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Abstract In this paper, we estimate a conditional density. In contrast to standard
results in the literature in this context we assume that for each observed value of
the covariate we observe a sample of the corresponding conditional distribution of
size larger than one. A density estimate is defined taking into account the data from
all the samples by computing a weighted average using weights depending on the
covariates. The error of the density estimate is measured by the Lj-error. Results
concerning consistency and rate of convergence of the estimate are presented, and the
performance of the estimate for finite sample size is illustrated using simulated data.
Furthermore, the estimate is applied to a problem in fatigue analysis.

Keywords Conditional density estimation - Lj-error - Consistency - Rate of
convergence

1 Introduction

A well-known problem in the literature is the problem of density estimation. Given
an independent sample Y1, ..., ¥, of an R¢-valued random variable Y, the goal is to
estimate the density f of the distribution of Y, which is assumed to exist. This can be
done, e.g., by the famous Rosenblatt—Parzen kernel density estimate (cf., Rosenblatt
1956; Parzen 1962), defined by
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Here h,, > 0 is the so-called bandwidth and the kernel K : RY - R, e.g., the naive
kernel K (1) = 1/2¢. 1;_; 17¢(u), is a density. This density estimate can be used, e.g.,
to estimate all probabilities of the underlying distribution, and provided we control
the L1-error of the density estimate we can bound via the Lemma of Scheffé (cf., e.g.,
Devroye and Gyorfi 1985) the total variation error of the corresponding estimate of
the distribution. It is well known that there exist estimates which are L -consistent for
all densities, e.g., the above kernel density estimate is Li-consistent for all densities
provided

h, >0 (n— oc0) and n~hz—>oo n —» o0),

see Devroye (1983). Further results on density estimation can be found in the books
(Devroye and Gyorfi 1985; Devroye 1987; Devroye and Lugosi 2001).

In applications sometimes the sample size is rather small, e.g., in case that a data
point corresponds to a rather time-expensive experiment. A concrete application in
connection with fatigue analysis, where this effect occurs, is described in Sect. 3
below. This motivates to try to combine several data sets from different (but somehow
related) density estimation problems to estimate a general density depending on a
covariate.

We do this in the context of conditional density estimation. Usually it is assumed
that a sample (X1, Y1), ..., (X,, Y,) of an R? x R-valued random vector (X, Y) is
available. Already Rosenblatt (1969) introduced an estimator of a conditional density.
This estimator and many others are motivated by the definition of a conditional density.
Let g(x,y)(x, y) be the joint density of (X, Y) and gx (x) the marginal density of X.
Then the conditional density gy x (v, x) of Y given X is given by

grix(x,y) = M

gx(x)
Replacing the joint and marginal density by density estimates we obtain an estimator of
the conditional density. To estimate the marginal density of X we can directly apply the
Rosenblatt—Parzen kernel density estimate (1) with density K and bandwidth H, > 0.
Using the product kernel estimator (c.f., e.g., Rosenblatt 1969; Scott 1992; Hyndman
et al. 1996) the estimator for the joint density is given by

1 u Ix — X y—¥i
. =—"SkK -K
san ) =, 2. ( H, ) ( hn )

i=1

where K : R — Ry is a density and h,, H, > 0 are bandwidths. Hence, we can
estimate the conditional density by
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> K (M) -k ()
h, Z?:l K (HX;IX./'H) ’

grix(y,x) = (2)

This conditional density estimation problem can also be seen as a nonparametric
regression problem. It is well known that

R [ R

for Lebesgue almost all y and Py-almost all x (c.f., e.g., Fan et al. 1996). Thus, the
estimator (2) can be seen as a kernel regression estimate (cf., e.g., Chapter 5 in Gyorfi
et al. 2002) applied to

Xll'K y=Yi XlK y—Y
"l hy, Y " hn hy ’

c.f., e.g., Fan and Yim (2004) and Gooijer and Zerom (2003).

Instead of the above kernel density estimate of the conditional density one can also
define a partitioning estimate of the conditional density. Results concerning universal
consistency and rate of convergence of the L1-error of such a partitioning estimate have
been derived in Gyorfi and Kohler (2007). Sharp minimax bounds on the L;-errors of
conditional density estimates are presented in Efromovich (2007).

