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Abstract We derive the Edgeworth expansion for the studentized version of the
kernel quantile estimator. Inverting the expansion allows us to get very accurate confi-
dence intervals for the pth quantile under general conditions. The results are applicable
in practice to improve inference for quantiles when sample sizes are moderate.
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1 Introduction

Although it is a central activity in financial and insurance applications, risk assessment
is equally important in environmental regulation, in wildlife management, climate sci-
ence and also in medicine. The demand for more precise methods of risk evaluation
during the last decade has lead to renewed interest in some well established meth-
ods of inference. Undoubtedly, nonparametric inference for quantiles is among these
methods. The risk measure VaR, widely used in the financial industry, is a tantamount
quantile. The coherent risk measures (like conditional value at risk (e.g., Uryasev and
Rockafellar 2001) also represent suitable transformations of quantiles. The Lorenz
curve (Lorenz 1905), widely used is both economy and ecology, also represents trans-
formation of quantiles. The papers Ogryczak and Ruszczyniski (1999, 2002) give an
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applied focus on how transformations of quantiles can be used efficiently in the theory
of dual stochastic dominance and related mean-risk models.

Although quantile estimation is a very old and well established area of inference
and its asymptotic theory is well developed, a new insight is necessary to improve
the inferential techniques for small to moderate samples. Very often, banks are using
loss data in risk analysis. Even for a 20-year period (which is a large period given the
dynamics in the financial industry), the accumulated data would amount to only 240
observations. The number of trading days on the stock market within a year is about
250. Applying first order asymptotic methods for estimation and confidence interval
construction for sample sizes such as these may lead to non-precise coverage and any
improvement is worth pursuing.

For a continuous random variable X with a cumulative distribution function F (x),
having density function f(x) and satisfying E|X| < oo, the p-th quantile is defined
as Q(p) = inf{x : F(x) > p}. Given asample X1, X3, ..., X, from F, the simplest
estimator of Q(p) is the sample quantile Epn; that is, the p-th quantile of the empirical
distribution function Fj,(x) = % Z?:l [(X; < x). Under mild conditions, n'/ 2{/5\1,,, —
Q(p)} is asymptotically normal, with an asymptotic variance o> = %
Serfling 1980). This asymptotic variance happens to be large in the tails where the
density f(x) has small values, thus indicating difficulties in estimating extreme quan-
tiles. Very often in practice, to overcome the difficulties one puts more structure in the
model (for example, via extreme value distribution modeling) to improve inference
in the tails. If one does not have enough evidence of such a structure and prefers to
stay within the nonparametric modeling framework then a way to improve inference
would be to consider alternative estimators and, for the purpose of confidence interval
construction, to take into account the effect of higher order terms in the Edgeworth
expansion. The inversion of such an Edgeworth expansion is supposed to give more
precise confidence intervals for the quantile, thus improving the coverage accuracy
for small to moderate samples.

One obvious choice of alternative estimator is the kernel quantile estimator

(seee.g.,

. | x—p
Op.h, = E/o F, (X)K( I )dx ey

where F,~ 1(.) denotes the inverse of the empirical distribution function, K (.) is a suit-
ably chosen kernel, and £, is a bandwidth. Using (1), we are weighting up different
sampling quantiles by using weights that are determined by the kernel instead of just
using only one empirical sample quantile. The choice of bandwidth is a judicious one
and serves the purpose to ensure consistency, asymptotic normality, asymptotic bias
elimination, and higher order accuracy of the estimator Q p.hy- The estimator (1) has
been studied by many researchers in the past (for a non-exclusive list, see Falk 1984,
1985; Sheather and Marron 1990; Xiang 1995a,b and the references therein).

Obviously (1) is an L-estimator since it can be written as a weighted sum of the
order statistics X;),i =1,2,...,n:
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n i
N 1 " xX—p
= inX (i), Vip = — K dx. 2
Qp,hn ;Ul,n (i)s Vin hn [—1 ( 7 ) X 2)

n

n

The Edgeworth expansion for the asymptotic distribution of the standardized ver-
sion of (1) was recently obtained in Maesono and Penev (2011). In the same paper,
the validity of the expansion is demonstrated. In addition, many numerical examples
show the superior performance of the Edgeworth approximation in comparison to the
simple normal approximation of the distribution of the kernel quantile estimator when
sample sizes are small. As a partial case from the above expansion it is seen that, up
to first order convergence, the kernel smoothed estimator does not improve upon the
sample quantile. This finding coincides with earlier research presented originally in
Falk (1985). The improvement with respect to the sample quantile can only show up
in higher order terms of the MSE approximation (this phenomenon has been called
deficiency). Much of the works of Falk (1984), Xiang (1995a,b) and Xiang and Vos
(1997) and others has been directed towards showing advantages of the kernel quantile
estimator with respect to the deficiency criterion.

In this paper, we consider the Edgeworth expansion of the studentized version of
the kernel quantile estimator. Since the standard deviation of the estimator itself is
typically unknown, it has to be estimated for confidence interval construction. Hence
the Edgeworth expansion for the studentized version is necessary and is derived in this
paper. Our result is used then to construct improved confidence intervals for quantiles.

