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U
nder the Revised FAS Statement
No. 123 (FAS 123R)' introduced
recently, U.S. public companies
must expense all employee stock

option (ESO) grants as of grant date, at fair
value estimated "using option-pricing models
adjusted for the unique characteristics of those
instruments." FAS 123R notes that "lattice"
models, that are typically used to price Ameri-
can-style traded options, may be better suited
than "closed-form" models (such as variants of
the Black-Scholes model) to accommodate
various unique features of ESOs. A key feature
of ESOs is the non-tradeable nature of such
grants which results in early exercise, even
when such early exercise would have been sub-
optimal in the case of traded American-style
options.

In lattice models, the entire set of future
stock price paths can be described as a discrete
lattice (or tree) and the possibility of early exer-
cise may be evaluated at each node. In the case
of traded options, if the option s intrnisic value
at the node is less than its continuation value
(the option's value if unexercised for another
period) then early exercise would be irrational.
An option holder who requires liquidity could
sell the unexercised option to another investor.
This logic, however, does not work in the case
o{non-tradeable ESOs. As a result, an employee
may be forced to exercise an ESO early to
meet her liquidity needs even when the ESO s
intrinsic value is less than its continuation value
at a particular node. Therefore, in contrast to

the valuation ot American style traded options,
any ESO valuation model must address the
employee's reasons (which could be idiosyn-
cratic) for early exercise given the non-tnule-
able nature of such grants.

According to FAS 123R, such early exer-
cise behavior could be a function of several
factors including: (i) The underlying stocks
price or the ESO's "moneyness" at a partic-
ular node on the lattice; (ii) the grant's remain-
ing contractual life; (iii) employees' "historical
exercise and post-vesting employment termi-
nation behavior observed for similar grants;"
(iv) the stock's expected volatility; (v) blackout
periods; and (vi) employees' ages, lengths of
service, and home jurisdictions (domestic versus
foreign).

Our paper makes two contributions. First,
we develop an ESO valuation model that incor-
porates the various unobservable factors that
could influence an employee's early exercise
decision at each lattice node in a parsimonious
fashion, through an estimated early exercise
probability. This probability of early exercise of
a vested and exercisable option at a particular
node on the lattice is expressed as a two-dimen-
sional matrix, i.e., as a function of the ESO's
remaining vested life and its moneyness at that
particular node. Thus, our valuation model
incorporates many of the factors that FAS 123R
explicitly recognizes as relevant to ESO valua-
tion for accounting purposes.

Second, we describe how the early exer-
cise matrix can be estimated, given sufficiently
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detailed data, and incorporated into our valuation model.
To demonstrate the manner in which the early exercise
matrix can be estimated and incorporated into the valu-
ation model, we rely on a rich ESO dataset that has hith-
erto never been made public. The dataset contains the
complete history of all ESOs awarded by two major tech-
nology companies (henceforth referred to as Companies
A and B). The dataset for Company A tracks 4.34 billion
ESOs granted by the company through 464,205 separate
ESO "grants."' The dataset for Company B tracks 142
million ESOs granted by the company through 54,720
separate ESO "grants." To the best of our knowledge, this
is the first tnodel that incorporates an empirically esti-
mated early exercise decision rule into the ESO valua-
tion model that is consistent with FAS 123R guidelines.

The remainder of this paper consists ofthe followitig
sections. In Section 2 we discuss the related literature on
ESO valuation. In Section 3 we develop our tnatrix-based
lattice model to value ESOs. In Section 4 we discuss our
dataset in greater detail. In Section 5 we focus on the esti-
mation ofthe early exercise matrix that is the central ele-
ment of our valuation model. Section 6 describes the
remaining relevant parameters for ESO valuation including
dilution, cancellation, interest rate, dividend yield and
volatility of stock return. Finally in Section 7 we itnple-
ment our model to derive the value of a hypothetical
ESO grant by each subject company. We compare these
estimated values to those derived using alternative early
exercise rules.

2.0 LITERATURE REVIEW

There are generally two alternative approaches taken
in the hterature to value ESOs: "utility-based" and
"reduced-form" models. Utility-based models assume
that the employee exercises her option according to a
policy that maxitnizes her expected utility subject to
hedging restrictions.' The benefit of a utility-based model
is that it allows us to predict early exercise from first prin-
ciples, given the choices presented to the employee at
each point in time in the future. However, this benefit
comes at a cost. Even when represented in simplistic forms,
many ofthe factors that affect early exercise, such as the
employee's degree of risk aversion or non-option wealth,
are difFicult to measure directly or to infer from publicly
observable data.

Reduced-form models do not attempt to model the
employee's optimal early exercise behavior from first prin-
ciples as a function of unobservable parameters. Instead,

in such models, early exercise is modeled directly as an
exogenous factor. For instance, Hull and White [2004]
assume that the employee will exercise her option when-
ever the stock price reaches (or exceeds) a certain mul-
tiple ofthe exercise price (a "moneyness" criterion).
According to Carr and Linetsky [2000], the ad hoc early
exercise criterion imposed in reduced form models serves
as a proxy for "anything that may lead the employee to
exercise his option early, including the desire for diveni-
fication or liquidity, and voluntary or involuntary employ-
ment termination."''

Reduced-form models are arguably simpler from a
modeling perspective since they avoid explicitly mod-
eling the employee's optimal early exercise policy. How-
ever, from a practical standpoint, reduced-form models can
only be implemetited if the employee s early exercise deci-
sion criterion can be empirically estimated accurately.
Not surprisingly, there is no consensus in the academic
literature regarding which class ot ESO valuation models
is superior. The main challenge in specifying a reduced
form model is in finding an empirical exercise rule that
is sufficiently flexible to describe the actual exercise
behavior observed among the firm's employees.

Ours is a reduced fortn lattice model, in which the
early exercise rule is empirically calibrated to the employ-
ee's past exercise behavior and not based on a utility max-
imization framework. Our early exercise rule predicts the
fraction of outstanding exercisable options that will be
exercised at each node of a lattice as a function of two
observable parameters: the option's moneyness (as iti Hull
and White [2004]) as well as its remaining vested lije at a par-
ticular node on the lattice. We later compare our results
to that ofthe Hull and White [2004] model nnd the
adjusted Black-Scholes model.

