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Abstract

In this article we study fixed design regression estimation based on real and artificial data,
where the artificial data comes from previously undertaken similar experiments. A least
squares estimate is introduced which gives different weights to the real and the artificial
data. It is investigated under which condition the rate of convergence of this estimate is
better than the rate of convergence of an ordinary least squares estimate applied to the
real data only. The results are illustrated using simulated and real data.
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1 Introduction

In this article we study the fixed design regression estimation problem, where we are given
data

(fﬂl,Yl),"‘,(xn,Yn) (1)
satisfying z1,...,x, € [0,1] and

Yg:m(mi)—kei, 1=1,...,n

for so-called regression function m : [0,1] — IR and some independent random variables
€1,...,€, with mean zero. The goal is to estimate m from the data (1).

There are two different approaches here: parametric regression where it is assumed
that the structure of m is known and depends only on finitely many parameters, and the
data (1) is used to construct estimates of these parameters, and nonparametric regression
where there is no assumption on the structure of the regression function.
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The principle of the least squares is a popular principle to construct regression esti-
mates. One chooses for an estimate of the regression function a function which minimizes
the so-called empirical Lo risk over some given set F, of functions f : IR? — IR, and
defines the estimate by

mp(+) = arg mln 72|f x;) Y;|2. (2)

For notational simplicity we assume here and in the sequel that the minimum exists. De-
pending on the structure of F,, this leads either to parametric or nonparametric regression
estimation.

1.1 Fixed design regression using real and artificial data

Often one has the problem that the set D,, = {(x1,Y1),...,(zpn,Yy)} contains only a few
data points. One remedy is to generate N, artificial data points and to add them to the
existing data. The artificial data might come, e.g., from previously undertaken similar
experiments (for details see Section 3 below). Then we have a new dataset

DN = {(‘Tlv Yl): SRR (xm Yn)? (xn-‘rla }Afn-f—l)v sy (.’L’N, }A/N)}

of size N := n + N,. In the sequel we assume that the artificial data points have the
property that

1 Y ,
N Z Yoij — m(znyi)]? is “small”. (3)

We define least squares regression estimates by minimizing a weighted combination of two
empirical squared risks:

mn()—arg}g}? sz YP"‘Z“’?H—J f(xn-i-j)_}}n-i-j‘Q J (4)
where

1
wi=—-w™ (ie{l,....,n}) and wp,, (A—w™) (Ge{l,...,N.}) (5)

n " N

for some w(™ € [0,1]. Note that for this choice of w; the sum of all weights is one.
Remark 1. For w(™ =1 we use only real data points for our estimate, and for w(™ =0
the estimate is based exclusively on artificial data. For w(™ = N = we weigh all
data points equally, i.e., in this case the estimate is given by

n
n+Np,

Nn
mn()—argmmf Z\fxz —YiP? + ) If(@nrs) = Yausl?

fEFn =

In this article we derive upper bounds on the Ly error of the estimate (4). As it turns
out, in view of the optimal rate of convergence it is not necessary to use simultaneously
real and artificial data for the estimate: depending for which data the corresponding error



of the regression estimate is smaller, it suffices to use only one kind of data in the estimate.
However, we show with the help of simulated data that for a finite sample size this is not
always the case. Here the estimate using simultaneously real and artificial data sometimes
outperforms the estimate based only on one type of data. Finally, we apply the proposed
estimate to fatigue analysis.

1.2 Discussion of related results

The fixed design regression estimation has been studied for a long time, for survey see,
e.g., Gasser and Miiller (1979) or Eubank (1999).

Our theoretical result is based on the empirical process theory as presented, e.g., in the
monograph by van de Geer (2000). In particular we use in our proofs techniques introduced
in Kohler (2006) in context of regression estimation with additional measurement errors
in the dependent variable.

