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On the limitations of data-based price discrimination
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The classic third degree price discrimination (3PD) model requires the knowledge
of the distribution of buyer valuations and the covariate to set the price condi-
tioned on the covariate. In terms of generating revenue, the classic result shows
that 3PD is at least as good as uniform pricing. What if the seller has to set a price
based only on a sample of observations from the underlying distribution? Is it still
obvious that the seller should engage in 3PD? This paper sheds light on these fun-
damental questions. In particular, the comparison of the revenue performance
between 3PD and uniform pricing is ambiguous overall when prices are set based
on samples. This finding is in the nature of statistical learning under uncertainty:
a curse of dimensionality, but also other small sample complications.
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1. INTRODUCTION

In the past few decades, the advances in the theory of mechanism design have been
followed by a tremendous interest in its practical applications. At the same time, classic
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theoretical models typically make strong assumptions about the designer’s knowledge of
the environment, which may lead the optimal mechanism to be sensitive to the details
of the environment (which is sometimes referred to as the Wilson critique).1

Third degree price discrimination (3PD) requires an observable covariate value asso-
ciated with the buyer valuation. To set the price conditioned on the covariate, the clas-
sic pricing model requires the knowledge of the distribution of buyer valuations and the
covariate. In terms of generating revenue, the classic result shows that 3PD is at least as
good as uniform pricing. What if the seller has only partial information about those dis-
tributions? Is it still obvious that the seller should engage in 3PD? On the one hand, set-
ting the optimal price for each observed value of the covariate may not “extrapolate” well
to the unobserved covariate values, and yield a lower expected revenue than a uniform
price. But on the other hand, too little discrimination underutilizes the information
contained in the covariate about buyer valuations. This paper is concerned with how
much information the seller will need to make 3PD generate more revenue. Suppose
a unit demand buyer with a privately-known valuation Y and a one-dimensional con-
tinuous covariate X drawn from a joint distribution Fy, y that is unknown to the seller.
The continuous covariate X can be a single index or score that summarizes the relevant
characteristics for pricing and marketing. Hartmann, Nair, and Narayanan (2011) pro-
vide examples where marketing firms use a one-dimensional continuous score function
of customer characteristics, past response histories, and features of the zip code, and
casinos use a one-dimensional continuous score referred to as the average daily win.

While our seller is ignorant of Fy, x, he/she does have access to a random sample
of ii.d. {Y;, X;}_, drawn from Fy x. A natural strategy is to choose prices that opti-
mize against the empirical distribution of {Y;, X;}}" ;. The K-markets empirical revenue
maximization (ERM) divides the covariate space into K equal-length segments, and the
optimal price based on the conditional empirical distribution for each segment is cal-
culated. We show that when K = @(n!/4), the K-markets ERM strategy generates an
expected revenue converging to that of the true distribution 3PD optimum at the rate
O(n~1/2). The 1-market ERM strategy is simply the (uniform) ERM strategy, which we
show generates a revenue converging to that of the true-distribution uniform optimum
at the rate O(n~2/3). The K-markets ERM is just one possible strategy and one may
wonder if a more sophisticated strategy might provide faster convergence rates. In a
sense, the answer is no. We show that these rates are asymptotically unimprovable for
the worst case distributions of (Y, X) subject to some mild smoothness conditions. In
other words, to guarantee a revenue deficiency of 6 uniformly over a class of distribu-
tions, the necessary condition for the sample size is that n = Q(6~2) in the 3PD problem
and n = Q(673/2) in the uniform pricing problem.

For sufficiently small §, the K-markets ERM and the uniform ERM strategies are op-
timal on the growth requirements of the sample size, respectively; that is, n = ©(§72)
in the 3PD problem and n = ©(873/2) in the uniform pricing problem. To show this
optimality result, we establish a lower bound for the revenue deficiency in any data-
based pricing strategy relative to the true-distribution optimal strategy in the worst case

In some cases, this leads to extreme or unrealistic results as in, for example, Crémer and McLean (1988).
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(by considering the supremum over a class of joint distributions, Fy, x, subject to some
mild smoothness assumptions). In particular, data-based uniform pricing strategies are
algorithms that depend on {Y;}?"_, only, and the true-distribution optimal strategy cor-
responds to the optimal uniform pricing strategy derived from Fy. Similarly, data-based
3PD strategies are algorithms that depend on {Y;, X;}}_,, and the true-distribution opti-
mal strategy corresponds to the optimal 3PD strategy derived from Fy, x. We show that
the minimax revenue deficiency is Q(n~?/3) and Q(n~!/?) in the uniform and 3PD cases,
respectively.

Our results highlight the following economic trade-off. When the seller has the ac-
cess to a sample of i.i.d. {Y;, X;}_,, she can choose the K-markets ERM strategy that
exploits both {X;}?_, and {Y;}!_,, or the uniform ERM strategy that ignores {X;}}' ; and
exploits only {Y;}? ;. Inherently, the former is an algorithm trying to learn the Fy x-
optimal pricing function p(-) while the latter is an algorithm trying to learn the Fy-
optimal (constant) pricing function. As a result of the curse from the extra dimensional-
ity, the former is more demanding in the sample size than the latter. However, in terms
of generating revenue, the true-distribution optimal 3PD strategy is at least as good as
the true-distribution optimal uniform pricing strategy. This trade-off suggests that, even
if X contains useful information about Y, the K-markets ERM strategy based on a ran-
dom sample can be revenue inferior to the uniform ERM strategy when the sample size
n is not large enough, and vice versa.

To verify these potential implications, we conduct several numerical studies. In par-
ticular, we calculate the revenues of the K-markets ERM and the uniform ERM strategies
based on a real-world data set from eBay auctions and two simulated data sets. Our nu-
merical results illustrate the aforementioned trade-off. When the sample size is small,
the uniform ERM strategy can generate higher expected revenue than the K-markets
ERM strategy. As the sample size grows, the K-markets ERM strategy (the uniform
ERM strategy) gets closer to the true-distribution optimal 3PD strategy (resp., the true-
distribution optimal uniform pricing strategy). The slower rate of convergence in the
revenue from the K-markets ERM strategy (in contrast to the faster rate of convergence
in the revenue from the uniform ERM strategy) is dominated by the benefit of price dis-
crimination (based on Fy, x) over uniform pricing (based on Fy). Consequently, the rev-
enue of the K-markets ERM strategy overtakes that of the uniform ERM strategy when
the sample size becomes sufficiently large and X contains sufficient information about
Y.

The key takeaways from this paper are summarized here. First, no sample-based
3PD strategy is able to escape from the curse of dimensionality, shown by our informa-
tion theoretic lower bounds. Second, absent uncertainty regarding the underlying prob-
ability laws, third-degree price discrimination is at least as good as uniform pricing in
generating revenue. In contrast, the comparison of the revenue performance between
the K-markets ERM and the uniform ERM strategies is ambiguous overall. This finding
is in the nature of statistical learning under uncertainty: a curse of dimensionality, but
also other small sample complications.> Empirical revenue maximization is not free of

2Specifically, there exists a distribution Fy where the revenue of the uniform ERM strategy is worse with
two observations than with one; see Babaioff, Gonczarowski, Mansour, and Moran (2018). We illustrate in
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these issues. Ultimately, this paper poses a challenging open question of whether there
exist some n < i1 < oo such that for any » € [z, 1] and distribution in the class defined in
this paper, the K-markets ERM strategy (for any K > 1) is always revenue-inferior to the
uniform ERM strategy.

1.1 Related literature

Complexity measures and information theoretic lower bounds Information theoretic
lower bounds and sample complexity are important notions in machine learning. Both
aim to characterize learnability, i.e., how easy it is to learn an unknown object of interest
(in our context, the true-distribution optimal 3PD strategy) from data where the uncer-
tainty arises. Sample complexity derives the rate at which the sample size needs to grow
to guarantee a desired learning accuracy. Information theoretic lower bound derives
a lower bound as a function of the sample size on the learning error (in our context,
the revenue deficiency) in the worst case. Sample complexity and information theo-
retic lower bounds are intrinsically tied to the complexity or size of the underlying func-
tion class of interest. Vapnik-Chervonenkis (VC) dimensions, shattering dimensions,
and metric entropy (such as the cardinality of packing sets) are popular measures of
complexity in machine learning. There have been a number of innovative applications
of VC dimensions or shattering dimensions in economic theory and algorithmic eco-
nomics. Together with the Probably Approximately Correct (PAC) framework, they are
used to study the complexity of the classes of demand and utility functions (Beigman
and Vohra (2006), Balcan, Daniely, Mehta, Urner, and Vazirani (2014)), k-demand buyer’s
valuation (Zhang and Conitzer (2020)), theories of choices (Basu and Echenique (2020)),
preference functions (Chambers, Echenique, and Lambert (2021, 2023)), as well as the
resulting learnability from data. VC dimension is useful for deriving sample complex-
ity bounds concerning discrete function sets and finite-dimensional vector spaces, and
shattering dimension is useful for certain real functions.

From the theory of machine learning, when a class has infinite VC or shattering di-
mensions, this class is not PAC learnable. For example, a collection of sinusoids have
subgraphs with infinite VC dimension. The max-min expected utility model with at
least three states of the world has infinite VC dimension (Basu and Echenique (2020)).
The class of demand functions has infinite shattering dimension (Beigman and Vohra
(2006)). Nonetheless, the notion of “learnability” can be generalized using a different
type of complexity analysis that gives rise to our information theoretic lower bound in
the 3PD problem. This type of analysis is built upon the notion of packing sets, along
with tools from information theory. In particular, packing sets are useful for studying
classes with an infinite number of elements (see Kolmogorov and Tikhomirov (1959)
and Wainwright (2019)). This is the case for our 3PD problem as we try to learn an opti-
mal pricing function of the covariate (an infinitely-dimensional parameter) and bound
the deficiency in the expected revenue, which concerns the entire pricing function at all
covariate values.

Section 6 that this seemingly counter-intuitive result highlights the difficulty of establishing general com-

parative results with very small sample size and sheds some light on the comparison of the revenue perfor-
mance of the K-markets ERM strategy with K =1 vs. K =2 in the case of n = 2.
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Prior-independent mechanism design Most of the classic monopoly pricing literature
assumes a known distribution of valuations (and covariates).? More recently, some pa-
pers (e.g., those surveyed in Carroll (2019)) studied “prior”-independent mechanism de-
sign.* The main focus of that literature is on deriving a robustly optimal mechanism in
the absence of both “prior” and data. In particular, Bergemann and Schlag (2008, 2011)
derive the minimax-regret uniform pricing strategy in closed form; that is, the strategy
that guarantees the smallest deficiency in revenue relative to the known distribution
case. Like Bergemann and Schlag (2008, 2011), we study the revenue deficiencies, but in
contrast, we assume the availability of data and focus on the (inevitable) information-
theoretic limitations of any data-based pricing strategies and the achievability of the
limitation.

This paper is inspired by the literature that studies approximately optimal “prior”-
independent mechanism design, in particular monopoly pricing with a single buyer.®
This literature assumes that the seller has access to a random sample of i.i.d. {Y;}?
drawn from Fy and proposes variants of the uniform ERM strategy to derive the rev-
enue guarantee in relation to that from the true-distribution optimal uniform pricing
strategy. There are two types of analyses in this literature. The first one focuses on the
guarantees for the specific case of n =1 or n = 2 (Babaioff et al. (2018), Allouah, Ba-
hamou, and Besbes (2023)). The second one (e.g., Huang, Mansour, and Roughgarden
(2018)) establishes “sample complexity bounds” such that the uniform ERM variants
achieve a (1 — €) fraction guarantee when the sample size grows at a rate depending on
€, and also derives the rate at which the sample size needs to grow (as a function of €) for
any data-based uniform pricing strategies to obtain a given (1 — €) fraction guarantee.
Allouah, Bahamou, and Besbes (2022) involve both types of analyses.

In this paper, we ask the related question, how fast the revenue deficiency decays as
a function of n, and provide an answer using information-theoretic lower bounds (in-
dependent of algorithms) and upper bounds with respect to specific algorithms in the
worst case scenarios.® The main difference with the majority of the data-based liter-
ature is that, we study third-degree price discrimination (3PD) with a continuous co-
variate and compare the revenue performance of data-based 3PD and uniform pricing
strategies.

