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Abstract We consider continuous-time models in which the agent is paid at the end
of the time horizon by the principal, who does not know the agent’s type. The agent
dynamically affects either the drift of the underlying output process, or its volatility.
The principal’s problem reduces to a calculus of variation problem for the agent’s
level of utility. The optimal ratio of marginal utilities is random, via dependence
on the underlying output process. When the agent affects the drift only, in the risk-
neutral case lower volatility corresponds to the more incentive optimal contract for the
smaller range of agents who get rent above the reservation utility. If only the volatility
is affected, the optimal contract is necessarily non-incentive, unlike in the first-best
case. We also suggest a procedure for finding simple and reasonable contracts, which,
however, are not necessarily optimal.
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1 Introduction

We propose new continuous-time models for modeling a principal-agent relationship
in the presence of adverse selection (hidden agent’s type), with or without moral
hazard (hidden actions). The main applications we have in mind are the compensa-
tion of executives and the compensation of portfolio managers. For executive com-
pensation it may be satisfactory to have a model in which the agent (executive)
can control the drift (return) of the underlying process (value of the firm or its
stock), but the volatility is fixed. However, for portfolio management it is impor-
tant to have models in which the volatility (determined by the portfolio strategy)
can be affected by agent’s actions. Moreover, it is important to allow for these
actions (portfolio choice) to be dynamic. We consider such models in the pres-
ence of adverse selection. More precisely, the agent’s type is unobservable by the
principal and is represented by a parameter corresponding to the expected return
of the underlying output process, when actions are fixed (at zero effort and unit
volatility).

The continuous-time principal-agent literature started with the seminal paper of
Holmstrom and Milgrom [17]. In that paper the agent controls only the drift, there is
moral hazard but not adverse selection, the utility functions are exponential and the
optimal contract is linear. That work was generalized by Schattler and Sung [28,29],
Sung [30,31] and Detemple et al. [12]. See also [13,15,18,24,25]. Discrete-time adverse
selection papers with applications include [3,4,9,14,19,20,23]. Articles Williams [33]
and Cvitanic et al. [7] use the stochastic maximum principle and Forward-Backward
Stochastic Differential Equations to characterize the optimal compensation for more
general utility functions, under moral hazard. A paper in the similar spirit, but on
an infinite horizon, is Sannikov [27]. Sannikov [27] and Williams [33] focus on the
contracts represented as a payment at a continuous rate to the agent, as opposed to
a bulk payment at the end of the time horizon, the case considered in the present
paper. See also [2,11] for models of a different type. Cadenillas et al. [6], Cvitani¢
et al. [8] and Ou-Yang [26] consider the case when the volatility is controlled, with
applications to portfolio management, but there is no loss of efficiency due to moral
hazard or adverse selection.

A recent paper in continuous time that has both adverse selection and moral hazard
is Sung [32]. It also contains numerous examples and references that motivate having
a risk-averse agent, and being able to control both the drift and the volatility. The
paper considers a risk-neutral principal, and an agent with exponential utility. More-
over, it is assumed that the principal observes only the initial and the final value of
the underlying process. The optimal agent’s actions in the model are constant through
time and the optimal contract is again linear.

We are able to study a framework with general utility functions and with dynamic
actions, in which the principal observes the underlying output process continuously
and hence also observes the volatility. On the flip-side, we only consider a cost func-
tion which is quadratic in the agent’s effort (the drift control) and there is no cost
on the choice of volatility. If the agent only controls the drift while the volatility
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is fixed, we reduce the principal’s problem to a deterministic calculus of variations
problem of choosing the appropriate level of agent’s utility. This is similar to the
classical static model literature, see for example the excellent book [5]. In the static
model, under the so-called single-crossing property and quasi-linear utility, the prob-
lem simplifies even further, to a calculus of variations problem, but not over the
agent’s level of utility, rather, over the level of compensation. In our model, we pro-
vide a more general formulation of the calculus of variations problem, for general
utilities.

The generality in which we work is possible because with quadratic cost function
the agent’s optimal utility and the principal’s problem can both be represented in a
simple form which involves explicitly the contracted payoff only, and not the agent’s
effort process. The ratio of the marginal utilities of the principal and the agent, which
is constant in the Pareto optimal first-best case of full information, is now random.
The optimal contract’s value at the payoff time depends also on the path of the output
process, not just on its final value, unless the volatility is constant. In the case of a
risk-neutral principal and agent, we solve the problem explicitly: the optimal con-
tract is linear; there is a range of lower type agents which get no informational rent
above the reservation utility; as the volatility decreases, that range gets wider, the
contract becomes more incentive (sensitive), while the informational rent for higher
type agents gets lower.

If only the volatility is controlled, as may be the case in delegated portfolio man-
agement, the optimal contract is a random variable which depends on the value of the
underlying risky investment asset, or, equivalently, on the volatility weighted average
of the output. In the first-best case, there is an optimal contract which is of bench-
mark type (the output value minus the benchmark value) and which is incentive in
the sense that the agent implements the first-best volatility at her optimum. With
adverse selection where the expected return of the portfolio manager is not known
to the principal, the optimal contract is non-incentive: it is random (as it depends
on the value of the underlying noise process), but independent of the manager’s
actions and the manager has to be told by the principal how to choose the portfolio
strategy.

With adverse selection, there is a so-called “revelation principle” which says that
it is sufficient to consider contracts which are “truth-telling”: the principal offers a
menu of contracts, one for each type (of agent), and with a truth-telling contract
the agent of a certain type will choose the contract corresponding to that type. This
truth-telling requirement imposes a constraint on the admissible contracts. We need
to stress that our approach is the so-called “first order approach” with respect to that
constraint, in the sense that we look for contracts which satisfy the first-order (first
derivative equal to zero) necessary condition for this constraint. In general, it is very
hard to identify under which conditions this procedure is also sufficient for produc-
ing an optimal contract. Instead, we propose a simpler way for finding reasonable
contracts which are not necessarily optimal. We do this by restricting the form of the
involved Lagrange multipliers in such a way that the first-order necessary condition
also becomes a sufficient condition for truth-telling.

The paper is organized as follows: in Sect. 2 we consider the fixed volatility
case with the agent controlling the expected return rate. We solve the risk-neutral
example in Sect. 3, and consider simpler, but non-optimal contracts for risk-averse
agents in Sect. 4. Section 5 deals with the control of volatility. We conclude in
Sect. 6.
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2 Model I: controlling the return
2.1 Weak formulation of the model

L. The state process X We take the model from Cvitani¢ et al. [7], henceforth CWZ
[7], discussed in that paper in the context of moral hazard, without adverse selection.
Let B be a standard Brownian motion under some probability space with probability
measure P, and FB = {F:}o<i<T be the filtration generated by B up to time 7 > 0. For

any FB-adapted process v > 0 such that E fOT vdt < oo, let

t
X, = x+/vsdBS. (2.1)
0
Note that FX = FZ. Now for any F2-adapted process u, let

t t t
u u 1 2 ar" u
B/ :=B; — [ usds; M} =exp usdBg — 3 lug|“ds | ; 1P =M7. (22)

0 0 0

We assume here that u satisfies the conditions required by the Girsanov Theorem
(e.g., Novikov condition). Then M} is a martingale and P" is a probability measure.
Moreover, B* is a P“-Brownian motion and

dX[ = V[dBt = l/l[V[dt + thB;l. (23)

This is a standard continuous-time “weak” formulation for principal-agent problems
with moral hazard, used in [28], while used in Stochastic Control Theory at least since
[10].

II. The agent’s problem We consider a principal who wants to hire an agent of an
unknown type 6 € [01,60h], where 61,6y are known to the principal. The principal
offers a menu of contract payoffs C7(6), and an agent 6 can choose arbitrary payoff
C7(0), where § may or may not be equal to her real type 6. We assume that the agent’s
problem is

R@©®):= sup V(0,0):= sup sup E“[U;(Cr(0)) — Gr )], (2.4)
feloL o) feloL o1 1eA0

where U is the agent’s utility function; G7(9) is the cost variable; E* is the expec-
tation under P%; and Ay is the admissible set for the agent’s effort u, which will be
defined later in Definition 2.1.