In application to fatigue analysis we use nonparametric regression with random design
in order to generate the artificial data. The most popular estimates for random design
regression include kernel regression estimate (cf., e.g., Nadaraya (1964, 1970), Watson
(1964), Devroye and Wagner (1980), Stone (1977) or Devroye and Krzyzak (1989)), parti-
tioning regression estimate (cf., e.g., Gyorfi (1981) or Beirlant and Gyorfi (1998)), nearest
neighbor regression estimate (cf., e.g., Devroye (1982), Devroye, Gyorfi, Krzyzak and Lu-
gosi (1994), Mack (1981) or Zhao (1987)), least squares estimates (cf., e.g., Lugosi and
Zeger (1995)) or smoothing spline estimates (cf., e.g., Kohler and Krzyzak (2001)). The
main theoretical results are summarized in the monograph by Gyorfi et al. (2002).

1.3 Outline

The main result is formulated in Section 2 and illustrated by applying the estimates to
the simulated and real data in Section 3. Section 4 contains the proofs and an auxiliary
result is proven in the Appendix.

2 Main result

We next describe the model. Set N :=n + N,, and let x1,...,zx € [0,1]. Furthermore,
set
Yi=m(x)+W; (i=1,...,n) (6)

for some m : [0,1] — IR and some random variables W7, ..., W,, which are independent
and have mean zero. We assume that the W;’s are sub-Gaussian in the sense that

_max K2RV 1} < o2 (7)

=1,...,n

for some K, 09 > 0. Our goal is to estimate m from the data

(561,}/1), ey (.’En,yn), (xn+laYn+l)a ey (xNaYN)a

where we assume that

N,
1 =
D Wy — ) (5)



is “small”. Let F,, be a set of functions f : IR — IR. Consider the least squares estimate

n Nn
mn(-) = arg]{gtn sz’ | f@) = YR+ anﬂ‘ NF(@ngg) = Yogs)?
" \i=1 7j=1

with weights w; defined as in Section 1.
We say that a, = Op(b,) if limsup,,_,. P(a, > c¢-b,) = 0 for some finite constant c.
Our main result is the following theorem, which bounds the Ls-error of m.,

1
/ () — m()2da.
0

Theorem 1. Let F,, be a set of functions which are Lipschitz-continuous with Lipschitz-
constant bounded by log(n) and which are also bounded in absolute value by log(n) and
assume that m is Lipschitz-continuous. There exists a constant ¢y > 0 which depends only
on oy and K such that for any 6, > 0 with

op =0 (n—00) and n-6, 00 (n— 00)

and

Vs
\/5'5201/

§/(2900)

n 1/2
1
<1Og/\/2 (u,{f —g:f€Fn, D 1 f (@) = gzi)]” < 6},:5?)) du (9)
i=1
for all 6 > 6y, and all g € F,, we have
1
[ 1n(a) = m()Pda
0

w® 1—w™ 1—w™ I

Remark 2. a) We can interpret the above result as follows: our bound on the Ly error
depends on the sample size, the division between the real and artificial data, the quality
of the artificial data, the complexity of the function space F,, (measured by J, and (9)),
and the approximation error of the function space JF,.

b) The upper bound in the last two lines in the above theorem is the sum of three terms
which we can interpret as follows: the first summand bounds the difference between Lo
error and the empirical Ly error and will be negligible with respect to the remaining
terms. The second summand is (1 — w(™) times the average error of the artificial data.
The remaining two summands are standard bounds on the empirical L error of the least
squares estimate based on the real data. As we will see below (see Corollary 2) they
converge to zero at the same rate as the error of a least squares estimate applied to
[n/w(™] real data points.



¢) In order to achieve the optimal rate of convergence, the choice of w™ is obvious: if
the average squared error of the artificial data converges faster (or slower) to 0, than the
Ly error of the least squares estimate applied to the real data, we should set w(™ =0 (or
w™ = 1), respectively.

To illustrate the usefulness of our main result we show what happens if we apply it to
the linear least squares estimates.