3.0 THE ESO VALUATION MODEL

ESO's Economic Value at Grant Date

We directly model the employee's early exercise
decision criterion as a parameter, P, ̂ , which represents
the likelihood that the employee would exercise all "exer-
cisable" (or vested and in-the-money) options that she
has at date r and node/ P,, (the early exercise criterion)
is modeled as a function ofthe option's remaining con-
tractual Ufe as well as the stock-price to exercise-price
multiple. The option's value at date i, node / is written as
C|,. The equations describing the backward induction
through the lattice are as follows:
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At maturity, T, the option's value is:̂

rj- X, 0) (1)

For all preceding dates, 0 ^ i ^ N ~ 1, if the
option is vested (that is, i > i>, where u denotes the vesting
date), the value ofthe option at node / is determined as
follows:

If S,,, - X > HC,.f,.,+ , + (1 - H)Q + i.,/r then:

Q, = 5,, - X (2)

then:

PJ
"Q+1.,+ 1 + (1 - 'O

(3)

If5,,, - X < Othen:

(4)

If the option is unvested at 0 ^ i ^ N — 1 (that is.
if/ <

(5)

The term r denotes one plus the risk free rate, u and
(1 — u) are the probabilities of up-jump and down-jump
respectively on the binomial tree, and q^j denotes the
probability that the employee might voluntarily or invol-
untarily lose her job at date / and nodey, when the option
is out ofthe money. Note (4) indicates that if the employee
does not lose her job (with probability (l — g, J ) when
the option is out ofthe money then the option's value is
simply the value derived from holding it for an additional
period. The value ofthe ESO at the grant date is expressed
as Cfnv This value represents the estimated ex ante eco-
nomic value ofthe ESO.

Two comments regarding Equations (2) and (3) of
our model are in order at this juncture. First, both Equa-
tions (2) and (3) describe scenarios when the option is
in-the-nioney. Equation (2) describes the case when the
option is "deep" in-the-money (the ESO's intrinsic value
is greater than its continuation value). Equation (3) also

describes an in-the-money state, although the ESO's
intrinsic value is now less than its continuation value.
We assume that if the ESO is deep in-the-money [equa-
tion (2)1 then the probability of early exercise P,, equals
1, i.e., the employee will rationally exercise her option
early (as she would in the case of traded options), ln
contrast to traded options, we allow the probability of
early exercise to be greater than zero even when the
option s intrinsic value is less than its continuation value
lequation (3)]. Thus, as in Hull and White |20()4], we
treat the possibility of early exercise asymmetrically
depending on how deep in-the-money the ESO is at a
particular node on the lattice.

An alternative modeling structure would be to allow
for the possibility that even when the option's intrinsic
value exceeds its continuation value the employee may
not rationally exercise her ESO early." That is, we could
assume that the employee's probability of early exercise
may be less than 1 even in equation (2). Formally, if we
permitted P,, to be less than 1 even when the option's
intrinsic value exceeds its continuation value then the
right hand side of equation (2) would he identical to the
RHS of equation (3), and a single equation (identical to
equation (3) above) would then suffice to define the ESO's
in-the-money value. By allowing for the possibility that
employees may not optimally exercise their ESOs even if
these were deep in the money, such an alternative model
would result in even lower HSO values compared to the
values we derive for dividend paying stocks.' Thus, our
current modeling structure is conservative from an
accounting perspective.

Second, it is important to note that an employee
who (voluntarily or involuntarily) loses her job at date i
can, and rationally should, exercise all vested and in-the-
money ESOs that she holds as of that date. However, an
employee may fail to act in this rational fashion, which
would result in the cancellation of some of her vested in-
thc-money options when she loses her job. Since the can-
cellation rate ^y, is missing in equation (3) it may appear
that we have disregarded this prospect of forfeiture of in-
the-money options.'' However, this is not the case since
the empirically calibrated early exercise possibility, P, y,
that appears on the RHS of equation (3) is based on the
relative frequency of all options actually exercised by
employees in the past (as a percentage of exercisable
options) regardless of whether such exercises occurred
due to job termination or not. In short, the early exer-
cise probability modeled in equation (3) incorporates the
prospect ot job termination and the employee's decision
to exercise (or not to exercise) all her vested in-the-money
options at that time, which would otherwise be canceled
shortly thereafter.

FAII 20(16 THEJOURNAI OF DERIVATIVES 1 1



ESO's Accounting Value
at Grant Date

The ex ante value of an unvested option to its holder,
denoted by C|,.n i" equation (5), depends upon ^,,, the
probability of termination or resignation. This aspect of
our model is identical to that of Hull and White [2004].

Although the above modeling perspective is appro-
priate in determining the ex ante economic value ofthe
ESO at grant date, it is inconsistent with FAS 123R's
implementation guidelines, which makes an important
distinction between vested and unvested ESOs for esti-
mating an ESOs' grant-date fair value for accounting pur-
poses. FAS 123R recognizes that post-vesting restrictions
(concerning sales and transfers) should be considered in
"estimating the fair value ofthe instruments at the grant
date."*̂  However, FAS 123R states that:'"

In contrast, a restriction that stems fix)m the
forfeitability of instruments to which emp-
loyees have not yet earned the right, such as
the inability either to exercise a nonvested
equity share option or to sell nonvested shares
is not reflected in the fair value ofthe instru-
ments at the grant date. Instead, those restric-
tions are taken into account by recognizing
compensation cost only for awards for which
employees render the requisite service.

Consistent with such regulatory language, equation (5)
in our economic value model presented above should be
amended to read as follows:

MC, + 1,/+
(6)

Thus, tlie ESOs fair value at grant date for
accounting purposes (or the ex ante "accounting value")
can be derived using the same set of equations (1)—(4)
and by replacing (5) in the economic value model with
(6) presented above.

From the preceding discussion it follows that the
ESO's grant date economic and accounting values are
both functions ofthe following paraineters, each of which
can be empirically estimated:

1. The early exercise probability, P,,.
2. The cancellation rate, q^.
3. The dilution factor, A.

4. Dividend yield, 5.
5. Risk-free rate, r.
6. The stock return volatility, O".

Additionally, the ESO value depends on (i) the grant
date stock price; (ii) exercise (strike) price, (iii) vesting
schedule (time of initial vesting, time of subsequent vesting
and corresponding vesting percent); (iv) black out periods;
and (v) contractual life. These parameters are all known
as ofthe grant date and do not need to be estimated.

4.0 THE ESO DATASET

Before discussing the manner in which we estimated
the various model parameters, we provide some descriptive
statistics about our dataset of ESO grants of Companies A
and B, which we use to estimate empirical probabilities of
early exercise.

The dataset contains the complete history of all
ESOs awarded by Company A from its inception date in
1988 through June 2004, and the employees' subsequent
exercise decisions regarding these awards. The dataset
tracks 4.34 billion ESOs granted by the company through
464,205 separate ESO "grants." Through June 2004,
employees had exercised 2.23 billion ESOs, through
192,474 separate early exercise decisions. Exhibits 1A and
2A provide some summary statistics regarding Company
A's grants and exercises, respectively.

The dataset also contains the complete history of all
ESOs awarded by Company B from its inception date in
1989 through January 2005, and the employees' subse-
quent exercise decisions regarding these awards. The
dataset tracks 142 million ESOs granted by the company
through 54,720 separate ESO "grants." Through January
2005, employees had exercised 60 million ESOs, through
58,743 separate early exercise decisions. Exhibits IB and
2B provide some suniniary statistics regarding C^ompany
B's grants and exercises.

