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ABSTRACT

In a monopolistic pricing setting where the buyer has quasi-linear preference and unit demand
and the seller has private production cost, I introduce an informational monopolist who has
the ability to design information structures between the buyer and the seller about the
buyer’s value, and then sell these information structures to the seller.

I consider three environments that differ in the set of feasible information structures for
the informational monopolist: The one where the buyer is fully informed and the informa-
tional monopolist can design and sell any information about the buyer’s value to the seller;
The one where both the buyer and the seller are initially uninformed and the informational
monopolist can provide any information to the buyer and then charge the seller for this ser-
vice; as well as the one where the informational monopolist is able to design any information
structure between the buyer and the seller, subject to a constraint that the buyer must be
better-informed. These three environments correspond to three leading examples: The sale
of consumer data by data brokers, the sale of advertisements by agencies, and the design of
online trading platforms. In each environment, I further consider two market regimes: One
in which the informational monopolist can contract with the seller on product prices and
one in which the informational monopolist cannot contract on prices.

The main results consist of two parts. First, I completely characterize the revenue-
maximizing mechanisms for the informational monopolist under each environment and each
market regime. Using this characterization, I further show that in each of these environ-
ments, the market outcomes are equivalent under any optimal mechanisms and any market
regime, which implies that the informational monopolist’s ability to contract on price is ir-

relevant when he can design and sell information flexibly.

KEYWORDS: Informational monopolist, revenue-maximization, mechanism design, informa-
tion design, virtual cost, outcome-equivalence

JEL CLASSIFICATION:D42; D61, D82, D83, L12, M37
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CHAPTER 1
INTRODUCTION

1.1 Preface

For the past decade, information technology has been vastly and drastically improved. Im-
provement of the internet and various devices facilitate personal data collection and infor-
mation transmission; advancement in computation power makes data analysis significantly
more efficient; and novel technology such as artificial intelligence and virtual reality creates
many more possible ways to convey and transmit information. These rapid developments in
information technology have brought several novel economic activities, or have injected new
aspects to the existing ones. For instance, advancement of the ability to collect, store and
analyze personal data has given rise to several data brokers (e.g., Axciom), who collect and
sell consumer data to producers to facilitate their pricing strategies. Meanwhile, market con-
sultants can also learn more about the potential customers and provide consulting services
in a more flexible way. Alternatively, advertisers can now exploit the improved information
channel to inform the consumers about products they might be interested in through various
ways. Furthermore, online platforms (e.g., Amazon) now have many ways to design their
websites and the information structure among the consumers and producers who trade on
their platforms.

Given their novelty and sizes, especially during an era where the internet has become
an indispensable part of the economy, it is thus imperative to understand the economics
of the aforementioned activities. Specifically, how should entities exploit their information
technologies and extract surplus from the market? What is the best way to sell information?
What are the implications on the economy? In the following chapters, I explore the design
and sale of information by an informational monopolist under various environments that are

motivated by the aforementioned examples. Specifically, I consider an information monop-
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olist’s revenue-maximization problem. This information monopolist can design information
about the consumers’ values in a monopolistic pricing setting and then sell this information
structure to the (monopolistic) producer. In Chapter E, I consider an environment where the
consumers are fully informed about their values and the informational monopolist sells infor-
mation about consumers’ values to the producer. This corresponds to the economic activities
of data brokers and market consultants. In Chapter B, I consider an environment where the
producer is always uninformed about the consumers’ values while the informational monop-
olist can provide different product-information to the consumers and then sell this to the
producer as a service. This corresponds to the activities of advertisers. Finally, in Chapter
@, I consider an environment where the informational monopolist can design arbitrary in-
formation structures among the consumers and the producer—subject to a constraint that
the producer always have less information about the consumers’ values—and then sell this
information structure to the producer. This corresponds to the design of online platforms
and how these platforms contract with the retailers.

The main results of the following three chapters center around one subject: Outcome-
equivalence. Specifically, 1 consider two major market regimes for the informational mo-
nopolist. Under one of the regimes, the informational monopolist can only design and sell
information as a third party, and does not have control over the product market at all;
while under the other market regime, the informational monopolist can contract with the
producer on prices charged to consumers, in addition to simply selling information struc-
tures. The first set of main results are characterizations of revenue-maximizing mechanisms
for the informational monopolist under the three aforementioned different environments and
two regimes. The characterizations themselves shed lights on how the informational monop-
olist should design information structures to extract surplus. Another crucial implication
of these characterizations is that the market outcomes—informational monopolist’s revenue,

producer’s net profit, consumer surplus and the allocation of the product—are all the same



under any revenue-maximizing mechanism and any market regime. This implies that as long
has the informational monopolist is able to design and sell information structures in a suffi-
ciently rich way, whether or not he is active in the product market (i.e., whether or not he
can contract on prices) does not matter. From a bird’s-eye perspective, this is because there
are many ways to design information and hence the informational monopolist can exploit
this flexibility to discipline the producer’s pricing behavior as if he has control over them.
Among these chapters, Chapter P is extracted from [Yang (2020). In this paper, I focus on
the aspect of the sale of consumer information and how that affects the economy. Chapter a
is modified from Yang (2019b), where I study the design and sale of information structures
by an informational intermediary who can provide information to the buyer in a monopolistic
pricing setting. Chapter @ combines the results developed in these two papers, and establish
a broader equivalence result, with a leading example being online platform design and its
consequences. For the rest of this chapter, I will first introduce the notation that will be

used throughout all chapters and will introduce the general environment in details.

1.2 Notation and Model

1.2.1 Notation

Below, I introduce the notation that will be used throughout the following chapters. For any
Polish space X, A(X) denotes the set of probability measures on X where X is endowed with
the Borel o-algebra and A(X) is endowed with the with weak-* topology. When X C R, for
any probability measure u € A(X), the expected value of a measurable function f : X — R

is denoted as

E,[f(z)] = /X f(@)u(da).

Similarly, for any non-empty, measurable set A C X, E,[f(x)|A] := E,[f(x)|o(A)], where

o(A) is the o-algebra generated by A. As notational conventions, when X = [a,b] is an
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interval with some —oo < a < b < 0o, write

a b
| f@mtaa)i= = [ i),
a
Also, when X = [a,b], b’ > b and d’ < a, define
Eylzlz > V] :=b, Eyz|lz <d]:=a.

Furthermore, given any (finite) collection of polish spaces {X;}!",, any (finite) collection
of transition kernels {s;}?" ; with &; : X;_1 — A(X;), and any pu € A(Xp), the probabil-
ity measure of the joint distribution induced by {K,Z'}?Zl and p is denoted by ]P’ﬁmm,m,,i.m

Meanwhile, the expectation induced by the measure Py, .. s, is denoted by Ey, . x4

1.2.2 Model

There is one buyer (B, they) and one seller (&, she). The buyer has value v € V := [v, 7] for
a single good which the seller is able to produce at cost ¢ € C' := [¢,¢], where 0 < v < T < 00
and 0 < ¢ < ¢ < co. The buyer has quasi-linear preference and the seller has full bargaining
power and hence is able to design any selling mechanism to sell this product to the buyer in
order to maximize profit. A selling mechanism consists of an arbitrary set of messages and
mappings that map the buyer’s reported messages to probability of trade and the amount
of payment.

The seller’s production cost is privately known, and is drawn from a common prior G,
where G is a CDF that admits density ¢ > 0. A complete description of an information

structure in this environment pertains to what the buyer and the seller know about wv.

1. That is, for any measurable sets {A;}", with A; C X; for all i € {0,...,n},

P,{ ______ R”L(Ao X ... X An) = / / s / / Iin(diﬂn‘fﬂn_l)lﬂln_l(dfﬂn_l|I]'Jn_2) e R1 (d$1|1’0),u(d$0)
Ao Al An—l A1L



Specifically, the value v is drawn from a common prior m" € A(V). An information structure
is a transition kernel y : V' — A(Syg x Sg) that specifies, for each realized value v, a joint
distribution of signals that will be privately received by the buyer and the seller respectively,
where Sgg and Sg are Polish spaces that are “rich enough”.E In other words, for both the
seller and the buyer, conditional on receiving a signal realization (s € Sgg or sg € Sg),
posteriors for the value v and the counter-part’s signal can be formed, upon which the
decisions are based. To keep the seller’s problem tractable (i.e., to avoid informed principle
problems), I assume that the buyer always knows more about v than the seller does. Let X
be the collection of all such information structures.E

Given an information structure y € X, due to quasi-linearity, it is without loss for the
seller to restrict attention to posted price mechanisms.g That is, the seller chooses a price
p € R4 and then the buyer, upon seeing price p, decides whether to buy the product at price
p. With this simplification, the buyer’s and the seller’s (ex-post) payoffs can be written as

follows:

u%(a,p,v) =a- (U _p)

UG(CL,p,U|C) =a- (p_ C)a

2. In principle, the signal spaces Sy and Sg can be arbitrarily rich. However, to be able to formally
define the set of all possible information structures (i.e., to avoid the Russell-Zermelo paradox), I hold fix
the signal spaces to be some rich enough sets. In this setting, as long as the cardinalities of both Sg and
Se are at least the same as that of R, this restriction would be without loss of generality.

3. Specifically, x € X if and only if there exists transitional kernels yo and xeg such that for any v € V|

X(dsm,dss|v) = xe(dss|ss)xs (dss |v).

4. It is without loss of generality to restrict attention to posted price mechanisms even though the seller
has private information about ¢ when designing selling mechanisms. This is because, given any signal
realization (sgs, ss ), and hence the induced posteriors, the environment features independent private values
and quasi-linear payoffs, and both the seller’s and the buyer’s payoffs are monotone in their types. By
Proposition 8 of Mylovanov and Troger (2014), it is as if ¢ is commonly known when the producer designs
selling mechanisms. Therefore, according to Myerson (1981) and Maskin and Zeckhauser ([1983), it is without
loss to restrict attention to posted price mechanisms.



where a € {0, 1} is the buyer’s purchasing decision. The timing of the events is as follows:

1. Nature draws v € V from m9 and ¢ € C from G.

N}

. & privately observes c.

3. Nature draws (sg, sg) € S X Sg from x(-|v).

4. 5 and & privately observe sgg and sg, respectively.
5. G chooses a price p € R.

6. B observes p, and then chooses a € {0, 1}.

For the buyer, as they always know more about v than the seller does, the only payoff-
relevant statistic of an information structure is the interim expected value E(ijo)['u\s%].
As a result, given any information structure y € X and any signal realization sg5 € Sgg,
the buyer’s purchasing decision is simple. That is, B chooses a = 1 if E(ijo)[ﬂs%] >p
and chooses a = 0 if IE(XMO)[U\&B] < p.a Taking this as given, with any signal realization

sg € S, the seller’s goal is then to choose p to maximize

(P = APy m0) {E (3 im0y [vls] = p}se).

Therefore, the seller’s profit generated by information structure y is given by

Us(x;¢) = E(y 0 Sli%(? = P im0y {E(y moy[vlss] = p}se)
p>

An informational monopolist (he) sells information structures to the seller in order to
maximize revenue. That is, the information monopolist designs a selling mechanism, which

consists of an arbitrary set of messages and mappings that map from the seller’s reported

5. The tie is broken in favor of the seller as this is the only tie-breaking rule that can occur in equilibrium.
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message to an information structure and an amount of payment. If the seller does not partic-
ipate in the mechanism, she has outside option mg(c) when her cost is C.B By the revelation
principle, especially for mechanism design problems with general outside options (c.f. My-
erson (11979); Jullien (2000)), it is without loss to restrict attention to incentive compatible
and individually rational direct mechanisms. That is, a mechanism for the informational
monopolist is a tuple of functions (o, x, 7) with domain C' that asks the seller to report her
cost, so that for each report ¢ € C, a(c) € {0, 1} specifies whether the seller participates in
the mechanism, x/(c) € X stands for the information structure that will be provided (upon
participation) and 7(c¢) € R stands for the amount of payment the seller has to pay to the
informational monopolist (upon participation). A mechanism (a, x, 7) is said to be incentive

compatible if it induces the seller to report truthfully. That is, for any ¢, ¢’ € C,

a(0)[Us(x(c),c) = 7(c)] + (1 = a(e))mo(c) = () [Us(x ('), ¢) = 7(¢)] + (1 — a())mo(c).
(IC-1)

Moreover, a mechanism («, x, 7) is individually rational if for all ¢ € C such that «a(c) = 1,

Us(x(c), ¢) = 7(c) = mo(c). (IR-T)

Henceforth, a mechanism is said to be incentive feasible if it is incentive compatible and
individually rational.

To establish the main equivalence result, the market regime where the informational
monopolist can contract on prices should also be considered. Henceforth, I refer the regime
introduced above as regime Z, where the informational monopolist cannot contract on price;
and refer the regime where the information monopolist can contract on price as regime P.
Under regime P, in addition to selling information structures, the informational monopolist

can also contract with the seller on what prices she should charge based on each of her signal

6. The function 7y : C — R will be further specified in later chapters.
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realizations. More specifically, a mechanism under this regime becomes a tuple (a, x, T,7),
where for each report ¢ € C, y(c) is a transition kernel that maps from Sg to A(R4) so that
for any reported cost ¢ and for any signal realization sg € Sg, ¥(-|sg, ¢) is the distribution
from which the seller must draw her price. As a result, a mechanism under regime P is

incentive compatible if for any ¢, € C,

() E (y(¢),m0 () [(P — P (5 (¢),m0 y(e)) {E (o) [0 |s8] = PH%)] —7(e)] + (1 = a(e))mo(e)

>a()E(yy(e),m0 () [(p = P () .m0 () {B(m0) ] s3] = p}ISG)] —7()] + (1= a(d)m(e),
(IC-P)

and is individually rational if for all ¢ € C such that a(c) =1,

E x(e).m7(6)) | = B lx(e).m0 (e)) (B 18] 2 PYlse)| = 7(6) 2 mo(o).  (IR-P)

The main goal for the following chapters is to solve the informational monopolist’s revenue
maximization problem (i.e., choosing an incentive feasible mechanism to maximize expected
revenue) under both regime Z and regime P and under various economically relevant restric-
tions on the set of feasible information structures X. In Chapter B, I consider a subset Xcp9
of X that contains all information structures under which the buyer is fully informed and
characterize the informational monopolist’s revenue-maximizing mechanisms when he is only
allowed to provide information structures in Xcp9. This corresponds to economic activities
such as sales of consumer data by a data broker. In Chapter B, I consider another subset
Xchs of X that contains all information structures where the seller is entirely uninformed.
This describes activities such as sales of advertisement by advertising agents. Finally, in
Chapter @, I impose no restrictions on X and derive the revenue-maximizing mechanisms.
This captures the activities of online platforms that both have information about the con-

sumers and can manipulate the information about the products provided to the consumers



(e.g., Amazon). These restricted sets are summarized by the table below. For the following

Buyer Seller
XCh2 Fully-informed Flexible
XCh3 Flexible Uninformed
X Flexible, more-informed | Flexible, less-informed

Table 1.1: Restrictions on Information Structures

chapters, the cost distribution G is said to be regular if the induced virtual cost function

U is said to be reqular

oa(c) == c+G(c)/g(c) is increasing. Similarly, the value distribution m
if it is regular in the Myersonian sense (see Monteiro and Svaiter (2010) for formal definition
for regularity under arbitrary value distributions).

It is noteworthy that, regardless of the restrictions of X, the revenue maximization prob-
lem under regime P is a relaxed problem of that under regime Z and hence the optimal
revenue for the informational monopolist must be weakly larger under regime P. The main
results in the following chapters, however, imply that the informational monopolist’s revenue
(in fact, the entire market outcome) would be exactly the same regardless of which regime
he operates under.

More specifically, given any subset X C X, regime 7 and regime P are said to be outcome-
equivalent under X if, when restricting the informational monopolist’s feasible information
structures to X , every optimal mechanism under either regime Z or regime P induce the
same revenue for the informational monopolist, the same profit for the producer, the same

consumer surplus, and the same ex-post allocation of the product. In the following chapters,

I will show that regimes Z and P are outcome-equivalent under Xcy0, Xcp3 and X.



CHAPTER 2
FULLY INFORMED BUYER: SALE OF CONSUMER DATA

2.1 Introduction

2.1.1 Preface

This chapter contains the main constituents of [Yang (2020). In this chapter, I restrict the
set of feasible information structures to Xcp9 C X, where the buyer is fully informed, while
the seller can be arbitrarily informed about v.E] Meanwhile, I specialize the seller’s outside
option to her optimal profit when there is no information. That is, my(c) = max,(p —
¢)m%([p,7]). Under these specifications, the informational monopolist can be thought of
as selling information about the buyer’s value to the seller. This corresponds to economic
activities such as sales of consumer data by a data broker, or sales of pricing advises by a
market consultant. For concreteness, I use the sale of consumer data as the leading example
in this chapter. Throughout this chapter, the informational monopolist is referred as the
data broker.

The set of feasible information structures, when restricted to Xcy,9, has a more tractable
representation. Specifically, since the buyer is always fully informed, their purchasing deci-
sion is simple: Given any realized value v and any posted price p, B chooses a =1 if v > p
and a = 0 if v < p. This in turn simplifies the seller’s problem given an information structure
X € Xcpo: Given any signal realization sg € Sg and any realized cost ¢ € C'; & chooses p

to maximize

(b~ OBy ) ({0 > p}ls).

1. Formally, since Sy has cardinality larger than R O V', there is an injective function f that maps from
V to Sg. As such, Xgpo can be defined as:

Xcne :={x € X: x{f(v)} x Ss|v) =1, Vv € V}.

10



As a result, using Blackwell’s characterization (Blackwell, 1953), the set of feasible in-
formation structures Xcp9 can be represented by the set of distribution over posteriors
over v that are mean-preserving spreads of a dirac measure on m®. For the ease of nota-
tion, let Do(p) := m([p,]) for all p and let D be the collection of nonincreasing, upper-
semicontinuous functions D : Ry — [0, 1] such that D(v) = 1 and D(v") = O.E Xcho can

be represented by the collection of distributions s € A(D) such that

| D@)sap) = Do) ¥ > 0. 2.1)

This representation has a natural interpretation. To see this, consider an equivalent
model where there is one producer who sells a product at a (private) marginal cost ¢ and
there is a unit mass of consumers with unit demand of the product and heterogeneous values.
Each consumer knows their own value and the values across the consumers are distributed

0 ¢ A(V), so that Dy(p) would be the share of consumers who buy the

according to m
product if the price is p (i.e., Dg is the market demand). According to (@), an information
structure in X9 is equivalent to a market segmentation that splits the market demand into
several market segments D € D. This captures the economic feature that data brokers often
use consumer data to segment the consumers and sell these segmentations to the producer
to facilitate price discrimination. In the remanding parts of the chapter, I will use this
interpretation instead of the languages developed in Chapter m However, it should be noted

that these two interpretations are entirely equivalent once the set of feasible information

structures is restricted to Xcpo.

2. Notice that D is isomorphic to the collection of probability measures on V', which can be interpreted
as demand functions of the buyer, as the buyer buys the product if and only if v > p. Henceforth, D is
endowed with the weak-* topology and the induced Borel o-algebra. In addition, for any D € D, the measure
associated with D will be denoted by mP.

11



2.1.2 Motiwation

The rapid development of informational technology has enabled one to collect, process and
analyze vast volumes of consumer data. By the use of consumer data, the scope of price
discrimination has moved far beyond its traditional boundaries such as geography, age, or
gender. Extensive usage of consumer data allows one to identify many characteristics of
consumers that are relevant to the prediction of their values, and therefore to create numer-
ous sorts of market segmentation—a way to split the market demand into several segments
by partitioning the consumers’ characteristics—to facilitate price discrimination. Moreover,
because of their specialization in information technology, several “data brokers” trade vast
amounts of consumer data with retailers, which effectively means these data brokers can
create market segmentations and sell them as a product that facilitates price discrimination.
For instance, online platforms such as Facebook collect and sella a significant amount of con-
sumers’ personal information, including personal characteristics, traveling plans, lifestyles,
and text messages via its own platform. Alternatively, data companies such as Acxiom and
Datalogix gather and sell personal information such as government records, financial activi-
ties, online activities and medical records to retailers (Federal Trade Commission, 2014).
This chapter studies the design of optimal selling mechanisms of a data broker. In this
chapter, I specialize the model introduced in Chapter El into a model where there is one pro-
ducer with privately known constant marginal cost, who produces and sells a single product
to a unit mass of consumers. The consumers have unit demand and the distribution of their
values is described by commonly known market demand. The informational monopolist is

thought of as a data broker, who does not know the producer’s marginal cost of production

3. In practice, “selling” consumer data can take a wide variety of forms, which include not only tra-
ditional physical transactions but also integrated data-sharing agreements/activities. For instance, in a
recent full-scale investigation by The New York Times, Facebook has formed ongoing partnerships with
other firms, including Netflix, Spotify, Apple and Microsoft, and granted these companies accesses to dif-
ferent aspects of consumer data “in ways that advanced its own interests.” See full news coverage at
https://www.nytimes.com/2018/12/18 /technology /facebook-privacy.html]
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but can sell any market segmentation to the producer via any selling mechanism. As the
data broker is uncertain about the production cost, and only affects the product market indi-
rectly by selling consumer data to the producer, it is not obvious how the data broker should
sell market segmentations to the producer, what market segmentations will be created, and
how the sale of consumer data affects economic welfare and allocative outcomes.

The main result of this chapter is a complete characterization of the revenue-maximizing
mechanisms for the data broker (under both regime Z and P). The optimal mechanisms
feature quasi-perfect price discrimination, which is an outcome where all the purchasing con-
sumers pay exactly their values, although not every consumer with values above the marginal
cost buys the product. With the ability to contract on price, the revenue-maximization
problem is essentially a non-linear pricing problem (with type-dependent outside option, see
Jullien (2000)) as in Mussa and Rosen (1978), and the characterization of optimal mech-
anisms is given by . The main contribution of this chapter, both technically
and economically, is that even without the ability to contract on prices, the data broker
can still achieve the same revenue and even the entire market outcome would be the same.
completely characterizes the optimal mechanisms for the data broker under
regime Z, and shows that every optimal mechanism must create quasi-perfect segmentations
described by a cost-dependent cutoff. Namely, all the consumers with values above the cut-
off are separated from each other whereas the consumers with values below the cutoff are
pooled with the separated high-value consumers. When pricing optimally under this seg-
mentation, the producer only sells to high-value consumers and induces quasi-perfect price
discrimination. As a result, the ability to contract on prices does not matter, as the market
segmentations can be designed to incentivize the producer to price in the way as if it is
contracted. Furthermore, the cutoff function under any optimal mechanism has a closed
form, which is exactly the minimum between the (ironed) virtual marginal cost function and

the optimal uniform price as a function of marginal cost.
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The outcome-equivalence between regime Z and regime P can be interpreted as the
equivalence in different two business models that can be employed by a data broker: Regime
T corresponds to a business model where the data broker only sells consumer data and does
not participate in the product market at all, whereas regime P can be interpreted as a
business model where the data broker becomes an (exclusive) retailer, who buys products
from the producer and then sells these products to the consumers as a monopoly via perfect-
price discrimination. As a result, the outcome-equivalence between regime Z and regime P
indicates that it does not matter which business model is employed by the data broker, both
from the broker’s perspective and from a policymaker’s perspective.

In addition to the equivalence result, the characterization of the optimal mechanisms
further leads to several welfare implications. As the defining feature of quasi-perfect price
discrimination, under any optimal mechanism, all the consumers pay their values conditional

on buying. This implies that the consumer surplus under any optimal mechanism is zero

(IProposition Z]J) In other words, in terms of consumer surplus, it is as if all the infor-

mation about the consumers’ values is revealed to the producer (even though it is not fully

revealed under regime 7). Furthermore, also allows a comparison between data

brokership and uniform pricing, where no consumer data can be shared. More specifically,

I show that data brokership always increases total surplus (tProposition 2.3), and can even

be Pareto-improving compared with uniform pricing if the data broker has to purchase the

data from the consumers (before they learn their values, see tProposition 24])

The rest of this chapter is organized as follows. Continuing in this section, several related
literatures are discussed. Section @ presents the (specialized) model in further details. In
Section @, I characterize the optimal mechanisms of the data broker. The equivalence result
and other consequences of consumer-data brokership are discussed in Section @ Finally,

some further discussions are in Section @
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2.1.3 Related Literature

This chapter is related to several streams of literature. In the recent literature of price
discrimination, several theoretical works center around the discussion of the welfare effects
of price discrimination (see, for instance, Varian (1985), Aguirre et al, (2010) and Cowan
(2016)) and provide conditions under which third-degree price discrimination increases or
decreases total surplus and output. In addition, Bergemann et al, (2015) show that any
surplus division between the consumers and the monopolist can be achieved by some market
segmentation. In these papers, market segmentation is treated as an exogenous object,
whereas in this chapter, market segmentation is determined endogenously by a data broker’s
revenue-maximization behavior. The welfare implications in this chapter are clear: With
a data broker, consumer surplus always decreases, while volume of trade and total surplus
always increases. On the other hand, several empirical works have focused on quantifying
the improvements on welfare and profit by the use of price discrimination (see, for instance
Shiller and Waldfogel (2011)), Shiller (2014) and Dubé and Misra (2017)), as well as detecting
and identifying the use of price discrimination (Mikians et al! (2012) and Goldberg (1996)).

Additionally, this chapter is related to the literature on the interplay between monop-
olistic pricing and information structures. Specifically, Lewis and Sappington (1991) and
Johnson and Myatt (2006) characterize the seller-optimal information that the consumers
have within a parameterized family of information structures. They show that either full-
information or no-information is optimal for the seller. On the other hand, Roesler and
Szentes (2017) characterize the buy-optimal information structure and further provide a
set-valued prediction of all possible surplus division that can arise under some information
structure that the buyer has. Yang (2019a) further characterizes the buyer-optimal infor-
mation structure when the seller has cost uncertainty, which can be further extended to
a characterization of all possible surplus division in an environment that features second-

degree price discrimination (Yang, 2019d). In addition, Ravid et al) (2019) study a strategic
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environment where the buyer can acquire information covertly with some cost of learning.
While these papers focus on the implications of different information the consumers can
have, this chapter can be interpreted as a model that focuses on different information the
producer can have.

Furthermore, this chapter can also be categorized into the mechanism design and in-
formation design literature. In particular, this chapter is closely related to the mechanism
design problems where the information structures are also part of the design objects. Within
this branch, Bergemann and Pesendorfer (2007) study an optimal auction problem in which
the seller can also disclose information about the value to the consumers independently.
Dworczak (2020) studies a mechanism design problem where the designer can also disclose
information to affect the aftermarket. Kolotilin et al, (2017) examine a persuasion problem
in which the sender can use different information structures to screen the receiver who has
(independent) private information. Bergemann and Bonatti (2015) explore a pricing prob-
lem of a data provider who can use information about consumers’ match value to facilitate
a firm’s targeting. Bergemann et al) (2018) solve a mechanism design problem in which the
designer sells experiments to decision makers who have private information about his belief.

Methodologically, the main feature of this chapter is to exploit the richness of the design
object (segmentation/information) to discipline double deviations. This is related to the
dynamic mechanism design problems in Esé and Szentes (2007), where they show that in a
two-period optimal auction problem with independent signals, the second-period incentive
constraints are irrelevant and the designer’s optimal revenue is as if the second-period signal
were public.H

Among the aforementioned studies, Bergemann et al, (2015), Bergemann et al, (2018)

are the closest to this chapter. Specifically, Bergemann et al, (2015) explore the welfare

4. The original statement of Es6 and Szenteq (2007) does not have the independence condition. However,
as shown in [Li and Shi (2017), such independence condition is needed in order for the optimal disclosure
result to be valid.
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implications of different market segmentation, while this chapter introduces a data broker
who designs market segmentation in order to maximize revenue. Meanwhile, Bergemann
et al| (2018) study an environment where the agent has private information about his prior
belief and characterize the optimal mechanism in a binary-action, binary-state case; or in
a binary-type case, while this chapter studies a revenue maximization problem where the
agent’s private information is part of her intrinsic preference and has a rich action space.

Also, this chapter allows a large class of priors, including those with infinite support.

2.2 Model

In what follows, I specialize the general model introduced in Chapter m by restricting the set

of feasible information structures to X9 and specializing the seller’s outside option as

mo(c) == r;lgg(p —¢)Dy(p).

As discussed in Section @, this model is equivalent to a model where there is a unit mass
of consumers with unit demand and heterogeneous values, as well as one producer who
sells a product at a constant marginal cost that is her private information. An information
structure is equivalent to a market segmentation s € A(D) satisfying (@) that splits the
market demand Dy into several market segments so that the producer can price-discriminate
the consumers accordingly. In other words, given any market segmentation s, the producer

with marginal cost ¢ solves

r;lgg(p —¢)D(p)

for all D € supp(s). For the rest of this chapter, the set of market segmentations is denoted
by S. In addition, for any ¢ € C' and any D € D, let Pp(c) denote the set of optimal prices

for the producer with marginal cost ¢ under market segment D. As a convention, regard P
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as a correspondence on D x C' and if p is a selection for P, write p € P.a Furthermore, for

any ¢ € C' and any D € D, let

mp(c) == Jnax (p—c)D(p)

denote the maximized profit of the producer. Also, let

Pp(c) :=max Pp(c)
be the largest optimal price for the producer with marginal cost ¢ under market segment
D.E For conciseness, let py :=Pp, -

Throughout this chapter, I impose the following technical assumption on the market

demand Dg and the distribution G.

Assumption 2.1. The function ¢ — max{g(c)(¢q(c) —Po(c)),0} is nondecreasing.

|Assumption 2.]J permits a wide class of (Dg, G) and includes many common examples.H

Also, it does not require regularities of either mY0 or G (nor is it implied by regularities of
mY and G). In , I will further discuss this assumption, including how the results
rely on it, its relaxations, as well as several economically interpretable sufficient conditions.

With this specification, a mechanism for the data broker (i.e., the informational monop-

olist introduced in Chapter m) becomes a pair (o, 7) under regime Z, and a tuple (o, 7,7)

5. For notational conveniences, I restrict the feasible prices for each producer to a large enough compact
interval V' C R such that V C V. With this restriction, Pp(c) would be a subset of a compact interval for
all D € D and for all ¢ € C. Since V itself is bounded, this restriction is simply a notational convention and
does not affect the model at all.

6. p is well-defined by in Appendix E Moreover, according to the notational convention stated

, whenever ¢ > max(supp(D)), Pp(c) = max V.

7. For instance, if Dy is linear demand and G is uniform; or if both Dy and G are exponential on some
intervals; or if Dy and G are such that Dy(v) = (1 —v)?, G(c) = ¢®, for all v € [0,1], ¢ € [0, 1], for any
a, B > 0; or if Dy and G take one of the aforementioned forms.
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under regime PE where ¢ : C' — § is a measurable function that assigns a market seg-
mentation o(c) € S given reported cost ¢ and will be referred as a segmentation scheme (or
sometimes, a scheme); 7 : C' — R is a measurable function that maps report ¢ to the amount
of payment 7(c); and 4y is a measurable function so that for any report ¢, (c) is a transition
kernel that maps from D to Ry and stands for the (stochastic) prices that must be charged
to segment of consumers when the report is c.