2 The difficulties when using sample quantiles

Our approach is opposed to the use of sample quantile estimators and the inversion
of their Edgeworth expansion for the same purpose. First, it is well known that due to
the discreteness of the distribution of the sample quantile, obtaining a standard Edge-
worth expansion for its distribution of an order O (n~!/?) is the best one can get. Some
modifications of the Edgeworth expansion have been proposed for the discrete case
(Reiss 1990) which allow us to define the Edgeworth expansion of order o(n~1/2) and
beyond also for the discrete case. These expansions depend heavily on the left and
right derivatives of F at the true quantile. Yet the resulting Edgeworth expansion for
the empirical quantile is virtually impossible to use in practical settings. For example,
the paper Janas (1993) gives theoretical derivation for the Edgeworth expansion of the
sample quantile by treating both the standardized and the studentized version. It can
be seen from the obtained expansions on page 320 that the O (n~!/?) term contains a
very complicated expression involving unknown characteristics of the density f.

Alternative expansions have been suggested in Hall and Sheather (1988) whereby
the density f(Q(p)) in o has been estimated by a simple estimator based on the spac-
ing of two order statistics with indices that are some distance apart. A finer version of
the estimator has also been suggested in Hall (1991). The purpose in these cases has
been to avoid the difficulty caused by the fact that there is no natural estimator of the
variance of the sample quantile (e.g., Hall and Martin 1988).

Now we can spell out our agenda in this paper. The point we are making is that if we
use the kernel quantile estimator (with a judicious choice of bandwidth and a suitable
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kernel) then we can get an estimator whose first order performance is equivalent to the
sample quantile but with the additional advantage that it can be easily studentized; the
Edgeworth expansion up to order o(n~'/?) for the studentized version can be derived
and the theoretical quantities involved in the expansion can easily be estimated in a
coherent strategy via jackknife type estimators. In addition, a Cornish—Fisher inversion
can be used to construct confidence intervals for the quantile. The resulting confidence
intervals are more precise than the ones obtained via inversion of the normal approx-
imation and can be utilized to improve the coverage accuracy for moderate sample
sizes.

3 Notation and main results

A standard approach in the study of asymptotic properties of L-statistics is to first
decompose them into an U-statistic plus a small-order remainder term and to apply
asymptotic theory for the main term, that is, the U-statistic.

We stress on the new moments and theoretical difficulties in relation to the deriva-
tion of the Edgeworth expansion of order o(n~!/2) for the kernel quantile estimator.
They are common in both the standardized and studentized case and are related to
the fact that the specific requirement on the bandwidth 4, for the sake of eliminat-
ing the asymptotic bias triggers the need to include further contributions from the
terms of order O (n~!) of the appropriately resulting U-statistic. These contributions
have to be considered to achieve the desired Edgeworth expansion with remainder of
order o(n~'/?). The general result is involved, but its application in the most typi-
cal and practically relevant case of a symmetric compactly supported kernel K (-) is
significantly simplified.

We will be using a compactly supported kernel K (x) on (—1, 1). The kernel is said
to be of order m if

K € L*(—00,00), K™ ¢ Lip(a) for some o > 0,

1 1 1
/ K(x)dx:l,/ x’K(x)dx:O,i=1,2,...,m—1,/ x"K(x)dx # 0.
—1 _ _

1 1

The basic assumption on the bandwidth is
hy =0~ "% and lim '*h,)*n P =0 3)
n— o0

for any > 0 and any integer k. The default bandwidth £,, in our theoretical treatment
will be h,, = n~*(logn)~".

Let {Y;}i=1,...n» be independent random variables uniformly distributed on (0, 1)
and define

@ Springer



Improved confidence intervals for quantiles 171

=+ [ ok (F22) ¢
Q(P)—E/O (x) (T) X,

L(Y) = 1Y) < p+hyx) — (p+ hyx),

1
gin(¥Y1) = —/1 Q'(p + hax)K (X)L (Y1) dx,

o2 = Var(gin(11)),

~1,-1/2 —-1,-3/27—1 —1,-5/27 -2
dip =072 dyy =00, dyy =0, 002,

1
g (Y1, Y2) = — / 1 Q' (p + hy)K'(x) [, (Y1) [, (Y2) dx,
1
gn(Y1, Y2, Y3) = — / 1 Q' (p + hyx)K® () L, (V1) [ (Y2) [ (Y3) dx,

1 ! . .
dn(r =3 / O+ ) KO W EIR I (Y d

n
A= gn(¥)),  Auw=> gn(Vi.Y), A=) g, Y. %)

i=1 Cup Cn3

and AAln = Z?:] gln(yi)-
We will use the notation oz, (n~1/?) to indicate that

P(or(n~ )| = n"12y,) = o(n~1/?)

1
logn

forsome y,, — 0, asn — oo.Inparticular, we will single out the case where y,, =

via the notation oy (n_l/ 2), i.e., to indicate that
P(log(n™"?)] = n~2ogn)™") = o(n™1/?)

asn — oo.

Under additional assumption on the tails (f[F(x)(l — F(x)]YPdx < o00) and
some further smoothness assumptions on the fourth order kernel K (x) (i.e. m = 4)
we obtained in Maesono and Penev (2011) the following stochastic expansion:

o 'n(Qpn, — O(p))

A 1)
=di Ay +doyAsy +d3p Az +d3(n — 1Ay, +

on/n

Hereby § = Q’(p)(% —p)+ %p(l — p)O"(p). This expansion was further used to
obtain the Edgeworth expansion for

‘oL . @)

P(Vn(Qpp, — Q(p)) < x0)

in terms of
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2= Elg}, (YD, e = Elgin(Y1)g1n(Y2) g2, (Y1, Y2)1,
ey = E[g1n(Y2)g1,(Y3)g2n (Y1, Y2)g2n (Y1, Y3)],

e = Elg1n(Y1)g1n(Y2)g1n(Y3) g3n (Y1, Y2, ¥3)],

esn = E[g1n(YDg1,(YD)] and ey = E[g3,(Y1, V)]

(see Maesono and Penev 2011, Theorem 2). Under the additional conditions
f_l | K'(x)dx = 0 and f_]  K"(x)dx = 0 the expansion simplifies. For the pur-
pose of later comparison with the results for the studentized case, we quote this final
expansion (see Remark 3, Equation (17) in Maesono and Penev 2011):

P(V1(Qpn, — Q(p)) < x0y)
x2 -1
= P00 = 9@ g (em +

e

—

(&)

p(x) +om™ . (6)

3ean )
hn m/’

Now we move over to the new results concerning the studentized case. We will
derive an asymptotic representation of the studentized quantile estimator with resid-
ual oz (n™1/?).

