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Abstract

Image classification from independent and identically distributed random variables is
considered. It is assumed that the images are generated by an image deformation model,
where each image is a deformation of one of two given images. Overparametrized deep
convolutional neural network image classifier are defined where the weights are learned
by stochastic gradient descent. A theoretical result is presented which shows that the
expected misclassification probability of the estimate converges to zero with rate 1//n
where n is the sample size.
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1. Introduction

1.1. Image deformation

In this paper we use an image deformation model introduced in |Chen, Langer and
Schmidt-Hieber| (2024) in order to investigate image classifiers. In this model it is
assumed that the images are discrete observations of deformations of two continuous
images described by mappings fo, fi : R? — [0,00). Here fy and f; characterize
the grayscales of the images with smaller function values corresponding to darker pix-
els. The images are observed on a grid of size d x d, and the observation at position
(1,7) € {1,...,d} x {1,...,d} is the average grayscale

fij=d* / f(u,v) dudv (1)
[(i=1)/d,i/d]x[(j=1)/d.j/d]
of the image in the square [(i — 1)/d,i/d] x [(j — 1)/d,j/d] (f € {fo,fi}). In our

model we assume that we observe transformations of the images. More precisely, we let
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A :R? — R? be an invertible mapping, and let € (0,00) be a brightness factor. Then
we assume that in our training data instead of we observe

d*n- / f(A(u,v)) dudv (2)
[(i=1)/dyi/d]x[(j=1)/d.j/d]
((4,7) € {1,...,d} x{1,...,d}) together with the information whether f = fy or f = f;
holds for the point in our training data. And the aim is to predict for an additional
observation for (i,7) € {1,...,d} x {1,...,d} whether f = fy or f = f; holds.
Possible examples for the above invertible mapping A include affine transformations

- 5 ()+6)

where by, ba, b3, bg, 7,7 € R with by - by — bo - b3 # 0. If we choose

(bl bg) _ <cos'y — sin’y) <§ 0>

- : : ! (3)
bs by siny cosvy 0 ¢
we compose a scaling in z- and y-direction with a rotation and add a translation by 7,7’
along z- and y-direction respectively.

This leads to the following model for the generation of our data. Given are two
functions fy, f1 : R? — [0, 00), some 7 € [0, 1], some class A of invertible transformations
A : R? — R2, a probability distribution Q; on A and a probability distribution Q-
on (0,00]. In a first step, independently a value k € {0,1} is chosen from a Bernoulli
distribution with probability of sucess 7, an invertible transformation A is chosen from
A using the probability distribution @1 and a brightness factor n is chosen from (0, co)
using the probability distribution Q2. Then X = (X; ;); jeq1,...ay € [0, 1] dbx {1 d} g
generated by

Xij=d 0 / Fo(A(u,0)) dudo, (4)
[(i—1)/di/d]x[(j—1)/d,j/d]

and Y is set to the class of the image, i.e.,

Y:{l’ it k=1 )

—1, ifk=0.
In this way independent and identically distributed data (X,Y), (X1,Y1), ..., (Xn, Ys)
is generated. Given the training data
D, = {(Xlayl)a"'v(Xnayn)}a (6)

the task is to construct an estimate
Fot [0, 1]t Tdd g0 13
such that the probability of misclassification
P{fn(X) #Y|Dn} (7)

is as small as possible.



1.2. Results in Chen, Langer and Schmidt-Hieber (2024)

The above image deformation model was introduced in|Chen, Langer and Schmidt-Hieber
(2024)). There as theoretical benchmarks two different classifiers based on the one-nearest
neighbor classifier are investigated. These classifiers are based on a transformation of the
input space. It is shown that under a separation condition on the images perfect classi-
fication is achieved by these two approaches, i.e., the classifiers achieve zero probability
of misclassification with high probability.

Furthermore, convolutional neural network (CNN) classifiers are analyzed in this model.
Here the estimates are defined by empirical risk minimization based either on the 0-1-
loss or the cross-entropy loss. A special topology of the CNN is proposed consisting of
one convolutional layer followed by one max-pooling layer and a deep feedforward neural
network, where the ReLU activation function is used as the activation function. Under
a separation condition on the images it is shown that the misclassification probability of
these estimates converges to zero with rate

0 <logn> 7
n

i.e., CNN classifiers achieve a parametric rate of convergence in this context.

In applications, it is not possible to minimize the empirical risk based either on the
0-1-loss or the cross-entropy loss for CNN classifiers, since the underlying minimization
problem is nonlinear and non-convex and there are no feasible algorithms known for
solving this problem. Instead usually one uses gradient descent (or one of its variants like
stochastic gradient descent) to compute the corresponding CNN classifier. So the above
results immediately lead to the question whether similar results can also be achieved for
CNN classifiers computed by gradient descent, which is exactly the question which we
will study in the sequel.

1.3. Main results

In the above introduced image deformation model we define estimates that consist of a
linear combination of a large number of CNNs with ReLLU activation function that are
computed in parallel. Each of the CNNs in the linear combination consists of one con-
volutional layer followed by a max-pooling layer and a deep feedforward neural network.
We propose a special way to initialize the weights of the network randomly, and train our
estimates by minimizing the empirical logistic loss of a linear combination of networks
via projected stochastic gradient descent with a special stepsize and a special number of
gradient descent steps (see Section [2f and Theorem |1] for the details).

We analyze the rate of convergence of the estimates and provide under a separation
condition the following upper bound on the misclassification probability in Theorem
below:

W <a (logn)? - d? - log(d) - | Aq - (log(|Ad]))* (8)
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Here A, is a finite class of transformations used to approximate the transformations
in our data generating model. So we are able to show a parametric rate of conver-
gence also for estimates learned by gradient descent, but we get a weaker upper bound
of O((log n)%/\/ﬁ) than the upper bound O((logn)/n) proven by Chen, Langer and
Schmidt-Hieber| (2024)) for the estimates defined by empirical risk minimization.

To establish our result, we present a general setting for estimates that consist of a
convex combination of neural networks. In this setting we derive a general theorem that
provides an upper bound on the expected logistic loss of neural networks trained via
stochastic gradient descent to minimize the empirical logistic loss.

Furthermore, we implement the proposed network topology and study the finite sample
size performance of the estimate on artificially generated samples from properly defined
image deformation models and also on a real image classification data set. Here we
see that indeed the probability of misclassification of the CNN classifier based on the
topology and the initialization of the weights proposed in this article seems to converge
to zero with increasing sample size, and it looks like the convergence takes place even
faster than in our theoretical upper bound presented above.

1.4. Discussion of related results

Despite the astonishing accomplishments of deep learning and convolutional neural net-
works achieved by practitioners, there remain significant gaps in their theoretical founda-
tion. In visual recognition applications, the data is notoriously high-dimensional, which
makes the problems relatively hard to solve. In order to bridge the gap between empirical
success and theoretical understanding, it is often assumed that the underlying functional
relationship between inputs and outputs admits a low-dimensional representation (cf.
e.g. [Liu et al. (2021), [Shen et al.| (2021), Kohler, Krzyzak and Walter| (2025)), Kohler and
Langer| (2025)). Under this structural assumption, it is possible to derive convergence
rates that depend only on the underlying low-dimensional representation, thereby po-
tentially overcoming the limitations imposed by high-dimensional input spaces. In this
work we study a binary classification problem, where each class is characterized by an
underlying bivariate function and the observed images are discretizations thereof. In this
setting, images of the same class are assumed to be deformed versions of a template im-
age. This idea has been introduced by |Grenander| (1969), who characterizes the pattern
recognition problem in terms of “pure images” and “deformation mechanisms”. To solve
the problem, one needs to find a recognition function that recovers the pattern class of
the underlying pure image from a deformed image.

Convolutional neural networks (CNN) are commonly used to approximate this “recog-
nition function”. Practitioners have studied datasets subject to isolated deformations, e.g.
Marcos, Volpi and Tuja (2016) attempt to encode rotation invariance by incorporating
rotated versions of convolutional filters in their model and |Jansson and Lindeberg (2022)
deal with scale-invariance using a “scale-channel architecture”. |(Cohen and Welling) (2016)
introduce “group convolutional” layers for discrete groups generated by translations, re-
flections and rotations. These layers are designed with a higher degree of weight sharing
than standard convolutional layers, thereby enabling them to exploit larger symmetry



groups.

Kohler and Walter| (2023) consider a binary pattern recognition problem, where the
deformation mechanisms consist of rotations and establish theoretical convergence guar-
antees for the proposed empirical risk minimization-based network estimate, which are
independent of the dimension of the image. They build upon the hierarchical max-pooling
model for the a posteriori probability introduced in [Kohler, Krzyzak and Walter| (2022)),
extending it by rotating each subpart of an image by different angles.

However, in practice, it is not possible to compute the empirical risk minimizer. There-
fore, gradient descent algorithms have been used to minimize the empirical risk. The
convergence behavior of gradient descent has been studied intensively, e.g. in [Arora et
al.| (2019), Du et al|(2019) and Bottou, Curtis and Nocedal| (2018). A widely adopted
approach to deal with large datasets is stochastic gradient descent (SGD), which is a
drastic simplification in the sense that the exact computation of the gradient in each
iteration is replaced by an estimate on the basis of a randomly chosen (sub-)sample.
In order to limit the impact of the noisy gradient approximation on convergence speed
Kohler, Krzyzak and Sanger| (2025) impose further conditions on the iterates by using
projected SGD. A linear combination of a large number of convolutional neural networks
is considered. The projection step ensures that in this setting, the inner weights do not
move too far away from their random initializations, while the outer weights are adjusted
suitably by SGD.