To understand why the 3PD problem in our context is more challenging than the
uniform pricing problem, note that fundamentally the latter tries to learn the constant

3See also Segal (2003) for a study of optimal multiunit auctions where the seller has a probabilistic belief
about the valuation distribution of the i.i.d. buyers.

4Here, “prior” distribution refers to the seller’s prior belief about buyers’ valuations and is often taken to
be the true distribution.

5There is a less related literature that studies optimal auctions; see, e.g., Cole and Roughgarden (2014),
Dhangwatnotai, Roughgarden, and Yan (2015), Fu, Immorlica, Lucier, and Strack (2015), Guo, Huang, and
Zhang (2019), Fu, Haghpanah, Hartline, and Kleinberg (2021).

6A large literature studies data-based auctions by focusing on guarantees for revenue deficiencies (in-
stead of fractions), such as how the revenues from the data-based strategies converge in probability to the
true-distribution benchmark, e.g., Baliga and Vohra (2003), Goldberg, Hartline, Karlin, Saks, and Wright
(2006), Gongalves and Furtado (2024). This line of work does not consider the optimal rates of convergence
or optimal sample size requirements.
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optimal pricing function (a scalar parameter) while the former tries to learn an opti-
mal pricing function of the covariate (an infinitely-dimensional parameter), where the
deficiency in the expected revenue concerns the entire pricing function at all covariate
values. Our framework allows us to tackle several challenging aspects of the 3PD prob-
lem, which might be difficult to analyze with the toolkit in the existing pricing literature.
We describe one example below.

Somewhat related, Devanur, Huang, and Psomas (2016) study sample complexity of
optimal pricing with “side information.” In their “signals model” (Sections 5.1 and 5.3),
there is a covariate (signal) X € [0, 1], and the seller can condition the data-based reserve
price on the covariate. For the single-buyer case (which would correspond to our 3PD
problem), they derive upper and lower sample complexity bounds. Importantly, they
assume that the true joint distribution Fy x has the following property: larger values of
X are associated with larger values of Y in the sense of first-order stochastic dominance
of conditional distributions. In contrast, our 3PD setup imposes no assumptions about
the relationship between the covariate X and the valuation Y; meanwhile, our proposed
K-markets ERM strategy learns the relationship from the data. Moreover, our K -markets
ERM strategy attains the optimal rate of convergence in revenue deficiency (as described
before), while the upper and lower bounds in Devanur, Huang, and Psomas (2016) have
different rates, and hence, the optimal sample size requirement is unclear.

2. SETUP

The seller is selling an item to a buyer. Let Y € [0, 1] be the valuation (i.e., willingness
to pay) of the buyer, and X the covariate (such as a characteristic) associated with the
buyer. The joint distribution of (Y, X) is denoted by Fy, y. We assume that X is sup-
ported on a bounded interval, and without loss of generality, we take the interval to be
[0,11.

Given a covariate value, the seller wants to set a price according to a mapping from
the covariate to a set of prices. We use D to denote the set of all pricing functions:

D={p: [0, 1] - [0, 1], measurable}.

For a generic pricing strategy p € D, the price depends on the covariate value x. This
scheme falls in the realm of third-degree price discrimination (3PD). Uniform pricing
can be viewed as a special case where the price is the same for all covariate values. We
use U to denote the set of all uniform pricing functions:

U ={p eD: pisaconstant function}.

"The assumption that Y, X € [0, 1] is made merely for simplicity. First of all, our results in Sections 3 and
4 hold for general bounded supports. Second, the precise knowledge of the support boundaries is unnec-
essary because they can be readily estimated using extremum order statistics. The estimator converges at
a superconsistent rate of n~! (see, e.g., Hirano and Porter (2003)), significantly faster than the convergence
of revenue deficiency that we show in Section 3. Therefore, in our analysis, the estimation error resulting
from the unknown support is negligible. We are grateful to a referee for raising this discussion.
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To lighten the notation, we express p € U as a scalar rather than a function for the uni-
form pricing problem.

Let Fy,x be the conditional CDF and fx the marginal density function. Given a price
y € [0, 1] and a covariate value x € [0, 1], there are 1 — Fy|x (p|x) buyers whose valuation
is above the price. The revenue generated from these buyers is

r(y, x, Fy,x) = (1 — Fy;x (y|x))y, ¢))

and the expected revenue for a pricing function p is

1
R(p, FY,X)E/O r(p(x), x, Fy x)fx (x) dx.

In various places of the rest of the paper, we will slightly abuse the notation and denote
r(p, x) = r(p(x), x) when p is a pricing function and also write r(y, x) = r(y, x, Fy,x)
for brevity when Fy x is clear from the context. In the special case where the pricing
strategy is uniform (i.e., p € i), the revenue only depends on the marginal distribution
F Y-

R(p, Fy,x)=pP(Y = p)=p(1—Fy(p)), pelU.

The true-distribution optimal 3PD strategy p7, is the one that maximizes the revenue:

1
R(p}f-,,Fy,x)=Sup/ r(p(x), x, Fy,x)fx(x)dx.
peDJO

In a similar fashion, we denote pj; as the true-distribution optimal uniform pricing
strategy such that

R(p}), Fy) = R(p}), Fy,x) = sup p(1 — Fy(p)).
peU
Note that p7, depends on Fy, x and pj; depends on Fy.

In terms of generating revenue, the classic pricing theory shows that 3PD is at least
as good as uniform pricing when the joint distribution Fy, y is known to the seller. In
this case, we can solve analytically or numerically for the optimal pricing strategies p7,
and py;. Since U is contained in D, p}, must achieve a (weakly) better revenue than py;.
Intuitively, when Y is correlated with X, p7, utilizes the information in X.

Now suppose that the seller knows neither Fy, y nor Fy, but instead observes a ran-
dom sample of data = {(Y;, X;), 1 <i < n} drawn from Fy x, or datay ={Y;,1 <i<n}
from Fy, and wants to construct a pricing strategy based on the sample. The following
assumption is used throughout this paper.

AssuMPTION 1. data and datay consist of i.i.d. draws from Fy x and Fy, respectively.

The following assumption is used to establish the results concerning our 3PD prob-
lem. Instead of a single known joint distribution Fy y, there is a class F of unknown
distributions, which are deemed possible and our data-based pricing strategies can be
evaluated within this class. The functions in F satisfy several smoothness and regularity
conditions stated below.
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AssuMPTION 2. Anydistribution function in the set F satisfies the following conditions:
(i) (Lipschitz continuity) There exists Cy € (0, 0o) such that, foranyy, y', x € [0, 1], the
conditional density fy|x satisfies
|frix(vlx) = fyix (V1x)| < Goly — ).
(ii) (Strong concavity) There exists C* > 0 such that the revenue function r(y, x) =
y(1 — Fy|x (y|x)) is strictly concave with the second-order derivative
& *k
—2fyx (ylx) — Y@fwx(ylx) <-C* ae (2)
(iii) (Interior solution) For each x € [0, 1], the optimal price is an interior solution; that
is, pp(x; Fy x) € (0, 1).

(iv) (Differentiability) The conditional distribution function fy x (y|x) is continuously
differentiable in (x,y) in a neighborhood of the curve {(x, p},(x; Fy x)) : x €
[0, 11}.

(v) (Boundedness) The functions

and 3)

Jd
'ZleX(Y|x) + y&—yfmx(ylx)

4)

Jd Jd
'—(9 Fy x(ylx) + y— frix (ylx)
X ox

are bounded from above by C € (0, 00) a.e.

(vi) (Marginal density) The marginal density fx is bounded from above by C € (0, 00)
and bounded away from zero; that is, fxy > C > 0.

Part (i) requires the conditional density function to be sufficiently smooth. The par-
tial derivative % frix (y|x) is well-defined almost everywhere because fyx is Lipschitz
continuous, and hence, absolutely continuous. Part (iii) ensures that the first-order con-
dition holds for the optimal price. Part (iv) ensures that the optimal pricing function
P (x; Fy x) is sufficiently smooth in x. Part (v) requires the partial derivatives of the
revenue to be bounded. Part (vi) ensures that the covariate does not take vanishing or
dominating values.

Under part (ii), the optimal price is well-defined. Part (ii) is a standard assumption
in the optimal auctions/pricing literature also known as regularity (Myerson (1981)),
which is a so-called “strong concavity” condition from machine learning theory. It is
well known that any distribution F with the monotone hazard rate satisfies regularity.

Analogously, the following assumption is used to establish the results for the uniform
pricing problem, which concerns a class 7Y of unknown marginal distributions that are
deemed possible.
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AssumPTION 3. Let FY be the set of marginal distributions such that any Fy € FY satis-
fies parts (i), (ii), and (v)(3) of Assumption 2 with fy|x (y|x) replaced by fy(y). Moreover,
the optimal price is an interior solution; that is, p};(Fy) € (0, 1). The distribution func-
tion fy(y) is continuously differentiable in y in a neighborhood of py;(Fy).

RemARK. By defining FV in the way above, note that the marginal distribution associ-
ated with any joint distribution satisfying (i), (ii), and (v)(3) of Assumption 2 satisfies the
counterpart conditions in Assumption 3.

Notation For functions f(n) and g(n), we write f(n) 2 g(n) to mean that f(n) =
QO(g(n)). Similarly, we write f(n) < g(n) to mean that f(n) = O(g(n)). The notation
f(n) < g(n) means that f(n) = ©(g(n)); that is, f(n) = Q(g(n)) and f(n) = O(g(n)).
As a general rule for this paper, the various ¢ and C constants denote positive uni-
versal constants that are independent of the sample size n, and may vary from place
to place. For functions f and g, the unweighted L, norm (L, as the short form)

If — gllz = (fyIf(x) — g(x)12dx)z.

3. THE K-MARKETS ERM STRATEGY

In this section, we propose the K-markets ERM strategy, and compare its revenue
with that of the true-distribution optimal 3PD strategy. In particular, we provide up-
per bounds for the pointwise and expected revenue deficiency as a function of n. We
also compare the revenue of the 1-market (uniform) ERM strategy with that of the true-
distribution uniform optimum, and provide an upper bound on the revenue deficiency.

3.1 Pricediscrimination

We propose the “K-markets” ERM strategy for the data-based 3PD problem with a con-
tinuous covariate:

1. Divide the individuals into K (= K,,) markets by splitting the covariate space [0, 1]
into K equally spaced intervals

Ii=[(k—=1)/K,k/K], k=1,...,K.

2. For each market /;, based on the empirical distribution of {Y;: X; € I},

A 1
Feyy=— > WYi<y X,el}} 5)
. Yer,

where ny is the cardinality of {i: X; € I}, solve for the optimal price pp i as follows:

Pp,x =argmax p(1 — ﬁk(P))-
pel0,1]

The resulting pricing function is a piecewise function

pp(x;data) = pp i, x€lj.
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If the kth market does not contain any observation, then simply choose pp i to be
any arbitrary number in [0, 1]. Doing so has no impact on the asymptotic guar-
antee implied by the following theorem. For practical implementation, the de-
sired choice may change from context to context, depending on the seller’s specific
knowledge about a buyer, and the related analysis would be beyond the scope of
this paper.

THEOREM 1. Suppose Assumptions 1 and 2 hold. There exists a positive universal con-
stant c € (0, o) such that the following results hold:?
(i) Ata given covariate value x, the revenue generated by the K -markets ERM strategy

Pp satisfies

sup (r(p*D’ X()) - IEFYYX [r(ﬁD(data)) xO)])
Fyy)(E]:

2
< 1/K? + (K/n)*/3 +exp(—% +logK>, xg € Iy,

where the expectation Er, , is taken with respect to data ~ Fy x and K satisfies

[4 1.
% =< 5, moreover,

(K/n)*3 +1/K2 =<n"Y% whenK = n'/4,

in which case,

sup (r(p}, x0) — Ery ,[r(Pp(data), xo)]) Sn~V2.
FY'XE]:

(ii) The expected revenue generated by the K -markets ERM strategy pp satisfies

Sup (R(p*D’ FY,X) - ]EFY,X[R(ﬁD(data)r FY,X)])
FY,XE]:

2
<1/K? 4 (K/n)?3 + exp(—g% n 10gK>

where the expectation Er, , is taken with respect to data ~ Fy, x and K satisfies
4 < L-moreover,

K — 2’
(K/n)?® +1/K?> <n~Y? when K < n'/4,

in which case,

sup (R(p}, Fy,x) —Ery x[R(Pp(data), Fy x)]) < n~12,
FY'XEJ'—

8For example, the constant ¢; = 1 when X ~ U[0, 1].
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2
REMARK. The term exp(— gk +log K) is technical and comes from a binomial tail bound

on ny in (5); see (22) and the following derivation in the appendix for more detail. Sup-
2

pose 8K? = n'=¢c? with ¢ € (0, 1) so that % =n° (e.g., ¢ = 3, which gives K = n'/4 asin

the theorem above). Then there exists some positive universal constant ¢y € (0, co) such

that

2
exp(—ﬂl2 + logK) = exp(—con) asn— oo.
8K
HC%

In this case, note that exp(—con¢) = o((K/n)%*/3) and the term exp(— gz + logK) can be
dropped from the bounds in Theorem 1.

