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Abstract

Image classification is considered, and a hierarchical max-pooling model with additional
local pooling is introduced. Here the additional local pooling enables the hierachical
model to combine parts of the image which have a variable relative distance towards
each other. Various convolutional neural network image classifiers are introduced and
compared in view of their rate of convergence. The finite sample size performance of the
estimates is analyzed by applying them to simulated and real data.
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1. Introduction

1.1. Deep convolutional networks

Deep learning, i.e., estimation of a functional relationship by a deep neural network,
belongs nowadays to the most successful and most widely used methods in machine
learning, see, e.g., Schmidhuber| (2015) and the literature cited therein. In many appli-
cations the most successful networks are deep convolutional networks. E.g., since 2012,
the ImageNet Large Scale Visual Recognition Challenge (ILSVRC) was won each year
by deep convolutional neural networks (cf., Russakovsky et al.| (2015)).

Deep convolutional neural networks can be considered as a special case of deep feed-
forward neural networks, where symmetry constraints are imposed on the weights of the
networks. For deep feedforward neural networks, recently a large number of impressive
rate of convergence results have been shown. E.g., in Kohler and Krzyzak| (2017)), Bauer
and Kohler| (2019)), Schmidt-Hieber| (2020), [Kohler and Langer| (2021) and Suzuki and
Nitanda (2019) it was shown that these networks achieve in nonparametric regression a
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dimension reduction and are hence able to circumvent the so—called curse of dimemen-
sionality in case that the regression function can be written as a composition of functions
where each function depends only an a few variables.

Recently, a similar result was shown in [Kohler, Krzyzak and Walter| (2020) for image
classification by deep convolutional neural networks. The main idea there was to assume
that the a posteriori probability satisfies a hierarchical max-pooling model (see Definition
1), where a hierarchical model is defined which combines recursively subparts of the image
and where the a posteriori probability is given by the maximum value which one obtains if
one applies this hierarchical model to all possible parts of the image. This model mimics
the approach of a human, who classifies a subpart of an image by combining hierarchically
several decisions concerning parts of this subpart of the image, by surveying all subparts
of the whole image and by estimating the probability of a class by the maximum of the
probability of all subparts. Under this assumption it was shown that properly defined
deep convolutional neural networks, which use several convolutional layers together with
a final max-pooling layer and which are defined as a plug-in decision rule corresponding
to a least squares estimate of the a posteriori probability, achieve in case of a smooth
a posteriori probability a rate of convergence which is independent of the dimension of
the image (and hence are able to circumvent the curse of dimensionality). In Kohler and
Langer (2020) it was shown that a corresponding result also holds for deep convolutional
neural networks defined by minimizing the cross-entropy loss.

In practice, more general network architectures are used. In addition to convolutional
layers, these also contain so-called pooling layers (cf., e.g., Krizhevsky et al. (2012)
and Simonyan and Zisserman (2014)). These layers reduce the output of a previous
convolutional layer by summarizing local neighborhoods. This is done, for example, by
taking the maximum, the average, or by passing only a single particular value from the
local region. The goal of this article is to mathematically analyze the performance of such
more general network architectures, i.e., we want to show that these network architectures
also achieve a dimension reduction in an even more realistic model for image classification
problems (compared to the above hierarchical max-pooling model).

1.2. Main results in this article

In this paper we extend the above hierachical max-pooling model (see Definition 1) such
that it becomes more realistic for applications. In the hierachical max-pooling model the
relative distances between different parts of some fixed level of the hierarchical model
are fixed. This is not the case in the real world, where we can decide e.g. whether a
part of an image contains a face by dividing the part into four subparts and determine
whether each of the subparts contains corresponding parts of a face (e.g. two eyes, a
nose, two ears or a mouth). Here it is not important that, for example, two eyes and a
mouth have fixed distances between them, instead, we can vary their positions locally
without affecting our decision. In order to include this in our model, we use a kind
of local max-pooling, where locally parts of the image are combined by replacing the
function values in a small neighborhood by the maximal occuring value. In this way
we reduce the resolution of our image and the hierarchical model combines decisions on



more abstract levels. We introduce various topologies of convolutional neural networks
suitable for this more complex model, which contain several convolutional and several
local pooling layers and a final max-pooling layer, and analyze the rate of convergence of
the misclassification risk of the corresponding plug-in image classification rule towards
the optimal misclassification risk. Here we are able to show that the rate of convergence
does again not depend on the dimension of the image. Surprisingly we are able to show
the same rate of convergence also for an image classifier based on a convolutional neural
network using only one subsampling layer. These results provide a theoretical explanation
of why the use of general convolutional neural network architectures (which contain some
kind of local pooling layers) is reasonable in image classification problems. The finite
sample size performance of the estimates is analyzed by applying them to simulated and
real data.

1.3. Discussion of related results

Convolutional neural networks have achieved remarkable success in image recognition
applications, see e.g. [Lecun et al.| (1998), LeCun, Bengio and Hinton! (2015)), Krizhevsky,
Sutskever and Hinton (2012), Simonyan and Zisserman (2014) and the literature cited
therein.

Unfortunately, as mentioned in [Rawat and Wang (2017)), “a theoretical justification for
their successes is still lacking”. In fact, there are only a few papers that study convolu-
tional neural networks from a theoretical perspective. Some papers, see, e.g., |Oono and
Suzuki (2019) and the literature cited therein, use that suitably defined convolutional
neural networks can mimic deep fully connected neural networks and therefore achieve
similar rate of convergence results. However, this approach does not reveal situations in
which convolutional neural networks are superior to fully connected feedforward neural
networks, as is specifically the case in many image classification problems. |Lin and Zhang
(2019) treat generalization bounds for convolutional neural networks. That the gradient
descent finds the global minimum of the empirical risk with quadratic loss function is
shown in |Du et al.| (2018) for various neural network architectures. The number of neu-
rons per layer of the neural networks used there is at least polynomial in sample size,
thus the neural networks are over-parametrized. As shown by a counterexample in [Kohler
and Krzyzak| (2021)), overparameterized neural networks generally do not generalize well.
Very interesting approximation results for deep convolutional neural networks were ob-
tained by [Yarotsky| (2018). Since these results were achieved in an abstract setting, it
is unclear how they can be applied. |Zhou| (2020)) provides some further approximation
results for convolutional neural networks.

As already described in more detail above, Kohler, Krzyzak and Walter| (2020) obtained
a rate of convergence result for convolutional neural networks in image classification
problems. Assuming that the a posteriori probability satisfies a generalized hierarchical
max-pooling model with smoothness constraints (see Definition 1 in|Kohler, Krzyzak and
Walter| (2020)), they achieved a rate of convergence for suitably defined convolutional
neural networks which is independent of the input image dimension. Here, the convo-
lutional neural network plug-in classifier was defined by minimizing the empirical risk



with the quadratic loss function. In |Kohler and Langer (2020), a corresponding rate of
convergence result was obtained by minimizing the cross-entropy loss. In both papers,
the convolutional neural networks do not contain pooling layers. A theoretical analysis
of local max-pooling and average-pooling layers was presented in |Boureau, Ponce and
Lecun| (2010)). Nevertheless, these results do not help to theoretically identify situations
in which pooling layers are beneficial.

For regression estimates based on standard deep feedforward neural networks, there
are quite a few impressive rate of convergence results under compository assumptions on
the structure of the regression function. Here it was shown that these estimates achieve a
dimension reduction (cf.,|Kohler and Krzyzak! (2017)), Bauer and Kohler| (2019), Schmidt-
Hieber (2020), Kohler and Langer| (2021) and [Suzuki and Nitanda (2019)). Results
concerning estimation by neural networks of piecewise smooth regression functions with
partitions having rather general smooth boundaries have been obtained by [Imaizumi and
Fukamizu (2019). Eckle and Schmidt-Hieber| (2019) and Kohler, Krzyzak and Langer
(2019) showed a connection of least squares regression estimates based on standard deep
neural networks and the form of multivariate adaptive regression splines (MARS), where
suitably defined standard deep neural networks can achieve a similar rate of convergence.

Convergence rate results concerning classification problems using standard deep neural
networks were obtained by Kim (2014) und Hu, Shang and Cheng| (2020).

1.4. Notation

Throughout the paper we use the following notation: N, Ny, Z, R and R are the sets of
natural numbers, natural numbers including 0, integers, real numbers and nonnegative
real numbers, respectively. For z € R, we denote the smallest integer greater than or
equal to z by [2z]. Let D C R? and let f : R? — R be a real-valued function defined
on RY. We write x = argmingcp f(z) if mingep f(z) exists and if x satisfies x € D and
f(x) = mingep f(z). For f: R4 - R

[flloo = sup [f(x)]

x€R4

is its supremum norm, and the supremum norm of f on a set A C R? is denoted by

[£1l 4,00 = sup [ f(x)]-
x€A

Let p = ¢+ s for some ¢ € Ny and 0 < s < 1. A function f : R? — R is called (p, C)-

smooth, if for every @ = (ai,...,aq) € Ng with Z‘j:l aj = g the partial derivative
9 o .
o1 0274 exists and satisfies

99 f 94 f

_ <O llx — 7|8
8x‘f‘1...8x3d(x) 8x(f1...3$gd(z) <C-lx -2

for all x,z € R%.



Let F be a set of functions f : RY — R, let x1,...,x, € R? and set x} = (x1,...,Xp).
A finite collection fi,..., fx : R — R is called an e cover of F on x{ if for any f € F
there exists ¢ € {1,..., N} such that

S 16w — Al <=
k=1

The e-covering number of F on x7 is the size N of the smallest e-cover of F on x| and
is denoted by N (e, F,xT).

For z € R and 8 > 0 we define Tz = max{—3, min{3, z}}. If f : RY — R is a function
and F is a set of such functions, then we set

(Tsf)(x) =T5(f(x)) and TpF =A{Tsf : [feF}.
Let I be a nonempty and finite index set. For A C R and x € R¢ we use the notations
Al = {(a))ier a; € A (i € 1)}
and
x; = (z:)ier-

For M C R% and x € R? we define

x+M={x+z:z2€ M}

1.5. Outline

The outline of the paper is as follows: In Section [2] the hierarchical max-pooling model
with additional local max-pooling is introduced. The various convolutional neural net-
works analyzed in this paper are described in Section [3] The main result is presented in
Section [4] and proven in the Supplement. Section [5]and Section [6] contain the application
of the estimates to simulated and real data.