Under regime Z, the incentive compatibility constraint () and the individual ratio-
nality constraint () can be simplified to

l/WD@MMDm—wv»z/V@@wwa@—dd»
D D
for all ¢, € C, and
L/WD@MMDEM—N@ZWM@,
D

for all ¢ € C, respectively. Similarly, under regime P, () reduces to

/ (p—c)D(p)v(dp|D, c)o(dDlc) —7(c) 2/ (p—c)D(p)v(dp|D, o (dD|) —7(c),
DxR DxR4

for all ¢,c € C while () reduces to

[ o= D@D, odDle) - 7(0) 2 mfe)
DxRy

for all c € C.
From this regard, the data broker’s revenue maximization problem exhibits several no-
ticeable features. First, the object being allocated is infinite dimensional. After all, the data

broker sells market segmentations to the producer as opposed to a one-dimensional quality

8. Notice that a mechanism in this chapter does not need to specify exclusion decisions (i.e., the mapping
a: C — {0,1} is not needed). This is because the seller’s outside option is her optimal uniform pricing
profit, which can be achieved by providing no information without excluding the seller.
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or quantity variable in classical mechanism design problems (e.g., Mussa and Rosen ([1978),
Myerson (1981) and Maskin and Riley ([1984)). In particular, it is not clear whether there
exists a partial order on the space of market segmentations that would lead to the single-
crossing property commonly assumed in low-dimensional screening problems. Second, the
producer’s outside option is type-dependent. This is because the producer has access to the

consumers, and is only buying the additional information about the consumers’ values.

2.3 Optimal Mechanisms

In what follows, I characterize the data broker’s optimal mechanisms under both regime 7
and P. To begin with, I first examine the revenue maximization problem under regime P

and establish an upper bound for the broker’s revenue under regime Z.

2.3.1 Optimal Mechanism under Regime P

With the ability to contract on price, the data broker’s problem becomes straightforward
despite the rich allocation space and the type-dependent outside option. Indeed, with the
ability to contract price, as formally proved in Appendix @, the data broker can be thought
of as a retailer, who buys the product from the producer as a monopsony and then sell all
the purchased units to the consumers via perfect price discrimination. As a result, the data
broker’s problem is equivalent to choosing a purchasing contract (g,t), with q : C' — [0, 1]

and t : C' = R being measurable and satisfying

t(c) — cq(c) > max{t(c') — cq(c'), mo(c)}

to maximize



where Dy 1is the inverse market demand.g The interpretation is that the data broker, as a
monopsony, uses an incentive compatible and individually rational direct mechanism (g, t) to
purchase the product from the producer, so that given report ¢, he purchases g(c) units and
pays t(c) to the producer. Then he sells these g(c) units to the consumers via perfect price
discrimination. As a result, the data broker’s problem is reduced to a standard nonlinear
pricing problem with one-dimensional allocation space and type-dependent outside option.
Using the techniques developed by Myerson ([1981) and Jullien (2000), optimal mechanisms
for the data broker can be fully characterized. To state this result, let ¢ be the ironed
virtual value and let P (c) := min{pg(c), po(c)} for all ¢ € C. The characterization of
optimal mechanisms can be stated as below.

Theorem 2.1. Under regime P, a revenue-mazimizing mechanism exists. Furthermore,
under any revenue-mazximizing mechanism, for G-almost all ¢ € C, all consumers with
v > P buy the product by paying their values while all consumers with v < Pg(c) do not

buy. In particular, the optimal revenue is

R (/ i <v—¢G<c>>Do<dv>)G<dc>—wo<e>.
C \/H{v=pg(c)}

The proof of can be found in Appendix E The intuition behind

is simple: Due to the asymmetric information, the data broker’s marginal cost is effectively
larger than the producer’s actual marginal cost by the amount of G(c)/g(c) as he has to
pay information rents to the producer. As a result, given each report ¢ € C' the data broker
is essentially choosing a quantity g(c) € [0, 1] to maximize profit. As the data broker sells
all g(c) units via perfect price discrimination, had there been no type-dependent outside

options, the optimal quantity is to sell to all the consumers with value above the (ironed)

9. More precisely,
Dy (g) :==sup{p € V': D(p) > ¢},Vq € [0,1].
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virtual cost. Since the allocation space is one-dimensional, monotonicity of the optimal
quantity as a function of ¢ would be sufficient for global incentive compatibility. However,

since the producer’s outside option is type-dependent, this cutoff has to be adjusted so

that the individual rationality constraints could be satisfied. Under |Assumption 2.]J, the

adjustment is exactly to replace pi(c) by pa(c), as argued in the formal proof.

Under any optimal mechanism, according to , all consumers with value
v > Pa(c) end up buying the product by paying their values, whereas all consumers with
v < P(c) do not buy. This outcome will be referred as quasi-perfect price discrimination.
It is “perfect” as all the purchasing consumers pay their values, while it is “quasi” because
not all the consumers with v > ¢ buy. More generally, for any x > 0, an outcome is said to
be k-quasi-perfect price discrimination for c if all consumers with v > x buy the products by
paying their values while all consumers with v < k do not buy. This outcome will be crucial

for deriving the results in the following subsection.

2.3.2  Optimal Mechanism under Regime T

In this subsection, I characterize the optimal mechanisms for the data broker under regime Z.
Without the ability to contract on price, the rich allocation space creates substantial difficul-
ties and thus standard methods for finding optimal mechanisms cannot be applied. Instead,
in what follows, I exploit the characterization given by and the observation
that the data broker’s revenue must be weakly higher under regime P than under regime 7
to characterize the optimal mechanisms under regime Z. In brief, in this subsection, I will
construct an incentive feasible mechanism under regime Z that achieves the same outcome
as the optimal mechanisms under regime P.

To begin with, recall that by , any optimal mechanisms under regime P must
induce P (c)-quasi-perfect price discrimination for (almost) all ¢ € C. As a result, even

without the ability to contract on prices, if there is an incentive feasible mechanism under
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regime Z that induces the same outcome, then this mechanism must be optimal and the data
broker’s optimal revenue must be R* under regime Z as well. However, without the ability to
contract on prices, the data broker cannot simply use the value-revealing segmentations and
induce perfect price discrimination to achieve this outcome, as there would be consumers
with values v € (¢,p(c)) to whom the data broker would not like to sell but the producer
would. Instead, more sophisticated market segmentations have to be used. This leads to the

following definition.

Definition 2.1. For any ¢ € C' and any k > ¢, a segmentation s € S is a k-quasi-perfect
segmentation for cif for s-almost all D € D, either D(c) = 0, or the set {v € supp(D) : v > K}

is a singleton and is a subset of Pp(c).

A k-quasi-perfect segmentation for ¢ is a segmentation that separates all the consumers
with v > k while pooling the rest of the consumers together with them so that when the
producer’s marginal cost is ¢, every market segment with positive trading volume@ must
contain one and only one consumer-value v > k and this v is an optimal price for the
producer. Notice that a k-quasi-perfect segmentation for ¢ induces k-quasi-perfect price
discrimination for ¢ when the producer’s marginal cost is ¢ and when she charges the largest
optimal price in (almost) all segments. Namely, a consumer with value v buys the product

if and only if v > k and all purchasing consumers pay exactly their values.
With [Definition 2.1, I now define the following:

Definition 2.2. Given any function ¢ : C' — R with ¢ < 9(c) for all ¢ € C:

1. A segmentation scheme o is a 1-quasi-perfect scheme if for G-almost all ¢ € C, o(c) is

a 1(c)-quasi-perfect segmentation for c.

2. A mechanism (o, 7) is a 1-quasi-perfect mechanism if o is a 1-quasi-perfect scheme and

if the producer with marginal cost ¢, when reporting truthfully, has net profit m(c).

10. Notice that when the producer’s marginal cost is ¢, no trade occurs in market segment D if and only
if D(c) = 1.
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With the definitions above, the main characterization of this chapter can be stated as

heorem 2.2.

Theorem 2.2 (Optimal Mechanism). Under regime Z, the set of optimal mechanisms is
nonempty and is exactly the set of incentive feasible P -quasi-perfect mechanisms. Fur-
thermore, every optimal mechanism induces Pg(c)-quasi-perfect price discrimination for

G-almost all c € C.

The proof of can be found in Appendix @ Below, I introduce some sim-

plifying assumptions and sketch the proof, which consists of three main steps: The revenue
equivalence formula, constructing an incentive feasible 1)-quasi perfect mechanism, and the

proof of uniqueness.

The Revenue Equivalence Formula and an Upper Bound for Revenue

Even though the data broker’s problem is more convoluted comparing to a standard monop-
olistic screening problem due to the high-dimensionality nature of market segmentations, a
revenue-equivalence formula can still be derived by properly invoking the envelope theorem.
To see this, notice that for any incentive compatible mechanism (o, 7), the indirect utility of

a producer with marginal cost c is

U(c) ::/DWD(C)J(dD]c) —7(c)

~ ma /D rp()o(dDI) - 7(c')

By the envelope theorem, the derivative of U is simply the partial derivative of the objective

function evaluated at the optimum, that is,



Moreover, since mp(c) is the optimal profit of the producer with marginal cost ¢ under

segment D, again by the envelope theorem, for all ¢ € C|

7 () = ~D(Bp(c)). (2.2)

Together,

Ule) = /1</1DpD dD|0d4Vc€C

Therefore, under any incentive compatible mechanism (o, 7), if a producer with marginal
cost ¢ misreports a marginal cost ¢’ and sets prices optimally, the deviation gain can be

written as

Ulc) — (/p 7p(c)o(dD|d) — T(c’)>
N /D[WD(C) —7p()]e(dD|d) — (U(c) = U())

/

:/C [/ —7p(2)o(dD|c) /DPD 2))o (dD|2)} ds
/{/Dm o (D) /Dm)mePz

Together, these lead to below.
Lemma 2.1. A mechanism (o, T) is incentive compatible if and only if

1. For all c € C,

0 = [ mp(ea(aple /(/Dpp o(dDl:)d ) - U @)

2. Foralle,d € C,

/CCI (/D D(pp(z))(o(dDlz) — 0(dD|c’))> dz > 0.
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Furthermore, p can be replaced by any p € P for the “only if " part.

The proof of can be found in Appendix @ It formalizes the heuristic ar-

guments above by using the envelope theorem of Milgrom and Segal (2002). In essence,
condition 1 in is a generalized revenue-equivalence formula stating that the
transfer 7 must be determined by o up to a constant, whereas condition 2 in is
stronger than the usual monotonicity condition due to the high-dimensionality nature of the
allocation space and the lack of the single-crossing property.

From , for any incentive compatible mechanism (o, 7), the data broker’s ex-

pected revenue can be written as

Bl (o) - [, ( A <z—»D<c>—¢G<c>>D<z—»D<c>>o<dD\c>) Ol —U@.  (23)

which can be interpreted as the expected virtual profit net of a constant. That is, maximiz-
ing the data broker’s expected revenue by choosing an incentive feasible mechanism (o, 7)
is equivalent to maximizing the expected virtual profit—the profit of the producer if her
marginal cost ¢ is replaced by the virtual marginal cost ¢ (c) but she still prices optimally
according to marginal cost c—by choosing an implementable scheme o.

Combining (@) and , together with the definition of quasi-perfect mecha-
nisms, it then follows that any incentive feasible P quasi-perfect mechanism must be opti-

mal. Therefore, to prove the first part of , it suffices to construct an incentive

feasible p-quasi-perfect mechanism.

Attaining R*

By the definition of quasi-perfect segmentations, for any nondecreasing function ¢ : C' — R4
and for any 1-quasi-perfect scheme o, given any report ¢ € C, o(c) must induce 1(c)-quasi-

perfect price discrimination when the producer charges the largest optimal price in (almost)
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every segment. That is, all the consumers with v > (¢) would buy the product by paying
exactly their values whereas all the consumers with values v < 1(c) would not buy. As a
result, all the surplus of consumers with v > 1(c) would be extracted and the trade volume

must be the share of consumers with v > 1/)(0).@ Specifically, for all ¢ € C,

/ Pp(c)D(Bp())o(dDlc) = / vDy(dv)
D {v>¢(c)}

and

/D DBp(c))a(dD]e) = Do((c)).

As a result, if there is an incentive feasible P-quasi-perfect mechanism (o, 7), then by

, the data broker can attain revenue
il = [ [ le) ~ é6(e) DBDE) DN ) Glde) = (e

=/ (/ (v — ¢G(0))D0(dv)> G(dc) — () (2.4)
C \JH{v>¢q(c)}

However, not every quasi-perfect scheme is implementable. To ensure incentive compat-

ibility, the integral inequality given by condition 2 in must be satisfied. While

this condition involves a continuum of constraints and is difficult to check, the following

lemma provides a simpler sufficient condition.

Lemma 2.2. For any nondecreasing function ¢ : C' — Ry with 1(c) > ¢ for all c € C, and

for any 1-quasi-perfect scheme o, there exists a transfer scheme 7 : C' — R such that (o, T)

11. The formal arguments can be found in the proof of in Appendix B
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is incentive compatible if for any c € C,

¥(z) <Pp(2), (2.5)

for (Lebesgue)-almost all z € [c, c| and for all D € supp(o(c)).

In essence, reduces the integral inequalities given by condition 2 of

to pointwise conditions. Details about the proof can be found in Appendix @ The crucial
step is to notice that for a i-quasi-perfect scheme, there are always no downward-deviation
incentives (i.e., a producer with cost ¢ would never have an incentive to misreport ¢’ < ¢), as
a higher-cost producer would find the gains from reducing the cutoff less beneficial than the
increment in transfer. With this observation, as the pointwise condition (@) is sufficient to
rule out upward-deviation incentives, then follows.

After simplifying the incentive constraints, the following lemma then provides a crucial

sufficient condition for there to exist an incentive compatible 1-quasi-perfect mechanism.

Lemma 2.3. For any nondecreasing function 1 : C'— Ry such that that ¢ < ¥(c) < Py(c)

for all c € C, there exists a V-quasi-perfect scheme o* that satisfies (@)

A direct consequence of ILemma 2d and ILemma 2.3| is that there exists an incentive

compatible Pg-quasi-perfect mechanism (¢*,7%). Furthermore, for any ¢ € C, (Ell) also
implies that

/ " Dy(@al2) dz > / " Dy(Bo(2)) d.

c

Together, by and (@), after possibly adding a constant to 7* so that the indirect

utility of the producer with cost ¢ equals to my(¢), (¢*,7%) is an incentive feasible ¢;-quasi-
perfect mechanism, which in turn implies that (¢*,7%) is optimal. Together with (@), it

then follows that any incentive feasible ¢G-quasi-perfect mechanism is optimal.

The proof of is by construction and the details can be found in Appendix

0

@. This construction is especially simple when m” is regular (equivalently, when the profit
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function p — (p — ¢)Dy(p) is single-peaked on supp(Dy) for all ¢ € C). Specifically, for any

c € C and for any v € [¢(c), V], define market segment Dg} ©) € D as

Do(p), ifpefv,(c)]
v (P) =9 Do(@(e), ifpe (P(e)] (2.6)

0, if p € (v, 7]

for all p € V, which is illustrated in . Also, let 0* : C'— A(D) be defined as ()
with @ being replaced by 1. By construction, o*(c¢) € S for all ¢ € C. Furthermore, o*
is a 1-quasi-perfect scheme satisfying (@) To see this, consider any ¢ € C. By regularity
of Dg and by the hypothesis that 1(c) < Pg(c), when the producer’s marginal cost is c,
she would prefer charging price 1(c) (or the lowest price in supp(Dy) that is above ¥(c), if
¥(c) ¢ supp(Dp)) than charging any price p < 1(c) under Dg. Therefore, for any v > 1(c)
and for any p < ¢(c), since ng(c) (p) = Do(p) and DUMC) (v) = Dg(¢(c)), charging price v in

(c) must be optimal for the producer as v > 1 (¢). On the other hand, when the

segment D;ﬂ
producer has marginal cost z < ¢, for any v > 1(c), since T)D}f’(c) is nonincreasing, it must be
that either ﬁD}f(c)(z) =v or ]_)Dg,(c)(z) < #(c). In the former case, since 9 is nondecreasing,
it then follows that ﬁDf(c)(z) > (c) > 1(2). In the latter case, as Dg)(c) (p) = Do(p) for all
p < Y(c), ﬁD}f’(c)(z) must have been optimal for the producer under D as well. Therefore,
it must be that py(z) < TjD}f(C) (z). Combining with the hypothesis that ¥ (z) < py(z), this
then implies ¢ (z) < T)Dg,(c) (2). As a result, o* is indeed a 1-quasi-perfect scheme satisfying
(E)}

In general, for any arbitrary Dy € D, the construction is more convoluted. In brief,
the segmentation scheme ¢* is constructed by approximating Dy with a sequence of step
functions { Dy} C D that converges to Dy, followed by finding a desired segmentation scheme

on, of each Dy,. Together with several continuity lemmas in Appendix @, the limit of {0y}

converges to the desired segmentation scheme o*.
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Figure 2.1: Market segment D},p (c)

Uniqueness

To see why any optimal mechanism of the data broker is a pg-quasi-perfect mechanism,

I sketch the intuition under an assumption that is stronger than |Assumption 2.]J, the for-

mal proof for the more general case involves details of the duality argument used to prove

and thus is relegated to Appendix @ To this end, in this subsection, assume

that

¢G(c) <Po(c), Vee O (2.7)

and that G is regular. Notice that $g(c) = ¢q(c) for all ¢ € C' when (@) holds and when

G is regular.
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Under these assumptions, suppose that a mechanism (o, 7) is optimal. Then,

R* = / ( / (v— ¢G<c>>Do<dv>> Glde) — mo(2)
C \J{v>¢q(c)}

:/0 </D(1_7D(C) - ¢G(C))D(ﬁD(C))U(dD|C)) G(de) —mo(c), (2.8)

which in turn implies that for (almost) all ¢ € C,

| w=daenDodn) = [ Bole) - 6o(@)DEp(E)o(dDl),  (29)
{v=0c(0)} D

since the left-hand side is the efficient surplus in an economy where the producer’s cost is
¢ (c) and hence must be an upper-bound of the right-hand side, and (@) implies that the
right-hand side must attain this upper bound.

It then follows o must be a pg-quasi-perfect mechanism. Indeed, if o is not a pG-quasi-
perfect scheme, it must be that there is a positive G-measure of ¢ € C' and a positive o(c)-
measure of D € supp(o(c)) such that either D(v) > 0 for some v > Pp(c), or D(¢a(c)) #
D(pp(c)). That is, either there are some consumers with v > ¢g(c¢) who do not buy
the product or buy the product at a price below v, or there are some consumers with
v < ¢i(c) who end up buying the product. This contradicts (@) As a result, (o, 7) must

be a ¢g-quasi-perfect mechanism. Moreover, (o, 7) must also induce quasi-perfect price

discrimination since p can be replaced with any p € P according to .

2.3.83 Further Remarks

From the definition of quasi-perfect segmentations, there are some degrees of freedom re-
garding the ways to pool the low-value consumers with the high-values. Therefore,
rem 2.2 implies that there might be multiple optimal mechanisms—as long as the low-value

consumers are pooled with the high-values in a way such that the mechanism is incentive
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feasible and is p-quasi-perfect. Nevertheless, the outcome induced by any optimal mecha-
nism is unique. That is, under any optimal mechanism, for (almost) all marginal cost ¢ € C,
a consumer with value v buys the product if and only if v > P(c) and all the purchasing
consumers pay their values. In other words, the multiplicity only accounts for the off-path
incentives. Furthermore, there is always an explicit construction of an optimal mechanism
(see details in Appendix @) In fact, when the market demand m0 is regular, the argument
above for the sketched proof of implies that there is an optimal mechanism
that takes a particularly simple form particularly simple form: The low-value consumers are
pooled with the high values in a way that preserves the likelihood ratios among values below

the cutoff. Specifically, for any ¢ € C' and for any p € [pz(c), 7], let

- ({ch(c) o> p} \C) - %. (2.10)

In other words, for any ¢ € C, 0**(c) only assigns positive measure to market segments
{DEG(C)}UEW(C) ) and its distribution is exactly the distribution of consumers’ values condi-
tional on being above the cutoff P (c) given by the market demand. Then, by ,
there exists a unique transfer scheme 7** : C' — R such that (¢**,7%*) is an incentive fea-
sible p-quasi-perfect mechanism and hence is optimal. Henceforth, I refer the mechanism

(o™*, 7%*) as the canonical p-quasi-perfect mechanism. This then gives the following result.

Theorem 2.3. Suppose that m® is reqular. Then the canonical @ -quasi-perfect mechanism

(o™*, 7*%) is optimal.

As an example, consider the case where D is linear and G is a uniform distribution
with V' = C = [0, 1]. It then follows $;(c) = 2¢ for all ¢ € [0,1/3] and p(c) = (1 +¢)/2
for all ¢ € (1/3,1]. In this case, the canonical Pg-quasi-perfect mechanism is described
by a uniform distribution on the market segments {DfG(C)}erG(c)J], where each market

segment DEG(@ is defined by (@)
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In addition, underlines a noteworthy feature of the optimal mechanisms.
According to , for any optimal mechanism (o, 7), the segmentation scheme o

does not generate value-revealing segmentations in general. Specifically, for any report ¢
such that Pg(c) > v, there are market segments D € supp(o(c)) containing consumers
with distinct values. The reason is that in order to incentivize the producer to set prices
in desirable ways and to elicit information from the producer, some market segments must
contain consumers with values below the desirable threshold $(c). By pooling the high-
value consumers with the low-value ones in the same market segment while separating them
from other high-value consumers, the data broker is able to incentivize the producer to set
prices at the highest value in each market segment and induce P (c)-quasi-perfect price
discrimination for all ¢, which in turn enables the data broker to elicit private information
by discouraging trade and extract surplus from the purchasing consumers at the same time.
This also means it is not optimal for the data broker to release all the information about

consumers’ values.

2.4 Implications

2.4.1 Qutcome-Equivalence

The results in Section @ immediately leads to the outcome-equivalence result. Indeed, by

tTheorem 2.]J and h’heorem 2d, every optimal mechanism under either regime Z or regime

P must induce pg(c)-quasi-perfect price discrimination for (almost) all ¢ € C. This then
implies that the data broker’s revenue, the producer’s profit, consumer surplus and the alloca-
tion of the product, must remain unchanged regardless of the market regime, as summarized

below.

Theorem 2.4 (Outcome-Equivalence). Regime Z and regime P are outcome-equivalent (un-

der Xcpa)-
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implies that, the ability to contract on prices is irrelevant. The ability to

design market segmentations (equivalently, information structures) is powerful enough so
that the data broker can achieve the same outcome even if prices are not contractable. The
essence of this result relies on the richness of the allocation space. Indeed, as the space of
market segmentations is large, the data broker can exploit the allocations to provide extra
incentives for the producer to discipline her pricing decisions.

Furthermore, means that even when the data broker only affects the product
market indirectly by selling consumer data, the market outcomes he induces would be the
same as those when he can control product prices. More specifically, from the data broker’s
perspective, having control over how the product is sold in addition to consumer data adds
no extra values to his revenue. As for the producer, her profit in face of a data broker is
the same as if she sells the product, as well as the exclusive right to sell the product, to this
data broker. Preserving the access to consumers and the right to sell the product is in fact
not more profitable. In addition, the allocation of the product induced by a data broker is
the same as that induced by an exclusive retailer. Therefore, the channel through which the
product is sold to the consumers does not affect the amount of products being produced,
nor does it affect to whom the product is sold.

This outcome-equivalence result has several further implications. First, it implies that
there are no incentives for the data broker to become more active, as the data broker’s
revenue would remain the same even if he gains control over prices. Second, from a pol-
icymaker’s perspective, it means that no further concerns should be raised even if a data
broker eventually becomes more active. After all, the market outcomes and the amount of

deadweight loss would remain the same.
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2.4.2  Welfare Implications and Consumer Data Ownership

One of the most pertinent questions about consumer-data brokership is how it affects con-
sumer surplus. Are the data broker’s possession of consumer data and the ability to sell
them to a producer detrimental for the consumers? If so, to what extent? Meanwhile,
can the consumers benefit from the fact that the data broker does not have access to the
consumers and only affects the product market indirectly by selling data to the producer?

While currently being a focus of policy debates, the following result, as an implication of
, answers a certain aspect of this question.

Proposition 2.1 (Surplus Extraction). Consumer surplus is zero under any optimal mech-

anism.

lProposition 2.]J follows directly from the characterization given by . Indeed,
according to , any optimal mechanism must induce p¢/(c)-quasi-perfect price

discrimination for (almost) all ¢ € C, which means that every purchasing consumer must

be paying their values. Notably, tProposition 2.]J provides an unambiguous and substantial

assertion about the consumer surplus under data brokership. According to lProposition 2.]J,

even though the data broker does not sell the product to the consumers directly and only
affects the market by creating market segmentations for the producer, it is as if the consumers
are perfectly price discriminated and all the surplus is extracted away (even though the
optimal mechanisms do not induce perfect price discrimination in general). This means that
as long as the data broker possesses consumer data and can sell them to a producer, from
the consumers’ perspective, it is the same as buying the product from a monopolist who can
implement perfect price discrimination. More practically, this result means it is impossible to
expect the consumers to benefit from the gap between the ownership of production technology

and ownership of consumer data.

Proposition 2.2. The data broker’s optimal revenue is no less than the consumer surplus

under uniform pricing.
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An immediate consequence of lProposition Qd is that total surplus under data brokership

is greater compared with uniform pricing, as summarized below.

Proposition 2.3 (Total Surplus Improvement). Data brokership always increases total sur-

plus compared with uniform pricing.

[Proposition 2.14 means that even though data brokership is extremely harmful to the con-

sumers, in terms of total surplus it creates, however, it is always better than the environment

where no information about the consumers’ values can be disclosed.

Another implication of tProposition Q.j pertains to the source of consumer data. So far,

it has been assumed that the data broker owns all the consumer data and is able to perfectly
predict each consumer’s value. In contrast, a different ownership structure of consumer data

can be considered. In this setting, the data broker does not have any data in the first

place and has to purchase them from the consumers.@ lProposition Q.j immediately implies

that, if the data broker has to purchase data by compensating the consumers with monetary
transfers before they learn their values,@ then the optimal mechanism would be to purchase
all the data by paying the consumers their ex-ante surplus under uniform pricing and then

use any optimal mechanism characterized by to sell these data to the producer.

Furthermore, since the data broker’s revenue is greater than the consumer surplus under

uniform pricing according to IProposition Q.j, and since the producer always has an outside

option of uniform pricing, this outcome is in fact Pareto improving compared with uniform

12. For simplicity, a “purchase” of data here means that the data broker gains access to all the consumer
data, in the sense that he can provide any segmentation of D to the producer once he makes the purchase.
In the Supplemental Material, I further extend the model and allow the data broker to make a take-it-or-
leave-it offer to purchase any kind of consumer data and then sell them to the producer. (i.e., offer any
segmentation of Dy that is a mean-preserving contraction of the segmentation induced by the purchased
data.)

13. It is crucial here the data broker purchases before the consumers learn their value, since otherwise
he would also have to screen the consumers to elicit their private information. Such ex-ante purchase of
consumer data is plausibly suitable for online activities. After all, in online settings, consumers often do not
consider their values about a particular product when they agree that their personal data such as browsing
histories, IP address and cookies, can be collected by the data brokers. Nevertheless, other purchase timing
would also be a relevant question, which can be explored in future research.
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pricing in the ex-ante sense, as stated below.

Proposition 2.4 (Data Ownership). If the consumers own their data and if the data broker
can purchase data from the consumers before they learn their values, then data brokership is

Pareto improving compared with uniform pricing in the ex-ante sense.

2.5 Extensions

2.5.1 Sufficient Conditions and Relaxations of Assumption |2. 1

Despite being a technical condition, |Assumption 2.]J has an economically interpretable

sufficient condition (@) To better understand this condition, recall that by definition,
¢a(c) = c+ G(c)/g(c), and therefore ¢ (c) is the actual marginal cost ¢ plus the informa-
tion rent G(c)/g(c). On the other hand, instead of regarding py(c) as the optimal uniform
price for the producer when her marginal cost is ¢, Py(c) can be written as py(c) = ¢+ &y(c),
where &y(c) := Py(c) — ¢ is the monopoly mark-up that the producer charges under uniform

pricing. From this perspective, (@) is equivalent to

< ¢y(c), Ve e C.

That is, the information rent that the producer retains due to asymmetric information about
her marginal cost is less than her monopoly mark-up.

Furthermore, (@) can also be interpreted as the gains from trade being large enough.
More specifically, for any demand D € D, define a location family {D’g} k>0 by moving the
support of Dy without changing the shape of the distribution. That is, D’g (p) := Do(p — k)
for all p € V' and for all £ > 0. Within this family, it is natural to rank the gains from trade

by the location parameter k. In the Supplemental Material, I show that there exists & > 0
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such that (@) holds if and only if k£ > E@

Although the results introduced above rely on |Assumption 2.]], the sole purpose of
is to ensure that as a revenue upper bound, the data broker’s problem under

regime P has a closed form solution. After all, as argued in Section @, the data broker’s

problem under regime P is essentially a nonlinear screening problem with one-dimensional
allocation space and type-dependent outside options. A common feature of such problems

is that the characterization of the optimal mechanisms involves Lagrange multipliers in gen-

eral (see, for instance, Lewis and Sappington (1989) and Jullien (2000)). |Assumption 2.1],

however, yields a closed form solution for the data broker’s problem (), which in

turn allows an explicit construction of an incentive feasible mechanism for the data broker

that attains the revenue upper bound.

Consequently, many of the results can be extended to environments without

. First, tProposition 2.]J actually does not rely on |Assumption 2.]J at all. A strength-

ened version of tProposition 2.]J can be found in the Supplemental Material of Yang (2020),

which ensures both the existence of an optimal mechanism for the data broker and the
fact that any optimal mechanism must yield zero consumer surplus. A crucial step of the
proof is to take any mechanism (o, 7) under which the consumers retain positive surplus
and apply to every market segment D € supp(o(c)) for every report ¢, with
the cutoff function ¢ being pp. This would induce another segmentation scheme. The fact
that all the market segments D € supp(c(c)) are decomposed according to a pp(c)-quasi-
perfect segmentation and the hypothesis that consumers retain positive surplus under (o, 7)
yield a strict improvement on the data broker’s revenue. Moreover, (@) ensures that such

decomposition relaxes the incentive compatibility and individual rationality constraints.

In addition, the main characterization () can be generalized as well. More

14. Clearly, if k is large enough so that v > ¢¢(¢), then there is common knowledge of gains from trade
even after incorporating the information rents and hence the value-revealing scheme would be optimal. In the
Supplemental Material of Yang (2020) I show that there exists k such that (@) holds even then v < ¢¢(¢).
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specifically, in the Supplemental Material of Yang (2020), I show that as long as Dy is
continuous, there exists a nondecreasing function ¢* such that every optimal mechanism
must be a p*-quasi-perfect mechanism. However, unlike @, the cutoff function ¢* does not

have a closed form solution.

