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1 Introduction

This paper shows that many important features of executive compensation practice can be explained

by contracts that provide not only e¤ort incentives, but also incentives for managers to invest in risky

projects. We �rst derive the optimal theoretical contract in a model in which managers perform two

tasks: they choose their e¤ort and they determine the �rm�s future investment policy. In a second

step, we calibrate the model to individual data on 649 U.S. CEOs, calculate the optimal contract

predicted by the model, and compare it to the observed contract. We establish that the model

can explain high �xed salaries, substantial option holdings and severance pay. Moreover, the model

predicts that options should be issued in the money.

The literature on executive compensation has put forward two main explanations for the use

of executive stock options. The �rst and most popular explanation is that stock options provide

incentives for e¤ort-averse managers to work hard. Recent research (Feltham and Wu, 2001, and

Dittmann and Maug, 2007) has established, however, that e¤ort aversion alone cannot explain stock

options, because restricted stock can provide the same incentives to a risk-averse manager at a lower

cost. The second explanation holds that options provide incentives for risk-averse managers to also

adopt risky projects.1 Such investment incentives are only necessary if the CEO�s wealth is tied

to the value of the �rm, because otherwise he would be indi¤erent to �rm risk. In this paper, we

consider both explanations at the same time. The manager receives equity incentives in order to

motivate him to work hard. These e¤ort incentives link the CEO�s wealth to the �rm value, so

that risk-averse CEOs will hesitate to adopt new projects that increase �rm risk. To counter this

e¤ect, �rms provide investment incentives by restructuring the compensation package away from

stock towards more options. While the argument that options increase managerial risk acceptance is

very appealing and popular, Carpenter (2000), Ross (2004), and Lewellen (2006) show that option

pay can also increase the CEO�s risk aversion.2 It is therefore not obvious whether options will be

a part of the optimal compensation package in our framework that combines e¤ort aversion with

investment incentives.

This paper analyzes a principal-agent model in which the agent chooses e¤ort and the �rm�s

1There are a number of additional explanations for executive stock options that are not considered in this pa-
per. These include, among others, employee retention (Oyer, 2004), screening for (over-)optimistic employees (Oyer
and Schaefer, 2002), non-expected utility preferences (Dittmann, Maug and Spalt, 2007), managerial rent extraction
(Bebchuk and Fried, 2004), and the tax and accounting treatment of stock options.

2The argument that options increase managerial risk acceptance dates back to Smith and Stulz (1985). There are
a few empirical studies that con�rm this intuition: Tufano (1996) �nds that �rms in the gold mining industry hedge
more if their executives hold more stock and that they will hedge less if their executives hold more options. Williams
and Rao (2000) show that companies prefer risk-increasing acquisitions if their CEOs hold more stock options.

1



volatility. We theoretically derive the optimal contract and �nd that � in contrast to the solution

of the e¤ort-aversion model � it insulates the agent against wage losses and it features a convex

region that potentially can explain the use of options. We also reformulate the model and calibrate

it to the data. It turns out that the new model �ts the data considerably better than the simple

e¤ort-aversion model. In particular, it requires only few CEO to invest a modest portion of their

wealth in the �rm. On the other hand, the convex region of the optimal wage function turns out to

lie substantially below the observed strike price while the most relevant part of the wage function is

still concave. The optimal contract could therefore be approximated by long option holdings with

low, in the money strike prices (between 40% and 55% of the �rm value) and negative option holdings

for median and large strike prices.

There are a number of other papers that also consider both e¤ort-aversion and investment

incentives in models of executive compensation contracts. Lambert (1986), Feltham and Wu (2001),

Core and Qian (2002) consider discrete volatility choices, where the agent must exert e¤ort in order

to gather information about the investment projects. Two other papers (and our model) work with

continuous volatility choice: Hirshleifer and Suh (1992) analyze a very stylized principal-agent model

and solve it for special cases. Flor, et al. (2006) consider a similar model as we propose but they work

with the assumption that stock prices are normally distributed while we work with the lognormal

distribution. Neither of these two papers discusses the validity of the �rst order approach. Our

contribution to the literature is a general model of e¤ort and volatility choice that explicitly analyzes

the validity of the �rst-order approach. In fact it turns out that this approach is often violated.

Moreover, our paper is the �rst that calibrates a model of investment incentives to individual CEO

data.

The paper is organized as follows. Section 2 presents the principal-agent model and discusses

the validity of the �rst-order approach. Section 3 describes how the model is calibrated to the data.

Section 4 presents the calibration results, and Section 5 concludes. All the proofs and derivations

can be found in the Appendix.

2 Theory

We develop a principal-agent model that recognizes that a manager not only exerts e¤ort in order to

increase the value of existing projects, but also has to adopt new projects. Each potential new project

can be described by its net present value (NPV) and its risk (i.e. volatility). Ideally, the manager

should adopt all positive NPV projects irrespective of their risk. We assume that the manager does
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not incur any costs or bene�ts when choosing projects. In particular we assume that there are no

private bene�ts that accrue from some projects but not from others. In this setting, a risk-averse

manager will implement all positive NPV projects irrespective of their risks as long as his wealth is

not related to the �rm value. Realistically, however, a substantial part of managerial wealth is tied

to the �rm because of e¤ort incentives or just because future employment opportunities depend on

the performance in the current job. If wealth is tied to the �rm value, the manager has incentives

to forgo positive NPV projects with high risk in order to reduce his own wealth risk. He e¤ectively

chooses those investment projects that maximize the �rm value subject to the constraint that the

volatility of the �rm�s stock price does not exceed some boundary �. Let E(PT (�)) denote this

maximum expected �rm value at the end of the contracting period T . Also, let �� be the volatility

associated with the �rst-best investment policy when all positive NPV projects are adopted. Clearly,

E(PT (�)) weakly increases in � for � � �� and weakly decreases in � for � � ��. Managers are

risk-averse, so only the region � � �� will be relevant in practice. Therefore, the manager�s quite

complex investment problem can be simpli�ed to his choice of the volatility � where E(PT (�)) is

increasing and concave in �.