Note that having an upper bound on the supremum of the revenue deficiency imme-
diately implies that this upper bound holds for every distribution Fy x € 7. Moreover,
the revenue of the K-markets ERM strategy is guaranteed to have a convergence rate no
greater than the provided upper bound, in particular n~ /2 when K = n'/4.

The interpretation of our results is as follows. The deficiency in revenues comes
from two sources. The first part (K/n)?/3 is related to the “variance,” which is due to the
randomness of the sample, making F (-) different from its expectation. The second part
1/K? is related to the approximation error due to the fact that we set the same price for
all covariate values in the market /;. Note that more discrimination (larger K) increases
the “variance” but reduces the approximation error, and selecting K < n'/4 minimizes
the upper bound on revenue deficiency.

To show (K /n)?/3, we use a peeling argument and other tools from empirical process
theory (Alexander (1987), van der Vaart and Wellner (1996), van de Geer (2000)). Even
though this toolkit is widely used in mathematical statistics and theoretical machine
learning, to our knowledge, it has not been introduced to the data-based pricing litera-
ture. Showing 1/K? requires controlling | py — Pp(xo0)|, where py = argmax ¢ o 1 pP(Y >
p, X € Ii) and x¢ € I;. Using the implicit function theorem, we show that (i) p},(x) is
Lipschitz continuous on [0, 1], and (ii) py is a weighted average of p},(x), x € I. These
facts imply that | p; — p},(x0)|° < 1/K° for any fixed s > 1.

3.2 Uniform pricing

Based on the empirical distribution of {Y;}._ |,
1 n
Fyy=- Zl 1Y; <y},
1=

the uniform ERM strategy simply solves for the optimal price py as follows:

pudatay) = argmax p(1 — F(p)).
pel0,1]

We have the following result as a corollary of Theorem 1.
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CoOROLLARY 1. Let Assumptions I and 3 hold. The revenue generated by py satisfies

sup (R(p}), Fy) — Er, [R(pu(datay), Fy)]) Sn?/3
Fye]:U

where the expectation Er,, is taken with respect to datay ~ Fy.

The 3PD ERM problem with a continuous covariate is more delicate than the uni-
form ERM problem. The latter does not involve a (continuous) covariate, and hence,
incurs no approximation error. Contrasting Corollary 1 with Theorem 1, one can see
that the only source of revenue deficiency in the uniform ERM strategy comes from the
“variance.”

3.3 Welfare analysis

From the perspective of a policy maker, it is also of interest to study the welfare under
the specific pricing strategies in Sections 3.1 and 3.2. In this section, we derive the rate
at which the welfare generated by these data-based pricing strategies converges to the
welfare generated by their respective true-distribution optimal strategies.

We assume that there is no production cost for the seller, and there is no utility for the
seller if the item is not sold. These assumptions are typically imposed in a benchmark
model in the auction and pricing literature. For any pricing strategy p € D, its welfare
can be written as

W(p, Fy,x) =Ep,  [YL{Y > p(X)}].

THEOREM 2. (i) Let Assumptions 1 and 2 hold. Take K < n'/* in the “K -markets” ERM
strategy. Then

sup Ep, |W(pp(data), Fy x) —W(p}, Fy,x)| Sn~ "%

FY,XE}—

(ii) Let Assumptions 1 and 3 hold. Then

sup ]EFY|W(ﬁU(dalay), Fy) — W(p}k], Fy)‘ < n~1/3,
FyE.FU

4. INFORMATION-THEORETIC LIMITATION OF DATA-BASED PRICING

The revenue deficiency in the K-markets ERM strategy and uniform ERM strategy in
Section 3 is O(n_2+i2) and O(n_zzﬁ), respectively. Note the “2” and “1” in the second
terms of the denominators of the exponents in these upper bounds, where the “2 — 1 =
1” difference is a result of the extra dimension from the covariate X in the 3PD problem.
Without any lower bounds, the upper bounds alone are unable to confirm that the curse
of the extra dimensionality necessarily exists and is unimprovable.

In this section, we establish lower bounds to show that no 3PD strategy is able to
escape the curse of the extra dimensionality and hence the K-markets ERM strategy is not
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an exception. Our lower bounds also conclude the optimality of the convergence rates
n~1/2 and n=?/3 from Section 3 within the respective realms of 3PD and uniform pricing.
Therefore, the dependence of the extra dimension due to X in our 3PD problem cannot
be improved. As discussed in the Introduction, rate optimality speaks to the optimality
or efficiency of the growth requirement of the sample size.

For the lower bounds, it makes little sense to consider a framework recommending
the data-based pricing strategies that are only good for a single distribution. For any
fixed joint distribution Fy, x, there is always a trivial data-based pricing strategy: simply
ignore the data and select the optimal pricing scheme given Fy, x. For this particular
distribution, the revenue deficiency is zero. However, such a pricing strategy may per-
form poorly under other distributions of (Y, X). One solution to circumvent this issue
is to compute the worst revenue deficiency over the class F of possible distributions.

To be specific, we consider the minimax difference in the revenues at a given covari-
ate value xq for 3PD,

eRnD()Co;]:)E inf  sup (r(pE,xO,FY,X)—EFY‘X[r(ﬁD(datLZ),)C(),FY,X)]),
ﬁDEDFyYI\/E]:

and the minimax difference in the expected revenues for 3PD,

RP(F)= inf_ sup (R(p}) Fv,x) —Ery «[R(Pp(data), Fy,x))),
ﬁDeDFy,Xe]-‘

where the expectation Ep, , is taken with respect to data ~ Fy x and R(., -) is defined in
Section 2. In the definitions above, pp(data) is a pricing function in D and pp(xo; data)
corresponds to its value at a covariate xg € [0, 1]; moreover, D is the set of all data-based
3PD functions pp.

Similarly, for uniform pricing, we consider

RY(FY)= inf_ sup (R(p}, Fy) —Er [R(pu(datay), Fy)]),
pueld Fye FU

where the expectation Er, is taken with respect to datay ~ Fy. In the definition above,
pu(datay) is a uniform pricing function in ¢/ and py (xo; datay) corresponds to its value
at a covariate xg € [0, 1]; moreover, I/ is the set of all data-based uniform pricing func-
tions py.

In what follows, we derive a lower bound for R,?(xo; F), R,’?(]—"), and R,%’(]—'U), re-
spectively. These lower bounds are algorithm independent and reveal the fundamental
information-theoretic limitation of data-based pricing strategies.

4.1 Pricediscrimination

The first theorem presents a lower bound for the revenue difference at a given covariate
value xo, between any data-based 3PD strategy and the true-distribution optimal 3PD
strategy under the worst-case distribution by taking the supremum over F.
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THEOREM 3 (Lower bounds for 3PD, deficiency in pointwise revenue). Let Assumption 1
hold. For any F satisfying Assumption 2 with C* € (0, 2) in (2), the minimax difference in
the revenues at a given covariate value x is bounded from below as

R (xo; F)Zn~Y2, x0€(0,1),

if xon'/* > ¢’ and (1 — xo)n'/* > ¢” for some positive universal constants ¢’ and ¢" (inde-

pendent of n and x).

The second theorem presents a lower bound for the difference in expected revenues
between any data-based 3PD strategy and the true-distribution optimal 3PD strategy
under the worst-case distribution by taking the supremum over F.

THEOREM 4 (Lower bounds for 3PD, deficiency in expected revenue). Let Assumption 1
hold. For any F satisfying Assumption 2 with C* € (0, 2) in (2), the minimax difference in
the expected revenues is bounded from below as

RP(Fyzn~V2,

REMARK. By requiring C* € (0, 2) in the theorems above, we allow r(y, x) associated
with an fy|x to have a second derivative bounded from above by a number smaller than
or equal to —2. To motivate the use of C* € (0, 2), suppose fy|x = fy (i.e., the valua-
tion and covariate are independent of each other) and fy is the uniform distribution on
[0, 1], U0, 1]. In this case, the revenue function equals R(y) = y(1 — y), which is twice-
differentiable with second-order derivative R”(y) = —2 for any y € [0, 1]. In our proof for
the lower bounds, U[0, 1] is used as the benchmark distribution.

Theorems 3 and 4 state that there is an inevitable deficiency, Q(n~1/2), in the revenue
from any data-based 3PD strategy relative to the revenue from the true-distribution op-
timal 3PD strategy in the worst case by taking the supremum over F.

Recalling Theorem 1 on the convergence rate O(n~'/?) of the revenue from the K-
markets ERM strategy, despite its simplicity, Theorems 3 and 4 imply that the revenue
from this strategy achieves the optimal rate of convergence (as a function of n) to the rev-
enue from the true-distribution optimal 3PD strategy uniformly over . In other words,
more sophisticated pricing strategies (e.g., with partitioning the covariate space based
on observed frequencies) cannot improve upon the K-markets ERM algorithm asymp-
totically.

To prove the lower bounds, we convert the problem into a classification task that
tries to distinguish between distributions that are sufficiently close to each other but
yield significantly different optimal prices. This technique was used in Huang, Man-
sour, and Roughgarden (2018); there the bound concerns data-based uniform pricing
strategies, which only require constructing two distributions and simpler techniques.
To establish the lower bound in Theorem 4, two distributions are far from being enough.
The reason is that, unlike the uniform pricing problem where the optimal pricing func-
tion is a scalar parameter, the 3PD problem tries to learn an optimal pricing function of
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the covariate (an infinitely-dimensional parameter) and the deficiency in the expected
revenue concerns the entire pricing function at all covariate values. The notion of pack-
ing sets in Kolmogorov and Tikhomirov (1959) and the Gilbert-Varshamov bound from
coding theory are useful ingredients for proving Theorem 4. The most intricate part of
the proof involves carefully constructing M conditional densities (where M grows with
n) and bounding the separation between the optimal prices associated with these densi-
ties. The desired set of optimal prices in our proof is a packing set where the separation
between elements is (n~1/4) with respect to the unweighted L, norm, and the cardi-
nality of this set is Q(2”1/4).

4.2 Uniform pricing

We have the following theorem for uniform pricing.

THEOREM 5. Let Assumption 1 hold. For any FU satisfying the conditions in Assump-
tion 3 with C* € (0, 2) in (2), the minimax difference in the revenues is bounded from
below as

RY(FU) 2 n 25,

Theorem 5 states that there is an inevitable deficiency, Q(n~2/3), in the revenue
from any data-based uniform pricing strategy relative to the revenue from the true-
distribution optimal uniform pricing strategy by taking the supremum over FY.

Recalling Corollary 1 on the convergence rate O(n2/3) of the 1-market ERM strat-
egy, despite its simplicity, Theorem 5 implies that the revenue from this algorithm
achieves the optimal rate of convergence (as a function of ») to the revenue from the
true-distribution optimal uniform pricing strategy uniformly over FY.

4.3 Sketches of the proofs

To facilitate understanding, we start with a preliminary of the proof for Theorem 3 before
laying out the preliminaries for Theorems 4 and 5.

