The Value of Information in Stopping Problems”

Ehud Lehrer’ and Tao Wang?

November 12, 2023

Abstract

We consider stopping problems in which a decision maker (DM) faces an unknown state
of nature and decides sequentially whether to stop and take an irreversible action, or pay
a fee and obtain additional information. We discuss the value and quality of information.
The former is the maximal discounted expected total payment the DM can generate under
a history-dependent fee scheme. We show that among all history-dependent fee schemes,
the upfront fee scheme (as opposed, for instance, to pay-for-use) is optimal: it achieves the
value of information. The effects on the optimal strategy of obtaining information from a
more accurate source and of having a higher discount factor are distinct, as far as expected
stopping time and its distribution are concerned. However, these factors have a similar
effect in that they both enlarge the set of cases in which the optimal strategy prescribes

waiting.
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1 Introduction

Information plays a vital role in dynamic decision problems, particularly when a decision
maker (referred to as DM) confronts an unknown state of nature that directly impacts the
potential outcomes. To make improved decisions, a DM often finds it beneficial to delay
her action and gather information from a third-party information provider regarding the
uncertain state.

For instance, when an investor evaluates the potential investment in a high-risk project,
she may choose to enlist the services of a consulting firm to obtain sequential information
regarding the project’s profitability. The investor diligently gathers information until she
reaches a point of sufficient confidence to make a decisive move. Similarly, when a firm
contemplates introducing a new product to a specific market, it often faces uncertainty
about the tastes and preferences of the consumers in that market. In order to introduce the
most suitable type of product, the firm may pay to acquire consumer-level data from data
intermediaries like Oracle BlueKai over extended periods. This strategic step empowers
the firm to gain insights into the prospective consumers, thereby facilitating an informed
decision-making process.

With the rapid advancement of the digital economy, information transactions have
gained significant prominence. In practice, there are various well-established methods
for pricing sequential information provision. One commonly employed approach involves
charging a fixed amount for each period in which the DM opts to acquire information.
In certain scenarios, particularly when dealing with information derived from third-party
‘cookies’, this pricing scheme is commonly referred to as the ‘per mille’ scheme.!

Another commonly employed approach to charge for information provision is by im-
plementing an upfront fee structure. This method entails the DM paying a predetermined
fee, such as subscription fees for magazines or access to private databases, granting the
DM the right to access information for a specific duration. This pricing scheme is some-
times referred to as the ‘per stamp’ scheme. In a broader context, the information provider
may adjust the fee over time, either gradually increasing or decreasing it. Additionally,
the fee can be contingent upon the past history of information provided, further adding
complexity to the pricing structure.

Given these diverse fee schemes in dynamic decision problems, a natural and intriguing

question arises: How should the information provider optimally charge for sequential

1See Bergemann & Bonatti (2015) for a discussion on the demand and pricing of ‘cookies’.



information provision? In other words, which fee scheme, among all the history-dependent
options, can maximize the information provider’s discounted expected total payoft?

To delve into this question, we consider a class of stopping problems in which a DM
is facing an unknown state of nature with direct implications for payoffs. At each period,
based on the available information, the DM must choose whether to stop and take an
irreversible immediate action (e.g., make an investment decision or pursue an alternative
option) to obtain an expected stopping payoff, or to postpone the decision and seek
additional information from an information provider.

We assume that information, in the form of noisy signals, is sequentially and indepen-
dently generated, conditional on the underlying state of nature. The information structure
is known, and the information provider is not strategic in terms of determining the in-
formation provided. However, the information provider does exhibit strategic behavior
in setting fees. Specifically, we allow the fees that a DM pays each time she chooses to
acquire information to be contingent upon the past history of signals, creating a dynamic
and potentially history-dependent fee structure. By considering these factors, we aim to
shed light on the optimal fee scheme for sequential information provision that maximizes
the information provider’s discounted expected payoff.2

Once the DM chooses to stop and take action, the decision process is finalized, and
subsequent information is no longer sought. Alternatively, if the DM opts to continue
waiting for more information but exceeds the predetermined termination date (say, the
deadline of an investment project), the decision process is also considered complete, and
a decision must be made based on the available information at that point.

Note that each history-dependent fee scheme induces a discounted expected total pay-
ment that could be collected from the DM when the DM adopts an optimal stopping
strategy corresponding to the fee scheme. We define the value of an information struc-
ture as the highest achievable discounted total expected payment. We characterize the
history-dependent fee scheme that will maximize the discounted expected revenue of the
information provider, or equivalently, the one that achieves the value of the information

structure.

2 Alternatively, one can imagine a fee scheme that specifies how much to pay to get information each
time depending on the posterior belief reported by the DM in that period, rather than on the history
of past signals. Since given a prior belief, a history of signals uniquely determines a posterior belief, the
signal history contains more information than the posterior belief. Therefore, the set of history-dependent
fee schemes is richer than the set of belief-based fee schemes. Another potential problem with the belief-
based fee scheme is that the DM may have an incentive to misreport her posterior belief in an attempt
to minimize the fees paid to the information provider.



Our first main result shows that the widely used upfront fee scheme is optimal for the
information provider in the sense that it achieves the highest discounted expected total
payoff. Under this scheme, the DM pays a lump sum at the beginning and pays no flow
costs during the course of the decision making process. The upfront fee, which equals the
value of the information structure, makes the DM indifferent between making decisions
without getting any additional information and paying the fee to get free information for
the rest of the decision process.

To elucidate the cause of this result, consider a fee scheme with positive flow costs.
When the DM decides whether to pay and acquire information in a given period, she
has to weigh the expected benefits of additional information (which will better acquaint
her with the prevailing state thus allowing for more accurate decisions) and the entire
future costs that she expects to incur. It is possible that a relatively large future flow
costs would deter the DM from acquiring information in earlier stages and force her to
stop prematurely. This effect might reduce the DM’s discounted expected payoff, because,
in the absence of an accurate knowledge of the prevailing state, her action may be sub-
optimal. In contrast, the upfront fee scheme allows the DM to obtain more information
before stopping, hence generating the maximal discounted expected gross payoff for the
DM. The information provider can reap the benefit by adjusting the upfront fee.

It is important to highlight that the upfront fee scheme, although commonly used, is
not the only fee scheme that can achieve the maximum discounted expected total payoff
for the information provider. Example 1 serves as a demonstration that alternative fee
schemes can be constructed to yield the same payoff for the information provider as the
optimal upfront fee scheme.

It should also be noted that from the information provider’s perspective, the optimality
of the upfront fee holds when the information provider’s discount factor is no greater
than the DM’s discount factor. However, when the information provider adopts a strictly
greater discount factor, the upfront fee scheme is no longer optimal for the information
provider. In this case, both players benefit from trading payoffs over time, and the optimal
fee scheme for the information provider involves charging a lump sum and sufficiently
delaying the payment time.

The second objective is to investigate how the information quality affects the DM’s
optimal strategies. When faced with a dynamic decision problem, different DMs exhibit
significantly different behaviors even when they share very similar utility functions and

payoffs, and hence similar risk attitudes. Some are more decisive and tend to make deci-



sions quickly once their beliefs reach some favorable level, while others are more patient,
and prefer to defer their decisions. The classical economic explanation is that different
DMs have different time preferences. The more patient individuals have higher discount
factors, which implies that the cost of waiting is lower. We examine the effect of infor-
mation quality on DM’s waiting behavior and highlight the similarities and distinctions
with the effect of a greater discount factor.

To this end, consider two information structures S and T', where .S is more informative
than 7" in the sense of Blackwell. We show that in every period, waiting is optimal for
the DM under a larger set of beliefs when she receives information from S. This effect is
shared also by having a greater discount factor, namely being more patient. However, in
terms of the expected stopping time and its distribution, better information has effects
that are distinct from those of a greater discount factor. A greater discount factor induces
a first-order stochastically dominating stopping time distribution, hence it implies a longer
expected stopping time. In contrast, the effect of better information is ambiguous. On
the one hand, the larger waiting sets under a Blackwell-dominating information structure
S tends to prolong the waiting process. On the other hand, signals generated from S,
being more informative, lead to a faster belief updating. The latter effect tends to be more
pronounced when the belief is bounded further away from the optimal stopping sets. We
demonstrate that, in general, a Blackwell-dominating information structure yields neither
a first-order, nor a second-order stochastically dominating stopping time distribution.

