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Abstract: In data analytic applications of density estimation one is usuaily interested in estimating
the density over its support. However, common estimators such as the basic kernel estimator use a
single smoothing parameter over the whole of the support. While this will be adequate for some
densities there will be other densities that will be very difficult to estimate using this approach.
The purpose of this article is to quantify how easy a particular density is to estimate using a global
smoothing parameter. By considering the asymptotic expected L, error we obtain a scale invariant
functional that is useful for measuring degree of estimation difficulty. Implications for the
transformation kernel density estimators, which attempt to overcome the inadequacy of the basic
kernel estimator, are also discussed. )

Keywords: Kernel density estimator; L, loss; Mean integrated absolute error; Nonparametric
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Suppose that X,,..., X, is a real-valued random sample with unknown proba-
bility density function f. In data analytic applications it is desirable to construct
an estimate of f over its support. The simplest and best understood way of
doing this is via the kernel estimator
n
fles y=n"" L K,(x = X).
i=1
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Here K,(u)=K(u/h)/h and the kernel K is a function which integrates to
one. However, throughout this article we will take K to be a symmetric density
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having finite second moment. This ensures that (1.1) is also a density. The
smoothing parameter 4 > 0 is called the window width or bandwidth. Because A
is fixed across the range of the estimation (1.1) will be called a global window
width kernel estimator.

Kernel density estimators are a now becoming a popular tool for detecting
and displaying distributional structure in populations and ongoing research,
mainly concerned with the data-driven choice of the window width 4, has made
this methodology increasingly more practical (see e.g. Park and Marron, 1990).
There are also many compelling reasons for using kernel estimators rather than
the classical histogram density estimator. Several examples of practical kernel
density estimation are given in Silverman (1986) and Izenman (1991). However,
one problem which is very apparent in some of these examples is that certain
density shapes can be difficult to estimate using (1.1). This notion is conveyed in
Figure 1 where the underlying density is a strongly skewed density (density (n)
as defined in Section 2). The underlying density corresponds to the dotted curve,
while the three solid curves represent kernel density estimates based on a
sample of size n = 1000 and window widths of 0.05, 0.15 and 0.45. The kernel
function is the standard normal density. None of the estimates is close to the
true density. The one with the smallest window width estimates the true density
well near the peak, but perform terribly in the tails. The other estimates smooth
the tail region much better, but severely underestimate the peak. It is clear that
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Fig. 1. Kernel density estimates of the Strongly Skewed Density based on a sample of size
n=1000 and with window widths # = 0.05, A=0.15 and k= 0.45. The kernel is the standard
normal density. The dashed line is the true density.
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Fig. 2. Kernel density estimates using the L, optimal window width for #» = 1000 based on the data
set corresponding to the median of L, errors from a simulation having 500 replications. The solid
line is the density estimate. The dashed line is the true density.

this density is very difficult to estimate using (1.1) since no choice of A will give
a satisfactory estimate.

This point can be made more objectively through Figure 2. Each of these
figures depict density estimates (solid line) based on samples of size n = 1000,
but with & chosen to minimise the area, or L, distance, between (1.1) and the
true density (dotted line). These densities are (b), (m), (n) and (d) as defined
and discussed in Section 2. In an attempt to have each these figures represent a
typical situation the sample used in each case was chosen to be the one that
gave the median minimum area out of 500 replications. By looking at pictures
like Figure 1 one gets the impression that smooth ‘bell-shaped’ densities, close
to normality say, should be estimated fairly well by (1.1). On the other hand, we
should expect (1.1) to perform less well if the target density is more complex in
the sense that it has features such as high skewness, high kurtosis, multiple
modes or discontinuous low-order derivatives.

This lack of flexibility of the kernel estimator is also shared by other delta
sequence estimators such as the histogram and orthogonal series estimators
since they are each based on local averaging with a global smoothing parameter.
However, we will work with the kernel estimator because of its simplicity.

The purpose of this article is to develop a better understanding for when the
global window width kernel estimate can be expected to perform well in
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practice. We shall show that theory for the L, norm provides a particularly
appealing way of measuring the complexity of a particular density in terms of
how difficult it is to estimate using a global window width kernel estimator. The
result of our L, analysis is a positive valued functional Q(f) that depends only
on the shape of f which can be thought of as measuring the degree of difficulty
of estimating f via (1.1). We argue that measures of degree of difficulty based
on the more popular and tractable L, loss are not as appealing since they
depend on scale adjustment. These discussions are given in Section 2.