Similar ideas have been applied to the analysis of the La-error of regression estimates
with sigmoid activation function, which are learned by gradient descent in Braun et al.
(2024) and Kohler and Krzyzak (2025). Here the fact that the internal weights do not
change significantly during training is derived from properties of the sigmoid activation
function together with the bounds imposed on the weights. [Kohler, Krzyzak and Walter,
(2025) use the same approach to bound the optimization error of their CNN estimates
for a binary image classification setting. However, this reasoning does not extend to
estimates which employ the unbounded ReLLU activation, which motivates the inclusion
of a projection step in the gradient procedure, as described above, cf. also Kohler, Cho
and Krzyzak (2025)).

Gonon| (2023) studies random feature (neural) networks, where the weights of the
hidden layer are randomly initialized and subsequently held fixed, such that only the
parameters of the outer layer are adjusted during the training of the network (cf. also
Huang, Chen and Siew| (2006))). This enables the authors to leverage convex optimization
techniques. The so-called lottery ticket hypothesis offers a conceptually related viewpoint.
Frankle and Carbin| (2019)) suggest that it is possible to identify sparse subnetworks which
can be trained effectively when reset to their initial parameters through an iterative
pruning process. These subnetworks are deemed “winning tickets” of the “initialization
lottery”. IDa Cunha et al. (2022) derive a theoretical approximation result for this setting.
Specifically the authors show that for a CNN with fixed weights, there exists a randomly
initialized CNN, whose size scales logarithmically, which can be pruned to a network that
approximates the original network well.

Besides the analysis of the learning algorithm, i.e. the optimization component, a
theoretical analysis of deep learning should simultaneously incorporate approximation



and generalization aspects (cf. Kutyniok (2020)). Quite a lot of attention has been
dedicated to approximation properties of deep neural networks in general (e.g. [Yarotsky
and Zhevnerchuk| (2020)), Kohler and Langer| (2025)), |Lu et al.[ (2020), cf. |Giihring, Raslan
and Kutyniok| (2022) for a comprehensive overview). Approximation guarantees for CNNs
specifically have been established by |Yarotsky| (2022) and [Zhou| (2020)). Yarotsky| (2022)
generalizes the universal approximation theorem from fully connected networks to CNN-
like architectures and groups of translation.

Arora et al.| (2018) obtain generalization bounds for fully connected networks via post-
training compression schemes that reduce the effective number of parameters and show
how this methodology extends to CNNs. [Long and Sedghi (2020) consider a multiclass
image classification problem and derive generalization bounds for CNNs that depend on
the distance of the final network weights from the initial weights and the number of
parameters, but not on the dimensions of the images. The central technique here are
bounds on the covering number, borrowing from the analysis of fully-connected networks,
cf. Bartlett, Foster and Telgarsky| (2017).

1.5. Notation

The sets of natural numbers, real numbers and nonnegative real numbers are denoted
by N, R and R, respectively. We define furthermore R = R U {—00,00}. For z € R,
we denote the smallest integer greater than or equal to z by [z], the largest integer less
than or equal to z by |z], and we set z, = max{z,0}. The Euclidean norm of x € R? is
denoted by ||z||. For a closed and convex set A C R? we denote by Proj, « that element
Proj, z € A with

| — Proj, 2] = min | — =].
ze
For f:RY - R
[flloc = sup [f(z)|
z€R4

is its supremum norm, and we set

[ flloo,a = sup | f(z)]
€A
for A C Re.
For j = (j,...,j@®) € N¢ we write
d)

il = 5 + -+ 4

and for f : R — R we set

. ol ¢
Nf = .
/ ((9:1:(1))j(1) o (0z( @)
Let F be a set of functions f : RY — R, let z1,...,7, € R%, set 27 = (21,...,2,) and

let p > 1. A finite collection fi,..., fy : R* — R is called an L, e-packing in F on z7 if



fi,--., fn € F and

1/p
ngnw( Z‘fz ) — i m)!) > e

hold. The L, e-packing number of F on z7 is the size N of the largest L, e-packing of
F on 2z} and is denoted by M, (e, F, z7).

For z € R and 8 > 0 we define Tz = max{—3, min{3, z}}. If f : RY — R is a function
then we set (T f)(z) = T (f(x)). And sign(z) is the sign of z € R.

We define the discrete L2-inner product for functions g,k : [0,1]> — R by

d
1 _
(h, df Z 3,975, (9)
=1

with h and g the pixel values defined in . The corresponding norm is then

NP
Jorshaa = LEATE (10)

gll2,a ==

1.6. Outline

The deep convolutional neural network classifiers considered in this work are introduced
in Section The main result, which establishes a bound on their misclassification
probability, is stated in Section [3] In Section [d] we describe how the proposed estimator
was implemented and conduct an empirical study to corroborate our theoretical findings.
Section [] presents the proof of the main result, starting with a general result in Section
The full proof of this general result is deferred to the appendix.

2. Definition of the estimate

Chen, Langer and Schmidt-Hieber| (2024) used a single convolutional layer with many
channels and a channel-wise defined max-pooling layer in order to decide for each of
the two functions fy and f; and each invertible transformation how likely it is that the
image is generated by applying this transformation to the function, and then applied a
feedforward neural network to the results of these channels in order to decide whether the
image was generated from fy or fi. In|Chen, Langer and Schmidt-Hieber| (2024) empirical
risk minimization was used to estimate the weights of this network from the observed
data, which is not possible in applications. In the sequel we want to use stochastic
gradient descent instead.

In a preprocessing step we replace each X, = ((Xs); j=1,...4) by the normalized image

(X5)ij
\/Zkl 11 (Xs)ka?

Xs = ((Xs)ij=1,..a) where




such that all pixel values lie within the interval [0,1]. In the sequel we use a linear

combination
fo(@) = fwe)(z Zwk B - T1 fo,, () (11)
k=1
of K, networks fy, (k=1,...,K,) which are computed in parallel and where
Ky Ky
wp >0 (k=1,...,K,), Y |wgl <1 and ) |ug|* < an. (12)

In the following we chose the ReLU function o(x) = max{z, 0} as activation function for
the networks fy, , which compute in the first layer a convolution with 2m channels

oM _ } : = —
(ZJ) =0 Wk, s,r1,r0 * Titri—1,5+ra—1 (8 = 1, PN ,2m), (13)
r1,ro=1,..., h:
i+r]—1<d,j+ro—1<d

and subsequently apply a channel-wise max-pooling to the results:

ol(c%i:max{g)]) :(z’,j)6{1,...,d}><{1,...,d}} (s=1,....2m).  (14)

Then a fully connected feedforward neural network with 1 + 2[logy m| many hidden

layers and 4m neurons per hidden layer is applied to the 2m results of the max-pooling

layer, thus we get the following for the first fully-connected layer 0,&3;

—a(zwffzt ffzo) 9

with r = 1,...,4m, which is followed by

4am
2+s 24s—1 24s—1 24s—1
Ol(cr ) = =0 (Z w’(C,T,t : ’ Ogc,t ) + I(fro )> (16>
t=1

fors=2,...,14+2[logom| and r =1,...,4m.

Finally we set
4m

logo, m logo, m
for (@ Z 2+1+2f gz m]) (%:r1+2f 82 1)_ (17)

Here 19 is the vector consisting of all the
W =2m-h*+4m - (2m + 1) + 2[logym] - 4m - (4m + 1) + 4m
many weights of the k-th network and we choose 9y from the set

e =[-1,1]"



The weights of the linear combination in are initialized by setting
w =0 (k=1,...,K,).

All other weights, i.e. the weights of the convolution and fully connected layers

0 0
90,00

are chosen independently and uniformly from
O'={Wec® : |V <Bu},

such that they are also independent from (X,Y), (X1,Y1), ..., (Xp, Ys), where B, is a
constant defined in Theorem [Il
After that we use stochastic gradient descent in order to minimize the empirical logistic

risk
n

Ful(w,9) =~ 37 0% fana) (X2) (15)

=1
where
p(z) =log(l+e7")

is the logistic loss.
Set
90 = (19%0), e ’19%) and w(© = (w%o), e ,wggi),

assume that ¢, /n is a natural number, and for s € {1,...,t,/n} let

J(s=1)my- -+ s Jsm—1

be an arbitrary permutation of 1,...,n. Choose a stepsize A, > 0 and set

wlth = Proj4 (W(t) — A Vwg (YJt : f(w(t),ﬂ(w)(th))) ;

9 = Projp (19(t) —An - Vo (th ) f(w(t>,19<t))(th)>)

fort =0,...,t, — 1. Here A is the set of all w which satisfy , and
B= {ﬁe 0K . ||9 — 90| < 1},

and Proj, and Projg is the Ly projection on A and B.

In order to compute the gradient with respect to the inner weights we use the following
convention: We set
1, ifz>0

0, else

o'(z) = ;Zmax{z,O} = {



0

1, if|z] <1
—Tiz= 2max{—l,min{l,z}} = { o el <

0z 0z 0, else

and

aijmax{fm (@), fo, (2)} = a‘;fﬂl (z)

where [ € {1, ..., L} satisfies

max {fy, (z), ..., fo, (x)} = fo,(x)

and
=1 or max{fy (z),...,[o_,(2)} < fo,(z).
Our estimate is then defined by

~

Ch(x) = sign(fn(2)) = sign(f(w gy ()) (19)

where

3. Main result

The following assumptions are required for the statistical analysis of the model. First,
we require that the underlying template functions fulfill a Lipschitz condition:

Assumption 1. We have supp fr C [0,1]? for k € {0,1}. Additionally, fo,f1 are
Lipschitz continuous, in the sense that there exists a positive constant Cr, such that for
any real numbers u,v,u’,v’,

‘fk.(u,v)—fk (u’,v')‘ < CL-(‘u—u’| + ‘v—v"), k=0,1.