One important assumption of this paper is that the cost G is quadratic in u. In
particular, we assume

T

T
1
0 0

where & is a given Fr-measurable random variable. For example, we can take
£ =HXr)+ fOTh(X,)dt for some functions H, A.
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This is equivalent to the model
) T
dXt = (ut + Q)tht + thBlt/t 5 GT = E / utzdt + S (26)
0

The interpretation for the latter model is that 6 is the return that the agent can achieve
with zero effort, and can thus be interpreted as the quality of the agent. If we think
of the application to the delegated portfolio management, then we can interpret the
process v as related to the portfolio strategy chosen by the manager, which, given
the assets in which to invest, is known and observable. In other words, the volatil-
ity process of the portfolio is fixed, and given this process, the manager can affect
the mean return through her effort, for example by carefully choosing the assets in
which to invest. The assumption that v is fixed can be justified by the fact that X is
observed continuously, and then v is also observed as its quadratic variation process,
and thus the principal can tell the agent which v to use. For example, if the principal
was risk-neutral, he would tell the manager to choose the highest possible v. On the
other hand, in a later section, we consider a model in which the volatility (portfolio
strategy) v is not given, but it is the action to be chosen.

Remark 2.1 The cost function G(u) = (—6)2/2 is not monotone in effort. It is shown
in CWZ [7], in the hidden action case with no adverse selection and with 6 = 0, that
we can restrict the analysis to the case u > 0 without loss of generality. The argument
is based on the fact that we can replace u; < 0 by uf = —u, > 0, at the same cost
to the agent, but resulting in higher output X. However, here, because of adverse
selection, it is conceivable that the principal may allow the agent to apply seemingly
inefficient effort in exchange for telling the truth about her type, and it is not clear that
we can restrict ourselves to the case u > 6.! One possible interpretation then, in the
context of model (2.6), is that 6 is the return the agent attains with no effort (u = 0),
and applying negative effort —u is as costly as applying positive effort u. That is to
say, if the agent/manager wants to harm the principal/company and produce negative
returns, that is not costless, and requires more expensive effort for more negative
returns. Similar interpretation can be formulated for the case of model (2.3), in which
case @ is the level of zero effort, and moving away from 6 requires increasingly costly
effort. Let us mention, however, that in the risk-neutral example, the only example
we are able to solve explicitly, the optimal effort is, in fact, no less than 6, thus in the
domain of the cost function where this function is increasing.

II1. Constraints on the contract C7 First, we assume that the participation, or individ-
ual rationality (IR) constraint of the agent is

R(®) = 1(6) @.7)

where 7(6) is a given function representing the reservation utility of the type 6 agent. In
other words, the agent 6 will not work for the principal unless she can attain expected
utility of at least r(6). For example, it might be natural that () is increasing in 6, so
that higher type agents require higher minimal utility. The principal offers a menu of
contracts C7(0). Although he does not observe the type 6, he knows the function r(0),
that is, how much the agent of type 6 needs to be minimally paid.

1 We thank the referee for pointing this out.
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Secondly, by standard revelation principle of the principal-agent theory, we restrict
ourselves to the truth-telling contracts, that is, to such contracts for which the agent 6
will choose optimally the contract C7(6). In other words, we have

R©O) = V(8,0), V6. (2.8)

Thirdly, we consider only implementable contracts. That is, for any 6, there exists
unique optimal effort of the agent, denoted 1(6) € Ay, such that

R(6) = E*DU(Cr(0)) — Gr@)].

IV. The principal’s problem Since 6 is unobserved by the principal, we assume the
principal has a prior distribution F for 8, on the interval [0, 6x]. Then the principal’s
optimization problem is defined as

On

sup / E"O[Uy (X7 — C1(8)1dF(6), (29)
CTGAGL

where U, is the principal’s utility function and A is the admissible set for contract Cr,
which will be defined later, in Definition 2.3.

V. Standing assumptions First we adopt the standard assumptions for utility functions.

Assumption 2.1 Uy, U, are twice differentiable such that U, > 0, U,{/ <0,i=1,2

Throughout the paper, Assumption 2.1 will always be in force.

We now specify the technical conditions u and Cr should satisfy. Roughly speaking,
we need enough integrability so that the calculations in the remainder of the paper
can go through. We note that we do not aim to find the minimum set of sufficient
conditions.

Definition 2.1 The set .4j of admissible effort processes u is the space of FZ-adapted
processes u such that

() P(Jy luPdt < o0) = 1
(i) E{IM%|*} < oo.

‘We now show that for any u € Ay, we have the Novikov condition
E{€2 fOT |Mt|2dt} < o0; (210)

and thus Girsanov Theorem holds for u«. In fact, denote
t t
T, ;= inf t:/|u5|2ds—|— |/uSdBS| >n
0 0

Then 7, 1+ T. Moreover,
™ 1 rm 2
wdBy _ pqu 5 || ?dt
elo = M e2 Jo .

Squaring both sides and taking the expectation, we get

{2l mtd) = plipe Pelinld) < (gqips 43 [ E{e2 0" ] ],
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Thus
E{eZ.fJ" Iur\zdt} < E(IM" |*} < E(|M%*} < 0.

Letting n — oo we get (2.10).
The admissible set for C7 is more complicated. For any 6 € [6r, 6], let B? M?, P’
be defined by (2.2) with u; = 6; and denote

U1(C) := U1(0) —&.
Definition 2.2 The set .4; consists of contracts C7 which satisfy:

(i) Forany® € [0r,60], Cr(P) is Fr-measurable.
(i) EQTUCr©)* + T < 00,v0 € 01,0111,
(iii) For dF-as. 6, Cr(6) is differentiable in 6 and {U/ T U1 (C(8))|8yCr(B)])
is uniformly integrable under P, uniformly in 6.
@) sup BTN Uy Xy — Cr@y)] < oc.
9€l6r.91]

Definition 2.3 The admissible set A of contracts Cr is the subset of .A; consisting of
those contracts C7 which satisfy the IR constraint and the revelation principle.

We note that, as a direct consequence of Theorem 2.1 below, any Cr € A is im-
plementable. We also note that we do not impose any conditions on v and & here.
However, depending on their properties, the set .4 may be small or even empty. So,
in order to have a reasonably large set .A, we need v and & to have reasonably nice
properties (e.g. v and & are bounded). We henceforth assume

A+

2.2 Optimal solutions

I. The agent’s optimal effort For fixed known 6 (more precisely, for 6 = 0), the agent’s
problem is solved in CWZ [7]. We extend the result to our framework next.

Lemma 2.1 Assume Cr satisfies (i) and (ii) of Definition 2.2. For any 0,0 € [0, 0m],
the optimal effort il(0,0) € Ag of the agent of type 0, faced with the contract C(0), is
obtained by solving the Backward Stochastic Differential Equation

T
YP? = €@ _ /(&S(e,é) —6)Y??dB’; 2.11)
t
and ~ B B
V(0,0) = log E[M%.eV1(CT®)], (2.12)

As a direct consequence, we have

Theorem 2.1 If Ct € A, then the optimal effort il(0) € Ay for the agent is obtained by
solving the Backward Stochastic Differential Equation

T
Y? = eD1(Cr@) _ /(ﬁs(e) —0)Y?dB’; (2.13)
t
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and the agent’s optimal expected utility is given by
R(®) = log EIMYeU1 €T = 108 Y. (2.14)

Remark 2.2 (i) Notice that finding optimal i, in the language of option pricing the-
ory, is mathematically equivalent to finding a replicating portfolio for the option
with payoff eV1(¢7), Since that is a well studied problem, there are many ways
to compute the solution (numerically, if not analytically).

(ii) A result of this type is available in CWZ [7] for other convex cost functions g,
too. However, with the quadratic cost in u as here, we see that it is possible to
represent the agent’s utility value R in terms of the contract C7, without depen-
dence on u, as in (2.14). This, together with (2.19) below, will enable to represent
the principal’s problem in terms of C7 and R only. See also Remark 2.3 below.

Proof of Lemma 2.1 We expand here on the proof from CWZ [7]. First we show that
(2.11) is well-posed and that i1(6,6) € Ap. In fact, by Definition 2.2(i) and (ii), we can
solve the following linear BSDE

T
Y97 = D (Cr@) _ / 70948’

Define

Then #1(0, ) := i satisfies (2.11). Since Yte’é > 0 is continuous, Ee{fOT |Zt9’§|2dt} < 00,
and P and P? are equivalent; we know i satisfies Definition 2.1(i). Moreover, by a
straightforward calculation we have

U1(Cr@) 89 oJy Gu=0)dBy =5 [y liu=0Pdr _ &8 ppi 671
Then ) ) _ ~
M = [YE MGV (Crén, 015)
Thus
E(M7|Y) = [Y§’91‘4E{[M"T]434U1(Crw»}
< CE{(IM%71™) + CE{eSI‘h(CT(é»} - oo
Therefore, it € Ap.
Now for any u € Ay, as is standard in this type of stochastic control problems,

and also standard in multi-period principal-agent models, discrete or continuous, we
consider the remaining utility of the agent at time ¢

T
_ -1
Y = EY | U)(Cr)) — 5/ lug — 01%ds
t

By Definition 2.1 and (2.10), one can easily show that Y/ — I [y lus—61%ds is a square
integrable P*-martingale. We note that in general FB" is not the same as FZ, so one
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cannot apply directly the standard martingale representation theorem. Nevertheless,
one can show (see, e.g. [7]) that there exists an F8-adapted process Z4* such that

t T T
) %/ms —02ds = U (Cr(B)) — %/ lus — 01%ds —/z;“’”ng.
0 0 t
Then, switching from B* to B?, we have
T T
YA = Uy(Cr@)) + /[(us — )z — %ms —0)%1ds — / 7AuqB?.  (2.16)
t t

Note that Y(‘;"” = F'[U,(CT) — % OT lus — 6|%ds] is the agent’s utility, given action u.