In the sequel we assume that for each covariate X; (i € {1, ..., N,}) we have given
not only one observation of the value of Y;, but instead a whole sample

D = v vy

of size /; , € N. Here we assume that for given X; the data points in fo) are (con-
ditionally) independent and identically distributed as Y;, and that all data sets D,(f)
(i =1,..., Ny,) are independent. For each of these data samples we can estimate the
conditional density of Y¥; given X; by

lin @)
A 1 y—Y
fav. Xi) = D> K| ——). 3)
li,n . hn hn

=1

where K is a density. Since the amount of data /; , is decisive for the quality of the

above-defined density estimators fn (-, X;i), we will use a local average of kernel den-
sity estimates with an additional weighting through the amount of data corresponding
to the different densities, and define our estimate via
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vailli,n-G("x X”)fn(y X0
>V 16 ()
Z, "IG(”X Xn)zl,l K(y Yo))

fn(% x) =

, 4)
Ny llx—=X;ll
hn Z; 1ljn-G ( H, )
where G = ]1[0’1].
The estimate (4) is the estimate which we get from (2) if we use there the data
{(xi,yk(")):i:l,...,Nn,k:l,...,ln,i}. (5)

Here the data (5) can in general not be considered as a sample of a random vector
(X,Y), since [, ; are deterministic numbers and X might have a density with respect
to the Lebesgue—Borel measure.

We measure the quality of our estimate by the average L -error

// a0 ) — F(v. )] dy Py(dx),

which is (via the Lemma of Scheffé) directly linked to the total variation error of
the corresponding distribution estimate. We derive sufficient conditions for the L{-
consistency of our estimates and we investigate the rate of convergence of the expected
average Li-error in case of smooth densities. Motivated by an application in fatigue
analysis described below we extend all of the above results to the case that the data
points ¥, ) can be observed only with additional measurement errors, which do not
need to be independent or have expectation zero, but vanish on average asymptotically.
The finite sample size performance of our estimates is illustrated using simulated data.

Throughout the paper the following notation is used: the sets of natural numbers,
integers, real numbers and positive real numbers including zero are denoted by N, Z, R
and R, resp. BB denotes the set of all Borel sets in R and 1 denotes the indicator
function of the set B. ||x|| is the Euclidean norm of a vector x € R¢. The support of a
probability measure x defined on the Borel sets in R? is abbreviated by

supp(u) = {x eR? : w(S;(x)) >0 forall r > O} ,

where S, (x) is the ball of radius » around x.

The outline of this paper is as follows: the main results are presented in Sect. 2 and
proven in Sect. 4. Section 3 illustrates the finite sample size behavior of our estimate
by applying it to simulated data and to a problem in fatigue analysis.
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2 Main results

Let (X, Y) be an R x R-valued random vector such that the conditional distribution
of Y given X = x has a density f(-,x) : R — Ry (with respect to the Lebesgue
measure). In the sequel we assume that f is a (measurable) real-valued function defined
onR x R4, Consequently, since f (-, x) is a density for all x € R4, we have

//f(y,X)dyPX(dx)=1<oo,
R4 JR

Let (X,Y), (X1, Y1), ...(Xn,, Yn,) be independent and identically distributed. We
assume that for each i € {1, ..., N,} we observe X; and a conditionally independent
sample

D = {r". vy

of Y;. Furthermore we assume that all data sets fo) are independent. The estimator
of f(y, x) is given by

@
Ny Ix=Xill Lin =1
206G ( a7, ) 2l K\

fn(y»x) = —X .
b SN 1 G (L)

with G = ]1[0,1].

Theorem 1 Assume that f : R x R — R is measurable and satisfies

/ FO,x)dy=1 (x e RY).
R

Let f,, be the above-defined density estimate of f and let the kernel K : R — R be
a square integrable density. Then

(A1) hy — 0, H, — 0, N, - H! — 00 (n — o0),
(A2) Ny - H? - hy -minj<i<y,lin — 00 (n — 00)
and

: maxi=,.., i Lin
(A3) limsup,,_, —mini:: YYYYY 1’;’" 2 <00
imply
B[ [ 14000 = £0:01dy Px(@) = 0 (1> o0,
Remark 1 In the case [, ; = 1 for all i the estimate (4) is equal to the standard kernel

density estimate (2) of a conditional density and Theorem 1 implies that this estimate
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is weakly universally L; consistent in case that K is the naive kernel and that the
bandwidths satisfy

hy >0 (n—> o0), H, >0 (n— 00) and n-H,f-h,,—>oo (n — 00).

Remark 2 The conditions in (A1) are typical conditions on the bandwidth that are
needed to assure consistency of kernel regression and kernel density estimates. The
condition (A2) is weaker than the condition

hy - min [, — o0
1<i<N,

that is needed (besides h,, — 0) to guarantee that all inserted density estimates are
consistent.

Remark 3 In Theorem 1 we require that the kernel K is a square integrable density.
We conjecture that using arguments from the proof of Theorem 9.2 in Devroye and
Lugosi (2001) it should be possible to prove Theorem 1 also for kernels K : R — R
which satisfy only

/|K(x)|dx<oo and /K(x)dx:l.
R R

Corollary 1 In addition to the assumptions of Theorem 1 we assume that the same
amount of data is given for each covariate, i.e., l1 , =1, =--- =Iy, n» =t l,. Then
(A1) and

(A2') Ny -H¢ -1, -h, — 00 (n — o0)
imply

E//Ifn(y,X)—f(y,X)ldny(dX)—>0 (n — o0).

