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Abstract

We reformulate the conditions of Blanke and Bosq (1997) for achieving the (log 7")/T-rate of convergence of the kernel
density estimator for a smooth process and give under slightly stronger assumptions the exact asymptotic form of the
variance giving an expression for the asymptotic optimal bandwidth. Conditions for the full 7=' and discrete-time rates
are also considered. (© 1999 Elsevier Science B.V. All rights reserved
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1. Introduction

For a kernel density estimator of a discrete-time stationary ergodic process, X;; i € {1,...,n}, the optimal
rate of convergence of the mean-squared error to zero is typically n~2"/”+1) if the density f has m continuous
derivatives (see Wahba, 1975). The interest in kernel density estimation given a continuous-time sample, X;;
t € [0,T], started with the paper of Castellana and Leadbetter (1986) where they gave conditions under
which the faster T~ '-rate of convergence could be achieved. Given a differentiable process however this
result is usually not possible and we will get the (log7')/T-rate as examined by Blanke and Bosq (1997).
The improvement from discrete time is perhaps not surprising since in continuous time the observation of
complete sample paths gives us a chance to actually observe the event {X; = u} for some 7 € [0,T], this
allows us to construct unbiased estimators in the form of occupation-time densities (OTD) and local times,
see e.g. Geman and Horowitz (1960) and Kutoyants (1996), which is not possible in discrete time. We will
show that the existence of an OTD is closely related to achieving a faster rate than in discrete time, also the
slower rate for differentiable processes is due to the OTD having an infinite variance. We will reformulate
the conditions for achieving the different rates and under slightly stronger assumptions give the exact form of
the asymptotic variance, a result which is important when selecting the optimal bandwidth parameter. Another
difference from discrete time is that the possibility to localize our estimators to {7;X; = u} makes smoothing
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unnecessary and the convergence rate will not depend on m above as long as the density is Holder continuous.
Finally we will give example of a non-parametric class of processes for which the kernel estimator is not rate
optimal.

2. The kernel density estimator

The kernel density estimator for a stationary process observed over an interval [0, T'] is defined as:

T
Su(u) = %/0 Kn(X; —u)dt, (2.1)

where K,(-)=h"'K(-/h) for a kernel function K integrating to 1 scaled with a bandwidth h. We will further
assume K to be compactly supported and bounded. Properties of this estimator have been examined by e.g.
Castellana and Leadbetter (1986), Bosq (1996), Blanke and Bosq (1997) and in the case of an ergodic
diffusion in Kutoyants (1996), differentiable processes are considered in Blanke and Bosq (1997) and Skold
(1996) but so far an explicit expression for the asymptotic variance has to our knowledge not appeared in
literature, this is important e.g. when developing methods for automatic bandwidth selection. Castellana and
Leadbetter (1986) derived the following form for the asymptotic variance of f:

T oo
fim T Var(/4(w) = Jim 2 [ (1= gD =2 [T (e - ) de
—0 0 0

h—0 h

where
an(t,u) = / / Kis — w)Kn(0 — ) fxoux.(5.0) — £(5)f(@))dsdv — frox (o) — £2(u0),

as h — 0. For processes which behave locally as Brownian motion the right-hand side is usually finite since
Sfxo.x.(u,u) = O(z~12) for small 7, given a differentiable process however fx, x.(u,u) = O0(t"!), as will be
apparent in the proof of Theorem 2.1, and the integral will diverge.

Theorem 2.1. Let X; be an ergodic stationary stochastic process with marginal density function f continuous
in a neighborhood of u. Define Y; = (X; — Xo)/t and Yy:=X;. Then if

1. limy_, f;o |ots(T,u)| dT < 0o for all § > 0.

2. There is a constant fx, x;(u,0) such that lim,_.oSup, ,, -)cp, x 0.0/ X076 ¥)— foxo, x; (0, 0)| =0 where B,=

{Ga ) (x —u)? + ) <&}
we have that

Var(f(u)) = 2fx, x;(u,0)log(h~")T~" + o(log(h~")T ™), (2.2)

ash— 0and T — oco.