Corollary 1. Let F, be a set of functions which are Lipschitz-continuous with Lipschitz-
constant bounded by log(n) and which are also bounded in absolute value by log(n), assume
that F, is a subset of a linear vector space of dimension D,, and assume that m is Lipschitz-
continuous. Then

1
/ () — m()2dz
0

w® (1= w® 1—w® Moo
= Op | log(n)?- < + ( ) + : Z Yogs — m(@n )|

j=1
+Nn
m Do " . . \ 2
+w T—I—Jpélgl wi - | f(x;) —m(z;)]” ] -

Proof. The result follows immediately from Theorem 1 and the bound on the covering
number of linear vector spaces given in Corollary 2.6 in van de Geer (2000), which implies
that condition (9) is in the case of linear vector spaces satisfied for §,, > 02% (cf., Example
9.3.1 in van de Geer (2000) or proof of Lemma 19.1 in Gyorfi et al. (2002)). O
For particular choices of sets JF,, we derive bounds on the approximation error under
appropriate smoothness assumptions on m

n+Np
2

min w; - | f(x;) —m(z;)]* < min sup |f(z) —m(x)|?,

fe€Fn =1 fe€Fn z€[0,1]

which together with Corollary 1 yield bounds on the rate of convergence of the estimate.
Here we describe the smoothness of m as follows:

Definition 1. Let C > 0 and p = k+ 3 for some k € INg and 0 < 8 < 1. A function
m : [0,1] = IR is called (p, C)—smooth if its k-th derivative m®) ezists and satisfies

m® (z) = mP)(2)] < Cla — 2|7 (10)
for all x,z € [0,1].
If we choose F,, as set of piecewise polynomials, we get:

Corollary 2. Let L,C > 0 and p = k + 8 for some k € IN and B € (0,1]. Assume
im(z)| < L for some L > 0 and m (p,C)-smooth. Define F, as the set of all piecewise
polynomials of degree M > k with respect to an equidistant partition of [0, 1] into

K, — [(1%)1/(2174-1)_‘



equidistant intervals, where the coefficients of the piecewise polynomials are bounded in ab-
solute value by (logn)/(M+1)2, and where each piecewise polynomial is on [0, 1] Lipschitz-
continuous with Lipschitz constant bounded by log(n). Let m,, be defined as in Section 1
for some w™ > 0. Then

w™® (1= w® 1—wm® Moo
= Op [ log(n)?- < + ( ) + . Z Yot j — m(znsj)]?

(n) 2p/(2p+1)
w
n

Proof. The proof follows from Corollary 1 and Lemma 11.1 in Gyorfi et al. (2002) (cf.,
proof of Corollary 19.1 in Gyorfi et al. (2002)). O
Remark 3. a) In Corollary 2 we estimate a smooth regression function. In this case
smooth estimates are often used, which can be achieved in the situation above by choosing
Fn as an appropriate spline space. It follows from the proof that in this case we can use,
e.g., the spline space from Fromkorth and Kohler (2011) and the assertion of Corollary 2
still holds.

b) Any application of the above estimate to real data requires a data-driven choice of the
parameters (w("), Ny, K, M) of the estimate. This can be done by, for instance, applying
cross-validation to the real data.

3 Application to simulated and real data

In this section we illustrate the finite sample size performance of our newly proposed
estimate by applying it to simulated and real data.

We start with the simulation using artificial data. Here we consider three different
regression functions m; : [0,1] — IR, i = 1,2, 3 defined by

my(z) = sin(5z), mao(z) = — (5z)° and ms(z) = + sin(bx),
or + 1
cf. Figures 1.
We define our real data by
Yi=m(x)+W;, i=1,...,n,
where x; = i/n and W1, ..., W, are independent standard normal random variables. The

artificial data will be generated by
Yn+j :m($n+3)+(5, j:].,...,Nn,

where z,4; = j/N, and 6 > 0 is some fixed constant which takes different values in the
simulations. In all our experiments we choose n = 1000 and N, = 1000. The weights



Regression function

0
0
#(x)
ma(x)

Figure 1: my(z) = sin(5z), ma(x) = e — (52)° and ma(z) = ﬁ + sin(bx)

of the least squares estimate are defined as in Section 1, and we consider three cases,
namely w(™ = 1 (we use only real data), w™ = 0 (we use only artificial data) and
w™ =n/(n+ N,) (we give all data points the same weight). For the function space we
use polynomial splines of degree 2, where the number of equidistant knots is chosen from
the set {1,...,10} by splitting of the sample (applied to the whole set of real and artificial
data). For the the first regression function we do simulations for § € {0.04,0.1,0.2}. For
the second regression function we choose 6 € {0.08,0.15,0.25} and for the last regression
function we consider § € {0.04,0.1,0.2}. For each value of § we generate independently 100
data sets, apply to each data set the three estimates corresponding to the above mentioned
three values of w(™ and compute the square roots of the corresponding Lo errors of the
estimates. The results are presented in the boxplots in Figures 2, 3 and 4.

