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Abstract
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1 Introduction

Preparing for a variety of natural, social, and economic shocks is an important task
of every government. Many governments appropriate a large amount of money on
research into the forecasting of such natural shocks as hurricanes, snow storms and
other extreme weather conditions, earthquakes, epidemic outbreaks, and so on.!

Along with forecasting, a government’s strategies to prepare for those shocks
typically involve two forms of interventions. The first is a direct intervention that is
implemented at the government’s own cost. The second is an indirect intervention
that consists of raising public awareness of the risk of the shocks and advising the
public to take preparatory actions themselves. In the case of an epidemic outbreak,
for example, the direct interventions include stricter quarantine control, building
depressurized rooms at hospitals, increasing the stock of anti-virus medicines, and
so on. On the other hand, an indirect intervention consists of advice to the public
to receive vaccinations, avoid traveling and exercise hygiene practices. Likewise,
against earthquakes, direct interventions include enforcing stricter building codes
and reinforcing public buildings such as schools and highways, while indirect inter-
ventions include advice to the public to reinforce their own houses, prepare food
stocks, and purchase earthquake insurance. Unlike direct interventions, it is the
public themselves who bear the cost of the advised action.? The same story also
applies to economic shocks such as currency crises, food and energy price hikes, and
market crashes. Governments engage resources in the forecasting of such shocks, and
prepare for them by intervening directly by adjusting portfolios, building food and
oil stocks, and subsidizing the development of alternative technologies. The essen-
tial feature of many of these preparatory actions is that they are specific investment
in the sense that they have value only when the shock strikes.

It is argued by some that the policy of spending much money on forecasting

!For example, National Oceanic and Atmospheric Agency (NOAA) of the United States budgeted
more than $2,000 million on weather services and satellites. Its joint polar satellite system (JPSS),
which is used for mid-range weather forecasts, alone cost US$382 million in FY2010 (“NOAA
warns weather forecasts will suffer from budget cuts,” Washington Post 03/31/2011). As another
example, the US Geological Survey budgeted more than US$90 million for research into geologic

hazard assessments in F'Y2010.
2Skoufias (2003) discusses the strategies employed by households and public agencies to mitigate

the damages of economic crises and natural disasters. Some indirect interventions involve public
expenditure as in the case of subsidies for vaccination programs, or those for the installation of

solar panels.



shocks and at the same time advising the public to take preparatory measures
is inconsistent.> One interpretation of this claim is as follows: If the accurate
forecasting of a shock is possible, then the public is led to think that timely direct
interventions will save them costly efforts. On the other hand, from the point of
view of the government, indirect interventions are much less costly and the public’s
own action is often more effective in mitigating the damage.

The purpose of this paper is to provide a formal justification of the above logic
in the framework of information acquisition by a principal (government) and its
disclosure to an agent (the public). We show that acquiring perfect information
may indeed be suboptimal when the agent may free-ride on the principal’s effort.
A more detailed description of our model is as follows: Facing the risk of a shock,
the principal first chooses a technology that determines the quality of his private
information about the risk of the shock. The technology is perfect if it enables the
perfect forecasting of the shock, and imperfect otherwise. The set of forecasting
technologies available for the principal equals Ry U {oco}, where 0 corresponds to
the perfect technology and oo corresponds to the absence of the forecasting activity.
The principal may costlessly choose any forecasting technology from this set. Upon
acquiring information, the principal chooses whether to take his own preparatory
action, and at the same time issues an advice to the agent on whether he should take
a preparatory action. As mentioned above, these actions are costly to the respective
parties, but their benefits accrue only when the shock strikes. The principal’s payoffs
are such that taking action is a dominant strategy for him in the event of a sure
shock. That is, when the shock occurs for sure, the principal cannot commit to
not taking action. As for the agent’s payoffs in the shock state, on the other hand,
we consider the following two possibilities. In the first case, taking action is also a
dominant strategy for him. In the second case, taking action is a best response if
and only if the principal does not. In the latter case, hence, the agent free-rides on
the principal’s effort.

Not surprisingly, we observe that when the agent has no free-riding incentive,
acquiring perfect information and revealing it to the agent is the optimal policy
for the principal. Our main focus hence is on the free-riding case. We first show
that when the prior probability of the shock is moderately high, no information is
better than the adoption of the perfect technology. When the prior probability is

low, however, no information is dominated by perfect information. This leads us

3See Saito (2008).



to the question on whether there still exists an imperfect information policy that
outperforms perfect information even for low probability shocks. For this, we char-
acterize an optimal disclosure rule and the associated equilibrium actions subject to
imperfect information. Based on this characterization, we identify conditions under
which there exists an information policy that dominates perfect information. The
quality of information under such a policy is proportional to (some power of) the
prior probability of the shock, and the action and advice are based on the three risk
categories as follows: When the updated risk is high based on the acquired infor-
mation, the principal takes action but recommends no action to the agent. When
the risk is medium, the principal takes no action but recommends an action to the
agent. When the risk is low, the principal takes no action and also recommends
no action to the agent. We show that when the thresholds and information qual-
ity are appropriately chosen, such a policy dominates perfect information when the
marginal benefit of the agent’s action is sufficiently large for the principal, or when
the agent’s utility from inaction by both parties is sufficiently low in the event of
the shock. These conditions are hence relevant when the public has significantly
more eflicient ways to insure against the risk, or when the shock has a disastrous
consequence when no preparation is made.

We further proceed to the model in which the agent’s free-riding incentive is
also subject to uncertainty. We reinterpret the free-riding incentive as a measure
of the severity of the shock, and suppose that when the shock is severe, the agent
has no free-riding incentive. When the principal can acquire information about the
probability and severity of a shock, we again observe that perfect information is
dominated by a policy that acquires only imperfect information about the severity.

The paper is organized as follows: After the discussion of the related literature
in the next section, we formulate in Section 3 a model of information acquisition
and disclosure. Section 4 compares the two extreme cases of perfect information and
complete obscurity. Section 5 describes an optimal disclosure rule subject to imper-
fect information. The main conclusion on the optimality of imperfect information

is presented in Section 6. We conclude in Section 7.

2 Related Literature

The present paper is related to at least three different lines of research in the liter-

ature as follows.



