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Abstract

This paper provides a model of the firm’s capital budgeting process that considers the
interaction of top executives that have private information about the firm’s prospects;
and lower level managers (and other stakeholders) whose motivation and efforts affects
the likelihood of the firm’s success. In this setting, top executives’ decisions affect lower
level managers inferences about firm’s prospects. Specifically, higher levels of investment
commitments indicate that the firm has promising prospects and induce stakeholders to
take actions that contribute to the firm’s success. In this setting, we examine the role of
commonly observed capital budgeting rules which not only play their traditional alloca-
tive role but also affect how private information is transmitted from the top down. As
we show, in this framework, there can arise a number of commonly observed investment
distortions such as capital rationing, investment rigidities, overinvestment, and inflated
discount rates.
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1 Introduction

The capital budgeting process has been described (i.e., Brealey, Myers and Allen 2008)
as a combination of “bottom-up” procedures, where lower units solicit capital from head-
quarters, and “top-down” procedures where headquarters use their discretion to allocate
capital downstream. An extensive literature has analyzed the incentive and information
considerations that can emerge in “bottom-up” capital allocation processes (e.g., Harris
and Raviv 1996 or Bernardo et al. 2004), however, up to now, the literature has not fo-
cused on “top-down” processes in which capital allocation decisions are made by better
informed headquarters.

In reality top-down procedures are likely to be relevant even in settings in which head-
quarters receive requests for funds from downstream managers. By aggregating the informa-
tion contained in such requests, headquarters end up acquiring broader information which
helps the firm determine its overall investment expenditures, (e.g., the information provided
by one unit has implications for another unit’s investment). As we discuss in this paper, in
these situations, the capital allocation choices of headquarters can convey information to
the managers of the lower units as well as to the other stakeholders of the firms. When this
is the case, the procedures that firms use to evaluate investments can influence how this
information is transmitted and how lower units interpret such information.®

As an illustration of the importance of the information conveyed by investment choices,
consider the capital allocation decision of a large integrated oil company, such as Royal
Dutch Shell. For a firm like this, a major investment in biofuels is likely to be viewed as
an indication that the firm’s top management has favorable information about the future
prospects of these alternative sources of energy or, alternatively, that it has serious concerns
about the future of the more traditional sources of energy.?2 In response to the favorable
information conveyed by the investment choice, employees in Shell’s biofuel division may

be encouraged to work harder which, in turn, make the biofuel division more successful.

!Supporting the importance of top-down information transmission, Grinstein and Tolowsky (2004) pro-
vide evidence that suggests that directors of S&P 500 firms act to “alleviate conflicts of interest between
agents and principals and to communicate principals’ information to agents.”

2In February 2010, Shell signed an agreement to create a joint venture to distribute and sell cane ethanol
in Brazil and committed to contribute about $1.6 billion in cash and other assets. Subsequently analysts
stated that “Shell has now made a magjor commitment to cane ethanol in particular and biofuels in general.”
(See http://247wallst.com/2010/08/26 /shell-cosan-jv-highlights-ethanol-rds-a-czz-cdxs-adm-vlo-peix/).



To better understand how capital budgeting procedures and stakeholder perceptions
interact we develop a simple model of a firm whose production process requires a capital
expenditure (i.e., an investment) as well as effort exerted by a stakeholder (i.e., an employee).
In our setting, the firm’s owner (i.e., the entrepreneur) first obtains private information
about the firm’s prospects, and then chooses the level of investment and the employee’s (pay-
for-performance) compensation. The employee’s effort is more productive when the future
prospects of the firm are better which, in combination with his compensation contract,
induces the employee to exert more effort when his beliefs about the firm’s future prospects
are more favorable. As a result, the entrepreneur has the incentive to overinvest (relative to
the case of symmetric information) because doing so conveys favorable information, which
in turn, elicits additional effort from the employee.

Although we also explore a model with a continuum of firm types, most of our model
can be illustrated in a setting in which the firm’s prospects are one of two types, high or low.
Within this setting two alternative firm policies emerge as optimal: (i) a “separation policy”
in which a high prospect firm invests more (and compensates the manager more) than a low
prospect firm and (ii) a “pooling policy” in which regardless of their types, firms commit to
a fixed level of investment and compensation. With the separation policy, the firm invests
more when the marginal productivity of capital is higher but tends to overinvest because of
the potential benefits associated with conveying favorable information. With the pooling
policy, investment is independent of the firm’s information but the firm’s overinvestment
incentive is suppressed. In other words, the choice between the pooling and the separation
policy is determined by a trade-off between the efficiency gain associated with having an
investment policy which incorporates information and the efficiency loss associated with
overinvestment.

Having established the incentive to overinvest and the potential benefits of committing
to a fixed level of investment we enrich the previous framework by adding a third party
to our model. In addition to the entrepreneur, who obtains information, and the employee
who exerts effort, we consider a third party that sets capital budgeting policies and offers a
compensation contract to the entrepreneur. One interpretation is that the third party is a
venture capitalist that provides funding for the firm and retains some control of its opera-

tions. Another is that the informed party is the manager of the division of a conglomerate



and the third party is either the executives at the firm’s headquarters or the firm’s board.

Within this setting, we investigate a number of issues related to the capital budgeting
process. First, we consider how the firm’s capital structure can be designed to reduce
incentives to overinvest. Second, we examine the possibility of commiting to using a specific
hurdle rate that may not equal the rate that would be used with symmetric information.
(This could be a single discount rate that is independent of the investment expenditure
or it could be a function of investment expenditures.) Third, we examine whether the
possibility of offering a compensation contract to the entrepreneur affects the firm’s use
of the capital budgeting policies to convey information. Specifically, we consider EVA-like
compensation contracts whereby compensation is determined by the firm’s cashflow minus
a pre-specified capital cost. Finally, we examine under which conditions suppressing (or
reducing) pay-for-performance compensation to the entrepreneur can increase firm value.

The analysis shows that several commonly observed capital budgeting practices can
enhance firm value. First, the use of debt financing can create a Myers (1977) debt overhang
problem that offsets the incentive to overinvest. In addition, the adoption of high hurdle
rates can change the opportunity cost of capital for the entrepreneur and hence offset
the incentive to overinvest that arises when the level of investment conveys information
to stakeholders.®> Finally, compensation contracts can directly change the entrepreneur’s
incentives to use the firm investment policy to communicate information to the stakeholders.

As we mentioned at the outset, our analysis of a “top-down” capital allocation process is
in contrast of the analysis of “bottom-up” process that is the focus of the existing literature.
Specifically, the capital budgeting literature has examined the issue of how a firm may distort
its capital budgeting practices in order to induce managers to exert proper effort (Bernardo,
Cai, and Luo 2001, 2004, 2006), to curb managers’ empire building tendencies (e.g., Harris
and Raviv 1996, 1997, Marino and Matsusaka 2004, and Berkovitch and Israel 2004) or
to reveal their private information. This literature has also considered the trade-offs that
arise in the decision to delegate capital budgeting decisions to a better informed agent (e.g.,
Aghion and Tirole, 1997 and Burkart, Gromb, and Panunzi, 1997).

Our analysis also has implications that are similar to the agency literature that argues

3See Poterba and Summers (1995) who document the use of high-discount rates on American corporations
and Meier and Tarhan (2007) who provide evidence of what they refer to as a “hurdle rate puzzle” i.e., the
use of a discount rate that substantially exceeds estimates of their cost of capital.



that since managers get private benefits from managing larger enterprises, shareholders may
want to impose restrictions on managers that inhibit their incentives to overinvest (e.g.,
Jensen 1986, and Hart and Moore 1995). As we show, the tendency to overinvest, as well
as procedures that curb this tendency, can also arise within a setting without managerial
private benefits. Hence, in addition to offering a theory that can rationalize investment
rigidities in large corporations, we offer an explanation for the high hurdle rates imposed
by venture capitalists on the investment choices of young start-up firms.*

Although the setting is very different, our analysis is actually closest to Hermalin (1998)
and Komai, Stegeman, and Hermalin (2007), who study the problem of leadership in
organizations.® In these models, an informed leader signals his favorable information by
expending greater effort, which in turn motivates his subordinates to work harder (i.e.,
leadership effects). There are, however, a number of key differences between our approach
and the setting considered in the leadership papers. First, the entrepreneur’s costly action,
in our setting the investment choice, can be contractible, while the leader’s effort in the
leadership models is not. Indeed, the capital budgeting policies that we explore arise be-
cause of the contractibility of investment. Second, these papers focus on how to ameliorate
undereffort in teams while our model concentrates on how to design capital investment
rules that effectively take advantage (and sometimes limit) leadership effects. Third, since
we consider an unique stakeholder, we abstract from any team related effects and consider
explicit performance contracts to influence the choice of effort by agents. Finally, in the
last part of our analysis, we introduce a third party that is not involved in the production
process but which has the authority to set investment rules and to claim firm output. As
we show, the presence of a third party who acts as “budget breaker” can broaden the con-
tract space, and thus provide the entrepreneur with incentives that lead to more efficient

investment choices.%

4Indeed, private equity firms and venture capitalist take this tendency to evaluate investments with very
high discount rates to an extreme, generally requiring “expected” internal rates of return on their new
investments that exceed 25%. Gompers (1999) describes the “venture capital” valuation method, where
discount rates of more than 50% per year are used.

5See also Benabou and Tirole (2003) who consider the signaling effect of providing explicit incentives to
employees.

5Holmstrom (1982) first pointed out the value of third parties who by threatening to break the budget
eliminate inefficiencies in team production. While in Holmstrom (1982), third parties act “off-equilibrium
path” in our setting, the third party breaks the budget in equilibrium in order to improve entrepreneurial
incentives to invest appropriately.



More generally, our paper belongs to the principal-agent literature with informed princi-
pals. Among other things, this literature considers the effects of the principal’s information
on the optimal compensation contract (Beaudry 1994 and Inderst 2000), the value of the
private information to the principal (Chade and Silvers 2004 and Karle 2009) and the incen-
tives to disclose information (i.e., provide “advice”) to the agent (Strausz 2009). In contrast
to these models, the principal in our model not only designs the agent’s compensation but
also takes an action (i.e., makes an investment) that directly affects the firm’s production.

The rest of the paper is organized as follows. Section 2 presents the base model and
Section 3 analyzes it. Section 5 considers a modified setting with a board of directors and
considers a implementation of corporate budgeting practices and Section 6 presents our

conclusions.

2 The model

We consider a firm that operates in a risk-neutral economy. The firm is run by an entre-
preneur (“the principal”) and requires the input from a penniless lower-level manager (“the
agent”) who is subject to limited liability and a zero reservation wage.” The technology of

the firm is described by a decreasing returns to scale stochastic production function:
Lo
Qe,0,k) = z(e,0)k — §k . (1)

In particular, this technology combines two inputs, a capital investment k (i.e., the firm’s
scale) which is subject to a quadratic cost g(k) = %kz and the agent’s effort e, which

influences the probability of success of the firm z(e, #).® Specifically, the success probability

| r>0 with prob. fe
(e, 0) = { 0  with prob. (1 — fe) 2)

is determined by (i) an exogenous random shock 6, which is privately observed by the

principal,
0— 1 with prob. (1 —7)=p;
| #>1 with prob. 7 = pg

"In this section we identify the entrepreneur (the principal) with the firm. In Section 5, however, we
separate ownership from control by considering a third party (e.g., a board) with authority on a number of
firm’s policies (e.g., capital budgeting and financing policy) that affect the incentives of the entrepreneur.

8 Alternatively, the firm’s production function can be described as H(e,6,1) = z(e,0)v/2I — I, i.e., the
scale of the firm increases by the factor v/2I per unit of capital invested.



and (ii) the agent’s privately exerted effort e € [0, %) The agent’s cost of effort is given by:

1
h(e k) = =ce’k,

2
which is quadratic in e (i.e., % = ck) and increases linearly with the firm’s scale (i.e.,
% = %cez).g In what follows, we implicitly assume that ¢ is sufficiently large that the

optimal effort choice of the agent lies within the bounds [0,1/53) (so that expression (2) is
well defined).