2.1 Set-up.

Our model is in the spirit of Holmström (1979): At time 0 a risk-neutral principal (the shareholders)

o¤ers a contract to the risk-averse agent (manager). The manager signs the contract and chooses

his actions, i.e. e¤ort e 2 [0;1) and volatility � 2 (0;1). At the end of the contracting period,

at time T , the stock price PT (e; �) realizes and the manager receives his wage WT (PT ). As the

manager�s e¤ort and volatility choice are not observable, the agent�s wage cannot directly depend on

these quantities.3

We use risk-neutral pricing and assume that the end-of-period stock price PT is lognormally

distributed:

PT (u; e; �) = P0 (e; �) exp

��
rf �

�2

2

�
T + u

p
T�

�
; u � N (0; 1) : (1)

Here, rf is the risk-free rate, and P0(e; �) = E(PT ) expf�rfTg is the expected present value of

the end-of-period stock price PT (u; e; �). P0(e; �) equals the stock price at the beginning of the

3The stock price volatility can clearly be estimated from market data, but we argue that this volatility is not
exclusively determined by the manager�s investment choices. If the manager has other means to drive up volatility (e.g.
by frequent contradictory announcements), total observed volatility can be manipulated.
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contracting period if markets are informationally e¢ cient.4 We assume that P0(e; �) is an increasing

and concave function in e¤ort e and volatility �, i.e. dP0(e;�)
de > 0, d

2P0(e;�)
de2

< 0, dP0(e;�)d� > 0, and
d2P0(e;�)
d�2

< 0.

The manager�s utility is additively separable in wealth and e¤ort and has constant relative risk

aversion with parameter  with respect to wealth:

U (WT ; e) = V (WT )� C (e) =
W 1�
T

1�  � C (e) : (2)

If  = 1, we de�ne V (WT ) = ln(WT ). Costs of e¤ort are assumed to be increasing and convex in

e¤ort, i.e. C 0(e) > 0 and C 00(e) > 0. There is no direct cost associated with the manager�s choice of

volatility. Volatility � a¤ects the manager�s utility indirectly via the stock price distribution and the

utility function V (:). Finally, we assume that the manager has outside employment opportunities

that give him expected utility U . The shareholders�optimization problem then is:

max
WT ;e;�

E [PT �WT (PT )je; �] (3)

subject to E [V (WT (PT ); e)je; �]� C(e) � U (4)

and fe; �g 2 argmax fE [V (WT (PT ); e)je; �]� C(e)g (5)

2.2 Optimal general contract.

We replace the incentive compatibility constraint (5) with its �rst-order conditions:

dE [V (WT (PT ); e)je; �]
de

� dC
de

= 0 (6)

dE [V (WT (PT ); e)je; �]
d�

= 0 (7)

We �rst solve the optimization problem under the assumption that the �rst-order approach is valid.

After that we discuss the validity of this assumption.

Proposition 1. (Optimal general contract): The optimal contract in the shareholders�problem

(3), (4), (6), and (7) has the following shape:

W 
T = �0 + �1 lnPT + �2(lnPT )

2; (8)

4We work with risk-neutral pricing, because in our model the only alternative investment to an investment in the
own �rm is an investment at the risk-free rate. If we allowed the agent to earn a risk-premium on the shares of his
�rm, he would value these shares possibly above their actual market price, because investing into the own �rm is then
the only way to earn the risk-premium. Our assumption e¤ectively means that all risk in the model is �rm-speci�c.
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where �0, �1, and �2 depend on the distribution of PT and the Lagrange multipliers of the optimization

problem, with �2 > 0.

The full expressions for the parameters �0, �1, and �2 can be found in the Appendix together

with the proof of Proposition (1). Note that the quadratic term in (8) is the only di¤erence to the

problem without investment incentives; in the standard principal agent model with e¤ort aversion

alone, we obtain the same functional form with �2 = 0. The second term is the only source of

convexity in (8). With �2 = 0, the wage function is globally concave and therefore cannot explain

option contracts. The following Lemma describes the shape of the optimal contract, and Figure 1

further below depicts the optimal general contract for a representative CEO.

Lemma 1. (Shape of the general contract):

(1) The agent receives the lowest payout min fWT (PT )g at the stock price P= exp
n
� �1
2�2

o
<

E(PT ). The wage function decreases monotonically for P <P and increases monotonically for P >P .

(2) If  > 1, there exists a unique in�ection point eP with P< eP < P = expn1� �1
2�2

o
so that

the wage function is convex for P < eP and concave for P > eP .
(3) If  < 1, the wage function is convex for P < P , and there exists a bP > P such that the

wage function is concave for P > bP .
We �rst observe that the optimal contract is convex over a substantial region of stock prices but

that it becomes eventually concave. Whether or not this contract can explain options in observed

contracts is therefore an empirical questions. If the convexity region lies below typical strike prices,

then the model cannot explain observed compensation practice. On the other hand, if the convexity

region dominates empirically and the concavity region is reached only for very high (and unlikely)

stock prices, the model might very well explain observed option contracts.

The second striking observation from Lemma (1) is that the wage schedule is not monotonic.

As the stock price decreases, the wage eventually increases and even approaches in�nity as PT ! 0.5

This shape is clearly at odds with observed contracts and it is also grossly counterintuitive at �rst

glance. We will see shortly that this �rst intuition is right, because the �rst-order approach is likely

not to be valid. But �rst, we need to develop an intuition why a non-monotonic shape is optimal in

the problem with the �rst-order approach.

5For extremely low stock prices,WT will exceed the �rm value PT which might not be possible under limited liability.
We could add a condition WT � PT to the optimization problem which would add a jag at the lowest stock prices
in Figure 1. As everything else remains unchanged, we work with the simpler, more intuitive problem without this
restriction. Note also that the �rm could use an insurance to overcome the limited liability restriction.
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Replacing the general incentive compatibility constraint (5) with the �rst-order conditions (6)

and (7) means that the maximization over all pairs fe; �g is replaced by two maximizations: one

over e given the optimal ��, and one over � given the optimal e�. If the �rst-order approach is

valid, there exists only one local optimum and the result of the two approaches are identical. Let us

�rst consider condition (7), i.e. the optimization over � given e�. As the manager is risk-averse and

chooses a risk level below the �rst-best level, the �rm provides risk-taking incentives by paying high

wages for very low outcomes. These are exactly those outcomes a risk-averse manager worries about.

