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The so-called pinball loss for estimating conditional quantiles is a well-known tool in both statistics and
machine learning. So far, however, only little work has been done to quantify the efficiency of this tool for
nonparametric approaches. We fill this gap by establishing inequalities that describe how close approximate
pinball risk minimizers are to the corresponding conditional quantile. These inequalities, which hold under
mild assumptions on the data-generating distribution, are then used to establish so-called variance bounds,
which recently turned out to play an important role in the statistical analysis of (regularized) empirical risk
minimization approaches. Finally, we use both types of inequalities to establish an oracle inequality for
support vector machines that use the pinball loss. The resulting learning rates are min—max optimal under
some standard regularity assumptions on the conditional quantile.
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1. Introduction

Let P be a distribution on X x R, where X is an arbitrary set equipped with a o-algebra. The
goal of quantile regression is to estimate the conditional quantile, that is, the set-valued function

Fip(x) ={t e R:P((—o0,t]|x) >t and P([t, o0)|x) > 1 — 7}, x e X,

where 7 € (0, 1) is a fixed constant specifying the desired quantile level and P(:|x), x € X, is
the regular conditional probability of P. Throughout this paper, we assume that P(-|x) has its
support in [—1, 1] for Py-almost all x € X, where Px denotes the marginal distribution of P
on X. (By a simple scaling argument, all our results can be generalized to distributions living on
X x[—M, M] for some M > 0. The uniform boundedness of the conditionals P(-|x) is, however,
crucial.) Let us additionally assume for a moment that F;‘j p(x) consists of singletons, that is, there
exists an f:p : X — R, called the conditional t-quantile function, such that F}p(x) = { f:P(x)}
for Px-almost all x € X. (Most of our main results do not require this assumption, but here,
in the introduction, it makes the exposition more transparent.) Then one approach to estimate
the conditional t-quantile function is based on the so-called t-pinball loss L:Y x R — [0, 00),
which is defined by

1= —y), ify <t,

L(y’t)::{r(y—t), if y>rt.
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With the help of this loss function we define the L-risk of a function f : X — R by

Rpp(f) =Eu, y~pL(y, f(x)) =/

X x

. L(y, f(x))dP(x, y).

Recall that f;’fp is up to Py-zero sets the only function satisfying RL’p(f:jP) =infR, p(f) =:
R"i,P, where the infimum is taken over all measurable functions f: X — R. Based on this ob-
servation, several estimators minimizing a (modified) empirical L-risk were proposed (see [13]
for a survey on both parametric and nonparametric methods) for situations where P is unknown,
but i.i.d. samples D := ((x1, 1), .- ., (xn, ¥n)) € (X x R)" drawn from P are given.

Empirical methods estimating quantile functions with the help of the pinball loss typically
obtain functions fp for which Ry p(fp) is close to R} p with high probability. In general,
however, this only implies that fp is close to f"p in a very weak sense (see [21], Remark 3.18)
but recently, [23], Theorem 2.5, established self-calibration inequalities of the form

If = fiplle,ex) < cpy/Rep(f) =R p, (1)

which hold under mild assumptions on P described by the parameter r € (0, 1]. The first goal of
this paper is to generalize and to improve these inequalities. Moreover, we will use these new
self-calibration inequalities to establish variance bounds for the pinball risk, which in turn are
known to improve the statistical analysis of empirical risk minimization (ERM) approaches.

The second goal of this paper is to apply the self-calibration inequalities and the variance
bounds to support vector machines (SVMs) for quantile regression. Recall that [12,20,26] pro-
posed an SVM that finds a solution fp ; € H of

argmin o[ £11% + Rr.p(f), @)
feH

where A > 0 is a regularization parameter, H is a reproducing kernel Hilbert space (RKHS)
over X, and R p(f) denotes the empirical risk of f, thatis, Ry p(f) := % Z?:l L(yi, f(xi)).
In [9] robustness properties and consistency for all distributions P on X x R were established
for this SVM, while [12,26] worked out how to solve this optimization problem with standard
techniques from machine learning. Moreover, [26] also provided an exhaustive empirical study,
which shows the excellent performance of this SVM. We have recently established an oracle
inequality for these SVMs in [23], which was based on (1) and the resulting variance bounds. In
this paper, we improve this oracle inequality with the help of the new self-calibration inequalities
and variance bounds. It turns out that the resulting learning rates are substantially faster than
those of [23]. Finally, we briefly discuss an adaptive parameter selection strategy.

