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POLYNOMIAL AND SPLINE ESTIMATORS OF THE
DISTRIBUTION FUNCTION WITH
PRESCRIBED ACCURACY

Abstract. Dvoretzky—Kiefer—Wolfowitz type inequalities for some polyno-
mial and spline estimators of distribution functions are constructed. More-
over, hints on the corresponding algorithms are given as well.

1. Introduction. The family of all continuous probability distribution
functions on the real line is denoted by F. If the probability corresponding to
F € F is supported on the interval I then we write F' € F(I). Let X1,..., X,
be a simple sample corresponding to a distribution F' € F and let

(1) Falw) = 37 1o (X5).
j=1

The Dvoretzky—Kiefer—Wolfowitz (DKW) inequality in its final form (see [6])
(1.2) P{||F, — Flloo > €} <272 forall F € F,

where ||F,, — F||oo = sup, |Fn(z) — F(z)|, gives us a powerful tool for sta-
tistical applications (testing hypotheses concerning unknown F', confidence
intervals for F etc.). It seems, however, unnatural to estimate a continuous
F € F by the step function F,. In the abundant literature of the subject
one can find different approaches to smoothing empirical distribution func-
tions but it turns out that smoothing may spoil the estimator. For classical
kernel estimators (see e.g. [8]) no inequality of DKW type exists (Zielinski
[9]). Consequently, one cannot tell how many observations Xj,..., X, are
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needed to guarantee the prescribed accuracy of the kernel estimator. Us-
ing the method from [9] one can prove a similar negative result for some
polynomial estimators (see Section 4 below).

In what follows we discuss three estimators and the DKW type inequal-
ities for them. The first one (see Section 3), to be denoted by @, ,, is a
smooth modification of F),. It is a piecewise polynomial estimator of the
class C™ N F with knots placed at the sample points Xi.,,..., X,.n. The
smoothness parameter m = 1,2, ... can be fixed by the statistician according
to his a priori knowledge of the smoothness of the estimated F' € F. In this
case the DKW type inequality holds in the class F of all continuous proba-
bility distribution functions on the real line. The second one (see Section 4)
is the polynomial estimator constructed in Ciesielski [3|, and the third one
(see Section 5) is a spline estimator with equally spaced knots (Ciesielski
[2], [4]). In both cases subclasses of F are explicitly specified for which the
DKW type inequalities are proved. We start in Section 2 with preliminar-
ies on specific approximations by algebraic polynomials and by splines with
equally spaced knots.

2. Preliminaries from approximation theory. We recall the neces-
sary ingredients from approximation theory, in particular the basic proper-
ties of the Bernstein polynomials and of the related B-splines. The relation
is direct: the Bernstein polynomials are simply the degenerate B-splines.

Let us start with the Bernstein polynomials. For a given integer r > 1 let
I1,,, denote the space of real polynomials of degree at most m = r —1 (i.e. of
order r). For convenience, both parameters r and m will be used; m is more
natural for polynomials and r for splines. The basic Bernstein polynomials
of degree m are linearly independent and given by the formula

(2.1) N%m(x) = <
Consequently,
(2.2) II,,, = span[N; ,, 1 1 = 0,...,m],

”_1)951'(1 —2)™ withi=0,...,m.
1

and therefore each w € II,,, has a unique representation
m

(2.3) w(@) =Y wiNim(x).
i=0

Now, given the coefficients w; and the = € (0,1) we can calculate the value
w(z) using the Casteljeau algorithm based on the identity

(2.4) Ni,m(x) = (1 — $)Ni,m—1($) + «TNi—l,m—l(x)~

The Bernstein polynomials are positive on (0,1) and they form a partition
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of unity,
m
(2.5) Zsz(:c) =1 fori=0,...,mand z € (0,1).
=0

On the other hand, the modified Bernstein polynomials
(2.6) Mim(x) = (m + 1)Nim(z)
are normalized in L'(0,1), i.e.
1
(2.7) \ M (2) d = 1.
0
In our construction of the polynomial estimator, the Durrmeyer kernel

