

e theinitia investment cogt, X, will become smaller in present value terms.

So, depending on the magnitude of these value flows, the vaue of the option exercised at time t;
might be higher than if it were exercised at t,. Following the logic that Yankee ca ether hold the
option or the operational projed, option pricing analysis implies that it is optimal to invest at time't’,
0< t'<T, when the deferral option takes on its maximum value.

Our discusson to this point suggests major diff erences between the two modeling approaches.
The most basic of them is that unlessan attempt is made to explicitly model asymmetric returns (as
we explained above), NPV will always undervalue. In other words, blindly following the NPV>0
dedsion rule of DCF analysis can be incorred; for example, a pasitive NPV at ty would advise that
the investment be made now; the value of waiting to implement a projed, which can change
dramaticdly under different market conditions, is smply not considered. And, even if one were to
modify the standard NPV rule to “invest at time t, such that NPV is maximized (assiming it is
positive),” applying this rule would ill involve difficulties: DCF analysis provides no way to
incorporate new information that arrives, to update estimates of expeded revenues, and, cdculating
NPV for different pointsin time requires the analyst to estimate adiff erent discourt rate for ead.

Option pricing analysis avoids these difficulties by using models that take into acourt the fad
that changes in revenue expedations will occur as time passs. No parameter adjustments (e.g.,
discourt rate or the expeded value of revenues) are needed. Instead, these models incorporate this
kind o information by explicitly considering the asymmetric distribution of expeded revenues, and
their percaved variability. This is acomplished with a model parameter that is referred to as
volatility in the Financeliterature; it refleds the variance of the expeded rate of return on the projed.
Aside from this important “ease of use” isaue, applying option pricing concepts is attradive becaise
of the mnceptual clarity it bringsto the analysis. Y anak's experience suggested that the high patential
variance of expeded revenues from a POS debit roll out would be the key element in making the right
dedsion; he was far lessconcerned about the mean value of the distribution of potential outcomes. In
this sense, option pricing seamed just right: it provides an analyticd foundation for structuring
expedations about the firm's future business oppatunities in a way that matches the thinking of a
senior management dedsion maker.

2.3. Fundamental Option Pricing M odels (OPM s)

We next present the basics of the two models most commonly used to price financia options: the
binomia and the Bladk-Scholes models. These ae dso the most fundamenta option pricing models
that can be used in capital budgeting analyses of IT investments. For clarity in exposition, we first
discussthese modelsin the mntext of European options; models for American options can be derived
from them. We amploy the following rotation:

C —vaueof a cdl option;

A — value of option's underlying risky asset (stated in terms of the present value of expeded
revenues from the operational projed);
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u— rate of return expeded on A (growth rate of A over time);
o — volatility, the standard deviation of the expedted rate of return on A;

X — option's exercise price (cost of converting the investment oppaturity into the option's
underlying asst, i.e., the operational projed);

r; — therisk-freeinterest rate (usually implemented as the rate of return on U.S. Treaury Bill 9);
r— 1+ry
T — option's time to maturity or expiration (i.e., the maximum length of the deferral period).

The binomial model (Cox and Rubinstein, 1985 pp. 171-178) assumes that A foll ows a binomial
distribution. Starting at time zeo, in one time period At, A may rise to uA with probability q or fall to
dA with probability 1-q, where d<1, u>1, and d<r<u. Theterminal value of a cdl option on A which
maturesin At is C,=max[0,uA—X] or C4=max[0,dA—X] with probabiliti es q and 1-q, respedively. By
setting p=(r—d)/(u—0d), the arrent value of the cdl option can be written as:

_ pC,+ (- p)Cy _ pmax0,uA- X]+ (1- p) max0,dA- X]

r r '
Equation 1 can be goplied to determine the two passble vaues of the cdl option at time 1, C, and Cy,
if the option's underlying asst is uA or dA a time 1, respedively. Similarly, Equation 1 can be
applied to an option that matures in n time periods (where At=T/n). The price of a cdl option
cdculated using the binomial model, denoted by C®™, can be written as the implicit function
CBN=C™NAX,T,nudp,r).

In the Black-Scholes model (Hull, 1993 p. 224), the vaue of a cdl option is its discounted
expeded terminal value, E[Cy]. The aurrent value of a cdl optionisgivenby C= e’ E[C;], where

e isthe present value fador for risk-neutral investors.? A risk-neutral investor is indifferent
between an investment with a cetain rate of return and an investment with an urcertain rate of return
whose expeded value matches that of the investment with the cetain rate of return. Given that

Cr=max[0,A—X], and assuming that Ay islog-normally distributed, it can be shown that:

C

IN(A/ X)r:T 1
C=AN@) e TXNWD),  dim e I L Ao =404,
T 2
where N() is the amulative normal distribution. Call option value, C, cdculated using the Bladk-
Scholes model, denoted C®°, can also be written as the implicit function C®5=CBS(A,0,X,T,ry).