On the other hand, using It&’s rule and (2.11), we get
) T T
log Y = Uy (Cr()) + 3 / (ity — 0)%ds — / (its — 6)dB?.
t t

Thus, log Yf s _ YtA"} is the agent’s utility if she chooses action zi. Then we obtain
T | T
Y -y = / [l =61 + g — 01~ = 0)Z |t + / [Z" — (@ — 6)1dBY
0 0

T T
> / [ =)@t = 0) = @ = )2 [ar + / (2" ~ (@ — 6)1dB]
0 0

T
— / [ZA — (i, — 0)1dBY. (2.17)
0

The equality holds if and only if # = &z. Note that E*{ fOT |Z;4’”|2dt} < 00, and
T T
E" / i 2dt} = E M'}/ i Pde b < CE{|ML;|2 + 2k lfnlzdt} < 00,
0 0

where the last inequality is due to (2.10). Then
T
E" / [ZA — (i, — 0)Pdt } < o0.
0
Taking expected values under P in (2.17) we get Y(‘;"i’ > Y(‘;"”, with equality if and

only if u = . |

IL. The relaxed principal’s problem We now turn to the principal’s problem (2.9). For
Cr € A, the first order condition for the truth-telling constraint (2.8) is

E{MOTeUl(CT(@))Ui(CT(Q))8@CT(9)] —0. (2.18)
@ Springer



30 J. Cvitanié, J. Zhang

We now apply the standard, first-order approach of the principal-agent theory. That
is, we solve the principal’s problem by replacing the truth-telling constraint by its first
order condition (2.18). Then, once the solution is found, it has to be checked whether
it does satisfy the truth-telling constraint.

To solve the problem, we make a transformation. Recalling (2.15) and (2.14) and
setting @ = 0, we have the following crucial observation

MO = ¢=RO) g0 U CTO) (2.19)

Then we can rewrite the principal’s problem as
9H

sup / eROE [ MGD CTOU, (X7 — Cr o) | dF@).
Cr
oL

Moreover, differentiating (2.14) with respect to 6, we get
E{ MG CrO (B — 0T) + U (Cro0)0:Cr )|} = FOR @),
which, by (2.18), implies that
E{BTMOTeUNCTW] — ROR (8) + TH). (2.20)
Thus, the new, relaxed principal’s problem is given by the following

Definition 2.4 The relaxed principal’s problem is

QH
sup sup /e’R(g)E [MeTeU“CT(G)) Uy (X1 — CT(G))] dF(0) (2.21)
R CT€A19

L

under the constraints

R©) = r©®), EMieU1CrON] = RO E{BTMGTJMCT(G))} — RO[R0) + T].
(2.22)

Remark 2.3 Our approach is based on the fact (2.19) for the agent’s optimal choice of
u. Thus, the choice of the probability measure corresponding to action i is completely
determined by the choice of eV1(¢7®) and by the choice of utility level R(9) the
principal is willing to offer to the agent. Therefore, the principal’s objective becomes

e ROE [M%JMCT(")) Uy (X1 — CT(Q))]

which does not involve the agent’s choice of u. Similarly, the IR constraint and the first
order condition for the truth-telling constraint are also explicit in terms of R(9), R'(9)
and expected values involving C7(9). The explicit connection between the agent’s
choice of the probability measure and the given contract, such as the connection
(2.19), does not seem available for cost functions other than quadratic.

Remark 2.4 In the classical, single-period adverse selection problem with a contin-
uum of types, but no moral hazard, one also has to solve a calculus of variations
problem over the agents (indirect) utility. However, the problem typically reduces to
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Optimal compensation with adverse selection and dynamic actions 31

a calculus of variation problem over the payment C7(#). Under the so-called Spence—
Mirrlees condition on the agent’s utility function and with a risk-neutral principal, a
contract Cr(0) is truth-telling if and only if it is a non-decreasing function of # and
the first-order truth-telling condition is satisfied. In our method, where we also have
moral hazard and risk-averse principal, the calculus of variation problem cannot be
reduced to the problem over Cr(0), but remains to be a problem over the agent’s
utility R(9). We are able to give a general formulation for the problem. However,
unfortunately, for a general utility function U; of the agent, we have not been able
to formulate a condition on U; under which we could find a necessary and sufficient
conditions on R(#) to induce truth-telling. Later below, we are able to show that the
first order approach works for linear U; and U,, when the hazard rate of 6 is increas-
ing, in agreement with the classical theory. For other utility functions, we suggest a
way of finding reasonable contracts which are not necessarily optimal.

III. Optimal contracts for the relaxed principal’s problem We proceed by fixing agent’s
utility R(0), and finding first order conditions for the optimal contract C7(6). Intro-

duce the Lagrange multipliers A(6), 1(6) for the second and third constraint in (2.22).
Denote J1 := Uy ! and define a random function D:

D) =" Ua (X7 = y) = 260) — n®)Br |-

Then, the Lagrangian is

on
E / Mbe RO D(Cr©)dF®) | . (2.23)
oL
Note that,
D) = eV U 0| G(X7,y) - 26) — w(®)Br],
where
Uy(x —y)
Gx,y) = Uy(x —y) — -2 7
() 20 —y) U
The first order condition is
G X7,Cr(0)) = 1(0) + n®)BT. (2.24)

Denote
D(y) = D1 (l0g()) = Y[ Ua(X1 = J1(l0g(»))) = A(0) = w®)Br], v > 0.
Then, suppressing the arguments,

- 7 7 2 Vi
D' =~ + iy -y

y

< 0.

So D is concave on (0, 00) and then we can maximize it on its domain. By the relation
between D and D, we may maximize inside the integral of the Lagrangian (2.23).
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32 J. Cvitani¢, J. Zhang

Since

d U/r U U//
7G , — _U/ 72 2-1 0,
dy (x,y) )+ Ui + |U1|2 <

for z in the range of G(x, -) there exists a unique function H (x, z) such that
G(x,H(x,2)) = z. (2.25)

Let
Range(G(X7)) := {G(XT,y) : yis in the domain of Uy}. (2.26)

Thus, if A(0) + n(0)Bt € Range(G(X7)), one should choose C7(0) = H(X71,10) +
w(@)Br). On the other hand, if () + nw(0)Br ¢ Range(G(XT)), then we should
choose the smallest or the largest possible value of C7(#). In this case, we assume

Assumption 2.2 /f Range(G(XT)) # R, we require that the payoff C(0) is bounded:
L=Cr@®)=U

for some finite constants L, U. That is, we consider a smaller set Ay in (2.21). On the
other hand, if Range(G(XT)) = R, we set

L=-00, U=+o0.

Introduce the events

A = {w: A0) + n@)Br(w) < G(X7(w), D)}
Az i={w: GX1(0),U) < 1(0) + 1@®)Br(w) < GX1(w),L)};
Az = {w: 1)+ nO)Br(®) > G(X1(w),L)}.

From all the above, the optimal C7 is given by
Cr(0) = Uly, + H(X7,1(0) + n(0)Br)1a, + L1ay = HA(©O), 1(9)). (2.27)

For any constant 0, A, i, define the following deterministic functions:

Hy 0,3 0) i= E{M{ exp (U1 (HG. ) — €) |
o0, 1) = E{ My exp (U1 (HG., ) — §) Br };
H3(0, 1) = E{ M exp (U1 (H ) = §) Ua(X7 = HOW ) .

Assume also

Assumption 2.3 Forany 6 € [01,0y], (Hy, H2) have inverse functions (hy, hy).

Then, in order to satisfy the second and third constraint in (2.22), we need to have
A(O) = h1(0,eRD ROR6)+TOY);  1(®) = ha(6,eR? ROIR (0) + T0)). (2.28)

and the principal’s problem is as in the following

Theorem 2.2 Under Assumptions 2.2 and 2.3, and assuming that Ct defined by (2.27)
and (2.28) is in Ay, the principal’s relaxed problem is given by
(273
sup / e ROH;0,h1(0," "D R 6) + T61), ha(8,e" @, R OIR 6) + TO1)AF(©).
R(©)=r(6)
oL

(2.29)
@ Springer



Optimal compensation with adverse selection and dynamic actions 33

Notice that this is a deterministic calculus of variations problem.