2. Hierarchical max-poling models for image classification

In this article we analyze image classification in the following statistical setting: Let
di,dy € N and let (X,Y), (X1,Y1), ..., (X,,Y},) be independent and identically dis-
tributed random variables with values in

[O, 1}{1,...,d1}><{1,...,d2} % {0, 1}

We describe a (random) image from (random) class Y € {0,1} by a (random) matrix X
with d; columns and dy rows, which contains at position (4, 7) the grey scale value of the
pixel of the image at the corresponding position.
Set
D, ={(X1,Y1),..., (X, Y)}.



In the sequel we consider the problem of constructing a classifier
Fo = fal-,Dy) 1 [0, 1]{1,...,d1}><{1,...,d2} —{0,1}
such that the misclassification risk

P{fn(X) # Y|Dn}

of this classifier is as small as possible.
Let
n(x) =P{Y = 1|X =x} (x € [0, 1]thdibxthdahy (1)

be the so—called a posteriori probability of class 1. Then we have
P{f(X) # Y} =P{f*(X) #Y},

where

1, ifn(x) >3

J 1) = {0, elsewhere

is the so—called Bayes classifier (cf., e.g., Theorem 2.1 in |Devroye, Gyorfi and Lugosi
(1996))). We will use plug-in classifiers of the form

Falo) = {1’ ) 2

0, elsewhere

where
7771() _ nn(';Dn) . [07 1]{1,...,d1}><{1,...,d2} SR

is an estimate of the a posteriori probability .
Our aim is to derive a bound on the expected difference of the misclassification risk of
fn and the optimal misclassification risk, i.e., we want to derive an upper bound on

E {P{fn(X) £ YD)~ min P{/(X) # Y}}

f:[O,l]{l ,,,,, dy}x{1,..., d2}_>{0,1}
=P{f(X) £ Y} -P{f*(X) #Y}.

In Kohler, Krzyzak and Walter (2020) the following model for the a posteriori proba-
bility was used to derive an upper bound on the above difference.

Definition 1 a) We say that m : [0, 1]{L-dibx{ld2} 5 R satisfies a max-pooling
model with index set

1C{0,...dy —1}yx{0,....d» — 1},
if there exist a function f :[0,1](WDH 5 R such that

— L 0 1 {1,‘..,d1}><{1,...,d2} .
M) = BB @) @ e 0] )



b) Let I ={0,...,2" =1} x {0,...,2! — 1} for some | € Ng. We say that
£, 1]{1,...,21}x{1,...,2l} SR
satisfies a hierarchical model of level [, if there exist functions
Grs RV = [0,1] (k=1,...,1,s=1,...,47%

such that we have

f=1n
for some fi s : [0, 1}{1""’2k}x{1""’2k} — R recursively defined by

fes(®) = grs (fk—1,4~(s—1)+1(x{l,...,Qk—l}x{1,...,2k—1})’
Je-14-(s—1)+2(Tgar—141, 2k x{1,....26-1})5

Je1,4-(s—1)+3 (T, 261} xf2k—141,..2%) )

-----

(x e [0, 1]{1,...,2k}x{1,...,2k})
fork=2,...,l,s=1,...,47% and

fis(xi, 212,221, %22) = g1,s(T11, 12, T21,222) (21,1, %1,2, 2,1, %22 € [0,1])

fors=1,...,471
c) We say that m : [0,1]{L-ditx{ld2} 4 R satisfies a hierarchical max-pooling
model of level | (where 2! < min{dy,ds}), if m satisfies a max-pooling model with
index set

I={0,...,2" =1} x{0,...2" — 1}

and the function f : [0, 1]{1""’21}”1"“’2[} — R in the definition of this maz-pooling model
satisfies a hierarchical model with level [.

d) Let p = q+ s for some ¢ € Ng and s € (0,1], and let C > 0. We say that a
hierarchical maz-pooling model is (p, C')—smooth if all functions gy s in its definition are
(p, C')—smooth.

Remark 1. In Kohler, Krzyzak, and Walter (2020), they also introduced a general-
ization of the hierarchical max-pooling model so that it includes functions from several
such models. In order to simplify our notation, we restrict ourselves here to the non-
generalized definition of the hierarchical max-pooling model. However, our results can
easily be extended to this generalization.

We want to extend the above model by some further structural assumptions. To mo-
tivate these structural assumptions, we first put our model in a new abstract framework.
As in Definition 1, we assume that the decision about the class of an image is made
hierarchically. That is, decisions about neighboring small subparts of the image are



combined into decisions about larger subparts of the image. In the above setting, the
function fi s : [0, 1]{1""’2k}x{1"“72k} — [0,1] makes such a decision for a 2% x 2F-sized
rectangular subpart of the input image by combining decisions from smaller parts of the
subpart. If we now consider the function fj ; for all possible subparts of the input image
x € [0, 1]{1""’d1}x{1""’d2}, the function yields us a new representation of the input image,
which is given by a function

Ys [0, 1]t x{lnda} (g q]{endi ()} {12 ()

with
Yk,s(X) = (fkvs(X{i,...,i—i-?k—l}><{J'7~-~,j+2’“—1}))(i,j)e{l,...,dl(k)}x{1,...,d2(k)} (2)

for x € [0, 1]H1dibx{ld2} and dimensions
di(k) =dy —2F +1 and do(k) = dy — 2F + 1. (3)

The choice (3)) of the dimensions d; (k) and da(k) ensures that all subparts are considered
that are entirely contained in the input image. We call the representation of the
input image feature map of level k£ € {1,...,1} of the feature s € {1,..., by}, where we
assume that the number of possible features in each level is bounded by b, € N. Here
neighboring parts of a feature map correspond to neighboring parts of the input image
and in each level each feature map describes whether locally a special kind of object is
contained in the image or not. We can then rewrite and slightly generalize parts a)—c)
of Definition 1 as follows:

Definition 2 Let di,d2,l € N and let bg,..., b € N with bg = by = 1 and set b =

(bla s 7bl—1)‘
a) For k=1,...,1 we recursively define the dimensions

di(k) = dy(k — 1) — 2871 and do(k) = do(k — 1) — 2871, (4)
where we set d1(0) = dy and da(0) = da. We say that
y . [07 1]{1,...,d1}><{1,.‘.,d2} N R{l,.‘.,dl(l)}X{1,..‘,d2(l)}

1s a feature map of level | with feature constraint b, if there exist functions
Ges :R*—=[0,1] (k=1,....0,s=1,...,b)
such that we have
Y=Y
for some yi s : [0, 1{Ldibx{ldot g 1) Lesdi (R AL 2 (R} pecyrsively defined as

follows:

1. We set
Yo,1(x) = x.



2. We define recursively feature maps

Z/k s . [07 1]{1,...,d1}><{1,...,d2} N [07 1]{1,...,d1(k)}X{l,...,dQ(k‘)}
of level k by

(yk,s(x)) (’L,j) = gk,s ((ykflﬂ‘l (k,s) (X))(Z,])7 (ykflﬂ‘g(k,s) (X))(i+2k—17j)7
(yk—l,rg,(k,s) (X))(i’j_i_zkfl)? (yk—l,m(k,s) (X))(H_Qkfl’j_;rgk—l))

fork =1,...01, s = 1,...,b, (i,5) € {1,...,di(k)} x {1,...,d2(k)}, ri(k,s),
ro(k,s), rs(k,s), ra(k,s) € {1,...,bx_1}.

b) We say that m : [0, 1]{1dibx{bd2} 5 [0 1] satisfies a hierarchical max-pooling
model of level | with feature constraint b, if there exist a function

y . [0’ 1]{1,...,d1}><{1,...,d2} N [0, 1]{1,...,d1(l)}X{l,...,dQ(l)}
which is a feature map of level | with feature constraint b such that

m(X) = ma. X .
) ()AL (1} X {12 ()} (W)

Remark 2. The above model is equivalent to the hierarchical max-pooling model of
level [ from definition 1 in case we choose r;(k,s) =4-(s—1)+ifori=1,...,4 and
b =4k for k€ {1,...,1}.

Remark 3. We have stated a recursive definition of the dimensions , because the
connection with the following definition then becomes more obvious.

Now we can add another structural assumption to our model. For this purpose, con-
sider an example in which a human is supposed to decide whether a given image contains
a face or not. The human then surveys the image to see if it contains two eyes, a mouth,
and a nose whose positions are approximately in a certain relationship to each other.
The exact positions of these objects in relation to each other are not crucial. Therefore,
we can assume that we can summarize local neighborhoods of a feature map into the in-
formation whether the whole local neighborhood contains the corresponding object. We
do this by replacing the values of disjoint rectangular local neighborhoods of a feature
map with their maximum occuring values.

For a given feature map yj s of level k with dimensions d;(k) and da(k) we define
rectangular neighborhoods of size ny € N as follows:

For (i,7) € {1,...,[di(k)/ng]} x {1,...,[d2(k)/ni]} we define neighborhoods

N = ({G =D m+ 1o md < {G = 1) e+ 1, o)) (5)

n ({1 (k)Y % {1, ,dg(k)})



and for the given y;, ; we define a feature map with local max-pooling of level £ by
a function

syt [0, 1] belteday _ po g {0 [ {2 ]}

which satisfies
(Zka(X))(iJ) - (h,jr;)lzﬁ((g) (yk’s(x))(i%jz)

for (i,) € {1,..., [di(k)/nx]} x {1, ..., [da(k)/ns]}.

distance of 23

|
N(k){.. I’Illl‘ll‘ III‘
CO\|m e e . EE =
E e EEEEE e ‘
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B EEEE |((AE i (
e | S NN EEEEEREERER
HOEN ] Ol
IIIIII‘II‘II u EEEEEEDE
B |mEEEE C I BEEEREER
EEE EmEn = m EEEEEEE
~ ~ - EEEEERERN
yk,s(x)
A\ ~ 4
2k,5(X)

Figure 1.: llustration of the local max-pooling of a feature map with neighborhood size
ng = 2.

As can be seen in Figure 1, the distances of the underlying subparts of the input image,
which are hierarchically combined in Definition 2, are reduced in the resulting feature
map with local max-pooling. Therefore, we introduce the parameter ¢ in the following
definition, which describes the distance 2 of the underlying subparts adapted to the
feature maps with local max-pooling of level k.