0.04 01 02

Real data Aldata Simulated data Real data Aldaa  Smuaeddwa  Readw  Ald@m  Smaeddus

Figure 2: my(z)

For all three regression functions we see that for § much larger (or much smaller) than



Figure 3: ma(z)

the median error of the estimate based only on the real data, the estimate using the real
data only (or the estimate using the artificial data only, respectively) is the best. This
confirms our theoretical results of Section 2. However, when ¢ is approximately equal to
the median error of the estimate using the real data only, the estimate giving equal weights
to all data points performs better than the other two estimates. This shows that in the
case of finite sample size it is sometimes beneficial to combine real and artificial data in
the same estimate.

We now apply our methodology to estimation of fatigue behavior of steel under cyclic
loading. Our data is obtained in a series of seven experiments where for seven values of
the total strain amplitude e the corresponding number of cycles Ny till failure and the
corresponding stress amplitude o are determined. The observed values are given in Table
1.

€ 0.003 | 0.0035 | 0.004 | 0.004 | 0.0045 | 0.005 | 0.005
Ny | 28572 | 8077 | 7878 | 2919 | 2950 | 1865 | 4015
o) 402.9 | 437.2 | 426.1 | 434.3 | 456.6 | 475.3 | 447.1

Table 1: Observed values in experimental fatigue tests.

Our least squares estimate is based on the Manson-Coffin-Basquin relation (cf., e.g.,
Manson (1965))

U} b / c
e:E-(QNf) +6f-(2Nf) , (11)



Figure 4: m3(x)

and the Ramberg-Osgood equation (cf., e.g., Ramberg and Osgood (1943))

1

ezee—&—ep:%—k(%)"/. (12)
Here a},e’f, b,c, K }, n/ and E are parameters describing the tested material. E denotes the
modulus of elasticity which is known from a previously performed static tensile material
test.

We fit this nonlinear model for the inverse relations between € and N and between €
and o to the data by minimizing the least squares criterion with gradient descent based on
the computation of the gradient using the implicit function theorem. Figure 5 shows the
real data points together with the estimate of the relations between the strain amplitudes
and the number of cycles till failure. As estimates for the parameters for the relation
between the strain amplitudes and the number of cycles till failure we get a} = 651.178,
e} = 0.0406, b = —0.0431 and ¢ = —0.3331.

Since the above experiments are extremely time consuming we augment our measured
data by artificially generated data. To do this we use experiments for related materials
(where the relation to our steel is measured by using so called static material parameters
like yield limit for 0.2% residual elongation, temperature, modulus of elasticity and sensi-
tivity of static stress strain curve), determine from the relation (11) and (12) for chosen
values of the strain amplitude the corresponding values of Ny and o, and use nonpara-
metric regression to estimate the corresponding values for our material on the basis of
static parameters of our steel. In this way we generate N,, = 100 additional data points
containing values of number of cycles Ny till failure and stress amplitude 0. We choose
the weight of our combined least squares estimate using cross-validation applied to our
seven real data points from the set {0,0.01,...,1}.

Figure 6 shows the real data points, the artificial data points and the estimate of



the relation between the strain amplitudes and number of cycles till failure based on the
combination of both data points. Here our data driven choice of the weight yields w = 0.94.
As estimates for the parameters for the relation between the strain amplitudes and the
number of cycles till failure we get this time o’y = 680.0259, €}, = 0.0279, b = —0.054 and
c = —0.2866.

The two estimates are compared in Figure 7.

4 Proofs

4.1 A deterministic lemma

In this subsection we formulate a deterministic lemma which we will need in the next
section in order to bound the empirical Lo error of our least squares estimate.