In order for our CNN classifier to detect an object within the image, the object has
to remain visible, i.e. be fully contained in the image. Therefore we need to rule out
deformations that move an object out of the bounds of the image. In other words, the
support of the function representing the deformed image fr o A has to remain within
[0,1]%, which is ensured by the following assumption.

Assumption 2. For any A = (a1,a2) € A and for k € {0,1}, we have supp fr, 0 A C
[0,1)2. Further we assume that the identity is contained in the deformation class A, and
the partial derivatives of the functions ai,as on R? exist and are bounded in supremum
norm by a constant C 4.

Our third assumption helps us to control the complexity of our image classification
problem.

10



Assumption 3. The deformation class A contains a finite subset Ag such that for any
A € A, there exists an A" € Ay and indices j, 0 € {1,...,d} such that A'(-+j/d,-+{/d)
satisfies the conditions imposed in Assumption 2 and

, J L 1
¢ (+3+3)-.=3
Ag C A is obtained by discretizing the deformation class A. If v denotes the number of
free parameters unrelated to image translation, |A44| is of order d” (cf. |Chen, Langer and
Schmidt-Hieber| (2024]), Lemmas 3.3 -3.5). For example in (3]), we have v = 3, since this
model uses 3 parameters: the rotation angle v and the two scaling factors £ and &'
For an appropriate binary classification task, the two classes we want to distinguish need
to be sufficiently dissimilar. To be precise, we need to ensure that deformed functions of
two different classes have a positive L?-distance. The following quantity is introduced to
formalize the required minimal separation between the template functions fy, f1 of the
two classes:

D = maX{D(fo, fl)? D(fla fO)}
infa ared,asserl|af o A(-+s,-+5) —go A 2@y (21)
H9HL2(R2)

with  D(f,g) :=

Our main result is the following bound on the probability of misclassification of our
estimate.

Theorem 1. Let (X,Y), (X1,Y1),...,(Xn,Ys) be independent and identically distributed
random variables with values in [0,1]9%¢ x {—1,1}, generated as described above in ()
to (6). Assume that Assumptions 1-3 hold, set h =d, m = |Aq4| and

B, =1

and assume D? > cg - d™t for cy sufficiently large, assume that K, € N satisfies

Ky
n -log(n) - ecs-d*m?-(logm)

- —> 00 (n— o0)

and set
1

n - d4 - e2-calog(m)?

and t, = {n2 . an .

Ay —

Define the classifier Cy, as in Sectz’on with By, = c5- % log(n). Assume that the constants
ca, c3,cq4 are sufficiently large.
There exists a constant cg > 0 such that we have for n sufficiently large

(22)

A } < cg- (logn)? - d? -log(d) - m - (log m)*
< NG .

11



Remark 1. The cardinality of the deformation set m = |Ay| depends on d and thus the
upper bound presented in the theorem above increase with the image resolution d. Despite
the fact that higher resolutions produce clearer images and may therefore seem beneficial
for classification and convergence, the separation quantity D defined in 1s allowed to
shrink as d increases. This suggests that higher resolutions can make deformed images
harder to distinguish from one another.

Remark 2. In contrast to the present work, |Chen, Langer and Schmidt-Hieber (2024)
omit the training or optimization routine from their analysis, assuming ideal optimization
and focusing on the empirical risk minimizer. Accounting for the training procedure comes
at the cost of the rate stated in being slower by a factor proportional to the reciprocal
of the square root of the sample size, compared to Theorem 4.1 in |Chen, Langer and

Schmidt-Hieber| (2024)).

4. Simulations

In this section we conduct an empirical investigation of the proposed network topology.
The estimate [ g(tn)) described in Section 2| was implemented using Python 3.10 and
PyTorch 2.1 (Ansel et al.| (2024)). Specifically we used the Conv2d module for the
convolutional layer and the Convld module with kernel-size parameter set to 1 and the
groups-parameter set to K, for the fully-connected layers. This enables us to compute
the K, parallel networks at the same time.

4.1. Deformation-based datasets

We analyze the empirical performance of the suggested network architecture on artifi-
cially generated deformation-based datasets. Here we choose template functions from the
MNIST, FashionMNIST, American Sign Language (ASL)H and CIFAR datsets. These
datasets contain 28 x 28 or 32x 32 grayscale images which depict handwritten digits, pieces
of clothing, hand gestures corresponding to letters in the ASL alphabet or a selection
of 100 animals/objects, respectively. Since we consider the task of binary classification,
from each dataset we select two classes, resulting in the following four classification tasks:

a.) (MNIST): 0 vs. 4

b.) (FashionMNIST): shirt vs. dress
c.) (ASL): Avs. B

d.) (CIFAR-100): flatfish vs. fox

One image from each class is chosen as data generating template function (fy and fi,
respectively).

We generate training samples by applying random shifts (7, 7), scalings (¢, ('), bright-
ness changes (1) and rotations () as in . Examples of such deformed images are
depicted in Figure [T] and

Thttps://www.kaggle.com/datasets/signnteam/asl-sign-language-pictures-minus-j-z
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(a) CIFAR class "flatfish"

Figure 1: The last three images were generated by applying deformations to the first
image of each row.

K, m
CNN1 | 512 | 32
CNN2 | 1024 | 16
CNN3 | 2048 | 8

Table 1: Details of the CNN configurations.

Since the parameter settings of Theorem 1 would result in a very computationally
expensive estimate, we will analyze the estimate using smaller parameter values. We
consider three different network configurations. For each of them we compute K,, net-
works in parallel, where each of the K, sub-networks consists of one convolutional layer,
followed by one max-pooling layer and 1 + 2[logy(m)] fully-connected layers with 4m
neurons in each layer (cf. Section . The parameters K, and m are chosen as detailed in
Table[I] All three networks are trained using 50 epochs of the proposed projected stochas-
tic gradient descent procedure. The training dataset consists of n € {2425 26 27 28}
samples, n/2 for each class. The validation dataset consists of 100 unseen (balanced)
samples. Note that the deformation parameters must be chosen such that the support of
the deformed image fj o A remains within the dimensions of the image. In particular, all
deformation parameters were chosen uniformly within the following intervals: we have
chosen 7,7 € [-0.2 - d,0.2 - d], scalings (,(’ € [0.6,1], brightness changes n € [0.5,1.5]
and rotations v € [—60, 60].

Figure [2] shows a comparison of the misclassification rates for the three CNN con-
figurations across the four datasets described above, evaluated at sample sizes n €
{2%,25,26, 27 28} The graph shows the median misclassification rate over 20 repeti-
tions of each setting. For each repetition at a fixed sample size the classifier was trained
for 50 epochs using new randomly initialized parameters (w,1). The performance of

13



MNIST 0 vs 4 Fashion MNIST shirt vs dress

@ CNN1 --@- CNN1
CNN2 CNN2
0251 —e— CNN3 0257 —e— CNN3
9 020 4 0204
T s e
] 5
£ o015 g ols
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0.00 : ] 0.00
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sample size exponent (j for 2j) sample size exponent (j for 27j)
(a) (MNIST): 0 vs. 4 (b) (FashionMNIST): Shirt vs. Dress
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@ CNN1 L] --@- CNN1
CNN2 CNN2

0.25 —e— CNN3 0251 —e— CNN3
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Figure 2: Comparison of the misclassification rate of three CNNs. Reported is the median
of the error on the validation dataset with N = 100 over 20 repetitions.

the trained classifier was evaluated on the validation dataset containing N = 100 unseen
samples.

In all four classification tasks, CNN2 and CNN3 significantly outperform CNN1. The
difference between CNN2 and CNN3 is less pronounced. However, for sufficiently large
sample sizes, CNN3 achieves zero error on the validation dataset in every task, while
CNN2 retains an error in the range of [0.01,0.02].

For the best performing CNN3 it looks like the misclassification probability indeed
converges to zero for increasing sample size, and the rate of convergence seems to be
even faster than in our theoretical result in Theorem [l

The lower error on the validation dataset associated with larger K, suggests that
the estimator may be performing a form of representation “guessing” rather than actual
learning. Through the outer weights (wg)x our network can assign higher values to the
networks fy, , which best approximate the envisioned architecture .
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Figure 3: Comparison of the misclassification rate of three CNNs, trained over 50 epochs
of stochastic gradient descent. During training, the inner weights (¢ ), have
been frozen. Reported is the median of the error on the validation dataset
with N = 100 over 20 repetitions. In a) both CNN2 and CNN3 achieve zero
misclassification, such that the lines overlap.

4.1.1. Influence of learning the inner weights

The decrease in error on the validation dataset observed for larger values of K, raises
the question of whether the learning of the inner weights () is truly important. To
investigate this, we repeated the experiment from the previous section while holding the
inner weights (), fixed at their initial values ((¥o),)x. Figure [3|provides a comparison
of the misclassification rates for the three CNN configurations across the four datasets
in a setting analogous to that considered in Figure The performance of the best
performing CNN (CNN3) seems to be a little better for the estimate where the inner
weights are learned, but in fact no significant differences are apparent with respect to
the decay of the error on the validation dataset.

This finding is consistent with the fact that the projection step in the gradient descent
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procedure restricts the extent to which the inner weights (ﬁ,&t))k can be modified. In

our setting, learning the outer weights (wy ) enables the selection of subnetworks with
favorable initial parameters while still permitting small adjustments to the inner weights.

4.2. Performance on a dataset with unknown template functions

MNIST O vs 4

@ CNN1
CNN2
0.254 —8— CNN3

misclassification rate
o
=
w

0.10

0.05 1

sample size exponent (j for 27 )

Figure 4: Comparison of the misclassification rate of three CNN architectures. Reported
is the median of the error on the validation dataset over 25 repetitions.