Proof Due to the additional assumption we have

min i, = max [, =1,
1<i<N, 1<i<N,

and hence condition (A2) of Theorem 1 simplifies to (A2") and condition (A3) trivially
holds. O

Next we analyze the rate of convergence of our estimate.

Theorem 2 Assume that f : R x RY — R satisfies

/R FOhx) = fOualdy < - v — 0l G eRD (6

for some c1 > 0, a € (0, 1]. Let f;, be the above-defined density estimate of f with
lp=1bn,="--=IN,n =1y Then the conditions
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(A4) The densities (-, x) (x € R4 are Holder-continuous with exponentr € (0, 1],
ie.,

| fu,x) — f(v,x)| <co-|lu—v|" forall u,v eR, x € RY and some ¢» > 0,
(AS) There exists a compact set B € B such that
f(y,x)=0 forall y ¢ Band Px-almostall x € RY,

(A6) C = supp(Px) is compact
and

(A7) K is a density satisfying
/KZ(u)du < oo and /K(u).|u|’du <00
R R

imply that there exist constants c3, ¢4, ¢s and cg > O such that for all n € N we have

E// | fo(r. ) — £ )| dy Py(dx)

< = tooy HY 4os )+

= Ny ly-hy - H?

Remark 4 Condition (6) and (A4) are, e.g., satisfied, if we set « = r = 1 and choose
X as uniformly distributed on [—0.5, 0.5] and define Y for given X = x as normally
distributed with mean x and variance one. In this case (6) follows from Lemma 1 in
Bott et al. (2013).

C6
Ny - H¢

)

Remark 5 In Theorem 2 we impose the two smoothness assumptions (6) and (A4)
on f.Here (6) is used to derive a rate of convergence result for the kernel regression
estimates applied to the different density estimates, and (A4) is needed to bound
rate of convergence of the individual density estimates which are averaged in our
kernel regression estimate. Both for kernel regression estimation and kernel density
estimation similar smoothness assumptions are known to be necessary to derive non-
trivial rate of convergence results, however, it is an open problem whether the above
smoothness assumptions are really necessary for the above rate of convergence result.
To determine the optimal rate of convergence in Theorem 2 we have to choose the
bandwidths 4, and H, such that the right-hand side of (7) is minimal. We refer to
Sect. 4 for details concerning this minimization. This leads to the following result.

Corollary 2 Assume that the assumptions of Theorem 2 hold.

(i) In case that N,fawr]) < l,fr(aer) we set h, = c¢7 - (N, - ln)_@'“ﬁl)’ﬂ’ and
H, =cg - (N, -1,) Cordr+a For suitable chosen cg > 0 it holds

E / / a0 x) — £ )] dy Py(dx) < co - (N - 1)~ Tebrre.
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—a(r+1) l—r(a+d)

1
d)(2-r+1 -7
CER )( r+1) ln 27+ and

(i1) In case that N, we set h, = c19 - N

1
H, = c11 - N, “™. For suitable chosen c12 > 0 it holds

E// [fu(y,x) = f(y,x)|dy Px(dx) < c12 - Nn_aaW.

Proof The assertion follows directly from Theorem 2 and the definitions of 4, and
H,. O

Remark 6 Corollary 2 implies the surprising fact that up to some threshold, namely
as long as I,Z(O[er) > Ny D holds, increasing /,, from one to some greater value does
not improve the rate of convergence of our estimate, because our upper bound on the
error in (ii) depends only on N, (i.e., on how many x-values we observe) and not on
I, (i.e., not on the number of y-values we sample for each x-value). However, after
this threshold, i.e., as soon as lf,('Hd) < N,‘f (r+1), the upper bound becomes a function
of N, - I, and is hence directly influenced by the value of /,,.

Remark 7 In case of [, = 1, N, = n and o = r = 1 Corollary 2 states that our esti-

1
mate achieves a rate of convergence of O(n~ @+3). Gyorfi and Kohler (2007) obtained
the same rate for a partitioning estimate.
We now assume that we observe only data

DY = {70700 =1 N

with additional measurement errors. An application, where this is indeed the case, is
described in Sect. 3. The data Yl(’), Y(l) Y(’) (G €{l,...,N,}) donotneed to be
conditionally independent or 1dent1cally dlstrlbuted We assume that the measurement
errors are “small” and for this reason we ignore them completely. Consequently we
define our density estimate f;, of f as

Zz— G(Hx XH)ZZ,,, () y(>)
he X a6 (B )

In the following theorem we show that under appropriate assumptions our density
estimate remains L j-consistent.

fu(y,x) =

Theorem 3 Assume that f : R x RY — R is measurable and satisfies
/ fO.ody =1 (x eRY).
R

Let f, be the above-defined density estimate of f with a symmetric density K, which
is bounded and monotonically decreasing on R. Then (Al), (A2), (A3) and
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1

(A8) E [ 2 6Tt i

N X=X
3N zj_,l-G( = )

)yl
70 -y

]_>0 (n — o)

imply
E//|fn(y,x> — f(y,x)|dy Px(dx) > 0 (n — 00).