2.4. Preliminary Comparative Analysisof the Binomial and Black-Scholes M odels

The next part of our discusson has two oljedives. First, we intend to compare the binomia and the
Blad-Scholes modedlsin terms of their mgjor assumptions and strengths. (SeeTable 1.) For example,
an apparent strength of Bladk-Scholes is its computational simplicity; it has a dosed-form solution.

This, in turn, makes it easy to conduct sensitivity analysis using partial derivatives. With the Black-
Scholes model, however, what fadlit ates the derivation of a dosed-form solution is two explicit

L Of al the parameters in this model, clearly o will be the most difficult to estimate in areal option pricing context. A
and X must be estimated for NPV as well, and i, as it turns out, does not have to be estimated in our analysis. We aso
avoid having to estimate a discount rate, in lieu of r¢, which can be readily observed in the financial markets for a US
government debt security of appropriate maturity.

2We will shortly explain that risk neutrality need not be assumed for the results to apply in our analysis.

@

@
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assumptions regarding the distribution of A and the investors attitude towards risk. Althoughit may
seam that these asumptions are gtrict, we will show that they have reasonable basis of interpretation,
and that they typicdly apply to the binomial model aswell. Seaond, we will show that although eadh
model involves explicit assumptions that apply to options on traded assets, these assumptions do not
prevent use of the models for options on non-traded as<ts.

2.4.1. Digtribution o the Present Value of the Projed’s Expeded Revenues

Whereas the binomial model asaimes that A foll ows a binomia distribution, the Blad-Scholes model
assumes that A is lognormally distributed. Both assimptions are meant to refled the fad that the
value of the underlying asst, A, can increase to infinity, but only fal to zero. Does the binomial
digtribution offer a better description of A’s behavior? One must recognize that even theorists view
the binomial diffusion processas an approximation to another process The reason hesto dowith the
fad that determining u and d is a difficult empiricad problem becaise @t prices rarely follow the
classcd multiplicative binomia process Hull (1993 p. 202 points out a wmmon way to choose
these parameters:

u=e?VB, d=1/u=goVM, p=(a-d)/u-d), a=e.

This choice of parameters assumes that, for a small At, the expeded return on A and its variance will
be pAt and ?At, respedively. With this choice of u, d and p, asn— o and At 0, A is asaimed to
follow the same distribution assimed by the Bladk-Scholes model — a geometric Brownian motion
process AA/A=LAt+oeAt, where AA/A is normally distributed with mean T and variance o°T (e is a
random drawing from a standardized norma distribution). As At-0 and n- oo, the binomia
diffusion processwill converge to the lognorma diffusion process

2.4.2. Investors' Risk Attitude

The Bladk-Scholes model assumes that investors are risk-neutral.®>  This asaumption eliminates the
need to estimate the oppatunity cost of capital of the option, &:. This cannot be spedfied becaise the
risk of an option dynamicdly changes as the value of A changes and as time passs (Bredey and
Myers, 1988 p. 485). It enables present value discounting of the expeded payoffs from the option by
r, the continuously compounded risk-freerate of return, independent of risk preferences or market
equili brium considerations. This means that the Blad-Scholes model implicitly requires that A be
traded and that no arbitrage oppartunities exist. Moreover, this also means that, under risk-neutral
valuation, the analyst's experience is prevented from entering the analyss, unlike in other capital
budgeting techniques, where the dhosen cost of cepita refleds what the analyst percaves to be the
balance between the risk and reward charaderistics of the projed.

—————— INSERT TABLE 1 ABOUT HERE ------
Does Bladk-Scholes cdculate the "corred” option price? After dl, we want to find how much an

IT investment option is worth to a spedfic dedsionmaker, not the entire market. Also, we know that
many IT projeds cannot be realily traded. This concern aso arises with the binomial model. It

3 Hull (1993 p. 222 provides another perspective on the assumption of risk-neutrality. He explainsthat the solution of Black-
Scholesisvadidin all worlds, not just arisk-neutral one. If anything, this srengthens the case we will make. When we moveto
arisk-averse world, two things happen that aways off set each other's eff ects exadly: y, the expected growth ratein A, changes,
and dc, the discount rate used for payoffs from the option, changes. This argument cannot be shown formally, because there is
no analyticd or pradicd expresson to price the opportunity cost of cgpital of an option, &. Moreover, in the spirit of Hull's
argument, Sick (199Q p. 22) showed that the pricing formulas underlying the Blad-Scholes model can be dternatively derived
when the decisonmaker is assumed to be risk-averse.  Although Sick's argument applies to options on traded assts, our
upcoming discusson argues that it should hold for options on non-traded assets as well .
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implicitly assumes risk neutrality because Equation 1 discounts any payoffs from the option by r
=1+r;. Thefad that Equation 1 involves probability p, not g, meansthat investors will all agree dout
the relationship between C, A and r, just as if A were traded. Note that px(r—d)/(u—d) is the risk-
neutral counterpart of the subjedive probability g=(dc—d)/u—d perceived by a dedsionmaker.
Findly, requiring that d<r<u is akin to assuming ro arbitrage oppatunities (e.g., when r<d<u, an
investor can borrow money at r and invest in A to make arisklessprofit).