2.5.2  Consumers’ Private Information

Given the amount of consumer data that can be collected, their predictive power is approach-
ing perfect estimations of consumers’ values. Nonetheless, it is still imperative to explore the
economic implications of the possibility when the consumers have some private information.
This section extends the baseline model in Section @ and allows the consumers to retain
some pieces of information.

To formally model this, let © be a Polish space that denotes a set of consumer character-
istics which can be disclosed by the data broker. Suppose that among the consumers, their
available characteristics 6 are distributed according to Sy € A(O). These characteristics
are informative about the consumers’ values but there may still be variation in values even
among the consumers who share the same characteristics. Specifically, given any 6 € O,
suppose that among the consumers who share characteristic 0, their values are distributed
according to m? € A(V) and m? induces a demand Dy € D (i.c., Dy(p) := m?([p,7]) for all
p € P) for each §# € ©. The data broker is only able to segment the market according to
6 but not v. In this environment, a market segmentation is then defined by s € A(A(©))

such that

/ BA)s(dB) = fo(A),
A(O)

for any measurable A C ©. As a result, there is now a limit on how predictive the data can
be and the environment is described by ({Dg}gceo, 5o)-
To simplify analyses, I further specialize the environment. Suppose that there are finitely

many possible characteristics. That is, |©| < oco. Moreover, suppose that {supp(Dy)}gco
39


https://kaihaoyang.com/wp-content/uploads/2019/10/Optimal-Market-Segmentaion-Design-and-its-Consequences-Supplemental-Materials.pdf

forms a partition of V' and supp(Dy) is an interval for all § € ©. This specialization will be
referred as partitional. In other words, the data broker only has partial information about
the consumers’ values and can at most identify which interval a consumer’s value belongs
to. Even when 6 is perfectly revealed, the producer would still be unable to identify each

consumer’s value. In this environment, the market demand Dy is given by

Do(p) ==Y Dg(p)Bo(6),

0cO

for all p € V. Moreover, a market segmentation s induces market segments {Dg} Besupp(s)

and

> Ds(p)s(B) = Dy(p),

Besupp(s)
for all p € V, where Dg(p) := > gco Do(p)B(0) for any g € A(©) and any p € V.

When the consumers’ values can never be fully disclosed, it is clear that their surplus will
increase. After all, it is no longer possible for the producer to charge the consumers their
values as the additional variation in values given by Dy always allows some consumers to buy
the product at a price that is below their values. Nevertheless, as shown in ,
under any optimal mechanism, consumer surplus must be lower than the case when all

the information about € is revealed to the producer. That is, the main implication of

IProposition 2.LL for the consumers, the presence of a data broker is no better than a

scenario where their data is fully revealed to the producer—is still valid even when the

consumers retain some private information through a partitional ({Dg}gecg, Bo)-

Theorem 2.5. For any partitional ({Dg}yco,Bo) and any distribution of marginal cost
G, an optimal mechanism exists. Furthermore, the consumer surplus under any optimal

mechanism of the data broker is lower than the case when 6 is fully disclosed.

The intuition behind is simple. Since there are only finitely many char-

acteristics, identifying the consumers’ characteristic 6 effectively enables the producer to
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categorize the consumers into finitely many “blocks” so that every possible value belongs
to one and only one block. As a result, when changing prices within each block of values,
the trading volume is only affected by purchasing decisions of the consumers whose values

are within that block. Such separability allows an analogous argument as in the proof of

the generalized version of IProposition 2.]J (provided in the Supplemental Material) which

shows that the data broker can always construct a mechanism that increases its revenue if
the consumer surplus is higher than that when the characteristic  is not full-revealed.

In addition to the surplus extraction result, the characterization of the optimal mech-
anisms can be generalized as well. That is, with proper regularity conditions, there is an
optimal mechanism that is analogous to the canonical p;-quasi-perfect mechanism intro-
duced in . To state this result, given any partitional ({Dg}gco, 5o), for each
§ € ©, write supp(Dyp) as [[(f),u()]. For any p € V, let 6, € © be the unique 6 such
that p € (1(0),u(0)]. For any ¢ € C, let py(c) be the largest optimal price for the producer
with marginal cost ¢ € C' under the demand whose support contains 1_90(0).@ Also, let
P (c) == min{pg(c),po(c)} for all ¢ € C. Furthermore, given any function ¢ : C' — R,
say that a mechanism (o, 7) is a canonical ¥-quasi-perfect segmentation if the producer with
marginal cost ¢, when reporting truthfully, receives 7y(¢), and if for any ¢ € C, and for any

B € supp(o(c)), either

Bo(0"), if u(0') < ¥(c) and u(0) > 1(c)
B(O0') = Bl (¢) = S oy B0, (@)= v(andd =6 . (211)
0, otherwise
for any 6,0 € ©, or
supp(8) = {0 : 1(8') < (c)} U {6} (2.12)

15. That is, po(c) :=Pp,_ ( )(c). Notice that po(c) < Py(c) for all ¢ € C. Moreover, in the case where the
Po (¢

data broker can disclose all the information about the value v, po(c) = Py(c) for all ¢ € C.
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for some 6 € © with {(0) > ¢(c) and

BO") = Bo(0). (2.13)

for all #' € © such that u(0') < ¥(c).
With these definitions, below prescribes an optimal mechanism for the data

broker.

Theorem 2.6. For any partitional ({Dg}gco, o) and any distribution of marginal cost G
such that the function ¢ — max{(¢c(c) — Po(c)), 0} is nondecreasing and that m is reqular,

there is a canonical pg-quasi-perfect mechanism that is optimal.

2.5.8 Targeted Marketing

So far, the discussions have been abstracting away the possibility that the data broker can
use consumer data to facilitate targeted marketing by assuming there is only one product. In
fact, one of the most common arguments in favor of the usage and provision of consumer data
is that it also benefits the consumers because more relevant products can be advertised to
the consumers and therefore more surplus can be created. The following extension explores
this aspect.

Formally, suppose that, instead of a single product, there are J € N different producers
who sell J different products. In addition, there are I € N (equally populated) groups
of consumers. Each group of consumers has different preferences about different products.
More specifically, let J := {1,...,J} be the set of producers and let Z := {1,..., I} be the
set of all possible groups. For each ¢ € Z and each j € J, the distribution of consumers’
values in group ¢ for product j is Déj € D. For one of the results below, it is further
assumed that for each product j € 7, {Déj }iez can be ranked by pointwise ordering. The

interpretation is that for each product, different groups value a product differently and some
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group prefers a product more than others.

For each producer j € J, her marginal production cost ¢; € C; = [gj,Ej] is her private
information that follows a distribution G ;. Assume that the marginal costs are independent
across producers. Define C' := Hjej Cj and use ¢ = (c1,...,cy) to denote a typical element
of C. Also, let G := Hje 7 G be the joint distribution of the producers’ marginal costs.
As in the baseline model, each producer can sell her product to the consumers but does not
know the individual consumer’s value a priori. Furthermore, the producer does not have
the targeting technology and thus the consumers she faces in absence of the data broker are

summarized by

That is, without targeting, the consumers who see producer j’s product are uniformly drawn
from each group.

The data broker can create market segmentations and sell them to the producers. In
addition, he can help the producers target their products to different group of consumers.
Formally, for any i € Z and any j € J, let S;; denote the collection of s € A(D) satis-
fying (@) with Dy being replaced by D(i)j . A mechanism is defined as a tuple (o, 7,q) =
(035 Tj> 4ij)ieT jeg, where for each i € Z, j € J, 045 : C — §;; is the segmentation scheme;
¢;j : C — [0,1] such that ) ;-7 ¢;; < 11is the targeting scheme so that ¢;;(c) stands for the
fraction of consumers of group ¢ that can see product j ;@ and 7; : ¢ — R is the transfer

scheme for producer j. A mechanism (o, 7,q) is said to be incentive compatible if for any

16. Targeting can only re-direct the consumers who are able to see each product but cannot create new
demand. As such, the total volume of consumers who can see product j must be less than »;, ,1/I = 1.
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‘ /
7 € J and for any Cj» € € C’j,

Ec_j Z/DWD(CJ')O'Z'j(dD|C',C_j)qij(cj,c_j)—Tj(cj’c_j)
1€

>E._; Z/DWD(CJ')Uij(dD|C;'7C—j)ql'j(cg"C—j)_Tj(cg’c—j) )
ieZ

and is individually rational if for any j € J and any ¢; € C},

Ec_; Z/ZDWD<Cj)Uij<dD|CjaCj)Qij(Cj7Cj)_Tj(Cj,Cj) ZWDg(Cj)'
€L

tProposition 2.]J can be generalized to the environment in which targeted marketing is

possible, as summarized in [Theorem 2.7

Theorem 2.7. For any demands {Déj}iez,jej and any marginal cost distributions {Gj}c 7,

there exists an incentive feasible mechanism that mazimizes the data broker’s revenue. More-

over, under any revenue-mazrimizing mechanism, consumers retain zero surplus.

implies that even with the additional targeting technology, the consumers

still retain no surplus. The reason is that, even though the ability to target consumers in-
creases total surplus, the data broker can always design segmentations and targeting schemes
that extract all of the additional surplus created by targeting. The groups of consumers whose
values are low will not be exposed to a product, whereas the surplus of the groups of con-
sumers whose values are high enough are entirely extracted away due to price discrimination,
even if they are targeted.

In addition to the implications for consumer surplus, since every group of consumer can
buy from all of the J producers as long as they see the product, the data broker’s problem
is in fact similar to that in the baseline model. To maximize revenue, he will simply select

the most profitable group of consumers for producer j and target producer j’s product to
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that group. This observation leads to the following generalization of . That

is, even in environments where targeted marketing is possible, under certain appropriate
assumptions about the distributions of marginal costs and the market demands, regime 7

and P are still outcome-equivalent.

Theorem 2.8. For any demands {Déj}ieI,jej C D such that {Déj}iez is ordered according

to pointwise ordering for each j € J, and for any reqular distributions of marginal costs

{Gj}jes, suppose that for any i € I and any j € .7,¢Gj(c) < min{ﬁDéj(c),T)Dg(c)} for all

c € C. Then regime I and P are outcome-equivalent.

2.6 Discussions

The results above have several broader policy implications. First, in terms of welfare, al-

though tProposition 2.]J implies that data brokership is undesirable for the consumers,
shows that the total surplus is always higher with the presence of a data broker

compared with an environment where no information about the consumers’ values can be
disclosed. As a result, the answer to the question of whether a data broker is beneficial
must depend on the objective of the policymaker and the kinds of redistributional policy
tools available. If the policymaker’s objective is simply maximizing total surplus, or if re-
distributional tools such as lump-sum transfers are available, then it is indeed beneficial to
allow a data broker to sell consumer data. On the other hand, however, if the policymaker
also concerns themselves with consumer surplus, and if no effective redistributional policies
are available, then the presence of a data broker can be extremely unfavorable. Therefore,
regarding the policy debates about whether a data broker should be allowed to collect, use
and trade consumer data, it is imperative to first identify the available redistributional tools
and the relative importance among consumer surplus, producer profit and total surplus.

In the case where the policymaker does wish to improve consumer surplus and no effective

redistributional policies are available, and imply that there are
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limited possible policies that can be used to improve consumer surplus. Clearly, policies
that help the consumers preserve some private information can improve consumer surplus.

Nonetheless, according to , from the consumers’ perspective, data brokership

is still no better than all the characteristics being revealed. On the other hand, targeted
marketing does not benefit the consumers either. As shown in , even though
targeting technology can be used to further increase the total surplus, all the benefits will
be extracted away from the consumers via price discrimination.

Furthermore, even if a policymaker attempts to improve consumer surplus by monitoring

price discrimination, implies that it is not enough to monitor only whether

there is personalized pricing (i.e., first degree price discrimination). In fact, the optimal
mechanisms given by do not exhibit perfect price discrimination. Instead, it
is a certain kind of third degree price discrimination (i.e., quasi-perfect price discrimina-
tion, induced by the quasi-perfect segmentations) that will arise in this environment. For a
policymaker, prohibiting personalized pricing would not be effective in improving consumer
surplus. Rather, identifying whether third degree price discrimination is operated in the
form of quasi-perfect segmentation is indispensable for improving consumer surplus. Nev-
ertheless, quasi-perfect segmentations may sometimes be difficult to identify. In general, it
might be difficult to distinguish quasi-perfect segmentations from other basic forms of third
degree price discrimination unless the policymaker has complete knowledge of the correla-
tion between the disclosed consumer characteristics and the consumers’ values. Whether it
is possible to identify an quasi-perfect segmentation with less knowledge remains as a topic

for future studies.

In contrast to the seemingly pessimistic implications discussed above, IProposition 2.4]

prescribes a rather positive solution, both in terms of consumer surplus and in terms of total

welfare. According to lProposition 2.4], if the data broker has to purchase the data from the

consumers, and if the purchase takes place before the consumers learn their values, then data
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brokership would be Pareto-improving compared with uniform pricing. As a result, if the
policymaker can establish the consumers’ property right for their own data,@ as well as a
channel for the data broker to compensate the consumers, then not only the consumers can
secure their surplus as if their data is not used for price discrimination (via compensation),
but also the entire economy can benefit from data brokership, because less deadweight loss
will be generated.

Finally, regardless of the policymaker’s objective, as long as it depends only on the
market outcomes, the equivalence result given by implies that as long as it is
the producer who bears the production cost, however active the data broker is in the product
market does not affect market outcomes at all. This means that, on the one hand, the data
broker has no incentive to become even more active in the product market rather than
only selling consumer data. In fact, together with other potential costs that are abstracted
away from the model (e.g., inventory costs, shipping costs and other transaction costs),
participating directly in product market can be less profitable than merely selling consumer
data to the producer. On the other hand, even if the data broker does become more active in
the product market, it still raises no further concerns to the policymaker. Thus, any policy
intervention that prohibits the data broker entering the product market by either gaining
control over prices (e.g., by establishing an online platform and allows the producer to trade
on this platform while controlling the prices) or obtaining the exclusive right to (re)-sell the

product would be unnecessary.

2.7 Conclusion

In sum, this chapter restricts the set of feasible information structures for the informational

monopolist to a set where the buyer is always fulling informed. This model is the used to

17. For instance, just as what is stipulated by the recent regulation of the European Union, General Data
Protection Regulation (GDPR, Art. 7), consumers’ property right for their own data can be better protected
by prohibiting all the processing of personal data unless the data subject has consented the use.
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study a scenario where a data broker sells consumer data and creates market segmentations.
In this chapter, I characterize the optimal mechanisms of the data broker and conclude that
consumer surplus is always zero, that data brokership generates more total surplus than
uniform pricing, and that the ability to control prices in the product market is irrelevant.
Several extensions are also considered, including the case in which consumers possess some
private information that cannot be disclosed and the environment where targeted marketing
is available.

Several aspects can become future research topics. First, although one of the extensions
of this chapter considers a scenario where targeted marketing is possible, it abstracts away
from the possibility that a data broker can generate “match values” between the producers
and consumers. By assuming that every group of consumers can buy every product as long
as they see it, the matching aspect between consumers and producers is omitted. After
all, there is effectively no competition among the producers when there is no “scarcity”
of consumers. Furthermore, the consumers’ characteristics that govern the match values
can also be their private information. Second, although one of the extensions consider the
case where the consumers can preserve some private information, it is restricted to certain
environments. A natural direction of future research is to explore the data broker’s optimal
mechanisms and their implications in a setting where the feasible market segmentation is
restricted by a Blackwell upper bound. Lastly, the producer is assumed to be a product
monopoly in this chapter. It would be economically relevant to explore the consequences of

consumer-data brokership under different industrial structures.
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CHAPTER 3
UNINFORMED SELLER: SALE OF ADVERTISEMENT

3.1 Introduction

3.1.1 Preface

This chapter is constituted by the main results of [Yang (2019h). In this chapter, I restrict
the set of feasible information structures to Xcpg C X, where the seller is always completely
uninformed about ?).E] Also, I specialize the seller’s outside option m( to zero. Main examples
of this specification include advertisement agencies or online platforms that help the seller
provide information about the product to the buyer and charge the seller for such services.
For concreteness, I use the sale of advertisement as the leading example throughout this
chapter. As such, the informational monopolist is referred as the intermediary throughout
this chapter.

As in Chapter E, the set of feasible information structures Xcps has a simple represen-
tation. To see this, recall that for the buyer, under any information structure x € Xcps,
given any signal realization sy € Sgg and any posted price p, he must buy the product
if E(X7mo)[v|s%] > p and would not buy if ]E(X,mo)[v|s%] < p. In other words, the only
payoff-relevant statistic of information structure y € X3 is the interim expected value. As
a result, the set of feasible information structures Xcps can be represented by the collec-
tion of distributions on V that are mean-preserving contractions of m?, as in Gentzkow and

Kamenica (2016)@

1. Specifically, fix any s € Ss. The set of feasible information structures in this chapter is defined as

Xeons = {x € X: x(Ss x {s}D)|v) =1,V e V}.

2. Similar characterizations appear in many recent developments in the literature of mechanism and
information design, see for instance Neeman (2003), Bergemann and Pesendorfer (2007), Shi (2012), Roesler
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bpeeiﬁcally, recall that Dy (p) := m?([p, v]), and that D is the collection of nondecreasing,l

lleft—continuous functions D : Ry — [0,1] with D(v) =1, D(@") = 0. For any D € D, let]

() = /pw D(v) dv

lfor all p > 0. The set of feasible information structures Xcy,3 can be represented as follows:l

iDO ={D eD:Ip(p) <Ip,(p), ¥p € Ry, with equality at p = 0}|

lwhich can be illustrated by Figure 3.]], where D denotes the distribution that assigns prob-

ability 1 at E, o[v].

E, 0[]

I(p)
Ip,
Ip
v v
E,0[v] p
Figure 3.1: Feasible Set Dy.

and Szentes (201 olotilin et all (201 ergemann and Morri (EOl ZI), @ (lZOlé), IDworczak and Martini
(EOla), Brooks and Du (2019). Skreta and Perez-Richet; (2018).
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3.1.2 Motivation

The information about a product that is provided to consumers plays a central role in
defining profits and consumer surplus. In many real-world contexts, the channel through
which consumers receive information relies on a third party, an intermediary, who possesses
the technology to provide information about the products to the consumers. Consumers
can be informed about the presence of a particular product and can further learn about its
features via the intermediary.

For instance, online selling platforms such eBay have a well-publicized website on which
the commodities are presented to the consumers and different information about the com-
modities can be provided via photos, certificates and descriptions of the product; Advertise-
ment agencies such as QVC also have well-known broadcasting channels through which the
producers can present their products and information about the commodity can be provided;
Car dealers know a great deal about the cars they are selling and can provide different in-
formation to the consumers. These intermediaries can exploit such technology and extract
surplus from the product market. Among these intermediaries, the business models they
adopt exhibit great variations. Some of them (e.g., QVC) only provide informational ser-
vices to the seller by broadcasting advertisements and then charge the seller for this service
(regime 7); whereas some of them (e.g., car dealers and online platforms) are more active in
the product market—they would buy the product first from the producer and then sell to
the consumers directly while providing information about this product (regime P).

Given the importance of consumers’ information and the rapid growth of third party inter-
mediaries, it is thus of great importance to understand how such intermediaries could exploit
their information technology and how various business models (market regimes) would affect
market outcomes. In this chapter, I explore the above questions. Specifically, I consider a
monopolistic pricing model with one buyer and one seller, where the seller can produce a

product with a nonegative production cost. The buyer does not know their value for the
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product or the presence of the product a priori, but can interact with the seller and learn
about the product through an intermediary. More specifically, there is an intermediary who
can inform the buyer about the seller’s product. The goal of the intermediary is to maxi-
mize revenue by exploiting this technology. The main result of this chapter is a complete
characterization of the revenue-maximizing mechanisms for the intermediary under regime
7 and regime P, respectively.

The main result leads to the outcome-equivalence result—consumer surplus, producer
profit, and the intermediary’s revenue are the same under any optimal mechanism of both
regimes. As such, impacts of the intermediaries on the market are independent of market
regimes. Furthermore, I also show that even under the most extreme form of targeting—the
intermediary knows exactly the consumers’ values and can target them accordingly—the
market outcomes are still the same and do not depend on the market regimes. Finally,
using the equivalence result, I further provide welfare analyses and comparative statics that
are valid for both market regimes. I show that under both market regimes, total surplus
and volume of trade when an intermediary has the informational technology are less than a
benchmark case when the seller has control of the informational technology directly. Also,
I show that under both regimes, total surplus and the seller’s profit are larger when the
buyer’s value is higher and when information rent of the seller is smaller.

The rest of this chapter is organized as follows: The next section summarizes the related
literature. Section B.2 introduces the model. Section ﬁ characterizes the revenue maximiz-
ing mechanisms for the intermediary under both regime P and regime Z and then establishes
the outcome-equivalence result. In Section @, targeting technology is introduced and the
equivalence result with targeting is established. In Section @, comparative statics and wel-
fare analyses are provided. Section @ contains discussions of the results and Section @

concludes. The proofs of the results can be found in the appendix.
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3.1.3 Related Literature

This chapter is related to several branches of literature in interplay between monopolistic
pricing and information structure, selling information, and Bayesian persuasion. In the mo-
nopolistic pricing literature, Lewis and Sappington (1991)) also examines how the change in
consumer’s information affects a monopolist’s profit. They show that for a given monopolist
with a constant production cost, the buyer having either full information or no information
is optimal for the monopolist. The model in this chapter differs from theirs in two major
aspects. First, I examine how a third party would price information structures for a monop-
olist to purchase, instead of examining optimal information structure from a monopolist’s
perspective directly. Second, although the setting of Lewis and Sappington (1991)) is close
to a benchmark of the model here in which the monopolist can choose information structure
that the buyer has directly, the model in this chapter maintains an assumption that the
commodity is indivisible so that buyers have 0-1 demand while the consumer’s demand in
their model can be more general. On the other hand, Lewis and Sappington ([1991) restrict
the information structures to vary within a one-dimensional family by assuming a particular
disclosure rule, whereas the model here allows full flexibility of the choice of information
structure. Johnson and Myatt (2006) also studies how change in the distribution of buyers’
value, which is equivalent to the information that the buyer has in the model here, affects
a monopolist’s profit. In particular, they show that when the distributions are ordered by
the rotational ordering, the monopolist will prefer two extremes of the order. Using the
language of buyers’ information, this result is similar to Lewis and Sappington (1991) in
that it implies that under a particular one dimensional (and hence, totally-ordered) family
of information structures, a monopolist will either prefer the most informative one or the
least informative one. Again, the model here differs from theirs in that it focuses on a third
party’s surplus extraction and that complete flexibility in providing information structures is

allowed. Recent developments, on the other hand, have adopted flexible information struc-
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tures. Bergemann et al| (2015) characterizes all the possible surplus division that can arise
by giving the monopolist different information about the buyer’s value. Roesler and Szentes
(2017) examines the buyer-optimal information structure when facing a monopoly.

There are several works that also study a problem of pricing information. Bergemann
and Bonatti (2015) studies a pricing problem of a data provider who can provide information
about the match value for a seller whose profit from trade depends on the match value of each
consumer and the amount of investments the seller makes in each consumer. Bergemann
et al] (R018) solves an optimal menu for a data provider to sell experiments to a decision
maker who has a private estimate about the state. The model in this chapter differs from
the theirs in that the intermediary in this model sells information to affect the information
of the buyer who is buying a product produced by the seller, which affects the seller’s value
function of different information indirectly, whereas the model in Bergemann et al) (2018)
focuses on selling information structure to a decision maker whose value function depends on
the information she purchases directly. Segura-Rodriguez (2019) considers a model where a
data broker sells information for forecasting a multidimensional variable to firms who differ
in the dimensions that are payoff-relevant. [Yang (2020) studies the revenue-maximizing
mechanisms for a data broker who sells data about the consumers value to a producer who
has private information about her production cost and derive the economic implications.
Although Yang (2020) also establishes an outcome equivalent result, the reasons and the
techniques involved are distinct from this chapter, since the information being sold in this
chapter is to inform the buyer instead of the seller.

Furthermore, the screening framework in the model for selling information structure
is analogous to standard monopolistic screening problems as in Mussa and Rosen (1978),
Myerson (1981)) and Maskin and Riley| (1984). The screening problem in the model here is
more complicated in that the outcome space is infinite dimensional. Moreover, under regime

Z, the revenue maximizing problem is a mixture of screening and moral hazard problem from
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the intermediary’s perspective. Also, the assumption that intermediary is able to commit
to a mechanism and the characterization of information structure follows from the Bayesian

persuasion literature, as Kamenica and Gentzkow (2011), Gentzkow and Kamenica (2016).

3.2 Model

In this section, I specialize the model established in Chapter m by restricting the set of feasible
information structures to Xcy,3 and specifying the seller’s outside option as 7y(c) = 0 for all
c € C. As discussed in Section @, the set of feasible information structures Xcyp3 can be
represented by the set Dy. As a result, a mechanism for the intermediary becomes a tuple
(v, D, 7) under regime Z and a tuple (D, ,~) under regime P,E where a : C' — {0,1} a
measurable function that maps each report ¢ to a publicizing decision «a(c) € {0,1} that
denotes whether the seller’s product will be seen by the buyer; D : C' — Dy is a measurable
function that maps each report ¢ to an information structure D(c) € Dy; 7 : C — R is
a measurable function that maps reported cost ¢ to the amount of payment 7(c) made by
the seller; and v : C — A(R4) is a measurable function that specifies, for each report
¢, a stochastic price 7(c) that should be charged to the buyer. For simplicity, throughout
this chapter, I assume that both mY and G are regular and that the sufficient condition for

|Assumption 2.]], (@), holds@

Under these specifications, under regime Z, the incentive compatibility constraints ([[C-I))

and individual rationality constraints () becomes

a(c) - max(p — ¢)D(plc) — 7(c) > a(d) - max(p — ¢)D(p|c’) — 7(c),
p=>0 p>0

3. Under regime P, the intermediary can exclude the seller by contracting on price zero. Thus, the
publicizing decision « is not needed when specifying a mechanism under regime P.

4. These assumptions are not necessary, and the relaxations can be found in the appendix of Yang (2019b).
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for all ¢, ¢’ € C and

o(c) max(p — ) D(ple) — 7(c) = 0,
b=

for all ¢ € C, respectively. Similarly, under regime P, () and () becomes

/ (b — D pleIy(dple) — (c) > / (v — DI (dple) — (),
Ry

Ry

for all ¢,c’ € C and

/R (b — D Plev(dple) — 7(c) > 0,

for all ¢ € C, respectively.

As in Chapter B, compared with classical nonlinear pricing problems, the allocation space
in the intermediary’s revenue-maximization problem is infinite dimensional. After all, the
allocation involves the information provided to the buyer, which belongs to a rich set Dy. In
the next chapter, I will characterize the revenue-maximizing mechanisms for the intermediary

under both regimes, which will then lead to the outcome-equivalence result.

3.3 Optimal Mechanisms and Outcome-Equivalence

3.3.1 Optimal Mechanisms under Regime P

As in Chapter E, under regime P, the intermediary’s revenue maximization problem can in
fact be reduced to a standard screening problem with one-dimensional allocation space. To
see this, first notice that as in classical mechanism design problems, the transfer can pinned

down by allocations up to a constant due to local incentive constraints, and a monotonicity

condition would ensure global incentive compatibility. This is formally stated in .

Lemma 3.1. Under regime P, a mechanism (D, T,~) is incentive compatible if and only if:
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1. There exists T € R such that

() =7+ /]R = ODOly(arie) - / ) /R Dkl b

forall c e C.
2. The function c fR+ D(ple)y(dp|c) is nonincreasing.

Using the characterization given by , the revenue maximization problem under

regime P can be rewritten as (recall that ¢ (c) == c+ G(c)/g(c) is the virtual cost):

sup /C ( /]R +<p—czsg<c>>D<p|c>w<dp|c>) G(de) (3.1)

~,D

s.t. ¢ |—>/ D(p|c)vy(dp|c) is nonincreasing.
Ry

Thus, from , the intermediary’s problem under regime P is essentially a stan-

dard nonlinear pricing problem with quasi-linear preference. Therefore, under the regularity
assumptions, (@) can be solved by pointwise maximization. To construct a solution, con-
sider any ¢ € C' and notice that maximizing the integrand of (@) evaluated at ¢ is equiva-
lent to maximizing the seller’s profit by choosing a stochastic price (c¢) and an information
structure D(c) € Dy when her cost is ¢i(c). Given any information structure D(c) € Dy,
according to Myerson (1981)) and Maskin and Zeckhauser ([1983), it is without loss to use
deterministic prices. Furthermore, notice that the seller’s profit must be bounded from above

by the efficient surplus in the economy where the production cost is ¢(c). That is,

(0.9]

(b — 66(c))D(p) < /

ba(c)

(v — da(e)) Doldv) = /¢ : Do(v) dv = Ipy(6(c)).

for all p > 0 and for all D € Dy, which can be also be seen geometrically from .

Now, for any ¢ € C, consider the information structure Dy, (c) € Dg that informs the
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Ipy(da(c))

(p— ¢c(c)D(p)
Ip(p)

1S3

Figure 3.2: Pointwise Upper Bound

buyer whether their value is above or below ¢G(C)E Together with a (deterministic) price
equal to the buyer’s interim expected value conditional on knowing that their value is above

dg(c), v(c) :==E, olv|v > ¢g(c)], the seller’s profit is
(v(e) = ¢ (c)) Dy (v(c)le) = (E,o[vlv > ¢a(c)] — ¢a(c) Do(oa(c)) = Ip,(da(c)),

as illustrated by .

As a result, for any ¢ € C, the seller’s profit attains the upper bound Ip,(é¢(c)) under
price v(c) and information structure Dy (¢). Furthermore, the induced trading probability is
Dy (v(c)|c) = Do(¢(c)), which is nonincresing since ¢¢ is increasing. Thus, for any ¢ € C,

let 7, (c) be the dirac measure on v(c) and let 7,(c) be defined by Dy, and -}, using condition
1 of with 7 being zero. Then, by , the revenue maximization problem

5. Formally, Dy(c) is defined as

07 lfp S [OvEmO [U|U < ¢G(C)]]
Dy(plc) == ¢ Do(dc(c)), if p € (Emo[v|v < da(c)], Emo[v|v > da(c)]] .
1, ifpe (Emo[v|v > ¢G(C)]7OO)
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Ip,(pc(c))

|<

¢c(c) Emo[vlv > da(c)] v

Figure 3.3: Profit under p = E, o[v|v > ¢g(c)] and Dy(c)
under the regime P can be completely solved, which leads to below.

Theorem 3.1. Under regime P, the mechanism (Dy,m,,7y,) is optimal and the optimal

revenue for the intermediary is:

R* = /C ( /¢ ZC) Do(v) dv) G(de).