Lemma 1. Let t >0, N :=n+ Ny, wi,...,wy € Ry, x1,...,2xy € R%, y1,...,yn € R
and Gni1, ..., 9n € R. Let m be a function m : R — IR and let F be a set of functions
f:IRY— IR. Set

n Nnp,
7 (+) = arg min > wi | f (@) =yl + ) wnrg | f@nas) = sl
i=1 j=1

and

and assume that both minima exist. Then

n+Np
S i (i) — mla)?
i=1
>t + 512;wn+]~ Mm@t ) = Gnpgl? + 18 %12 ; w; - | f(x;) — m(x;)]?
implies
+ n+Np n
5 < Z; w; + |1 (i) — mi ()] < 16;% (M (i) —my (1)) - (i — m(z)).
1= 1=

Lemma 1 follows immediately from a straightforward generalization of Lemma 1 in
Kohler (2006). For the sake of completeness we present a complete proof in the Appendix.

10
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Figure 5: Observed real data points and the corresponding estimate
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Figure 6: Observed real data points (*), artificial data points (.) and the corresponding
estimate
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Figure 7: Comparison of the two estimates. Solid line is the estimate based only on real
data points, dashed line shows the estimate based on real and artificial data.
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4.2 Results for fixed design regression

In this subsection we bound the empirical Lo error of m,,

n+Nnp

S - [ (a7) — ()

=1

by the sum of the approximation error

n+Ny,
}grri ( Z wi - | f () — m(xi)\2> ;

i=1

a term which depends on the complexity of F,, measured by covering numbers and the
error of the artificial data described by (8).

Lemma 2. Let m,, be the estimate defined by (4) and (5). There exist constants c3,cqg > 0
which depend only on o9 and K such that for any §, > 0 with

op =0 (n—>00) and n-6, 00 (n— 00)

and
Vs
ﬁ'5263/

5/(290'0)

n 1/2
(mm (u U-g:feFu > 11w - sla)f < 5},x?>> du(13)

for all 6 > 6, and all g € F,, we have

n+Np
P{ S i ) — mao) P

i=1

Ny, n+Nn
> C4<an+]~ NV — m(wpsg)? +w™ .5, + min Z wj - (mz)]2>}

fEF
=1 !

-0 (n—00).

Proof. Set
n+Np,
me () = arg min < S i [f() —m(xi>|2>
J&Fn i=1
By Lemma 1,
n+Np Np,
{ S i (@) — m@)? > w® 5y + 5123w - ) — Vs

=1
n+Np

HSmin > w17 - mi m?}

i=1

=1

n+Np n
< P{ =< Z w; - M (25) — i (20) [P <16 w; - (M () — mi(2;)) - m}
< P+ Py,

14



where

1
Pl:P{nZW22>20-8}

i=1
and
1 n S n+Np
PR= P {n Z;Wi? <203, w - Tt < 2; wi - [ (7)) — mi () [* <
1= 1=

16 ) w; - (M () — my () - WZ} :
=1

Application of Chernoff’s exponential bounding technique (cf., Chernoff (1952)) together
with (7) yield

1 n
P = P{§ WE/K2>203/K2}
n
=1

P {exp (i VVZ?/KQ) > exp (2n . J(Q)/KQ)}

i=1
exp (—2n-03/K?) - E {exp (ﬁ: Wiz/K2> }
i=1
exp (—2n - a%/KQ) 1+ U%/Kz)n
exp (—2n - 03 /K?) -exp (n - of/K?)
exp ((—n) 'JS/K2) =0 (n— o).

IN

IN

IN A

From the definition of w; we conclude

1 - 2 2 n 67"0 - 7 *
P < P {nZ;Wl < 20y, w' )-? < 16;11)2- (M (x) — m; (x;)) - W

> w; i (2i) — mi ()P < 16Y  w; - (M (@) — my () - Wz}
i=1 =1
1 & b) 1<
<P {n ;Wf < 202, 5" <16~ ;(mn(xi) —m(x)) - W,

n -
=1

U5 ) — ma )l <16+ S () — () W} (14)
=1

To bound the latter probability, we observe first that % S W2 < 208 together with
the Cauchy-Schwarz inequality implies:

n

1

16— > (i (wi) = mi (@) - Wi
i=1
<16+ | Dl w2 | S W2
i=1 =1



hence inside probability (14) we have

n

> (M (i) — mii(3))* < 51207,

=1

1
n
Set

S = min{s € INg : 2%5, > 51203}.
Application of the peeling device (cf., Section 5.3 in van de Geer (2000)) yields