Remark 2.5 (i) The first order condition (2.24) can be written as, using

(ii)

Br = [l dXi/vi,

T

Uy(XT — Cr(9)) 1

A a—— (] —dX; — 1 Ur( X7 — C7(0)). 2.30
U/ (Cr @) u( )O/V’ —A0) + U(XT 7(0)). (2.30)

This is a generalization, to the case of adverse selection, of the classical Borch
condition for the first-best full information case (see (3.24) below), and the gen-
eralization of the second-best case (no adverse selection, u = 0) in CWZ [7]. In
our “third-best” case of moral hazard and adverse selection, the ratio between
the marginal utilities of the principal and of the agent in (2.30) becomes random,
with the first term proportional to By = fOT Vlth[, the volatility weighted aver-
age of the output process X. The optimal contract is no longer a function of only
the final output value X7, unless the volatility is constant. Instead, the optimal
contract, in addition to X7, depends on the volatility weighted average B of
the path of the output process X, which will have high/low values depending
on when the underlying random source of risk has high/low values. This term
is multiplied by w©(0), the Lagrange multiplier for the truth-telling first-order
condition. Thus, making the contract contingent on the level of the underlying
source of risk, the principal is trying to get the agent to reveal her type.
Another term influencing the ratio is the utility of the principal. This makes the
relationship between C7 and X7 even “more nonlinear” than in the first best
case, and makes the effect of X on the marginal utilities more pronounced. This
effect is present without adverse selection, too, and is due to moral hazard.

If we assume that v is constant and that the above equation can be solved for the
optimal contract C7 = Cr(X7) as a function of X7, it can be computed from
the above equation, omitting the functions arguments, that

9 U (U, Uy — U — /)
axr T T UNUD? - UjU, = URU]”

Thus, unlike the first-best case and the second-best case (no adverse selection) in
which u = 0, it is not a priori clear that the contract is a non-decreasing function
of X7. Unfortunately, the only example which we can solve is the case of linear
utilities, in which case we will see that the contract is, in fact, a non-decreasing
function of X7.

Remark 2.6 Using the methods of CWZ [7], under technical conditions, it can be
shown that for a more general cost function g(u — 8), the optimal solution necessarily
satisfies this system of Backward SDEs:

T
Yl = UICro) = Gr®) ~ [ ¢ s~ 0B,

t
T T

Y? = Uy( X1 — C1(0)) — A/g’(us — 0)dt —/zdeg;
t t
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T
U, Xt - Cr(0
Yt3 _ 2( /T 7(0)) _/ngB?.
U, (Cr(6))
2} =2} + g ( —0).

where A is found from the first-order condition for the truth-telling constraint, which

can be written as
T

E" /g’(u[ —0)dty = R(9). (2.31)
0
The principal’s problem reduces then to

On
sup / EY{Uy(X7 = T (Y1))F(©),
R 0
under the constraint R(0) > r(0).

It seems very hard to say anything about the existence or the nature of the solution,
though, unless g is quadratic, and because of that we omit the details.

3 Risk-neutral agent and principal

The case of the risk-neutral agent and principal is the only case that we can solve
explicitly, and we can also show that the first-order approach introduced in Sect. 2
works, as we do next.

3.1 Third best

Suppose that
) T
Ux)y=x, Uyx)=kx, X;=x+vB,, Gr®) = 5 /(u, —0)%dt 3.1
0

for some positive constants k,x, v, and no bounds on Cr, L = —oo, U = oco. From
(2.24) we get a linear relationship between the payoff C7 and Br (equivalently, X7)

X+vBr—Cr(0) =1+ %[A(e) + n(@)BT].
From this we can write
Cr(0) =a®)+b@®)Br
Note that
E[e@+PONBT] — 03O+bO)*  F[Bo@+b@BT) — (9 4 p(9))TeZ@+0@’  (32)
By the last two equations in (2.22) we get

O =TO 24T O+b©)*/2 _ ,R©)
' 33
O + b(@))Tea(e)fT92/2+T(0+b(9))2/2 _ eR(O)[R/(G) + 76]. (33)
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Then we get, omitting the argument 6,

1 (R/)Z
—_R. a=R-0R — .
b=7R. « 0 2T

Plugging into the principal’s problem, we see that he needs to maximize

(34)

On
k / O ~RO=TO/2 b, O+bOBT (¢ _ 4(g) + (v — b(0))Br)]dF(0)

oL

which is, using (3.2) and (3.4), equal to

(974
o> T R(0)\> R'(9) R'(9)
k/[x—R(e)—2+2<9+ T )+(v— - )(9+ T )T dF(0)

oL
(3.5)
Maximizing this is equivalent to minimizing
O )
/ {R(@) + ﬁ(R’(G))2 — vR’(@)] dF(0) (3.6)
oL

and it has to be done under the constraint
R(9) > r(0)

for some given function r(9). If this function is constant, we have the following result:

Theorem 3.1 Assume (3.1), assume that 0 is uniform on [0r,0y], and the IR lower
bound is r(0) = ro. The the principal’s problem (2.9) has a unique solution as follows.
Denote 0* := max{0y — v,0r}. The optimal choice of agent’s utility R by the principal
is given by

R(O) = r0, 0 <6 < 6%
T o+ TO224+ T —0m)0 — TO%%/2 — T(v — 0)0*, 6* <6 <6p.
3.7)
The optimal agent’s effort is given by
. o, 0L <0 < 0%
“(9)_9—[v+9—9H, 0" <6 < 6y. (38)
The optimal contract is, recalling (3.4),
o [a®), 0, <6 <6%;
Cr®) = [a(e) —xb@) /v + X 6% <6 <oy (3.9)
With fixed 0, the optimal principal’s utility is
k[x—ro—{—GvT], 0, <0 < 0%

E"O[Uy(X1—Cr(0))]= i ,
K = ro+ TOS2 4 Top 0 — 67— ], 07 <0 <o

(3.10)
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Remark 3.1 (i) If v < 6y — 61, a range of lower type agents gets no rent above
the reservation value rg, the corresponding contract is not incentive as it does
not depend on X, and the effort & — 6 is zero. The higher type agents get utility
R(#) which is quadratically increasing in their type 6, while the principal’s utility
is linear in 6. As the volatility (noise) gets lower, the non-incentive range gets
wider, and only the highest type agents get informational rent. The rent gets
smaller with lower values of volatility, even though the incentives (the slope of
Cr with respect to X7) become larger.

(ii) Similar results can be obtained for general distribution F of 6, that has a density
f(0), if we notice that the solution y to the Euler equation (3.13) below is:

dx F(x)
0 T6 + T | —=dx 3.11
YO =p+vlt+e f() J 7w 311)

for some constants « and 8.

Proof of the theorem We show here that (3.7)—(3.10) solve the relaxed principal’s
problem (2.21)-(2.22), and we check the truth-telling constraint in Lemma 3.1 below.
First, one can prove straightforwardly that &t € Ay and Cre A

If F has density f, denote

1
P,y = [y - ﬁ(y/)2 - vy/]f (3.12)
Here y is a function on [0;,60y] and y’ is its derivative. Then, the Euler ODE for the

calculus of variations problem (3.6), denoting by y the candidate solution, is (see, for
example, [21])

d
Yy = %(Py
or, in our example,
4
V'=T+ 0T~ y)]% (3.13)

Since 6 is uniformly distributed on [0}, 0], this gives
y(0) = TO?/2 +ab + B

for some constants «, 8. According to the calculus of variations, on every interval R
is either of the same quadratic form as y, or is equal to 9. One possibility is that, for
some 0y, < 0* < 0y,

(3.14)

[ oL <6 <0%;
R@) = [T92/2+a9+,3, 0% <6 < 0.

In this case, R(0) is not constrained at 6 = 0.
By standard results of calculus of variations, the free boundary condition is then,
recalling notation (3.12),

1,
0= ¢y (On) = 7' Om) — v (3.15)
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from which we get
a=Tw—06p)
Moreover, by the principle of smooth fit, if 07, < 6* < 6y, we need to have
0=R®=T6"+«a

which gives

0* =0y —v
ifv <0y —06,. If v> 60y — 67, then we can take

0* =0r.

In either case the candidate for the optimal solution is given by (3.7).
Another possibility would be

TO2)2+ab + B, 60 <6 < 6%
;

0, 6" <6 <oy, (3.16)

R©) = [

In this case the free boundary condition at 6 = 67, would give « = Tv, but this is
incompatible with the smooth fit condition 76* + « = 0, if we assume v > 0.