4.3.1 Preliminary of the proof for Theorem 3 For Theorem 3, we first show that the min-
imax difference in price at a given covariate value x¢ is bounded from below as follows:

inf_sup Ery y|pp(xo; data) — pp(xo; Fy,x)| Zn~ V4, x9€(0,1). 6)
]V)DEDFY’XGJ:

Using Taylor expansion type of arguments and condition (2), we can relate the revenue
difference to the minimax squared difference in price at xg:

. . 2
RE(xo; F) 2 inf. sup Ep, ,[|Pp(xo; data) — p}(xo; Fy,x)|]
ﬁDEDFY,XE]:

> inf_ sup |Epy [|pp(xo; data) — p}(xo; Fy,x)|]}’
ﬁDE'DFY‘XEJ—'

where the last line follows from the Jensen’s inequality.
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The derivation of the lower bound (6) can be reduced to a binary classification prob-
lem. In a binary classification problem, we have two distributions F. 51, v F 52, ¥ € F whose
optimal prices are separated by some number 2¢; that is,

|Pb (x0i F}, x) = pp(x0i F )| 226, j,j € 1,2}, @

A binary classification rule uses the data to decide whether the true distribution is F' 11, X
or F)Z, x- To relate the binary classification problem to the pricing problem, note that,
given any pricing function pp, we can use it to distinguish between F},’ y and F,Z,, y in
the following way. Define the binary classification rule

Y (data) = arg{{nzi}rl|p*i>(xo; Fy x) = Pp(xo; data)).
JE,

We claim that when the underlying distribution is F{/ x the decision rule i is correct if

| Ph(x0; F{V,X) — pp(xo; data)| < e. (8)
To see this, note that by the triangle inequality, (7) and (8) guarantee that
| P} (x0; Ff;,x) — Pp(xo; data)|
> | i (x0; Fg//X) — Pp(x0; F{’,X)| — |pp (xo; F{/,X) — pp(xo; data)|
>2s—¢e=¢, wherej #7j,j,j €il,2}.
This implies that

PFi‘X(lp(data);éj)sIP’F{( (|25 (x0; F}y y) — Pp(xo; data)| > ), j=1,2.

X

Therefore, we can upper bound the average probability of mistakes in the binary classi-
fication problem as

1 1

EIP’F#X(w(dam) #1)+ EPFYZZYX(I,[/(data) #2)

1 v
< EPF%,X(ip*D(XO; FYI’,X) — pD(xO; ddtd)| > 8)

1 v
+ EPF§X(|PB(x0; F,Z/X) — Pp(xo; data)| > &)

< sup Ppy (|p})(x0; Fy,x) — Pp(xo; data)| > &).
FY,XE./—'

By the Markov inequality, we have

sup E|pp(xo; data) — p}(xo; Fy, x)|
FY‘XEJ:

>e sup P(|pp(xo; data) — p}(xo; Fy,x)| > &)
Fyyxe]-'
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1 1
> EPFilv,x(lMdam) #1)+ EIP’F%,X(w(data) #2) ).

Finally, we take the infimum over all pricing strategies on the left-hand side (LHS), and
the infimum over the induced set of binary decisions on the right-hand side (RHS). This
leads to

inf_ sup E|pp(xo; data) — p},(xo; Fy,x)|
ﬁDE'DFy,Xe]:

(1 1
> slIlzf(EPF)l/YX(lﬂ(ddta) #1)+ 5Pp (W(data) # 2)). €)

The RHS of the above inequality consists of two parts: (1) ¢, related to the separation
between two optimal prices, and (2) the average probability of making a mistake in dis-
tinguishing the two distributions. To obtain a meaningful bound, we want to find two
distributions F}, y and F}Z, y that are close to each other (hard to distinguish) but their
optimal prices are sufficiently separated. We leave the details of the construction of such
distributions to the proof of Theorem 3 given in Appendix B.

4.3.2 Preliminary of the proof for Theorem 4 For Theorem 4, we first show that the min-
imax (unweighted) L,-distance in price is bounded from below as follows:

) . 2. _
inf  sup E|pp(data)— pf)(Fy,;()H2 >p1/2
ﬁDeDFy,Xe]-'

where
1
| pp(data) — ply(Fy,x)|; =/0 | pp(x; data) — piy(x; Fy, x)|° dx.

Using Taylor expansion type of arguments and condition (2), we can relate the difference
in the expected revenues to the minimax (unweighted) L,-distance in price:

. v 2
RY(F)z inf sup Ep, | ppldata) — p}(Fy x)|,
IVJDE'DFY,XE.F

where the expectation E, , is taken with respect to data ~ Fy, x .

The object above concerns the entire pricing function p7,(-; Fy,x). As a result,
bounding the RHS of the above inequality is more complicated than the previous one
(6). In particular, we consider a multiple classification problem that tries to distinguish
among M distributions, where M is a function of the sample size n. Similar as before,
we want the optimal prices of these M distributions to be sufficiently separated. Similar
derivations show that the lower bound of the revenue problem can be reduced to that of
a multiple classification problem:

M

. v 2 2. 1 .
inf  sup Ep, ,|pp(data) — p}(Fy x)|, > & inf — § P_; (¢(data)+#j), (10)
ﬁDEbFY,XEF Y, X “ D ”2 b M = F{,’X( )
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where the infimum inf, is taken over the set of all multiple decisions (with M choices).
To proceed, we apply the Fano’s inequality from information theory (Cover and Thomas
(2005)). Fano’s inequality gives a lower bound on the average probability of mistakes:?

M
> KL(Fy yIIFy, y)/M? +1log?2

il (11)

M
1 Z ;
M j=1 PF{/,X (¥(data) #j) =1 - logM ,

where KL(-||-) denotes the Kullback-Leibler (KL) divergence between two distributions:

fily, x)
dyd
faly,x) P

To obtain a sharp bound based on the multiple classification problem, we want to find
a set of distributions (where the cardinality M of the set is large enough) that are close
enough to each other (small enough pairwise KL divergence) but their optimal prices
are sufficiently separated. We leave the detailed proof to Appendix B. Our proof is
based on a delicate construction of conditional densities along with an application of
the Gilbert-Varshamov lemma from coding theory. Specifically, we use the distribution
Y, X ~ UJ[0, 1] with X independent of Y as the benchmark distribution and construct
its perturbed versions with some correlation.

KL(F1||F2)E/f1(y,X)1Og

4.3.3 Preliminary of the proof for Theorem 5 Relative to the proofs in the case of 3PD,
the proofs for the price- and revenue-deficiency lower bounds in uniform pricing are
simpler. We first show that the minimax difference in price is bounded from below as
follows:

inf  sup Ep,|pu(datay) — p}y| 2 n~ 3. (12)
PUeU FyeFU

As previously, we can relate the revenue difference to the minimax squared difference in

price:

RY(FY) 2 inf_ sup Ep,[|pu(datay) - p’{]|2]
PUEU FyeFU

> inf_ sup {EFY[|I3U(damY)—P>lkJ|]}2
pUGMFyE]:U

where the last line follows from the Jensen’s inequlity. The derivation of (12) only re-
quires constructing two distributions, similar to the approach discussed in Section 4.3.1.

5. NUMERICAL EVIDENCE

Sections 3 and 4 establish that the K-markets ERM strategy achieves the optimal rates
of convergence in revenue uniformly over a class of distributions. In this section, we

9We do not present the Fano’s inequality in its standard form as in Cover and Thomas (2005). Instead, we
use a version from Wainwright (2019) that is more convenient for our purposes.
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turn to specific distributions and study the revenue performance of our K-markets ERM
strategies in these cases. We present numerical evidence that supports the implications
of our theoretical results. Specifically, we calculate the revenues of the pricing strategies
proposed in Section 3 using real-world and simulated data. We describe the data in
detail below.

Data For the empirical study, we use an eBay auction data set (Jank and Shmueli
(2010)). Because eBay uses a sealed-bid second-price auction format, the bid of each
participant can serve as a proxy for an individual valuation of the object. In particular,
we use the data on 194 7-day auctions for the new Palm Pilot M515 PDAs.!? The data has
3832 observations at the bid level, and each observation includes an auction id, a bid
amount, a bidder id, and a bidder rating. Some bidders appear in the data set several
times because either they revised their bid during an auction or participated in several
auctions. To be consistent with our assumption of independent sampling, we analyze
the data at the bidder level and use the highest bid of each bidder across all auctions
she participated in as the one representing her valuation. This leaves 1203 observations
from which we draw samples of various sizes. For Y;, we use the bid (as described above)
of bidder i normalized to [0, 1]. For X; in the 3PD case, we use bidder i’s rating on eBay,
which indicates the number of times sellers left feedback after a transaction with i.

For the simulation study, we let the marginal distribution of X be uniform on [0, 1]
and the CDF of Y conditional on X = x be

Fyx (ylx) = y**L. (13)

Implementation For each type of data, we calculate (a Monte-Carlo approximation of)
the expected revenue generated by the uniform ERM and the K-markets ERM strategies
for various sample sizes as follows. First, fix n and K. Then draw a sample {Y;, X;}7_,
and, foreachk =1, ..., K, let

|Y; € market; : Y; <¢|

market;, = {Y;: X; € I}, ﬁk(t)z
|markety |

Then the empirical optimal price in the kth market is given by

Pp,k =argmaxy(1 — ﬁk(y)) = argmax y(1 — ﬁk(y)),
y€l[0,1] yemarket;

where the second equality holds because F is a step function. Note that the uniform
ERM strategy simply corresponds to the 1-market ERM strategy. When K > 1 and a
drawn sample results in empty markets that contain no observations, we set the prices
in those markets to one. Finally, we compute the revenue deficiency for the uniform
ERM and K -markets ERM strategies (under K = n'/4).

10Jank and Shmueli (2010) also provide data on Cartier wristwatches, Swarovski beads, and Xbox game
consoles, but each of these data sets may pool various configurations or models of these products cate-
gories. Thus, we choose the data on the Palm Pilot M515 to minimize such variations.
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(a) Empirical data (b) Data simulated from (13)
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F1Gure 1. Revenue under uniform and K-markets ERM strategies.

Numerical findings Figure 1 plots the expected revenue generated by the K-markets
ERM strategy for K € {1, ..., 5} as a function of the sample size n (with K = 1 correspond-
ing to the uniform ERM strategy). To facilitate the exposition, we use a logarithmic scale
for the n-axis. For both types of data, one can see that for sufficiently small », the K-
markets revenue is decreasing in K. As n grows, the performance of higher K improves
faster than that of lower K, and for sufficiently large n, the K-markets revenue overtakes
that with any lower K. This finding can be explained by the bound (K/n)?/3 + 1/K?
in Theorem 1(ii), which implies that higher K (more discrimination) approximates the
revenue generated by the Fy, y-optimum better but incurs a larger “variance.” When the
sample size is small, a lower K can indeed be more beneficial.

Figure 1 also suggests that, even if X contains useful information about Y, the uni-
form ERM strategy may be revenue superior to any K (> 1)-markets ERM strategy when
n is sufficiently small. Recall from Theorem 1 that the bound (K/n)%/3 + 1/K? is min-
imized at K = n'/4, which gives n~1/?, the optimal rate of convergence to the revenue
generated by the Fy, x-optimal 3PD strategy. This convergence rate is slower than n=%/3,
the optimal rate of convergence to the revenue generated by the Fy-optimal uniform
pricing strategy (cf. Corollary 1). The slower convergence of the rate-optimal K -markets
ERM strategy can potentially dominate the revenue gain from price discrimination over
without discrimination for small n. Figure 2 illustrates the difference in the conver-
gence rates of the uniform ERM and the K-markets ERM strategies to their respective
theoretical benchmarks. In particular, we set K = £[n!/4] for the simulation study and
K =max{1, [2n/* — 7]} for the empirical study. As predicted by the rate n~'/? in Theo-
rem 1 and the rate n~2/3 in Corollary 1, the revenue from the uniform ERM strategy is
converging to the revenue from the Fy-optimal uniform pricing strategy faster than the
K-markets revenue to the revenue from the Fy, y-optimal 3PD strategy.
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(a) Empirical data (b) Data simulated from (13)
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FIGURE 2. Data-based revenue deficiency under uniform and K-markets ERM strategies (with
K =<nl/%).

Figure 3 exhibits the revenue under the K-markets ERM strategy for K =1, ..., 5and
n=2,...,10°, in the case where X and Y are uniform on [0, 1] and independent of each
other. Not surprisingly, there is no benefit from price discrimination for revenue.
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FiGure 3. Uniform and K-markets revenue for the case of X and Y uniform on [0, 1] and inde-
pendent of each other.
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6. DISCUSSIONS

Recall that p7, is the true-distribution optimal 3PD strategy and pp is the K-markets
ERM strategy with K = @ (n'/4) giving the best trade-off between the “variance” and ap-
proximation error as shown in Theorem 1; pj; is the true-distribution optimal uniform
pricing strategy and py is the uniform ERM strategy. We can decompose the difference
between the expected revenues generated respectively from pp and py as follows:

E[R(pp)] -E[R(pv)] = - {R(Pb) — E[R(PD)]} + R(PD) — R(py) + R(pp) — E[R(pv)].

