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Abstract

We study the impact of uncertainty on optimal contracting in a multidivisional firm. Head-
quarters contracts with division managers to induce effort. Uncertainty creates endogenous
disagreement, aggravating moral hazard. By hedging uncertainty, headquarters designs incen-
tive contracts that reduce disagreement and lower incentive provision costs, thereby promoting
effort. Because hedging uncertainty can conflict with hedging risk, optimal contracts differ from
those in standard principal-agent models. Our model helps explain the prevalence of equity-
based incentive contracts and the rarity of relative-performance contracts, especially in firms
facing greater uncertainty.
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The provision of incentives in organizations is essential for economic efficiency. A key question is
how to determine appropriate performance measures for incentive pay. Managerial contracts often
combine base pay, geared to narrowly defined division-specific performance measures (“pay-for-
performance”), with a component linked to overall firm profitability (e.g., bonuses, equity-based

L' This distinction is essential for lower-level

pay, and other “aggregate” performance measures).
managers. The case is strong for using equity-based incentives for top managers who are responsible
for the performance of the overall firm. Absent interdependencies across divisions, the use of
equity-based pay for division managers and rank-and-file employees is more puzzling. For lower-
level employees, equity-based compensation reduces the responsiveness of pay to actions, weakening
incentives at the cost of increasing their overall risk exposure. In addition, when cash flows are
positively correlated across divisions, incentive contracts should include a relative-performance
component to reduce harmful risk bearing, a feature rarely observed in practice.

We study the impact of uncertainty (or “ambiguity”) aversion on incentive contracts in organi-
zations.? Our key feature is the acknowledgment that most corporate decisions are taken without
full knowledge of the probability distributions involved, a situation characterized as uncertainty
(Knight, 1921). We consider a multi-division firm with headquarters (HQ) and (two) division man-
agers. Division cash flows depend on unobservable effort exerted by division managers. Division
managers (and HQ) are uncertain on division productivity, which affects their incentives to exert
effort. To isolate the effect of uncertainty on incentive pay, in the basic model we rule out synergies
or other interdependencies across divisions (as in Holmstrom, 1982).

Traditional principal-agent theory (Holmstrom, 1979) suggests that, to limit risk exposure,
incentive contracts should depend only on performance measures that are informative on actions
(the “informativeness principle,” Holmstrém, 2017).> An implication is that incentive contracts
should hedge division managers’ risk by giving a negative (positive) exposure to variables positively

(negatively) correlated to division cash flow. In our setting, HQ can (partially) hedge division

!The use of aggregate performance measures, such as bonuses, is documented in the accounting literature (Bush-
man et al., 1995; Bouwens and Van Lent, 2007; Labro and Omartian, 2022). See Frydman and Jenter (2010), Oyer
and Schaefer (2011), Murphy (2013), and Edmans et al. (2017) for extensive surveys.

2The importance of ambiguity aversion in affecting individual decision-making has been shown in both experi-
mental and empirical studies (e.g, Epstein and Schneider, 2008; Anderson et al., 2009; Bossaerts et al., 2010; Ju and
Miao, 2012; Machina and Siniscalchi, 2014; Jeong et al., 2015; Hong et al., 2018).

3Responsiveness of CEO pay to risk factors not informative on their actions (“pay-for-luck”) has been documented
in several studies (e.g., Bertrand and Mullainathan, 2001; Choi et al., 2022).



managers’ risk exposure by offering contracts with a relative-performance component for a positive
correlation of division cash flows or an equity-based component for a negative correlation.

These predictions change substantially in the presence of uncertainty aversion. We model
uncertainty aversion by adopting the multiple prior approach of Gilboa and Schmeidler (1989). In
this setting, uncertainty-averse agents do not have a single prior but, instead, are endowed with
a set of admissible priors (the “core beliefs set”) and assess random variables by selecting, from
that set, the measure that minimizes their expected utility. We model the core beliefs set based on
the relative entropy criterion of Hansen and Sargent (2001, 2008). Intuitively, under the relative
entropy criterion, uncertainty-averse agents consider as admissible only probability measures that
are not “too unlikely” to be the true distribution given a certain reference probability.

The presence of uncertainty aversion has two adverse effects on incentive provision. First,
traditional incentive contracts, by loading primarily on division cash flows, lead uncertainty-averse
managers to hold conservative estimates (beliefs) about the productivity of their own division,
negatively impacting their effort. Like Miao and Rivera (2016), we interpret “beliefs” broadly as
the probability measure that agents adopt to assess random variables and consequences of their
actions. The implication is that HQ must increase pay-performance sensitivity to elicit any desired
level of effort. Second, uncertainty aversion creates an endogenous disagreement between HQ and
division managers on the valuation of incentive contracts, due to each division manager’s greater
exposure to uncertainty on their own division compared with HQ’s exposure to uncertainty (who
instead has exposure to the overall firm). The effect of this disagreement is to lead division managers
to value compensation contracts at a discount with respect to the value attributed by the more
confident HQ. This makes it more difficult to meet their participation constraint, increasing the
cost of incentive provision.

The key economic driver in our paper is that uncertainty-averse division managers hold (weakly)
more favorable expectations about their own division and, thus, are more confident when incentive
pay depends on the performance of both divisions (that is, with cross-pay). The positive effect
on beliefs is a consequence of the benefits of uncertainty hedging that stem from the “uncertainty
aversion” axiom of Gilboa and Schmeidler (1989).

The benefits of uncertainty hedging under uncertainty aversion are analogous to the traditional

benefits of diversification under risk aversion. They may be seen as follows. Pay-for-performance



compensation makes uncertainty-averse division managers concerned that the productivity of their
own division is very low, depressing their effort incentives. The presence of cross-pay hedges the
uncertainty faced by division managers. Consider, for example, an incentive contract with an equity-
based pay component. The presence of equity-based pay exposes division managers to uncertainty
from both divisions, and they will regard the possibility that both divisions are characterized by
very low productivity sufficiently unlikely to be ruled out by the relative entropy criterion. The
effect is to make division managers hold more favorable beliefs about their own division (in fact,
about both divisions), thereby improving their effort incentives. The implication is that cross-pay
(such as equity-based or relative-performance compensation) may be desirable even when division
cash flows are uncorrelated, in clear contrast to the informativeness principle.

Our paper offers three main implications. First, we argue that HQ can reduce the negative
impact of uncertainty by managing individual exposure to uncertainty through contracts, with
beneficial effects on incentives. The role of contracts in managing agents’ beliefs through uncertainty
hedging is novel in the theory of contract design. It is a direct consequence of the property that
beliefs held by uncertainty-averse agents are determined endogenously and depend on their overall
exposure to the sources of uncertainty. Differential exposure to uncertainty may be due to the
position in the organization (hierarchical exposure) or to the contractual relationships that bind
agents (contractual exposure). Hierarchical and contractual exposures concur to determine the
prevailing structure of beliefs in an organization. By design of incentive contracts, HQ can affect
agents’ beliefs with a positive impact on incentives. An implication is that equity-based incentive
contracts can be used to realign internal beliefs, which generates consensus by promoting a “shared

4 The presence of a shared view can reinforce the beneficial effect of

view” in the organization.
equity in fostering internal cooperation.

The second implication is that uncertainty aversion may create a trade-off between hedging
risk and hedging uncertainty. When uncertainty faced by division managers is sufficiently large,

uncertainty aversion creates the potential for a significant divergence between beliefs held by division

managers and those held by HQ. In this case, HQ finds it desirable to hedge division managers’

4The role of equity-based compensation to promote consensus in organizations is examined in organizational
behavior literature, such as Klein (1987), Pearsall et al. (2010), and Blasi et al. (2016), among others. The importance
of promoting a shared view is discussed in Zohar and Hofmann (2012). Several papers study the advantages and
disadvantages of disagreement: Dessein and Santos (2006); Landier et al. (2009); Bolton et al. (2013); and Van den
Steen (2005, 2010).



uncertainty by offering compensation contracts with greater cross-division exposure, even if it comes
at the cost of greater risk. The implication is that the presence of uncertainty aversion may lead
to incentive contracts that deviate substantially from traditional contracts that hedge only risk.

The third implication is that, in the presence of high uncertainty, it may be desirable to hedge
division managers’ uncertainty with equity-based rather than relative-performance compensation.
This happens when HQ is uncertainty averse as well. HQ uncertainty aversion introduces an
additional source of disagreement with division managers, making it costlier to offer incentive
contracts based on relative performance. The reason is that relative-performance pay essentially
involves division managers and HQ holding opposite positions on the hedging variable (with one
party holding a “long” position and the other party holding a “short” position). Higher uncertainty
increases the endogenous disagreement between HQ and division managers, leading them to hold
sharply different beliefs. Greater disagreement makes it more expensive for HQ to meet division
managers’ participation constraint, increasing the cost of incentive provision. The overall effect
makes relative-performance contracts costlier and equity-based pay more desirable. Interestingly,
we find that equity-based contracts are optimal when uncertainty is sufficiently large, irrespective
of the correlation between divisional cash flows. Thus, equity-based compensation can be optimal
even when divisional cash flows are positively correlated, in contrast to traditional models. Positive
correlation of divisional cash flows is particularly relevant in practice because it may reflect exposure
to common aggregate risk factors, such as the business cycle. These features help explain the rarity
of relative-performance compensation, especially in firms characterized by high uncertainty, such
as young firms and innovative firms.

The benefits of hedging uncertainty may also be obtained by including appropriate external
benchmarks (such as an industry-wide performance index) in executive compensation. Our paper
suggests that the use of such benchmarks may be costly. This happens because using such bench-
marks can make compensation contracts depend on sources of uncertainty where HQ and employees
hold positions of opposite sign. As a consequence, HQ and employees can hold divergent beliefs on
the value of compensation, making it more costly for HQ to meet their participation constraints.
An important question, therefore, is how to select specific random variables that are better suited

to hedge uncertainty.” We show that, with high uncertainty, HQ prefers to hedge uncertainty by

SFor example, including exposure in incentive contracts to, say, the result of the Super Bowl may provide little or



use of equity-based compensation contracts rather than external hedges.

The benefits of uncertainty hedging in our paper are similar to those discussed in Dicks and
Fulghieri (2019, 2021). These papers follow a similar methodology by adopting the approach to
uncertainty aversion of Gilboa and Schmeidler (1989) and modeling the core beliefs set using the
relative entropy criterion. This paper, however, differs notably from the earlier ones: in our setting,
division managers (the “agents”) are risk averse (rather than risk neutral as in the earlier papers).
Risk aversion is at the heart of traditional principal-agent problems and a crucial component of
our analysis. A key feature of our model is that hedging uncertainty and hedging risk interact in
essential ways and may lead to optimal compensation contracts that differ from those that would
be optimal under risk aversion and uncertainty aversion in isolation. The tension between hedging
risk and hedging uncertainty is a new feature in incentive contract design.

In summary, our paper offers several novel implications that help explain empirical regularities
that are difficult to explain based on risk aversion alone. First and foremost, uncertainty aversion
can explain the beneficial role of employee bonuses geared to the entire firm’s performance (or to
that of one of its larger subdivisions) rather than to more narrowly defined performance measures.
Second, it can explain the infrequent use of relative-performance compensation and benchmarking
despite their well-established benefits within traditional risk aversion.® Third, it can explain com-
pensation practices in business groups, whereby compensation depends on the performance of the
entire group in addition to the performance of individual units.” Finally, our approach provides
a framework for belief formation in organizations that can explain the more optimistic attitude
toward future firm performance shown by managers higher in the corporate hierarchy relative to

rank-and-file employees.®

no value in hedging uncertainty relative to its added risk exposure.

5Fleckinger (2012) shows that the benefit of relative performance in incentive pay may depend on the impact
of effort on the correlation in outcomes. In our paper, correlation is not affected by effort. DeMarzo and Kaniel
(2023) argue that relative-performance compensation is not desirable when division managers have “keep-up-with-
the-Joneses” preferences.

"For example, the compensation of mutual fund managers depends not only on the performance of their funds but
also on the performance of the entire family of funds, implying a positive cross-fund exposure (see Ma et al., 2019.
However, the majority of funds are exposed to shared macroeconomic risk, suggesting a positive correlation. Similar
practices are common in the investment bank industry.