As demonstrated above, when the intermediary has control over prices, a combination of
tools in the mechanism design literature and the information design literature turns out to be
extremely useful in solving this problem. Contractability of prices enables the intermediary
to discipline the seller well so that the revenue maximization problem becomes separable.
However, under regime Z , the intermediary does not have control over prices and hence
the revenue maximization problem becomes more complicated. Nevertheless, the solution
under regime P would be a useful benchmark for this more complex problem, which will be

examined in the next section.
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3.3.2  Optimal Mechanisms under Regime T

The intermediary’s problem under regime Z is substantially different from that under regime
P. Specifically, under regime Z, the intermediary fully delegates the pricing decision to
the seller and only provides the “informational service” by publicizing the product and
providing information to the buyer. The intermediary has no control over the sale and the
seller retains full control over prices. The inability to contract on price, together with the
infinite-dimensional allocation space, leads to a mixture problem between moral hazard and
screening. As such, the solution constructed above may not be feasible due to the possibility
of double deviations and thus the insufficiency of local incentive constraints.

To show that regime P and regime Z are outcome-equivalent, I first solve for the optimal
mechanism in closed form under regime 7 () This solution would then imply
that the intermediary’s revenue is also R*, which in turn implies that the buyer’s surplus
and the seller’s profit are also the same as those under regime P.

To begin with, first notice that even though the allocation space is infinite-dimensional,
there is still a revenue equivalence formula that characterizes incentive compatible mecha-
nisms. Specifically, by the envelope theorem, transfer in any incentive compatible mechanism
is pinned down by the information structure and the publicizing policy up to a constant.
The difference is that because of the infinite-dimensional allocation space and the possibility
of double deviations, monotonicity is no longer sufficient for incentive compatibility and the
entire integral constraint should be kept tracked. To formally state the result, recall from
Section @ of Chapter B that for any ¢ € C' and for any D € D, mp(c) := maxy>(p—-c)D(p),

Pp(c) == argmax,>o(p — ¢)D(p) and pp(c) is the largest element of Pp(c).
Lemma 3.2. Under regime Z, a mechanism (a, D, T) is incentive compatible if and only if

1. There exists T € R such that for any c € C,



2. For any c,c € C,

/

[ 0D @D ) ~ al) DDy (I d= = 0.

Furthermore, the “only if” part holds for any p € P.

By and individual rationality, after interchanging the order of integrals, it
follows that optimal mechanisms can be found by solving the following maximization prob-

lem:

sup /C a(¢) ((Bp(e)(€) = 66(0) D(Bp(e)()le) ) Glde) (3.2)

/

s.t. /: [a(z)D(Pp(:)(2)|z) — oz(cl)D(ToD(C/)(zﬂc/)] dz >0, Ve,d € C.

In what follows, I will show that the value of (@) is exactly R*, which is the same
as that under regime P. To this end, I construct explicitly an optimal mechanism for the
intermediary. This optimal mechanism features upper censorship, in the sense that for each
reported cost ¢, the intermediary will provide an information structure so that whenever
the buyer’s value is below a certain report-dependent cutoff, they learns exactly their value,
whereas when the buyer’s value is above the cutoff, they learns nothing else than the fact that

their value is above the cutoff. More specifically, an upper censorship information structure

is defined below.

Definition 3.1. An information structure D € Dy is an upper censorship with cutoff K > 0

if
Do(p), if p € [0, K]
D(p) =14 Do(x), ifze (kE ofvjo>r pERL.
1, if z € (K, o[v|v > K], 00).

With the definition above, the solution for the intermediary’s problem under regime 7

61



can be stated as below.

Theorem 3.2. Under regime L, for each ¢ € C, let Dy/(c) be an upper censorship with cutoff
da(c), let an(c) =1 and let

€)= (v(c) — &) Do(da(e)) — / *Dolda(=) d-.

Then (ay, Dy, Tq) is optimal for the intermediary. Moreover, the optimal revenue is R*.

In other words, under regime Z, the intermediary can still achieve the same revenue
as that under regime P even without the ability to contract on price by revealing all the

information to the buyer when their value is is below ¢g(c), as illustrated by

(where the dotted line depicts the optimal binary disclosure rule under regime P). The
formal proof of is in the appendix. To see the intuition behind the proof,
recall that the main distinction between regime Z and regime P is that the intermediary
cannot contract on price under regime Z, which leads to additional constraints that are
associated with the seller’s pricing incentive and double deviation incentives. The presence
of these extra constraints complicates the revenue maximization problem. Indeed, as price is
not contractable under regime Z, the mechanism consisting of binary disclosure information
structures may not be optimal since it may not induce a truthfully-reporting seller with cost
¢ to set price at v(c). Furthermore, there might be incentives for double deviations—a seller
with cost ¢ may have incentive to misreport a cost ¢’ and then set a price distinct from v(c’)
under the binary disclosure information structure.

The property that the buyer learns exactly their value whenever it is below ¢¢(c) under
an upper censorship (with cutoff ¢ (c)), however, deters the aforementioned deviations given
that (@) holds. To see this, consider any ¢ € C. Regularity of m® and (@) imply that any
price p < ¢g(c) yields a lower profit for the seller with cost ¢ than the price ¢(c), as ¢ (c)

is below the optimal monopoly price under (@) and the profit function is singled-peaked
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Figure 3.4: Upper Censorship Dy(c) with Cutoff ¢g(c).

by regularity. This implies that charging price v(c) would be better than charging price
¢ (c) under Dy (c), since the probability of trade would be the same but v(c) > ¢ (c). As a
result, a truthfully reporting seller will optimally set a price at v(c) under upper censorship

Dy (c). Furthermore, under (@), the second condition in is satisfied under this

mechanism. Thus, the mechanism (ay, Dy, 7y) is incentive feasible and generates revenue

R*, as

(B, (0)(©) — 66(0)) Dul(Bp, (0)(©)]e) = (v(c) — 6a(0)) Do(éc(e)) = Ipy (9 ().

for all ¢ € C'. Since R* is an upper bound for the intermediary’s revenue under regime Z,

this implies that (ay, Dy, ) is optimal and the optimal revenue is R*, which establishes

[Fheorem 3.9,
On a higher level, the proof of exploits the richness of information struc-

tures to accommodate additional incentives for the seller when the selling decision is fully

delegated, just as the proof of in Chapter E Since the intermediary is allowed

to use any information structure and the set of feasible information structures, Dy, is rich,
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the intermediary can tailor the information structures in order to compensate the lack of
ability to contract on prices. Any mechanism that attains R* has to provide correct incen-
tives for the seller to set the desirable price and eliminate double deviation concerns. Under
(@), the mechanism consisting of upper censorships achieves this goal. When (@) does not
hold, solving (@) would be more difficult and would entail more complex arguments than
pointwise maximization. I now outline the solution for (@) without (@) below. In the
appendix of [Yang (2019b), I fully solve the intermediary’s revenue maximization problem in
this case.

As a benchmark, the optimal mechanism given by has following features:

1. Given any report ¢ € C, the buyer’s value is fully disclosed when it is below ¢ (c) and

is completely not disclosed otherwise.
2. The product is publicized for all reported cost.

3. For any seller with cost ¢ € C, truth-telling and setting a price at E_o[v|v > ¢g(c)] is

optimal.

In contrast, the optimal mechanism without (@) constructed in the appendix of [Yang

(2019b) differs from the optimal mechanism given by in following ways: There

exists ¢* > 0, which only depends on mY and G such that

1. Given any report ¢ € C, the buyer’s value is partially disclosed when it is below

o) = =1{9qg(c), pc(c*)} and is completely not disclosed otherwise.

2. The product is publicized for reported cost below a threshold ¢ > ¢* and is not publi-

cized otherwise.

3. For any seller with cost ¢ € C', truth-telling is optimal. For any seller with cost ¢ < ¢,

setting a price at E, o[v|v > ¢ (c)] is optimal.
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3.3.83  Qutcome-Equivalence

From the characterizations of the optimal mechanisms under both regime Z and regime P,

the outcome-equivalence result then follows immediately. Indeed, according to
and , the intermediary’s optimal revenue is R* under both regime Z and regime

P. Furthermore, since R* is the total expected surplus in the economy where the seller’s cost
is replaced by the virtual cost, the only way to achieve R* is for the buyer to buy whenever
their value is above ¢ (c) by paying v(c) and not to buy otherwise, for (almost) all realized
cost ¢ € C. In other words, even though there might be multiple optimal mechanisms for
the intermediary under both regimes, the outcome induced by the optimal mechanisms is

unique. This leads to the outcome-equivalence result.

Theorem 3.3 (Outcome-Equivalence). Regime Z and regime P are outcome-equivalent (un-

der Xcpg)-

As in Chapter E, this outcome-equivalence result means that the ability for the interme-
diary to contract on price is irrelevant, provided that he can design information provided
to the buyer arbitrarily. Thus, from the intermediary’s perspective, providing only infor-
mational services without involving in the product market is equally profitable compared
with obtaining the ability to contract on price. Meanwhile, from the seller’s perspective,
preserving the right to set prices does not help improving her expected profit. Finally, for a
policymaker, it does not matter which market regime the intermediary is operating under.
Intermediaries that involve in product markets are the same as intermediaries that only

provide informational services.

3.4 Irrelevance of Targeting

Previous analyses rely on a premise that the intermediary has to provide the same infor-

mation structure and make the same publicizing decision regardless of the value of the
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buyer. However, it is reasonable to argue that in practice, the intermediary can do more. In
some situations, the intermediary may have the technology to estimate the buyer’s value—
by collecting consumers’ browsing history, personal information and purchasing behavior.
Knowing the buyer’s value, the intermediary can then design different publicizing and dis-
closure policy to different consumers in order to create more surplus. This section considers
an extension where the intermediary is able to target buyers with different values.

For the ease of exposition, consider an alternative interpretation of the environment as
adopted in Chapter E, where there is a unit mass of consumers that have unit demand and
heterogeneous values. The distribution of buyers’ values is given by mV that has full support
on V. Under this interpretation, availability of targeting means that the intermediary, when
disclosing information, can select any (measurable) subset of buyers A C V| publicize the
product to these consumers and provide arbitrary information to these buyers. The buyers
who are not selected, V'\ A, remain unaware of the product. As such, a targeting policy can
be described by a measurable subset A C V. Thus, if the intermediary targets a group A,

the prior distribution of values effectively becomes:
mA =m0 4 + S0y - mY(V\A).

That is, the consumers who are not in the target set A are effectively the consumers with zero
values. For any targeting set A, let D4 := mA([p, v]) for all p € Ry. By the same arguments
as it were used when targeting is not available, together with an additional requirement
that whoever is not targeted cannot receive any information, the collection of information

structures can then be characterized by the set

Dp:={D€D:D(v)=Dx(v), Ip(p) < Ip,(p), ¥p >0, Ip(v) = Ip,(v)}.

As such, under regime P, a mechanism is given by (A, D, 7,4); Under regime Z, a mechanism
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is given by (A, D, 1), where A maps from each reported cost ¢ to a measurable set A(c) CV
As in the previous section, the revenue-equivalence formulae are still valid and
and can be revised by requiring that D(c) € D A0) for all ¢ € C'. Therefore, the

revenue maximization problem under regime P can still be written as:

sup /c (/&(p_ ¢G(C))D(p|0)7(dp|0)> G(de) (3.3)

A.Dyy

s.t. ¢ |—>/ D(p|c)y(dplc) is nonincreasing,
R

and the revenue maximization problem under regime Z can be written as:

sup | (@0 = 06 D@D (010 Gae) (3.4)

/

s.t. / [D(Pp()(2)|z) — D(ﬁD(Cl)(zﬂc/)] dz >0, Ve, d € C.

With the additional leverage of targeting, it is clear that the intermediary can (weakly)
improve its revenue under both 1regimes.B Below, I show that even with targeting, the
intermediary cannot do better than generating revenue R*. As such, the outcome equivalent
result can be strengthened so that regardless of the market regimes and regardless of the
availability of targeting technology, the induced outcomes are equivalent.

To see this, first notice that for any measurable set A C V, m first-order stochastic

A

dominates m** and therefore

/p T D) do < /p "~ Do(v) dv,

for any p € Ry and thus any prior after targeting must induce a convex function Ip, that

6. To see this, under regime P, for each ¢ € C, let A(¢) = V. Then any contract that is available
when there is no targeting is feasible. On the other hand, under regime Z, for each ¢ € C, mechanisms
with A(c) = V for all ¢ are equivalent to mechanisms with «(c) = 1, while mechanisms with A(c) = 0 are
equivalent to mechanisms with a(c) = 0.
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is always below Ip,. By using the same arguments as in the proof of and
, R* is still an upper bound of the objective of (@) and (@) Therefore, since

the optimal mechanisms without targeting generate revenue R*, the intermediary’s optimal
revenue with targeting under both regimes must also be R*. Moreover, since R* can only be
attained by selling to the buyer if and only if v > ¢(c) at price v(c), the rest of the market

outcomes must also be the same.

Theorem 3.4. Suppose that targeting is available. Then regime I and regime P are outcome-

equivalent.

3.5 Welfare Analysis and Comparative Statics

With the outcome-equivalence result, several comparative statics and welfare analyses inde-

pendent of market regimes can be made. This section records such results.

Proposition 3.1 (Welfare Comparison). The ezpected total surplus generated by trade and
the probability of efficient trade are larger when the seller has control of the information
technology than when the intermediary has control of the information technology under any

business model.

In brief, IProposition 3.]J shows that, regardless of market regimes, when the seller does

not have the technology to provide information to the buyer directly but has to do so by
interacting with an intermediary who has this technology, as the seller has private information
about production cost, the ownership of such information technology matters. Indeed, when
the seller has to buy such information technology from the intermediary, due to the presence
of incomplete information, the seller would demand information rent from the intermediary
and total surplus will be reduced since the intermediary has to provide information structures
so that the seller would be willing to internalize her information rent when making pricing

decisions.
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In addition to the welfare implication above, I now examine how the shifts of the distri-
bution of value and the distribution of production cost affects the intermediary’s revenue and
the total surplus generated by trade. Specifically, take any two pairs of regular distributions
(m(l), G1) and (mg, Go) with supp(m(l)) = supp(mg) =V and supp(G1) = supp(Go) = C such

that (@) holds. the previous results then gives the following comparative statics analysis:

Proposition 3.2 (Comparative Statics).

1. Suppose that m(l) first order stochastic dominates mg Then under both regime I and

regime P, the total surplus, the intermediary’s revenue and seller’s expected net profit

under (m(l), G;) are larger than those under (mg, G;), i€ {1,2}.

2. Suppose that m(l) is a mean preserving spread of mg. Then under both regime L and

regime P, the intermediary revenue under (m?, G;) s larger than that under (mg, G;),

ie{1,2}.

3. Suppose that Go dominates G in the hazard rate order. That is g1/G1 > g2/Ga.
Then under both regime I and regime P, the total surplus, the intermediary’s revenue

and the seller’s expected revenue are larger under (m?, G1) than those under (m?, Ga),

ie{1,2}.

To summarize, regardless of the market regime, when the buyer’s value becomes higher
(in the sense of first order stochastic dominance), it becomes easier for the intermediary to
generate trade surplus by providing proper information to the buyer and therefore total sur-
plus, the intermediary’s revenue and the seller’s net profit all increase. When the distribution
of value becomes more spread-out (in the sense of mean preserving spread), the informational
tools for the intermediary becomes more flexible and therefore revenue increases. Finally,
when the seller’s cost shifts in the hazard rate order, causing a reduction of information
rent and the costs (in the sense of first order stochastic dominance), the seller retains less

information rent and the distortion on information structure for her to internalize pricing
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decision reduces. These two factors jointly increase total surplus and the intermediary’s

revenue as well. Furthermore, although the reduction of information rent and reduction of

production cost has opposite effects on the seller’s net profit, tProposition B.j shows that the

gain in total surplus offsets the loss of information rent of the seller and hence also increases

seller’s expected net profit.

3.6 Discussions

The outcome-equivalence between regime Z and regime P is surprising, since this implies
that the ability to contract on prices does not matter. As remarked above, this is essentially
because of the richness of information structures. Even though the intermediary under
regime P plays a far less active role in the product market, by exploiting the details of
the information provided, he can in fact incentivize the producers to behave as if he has
control over price. As such, one of the insights of the equivalence result is that no matter
what business model the intermediary uses—be it by selling itself, by contracting on the
product price, or by fully delegating the sale to the producer—and regardless of whether
the technology of targeting is possible, as long as it is the intermediary who provides the
information about the product to the consumers, the induced market outcomes must remain
the same.

As a result, even though there are many ways that the informational intermediary can
operate with and it has become more and more likely that these intermediaries have the
ability to precisely estimate the consumers’ value and design policies accordingly, in envi-
ronments where the intermediary can provide arbitrary information to the buyer, the market
outcomes under all these possible business models and targeting technologies are in fact the

same as if the intermediary plays a very passive role and only provides information.

Another insight of the equivalence result is that, as demonstrated in IProposition 3.]J and

tProposition B.j, since the market outcomes are equivalent between regime Z and regime P
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and do not depend on whether targeting is available, the comparative statics and welfare
analyses can be done in a robust way that does not require further specifications of the actual
market regime and targeting technology in this environment. In other words, analyzing the
solutions of either one of the specifications is sufficient to provide predictions and implications
for all other possible specifications.

Finally, from the intermediary’s perspective, the equivalence result also sheds light on
choosing the optimal business model to operate. As the equivalence result suggests, as long
as (@) holds, there are no differences between which business model (i.e., market regimes)
he uses. This means that when deciding which business model to use, the intermediary only
needs to consider the residual perspectives that are orthogonal to this model, such as costs
for each business models (e.g. regime P might require more inventory costs or monitoring
cost than regime 7) and how these models perform in terms of attracting customers.

Two final remarks are also noteworthy. First, the fact that the buyer always has zero
surplus under any solution of any business models is a result of the assumption that buyer
does not have any information about the value a priori and thus does not retain any rent
when facing monopolies. It is natural to extend the model to generate positive buyer surplus
by introducing some prior information to the buyer that is exclusive for himself. In the online
appendix of Yang (2019h), I show that the main results of the paper still hold qualitatively.
In particular, regime Z and regime P are still outcome-equivalent under certain regularity
conditions. Even though the characterizations of revenue-maximizing solutions become less
explicit. Second, although this chapter focuses on the environment of monopolistic pricing in
the spirit of Maskin and Riley| (1984) and Myerson (1981), the same modeling techniques can
also be applied in a setting where there is a regulator who wishes to regulate a monopolist’s
information disclosure of its product in spirit of Baron and Myerson (1982). The regulator
can either control information provision and price at the same time (regime P) or regulate

only the information provision (regime Z). The payoffs between the monopoly and the
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consumers are transferable and thus taxes and subsidies are available. The regulator’s goal
is to maximize a weighed average surplus of the economy. Using similar arguments, with a
modified definition for virtual cost function, the equivalence result suggests that both kinds
of regulations yield the same outcome and provides optimal policies under each environment.

This observation is also summarized in the online appendix of Yang (2019h).

3.7 Conclusion

In this chapter, I explored the revenue-maximizing mechanisms for an intermediary to sell
services of providing information about the product to the buyer under two market regimes
(i.e., regime Z and regime P). I characterize the revenue-maximizing mechanisms under
both market regimes and show that the induced market outcomes are equivalent, regardless
of the possibility of targeting. Welfare analysis suggests that total surplus and probability
of trade is smaller in this environment comparing to a benchmark in which the seller has the
technology to disclose information, independent of the market regime. Comparative statics
show that, regardless of the market regime, total surplus and the seller’s profit are higher
when the buyer’s value is higher and when the information rent of the seller is lower, as long
as the gains from trade are large enough.

There are several aspects of the model that can be extended. First, the assumption
that the seller is a monopoly can be replaced and competition can be introduced. Two
natural extensions arise from this. One is to introduce different market structures to the
seller. A conjecture is that as long as each seller has some of monopoly power(e.g. a
monopolistic competition or a Cournot oligopoly model), the results will be similar, since
the key aspect of the seller’s behavior in the model above is the mark-up decisions rather
than how much profit she can retain. This also allows introducing richer screening device to
the intermediary. When there are multiple sellers and the buyer receives information through

the intermediary, it is arguable that the order in which the information is presented matters.
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As a result, the intermediary can include the order of the products through which the buyer
will see as a part of his mechanisms. This is a topic for future research. Second, it is also
plausible to consider an environment in which there are more than one intermediaries, these
intermediaries compete in providing mechanisms and information outlet to attract buyers

and sellers. This is also a direction for future research.
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CHAPTER 4
FLEXIBLE INFORMATION: ONLINE PLATFORM DESIGNS

4.1 Introduction

In this chapter, I combine the analyses in the previous two chapters and examine the in-
formation monopolist’s revenue-maximization problem when any information structure that
leaves the buyer better-informed is feasible. The leading example of this environment is
the design of online platforms. For the past decade, online platforms such as Amazon have
developed rapidly. With extensive usage of “big data” and better computation power, these
platforms are able to, on one hand, gather more information about the consumers (e.g., pur-
chase histories and demographics) and estimate their values for products and, on the other
hand, provide product information to the consumers in various ways (e.g., trial period, free
return policy or pictures on the website). These advancements further enable platforms to
manipulate information structures between buyers and sellers—They can inform the sellers
about buyers’ values for their products and facilitate the seller’s pricing strategy while they
inform the buyers about their values by using various disclosure policies. Meanwhile, these
platforms have also developed various business models to operate with. For instance, Ama-
zon has been using two major business models for the past decade—the “Amazon Vendor
Central” and the “Amazon Seller Central”. Under the Amazon Vendor Central, Amazon
purchases products from producers and then sell directly on its website; Under the Amazon
Seller Central, Amazon serves as a third party and allows the producers to sell their products
directly on its website. In an era where online business becomes essential, it is crucial to
understand how these platforms operate and what are the economic consequences. Namely,
given that a platform’s goal is to maximize revenue, what is the best way to exploit such
information technology and which of these business models is the most ideal? What are the

effects on market outcomes under various business models? Should policymakers encourage
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or discourage any ways to exploit this information technology or any particular business
models?

In this chapter, I use the model developed in Chapter El to study these questions. Specifi-
cally, the online platforms discussed above can be thought of as an informational monopolist
in Chapter m, who can flexibly design and sell information structure y € X to the seller in
a monopolistic pricing environment. By examining the information monopolist’s revenue-
maximizing problems under both regime Z and regime P, I derive two equivalence results
() The first is that regime Z and regime P are outcome-equivalent, even when
there are no restrictions on the set of feasible information structures. This aligns with the
two equivalence results in Chapter E and Chapter B, and indicates that which business model
is used by an online platform is irrelevant to the market outcomes, and that an online plat-
form such as Amazon does not need to be active in the product market at all as long as it
can design information structures flexibly. The second equivalence result, which connects
the characterizations in Chapter E and Chapter H, shows that even when the informational
monopolist can design information structures flexibly, it would be without loss to either
restrict attention to those in which the buyer is fully informed (Xyp9), or those in which the
seller is uninformed (Xcp3). This means that, as an online platform, either fully informing
the buyer and then selling information to the seller and facilitate price discrimination or
merely manipulating the information provided to the buyer without disclosing anything to
the seller are equally profitable, and can both be revenue-maximizing.

The remaining parts of this chapter is organized as follows: Section @ recites the model
introduced in Chapter EI and establishes a convenient representation. Section @ derives the
equivalence result. Section @ discusses several extensions that can be applied to the models
throughout Chapter E, Chapter B and Chapter @ Section @ discusses the results and their

implications and Section @ concludes.
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4.2 Model

As introduced in Chapter m, the model consists of one buyer, one seller and one informational
monopolist. The seller is a monopolist with private cost ¢ € C who sells a product to the
buyer by posting a price. The buyer has quasi-linear preference and value v € V. They
decides whether to buy the product at the posted price given the information. The buyer’s
value v is drawn from a common prior m? and the seller’s cost is drawn from a CDF G. The
informational monopolist designs and sells an information structure y € X to the seller. The
seller with cost ¢ has outside option m((c). Throughout this chapter, I assume that mY and
G are regular, that (@) holds and that my(c) = 0 for all ¢ € C.

Combining the discussion in Chapter E and Chapter E, the set of feasible information
structures X has a convenient representation. Specifically, since the buyer always knows
more about v than the seller does and hence the purchasing decision only depends on their
interim expected value, it is without loss to represent the buyer’s information about v as a
collection of distributions that are mean-preserving contractions of mo, Do. Furthermore,
since the seller’s pricing problem only depends on v through the buyer’s purchasing decision,
given any information D e Dy that the buyer has about v, the seller’s information about v
can be represented by the collection of probability measures s € A(D) such that (@) holds,

with Dg being replaced by D. That is,

/D D(p)s(dD) = D(p), ¥p € Ry. (4.1)

Given any D € Dy, let Sp; be the collection of s € A(D) satisfying (@) Then, the set of
feasible information structures can be represented by a pair (13, s), such that De Do and
seS D

Using this representation, a mechanism for the informational monopolist can be written

as (a, D, o, 7) under regime Z, where o : C' — {0, 1} is the publicizing decision that specifies
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whether the seller can participate on the platform given her report ¢; D : C' — Dy is a
measurable function that maps each seller’s report ¢ € C' to D(c) € Dy that represents the
information provided to the buyer; o : ' = A(D) such that o(c) € Sp(.) for all c € C'is a
measurable function that maps each report ¢ to the information provided to the seller; and
7 : C — R is a measurable function that maps each report to a payment 7(c). Likewise,
under regime P, a mechanism for the informational monopolist becomes a tuple (D, o,,7),
where - is a measurable function that maps from each reported cost ¢ € C' to a transitional
kernel from D to R4, which stands for the stochastic price that must be charged given
every posterior of the seller. It then follows that the incentive compatibility and individual
rationality constraints can be re-written as follows: Under regime Z, a mechanism («, D, o, T)

is incentive compatible if for any ¢, € C,

@) ( [ apleiotaple) ~7(0)) 2 a(e) [ motepotanle) ().

and is individually rational if for any ¢ € C,

) ( [ wpotanie) =) 2o

Meanwhile, under regime P, a mechanism (D, o, -, 7) is incentive compatible if for all ¢, ¢’ €

C,

/ (p—c)D(p)v(dp|D, c)o(dDlc) —7(c) Z/ (p—c)D(p)y(dp|D, ' )o(dDlc) — (),
DxR4 DxR

and is individually rational if for all ¢ € C,

/ (v — ) D(p)y(dp|D. o(dD]e) — 7(c) > 0.
DxR4

Notice that by restricting D so that D(c) = Dy for all ¢, the mechanisms reduce to those
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in Chapter E, whereas by restricting o so that o(c) must be a dirac measure on D(c), the

mechanisms are reduced to those in Chapter a

4.3 Optimal Mechanisms and Equivalence Results

In this section, I use the results from Chapter E and Chapter E to derive optimal mechanisms
for the informational monopolist. To begin with, I first consider the informational monopo-
list’s problem under regime P. As in the previous two sections, the ability to contract on price
effectively reduces the allocation-space to one-dimensional and hence a revenue-equivalence

formula induced by local incentives and a monotonicity condition would be necessary and

sufficient for global incentive compatibility, as formally stated by

Lemma 4.1. Under regime P, a mechanism (D, o,~,T) is incentive compatible if and only
if:
1. There exists T € R such that for all c € C,

r(e) = /D g, mIDEYAPID o(aDle)- / ) ( /D - D<p>w<p\D,z>a<dD\z>> dztT.

2. The function c — fDxR+ D(p)y(p|D,c)o(dD|c) is nonincreasing.

Using [Lemma 4.1}, the informational monopolist’s expected revenue under any incentive

compatible mechanism (D, 0,4, 7) can be written as

Elr(c)] = / / (v - d6(e)DpIy(dple. D)o(dDle) | G(de) — 7. (4.2)
C \/DxR4

Meanwhile, notice that the integrand of the right-hand side of (@) can be bounded from
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above as follows:

/ (b — )D)Y(dp|D, )o(dD]e) < [ max(p - ) D(P)a(dD]e)
DxRy D p=0

< / (v — 66(c)D(dv]c)
{v>¢a(c)}

< v — c))Do(dv),
< /{UZ¢G(C)}< 6()) Do(dv)

where the second inequality holds since o(c) € S D(c) and since the seller’s profit when her
cost is ¢ (c) is always below the total gains from trade in the economy with demand function
D(c); whereas the last inequality follows from the fact that D(c) € Dy and convexity of
the function v — max{(v — ¢g(c)),0}. Together, it then follows that for any incentive

compatible mechanism (D, o,, 7),

Efr(c)] < /C ( /{ UZ%(C)}(U—%(C))DO(@)) G(de) = /C ( /¢ " Do(v)dv> _. R*.

Furthermore, by the analyses in Chapter E and Chapter a, any optimal mechanisms under
regime P even when restricting X to Xy or Xcpg attains R* (possibly up to a constant,
depending on the outside option of the seller when her cost is ¢, provided that (@) holds).
Therefore, any optimal mechanisms derived in Chapter E or Chapter E under regime P, is
optimal and the informational monopolist’s optimal revenue under regime P is exactly R*.

On the other hand, under regime Z, when prices are not contractible, the informa-
tional monopolist’s revenue-maximization problem cannot be reduced to a standard one-
dimensional nonlinear pricing problem. Thus, as in Chapter E and Chapter a, I solve this
revenue-maximization problem by constructing an incentive feasible mechanism that attains
the revenue upper bound R*. To this end, the mechanism constructed has to exploit the
richness of the allocation space to discipline the pricing behavior of the seller so that she

would optimally charge the same prices as that would have been contracted under regime
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P. As in the previous chapters, I first provide a characterization of incentive compatible
mechanisms, where the transfers are pinned down by local incentive constraints and global

incentives constraints are described by a family of integral inequalities.

Lemma 4.2. Under regime Z, a mechanism (o, D, o, T) is incentive compatible if and only

1. There exists T € R such that for all c € C,
c
7(c) :/ a(c)rp(e)o(dDlc) —/ a(z) (/ D(ﬁD(z))a(dD|z)) dz + 7.
D c D
2. For any c,c € C,

/cda(z) (/D D(Pp(2))(o(dD]z) - a(dD|c’)) dz.

Furthermore, the “only if ” part holds for any p € P.

Thus, by , the expected revenue under any incentive compatible mechanism

(o, Dy o, T) can be written as

E[r(c)] = /Ca(C) (/D(T?D(C) —¢G(C))D(ﬁp(0))0(dD!C)> G(dC) — 7.

Now notice that, when restricting (a, D) so that a(c) = 1 and D(c) = Dy for all ¢ € C, the
revenue maximization problem for the informational monopolist becomes the same as that

in Chapter , except that the outside options are not type-dependent. As a result, since

mY is regular and since (@) holdes, and hence |Assumption 2.]J holds, by in

Chapter 2, the canonical ¢g-quasi-perfect mechanism is incentive feasible and hence gives

revenue R*.m Contrarily, when restricting o so that o(c) = d;p()) for all ¢ € C, the

1. Notice that by (@) and by regularity of G, Px(c) = ¢g(c) for all ¢ € C. Moreover, since my(¢) = 0,
mo(€) is replaced by 0.