The rest of this paper is organized as follows. In Section 2, we present both our new self-
calibration inequality and the new variance bound. We also introduce the assumptions on P that
lead to these inequalities and discuss how these inequalities improve our former results in [23]. In
Section 3, we use these new inequalities to establish an oracle inequality for the SVM approach
above. In addition, we discuss the resulting learning rates and how these can be achieved in an
adaptive way. Finally, all proofs are contained in Section 4.



Estimating conditional quantiles with the help of the pinball loss 213
2. Main results

In order to formulate the main results of this section, we need to introduce some assumptions
on the data-generating distribution P. To this end, let Q be a distribution on R and supp Q be its
support. For T € (0, 1), the t-quantile of Q is the set

FI(Q):={r eR:Q((—o00,f]) > 7 and Q([t, 00)) > 1 — t}.
It is well known that F*(Q) is a bounded and closed interval. We write
trn(Q:=min F}(Q) and #,,(Q) :=max F(Q),

which implies F}(Q) = [t;;in(Q), ¥ < (Q)]. Moreover, it is easy to check that the interior of
F}(Q) is a Q-zero set, that is, Q((¢. (Q), 1., (Q))) = 0. To avoid notational overload, we usu-

ally omit the argument Q if the considered distribution is clearly determined from the context.

Definition 2.1 (Quantiles of type q). A distribution Q with suppQ C [—1, 1] is said to have a
T-quantile of type q € (1, 00) if there exist constants aq € (0, 2] and bg > 0 such that

Q((trflin -, t;'r(lin)) z stq71 ) 3)
Q1 i +5)) = bos?™! )

for all s € [0,aq]. Moreover, Q has a t-quantile of type q =1, if Q({t};, }) > 0 and
QU D) > 0. In this case, we define ag :=2 and

oo [ mIn{QUEE D Qi D). 15 7 Do
Q= | min{r — QU(—00, 1)), QU=00, o) = T} i 15 = g

where we note that by > 0 in both cases. For all g > 1, we finally write yq := ang_l.

Since t-quantiles of type ¢ are the central concept of this work, let us illustrate this notion by
a few examples. We begin with an example for which all quantiles are of type 2.

Example 2.2. Let v be a distribution with suppv C [—1, 1], i be a distribution with supp u C
[—1, 1] that has a density & with respect to the Lebesgue measure and Q := av + (1 — o) for
some « € [0, 1). If & is bounded away from O, that is, £(y) > b for some b > 0 and Lebesgue-
almost all y € [—1, 1], then Q has a t-quantile of type ¢ = 2 for all T € (0, 1) as simple integra-
tion shows. In this case, we set bg := (1 —a)b and ag :=min{l +17. , 1 —17,.}.

Example 2.3. Again, let v be a distribution with suppv C [—1, 1], u be a distribution with
supp 1 C [—1, 1] that has a Lebesgue density 4, and Q := v + (1 — «a)u for some « € [0, 1). If,
for a fixed 7 € (0, 1), there exist constants » > 0 and p > —1 such that

hy) = b(t5.(Q — )", yel-1L15. Q]
h(y) = b(y — 5, Q)" yelth, (Q,11.
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Lebesgue-almost surely, then simple integration shows that Q has a 7-quantile of type ¢ =2+ p
and we may set bg := (1 —a)b/(1 + p) and aq :=min{l +1;. (Q), 1 — 17, (Q)}.

Example 2.4. Let v be a distribution with suppv C [—1, 1] and Q := v 4 (1 — )+ for some
a € [0, 1), where &+ denotes the Dirac measure at t* € (0, 1). If v({t*}) = 0, we then have
Q((—00, %)) = av((—o00, t*)) and Q((—o0, t*]) = av((—o00, t*)) + 1 — «, and hence {t*} is a
T-quantile of type ¢ = 1 for all 7 satisfying av((—o0, t*)) <7 < av((—00,t*)) + 1 — a.

Example 2.5. Let v be a distribution with suppv C [=1,1] and Q := (1 — o — B)v + aé;,,, +
Bty Tor some a, B € (0, 1] with & + B < 1. If v([#min, fmax]) = 0, we have Q((—00, tmin]) =
(1 —a — B)v((—00, fmin]) + o and Q([fmax, 00)) = (1 —a — B)(1 — v((—00, fmin])) + B. Con-
sequently, [fmin, fmax] 1S the 7 := (1 — a — B)v((—o0, t*]) + o quantile of Q and this quantile is
of typeg = 1.