Our paper is related to a large literature on learning and sequential decision making
under payoff-relevant uncertainty initiated by Wald (1945), Wald (1947). Early works
focus on the “option value” generated by maintaining the choice to “wait and see” open
in various of economic applications (for example, Arrow & Fisher, 1974; Cukierman, 1980;
Pindyck, 1991; Demers, 1991; Chetty, 2007 among many others). In these papers, the
information that arrives sequentially is generated exogenously. This strand of literature
is extended in several directions. Moscarini & Smith (2001) endogenize the choice of
signal precision. Moscarini & Smith (2002) obtain a complete order of the experiments
as the sample size is sufficiently large. Che & Mierendorff (2019), Liang et al. (2019) and
Mayskaya (2019) consider the sequential choice of information sources. Morris & Strack
(2019) establish a one-to-one correspondence between the ex ante cost function and the
dynamic flow cost (both are functions of beliefs) in the sequential sampling problem. They
also show that the former equals the expected change of the log-likelihood ratio. In all

listed papers, the waiting costs or information acquisition costs are given exogenously. In



our paper, by contrast, we treat such costs as endogenous and characterize the optimal
history-dependent cost structure for the information provider that extracts the maximal
discounted expected total payment from a DM.

Our paper is also related to the literature on the value and cost of information. Gilboa
& Lehrer (1991) identify necessary and sufficient conditions for a function over partitions
of the state space to be a value of information function. The analysis is extended fur-
ther to stochastic information structures in Azrieli & Lehrer (2008). Cabrales et al. (2013)
identify a wide class of utility functions and investment problems where information struc-
tures can be ordered completely by the decrease in entropy of the DM’s beliefs. De Lara &
Gossner (2017) investigate the duality between decisions and preference on the one hand,
and the value function on the other. More recently, Frankel & Kamenica (2019) develop
axiomatic characterizations for functions that are valid (ex post) measures of information
and uncertainty. These authors provide conditions under which the expected reduction
in uncertainty equals the expected amount of information generated. In addition, they
examine sequential information provision. The information provider is endowed with a
given information structure in each period and will eventually reveal all information to the
DM, but the information provider can decide whether to delay the arrival of information
or hide information. Their focus is to characterize the history-dependent information cost
functions under which the information provider has no incentive to hide or delay infor-
mation. But unlike our paper, the authors do not consider the DM’s stopping decisions.
Bloedel & Zhong (2020) consider DMs who choose experiments sequentially to minimize a
direct cost function under the constraint that the sequentially acquired information is at
least as informative as a target level. They adopt an axiomatic approach and characterize
the cost functions that are sequentially learning-proof. By contrast, our paper focuses on
the optimal cost function that maximizes DMs’ willingness to pay in a class of stopping
problems.

In addition, there is a related strand of literature which focuses on the optimal way to
price and sell information. For instance, in Bergemann & Bonatti (2015), a monopolistic
data provider sells individual-level match value data (cookies) to advertisers. The authors
study the optimal linear pricing of cookies. In comparison, we consider a much larger set
of fee schemes, including history-dependent ones. Babaioff et al. (2012), Bergemann
et al. (2018) study optimal ways to sell information when there are either incomplete
information on the side of the information buyer or the information seller. Specifically, in

Bergemann et al. (2018), a data buyer has private information about an unknown state



of nature, an information seller maximizes the expected revenue by designing a menu of
information structures (which may include the fully informative one) and setting a price
for each of them (i.e., the price does not depend on signal realization). They show that,
in general, the optimal menu contains both partially distorted information structures and
the fully informative one. In our paper, unlike Bergemann et al. (2018), the information
provider is endowed with a given information structure and we consider fee schemes that
depends on past histories of signals. Babaioff et al. (2012) studies the optimal selling
mechanism in an environment in which both information seller and information buyer
have private information (or types), the joint distribution of which is known. The buyer’s
payoff depends on both players’ types as well as the buyer’s own action. In our approach,
there are no private types, and the DM’s payoff depends on an unknown state. Besides,
the DM chooses when to stop the information acquisition process, rather than sending
messages of private type, as in Babaioff et al. (2012).

The paper is organized as follows. Section 2 sets up the model. Section 3 characterizes
the optimal history-dependent fee scheme for the information provider that achieves the
value of a given information structure. In Section 4, we investigate the effects of informa-
tion quality on the optimal strategies and the stopping time. Section 5 concludes. Other

omitted proofs can be found in the appendix.

2 The Decision Problem

A DM faces a stopping problem with decision horizon N, N € NU {+oc}, and a time-
invariant payoff-relevant state of nature 6, § € © = {04,605,...,0,,}, m > 2. Denote a
generic period by n, n = 0,1,..., N, and let py € A® be the prior belief, where AO is
the space of all probability distributions over ©. The DM decides sequentially among the
following two options: (i) stop immediately and take an action to collect the expected
stopping payoff; (ii) wait and acquire information about # from a known information
source (henceforth referred to as information acquisition). Assume the stopping decisions
are irrevocable.

If the DM chooses to stop, her stopping payoff will be wu(a,#), where a is an action
that belongs to a compact action set A. In particular, A may contain the action to forsake
the decision problem and get the payoff of an outside option, which is normalized to 0.
Assume the payoff function u(a,#) is bounded and continuous in a, for every 6. If the

DM waits beyond the termination period, we assume that she receives the payoff of the



outside option.

If in period n, n =0, ..., N — 1, the DM chooses to acquire information for at least one
more period, she would receive a noisy signal s about the state at period n + 1 generated
by a known stochastic information structure S characterized by fy(s), # € ©. Based
on the noisy signal s obtained, the DM updates her belief, and decides again in period
n + 1 whether to stop, wait, or acquire information. Assume the signals are independent
conditional on the state. This sequential decision process continues until either the DM
stops or waits beyond the termination period N. Assume the DM discounts future payoffs
by a fixed discount factor 4, & € (0, 1].

Cost of Information. Information is usually obtained with a cost. The cost to get
a signal could depend on the history of past signals obtained by the DM. Let h, be a
history of signals of length n and let H,, be the collection of all length-n histories. Denote
Hy = (Uivzl Hn) U{@} as the set of all histories, where & represents the null history.

For a given prior belief pg, the cost of acquiring information from the information
structure is represented by a fee scheme ¢ : Hy — R, that specifies a fee to be paid
for each possible history.® Since for a fixed prior belief a history uniquely determines the
posterior, history-dependent fee functions are more general than belief-based fee schemes.
Notice that ¢(h,) is not the cumulative expenditure, but rather the amount to be paid in
period n given a history h,. For instance, in one special case, ¢(@) > 0, while ¢(h,) = 0
for all h,, € Hy\{@}. This corresponds to the upfront fee scheme, in which the DM only
needs to pay a lump sum ¢(@) in period 0 to access all future information. In another
special case, ¢(@) = 0, while ¢(h,) = ¢ > 0 for all h,, € Hy\{@}. This represents the
flat-rate fee scheme.

Value Functions and Stopping Strategies. Fix a prior belief pg, an information
structure S, and a fee function c(+). If the DM holds belief 11, 1 = (g)geo,* in a certain
period, then her maximal expected stopping payoff is (when the action set A includes the

action to forsake the problem and get the outside option, 7(x) is non-negative)

m(p) = max > u(a,0)p;
USS]

and if she acquires information, she would receive the discounted expected continuation

3If the signal space S has K — 1 elements, then a fee function ¢ can be represented by a point in Rf,
where Z =1+ K +--- + KN = ﬁ(KJ\H'l—l).
“Here p is treated as a row vector.



value minus the discounted expected fee to be paid next period. Formally, let V.V (u; h,,)
be the period-n value function given a history h,,. The dependence on h,, is due to the
fee function. The discounted continuation payoff, if the DM acquires information, is
6 [E (VA1 (11(8); P15 b)) — E(c(huia) |15 hiy) ], where expectations are with respect to
the signal s to be obtained in period n + 1, and u(s) is the posterior belief after getting

signal s. Hence, the period-n value function V. (y; h,) can be written as

V.V (115 s ) = max {W(u), 8 [E (Vi (1(8); B |13 ) — B(e(hngn) | 155 Fon) ] } (1)

Conditional on each history h,, the optimal stopping and information acquisition
strategies in period n, 1 < n < N—1, are determined by the comparison of the two terms in
the expression of the value function. We therefore define the stopping set, and information
acquisition set following a history h, as EX(h,) == {pu € AO| VN(u;hy) = m(p)}, and
AN (hy,) := AG\EX (h,), respectively.

3 The Optimal Fee Scheme

The purpose of this section is to study the optimal history-dependent fee scheme from
the perspective of the information provider and derive the value of a given information
structure in the stopping problem described in Section 2. In the literature that studies
sequential decision problems, the cost to get information each time is given exogenously.
Here, the cost is endogenous. We know that each history-dependent fee scheme induces
a sequence of optimal stopping and information acquisition strategies. Using the optimal
strategies, one can calculate the discounted expected amount of money to be collected
from the DM during the decision making process. We define the maximal total discounted
expected payment as the “value” of a given information structure. Essentially, we have
an interaction between the information provider (“he”) and the DM (“she”): in period
0, the information provider chooses a history-dependent fee scheme ¢ and commits to it,
and then the DM decides whether to take it or leave it. Assume the information provider
is non-strategic regarding what information to provide. We consider the case in which the
DM and the information provider adopt the same discount factor §. In Subsection 3.1,
we discuss what happens when their discount factors are different.