Aq Ay A3

The first term A4; = ®(n~1/2) under a worst-case distribution Fy x € F, and the third
term A3 = O(n~?/3) under Fy, the marginal of Fy, x. The second term A, = ©(1) when
X contains sufficient information about the valuation Y. Then a sufficient condition
for pp to be revenue superior to py is that n — co. In theory, this claim can be proved
with the upper bounds in Section 3 and a different construction in the derivations of the
lower bounds. Particularly, this new construction would first find a density fy x such
that the revenue generated by the corresponding fy, x -optimal 3PD strategy is well sep-
arated from the revenue generated by the optimal uniform pricing strategy associated
with fy, and then build a large enough class of perturbed versions of fy, x; finally, we
would bound the separation between the optimal prices associated with these densi-
ties, in a similar fashion as what is done in Appendix B. In the paper, to make the analy-
sis tractable, we choose the distribution Y, X ~ U[0, 1] with X independent of Y as the
benchmark distribution and construct its perturbed versions with some correlation.

A challenging open question is, can the condition on n be weakened to some finite
number and if so, when? To answer this question, we would have to derive the universal
constants in our bounds in meaningful forms. Unfortunately, due to the complexity of
our problem, this exercise is infeasible under the existing techniques from mathematical
statistics, probability theory, and information theory.

Our results suggest that it is more beneficial to engage in sample-based uniform
pricing when X is independent of Y.!! The fundamental reason lies in the proofs for
Theorems 3 and 4: unless n = oo, no strategies that exploit {(Y;, X;), 1 <i < n} are able
to distinguish with certainty the distribution Y, X ~ U[0, 1] with X independent of Y
from its perturbed versions with some correlation (see the detailed constructions in Ap-
pendix B). The curse of dimensionality from exploiting the covariate X makes the con-
vergence of 3PD strategies based on {(Y;, X;), 1 <i < n} slower than that of the uniform
pricing strategies based on {Y;, 1 <i < n}.

Our upper and lower bounds together suggest the following possibility: even when
the covariate X contains useful information about the valuation Y, the K-markets ERM
strategy can be revenue inferior to the uniform ERM strategy in finite samples, due to
the curse of dimensionality and slower convergence of the K-markets ERM strategy to its
true-distribution optimal counterpart (and hence, a more stringent growth requirement
of the sample size). Indeed, the numerical evidence in Section 5 confirms this possibility.
But such an implication should be taken with caution in small samples.

The information of independence is unknown to the seller. She can statistically test for the indepen-
dence of Y and X from the data but any such tests would suffer from Type I and Type II errors.
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Small sample complication Given the pattern observed in our numerical studies, one
might conjecture the following: there exists some 7 > 1 such that when n < 7, the uni-
form ERM is always revenue-superior to the K-markets ERM (with K > 1). In what fol-
lows, we explain why this conjecture may not hold.

Specifically, in our language, Babaioff et al. (2018) construct a distribution Fy such
that the uniform ERM revenue under n = 2 is strictly smaller than the uniform ERM
revenue under n = 1. This seemingly counterintuitive result highlights the difficulty of
establishing general comparative results with very small sample size. We now argue that
this construction also sheds some light on the comparison of the revenue performance
of the K-markets ERM strategy with K =1 vs. K =2 in the case of n = 2.

To make this connection, we take X to be uniform on [0, 1] and independent of Y,
and assume that in the case K = 2, when one of the markets is empty, the price for this
market is set at the same level as for the other market. Then, if K = 2 and both mar-
kets are nonempty, the revenue in each market equals the 1-market ERM revenue under
n = 1. Otherwise, if both observations are in the same market, then the revenue equals
the 1-market ERM revenue under n = 2. Therefore, the expected 2-markets ERM rev-
enue with n = 2 is the average of the 1-market ERM revenue under » = 1 and n = 2, and
hence, strictly higher than the 1-market ERM revenue with n = 2 for a distribution Fy
exhibiting the property discussed in Babaioff et al. (2018).

More formally, let Rk, , denote the expected revenue of the K-markets ERM strategy
with a sample of size n. Then

Ry o= Edam":ZmFy,X [R(pp(data), Fy x)]

1 n
= EEdatanzz’\/Fy’XUl:VJ or =0 [R(pD(data)’ FY,X)]
1 n
+ EEdam":ZNFy,X\Il;é(A and12¢m[R(PD(d“t“)’ Fy,x)]
1 1
= §R1,2 + §R1,1-

Therefore, R;,; > R;y,2 implies R2,2 > R 2.

Finally, we add the caveat that the construction in Babaioff et al. (2018) is based on
an atomless approximation of the censored equal-revenue distribution Fy(y) =1—1/y,
y € [1, 00), which has a discontinuous density. However, it is straightforward to verify
that the same property holds for the equal-revenue distribution truncated at any y > 4,
which has a Lipschitz continuous and differentiable density. Moreover, the equal rev-
enue distribution truncated at y and translated to the left by ¢ > 1/y (so that the support
is [1 — ¢, y — ¢]) also has a Lipschitz continuous and differentiable density, the interior
optimal price (in line with our assumptions), and satisfies the Babaioff et al. (2018) prop-
erty, e.g., fory=4,t=1/2.

An open problem To conclude, we would like to propose a challenging open problem:
Do there exist some 3 < n < 11 < oo such that for any » € [z, i1] and distribution in F, the
K-markets ERM strategy (for any K > 1) is always revenue-inferior to the uniform ERM
strategy?
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APPENDIX A: PROOFS FOR UPPER BOUNDS

To facilitate the presentation, we first give the proof for Corollary 1.

PROOF OF COROLLARY 1. Denote " = inf,¢o,11|R"(p)|/2 > 0. By Taylor expansion, for
any p,

R(pl) = R(p) = K (p— ply)°.

Denote R( p)=p(l - F( p)). Combining the inequality above with the basic inequality
(i.e., ﬁ(ﬁU) > Ii‘(p}‘])), we have

K (pu — pi)° <R(pi) — R(pu) <R(pY) — R(pY) — (R(pv) — R(pr)). (14
For & € (0, p};], define

Gs = {y— pliy= p}— pyl{y = p*}: pe[py — 8 py + 98]}
and
0, ify < pi; — 6,
Gs)=1pl, ifp;—6<y<pi+5,
8, ify>py+o.
Then G5 is an envelope function of the class Gs. The L, (P)-norm of G5 is bounded by
*\2 * * * 1/2
1GsllLary = ((P3) P(Y € [Pl — 8, piy + 8]) + 8°P(Y > pj; + )/ < CVa.

As we argue in the proof of Lemma 6, G5 is a VC-subgraph class, so we have

E sup L g(Yy)) —Eg(Y)| <Cyé/n. (15)
1

8€Gs| iz

We derive the convergence rate of p — p* via a peeling argument. Consider the following
decomposition:

o0
B(n'P|pu = py| > M) = 3 Pi'®pu—py|€ (=L ]
j=M+1

For any j > M + 1, we have
{|pu = Pyl e (G — '3, jn= 173}
={|pv - py| > (=™, | pu — pjy| < jn
c{R(py) - R(p}y) — (R(pv) — R(pv)) = K'(j — 1)*n =23, | py — pyy| < jn~/3}
c{Ajn =K (j— 1223,

—1/3}
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where the third line follows from (14), and 4; , in the last line is defined as
1 n
Ajn= sup |=) g(¥;)—Eg(Yy)|.
8€9;,-131" i=1
Therefore,
P(|pu = py| € (G —Dn 2, jn 1)) <P(Aj = '(j = 1?0 2°).

To bound the probability on the RHS of the above inequality, we use the concentration
inequality given by Theorem 7.3 in Bousquet (2003), which is a version of Talagrand’s
(1996) inequality. The concentration inequality states that for all # > 0,

P(Ajn = BAju +/20(02 + 2EAj)/n + 1/(3n)) < exp(—ct),

for some universal constant ¢ > 0, where

o= sup Eg(YD)?<|G;-18l3, < Cin™ /3.

8€9,,-1/3

From (15), we have

EAj, <Cy/jn~13/n= C\/jn_z/?’.

By setting t = ’j2, we have

EA;, + \/Zt((rz +2EAjn)/n+1t/(3n)

<Cjn~?3 + \/ZK/jz(Cjn*1/3 +2C/jn=213)/n+ K'j?/(3n)
< 322 < CF(j — 1)2n7 23,
when j is large enough. Then we have
P(Ajn = C*(j = 1)*n72F) < P(A),0 = Cjn=*7) < exp(—cx'j?),  for jlarge.

To summarize, we have shown that

o
P(n'|pu — py| > M) = Y exp(=C1j%) < Czexp(—C2M?).
j=M+1
By integrating the tail probability, we have
E|pv - pyl" <n. (16)

For revenue, we use the second-order Taylor expansion and obtain that

E[R(p})) — R(pu)] <sup|R"(p)|E(py — pg&)z <n 23, _
p
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Proor orF THEOREM 1. We introduce some notation. Let ﬁk (p) denote the revenue col-
lected from the kth market by charging price p; that is,

Ri(p)=pP(Y > p, X e Iy)
1
=P/ /fY|X(y|X)fx(X)dxdy.
p Jl

Denote py = argmax (o, Ry (p) as the maximizer of Ry. The first- and second-order
derivatives of Ry are respectively

» 1
(p) = / /1 Frix Ol fx (x) dxdy — p /1 Frix (Pl fx (x) dx,
P k k

- J
Ry (p) = / (—ZfYX(PIX) - p_leX(P|x)>fX(x) dx.
I dy

By the Lipschitz continuity assumption, the second-order derivative ﬁ}é (p) exists for al-
most all p € [0, 1]. Recall that

—2fyix(plx) — P%fwx(plx) <-C%,
and fy is bounded away from zero. Denote 2«” = C*inf,¢[o, 1} fx (x). Then
Ié%(p) < —2k" /Ik dx=-2k"/K
for almostall p € [0, 1]. By Lemma 1, we have
Ri(pr) = Ri(p) = |Rk(pr) — Rie(p)| = ’%(ﬁk -p)?, pelo1]. (17)
Note that p; is not the true optimal price under Fy, y. We need to relate it to the true

optimal price. Let k(xg) be such that xg € I;. Then by the triangle inequality, we can
decompose the pricing difference into estimation error and approximation error:

E|pp(xo; data) — piy(x0)| =E| Pi(xe) — P (x0)|
<E|Pk(xo) — Pk(xo)| + | Prxo) — PH(%0)] - (18)

Estimation error Approximation error

Estimation error. Denote ﬁk as the empirical counterpart of ﬁk; that is,

Ripy=L § 1{Y; > p, X; € I}}.
ny . .
lE{]ZXjEIk}

Recall that py is the maximizer oflék. The basic inequality (i.e., ﬁk(ﬁk) > }%k(ﬁk)) gives
that

Ri(pr) — Ri(P) = R (pr) — Ri (D) — Ri(Pr) + R (pr)
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< Re(pr) = Ri(P) — Ric(pi) + Ri(pr).- (19)
Combining (17) and (19) yield
K// . R - . R . » R R R
= (P = P)* = Ric(pr) = Ric(pr) = (Re(p) = Rie(pi))- (20)
Ineach I (k=1,..., K), the optimal price is the same.

