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Abstract

The goal of this thesis is to propose a new quantile regression approach
to identify and estimate the quantiles of the private value conditional
distribution in ascending and first price auctions under the Independent
Private Value (IPV) paradigm. The quantile regression framework
provides a flexible and convenient parametrization of the private value
distribution, which is not affected by the curse of dimensionality. The
first Chapter of the thesis introduces a quantile regression methodology
for ascending auctions. The Chapter focuses on revenue analysis,
optimal reservation price and its associated screening level. An empirical
application for the USFS timber auctions suggests an optimal reservation
price policy with a probability of selling the good as low as 58% for
some auctions with two bidders. The second Chapter tries to address
this issue by considering a risk averse seller with a CRRA utility
function. A numerical exercise based on the USFS timber auctions
shows that increasing the CRRA of the sellers is sufficient to give more
reasonable policy recommendations and a higher probability of selling the
auctioned timber lot. The third Chapter develops a quantile regression
methodology for first-price auction. The estimation method combines
local polynomial, quantile regression and additive sieve methods. It is
shown in addition that the new quantile regression methodology is not
subject to boundary issues. The choice of smoothing parameters is also

discussed.
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Introduction

Auction is a market institution involving strategic interaction and asymmetric
information that can be easily captured by a theoretical model. That is because
the primitives of the strategic model, such as the set of players, the rules, the
players’ objectives and the information structure, can often be well described. By
imposing some structure in the theoretical model, the economist is then able to
answer relevant questions regarding the players’ strategical behaviour and policy
recommendations. The cummulative distribution function (c.d.f.) that characterizes
the bidders’ underlying demand/willingness to pay and the game information
structure is however not observed by econometricians and policy makers because
bidders do not reveal their own private values. Such a distribution function is
therefore the key primitive of the game to be recovered. The goal of the structural
analysis is to investigate whether the auction theoretical model can impose some
restrictions on the observable data so that the underlying distribution of bidder’s
private value can be rationalized.

In the past 20 years, several researchers have proposed structural approaches
to identify and estimate the private values distribution. The first wave of
researches concerns parametric and semiparametric approaches that were proposed
to circumvent the complexities in the computation of the equilibrium bidding
strategy (See e.g. Paarsch (1992), Donald and Paarsch (1993, 1996), Laffont,
Ossard and Vuong (1995)). Some other works have proposed nonparametric
approaches to circumvent the misspecification bias that could arise from
parametric/semiparametric approaches (See e.g. Guerre, Perrigne and Vuong
(2000) and Haile and Tamer (2003)). Chapters 1 and 3 better describe the
previous literature and its corresponding drawbacks. The goal of this thesis is to
propose a new quantile regression approach to identify and estimate the quantiles
of the private value conditional distribution in ascending and first-price auctions
under the Independent Private Value (IPV) paradigm. The quantile regression
framework provides a flexible and convenient parametrization of the private value
distribution, which can cope with misspecifications and is not affected by the curse
of dimensionality. The latter can be indeed a potential estimation issue given the
importance of controlling for auction characteristics. Quantile has been recently
considered in the auction literature, see e.g. Haile, Hong and Shum (2003), Bajari

and Hortagsu (2005), Guerre, Perrigne and Vuong (2009), Marmer and Shneyerov
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Introduction

(2012), Guerre and Sabbah (2012), Enache and Florens (2012) and Zincenko (2013).
Quantile levels can be indeed useful for bidders and sellers. Bidders can use a
private value quantile level to benchmark their bids in order to achieve a prescribed
probability of winning the auction. For the seller, a key decision is the choice of
the reservation price. The quantile framework then allows to highlight the screening
level implied by the choice of an optimal reservation price, a policy characteristic
that has been mostly ignored by previous empirical approaches. As discussed in
Chapter 1 and 2, the optimal screening level in timber auctions are usually high,
leading to a low probability of trading, which can be inappropriate from a seller’s
point of view. The focus on the screening level can thus provide the seller a better
understanding about how reasonable and appropriate is his optimal reservation price
choice.

The first Chapter of this thesis describes a quantile regression methodology for
ascending auctions. Starting from the result shown in Athey and Haile (2002)
that the c.d.f. of the winning bids can nonparametrically identify the private
values distribution, I show that the private value conditional quantiles can then
be recovered by a transformation of the winning bid conditional quantile function.
A key stability property of the approach proposed is that a linear quantile regression
specification for the private value quantiles implies a corresponding linear quantile
regression specification for the winning bid quantiles, which then leads to simple
estimation methods for private value linear quantile specifications. In this first
Chapter, the quantile regression method developed by Koenker and Bassett (1978) is
used. The first main advantage of the quantile regression approach in the ascending
auction framework is that the private value conditional quantiles can be estimated
at a faster parametric rate independently of the covariate dimension. A second
advantage is that the entire distribution of private values, including the boundary,
can be recovered, which is potentially important for policy recommendations.
Several specification test are proposed as a contribution to the empirical auction
literature. In the end of the first Chapter, there is an empirical application of the
methodology using ascending timber auctions data from the United States Forest
Service (USFS).

The second Chapter of this thesis proposes a numerical investigation of the

optimal reservation price policy as the seller become more risk averse of not
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Introduction

selling the good. This is motivated by the findings in the empirical section of
the first Chapter that the optimal screening level when assuming that sellers are
risk neutral usually leads to a low probability of selling the auctioned timber lot.
This undesirable feature was due to a sharp increase in the private value conditional
quantile function, which may also be an indication of strong heterogeneity among
the bidders. The numerical experiment proposed shows that considering a constant
relative risk averse (CRRA) family of utility functions for the seller is sufficient to
achieve a resonable high probability of selling the auctioned good.

The third and last Chapter of this thesis considers a quantile framework for first-
price auctions under the IPV paradigm. It is shown that a linear specification for
the private value conditional quantile function generates a linear specification for
its bids counterpart, which then allows for simple and flexible estimation methods
for private value linear quantile specifications. This applies to standard quantile
regression models as discussed in Chapter 1 as well as to more flexible additive sieve
specifications. Both estimation methods can circumvent the curse of dimensionality
and hence are specially convenient to handle a large data set with several auction
covariates. The estimation method proposed is a combination of local polynomial,
quantile regression and additive sieve methods, which allows to estimate the private
value quantile function with the optimal rate of Guerre, Perrigne and Vuong (2000)
in the case of only one covariate. It is also considered the case of a higher level
of interactions among the variables. The estimation method proposed in this third
chapter allows to estimate all the quantile levels of the private value conditional
distribution without any boundary issue, that is, all bidders’ private values, including
the highest ones, can be recovered. This is an advantage in view of important
nonparametric contributions for the structural analysis of auctions that suffer from

boundary bias.
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1. Econometrics of Ascending Auctions by Quantile Regression

Abstract

This Chapter suggests an identification and estimation approach based on
quantile regression to recover the underlying distribution of bidders’ private values
in ascending auctions under the IPV paradigm. The quantile regression approach
provides a flexible and convenient parametrization of the private values distribution,
with an estimation methodology easy to implement and with several specification
tests. The quantile framework provides a new focus on the quantile level of the
private values distribution and on the seller’s optimal screening level, which can be
both useful for bidders and seller. The empirical application on timber auctions
suggests that using policy recommendations from seller’s expected payoff may be
sometimes inappropriate from a seller’s point of view due to the low probability
of selling the good. This seems to be an important issue specially in auctions with
strong heterogeneity among the bidders, since the seller has incentive to screen some
bidders by setting a high reservation price, which in turn leads to a low probability

of selling the good.
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1. Econometrics of Ascending Auctions by Quantile Regression

1.1 Introduction

In an auction theoretical game, the bidders’ private value cumulative distribution
function (c.d.f) is a key element for analysing the demand that a seller faces. Because
it is required for the computation of the seller’s expected payoff, its knowledge is
crucial for policy recommendation, as e.g. the optimal reservation price policy. The
issue here is that bidders’ private values are not observed, thereby their distribution
function is unknown for the econometricians and policy makers. In the past 20
years, several structural researches in auction theory have proposed parametric,
semiparametric and nonparametric approaches to estimate such a latent distribution
function.

The goal of this Chapter is to propose an identification and estimation approach
based on quantile regression to recover the private value conditional distribution in
ascending auctions. The identification strategy is developed for the Independent
Private Values (IPV) setup, but can also be extended for other paradigms. The
ascending auction is one of the most common design in practice and is especially
suitable for the identification of the private value distribution under the IPV
paradigm because, under mild assumptions, the transaction price equals the
second-highest private value. As a result, the private value distribution can be
nonparametrically identified through the winning bids distribution, as well known
from Athey and Haile (2002).

A first wave of researchers has focused on parametric identification and
estimation approaches. Paarsch (1992) and Donald and Paarsch (1993, 1996) have
proposed to estimate the parameters of the private value distribution via the method
of Maximum Likelihood (ML) using the winning bids of a button auction. In an
attempt to circumvent the difficulties that arise from ML methods, Laffont, Ossard
and Vuong (1995) suggested simulated method of moments based on the revenue
equivalence theorem, which can handle a larger class of auction mechanisms and
parametric models. A key observation of Rezende (2008) is that Laffont, Ossard
and Vuong (1995)’s approach carries over with drastic simplifications for simple
semiparametric linear regression models which can still be identified through the
revenue equivalence theorem. More recently, taking into consideration endogenous

entry and unobserved heterogeneity, Li and Zheng (2009) propose a semiparametric
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1. Econometrics of Ascending Auctions by Quantile Regression

Bayesian method to estimate the distributions of costs, entry costs and of the
unobserved auction heterogeneity. Athey, Levin and Seira (2011) also consider an
entry stage and adopt a parametric approach to estimate the distribution of the
unobserved heterogeneity. Roberts and Sweeting (2012) investigate parametrically
the relative revenue performance of a simultaneous outcry auction and a sequential
game when entry is costly and selective.

Some works have proposed nonparametric identification and estimation
approaches for ascending auctions in an attempt to circumvent the misspecification
bias of parametric ones. Athey and Haile (2002) have shown that the c.d.f of the
transaction price can nonparametrically identify the private value distribution. Haile
and Tamer (2003) identify bounds on the private value distribution for a model
of English auction in which bids are below bidder’s value. They also suggest to
use a median regression in the estimation as an alternative to the nonparametric
estimation method, but not really developed the idea.

Some other nonparametric approaches for first-price sealed-bid auctions have
been built on quantiles, starting from the insight of Haile, Hong and Shum (2003)
that the quantiles of the private value distribution can be written as a function
of the quantiles of the observed bids distribution and density function. Marmer
and Shneyerov (2010) have shown that adopting a quantile approach makes the
estimation of the private value p.d.f. easier from a technical point of view,
whereas Guerre and Sabbah (2012) go one step further by proposing to estimate
quantile function instead of p.d.f.. Marmer, Shneyerov and Xu (2011) proposed a
nonparametric approach to test for alternative models of entry by exploring variation
in the quantiles of the private value distribution due to competition. Enache and
Florens (2012) developed a nonparametric approach for third-price auctions under
risk aversion.

To my knowledge, quantile approaches have not been systematically and
throughly applied to ascending auctions so far. Although nonparametric approaches
have the advantages of being flexible in analysing the data at hand since no structure
is imposed on that, it has some disadvantages as the curse of dimensionality and
the need to choose for a bandwidth parameter. The curse of dimensionality can
be indeed a relevant estimation issue in view of important contributions to the

empirical auction literature such as Haile and Tamer (2003) and Aradillas-Lopez,
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1. Econometrics of Ascending Auctions by Quantile Regression

Gandhi and Quint (2013), which consider, respectively, 5 and 6 exlanatory variables
for a sample size of a few thousands at best. Hastie and Tibshirani (1990) give a
convenient example of the curse of dimensionality. Suppose that 1000 points are
uniformly distributed over a 5-dimensional unit cube and we wish to construct a
cube-shaped neighbourhood containing 10 observations, that is, 1% of the data.
The subcube is then required to have length 0.40, on average. If instead of 5 the
covariate dimension was set to 1, the length required in a similar exercise would now
be 1% of the covariate range, which is much smaller and then local than the 40% of
the 5 dimensional case. To improve accuracy of the estimates, is then required to use
kernels with very small bandwidths and far more observations. This suggests that
the bias in standard nonparametric approaches can be high considering the usual
auction sample sizes. By contrast, the quantile regression model used in this Chapter
can be in principle estimated with a parametric rate, independently of the dimension
of the covariate, and does not involve the choice of a smoothing parameter.

Addressing the curse of dimensionality is an important step to develop a
nonparametric framework allowing for many covariates. This is also a first step to
better capture unobserved heterogeneity by increasing the number of covariates in
a nonparametric framework. Specific quantile techniques have also been developed
to deal with omitted variables using instrumental variables, see Chernozhukov and
Hansen (2006) among others. Such approaches have natural sieve extensions which
could also fit in extensions of the framework studied here. Although not so clearly
related with the structure of auction data, quantile panel data estimation techniques
has provided important recent development, see eg Canay (2011) and Galvao Jr.
(2011). This suggests that nonparametric quantile approach could be much more
useful regarding unobserved heterogeneity than other nonparametric methods.

The quantile regression approach is also more flexible than many of the
parametric or semiparametric methods mentioned above. Indeed, the model includes
functional components that may be helpful to reduce the impact of misspecifications.
Compared to the semiparametric regression approach of Rezende (2008), quantile
regression is computationally more difficult to perform but delivers an estimation
of the full private value distribution, as needed for instance to derive an optimal
reservation price. As a consequence, quantile regression is probably better suited

for policy recommendations than a simpler regression approach. Also in the context
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1. Econometrics of Ascending Auctions by Quantile Regression

of policy analysis, the quantile regression approach allows to highlight the screening
level implied by the choice of a reservation price, a policy characteristic that has
been mostly ignored by previous empirical approaches. Based on data from the
United States Forest Service (USFS) timber auctions, the empirical application
suggests that pratical implementation of the optimal reservation price derived from
maximization of the expected payoff may lead to a low probability of selling the
auctioned good. This is due to a strong variation observed in the private value
conditional quantiles, which may then incentive sellers to screen bidders with low
valuation in the auction.

This first Chapter is organized as follows. Section 1.2 describes the ascending
auction considered, the quantile regression identification approach and a quantile
version for the seller’s expected payoff with a corresponding screening level
maximizer. Section 1.3 provides the estimation methodology and asymptotic results,
allowing for potential misspecifications. Section 1.4 presents some specification tests.
Section 1.5 provides an empirical application of the methodology proposed. Finally,
section 1.6 concludes the Chapter. The Appendix A of this thesis groups all the
proofs of the results achieved in this first Chapter, a description of the random
weighting bootstrap method used in two of the hypotheses tests and some Monte

Carlo experiments.

1.2 Ascending Auctions in a Quantile Setup

A single and indivisible object with some characteristics Z € R is auctioned to
I > 2 bidders through an ascending auction. The seller sets a reservation price r
prior to the auction that is the minimum price that he would be willing to accept.
Both the set of auction covariates X = (1,Z) and the number of actual bidders
I participating in the auction are common knowledge. The object is sold to the
highest bidder for the price of his last bid, provided that it is at least as high as the
reservation price r. Within the IPV paradigm, each bidder ¢ =1, , I is assumed
to have a private value v; for the auctioned good, which is not observed by other
bidders. The bidder only knows his own private value, but it is common knowledge
for bidders and sellers that private values have been identically and independently

drawn from a common c.d.f. F, (-|X,I) conditional upon (X,I), or equivalently,
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1. Econometrics of Ascending Auctions by Quantile Regression

with a conditional quantile function V («|X, I), a € [0, 1], defined as
VialX,I):=inf{v: F, (v|X,I) > a}. (1.2.1)

When the private value conditional distribution is absolutely continuous
with a probability density function (p.d.f) f,(:|X,I) positive on its support
[V (0|X,I),V(1|X,I)] € R+, as considered from now on, V («|X,I) is the
reciprocal function F, ! (o] X, T).

It is well known that u; = F, (v;]X, ), which can be viewed as the rank of
a bidder with private value v; in the population, is independent of (X, ) with
a uniform distribution over [0,1]. The IPV paradigm implies that the ranks w;,
1 =1,---,1I, are independent. In other words, the dependence between the private
values v; and the auction covariates (X, I) can be fully captured by the nonseparable
model

vi=V (WX, 1), u < Upy L (X, ). (1.2.2)

Therefore, bidders are identical up to the variable u;, which represents the bidder
1th’s position in the private value distribution.

The quantile regression approach, developed by Koenker and Bassett (1978),

restricts the quantile representation (1.2.2) to a regression specification, such as

V(| X, 1) = h (X (alI))

(1.2.3)
= h (0 (all) + Zm (alI)),

where h () is a given function, 7o (a|l) the quantile regression intercept and ~; («|I)
the quantile regression slopes. In the basic specification, & (+) is equal to the identity.
Note that in (1.2.3), both the intercept and the slope quantile regression coefficients
depend upon the rank « of the bidder in the population!. Therefore, changes in the
conditioning variables not only shift the location of the conditional distribution of
v, but may also affect its scale and shape. A shock on the covariate X may affect a
bidder with a low rank « in a different way than a bidder with a higher rank. Strong

variation of the slope and location coefficients, 71 («|I) and 7o (a|]), indicates large

IThroughout this chapter, the rank of the bidder can be interchangeably represented by a and
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1. Econometrics of Ascending Auctions by Quantile Regression

heterogeneity among the bidders. In the empirical section, the term ”heterogeneity”
will be used for brevity to indicate such a strong variation? in the private value
quantiles. As discussed later, taking into consideration such heterogeneity among
the bidders may have important implications for both seller and bidders.

We now turn to the assumptions of the model. In the considered ascending
auction, bidders raise continuously their prices and drop out of the auction as the

prices reach their valuation.

Assumption 1.1. The transaction price in an auction is the greater of the

reservation price and the second-highest bidder’s willingness to pay.

Assumption 1.1 is an assumption on equilibrium play. This assumption was also
used in Aradillas-Lopez et al. (2013) and, as noted in Athey and Haile (2002) and
Bikhchandani, Haile and Riley (2002), is compatible with the multiple equilibra
generated by the ascending auctions. It is for instance the result of the dominant
strategy equilibrium of a button® auction, which is a stylized version of an ascending
auction. Haile and Tamer (2003) use stronger assumptions concerning bidder’s
behaviour, which determine the joint distribution of all the bids. This is not needed
when using only the winning bid. This assumption would also hold approximately
in the context of Haile and Tamer (2003) if bidders do not use jump bids at the end
of the auction.

The ascending auction format is specially convenient for the identification
of the bidders’ private value distribution under the IPV paradigm® because,
under assumption 1.1 and a nonbinding reservation price, the latent private value
conditional distribution can be nonparametrically identified from the winning bid
conditional distribution. Such a nice feature will be considered in the identification
of the model.

2Note that heterogeneity and asymmetry are two concepts that should not be confused.
Heterogenity is concerned with the variation of 7 () across quantile levels «, while asymmetry
implies that different bidders can have different coefficients 7 («).

3In a button auction, bidders hold down a button to remain active while the price rises
continuously, releasing the button to drop out of the game, and the willingness to pay of the
losing bidders is learned from their drop out prices.

4In the case of affiliated private values, the private value conditional quantiles cannot be
nonparametrically point-identified. It is possible however to extend the methodology to identify
bounds on the private value conditional quantiles using a strategy similar to Aradillas-Lopez et al.
(2013).
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1. Econometrics of Ascending Auctions by Quantile Regression

The next two assumptions deal with the quantiles of the bidders’ private value

distribution:

Assumption 1.2. V («|X, 1) is strictly increasing and continuous on its support
V(0| X,I),V(1|X,1)] for all (X,I).

Assumption 1.3. The private value conditional quantiles has a quantile regression
specification
V (0l X, 1) = h (X7 (alD)). (1.2.4)

where h(-) is known by the econometrician.

Assumption 1.2 is usual in the quantile regression literature. Assumption 1.3
imposes correct specification of the private value conditional quantiles as necessary
for our identification results. This will be relaxed when studying estimation of the
model.

As shown in the next Lemma, the rank « of a bidder in the population has a
direct relationship with his probability of winning the auction, so that estimating
V («| X, I) can then be used as a benchmark for bidders interested in increasing their

chance of winning the auction®.

Lemma 1.1. Under the IPV paradigm and assumptions 1.1-1.2, a bidder with

private value V (a| X, I) wins with probability o ~1.

The proof of Lemma 1.1 is given in Appendix A.1 of this thesis, which also groups
the proof of all the results stated in this Chapter.
Define
Uy () =1t — (I - 1)t

and let B (a|X,I) be the a-quantile of the winning bids conditional distribution
given (X,I). It follows from Athey and Haile (2002, equation (5)) that
Uy (F, (-] X, 1)) is the distribution of the second-highest private value, which is equal

to the winning bid. This gives the following cornerstone quantile identification result.

5Consider e.g. a procurement auction: if a bidder can estimate and target a low quantile a
of the private cost distribution, he can then work on his technological capacity to decrease his
production cost and be able to offer a lower price for the buyer, thereby increasing his probability
of winning the auction.
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1. Econometrics of Ascending Auctions by Quantile Regression

Lemma 1.2. Under IPV and assumptions 1.1-1.2, for each I and o € [0, 1],
Vi(a|X,I) =BV (a)|X,1). (1.2.5)

Lemma 1.2 shows that the private value conditional quantile function can be
nonparametrically identified by the conditional quantile of the observed winning
bid. Before introducing the quantile regression identification result, we require the

following assumption for the auction specific covariate X = (1, Z):

Assumption 1.4. The auction specific variable, Z, has dimension P, with a

compact support in Z C (0, +oo)P and a nonempty interior.

Assumption 1.4 ensures that if zvy; = z7s, for all x € X, thus 73 = 7, and is

necessary for the quantile regression identification below.
Lemma 1.3. Under IPV and assumptions 1.1-1.4,

(1) There exists, for each o € [0,1], a vector of coefficients B («a|l) such that
B(alX,I) = h(Xp(all));
(i1) B (a|l) is uniquely defined and satisfies
(Y (a)|I) =~ (all). (1.2.6)

Result (i) in Lemma 1.3 is a stability property of the quantile regression
specification, which is a consequence of Lemma 1.2. Indeed, Lemma 1.2 shows
that the winning bid quantile function admits the same specification that the one
postulated for the private values, but for a transformed quantile level. Lemma 1.3-
(ii) gives the identification result of the quantile regression approach. It shows that
the coefficient 7 (-|I) of the private value conditional quantile function is identified
through the coefficient § (:|I) of the winning bid conditional quantile function, but

evaluated at a different quantile level Wy (+).
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Dependence upon Bidders Participation

It is assumed for now that the private value distribution is conditional upon the
number of bidders I participating in the auction. Although standard in many
econometric works as Guerre, Perrigne and Vuong (2000) among others, conditioning
on I is not usual in theoretical auction models, see e.g. Krishna (2010). This
choice can be however motivated by the three following reasons which consider
either unobserved heterogeneity or an entry stage.

A first setting of interest is unobserved heterogeneity. Instead of the observed
X, the bidders use an auction characteristic (X, X,,) which includes a component
X, that is not observed by the econometrician. Hence, the private value quantile
relevant for policy analysis is V (a|X, X,), which cannot be estimated without
further assumption. It can be for instance assumed that the actual number of
bidders depends upon the auction characteristic, that is I = I (X, X,), in a way
that fully captures the impact of the unobserved characteristic, i.e. V (| X, X,) =
V(| X,I(X,X,)) so that the conditional quantile V (-|X,I) is fully relevant for
policy analysis purposes.

A second motivation is given by the recent econometric literature on entry, see
Gentry and Li (2012), Li and Zheng (2009) and Marmer et al. (2011). These
models consider a two stage game, where the first stage is entry and the second
stage is the auction game. The structural parameter is the joint distribution of the
private values and signals given the characteristic X, which is used in the entry
stage of the game. The second stage involves an actual number of bidders I, who
have decided to participate in the auction, and the conditional quantile V' (-| X, I) of
private values given X and I. A key contribution of the aforementioned econometric
literature is that the structural parameter is identified from I and V (-| X, I), so that
estimation of the model can be performed through estimation of the conditional
c.d.f. or quantile of private values given X and I.

A third motivation notes that, whereas the reality of the auction is physically
clear, the entry stage of the game described above may have a more conceptual
nature. Therefore, in some cases, the importance of a entry stage is an assumption
that should be tested by investigating whether V (:| X, ) depends indeed upon I.
A test built on the null hypothesis of independence, i.e. V (-|X) = V (:|X, 1), is
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proposed in section 1.4 and then applied in the empricial section.

Optimal Reservation Price

Consider a binding reservation price set by the seller, i.e. r(X,I) €
[V (0|X,I),V (1|X,I)]. The reservation price thus plays the role of a screening
level in the auction since bidders with V (a;|X, 1) < r(X,I) are prevented from
participating in the game. Let a, be the screening level in the private value
conditional distribution, i.e. «, issuch that r (X, ) =V (a,|X, I). It thus represents
the percentage of bidders in the population that are not participating in the auction
because of a low valuation. Note that the auctioned good will not be sold if all the

players have valuation below r (X, I), which implies that the probability of trading
I

is 1 — a,.. Therefore, for a given I, the probability of trading decreases with the
screening level ..

Let the seller’s payoff be defined as
T (r(X,1)) =b,l (b, >7r(X,I)) 4+ v (X)(1—=1(b, >r(X,I))), (1.2.7)

where b,, is the winning bid and vy (X) the seller’s private value®. In what follows,
let v9 = v9(X) and r = r(X,I). The following proposition gives a quantile
version for the seller’s expected payoff, a candidate for the optimal screening level
af = o (X, I,vg) and the corresponding optimal reservation price V (af| X, I). Let
IT (| X, I,v9) be the seller’s expected payoff given (X, I) when the screening level

is ay.
Proposition 1.1. Under IPV and assumptions 1.1-1.2,
(i) the seller’s expected payoff is
I (| X, I, 00) = voal + V (| X, 1) Ial ™ (1 — o)

+I(I-1) /1 V(a|X, ) a2 (1 - ) da, (128)

where vy is the seller’s private value;

5The seller’s profit is given by his payoff minus his private value. We will focus our analysis on
the seller’s payoff.
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(i1) The optimal reservation price V (| X, I) satisfies
V(a1 X, 1) = VWD (a2 X, 1) (1 — ) = vy, (1.2.9)
where VWY (a¥| X, I) is the private value quantile density’ function.

Equation (1.2.8) in Proposition 1.1 gives the seller’s expected payoff in a quantile
setup. It differs from the expression given in Riley and Samuelson (1981, Proposition
1) because it does not involve the private value conditional density. It is nevertheless
convenient for estimation purposes because, in a nonparametric setup, V (-| X, I) can
be estimated in a faster rate than V) (-| X, I). Equation (2.2.3) is the first-order
condition (FOC) associated with the maximization of the seller’s expected payoff and
represents a quantile version of a well known formula that states that the optimal
reservation price satisfies 1 — F, (r*| X, I) — (r* — vo) f, (r*| X, I) = 0, see Krishna
(2010, p.23), Riley and Samuelson (1981, Proposition 3) and Myerson (1981). An
interesting implication of (2.2.3) is that when V (a|X, I) does not depend upon [
the optimal reservation price V («f|X) and the optimal screening level o also do
not depend on I, as well known from the aforementioned reference. In addition,
since VW (| X, I) > 0, it is clear that a > ag, where vy = V (ap|X, I). That is, the
optimal reservation price is above vy.

Although equation (2.2.3) in Proposition 1.1 gives a closed form to estimate
the optimal reservation price V (| X, I), it involves an estimation of the quantile
density function V) ({|X,I). It is, therefore, better to maximize an estimation
of T (a,| X, I,v0) to get @ than to solve an estimation of the quantile FOC®. To
estimate the seller’s expected payoff, we first estimate V' (-| X, I') by using the quantile
regression methodology proposed in the next section and then apply numerical

integration via a trapezoildal rule over a grid of quantiles A = {ay, a9+, ax}’ to

"The quantile density function is defined as the derivative of the quantile function with respect
to a, i.e. VU (a| X, 1) =0V (a| X, 1) /0 =1/ f, (V (a| X, ) | X, ).

8Li, Perrigne and Vuong (2003) have also used the same strategy to estimate the optimal
reservation price in the case of affiliated private values, which includes the IPV as a special case.
They define such a strategy as semiparametric, since the optimal reservation price is obtained
as the maximizer of an estimated expected payoff in which the distributions and densities were
nonparametrically estimated in a first step.

91n the empirical application, the grid of prescribed quantiles used for this numerical integration
is A ={0.12,0.14, - - - ,0.80}.
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estimate the definite integral in (1.2.8). The optimal screening level & is then chosen
over A such that II (o, X, I, v9) is maximized, where the latter is an estimation
of Il (a,| X, I,v09). As mentioned above, when V (-|X) = V (-|X,I), the optimal
screening level does not depend upon I. In the empirical section, this case is

considered and @ is therefore estimated by maximizing an aggregate I (| X, vg),

ie.
7 ~
ar :argmaxZH(ar|X,],vo)L1/L, (1.2.10)
1=2
where {2, e ,7} is the support of I, L; is the number of auctions in the sample

with [ bidders competing and L the total sample size. The intuition here is that
aggregating over I may potentially give a better estimation a;.

A comparison of the quantile regression estimation methodology with a
nonparametric alternative is also presented in the end of the empirical section.
For the nonparametric approach, the conditional distribution of private values
is used instead of their quantiles. Consider that P(vy.; <7|X,I) = F!(r|X, 1),
P(vr gy <r<wvpX,I)=F, (r|X,I)— F' (r|X,I) and

E w1 I(r <wvr_1g)| X, I] = / v fy,, (V| X, I)dv,
where Fy, (-|X,I) and f,, (1| X, 1) are, respectively, the c.d.f. and p.d.f. of the
winning bids conditional on (X, ). From the proof of Proposition 1.1, the seller’s

expected payoff can be then written as

I (r|X, I,v) = voF) (r|X,I) +r (F, (r|X,I) — F (r|X, 1))
ol (1.2.11)
—l—/ v fp, (V| X, I) dv.

To estimate II (r|X, I, vy), we first estimate the winning bid conditional c.d.f. and
p.d.f., then apply the transformation ;' (-) to find the solution of E,(-1Z,1) =
vt (ﬁbw (|2, 1 )) and estimate the integral term using numerical integration as

above. The winning bid conditional c.d.f. and p.d.f can be nonparametrically
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estimated! via

R = S T(I = 1)1 (by, < by) K <—ZEZZZ>
B (bulZ, D) = . _ (1.2.12)
L[hP 2 L= K ( hZ€>
and
] iy L L = D1 (b, < b K (52)
Pz = B (1.2.13)

T i H([ZZUK(Z;_ZZZ) ,

where K (u) is a kernel function and hy a vanishing bandwidth. In the estimation,
a triweight kernel, K (u) = 22 (1 — u?)* I (|u| < 1), is considered and the bandwidth
parameter is computed using the rule A} = O'ZZLI_I/ ° as suggested by Silverman
(1998), where o, is the standard deviation of the corresponding variable Z. In the
case that F, (-|X) = F, (-| X, I), the estimated private values conditional distribution

is then aggregated over I via

=Y "F,(|Z,1) L;/L. (1.2.14)

1=2

Note that it is not necessary to compute ]?v (1|/Z) in the approach described above.

It is nevertheless possible to estimate the optimal reservation price using
L= F, (r°|2) = (r* = w0) fu (r°|12) = 0,

where f, (-|Z) is also aggregated over I as in (1.2.14). Lu and Perrigne (2008)
have used the same strategy as above to estimate F, (-|Z,I) and f, (:|Z, ) in their
risk aversion analysis. They however assume that F, (+|X,I) depend upon I and

therefore do not aggregate the c.d.f. and p.d.f. over I.

ORecall that X = (1,Z). Therefore, the constant term will not be considered in the
nonparametric approach.
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1.3 Estimation Methodology and Asymptotic

Properties

Consider independent and identically distributed observations (b, Z¢, £ = 1,..., L),
where b,,, is the winning bid at auction ¢, and Z, a specific characteristic of the good
auctioned in auction ¢. Let X, = (1, Z;) € X be a row vector of dimension P + 1

and X = {1} x Z. Define L; as the number of auctions with I players,

Ly=) (I, =1

for I € J, where J is a bounded subset of {2,3,...}.

The following assumption concerns the variables in our model:

Assumption 1.5. The wariables {ly, Xo, vy, i =1,2,... Ip,0=1,...,L} are
independent and identically distributed. Conditional on (Xy, I,), the private values
vie are independent with common c.d.f. F,(:| X 1) and a density function

fo (-1 X¢, Ip) bounded away from zero.

Assumption 1.5 implies that each auction is independent and that, within an
auction, the IPV paradigm holds. Note that we do not assume that I, is independent
upon X;. Recall that V (+| Xy, I;) = F, ' (+| Xy, I).

Assumption 1.3 from the preceding section was considering a correct specification
of the private value quantile regression model as necessary for identification. This
is not requested in our estimation setup and Assumption 1.6 below, which does not
assume a correct specification and considers instead the function A (-), will be used

instead of Assumption 1.3.

Assumption 1.6. The function h (t) used in the private values regression model is

a given continuous, monotonically increasing and twice differentiable function.

We are interested in studying two special functions to characterize the bidders’

private values: the identity function h(t) = ¢ and the exponential function
h(t) =exp(t).
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Consider the winning bid b,,, at the auction ¢, ¢ = 1,--- | L, which is the amount
paid by the winner. From the quantile regression identification result (1.2.6) in

Lemma 1.3, v (a|]) can be estimated through

~

Y (all) =B (s () |1).
I propose to estimate the winning bid quantile regression population parameter
B (a|I) via the method of quantile regression,

Ly

~ ) 1
B(all) = argmin - ;H(Iz = 1) po (bu, — h (XiB))

where p, (1) = u (o — I (u < 0)) and I is a compact subset of RP. In other words,

1

Ly
3 (a|l) = arg min i > 1o =1) puya) (b, — 1 (Xe7)). (1.3.15)
/=1

In what follows, let

Ly
Q0101 = 1 S T = 1) pua) (ba, — h (Xi)
/=1
and
Q@la 1) = Q7 (all) | I) = min Q (v]ax, 1) (1.3.16)

be the population, the empirical and the optimized quantile regression objective
functions. I will denote the first and second derivatives of @ (y|a, I) with respect
to v respectively by Q. (y|a, I) and Q. (y]a, I), whereas AV (+) and h? (-) will be
respectively the first and second derivatives of h (-).

In the case of a misspecified model, 7 («|I) is expected to converge to a pseudo-

true private value quantile regression coefficient defined as

¥ (aI) :argng%lQ(vla,I), (1.3.17)
Y
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where the expectation is taken with respect to the true model distribution. In what

follows, it is assumed that the considered pseudo-true values are uniquely defined.
Theorem 1.1 gives the asymptotic distribution of the private value quantile

regression estimator (1.3.15). Its proof relies on arguments sketched in Newey and

McFadden (1994) for estimators optimizing non smooth objective functions.