80



revenue-maximization problem becomes exactly the same as that in Chapter B Thus, by
, the ¢g-upper-censorship mechanism is incentive feasible and gives revenue
R* as well. Together, this implies that all of the optimal mechanisms in Chapter E (i.e.,
when X is restricted to Xcpo) and the optimal mechanisms in Chapter (H) (i.e., when X
is restricted to Xcp3) are optimal and the optimal revenue is also R*. Furthermore, since
R* is the level of efficient surplus in an economy where the seller’s cost is replaced by the
virtual cost, and since the informational monopolist’s revenue is bounded from above by the
seller’s optimal profit when her cost is replaced by the virtual cost, it must be that under
any optimal mechanisms, the consumer surplus is zero and that the product is sold if and
only if v > ¢ (c) for (almost) all realized cost c.

The observations above have two implications. First, the outcome-equivalence results
derived in Chapter E and Chapter a are still valid when there are no further restrictions
on the set of feasible information structures X. Second, regardless of the market regimes,
the induced market outcomes are all the same across all the different restrictions on feasible

information structures Xcp9, Xcp3, X, and all others “in between”. These two observations

are summarized below by .

Theorem 4.1 (Outcome-Equivalence). The induced market outcomes are the same for every
optimal mechanism under both market regimes Z and P and every set of feasible information

structure X such that Xche € X or Xchg € X.

has two major implications. First, it means that both feasible information

structures for the informational monopolist and market regimes are irrelevant for market
outcomes. That is, both the informational monopolist’s ability to contract on prices and
the additional ability to manipulate information structures that is beyond those discussed in
Chapter E and Chapter E does not affect market outcomes. Second, it means that the set of
feasible information structures considered in Chapter E and Chapter B are “rich enough” for

the informational monopolist to exploit and discipline the seller’s pricing behavior. Given
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that the informational monopolist is able any create information structures in either Xcp9
or X3, additional ways to manipulate information structures does not matter. As a result,
the equivalence result derived in Chapter E is robust to allowing the data broker to garble
the buyer’s information about their value, whereas the equivalence result in Chapter B is
robust to allowing the intermediary to further provide information about the buyer’s signal

realizations to the seller.

4.4 Extension: Different Private Types

Throughout Chapters E, Chapter B and Chapter @, the analyses have been focusing on the
case where the seller has private cost. Although this is the case in many settings (e.g., data
brokers sell consumer data to producers in various industries who know better about the
industrial details), there are certainly other situations where the seller could have private
information about something else. For instance, in the setting of Chapter B, it is arguable
that the producer would know better about how consumer characteristics are map into
consumer values than the data broker does; In the setting of Chapter B, it is sometimes
the case that a seller would know better about consumers’ “taste” than the intermediary
does; In the setting of Chapter @, it can be the case that the online platform only has the
technology to manipulate information about consumers’ values partially, while consumers
and producers know about other determinants of values better than the platform does.

In this section, I consider an alternative model where the seller has different private type.
That is, I consider the environment where the seller has private information about part of
the buyer’s value. For tractability, I focus on an one-dimensional environment and consider
additive and multiplicative cases only. Specifically, consider the model introduced in Chapter
m, but suppose that the seller’s cost is common knowledge and hence normalized to zero.
In contrast, suppose that the buyer’s value for the product is f(v,&) for some measurable

function f, where v € V is drawn from common prior m" and the informational monopolist
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can design information structure y € X for v, whereas £ € = C R is drawn from a commonly
known CDF G and only the buyer and the seller can see the realization of £&. Under this
setting, the additive case corresponds to assuming that f(v,{) =v—¢§, v > 0and = = [0, v].
Contrarily, the multiplicative case corresponds to assuming that f(v,&) =& -v and £ > 0.
For the additive case, it turns out that it is essentially equivalent to the original model
where the seller has private information about her production cost. To see this, consider any
realized ¢ and any D € D. Since the buyer knows &, their purchasing decision given posted
price p is to buy if their interim expected value is above p + £, and not to buy otherwise.

Thus, the seller’s profit when charging price p’ > 0 is

YD +¢),

which, by writing p = p’ + £, becomes

(p =€) D(p),

which is exactly the seller’s profit when she has cost ¢ and charges price p = p' + €. As
a result, all the analyses in Chapter E, Chapter B and Chapter @ can be interpreted in an
alternative way, where the seller has private information about a parameter that affects the
buyer’s value in an additive way.

As for the multiplicative case, it turns out that the ability to contract on price does
not matter at all, and therefore the informational monopolist’s revenue maximization can
be solved by the standard Myersonian approach. To see this, consider any £ > 0 and any
D € D, again the buyer’s purchasing decision given posted price p is that they will buy if

their interim expected value is above p/£ and will not buy otherwise. Thus, the seller’s profit

0 (),
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which, by writting p = p’ /¢, becomes

§-pD(p).

In particular, for the informational monopolist’s perspective, the seller’s private type only
scales her payoff and does not direct affects her pricing decision. Thus, there are no moral
hazard concerns as presented in the additive case and the informational monopolist’s prob-
lem (under both regimes) can be solved by the standard Myersonian approach. For instance,
consider the setting in this chapter and consider any mechanism («, D, o, ) for the infor-

mational monopolist under regime Z, the seller with type £ has payoff

£ aé) /D 7p(0)o(dDIE") — (¢

when reporting &. Thus, by letting

the seller’s payoff becomes

E(E’) - (¢).

Using standard Myersonian arguments as in Myerson| (1981), the incentive compatible mech-
anisms can be characterized by a revenue-equivalence formula and monotonicity of IT and

the expected revenue under any incentive compatible mechanism can be written as

e (¢ - g

Elr(¢)] = | e

—_

) G(d¢) — 7.

—
[l

for some constant 7 € R.

As a result, under regime Z, the revenue is maximized by finding («, D, ¢) to maximize
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I1(£) whenever £ > £* and minimize T1(£) whenever £ < &* subject to monotonicity of II,

where £* is the largest solution of

max &(1 — G(€)).

(e=

Thus, for any £ > £*, let «(§) = 1 and let D (&) and o(§) be chosen so that the seller receives
total surplus (by letting the seller and the buyer know equally about v); while for any £ < £*,
let (&) = 0. Then II is monotone and the revenue is maximized.

Meanwhile, under regime P, given any mechanism (D, ,~, 7), the seller’s payoff is

. / pD(p)y(dp| D)o (ADIE") — 7(£),
DxRy

when her type is € and reports &', By letting

Ti(e) = /D DI D)e(aDle)

and by using the same arguments as above, the informational monopolist’s expected revenue

under any incentive compatible mechanism must be

Ti(¢) (s _1-6@)

g9(¢) ) Gl =7

for some constant 7 € R. As a result, for any ¢ > ¢*, TI(£) is maximized by giving the seller
the same information as the buyer and pricing optimally. On the other hand, when £ < &*,
11 is minimized by letting ~(¢) a dirac measure on zero regardless of D.

It is noteworthy that in the multiplicative case, the equivalence between regime Z and
regime P follows mechanically. This is only because under this particular parametric as-
sumption, the seller’s profit maximization problem is effectively independent of her private

type, which means that there is no moral hazard component at all. Generically, other func-
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tional forms of f do not produce this feature.

4.5 Discussions

The results derived above have several economic implications. First, they provide an outcome-
equivalence result for online platforms that are similar to those stated in Chapter E (for data
brokers and market consultants) and Chapter B (for intermediaries and advertisement agen-
cies). According to , for online platforms such as Amazon who is able to design
information structures to both inform the seller and the buyer (subject to a constraint that
the buyer always knows more about their value than the seller does), it does not matter
whether they have abilities to contract on price. Thus, as regime P is equivalent to a model
where a platform becomes a retailer, implies that for online platforms, being a
retailer who buys the product first and then sell the product to the consumers is the same
as being a third party that only provides informational services. There are no additional
benefits for platforms to be more active in the product market. This observation provides
some insights for how Amazon should evaluate its two major business models: Other things
equal, the Vendor central and the Seller central are outcome-equivalent. In particular, the
two business models generate the same level of revenue and thus comparisons between these
two models can be simplified significantly. Meanwhile, from a policymaker’s perspective, the
outcome-equivalence result implies that it is not necessary to discourage one business model
over another. In terms of market outcomes, whether a platform is active in the product
market does not affect market outcomes at all.

Another implication that can be drawn from pertains to how online plat-
forms should exploit their informational technology. Although the model in this chapter
allows the informational monopolist to design any information structure y € X, [Theo
rem 4.1 implies that either Xcp9 or X3 is enough. This means that for a platform that

can both provide information about products to consumers and then provide further infor-
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mation about the consumers’ interim expected values to the producer, it would be sufficient
to simply provide full information to the consumers and then design information provided
to the seller, or to only design information provided to the consumers without revealing
anything to the producers. In the context of previous two chapters, this is equivalent to
saying that it is sufficient for an online platform to either always provide full information
to the consumers and act simply as a data broker who provides producers information to
facilitate price discrimination; or to be just an advertiser who helps the producers provide
information about their products to the consumers. This observation in turn provides in-
sights for a policymaker. While currently many of the debates on welfare effects of online
platforms are focusing on how platforms facilitate price discrimination using personal data,
the equivalence result implies that it is equally important to understand the welfare effects
even when platforms are not facilitating price discrimination at all but only exploiting their
informational services by providing various kinds of information to the consumers.

Lastly, all the equivalence results in Chapter E, Chapter B and Chapter @ can be thought
of as a way to gauge how powerful the ability to design information structures in a monop-

olistic pricing setting is. Indeed, the equivalence results in various settings (,

h“heorem 3.51 and 'Theorem 4]]) mean that the ability to design and sell information struc-

tures under the relevant restrictions is very powerful that even if the informational monop-
olist is given extra ability in the product market (i.e., the ability to contract on price), the
revenue—and the induced market outcomes—would still remain the same. In other words,
these results mean that the ability to sell information structures from a “rich” set implicitly
empowers the informational monopolist to control prices in the product market, even when

he only serves as a third party who does not participate in the market at all.
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4.6 Conclusion

In this chapter, I examine the informational monopolist’s revenue maximization problem
when there are no restrictions on the set of information structures that can be provided. It
turns out that regime Z and regime P are still outcome-equivalent, which further implies the
same equivalence under any other set of information structures that includes either Xcp9
and Xcp3. Overall, the result in this chapter provides a wide range of sufficient conditions
on the set of feasible information structures for the outcome-equivalence result to hold.
Furthermore, the optimal mechanisms derived in Chapter E and Chapter a are able to attain
the optimal revenue when there are no restrictions on the set of information structures.
This implies that for an online platform, either of the following approach is sufficient for
revenue-maximization: 1) Fully revealing information to the consumers and then serve as a
data broker who provide information about consumers’ values to the producers and facilitate
price discrimination. 2) Only serves as an advertiser who help the producers provide product
information to the consumers while revealing nothing about the consumers’ values to the
producers.

There are several other interesting aspects that can be left for topics of future research.
First, throughout Chapter @, Chapter E and Chapter @, the analyses are restricted to a simple
monopolistic pricing setting where the seller has private information about her production
cost. It would be an interesting question to see whether a similar outcome-equivalence result
can hold in more general settings. This can be thought of as part of a broader research
agenda in mechanism design, which aims for finding economically relevant environments
and sufficient conditions for a mechanism designer to exploit richness of allocation spaces
and discipline extra complicating incentives such as moral hazard components. Second, as
part of another research agenda, a natural following step would be to explore the economic
implications of other aspects of online platforms, such as the ability to rank sellers in different

orders, as well as the ability to reveal different information about product prices charged by
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sellers and their competitors.
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Appendix for Chapter

A Notational Conventions

Below I first discuss more formally about the properties of the set D. Recall that D is the
collection of nonincreasing and left-continuous functions D on Ry such that D(v) = 1 and
D(@t) = 0. Since for every D € D, there exists a unique probability measure m” e A(V)
such that D(p) = mP({v > p}) for all p € V, I define the topology on D by the following
notion of convergence: For any {D,,} C D and any D € D, {D,} — D if and only if for any
bounded continuous function f:V — R,

lim /V F()ymPr(dv) = /V F@)mP(w)

n—oo

This would corresponds to the weak-* topology on A(V') and hence this topology on D is
also called the weak-* topology. As a result, D is a Polish space. Furthermore, notice that
under this topology, {Dy} — D if and only if {D,(p)} — D(p) for all p € V' at which D is
continuous.

Now I introduce some more notational conventions that are implicitly used in the main
text and will be used throughout the proof. For any measurable sets X and Y, the collection
of measurable functions f : X — Y is denoted by XY . Moreover, for any f € RX, define
fT by fT(x) := max{f(x),0} for all x € X. For any f,g € RX and for any a, 8 € R, define
af + Bg € RX by [af + Bgl(x) := af(x) + Bg(z) for all z € X. If X € R™ and the partial

derivative of f with respect to x; exists for some i € {1,...,n}, use
fi( ) s ( )
(x1,...,2p) = f(x1,...,x
i\41 n z; 1 n
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to denote this partial derivative. When X C R, for any z € int(X), let

f(z) == lim f(2/) and f(z7) := lim f(z)

x|z '

be the right and the left limits of f at x provided they exist, respectively.
For any measurable space X, let Af(X) € A(X) be the collection of probability measures
on X that have finite support. The collection of probability measures A(X) is endowed with

the algebraic structure so that for any puq, uo € A(X),

[Au1 + (1 = N)p2l(A) == Aur(A) + (1 = A pz(A),

for any measurable A C X. Furthermore, for any z € X, § (z} denotes the Dirac measure
that assigns probability 1 to the element x (whenever {x} is measurable). For any probability
measure j, € AS (X) with finite support and for any measurable set A C X, the simplifying

notation

doule)= Y pl{ad)

T€A ze Ansupp(p)
will be used.
Finally, for any D € D, let Sp denote the collection of s € A(D) such that (@) holds
with Dy being replaced by D (so that Sp, = §). Also, let D~1 denote the inverse demand

of D, where D1 is defined as

DY (q) :=sup{p € V: D(p) > ¢}, Vg € [0, 1]. (2.14)

B Technical Lemmas and Proofs

This section contains technical lemmas that establish continuities of several critical objects.

These continuity results are crucial for proving the main results.
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Lemma 2.4. For any D € D, mp € Rg s continuous and convex. Furthermore, for any
p € P, and for any c € C, —D(pp(c)) is a subgradient of mp at c. In particular, for any
c<c<d <F,

m() () = [ Dlpp(:))d: (2.15)
foranyp € P

Proof. By definition of 7p, for any ¢ € C|

mp(c) = s (p—<c)D(p).

As such, mp is convex for all D € D since it is the pointwise supremum of a family of affine

functions. Moreover, for any p € P and for any ¢, € C,

0 <mp(d) = (pp(c) — ¢)D(pp(c))
=7p(') +D(pp(c)) —pp(c)D(pp(c))
=rp(') —eD(pp(c)) + ¢ D(pp(c)) — (pp(c) — ¢)D(pp(c))

=mp(c') = [=D(pp(c))(c' = ¢) + mp(c)].

Thus, —D(pp(c)) is a subgradient of mp at ¢. Together with convexity of mp, mp is differ-

entiable almost everywhere and

mp(c) = =D(pp(c)),

for almost all ¢ € C. Thus, since 7 is convex, for any ¢ < ¢ < ¢ <,

for any p € P.
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For continuity, notice that for any ¢ € C,

mp(e) = (Igrg]?g:(p — ),

where Z := cl({(p, D(p)) : p € V}) is a compact set in R?. Therefore, by Berge’s theorem of

maximum, 7p is continuous on C. |

Lemma 2.5. The correspondence P is compact-valued and thus

P (c) = max Pp(c)
and

Pp(c) :==min Pp(c)

are well-defined for all c € C', D € D. Furthermore, for any D € D, the correspondence
Pp : C = Ry is upper-hemicontinuous. In particular, pp € ]Rg is right-continuous and

Pp € Rg is left-continuous.

Proof. Consider any ¢ € C' and D € D. Suppose that {p,} C Pp(c) and {p,} — p for some

p € Ry. Since the function p — (p — ¢)D(p) is upper-semicontinuous,

mp(¢) = limsup(pn, — ¢)D(pp) < (p = ¢)D(p) < 7p(c).

n—oo

Thus, p € Pp(c). As a result, since Pp(c) CV (see ), forall ce C and D € D,

Pp(c) is a closed subset of a compact set, which implies that pp(c) and p,(c) are well-
defined.

Now consider any D € D. To show upper-hemicontinuity of Pp, it suffices to show that
for any sequences {c,} C C and {p,} C Ry such that {p,} — p € R4 and {¢,,} - c€C

and that p, € Pp(cp) for all n € N, p € Pp(c). Indeed, for any n € N, since p, € Pp(cn),
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mp(en) = (pn — cn)D(pp) for all n € N. Moreover, since mp € Rg according to ,

dim mp(en) = mp(e).

Therefore, since D is upper-semicontinuous,

mp(c) = lim wp(cy) = limsup(pn — cn)D(pp) < (p— ¢)D(p) < mp(c).

n—r00 n—00

Thus, p € Pp(c) as desired. Finally, since for any p € P, pp € ]Rg is nondecreasing,
upper-hemicontinuity of pp then implies right-continuity of pp and left-continuity of p D

This completes the proof. [ |

Lemma 2.6. For any D € D, the function ¢ — D(pp(c)) is right-continuous.

Proof. Consider any D € D and any ¢ € C. By ,

limpp(c) = Pplo).

d]e

Together with continuity of mp, which is due to ,

(Pp(c) = )D(Pp(c)) =mp(c)

_ 1 /
fim p(c)
—lim(pp(d) — ¢)DBp(c))
dlc
=(Pp(c) =) -lim D®p(d)),
dlc
and hence
lim D(®p () = D®p(c)),
dle
as desired. u
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Lemma 2.7. For any c € C, the function D — mwp(c) is continuous on D.

Proof. Since V' C R is bounded, this lemma is a special case of Theorem 12 of Hart and

Reny (2019) when k& = 1. |
Lemma 2.8. For any c € (¢,©), the function D — D(pp(c)) is lower-semicontinuous on D.

Proof. For any c € (c,¢) and for any D € D, define 7, (ct) as

/ —
T2 =7 (0)
dle ¢ —c

Wb(ch)

Since mp is convex, 7 (c*) is well-defined. Furthermore, by , —D(pp(c)) is a

subgradient of 7p at ¢ and therefore, for any ¢ > ¢,

WD(C/C)/ - :D(C) > —D(pplc)),

which implies that

7 (cT) > D(Bplc)). (2.16)

Meanwhile, by (), for any ¢ > c,

/

WD(Cz_WD(C) = /1 /cc ~D(Pp(2))dz < —D(Pp(c)).

cC —C cC —C

Thus, by Lemma 2.6,

wp(c") <lim—D(pp(c)) = =DBp(c)). (2.17)

d]e

Combining (M) and (l2_17|),

mp(c") = D(®p(c)).

Now consider any D € D and any {D,} C D such that {D,} — D, implies
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that {wp, } — mp pointwise. Thus, for any c € (¢, ¢), by Theorem 24.5 of Rockafellar (1970),

Qi — IRT / + !/ +\ _
lim inf Dn(pDH(C))—hiSo%pﬂpn(c ) <mplc’) =—=D(Pplc)).

Therefore, for any ¢ € (¢, ),

liminf D (pp, (c)) = D(Pp(c)),

as desired. ]
Lemma 2.9. For any c € C, the function D — Ppp(c) is upper-semicontinuous on D.

Proof. Consider any ¢ € C' and any sequence {D,} C D such that {D,} — D for some
D eD. Let

p:=limsuppp, (c).

n—oo

Take a subsequence {Dp, } C {Dy} such that

lim p c) = p.
kﬁooppnk() p

First notice that since D € D is upper-semicontinuous, for any sequence {d;.} C Ry such

that {0} — 0,

lim sup(Bp,, (€) = €) Dy (B, (€) = 81) < (= 1D(p). (218)

Moreover, by the definition of the Lévy Prokhorov metric, for any k& € N,

D #0, ) = D (70,0 = (00, D)+ 1)) = (sDwD) 4 1) (219)

where p : D x D — Ry is the Lévy Prokhorov metric. Together, since {p(Dp,, D)} — 0 as
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k — oo, which is because {Dp, } — D as k — oo, we have

Tp(c) = klggoﬁD (c)

= lim (Bp, () = ©)Du(Pp,, ()

<h,?i>so%p(pD ()=o) {D (ﬁan(C) - (p(D”k’D) - %)) - <p(D”’“’D> " %)1

<(p—)D(p)

<mp(e),

where the first equality follows from , the first inequality follows from (), and

the second inequality follows from {p(Dy,, D)} — 0 as k — oo, (2.1§), as well as the fact

that pp_ ( ) < maxV (see ) As a result, it then follows that p € Pp(c) and
therefore p < pp(c). Thus,

limsuppp, (¢c) = p < pplc),

n—oo

as desired. [ |

C' Crucial Properties of Quasi-Perfect Schemes

This section summarizes some crucial properties of a -quasi-perfect scheme.

Lemma 2.10. Consider any nondecreasing function i € Rg with ¢ < Y(c) for all c € C.

Suppose that for any c € C, o(c) € S is a P(c)-quasi-perfect segmentation for c. Then,
1. [p D(p)o(dD|c) = Dy(p) for allp € V and for all c € C.

2. 0:C — A(D) is measurable.

3. [p D(Ppl(c))o(dD|ec) = Do(v(c)) for all c € C.
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4. JpPp(c)D(®p(c))o(dD|c) = f{vzw(c)} vDg(dv) for all c € C.

Proof. For any nondecreasing function ¢ € Rg with ¢ < ¢(c) for all ¢ € C, since for any

ce C,o(c) €S is a Y(c)-quasi-perfect segmentation for ¢, by definition,

/ D(p)o(dD|c) = Dy(p), (2.20)

for all p € V, which proves assertion 1. Furthermore, since v is nondecreasing and is thus
continuous except at countably many points, o : C' — A(D) is measurable, which establishes
assertion 2. For assertion 3, notice that for any ¢ € C, since o(c) € S is a 1(c¢)-quasi-perfect

segmentation for ¢, for any D € supp(o(c)) such that D(pp(c)) > 0,
D(pp(c)) = D(max(supp(D))) = D(¢(c))

and thus

/ D®p(e)o(dDle) /D o(dDe) = Do(1(c).
D

where the last equality follows from (EI) This proves assertion 3. Finally, to prove assertion
4, consider any ¢ € C. First notice that if Dy(c) = 0, then assertion 4 clearly holds as both
sides would be zero. Now suppose that Dg(c) > 0. The fact that o(c) € S is a ¥(c)-
quasi-perfect segmentation for ¢ ensures that Dy(¢(c)) > 0. Then, for any v € [¢(c), 7],
let

H(v) :=c({D € D : max(supp(D)) < v}|c).

Since o(c) is a probability measure, H is nondecreasing and right-continuous and hence
induces a Borel measure pg on [¢(c),v]. On the other hand, for any measurable sets

A, B C [(c), 7], define

K(A|B) = / m?(B)o(dDlc).
{DeD:max(supp(D))cA}
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Notice that for any measurable set B C [¢(c), 7], K(-|B) is a measure and is absolutely

continuous with respect to 1z and hence there exists a (essentially) unique Radon-Nikodym

derivative v — m"(B) such that for any measurable A C [¢(c), 7],

K(A|B) = /U . m?(B)H(dv). (2.21)

In particular, by definition of K and by (@), for any measurable set B C [1(c), 7],

/ m(B)H(dv) = K([¢(c), 7| B) = / mP(B)o(dD|ec) = mO(B). (2.22)
[(c) 7] D

Moreover, since for any measurable set A C [¢/(c), 7], K(A]|-) is a measure on [¢(c), 7] and

thus m" is also a measure on [¢(c,D)] for pg-almost all v € [¢(c),?]. Furthermore, since

o(c) € S is a ¥(c)-quasi-perfect segmentation for ¢, for any measurable sets A, B C [¢(c), ],
K(A|B) =m%(An B) = K(B|A)
and hence, for any measurable sets A, B C [¢(c¢), 7],

/ m? (B)H(dv) = / m? (A)H(do). (2.23)
A B
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As a result,

/ () DB (c))o(dDlc) = / () D(w(c)o(dD]e)
D
/ max(supp(D))mP ([(c), 7))o (dD]e)

[ uK@le).7)
[w(C),v]
[ o). T H ()
[¥(c),7]

:/ / vmY(dv')H (dv)

vely(c) ] Jv'elv(c),v]

_ / . ( / mv’(de(dv’))
vely(c)v] v'E[P(c),7]

= / vDy(dv),
[¥(c),v]

where the second equality follows from the fact that o(c) is a ¥(c)-quasi-perfect segmentation

for ¢, the third equality follows from the definition of K, the fourth equality follows from

(), the sixth equality follows from (), and the last equality follows from () This

completes the proof. [ |

Lemma 2.11. For any nondecreasing function 1 € Rg with ¢ < (c) for all c € C, suppose

that o € 8¢ is a W-quasi-perfect scheme. Then for any c,c € C with ¢ < ¢,

/ (/ D(pp(2))(a(dDle) — O(dD\z))> dz > 0.

Proof. Consider any ¢, ¢’ € C such that ¢ < ¢/. Notice that since 0 € S Cisa -quasi-perfect

scheme, by ,

/Dpp o(dD|z) = Do(ih(2)).

In addition, since o(c) is a ¥(c)-quasi-perfect segmentation for ¢, for any z > ¢ and for any
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D € supp(o(c)), if D(c) > 0 and max(supp(D)) > z, then pp(z) = Pp(c). On the other
hand, if D(c) > 0 and max(supp(D)) < z, then D(pp(z)) = 0. Also, notice that D(c) =0
implies D(z) = 0. Together, if z < 9(c),

/ D@p(2))o(dD]e) /DpD o(dD]e) = Do(t(c))
D

and if z > ¢(c),

| DE)eanle - / D(Ep(e)o(dDlo)
DeD:max(supp(D))>z}

/ D(2)a(dDle)

=Dy(z

As a result,

[/ (f ot
/ (/DPD o(dDle) /Dpp 2)o (dD|z>) dz

/ (min{Do(t(c)). Do(2)} — Do(t(2))) dz

c

>0,

where the inequality follows from the fact that z < ¢(2) and ¥(c) < ¥(z) for all z € [c, ],

which in turn relies on the hypothesis that ¢ < 1(c) for all ¢ € C' and that 9 is nondecreasing.

This completes the proof. [ |

Lemma 2.12. Consider any function i € Rg with ¢ < (c) for all ¢ € C. Given any
{Dn} € D and {on} C Sgn. Suppose that {on} — o pointwise and {Dp} — Dqy for

some o € A(D)C and Do € D. Then o € Sgo. Moreover, suppose further that o, is a
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V-quasi-perfect scheme for allm € N. Then o is a V-quasi-perfect scheme.

Proof. First notice that since oy, € Sg is a 1y-quasi-perfect scheme, [Lemma 2.1( ensures
n

that oy, is measurable. Then, since {o,} — o pointwise, o is also measurable. Moreover,
since {Dy} — Dy and {0y} — o, for any bounded continuous function f : V' — R and for

any ¢ € C

[ s ([ o) = [ ([ ) ) o(dD)
~ i ( / )on<dD|>
- /V f(0) ( /D D(dv)a(dD|c))

~ lim /V f(0) Dy (dv)

- / £(v) Do(dv),
Vv

where the first and the third equality follow from interchanging the order of integrals, the
second equality follows from the fact that the integrand in the parentheses is a bounded
continuous function of D and from weak-*convergence of {oy,(c)}, the fourth equality is due
to the fact that on(c) € Sp,, and the last equality follows from the weak-* convergence of

{Dp}. Thus, by the Riesz representation theorem,

/D D(p)o(dDle) = Dy(p), ¥p € V, c € C.

This proves that o € SC.
Now suppose that o, is a ¥-quasi-perfect scheme for all n € N and suppose that, by
way of contradiction, o € S¢ is not a -quasi-perfect scheme. Then there exists a positive

G-measure of ¢ and a positive o(c)-measure of D € D such that D({v > ¢}) > 0 and either

#{v € supp(D) : v > ¥(c)} # 1 or max(supp(D)) ¢ Pp(c) (i.e., D(Pp(c)) > 0). As such,
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there is a positive G-measure of ¢ and a positive o(c)-measure of D such that

/ (v — $(e)D(dv) > / (- $(e)D(dw)
{v>9(c)} {v>pp(c)}

~Bp(e) B )DEDE) + [ (0= Pp()D(dy

{v=pp(c)}

>(Pplc) —¥(e))D(Pp(e),

with at least one inequality being strict. Thus, there exists a positive G-measure of ¢ € C

such that

| ®0(e) = )DBp@)0(aDle) < [ (0 v(e))* Dofc).
D |4

However, by ILemma 2.7| and ILemma Q.é, for Lebesgue almost all ¢ € C,

/D (B (c) — ¥(0))D(Bp()o(dD]e)

~ [ mo(@oaDle) ~ (v(e) = ¢) [ D@ple)e(daDlo
> tim [ mp(e)on(dDle) ~liminf(w() =) | DEp(E)on(aDl
D

~ lim sup [ [ wpt@eutanie) - e o) [ D(ﬁmc))an(dDrc)} (2.24)

n—oo

=limsup [ (v—1(c))T Dy(dv)

n—00 VvV
= Jim_ | (0= ()" Daldv)

— [ (= vt Dofe),
14

a contradiction. Here, the first inequality follows from the fact that {on(c)} — o(c),

tLemma 2.7| and tLemma 2.8|; the second equality follows from the properties of the lim inf

and lim sup operators;a the third equality follows from the fact that on(c) € Sp, and is a

2. More precisely, this follows from the following properties: For any real sequences {a,}, {b,},

—liminf b,, = lim sup(—by,).

n— oo n—oo
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¥ (c)-quasi-perfect segmentation for ¢; and the last two equalities follow from the fact that
the function (v — 1 (c))™ is bounded and continuous in v and that {D,} — Dg. Therefore,

o must be a -quasi-perfect scheme. [ |

D Proofs for Optimal Mechanisms

Proof of Theorem

In this section, I first prove and obtain an upper bound for the data broker’s

revenue. That is, I first solve the relaxed problem where the prices are also contractable. To

this end, I first introduce the revenue-equivalence formula under regime P
Lemma 2.13. Under regime P, a mechanism (o,7,7) is incentive compatible if and only if

1. There exists some T € R such that for any c € C,
c
@)= [ | w-opeaasi.oanle- [ [ [ Dwr@slp,2oapl)ds-r
D R+ c D R+

2. The function

ews [ [ Dwr@ip.depl
DJR,
1S NONINCreasing.