(2.8) Rin(w,9) = D Mim(2)Nin(y)
=0

plays an essential role. The kernel is symmetric and it has the following
spectral representation:

(2.9) Ron(2,y) = > Xign Li(@)li(y),
=0

where the eigenfunctions are the orthonormal Legendre polynomials I; and
for the corresponding eigenvalues \; ,,, we have (cf. e.g. [5])

i

m+1—7j .
(210) )\O,TI’L = 1, )\Lm = j:H1 ﬁl-'-:; for i = 1, eIy
whence, with the notation A\, = k(k + 1),
2 Aj
(2.11) g)\k-]i-l <1=Ajm < mj—Q for A\, <m < Apy1, 1 <j <k

Now, for a given function F’ which is either of bounded variation or continu-
ous on [0, 1], the value of the underlying smoothing operator is a polynomial
of degree m + 1 defined by the formula

z 1
(2.12) Ty F(z) = F(0) + | [SRm(y,z) dF (y)] dz.
0 0
Now, since
T m+1
(2.13) \Mim(@y)dy= > Njmui(z) fori=0,1,...,m,
0 j=i+1
the Casteljeau algorithm, in case F' = F,, can be applied to calculate

the value T, F'(x). It also follows from (2.12) that the integrated Legendre
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polynomials

xT
(2.14) Lj(x) = \l;(y)dy for j=0,1,...

0
are the eigenfunctions for the operators 7}, with the corresponding eigenval-
ues (2.6). For more details on the eigenvalues \;,, we refer to [3]. An ele-
mentary argument gives, for any probability distribution functions F' and G,
both supported on [0, 1], the important inequality

(2.15) ITwF = TuGlloe < |F = Gllo.
Moreover, if F' is a continuous function on [0, 1], then
(2.16) 1T F'lloc < 3] Floc-

PROPOSITION 2.1. For each F € C[0,1] we have
(2.17) |F'—TmFllco =0 as m— oo.

Proof. The family {T,,} of operators on C10,1] is by (2.16) uniformly
bounded and therefore by the Banach—Steinhaus theorem it is sufficient to
check (2.17) for F' = L; with any fixed j. However, in this case

F—TpF =L~ TpuLj = (1— Ajm)Lj,
and an application of (2.11) completes the proof.

In what follows we use the symbol W (I) for the Sobolev space of order
of smoothness m and with the integrability exponent p.

THEOREM 2.2. Let F € W2[0,1]NF[0,1], D = d/dx and M = | D*F||5.
Then

(2.18) |F — T Flloo < Y form=23,....
Proof. For the density f = DF we have
(2.19) (f,1) =1
with the usual scalar product (f,g) in L?[0,1], and
(2.20) (&) = TuF() = | (f — R f)(2) d2,
0

where R, is the Durrmeyer operator corresponding to (2.8). It now follows
from (2.20) that

(2.21) [F' =T Flloo < [If — R fll2-
Using the spectral representation of R, we find that
(2:22) If = B flI3 =D (1= Aim)?af,

=1
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where the a;’s are the Fourier-Legendre coefficients and by definition each
Ai;m for i > m is assumed to be 0. Moreover,

(2.23) a; = (f, li).
Using the notation from (2.14) we get
(2.24) jail = [(D*F, Ly)| < M||Li]|2.
It remains to estimate ||L;||2. To this end apply the identity

1 1
9.95)  2Lisq = livo — i,
(2.25) i@t T JRirhei-1)
to get

1 1 1 .

(226)  |ILintl3 = < L iz

8hi(l—5-) ~ 8n(1—-5) BA 7

Thus, for the unique k satisfying the inequalities A\ < m < Ap41 we obtain

> <1 M? 1
2.2 <My — =2
(2:27) 2 P SM ar =g

By the monotonicity in m of || f — Ry, f||2 and by (2.11) we get

2.2 — R fll5 < - i+ — <.