Remark 8 The conditions (A1), (A2) and (A3) are also needed for data without addi-
tional measurement errors. Condition (A8) specifies how the measurement errors need
to behave such that our estimator remains consistent.

Theorem 4 Assume that f : R x RY — R, satisfies

/le(y,xl) — f(y,x2)ldy <ecis - lx1 —x2|* (x1, x2 € RY)

for some c15 > 0, a € (0, 1] and let f, be the above-defined density estimate of f
withly, =l , = =In,n =: ln. Then (A4), (A5), (A6),

(A7) K is a symmetric density, which is bounded, monotonically decreasing on the
positive real axis and which satisfies

/K(u)~|u|’du <00
R

and

(A8')

=

n

o

[ =

Iy
>E {|?k(’) -r?| x, X,-} <ci6
k=1

~

n

almost surely for all 1 <i < N,, some c16 > 0 and some 5, > 0

imply that there exist constants c17, €18, C19, ¢20 and co1 > 0 such that for alln € N
we have

_ c17

E//If(y,x)—f(y,x)ldny(dx)§ +cig- Hy +ci9- hy,
! SNy 1y - hy - HE g "

€20 —1

-8

TN HY +ea o

Remark 9 We can draw the following conclusions from Corollary 2 and Theorem 4:
In case that N,,_a(rH) < l,,_r(“+d) we set h, = ¢y - (N, - 1) @eFdr+e and H,, =

23 (N, - l,,)f(2-a+fi>’+°f . For suitable chosen c>4 > 0 it holds
E / / [Fo0e) = f G0l dy P (d¥) < caq - max [ (N, - 1) @b g1
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a 1
1 —r(a+d - . “ Al
—a(r+1) > I r(a+d) = ¢y5 - N, @FOCTFD T Tre

And in case that N, we set h,, and

H, = cy - N, ~ara . For suitable chosen ¢p7 > 0 it holds

E//Ifn(y,x)—f(y,X)ldy Px(dx) 5027-maX[Nn_aid,5;1]-

3 Application to simulated data

In this section we consider three different examples of simulated data. In all cases
the covariate is uniformly distributed, whereas the distribution of the data sets varies.
At first we sample N = 80 covariates {X1, X», ..., Xgo}, and afterwards we sample
the corresponding data sets D; = {Y (i), Yz(i), e, YZ(?} where we observe for each
value of the covariate 25 points. Overall we sample n = 2000 data points beside the
covariates. Our estimator uses the corresponding data of those covariates for which
the difference of the covariates to the considered covariate is less than the bandwidth
H. And for each covariate the density estimate with bandwidth /4 is considered. We
choose both bandwidths 6 = (h, H) with i, H > 0 out of a set of parameters ® by
adapting the combinatorial method of Devroye and Lugosi (2001) in our setting. Here
welet ® = {0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1}2. We define the empirical
measure based on the data set D; by

fi(A) = ZHA(Yk“)) (ACR)
k 1

and the proposed estimator without the data set D; is defined by

Ry, 05, G(M)

fi,é‘(ya x) -

We select 0 = (h, H) through minimizing
80
A9= sup '/ fio(y, Xi)dy — M:(A)'
i—1 AieA;
where

A={{yer: fin0.X0 > fin0. X0} 01,02 € 0],

i.e., we choose
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Fig. 1 Typical simulation for 2 i — norm
n=0.16 — RP1
— RP2
— new est.
©
S A
<
pas
o
A
o
S A
T T T T T
4 -2 0 2 4

With this bandwidths § we define our estimator

80 lx—X;]| 25 i
216 () 2 K ( P

BIERIES

fo(,x) =

In the implementation of our estimate we approximate all integrals by Riemann sums.
In addition to our proposed estimator we consider two variants of the Rosenblatt—
Parzen density estimator. The first one (RP1) is the Rosenblatt—Parzen estimator
applied to 25 data points which are specially sampled to the considered covariate.
Hence, this estimator uses data that are actually not available and, therefore, it is in
practice not applicable to our setting. The second version (RP2) uses those data points
(25 points) for which the corresponding covariate of our covariate sample comes clos-
est to the considered covariate. For both the bandwidths are chosen by unbiased cross
validation. For all three estimators we use the naive kernel.

In the first simulation model we let the data be independent normally distributed
with variance one. In this case the covariate corresponds to the expected value which
varies with each data set. We let the covariate be uniformly distributed on [—0.5, 0.5].