In the previous section we considered an augmented dataset consisting of deformations of
two template images (discrete observations of the template functions fy and f;). However,
in applications, it is not clear whether the dataset really consists of deformed template
images. Thus we also want to analyze the proposed architecture on a non-augmented
dataset, to see how well our method works in this setting. To do so we trained the CNNs
proposed in the previous experiment on the MNIST dataset for 50 epochs and with
balanced training sets of size n € {24,...,28}. The MNIST dataset contains images of
handwritten digits. For the experiment we have chosen our samples from the classes 0 and
4. Analogously to the experiments in the previous section, CNN2 and CNN3 outperform
CNNI1 regarding the error on the validation dataset (cf. Figure 4). CNN2 and CNN3
achieve an error on the validation dataset of 0.02 and 0.01 respectively, compared to an
error of 0.05 for CNN1. Note that CNN3 already performs well on the smallest dataset.
It is plausible that the performance of these networks could be further improved by
choosing higher values of K, closer to the assumptions made in Theorem 1.

5. Proofs

5.1. A general result

In the following, we want to apply an adaptation of Theorem 1 from [Kohler, Krzyzak
and Sanger| (2025). In order to state the theorem, we first introduce a more generalized
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setting of estimates that consist of a convex combination of neural networks:
Consider a convolutional network from a given topology

fo: 0,17 = R,

which is parametrized by the vector of weights ¥ € ©, where the set of parameter values
O® is closed and convex. In the sequel our objective will be to learn the parameter 9 € ©
from data D,, such that

sign(fy(x))
is a good classifier. In order to achieve this goal, we consider linear combinations of
scaled and truncated convolutional neural networks fy, (z) (k=1,...,K,)
Kn
f(w,ﬁ)(x) = Zwk * Bn Tl(f’t?k(x))7 (23)
k=1

where the vector of "outer" weights used for the linear combination w = (wg)r=1,.. K,
satisfies the following three conditions

K, Ky
wp, >0 (k=1,...,K,), Zwk§1 and Zwigan (24)
k=1 k=1
for some a, € [0,1], where 9 = (01,...,0F,) € ©%" and where 3, = c3 - logn. Observe

that bychoosingan:Nin,wj:Nin (GJ=1,...,Ny), 9, =9 (j=1,...,Np) and w, =0
for kK > N, we get
fow) (®) = B - T1(fo(z))

and in this way we can construct an estimate which satisfies
sigh(f(w,0) (7)) = sign(fs(x))

for any ¥ € ©.

Choosing large values for K,, the number of parameters of the estimate described
above will vastly exceed the sample size, i.e. we consider an over-parametrized estimate.
The aim is to choose the tuple (w, ), such that it minimizes the logistic risk

F((w,9)) =E{o(Y - frw0) (X))},
where ¢ denotes the logistic loss
p(z) = log(1 + exp(—2)).

The logistic risk minimization is performed using the following stochastic gradient descent
regime:
The initial values

00,0 (25)
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are chosen uniformly from some closed and convex set @° C @ such that the random vari-
ables in (25)) are independent and also independent from (X,Y), (X1,Y1), ..., (Xn, Ya).
For the "outer weights of this topology we use zero initialization, i.e.

w =0 (k=1,...,K,).

Then we set
90 — ng)’ o 71932) and w(© — (w§0)’ . ,w%)

and perform ¢, € N stochastic gradient descent steps. Here we assume that ¢,/n € N
and for s € {1,...,t,/n} we let

J(s—l)%? e ajs%—l

be an arbitrary permutation of 1,...,n. To ensure that the conditions we imposed in
(24) remain satisfied, we will use projected stochastic gradient descent. Let A, > 0 be
the stepsize and let A denote the set of all w which satisfy . We then set

B={9ce 990 <1},
to ensure the iterates 9() remain within a ball around 99 and
wttD) = Proj, (w(t) A Vi (th 'f(w(w,a(w)(th))) )
9D = Projy (19(” — A Vo (th . f(w(t)ﬁ(t))(th)))

fort =0,...,t, — 1. Here Proj, and Projg denote the La projection on A and B. Our
estimate is then defined by

fn(@) = frg 0000 (@) (26)
where
=
W= > wlh, (27)
" t=0

In this general setting, the next result introduces a bound on the logistic risk of the
estimate introduced above.

Theorem 2. Let (X,Y), (X1,Y1), ..., (Xn,Yn) be independent and identically dis-
tributed random variables with values in [0,1]9%9 x {—1,1}. Let Ny, I,,t, € N and let
Cn, Dy > 0. Set B, = c7-logn,

assume By, > 1 and define t@e estimate f, as above.
Assume that there exists ) € ©°, such that f5(X) =0, let ©* C O and set

C:):{z?e@ . inf ]19—1§H§1}.
9e@0
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Assume

Hfﬁ - fﬁ”oo,supp(X) <Cy- H’l9 - 5HOO Jor all 193'5 € (:)a (28)
Ky = P {1950) € @*} >0, (29)
1
Ny - (1= k)" < - (30)
and
IVwe(y - fw9) (@)l < Dn (31)

for all x € [0,1]%¢, y € {~1,1}, w € A, ¥ € OFn,
Then we have

E{p(Y - fu(X))} = —min _E{p(Y-f(X))}

f:[0,1]dxdR
logn 1 @ C,+1 D?
<cg- + 6Bp - sup E<|sup— Y ¢€-Bn-Tifo(xi)| p + Bn- + =
( n " Z1,...,2n €[0,1]dXd 9e® T zz; e ' " VN, ty
n- <6 Ky - 57% +8-(Bu+1)-Cp-sup ecavecorn, [[Vorl(y- f(w;ﬁ)(x))”OO)
+ ye{—1,1},z€[0,1]dxd
128
+ sup E{p(Y - B, - T1f9(X))} — min _E{w(Y-f(X))}>,
IEQ* f:[0,1]4x 4R
where ey, . .., €, are independent and uniformly distributed on {—1,1} (so-called Rademacher

random variables).

Proof. The proof is a modification of the proof of Theorem 1 presented in |Kohler, Krzyzak
and Sanger| (2025]). For the sake of completeness we present a complete proof of Theorem

(2] in appendix [B} O
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5.1.1. Using the logistic risk for classification

Our next lemma will help us to derive from the bound on the logistic risk in Theorem
a bound on the probability of misclassification of the estimate.

Lemma 1. Let ¢ be the logistic loss. Let (X,Y),(X1,Y1),...,(Xn,Yn), Dn, fn and Ch
be defined as in Section[d, and set

fo=arg f:[oﬁixndHRE {e(Y - f(X))},  [r=arg f:[(),ﬁ;igﬁRP{f(X) #Y}.

a) Then

P{Y # Cu(X)Du} — PAY # £(X))
<2 (B{o(Y - fu(X)IDa} — E {o(Y - f3(X)}) +4-E {o(Y - f3(X))}.

holds.
b) Assume that

P{AE)>F) 21—

for a given sequence {Fn}neN with F,, — 0o. Then

E{p(Y - f5(X)} <o By
holds.

Proof.
a) This result follows from Lemma 1 b) Kohler and Langer| (2025]).
b) This result follows from Lemma 3 in Kim, Ohn and Kim| (2021). O

5.2. Bound on the approximation error

In this subsection we study the approximation error of our estimate. The first result
describes how the weights of the filter of our CNN classifier would ideally be chosen in
the image deformation model.

Lemma 2. Let f, g be two non-negative functions satisfying Assumption 1 with Lipschitz
constant Cr, and suppose that Assumptions 2, 3 hold for the deformation set A.

For any deformation A € A, let XQOA = (XQOA»j»f)jzzl 4 with
_ goA.,
Xgojo 1= 72—
I dlg o Allg,a

with g o A;, being the average intensity of g o A on the square [(j —1)/d, j/d] x [(£ —
1)/d,¢/d] as defined in (1)), and set
(fod),
W(foA) ‘= [(w(foA)jl)ﬂl d} ; where  w(fon),, = d(FoAlaa A)]||2d (32)
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and [W] denotes the quadratic support of a matric W € RI*d G e. the smallest square
sub-matrixz that contains all non-zero entries.

Analogously to , set

(1) _ _
OW(ron (i,5) — 7 Z W(foA)r1,ro ~ Titri—1j+ra—1 (A € Ag), (33)
r1,r9o=1,..., d:
i+7‘1—11§2d,j+7”2—1§d

and

olt) . = max {osigf%j) L (i, 4) € {1,...,d} x {1,...,d}} (AeAy).  (34)

Then, there are constants Cy (Cr,C4) > 0 and Cy (Cp,C4) > 0 such that for Ay C A
as defined by Assumption 3

2 ~ Cl (CL, CA)
max. Ogvzgom) (Xgoa) > 1— — g (35)
and with D(f,g) defined as in , we have
2 x max{D?(f,9), D*(g, )} , C2(CL,Ca)
max OE,V()fOA,)(XgOA) <1- + . (36)

AleAq 16C%C3 d

Proof. Refer to the proof of Proposition B.5 in|Chen, Langer and Schmidt-Hieber| (2024]).
O

Next we study how sensitive our deep convolutional neural network is to pertubations
of its weights.

Lemma 3. Let F,, = {fy : ¥ € O} be the class of deep convolutional neural networks

introduced in Section[d (cf.(13)- (17)).
Let 9,9 € © such that
|9 =9 <1 (37)

holds and all weights in fy are bounded in absolute value by B, > 1. Set L = 3 +
2[logy m]. Then

1fo = Follooo.nyxa < (L —=1) - (4m +1)*7H- Byt h? - [[9 — | oo

Proof. Let o) and ) be defined as in Section [2| using the weights in ¥ and 9. Then
lo(2)| < |z| implies

o) (z)] < W% B, 1.
Consequently for r € {3,...,3 4 2[logy, m]|}

o 2@ < (dm+ 1) - By - max{ o™V () e, 1)
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< (@m+1)""%.B"2.h2.B,.