First, decision making in the face of information about a natural shock is a
classical subject in both the theoretical and empirical literature. Nelson and Winter
(1964) study the weather forecasting system that maximizes the welfare of a user
of the forecast who must decide whether to take a protective action against rain.
Howe and Cochrane (1974) study the decision problem faced by authorities under a
snow storm forecast. While information acquisition is absent in their model, their
empirical observation on the “reluctance on the part of snow removal authorities
to be sensitive to any but very severe forecasts in making operation decisions” is
consistent with the optimal policy in the current paper. Brookshire et al. (1985)
show that the expected utility hypothesis is a reasonable description of decision-
making behavior facing a low-probability, high-loss event of an earthquake. Lewis
and Nickerson (1989) study the interaction of self-insurance and public interventions
against natural disasters.

Second, the value of strategic ignorance is highlighted in dynamic contracting
problems where the lack of commitment leads to renegotiation. Dewatripont and
Maskin (1995) demonstrate the optimality of simple contracts that depend on the
limited observation of variables. Cremer (1995) studies a dynamic principal-agent
model with adverse selection and shows that the principal may refrain from acquiring
information about the intrinsic productivity of an agent. Also in a principal-agent
model with adverse selection, Kessler (1998) shows that an agent may optimally
choose to remain ignorant about the state before contracting with a principal.* Our
model shares with these models the feature that the principal cannot commit to his
action under perfect information.> On the other hand, our main innovation is that
we study the optimal degree of information imperfection and show that it can be a
useful commitment device even when complete ignorance is not.

Third, information revelation and transparency are analyzed in various contexts.
Among them, the present paper is related to the literature on the value of public
information and government transparency. Beginning with the pioneering work of
Hirschleifer (1971), the main theme of the literature is whether or not full disclosure

of a government’s private information induces an inefficient level of coordination

4Carrillo and Mariotti (2000) present another logic behind strategic ignorance by a decision

maker with time-inconsistent preferences.
®Bester and Strausz (2000) study the possible failure of the revelation principle in such a problem.

See also Skreta (2006). However, the problem of soliciting agents’ private information is absent in

our model since it is the principal who has private information in our model.



by the public.® While the literature is inconclusive as to whether transparency
is socially optimal, the common assumption there is that a government’s private
information is exogenous. In contrast, we endogenize private information, and point

to the possibility that it may be strictly less than what is potentially available.

3 Model

There are a principal (player 1) and an agent (player 2) facing the risk of a shock.
The shock corresponds to one of the two states of the world w € : The shock
occurs in state w = 1 and does not in state w = 0. The prior probability of the
shock equals p = P(w = 1) € (0,1). Before the state is realized, each player i either
“takes action” (a; = 1) or not (a; = 0) against the shock. We suppose that the
principal and the agent take their actions simultaneously after the disclosure.” The
players’ payoffs depend on the action profile and the state. Specifically, player i’s

payoff under the action profile a = (a1, a2) in state w is given by

vi(a,w) = ui(a) Ly=1y — ¢ Lgg,=1},

where 14 denotes the indicator function of event A. Hence, the players benefit from
the actions only when there is a shock (w = 1), but incur the cost ¢; of taking action

even when there is no shock. Let

d¥ = u1(1,0) —u1(0,0), di =wui(1,1) —uy(0,1),

d3 = us(0,1) — uz(0,0), db =us(1,1) —us(1,0),

md = uy(0,1) —u1(0,0), mi=wuy(1,1) —uy(1,0).
d} is the marginal benefit of his own action a; = 1 to the principal when the agent
also chooses az = 1, and dY is the marginal benefit of a; = 1 when it is unilaterally

taken. dJ and d} are the corresponding quantities for the agent. m{ and mi are

the marginal benefits of agent’s action to the principal when the principal himself

6See, for example, Morris and Shin (2002) and Svensson (2006). Walsh (2007) analyzes the
optimality of transparency when the quality of private information is varied.

"If the principal moves after the agent, it becomes more difficult to induce the agent to take
action because the agent’s inaction can more easily force the principal to take action. However,
our conclusion holds true even with sequential moves if the agent is reinterpreted as a continuum

of individuals none of whom can influence the principal’s decision.



chooses a; = 0 and a; = 1, respectively. We assume that

dy > d} >0, (2)
m{ > d) —¢;. (3)

(1) and (2) show that the two players’ actions are strategic substitutes: The marginal
benefit of the own action is higher when it is unilateral. (1) also says that a; = 1
is a dominant action for the principal in the event of a sure shock. We study two
different possibilities concerning the magnitude of dJ and dj relative to co. The

agent has a free-riding incentive if
dy < ey < dY,

and has no free-riding incentive if di > co. (3) says that for the principal, the
marginal benefit of the agent’s unilateral action is higher than the net marginal
benefit of his own unilateral action. For concreteness, we also assume in what

follows that o
251 (4)
2

In other words, when normalized by its cost, the agent’s (unilateral) action raises

his own utility more effectively than the principal’s (unilateral) action raises his own

utility.

Figure 1: The signal distributions in states w =0 and w =1

The timing of the events is as follows. First, the principal chooses the forecasting
technology r that determines the precision of his private information #. We suppose

that under the technology r > 0, the principal observes signal 6 given by

0= 1{w:1} + re,

7



where € is a random noise term independent of w and having positive density f
over R. As seen in Figure 1, hence, the distribution of the signal 6 shifts up in
the state where the shock strikes. r represents the level of noise, and we say that
the technology r is perfect if 7 = 0 and imperfect otherwise. If we denote by F
the cumulative distribution of €, then the distribution F{,, of the signal 6 under
technology r > 0 in state w is expressed as

h—1,,_
F,.(0)=F <$>

r

We assume that the corresponding density f,, , of 0 satisfies the monotone likelihood

ratio property as follows:
fir(z) < fir()
fO,r(CC) fO,r(y)

We also assume that lim,_,_ o g:g; =0 and lim, .o g:g; =

r<y =

After observing 6, the principal makes a non-binding advice to the agent on which
action to take. Both parties then choose actions simultaneously. The principal’s
action choice is based on his signal #, while the agent’s action choice is based on the
principal’s advice. Finally, the state is realized and the players receive payoffs.