Proof. We have, assuming a uniform kernel Kj(-) = (2h)_'1{‘_|<h}, where 14 is the indicator of the set A4,
that o, (t,u) = (2h) " 2(P(|Xo — u| < h, |X; — u| < h) — P*(|Xo — u| < h)) and

1 T T
TV = gy [ [ CovlnuamLgouciy) drds
0 0
1 T
= ﬁ/o (1 = 7/T)Cov(d {xy—u| <nys V{|xt,—u| <i} ) dT

T
:2/0 (1 —/T)oy(t,u)dr.
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To study this integral we divide it into three segments:

7h 6 r
(1 = t/T)oy(t,u)dr + / (1 — /Ty (z,u)dr + / (1 = ¢/T)oy(t,u)dr, (2.3)
0 vh 3

where we have introduced monotonous functions d=0(#) and y=y(%) such that lim,_.¢ 6(2)=0, lim;,_q é(h)/h=
oo and limy_ f(;z) lon(t,u)| dt/log (h~') = 0 which is possible by assumption 1, further we select (k)
such that y(h)h < 8(h), limy,_y(h) = oo and limj_o7p(h)/log(h~') = 0. The first integral is bounded by
7/ (1) = o(log (h~1)) since

(1= /Do) < P(IXo ul <h)<HN 12+ ) f)<h™! f(w)

for 4 sufficiently small, some ¢ > 0 and f(x) continuous when |x — u| < h. For the second integral we have
with O(1) meaning that the term is bounded as 7" — oo that

s s
/ (l—r/T)oc;,(r,u)dr:i/ (1 —/TYP(|Xo — u| < h, 7Y, + (Xo — u)| < h)dr+ O(1)
vh 4h? vh

4h2/(1 ‘E/T)// sl < Sxox.(s,0")dsdv' dr + O(1)

[to’ +(s—u)| <h

4h/ _l//\s u<n Srox(s;v/t)ydsdvde+O(1)

|v+(s—u)| <h

o
= [ w0 + R &+ 0(1)

vh

=[x, x;(1,0)(log (8) — log (vh)) + o(log (h 1)),

since in the area of integration v/t<2h/t<2/y and with & = max{h,2/y,0} — 0 as A — 0 we have by
assumption 2 that

s 5
/ IR.(h)de< / lde swp [ faon(e ) — fiox(0)] = oflog (1)),
vh vh (x,3,1)EBy, X [0,61)
The third integral is o(log (#~!)) by the assumptions on J(/4) and the theorem follows.

For a general compactly supported kernel function the proof is only notationally more complicated, note
that the size of the support does not matter since a rescaling 4’ = ah only affects (2.2) with a factor of
o O

Remark 2.1. Assumption 1, to ensure the variance is not affected by long-range dependence, is true under
more standard integrability of mixing-coefficients conditions, see e.g. Bosq (1996). It can be easily seen from
the proof that the somewhat weaker f;o lon(t,u)| dt = o(log (h~1)) as h — 0 is sufficient.

Theorem 2.2. Assume f is continuous and bounded, if further
. o0
Lo limy o [ [ Jo(t,u)| drdu < oo
2. There is a constant fx;(0) such that lim, .o SUp, ye(—zx o/ v.(3¥) — fx;(0)] =0.
3. f2(u) < g(u), where g is an integrable function monotonous when |u| > M for some constant M < oc.
then

/ Var(f4(u))du =2 fx/(0)log (h~")T~" + o(log (h=")T 1), (2.4)
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ash— 0and T — oo.

Proof. For fixed # > 0, f, and thus also its variance is bounded and we can change order of integration;

T
T/Var(fh(u))du :2/0 /(1 — t/T)a(t,u)dudr,

and decompose the outer integral into three terms as in (2.3). The first is bounded by () = o(logh™') by
the inequality

1
< /E(l{\xo ul<ny)du = T

The bound of the third follows from assumption 1 as in Theorem 2.1 and for the second we have that

‘/(1 —1/T)oy(t,u)du| <

5
L ::2/ (1 fr/T)/och(r,u)dudr
vh

= 2h2/ (1 T/T)/COV(1{|X0 “\<h}1{|Xr u|<h})dudT

1 1
= —2/ E /1{|Xofu\<h}1{|XTfu|<h} du ) — YTy /P2(|XO —u| < h)dudr 4+ O(1).
2w |, 2h