Given the (presumably high) e¤ort level e�, these very low outcomes are more likely to occur if the

manager takes on more risk. Hence, the non-monotonic wage schedule clearly provides investment

incentives. The obvious worry is that, while possibly providing investment incentives, high wages

for very low outcomes could reduce - or even destroy - e¤ort incentives. In particular, it appears

plausible at �rst sight that the manager now chooses zero e¤ort to obtain these high payouts. Under

the assumption that the �rst-order approach is valid, however, this is not the case, because in (6) the

manager optimizes over e given ��, and P0(e = 0; ��) > 0.6 Together with the possibly substantial

volatility �� > 0, this implies that not only the very high payouts for very low PT are likely outcomes

when the agent chooses e = 0, but also the low payouts for low (but not extremely low) payouts.

Altogether the manager is better o¤ choosing e = e� and not e = 0.

This explanation of the shape of the optimal contract (8) raises the question what happens

if the agent reduces e¤ort (e.g. e = 0) and volatility (e.g. � = 0). The answer is that this

option is not taken into account by the �rst-order approach. If E [V (WT (PT ); e
�)je�; ��] � C(e�)

< E [V (WT (PT ); 0)j0; 0] � C(0), the �rst-order approach is simply not valid as there are two local

optima, one at f0; 0g (or close to it) and one at fe�; ��g. There are two heuristic ways to �x this

problem:7 First we can assume that the expected stock price E(PT ) = P0 expfrrTg is bounded

su¢ ciently far away from zero no matter what action the manager chooses. Practically, this means

that the manager cannot destroy the �rm (for certain). This assumption might be defensible for some

�rms (e.g. utilities), but not for others (e.g. internet start-ups). In this case, the non-monotonic

contract (8) is optimal. Further below we will check empirically what "su¢ ciently far" means. The

second approach is that we restrict the contract to be monotonic, so that it cannot generate incentives

to destroy the �rm. We turn to this type of contract now.

6 If P0(0; ��) = 0, shareholders can only provide either e¤ort incentives or investment incentives if the �rst-order
approach is valid. If they decide for e¤ort incentives, condition (7) is not binding, �2 = 0, and the wage schedule is
monotonic.

7The obvious way to look at the second-order conditions in order to �nd assumptions under which the �rst-order
approach holds is not feasible, because the second-order conditions are too complicated.
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2.3 Optimal monotonic contract.

We assume that the wage schedule WT (PT ) is di¤erentiable almost everywhere and introduce the

additional monotonicity constraint:8

dWT (PT )

dPT
� 0 for all PT (9)

Together with the assumption that the �rst-order approach is valid, we can derive the following

result.

Proposition 2. (Optimal monotonic contract): The optimal contract in the shareholders�prob-

lem (3), (4), (6), (7), and (9) has the following functional form:

W 
T =

8<: �0 + �1 lnPT + �2(lnPT )
2 if ln(PT ) > � �1

2�2

�0 � �21
4�2

if ln(PT ) � � �1
2�2

(10)

where �0, �1, and �2 depend on the distribution of PT and the Lagrange multipliers of the optimization

problem, with �2 > 0.

The e¤ect of the monotonicity constraint on the shape of the optimal contract is straightforward.

The monotonic contract is �at where the general contract is decreasing, while the two shapes are

identical where the general contract is increasing. Even though the shape is identical, the parameters

�0, �1, and �2 will be di¤erent for the two contracts. If compensation is reduced in bad states of

the world where the general contract is decreasing, compensation must be increased in good states

of the world in order to satisfy the participation constraint.

We still need the �rst-order approach in order to derive our result (10). While the monotonic

contract (10) does not provide the perverse incentives to destroy the �rm as the general contract, we

still cannot guarantee that the �rst-order approach is valid here. Further below, we therefore derive

a su¢ cient condition for the �rst-order approach to be applicable which we can check empirically in

our calibrations.
8The di¤erentiability assumption simpli�es the formulation of the restriction and the proof. It is not needed for the

result in Proposion 2.
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3 Calibrations

We cannot calibrate the full optimization problem to the data, because this requires knowledge (or

estimates) of the production function P0(e; �) and of the cost function C(e).9 We therefore resort

to the sub-problem of �nding a new contract with a given shape that achieves three things: (1) It

provides the same e¤ort and investment incentives to the agent as the observed contract. (2) It

provides the agent with the same utility as the observed contract. (3) It is as cheap for the �rm as

possible. This is the �rst stage of the two-stage procedure in Grossman and Hart (1983), where they

search for the cheapest contract that implements a given level of e¤ort. In our case, the given level

of e¤ort is the level of e¤ort that is implemented by the observed contract. If our model is correct

and descriptive of the data, the cheapest contract found in this optimization must be identical to

the observed contract. If the new contract substantially di¤ers from the observed contract, the

observed contract is not e¢ cient according to the model: It is possible to �nd a cheaper contract

that implements the same e¤ort and the same investment choices as the observed contract. In this

case, either compensation practice is ine¢ cient (and the model is correct) or the model in incorrect

(and compensation practice is e¢ cient). In both cases, the model is not descriptive of the data.

We do not consider the second stage of the Grossman and Hart (1983) procedure where the

optimal e¤ort level is found by searching across all pairs of e¤ort and costs of implementing this

e¤ort. For this stage, estimates of the production function and the cost function are needed, which

we cannot produce without extremely restrictive additional assumptions. This means that we cannot

say anything about the optimal level of e¤ort or volatility. Our method only analyzes the optimal

structure of compensation.

3.1 The numerical optimization problem

We start by rewriting the e¤ort incentive constraint (6) so that the LHS of the equation does not

contain any quantities that we cannot compute while the RHS does not contain the wage function:

UPPS(WT (PT ); e; �; ) := E

�
dV (WT ; e)

dWT

dWT

dP0

���� e; �� = C 0(e)
dP0
de

(11)

UPPS is the utility adjusted pay for performance sensitivity. Under the null hypothesis that the

model is correct, the observed contract ful�lls this equation, so that the e¤ort incentive constraint in

9See Armstrong, Larcker and Su (2007) for a calibration of a full optimization problem with e¤ort aversion only.
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our calibration problem becomes:

UPPS(W �
T (PT ); e; �; ) = UPPS(W

d
T (PT ); e; �; ) (12)

Here W �
T denotes the new (cost minimizing) contract and W

d
T denotes the observed contract (d for

"data").