If a particular density is difficult to estimate then one way to overcome this
problem is. to transform the data so that the density of the transformed data is
easy to estimate. The kernel estimator can then be applied to the transformed
data and the density estimator of the original data can be obtained by back
transformation. This procedure was first discussed in Devroye and Gyorfi (1985,
Chapter 9), Silverman (1986, p. 28), but for more recent discussion see Wand,
Marron and Ruppert (1991) and Ruppert and Wand (1991) where the transfor-
mation is chosen from an appropriate parametri¢c family. In Section 3 we show
how the Q(f) functional can be used to assess the flexibility of parametric
families of transformations by measuring the extent to which they can lower the
degree of difficulty of the density that is estimated by (1.1).

2. Measuring ease of estimation

As seen in Figure 1 it is clear that certain densities are easier to estimate than
others. We now address the question as to whether there is a natural formal way
of ordering probability densities according to their estimation complexity.

The traditional way of studying the global performance of kernel density
estimators is with the respect to the mean integrated squared error (MISE)
given by

MISE(h) = E [ {f(x; h) = f(x)} dx.

Under the assumptions that f has a continuous, square integrable second
derivative we have as n — o,

inf MISE(h) ~ (5/4)G(f)A(K)n=*/,

where A(K) = {(/K(x)? dx)*}/x*K(x) dx}!/° and

G(5)={ [’ dx}l/s.

It follows that densities with smaller values of the functional G(f) will be easier
to estimate in terms of asymptotic MISE. However, G(f) is not scale-invariant
so scale must be fixed in some way before densities can be compared through
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this measure. Terell (1990) considers several scale measurements and derives
minimum values of G( f'\ when the scale is fixed. In the case of standard

AiaiaiaRiats

deviation, this is equlvalent to replacing G(f) by o(f)G(f) where o(f) is the
standard deviation of f. Terrell’s results show that the lowest possible value of
a(f)G(f) is $35'/° and that this is achieved for the Beta(4, 4) density. However,
the fact that certain scale measurements are more appropriate than others for a
particular density makes it desirable to obtain a functional for measuring ease of
estimation that is not dependent on the choice of scale measurement. This goal
can be achieved by working with the L, norm as we will now show.

The expected L, loss or mean mtegrated absolute error (MIAE) of f( h) is

MIAE(h) = E [ | f(x; h) — f(x)] dx,

The L, error || f(x; h) — f(x)| dx has the simple interpretation of being the
area between the two curves. In addition it is invariant under monotone
transformations of the coordinate axes which makes it an appealing quantity for

lllCdbullllg lllU pCllUlllldlle Ul lldllblUlllldLlUll KCIIICI UCllblLy Cbtillldlulb \DCC

Section 3). See Devroye and Gyorfi (1985) for a detailed exposition of L, loss

far tha dencityv actimation nrahlem
LUL U ULLISILY Louliauuil piuUviviil.

Consider the class of densities possessing two continuous, integrable deriva-
tives and a finite moment of order 1 + ¢ for some € > 0. Then Theorem 5.1 of

Devroye and Gyorfi (1985, p. 78) and Theorem 2.1 of Hall and Wand (1988)
imply that

inf MIAE(h) ~ (1/2)"°Q(f)A(K)n™ >, (2.1)
where

wr)

o(f) = 1nf u! [fl/z( )tﬁ( I )1/2 ] (2.2)

The function ¢ is given by (¢) =E|N —t| where N is a standard normal
random variable.

The functional Q(f) is both scale and location invariant and returns a
positive number depending only on the shape of f. To see this, suppose that X
has density f and Y = (X — b)/a is a linear transformation of X having density
g, where a and b are real constants. Then, noting that g(x) = |a| f(ax + b) we
have

dx

Q(g) = inf u—1[|a|1/2f(ax+b)1/z¢(l Ilal f"(ax+b)‘
B \lal"“f(ax +b)"" |

71 | \ /

- )1 y]d - 0(f).