Theorem 1.1. Under assumptions 1.1-1.2, 1.4-1.6 and if v* (a|I) from (1.3.17) is

an inner point of T',

VL G (@|I) = v (1)) -5 N (0,Q:1 (v|a, 1) T ([, ) Q51 (v*|ev, 1))
where

Tl 1) = E B, (h(X3" (alD) X, 1) = 291 (a) B, (A (X5" (al D) X, 1)

0, (a)2}h(1) (X~* (1))’ X’X\I]
and

Qry ('l 1) = E [fo, (0 (X~" (al1)) [, 1) b (X" (l1))* X'X]1] +
E (B, (h (X" (al1))|X, 1) — ¥ (a)) b (X" (a] D)) X'X]1]

F, (| X, 1) = VU (F,(:|X, 1)) and fp, (-|X,I) being the c.d.f. and p.d.f. of the
winning bids given (X, ).

Although « («|I) is a parameter of the private value distribution, the asymptotic
variance of 4 (a|l) in the Theorem is computed using the winning bids distribution.
Note that if the model is correctly specified, then ~*(«a|l) = ~(a|l) and
Fy, (h(X~* (a|I)) | X, I) = ¥} (), so that

J (yle, I) = Wr () (1= ¥; () E [2Y (X7 (al1))* X'X|1],

and

Qv (Ve 1) = E [fo, (B (X (ol 1) X, 1) BY (X (o] 1))* X'X|1] .

The asymptotic variance of the quantile regression estimator can be estimated

using techniques described in Koenker (2005). The applications considered here
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uses bootstrap inference and for this reason the variance estimation aspects are not
detailed.

If the private value distribution is independent upon I given X, then

7" (all) =argminE [py,(a) (b — 1 (X7)) 1]
=argmin B | py;(a) (bw = 1 (X7))]

=7" (@),

which opens space for a potential improvement in the estimation efficiency since
samples with different number of bidders I, can be pooled, increasing the sample

size to L > L;. This therefore leads to consider

7 (o) = arg min Q (7]a), (1.3.18)
where
Q(1]e) = Zp% (@) (b, = B (X))
Let

7" (@) = argmin @ (v]a) where @ (yla) =E [pw1(a) (b = h (X7))] -

The following Corollary gives the asymptotic distribution of the pooled quantile

regression estimator.

Corollary 1.1. Under assumptions 1.1-1.2 and 1.4-1.6,
~ * d — * * - *
VLA (@) =7 () =5 N (0,Q5 (v|e) ] (v|e) Q31 (") ,

where v* (o) = argmin,er Q (v|v), with Q (y|la) = E [@ (’y|a)}, is the pseudo-true
private value quantile regression coefficient,

J(le) = E[{F, (h(Xy" (@)X, 1) =29 () By, (h (X7 (@) |X, 1) + ¥ ()"}
x W (X" (@)* X'X]
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and

Qv (1'10) = E [y, (h (X" () |1X. D) O (X7 () X'X] +
E (B, (h (X" (a))|X.1) = ¥; (a) A® (X7" (a) X'X]

F, (| X, 1) =V (F, (:|X)) and fy, (| X, I) being the c.d.f. and p.d.f. of the winning
bids given (X, 1).

Since L can be substantially larger than L;, Corollary 1.1 suggests that 7 («) can
considerably improve on 7 («|I) when the private values distribution is independent
from I given X.

The regression specification of Rezende (2008)!! can offer another interesting
source of improvement under special conditions. Assume for instance that, for h ()
as in Assumption 1.6,

vie = h (Yo + Zey + i) (1.3.19)

where the g; are i.i.d. and independent of (Zy, I;). In this case the conditional

quantile function of the private values is
V (a]Z) = h (v (a) + Z71) where v (o) =70 + FZ ' (). (1.3.20)

For such specification, pooling over a can improve the estimation of the slope
coefficients v, as proposed by Zou and Yuan (2008) with the Composite Quantile
Regression (CQR) estimator
1ol

Jogr = arg - min oo kZ{Z KZ1 Py, (ar) (bw, — B (Yo + Ze%))}, (1.3.21)

Y0,15---70,K 71 1

where Joqr = (3o (1), .-, (ax), ) and ap € [0,1], k = 1,..., K, are some
quantile levels. Zou and Yuan (2008) have shown in particular that the CQR
estimator can improve on least squares estimation. That estimator is asymptotically
normal with a limit variance that can be derived with arguments similar to the ones

used in Theorem 1.1. However, implementing this strategy with the considered

HFor simplicity of notation, it is assumed independence of the private value distribution upon
I
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auction dataset has led to a rejection of the correct specification of (1.3.20) (that
is, a rejection of v () = v, for all retained «ay,) so that the limit distribution of the
CQR estimator is not detailed here for the sake of brevity.

1.4 Auction Hypotheses Testing

The estimation methodology developed above enables us to investigate some
interesting questions for the empirical auction literature that are grouped in the
following three hypotheses tests: exclusion participation restriction, functional form
of the private values conditional quantile function and constancy in the impact of
the auction characteristics across the private values distribution. In what follows,
A = {aq, -+ ,ak} is a set of prescribed quantile levels used in the considered test

statistics.

Testing the Exclusion Participation Restriction

As discussed in section 1.2, testing the condition V (:|X,I) = V (:|X) gives
indication about potential unobserved heterogeneity or presence of a entry stage
in the auction game. An important policy implication of that condition is that
the optimal reservation price is also not dependent upon the number of actual
bidders I as usual in the auction literature. In addition, as discussed in the previous
section, the exclusion participation restriction enables a potential improvement in

the estimation efficiency. The considered null and alternative hypotheses are

Hy : v (o) =7"(a) forallao e Aand I €7
H; : not H,.

Note that even if V (-|X,I) differs from h (X~ (-|I)), i.e. the function h (-)
is misspecified, the pseudo-true coefficients still satisfy ~+*(:[/) = ~*(-) when
VX D) =V (IX).

A simple way of testing the null hypothesis above is via a Wald test, jointly for
all the coefficients and quantile levels. However, the latter involves standardization

of the test-statistic by the variance-covariance matrix of the coefficients, which in

33



1. Econometrics of Ascending Auctions by Quantile Regression

turn involves estimation of the unknown density function of the random errors.
The estimation of the latter requires either a bandwidth choice (see Powell (1991))
or bootstrap resampling methods (see Buchinsky (1995)). Some preliminary
experiments had suggested that an alternative strategy as described below may
give better results.

A strategy similar to a maximum likelihood ratio test can be implemented to
avoid the estimation of the variance-covariance matrix. Let Q (J]o) represents the

optimized pooled objective function, i.e.
@ (la) =Q (7 (@) o) =minQ (v]a)

and @ (7|, I) the optimized individual objective function as defined in (1.3.16).
Under the null hypothesis of independence, Q (y|a) = >,y Q (v|e, I)IP(I). This
leads to consider the distance metric statistics in the terminology of Newey and
McFadden (1994), or the M-statistic in the terminology of Rao and Zhao (1992),

Mg = Q (Ala) =Y Q (Rlo, I) Ly/L. (1.4.22)

Iej

In the application, the critical values and p-values of tests based on (1.4.22) will be
calculated using the random weighting bootstrap method proposed by Rao and Zhao
(1992), Wang and Zhou (2004) and Zhao, Wu and Yang (2007), which is detailed in
the Appendix A.2. Appendix A.3 describes a Monte Carlo experiment of the test of

exclusion participation restriction and its corresponding rejection probabilities.

Choice of Specification for the Bidders’ Private Values:

Linear versus Exponential

As mentioned earlier, we are interested in choosing between a linear or exponential
function for the quantile regression specification (1.2.4).  While the linear
specification is apparently more popular and simpler to estimate, the exponential
specification delivers positive private values, which may not be the case of a linear
one. Both models may be also misspecified for the data at hand. An additional

difficulty is that the retained specification must be valid for several quantile levels.
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This section thus proposes a test to investigate which of the two model specifications
has a better measure of fit for a prescribed range of quantiles.

There is a extensive literature on testing hypotheses for model selection and
goodness of fit. See e.g. Koenker and Machado (1999) for nested quantile regression
models, White (1982) for conditional mean analysis, Zheng (1998), Horowitz
and Spokoiny (2001) and Whang (2006) for parametric against nonparametrics
alternatives.

Considering model selection and non-nested hypothesis testing, Vuong (1989)
has proposed likelihood ratio tests using the Kullback-Leibler (1951) information
criterion, which measures the distance between a given distribution and the true
distribution function. The best model among a collection of competing models is
defined to be the one that is closest to the true distribution. The tests are derived
for cases in which the models are non-nested, overlapping, or nested and whether
both, one, or neither is misspecified. The null hypothesis is the equivalence of the
two specifications, i.e. the two specifications are at the same distance of the true
distribution function, although dominance can also be considered.

Based on the insights of Vuong (1989), the test proposed in this section leads to
compare the population objective function measures of the linear and the exponential
models. Let the population objective functions under the previous two models be

defined respectively as

QL (7|O‘7 I) =K [p\lfz(oc) (bw - X’V) |I]

and
Qr (vle, I) = E [pu(a) (bw — exp (X)) ] .

Define the pseudo-true private values quantile regression coefficients as 7 (a|l) =

arg min.er Q; (7|, I) and the infimum of the population objective functions as
Qi (vl 1) = Q5 (3] (all) o T) = inf Q; (], 1)

where j = E,L.
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The next set of hypotheses considers dominance of the exponential specification:

Hy : Qe(gla, ) —Qu(vfila, 1) <0 forala e Aand I €7
H, : not H,,

which in turn motivates the following test statistic:

Vuong = /Ly sup (@E (Felev, I) — O, (i, 1)) . (1.4.23)
ac

Note that exchanging Qr (Ji|a, I) and Qr, (3 |a, ) in (1.4.23) gives a test statistic
for dominance of the linear specification.

In the application, the critical values and p-values of the test based on (1.4.23)
will be computed by the pairwise bootstrap method in each original subsample L;'2,
i.e. samples of the (Xj,b,,) pairs are drawn with replacement from the L; pairs
{(X¢,by,) : £ =1,--- L} of the original subsample, each with probability 1/L;.
Appendix A.3 describes a Monte Carlo experiment of the specification test above

and its rejection probabilities.

Constancy of the Slope Coefficients

In this section, we investigate the impact of changes in the auctioned good
characteristics across the entire distribution of private values. Consider the private
values conditional quantile specification given in (1.2.3), where the vector v, (a|])
groups all the slope coefficients, excluding so the intercept. The hypothesis of
interest is that v, (a|I) does not depend upon «, in which case the model (1.2.3)
with h (t) =t is the regression model of Rezende (2008).

The null and alternative hypothesis considered in this test are therefore:

Hy @ vi(all)=~1(I) forala € A and I €7
H1 : not Ho.

12This form of bootstrap is also known as (X,Y)-pair bootstrap method and has been widely
used in the quantile regression literature.
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Define the CQR empirical objective function as

K
Qcar (Yogr| ) = Z{ ZP% (ar) (bw, = B (Yo + Zz%))}
k /=1

Under the null hypothesis, the CQR population objective function equals the
average of the individual objective functions over the set of prescribed quantiles
A = {ayq, -+ ,ax}. The test statistic proposed here will be constructed as in the

test of exclusion participation restriction by using the M-statistic defined as follows

K
Mogr = L [QCQR (Veqrll) — Z Yo, I ] , (1.4.24)

k:

where @CQR (Fcqrll) is the optimized CQR objective function.

The critical values and p-values of tests based on (1.4.24) will be calculated
using the random weighting bootstrap method as described in the Appendix A.2.
A Monte Carlo experiment for the test of constancy of slope coefficients above and

the corresponding rejection probabilities are given in the Appendix A.3.

1.5 Empirical Application

In this section, we illustrate empirically the methodology proposed in this first
chapter using data from ascending timber auctions run by the USFS. Timber
auctions data have been used in several empirical studies, see e.g. Baldwin, Marshall
and Richard (1997), Haile (2001), Athey and Levin (2001), Athey, Levin and Seira
(2011), Li and Zheng (2012), Aradillas-Lopez, Gandhi and Quint (2013), Li and
Perrigne (2003) and others. Some other works have investigated risk-aversion on
timber auctions, as e.g. Lu and Perrigne (2008), Athey and Levin (2001) and Campo,
Guerre, Perrigne and Vuong (2011).
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The Timber Auction Data

The data set used here is publicly available on the internet!3. It aggregates ascending
auctions from the states covering the western half of the US (regions 1-6 as labeled
by the USFS) occurred in 1979. It contains 472 auctions involving a total of 1175
bids and a set of variables characterizing each timber tract including the estimated
volume of the timber measured in thousand of board feet (or mbf) and its estimated
appraisal value given in Dollar per unit of volume. The latter measures how much
the tract worths at the present time, taking into consideration a combination of
factors as volume of each specie, quality and marketable price. Only scaled sales are
considered, in which bids are per unit of timber. Therefore, winning bids are given
in Dollar per unit of volume.

The government conducts a cruise of the timber tract prior to the auction and
publishes a report with the characteristics of the tract uncovered by the cruise. The
reservation price is announced prior to the auction and equals the appraisal value
of the tract'*. The auction is conducted in two rounds: in the first round, bidders
submit sealed bids'® that must exceed the appraisal value of the tract to be qualified
for the auction; in the second round, bidders compete in an ascending auction.

Table 1.1 gives some descriptive statistics about the dataset. The auctioned tract
displays significant heterogeneity in quality and size. The mean of the variables are
all above the median, indicating tailored marginal distributions. In particular, the
marginal distribution of winning bids is highly positive skewed. In the dataset, the
number of actual bidders I takes values 2 and 3, with I = 2 more than 50% of the
cases. Table 1.2 provides the results of a median regression analysis of the winning
bids on the timber appraisal value per mbf and the volume. Lu and Perrigne (2008)
performed a mean regression analysis and concluded that the estimated appraisal

value and the volume of the timber are the variables that better explain the winning

13The same dataset was used by Haile and Tamer (2003), Lu and Perrigne (2008) and
Aradillas-Lopez et al.  (2013), and it is available at the JAE Data Archieve website:
http://qed.econ.queensu.ca/jae/2008-v23.7 /lu-perrigne/

14Tt is well known that the screening effect of the appraisal value in timber auctions is almost
negligible, being plausible to consider that the reservation price is nonbinding. See e.g. Campo,
Guerre, Perrigne and Vuong (2011), Haile and Tamer (2003) and Aradillas-Lopez at al. (2013).

5 Note that the bids in the first round are not proper bids, but a proposal to be qualified for
bidding in the second round.
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Table 1.1: Summary Statistics

Winning Bids Appraisal Value Volume Number of Bidders

Mean 129.17 72.34 3,171.10 2.49
Std. Deviation 119.76 52.92 4,418.20 0.50
25% 59.13 24.47 294 2
50% 113.81 68.38 967 2
75% 172.53 111.25 4,724 3
Min 0.30 0.25 12 2
Max 1,981.50 219.58 24,800 3
Skewness 8.16 0.44 1.99 0.04
Observations 472 472 472 472

bid’s variability. Both variables are also highly significant in the median analysis,
which can be seen by the coefficient of determination R, at the median quantile!®.
For this reason, we shall consider a two-dimensional vector of covariates Z grouping

both the appraisal value per mbf and the volume of the timber!?.

Table 1.2: Winning Bids

Variable Coefficient Std. Deviation t-value p-value
Constant 111265 3.8554 2.886  4.08E-03
Appraisal Value — 1.2873" 0.0505 25.514  0.000
Volume 0.0029™" 0.0008 3.503  0.0005
Ros 0.4159

Significance level: * 10%, ** 5% and *** 1%.

Results

The choice of the set of prescribed quantiles A = {ay, - -+ , ax } used in the tests is an

important issue. It would be ideal to estimate all the quantiles of the private values

16The coefficient of determination is given by
Q (Bo. 51, Bala)
Q (ol
and represents how much of the variability in the winning bids is explained by both covariates
above at the quantile level a.

I"We also investigated nonlinearity with respect to the appraisal value and the volume of the
timber. However, the results were not statistically significant.

Ro=1-—
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conditional distribution. However, as noticed by Koenker (2005) and also seen from
our estimation results, the asymptotic precision of the quantile estimates in general,
and the quantile regression estimates in particular, depend on the quantile density
function evaluated at the quantile of interest. If the data are sparse at the quantile
of interest, then the quantile regression estimates will be less precise. I observed
this lack of precision when estimating the quantiles closer to the boundary. For this
reason, | restrict to A = {0.12,0.14,--- ,0.80}.

The first sealed bid auction stage used to qualify bidders for the ascending auction
may select a certain number of bidders for the ascending auction stage, so that it
might be interesting to use V' (:|X, I), which depends upon I, in the policy analysis
to be conducted. Roberts and Sweeting (2012) found evidences for a selective
entry when studying timber auctions in California. They consider in the model
a significant entry cost affecting bidders participation because bidders are allowed
to conduct their own cruise. They argue that conducting a private cruise responds
for a large fraction of the bidder’s entry cost. Because bidders in our application
do not conduct their own cruise, the entry cost might be small compared to the
Californian timber auctions. There are nevertheless other costs that may affect
bidders participation, such as developing a market studying, preparing the bids and
attending to the auction. If indeed the entry costs are not relevant for the bidders’
decision in participating, then the optimal reservation price policy could be chosen

independently of I, as shown in Proposition 1.1-(ii).

Table 1.3: Test of the Exclusion Participation Restriction

Null Hypothesis Specification M-Statistic p-value®P

. . Lincar 65383 0.3096
vlell)=v"(a) foralla € Aand T€T o tial 72037 04136

2 The p-value and critical values are computed using the random weighting bootstrap method. More
details about the test are given in section 1.4;
b The number of bootstrapping replications is 5,000; A = {0.12,0.14,--- ,0.80} and J = {2, 3}.

Testing the relevance of a private value quantile function conditional upon
bidder’s participation can thus be very useful in the analysis that follows. Table
1.3 gives the results of the test of exclusion participation restriction suggested in
section 1.4. There is not enough statistical evidences to reject the null hypothesis

of independence in both specification models (linear and exponential), implying
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that a possible improvement in efficiency can be achieved by pooling both samples.
In other words, it is possible to rule out unobserved heterogeneity and entry stage
affecting bidders participation. Note that an entry model as Levin and Smith (1994),
where bidders do not know their private values at the entry stage, would generate
private values independent upon I as observed in Table 1.3. However, the bidders’
participation decision in Levin and Smith (1994) is random, which may be considered
a bit unrealistic.

Table 1.4 gives the results of the choice of specification test described in section
1.4 that investigates which of both regression specifications, linear or exponential,
better represents the private value conditional quantiles. In the first row of Table 1.4,
the test considers a null hypothesis in favour of the exponential specification, whereas
in the second row the null hypothesis is reversed in favour of the linear specification.
Both tests conclude that the linear specification dominates the exponential one over
the set of prescribed quantiles A. Therefore the linear specification is used in the

rest of this section.

Table 1.4: Choice of Specification

Null Hypothesis Test Statistic p-value®P
Qr (1gle) — QL (v |a) <0 foralla e A 20,142.55 0.0000
Qr (i la) — Qe (vila) <0 for all a € A -3,103.58 0.9938

2 The p-value and critical values are computed by resampling with replacement the
(X¢,bw, )-pair in each original subsample Lj. Note however that the result of
independence given by the test of exclusion participation restriction is considered,
so that both samples with I = {2,3} are pooled in this analysis. More details about
the test are given in section 1.4;

b The number of bootstrapping replications is 5,000; A = {0.12,0.14, - - - ,0.80}.

Table 1.5 provides the result of testing constancy of the slope coefficients.
This test investigates whether changes in the auctioned characteristic Z affect
the private values quantiles similarly across the entire distribution. It may also

show how heterogeneous'®

are the bidders across the population. The test gives
strong statistical evidence to reject the null hypothesis that the slope coefficients are
constant across the quantiles a € A. Therefore, bidders react differently to changes

in the quality and size of the timber tract, as also clearly illustrated by Table 1.6

18Recall that heterogeneity is the term used in this chapter to represent the different reaction
of the bidders to changes in the auctioned characteristics according to their rank in the private
values conditional distribution.
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and Figures 1.1 and 1.2 below. Given the test result, the pooled quantile regression
estimator provides a better characterization of the private value conditional quantiles
than the CQR estimator defined in (1.3.21) and the mean analysis suggested by
Rezende (2008).

Table 1.5: Constancy of the Slope Coefficients

Null Hypothesis M-Statistic p-value®P
7 (@) =77 foralla € A 124.51 0.0048

2 The p-value and critical values are computed using the
random weighting bootstrap method. Note however that the
results obtained in the previous two tests were considered for
this analysis. More details about the test are given in section
1.4;

b The number of bootstrapping replications is 5,000; A =
{0.12,0.14,--- ,0.80}.

The next Table and two following Figures describe the private values quantile
regression coefficients. The most important variable is the appraisal value, a quality
measure released by the seller, which is often interpreted as the seller’s private
value, see Lu and Perrigne (2008) and Aradillas-Lopez et al. (2013). The associated
quantile regression coefficient is given in the second column of Table 1.6 and Figure
1.1 for a median auction, where the volume is 967 thousand of board feet and the
appraisal value is about $68 per thousand of board feet. Note that the coefficient is
always significant and larger than 1, suggesting that it acts as a markup indicating
how much more the auctioned good appraisal value is valued by the bidders than
the seller. The private values can be also interpreted as a measure of how much the
bidders would be willing to sell goods made with the timber bought at the auction®®.
This suggests that the higher the bidder’s private value, the higher is his efficiency
in aggregating value to the timber. The coefficients increase over the quantile levels,
suggesting a relative increase in the markup of 75% when comparing bidders in
the quantiles a = 0.10 and o = 0.80 of the private value conditional distribution.
This is also evidence that bidders belonging to the upper tail of the private value
distribution are more highly affected by changes in the appraisal value than median
bidders.

19Tn this interpretation, it is necessary to assume that timber is the most important component
of the goods produced by the bidders. This could be however modified to cover other cases where
timber would only be a part of these goods.
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Table 1.6: Private Value Quantile Regression Estimates

Quantile Level  Intercept Appraisal Value Volume

0.1 0.95 1.01 0.0007
[-0.97,2.28] (0.99,1.04] [0.0004,0.0016]

0.2 3.00 1.04 0.0016
[-0.72,8.49] (0.99,1.13] [0.0005,0.0027]

0.3 9.39 1.15 0.0018
2.05,15.01] [1.05,1.22] [0.0010,0.0033]

0.4 11.77 1.25 0.0034
[5.32,20.83] [1.14,1.33] [0.0013,0.0049]

0.5 21.03 1.29 0.0041
[10.92,29.24] [1.22,1.43] [0.0023,0.0054]

0.6 35.68 1.36 0.0041
[21.63,45.02] [1.27,1.56] [0.0029,0.0055]

0.7 44.28 1.57 0.0045
[29.94,77.15] [1.22,1.81] [0.0029,0.0071]

0.8 67.64 1.75 0.0060
[32.91,101.02] [1.31,2.02] [0.0024,0.0138]

0.9 72.98 2.37 0.0167
[12.89,124.22] [1.54,4.56] [0.0031,0.0384]

The estimates are for a median auction and were computed using the pooled quantile
regression estimator defined in (1.3.18). The 95% confidence interval of the quantile
regression estimates in square brackets were computed by resampling with replacement
the (X, bw, )-pair in each original subsample Ly;

Note the loss in precision when « gets closer to the upper boundary. This is why such
higher quantile have been excluded from the test statistics.

Figure 1.1 shows the quantile regression and the OLS estimates of the appraisal
value slopes with their corresponding 95% confidence intervals. Observe how the
estimated markup increases over the quantile levels. Figure 1.2 shows the quantile
regression and OLS estimates associated with the variable volume and their 95%
confidence intervals. Although the coefficients seem to increase with the quantile
level in Table 1.6, they lie inside the estimated OLS 95% confidence intervals,
suggesting that the volume coefficient may not depend upon «. In the upper tail
of the distribution, the coefficients are larger, but the confidence intervals are also

wider.
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Figure 1.1: Appraisal Value Slope Coefficients
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Notes: The 95% confidence intervals for the OLS estimate consider
the heteroscedasticity-robust (White) standard errors. The ones for
the quantile regression estimates were computed by resampling with
replacement the (X, by, )-pair in each original subsample Lj.

Figure 1.2: Volume Slope Coefficients
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Notes: The 95% confidence intervals for the OLS estimate consider
the heteroscedasticity-robust (White) standard errors. The ones for
the quantile regression estimates were computed by resampling with
replacement the (X, by, )-pair in each original subsample Lj.
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In what follows X (1) = (X1 (7),X2(7), X3 (7)), where X () is the quantile
of order 7 of the variable X;, 7 = 1,2,3. With some abuse of terminology,
X (1) will be called the quantile of order 7 of the matrix of auction covariates
X, X (0.50) being called its median. Figure 1.3 gives the private value conditional
quantile estimates for a median auction and their 95% confidence intervals. Figure
1.4 presents the quantile estimates for several quantile levels of X (7), where
7 = {0.15,0.25,0.50,0.75,0.85}. In particular, it shows the change in the shape
of the private value quantiles due to variations in the quality and size of the timber

tract.

Figure 1.3: Private Values Conditional Quantiles
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Notes: The estimates are for a median auction. The 95%
confidence intervals were computed by resampling with replacement
the (Xy, by, )-pair in each original subsample L;.

Figure 1.4 indeed shows that the auction covariates change significantly the shape
of the private value distribution. This effect becomes even clear when comparing
a high and a low quantile of the private value conditional distribution. Consider
in particular the quantiles a = 0.12 and o = 0.80 of the private value conditional
quantile curves and the quantiles of order 7 = 0.15,0.50 and 0.85 of the auction
covariates X, that is, auctions with low, median and high quality and size. The
relative increase in the private value is of about 600% in the auctions with low

quality and size, whereas it reduces to 172% and 142% in the median and high
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Figure 1.4: Private Values Conditional Quantiles and X (7)
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quality and size auctions, respectively. It seems that less productive bidders, i.e.
the ones with a low rank «, choose not to participate in auctions with higher quality
and size®.

We now turn to the estimation of the seller’s expected payoff and the associated
optimal reservation price. The expected payoff of a seller with private values vy,
IT (| X, vg), is estimated using numerical integration via a trapezoidal rule to
approximate the definite integral given in Proposition 1.1-(i). Figures 1.5 and 1.6
give the expected payoff of the seller for a median auction with the 95% confidence
intervals for I = 2 and I = 3 bidders, respectively. In both Figures, the estimation
procedures given by the pooled and the individual estimators defined respectively in
(1.3.18) and (1.3.15) are compared. Observe that the former gives smaller confidence
intervals than the latter due to its higher estimation efficiency. Note that the only
difference between the seller’s expected payoffs estimated via (1.3.18) and (1.3.15)
is given by the way the private value conditional quantiles are estimated. In the
former, both subsamples with different number of bidders are pooled, whereas in

the latter the estimation is done for each I.

2ONote that this suggests that the rank of the participant and the number of participants are
simultaneously determined, so that quantile regression estimation can be affected by endogeneity.
Addressing this issue is outside the scope of this present chapter.
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Figure 1.5: Pooled Vs Individual [ = 2
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Notes: The estimates are for a median auction. The seller’s private
value considered here is vg = AV, i.e. vg = $68 per unit of timber.
The 95% confidence intervals were computed by resampling with
replacement the (X, by, )-pair in each original subsample Lj.

Figure 1.6: Pooled Vs Individual I = 3
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Notes: The estimates are for a median auction. The seller’s private
value considered here is vy = AV, i.e. vg = $68 per unit of timber.
The 95% confidence intervals were computed by resampling with
replacement the (Xy, by, )-pair in each original subsample Lj.
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The sensitivity of the seller’s expected payoff and the associated optimal
reservation price to choices of the seller’s private value vy will be now investigated.
The choice of the latter seems to be indeed important to determine the optimal
screening level policy since it represents the possible gains that the seller may have
when selling the good in the outside market. Note that vy = 0 may represent the
case in which the seller has no opportunity to sell the good outside the auction.
The most common choice for vy is the appraisal value of the timber?!. The results
obtained for vy = Appraisal Value (AV) are compared with the case with no outside
option vy = 0. It is also investigated the effect on the seller’s optimal behaviour
when the quality and size of the auction change.

Table 1.7 gives the optimal screening level «, the corresponding optimal
reservation price * = V (| X') and the seller optimal expected payoff IT (| X, vy)
for the auctions with quality and size specified by 7 = 0.15,0.50 and 0.85 and
considering both choices of vy. Recall that the optimal screening level o is chosen
as the maximizer of the seller’s expected payoff over A. It is expected that o that
maximize the aggregate expected payoff, as defined in (1.2.10), is the same as the one
maximizing the expected payoff computed for each I, i.e. af = o (1) for all I, given
the independence result obtained in the test of exclusion participation restriction.
The estimation indeed confirms that « is independent upon the number of actual
bidders participating in the auction. This will be then reflected in the computation
of the corresponding optimal reservation price, which will also not depend upon 1.
Note however, that o still depend upon (X, v).

A general conclusion from Table 1.7, which is also expected, is that auctions with
higher quality and size provide larger expected payoffs for the seller. The optimal
screening level in turn reduces when the quality and size of the auction increase. A
possible reason for that is the low heterogeneity among bidders observed in better
auctions. Recall from Figure 1.4 that auctions with low quality and size show a

significant increase in the markup over the timber value. Therefore, as seen from

21 As mentioned in Aradillas-Lopez et al. (2013), the seller’s private value may be even lower
than the appraisal value of the timber if exercising an outside option (through, for example, a
lump-sum contract) entails additional cost to the seller. It is also possible that vy is nevertheless
higher than the appraisal value since scaled sales require the timber service to measure the timber
actually harvested to calculate the payment. Therefore, by exercising the outside option the seller
would avoid those costs.
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Table 1.7: Optimal Reservation Price

Vo 0 AV
o’ (v, X (0.15)) 0.75 0.75
[0.52,0.80]? [0.56,0.80]
V (o] X (0.15)) 83.08 83.08
[38.93,104.58]  [45.34,109.03]
I (| X (0.15) , 1 = 2, vp) 32.64 39.05
[26.16,44.78]  [30.26,50.33]
I (| X (0.15) , 1 = 3, wp) 38.98 43.80
[30.62,52.92]  [33.32,56.73]
a’ (v, X (0.50)) 0.28 0.71
[0.12,0.36] 0.56,0.78)
V (ef] X (0.50)) 87.93 159.89
[67.73,101.96]  [123.40,192.43]
I (| X (0.50), 1 = 2, vp) 91.71 108.49
[79.17,102.32]  [95.11,122.13]
I1 (o] X (0.50), I = 3, vp) 102.93 112.50
[99,126.57]  [89.63,114.26]
a’ (vo, X (0.85)) 0.24 0.56
[0.12,0.42] [0.47,0.80]
V (a| X (0.85)) 163.65 243.97
[135.51,213.63]  [220.03,376.25]
I (| X (0.85), 1 = 2, ) 177.66 203.26
[163.40,192.73] [187.71,223.19]
IT (a*| X (0.85), 1 = 3,vp) 196.37 208.61

[179.89,212.72] [191.63,231.26]

2 The 95% confidence intervals in square brackets were computed by resampling
with replacement the (Xp, bw,)-pair in each original subsample L.

Proposition 1.2.8, the seller has a stronger incentive to use screening for low quality
and size auctioned goods. For these low quality and size auctions, the seller private
value does not seem to change reservation price recommendations, which, as the
expected payoff, remains constant when vy grows from 0 to the appraisal value.

This may also be related with the large heterogeneity among the bidders, which
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resulted in a strong increase in the private value conditional quantiles. Observe as
well that the increase in o when vy grows from 0 to the appraisal value is smaller
when comparing median auctions with auctions with higher quality and size.

As mentioned in Section 1.2, the probability of trading in the auction with a
screening level o, is 1 — al. Table 1.8 groups the probabilities of trading in each of
the three kinds of auctions for the two choices of vg. Note that in the auctions with
low quality and size, the probability of selling the good is very low (44% and 58% for
I =2 and I = 3, respectively). This is because bidders are very heterogeneous and
the seller should set a high screening level to avoid low bidders from participating.
This somehow carries over for median and higher quality and size auctions when the
seller’s private value is the appraisal value. Policy recommendations with such low
probability of selling may not make sense in practice, especially for goods with a
potential high storage cost. Note however that auctions with high quality and size

and I = 3 seem not to be so much affected by this issue.

Table 1.8: Probability of Trading

Vo = 0 Vg = AV
X(015) =2 44%  44%
I=3 58% 58%

X(050) I=2 9%  50%
I=3 98%  65%

X(085) I=2 94%  69%
I=3 99%  82%

By reducing the seller’s private value, the probability of trading increase, but
such a consideration is mostly theoretical since it is not possible in practice to
change the seller’s private value. It nevertheless shows that the seller has a high
incentive to decrease the optimal screening level when he faces the case in which
there is no trade outside the auction. As can be seen, the practical implementation
of the auction theory can be sometimes difficult in the sense that usual choices for
the seller’s private value may lead to recommendation of mechanisms with very low
probability of trading. This may question the relevance of considering expected
payoff in the maximization process.

I now show a comparison of the quantile regression estimation approach proposed
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in this Chapter with a nonparametric alternative. The latter is widely used in
the empirical auction literature due to its flexibility in representing the data at
hand because no structure is imposed in the analysis. Comparing a nonparametric
revenue analysis with a quantile regression one is therefore a way to assess whether
the quantile regression is correct from a policy recommendation point of view. The
nonparametric estimation is conducted as detailed in the end of section 1.2 and
considers a median auction as representative. It is taken into consideration that
F,(:|X) = F,(:|X,I) due to the exclusion participation restriction test, which
implies that F), (-|X (0.50),1) must be aggregate over I = 2.3 as in (1.2.14).
Table 1.9 gives the estimates of the optimal reservation price and optimal expected
payoff using both nonparametric and quantile regression approaches. Note that
the nonparametric estimation results are less precise than the ones derived from
a quantile regression specification. The confidence intervals of the nonparametric
estimates are on average 2.58 times larger than the ones obtained in the quantile
regression analysis. The two estimation strategies seem to give similar results and
there is no reason to reject a quantile regression specification on the ground of policy

recommendation.
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1.6 Conclusion

In this Chapter I proposed an identification and estimation approach based
on quantile regression to recover the bidders’ private values conditional
distribution. The quantile regression framework provides a flexible and convenient
parametrization of the private value distribution, with an estimation methodology
easy to implement and with various specification tests that can be derived. The
latter includes tests of private values and actual number of bidders dependence,
linear versus exponential specifications and constant slope coefficients across quantile
levels.

The Chapter shows that a focus on the quantile level of the private values
distribution and on the seller’s optimal screening level can be both useful for policy
recommendations. The former helps bidders to benchmark their bids in order to
achieve a desired probability of winning the auction, whereas the latter provides a
better understanding of how appropriate is the recommended policy from a seller’s
point of view. Both focuses above are new in the empirical auction literature.