Definition 3 Let dyi,ds,l € N and ng,n1,...,n; € {2021 ..., 271} with ng =n; =1,

k
=1
forke{l,...,1—1} and
-1
min{dy,dp} > 2' + [[ e — 1. (7)
k=1

10



Furthermore, let by, ...,by € N with by = by = 1 and set b = (b1,...,bj—1) and n =
(n1,....m-1).

a) Fork=1,...,1 we set dp_1 = 2"“*1/]_[?:_01 n; and define recursively the dimensions
di(k—1 da(k —1
dl(k) = ’71()—‘ — 6k71 and dg(k) = ’72()—‘ — 5]?,1,
Nk—1 Ng—1

where we set d1(0) = dy and da(0) = da. We say that
o [0’ 1]{1,...,d1}><{1,...,d2} N [0’ 1]{1,...,d1(l)}X{l,A..,dQ(l)}

satisfies a hierarchical model of level | with feature constraint b and local max-
pooling parameter n, if there exist functions

Grs :RY—=[0,1] (k=1,...,01,s=1,...,bs)

such that we have
z = 2571

for some

dy (k)
k

2 ¢ [0, Lt} < (nd} o, 1]{1,...,[ L

[P %21}

recursively defined as follows:

1. We set

201 (x) = x.
2. We use a hierarchical model to define recursively feature maps
Yps [0’ 1]{1,...,d1}><{1,...,d2} N [0, 1]{1,...,d1(k)}x{l,...,dg(k:)}

fork=1,...,1 by

(yk,s(x))(i’j) = Gk,s ((Zk—l,rl(k,s) (X))(iyjy (Zk—l,m(k,s) (X))(i—i-dk_l,j)’
(Zkfl,'r'g,(k,s) (X))(i7j+5k71)’ (Zkfl,m(k,s) (X))(i+5k71,j+5k71))

fork =1,...01, s = 1,...,bg, (4,7) € {1,...,di(k)} x {1,...,d2(k)}, m1(k,s),
ro(k, s), ra(k,s), ra(k,s) € {1,...,bk_1}.

3. Next we define the feature maps with local max-pooling by

Zk,s(x) i) T max yk,s(x) 0.
( )( J) (i27j2)eN((£;) ( )( 2,j2)

fork=1,...,01,s=1,...,b, and (i,7) € {1,..., [di(k)/ng| } x{1,..., [d2(k)/nk]},

where the neighborhoods N((Z.k]).) are defined by equation ,

11



b) We say that m : [0, 1]11-dibx{bd2} 510 1] satisfies a hierarchical maz-pooling
model of level | with feature constraint b and local maz-pooling parameter n,
if there exist a function

P [0’ 1]{17...7d1}><{1,...,d2} — [0’ 1]{1,...7d1(l)}><{1,...,d2(l)}

which satisfies a hierarchical model of level | with feature comstraint b and local max-
pooling parameter n such that

m(x) = ma 2(x)),. .
) = e o) (=0 i

c) Let p = q+s for some ¢ € Ny and s € (0,1], and let C > 0. We say that a hierarchical
maz-pooling model has smoothness constraint p if all functions gy s in its definition are
(p, C)—smooth.

Remark 4. The above model is a generalization of the hierarchical max-pooling model
with feature constraint in Definition [2] since this model is equivalent to the new model
above in case we choose n1 =ng =---=mn;_1 = 1.

Remark 5. Condition @ ensures that the neighborhoods do not become too large
relative to the sizes of the underlying subparts of the input image belonging to the
corresponding feature map. Condition (7)) ensures that the dimensions d; (k) and da(k)
are greater than zero for all k € {1,...,1}.

Remark 6. Since we assume n; = 1 in the above definition, we have z;; = y; 1 in part a).

3. Convolutional neural network image classifiers

In this section we describe the architecture of the convolutional neural network, which
we use for the definition of our estimates.

The input of our convolutional neural networks is a [0, 1]#1--d1}x{L-d2} yalued image
with the image dimensions di,d2 € N. In our network architecture we use the so-
called ReLU activation function o : R — R, which is defined by o(z) = max{z,0}.
Our convolutional neural network consists of several convolutional blocks, where each
convolutional block is followed by a sub-sampling layer. Then a linear layer follows and
the output of the convolutional neural network is computed by a global max-pooling
layer. Here a convolutional block consists of several convolutional layers.

3.1. Convolutional blocks

The convolutional block that we define consists of several convolutional layers. A con-
volutional layer receives the output of the previous layer as input, which can be either
the output of a sub-sampling layer, a convolutional layer or the input image. The neu-
rons of a convolutional layer are arranged in planes of equal size, which we call channels
(also called feature maps). The parameter k € N denotes the number of channels in a
convolutional layer. Each neuron in a channel is tagged with an index, which defines

12



its position in the corresponding plane. Therefore, each convolutional layer is assigned
to an index set [ = {1,...,41} x {1,...,i2} for 91,72 € N, which contains the different
positions of the k£ channels. In our construction we will used a so—called zero-padding,
and consequently the dimension of the channels will not be reduced by the convolutional
layer.
The output of a convolutional layer is calculated by a function
Okt k) Mow © RIX{l,...,k’} N Rlx{l,...,k}’

where the value k' € N correspond to the number of channels of the previous layer. If the
input of the convolutional layer is the input image, we have I = {1,...,d1} x{1,...,d2}
and k' = 1. Furthermore, a convolutional layer depends on a filter size M € N and has
the following trainable weights:

1. A weight matrix (so—called filter)
(wi,jm,sz)1§z‘,j§M,sle{l,...,k/},SQG{l,...,k} (8)

2. and bias weights
(Wsa) speqt,... k). (9)

Let
W= ((w@jvsm)1§i,j§M,s1e{l,...,k/},sze{17...,k} ’ (wsz)we{l,...,k})

be the vector of all weights of the convolutional layer.
For (i,j) € I and s9 € {1,...,k} we compute the output of a convolutional layer by

k/
(O(klrk)erw(X))(iJ),sz =0 Z Z wt17t2151752 : x(i+t1*17j+t2*1),31 + w52
s1=1  t1,ta€{l,...,M}
(i+t1—1,j+t2—1)el

(10)

In case k¥ = 1 we identify R7*{1} with R! and define our convolutional layer by the
function
O(l’k%M’w . RI N RIX{L...,k}’

(O(lvk)vM’W(x))(i,j)732 =0 Z Wiy ta,1,80 * L(itty—1,j+ta—1) T Wsy
t1,t2€{1,.... M}
(i+t1—1,5+t2—1)erl
A convolutional block of size z € N with parameters k and M is then defined as a
function

(2) CmIx{l,.. K Ix{1,..k
O pyar ¢ ROk Y RO A}
given by
2)
O k), M = Olk,k),Mws © Ok k), Mow._1 © """ © O(k! k), M w1 > (11)
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where the z convolutional layers use the different weight vectors

w = ((wl?,,..) (i) (12)
BDS152 J 1< <M, s1€{1,....k'},s2€{1,....k} 2/ sp€{l,....k}

for r =1,...,z. In case k' = 1 we identify again R”*{1} with R’.

3.2. Local max-pooling layers

A local max-pooling layer is an example of a so-called pooling layer. A pooling layer
reduces the resolution of the output channels from the previous layer. This is done by
summarizing the outputs of several neurons from a local neighborhood of a channel.
In case of a local max-pooling, the local neighborhood of a output is summarized by
the maximum of the outputs in the corresponding neighborhood. The input of a local
max-pooling layer is R/*{L-*}_valued for an index set I = {1,...,i1} x {1,...,is} with
11,79 € N and k£ € N. The local max-pooling layer depends on a parameter s € N, which
denotes the size of the local neighborhood. We define a local max-pooling layer as a
function

fﬁgx : RIX{L---JC} - R{l,...,[%-‘}x{l,...,[%w }><~{1,...,k}7

of the following form:
For (i,j) € {1,..., [’;1]} X {1,..., [Z—Q]} and sy € {1,...,k} we define

s

(fr(rfc)m(x))(i’j)’SQ = max L(ig,52),82 (x c RIX{L.,.,]@})'
(i2,2)€ ({(i=1)- 5+ Lowvsi-s} x { (= 1)-s+L..ojis} ) NI

The local max-pooling layer depends only on the parameter s € N and has no trainable
weights.

3.3. Subsampling layers

The subsampling layer is another example of a pooling layer, which in practice is also
performed by a so-called convolutional stride (cf., e.g., (Goodfellow, Bengio and Courville
(2016)). Here the outputs of several neurons from a local neighborhood of a channel
are replaced by just one of these values corresponding to some fixed position in this
neighborhood. For simplicity here we just choose the value of the neuron in the left
upper corner of the neighborhood. The input of a subsampling layer is again RZ* {1k}
valued for an index set I = {1,...,41} x {1,...,io} with i1,i3 € N and k& € N, and the
subsampling layer depends again on a parameter s € N, which denotes the size of the
local neighborhood. We define a subsampling layer as a function

fii%; R ALk} R{l[%”x{l[%”x{lk})

of the following form:
For (i,j) € {1,..., [%W} X {1,..., {%]} and s9 € {1,...,k} we define

(fs(ig’(x))(i,j)@z = T 1)1, (—1)s 1)y (X € RIALRD)

The subsampling layer depends only on the parameter s € N and has no trainable weights.
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3.4. Output layer

We now define the output layer of our convolutional neural network, which consists of a
global max-pooling layer applied to a linear combination of the channels of the previous
layer. The output layer depends on output bounds (Jl, cig) € I and the trainable output
weights

Wout = (WS)se{l,...,k}a (13)

where & € N denotes the number of channels of the previous convolutional layer. The
output layer is computed by a function fou : R¥*{bk 5 R defined by

fégz%’d?) _maX{Zwsz- (4,9), (ihj)6{17"->CZ1}X{17"->CZ2}}'

so=1

3.5. Three classes of convolutional neural networks

We next introduce the three classes of convolutional neural networks which we investigate
in this articel. The difference between these three classes is that the first uses severeal
local max-pooling layers, the second several subsampling layers and the third uses only
one subsampling layer after the convolutional layers.

For the first class our convolutional neural network is given by a function

£000, 1)L bx {12} R

defined by
_ @) () (s2-1)_ (2) ) (@)
FO) = Fout ™ 00 sya, @ Fmas 000 syt OO Fid 001y, () (14)

For our second class of convolutional neural networks this function is defined by

dy,d z (sp—1) z z
f(x) = féu% Q)Oogk)L,l,kL),MLofsui ' OOEk)L,Q,kL,l),ML,lo"'O sub °0E1)k1)M1( ). (15)

For our third class of convolutional neural networks this function is defined by

_ pldida) Jp(s)  (2) o) (2)
f(X) - fomlf : 0 fsub ° O(kL 17kL) ML (kL_Q,kL_1)7ML_1 -0 O(l,kl),Ml (X) (16)

In all three cases the class of convolutional neural networks f depends on the parameters
L,k = (ki,...,kp), M = (My,...,Mr), z and d = (czl,cig). The first two classes
additionally depend on the parameter s = (s1,...,s7-1) and the third class on the
parameter s. Moreover, the functions of the three classes depend on the weights

w= ((W&l? e 7W5,Z)s€{1,...,L}a Wout)a

where wy ;. is of the form and corresponds to the weight vector of the r-th convolu-
tional layer in the s-th convolutional block and w,,; denotes the weights of the output
layer . We define the three classes of convolutional neural networks by

1) = {f: [ is of the form (14) with parameters
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6, = (L,k,M,z,s,a) and weights w},

Fa(02) = {f : [ is of the form with parameters
0> = (L, k, M, z,s,d) and weights w}

and

F3(03) = {f : [ is of the form with parameters
0s = (L,k,M, z, s, &) and weights w}.