8Links between pay and sentiment are shown in several papers, such as Heaton (2002), Oyer and Schaefer (2005),
and Bergman and Jenter (2007), among others. In Goel and Thakor (2008), greater optimism of senior management
depends on (equilibrium) selection of agents with heterogeneous beliefs. In contrast, in our model, differences in
beliefs emerge endogenously among otherwise identical agents as the outcome of differences in their hierarchical and
contractual exposure.



Our paper is linked to several streams of literature. The first one is the traditional principal-
agent theory and the theory of optimal contract design within organizations, built on the seminal
work by Mirrlees (1975), Holmstrom (1979), and Grossman and Hart (1983). Incentive contracts
tailored to shareholder value, such as equity, are shown to be optimal when agents choose their
hidden action from rich sets of possible action profiles (Diamond, 1998; Chassang, 2013). Oyer
(2004) suggests that equity-based compensation (for example, through stock-option plans) has the
advantage of adjusting employees’ compensation directly to their outside options (which may be
correlated to firm value), facilitating satisfaction of the participation constraint.

The second stream is the emerging literature on contract theory under uncertainty. Lee and Ra-
jan (2020) study the incentive contract between a principal and a single agent where both parties are
uncertainty averse but risk neutral, and the source of uncertainty is the probability distribution of
the random cash flow. Their paper shows that, contrary to the basic case of uncertainty-neutrality
of Innes (1990), the optimal contract has equity-like components. Szydlowski and Yoon (2022)
consider a dynamic contracting model where an uncertainty-averse principal designs a dynamic
contract for an uncertainty-neutral agent, and the source of uncertainty is the agent’s cost of ef-
fort. Different from our paper, uncertainty leads principals to increase pay-performance sensitivity.
Miao and Rivera (2016) consider the optimal contract between an uncertainty-averse principal and
an uncertainty- and risk-neutral agent and show that the principal’s preference for robustness can
cause the incentive-compatibility constraint to be lax.? In our paper, we consider multiple risk-
and uncertainty-averse agents, creating a new tension between hedging risk and hedging uncer-
tainty through incentive contracts. When agents are both risk- and uncertainty-averse, hedging
uncertainty can interact with hedging risk, and the two goals can conflict. When uncertainty is
sufficiently large, the uncertainty-hedging motive can overcome the risk-hedging motive, reversing
important properties of optimal incentive contracts absent uncertainty concerns.

Closer to our paper, Sung (2022) considers a model in which both principal and agent are
uncertain about both the mean and volatility of the technology controlled by the agent. That
paper shows that consistent with common practice, optimal incentive contracts include exposure to
underlying volatility. Unlike our paper, exposure to uncertain volatility allows principals to design

optimal contracts that achieve agreement with the agent. Kellner (2015) examines a principal-

9Lee and Rivera (2021) consider optimal liquidity management under ambiguity.



agent model with multiple agents and moral hazard, where the principal is risk and uncertainty
neutral; agents can be risk and uncertainty averse; and uncertainty is modeled as smooth ambiguity
(Klibanoff et al., 2005), and shows that tournaments are optimal with sufficient uncertainty.

In Carroll (2015), a risk-neutral principal, uncertain about the set of actions available to a
risk- and uncertainty-neutral agent, optimally grants the agent a linear contract that aligns their
payoffs. Linear (or affine) contracts are optimal robust contracts under very weak assumptions on
the source of uncertainty characterizing the set of technologies available to the agent. In the spirit
of Holmstrom (1982), Dai and Toikka (2022) examine a moral hazard in teams problem, where a
risk-neutral principal designs contracts robust to uncertainty regarding the underlying game that
uncertainty-neutral agents play. Their paper shows that optimal robust contracts must have the
property that agents’ compensation covaries positively, providing conditions under which optimal
robust contracts are linear (or affine). Finally, Walton and Carroll (2022) show that, under mild
conditions, optimal contracts are linear within several possible configurations of the organization

structure when the principal is risk neutral and agents are risk- and uncertainty-neutral.

1 Uncertainty and contracting
1.1 The basic model

We consider a firm composed of two divisions (or business units) denoted by d € {A, B}.}° Each
division is run by a division manager supervised by HQ. At the beginning of the period, ¢ = 0, each
division manager chooses effort, ag € R, affecting the probability distribution of their divisional
cash flow, Yy, realized at the end of the period, ¢ = 1. We assume that the cash flows Y = (Y4, Y5)
have a joint normal distribution N (u, 3) with mean u = (ua, pp) and variance-covariance matrix X.
Managerial effort affects the means of the distributions, and we set puqg = aqqq, where gg represents
the productivity of division d € {A, B}. Division cash flows Yy are homoskedastic, with variance
02, and may be positively or negatively correlated, with correlation coefficient p. We assume that
effort does not affect the variance-covariance matrix, .11

Exerting effort is costly: division managers suffer a pecuniary cost ¢4 (aq), where ¢ : Ry — R4

is a continuously differentiable, increasing, and convex function. For tractability, we set cq (aq) =

00ur model can equivalently be interpreted as describing separate divisions of a company, or individual companies
in a conglomerate, or separate business units of a “pure-play” firm.
" Ball et al. (2020) and Hemmer (2024) study contracts when effort affects 3.



ﬁaﬁ, where 6, characterizes efficiency of effort. Division managers have preferences with constant
absolute risk aversion (CARA), while HQ is assumed to be risk neutral, for simplicity.'?

Effort exerted by a division manager is not observable by either HQ or the other division
manager, creating moral hazard. To promote effort, HQ offers division managers compensation
(i-e., incentive) contracts, w = {wa}4efa,py- Given compensation contract wg, a division manager
earns an end-of-period payoff U (wg) = —e™""4, where r is the coefficient of absolute risk aversion
(which we assume to be the same for both division managers).

The game unfolds as follows. At the beginning of the period, ¢ = 0, HQ chooses incentive
contracts {wd}de{ 4,y for each division manager; HQ can commit to contracts wg, which are ob-
servable to both division managers. After contracts are offered and accepted, division managers
simultaneously choose their effort, ag. At the end of the period, ¢ = 1, division managers are
compensated according to the realized output Y, and consumption takes place.

1.2 Uncertainty aversion

Contrary to the standard principal-agent paradigm of Holmstrom (1979), we assume both HQ
and division managers are uncertain about the exact probability distribution of the end-of-period
cash flows. Specifically, we assume that division managers and HQ are uncertain about division
managers’ productivity, gg. The presence of such uncertainty affects the (perceived) marginal
productivity of effort and, thus, a division manager’s incentive to exert effort.

Following Dicks and Fulghieri (2019, 2021), we model uncertainty (or “ambiguity”) aversion
by adopting the minimum expected utility (MEU) approach of Gilboa and Schmeidler (1989) and
Chen and Epstein (2002).'% A key feature of this approach is that agents do not have a single prior
on future events, but rather, believe that the probability distribution on future events belongs to a

certain set, P, denoted the “core beliefs set,” and maximize their minimum expected utility,

U = min B, [U (w)], (1)

2In our setting, division managers and HQ are not subject to limited liability. Limited liability affects in general
incentive contract design (see, for example, Sappington, 1983). The results in our paper, however, depend on the
benefits of uncertainty hedging (as discussed below), and not on the specification of the underlying utility function
U(w). We adopt the CARA framework for several important reasons. First, its proven great tractability makes
it a common setting in principal-agent models (see, for example, DeMarzo and Kaniel, 2023, and the discussion in
Bolton and Dewatripont, 2005, and Edmans and Gabaix, 2016). As such, it provides a clear benchmark to identify the
specific role of uncertainty aversion in contract design. Second, and more importantly, because linear contracts, which
we consider in this paper, are optimal in a continuous-time principal-agent model with CARA utility (Holmstrom
and Milgrom, 1987).

13 Alternative specifications of ambiguity include multipler preferences (see, e.g., Miao and Rivera, 2016).



where p is a probability distribution and U is a von Neumann-Morgenstern utility function. An
important implication is that uncertainty-averse agents weakly prefer randomizations over random
variables (more precisely, over acts as in Anscombe and Aumann, 1963) rather than each individual
variable in isolation. This property is a direct consequence of the uncertainty-aversion axiom of
Gilboa and Schmeidler (1989) and is known as “uncertainty hedging.”

The benefits of uncertainty hedging are analogous to the traditional benefits of diversification
under risk aversion. Intuitively, this feature can be seen by noting that, given two random variables,

vj, j € {1,2}, with joint distribution p € P, by the minimum operator, we have that

mip B, [U (y1)] + (1= o) mig B, [U (o)) < min{B5, (U ()] + (1= )5, [U ()]} (2

for all a € [0,1]. The key driver of our paper is that condition (2) can hold as strict inequality.
Following Hansen and Sargent (2001, 2008), we model the core beliefs set P by using the notion
of relative entropy. For a given pair of distributions ]5(:1;) and P(x), with corresponding densities

p(z) and p(x), defined on the same probability space, the relative entropy of P(:c) with respect to

P(z) is the Kullback-Leibler divergence of P(z) with respect to P(z), namely

R (P(x)\P(a:)) = /ﬁ(a:) In <1§(m)> dx. (3)

p(x)

The core beliefs set P for uncertainty-averse agents is then defined as
P(P(2)) = {P: R (P(@)|P@)) <n"}. (4)

where P represents a given reference probability and P(m) is an admissible belief held by the agent.
From (3), it is easy to see that the relative entropy of P with respect to P represents the (expected)
log-likelihood ratio of P, when the “true” probability distribution is P. The core beliefs set P can
be interpreted as the set of probability distributions P that, if true, would not reject the (“null”)
hypothesis P in a (log) likelihood-ratio test. Intuitively, the relative entropy approach considers
as admissible only beliefs that are not “too unlikely” to be the true probability distribution, given
the reference probability.'* The effect is to restrict the core beliefs set by excluding as implausible
those probability distributions that give too much weight to extreme events, thereby “trimming”

agents’ pessimism.

14 A5 in Hansen and Sargent (2001, 2008), relative entropy characterizes the extent of “misspecification error” when
agents believe that the model is P when the true model is P .



The distribution P can be interpreted as characterizing an agent’s “view” about the true prob-
ability P, where the parameter n? represents the level of uncertainty aversion characterizing the
agent and, thus, the degree of confidence on P. A large value of n’" corresponds to situations where
agents are more concerned about uncertainty and, thus, have lower confidence on P. Greater
concerns for uncertainty may be due to more uncertainty faced by a decision maker, or a greater
aversion to it.

A key feature of the multiple prior approach is that beliefs are endogenous, as determined by the
minimum expected utility criterion (1). This implies that agents may hold heterogeneous beliefs
due to differences in their overall exposure to uncertainty. In our model, differences in exposure to
uncertainty across agents are due to differences in their positions in the organization, “hierarchical
exposure,” and differences in their compensation contracts, “contractual exposure.”

Because in our model agents view as uncertain the productivity ¢ of the two divisions, we
denote the set of beliefs held by agent i € {HQ, A, B} on division productivity as K%(q'), with
¢ = (¢4,45) € K'(¢") and ¢ = (¢Y4,q%), where G’ represents the belief held by agent i on
the productivity of division d, and qu is the corresponding reference belief. We further assume
that division managers and HQ share the same reference probability, and set qﬁl = qq for all
i € {HQ,A,B}. This assumption allows us to rule out exogenous differences in beliefs and,
rather, to focus on belief heterogeneities arising endogenously from differences in contractual and
hierarchical exposures.'®

A key property of relative entropy, and one that plays the crucial role in our paper, is that
the core beliefs set K'(q), is a strictly convex set with smooth boundaries.'® This property allows
(2) to hold as a strict inequality, making uncertainty hedging valuable. Intuitively, when division
managers are exposed only to uncertainty about their own division, they will be concerned about
facing the lowest possible level of division productivity, with a (sharply) negative effect on effort.
In contrast, when division managers are exposed to uncertainty about both divisions, they will
regard the possibility of extreme levels of productivity occurring in both divisions as sufficiently

unlikely to be ruled out by the relative entropy criterion, with a beneficial effect on beliefs and thus

15The effect of exogenous differences in beliefs on investment and financial policy of firms is examined, for example,
in Van den Steen (2005, 2010) and Boot and Thakor (2011), among others.