The empirical application using timber auctions from the USF'S shows that policy
recommendations should be carefully examined before practical implementation.
The screening level associated with the optimal reservation price is usually high,
resulting in a low probability of trading. The analysis of the shape of the private
value conditional quantile curves suggests that such inappropriate recommendations
are due to a sharp increase in the private value conditional quantiles, which may be
evidence of large heterogeneity among the bidders. As a consequence, the seller has
a strong incentive to screen the bidders by using a high reservation price, leading
then to a low probability of selling the auctioned good.

The private values estimated quantile shapes can be genuine but can also be the
consequence of a model misspecification. Some other works have also noticed such
a high level of the optimal reservation price in timber auctions. Aradillas-Lopez
et al. (2013) suggest that neglecting private values affiliation can generate high
reservation prices. However, their nonparametric methodology may be affected by
the curse of dimensionality. In addition, as noted in Roberts and Sweeting (2012),
timber auctions include a preliminary selection that can affect the estimated shape

of the private value quantile functions. The strong heterogeneity revealed by the
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estimation of the private value conditional quantile function can also be an indication
of asymmetry. As discussed in Cantillon (2008) and Gavious and Minchunk (2012),
sellers facing asymmetry have an incentive to increase competition by increasing
reservation prices.

However, analyzing revenue with a risk neutral seller perspective may be not
appropriate to address issues such as high reservation prices and low probability of
selling the auctioned object. The results given in Hu, Matthews and Zou (2010)
regarding risk aversion affecting sellers can be useful to provide more relevant
reservation price recommendations. In the next Chapter, I propose a numerical
investigation of the variation in the optimal screening level when the seller has a
constant relative risk aversion utility function. I then conclude that considering risk

averse sellers is indeed sufficient to achieve reasonable policy recomendations.
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Abstract

This Chapter proposes a numerical investigation of the variation in the optimal
reservation price and the associated screening level when the seller risk aversion
increases. As noted in the empirical application of the previous Chapter, the optimal
screening level when the seller is risk neutral usually leads to a low probability
of selling the auctioned timber lot. The numerical experiments of this Chapter
then shows that using a higher constant relative risk aversion (CRRA) utility when
computing the optimal reservation price increases the probability of trading in

comparison with the assumption of risk neutrality.
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2.1 Introduction

It is usual in the empirical auction literature to assume that sellers are risk neutral
about selling the good (see e.g. Haile and Tamer (2003), Li, Perrigne and Vuong
(2003), Li and Perrigne (2003), Lu and Perrigne (2008) and Aradillas-Lopez, Gandhi
and Quint (2013)). It is however possible that the costs of holding the auctioned
good for a long period makes sellers risk averse of the possibility of not selling at
the auction in comparison with an outside option in which the trade is certain but
probably at a lower price. As Bulow and Klemperer (2009) say, sellers prefer auctions
because it involves bidders competing simultaneously, which may then increase the
price at which the object is finally sold??. If sellers are risk averse of not trading in
the auction, it is thus more likely that an optimal reservation price recommendation
that yields a higher probability of selling the good is more appropriate from a seller’s
point of view.

Chapter 1 in this thesis analysed ascending timber auctions via a quantile
regression approach under the Independent Private Value (IPV) framework and
a risk neutral seller. The empirical application conducted suggests that the optimal
reservation price policy, or equivalently, the optimal screening level was most of the
time high, yielding a low probability of selling the good. For instance, in some
auctions the optimal reservation price under risk neutrality was about $83 per unit
of volume, which corresponds to the 0.75-quantile of the private values distribution,
i.e. 75% of the population of bidders would be out of the game because of a low
valuation. Such a recommendation policy yields then a probability of selling the
good of about 44% and 58% for 2 and 3 bidders competing, respectively. In the
case of timber auctions, the Government sells via an auction the right to clear-cut
a timber tract. Not selling may penalize the business activities of the bidders and
may have important local economic and political consequences. Not cutting the
wood may also have ecological consequences and delaying the trading may not be
possible when the forest administration is not in a position to manage forests by
itself. Finally, the financial resource may be helpful to ensure a more efficient forest

administration. All these consequences would then motivate a risk averse behaviour

22 Auctions may be inefficient when entry is costly, bidders are asymmetric and/or there might
exists a selective process.
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by the Government that was not considered in the previous analysis.

The goal of this Chapter is to investigate whether such a high screening level
policy can be addressed when a risk aversion parameter affecting the Government’s
utility in the auction is introduced in the analysis. The econometric motivation
behind a concave utility function is that it may smooth out the strong variation
observed in the private values quantiles when computing the seller’s payoft. If the
seller risk aversion decreases with the monetary quantity, he would have a strong
incentive to deviate of the situation of no trade. Hu, Matthews and Zou (2010) show
that the optimal screening level policy indeed decreases as the sellers becomes more
risk averse. The empirical study proposed in this Chapter complements the results
in Hu, Matthews and Zou (2010) by showing that risk aversion can drastically
increases the probability of selling the good in the case of US forest ascending
auctions. The dataset considered here was also used in Haile and Tamer (2003),
Lu and Perrigne (2008) and Aradillas-Lopez et al. (2013). A parametric constant
relative risk aversion (CRRA) family of utility functions will be used to represent
the seller’s utility, since it satisfies the seller’s deviation incentive mentioned above.

This Chapter is organized as follows. Section 2.2 presents the auction mechanism
and a quantile version of the seller’s expected payoff. Section 2.3 shows the quantile
regression identification and estimation methodology, the assumptions of the model
and how to estimate the optimal screening level. Section 2.4 gives the results of an
empirical study of the optimal screening level under a risk averse seller. Finally,

section 2.5 concludes this chapter.

2.2 Seller’s Expected Payoff in a Quantile Setup

A single and indivisible object with some characteristics Z € R¥ is auctioned to
I > 2 bidders through an ascending auction. The seller announces a reservation price
r prior to the auction that is the minimum price that he would be willing to accept.
Both the set of auction covariates X = (1,Z) and the number of actual bidders
I participating in the auction are common knowledge. The object is sold to the
highest bidder for the price of his last bid, provided that it is at least as high as the
reservation price r. Within the IPV paradigm, each bidder ¢ = 1,--- , I is assumed

to have a private value v; for the auctioned good, which is not observed by other
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bidders. The bidder only knows his own private value, but it is common knowledge
for bidders and sellers that private values have been identically and independently
drawn from a common c.d.f. F, (-|X) conditional upon the auction characteristics®,

or equivalently, with a conditional quantile function V («|X), o € [0, 1], defined as
V(a|X) :=inf{v: F,(v|]X)>a}=F"(alX).

The rank u; of a bidder with private value v; satisfies u; = F, (v;|X), being
independent of X and with a uniform distribution over [0, 1]. The IPV paradigm
implies that the ranks w;, ¢ = 1,---,1I, are independent. In other words, the
dependence between the private values v; and the auction covariates X can be fully
captured by the nonseparable model

v =V (wlX), uw < Upy L X. (2.2.1)
Therefore, bidders are identical up to the variable u;, which represents the bidder
1th’s position in the private value distribution. Consider the next two assumptions
concerning the equilibrium bidding in the ascending auction described above and

the private value conditional quantile representation (2.2.1).

Assumption 2.1. The transaction price in an auction is the greater of the

reservation price and the second-highest bidder’s willingness to pay.

Assumption 2.2. V («|X) is strictly increasing and continuous on its support
[V (01X),V (1 X)] for all X.

Assumption 2.1 is from Aradillas-Lopez, Gandhi and Quint (2013) and, as noted
in Athey and Haile (2002) and Bikhchandani, Haile and Riley (2002), is compatible
with the multiple equilibra generated by the ascending auctions. It is for instance the
result of the dominant strategy equilibrium of a button?* auction, which is a stylized

version of an ascending auction. This assumption would also hold approximately in

23Tt is assumed that the private values distribution is independent upon the number of actual
bidders I competing in the auction, i.e. F, (-|X) = F, (:|X,I). This independence assumption is
only consistent with a model with no selective entry. See Chapter 1 for a related discussion.

24In a button auction, bidders hold down a button to remain active while the price rises
continuously, releasing the button to drop out of the game, and the willingness to pay of the
losing bidders is learned from their drop out prices.
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the context of Haile and Tamer (2003) if bidders do not use jump bids at the end
of the auction. Assumption 2.2 is usual in the quantile regression literature.
Consider a binding reservation price r(X) € [V (0|X),V (1|X)]. The latter
induces screening in the auction since bidders with V' (a;|X) < r(X) are prevented
from participating in the game. Let «, be the screening level in the private values
conditional distribution, such that V (a,|X) = r(X). It represents the percentage of

bidders in the population not participating in the auction because of a low valuation.
I

Ty

This gives a probability of not selling the good of 1 — «,., which implies that, for

a given I, the probability of trading decreases with the level of screening «,.. Let
U (-) be the seller’s Von Neumann-Morgenstern (vNM) utility function, satisfying
U0)=0,UY(-)>0and U? (-) < 0, where the superscripts (1) and (2) represent
the first and second derivatives of U ().

Let 7 (r(X)) denotes the seller’s payoff

™ (r(X)) = U (bw) T(bw 2 (X)) + U (00(X)) (1 = L (b = r(X))),

where vg(X) € [V (0|.X),V (1]X)] is the seller’s private value for the good that will
be sold. In what follows, let vy = vo(X) and r = r(X). The following Proposition
gives a quantile expression for the seller’s expected payoff, a candidate for the
optimal screening level of = o (X, 1) and the corresponding optimal reservation
price V (| X). Let II (o] X, I,vg) be the seller’s expected payoff given (X, I, vp)

when the screening level is «..

Proposition 2.1. Suppose the seller has a vNM wutility function U (-). Under IPV

and assumptions 2.1-2.2,
(1) the seller’s expected payoff is
I (| X, I, 00) = U (vo) o + U (V (] X)) Tl ™t (1 — )
(1) /l U (V (a]X)) ol (1 - a) da,
N (2.2.2)

where vg =V (ap| X)) is the seller’s private value;
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(i1) The optimal reservation price V (| X) satisfies
UV (07]X)) = UMW (V (o[ X)) VD (a7 X) (1 = 0)) = U (w),  (2:2.3)

where VY (a¥| X) is the private value quantile density®® function.

The proof of Proposition 2.1 is the same as the one in Chapter 1 for Proposition
1.1 since, compared to the risk neutrality case, introducing the utility function only
amounts to transform the private value quantile function V' («| X) into U (V (| X)).
Equation (2.2.2) in Proposition 2.1 gives the seller’s expected payoff in a quantile
setup. Equation (2.2.3) is the first-order condition (FOC) associated with the
maximization of the seller’s expected payoff. The first implication of (2.2.3) is
that a* > ag, or equivalently, V (a*|X) > V (ag|X), since V) (| X) > 0 and
UM (V (-|X)) > 0. That is, the seller always benefits from choosing a reservation
price above his own private value. The second implication of (2.2.3) is that the
optimal screening level is independent upon [ if V (-|X) =V (:| X, I), i.e. the seller
can choose his optimal screening level policy independently of the number of bidders
participating in the auction.

This Chapter considers a CRRA utility function, i.e. U (c;0) = ¢, where
0 < # <1 is the risk aversion parameter and (1 — ) /c is the corresponding Arrow-
Pratt risk aversion measure —U®?) (¢) /UM (c). The risk neutrality case is given by

0 = 1. As a result, the seller’s expected payoft with screening level «,. is given by

I (| X, I, v,0) = vl +V (| X)’ Tal ™ (1 — o)

I = 1) /1 V (a]X)’ ol 2 (1 — a) da.

The CRRA family of utility functions provides a measure of risk aversion decreasing
in the monetary quantity ¢, which can be more useful than a CARA family in the
framework considered here because the seller is relatively more risk averse as his gain
in the auction approximates zero. Note that, for a given 0, U (c; 0) /0c = 0~ —

oo as ¢ — 0. In other words, when there is no outside option so that vy = 0, the

25The quantile density function is defined as the derivative of the quantile function with respect
to a, i.e. VI (a|X) =V (a|X) /oo = 1/f, (V (a|X) | X).
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seller has a strong incentive to sell the good in the auction since his marginal utility
explodes in comparison with the no trade scenario, i.e. he has a strong incentive
to deviate from the situation in which there is no trade. On the other hand, the
utility implied by a CARA family is pratically the same for all values of ¢ given its
exponential behaviour. As a consequence, the seller would not have much incentive
to sell the good when ¢ — 0 as in the CRRA case. Hu, Matthews and Zou (2010)
show that the optimal reservation price decreases with the Arrow-Pratt measure of
risk aversion —U®) (¢) /UM (c). As a consequence, the optimal screening level of

the CRRA case will increase with the risk aversion parameter 6.

2.3 Quantile Regression Estimation Methodology

This section describes the quantile regression methodology used to identify and
estimate the private value conditional quantiles and the corresponding expected
payoff maximizer o). The quantile regression approach, developed by Koenker
and Bassett (1978), restricts the quantile representation (2.2.1) to a regression

specification, such as

V (alX) = X7 (a)

(2.3.4)
= (@) + Zm (o),

where 7 («) is the quantile regression intercept and ~; () the quantile regression
slopes. Note that both the intercept and the slope quantile regression coefficients
depend upon the rank a of the bidder in the population. Therefore, changes in the
conditioning variables not only shift the location of the conditional distribution of
v, but may also affect its scale and shape. A shock on the covariate X may affect
bidders differently according to their rank, i.e. a bidder with a low rank o may
react in a different way than a bidder with a higher rank. A large variation of the
slope and location coefficients, v; () and vy (@), may indicate strong heterogeneity

among the bidders. From now on, the term ”heterogeneity” will be used for brevity
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to represent this strong variation in the private values quantiles®.

The quantile regression specification (2.3.4) is derived from Chapter 1 in this
thesis, where it has been successfully tested against several alternatives. Note that
it is assumed a linear specification for the private values conditional quantiles and
also that the latter are independent upon the number of actual bidders I competing
in the auction, i.e. V (-|X) =V (:| X, I). The identification and estimation strategies
are also derived from Chapter 1. As mentioned in the latter, the ascending auction
format is specially suitable to identify the private value quantiles under the IPV
paradigm since, as shown in Athey and Haile (2002), the c.d.f. of the winning
bids can nonparametrically identify the private value distribution. The following

assumptions are required for the identification and estimation of V' (-|X):

Assumption 2.3. The private value conditional quantiles has a quantile regression

specification such as

VialX)=Xvy(a). (2.3.5)

Assumption 2.4. The auction specific variable, Z, has dimension P, with a
compact support in Z C (0, —|—oo)P and a nonempty interior.

Assumption 2.5. The wariables {I,, X¢ vy, i =1,2,... 1,0 =1,--+ L} are
independent and identically distributed. Conditional on X, the private values vy are
independent with common c.d.f. F, (:|X,) and a density function f, (-|X,) bounded

away from zero.

Assumptions 2.3 deals with the quantiles of the private value distribution.
It imposes a correct specification of the private value conditional quantiles.
Assumption 2.4 ensures that if zy, = 27, for all x € X, thus vy = 7,. Both
assumptions 2.3 and 2.4 are required for the private value quantile identification.
Assumption 2.5 is necessary for estimation purposes and implies that each auction
is independent and that, within an auction, the IPV paradigm holds.

Consider the winning bid b,,, at the auction ¢, £ = 1,--- , L, which is the amount

paid by the winner. Let B («|X) be the a-quantile of the winning bids conditional

26Note that heterogeneity and asymmetry are two concepts that should not be confused.
Heterogenity is concerned with the variation of 7 () across quantile levels «, while asymmetry
implies that different bidders can have different coefficients v ().
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distribution given the auction characteristics X. It follows from Athey and Haile
(2002, equation (5)) that W, (F, (-|X)) is the distribution of the second highest
private value, which is equal to the winning bid. Lemma 1.3 in Chapter 1 establishes
that if the private value quantile admits a linear quantile regression representation

such as (2.3.5), then the winning bid quantile function is also given by
B(a|X) = X (a)
with 3 (a) = v (¥;" (a)) for a € [0,1], or equivalently,

v () =B (¥ (a)), (2.3.6)

where Uy (t) = It!™' — (I — 1)t!. Equation (2.3.6) shows that the private value
quantile regression coefficient 7 (-) can be recovered from the winning bids coefficient
B (-) but at a different quantile level W (-). The coefficient v («) can thus be

estimated via quantile regression method,

L
7 (e) = argmin % ; P, () (bw, — Xe7)
where p, (u) = u (o —1(u < 0)) and T is a compact subset of R”.

I now turn to the estimation of the seller’s expected payoff and its maximizer
a;. As mentioned in Chapter 1, it is more convenient to find the optimal screening
level o as a maximizer of an estimation of II («,| X, I, vy, #) than to use the closed
form FOC given in (2.2.3)*". This is because the latter requires an estimation
of the private value quantile density function, which in turn cannot be estimated
at a parametric rate since it would eventually involve a smoothing parameter.
On the other hand, the private value conditional quantile can be estimated at a
parametric rate due to the quantile regression methodology. The seller’s expected
payoff II (.| X, I, vg,0) will be estimated over a grid of prescribed quantiles A =
{0.12,0.14,--- ,0.80}. The quantiles closer to the boundary are not considered given
a lack of precision in the estimates due to sparsity of the data around this region. To

estimate II (o, | X, I,vg,0), I first estimate V (-|X) via quantile regression and then

27See Li, Perrigne and Vuong (2003) for a similar approach.
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apply numerical integration using a trapezoildal rule over the grid A to approximate
the definite integral in (2.2.2). Since the optimal screening level does not depend
upon [ by Proposition 2.1-(ii), the optimal screening level is then chosen over A

such that an aggregate 11 (| X, vo, 0) is maximized, i.e.

T
ar = argmaxZﬁ(aAX, I,v0,0)L;/L, (2.3.7)

1=2

where {2, e ,7} is the support of I, L; is the number of auctions in the sample
with I bidders competing and L the total sample size. The estimation will be done
for each value of # in order to understand the impact of a risk averse seller on the

optimal reservation price policy.

2.4 Empirical Results

This section investigates empirically whether the optimal screening level decreases
when the seller becomes more risk averse. It is also investigated the sensitivity of o
to changes in the auction covariates X and the seller’s private value vg. The former
seems to play an important role in the recommendation policy, since e.g. goods with
better quality may attract stronger bidders to the auction. The seller’s private value
vp represents the price at which the seller would sell the good in the outside market.
In particular, vg = 0 may represent the case in which the seller has no opportunity
to sell the good outside the auction.

The data set used here is publicly available on the internet and aggregates
ascending auctions from the states covering the western half of the US (regions
1-6 as labeled by the USFS) occurred in 1979. It contains 472 auctions involving a
total of 1175 bids and a set of variables characterizing each timber tract including
the estimated volume of the timber measured in thousand of board feet (or mbf)
and its estimated appraisal value given in Dollar per unit of volume. The latter
measures how much the tract worths at the present time, taking into consideration
a combination of factors as volume of each specie, quality and marketable price.
Only scaled sales are considered, where bids are per unit of timber. Therefore, the

winning bids are given in Dollar per unit of volume.
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The government announces a reservation price prior to the auction that is equal
to the appraisal value of the tract. The auction is conducted in two rounds: in the
first round, bidders submit sealed bids?® that must exceed the appraisal value of the
tract to be qualified for the auction; in the second round, bidders compete in an
ascending auction. See Lu and Perrigne (2008) and Aradillas-Lopez, Gandhi and
Quint (2013) for more details about the dataset.

Table 2.1: Summary Statistics

Winning Bids Appraisal Value Volume Number of Bidders

Mean 129.17 72.34 3,171.10 2.49
Std. Deviation 119.76 52.92 4,418.20 0.50
25% 59.13 24.47 294 2
50% 113.81 68.38 967 2
75% 172.53 111.25 4,724 3
Min 0.30 0.25 12 2
Max 1,981.50 219.58 24,800 3
Skewness 8.16 0.44 1.99 0.04
Observations 472 472 472 472

Table 2.1 gives some descriptive statistics about the data set. The auctioned tract
displays significant heterogeneity in quality and size. The mean of the variables are
all above the median, indicating tailored marginal distributions. In particular, the
marginal distribution of the winning bids is highly positive skewed. In the data set,
the number of actual bidders I takes values 2 and 3, with I = 2 more than 50%
of the cases. Table 2.2 provides the results of a median regression analysis of the
winning bids on the timber appraisal value per mbf and the volume. Both variables
are highly significant in the median analysis, which can be seen by the coefficient

of determination Ry 5o at the median quantile?. For this reason, a two-dimensional

28Note that the bids in the first round are not proper bids, but a proposal to be qualified for
bidding in the second round.
29The coefficient of determination is given by
Q (Bo, 51, Bala)
Ro=1- —7p—++
Q (ol

where @ (B \a) is the optimized quantile regression objective function. It represents how much of

the variability in the winning bids is explained by both covariates above at the quantile level a.
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vector of covariates Z grouping both the appraisal value per mbf and the volume of

the timber will be considered.

Table 2.2: Winning Bids

Variable Coefficient Std. Deviation t-value p-value
Constant 11.1265 3.8554 2.886  4.08E-03
Appraisal Value — 1.2873" 0.0505 25.514  0.000
Volume 0.0029™" 0.0008 3.503  0.0005
Ro.50 0.4159

Significance level: * 10%, ** 5% and *** 1%.

Table 2.3 gives the estimates of the private values quantile regression coefficients.
The most important variable is the appraisal value, a quality measure released by the
seller, which is often interpreted as the seller’s private value, see Lu and Perrigne
(2008) and Aradillas-Lopez, Gandhi and Quint (2013). The associated quantile
regression coefficient is given in the second column of the table. The appraisal value
coefficient is always significant and larger than 1, suggesting that this coefficient
acts as a markup indicating how much more the auctioned good appraisal value is
valued by the bidders than the seller. Note that the private value can be interpreted
as a measure of how much a bidder would be willing to sell a good made with the
timber bought at the auction. This then suggests that the higher the bidder’s private
value, the higher is his efficiency in aggregating value to the timber. This strong
variation in the private values quantile regression coefficients can be also interpreted
as heterogeneity among the bidders.

The appraisal value coefficients also suggests that the associated rank of the
appraisal value in the private values distribution is likely to be very low. Indeed in
26 out of 472 auctions, the appraisal value rank is in the range of quantiles @ = 0.05
and a = 0.08, while most of the time it is below V' (0.05|X’). This result is expected
given the requirement of the first round of the game. Recall that in the first round,
bidders submit sealed bids that must exceed the appraisal value of the tract to be
qualified for the auction. Note as well that the appraisal value coefficients increase
over the quantile levels, suggesting a relative increase in the markup of 75% when
comparing bidders in the quantiles o = 0.10 and o = 0.80 of the private values
conditional distribution. This is also evidence that bidders belonging to the upper

tail of the private values distribution are more highly affected by changes in the
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appraisal value than median bidders®’.

Table 2.3: Private Value Quantile Regression Estimates

Quantile Level  Intercept Appraisal Value Volume

0.1 0.95 1.01 0.0007
[-0.97,2.28] [0.99,1.04] [0.0004,0.0016]

0.2 3.00 1.04 0.0016
[-0.72,8.49] [0.99,1.13] [0.0005,0.0027]

0.3 9.39 1.15 0.0018
2.05,15.01] [1.05,1.22] [0.0010,0.0033]

0.4 11.77 1.25 0.0034
[5.32,20.83] [1.14,1.33] [0.0013,0.0049]

0.5 21.03 1.29 0.0041
[10.92,29.24] [1.22,1.43] [0.0023,0.0054]

0.6 35.68 1.36 0.0041
[21.63,45.02] [1.27,1.56] [0.0029,0.0055]

0.7 44.28 1.57 0.0045
[29.94,77.15] [1.22,1.81] [0.0029,0.0071]

0.8 67.64 1.75 0.0060
[32.91,101.02] [1.31,2.02] [0.0024,0.0138]

0.9 72.98 2.37 0.0167
[12.89,124.22] [1.54,4.56] [0.0031,0.0384]

The estimates are for a median auction and were computed by pooling the samples
with different number of bidders. The 95% confidence interval of the quantile regression
estimates in square brackets were computed using a bootstrap procedure that resample
with replacement the (X, bw,)-pair in each original subsample Lr;

Note the loss in precision when a gets closer to the upper boundary. This is why such
higher quantile have been excluded from our test statistics.

In what follows X (1) = (X; (1), X2 (1), X3 (7)), where X, (7) is the quantile of
order 7 of the variable X, j = 1,2,3. With some abuse of terminology, X (7) will
be called the quantile of order 7 of the vector X, X (0.50) being called its median.
Figure 2.1 gives the private value conditional quantile estimates for a median auction

and their 95% confidence intervals. Figure 2.2 presents the quantile estimates for

30In Chapter 1 of this thesis, the hypothesis of constancy of the slope coefficients across the
entire distribution of private values is indeed rejected, which is evidence of strong heterogeneity
among the bidders.
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three quantile levels of X (1), 7 = {0.15,0.50,0.85}, which represent auctions with
low, median and high quality and size. In particular, it shows how the shape of
the private value conditional quantile curve changes when there is variation in the

quality and size of the timber tract.

Figure 2.1: Private Values Conditional Quantiles
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Notes: The estimates are for a median auction. The 95% confidence
intervals were computed using a bootstrap procedure that resample
with replacement the (Xp, by, )-pair in each original subsample Lj.

Figure 2.2: Private Values Conditional Quantiles and X (1)

350 T T T T T T

—*{ o [%(0.85))
300 - v o p(0.50))
——%{ o 4(0.15))

250

200

150

Frivate Values

100+ 4

S0 4

1 1 1 1
b 0.2 0.3 04 0.5 X3 0.7 K]
Quantile Level (o)

69



2. To Sell or not to Sell? An Empirical Analysis of the Optimal
Reservation Price in Ascending Timber Auctions.

Figure 2.2 indeed shows that the auction covariates change significantly the shape
of the private value distribution. This effect becomes even clear when comparing
a high and a low quantile of the private value conditional distribution. Consider
in particular the quantiles a = 0.12 and o = 0.80. The relative increase in the
private value quantile is about 600% in the auctions with low quality and size,
whereas it reduces to 172% and 142% in the median and high quality and size
auctions, respectively. This strong variation in the private values seems to affect the
optimal screening level policy recommended to the seller, since the latter has a strong
incentive to increase the reservation price when bidders are more heterogeneous.
Chapter 1 indeed shows that the optimal screening level in auctions with strong
heterogeneity is o = 0.75, which yields a probability of trading of 44% and 58% for
2 and 3 bidders, respectively. Note that I = 2 in more than half of the sample.

When the seller is risk averse, the concavity of his utility function may smooth
out the effect of the strong variation in the private value conditional quantiles. This
would then reduce the screening level that maximize the seller’s expected payoff.
Consider for instance a CRRA U (-;6) where § = 0.60. Figure 2.3 and 2.4 show
how such a concavity in the utility function would smooth out the seller’s payoff in
auctions with low and high quality and size, respectively. The case 8 = 1 corresponds
to the risk neutrality framework used in Chapter 1. Indeed the strong increase
observed in the private value conditional quantile function is neutralized by the
concave utility function. This is even more significant in the case of auctions with
low quality and size, i.e. the ones with strong heterogeneity among the bidders.

The next three Figures give the optimal screening levels and their 95% confidence
intervals for several values of the risk aversion parameter # and auction quality and
size. Each Figure compares the optimal screening level policy according to the choice
of the seller’s private value: vy = Appraisal Value (AV) is shown in red and the case
with no outside option vy = 0 is shown in blue. This is done to understand how the
seller’s optimal screening level policy changes according to his possible gains in the
outside market.

A general conclusion from Figures 2.5, 2.6 and 2.7 is that « is very sensitive to
changes in both (vg,#) at auctions with low quality and size, whereas it becomes
stable as the quality and size of the auction improve. Consider first the case in

which vg = AV. Note that the optimal screening level reduces as the quality and
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Figure 2.3: Private Values Transformed Quantile Function (X (0.15))
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Figure 2.4: Private Values Transformed Quantile Function (X (0.85))
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size of the auction increase. This reduction is however more significant when the
seller is less risk averse (i.e., 6 is closer to 1). This sensitivity to changes in 6 can be
better understood from Table 2.4. It seems that quality and size do not play a role
when the seller becomes more risk averse. Observe that o remains almost constant
when 6 < 0.6. Note that the optimal screening level reduces significantly when the
seller’s private value reduces to zero.

The probability of trading in the auction with a screening level «,. is given by
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Figure 2.5: Optimal Screening Level for a Risk Averse Seller (X (0.15))
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Notes: The estimates are for an auction of low quality and size,
ie. X (0.15). The 95% confidence intervals were computed using a
bootstrap procedure that resample with replacement the (X, by, )-
pair in each original subsample Lj.

Figure 2.6: Optimal Screening Level for a Risk Averse Seller (X (0.50))
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Figure 2.7: Optimal Screening Level for a Risk Averse Seller (X (0.85))
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Notes: The estimates are for an auction of higher quality and size,
i.e. X (0.85). The 95% confidence intervals were computed using a
bootstrap procedure that resample with replacement the (X, by, )-
pair in each original subsample Lj.

1—a!, as mentioned in section 2.2. Figures 2.8, 2.9 and 2.10 show how the probability
of trading changes when the quality and size of the auction change and the seller
becomes more risk averse for the case in which vy = AV. As the optimal screening
level decreases when the seller becomes more risk averse, the probability of trading
then increases. It seems that a concave utility function for the seller has been indeed
sufficient to reduce the optimal screening level, specially in the case in which [ = 3.
The probability of trading is moderately high (ranging e.g. from 65% to 71%) when
I = 2 and the seller is very risk averse. It however increases to 80% when I = 3.
The chance of selling the good also increases as the quality and size of the auction
improves. Note as well that such a probability remains almost constant over the
risk aversion parameter at these better auctions. Therefore, risk aversion does not

seem to play a role in determining o at auctions with high quality and size.
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Table 2.4: Optimal Screening Level for a Risk Averse Seller

9 X (0.15) X (0.50) X (0.85)

0.1 0.59 0.59 0.54
[0.42,0.68]P [0.52,0.68] [0.40,0.64]
0.2 0.59 0.59 0.54
(0.47,0.71]  [0.52,0.68] [0.40,0.66]
0.3 0.59 0.59 0.54
[0.49,0.73]  [0.52,0.71] [0.40,0.71]
0.4 0.59 0.59 0.54
[0.49,0.75]  [0.52,0.73] [0.40,0.73]
0.5 0.59 0.59 0.54
[0.52,0.75]  [0.54,0.73] [0.42,0.75]
0.6 0.59 0.59 0.56
[0.54,0.78]  [0.54,0.75] [0.42,0.75]
0.7 0.75 0.68 0.56
[0.54,0.78]  [0.54,0.75] [0.42,0.75]
0.8 0.75 0.71 0.56
[0.54,0.80]  [0.54,0.75] [0.45,0.78]
0.9 0.75 0.71 0.56
[0.54,0.80]  [0.54,0.78] [0.45,0.78]
1.0 0.75 0.71 0.56

0.56,0.80]  [0.56,0.78] [0.47,0.80]

2 The estimates cosider the seller’s private value equal
to the appraisal value of the timber, i.e. vg = AV.

b The 95% confidence intervals in square brackets
were computed using a bootstrap procedure that
resample with replacement the (Xj,by,)-pair in
each original subsample Lj.

2.5 Conclusion

This second chapter of the thesis proposes a numerical investigation of the optimal
screening level policy when seller becomes risk averse of not selling the good. As
shown by the empirical analysis of Chapter 1, the optimal reservation price policy
assuming a risk neutral seller may lead to a low probability of selling the good in

ascending timber auctions. This undesirable feature was due to a sharp increase of
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Figure 2.8: Probability of Trading for a Risk Averse Seller (X (0.15))
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Notes: The estimates are for an auction of low quality and size, i.e.
X (0.15).

Figure 2.9: Probability of Trading for a Risk Averse Seller (X (0.50))
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Notes: The estimates are for a median auction, i.e. X (0.50).

the private value quantile function, which leads to a high screening level policy in
the risk neutrality case.

The results of Hu, Matthews and Zou (2010) suggest that taking into
consideration risk aversion in the seller’s utility function may be useful to provide

more relevant policy recommendations. This motivates to consider a concave utility
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Figure 2.10: Probability of Trading for a Risk Averse Seller (X (0.85))
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Notes: The estimates are for an auction of higher quality and size,
ie. X (0.85).

function into the computation of the seller’s expected payoff, which may neutralize
the effect of the strong variation in the private value quantile function on the optimal
screening level policy. This chapter shows that considering a CRRA family of utility
functions for the seller can indeed help to address this issue related with the high
screening levels since the probability of selling the good increased from 44% to about
80% for very risk averse sellers.

Some authors have previously mentioned that reservation prices were very high in
timber auctions. Consider e.g. Aradillas-Lopez et al. (2013), which suggest that the
IPV framework may not be appropriate to study ascending timber auctions. They
show that this framework may overestimate the optimal reservation price policy for
small values of I in comparison with the case in which private values are positively
correlated. However, their approach is affected by the curse of dimensionality.
Roberts and Sweeting (2012) also argue that the two stage nature of timber auctions
may increase the optimal reservation price because the first stage of the game may
select a few strong bidders and a bunch of low bidders expecting the absence of the
latter. The present chapter proposes an alternative explanation which argues that
high reservation prices are due to the shape of the private value quantile function and

the assumption of a risk neutral seller. As shown empirically for USFS ascending
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timber auctions, assuming that the Government has an increasing CRRA utility is

sufficient to achieve a reasonable high probability of selling the auctioned good.
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Abstract

This third chapter considers a quantile framework for first-price auction under
the independent private value paradigm. A key stability property is that a linear
specification for the private value conditional quantile function generates a linear
specification for the bids one, from which it can be easily identified. This applies
in particular for standard quantile regression models but also to more flexible
additive sieve specification which are not affected by the curse of dimensionality.
A combination of local polynomial and sieve methods allows to estimate the private
value quantile function with a fast optimal rate and for all quantile levels in [0, 1]
without boundary effects. This allows to estimate the optimal bidding strategy
and all bidder’s private values near the boundaries with a fast rate. Extensions to
binding reservation price and the case where only the winning bid is observed are

considered. The choice of the smoothing parameters is also discussed.
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3.1 Introduction

Many econometric approaches for auctions have been based on structural models.
The equilibrium bidding strategy characterized by Riley and Samuelson (1981)
involves numerical complexities because it depends on the latent private values
distribution, which is unknown to the econometrician. Donald and Paarsch (1996,
2002) have proposed estimation approaches based on maximum likelihood. Their
estimators achieve a rate of convergence faster than the usual parametric one.
Laffont, Ossard and Vuong (1995) have proposed a simulation based estimation
method allowing for general parametric specifications, see also Li (2005) for an
extension to binding reservation price and entry. The semiparametric Bayesian
framework of Li and Zheng (2009) allow for unobserved heterogeneity. Semi
nonparametric methods were considered in Bierens and Song (2012). These
parametric methods can be computationally demanding and are subject to possible
misspecifications which may give erroneous policy recommendations. Closer to our
approach is the simpler least squares procedure of Rezende (2008).