Assumption 3 now gives us a bound for the last term above since

1

T P*(|Xo —u| < h)du =2 /fz(su)du<2/g(u)du+4Msup(f2)

where |s, — u| < 2h. Continuing with the first we have that

1 é
1= [, F0 G @ = D)+ 0(1)

) 2h/c 0
:on(O)/ / (2h—‘c|s\)dsdr+/ R:(h)d7+ O(1)

2h2 2h/t vh

= fx;(0)(4 — 2)log (h™") + o(log (h™ 1)),

by using assumption 2 as in the proof of Theorem 2.1. [J

Example 2.1. For a zero mean unit variance Gaussian process X; satisfying assumption 1 we have since Y;
is also zero mean Gaussian with E(Yf) = (2 — 2r.)t% where r, = E(Xp X;) is the covariance function of the
process that

Fr.(s)=Ct(1 — )~V exp(—(s1)*/(4 — 4r,)).

which satisfies assumptions 2 and 3 of Theorem 2.2 provided 0 < lim,_o(1 — ;)2 = Var(Xj) < oc. For
assumption 1, assume there is d < 1 and ¢ > 0 such that (1) < d when t > J and write ¢, for the standard
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bivariate normal density with correlation ». By the mean-value theorem

[loateaoiau= | ‘ [ [ 5t = w0kate = o G010 ds ] d

d
:r(r)/‘drqﬁ,.(su,tu),_s(r) du

=r(t)D(h,1),

where |s, — u|<h, |t, — u|<h and 0<s(7)<r(t). Now lim,_,D(h,7) is bounded for > by standard
properties of the bivariate normal density and a sufficient additional condition is fooo |#(7)] dt < o0.

Corollary 2.1. Under the conditions in the theorem above using a positive symmetric kernel K with com-
pact support and if f is twice continuously differentiable, the bandwidth minimizing the expression for the
asymptotic integrated mean-square error (AIMSE) is given by

WT)=(CT) * with o = 1/4 and

2
o= ( [2xeax) [ rraraueryon. @5)

which gives the rate of convergence:

limy o T(log 7)™ / E(fury(u) = f(u))? du=20fx(0). (2.6)

Moreover (2.6) is true for all oc>% independently of the choice of C > 0.
Proof. The bias of f(u) is found by standard Taylor-expansion arguments to equal
E(fn(u)) = f(u) = E(Kp(Xo —u)) — f(u)
= [ Keos =y dx - rw)

=hf"(u) / x¥?K(x)dx/2 + o(h?),

since [xK(x)dx=0 for a symmetric kernel K. By writing the mean-square error as the sum of variance and
squared bias and neglecting the lower order terms we get

2
AIMSE(h) = h* ( / sz(x)dx) / S (W) duf4 + 2log ()T~ £x:(0), (2.7)

which is minimized by 4 = (CT)™* as in (2.5). If further 052%, the bias will be of O(T~!) = o((log T)/T)
and thus asymptotically negligible compared to the variance which is asymptotically independent of C. [

Remark 2.2. Note that since the bias with an uniform kernel equals (24)~! fu”j: (f(t)— f(u))de it is sufficient
for f to be Holder-continuous in a neighborhood of u, i.e. |f(u) — f(u+ h)| < C|h|f, B> 0 for sufficiently
small |A|, together with the assumptions of Theorem 2.2 to achieve the (log T')/T-rate, though with possibly

larger o.
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3. Rates

In the following section we will assume f to be continuous in a neighborhood of u, h=T"% o € (0,1)
and assumption 1 of Theorem 2.1 to hold.

Theorem 3.1. Assume there is an open neighborhood Q of (u,0), ¢ > 0 and a constant M < oo such that
(5,0,7) = fx.r.(s,0) <M in Q x[0,¢), then

limsup T(log T)~'Var(f7-«(u)) < cc. (3.1)

T—oo

If fx,v. is also bounded from below this is the exact rate, i.e. if 0 <m < fx,y.(s,v)in Q x[0,¢),

lim inf 7(log )~ 'Var(f7-.(u)) > 0. (3.2)

If on the other hand there exists § > 0 such that fy,y.(s,0) <M(tP+|s—ulf+vPh) when (s,v,7) € @x[0,¢)
for some M < oo, then

limsup T Var(fr--(u)) < oo. (3.3)