The Finance literature offers svera strong arguments in suppat of our case for using the Black-
Scholes model to price IT investment options. Mason and Merton (1985 suggest that, in capital
budgeting, irrespedive of whether a projed is traded, we seek to determine what the projed cash
flows would be worth if they were traded (i.e., as their contribution to the firm's market vaue®).
According to this argument, a firm should seek to avoid having the andyst's subjedivity enter the
analysis © asto prevent arbitrage oppatunities. No matter though over time projed va uation biases
resulting from analyst subjedivity would leal to arbitrage oppatuniti es that the market will "corred”.
To seethis paint, consider the following two pcsshiliti es. First, if the analyst uses a st of capital
that istoo high, the projed’s cdculated NPV will be lower than it should be. This phenomenon leads
afirm to underinvest, and thus fail to exploit its potential to yield higher returns. Because the firm
will then "trade" for lessthan it isworth, eventualy there will be some e@nomic egent who would be
inclined to purchase the firm. Alternately, if the analyst usestoo low a st of capital, the firm would
end up investing in projeds that don't produce profits consistent with the oppatunity costs of capital
invested elsewhere. If this occurs on a widespread basis within afirm, it is doamed to failure in the
marketplace

In summary, our preliminary comparative analyss swows two things. First, the major
assmptions of the Bladk-Scholes model are based on a reasonable interpretation of the underlying
emnomics of capital budgeting in a wmpetitive market. Seand, these asImptions are mmparable
to the ones made by the binomial model. The secnd observation means that C*N would converge to
C® under the following conditions (Cox and Rubinstein, 1985 p. 205). In pradice the binomial
model sets a in Equation 3 to be a=€™ because of the risk-neutrality assumption. Thus, we can write
CN=C®™(A,0,X,T r) with u=u(a;r), d=d(u), p=p(u,d,ry), r=r(r), and n is an arbitrary value in our
control. Also, when the period d time, T, is long enough (one yea or more), choosing n to be large
enough (where At=T/n, n=300 @ so) ensures that the multi pli cative binomial processwould converge
to the Black-Scholeslognormal diffusion process

Inlight of this discussgon, we seeno dsabling conceptua difficulti es associated with our seledion
of the Bladk-Scholes model over the binomial model for analyzingthe cae of Yankee24's dedsion to
roll out POS debit services.” Bladk- Scholes offers both computational simplicity and strong suppart
for sengitivity analysis, as we will shortly ill ustrate. Becauseits lution is a dosed-form expresson,
one can anayze danging expedations about the key variables in a way that matches the analyst's
intuition about the likely impaa of a dianging environment on profitability estimates that form the
basisfor rational dedsion making.

4 This is akin to the case where the investing firm is pubicly held, and if its managers want their decisions to reflect the
shareholders interests, they should try to maximizethe firm's market value.

5 An dlternative approach is siggested by thework of Dixit and Pindyck (1994. They mode investment decisions that involve
options for the firm using a dynamic programming approach to identify critica points at which it would be optimal to exercise
an option (i.e,, undertake a project). Though their analysis would be implemented dff erently than what we do here, it would
rely on many of the same conceptual preliminaries from financial economics. In fad, it would lead to an equivalent solution,
under the asumption of risk-neutrality (p. 152).
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3. APPLYING THE BLACK-SCHOLES MODEL

In Yankee 24's case, usng the standard Bladk-Scholes model is not posshle becaise Yankee
posessed an American option on a dividend pajing asst. In this instance the reader can think of
dividends as the revenues logt during the time that Yankee deferred POS debit market entry.
However, Bladk-Scholes is the basis for several models for pricing American options; some of these
are analyticd in reture and some ae procedural, enabling an analyst to establish option value (see
Hull, 1993 p. 235. Of these models, we chose to use a procedural model cdled Blacks
approximation for its smplicity and its relative acaracy in computing option value.® We next review
thismodel and then discussthe results of its application to Y ankeés dedsion problem.

3.1. Pricing Yankeée s Option Using Black’s Approximation

Blad’ s approximation assumes the existence of an American cdl option that matures at time T, where
the underlying asset paysadividend D at timet, O<t<T. To find whether an ealy exercise d timetis
more profitable, this procedure requires using the standard Blad-Scholes to cdculate the prices of
European options that mature & T and t, C; and C,, and then setting the American price to be the
higher of these two. Of course, to compute C,, the value of the underlying asset used in Equation 2
must be A lessthe foregone dividend, D, discounted for the period T-t. This procedure can dso be
applied when there ae anumber of ex-dividend dates.