5For a general discussion, see Theorems 2.5.3 and 2.7.2 of Cover and Thomas (2006). The main results of our
paper depend only on the property that the core beliefs set is strictly convex. This property is shared by core beliefs
sets defined by divergences that are strictly monotonic and continuous.
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effort. This implies that, by proper design of incentive contracts, HQ can affect the probability
measure (i.e., beliefs) used by division managers to assess the productivity of their division, thereby
mitigating the adverse effect of uncertainty on effort.!”
1.3 The optimal contracting problem
At the beginning of the period, ¢t = 0, HQ offers division managers incentive contracts wg, which
may depend on realized output of both divisions, Y. For ease of exposition, we restrict our analysis
to the case of linear incentive contracts.!® Given the linear incentive contracts, we set wq(Y) =
Sq+ BaYq+vaYa, where we can interpret the fixed component, sq4, as a “base pay” and the variable
component as the “incentive pay.” The incentive pay for division managers may be composed of two
parts. The first part is the “pay-for-performance” component, which depends on the realized output
of their own division Yy, and where the coefficient 8y represents the pay-performance sensitivity.
The second part is a “cross-pay” exposure, which depends on realized output of the other division,
Yu; setting 74 > 0 represents an equity-based component in compensation, and setting v4 < 0
makes compensation depend on the relative performance of the two divisions.

Given the CARA utility, we can write the HQ problem in certainty equivalent form. Given
beliefs ¢ held by a division manager about the productivity of both divisions, and the corresponding

beliefs held by HQ, ¢7€, division manager utility function in certainty equivalent form is

wa(d',a) = B [walq”,a] = SVar(wa) - cq(aq). (5)

where a = (aa,ap), and Var(wg) = o2 (ﬁg + 2pBava + ’yg) is the variance of incentive pay, wy.
Note that the expected value of incentive pay, F [wd|qd, a], depends on division managers’ beliefs
about the productivity and effort of both their own division (through the pay-for-performance
component) and the other division (through the cross-pay component). In contrast, because agents
only view division productivity as uncertain, and effort does not affect the variance-covariance
matrix 3, the term Var(wq) does not depend on a division manager’s beliefs and effort.

HQ chooses incentive contracts and action profiles, {wy, ad}de{ A,B} that solve

1"The property of smooth boundary is violated by rectangular core beliefs sets and is discussed, for example, in
Chen and Epstein (2002); we will consider the limiting case of rectangular beliefs in Section 5.2.

81n the spirit of Holmstrém and Milgrom (1987), in an earlier version of this paper, Dicks and Fulghieri (2020)
show that in a dynamic, stochastic, continuous-time version of this model with IID ambiguity, as in Chen and Epstein
(2002), the solution to the dynamic model is characterized by the solution of a corresponding static problem where
HQ offers only linear contracts that depend only on end-of-period cash flows (see Theorem 1, in Section 2).
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. AHQ _ AHQ
max min T(q = E |Yy(aq — wy|g 7 6
max - aun, ) de{gm [Ya(aa) — walg"®] (6)

subject to the division managers’ incentive and participation constraints

. ~ ~ r
max min u(@,0) = B |wald, 00| = 5Var(wd) — ca(aq). (7)
ad gleKd 2
min ua(§ ag,aq) > ug=0 (8)
gleKd

for d,d’ € {A, B}, where ug is a reservation utility (normalized to zero).!?

Importantly, note that in problems (7)-(8) a division manager’s exposure to uncertainty is
endogenous and is determined by the incentive contract, wg, offered by HQ. This contractual
exposure to uncertainty determines a division manager’s beliefs, ¢¢. In contrast, given the higher-
level position in the firm hierarchy, from (6) HQ exposure to uncertainty is determined by its residual
claim in the overall firm cash flow, given the incentive contracts offered to both division managers
in the firm.2° HQ hierarchical exposure determines HQ beliefs, ¢7?. The triplet {G7<, ¢4, G}
determines the belief system prevalent in the firm.

Definition 1 An equilibrium is a set of contracts, w = {Wa}qeqa gy, an action profile {as,ap},
and a belief system {G9, ¢, GP}, such that:
(i) Given contracts w and effort, aq, beliefs {G79, G4, 4P} satisfy the worst-case scenario. For-
mally, 79 solves the inner problem of (6) and §¢ solves the inner problem of (7);
(ii) Given incentive contracts w, each division manager selects effort, aq, optimally, solving (7),
given the other division manager’s action, ag for d' # d;
(i1i) HQ offers contracts w that mazimizes (6) subject to (7)-(8).

The main trade-offs faced by HQ in problem (6)-(8) can be decomposed as follows. Because of

the translation invariance of CARA, the fixed component of incentive contracts, sg, is set to make

the participation constraint (8) bind, giving

sq = cq (ag) + gVar(wd) - F [wd|qd, a] . (9)

19Because HQ’s objective function is concave in {w,a} and K is convex, Sion’s Minimax Theorem applies and the
max and min operators in (6) can be switched into a min-max (see Sion, 1958). However, the maximin problem is
more intuitive than the corresponding minimax problem. This is because, for uncertainty to be economically relevant,
economic agents do not observe the state of the world §¢ before choosing their effort level (as required in the min-max
formulation). Rather, division managers are worried about the state of the world, and choose their action (effort) to
maximize their expected utility under the measure that minimizes their utility (that is the “worst case”), given the
action they take.

20We assume HQ is the full residual claimant in firm cash flow. More generally, HQ could act within the context
of incentive contracts issued by a compensation committee, exposing it to contractual exposure as well.
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After substitution into the objective function (6), we obtain

m= Y |[Ealaldy®) - SVar(ws) —ca(aq) = (B [wdldd,a] - Blwdlgy®.al)]. (10
de{A,B}

From (10), HQ payoff consists of four components. The first one is the expected value assessed by
HQ for the two divisions (given beliefs, (ij) and division managers’ effort levels, a; the second one
is given by the required risk premia for division managers, §Var(wg); the third one is the cost of
providing effort by division managers, cq(aq). These components are common to the traditional
problem without uncertainty. The fourth component, due to uncertainty aversion, is new and is
discussed below.

Uncertainty aversion affects incentive contracts through two distinct channels. First, from the
incentive constraint (7), effort by division managers, ay, depends on their “worst-case” scenario,
¢¢, negatively affecting effort. This implies that HQ must increase the pay-performance sensitivity,
B4, to elicit any desired level of effort, increasing the cost of incentive provision. The worst-case
scenario, §¢, however, is itself endogenous, and depends on a division manager’s overall exposure
to uncertainty through incentive contract, wg. The key feature of our paper is that, by hedging
uncertainty through incentive contract, HQ can improve division manager assessment of division
productivity, (jfil, promoting effort. We refer to this channel as the “incentive effect.”

The second channel is the divergence between HQ and division managers on the valuation of
compensation contracts, as captured by the last term in (10), E [wq|q4, a| —E [wd|(j§IQ, a]. This term
acts through division managers’ participation constraints (8), and reflects the fact that HQ values
compensation contracts at its own worst-case scenario, ¢79, while division managers value contracts
at theirs, ¢, creating a disagreement on the assessment of the value of an incentive contract to
division managers and its cost to HQ. In particular, if HQ is more confident than division managers

Q@ (jj, then division managers value their compensation contracts

about division productivity, (jf
at a discount relative to HQ valuation, making it more costly (from HQ’s point of view) to satisfy
their participation constraints (8). We denote this additional cost of incentive-based pay as an
“uncertainty discount effect.”

Finally, for tractability and to generate closed-form solutions, similar to Dicks and Fulghieri

(2019, 2021) we consider a parametric approximation of the core beliefs set (4).2! Specifically, we

2! Tractable closed-form solutions would be possible with the relative entropy criterion only for the case of
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assume that HQ and division managers consider beliefs ¢’ in the neighborhood of the reference

probability implied by the pair ¢ = (g4, gB), as follows. Define xil = q;q;dqd as the relative error of
player ¢ about division d and the distance measure D (Xfl) = —log (1 — Xfi)' We denote the core
beliefs set for agent ¢ as

K'(q) ={¢'ID (xa) + D (X) < 7'}, (11)

where 1’ characterizes the level of uncertainty faced by agent i € { HQ, A, B}.?? The set described in
(11) is plotted in Figure 1 with relative entropy for comparison.?? To obtain closed form solutions,

we will at times assume that divisions are symmetric:

(8):04=05=0, qa=qp=q, 1" =n" =1, (12)

2 The no-uncertainty benchmark
As a benchmark, we first characterize the solution to the optimal contracting problem without
uncertainty, a setting similar to Holmstrom and Milgrom (1987). Absent uncertainty concerns,

KHQ = K9 = {4} and division managers share the same beliefs as HQ.

Lemma 1 (Holmstrém and Milgrom) Let HQ be risk neutral: optimal contracts are linear in the

end-of-period cash flows of both divisions: wq (h1) = sq + B;Ya1 +v;Ya 1, with

1
* — , d * - _ *’ 13
Ba L4102 (1— %)/ (6add) and g pBa (13)

and induce optimal effort o) = B504q4, for d € {A,B}. Furthermore, if condition (S) holds,
B +75 <1 forra? > —plg*/(1 — p?).

For future comparisons, note that under risk neutrality, » = 0, the optimal contract makes division
managers residual claimants, By = 1, leading to first-best effort.?* The presence of risk aver-
sion increases the cost of incentive provision and reduces pay-performance sensitivity, due to term
ro? (1 — p2) / (quﬁ). If cash flows are correlated, then optimal incentive contracts hedge division

managers’ risk exposure and depend on the correlation of end-of-period cash flows of both divisions.

uncertainty-neutral HQ.

22Note that this characterization of the core beliefs set allows a great degree of tractability: when an economic
agent has sufficient positive exposure to both divisions, so that ¢ < qq, the minimization problem is isomorphic
to the cost minimization problem with Cobb-Douglass utility. Further, the set is symmetric around q = (qa, qg),
making uncertainty hedging neutral with respect to positive or negative exposure to cross-division uncertainty.

23 All figures are obtained by setting g4 = g = 10, 4 = 05 = 2, ¢ = 10 as baseline parameter values.

24In this case cross-pay a4 is indeterminate because hedging risk is irrelevant for risk-neutral agents.
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With positive correlation, HQ sets 74 < 0 and contracts display relative-performance compensa-
tion; with negative correlation, HQ sets 74 > 0 and incentive contracts display an equity component
through cross-pay. Hedging division manager risk exposure reduces the cost of incentive provision
and allows HQ to increase pay-performance sensitivity, improving incentives.?> When cash flows
are uncorrelated, cross-pay generates only incremental risk exposure with no risk-hedging benefit,
and optimal contracts set 74 = 0 (the “informativeness principle”).

Uncertainty aversion affects incentive contracts in important ways. We start with the simpler
case where HQ is uncertainty neutral. We then examine the more realistic (and interesting) case
where HQ is uncertainty averse as well. This approach allows us to identify the specific impact of

uncertainty aversion by division managers and HQ on optimal incentive contracts.

3 Uncertainty-neutral principal

When HQ is uncertainty neutral, (ij = ¢4 and problem (6)-(8) becomes

max T = Z E[Yi(aq) —wq (Y) |qd] (14)
{wa,ada}dea,B} de{A.B)}

subject to the incentive and participation constraints

max min ugy = F [wdkjd,ad, adr] - EVar(wd) —cq(ag), (15)
ad GgeKd 2

min ug = FE [wd|(jd,ad, ad/] - CVar(wd) —¢q(ag) > 0. (16)
da€K 2

We solve problem (14)-(16) in three steps. We first examine the impact of incentive contracts on
division manager beliefs, §4; next, we examine the impact of incentive contracts on effort, ag. With
these preliminary results, we then characterize the optimal contract solving (14)-(16).

3.1 Incentive contracts and beliefs

We start with the characterization of division managers’ belief assessments on the productivity of
both divisions, which depend on the pair of incentive contracts offered by HQ. From (5) and (11),

given incentive contracts {wgq} ;¢ (4,5} division managers’ beliefs G solve

2>Note that division manager compensation has a pay-for-performance component, 3%, and a risk-hedging com-
ponent, ;. The risk-hedging component effectively represents a “side bet” between a division manager and HQ. If
division cash flows are negatively correlated, v > 0, so that the division manager holds a long position and HQ takes
the corresponding short position, raising the possibility that HQ holds a short overall position, with 1 — 85 —~3 < 0.
Because v = —pB;, the size of the hedging component depends on the risk exposure due to the pay-for-performance
component. Increasing the coefficient of risk aversion r lowers 3, reducing the corresponding short position held by
HQ. Under condition (S), this implies that the inequality 85 +~; < 1 holds if and only if 7 > —pfq¢®/(1 — p*)o?, that
is if the agent is sufficiently risk averse.
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. ) ) r
min ud(qd) = F [wd\qd,a} — §Var(wd) —cq(aq), (17)

1 1

s.t. n|——— | +In| —— | <t (18)
G4 —qa

1- AT‘ 1-

i%—aqp
4B

Note that incentive contracts offered by HQ must have 84 > 0, so that division managers will exert
strictly positive effort, ag > 0.