The different network architectures are illustrated in Figure 2 to 4.

convolutional convolutional convolutional
block block block

output

x
layer
local local
max-pooling max-pooling
layer layer

Figure 2.: Illustration of the network architecture of the class F;(61) with L = 3, k; =
k:2:k:3:3andz:2.

convolutional convolutional convolutional
block block block

output
layer

subsampling subsampling
layer layer

Figure 3.: Illustration of the network architecture of the class Fy(f2) with L = 3, k1 =
ko = ks =3 and z = 2.
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convolutional convolutional convolutional

block block block

output
layer

s
L

subsampling
layer

Figure 4.: Illustration of the network architecture of the class F3(03) with L = 3, k1 =
k:2:k:3:3andz:2.

3.6. Convolutional neural network image classifiers

We are now ready to define the convolutional neural network image classifiers which
we will analyze in this article. For j € {1,2,3} define the least squares estimate of
n(x) = B{Y = 1|X = x} by

. 1 &
(49) — 0 = g 3|2
n,)) = argmin E lY; — f(X)°. (17)
feF;6;) " i

Then our estimate fT(Lj ) is for j € {1,2,3} defined by

F9)(x) = {1, if 7, (%) > 3

n
0, elsewhere.

4. Main result

Our main result is the following theorem, in which we present an upper bound on the
distance between the expected misclassification risk of our plug-in classifier and the opti-
mal misclassification risk in case that the a posteriori probability satisfies a hierarchical
max-pooling model with a local max-pooling parameter for the three topologies of the
convolutional neural networks which we have introduced in Section Bl

Theorem 1 Letd;,dy € N, letn € N withn > 1, and let (X,Y), (X1,Y7), ..., (Xn, Yn)
be independent and identically distributed [0,1]11-dibx{Ld2} 5 £0 1Y valued random
variables. Assume that the a posteriori probability n(x) = P{Y = 1|X = x} satisfies
a hierarchical maz-pooling model of finite order d* and level | with feature constraint
b = (b1,...,b—1) and local maz-pooling parameter n = (ny,...,n_1) and smoothness
constraint p € [1,00). Assume that the image dimensions satisfy

d1:2l-m1—1 d2:2l'm2—1 (18)
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for some my,mg € N\ {1}. We set
4
Ly = [e-n7@50 |
for c1 > 0 sufficiently large and select the parameters of our convolutional neural network

function classes F1(01), Fa (02) and F3(63) as follows:
We set

I

- - di—2'+1 dy—2'+1
z=max{by,...,by_1}- (Ln+1), L=I, d—(dl,dg)—< 1H"1 QHH
i=1"u i=1"u

and forr € {1,..., L} we choose

2'r—1 B
kr =2 -max{bi,...,b_1}+co, M,=———+1, M =2"1+1
[Tizo 7
for ca € N sufficiently large and set s = (ny,...,np—1), and s =ny -...-np_1. Further-

more, we set

z =z + 3 -max{ki,...,kr} -max{logy(ni),...,logs(nr_1)},

k:(k:l,...,k:L),k:(2~k1+4,...,2-kL+4),M:(Ml,...,ML), 1\_/[:( 1,...,ML),
0, = (L,k,M, z,s,d), 0= (LkM,zs,d) and 03= (L k M,z s,d)
We define the estimates féj) (j =1,2,3) as in Subsection . Then we have

P{fP(X)#Y} - min P{f(X)#Y}

f:[071]{1 ,,,,, dy}x{1,..., d2}_){071}

for all j € {1,2,3} and some constant cs > 0 which does not depend on dy, do and n.

The proof is available in the supplement.

Remark 7. The rate of convergence in Theorem 1 does not depend on the image
dimensions d; and dy, hence under the assumptions on the a posteriori probability from
Theorem 1 our convolutional neural network image classifiers are able to circumvent the
curse of dimensionality.

Remark 8. The above parameters L,, L, M, z, Z, s and s depend on the smoothness,
respectively the level, or neighborhood sizes of the model of the a posteriori probability,
which may be unknown in applications. Nevertheless, we can choose these parameters
in a data-dependent way, e.g., by using a splitting of the sample approach as described
in the next section. For the classes F1(01) and F3(02), the number of possibilities for
the parameter s = (s1,...,57-1) is equal to the number of possible sizes of the local
neighborhoods of the model of the a posteriori probability ny, ..., n;_1. Since the function
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class F3(63) has only one subsampling layer and its parameter s is calculated as the
product of the neighborhood sizes ni,...,n;_1, the class has the advantage over the
other two classes that there are much less possibilities for parameter combinations.
Remark 9. The constant c¢3 in Theorem 1 is different for the different function classes
F1(601), F2(02) and F5(03). Since we show in Lemma 5 that F1(01) C Fa(02) C F3(03)
for parameters 01, 65 und 63 choosen as in Theorem 1, our proof of Theorem 1 yields

P{fP(X)#Y} - min P{f(X)#Y}

F:00,1]{1mda b x {1 da} 5001}

< o) \/log(dr - da) - (logn)? - n” 751,
for some constants cgj) > 0 for all j € {1,2, 3} satisfying cgl) < c:(f) < cés).
Remark 10. We can make the above assumption for the image dimensions, since
any image dimensions can be made into the above form by an appropriate zero padding.

5. Application to simulated data

To analyze the finite sample size performance of our newly introduced image classifiers,
we apply them to simulated and real data and compare their results with the classifier
from Kohler, Krzyzak and Walter (2020), which has no pooling layers. First, we describe
how to generate the synthetic image data sets. A synthetically generated image data set
is given by finitely many realizations

Dy = {(Xlayl)v (X27y2)7 R (XvaN)}

of a [0, 1]{131x {131} 5 £ 1}-valued random variable (X,Y). As described in Section
1 the matrix X contains at position (i,7) the grey scale value of the pixel of the image
at the corresponding position and the value of Y denotes the class of the image. In this
example we use di = 31 and dy = 31 for the image dimensions. Both classes of our
synthetically generated images consist of the same geometric objects, namely a circle,
an equilateral triangle and a square. The only difference between the two classes are
the relative positions of the geometric objects to each other. First we determine the
label Y from a uniform distribution on {0,1} and then determine a random image of
the corresponding class. We now describe how the images of the two classes are created.
After the objects are theoretically defined on the cube [0,31]2, they are downsampled to
the grid {1,...,31} x {1,...,31} using the Python package Pillow.

We start by randomly choosing the area and grey scale values of the three objects. For
each object, the area is choosen independently and is uniformly distributed on the interval
[20, 40]. We determine the grey scale values of the three objects by randomly permuting
the list (0, %, %) of three grey scale values. Next, we explain how the positions of the
objects in relation to each other are determined and then how this leads to the specific
positions within the image area. For both classes, the objects are arranged approximately
as corners of a large square, whose area is randomly choosen by the uniform distribution
on the interval [80, 160]. For both classes, the bottom right corner defines the position of
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the square. The position of the circle is defined by the upper left corner for class 0 and
by the lower left corner for class 1. Lastly, the position of the triangle is defined for class
0 by the lower left corner and for class 1 by the upper right corner. Since the objects
should only have approximately these positions to each other, the positions are chosen
randomly by a uniform distribution on a disk located on the corresponding corners, where
the radius of the disk is a third of a side length of the large square. Once the positions to
each other are determined in this way, they are moved collectively within the image area
by a uniform distribution on the restricted image area so that all objects lie completely
within the image. This leads us to the desired positions. As a last step, we add a scaled
standard normally distributed noise value to each pixel value and truncate the resulting
values to the interval [0, 1]. We have shown some example images in Figure 5 and Figure

L b ]
& i 5 4 . . - Wy

(R g FE  bE B e

]

t—: =.'.-.. -- ::.l # ?l l". p= I.--. _,'-

Figure 5.: The two rows show images of class 0 of our classification task.
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Figure 6.: The two rows show images of class 1 of our classification task.

Due to the fact that all of our classifiers depend on parameters that influence their
behavior, we choose these parameters data-dependently by splitting of the sample. For
this purpose we proceed as follows: We split our sample into a learning sample of size
Nearn = L% . nJ and a testing sample of size Ntest = 1 — Niearn, and then use the learning
sample to train our classifiers several times with the different choices for the parameters
and use the testing sample to select the classifiers that minimize the empirical misclassi-
fication risk. Finally, we train the selected classifiers on the entire training set, consisting
of the n data points.

We slightly simplify the classifier presented in |Kohler, Krzyzak and Walter| (2020) by
selecting it from class F3(0), setting the neighborhood size of the subsampling layer equal
to 1, and adjusting the output bounds. Therefore, we set F4(f) = F3(0) and denote

the classifier by f,(L4). We now describe how precisely we choose the parameters of all
classifiers, which may depend on the level | and the local max-pooling parameter n =
(n1,...,my—1) of the hierarchical max-pooling model with local max-pooling parameter.
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We adaptively choose | € {3,4} and ny,...,n;_; € {2°,21,...,2/=1} such that

.
np€{2°,...,27} and Jni<2
=0

is satisfied for all r € {1,...,l — 1} (where ng = 1). Furthermore, we adaptively choose
the number of channels in each convolutional layer from k € {2,4,8} and the number
of layers in each convolutional block from z € {1,2,3}. According to Theorem 1, the
remaining parameters result respectively from the values for [ and ny,...,n;_1 as shown
in Table 1. The parameters then are given by

0; = (L, (k,....k),MY 2 sU) q)

for our classifiers féj ) e F;(0;) for j € {1,2,3,4}. We want to avoid overparameteriza-

ilL M) <0 qu

di—241 do—2'41
—1, | > -1,
[[izyna [Tz n

11| 25—+1 (r=1,....L) | (n1,...,np_1)

i=0 i

211 %4‘1 (T—l,...,L) (n17"'anL—1) <d1_2l+,1 7 dy—2'41 >

1—
Hi:() ni szi n;
di—2'+1 do—2'+1
Hl—l n, ’ Hl—l n:
i=1""7 1=1""7

Bl 27+l (r=1,...,L) | m-...onp

401 27741 (r=1,...,L) 1 (i —2'+1,dp — 21 +1)

Table 1.: Definition of the parameters that depend on the adaptively chosen values [ and
Nyy...,Np—1.

tion, so we only use the parameter combinations such that the total number of weights
does not exceed the training sample size n. For minimizing the empirical Lo risk ,
we use the optimizer Adam from the Keras library.