As outlined in the introduction, we are not interested in a single distribution Q on R but in
distributions P on X x R. The following definition extends the previous definition to such P.

Definition 2.6 (Quantiles of p-average type q). Let p € (0, 00], g € [1, 00), and P be a distri-
bution on X x R with suppP(-|x) C [—1, 1] for Px-almost all x € X. Then P is said to have a
T-quantile of p-average type q, if P(-|x) has a t-quantile of type q for Px-almost all x € X, and
the function y : X — [0, oo] defined, for Px-almost all x € X, by

Y (X) 1= Vp(x)s
where yp(.|x) = bp(.‘x)ag(_.li) is defined in Definition 2.1, satisfies y ~' € L,Px).
To establish the announced self-calibration inequality, we finally need the distance

dist(t, A) := inf |t — 5|
sEA

between an element t € R and an A C R. Moreover, dist(f, F *P) denotes the function x —
dist(f (x), F, P(x)) With these preparations the self-calibration inequality reads as follows.

Theorem 2.7. Let L be the t-pinball loss, p € (0,00] and q € [1,00) be real numbers, and
roi= pﬁ Moreover, let P be a distribution that has a t-quantile of p-average type q € [1, 00).
Then, for all f:X — [—1, 1], we have

_ 1,1 1
I dist(f, )z, ey <2'9g 0y~ 1 % (Rep(f) —RE p) 7.

Let us briefly compare the self-calibration inequality above with the one established in [23].
To this end, we can solely focus on the case ¢ = 2, since this was the only case considered in
[23]. For the same reason, we can restrict our considerations to distributions P that have a unique
conditional t-quantile fr’fp(x) for Px-almost all x € X. Then Theorem 2.7 yields

_ 1/2
If = Frple, @ <20y~ 1 e (Rep(H) = R p)
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forr := %. On the other hand, it was shown in [23], Theorem 2.5, that

112 172
If = il < V20y 1 e (Rep(h) =Ry p) Y

under the additional assumption that the conditional widths op(.|x) considered in Definition 2.1
are independent of x. Consequently, our new self-calibration inequality is more general and,
modulo the constant \/5, also sharper.

It is well known that self-calibration inequalities for Lipschitz continuous losses lead to vari-
ance bounds, which in turn are important for the statistical analysis of ERM approaches; see
[1,2,14-17,28]. For the pinball loss, we obtain the following variance bound.

Theorem 2.8. Let L be the t-pinball loss, p € (0, 00] and q € [1, 00) be real numbers, and

2
2 ::min{—, L}
qg p+1
Let P be a distribution that has a t-quantile of p-average type q. Then, for all f: X — [—1,1],
there exists an f;’jP X — [—1, 1] with fr*’P(x) € F;P(x)for Px-almost all x € X such that

_ _ 9
Ep(Lof—Lo fip)?<27"q"lly M7 o) (Rep()) =R7p)"
where we used the shorthand L o f for the function (x,y) — L(y, f(x)).

Again, it is straightforward to show that the variance bound above is both more general and
stronger than the variance bound established in [23], Theorem 2.6.

3. An application to support vector machines

The goal of this section is to establish an oracle inequality for the SVM defined in (2). The use
of this oracle inequality is then illustrated by some learning rates we derive from it.

Let us begin by recalling some RKHS theory (see, e.g., [24], Chapter 4, for a more detailed
account). To this end, let k: X x X — R be a measurable kernel, that is, a measurable function
that is symmetric and positive definite. Then the associated RKHS H consists of measurable
functions. Let us additionally assume that k is bounded with ||k]ls 1= Sup,cx vk(x,x) <1,
which in turn implies that H consists of bounded functions and || f||cc < || f||g forall f € H.

Suppose now that we have a distribution P on X x Y. To describe the approximation error of
SVMs we use the approximation error function

AG) = inf MG +Rep(f) =Rip >0,

where L is the t-pinball loss. Recall that [24], Lemma 5.15 and Theorem 5.31, showed that
lim; 0 A(A) =0, if the RKHS H is dense in L (Px) and the speed of this convergence describes
how well H approximates the Bayes L-risk RZP. In particular, [24], Corollary 5.18, shows that



216 1. Steinwart and A. Christmann

A(X) < cA for some constant ¢ > 0 and all A > 0 if and only if there exists an f € H such that
fx)e F;P(x) for Py-almost all x € X.
We further need the integral operator Ty : Lo(Px) — L2(Px) defined by

Tef() = /X k() f(O)dPx(x),  f e LaPy).