The timing of events is as follows: At ¢ = 0, before observing 6, the principal offers
the agent a compensation schedule contingent on the firm’s scale and the realized output:
w(k,q). At t = 1, the principal privately observes 6 and chooses the scale k. At t = 2,
the agent makes an unobservable effort choice e. At ¢ = 3, firm output ¢ is realized and

contracts are settled. Figure 1 summarizes the timing of events.
t=0 t=1 t=2 t=3
| | |
| 1
Pay schedule, w(k, q) Shock, 6 Effort, e Output, ¢

Investment, k

Figure 1: Timing of Events
We analyze the model under the assumption that the principal can commit to any policy
at t = 0 that is contingent on any observable information. Specifically, the principal can
commit to a specific investment choice and offer compensation schedules w(k, q) that are
contingent on both the investment k£ and output, q. However, since the agent’s effort is
unobservable, the agent’s cannot commit to any level of effort in advance and makes his
effort choice that is optimal based on the available information (which can include the choice

of investment made by the principal).

3 Model analysis

3.1 Observable productivity shock ¢

As a benchmark we analyze the case in which both the principal and the agent observe the
productivity shock 6 and there is still managerial moral hazard (i.e., the agent makes an

unobservable effort choice). We denote as k = {ki,kg} and e = {e1,eg} the investment

A setting in which effort costs are independent of the firm scale h(e) = 3ce® but in which production
costs are cubic on firm scale, i.e., g(k) = k3, while less tractable, produces similar results.



and effort levels that correspond to the two possible realizations of § = {1,5}. Without
loss of generality, we restrict the analysis to finding compensation contracts that offer non-
negative payments when the output is high (z = r) and a zero-payment when the output
is low (z = 0), i.e., w = {w1,ws} when 6 = {1, 8} is realized.!® Therefore, the principal’s

problem can be expressed as

Lo
max V= Z Do [(rka — wy)Bey — §k9 (3)
6={1,8}
s.t. 1
ep = arg max{wgbfe — §kgcez}, for 0 = {1, 5} (4)
webey — %kgceg >0, for 0 = {1, 5}. (5)

For each realization of the shock, 6 = {1, 5}, the principal maximizes firm value (3), subject
to the corresponding optimal effort choice (4), and individual rationality constraint (5). The
problem can be simplified because the agent’s limited liability requires wy > 0 and, since
e = 0 is feasible, constraints (5) always hold.

By substituting the first-order condition of (4) in (3) we get:

max V= 9_%;6}199 [(Tko - wg)QW — 5]{39 , (6)

the solution of which leads to the following proposition:

Proposition 1 For § = {1, 3} the optimal compensation, investment and effort are:

302 202
P R . 70
wy = —, 9—_and€9—%.

8c 4c ()

From Proposition 1, it follows that optimal compensation, investment and effort are
increasing in 0, ie., wi > wi, kj > ki and ej > e]. Since effort is more valuable when
the firm’s prospects are better (i.e., § = ), the optimal policy is to invest more and to
induce a greater managerial effort in the more favorable state. A closer examination of
the equilibrium relations among the endogenous variables sheds some light on the main
underlying economic mechanism of the model. Specifically, effort increases with managerial

. . . Ow} . .
compensation and decreases with investment (ej = —-#), and compensation and investment
0

1971y the appendix we show that focusing on these compensation contracts is without loss of generality.



are proportional to each other (wj = $kj) which implies that the optimal compensation
is a sharing rule that is independent of 0, (% = %) Finally, for future comparisons, we

express firm value in this benchmark case as:

V= (1 -k ks | (8)

1
2
3.2 Unobservable productivity shock 6

The contractual arrangement described in Proposition 1 requires that the agent observes 6.
If the shock 6 is unobservable, the principal may have an incentive to choose the investment
and compensation to convey information about 6, which, in turn, affects the agent’s effort
choice.

Technically, this is a mechanism design problem with an informed principal and an agent
who makes an unobservable and privately costly effort choice. In such a framework, the
revelation principle does not apply, that is, the optimal mechanism need not be a direct
mechanism in which the principal truthfully announces 6 and the agent’s action is a function
of the 0 revealed by the principal. This is because, even though the principal can commit
to any allocation as a function of the disclosed 6, the agent cannot commit to a specific
effort choice since effort is unobservable to anyone but to the agent himself.!!

In the appendix we show that we can restrict the search for the optimal contract to
two investment-compensation pairs, i.e., {kq, wq} and {kp, wp}. Within this set of contracts
three possibilities arise. If the principal’s choices depend on the observed type, (i.e., the
principal chooses k, and w, after observing 0 = 1 and kj # k, or wp # w, after observing
0 = j3), then those choices communicate his private information to the agent. We refer
to this case as separation. If, however, k, = kp and w, = wp, then the principal’s choices
convey no information. We refer to this case as pooling. A third possibility would be partial
pooling where the principal mixes between the two investment-compensation pairs.!?

In what follows, we search for the optimal contract under separation and pooling and

'1See Bester and Strausz (2001) for an analysis of the optimal contract in a dynamic adverse selection
setting where the principal cannot commit to a specific allocation after the agent’s first period choice and
Strausz (2009) for a setting in which, similarly, to ours, the revelation principle does not apply due to the
unobservability of the agent’s effort.

12Formally, this situation would require us to define {04, 0} as the probabilities that the principal chooses
{(ka,wa), (kv,ws)} after observing {1, 3} and to solve for the optimal level of information revelation, i.e, the
optimal {04, 0p}.



compare firm value when these contracts are implemented. As shown in the appendix, this
is without loss of generality since firm value under partial pooling is lower than firm value

when either the optimal separation or the optimal pooling contract is implemented.

3.3 Optimal separation policy

Under separation, the principal’s choices of managerial compensation and firm investment
depend on the firm’s type 0, i.e, w® = {wj, w3} and k* = {k{, k3}. Furthermore, since
0 is unobservable to the agent, these choices are subject to incentive compatibility (i.e.,
“truthtelling”) constraints. We define Veé as the firm value when the principal observes 6

and chooses w; and ]{32 for é,@ = {1,5}
é — S S 9 S 1 82

where e = arg max{wgée - k;’ceQ} for 0 = {1, 8} and denote as e = {ei.e3} the corre-
e

sponding agent’s effort’s vector. Thus, the principal’s problem can be expressed as:

s _ s 5\ ,S 1 52
pnax Ve = Z Do [(rke — wp)bep — 2k:9 (10)
0={1,8}
s.t.: 1
ej = arg max{wjfe — 5]{35062}, for 6 = {1, 5} (11)
wgbey — %kgce§2 >0, for 6 = {1, 5} (12)
v > vy, for 0,6 = {1, 3} and 0 # 6. (13)

Formally, problem (10)-(13) consists of the addition of the IC constraints (13) to the bench-
mark problem (3)-(5) where 6 is observable. To solve it, we proceed by first ignoring the IC
constraint of the high productivity firm, i.e., VBB > Vﬁl, and assuming that the IC of the low
productivity firm binds, i.e., V! = Vlﬁ 13 Then, we substitute it into the objective function

(10) and derive the corresponding first order conditions to get:'4

Proposition 2 In separation, the optimal managerial compensation and investment are:

w* = {wi, Awz} and k= {ki, Akj} (14)

13See the appendix for a formal argument that shows that Vf > Vﬁl holds in the optimal solution.

A positive compensation when output is low (i.e., ¢ = 0) could, in principle, be part of a separating
mechanism. In the appendix we show that in the optimal separating contract this is not the case and that, as
in the benchmark case, restricting to zero compensation when the output is zero is without loss of generality.



— 2
where A = max ﬂ, 1} > 1. With these choices, the agent’s effort is eg* = e = Or

~ 2

and the principal’s payoff is

e — % (1 mk* + 72— Ak (15)

A comparison between Propositions 1 and 2 shows that, relative to the case in which
0 is observable, compensation and investment remain unaltered for the low prospect firm
(w = wi*; and kT = k{*) but increase by the factor A (k3" = Ak} and wg" = Awy) for the
high prospect firm. For both types of firms, however, effort equals the effort exerted in the
observable 6 case (ej = ej*) since effort depends on the ratio between compensation and
investment (ej = %) which remains unaltered relative to the effort level in the observable
case.

The overinvestment factor A summarizes the main intuition of the analysis in the sep-
aration case. A high prospect firm must overinvest (i.e., increase its scale) to credibly
communicate to the agent the presence of high prospects. Therefore, the optimal policy
under separation consists of the determination of A, namely the minimum required level of
overinvestment that makes such communication credible to the agent.

As Proposition 2 indicates, the overinvestment factor A depends on 3, which measures
the difference in the size of productivity shocks across firms. As a function of 3, the
overinvestment factor A has an inverted U-shape that takes its maximum at B = %ﬁ =1.15
and its minimum (i.e., A = 1) when § > $* = 1.84. In other words, when differences in
productivity are not large (i.e., when 8 < *) the high prospect firm overinvests to convey
its type to the agent. However, when the differences in productivity are large enough (i.e.,
when 8 > §*) there is no overinvestment in the optimal separation policy and the solution
under separation corresponds to the solution in the benchmark case when the agent cannot
observe 6.15

It is worth noting that overinvestment distortions emerge as a component of the optimal
separation policy even if there are, in principle, other ways in which a separating mechanism
could be designed. For example, rather than distorting investment the firm could commit
to use a distorted compensation policy to convey information about its type to the agent.

Overinvestment distortions are particularly effective, however, since a type 1 firm finds it

15See the appendix for more details on the relation between A and 3.
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costlier to overinvest than a type g firm because, given its lower expected productivity, the
marginal benefits of a high investment level are lower for the low type firm.'6 In contrast,
distorted compensation is not effective because, for incentive reasons, the compensation
needs to be contingent on success and the probability of success is higher when 0 = . In
these conditions, an upward shift in wj (i.e., an increase of wj and wg by a constant), does
not work because it is costlier for a type § than for a type 1 firm.'” Alternatively, the
firm could commit to burn money (i.e., engage in wealth destruction regardless of the firm
scale or output success) as part of the separation mechanism. Such a device, however, is
also inferior when compared with overinvestment. This is so because, in contrast to the
overinvestment distortion which is relatively more costly for the type 1, money burning is

equally costly to both firm types.

3.4 Optimal pooling policy

Rather than a separation policy, the principal can follow a pooling policy in which he
commits (before observing ) to make investment and compensation choices that are in-
dependent of the observed #.'® Under pooling, the principal avoids the disclosure of his
information on € and thus the agent also makes an effort choice which is independent of
6. We refer to k and w as the investment and the compensation in case of success and to
6 = 78 + (1 — 7)1 as the average productivity shock. To find the optimal pooling policy,

the principal solves:

_ I
max V, = (rk —w)fe — §k;2 (16)
ke
s.t.: 1
€ = arg max{wle — 5];3662}. (17)
e

Since the principal’s choices do not convey any information, the agent makes his effort

decision based on the average firm type. Thus, the solution to the problem is given by:

16Since agent’s effort costs increase with the firm’s scale, the overinvestment distortion is accompanied by
a corresponding distortion in compensation in order to restore the proper effort incentives to the agent.

"In the appendix we provide a more extensive analytical argument to show that other distortions in
compensation (e.g., increasing compensation in case of failure) are suboptimal as well.

8Technically this commitment would require that the principal set self-imposed penalties in the optimal
mechanism in case that he chooses investment or compensation actions different from those considering in
the pooling policy under consideration.
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Proposition 3 The optimal compensation and firm investment under pooling are:

302 202
* = d k= .
v 8¢ an 4c

(18)

2

With these choices, the agent’s effort is e* = g—i and the principal’s payoff is V' = %E* .

Under pooling, the agent’s effort is the average of the two efforts levels under the bench-

mark case in which 6 is observable. Also, compensation is a sharing rule as it was in the

g—:* = % In addition, the firm’s investment choice

does not depend on the realized 6 and, thus, will exhibit overinvestment when the realized

benchmark and separation cases i.e.,

type is 1 and underinvestment when the realized type is 5.