Figure 1 shows a typical simulation of the three estimators and the real density
for © = 0.16. While the Rosenblatt—Parzen density estimators used only 25 data
points, the proposed estimator used in this case 475 data points. Since the results
of our simulation depend on randomly occurring data points, we repeat the whole
procedure 100 times and report boxplots in Fig. 2. We compare the estimated average
Li-errors of all these estimators. The mean of the estimated average L1-errors of the
proposed estimate (0.236) is less than the mean of the estimated average L1-errors of
the Rosenblatt—Parzen estimators (0.324, 0.442).

Secondly, we consider exponentially distributed data with parameters A that are
uniformly distributed on [0.5, 1.5]. In Fig. 3 an illustrative comparison of the proposed
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Fig. 2 Boxplots of the °
estimated average L1-errors o
-] o
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Fig. 3 Typical simulation for g | — exp
A =0.89 — RP1
— RP2
— new est.
©
i
<
(=)
N
(=)
-
S
T T T T T T
0 2 4 6 8 10

estimator (which uses 975 data points) and the Rosenblatt—Parzen density estimators
(based on 25 data points) is pictured in case of A = 0.89. As before we compare in
Fig. 4 the estimated L1-errors of these estimates. The means of the estimated average
L-error of the Rosenblatt—Parzen estimators (0.473, 0.550) are nearly twice the mean
of the proposed estimate (0.253).

As a third example we consider log-normally distributed data with variance one.
As in the first simulation model the covariate corresponds to the expected value and is
uniformly distributed on [—0.5, 0.5]. Figure 5 shows a simulation example for u© = 0.
Here the proposed estimator uses 2000 data points. Comparing the estimated average
Li-errors for 100 repetitions we obtain the boxplot in Fig. 6. Also in this example
the proposed estimator outperforms the other estimators. The means of the estimated
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Fig. 4 Boxplots of the
estimated average L|-errors
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new estimator RP 1 RP 2

Fig. 5 Typical simulation for — logn
nw=0 — RP1
— RP2
—— new est.
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!
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1

0.0
1

average Li-error of the Rosenblatt—Parzen estimators (0.497, 0.549) are considerably
higher than the mean of the proposed estimate (0.243).

The advantages of our estimator become evident in applications where the sample
size per covariate is very small or where no sample for the considered covariate is
available. If we want to estimate a density in dependence of one particular covariate
where a corresponding sample exists, we can also apply the Rosenblatt—Parzen esti-
mator to this sample. This corresponds to the above-introduced RP1. Because of the
small sample size this estimator performs worse than our estimator. Clearly, this effect
could reverse with a larger data sample per covariate. Simulations showed that in the
first example around 50 data points are enough, while in the other two examples the
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Fig. 6 Boxplots of the o
estimated average L1-errors R
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Rosenblatt—Parzen estimator needs around 120 data points to achieve results that are
comparable to the ones of our estimator.

Finally we apply our estimator to examine the fatigue behavior of steel under
cyclic loading. The data are obtained by relatively time-consuming experiments where
for each material m and several adjusted total strain amplitudes € the corresponding
numbers of cycles N till failure are determined. We are interested in the random
behavior of N. In our model we assume that the behavior of the numbers of cycles N
till failure can be described by

N(m, €) = w(m, €) +o(m,e) - 8™, ®)

where 1 (m, €) is the expected value of N (m, €) and o (m, €) is its standard variation.
8" is an error term with expected value zero. Hence, we expect the numbers of
cycles till failure to vary around the expected value by a random error term. While the
numbers of cycles till failure and accordingly its expected value and variance depend
on the material 7 and the total strain amplitudes €, we assume that the error 6 only
depends on the material m and has a density. Our goal is to estimate the density of
8™ using given data sets

{(EY"’, N e N(’"))}

’ [} m

for each material m. Since these experiments are very time consuming, the number of
observations per material is low. Here we consider 26 materials with 305 observations
in total. Hence, the sample size per covariate is very low (at most 21 observations,
on average 12). We will apply our estimator to estimate the density of 8/, m e
{1...,26}. But at first we need to construct data of ™ for each material m. Because
of (8) we have samples of 8™ given by
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N™ = pm, ™)

o(m, ei(m))

8" = G=1,...0n)

for each material m = 1, ..., 26. Since u and o are unknown, we plug in estimates
a(m, €) of u(m, €) and 6 (m, €) of o (m, €). Due to this estimates we obtain only data
with measurement errors. We apply the parametric estimator of Williams et al. (2002)
to estimate u(m, €). Therefore, we need to assume that the mean behavior of N is
given by the cyclic stress—strain curve (cf., Manson 1965) and consequently we need to
estimate only the parameters that determine this curve. The estimation of the variance
is more complicated, because we need to apply a nonparametric estimator that usually
needs more data. This is the reason, why we generate artificial data points like in Furer
and Kohler (2013) and apply the referred smoothing spline estimator to the original
data points and artificial data. Thus, for all considered materials we construct a data
sample

jom aom)
88

’ [m
via

(m) _ ~ (m)
ng) _ N,-m - M(mvéim )
l

o(m, ei(m))

where [(i(m, €) and 6 (m, €) are the above-mentioned estimators. Thereby we can
apply our estimator and get a density estimate of the error variable in dependence of
the material. We determine the bandwidth of our estimator as in the case of simulated
data.