n

S n
1 _ 1 _ )
Zp{n ;Wf < 203,2°716, - Taa0y < - > (i) — mi () |* < 2°6,,

=1

n

max{(;”’iz i (1) — m;<xi>|2} <162 3 (ma(as) — i (a) Wi
i=1

=1

1 < 1< B . .
P{n ;WE < 205, nzil (1) = i ()| < 20,

LS~ ) 256,,

2 Do) =) Wi > 5 }

The probabilities in the above sum can be bounded using Corollary 8.3 in van de Geer
(2000) (use there R = /253,,6 = £, 0 = \/207), which yields

s
2%0,,/32) n-2%.90,
PZSZCSGXP< 4(C5/> chexp< 1.392. C5>

s=0
< n- 5n)
<cgexp | — —0

for n — oo. O

w
||Mca
o

4.3 Approximating integrals by averages

In this subsection we state the following auxiliary result which we will use to bound the
difference between Lo error and the empirical Lo error.

Lemma 3. Let f :[0,1] — IR be Lipschitz-continuous with Lipschitz constant L and let
N € IN. Then

dx——Zf (i/N) g% %

16



Proof. Since f is Lipschitz-continuous we have

N

1 1 N .
/Of(w)dx—N;f(l/N)‘ <y

i=1

i/N
[ @) - 5N da
(i-1)/N

)

IN

N /N
x)— f(¢/N)| dz
O) NUE R AN

N i/N .
1 1 1
< L- / (—x) de=—--L-—.
; (/N \N 2N

.
4.4 Proof of Theorem 1
Using the definition of w; we get
1
[T () — m(a)|dz
1 N N
= [ |mn(z) — m(x)Pde = w; - (M (@) — m() P+ w; - i (i) — m(a)|?
0 i=1 i=1
(n) ! 2 1 2
=w [ () = m(@)Pda — =Y [ () — m(z;)|
=1
1 1
—w™). 5 _ 20, = () 12
1= u) ( 1 (a) = @) e = 3 ) i) )

N
+>wi - () — mi(x)
i=1
= Tl,n + T2,n + TS,n-
W.l.o.g. m is Lipschitz-continuous on [0, 1] with Lipschitz constant bounded by logn and

m is bounded in absolute value by logn. Consequently
| () = m(2)[? — [mn(2) — m(2) |

= [mn(2) —m(x) — mn(2) + m(2)] - [Mn(x) — m(z) + ma(z) —m(z)]

<2-logn-|z—z|- (2 [IMnllec + 2 [Imloo),

hence g,(x) = |my,(x) — m(x)|? is Lipschitz-continuous with Lipschitz constant bounded

by 8log?n. By Lemma 3 we conclude

(n)
Ty < 4-log?(n) - *
n
and ™)
1—w™
Ty < 4-log*(n) - N,
Application of Lemma 2 to T3, yields the assertion. .
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Appendix: Proof of Lemma 1

Lemma 1 follows immediately from the following generalization of Lemma 1 in Kohler
(2006).
Lemma 4. Lett >0, wy,...,wy, € R4, z1,...,2N € R? and y1,71, - ..,yN, Gy € R. Let
m be a function m : R — IR and let F be a set of functions f : R? — IR. Set
N
My = arggcneig 2 wi - | f () — vl

and
N
* : 2
m; = arg min w; - | () — m(x;
iy 3w 1) = m)

and assume that both minima exist. Then

N N N
— 2 — |2 . 2
;:1 wj - | (x5) —m(z;)| + ;:1 w; - |y — i+ min ;:1 wi - | f(x;) —m(z;)|” (15)
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implies

l\J\H

N N
Z (i) — mi (22)]? 16> w; - (M (3) — mis(20)) - (g — m(:).  (16)

=1

For the sake of completeness we present next a complete proof of Lemma 4.
Proof of Lemma 4. The proof is divided into four steps. In the first step of the proof
we show that (15) implies