If the DM declines the fee scheme proposed by the information provider (for instance,

due to a sufficiently pessimistic/optimistic prior belief, forbiddingly high fees), then she



just relies on her prior belief 1o and chooses an action in A to get expected payoff 7(jug).”
But if the DM accepts the fee scheme, then she pays an upfront fee ¢(@), if any, and waits
at least one period. Therefore, the discounted expected continuation payoff if the DM
accepts the fee scheme is & [E (Vi (uo(s); ha; ¢)|po; @) — E(c(h1)|po; @)] — ¢(2). Hence
the period-0 value function can be written as:

V¥ (1105 25 ¢) = max {m(110), 8 [E (V¥ (to(); b ) 1t0; ) — Eeln)|1o; 2)] = ()} (2)

The period-1 value function V¥ (-) satisfies Eq. (1).

The DM will accept a fee scheme c(+) if the value function Vi (uo; @; ¢) is greater than
her expected stopping payoff when she declines the fee scheme. Formally, fix a stopping
problem with a prior belief pg, define

Cluo) = {c: Hy = Ry | Vi¥ (1o @3 ¢) > 7(p0) } - (3)

The set C'(pp) consists of all those fee schemes under which the DM with prior belief 1
strictly prefers to accept the fee scheme and acquire information. The set C'(ug) may be
empty, for instance, when the prior belief is either highly pessimistic/optimistic. In what
follows, we focus on the non-trivial case in which C'(u) is not empty. Note that C(u)
is typically unbounded. For instance, consider a fee scheme that charges a very small
amount in the first few periods and a huge amount in later periods.

Our objective is to characterize the fee scheme that maximizes the information
provider’s discounted expected total payoff. Fix a fee scheme ¢, ¢ € C(pp). Note that a
fee is generated only when the DM chooses to acquire information. Therefore, by using
the optimal information acquisition sets {AY (hy;¢)}n,em, 0<n<n, one can calculate the
discounted expected total fee p(uo;c) that the DM expects to incur ex ante in order to
get information from the information structure S. Formally, for a history h,, denote its
predecessor with length m by h,, ,, 0 < m < n. The discounted expected total fee being
incurred up to time N is

N07 Z Z 5” h |'U’0) IL{Lbo(hn m)EAN (hn m;c), Ym<n}- (4>

n=0 h,€Hy,

5Since the state of nature is time-invariant, if the DM chooses not to get information, her belief would
remain the same. Due to discounting, the DM will not delay her action.



The term P (hy,|uo) is the probability of observing a history h,, given a prior belief pq.
Notice that a fee c(h,,) is paid at period n when the DM chooses to acquire information
at period n — 1, after observing the predecessor h,, ,—i. Section 3.1 contains a discussion

of more general payment timing.

Definition 1 Given a stopping problem and a prior belief jg, the value of an information

structure S is

p*(1o) == sup p(po;c).
c€C(po)

For fee schemes outside the set C'(ug), since the DM can always choose not to get any
information, she will base her decision solely on the prior belief, so we have p(uo;c) = 0.
To proceed, we first state the following lemma that decomposes the value function.
We use the notation “0” to denote the zero fee scheme, i.e., the one that charges zero fee

following every history.

Lemma 1 The period-0 value function under a given fee scheme ¢ € C(ug) can be de-

composed as
Ve (103 @5 ¢) = V" (03 230) — plpaos ), (5)

where f/ON(MO; @;0) is the discounted expected payoff when the DM faces the fee scheme

0, but follows the optimal strategqy corresponding to the fee scheme c.

Lemma 1 says that the value the DM can expect at the beginning of the decision
problem when facing a fee function ¢ can be expressed as the expected gross payoff minus
the discounted expected total costs. The proof is straightforward and is relegated to the
Appendix.

The information provider faces the following trade-off. On the one hand, charging a
high fee following each history has the benefit of increasing his own immediate profit, but it
might deter the DM from acquiring more information. On the other hand, charging a low
fee following each history has the advantage of encouraging the DM to acquire information
more frequently. The following result clarifies the dilemma and characterizes the structure
of the optimal fee scheme for the information provider. The following theorem, which is the
main result of the paper, derives the value of an information structure and characterizes

the optimal fee scheme.

Theorem 1 Given any information structure S and a prior belief ug € AO©, we have
p* (o) = V¥ (1o; 9;0) — m(po). Thus, the value can be achieved via the fee scheme that
only charges an upfront fee equal to V¥ (po; 2;0) — m(po).

10



Proof. First observe that Vi¥(uo;@;0) < V{¥(uo;@;0). Indeed, by definition,
VY (110; @;0) is the mazimal discounted payoff that the DM can expect under fee function
0, whereas VON (10; 2;0) is the discounted expected payoff when the DM faces the fee
function 0, but follows the optimal strategy corresponding to the fee function c.

Now let ¢o(po) := Vi (po; @;0) — m(po), which is the maximal upfront fee that can be
imposed. Take any ¢ € C(pp). We show that ¢(ug) > p(io;c). Using Lemma 1 and the
definition of the set C'(uo) (see Eq. (3)), we have

(ko) < VoY (po; @3 ¢) = Vi (0; ;0) — plpuos ). (6)

Using the definition of ¢(u) and rearranging the terms, we obtain

(o) = Vi (103 @:0) — ©(40). (7)

Egs. (6) and (7) yield

V¥ (110; 2;0) — p(po; €) > Vi (1o; @50) — (o),

which in conjunction with the fact that VN (10; @;0) < V¥ (p0; @;0) implies that
o) = plpo; ) > Vy¥ (110 2;0) = Vi (10 2;0) > 0.

Since this inequality holds for every ¢ € Cf(uo), we conclude that ¢(pg) >
SUDcec (o) P(10; ¢) = p*(po). This completes the proof. n

To understand the reason behind this result, consider a fee function that charges a
non-negative amount following every history. Each time the DM decides whether to stop
or acquire information, she balances the expected benefit from additional information and
the expected cost. Additional information is always beneficial in this environment, since
on expectation belief is updated to the right direction, which helps the DM to make more
accurate decisions. However, the presence of positive flow fees may deter the DM from
getting more information and leads to earlier stopping. Hence, upon stopping, the DM
may not know the prevailing state sufficiently well as she would were she to wait longer
and acquire more information. Consequently, on average, the action taken upon stopping
tends to be further away from the optimal action under the true state. This is inefficient

and it leads to a lower discounted expected gross payoff for the DM. In comparison,

11



under the upfront fee scheme, the DM faces no cost consideration during the course of
the decision making process. Hence the maximal discounted expected gross payoff can be
achieved. The information provider then reaps the benefit of greater discounted expected
gross payoff by charging a higher upfront fee.

From the discussion above, it is also clear that the upfront fee ¢(1) not only equals
the value of the information structure, but is also the maximal welfare of the two play-
ers. Sometimes, the information provider may charge an upfront fee less than o (ug), for
instance, due to the extra bargaining power of the DM. But as long as the upfront fee

scheme is used, there is no welfare loss.

Remark 1. It is worth emphasizing that the upfront fee scheme is not the only one
that achieves the value of an information structure S. In fact, there exist alternative fee
schemes that can achieve the same value. The following example demonstrates some of
these fee schemes, showcasing that multiple approaches can lead to the optimal payoft for

the information provider.

Example 1. Consider a fee scheme, denoted as ¢(+), that imposes a positive fee following
every history hy, while not charging any fee for other histories. Specifically, we set ¢(&) =
0 and ¢(h,) = 0 for n > 1. Furthermore, the discounted expected period-1 fees under
this fee scheme is equal to the value of the information structure, i.e., 0E(c(hy)|po; @) =
p (o) = V5" (1o; @;0) — 7 (pao).