If we consider one particular material, we obtain density estimates of the numbers
of cycles till failure in dependence of the total strain amplitudes €, because for each
material m and total strain amplitude €, . (m, €) and o (m, €) and, respectively, L(m, €)
and & (m, €) are fix. Let ™ be the density estimate of 5/, then (8) implies that

Am) ( . —ﬂ(m,e))
~ G (m,€)
g = ——m

o(m,e€)

is a density estimate of N (m, €). While f 0m) is fix for all strain amplitudes €, /1(m, €)
and 6 (m, €) vary with each strain amplitude and thus, §(m) alters for each €. In the
following Fig. 7 you can see our estimator g in dependence of € for one specified
material. The maxima to each curve describe the cyclic stress—strain curve with the
estimated parameters as before. The figure shows, how the numbers of cycles N till
failure vary around its expected value.
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Fig. 7 Estimated densities of N in dependence of €

4 Proofs
4.1 Proof of Theorem 1

Let B C R be compact. According to the Lemma of Scheffé it holds
[ [ 1020 = sv0nay Prcan)
=2 [ [0 = fioox dy Pecan)
<2 [ [1ho0—roldypean+2- [ [ pooody P

whenever f,(-, x) # 0. Trivially this also holds in case f,, (-, x) = 0. For suitable
chosen B the second summand is arbitrary small and thus it suffices to show

E//BIfn(y,X)—f(y,x)ldny(dx)—>0 (n — o0). ©)
With C C R it holds
E//B|fn<y,x)—f<y,x>|dny<dx>

SE/C/B|fn(y»x)_f(y,x)|dyPX(dx)+2_PX(CC).

We can choose C C R? compact such that the second summand is arbitrarily small,
thus, we consider only the first summand. By Fubini’s Theorem and the triangle
inequality we get
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E/ / |fl’l(y,x) —f(y’x)|dy PX(dx)

CJB

:/C/BEan(y,x)—f(y’x)H dy Py (dx)

5‘/C/13E{|fn(y’x)_E{fn(y’x)lxl""’XNnH} dy Py(dx)
+€ [ LU0 X X ) = £0,01) dy Pr(@

=:Ain+ Az

At first we consider Aj ,,. With the Cauchy—Schwarz inequality, the fact that B C R
is compact and Fubini’s Theorem we conclude that

/C/BE{Ifn(y,X)—E{ﬁl(y,X)le,...,XNn}l} dy Px (dx)

S/C/B\/E{|fn(y7X)—E{fn(ny)|X1 ,,,,, Xu 2} dy Py(dn)

:/C/B\/E{E{|fn(}’ax)*E{fn(y,x)th...,XNn}\z‘X],...,XNH}}dyPX(dx)

5c28~\//CE|/ B {100 B 000 X1 X XX | 0y P,
B

Using the independence of the data sets D,(f) and of the data within each data set we

obtain

/BE[\fn<y,x>—E{fn(y,x>|X1 ..... Xn 2| Xt X, | dy

2
Nn —X; lin y—r y—y
Zi:lG(”XH,, H)Zk:] (K(Vh,,k )_E‘K( e ‘Xl ,,,,, X
/ E
B

x—X
hn ZI/V;] Ij.n -G (H’CH” /")

. 0 v ?
Z;VLIG(H’\TI)’('")ZQLIE‘(K(}/:‘ )_E{K()Tk) ‘X]-,-.»an]) Xl ..... XNn]
- !

o I=X,1})?
B (hn 22 lin -G (VHiuj»

2
No i —X; y=r y=r?
2 TG("XHiH) fsE[(K( i )*EIK (Tk Xi

_ (Z.I/Vll Lin-G (H*;iiX/H))Z

Xi] dy
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Due to the square-integrability of K we know that there exists a constant co9 > 0 such
that

/ K2(y)dy < c2.
R

ElCCE) )
el (e e
_ /B / K> (yh;) f(u, X;) du dy
e

_“) fu, Xi)dudy
:h// K2(2)dz f(u, X;) du
R

< hy-c

With

Xl' dy

we obtain

[ o (552)
Vel (@ o ()’

€29
B /C . ' Iy - ZIN=n1 lin-G (||X;Ifi ||) . 1{2_’;’:1 li,,,-G(‘lx;ff-j‘|>>0} Px(dx).