Another branch of the literature has developed a nonparametric approach. Since
the private values are not observed, it may indeed be difficult to choose a parametric
model and using a nonparametric method in a first stage may be suitable to
avoid strong misspecifications. Guerre, Perrigne and Vuong (2000), hereafter GPV,
have shown that, in a first step, it was possible to recover nonparametrically the
latent private values from the observed bids. The second step uses the estimated
private values to estimate the probability density function (p.d.f) of the true ones.
The resulting estimator is computationally simple and rate-optimal under fairly
weak smoothness conditions. However, as any other nonparametric methods, this
approach is subject to the curse of dimensionality. That such issue is potentially
important in empirical approaches can be seen in works as Haile and Tamer (2003),
or more recently Aradillas-Lopez, Gandhi and Quint (2013), which in the simpler
context of ascending auctions have considered 5 or 6 explanatory variables for at
a best a few thousands observations. The parametric approach of Li and Zheng
(2009) involve 8 variables and Athey, Levin and Seira (2011) investigates the effects
of more than 10 variables. With 2,000 observations and 5 covariates with a uniform

distribution over the unit cube, the length of a cube containing an average of 10
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observations is 0.34, which is as large as one third of the range of each covariates
and suggests that the bias of standard nonparametric procedures can be important
for usual auction sample sizes. Because the estimation of the private values involves
estimation of a conditional p.d.f, implementing dimension reduction approaches
based on additive or single-index restrictions is not straightforward. Another
undesirable feature is, as noted in Hickman and Hubbard (2013), the boundary bias
which affects the estimation of the private values. This means in particular that it
is difficult to recover the privates values of high bids which are especially important
since such bidders have a high probability to win the auction. As a consequence
empirical applications based on such estimated private values may fail to properly
picture the upper tail of the private value distribution, although it is clearly a key
component of the model.

The purpose of this third chapter of the thesis is to propose a new quantile
approach which can deal with rich set of covariates and are free from asymptotic
boundary bias. Quantiles have already been used in econometrics with various
purposes. This covers risk aversion identification and estimation as in Campo
(2012), Bajari and Hortagsu (2005) for experimental data, Guerre, Perrigne and
Vuong (2009) and Zincenko (2013) for field data. Haile, Hong and Shum (2003)
have proposed a quantile based test of the common values hypothesis. Marmer and
Shneyerov (2012) build on the insights of Haile et al. (2003) to estimate the p.d.f of
the private values through the quantile function of the bids, bypassing the private
values estimation step of GPV. Guerre and Sabbah (2012) have proposed to estimate
the private value conditional quantile function, which is a weighted sum of the bids
conditional quantile function and its derivative with respect to the quantile level as
noted in Marmer and Shneyerov (2012). Enache and Florens (2012) have estimated
the private values quantile function in a third-price auction model. Marmer,
Shneyerov and Xu (2013a) have used a nonparametric estimation of quantiles to test
for selective entry as Lee, Song and Whang (2013) who test dominance implications
of the independent private value paradigm. Gimenes (2013) has studied quantile
regression estimation in ascending auctions as a way to circumvent the curse of
dimensionality and the need to choose a bandwidth which affect nonparametric
estimation methods. Hence very few works have considered private values quantile

function estimation for first-price auctions.
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Quantile and quantile levels are useful for bidders and sellers. It is shown that
private values quantiles can be used to compute a private value benchmark above
which bidders have a prescribed probability to win the auction. Optimal bidding
strategies can also be written using bid quantiles which can be estimated from
auction data. For the seller, a key decision is the choice of a reservation price.
Equating the reservation price with the cost quantile function gives the screening
level, which should remain low enough to ensure that bidders will enter the auction
and that the auctioned object will be sold. This chapter also shows that the expected
utility of the seller can be easily expressed using the private value quantile function.

As noticed in Guerre and Sabbah (2012), a key point for econometric approaches
is that the mapping which transforms the private value quantile function into its
bid counterpart is linear, see also Gimenes (2013) for ascending auctions. Further
implications are that a linear private value quantile specification, as for instance a
quantile regression model, is mapped into a linear bid one and that this mapping
is one to one due to identification as established in GPV, a key stability property
of linear quantile specification. A contribution is to show that this leads to simple
estimation methods for private value linear quantile specifications. This includes
the quantile regression model of Koenker and Bassett (1978). This specification
can be estimated with the optimal rate of GPV holding in the absence of covariate,
independently of the number of explanatory used in the quantile regression. As
a consequence, quantile regression models are especially convenient to handle
large dataset with many covariates. However, as argued in Horowitz and Lee
(2005), quantile regression may fit poorly in many applications and more flexible
approaches are also needed as a potential alternative. The dimension reduction
estimation strategy considered here extends the additive interactive regression (AIR)
approach of Andrews and Whang (1990) to quantile models for first-price auctions.
This amounts to consider a infinite dimensional sieve quantile regression model
constrained by a certain level of interactions. This includes the nonparametric
additive quantile regression model of Horowitz and Lee (2005) which corresponds to
the case of no interactions. It is shown that the sieve quantile regression estimator
achieves the optimal rate of GPV of the case where there is only one covariate, so
that this specification can also be used to circumvent the curse of dimensionality.

The case of a higher level of interactions is also considered.
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A new aspect of the proposed quantile regression model deals with estimation of
bid conditional quantile function first derivative with respect to the quantile level.
Indeed, it is first shown that the private value conditional quantile function can be
written as a sum involving the bid conditional quantile function and its derivative.
To estimate the latter the sieve quantile regression objective function is modified
by smoothing around the quantile level of interest. Such additional quantile level
variation allows to estimate the quantile derivative with respect to the quantile level
by standard local polynomial techniques as reviewed in Fan and Gijbels (1996). This
is apparently new in both the local polynomial and quantile regression literature
and is a key ingredient to obtain an estimation of the conditional private value
quantile function which is free of boundary bias. Due to the additional smoothing
and derivative estimation, it is refered as an augmented quantile approach all along
the chapter. Estimating the conditional private value quantile function without
asymptotic boundary bias allows to estimate all the bidders’ private values. This
can be important for applications which, as in Cassola, Hortagsu and Kastl (2013),
implement further statistical analysis using the estimated private values as if they
were the true ones.

The rest of the chapter is organized as follows. Section 2 explains identification
of the conditional private value quantile function and studies the transformation
which maps it into a conditional bid quantile function. This is in particular useful
to understand how a sieve expansion for the conditional private value quantile
function generates a sieve expansion for the conditional bid quantile function with
similar convergence properties, which is important for sieve estimation. Section 3
presents the new quantile regression estimation strategy. The uniform convergence
rate, pointwise bias variance expansion and asymptotic normality are obtained for
the quantile regression estimation procedure. For the sake of brevity, the results
for its nonparametric additive extension focuses on integrated mean square error
and uniform consistency rates. Section 4 considers some extensions of interest as
estimation of the optimal bidding strategy and the private values, the cases where
only the winning bid is observed or where the reservation price is binding. The
choice of a bandwidth parameter and of the order of the sieve is also discussed and
investigated in a small simulation experiment. Section 5 concludes the chapter and

Section 6 gathers the proofs of the theoretical results.
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3.2 First price auction and quantile regression

models

A single and indivisible object with some characteristic z € R? is auctioned to I > 2
risk-neutral buyers, with a reservation price r chosen by a risk-neutral seller. The
reservation price r is announced prior the auction. The potential number of bidders
I, covariates x and reservation price r are known to the seller, the bidders and
the econometrician, while the reservation price » may be only known to the seller.
The object is sold to the highest bidder who pays his bid to the seller, provided
it is at least as high as the reservation price r. In the sealed bids framework
considered here, each bids are sealed so that a bidder does not know others’ bid
when forming his own bid. Within the Independent private value (IPV) paradigm,
each potential bidder is assumed to have a private value, which he knows, V; > 0,
v = 1,...,1 for the auctioned object. He does not know the private value of
the other bidders. The bidders and the seller know that the private values have
been independently drawn from a common distribution given (x, I') with conditional
cumulative distribution (c.d.f) F (-|z,I), or equivalently with conditional quantile
function V (a|z, I), o € [0, 1], which is such that

Vialg,I) =inf{veR: F(v|z,I) > a}.

When the private value conditional distribution is absolutely continuous with a
probability density function (p.d.f) f (-|z, I) positive on its support as assumed from
now on, V (a|z, I) is the reciprocal function F~! («|z, T). Tt is also well-known that
Ui = F(V;|z,I), which can be viewed as the rank of the ith bidder in the private
value population, is independent of x and I with a uniform distribution over [0, 1].
It follows from the IPV paradigm that the private value ranks U; = 1,...,1 are
independent. In other words, the dependence between the private value V; and the
auction covariates x and I is fully captured by the nonseparable model,

Vi=V (Ulz, 1), U B Uy L (z,1). (3.2.1)
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As a consequence each bidder are identical up to the variable U; which describes
the 7th bidder’s rank in the private value distribution. Since the U; are i.i.d with a
known distribution, the bidders are identical ex ante and the game is symmetric.

In a first-price auction, the 7th bidder submits a sealed bid B; and wins the
auction if B; > max;y B; and B; > r, giving a payoff V; — B; while his payoff
is 0 otherwise. The unique symmetric differentiable Bayesian Nash equilibrium of
the game has been characterized by many authors, including Riley and Samuelson
(1981), Maskin and Riley (1984) and Krishna (2002). A key finding is that the
optimal bids B; are given by a strictly increasing and continuous transformation of
the private values V; above r,

1 v
Bi=s.(Vi;z, 1), s, (v;z,I)=v— / FI7Y (t|e, D)7V dt for v > 7,

F (v|z, 1) " J, (322)

assuming that the reservation price r lies in the support of the private value
conditional distribution. We shall consider here the case of a non binding reservation
price r = 0. Especially relevant for a quantile approach is the fact that the optimal
bidding strategy sq (-;x, I) is strictly increasing. Indeed, if B («|z,I) denotes the
common conditional equilibrium quantile function of the distribution of i.i.d optimal

bids B;, the quantile invariance property implies that,
B (alz,I) = so (V (a|z,I);2,1) . (3.2.3)

The fact that sq (+; x, I) is increasing and (3.2.3) have several important implications
for the bidder. In the next lemma, G (b|z, I) stands for the conditional c.d.f. of an
optimal bid B;, i.e. G (:|z,I) = B~ (-|z, I).

Lemma 3.1. Consider a given (x,I). Suppose that the independent private value
paradigm holds and that o € [0,1] — V (a|z, I) is continuously differentiable with a

strictly positive a-derivative V) (a|z, I). Then

i. The private value ranks U; = F (Vi|x,I) are identical to the bid ranks
G<B1|I7I)7

Ui=F (Vilx,I) =G (Bjlx,I) foralli=1,...,1.
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1. The optimal bids are given by,

B, = B(Ui|z,I) = B(F (Vilx,I) |z, 1), foralli=1,...,1. (3.2.4)

iii. Suppose that the ith bid is B (a|z,I) for some a € [0,1] and assume that the
other bidders make optimal bids. Then the probability that the ith bidder wins
the auction is a'~!,

Lemma 3.1-(i) states that the rank U; is an invariant of the model which is a
key property and implies (ii) and (iii). Such invariance also holds for many different
models involving an increasing strategy. Lemma 3.1-(ii) gives alternative expressions
for the optimal bidding strategy so (|, 1) of (3.2.2). In the case where the ith
bidder knows his private value rank U;, an optimal bid can be computed from
the conditional bid quantile function as seen from (3.2.4) and, as B (-|z, ), can be
estimated from the observed bids. Computing an optimal bid from the private value
V; is more involved due to the private value distribution F (-|z, I).*! Lemma 3.1-(iii)
has important practical implications. Assuming that all bidders use optimal bids
and combined with (i), (iii) implies that a bidder with a private value V (a|z, I) has
a probability a’~! to win the auction. If a bidder wants to win the auction with a
prescribed probability 7, he must ensure that his private value is larger or equal than
V (7¥/U=D|z I). Lemma 3.1 has also some important econometric implications.
Since the ranks U; are an invariant of the model, it can be estimated from the
observed bids, so that the private values V; = V (U;|z, I) can be estimated from an
estimation of the private value conditional quantile function. The expression (3.2.4)
implies that an optimal bid can be estimated using an estimation of the conditional
quantile bid function B (-|x,I) as soon as the rank U; is known. When the bidder
knows his private value V; but not his rank U;, an additional estimation of the private
value conditional c.d.f. F (-|z,I) = V! (:]z,I) is needed to estimate an optimal bid.

Such econometric applications of Lemma 3.1 are discussed in Section 3.4.

3Interestingly, Lemma 3.1-(i) also holds when the bidders are identically risk averse, in which
case the optimal strategy depends upon risk aversion. However, Lemma 3.1-(ii) also holds and
shows that an optimal bid can be estimated without estimating the utility function, through an
estimation of B (-|x, ) only when using the rank U;.
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From the seller perspective, the knowledge of the conditional function V' («|z, I)
is sufficient to compute the expected revenue of a large class of auction mechanisms
with a reservation price r as shown by the next lemma. To ensure that the expected
revenue equivalence theorem holds, consider an auction mechanism A such that
(i) any bid higher than r can bid the auction; (ii) the highest bid is awarded the
auctioned object; (iii) each bidders are treated alike, and (iv) there is a strictly
increasing common equilibrium strategy B; = b(V;;z, ) for each buyer willing to

bid.

Lemma 3.2. Consider some (x,1I) for which a € [0,1] — V (a|x, ) is strictly
increasing and continuously differentiable.  Let «, (x,I) be the screening level
associated with the public reservation price r(x,I) € [V (0lz,I),V (1|x,I)], that

1s the unique quantile level such that,
r(z,I)=V(a(2,1)]z,1).

Suppose that the seller is risk-neutral with a valuation Vo (z,1I) of the auctioned
good. Then, under the IPV paradigm, the common equilibrium bidding strateqy

B; =b(V;;x,I) for any auction mechanism A gives an expected utility to the seller

of
Vo (337[) Qr (x>I>I

L1 {r (. D) o (2, 1) (1= a (2, 1)) + (T — 1) /

ar(z,I)

1

Vialz,I) o' (1 —a) da} :

The expression of the expected utility of the seller differs from the one given
in Riley and Samuelson (1981) which involves the conditional p.d.f of the private
values, or equivalently the a—derivative V() (a|z,I), but can easily be recovered
from Krishna (2002, p.25). The expression in Lemma 3.2 is more convenient for
estimation purpose because, in a nonparametric setup, V (a|z, I) can be estimated
with a faster rate than V) (a|z, I). The first-order condition associated with the

maximization of the expected revenue as a function of the screening level writes, for

VO (alz, I) =0V (a|z,I) /Oa,

(1—a, (x, D)) VD (a, (2, 1) |2, 1) =V (a (x, 1) |2, 1) = Vo (x, 1),
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which since r (x,I) =V (o, (z,I) |z, I), o, (x, 1) = F (r (z,I) |x,I) and

1
f(V (el 1)z, 1)’

VW (alz, T) =

is identical to the
first-order condition 7 (z,I) — (1 — F (r (z, 1) |x, 1)) /f (r (z,I) |z, 1) = Vi (x,I) in
Krishna (2002, eq. 2.12). When V (a|z,I) = V (a|z) and Vj (z, ) = V; (z), that is
when there is no unobserved heterogeneity, both the optimal screening level o and

reservation price r* =V («|z) does not depend upon the number of bidders I.

How econometric modelling can benefit from a quantile perspective is clarified
by the next theorem. Theorem 3.1 has two different purposes. The first part solves
the auction game by computing the equilibrium bid quantile function B (-|z, ) as
a function of the private value one V (:|z,I). The second part of Theorem 3.1
explains how to identify the private value quantile function V (:|z,I) from the
bid one B (-|z,I), see (3.2.6) below. It is therefore the cornerstone of a quantile
identification strategy. In Theorem 3.1 and all over the chapter, V™) (a|x, I) stands
for the a-derivative OV (a|z, I) /Oc.

Theorem 3.1. Suppose that the reservation price r is not binding and that I > 2.

i. Assume that V (alz, I) is continuous over [0, 1] with infaeio1 VY (a]z, I) > 0.
The conditional equilibrium quantile function B (-|xz,I) of the I i.i.d optimal
bids B; satisfies,

] - 1 @ ]_2
B(a|z,I) = e 2V (), I) dt, (3.2.5)

0

which is continuously differentiable over [0, 1].

i1. Let B (a|z, I) be a continuously differentiable function with respect to o € [0, 1]
and assume it is the common conditional equilibrium quantile function of I v.i.d
optimal bids B; generated from I i.i.d private values drawn from V (-|x, 1) as
in Part (1). Then it must hold that,

aBW (a|z, 1)

I)=18B 1
V (a|x, 1) (a|x, I) + 71

(3.2.6)
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As in GPV, equation (3.2.6) in Theorem 3.1 shows that the theoretical auction
model imposes some restrictions on the quantile function of the observed bids.
Indeed the LHS of (3.2.6) must increase with «.? Interestingly, an heuristic
argument for proving Theorem 3.1 will derive (3.2.6) in the first place. Consider a
bidder with rank a and suppose that he bids B (a|x, I) instead of his optimal bid
B (alz,I). Since the probability of winning with such a bid is a’~!, it follows that
his expected payoff satisfies,

(V (a|z,I) — B(a|z,I))a"' < (V(a|z, 1) — B(a|z, 1))’

meaning that the LHS is maximal when a = a.. The associated first-order condition
is,
(I—1)(V(alz,I) — B(a|z,I)) a2 = BY (a|z, 1) o't =0,

and rearranging gives (3.2.6). Viewing (3.2.6) as a differential equation with initial
condition B (0|z, 1) = V (0]z, I) and solving gives (3.2.5) in a second step.

Another important implication of Theorem 3.1 comes from the linear functional
relationship between the private value and bids quantile functions. Consider a
linear model, possibly infinite dimensional, for the conditional private value quantile

function,

My ={V (alz, I);V (alz,I) = Lz, (al1))},

where, for each x, v +— L (z,7) is a known linear operator over a finite or infinite
linear span containing the admissible parameter v, which can depend upon I. Then,
up to some regularity conditions, (3.2.5) maps My into a linear model Mp for the

conditional bid quantile function,

Mp = {B(a|x,]);B(a|x,]) =L (z, B (all)) with g (a|l) = 21_11 /Oa t172 (t|1) dt} :

for some admissible v (:|-). Hence linearity of a private value quantile specification
is preserved when turning to the quantile function of the observed bids, a key

stability property. Reciprocally, given a parameter value 5 («|l) of the bid linear

32Quantile functions which do not satisfy this condition can be derived from the c.d.f. G (b) =
(b/ (5 — 4b))1/5 and I =2 as in GPV, p. 530.
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quantile model such that B («a|z,I) = L(x, 8 (a|l)), (3.2.6) allows to recover the

corresponding parameter of the private value linear quantile model,

B (alz, I)

Vialz,I) =L(x,v(a|l)) with vy (a|l) = B (a|z, I) + T 1

Hence estimating a linear private value quantile specification is feasible as soon
as it is possible to estimate the coefficient 3 (a|I), together with 1) (a|I), in the
associated linear bid quantile model.

This includes the quantile regression specification pioneered in Koenker and
Bassett (1978) and a sieve additive interactive quantile version of the additive
interactive regression of Andrews and Whang (1990). The quantile regression model

writes, for the (d 4 1) x 1 vector X = (1,2')" and a conformable vector parameter
v (all) = (o (@ll),m (1)),

Vialz,I) = X'y (a|I) = v (| ]) + 2’71 (e|I), for all « € [0,1]. (3.2.7)

The stability property stated in Theorem 3.1-(i) implies that the conditional bid

quantile function satisfies,

Blale,1) = X'B(all) with 5(al) = [0 wnd 329

When the private value quantile regression specification (3.2.7) is correct, the

represention (3.2.1) shows that,
Vi =0 (UilI) + 2'n (UilD),

showing that the private value response to a change of the covariate can depend
upon the rank U; of the bidder. Setting 7 (I) = E [y (U;|1) |I] = fol v (a|I) da and
ni = X' (v (U;|I) —7 (1)) gives the linear regression model

Vi = X5 (I) + i,

where 7); is an heteroskedastic regression error term. When the slope coefficient
v (Ui|I) is constant so that v, (U;|I) = 7, (1), i = v (Ui|lI) — 7, (I) becomes
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homoskedastic. Such linear regressions were previously considered in Rezende
(2008). However Rezende (2008) has focused on the estimation of the slope and
intercept coefficients 7 (I). This does not allow without further restrictions for the
distribution of 7; to compute the expected utility of the seller in full generality.
Indeed, as seen from Lemma 3.2 depends upon an integral of vy («|]) which differs
from 7 (1), and 7 (e, (x, ) |I) where a,. (z,I) is the screening level associated with
the reservation price. Hence focusing on the estimation of 7 (/) is not sufficient to
compute an optimal reservation price without further assumption on the regression
error term or additional estimation steps. This contrasts with the quantile regression
specification (3.2.7) which allows such computation because it is a functional model
for the whole quantile function. In addition, as seen from Koenker and Bassett
(1978) and in the ideal case of observed private values, this specification can be
estimated with a parametric rate although it includes the infinite dimensional
parameter 7 (-|1).

Other specifications considered in the next section cannot be estimated with
a parametric rate but are, on one hand more flexible and more robust to
misspecifications than quantile regression and, in the other hand, not subject to
the curse of dimensionality which plagues fully nonparametric estimation methods

for V (a|z, I). Consider the additive quantile specification,

Mm, = {V(a|x,]);V(a|x,I) = ZV}(@;%,I)},

j=1

with a suitable convention to ensure identification. Since such quantile specifications
are obtained by summing some univariate functions, the effective dimension of this
model is 1 and is lower that the dimension d of the model allowing for all quantile
functions. Following Andrews and Whang (1990) or Horowitz and Lee (2005) and
given a sieve {py (-),k > 1} for univariate functions,® M; can be embedded in the

infinite dimension linear model,

M, = {v<a|x,f>;v<a\x,l> =3 lall)m <xj>} .

33Note that a different basis system could be considered for each variables. Our results can easily
extended to consider this setup.
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As in Andrews and Whang (1990), the number of covariate interactions can be

increased. Allowing for pairwise interactions leads to the linear specification,

d oo
M, = {V(a\x,[) (at]z, ) :ZZVJ’“ (a|I) p, ()
=1 k=1

+ Z Z Virjokike (&’[) Dk, (le)p]@ <xj2)}

1<j1<j2<d k1,k2=1

with effective dimension 2. All these models are a specific case of the infinite linear

sieve quantile regression model,

Mz{V(odx,I) (alx, I) Z% (alT) Py ( )}

which gives M; or My by a suitable choice of the system {Pj (:),k > 1}. Note
also that, when {Py (-),k > 1} is a sieve allowing approximation of all continuous
functions @ (z), M can be identified with the a non restricted model allowing for all
possible interactions between the covariates x;, 7 = 1,...,d. This can be useful for
testing purpose.

However, finding the expression of the conditional bid quantile function generated
by M needs some regularity conditions that are stated in the next lemma. The key
conditions is the uniform convergence of the series expansion of V' («|z, I'). In what

follows, X stands for the support of the covariate x.

Lemma 3.3. Assume that, for some continuous vy (-|1), k > 1,

V(alz, 1) =Y (all) P (x), (3.2.9)

k=1

converge uniformly over [0,1] x X. Then the conditional bid quantile function in
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(3.2.6) satisfies,

B(alz,I) =Y B (a|I) Py (x), Bi(all) = 21—_11 /atH% (t[)dt,  (3.2.10)
k=1 0
> (8% (1) (0%

V(alz, 1) =) (ﬁk (alI) + %%P) By (), (3.2.11)

where the two series expansion converge uniformly over [0,1] x X, and, for allk > 1,
Br (a|I) is continuously differentiable over (0,1] and aﬁ,gl) (a|I) is continuous over
[0,1].

Starting from the infinite dimensional private value quantile regression
specification (3.2.9), Lemma 3.3 derives the corresponding bids quantile regression
specification (3.2.10), and (3.2.11) explains how to recover the conditional private
value quantile function from the bid one. Before turning to estimation of the finite
or infinite dimensional quantile regression specifications, we complete Theorem 3.1
and Lemma 3.3 by analyzing how the first-price auction model acts on the series
convergence rate and smoothness. Let X CR? be the support of , which is assumed
to be compact with an nonempty interior. Let s;, ss be two nonegative integer
numbers and Py, , C M the set of functions @ (o, x) such that, for some integer
number 0 < dy < d

i. For each K, there exists some real numbers ¢; (a),...,qx (o) which may

depend upon K such that

- (K*dsﬁc> . (3.2.12)

max
(a,z)€[0,1]x X

ii. The functions «a € [0,1] — ¢ («) are s; times continuously differentiable with,

for some Q) (v, ) continuous over (o, x) € [0,1] x X

=

lim max

—0. (3.2.13)
K—o00 (a,x)€[0,1]xX

QU (a,z) = > g™ (o) Pi (x)

k=1
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As seen from (3.2.12), the parameter sy describes the convergence rate of the
series expansion @ (a,z) = > 7~ qr () Py (x) up to a dimension parameter dy
which corresponds to the number of interactions allowed in M. A limit case is
dy = 0, in which case Q (o, x) = Zszl gk (@) Py (x) for some K, as for instance
when the quantile regression specification (3.2.7) holds. Consider now the case
of a univariate z, i.e d = dy = 1 in which case we use sieve {py(:),k > 1}
instead of {P; (-),k > 1}. As surveyed in Chen (2007), the rate condition (3.2.12),
o (K~%2), typically holds for functions @ (a, x) such that z € X —Q (o, z) is sy
times continuously differentiable and {py (-),k > 1} is a suitable sieve sequence,
like Trigonometric or Legendre polynomial functions, B-splines or wavelets. For
these examples of sieves given by orthonormal system, g («) is given by the scalar

product,
0 (@) = [ Qo) pe ()
x

When a € [0,1] — Q (o, z) is s; times continuously differentiable,

g (o) = / Q" (a, z) pi (x) d,
X

and, as shown by taking s, = 0 in (3.2.12), (3.2.13) holds provided Q") (a, ) is
continuous over [0, 1] x X.

Let us now turn to the case of a multivariate x, i.e d > 1. In the
case of the additive specification M; with one interaction, the convergence rate
(3.2.12) holds for dy = 1 taking a sieve sequence {Pj (-),k > 1} which writes
{pr (1) ,...,pk (xq) ,k > 1} where {py(-),k > 1} is as in the examples of the
univariate case. The case of the additive specification My with two interactions

is more complicated because the corresponding sieve is

{pr, (25,) Py (25,) s k1, ke > 1,1 < jy < jo < d} .

Taking the first K elements of this sieve amounts to take for instance all the
product py, (7;,) pr, (75,) With ki, ks < KY2. This new upper bound affects the
convergence rate which is now o <(K1/2)752) =0 (K™2/?), i.e dy = 2 in (3.2.12).

The next Proposition describes in particular the implications of assuming that
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V (a|x, I) € Py 542 for the convergence rate of the series expansion of B (alx, I).

Proposition 3.1. Suppose that V (a|z,I) is a function of Psiq 42 for each I €3
satisfying,

inf VW (alz,I) > 0 and sup VW (a]z, I) < 0.
(e,@)€[0,1]xX (e, 1)€[0,1]xX

Then, for B (a|z,I) as in (3.2.5),

i mingagyepxx 0B (alz, I) /0o > 0 and max(q z)ep,1xx 0B (a|z, I) /0o < co.
ii. B(alz,I) is in Psiy sio.
iWi. aB (alz,I) is in Py sro and max(q z)eo1]xx |ozB(s+2) (az, I)} < 0.

Proposition 3.1-(i) implies that the p.d.f g (b|z,I) = 1/BW (B~ (b|lz,I)|z,I)
stays bounded away from 0 and infinity, a property which is important for
inference with quantile estimation method. Proposition 3.1-(iii) indicates that the
conditional bid function B («|z, I) and its series coefficients 3y, («|I) have one more
a—derivatives than V (a|z, I) over (0,1].3* In the case of the quantile regression
specification (3.2.7), V (a|x, I) = X'y (a|]) where v (a|]) is s+ 1 times continuously
differentiable over [0, 1], it implies that B («a|z,I) = X' (a|I) where 5 (a|l) is s+ 2
times continuously differentiable over (0, 1] but with a derivative 3+ (a|I) which

can diverge when « goes to 0.

3.3 Augmented quantile regression estimation

The identification Theorem 3.1 gives some guidance for estimating the conditional
private value quantile function, which suggests to proceed through an estimation of
the bid quantile function B (a|z, I) and its derivative BY (a|z, I) = 0B (a|z, I) /Oa.
While there is an important literature on the estimation of a conditional quantile
function, estimating B™ (a|x, I) has received much less attention. The function

BW (a|z, I) is also known as the sparsity function and appears in the expression of

34This is why it is assumed that V (alz,I) is an element of P11 512 instead of Pyt 542 since it
is important the brevity of exposition to have identical indices as in P12 s42.
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the asymptotic variance of many quantile estimators. Most of the results reviewed in
Koenker (2005) focuses on consistent estimation of BY (a|z, I') but do not establish
consistency rate or asymptotic normality. Exceptions are Marmer and Shneyerov
(2012) and Guerre and Sabbah (2012). However Marmer and Shneyerov (2012)
estimator is based on standard kernel density estimation which is not flexible enough
to deliver good consistency rates for quantile regression or additive specifications as
in the preceding section. The local polynomial quantile approach of Guerre and
Sabbah (2012) can be tailored to additive specification but it requests to employ a
backfitting algorithm as in Hastie and Tibshirani (1986) which is not straightforward
to implement. The estimation method of these papers do not pay attention to
boundary bias. The method proposed here copes with boundaries and jointly
estimate B (alz,I) and its derivative B (az,I), combining local polynomial

technique with a finite or infinite dimensional quantile regression specification.

Definition of the estimators

Consider L i.id. first-price auctions (I, z¢, By, i = 1,...,1;) and let X, = (1,2})".
Let p, (u) be the usual check function,

Pa(q) = q(a—T(q <0)),

where I(-) is the indicator function, i.e I(¢ < 0) = 1 when ¢ < 0 and 0 otherwise.
The intuition of the estimator is better understood at the population level. The

conditional quantile function B («|z, I) satisfies,

Blal- 1) = argminE L1, = 1) pa (Bt = Q (@0))].
where, except for the boundary case with o € {0, 1}, the argument of the minimum
is unique provided min, 4)e1jxx BY (a|z, I) > 0. To estimate BY (ajz, I) can be
done by introducing local variation of the quantile level in the vicinity of a. Let K (-)

be a kernel function with support [—1,1] and h = hy, — 0 be a positive bandwidth
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parameter. Then it follows from the equation above that,

{B(al|-,I),a € [« —h,a+ h|N[0,1]}

= arg min /1]E (I, =1)ps (Biv — Q (a,xy))] lK <a — a) da, (3.3.1)
Q(ax) Jo h h
where the minimization is performed over the set of functions @ (a,z) which are
continuous on [a — h, v + h] N [0, 1] x X. Note that the argument of the minimum
is now unique even when o = 0 or a« = 1. However, performing a sample version
of (3.3.1) is not simple in practice because the functional parameter @ (a, ) lies in
a very general set of continuous functions. Local polynomial methods circumvent
this issue by performing an approximate minimization of the objective function in
(3.3.1) by restricting to Taylor polynomial function instead of functions @ (a, z).
How it works in practice is easily understood in the case of the standard
quantile regression specification V (ajz,I) = X'y («a|l) in (3.2.7), in which case
B (a|z,I) = X'6 (a|l) with 8 (a|I) as in (3.2.8). Applying Proposition 3.1, a Taylor

expansion of 8 (a|z, I) in the vicinity of a € (0, 1] gives,

(CL . a)S—‘rl

B (all) = B (all)+(a —a)pY (a!f)+“'+m

B (o)1) +0 ((a — a)**?).
So an approximate minimization of (3.3.1) up to a O (h*™2) error uses the Taylor

polynomial function, where 3;, 7 =0,...,s+ 1 are some (d + 1) x 1 vectors,

Qa,z) =X {Bo+(a—a)Bi+ -+ (a—a)" B}

The corresponding minimizers 35 (a|l), j = 0,...,s+ 1 of the objective function in
(3.3.1) are close to BY) (a|I) /5! up to a O (h*T277) bias term, as suggested by Fan
and Gijbels (1996) and established in the proof section. Note that (3.2.6) shows
that it is in fact sufficient that such approximation results holds for £ (a|l) and
By (a|I). As well known from Fan and Gijbels (1996), it is important to include
in the estimation the higher-order Taylor coefficients §;, j = 2,...,s + 1 to have
8 (alT) = B (all) + O (h**) and B (alT) = B (alT) + O (h*+1).

Due to the additional smoothing of quantile levels and estimation of the

derivatives of the slope coefficient, the corresponding estimator introduced now will
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be called the Augmented Quantile Regression (AQR) estimator. Let a be a real

number and define, ® being the Kronecker product,

m(a) = [La,...,a*],
X, (a) = X, @7 (a) = [X},aX,,...,a " X]]

b= [ﬁmﬂlaﬂ%-'wﬁfﬂ-l],a

where the ;, j =0,...,s+ 1, are all (d+ 1) x 1 so that X, (a) and b are both of
dimension (s 4 2) x (d + 1).3* The Taylor polynomial function is X, (a) b. Stack

the derivatives of the slope coefficients in,
blall) = (B(alD) B (all) -, (s + DB (@l1)) . (332)
The AQR estimator of b (a|) is, up to a suitable rule to break ties,¢

ZAQR (a]I) = argmbinﬂAQAQR (b;a, I), «a€]0,1],

where, as suggested by (3.3.1), the objective function i]AQAQR (b;a, I) is defined as

L 1
~ 1 , a— «
Ragr (b, I) = mz (I =1) Z/Opa(Big—Xg(a—a) b)K( ; )da
=1

1 & e
ﬁz (I, = I) Z / : posnt (Bie — Xo (ht) b) K (1) dt.
/=1 “h

(3.3.3)

35 As seen from Guerre and Sabbah (2012), any upper bound for the number of derivatives can
be used instead of the exact one s + 1, so that s needs not to be exactly known because using an
upper bound is sufficient to achieve the convergence results stated later. This also holds for the
ASQR estimator introduced below.