We now turn to the volatility incentive constraint (7), which can be rewritten as

E

�
dV (WT ; e)

dWT

dWT

dPT

dPT
d�

���� e; �� = 0 (13)

, E

�
dV (WT ; e)

dWT

dWT

dPT

�
dP0
d�

PT
P0
+ PT

�
��T + u

p
T
������ e; �� = 0: (14)

Separating again the wage function WT from the unknown quantities, we obtain

V I(WT (PT ); e; �; )

UPPS(WT (PT ); e; �; )
= �dP0

d�
(15)

with V I(WT (PT ); e; �; ) = E

�
dV (WT ; e)

dWT

dWT

dPT
PT

�
��T + u

p
T
����� e; �� : (16)

We call V I the volatility incentives. Under the null hypothesis that the model is correct, the observed

contract ful�lls (15). Together with equation (12) we therefore obtain

V I(W �
T (PT ); e; �; ) = V I(W

d
T (PT ); e; �; ): (17)

Equation (15) illustrates nicely that volatility a¤ects the agent�s utility in two ways. First, higher

volatility leads to higher expected stock prices as we assume that dP0(e;�)
d� > 0. Hence the e¤ort

incentives UPPS in (12) also provide investment incentives. Second, higher volatility makes future

payouts less certain and this e¤ect is captured by V I in (16).

Similarly to the incentive compatibility constraints, we can reformulate the participation con-

straint (4) as

E [V (W �
T (PT ); e)je; �; ] = E

h
V (W d

T (PT ); e)je; �; 
i
: (18)

Our numerical optimization problem is to minimize the costs of the new contract, E (W �
T (PT )je; �),

subject to the constraints (18), (12), and (17). We consider three di¤erent shapes of the optimal

contract W �
T (PT ). First, we calibrate the general contract (8), i.e. the optimization runs over the

parameters �0, �1, and �2. As this is a problem with three parameters and three constraints, the
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solution is determined by the constraints (18), (12), and (17) and no further cost minimization

is possible. Second, we likewise calibrate the monotonic contract (10). And third we calibrate a

piecewise linear contract that consists of �xed salary �, the number of shares nS , and the number

of options nO with strike price K:

W lin
T (PT ) =W0 + �+ nSPT + nOmaxfPT �K; 0g:

With W0 we denote the manager�s initial non-�rm wealth, i.e. all wealth that is not invested in stock

or options of his own �rm. We express the number of shares nS and the number of options nO as a

percentage of outstanding shares, so that 0 � nS � 1. Here, we have four parameters to minimize

costs over: �, nS , nO, and K.

3.2 Su¢ cient condition for the �rst-order approach

Note that the calibration method is based on the assumption that the �rst-order approach is valid.

As we cannot show in general that our optimization problems have only one local optimum, we derive

a su¢ cient condition that ensures that there is no local solution where the current (i.e. the future

discounted) stock price is lower than the observed stock price P0. We do not worry about additional

local solutions where the stock price is higher than the current stock price, because in this case the

new contract would not only be cheaper than the observed contract but it might also implement

a more favorable e¤ort/volatility combination than the observed contract. We prove the following

proposition in the appendix.

Proposition 3. (First-order approach): Assume that d
2P0
ded� = 0, that the agent�s choice of � is

restricted to lie in the interval [�L; �H ], and that the �rm value P0 can never drop below P 0 � 0

for any feasible choice of e¤ort e and volatility �. Let W �
T be the optimal contract that solves our

numerical optimization problem and W d
T the observed contract. Also, let (e; �) be the e¤ort-volatility

combination chosen under the observed contract. If the conditions

UPPS(W �
T ; P; �) � UPPS(W d

T ; P0; �) for all P 2 [P 0; P0]; � 2 [�; �H ] (19)

V I(W �
T ; P; �)

UPPS(W �
T ; P; �)

� V I(W d
T ; P0; �)

UPPS(W d
T ; P0; �)

for all P 2 [P 0; P0]; � 2 [�L; �] (20)

both hold, the agent will never choose an e¤ort-volatility combination (e�; ��) such that P0(e�; ��) <

P0(e; �).
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In our empirical work, we will check the two su¢ cient conditions (19) and (20) numerically on

a grid of 50 equally spaced values for the �rm value P 2 [0; P0] and 50 equally spaced values for

the volatility � 2 [�L; �H ], where �L = �d=2 and �H = 2�d, i.e. we assume that CEOs can at most

half or double the �rm�s currently observed volatility. This involves calculating the two conditions

for 2; 500 grid points. If the conditions are violated for some P -�-combinations, we report intervals

[P 0; P0] and [�L; �H ] for which the conditions are ful�lled.

3.3 Dataset

Our analysis is based on the ExecuComp database. We �rst identify every person in the database

who was CEO during the full year 2005 and executive of the same company in 2004. We calculate

the �xed salary � (which is the sum of salary, bonus, "other annual compensation", and "all other

compensation" from ExecuComp) from 2005 data, and take information on stock and option holdings

from the end of the 2004 �scal year. We estimate each CEO�s option portfolio with the method

proposed by Core and Guay (1999) and then aggregate this portfolio into one representative option,

where we calculate the number of options nO, the strike price K, and the maturity T so that the

representative option has the same Black-Scholes value, the same option delta, and the same option

vega as the estimated option portfolio. Consequently, the representative option has a similar e¤ect as

the actual option portfolio on, respectively, the agent�s utility, his e¤ort incentives, and his volatility

incentives. In this step, we lose �ve CEOs for whom we cannot numerically solve this system of three

equations in three unknowns.

We take the �rm�s market capitalization P0 from the end of 2004. While our formulae above

abstract from dividend payments for the sake of simplicity, we take dividends into account in our

empirical work and use the dividend rate d from 2004. We estimate the stock price volatility � from

daily stock returns from CRSP over the �scal year 2005 and drop all �rms with less than 220 daily

stock returns on CRSP.10

[Insert Table 1 here]

We estimate the non-�rm wealth W0 of each CEO from the ExecuComp database by assuming

that all historic cash in�ows from salary and the sale of shares minus the costs of exercising options

have been accumulated and invested at the risk-free rate. We assume that the CEO had zero wealth
10ExecuComp year 2005 includes all observations with �scal year end from June 2005 to May 2006. We drop all �rms

with �scal year end between January 2006 and May 2006, because the currently available CRSP data end in December
2007, so that there are not enough data for these �rms to calculate the volatility �. We use the CRSP/Compustat
Merged Database to link ExecuComp with CRSP data.
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when he entered the database (which biases our estimate downward) and that he did not consume

while he is in the database (which biases our estimate upward). To arrive at meaningful wealth

estimates, we discard all CEOs who do not have a history of at least 5 years (from 1999 to 2003)

on ExecuComp. During this period, they need not be CEO. Non-�rm wealth is clearly the least

accurate variable in our sample, and we therefore provide robustness checks to analyze its in�uence

on our results.