Alp < c28- Px (dx)

Applying Lemma 4.1 of Gyorfi et al. (2002) we get

€29

A Iy e R S ] L

l:nl ll,n

€29 1
i LB s () (o)) |

1<i<N,

IA

IA

€29 / 2 Py(dx)
. X).
min i, he Jo (Na+1)-P{lx — X, < Hy)
1<i<N,
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Due to compactness of C we can apply Equation (5.1) of the proof of Theorem 5.1 in
Gyorfi et al. (2002) and conclude that

1 €30
Px(dx) < —.
/CP{HX—XlIISH} X HY

Hence,

C
Al,n < oL

o B b i, G

Due to assumption (A2) A, converges to zero. It remains to show that

Az,,,=/CE/B|E{fn<y,x)|xl,...,xN,l}—f<y,x)|dy Px(dx) = 0 (1 — o0).

Using /j, > Oforall j € {1,..., N,} and n € N we obtain

/C E /B B (0 2) | X1 X ) — £ 0] dy Py ()

@)
>N G (%ﬂ)};[[((%) ‘Xl,...,XN”]
=/E/ f.x)—
C B

— dy Px(dx)
hnan Lin- (HxHif]H)

S0 1 G (L) b f K (5 f s X du
S IACEE NP AT SN ay Px(@x)
C B zjnlljn.G(T/)
S/E/ f(y,x)-IL 1_v,, G(w):o} dy Px(dx)
l,,,G ”*X” ( Y X;)d
i )ISfyx) fox (52) - £ e, X du) o et
i a6 (B
& (Ml = Xl
J _
S/CPI,ZIG<H")_O] dy Px(dx)
Nn llnG HX X” ( y—uy in d
/ / = )N)j . ﬂxhx ( h") o u‘dyPX(dX)
2t G(i,l)

= Bl,n + BZ,n~

With B; , we proceed analogously to the proof of Theorem 5.1, Equation (5.1) in
Gyorfi et al. (2002). We choose S C R compact such that Py (S¢) is arbitrary small
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Then it holds
N,
: X — Xl €32
B ,=P G|l———)=0; < Py (S€
Ln ]Zl ( i, N, Hd+ x (59),

which implies By, — 0 for (n — 00).
In the sequel we bound B, , from above. Our proof is based on Devroye (2015).
We have

“) -f(u,x)du‘

dy Py (dx)

o [ Bt (). \ﬂy,x) [k (i

lx—a50 X
N,,

1 G (B0 K (5) 1 X0 = )] du
/ / 1 ; N hl/n (G(Z X; H) dy Px(dx)

¥, x) — / ( u)vf(u,x)du
K

S G (L) - () 17 X0 = £, )] du
/ / zjll lin-G (\\X;{f./\\)
= Cl,n + C2,n~

dy Py (dx)

dy Px(dx)

For x € R? we know that f (-, x) is a density, hence Theorem 1, Chapter 2 in Devroye
and Gyorfi (1985) implies

1 _
/B’f(y,x)—/h—l( (yh u).f(u,x)du

Because of

dy - 0 (n — 00).

1 _
‘f(y,x) /h K(yh ”) fu,x)dul d
/f(y,x)dy—l—// ( )dy fu,x)du=2

this together with the dominated convergence theorem implies

Cp1—>0 (n— 00).
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Furthermore
Co < mflxi=1 ,,,,, Ny lin
min;—1, N,
Z "";,f"”) ( “) 1 f G X0 = f )] du
/ / dy Px(dx)
G [lx— X ||)
< max;—1,...N, lin

min;—p, . N, ltn
3000 G (BFEL) - f K (S2) dy 1 X0 = f )] du
X/CE Z n G(\X X; H)

Hy

Px(dx)

max;=1,...N, lin

IA

min;=1,..n, lin
[ [Z,-”:l G (LX) - J1ra X0 = fw 0] du
x | E -
Nn [lx—X I
c Z]:l G ("Hi/)

n

l Px(dx)

IA

Ny X=X .
max;—1...n, lin ./E[Zi=1G( I, )-|f(u,X1)—f(u,X)|]du.

1 X-X;
min;=1,... N, ll n Zjv;l G (H}Iij”)

n

By the proof of Theorem 5.1 in Gyorfi et al. (2002) (compare there pages 74-75)
we get for any u € R

> G (B, X)) — fw, X))
> 6 (M)
yi

> 6 (BGEL) - po X
- Z (\X X II)
§Const‘/f(u,x)PX(dx)+/f(u,x)Px(dx),

+ / £, )Py (dx)

where
//f(u,x)PX(dx)du =1 < oo.
Hence, by dominated convergence and assumption (A3) it suffices to show

> G (), X)) — fw, X))
> 6 (PE)

for Lebesgue almost all u € R.