For the evaluation of our classifiers we use their empirical misclassification risk on new
independent test data, which is defined by

N
1
EN(fn) = N Z ]l{fn(xn+k)7éyn+k}7 (19)
k=1

where f, is the considered classifier based on the training set. The data points

(Xn-‘rla yn-‘rl)a vy (Xn+N7 yn—i-N)

are newly generated independent realizations of the random variable (X, Y) with N = 10°.
Table [2[shows the median and interquartile range (IQR) of the empirical misclassification
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sets {(x1,%1), -y (Xn+N, Yn+N) }-
sample size n = 200 n = 400
approach | median (IQR) | median (IQR)
Q) 0.15 (0.06) | 0.04 (0.05)
A 0.18 (0.19) | 0.06 (0.03)
® 0.49 (0.05) | 0.27 (0.17)
FY 0.43 (0.08) | 0.29 (0.20)

risk of our four estimates of 25 runs on 25 different independently generated data

Table 2.: Median and interquartile range of the empirical misclassification risk €y ( f,@)
fori=1,2,3,4.

We observe that our convolutional neural network classifier f,(Ll) with several local max-
pooling layers outperforms the other convolutional neural network classifiers fTSQ), f,§3)
and f724). Also its relative improvement with increasing sample size is larger than the
improvement for the other classifiers. This supports Remark 9, that the classifier fél) has
a convergence rate better than the classifier f7§2) by some constant factor. We have the
same observation concerning the relative improvement of the empirical misclassification
risk with increasing sample size for the classifiers f,(f) and f,S?’). The classifier without
local pooling layers f7g4) has the smallest relative improvement with increasing sample
size, which suggests that it also has the slowest rate of convergence.

6. Application to real images

In this section, we test our classifiers using two different datasets containing real images
to show their practical relevance. We follow Kim, Ohn and Kim| (2018)) in our choice of
datasets and training data. We use the CIFAR-10 dataset (cf., Krizhevsky| (2009)) and
the SVHN dataset (cf., Netzer et al.| (2011)). Both datasets contain 10 different classes
of real images consisting of 32 x 32 pixels. We have reduced the size of the images from
32 x 32 pixels to 31 x 31 pixels by removing the last column and row of the original images
(because of our condition on the image dimensions from Theorem 1) and because the
images are in color, we have converted them to grey scale. Since our theory is based on
a binary image classification problem, we decide to use only two classes of each dataset,
which we think best fit our model (only approximate relative distances of features are
crucial for correct classification) and, on the other hand, represent a hard classification
task. For the CIFAR-10 dataset we consider the two classes ‘dog’ and ‘cat’ and for
the SVHN dataset of house numbers we consider the classes ‘4’ and ‘9’. The original
data sets then reduce to 10,000 training images and N = 2,000 test images in the case
of the CIFAR-10 data set. For the SVHN dataset, we get 12,117 training images and
N = 4,118 test images.

We choose the parameter grids of our four classifiers as in Section 5 and also choose
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Figure 7.: The first two rows show some images of the dogs and the lower two rows show
images of the cats of the grey scaled CIFAR-10 data set.
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Figure 8.: The first two rows show some images of the nines and the lower two rows show
some images of the fours of the grey scaled SVHN data set.

Niearn = L% . nJ and Ngest = N — Njearn. We randomly select n training images from
the 10,000 and 12, 117 original training images, respectively and evaluate our classifiers
using the corresponding N test images and repeat this several times. Table [3|then shows
the median and interquartile range (IQR) of 25 runs of the empirical misclassification
risk of 25 runs (where the n training images are drawn with replacement). For the
CIFAR-10 dataset, the classifier 7(L4) outperforms the other classifiers, even though we
obtain similar errors for all four approaches. Considering the SVHN dataset, the classifier
fél) outperforms the other approaches, where the errors of all classifiers relative to each
other behaving roughly as for the simulated data (the classifiers f7(,,1) and fT(Lz) perform
much better than the classifiers f,(Ls) and f7(14) and also have a better relative improvement
with increasing sample size). Hence, we assume that, at least for the SVHN dataset, our
assumption of local max-pooling on the a posteriori probability seems plausible.
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data CIFAR-10 SVHN
sample size n = 200 n = 400 n = 200 n = 400
approach | median (IQR) | median (IQR) | median (IQR) | median(IQR)
Q) 0.48 (0.02) | 0.47(0.03) | 0.31 (0.08) | 0.25 (0.07)
A 0.50 (0.02) | 0.48 (0.03) | 0.35(0.05) | 0.28 (0.04)
® 0.48 (0.03) | 0.47(0.03) | 0.40(0.03) | 0.38 (0.04)
A 0.47 (0.04) | 0.45 (0.03) | 0.39 (0.02) | 0.39 (0.03)

Table 3.: Median and interquartile range (IQR) of the empirical misclassification risk
EN < fr(f)) for i = 1,2,3,4 based on the presented grey scaled subsets of the
CIFAR-10 and SVHN data sets.

7. Summary

In this paper, we analyzed various convolutional neural network image classifiers in a
hierarchical max-pooling model with local max-pooling. This model extends the hier-
archical max-pooling model of |Kohler, Krzyzak and Walter| (2020) by allowing features
of an image that are combined hierarchically to have variable relative distances towards
each other. We introduced three convolutional neural network architectures and inves-
tigated the convergence rate of the distance between the expected misclassification risk
of the classifier and the optimal misclassification risk in each case. All three classes of
convolutional neural networks include some kind of local pooling and achieve the same
convergence rate in our model, which does not depend on the image dimensions, thus
circumventing the curse of dimensionality. Hence, we provide a theoretical explanation
why some kind of local pooling is useful in some image classification applications. By
applying our classifiers to simulated and real data and analyzing their finite sample size
performance, we were also able to support our theoretical results.
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Supplementary material to “Analysis of
convolutional neural network image classifiers in a
hierarchical max-pooling model with additional
local pooling”

The supplement contains the complete proof of Theorem 1 and all auxiliary results nec-
essary for it. In the proof of Theorem [l| we proceed as in the proof of Theorem 1 in
Kohler, Krzyzak and Walter (2020), i.e., we relate the misclassification error of our plug-
in estimate to the Lo error of the corresponding least squares estimates, bound its error
via empirical process theory, and derive bounds on the approximation error and the
covering number. The bound on the covering number is a straightforward extension of
the corresponding bound in Kohler, Krzyzak and Walter (2020), but the analysis of the
approximation error needs some technical difficult extensions of the results from Kohler,
Krzyzak and Walter (2020).

A. Proof of Theorem 1

W.l.o.g. we assume that n is so large that c4 - logn > 2 holds for some constant c4 > 0.
Then z > 1/2 holds if and only if T¢,.10gn2 > 1/2 holds, and consequently we have

f(]) (X) — 17 if TC4-logn777(1])(X) > %
" 0, -elsewhere

(7 € {1,2,3}). Because of Lemma [16|from Section E we then have

P{f(X)D £Y} —P{f"(X)£Y} <2 \/E { / ITeptog nt) (%) — 7(x)|2 Px<dx>}

for j € {1,2,3} and therefore it suffices to show

2p

E/ 1Tz 108nm () = n(x) PP (dx) < c1 - log(dy - do) - (logn)* - n~ 20+
for j € {1,2,3}. Lemma from Section B yields us
F1(61) C F2(02) C F5(03). (20)

and since the covering number and the infimum are monotonic, we get together with
Lemma [I7] from Section E

E / 11081 (%) — () ?Px (dx)

. c12 - (log(n))? - supyn (10g (/\/1 (W,Tm 1og(n)f3(93)ax?)) + 1)

n
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inf / |f(x x)|*Px (dx)

feFi(61)

for j € {1,2,3}. Application of our bound on the covering number from Lemma @] from
Section D yields

¢s - (log(n))? - sup (108 (N (et Testosn F3(0), X1 ) ) +1)

n
log(dy - d3) - (logn)? - 22 - log 2
< cg- o
_2p

< ¢y -log(dy - da) - (log n) . n” T,

Next we derive a bound on the approximation error

inf )|?Px (dx
nt, [ 176 = w60 PPx(ax).
For k € {1,...,l} and s € {1,...,bk} let gnetk.s : R* — R be the neural network from
Kohler and Langer (2021) (cf., Lemma [18]from Section E) with L,, layers and ¢, neurons
per layer which satisfies

2p

Hgk,s - gnet,k,sH[—2,2}4,oo <cg- Lo *.

Since the functions gy, 5 are [0, 1]-valued, we are able to choose ¢; in the definition of L,
sufficiently large such that

2p

ot Sldcg Lyt <2

for all k € {1,...,l} and s € {1,...,b;}. We define m € Fi(0:) as in Lemma [7] from
Section C. Then Lemma [6] and Lemma [7] from Section C imply

IN

inf / |f(x (x)[*Px (dx)

2
C max —
feF1(61) 9" Hgk,s gnet,k,s”[_272]4700

ke{l,...,l},se{1,...,b
< co- L7

Putting in the value of L,, and summarizing the above results, the proof is complete.
O

B. A connection between several classes of convolutional
neural networks

The aim of this section is to prove equation 7 which we used in the proof of Theorem 1.

In order to show that we may represent a convolutional neural network with several max-

pooling layers (as in F7(601)) as a convolutional neural network with several subsampling
layers (as in F2(02)) we will use the following result.
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Lemma 1 Let k,i1,i2 €N, set I ={1,...,i1} x {1,...,i2}, let
 {Lendi yx{1,....d Ix{1,....2-k+4}
£ RLdibdlenda} o
be a function. Let n € Ny and let M € N with M > 2"~' + 1. Then there exist a
convolutional block

(z) CmpIx{l,...,2-k+4 Ix{1,..2:k+4
(2k+42k+4)M‘RX{ b rI }

defined as in Subsection 3.2 with z =3 -n - k layers such that

((fgz) o 052)k+4 2.k+4),M ° )(X)) ((fmaa: f)( ))

holds for all s € {1,...,k}, x € [0,1]{L-dibxAode} ang (. 5) € {1,...,[i1/2"]} X

In the proof of Lemma [I] we will apply following auxiliary result.