To analyze the investment dedsion Yankee facel in 1987 we used interview data from senior
managers to arrive a spedfic assumptions concerning the parameters needed by the Bladk-Scholes
model. Based on the ealier POS debit experiencein California and Yanak’s opinions, our anaysis
will assume that the New England market was estimated to be 25% the size of the California market
for POS dehit transadions. Ancther concern was to estimate the range of potential revenues on the
high and the low end, the distribution of revenues (i.e., normal, or skewed to the high or the low side),
the percaved variance or voldtility (o) of potentia revenues (if there was any), and the uncertainties
that might be resolved and thus contribute to 0. Interview questions were geaed towards reveding
the various estimates, assuming that the adual entry would occur sometime between 1987and 1990
The interview process reveded an edtimate for this key model parameter, o, of between 50% to
100%." The estimates were based on crucia uncetainties about when the state of Massachusetts,
representing one-half of the overall market potential, would dereguate POS debit entry by firms
outside the state. For the present analysis, we chose to use the low end estimate, which may
underestimate the adual uncertainties that Y ankeefaceal with Massachusetts gate law.

Using Bladk-Scholes, we caculated the option value for different exercise dates ranging from
zeo to four yeas at intervals of one-haf yea, utili zing the parameter values and assumptions $rown
in Table 2. Table 2 aso shows results that were amputed by applying Blad’s approximation. The
results can be summarized asfoll ows:

5 Hull (1993 p. 236) reports on the results of an empirica study which compared three models used to price American
options on dividend paying stocks: the standard Bladk-Scholes, Blad’s approximation, and the analytica model of Rall,
Whaley, and Gesk. These models produced pricing errors with means of 2.15%, 1.48%, and 108%, respectively.

7 Our interviewess, as one might expect for people who are not trained to think in terms of analyzing variances, had some
difficulty in expressng the variance of the expected value of project returns as a single number, 6. Recognizing their
difficulties, we asked them to identify “break points’ that were associated with a given percent market size for New
England compared to California, by determining for what level of variance the project deferral option, C, would prompt
Yankeeto enter the POS debit market. As this processensued, it enabled us to settle on reasonable values for o. It also
enabled our interviewees to firm up their beliefs about the expected size of the New England market at 25% of California’s
in a oomparable adoption time frame.
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e The value of the projed investment option , Cy, exercised at maturity, T=4, is $65300, as
shown in Row Cy.

e The value of the option, C, , maturing at time t<T, is greder than its vaue & maturity for
deferrals between 1 /2 to 3 12 yeas, as $own in Row C,. (C; is cdculated based on values
for A that refled thelossof revenues and passage of time.)

e The value of the deferral option, C, , reades its maximum for a deferral of three yeas at
$152955, as siown in bad in Row max(C,, Cy).

These results auggest two conclusions, asauming that the New England market size is 25% of
Californiasand o isashighas50%. First, Yankeeis better off by not waiti ng to implement the POS
debit projed for four yeas, so long asthe roll out ocaurs after the end o the first yea (Cy < C,, for 1
<t<4). Seoond the optimal time to defer isthreeyeas (C; = $152955> C, , for all t except 3).
The logic behind these @mnclusions is clea. Recdl from Sedion 2.2 and Figure 1 that, for certain
expeded values of A, the values of the investment oppatunity and the operational projed were equal.
Asaresult, arisk-neutra firmwould be indiff erent between holding either. By the same token, profit
maximizing dedsions taken by the firm's management on behalf of its sareholders would prompt it
to convert an investment oppatunity into an operational projed at that point in time & which the
value of the investment oppatunity -- in this case, the deferral option -- takes on its maximum value.

3.2. Senditivity Analysis Using Black-Scholes Derivatives

Sengitivity anadysis aims at showing tow the results of an analysis change & its underlying
asaimptions (expressed in terms of the model's parameters) change. First derivative anaysis in the
context of the Bladk-Scholes model is much used in the investment arena for analyzing the sensiti vity
of the value of a financial option to changes in the variables. Vega, delta, xi, theta and rho — the
“Greeks’ or “Fraternity Row” as they are often referred to by praditioners -- provide the investment
analyst with a ready means to dscover a financia option’s senstivity to changes in the time to
expiration, increases and deaeases in the as®esed market value of the underlying seaurity, and
changesin the exercise price risk-freerate or the historicd pricevolatility of the underlying ast:

vega= A\ :a—C, delta= A :a—C, Xi== :a—c, theta= © :a—C, rho=p :a—c.
Jdo 0A oX ot or¢
As d$own in Equation 3, the derivatives are computed with resped to the value of the cdl option, for
volatility, the value of the underlying projed ast, the mst to exercise the option, the time decay of
the option as expiration reas, and changesin the risk-freerate, respedively. In addition to providing
the adyst with a reading on the sengtivity of an option postion to these parameters, option
derivative analysis is also used to devise hedging strategies that ensure a position is immunized
against movements or changesin the parameters that creae market or instrument risk.