To be able to studentize the statistic Qp p,, we need a consistent estimator of o?.
We propose the following jackknife type variance estimator

—1) Z{Q(’) — Opn, 1 )

Here Q(l) is based on the resulting (n — 1) observations from the original sample
after the observation X is left out. For the sake of simplicity, we use same bandwidth
hy, for Q(’) and Qp 1, -

Lemmas Tand?2 given below for the studentized case relate to the stochastic expan-
sions of orders oz (n~1/2) (or in particular oy (n=12y).

Lemma 1 Assume f[F(x)(l — F(x))]'dx < oo. Let K be a fourth order kernel
(i.e. m = 4) and in addition K©® € Lip(a),a > 0 holds. Let Q(S) be uniformly
bounded in a neighbourhood of p (0 < p < 1) and f(Q(p)) > 0. Further, choose
h,, satisfying (3). Then we have

62 = o +n ]h;2(265n +egn) +n ' B, + 2n71h;1]§1n + 2n72h;2B2n
+o(n~ 1%
where

Cin(x) = gh,(x) — 02, Lia(x) = Elgan(x, Y)g1n(Y)],
Son(x,y) = E[g3n(x,y, Y)g1n(¥Y)] + El[g2:(x, Y)g2:(y, Y1,

By, = Z}:(ln(Yz’), By, = ggln(yz‘)a By, = Zizn(Yi, Y;)

Cn2

and Y is an independent copy of Y;.
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Using this asymptotic representation of the variance estimator, we have the follow-
ing representation of the studentized kernel quantile estimator.

Lemma 2 Under the assumptions of Lemma 1 we have

@)
. o o3 _ 1 1,
0,0, '—14n lhn zan 2 (EU" ze3n —es5y — 566n) — En lan zBln
—n_lh,jlan_zéln - n—2h;20n—2D2n + oe(n_l/z) )
where
Non(x, y) = Elg3n.(x, ¥, Y)g1n(Y) + g2n(x, Y) g2, (y, ¥)]
—30, 2 Elgon(x, Y)g1a(Y)1E[g2n (v, Y)g1a(Y)],
Dy = D o (Yi, ¥)).
Cn,2
(ii)
V&, O p o, — O(p)}
=y + din A1y + doy Aoy + d3n A3y + dzunh, +or (™ (9)
where
v, = _1673,171/261” . a’3n’1/2h*1e2n n 1) ’
on n n Un«/ﬁ

A2n(®, ) = 820, ) = 0 2 Elgan(x, Vg1 (N)]g1n ()
+E[820 (3. Vg1 (V)11 (o)}
1
—3tn0 [ (81, ) = 021 (1) + (85,() — oPen @)

)”?m(x» y’ Z) - g3n(x7 y7 Z)
~0,? {gln(X)nzn 0, 2) + g1 (Wnan(x, 2) + gua(@Dn2, (x, y)

+E1n (82002, D) + £ (D820 (6, 2) + E1a D g2n(x, M)}
~ ~ ) 3 ) l
AMn(x) = g1n(x) + 0, 500 €3~ €5n ~ 5€6n gin(x)

FE D20 (5, V)gin (] + E [ g200x, V1 (1) ] ] :

n
Aow =D 2a (Vi Y)), Azg= D Aan(¥i, ¥}, Y2), Arp= D" Ain(¥)
Cn,z Cn,3 i=1
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and Y is an independent copy of Y;.
We are now ready to state the theorem.

Theorem 1 Under same regularity conditions as in Lemma 1 we have

P16, (Qp, — O(p)) < x) = Su(x — vy) +o(n™'/?). (10)
Here
s _® x2—1 3e3, 1
n(x) = ®(x) — P(x) m e+ W + @
3 5 3
X x° —3x x> —10x" +15x _ »
X (E{%;ﬂ +eg,t + W{&z;‘n +e,) + Tnée;” )]
where
ezn = E[gln(Yl)gln(YZ))VZn(YI» YZ)],
€3, = E[g11(Y2)g1a(Y3) A2, (Y1, Y2) A2, (Y1, ¥3)],
e, = E[g1,(Y1)g12(Y2) 812 (Y3)A3, (Y1, Y2, ¥3)],
e, = E[gia (YD1, (Y)] and e}, = E[A3, (Y1, Y2)].
We note that e, , €3, ..., e, can be expressed by ey, €2, . .., esn Via

e}‘n = —ey; — hpely,
22 —1/4
e;n = Un €2n + 0(71 / )7
-2 2
ezlkn = —2e4, — 3e3, + 6Un €on» an
7 1 1
5 . —4 2
eg‘n = 50}, ey + 0, “ean + EeSn - §e6n - 3an €

) 42 —1/4
et = een — 20, 2e3n + 20, %3, 4+ o(n~ VY.