(4,5),s (4,4),s

Lemma 2 Let gper : R* = R be a standard feedforward neural network with Lye; € N
hidden layers and rner € N neurons per hidden layer (see Subsection 3.1). Let

be a function, where dy,da,i1,i2,t € N and I = {1,...,i1} x {1,...,i2}. Furthermore,
let s1,...,85 € {1,...,t} and § € N. Then there exist a convolutional block

(Lnet+1) . IX{l,...,t+T‘net} IX{I,...,t+T’nct}
(t“rrneht“l‘rnet),(s"'l : R - R

defined as in Subsection 3.2 with arbitrary weights in channels
{1,...,t} \ {s5}
such that
Lpet+1
<(Ogt+’“:rtvt)+’”net)v5+1 °J) (X)> (i,3),85 (21)
= (900 ((F09) 15000 O s 0 118000 TN i155101.0))

for all (i,5) € I and all x € [0, 1]{L-dibx{Lde} “yhere we set (f(x))
(1,5) ¢ 1.

Proof. We assume that the standard feedforward neural network gy.; is given by

(i) = 0 for

Tnet

t) (Lnet) (Lnet)
gnet § wl 1ne g; " )+w1 One ’

)

30



(Lnet)

where g, is recursively defined by

2y

Tnet
gz.(r) (x) =0 ngj_l)gy_l)(x) + w%_l)
j=1
for ¢ € {1, c ,Tnet}y re {2, cee ,Lnet}; and

4
70 = [ Y wla? 4wl | e {1,
j=1

We now choose the weights of the convolutional block

(Lnet+1) _( Q-+++0 )
(t+'r'nct,t+7'net)75+1 - O(t+rn5t’t+r"5t)75+1’wl‘net+1 0(t+7’net7t+7'net)76+1ywl

(Lnet"rl)

by using the weights of gnet. As in Section 3.1, the weights of Ot rmen b rmet) 641

by

are given

r
Wr = (ng)& 1,52 2) . ) (wg)z)
WP s, 104, 1Sl,]§5+1,8271E{l,“.,t—i-rnet},szgG{l,...,t+7‘net} ’ 52,26{1,..‘,154-7“”6,5}

forr=1,..., Lyt + 1. In the sequel we set

(r) — -
o - 0(t+r’ﬂ5t7t+rnet)76+1yw7‘ o o O(t+rnet7t+rnet)76+lywl

forr=1,..., Ly + 1 and (f(x))(l.j) . =0if (4,7) ¢ I. In the first layer in channel ¢ + i
we set

(1) _
Wy, to,st+i — 0
for all t1,t2 ¢ {1, + 1} and all s ¢ {s1,...,s4} and choose the only nonzero weights by
(1) _,,0) (1) _ 0
Wy t,sit+i — Wit Ws41,1,80,t+i — Wi2>
(1) _ 0 (1) _ (0
Wy 541,853,645 — Wi 3> Ws i1 641,54,645 — Wid>
and wSr)l = w;%) for i € {1,...,7pet}. Then we have
1
((0( b0 ) (X))(iz,jz),t+i
t+Tnet ( ) ( )
1 1
=0 Z Wy, to,s,t4d (f(x))(i2+t171,j2+t271),s +we

s=1 t1,t2€{1,...,0+1}
(io+t1—1,jo+t2—1)el

(22)
=a<@?«ﬂwmmﬂﬂ+@2wﬂwmﬁmﬁ@+@?wﬂmmmﬁ&%

+ wz((i) “(f (X)) (i94+6,jo+5),50 T wf?)

= 0" (PO o)1 O i 820,80 (O 481050 (0 iz 483348104
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for all i € {1,...,7net}, (i2,72) € I and all x € [0, 1]{Ldibx{ld2} I layers r €
{2,..., Lpet} in channel t + i we set

(T) =0

t1,t2,5 t+1

for all (t1,t2) # (1,1) and all s € {1,...,t} and choose the only nonzero weights by

1 1 .
wggthrj,t*H = w(z )’ wlgﬁz - wz(% ) (.7 € {17 cee 7rnet})

for i € {1,...,7pet}. Thus we obtain
(O(T) © f(x))(ig,jg),t+i
Tnet
r—1 (r— r—1
B J<Zw - Y0 F0) iy e +ul ))

for all i € {1,...,7net}, 7 € {2,..., Lnet}, (i2,72) € T and all x € [0, 1]{1didx{Ld2}
Then we get by equation and the definition of gi(r) that

(O(T) © f(X))(ig,jz),tJri

= gl(T) ((f(x))(ig,jz),sp (f(x))(i2+5,j2),827 (f(x))(ig,jg-i—&),Sg? (f(x))(i2+5,j2+5)754)

for all i € {1,...,7net}, ¥ € {2,..., Lnet}, (iz,52) € I and all x € [0, 1]{1di}x {1 d2}
Now in layer Ly 4+ 1 in channel s we set

(Lnet+1) _ 0
t1,t2,8,85

for all (t1,%2) # (1,1) and all s € {1,...,¢ + rpe} and choose the only nonzero weights
by

(eret+1) . (Lnet) (L t+1) _ (Lnet)
114,85 — Wi and  wg " =W

fori e {1,...,rhe}. Consequently, we obtain

Tnet
Lypet+1 Lne ne Lne
(ot 501 © F00) iy 1) 00 = O (Z i () o () i, 4y s TG t)>
=0 <gnet((f(x))(i2,j2),sl7 (f(x))(i2+6,j2),327

(f(%)) (i2.42+6).555 (f(X))(¢2+5,j2+5),54)>

for all (ig, j2) € I and all x € [0, 1]{1dibx{L.d2}, O
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Proof of Lemma (1. Without loss of generality we can assume n > 0 (in the case n = 0
the assertion is trivial because fs(ii = f,%(lx) In the proof we will use the fact that for
x > 0 we have

o(x) = max{z,0} =z
which enables us to propagate a nonnegative value z(; ;) ;, > 0 computed in a layer of

a convolutional neural network in channel s; at position (i,j) to the next convolutional
layer by

(0(k k), Mowi (x))(m)& = U<x(i,j),sl> = T(i5),5 (23)

with a corresponding weight vector w; whose weights are chosen accordingly from the
set {0,1} in channel so. Furthermore, we will use an auxiliary network ga. : R* — R
which calculates the maximum of its arguments in case they are nonnegative. Therefore
we note that for ¢ > 0 and b € R we have

max{a, b} = max{b — a,0} + max{a,0} = o(b—a) + o(a). (24)

Then we define the network ¢4, with two hidden layers and at most four neurons per
layer by

Imaz(X) = J(O’((L‘Q —z1)+o(xy) — (U(x4 —x3) + U(m:;))) + O'(U(.I‘4 —x3) + J(x3)>.
For x € Ri equation then implies

Imaz(X) = max{max{x, xe}, max{xs, x4}} = max{x, xe, 3, x4}

The idea is to use Lemma 2 several times with the network gnet = gmaz and with appro-
priate growing values for  to mimic the maximum computation of the local max-pooling

layer. Since we want to choose the weight matrices wy, ..., w, of our convolutional block

(2)

O(2:k44,2-k+4),M layer by layer we define the function

0(0) . [0’ 1]{1,...7d1}><{1,...,d2} N RiX{l,...,Zk—&—éL}

by 09 = f and define recursively the functions o® : [0, 1]{1""’d1}x{17“"d2} — RI{L2k44}
by
o) — 02k +4,2k-+4), M wy © olt=1)

fort =1,...,z. We show that we can choose the weights wy,...,w, of OE?k+4,2~k+4),M
such that the following property (x) holds for all » € {0,...,n} by induction on r:

() For all s € {1,...,k}, (4,7) € I and x € [0, 1]{1-dibx{Ld2} it hiolds that

r34) = "
(0 (X)>(i,j),s (i,j)e{i,...,z’+2ur{1]?xx{j,,..,j+2ul}m (f(X))(w)’S
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For the case r = 0 the assertion follows due to the definition of 0(?). Now assume property
(%) is true for some r € {0,...,n — 1}. The idea is to use successively Lemma 2 for the
computation of each network

)

g <gmax ((O(Tlg.k) (X)) (iJ) s? (O(T.S.k) (X)) (i+2T7j),s’

(03P (x)) (ij+2r),s’ (0¥ (x)) (4275 +2T)’s)>

for s =1,...,k and store the computed values in the corresponding channels
1,...,k

by propagating computed values to the next layer using equation . By equation (23]
and because of the induction hypothesis (x) we can choose the weights

Wr3k+1s - W(r41)-3-k
of our convolutional block in the channels
k+1,...,2-k

such that forallt e {r-3-k+1,...,(r+1)-3-k}, se€{1,...,k} and (4,j) € I it holds

that .
(O(t) (X))(i,j)7k+s - (O(T’S' )(X))u,j),s

for all x € [0, 1]{L-didx{Lda},
Now, by using Lemma 2 for each s € {1,...,k} with parameters

sm = Inquy(s) -k +s
for m € {1,...,4} and s5 = s, we can calculate the values in layers
3-r-k+(s—1)-3+1,...,3-7-k+s-3
by choosing corresponding weights in channels
$,2-k+1,...,2-k+4
such that we have

((O(S-r.k+3-s) o f) (X))

(4,5),s

=0 <gmax((0(r-3-k) (X))(i,j),s’ (O(ris.k) (X))(i+2’“,j),s’

34



(0(7«34@) (X)) (ij127),5° (0(r~3-k) (X)) (i+2r7j+2r)78)>

for all x € [0, 1]{L-dibx{bode} g e £1 Kk} and (i,4) € I, where we set

(o(r'g'k) (X)) =0

(4,5),s
for (i,7) ¢ I. Once a value has been saved in layer 3-r -k + 3 - s, it will be propagated
to the next layer using equation such that we have

((0(3-(r+1)-k) o f) (x))

(4,4),s

=0 (gmaa: ((O(Tlg'k) (x)) (,5),8’ (O(T'M) (x)) (i+27,5),s°

(O(T-B-k) (X)) (L2 (o(T-S-k) (X)) (i+2r7j+2T),S) )

N (i,j)e{i,...,i+2r+1ﬂl}axx{j,...,jwrﬂq}m (f(x))(ivj)ﬂs
for all (i,j) € I and s € {1,...,k}, where the last line follows from the induction
hypothesis. Finally, the assertion follows from the definition of the subsampling layer
fsup and the local max-pooling layer fyqz- O
In order to represent a convolutional neural network with several subsampling layers by
a convolutional neural network with a single subsampling layer on top of all convolutional
layers (as in F3(f3)) we will use the next lemma.

Lemma 3 Let i1,i0,n,k, k' € N and set

T={1,...;i0} x {1,... s} and I = {1,....,[i1/n]} x {1,..., [iz/n]}.