These sensitivity analysis methods are similarly applicableto I T cgpital budgeting problems.
The expeded value of a projed that embeds an option may change & time pases, based on changes
in the exogenous environment of the projed, the managerialy controllable environment, and so on.
(In the red world, we ohserve that IBM OS/2-based computing infrastructures have bewme less
atradive & time has passed, and Microsoft’s Windows NT has gained installed base in the world of
client-server computing.  As a result, the value of IS projeds involving phased roll out of an OS/2
platform, or of appli caionsthat depend on OS2 for crucial suppat, has been negatively affeded over
time) To apply these ideas in Yankeés case, let us assume that the volatility of Yankeés POS

©)
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debit-related revenues drops by a cetain percentage (e.g., becaise Yankeeis excluded from entering
the Massachusetts market for regulatory reasons). Would entry still make sense? Or, what if the time
horizon for deferral were viewed as passhbly being longer than four yeas, based on areasssesgnent of
NYCE's inability to put the aiticd resources in placeto enable a ompetitive POS debit service
launch? When Bladk-Scholes is used, we can answer many such questions easily with derivative
analysis, without having to reestimate any variables or recompute any models.

To answer thefirst of these two questions, let us consider the first derivative of the Bladk-Scholes
cdl option value with resped to volatility, vega=A= dC/do = AVT N'(d;). Assume that A=$387,166
for aNew Endland market 25% the sizeof Cdifornia's, with X=$400000, 0=50%, and t=3. The vega
derivative results are shown in Table 2, which we examined in the prior subsedion. This relationship
tellsus that a 1% change in g, the variance of the expeded revenues from the IT projed, causes NPV
to change by A. (Recdl that an incresse in o is vauable because of A's asymmetric nature -- the
present value of the projed’s expeded revenues may go 1% higher than before, yet still go no lower
than zero.) In Yankeés case, A=218284 indicaes that an increase in o from 50% to 51% increases
the value of the deferred investment option by $2,183 Thisfigure can be viewed as an upper limit on
the amount of money Y ankee should be willi ng to spend (e.g., on loblying for regulatory changes in
Massadhusetts) to increase o by 1%. It also padnts out that increasing urcertainty makes the option to
defer entry more valuable. Table 2 includes the other derivative results for comparison purposes for
the reader.

A final feaure of Bladk-Scholes analysisisthat one can analyticdly derive vauesfor volatility that
are mnsistent with a given valuation of an investment oppatunity. Finance praditioners know
volatility in this guse & implied volatility, o': it is the variance of the underlying asst that is
consistent with (or implied by) the other variables, including the observed market value of the option.
In theory, this enables an analyst to determine abreak-even pant for any combination of option
parameters. Thus, asaiming that o is unkmwn and that al other parameters, including C, are given,
one can compute the Bladk-Scholes implied volatility. Thisis $milar conceptually to computing the
internd rate of return (IRR) in the ontext of NPV analysis.

3.3. Retrospedive Results Analysis

The results of our option pricing analysis are suppative of the dedsion Yankeés snior exeadtive
made a the time. Yankeedeferred entry into the POS debit market for threeyeas, which was later
recognized to have been just about optimal. However, Yanak's dedsion hed to be taken withou the
kind of suppative quantitative guidance that powerful analyticd techniques such as option pricing
can provide. Insteal, he almitted to us that there was more “sea-of-the-pants’ dedsion making than
he wished there had been. First, Yanak believed that uncertainty about the accetance rate of POS
debit services dedined significantly, based on results from POS debit roll out undertaken in other
parts of the wuntry. For example, by 1989 damatic growth had begunto occur in Californias POS
debit market. Seand Yankeés ATM switching business had readied a mature stage, freeng yp
resources to push POS debit services. Third, and most important, however, was an event in mid-1989
that had been previoudy unexpeded. The Food Marketing Ingtitute, a supermarket industry reseach
and lobhying organization, released a study that clealy demonstrated to retail ers the benefits of POS
debit transadions over other payment forms -- the average transadion cost per sale was 0.82% of the
sale value for POS debit, in contrast to 1.2% for chedks and 21% for cash. The results of this sudy
becane the primary tod in educding retail ers. With the turn of eventsin New England, goodfortune
played a central role in the outcome of Yankeés implementation of POS debit. With option pricing
as an andyticd tod to evauate the projed, for the first time, the content of the quantitative analysis
paraleled the @mntent of Yanak’s unasssted reckoning of what to da the ideaof getting the timing
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right, subjed to a range of volatile and uncontrollable future events, had now been included in the
formal analysis.

By mid-1990 Yankee had its first commitment from one of the largest regional supermarket
chains, Hanoford Brothers, which dedded to pilot the POS debit services in nine supermarkets in
Maine and New Hampshire. Yankeds sscond major POS debit sign-up was New England's largest
convenience store dhain, Stop & Shop, which chose to plot POS debit in Rhode Idand. Yankee
hoped that this pilot would help it to persuade legidators that POS debit was a service in the public
interest, and lead to a change of the law in Massachusetts. Since that time, the growth in Yankeés
POS debit businesswas phenomenal, from no POS debit terminalsin 1990to atotal of about 27,000
terminasin ealy 1993

4. BREADTH OF APPLICATION OF OPMS

Althoughwe have ill ustrated the strengths of the Bladk-Scholes model in aredistic end pradicd IT
investment evaluation case, we have not discussed some aiticd isaues that can threden the validity of
our analyss. The dedsion to apply OPMs, as well as our sdledion of the binomia versus the
Bladk-Scholes model, may appea straightforward to the realer, based on our discusson of the issues
in Sedion 2. In pradice however, one must understand the implicaions of severa other issues.
Table 3 shows how these isaues relate to implicit assimptions OPMs make @ncerning the option
being evaluated.