In what follows, s = 1 or s = 2. Conditioning on X; where i falls in the kth market,
the proof for Corollary 1, in particular, (16) yields

E[lpx — pl’1Xi i €{j: Xj € I}] S (1/n)*3. (21)

By Assumption 2(vi), the ith observation falls into the kth market with probabilty % and
K—c;

other markets with probability ==. Let us consider the event A, = {ny > gn} where
g € (0, #). If K is large enough such that ¢ < %, the classic binomial tail bound yields
P(Ag) > 1 —exp(—nKL(gllc1/K)) (22)

where
(1-g9)K

K
KL(qllc1/K) :=q10g—q + (1 —¢q)log
C1 K —

Therefore, we have
E[|pr — pl | Xini€lj: Xje It} S (gn)™*3, foragivenk,
with probability at least 1 — exp(—rnKL(g|lc1/K)). With a union bound, we also have
E[lpx — pl’1Xi i€ {j: Xj € i} S (gn) ™73, forallk, (23)

with probability at least 1 — exp(—rnKL(q|lc1/K) + logK).
Furthermore, we have

1/ 2
KL(qller/K) = 5 <E - q) : (24)
We show a more general result
(@ —q)°
KL(qlla) = gq(a) = 7

for any g € (0, «). Because g,(-) is twice differentiable and g,(q) = 0, a second-order
Taylor expansion gives
1

, 8
8q(@) =gy(@) (@ —q) + == (a = )’

where ¢ € [g, «] and g, (1) = 14 %. Note that g;(q) = 0. Moreover, given ¢ € (0, 1)
such that tlz > 1 and (1_%)2 > 1, we have

/
/(¢ q .
84() = 2 -0
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As a consequence of (23) and (24), we have
E[lpx — pil*1 X i€ {j: Xj e i}] < (gn)™*/3, forallk, (25)
with probability at least 1 — exp(—n($ — ¢)?/2 + log K). Taking g = 5%, (25) gives
E[lpx — pl’1Xi i€ {j: Xj e k}] S (K/n)*?, forallk, (26)
with probability at least 1 — eXp(—g% +logK).
In view of (21), (23), (25), and (26), the source of uncertainty from the conditioning

is solely from the statistics n;. Using this fact, (26) as well as the fact that p; and p, are
bounded, we have

A ~ N ~ ncy N - ncy
E[1px — prl*] = E| 1px — prl1 AU LR pe — prl U ng < =2
[| Pk — Prl’] [ka Dkl {”k > 5K ” + [|Pk Dl {”k Y H

ncf
< (K/n)*3 + eXp(—@ +logK>.

Approximation error. The second term | py () — p}(xo)| in (18) is deterministic and
can be controlled by using the smoothness conditions. By definition, p7},(xo) satisfies
the first-order condition

a *
Ozgr(pl)(x),x).

By the differentiability condition of F, %r( p, x) is continuously differentiable in (p, x)
in a neighborhood of (p},(x), x). By the strong concavity, a‘%r( pp(x), x) is nonzero.
Then by the implicit function theorem, the function p7,(x) is well-defined (uniquely
determined by the first-order condition) and is differentiable. Its derivative is given as
follows:

>,

. apix’ (pp(x), x)
! ’ (Pp(x), x)
—r y
(7p2 Pp

By the strong concavity, the absolute value of (Qi;—zzr( p, x) is bounded away from zero;
also, the function | £ Fy|x (y|x) + y fy|x (y|x)| is bounded above by C. This implies
that pj,(x) is Lipschitz continuous on [0, 1]. We use L; to denote the Lipschitz constant.

By applying Taylor expansion to the first-order condition of p, we have

J .
02/ —r(Pr, x) fx (x) dx
I, 9P

2

P d 3
=f —r(p}‘)(X),X)fx(x)derf —r(p(x), x)(Px — Pp (X)) fx (x) dx,
Iy é’p Iy 07p

=0
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for some p(x) between p; and pj,(x). Rearranging terms shows that p; is a weighted
average of p7,(x), x € I;; that s,

0—,2
/I 72 (P X)PH A [x () dx
2 k

72
./I Fr([)(x), x)fx(x)dx
k

Since pj,(x) is Lipschitz continuous, the triangle inequality implies that
| Pk — Pp(x0)|" <L3/K®, foranyfixeds> 1.

Therefore, we obtain the following upper bound:
2 2 2/3 ncf
IE|13D(x0; data) —p}")(xo)’ <1/K? + (K/n)? —i—exp(—ﬁ +logK>.

By choosing K =< n~1/4, the above bound becomes n~1/4.
In addition, Lemma 1(iii) gives that

E[r(p}, x0) — r(pp(data), xo)] S E[| pp(xo; data) — p*D(x0)|2]
ne?
<1/K? + (K/n)?3 +exp<—8712 +logK).

This proves part (i) of the theorem.
For part (ii), we want to bound the expected revenue difference. Consider the fol-
lowing decomposition:

R(p}, Fy,x) — R(pp(data), Fy,x)
= R(pB’ FY,X) _R(ﬁr FY,X) + |R(ﬁ; FY,X) - R(ﬁD(ddtﬂ), Fyy}()|.

The first term on the RHS is deterministic and can be bounded by using Lemma 1(iii) as
follows:

[R(P}h, Fy,x) = R(p, Fy,x)|

1
< [ 1) = (e, )l da

K
=Z/ r(pp(x), x) = r(pr, )| fx (x) dx
k=1"1k

K

IA

1 J _
/ _'szIX(y|x)+y_fY|X(Y|x) sup| p (x) — pr|*fx (x) dx
L2 ay y,x

24N
e
~
N
I\
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where we have used the first-order condition of p7,. For the second term, we have

K
R(p, Fy,x) — R(pp(data), Fy x) = Zﬁk(ﬁk) — Ri(Pp)-
k=1

This is because both p(data) and p are constant within each I;. Their revenues on I,
are reduced to Ry. Note that for every k, R} (px) =0, and

IR} (p)] 5/
Iy

1 d
2
< Kill?(‘ fY|X(}’|x)+Y(9ny|X(Y|x)

Jd
2fyix (ylx) +Y@fY|X(Y|x) fx(x)dx

fX(X)>-
Then Lemma 1(iii) gives that
Ry (k) — Ri(pr) S 1/K (P — pi)*.

Hence, we have

K
E|R(p, Fy,x) — R(pp(data), Fy,x)| <Y E|Ri(pr) — Ri(pi)|
k=1
< 2/3 net
S (K/n)“° +exp —W—HogK .

To summarize, we have shown that

2
R(p}, Fy,x) — R(pp(data), Fy,x) S 1/K* + (K/n)*> + exp(—% +logK>-

By choosing K = n~!/4, the above bound becomes n~1/2, This proves part (ii) of the

theorem. O

Proor oF THEOREM 2. For part (i), notice that the welfare can be written as a double
integral

1 rpx)
W(p,FY,X)=f0fO Yy ix (ylx) dyfx (x) dx.

The function yfy,x (y|x) is nonnegative and bounded for y, x € [0, 1]. Then by the inte-
gral mean value theorem, we have

E|W (pp(data), Fy,x) — W (ph, Fy,x)|

=E

1 ppp(x;data)
/0 / Wrix Olx) dyfx (x) dx
P

D(x)

1
= Sup’yme(YIx)’E/O | pp(x; data) — p},(x)|fx (x) dx.
»x
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The integral on the last line can be decomposed based on the K markets:

1
E/ |pp(x; data) — p},(x)|fx (x) dx

=~

=
k

/1 [E|pp(x; data) — pi| + | px — pp(x)|]fx (x) dx
191k

N

=Y Elpr — prl/K + Z/ | Pk — P (%) |fx (x) dx
k=1

2
S(K/m)3 4+ 1/K+exp(—% +logK) =n~ 14

where the last line follows from the proof of Theorem 1.
For part (ii), since pj; is a scalar, the welfare can be simplified to

Py
W (pi, Fy) = /O yfy (y) dy.

Then we have

E|W (pu(datay), Fy) — W (p}, Fy)| =E

pu(datay)
f vy (y)dy
p*

U

< sup|yfy ()|E| pu (datay) — p|
y
<t

where we have used Corollary 1 along with the fact that yfy(y) is nonnegative and
bounded for y € [0, 1]. O

APPENDIX B: PROOFS FOR LOWER BOUNDS
ProOF oF THEOREM 3. For Theorem 3, we use Lemma 4 to prove the lower bound. De-

fine

wp(e)= sup {|ph(xo; F1) — p(x0; F2)|: H(F1l|F2) <€}
F1,FreF

By Lemma 4, we have

inf_ sup Ep, ,|Pp(xo; data) — p},(xo)| > wD(l/(Zf))
pDEDFYXe]:

Therefore, we only need to find a lower bound for wp. Based on the explanation in
Section 4.3.1, we want to construct two distributions that are hard to distinguish but
their optimal prices are well separated. We start by defining two perturbation functions.
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1 1 —

-1+ -1+

1 o0 1 2 3 0 0.5 1

FIGURE 4. Perturbation functions ¢y and ¢ x.

Let ¢y be defined as

t+1, te[-1,0],

—t+1, te]0,2],

by (1) = (27)
t— 3, te [2» 3]1
0, otherwise.

Notice that ¢y is Lipschitz continuous on R. Let ¢ x be defined as

67(4#1)2/(17(4171)2)’ te(0,1/2),
bx(t) = —e~W=DY/A-=3" 4 e (12, 1),
0, otherwise.

Notice that ¢ x is infinitely differentiable on R. We plot the two perturbation functions
in Figure 4.

Now we construct the two distributions. Let 6 € (0, 1/4) be a small number (that
depends on n) to be specified later. Let a be any number in the interval (0,4 — 2C*).
Define the two conditional density functions of Y given X as

fl()’|x) El;

hOlx) =1+ a8¢y<y _51/2>¢x<" _6’“‘) + 1/4>. (28)

We let the marginal distribution fx (x) of X be the uniform distribution on [0, 1]. Note
that f1(y|x), f2(yIx), fi(y, x) = fi(yIx)fx(x), and fa(y, x) = f2(y|x)fx (x) are nonnega-
tive everywhere, with integrals over their respective entire spaces all equaling to 1.

The first task is to verify that the two distributions are indeed in the class F,. For
C* € (0, 2), the first distribution is in 7 by Lemma 2 and the fact that Y is independent
of X. Given any x € [0, 1], we can treat the whole term a¢x ((x — x0)/6 + 1/4) as the
coefficient » in Lemma 3. Then the results of Lemma 3 applies since |¢ x| < 1. In par-
ticular, the revenue function at x is twice-differentiable a.e., the absolute value of the
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second-order partial derivative with respect to y is bounded, and is also bounded from
below by C*. The optimal price is an interior solution and is in the interior of a region
on which the revenue function is twice differentiable. Lastly, the absolute value of the
partial derivative of f»(y|x) with respect to x is bounded. This ensures that the quantity
| & Fy x (y1x) + y£ fy)x (y]x)| is bounded.

Next, we want to derive the Hellinger distance between the two joint densities

iy, x)=1,
fz(y,X)=1+a5¢>Y<y 5/ )¢X<x 8x0~|—1/4)-

Let () = /1 + ¢. Its second-order derivate is bounded when |¢| < 1/2; that is,

sup | (1)| < C.
lt1<1/2

We use H to denote the Hellinger distance:

1
Hfilf2)? = /0 (VRO =) dy

The Hellinger distance can be bounded as

1 1 —1/2 _
H2(f1||fz)/2=1—/0 /0 ‘I’<a6¢y<y = )m(x 8x0+1/4>>dydx
1 1 _ _
=/ / \I’(O)—‘If(aﬁq,’)y(y 81/2>¢X<x 6x0+1/4>>dydx
< a‘P’(O)S// ( _1/2)¢X(x_8x0+1/4)dydx
—|—a2C82/ f ¢2( 1/2>¢X< +1/4>dydx,
0 0

where we have applied the second-order Taylor expansion to obtain the last inequality.
By the change of variables u = (y — 1/2)/6 and v = (x — x¢) /6 + 1/4, for sufficiently small
6€(0,1/2],

// < 1/2>¢X(x x0+1/4)dydx=82/ ¢y(u)duf $x(v)dv=0, (29)
o -1 0
1 1

//¢2< 1/2)¢>X( +1/4>dydx=62/ St du [ i) dv = Cot
-1 0

Therefore, the Hellinger distance is bounded as

H%(fillf2) < 8%
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Now we take & such that 6% < 1 /n. Note that (29) holds when é > 0 is small enough such
that 8 € (0, 1/2], 1/4 — x¢/8 <0, and (1 — x0)/8 + 1/4 > 1; that is, when xon'/4 > ¢’ and
(1 — xo)n'/* > ¢” for positive universal constants ¢’ and ¢” (independent of 7 and xo).
This ensures that H?(f1| f2) < 1/n. Then from Lemma 4, we know that

inf  sup Ep, ,|Pp(xo; data) — pj(xo)| Zn Y4, x0e€(0,1).
]V)DG'DFY,XE}— '

For bounding the revenue, recall that the revenue achieved at the price p and covariate
value xq is r(p, xo) = max, p(1 — Fy|x(plxo)). By Lemma 1, we have

*

. cr o, .
r(p(x0)) — r(pp(xo; data)) = 7|PD(XO) — pp(xo; data)|’.
As a result, we have

inf  sup E[r(p}, x0) — r(pp(data), xo)]
]VJDG'DFY,XG}—

C*
> inf  sup ]E[—|pf)(x0) — Pp(xo; ddm)|21|
ppeD Fy xeF L 2

> inf_ sup %{E[’p%(xo)—ﬁD(xo;data)H}zZn_l/Z.
ﬁDE'DFy,Xe]:

This proves Theorem 3. d

ProoFr oF THEOREM 4. To prove Theorem 4, we follow the explanation in Section 4.3.2
and use the Fano’s inequality to bound the probability of mistakes in the multiple clas-
sification problem. Before solving the revenue problem, we first study the lower bound
for the L»-distance of pricing functions. For two pricing functions p; and p», we define
the (unweighted) L,-distance as

1 .\ 12
||l71—192||25</O |p1(x) — p2(x)| dx) .