Intuitively, the pooling case illustrates how rigidities in investment and compensation
can be part of an optimal capital budgeting policy and why a firm may find it valuable to
commit to ignore information when it makes investment decisions. More specifically, the
results illustrate why firms might commit to a maximum investment level. This interpre-
tation of pooling as an investment limit is consistent with a number of studies that show
that firms may exhibit a tendency toward capital rationing when they allocate capital in
different business units (e.g., Ross 1986 documents that fixed capital budgets are commonly

employed by firms).
3.5 Separation or pooling?

Compared with the separation case, with pooling the firm does not overinvest or overcom-
pensate managers when # = 3. The cost, however, is that the firm does not tailor its
investment expenditures to its realized marginal productivity. The optimal choice between
pooling and separation depends on the trade-off between these costs and benefits as the

next proposition states.

Proposition 4 (Comparative statics) Separation is more likely to be the optimal policy:
(i) the lower the likelihood of a high productivity firm (i.e., lower w) and (ii) the larger the
difference in productivity among firm types (i.e., higher [3).

Figure 2 displays the regions in the space (3, 7) where each policy is optimal. As Figure
1 shows, pooling is locally optimal, that is, when productivity levels are sufficiently close

(i.e., B — 1) pooling emerges as the optimal investment policy. To the extent that firms

12



can exhibit a wide range of productivity levels, this observation suggests that investment
rigidities (i.e., pre-specified discrete levels of investment) are likely to be part of any opti-
mal capital budgeting policy. This observation will have important implications when we

formally examine the case where there are a continuum of types.

Pooling

Separation

()

Figure 2: Comparative Statics

To gain some intuition on the previous comparative statics results it is useful to consider
some limiting cases. To illustrate the negative effect of 7 (the probability of a type /3 firm)
on the likelihood of separation we consider the case in which 7 is close to 1 (i.e., a § type
firm is highly likely). In this case, for a type ( firm, the distortion is large under separation
(the expected overinvestment cost is large) and small under pooling (the investment is close
to the type 3 full-information investment level).!?

The positive effect of 5 (the difference in productivity between firm types) on the like-
lihood of separation can be easily shown when S is large enough and close to 8*. In this
case, the efficiency loss due to pooling is large because the average investment is far from
the full information level for both types. By contrast, the separation inefficiency (namely

type B overinvesment) diminishes when f§ is sufficiently close to f*. In fact, as § moves

toward (* the optimal separation contract converges to the first best contract with efficient

19For type 1 firms, the investment inefficiency are large under pooling and nil under separation. However,
when m — 1 these effects are of second order importance relative to the trade-off that arises for a type 8
firm.
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investment for the type 1 firm and an overinvestment level that approaches zero for the

type B firm.

4 A continuum of types

In this section we consider the design of the optimal mechanism in a setting where the
productivity shock @ can take any value in the interval [1, 3]. Considering a continuous type
space allows us to check the robustness of our previous findings and to better investigate
the idea of investment rigidities. Formally we assume the timing of the model is as before
(see Figure 1) but that rather than a two-type distribution the (common) prior distribution
of 0 is described by the density f(0) > 0 (with |f/| < M and cumulative distribution F'(0))
for 0 € [1, f].

We analyze two aspects of the problem. First, we describe the optimal mechanism
among those in which different types of firms choose different firm policies (separation).
Second, we consider the design of the optimal mechanism among those that allow for the
possibility of type bunching. In both cases, since the continuous type model presents a

number of technical difficulties, we describe the main results of the analysis in the text and

leave most technical derivations for the appendix.

4.1 Optimal separation policy

Under separation, the objective is to find a schedule of non-negative pairs {(wg, k§) tocp1,3)
such that (i) firms of different types choose different managerial compensation (i.e., bonus)
and investment (ie., (w§,k}) # (wi., kj,) if @ # 6") and (ii) the schedule of pairs
{(wg, k) }oep 5 maximizes expected firm value. We refer to wy and kg as the compen-
sation and investment choices of a type 0 firm, and to ejas the agent’s induced level of
effort under the firm’s choices.?’

Since the agent cannot observe 6, the firm’s choices within {(wg, k3)}gec)1, 5 are subject

to incentive compatibility constraints (a type 6 firm must find it optimal to choose (wj, k)

rather than any other feasible pair (wg, k;)).21 Specifically, we define Vaé as the value of a

20As in the two type case, we show in the appendix that optimal managerial compensation is set at zero
when the realized output is zero (z = 0) so that it is completely determined by wj, a non-negative bonus
paid after the positive output is realized (i.e., when z = r).

21'Without loss of generality, the search for the optimal separation mechanism restricts the firm’s choices
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type 6 firm that chooses the compensation and investment of a type 6 firm (wg and kg):

7 1
Vi = (rk; —wg)de; — Sks? (19)

where e = arg max{w‘gée - k‘gceQ} for 0 € [1,8]. We denote as Vg = VY the type 0 firm
e
value when the firm chooses (wj, kj), i.e., the pair in the schedule designated for its own

type. Thus, the principal’s problem can be expressed as:

8

max / Vi £(0)d0 (20)

{w§.k5.¢5}0e1,5 J1

s.t.: _
e = arg max{wjfe — %k;gceQ} for 0 € [1, 3], (21)
e

wife — tksces’ >0 for 6 € [1, ], (22)
Vg > vy for 0,0 € [1,B) and 0 #6,  (23)
Vg >0 for 6 € [1, A]. (24)

The following proposition characterizes the optimal mechanism under separation.

Proposition 5 In the optimal separating mechanism ({(wg®,k;®)tgep,5)) the optimal in-

vestment kp* is defined by: 80k5*3 — 3927“2/4:;*2 + 4ck{*3 = 0. Furthermore, the optimal

compensation is proportional to investment, wy* = $kg*, and the optimal effort is given by
sx __ rf
€9 = 2¢-

As the above proposition indicates, a number of features of the optimal mechanism with
a continuum of types resemble those in the optimal mechanism with two types. First, the
separating mechanism is characterized by overinvestment. Specifically, relative to a setting
in which firm type is observable, all but the lowest type overinvest and the lowest type
does not distort investment (i.e., kg* > kj for ¢ > 1 and k{* = k). Second, optimal
compensation is a sharing rule (i.e., the ratio of compensation over output is constant,

wy* 1)

Ry = 2)- Third, effort is not distorted relative to the case of observable types and, as

in the case with observable types, depends on the ratio of investment over compensation.

While type unobservability leads to overinvestment and to overcompensation for each type,

after observing 6 to those within the schedule {(wg, k3)}oc[1,5- Such a restriction can be achieved if the firm
commits (before observing 0) to self-impose a large penalty (e.g., a large wealth transfer) in case it chooses
a pair outside the schedule {(wg, k§)}oe(1,5-
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investment and compensation increase by the same factor and thus their ratio remains
unaltered.??

As we show next, in this setting the optimal mechanism is never characterized by com-
plete separation. However, in a slightly different setting, where the timing of events is a
little modified the equilibrium is in fact characterized by complete separation. Specifically
in an alternative setting in which the principal is informed about the firm’s type prior to
considering the design of any specific mechanism, and in which the principal can choose
firm investment and managerial compensation to signal its type (in order to influence the
agent’s effort), it can be shown that a Cho and Kreps’ (1987) refinement leads to a sepa-
rating equilibrium that is equivalent to the separating mechanism described in Proposition

5.

4.2 The optimal mechanism

Unlike in the two type case in which the alternative to separation was pooling, with a
continuum of types there are many ways in which types can be (partially or fully) pooled
together. Indeed, as discussed in Laffont and Tirole (1988) solving for the optimal mecha-
nism with a continuum of types is technically challenging. However in the current setting,
as shown in the appendix, we can focus the search for the optimal mechanism within the
class of partition mechanisms which we define next.

A partition mechanism ¥ is a mechanism defined by a partition ¥ = {¢1, 2, ...} of the
type space [1, 3] and by a restriction on the (compensation and investment) policies followed
by the firms whose types belong to a given subinterval ¢; € ¥ (i.e., {(wg,kg)}9€¢i).23
Specifically, within each ; firms’ policies are restricted to be either (i) pooling, i.e., all
firms have equal compensation and investment policies ((wgr, ko) = (wgr, kgr) if 6,6 € ;
and 6" # 0") or (ii) separation, i.e., all firms have different policies ((wgr, ko) # (wor, ko)
if 0',0" € ; and 0" # 0"). We refer to ¢! (respectively ¢?) as a subinterval in which firms
follow a pooling (respectively separation) policy.

Solving for the optimal U™ amounts to identify the partition ¥ and the schedule of non-

negative pairs {(wy, k7)}oeq1, 5 associated with ¥ that maximizes expected firm value. We

wg 0 _ ro wg 0
S — 5. T L*x
ckg 2c cky

ZFormally the set ¥ = {1, 2, ...} is a partition of [1, 3] if (i) _éJani =[1, B], (%) v: Np; = @, and (i)

22Formally, ef* = =ep.

i = (Qi,gi]. Notice that the number of subintervals ¢; can be countably infinite.
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denote by (wj, kj) the compensation and investment choices when 6 € ¢ and by (1w, , ky,)
as the choices when 6 € . We refer to € and é,, as the corresponding associated efforts

and define firm value of a type 6 firm when choosing the pair of a type 6 firm as:

R i 1 2 e N
Vo= (ﬁgr wé\)Hez_ 2k§1 B '1f ? € ¢; (25)
(kp,m — Wy, ) 080, — 5k, if 0 € .

Thus, the principal’s problem can be expressed as:
max E[V{ (26)

v {wgkg.ehlocq,a

s.t.:

ej = arg max{wjfe — Lkjce?} if 0 € ¢} (27)
&, = arg max{w,, E[0|¢]e — 1k, ce?} if § € o (28)
vy > Veé, for 6,0 € [1,3] and 6 # 6. (29)

While we cannot provide a complete characterization of the solution, the following propo-

sition specifies four properties of the optimal mechanism.

Proposition 6 The optimal mechanism, U™ = {¥*, {(wy?, k;g)}ge[lﬁ]}; features the fol-
lowing properties:

(1) Compensation is proportional to investment, i.e., w;g = %k;g.

(2) Investment is weakly increasing in firm productivity 0, i.e., if 0" < 0" then kp? < ky.
3) Pooling holds at the top and bottom of the type distribution, i.e., 3 0, < 0y such that
(- 9 y

{(wy?, k") Yoepn 5y 2 {(@F, k3 ) Yoero,) and {(Wir, K5r) Yoepon a1-
(4) There is overinvestment in every subinterval of U*, i.e., k;® > kj if 6 € ¢i* and

kb, > arg;nax{E[kapf*]} if 0 € o

The previous proposition describes four features of U™ that have relevant economic
implications. First, as in the two-type model, compensation is proportional to investment
(and hence to output) which implies that compensation is a sharing rule (i.e., % = %)
Technically, this property simplifies the description of the optimal schedule which is fully
characterized by the relationship between investment and firm’s type i.e., k;g . Second,

firm’s investment is monotonically increasing in its productivity; that is, more productive
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firms invest at least as much as their less productive counterparts. Third, U™ features
pooling at the top and bottom of the type distribution. Intuitively, this implies that the
principal commits to minimum and maximum investment limits in order to implement the
optimal capital budgeting policy.

Top and bottom pooling in U™ is consistent with Proposition 4 which states that
pooling is locally optimal in the two-type model. This observation suggests the optimal
mechanism is likely to be characterized by a partition of non-overlapping pooling intervals.
We have been unable, however, to confirm this conjecture. In particular, while we can
construct cases of pooling with one or two adjacent intervals we cannot formally exclude
the possibility of separation in some middle intervals of the partition.?*

Proposition 6 also states that overinvestment is pervasive in the optimal mechanism.
Specifically, it states that in separating intervals all firm-types overinvest and that firms
overinvest on average in pooling intervals. This pervasive overinvestment is in contrast with
the typical underinvestment result obtained in models that focus on managerial private
benefits of investment (e.g., Bernardo, A., H. Cai, and J. Luo, 2001). Intuitively, this
difference occurs because, in our setting, overinvestment is costly to the principal but it is
a relatively efficient way of inducing type separation (i.e., of conveying private information)
to the agent.

We conclude this section by stating a corollary that combines intuition on investment

limits and overinvestment results as stated in Proposition 6:

Corollary 1 The minimum investment limit is above the efficient level of investment of

the lowest productivity firm, i.e., 12:}: > k7.