Grant Patterns for Company A

Exhibit IA classifies the grants into clifl̂ -vested and
monthly-vested categories for company A. All ESOs
awarded in a cliff-vested grant vest siinultaneously on the
vesting date. In contrast, only a certain fraction ofthe
ESOs awarded through a monthly-vested grant vest on the
initial vesting date. The remaining ESOs included in the
grant then vest uniformly on a monthly basis over a spec-
ified number of subsequent months.'' A relatively small
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portion of Company As grants, classified as "Other Vesting
Schedule," do not fall into either the cliff- or monthly-
vesting categories.

Exhibit IA reveals several patterns in the types of
grants made by the subject company over time. In the early
part ofthe firm's life (from 1988 to 1995) the company
issued more clifT-vested grants than monthly-vested grants.
There were 9,518 separate cliff-vested grants made over
the 1988-1995 period compared to 5,013 monthly-vested
grants over the same period. Moreover, the average size of
clifT-vested grants (185,480 ESOs per grant) was signifi-
cantly greater than the average size of cliff-vested grants
{57.912 ESOs per grant) over the 1988-2005 period.

These grant trends changed over the subsequent
period of Company A's life (1997 to 2004). The company
issued tar tewer ditl-vested grants (7,365) over this period
compared to monthly-vested grants (427,680). However,
the average size of clifF-vested grants made over this latter
period (18,212 ESOs per grant) continued to be larger
than the average size of monthly-vested grants (4,380
ESOs per grant).

Over the entire tiiTie period covered by our dataset,
cliff-vested grants constituted only 4.9% of tlie total number
of separate ESO grants awarded by Company As. How-
ever, the total number of ESOs included in cliff-vested and
monthly-vested grants was roughly similar. Cliff- and
numtlily-vested grants included 47.3% and 52.7% ofthe
4.34 bilhon ESOs granted in total, respectively.

The company's grants were typically made at the
money as of the grant date. Therefore, as the company's
stock price rose meteorically from its IPO through the tech
boom years of 1999 and 2000, so did the weighted average
strike price ofthe ESOs granted over the years. The strike
price declined after 2000 in the aftermath ofthe tech crash.

Exercise Behavior for Company A

Exhibit 2A provides the number of ESOs that were
exercised in a particular year, the weighted average strike
price of such exercised options and the weighted average
price ofthe underlying stock at the time of exercise.
Overall, across all exercised ESOs, the average strike price
was $1.89 and the stock price at the exercise date was
nearly 13 times as high, at $23.96.

Grant and Exercise Behavior for Company B

The Exhibits 1B and 2B show the grant and exercise
beliavior for company B. Company B had fewer cliff-vested

options and more annual and monthly vesting grants.
Exhibit IB shows that the weighted average grant price
of 54,720 grants encompassing 142 million ESOs was
S2O.25. Exhibit 2B shows that overall, across all exercised
ESOs, the average strike price was $11.64 and the stock
price at the exercise date was about 3.5 times as high, at
$40.80. The ratio of weighted average stock price to strike
price (i.e., moneyness) differed with the vesting schedule.
The weighted average moneyness at exercise was 2.08 for
monthly vested options, 3.90 for annual vested options and
11.1 for other options.

It is important to note that Exhibits 2A and 2B do
not separate ESOs by date of grant. That is, the options
exercised in a given year are not classified by time elapsed
since they were issued or by their remaining vested life.

Basic option pricing reasoning suggests that the deci-
sion to exercise an ESO depends on both the ESOs mon-
eyness as well as the option's remaining vested life.
Therefore, as we discuss in detail later, in estimating the
early exercise probability matrix we further classify the
exercise data discussed above by the option's remaining
vested Ufe at exercise date.

5.0 PARAMETER ESTIMATION

We focus our attention in this paper on estimating
the key parameter of interest, mz., the early exercise proba-
bihty matrix. This estimation was conducted in the fol-
lowing steps.

Grant Cohorts

We began by "aggregating" the sample of each sub-
ject company's ESO grants, by treating all ESOs granted
on the same date, with the same contractual terms
(including vesting schedule and strike price) as a single
"aggregated" grant or "grant cohort."

For both companies, our analysis includes only grants
with defined vesting schedules.' ~ Given the large number
of grants issued by Company A, we restricted its sample
further by requiring that grant cohorts were either cliff-
vested or monthly-vested. These criteria helped us select
grant characteristics that closely match the new grants
offered by the company.

As a result of this grant-date aggregation, the ESOs
for company A were compiled into 1,461 grant cohorts
and those for Company B into 688 cohorts.
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"Remaining Vested Life" Sub-intervals and
"Moneyness" Ratios Within Sub-Intervals

In order to trace the early exercise decision by
employees for all ESOs in a particular cohort we first
defined the life of a particular grant cohort in terms of its
Remaining Vested Life, /. The Remaining Vested Life of
a grant at any calendar date was defmed as (T — ^ ) /
(T' — 1̂ 1,), where T, ^, and ^) denote the ESO's contrac-
tual maturity date, the calendar date on which the
remaining vested life was being calculated, and the initial
vesting date for the grant, respectively.'-̂  We categorized
the grant cohort's total vested life into twenty equal sub-
intervals, defmed in terms ofthe grant's Remaining Vested
Life I . Thus, each sub-interval spans 5% of the option's
vested life. The first sub-interval (i — 1) starts at the
option's initial vesting date and ends at / = 0.95, v̂ ĥich
designates the beginning ofthe second sub-interval (which
is labeled / — 0.95 for notational convenience). The
second sub-interval ends at i ~ 0.90 which designates the
beginning ofthe third sub-interval, and so on. The last
such sub-interval, which begins at / — 0.05, spans the
final 5% ofthe ESO's vested life. At the fmal date (which
coincides with the maturity date, T), (' = 0.

We tracked all ESOs belonging to a particular grant
cohort across the 2U sub-intervals i = 1, 0.95. ... 0. We
listed all the ESO exercises (across grant cohorts) that
occurred within the same remaining vested life sub-
interval f, and computed the "moneyness" ratio repre-
sented by the stock-price to exercise-price multiple at
exercise date (S/X), corresponding to each observed exer-
cise. We also recorded those cases where ESOs in a par-
ticular grant cohort were vested and exercisable (i.e., were
in the money at some point during the sub-interval /)
but were not exercised.

For each grant cohort, we recorded the minimum
value ot the company's stock price over a particular sub-
interval 1, denoted by S, and the "moneyness" ratio, S/X,
(or .<:, for notational convenience) where X denotes the
exercise price of all ESOs in the same grant cohort.̂ ^ Since
there were 1,461 grant cohorts for Company A, there were
1,461 Sj values calculated for each ofthe 20 sub-intervals,
/. Within each sub-interval (, we then rank-ordered the s,
values and sub-divicied this ranked set into ten sub-groups,
where each subgroup contained 10% of all grant cohorts.