The principal’s choice of an advice given the observation of  is expressed by
a disclosure rule g : R — Ay: g(0) is the action suggested to the agent when
0 is observed. The principal’s policy is a pair (r,g) of his forecasting technology
and disclosure rule. We do not impose any restriction on the functional form of
the disclosure rule g. For example, it may advise action ay = 1 for 6 above some
threshold and as = 0 below it, or as = 1 for # in some interval and as = 0 otherwise.
By the logic of the revelation principle, it entails no loss of generality to assume that
the disclosure rule g generates an advice to the agent and hence takes values in Ay.%
We assume that the policy (r,g) is chosen in advance and is publicly announced.
Public observability of the forecasting technology r is a reasonable assumption given
that it usually entails publicly observable activities such as launching a satellite,
building a supercomputer or a network of sensors, and so on. We also assume that
the principal commits to his disclosure rule g in the sense that for any signal 8, his

advice equals g(f)."

8That is, even if g reveals more information, any such information is associated with one of two
actions 0 by the agent. Hence, the principal can perform this conversion on behalf of the agent and

advise on the action instead.
9This is a standard assumption in the information revelation literature, and is most likely justified



Given a policy (r,g), each player’s strategy is defined as follows. The principal’s
strategy o1 : R — Aj chooses an action as a function of the observed signal . On
the other hand, the agent’s strategy oo : As — Ay chooses an action as a function
of the principal’s advice. Let o denote the obedient strategy such that o3 (as) = as
for any ay € Ag. Let m;(o | 7, g) denote player i’s ex ante expected payoff under the
strategy profile ¢ = (01, 02) and the policy (r, g). Explicitly, they are given by

mi(o | r,9) = Euyg [Ul (01(0),02(9(0))) le=1y — 011{01(9):1}] 5)
ma(o | r,9) = Eup {Ua (01(0),02(9(9))) Liw=1y — Czl{ag(g(e))zu}-

The strategy profile o is an equilibrium under (r,g) if mi(o | r,9) > mi(o},0; | r, 9)
for any o} and i # j. A policy (r,g) is incentive compatible if there exists a strategy
o1 of the principal such that (o1, 03) is an equilibrium under (r, g).

A policy (r,g) is optimal if it is incentive compatible and maximizes m (o | r, g)
where ¢ is an equilibrium under (r, g). Formally, (r,¢g) is optimal if there exists o
such that o = (01,03) is an equilibrium under (r, g), and for any policy (1, ¢’) and

any equilibrium ¢’ under (1, ¢’), we have

71'1(0 ‘ T, g) Z 7T1(U/ ’ Tlvg/)'

4 Perfect Information and Complete Obscurity

We begin with the analysis of the principal’s payoffs when he adopts the perfect
technology r = 0, and when he adopts the completely uninformative technology
r = 00.

First, in the case of the perfect technology, the principal observes either § = 0
or § = 1. It follows that the disclosure rule is either revealing g(0) # ¢g(1), or non-
revealing ¢g(0) = g(1). The following proposition makes a simple observation that
if the agent knows that the principal knows the state, he knows that the principal
takes action in state 1. Hence, the free-riding agent does not take action in state
1 as a best response against the principal’s taking action. This suggests that any
incentive compatible disclosure rule must be non-revealing and advise no action
whether # = 0 or 1.

for disclosure by a public sector, where adherence to the publicly announced rule is verifiable through

official documents.



Proposition 1 Suppose that (r,g) is an incentive compatible policy with perfect

information r = 0 and admits an equilibrium o = (01,03).
1. If the agent has no free-riding incentive (ds > ca), then

(1,1) ifo=1,

(01(6),9(0)) = .
(0,0) otherwise,

and

mi(o | rg) =plui(1,1) — 1}

2. If the agent has a free-riding incentive (dy < c3), then

(1,0) ifo=1,

(01(6),9(0)) = .
(0,0) otherwise,

and the principal’s ex ante expected equilibrium payoff equals

mi(o | r,g) = p{ui(1,0) —c1} =Y.

Proof. Suppose that the agent has a free-riding incentive. Whether g is revealing
or not, the principal’s equilibrium strategy o is as stated in the proposition. If g is
revealing (g(0) # ¢(1)), the agent chooses ag = 0 for any advice: When 6 = 1, the
unique NE is (a1,a2) = (1,0) and when 6 = 0, the unique NE is (0,0). Hence, (7, g)
cannot be incentive compatible, and g must be no-revealing. If g is no-revealing,

the agent chooses as so as to maximize

Eluz(ar = 1,a2) 1y—1y] — c2lg,=1} = puz(l,az) — c2lyg,—13-

The maximizer is as = 0 by assumption. Hence, the disclosure rule must be such that
g(-) = 0 for (r, g) to be incentive compatible. The principal’s expected equilibrium
payoff then equals p{u;(1,0) — ¢ }.

On the other hand, when the agent has no free-riding incentive, then acquiring
perfect information does not prevent the agent from taking action, and the principal
can recommend as =1 if and only if 0 = 1. m

Next, when the principal adopts the completely uninformative technology, we

have the following observation.

10



Proposition 2 Suppose that (r,g) is an optimal incentive compatible policy with

no information r = oo, and admits an equilibrium o = (o1, 0%).