The last possibility is that R(9) = T6?/2 + a6 + B, everywhere. We would get again
that at the optimum o = T (v — 6), and B8 would be chosen so that R(6*) = rg at its
minimum point 6*. Doing computations and comparing to the case (3.7), it is easily
checked that (3.7) is still optimal.

Note that solving the BSDE (2.13), we get it = 6 + b(0), which gives (3.8). Also,
(3.10) follows by computing the integrand in (3.5). |

It remains to check that the contract is truth-telling. This follows from the following
lemma, which is stated for general density f.

Lemma 3.1 Consider the hazard function h = f /(1 — F), and assume that h’ > 0. Then
the contract Ct = a(®) + b(0)Bt, where a and b are chosen as in (3.4), is truth-telling.

Proof It is straightforward to compute
V(0.0) = log EIM%e¢“@+0@OBr) — R@G) + R (G)(60 — 6).

We have
9V (0.6) = R"(6)(6 — 0) (3.17)

Here, either R(9) = rg or R(6) = y(9) where y is the solution (3.11) to the Euler ODE.
If R(9) = ro then V(6,6) = ry, which is the lowest the agent can get. Otherwise, with
R = y and omitting the argument 6, note that

R =vT +a/f + TF/f
R' =T — (a + FD)f'/f>.

The free boundary condition (3.15) for y = R is still the same, and gives

a=—TF@Op) = —T.
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Table 1 Optimal contracts for various cases

No A.S. A.S.

Risk-neutral case, 6 in the cost

No M.H. Cr0) =c®) +XT Theorem 3.1

M.H. Cr0) =c@)+XT Theorem 3.1
Risk-neutral case, 0 in the drift

No M.H. Cr(0) =cO0)+ X7 Contract (3.23)

M.H. Cr) =cO)+XT Theorem 3.1
General utilities, 6 in the cost

No M.H. Borch rule (3.19) Borch rule (3.19)

M.H. Eq. (3.24) Eq. (2.30)
General utilities, 0 in the drift

No M.H. Borch rule (3.19) Eq. (3.22)

M.H. Eq. (3.24) Eq. (2.30)
Notice that this implies

R' =T+ T f2 (1 —F)
Thus, R” > 0 if and only if
fA=F)>—f? (3.18)

Note that this is equivalent to 4/ > 0, which is assumed. From (3.17), we see, that
under condition (3.18), that V(6,6) is increasing for § < 6 and decreasing for § > 6,
$0 § = 0 is the maximum.

3.2 Comparison with the first-best and the second-best

Before analyzing the first-best and the second-best cases and comparing them to the
third-best, we first give tables which point out where to find the results, and a short
summary thereof.

3.2.1 Tables and summary

Table 1 indicates (where to find) the main results.

Many of the results are qualitatively in the same spirit as the results from the static
theory, as presented, for example, in the book by [5]. In particular, with moral hazard,
the highest type agent gets the first-best contract, while the lower type agents get
less incentive contracts and provide less effort. Moreover, with no adverse selection,
moral hazard is not relevant when the agent is risk-neutral, because the principal “sells
the whole firm” to the agent. However, a new observation here is that in the case of
adverse selection without moral hazard, there is a difference whether we assume that
the agents differ in their cost function, or in the return 6 they can attain. In the case of
both moral hazard and adverse selection, these formulations are equivalent. However,
without moral hazard, and with risk-neutrality, we may use the linear contract (3.9)
if the type 6 represents the cost function, but we get the “bang-bang” contract (3.23)
below, which depends on the random “benchmark” value Br, if the type 0 represents
the return. As the referee points out, the difference is due to the fact that when 6 is in
the drift, then the principal gets some information about § when observing X (or B),
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which is not the case when 6 is in the cost function. Because of that, the truth-telling
constraint is very different for the two formulations, if there is no moral hazard, and
leads to the different constraints and different contracts. With moral hazard, the effort
and the type are both unobservable by the principal, and equivalent up to translation
(that is, we can do a change of variables from u to u + 6). Hence, there is no difference
in information on 6 obtained from observing X in the two cases. Notice furthermore,
with 6 in the cost function, even if the principal does not sell the whole firm to the
agent (except to the highest type), the moral hazard still is not relevant, unlike when
0 is in the drift.

Another interesting observation is that the Borch rule (3.19) for the first-best risk
sharing still holds in the presence of adverse selection when there is no moral hazard,
if type 0 is in the cost function. This is again because in this case there is no information
about 0 to be obtained from observing X, and the truth-telling constraint does not
involve the contract payoff Cr, so that the relationship between X7 and C7 remains
the same as in the first-best.

3.2.2 First-best case

We modify now the previous model to
dX[ = u[V[d[ + V[dB[

with fixed positive process v. We assume that both u# and 6 are observed by the

principal. We also assume & = fOT h(Xy)dt. 1t follows from Cvitanic et al. [8], hence-
forth CWZ [8] (see also Cadenillas et al. [6], henceforth CCZ [6], that the first order
conditions for the optimization problem of the principal are:

U,&Xr-Cr) _

/7
vi(€n) . . (3.19)
L¢w) = Uy(Xr — Cr) — [ AW (Xy)ds — [ ZEdBs,
t

t

for an appropriate adapted process Z€. If i = 0, the latter condition can be written as
A
V*g/(uz) = E[U5(XT — C1)] = AE[U(C7)].
t

Equation (3.19) is the standard Borch optimality condition for risk-sharing.
With linear utilities, Uy (x) = x, Uy (x) = kx,and G = fOT g:dt, in the first best case
the principal has to maximize

T T

E XT—R(Q)—/gtdt :x—l—E/[vtut—gt]dt—R(@).
0 0

Thus, we have to maximize v,u; — g;, which in our case gives
i —0=v (3.20)
A contract which implements this is
Cr(®) = c(6) + X1

where c¢(6) is chosen so that the participation constraint R(0) = r(6) is satisfied.
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The optimal effort is always larger than in the adverse selection/moral hazard case
(3.8), and the contract is “more incentive”, in the sense that C7(0) = c¢(0) + X7, while
in the adverse selection/moral hazard case C7(0) = a(6) + @ [ X7 —x] with b(0) < v.
With the constant IR bound, r(0) = rg, the agent’s rent R(9) = ry is no larger than
the adverse selection/moral hazard case (3.7).

3.2.3 Second best: adverse selection without moral hazard

Case A: Unknown cost Consider the same model as in the first-best case, but we now
assume that u is observed by the principal, while 6 is not. This is the case of adverse
selection without moral hazard. We also also assume & = 0, g(u;) = (u; — 0)2/2.

The revelation principle gives

T

E | Ui(CT(6)CT(6) — /g’(uz —0)dgudt | =0
0
which, when taking derivative of the agent’s value function R(9), implies
T
R©®)=E /g’(u, — 0)dt
0

The principal’s relaxed problem is to maximize the Lagrangian

O T
/ E| Us(Xr = Cr0)) = 10) | Un(Cr0)) — / (& +u@)g)dt | | dF @)
or, 0

The integrand is the same as for the case without the truth-telling constraint, but with
the cost function g + ug’. Thus, as above, the first order condition for the optimization
problem of the principal inside the integral is

MOU(Cr(0) = Uy(XT — C1(9))

We see that the optimality relation between X7 and Cr is of the same form as in the
first best case, that is, the Borch rule applies. The reason for this is that, in this case in
which the type 6 determines only the cost function but not the output, the first-order
truth-telling constraint can be written in terms of the action u, and it does not involve
the principal’s choice of payoff Cr, so the problem, for a fixed agent’s utility R(9),
becomes equivalent to the first-best problem, but with a different cost function.

With linear utilities and constant v, we will show that the solution is the same as
when u is not observed. For a given agent’s utility R(6), the principal’s problem is to
maximize

T

(74
/k x—R®O) + E/[vuz — g+ (O g (u, — 6)lde ¢ dF (6)
6r, 0

In our case this gives

u=v+60+u@)
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The revelation principle is satisfied if
v+ u@)T =R )
Going back to the principal’s problem, he has to maximize, over R > r,

(R'(9))?

T + VvR'(0)}dF(0)

On
/k{x — RO) +voT —
oL
This is the same problem as (3.6) in the case of hidden action u.
Case B: Unknown drift We now consider the model
dX; = (u + 0)vdt + v,dB’

where u is observed, but 6 is not. The cost function is g(u) = u? /2, so it is known, but
the distribution of the output depends on 6. As before, introduce the agent’s utility

T
R(O) = E | M§ U1(CT(9))—/ut2/2dt
0
The truth-telling first-order condition is then
T
E| M§Br Ul(CT(e))—/uf/zdt = R'(0) + TOR(®H)
0

and the principal’s Lagrangian for the relaxed problem is

o T
E /MGT U2(X7—Cr(0)) — U1(CT(9))—/MIZ/2dt [A(0) + u(@)Br] ¢ dF(6)
or, 0
(3.21)
We require limited liability constraint
Cr@®) = L.