Thus, completing the three steps described above
resulted in a defined matrix with 200 rows representing 20
time sub-intervals i, each of which is sub-divided into 10
columns denoting particular 5; sub-groups.

The Early Exercise Probability

Within each cell of this matrix we computed an
early exercise probability, p{i, 5,) for each of the grant
cohort included in this cell. This ratio is defmed as the
number of ESOs belonging to a particular grant cohort
that were exercised within sub-interval / divided by the
number of vested shares in that particular grant cohort
with remaining vested life /.'''

Since there are U) rows in the matrix, each denoting
a particular 5, sub-group, each cell in the matrix (holding
the sub-interval i constant) includes 10% of all grants
ranked by their respective moneyness ratios, 5,. With 1,461
grant cohorts for Company A, each cell in the matrix
would typically contain 140 to 150 calculated p{i, Sj)
values. However, for more recent grants, all sub-intervals
/ may not have yet occurred. As a result, the cells corre-
sponding to lower values of sub-interval / may have fewer
p{i, Sj) observations."*

We averaged across all the p{i, S;) values within a
particular matrix cell (i.e.. for the same values of/ and 5,,
weighing each p{i, s,) value by that grant cohort's "rela-
tive size," where "size" is defined by the number of ESOs
belonging to a particular grant cohort that were vested and
exercisable during a particular sub-interval J.''̂ ) We define
this average p{i, .v,) value as P()', s^)

The estimated early exercise probability matrix for
Company A and Company B are graphically shown in
Exhibits 3A and 3B, respectively. The underlying data for
these Exhibits (the complete early exercise probability
matrices for Companies A and B) are provided in Exhibits
4A and 4B, respectively. These matrices consist of approxi-
mately 200 rows and 4 columns. The first colurim lists the
Remaining Vested Life, which is further sub-divided into
moneyness deciles. The next two columns of the matrix
report the lower and the upper bounds of each moneyness
decile.'" The last column reports the average early exercise
probabihty, P((, s,), for the particular moneyness decile.

The early exercise probability matrices derived for
Companies A and B reveals several interesting features
concerning employees' ESO exercise behavior (see
Exhibits 3A and 3B, respectively). In particular, our analysis
reveals the following:

1. There is considerable early exercise behavior asso-
ciated with ESOs given the non-tradeable and
unhedgeable nature of such grants.

2. There is a spurt of early exercise immediately
upon initial vesting. As shown in Exhibit 3A and
3B, the early exercise frequency P(/, s,), demon-
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E X H I B I T 3 A
Early Exercise Probability Matrix for Company A

In-The-Miuiey ness

Remaining Vested Life

REMAINING VESTED LIFE is defined at any calendar date î  as ( T - C,)/(T— v^). where T, C,, and r'̂  denote the ESCVs contractual tnariirity
date, the calendar date on which die Remaining Vested Life was being calculated, and the initial vesting date for the grant, respectively. Remaining
Vested Life is divided into 2l) equal intervals, ranging from 0.05 (near maturity) Co 1.0 (at Initial vesting date). For each lt.oni.iining Vested Life
interval, the moneyness ratio (S/X) was divided into deciles. S/X_l (lowest), S/X_2. ...S/X_.1O (highest). EARLY EXERCISE PROBABILriY
IS the ratio of ESt^s exercised to the number of vested and exercisable ESOs available at a given Remaining Vested Life and the specified S/X
decile. The data used for this diagram was reported in Exhibit 3A.

E X H I B I T 3 B
Early Exercise Probability Matrix for Company B

I n-The'Munev ness

See notes to Exhibit 3 A for the description of variables.
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strates a "smirk" effect. After a burst of early exer-
cise immediately following initial vesting, the early
exercise frequency remains stable for much ofthe
remaining vested life. This is consistent with con-
ventional wisdom that employees are more likely
to exercise ESOs to satisfy initial pent-up liquidity
demands. However, close to expiration, the early
exercise frequency once again increases sharply.

(3) At any given sub-interval i, the early exercise
probability is generally greater the higher the
option's moneyness ratio 5,.

(4) The upper and lower bounds of the moneyness
deciles differ across Companies A and B. For
instance, holding the Remaining Vested Life con-
stant at 0.05, the lower bound ot the first mon-
eyness decile is 1 and that ofthe last moneyness
decile is 46 in Company As case. In contrast, this
range of lower bounds is 1 to 5.(i for Company B.
Such a result is consistent with the fact that Com-
pany As meteoric stock price increase over the
sample period was far greater than that of Com-
pany B over the same period.

(5) The large range observed in the moneyness ratio
confirms that a simple ad hoc specification such
as assuming all options would be exercised ifthe
moneyness ratio exceeded a single exogenously
specified value, as Hull and Wliite [2004] postu-
late, may not be realistic. In contrast, our matrix
approach covers the entire spectrum of observed
moneyness ratios.

(6) Moreover, the relationship between early exer-
cise and moneyness is clearly non-linear as shown
in Exhibits 3A and 3B. Hence, an attempt to esti-
mate the likelihood of early exercise as a function
ofthe ESO's moneyness using a regression model
may not prove effective.

A fmal comment is in order regarding the manner
in which we have modeled the early exercise probability.
The early exercise probabihty matrix is a parsimonious
representation of the tactors that may influence the
employee's early exercise decision. In such a matrix for-
mulation early exercises are modeled as a function of two
variables alone: the option's moneyness and Remaining
Vested Life at the exercise date. However, sucb a parsi-
monious representation may appear overly simplistic.
Tiierefore, to examine the significance of other factors
that could influence early exercise, we also ran a (piece-
wise linear) probit regression to jointly determine the
influence of four independent variables on the odds of

early exercise.''* The independent variables included in
this probit regression were^"

1. the stock's "implied" volatility at the date of
exercise;

2. the risk-free interest rate at the exercise date;^'
3. the option's moneyness at the exercise date;
4. and the option's Remaining Vested Lite, (.-~

The main results of our probit regression analysis
were as follows:̂ -*

1. Neither volatility nor (he interest rate was statistically
significantly correlated to the early exercise proba-
bility, even at the 90% confidence level. Botb of
these variables were negatively related to the early
exercise probability. This is consistent with intuition
because the continuation value ofthe ESO would
increase (and the probability of early exercise decline)
as the stock's volatility or tlic risk-tree interest rate
increased.

2. The moneyness variable was highly significant and
positively correlated to the odds of early exercise
probability (Probit), as intuition would suggest. That
is, the odds of early exercise increase witb an increase
in the options intrinsic value at the exercise date

3. The remaining lite (i) was related to the odds of
early exercise in a non-linear manner. For options
in their early life, the relationship is positive and sig-
nificant. For options with httle life remaining, tbe
relationship is negative and significant. For options
with intermediate life the relationship was statisti-
cally insignificant but negative.-^

The non-linear relationship between Remaining
Vested Life and early exercise probability is intuitive. Over
a grants early life, as the grant vests gradually {typically
in monthly installments over 5 years in our dataset),
employees tend to exercise the initially vested options to
meet liquidity needs, knowing that they will continue to
receive additional grants in the near future.