We now examine the period-1 value function, denoted as V¥ (uo(s); hy;c), under this
fee scheme, for a given history h;. Since this scheme does not impose any additional fees
beyond period-1, it implies that there is no distortion in the decision maker’s optimal
strategies from period-1 onwards. As a result, we can assert that VN (uo(s);hi;c) =
VN (po(s); hi;0), where the latter represents the period-1 value function under the zero
fee scheme 0. By referring to Eq. (2), we can conclude that the period-0 value function

under ¢(-) can be expressed as follows:
Vo' (1o; @5 ¢) = max {7 (po), S[E(V;™ (110(5); h13 0)| o; @) — Ee(n)|p1o; 2)] } -

In period-0, the DM will accept the fee scheme ¢(-) if the discounted continuation
payoff is greater than the stopping payoff m(ug). This condition can be expressed as
SIE(VN (10(5); h1;0)|po; @) —m (o) > 0E(c(hy)|po; @). Note that under the zero fee scheme
0, the period-0 value function is given by V¥ (uo; 2;0) = SE(VN (10(8); h1;0)|uo; @).
Therefore, when the fee scheme c(-) satisfies dE(c(hy)|po; @) = Vi (110; 9;0) — 7(110), the

12



DM will accept the fee scheme and choose to acquire information at least once. Conse-
quently, we can conclude that the fee scheme ¢(-) also achieves the value of the information
structure S and is therefore optimal for the information provider.

However, it is important to note that other similar fee schemes, wherein ¢(hy) > 0 for
a specific period k (where k > 2) and ¢(h,,) = 0 for n # k, are typically not optimal. This
is due to the possibility that the DM may choose to stop acquiring information before
reaching period k, resulting in her not paying the fee specified by the fee scheme. In
such cases, the DM’s decision to stop acquiring information earlier than period k leads to
a suboptimal outcome, as the fee scheme fails to capture the full potential value of the
information. Therefore, fee schemes with non-zero fees for specific periods may not be

optimal strategies for the information provider. |

Another important property is that the optimality of the upfront fee scheme does
not depend on the information structure under consideration. Thus, regardless of the
information structure, the value can be achieved via this scheme. Also, Theorem 1 is not
driven by the assumption that future payoffs are discounted. In fact, even when payofts
are undiscounted, the result still holds.

At first glance, the optimality of the upfront fee scheme in our paper appears to be
similar to the following well-known result on the principal-agent problem (both when
the agent’s action is observable and unobservable). When the agent is risk neutral, the
principal (information provider) can achieve the first best by “selling the project to the
agent” for a fixed price (the upfront fee) and make the agent (DM) the residual claimant.
In the principal-agent problem, the agent would incur greater disutility when taking an
action that benefits the principal more. The driving force of the result is risk sharing:
The optimal compensation scheme should balance between risk sharing and incentives.
While the former ensures that the agent’s wage payment does not depend heavily on the
outcome, the latter awards/punishes the agent for good/bad outcomes. When the agent
is risk neutral, the risk sharing concerns disappear and the agent does not mind bearing
all the output risk, hence selling the project upfront to the agent is efficient. The rationale
is different from that of our paper. In our setup, the DM benefits from knowing the state
better, and the optimality of upfront fee stems from distortion considerations related to
the stopping strategy. The upfront fee scheme induces the DM to wait longer and make

more precise decisions.
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3.1 Extensions

Different Discount Factors. So far we assumed that the information provider and
the DM share a common discount factor. One may wonder what happens when they
discount their future payoffs differently, in particular, whether the upfront fee scheme is
still optimal for the information provider and whether the value of information remains
the same. Let dpy and drp be the discount factors of the DM and the information provider
(IP), respectively.

Suppose that dpy > dp. Note that the maximal upfront fee ¢(ug) = Vi (10; 2;0) —
7(uo) depends only on the DM’s discount factor. So regardless of the information
provider’s discount factor, ¢(p) is the same. Now fix a fee function ¢, and let ppyr, prp
be the discounted expected total fees calculated using discount factors dpy, drp, respec-
tively, as in Eq. (4). Since the DM’s optimal strategies are unaffected by the information
provider’s discount factor, dpy > drp implies that ppy > prp for every fee function. We
therefore conclude that when dpy > d1p, the upfront fee ¢(pug) is still optimal for the
information provider.

But when dpy < dp, imposing the upfront fee ¢(pg) is no longer optimal for the
information provider. To see this, consider a problem with a fixed decision horizon N.
Assume that ¢(ug) > 0. Suppose the information provider only charges a fixed amount ¢
in period K if the DM chooses to acquire information, regardless of the realized history
of signals (alternatively, one can interpret ¢ as an “upfront fee”, but paid with a K-
period delay). Choose K arlld ¢ such that 65,0 < ¢(uo) and that 65¢ > ¢(ug), or

equivalently, dpy < <%> “ < 6. The first inequality ensures that it is optimal for

the DM to accept the fee scheme and acquire information, the second one guarantees a
strictly higher discounted expected payoff for the information provider than the upfront
fee (o). Clearly, for given values of dpy;, drp and ¢(p), one can always find ¢ and K
such that the inequalities are satisfied.

Since the upfront fee is no longer optimal, the natural questions are what is the
optimal fee scheme for the information provider when dpy < d1p, and what is the maximal
discounted expected total fee that can be collected? To proceed, note that a fixed payment
with a payment delay is a natural candidate for the optimal fee scheme. This is because
such a payment scheme does not lead to distortions in the DM’s optimal stopping and
waiting strategies.

Now let us consider the optimal fixed payment with delay and the maximal discounted
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expected total fee. The information provider’s problem becomes

K
max o
nax ofjo

)

s.b. 0hue < @(ko),
KeN,, ¢>0.

For the optimal solution, the constraint must bind, otherwise, one can increase the
objective function by increasing ¢. The optimization problem is then equivalent to
maxXgen, ((gj‘—;)Kgo(uo). Since dp > dpy, the solution is unbounded, implying that
the information provider can achieve an arbitrarily large profit by delaying the payment
and adjusting the fixed payment accordingly. However, in practice, payments cannot be
delayed forever. If we impose a bound K on the payment date, then the optimal solu-
tion involves setting K = K and ¢ = ¢(u)/05,. Since the information provider cares
more about future payoffs and the DM cares more about the early payoffs, both players
benefit from trading payoffs over time.® Like the upfront fee, the pre-agreed lump sum
payment with delay guarantees that the DM’s stopping strategies are undistorted, so that
the information provider can reap the benefit of the DM making accurate decisions.

To summarize, in terms of policy implications, our results suggest that when the
discount factor of the information provider is no greater than that of the DM, charging a
lump sum payment at the beginning is optimal. However, when the information provider’s
discount factor is greater, then he should delay the payment as much as possible and adjust

the amount of payment at due date accordingly.

Timing of Payments. The previous analysis assumes that if the DM chooses to
acquire information in period n, then the fee is paid in period n + 1 (see Eq. (1) and Eq.
(4)). A natural question is what happens if the payment is made immediately after the
information acquisition decision is made and the signal is generated.” In this case, for a

fee scheme ¢ € C(py), the value function when n > 1 takes the form

Vo (s ) = max {m (), 6B (V1 (11(8); P 185 1) — B2 hn) -

6The situation in which players have different discount factors is also studied in the repeated games
literature, see, e.g., Lehrer & Pauzner (1999).

"Here, to be more precise, we assume that a signal is generated in period n if the DM chooses to
acquire information in that period, and the DM makes payment immediately. Then in period n + 1, the
DM decides again whether to stop or acquire additional information with belief u(s).
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Note that since the payment is made at a different time as before, the value functions are

different as well. The discounted expected total payment equals

N
p(poic) = c(@) + Y > 6" e(hn)P (hnl110) Lo ) €A (i), Vimcn)-

n=1 h,€H,

These expressions clearly show that a fee scheme ¢(h,,) with no payment delay is equivalent
to the fee scheme %c(hn) when the payment is made in the next period, as in our previous
analysis. Therefore, the upfront fee scheme remains optimal in this case.

More generally, we may consider other possible payment timing schemes, for instance,
by allowing the payment to be delayed by a pre-determined number of periods. But each
such payment scheme is equivalent to a payment scheme with no delay, so Theorem 1

remains valid and the value of the information structure is the same.

Choosing How Much Information to Acquire. In the previous analysis, a signal is
generated from the information structure every period, and the DM decides sequentially
whether to pay for the signal or not. However, in many situations, the DM may also
decide how much information to acquire (as in, for instance, Frankel & Kamenica, 2019;
Bloedel & Zhong, 2020; and Moscarini & Smith, 2001).