We can check that the integrand as a function of C7 is decreasingin Crif A+uBr > 0,
and is otherwise a concave function of C7. Thus, the first order condition in Cr is,
omitting the argument 6,
U,(XT - Cr)
2 .
-~ = A—uBy ifA+uBr <0
Ui(Cr) (3.22)

Cr=L if A + uB7r > 0

Comparing to the moral hazard/adverse selection case (2.30), we see that the last
term, Uy (X7 — C7) disappears, because there is no moral hazard. If the truth-telling
is not binding, u = 0, then the principal pays the lowest possible payoff L, so that the
IR constraint is satisfied.

In the linear utilities case, Uy (x) = x, U2(x) = kx, looking at (3.21), we see that, in
order to have a solution, we need to assume

L<Cr<U, u<u

@ Springer



42 J. Cvitani¢, J. Zhang

and the contract will take only extreme values:

Cr =LY<k + Ul psr=i- (3.23)

So, when the truth-telling is binding, u # 0, in order to get the agent to reveal her
type, the payoff can either take the minimal or the maximal value, depending on the
level of the value Bt of the weighted average of the output process X.

The optimal action can be found to be

kv
A4 ulBr +6(T —1)]

ur = Ul (B +o(r—n1<0y + 14 u[B+6(T—1)]>0}-

3.2.4 Second best: moral hazard without adverse selection

Assume now that type 6 is observed, but action u is not. Then similarly as in the
adverse selection/moral hazard case (see also CWZ 2005), setting u = 0, we get,
omitting again the dependence on 6,

Ué(XT - C7)
—= T — A+ U Xr-C 3.24
Ui(CT) 2(XT T) ( )

where A is determined so that the IR constraint is satisfied with equality. The ratio of
marginal utilities no longer depends on the weighted average of X, but it still increases
with the principal’s utility.

In the linear case we have

and

the same as the first-best.

4 Suboptimal truth-telling contracts

In general, it is very hard to compute the (candidates for) third-best optimal contracts
and/or check that the computed candidate contracts actually are truth-telling. We now
explore the following idea to amend for that: we suggest to use contracts of the form
suggested by the optimality conditions, but, instead of finding the Lagrange multipli-
ers u(9) and A(9) from the constraints (2.22) in terms of R(9) and R’'(0), we restrict
the choice of 1 (0) and A () further, in order to make computations simpler, while still
resulting in a truth-telling contract. This will result in effectively reducing the possible
choices for R(#) in the principal’s optimization problem, leading to a contract optimal
in a smaller family of functions for R(9), hence a suboptimal contract.
Here is a result in this direction.

Theorem 4.1 Assume & = 0 for simplicity. Also assume that
(U1 + U0 U} 00 =307 @) | U3 0) =30} ) U] () U5 () = (U} (002U ) = 0,

4.1)
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for any x,y in the domains of Uy, Uy, respectively. Assume further that X is convex and
w is linear, and there is a random variable n € Fr, which may take value —oo and is
independent of 0, such that for any 6 € [0r,,0],

W () := max(r(0) + n(0)Br,n) € Range(G(X7)), P —a.s., (4.2)

where Range(G(XT)) is defined by (2.26). Consider a smaller Ay when n # —oo, as
defined by Assumption 2.2, extended to the current framework. Then the first order
condition is sufficient for truth telling.

Remark 4.1 (i) One sufficient condition for (4.1) is

U 0)* + U0 Uy () = 3(Uy(0))* <0, Uy > 0. (43)
(i) The following examples satisfy (4.3):
log(2
Ui(x) =log(x), x>0; or Ui(x)=—-e7" x> —%();
14

and

Uy(x) =x; or Uy(x)=—e7% or Ux) =logx); or
Ux)y=x", 0<y <1

(iii) The following example satisfies (4.1) but not (4.3):
Ux)=kx; Uy(x)=—e7 k=<y.

(iv) The example when both U; and U, are linear does not satisfy (4.1). However,
see Example 4.1 for an illustration how good the present approach is in finding
a suboptimal contract for this case.

The condition (4.2) is much more difficult to satisfy than (4.1). In (4.2) we truncate
A + Bt from below. If we could truncate it from above, we would be able to apply
the theorem to all the examples in Remark 4.1. However, in the proof we need W (6)
to be convex in 6, which is true for the truncation from below, but not true for the
truncation from above.

Proof In Appendix.

4.1 Examples

We now look at a couple of examples and a further simplification.

Example 4.1 We assume the set-up of Theorem 3.1. We already know what the optimal
solution is in this case, but let’s pretend we don’t, and use the present approach of look-
ing only at linear ¢ and convex A. It can be easily computed that with ©(0) = o + 86,
the first order condition (2.20) implies

1
A(0) = const — BT [502(1 —B)+0@— a)}
and that the difference between the agent’s utility when lying and not lying is

V(©6,6) - V(6,6) = %ﬁ(é —6)?
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so the truth-telling contracts are those with § < 0. It can also be verified straightfor-
wardly that the principal’s average utility is of the form

_1 2 _ _1 2 1 3 _1 2 _ 2
261,3 +B|c1 —ac 29L91—1+ 07 a“c3 +afcp — 00y + 07 ]

2 2
where
0y O 6
€ = T/Ozdé), e = T/ede, c3=T [ db
o, oL oL

The optimization gives
a=0y, B=—1, thusu@®) =6y —06

If we look back to Sect. 3.1, we can see that the unrestricted u =v—b =v - R//T,
and, in fact, we also have u(6) = 6y — 6, but only for 6 > 6* = max[0y — v,0]. Thus,
the suboptimal contract is actually the same as the optimal contract if the volatility is
high enough, v > 6y — 6;.. However, in general our suboptimal contract ignores the
distinction that the optimal contract makes between the higher type agents and the
lower type agents, and is of the same form as the optimal contract only for the higher
type agents.

Example 4.2 Assume
Ui(x) =log(x);  Uz(x) = x.

Then (4.1) holds. We consider only those A, u such that (4.2) holds true with n = —oo.
Note that the first order condition (2.24) for Cr gives

1
Cr(0) = 5[X7 = M) — u(©)Br). (4.4)
Therefore,
V09 = F(Cr@)) = E (X7} — 1) — w@0TL

Since here we obtain V(0,0) explicitly, we may study the truth telling directly with-
out assuming A is convex and u is linear. From the previous equation, the first order
condition for truth-telling is

M@ +Tou' ) =0.
Then, for some constant a,

0

AO)=a—Tou®) + T/ w(t)dr. 4.5)
o
Thus
0
VD) _ V8 _ g/[“(é) o,
b
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We find that the contract is truth telling if and only if 1 is decreasing. (Note: this may
not be true for A, u which do not satisfy (4.2), so what we obtain here is still suboptimal
contracts.) It remains to see when (4.2) holds true. Since C7 > 0, we need

Xr—A0)— n@®Br >0, as. (4.6)

This obviously depends on X7 (or v;). We discuss three cases.

Case 1 X1 = x9 + voBr7. In this case we must have w(0) = vo,V0 € _[QL, 0r]. Then, by
(4.5), A is a constant and A < xg. Thus C7(0) = %[xo — A] and eR@9) = %[xo —A]. To
satisfy the IR constraint R(6) > rp, we need A < xo — 2rp.

Case2 X7 =x0+ %BZT Then
1
X1 = 1(0) = wO)Br = x0 = 1(0) = 5 1(0)*.
Thus, we should consider those A, i such that
1 2
AO) + EM(Q) < Xx0.

We note that we allow equality above, because the probability is zero that By is such
that the equality holds.

Case 3 X7 = xpe” BT with xg > 0,0 > 0. If u < 0, we have
lim [xge®” — py] = —o0.
y—>—00
Hence, in order to ensure (4.6) we need p > 0. Then

inf[xpe’” — puy] = Lad |:1 —log (L)] .
y o X00

Thus
X7 10) - u@Br = " [l — log (@)] —1(6).
o Xoo

Consequently, we need p > 0 decreasing such that

@ [1 — log (@)} —x(6) = 0.
o X00

1 1 12
RO = ZE| X7 = 30) = nO)Br} = 5 [x0e? T+ —0(6) — Tou(®) |:

We can compute

1
Denote A(0) := A(0) + T, (6). Then the suboptimal principal’s problem is a deter-
ministic calculus of variations problem given by

O

/ x(2)62a2T+2(rT9 _ 5\(9)2 _ T//L(Q)Z

152 -
erZO‘ T+oT6 _ )\‘(9)

dF(0)
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under the constraints:

NO)=Tu®); n=0; u <0

20) + @nog(u(e)) ~ To6 — 1 —log(xgo)] < 0;

%[er%azﬂoTe _ X(G)] > O,

This is still a hard problem. A further simplification would be to set © = uo, a
constant, and to consider only those 1(0) for which there is an admissible solution
Cr = C(T,Xr,Br, to, 1(0)) to the first order condition (2.30). The first order condi-
tion for truth-telling is

ad
W OE [M%eWCT) Ui(CT)aTLC(T,XT,BT,MO,)»(Q)):| =0

In general, this will be satisfied only if A = A is a constant independent of 6. Thus,
we reduce a calculus of variations problem to a regular calculus problem of finding
optimal A¢ (and wo, if we don’t fix it). We no longer have a menu of contracts, but the
same contract for each type.