Similarly, holding other factors constant, employees
have a tendency to exercise all in-the-money options
regardless of how deeply in the money such options may
be if their remaining lite is very short. That is, when the
remaining life is short, the odds of early exercise should
be significantly correlated to the option's remaining life
and such a correlation should be iiejidtive (i.e., one would
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expect to see die probability of early exercise to be higher
tor options with relatively little remaining life). Our results
confirm this hypothesis.

For options of intermediate life, the net impact of
longer life on the odds of exercise may be ambiguous.
On the one hand, liquidity demands would tend to
increase the probability of early exercise (as discussed
above). On the other hand, the continuation value of an
option is an increasing function of its remaining life. This
would tend to reduce the probabihty of exercise for inter-
mediate life options because the employee no longer
expects to get fresh options to replace the existing ones.

The results ot our probit regression analysis con-
firmed that by modeling early exercise parsimoniously in
the form of a two-dimensional matrix we have not ignored
the impact of other variables, such as volatility or interest
rates that may intluence early exercise. However, we should
caution that such additional variables may have a signifi-
cant impact on early exercise in the exercise histories of
other companies. A multivariate probit regression frame-
work may then be more suitable to calibrate employees'
likelihood of early exercise than the matrix approach
implemented here.

6.0 ESTIMATION OF OTHER PARAMETERS

Before implementing our valuation methodology
described above, we briefly discuss the manner in which
the other relevant parameters in our model could be
estimated.

dvicdhitioii rak\ i/,,: Employees forfeit their ESOs
when their employment is terminated. Typically, unvested
options are cancelled immediately upon termination'''
and employees have a 90-day grace period to exercise all
their vested options or they are cancelled. The subject
companies tracked their respective cancellation rates on
a monthly basis. We estimated tbe monthly cancellation
rate to be 0.21% for Company A. This rate was assumed
to be constant tor the entire life of the grant for com-
pany A. For company 13, due to the availability of detailed
data on cancellation, we measured the cancellation rate
as a function of Remaining Vested Life interval. This
monthly cancellation rate ranged trom 0.20% to 1.20% in
the initial stages ofthe grant and decreased to 0% at the
later stages ofthe grnnt.

Dilution rate: Companies may issue additional shares
to honor ESO exercises by its employees. As a result, the
prospect of future ESO exercises by other employees
dilutes the per share value ofthe company's stock holding

other factors constant (see Rubinstein [1995]). Based on
quarterly data of additional shares issued to finance acqui-
sition and to honor ESO exercises, we estimated the
average annual dilution rate (net ofthe dilutive effect of
acquisitions) for Company A to be 2.71% and 3.77% for
Company B.

Tlie dividend yield: Neither ofthe subject compa-
nies currently pay dividends or are expected to do so in
the foreseeable future. Therefore, we estimate the future
dividend yield to be zero."

The risk free rate: Based on our analysis of tbe early
exercise behavior ofthe subject companies employees
observed on past ESC) grants, we found that grants are typ-
ically exercised over the first five years of their lives.̂ ^
Correspondingly, we set the risk-free rate at the observed
5-year Treasury rate as ofthe specific grant date.

Expected slock return volatility: There is a large body
of literature that discusses alternative approaches to fore-
casting volatility. Broadly speaking, the vast academic lit-
erature on forecasting volatility-" can be divided into two
strands (a) forecasts based on an analysis ofthe stock price
history ("time series" or "historical volatility (HV)"
approach); (b) tbrecasts based on actual option prices
("implied volatility" or IV approach).^" FAS 123R does
not specify a preferred method that companies should
adopt to forecast volatility, although both FAS 123R and
Staff Accounting Bulletin 107 (SAB 107) released by tbe
SEC on March 29, 2005, provides guidance on this issue.

HV methods (such as standard deviation of histor-
ical returns and moving average models) consider time
series of past returns to estimate the volatility observed over
a historical sample period, in addition, autoregressive
models such as GARCH consider changes in volatility
estimates over time to predict tuturc volatility. As a result,
instead ot simply providing a point estimate ot future
volatility, these models forecast the time varying path of
future volatility. This path is characterized by an uncon-
ditional long-term volatility forecast and a series of short-
term conditional tbrecasts.

However, even such autoregressive methods are
"backward looking" (i.e., based on time series of past
returns). In contrast, as SAB 107 notes, "implied volatility
can be useful in estimating expected volatility because it
is generally reflective of botb historical volatility and
expectations of how future volatility will differ from his-
torical volatility." If options markets were efficient then
implied volatility would "encompass" all relevant
information about future volatility, and tbe HV forecast
would be redundant.
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Several studies have considered such "forecast
encompassing" tests '̂ and found that IV forecasts do not
encompass historical forecasts in the short-term (e.g., one-
day forecasting horizon), suggesting that either the option
market is inefficient or that the option model (based on
which the implied volatility was derived) is mis-speci-
tied.^' Longer-term tbrecasts (one to three months) appear
to indicate that option markets are efficient (or that implied
volatility forecasts outpertbrm historical estimates). How-
ever, since traded options are typically no more than 3
years in maturity, while an ESO's contractual life could
be significantly longer, the implied volatilities derived
from traded option values may not accurately forecast
longer-term volatility necessary to value ESOs.

Given these problems associated with estimating
volatility using either the HV or the IV approach, SAB
U)7 indicates tbat the issuing firm could use some com-
bination of the two approaches to derive an expected
future volatility to value ESOs. There is a large literature
on combining forecasts and firms could consequently
choose a variety of reasonable ways to determine a com-
bined volatility forecast. One reasonable approach would
be to take the arithmetic average of an IV and an HV
estimate as ofthe grant date, according to Diebold and
Lopez [1995] and Poon and Granger [2003]. Accordingly,
we use an equally weighted average of IV and HV esti-
mates as the volatility parameter estimate in our hypo-
thetical ESO valuation analysis discussed below.

7.0 ESO VALUATION USING OUR
CALIBRATED MODEL

We next use these P(/, :;,) values to calibrate our lat-
tice-based reduced form model to value ESOs. We do so
by first mapping each node on the binomial lattice (iJ)
into a corresponding node defined in terms ofthe ESO's
Remaining Vested Life, /, and its moneyness multiple, 5,.
We next calibrate the lattice model by estimating the early
exercise likelihood at each node to be the observed rela-
tive frequency of early exercise actually observed at that
node in the past, P((, S;). or, equivalently, P(i,j), in terms
ofthe standard binomial lattice.

We compare the estimated value for a stylized ESO
grant that would be derived using our reduced form cal-
ibrated model developed in this paper to the value that
would be derived for the same grant using three alterna-
tive approaches, viz., the standard Black-Scholes model,
an adjusted Black-Scholes model, and the Hull and White
[2004] approach.