To capture this feature, suppose that the information provider is endowed with a
known information structure .S, which can generate at most K conditionally independent
signals per period. We assume that due to limited resources, the information provider
can generate at most L conditionally independent signals from S during the entire deci-
sion horizon. The DM chooses how many signals to purchase each time, subject to the
constraints that the number of signals purchased each period does not exceed K, and
the total number of signals purchased does not exceed the quota L.® The information
provider sets a fee scheme c(h,) that depends on the history of past signals. Note that
a history contains information on the number of signals purchased in the past as well as

signal realizations.
Let ¢, < K be the number of signals the DM chooses to acquire in period n. Fix a

8Moscarini & Smith (2001) consider a similar problem (with no constraint on the total number of
signals) when the DM faces a convex cost function, which is increasing in the number of signals acquired.
Their objective is to characterize the optimal information acquisition strategy. They show that the
optimal number of signals grows in the Bellman value prior to stopping and acting. In contrast, we focus
on the optimal fee scheme and the value of information structure.
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fee scheme ¢ and a history h,,. Then the period-n value function can be written as

ViV (i) = max {r(e), max OB (VN (1, 50, ): o) 13 o) = Bl 1 )] -

The history h,1 contains the realization of the ¢, signals s, ..., s, , and the expectations
are taken with respect to signals sy, ...,s,,. Using this recursive equation, one can show
that the similar decomposition of value function (Eq. (5)) still holds, i.e., V{¥ (u0; 9; ¢) =
VN (110; @;0) — p(po;¢). But here VN (uo; @;0) is the DM’s discounted expected gross
payoff when she adopts the optimal information acquisition strategy (i.e., the choice of
¢,,) and stopping strategy corresponding to the fee function ¢, and p(po; ¢) is the discounted
expected total cost as defined in Eq. (4). Applying the same argument in the proof of
Theorem 1, we conclude that the upfront fee scheme remains optimal. The result implies
that when the state of nature is time-invariant, it is optimal for the DM to get as much
signals as possible at the beginning. However, when the state of nature evolves over
time instead of being time-invariant, the DM may benefit from postponing information

acquisition. Example 2 is an illustration.

Markovian State of Nature. Suppose the state of nature 6 evolves according to a
known Markov chain 7 = (7;;); jef1,..,m}, Where 7;; is the probability that the state changes
from 0; to 0;. Each period, in addition to the options to stop or to acquire information, the
DM can wait without acquiring information (referred to wait henceforth). The DM who
chose to wait previously can opt to acquire information in later periods. The option to wait
without acquiring information is relevant for two reasons: First, with a transition matrix
7, the belief may evolve gradually to a favorable one with sufficiently high probability,
even without additional information.? Second, acquiring extra information may be costly.

If the DM chooses to acquire information in period n, then she would receive a noisy

signal about the prevailing state in period n + 1.1° Based on the transition matrix 7 and

9Consider the mapping I' : A® — A®O defined by I'(1) = 7. This mapping captures the evolution
of belief based solely on the transition matrix 7. If all elements of 7 are strictly less than 1, then one can
show that I' is a contraction mapping. Hence, it has a unique fixed point p*, to which the belief process
(without addition information) will converge. Sometimes convergence can be achieved immediately. For
instance, if 7 = (9§ 92), then regardless of the prior, the belief next period will be (0.8,0.2).

10 Alternatively, one may assume that if the DM chooses to acquires information in period n, then
she gets a signal about the period-n state, instead of the period-(n + 1) state. But in period n + 1, the
state will evolve to a new one. Although under these two approaches the beliefs held in period n + 1 are
typically different, the qualitative results remain the same.
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the noisy signal s obtained, the DM updates, and her posterior belief is

. fo fo(s)
fis) == <Zé)’e® [L@/f&’(s)>ee@’

where i = (fig)gee = pu7 is the belief after accounting for the transition. Based on the

posterior belief fi(s) in period n + 1, the DM decides whether to stop, wait, or acquire
information.

We say that a history of signals is relevant to the DM, if it contains only the realized
signals when the DM chose to acquire information and not those when she chose to
wait (these signals are unobservable by the DM). The cost of information can be made
contingent on the history of signals that is relevant to the DM. We investigate the optimal
fee scheme that depend on histories relevant to the DM.

As in Section 3, the information provider sets a fee scheme ¢(+), the DM either takes
it or leaves it. With a Markovian state of nature, the DM’s maximal payoff if she rejects

the fee scheme would be

(i) := max {W(,uo), max 6”w(u07”)}.

ne{l,...,N}

If the DM accepts the fee scheme, her continuation value when she chooses to wait
is VN (fig; hy;c) — ¢(2), and her continuation value when she acquires information is
6 [E (VN (fo(s); hus )| po; @) — E(c(hi)|po; @)] — ¢(@). In this case, the perios-0 value

function is
Vi (o; 23 ¢) = max {T(so), 3V (fios ;) — (),
6 [B (V¥ (fi0(5); b ) 1105 ) — Eelhr)|o; 2)] — e(2) }.
For period n, n > 1, the value function can be written as follows:
V.V (145 hn; ) = max {W(#), SV, 4 (ft; hngs ©),

0 [E (anyi-l (ﬂ(s), Pngt; C)’,u; hn) - E(C(hn+1)|,u; hn)] }

The DM will accept a fee scheme c(+) if and only if Vi (ug; @; ¢) > (po). Fix a fee scheme
¢(+), using the expressions of the value functions, one can decompose the value function

VY (110; @5 ¢) in the same way as in Lemma 1. It follows from the similar argument as
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in the proof of Theorem 1 that imposing an upfront fee Vi (119; @;0) — I1(pp) is optimal
(assume that V{¥ (po; @;0) > T1(u), otherwise the information structure has value 0).
Compared to the time-invariant state case, the most important difference when the
state is Markovian is that the belief process is no longer a martingale.'! This difference
implies that the optimal information acquisition strategies when the state is Markovian
can be very different from that corresponding to time-invariant state of nature. The
following example demonstrates that when the state is Markovian, the DM may benefit

from postponing information acquisition.

Example 2. Consider a 3-period (N = 2) decision problem with two states 60, 0,
and transition matrix 7 = (%} %3), where 71 = 0.6, 791 = 0.4. The prior belief is
to = (0.1,0.9), where the first number is the probability that the state is 6. Suppose
A = {a}, i.e., there is a single action, say “invest”, and the state-dependent payoff function
is given by u(a,6;) = 10, u(a,fy) = —10. Hence invest yields positive expected payoff
when the chance of 6, is above 0.5. The DM can get one signal about the prevailing state
from an information structure S = (}2223 ;Z; EZ; ), either in the first period, or in the

second period, where fp, (s1) = 0.55, fg,(s1) = 0.45.

e If the DM chooses to get information using S about the prevailing state of the
first period, then depending on the signal received, the first period posterior belief
would be either fi1(s;) = (0.47,0.53), or fi1(s2) = (0.372,0.628). Since S is fully
used in the first period, there is no extra capacity left in the second period, so the
DM can only rely on the knowledge of 7 to update her belief about the prevailing
state in the second period. Therefore, the second period belief would be either
f1(s1)T = (0.494,0.506), or fi1(s2)T = (0.474,0.526). Hence the optimal choice

involves not investing and getting 0 payoff.

e If the DM chooses to get information using S about the prevailing state in the
second period, then her belief in period 1 would be por = (0.42,0.58). In the
second period, the belief before getting signal is pg7? = (0.484,0.516). Given this
belief, with probability 0.502, signal s, will be received, the posterior would become
(0.434.0.566); with probability 0.498, signal s; will be received, the posterior would
become (0.534,0.466), and it is optimal for the DM to take action a and receive a
strictly positive expected payoff.

1Tn the Markovian case the corresponding law is referred to as a “T-martingale” (see Kohlberg &
Neyman, 1999). If a mapping T : X — X on a normed linear space is non-expansive, then a sequence
{z,} that satisfies E(z41|Fn) = T(zy) is called a “T-martingale”. Here, T' = 7.
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Hence by postponing information acquisition to the second period, the DM receives a

strictly higher expected payoff than getting information in the first period. [ ]

4 The Quality of Information

In this section we consider the impact of the quality of the information that the DM
receives during the decision process on her optimal strategies.

Consider two different information structures, .S and 7. We say S is more informative
than 7" (in the sense of Blackwell) and write S 22 7', if 7' can be obtained from S through
a stochastic transformation.

Let p(s) and p(t) be posterior beliefs after receiving signals s and ¢ from S and T,
respectively. Blackwell (1953) shows that the following condition is equivalent to S 22 T
for every convex and continuous function h : A® — R, Eg(h(u(s))) > Er(h(u(t))).
Related to our paper, one can show that the value functions are convex and continuous,
hence Blackwell’s equivalence theorem can be applied to compare value functions under

information structures of different quality.