Assume now 67 > 0. Moreover, set u = 0, and assume that

o= xe?LT —2¢0 < 0

The first order condition (2.30) with . = 0 gives
1
Cr= E(X T—A)
and in order to satisfy the IR constraint
1
e = EL[Cr] = E(xe”GLT —2)

we need to take A = A. By the assumptions, we have Cr > 0, and Cr is then the
optimal contract among those for which u = 0, and it is linear, and of the same form
as the second best contract. The corresponding u is obtained by solving the BSDE

t
Y, = E[Cr1=Yo + / Y, (u; — 6)dB?
0

Since

t
Ef[Cr] = %(X,e”e(T_’) -0 =Y+ % / e T=Dg X,dB?
0
we get
e?T-Dg X, oA
8= arny, —5 Ot werox, — i

Recall that A < 0. We see that the effort is increasing in the value of the output so
when the promise of the future payment gets higher, the agent works harder. More-
over, the agent of higher type applies more effort, with very high types getting close
to the effort’s upper bound o.
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The principal’s expected utility is found to be

On
[ e OEcrxtr - cniare)
oL
O On )
:/e—R(G)[xer0+GGLT _ leo]dF(e) +/€_R(0) [%[6(200—}—02)1' _EZGGLT]:I dF ()
0 or

The first integral is what the principal can get if he pays a constant payoff Cr, in which
case the agent would choose u — 6 = 0. The additional benefit of providing incentives
to the agent to apply non-zero effort u — 6 is represented by the second integral. This
increases quadratically with the initial value of the output, increases exponentially
with the volatility squared, and decreases exponentially with the agent’s reservation
utility (because eR® = ¢ + %[e(’” — ¢°%.TY) | Since the principal is risk-neutral, he
likes high volatility.

Let us mention that it is shown in CWZ [§] that in this example of Case 3, the
first-best value for the principal is actually infinite, while the second-best is finite. Let
us also mention that we don’t know how far from optimal the above contract is, in our
third-best world.

5 Model II: control of the volatility-return trade-off

Consider the model
dX; = Ov,dt + v,dB? = v,dB,

where v, is controlled, with no cost function. We assume that v is F8-adapted pro-

cess such that £ fOT v2dt < oo, so that X is a martingale process under P. We will
follow similar steps as in the previous sections, but without specifying exact technical
assumptions.

One important example that corresponds to this model is the example of a portfolio
manager whose portfolio value is given by the process X, and who produces expected
return rate (above the risk-free rate) 0v;. In other words, 6 is the Sharpe-ratio that
the manager is able to achieve.

Remark 5.1 As an illustrative example, suppose that an investment fund manager
dynamically re-balances the money between a risk-free asset and, for simplicity, only
one risky asset, but the choice of the risky asset may change over time. In the sequel,
we will see that the optimal contract will depend heavily on By = B(’T +6T. If the
manager invests in the same risky asset all the time, the Sharpe-ratio of the risky asset
is the same as the Sharpe-ratio of the fund. In that case, By can be obtained from a
weighted average of the risky asset’s log-prices. In particular, if the volatility of the
risky asset is constant, Bt is a function of the time 7-value of the risky asset. In this
case, the contracts below use the underlying risky asset as a benchmark, indirectly, via
B7.However, this interpretation is no longer valid when the manager keeps changing
the choice of the risky asset, in which case Br depends on the Sharpe-ratio specific to
the manager, and is not an exogenously given benchmark.”

2 We thank the referee for pointing this out.
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We now assume that v, X are observed by the principal, but 6, B’ are not. This
is consistent with the above application, in the sense that it is well known that it is
much harder for the principal to estimate what level of expected return a portfolio
manager can achieve, than to estimate the volatility of her portfolio. Actually, in our
model, instead of estimation, the principal has a prior distribution for 8, maybe based
on historical estimation. On the other hand, we assume somewhat unrealistically, but
in agreement with existing models, that the manager knows with certainty the mean
Sharpe-ratio 6 she can achieve, and she does not have to estimate it.

As before, let

1
MS. = exp (eBT - EGZT) :

The agent’s utility is
R©) = E{M{UL(Cr©))], (5.1)

and the IR constraint and the first order truth-telling constraint are
R©) = r(0); E{MGTU{(CT(Q))&) CT(Q)} =0.
Note that, by differentiating (5.1) with respect to 6, we have
E{MyU\(Cr@)Br - 6T1+ M{U(Cr©)3:Cr )| = R ©),
which implies that
E{BTMQTUI(CT(Q))} =[R'(®) + TOR®)]. (52)

There is also a constraint on X7, which is the martingale property, or “budget
constraint”

E[X7]=x.

It is sufficient to have this constraint for the choice of X7, because we are in a “com-
plete market” framework. More precisely, for any Fr-measurable random variable
Y7 that satisfies E[Y7] = x, there exists an admissible volatility process v such that
X1 = X} = Y7, by the martingale representation theorem (as is well known in the
standard theory of option pricing in complete markets). This constraint is conveniently
independent of 6.

If we denote by v the Lagrange multiplier corresponding to that constraint, the
Lagrangian relaxed problem for the principal is then to maximize, over X7, Cr,

On
E /{M(;“U2(XT — Cr(0) —v(O) X1 — MU (CT(0)[M0) + 1(0)B71}dF (6)
0L,
(5.3)

If we take derivatives with respect to X7 and disregard the expectation, we get that
the optimal X7 is obtained from

MOUY (X1 — Cr(0)) = v(6) (5.4)
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or, denoting
Li(x) = (U) (),

0
X7 =Cr®0) + b (z\;;(()a)) (5.5)

Substituting this back into the principal’s problem, and noticing that
Wr ) = Xr — Cr(0),

is fixed by (5.4), we see that we need to maximize over C7(0) the expression

/{—V(Q)[WT(Q) + Cr(0)] = M§UL(CT(0)[1(0) + 1(0)B71}dF (6)
01

If A(0) + n(@)Br < 0, the integrand is maximized at Cr = 11(m) where [

is defined in (5.5). However, if A(0) + w(0)Br > 0, the maximum is attained at the
smallest possible value of C7. Therefore, in order to have a solution, we assume that
we have a lower bound on C7(9),

Cr@®) > L
for some constant L. Also, to avoid trivialities, we then assume
EPLUL(L)] = r(0) , 0 €[01.05]

Thus, the optimal C7(0) is given by

. —v(0)
Cr®=LVI 16.60)+10)Br<0) + L1p0)+10)By=0)-  (5.6)
M%(K(@)-{-M(Q)BT) {A(O)+1(®)Br<0} {A(O0)+u(@)Br=0}

Remark 5.2 (i) Notice from (5.4) that the optimal terminal output is given by

v(0)
XT—IQ(MT)-i-CT(@)

Hence, the problem of computing the optimal volatility ¥ is mathematically
equivalent to finding a replicating portfolio for this payoff X7, which is a func-
tion of Br (an “option” written on Br).

(ii) Note that the optimal contract does not depend on the agent’s action process
v, or the output X, but only on her type 6 and the underlying (fixed) noise Br.
Thus, the agent is indifferent between different choices of action v given this
contract. We discuss this issue in more detail in (iii) below, and the next section.

(iii) In the first part of the paper, with controlled drift, the optimal contract was only
a function of the final values X7, B, and this was true because of the assumption
of the quadratic cost. Here, with volatility control, it can be shown, similarly as in
[6,26], that even if there was a general cost function on the volatility, the optimal
payoff éT would still be a function of B7 only. However, unlike in those two
papers, the optimal contract, in addition to specifying the payoff Cr, also has to
specify the whole path of v, which the principal has to ask the agent to follow
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(more on this in the next section). In other words, the optimal contract is a pair
(Cr,v). Notice that we can write

T

dX
Br =0T + B =/—’
Vi

0

so that the optimal payoff C7 is a function of the volatility weighted average of
the accumulated portfolio value. This is because that value is a sufficient statistic
for the unknown parameter 6, as first pointed out in the moral hazard context
by Holmstrom [16].2

(iv) Our framework is a pure adverse selection framework without moral hazard, in
the sense that v is observable, as a quadratic variation of the observable process
X. In [26] it is assumed that only X7 is observable (in addition to the underly-
ing stock prices), but, nevertheless, the first-best efficiency is attained, since the
first-best optimal contract depends only on X7 in [26] anyway.