Table 1 provides an overview over our dataset. The median CEO owns 0.3% of the stock of his

company and has options on an additional 1% of the company�s stock. The median �xed salary is

$1.6m, and the median non-�rm wealth is $9.1m. The representative option has a median maturity

of 5 years and is well in the money with a moneyness (K=P0) of 71%.

4 Empirical Results

This section calibrates the model to the data and evaluates whether the model is descriptive of

the data. We start by estimating the volatility incentives provided by existing contracts. Then

we calculate the general non-linear contract for each CEO, and �nally, we calibrate piecewise-linear

contracts that consist - just like our stylized observed contract - of stock, options and �xed salary.

4.1 The sensitivity of stock price to volatility

Equation (15) allows us to estimate the sensitivity of stock price to volatility dP0=d� from the ob-

served contract. If our model is correct, it describes how the principal chooses the optimal investment

incentives given the sensitivity dP0=d�. Equation (15) allows us to back out this sensitivity from the

observed contract. The only quantity on the left hand side of equation (15) that we do not know is

the manager�s coe¢ cient of relative risk aversion, . We therefore calculate the sensitivity dP0=d�

for each CEO for a range of plausible values of .

[Insert Table 2 here]

Table 2 shows that the sensitivity is negative for 35% of the CEOs for  = 0:5 and 11% of the

CEOs for  = 1. For higher values of  the frequency of a negative sensitivity drops rapidly towards

zero. Our model assumes that dP0=d� > 0, so a negative estimate can be regarded as a rejection of

our model. If the sensitivity of stock price to volatility is negative, the contract provides incentives

to reduce the �rm volatility �. We �nd this only for very low values of risk aversion ( � 1) which

can be regarded as unrealistically low. For reasonable values of risk aversion (3 �  � 5), 99% of
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our sensitivity estimates are positive as stipulated by our model. In the remainder of our analysis,

we therefore exclude all CEO--combinations for which the volatility estimate is negative.

Table 2 also shows the median and the mean sensitivity of stock price to volatility. For instance,

the median sensitivity is 0:55 for  = 3. This means that a 10% increase in volatility (say from 30%

to 33%) is associated with a 5:5% increase in the �rm�s stock price. This is a large and economically

meaningful e¤ect.

We analyze in Table 3 whether our estimates are related to �rm characteristics that should imply

a higher volatility sensitivity of the stock price. It shows OLS and industry �xed e¤ects regressions

of our estimates of each �rm�s volatility sensitivity (from equation (15)) on six �rm characteristics.

Firms with high leverage or a low credit rating should have a higher sensitivity, because equity then

resembles an option on the �rm value with strike price equal to the face value of debt. Increasing

volatility then increases the value of this option. Table 3 corroborates this argument. The S&P

Long-Term Domestic Issuer Credit Rating is a number between 2 (AAA) and 27 (default), and it

is highly signi�cantly positively related to our sensitivity estimate. When we exclude the rating,

leverage becomes signi�cant at the 10% level in the �xed e¤ects regression (speci�cation (4)).

[Insert Table 3 here]

Firms with more investment opportunities might also have a higher volatility sensitivity of stock

price. We use research and development (R&D), intangible assets (both scaled by total assets) and

Tobin�s q as proxies for investment opportunities and �nd that Tobin�s q is indeed highly signi�cantly

positively correlated with our sensitivity estimate, although only in speci�cations where the S&P

rating is also included. There is no indication of multicollinearity, though, because the S&P rating

remains highly signi�cant if Tobin�s q is excluded (see speci�cations (5) and (6) in Table 3). Table

3 also includes the �rm�s market capitalization P0 as a control variable, because equity incentives

are more di¢ cult to provide in larger �rms. In speci�cations (3) and (4) we indeed �nd that the

volatility sensitivity is negatively related to �rm size. Altogether we conclude that �rms that are

closer to default and that have high investment opportunities provide their CEOs with more incentives

to increase stock price volatility.

4.2 The optimal general and the optimal monotonic contracts

We now turn to the calibrations of the optimal general contract (8) and the optimal monotonic

contract (10). These contract shapes are de�ned by the three parameters �0, �1, and �2. As we also
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have three constraints (18), (12), and (17), there are no degrees of freedom left to minimize costs.

Therefore, we just solve a system of three equations in three unknowns for every CEO in our sample.

The contract we obtain in this way is always cheaper than the observed contract, because the new

contract has the optimal functional form.

We start our discussion by considering a representative CEO whose parameters are closest to

the median values shown in Table 1.11 Figure 1 depicts three contracts for this representative CEO:

the observed piecewise linear contract (solid line), the optimal general contract (dashed line), and

the optimal monotonic contract (broken line). The horizontal axis shows the stock price at the end

of the contracting period PT as a multiple of the beginning of period stock price P0. The vertical axis

displays the manager�s end-of-period wealthWT in million dollars. The optimal general contract pays

out the smallest wage if PT is about 50% of P0, and this payout is slightly higher than the observed

�xed salary which is the minimal payout in the observed contract. For stock prices smaller than 0:5P0,

the end of period wealth is decreasing in the stock price. If we impose monotonicity, the minimum

payout increases and becomes much higher than the observed �xed salary. Also, the payouts for good

outcomes where PT > 1:5P0, are higher for the monotonic contract than for the general contract.

This insures that the agent receives the same expected utility from the two contracts.

The non-monotonicity of the general contract might distort the manager�s e¤ort incentives and

lead to a much lower e¤ort than the observed contract. However, if our representative CEO cannot

reduce the �rm value below 0:5P0, no matter how bad his actions are, the general contract is unlikely

to distort incentives and is therefore optimal. On the other hand, if the CEO can destroy the �rm

and generate a very low stock price for certain, the general contract is clearly suboptimal and the

�rm should choose the monotonic contract instead.