Using |o(2z1) — 0(22)| < |21 — 22| we conclude
1 _(1
ohia(@) — 942 ()|

< Wk s ,r0 * Tidtry—1j4+ra—1 — Wk sry g * Titri—1,j+ra—1
r1,72=1,..., h:
i+r1—1<d,j+ro—1<d
< |wk,5,7"1,7"2 - wk7577'177'2‘ : |xi+r1—17j+r2—1

r1,ro=1,..., h:
i+r]—1<d,j+ro—1<d

< B0~ T
Since
| max{ay,...,a,} — max{by,...,b,}| < max{|ar — b1|,...,|an — bnl},

it follows that ) , )
02 () — 02 (@)] < h? - [0 = Do

Next we show
o2~ 525)| < s (4m + )" B [0 — D - 12

for all s € {0,1,...,14 2[logym]}. Let s € {1,...,1+2[logy m|} and assume that this
assertion holds for s — 1. Then

(24s)  (2+)
‘Ok T — O r
ms
o (24+s—1) 2+s 1) (24s—-1) _(24s—1) _(2+4s-1) —(2+s-1)
= krt tw,o -0 Zwk,r,t Ot twy .,
P t=1
ms ms
2+s 1) (2+s 1) (2+s-1) _(24s—1) _(2+4s-1) _(24s—-1)
< Z O+ twp,o Z Wyt Oy t w0
t=1 t=1
(2+s—1) (2+s 1) (2+s-1) (2+s—1) _(2+s-1)
< Z’ Wyt Wy, ‘ : ‘Ok,t tWwp g T~ Weho

(2+s-1) (2+s 1) (24s-1)
Z Wt Okt T Oyt

< (4m 1) - 10 = Do - max{ oD (@) oo, 1} + 4m - By - o7V — o7V

kt
< (4m+1)-||0 =l - @m+1)*"1- B 1% B
+4m - By - (s —1)- (4m + 1)1 BSL [0 — 0| oo - B2
s-(4m+1)°-BS - |9 — 0)|oo - h?
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For fy, fz € F this yields
[fo(x) — f3(2)]

4m 4m

< Z wf:rQ[logQ m]) 0§3+2 [logym]) Z u_)g?t+2 [logy m]) 6§3+2[log2 m])
t=1 t=1

< Z ‘ (3+2[log2 m]) %?:—2 [logy m]) ‘ ) ‘0§3+2 [logy m]) ‘

i Z (wf’t“[ logy m1) ‘ , ‘0§3+2ﬂog2 ml) _ 5(3+2Mloga m]) ‘

< - (19 = oo - (4 + 1)1 20l preRfios ]2
+B, - ||0(3+2[1og2 m]) _ 5(3+2[log, m])Hoo)
< |9 = I|oo - (4m + 1)?F2Mog2m] . p2t2llegam] 2
+By, - (1 + 2[logy m]) - (4m 4 1)1F2[es2m] . plL+2llogzm 19 — D)oo - B2
< (24 2[logy m]) - (4m + 1)2+2Moszm] . p2t2lloszml 2 g )
O

Our next lemma will enable us to compute the maximum of the outputs of the max-
pooling layer of our convolutional neural network via a feed-forward neural network.

Lemma 4. There exists a network fuaxr with 1+ 2 [logy 1] layers and 2r neurons, such

that fmax” S [O, 1],

fmaxr (X) = max{z1,...,2.} foral x=(x1,...,2,)€]0,1]"

and all network parameters are bounded in absolute value by 1.

Proof. Refer to the proof of Lemma B.6 in|Chen, Langer and Schmidt-Hieber| (2024). [

5.3. Generalization error

In order to bound the generalization error of our estimate the following result will be
useful.

Lemma 5. Let {fy : ¥ € O} be defined as in Section@ and let By, = c1 -logn. Then we

have

\/Iog(m2 “h? - Laz)
vn

n

1
sup — » €& - Bn - T1fo(wi)
ﬂeen; i Pn i

sup E
x1,...,8n €[0,1]4% 4

<cip- \/IOg(n) + IOg(ﬁn) -m-h- Lz -

where Lyq, = 1+ 2[logm].
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For the proof of Lemma [5] we need the following bound on the VC-dimension:

Lemma 6. Let F := {fy : 9 € O} be the class of functions of Lemma @ and set
Linaz = 1+ 2[logm]. The VC-dimension of F* is bounded from above by

V]_-+ <ci1- m h2 L2

maxr

10g(m2 : d2 : Lmax)‘

Proof. The result follows from the proof of Lemma 11 in [Kohler, Krzyzak and Walter
(2022) with Ly = 1, Ly = 1+ 2[logy(m)], kmax = 4m, t =1, dy = dy = d and Max = h.
O

Proof of Lemma[3. The proof is analogous to the proof of Lemma 9 in [Kohler, Krzyzak
and Sanger| (2025) and follows from Lemma |§| by applying standard techniques from VC
theory. For the sake of completeness we present a detailed proof in appendix [C]

O

5.4. A bound on the gradient

The following bound on the gradient of our CNN classifier constitutes a preliminary step
towards the proof of Theorem [I]

Lemma 7. Let A, ®° and f(w,9) be defined as in Section @ Set
O = {196@ . inf |9 -9 < 1},
Ye@0
then

~ sup Voo - fowo (@)oo < h* - (Ba+1)°F72 - (4m + 1)*172,
weA,Y9e0Kn ye{-1,1},2€[0,1]dxd

where L = 3 4 2log[m/].

Proof. The proof is a modification of Lemma 11 in [Kohler, Krzyzak and Sanger| (2025])
with Mae = M1 = h and Lgll) =1.

We have K«
f(w,ﬁ) (.73) = Z Wi - B - Tlfﬂk ($)
k=1
where
fﬂk Z +1+2f10g2 ml) 1(627:-1—&-2 [logy m])
and

m
2—|—s) (24s-1) 2+s 1) (24s-1)
O ;T (Z W, ,rt tw k 7,0
1
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for s =2,...,14+2[logym],r =1,...,4m and

2
r— 0 <Zwkrt Okt + 1(61)”0>

forr=1,...,4m.

The input of the fully-connected layers, 01({22, is obtained through the application of

channel-wise max-pooling to the outputs of the convolutional layer:

o,fgzmax{og)j)s . (4, §) e{l,...,d}x{l,...,d}} (s=1,...,2m),

where

oM _ E : = _
(z 9),k,s g Wk,s,r1,r2 " Litri—1,j4+r2—1 (8 =1,..., Zm)'
r1,ro=1,..., h:
i+r]—1<d,j+ro—1<d

Since |o(2)| < |z|, we get
ofa @) < B+ (By +1). (3%)

Set L = 342[logym], let [ € {3,...,2+2[logy m]} and choose 7,7 € {1,...,4m}. With
the chain rule we get

0
3 f(wﬂ( )
ow®
Wy 7
6 4m
B 0 (L—1) L 1) (L—1)
= Wk + Bn 82T12 o=ty () Z klt(L) Zwkt@)t +wk,t@>,0
k t(L)=1
(L—2) (L—2) (L—2)
Z wkt@) HL=1) " (Zwk #r-1 ¢ Okt +wk,t(L—1),O
t<L D=1
4m -
(l+1 (1) @
Z wkt(L SRS Wi Zwkrt Okt+wkr0 Ok
t(L=2)=1 $(I+1) =1

Using and that all weights are bounded in the absolute value by B,, + 1 we get
‘ g}( (4m+1)72 - (B, + 1)1 - b2

(cf., proof of Lemma [3) and using |0/(z)| < 1, we conclude

—— o) (%)
awl(cl,)r,t )
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<(By,+1)-pp-4m-(B,+1)-1-...-4m-(B,+1)-1-0

L—I-times

< (Bu+ 1) B (m)E - (B + DE T (4m 4+ )2 (B, + 1)L A2
< Bn b (By+ 1" (4m 4+ 1)F2

For the weights of the convolutional layers we get for suitably chosen (random) (g, jg) €

(..., dy x {1,....d}
0
fwﬂ (J})
s
0 (Ln—1) L —1) (Ln—1)
=i B 5-T1z Z wklt(Ln) Zwkt(Ln>t T Wy szn) 0
z z= fﬁk (Ln) 1 1ty s s
(Ln—1) (Ln—2) o(Ln=2) (Ln—2)
Z wkth>th b Zwk fCo-0 g Okt T W g
t(Ln 1)
Z iz
wkth 1) f(Ln-2) °
t(Ln 2) =
2m
/ (2) (2) (2)
o | D Wy Ok + Wy g
t=1
(2) / _ _
W@ 59 Z Wk,3,r1,r2 " Litri—1,j+r2—1 | * Lig+i1—1,jo+72—1

r1,ro=1,...,h:
it — 1<d]+'r2 1<d

Using |o’(z)] < 1 and that all weights are bounded in the absolute value by B, + 1 we
get,

‘ . < Bn : (4m)L_2 : (Bn + 1)L_1

awkvsﬂ”hrz

fow,0)(2)

Analogously we can derive bounds on all the other partial derivatives occurring in the
O]

assertion (i.e. with respect to the weights wy, the bias weights w, , of the fully connected

layers and the weights wlsiz 7 O

5.4.1. Proof of Theorem [l

In the sequel we show

ol

BV - X)) =, min, B {plY « F(X))) < e COEEL0EE
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for n sufficiently large. This implies the assertion since by Lemma [Ifa) and Lemma (1| b)
we conclude from (39)

P{V # Cu(X)} — P{Y # [*(X)}
13- logn

<2 (E{o(Y - fu(X))} —E{o(Y - for (X))}) +4- — 7

-d -log(d) - m - (logm)?
7 .