It is well known that T} is self-adjoint and nuclear; see, for example, [24], Theorem 4.27. Con-
sequently, it has at most countably many eigenvalues (including geometric multiplicities), which
are all non-negative and summable. Let us order these eigenvalues A; (7). Moreover, if we only
have finitely many eigenvalues, we extend this finite sequence by zeros. As a result, we can
always deal with a decreasing, non-negative sequence A1(7y) > A2(Ty) > ---, which satisfies
Z?il i (Ty) < oo. The finiteness of this sum can already be used to establish oracle inequali-
ties; see [24], Theorem 7.22. But in the following we assume that the eigenvalues converge even
faster to zero, since (a) this case is satisfied for many RKHSs and (b) it leads to better oracle
inequalities. To be more precise, we assume that there exist constants a > 1 and ¢ € (0, 1) such
that

r(T) <ai”'e, i1, )

Recall that (5) was first used in [6] to establish an oracle inequality for SVMs using the hinge
loss, while [7,18,25] consider (5) for SVMs using the least-squares loss. Furthermore, one can
show (see [22]) that (5) is equivalent (modulo a constant only depending on g) to

ei(id: H— Ly(Py)) < vai /@0 i>1, (6)

where ¢;(id: H — Ly(Py)) denotes the ith (dyadic) entropy number [8] of the inclusion map
from H into L;(Py). In addition, [22] shows that (6) implies a bound on expectations of ran-
dom entropy numbers, which in turn are used in [24], Chapter 7.4, to establish general oracle
inequalities for SVMs. On the other hand, (6) has been extensively studied in the literature. For
example, for m-times differentiable kernels on Euclidean balls X of R4, it is known that (6)
holds for g := im. We refer to [10], Chapter 5, and [24], Theorem 6.26, for a precise statement.
Analogously, if m > d /2 is some integer, then the Sobolev space H := W™ (X) is an RKHS that
satisfies (6) for o := %, and this estimate is also asymptotically sharp; see [5,11].
We finally need the clipping operation defined by

7 :=max{—1, min{1, t}}
for all + € R. We can now state the following oracle inequality for SVMs using the pinball loss.

Theorem 3.1. Let L be the t-pinball loss and P be a distribution on X x R with suppP(-|x) C
[—1, 1] for Px-almost all x € X. Assume that there exists a function fr*,P X — R with f;fp(x) €

sz(x)for Px-almost all x € X and constants V > 227 gnd ¥ € [0, 1] such that

Ep(Lo f—Lo fip)* < V(Rep(f) —RZP)ﬁ 7
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for all f:X — [—1, 1]. Moreover, let H be a separable RKHS over X with a bounded mea-
surable kernel satisfying |kl < 1. In addition, assume that (5) is satisfied for some a > 1 and
0 € (0, 1). Then there exists a constant K depending only on o, V, and ¥ such that, forall ¢ > 1,
n > 1 and ) > 0, we have with probability P" not less than 1 — 3e™S that

Aln

~ A\ 0\ 1/Q2—o—0+d0) 727\ /2=
Rip(fpi) —Rpp=<9A(K) +30 ¥%+K(d ) +3< g) )

n

Let us now discuss the learning rates obtained from this oracle inequality. To this end, we
assume in the following that there exist constants ¢ > 0 and 8 € (0, 1] such that

AL <cAP, A>0. (8)

Recall from [24], Corollary 5.18, that, for 8 = 1, this assumption holds if and only if there ex-
ists a T-quantile function f'p with f'p € H. Moreover, for < 1, there is a tight relationship
between (8) and the behavior of the approximation error of the balls A~ 1By; see [24], Theo-
rem 5.25. In addition, one can show (see [24], Chapter 5.6) that if f;jp is contained in the real
interpolation space (L1(Px), H)p 00, see [4], then (8) is satisfied for § := /(2 — ©). For ex-
ample, if H := W™ (X) is a Sobolev space over a Euclidean ball X ¢ R of order m > d/2 and
Px has a Lebesgue density that is bounded away from 0 and oo, then f;P € WS(X) for some
s € (d/2, m] implies (8) for B :=s/(2m — s).
Now assume that (8) holds. We further assume that A is determined by A, = n~V/B where

B 2B }
BR—0+09—0)+0 B+1])

y = min{ ©)]

Then Theorem 3.1 shows that RL,p(?D, 2,) converges to RZP with rate n™7; see [24],
Lemma A.1.7, for calculating the value of y. Note that this choice of A yields the best learning
rates from Theorem 3.1. Unfortunately, however, this choice requires knowledge of the usually
unknown parameters 8, ¥ and g. To address this issue, let us consider the following scheme that
is close to approaches taken in practice (see [19] for a similar technique that has a fast imple-
mentation based on regularization paths).