The corollary follows because the bottom interval in the optimal partition is pooling

and because, on average, firms overinvest in pooling intervals.

5 Corporate capital budgeting

In this section we consider a number of issues observed in the practice of capital budgeting

and investigate their effects in a setting like ours. In particular, we consider three specific

24For example, numerical analysis (available upon request) shows that a two-pooling-interval partition is
optimal if # is uniformly distributed on [1, 2].
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questions: the use of debt financing, the implementation of a distorted discount rate policy
and other issues relating to compensation.

To analyze these questions, we go back to our simpler two type model and extend it by
adding a third party. Specifically, in addition to the entrepreneur, who obtains information,
and the employee who exerts effort, we introduce a third party that provides debt financing
to fund the project or sets capital budgeting policies. Depending on the question that
we consider, this party is interpreted as an external financier or a board of directors with

authority to impose rules on the entrepreneur.

5.1 A role for debt financing

We relax the assumption that the entrepreneur uses his own wealth to fund the project and
consider the possibility that debt finance can be also raised. Specifically we assume that,
before starting operations, the firm can issue debt with face value d in a competitive capital
market where the required rate of return is (normalized to) zero. We consider the following

timing of events:
t=1 t=0 t=1 t=2 t=3
| | | | |
| 1 1 1 |
Debt, d Pay schedule, w(k, q) Shock, 6 Effort, e Output, ¢
Investment, k

Figure 3: Timing of Events

As the previous figure indicates, we assume that debt financing is obtained before the
project starts (at ¢ = —1) and, therefore, that there is no asymmetry of information between
the entrepreneur and the debtholders. We first consider the case of separation and then

briefly discuss the effects of debt financing on the pooling policy.

5.1.1 Debt and separation policy

To analyze debt issuances under a separation policy we first examine the effect of debt on
other choice variables and then consider the optimal debt choice. For a given debt level d,
we denote by k¢ = {kf,k‘g}, wt = {wf,}ug} and e = {e‘f,e‘é} the investment, bonus and
effort exerted when 6 = {1, 3} and by ng = (rk‘g — wg — d)@eg — %k‘gz the principal’s payoff
when, after observing 6, offers wg and invests kg for é, 0 = {1,5}. As the equityholder of
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the firm, the principal solves at ¢t = 1:

1. 2
d_ d_,d d d
pnax VEi= " pol(rk§ — wf — d)oef — >k | (30)
0={1,6}
S.t.: 1
ed = arg max{wife — §ce2k§l} for 6 = {1, 5} (31)
V9> Vi for 0,0 = {1, 8} and 6 # 6. (32)

The solution to the previous problem can be characterized as follows:

Lemma 1 Leverage reduces the wage, effort, and investment relative to the unlevered case,

i.e., wg* < wp*, eg* < ep*, and k:g* < k§* for 0 = {1, B}.

As stated in Lemma 1 the use of debt financing reduces investment for all firm’s types.
This result is easily understood in the benchmark case in which 6 is publicly observed. In
such a case, the principal of a levered firm would choose an investment level lower than
kj, the investment level of the unlevered firm. This effect occurs because the principal of
the levered firm internalizes the cost of the marginal unit invested (which comes from his
own funds) but internalizes only part of the expected revenue (which goes partly to the
debtholders). A similar effect occurs on effort (whose positive effect is shared with the
debtholders) and hence on wages.

Taking into account the effects of leverage described in Lemma 1, at t = —1, the principal
chooses leverage to maximize firm value. Formally the principal solves the following problem

at t = —1:2°
1. .2
d d* d* d* d*
Ve = E ky* — 0 — =k .

The solution to the principal’s problem is described in the following proposition.

Proposition 7 If without leverage the optimal firm policy is separation with overinvestment
(i.e., B < [3*) then leverage increases firm value (d* > 0); if it is separation with efficient

investment (5 > (3*) then the optimal amount of leverage is zero (d* =0).

25Gince the debt market is competitive and debt is fairly priced, at the time of debt issuance maximizing
firm value is equivalent to maximize equity value.
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This proposition states that debt can create value when 6 is unobservable under sepa-
ration. This occurs because leverage creates debt overhang that affects the IC constraints
(32) which, in this setting, has the positive effect of reducing the incentives of low quality
firms to mimic high quality ones. Therefore, leverage increases firm value when the positive
incentive effects of debt overhang offset the negative effects of debt overhang due to invest-
ment distortions. As stated in Proposition 7, when separation requires overinvestment, the
gain obtained by reducing overinvestment for the high quality firm outweighs the cost due
to the underinvestment created on the low quality firm.26 Of course this is not the case in
the case of separation without overinvestment (5 > *). There, the use of debt just creates

underinvestment in both types and leads to a reduction in firm value.

5.1.2 Debt and pooling policy

Under a pooling policy, the firm commits at ¢ = 0 to a fixed level of investment and
compensation which eliminates the possibility to mimic other types’ choices in order to
influence the agent’s effort. As a result, under pooling, leverage has no positive effects on
“mimicking” incentives and can merely create a debt overhang distortion. Henceforth, the

following proposition holds:

Proposition 8 If pooling is the optimal firm policy, then the optimal amount of debt to
fund the project is zero (d* =0).

From the analysis of endogenous leverage we can make several observations. First, the
combination of Propositions 7 and 8 implies that when leverage is endogenous, separation is
more likely to be the optimal firm policy. Second, the analysis identifies a positive effect of
leverage which has not been considered in the literature so far. In situations in which firms
overinvest to convey information about their prospects, leverage affects the transmission
of information (i.e., the incentives of low prospect firms to mimic their high prospects
counterparts) and can create firm value. It is noteworthy that, in contrast to other positive

effects of debt which are related to tax distortions or to the need to correct managerial

26Intuitively, this is a manifestation of the envelope theorem: for small levels of leverage the reduction in
overinvestment (chosen to disuade mimicking from low types) leads to a first order increase in firm value
while the underinvestment problem induced in the low quality firm leads to a second order reduction in firm
value since it is a (small) reduction from the optimal level of investment.
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misincentives, the positive effect of debt occurs in a setting without taxes and in which firm
decisions are made in the best interest of the shareholders.

In the analysis, we have focused on the case in which a firm borrows at t=-1 before
knowing its type rather than at {=1 after knowing it. This modeling choice, which corre-
sponds to a setting in which firms secure external finance before specific investment projects
arise, allow us to illustrate in a simple way how a firm’s leverage may play a positive role
in capital budgeting when its investment expenditures convey information. Furthermore,
this choice avoids the technical complications that arise when firm financing is made under
asymmetric information and financing choices could convey information on firm’s propects.
If firms can borrow at t=1, then in our setting, a low prospect firm would find it attractive
to get funds at the terms offered to the high prospect firm.2” This suggests that, even in this
case, overinvestment rather than leverage is likely to be prevalent in the optimal separating

firm policy.
5.2 A role for the board of directors

We now extend the model to consider the interplay of three parties in the capital budgeting
process. In addition to the entrepreneur (to whom we now refer to as a “CEQO”) who
obtains information and determines investment expenditures, and the employee who exerts
effort, we introduce a third party (i.e., a “board”) that sets specific capital budgeting
policies and offers compensation contracts to the CEO. One interpretation is that the third
party is a venture capitalist that provides funding for the firm and retains some control
of its operations. Another is that the informed party is the manager of the division of
a conglomerate and the third party includes executives at the firm’s headquarters or are
members of the board. In either interpretation, the third party is an entity that has the
authority to set the firm policy.
The following figure considers the timing of the three-party model:

t=1 t=0 t=1 t=2 t=3
| | | | |
| | | | |
Board’s Pay schedule, w(k, q) Shock, 6 Effort, e Output, ¢
actions Investment, k

Figure 3: Timing of Events
2"Since the low type firm has a lower probability of repayment it would find risky debt underpriced.
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As shown in Figure 3, the three-party model adds period ¢ = —1 where the board sets
the policy that determines the CEQ’s payoffs (i.e., the principal’s objective function).

5.2.1 Optimal discount rate policy

We consider first the case where at ¢ = —1, the board chooses the discount rate, i, or
equivalently, a discount factor, § = %ﬂ that the CEO uses to evaluate the firm’s investment
choices. We focus this analysis on the case where separation is the optimal firm policy,
and consider the case of pooling briefly below. As a matter of practical implementation, we
assume that the board can offer the CEO a compensation contract with “EVA-like” features
that induces the CEO to evaluate investment with the discount factor §.28 Specifically, the
board will offer the CEO a share, «, of the firm’s net value at t = 3, where net firm value
is calculated as revenues minus wages and investment expenditures divided by the factor
0. This implies that if 6 > 1 the board encourages the use of capital, relative to the full
information case, and if § < 1 the board discourages the use of capital.

Consider the problem encountered by the CEO at ¢ = 0 who must discount the invest-
ment’s future cash-flows by the factor ¢ imposed by the board. We denote by k° = {k‘f, kg},
e = {eg, eg} and w’ = {w}, wg} the investment, bonus and effort exerted after § = {1, 5}
respectively. In addition, we refer to VQG: s as the CEO’s payoff when, after observing 6, offers
wg and invests kg for 0,0 = {1,8}:

Vs = (rkd — wl)fel — —kf. (34)

Formally, the CEO solves the following maximization problem:

2
Jax Vs = > pol(rkl — wh)oeg — o<k | (35)
T 0={1,5}
s.t.: 1
eg = arg maX{ngfe - EkgceQ} for 6 = {1, 5} (36)
Vs > Vs for 0,0 = {1, 3} and 6 # 6. (37)

Relative to the case without the board, the agent’s problem remains unchanged and the

CEO faces the same problem as the principal in the basic model except that the investment

28We discuss more general CEO compensation schemes in the next section.
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costs are given by 2—15]622 rather than %k:gQ. (Notice that since @ > 0 is a constant it cancels
out in the previous problem, i.e., it does not have any effect on the CEQ’s choices.) Following

the analysis in the last section the solution can be described as follows:

Lemma 2 The solution of the CEO problem with separation scales investment and wage

by 9, respectively (kg* = 0ky*, wg* = dwy*) and leaves the induced agent’s effort unaffected

(eg* =ef*).

At t = —1 the board takes into account the distortion that the discount factor ¢ produces

on the CEQ’s behavior at t = 0 and, consequently, chooses § to maximize firm value:

1 5.2
s _ Ox . 0x\pn Ox _ — 1.0%
max Vo = 0_{% ; pol(rky" — wy*)bey 2]<;9 ]. (38)

The solution to the board’s problem is described in the following proposition.

Proposition 9 If separation with overinvestment characterizes the CEQ’s investment pol-
icy (B < B*) then the board distorts the discount rate upwards (0* < 1). If separation re-

quires no overinvestment (3 > (3*) then the board does not distort the discount rate (6* =1).

To better explain the intuition behind the previous proposition it is useful to notice that
in problem (38) the board maximizes firm value (i.e., the value determined by discounting
cash flows with § = 1, the “correct” discount factor) by imposing § < 1 on the CEO when
B < [B*. By maximizing a distorted measure of firm value, one in which cashflows are
discounted by ¢ < 1, the CEO reduces the firm’s investment expenditures. Intuitively, the
benefits of distorting § can be explained as follows. A lower § reduces the incentives of a
CEO who observes 6 = 1 to mimic the behavior of a CEO who observes 6 = 3. A relaxed
IC constraint for @ = 1 reduces 3’s cost to overinvest but creates some underinvestment in
0 = 1. In particular, similarly to the case of debt analyzed above, an infinitesimal reduction
from § = 1 simultaneously diminishes w‘g, and k:g. Since compensation and investment for
the low type (w‘ls and k‘f) are at their optimal levels, such a reduction has a second order
effect on firm value, while the reduction for the high type (a lower wg and kg), which are
set at local optima, has a first order effect on firm value. (When separation entails no
distortion, 8 > (*, the optimal discount factor is § = 1, which keeps the investment and

compensation policies undistorted.)
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The ability to set a discount rate does not increase firm value in the case of pooling.
In this case, if the board sets § # 1, the CEO distorts his choices away from the optimal
pooling choices (i.e., k*and w*). This reduces firm value since, by construction, the optimal
pooling choice maximizes firm value relative to the set of choices that convey no information
to the agent.?? For this reason, separation is more likely to be optimal when the hurdle
rate is set by the board since a modified hurdle rate may improve the separation policy but
does not help the pooling policy.