[Insert Table 4 here]

Table 4 shows our full-sample results for the optimal general contract for six values of the risk-

aversion parameter  between 0:5 and 8. Panel A of Table 4 describes the shape of the optimal

contract. We do not tabulate the parameters �0, �1, and �2, as they cannot be interpreted indepen-

dently of each other. For  = 3, �rms can save on average 18% (median: 13%) of the compensation

costs if they replace the observed contract with the optimal general contract. These average savings

11For each parameter (observed salary �d, observed stock holdings ndS , observed option holdings n
d
O, wealth W0, �rm

size P0, stock price volatility �, time to maturity T , and moneyness K=P0) and each CEO we calculate the absolute
percentage di¤erence between individual and median value. Then we calculate the maximum di¤erence for each CEO
and select the CEO for whom this maximum di¤erence is smallest.
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Figure 1: The �gure shows end of period wealthWT for the observed contract (solid line), the optimal
general contract (dashed line) and the optimal monotonic contract (dotted line) for one representative
CEO whose parameters are close to the median of the sample. The parameters are � = $1; 2m,
nS = 0:32%, nO = 0:96% for the observed contract. Initial non-�rm wealth is W0 = $8:5m. P0 is
$1:8bn, � = 19:7%, and K=P0 is 65%, T = 5:1 years, rf = 3:8%, d = 2:1%. All calculations are for
 = 3.

are considerably higher than the savings of 4% for our representative CEO in Figure 1. This dis-

crepancy demonstrates that a calibration to average values can be misleading and that calibrations

to individual data are needed. Savings increase as the risk-aversion parameter  increases in Table 4,

because option pay that provides incentives by high payouts in the best states of the world becomes

less e¢ cient if individuals become more risk-averse. Risk-averse individuals gladly give up some of

their upside in order to increase payouts in poorer states of the world. The optimal general contract

does this and therefore generates substantial savings for the �rm. The location of the minimum

payout is on average 38%, i.e. the manager receives his minimum pay if the stock price dropped by

1 � 38% = 62%. If the price drops further, pay increases again. For an average �rm, the general

contract with the non-monotonic wage scheme therefore appears reasonable if the CEO is not able

to reduce �rm value by more than 62% on purpose. The average in�ection point is 53% for  = 3.

So the wage scheme is convex for any stock price PT below 0:53P0, and concave above this point. So

even though the general contract allows for a convex region, the contract is concave over the range

of the most likely outcomes. The in�ection point decreases and the concavity region increases as the

CEOs become more risk averse. This is intuitive as strongly risk-averse CEOs care little about high
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payouts in good states of the world.

Panel B of Table 4 describes the e¤ect on the manager�s wealth of a switch from the observed

contract to the optimal general contract. For  = 3, 32% of the CEOs for which our numerical routine

converges will receive a negative salary while another 30% of the CEOs would receive a minimum pay

that exceeds their observed base salary. On average, the minimum wealth increases by 23% relative

to the minimum wealth from the observed contract. 10% of the CEOs would have to cope with a

cut of their minimum wealth by more than 14% while another 10% of the CEOs would receive an

increase of more than 78%.

[Insert Table 5 here]

Table 5 shows our results for the optimal monotonic contract. It is organized identically to Table

4. By construction, the savings from the monotonic contract are lower than the savings from the

general contract. The average di¤erence is 4:2% (= 18:1%� 13:9%, for  = 3), so the average costs

of restricting the optimal contract to be monotonic are reasonably small. If the CEO can indeed

destroy the �rm in order to get high payouts under a non-monotonic payout scheme, the �rm might

be better o¤ to use the slightly more expensive monotonic contract than to set up costly governance

mechanisms that prevent the CEO from destroying the �rm. A comparison of Tables 4 and 5 further

yields that the location of the minimum payout and the in�ection point are both higher for the

monotonic contract than for the general contract. So the monotonic contract will feature a larger

convex region that is needed to provide the same incentives as the general contract. Also, the CEOs�

minimum wealth is much higher for the monotonic contract than for the general contract. For the

monotonic contract and  � 1, virtually all CEOs receive a minimum payout that is higher than

their observed salary. On average, their minimum wealth increases by 94%.

If severance pay is interpreted as a way to implement the high rewards for very low stock prices

predicted by the general contract, then our results imply that a contract with severance pay should

have a much lower base salary than a contract without severance pay. Also contracts with severance

pay should feature options that are more in the money than contracts without severance pay, because

both the location of the minimum payout and the in�ection point are lower for the general contract.

A Proofs

Proof of Proposition 1: The Lagrangian is
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L =

Z 1

0
[PT �WT ] g(PT je; �)dPT + �PC

�Z 1

0
[V (WT ; e)g(PT je; �)]dPT � C(e)� U

�
(21)

+ �e

�Z 1

0
V (WT )ge(PT je; �)dPT �

dC

de

�
+ ��

Z 1

0
V (WT )g�(PT je; �)dPT ;

where g(PT je; �) is the (lognormal) density function of end-of-period stock price PT :

g(PT je; �) =
1

PT
p
2��2T

exp[�(lnPT � �(e; �))
2

2�2T
] (22)

with

�(e; �) = lnP0 + (rf � �2=2)T: (23)

ge and g� are the derivatives of g(:) with respect to e and �. We di¤erentiate (21)with respect to

WT and set this derivative equal to zero:

g(PT je; �) = �PC [VWT
� g(PT je; �)] + �e[VWT

ge(PT je; �)] + ��[VWT
g�(PT je; �)]:

Some rearranging yields:

1

VWT
(WT )

= �PC + �e
ge
g
+ ��

g�
g
: (24)

For the log-normal distribution (22) we get:

ge = g �
lnPT � �(e; �)

�2T
� �e(e; �)

g� = g �
[lnPT � �(e; �)] � ��(e; �) � �2T + [lnPT � �(e; �)]2�T

(�2T )2
� g

�

= g � [lnPT � �] � �� � � + [lnPT � �]
2

�3T
� g

�
:

From (23) we have �e(e; �) = 1
P0
dP0
de and ��(e; �) =

1
P0
dP0
d� ��T . Substituting this into the �rst-order

condition (24) yields (together with the assumption of constant relative risk aversion (2)):

W 
T = �PC + �e

[lnPT � �] � �e
�2T

+ ��

�
[lnPT � �] � �� � � + [lnPT � �]2

�3T
� 1

�

�
:

From inspection, the optimal wage contract can be written as (8) with �0, �1, and �2 unrelated
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to PT :

�0 = �PC � �e
�e � �
�2T

� ��
�
� � ��
�2T

� �2

�3T
+
1

�

�
;

�1 = �e
�e
�2T

+ ��

�
��
�2T

� 2�

�3T

�
;

�2 = ��
1

�3T
> 0:

Proof of Lemma 1: (1) Taking the derivative of the wage function (8) yields

dWT

dPT
=
1


W 1�
T � 2�2 � (lnPT +

�1
2�2

) � 1
PT
: (25)

Hence, WT (PT ) attains its minimum at PT = exp(� �1
2�2
). As � �1

2�2
= � �

�
�e
��
�e + ��

�
�
2 , the

minimum of the wage schedule lies below the expected stock price and decreases with the volatility

�.