Proof. For necessity, consider any incentive compatible mechanism (o, 7,7y). Let

u(c,c) = /D (/1R+<p - c)D(p)’y(dp|D,cl)> o(dD|d) — 7(c), Ve, d € C

Moreover, if {ay} is convergent, then

limsup(a,, + b,) = lim a, + limsup b,,.
n—o00 n—00 n—o0
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denote the producer’s net profit when her marginal cost is ¢ and reports ¢’. By incentive
compatibility, for any ¢ € C
U(c) :=ulc,¢) > u(c, ),

Since uj(¢,d) = — [p fR ~(dp| D, ¢)a(dD|c) is bounded for all ¢ € C, by the envelope

theorem (Milgrom and Segal, 2002), for any ¢ € C'

U(c)=U(c) — /ccu1(27z) dz=U(c) + /CC (/D ( A D(p)’y(dp|D,c)> o(dD]z)) dz

Also, by definition,

U(e) = /D ( /]R - c)D(pw(dprD,c)) o(dDe) — ()

Rearranging, and letting 7 := U(¢), for any ¢ € C,

Ry ( /| +<p—c>D<p>fy<dp|D,c>) o(dD]o) / (/ (/ D(p)y(dplD., z>> a(dD|z>> de-7,

which proves assertion 1. Furthermore, since u(c, ) is affine in ¢ for all ¢, U is convex as it
is a pointwise maximum of a family of affine functions. Therefore, it’s (almost everywhere)

derivative

- / D(p)v(dp|D, )o(dDe)
D JR,

is nondecreasing. This proves assertion 2.
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Conversely, given a mechanism (o, 7,~) that satisfies assertions 1 and 2, for any ¢, € C,

u(e, ¢

</ (/ —c)D(p)y(dp|D, c)) o(dD|c) — T(c))
D
</ / — ) D(p)¥(dp| D, Cl)) o(dD|d) — T(c’))
D
D

/ /(/ D( )’Y(dp|D,z)> o(dD|z )dz—/p</R D(p)~y (dp|D,c’)) o(dD|) (¢ — ¢)
/ D (/R+D ~(dp|D, z)) (dD|z) / (/ D(p)~(dp|D, c)) O'(dD|C’)> d=

— 7

where the inequality follows from assertion 2. As such, the mechanism (o, 7,7) is indeed

incentive compatible. [

With , the producer’s expected profit under an incentive compatible mecha-

nism (o, 7,7) can be written as

//(/ D(p)~(dp|D, 2))0(dD|z)dz

As such, an incentive compatible mechanism is individually rational if and only if

//(/ D(o)y(apID. z>)a<dp| 2 o)+ [ Dot

Also, for any incentive compatible mechanism (o, 7,7), the data broker’s expected revenue

can be written as

Efr(c)] = /C ( /D ( /]R - ¢G<c>>D<p>~y<dp|D,c>> o(dD|c>> G(de) — U (@),
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Therefore, the data broker’s revenue maximization problem can be written under regime P

as

ap /C ( /D ( /]R - ¢G<c>>D<p>~y<dp\D,c>> a<dD|c>> Glde) — mo(@)

s.t. c— / (/ D(p)’y(dp|D,c)) o(dD|c) is nonincreasing,
p \JR,

//p (/R o <p>’7<dp|DaZ>) o(dDlz)dz > / " Do(Bo(2)) d, Ve € C,

where the supremum is taken over all segmentation schemes o € S¢ and all measurable
function ~ that maps from C' to the collection of transition kernels from D to A(Ry).

In what follows, let I" be the collection of transition kernels that maps from D to A(R4).
Let § € S denote the value-revealing segmentation and let ¢ € SC be the segmentation
scheme such that o(c) = 5 for all ¢ € C. Furthermore, for any ¢ € [0,1], let pg := Do_l(q),
where D Lis defined by () Notice that by definition of Dy !,

q € [DO(P;)a Do (pq)]-
If Dy(pq) = Do(p;), then let 77 € A(Ry)Y be defined as
F4(-|v) == Ogpy, VO EV.
On the other hand, if Dy(pq) > DO(pZIL), then define 47 € A(R+)V as

F(-Jv) = Do) 5{’11}’ Dot if v # pq
_ 97olpg) _ Dolpg)=a ¢ o _
Do(pg)—Do(pg) {o} T Do(pq)— 0(p;)5{v}, if v = pq

, Yo eV.
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Finally, let ¥4 € ' be defined as

VI(AD) = /V 59(AJo)D(dv),

for any measurable A C V and for any D € D. In other words, combining the segmentation
5 and the randomized price 7, this means that when the producer uses the randomized price
% under segmentation s, then all the consumers with values above the (1 — ¢)th-percentile
buy the product by paying exactly their values while the other consumers do not buy, so

that the traded quantity is exactly q. That is,

/( D<p>vq<dp|D>> S(dD) = ¢ (2.25)
D \JR,

With this notation, I now introduce the second auxiliary lemma.

Lemma 2.14. For any q € [0,1], let R(q) be the value of the mazimization problem

o /D ( /R . PD(P)’Y(dp)> s(dD)

s.t. / ( D(p)’y(dp)) s(dD) < gq. (2.26)
D \JR,

Then
_ ¢
Rl = [0y ).
where DO_1 is defined by () Moreover, (5,~1) is a solution of ()

Proof. Consider the dual problem of () That is, for any v > 0, let

i) = sw [ /D < /R ) pD<p>v<dp|D>> S(dD) + v (q - /D ( /R ) pD(p)v(dp\m) s(dm)]

:3;9171561“/2) (/RJF (p— y)D(p)v(dp|D)> s(dD) + vq.
108



Clearly, d(v) > R(q) for any v > 0. Thus, by weak duality, to solve (), it suffices to find
v* and (s*,7*) such that (s*,~*) is feasible in the primal problem (), (s*,~*) solves the

dual problem

S /D ( /R - u*>D<p>v<dp|D>> s(dD) (2.27)

and that the complementary slackness condition

v [q - /D ( /]R ) pD(p)v*<dp|D>> s*(dm] 0 (2.28)

holds. Since this would imply that

M@Sd&zggﬂﬂédﬂf)sz)

and hence (s*,7*) must be a solution to ()
To this end, let
v = Dal(q).

and consider the pair (5,79). Notice that by definition, (5,v?) perfectly price-discriminates

all the consumers with v > v* and does not sell to any consumers with v < v*. Therefore,

/D ( /]R - u*>D<p>w<dp\D>) S(dD) = /V (v — v*)* Dy(dv)

Furthermore, notice that for any s € S and any vy € I’

/ (/ (p— y*)D(p)’Y(dp\D)> s(dD)
D \JR,

< | max(p—v*)D(p)s(dD)
D peERY

§/V(v—u*)+D0(dv).
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Therefore, (5,~7) solves the dual problem () On the other hand, by (),

/ ( D(p)v%dpw)) S(dD) = q.
D \JR,

Together with s € S and 47 € T, it follows that (s,7?) is feasible in the primal problem
(R.26) and, furthermore, the complementary slackness condition (R.2§) also holds. Thus,
(5,71) is a solution to the primal problem (R.26).

Finally, notice that by the definition of D L and (s,79),

/D ( /]R pD<p>vQ<dp|D>> 5(dD) = /O "Dyl dy.

This completes the proof. [ |

With the two auxiliary lemmas above, the broker’s problem under regime P can be
effectively reduced to a one-dimensional screening problem with type-dependent individual

rationality constraints. As stated by below.

Lemma 2.15. Under regime P, there exists an incentive feasible mechanism that maximizes

the data broker’s revenue. Furthermore, the data broker’s optimal revenue is

qeQ

q(c)
R* = max /C ( /0 (D7 () — 6 (e)) dq> G(de) — (@) (2.29)

c
s.t. m(2) +/ q(z)dz > mg(c), Ve € C,
C

where Q is the collection of nonincreasing functions in |0, 1]0.

Proof. Consider any incentive feasible mechanism (o, 7,4) under regime P, I will first show

that there exists g € [0,1]¢ such that the mechanism (,79,47) generates weakly higher
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revenue for the data broker and is incentive feasible, where
~(c) =~ veeC

and 79 is the transfer determined by (7, v9) when the constant is chosen so that U(¢) = m(¢)

according to . Then, I will show that maximizing revenue across the family of

incentive feasible mechanisms (a, 79, v9) is equivalent to solving () Finally, the existence
of the optimal mechanism can then be ensured by the existence of the solution of ()

To this end, for any ¢ € C, let
a©) = | ( Dp)y(dplD. c>> o(dDle).
D \JR,

By , incentive compatibility of (o, 7,~) implies that g € [0,1]¢ is nonincreasing
and, by (), for any ¢ € C,

/ < / D<p>~yq<dp|D7c>> 5(dDe) = / ( D(p)wq@(dpw)) 5(dD) = q(c).
D \JR, D \JR,

Thus, by , (a(c),v9(c)) solves the problem (R.24) with the quantity constraint

being g(c) and hence, since (o(c),~y(c)) is also feasible in this problem,

/D ( /]R pD<p>v<dp|D,c>> o(dDle) < /D ( /]R pD(p)»yq(de,c)) 5(dDle) = R(q(c)).
(2.30)
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As a result,

/}R (v - ¢G<c>>D<p>v<dp|D,c>> a(da:|c>) G(de)

( / pD(p)v(de,c)) o(dzle ) (de) — / b()a(G(de)
Ry

< / (R(q(e)) — b ()a())G(de)

:/c (/D (/R+pD(p)7q(dp\D,c)> & (dz|c ) (de) — / c(c) a0
(/p (/RJr(p —~ ¢G(c))D(p)7‘1(dp\D,c)> 5(dx]c)> G(de),

where the first and the third equalities follows from the definition of g(c) and from (),
and the inequality and the second equality follows from () Moreover, by (), since q

is nonincreasing, the function

oo [ ( [ ponea, C>) 5(dDl)

is nonincreasing. Together with and individual rationality of (o, 7,7), for any
ceC,

/cC (/D ( R, D(phq(dpw’z)) 5(dD|Z)> dz Z/:I q(z)dz
/ Dy (P (=

these imply that (7, 79,49) is incentive feasible.

112



Now notice that by () and , for any q € [0, 1]C and for any ¢ € C,
) _ al)
L 0=taporaip. ) sple - k) = [ 05 @da
+

On the other hand, by () and by , (o,79,49) is incentive feasible if and only

if g is nonincreasing and

[[araz> [ Doz vee

Therefore, maximizing revenue among all incentive feasible mechanism is equivalent to solv-
ing (.29).

Finally, notice that for the maximization problem (), endow the set of nonincreasing
functions with the L1 norm. Helly’s selection theorem and the Lebesgue dominated con-
vergence theorem then imply that this set is compact. Furthermore, since for any sequence
{qn} that converges to ¢ in the L' norm, there exists a subsequence {an, } that converges to
q pointwise, by the Lebesgue dominated convergence again, the objective function of ()
is continuous and the feasible set is a closed subset of a compact set, and hence is itself

compact. Together, the problem () has a solution. This completes the proof. [

With , the data broker’s revenue maximization problem can be solved ex-

plicitly.

Proof of Theorem @ Recall that Q € [0,1]¢ denotes the set of nonincreasing functions

0, 1]0. Using () and , rewrite the data broker’s problem () as

(¢)
sup /c (/Oq (D (a) - ¢G(C))dQ> G(de) —mo(e) (2.31)

qeQ

st mo(@) + / "q(z)dz > mo(@) + / " Do(po(2)) d=.
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Let R* be the value of () and write objective function of () as

(c)
R(q) := /C ( /O ! <Dgl<q>—¢a<c>>dq> G(de) — mo(2), Vg € Q.

Consider the dual problem of () That is, for any Borel measure p on C| let

i) = sup [Ra) + [ ([ 1a2) = Dotmo(e1)dz ) utao)

qeQ
and let

d* :=inf d(p),
inf d(y)

where the infimum is taken over all Borel measures on C'. Then clearly
d* > R*.

Moreover, if there exists a Borel measure p* on C' and a feasible choice g* € Q of the primal

problem () such that d(pu*) = R(q"), then
R* < d* < d(s*) = R(g") < R,

and hence ¢* € Q is a solution of the primal problem () As a result, to solve (), it

suffices to find a Borel measure p* and a feasible g* € Q such that g* is a solution of

wup [Ra)+ [ ([ ta(e)— Dotpofen) ) u°(a0) (232

qeQ

and that

/C </cc<q*(2) — Do(Po(2))) dZ) p*(de) = 0. (2.33)
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To this end, define M* € [0,1]¢ as the following

M*(c) := Efclg( 2)(éG(2) = Po(2) ", Ve e C. (2.34)

By definition, M* is right-continuous. Also, by |Assumption 2.]], M* is nondecreasing and

hence M* a CDF. Let p* be the Borel measure induced by M*. Notice that supp(u*) =
[c*, €], where

¢ :=inf{c e C: ¢a(c) > py(c)}.

Notice that for any ¢ € Q, by interchanging the order of integrals,

/O</CC(Q(Z)—D0@0(Z))) ) (de) = /M* — Do(Bo(c))) de

and therefore for any q € Q,

#@+ [ ([ (et~ Dotpoen az) (@
:/C </Oq(0)(DO_1(q)—¢G(C)) )G (de) — mo(@ /M* — Do(po(c))) de
-l ( [ 03w ~cten >c<dc>—m - [y de

where ¢ = min{¢g,Pg}. As only the first term depends on the choice variable g, the
solution of () is the same as the solution of

alc) _
up /C ( /0 (D <q>—¢a<c>>dq> G(do). (2.35)

To solve (), consider first the case when G is regular so that ¢« is nondecreasing. In
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this case, notice that for any g € Q and for all ¢ € C,

/mqu)%@—a<@mq</wqgﬁ>%@—a(@mq
0 0 G — 0 0 G )

where for any function v,

g (c) :=sup{y € [0,1] : Dy (q) = ¥(e)}.

Moreover, the function ¢ is nondecreasing since both ¢ and Py are nondecreasing, also,
the function D, 1is nonincreasing. As a result, g%¢ € Q is a solution of () and thus is

a solution of () Furthermore, by definition, for any ¢ € C,

Do(9¢(c)) = g% (c)

In particular, since 5&‘ < Py, q$G is feasible in the primal problem () That is, for any
ceC,

/ 96(2) dz >m(c / Do(¢g(»

> (C / Dy(Po (=

Finally, notice that since ¢g(c) = Py(c) for all ¢ € (c*,¢| and since M*(c) = 0 for all
¢ € [¢,c*), the complementary slackness condition () also holds for ¢ and p*. That is,

/w %%(dw/M*@deﬂmwwk

iLW@%%@%%%Wwi
=0
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Together, when G is regular, ng = Dy o ¢¢ solves the primal problem ()

Now consider the case for a general G, to solve () Let ¢ be the ironed virtual cost.

That is, ¢¢ is defined by the following procedure: Let h : [0, 1] — R4 be defined as

and

Also, let B := min{pq, pg}. With this definition, notice that for any q € Q,

(c) _
/c ( /Oq (Dy ! (a) = bc(c) dq) G(de)

(c)
:/C (/Oq (Do_l(Q> —ag(C))dq> G(de) + /C(aG(C) — %c(c))a(c)G(de).

Moreover, using integration by parts, since K(0) = H(0) and K (1) = H(1),

| @6te) - a6 = [ (vale) - éa(e)ale6(do)
c c

(2.36)

(2.37)



where the first equality follows from the observation that ¢ (c) = Pa(c) = ¢a(c) = pa(c) =

Po(c) for all ¢ > ¢*, which is due to |Assumption 2.]J, and the inequality follows from the fact

that K = co(H) and that g is nonincreasing for any q € Q.

On the other hand, notice that for any g € Q and for all ¢ € C,

(c) PG (c)
/0 D5 0) — Bole) da < /0 D50 - 7o) da.

and hence

() ?G(c)
/C( I <Dal<q>—¢e<c>>dq) oo < [ ( [ <D51<q>_¢a<0))dq>,weg_

In addition, since P (c) = ¢ (c) = Py(c) for all ¢ € (¢*,¢] and since K (G(c)) < H(G(c)) on
an interval [cq, c9] if and only if P is a constant on that interval, which implies that q¥¢ is

a constant on that interval, it must be that

/C (@ale) - Bo(€)d?e ()G (de) = — / (K(G(e) — H(G(c)gP6(de) = 0. (2.38)

C

Together with () and (), for any q € O,

(c) B %6 (c) -
/C (/Oq (D61(Q)—¢G(C))dq> G(de) < /C (/Oq (D7 \(q) —¢G(C))dq> )

Also, since P is nondecreasing by definition, g¥G is indeed a solution of () and hence

a solution of ()

Moreover, by definition, for any ¢ € C,

q7¢(c) = Do(pa(c)). (2.39)
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Thus, since g < Py,

C p—
WO(E)"’/ q”¢(z)dz =mp(c /Do [Zel(e
C

>mo(C /DO po(2))dz, Ve e C

and hence %G € Q is feasible choice in the primal problem () Furthermore, since
M*(c) = 0 for all ¢ € [¢,c") and since P(c) = py(c) for all ¢ € (¢*,¢], the complementary
slackness condition () is also satisfied. That is,

/ M* ()(q6 (¢) — Do(Bo(e))) de = / M*(0)(Do(Bc(c)) — Do(Bo(e)) de
C C

_ / M*(¢)(Do(Bo()) — Do(By(c))) de

=0.

Together, q¥G¢ = D o @ is indeed a solution of ()

Finally, by (), it then follows that

o q%G(c) D1 ) c _
_ /C /0 (Dy M (q) — é(c)) dq | G(de) — mo(2)
DoFe(@) i}
_ /C /0 (Dy L(g) — 66:(c)) dg | G(de) — 70 ()

-/ (/ ) <v—¢a<c>>Do<dv>> G(de) - m(@).
C \/{v=pq(c)}

The see that any solution under regime P must induce @ (c)-quasi-perfect price discrim-
ination for G almost all ¢ € C, consider any optimal mechanism (o, 7,4) under regime P.

By optimality, it must be that Eq[7(c)] = R* and that the indirect utility of the producer
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with marginal cost ¢ is my(¢). Also, by , it must be that

R* =Eg[7(c)]

:/C (/D (/R (p— ¢G(0))D(P)’Y(dp|D,c)> U(dD|c)> G(de) — mo(@),

which implies that

/C </D (/R (p— ¢G(c))D(p)’7(dp|D,c)> o(dD\c)> G(dc) = /C (/{Mp (c)}(v — d)G(C))DO(dv)) G(de

(2.40)
Thus,

/ ( / ( / (p—EG(C))D(p)’Y(dMD,C)) a(dD|c>> G(de)

c \Jp \Ur,

+/C( (/D (/ D(p)~(dp|D,c) c) (dD|c)> G(dc)

/ ( / <p—¢a<c>>D<p>~y<dp|D,c>> o(dDrc>) G(do) (2.41)
D \JR,

/ ) (U—¢G(C))Do(dv)) G(de)
{v>pg(c)}

/ ) <v—aa<c>>Do<dv>) G(de) + / (@6 (e) — b6(c) Do(@a()G(de)
{v>Pg(c)} C

I
ST~ a~
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where the second equality follows from () Moreover, since for any c € C,

/(/ (p—aG(C))D(p)’)’(dp\D,c)> o(dDle)
p \JR,

< | max[(p —Pg(c)D(p)o(dDlc) (2.42)
D PERL

< /V (v =) Do(dv),

it must be that

/ @60 —dc(c)) ( / ( / D(p)v(dpmc)) a<dD|c>> Gde) > / @6 (0)—dc(e) Do(@a()G(de).
C D \JR, c

Together with () and (), we have

| @t (/ (/ Dlp dp\Dc> <dD|c>> G(de)
2/C< (/ (/ D(p dp\Dc) (dD\c)) G(do)

> [ @ale)  6a() Do(Fg(e)G(d) (2.43)
C
- [ (@te) = ¢ale) Dolza(e)G(de)

Furthermore, since ¢ (c) = Py(c) < ¢palc) for all ¢ € (c*,¢] and ¢pg(c) = palc), by the

definition of M™* given by (), and by using integration by parts, () is equivalent to

/c (/ (/D ( R, D<P>7<dp\D»z>> o(dDlz) - Do@o(z)) dz> M*(de) < 0

Furthermore, since (o, 7,7) is individually rational, for any ¢ € C,

/C ( / ( D<p>~y<dp|D,z>) a(dD|z>) az > /CDO(T?O(Z))dZ~
c D Ry c
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Thus,

/c (/ (/p ( /R D@MdpiD,z)) o(dD]z) - Do@o(z))) dz> M*(de) = 0

and hence

/ @a(o) — d6(c) ( / ( / D(p)v(dpw,c)) a(dD|c>) Glde) = / (@ (e) — 66() Do(@a()G(de),
C p \Jr, C

which, together with (), implies that

/o </z> </R (p —@e(c))D(p)’r(dplD,c)> 0(dD|c)) G(de)

-/ (/ ) <v—¢a<c>>Do<dv>) Gldo)
C \Hv=pg(e)}

Moreover, by (), it then follows that for G-almost all c € C,

/ (/ <p—¢G<c>>D<p>v<dp|D,c>> o(dDc) = / (v - Be(@)tDo(dv),  (2.44)
p \JR, 1%

which implies that for G-almost all ¢ € C, (o(c),~(c)) must induce perfect price discrimina-
tion for the economy where the producer’s marginal cost is p;(c), or equivalently, (o(c),v(c))
must induce P (c)-quasi-perfect price discrimination for G-almost all ¢ € C'. This completes

the proof. [

Proof of Lemma

Proof of Lemma @ For necessity, consider any incentive compatible mechanism (o, 7).

First notice that, by , mp : C — R4 is convex and continuous on C' for any
D € D and



for any p € P and for almost all ¢ € C'. Moreover, since for any D € D and for any p € P

7 (0)| = [Dlpp(e)| <1,

for almost all ¢ € C', the order of integral and differential can be interchanged. That is, for

any ¢, c € C,

& [ mp@o@pld) = [ whaaabld) == [ Dpp@e@nl). (249

As such, if II is defined as
(c,d) = /DWD(C)J(dD|c’), Ve, d € C,
then II(-, ¢) is convex for all ¢ € C. Moreover, () implies that
/ D(pp(c))o(dD|¢), (2.46)

for any ¢ € C, any p € P, and for almost all ¢ € C. Now let u(c, ) :=1l(c, ) — t(’) for all
¢, € C be a producer’s interim expected profit if her report is ¢ and marginal cost is c. By
the Lebesgue dominated convergence theorem, u(-,c’) is convex and absolutely continuous
on C for all ¢ € C as mp is absolutely continuous for all D € D. Furthermore, since the

mechanism (o, 7) is incentive compatible,
Ul(c) := u(c, c) > ule,d), Ye,d € C.

By the envelope theorem again,



Moreover, since for any p € P and for almost all ¢ € C,
ui(e,c) =1Ii(c, c) / D(pp(c))o(dD|c), (2.47)
it must be that for any p € P and for any c € C,
M(e,e) — 7(c) = @+ [ [ ppEetnp)a:
Rearranging, and use the definition of II, it follows that

(0) = | mpldataDlo / | Dpetanl) - U,

which proves assertion 1. Furthermore, by incentive compatibility, for any ¢, € C,

0 <U(c) — u(c, )

:/CC (u1(z,2) + (2, ) dz

:/C/ (/ D(pp(2))o(dD]z) /DPD dDIc))
-/ ( | DDl - o@Dl ) as,

for any p € P, where the forth equality follows from the fundamental theorem of calculus,

and the last equality follows from (M) and (lZT?l) This proves assertion 2.

Conversely, suppose that a mechanism (o, 7) satisfies assertions 1 and 2. Then, for any
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c,d €0,

/C (/DD(Z_?D(Z))U(dD|z)+H1(27C/)) Az
:/: (/DD(T?D(Z))o(lez)—/DD(Z—gD(z))g(dmcf)) 1
[ Us

D@p(2)(o(dD]z) - a(dD\c’») d:

where the second equality follows from assertion 1 and the fundamental theorem of calculus,
the last equality follows from (), and the last inequality follows from assertion 2. As

such, the mechanism (o, 7) is incentive compatible. [ |

Proof of Lemma

Proof of Lemma @ Given any nondecreasing function ¢ € RC, and any 1-quasi-perfect

segmentation o € S, suppose that for any c € C|

Y(z) <pp(2),
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for Lebesgue almost all 2 € [c,¢] and for all D € supp(c(c)). Then, for any ¢,c € C with

c<d,

[ PEp)eaDl:) - atanic) )

D

[ pwo@)etant) - [ p@p)sapld) )a:
D D

I

[

:/: (Do /DpD dD|c))
[ (o

J

where the second equality follows from assertion 3 of [Lemma 2.1(, the inequality follows

from (@), and the third equality follows from o(z) € S for all z € [c,¢/]. Together with

, this implies that

/ </DpD o(dD|z )_U(dD|C/)))dzzo

for all ¢,d € C. Therefore, by , there exists a transfer 7 such that (o,7) is

incentive compatible, as desired. [ |

Proof of Lemma

Proof of Lemma @ I first prove the lemma for Dy being a step function. Consider step
function D € D and any ¢ € ]RJCFv such that ¢ < ¥(c) < pplc) for all ¢ € C and fix any

ceC,let

"= {vesupp(D) v > ¥(c)}
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and let

¢:=inf{ze C:pp(z) > Y(c)}.

Since pp is nondecreasing, it then follows pp(z) > ¥(c) for all z € [¢,¢] and Pp(z) < ¥(c)
for all z € [c,¢). Moreover, since 1(c) < pp(c), ¢ < c¢. Furthermore, by definition of ¢, it
must be either ¢ = ¢ or ¢ > ¢ and p(¢) < ¥(c) < Pp(é), since otherwise, if ¢ > ¢ and
Pp(¢) = ¥(c), then for € > 0 small enough, as |supp(D)| < oo, Pp(¢ —¢) = py(¢) > ¥(c),
contradicting to the definition of ¢. Consider first the case where ¢ > ¢. In this case, for

each v € V1, define " recursively as the following

0, if v/ > (c) and v/ # v
Dy, e !
m~ (v'), ifv' =0
m¥(v') = ) , Vo' € supp(D), Yo € VT,
B )ymP (), if p(e) < v’ < ¥(c)
\ o (v)ymP (v"), if v/ < pp(0)

where for all v € VT and all v € supp(D) s.t. pp(e) < v < (e),

(v —=&mP (v) = (v = &) Yy (D)

B (o) = szw(c) [(v — é)mD(U) — (v = ¢) Z{;>v’ mv(@)} ’

and for all v € VT,

By construction,

Y oatw) =) B =1 (2.48)

veV+ veV+

for all v" € supp(D) with pp(¢) < v' < p(c). As such,

Z m? (V) =mP '), Vo' € supp(D). (2.49)
veV T
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Notice that since ¢ < p(¢) <1(c) <Pp(¢), it must be that

Yo w=omP) > Y w-emP ) > ®BpE)-)D®BpE) = (ppE)—)D(py(@)).
v=1(c) v>Pp(¢)
(2.50)

Now consider any v’ € supp(D) such that p p(6) < v' < 4p(c). Notice first that

Yo |w—amP ) - =8 Y ()

v>1)(c) o>
= > w=mP) - -6 > mP)
v>1)(c) >0’
>(pp(6) —&)D(pp(e) — (v = &) > mP(0)
V>v
> =&)Y mP ) - (' =&)Y mP (o)
>0’ >0’

(= mP (W)

>0

"

where the first equality follows from (), the first inequality follows from (), the second

inequality follows from the fact that p,(¢) € Pp(¢), and the last inequality follows from

Pp(¢) > ¢. As such, for any v’ € supp(D) with pp(e) < v < 1(c) and for any v € VT if

(v—¢&)mP ) = (v —¢) m(0) >0,
>v!

>
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then 8*(v[v’) > 0 and

which in turn implies that

o>’

(v —eymP @) — (" =&)Y w’(®) > (v—emP ) — (' —&) > mh(d) >0,
>0/

where v € supp(D) is the largest element of {# € supp(D) : pp(e) <o < v'}. Moreover, if

v/ = max{d € supp(D) : Pp(¢) < <y(c)}, then clearly, for all v € VT,
(v—2eymP ) = Y () = (v - )mP ) > 0.
o>’

Therefore, by induction, for any v" € supp(D) such that p p(6) < v' < 9(c), it must be that

B*(vjv') > 0 for all v € VT and that

(W =&)Y MY (D) < (v—e)m¥(v). (2.51)

>

Together with (), this also ensures that
o e A(VT) (2.52)

and

B* (') € A(VT), (2.53)
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for all " € supp(D) such that pp(e) < v < ().
On the other hand, for any v’ € supp(D) with v/ < pD( ¢) and any v € VT, notice that

by the definition of o,

> iw(6) = a*(v) mP @)+ Y Z ().  (2.54)
-~ ol ) =

(W' =¢) p m"(0) =a*(v)(v' = &)D(V)

<a™(v)(pp(¢) — &) D(p,(¢))

=(pp@) —¢) Y m'(®) (2.55)

o>p(¢)

S(U - é)mv(v)v

where both equalities follow from (), the first inequality follows from the fact that
P (¢) € Pp(¢), and the last inequality follows from () by taking v’ = p pp(0).

Moreover, by (), for any z € [c,¢), and any v € VT, since pp(z) < Pp(¢), it must
be that for all v/ < pp(2),

(v — 2 Z 0) =a*(v)(v' — 2)D()
o>v!

<a”(v)(pp(2) — 2)D(pp(2)) (2.56)

=(pp(2) —2) D> m"(D).

0>p ) (2)
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Finally, if ¢ = ¢, then define {m"} oy + as

mP ('), if v/ = v
m? (V') = 0, if o' > 1p(c) and o' #v VW €V,ve VT v >pp(o)

o (v)ymP ('), if v < (c)

and

, mP '), if v =wv ) n
m'(v') = , Vo €V, e VT (e) v < Pple)
0, if o/ # v

where
mP (v)

- Zv’zfaD(g) mP (U,) ‘

a*(v) :

Again,

Y af) =1 (2.57)

and hence

> ) =mP ), v eV (2.58)
veVt

Then, for any v > Pp(c) and any v’ € supp(D) with v/ < 9(c),

(v—c)m"(v). (2.59)

—
<
|
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>
<
—
<
—
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Together, in both of the cases above, from the constructed {m"} o+, for each v € VT,

let
Uy = " (V)
T S )

and let Dy(p) := m"([p,7]). By (), () and (), in each case, D, € D for all

, = supp(D)
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v e VT. Now define o(c) € Af(D) by

o(Dyle) ==Y m’(v)), Vo e V.
VeV
By () and (), in each case, o(c) € Sp. Furthermore, since m is proportional to m?
forallv e VT, (), () and () ensure that in each case, o(c) is a 1 (c)-quasi-perfect
segmentation for ¢. Meanwhile, since ¢ < ¢, o(c) is also a ¥(c)-quasi-perfect segmentation

for c¢. Finally, since mV is proportional to /", (R.5¢) implies that for any z € [c, ¢),

pp(2) > Pp(z), VD' € supp(o(c)).