(2.28) IF =Rl < 3 (o)t + 5

Now, A1 = 2, ||L1|3 = 1/10, Vm/2 < k < \/m, and therefore
k 2 2

2.29 W2 < 2 .

( ) ;<m+2> lai — 5ym

Combining (2.29) and (2.28) we get (2.18).

In the construction below of the spline estimator with random knots,

a particular role is played by the following polynomial density function on
[0,1]:

(2.30) G () = Mo om(2) = (2m + 1) <2::> 2™(1 — )™,

where the positive integer m is the given parameter of smoothness. The
corresponding polynomial distribution function is

T

(2.31) Do (z) = Sd’m(y) dy,
0
or else (see (2.13))
2m+1
(2.32) ()= Y Nigmyr(x),

i=m-+1
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which permits calculating @,,(z) with the help of the Casteljeau algorithm.
It is also important that @,,(x) solves the two-point Hermite interpolation
problem of order m, i.e.

(2.33) D*®,,(0) =0 and D*®,,(1) =69 fork=0,...,m

For later convenience we also introduce the transformed polynomial distri-
bution

(2.34) By (23], b]) = B (i_‘;‘)

Clearly,
Dp(a;fa, b)) =0 and @y, (b;[a,b]) =

On the real line R similar roles to polynomials and Bernstein polyno-
mials on [0, 1] are played by the cardinal splines and cardinal B-splines,
respectively. For a given integer r > 1 the space 8" of cardinal splines of
order r is the space of all functions on R of class C"~2 whose restrictions
to (7,7 + 1) are polynomials of order r, i.e. DS = 0 on each (j,7 + 1) for
j = 0,%1,.... It is known that there is a unique B(") € 8" (up to a mul-
tiplicative constant) positive on (0,r) and with support [0, 7]. The function
B(") becomes unique if normalized e.g. so that

(2.35) VB (y)dy =1.
R

The density B(™ can as well be defined probabilistically by the formula

xT

(2.36) P{U; +-+ U, <a}= | BO(y)dy
—00
where Uy, ..., U, are independent uniformly distributed r.v. on [0, 1]. We

also need the rescaled cardinal B-splines

Ni(z) () = B™ <x _ Z) and MZ(Z)(Q;) = lB("“) <m - z> fori € Z,

h h h
where h > 0 is the so called window parameter. They share the nice properties
(2.37) ZN(” =1 and | M)y dy=1.
R

(r)
Clearly, supp Ni7 h

formula

= supp Mi(;L) = [ih, (i + r)h]. Moreover, the recurrent

x—ih (-1 (t+rh—2x _(r—1
(r—=1)h Ni(’h )(:E) + (r—1)h Ni(Jrl’h) (z)

supplies an algorithm for calculating at a given z the value of the cardinal

(2.38) N (@) =
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spline
(2.39) SNy (@)

given the coefficients (a;). The same algorithm can be used to calculate the

value at x of the distribution function
X

(2.40) | MS )y =3 NI (@)
—00 Jj=t

Now, just as in the polynomial case (cf. (2.8)) we introduce the spline kernel

(241) k’7‘) Z Mz(—s]fuh N(r)( )
1=—00

In what follows it is assumed that 1 < k& < r and that r — k is even, i.e.
r — k = 2v with v being a non-negative integer. It then follows that the
supports of M( ) vk and of N( ") are concentric. Denote by C4(R) the linear
space of all rlght continuous functlons on R with finite limits at 00, and by
BV (R) the linear space of all continuous functions of finite total variation
on R. Now, for F' € C+(R) U BV (R) the value of the operator Tf(Lk’T)F is
defined by the formula

(2.42) 750 F(z) = § (SR,(]”)(Z,y)F(dz)) dy
—oco R
= > M), aF S NS () dy.
i=—o0 R —00

(k,r)

To recall from [4] the direct approximation theorem by the operators T},
the notion of modulus of a given order m > 1 is needed:

wm (F;0) = sup || A" F|o,
[t|<d

where A7" is the mth order progressive difference with step ¢, i.e.
m
, m
apsta) = Y () fla+ o),
i=0 J
Now, the following theorem, important for spline estimation, was proved
in [4]:
THEOREM 2.3. Let 1 < k < r with r — k even and let h > 0. Then for
F e CL(R)U BV (R),

k
(2.42) TP oo < 1 loos
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and for F € C+(R),
(2.43) IF =T Fllo < 204+ (r + k)?)wa(F3 ),

and in particular for k =1,
1
(2.44) IF =T Floo < wn (F; % h).