36 An important feature of the objective function TJAQAQ r (b;a, I) is that it is still ”bowl-shaped”
at the boundaries o = 0,1, that is for on a = 0, lim|_e f]AQAQR (b;0,I) = 400, and that the
same rule to break ties can be applied. This is due to smoothing, which implies that SAQAQR (b;0,1)
diverges when b does, because all the SAQAQR (b;a,TI), a > 0 even close to 0, diverge. This contrasts
with the standard quantile regression estimator. Indeed, since pg (¢) = 0 for all ¢ < 0, the quantile
regression objective function is 0 for all 8 such that X,’8 < By, for all ¢ and ¢, so that it may be
difficult to define the quantile regression estimator when o = 0.
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The corresponding AQR estimator of the private values quantile regression slope
v (a|I) and of the private value quantile regression model (3.2.7) are obtained by

plugging in /Z)\AQR (a|]) in (3.2.6),

2
- 5 aBagr (all) o -
Fagr (all) = B g (all) + A]Q+17 Vagr (e, I) = XYagr (e|l), (3.3.4)

where Bﬁfg r (a|I) and Bixlc,)g r (a|I) are the two first vectors of dimension s+ 1 stacked
in bagr (a|I).%7

The case of additive interactive quantile specification is a natural extension
of the AQR procedure which involves a series truncation parameter K; — o0
in addition to the bandwidth h. By Lemma 3.3, a series expansion V («a|z,I) =
Y rei v (o] D) Py (z) for the private value conditional quantile function yields that
the bid conditional quantile function can be similarly written as B (a|z,I) =
S re Bk (a|I) Py (x). Instead of estimating the full expansion, focusing on the
first coefficients {'yk (a|I), By (a|1) ,5}6” (o], k < KL} gives a model which is very
similar to the first-price auction quantile regression model considered above, up to

a dimension K which is growing with the sample size.?® Let

P(z) =[P (x),...,Pg, (2)],
P(z,a) = P(z)®7(a) = [P(2) ,aP(z),...,a"'P(2)],

and let by, be a vector of dimension (s + 2) x K, which, as b above, stacks subvectors
B; associated with a’P (x¢,a), j = 0,...,s + 1. The Augmented Sieve Quantile

Regression estimator of V' («|x, I) writes

(3.3.5)

aBYson (@lI)
I—1 ’

Vasor (a]z,I) = P (z)' {BS{%QR (o) +

37 Although not explicitely considered here for the sake of brevity, different bandwidths can be
used for Bffgg g (a|I) and EEL‘% g (a]I), and our theoretical results carry over for such extension under
additional bandwidth rate conditions.

38In principle it would be possible to consider different series truncation parameters when
estimating B (|, I) and its derivatives B! (a|z, I), putting to 0 the missing Sy, (a|I) or ﬂ,(;) (o] D)
in the expression v (a|l) = B (a|I) +aﬂ,(€1) (a|I) /(I —1). It is not explicitely considered here for
the sake of notation but such extension can be easily studied with the techniques developed here.
As well, distinct bandwidths can be used for the estimation of B (a|x, ) and BM (alz, I).

99



3. Augmented Quantile Regression for First-Price Auction

where
o~ o~ !
basan (alD) = [Bhor (@11) . Biqr (@1, Beidh (ol D) |
satisfies

/EASQR (Oé|]) = argrr;inﬂAlAgQR (bL; a, I) s
L

L
~ 1 a— o
:RASQR(bL;a’I):ThZ [g—[ Z/pa zé_ SEg,a—O./) bL> ( h )da

T 11—«
¢ h

LI > Le=1) Z/ Patnt (Bie = P (x4, ht) by) K () dt.

«@
/=1 i=1""h

(3.3.6)

Theoretical estimation results

The main assumptions used in the theoretical results of the chapter are stated below.
Assumptions A and S deal with the first-price auction model and the finite or infinite
dimensional private value quantile regression specifications. Assumptions R and H
concern the estimation method. Recall a; =< by, means that both ar/b;, = O (1)
and by/ay, = O(1). The norm |- is the Euclidean one, i.e ||| = (¢e)/* where
the dimension of the column vector e can depend upon the sample size L. For
Assumption H-(iii), Recall that the ¢; norm of e = (e;) is 3 _; |e;].

Assumption A. (i) The auction wvariables {Iy,x¢, Vig, Bip,i =1,...,1,} are
independent and identically distributed. The common p.d.f f (x|I) of the covariates
xy giwen I, = I is continuous and bounded away from 0 over its support X, which
is a compact subset of RY, and the actual number of bidders I, takes values in a
bounded set J of integer numbers larger or equal to 2.

(i1) Given (xy, 1) = (x, 1), the Vip, i = 1,..., 1, are independent and identically
distributed with conditional quantile function V (a|z,I), p.d.f f(v|z,I) and c.d.f
F (v|z, I) satisfying,

inf VW (alz, 1) > 0 and sup VW (alz, I) < co.
(o2, 1)€[0,1]x XxT (a,2,1)€[0,1] XX xT

(i1i) Given (x4, 1) = (x,1), (3.2.5) holds, that is for all a« € [0,1] and all
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(x,1) e X x 7,

aBW (alz, I)

B I
(afe, 1)+ 25

=V(a|z,I), with BO|z,I)=V (0|z,I).

Assumption S. For s > 1 as in Assumption A and each I € 7,

(i) For the quantile regression model V (a|z,I) = X'v (a|l) as in (3.2.7), the
slope coefficient v (a|I) € R has s + 1 bounded derivatives over [0, 1].

(1) For the sieve quantile regression model (3.2.9), there is a nonnegative number
dyt such that V (a|x,I) € Psiq si0.

Assumption A recalls the implications of the IPV paradigm and imposes that
bids are determined by the Bayesian Nash equilibrium. Assumption A-(i) assumes
that each auctions are independent and identically distributed. The existence of
a conditional p.d.f for the covariate x, is only used for the infinite dimensional
quantile regression specification. For a standard quantile regression specification,
it is sufficient to assume that the matrix E [I ([, = I) X,X)| has an inverse for all
I € J as recalled in Assumption R-(i) below. Note that, as all along this chapter,
private values and number of bidders need not to be independent. A discussion
of dependence in relation with an entry stage preliminary to the auction and
unobserved heterogenity can be found in Marmer, Shneyerov and Xu (2013a) or
Gimenes (2013), who also explains how to improve quantile regression estimation
under independence by pooling. Assumption A-(ii) is standard regarding both
auction models and quantile regression inference theory. The purpose of Assumption
S is first to ensure that the estimated quantile regression specification is the correct
one. Misspecified quantile regression specifications could also be considered as in
Gimenes (2013) at the price of additional technicalities. Assumption S-(ii) has been
discussed in detail prior Proposition 3.1 and concerns both the sieve method together

with the smoothness of the conditional private value quantile function.

Assumption R. (i) The matriz E[I (I, = I) X,X]| is full rank for each I € J.
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(11) The sieve { Py, k > 1} has the Riesz property, that is there is a constant C' > 1
such that for any sequence {vk, k > 1} of real numbers satisfying > o 7 < 00,

%{Z’Vﬁ}ﬁ/x<27kpk(l’)> deC{Z%%}-

Assumption H. (i) The kernel function K () is continuous and strictly positive
over (—1,1) and h — 0 with log® L/ (Lh?) = o(1).

(ii) In addition, for the ASQR estimator, K; < h™™ and some ¢ > 0 such
(14 ¢) dne < 2s,

14¢
— 2
max [P (@)] =0 (7,%).

with log® L/ (LA+OD+2) = O (1) .

(111) max,ex | P (z)]] = O (Kém) and log L/ (Lh*™+2) = O(1). The ¢, norm of
each column of ™' [I (I, = I) P (2¢) P (x¢)'] is bounded by the same constant C' for
each L and I,

max {/x |, (2)] dm} x mgg P (2)| = O (1), (3.3.7)

and for some p € (0,1], K17, with log K1, = O (log L),

IP (z) = P(2)|| < Kuip|lz = 2'||” for all x,2"ofX.

Assumption R is a key identification condition which ensures that the coefficients
of the private value and bid quantile regression are uniquely defined, in the finite
dimensional case for (i) and in the infinite dimensional case for (ii). Assumption R-
(ii) and Assumption A-(i) ensures that the eigenvalues of E [I (I, = I) P (z,) P (z)']
stays bounded away from 0 and infinity when L increases, which is a key property
to ensure that the ASQR estimator has a well-behaved variance. Assumption H-
(i,ii) groups some growth conditions for the bandwidth h and series truncation

parameter K. Part (i) is specific to the standard quantile regression specification
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(3.2.7) and the AQR procedure. The rate condition log® L/ (Lh?) = o (1) is stronger
than the condition log L/ (Lh) = 0(1) used in Guerre and Sabbah (2012) for local
polynomial conditional estimation in a univariate context. This new condition
rate is driven by the order of the remainder term in the Bahadur representation
and is specific to the augmented procedure, i.e smoothing with respect to quantile
level. Part (ii) considers infinite dimensional quantile regression specification and
the ASQR procedure. It is possible to obtain general results without K = h~% but
this constraint simplifies the discussion on the sieve truncation K and smoothing
parameter h. The effective dimension dy; is the number of interactions in the
infinite dimensional quantile regression specification (3.2.9) from M. The condition
K =< h™® recalls that K plays the role of a smoothing parameter associated
with a covariate with dimension dy;. Setting the exponent ( to 0 shows that
the bandwidth should now satisfies the rate condition log® L/ (Lh*@+1)) = O (1)
which is identical to the one in Assumption H-(i), up to the fact that the effective
dimension dy; now appears while it can be set 0 for a standard quantile regression
model. The exponent ( is typical of the sieve {P; (), k > 1}. As reviewed in Chen
(2007), ¢ = 0 for the (multivariate) trigonometric system, B-spline and wavelets,
while ¢ = 1/2 for Legendre polynomial functions. While Assumption H-(ii) is used
for integrated mean squared error, Assumption H-(iii) is used to derive optimal
consistency rates with respect to uniform norm. Such results are difficult to obtain
because the ASQR estimator is not constrained to be bounded or smooth, so that
it is sometimes necessary to rely on a crude Cauchy-Schwarz inequality bound
!P (z) e| < ||P (z)|| |le]| to bound some functional error term P (z)’e, see e.g. Newey
(1997). 3 Assumption H-(iii) strengthens the bandwidth rate condition of (ii) to
log L/ (LR*#™tD) = O(1). The condition (3.3.7) is used to study a bias term. It
greatly restricts the sieve which cannot be the trigonometric or Legendre polynomial
functions but holds for B-splines and wavelet functions. To see this, observe that,

in the univariate case or of a purely additive model, father wavelet with a compact

39Imposing smoothness conditions may help to obtain better bounds. This is the purpose of
penalized methods as in Portnoy (1997), Eggermont and LaRiccia (2009) and as also reviewed
in Chen (2007). However, these methods consider roughness penalties which depend upon the
support X of the covariates, which needs to be known. Unconstrained methods do not require such
a knowledge and may be more appropriate when the support is unknown or can only be poorly
estimated.
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support or B-spline sieve take the form,
Dy (z) = CV225 2y (C28Ve — k), z €R,

for some scaling constant C' and integrable function ¢ (-) with a compact support, so
that maxg<r, { [y [P (2)]dz} = O (27%/2) and max,ex Sp% | Pe (2)] = O (250/2)
which gives (3.3.7). The Holder condition in Assumption H-(iii) is flexible
enough to allow for B-splines, and more specifically wavelets which are not always
differentiable, see Daubechies (1992). The ¢; condition follows from the property of

Gram band matrices.*°

The two next results states the uniform convergence and asymptotic normality
of the AQR procedure when (3.2.7) is correctly specified.

Theorem 3.2. Suppose the quantile regression specification (3.2.7) is correct. Then
under Assumptions A, S-(i) and H-(1),

= log L 1/2 st
sup Vagr (OZ|SBJ)—V(CV|CCJ)‘ = Op +h .

(a,z,1)€E[0,1]x X xJ Lh

Theorem 3.2 shows that uniform convergence holds uniformly over [0, 1] x X x J

so that the AQR procedure is free from asymptotic boundary bias issues. As for all

4OThat splines can achieve optimal uniform consistency rates without a penalization as
established below was known since Portnoy (1997) for the univariate case and a single quantile level,
and Assumption H-(iii) allows to extend this in particular to the multivariate case and to wavelets,
uniform convergence with respect to « of the conditional quantile function and its a-derivative.
For localized sieve as the B-splines and compact wavelets considered here, the ¢; condition holds
because the entries of E [I(I; = I) P (z,) P (z,)'] are bounded by the ones of C (Id+o(J + J'))
where J is a lower band matrix with an order independent of L and 0 < ¢ < 1. Then the entries
pij of E7L[I(I, = I) P (x4) P (z¢)'] are bounded by the ones of

c’ <1d+ i o (J” n J")) .
n=1

This implies that |p;;| < C”0!"=7l uniformly in 4, j and L, which implies that max;, max; 3", |p;| <
00.
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the rates stated here, the rate of Theorem 3.2 is determined by the rate of,

aBior (@) aBW (af])

-1 -1

sup
(a,z,1)€[0,1]x X xTI

’

since 3 aor (a|I) converges faster than a@fg? g (a|I). The optimal bandwidth order
is h = (log L/L)®™) which is compatible with Assumption H-(i) for all s > 1.
For such choice of the bandwidth,

s+1
~ log L\ 2s+3
sup VAQR(a|x,I)—V(a|x,])‘ :O]p<< i ) > ,

(o,z,T)€[0,1] x X' xJ

which corresponds to the nonparametric optimal minimax rate in GPV for
estimating the cumulative distribution function of the private values in the absence
of covariate.*! For instance assuming that s = 1 gives a rate (log L/L)*® which is
often considered as acceptable for sample size as large as 100.

Theorem 3.2 investigates global convergence and its consistency rate can be due
to some specific a or z. The next pointwise asymptotic normality result implies that
it is not the case. Let us first introduce some additional notations. Let s; be the 1 x
(s +2) vector (0,1,0,...,0) which is such that Id;, ®315AQR (all) = BSC??R (| D).

ot e () (t) K (£ dt, e,

Let IT}, («) be the second column of the inverse of ffa Ih

1—a

I (a) (/_hw(t)w(t)’K(t) dt) s,

7
and define the AQR variance quantities,

l1—«a l1—a

(a) =T (@) [ / U ()7 (6) min (b, £) K (8) K (t) divdtsIT () |

>R
=R

41 Although GPYV focus on the p.d.f for which the optimal minimax rate for uniform convergence
is (log L/L)* @793 their results can easily be extended to the case of the c.d.f for which the

minimax rate becomes (log L/ L)(S+1)/ (254+5) A simple inversion argument shows that it is also
the optimal minimax uniform consistency rate when estimating the conditional quantile function.
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Yn (all) =

a?v? (a) E-1 |:XgXéI[ (I, =1)

— L [ Xe XL (L =1)
([ — 1)2[ B0 (a|x£’[£> } ]E[XEXE]I (Ig = I)]E { } )

BW (a|zy, I))
(3.3.8)
The bias of the AQR estimator will depend upon,

Bias,(a|l) = 7 i 75 (/_ ()7 (t) K (t) dt) / —= K (t)dt

|
% _% (S+2)

g1 I(I, =1)X,X, E I(I, = I) X,aB®? (al|z,, 1)
BW (a|xy, I) BW (a|xy, I)

—a
h

T2 (1)

(3.3.9)

Theorem 3.3 states the asymptotic normality of Y4qr (o) and XA/AQ r(a|z, I).

Theorem 3.3. Suppose the quantile regression specification (3.2.7) is correct. Then
under Assumptions A, S-(i) and H-(i) and for all o € [0,1], all X = (1,2')" with
x e X,

d

Lh V2 .
(m) (VAQR (O./|ZL', ]) -V (CY|ZL‘7 I) - hs+1X/B|aSh<O{|]> +o0 (hs+1)> — N(O, 1) .

Theorem 3.3 implies that

~ 1 s
Vagr (alz, I) =V (alz, 1) = Op <(Lh)1/2 +h “) :

and that, except for a = 0, this order cannot be improved since 3 (a|/) is a full-rank
covariance matrix for a € (0, 1]. Tt may however happen that X'Biasy,(a|l) = 0 in
which case the order above can be changed into 1/ (Lh)"?. The only possibility of
rate improvement occurs at & = 0. The intuition is that the rate of Theorem 3.3 is
given by the estimator component a@fgg r (a|]) which converges with a slower rate
than Bagr (a|l), and that the former vanishes for « = 0. In fact, Chernozhukov
(2005) has shown that standard quantile regression estimators can converge faster
than L'/? when a goes to 0 or 1. This is also likely to hold here for a = 0, but
not for a = 1 because the asymptotic behavior of BSC?? r (a|I) fundamentally differs
from the one of Bagr («|]) near the boundary. Indeed, the estimator Sagr (a|l)
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is close to a vector weighted average of (I (B, < B (axy, I;)) — )1 (I, = I) with a
variance proportional a (1 — «) which goes to 0 when a goes to 0 or 1. By contrast,
BS%R (cr|]) is somehow similar to the growth rate (EAQR (all) — B\AQR (o — h\[)) /h

that is to a vector weighted average of variables as,

(H (B (C( — h’xg,[g) S BM S B (Oé‘l‘g,[g)) — h)]I(Ig = [) y

SRS

which variance is asymptotically proportional to
1/h independently of the quantile level a. This heuristic argument also suggests
that ‘A/AQR (c|zy, L) . ?AQR (sl g, I;) are asymptotically independent as soon
as the o, j = 1,...,J are distinct.

Theorem 3.3 can also be used to propose plug in bandwidth choice. Indeed, for
a far enough the boundaries so that Biasy,(a|l) and ¥, («|I) do not depend upon
h, an optimal bandwidth with respect to the asymptotic MSE of XA/AQR (a|x, 1) is,
provided that X'Bias,(«|I) differs from 0,

opt — T

_— XSh(al)X 1 =5
2(s+ 1) X'Biasp(a|I) L

Such a bandwidth can easily be estimated using standard pluging techniques.
Second order improvement can also be obtained by including the effect of
B aor (o|z, I) in the asymptotic distribution above.

Although not detailed here, a similar asymptotic normality result also holds
for the ASQR estimator, taking into account an additional bias term due to sieve
truncation and changing X, int P (z,) in the expression of the asymptotic variance
(3.3.8). The next theorem describes the global integrated mean square error (IMSE)

and uniform convergence rates.

Theorem 3.4. Suppose the sieve quantile regression specification (3.2.9) is correct.
Then under Assumptions A, S-(ii) and H-(i,ii) and for all I € 7,

/01 {/x (VASQR (alz, I) — V(a!m,1)>2da:} do = Op ((Lhdavt—l-‘rl)lm i hs—i—l) '
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If Assumption H-(iii) also holds,

- log L 1/2 1
I) — I ‘ = —_— st
(a,%[)lél[g»)l(]XxX? VAQR (OélSE, ) v (Oé|£lj', ) Op (Lhdj\/[-H) +h

Theorem 3.4 is qualitatively similar to Theorem 3.2, up to the number of
interactions dy of the infinite dimensional additive quantile regression specification

(3.2.9). The optimal convergence rates are

s+1 s+1
1\ 2s+dy+3 log L\ 2s+dn+3
<Z) " for IMSE, ( Oi ) " for uniform convergence.

However these rates are not always feasible due to the bandwidth constraints in

1\ 257dns log I\ ZFarTs
(Z) " for IMSE, (Oi ) " for uniform convergence.

< s for IMSE, < s for uniform convergence,

dye — 1 3(dy —1)

2
which both holds for s = 1 and the infinite dimensional additive quantile regression
specification for which dy; = 1. The IMSE restriction holds for s = 1 and two
interactions but not above dy; > 3. This suggests that the ASQR procedure works
well for low dimensional models. For higher number of interactions, the two step
procedure of Horowitz and Lee (2005) or the augmented local polynomial quantile

estimator of Guerre and Vuong (2013) with backfitting when dy; < d can be useful.
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3.4 Extensions, discussions and simulations

Some potentially important extensions deal with imposing no interaction between

the rank and the covariates, as in the quantile specifications,
V(a|z, I) =0 (o) + 2/,

Vale, 1) = Vo(a) + > Vj ().

The former implies that, for some 7 independent of (x,I), V = 2'v4 + n as
considered in Rezende (2008) while the latter gives the additive regression model
with independent and homoskedastic error V = Z;.lzl V; (z;)+n. Such specifications
are important because the components 'y, of the former and ijl V; (x;) of the
latter can be identified even when the number of bidders is not observed. Gimenes
(2013) has considered the former quantile regression specification for ascending
auctions, as well as the case where the slope coefficient v (a|I) in (3.2.7) does not
depend upon I. Her estimation methods can easily be adapted to the first-price
auction and sieve expansions. Gimenes (2013) considers also some specification
tests for dependence on I and higher order interactions that can be extended to
a first-price auction nonparametric setup. Other extensions considered now deal
with optimal bidding strategy and private values estimations, the case where only
the winning bid is observed and reservation price. The last discussion concerns the

choice of the smoothing parameter.

Optimal bidding strategy estimation

When the bidder knows his private value rank u, equation (3.2.4) in Lemma 3.1
shows that the optimal bid is given by B (u|z,I) which can be estimated using
E(u|x,]) = EAQR (u|z,I) or B\ASQR (u|z,I) depending on the specification of
interest. Under the conditions of Theorems 3.2 and 3.4-(ii), it is shown in the

proof section that

~ log L 1/2
max B(u|$,I)—B(u|x,])):Op ( ) e

(u,z,T)€[0,1] x X xJ Lhdat
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recalling that dy, is the number of interactions in the model with the convention that
dy = 0 for a quantile regression. This gives an optimal uniform convergence rate
(log L/ L) T2/ GED5h0) which is faster than the ones derived for the estimation
of V (a]z,I) in Theorems 3.2 and 3.4-(ii). For a quantile regression specification
with dy = 0, it can be shown that the uniform consistency rate of B (ulz, I) is the
parametric rate 1/LY/2.

When the bidder does not know his rank wu, it can be estimated from his private
value v = V (u|z,I). For V (ulz,I) = XA/AQR (u|z,I) or XA/ASQR (u|z,I), a possible
estimator of u is,

U = arg min |v—V (a|z,I)],
a€l0,1]

using an appropriate convention to break ties. The estimation of the optimal bid is

then B (@|z, I) and the next Lemma describes its uniform consistency rate.

Lemma 3.4. Assume that Assumption A holds. Let o be the mazimum of

max B (alz, 1) —B(a!x,[)‘ and max V(a|z, 1) =V (a|z,1)].

(o, I)€[0,1]xXxT (a,z,I1)€[0,1]x X xT

Then,

B (alz, I) — B(F (v|z, I ,I’:OA.
(glfé)%é(x UE[V(O\f{CI,lIE)%?‘{/(lﬂJ)] ‘ (@, 1) (F (v, 1) . 1) Q
Under the conditions of Theorems 3.2 and 3.4-(ii), 1% (+|-,-) has a slower uniform

convergence rate than B (‘|-,+). It follows that the uniform convergence rate of
o~ s+1
B (u|x, 1) is (log L/L)?%+3 at best for the AQR and ASQR estimators.

Private values estimation

As noted by Marmer and Shneyerov (2012), a quantile approach avoids estimating
the private values, a step which was a key element of the two step procedure of GPV.
However, as shown by Cassola, Hortagsu and Kastl (2013) in the related context
of Treasury auctions, the private values or some equivalent quantities may have a
strong economic content especially useful in empirical applications. The quantile

regression approach allows to estimate the private values Vj, from an estimation of
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the conditional bid and private values quantile function as delivered by the AQR
or the ASQR procedure, say B (a|z, I) and V (a|z, I). A key fact from Lemma 3.1
is that the private value and bid ranks of bidder ¢ are identical. In the case of the
private value Vi, of bidder 7 in auction ¢, the rank U, can be estimated from (3.2.4)

using,
U, ;¢ = arg min
‘ a€(0,1]

BM — é (Oé’$g, [g)

Y

using an appropriate convention to break ties. Then (3.2.1) suggests the estimated

private values,

~

Vie=V <Uw\$e, fz) :
The next Lemma gives the convergence rate of XA/M.

Lemma 3.5. Assume that Assumption A holds. Let o be the maximum of

max B (alz,I) —B(a|x,])‘ and max V(alz, 1) =V (a|z, )| .

(a,,1)€[0,1]x X xT (a,2,1)€[0,1]xXxJ

Then,

max max |V —V;
=1, Li=1,.,I;

~0(d).

For the AQR and ASQR procedures, the rate p is the uniform convergence rate
1% (atz, I), which is respectively given by Theorems 3.2 and 3.4, since the uniform
convergence rate V (az, I) is the one of «B® (a|z, I) which is slower than uniform
convergence rate of B (a]z, I). Compared to GPV, the proposed private value
estimation procedure is free of boundary issues so that all the private values can
be recovered asymptotically. The intermediary results used to establish these two
theorems can be used to obtain a more precise uniform stochastic expansion for
‘7,1 — Vip. Such expansions can be useful to study estimators based on ‘7}@ as in the
two step estimation studied in Newey and McFadden (1994). Indeed, using the rate

of Lemma 3.5 may give too conservative rates of convergence for such procedure.

Winning bids

It has been considered so far that all the bids of the auction were observed but

the quantile regression approach easily extends to the case where only the winning
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bid is observed. The next Proposition shows that the conditional private value
quantile function can be identified from the one of the winning bid. This follows from
Theorem 3.1 and the fact that the conditional bid quantile function B (-|z, I) is easily

recovered from the winning bid one Biyax (-], I) since Buax (a|z, 1) = B (/1|2 1)
Proposition 3.2. Assume that Assumption A holds. Then
i. The conditional equilibrium quantile function Byay (+|z, I) of the winning bid
satisfies

-1 [¢
Buax (|, 1) = B (al/1|:v,[) with B (a|z, 1) = —— / 72V (t], 1) dt,
«

0

and Buax (a'|z,1) is continuously differentiable over [0, 1].
it. Let Bmax (a|x, I) be as in (i). Then it must hold that,

a 0

_ I - =
V (a)z,I) = Buax (a']z,I) + 194

[Bmax (0/|:1:, I)} :
Proposition 3.2-(i) implies that linear quantile regression specification enjoys
the same stability property than discussed after Theorem 3.1. Proposition 3.2-(ii)
indicates how to implement the AQR or ASQR procedure to the winning bid. The
key difference with the case where all the bids are observed is that the quantile af
should be used instead of « in the estimation procedure. It follows that Theorems
3.2-3.4 can easily be modified to cover this observational scheme. The estimation
procedure can be modified in a similar way to cover the case where any prescribed

subset of the ordered bids is observed.

Reservation price

A binding reservation price changes the bidders’ optimal strategy and introduces
censorship. Let r = r(x,I) be the reservation price chosen by the seller. The
associated screening level is the rank «, = a, (z,1) solving V (a|z,I) = r(z, 1),
or equivalently . (x,I) = F (r (x,I) |z, I). Bidders ranked below «, (x,I) will not
bid and a bidder with rank «,. (z,I) will bid r (x,I). Consequently the optimal
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bidding strategy B, («|z, I) solves (3.2.6) for aw > a, (z, I') with the initial condition
B, (e, (x, 1) |x, 1) =7 (z,I). Solving gives, for all & > . (x, 1),

B, (a|z, 1) = ! {r(az,[) a, (33,[)[1+(I—1)/a( , tI2V (], 1) dt}

al-1

-1
:(W) (r(z,I)— B(a, (x,I)|x, 1)) + B (a|z,I),
where B (-|z, I) is the optimal bidding strategy in the absence of reservation price
defined in (3.2.5). Since B (o, (z, 1) |z, I) < r(z,I), B, (a|x,I) — B (a]x, I) > 0 and
decreases with a.

Three econometric issues must be addressed here. First, (3.2.6) together with
the new constraint B, («,. (z,I) |z, I) = r (x, I) implies that BY (o (x, 1) |z, 1) =0,
so that quantile estimation may have non standard asymptotic properties. Second,
the fact that B, («a|z,I) depends upon r(x,I) and «, (z,I) implies that quantile
linear specifications are not as stable as for the case where the reservation price is
nonbinding. Third some bids are not observed. To address the first issue can be
done as in GPV by considering the transformed observations By; = (B; — r (z, [ N2,

with conditional quantile function,
Bi, (alz, 1) = (B, (alz, I) — (2, 1), a > ay (2, 1)

In order to extend this function for a < a, (z,1), set B;; = 0 for all those buyers
who did not bid, so that the model is somehow analogous to the censored quantile
regression in Powell (1986).

It is assumed here that r(x,I), x and the number of potential bidders I are
observed, together with the number I* of actual bidders and their bids B;. The
next proposition is a key result to design an estimation strategy when the reservation

price is binding.

Proposition 3.3. Assume that Assumption A and that the reservation price is now

binding, v (x,1) € (V (0lx, 1),V (1|z,I)). Then given x and I,

1. The number of observed bids I* has a binomial distribution with parameter
(1,1 —«, (z,1)) with o, (x,I) =1 —E[I*|z,I] /1.
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ii. The equilibrium conditional quantile function By, (o|z,I) satisfies, for all

a>a,(x, 1),

_ 1/2
Sz, D\ I—1 [
By, (alz, 1) = (r (z,1) ((%) - 1) +— / . 2V (t)z, 1) dt) .

1i. The private value conditional quantile function is given by, for all o >
a, (x,1),

V(alz,I) =7 (2, 1)+ B}, (a|z, I) + %% [B:, (a2, )] .
Proposition 3.3 shows that identification and estimation of the model are
straightforward when «, (z,1) = «, (1), including the case «, (z,I) = «, where
the reservation price is given by the a,th quantile of the private value conditional
distribution. Part (i) implies that «, (I) can be estimated using @, (/) = 1 —
S I =1)1;/ (I S I = I)> which is L'/?-consistent. Assuming that the
quantile regression specification V' (a|x, I) = X' («|]) holds, part (ii) implies that

-1 1/2
By, (alz,I) = (r (z, 1) ((O‘T(I)) - 1) + X' (a|])> ,
with N
B(aln) = L1 / =2y (1) dt for all a > o, (I). (3.4.1)
o ar(l)

Since 7 (x,I) is known, 7 (x,I) ((ar (I) /)" — 1) can be estimating leading to

consider the estimated quantile model,

Qs (a,z,1) = (7« (2,1) ((aé[)) . 1) +X'B (a|]))

Combining the augmented methodology, nonlinear quantile regression and Powell

1/2

(1986) to account for “censored” bids?? will deliver estimation of 3 (a|I) and

42 Alternatively it is possible to restrict to the observed bids and to change the quantile functions
into quantile functions given that the B;, are such that Viy > r (x4, Iy) to account for selection.
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BW (a|I) which can be used as in (3.3.4) to estimate v (a|l) for all a > a, (I).
Indeed, (3.4.1) gives again that (3.3.4) holds, leading to an estimator 7 (a|l) =
Blall) +aB (al1) /(1 -1).

The case where «, (z,I) depends upon x**

is more challenging. However the
whole conditional quantile function V (a|z,I) = X'y (all), a € [0,1], can be
identified provided inf,eyx o, (x,1) = 0 for all I € J. The issue here is that the
linear specification is not stable since changing «,. (I) into a. (x, 1) in (3.4.1) would
give a slope coefficient [ («|I) which depends upon z. It is however possible to
estimate v (a|l) by selecting those x such that «a, (z,I) is close to some prescribed
deterministic a provided an estimator of a, (z, ) is available. Proposition 3.3-(i)
suggests a nonparametric estimation but using the fact that V (a|z, I) = X'y (a|l)
may improve this estimator in the favorable case where the whole quantile regression
can be recovered. An iterative algorithm uses an additional smoothing parameter
1/J where J = Jp is an integer number which diverges with the sample size, a
preliminary estimation al (x,I) of a. (x,I), and given the updated a® (x,1), a

partition of the sample according (z, I;),*

The algorithm decomposes into the following steps.

Step 1: a first estimation. For each j, estimate 3 (a|I), U (a|l) and v (a|l)
using the modified AQR procedure detailed above for «,. (z,I) = j/J and the
subsample L§k), for all a > j/J. Let 3%* (a|I) be the resulting estimator.

Step 2: aggregation. Step 1 gives several estimation of « («|I), which can be

improved using weighted estimators as

A SL A DI <a
Yy (a1 = J F (J )
Zj:lﬂ(7§a>

43Using a quantile specification Qp,a, (1) (o, z,I) where o, (I) becomes a parameter to be
estimated is also feasible in principle.

44 This can be in principle tested nonparametrically using Proposition 3.3-(i).

45The partition could be replaced by a kernel function as seen from the details of the algorithm.
Using a kernel instead of a partition may be useful to decrease bias in the same way that a kernel
p.d.f estimator improves on histogram.
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Define also XA/(k) (o), I) = X3 (af D).

Step 3: updating at®) (x,I). For each (x4, I;), define
a* ) (z,,I,) = arg min ‘7(k) (a|w, I) —ry|.

Stop if the updated at+y (xg, I;) are close to the previous one and if the
slope coefficient 7z («|7)’s do not differ too much from the ones of previous

iterations.

The updating Step 3 aims to improve the initial nonparametric estimation a0 (x,1)
suggested by Proposition 3.3, which may be inefficient if the dimension of the
covariate is large so that the resulting estimation of the slope v (a|l) would be
poor. Using an unconstrained estimator like at” (z,I) may also give a poor idea of
where the estimation performs well and where it does not. The aggregation step 2

is also important to recover fast estimation rates.

Choice of the smoothing parameters

Theorem 3.3 gives some asymptotic expressions for the bias and variance which can
be used to propose a plug in bandwidth choice. Such bandwidth choices are however
difficult to justify theoretically because they rely on an estimation of the bias which
is hard to perform because it depends on higher order derivatives which cannot be
estimated with a good rate.*® Before proposing an alternative bandwidth choice for

the AQR procedure, let us detail the integrated MSE approximation which follows

46Such plug in procedures are affected by an important contradiction: the focus should be on a
bias corrected version of the initial estimator if estimating the bias was easily feasible.
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from Theorem 3.3. Define, where s; is the 1 x (s + 2) vector (0, 1,0,...,0),

I(I, =1)X,aBG6*2 I I,=1)X,X/
Ml(a):]E[ (Le=1) Xpor (oo, 1) (e =1) X, e}’

I
M. =K
BO (alr, 1) ] M) { BO (alzs, 1)
M :E[H(Ig = I)XgXé],

t5+271' t ,
lefﬁK(t)dt, ng/ﬂ(t)ﬂ(t) K (1) dt,

’02 = 81H;1 /7'(' (tl) ™ (tz), min (tl, tg) K (t1> K (tz) dtldtQSi.

The formulas of the asymptotic bias and variance in (3.3.9) and (3.3.8) and Theorem
3.3 suggest that the weighted integrated MSE,

/36/01 (‘7AQR (a]o, I) — V(ozlx,l)>2 %JC (z,1)dx

has an expectation which leading term is,

(0 (07 M)

v

L_]h dCY

10)2 5,115
LD (81 81 s / M, (@) My (@)™ M, (@) da. (3.4.2)

The first item in (3.4.2) is a variance term which can be estimated while the second
item is a bias term which involves the high-order derivative B¢+?) (a|zy, I) through
M («). The bandwidth miminizing the asymptotic leading term (3.4.2) of the IMSE

is,

2 1 —1 2 ﬁ
hopt — fO Tr (M2( ) M) a”da - i ) (343)
2 (S + ].) X 81H 115 11_.[181 fO M1 M2 ( ) Ml (O{) do LI

The key point is that
it is possible to estimate the bias term fol M (o) My (0)~" My (o) dov up to scale

and translation without estimating B*2 (a|z,, I). Define,

6 (50 = 1 ey
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L ) 1
~ PN a—a\ da
B(h;a,1) § (=1 / a2pa <BM—Xg(a—a) ,@AQR(au)) Ka( - )T
z: i=1 Y0

The kernel renormalisation is mnecessary to ensure that the leading term of

f 'B (h;a, I) da is independent of h as implied by the next Proposition, and gives

a simpler expression for the term in front of A2(5+2).