(2) The second derivative of the wage function WT with respect to the end-of-period stock price

PT is

d2WT

dP 2T
=
1� 
2

W 1�2
T �

�
2�2 �

�
lnPT +

�1
2�2

�
� 1
PT

�2
+
1


W 1�
T � 2�2 �

1

P 2T

�
1� lnPT �

�1
2�2

�
=
1


W 1�
T � 2�2 �

1

P 2T

"
1� 


2�2W
�
T

�
lnPT +

�1
2�2

�2
+

�
1� lnPT �

�1
2�2

�#
.

If lnPT + �1
2�2

> 1, this expression is negative if  > 1, so the wage function is concave in this region.

If lnPT + �1
2�2

< 0, the expression (??) will be positive. Thus the wage function is convex.

(Idea: to show that the second order derivative of the wage contract is monotonically decreasing

with the stock price)

The second order derivative of the wage contract (when WT is positive) can be re-written as

d2WT

dP 2T
= Q � S (26)

Q =
1


W 1�
T � 2�2 �

1

P 2T

S = [
1� 


2�2W
�
T (lnPT +

�1
2�2

)2 + (1� lnPT �
�1
2�2

)]
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if PT 2
h bP ; ePi

d3WT

dP 3T
=
dQ

dPT
� S + dS

dPT
�Q

dQ

dPT
=
1� 


W�
T � 2�2 �

1

P 2T

dWT

dPT
+
1


W�
T � 2�2 �

1

P 3T
� (�2) < 0

dS

dPT
= � (1� ) � 2�2 (lnPT +

�1
2�2

)2 +
1� 


2�2W
�
T � 2 � (lnPT +

�1
2�2

) � 1
PT

� 1

PT
< 0

Additionally, Q,S > 0. As a result, the second order derivative of the wage contract is monoton-

ically decreasing in
h bP ; ePi. As d2WT

dP 2T

� bP� > 0 and d2WT

dP 2T

� eP� < 0, there must exist a P , such that
d2WT

dP 2T

�
P
�
= 0, so d2WT

dP 2T
is positive in

h bP ; P� but negative in �P ; ePi :
Proof of Proposition 3: Assume there exists a pair (e�; ��) that solves the �rst-order condi-

tions and P0(e�; ��) < P0(e; �). Then (e�; ��) satis�es:

UPPS(W �
T ; �

�; P0(e
�; ��)) =

C 0(e)

dP0=de
(27)

V I(W �
T ; �

�; P0(e�; ��))

UPPS(W �
T ; �

�; P0(e�; ��))
= �dP0

d�
(28)

Note that the RHS in (27) increases in e and that the RHS in (28) increases in �.

The condition P0(e�; ��) < P0(e; �) can only hold if �� < � or e� < e. In the �rst case �� < �,

(28) implies that

V I(W �
T ; �

�; P0(e�; ��))

UPPS(W �
T ; �

�; P0(e�; ��))
<

V I(W �
T ; �; P0(e; �))

UPPS(W �
T ; �; P0(e; �))

=
V I(W d

T ; �; P0(e; �))

UPPS(W d
T ; �; P0(e; �))

;

which is ruled out by condition (20). In the second case e� < e, (27) implies

UPPS(W �
T ; �

�; P0(e
�; ��)) < UPPS(W �

T ; �; P0(e; �)) = UPPS(W
d
T ; �; P0(e; �));

which is ruled out by condition (19). Note that (20) already ensures that the agent will not choose

a lower volatility, so we need not consider � < � in (19).
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Table 1: Description of the dataset (649 CEOs)

Mean Std. Dev. 10% Quantile Median 90% Quantile
Stock nS 1.96% 5.27% 0.03% 0.31% 4.76%
Options nO 1.43% 1.42% 0.14% 1.01% 3.29%
Fixed Salary phi 2,420 3,188 559 1,636 4,338
Non-firm Wealth W0 36,293 151,612 2,060 9,077 56,869
Firm Value P0 9,592,868 27,702,863 303,220 2,151,279 17,826,976
Strike Price K 7,364,171 23,662,193 231,608 1,384,895 13,067,733
Moneyness K/P0 70.64% 22.33% 41.38% 71.11% 98.56%
Maturity T 5.28 1.77 4.20 5.00 6.70
Stock Volatility sigma 30.34% 15.00% 16.19% 27.95% 47.05%
Dividend Rate d 1.24% 2.64% 0.00% 0.61% 3.41%

Variable

This table displays mean, median, standard deviation, and the 10% and 90% quantile of ten variables for
our sample of 649 CEOs from 2005. All dollar values are in thousands.
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Table 2: Estimated Sensitivity of Stock Prices to Volatility

positive negative
0.5           480 169 0.059         0.176         
1.0           584 65 0.182         0.310         
2.0           637 12 0.386         0.529         
3.0           642 7 0.550         0.700         
4.0           646 3 0.665         0.827         
5.0           648 1 0.763         0.927         
6.0           649 0 0.845         1.011         
7.0           649 0 0.913         1.084         
8.0           649 0 0.971         1.148         
9.0           649 0 1.020         1.205         

10.0         649 0 1.067         1.257         

This table displays the mean and the median of the sensitivity
of stock price to volatility for eleven different values of the risk-
aversion parameter gamma. The sensitivity has been
calculated from the observed contract according to equation
(15). The table also shows the frequency that this sensitivity is
positive or, respectively, negative. The mean has been
calculated after negative values have first been deleted.