Proposition 1 Suppose the time horizon N is finite. Given any history h,,
the walue function VN (u;h,) and the conditional expectation of the walue function

E(VA (1(8); 1) s ha) are convex and continuous in the belief pu.

n

In what follows, we consider information structures S and 7" with S 7~ T'. Recall from
Theorem 1 that the value can be achieved via an upfront fee, and that the optimality
of the upfront fee scheme does not depend on the information structure. Therefore, we
restrict attention to upfront fee schemes. From a decision making perspective, a posterior
belief is a sufficient statistic for the past history of signals. We therefore regard the
value functions as functions of posterior beliefs. Let {AN(S)}ocn<n and {AN(T)}ocn<n
be the corresponding optimal information acquisition sets and let {EN(S)}o< <y and
{EN(T)}o<n<n be the optimal stopping sets. The following result highlights the impact

of information quality on the value function and optimal strategies.

Proposition 2 Consider a stopping problem with finite time horizon. Let S and T be
information structures with S = T. Denote by VN (u) and UN(u) the period-n value

functions when the DM receives information from S and T, respectively. Then,

1. For any period n, VN(u) > UN(u), Vu € AO;
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2. AJ(T) € AY(S), E(S) € EY(T).

n

Proposition 1 and Proposition 2 can be easily extended to the infinite-horizon case
(N = 00). Assume that 0 < 1 and that the DM’s payoff when she never stops is 0. Let
the value functions in the infinite-horizon problem under information structures S and T’
be V°(u) and U (u), respectively. (Note that V> (u) and U (u) do not account for the
upfront fee that is paid immediately in period 0 if the DM chooses to wait for at least

one period.) The function V*°(u) satisfies the functional equation

V() = max {(p), SE(V>(u(s)) 1)} (8)

One can show that the functional Eq. (8) is a contraction mapping. Hence V*>°(u) is the

limit of the sequence of value functions as the decision horizon goes to infinity.

Lemma 2 Suppose § < 1. There exists a unique function V(u) that satisfies Eq. (8).
Moreover, V= (u) = limy_o0 Vg™ (10).

It follows from Lemma 2 and Proposition 1 that V*°(u) is convex and continuous. By
Proposition 2, V¥ (i) > U () for all N. In the limit, we have V°°(u) > U*(u), and this
implies that the optimal waiting set corresponding to S is larger in the infinite-horizon
case.

Proposition 2 says that the value functions under a Blackwell-dominating information
structure S are uniformly greater. This implies that in every period, the set of beliefs
that lead to waiting is larger under a Blackwell-dominating information structure. The
following result shows that having a greater discount factor has the same effect in terms
of optimal strategies.

Proposition 3 Consider two discount factors § and 6 with 1> & > . Let AN(8), AN(9)
be the corresponding information acquisition sets (similarly for the stopping sets) in a
stopping problem with finite time horizon. Then EN(8) C EN(5), AN(6) € AN(8). The
stopping time distribution induced by & first-order stochastically dominates that induced

by 5.

The last part of Proposition 3 implies that the expected stopping time corresponding
to a greater discount factor is longer. A natural question is whether higher information
quality has a similar implication in terms of stopping time. Note that the expected

stopping time is affected by two opposite forces. On the one hand, larger waiting sets
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under the more informative information structure may contribute to longer expected
stopping time. On the other hand, signals generated from the higher quality information
structure tend to be more informative and contribute to faster belief updating. Clearly,
there is a trade-off. Which force prevails depends on the problem under consideration.
Generally speaking, calculating the expected stopping time can be very difficult. In
some special situations, however, we can obtain a closed-form expression for the expected
stopping time. We use such situations to illustrate the trade-off on expected stopping

time discussed above.

Example 3 [Normally distributed signals and expected stopping time]. We now consider
the case where the stopping time under both S and T are unbounded. Suppose 6 € {0,6},
6, § € R, with § > 6, and the time horizon is infinite. Let py be the prior belief that
the state is . Assume the action set A contains a single action, say invest. Given
an information structure, the optimal waiting/stopping strategies in this case can be
characterized by a unique threshold of belief: once the belief that the state is § reaches the
threshold, it is optimal to stop, otherwise, it is optimal to wait. Consider two information
structures S = (fy(5))peo and T = (go(t))pece, Where fy(s) ~ N(0,0%), and gy(t) ~
N(6,0%), with or > 0g. Conditional on each state 6, the probability distribution gy has
the same mean as fy, but the former has larger variance. It follows that S = T.12 Let
iis and fir be the stopping thresholds under S and T, respectively. Proposition 2 and
Lemma 2 imply that jig > pr. In what follows, we focus on the generic case in which

iis > fir and compare the expected stopping time.

To make the problem non-trivial, suppose g < fis. Define rq := In 152(} as the
log-likelihood ratio of the prior. Let pu(sq, ..., s,) and r(sq, ..., s,) be the posterior belief
and log-likelihood ratio after receiving a sequence of signals from S (similarly, from T'),

respectively. By Bayes rule,

1(S1, ey Sp) _ to  fa(S15.y Sn)
L — p(s1,my80) L — 1o fo(S1, ey Sn)
o — (s, —0)* — (s; — 0)?
= T exp (ZZI 207 )

12\When the signal space is continuum, Blackwell dominance can be generalized as follows: Let s and ¢
be random signals under S and T, respectively. Then S - T' if there exit a random signal z with known
distribution and a function h such that for every 6, h(s, z) is distributed as gy. For normal distributions
as in our case, h(s, z) = s+ z and z is a normal random variable with mean 0. See, e.g., Lehmann (1988).
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It follows that ~
1, = 6+0
7ﬂ<317 ) S ) TO+O’%< —)E(S 2 )
The advantage of dealing with the log-likelihood ratio of the prior is made clear by this
formula: it is linear in s;. If we write z; :== (0 — ) (si - #), then conditional on a
S
given state 6, the likelihood ratio is the sum of independent increments: 7(si, ..., s,) =

ro + Y, ;. Given 0, since s; ~ N(0,0%), we obtain x; ~ N (#(5—@2, (0 — Q)2>.
S S

Similarly, given state 6, x; ~ N (—ﬁ(@ —0)?, é(é - Q)Q).

The DM will wait until the log-likelihood ratio of posterior belief hits the cutoff 7g :=
In % (the cutoff 77 is similarly defined) for the first time. Let ns and nr be the (random)
stopping time under S and 7. We compare the expected stopping time E(ng) and E(nr)
conditional on @ = §. By Wald’s identity, E(r (s, ..., 8,5)) — 70 = E(z;)E(ns), hence

202 (E(r(s1, ... Sng)) — T0)

202 (E(r(ty, ..., tor)) — T0)
(6 —0) ‘

(0 —0)

E(ns) = , and E(nr) =
Note that since s > 7p, the expected stopped log-likelihood ratios satisfy
E(r(s1,...,Sng)) — 10 > E(r(t1, ..., t,)) — ro. This implies that other things being equal,
greater stopping thresholds tend to prolong the expected stopping time. But, on the other
hand, the variance under S is smaller (the information quality of S is higher), which tends
to shorten the expected stopping time. The expressions of E(ng) and E(nr) show that
there exists a unique threshold of prior belief fig, such that E(nr) > E(ns) if po < fio,
and E(nr) < E(ng) if fig < po < fis. Hence, when the prior is not far below the stopping
threshold, the expected stopping time under a more informative information structure is
longer conditional on the state @; but when then prior belief is sufficiently pessimistic,
having access to better information tends to shorten the expected stopping time. How-
ever, when the state is 6, the expected stopping time under both S and 7" are unbounded.
|

Example 4 [Random walk and stopping time distribution]. In this example, we examine
the stopping time distribution and investigate whether it is true that the stopping time
distribution under a Blackwell-dominating information structure second-order stochas-
tically dominates that under a Blackwell-inferior information structure. Consider a fi-
nite horizon stopping problem with A = {a}, © = {#,60}. Also, assume binary signals:

§ = (Ju ) = () 9 where fy(si) = fo(se) = ps. galh) = galts) = pr.
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and ps > pr > % Signals s; and t; lead to upward belief update, while s, and t; up-
date belief downward. Let g be the prior belief that the state is 6, py € (0,1). For a
fixed state, the belief process (in terms of log-likelihood ratio) induced by an information
structure is a random walk.

Under 6 the drift of the random walk is positive, while under @ it is negative. When the
decision horizon is infinite, the optimal strategy can be characterized by a time-invariant
belief thresholds (fig, fir, respectively). Consider the situation in which starting from the
same prior belief, both thresholds jig, it can be reached in one step. That is, once the
number of s; (resp. #;) signals exceeds the number of s, (resp. t5) signals for the first time,
the DM decides to stop.!®> The expected stopping time under both S and T is infinity,
since by Wald’s identity, conditional on @, the expected stopping time is infinity. Denote
by Ps(n|f) and Pr(n|f) the probabilities that the stopping occurs in period n under S
and T', respectively, conditional on . It follows from well-known results of random walk
that the stopping time distribution takes the form!*

Mf’lpg(l —ps)" 7, )

Ps(2n — 1]0) = ;’
and Ps(2n|f) = 0 (the threshold can only be reached in odd periods). When conditioning
on @, just switch pg and 1 — pg. Unconditional on the state, the probability distribution
of stopping time is given by Pg(n) = poPs(n|d) + (1 — po)Ps(n|d). The expression for
Pr(n) is similar.