Proposition 3.4. Suppose Assumptions A, S-(i), R-(i) and H-(i) hold, that the
kernel K (-) is symmetric with [ K (t)dt =1 and limy_,o hlog®*™/* [ = 0. Then,

/Bha[ Z]I (Ie=1) Z/apa i = B (alze, 1)) do

h2(s+2 H/ 1H
gL / My () My (@)™ M, () da
0

1
2(s+2)
+ op (h + _Lh> .

The expansion of Proposition 3.4 does not allow for a direct estimation of
the optimal bandwidth derived from (3.4.2) due to the power h2(*?) instead
of R***V in front of the bias term and a proportionality factor ITjII,'II; /21

instead of s, 11411, 'T1;s]/ (I — 1). However building on correction ideas from Miiller,
Stadtmiiller and Schmitt (1987) or Fan and Gijbels (1996, Sections 4.5 and 4.9)
allows to propose an indirect estimator of the optimal bandwidth of (3.4.2). Let 52
be an estimator of v? f01 Tr (M, (o) "' M) ada and consider the pilot bandwidth,

~ 1 52
ho :argmhin{Q/O B (h;a I)doﬁ—m} (3.4.4)

Then Proposition 3.4 suggests that hg /ho 5 1 where, '

_1
o 2folTr (M2< )_IM) oda 1\*"7
"\ 2(s+2) x LI [ My (a) My (@) My (a)da LT )

47Establishing such a result would request a uniform in bandwidth version of Proposition 3.4
which can be obtained with arguments similar to the ones used in Guerre and Sabbah (2012).
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The pilot bandwidth hg differs from the optimal bandwidth h,, of (3.4.3) through
an exponent term and a proportionality factor. But it should be noted that h,y is
a known function of hy and the smoothness index s. This suggests, following Miiller

et al. (1987), to propose the following estimation of hp,

1
/}; = ( (S + 2) X H&H;lnl /};25-&-5) e . (345)
» s+ 1) x (s11)% 8,115 L s! 0
1 2 “1

Alternative bandwidth choices to (3.4.5) can be derived from Rice (1986)
or Charnigo, Hall and Srinivasab (2011), which propose bandwidth choices for
estimation of the derivative of a regression function, including cross validation
algorithm. Cross validation for local polynomial quantile estimation has been
introduced in Abberger (1998), see also Li, Lin and Racine (2013) and Reiss and
Huang (2012) for a review in the spline setup. Horowitz and Lee (2005) have used
an Schwarz information criterion for the choice of the sieve truncation order K, see
also Koenker, Ng and Portnoy (1994).

The ASQR case is more difficult due to the sieve truncation bias. However
it is likely that Proposition 3.4 can be extended to cover this case, and that a
minimization of a modified version of the objective function in (3.4.4) can deliver a
suitable choice of K. The adaptive procedure of Goldenshluger and Lepski (2011)

can also be useful here.

3.5 Conclusion

Starting with the standard quantile regression of Koenker and Bassett (1978), this
third chapter has studied estimation of flexible additive interactive sieve quantile
specifications which can be used with a rich set of covariates without being subject
to the curse of dimensionality. A simple modification of the quantile regression
objective function allows to estimate the first derivative of the conditional bid
quantile function with respect to the quantile level. The conditional private value
quantile function is recovered by summing the estimation of this derivative and of
the conditional bid quantile function. The resulting estimator is free of asymptotic

boundary bias, as necessary to estimate private values in the upper tail of the
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distribution or to estimate corresponding optimal bids. Hence the characteristics
of potential winners can be better discovered using such quantile approaches than
using other nonparametric methods which are subject to boundary bias. A small
simulation study shows that the proposed private value quantile regression estimator
using a data-driven bandwidth performs well even with small sample size of 100 bids.

Various extensions can be considered. Automatic bandwidth and sieve order
choices were briefly considered but need deeper investigations. When the reservation
price is binding, the first-price auction model involves censoring, and a dependence to
the censoring quantile level which was not apparently considered elsewhere. Another
issue is models with interactions higher than pairwise, for which the proposed
approach works but under stronger conditions than for additive models, an issue
that can probably be addressed with augmented local polynomial estimation of
the bids quantile function and backfitting, or a two step procedure building on the
proposed sieve approach as in Horowitz and Lee (2005). The proposed approach can
also be implemented with alternative dimension reduction techniques such as single
index quantile modelling as recently studied by Kong and Xia (2012) and suggested
in an auction context by Marmer, Shneyerov and Xu (2013a,b). The fact that the
augmented methodology is free from boundary effects can be useful for risk aversion
estimation where the lower tail matters, see respectively Guerre et al. (2009) and

Guerre and Vuong (2013) for risk aversion identification and estimation.
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A.1 Proofs

Proof of Lemma 1.1:

From the definition (1.2.1), the a-quantile of the private values conditional

distribution must satisfies
F,(V(a|X,I)|X,I) =

Under the IPV paradigm, a bidder ¢ with private value v; wins with probability
FI=1 (1| X, I). Therefore, in a quantile setup, we have that

Fy N (V (el X, D)X, 1) =o',

which gives the result. ]

Proof of Lemma 1.2:

From the definitions of quantiles and W, (+), the a-quantile of the winning bids c.d.f.
must satisfies U; (F, (B (a|X,I)|X,I)) = a. Because ¥ (-) is strictly increasing®®

in [0, 1], the winning bids conditional quantile can be written as
B (alX, 1) = F7 (U7 (o) X, 1),

where U, (+) is the inverse of W, (-). Hence, from (1.2.1) we find (1.2.5). O

Proof of Lemma 1.3:

If the private values conditional quantile has a quantile regression specification as in
(1.2.4), by Lemma 1.2 there exists a vector of coefficient /3 («|I), for each « € [0, 1],
such that the winning bids conditional quantile satisfies B («|X,I) = h (XS (a|])).

48The first derivative of Wy (¢) is always positive for all ¢t € (0,1):

o = P gy,
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This is a stability property of the quantile regression approach. Since h(-) is

continuous and strictly increasing, the candidate ~(-|/) must solve
Xy(all) = XB(W()|])

for all X = {1} x Z. Since Z has a nonempty interior by Assumption 1.4, this

equation has a unique solution and ~y(.|/) is identified for all I. O

Proof of Proposition 1.1:

Consider the seller’s payoff defined in (1.2.7). Under assumption 1.1, the seller

possible payoffs are

Vo if vr.y < T,
m(r)= r v <r<owng, o,

v it r <o

where vy.; < --- <wy.r are the ordered private values.

We now rewrite 7 (1) using quantiles and the ordered ranks
CYl;]S"'SCV];[, Ui;[:V(Oéi;[) fOI‘izl,...,].

Recall that the non ordered a; are i.i.d. Ujy ) random variables. Because V' (-|X, 1)

is strictly increasing by assumption 1.2,

Vo, if ar.y < o,
(| X, I) =1 V(a|X, 1), if aj_1.r < o < ap,
V (Oélflzl‘Xa [) ) lf (07 S ar_1.7,

where «, is the level of screening and V' («,.| X, I) the reservation price. It follows

that the seller’s expected payoff is

I (o | X, I, 00) = voP (ar.g < o |I) + V(| X, ) P (ay1.1 < oo < apg]) (AL1)
+EV (- X, D) T ey < aporg) | X, 1] -

Observe that:
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(1) Plars < apll) = ay;

(ii) Since Zle I(a; < @) is a binomial distribution with parameters I and a,
P(as 1 < ap < apg]l) = (ZH i <) _I—1u> = Il (1 —a);

(iii) Since the c.d.f of ay_y.; given I is ¥y () with p.d.f. T(I —1)a’2(1 — a),
a € |0,1],

E[V (ar 1.7 X, DI (o, < ap_y.g) | X, 1] =1(I —1) /1 V(| X,I)a' 2 (1 — a)da.

Therefore, substituting (i)-(iii) into (A.1.1) gives equation (1.2.8), which is a quantile
version of the seller’s expected payoff.

Now, if I (| X, I,vp) achieves a maximum for o) = o (X,I,v) € [0,1], a
must satisfy a first order condition ;& {II (a}|X,I,v9)} = 0. An expression for the
first derivative of IT (| X, I, vy) with respect to the rank « is

a% (I (| X, I,v0)} = vola'~' + VW (| X, T) Ia'' (1 — «)
+V (X, ){I(I-1)a"?1-a)—Ia""}
— VX, )I(I—-1)a"2(1—-a)
=TIa" " oy + VY (| X, 1) (1 —a) =V (a| X, 1)} .

Hence, a candidate for the optimal level of screening « is given by

V() X, ) = VWD (| X, 1) (1 — ) = vp.

Proof of Theorem 1.1 and Corollary 1.1:

We just detail the proof of the Theorem since the proof of the Corollary follows the

same steps. Changes needed for the proof of the Corollary are discussed at the end
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of the section.
We show first that the private values quantile regression estimator in (1.3.15) is

consistent. Since —1 < Jpy, (o) (t) /Ot < 1, the Taylor inequality gives

P51 (@) (buw, — B (XeY)) = puy(a) (bu,)| < [h(Xey)| < Co,

because X,y € X xI' compact, and for this reason stays bounded from above. Hence,

up|Q Gl 1) = Q (4l 1| 0
by the Uniform Law of Large Numbers in Newey and McFadden (1994, Lemma
2.4), where Q (v|a, I) and Q (v|a, I) are defined in section 1.3. Therefore, by (ii)
in Lemma 1.3 and Newey and McFadden (1994, Theorem 2.1), v* («|]) is uniquely
identified and 7 (a|]) Ly (a|1).

For the sake of brevity, we remove the dependence on « and I, that is @ (v|e, 1),
Q (v|a, I), 7 (a|I) and ~* (a|I) become Q (7), @ (7), 3 and v*. Observe that the

first and second-order derivatives of Q) (y) are

Q,(7) = E[{I(by < h(X7)) =T ()} b (Xv) X'|I]
= E[{P(by < h(X7)|X,I) = ¥r ()} hV (X~) X'|I]
= E[{F, (h(X9)|X, 1) = ¥ (o)} BV (X7) X'|1],
Qv (1) = E[fo, (h(X9)|X, 1) 2D (Xy) X' X|I]

+E [{Fy, (h (X7) | X, 1) = ; ()} h? (X7) X' X|1],
as stated in the Theorem. Define
u = by, —h (X",
L
W = Li, Z Y (X )T (I = 1) (I (ug < 0) — U, (@) Xy,

ey Y @M -0 -(-m'W-@QH -0}
) = )
Iy =l

where ||-|| is the usual Euclidean norm. Since 7* is an interior point of I" and because
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7~ is consistent, the asymptotic normality of the Theorem follows from

VLW 5 N(0,J (v |a, 1)), (A.1.2)
R(y)
1+ VLl =

sup
YET;ly—v*|I<eL

=op (1) forany e, =0(1), (A.1.3)

see Theorem 7.1 in Newey and Mc Fadden (1994). We first establish (A.1.2). Note

that the summands in T are centered since
E [(I(u<0) =¥ () A (X7") X'|I] = Q, (") = 0,
because v* in the interior of I' minimizes @ (-), and with a variance given I which is

E[(T(u<0)— T ()’ h® (Xy)? X'X|I] =
E[(P(u<0X,I)—2F; ()P (u<0|X,I)+ ¥, (a)’) A (X~v")* X' X|]
=J (’V*|O‘7 I) )

since P(u < 0|X,I) = F,, (h(X~*)|X,I). Hence (A.1.2) follows from the Central
Limit Theorem.

The rest of the proof consists then in showing (A.1.3). We first introduce some
useful notations. Note that Q. (v) = Q% (v) + @3, (7) with

L) = E[{F, (h(X9)IX, 1) =V ()} B (Xy) X' X|I],
Q2. () E [fp., (h (X)X, 1) Y (X7)? X'X|1].

L
@ (v) - @ (V) = Lil ZH (le=1) {,O\I:,(a) (g — V) = Pwy(a) (W)} where,
=1

ve = v (0) = h(Xey) —h(X"), where § =5 — 7"
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By an identity from Knight (1998),

Pwr(a) (U = V0) = (o) (ue) =

v {T (g < 0) — U, ()} +/OW {1 (ug < 5) — T (g < 0)} ds.

Hence, for 6 = v — ~*,

QN =-QO) — (=YW= QM -Q() = _4,(5),

j=1
where A; (8) = Y21, Aje (8) /Ly with

A (6) = I(I=1)[(ve— ™ (Xey*) Xe0) {I (ug < 0) — Uy ()}
—E [(ve — MY (Xy*) Xe0) {T (ug < 0) — ¥y ()} | 1]
Ao (8) = I(I;=1)[E[(ve — hV (Xev*) Xe0) {I (ug < 0) — U ()} | 1]
Qi ()0 } |
2

Ay (5) = T(I, =TI {IE [/OW{JI(Wgs)—]I(ug§0)}ds][4—wy

Ay (0) = H(IZ:I){ {T(up <) —T(u <0)}ds

| [ <) -1 <0} n) |
L 0Q, ()8 §Q5, (v) 5] '

Bul®) = 1h=1)[Q0) - Q6 - :

Now, since vy = h (X, (v* 4 0)) — h (X,y) satisfies,
1
vy = X0 / A (X, (v + 1)) (1 —t) dt,
0
8" X, Xy

5 1
o= B (X") Xeb = SEEE [ (X (4 09) (1= D
0
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we have
0 Vy — h(l) (Xg’y*) Xg&} . Uy _ ) (Ug - h(l) (Xgﬁ/*) Xgé)
94 0]l 0]l 1512
5 1
= WXE/ A (X (v +16)) (1 —t) dt —
8 X; X0

- /1 A (X, (v +t0)) (1 —t) dt.
2[l6[I* Jo

This first differential is bounded when [|§|| < 1. Hence the set of functions
{A1(8) /18], 110l <1} can be covered with a number less than O (e7%)
of functional brackets with length e. To see that the same holds for
{Bac (0) /1I0]]; [|0]] < 1}, observe

o1l / {I (u —I(ue <0)}ds = ol /0 {T(up < s+ tvy) —T(up <0)}dt

(Xg”(w (/0 h) (Xg(7*+t5))(1—t)dt>

« (/Ol{ﬂ(ug§s+tv4)—]1(u€§0)}dt).

Each of the three functions of ¢ in this product can be covered with O (e_c) of
functional brackets with length €, implying that the same covering property holds for
{A4 (8) /|I6]],1|6]] < 1}. Hence, since {Aje () / [|0]], |19]] < e} admits an envelope
A; (X,) satisfying E [A3 (X,)] = o(1), j = 1,4, Lemma 19.38 in van der Vaart
(1998) gives that, with I's = {0;7* +d € I'}

E max 1</¢<L 1), j=14
[aerg;énm |6|| } or (L), ]
This gives, by the Markov inequality,
A (5)‘ ,
X ——~ | =op (1), =1,4. Al4
sersilldl<e | ¥ ][9] p(l), ] (A-14)

Now elementary expansions give, for the items in A, (0), j = 2, 3,5, uniformly
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in ¢ since X, lies in a compact set,

E [(v — b (Xv") X08) {T (g < 0) — W, ()} |1,] =
—UE Khu) (X)X X0
I

: 0 (101°) ) (B (ue < 015 ) ~ Wi ) 1

1= 028 ey,
I(I, = DE /0 (T (ur < )~ T (ur < 0)}ds|]4 _
1(I,= DE /0 (P (up < 5| X0, [) — P (ug < 0|Xg,]g)}ds|]g} _
1(I,= DE /0 (o (B (Xy") |X0 1) + 0 (1)} sds|]4 _

1t = DE [{fi. (b (X)X 1) + 000} L1 -

[ hD (Xy*) X,)?
(1= DE | i, (00t 1, 1) U005 o e
) 6/ 2 fy* 5
101 = 7 ),
o 0Q, ()0 8Q5, (v)6
Q) - Q) - o8 TR g
This gives by definition of A, (d), j = 2,3, 5,
A, (9) |
—op(1), =235 AL5
sersidl<es | 5] orld), g (A-15)

Therefore (A.1.4), (A.1.5), v —v* =4, and R (v) =L Z?:1 A; () imply

R A (6
sup () 2 max < L, ( )’
verily—li<er |1+ vV Lrlly — 7| J=14 6€Ts3]|8]<er [6]]
A (6
+3 max m #
J=1,3,56€Ts;|0]|<er, ||(5||
= Op (1) .

Hence (A.1.3) is true.
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For Corrollary 1.1, the first derivative of Q° () = Q (v|a) is

L
=7 Z (bu, < B (Xey)) — Vg, (@) BY (Xy) X
/=1

Let v* = v(a). As seen from the proof of Theorem 1.1, the matrix J (y*|«)is
the variance of W° = LY/ 2@3 (v*) and because E [/I/I?O] = (0 asymptotic normality

follows. Hence J (y*|a) is equal to

E [(T(bw < (X)) = 20 (by < h(X7*)) ¥y (@) + ¥ () B (X7") X'X] =
E [(P (b < h(Xy)|X, 1) = 2P (b, < h (X)X, 1) Uf (@) + T} ()
xhD (X~y%) X'X],

which gives the expression of the Corollary since P (b, < h(X7v*)|X,I) =
Fy, (h(X~*)|X,I). Now, similar computations give that

() =E [A% (’Y*)}
=E [(fo, (W (X¥*) X, 1) = Uy, () bV (XV ) X'X]
FE[(B, (h(X7) 1X, D) = Wy, () A (X77) X'X] .

A.2 Random Weighting Bootstrap Method

This section describes the random weighting bootstrap method used in the tests
of exclusion participation restriction and constancy of the slope coefficients. Let
Q o (Vm, |, I) and Q i, (Ym, |, I) be the optimized value of the quantile regression
objective function under the null and alternative hypothesis, respectively. The M-
test statistic defined in Rao and Zhao (1992), Wang and Zhou (2004) and Zhao, Wu
and Yang (2007) is

M=1L; @Ho (3H0|O‘7 I) - @\Hl (:}/\Hl‘a7 I) : (A26)
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Let 7 be ii.d. random weights multinomially distributed with parameters
(L;,1/L;). Define the random weighting empirical objective function under the

null and alternative hypotheses as Q\HO (va, |y, I, ) and @Hl (va, e, I, ), where

Ly
A~ 1
Qu, (vl I,m) = I ZH(Ié = 1) Tpu;(a) (bw, — P (X)), (A.2.7)
=1
for 7 = {0,1}. The aforementioned reference suggests to random weighting

bootstrap the M-statistic (A.2.6) by using the random weights m,. Let b be the
index for a draw 7° of the weights. For each j = {0, 1}, define

;y\?lj (OZ|I) = arg min QHj (7Hj|057 Ia Trb) .
VH; er
Then, the bth draw of the bootstrapped statistic is

M* = L1 [Qu, (Bl o 1, 7) = Qu, (o, 1,7 |
— Ly [@Ho (;Y\HO\Oé,LWb) - Q\Hl @Hl’%[ﬂb)]
where 7, are the estimators obtained from the initial population.
The null hypothesis Hj is rejected at a significance level 7 if M is larger than

the sample (1 — 7)-quantile of the bootstrapped statistic M*, .-, MP and accepted

otherwise, where B is the number of bootstrap replications.

A.3 Monte Carlo Experiments

This section presents some Monte Carlo experiments used to illustrate the

hypotheses tests and their performance in terms of size. For all the experiments
below, let A = {0.50,0.60,0.70,0.80}.

Exclusion Participation Restriction.

Data Generating Process. We generate two samples of auction covariates and
error terms. One sample corresponds to Lo auctions with I = 2 actual bidders
and the other to L3 auctions with I = 3, where Ly = L3 = 100. For the auction
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covariates, we generate L; random Normal (0, 1) variables and replicate it I times.
The I x L error terms are randomly generated considering three different parametric
distributions: Uniform (0, 1), Standard Exponential and Standard Normal. The
bidders’ private values are generated via two possible regression specifications: linear
vie = 1+ X1¢ + Xop + ug and exponential vy = exp (0.3 4+ 0.3X 1, + 0.3 X0, + ug)*
The winning bid is given by the second-highest private value: b,, = v;_1.1 4.
Estimation and Test. We use the winning bids to estimate v (a|/ = 2) and
v (oI = 3), via the individual quantile regression estimator (1.3.15), and v («), via

the pooled quantile regression estimator (1.3.18), for all « € A. We then compute

Q (Ale) — Z QA (all)|a,I)L;/L

1e{2,3}

for each quantile level o and sum over A.

Bootstrap. We generate L, and L3 i.i.d. random weights 7 multinomially
distributed with parameters (L;,1/L;) and estimate Q (7" (@) |, ) and
@ (’7\1’ (alI) |, I, 7rb) for each bootstrap draw b, where the former corresponds to
the pooled optimized objective function and the latter to the individual one. We

then compute the random weighting bootstrap statistic

M= [@ @ (@) o) = 3 Q(F (all) |a, I, 7°) L]/L] -

Ie{2,3}

QE (@) = 3 QF(lD]a, 17" Li/L],

1e{2,3}

where 7 (o) and 7 («|I) are the estimates of the original population, and sum over
the quantile levels. The number of bootstrap replications is B = 500.

Bootstrap Critical Values. We choose a significance level 7 for the test. The
bootstrap critical value ¢* (7) is an approximation of the ¢ (7) critical value of the
test statistic M and is given by the (1 — 7)th quantile of the empirical distribution
of the bootstrapped statistic.

Rejection Rule. If M < ¢* (1), then we do not reject the null hypothesis at

7% significance level.

49The values of the intercept and slope coefficients are not an important issue and were chosen
simply to speed up the estimation process.
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Table A.1: Rejection Probability - Linear Specification

Nominal Level Std. Normal Uniform (0,1) Std. Exponential

1% 1.06% 1.18% 0.87%
5% 5.09% 5.47% 3.62%
10% 9.84% 10.84% 7.30%

The number of bootstrap replications is B = 500; The experiment was repeated
N = 10,000 times; The set of prescribed quantiles is A = {0.50, 0.60,0.70,0.80}.

Table A.2: Rejection Probability - Exponential Specification

Nominal Level Std. Normal Uniform (0,1) Std. Exponential

1% 1.32% 1.62% 1.17%
5% 5.14% 6.16% 4.61%
10% 9.94% 11.54% 9.34%

The number of bootstrap replications is B = 500; The experiment was repeated
N = 10,000 times; The set of prescribed quantiles is A = {0.50, 0.60, 0.70, 0.80}.

Rejection Probability. We repeat the procedure above N = 10,000 times and
compute how many times the null hypothesis is rejected.

The results from the Monte Carlo experiment above are given in Tables A.1 and
A.2. The rejection probabilities are very close to the nominal levels in both cases.
It is slightly undersized in the case in which the errors follow a standard exponential

distribution and the model has a linear specification.

Choice of Specification

Data Generating Process. As in the previous experiment, we generate two
samples of auction covariates and error term with L, and L3 auctions, where
Lo = L3 = 200. The auction covariates are random Standard Normal variables that
are replicated I times. For the error terms, we consider the distributions: Standard
Normal, Uniform (0, 1) and Standard Exponential. The bidders’ private values are
generated via two possible regression specifications: linear viIz, = Y + 7141 + Ui
and exponential v = exp (Yo + 71 Z1¢ + i), where (79,71) = (1,1) in the case
the errors are normally distributed and (7y9,7) = (0,0.5) when the errors are

either uniformly or exponentially distributed®. Under the null hypothesis, the

50The values of the intercept and slope parameters were chosen according to the distribution of
the errors in an attempt to find a DGP that satisfies the equivalence property for a given quantile
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exponential specification is equivalent to the linear specification for a given oy € A
and dominates the latter for all & € A\ {ap}. In order to have equivalence at o € A,
we create a private value v, that is a linear combination of both private values above:
vie = Ml + (1 — X)vE. To find the weight A that satisfies the equivalence property,
we split A € [0,1] into 1,000 equal spaces and compute the relative difference

between both optimized objective functions,
(@ (sl M) = Qu (Bl A
Qu (e, \)

for t = {1,---,1,000}. We choose A\* across ¢ that minimizes A («, \¢) for a given

«a. The equivalence property must hold for a given ay € A and the exponential

A(a, ) =

)

specification should be better than the linear one for all o € A\ {ap}. Therefore,

we choose \*

*ax such that sup,c4 A (o, A*) = 0. The winning bid is given by the
second-highest private value: b,,, = vr_1.1¢.

*

»ax and compute the test

Estimation and Test. We generate a DGP using A
statistic Vuong as in (1.4.23).

Bootstrap. We resample with replacement the (Xj, b,,)-pair from their joint
sample distribution in each original subsample L;. The number of bootstrap
replications is B = 500.

Bootstrapping the Test Statistic. For each bootstrap replication b, we

_—— b
compute the recentered bootstrapped test statistic Vuong as

Viwong = sup VL { (Qs () — Qo (5hle) ) = (Qs (Fil) — Qu (Gula)) }

acA

*
max*

The bootstrap critical values, rejection rule and rejection probability are

where A and 7y, are the estimates of the original population generated by A

computed as in Appendix C.1. In Table A.3, we present the rejection probabilities
and the values for \! _ used in each experiment. The test performs well although
a bit undersized. That is because we use the supremum over the quantiles in the
formula, which means that the rejection probability could be higher for a given

quantile level.

level.
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Table A.3: Rejection Probability - Test of Specification

Nominal Level Std. Normal Uniform (0,1) Std. Exponential

1% 2.23% 0.94% 0.91%
5% 5.67% 4.50% 4.22%
10% 8.31% 9.04% 8.22%
A 0.6547 0.5846 0.5095

max

The number of bootstrap replications is B = 500; The experiment was repeated
N = 10,000 times; The set of prescribed quantiles is A = {0.50,0.60,0.70,0.80};
It is assumed independence of the private values distribution upon I in this Monte
Carlo experiment.

Constancy of the Slope Coefficients

Data Generating Process. As in the previous two experiments, we generate
two samples of auction covariates and error terms with L, and L3 auctions, where
Lo = L3 = 100. For the auction covariates, we generate L; random Standard Normal
variables and replicate it I times. The [ X L; error terms are randomly generated
considering the parametric distributions: Uniform (0, 1), Standard Exponential and
Standard Normal. The private values are generated using a linear regression model
due to the results of the empirical application, i.e. vy = 0+ Zy + u;. The winning
bid is given by the second-highest private value: by, = vr_1.14.

Estimation and Test. We use the winning bids to estimate (7o,,71),
k= 1,--- K, via the CQR estimator defined in (1.3.21), and v (a) via the
pooled quantile regression estimator (1.3.18). Under the null hypothesis, the CQR
population objective function equals the average of the individual objective functions

over A. We then compute the M-statistic

K

1
M =1L QCQR Yoqr) Z (Vo) |
=1
where K = 4 since A = {0.50, 0.60,0.70,0.80}.
Bootstrap. We generate L, and L3 i.i.d. random weights 7 multinomially
distributed with parameters (L;,1/L;) and estimate QCQR (Fequlm) and
9) (7" () Jok, 7°) at each bootstrap draw b and quantile level ay,. We then compute
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Table A.4: Rejection Probability - Constancy of the Slope Coefficients

Nominal Level Std. Normal Uniform (0,1) Std. Exponential

1% 1.25% 1.15% 1.09%
5% 6.25% 6.73% 5.59%
10% 11.74% 12.27% 10.95%

The number of bootstrap replications is B = 500; The experiment was repeated
N = 10,000 times; The set of prescribed quantiles is A = {0.50,0.60,0.70,0.80};
It is assumed independence of the private values distribution upon I in this Monte
Carlo experiment.

the random weight bootstrap statistic as

K
M° —L[QCQR (’YCQR’W Z (ax) |a, b)}_
k‘:
. 1 E
L[QCQR (Foqrlm®) — Z 7 (o) |ov, b)]7
K=

where Yoqr and 7 (ax) are the estimates of the original population. The number of
bootstrap replications is B = 500.

The bootstrap critical values, rejection rule and rejection probability are
computed as in Appendix C.1. Table A.4 gives the rejection probabilities of the
test. The test performs well although a bit oversized, which is due to the tolerance

level asigned for the convergence of the algorithm.
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Proofs

In all this proof section, g (b|z, I) and G (b|z, I) are respectively the conditional p.d.f
and c.d.f of the bids By, given (xy, I;) = (x, ), so that

1
g9(B(alz, )|z, 1)

B(a|z,I) =G Y (a|z,I), BW(alz,I)=
will be often used.

Proofs of the results in Sections 3.2 and 3.4

This subsection groups the proofs of the results of Sections 3.2 and 3.4 with
the exception of the proof of Proposition 3.4 which is established with our main

estimation results, see Section B below.

Proof of Lemma 3.1. If o € [0,1] — V (a]z,I) is continuous and strictly
increasing, the private value rank U; in (3.2.1) is uniquely defined. Recall also
that Lemma A2 in GPV yields that the continuously differentiable sq (:|x, ) has
a derivative s (v|z, ) > 0 over [V (0|z,I),V (1]z,I)] so that B (-|z,) in (3.2.3)
is continuous strictly increasing. B; = so (Vi|z,I) and V; = V (Ulz, I) give, for
So (v|x, I) as in (3.2.2),

B; = so (V (Ulz,I) |z, 1) .

This implies that the optimal bids satisfies B; = B (U;|z, I) by (3.2.3), hence (ii) is
proved. Since the continuous strictly increasing B (-|z, I) has a reciprocal function
B! (:|z,I) and U; = F (V;|z,I) is uniform over [0,1], B~! (:|z,I) = G (-|z,I) and
B; = B (Uj|z,I) gives U; = G (B;|z, I), hence (i). For (iii), B (a|z, ) is a winning
bid if and only if B (a|z, ) > maxi<;zi<; B;j so that the probability of interest is,
since B (:|z, I) is continuous and strictly increasing and B; = B (Uj|z, I) with i.i.d.

uniform U; given (z, I),

1<jA#i<I 1<jA#i<I

P(B(a\x,])> max Bﬂx,[) P(B(a\x,[)> max B(Uﬂx,[ﬂx,[)

P (a > max Uj) =o't O

1<j#i<T
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Proof of Lemma 3.2. Drop the dependence upon x and I for the sake of
brevity. By the expected revenue theorem, it is sufficient to compute the expected
revenue for a second price auction where the paid price is the maximum of r and
second highest bid, assuming that the largest bid is higher than r since there is no
transaction otherwise. For such auction, a dominant strategy is to bid his private
value. Let V(1) =V (U(l)) <<V =V (U(I)) be the ordered private values, so

that the expected revenue is, since V' (-) is continuous and strictly increasing,

Vo (2, NP (Vi < 7) + B [rT (Vi) <7 < Vi) + Vun I (r < Vi)
I
= Vo (z,1) 047{ + rP (Z]I(Ui <a)=1- 1) + E [V (U([,l)) I (ar < U(Ifl))] .

i=1

The probability above is Ta!~! (1 — «,.) by definition of the binomial distribution
with parameter (I,cq,). As recalled in Athey and Haile (2002, eq. 5), the c.d.f
of Uy_gy is U (a) = Ia!™t — (I —1)a!, with density ¢ (o) = I (I —1)a’? —
I(I-1)a't =TI -1)a’2(1 - a), so that

1

E[V (Ug-y)L(r <V (Uy-y))] =1 - 1)/ V(a)a'? (1 - a)da,

Qp

which establishes the claim of the Lemma. O

Proof of Theorem 3.1. Drop the dependence on x and I. We first prove part
(ii). As shown in GPV and provided f (v) is continuous with inf,cpyy,v(1y f (v) > 0
as ensured by the condition on V' (), an optimal bid b computed from a private value
v satisfies v = £ (b) where the continuously differentiable and strictly increasing & (-)
is the inverse of sq () and can be written,

1 G(b)

Note that G (b) = F (s; " (b)) is one to one with infye(p(),pay g (b) > 0 since s (-)
is continuously differentiable with inf,cv(0),v (1) s(()l) (v) > 0, so that G (B (a)) = «
and BY (a) = 1/g (B («)) . Hence since B () is an optimal bid for a private value
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V(a):B(a)jLIilj((g((z)))) — B(a) +

aBW (a)
I—-1 "7

which is (3.2.6).

Consider now part (i). Since so (V' (0)) = V (0), the initial condition B (0) =
V (0) holds. Write, for a € (0,1], B(a) = C(a)/a'"', so that BV (a) =
CW (a) /a!=' — (I —1) B(a) /a. Substituting in (3.2.6) gives that C (-) satisfies
CW (a) = (I —1)a’2V («), implying that

Cla)=C(0)+(I-1) / 12V (¢) dt.

0

Since continuity of V (+) gives limao "D (1 — 1) [["t/72V (t) dt = V (0), B (o) =
lim, 0 C () /o'™' = B (0) = V (0) implies,

showing that the claim of part (i) is true. O

Proof of Lemma 3.3. Observe that,

_[—1 « 1
| / 2V (¢, T) dt = (1 — 1) / W2V (qule, T dt,
a 0 0

T —1 a 1
e / 2 () dt = (I — 1)/ u' 2y (aul|I) dt,
0 0

which implies that "7, Bk (a|I) P (z) converges uniformly over [0,1] x X and is
equal to B (a|z,I) as defined in (3.2.5). For BY) (a|z, I), integrating by parts gives

1 @ _ 1 -
Bulall) = = [ ENa[r] = el - = [ e i

It follows that,

T —1 o B 1 B
B (all) = % (@l )= (ol D+~ / t' 1y (tI) dt = (I - 1) / u =ty (1) dt,
0 0
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which implies that, as 5% 7V (aI) Py (z), 3200, B (a|I) Py (x) converges
uniformly over [0,1] x X and is equal to the a-derivative of Y.~ By (a|I) Py (z) =

B («a|x, I). This also gives that 5 (a|l) + ozﬂ,(:) (alI) /(I —1) =y (a|]). O
Proof of
Proposition 3.1. By (3.2.5), B(a|z,1) —1 fl =2V (aw|z, I) du, so that

B (alz, 1) = (I —1) [ u'~'VO (aulz, I) du Wthh gives (i). For (ii), (3.2.10) and
Br (a|I) = (I —1) fol u! =2y, (au|I) du implies,

B(alr,I) = > B (all) P (x)

max
(a,x)€[0,1]xX

K s5+2
< V(alz, I) — ) P, (2)| = (K‘d )
S SRR S B

This also implies that BE*V (ajz, 1) = (I—l)f1 =Ly s+ (qula, T) du s

continuous over [0,1] x X as is V&V (a|z, I), that

1
D) (o[1) = (1 - 1) / W+ (gl 1) du
0

and then,
B+ ( 1) (s+1 NP
B B ) )
K
< st I) — () (1) P — 0.
< max (e, T) ;% (al1) Py (x)| —

For (iii), it follows from (ii) that,

max
(o,x)€[0,1]xX

aB (alz, I) Za@k (a|I) Py ()| =

k=1

(K‘fﬁf ) .
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Moreover, for all o € [0, 1],

1 «
I-1
B (alz, I) = (I — 1)/ W TV D (a2, T) du = / VY (Ha, 1) dt,
0 0

O(I"'s
and then, for a € (0, 1],

I —1) VG (a|z, I)
«

(I-1)(I+s
al-i-s-i-l
(I+5) I — 1)V (a)z, 1)

=~ BEH) (qfz, I) + ( :
a a

BE*? (a|z, 1) = — ) /a =AY 4D (e T dt + (
0

Hence, it follows from the L’Hospital rule that, for all « € [0, 1],

s+2
5B (ale, 1) = aB* (ala, 1) + (s +2) B (ale, 1)
=(2-1)B"™ (alz, 1)+ (I — 1) VED (a|z, 1),
o°t? (s+1) (s+1)
sl al)]) = 2~ 1A (o) + (T = )28 (o).