In part (i), we defined the perturbation on the X dimension at a fixed point xg. Now we
want to define a large set of perturbed distributions. Each of these distributions is per-
turbed in a small interval on the X dimension. Let m > 8 be a large number (depending
on n) that we specify later. Let « € {0, 1} be a vector of length m; that is,

a=(ai,...,ay), wherea;e{0,1},j=1,...,m.
We construct a set of conditional density functions indexed by «:
a m
frixlx) =1+ m Zaj¢Y(m(y —1/2))dx (mx — (j - 1)).
j=1

The marginal distribution of X is taken to be the uniform distribution on [0, 1], i.e., fx =
Lo,1;- We denote the joint distribution by 3 = f¥ v fx.
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We briefly describe this construction of the conditional density. The unit interval
[0, 1] is divided equally into m subintervals:

Ii=[(j-1/m,j/m], j=1,...,m.

For x € I}, if aj = 0, then the conditional density is 1. If «; = 1, then the conditional
density

fExl =1+ %d)y(m(y —1/2)px(mx—(j—1), xel,.

By treating 1/m as the scalar § in part (i), we can see that, for m large enough, each fy y
belongs to the set F.

From the set {fy y : a € {0, 1}'"}, we want to pick out a large enough subset of dis-
tributions whose optimal price functions are well separated. For this purpose, we use
the Gilbert-Varshamov bound (Lemma 2.9, Chapter 2, Tsybakov (2009)). The Gilbert-
Varshamov bound states that for m > 8, there exists a subset .4 C {0, 1} with cardinality
M = | A| > 2™/8, and the pairwise rescaled Hamming distance between elements in this
set is greater than 1/8. That is,

1 & 1
Z;l aj#d) zg forany e, o' € A.

Applying the Gilbert-Varshamov bound, we can show that for «, o’ € A, the optimal
pricing functions of fy , and f{'," y are well separated. Let p, be the pricing function
associated with f{}' v thatis,

Pa(x) =argmax p(1 — Ff‘,lX(p|x)),
pelo,1]

where Fy x(ylx) is the corresponding conditional cumulative distribution function.

Note that «, o’ € A differ in at least m/8 positions. This means that f{',“ x and f{',‘/‘ y differ
in m/8 intervals. Suppose that /; is such an interval, where o; = 0 and a;. = 1. We restrict
our attention to a subset of this interval:

Ii= 1 +j_1 1+j_1 cl;
I~ lem m ' 3m m I

Whenxefj,wehave
mx—(j—1)€[1/6,1/3] = ¢x(mx—(j—1))€[dx(0), dx(1/2)].  (30)

By Lemma 3 (where b =a¢ x(mx — (j — 1)) > 0, 6 = 1/m), the choice a € (0, 4 — 2«), and
the fact (30), if we fix x € fj, then p,(x) =1/2 while

P =112 S ymr—(j-1) =12 - LD
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where ¢ > 0 is a universal constant that does not depend on n.'? This implies that

, XGI]'.

3|~

|pa(x) — por(X)| 2

Therefore, on the interval /;, the separation between p, and p, is lower bounded as
|Pa(X) = po(X)|"dx 2 | 1/mPdx=— x — 2 1/m°.
Ij Ij 6m m
By the Gilbert-Varshamov bound, there are at least m/8 such intervals. Therefore, we
can lower bound the total separation by

1/2
Ip1 — pall2 2 (m/8 x 1/m3)'* > 1/m.

Next, we want to compute the KL divergence between f¢ , and f? x- Note that the
term ¢ x (mx — (j — 1)) is nonzero only when x € I;. The KL divergence can therefore be
treated as a sum of m integrals:

, 1,1 e m
KL I ) = [ [ £ x00l0s 22 dydx =Y B,
0 J0 Iy x j=1

where

1
EjE/],«/O (l—l—%ajd)y(m(y—1/2))¢X(mx—(j—1))>

1+ %ajqby(M(y ~1/2))x (mx — (j— 1)

L+ —ajby (m(y = 1/2)) bx (mx = (= 1)

x log dydx.

Notice that when «; = aj, E; = 0. Therefore, we only need to consider the j’s where
aj# a;.. Denote ¥ (¢) = —log(1 +¢t) and W2 (¢) = (1 + ¢) log(1 + ¢). Then we can write E;
as

1
/1/0 \I’1<%¢y(m(y—1/2))¢X(mx—(j—1)))dydx, ifaj=0,oz;=1,
E: = J

j= 1 a . '
/1 / ‘I’z(EdBy(m(y —1/2))px (mx — (j — 1))) dydx, ifaj=1, a} =0.
Jo
J
By the second-order Taylor expansion at zero, we have

1 2

V() =—t+ ——1°,
2(1+1)°

12Eor example, ¢ can be equal to a/8 according to Lemma 3.
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for some ¢ between 0 and ¢. When |¢| < 1/4,'3 we have
V(1) <—t+CP,
for some universal constant C > 0. Similarly, we can show that
W, (1) <t+ Cr.

Applying these inequalities to E;, we have

1
Ej< ifl /0 L gy (mly = 1/2) iy (mx — (j — 1) dydx
J

1 .2
+c// L% (m(y —1/2)) % (mx — (j — 1) dydx.
Ij 0o m

Similar to the derivation in part (i), we know that the first term on the RHS is zero. For
the second term, we can apply change of variables u = m(y — 1/2) and v=mx — (j — 1)
and obtain that

1
/ / 62 (m(y — 1/2)) % (mx — (j — 1)) dydx
I' 0

——/ ¢>X(v)dvf b3 (u)du<—

for some universal constant C’ > 0. Putting the results results together, we know that
E;< % for all j. Since there are m intervals, we can bound the KL divergence by

m
/ 1
KL(f} x /%) = 2_Ei S —.
j=1

This is the KL distance for a single observation. For the entire data set with » i.i.d. ob-
servations, the KL divergence is upper bounded by Cn/m?3.

Lastly, we can summarize our results into the Fano inequality presented in Lemma 5.
We have

inf  sup E” pp(data) —

Cl Con/m?> +log2
y PDHz 1-
pDE'DFy’XEJ:

log2™/®

3
- Q(l _ Gen/m +log2>.

“m Csm

By choosing m = con!/# for a sufficiently large universal constant ¢y > 0, we can make
Con/m®+log2

the factor (1 — T) stay above, say, 1/2. Then we have
) . 1 “172
inf  sup E|pp(data)— p}, ||2 > =n 2
PpeD Fy yeF m?

131 ater we show that m is chosen to be cyn!/4 where cy > 0 is a universal constant. As a result, |¢| < 1/4 is
guaranteed as long as cy is sufficiently large.
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So far we have derived the lower bound for the L,-distance of pricing. Moving onto
the revenue problem, recall that the revenue achieved at the price p and covariate value
xisr(p, x) =max, p(1 — Fy|x(plx)). By Lemma 1, we have

c*
>

r(ph, x) — r(pp(data), x) > 5 |phH(x) — pp(x; dam)|2.

Since fx is bounded away from zero, we have

inf  sup E[R(p},) — R(pp)]
[VJDGDFY,XG}—

1
= inf sup IE[/O (r(p}‘),x)—r(ﬁD,x))fX(x)dx]

ﬁDGﬁFyYXe]:

C* 1 ,
> inf su ]E[— inf fx(x) / 5(x) — pp(x; data) dx} >p1/2,
ﬁueﬁFy,XPe)f 2 (xe[O,l]f ) 0 P p } -

Proor oF THEOREM 5. We use Lemma 4 to prove the lower bound for Theorem 5. De-
fine

wyle)= sup {|p}(F1) — pi(F2)|: H(F1|F2) <€}
F1,F2eFU

Then by Lemma 4, we have

. . " 1
inf sup Epy |pu(datay) - ppy| = gou(1/@2vn).
ﬁUGquEJ:U

Therefore, we only need to find a lower bound for wy . The proof proceeds in three steps.
In the first step, we construct two distributions and compute the separation between
their optimal prices. The second step bounds the Hellinger distance between these two
distributions. The third step summarizes.

Step 1. We construct two distribution functions. The first distribution is the uniform
distribution on the unit interval [0, 1]. We denote this density function as

) =1p,10).

The distribution function is F;(y) = y on the support [0, 1]. The revenue function under
this distribution is R; (p) = p(1 — p). The optimal price is

p1=argmaxR;(p) =argmax p — p2 =1/2.
pelo,1] pel0,1]

The second distribution function is a small twist of the uniform distribution. We use the
same perturbation function ¢y defined in (27).
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F1Gure 5. Density functions f; and f>.

We apply a small perturbation to the uniform density. Let 6 > 0 be a small number
(that depends on n) specified later. Let a € (0, 4 — 2C*). The formula of the density f is
given by

1, ifyeo,1/2—8),
ay—i—l—%—i—a&, ifye[l/2—8,1/2),
—1/2
fz(y)zl+a6d>y<y 5/ >= —ay+1+§+a§, ifye[1/2,1/2+26),

ay+1— g —3a5, ifye[l/2+28,1/2+35),

1, ify e [1/2+ 38, 1].

We compare the two densities f; and f» in Figure 5.
Denote the optimal price under f> by p,. By Lemma 3(ii), we have

|p2 — p1l > ad/8

when § is sufficiently small.
Step 2. We want to bound the Hellinger distance H (F;|F2). Define the function
W (t) = +/1+ t. Its second-order derivative is bounded when |¢| < 1/2; that is,

2
sup | (1)| < £
lt]<1/2 2

Since fi(y) =1, we have

1 J—
H(AIF2=1- qf(aadw(%)) dy
0

1
:/ \If(O)—\If<a6<;by<y _81/2>>dy.
0
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By the second-order Taylor expansion, we have

¥(0) —\I’<a3q,‘>y<y _51/2»

< —\I’/(O)a&py(y - 1/2> N ﬁazaz¢zy<y— 1/2).

s 4 B
By the construction of ¢y, we have

1 _
o (=2
0

By the change of variables u = (y — 1/2)/8, we have

1 - 0
f ¢§/<y 1/2>d)’=5f q’>§/(u)du§48/ (x+1)2dx=é5_
0 2 R -1 3

Combining these results together, we obtain a bound on the Hellinger distance

242
H(F||F2)% < Tfaza?

Step 3. By setting & = ¢;(3/8v2)/3a=23n=1/3 for ¢ € (0,1), we can ensure that
H(F,|F2) <1/(24/n). Previously, we assumed that aé < 1/2 for the second-order Taylor
expansion. This is true if ¢; is chosen to be sufficiently small. In this case, the separation
between p; and p» is lower bounded as below:

o7 3 \B g\ 13
— po|>ad/8=2(=— )
|p1 — p2|l = ad/ 16(@) (n)

By Lemma 4, we have

ch (3 13 7\ 113
inf sup E|py(datay) — pj;| > —<—> <—> .
ﬁUEZ:lee]-'U | U| 16 “/E n

Lastly, we want to lower bound the revenue. By Lemma 1, we have

RY(FY)= inf sup E|R(pu(datay), Fy) — R(p};, Fy)|
PueU FyeFU
L%

|pu(datay) — p?}\z}

> inf sup E|: >

IBUequé.FU
*

. C . «
> inf sup T{E[’PU(dataY)_pUH}z
]V?UEZ/{Fye.FU

2/3
(N .
~\n
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APPENDIX C: AUXILIARY LEMMAS

LEMMA 1. Let f be a function on [0, 1]. Assume that f is differentiable and its derivative
f’ is Lipschitz continuous. Let z* be a point in [0, 1] such that f'(z*) = 0.