— | |ad/ 94/

Lemma 2 (Incentive contracts and beliefs) Let Sgaq > 0 and Hg = TR A division manager’s

assessment of division productivity, {qg, (jg,}, depends on contractual exposure, wq, with
(i) q§ = e qq for Hy € {0, e—”d}
(ii) 4§ = (6_"dﬂd> qq for Hy € (6_"d,6"d)

(ii3) cjff =qq for Hy > e”d,

NG

where Qg is weakly increasing in Hy. Furthermore, ng, 2 qg, as vq¢ s 0.

Division managers’ beliefs toward division productivity depend on the relative exposure to the cash
flow from each division, measured by H,. Because H, affects the relative exposure to uncertainty
of the two divisions, we refer to this ratio as the “uncertainty-hedging ratio.” In particular, com-
pensation contracts, setting Hy = 1, equates (i.e., “hedges”) division manager’s exposure to each
division uncertainty. The uncertainty-hedging ratio Hy is affected by incentive contract, wq, and is
an increasing function of the cross-division exposure, |v4/.

Several features emerge from Lemma 2 and are illustrated in Figure 1. When HQ grants pay-
for-performance only (so that vy = 0 = Hy) or offers incentive contracts with a small exposure
to the other division cash flow (leading to a small uncertainty-hedging ratio Hy), as in case (i),
division managers assess the prospects of their own division very conservatively, with (jg = e qq,
disincentivizing effort. This case corresponds to point A in Figure 1.

Division manager assessments of the productivity of their own division, cjg, is an increasing
function of their exposure to the other division, |y4|, and of the hedging ratio, Hy. Incentive
contracts that offer greater exposure to the other division, as in case (ii), induce division managers
to become more confident about their own division, (jg. This case corresponds to points B and B’ in
Figure 1. Finally, when incentive contracts offer significant exposure to the other division with an
even larger value of |vyg4|, as in case (iii), division managers will become very confident about their

own division, setting (jg = qq. This case corresponds to points C and C’ in Figure 1. The beneficial
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effect on division manager beliefs depends on the absolute value of the cross-division exposure, |v4],
and can be obtained with either an equity-based pay, v4 > 0, or relative performance-based pay,
Ya < 0.

The impact of incentive contracts on a division manager’s assessment of the other division’s
productivity depends on the sign of 74. An incentive contract with an equity component, v4 >
0, makes division managers more pessimistic about the other division’s productivity, cjg, < qg
(this case corresponds to point B in Figure 1). This reflects the property that, when 74 > 0, a
worse performance in the other division reduces a division manager’s compensation, resulting in
a more pessimistic assessment of that division’s productivity. Similarly, incentive contracts with
a relative-performance component, v < 0, make division managers more optimistic about the
other division’s productivity, (jff, > qg (this case corresponds to point B’ in Figure 1). The more
optimistic assessment reflects the fact that, when ~4 < 0, better performance in the other division
reduces compensation, a reason for division manager concern.

3.2 Incentive contracts and effort

Given beliefs characterized in Lemma 2, a division manager’s effort is determined by solving

X . r
max ug(a, ¢*(a,w)) = E |wq|§?, aq, ad/] - §Var(wd) —cq(ag) . (19)

The Nash equilibrium of effort choice by division managers is characterized as follows.

Lemma 3 (Uncertainty and effort provision) Given incentive contracts, {wa}aeia,py, there is a
unique Nash equilibrium effort, {aa,ap} where ag = 5d9dqg and division manager beliefs, (jg, are
as in Lemma 2. Equilibrium effort aq is increasing in pay-performance sensitivity, Bq, erposure
to the other division, |v4|, efficiency of effort, 04, and decreasing in uncertainty, n®. Further, if
Hy € (e‘”d, e"d), aq is also increasing in P, |Ya|, and 04, and decreasing in n?.
If division managers are uncertainty neutral, their optimal level of effort is determined by their own
division-based pay, B4, and is affected by neither their cross-division pay, 4, nor the action of the
other division manager, ay. The only effect of cross-division exposure is to hedge risk exposure,
reducing the cost of incentive provision.

Under uncertainty, incentive contracts affect division manager effort through two distinct chan-
nels. The first channel is the traditional direct effect due to pay-for-performance compensation cap-

tured by By4. The second channel is indirect, and it acts through the impact of incentive contracts
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on division managers’ assessment of the productivity of their own division, (jg(wd). Specifically, the
presence of cross-pay, |v4| # 0, reduces the relative exposure of division managers to uncertainty
about their own division, increasing the hedging ratio Hy. From Lemma 2, this implies that HQ can
use incentive contracts to lead uncertainty-averse managers to hold a more favorable assessment of
the productivity of their own division, with positive effect on effort. This channel due to uncertainty
hedging is new, and is the key driver of our paper.

Finally, note that uncertainty aversion introduces a strategic complementarity across division
managers’ levels of effort. From Lemma 2, cross-division exposure, |y4| > 0, makes effort exerted
by a division manager, a4, increasing in effort exerted by the other division manager, ay. Greater
effort from the other manager decreases the relative exposure to uncertainty about the division
manager’s own division, leading to more favorable beliefs and greater effort. This new source of
externality is due to uncertainty hedging, and is driven solely by beliefs.?® Figure 2 illustrates best
response functions and the corresponding Nash equilibrium in effort choice under uncertainty.

3.3 Uncertainty and incentive contracts
To separate the effect of uncertainty aversion and risk aversion, we consider first the case in which
division managers are uncertainty averse but risk neutral. This approach allows us to identify the

specific role of uncertainty aversion in contract design and its interaction with risk aversion.

Theorem 1 (Cross-division exposure and uncertainty hedging) If HQ is both risk and uncertainty
neutral and division managers are uncertainty averse but risk neutral, optimal incentive contracts
have Hy = 1, inducing division managers’ beliefs to be (jg < qq, and (jfil, < qq for v > 0, and

cjfil/ > qp > cjg for v < 0. Optimal contracts set
1

Ba = -
1+3(1—qfil/qd

) <1, and |ya|l = £aBa; (20)

adqd

oy Pay-performance sensitivity, By, and effort, aq, are both decreasing in uncer-

where £g =
tainty, n®. If condition (S) holds, then equity is optimal, Bq = V4, with cjg = (ig, = e‘gq < q and

Ba + Yar <1f07"77>21n%.

If division managers are uncertainty averse but risk neutral, hedging risk is not a concern. The

presence of uncertainty has two adverse effects. First, it lowers division managers’ assessment of

26Note that the presence of a positive externality across effort choices means that division managers would benefit
from coordination. However, the benefits of uncertainty hedging will still be present, even if division managers could
coordinate, a possibility that we therefore exclude.
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their productivity, with a detrimental effect on effort (the “incentive effect”). This implies that
HQ must increase pay-performance sensitivity to elicit any desired level of effort. Second, more
conservative beliefs reduce the value of incentive contracts as assessed by division managers, relative
to the value assessed by the more confident HQ, making it more expensive for HQ to meet their
participation constraints (the “uncertainty discount” effect).

The combined effect is to make it costlier for HQ to induce effort, leading to a reduction of the
pay-performance sensitivity 3y, as captured by the term 3 (1 - qfll / Qd) in (20). In addition, greater
uncertainty, by increasing the cost of inducing managerial effort, makes pay-performance sensitivity
B4, and thus effort ag4, decreasing functions of the disagreement between a division manager and HQ,
represented by the term qg /qq in (20). The optimal pay-performance sensitivity (4 is illustrated in
Figure 5 for nf1@ = 0.

The role of cross-division exposure, |y4|, is to improve division managers’ beliefs by hedging
their uncertainty. From Lemma 2, an increase of cross-division exposure (partially) offsets the neg-
ative effect of uncertainty on beliefs, promoting effort. Absent risk-aversion considerations, optimal
contracts hedge a division manager’s exposure to uncertainty by equalizing exposure to cash flow
uncertainty from each division, setting H; = 1. Because of uncertainty neutrality, HQ is indifferent
between granting compensation based on cross-pay, 74 > 0, or on relative performance, v4 < 0,
as the optimal contracts depends only on the size of the cross-division exposure, |v4|, and not on
its sign. The extent of cross-division exposure, |v4|, is still proportional to the pay-performance
sensitivity, with |y4| = €484, where &; represents the hedging factor.?”

If divisions are symmetric (so that ag gy = aqqq), then the uncertainty hedge ratio, Hy, can be
set to unity by the use of pure equity contracts: § = v < 1. Interestingly, in this case, division
managers hold the same beliefs about their own as well as the other division, (jj = cjfll, = e_gq,
leading to consensus (that is, a “shared view”) in the organization. Also, HQ holds more opti-
mistic beliefs than division managers, g > qg = e_gq, making HQ appear as “visionary”in the
organization. Also note that, absent risk aversion, a contract with extreme relative performance,
with v = —f, is also optimal. In this case, from Lemma 2, we have (ig <q< (jg,, and division

managers are more confident about the other division than they are about their own. This belief

2"In the appendix, we show that the hedging factor £4 depends on the relative exposure to uncertainty of the two
division managers, n?, and that cross-division exposure is greater for the (relatively) less confident division managers
and for larger divisions.
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configuration creates envy and discord in the organization, a potentially undesirable configuration
of internal beliefs caused by relative-performance compensation. In Section 4, we will show that it
is never optimal when HQ is uncertainty averse as well.

An important implication of Theorem 1 is that the optimal contract (20) differs in two important
ways from the corresponding case of risk-neutral division managers with no uncertainty as shown in
Lemma 1 (where division managers become full residual claimants in their own division, with 84 = 1,
and with no role for cross-pay 74). First, with uncertainty concerns, making division managers full
residual claimants exacerbates pessimism toward their own division, depressing effort. In this case,
HQ finds it optimal to reduce pay-performance sensitivity, 54 < 1, and to hedge division manager
uncertainty by offering exposure to the other division’s uncertainty, setting |v4| > 0. Second,
optimal contracts offer cross-pay, |v4| # 0, even when division cash flows are uncorrelated, in
violation to the informativeness principle. The question is whether this feature holds also in the
case of risk-averse division managers, a case we consider next.

3.4 Risk and uncertainty hedging

The presence of risk aversion affects optimal contracts because hedging uncertainty creates a risk
exposure, which is costly for risk-averse division managers. Optimal contracts must trade off the
relative benefits of risk and uncertainty hedging.

Consider, for simplicity, the case where HQ wishes to implement interior beliefs, as in case (ii) of
Lemma 2.?® The composition of pay-for-performance and cross-division exposure will now depend

on the relative size of the two divisions, which affects division managers’ uncertainty exposure.

Theorem 2 (Risk and uncertainty hedging) Let the optimal contract {34,7v4} be such that division

managers have interior beliefs, Hy € (0, e”d). Then vq # 0 and

Baaaqa +ro* B3 = |val aarqa + ro’y3, (21)

with |Yar| > & Bar and |va| < aBa, for aqqq > aqqar-
When division managers are risk-neutral, optimal contracts fully hedge uncertainty, and set the
uncertainty-hedging ratio to Hy = 1, which implies that S4aqqq = |7v4|aarqe. With risk-averse

division managers, hedging uncertainty through cross-pay is costly because of the risk exposure it

28Focusing on “interior” beliefs in Lemma 2 allows us to equate marginal cost and marginal benefits of both g
and 4. If HQ chooses to implement corner beliefs, the optimal incentive contract will mimic that in Lemma 1 (as
shown in the proof of Corollary 1).
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creates. In this case HQ optimally induces interior beliefs (as in case (ii) of Lemma 2); from Equation
(21), optimal contracts must have v4 # 0 irrespective of the correlation coefficient. This means
that optimal contacts include cross-division exposure even when division managers are risk averse
and division cash flows are not correlated, in clear contrast with the “informativeness principle.”
Condition (21) in Theorem 2 shows that optimal contracts equate the total (expected) cost
to HQ of a division manager’s contractual compensation from exposure to each division. This
cost is the sum of two components: for their own division, it is the sum of the (expected) pay-
for-performance component, (4a494, and the corresponding risk premium, razﬁﬁ; for the other
division, it is the sum of expected cross-pay, |v4| @ qa, and the corresponding risk premium, 7"0273.
With respect to the optimal contract in Theorem 1, the presence of risk aversion has the effect of
increasing cross-division exposure for the relatively smaller division, |vz| > By&x and of decreasing
such exposure for the larger division, |v4| < £484.%
Corollary 1 (Uncertainty and cross-pay) Let condition (S) hold. There is a threshold 7(r, p) (de-
fined in appendiz), with 7(0, p) = 0, such that:
(i) If n < 7, optimal contracts have 8 < [* and v = —pf, and induce division managers’ beliefs
qg = e q and (jg, = q. Pay-performance sensitivity, B, and Nash equilibrium effort, a, are both
decreasing in uncertainty, n; the threshold 7(r, p) is increasing in r and decreasing in |p|.
(i) If n > 7, optimal contracts have |y| = B < %, with sign (v) = —sign (p), and induce division
managers’ beliefs qu = (jg, = efgq < q. When p =0, HQ are indifferent between v = £0.