;

= it (lalY%)” 1)

[al'?u>0
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Because of this invariance and (2.1), Q(f) provides a very appealing measure of
how well f can be estimated. Of course, it is desirable to measure the
complexity of all probability densities, not just those satisfying the above
regularity conditions, so we should extend the definition of Q(f) to accommo-
date all f. This can be done in the same way as was done by Devroye and Gyorfi
(1985) for their functional B(f) by setting

”{ W(f * ,) (X)\ .
IR (CORe A

where * denotes ordinary convoiution and ¢ is a compactly supported infinitely

differentiable density and ¢ (x)=¢(x/a)/a. The function ¢ is sometimes

I £ Thic Ad~f: ha ¢h lha anaiier 1 t b (D D) Fre
called a m(h’uju’:’i‘ This dcfinition can be shown to be C’Cjuxv?anL to (2.2) for

densities satisfying the above regularity conditions and to also be independent of
the choice of the mollifier. Theorem 1 of Devroye and Wand (1993) shows that

the following extension of (2.1),

—~
®)
N

S’

lim n*? inf MIAE(h) = (1/2)°Q(f)A(K), (2.4)
n—o >

holds for all densities that can be written as a finite mixture of unimodal
densities, or that have a finite moment of order 1 + € for some € > 0. The limit
in (2.4) also caters for cases where Q(f) = o which indicates that the best
possible rate of convergence of (1.1) for such densities is slower than n~2/3.
Such a situation arises if either lim sup,_,f (f * ¢/)Nx)| dx = or
[f*(x) dx = «. For example the former of these conditions is satisfied by the
uniform uenSuy O1 any other uenSuy with a bllllplc U1SCOHLmuuy, and the latter
by the Cauchy density and other densities with a heavier tail.

The functional Q(f) is a theoretically pleasing alternative to L,-based
measures of complexity. Of course, 1ts form is not as simple as G(f), yet for
many important families of densities it is not difficult to calculate Q( f) numeri-

cally.

We computed values of Q(f) for a collection of common densities and some
of the normal mixture densities used as examples in Marron and Wand (1992).
The values are shown with plots of each density in Figure 3. Most of the
densities are either defined in Marron and Wand, or have well known defini-
tions. The extreme value density has formula f(x) =e* ¢~ while the lognor-
mal density is that of an exponentiated standard normal random variable. For
most of the densities in Figure 3 Q(f) was computed using trapezoidal integra-
tion with successive doubling of the integration mesh until convergence was
obtained. This also involved the truncation of the tails of the density which was

nagitiag Thae Ang wore tha haaoyy

ll\JL (1 plublblll fUl lh\/ llslll‘tal}bd d\/llDlLl\/D 111\/ UA\/\/}JLIUIID woilo I,ll\/ uuav_y lﬂll\./d
Student’s 7, and lognormal densities for which Q(f) was computed by simula-
tion with 5 x 107 random pairs. The values of Q(f) for the Laplace and

isosceles triangular density were computed using analytlc arguments as in
Devroye and Gyorfi (1985, Chapter 5).
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Out of all of the common density families it appears that the symmetric
bell-shaped Beta densities give the lowest value of Q(f) and within this family
the parameters (5.3, 5.3) are approximately those for which Q(f) is lowest with

(a) Beta(5.3.5.3) Density (b) Standard Normai Density {c) Extreme Value Density
Tl =192 Q) =1.99 QUf) = 2.27
s{ARE = 1.00 ARE =091 2{ ARE = 0.66
i i i
(d) Bimodal Density (0) lsosceles Triangular Density (f} Asymmetric Bimodal Density
| =229 o) = 220 o) =255
=1ARE = 0.64 S{ARE = 0.64 ARE = 0.49
2 e
is i ]
E ) s
M b
(g) Gamma (2) Density (h) Separated Bimodal Density (i) Students 13 Density
af)=257| Q(f) = 2.59 Q(f) =275
2 ARE = 0.48 ARE = 0.47 2] ARE =041
& i i
: H
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i i i,
(m) Kurtotic Density (n) Strongly Skewed Density (o} Lognormal Density
{Q(f) = 420 . Q=435 | QU) = 1.60
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Fig. 3. Plots of 15 densities along with corresponding values of Q(f) and ARE(g, f) where g is
the Beta(5.3, 5.3) density.
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a value of about 1.92. The Gaussian density is not far behind with Q(f) = 1.99.
It is interesting to see from Figure 3 how Q(f) is affected by features such as
skewness, kurtosis, “corners” and discontinuities.