(i) The derivative f’ is a.e. differentiable on [0, 1].

(i) Assume that there exists k1 > 0 such that f"(z) < —«k; for almost all z € [0, 1].
Then, for any z € [0, 1], we have

F@ =) 25 (=)

(iii) Assume that there exists ko > 0 such that |f"(z)| < k2 foralmostall z € [0, 1]. Then,
forany z € [0, 1], we have

K2 2
f@) - 1) = (- 2"
Proor or LEmma 1. For part (i), notice that a Lipschitz continuous function is abso-

lutely continuous. By Theorem 3.35 in Chapter 3 of Folland (1999), we know that f’ is
differentiable a.e. with

f(z1) = fl(z2) = /Zj f'(z)dz.
For part (ii), we can apply the fundamental theorem of calculus twice and obtain that
fz) - f(z%) =/ij’(2)d2
= /:(f/(zl) - f(z%))d=z

z

z 2
:/ / f(z2)dzodzy
z* Jz*

z rz1
< —Kj1 dzodz,
z* Jz*

where in the second line we have used the assumption that f/(z*) = 0, and in the last
line we have used the assumption that f”(z) < —«k; for almost all z € [0, 1]. The double
integral in the last line is equal to

z 71 z _ ¥ 2
/ / dzodz) = / (z1 — 2%)dz1 = %
z* Jz* z*

f@ =) = F-=)"

Therefore, we have

Part (iii) can be proved analogously. O
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Lemwma 2. For the uniform distribution on [0, 1], the revenue function R(y) = y(1 — y).
The revenue function is twice-differentiable with second-order derivative R"(y) = =2, y €
[0, 1]. The optimal priceis 1/2.

ProoFr or LEMMA 2. The proof is straightforward. O

LemMA 3. Recall the perturbation function ¢y defined in (27). Consider the following
density function:

1, ifye[0,1/2— ),

b
by +1-5+b3, ifyell/2-6,1/2),

b
—-1/2 —by+14+—-+4+b8, ifye[l/2,1/2+25),
f(y)zl+b5(f)y<y / ): b2 f
by+1—7—3b5, ifye(l/2+25,1/2+30),
1, ifye[1/2+36, 1],

0, otherwise.

Denote F as the corresponding cumulative distribution function, R(y) = y(1 — F(y)) the
revenue function, and p* = argmax, ) R(y) the optimal price. If C* € (0, 2), |b| <4 —
2C*, and & > 0 is sufficiently small, then the following statements hold:

(i) The density f is Lipschitz continuous.

(ii) The revenue function is twice-differentiable a.e. The second-order derivative is
bounded a.e. and satisfies that

—2f(y) —yf'(y) = —=C* foralmostall y.

(iii) For b > 0, the optimal price p* € (1/2—6,1/2—b8/8). For b <0, the optimal price
p*e(1/2—-b6/8,1/2 +28). For b =0, the optimal price p* =1/2. In particular,
p* is always an interior solution, and f is always differentiable in a neighborhood
of p*.

Proor oF LEmMA 3. For reference, we plot in Figure 6 the perturbation function ¢y
and the perturbed density f. Part (i) is straightforward. The density f is piecewise linear,
and hence, Lipschitz continuous with Lipschitz constant b. To verify the strong concav-
ity in part (ii), note that the corresponding revenue function R is continuously differen-
tiable and twice-differentiable a.e. on the support [0, 1]. Its second-order derivative

-2, if ye[0,1/2— 8],
—3by—2+b—2bs, ifye[l/2—6,1/2],
R'(y)==2f()—yf'(»)={3by—2—-b—2bs, ifye[l/2,1/2+25],
—3by —2+b+6b8, ifye[l/2+25,1/2+38],
-2, ifye(1/2+38,1].
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F1GURE 6. Perturbation function and perturbed density.

We can see that R” is piecewise linear, and hence, bounded a.e. We further show that R”
is bounded away from zero by . On the intervals [0, 1/2 — 8] and [1/2 + 3§, 1], we have
R’(y) = —2 < —C*. We check the remaining three intervals one by one. On the interval
[1/2 — 8, 1/2], the condition |b| < 4 — 2C* ensures that

b>0 = R'(y)<R'(1/2-8)=-b/2—-2+b6<—-C*,
b<0 = R'(y)<R'(1/2)=-b/2—-2-2b5<—C",

when § is sufficiently small. On the interval [1/2, 1/2 4 28], we have

b>0 = R'(y)<R'(1/2+28)=b/2—2+4b5 <—C%,
b<0 = R'(y)<R'(1/2)=b/2-2-2b5<-C",

when § is sufficiently small. On the interval [1/2 + 25, 1/2 + 36], we have

b>0 = R'(y)<R'(1/2+428)=-b/2—2<—C*,
b<0 = R'(y)<R'(1/2+38)=-b/2—2—3b5<—C*,

To summarize, we have shown that R”(y) < —C* a.e. on [0, 1] provided that § > 0 is
sufficiently small.

For part (iii), we first consider the case b > 0. We only need to consider the interval
[1/2 — 8, 1/2]. The reason will become clear later. The cumulative distribution function

b b b
F(y) = 5y2 T (1 -5 +b5)6y+ 5 (1/2— 8)?%, yell/2—5,1/2].
The revenue function

b b b
R(y)=—3y" - (1 -3 +b8>y2 + (1 -5 (/2= 6)2>y, yell/2-3,1/2]
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The marginal revenue
/ 3b 2 b 2
R()=-5y" - @2-b+2b8)y+1-2(1/2-8)% yell/2-8,1/2].

We evaluate the marginal revenue at two points 1/2 — § and 1/2 — %_5_ Wheny=1/2-5,
the marginal revenue

R(1/2—8)=8>0.

When y =1/2 — b§/8, the marginal revenue

R/(I/Z - @) L P
8 16

where we have omitted higher order terms involving 8. Therefore, R'(1/2 — %) is neg-
ative for sufficiently small 8. Since the marginal revenue R’ is strictly decreasing on
the entire domain [0, 1], we know that the only zero of R’ (which is the optimal price
p*) is within the region (1/2 — §,1/2 — %—5). Within this region, the revenue is twice-
differentiable everywhere.

Next, we consider the case b < 0. In this case, we only need to study the region
[1/2,1/2 4 28]. The cumulative distribution function

b b b b_ b
Fy)=—y*+(1+=+b5 R L 1/2,1/2 +28].
» Y +< +2+ )y+2 > 3 yel(l/2,1/2+20]

The revenue function

R(y)=y(1-F(y))

b 4 b ) b b, b
=y —(1+=+0b8 1+-—-8%°+=8)y, 1/2,1/2 +28].
5 <+2+ )y +<+8 5 +2>y yell/2,1/2 +20]

The marginal revenue
3b b b b
R'(y)= 7)12 —(2+b+2b8)y+ <1 + 3" 562 + 58), yell/2,1/2 +28].

We evaluate the marginal revenue at two points 1/2+ 6 and 1/2 — %—5. Wheny=1/2+5,
the marginal revenue

R(1/2+48)~—258<0,

where we have omitted higher order terms involving 8. When y = 1/2 — b§/8, the
marginal revenue

R/<1/2 — @> NLCh Py
8 16

where we have omitted higher order terms involving 82. Since the marginal revenue R’
is strictly decreasing on the entire domain [0, 1], we know that the only zero of R’ (which
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is the optimal price p*) is within the region (1/2 — 178—5, 1/2 4 8). Within this region, the
revenue is twice-differentiable everywhere.

Lastly, when b = 0, the density function is constant, and Lemma 2 shows that the
optimal price is 1/2. Therefore, regardless of the sign of b, the optimal price is always
an interior solution, and is in the interior of a region on which the revenue function is
twice-differentiable. O

LEMwMmA 4. Take xp € [0, 1]. Recall the following definition of wp(€) and wy(€):

wple)= sup {|ph(xo; F1) — ph(xo; F2)|: H(F1|F2) <€},
FI,F2€]:

wyle)= sup {|p}(F1) — pj(F2)|: H(F1|F2) <€}.
Fl,er}—U

Then

. . 1
inf  sup Ep, |Pp(xo; data) — pj,(xo; Fy,x)| = ng(l/(Z«/ﬁ)),
f)DeDFyyXe]-'

. . . 1
inf  sup Ep,|py(datay) — p},(Fy)|= ng(l/(Zﬁ)).
puel Fye FU

ProoF oF LEMMA 4. By treating pj,(xo; -) and pj;(-) as functionals, the desired results
directly follow from Corollary 15.6 (Le Cam for functionals) in Chapter 15 of Wainwright
(2019). O

LEMMA 5. Let {F{, x: 1< j<Mj}CF besuch that

HPE(F{/,X) - P*D(F{/,X) l,=28, j#J.
Then we have
M . )
S KL(F),  IF}.)/M? +log?

, . 2 o jrj=1
inf  sup E|pp(data) — p},(Fy x)||, >6°|1—
ppeDFy xeF H P ”2 log M

Proor oF LEMMA 5. The result follows from Proposition 15.12 (the Fano’s inequality)
and inequality (15.34) (convexity of the KL divergence) in Chapter 15 of Wainwright
(2019), where @ is taken to be the square function, p the L»-distance, and 6 the func-
tional p7,. O

LeMmwMmA 6. Consider the following function class:

{r,x) = (pLy = p} — pliy = pH)1{x € [k/K, (k+1)/K)}: p €0, 1]}.

Forany pe[0,1], K>1,and 0 <k <K — 1, the above class is a VC-subgraph with VC-
dimension no greater than 2.
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PrOOF OF LEMMA 6. By Lemma 2.6.22 in Chapter 2 of van der Vaart and Wellner (1996),
the class

{0, 0 ply= pi: pel0, 1]}

is a VC-subgraph with VC-dimention no greater than 2.1 The function (y, x) — pl{y >
p}is afixed function that does not depend on the index p. By the proof Lemma 2.6.18(v)
in van der Vaart and Wellner (1996), the class

{(y, x) > pl{y = p} — pliy = p}: p€l0,1]}

is a VC-subgraph with VC-dimention no greater than 2. Lastly, we multiply each func-
tion in the class by an indicator 1{x € [k/K, (kK + 1)/K)}. This does not increase the
VC-dimension. O

LEMMA 7. Let Zy, ..., Z, be an i.i.d. sequence of random variables from distribution P.
Let G be a class of VC-subgraph functions with VC-dimension v and envelope function G.
Assume that ||G||L,p) < oc. Then we have

Esup|— Zg(Z)—IEg(Z) <gy219lLar !/LEZ(P’ (log(2C) + log(v) + (log(16) + 3)v),
geg| M

for some universal constant C, where the Ly(P) norm |f — gllL,p) = (fX[f(x) —
g(x)12P(dx))?.

Proor or LEMMA 7. This is a well-known result in the literature. We include it here for
completeness. Let N(G, L2(Q), 7) denote the covering number of (G, L2(Q)). By Re-
mark 3.5.5 in Chapter 3 of Giné and Nickl (2015), we know that

Esup| Zg(X ) —Eg(X))
ge

1
<8f|| E/L_Z(P) i sup\/logZN(Q,Lz(Q),TIIGIILZ(Q))dT»
0

where the supremum is taken over all discrete probabilities with a finite number of
atoms. By Theorem 2.6.7 in Chapter 2 of van der Vaart and Wellner (1996), we know
that for any probability measure Q,

N(G, L2(Q), 7lIGllL,(0)) < Cv(16e)°(1/7),

for some universal constant C. Therefore,

1
/ sup \/logZN(Q, L2(0), TGl 0)) d7 <10g(2C) + log(v) + (log(16) + 3)v
0 Q

Then the desired result follows. O

14In the original statement of the lemma, the VC dimension is no greater than 3. This is because the
definition of VC dimension in van der Vaart and Wellner (1996) is the smallest number » for which no set of
n points is shattered. The definition we use in this paper is the largest number » that some set of # points is
shattered.
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