N N N

* t — *
D " wi - i (i) — my (23)]* > 3 +256 > wilyi — Gil* +8 ) wi- [m(z:) — m(x)*. (17)
=1

i=1 =1

Indeed, by definition of m; we have

N
sz (o) = ma)? = i 3 () = (e
which together with (15) and
N N
> wi (@) = m()? <2 w; - g () — 24 ZZwZ Im () — m(z;)]?
i=1 i=1

implies
N N N
2 Zwi (i) — my ()P >t + 5122% yi — 5l + 162% |my () — m(ai)|*.
i=1 =1 i=1

This is equivalent to (17).
In the second step of the proof we show

N
Zwi : |mn(xz) -—m ($1)|2
- N N
< 4sz Iy, (z:) — m(371)’2 + 42“’@' (M () —my () - (G — m(xi)). (18)
i=1 i=1
We have
N N
sz [ (03) — gy ()|* < 2wy - (@) — ml@a)|* +2) w; - [mj () — m(a;) | (19)
i=1 =1
and
N
sz‘ (i) — ¥l
=1

N N

I
[~]=
&
El
=
8
|
=
8
+
&
El
&
|
<
+
)
&
3
3
5
|
=
&8
=
8
|
<

i=1 =1 =1
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which implies

N
> wi - [ () — m ()
=1

N N
<2 (Z wj - [My (i) — gi|2 - Zwi |m Z/z| - Qsz M (i) —m(xi)) - (m(x;) — gz))
; —

+22w, lm () — m(z) ]2

By definition of m,,

N
> wi- [ma(i) — 5l
=1

This together with the previous inequality and (1

N
< > wimy () - Gl

=1

N
— * 2 2
= Zwi “|mp (z:) — m(z;)| +sz Yil

+2sz ;) — m(x;)) - (m(x;) — Gi)-

) yields (18).

9
In the third step of the proof we show that (17) implies

N
> w; - [mi ()
=1

N
—m(a)]? <Y wi (mg () — mi (@) - (5 — m(zs). (20)

i=1

To do this, we assume that (20) does not hold and show that (17) does not hold. Indeed,
if (20) does not hold then we can conclude from (18)

N
> wi- ma(a;)
=1

N
—mp(z)]? < 8> w; - |my () — m(xi)]?,

i=1

which implies that (17) does not hold.
In the fourth step of the proof we show that (17) and (20) imply (16). To do this, we

conclude from (18) and (20)

N
> wi- ma ()
=1

N

—mp (@) <8 wi- (M) —myy(21)) - (i — m(x2)),

=1

which together with (17) yields

¢ N
2+256;wi~|y

N
sz‘ N (@) — myy ()]
< 82:11)Z My (x;) — my (x;)) - (§i — m(x;)). (21)
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If
N N
> wie (i) = my (@) - (5 = yi) < Y wi - (@) — mi (@) - (y —mia)  (22)
i=1 j

holds, then we have

N
=D wi (mg(as) —my(22) - (G = yi) + Y wi- (Mn(@i) = m} (7)) - (yi — m(:)

i=1
<2 wi - (i) — m(22)) - (g — m(:)
i=1
which together with (21) implies (16). We conclude the proof by showing that we get a

contradiction, if (22) doesn’t hold. So assume, that (22) does not hold. Then (21) together
with the Cauchy-Schwarz inequality implies

N
> wi - [ () — m ()
=1

N N
< 8Zwi (ma(xi) —my (1)) - (U — yi) + 8Zwi (M (i) — my, () - (i — m(zi))
) ]lv i=1
< 162%‘ - (M (7)) — my (2)) - (T — yi)
i=1

N N
<16 Zwi < (M () — mj ()% - Zwi (Ui —wi)?,

i=1 i=1

which in turn implies

N
Zwi ’ (mn(.’ﬂl) w (i) 2 <16 sz Yi — yz
i=1

From this together with (21) it follows

——|—256sz — il <2562w1 — il
=1
which is the desired contradiction. ]
Proof of Lemma 1. Set N =n+ N, and for i € {1,..., N} choose
yi=vy; for i1<n and y;=g9y; for i>n

and
yi=vy; for i<n and y;=m(z;) for i>n

in Lemma 4. Then we immediately get the assertion of Lemma 1. O
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