An appropriate measure of relative ease of estimation is the asymptotic
relative efficiency of g compared to f given by

ART/( & \=r o 70 £11972

ARLAS, J ) T 5)/2\/ i
which, in view of (2.1) has a simple equivalent sample size interpretation. For
example, if ARE(g, f)-=0.25 then only a quarter as many observations are
required to achieve a certain minimum asymptotic MIAE when estimating g
than are needed for estimating f with the same precision. In Figure 3 we aiso
include values of ARE of the Beta(5.3, 5.3) density compared to each other

A
ucumty

It is particularly interesting to note how high Q( f) is for the Kurtotic Density

(m)’ the S ernno]v Skewed npnmh/ (n\ and the I ngnnrma] npnclfv (n\ and is even

higher than for the Claw Den51ty (. There is definitely a high price to pay for
estimating heavily skewed or kurtotic densities, with these examples showing a
six to ten fold increase in asymptotically equivalent sample size compared to the
Gaussian density.

Another interesting feature of the results in Figure 3 is that the Separated
Bimodal Density (h) is more difficult to estimate than the related Bimodal
Density (d). The separation of the modes means that the estimation of (h)
should be roughly equivalent to estimating two Gaussian peaks, although with
just one data set. Thus, from a sample size point of view we would expect it to
be about twice as difficult to estimate (h) than (b), and density (d) to be
somewhere intermediate between the two. The effect of several modes on the
functional Q can be seen more clearly by taking f to be a twice continuously

UlllClClllldUlC UCllblly lldVlllg buppuu Oon [U,l] \bubh as onc Uf LhC blllUUlh BCI.C[
densities, for example). Consider the m-modal density based on f and given by

) =m~! L f(x=2i)

that is made up of m juxtaposed rescaled versions of f. It is a trivial exercise to
show that

O(fm)=m*>Q(f)
which implies that

ARE(f, f.)=1/m.

TN T umJ

Thus, unsurprlsmgly, m times as much data are needed to estimate m similar

s |
lIlUUCb Ublllg LIIC KCIIICI Cblll[ldlUl llldll _]Ubl. one bubll lllUUC UCVlUyC ana UyUlLl

(1985, p. 111) derive an analogous result for their functional B*(f).

One could also compute the L -based measure o( f)G(¥) for the densities in

ALV VULIU GIDVU VULLP UL UV 29T U GdV 1nvQouiy U g SN AV viaC Bradaiald iia

Figure 3. However, because of the inappropriateness of standard deviation for
scale adjustment of many of these densities the results would tend to be



M.P. Wand, L. Devroye / Influence of density on kernel estimate 319

misleading. This problem is most easily seen by considering the separated
bimodal density (h). It is easy to see that the value of o(f) can be made
arbitrarily large by moving the modes of the mixture sufficiently far apart. This
means that o(f)G(f) could be made to equal any large number by increasing
the separation of the modes, even though the degree of estimation difficulty of
the density remains the same. Similar comments apply to other common scale
measures such as the interquartile range. On the other hand, Q( f) would hardly
change from the value of 2.59, no matter how much the modes are separated.
The inappropriateness of standard deviation aiso applies to other densities
exhibiting a departure from normality, such as heavy skewness and kurtosis.

An intriguing quesiion is: What is the lowest possible value of O(f) and for
which density is the minimum attained? An answer to this would tell us which

Aancgity ic aagiect tn ectimate in termg of acymntatic 7 arrar and at the gcame
GCIISItY 15 Cdablnt U Coidiilaie 1il OIS U1 asylllpiOue £ CIIUL alll at e saillic

time provide a sharp universal lower bound for this error in the sense that for all

f e, the class of all probability densities,
lim inf n** inf MIAE(h) > (1/2)"”° A(K) 1nf Q(f)