Frequency of S beingGamma Median Mean
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Table 3: Sensitivity of stock price to volatility, leverage and investment opportunities

Leverage 0.0150 0.1192 0.2137 0.4751 * -0.0473 0.0180
Rating 0.0559 *** 0.0518 *** 0.0492 *** 0.0417 ***
R&D -1.0893 -1.1611 0.0597 -0.3626 0.2855 0.4485
Intangibles -0.1797 -0.0736 -0.1315 -0.2447 -0.0207 -0.0561
Tobin's Q 0.1325 *** 0.1419 *** 0.0456 0.0316
P0 (in bn$) 0.0000 -0.0007 -0.0038 ** -0.0032 * 0.0000 -0.0008
Observations 371 371 622 622 371 371
Fixed Effects no yes no yes no yes

This table displays the results of six regressions of the sensitivity of stock price to volatility on six
independent variables. Leverage is the sum of long-term debt (CompuStat Item 9) and short-term
debt (#34) scaled by total assets (#6), R&D is research and development expenses (#46) scaled
by total assets, Intangibles are intangible assets (#33) scaled by total assets, Tobin's Q is the
firms the sum of market capitalization (P0), long-term debt (#9), and short-term debt (#34) scaled
by total assets, P0 is the firm's market capitalization (in billion of dollars), and Rating is the S&P
Long-Term Domestic Issuer Credit Rating which is a number between 2 (AAA) and 27 (default).
Specifications (1), (3), and (5) are OLS regressions, specifications (2), (4), and (6) include
industry fixed effects. ***, **, * denote significance at the, respectively, 1%, 5%, and 10% level.

(5) (6)(1) (2) (3) (4)
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Table 4: Optimal general contract calibration results

Panel A: Savings and contract shape

Sens.>0 converg. Mean Median Mean Median Mean Median
0.5           480          457          0.38% 0.05% 23.0% 23.0% 186.2% 159.4%
1.0           584          538          1.89% 0.57% 34.3% 34.1% 93.3% 92.9%
2.0           637          517          8.54% 4.53% 40.3% 40.7% 63.9% 64.9%
3.0           642          338          18.13% 13.02% 37.7% 36.7% 53.1% 52.8%
5.0           648          172          34.68% 33.28% 31.5% 25.0% 41.0% 37.1%
8.0           649          118          46.66% 47.27% 26.2% 22.4% 34.1% 31.8%

Panel B: Salary and minimum wealth

Median Freq. < 0 Freq. > Φ Mean 10% Quan. Median 90% Quan.
0.5           141.1% 14.88% 61.49% 300% 94% 128% 258%
1.0           156.2% 17.10% 61.34% 347% 93% 130% 277%
2.0           77.7% 29.01% 45.07% 153% 86% 116% 205%
3.0           49.6% 31.36% 30.47% 128% 89% 110% 178%
5.0           52.6% 22.09% 26.16% 125% 96% 112% 165%
8.0           66.4% 15.25% 14.41% 123% 99% 114% 171%

This table describes the optimal general contract for six different values of the risk-aversion parameter gamma.
Panel A shows first the number of observations for which the sensitivity of stock price to volatility is positive in the
observed contract, and the number of these observations for which we could obtain convergence. Panel A further
displays the mean and median of the savings, the location of the minimum wage, and the inflection point. Savings
are the difference in compensation costs between observed contracts and optimal contracts expressed as a
percentage of compensation costs in the observed contract, {pi(observed) - pi(optimal)}/pi(observed). The
location of the minimum is the end-of-period stock price PT where the agent receives the smallest wage. The
inflection point is the end-of-period stock price PT where the wage scheme turns from being convex to being
concave. Both the location of the minimum and the inflection point are expressed as percentage of the beginning-
of-period stock price P0.
Panel B shows the median minimum wage payout, the frequency that this minimum payout is negative, and the
frequency that this minimum payout exceeds the observed fixed salary. Panle B also shows the mean, the
median, the 10% quantile, and the 90% quantile of the CEO's minimum wealth.

Minimum wage Minimum wealthGamma

Observations with Location of minimum Inflection pointGamma Savings
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Table 5: Optimal monotonic contract calibration results

Panel A: Savings and contract shape

Sens.>0 converg. Mean Median Mean Median Mean Median
0.5           480          211          0.22% 0.04% 28.0% 28.7% 214.7% 160.6%
1.0           584          473          1.18% 0.36% 43.6% 41.5% 118.6% 112.9%
2.0           637          581          5.61% 3.09% 55.4% 56.3% 85.6% 85.8%
3.0           642          414          13.91% 10.28% 55.1% 56.6% 73.9% 75.6%
5.0           648          288          32.54% 31.75% 48.1% 46.7% 59.5% 60.7%
8.0           649          248          45.07% 46.77% 42.5% 40.3% 51.5% 49.1%

Panel B: Salary and minimum wealth

Median Freq. < 0 Freq. > Φ Mean 10% Quan. Median 90% Quan.
0.5           257.4% 2.84% 88.15% 428% 109% 142% 299%
1.0           269.6% 0.00% 98.73% 402% 116% 149% 301%
2.0           237.5% 0.00% 100.00% 383% 116% 150% 279%
3.0           198.1% 0.00% 100.00% 194% 113% 140% 227%
5.0           157.7% 0.00% 100.00% 166% 110% 133% 208%
8.0           145.0% 0.00% 100.00% 154% 108% 126% 188%

This table describes the optimal monotonic contract for six different values of the risk-aversion parameter
gamma. Panel A shows first the number of observations for which the sensitivity of stock price to volatility is
positive in the observed contract, and the number of these observations for which we could obtain convergence.
Panel A further displays the mean and median of the savings, the location of the minimum wage, and the
inflection point. Savings are the difference in compensation costs between observed contracts and optimal
contracts expressed as a percentage of compensation costs in the observed contract, {pi(observed) -
pi(optimal)}/pi(observed). The location of the minimum is the end-of-period stock price PT where the agent
receives the smallest wage. The inflection point is the end-of-period stock price PT where the wage scheme turns
from being convex to being concave. Both the location of the minimum and the inflection point are expressed as
percentage of the beginning-of-period stock price P0.
Panel B shows the median minimum wage payout, the frequency that this minimum payout is negative, and the
frequency that this minimum payout exceeds the observed fixed salary. Panle B also shows the mean, the
median, the 10% quantile, and the 90% quantile of the CEO's minimum wealth.

Minimum wage Minimum wealthGamma

Observations with Location of minimum Inflection pointGamma Savings
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