The next theorem shows that the chosen bandwidth 4, = n~!/ 4(log n)~1 allows us
to eliminate the asymptotic bias when a kernel of order m = 4 is used.

Theorem 2 Under the same regularity conditions as in Lemma 1 we have

P(Vn6, (Qp, — Q(p)) < x) = Sp(x —vy) +o(n™1/?). (12)
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Expanding the function S, (x — v,) around x and keeping the O( \/iﬁ) terms only
we can also write (12) as follows:

) N —2x2 -1
e
on/n - 6nl/203 i

P/, (Qpon, — Q(p) <) = D(x) — ¢(x>{

—x2—1 n 1 X @ )+—x3+3x
———e¢ — | —5Qes5, — e —e
2n'263h, n nh? | 40?2 Sn ™ Con 207 an
3 5 3
X x> 4+ 2x° —4lx , —12
—ﬁe4n+Te’2n]]+0(n ). (13)

The derivations that lead from (12) to (13) are omitted to save space.

Remark 1 1If we use akernel satisfying the conditions f_ll K’(x)dx =0and f_ll K" (x)

dx = 0, we can show that e3;, e4,, es,, ec, and e%n are all O (h,,). For instance, it is
easy to see that

E[Ly, (Y2) Loy (Y3) Ly (Y1) Ly (Y2) Ly (Y1) Ly (Y3)]
= p>(1 = p)> + hyby (x1, X2, x3, x4)

where b, is a bounded function of x1, xp, x3 and x4. Using the Taylor expansion of
Q’(.), we can show that es, = O (h;,). Then a simplification occurs in (13) and we get
just

P(/né, (Qp, — O(p)) < x)

S() — B(x) F) +—2x2—1 N —x2 -1
= X) — X e e
on/n - 6nl/20} In 2n'/263h, o

] +o(n™?). (14)

The two expressions (14) and (6) can be compared now to appreciate the difference
in the expansions in the standardized and in the studentized case.

4 Numerical comparisons

In the paper Maesono and Penev (2011), we have demonstrated on a range of examples
the great accuracy of the Edgeworth expansion and the sensible improvement effect
in the approximation of the distribution of the standardized kernel quantile estima-
tor when we move over from the normal to the Edgeworth approximation of order
o(n~Y2). This effect could be seen even for sample sizes such as n = 15, 30, 40, 50.
For larger n the two approximations become closer to each other with the Edgeworth
expansion dominating the normal virtually uniformly in the whole range of values of
the argument.

The most significant application of the observed phenomenon is in constructing
accurate confidence interval for the quantile Q(p) when the sample size is small
to moderate. For a given level «, instead of constructing it in a symmetric way as
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Q p.hn £ 2a/204/+4/n, one can improve the coverage accuracy by using (Q Py T+
Cl—a/20n//1, QA[,,h,1 + ¢a/26u/+/n) with the quantile values ¢j_y /2 and c4/2 obtained
by inverting numerically the Edgeworth approximation. Similar approach can be used
for constructing one-sided confidence intervals. We did not pursue these avenues in
Maesono and Penev (2011) since, for the approach to be really practicable, we need
the Edgeworth expansion for the studentized kernel quantile estimator. The results of
this paper can help us to develop the relevant methodology.

We should note however that in the studentized case, we can not expect such precise
results to hold for sample sizes as small as the ones that were suitable in the stand-
ardised case. Indeed, estimating the inversion of the Edgeworth approximation in the
studentized case involves estimating quantities such as §, o;, and ey, e2,. Looking at
their definition we see that their estimators are bound to have large variability since
their estimators involve high order statistics. The variability will be increased when the
quantile is to be estimated is at the more extreme end. Our numerical experimentation
shows that sample sizes less than 200 may give misleading results especially for the
Edgeworth-based method.

We could choose different compactly supported fourth order kernels satisfying the
requirements of our theorems but the effect of the kernel is not that crucial as long as
it satisfies the requirement that the sign of the quantity ¥ in (15) is positive:

1 v
v =/1 yKM(y)dy, M(y) =/ K (x)dx > 0. (15)

The latter requirement implies that under regularity conditions the kernel quantile esti-
mator is better than the sample quantile in terms of deficiency (see, e.g. Falk 1984).

Here, we only present results obtained with the following symmetric fourth order
kernel first suggested by Miiller (1984):

K(x) = m(11 X8 —36x0 +42x* — 20x2 +3)I(|x| < 1). (16)

Using the kernel (16) brings about significant simplification due to the fact that the
integral of its first and second derivatives is equal to zero. See Remark 1. As a result,
the simple form of the Edgeworth expansion (14) can be used in our numerical work.
We need consistent estimators of ey, €2,/ hy,, § and onz in order to implement (14).
Based on a popular idea of Hinkley and Wei (1984) the following jackknife estimators
can be used:
Denoting hl(z) = Q[7 hy — Qp hy @ consistent estimator of ey, is given by

n

13
b= 2= ) Zhlo

Next we define
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hati, j) =n0pn, — 0= DIOY, +0Y) y+(n—2)007

whereby Q( ﬁ) denotes the kernel quantile estimator calculated by using the original
sample from which the ith and Jjth observation have been deleted. As noted earlier,
we use the same bandwidth also in the definition of Q( )h and of Q( / ) . Then the
consistent jackknife estimator of e,/ h, is given by

Gm (=D g g
= T 22 2 Mk (DhaGi ).
i=1i#j

A consistent estimator & of the second order bias § is given by

§=n- 1)Z(Q(’) ~ Qpn)-

i=1

The consistent variance estimator 8,% is given in (7).