~(logn)

Here we have used the fact that

P{Y =1|X} 1-P{Y =1/X}
e { 1-P{Y =1X} P{Y =1|X} } >n'? (41)

is equivalent to
P{Y =1|X} - 1 1
1-P{y =1/x}| 2 °&"

P{Y = 1|X} 1-P{y =1]X} -
P{max{l—P{Yﬂ\X}’ P{Y = 1]X) }>”1/2}‘1

|[for (X)] = |log

and that

holds since

P{Y =1|X} 1-P{y=1]X}| P{Y = 1|X} P{Y =0/X}
A { 1-P{Y =1]X} P{Y =1X} } - maX{P{Y — 0 X} P{Y = 1|X}}
=y J B = X} E{Ly—q)| X
E{ly_olX} E{ly_y|X}

Ly Lv_
= max{ {Yfl}’ {Y*O} } — OO,
Liy—oy Liy=n

where the second last equality holds since in our setting Y is a function of X and thus
the random variable 1y _jy is measurable w.r.t. X.

Theorem 4.2 of Chen, Langer and Schmidt-Hieber| (2024) states that under a subset of the
assumptions of Theorem [I] a convolutional neural network classifier that achieves perfect
classification, i.e. that recovers the correct label almost surely, can be constructed. Thus
there exists f* : [0,1]9%¢ — {—1,1} with P{Y # f*(X)} = 0, and implies the
assertion.

We use Lemmato estimate this optimal network. Let w s, 4) denote the d x d matrix,
which is obtained by extending w4 (cf. (32)) to a d x d matrix with zero-padding to
the right and to the bottom. The idea is to aim for the following network architecture
using two networks from Lemma [4] in parallel

_ (2) (2)
30 = fwer (o2, 30) ) = e (o2, 00), )e (a2
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where (0(?) (X)) for k € {0,1} is the m = |A4|-dimensional output of the
Ale Ay

W(f0A")
max-pooling layer applied to the convolutional layer, as defined in .
Note that in we can obtain — fyaxm (21, . .., Z;,) by multiplying the outer weights
of the network introduced in Lemma [ with —1.
Assume D? > 116C%C%(C1(Cr,Ca) + C2(Cr,C4) + 2) where Cy (Cr,C4) > 0 and
C5(Cr,C4) > 0 are the constants from Lemma [2| As a first case, assume that fy is the
template function corresponding to the given image, i.e. consider

~ Joo Ay
dl|foo All2,a’

with A € A denoting the "true” deformation that generated the image. By assumption,
the conditions of Lemma [l are satisfied and we conclude that we have

@ 3 P A
fmaxm <(Ow(f1oA’) (XfooA)> A’GAd> fmax <<Ow(fooA’) (XfooA)) A/G.Ad>
D? Co(CL,Ca) <1 B Cl(CL,CA)>

(X fyoa)j=1,..d) :

<1-
- 16C%C3 * d

2
<2 (43)

d

Analogously one can show that

@) ¢ e (@ Z 2
Jmaxm <(Ow(hOA')(XfloA))A’eAd) Smax ((OW(fOOA,)(XfIOA))AIGAd> > d'(44)

Set

On, = d3 . ec15-(logm)?

and choose
O ={9€0 : || —Vo < on}.

For rest of the proof we apply Theorem [2] with ©* as defined above and
O ={9vecO® : |Uw<Bn}.

First we bound the last term on the right hand side of the bound in Theorem 2] and show

. 1
ﬁseug*E{cp(Y B T1fo(X))} — f:[o,{ﬁbl?dﬁRE{%O(Y fX))} < 7

For i € ©* we can use Lemma [3| to bound the maximum distance of our estimator f;
from fy«:

(L—1)-(4m+1)Et. BL7L @2 |0 — 07| oo

d2 . ecls-(logm)z . H@ _ 19*”00

[f5(X) = fo- (X))

IA A
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provided c15 > c¢16. Using this, and we get for any A € A
_ 1 _ 1
f3(Xpoa) > - and f5(Xgooa) < =

i.e. sign(fy(X)) recovers the correct label and we have Y - T f3(X) > L. For ¢5 > 1 this

yields
sup E{o(Y - 3, - T1f9(X))} < log <1 + e*%ig(n)) <

B, Ty < _ 1

YeO* \/,E

To bound k,, we need a bound on the total number of weights W of a network fy. Let

W, denote the number of weights up to layer r of our network. For the convolutional
and the following max-pooling layer we have

Wy =Wy = h?-2m.
For the fully-connected sub-network we have
W5 =Wy + (2m + 1) - 4m,

and
Wy=Wi1+ (dm+1)-4m

for 3 <t < 3+ 2[logy(m)]. Thus
W = W3 aflog,(m)] + 4m = h* - 2m + (2m + 1) - 4m + 4m - (4m + 1) - 2[logy(m)] + 4m.

The definition of ®* implies that

w
_ (0) * 1 —c17-d*>m?-(logm)3
tin =P {191 €0 } = <2 . d3 - 6015-10g(m)2) ze >0

So if we choose

N, =n-d*-e¥es1ostm® 1 — (2.10g(n) +2- c16- (logm)? + 4log(d)) - 17 ¢ m* (logm)®
using (1 — 2)" < e * for z € R, we have

Ny, - (1— mn)l"

< N, -exp(—kp - Ipy)
<n-dtee2easlos(m)? exp(—(2 - log(n) + 2 - c16 - (logm)? 4 4log(d)))
gt e2aelog(m)? 1

C =4 —2-ci6-log(m)?
2 d"-e
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which is possible because

=n.dt eZewcloam)? . (2 -log(n) + 2 - c16 - (logm)? + 4log(d)) - ecrr-d?-m?*(logm)?®
S n - 10g(n) . eCIS'd2'm2'(10gm)3 é K’I’L

An application of Lemma |3| with B,, = 1 and h = d yields that is satisfied for

C, =(L—-1)-dm+1)tt. =1 p?
< d*- (2+2[logym]) - (4m + 1)*F2Mos2m]
< a2 . 6016-(10gm)2

)

and because of

IV - fwo)( <Z\1 B - T fo, (x)* < Ky - B,

is satisfied for
Dn - \/ﬁn . /Bn

By Lemma [7] we know

_sup IVoe(y - fawm (@)oo < d?- (Ba+ 1272 (4m +1)%72
weAIe@Kn ye{—1,1},2€[0,1]4xd

< d2 . 6c19-(10gm)2

and with L = 34+2[logy m] Lemmayields the following upper bound for the Rademacher
complexity

log(m? - d?- L)

sup — zez ﬁn Tlfﬁ(xz)

ved N

sup E
Z1,..,@n €[0,1]d%4

< ca0 - /log(n) +10g(Ba) - m - d- L -

N
< o YR o) 3+ 2oy m) - 0w (34 2Tlogg )
log(n)

< 99 n -m - (logm)? - d - log(d).

Application of Theorem [2 together with the above results yields

E{p(Y - fu(X))} = —min E{p(Y- f(X))}

f:[0,1]dxd R
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n

1
sup — » € - Bn - T1 fo(xs)
vee 1 ; " z

1
<o (s 6]
n

x17~--7xn6[071]d><d

VN,

n- (6 Ky - B2 +8-(Ba+1)-Cy - supw,oewyei-113, [|[Voo(y - fw,9) (CE))Hoo)

ze[0,1]d%xd
+ ™
+ sup E{o(Y - B, -Tif9(X))} — min E{cp(Yf(X))}>’
Ye@* £:[0,1])dxd R
3 a9
< co3 - (logrfn) + coq - (10%;%)) -m - (logm)? - d* - log(d) + \B/% + [[?; . f;;

+ +—=

n 73 - log(n) - coav-Em-(logm)? NG

3
2

6.52 (8 (Bn+ 1) - (d% - ecre-(osm)®y (g2 eczs~(logm)2)) 1 )
-+

(logn)2 - d? - log(d) - m - (log m)2.

NG

< co7-
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A. Sample Images from datasets used for simulations

(a) MNIST class "0“ vs "4“
(b) Fashion MNIST class "shirt* vs “dress*
) ASL class "a" vs "b"

an

Figure 5: For each classification task, the last three images on the right were generated
by applying deformations to the first image shown on the left.

»

L

L]
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B. Proof of Theorem

In the proof of Theorem [2| we will need the following auxiliary result.

Lemma 8. Let l1,ls,t, € N, let D,, > 0, let A C R" be closed and convez, let B C R%2
and let Fy, F : Rh x R2 — Ry (t = 0,...,t, — 1) be functions such that for all t €

{0,...,t, — 1}
u— F(u,v) is differentiable and convez for all v € R'2,

w— Fi(u,v) s differentiable for all v € R2,

and
1(VuF?) (u, v)|| < D (45)
for all (u,v) € A x B. Choose (ugp,vo) € A X B, let v1,...,v, € B and set
Ut4+1 = PI‘OjA (Ut —A- (qut) (Ut,’l)t)) (t = 0, e ,tn - ].),
where 1
A=—.
tn
Let u* € A. Then it holds:
tn—1 tn—1

13 < u* — ug||? D?