3
Furthermore, 8+~ <1 forn>2In3.

When uncertainty is low, n < 7, uncertainty aversion does not significantly affect beliefs and, thus,
incentives to exert effort. At low levels of uncertainty, disagreement between division managers
and HQ is relatively small, with (jg = e lq < q, corresponding to case (i) in Lemma 2. In this
case, the benefits of hedging uncertainty are too small relative to its cost (due to the increased
risk exposure) and optimal incentive contracts mirror those in Lemma 1. The difference is that
uncertainty, by increasing the cost of incentive provision, reduces both pay-performance sensitivity
and effort. Cross-division exposure is v = —pf, as in the no-uncertainty case.

When uncertainty is sufficiently large, n > 7, HQ finds it optimal to hedge division managers’

29 Closed-form solutions for optimal incentive contracts can be obtained when divisions are symmetric, and condition
(S) holds. They are displayed in the online supplemental materials: see Equations (B24), (B38), and (B52).
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uncertainty with greater cross-division pay, setting |y| = 8 > |p| 5. The presence of large uncer-
tainty, if left unchallenged, would significantly depress effort. By granting greater cross-division
pay, HQ limits division managers’ pessimism, leading to cjfll, = e_gq (corresponding to case (ii) in
Lemma 2). More favorable beliefs promote effort, but at the cost of greater risk exposure. To hedge
division manager risk, the sign of the cross-division exposure = is the opposite of the sign of the
correlation coefficient, with sign () = —sign (p).>* When the cash flows of the two divisions are
uncorrelated, cross-division exposure produces no risk-hedging benefit, only uncertainty hedging,
and HQ is again indifferent between setting v = 3. The optimal contract {3, v} with uncorrelated
cash flows is illustrated in Figure 3.

The threshold level 7j(r, p) is increasing in division manager risk aversion, r, and decreasing
in the magnitude of the correlation coefficient |p|. Under risk neutrality, » = 0, risk-hedging is
irrelevant, and 7 = 0. As risk aversion increases, the risk-hedging becomes more valuable, and
greater uncertainty is needed to motivate deviating from the optimal risk-hedging contract with
v = —ppB; thus 7 is increasing in r. In contrast, as the magnitude of the correlation increases, |p|,
the risk-hedging becomes more effective, allowing greater uncertainty hedging; thus 7 is decreasing
in |p|. The effect of risk aversion and cash flow correlation on the threshold, 7, is illustrated in

Figure 4.

4 Uncertainty-averse principal

Different from the case of uncertainty-neutral principal, beliefs held by uncertainty-averse HQ are

not fixed but, rather, are determined endogenously as well. HQ beliefs 79 = {(ij, cng} solve
Cminw(@79) = > E[Yilaq) —wa (Y)]§79] (22)
qreerne de{A,B}
where
1 1
KHQ = QHQ\ln — |4+ | ————— | <yfQ}. (23)
~HQ 7HQ
1 _ q, qA 1 _ qp 4B
qa aB

The following lemma characterizes HQ beliefs for the case in which HQ has positive residual ex-

posure in either division, 87 + v < 1. We will later show that this holds for sufficiently large

39Note that, when HQ is uncertainty neutral, equity-based compensation is not optimal with positively correlated
cash flows. In the next section, we show that equity based compensation is optimal when HQ is uncertainty averse
and there is sufficient uncertainty.
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uncertainty (specifically, if n > n? 4 21n %)
Lemma 4 Let 84+ va <1, d € {A, B} with d' # d, and

aQ _ (1= By —va)aa qa
9= , (24)
(1= Ba —va)aaqa
Headquarters assessment of both divisions, (cij, (ng), s equal to:
1
W) af?= e o Qe [ e
Q

(i1) cij = qq and (ng = e*”Hqu: for HfQ > en”?,
Similar to Lemma 2, HQ beliefs depend on its relative exposure to both divisions, as measured
by the corresponding hedging ratio HfQ (note that HgQ =1 /HfQ). When HQ has a balanced

HQ pHQ .
el }, HQ has conservative

exposure to the two divisions, as in case (i) with HfQ € [e‘”
beliefs toward each division, cjng < qq4, and is less confident toward a division as relative exposure
to that division increases. When HQ exposure to a division is sufficiently large, as in case (ii) with
HfQ > e”HQ, HQ is even less confident about that division, (ij = e~ "qq, and correspondingly
more confident on the other division, (jg,lQ = gz . Beliefs for division managers are still given as in
Lemma 2, and their effort levels as in Lemma 3.

4.1 Uncertainty and relative-performance compensation

To separate the effect of uncertainty aversion and risk aversion on optimal incentive contracts, we
start again with the simpler case where both HQ and division managers are uncertainty averse
but risk neutral. For expositional simplicity and tractability, we focus on the case where division
managers’ uncertainty is the same, n* = n® =7, and HQ faces sufficiently large uncertainty (that
is, large nf1Q).31

Theorem 3 (Uncertainty and relative-performance compensation) Let both HQ and division man-
agers be uncertainty averse but risk neutral. If HQ is sufficiently uncertainty averse, n'@ >
maxXge(A gy In Hy, where Hy = (Hd//é?d)l/2 qa'/qq, and division managers are sufficiently more un-
certainty averse than HQ, n > nH% + 2111%, optimal contracts have H;IQ = H,; = Hy with pure

equity:
1
5d:7d:1+3(1_q3/d£[¢2)<1 (25)

with Bq = 74 < 1. Division managers are more pessimistic than HQ: Qg < (ij

311t is possible, although messy, to extend the analysis to the case in which division managers are exposed to
different levels of uncertainty, na # ns. The optimal contract in Theorem 3 is still equity, 84 = a4, but division
managers receive different equity shares: 54 # Bp.
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When there is sufficient uncertainty, ¢ > In Hy and n>nf@421n %, optimal incentive contracts
are pure equity, 84 = v4.°>> Pay-performance sensitivity and effort levels mimic those in Theorem

@ yather than qd, as

1, with the difference that now HQ beliefs are endogenous and equal df
in (20). With risk-neutral agents, optimal contracts provide uncertainty sharing: HQ equates
its uncertainty-hedging ratio with respect to each division to the uncertainty-hedging ratio of its
division manager by setting HfQ = Hy.

From (25), pay-performance sensitivity, 54, and cross-pay, 4, now depend on the difference
in beliefs held by HQ and the division manager, (jg/ cij, where such difference depends on HQ
uncertainty relative to that of the division manager. An increase of HQ uncertainty increases pay-
performance sensitivity, cross-pay, and effort. This happens because, when 79 < 7, an increase of

Q, and brings its beliefs closer to the division

HQ uncertainty, n79, worsens its beliefs estimates, Qf
manager’s beliefs, inl, reducing the uncertainty discount. The smaller discount lowers the cost
of incentive provisions and induces HQ to offer contracts with larger pay-performance sensitivity,
B4, leading to greater effort. Greater pay-performance sensitivity, however, increases a division
manager’s risk exposure, which is offset by a corresponding increase of cross-pay, vq4.

Importantly, HQ uncertainty aversion affects the desirability of relative-performance compen-
sation. With uncertainty-neutral HQ, Theorem 1 shows that |v4| = {484, which implies that HQ
is indifferent with respect to relative-performance compensation versus equity-based compensation
with identical cross-division exposure (in absolute value). The presence of uncertainty aversion by
HQ introduces an additional source of disagreement with division managers, breaking this indiffer-
ence. This happens because relative-performance compensation for division manager d (by setting
v < 0) generates a “short” exposure to the other division, d’, while HQ still holds a “long” position
in that division, because 1 — 5 —+ > 0. From Lemma 4, when HQ is uncertainty averse and holds a
long position in d’, it is more pessimistic than the reference probability, (ng < q. In contrast, from
Lemma 2, division managers holding a short position, v < 0, are more confident about the other
division d’ than the reference probability, (jg, > ¢q. The combined effect is that HQ and division
managers now hold more divergent views on the value of compensation contracts, increasing the

uncertainty discount and the cost of hedging risk. This increases the cost of relative-performance

32These conditions ensure that HQ has a positive exposure to both divisions, 1 — 84 — ¥4 > 0, and that its beliefs
fall in case (ii) of Lemma 4. For smaller values of n77%, HQ sets (ij —e "¢

at the smaller. Optimal contracts will be as in Section 3.

ga at the larger division and qng = qq
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contracts, making equity-based contracts optimal by setting 85 = 4. The optimal pay-performance
sensitivity, B4, in Theorem 3 depends only on the difference n — 7%, and is illustrated in Figure 5
for different levels of nH<.

4.2 Risk, uncertainty, and cross-pay

The presence of division managers’ risk aversion again affects optimal contracts. When division
managers are risk averse, full equity exposure, 8; = 74, may lead to suboptimal risk sharing,
especially when division cash flows are positively correlated (a case where relative-performance
contracts, 74 < 0, would offer a risk-hedging benefit). With risk-averse division managers, optimal
cross-division exposure 4 depends again on the trade-off between costs and benefits of hedging
division manager risk and uncertainty (with their effects on effort provision). Optimal cross-division

exposure is characterized in the following theorem.

Theorem 4 (Uncertainty and cross-pay) Let HQ be uncertainty averse, while division managers
are both uncertainty and risk averse, with n > n7% + QID%. Let (g4, B4) be the optimal contract
and condition (S) holds. There is a threshold 1) such that cross-division exposure 4 is as follows:
(i) If n < 9, there is a H19 such that the optimal contract has
(a) ¥ = ~(p— D)8 if "9 < 1, where p= 43 (q — 44i°) ;L. and
(b) v =B if nH'@ > /"<,
(i) If n > n the optimal contract has:
(a) for p <0, equity contracts are optimal: v = [3;
(b) for p > 0, there are thresholds (ﬁfIQ,ﬁfQ), with f}fIQ < ﬁfQ, and a g(nHQ), such that
(b.1) v = —=EMT9)B, if n? < {7, and
(6.2) v =B if g > ',
E(MHQ) € (e7,1) is increasing in v, o, 1, and decreasing in 0, q, and 79, with £ (0) = 1. The

hedging factor f(nHQ) and thresholds ﬁ,ﬁHQ,ﬁfQ,ﬁfQ are defined in the appendiz.

When both division managers’ and HQ’s uncertainty is sufficiently low as in case (i)(a), with n < 7,
and n9 < AH? optimal cross-division exposure, v, mirrors that absent uncertainty of Lemma 1.
The important difference is that relative-performance compensation, v < 0, is now optimal only
with sufficiently large positive correlation, p > p > 0 (note that 5 = 0 when 79 = 0). The reason

is that with the presence of uncertainty aversion, HQ increases the uncertainty discount and raises
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the cost of hedging division manager risk with relative-performance compensation. Note that this
implies that, with any level of HQ uncertainty, 7€ > 0, when p = 0, division managers will always
have a positive exposure to the other division, a clear violation of the informativeness principle.
This case is illustrated in Figure 6.

The implication is that relative-performance compensation is optimal only when the correlation
between divisions and, thus, the risk-hedging benefits, are sufficiently large; that is, when p > p.
The threshold p is a decreasing function of a division’s risk and of division managers’ risk aversion
(which both increase the benefits of hedging risk), and is an increasing function of division size
(which increases HQ exposure to a division’s uncertainty, exacerbating the uncertainty discount).
The threshold p is also an increasing function of the disagreement between division managers
and HQ on cross-division productivity, (jg, — cng. Greater disagreement increases the uncertainty
discount and increases the cost to HQ of relative-performance compensation, making it desirable
only when the benefits of risk hedging are sufficiently large.