Definition 3.2. Let H be an RKHS over X and A := (A,) be a sequence of finite subsets A, C
(0, 11. Given a data set D := ((x1, ¥1), ..., (xu, yn)) € (X x R)"*, we define

Dl = ((-xlv yl)v LR (-xma J’m)),
D3 := ((Xm+1, Ym+1)s - -+ (X5 Yn)),

where m := |n/2] + 1 and n > 3. Then we use D1 to compute the SVM decision functions

fors = argmin Al flly +Reo (). 7€ A,
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and D to determine A by choosing a \p, € Ay, such that

~ ~\
RL.Dy(fD1.2p,) = Min Ry by (fD1.0)-
n

In the following, we call this learning method, which produces the decision functions ?DI Jpy» @
training validation SVM with respect to A.

Training validation SVMs have been extensively studied in [24], Chapter 7.4. In particular,
[24], Theorem 7.24, gives the following result that shows that the learning rate n~" can be
achieved without knowing of the existence of the parameters §, ¢ and o or their particular values.

Theorem 3.3. Let (A,) be a sequence ofn_z-nets Ay of (0, 1] such that the cardinality |A,| of
A, grows polynomially in n. Furthermore, consider the situation of Theorem 3.1 and assume that
(8) is satisfied for some B € (0, 1]. Then the training validation SVM with respect to A := (A;)
learns with rate n=Y , where y is defined by (9).

Let us now consider how these learning rates in terms of risks translate into rates for

/D0 — frpll,x) = O. (10)

To this end, we assume that P has a T-quantile of p-average type g, where we additionally assume
for the sake of simplicity that r := % < 2. Note that the latter is satisfied for all p if g <2,
that is, if all conditional distributions are concentrated around the quantile at least as much as
the uniform distribution; see the discussion following Definition 2.1. We further assume that the
conditional quantiles F: p(x) are singletons for Px-almost all x € X. Then Theorem 2.8 provides

a variance bound of the form (7) for & := p/(p + 1), and hence y defined in (9) becomes

y:min{ Bp+1 28 }
BR+p—0o)+op+1) B+1])

By Theorem 2.7 we consequently see that (10) converges with rate n=7/4, where r := pq/
(p + 1). To illustrate this learning rate, let us assume that we have picked an RKHS H with

+p € H. Then we have B = 1, and hence it is easy to check that the latter learning rate re-
duces to

n—(P+D/(q2+p+op))

For the sake of simplicity, let us further assume that the conditional distributions do not change
too much in the sense that p = co. Then we have » = g, and hence

f Fos — fpl? dPy (1N
X

converges to zero with rate n~!/(1+@)_ The latter shows that the value of ¢ does not change the
learning rate for (11), but only the exponent in (11). Now note that by our assumption on P and
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the definition of the clipping operation we have
1/, — Fiplloo <2,

and consequently small values of g emphasize the discrepancy of ?D’ 1, tO f;P more than large
values of g do. In this sense, a stronger average concentration around the quantile is helpful for
the learning process.

Let us now have a closer look at the special case ¢ = 2, which is probably the most interesting
case for applications. Then we have the learning rate n~!/(0+0) for

/D2, — frpllLaey)-

Now recall that the conditional median equals the conditional mean for symmetric conditional
distributions P(-|x). Moreover, if H is a Sobolev space W (X), where m > d /2 denotes the
smoothness index and X is a Euclidean ball in R?, then H consists of continuous functions, and
[11] shows that H satisfies (5) for o := d/(2m). Consequently, we see that in this case the latter
convergence rate is optimal in a min—max sense [27,29] if Px is the uniform distribution. Finally,
recall that in the case 8 = 1, ¢ =2 and p = oo discussed so far, the results derived in [23] only
yield a learning rate of n~1/GU+e) for

~
/D2, — frpllLiey)-

In other words, the earlier rates from [23] are not only worse by a factor of 3/2 in the exponent
but also are stated in terms of the weaker L (Px)-norm. In addition, [23] only considered the
case ¢ =2, and hence we see that our new results are also more general.