P 1
=% mn-u

and this bound is obtainable for some fe€9. Furthermore, we have from

Theorem 5.2 of Devroye and Gyorfi (1985, p. 79) that for all non-negative

kernels K A( ) has minimum value (9/125)1/ > when K is the Bartlett—
r

on Lawmaal 6 2Y (12 /A1 .2\ 1 andc o tha lawrars
DpdllC inikov kernel RAX)=\O/4R1 — X }, |Jt | < 1. This fact leads to the lower

bound

n—

lim inf #n%/5 inf MIAE(h) > (9/250)"° inf 2.5
im inf n** inf (h) = (9/250) flg@Q(f) (2.5)

for all non-negative kernels. Results of Devroye and Gyorfi (1985, pp. 78-79)
show that for all densities f

C.B*(f)<Q(f) <CyB*(f) (

4 1 . - . 4

where C; = 1.18 and C,, = 1.61 are universal constants satisfying C,,/C, = 1
and

.
=)
-

%)
N

4 1/5
B*(f) = [;{[f(x)” dx} sup [1(f * @) (x)] d |
/ a>0"

In their Theorem 5.3 they also show that B*(f) is minimal when f is the
Isosceles Triangular Density. On face value, this fact combined with (2.6)
suggests that Q(f) may be minimised when f is the isosceles triangular,
however, as shown in Figure 3, this is not the case and in fact for this density
Q(f) and its upper bound C,B*(f) can be shown to coincide. A consequence
of the minimum value of B*(f) and (2.6) is that inf, . , O(f) = 1.708 for all f,
yet inspection of Figure 3 suggests that this bound is far from sharp. It is

T L .
possible to treat the minimisation of Q(f) as a variational calculus problem.

However, the FEuler-Lagrange equation is highly non-linear and does not
appear to have an analytic solution. The numerical solution is also an open
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problem. At this stage all we can do is speculate that inf;_ ,Q(f) is approxi-
mately 1.9 and that the easiest density to estimate is bellshaped and close to the
Beta(5, 5) density. If this speculation is proven to be true then from (2.5) we
would get that all non-negative kernel estimators can have an MIAE rate of
convergence no faster than about 0.98n~2/3 which is slightly higher than the
existing theoretical lower bound of 0.87n 2/ given in Theorem 5.2 of Devroye
and Gyorfi (1985, p. 79).

3. Parametric transformation kernel estimators

A simple proposal for increasing the flexibility of the kernel density estimator is
the transformation kernel estimator introduced by Devroye and Gyorfi (1985,
Chapter 9) and Silverman (1986). Wand, Marron and Ruppert (1991) and
Ruppert and Wand (1991) recently investigated choosing the transformation
from an appropriate parametric family. Formally, let {7,: A € A} be a parametric
family of reai-valued, increasing transformations on the support of f that
includes the identity transformation. Smoothness assumptions such as the differ-

amtinlilite, A T e d 4o frmvrnson avra crorrallyy waeiien Tine o mawtialas alialnn ~F

CllleUlllLy UL 1/\ auu llb IIIVCIDC alc uauauy 1cquucu ror a pai l,lbuld.l CIHIUILC UL /l

we obtain the transformed sample Y),...,Y, where Y; = T(X,). The density of

the francf‘nrmpr‘ camn]p IQ
ulC I sa

g(x; V) = AT (0T (x)
which may be estimated by the kernel estimator (1.1) applied to Y,,...,Y,:
g(x; A, h)=n"' L K,(x—Y)).
i=1
Then our estimate of f is the inverse transform

flxs 2, 1) =t T RUT() = O ()

=i

The transformation invariance property of the L, metric works to our advantage
here since

A R 2R I I NN U A N G (1 1\

j|]\x,/\,n)—]\x)|ux—]|g\x,/\,n) g(x)ldx {3.1)
so that for finite Q(g(-; A)),

ot EA 1y 2 BY —FM dym (1 /NY500 ol AW AL K Y5 —2/5 (3 2)

I:lll(.) le [J\A, I\., Il/} J\A/[UA \L/Ql Z\s\ 9 Il//ll\l\ll(/ \J l-t/

>

—

if L, minimisation is the goa
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Let £ be the collection of all densities g(x; A), and define

ARE(Z, f)= ir)\lf ARE(g(+; A), f) = ianeAQQ((fé;('Q A))

Then the minimum asymptotic MIAE is the same whether we use n observa-
tions and estimate f directly or whether we use ARE(#, f)n observations and
estimate f using the transformation kernel estimator with the optimal transfor-
mation from {7,: A € A}.