This shows aB(«a|z,I) € Psiasi1 since B(a|z,I) and V (a|z,I) are both in
j>s+1,s+1- ]

Proofs of Lemmas 3.4 and 3.5. Since the two proofs are similar, we just
detail the one of Lemma 3.5. Let

~

A = max
(a,z,I1)€[0,1]x X xT

A(a)z, 1) - A<a|x,z)( , Ac{B,V}.

Then, since (71'4 = arg mingeo,1) ‘BZ[ — B(Oz|l’g,]g>‘ and By, = B (Uy|xe, I;) where
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B (|, Iy) is increasing,

{ ~U| 2]

~

Ui

min
a€l0,1];|U;p—a| >t

min
{aE[O 1];|Use— | >t

min | B (Uslae, 1) — B (alze 1,)] — 85 < 53}
a€l0,1];|U;—a| >t

BM — E (Oz|$z, Ig)‘}

B,y — B (|, Iz)‘ < min
a€l0,1];|U;p—a| <t

By — B (a|y, fe)‘ < ‘B (Uielxe, 1o) — B (Uie| s, fe)‘}

{ min BW (a|z, 1) < 2@3} :
(@@, 1) €[0,1]x XX

and Proposition 3.1 implies that, for C' > 2/ min » refo,1xxx7 B( (04\:6 I,

ein,a..}fm‘:ml,%.},(le Vie = Vie _gmﬁ}_leEnL%ﬁZ V( z€|$€7[€> V( zé|$e,]e)‘

< V (ale, T I‘ V (Tulae, 10) = V (Uil 1
_(a,x,l)rél[g,}f]XXXJ (afz, I) = V(alz, I)] + IMXL Hl%.},{le el I (Uie|we, 1p)
S /Q\V ‘I‘ C/Q\B \:\

Proof of Proposition 3.2. This follows from similar steps than the proof of
Theorem 3.1. O

Proof of Proposition 3.3. (i) is true because all bidders with a private
value larger than r (x, 1) make a bid, so that the conditional distribution I* is a
binomial distribution with parameters I and 1 — F (r(x,I)|x,I) = 1 — «a,, and
E[I*|z,I] = I (1 —«,). (ii) follows from solving (3.2.6) with the initial condition
B (a, (z,I)|z,I) = r(x,1I) as in Theorem 3.1. Dropping the dependence on z and
I, and setting B (o) = C'(a) /o'~ now gives

C(a)=C(a,)+(I—-1) /a tI72V (t) dt.

(e73
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1
”

(iii) follows from (ii). O

The initial condition implies that C'(a;.) = «!~'r, which gives the desired solution.

Bias of the AQR and ASQR estimators

We start with additional notations used all along the proof section and some
preliminary lemmas. Let Ragr (b;a,I) and Rasor (br;a,I) be the population
counterparts of UAQAQR (b; v, I) and @ASQR (br; o, I), that is, setting by, = b for the
sake of brevity,

:RAQR (b, Oé,[) =K I[(Ig = I)/ Pat-ht (Bzg - Xg (ht)l b) K (t) dt] ;
TR

11—«

fRASQR (b, Oé,I) =E I[(Ig = I) Pa-+ht (Blg — P(l’g, ht)/b) K (t) dt] y

_a
h

where U is a Uy 1) random variable independent of (z¢, I;). These objective functions

are very similar so that it is sufficient in many cases to study Rasor (b; , I). Since

Opatnt (B (Ulzg, I) — P (x4, ht)'b)
ob

= {T(Bi < P (¢, 1t)'b) — (o + ht)} P (g, ),

almost everywhere, the Lebesgue differentiation theorem yields that the partial

derivative of Rasor (b; o, I') with respect to b is

11—«

(I, = 1) / (G (P (a0, ht) e Ip) — (a+ b)) P (e, hit) K (1) dt |,

o
h

Ribor (b, 1) =E

where G (+|z,I) = B~ (-|z, 1) is the conditional c.d.f of By, given (z¢, ;) = (x,I).
By Proposition 3.1 and s +1 > 1, G (+|z, I) has a p.d.f g (-|z, I) satisfying,

OIS pep— y € [B Oz, 1), Bz 1),

%(G(yl.’l',[),l’,I)’
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Hence Rasor (b; a, I) has a second-order partial derivative with respect to b, which
is,
l—a

Rron (b, I) =E ]I(Ig—l)/ " g (P (a0, ht) blwg, 1) P (g, ht) P (g, ht) K (t) dt | |

e

and fR(AQC)9 g (b;a, I) has a similar expression. However these matrices depends upon

h — 0 and will not have an inverse. To avoid such a drawback, define

b=1[B01.--Bojes BB, hBrjes - BT Bra, R B (B.0.1)

with & = d + 1 for AQR and k = K for ASQR, so that P (xy, ht)'b = P (z,t)'b.

Define also

Ragr (b;a, I) = Ragr (b;, I), Rasor (b;a, 1) = Rasgr (b;a, 1),

so that,

11—«

11(1@:1)/_ " g (P (w0 t) blae, 1) P (we,t) P (x0st) K (1) dt |,

&
h

Ritsqr (bia, 1) = E

the expression of ngg r (b;a, I) being very similar. The next Lemma gives conditions

ensuring that ngQ r (b; v, I) is definite positive.

Lemma B.1. Suppose that Assumptions A, H, R hold and that h € [0,1/2]. Then
there are some constants Aagr > 0 and Aasqr > 0 such that, for all L,

i. For all conformable vector v, all a € [0,1], I € J and b,

U/RféR (b;a, INv < Augr x (v'v), U/ngvQR (b;a, INv < Aasgr X (V'v);

1. Suppose that for all x € X, all t € [}1, %J if a € [0, %} or all t € [—g,—ﬂ

if a € (3,1], X (z,t)'b (respectively P (z,t)'b) is in [B(0|z,I), B (1|z,I)].

2

Then, for all a € [0,1], I € I and all such b, it holds that for all conformable
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vector v,
V' v'v
U,RE4222R (b;a, I)v > (respectively U’Rfi)gQR (b;a, I)v > :
AQR ASQR

Proof of Lemma B.1. It is sufficient to study the ASQR case and a €
[0,1/2]. Let =< be the usual order for symmetric matrices. Then Assumption
A, the expression of g¢(:|,-) and Proposition 3.1-(i) give R%QR(b;a,I) =

e -«

e /

(Jff% ff% P (z,t) P (z,t) K (t) dtdx. But

11—« 1—a 11—« 11—«
h h h

/_ /P(x’t>P($=t)/K(t)dtdx:/

P(2) P (2) dzo /_ Y (t) K () dt,

=R
>R
Bl
=R

1—a
where the eigenvalues of [ & P (z) P (z) dr are in a compact set for all L by
h
Assumption R-(ii). This gives (i). For (ii), consider the case where a € [0,1/2].
Then Assumption A, the expression of ¢ (-|, -) and Proposition 3.1-(i) yield for those
b,
Risor(bra. D)= min - min - {g (yle, D) [ (2[T) P (I = )}

(x,1)eXxT ye[B(0|z,I),B(1|z,I))

e

< /_hP(:z:)P(x)/dx®/4w(t)w(t)'K(t)dt,

o 1
h

which gives the desired result since the two matrices in the tensor product are

symmetric and strictly definite positive. 0

Since

Patht (Bzg - P (l’g, ht), b) Z min (Oé + ht, 1— (Oé + ht)) ‘BM — P (ZL’@, ht)/ b

Y

147



B. Appendix for Chapter 3

it follows, under Assumption H, that for all b,

l—«
“h
Ruson (b, I) = E |T1(I = I) / pesnt (Bio — P (20, ht) b) K (¢) dt
“h

> ChE [1(I; = 1) | By — P (x4, ht)"b|]
> Ch{E[1(I, = I) | P (xe, ht) b|]] =E[1 (I, = I) | Bul]} .

Because b — E[I(I;=1)|P(x;,ht)'b|] is a norm under Assumption A,
limyp 00 Rasor (b; o, I) = +00, and the convex and continuous b — Rasqr (b; a, 1)
is bowl-shaped, and so is also Ragr(b;c,I). Therefore, Ragr (b;a,l) and
Rasgr (b; a, I) both have a minimizer, say for all a € [0, 1],

bagr (o) = argmbinRAQR (b;er, 1),

basor (a|l) = argmbinfRAgQR (b;a, 1) .

It will be shown below that these minimizers are both unique. Recall that,

bagr (A1) = [Bo.agr (1), -, Biyragr (@lD)]'s Boagr (all), Bragr(all) € R,
bagr (a|I) = Diag (7 (h)) ® Idp41bagr (al])
bo,aqr (1) = foaqr (1), bragr (all) = hBiaqr (all), (B.0.2)
basqr (all) = [BO,ASQR (a|])/ e 7B;+1,ASQR (04|])], . Bo,AsQr (alI) . B1,A5QR (all) € RKLa
bsagr (a|I) = Diag (7 (h)) ® Idk, basor (a|l),
bo,asqr (a|l) = Bo,asqr (a[I), by asqr (a|l) = hB1 asqr (a|l).

Following (3.2.5) in Theorem 3.1, (3.3.4) and (3.3.5), define,

aBiagr (al)
I—1 ’
af,asqr (af)
I—1 ’

Vagr (alz, 1) = X'vaqr (alI),  Vasqr (e|z,I) = P (x) vasqr (o|I).

Yagr (a|I) = Bo.aqr (a|I) +

Yasqr (a|I) = Bo,asqr (a|I) +

The study of the bias Vagr (a|z,I) — V (a|z,I) and Vasgr (a|z,I) — V (a|z, 1)
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requires some specific techniques to cope with the fact that B¢*? (a|z, I) may be
unbounded in the vicinity of 0. It is based on the following Lemma which is a
consequence of the Kantorovitch-Newton Theorem, see e.g Gragg and Tapia (1974).
In this lemma [|-|| stands for the Euclidean norm over R or for the associate operator

norm.

Lemma B.2. Let F(-) : RP? — R be a function. Suppose that there is a x*€RP

and some real numbers € > 0 and Cy > 0 such that F(-) is twice differentiable on
B (x*,2Co€) = {z€RP; ||z — x*|| < 2Coe}. If, in addition,

i ||FV (x| < € and H EiS (x*)}_lH < Cy;

w. There is a C; > 0 such that HSF(Q) (z) —F®@ (:13’)” < Cy||lx =2 for all
z,x' € B (x*,2Che);

iii. C2Che < 1/2.
Then there is a unique x such that ||x — x*|| < 2Ce and FY (x) = 0.

In the next theorem, Bias,(a|x, I) is from (3.3.9).

Theorem B.1. Suppose that Assumptions A and H-(i) hold. Then,

i. If the quantile regression model in Assumption S-(i) is the true one,

Assumption R-(i) holds, bagr (a|I) is unique and

max |Vagr (a|z, 1) =V (a|z, I)|| = O (R°T).

(o,z,T)€[0,1]x X xT

Moreover, Vagr (a|z, I) =V (a|z, I)+h*T X'Bias, (a|z, I)+o (h*T1) uniformly
over [0,1] x X.

it. For the sieve quantile regression model (3.2.9) with K; — 0 and under
Assumptions S-(ii), R-(ii),

K,
h? "
e[S 200} <0 B
S (et 4+ B 79/

(B.0.3)
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basor (a|I) is unique and

) " K;(s+2)/dM
I - NYPdr=0 (4=t |,
o (Vasor(ala, ) =V (ale. D) de = 0 171 4+ Fige ).

iti. If in addition Assumption H-(iii) holds,

K—(S+2)/dM
max \Vasgr (a|z, I) =V (a]z,I)| = O petlp 2L |

(0,,I)€[0,1] x X xT h

Note that (B.0.3) follows from Assumption H-(ii) since, by K =< h~%
KZ(SH)MM = h¥™? = o(h) and, because (1+()dy/2 < s, maxeex ||P (z)]| =
O (K£1+C)/2) = O (h~(1+0h/2) = O (h~*).

Proof of Theorem B.1. Consider (ii) and (iii), the proof of (i) being similar as
detailed below. The proof works by establishing that there is a solution of the first-
order condition in a open ball where Rasgr (b; , I) is strictly convex by checking
the conditions of Lemma B.2, which will also gives the rate stated in the Theorem.
Define, for B (a|I) as in (3.2.10) and a + ht € [0, 1],

b= [Bo.1, -+ Bogcys BB - hBLky s R By T B e ]

hs+1
b (all) = ﬂl(au),---,ﬁm(aII),---a(SH)!

hs+1
"“’<5—|—1)

¢ (al1) AR )|

Abbreviate Rasgr (b; o, I) into R (b; e, I'). Note that,

B(a+htlr,I) = P(z,t)b(all) = (m (o +ht[I) =Y (};ﬁ)]ﬁ,@ (au)) P, ()

k=1 j=0
+oo
+ Y. Bila+ht|l) Py (z).
k=Kr+1

Assumption S-(ii), Proposition 3.1 and a Taylor expansion give

max ’P (z,t)"b(a|l) — B (a + ht|z, ])| =0 (h8+1 + KZ(S+2)/dM> ’ (B.0.4)
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where the maximum is over those («a,t,z,I) € [0,1] x [=1,1] x X x J with a + ht €
[0,1]. This, together with the expression of R®) (b; a, I) and Assumption R-(ii) give,

max ||R(1) (b(al|l);a,I)|| =€, with e, =0 <h5+1 + KL_(S+2)/dM> . (B.0.5)
(e, 1)€[0,1]x7T

To see this, observe that
IR (b(all) s, I)[| = max [0'RY (b (all) ;0. 1)|. (B.0.6)

But uniformly in o € [0, 1], setting « (t) = [1,...,t*t!]" and by Assumption R-(ii),
(B.0.4),

|0'RW (b (a|I); 00, 1)

1(l, = 1) / (G (P (20, t)b(all) |z, ) — G (B (a + ht|e, ) |z, 1)}

7
0" (P (x) @7 (1)) K (t) di]
1

< Cc,EV? [ | @ r@yenm) ) <ce @

-1
Consider without loss of generality the case where o« € [0,1/2], a € (1/2,1]
being similar. Since B («a + ht|z,I) = B (a|z,I) + O (h) uniformly in «, z, I and
t € [-1,1], 9B (a|z, I) /Oa is bounded away from 0 and KE(SH)/dM =o(h), (B.0.4)
gives that

Pa,t)b(all) € [B(Olz, T), B 1]z, I)] for all € Eﬂ

all « € [0,1/2], x and I and L large enough. It then follows by Lemma B.1 that,
for some Cy > 0 and all L large enough,

S COJ

[R? (b(al1);0,1)] "

max
(o, 1)€E[0,1/2]x7

recalling that ||-|| stands for the spectral norm in the equation above. Hence

condition (i) in Lemma B.2 holds provided L is large enough, as assumed from
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now on. Let B = B (b (a|l),2Cyer). For each b €B,

|P (z,t)'b— B(a+ht|z,I)| < |P(z,t)'b(a|ll) = B(«+ ht|z,I)|
+ 1P (2, 8)[[ Ib = b (alD)]]

—o({1rmip@i}a) —om),

uniformly by (B.0.3), so that

max max |P(2,t)'b— B(a+htlz,I)| =o(h), (B.0.7)
€

where the second max is as in (B.0.4). For condition (ii), recall that, for 7 (t) =
[1,..., 571,

1—a
h

(1, = 1) /_ 9 (P (20, 8)' blee, I) P () P (xe) @ 7 () 7 (8) K (t) de |

o
h

R® (b;a, 1) =E

To deal with the discontinuities of y — g (y|xs, I;), let 6, (-) be the Dirac mass
at t. By Jones (2008, Theorem 7.40), the generalized derivative R®) (b;a, I) of
b — R® (b; av, I) is the linear function taking value in the space of squared matrices

with dimension (s + 2) K1, that is for any vector A in R(+2Kz

RO (b;a, 1) (A)

P
+ E|T (Ig = ]) / (P (ZL‘g,t)/A) 5v(1|z[7[[) (P ({L‘g, t)/ b) qg (V (1|£L‘g, ]g) |{L‘g, ]g)

P (x¢) P () @7 (t) m (t) K (t)dt] .
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The items involving a Dirac mass can be written as, focusing on the term with

OV (1jze,1,) () Without loss of generality,

E |I(I, = 1) > (P (ze,t) D) g (V (Lag, Ip) |0, I2)

te[—2, 152 P(w,t) b=V (1|z¢,1y)

P(x)P(x) @n(t)m(t) K (t)] )

Because B (o + ht|x, I) is strictly increasing in t € [—a/h, (1 — «) /h| by Proposition
3.1-(i) and by (B.0.7), the equation P (z(,t)'b =V (1|z¢,I;) has at most s + 1
solutions for all b €B. Since the matrix 7 (¢) 7 ()’ K () has a finite dimension and

bounded entries, it follows from the boundedness of g (+|-,-) and Assumption H that
R®) (b;a, I) (A) < Cmax || P (2)] | A E [P (20) P(z0)] ®1dgys. (B.0.8)
xe

Assumption R-(ii) implies that the operator norm of R® (b;«,I) is bounded by
C' maxgex || P (z)]| uniformly in b €B and « € [0,1]. Hence there is a constant ¢
such that, for all a € [0, 1],

IR® (by; e, I) — R® (bg; e, I)[| < ¢ max || P ()| |[br — bol| for all bo, by € B.
e

Now, since (B.0.3) ensures that CZc; max,ex ||P (7)| ez — 0, it follows by Lemma
B.2 that, for L large enough and all a € [0,1], R(-;, I) has a unique minimizer
basgr (a|I) over B, and therefore of the all space since R(-;a,I) is convex.

Moreover, by definition of B = B (b (a|l),2Cser),

max ||basor (a|1) — b (a|)| < 2Cher. (B.0.9)

a€l0,1]

Recall that Vasor (a|z,I) = Basgr (a|z, I) + aBSgQR (a]z, I) /(I —1) with
Basor (alz,I) = P (z) by asqr (a|I),  B'3or (alz,I) = B P (x) by asor (all).

The definition of b («|l) and (B.0.4), (B.0.7), Assumptions S-(ii) and R-(ii) give
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that,

max /DC(BASQR (ao|z,I) — B (a\x,[))z dr = O (e%) ,

a€[0,1]

max |P(2,t) basor (a|I) — B (a + ht|z, T)| = O (eL max | P (x)||> = o(h).

(a+ht,x)€[0,1]xX

(B.0.10)

2
We now study [, (&BS;QR (a|z, I) — aBW (a|x,[)) dr. basor (a|I) =
argmaxy, R (-;a, I) satisfies the first-order condition RW (basgr (a|l);a,I) = 0

which can be rearranged as follows. Define

g(alt,z,I) = /0 g (P (z,t) basgr (a|I) +u (B (a+ ht|z, 1) — P (x,t) basor (a|[))) du.

Arguing as in the proof of Lemma B.1 gives that min . nsz)eco,1xx 8 (|t z, 1) >
C > 0 for L large enough. Since a + ht = G(B(a+ ht|z,I)|z, 1),
R (basgr (a|I);a,I) = 0 and the definition of g (a|t, z, I) gives, for any 0 < n < 1,

11—«
v

I(l, = I)/_ g (alt,ze, I) P (xe,t) P (.Ig,t)/K (t)dt| {abasgr (a|l) —ab(a|l)}

>

E

14+«

(I, = [)/ g (aft,xe, I) P (x,t) {&B (o + ht|wg, I) — P (24,t) ab (a|[)} K (t) dt]

- (1+an)h

=K

(B.0.11)

+E

&
h

I(l,=1) /__(lfn)h g (alt,ze, 1) P (x4, t) {aB (o + ht|xe, I) — P (z,t) ab (a|I)} K (t) dt]
(B.0.12)

For (B.0.12), observe that this item differs fom 0 only when « < h. Hence a Taylor
expansion gives that, by (B.0.9) and arguing as for (B.0.6),

E

o
h

(1, = I /_” a(alt,ze, 1) P (e t) {aB (a+ htlze, 1) — P (20,1) ab (al1)} K (1) dt]

< CnhO (er) = 1 {0 (h**2) + 0 <hKL—(s+2)/dM>} '
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For (B.0.11), note that « + ht > na/ (1 +n) when t € [—a/ (1 +n)h), (1 —«) /h].

Assumption S-(ii), a corresponding Taylor expansion of order s+ 2 and Proposition

3.1 give
max max |aB (a+ ht|z,I) — P (z,t) ab(a|l)|
(c,x)€(0,1]xX te[_ﬁ’l_Ta]

1 —S8
<O max  |—1aBEY) (qfa, ])’ +0 (K 0+2m)
(a,z)€[0,1]xX n

o) (hs“ + KL‘(S”)/"M) . (B.0.13)

Hence min(a4ntz)ep,1xx 8 (@|t,z,I) > C and Assumption R-(ii) give, arguing as for
(B.0.6),

mas [[abasor (all) —ab(al D] = O (1*+2 4 K /%), (B.0.14)

so that, since BS%QR (a|z,I) = P (x) by asor (a|I) /h and by Assumption R-(ii)

—(s+2)/dxc

2 K
mx [ (aBor (ol 1)~ aBO 0l 1)) do = 0 (h * T) ,
X

«€(0,1]
which, together with the equation above (B.0.10), implies the first order stated
in Theorem B.1-(ii). The uniform rate of Theorem B.1-(i) follows from (B.0.9)
and (B.0.14) since the power of K can be removed for the ASR case and the
Euclidean norm operates over a space with finite dimension in the case of the quantile
regression specification (3.2.7).Moreover, since V (a|x, I) = X~ (a|I) is (s+1) times
continuously differentiable, it follows from (B.0.11), a suitable choice of n — 0 and
Proposition 3.1 that, since g (B (a|x, 1) |z, 1) = 1/BWY (a|z, I) and for all a € [0, 1]

H(Ie=f>XfXé®/5‘aw<t>w<t>’mt>dt +0<1>>

BW (a|xy, I)
K (1) dt] 2 40 (R°F?),

abagr (o) —ab(all) = (E

x E

1 (I, = I) XeaB®+? (alay, 1) / t 2 (t)
B (a|zy, I) o (s+2)!

o
h

(B.0.15)
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which gives the second expansion in Theorem B.1-(i) since hf5; = Sib and because
the estimation of « B (a|x, I) gives the dominant bias term.

Consider now max |Vasgr (a|z, 1) — V (a|z, I)| for which we only detail how to
bound max ‘CYBS;QR (a|z,I) — aBW (alx, ])‘ since the study of
max |Basgr (a|z,I) — B (a|x, I)| can be similarly done. Let A = [Ay,... A,] be
a a Jo x Jy matrix with columns A;, j =1,...,J;, |A;|, the associated ¢; norm and

|Al} oo = max;<j, [4;];, a, b some conformable vectors so that,

J
Z bja’Aj

J=1

la’ Ab| =

< 10|, |A|1,oo Ij%%};mﬂ :

Let S; be the selection matrix such that Sib=b;. (B.0.11), (B.0.13) with
MiN (g 4htz)efo]xx § (a|t, 2, 1) > C, P(x,t) = P(z) ® 7(t) give by Assumptions
A and H-(iii) and the bound above,

’04 (chxls)*QR (a|z,I) — BW (a\x,[)))

1—a

I(I,=1) / g(alt, e, I) P (x4,t) P (z4,t) K (t) dt]

o
h

= h ' |P(2) SE!

11—«

(I, = I) /_ a(alt, 20, 1) P (20, 1)

&
h

x E

x {aB (a+ ht|zg, I) — P (z,,t) ab(all)} K (t) dt]

_s+2

<oPPEE (i P @)\) B [P (22) P (x)]],  max / 1Py (2)] da
< N 2 e ¢ oo e | [ 15
_ s+2
< C hs—i—l + KL o ’
h
uniformly in « and x. This ends the proof of (iii). O

Bahadur representation for the AQR and ASQR estimators

The notations bagr (a|l), basor (a|I), b(a|l), b from (B.0.1), which renormalizes
the parameter 3, and P (x,t), Ragr(b;a,I), Rasor (b;a,I) from the proof of
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Proposition B.1, will be used here. Define also /F\;AQR(b;C\{,]), ﬁASQR (b;er, I) as
the corresponding j\%AQR (b; v, I), ﬁASQR (b; v, I') and

BAQR (o] I) = argmbin/R\AQR (b;er, 1), BASQR (a|I) = arg mbin /FEASQR (b;er, 1),

-1 ~
eaqn (all) = = (Rs (bagr (al1) ;0. 1)) Rig (bagr (al)se 1),

71 ~
@asan (al1) = — (Rgr (basan (alD) ;0. 1)) Rilgp (bason (all) i, 1),
dagn (aI) = baor (a|I) = bagr (a|I) — agr (a|I), (B.0.16)
dasor (alI) = basgr (/1) — basor (alI) —€asor (all). (B.0.17)

The aim of this section is to study the Bahadur remainder terms EAQR (all),
EASQR (ar|I) and the score terms /R\(A%R(bAQR (a|1);a,1), /FES;QR (bagr (a|l);a, ),
that is to establish that,

Theorem B.2. Suppose that Assumptions A and H-(i) hold and let HAQR (| 1),
EASQR (a|I) be as in (B.0.16) and (B.0.17). Then,

i. If the quantile regression model in Assumption S-(1) is the true one and under

Assumption R-(1),
~ log L\ */*
nantoin] =0r ((%55) "),

ii. For the sieve quantile regression model (3.2.9) and under Assumptions S-(ii),

R-(ii), (H)-(ii), and for Py = max,cx ||P ()|, it holds that,

-~ 12 (Kplog L\*/* K, P;logL
uantoin] <o (71 (F725) ") < or (B2

max
(a,1)€[0,1]x7

max
(a,1)€[0,1]x7

Horowitz and Lee (2005) have derived a similar expansion for a fixed a in
the case where P, = O (K}/ 2) in their Theorem 2. The rate of Theorem B.2-

(ii) is slightly better since instead of the order FlL/ 2 (K log L/L)** they obtained
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ﬁi/ ? (K1 log L/L)** up to a logarithmic term. Because K plays a role similar

to a bandwidth term 1/h?, the rate of Theorem B.2-(ii) is slightly worse than the
one derived in Guerre and Sabbah (2012) for local polynomial conditional quantile
due to the item ﬁ}:ﬂ in front of (K log L/L)** . This term is used as a bound for
P (z,t)' 6 for all (z,t) € Xx [~1,1] and @ in the unit sphere of dimension K, (s + 2),
where 6 plays the role of the normalized estimated parameter. A better bound can
therefore be obtained by imposing some smoothness constraints on 6, for instance
by imposing that the z—derivatives of P (x,t)'# must stay bounded in quadratic
mean or by using a corresponding penalty term, see e.g, Chen (2007) eq. (2.18).
That sieve estimators must be constrained to satisfy some smoothness conditions is
a key difference with kernel smoothing where this holds asymptotically by uniform
convergence of derivatives of the kernel estimator.

The next lemma derives the order of the FEuclidean norm of
ﬁg(z?R(bAQR (a|I); e, I) and /I?\S;QR (basor (a|I);a,I). Let = be the usual order
for symmetric matrices, i.e A < B if B — A is semidefinite positive. The proofs
of Lemma B.3, Propositions B.1 and B.2 are given in the last subsection B of this

proof section.

Lemma B.3. Suppose that Assumptions A and H-(i) hold. Then,

i. If the quantile regression model in Assumption S-(i) is the true one and under

Assumption R-(i),
p(M) . -1/2
Var <RAQR (bagr (a|I); Oé,f)> = CL™ 77 Id(s42)(a+1),

for all (o, 1) €]0,1] x I and,

’

B log L 1/2
max ;
(a,1)€[0,1]xT L

R (bacr s 0| <

it. For the sieve quantile regression model (3.2.9) and under Assumptions S-(ii),
R_(”):
Var (Ripr (bagr (0l D) ;. 1)) < CL™2Tdig, o1,

for all (a, I) € [0,1] x I . If (B.0.3) is true and for Pj, = max,ex ||P (7)]|, it
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holds that,
1/2 =
B . < K log L K Prlog L
E La’lr)ré%ﬁ]xj ‘RASQR (basor (1) ; e, I)M <C <<—L ),

We now introduce some linearization remainders for Ruggr(;o,I) and

ﬁASQR (+; a0, I) which are useful to study HAQR (| I) and EASQR (cr|1). Observe that,
dagr (all) = al"gmdinﬁAQR (bagr (all) +eaqr (all) +d;a, I).

By Lemmas B.3 and B.1, €4gr (a|]) goes to 0. This leads to consider the following
remainder terms, where e is a new variable which would be set equal to €4¢r (a|])

or €4s9r (a|I) accordingly,
GAQR (d,e; CY,I) = ﬁAQR (bAQR (Oél[) + e+ d;Oé,[) — ﬁAQR (bAQR (Oé‘[) + e;a,[)
~RUQ (bagr (all);a, 1) d,
61,AQR (d,e; Oé;]) = GAQR (d,e; 0471) —E [GAQR (dae;avl)] )

O1,40r (d,e;, 1) =E GAQR (d,e;a,])] ,

OASQR7 OI,ASQR and OI,ASQR being deﬁned as OAQR, OI,AQR and Ol,AQR'

Proposition B.1. Let B (0, 0) be the Euclidean closed ball of center 0 and radius o,
and consider 04, 0 > 0 which can depend upon L but must stay bounded away from
infinity. Suppose that Assumptions A and H-(i) hold. Then,

i. If the quantile regression model in Assumption S-(i) is the true one and under

Assumption R-(i),

max 0 dea,l ‘
|:(a’d’e7[)€[011}XB(O,Qd)Xﬁ(O,Qe)xj 1’AQR( ) :|

log L\ /2 log L\ /2
SC( Zg_J ) 0d ((Qd+9e)1/2+(%) ;
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ii. For the sieve quantile regression model (3.2.9) and under Assumptions S-(ii),

R-(ii), (H)-(ii), and for Py = max,cx ||P ()|, it holds that,

~

Ol,ASQR (d, € Q, [) ”

max
(a,d,e,1)€[0,1]xB(0,04) xB(0,0¢) xJ

— 1/2 — 1/2
K;P;log L K; P;log L
<C (%) 0d ((@d +o00)? + (%) ) .

Proposition B.2. Let B (0, 0) be the Euclidean closed ball of center 0 and radius o,
and consider o4, 0. > 0 which can depend upon L but must stay bounded away from
infinity. Suppose that Assumptions A and H-(i) hold. Then,

i. If the quantile regression model in Assumption S-(i) is the true one and under
Assumption R-(1),

dRE) R (bagr (all);a, 1) (d + 2)

O1,4¢r (d,e;a, I) — 5

max
(a,d,e,1)€[0,1]xB(0,04) xB(0,0¢) xJ

=0 ((Qd + Qe)2 Qd) ;

it. For the sieve quantile regression model (3.2.9) and under Assumptions S-(ii),
R-(ii), (H)-(ii), and for P, = max,cx || P (x)|, it holds that,

d'ngQR (basqr (a]I);a, 1) (d + 2€)

Ol,ASQR (d,e;a,[) - 9

max
(a,d,e,1)€[0,1]xB(0,04) X B(0,0¢) xI

=0 (ﬁL (04 + Qe)2 Qd) .

Proof of Theorem B.2. It is sufficient to study the ASQR case and for the

sake of brevity the subscript ASQR is removed from the notations. Define for some

Cq4, C. > 1 to be chosen large enough,

_ o (ErlogL 12
Qe e —L

K log L\ Y/ 1 (Kplog INY* — [ Kplog L\ Y2
Qd:<%) rq with rd:C’dmaX{Pi/Z (L—;g> , P, (%) .
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Under Assumption H-(ii), g, 04 and 74 go to 0 when L — co. Observe that Lemmas
B.1 and B.3 give under Assumption H-(ii), by the Markov inequality and for L large
enough,

lim sup supIP’( max_|[e(all)|| > ge) = 0. (B.0.18)
Ce—00 LZL (O‘J)E[Ovl]xj

Define

d'R® (b (a|ly) ;a, I) (d + 2e)
2 Y

(b(all)+e+d;a, 1) — ( (all)+ea,1),

c(b(all) +e+d;a, 1) =Ry (d,e).

Ro(d,e) =R (b(all);a, 1) d+

Propositions B.1 and B.2 give, under Assumption H-(ii)

— 1/2
~ — K;Prlog L
02 (da e)):| S C {PLQde + (A) QeQd} .

L
(B.0.19)

E max
(a,d,e,1)€[0,1]xB(0,04) x B(0,0¢) %I

Recall also that,
d(a|l) = argmdinﬁc (d, & (all)).

Let also A = Asgr be as in Lemma B.1. Consider some arbitrary e > 0.