4. Proofs

Since the proofs of Theorems 2.7 and 2.8 use some notation developed in [21] and [24], Chap-
ter 3, let us begin by recalling these. To this end, let L be the t-pinball loss for some fixed
T € (0,1) and Q be a distribution on R with suppQ C [—1, 1]. Then [21,24] defined the inner
L-risks by

Cr,Q() 12/;L(y,f)dQ(y), reR,

and the minimal inner L-risk was denoted by Cz’Q := inf;cr Cp,q(¢). Moreover, we write
ML,Q(O+) ={teR:CrL o) = CZQ} for the set of exact minimizers.

Our first goal is to compute the excess inner risks and the set of exact minimizers for the
pinball loss. To this end recall that (see [3], Theorem 23.8), given a distribution Q on R and a
measurable function g : X — [0, 0o), we have

/ng=/ Q({g = s} ds. 12)
R 0

With these preparations we can now show the following generalization of [24], Proposition 3.9.
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Proposition 4.1. Let L be the t-pinball loss and Q be a distribution on R with C} Q < ©o°. Then
there exist g4, q— € [0, 1] with g +q— =Q([t].., tm. ), and, for all t > 0, we have

t
Coiqlten +0) = Chg =1+ [ Qs +) . (13)

t
CLQtpmn—1 —Cl o=1q9- -|-/0 Q((15in — 5, 1kin)) ds. (14)

Moreover, if t). # tr. . then we have q_ = Q({t;;m}) and g4+ = QU{t. 1. Finally, My q(0")
equals the T-quantile, that is, My o(07) = [*. 1% 1.

min’ “max

Proof. Obviously, we have Q((—oo, ;.. 1) +Q([#},«. 00)) = 1 +Q({#} .« }), and hence we obtain
7 < Q((—o0, t} D) < T + Q{4 }). In other words, there exists a g4 € [0, 1] satisfying 0 <

g+ = Q({fc}) and
Q((—00, tyax]) = T + g+ 15)

Let us consider the distribution Q defined by Q(A) = Q(ty.x + A) for all measurable A C R.
Then it is not hard to see that tﬁ;ax(Q) = 0. Moreover, we obviously have C; q(t;. +1) =
L Q(t) for all t € R. Let us now compute the inner risks of L with respect to Q. To this end, we

fix a t > (. Then we have
/ (& —1)dQ(y) =/ ydQ(y) — 1Q((—00, 1)) +/ ydQ(y)
y<t y<0 O<y<t

and

/ (v —0dQ(y) = / ydQ(y) — 1Q([t, 0)) — f ydQ(y)
y>t y=0 O<y<t
and hence we obtain

Com =1 [

y<t

(v — 1) dQ(y) + 7 f (v — 1) dA(y)

y=t

=C, (0) — 71 +1Q((—00,0)) +1Q([0, 1)) — / ydQ().

O<y<t

Moreover, using (12) we find

- - [ o - [
1Q([0, t))—/ de(y)=f0 Q([O,t))ds—/O Q([s,t))ds:tQ({O})wao Q((0, 9)) ds,

O<y<t

and since (15) implies Q((—=00,0)) + Q({O}) = Q((—oo, 0]) =t + g4, we thus obtain

t
CL,Q(trTlax +1)= CL,Q(I):;lax +1q+ +/0 Q((télax’ trTlax + S)) ds. (16)
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By considering the pinball loss with parameter 1 — 7 and the distribution Q defined by Q(A) :=
Q(— t:un A), A C R measurable, we further see that (16) implies

t
CLo(thn — 1) = CLo@hy +1a- + /0 Q(h — s, ) ds, 120, (I7)

where g_ satisfies 0 < g_ < Q({tmm}) and Q([ ;I"lm, o0)) =1— 1+ ¢g_. By (15) we then find
q+ +q- =Q([* ine t¥ ). Moreover, if tmm # . the fact Q((tmm, t¥.)) = 0 yields

g+ + q- = QUtgin: fmax) = Qi) + Q{taxD-

Using the earlier established g+ < Q({t},}) and g_ < Q({z*
Q({t;;m}) and q+ - Q({ max})