Consequently, for each continuous probability distribution F,

(2.45) IF=T*Fllee — 0 as h— 0.

3. A smooth modification of F,. We start, for a given positive integer
m, with the polynomial density (2.30) and its polynomial probability distri-
bution (2.31). Let now Xj.,,..., Xy with Xy, < -+ < X, be the order
statistics from the sample X1, ..., X,,. For technical reasons we assume that
X1n < -+ < Xp.p; otherwise one should consider multiple knots. Moreover,
define

XO:n = HlaX{O, Xy — (X2:n - Xl:n)} = max{O, 2X1., — X2:TL}7
Xn+1:n = min{Xn:n + (Xnn - Xn—l:n)a 1} = min{2Xn:n - Xn—l:n7 1}

Now, for the given sample Xy, ..., X,, and for given m > 0 a new estimator
Dy, () for F is defined as follows: it equals 0 for z < Xo.,, 1 for & > Xp 4 1.0,
and fori=1,...,n+1and X; 1., <z < X;.p,

1

2n
We consider @, ,(z) as an estimator of the unknown distribution function
F € F which generates the sample X7,...,X,. Given the sample, the esti-
mator @, »,(x) may be easily calculated by the Casteljeau algorithm or using
the standard incomplete beta functions or distribution functions of beta ran-
dom variable; the functions are available in numerical computer packages.
Summarizing we get

(3'1) gpm,n(x) = %dﬁ(:c, [Xi—lzn; in]) + Fn(Xi—lzn) -

PROPOSITION 3.1. The estimator ®p, , has the following properties:

1. It is a piecewise polynomial probability distribution supported on
[X0:n, Xnt1:n] with knots at the sample points.

2. The function Sy, n(x)+1/2n interpolates F,, at the sample points, i.e.

3. Ppn € C™(R).

4. Dkém’n(Xm) =0fork=1,....mandi=1,...,n.

MNP — Flloo < [|[Fn — Flloo +1/2n.

= Fo(Xim) fori=1,...,n.

at
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6. Moreover, the following DKW type inequality holds:

1
(3.2) P{|| B — Flloo > £} < 2e7 201207 0y s s FEF.

4. Estimating by polynomials on [0, 1]. A polynomial estimator on
[0,1] (see [3] and cf. (2.12)) can be defined by

(4.1) Fon(x) =TnFy(x),

where T, transforms distributions on [0, 1], continuous or not, into distri-
bution functions on [0, 1] which are polynomials of degree m + 1. It turns
out that for the family F|0, 1] of all continuous distributions supported on
[0,1], the DKW type inequality for the estimator Fy, ,, does not hold. More
precisely, we have the following negative result

THEOREM 4.1. There are € > 0 and n > 0 such that for any m and n
one can find a distribution function F € F[0,1] such that

(4.2) P{|[Fn — Fllso > €} > 1.

To prove (4.2) it is enough to demonstrate that for some ,7 > 0 and for
every n and for every odd m the following inequality holds:

(4.3) P{F,,n(1/2) > F(1/2) +¢ > 0} >n.
We start the proof by writing formula (4.1) in the form

(4.4) ZZNm S m(y) dy,

"= =0
whence by (2.13),
1 n.om m+1
(4.5) Fon) = 233 Ni(X) Y N ()
j=1i=0 k=i+1

Let now {e; : £ =0,1,...} be a sequence of independent Bernoulli r.v. with
P{er =0} =1/2 = P{er = 1}. Moreover, let (11 = €0+ -+ Em+1 be the
binomial r.v. Then for odd m =2v — 1 and ¢ < v,

m~+1

(4.6) Z Nim41(1/2) = P{Cm+1 > i} = P{(ns1 > v}
k=i+1

= P{({my1 <v}=1/2.
Consequently, by (2.13) we obtain, for odd m,
1
1
(47)  Fpn(1/2) >—ZZNzm )= 5D | Mucamea(y) dy.