Furthermore, let
f . R{l,...,dl}X{l,.“,dQ} N Rix{l,-..,k/}

be a function and let

0§Z2J€)’M . RiX{l,...,k’} N RjX{l,...,k}

be a convolutional block defined as in Subsection 3.2 with z € N layers and a filter size
of M € N and fixed weight matrices wi,...,w,. Then there exist a convolutional block

~(Z) . I 17“_714:/ T 1o %
Ok k),(M—1)-n+1 : RPA b rDA 1

such that

fs(;ll)) © 5%2,@,(1\/1_1).%1 of= nga,k),M © Jsub
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Proof. The idea is to access in each convolutional layer of 652 k), (M—1)n+1 only the values
of the positions of the previous layer that would remain after applying the subsampling
layer fs(le to the previous layer. We will achieve this by choosing the weight matrices
Wi,..., W, of 6§227k)7(M_1)'n+1 such that they have non-zero values only at the positions
of the index set J C {1,...,(M — 1) -n + 1}? defined by

J:{((tl—l)-n+1,(t2—1)-n+1):tl,tge{l,...,M}}.

The values of the weights matrices Wy, ..., W, that are non-zero then match the values

(2)

of the weight matrices wy, ..., w, of the convolutional block 0(2, k)M In the proof we

set
K ift=1
K(t) = !
k , else

(2)

and note that the weight matrices wi,...,w, of the convolutional block Okt ), AT€ of
the following form

_ ((w® 0
Wi <(w“3751752) 1<i,j<M,s1€{1,..k'(t)},s0€{1,...k} <w52 )526{1,.‘.&})

fort € {1,...,2}. For (i,5) € {1,...,(M—1)-n+1}2,t € {1,...,2},s1 € {1,..., K (t)},
sg € {1,...,k} we set

() e
7])@ = wi;1+1,%+1,s1782 , if (i,5) € J (26)
R 0 , elsewhere

and

) = )

Since we want to show the assertion by an induction on the layers of the convolutional
blocks we define 6 = f, 00 = fs(le o f and for t = 1,...,z we define the functions

o) 5(t-1)

= o(k (), Moy © 0 and 60 = G gy ), (M- 1)nt 1,5, © 0
We then show by induction on ¢ that we have

~(t (:
(@ )(X))((i—l)-n+1,(j—1)-n+1),s = (of )(X))(i,j),s
for all (i,7) € I, x € RULdibx{lda} gnd ¢ € {0,...,2}. For t =0 the assertion follows
)

directly from the definition of the subsampling layer fﬁZb. Now assume the assertion is
true for some t € {0,...,z — 1}. For (i,5) € I, s € {1,...,k} and x € R{b-di}x{l,...d2}
we get by the induction hypothesis and the definition of the weights

~(t+1
(8 )(X))((ifl)-nJrl,(jfl)-nJrl),s

(s )
((O(k (t+1)k),(M=1)-nf-Lwe g © O )(X))((i—1)~n+1,(j—1)~n+1),s
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k' (t+1)
= p(+1) 5(t (41
=0 Z Z Wi, 951,82 (0( )(X))((i—1)~n+t1,(j—1)~n+t2),sl + ng )

s1=1 ti,ta€J
((i=1)n+t1,(j—1)n+t2)el

- ¥

s1=1 ti,t2€{1,...,M}
((i+t1—2)n+1,(j+t2a—2)n+1)el

(t+1) ~ t+1
Wty ta,s1,80 (O(t) (X))((z‘+t1—2)~n+1,(j+t2—2)-n+1),sl + “’gz )>

K/ (t+1)

_ (t+1) (t) (t+1)
=9 Z Z Wiy ta,51,82 ° (0 (x))(i+t171,i+t271),51 + ws,
s1=1 t1,t2€{1,....M}

(i-ﬁ-t1—17i-i-t2—1)61~

= (O(HI)(X))@' 5),87

where the fourth equality follows from the induction hypothesis together with the fact
that

((i—l—t1—2)-n—|—1,(j—|—t2—2)-n—l—l)GI <~ (i+t1—1,i+t2—1)€[

implied by Lemma 4 a) below. The assertion then follows because of the definition of
: (n)
the subsampling layer f_ .. O

Lemma 4 Let a,b,c € N.
a) It holds that

(a—1)-b+1<¢ ag{g—‘.

-1

b) It holds that

Proof. a) We have

(a—l)-b+1§c <= agc—i_(bb_l) @» a< Lc—i_(bb_l)J

and

W(g—DJ_mX{kezzkgwﬁ—n}

:min{k‘GZ:k—i—1>c+(bb_1)}
— 1
:min{kEZ:k—l-lZH—(bbl)—i—b}
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c
=3l
b) We set x := [¢/a] — ¢/a and calculate
c ) c
=min{k € Z: x> [c/a] —k-b}

L) min{k € Z:0> [c/a] — k- b}

~ [fet]
O

In the following, we show a connection between the three classes of convolutional neural
networks from Section 3.6.

Lemma 5 Letdy,ds, L,z €N, k = (ky,..., k) € N* and sq,...,sp1 € {20,..., 2171}

with
k
[[si<2* (27)
1=0

and denote s = (s1,...,80-1) andk = (2- k1 +4,...,2 - kr +4). Forr € {1,..., L} set

27‘71 _
My=———+1, M, =2""+1 and s=[]s:
[Tizo si J

Furthermore, set kg, = max{ki,...,kr}, Smaz = max{sy...,sp—1} and
Z =3 " kmagz - 1085 (Smaz)-

Let F1(01), F2(02) and F3(83) be the function classes from Subsection 3.5 with parameters
01:(Lk1\/[~zsd) 0, = (L, k,M, z,s,d) and 05 = (L, k, M, z,s,d) with arbitrary
output bounds d. Then we have

f1(01) C .7:2<02) C ,/73(93).

Proof. First we show that F1(81) C F2(02). Let f € F1(6:1) defined by

(di.d2) | (2) (s2-1) , (2) (2)
f= f"“l : Okp—1,kr), M ° maz ' © Okp k1), My © 77 ° ’Swg)” ©O(1ky), My
with weight vector w = ((Wm, e W e, LY wout) (as defined in Section 3.5). The

idea is to modify the convolutional neural network f such that we can use Lemmal[l]at the
end of each convolutional block to replace each local max-pooling layer by a convolutional
block followed by a local subsampling layer. To use Lemma (I, we add k, + 4 channels
in each convolutional block r € {1,..., L} to each convolutional layer. Already existing
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weights remain the same and the weights added in the ¢-th convolutional layer in the
r-th convolutional block are chosen such that we have

©  _q

1,J,81,82

if sy >k._1 and sy <k,

for the corresponding weight vector (defined as in Section 3.1) for all » € {1,..., L} and
te{l,...,z} (with kg = 1). Then we get convolutional blocks

O(Z) O(Z)
(1,2-k1+4),M1> " * 0 P (2-kg,—1+4,2-kp+4), ML,

with the following property:

(2) (2) (=)
(0(2 kp_1+44,2-kp+4),M, © " © o O(2:-k1+4,2- ko +4), My © Nk © O(1,2:k1+4), (X ))(i,j)
(2) s o) ()
= (00ka s oty © 7 © T © iy oy, © Fhaar © Oy 0, 0)) 1 5.

(28)

for all s € {1,...,k.}, r € {1,...,L}, x € [0,1]{L-dibx{Ld2} and (4, ) € I, where
I, C N? denotes the corresponding index set defined by the codomain of the convolutional
blocks of the network f. Because of inequality we have

2" Sy
[licosi 2 B

for all r € {1,..., L — 1}. Therefore we can apply Lemma , which yields convolutional
blocks

M, =

53 k1-logy(s1)) 53 kr—1logy(s1—1))
(2-k1+4,2-k1+4), My " "7 (2-kp—14+4,2-kr_1+4),Mr_1’

so that together with equation we get

(O(Z) o f8L=1) o 5(3kr—1logs(sL-1)) o ol® °
(2-kp_1+4,2-kp+4),My, sub (2-kp—1+4,2-kp_1+4),Mp_1 (2-kp—o+4,2-kp_1+4),Mp_

(¢]

(51) _ ~(3-k1-logs(s1)) (2)
wub’ ©0(a. k1+4g% 1 4), M1 © 02k )00 %)) (1)

(2) (sL—1) _ (2) (51) o
= (0fgs s syars © Pt 00k aay @0 Sk 0 0k 4 (9) )

forall s € {1,... k}, x € [0, 1]t1-dibx{Lnd2} anq (4, ) € I;. By the idea of propagat-
ing calculated values to the next layer (cf., equation ) we can add appropriate many
convolutional layers to each convolutional block such that there are convolutional blocks

(2) ~(2)

5(17]761)7]\417 Tt O(I;ILfl,EL),ML
satisfying
~(%) (s2-1) § 5(2) oo £61) 5 500
(O(EL 1,.kL),ML ° fs“b (kL 2.kL—1),Mp_1 ° © Jsub (1 k1), Ml)( J),8 (29)
(2) (sp-1) | (2) s (2)
( Okp—1,kr), My, © maz ' © Ok —okp—1),Mp_y © 77 ° 7515% ©O(1k1), M, (x))(i,j),s
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for all s € {1,...,kz}, (4,5) € I, and x € [0, 1]{1dibx{ld2} - Finally, we define the
output layer f 1’d2 : RILx{12k 44} 5 R by defining the output weights

Wout = (Ws)se1,....2k+4}

of fozl’ k) using the output weights Wout = (ws)seq1,... by} Of féﬁ%’dZ) as follows:

~ {ws if se{l,...,kr},

We =
° 0 else.
We conclude by using equation ([29)

(2) 0.0 £s1)

d17d2) 7(2’) (SL—I) z
f fou © f (I_CL,Q,I_{L,I),ML71 Sub

(kL kL), ML sub

Now it remains to show that F2(f2) C F3(03). Therefore let f € Fa(f2) defined by

o) € Fa(02).

00 (1,k1),M;

(s1) o ,(2)

(d1,dz) (z (sp—1) z
f= f0u1 2) z) Ofs L-1 OO() 00(1’]—61)7M1.