Example 5.1 Consider the case Uj(x) = logx. If L = 0, for example, we get that,
omitting dependence on 6,

1
Cr= - MY+ uB1) LBy <0).-

Notice that this contract is not linear in X7, B, unlike the case of controlled drift,
in which the optimal contract is given by (4.4) (if the principal is risk-neutral). The
nonlinearity has two causes: () may be different from zero (binding truth-telling
constraint), and M' 9T may be a nonlinear function of X7 (this depends on the principal’s
utility).

Next, we would have to compute E°[U(C7®))] and E?[B7U,(Cr(6))] in terms of
the normal distribution function, in order to get a system of two nonlinear equations
in A and u. However, this is hard. Suppose now that we have the case in which the
agent/manager re-balances money between a risk-free asset with interest rate zero,
and a single risky asset with price S; = e~"*°/2+9B: (the Black-Scholes model). Even
though we are unable to compute A and p, we can see what the shape of the optimal
contract is, as a function of the underlying risky asset S. It can easily be checked that

1 1
Br = —log(S7) + =0T
o 2
MG = 2T+ T (57)5
This gives, omitting dependence on 6,
PN % _lgrrilg2
Cr=-n)e° [—; log(S7) — A — EGZT] e 2 TH 2T L og(spy4borT<0)
It can be verified that for high types, that is, high values of the asset’s risk premium 6,

this is an increasing convex function of S7, and it is concave for low types. This is not
with the intention to penalize the low types, since a similar functional form holds true

3 We thank the referee for pointing out this intuition.
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even when the agent invests for herself, not for the principal. In fact, in that case we
would simply have u = 0 and (see, for example, [22])

A
Cr=--M;
T " T

It can then be checked that there is no log(S7) term, which means that the functional
form of C7 is concave if 6 /0 < 1, while here it is concave if 6 /0 < c¢*, where ¢* < 1,
so that fewer agents are considered low type. Notice also that the payoff is zero for
large values of S7, unlike in the first-best case. This is necessary in order to induce
truth-telling, otherwise, because of concavity vs. convexity of the payoff, the lower
type agents would pretend they were high type.

5.1 Comparison with the first-best

We now consider the pure adverse selection model
dX[ = Gv,dt + V[dBt

where everything is observable. This model was considered in CCZ [6]; also in
Ou-Yang [26], but with only X7 observable (see Remark 5.2, though) . We recall
some results from those papers.

Denote

Zf _ e—t92/2—93t'

We have the budget constraint E[Z¢ X;] = x. Similarly as in CCZ [6], it follows that
the first order conditions are

X7 —Cr(6) = h(v()Z7)
Cr®) = LV L(u(6)Z7)

where v(0) and (0) are determined so that E[Z(’TX 7] = x and the IR constraint is
satisfied.

We see that the contract is of the similar form as the one we obtain for the relaxed
problem in the adverse selection case, except that in the latter case there is an addi-
tional randomness in determining when the contract is above its lowest possible level
L;see (5.6). With adverse selection, for the contract to be above L, we need, in addi-
tion to the first-best case requirements, that A + wB7 is small enough, which is the
same as small values of A + fOT Vlth[ or the small values of A + M(BQT +6T). Thus,
the contract depends on average values of X normalized by volatility, equivalently on
return plus noise.

In the first best case the ratio of marginal utilities U,/ Uj is constant, if C7 > L. In
the adverse selection relaxed problem, we have, omitting dependence on 6,

Ué(XT — CT) v
AT e+ uBrl 4+l
Ui (Cr) {Cr>L} (Cr=Lyyr (L)MY,

where Cr is given in (5.6). We see that this ratio may be random, as in the case of
controlled drift, but it is no longer linear in X (or Br).

In the first best case (see CCZ [6]), the optimal contract is not unique, and it is also
optimal to offer the contract

Cr=Xr—hL(vZ%). (5.7)
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Not only that, but this contract is incentive in the sense that it will force the agent to
implement the first-best action process v, without the principal telling her what to do.
This is not the case with adverse selection, in which the agent is given the contract
payoff (5.6). As noted above, payoff Cr does not depend on the output X, but only
on the exogenous random variable B7 and the agent’s type 6, so that the payoff does
not depend on the agent’s performance, hence it is not incentive in the sense that
the agent is indifferent what action v, she will use. Thus, the principal should tell the
agent which v; to use, or alternatively, we can assume that the agent will follow the
principal’s best interest.

If we tried a different contract which would be incentive, similar to the first-best
contract (5.7), for example if we assumed that the agent is given a symmetric bench-
mark contract, as is typical in portfolio management,

Cr=aXr—B1

where Bt is a benchmark random variable, the following would happen: assuming the
agent can choose v freely, it can be shown that at the optimum for the principal we
have o — 0, and B — Cr, where Cr is given by (5.6).

To recap, our analysis indicates that in the “portfolio management” model of this
section, in which the portfolio strategy v; of the manager is observed, but the expected
return 6 on the managed portfolio is unobserved by the principal, (while known by the
manager), a non-incentive, non-benchmark (but random) payoff Cris optimal (pro-
viding that the solution of the relaxed problem is indeed the solution to the original
problem). That payoff depends on the underlying source of risk Br.

6 Conclusions

We consider several models of adverse selection with dynamic actions, with control of
the return, and with control of the volatility. The problem can be transformed into a
calculus of variations problem on choosing the optimal expected utility for the agent.
When only the drift is controlled and the cost on the control of the return is quadratic,
the optimal contract is a function of the final output value (typically nonlinear). When
the volatility is controlled, the optimal contract is a non-incentive random payoff. The
article Admati and Pfleiderer [1] argues against the use of benchmarks when reward-
ing portfolio managers, in favor of using contracts which depend only on the value
of the output process. While our optimal contracts are not of a typical benchmark
type, the payment, in addition to being the function of the underlying output, also
depends on whether the driving noise process happened to have a high or a low value.
In specific simple examples in our model, this is equivalent to the underlying risky
assets attaining a high or a low value, and thus, there is a role for a “benchmark” in
compensation, even though not by comparing the managed output to the benchmark
output. Comparing to CWZ [8] and CCZ [6], we see that this extra randomness comes
from the adverse selection effect.

We do not model here the possibility of a continuous payment or a payment at a
random time chosen by the agent, or the possibility of renegotiating the contract in the
future. Moreover, we do not have general results on how far away from optimal are
specific truth-telling contracts that we identify. These and other timing issues would
be of significant interest for future research.
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7 Appendix

Proof of Theorem 4.1. By the assumed extended version of Assumption 2.2 and by
(4.2), we can write the optimal contract C7(0) = H(X7, W(0)), where H is a determip-
istic function defined by (2.25). For notational simplicity at below we denote H := H.
Then

V00 = E(MG(X7, W@} ¢(x,2) = V1D,
If A is convex and u is linear, then W (#) is convex as a function of 6. We claim that
0, <0; ¢z, <O. (7.8)
If so, then for any 01,0, € [01,,0y] and any ¢ € [0,1],
(X7, W(ab) + (1 —a)62)) = o(X7,aW(01) + (1 —a)W(62))
> ap(XT, W(0D) + (1 — a)p(X1, W(02)).
That implies that ¢V is concave in 0. By the first order condition, we get

V(0.0 — max V(0.0

4

Therefore, we have truth-telling.
It remains to prove (7.8). Note that

0 = QUIH ¢z = [ IUL > + U |Ho 2 + Ul Hz |;

Recall that
Uj(x — H(x,2))
Uy(x—H(x,z2)) — 2 o
20— H6,9) =~
Then
U, 1?
z= 1277 / " /" / < 0
U 17U, + U U, + U, U,
Thus, ¢, < 0.
Moreover,
7 1" / 2 " " 11
H._P 2U, —2U{U1U2+|Ui| UZ—UiU2 + U, U, .
R \UjPU, = U U, = Uy U,
So

"

—2U U, Uy + U} 12U, — Ui U,y

" " + U”/U/
QDZZ:(/)HE |Ui|2+U1+2U1+U1 1277 117’ " o
\Uj2Uy — U,U, — U, U}
(/JH3 2 " 2 " I
- _|U{|72 (U1 + 30U 11U U3 - Uj U - U} U]
FUI2U,U}Us + U0 - U U5 + U 03]
(pH? ;4 P ) , s 72"
=~ [1U1* + vjuy =310, 1oy - 30,07 U — |U; PU; |
1
By (4.1) we get ., < 0. |
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