It should be emphasized that the board creates value by altering the CEQO’s objective
function which, in turn, affects the set of CEQ’s actions that are incentive compatible for an
observed type 6. Without the board, the CEO can also take actions that affect his ex-post
investment incentives. If lowering investment (and making it incentive compatible) were
the objective, the CEO could do so by committing to transfer output to the agent (or to
burn money) when his investment expenditures are high. However, in the two-party case
these commitments by the CEO are costly and (as the analysis shows) value-reducing. In
contrast, the presence of a board able to set capital budgeting rules changes matters. This is
so, because the board acts as the residual claimant (hence neither additional compensation
to workers is required nor there is any need to engage in “money burning”) and therefore
the CEO can effectively credibly commit the information through the investment choices in
a more efficient manner.

As we just discussed, imposing a higher discount rate (i.e., § < 1) can increase firm
value by reducing the overinvestment costs of separation when 6 = 3. However, within this
setting the firm fails to achieve V* (i.e., the firm value when 6 is observable) since it leads
to underinvestment when 8 = 1. We conclude this section by considering whether a policy
of multiple hurdle rates (i.e., rates set as a function of the amount of capital invested) will

solve the problem. Proposition 10 confirms that this is indeed the case:

Proposition 10 For each 5 there exists 52; such that the firm follows the optimal invest-

ment policy: ki* = k§* and ky = kg* and its value reaches V*.

Proposition 10 implies that a policy that imposes higher hurdle rates for larger in-

2%In separation, a distorted § may create value by enlarging the set of incentive compatible CEO policies.
Since the pooling choices are made by the CEO before observing the type, in pooling distorting § does not
have the potential to increase firm value.

25



vestments eliminates overinvestment when # = g without inducing underinvestment when
0 = 1. The proposition is thus consistent with the evidence presented in Ross (1986); firms
impose hurdle rates which increase with the size of the investment project. Nevertheless
other practical considerations outside this model could make a multiple rate policy hard to
implement. For instance, in the presence of multiple projects, multiple divisions or projects
that require staged investments having a rate which depends on the amount invested could
lead the CEO to take actions that “game” the nonlinearity inherent in the multiple hurdle

rate policy.
5.2.2 Optimal CEO compensation

From the analysis in the previous section there arises the natural question of whether it is
possible to design a compensation contract for the CEO that fully solves the overinvestment
problem. In the specific setting that we consider in the paper the answer is yes. As stated
in Proposition 10, a compensation policy based on EVA and multiple hurdle rates restores
an optimal investment policy.3°

In practice there are reasons to be skeptical about the ability of CEO compensation to
completely solve overinvestment distortions in corporations. On the one hand, to the extent
that the board can secretely recontract with the CEQ, it is advantageous to the board to
secretely induce the CEO to overinvest to induce the agent to exert more effort. For this rea-
son, if unobserved side payments are possible, overinvestment might be required to convey
information to the agent (i.e., the separating equilibrium considered in the entrepreneurial
model would be restored). On the other hand, even in the absence of hidden compensation,
incentive problems at the CEO level may require a pay for performance compensation which
will produce effect similar to those explored in previous section, most importantly the need

to use the firm investment policy to convey information to the stakeholders.

6 Concluding remarks

This paper proposes a “top-down” theory of capital budgeting where top manager’s actions

motivate lower managers and the firm’s stakeholders to exert effort on the firm’s behalf.

3%More generally, the setting also allows the trivial solution of paying the CEO a fixed amount and inducing
truthtelling from the CEO at no cost.
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One of the main purposes of our approach is to help reconcile several disconnects between
academic theory and industry practice about capital budgeting practices. For example,
while the NPV rule proposes using expected cash flow estimates and expected return on
investments with equivalent risk to discount those expected cash-flows, in practice there is a
tendency to “inflate” cash flow estimates, which are then discounted with “inflated” hurdle
rates.

A central premise of our paper is that the communication process between managers,
headquarters and the firm’s other constituencies has a direct influence on the capital bud-
geting process because the information conveyed by investment choices can have an impor-
tant influence on the stakeholders’ choices. To explore the interaction between investments
expenditures and stakeholder choices, we have examined two related models. First, we
considered an entrepreneurial firm whose production process requires a capital expenditure
by the firm and effort by the employee. In this setting, we show that there is a natural
tendency for firms to overinvestment which in turn can lead to commitments to rigidities
in investment policies, like maximum and minimum levels of investment. We then modified
the analysis by introducing a third party who either contributes to finance the firm (i.e.,
debtholders) or has the authority to set specific capital budgeting policies and to offer com-
pensation contracts to the entrepreneur (i.e., board). Within this setting we find that high
hurdle rates, the use of debt financing and the use of EVA managerial compensation can help
to offset the overinvestment tendencies that emanate from firms with private information
about their prospects.

Our theory provides an alternative explanation for the observed overinvestment in firms.
While managerial private benefits are likely to provide impetus for excessive investment, in
this paper we show that overinvestment can be a second best response of a manager who
needs to communicate information to their subordinates or other stakeholders. While our
model provides a unique rationale for overinvestment in firms in which agency problems
are not a consideration (i.e., firms in which ownership and control are not separated), more
generally, the empirical relevance of our theory vis-a-vis a theory based on managerial

private benefits is an open question that we leave for future research.
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Appendix: Proofs and other technical derivations

Proof of Proposition 1
Let wg = {wn,0,wg,0} be the wages when z = 0 and 6 = {1, 8}. (In the text, we define w = {w1, wg}
when z = r and 6 = {1, 8}.) Thus the principal’s problem is:

1
max V = E Do {(rke — wp)beg — wg (1 — Oeg) — —kg (39)
k,w,wq,e ’ 2
0={1,8}
1
s.b.: eg = argmax{wgfe + wg o (1 — Oe) — ikgcez}, for = {1, 8} (40)
1
wgbeg + wg o(1 — Oeg) — 5]69663 >0, for 6 = {1, 8}. (41)

We prove wgo = 0 by contradiction. If wpo > 0 and wy = 0 then setting wyo = 0 increases
firm value and induces a higher level of agent’s effort. Alternatively, if wgo > 0 and wy > 0 then
reducing both wg ¢ and wy while keeping (wg —wg o) constant increases firm value without affecting
the agent’s effort incentives. Finally, we impose wg o = 0 and obtain kj, wj and ej by substituting

the first order condition of ey (40) and then solving in the first order conditions of wy and kg.

Proof of Proposition 2

If 5 > * then the unconstrained solution described in (7) satisfies Vgﬁ > Vﬂl (ie., ICg) and Vi' > Vlﬁ
(i.e., IC; which can be expressed as (2 — ) > 1 or B > 8*.) If instead 3 < 5* the unconstrained
solution does not satisfy IC; which requires us to solve the general problem case in which wp o = 0.
Let w§ = {w? o, wj o} be the wage when z =0 and 6 = {1, 8}. Ignoring (by now) ICs we get:

max (1 -7V + WV;

wg,we, ke

1
s.t.: ep = arg max{wybe + wp o(1 — Oe) — 5]6;662} for 0 = {1, 5} (42)
1
wybey — skice; >0 for 6 = {1, 5} (43)
Vi > VP, (44)
where: VJ' = rkg es, — [w) o + (wg — wiy o)0es] — Sk

In the previous problem, type 1’s payoff is maximized as in the unconstrained case (i.e., wi% = 0,
wi* = wy, and k{* = k{) because any deviation (i.e., wf o # 0, wi # 5k{, or ki # k7) reduces vy
without easing IC;.3! We impose such values and solve for type ’s optimal values:
_ 1 B
s ML

s.t.: e € argmax{wg o + (wg — wp,0)Be — kpce?}, (45)

vi>vP (46)

31For ease of notation, we drop the superscript “s”.
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Expression (46) can be writen as:
1_ Lo Lo B
Vi = §k1 > {rkg — (ws —wgo)}es — §kﬁ —wgo=Vy. (47)
We define ag = “’B;Tlsﬁ*o and express (45) as eg = 0‘6—:6 and plug them into objective function:

*2 1
1, (1= WV ekl ) < 5~ ol

whose Lagrangian is:

(1-7) k32 rkg(1-ap)B2asr k% rka(1- 045)0457"6 k/g *2
L= _2B_ BT XETE
. c y ~weot =M c 2
By Kuhn-Tucker Theorem, the FOCs with respect to wg 9, @, and kg are:
A—m+pu = 0 (48)
(rB-N(1—205) = 0 (49)
R R e (50)

Since by (48), 73— A = p+ (8—1)7 > 0, then (49) implies that ag = 3 and (50) that (7 — )k > 0.
This means that 7 — A = ,u > (0 which implies that wg ¢ > 0 is binding. Equation (50) also implies

that kg = (8- )\)T(lw a/\B) ° > (1 — ozg)%rﬁ = kj (i.e., type (8 overinvests). Solving for kg in
the blndlng (47) after substituting s = 3 and wg,o = O we have
B 1,5 ki®
kg— — —kj — =0 ol
e T2 T (5)
which has two real roots. But since Vﬁﬁ = ﬁrkg— —5k3 = rkgz'g(ﬂ -1)+ rkﬁ— — 3k3, we get:
*2
f kgD 1) 4 M 2
V3 = rhs (8- 1)+ M (52)
which follows because of (51). Since Vﬁﬁ is increasing in kg, the larger root is optimal i.e., k3" =
*2 *2 —_ —
Koty ki k K Substltutmg ky = , we get k§* = = v 1/3 L& k. Notice that Lﬁl/ﬁz —1 has
two real roots, 1 and 3*. However, since 0* is the largest real root, since lim/gﬁoo%gl/ﬁ2 <1

and since limg_,; > 1, it follows that

T UE > 1 for 1 < 8 < 8*. Finally, to check if

1+4/1-1/82
B

IC3 holds, notice that (52) and V! = %2 implies that ICg holds iff k3*8 > ki. This follows since
B> 1and k3* > kj > ki. The principal’s payoff (15) follows from plugging in the firm’s objective

function.

Proof of Proposition 4
While 5 > §* separation dominates, both pooling and separation can be optimal when 5 < 5*. To

*2
compare V" with V¥, we rewrite V" = %1— + (1 — %)AkEQ. Thus, pooling dominates separation
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. .2 _ /B2 _
iff: k; - % > (1l — %)Ak[’? Substituting k* = 202 ky = ﬁ02 and A = %, we get

[1+7r(671)]4 % > (1 — 52 B+ \/52— which holds when [1+7r( -D)* %_ (8 - 1)[8 +

By 52 1]=¢=0.

To sign ¢, we fix 8 and define 7*(8) s = (,6 - 1D[2-6(B8+
BZ—1)]. Since [2 - B(B+ /BT —1)] > 0iff § < %, then %‘ >0 1H’B < 2. Tn this case,

since () is convex in 7, then % > 0. Since (7 = 0) = 0, it follows that ¢ > 0for all m>7*(8) =0

2
on (1, %} .
If 5 > =, then —ﬂ’ < 0. Also notice that ((m = 1) > 0 because V(r = 1) = %ﬁ achieves the

=0

full 1nformat1on payoff. Thus by continuity, there exists a 7*(8) > 0 such that ¢ = 0. Further, by
the convexity of C( ) C( ) <0 for any 0 < 7 < 7*(6). In addition, because 0 = {(7*) — ¢(0) =

foﬂ ke ( Ydm < f W T)dn = %(ﬂ'*)ﬂ'*’we have %L:ﬂ*(,@) > 0.That is, % > 0 for all m > 7*(p)

by convexity and hence ¢ > 0 for all 7 > 7*(0).
Consider next ¢(8,7*(8)) = 0. After some derivations we can get % B < 0 which applying

7 (8)
the Implicit Function Theorem to {(8,7*(5)) leads to:

d a¢
=-——""T->0. 53

Thus, 7*(3) is strictly increasing on (%, B8*).