n
7=1 =0 Jj=1 X;
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Now, the continuous function
1
M(2) = | My (y) dy

x
is decreasing on [0,1], M,,(0) = 1, and M,,(1/2) = 1/2. Consequently, for
e € (0,1/16) there is § > 0 such that M,, (0 + 1/2) > 4e. Choose now
F € F|0,1] such that
F(1/2) <e and F(1/2+6) > n'/"
Thus, by our hypothesis we get, for j =1,...,n,
Pr{X; <1/246} >n"™ and Pp{M,(X;) > 4e} > n'/™.

Taking into account that
n
1
(M (X;) > 4e} C {n > My (X;) > 45}
j=1

one obtains

which proves (4.3).

To obtain a positive DKW type inequality for the above polynomial es-
timators we reduce the space F of all continuous distribution functions to
a smaller subclass. We shall discuss, for a given constant M, subclass Wy,
of F[0,1] such that F € W)y if and only if the density f = F” is absolutely
continuous and its derivative satisfies

1

(4.8) V1 (@) do < M.
0
THEOREM 4.2. Given constants M > 0, € > 0 and n > 0, one can find
explicit values of m and n such that
(4.9) P{||[Fun — Flloo >} <n  for all F € Wyy.
Specifically, it is enough to choose m and n so that
2M nM?
i <e and 2exp<—2 m1/2> <.
Proof. Let us start with the identity
F—Fpn=F—-TywF)+Tn(F - F,).
Now (see [3]) the triangle inequality and contraction property (2.15) imply
(4.10) IF' = Finnlloo < [1F = Fulloo + [[F' = TinF[ oo,
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whence by Theorem 2.2 and by the DKW inequality we get
P{||F = Fplleo > €} < P{IF = Frnlloo > 2M/m'/*}
< P{||F = Flloo + ||IF = T Flloo > 2M/m!/*}

< P{||F = Fp|oo + M/m!* > 2M /m!/*}

nM?
= P{||F = Fulloc > M/m'/*} < 2exp<—2 ml/2> <,

and this completes the proof.

5. Estimating by splines with equally spaced knots. In this section
we exhibit a rich family of subclasses of continuous probability distributions
on R for which the DKW type inequality holds. The general scheme is very
much like that in Section 4 (cf. the proof of Theorem 4.2). We start by
recalling the generalized Holder classes. A function w(h) on Ry is said to
be a modulus of smoothness if it is bounded, continuous, vanishing at 0,
non-decreasing and subadditive, e.g. concave. Suppose we are given integers
(k,r) satisfying the conditions formulated just below formula (2.41). Taking
into account what we already know it is reasonable to consider the following
Holder classes of probability distributions:

(5.1)  HYY ={F e F:2(4+ (r+k)>wa(F;h) < w(h) for all h > 0},

w,l

(5.2)  HED = {F €T w <F; ! J; i h> < w(h) for all h > 0}.

According to our scheme, the spline estimator with window parameter h and
with the given (k,r) is defined by the formula

(5.3) Fp=FF0 —pn g
For these estimators we also have the basic inequality
(5.4) |F' — Fhn

We are now in a position to state the DKW type inequality for the generalized
Holder classes of continuous distributions.

oo < IF = Fulloo + |IF = T F|oc.

THEOREM 5.1. Leti=1,2 and 1 < k <r with r — k even. Then for all
e >0 andn > 0 there are h > 0 and n > 1 such that

(5.5) P{|Fyn — Floo >} <n for all F e HY.
It suffices to choose h and n such that
w(h) <e/2 and 2exp(—ne?/2) <.
The proof is immediate from the DKW inequality, (5.4) and Theorem 2.3.
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