We shall illustrate this with two examples. Firstly, suppose f is the lognormal
density for which Q(f) =4.58 and that the family of transformations is the
Box—Cox family

(x* = 1)/, A#0
In(x), A=0.
Then the value of A that minimises Q(g(-; A)) is A =0 for which the density
g(+; 0) is the Gaussian density having Q(g(-; 0)) = 1.99. Therefore
ARE(%, f)=0.12

which indicates that considerable gains can be made by the transformation
kernel estimator in this case. A second example comes from the kurtosis-reduc-
ing family of transformations proposed by Ruppert and Wand (1992) given by
(with A =(a, o))

Ty(x) =ax + (1 —a)2w)*o{d(x/0) - 1}. (3.3)

This family was shown by these authors to allow very good estimation of
approximately symmetric kurtotic densites such as the Kurtotic Density (m) that
has Q(f)=4.20. Searching over a grid of (a,s) values with each parameter

5/2

T(x)=

(a) Skewed Lognormal Example (b} Kurtotic Normal Mixture Example
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Density
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Fig. 4. Plots of densities corresponding to {a) the lognormal example and (b) the kurtotic normal
mixture example. Broken lines show the original density and solid lines show the optimally
transformed density. All densities have been scaled to have unit variance.
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ranging over {0.01, 0.02, 0.03,...} it was found that the value of A minimising
Q(g(-; A)) was A =(0.17, 0.10) and the corresponding value of Q(g(-; 0.17,
1.10)) is 2.05. This relatively low value of Q indicates that it is possible to get
high quality estimation of (m) by using family (3.3). From this we obtain the
approximation

ARE(Z, f)=0.17

which, once again, represents a considerable improvement through the use of
transformation strategies. We also plotted the densities f and corresponding
optimal g(-; A) in Figures 4a and 4b. All densities have been scaled to have unit
variance. Further appreciation of the possible improvements due to using the
parametric transformation kernel estimator can be obtained by inspection of
Figure 3 of Wand et al. (1992) and Figure 3b of Ruppert and Wand (1992) which
respresent average case estimates of each of the densities in the above example
using the transformation kernel estimator and data-driven selection of the
parameters when n = 200.

Acknowledgements

This research was supported by NSERC Grant A3456 and ONR Grant N00014-
90-J-1176. we are also grateful to Professor Steve Marron for allowing the use of
several of his GAUSS 1, routines in the simulation and to he and Dr. Chris
Jones for their detailed comments.

References

Devroye, L. and L. Gyorfi, Nonparametric Density Estimation: the L, View (Wiley, New York,
1985).

Devroye, L. and M.P. Wand, On the effect of density shape on the performance of its kernel
estimate, Statistics (1993) to appear.

Hall, P. and J.S. Marron, Estimation of integrated squared density derivatives, Statist. Probab.
Lert., 6 (1987) 109-115.

Hall, P. and M.P. Wand, Minimizing L, distance in nonparametric density estimation, J. Mult.
Analysis., 26 (1988) 59-88.

Izenman, A.J., Recent developments in nonparametric density estimation, J. Amer. Statist. Assoc.,
86 (1991) 205-224.

Jones, M.C. and S.J. Sheather, Using non-stochastic terms to advantage in kernel-based estima-
tion of integrated squared density derivatives, Statist. Probab. Lett., 11 (1991) 511-514.

Marron, J.S. and M.P. Wand, Exact mean integrated squared error, Ann. Statist., 20 (1992)
712-736.

Park, B.U. and J.S. Marron, Comparison of data-given bandwidth selectors, J. Amer. Statist.
Assoc., 85 (1990) 66-72.

Ruppert, D. and M.P. Wand, Correcting for kurtosis in density estimation, Austral. J. Statist.
(1992) 19-29.



M.P. Wand, L. Devroye / Influence of density on kernel estimate 323

Silverman, B.W., Density Estimation for Statistics and Data Analysis (Chapman and Hall, New
York). (1986).

Terrell, G.R., The maximal smoothing principle in density estimation, J. Amer. Statist. Assoc., 85
(1990) 470-477.

Wand, M.P., J.S. Marron and D. Ruppert, Transformations in density estimation, J. Amer. Statist.
Assoc., 86 (1991) 343-352.