Let g**(m): (0,1) — (%,B*) be the inverse function of 7*(3). For a fixed 7, we can show that
¢(B) < 0 iff g**(m) < B < B*. To do so, suppose 1 > S** and notice that {(81,7*(81)) = 0. Since
7*(+) is strictly increasing, 7*(8;) > . This implies that for (7, 1), separation is optimal. The case

where §1 < £** can be symmetrically proved.

Proof of Lemma 1 W
First, as in the proof of Proposition 2 we can obtain: (i) wg* = Tk"—Q_d; (ii) wage is zero when
the output is zero regardless whether IC; is binding or not, (iii) only IC; can bind and (iv) Vi

reaches the full information payoff. As in the proof of Proposition 1, for type 1: (wé*, k&, ed*) =

rkd* —d r? d? dx*
(=t o ppees ck_d) Since k{* < k7*, it follows that lemma 1 holds for type 1.
Now we show that the IC; does not bind and that kg = kg* and k‘li maximize Vl{d. When d =0, IC,
is:
rky\? B 1. (rk\? 1 1 .
ﬂ S*k 1 Sk
— — k3 < — =k 54
<2>ckg*25—(2>ckf*2l (54)
rkS*-d\ 2 8 kS 2 8 d [(rk3 -z 8 rks*-d 2 1 rks* 2 1 d (rk$*-x\ 1
But( 5 ) k3 :( ) ) cky Jo ( 22;; )de§( 3 ) k™ :( 7] ) ckf*_fo ( T )Edm
and (H;,fglz) g (ngf*z) < because k3* > ki*. Therefore:
rks —d\? 8 1 .2 rki* —d S| 1 .2
B S* 1 Sk 1
- — ——k3 <|———— — k" <V, 55
<2>ckg*25 (2)ck{*21_1’d (55)
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The second equation follows because k5* may not be optimal when d > 0. Expression (55) is ICy
* rke —d

under d > 0 after we substituting wi* = . Notice that because k3" is (weakly) over-investment

for type 8 when d = 0, it is always Strictly overinvestment for type S when d > 0. This is because

2

under full information kg* = (5 — ok S )62 < kj*. Since kj" satisfies IC; with strict inequality,
kd* < kj" reduces overinvestment. Finally wg* < wg, e%* <ef follows from wg* = M and
eds — wd*o
€y = ckg* !

Proof of Proposition 7

. o d d dk$ d
Taking derivatives: % = % -7 ‘Z‘gd < 0 and by Lemma
d=0 8 ld=0 d=0 8 la=0
dké d e .
e < 0 then % > 0. The second part of the proposition is immediate.
d=0 =

Proof of Proposition 9

We first show that § = 1 is not optimal. If we derive V5 with respect to § we get:
dVs _ _0Vs daé(l) + oVs das (ﬁ) Vs dké(l) + Vs dké(ﬁ)
7]

A5 T Dop(1)  dd as(B)  do + Oks(1) do kY~ db
Since as(f) satisfies the FOC g%; olt)md gxg oy = 0. Similarly, 2% 6k° =0 at § = 1, since k{*
L =
satisfies FOC 2% = & = 0. Finally, 2% = & < 0 because k3 > k.
o P ) P V> ok ky=ky b ls=1 g ’
Therefore, since dk‘;(ﬁ) > 0, then dv" |6 1= g}f/?‘; oy dk“;gﬂ) }5:1 < 0.

We then show that 6 > 1 cannot be optimal. First we check that the optimal contract under § > 1,
(w, k) satisfies IC; under § = 1. When § > 1, IC; is

4 7,5% 1 S 4162*2 4 7,8% 1 S* 4kf*2
6%k 7’(1*5)65 — 0 —=— < 0%k T(lfi)el -0 5 (56)
Plugging in (w), ky) when § = 1, the IC; becomes
. ) J5x2 § k,s*2
3 7.5% 1— = 4 6 < 37.5% 1— = 4
kg r( 2) - 0k r( 2) -4 5 (57)

Comparing both inequalities, we find that deducting 6%5*7’(5 — 1)6%* from the LHS and deducting
§3k$*r(5 — 1)es* on the RHS of (56) yields (57). But

8k (6 — el > 8%k r(6 — 1)ef™, (58)

iff § > 1. Therefore, (57) is satisfied with strict equality. We can also check that (wj, k9) satisfies
all the constraints in program (45) to (46). As a result, (w, k) is strictly suboptimal under § = 1,
since at the optimum IC; must bind. Hence, firm value when under (wg, kg ) is less than Vs—; = V*.
Technically, reducing § from 1 relaxes IC; constraint, which is binding at § = 1. This can be seen

by noticing that the inequality in (58) flips for 6 < 1. Therefore, (57) implies (56).
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Technical derivation: The optimal mechanism

Before proceeding to the optimal contract design, we need point out that the Revelation Principle
in the mechanism design literature (Laffont and Green (1977), Myerson (1979), and Dasgupta,
Hammand, and Maskin (1979) fails to hold in this setting as shown by Proposition 4. This is
because the agent’s effort choice is a function of the principal’s announcement. That is, the agent’s
effort choice has to maximize the agent’s payoff conditional on the principal’s announcement. This
incentive compatibility constraint breaks the equivalence between the direct mechanism, in which
the principal tells the truth, and the indirect mechanism in which the principal does not.turns out
that the optimal mechanism can be achieved by either pooling or separation. To show that, we first
show that it is without loss of generality to consider only two contracts in our mechanism design.
Denote a contract ¢; = (w;(q), k;). Since revelation principle does not hold, choosing a contract from
the menu {c;};c; may not fully reveal his type.3? Let 1(0) be the set of contracts that § chooses
with positive probability (and for a slight abuse of notation, it also includes the probability of each
type choosing ¢;, mp(c;) for ¢; € (). We denote w; o = w;(0) and w; = w;(rk;) Formally, the
principal’s problem is

max Pr(0) Z mo(ci)Va(ci)

R ci€h(0)

s.t.: e; € argmax{w; o + (w; — w; 0)E[0|c;] — h(e, ki)}, (59)
W;,0 + (wi - ’U)L())E[G‘Ci] - h(e, k/'z) Z 0, (60)
Vo(ci) = Vo(cy), for any ¢; € 9(0) (61)
Vo(ci) 20 (62)
> molei) =1, (63)
w; > 0, w0 >0 (64)

Let o; = w;::f“ and a; = 7k;(1 — o;)e;. By the standard revealed preference argument, we get:

Lemma 3 (Monotonicity) In any mechanism: (i) If § = 3 picks ¢; with positive prob. and 6 =1
picks ¢; with positive prob. then a; > a;; and (ii) If 6 = § (respectively 6 = 1) is indifferent between

¢; and ¢; with a; > a;, then 6 = 1 (respectively 0 = f3) strictly prefers ¢; to ¢;.

Proof. Type 1 and B’s ICs imply: a;8 — %k‘f — w0 > a;f8 — %kf —wjo and a; — %k‘? — Wy >

a; — %kf -0 w; 0. Adding up both inequalities yields
(4 —a)(8 ~ 1) > 0, (63)
which implies (i). For part (i) we first consider type §'s IC . Indifference implies B(a; — a;j) =

$k? — k3 +wio—wjo. That is (a; —a;) < k7 — $k? +w; o —wj,0, which implies that type 1 strictly

prefers ¢;. The case where type 1 is indifferent follows by similar argument.

32] need not be finite or even countable.
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Lemma 4 For any mechanism, there is another mechanism with at most two contracts that is no

worse for each type..

Proof. There are two cases. First, in the original mechanism there are two contracts ¢y € {1, 8} such
that ¢y is chosen by type 6 only. In this case, a separation mechanism with only two contracts, ¢y €
{1, 8} and type 6 only chooses ¢y with probability 1 will be no worse than the original mechanism.
The reason is that for each type, Vy(cg) is the best value it can achieve in the original mechanism
by its IC and in the new mechanism it achieves it with probability 1. Notice that cy satisfies all the
constraints from (59) to (64).

Second case: one type always pools with the other. We first consider the case where this pooling
type is 8. More specifically, type 1 chooses any contract in (/) with positive probability. The
probability that a type 1 chooses any contract from ¢ () is 71 (¢(8)) < 1. By lemma 3, if there
are two contracts ¢; and ¢; in ¢(f), then a; = a; = a. We now construct the new mechanism.
We first construct a contract c;, for both types to pool. Pick a contract, c,, in (8) such that
E[f|cy]) < E[0ly(B)], where E[0](8)] = E[E[0|ci]|c; € ¥(8)], is the conditional expectation of 6 on
a contract ¢; € () is chosen. We then modify ¢, to c,. We let type 3 choose c;, with probability
1 and type 1 choose it with probability 71 (¢/(3)). Thus, E[f|c;,] = E[0]1)(5)]. We will modify &, so
that a), = k(1 — ap) 220 — g 01 — )20l o Since E[f|c)] > Elflc,], K, < ky. We
then increase wy, o to wy, 5 so that 12 4wy, 0 = 3k +w), o. Thus ¢, = {k}, oy, w), o }. We can check
that both type’s payoff from choosing c; are the same as that of choosing a contract in ¥(3) in
the original mechanism. Now we look at type 1. There are two cases. If m1(1)(83)) = 1, then we are
done because the original mechanism is the same as this one contract, c;) with both type pooling on
it. If m (¢»(8)) < 1, then exists a contract ¢; so that only type 1 chooses with positive probability
in the original mechanism. We now keep c¢; in the new mechanism and let type 1 chooses it with
probability 1 — 1 (¢»(8)). The new mechanism has tow contracts, c; and c;. We can see that type 1
is indifferent between the two and type ( strictly prefers c;. Each type gets the same payoff as in

the original mechanism. The case where the pooling type is 1 is proved similarly.

Proposition 11 The principal’s maximum expected payoff is achieved with either pooling or

separation.
Proof. We only need to consider 8 < g*. For 8 > 3*, separation achieves the full information payoff.

By lemma 4, we only need to consider two contracts as in the separation case. However, each type
of principal may select the contracts randomly, i.e., revealing information partially. Denote cy the
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cotract a type 6 chooese with positive probability. Now the mechanism is (cz, 09), As before, 0 is
the principal’s claim and 6 is her true type. oy is the probability that a type ¢ principal chooses cg.
The value of a type ¢ from choosing c; is V. Formally the contract design problem is

max Z Do VGG

W5 0 Was ké, oL’

0=1,3
st eg € argmax{uwg, + (wg — wy o) E[Flfle — ko f(e)}, (66)
wy o + (wg = wy o) El010eg — ks f(e5) = 0, (67)
vy > Vgé, for any 6 # 0 (68)
(1—09)[Vy = V] =0, for 6 =1,8 (69)

This problem is similar to optimization problem in the separation case with two differences. First,
the mechanism can be random. Second, there is a new constraint, (69), which is the complementary
slackness constraint. It says that if type 6 is strictly better off choosing a contract, she will choose
it with probability 1. On the other hand, if she is indifferent between the two contracts, she can
randomize. (69) is a natural requirement for mixed strategies.

Notice that this program includes the full separation and full pooling equilibria studied before. This
is because for the separation case, o0y = 1. In the pooling case, cg is the same for all 6. In general,
we need to consider three cases: I. Only type 8’s IC of (68) is binding; II. only type 1’s IC of (68)
is binding; and III. both types ICs are binding.

Case I is impossible for the following reason. In this case, we can solve the problem with only type
B’s IC (ignoring type 1’s IC and the associated complementary slackness constraint). However, we
know that the full information allocation in subsection (3.1) satisfies all the remaining constraints.
So the optimal solution should be the full information allocation (it should be clear that the program
cannot get a better solution than the full information case). We know that is not possible since the
full information allocation violates type 1’s IC by assumption 8 < §*.