4.1. Asaumptions about the Distribution of the Present Value of the Projed's Expeded
Revenues

Implicit assumptions regarding the behavior and dstribution of A raise two important issues. First,
what happens when A can become negative? This issue was hot relevant in Yankeés case; it would
have been if, for example, below a cetain volume of POS debit transadions the ast of processng a
transadion were to exceal the revenues produced hy that transadion. When A may becwme negative,
bath fundamental OPMs cannot be gplied. However, there ae dternative models that involve
variations of Bladk-Scholes and the binomial models that will work. For example, thereisavariation
of Bladk-Scholesthat assumesthat A isnormaly distributed. A second method based on the binomial
model assumes that A foll ows an additive binomial processwhereby A can go up to A+u or down to
A+d (Sick, 199Q p. 36). We caition the reader that these models can provide only a "gross'
approximation of the option price

What happens when A's distribution does not follow the lognormality distribution? Hull (1993
pp. 436438 digtinguishes between several such stuations and charaderizes the resulting Bladk-
Scholes pricing biases qualitatively, in terms of the option being dightly over- or under-priced.
Quantifying these biases requires exad modeling of A's distribution. This observation aso applies to
the binomia model when At is aufficiently small and the parameters in Equation 3 are such that the
mullti pli cative binomial diffusion processconverges to the lognormal process Otherwise, there is no
way to charaderize the resulting price biases in the binomial model -- not even qualitatively. This
should be of concern when the caculated option priceis sndl in absolute terms, something which
could wrongly suggest undertaking an investment.

4.2. Assuumptions about Volatility

Two questions arise with resped to the size and behavior of A's volatility. What happens when o is
smdl? This question is criticd in cases where use of the binomial model is considered. When o'is
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small, parameter p (expressed as the ratio (r—d)/(u—d) in Equations 1 and 3 can exceed one and lose
its probabili stic meaning (Hull, 1993 p. 351). For example, in Yankeés case, the binomial model
would be impassble to use with values of o smdler than 12%. In this case, option pricing analysis
would fail to identify cases where the value of a deferred POS dehit entry cdculated as C would be
large enoughto justify a positive investment dedsion.

And, what happens when ogis not constant? We @nsider the most likely case to be onein which o
dedines over time when T, the option life, is sgnificant relative to the life of the underlying projed.
This behavior of o could also be relevant when the market stops growing quickly, after an initial
period d explosive growth (e.g., massve initia adoption of some new IT, followed by a rapid dow
down when bugs or integration problems are discovered). Asvolatility islost, and the expeded, but
uncertain outcome beames known to the analyst, option pricing becomeslessattradive.

4.3. Asaumptions about the Option's Exercise Time

Can the fundamental OPMs find at<T for which it is optimal to exercise an option? In Y ankeés case,
since C is not linea with resped to T (and ignoring the competition for a moment), Y anak faceal an
espedaly interesting question: How long could Yankee defer POS debit entry before starting to
observe adiminishing “investment value™?

The answer to these questions relates to the aility to cdculate the value of the option, C, on or
before its expiration. With the standard Bladk-Scholes model, which computes C assiming that the
option can be eercised only upon its expiration, finding t would require repeding the option pricing
analysis for various entry paints within the time frame of T<4 (e.g., 1988 1989 and 19904t the
beginning and end of ead yea), as we did using Blad’s approximation. However, some alvanced
variations of Bladk-Scholes, such asthe anayticd model developed by McDonald and Siegel (1986,
enable an analyst to determine optimal investment timing (when the model’ s underlying assumptions
are met). The binomial model may also be dtradive here because it can easly cdculate C on-or-
before expiration. The mechanism used isto cdculate C for every node in the binomial tree thereby
alowingthe analyst to identify timet corresponding to a node where C takes on its maximum value.

4.4. Asuumptions about the Option's Exercise Price

In situations where the exercise price X, is gochagtic -- as it often will be in redistic gplications of
option pricing to IT investments -- the binomial model can be realily adapted for the analysis: it
allowsthe analyst to program the binomial treeto refled any kind of changesin X that may occur over
time. Alternately, Margrabe's asst-for-asst excdange model, which Dos Santos (1991) introduced
to the IS literature, deds with this problem in the ntext of multi-stage IT projed investment
analysis, and extends Blad-Scholes to handle stochastic exercise prices. However, applying this
mode requires the analyst to develop an urderstanding of how the underlying asst, A, and the
exercise price X, are crrelated. Unfortunately, this has proven to be & difficult an empiricd
problem as any we have discussed up to this point in the paper.