= Flu,v) < Fu*,v0)+— > |F(u,v) — F(u*, v)| + | ol n

bn t=0 tn =1 2 2-t,

=
+t D A(VuF) (ug,vr) = (VuFy) (ug, vr), up — u') -
" =0
Proof. See Lemma 1 in [Kohler, Krzyzak and Sanger| (2025)). O
Proof of Theorem 2| Let E, be the event that there exist pairwise distinct ji, ..., jn, €
{1,..., Ky} such that
(0) *
v, €0
holds for all i = 1,..., N,. If E, holds set
1 , X . .
wi = N (i=1,....,N,) and wp=0 (ke{l,...,K,}\{j1,---,in.})
n

and w* = (w})k=1,.. K, , otherwise set w* = 0.
We will use the following error decomposition:

B{o(y fulX))} =~ min B{e(Y - f(X))

=E{p(Y - fu(X)) - 1p:}
+E {E {w(Y : f(w,mtm)(X))w(O)’D"} ' 1E"}
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1 tn—1
-E {t > E {SO(Y : f(w(t),mtn))(X))’ﬁ(O),Dn} : 1En}
" =0

1 tn—1
+E {t Z E {QO(Y . f(w(t)ﬂg(tn))(X)”’ﬂ(O),Dn} . 1En}

t=0

1 tn—1
—E {t Z E {gp(Y . f(w(t),ﬂ(t>)(X))|19(0)vDn} . ]'En}

t=0

tn—1
+E {tl > E {SO(Y : f(w<t),19(t>)(X))}19(0)7Dn} : 1En}
" 1=0
— min _E{p(Y - f(X))}
Fi0,1]4xd R

= Tl,n + TQ,n + T3,n + T4,n-

In the first step of the proof we show

1
P{E;} < —. (46)
n
To do this we consider a sequential choice of the initial weights ﬁgo), cee ﬁggi. By
definition of k, we know that the probability that none of 1950), ceey 192) is contained in
®* is given by
(1 — kp)m.

This implies that the probability that there exists I € {1,...,N,} such that none of

198)11),[71“, ceey 79Z(~01)n is contained in ®* is upper bounded by

Ny - (1= k)l

implies
P{ES} < N, -(1—ky)" <

S

In the second step of the proof we show

(logn)

Ty p < cyo-

To do this, we observe that for |z| < 8, and n > 1 we have
¢(2) = log(1+exp(—2)) < (log4)-It.~_13+log(2-exp(—2)) - I.<—13 < 3+]z| < c11-logn,
from which we can conclude by the first step of the proof

logn
Ty, <cn - (logn) - P{E} <cp - i .
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In the third step of the proof we show
T2,n < 0.

This follows from the convexity of the logistic loss, which implies

E {SO(Y : f(w7ﬂ(tn))(X))‘19(0)a Dn}

tn—1
1 n
E {W o> f(w<t>,ﬂ<tn>)<x>>w<0>,Dn}
t=0

n

tn—1

IA
=
—N—
S =

oY f(w(t)ﬂﬂ(tn)) (X)) ‘19(0), Dn}
t

I
o

1
E {@(Y  Fraw gy (X)) [0 Dn} :

tn

I
~
=

~+
Il
o

In the fourth step of the proof we show
Cr
Wn.
Due to the fact that the logistic loss is Lipschitz continuous with Lipschitz constant 1
and by assumptions and we have

T3,n§2'6n'

T37n
1 tn—1
<— ) E {‘w(Y * few 90y (X)) — (Y f(w(t)719(t))(X)))}
™ =0
1 tn—1
<—) E {\f(w(t),mtn))(X) - f(w<t>,19<t>)(X)|}
™ =0
1 tn—1 Ky
<+ E{ w - B - [Taf e (X) — Tlfﬁ(t)(X)\}
"o k=1 g g
1 tn—1 Ky
t
< B Y E {Zw;) N o (X) = Fy0 <X>|}
no =0 k= g g
tn—1 Kn Kn
<~ B Y E (w2 1| S 1y (X) = £ 0 (X2
n =0 k=1 k=1 " g
tn—1 K,
< B Yo B V- | Y G0 - o
" t=0 k=1
C 1= {
< G5 LN gl e - ﬁ(t)H2}
N s |
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Cn
JN.

In the fifth step of the proof we apply Lemma to Ty . Set

§2'ﬁn'

F((Wv 19)) = E{@(Y : f(w,ﬂ)(X))‘lﬂ(O)),Dn} and Ft((wvﬂ)) = 90(1/]2 : f(w,ﬁ)(th))'

Then Lemma [§ implies

Tin < B{B{oV S o) (CNOV a1, } = min B (oY f(X)))

:O,I}dx‘i—ﬂR
tn—l
- ZE{
77/

{ (Y fiwr 9 ( ))}Dnaﬂ(o)}

1 1 D?
- . O |. T
E{gp(Y f(w*vg(o))(X))’Dmﬂ }‘ lEn}+2 Nn+2'tn
1 e
+ LS B {{(TuF) (W, 99) = (Vo 1) (w0, 00), w® —w) 15, ).
tn t=0

In the sixth step of the proof we show

B{B{o0 Sy NP Duf 1, | = min BV (X))

< sup E{p(Y- B, -T1f9(X))} — min E{SO(Y'f(X))}>-

9eO" Fi[0,1)ax R

This follows from the convexity of the logistic loss, which implies

B{B {0 Jiwe 00y (D D} 15,

{ {@( iy'ﬁn'Tlfﬁ;m(X)) ‘19(0)’@”} : 1En}
- K
Safefor o nagen)wnn) o)

< sup E{cp(Y Br - T1fo(X))} -
JeO*

In the seventh step of the proof we show

ti Z: E{‘E{ (Y Fewwe 000)( )> }Dnvﬁ(o)} - E{SD (Y'f(w*,wm)(X)) }Dn,ﬂ(o)}‘ - 1En}

3
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The Lipschitz continuity of the logistic loss and assumption imply

tltnz_l B {‘E {SO <Y ' f(W*vﬂ(”)(X)> }Dmﬁ(o)} -E {<P (Y : f(w*,’ﬁ(()))(X)) }Dmﬁ(o)}‘ - 1En}
"ot=1

< ;tnz_lE ‘90 <Y : f(w*,g(t))(X)> - <Y : f(w*,mm)(X)) ‘}
fewe 90y (X) — f(w*,mm)(X)‘}
%wk Bn - (Tlf 0 (X) = Tlfﬂ}gm(X)>|}

K, Ky 2
. J S w2 J > <T1f19<kt> (X) = T1fyo (X)> }

k=1

tn—1

{\lzka \lz<ﬂ<t)( )fﬁliO)(X))Q}
<*ﬁ ,tn_l 1 ic@_,g(t)_ﬁ(o)w
a ' t=1 \/m k=1 " ’ b

1% [ c C
<5 LSl G 90 90 }< o On
<o g B i) I} <o e

Let W be the set of all weight vectors w = ((wi)k=1,.. k.., (Uk)k=1,....k,,) Which satisfy
Y = (Vp)k=1,..K, € OK» and . Let (X1,Y]), ..., (X],Y)), €1, ..., €, be random
variables independent of 9(9) with P{ej =1} = 1/2 =P{e; = -1} (j =1,...,n) such
that (X1,Y7), ..., (Xn, Yn), €1, -, €, (X1,Y{), ..., (X],Y,)) are independent and

IN
N
=
/ N ’ )

IA
=
s
gl
=
——
?

IA

s
iNgh

=

(X1, Y1), ..., (Xpn, Yn), (X{,Yl’), o (X1, Y)) are 1dent1(:ally distributed.
In the eighth step of the proof we show
=
- Z E{((VwF) (w,90) = (v F) (w,00), w) —w) -1, |
<4.E L zn: ! Y, By Tufy (X3) ] -1
. Su —_— 6/[/ . . i . n . i . n
- worow, \ 7 — 1+ exp(Yi- fiw,0)(Xi)) Lo .
ke{l,...,Kn} =
we (0 K B4 (Bt 1) ot om0 fiwin @)l )
+ ye{—1,1},z€[0,1]dxd
in
We have
, 1 -1
¢'(2) (—exp(—2)) =

T 1+ exp(—z)
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which implies
N Zw B Tiforn (X) | =
8w] k- Pn-d1 o, =

=Y. ﬁn : Tlfﬁj (X)
1+ exp (Y ~ ZkK:’Ll Wy, - B - Tlfﬁk(X))

and

9 K
aTUjE {@ (Y';wk'ﬂn'Tlfﬂk(X)>}

| { o (Y S wn b Tgy) - B T (X)) = 0 (Y - XA wp - B~ Tafi, (X)) }
= lim E

h—0 h

h—0 h

{ o (Y SR (wy + b Tigmjy) - B - T1f19k(X)) — (Y R Wk B Tlfﬂk(X)> }
=E < lim

1+ exp (Y S wg - B Tlfﬁk(X)>
where we have used

o (Y S wr b Tpgy) - B Tifo (X)) = 0 (Y - A wp - B T fi, (X)) ’

h

= Bn - “P/(g)‘ < Bn,

where ¢ is determined according to the mean value theorem, and the dominated conver-
gence theorem in order to interchange limits and expectations above.
Consequently,

E{{(VF) (w?,90) — (VyF) (w?,99), w® —w*) .15, }

tn—1 Kp, -Y. 1 T X
1 (E p 1f19](€t>( ) Dn,fﬂ(o)
1 + exXp (Y . f(w(t),’ﬂ(t))(X)>

Y}t . 571 : Tlfﬂgct) (th) (t) %
_ (wy,” —wy) - 1g,
1+ exp <th . f(w<t),19(t>)(th))

! tn/n sn—1 —Y-Bn-Tlfﬂg)(X) ©)
“hfn 4 { 2 Z( { >)‘D”"9

t=(s—1)-n k=1 1+ exp (Y *few® 9oy (X
~Yje + Bn - Tafo0 (X5) >
1+ exp <th ' f(wu),mw)(th))

: (wl(ct) —wy) - 1En}-

41



During n gradient descent steps the parameter (w,¥) changes in supremum norm at
most by

neAn maX{ sup IVwo(¥ - fiw,9)(2)) oo
(Wz'ﬂ)EvaE{flzl}zwe[O»l]dXd
sup IVoe(y - fiw9) (a:))lloo}
(W,’l9)EW,yE{le},wE[O,l]dXd
<n- )\n : (/Bn + sup Hv'l?(p(y : f(w,'ﬂ) («T))Hoo)
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n- <5n + SUD (w,9)ew,ye{—1,1},ecfo,1]éxd | Vo (y - f(w,ﬂ)(x))HOO>
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Kn =Y B T f g (X)
(v k