Case III cannot be better than the pooling equilibrium studied in subsection 3.4. In case III, both
types of principal are indifferent between the two contracts. Therefore the objective function becomes

max 17
ot

w1,0,W1, 0=1,3
-

that is, the objective function only depends on contract for type 1. Without loss of generality, we
assume FE[f|c;] < E[]. That is, if the type 1 contract is chosen, the agent’s posterior expectation
of 0 is lowered (this assumption is without loss of generality because we can always define type 1
contract such that this assumption is satisfied). Now we claim that the solution can never be strictly
better than the pooling equilibrium studied in subsection 3.4. Otherwise, let the contract (w1, wn,
k1), be the contract in the pooling equilibrium. The agent would exert a (weakly) higher effort in
the pooling case than here when (w10, w1, k1) is chosen since E[f]c1] < E[f]. The contract satisfies
the agent’s IR in the pooling case too because (67) is satisfied and E[f|c1] < E[6]. Therefore, under
c1, the principal has a better payoff than under (@*, k*), which is a contradiction to the optimally
of the contract (w*, k*).

Therefore, we only need to consider case II as the potential optimal mechanism. In this case, the
type 1 principal using a mixed strategy choosing the two contracts, and the type [ always chooses
(wg,0,ws, kg). Because when type 1 chooses ¢; she is fully revealed, the allocation in this case
should the same as in the full information case as argued in the proof of proposition 2. Formally,
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the program is

max (1—mV!+ 7TV,@B (70)

wg,0,Wa,~kpE,01

s.t. es € arg max{wg.o + [wz — wao]E[0]0 = Ble — ks f(e)}, (71)
V>, (72)
wg > 0,wgo0 >0 (73)
kg > 0, (74)
0<o; <1. (75)

By Bayes rule, E[0]0 = 8] =1+ m(ﬁ —1). Let E[0]6 = 8] =vB, v e [(8)",1]. Because
v and o7 are one to one, we can change the control variable o; to v. Consider the Lagrangian of the
previous problem:

L

1-m) k32 rkg(1-ag)agrvs? rkg(l-ag)agrvB ¥2
) Y LU R

: 5 )+pwg o+vks-&(v-1)

By Kuhn-Tucker Theorem, we get the following FOCs with respect to wg,0, ag, kg, and v, respec-
tively

A—mt+p = 0, (76)

(7= (1 —-2ag) = 0, (77)

(7B = Nr(l = ap) L= — (1= Nk +v = 0, (78)
agrB

(B — Nrkg(1 — ag)

—-¢ =0 (79)

Similar argument as in the proof of Proposition 2 imply that 75 — A > 0 which it turns implies
that ¢ > 0, and v = 1 and implies o7 = 1. That is, the optimal solution is actually the separation
case as studied before. Thus, it is without loss of generality to focus on only pooling and separating

equilibria.
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Proofs of Section 4

We consider the general wage in the proofs, i.e., w(6,q). We also use V() to denote the firm’s
equilibrium value. We let V/(6,8) = Vf, and k(0) = kg. It is useful to define a(f) = W
for a contact c.

Proof of Proposition 5
For ease of notation, we denote V(8) = Vj, V(Q,a) = Veg, and k(0) = kj. When there is little
confusion, we will drop the superscript s in the proof. Proposition 5 follows directly from the

following lemma.

Lemma 5 The conditions in Proposition 5 define the separating equilibrium with a highest the

equilibrium payoff to the principal, V(6).

~

Proof. In a separating equilibrium, the principal reveals her information, i.e., § = 6

0 = arg;naxV(@, 0) = r2k(0)(1 — a(6))a(h)

NES)

L Ao
0 — 3k (0) (80)

where a(f) = %W.Notice that FOC of (80) implies that

2

k()0 - k(0)k(0) = 0, (81)

4—692 (6) +

k;(@) = %(:), with initial value k(1) = Z_Z' For simplicity we solve (k) rather than k(6).

. \/4c(2k(6)3 kD)

SR(O)2 (82)

is the unique positive solution of §(k). The SOC of (80) requires that %f’a)

% oy < 0. For ease
of notation, denote %(9,5), i = 1,2, the partial derivative with respect to the first and second
argument. V;;(6,0) is the second order partial derivative. FOC implies V5(6, 6) = 0 for all 6. There-
fore, 0 = D200 — Vi,(6,0) + Vaz(9,6). Thus: Ve (6,6) = —Vio(6,6) = —5 00 < 0 if k(6)0
is non-decreasing. Furthermore, we can show that if k(8)0 is non—decreasmg, it is sufficient for for

all 6 to tell the truth. Suppose, V (0, 0) > V(6,0) for 0 # 0 or fe Va(0,2)dz > 0. Using FOC,
this is equlvalent to fe Vo(0,x) — Va(x,z)ldz > 0 or fe f Vio(y, x)dyde > 0. If 6 > 0, z > 6,

Via(y,x) = — 12 dk(z)z < 0, the above inequality is impossible to hold. If 0 <0,z <0,it is also
impossible to hold
. . 2
dk(z 0 dk(z)z . . — 22 1(0)0
By (81), éw) = (%9( ). So U(lz) > 0 if and only if k(6) > 0. But k(0) = % by (81),
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therefore k(é’) > 0 if and only if Z—i@z < k(#). That is, in equilibrium, we must have overinvestment.

We only need to show that (82) has an unique root which is bigger than k) = 2—392. After some
algebra, (82) is equivalent to: 2k® + ki3 — 3k%k} = Owith k = k(6). Differentiate the LHS w.r.t. k,
we get 6k? — 6kk;, which is positive if k& > kj. At k = kj, the LHS is kj® — k33 < 0. Therefore,
we must have a root £ > kj. Because the LHS is increasing for k > kj, we can only have one root
k > kj. The equality only holds when 6 = 1.

To show that this equilibrium gives the highest payoff to the principal we proceed by contra-
diction. Suppose there is a separating equilibrium such that V'(6y) > V*(6p) for some 6y. Be-
cause V*(f) is the second best, we have V'(8) < V*(8). Hence we have 6y > 6. Let 6, =
sup {0|V'(0) <V*(0)} and 6 € [8,00)} . Applying Mean Value Theorem to V'(6)— V*(0) on [0, 6],

we have a 0 € [0, 0] such that dVd'e(e) ’91 > dvc;(e) ’01. V'(6,) > V(1) by definition of ;. Tt is

02 1 2 1

r2k°(01)(1 — a®(f1))a(01)— — 5793(91)2 < rPE(61)(1 - o/ (01))e (01) - = §k/(91)2 —w'(61,0)
< )0 - 000D~ Lr 0,2
< P2H(0)(1 - oﬁ(al))aswl@ - %k’(01)2. (83)

The last inequality follows because «®(f;) = argmax(l — a)a. Because k%(0;) > k*(61), and

Z[r2k(1 — as(é?l))as(é?l)%i — 1k% < 0 for all k > k*(6), (83) implies that k°(6) > k'(f). Now

compare d‘g—y) at 6 = 0. In any seperating equilibrium, Envelope Theorem implies that

ve) dave.n 0
7 il k(6)(1 a(@))a(@)c. (84)
Therefore, % )= 2K (01)(1 — o/ (61))a’ (61) 2 < r2K'(61)(1 — a®(61))a® (1)L < r2k5(01)(1 —
a®(01))as(0:) % = dvje(e) ’91’ which is contradiction.

Proof of Proposition 6

It is helpful to first show that the optimal mechanism is a partition on the type space. On each
partition there can be either pooling or separation. Specifically, let ¥ = {1, @9, ...} be a partition
of the interval [1, 8]. That is, [1, 3] = igNgoi, viNp; =@, and. p; = (6;,0;] (it can be closed or
open intervals since it shouldn’t affect the result). Notice that the number of subintervals ¢; can be

countably infinite. Let ¢(#) = ¢; such that 6 € ¢;. We first have a technical lemma.

Lemma 6 It is without loss of generality to consider the above partition mechanism.

Proof. For a fixed a = [rk — (w(kr) — w(0))]e, denote the set, ©(a), of types that choose it with
positive probability. If there is only one types in ©(a). Then this contract is separation. If there are
multiple types, we know from the Monotonicity Lemma that only the boundary points (sup O(a)
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and inf ©(a)) can choose more than one contract and all types in between have to choose a. Thus
we have pooling. Notice that pooling here only means the types choose the same a, it does not
imply that the contract are the same. But we can show that it is optimal for the types that choose
the same a pool together.>®> So the pooling types form non-overlapping intervals (including, open,
close, half open half close) with probability 1. Now we show that separation types also forms union
of intervals. Let o5 be an interval between two separation intervals with 6; € ¢, 34 Therefore the
separation types are countable disjoint union of ¢j . If such ¢j. does not exists, then it follows that
the set of separation is of probability zero.?> Because we can ignore sets of probability zero types in
our mechanism design, we can thus focus on pooling partition only in this case.

At the boundry of a interval, we should have

V(éi) = V(Qz'+1) (85)

in order for the mechanism to be incentive compatible. The next result says that we only need to

worry about low type mimic high type.

Lemma 7 The maximization problem yields the same solution if we replace (85) with V(6;) >

V(0,,1). In the optimal mechanism, a(6) = 1 and w(6,0) = 0.

Proof. We first prove the first part. The proof is by contradiction. We first assume that the solution
to the modified problem is strictly better than the original problem. We will then construct another
solution to the modified problem such that it is better than that of the modified problem.

Suppose k'(-), ¥’ t/(-) are solution to the modified problem that is strictly better than the original
solution (since the modified problem is with less constraint, it cannot yield worse solution). Let ¢}
be an interval such that V(6;) > V (6, ). Now we improve the solution for the modified problem.
We will show that all the types in ¢j , ; are better off if we modify the solution by increasing V' (6, ).
This is a contradiction becuase i) we improve the expected payoff of the firm and i) V (6;) > V (6, 41)
for all 4.

First suppose ¢}, , is separation. In this case, we just let V(0,,,) = V(0), a(6) = 1, and w(6,0) = 0.
We thus can show as in the proof of Proposition 5 that the new separation is better than the original
separation in that all types in ¢j; are better off.

Second, consider ¢, is pooling. Let o, ki, and wj ;(0) be the contract for the types in ¢, ;.
We first let o, goes to 1 if a/,; # % so as to increase (1 — o, )}, and thus V(6) on ¢} 4

33We have shown a = rk.(1 — a.)a.FE[f|c(8)] where c¢() is the contract chosen by 6. a. =
%:wc(o). Therefore, if there are multiple contracts with the same a, the one with least
%k? + w,(0) is optimal for all the types. This implies that for all the contracts with the same
a, the 2k2 +w,(0) is the same. Futhermore, we can find an ¢, such that a = (1 —ay,)a,E[f]a]. That
is, the pooling of all types choosing the same c, can implement a. The way to find ¢, is to pick a
contract with the same a such that E[f|c] < E[f|a] (it always exists). If all types choosing a pool at
the contract ¢, then @' = 7k(1 — o). E[f]a)] > 7k(1 — o) E[f|c] = a. But we can change a. to o,
to lower a’ to a. Therefore it is without loss of generality to consider one contract for the same a.

3 More precisely, for a given pooling interval (6;,0;], we can find a separation ©® = (sup{0]0 < 0,
and 0 is pooling}, 6,].