Step 1: Comparing max‘(A)g (d,e(all))| and o3 For C, large enough and by

(B.0.18) and (B.0.19),

6. (¢ al1)] = %)

N 2 A 2
02 (d,e)} Z Qd) S € i 0_206&1
d

((a d,I) e[o 1]x3(0 04)xJ
<

- + P ( max
2 (o,d,e,1)€[0,1]xB(0,04) xB(0,0¢ ) xJ

which in turn can be made arbitrarily small by increasing Cy.°! Hence

0 (d,@(au))( > "—3> <e (B.0.20)

-

P ( max
(e, d, 1)€[0,1]xB(0,04) XTI

1Take for instance Cy = C? here.
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Step 2: order of Sup,ej 1

a(a\I)H. Note that

{[atein] = o} < { min Re@2ln) < min Re@2lain)}

We first recall a convexity argument due to Pollard (1991) which allows to change
{d; ||d|| > 04} into 8 (04) = {d;||d|| = 04} in the inclusion above. Recall that

R (d,€(all)) =Ry (d,&(al1)) + Oz (d&(all)),

where both d —R, (d,e(all)), Ro (d,e(a|l)) are convex with, by definition of
e(all),

R - 'R(2) .
Ro (d,8(al1)) = R (b (a| 1) 0, 1) d TR (00110 ’0‘2’1) d+ 2% {all))
_ d'R@ (b(a|l));a,I)d

2

Consider a § with ||6]| = 1 and d = o8 for some ¢ > 0,4. Since R, (0,8 (a|I)) = 0, the

convexity inequality implies

05 4~ 05 - 2\ R (02
UR.(@.8(al1) = LR (6.8 (al1) (1 Q)R4m<rn>

Since minges(o,0,) R (d,8(a|I)) < R.(0,8(al)) = 0 this implies
min R, (d,e(a|l)) < min R.(d,e(all
{d;dzgd (d,&(alh) ~ deB(0,04) (d,elal ))}

 {Re(d&(aln) < 0 for all d with [|d] > 0.}

C {ﬁc (049,€(a|I)) <0 for all § with ||d]| = 1} = { min R, (d,e(all)) < O}

des(oq)

c{ min R d,e(all)) < max
{desw o (d,&(al ))‘dez%(o,gco

0, (d,@(a|]))‘} .
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It then follows that, by definition of Ry (d,(|I)) and Lemma B.1,

sup
a€l0,1]

C { min Ro (d,e(a|l)) < max
(avd)e[()?l]xs(é)d) (()é7d)€[0,1]><%(0,gd)

el > aa} = U {fatain] > o

a€0,1]

6, (08 (al)|}

{ , dR® (b (a|L,) e, I)d
C min < max
(a,d)E[O,l]XS(gd) 2 (a7d)€[0a1}><3(07gd)

6. (¢2(al)|}

2
04 -~ ~
c - 0, (d; 1).
{2/\ = (ad) 01X B(0.00) 2 (d.&(all)) }

Now (B.0.20) gives that for any € > 0, there are some large enough C, and C; such

that
P sup
a€l0,1)

which shows that the Theorem is proved since J is finite under Assumption A. [J

aMDHZm>§e

Main estimation theorems and Proposition 3.4

The end of this section groups the proofs of the main estimation theorems and some
additional intermediary Lemmas are now stated. Lemma B.3 gives an upper bound
for order of the score vectors ﬁ%R (bagr (a|I);a,I) and ﬁS;QR (basgr (a|I);a, 1)
which can be improved for some linear combinations corresponding to estimation
of the derivatives of Bagr (o|]) and in particular hﬁg%R (a|I) as considered now.
Let Sigr be as S; from Theorem B.1-(i), such that, using the notations of
(3.3.2), Siagrb(all) = BSC)?R (a]l) and define Sy asgr for the ASQR case. The
next lemma completes Lemma B.3 by studying the order of S agr€agr (a|I) and
S1.asor€asor (a|I) which are the stochastic error error terms when estimating
hﬁggm (a|I) and hﬁS;QR (o) as seen from Theorem B.2. Recall that < is the

usual order for symmetric matrices.

Lemma B.4. Suppose that Assumptions A and H-(i) hold. Then,

i. If the quantile regression model in Assumption S-(i) is the true one and under
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Assumption R-(1),

X XI(I, =1)
B(l) (Oé|xg, Ig)

N h _
Var (S1 agr€aor (a|l)) = — 2 () E 1 {

LI
L[ XX (1, = 1)
E! ¢ h
|:B(1) (a|x£7_]£) +0( )>

B = 1)

uniformly in («, I) € [0,1] x I and,

= 12 ((log L 2
E ( II)H&X ||SI,AQReAQR(a|I)|| §Ch T 3

€[0,1]xJ

it. For the sieve quantile regression model (3.2.9) and under Assumptions S-(ii)
with s > 1, R-(ii), (B.0.3), and Py, = max,ex ||P ()|, it holds that,

Var (S1asorBasor (1)) = ~- P (20) P (2) 1 (I, = zq

LIU}% (@) E { BO (alzy, 1)
P (x4) P () T (I, = 1)
B (al, 1) ] o),

X E [P (z) P (x) 1(I, = 1) E™" {

uniformly in (o, I) € [0,1] x I and,

E max ||Sl,ASQR/e\ASQR (CE|[)||:| § C <h1/2 (

(a,1)€[0,1]x7

K log L\'? . K;PrlogL
L L ‘

In the next lemma, Spasgor = Idx, ®[1,0,...,0] be the K x (KL (s+2))

selection matrix such that S agrb (a|l) = Bagr (a|I) .

Lemma B.5. Consider the sieve quantile regression model (3.2.9). Then under
Assumptions A and H-(i,3i), S-(ii) with s > 1, R-(ii), Then, uniformly in (o, z) €
[0,1] x X,

Var (P (2) Soasoréasor (alD)) = O (IIP ()]%)
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and

Var (P’ (;E) Sl,ASQR/é\ASQR (a’[)) = huy, (a) P (.Q?) E-! |:P<l’£) P(l’e) ]I(Ig = [):|

B(l) (Oz|$g,[g)
P () P () (I, =
B(l) (Oéll’g, ]g)

X E [P (x¢) P (2) I(I,=1)]E~ { I)} P(x)+o(h)

=0 (h|[P ().

If moreover Assumption H-(iii) holds,

T E—c]

| P
P (x) N B 1/2 (log L 1/2
Pal T 151,ASQREASQR (Oé|f)‘ = Op <h 7 :

max
(o,z,T)€[0,1] x X xJ

max
(a,z,1)€[0,1] XX xT

Proof of Theorem 3.2. Recall that s; is the column vector [0,1,0,...,0] of
dimension s+ 2 and let sp = [1,0,...,0], S = Idp41 ®s0, S1 = Id,11 ®s; so that for
bAQR (1) as in Theorem B.2 and bAQR (a|]) as in (B.0.2),

~ , asS ~
Vaor (a]z, I) =X (So + h(I——11>> bagr (| 1),

, al
Vaor (a]z, I) =X (Sg + h(I——11)> bagr (| 1) .

It follows from Theorems B.1-(i) and B.2-(i) that, since X is compact by Assumption
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A-(1),

sup
(a,z,1)€[0,1] x X xJ

Vagn (alz, 1) = V (alz, 1)

< sup
(o,z,T)€[0,1] xXxT

XA/AQR (alz, I) — Vagr (afz, [)‘ + sup |Vagr (a]z, 1) =V (a|z, )]
(o,z,T)€[0,1] xXxT

<C ( )sup |So€aqr (a]I)] + R~ sup |S1€40R (04|I)\>
(e, I

€[0,1]xXxJ (a,z,1)€[0,1] XX xT

1 (log L 3/4
Op | - O (h¥1) .
n P(h( L) Lo (1
By Lemmas B.3-(i), B.1 and definition of €4gp (a|I), Lemma B.4-(i),
_ log L\ '/?
sup |SOeAQR(oz|I)|:Op<( i) )
(o,z,I)€[0,1]x X xT

_1 R log L 1/2
h sup |S1€agr (a]I)] = Op .
(a,z,1)€[0,1] XX xT Lh

Substituting gives

) 7 (ale.1) -V (al I)’ o (log L)l/z - (log L)1/4 0 (hs+1)
u alz,I) =V (a|z, = )
(oc,x,I)E[OI,)l]XDCXJ Aon F Lh Lh?

which gives the desired result since Lh?/log L — oo by Assumption H-(i). O

Proof of Theorem 3.3. By Theorem B.2-(i), Lemmas B.3-(i) and B.1,

aS@AQR (CY|I)
h(I—1)

— (Lh)"? {Op (ﬁ) + Op <% <loiL)3/4> }
= Op (h'/?) + O ((l‘f;L ) 1/4) =op (1),

by Assumption H-(1), with Vagr (a|x, I) =V (alz, I) = h¥T X'Biasy, (a|I) 4+ o (h*+1)
by Theorem B.1-(i). Recall that (B.0.5), Lemma B.4-(i), the expression of

(Lh)"? (vAQR (a|z, 1) =V (a|z,I) — — (Vaor (alz, T) = V (alz, 1)))
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(L/h)"? €aqr (a|I) give that this vector is a triangular average of weighted centered
binomial variables which cannot degenerate. —The Lindebergh Central Limit
Theorem together with Theorem B.1-(i) and Lemma B.4-(i) gives that

(L)Y 52 (o)1) O‘S;Le(f‘ff (10)‘” ) 4, N (0,1d) . 0

Proof of Theorem 3.4. Redefine Sy and S; as Sy = Idg, ®sp, S1 = Idg, ®s;
and recall that

~ , alS ~
Vasor (ale. ) = Pa) 80+ 157 ) Bason al),

VASQR (CY|ZE, [) =P (ZB)/ (S() + h(?—‘sfl)) bASQR (Oé|]) .

For e450r (o) and EASQR (o) as in (B.0.17), define

-~ I S ~
EASQR (Oé|I,I) = P(;L’) (So —+ %) eASQR (Oé|[),

~ , alS ~
Dasan(ale. ) = P o) (S04 172 ) dasanalD),
so that

Vasqr (alz, )=V (alz,I) = Vasor (a|z, 1)~V (a|z, 1)+ Easor (alz, I)+Dasor (alz, I) .

By Theorem B.1-(ii) and K < h~% Assumption Riesz-(ii),

(/ | (Pasonale. 1) =V (ale. 1)) doda) )
_ o) 10 (/01 {11868 asr (@D + A" || S@asor (@l 1))} da)

+0 (max {HSOHASQR (04|I)H +ht HSOEASQR (a|])H})

a€l0,1]

Theorem B.2-(ii) gives, for P, = max,ex||P(2)| =< h~F9%/2 and since
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K, Py log L/L = log L/ (Lh2*9%¢) — 0 by Assumption H-(ii)

max} {HSO/CI\ASQR (Oé|])H + h_l HSOEI\ASQR ((I|])H}

a€l0,1

Jo [ Kilog L\*/* K. P logL v
_ —1/2
=70 PL(LL ) H(Li )

—1p0 (K log L\
— h7'Op (Pi/2 (—L o8 ) ) .
L
By Lemmas B.4-(ii), B.3-(ii) and B.1,
1
/ {I1So€asqr (alI)|| + h~"||So€asqr (|||} d
0

_Op ((/011@ (1" @ ason (@D’ da) 1/2) — O ((%)UQ> |

Substituting gives, since (FiKL log® L) / (Lh?*) =log® L/ (Lh*T94H2) = O (1)

(/olfx <‘7ASQR (a|z,I) -V (afz, I)>2 da:da) 1/2

_ 1/4
Ko\ Y2 P K log® L
— s+1 1 L
O (h**') + Op (—Lh) =7 —

1 Ky V2 s+1
—O(hSJr)—i-OP((E) )-O(h )—i—Op(W),

which gives the desired result for the integrated mean squared error.

For the uniform norm, observe first that, since P;, = O (Ké/ 2> by Assumption
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H-(ii),

D 1‘:0 P =
(ot % g [Pt (0, 1) (213%“ @)l > A7 fmax

K;log L 8/4
=h" 101P>< 3/2 <&> )
K?log L 3/4
= h_lO]P’<(—L ;g ) .

Consider now the uniform convergence result, which will use the following

‘SOdASQR Oz‘[ H)

normalization of XA/ASQR (alx, I), Vasgr (o], I) and V (afz, 1),

~ VASQR (ajz,I)  P(z) Sy ~

Niele )= e+t~ TPal (S” (- 1>) baser (@]).
— Vasor (alz, I) P (x) Sy

Nl )=+t~ TP+ (S” - 1)) basen (@ll).

keeping in mind that ||P(z)/(1+ [P (z)|])|| < 1. Theorem B.1-(iii) and K, =<
h~% the Cauchy-Schwarz inequality, Lemma B.5-(ii) and Theorem B.2-(ii), P =
0 (K;/ 2) by Assumption H-(iii) give,

v 1)~V (alz,1)|
ot I g | Vas@R (e, [) = Vi{alz, I)
< V. -V I 14+ P
_(0475531)12[3}1(}XDC><9| AQR(all’, ) (a|x, >|+( + L) (a,:}c,l)rélﬁ}l{]XDij

<O (™) + (14 Pp)

(o,z,T)€[0,1] xXxT .CIZ')H +1
as, 5
1+P ( I — [
+(1+Pr)  max (S°+h( >> dasor (all) = dasqr (a|l) H

<O(W) + (14 Py) { ((1L )1/2> +h” 1OP< P2 (%)3/4)}

:o(hs+1)+Op( KL]OgL ){ ( KzllegL) >}
— 0 (1) + s ((%)1 2) {1+Op ((%Y“)}
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which gives the desired result since log L/ (LA™ 2) = O (1). O

Proof of Proposition 3.4. Observe first that, for BAQR (a|I) computed from
Bagr (a|I) as in (B.0.1),

L 1—a
~ 1 R ~
B(ha,l)=— ;1[ (I, =1) ; /—it Dot ht (Bw — X, (1) baor (au)) Ko () dt.
Let bAQR (a|1) is as defined in (B 0.2) and /d\AQR (a][) €agr (a]I) as in (B.0.16) so
that bAQR (Oé|]) = bAQR (a|]) —|—A (Oé|]) (a|]) = dAQR (Oé|]) —I—eAQR (a|]) Deﬁne,
for pi) (¢) = a =1 (g <0),

1
Bo (hia, ) = Z / Fent (Bie — B (a4 htlee, 1)) Kone (£) dt,
"

1—

L

~(1) 1 R

By (hiol)=—— § T =1) § / P, (Bie — B (a + ht|a, 1))
/=1

i=1"Y"h

X (X (t) bAQR (Oé|]) — B (Oé + ht|1‘g,])) Ka+ht (t) dt,
Eil) (h;a,I) = — Lljz (I, =1) Z/% paHLt — B(a+ ht|zy, 1))
X Xy () Koine (t) dtA (),
@) (7. _ _ T (X () bagr (all) = B (a + ht|uy, 1))
By’ (h;a,I)=E ]I(Iz—f)/z B (a + ht|ze, 1)

(Oé + ht)2 Ka+ht (t) dt:| s
B (h;a, 1) = A (alI)

x E

I1(I, =1) / h B(f)(égf;i |<Z 7 (a+ ht)? Koy (8) dt| A (alI).

“h

Repeating the arguments in Propositions B.1 and B.2 gives, uniformly in
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a € [0,1].

1 1 1 [t
/B(h;a,[)da:/ Bo(h;a,I)d@+§/ BY (h;, 1) da
0 0 0

+/ {B(()l) (h;a,])doﬁ—ﬁBgQ) (h;a,])}da+0 (/ (B(()Q) (h;a,I)Bgz) (h;a,])) da)
0 0

+ 08 ((bff)m( max A @ln]" + o Gagn aln) - b<a|1)>||3/2}) .

o,x)€[0,1]xX

Repeating the arguments in Lemma B.4 gives, using (B.0.14),

~(1) hst2 hst2 h1/4
(@D efb]xT By (h; O"I)‘ = Or <L1/2> = Or (L1/2 X hl/4
_ 2(s+2)+3 1 _ 2(s4+2) L
_O[p (h +Lh1/2> = Op (h +Lh>,

since 2 |ab] < a? 4 b*. Theorem B.2-(i) and (B.0.14) also yield,

log L 3/2 < 1
B?)(h;a,mjzop(( ; ) = op (W) 4 )

! 1/2 loo I\ 3/4
/ (BE)?) (h; Q, I) B&Q) (h; a, [)) da = Op (( Oi ) s t2
0

log L i log L i 2(s+2) os+2) | 1
_OP(<L> +(L h =op|h +L_h )

max
(a,1)€[0,1]x7

171



B. Appendix for Chapter 3

(logL>1/2 (st {Hﬁ (@D " + lla (bagr (al1) ~ b <a|f>>||‘°’/2}

)E0,1]xX

L
log L\ '/ log L) */* 3(s42)
_< 2 ) Op ( - +O<h )
log L\ */* log L 1 )
o (£52)") o (B5ne) s e

Let

My (a) = E [H(Ie = I) X,aB®*? (a|zy, 1) I(I, =1) XeXé}

BW (azy, 1) } MQ(OO:E{ BW (azy, 1)

I, (a,h):/h Z:_—WQ(QK(t)dt, I, (a,h):/hw(t)w(t)’K(t)dt.

>R

Observe that except for a = 0,1,

lim Koy (t) = K (t), lmII, (o, h) = e (1)
hg% a+ht — ) hl_I)I(l) 1 (&, - (S+2)'

K (t)dt =TI,
lim 1Ty (@, ) = /ﬂ(t)ﬂ(t)/K(t) dt = TI,.

A Taylor expansion, (B.0.15) and arguing as for (B.0.12), and the dominated
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convergence theorem give,

1
/ BY (h:a, 1) da

t)b I - B ht|z,, 1))?
(I, = 1) / / Jbagrlall) = Blathtlee, D\ o pp2 e 43 dtda
%

BW (a + ht|zy, I)

/ / o (bagr (al1) — b (al1))) (My (a + ht) @ Tl (0, 1))

x (a(bagr (@|I) — b(a|D))) Kaine (t) dtda + o (R*512)

:\Q

_ 2(sH2) /0 /_: (M (@) @ T (e, b)) (M (@) @ Ty (r, h)) " (Mo (a + ht) @ Ty (@, b))
X (My (@) ® Ty (o, 1)) ™1 (M (@) @ T (o, b)) Ko (t) dtda + o (R2EF2)

1
= 12D [ My (@) My (a) ™ M,y (a) da x T L + o (R2EF2)
0

Hence,

1 1 2(3+2)H/ H—1H 1
/B(h;a,l)da:/ By (b o, ) dav + L 1/ M, () My ()™ My (a) da
0 0

1
p2(s+2)
( )
Observe now that,

1
/ By (h;a,I)da

L

1 a—« da

:ﬁz_: Ig—] / / pa (Bie — B (a|xy, ))Ka( ; )daw

L a—a da

1 JE(45*) %

— > I, =1) / pa (Bie — B (alzy, 1)) { S }da

> Z FRED

1 L

EZH Ig—[ Z/ pa ZZ_ CL|$£, )) a,
=1

which ends the proof of the Proposition. O
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Proof of intermediary results

We now give the proof of Lemma B.3, B.4, Propositions B.1 and B.2, for which it is
sufficient to consider the ASQR case since taking constant K, and max,ex || P (z)||
gives the results stated in the AQR case. The proofs of this section heavily
relies on the following maximal inequality from Massart (2007, Theorem 6.8 and
Corollary 6.9). When applying this bound, the variable & will stand for the auction

observation (Iy, xy, Big,i = 1,..., ;) or some function of this variable.

Theorem B.3. Let {&, 0 > 1} be a sequence of independent variables and let F be
a separable class of real functions of &. Assume that (i) there exists some positive

numbers o and b such that for all integer numbers k > 2 and any f(-) € F,
1 < k!
=) E[ ’“}<_' 2 k-2,
L — ‘f(§£)| — 20 ’

(ii) for any € > 0, there exists some finite set F. of exp (H (€)) brackets which union
covers F and such that, for any [i, ﬂ e F,,

Then, for

E=27LY% [ min'2 (H (t),L)dt +2 (M + o) H (o),
0

it holds that,

< E.

Z (f (&) —E(f (5@)))‘

/=1

The upper bound for the mean in Theorem B.3 implies that, for any e € (0,1],

sup
fesr

(&) —E(f (f@)))‘ =0Op (E),

(=1

where o, b and therefore E can depend upon L. In this statement and when the &,
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are i.i.d, 0% and M can be viewed as, respectively upper bounds for Var (f (£)) and
|f (&)] valid for all f(-) € S"U Uee(0,e0] Fe.

Note that it is sufficient to establish the intermediary results for the ASQR
case since it implies the results for the AQR case by taking constant K and

maxgex || P ().

Proof of Lemma B.3. It is sufficient to consider /Ii(Al;QR (basor (a|I);a, 1) and
a fixed I since J is finite. Abbreviate basgr (o) into b (a|I) and ﬁ%QR (b; v, I),
RASQR (b; o, I') into RO ) (b;a, 1), R (b; v, I). Recall also that RO ) (b(all);a,l) is

centered since b (a|I) = arg min, R (b; o, I) satisfies a first-order condition so that,
E [ﬁm (b(a|l); a,])] = RO (b(all);a,I) = 0.

Define,
T(0:a,1) =RY (b(all);o, 1) 6, 8$={6:60=1},

which is such that H/Ii(l) (b(ca|l);a, ])H = maxges [t (0; v, I)]. Tt is then sufficient to
bound the exceedance probability of
max [r(0;a,1)|.

(0,0)€[0,1] xS

Define, using the notations of Theorem B.1,

f (. 6) Z/a By < P (z,t) b(all) — (o + ht))}
0P (z) @7 (t) K (t)dt,
which is such that 7(6; a, I) = S0, f (&, 0) /L, with,

max  sup | (&;a,0)] < Cmax||P(z)]] < CPp.
21 (0,0)€[0,1]x8 zeX

For the variance of f(&;a,0), observe that, under Assumptions H, A and by
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(B.0.10),

Wﬂ@ﬂ&w9»= [E [£? (¢, 0) |20, 1]
/_ E {1 (Bu < P (0.t) b (a]D) = (o +ht)}* o, = 1

h

< CIE

XWP@@®W@VK@m4

< CE

/ ' {P (Bis < P(z,t)'b(a|]) |2, I) —2(a+ ht)P (B < P (x,t) b (all) |z, I)

o
h

+m+hN}WP@0®w@fK@M4

1—a
/ h

=C{a(l—a)}+0(h) <o*

=2CE

{m+hﬂﬂ—a—MHﬂMﬂwT@@®W@fK@M4

e

This bound hold for all o and I and implies the variance result of the Lemma.

To find some brackets as in Theorem B.3, we first bound the differential
b (a|I) = db(a|l) /da. The implicit function theorem gives since b (a|I) is the
unique solution of RM (b; ar, I) = 0,

1 ORW (b (a|l);a
Y (ol1) =~ (R? (b (a1) 0, 1) RIS D)

where

ORW (b (all);a,T)
oo

- el {6 (e () i) o} (rea o () ()]
Iy {M:D{G( @, ha)? o) -1}
( h )]
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By (B.0.10) and Assumption R-(ii),

1) o e !
PRECLN: D] < o a1 () = € yax B [P 2]

max
a€l0,1]

< C'max ‘E% [(P (334)/9)2] ‘ <C,

0es

and then, by Lemma B.1 and for all h small enough,

ofg[%)i] Hb(1 (alD)|| < Ch. (B.0.21)

Let Dy, = (s +2) K1 + 1 be the dimension of («,8')’, |(«,¢')|, = |a| + ||0]| and

he?

A = .
205 (1 + maxgeyx | P (2)]])

Let {(0@,0’) J € 86} C [0,1] x 8 be such that for any (o, #)" € [0,1] x 8 there is
a (aj,0;) such that |(o,0') — (a;,0;)|, < A. Define

ij (&) a€[0,1],0%;] (a—a;,0"—0;) |, <A { - Z / 0

{I(Bie < P (e, t) Y (a5|1) + C1 (@ — ) | P (o) |l) — (a + ht) }
0'P (o) @7 (1) K (t) dt},

I
f. = I(l, =1
T €)= oy { (=03, /

h
_a
h

11—«

{T(Bie < P (0, t) bY (| I) + Oy (o — o) | P (x0)|]) — (o + ht)}
O'P(z,) @7 (t) K (t)dt}
where the min and the max are achieved by some (a,f) such that

(v — v, 0" = 0;)], = A. Since [0,1] x 8 C Ujeg, {(a,@’) (o —a;,0 = 0))], < A},
it follows that by (B.0.21),

Fim {F ()= F (h.0),(,0) €[0,1] x 8} € Ujeg, | £, T3]
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Observe now that,

T (&) = £, (€| ST (€)= F (€0, 0)] + |, (60 = £ (€.05,6))

l—aj+A —aj+A

SC|P(W)9§\{ﬂ%hA K(t)dt+/ hA K (t) dt+

o —

J
h

+1I (le - P(Sl?e,t)/ b(l) (Oéj|I)| < ClA HP(J,’@)H)}
+O P (x| A

This gives, taking M = C'Pj, which is also a bound for |f (&, a, 8)|, by Proposition

3.1 which implies that the p.d.f g (+|, ) of By, given (zy, I,) is bounded, Assumptions
A and R-(ii),
|

=
< A2 {]E (1P @0 0] 5 + B [|P @) 0 1P @)l] A +E [P (o)l AZ}

72
< C(2e + 1)Mk’26,
Cy

fi (&) — f, (&)

&) - 1, (&)H < M*’E {

which can make smaller that M*~2¢ for all ¢ € (0,C] by increasing Cy. Before
applying Theorem B.3, observe that van de Geer (1999, p.20) gives

1 1
H (¢) = log (Card J.) = CDy log (Z) < CKjp, (log -+ log L) .
€
Note that, for L large enough,

ag ag 1
/ H'2 (t)dt < C’Ké/2 {logl/2 n + log!/? L} dt
0 0

. 1 1/2
< CK}"o {1og1/2 L+ (/ log ;dt) } = CK}"o {1og1/2 L—t(logt+ 1)]3}
0

< CK;*10g"* L.
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This gives for E as in Theorem B.3,
E<C ((LKL log L)"? + K, P, log L) .

Hence Theorem B.3 gives for 7(6;a, 1) = S0, f (€;0,0) /L,

. K log INY? K, P,logL
E{ - \r(@;a,[)|] §C<(&> +%>7
(a,0)€[0,1]x8 L L

which gives the desired result. 0

Proof of Lemma B.4. It is sufficient to consider the ASQR case. Following the
steps of the proof of Lemma B.3 gives, since maxaejo1 v; () = O (1) and by (B.0.8),
the bound for the expectation of the maximum of S; asgreasor (|I) provided
the variance bound holds as established now. Remove for the sake of brevity the

subscript ASQR and the variables o and I from the notations, so that

-1 =

e= AASQR (04|]) = - (R(2) (b)) R (b),

with b = basgr (a]I) and R® () = REhop, (e, I), RV (-) = RY%op (o, ). Let

1—

I(I, = [)P(:I:z)P(%‘z)/@)/_: Bil()t();/—i—(tf)ttﬁit)f) dt] ’

R? (b)=FE

and let ||-|| stands for the Euclidean or operator norm. (B.0.9), (B.0.8) and the
Taylor inequality of order s + 1 gives, since s > 1 and by (B.0.3),

s+2

R® (b) — R® (b)H —0 (FL <h5“ LK,

max
a€(0,1]

>) +o(h*)=o(h).
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Define now,

P=E[I(I,=1)P(x;) P(x)],

I(I, =1)P(x,) P (g;g)’}
BW (a|xy, I) ’

PozE[

P, =-F

HwZDHMPmYB2w%)]’

(BW (alar, 1))”

m:[hw@ww / K (t)dt.

; "
PT& 1— cx
mm [P o oxoa n- [T moxow
m, = | / " nin (ty, o) (81) 7 (t2) K (1) K (ts) dtdts.
- —h

Then Proposition 3.1 and a standard Taylor expansion give

max H§<2> (b) — Po @Iy — hP, ® HlH — o (h)
ae)|0,

so that

max |IR® (b) — Py @ Iy — hP; @ I || = o (). (B.0.22)
ac

Consider now V (b) = Var (/Ii(l) (b)) Elementary manipulations and (B.0.10) give,

with min (t1,t3) = t1 A t2 and uniform remainder terms with respect to |||,

1—a 1—a

h h

1(I, = I)P(m@P(m@'@/ / (G (P (x0.t1)' b A P (2, 1) blae, 1)

a

V(b)=I"'E

h

— 2 (a+ ht1) G (P (24, t2) blae, Ir) + (o + hty) (a + hto)}
7 (1) 7 (t2) K (t1) K (t2) dtadts]
=I"P® /ah / : {(av + ht1) A (o + hty) — (a+ hty) (o + hta)}
x 7 (t) 7 (ta) K (t1) K (t2) dt1dty + o (h)
a(l—a)

= fP@)mﬂrg—l—h{P@Hm —aP ® (mmy+ momy) } +o(h).
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Hence an elementary expansion gives, uniformly in « € [0, 1], Var (e) = V. + o (h)

with

Ve=a(l-a)Py' @' x P mmy x Py! @ T !

—ha(l—a) (Py'®©T;'") x Py @Il x P @ mmy x Pyl @ T
—ha(l—a)Pyl @' x P@mry x Py @11 x (P! @ II; 1)

+ P @I x {P®II, — aP ® (mr) + mm))} x Pyt @ I *
=a(l—a)(Py'xPxP;") @ (II;" x momy x I )
—ha(l—a)(Py? x Py x P x Py') @ (I x I x momg x IIgY)
—ha(l—a)(Py' x P x Py x Py?) @ (I x momy x II; x II5?)

+h (P x P x Pyl @ (" x IL, x IIg" — oIIg! x (mmg + momry) x )

Observe now that
Sy asor = ldg, ®s; with s;=[0,1,0,...,0] € R*"2.
Let so = [1,0,0,...,0] € R**2. The key point here is that s}s; = s{sy = 0 gives
T, 'm = sp so that mpII; s, = s]TI;  mo = 0.
Because IT;'s; = ITt (), the expression of V, gives, uniformly in o € [0, 1],

Var (Dl,ASQR/é) = I_l (IdKL ®S{) X Ve X (IdKL ®81) +o0 (h)
=I"'h(Py' x P x Pyl) @ oIy x IL,, x It sy + o (h)
2
— hthm) (P x P x Pyh) +0(h)
0 (@) g [LUe = 1) P () P (z)
I BW (a|xy, I)

(L = 1) P () P (x0)
B [ B (e 1)

B (10 = ) P (0 P @)

| +omm).
as stated in the Lemma. O

Proof of Proposition B.1. It is sufficient to study 61,,45@3 (d,e;a, 1)
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and 6ASQR (d,e;a,I) which are abbreviated into O;(d,e) and O(d,e), as
ﬁASQR (basgr (o) + e; a, I) which will be denoted Ro (e). Observe that,

1 / ~ ~ !
O(de) = / {Rg” (e+ud) — R (e)} dud+{Rg” (e) — R (0)} d
0

1 L

=7 2 (f(&e;m)+9(&;T)),

where 7 stands for «, e, and d and,

rean) = | { [ nundrean Ko dt} aun(l; = 1),
Lo (t,us7) = ZK {I(Bie < P(z4,) (b(alle) + etud)) =T (Bie < P (a4,t) (b(alle) +e)) }
= sgn (P (z,t Z]I i — P (x0,t) (b(ally) +e) between 0 and uP (z,t) d),

(&) / Z{]I (Bie < P (x,1) (b (ally) +e)) =T (Bi < P(xs,t) (b(allr))}

It then follows that, under Assumptions H-(i), R-(ii) and because the conditional
p.d.f of Bj,is bounded,

11—«

Var (f (§;7)) < CI/Ol {/_h E [(H[ (t,u;7)d' P (ZL‘g,t)K(t))Z} dt} du

< C’/ / By — P (24,t) (b(a|l;) +€) between 0 and P (z¢,t) d|z, 1)
%
(d'P (0, 8) K (1)) } dtdu

11—«

/h(dP(xg, D) K2 (1) dt

o
h

< C'|d||* max [P (v)[| < CPLoj,

<CE < Cldf max [P (x ||/ (P (e 1)?] K2 (1) dt

t‘\Q
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while | f (&;7)| < CPLog uniformly. Similarly

Var (g (&;7)) < CPro3o., max |g (§; 7)] < CPro4.

Then arguing as in the proof of Lemma B.3 gives

L T - - 1/2 =
1 KLPLQg IOgL KLPLQdIOgL
f ff; S C << + )

L
=1 i
1 i (€7 ] <C K Projoelog L is n K Proqlog L
max _—
L = g\ge; T = I I )
which shows that the Proposition is proved. 0

Proof of Proposition B.2. The notations of the proof of Proposition B.1 are
used and the proof is detailed for the ASQR case. Observe first that,

E [T, (t, w;T) |xp, Iy = 1]
=I1{G (Bt < P (x4, t) (b(ally) +etud) |zg, 1) — G (B < P (x4, t) (b(ally) +€) |z, 1)}

1
— I/ g (Big <P ({L‘g,t)/ (b (a|ly) 4+ etvud) |z, I) uP (zy, t)/ddv.
0
It then follows that
O: (d,e;a, 1) —d’/ / b («|ly) + e+vud;a, I) vdvdud

+ d’/ R® (b (a|l;) 4 ue;a, T) dve.
0
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Hence (B.0.8) gives,

d'R® (b (a|l}) ;o 1) (d + 2e)
2

1 1
/ / {R(2) (b (a|I}) + et+vud;a, I) — R® (basor (a|I)) ;o I)} vdvdu
o Jo

Ol(dae;aal)__

2
< 94

+ H/o {R(2) (b (a|ly) + ue;a, I) — RP (b (| 1)) ;a,])} du

0d0e

< Cmax [P (v)]| (07 (04 + ec) + 0a0?) < CPr (0are.)” a;
uniformly with respect to («a,d,e,l) in [0,1] x B (0, 04) X B (0, 0.) x J. O

Proof of Lemma B.5. The variance results follows from Lemma B.3-(ii) and
Lemma B.4-(ii) together with Assumption R-(ii) and the fact that BM (a|z,I) is
bounded away from 0 and infinity by Proposition 3.1. For the maximum order,

consider the first one and define with Sy = So_asgr,

~

P ()

A 2]

Soeasqr (all) = %Zfo (&, 0),

=1
with 6 = (a, 2’)" and,

I(I, =1)P ()
1+ P (@)

fo (60.0) — — SRD (b (all) i 1)

« Z/ {1(By < Pz t)b(alD)) — (a+ ht)} P (ae) K (1) dt,

&
h

which is centered by (B.0.5) and satisfies, since R® (b (a|I);a, )" < C'1d,

1P ()]
Var 0 @,6 _»(7 9 = Y
o) = C Tp (ol
1P ()| [P (o) B 12
|jb(&%8)‘§;(7 1‘FH})<$>H < CH?&%H}D(x”|_'()<l(L )'

Under Assumption H-(iii), P (x) /(14 || P (x)||) is a Holder function with exponent
p and constant Ko, satisfying log K5, = O (log L). By arguments as in the proof of
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Lemmas B.3 and B.4, the bracketing entropy H (¢) to cover {f (£,0),6 € [0,1] x X}
in Theorem B.3 satisfies H(¢) < C'log(L/e). Hence using the bound for
fOC H'/2 (t) dt of Lemma B.3 gives

log L\'?  K*logL log L\ '/?
E T < L o7 )<
Le%,?fixho (O"x”] —C<( L ) L SO\ !

since Ky, = O (log L/ L) under Assumption H-(ii). The Markov inequality then gives

P'(z) S e ni<i(i P
o P @) Suasar@ason (alD)] < (14 max P ()] ) oo (a0)

K, log L\ '/?
:%((LTOg) )

The proof of the second bound proceeds similarly starting from

P’ (z)

e @l

S1.asQr€asqr (a|l) .

Arguing as above gives

log L\"?*  KY*log L log L\ /2
E{ max |?1(a,x)|}gc<h1/2 <%> —l—% < Ch\/? (%) ’

0€[0,1]xX

since K7, = O (Lh/log L). The bound above implies the last bound of Lemma B.5.0]
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