1. If the agent has no free-riding incentive, then

0,00 ifp<
(0.1) % <p<i,
(Ulag): e . .
(1,0) Zfd_i < p < max d_%’d_i}’
(L) ifp>max {&, %},
and
pu1(0,0) ifp< C—%,
pul(O,l) Z'ffl_<p< ar
m(o|r,g) =
pul(LO)—Cl Zf—§p<max %7%}7
17 da
Pul(l,l)—cl pr>max {2_1’ 2_2}

2. If the agent has a free-riding incentive (i.e., d1 > 1), then

0,0) ifp<F
(0_179): (051) ngl_% §p<%;
2 1

(1,0) ifp>4

and
pu(0,0) ifp<G-
mi(o | r,g9) = {pui(0,1) f@=p<g
pui(1,0) —er ifp=> G
Proof. The principal’s dominant action equals a; = 1 if p > %, and a; = 0 if

p < 2—(1). When C—l <p< dl’ his best response is a1 = 1 if ay = O and a; = 0 if
as = 1. On the other hand, the agent s best response against a; = 0 equals ag = 1 if
fl% <p< dO’ and ag = 0 for p < . If the agent has a free-riding incentive, hence,
the action proﬁle should be a = (1 0) for p > < dl’ and either a = (1,0) or (0,1) for
@ <p< d_}' By (3), the optimal policy should have a = (0,1) in this case. The

disclosure rule g is accordingly determined, and the principal’s expected equilibrium

11



payoff is as given in the proposition. The argument is similar when the agent has
no free-riding incentive. m

It immediately follows from Propositions 1 and 2 that against a free-riding agent,
no information dominates perfect information when the prior probability of the

shock is moderately high (& < p < &) since my > d) — ¢1 by assumption and hence
2 1

pu1(0,1) > p{ui(1,0) — 1 }.

When the prior probability is low (p < fl—%), perfect information is better than no
2

information since d{ > ¢; by assumption and hence

pu1(0,0) < p{ui(1,0) — 1}

When the agent has no free-riding incentive, on the other hand, perfect information
is not only better than no information but also is optimal among all policies given
that the principal’s payoff in state 1 cannot be improved further because u(1,1) —
c1 > u1(0,1) > uq(1,0) — ¢ > u1(0,0).

The following corollary summarizes this observation.

Corollary 3 1. If the agent has no free-riding incentive, then perfect informa-

tion policy (r,g) as described in Proposition 1 is optimal among all policies.

2. If the agent has a free-riding incentive, then the following hold.

(a) If p < & or p > %, then perfect information (r = 0) yields the higher
2 1

expected payoff to the principal than no information (r = co).
(b) If p € (;—é, 2—(1)), then no information yields the higher expected payoff
than perfect information.

We can interpret the observation in 2(b) above as one expression of the value of

strategic ignorance as discussed in the literature mentioned in Section 2.

5 Optimal Policy under Imperfect Information

In this section, we fix an imperfect forecasting technology r € (0, 00), and ask what
type of disclosure rule g makes (7, g) both incentive compatible and optimal subject
to the technology. This result is of interest in its own right when acquiring perfect

information is technologically infeasible. The analysis is independent of whether the

12



agent has a free-riding incentive or not. We use the characterization derived here to
identify an imperfect policy that dominates perfect information in the next section.

Introduce the following notation:

0 1
0 _ 47 1_ 4
op=o —1L 51—5—,
d d
=1, s=%,
cgo cgl
0 _ mg 1_m
221 o1 M1 o

89 is the net marginal benefit for the principal of his own action normalized by its
cost when the agent does not take action, and 47 is the corresponding quantity when
the agent takes action. 69 and 63 have similar interpretations. ! is the normalized
marginal benefit for the principal of the agent’s action. Let 3° and ' be defined
by the values of 6 such that

P(wzl]@zﬁo):%, and P(wzl\ﬁzﬁl):%.
1 1
These are equivalent to
fO,r(ﬁO) _ pé? and fO,T(ﬁl) _ pé% ) (6)
fl,r(ﬂo) 1 —p fl,r(ﬂl) 1 - P

Since by assumption, }?:Ezg strictly decreases from oo to 0 as 0 varies from —oo to

00, 3 and B! are well-defined and unique, and satisfy 8° < B! since 6 < 69. It can
be verified that 3° is the signal value at which the principal is exactly indifferent
between taking action and not when the agent does not take action. Likewise, 5 is

the signal value at which the principal is indifferent when the agent takes action:
0=5 & Eo|un(1,0) 1o - |0] = Eu[u(0,0) 1y | 6],
0=0" & Bufu(L) 1oy~ 0] = B lur(0,1) 1y | 0].

It follows that the principal always takes action when # > 3!, and that he never takes
action when 6 < 3°. The following proposition characterizes an optimal disclosure

rule g and the associated equilibrium o given r > 0.

Proposition 4 Suppose that (r,g) is an optimal incentive compatible policy with

r € (0,00) and admits an equilibrium o = (o1,05). Then there exist o, v and 7

13



suchthatagﬂogygﬁlg'ygooand

for almost every 0 € (—o0, @),

for almost every 0 € |a, 3°) U [v, B),

(
(01(0), 9(6)) = E
(

[
for almost every 0 € [3°,v) U[BL,7),
[

for almost every 6 € [y, 00).

Proposition 4 is illustrated in Figure 2. In each one of the three intervals
(=00, 8%, (8%, BY), and (B',00), the optimal disclosure rule advises the agent to
take action when the signal is in the upper portion of the interval. The proposition
also suggests that the problem of finding an optimal disclosure rule can be reduced

to the problem of finding the optimal thresholds «, v and ~.

(01(6),9(0)) =
(0,0) (0,1) (1,0) (0,1) (1,0) (1,1)

Figure 2: Optimal disclosure rule under imperfect information

6 Optimality of Obscurity for a Free-Riding Agent

Given the observation in Corollary 3 that against a free-riding agent, no information
dominates perfect information when the prior probability of a shock is moderately

high p € (C—Q fl—é), we now focus on the case where it is low:
1

a5
C2

0,—=1. 8

ve (0.5] )

For such a p, we will identify conditions on the payoffs under which there exists a
policy (r,g) with r > 0 that dominates perfect information.

For concreteness, we assume in what follows that the noise term in # has the
standard normal distribution N(0,1) over R. It follows that when the principal
adopts technology r > 0, ¢ has the normal distribution with mean y = 1y, and

2

variance r“ in state w.

14



Theorem 5 Suppose that the agent has a free-riding incentive. Suppose further
that u — 69 — 61 > 0 and that

1
0 0\ 2
M < 03 )
—— < | =] . 9)
=00 =31 = \3)
Then for any prior probability p € (0, 2—%), there exists v > 0 such that for (o1,9)
2

given below, (r,g) is incentive compatible, admits an equilibrium o = (01,05), and

yields a strictly higher payoff to the principal than perfect information.

o1(6) = 1 if6>p, 4(0) = 1 if b€ la, ),

0 otherwise, 0 otherwise,

where a is given by Plw =10 = a) = 3

= 7, or equivalently,
2

fole) _ pd3
fila)  1-p

, (10)

and 3 equals B* defined in (6).