35In this case, any open interval cover one end point of a pooling interval would intersect with
another pooling intervals. The whole separation is thus covered by the union of such open intervals.
Since there are at most countably many such open intervals; the total measure of separation is thus
Zero.
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and we are done. Similar argument show that w] ,(0) = 0. If o ,; = £ and w/,(0) = 0, we then
change kj ; to increase V'(6,,,). There are two ways. If increasing kj_ _; can increase V(6;,,), we
are done increasing all V() on ;| because if ;| is under-investing for 0, ,, it is under-investing
for all > 0, ,. The other is decreasing ;. In this case, we need to create two pooling partitions

on @i 1, ie., gir1 = [0;1,0i+1] and w117 = (0i11,0i41]). 0i11 and the investment on ;1 kiji; are
chosen so that

V(lipilei) = v (@),
V(Oitrleiv1) = V(0italeis)- (86)
But can both equations hold? Notice that for any 6;11,we can find k; 41 so that (86) holds (more
specifically, we have ?axrkngHlE[Ow € [0i41,0i41]) — k2, > S20,E[0]c(0;)] — $k? because
i+1

0,1 E[010 € [0;,1,0:11]] > 0;E[0|c(0;)]. c(0;) is the contract chosen by ;. So we can increase k1 till
the equation holds). Notice that k; 1 < ki, because 0, E[0|0 € [0;,,0i+1]] < 0; 1 E[0]0 € @i ]
If 0541 is close to 0,1, we will have V' (0;11|@s41) close to V(0 1]pit1) and V(0;41]pit1/) close to
V(0;41]¢}41) by continuity in ;1. Since V(6,,4]¢},) < V(0;) by assumption and (86), we have
V(lis1l@iv1) > V(0ip1|@iy1). Therefore, if we cannot have both equations hold, we will have (86)
holds as ”>" for all 6,4, € ¢}, ;. In particular, we have

V(0is1lpiv1s kivr) > V(Oit1]piyr, kiq) for 0ip1 € 9fyy (87)

Because E[0|0 € ;] > E[0|0 € pir1], we have V(0iy1]0i 1, kiv1) > V(Oiy1|oivr, kiv1) >

V(0it1|9ii1,kiy1). So we are done by noticing that k;iimproves all types on ;11 € ¢j, ;.
If both (86) and (86) hold, we have

V(Olpivi, kiv1) > V(0lgii1, kitq) (88)

for all & € ;41 by applying the Monotonicity Lemma to ki1 < ki, and (86). As for @1/,
applying the Monotonicity Lemma to (86) and notice that a;; 1/ > aj,; because E[f|0 € o] <
E[0|0 € ©;11/], we have

V(0lpivr) > V(0leita) (89)

for 6 € @;1/. (88) and (89) show that the modified contract is better for all types in ¢}, ;. As a
result, we have a solution that is better than the solution to the modified problem.

To prove the second part, if oj,; is not %, we can let a1 = % and at the same time letting
ki, increase to ki1 so that V(0;) = V(6,,1,kit1,04,; = 3). The Monotonicity Lemma im-
plies that V(0,91 kit1, a1 = 3) > V(0,0},1,kl 1,0, ).for § € ¢l . So we have a better
modified solution which is a contradiction. Similar argument shows if wj, ,(0) > 0, we can in-
crease ki, to kiy1 so that V(0;) = V(0,,1,kit1,wi11(0) = 0). The Monotonicity Lemma yields
V(0,051 kiv1, wir1(0) = 0) > V(0,9 1, ki1, wi,(0)).for 0 € ¢), |, which is a contradiction.
Part (1) of Proposition 6 follows directly from Lemma 7. Part (2) follows from Lemma 7 and the
Monotonicty Lemma.

We use t(p(#)) to denote a partition is pooling or separation. Thus the mechanism design problem
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is

max 57 [ VI0,K0),100)f0)d0

i

ooy — k(O)E[0]p(0)] if t((0)) = p,
s.t. V(0) _{ 2 1(0)6 it H(0(0)) — (90)
' 2RO
KO) = gy 0D = o (91)
V(él) (—H—l)a (92)
!
V() = @k(l)E[Ok(l)]. (93)

V(0) = LV (0,k(¢(0)),t(¢(0))) is the growth rate of V. There is no constraints on boundary /.
There is also a constraint that V' (8) > 0 and k(f) >0

Expression (90) is derived from ICs by envelope thoerem. (91) is from the FOC of the firm’s IC
as in the proof Proposition 5. (93) says that the lowest type’s value is determined by k(1) and the
information revealed by choosing the contract ¢(1).

Some observations may be helpful. Intuitively, the problem is essentially find ¥, ¢(¢(6)) and k(1).
Because if ¥ and ¢ are fixed, for any given k(1), we can determine every k(#) and thus V(6). More
specifically, for any given subinterval with given initial k£(6;), if t = s , we can use (91) to determine
all k() and thus all V() on that interval. If ¢ = p, we have all k(y;(0)) = k(8;), we can thus
calculate all V() on the interval. Finally, k(¢;,,) can be determined by (92). The problem can
thus be solved by choosing the best k(1) > 0.

Finally, we prove the rest of the Proposition (6). Part (3) is proved by contradiction. Namely, if it
is separation at top or bottom, we can improve the firm’s expected value.

1. Separation at top.

That is, it is separation on (6, 3]. We will modify the mechanism so that it is pooling on [fy, 3] and
everything else is the same. Consider the case where 6 is very close to 3 so that 6y > 6. We will
show that for 6 > 6, the expected payoff of the firm is higher than in the seperating equilibrium.
Denote 6, = E[0]0 > 6] and investment for types on [y, 3] k,.For the modified mechanism to be
incentive compatible, we have

Op

(90) = 7‘2k 90 — —k2 (94)

In the seperating equilibrium, using Taylor’s expansion at 6y, the firm’s payoff is

VE(0) = V() +Z_zks(9°)00(9*90) (; dk;(;)e

) (6 — 60)? + o[A6?] (95)
6=00

where A = 6 — 6y. In the proof of Proposition 5, we show that 6%—p = Z—iks(ﬂ)ﬁ and thus
V() 2 dk“(e)@

962
Applymg Taylor S Theorem at 0,, we have

s s 7'2 1 s 2 s 7'2 2 dks(a)g 2
Vv (90) - epk (ep)zcap - §k (ap) + epk (917)4_6(90 - ep) +35 ) (4c do 9_9/) (910 - 90)
PN 1 ., 9 2 dk®(0)0 9
= O 0= 502+ 5 (T T )60
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0" € [0y, 0,]. Substituting the above equation into (94) and simplifying, we get

1 r2 dk*(0)0 o Opkpr?60 1., o 1?0 1, v s
3G —ag |, 000" = F = Rk (6) 2 5k (8p) = [6p 700 =K' (kp—F"(6,))

4c

k' €[ kp, k*(0,)]. The second equality follows from applying Taylor’s Theorem to h(x) = 91,362—:;90 —
122, Therefore, k*(0,) — ky, = —r(0), — 6p)?,

2 \ 4c do 0—0"

[917 4c 60 - k/]

Now we show that x is bounded. To show that, we first notice that k°(0)0 is continously differentiable,
therefore dké—((f)e is bounded. Second, when 6y is close to 3, 6 o1z 00 ~ k— and k' =~ k*(B), we know
from the proof of Proposition 5 that for a fixed sepration, k*(3) > k;E Thus k is indeed bounded for

6y close to . .
In the pooling on [0y, 5] , the firm’s payoft is
9 2 2 2

S r S r S r S
VP(6) = 12 20k, K2 = V2 (B0)+ Ry (0—60) = V*(00)-+ o (00)A0(0~60) + - (ky By~ (00)00) (6 —6o)
The second equality follows because of (94).
Therefore,
2 2
V) = V(o) + 4—cks(90)90(9 —00) + 4—c(kp9p — k*(60)60) (6 — 6o)

= V(o) + Z—st(%)@ow —06o) + Z—Z [ks(gp)ep — k*(00)00 — K0, (0, — 90)2] (0 —6o)

V*(6o) + %&(00)90(9 ~ ) + (ﬁ dk*(0)0

4c  dO

) (9;7 —00)(0 — 00) — 0[A92] (96)
6=60

The last equality follows from applying Taylor Theorem to k°(6,)8, — k°(80)6o.
Therefore, combining (95) and (96), and taking expectation for 6 > 6y, we have

E[VP0)0 > 6] — E[V(6)6 > 6o]
(ﬁ dk*(0)0

1 do ) {(E[HIH > o] — 60)* — %E[(e —60)°10 > eo]} + 0[A0?](97)

0=00

But because

7
B0 > ao]_f 0o = /9 (@ - e@%m
= /09( 90)%dz+ /:(:c - 90)2%@ 0 <<
T f(ﬁO)@OH 30~ 00° + i —f/zg’f()eo)] 3000’
= 3O T T 30 < <P
= %(5 — 6o) J}((ZO)) + f((;; %(5 — )% = é(? — 0) + o(AD),
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thus we have
1 _
(E[0]6 > 0] — 00)* = 10— 00) + o(A6?). (98)
By the similar way, we can show that

E[(0— 00210 > 00] = %(5 — 0y) + o(A?) (99)

Substituting (98) and (99) into (97), we have {(E[6]0 > 6o] — 0)> — 2E[(6 — 60)%|0 > 6o} = 1(6 —
00)% — £(6 — 60)% + o[ AB?] = (0 — 69)* + 0[AG?]. Therefore, E[VF(6)|6 > 6] — E[V*(6)|6 > 6] > 0
for Af small enough.

II. Separation at bottom

Similar to the top case, we compare it with a pooling at the bottom on N, = [1,1+¢€]. We let 6y = 1
and 0; = 1+ e. We will constuct a pooling so that V*(01) = VP(6;) but the expected value is higher
for pooling on Ne. So that the modified mechansim is better because the payoff (and the mechanism)
above 0; remains the same.

We first let V5(6y) = VP(6y), then from the analysis of the top, similar to (??), we conclude that

9 J—
VP(Q) _ VS(H) _ v2/ 91 90
) ) [

where K is constant and [ = e. In particular, V?(61) — V*(0;) = O(I*). We then change V?(6;) by
changing the pooling investment level, so that VP(6;) — V*(6;) = 0. This is possible because we can
do that by changing V?(y) by O(I%). (This is possible because m’?pr(Qo) - m]?XVs<90) = 0(1)).

Then using (??), VP(01) = VP(6y) + O(I3) + f:ol (v1 + gval)df + o(13) = VP(61) + O(I%). Because
we only change V() by O(I*), (100) implies that V’(0) — V*(0) = % (01 — 0)(0 — 6p) + O(I*).
Integrate on N

01
EVE6) = V@) = [ VE(0) = V*O)f(0)ds = T2 +01") >0
0o
for € small enough.
We have shown that there is no separation at the top, but does it mean that there must be a
pooling interval at the top? The answer is not necessarily if there are infinite many partitions.
The complication comes from the fact if there are infinite many partitions, there may be an infinite
many intervals at the top, with length goes to zero so that they converge to a point, 5. Some of
those intervals are pooling and some are separation. In this case, there is no top interval so it is
meaningless to talk about pooling at the top. Having said that, once there is a top interval, we
know it must be pooling. So to prove there is only pooling at the top, we need to rule out infinite
partitions clustering at top. The same argument can be made for the bottom. We have ruled out
the infinite partitions clustering at top or bottom. We ommit the details here but they are available
uppon request.
For part (4), the separation case follows from the proof of Proposition 5 in which we show that there
is over-investment with probability 1. The pooling case is proved by contradiction. Suppose first

Ky, < argmax{E[V/|¢]]}. (101)

We will show that it is not optimal because increasing l_c;i a bit would improve the mechanism. For

the ease of notation, we let k; = k7, and k} = arg max{E[V{|¢!"]}.
k
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dz — vy / (0~ o) + [ K12 — K (6 00)")dz = 22 (61 — 0)(0 — ) + Kol®
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There are two cases. First, increasing k; would lower V(6,). Therefore, increasing k; by a small
amount, Ak, to k; would increase the expected firm value on ¢*. In particular, it will increase
V(6;) because (101) implies that k; is under-investing for type 6 = E[f|¢F*] and thus for ; too.
This implies that the new investment & would satisfies the modified problem as in stated in Lemma
7 and improve the firm’s expected value. A contradiction to Lemma 7.

Second, increasing k; would increase V' (6,). In this case, given the quadratic form of V' (6,) in k;, there
exists a k] > k; such that V(0,) remains unchanged (i.e., k; and k; are the two roots). Therefore
all types on @ are better off under k; by the Monotonicity Lemma. Since & satisfies the modified
problem, this is a contradiction to Lemma 7. If k; = k7, then the solution can be improved in two
steps: 1) Increasing k; to k; by a small amount, Ak. Since k; = k} implies that k; is over-investing for
0, it will lower V(0,) by an amount of order Ak (it will increase V (6;) because k; is under-investing
for 6;). 2) Breaking the ¢ into two sub-intervals as in the pooling case of the proof of Lemma
7 (starting from paragraph 4 of the proof), we can improve firm value for all types on ¢! by an
amount of order Ak. Because step 1 has zero effect on E[V{|¢?"] if we ignore higher order terms of
Ak and step 2 increases F [V90|gof *] by an amount of order Ak, we improve the firm’s expected value
with &k, for small enough Ak. This is a contradiction to Lemma 7 because k] satisfies the modified

problem as stated in Lemma 7.
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