When HQ is exposed to large uncertainty, as in case (i)(b) with n7® > #H% optimal incentive
contracts are again pure equity, 5 = -y, with no relative-performance compensation even with pos-
itively correlated cash flows. Large uncertainty exacerbates disagreement on relative-performance
compensation and results in a more significant cost of hedging division-manager risk. In this situa-
tion, hedging uncertainty conflicts with hedging risk: the uncertainty-hedging motive overcomes the
risk-hedging motive, and HQ foregoes altogether the risk-hedging benefits of relative-performance
compensation. Rather, it offers pure-equity contracts that better align division managers’ beliefs
with those of HQ, lowering the cost of incentive provision and promoting effort. This case is an
important reversal of the predictions made in Lemma 1 of the standard contracting problem with
no uncertainty.

When division managers face sufficiently large uncertainty, as in case (ii) with n > 7, cross-
division exposure v depends on the sign of the correlation coefficient. If division cash flows are
negatively correlated, as in case (ii)(a) with p < 0, then optimal contracts are again pure equity,
with 845 = v4. In this situation, uncertainty hedging and risk hedging are synergetic, making

equity-based compensation optimal.?3

33Interestingly, in the appendix we show that if HQ and division managers face the same uncertainty, ngq = 7,
they then share the same vision in the firm, §¢ = (jj/ = (ij = e_gq. Equity-based compensation has the desirable

effect of coordinating internal beliefs in the organization, achieving consensus.
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When division cash flows are positively correlated and HQ is exposed to low levels of uncertainty,
as in case (ii)(b.1) with nf1@ < ﬁ{{ @ optimal contracts have a relative-performance component,
with v < 0. Cross-division exposure is again proportional to pay-performance sensitivity by a factor
é , which represents the hedging component of division manager compensation. Importantly, the
hedging factor £ depends now on the level of division managers’ risk aversion and their exposure
to uncertainty, relative to the uncertainty faced by HQ. Greater managerial risk aversion and cash
flow risk, o, increase the importance of hedging the division manager’s risk, leading to more cross-
division exposure (larger é ). Similarly, greater uncertainty aversion by division managers increases
the importance of uncertainty hedging, leading again to more cross-division exposure. In contrast,
greater uncertainty by HQ (greater n7%) and greater division uncertainty (larger values of  and
q), by exacerbating the uncertainty discount, increase the cost of both risk hedging and uncertainty
hedging, leading to a lower hedging factor é . Finally, when HQ faces sufficiently large uncertainty,
as in case (ii)(b.2) with 9 > fé{ @ the disagreement discount overwhelms again the risk-hedging
benefits and optimal incentive contracts offer equity-based compensation, v = 5.

Importantly, Theorem 4 shows that when uncertainty is sufficiently large, optimal incentive
contracts include equity components and no relative-performance components, even in the case of
positively correlated division cash flows. Positive correlation of divisional cash flows is particularly
relevant in practice because it may reflect exposure to common aggregate risk factors, such as the
business cycle. This result is, again, in sharp contrast to the standard optimal contracts absent

uncertainty aversion, and is illustrated in Figure 7.

5 Extensions and discussion

5.1 Optimal uncertainty hedging

One of the main results of our paper is to establish the benefits of uncertainty hedging through
either equity-based or relative-performance compensation for incentive provision. HQ, however,
can more generally hedge division manager uncertainty by making incentive contracts depend on
additional hedging variables that are external to a firm, such as appropriate benchmarks.?* This

section will show the superiority of contracting with hedging variables internal to the firm over

34Examples of external hedging variables include equity in firms in the same industry (for example, shares of Lyft
for an executive at Uber), an industry index, and a commodity index. Inclusion of equity of competitors raises
strategic concerns due to common ownerships that we ignore.
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similar variables that are external to the firm.

We modify the basic model as follows. For simplicity, HQ contracts only with the manager of
division A. Division B is not affected by agency problems and, thus, does not create a contracting
problem; for simplicity, it has no division manager. We now assume that HQ can contract with
division manager A on an additional (external) hedging variable C, to which HQ has no direct
exposure. For simplicity, we consider the case where both B and C are uncorrelated with A, and
that B and C have identical mean, p, and the same variance as division A, given by 2.3
An incentive contract is now a triplet {3, ~, ¥} specifying the exposure to the manager’s division,

B, the exposure to the other division, 7, and the exposure to the external hedge, ¥. The division

manager and HQ are uncertainty averse. Because the triplet {A, B, C'} is uncertain, the core beliefs

set is ) ) )
K'={{/In - +In| —— | +1n - <n' (26)
1 — |94—94 1— |48—4B 1 — |4c—9c ‘
qa anB qac
for i € {A, HQ}. Payoff to HQ is
- . L LHQ B SHQ o HQ
II = qHérélll(lHQ 7=1=p)aady + (1 —v)pudg” —Yudeo s. (27)
Division manager has payoff
U= min 4= ~A ~A A 0% 2 2 a 28
_éf?éIII(lAuzs"i'BaAQA+’YMQB+¢MQO—7(5 +7 —Hb)_ﬁ' (28)

We first ask the preliminary question: if HQ hedges division manager uncertainty with only one

hedging variable, either B or C, does it prefer to contract on the internal or external hedge?

Lemma 5 (Internal vs external hedges) HQ prefers to hedge division manager uncertainty using
internal rather than external hedges. If HQ considers granting contract (/3,0,), then it will weakly

prefer contract (3,|v],0).

HQ prefers to hedge division manager uncertainty using internal rather than external hedges; that
is, to use B rather than C. Hedging uncertainty by granting exposure to another division has an
advantage over hedging uncertainty through exposure to an external hedge. The reason is that
the latter leads HQ and division managers to hold opposite positions, whereby one party holds a

long position and the other party holds a short position on the hedge. The effect is that the party

35If A, B, and C are correlated, but B and C are not perfectly correlated, then it is optimal to hedge with all three
even in the absence of uncertainty, as required by the informativeness principle.
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holding the long position will be more pessimistic and the party holding the short position will be
more optimistic. The difference of beliefs will lead to disagreement as to the value of the hedges,
making it more costly (in the eyes of HQ) to meet the division manager’s participation constraint.
In contrast, with an internal hedge, HQ holds a residual claim on the cash flows of all divisions,
alleviating the disagreement and, thus, the cost of hedging uncertainty. When uncertainty faced
by HQ is sufficiently large, external hedges become undesirable, as established in the following

theorem.

Theorem 5 (Optimal internal hedges) If n1Q > 7f1Q | then incentive contracts are equity with no

external hedges: =, and ¢ = 0.

With low levels of uncertainty, including external hedges in incentive contracts (such as industry
benchmarks) in combination with internal hedges (such as cross-division exposure) may still be
beneficial because they improve the overall effectiveness of incentive contracts. The potential ben-
efit to hedging uncertainty by including external hedges, however, must be balanced against two
costs. The first cost is the additional risk exposure imposed on division managers, which must be
compensated by a corresponding risk premium. The second cost is that of the hedge itself. High
levels of uncertainty increase the disagreement between HQ and division managers, leading them
to hold sharply different beliefs. Greater disagreement is costly because it exacerbates the uncer-
tainty discount, making it more difficult for HQ to meet division managers’ participation constraint.
When uncertainty is sufficiently large, that is for 7@ > 7779 the uncertainty discount overwhelms
the benefits of using external hedges, so external hedges are not included in incentive contracts. An
implication of Theorem 5 is that internal hedges, represented by exposure to uncertain variables
that are already on a company’s balance sheet, represent “natural hedges” and have an advantage
with respect to external hedges for hedging uncertainty.

Finally, note that we have assumed so far that HQ maintains the variable ¢ used for uncertainty
hedging as un-hedged position. More generally, and similar to the case of risk-hedging, HQ could
in turn hedge their own position on @ by covering such exposure either through transactions on
financial markets (i.e., “financial hedges”) or by adapting operations (i.e., “real hedges”), affecting
the overall exposure of the balance sheet to uncertainty. Such hedging activities, however, may be

costly to a firm.3% This possibility raises the important question of assessing the overall optimal

36 Adapting operations for the purpose of uncertainty hedging may lead firms to deviate from otherwise optimal

29



corporate policy to hedge uncertainty, and its interactions with traditional risk-hedging activities.

We leave a thorough examination of these important questions to future research.

5.2 The case of rectangular beliefs

An important assumption in our paper is that the core beliefs set is a strictly convex set with
smooth boundaries, which guarantees that beliefs respond to changes in compensation contracts.
While this property is satisfied by the relative entropy criterion, it does not hold when agents hold

“rectangular” beliefs (as in Equation 3.11 of Chen and Epstein, 2002), such as for
K()={G [ga-n"<ds<qa+n]x gz —n" < i< qs+n'] (29)

With rectangular beliefs, uncertainty-averse agents do not benefit from uncertainty hedging. In the
context of our paper, division manager and HQ beliefs on division productivity — the solutions to
(17) and (22) — are determined by a fixed “worst-case scenario” and do not depend on the relative
exposure to division uncertainty generated by incentive contracts.?”

The presence of rectangular beliefs, however, exacerbates the uncertainty discount for relative-
performance contracts, strengthening the results of Section 4.1. This happens because relative-
performance contracts, where division managers and HQ have opposite exposures to cross-division
cash flow, lead them to hold extreme opposite beliefs on division productivity. HQ, by holding a
long position in both divisions, sets beliefs at the lower extreme of the belief range, qu Q@_ nte,
In contrast, division managers, by holding a short position in the cross-division cash flow, are
concerned when that division has high productivity, and set beliefs at the higher extreme of the
belief range, qg, + n?. Thus, rectangular beliefs lead to extreme disagreement between HQ and
division managers, exacerbating the uncertainty discount. The effect is to make it even more
costly, from the point of view of HQ, to meet division managers’ participation constraint, making
relative-performance compensation less desirable. When HQ uncertainty, n79, is sufficiently large,
optimal contracts have no cross-pay:

Theorem 6 Let p > 0, there is a threshold an such that if nH%@ > nf{Q, then the optimal contract

has no cross-pay with vq = 0. The optimal pay-performance sensitivity is

capital budgeting decisions. Financial hedges can be costly as well, and may have adverse regulatory implications
(for example, in the case of Lyft buying share in a competitors’ stock such as Uber may trigger unwelcome regulatory
oversight). Finally, the market prices of hedging risk and uncertainty prevailing in financial markets need to be
determined as the outcome of a general equilibrium in the economy.

37Intuitively, the solutions to the minimization problems in the right-hand side and left-hand side of Equation (2)
are equivalent, and the condition holds as an equality.
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1

Ba = > — (30)
q o

1+ <1— q,%) + eé;}}Q 7

d qd

5.3 Mergers and synergies

Equity-based compensation may also be desirable in the presence of synergies, which we have ruled
out so far. Synergies create an externality among division managers, leading to moral hazard in
team (as in Holmstrom, 1982). We introduce the externality due to synergies by assuming that
divisional output depends now on the effort exerted by both division managers, pg = (aq + Caq) q4,

where the parameter ( represents the intensity of the synergy (the externality).

Theorem 7 Let condition S hold. For any level of division manager uncertainty 7, there is a
threshold of synergy intensity ¢ such that for all ¢ > C, the optimal contract is equity: v = B.

When n = 0, pure equity is optimal only with ( = 1.

The presence of synergies strengthens the incentives to adopt equity-based compensation. In
particular, for any level of uncertainty, 7, pure equity-based compensation is optimal if synergy
intensity is sufficiently large, ¢ > (. Interestingly, absent uncertainty, = 0, equity-based compen-
sation is optimal when division manager effort are perfect substitutes, { = 1.

We conclude the section by noting that, from Lemma 5, adding a division to a firm is desir-
able for its beneficial effect of creating additional uncertainty-hedging opportunities. In this way,

uncertainty hedging provides a new source of value in mergers.>

6 Empirical implications
Our paper offers several empirical implications that can help explain some otherwise puzzling
features of the compensation policies adopted by corporations.