Regarding the choice of the bandwidth, we emphasize that our approach avoids (at
least in asymptotic terms) the choice of the bandwidth and any 4,, = cn™"/*(logn)~!
with ¢ > 0should be fine. Of course finite sample performance can be influenced by the
choice of ¢ and some tuning might be needed for the range of sample sizes of primary
interest. In our simulations, we have used the same value 4, = n—1/ 4(10g10 n)~! for
all scenarios and all sample sizes with which we have experimented.

Tables 1 and 2 illustrate the resulting coverage probabilities in comparison to
the nominal coverage probabilities when calculating the lower confidence interval
(Table 1) and a symmetric confidence interval (Table 2). The probabilities have been
approximated in a simulation study where 50,000 replications have been performed
and the empirical ratio of coverages of the true quantile has been adopted as the “true”.
We have found out that at the above number of replications a stabilization occurs and
increasing the replications to, say, 100,000, only changes the last digit. Both tables
represent the result of confidence interval construction for the 90th quantile point, i.e.,
p = .90, for three scenarios. We have simulated with other ranges of values of p, too
but for the purpose of brevity we do not include other results in this paper.

We simulate data to three different scenarios. These are: a particular gamma dis-
tribution (Chi-square with 4 degrees of freedom), the standard exponential and the
standard normal distribution. We assume that the shape of the distribution is unknown
and apply the methods for estimation and confidence interval construction from the
current paper. We point out that although the true parameter values for §, for example,
as well as of other relevant parameter values do involve information from higher order
derivatives of the density of the data, none of these has been used in the estimation,
all quantities of interest have been estimated via the relevant jackknife estimator.

Examination of Tables 1 and 2 shows that the “true” coverage probabilities approach
the nominal probabilities when the sample size increases. Since the confidence inter-
vals are asymptotic in spirit, this fact demonstrates the consistency of the procedure.
It is also seen in both Tables 1 and 2 that for the range of sample sizes considered
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Table 1 Lower confidence intervals

Distribution n Nominal coverage

90 % 95 % 99 %

Normal Edge Normal Edge Normal Edge
Gamma 200 0.85426 0.87672 0.90574 0.93016 0.96218 0.97692
Gamma 250 0.85404 0.87820 0.90876 0.92986 0.96350 0.97824
Gamma 350 0.86680 0.88640 0.91866 0.93838 0.96982 0.98110
Gamma 500 0.87478 0.89156 0.92754 0.94362 0.97588 0.98538
Exp(1) 200 0.84748 0.87310 0.90184 0.92850 0.95990 0.97674
Exp(1) 250 0.84974 0.87462 0.90576 0.93066 0.96274 0.97810
Exp(1) 350 0.86520 0.88640 0.91772 0.93894 0.96984 0.98308
Exp(1) 500 0.87294 0.89144 0.92418 0.94270 0.97392 0.98484
Normal 200 0.86684 0.88604 0.91726 0.93580 0.96976 0.98100
Normal 250 0.86436 0.88372 0.91780 0.93584 0.97076 0.98072
Normal 350 0.87338 0.88992 0.92334 0.94000 0.97388 0.98228
Normal 500 0.88168 0.89626 0.93078 0.94322 0.97646 0.98434

Table 2 Symmetric confidence intervals

Distribution n Nominal coverage

90 % 95 % 99 %

Normal Edge Normal Edge Normal Edge
Gamma 200 0.86710 0.88094 0.91796 0.93136 0.96758 0.97612
Gamma 250 0.87210 0.88294 0.92150 0.93460 0.96972 0.97738
Gamma 350 0.87702 0.88812 0.92698 0.93838 0.97422 0.98114
Gamma 500 0.88524 0.89436 0.93460 0.94316 0.97952 0.98406
Exp(1) 200 0.86638 0.88114 0.91662 0.93080 0.96634 0.97542
Exp(1) 250 0.86884 0.88364 0.91986 0.93352 0.96902 0.97786
Exp(1) 350 0.87860 0.88962 0.92900 0.94044 0.97524 0.98158
Exp(1) 500 0.88262 0.89324 0.93246 0.94136 0.97830 0.98336
Normal 200 0.87446 0.88686 0.92392 0.93510 0.97316 0.97894
Normal 250 0.87516 0.88678 0.92698 0.93704 0.97456 0.97892
Normal 350 0.87918 0.89040 0.92918 0.93950 0.97690 0.98224
Normal 500 0.88406 0.89166 0.93322 0.94148 0.97862 0.983100

(n = 200-500), the confidence intervals based on inverting the Edgeworth approx-
imation always outperform the ones based on inverting the normal approximation.
Comparison within each of the table also demonstrates that for the normal distribution
scenario, both constructions give slightly better coverages. We do not have a rational
explanation for this phenomenon, however.
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When doing a cross-comparison between Tables 1 and 2, we observe that the sym-
metric confidence intervals have slightly better coverage (closer to the nominal) in
comparison to the lower confidence intervals. This effect is also observed uniformly
across all corresponding cells in the tables.