Dy, 9
el 1+ exp (Y : f(w(t)’g(t))(X)>
-Y B, T sm—1 (X
. 1fgen—n (X) ‘Dn; 90
1+ exp (Y . f(w(s~n71)719(s<n71))(X))
Yo B Tif 0 (X0)
1+ exp (th : f(w(t),g(w)(th))
Vi B Tuf e (X)
k (w
1+ exp <ijt : f(w(s-n—l)719(s'n—1))(th)>
Kn ( { =Y - By - Tlfﬁ}(:) (X)+Y -5, Tlfﬁ}(j"—l)(X)
E

1 + exp (Y . f(w(t)ﬂg(t))(X))

Using

®) )

+ k — Wy,

1
1 -+ exp (Y . f(w(t)’ﬁ(t))(X)>

Y B T o ()

_ 1 ’Dn, 9©
1+exp (Y . f(w<S4n—1>,19<s~n—1>)(X)>
=Y, - Bn - Tlfﬁ;s-n—n(th) + Y Bn - T1fy (X50)

1 +exp (th : f(w(s<n71>719<s-n—1>)(th)>

1
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B 1 o @
wk Wy,
1+ exp (th . f(w(s-n—l)’ﬂ(s'n—l))(th>>

< (E { ’Tlfﬂ@»nfl) (X) =T fy (X)‘ + ‘f(wu),g(t))(X) - f(w(m—1>719<s-n—1>)(X)’ Dy, 19(0)}
k k
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+ ‘f(w(t)ﬂg(t))(th) - f(w(s-n—l)ﬂg(s-n—l))(th) ) . Bn . "u}](:) — w;;’
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k k

+ ‘fﬂl(ct) (Xj.) — Fgen-v (X;0)

+ ‘f(w<t),19(t>)(th) — f(w(s-nfl)ﬂg(,s-nfl))(th) ) . ﬁn . \wl(f) — w;:.]

Ky
<2:) (Cn 1957 = 05 Pl 4+ G- a9 = 957 g+ K- i ”) B -l — ]
k=1 n

B

n

<8 B o max [0 = 057"V loe + 4 K-

_ 8 Bn-Cn -1 SUD(w 9)ew yel~1,1}ael0,1)xd IVoe(y - fowa) (@)oo +4- Kn- 55 -n
< T

where the fourth inequality follows from

‘f(wu),g(t))(X) - f(w<s-n—1>,19<s-n—1))(X)’

Ky
> wz(gt) P - T1f0£t> (X) - wl(:.nil) B - Tlfﬂf‘nin (X)|
k=1

Kn
< ZB" . ‘wlgt)‘ ) ‘Tlfﬁg) (X) — Tlfﬁl(:.nfl) (X)‘ + Bn - ‘wg) _ w](:-nfl)‘ . ‘Tlfﬂ,f'"*” (X)
k=1
< o - [0 — 0"V 1 15, P
J tn

and

Kn —Y - By Ti f yion1) (X)
> [ : P9
1 + eXp (Y . f(w(&n—l)’ﬁ(s-nfl))(X))

k=1
=Y, B - T1fyon—1)(X,) .

1 4 exp (th : f(w<s-n—1>,mm—1>)(th)>
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n

Ky
<20 S )~ <2k

we can conclude

L Wl () sm —Y'ﬂn'Tlf](ct)(X)
S, b > (v { ﬂ

Dn,ﬁ(o)
t=(s—1)-n k=1 1 +exp (Y'f(wu),a(t))(X))

jt . Bn . Tl fﬂ(t) (th) (t)
_ . (wy,” —wp) - g,

14 exp (Y]t : f(w(w,g(t))(ij))
D, 9 }

sn—1 ( { =Y - B, ~T1f19§:'"*1>(X)
wlgs-nfl) _ wk) ]‘En}

1 tn/n {
< — E
tn/n ; Z Z 1+ exp (Y . f(w(&n—l),ﬂ(&n—l))(X))

(s—1)n k=1
]t : Bn : Tlfﬁl(:"n—l) (th) ) (

1+exp (th : f(w(smfl),ﬁ(swfl))(th)>

n- (6 Ky - 57% +8- By - Cp -sup (w,9)ew, ||V'l9(p(y : f(w,19) ($))‘|OO>

n ye{—1,1},z€[0,1]dxd

ln

We continue by deriving an upper bound on the first term of the sum of the right-hand
side above. We have
Dy, Q9(0)}

Lt/ sn—1 —Y'Bn'Tlfﬂgcs-n*U(X)
L P {
(w]gs.nfl) _wk) ]‘En}
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. l - . Y}'Bn'Tlfﬁk(Xj)
= E{ o6 ZGJ 1+eXP(Yj'f(Wﬂ9)(Xj))}.

Where in the second to last inequality we have used that

1< Vi Bn - T1fg, (X;)
sup — ) (£€)-
(w,9)eW ke{l,... Ko} ' 5 1+ exp <Yj . f(v—m;l) (Xj)>

>0

since there exists (W,49) € W such that f5,(X;)=0forje{l,....,n}
In the ninth step of the proof we derive an upper bound on

1 — 1
E{ (w,siggw, (nZEZ L+ exp(Y; - fiw,0)(Xi)) RO Tlfﬁk(Xi)) }

ke{l,....Kn} i=1

To do this we use a contraction style argument. Because of the independence of the
random variables we can compute the expectation by first computing the expectation
with respect to €; and then by computing the expectation with respect to all other
random variables. This yields that the last term above is equal to

1 1 & 1
. E su - i - Y- By T X;
2 { (v, n(Z; T+ ep(Vi Jua Xy O X

ke{1,...,Kn} =

1
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1 1 < 1
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1
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+1+6XP(Y1'f(w,z9)(X1)) v B Tifo(X)
1

1 + exp(Y7 - f(W,ﬁ)(Xl)) Y1 By Tlng (X1)> }

1 1 n 1

=3 " sup | D Vi B - Tifo, (X

2 { (w.0) (w.D)ew, T < =2 Cltep(Yi- fwe (X)) " +(X3)
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- 1
i Y Bn T fy (X
+¢§6 1+ exp(Yi - fiw,5)(Xi)) P T3 (X)

+Bn | fw,9)(X1) = w0 (XD + B - [T fo, (X7) — T1f5k(X1)|> }

The sum inside the supremum above does not change its value if ((w,9),k) is inter-
changed with ((w,9),k). Consequently we can assume without loss of generality that
Jw9)(X1) — f(v-v,ﬁ)(Xl) is positive or that it is negative. Set

& =¢e(e, X1, Y1,...,Xp,Y) =€

if the functions f(w,») (X1)— f(w,&) (X1) and By, -Th fo, (X1) — Bn -Tlflgl,c (X7) which "attain”
the above supremum have the same sign, and set it equal to —e; otherwise. Then the
right-hand side above is equal to

1 1 < 1
L N DT i B Tufo, (X
2 { (w,9),(w,B)ew, T <Z L+ exp(Yi - fiw,9)(Xi)) 1o (X3)
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- 1
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+;6 L4 exp(Yi - fiw,5)(Xi)) B Tifg (Xi)

+6n - €1 (fiw,0)(X1) = fiw,9)(X1)) + €1+ (Bn - T1fo, (X1) — Bn - T1f7§k(X1))> }

1{ < 1
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where we have used that conditioned on (X1,Y7), ..., (X,,Y,) the random vector (€1, €;)
has the same distribution as the random vector (—e;, —€;).

Arguing in the same way for k = 2,...,n we see that we can upper bound the term
on the right-hand side above by
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@1nzn€l0,1]2xd | 9ed® i

where the last equality follows from

(B Tifs, : (w,9) EW, ke {1,... Ku}} = {BnTifs, : (w,¥) EW}. (47)

}.

In the tenth step of the proof we show for z1, ..., x, € R**? arbitrary
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{ (w,9)ew T ; (o)

n
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5N
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n
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1 n
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where the last equality followed from .
Summarizing the above results, the proof is complete. O
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C. Supplement: Proof of Lemma

Set F={fy : 9 €O} For0<6,<1andzy,...,z, € [0,1]%% we have
B{sup |13 e 6, Ti(7(w)
sup | — € Pn g
fer M '

=1
:ﬁn~E{Sup iZGi'Tl(f(wz‘))‘}

feF

>t} dt
! 1

Applying a covering argument, which is frequently used in empirical process theory, cf.
e.g. [Kohler and Krzyzak (2024), we get that for any ¢ > 9,, we have

P{;gg Tll;ﬁ-Tl(f(%‘)) >t}
S . 1 & t
< My (27{T1f1f€]:}7$1) ?ggp{ n;ﬂ'Tl(f(ifi)) > 2}-

Application of Lemma [6] and Theorem 9.4 in |Gydrfi et al| (2002) yields

c29

c30-m?-h2-L2, .. log(m?-h? Limaz)
On >

M,y <52n,{T1f : f Gf},m’f) < cog - <

By the inequality of Hoeffding and
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we have for any f € F
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1 CSO'm2'hQ'Lgnaz'log(mQIh2.LmaI) . 6 N t
§5n+6n'/028’<029> '2'exp<_n ] >dt
o On s

Hence we get

n

SS e B Tl ()

sup E {sup
i=1

Z1,...,0n €[0,1]4% 4 fer
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c C3O'm2-h2~L3mz~10g(m2~h2'Lmaz) 16 n . 52
coben o (2) e

With

8 1
Sy = \/n . (030 -m2-h2- L2, -log(m?-h%- Lyag) -log(cog - /1) + log(ﬂn)) > %

(where the last inequality holds if we choose co9 and c3g large enough) we get the assertion.
O
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