To prove (13) and (14), we first consider the case ¢7. = ... Then (16) and (17) yield
CL.imin = CL,Qax = CrL,o(), t € R. This implies Cr,q(1) = CL,(Day = C] o» and
hence we conclude that (16) and (17) are equ1valent to (13) and (14), respectively. Moreover, in
the case 17 # ., we have Q((r, (Q), max (Q))) = 0, which in turn implies Q((—oo, £¥. 1) =

mm
T and Q([t},,,00)) =1 —7.Fort e (¢}, ], we consequently find

1), we then find both g_ =

min

min’ max

Cbo=@C—-D | O-DdQy+7 [ (—0dQ(y)

y<t y=t (18)
=1 de(y)+r/ ydQ(),
y<tli'lildx y>t:1dx

where we used Q((—00, 1)) = Q((—o0, 1. 1) = 7 and Q([t, 00)) = Q([#.¢, 00)) = 1 — 7. Since
the right-hand side of (18) is independent of 7, we thus conclude Cz q(t) = Cr q(t)},, for all
te (8, tra]. Analogously, we find Cp o(t) =Cp (0}, forall t € [£}. . t* ), and hence we
can, again, conclude Cz ()5, =Cr.o(O)5. <CL.q(?) forallt e R. Asinthe case 1), =17,
the latter implies that (16) and (17) are equivalent to (13) and (14), respectively.

For the proof of M, Q (07) = [z, ., 1], we first note that the previous discussion has already
shown My o(0") D [t , t.. 1. Let us assume that My o(0%) & [#*. . % 1. By a symmetry
argument, we then may assume without loss of generality that there exists a 1 € My o(0™)
with ¢ > ¢¥ .. From (13) we then conclude that g4 = 0 and Q((#},«. 1)) = 0. Now, ¢4+ =0
together with (15) shows Q((—oo 1) = t, which in turn implies Q((—o0, t]) > t. Moreover,

Q((thax- 1)) = 0 yields

’ max

Q([t, 0)) = Q([11nax: 20)) — Q{tax ) = 1 — Q((—00, t, D =1—1.

In other words, ¢ is a T-quantile, which contradicts > .. O

For the proof of Theorem 2.7 we further need the self-calibration loss of L that is defined by

L(Q,1) :=dist(t, M o(0")),  reR, (19)
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where Q is a distribution with suppQ C [—1, 1]. Let us define the self-calibration function by

Smax. [ (& Q) = inf  Cpo() — CZ,Q, £>0.
teR:L(Q,t)>¢

Note that if, for t € R, we write ¢ := dist(z, ML,Q(OJF)), then we have I:(Q, t) > ¢, and hence
the definition of the self-calibration function yields

Sax. 1.2 (ISt MQ(07).Q) <CLo() ~Cfq.  1€R. (20)

In other words, the self-calibration function measures how well an e-approximate L-risk mini-
mizer ¢ approximates the set of exact L-risk minimizers.

Our next goal is to estimate the self-calibration function for the pinball loss. To this end we
need the following simple technical lemma.

Lemma 4.2. For « €[0,2] and q € [1, 00) consider the function § : [0, 2] — [0, 00) defined by

g4, ife €[0,a],
gal™le —al(g—1), ifeela,?2l.

qg—1
5@)3(%) ¢4

Proof. Since o <2 and g > 1 we easily see by the definition of § that the assertion is true for
¢ € [0, a]. Now consider the function % : [«, 2] — R defined by

8(e) = {

Then, for all ¢ € [0, 2], we have

a\?!
hie) :=qa? e —al(g—1) — <5) g, ¢ €la,?2].

It suffices to show that i (g) > O for all ¢ € [«, 2]. To show the latter we first check that

-1
W) =gatt —q(2) e 2
=qu q > e , e €la,?2]

and hence we have h'(¢) > 0 for all ¢ € [«, 2]. Now we obtain the assertion from this, o € [0, 2]

and
q—1 g—1
h(a) =a — <%) af :oﬂ(l - <%) > > 0. 0

Lemma 4.3. Let L be the t-pinball loss and Q be a distribution on R with suppQ C [—1, 1]
that has a t-quantile of type g € [1, 00). Moreover, let ag € (0, 2] and bg > 0 denote the corre-
sponding constants. Then, for all ¢ € [0, 2], we have