1. Firms characterized by high uncertainty, such as young firms, prefer compensation contracts
with an equity rather than relative-performance component. A puzzling feature of the compensation
structure of many young firms is the widespread use of equity-based compensation throughout the
organization, even for lower-level managers and rank-and-file employees. Our paper provides an

explanation for the optimality of equity-based compensation and the infrequent use of relative-

38This feature mirrors the equivalent property based on risk diversification alone: adding a division to a firm is
beneficial because it allows a firm to reduce overall cash flow volatility, reducing (for example) expected bankruptcy
costs (see Lewellen, 1971). In this case, if division cash flows are uncorrelated, then firms could fully exploit the
benefits of diversification.
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performance assessments. We argue that equity-based compensation provides two important ben-
efits. First, it better aligns the beliefs of members of the organization with the one held by top
management. Absent the equity component in pay, individuals would hold more conservative beliefs
than top management on the expected performance of their unit. Inclusion of equity-based com-
pensation improves employee expectations about firm profitability, leading to greater effort and,
thus, firm value. The second benefit of equity-based compensation is to align employee expectations
with the ones held by top management, improving overall disposition in the organization.

In contrast, relative-performance compensation exacerbates disagreement within the organi-
zation, with two adverse effects: it increases the cost of incentive provision and creates discord
within the organization. We show that when uncertainty is sufficiently high (such as for young
firms engaged in new technologies), optimal incentive contracts offer equity-based compensation,
irrespective of the correlation across divisions.

As firms mature, the level of uncertainty surrounding their business activities decreases, reducing
(or even eliminating) the need for equity-based compensation. For these firms, effort levels in
the organization are better elicited by the use of pay-for-performance incentive contracts, making
equity-based compensation redundant. This means that firms should first start, when they are
young, with incentive contracts skewed heavily toward equity-based compensation, and then move
toward pay-for-performance based contracts as they mature.

2. Benchmarking and pay-for-luck. It is often suggested that lack of relative-performance com-
ponents in executive pay (i.e., benchmarking) rewards top managers for performance influenced by
market forces outside their control rather than their own effort (“pay-for-luck”).?® Our paper sug-
gests that hedging managerial risk exposure through benchmarking can be costly. Benchmarking
creates a divergence between top executives, who hold “short” positions in the benchmarks, and
shareholders, who would hold a “long” position. The effect is that managers value their compen-
sation contracts at a discount, making it more costly to meet their participation constraint.

3. Optimal compensation in business groups. Our paper also offers implications for the compen-
sation structure in business groups. Traditional theory suggests that compensation of managers in
subsidiaries of a business (or family) group should depend only on the performance of their business

units. In contrast, compensation for such managers is often tied to the performance of the entire

39Gopalan et al. (2010) argue this is a response to strategic uncertainty surrounding firms.
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business group. For example, Ma et al. (2019) study the compensation structure for the mutual
funds industry and find that in about half of their sample, managers’ bonuses are directly linked
to the overall profitability of the advisor. A similar practice is common in the investment bank
industry, where individual bonuses also depend on the overall performance of the intermediary.
Such features, which would be difficult to explain on the basis of risk-aversion only, are consistent
with the findings of our paper.

4. Managerial (over)optimism. Our model predicts that managers in the upper echelon of
corporate ladders tend to be relatively more optimistic about their firm’s future performance.
This implies that, rank-and-file managers perceive members of the top management team of their
firm (such as CEOs and CFOs) as overconfident and unrealistically optimistic. The presence of
managerial overconfidence in corporations has been extensively documented (see, Heaton, 2002
and Malmendier and Tate, 2005, among others).? We suggest that top managers’ optimism can

be the consequence of uncertainty hedging, and not necessarily the sign of a behavioral bias.

7 Conclusions and future research
We examine the impact of uncertainty aversion on the design of optimal incentive contracts in
an organization. We show that, by proper design of compensation contracts, firms can affect
employee expectations, with a positive effect on incentives. This feature suggests that compensation
contracts can affect the structure of beliefs within the organization. Equity-based compensation
can realign internal beliefs, promoting a shared view and internal consensus. In contrast, relative-
performance compensation may lead division managers to be more confident about other divisions
in the firm, relative to theirs, creating envy and discord. Such discord may interfere with the overall
management and performance of the organization, for example, by affecting the internal allocation
of resources. We leave the exploration of these issues, and implications for organization design, to
future research.

The analysis in our paper can be extended in several ways. It would be interesting to examine
multitasking situations, as in Holmstrom and Milgrom (1991). Our paper suggests an important
aspect of uncertainty hedging and its impact on task assignment and optimal compensation. An

additional avenue of research is to determine the impact of uncertainty on organization design;

“Goel and Thakor (2008) suggest that managerial optimism can be the outcome of the managerial selection process,
whereby lucky and overconfident managers are more likely to rise to the top positions of companies.
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it is plausible to expect that organizations in highly uncertain environments have a relatively flat
structure, to promote uncertainty hedging. Our paper is a partial equilibrium model; an interesting
question is to examine the impact of labor market forces in a process where heterogenous agents
are matched with heterogenous firms.
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Appendix: Proofs

Proof of Lemma 1. Each division manager d selects ag to maximize (5). Because K (¢) = q and
2
c(a) = 2%7 ilthZ = Bqqa — ‘g—j. Because (5) is strictly concave, the first-order condition is sufficient

for a maximum: ag = [40494. The participation constraint, (8), binds at the optimum: substituting

(9) into (6), & = > jeqa,B) [qdad - % (B3 +2pBava +73) — ca (ad)]. Because 74 does not affect

ad, % = —r0? (pBy + 7a), s0 it is optimal to set 74 = —pBy. Substituting ag = 40494 in 7 and

differentiating, we obtain (13). Second order conditions are satisfied by concavity of (6). Note that
_ . 2

B+ g = S ) , 80 g +vq < 1iff ro? > ——ff‘iﬂ. [

1—
14+ro2 =L~

Proof of Lemma 2. In this proof, we will focus on the case (ii) when Hy; € (e*”d, e”d> and vg > 0
(other cases presented in the supplemental materials). Consider ijg = qq + 6, for § > 0. Switching
to cjg_ = qq — 0 lowers ug by 284a46 while leaving the constraint unchanged. Similarly, switching
from (jfjl, =qg+9,ford >0to (jg,_ = qqg — 0 lowers uq by 2v4a46, leaving the constraint unchanged.
Therefore, it must be that qg < gq4 and cjg, < gg: the division manager will be pessimistic toward
both sources of risk. On case (ii), these will hold strictly, ¢4 < g4 and (jg, < qq, so the Lagrangian

for the relaxed problem is

L=—1g— A [gc — nd} (A1)
— 1 4 ag oL _ _ A oL _ oA oL _
where g. = In il + In 2 Note oqd Baaq + i and 9it Yaaq + i Because 94 0 but

Bgaq > 0, it must be that A > 0. By complementary slackness, g. = n%. Therefore, g{fd = 0 iff
d

A= ﬁdaddg, while 8675, =0iff A = ’ydad/(jg/. Because g. = n¢ implies that (jg(jg, = e‘”dqdqd/, or

d
|va |ad/ qq’

1
equivalently, (jg = [e7"Hy]? qq, where Hy = Ba®dqd

Outline of Proof of Lemma 3. The lemma is shown in two steps. First, we obtain division
managers’ best response functions, ag = Hdﬁd(jg, as function of their beliefs, as in Lemma 2. Second,
because (jg is positive, continuous, and increasing in a4, we characterize the Nash equilibrium in
terms of log (a4) and we apply the contraction mapping theorem, proving uniqueness. Comparative
statics follow by substituting in (jg from Lemma 2. m

Proof of Theorem 1. Because (16) binds and r = 0, we can express HQ’s payoff as

>
I

> <Qdad — Baaq <Qd - Q&l) — Yala (Qd’ - ng) - ;5;) : (A2)

d,d' €{A,B},
d'+£d
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where a4 are the Nash-equilibrium effort levels of Lemma 3. We will show the optimal contract
when v4 > 0. In the supplemental materials, we show that the objective is symmetric in 4 around
zero. Thus, if (Bd,:yd> is an optimal contract, so is (Bd, —’yd>.

If vg > e”d%, division manager beliefs are in case (iii) of Lemma 2, with (jél‘l = qq and
cjg, = e‘”dqd/, giving ag = £4604qq. Thus, g—;; = —agqy (1 — e_"d> < 0, and setting 4 > e"d%
is not optimal. Similarly, if v4 < e*”d%, division manager beliefs are in case (i) of Lemma 2,
with (}g = e_”dqd and (jg, = qq, giving ag = Bdﬁde_”dqd. In addition, Qg, = qq and Qg = e_”dqd

together imply that % = 0 and it is weakly optimal to set v4 > e~n" Badads g implies that HQ

agrqqr

d d . . . ss . _nd d
set e % <qg <el % and induce beliefs that are in case (ii) of 2, with Hy € [e o en }

Define ig(ag, ¢%) = uq(dq, §%) — sq. Because the participation constraint binds, ug(ag, %) = 0,

—5q = Gg(aq, ¢%) = minqdeK‘? itg. Thus, HQ’s objective function becomes
d

7= (1—Ba—78)aaqa+ (1 — B —v4) apqp + ta(aa,¢*) + ap(ag, ¢°). (A3)

a

3
A SN A 2 - _pd 8 _ 1 L,
where tig = Bqad? + vata % — gi- = 0and ag = |7 0284 |,Yd|] ® [e2 02, By |Yar|] ® [qagqar]? is the

Nash equilibrium given by (B16) in the proof of Lemma 3. This implies that

dm Oday Oag
— = —qiaa+ (1 —Ba—a)tam, + (1 —Ba —va) G- A4
a5, ( ) 4a 3, ( ) 4@ 3, (Ad)
+dﬁd(dd,(id(dd7w¢1)) | dia(aa, q* (ag, wa))
dfq dBaq
Because g—gj = 4449, gg :, = 744%, and %%Z = g’ ,él;v by applying the envelope theorem on ig(dg, G%),
dig(ag,G%(aq, SN ~d Qgr Uy Uy ~d’ a a .
dia(aa.q° (aa:w0a) gﬁiad wa) — aqqd + 'ydqg,gﬁ. Because 8%62 =0, 6%&2 = y44%, and g%z = gaﬁ, by applying the
/ s (G 57 (& / ’ ~d’ 3a
envelope theorem on g (&g, ¢% ), we obtain that ditg (g ’?i Bd(ad War)) Yo qg g% . Thus,
- = —dd(Qd—Q)+ 1= Ba—a)qaq, + (1= Ba —vd) qar Ab
o §) +( aagat + ar g (A5)

o Qg o 30g
+’mq$/87d + ’Yd’qg %-

S oe
Similarly, for 4, by applying the envelope theorem on (g, %), we obtain that dia(4.4°(ad:wa))

dva
. ad ~d Qg ouy Ouy ~d! dag __ 3a :
aqrqy + ’ydqd,ﬁ. Because B’Y(Z = 0, 8&2 = Ya'4y » and ﬁ = 5;(1737 by applylng the envelope
ity (a.40,G% (g, wy))

theorem on g (Gg, (jd/), we obtain that

. ~d’ 3y . Qg _ » ~d
F = Vg 3o Noting that vy = Qd'dgrs

39



Olg ~d 8(Zd/ _ E"d’
Oagr fydqd/’ and Ovqg ~ 8vg?

d# b

3a
g ~d d
-— = —ad'(Q/—q/)+ 1—Bag—va)@ag— + (1= Bar —Va) qar A6
e v - ) + gt +( Wags (o)
”qud/ 8’y Yardy o— 874
Thus, from (A5) and (A6) we obtain the first-order conditions:
dm . ~d Ad dn . ~d Aal
7:—ad<Qd_Q)+7:0§ 7:_a,(q/_q,)+7 0, AT
dfBq d Ba dva @\t Vd (A7)
where Ay = (1 — g — o) 9a°g% + (1 — Bar — Ya) Qd'* + ’qud/ &+ Yarqd 234, giving
Badq <Qd - (?fil> = Ya g <Qd’ — é&l/) : (A8)

Because, from Lemma 2, ﬁddd(j&l = 'yddd/(jg,, we have that (A8) implies that S4G4q9q = Yabarqe and
d

d
thus that Hy = 1, leading to cjg = (jfil, = e_%qd and ag = e_%ﬁdﬁdqd. Substituting the values of

~vq and ag4 into HQ objective, we obtain

~ ~d 29 ~d ~d 53% (qg)z
™= E ﬁdequd - 2ﬂd9dqd ( qd> 72 ) (AQ)
d,d' €e{A,B},
d'#£d