The stylized ESO grant is assumed to consist of 100
options, which are at the money on June 1, 2005, the
hypothetical grant date. The stock price (and the exer-
cise price) is set at $100. The vesting schedule is assumed
to be 25%) clifl^ested at the end ofthe first 12 months,
followed by monthly vesting ofthe remaining 75% ofthe
grant over the next 36 months.

The ESO's contractual life is assumed to be 8 years.
The adjusted Black-Scholes model incorporates the dif-
ferences in the ESOs and the market-traded options by
substituting the contractual maturity ofthe ESO with an
"expected life" estimate. Standard and Poors' ExecuComp
dataset provides the estimated value for ESOs granted to
executives of several public companies, using such an
adjusted Black-Scholes model in which the expected life
is assumed to equal 70% ofthe option's contractual matu-
rity. Accordingly, in computing the ESOs adjusted Black-
Scholes values we assume that their expected life equals
5.6 years or 70% ofthe assumed contractual life. The risk-
free 5-year Treasury interest rate (as of June 1, 2005) was
4%. On June 1, 2005, the estimated historical volatihty,
using five years of monthly data, was 52% and 47% for
companies A and B, respectively. According to Option-
Metrics, the implied volatilities based on 2-year LEAP
prices were 22% and 26% on June 1, 2005, for Compa-
nies A and B, respectively." Thus, tbe equally weighted
average of historical and implied volatilities for Compa-
nies A and B on June 1, 2005, were estimated to be 37%J
and 36%, respectively. We use such average volatility esti-
mates in deriving the value of our stylized ESO grants.•̂ ''
The annual dilution rates for companies A and B were esti-
mated to be 2.74%i and 3.77%, respectively. The monthly
cancellation rate for company A was estimated to be
0.21%. For company B, due to the availability of detailed
data on cancellation, wo measured the cancellation rate
as a function ofthe Remaining Vested Lite interval. This
monthly cancellation rate ranged from 0.20% to 1.20% in
the initial stages ofthe grant and decreased to 0% at the
later stages ofthe grant.

Exhibit 5 summarizes our valuation results. The
standard Black-Scholes values (per ESO) for companies
A and B were estimated at $49.55 and $48.74, respec-
tively. Similarly, the adjusted Black-Scholes values, derived
using the expected life estimate of 5.6 years, were calcu-
lated to be $41.37 and $40.63 for Companies A .md B,
respectively. Note that these Black-Scholes model-based
ESO values do not take into account the properties of an
ESO, such as non-transferability, non-hedgeability, and
forfeiture. Thus, these Black-Scholes model-based ESO
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E X H I B I T 5
stylized ESO Valuation

Model

Standard Black-Sctioles
Adjusted Black-Scholes

Hull and Wbite Accounting value

Matrix-Based Model Accounting Value

Hull and White Economic value

Matrix-Based Model Economic Value

Hypothetical ESO Value

Company A

$ 49.55
$ 41.37

$ 39.05

S 35.36

$ 34.17

$ 31.54

Company B

$ 48,74

$ 40.63

$ 31.08

$ 30.13

$ 22.83
$ 22.29

Hypothetical ESO Value (as

percentage of Bla ck-

Scholes Value)

Company A

100%
83%
79%
71%
69%
64%

Company B

100%

83%
64%
62%
47%
46%

This numerical example assumes chat che subject companies (A and B) each issued a hypothecical ESO grant that consists of lOd options, and arc
^it-che-money on June 1, 2005, the hypothetical grant date. The vesting schedule is assumed to be 2S% clitT vested at the end of first
12 months followed by monthly vesting ofthe retiiaining 75% of che grant for the next 36 months. The ESOs contracma! life is assumed Co be
8 years. The expecced life of che options is assumed to be 70% ofthe contractual Ufe or .S.d years. The scock price (and chc exercise price) on
grant date Is assuinctt to be $100. The risk-free interest race paramecer is sec at 4%. which was chc observed fi-ycar Treasury incercsc race as of June
1. 2005). The volacilit)' estiniaces for company A and company B were assumed to be 37% and 3f>%.. respectively. These estimates were the cqually-
wcighc historical and implied voIatiUcy estimates for these two companies on June ]. 2005. The annual dilution rates for companies A and B were
estimated Co be 2.74% and 3.77%, respectively. The monthly cancellation rate for company A was estimated to be 0.2t%. For company B. due
CO chf availabilic>' of detailed data on cancellation, we measured the cancellation rate as a function of Remaining Vested Life incerval. This monchly
cancellation raCc ranged from 0.20% to 1.20% in che initial scages of the granC and decreased Co (1% at the laCcr scages of che grant. In chc Hull and
White models, early exercise occurs with probability' one if the opCions moneyness ratio at any node on the binomial trt'f exceeds 5 tor C^oni-
p.iny A .ind 2 for C:ompany IJ. The binomial Cree used In our analysis has 2U> seeps. The early exercise niacrices used to evaluate che stylized ESO
grants issued by cliese cwo companies using our Macrix-Based model are as shown in Exhibits 3A and 3B. a'speccively Two versions ofthe Hull
and White and Matrix-Based models are analyzed. The economic value version considers che impacC of cancellation prior Co vesting while the
accounting value version ignores chis impact as specified by FAS I23R.

values ignore the estimated cancellation, dilution or early
exercise paraTiieters of companies A and B. The ESO
values in either the standard or adjusted Black-Scholes
models differ across the subject companies only due to the
difference in the companies' estimated volatilities.

We next consider the valuation ofthe same ESOs
using riclier ESO v;iluation models that do explicitly con-
sider the unique features of an ESO. ln this connection
we contrast the Hull and White based model with the
results derived using our own matrLx-based reduced form
model. Moreover, as discussed earlier, each of these two
models can be modified to exclude the impact of can-
cellation or forfeiture in the pre-vesting period as the
accounting rules specified in FAS 123R mandate. Thus,
Exhibit 5 reports tlie economic value as well as the
accounting value estimated for the stylized ESO grants
issued by Companies A and B using either the Hull and
White |20()4| model or our own model.

Recall that the Hull and White [2004] model
assumes that early exercise occurs with zero probability if
the option's moneyness ratio lies below an exogenously
specified level. If instead the option's moneyness ratio

exceeds the exogenously specified level then Hull and
White assume that the employee will exercise all her vested
and exercisable options for certain, ln contrast to the HuU
and White [20()4| approach discussed above, our reduced
form calibrated model does not assume that the early exer-
cise probability is either zero or one at each node ofthe
binomial tree. Instead the early exercise probability is
modeled as a function of moneyness as well as the option's
Remaining Vested Life and can take on intermediate
values between zero and one as shown in the Exhibit 4,

Hull and White [2004) do not provide any empir-
ical estimates or guidance as to how such a threshold value
for the moneyness ratio ought to be set. It could be set in
an arbitrary manner (FAS 123R mentions 200% as a pos-
sible threshold) or based on historical experience. In our
stylized example the threshold values ofthe moneyness
ratios were assumed to be 5 for company A and 2 for com-
pany B. These estimates were derived as follows. As shown
in Exhibit 2A. for Company A, the weighted average strike
price and the weighted average stock price at the exercise
date for all monthly—vested grants that had been exercised
were $4.68 and $23,48, respectively. Thus, the average
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stock price at exercise date was 5 times the average strike
price. Similarly, for Company B, the weighted average
strike price atid the weighted average stock price at the
exercise date for al! motithly vested grants that had been
exercised were $18.94 and $39.37, respectively (See
Exhibit 2B). Thus, the average stock price at exercise
date was 2 times the average strike price.