In addition, by the conclusion that o(c) is a 1(c)-quasi-perfect segmentation for ¢ < ¢, for

any z € [¢,c], since ¢ < 9(c) and since P is nondecreasing for any D’ € D,

Ppi(z) = Ppi(e) = ¥(c), VD' € supp(o(c)).

In particular, o(c) is also a 1(c)-quasi-perfect segmentation for ¢. Together with the fact
that v is nondecreasing and that ¢ < pp, it then follows that for any z € [c, ¢] and for any
D € supp(o(c)), , ¥(z) < Pp(z). Since ¢ € C is arbitrary, this ensures that there exists a
-quasi-perfect scheme o € Sg that satisfies (@)

Now consider any Dy € D and any nondecreasing ¢ € ]Rg with ¢ < ¥(¢) < py(c) for
all ¢ € C. I first construct a sequence of step functions {Dy,} C D such that {D,} — Dy
and that ¢ < ¢(c) < pp, (c) for all ¢ € C and for all n € N. To this end, for each n € N,
first partition V by v = vg < vy < ... < vy, = and let Vj, := [vp._1,v]. Then define Dy,
by Dy (p) := Dg(vy,), for all p € V., for all k € {1,...,n} (i.e., by moving all the masses on
interval V}, to the top v). By construction, it must be that pp (c) > Py(c) for all c € C

and for all n € N and hence ¢ < ¢(c) < pp, (c) for all ¢ € C and for all n € N. Also, by
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construction, {Dp} — Dy, as desired.
As such, as shown above, for each n € N, there exists a y-quasi-perfect scheme o, such

that for all ¢ € C,
Y(z) <Ppl2)

for all D € supp(oy,(c)) and for all z € [¢,¢]. Furthermore, according to Helly’s selection
theorem, by possibly taking a subsequence,E {on} — o for some ¢ : C — A(D). By
, o € 8Y and is a ¢-quasi-perfect scheme.

It then remains to show that o satisfies (@) To this end, fix any ¢ € C' and consider any
D € supp(o(c)), by definition, for any § > 0, o(Ng(D)|c) > 0.H Furthermore, since o(c) has
at most countably many atoms, there exists a sequence {05} C (0, 1] such that {0} — 0,
a(Ng, (D)le) > 0 and o(dNs, (D)|c) = 0 for all k£ € N. As a result, since {on(c)} — o(c)
under the weak-* topology, limp— o0 on(Ng, (D)|c) = o(Ng, (D)[c) > 0 for all k € N. Thus,
for each k € N, there exists ny € N such that oy, (N5, (D)[c) > 0. Moreover, since oy (c) has
finite support as Dy, is a step function and op(c) € Sp,,, there must be some Dy, € Ng, (D)
such that Dy, € supp(op,(c)). Notice that for the subsequence {n;}, {Dy,} — D and

Dy, € supp(omp,(c)) for all k € N. As a result, together with , since oy, satisfies
(@) for all k& € N, for Lebesgue almost all z € [¢, ],

¥(z) <limsuppp, (2) <Pp(2)-
k—o00

Since ¢ € C' and D € supp(o(c)) are arbitrary, this completes the proof. [ |

3. See, for instance, Porter (2005) for a generalized version of Helly’s selection theorem. To apply this
theorem, notice that the family of functions {c,,} is of bounded p-variation due to the quasi-perfect structure.
Furthermore, for any ¢ € C, the set cl({o,(c)}) is closed in a compact metric space A(D) and hence is itself
compact. As such, there exists a pointwise convergent subsequence of {c,,}.

4. Ns(D) is the é-ball around D under the Lévy-Prokhorov metric on D.
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Proof of Theorem

Proof of Theorem @ I first show that the data broker’s optimal revenue under regime Z

is R*. To see this, since ¢ < Pa(c) < po(c) for all ¢ € C and P € ]Rg is nondecreasing,

by , there exists a pg-quasi-perfect scheme o* € SC that satisfies (@) To-
gether with , there exists a transfer 7* such that (¢*, 7%) is incentive compatible.

Moreover, since o € SC is a Pa-quasi-perfect scheme, by assertion 3 and assertion 4 of

, for any ¢ € C,

/D (Bp(e) — 66(0)DBp(c)o* (ADlc) = / (v — da(e)Do(dv).  (260)

{v=Pc(c)}

Also, by possibly adding a constant to the transfer 7%, the indirect utility of the producer

with cost ¢, U(¢), equals to my(¢) under the mechanism (o, 7*). Thus, for any ¢ € C,

/DTI'D(C)O'*(lec) —7(c) =U(e) + /:(/D D(ﬁD(z))a*(dD\z)) dz
—rofe) + | Do) s
>mo(@)+ [ Dotp(=)

=mo(c),

where the first equality follows from , the second equality follows from assertion
3 of , the inequality follows from P < Pj and the last equality follows from

134



(@) As a result, (o, 7%) is individually rational and, together with () and ,

Bl 0] = [, ( | @ne)- ¢G<c>>D<ﬁD<c>>a*<dD|c>) G(de) - mo(@)

-/ (/ . <v—¢a<c>>Do<dv>>G(dc)—wo(@)
C \/H{v=Pg(c)}

as desired.

Since the data broker’s optimal revenue is R* and since () holds for any pg-quasi-

perfect scheme o, by , any incentive feasible p-quasi-perfect mechanism must

give revenue R* and hence is optimal.
Conversely, to see why any optimal mechanism must be a pg-quasi-perfect mechanism,

consider any optimal mechanism (o,7). As it is optimal and incentive compatible, by

Lemma 2.1,
R~ i) - [, ( [ o —¢G<c>>D<pD<c>>a<dDrc>) (o)~ mo(e),  (261)

for any p € P. Also, since (0, 7) is incentive compatible, for any p € P, the function

Dy € [0, 1)¢, defined as

D3(c) ::/DD(pD(c))a(dD\c),vcec
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is nonincreasing.ﬂ Thus, by (),

[36(@) ([ pwpiensanio)) 6tae) = [ woto) ( [ pwp(ensaie)) clao,

(2.62)

Moreover, since (o, 7) is individually rational, by , it must be that

/ (/ D(pp(2))o(dDlz )) d2>/ Dy(po(2))dz, Ve € C. (2.63)

Furthermore, since ¢* is a Pi-quasi-perfect scheme, Lemma 2.1(0 implies that, for all

ceC,

)= | DEp(e)e"(aDle) = Dol ).

Together with () and (), we have
/%@W%@wwz/%@W%@ww. (2.64)
C C

Now suppose that (o, 7) is not a p-quasi-perfect mechanism or it does not induce @(c)-
quasi-perfect price discrimination for a positive G-measure of ¢, then there exists p € P,
a positive G-measure of ¢ and a positive o(c)-measure of D € D such that either pp(c) <

Pplc), or D(c) > 0 and either #{v € supp(D) : v > Pi(c)} # 1 or max(supp(D)) ¢ Pp(c),

which imply that there is a positive G-measure of ¢ and a positive o(c)-measure of D such

5. To see this, notice that U is convex since it is a pointwise supremum of convex functions, which is
because mp(c) is convex for all D. implies that the derivative of U is —Dy and thus Dy must
be nonincreasing.
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that

v —on~(c))D(dv v —on~(c))D(dv
/{UZ%(C)}< 76(0)D( >z/ (v — B ())D(dv)

{v=pp()}

~pp(e) - c()DEp() + [ (v pple)D()

{v=pp(c)}

>(pp(c) = #a(e))D(pp(c)),

with at least one inequality being strict. Therefore,

/C (/D(pp(c) —@c(o))D(pD(c))a(dD\c)) G(de) < /C (/V(v _¢G(C))+D0(dv)> Gdo)
(2.65)

Moreover, by ()7 since
J.

(s c

/c Pale ( /D D(PD(C))U(lec)> G(dc)
/ (/p (c) (pD(C))U(dD|C)) G(de)
I

(

J:

_|_

J

ﬁ\

(v = oa( ))Do(dv)> G(de)

fU>(pG

/ v —oa(c) " Do( dv)) G(de) + / (G (c) = da(c)) Do(Pa(c))G(de),
v C
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together with, (), it must be that

[ @t~ ect) ( [ Dwptenatanio ) cao
z/c( (/DpD dD|>) G(de)

> / @6 (e) — b6 (c) Do(@a()G(do)
C
- /C (Be(c) — dc(e) Dol@e()G(do),

where the first inequality follows from () and the equality follows from () Further-

more, since ¢(c) = ¢g(c) for all ¢ € [¢,c*] and ¢pg(c) = Palc) = Py(c) for all ¢ € (¢*,7), it

then follows that

[ et =pien ( [ pwpiensaio)) cte) < [ (oot~ pule)Dotpole)ciao)

Using integration by parts, this is equivalent to

/</ </DpD o(dD|z )> >M*(dc></c*c</:D0(1—90(2))d2>M*(dc),

where M™ is defined in () However, by () and by the fact that AM* is a CDF of a

Borel measure, which is due to |Assumption 2.]],

/ (/ ([ peoeatants) as) ar@e = [ ( [ pomote)a) ar o

a contradiction. Therefore, o must be a pg-quasi-perfect scheme and must induce P (c)-

quasi-perfect price discrimination for G-almost all ¢ € C'. Together with , and

the fact that U(¢) = my(¢) under any optimal mechanism, (o, 7) must be a pg-quasi-perfect

mechanism. This completes the proof. |
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Proof of Theorem

Proof of Theorem @ Notice that from the proof of , for any step function D € D

that is regular, by replacing 1 with P, the resulting scheme o € Sg must take form of

c> _ _mP) (2.66)

DEG(C)
’ ( D(@q(0))

for all ¢ € C and for all v € [pg(c),v], where D?G@) is defined by (@) with Dg being
replaced by D.

Now, for any regular Dy € D, take a sequence of regular step functions {D;,} C D such
that {Dp} — Dg and take the associated segmentation scheme o, defined by () for each
n € N. By the proof of , {on} — o for some P-quasi-perfect scheme o € S C that
satisfies (@) Moreover, by the same argument as in the proof of , for all ce C
and for all D € supp(o(c)), there exists a subsequence { Dy, } such that Dy, € supp(on, (c))
and {Dp, } — D. This then implies that D(p) = Dy(p) for every p € [v,Pg(c)) at which Dy
is continuous. Finally, since o(c) is a P (c)-quasi-perfect segmentation for ¢, it must be that
for any p € [pg(c),v], D(p) € {Do(Pi(c)),0} and for any p € [v,%¢(c)), D(p) = Do(p),

which means that D = DEG(C) for some v € [P(c), 7] and

o <{D§fG(C) o> p} 'c) _ % (2.67)

for any p € [P (c), 7], where DUEG(C) is defined by (@)

Finally, by the proof of , o is a Pg-quasi-perfect scheme satisfying (@) and
hence, by , there exists a transfer scheme 7 such that (o, 7) is incentive feasible.

Thus, by , (0,7) is optimal, and by (), (0,7) is the canonical Pg-quasi

perfect mechanism. [ ]
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E  Proofs of Other Results

Proof of Theorem @

Proof of Theorem . By h“heorem 2.]J and ITheorem Q.ﬂ, both the data broker’s optimal

revenue under regime P is R*. Furthermore, for any optimal mechanism (o, 7) under regime
Z and any optimal mechanism (6, 7,4) under regime P, both of them must induce B (c)-
quasi-perfect price discrimination for G-almost all ¢ € C'. In particular, for G-almost all
c € C, all the consumers with v > P(c) buys the product by paying their values and all
the consumers with v < P(c) do not buy the product. Thus, the consumer surplus and the
allocation of the product induced by (o,7) and (6,7, ) are the same.

In addition, for the optimal mechanism (o, 7) under regime Z, implies that
o must be a P-quasi-perfect scheme and hence by [Lemma 2.10, for G-almost all ¢ € C,

/DpD o(dDle) = Dy(Be(c))

and

/ ®Bp(c) — 66()DBp(c)o(dDle) = / (v — b)) Do(dv).
D

{v>pc(c)}

Therefore, for Lebesgue almost all ¢ € C, by ,

/DWD@)U(dD\c)—T( ¢) =70(2) / (/ D(Bp(2))o(dD|z ))

=o(C / Dy(pa(z (2.68)

On the other hand, for the optimal mechanism (&,7,4) under regime P, since it induces

P (c)-quasi-perfect price discrimination for almost all ¢ € C, it must be that,

/ (/ D(p)4(dp|D, c>)6<dD\c>:Do<¢G<c>>,
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for G-almost all ¢ € C'. Together with (), we have

— c))D(p)y(dp|D,c) | 6(dD|c) = v — c))Do(dv).
/D (/R = d6(@DEA) >> (@D]0) /{WG@}( 66(c)) Do(dv)

Therefore, by , for any ¢ € C,

/ ( / <p_c>p<m<dp|g,c>> 5(dDle) - #(¢)
D \JR,

—mo(@) + / ) ( /D ( [ D(pw(dpw,z)) a(dD!z)) a-

—rofe) + [ Dulate) d

Thus, the producer’s profit under both (o, 7) and (7, 7,4) are the same. This completes the

proof. [ |

Proof of Proposition
Proof of Proposition @ Let (o,7) be any optimal mechanism. By , (o,7)

must be a Pi-quasi-perfect mechanism and induces pg-quasi-perfect price discrimination.

Therefore, for G-almost all ¢ € C' and for o(c)-almost all D € D, D(p) = 0 for any p >

Pp(c) = max(supp(D)) and consumer surplus under (o, 7) is

/(/ - (“_ﬁD(C))D(dv))a*(de).
D \/{v=pp(c)}

Using integration by parts, it then follows that

/D </{vzpD<c>}(v _]_JD(C))DW) 7Pl = /p (/,:(C) ) dv) 7 @bl =0
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for G-almost all ¢ € C. Together,

J </D </{vzpp(c)}<v ~Pole)b W) 0*<dD|c>> G(de)
o </z> (/;@ o dv) 0*(dD|C)> o

=0.
This completes the proof. [ |

Proof of Proposition @

Proof of Proposition 1. By , the data broker’s optimal revenue is

R ( | (U—¢G(C))Do(dv)) G(de) — mo(@).
C \Hv=pq(c)}

On the other hand, since Py(c) is a singleton for (Lebesgue)-almost all ¢ € C' and since G is

absolutely continuous, consumer surplus under uniform pricing is

/(/ - <”—170(C))Do(dv)>G(dc).
C \H{v=po(0)}

Furthermore, for any ¢ € C,

/  (v-dg(e)Do(dv) = / ) (v—¢G(C))D0(dU)+/ . (—66(0)Do(dv).
{v>Pa(c)} {v=>py(c)} [@c(c),pp(c) (269)
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Notice first that for any ¢ € C,

/ (- a(e) Dy(dv) — / (- Po(&)) Do(dv) — m(@)
{v=>py(c)} {v=>pg(c)}

=(Po(c) — dc(¢)Do(Po(c)) — mo(©)

_rolc) — Gf?D Bo(c)) — 70(?)

= [ Dot@oten az - oo,

and thus

/( | w-scle)po) - [ (U—ﬁo(c))Do(dv)> Glde) - mo(c)
C \/{v=py(0)} {v=Po(c)}

= ‘ Do (2 z—G<C) Do(C c

- [ ([ ootmoteas - S patmmien) otae (270
= [ DB ~ DoBo(e))de

=0.

On the other hand, for any ¢ € C,

[ (el Do
[Pa(e).po(c))

= / _ (w=wa(e))Do(dv) + (plc) = () (Do(@g(c)) = Do(Po(c))),
[P (e).Po(c))
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and thus,

/ (/ = (”—¢G(C))Do(dv)) G(dc)
¢ \/[@a(e)Polo)

:/</ ) uwwdewm)mm>
C \/[@a(c)po(c)

+wa¢wamwwwm—m@wmmw
;@%@—W@WM%@wa@wmwm (2.71)
=1/(@GGﬂ—-¢e03ﬂ%ﬂ¢a0ﬁﬂ?ﬁk)— /(@c(@-—¢a@ﬁﬂ%ﬁﬁo®»)00ﬂﬁ

C C

>0,

where the first inequality follows from P = min{yg, g} and the second inequality follows
from the fact that p( is nondecreasing, (E?);I) and (ESé) Together, combining (), ()

and (.71,

v — c))Do(dv) | G(de) — mp(c) — v — () Dn(do) | Gde
l«@ww¢ mx»a>><> m>£«A@M5 m»o<0<)
:/ </ - (v—ch(C))Do(dv)—/ - (v—ﬁo(c))Do(dv)) G(dc) — (@)

¢ \{vzpo(e)} {v>Po(c)}

v — c))Dg(dv) | G(de
+/O</[<PG(C),P0(C))( PNl )) )

as desired. n
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F Proofs for Extensions

Proof of Theorem @

Proof of Theorem @ For each 0 € ©, write supp(Dy) as [I[(0),u(f)]. Also, for any p € V,
let 6, be the unique 6 such that p € (I(f),u(f)]. Notice that since {(I(0),u(f))}gco is

disjoint, for any 8 € A(©), any § € ©, and any p € supp(Dpg),
Dsp)= >, DpB@)=De)sO)+ > 5.
{0":u(0")=u(0p)} {0":u(0')>u(0p)}

In particular, different prices set in supp(Dy) does not affect the probability of trade through
0" € © such that u(0) > u(6).
As a result, the construction in the proof of is still valid, with the demands

being replaced by Dg. Specifically, for any 8 € A(©) and any ¢ € C, there exists {3;}1" C
Af (V) such that:

1. B eco({Bi}i ).

2. For each i € {1,...,n}, the set

{0 € supp(f)[u(¥) > Pp, ()}

is nonempty and is a singleton.

3. Foreach i € {1,...,n},
Pp, (c){)supp(Dg, ) # 0,

7

where éﬂi = max{u(fd) : 6 € supp(5;)}.

145



4. For each i € {1,...,n} and any z € [¢, (],
ﬁDﬁi(Z) > Ppgy(2).

This further implies that, by , and by the same argument as in the proof of
, for any 8 € A(O), there exists o € Af(A(0))C such that

5. For any c € C,

> Bp,(0) = Pp, () Dy @py ()’ (F]c)
B'esupp(aF(c))

= (PDy(c) =Py (c))Do(Pp,(c))5(0).
(0:0(0) 207, ()}

6. Forany ¢ € C, X grcqupp(ob(e)) P/ (PDy, (e))o?(B|e) = Dg(Pp,(c)).
7. For any c € C, Zﬁ’esupp(aﬁ(c)) B/U*B(ﬁﬂc) = 0.

8. For any ' € Supp<‘7ﬁ<0/))7

Pp, (¢) 2 Pp,(c),
for any ¢,c € C such that ¢ < ¢ and
Y. Dy®p, ()’ (Be) = DBp,(c)),
B'esupp(of(c))
for any ¢, ¢’ € C such that ¢ > .

Now consider any mechanism (o, 7). Suppose that there is a selection p € P and a

positive G-measure of ¢ such that there exists some € supp(co(c)) and with

{0 € supp(p) : u(f) > u(HPDﬂ(C))} # 0. (2.72)
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Then, for such p € P, ¢ € C and 3 € supp(o(c)), there exists o°(¢) € AF(A(O)) such that

assertions 5 through 8 above hold. In particular, assertions 5 and 6 imply that

Y. (B, () = 66(e)Dp®p, ()’ (8le)

B'esupp(ab(c))

= Y B0, (0~ By ()DyBp, ()0 (B]) + Bp,(c) ~ 66(e) Ds(Bp, (©))
p'esupp(0?(c))

> Bny(e) =By () DeB, (€)BO) + (P, (c) — () Dy(p,(©))

CHOET

>(Ppy(c) — 0a(c))Da(pp,(c)),

where the second equality follows from 5 and 6 and the inequality is strict due to ()

As such, together with assertion 7, o°(¢) induces another segmentation &(¢) through

6(Bley:= > Bloe@lo.vie  |J  sup(o’())
Besupp(a(c)) Besupp(a(c))

As () holds with positive G-measure of ¢ € C, the induced segmentation scheme ¢ €
AS (A(@))C strictly improves the data broker’s revenue. Finally, as argued in the proof of
Theorem S1 in the Supplemental Material, assertions 6 and 8 above and ensure
that there exists a transfer 7 such that (¢, 7) is incentive compatible and individually rational
and strictly improves the data broker’s revenue.

Together, any optimal mechanism (o, 7) must be such that for G-almost all ¢ € C' and

for all g € supp(o(c)),

{6 € supp(B) : u(0) > u(QPDﬂ(C))} = 0.

which, together with the fact that Zﬁesupp(o—(c)) o(Ble) = By for all ¢ € C, implies that

for G-almost all ¢ € C', the consumer surplus must be lower than the case when all the
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information about 6 is revealed. [ |

Proof of Theorem @
To prove , I first introduce two useful lemmas.

Lemma 2.16. For any ¢ € C, any v > ¢ and any segmentation s € Af (A(©)),

[ B0, = Ds(Bn, (@) < [ (B () = v)Dy(Bp, o),
A(0) {0:pp,(c)=zv}

Proof. 1 first show that for any segmentation s € Af(A(®)), there must exist another
segmentation § such that for any § € supp($), either S({0 : u(f) < ¢}) =1 or T’D@(C) =
P, (¢) and

/. o, PDs ~VIDB5()s(09) < [, B, = DBs)s(d5),

A(©)

where 3 := max(supp(f)). Indeed, consider any segmentation s € Af(A(©)). For any
B € supp(s), by definition, it must be that supp(8) N {6 € © : u(f) > 1_7D5(C)} # (. Now
define BH as

5(6), it0' < pp, (c)
300 — o ) if 9/ =

poo) == Z{HIU(Q)ZﬁDﬂ(C)} B(0), it 0" =0 )

0, otherwise

for any ¢ € supp(B) and for any 6 € supp(B) with u() > ﬁDB(c). Notice that by
construction, 5 € CO({BH}QZﬁD5(0)> and hence there exists K8 € Af(A(©)) such that
g=> i K ﬁ(B) Therefore, by splitting every 3 according to K7, and by the same argu-
ments as in the proof of , the resulting segmentation § € Af(©) must be such
that for any 3 € supp($), ﬁDB (¢) is in the interval described by max(supp(ﬁ)). Moreover,
since {(1(0),u(0))}yco is disjoint, it follows that Pp, (c) = ﬁDB(c). Furthermore, since for

g
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any 5 € supp(s),

(Ppy(c) —v)Dp(pp(c)) =(Ppylc) —v) > Dy(pp(c))B(0)

8:0(6)>p,(0))

< (Pp,(c) —v)Dy(Pp,(c))B(0)
{8:0(6)>p,,(0)}

= ) (Pp,(c) V)DB(ﬁDB(C))Kﬂ(B)-

pesupp(KP)

As a result, since §(3) = >3 KB(3)s(p), it then follows that

/. PPl ~ VDB, (sl < /. P25l =)D (P, ()3(45)

Finally, since for any 8 € supp($), either S({0 : u(f) < c}) =1 or ﬁpﬁ(c) = Pp, (c), it
B

must be that

/. )PPl ~VID(P, ()5(09) < / (B, () — ¥) Dy (B, () Ao(d),

{0:pp,(c)>v}
as desired. [ |

Lemma 2.17. Suppose that Dy is reqular. For any ¢ € C and for any v € [c, Py(c)],

Do®o(c)) < > Dy(Bp,(c))Bo(0) (2.73)
{6:u(0)>v}
and
Do®o(c)) > > Dg(Pp,(c)Bo(0). (2.74)
{6:1(0)>pPo(c)}

Proof. Consider any ¢ € C. I first show that for any § € © such that [(6) > py(c),

Pp,(c) = 1(0). Indeed, since Dy is regular, for any ¢ € © such that () > py(c) and for any
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p € (1(0), u(0)],

(p—c) | Dg,(P)Bo(0p) + > 50(9/)]

{0":1(6")>p}

=(p—c) Y,  Dy(p)Bo(6)

{6":u(0")>p}
=(p — ¢)Do(p)
<((0) — c)Do(1(0))

=(l(0) — ¢ > Def(l(Q))ﬁo(el)]

L{0u(#)21(6))

=(U(0) — c) | Dp(1(6))Bo(8) + > ] -
i {07:1(6")21(0) o (0") }

As such, since p € (I(0),u(f)] and u(6y) = u(f), it must be that

(p =) Dy(p) < (I(0) — ) Dy(I(9)),

which then implies that pp,(c) = 1(6).

Now, I show that py(c) > po(c) :==Pp c¢). Indeed, by definitions,
0 %500
Po(c

=(po(c) — ) [D%O(c) (P0(c))Bo(Ogp,(c)) + > 50(9')]

{0":1(0")=po(c)}
=(Po(c) — ¢)Do(Po(c))

<(Po(c) = ¢)Do(Po(c))

~(po(c) — ¢) !Depo(c) o)+ > me’)] ,

{0":1(0")=po () }
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and

(Po(c) — D, (Po(e)) < (Bo(c) — ) Dy, (Bo(e)).

p

As a result, it must be that pg(c) < py(c).

Consequently,
> Dy(Py(e)Bo(0) = Bo(0)
{0:1(0)=po(c)} {60:1(0)=po(c)}
< Bo(0) + 950(5) (ﬁO(C))B()(HpO(c))
{0:1(0)=po(c) }
<D0(p0(c))7

which proves () On the other hand, for any v € [¢, Py(c)]

Y. Dyg(Bp,(e)bo(0)

{0:u(0)>v}

= > Dy(Bp,(e)Bo®)+ D> Dy(Pp,(c)so(0)
{0:v<u(0)<polc)} {0:u(0)=po(c)}

> ) Dg(Pp,(c)bo(®)
{0:u(0)>Py(c)}

=Dy, ,Bole)+ D Dy(l(e')bo(®)

{0":1(6") =Py ()}

>Dg o Bole)+ Y )
{07:1(0) >Po (c)}

which proves () [ |

Proof of Theorem @ To prove , first notice that still applies and
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hence the data broker’s maximization problem can be written as

g

s | ( /. PPl ¢G<c>>D5<z—oDﬁ<c>>a<dﬁ|c>) G(do)

s.t. /Cc (Dﬁ(f?@(z))(a(dm,z) —o(dB|)))dz > 0, Ve,d € C (2.75)

m@ + [ ( /. (G)Dmmz))ammz)) 422 mofe) + [ Dolpy(2)) dz Ve e C,

where the maximum is taken over all o : C' — A(A(O)) such that o(c) is a segmentation for
all ce C.
Consider first a relaxed problem of () where the first constraint is relaxed to D, €

[0, 1]¢ being nonincreasing, where
Dolc) = [ Dylpp, (el
A(0)

for all ¢ € C'. By the same duality argument as in the proof of , it suffices to

find a feasible 0* and a Borel measure p* on C such that

o € argux| [ ( /. CENCE ¢G<c>>Dg<ﬁDﬂ<c>>o—<dﬁ|c>> G(de)

oEY
[ ( / ‘ ( /. ) DiP)(a8l:) - Do(l_?o(z))> dz) u*(dc)}

where Y is the collection of segmentation schemes such that D, is nonincreasing, and that

/C ( /C ( /A(@) Dg(Ppy(2))o™(dBlz) — Do(z_oo(z))) dz) 1*(de) = 0.

To this end, let M™* be defined as

M*(c) = lim g(c)(¢c(c) — Po(c)) "

dle
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Since ¢ — g(c)(dg(c) —Po(c))™ in nondecreasing, M* is nondecreasing and right-continuous

and hence induced a Borel measure p* with supp(p*) = [¢*, €] for some ¢* < €. Then, by the
same arguments as in the proof of (in particular, the definition of g, ()

and (2.39)),

mz[ /. ( Jy o Pote) e >>D5<r-pﬁ<c>>a<dﬁ|c>) G(do)

o ( / ( Ds(pg(2))o(dB|z) — Do(ﬁo(z))> dz> M*(dc)}

is equivalent to

4D

maX/C (/A(@)Q_)D/B(C) - @G(C))Dﬁ(z_)Dﬁ(c))a(dﬁk)) G(dc)' (2.76)
To solve (), notice that for any ¢ € [c, ¢*),

> Dy(Pp,(c)) > Do(Po(c)),
{0:u(0)>5c(c)}

which is due to pg(c) = ¢a(c) < po(c) < Py(c) and () On the other hand, for any

¢ € (c*,¢l, there exists a unique A\(c¢) such that

Ne) D, o Po(@)+ > Dg(Bp,(c)) = Do(o(c)),

{0:1(0)=Pc(c)}

O

which is due to the fact that P (c) = py(c) for all ¢ € (¢*,¢| and () Furthermore, Since
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Dy is regular, for any § € © such that u(0) > o¢(c) and for any p < U[(05,,(.)),

(p— 0>DﬂgG( ()= (p =€) Dy () 8%, o) ()
{0":u(0)>u(bp)}

<(U(6) - ) Do(U(63,(c))) (2.77)

UGN SR SN ()

where 68%6*(0) is defined in () In addition, by the same construction as in the proof

of , for any ¢ € (c*, @, there exists a segmentation &(c) € Af(A(©)) such that
supp(a(c)) = {B%O(C) :1(0) > po(c)}, with B%O(C) satisfying () and () and that

(p— C)Dggo(c) (p) < (I(0) = ) Dy(I(9)) = (Pp,(c) — €)Dy(Pp,(c)) (2.78)

for all # € © such that [(6) > py(c), as well as

. )(Z) > Pp,(2) = Po(z) (2.79)

for all z € [c, ¢] and for all # € © such that [(6) > py(c).

Now define o* as follows.

o (0) = o1(c), if ¢ € e, ]
o9(c), if c € (c*,q
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where

_ Bo(0)
240 (8> ¢ ()} Po(0')

Ul(ﬁZG(C)’C) :

for all ¢ € [¢, ¢*] and for all § € © such that u(d) > pa(c), whereas

fo(6) o A
Xe) 2{9’:U(9’)§ﬁ0(6)}ﬁ0(9/)’ if 5= By (e u(0) 2 Polc)
oo(fBle) := (1- )\(C))5(5~1930(C)|C), if B = Bgo(c), 1(6) > polc) >
0, otherwise

for all ¢ € (¢*,¢|. It then follows that, by () and (),
/C (/A(@)(I_’DB(C) - @G(C))Dg(ﬁpﬁ(c))a*(dmc)) G(de)

B /c > (Pp,(c) — @ale))Dy(Pp,(c))bo(®) | G(de),

(0P ()2 06(0)}

which, together with , implies that o™ is a solution of ()

Furthermore, for any ¢ > ¢*, by the definition of o9(c) and A(c), by () and (R.7§),

and by the fact that g (c) = py(c),

‘&@%@@wwmzm@@»

Therefore,

/C (/c (/A(@) Dg(ppg(2))o™(dBlz) — Do(z_)()(z))) dz) 1 (de) = 0.