For these reasons, we cnclude that the binomial modd is an attradive dternative for evaluating
IS projeds involving options for the firm. However, it may make more sense to employ
Bladk-Scholes (or one of its nea variants) when the behavior of various option parameters is less
complex. By contrast, the binomial model's conceptual simplicity is buttressed by the flexibility to
allow the analyst to model parameters sich as A and o by "programming' more cmplex behaviors
into the binomial treg for example, to ill ustrate how they evolve over time.
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5. CONCLUSIONS

A magjor challenge for IS reseach lies in making models and theories that were developed in other
acalemic disciplines usable in IS reseach and pradice In this paper, we explored a range of isaies
asociated with the gplication of option pricing models to problems in capital budgeting for IT
investment projeds. Though the models and their basis in theory are well known to Finance
acalemicians, most people who do cgpital budgeting -- irrespedive of their training or the kinds of
projeds they typicdly assss-- areill -equipped to use option pricing models knowledgeebly. Thisis
espedaly true anong IS profesgonals, who have long relied on net present value, smple cst-benefit
analysis, criticd successfadors and ather lessstructured techniques to perform their assessments.
Thus, our goa has been to criticdly review the cae for using option pricing as a basis for IT projed
investment analysis and to evaluate its merits in an adual red world business &tting. In the process
we leaned that the binomial, Blad-Scholes and the Margrabe models al require different kinds of
information and assumptions than are usually needed to perform traditional cgpital budgeting analysis
using present value @ncepts. But, on the whole, the difficulties we encountered pcse no greder
challenges than when traditional tedhniques are used. More importantly, in view of the structure of
many IT projeds that involve infrastructure development and wait-and-seedeployment oppatunities,
it isthe logic of option pricing that persuades us— how it can handle getting the timing right, scding
up o even abandonment, as the organizaion leans about its businessenvironment with the passage
of time. The difficulties that do remain in applying option pricing models (e.g., the restrictions
asociated with the asaumption of lognormality of the perceived value of the IT projed, or the lad of
experience that managers have in estimating the variance of projed returns) to IT projed asessment
will not be solved by addtiona Finance reseach. Instea, IS reseachers must take the leal in
solving them and in better understanding the percaved businessvalue of IT projeds.

In closing, we invite the reader/praditioner to consider the extent to which use of the Bladk-
Scholes option pricing model generalizes beyond the cae that we describe. In fad, the Yankee 24
POS debit scenario situation occurs among a number of different classes or kinds of IT investment
Stuations that we can analyze with these methods. The key to understanding the IT investment
settings or classes of projed investments in which option pricing is worthwhil e to use relates to hasic
elements of the Black-Scholes model. For example:

(1) IT infrastructure investments often are made without any immediate expedation of paybad,
however, they can ad as a basis for follow on investment that converts investment oppatunities
into the option’'s underlying asst, the operational IT projeds that suppat a spedfic business
processwhich yield measurable revenue. Some examples of these investments include intranet
and multi-media user interface techrologies, financia and operationa risk management
technologies and seaurity safeguards, data warehousing, and wirelesstechnicd infrastructure.

(2) Emerging techndogy investments pose aspedal challenge for forecating value payoffs in the
faceof uncertain cost, adogtion and dffusion. In this context, the value of the underlying asset —
the projed that incorporates the amerging technology —is subjed to bah changing perceptions of
future wdts on the part of the anayst and the marketplace & large. In this case, the adyst’'s
interest in refleding the impad of stochastic cost (uncertain exercise price) is what drives the use
of option pricing. Projeds that involve Internet advertising and selli ng, migration to an eledronic
market medhanism for transading, and bets about whether a technicd advance will become a
standard in the marketplace @e good red world examples. In eat cese, the future st
asociated with exercising an option to build on a network, a market mecdhanism or a standard, is
unkrown today.

(3) Application design prototyping investments also provide significant option value, as Chalasani,
Jha and Sullivan (1997 have observed. With prototyping, the firm aims to maximize the value
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of an applicaion development projed whose value will ultimately be determined by how well its
functiondlity can remain in synch with the suppat neels of a thanging businessprocess The
value inherent in the underlying asset is of somewhat lessinterest to the firm than the aility to
read: to bah adapt and change the goplicaion’s functionality as required to remain competiti ve.
One car imagine the difference in value that might be obtained by applying option pricing
methods, espedally when the goplication’s requirements gedficaion is sibjed to significant
change @ the projed progresses. Clealy, when there is considerable uncertainty in an
organizaion about whether an applicaion will be @le to “do the job” when it is delivered, or
there is risk aversion on the part of management in making capital investments in IT, efforts to
stage or “chunk’ such projeds, and monitor their paybadk over time, is an appropriate gproach.?
From this perspedive, much of the value of a prototype projed will be in the options that it
offersthe firmin the future.