Let Pg and Pr be the corresponding CDF's for the stopping time distributions Pg(n)
and Pr(n), respectively. We know that Pg second-order stochastically dominates Pr if
and only if for any > 0, ["Pr > [ Ps. We use this property and Eq. (9) to check
whether Pg second-order stochastically dominates Pr.

Let us compare Pg(1) with Pr(1). Clearly, Ps(1) = 1uoPs(1|6) + (1 — 1o)Ps(1]0) =
pops + (1 — p10)(1 — ps) = 1 — ps — po + 2pops. Similarly, Pr(1) = 1 — pr — po + 2p0pr-
So Ps(1) — Pr(1) = (ps — pr)(2uo — 1). One can ensure that Pg(1) > Pr(1) by choosing
parameters such that jig, fir can be reached in one step and that pgy > % For instance,
consider § = 0.9, u(a, ) = 100, u(a,f) = —100, o = 0.57, and the information structures
S=(8484), T = (33294). Approximately, fis =~ 0.66, i ~ 0.59. Under both S and

130ne can always get such a situation by adjusting the parameters, for instance, by making pg and
pr closer.

14Recall the double factorial notation: (2n — 1)!! = (2n — 1)(2n — 3)---3 - 1. By convention, when
n=1,set (- =1
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T, the thresholds can be reached in one step starting from py. This means for z € (1, 2),
fox Pr > fox Ps does not hold, hence Ps does not second-order stochastically dominates
Pr. Figure 1 illustrates the CDF's of the stopping time distributions in this case. |

0.6 -
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0 . : : : . : : : : : | . ‘ ‘ .

X

Distribution under § — — Distribution under T

Figure 1: CDFs of stopping time distribution

We conclude this chapter by two additional remarks about Proposition 2.

Remark 2. Note that in the infinite-horizon case, a greater value function does not imply
that the underlying information structure is more informative. To see this, suppose © =
{6,0} and the action set A upon stopping consists of a single element with u(a,f) = v > 0,
u(a,f) = v < 0. Let u be the belief that # = 6. Moreover, suppose both S and T have
binary signals: S = (ggi; ;;Ezz;) and T = <g;g3 i;gz; ) Assume the two signals s; and
t; lead to upward belief updating and the strength of s; is marginally smaller than the
strength of ¢;, whereas the strength of s, is much greater than that of t,. More precisely,
assume that fz(s1)/fo(s1) < gg(t1)/ge(t1) and fo(s2)/ fa(s2) > go(t2)/ga(t2)-

Since fz(s1)/fo(s1) < gg(t1)/ge(t1), in each period, the value function under 7" becomes
positive at a lower level of belief ¢ than that under S (see Panel (a) of Figure 2). However,
as the time horizon goes to infinity, the limiting value function under S is uniformly greater
than the limiting value function under 7' (Panel (b) of Figure 2).!5 But it is clear that S

and T" are not Blackwell comparable.

15This is because the sequence of belief levels at which the value functions become positive converges
to 0 under both S and 7.
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Panel (a): Value functions V7 (1) and Ug(p) Panel (b): The limit case

Figure 2: V*°(u) > U*(u) does not imply S 2 T'

Remark 3. The converse of the second part of Proposition 2 may not hold. As the
following example illustrates, it may happen that the optimal waiting set under S in each
period is larger than that under 7', and yet S 7 T.

Example 5. In this example we show that it could be that larger waiting sets under
S than those under 7" imply neither S =~ T nor T" 77 S. Consider a problem where
©=1{0,0}, A={a}, u(a,0) =6, u(a,f) = -8, § = 0.85, N = 5. Let u be the belief that
6 = 0. The optimal waiting set in each period can be characterized by a unique threshold
i in [0, 1]. Consider the information structures S = <§§E§3 ;ZEZ;) and T = (ZZEE; zggz; ),
where fz(s1) = 0.8, fo(s1) = 0.5, gz(t1) = 0.6 and gy(t1) = 0.3. The result of comparing

the optimal stopping thresholds under S and T is summarized in Table 1.

n=N=5 n=4 n=3 n=2 n=1 n=0

Y (S) 0.5714 0.7055 0.7201 0.7335 0.7335 0.7376
gy (T) 0.5714 0.6697 0.7142 0.7225 0.7263 0.7312
iy (S) — (T 0 0.0358 0.0059 0.0110 0.0072 0.0064

Table 1: Optimal stopping thresholds under S and T’
Here, the optimal stopping thresholds are uniformly higher under S than under T (i.e.,
the waiting sets under S are larger than those under 7). However, neither S >~ T, nor

T~ S. m
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5 Conclusion

In this paper we consider a wide class of sequential decision problems in which a DM
faces a payoff-relevant unknown state of nature, and decides sequentially whether to stop
or wait and acquire information from a noisy information structure about the unknown
state. Unlike the previous literature that studies the value and optimal strategies under
an exogenously given information cost function, we study the optimal choice of such cost
functions and the value of a given information structure in such stopping problems.

We show that among all history-dependent information cost functions, the upfront fee
scheme is optimal, in the sense that it generates the highest discounted expected total
payoff for the owner of the information structure (information provider). The optimal
upfront fee is exactly the value of the information structure. Additionally, the optimality
of the upfront fee does not hinge on the information structure under consideration. Our
result suggests that the widely adopted subscription fee payment method for many private
databases and consulting services can be efficient in many dynamic decision problems.

These results hold when the information provider’s discount factor is equal to or less
than the DM’s discount factor. However, when the information provider adopts a greater
discount factor, the upfront fee is no longer optimal. In this case, the optimal fee scheme
involves charging a large lump sum fee and delaying long enough the payment time.

We also study the implications of information quality on the optimal stopping/waiting
strategies. We show that in terms of optimal strategies, having access to high quality
information is similar to having a greater discount factor: both have the effect of increasing
the optimal stopping thresholds and making the DM more prone to wait. Nevertheless,
in terms of expected stopping time and stopping time distribution, better information
and a greater discount factor have different effects. Under a greater discount factor,
the induced stopping time distribution first-order stochastically dominates the stopping
time distribution under a lower one, hence the expected stopping time associated to a
greater discount factor is longer. In contrast, having access to better information may
either shorten or lengthen the expected stopping time. The stopping time distribution
induced by a more informative information structure neither first-order nor second-order

stochastically dominates the one under an inferior information structure.
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A Appendix

A.1 Proof of Lemma 1

Let {AY (hn;¢)}, {EN(hy;c)} be the of optimal information acquisition and stopping sets
corresponding to the fee function c.

In view of Egs. (1) and (2),

V¥ (o3 @5¢) = (MO)E{uerN o)} C(g)ﬂ{uoeAév(Q;C)}
+ 0 [B (Vi (no(ha); ha; ©) o3 @) — E (e(hn)l 10 )] L ey (o0}
- (MO)E{NOEEN i } + 0 (VN(:LLO(h‘l) hl? )|/’607 ) ﬂ{uoeAN(Q;C)}

- c(@)]l{“ eAN( @c -0 Z h1|M0 l{uoeAN(ﬂ C)} (10)

hi1€H,

Consider the term 6E (VN (po(ha); ha; €)|po; @) ]l{uoeAéV(z;c)} in Eq. (10). Note that

E (‘/1N</'L0<h1)7 h17 C)‘,UO, @) H{MoeA(])V(Q;C)}

= ) W(Mo(hl))]})}(hl|M0)l{“0(hl)eE{V(h1;c), HoeAY (i)}

hi1€H,

+0 Z IuO h2) h27 C)‘IU(), hl) - E(C(hQ)’:uO? hl)} ]P)(hl|:u0)1{p0(h1)6A{V(h1;c), quAév(Q;c)}

hi1€H,

= Z ﬂ-(:U’O(hl))]P)(hl|lu0)]l{uo(h1)eE{V(h1;c), M()EA(])V(Q;C)}

h1€H,

+ (5 Z MO h2 h27 C)|M07 hl)]P)(hl|M0)1{u0(h1)€A{V(h1§C)7 ,U«OEAéV(Q;C)}
hi1€H1

) Z P(ha|po) L{ io(h)eal (hise), woeAd (@50}
ho€H>
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Plugging this expression in Eq. (10), we obtain

N .o —
Vo' (1o @5¢) = 7T(/”Lo)ﬂ{uoef’fév(fa;C)} +90 Z W(Mo(hl))P(hl’MO)H{uo(hl)GEfv(hl;C), no€AY (Zic) }
hi1€Hy

+ 0% > E(Va (o(h2); ki )l )P (sl 10) L hyyeahrio, mae @)
h1€H:

— D)L eay o) — 0 > e(ha)P(hy|po)1 (oA (2:0)}

hi€H;

2 } :
-0 C(hz)P(hQWO)ﬂ{uo(hﬂEAiV(th no€AY (30} (11)
ho€Ho

In Eq. (11), the first line consists of the discounted expected stopping payoffs when stop-
ping occurs in period 0 and period 1, respectively, following the optimal strategy when the
fee scheme is ¢; the second line is the discounted expected continuation value conditional
on no entry in the first two periods; the last two lines correspond to the discounted ex-
pected costs incurred in the first two periods following the optimal information acquisition
strategy characterized by {AN(h,;c)}.