Remark 2 There is an interesting modification of the estimator for the case where a
wavelet-based kernel of two arguments could be used instead. If ¢ (x) is certain father
wavelet and ¢ (x) = 25/ 2@(25 x — j) denotes its dilation and translation, then the
kernel of two arguments K (x, y) = Zj‘;_oo @sj(x)@yj(y) can be defined and could
be used for alternative kernel quantile estimator construction. The estimator itself can
be defined as

. 1 - i—1
Q’;,SZEZXMK?‘( p aP)
i=l1

whereby now s replaces the role of the bandwidth. The coiflet-type wavelets satisfy
the moment conditions required from a higher order kernel and could be used as alter-
natives to the kernel (16). However, although being almost symmetric they are not
strictly symmetric. Besides, we expect the numerical effects by using this approach
to be comparable to the effects of using the kernel (16) and we have not pursued the
approach numerically in the current paper.

5 Proofs

We believe that the following two remarks will allow the reader to follow easier the
main steps in the derivations in the paper.

Remark 3 If for a random variable R it holds that E|R| = O (n~'/27¢/2=%) for some
¢ > 0and § > 0, then we have

P{R| > n"logn™"} = o(n~1/?),

i.e., R = o;(n~1/%). Thus we can ignore R when discussing asymptotic expansion up
to order n=1/2, See, e.g., Maesono (1997), p. 64.

Remark 4 Our proofs are derived in two steps. In the first step, using moment evalua-
tion technique (20) for the Hoeffding decomposition (H-decomposition) (18) described
below, a stochastic expansion of statistic of interest is shown to be decomposed into
main term and a remainder of order o, (n~1/2). This fact allows us to ignore the effect
of the remainder when the asymptotic distribution up to order o(n~1/?) of the sta-
tistic is derived in the second step. The justification when to ignore the remainder
R is discussed in Remark 3. Regarding the asymptotic distributions of the products
involved in the definition of the studentized statistic, we use a standard technique of
evaluating the terms in such a product. A comprehensive illustration of this technique
with detailed proofs can be found, e.g., in Maesono (1997).

@ Springer



180 Y. Maesono, S. Penev

We use some general moment evaluations related to the H-decomposition. For

independent identically distributed random variables X1, ..., X,, and a function
v(x1,...,x,), centered (E[v(Xy, ..., X,)] = 0), and symmetric in its arguments,
we define

pl('xl) = E[V(.xl, X27 cec Xr)]’

p2(x1,x2) = E[v(x1, x2,..., X)) — p1(x1) — p1(x2), ...

and

r—1
Pr(xl,XZ»---sxr) = U(x17x2"'-7-xr) _Zzpk(xilv-xizv-~~

k=1 Cyx

where ZC, . indicates that the summation is taken over all integers i, . . .

1 <i; <--- <ix <r.Thenitholds
Elpe(X1, ..o, X X1, ooy Xk—11 =0 aus.

and

(n—k
D XL X)) = o)A
k=1 4

Ca,r

where

Ak = zpk(Xilv ey Xik)'
Cn.k

s xik)

, ik satisfying

a7

(18)

19)

Equation (18) represents the H-decomposition of U-statistic with a sum of forward

martingales {Ax},>k, fork = 1,2, ..., r. Using Eq. (17) and the moment evaluations
of martingales (Dharmadhikari et al. 1968), we have upper bounds of the absolute
moments of Ag. For g > 2, if E|v(Xy,..., X,)|? < oo, there exists a positive con-

stant C, which may depend on v and F but not on n, such that

E|Ag? < Cn* 2 E|pp(Xiy, ..., Xi)l?.

(20)

Since a product of U-statistics with different kernels is a linear function of U —statis-

tics, we can use (20) to continue the evaluation.

Proof of Lemma 1 From the definition, we have

A ) . 00 (£ ()= pl/ hn

1

Qp,h,l - Qpahn = _/ / K(S)ds dx
[

—0o0 Fy(x)—pl/hn
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where F,,(i)(x) = Z?# I(X; < x)/(n —1). We now take Taylor expansion of the
inner integral around the point (F,(x) — p)/ h,. Further, we define for j = 1,...,6

L= _l/oo K(j—n(Fn(x) -
LTI h

n

p) (Fn(i)(X)h: Fy (x>)f W

and denote the remainder term by

_ 0o fIEP0)=pl/hn 6
RV = — / ( /[ K(u)du) dx = LY.
o o

Fu(x)=pl/hn

Then we have

(n—l)Z{Q(’) — Op, )’ (n—l)Z ZL(”JFR(”- @1

i=1 | j=1

We see directly that
; 1
FiP @) = Fa@) = ——— I} (Xi) + 1)21 (X))

holds where I (X;) = I(X; < x) — F(x).

We start evaluating the right hand side of (21). Our first step is to approximate the
expression (n — 1) D7 I{L(’)}z.

To this end, we first expand in Taylor series each of the expressions Lg’n) around the
point (F(x) — p)/hy,. Letus definefork =1,...,6

i 1 R n/F&x)—p
@ _ g k=1
M k—1)! / ( h )
. —0o0 n

X(Fn(x)h— F(x))k—l(F,i”mh— Fn<x)) dx

and

6
) 7@ (@)
V= Lln - ZMkn'
k=1
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From the definition, we have

My = [ I K(F(xzn—p)(Fé”(x)h; ) dx]z
= [ (P e (P -

T O
+n(n—1)j§Ix(Xj)}{ "—1Iy(X')+n(n—1);IY(XJ)}dXdy~

Using Shorack and Wellner (1986), we have

”‘DZ/ / F(X)n )K(F(y;zn_p)m_l])z

x I} (Xi)ly (X;)dxdy

n 1 1
>/ 1 / Q'+ D Q-+ e KK ] (1) dx dy

T n—1
i=1

1 < -
=0, + = > 8l (1) — o7} +ou(n” ).
i=1

We can show that all other terms in the expansion of (n — 1) 27: (M, (@ )2 are of order
oy (n_l/Z), as in Remark 3, by noting that