(4) Techndogy-as-product investments represent a fourth class of investments that these methods
can handle well. When the technology is a @re part of a product, issues of level of commitment
and ramp up, timing and roll out, and delay and abandonment must be mnsidered. Here, the
analyst can benefit from framing such choices in the @ntext of option pricing by focusing on
such elements as time remaining to exacise, when the option matures and by tracing the value
of the option to change the murse of a projed. Here, so many of the best known stories of our
time aout technology-based products come to mind, for example, Otis Elevator and the dedsion
to re-cgpture the dter-market for its elevator servicing, Chemicd Bank's fail ure with the Pronto
home banking projed, Morgan Bank's siccesswith RiskMetrics for financia risk management
in international commercial banking, and First Boston Corporation’s dedsion to crede products
and a new company, Sea Tedcnologies, from what had been a mgor systems infrastructure
building projed.

In this paper, we have made the agument that option pricing models can be gplied to capita
budgeting dedsions involving nontraded information tedindogy assts. We have discussd a
number of reasons why the discipline of capital budgeting more generally examines asst values as
thoughthe assts were traded, becaise every firm's capital budgeting dedsions, in the long run, are
subjed to market valuation. Thisinsight opens up arange of hew modeling oppatunities for projed
and information technology investments. We ill ustrated how the Blad-Scholes model can be gplied
in the cae of a red world IT investment option, where significant uncertainties that are not
appropriately handled using NPV analysis were present. Y et, much remains to be done if we to are
make sense of the OPMs in the way that Finance professonals do: as a means to evaluate the extent to
which market-sensitive portfolios of financial instruments can be engineged so as to minimize
unaccetablerisk. Perhaps one of the most important next steps in this research stream is to examine
the extent to which option pricing concepts can be gplied to gauge the risks asciated with the
potfolio of IT projeds that make up the IS function in afirm. This may leal us to a new science of
risk management for the firm's portfolio of investmentsin IT, and a new perspedive on the business
value of IT for senior exeautives.
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Figure 1: Issuesin modeling Yankeésdedsion situation using NPV and option pricing.
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max[0.A-X] line of a cll optionthat matures

immediately.

Conceptually, both “views’ imply

that the distribution of the expeded

investment value shifts to the right _

> A (because dl situationsinvolvinga
negative NPV are avoided).
A-X

(B) NPV and ogtion pricing imply a “right shift” of the expeced value function.

-

A
The value of an option that maturesin

’ h Co
time T, C_, isgreater than that of one Cr
C C; that maturesimmediately, C,,.
This means that the ability to defer
an investment pushes further to the
right the distribution d the expeded
investment value.

» A

(C) Now-or-never projeds are of lower value than similar projeds that off er the oppatunity to defer investment.

(A=Xy)

A time=t; A time=1,
For an American oion, waiting ancther

time period might be lessbeneficial .

Waiting brings more valuable information

aswell lowers the investment cost in

present value terms, but it also resultsin .
thelossof revenues. Depending on which

of thesetendenciesislarger, the A-Xline

might shift upward or downward, and this

could imply that exercising the option 7
earlier ismore profitable.

Cy

Al_Xl

(A=X))"

(D) Optimal option exercise timing balances costs and benefits.

L egend:

A — present value of expected revenues from the operationa project (i.e., the value of option's underlying risky asst).

X — cost of converting the investment opportunity into an operationa project (i.e., the option's exercise price).

T — maximum time to defer conversion of the investment opportunity into an operational project (i.e., the option'stime to expiration).
C— valueof a cdl option to defer the investment.



Benaroch & Kauffman

Tablel: Preliminary comparative analysisof the binomial and Black-Scholes models.

_ Standard Black-Scholes Standard Binomial

Explicit Assumptions

A - value of uncerlying lognormally distributed binomially distributed

projed (in pradice, binomia parameters aretypicaly
chosen asaiming that A islognormally distributed)
o - volatility of A constant congtant

X - option'sexecise price deterministic deterministic

r - interest rate constant

constant

T - option'slife span short-lived (Hull, 1993 p. 380 no-limit

Existence of market for A Alistraded and ro arbitrage Alistraded and ro arbitrage
opportuniti es exist opportuniti es exist

Properties

Solution approach closed-form (anaytic) formula numeric simulation

Sensitivity analysisusing analytic partia derivatives numeric gpproximation of "partial derivatives'
(Hull, 1993 p. 341)

Table3: In depth compar ative analysis of the fundamental OPM s

_ Standard Black-Scholes Standard Binomial

Implicit Asaumptions
A

Allowed to become negative no, AJ0,0) no, AJ(0,)

Biaswhen A isnot lognormal bias can be dharacterized qualitatively | biascannot be characterized, not even
qualitatively

Growth-rate () can fall below r¢ not all owed not a oncern

A paysdividends not all owed allowed
(some variations of Blad-Scholes all ow)

Can be (very) small yes

Can be non-constant (eg., no
depend on A, diminish over time)

Properties

Calculates option price on-or-before no yes
expiraion (only on expiration) (cen find optimal exercisetime)
Others Computationa smplicity conceptual smplicity and flexibility
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