According to the policy described in the theorem, the principal takes action
himself and advises no action to the agent when taking action is a dominant strategy
for him, and takes no action and advises the agent to take action when a = (0, 1) is an
equilibrium action. This disclosure rule belongs to the class identified in Proposition
4.9 We can also see that this disclosure rule is equivalent to the full revelation of
0 as follows: If the agent also observes 6, a = (0, 1) is an equilibrium action profile
when the posterior probability P(w = 1 | 0) € [fl—é, %) Likewise, a = (1,0) is

< and a = (0,0) is an equilibrium when

g1y
dl

P(w=1]60) <. In other words, this policy is transparent in the communication
2

an equilibrium when P(w = 1| 0) >

stage although it entails imperfection at the information acquisition stage.

Clearly, the cost of imperfect information for the principal is the cost of wasted
effort in state 0. On the other hand, the benefit is that he can commit to no
action and have the agent take action when the risk is medium and a = (0,1) is
an equilibrium. The point is whether the probability of observing such a signal is
made sufficiently large compared with the probability of observing a high signal in
state 0. The above proposition shows that this is possible when the signal quality
is appropriately chosen provided that the payoffs satisfy the stated conditions.

0Specifically, set v = oo and v = 3° in Proposition 4.

15



The sufficient conditions in Theorem 5 are strictly in terms of the payoffs and
independent of the prior probability p. The condition (9) clearly holds when 49
is sufficiently large so that the agent has a strong incentive to make effort in the
absence of the principal’s effort. Alternatively, it holds when the agent’s action has
a significant positive impact on the principal’s payoff. For example, suppose that
the principal’s payoff is written in the form wi(a) = (dS — az)a; + m{as, where

m{ = u1(0,1) — u1(0,0) is the benefit of the agent’s action for the principal. As

m{ increases, so does u{ = T—ll, while 69 and 0} remain unchanged. Thus, the left-
hand side of (9) decreases, and the conditions of the theorem will eventually hold.
These qualitative interpretations of (9) are in line with the cost-benefit analysis of
imperfect information described above: The range (2—§, %) of posterior probabilities
is where the principal takes no action and lets the agent take action. Hence, the
principal is better off if d is larger so that this interval is larger, or when he receives
a significant benefit from the agent’s unilateral action.

For illustration, Figure 3 depicts the difference (o | r,g) — 7} divided by the
prior probability p of a shock as a function of p when the payoff numbers are given

byll

ui(1,1) = 212, uy(0,1) = 201, uy(1,0) = 12, u;(0,0) = 0,
u2(0,1) =29, u2(0,0) =0, and ¢; = ¢cg = 1.

7 Information about the Severity of a Shock

In many circumstances, the severity of a shock is also a primary object of a forecast
along with its probability of occurrence. We study in this section what happens
when the principal can acquire and disclose information about both the probability
and severity of a shock. Among different ways of modeling severity, we define
in what follows that the shock is severe if the agent has no free-riding incentive,
and not severe otherwise. The interpretation is that when the shock is severe, the
agent cannot simply rely on the principal to mitigate the damage. Given that the

conclusions in the preceding sections depend on whether the agent has a free-riding

0
"' Note that perfect information yields % = u1(1,0) — c1 = 11, and that u2(1,1) and u2(1,0)

are not relevant for the computation of m1(c | r,g). We have 6{ = 11, 6 = 10, pf = 201,
and 03 = 28, and the conditions of the theorem are satisfied since ud — 69 — §7 = 180 > 0, and
1
0 §9\ 2 1 . . . c .
u?—gé—éi = % < (ﬁ) = (%) 2. The upper bound of p as indicated in (8) equals ﬁ = % = 0.034,

which corresponds to the right-end of the horizontal axis in Figure 3.
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Figure 3:  (mi(o | r,g) — m) plotted against p

incentive, we think that introducing uncertainty about this incentive provides an
interesting exercise.

Formally, suppose that the state is now given by a vector w = (wp,w,) € {0,1}2,
where w;, denotes whether a shock occurs and w, denotes whether it is severe. That
is, w, = 1 if the shock occurs and w, = 1 if it is severe.!? Let ¢ € (0,1) denote the
probability that the shock is severe conditional on its occurrence. Hence, we have
P(w = (1,0)) = p(1 — q) and P(w = (1,1)) = pq. For simplicity, we assume that

only the agent’s utility function us depends on w,, and satisfies
d3(wq) = u2(0,1,wy) — u2(0,0,w,) > g for w, =0, 1,

and
> cy forw, =1
1 _ q ’
dy(wq) = ua(1,1,wy) — ua(1,0,wy)
<cp forw,=0.
In other words, when the shock is certain and is severe (i.e, in state w = (1,1)), the
agent’s best response against a; = 1 is to take action. When it is not severe, his
best response against a; = 1 is to take no action.
Suppose now that the principal can acquire information about both w, and w.

When we denote by r, and 7, the principal’s technologies used to forecast w, and

2The two states w = (0,0) and (0, 1) are identified since no shock occurs in these states.
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wy, respectively, his private signal 6 is given by
0, = 1{wp:1} +1rpep, and O, = 1{wq:1} + 74€q,

where €, and ¢, are independent random variables having the standard normal dis-
tribution N(0,1). The distribution of 6, shifts up in the state where the shock
occurs and that of 6, shifts up in the state where it is severe. A disclosure rule g
is a mapping from R? to As, so that 9(8p,0,) is an advice to the agent when the
signal pair is = (6,,6,). We suppose that r, and r, are chosen simultaneously,
and are interested in determining whether the principal is better off acquiring im-
perfect information about either w, or w, (r = (rp,ry) # 0) than acquiring perfect
information about both (r = 0).

Consider first the principal’s expected payoff under perfect information r = 0.
In this case, it is readily seen that the optimal incentive compatible policy (r,g),
the equilibrium strategy o = (01, 03), and the corresponding expected payoff of the
principal are given as follows:

c2—05(0)

1. When q Z W’

(1,1) if 6= (1,1) or (1,0),
(0,0) otherwise,

(01(0),9(0)) =

and mi(o | r,g) = p{ur(1,1) — c1 }.