Finally, by definition of 3¢ and by [Lemma 2.17,

/ D(B(c))o*(dBle) > Do(Bo(c))
A(©)
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for all ¢ € [¢, ¢*). Together with monotonicity of P, * € 3 and is a solution of the relaxed

problem of ()

It then suffices to show that ¢* is implementable. Notice that for any ¢ € C' and for any

2 € e, and for any B2 ) € supp(*(c), if

Pp ,  (2) Nsupp(Dy) =0,

0
PG

then it must be that

(p—2)Do=(p—2)Dgo  (p)

2l
<Pp, (2)=2)Dgp (Pp, (2)
Peq(e) (CEC IS
:(ﬁDﬁg (Z) - Z>D0(1_9Dﬁg (Z))a
?q() eq()

for all p < T)DB ,  (2). Therefore,

710!
Pp, (2) 2Polz) 2 Polz) = Ga(2).
el
for all z € [c, ¢|. Together with (), by the same argument as the proof of , o
is indeed implementable. This completes the proof. [ |

Proof of Theorem @
Before proving . I first introduced the counterpart of when targeting

is available. The proof of this result is entirely analogous to the proof of and

therefore omitted.

Lemma 2.18. A mechanism (o,7,q) is incentive compatible if and only if there exists
constants {T;}je7 C R such that for all j € J and for all c;, C;‘ € Cj,
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Ec—j [Tj (c)]

=E._; Z/DWD(CJ')Uz‘j(dD|C)qz'j(C)

1€l

Ej )
_/C L Z/DD<I_)JD(Z))Uij(dD|ZaC—j)‘]ij(zac—j) dz — 7,

J i€l

/CC] Ec_j Z/DD(ﬁ%(z))aij(de,c_j)qij(z,c_j) dz

J | i€T

C] .
—/C Ec_; Z/Z)D(P‘%)(Z))Uz‘j(dD|C},C—j) gij(cie—j) | dz >0

1€l

With the characterization given by , the data broker’s expected revenue can

again be written as
LX X ([ @hter - b, )p@h(coapln @) 6ao) - 3w
Cliezjeg P jeg
where 7 (C); := i (¢j). Using this observation,
0

Proof of Theorem @ Existence of solutions is ensured by compactness of the feasible set
and continuity of the objective function, which rely on , Tychonoff’s theorem,
and the Lebesgue dominate convergence theorem.

Now consider any mechanism (o, 7,¢). Suppose that the consumers retain positive sur-
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plus. That is

S5 [ [ o= BotenD@voy bl 6 >0
€L jed ¢JD
It then suffices to show that there exists an incentive feasible mechanism (&, 7, ¢) that strictly

improves the data broker’s revenue.

Notice that under (o, 7,q), the data broker’s revenue is

i€l jeJ jeJ

where Uj is the indirect utility of producer j. On the other hand, notice that for any i € Z,

J € J, since the segmentation scheme o;; € Sgij

0

is measurable, the mapping 7;; : C; — D,
defined as
EZJ(C]) = Ec_j [Uij(cj7c—j)]> \V/CJ S CJ
is also measurable and thus is also in ng‘j- As a result, as shown in the proof of Theorem
0

S1 in the Supplemental Material, for any j € J and any ¢ € Z, there exists a measurable

function g;; : C'; — D such that

/1; D&Z’j(dD‘Cj) = Déj, \V/Cj S Cj, (2.81)
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and that
/Cj /D<ﬁD(CJ) _¢Gj(Cj))D<§D(Cj))5'ij(dD|Cj)Gj(dc)
2/C,j /D(ﬁD(CJ') - ¢Gj(Cj))D(ﬁD(Cj))Eij(dD‘Cj)Gj(de) (2.82)

+/Cj/D/{v>pD(Cj)}(U_ﬁD(Cj))D(dU)Ei]’(dD|Cj)Gj(dcj)

> [ ] ®ble) = 06, (e DEDle;)73,(ADIEIG ey
J
By (), there exists i* € Z and j* € J such that

/Cj /D /{UZPD(Cj)}(U ~ Pp(¢)))D(dv)a;(dDle;)gij(c;)¢de;) > 0,

where g;;(cj) = Ec_; [ij(cj,c—j)] foralli € Z, j € J, ¢j € Cj. As such, since g;xj € [0,1],

we must have

and hence the last inequality in () must be strict inequality for some ¢ € Z, j € 7.

Therefore, if 6 € D is defined as
Gij(c) == 0j(cj), VieI,je J,ceC,
then

Z Z /C/D(T’D(Cj) — ¢G;(¢;))D(Pp(c)))oij(dD|c)g;j(c)G(de)

1€ jeJ

2.2 /c /D(ﬁD(Cj) — 6G,(¢j))D(Pp(c;))oij(dD|o)gij(c)G(de).  (2.83)

il jeJ
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On the other hand, as shown in the proof of Theorem S1 in the Supplemental Material,

such {d;;} are such that for any 7 € Z and j € J, for Lebesgue-almost all ¢; € Cj,

/D D®p(e;))5i;(dD)e;) = /D D®p(e;))7i;(dDle;). (2.84)

- . WA / .
Moreover, for all ¢;, c; € C; with ¢j > ¢j,

/;3 (/D D(Z_?D(Z))&ij(dmz)) dz > /:3 </D D(ﬁD(z))&ij(dej)) dz, (2.85)

/;9 (/D D(ﬁD(z))5z‘j(dD!z)> < /CC; (/D D(ﬁD(Z))5ij<dD|c;.)>. (2.86)

and,

160


https://kaihaoyang.com/wp-content/uploads/2019/10/Optimal-Market-Segmentaion-Design-and-its-Consequences-Supplemental-Materials.pdf

These imply that, as g;;(c;) € [0,1] for all ¢; € Cy, for all j € 7,

/

[ By |2 [ p@oenag @bl e ey | a:

J 1€
c.
J — N
[P B |2 [ D)o @Dl e ai e | | s
¢ ez’ P

_ /cjf ; /D D(Pp(2))15(dD]=)g;;(2) | da

- [T [ p@otna @i | as (2.87)

J =

> [ [ p@oe; @bl ) a:

J i€l

_/ij %/DD(fm(z»aj<dD|c§->%<C§> &

— [y |3 [ D@0 @Dl e e | | as

J €L
’ )
[P |2 [ D@ @Dl e ai (e | | s
¢j ez /P

>0

Y

for all j € J, ¢, c} € Cj, where the first equality follows from the definitions of &;; and

Gij, the first inequality follows from (), () and (), the second equality follows

from the definition of ;; and the last inequality follows from the incentive compatibility of
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(o,7,q). Furthermore, for any j € J, cj € Cy,

i€l

:/CC] Z/DD(pD(z))5ij(dD|2)Gij(2) dz

J i€l

- [ [ p@oeye;@plom;) | a: (2:88)

J i€l

:/CC] Ee; Z/DD(I_?D(Z))OU(CID!%Cj)Q(Z’Cj) .

1€

> mj(cj,m;) — mo(e);,

where the first equality follows from the definition of 6;; and g;;, the second equality follows
from (), the third equality follows from the definition of @;; and the last inequality
follows from the individual rationality of (o, 7, ¢) and .

Together, by (|28ﬂ), (|28d), (|28]J) and , there exist transfers {7;} such that

(6,7, q) is an incentive compatible and individually rational mechanism. Moreover, by (),

this mechanism improves the data broker’s revenue. As such, (o, 7,q) cannot be optimal.

This completes the proof. [ |

Proof of Theorem @

Proof of Theorem @ First notice that by , for any incentive feasible mechanism

(o,7,q), the data broker’s expected revenue is at most

>\

Z/(T?D(Cj)—¢Gj(Cj))D(T?D(Cj))Ez‘j(dD|0j)§ij(C) Gji(dej) —mo(@); ]
jeg |7 \iez’P
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where for any 1 € Z, j € J, ¢j € C},

7ij(cj) = E¢;loi(0)],  @ij(cs) == Ec_;lgq5(c)).

Furthermore, notice that for any 7 € Z, j € J and any ¢; € Cj,

/D(T?D(Cj)—¢Gj(Cj))D(T?D(Cj))Eij(lecj') ngﬁﬁ(p ¢G;(c;))D(p)ai;(dD]c;)

< [ o=, (e)* Dif o)
Therefore,

3 / B (e;) — 6, () DB (e)Fsy(dDle;)a () | G5(dey)

(3
L

g
=~

<.

IA
(]
Q\

<.

> [, mas (v — 6, () Do) (aDIey iy (e) | Gitaey)| - (289)
€L

gb>

( / v— g, (c;)) " DY (dv)) az’j(cj)Gj(dcj)]

5 ([ 10 oy e D @) ) o) ) Gl

1€L

Since Y ;o7 ¢;j < 1forall j € J, the data broker’s revenue is bounded from above by

P

jeJ

o ([ (0 a6, ) DY (@) 650dep)] — X moe)y

JjeJ
I first show that there exists an incentive feasible mechanism that attains the upper
bound R. To see this, notice that for any i € Z, j € J, since ¢; < ¢Gj(0j) < Ppij (cj)

for all ¢; € Cj, as shown in the proof of , there exists a segmentation scheme
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O';k] : Cj = D such that for all ¢; € Cj and for any p € V,

| p@iayapiey) = v o). (2.90)

Moreover, for Gj-almost all ¢; € C7,

/D (Bp(cj) — 6c,(c;)DBp(c))oj;(dDlej) = /V (v —6g,(c;)) DY (dv).  (2.91)

Furthermore, for Lebesgue-almost all ¢; € Cj,

|| DEblep)eaple;) = Dy 6, e (2.92)

and for all ¢;, c;- € ¢ with ¢; < c;-, then

/ (/ D(Pp(2))oi;(dDle; >> d2</ DY (66, (2)) dz (2.93)

while for Lebesgue-almost all ¢;, c;- € ¢ with c;- < ¢y,

|| DEple)oi i) = D 66, (). (2.01)

Now let ¢* be defined as

el

*(c - e DY (dv) = max | (v — et DU (dw
050 = it = o e ) = s [ (0=, e P ) |

where

Wilcj) = {z e z’ /V (v b, (cj) " D (dw) = max /V (v = b, ()" DY (dv)} |

el

Then the data broker’s revenue under o* and ¢* attains the upper R. Furthermore, notice
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that since the function

Z (v —2)D(dv)
{v=z}

is nonincreasing for any D € D and since gbGj is nondecreasing, ¢’ J is nonincreasing for each

1 € Z. As a result, for each j € 7, for any Cj, C5 € Cj

c.
J
7 (B Z | D@ @Dk aee | | d:

J | i€T

%
_/c Ec_; Z/DpD (dD\c],c_j) q,zkj(c;-,c_j) dz

J 1€l
/ /ZD pD dD‘ qZ] /ZD pD dD‘C )qu( ) dz
il 1€l
(2.95)
> [ (D66, )i 2) - Do, () )
€ ’LEI
>0

where the equality follows from the fact that o i and q;} do not depend on c_j, the first
inequality follows from (), (), and (), and the last inequality follows from mono-

tonicity of ¢G; and q i for each i € 7.
Finally, notice that since for each j € J, {Déj }ie is ordered by pointwise dominance,

for any ¢; € C, any i,i' €T

] (=g, D @0) = [ (0= o) DY @)

— mP >poso mDy’ (2.96)

ij i'j
<~ Dy =Dy’
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As a result, for any j € J, for any ¢; € C},

Cj
[ By [ [ D@nlonegaplzeiytee) | | a:
€ i€z

J

:/:jz

J el

- " S D66, (2)at (=) dz (2.97)

J el

1
/C (o, (2 N7

J ZEW

> / ZDéijj(cj))%dz

J i€l

6]' .
> / * DBy () d,

J

(/D D(I_?D(z))ofj(dDyz)q;Fj(ZO Az

where the first equality follows from the fact that cr;-kj and q;-kj do not depend on c_; for
all i € Z, the second equality follows from (), the third equality is from the definition
of {q;kj}, the fourth equality follows from the definition of ¢* and from (), and the last
equality follows from that fact that ngGj < Tng forall j € J.

Together, from () and (), there exists transfers {Tfk}je 7 such that (0%, 7%, ¢%)

is incentive compatible. Moreover, for each j € J, by taking 7' ) as | (v>e; }ZzEI(
Ej)Déj (dv)q;‘j(éj) — mo(¢);, together with (), () and | , the mechanism
(o0*,7*,¢*) is indeed incentive feasible and attains the upper bound R.

Finally, it remains to show that the producers’ gross expected profit and the allocation
of the product under any optimal mechanism are the same under both regime P and regime
T. Since the optimal mechanism (0*, 7%, ¢*) constructed above attains the upper bound R,

all the inequalities in () are binding, by exactly the same arguments as in the proof of

ITheorem 2.1] and ITheorem 2.4] and by noticing that any optimal mechanism (o, 7, ¢) under

regime Z and any optimal mechanism (o, 7, g, ) under regime P for the data broker must

166



entail

050) >0 <= [ (066, D (@0) = max [ (0= 6, Do)

under any optimal mechanism of either regime Z and P, the allocation of the product must
be such that for each product j, all the consumers in group i(j) buys product j by paying
their values and the rest of the consumers do not buy, where i(j) is the group that prefers j
the most (i.e. i(j) is such that Dé(j )i > Déj for all i € Z), while each producer j € J must

have expected profit

max (v — c;)D¥ (dv),
i€ /Cj /{UZ¢Gj(Cj)} 70

which are exactly the allocation and the gross profit producer j € J earns under both

regimes. This completes the proof. [ |
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Appendix for Chapter

A FEnvelope Characterizations

Proof of Lemma

Proof of Lemma . For necessity, Given an incentive compatible mechanism (D, 7,~), let

Ue.d) = /]R (0 — DI (dpld) — 7(c) (3.5)

/ /

for all ¢,¢’ € C be the seller’s net profit when her true cost is ¢ reports ¢'. Incentive

compatibility implies that

U(c) —maxU(c d)=Ul(c,c), Ve € C.
deC

Notice that for any ¢’ € C, the function U(-, ) is affine and thus absolutely continuous, and
the family {U(-, )} ¢ is uniformly bounded. As such, by the envelope theorem (Milgrom

and Segal, 2002), U is absolutely continuous and

Ul(e)=Ule) + /CC (/IR{ D(p|z)'7(dp|z)> dz. (3.6)

Furthermore, since U is a pointwise supremum of a family of affine functions, U is convex and
therefore its subgradiant, — fIR{ (ple)y(dple), is nondecreasing. This establishes assertion

2. On the other hand, using (@) and rearrange (@), we have

"0 ==U@+ | o= DBl / (/ D(p|=)v(dp| >)

This then establishes assertion 1 after defining 7 := —U(¢).

For sufficiency, suppose that a mechanism (D, 7,~) satisfies assertion 1 and 2. Again,
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let U(c,c’) be defined as (@) and let

e, ) = /R (v — DI )y (dplc).
-

for all ¢, € C and notice that II(-, ) is differentiable for all ¢ € C and its derivative is

I ( =— f]R ~(dp|c). Then for any ¢, € C,

Ule,c) — Ule, )

_ / / D(pl=)v(dpl2) | dz — (e, ) — 1L(e, ) /(/]R +D<p|z>v<dprz>>dz

_lc.é'Dw@ﬂww)d%%ma@—HW@W

/ /

:[3/ D(p|2) @ﬂ)@—/%Mmﬂ@
5[3/‘Dm ~(dp)2) /'Dmc @\0

where the first equality follows from assertion 1, the third equality follows from the funda-
mental theorem of calculus and the last inequality follows from assertion 2. This completes

the proof. ]

Proof of Lemma

Proof of Lemma . For necessity, consider any incentive compatible and individually ra-

tional mechanism («, D, 7). Let

H@d%=aW%%%@—®D@W)
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be the seller’s expected profit under the information structure D(c’) € Dy, publicizing policy
a(d) € {0,1} and cost c. By the envelope theorem (Milgrom and Segal, 2002), since the
function

¢ a(d)(p—)D(p|c)

is absolutely continuous with uniformly bounded (almost everywhere) derivative for any fixed
p>0and ¢ € O, II(-, ) is absolutely continuous for all ¢ € C and its derivative exists and

equals to

My (e.') = —a()D(pp(e)(©)le) (3.7)

for any selection p € P and for (Lebesgue) almost all ¢ € C.
Now let

Ule,d) :=Tl(c, ) — ()

/

be the seller’s profit net of transfer if the cost is ¢ and the (mis)report is ¢’. Incentive

compatibility then implies

Ule) :=Ul(c,¢) = max Ule, c).
deC

Since II(-,c/) is absolutely continuous and uniformly bounded, by the envelope theorem

again,

Ule) =U(c) — / IIy(z,2)dz = U(e) +/ D(pp()(2)|z)dz.
Rearranging, we have:

(e) = ~U(e) + a(e) - max(p — 1D (ple) - / "a(2)D(ppe(2)]2) dz,

Cc

which establishes assertion 1.
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In addition, by assertion 1, for any ¢, € C,

[ 10D ()12) - ale) Dpp(e) ) ds

:/CC a(2)D(pp(.)(2)]z) dz — /: Iy (2, c)dz

where the first equality follows from (@), the second equality follows from the fundamental
theorem of calculus and the last equality follows from assertion 1. This establishes assertion
2.

Conversely, consider any mechanism («, D, 7) that satisfies assertions 1 and 2. Again,
let TI(c, ) := maxy,>0 a(¢)(p — ¢)D(p|c’) and let U(c, ) := (e, ') — 7(c'). By assertions

1 and 2, (@) and (@), for any ¢, € C,

/

Ule,e) = Ule:d) = [ 10()DBp(.)(4)]2) — ale) DBy ()] d= = 0,

where the inequality follows from condition 2. This completes the proof. [ |
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B Optimal Mechanisms and Outcome-Equivalence

Proof of Theorem
Proof of Theorem . By , the intermediary’s revenue maximization problem

under regime P can be rewritten as:

%gﬂ;<@+@_¢aw»0@m7wma)cma 3.9)
s.t. ¢ r—>/R D(p|c)y(dp|c) is nonincreasing (3.10)

To solve (@), a pointwise maximization approach can be adopted. Consider any ¢ € C, any

p > 0 and any D € Dy. Notice that

(p — 9¢c(c))D(p)

g@—mmmmm+/mD@MU

p

< D(v)dv 3.11
_Ad®<> (3.11)
< Dq(v) do.

_/¢G(C) 0(v)

Furthermore, a binary information structure Dy, (c) € Dy, defined as:

0, if p € [0, Eolvfv < og(e)])
Dy(ple) 1= § Do(¢g(c)), if p € [Epolvlo < ¢g(0)], Eppolvfv > dg(e)]]
1, if p € (Epofvlv > da(c)], 00)
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mo[v|v >

together with the pricing scheme ~,(c) that assigns probability one on v(c) := E

¢c(c)], attains this upper bound. That is,

(0]

(v(e) = ¢a(c)) Dy (v(c)lc) = (v(c) = pa(c)) Do(da(c)) Z/qj ( )Do(v) do.
al(c

As such, for each ¢ € C, the information structure Dy, (c) and the price v (c) is a solution of

sup / (v — b)) D(p)y(dp).
Ry

7€A(R4),DeDy

Furthermore, consider the mechanism (Dy,, 1y, 7},), where 7, is defined by assertion 1 of
. Since ¢ is increasing by regularity, fR+ Dy (ple)y,(dple) = Dy(opa(c)) is
nonincreasing, by , the mechanism (D), 7y,,7,) is incentive compatible and indi-

vidually rational. Together, (Dy,, 7, 7},) maximizes the intermediary’s revenue under regime

P and yields revenue R*, as desired. [

Proof of [Theorem 3.2

Proof of Theorem . Since the optimal revenue is weakly higher for the intermediary under
regime P than under regime Z, by Theorem @, it suffices to show that the mechanism
(cry, Dy, m) is incentive feasible and generates revenue R*.

To this end, recall that

R = /C ( /¢ C)Do(v)dv> G(de) = /C (v(¢) — b (e)) Do(ba(e)G(do),

el

where the second equality follows from integration by parts. Furthermore, notice that under

the upper censorship mechanism (ay, Dy, 7), if each truthful-reporting seller whose cost is
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¢ € C sets price optimally at v(c), then for all ¢ € C,

(B, (e)(©) — 96() DulBp, (o) (O)l) = (v(€) — d6(e) Dol () (3.12)

Therefore, it suffices to show that () holds for the upper censorship mechanism (o, Dy, 7)
and that this mechanism is incentive feasible, as this would imply that the mechanism
(v, Dy, my) is feasible and attains the upper bound R* of problem (@)

Indeed, first notice that for any ¢ € C, under the upper censorship Dy(c), for a seller

with cost ¢, setting prices with p < ¢(c) gives profit

(p = ¢)Do(p) < (dg(c) — ¢)Do(9q),

since the function p — (p — ¢)Dy(p) is single-peaked with a peak at py(c) by regularity
and since ¢ (c) < py(c) by (@) Meanwhile, setting any prices p € [pg(c),v(c)) must be
worse than setting price at v(c) since Dy(+|c) is a constant on [¢(c),v(c)). Finally, for any
p > v(c), the seller gets zero profit by setting a price at p as Dy(p|c) = 0. Together, for the
truthfully-reporting seller with cost ¢, setting price at v(c) is indeed optimal.

Moreover, notice that for any ¢, ¢ € C such that ¢ < ¢, either PDy () () = v(c), or
T)Du(c)(c’) = po(c/). To see this, first notice that since ¢ < ¢ and T)Du(c)(c’) = v(c), it
must be that T)Du(c)(c/) < v(c). Suppose that ]_)Du(c)(c/) < v(e). Then it must be that

pDu(C)(c’) < ¢a(c), as Dy(+|c) is constant on [ (c),v(c)]. By definition of Dy/(c), for any

p < ¢g(o),
(p = )Du(ple) < Bpy(e)(¢) = ) Du@p, (o) (€)le) = Bp, (o) () = ) DoBp,(e)(¢)]e)-

Thus, the function p — (p — ') Dy(p) has a peak at T)Du(c)(c’) < ¢q(c). By regularity of

m?, this function is single-peaked. Therefore, PDy( C)(c’ ) = po(c’). Together with (@), this

174



implies that

Pp()(c) 2 Po(c) > ¢a(c). (3.13)
As a result,

Du(Pp()(2)12) — DulBp(o (2)l0)] d=
“ID066(2)) — DalB(ey ()] d=

c

[Do(¢G(2)) — Du(og(2)]c)]

/
C

[Do(¢G(2)) — Do(dg(2))]dz =0,

/

s

<

where the first equality follows from the definition of Dy(z) and the fact that optimal price
for the seller with cost z under Dy(z) is v(z); the inequality follows from (), and the
second equality follows from the definition of Dy(c) and the fact that ¢ (2) < ¢q(c) for all
ze[d, .

On the other hand, if ¢ € (¢, v(c)), then for any 2 € [¢, /], Du(Pp()(2)le) = Do(o¢(c)) =
Dy(¢c(2)) by construction of Dy(c) and by monotonicity of ¢g. As such,

/

/C [DuBps)()12)] - DulBpi (el dz = / " [Do(é6(e)) — Do(éc(=))]dz = 0.

/

Finally, if ¢ > wv(c), optimal price under Dy(c) gives zero profit and thus deviation gain

must be negative.

Together with , the upper censorship mechanism (o, Dy, 7y) is indeed incen-

tive compatible and individually rational. Moreover, under this mechanism, the intermedi-

ary’s expected revenue is
|00 = ba()DoeIG(ae) = R
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This completes the proof. [

Proof of Theorem

Proof of Theorem . Equivalence in the intermediary’s revenue is a direct consequence of

ITheorem 3.]J and fI‘heorem 3.2*.

For buyer’s surplus and seller’s profit. First notice under regime P, as optimal revenue
is R*, which is attained by a pointwise maximum of the objective of (@), for any other
mechanism (D, 7,) that attains revenue R*, by (), all the weak inequalities must hold

with equality. In particular, for G-almost all ¢ € C'

/R+ /poo D(vlc) dvy(dple) =0

and thus the buyer’s expected surplus must be zero under any optimal mechanism. On the
other hand, also from (), for G-almost all ¢ € C, it must be that D(p|c) = D(v(c)|c) for

all p € supp(v(c)) and that

/00 D(v|c)dv = /Oo Dy(v) dw.
¢c(c) oG (c)

Together with D(c) € Dy for all ¢ € C, this implies that for G-almost all ¢ € C,
| Dlery(anie) = Do(6c(o)
_l’_

Therefore, together with , the seller’s profit must be

/C (/CCD0(¢G(2)) dz) G(de)

under any optimal mechanism.

Meanwhile, under regime Z, since the optimal revenue is also R*, for any optimal mech-
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anism («, D, 1), all the weak inequalities in () must be equalities. In particular, it must

be that a =1,
/OO D(v|c)dv =0,
Pp(c)(€)
D(p|c) = D(¢¢(c)lc), Vp € [pc(c). Pp(e)(c)),
and

/OO D(v|c)dv = /Oo Dy(v) dv,
¢c(c) oG (c)

for G-almost all ¢ € C. Together with D(c) € Dy for all ¢ € C, we have

D(¢g(c)lc) = D(Pp(e)(©)le) = Dol¢g(c)),

for G-almost all ¢ € C'; which in turn implies that

for G-almost all ¢ € C'. Together, the buyer’s expected surplus under any optimal mechanism

is zero, and the seller’s expected profit under any optimal mechanism is

/C (/CCDO(¢G(C)) dz) G(de),

This completes the proof. [ |

Proof of Theorem @

Proof of Theorem . As in the proof of h“heorem 3.]J and rTheorem B.j, I first find upper

bounds for the objective in () and (@) Under regime P, for any measurable set A C V,
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any D € Dy, any c € C' and any p > 0,

(p = ¢a(c))D(p)

<(p - b)) D(p) + / D(v)dv

p

> D(v)dv 3.14
g/w) (v) (3.14)

g/oo D y(v)dv
pa(c)

S/OO Dy(v) dw.
pa(c)

On the other hand, under regime Z, for any measurable set A C V, any D € Dy, any ¢ € C'

and any p € P,

(pp(e) = ¢G(e)) D(pp(c))

<max(p — ¢g(c))D(p)

p>0
S COLIR ROL

> D(v)dv 3.
S/%(c) (v) (3.15)

g/(;o Doa(v) do

a(c)
< / Dy(v) dv.
¥(c)

Therefore, for both regimes, R* is still an upper bound of the intermediary’s revenue. It
is then clear that the intermediary’s optimal revenue under these two regimes must be R*,
since the optimal mechanisms constructed in the proof of and are
still feasible in the environment. To see the equivalence for the rest of market outcomes,
consider any optimal mechanism (A, D, 7,4) under regime P and any optimal mechanism

(A, D, ) under regime Z. For buyer’s surplus and seller’s profit, notice that under regime
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P and under the optimal mechanism (A, D, 7,), the weak inequalities in () must hold

with equality and thus, as argued in the proof of , it must be that buyer’s

expected surplus is zero and the seller’s expected profit is

/C ( /CCDA<z><¢G<z>> dz) G(de) = /C ( / " Dooa() dz) G(de).

On the other hand, under regime Z, under (A, D, 7), all the weak inequalities in () must

hold with equality and thus, as in the proof of , the buyer’s expected surplus is

zero and the seller’s profit is

/C (/CCDA(z)<¢G(Z))>dz> G(dc) :/C </CCD()(¢G(Z))dz) G(do).

This completes the proof. [ |

C' Comparative Statics

Proof of Proposition

Proof of Proposition @ Notice that for each ¢ € C, probability of efficient trade is the
probability of the event that trade occurs when the buyer’s value is greater than the seller’s

cost. Since ¢(c) > ¢ for all c € C,

/ Do(e)G(de) > / Do(6())G(de),
C C

which implies that the probability of efficient trade is larger when the seller has control of

the information technology.
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On the other hand, since ¢ is increasing and ¢ (c) > ¢ for all ¢ € C,

A " Do) dv + (96(0) — ) Do(éc(c)

for all ¢ € C. Thus,

[ w0) = Do(éa(e)6(de) < [ (v(e) = A Dofe)G(de)
c

C

This completes the proof. [ |

Proof of Proposition @

Proof of Proposition @ For 1., recall that that under both regimes, the intermediary’s

revenue is

R = / (v(c) — () Do (b)) Glde),
C

and total surplus is

/C (v(c) — ) Do(dc(c))G(de),

and the seller’s expected net profit is

/C (/CCDO@G(Z)) dz) G(de).
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Thus, for any 7,5 € {1,2}, let v{(c) =E, o[v|v > gbGj(c)} for all ¢ € C, and let Dg(p) =

%

m?([p,ﬂ) for all p > 0. As such, for any i € {1, 2},

vic— .ch (c)) = > Dlvdv
(vh(c) - b () Dh (b () /(mi(c) bw)
. D2(v)dv = (vh(c) — ¢ (c)) D? (c)),
2/%(0) 3(0) dv = (vh(c) — bc () DR(dc, (©))
and
(vi(c) — ) D () = / " Di(o)dv+ (b¢, () — Db (e)
¢c, ()
> (0} () — /DR (e, (0)) = / D3(v) dv + (é(c) — ) DR(dc(c)).
¢c;(c)
and also

/ "D, () d= > / " D3, (=) d,

for all ¢ € C' and therefore

/ (vi(e) = vi(e) Dj (9, () Gilde) = / (vh(c) = i(€) D (6, () Gi(de)
c c

and

[ 410 = Dbéc, (©)Gitde) = [ (vhle) - e)DF(6, ()G (de),
c c

and also

/C(/CCD(%(chi(z))dz) Gi(dc)z/c(/ccpg(qs@(z))dz) G,(de),

for any i € {1,2}.
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For 2., notice that by using integration by parts, for all c € C, 1,5 € {1,2},

> jU v = > v C jU v = OOU— C + j v
/¢<>D0”d /0 1{v > é6. ()} Di(v)d /0< 66, (¢))* Di(dv).

G, (c

0

Therefore, since the function v — (v — ¢(c))™ is convex and since mj is a mean preserving

spread of mg, for any i € {1, 2},

/C (vl (e) — b, (c) DY (6, (€)Gi(de)

/C (/OOO(“ - ¢Gi(c))+Dé(dv))
c ( OOO< (0))

/ / v —¢g;(c +D%(dv)>

_ /C (vh(c) — ¥i(e) D3 (¢, (¢))Gi(de)

>

For 3., first notice that the hazard rate dominance implies that ¢g, < ¢, and that

That is, Go first order stochastic dominates G1. As such, for each i € {1,2},
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where the first inequality follows from ¢g, < ¢¢, and the second inequality follows from
the fact that Go first order stochastic dominates G and that ¢¢, is increasing. Similarly,

for each 7 € {1, 2},

| (440 = Dj(og, ()G

J
J

/ /OO Djy(v) dv + (¢, (€) — ¢) Dh(de, () | Ga(de)
c \Jo

Go(€)

_ /C (v2(c) — ) Diy(G,(c))Ga(do).

Q

/(:O DO( v)dv + (¢G1( c) — C)D6(¢G1 (¢)) | G1(de)

G4 ()

Q

v
Q

/(;O DO( ) dv + (¢G2( c) — C)D6(¢G2(C)> G4 (dc)

Go(€)

v

Finally, for the same reasons,

/C ( /:Dé(sbcl(z))dz) Gi(de) > /C ( /CCD6(¢G2(2))dz) Go(dc)

This completes that proof. [ |
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