. c . . + ~ ~ N ~d\ 2
Differentiating, we obtain 57 = qudqg — 4,8d9dqg (qd — qg) — Baba (qg) =0, s0 Bqg = m

Setting Hy = 1 gives vq = 2494 3, If divisions are symmetric, condition (S) holds, {4 = 1. Further,

a a’qdq’

_ 2 § . . . . . .
Ba +va = TF3(1-a%/22) < 1iff n > 2In3. Comparative statics follow by direct differentiation. m
Proof of Theorem 2. Suppose that 74 > 0 and Hy € (e_"d,e”d). This is similar to the
proof of Theorem 1, except that 8ud = ad(ffll — 102 (B4 + pya) and % = Eldfdfii/ —r0? (pBa + Vd)-
. . . « ~ A < A~

Thus, by identical logic, 2 W = —dyg (qd — qg) —ro? (Ba+ pya)+ 5‘1 =0 and = —ag (Qd' — qg/) -

0% (pBa + Ya)+52L = 0, where Ag = (1 = Ba — Ya) qa®ed +(1 = Bar — Ya) qar “& +7ad% *&+yar 44 232
This implies [B4aq (qd — qd) —H’JQBd = Y@ Qg (qd/ — qd,) +ro? 'yd. Lemma 2 implies 5déd(jd = fydad/qu,,
so this proves (21). The case when 74 < 0 and Hy € (e‘”d,e”d> is symmetric. Lastly, de-
fine f(Ba, |val) = Bataqa + 10282 — |val a@qa — ro?y3, so that (21) holds iff f = 0. Suppose

WLOG that aqqq > aqqa. Then, f(B4,04) = Ba(asqa — azqy) > 0 and f(ﬁm%&z) =
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7“0253 <1 — a%%g%/) < 0. Thus, f(B4,|v4|) = 0 implies |4 € (ﬁd,%ﬁd) because % > 1.
Similarly, for agqq < agqy and |v4| € (%ﬁd, Bq). W

Outline of Proof of Corollary 1. The proof of Corollary 1 is in the supplemental materials.
Intuitively, when there is low uncertainty, n < 7, it is optimal for HQ to contract as in Lemma
1, while if there is high uncertainty, n > 7, it is optimal to contract to as in Theorem 1. While
in Theorem 1, it did not matter if exposure to the other division was positive or negative, risk
aversion and correlation breaks the tie: if p < 0, cross pay is preferred, v4 > 0, while if p < 0,
relative performance is preferred, 74 < 0. =

Proof of Lemma 4. Proof is same as proof of Lemma 2. =

Outline of Proof of Theorem 3. The proof, similar to the proof of Theorem 1, is in the
supplemental materials. Distinct from the proof of Theorem 1, changing from ~v4 < 0 to |yq4]
strictly improves the objective because granting 4 < 0 results in greater disagreement, forcing HQ
to pay a larger salary s;. Further, applying the same logic as the proof of Theorem 1, we can
express the first-order conditions similar to (A7):

e (- df) + 5 =0 (0 -@g) + 0. (a0)
where Ag = gady @38 +6a 444 +7adh ¢ +vwdd 25 and 64 = 1-By—a, 50 Baia (40 — @) =
Yar Qg (cng — (jj,). Lemma 2 implies that Bdéddg = ’yd/dd/(jg,, SO ﬂdéd(ij = ’ydréd/quQ. However,
Lemma 4 implies (;Sdadcij = ¢d/ad/(j§Q, which implies the optimal contract equity: 84 = v4. ®
Outline of Proof of Theorem 4. The proof of Theorem 4 is in the supplemental materials.
Intuitively, when there is low uncertainty, n < 7, it will be attractive to contract similarly to
Lemma 1, except that HQ is pessimistic toward the other division: because 7% > 0, qj,’Q < qu, for
small ~, so HQ distorts the share of the other division due to that small disagreement: v > —pp.
When division manager uncertainty gets large enough, it because attractive to expose the division
manager to the other divisions’s risk. If p > 0, it may be optimal to use relative performance,
~v < 0, but the disagreement cost will limit it, so that v = —é (UHQ) B, where é(nHQ) € (e7M1).
If p < 0 or if 9 is big enough, equity is optimal, similar to Theorem 3: f =+. =
Outline of Proof of Lemma 5. The proof of Lemma 5 is in the supplemental materials.

Intuitively, if HQ contracts on external risk, @ > 0, it will be optimistic toward that source of risk,
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Q

A

qgQ > gc, while pessimistic toward their internal risk, (jg < ¢B, 80 it is cheaper to compensate
with internal risk than with external risk. m

Outline of Proof of Theorem 5. The proof is in the supplemental materials. Equity is optimal
similarly to Corollary 1. If HQ grants exposure to the external risk, ¢» > 0, HQ and the division
manager will have opposing positions to it, leading to a disagreement cost: cng >qc > Qé. When
HQ uncertainty, 7779, is large enough, this cost will overwhelm the benefits of uncertainty hedging,
resulting in HQ optimally not contracting with the external risk, ) =0. =

Proof of Theorem 6. HQ solves (6)-(8), but with K from (29). Because division managers
must be induced to exert effort, 54 > 0, so cjfjl = qq — n®. Belief towards the other division depends
on contractual exposure: if v4 > 0, Qg, = qq — n® while if 74 < 0, (jg/ = qq + n%. Because HQ

will have a positive exposure to both divisions, 1 — 83 — 74 > 0, HQ will have worst-case scenario

(ij = qq — nfQ. Thus, HQ has objective
I =(1-Ba—78)aa(ga—n"?) + (1 -Bp—va)as (48 — n""?) — sa — s, (A11)

while each division manager has objective

2

2
ro a
Ud = sq+PBaaq (CId - nd> +Ydaa (Qd' — Loason’ + 1'yd<077d) 5 (83 + 2pBava + i) _Tedd' (A12)

Note that % = 0 iff ag = B4b4 (qd — nd). Substituting in the binding participation constraint,
Uy = 0, into the objective, we can obtain first-order conditions. For v4 > 0, % =ayg (nH Q_ nd) —

ro? (pBa+v4) < 0, so 7q < 0. For v4 < 0, % = ay (nHQ +17d) —ra? (pBg+74). Note that

g—% > 0 for all 4 < 0 if nQ > n{{Q = ijfjﬁd. Substituting in 74 = 0 and ag = 5404 (qd — nd) into
the objective and solving g—ﬁz = 0 implies (30). =

Outline of Proof of Theorem 7. The proof of Theorem 7 is in the supplemental materials.
The proof is similar to the proof of Corollary 1. Synergies motivate HQ to increase exposure to the
other division, lowering the risk-sharing benefits of the contract in part (i) of Corollary 1, and the

diminishing the value of the relative-performance contract in part (ii) of Corollary 1. For any level

of uncertainty, when synergies are large enough, equity is optimal. =
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Figure 1: Core Beliefs Set Under Relative Entropy and the Parametric Specification.

The solid line displays the core beliefs set, Equation (11), and the 5 cases of Lemma 2 for d = A.
under parameter values g4 = gg = 10 and n* = In (5). Point (A) is achieved in case (i), when H <
e”A, which leads to extreme pessimism about a manager’s own division, §4 << g4, and to reference
beliefs about the other division, §g = gp. Point (B) is achieved in case (ii), Hq € <e_’7A, e”A) with
~v4 > 0, which leads to moderate pessimism about both divisions, §; < qq, d € {A, B}. Point (B’)
is achieved in case (i), H4 € (e_"A, e”A> but with v4 < 0, which leads to moderate pessimism
about a manager’s own division, a < ¢4, and to optimism about the other division, 4p > ¢p.
Point (C) is achieved in case (iii), H4 > e with y4 > 0, wherein reference beliefs are held about
a manager’s own division, §a = ga, and extreme pessimism about the other division, §p << ¢p.
Finally, Point (C’) is achieved in case (iii), Hyq > e but with v4 < 0, resulting again in reference
beliefs held about a manager’s own division, 4 = g4, and to be extreme confidence about the other
division, ¢g >> ¢p. The dotted line represents the core of beliefs from Equation (3.12) of Chen
and Epstein (2002), with (G4 — qA)2 + (4B — qB)2 < k4, where k4 = 61.1146; this set corresponds
to the relative entropy criterion for symmetric effort and zero correlation.
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Figure 2: Best Response Functions and Equilibrium Effort

The figure displays division managers’ best response functions and the Nash Equilibrium of Lemma
3 in the case of an interior solution. If the other manager exerts low levels of effort, Hy is low, as in
case (i) of Lemma 2, the division manager responds with the pessimistic effort level, ag = ¢7"3;60494.
If the other manager exerts moderate levels of effort, Hy is in the intermediate range, as in case
(ii) of Lemma 2, resulting in an effort level that is increasing in the effort of the other division
manager (leading to strategic complementarity). Finally, if the other manager exerts very high
levels of effort, Hy is very large, as in case (iii) of Lemma 2, a division manager responds with the
level of effort optimal absent uncertainty, ag = B404qq. Parameter values in this figure are again
ga =qp =10, 04 = 0p = 2, 0 = 10; in addition r = 1, n = In (1.05), and B3 = 74 = 0.2.
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Figure 3: Optimal Contract with Visionary Leadership and Uncorrelated Cash Flows

The figure displays the impact of division-manangers’ uncertainty, 7, on the optimal contract {3, v},
from Corollary 1 when division cash flows are uncorrelated, p = 0. For low levels of uncertainty,
HQ offers optimal risk-hedging, setting v = 0, minimizing a division manager’s risk exposure. For
high levels of uncertainty, it is optimal to grant the division manager full exposure to the other
division, setting 5 = =, in violation of the informativeness principle. Parameter values in this figure

are again g4 = qg = 10, 84 = 0p = 2, and ¢ = 10; in addition r = 1.
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Figure 4: The Cross-Pay Uncertainty Threshold

The figure displays the threshold, 77, from Corollary 1, as a function of risk aversion coefficient, r,
for different levels of correlation, p. Threshold, 7, is an increasing function of r, and a decreasing

function of |p|. Parameter values in this figure are again g4 = g = 10, 04 = 0 =2, 0 = 10.
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Figure 5: Pay-Performance Sensitivity under Uncertainty Aversion and Risk Neutrality

This figure illustrates the pay-performance sensitivity, 5, of the optimal contract in Theorem 3
as a function of division-manager uncertainty, n, and for different levels of HQ uncertainty, when
division managers are uncertainty averse but risk neutral. The case of uncertainty neutral HQ of
Theorem 1 obtains for nyg = 0. Pay-performance sensitivity, 3, is monotonically decreasing in the

uncertainty parameter, 77, and increasing in HQ uncertainty, ngg.
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Figure 6: Optimal Contract with Flexible Leadership and Uncorrelated Cash Flows

The figure displays the impact of uncertainty on the optimal contract {/3,~} from Theorem 4 when
division cash flows are uncorrelated, p = 0. Increased uncertainty affects both the division manager
and headquarters, and we set nyg = 0.67. For low levels of uncertainty, the optimal contract is
in case (i)(a). Increases in uncertainty exacerbates the disagreement between headquarters and
division managers. To offset its adverse impact on effort, optimal contracts have increasing cross-
division exposure, v > 0, even though division cash flows are uncorrelated, in violation of the
informativeness principle. When uncertainty is sufficiently large, the optimal contract grants the
division manager equity in the firm, v = (3, as in case (ii)(a). Parameter values in this figure are

again g4 = qp = 10, 04 = 0p = 2, 0 = 10; in addition r = 1.
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Figure 7: Optimal Contract with Flexible Leadership and Positively Correlated Cash Flows

The figure displays the impact of uncertainty on the optimal contract {/3,~} from Theorem 4 when
division cash flows are positively correlated, p > 0. Simlar to Figure 6, increased uncertainty affects
both the division manager and headquarters, and we set nyg = 0.6n. For low levels of uncertainty,
the optimal contract is in case (i)(a). With no uncertainty, headquarters offers the optimal risk-
hedging contract, setting v = —p/3. Increases in uncertainty exacerbates the disagreement between
headquarters and division manager. To offset its adverse impact on effort, optimal contracts have
increasing cross-division exposure at the cost of reducing risk hedging, leading to v > —p5. When
uncertainty is sufficiently large, it is optimal to grant the division manager full equity in the firm:
v = B, as in case (ii)(b.2). Parameter values in this figure are again g4 = qp = 10, 04 = 0p = 2,
o = 10; in addition r =1 and p = 0.1.
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