Continuing inductively in this fashion, the collection of all terms that involve the
costs is exactly —p(uo; ¢) (see Eq. (4)). The sum of the remaining terms is the discounted

expected gross payoff when facing the cost function 0, using the strategy characterized by

the sets {AN (h,;¢)} and {EN (hn;e)}, or V¥ (10; 2 0).

A.2 Proof of Proposition 1

Continuity is clear. To establish convexity, we first prove that for any period n, the
convexity of VN, (y4; hyy1) for each h,iq would imply that E(V,X, (1(s); hyr) s hn) s
convex in y for each h,. We then establish by induction that for each n and h,, € H,,
VN (13 hy,) is indeed convex.

Take any two different beliefs p, ¢’ € A©, and any A € (0,1). Set i := A+ (1 =)',
Let fa(s) be the probability of receiving the signal s under state 6. Define as(ft) =
> oco fofo(s), which is the probability of getting signal s under belief fi. Clearly

as(f) = Y (g + (1= Npgp) fols) = Aas(p) + (1 = Aas(1):

Given a belief p, let u(s) € AO be the posterior belief after observing the signal s. With
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these notations, we have

AE (Vn]il( ( ) n+1>|ﬂ; )+ (1 _)‘>E (an\J[A( /< ); n+1)|,ul;hn)
— )\Zas VN (1(8); hygr) + (1= N) Zas VN (W ()5 bt

- ijwm(Afg”wﬁxu@xmwn+41135193Mﬁxw@xmwn)

> Zas (vnfi1 <Aa5(“)u(s) + %u’@);hnﬂ» , (12)

as(f1)

where the inequality is due to the assumption that for each history h,i1, VX, (15 hnsr)
is convex in the belief u. Notice that the posteriors pu(s), p/(s), fi(s) are vectors of the

following forms:

(Mefe(s))aee
O‘S(N)

(Néfe(s))eee

s (1)

pls) = , W(s) = , fils) =

Therefore, in Eq. (12),

M) (= Naal) o Ovafals) + (1= N fo(8)) e
RPN Y o)
_ (ﬁafe(s))ae@
as(ft)
— i(s),

and so Eq. (12) reduces to

AE (V5 (1 ( )' R |1 ) + (1= NE (V51 (1(8); b ) |1 )
Zas n+1 ) hn+1)

= E(Vﬁl(~(8); n+1)|,u;hn)-

IV

This establishes that E(V,N, ((8); hny1)|p; hn) is convex in g whenever V¥, (u; hiyr) is
convex in p.

Now we prove that V™ (u; h,) is indeed convex in p for each n and h, € H,. Start
with the last period. Since the expected entry payoff 7(u) 1= maxaea Y yeo tou(0,a) is

convex in p, it follows that V3 (u; hy) = max{m(u),0} is convex in u, hence by what we
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just proved, E(V (1u(s); hn)|u; hy—1) is convex in p for any hy_; € Hy_y. Therefore, the

value function

Vs (s hv—a) = max {7 (), & [E(Vy (16(5); hov) s hv—1) — E(e(hn) s hv-1)] }

is convex, since each component function in the max operator is convex in u for any
hy-1 € Hy_1 (in particular, E(c(hn)|p; hnv=1) = >°, D geo Hofo(s)c(hn|hy—1) is linear in
w). Therefore, E(VY | (u(s); hy_1)|u; hy_2) is convex in p for each hy_o € Hy_o. By

induction, all value functions V.V (y; h,,) are convex in p.

A.3 Proof of Proposition 2

The proof for part 1 follows immediately from the fact that any signal from the information
structure S can be garbled and regarded as a T-signal. Then acting on this signal with
the optimal strategy of T guarantees the value under 7. Alternatively, one can show by
applying Blackwell’s equivalence theorem.

To show that EY(S) C EN(T) and AY(T) C AN(S), note that, by definition, EY (S) =
{n € AS| V¥ (n) = n(w)}, EY(T) = {n € AS| U (n) = w(p)}, where U (p) =
max{m(p), SE(Up (u(t)[)}, Vi¥(p) = max{m(n),0B(V,Y, (u(s))|p)}. 1t follows from
part 1 of the proposition that when VN (u) = 7(u),

(1) = OE(V, 4y (u(s)) ) = OE(Un4 (u(t)) m),

hence UN(u) = 7(u). Therefore, EN(S) C EN(T). Because the information acquisition
set is the complement of the stopping set, we conclude that AY(T) C AN(S9).

A.4 Proof of Proposition 3

In the proof, we consider the case when the DM faces a general history-dependent fee
scheme ¢(hy,). Let VN (u;6) and VN (u; ) be the value functions under ¢ and 4, respec-
tively, where § > 4. By induction we show that for any n and any h,, VN (u;8) > VN (11;6).
For the last period, VY (u;8) = V¥ (1;0) = m(p). Assume that the claim holds for n + 1.
We show that each component function of V'V (u;6) is greater than the corresponding one
of VN(u;6). Clearly, SV (13 6) > SVn]L(;L;(?). For the continuation value following a
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history h,, when the DM chooses to acquire information,
E (V.5 (u(s):0) ) = Z o (Vi (1(s); )

s S VL)

s

= E(V;Ya(u(s); 0)ln).

Consequently, VN (1;6) > VN (u;0).

The optimal stopping set under § is characterized by EN () = {u € AO| n(n) =
VN(u:0)}. Since VN(u:6) > VN(u;4), it follows that EN(6) C EN(4). As a result,
AN(8) € AN ().

Now we show that the stopping time distribution induced by ¢ first-order stochastically
dominates that induced by 6. Let H,(8) and H,(8) be the sets of length-n histories that
lead to waiting (information acquisition) up to period n under § and 5, respectively.
Since the waiting set in every period is larger under § than under ¢, it follows that
H,(0) C H,(8). Consequently, P(H,(8)) > P(H,(0)). It says that the probability that
stopping does not occur up to period every n is greater under 6. This completes the proof
that the stopping time distribution induced by ¢ first-order stochastically dominates that
induced by 5.

A.5 Proof of Lemma 2

We show that the mapping H defined by

H(V(p)) = max {m(u), BV (u(s))|p)}

is a contraction mapping. To this end, we verify that the mapping H (-) satisfies the fol-
lowing two Blackwell sufficient conditions for contraction mapping (Theorem 5, Blackwell

(1965)):

1. Monotonicity. For any two functions V(-), V'(-), if V(u) > V'(u), Yu € AO, then
H(V () = H(V' ().

2. Discounting. For any non-negative constant a, H((V + a)(pn)) < H(V(w)) + da,
where (V + a)(p) is the function defined by (V + a)(p) :== V(u) + a.
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Take any two functions V(u) and V'(p) with V(u) > V'(p), V. Then E(V (u(s))|p) —
E(V'(u(s))|p) > 0, hence H(V(n)) > H(V'(u)), Y, which establishes the monotonicity
of the mapping H ().

Now let us show that the mapping H(-) also satisfies discounting. By definition,
H((V +a)(p)) = max{m(p), dE(V (u(s))|p) + da}. There are two possible cases: either
SE(V (u(s)) ) = m(u), or 0E(V (u(s))|n) < m(w). In the former case, H((V + a)(u)) =
SE(V (u(s))|p) + 0a = H(V (p)) + da, which satisfies discounting. In the latter case, we
have H(V (1)) = m(p). It follows that H(V (p)) + da = w(p) + da > 0E(V (u(s))|pn) + da,
hence H(V (1)) + da > max {m(u), 0E(V (u(s))|n) + 0a} = H((V + a)(n)).

We conclude that the mapping H (-) is indeed a contraction mapping. Therefore, there
exists a unique fixed point V(-) that satisfies Eq. (8), which is the limit of the sequence

of value functions {Vi¥ (1) }3_0-
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