E []i[ifw(m”

{=1i=1

4 1/4 4
<1[1E =00 [[{Feo = Fao).
=1

=1

n 4
> L)
i=1

Thus we have

(n—1)Z(M‘”) =024~ Z{gln(Y) o2} +op(n~ V2. (22)

i=1

Similarly as for (M (l))z we can show that

n
n—1> MO M

=217k D @0 (Yi, Y){g1a (V) + gia (Y)Y + 0e(n ™). (23)
Cn,2
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From direct computation, we have

n
20— 1) > M) M)
i=1

=200, g3a (Vi Y Y gun (i) + g1a(Y)) + g1 (Yo))
Cnj3

+2n h es, 4+ 0oV, (24)

Using the same method, we can show that

n
(=1 D {MIN = 207302 D {gon (Vi Y))g20 (Vi Yi) + 820 (Y. Y))g2n (Y. Vi)
i=1 Cu3

+220(Yi, Y gon (Y, YO +n 'y 2egy +o0e(n™ V%), (25)

We can also show that the remaining terms
n . .
20— DY MM = 0,72 for j+k =5,
i=1
and

n
2(n—1) Zr,ﬁ“M](.’n) =o(n V) (=1,....,6).

i=1

Details are omitted to save space. However, we note that the Lipschitz continuity con-

dition K® € Lip(a) is required when evaluating the term E |r,§’) |, as a part of the
: @) p s ()

evaluation of 2(n — 1) X' ' M jln .

Our next step in the evaluation of the right hand side in (21) is to show that the
terms (n — 1) 37_ LY LG (j+k = 3)and (0 — 1) 34_ LYRY (j = 1) are all
0¢(n~1%). The details of these evaluations are omitted to save space.

Combining the above all evaluations from the contributions in the right hand side
of (21), we can show that

(=1 > (0%, = 0pn, )
i=1

1. 1 <
=02 + 1" W2 Qesy + een) + - D et () — o)
i=1

+2n 72D g (Y, Y {gin(Yo) + g1a(Y )}
Cn,2
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+20 0,7 D g (Vi Y, YO (g1 (V)
Cn,3

+e1n(Y)) + g (Y0} +2n 70y,

x> {8an (i, ¥)gan (Vi Yio) + 8o (Yi, Yj)gan (Y. i)
Cn,3

+820 (Y, YO g2n (Y, Yi)} + 0o (n~1/2).

Using the H-decomposition, we will obtain the form of the asymptotic U-statistic.
Let us introduce the statistics H; and H; via the decomposition

20721 gon (Vi Y g1a (Vi) + g1 (¥)))
Cn,2

=2n"2(n— Dh,"Hy +2n"%h ' H,.

Using moment evaluation again, we can show that
4
E)2n*2h;] Hz‘ =0 *h Y = 0™ A, ™,
Thus we have 2n_2h;1 H> = og(n~/?). Therefore we have

202, g0 (i, Y g1 (Vi) + gia(Y)))
Cn,Z

n
=207, ' D" Elgon (Vi V)gin()|Yil + 0p(n™'7?)
i=1

whereby Y denotes an independent copy of ¥;. Similarly, using the H-decomposition,
we can show that

20730, 2 D 3a (Vi Yy YOlgun (Vo) + g1 (Y)) + g1a (Vi)

Cn,3
=210, 2 > Elgsa(Yi, Yy, V)gin(M)|Y;. Y1+ 0p(n™ /%)
Cn.Z
and
207302 > (gon (Y, Y)gon (Y, Yi) + g2u(Yi. Yj)gou (Y Y)
Cn.3
+820(Yi, Yi)gon (Y, Yi)}
=207, > Elgon(Yi, V)gan (Y. V)|, Y1+ 0p(n '),
Cn,Z
Thus we have the desired result. O
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Proof of Lemma 2 Part (i) Using the Taylor expansion of

62 _ g2\ —1/2
~—1 n 0,
0,0, —(l—i— P )
we have
~2 2 —1/2 A2 2 3 AN}
o o o

1 n ) — n n _( n I’L) R* 26

(+ o? 202 T3 o2 M (26)
where

15 ~7/2 162 — 52\3
g=g(iee) (U 50)
n 48 + o?

)
and 0 < O] < “’—;’
- - g,

. . . . . 3(62—0? 2
a.s. First, we will obtain an approximation of g (%) .
n
From the definition, we have

n

n
An2h, P BY, = 4n2h 2 Dk (V) + 80P D L (V) L (Y ).
i=1 Cn2

Using the moment evaluation, it is easy to see that
n
4n2hy 2 6, (V) = An P ELGE, (YD1 + oe(n ™).
i=1
Thus we have

An2h 2 BY, = 4 2 ELEE, (V)] + 807 2Ry 2 Sa (Y G (Y)) + 0e(n ™'/

Cn,2
=dn" ' esn + 80 2h 2 D L (Y8 (Y) + oe( ™). (27)
Cn2
Along the same lines we can show that
n2B? = oy(n"'?). (28)

Furthermore, we have that

n
A2, ' BiyBin = 4n2h, ' > (et (V) — 0V Elgan(Yi, Y)gua(V)|Y;]
i=1

+an =2t > [ (8], (00 = o2 Elgan (Y, Vgua (1Y)
Cn2
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+e, (V) = G2 Elgan (Y, V)gua(NIYi]]

=og(n~1/?).