02—(5% (0)

2. When g < ST()=61(0)

(1,1) if6=(1,1),
(01(0),9(0)) = { (1,0) if 6 = (1,0),
(0,0) otherwise,

and m1(o | 7, 9) = p{qui(1,1) + (1 — Q)u1(1,0) — 1} = 713

Note that when the ex ante probability of a severe shock is high, it is optimal
for the principal to reveal no information about w, even if he observes it. Since
acquisition of no information about w, yields the same result in this case, we will

focus on the case where the probability ¢ is low.

13We don’t consider a random policy that generates advice a2 = 1 with positive probability when
0, = 0 to make the agent just indifferent between taking action and not. We think that such a

policy lacks credibility and is unrealistic.
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c2—0;(0)
83(1)—363(0) "
formation policy (r,g) with rq > 0 that is incentive compatible and yields a higher

Proposition 6 Suppose that ¢ < Then there exists an imperfect in-

expected equilibrium payoff to the principal than perfect information r = (rp,ry) = 0.

We again observe the optimality of imperfect information. The policy (r, g) that
dominates perfect information in this case has r, = 0 and r, > 0, and advises az = 1
when 6, > « for some threshold «. Since r, = 0, this policy entails no wasted effort
on the part of the principal. The principal in this model wants to convince the
agent that w, = 1 in both states. When the technology r, and threshold « are
appropriately chosen, we can show that the probability P(6, > « | w, = 0) that the
agent takes action in state 0 is made sufficiently large compared with the probability
P(0; < a | wy = 1) that the agent takes no action in state 1. We are yet to see if

the optimal policy has imperfect information about both w), and w,.

8 Conclusion

In a model of information acquisition and disclosure, we show that endogenous
information about the risk of a shock may be imperfect when the agent may free
ride on the principal’s preparation efforts. For a shock with moderately high prior
probability, the principal prefers no information to perfect information. On the
other hand, for a shock with small prior probability, the principal prefers perfect
information to no information, but the optimal policy may entail a strictly positive
degree of imperfection. Specifically, we show that the full revelation of imperfect
information may outperform perfect information.

The model adopts an extreme assumption that a perfectly informative signal is
costlessly available to the principal. Of course, positive cost of information acquisi-
tion only reinforces the main conclusion of the paper. When acquisition of perfect
information is technologically infeasible, the relevant question is whether the opti-
mal information is less precise than what is technologically feasible. The answer
naturally depends on the parameters, but the basic intuition of the present analysis
continues to be valid.

The scientific assessment of a risk is often very difficult to communicate to non-
experts. Furthermore, it is often observed that individuals overreact to a small
probability risk in some cases, and undermine a moderately high probability risk in

other cases. In this sense, the biggest challenge for the sender of information may
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be to induce the right action from the receivers taking into account the imperfection
and bias in their information processing.'* Theoretical investigation into such a

process would be an interesting topic of future research.

Appendix

Proof of Proposition 4 Since 0 = (01,03) is an equilibrium under (r,g), we
have 01(0) =1 if

E, [ul(lag(e)) 1{w:1} | 9} —c >k, [ul(o’g(e)) 1{w:1} | o1,

or equivalently
{ur(1,9(6)) — w1(0,9(0))} Plw = 1] 0) > cr.

Since di > d} by assumption, o1(#) = 1 must hold if

pfi(6) S a
pfi(0)+ (1 —p)fo(0) = di’

which is equivalent to 6§ > 3. Likewise, we have o1() = 0 if § < 3°. We can also

Plw=1]|0)=

conclude from these that

0>p" = (01(0),9(9) € {(1,0),(1,1)}
0e(8,8") = (01(0),9(9)) € {(1,0),(0,1)} (11)
0<B = (01(0),9(9) € {(0,0),(0,1)}

We next show that there exists v € [3%, 31] such that g() = 0 for almost every
0 € (8°,v) and g(0) = 1 for almost every 6 € (v, 3'). The proofs for the existence
of o and ~y as stated in the theorem are almost identical and omitted.

Fix (r, g) such that r > 0. Let

By={0€R: g() =0}, and By ={0 € R: g(0) =1}.
We claim that if ¢ is optimal, then for any z € (8%, 8'),
P e (8% z)NBy)>0= P(0c (z,8") N By) =0. (12)

Intuitively, (12) states that when g advises as = 1 for some signal #, then it should

advise ag = 1 for almost every signal above 6.

4Gee, for example, Eggers and Fischhoff (2004) and Fischhoff (1994, 2011) for the discussion of

communication strategies when the receivers have limited capabilities.
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Suppose to the contrary that P(6 € (3°,2)NBy) > 0 but P(0 € (z, )N By) > 0
for some such . We will show that (r, g) is dominated by an alternative policy. Take
Dy C (8°,2) N By and Dy C (x,3') N By such that

POeDy|lw=0)=POe€D|w=0)>0. (13)
Define By and By by

315B1UDO\D1,
EoEB()UDl\D(),

and ¢ = (61, 035) and g by

(17 O) if 0 € D07
(9(0),61(0)) = (0,1) if € Dy,
(9(0),01(0)) otherwise.

In other words, (01,¢9) and (61, §) are switched on the sets Dy and D, but are the
same otherwise.
Since every element of Dy is larger than any element of D, the monotone like-
lihood ratio property implies that
POeDy|lw=1) >P(9€D1|w:1)
POeDy|w=0)" PlOeD|w=0)

We hence have
POeDy|lw=1)>PleD |w=1).

We now claim that
PO<pBw=1|0ecB)>PO<pLw=1|0cB),
Plw=1|0€eB)>Pw=1]|0¢c By),
PO>pLw=10cB)<PO>p w=1]60¢cB),
Plw=1|0eB)<PO>p w=1]|0¢€B).