0 (10)
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The weights of the kernel regression estimates satisfies conditions (1)—(3) in The-
orem 1 in Stone (1977) (cf., e.g., proof of Theorem 5.1 in Gyorfi et al. 2002). Hence,
if for some u € R

E|f(u, X)| < o0

holds, then Proposition 1 in Stone (1977) implies that (10) holds. Since

/E|f<u,X>|du=/ /f(y,x)dny(dx)=1,
R R JR

this implies the assertion. O

4.2 Proof of Theorem 2

Due to (A4) and (A5) we can choose B C Rand C C R4 compact such that

E//Ifn(y,X)—f(y,x)ldny(dX)S 2'E/C/BIfn(y,x)—f(y,X)ldyPX(dx)-

According to the proof of Theorem 1 and assumptions (6) and (A4) we have

E//|fn(yax)_f(ysx)|dyPX(dx)SAl,n+Bl,n+Cl,n+C2,n

€34

,/N Hd N - HY

/// ( ) (e x) = £, )] dudy Py(dx)

>0 6 (BFEL) - S X0 — fw, X)) du
DIIRE: (szlifi u)

c34

< 33 +
=~ /Ny -HZ h,-l, Np-H

/// ( )~cz-|y—u|r dudy Px(dx)

>0 G (LK ”) cer 1 X; — X

+E

H,
Ny X=Xl
Z, 1 ( H, )
o
\/Hd— N, Hd+C35 hl 4+ c36 - HyY
The proof is complete. O
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4.3 Remarks on the minimization of the right-hand side of (7).

In this subsection, we show how we can choose the bandwidths 4,, and H,, such that
the right-hand side of (7) is minimal.
Minimizing the right-hand side of (7) with respect to &, leads to

1 _d_
hp =c37-(Nyp - 1,)" 7+ - H, o ,

and using this bandwidth we get from (7)

dr

o — 2T c6
E//Ifn(y,X)—f(y,X)\dy Px(dx) < c38 - (Ny - 1) "7 - H, "' ¢4 - HY +

N, - H¢"
(11

The optimal bandwidth H,, which minimizes the right-hand side of (11) satisfies

d-r

__r 1 C40
€39+ (Np « L)~ 231 - ’
2r

_dr _
T - H, ! +N— d-H " =cy - H
n

For the optimal bandwidth either the first term on the left-hand side above is greater
than or equal to the second term or vice versa. From this we can conclude that the
optimal H, lies either between the two solutions of

d_r _dr_ _

o £ 1 _
c39 - (Ny - 1Ip) 2"+"2r+1~ n2+1 :C40-Ol~l‘l;l]{1
and
r d-r —dr g
2'C39'(Nn'ln)7m'2r+1' T =0 HY

or between the two solutions of

C40 —d— — C40 —d— —
Dd o H =y a-H and 222 g H T =gy e HOL
Ny Ny

- d-r

Hence, up to some constant the optimal H,, satisfies in case (N, - [,,)” Z7+T - H, 71 >
1

v Hy 4 the equation

- _dr
(Np - 1p)” %1 - Hy = H;?

— rf - d.r .
and in case (N, - 1,) "7+ - H, ' < NL - H, % the equation
n

1
F-H,;":H;j.
n
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4.4 Proof of Theorem 3

Let f, be the estimator of f thatuses real data Yk(i) instead of Y k(i) (i=1,...,Ny; k=
1...,1in). It holds

E//Lf;(y,x) — Frx)ldy Py(dy)

SE//Ifn(y,X)—fn(y,X)Idny(dX)+E//|fn(y,X)—f(y,X)\dny(dX)-

By Theorem 1 we already know, that with the assumptions (A1) and (A2)

E//Ifn(yyx)—f(y,X)Idny(dX)—>0 (n — 00).

Thus, it remains to show that

E//|fn(y,x)—fn(y,x>|dny<dx>—>0 (n — 00).

Due to our assumptions on the kernel K we can apply Lemma 1 of Bott et al. (2013)
which yields

/‘K (%) —K(%)‘ dy <2-K(0)-[y1 — y2| forall yi, y €R.
n n

Hence,

E// | /(v x) — fu(y, x)| dy Px(dx)

_ E/ a0 X) — £y, )1 dy

1 Ny X—X; li.n y_);(i) y_Ygi)
2o G (—H H, ”)Zk:1f'[(( i ) - K( i dy
<
- Ny XXl
Zj=llj’n.G( Hnj )
o | e () e 7 -
< . .
= X—X;
hn N Zjvil lj,n ° G (—” H, J ”)
The assertion follows by assumption (AS). O
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4.5 Proof of Theorem 4

We know from Theorem 2 and the proof of Theorem 3 that

E//lfn(y,x)—f(y,x)ldy Px(dx)

C42 C45
< +cu3- HY +caa- ) +

= Ny by -h, - H? " " N,-HZ
Z A G(ux X’”)Z )Y(w Yk(i>
X—X;
hn'z]‘ill"'G(%)

+ c46 - E

Due to condition (A8") it holds

sMoG (|Xffn)z ‘Ym o

o e 6 (250)

S L P
b 30 1 G ()

ZlN':an(”XITIA) c15 -l 5_"

v e o (550)

—1
c15 -6, .

<E

A

The proof is complete. O
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