T—o0

Let 4, =2({s € [t,t + 11; X, = X, }) where A is the Lebesque measure. If there is ¢ >0 and 6 > 0 such that
x — P(lo > 0|Xo=x) > 0 when |x —u| < ¢ (the process can spend positive length of time at level x), we get
the discrete-time rate:

lim inf T'*Var(fr-«(u)) > 0. (3.4)
Proof. (3.1)—(3.3) are easy consequences of the proof of Theorem 2.1, we show (3.1) which follows from

the inequality

&

limsup T'(log T) ™' Var( f7-+(u)) < Tlim 2M(log T)~! / =l dr =2Mo < .

T—oo -

For (3.4) we have

1 T
TVar(fTﬂ(u))=2/O (1— 'E/T)cxrﬂ(r,u)dr—i—Z/l (1 —1/T)Yor-+(t,u)dr,

where the last term is bounded as 7 — oo by assumption 1 of Theorem 2.1. For the first we have

1 1
4/ (1 — t/Top—(t,u)dt = T*E (/ (1 = /T xy—u) < -} L (e < 7} dr)
0 0

1
Sl AR T T
0

> T(1 — 1/T)E(Jol{|xy—u <7—=}) + O(1)
u+T—*

> TZ“/ E(20|Xo =x) f(x)dx + O(1)
u—T-~

> T%6% f(u) + O(1)

if T7* < ¢ is sufficiently small. [J
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A Xt

Fig. 1. The processes of examples 3.2 and 3.3.

Remark 3.1. The condition P(4y > 6|Xp =x) > & for the discrete-time rate should be compared with Geman
and Horowitz’s sufficient condition P(X; =0)=0 for the existence of an OTD provided f exists. Thus when
the sample paths satisfy A(z; X/ =0) > 0 = Ix; A(¢; X; =x) > 0 with positive probability and there is no OTD,
we cannot improve the discrete-time rate.

Example 3.1. Processes where the full 7~ '-rate is achieved includes e.g. processes which behave locally as
Brownian motion since for standard Brownian motion we have

Fae—tye(5,0) = Co 2 exp(—(s + 102)/2) < Cr'2,
which satisfies the conditions of (3.3) with M = C and ff = %

Example 3.2. A second example to show that the sample paths need not be very “irregular” to achieve the
full 7~!-rate are processes where the absolute derivative is bounded from below by some constant § > 0
when X; is close to u, e.g. the saw-tooth process obtained from a stationary point process t7; on the real line
with interarrival times ;41 — 7; > 1 and independent by

)(t = mln(t — Tis Titl — t)(_l)iJrZa

t € [t,Ti+1), where P(Z=0)=P(Z=1)= % (see Fig. 1). Here the conditions of (3.3) are satisfied for u=0
since fx,v.(s,v) =0 when (s,v,7) € (—0.25,0.25) x (—1,1) x [0,0.25).

Example 3.3. The discrete-time case can be seen as a special case of (3.4) by viewing a discrete sample,
{Xi;;i=1,...,n}, as a piecewise constant process (see Fig. 1 and Theorem 4.3 in Bosq, 1996):

Fuw)= -5 KX )
1

1 n—1
=- / Ky(Xic) — u)dt 4+ Op(n™ "),
0

where 7 € Unif(0,1) is a random shift of time to make the process stationary. Clearly the conditions of (3.4)
are satisfied since P(1g > 0|Xp=x)=P(l —1>0)>0if 0 <o < %
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4. Beating the rate

If X; is a differentiable process and Nr(u) the number of level-crossings of u, ¢ € [0,7], we have under
general smoothness conditions (Geman and Horowitz, 1960) the occupation-time density

Nr(u)
_ : _ -1
Pr(u) =27 lim fj(u) = ;‘ s (4.1)
where t;, i=1,...,Ny(u) are the times of level-crossings of u. This is, scaled by (27T )~!, an unbiased estimator

of the density but in practise not very useful since it will often have an infinite variance and has a singularity
at every level u where a crossing of zero of the derivative is observed (a local extrema). Closely related to
this is Rice’s formula for the mean number of level crossings in the unit interval,