(14)
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The first inequality in (14) holds because

PO < w=1]0€eB)
pP(0 € (=00, )N By |w=1)
P(0 € By)
pP(0 € (=00, )N (ByUDy\ Dy) | w=1)
P(0 € BiUDy\ Dy)

p{P(HG(—oo,ﬁl)ﬂBl lw=1)+P@ € Dy |w=1)— P € D; yw:1)}
P@ € By)+ P(0 € Dy) — P(0 € Dy)
pP(0 € (—o0, 4Y) N By |w:1)+p{P(9€DO|w:1)—P(0€D1 |w:1)}

P(0€B1)+p{P(6?eD0\w:l)—P(é?eDl\w:l)}
>PH<plw=1]|6¢cB),

where the last equality follows from (13). The derivation of the other inequalities in
(14) is similar. Together, these inequalities show that if (r, g) is incentive compatible,

then so is (r,g). To see this, note that (r, g) is incentive compatible if

BPO<pLw=1|0€B)+daPO>pw=1|0¢cB;)>co,
dIP(O < Bl,w=1|0€By)+diP(H > w=1|60¢€ By) < ¢y,

and that (r,¢) is incentive compatible if

PO < Bw=1|0€B)+diPO>pw=1]|60¢cB) > c,
AP0 < plw=1]0¢€ By)+diPH >, w=1|6¢ By < co.
If (14) holds, then
PlO<pLw=1]0eB)-PO<pB ,w=1|60¢cB)
+PO>pLw=1|0eB)-Pl>p ,w=1]|0¢cB)
=Plw=1]|0eB)—Plw=1]|0€B;)>0
Hence,
dg{P(0<51,w:1\0631)—P(0<51,w:1]0631)}
+d;{P(9>ﬁ1,w=1|9€E1)—P(9>ﬁ1,w=1|9631)}
>(dg—d;){P(9<ﬁl,w=1|9eB1)—P(9<ﬁl,w:1|9eBl)}

> 0.
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It follows that the first condition for the incentive compatibility of (r,g) implies
that of (r,g). Likewise, the second condition for the incentive compatibility of (r, g)
implies that of (r, §) under (14).

Note now that the principal’s payoff under (r,g) and o can be written as

m(o |r,9) =p|{umi(1,0) = 1 }P(9 € (8°,8") N By |w = 1)
+u(0,1)P(0 € (8% 8)NBy |w= 1)]
—(1=p)aP(@ e (8°,8)N By |w=0)
+ By [{u1(01(0), 9(0)) 1 =1y — c11(o,(0)=1} }Liog(a0,51)}] -
Since
P(0 € (8°8") N By |w=1)
=P e(BB)NBy|lw=1)+PO €D |w=1)—PO €Dy |w=1)
<P e (B,5)NBy|w=1),
PO (B, )NB |w=1)
=Pl e B)NBlw=1)+PO€EDy|w=1)—PO €D |w=1)
> P9 e (85N By |w=1),
P e (8°,6)N By |w=0)
=P e (B8)NBy|w=0)+ P €Dy |w=0)—P0 € Dy|w=0)
=P(0 e (8°,8)NBy|w=0),
the corresponding expression of 7(4 | r, §) implies that we have 71(o | r,g) < 71(6 |
r,g) when 0 < u1(1,0) — ¢; < u1(0,1).
We now show that (12) implies the existence of v as claimed in the proposition. If
P9 € (8°,2)NBy) > 0 for some x > 8°, then let v = inf {z: 2 > 3°, P(0 € (8°,2)N

B1) > 0}. By the definition of v, we have P(0 € (8°,v) N By) = lim,,_.o, P(f €
(8% v — 1)N By) = 0. Furthermore, by (12), we have

1
PO e (v+ =, YN By) =0 for every n=1,2,...
n

so that P(6 € (v, ') N By) = limy,.os P(0 € (v+2,8Y) N By) = 0. If P((8% )N
Bi1) = 0 for every z € (3°,3), then let v = °, and if P((8°,x) N By) > 0 for
every = € (8%, 8%), then let v = 3. In each case, hence, we can conclude that if g is
optimal, then there exists v € [3°, 3] such that g(#) = 1 for almost every § € (v, 3')
and g(#) = 0 for almost every 6 € (3°,v).
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Proof of Theorem 5 For o; and g specified in the theorem, we first verify that

(01,0%) is an equilibrium under (r, g) for any r» > 0: o7 is a best response to o} if
Eu[ur(1,9(0)) 1omy 10] = &1 < Bu[un(0,9(0)) Loy | 0] foro <8, (15)
and
By ur(1,9(0)) Lumry | 6] = e1 = Bufur(0,9(0) 1pumyy 6] for6 =8,  (16)
while 03 is a best response to oy if
Eup {Ua(ov 1) ipe(a,p)w=1} | 9(0) = 1] -
> FE,p [UQ(O,O) 1{pefa,8)w=1} | 9(0) = 1],
and
Eyy [W(L 0) 1¢pe(8,00)w=1} T 2(0,0) Lipe(—0o,a) =1} | 9(0) = 0]
> Eup {w(l, 1) 1oe(8,00)0=1} + 12(0, 1) L{pe(~o0,0) =1} | 9(0) = 0} —ca.

It is clear from (7) that (15) and (16) hold for 3 = 3!. Moreover, (17) and (18) hold
since g(#) =1 if and only if 6 € [«, 3), and by the definitions of o and [, we have

E.[uz(0,1) L=} | 0] — 2 > E.[us(0,0) Liw=1} | 0]
for every 6 € [a, ),
Eu.) -'UJ2(O; 1) ]-w:l} | 9- —C2 S Ew -u2(0’ 0) 1{W:1} | 9-

for every 0 € (—o0, a), and

By [ua(1,1) 1oy | 0] = ¢ < B, ua(1,0) 1y | 6]

for every 6 € [3, 00).
We now choose r and evaluate the principal’s equilibrium payoff under (r,g).

Let log denote the natural logarithm and e = 2.713... denote its base. Define

1 89
A= =log =2
5 og 51 > 0,
and take k > 1 such that
58>k A(1-Le2a) 0
2) >e, e z > = (19)
(5% pg — oY — o1
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where the second inequality is possible by (9). Define r > 0 by

().

and « and (§ as in the Theorem. By definition, we have

fo(B)  pdi 1
A 1o 1)
and Lk
1)
rg<§> & reg (22)

Under the assumption that ¢ has the standard normal distribution, it can also be
verified that

1 of 1 2 1 69
ﬂ:§—r2log%:§—%bgr, and a:§—r210g%:ﬂ—2)\r2.