-1 oQ q-1 il
Smax,l:,L(S’ Q) >q bQ(7> el =q 2 qVng'
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Proof. Since L is convex, the map ¢ — Cp q(t) — Cf is convex, and thus it is decreasing on
(—oo0, t* 00). Using M, Q(O+) =[t* ], we thus find

.n] and increasing on [z}

max’ min’ max

M o©):={t €R:L(Q,1) < &} = (tniy — & e + )

for all & > 0. Since this gives §_, j ;(6,Q) = infl¢MZ o® Cro®) —Cy Q- We obtain

8max,i,L(‘9’ Q) =min{Cy Q(tmm €), CL,Q([;;ax +e)} — CZ,Q~ 21

Let us first consider the case g € (1, 00). For € € [0, aq], (13) and (4) then yield

& &
CLQUma +6) —Cf g =¢qy +f Q((t st +5)) ds > bQ/ 597 ds = g Thget,
0 0

and, for ¢ € [aq, 2], (13) and (4) yield

&

aQ
CrQltmax +8) —Cl o= bQ/ s ds + bQ/ oz(q{l ds =q_1bQ(qoz(q{18 —ahlg —1D).
0 aQ

For ¢ € [0, 2], we have thus shown Cr ot} +€) — CZ,Q > q‘leS(s), where § is the function
defined in Lemma 4.2 for o := aq.

Furthermore, in the case ¢ = 1 and ¢, # .., Proposition 4.1 shows g, = Q({f;.4}), and
hence (13) yields Cr q(#}. + &) — CL Q= > eq4 > bge forall e € [0, 2] = [0, aq] by the definition
of bg and aq. In the case g = 1 and tmm =t} (15) yields q+ = Q(( 00,t*]) — T > bg by

the definition of bq, and hence (13) again gives Cr (5.« +€) — Q= st for all ¢ € [0, 2].
Finally, using (14) instead of (13), we can analogously show Cp Q(tmm &) — Q=4 ]bQ(S (&)
for all ¢ € [0, 2] and ¢ > 1. By (21) we thus conclude that

Smax .18 Q) =g 'bod(e)
for all ¢ € [0, 2]. Now the assertion follows from Lemma 4.2. U

Proof of Theorem 2.7. For fixed x € X we write ¢ := dist(f(x), M p¢|x) (07)). By Lemma 4.3
and (20) we obtain, for Py-almost all x € X,

|dist(f(x), ML,P('IX) (0+)) |q = qzqil yil (x)(smax,]:,L(g’ P(:[x))
< g2 'y @) (CLpen (FX) = Cf o)

By taking the th power on both sides, integrating and finally applying Holder’s inequality,
we then obtain the assertion. (]

Proof of Theorem 2.8. Let f:X — [—1, 1] be a function. Since F:P(x) is closed, there then
exists a Py-almost surely uniquely determined function f;'p: X — [—1, 1] that satisfies both

fip(x) € Frp(x),
|f () = fLp(o)| = dist(f (x), Fp(x))
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for Px-almost all x € X. Let us write r := %. We first consider the case r < 2, that is, % < p—i].
Using the Lipschitz continuity of the pinball loss L and Theorem 2.7 we then obtain

Ep(Lo f — Lo fip)> <Epy|f — fipl
<\ f = fIpl3s Eegl f — fipl"

< 22agrla), ! ||rL/f(Px)(RL*P(f) - ?,P)r/q'

Since £ = % =1}, we thus obtain the assertion in this case. Let us now consider the case r > 2.

The Lipschitz continuity of L and Theorem 2.7 yield

Ep(Lof—Lo fip) < (Ep(Lof—Lofip))""

< By | f — fipl)*"
) o 1/g\2
< (2" Vagla)y 1||L/P"(PX)(RL,P(f)— i) /q)

—222/442/4 ) 1||L/pq(PX)(RL,P(f)_ L.p) .

Since for r > 2 we have % =2/g, we again obtain the assertion. ]

Proof of Theorem 3.1. As shown in [22], Lemma 2.2, (5) is equivalent to the entropy assump-
tion (6), which in turn implies (see [22], Theorem 2.1, and [24], Corollary 7.31)

Epy~prei(id: H— La(Dy)) <c/ai™VCo, i>1, (22)

where Dy denotes the empirical measure with respect to Dx = (x1,...,x,) and ¢ > 1 is a con-
stant only depending on o. Now the assertion follows from [24], Theorem 7.23, by considering
the function fjy € H that achieves )L||f0||%_l +Rrp(fo) — R"L"P =A). O
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