According to FAS 123R, the likelihood of option
cancellation during the pre-vesting period should not be
included in the accounting valuation ofthe ESO at grant
date. Accordingly, we have computed such accounting
values for the hypothetical grants by companies A and B.
Based on the Hull and White approach, the ESOs'
aaountifig value for company A is $39.05 and for Company
B is $31.38. Based on our matrix-based model, the ESOs'
accounting values for each company would be even lower:
$35.36 for company A and $30.13 for Company B.

In determining the economic value of an ESO at
grant date, an employee would, however, take into con-
sideration the likelihood of option cancellation during
the pre-vesting period. We have therefore, also computed
the econoniic values ofthe stylized ESO grants using the
Hull and White model and our own model. Based on
the HuU and White approach, the ESOs' economic values
for company A is $34.17 and for Company B is $22.83.
Based on our model, the ESOs' economic values for com-
pany A is estimated to be $31.54 and $22.29 for Com-
pany B. Thus, while the likelihood of pre-vesting
cancellation has a small impact on Company A's grant-
date ESO value, it has a considerably larger impact on the
economic value ofthe ESO grant by Company B.

The differences in ESO valuation due to modeling
differences are apparent when the estimated ESO values
are reported as a percentage ofthe standard Black-Scholes
value. As is evident from Exhibit 5, an ad hoc adjustment
ofthe ESO's contractual life to reflect an expected life
that is 70% ofthe contractual hfe reduces the ESO's value
by 17% relative to the Black-Scholes value. However,
according to the Hull and White approach, the grant date
value ofthe ESO granted by Company A is properly esti-
mated at 79% ofthe standard Black-Scholes value. In con-
trast, according to our matrix-based model, the same
option should be valued at 71% ofthe standard Black-
Scholes value on the grant date. Thus, the disparity
between the Hull and White approach and our more
fuiely caHbrated approach is substantial, and amounts to
about 11%) ofthe grants value. ̂ ^ In contrast, the disparity
between tho Hull and White and our own approach is
smaller in the case of Company B.

The result follows from the fact that Company A's
stock price had witnessed a much sharper increase in value
relative to Company B. As a result. Company A's average
moneyness at exercise date was 5 compared to that of
Company B, which was 2. Accordingly, in the Hull and
White approach, the ESO is assumed to go unexercised
even when the option is in the money but with a mon-
eyness ratio of less than 5. In contrast, our model cali-
brates early exercise more finely and incorporates the
likehhood of early exercise at lower moneyness ratios. As
a result, the average exercise date in our approach is less
than that of the Hull and White approacb. Correspond-
ingly, our model yields a lower (more prtiperly calibrated)
ESO value compared to the Hull and White approach.
This disparity is less in the case of Company B, since the
threshold level for early exercise assumed under the Hull
and White approach in that case is much lower at 2.

Our analysis also reveals that the econoniic value ofthe
ESOs is significantly less than the accounting value per FAS
123R s stipulations. In the case of C ômpany B, the accoundiig
value would be 62%) ofthe Black-Scholes value while the eco-
nomic value would be 46% ofthe Black-Scholes value.

In short, our model indicates that ESO values are
significantly lower than that of traded options (priced
using the Black-Scholes formula). '̂' There are two pos-
sible interpretations of this result.

Our model is a reduced-form one in which early
exercise is calibrated to obsertvd early exercise behavior of
employees, and not derived from a utility maximization
framework. Hence, our result may be interpreted as evi-
dence that employees rationally exercise their ESOs much
earlier than they might otherwise have done in the case
of traded options given their risk preferences and these
non-traded options' unique characteristics (such as vesting
period, potential cancellation and blackout periods during
which time even vested options cannot be exercised).
Alternatively, the significantly lower valuation of ESOs
relative to that of traded options may have a behavioral
explanation, namely that employees inefFiciently exercise
their ESOs too early and leave money on the table. '̂

CONCLUSION 1

The reduced-form calibrated lattice model presented
in this paper describes a methodology of valuing ESOs.
The central feature of our model is the estimation of an
early exercise matrix, based on the past history of ESO
exercise behavior displayed on past grants by all the com-
pany's employees. This early exercise probability matrix
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yields the probabihty that an exercisable ESO will be exer-
cised at a particular node on a binomial lattice. Thus, early
exercise probability is modeled as a function of time
remaining to exercise and moneyness parameters.

Our empirical analysis, which is based on the com-
plete early exercise behavior of two lai^e technology com-
panies and involves more that four billion ESOs, reveals
that ESO valuation approaches permitted by FAS 123R,
such as simply adjusting the expected life ofthe ESO in
the Black-Scholes model or assuming that early exercise
IS certain if the option's moneyness ratio exceeds some
threshold level, arc likely to lead to severe valuation biases.

ENDNOTES

'Statement of Financial Accounting Standards No. 123,
Share-Based Payment (revised 2004), No. 263-C, December
2004.

'It is helpful to clarit\' some tcrmniology at this juncture.
An ESO is the option to piirchiisc otic sliare at a specified strike
price, which is typically the company's stock price on the date
of grant, liy "j^rant" we refer to a particular set of employee stock
options awnrded to a specific employee. Thus, for instance, if an
employee received 100 ESOs with the same c"oiitniftii,il terms on
January 15, 2005, then these optioas would be classified together
as a single grant. If the same employee received two sets of options
with somewhat different contractual terms, the two sets would
be tre;ited as two different ESO grants even ifboth sets of options
were granted on the same date. Similarly, if two different
employees received ESO grants on the same date with identical
terms, then each employee's award would be termed a separate
"grant." As we discuss later, grants made on the same date with
identical contnictiial terms but made to different employees may
be combined for calibration purposes into "aggregated" grants.

^Examples of utility-based models include Rubinstein
|1WS|, Huddart 119951 and Marcus and Kiilatilaka 119^4).

^For other examples of reduced form ESO valuation
models, see Hull and White [2OO4| and Carpenter 119981.

''The intrinsic values are net of dilution (See Rubinstein
[1995]).

''We thank the referees for raising this point.
^Early exercise may be rational for traded options only if

the stock pays dividends. Otherwise, the option s intrinsic value
cannot exceed its continuation value. We note that neither of
the companies included in our empirical analysis pay dividends.
Therefore, the alternative modeling distinction discussed above
would not affect these companies' E.SO valuation using our
calibrated matrix model.