The principal’s ex ante expected payoff from o = (01, 03) under (r, g) equals

mi(o|r,9) = Euyg [m(l, 0) Liu—1,0>8) — c1l{p>5

(23)
+ uq (0’ 1) 1{w:1,a§9€[a,ﬁ)} +up (0’ 0) 1{w:1,0<a} .
Now define
€)= —— (o | rg) - 79}
ci(1—p) ’ (24)

= vk {4 ~ SDF(B) — P (@)} 3} {1~ Fo(3)}

Hence, &(r) > 0 if and only if the principal’s equilibrium payoff 71 (o | , g) under
(r,g) strictly exceeds the level 79 = p{u(1,0) — c¢1} under perfect information. In

what follows, we show that

ab\"
g(r)>0forr< (5—é> , (25)
2
and that
h = lim 15(770) > 0, (26)
0 re Fy(B)
k
which would together imply that £(r) > 0 for 0 < r < (g—é) . In view of (22), this
2

would prove the theorem.
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Note first that the following inequalities hold under (19):

f1(B) — M2t glogn)} 5 A(1-gem ) o “7(1)’
fila - py — oY — 6
Fy

@ [ hO® _ fio) (21)
Fi(B) [P pe)de  H(8)

Differentiating &, we obtain

€'(r) = (1} = ) FL(B) — i Fi(e)
w8 =) (22 - e ()]
raten) ()

Using (27), we observe that

0 = DF) - iFle) = Fi(9) {u — 80 - i 1 |

> A {ut -0t - 1S
0 __ 50 o 51
> Fi(0) {u - of - =01

> 0.

On the other hand, since r < e~! for p < < by (20) and (22), we have
2

-1\ 1 1
- logr—1>_—
( r orz 087 - 2r%
-1\ -1\’
r r
B\ [(B-1\" 1
r) r r2
Using these as well as (21) and (27), we can evaluate &' as

¢'(p) = rfo(B)
1 1
g m-nen - iy

> ki 0)gty {ut - ot - ot - 2

> 0.
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This shows (25). To prove (26), we rewrite

£(r) :i 0 0 oF1(a) _1_FO(ﬁ)
riF(8) O { L ”1F1(ﬂ)} rtR(B)

Lemma 7, the definition of A, and (9) together imply that

. r 1 _
lim 715( ) = {u?—é?—,u?e )‘}—1

r—0 TEFl(ﬂ) - (5%
1 0 0 Ou?—é?—é%
>—5% {M1—51—M17M? —-1=0.

This completes the proof.

Lemma 7 P LR
lim 1,1"(@) _ 67)‘, lim ? O,r(ﬂ)
r—0 Fl,r(ﬁ) r—0 TEFl,T 5)

=1,

Proof. Note first that

lim 72 <é
r—0 r
g

28)
/ / (
limr2< _1):lirn7“2(a_1>:l
r—0 r r—0 r
We also have
2_,2
Jol@) _ i o5 i 02n) e, (29)
r—=0 fo(B) =0 r—0
and 2
B-1 /
_ B—1
F e 2r2 < )
i 18 _ - ’ = lim —— =0 (30)
=0 fi(B) 0 SR (;H) (571) r—01—f3
T

For the first equation, we have

Figa) o F(F f
71}—{% Fir(g; a 71}3% % " =0 7 <(g—1) (6_1>/

=12 —(a=1)? 72
=lim e 2r2

()
r—0 r2 (ﬁ—l)/
e

23—2—2)r2)

= lim e
r—0
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where the second equality follows from L’Hospital’s rule, and the next to the last

equality uses (28). For the second equation, we have by L’Hospital’s rule,

LI FRuB) 1)

0k FL(B) 0 e (2L

= lim —rfo(B) <g>/
O LR ) + () (52)
I 10

r—=0 1_1_1F(8) 141 (p-1 !
T O ( )

r

2 (@)'
R 1F1(8) _,_r;(ﬁl)'
k f1(8) T
1/2
e,
where the fourth equality follows from (21) and the fifth from (28), (29) and (30).

Proof of Proposition 6 For a € R, let (r,g9) and ¢ = (01,05) be such that
rp =0 and ry > 0, and
(1,1) if6,=1andb; > c,
(01(0),9(0)) = 4 (1,0) if6,=1and b, < a,
(0,0) otherwise.
Then the principal’s ex ante expected payoff under o and (r, g) is given by
mi(o|7,9)
= p[un(L1){aPl, = a |w, = 1)+ (1= )P, 2 a |w, = 0)
+u1(1,0){qP(6q <alwg=1)+(1—-qPO; <a|wy= 0)} — cl].
Hence
mi(o | r.g) =78 = pmi{=aP(0, < a|w, =1) + (1= )P0, = a | w, = 0)},
where m} = uy(1,1) — uy(1,0). Therefore, (r,g) dominates perfect information if

PlOg<alwg=1) 1—gq

Py > afws=0) q 81
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On the other hand, the agent’s incentive conditions are written as

P(w=(1,1) | g(0) =1) (1) + P(w = (1,0) | g(0) = 1)65(0) > c2,  (32)
when he receives the advice g(f) = 1, and

P(w=(1,1) | g(0) = 0)3(1) + P(w = (1,0) | g(0) = 0)63(0) <2, (33)

when he receives the advice g(d) = 0. Since qds(1) + (1 — ¢)63(0) < c2 by our
assumption on g, if (32) holds, then (33) must hold as well. Using

qP (0 > a | wg = 1)
qP(Og>a|lwg=1)+(1—-¢q)P ;> a|w;=0)

Plwg=1]60,>a)=

we can rewrite (32) as

P(6q2alwq:1)>1—q co — d3(0) (34)
Pll,>alw,=0) " q di(1)—co’
Now note that

PO, <alw,=1)
PO, > a|w,;=0)

. . 1
is increasing in r, and — 0 as r — 0 when o < >

and that

is decreasing in r, and — oo as r — 0.

Hence, if we let a@ < 1/2 and take r > 0 sufficiently small, then they satisfy both
(31) and (34).
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