2/ (u) = E(N\(u))/E(|Xg||Xo = u) = E(N () E(|X;, | 1), (4.2)

see e.g. Marcus (1977), Geman and Horowitz (1960) and in a kernel estimation context Skold (1996).
To motivate why fr(u) has an infinite variance, note that the crossing-derivatives |X/| will have density
gu(x) = Cxfx, x;(u,x) due to a length-bias phenomena (the process spends more time close to u if the
crossing derivative is close to zero) and if fiy, x/(u,0) > 0 the inverse second moment will not exist. This is
why fx, x;(u,0) appears in main term of the asymptotic variance in (2.2). Note that if N7(u) is well behaved,
i.e. it is close to TE(N(u)) for large T, we can construct a new (log 7')/T-estimator by using the truncated
crossing derivatives |XT",|1{‘X4‘>H} in (4.1).

Now as indicated the slower rate of convergence (log 7')/T comes from the difficulty in estimating E(| X/ |=h.
If however the mean derivative is independent of the level; E(|Xj||Xo = u) = E(|X}|), which e.g. is the case
for Gaussian processes, we can use the estimator given by

T
.f(u)=NT(u)/ (2/0 |X/df+2): (4.3)

which under general conditions in this class of processes achieves the full 7 '-rate and thus beating the
(log T)/T-rate of the kernel estimator.

Theorem 4.1. Assume that X, is a stationary mean-square differentiable process, write S;=Nr(u)—E(N7(u))+
2ATE|XG| — [} 1X/|de)f (u) and Sy = [, min(1,]X/|)dt — TE(min(1, |X/|)), then if there is M < oo and & > 0
such that with p=1+06/2 and g = (2 + 3)/0

1. E(N1(w)) =2f(w)E|Xy| (Rice’s formula when Xy and X; independent),

2. limsup,_, . E|T7V2S7 P < M,

3. limsup,_, . E|T~V285|% < M,

we have

limsup TE(f (1) — f(u))?* < oc.

T—o0

Proof. Write /7 = fOT |X/|d¢/T and I7 = fOT min(1, |X/|)d#/T. Under assumption 1, Sy = Ny(u) — 2T17 f (u)
and using that (a + b)? <2a* + 2b* and Hoélder’s inequality we have

Nr(u)/T — 207 f () + 21 )T

n B 2 _
TE(f(u) — f(u))* = TE 267 +2/T
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E (L/ZST)Z 1272 T EQEy +2/T) 2
27 +2/T ' !
S 2E|T7V28PPYP(EQRIT +2/T) )Y 4+ 2 f2(u) T 'EQ2I 7 4+ 2/T) 2,

and by assumption 2 it remains to show that E(/7 + 1/7)~% and thus also E(/7 4+ 1/T)~2 is bounded. Now,
by Markov’s inequality for z < E(/7)/2 and assumption 3 we have for 7' large enough that

Fp,(2) < P(|Ir — EU )| 2E(IT) — 2)

< E|iT~—E(1~T)\4q _ E|T7~I/ZS’T\4Q
[EUr)—z[*  TM|E(Ir)—z["

< M(E(I7)/2) 4T,
and further that

E(I;r+ 1Ty <E(I; +1/T)"™%

_ /Oo(z + 1T f; (2)dz
0

=2q /Ooo(z +1/T)" %7 'F; (z)dz

N E(ir)2 -
< M(E(Ir)/Z)"‘qT’qu/ G+ 1) dz+ zq/ o zulg:
0 E(ir)2

<M <

for all T large enough.

Remark 4.1. Assumption 1 is satisfied for processes for which Rice’s formula is valid (see e.g. Marcus, 1977)
and X, and X are independent, e.g. mean-square differentiable Gaussian processes. Assumptions 2 and 3 are
satisfied if the stationary zero-mean sequences &; =S; — S;_; and {; =S/ — S/_,, respectively are ¢-mixing
with 3" @12 < 0o and E|¢|*H < oo (Yokoyama, 1980), £|¢;[* is bounded for any ¢ > 0 since |{;|<1.

Remark 4.2. f can be generalized by introducing a function A(T) = o(T'?) 1 oo as T — oo and using
f Sw)=Nr(u)/(2 fOT |X/| dt + A(T)), allowing us to relax the moment conditions in assumption 3 of Theorem
4.1 at the price of a possibly increased (but still O(7~"/?)) bias.
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