"We thank the referees for raising this point.
''FASI23R paragraph A.3.
'"FAS123Rp.iragraph A.4.
"For instance, a typical monthly-vested schedule would

stipulate an initial vesting of 20% of all ESOs granted one year
from the grant date, with the remaining 80% vesting on a
monthly basis over the subsequent 48 months.

'^About 1,843 individual grants out of 54,720 for Com-
pany B did not have a defined vesting schedule available for
company 15 and were hence not included in the calculations.

'Mn the case of montlily-vested grants, tliis vesting date
refers to the date when the first allocation of grants was vested.

'̂ Although all grant cohorts contained ESOs written on
the same company's shares, their remaining vested life sub-inter-
vals do not coincide in terms of calendar time and hence the min-
imum stock prices recorded over such sub-intervals would not be
identical acmss grant cohorts. For instance, consider two lO-year
option gnmts (that were immediately vested upon grant). Suppose
the first grant was made on January 1, 2000 and the second was
made on January 1, 2(KH. Then, the first grant's sub-interval / =
1 would span its first six months of vested life (fixim January I, 2000
through June 30,2000), while the second grant's first sub-interval
(• = 1 would span its first six months of vested life (from January
1, 2001 through June 30, 20(H). Ic is clear from this example that
the stock's minimum price recorded during the first grant's sub-
interval 1= 1 would not coincide with the stocks minimum price
recorded during the second grant's sub-interval i = I.

'̂ Since there are 10 columns in the matrix, each denoting
a particular s. sub-group, going across a particular row of the
matrix, each cell would include 10% of all grants rank-ordered
by their respective moneyness ratios, .(

"'However, even for lower values of i, each cell in the
matrix would contain 10% of all grant cohorts for that sub-
interval / (i.e.. holding the sub-interval row, /, constant).

'••An ESO is considered exercisable within a sub-interval
(it the minimuni stock price during the calendar period span-
ning the grant's sub-interval i was higher than the ESO's exer-
cise price.

'"Thus, by defmition, the lower S/X bound for the first
moneyness decile is 1.0. Siniiijrly, the upper hound for the List
moneyness decile is unbounded (empirically set at 10,000 in our
early exercise matrices).

'''We thank the referees for raising this issue.
•̂ 'Our analysis was based on grant data frtJiii one ofthe two

companies in our dataset. An ESO grant to an individual
employee on a particular date is referred to as a "individual
grant." Such an individual grant consists of a specified number
of employee stock options that vest over dme. Our probit analysis
was based on a sample of 414,310 individual grants that con-
tained 1,671,776,932 options granted. These individual grants
were aggregated into 113 "a^regate" grants based on the grant
date, grant price, expiration date, and vesting schedule. The
selected individual grants satisfied the following criteria: 1) grants
were made on or after 1/1/1996, during which period implied
volatility data for the company was available; 2) the aggregate
grant consisted of at least 100 individual grant holders, 3) the
aggregate grant consisted of at least 1,000.000 options granted.
Thf resulting sample covers 81% of all mdividual grants, and
65% ofthe total shares granted, by the company over the Jan-
uary 1, 1996-June 30, 2005 period. The final sample used in
our probit analysis contained t ,905 observations ofthe ratio of
exercised options as a percentage of vested and exercisable options
(that were vested and in the money), and which satisfied the
above selection criteria. The implied volatility was "matched"
to the extent feasible with the ESOs remaining life as of the
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exercise date. That is, the implied volatility was taken from the
traded option on the company's stock that had a remaining life
that was nearest to that ofthe ESO's remaining life at exercise
date. Since traded options' maturities are generally 2 years or less
while that of ESOs may be considerably longer, in those instances
where the retnaining ESO life was greater than 2 years, we used
the implied volatility from the longest-lived traded options at
the time. The implied volatility data was obtained from Option-
Metrics, the best-known vendor of such data.

-'The risk-free interest rate was the constant maturity
Treasury rate available from tbe Federal Reserve as ofthe ESO's
exercise date. Such rates were available for I-, 3-, 5-, 7- and
11 )-year maturities. Accordin^y, we used the risk-&ee rate quoted
as ofthe exercise date for tbe maturity tbat was nearest to the
ESOs remaining life at the time.

-*̂ To run piecewise-linear regressions, we defined tbree
trancbes for tbe remaining time to maturity. Tbe first trancbe
was defined to include remaining vested life, i* was 1—f.).5() (tbe
option's early life during wbicb period tbe vesting is not com-
plete). In the second trancbe, i was ().(t5-().5, and in tbe last
tranche, r was 0.05 or lower.

"'Results are available from tbe autbors upon request.
-•*Tbe same effect also tends to increase tbe continuation

value of tbe option, but relatively less so.
^^Tbis is consistent with tbe hypothesis tbat tbe contin-

uation value increases witb the option's remaining life, wbicb
tends to reduce the odds of early exercise.

-'The cancellation of such unvested options bas no reper-
cussions in eitber our valuation model or in tbe booking of
ESO expenses from an accounting perspective.

-•'Althougb we make sucb an assumption tor tbe purpose
of our stylized ESO valuation exercise in tbis paper we should
point out tbat it could also plausibly be assumed that tbe sub-
ject company may start paying dividends at some future date,
before tbe ESO being valued expires,

•̂ '*We estimate tbe expected term as tbe average period by
whicb ESOs were exercised. We based tbis analysis on a sub-
sample of all grants issued by tbe subject cotnpanies. bi particular.
we considered only tbose grants tbat bad expired. Hence, for
sucb grants we had a complete history of all exercise decisions.

-''See Poon and Granger 12U()3] for a detailed review on
tbe subject.

"Tbe IV is tbe value of tbe volatility parameter in some
tbeoretical option valuation tormtila (sucb as tbe Biack-Scholcs
or the Cox, Ross and Rubinstein model) tbat would make tbe
tbeoretical price equal to tbe actual observed option price.

"See Cbristensen and Prabbala 119981, Lamoureux and
Lastrapes |19931, Canina and Figlewski 11993] and Day and
Lewis [1992].

"However, sucb studies do not consider very long run
forecasts of several years tbat would span ESOs' contractual lives,

•'•'OptionMetrics, a subscriber-based data vendor, was
used for eacb of tbe subject companies. (See OptionMetrics
[2005] for a detailed discussion of bow tbe vendor calculates
implied volatilities.)

'""Clearly, alternative volatility estimates would result in dif-
ferent estimated ESO values. However, since the focus of this
paper is on tbe calibration of early exercise probability and not on

volatility estimation, we bave abstracted from analyzing at length
tbe numerous alternative ways in wbicb volatility estimates could
be derived and their corresponding impact on ES(^ valuation.

-'^(71-79)/7t = 11%.
•"Tbis conclusion is also consistent witb tbe results drawn

based on Hull and White's [20041 model.
•*"We thank tbe referees for raising this point,
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