A2 2
Proceeding along the same lines, we can evaluate the remaining terms in %(G’lg—f")z.
n
The final result is

3’\2 2

o, —0 N\2 3 _; 5, _ 0o _ A B —
5(7) =5n Uyt Yean 4 302 h 20, Y (Y (V) + oc(n ).

n Cn,2

Finally, we will show that R = o, (n~1/2) holds. Similarly to the proof of Lemma 3
A2 2

of Maesono (1997, p.78), it is sufficient to prove that (U”a—f”)3 = 0y(n~1/?). Using

the H-decomposition, we can show that !

n_3h;31§13n
=n""hy Bra{n ™ by ez, + 2020y Z En(YDE1n(Y) + 0e(n /%))
Cn,Z

= 0((11_1/2).

Also, we can show that the remaining terms in ( 8oy )3 are all op(n~1/2). Putting

everything together in the right hand side of (26) we get (8).
Part (i1) Next we will obtain the asymptotic representation of the studentized quan-
tile estimator. Observing that

Vi, My, = 0P} = Vo (Qpn, = 0P} x -,

we will examine the product of the two terms on the right hand side. This means to
multiply the stochastic expansions (4) and (8).

We note that /7 0’1 {Q p.hp, — Q(p)} is approximated by a standardized U -statistic
plus a reminder of order or(n~1/?%). We start by examing the products of dy, A1, with
the main terms in (8):

1, 1, 5 1<
Edlnn 1Gn 2AlnBln = Edlnon 2” 1;§ln(yi)gln(Yi)

1
+odinn™ o D UG (YDg1n(Y)) + i (V) g1n (YD)}

Cn,Z

1 _ 1 -
= 5dno, 2ern + sdin” o, ZCZ{an(mgm(Yj)
n2

+1n (Y ) g1n (Yi)} + 0g(n™1/?).
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In a similar way

dlnn_lh;lgn_zAlnéln = dlnh;layl_zeZn + d2n(7n_2 Z{Eln(yi)gln(yj)
Cn,2

0 (Y))gin (Y} + 0e(n™'12).
From the definition of the terms A, and D;, we have

2,2 -2
dyyn="h, %0, “A1, D2y,

= d3,0, > D 18in (Y2 (Y7, Yo) + g1a(Y)n2n (Vi Yi) + g1a (Vi) man (Vi Y)))
Cn.3

+d300,2 D Man(Yi, Y g1a (Vi) + g1a(Y))).
Cn.2

Using the moment evaluations for the H-decomposition, we can show that

d3,0, D man(Yi, Y){g1a (i) + g1a(Y)))
Cn.2

n
= d3n0, 2> Elnn (Y, Y)gin(V)|Y;] + og(n ™'/,

i=1

We next examine the products of da, Az, with two terms in (8). It is easy to see that
1 -1 _-2 A —-1/2
EdZnn 0, A2 B1y = 0¢(n” ")

holds. Again using the moment evaluations for the H-decomposition, we have

—17-1_=-2 D
dypn hn o, A2 By,

=d3,0,7 > D (G1a (YD) g2n (Y Yo) + 1n (V) 820 (Y, Ya) + 10 (Vi) 820 (Vi Y )}
Cn,3

= d3,0,7 > D (E1n (YD) g2n (Y Vo) + E1n (V) 820 (Y Vi) + E1a (Vi) 820 (Vi ¥ )}
Cn,3

n
+d3anoy 2> Elgon(Yi, VE (Y] + 0 (n™/?).
i=1

Finally, we use a large deviation theorem for U -statistic (cf. Malevich and Abdal-
imov 1979) to show that the order of its product with the remainder is o7 (n~'/?) (for
the argument we refer to Maesono 1997, p. 81). All other terms in the cross product of
(4) and (8) can be shown to be of smaller order by using the same moment evaluation
technique. Hence we have the desired result. O
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Proof of Theorem 1 Before beginning the proof of Theorem 1, we will formulate a
Lemma that establishes a link between the terms e;“n (i =2,...,6) as shown in the
statement of the Theorem and the terms e;,(i = 2,...,6) in (5). The latter have
already been used by us when proving the Edgeworth expansion of the standardized
kernel quantile estimator (Theorem 1 in Maesono and Penev 2011).

Lemma 3 The relationships (11) hold.

The proof of this Lemma is omitted since it follows from a simple moment computa-
tion.

Having established the relationships between the terms e;kn (i =2,...,6) and the
terms e, (i = 2, ..., 6) we can now finish the proof of Theorem 1, following the same
steps in the derivation of the Edgeworth expansion for the studentized statistic as in
the proof of Theorem 1 in Maesono and Penev (2011). The detailed argumentation of
all steps is presented in Maesono and Penev (2011). Therefore we get (10). O

Proof of Theorem 2 Note that
Vi(Qpn, — Q(p)) = Vn(Qpi, — O(p)) +dy

withd, = i(Q(p)— 0(p) = V(L [} F~'(x) K (572) dx— Q(p)). Substituting
x — p = yh;, and applying Taylor expansion we get

1
dy = 0(~/ﬁhn’")/1 K(y)y™dy.

Note that \/nh! = o(n~'/?) is ensured by the condition m = 4 and by the choice of
h, . Noticing that

o, -+ o
A n
6n o " o "

V1 Qpiy = QD) _ Ny = OP) oy Ndn

and using Part (i) of Lemma 2 we see that for the chosen bandwidth we have

%Gn o, I = 0,(n=1/2%). Hence the statement of the Theorem follows directly from
Theorem 1. O
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