0O---0
(k‘L 1,kL),Mp,

ub (kp—o,kp—1),Mp_1 sub

(2) (s)

Here the idea is, as long as an expression of the form Oyt © Foub exists for some
s, M € N in the representation of f, to replace it with an expression of the form

(s)  ~(2)
Foub © 0(;’,k),(M71)~s+1

by using Lemma If we start with the subsampling layer f (uL 1) and move each subsam-
pling layer to the end of all convolutional blocks in descending order L — 1, L —2,...,1,
we need to apply Lemma 3]

L-(L-1)
1 9 e+ [ -1 =2~ 7/
- T Tt L2 2
ol el i
times to get convolutional blocks 5 (1) 5 (1) such that
(k k ) M (kalsz)vML
(d1,d2) o?) (sz-1) , (2) (s1) | ,(2)
f = Tou kL71J_fL),ML © fSUb ° O(]_fL72J_€L71),ML71 ° O s © 0(1,751)7]\41
_ pldidz) p(s2-1) (s1) | ~(2) ~(2) (2)
— fout fsub 0:+-0 foil0 (IEL_1,EL)7M£L_1) 0-.-0 O(El,kg),Mél) o 0(1,E1),M1’

where the filter size Mﬁr_l) is recursively given by

MO = (M0 1) 5, +1

fort € {1,...,7—1} and MO =M, forr € {2,...,L}. By an induction on ¢ it is easy
to see that

MO - <
B | Vv
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for t € {0,...,r — 1}, which implies that M"Y =27=1 4 1 = M, for r € {2,...,L}. It
now remains to show

f£51-82~--.~5L—1) _ f(81) ° f8(82) o o (sp—1)

ub sub ub sub ’

which follows from Lemma 4 b). O

C. An approximation result for convolutional neural
networks

In this section, we prove the approximation result for the hierarchical max-pooling model
with feature constraint and local max-pooling parameter by the convolutional neural
networks with several local max-pooling layers (as in F7(6;)) which we used in the proof
of Theorem |1} In the following di,ds € N\ {1} denote the image dimensions and we
assume that the function

m : [0, 1]Hdibx {2}y g ) (30)

satisfies a hierarchical max-pooling model of level | € N with feature constraint b =
(b1,...,b—-1) and local max-pooling parameter n = (n1,...,1;—1) (see Definition 3 from
Section 2) where the feature maps are described by

Zis © [0, 1]{17--~7d1}><{1,-~~7d2} — [0, 1]{17-~~7(dl(k)/nlﬂ}><{17-~~Jd2(k)/nﬂ}
for k=0,...,land s =1,...,b; and

0 11 esdiyXxdsenday o1 1118
Yk,s * Y,

and
Grs o RY — [0, 1] (31)

for k=1,...,l and s =1,...,b;. The above dimensions d;(k) and da(k) are defined as
in Definition 3 by

dy(k —1)

Nk—1

dy (k) = [

W — 6p_1 and do(k) = [dl(k_ﬂ — S,

Nk—1

for k = 1, .. .,l with dl(O) = dl, dQ(O) = dl, and 5k = 2k/Hf:0 ng.
Our aim is to show that a convolutional neural network from class F;(61) can mimic

a function
m . [0’ 1]{1,...,d1}><{1,...,d2} N [07 1]

of the following form, which then approximates the function m.
Define m by

() = %) 32
R T CLC (32)
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where Z satisfy

N
Il
=

for some

recursively defined by:
1. Let gks : R* — R be functions for k € {1,...,1} and s € {1,...,b;} and set
2071<X) = X.

2. We define recursively functions

ﬂk s . [0’ 1]{1,...,d1}><{1,...,d2} N R{l,...,dl(k)}x{1,...,d2(k)}
fork=1,...,0 by
(gk,s (X))(z‘,j) = U(.gk:,s ((Zk—l,rl(k,s) (X))(i,j)’ (Zk—l,’r’g(k,s) (X))(i—i-ék,l,j)’

(Zk’flﬂ‘g(k,s) (X))(i,j+5k_1)’ (Zkfl,m(k,s) <X))(i+6k—17j+5k—1)>>

(33)
fork=1,...,01, s=1,...,bk, (1,7) € {1,....di(k)} x {1,...,d2(k)},
ri(k,s),ro(k,s),r3(k,s),ra(k,s) € {1,...,bp_1}.
3. Next we define
(Zks(x) ;= max  (Gus(X)) ;0 (34)

o k
(12712)61\7((1-,;)

fork=1,...,01,s=1,...,bpand (¢,5) € {1,...,[di(k)/nk|} x{1,..., [d2(k)/nk]},

where the neighborhoods N, ((f]).) are defined by equation . In equation , the ReLLU
activation function o(x) = max{z,0} is applied on the right-hand side, as this will allow
us to represent the approximation m of m by a convolutional neural network, in the case
where the functions g s are standard feedforward neural networks (cf., Lemma . On
the other hand, applying the ReLU activation function does not affect our approximation
result, since the functions gy, s in the definition of m are [0, 1]-valued. We start with the
following result, which provides a slight extension of Lemma 4 in [Kohler, Krzyzak and
Walter| (2020).

Lemma 6 Assume that for allk € {1,...,1} ands € {1,...,bx} the restriction g, s|[—2 2 :
[—2,2]* — [0, 1] of the function is Lipschitz continuous (with respect to the Euclidean
distance) with Lipschitz constant C > 0. Furthermore, assume that for all k € {1,...,1}
and s € {1,...,b;}

||§k,s||[7272]4,oo < 2. (35)
Then for any x € [0, 1) dbx{bd2} 4 polds:

—m(x)| < (2C + 1)t — ksl :
Im(x) —m(x)| < (2C +1) ke{l,...,%l,?é({l,...,bk}Hgk’s ksl [=2,2)4,0
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Proof. If aq, b1, ..., a,, b, € R, then

| max a; — max b;| < max |a; — bl (36)
i=1,...,n i=1,...,n i=1,...,n

Indeed, in case a1 = max;—1_p,a; > max;—1__pb; (which we can assume w.l.o.g.) we
have

| max a; — max b =a; — max b; < a3 —b < max |a; — bl
1=1,....n i=1,....,n 1=1,....n i=1,...,n

Consequently it suffices to show

(i,j)e{l,...r,%?}?(x{1,...,d2} (Z(X))(i:j) B (Z(X))(i’j)’

<20+ max _z
> ( ) ke{l,...,l},s€{1,....bx. } Hgk,s gk7s|

[7272]4700 :

This in turn follows from

s k-1 g

|(Zk,8(x))(i,j) (zk,S(x))(i,jﬂ <(2C+1) ie{l,..‘,kr]l’l,saé({l,“.,bk} 19, 91,8”[—2,2]4,00 (37)
forall k € {1,...,1}, all s € {1,...,bx}, all (4,5) € {1,...,d1(k)} x {1,...,d2(k)} and
all x € [0, 1]{tdibx{ld2} \which we show in the sequel by induction on k.

Because of equation and since g1 5 is [0, 1]-valued for all s € {1,...,b1} we get for
k=1,se{l,...,b1} and (i,5) € {1,...,[d1(1)/n1]} x {1,...,[d2(1)/n1]} that

’(zlvs(x))(i’j) — (EI,T(X))(Z‘J)‘

max 91,5(Zi js Tit 1,55 Ti j1, Tit1,5+1)
(i27j2)€N((i,;-)

- max 0 (g1, (i g Tit1 5> Ti 1, Tir1,41)) ‘
(i27j2)€N(i,j)
< max |91,5(@i s Tit 1,55 Ti jr1s Tigt1,54+1) — G1,s(Tijs Tit1,5, Tij41, Tit1,j+1)]
(i21j2)6N((i,j)

A

> HQLS - §1’5||[0,1]47oo .

Assume now that holds for some k € {1,...,1 —1}. The definition of z, s and
inequality imply that
‘(zk,s(x))(id)) <2

for all x € [0, 1]H1-dibxdloda} g e £ bV and (4,5) € {1,...,dy (k) }x{1,...,da(k)}.
Then, because of the triangle inequality, the Lipschitz assumption on g, inequality
and inequality and since gi41 s is [0, 1]-valued we get

‘(Zk+175(x))(i,j) — (2k+1,s(x))(i7j)‘
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Il
—~
<
=
T
LR
o
—~
»
S~—
SN—
|
—~
<
=
T
LR
3
—~
N—
SN—

(12,J2)€N((5;')1) 12,)2 (12732)€N((f,;_)1) i2,j2
= E]\}/{(kﬂ) (yk+1’s( ))22 j2 (yk"‘l’s( ))12 Jo

S max ka1 gk‘i’l’s ((zkﬂ’l (k+175) (x))i27j2 ? (Zk,rg(k+17s) (x))i2+§k 7j2’
(i27j2)eN((i’$ )
(zkvm (k+1,s) (X)) i2,52+0k’ (zk’” (k+1.5) (X)) i2+0k,52+0k )
~ Gkt ( (Zkﬂ"l (k+1,s) (X)) 12,52’ (Zk’w (k+1,s) (X)) io+0k,52’
(Zkvm(k"'l’s) (X))iz,j2+5k’ (Zk””(k""LS) (X))i2+5k 7j2+5k> ’
= max(k+1) k1, ((zk’” (k+1,s) (x))iz,Jé ’ (Zk”"2(k+1’s) (X))i2+6k J2?
(i27j2)EN<i’j)

(2 k41, ) i sy s (Fhrahor o) (X))iﬁ(gmﬁgk)
-—gk+Ls<(ihrmk+Lg(X)Lé¢f(Zhrﬂk+Lg(X)Lé+5hh,
(B k41, ) i sy s (Fhraior o) (X))iﬁgk,jﬁ&c) ‘
+ ‘gk+1,s ((Zk,n(kﬂ,s) (X))im-zv (Zhra(ht1,s) (X))iﬁgk,jy
(ZkﬂB(k+1ﬁ)(X))i2J2+§k’(szA(k+1ﬁ)(Xj)i2+6ka+5k)
= Ok+1,s <(2k,r1(k+1,s) (X))iwéa (Zhra(h1,9) (X))iﬁ(gk,h?

(2k>r3(k+175) (X))iQ,j2+§k ’ (2k7r4(k+175) (X))i2+5k,j2+5k> ‘

2

< Il’lan L C- ‘(Zk,rl(k+1,s) (X))i27j2 - (Ek,rl(kJrl,s) (X))Z’QJQ
CRAD

2

+ (Zk,rg(k+1,s) (x))i2+6k,j2 - (Zk,r2(k+1»3) (x))i2+5k,j2
2

+ (Zkrr3(k+1vs) (X>)i2,j2+(5k - (21{377'3(1434‘175) (X))ig,jg-‘r(sk

2>1/2

- (Zkvr4(k+175) (x))i2+5k7j2+5k o (Zk’m(kJrl’S) (X))i2+5k,j2+5k

+ lgk+1,s = Grr1,sll[—2,24,00

< (2-C)-(2C + 1)1 s — Gis|li—
< ( ) (2C+1) z‘e{l,‘..,lgn},?é{{l,...,bi} 19i,s = Fisll 2,21 00

+ ||gk+1,s - §k+1,s||[72,2]4,oo
< (2C+ 1)

max .
iE{1,~~7k+1},s€{1,...,bi}Hgl’s g%SH[ 2,2]4,00
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for all s € {1,...,bk11}, (4,5) € {1,...,di(k + 1)} x {1,...,da(k + 1)} and x €
[O, 1]{1,...,d1}x{17...,d2}' I:'

Our main approximation result is the following lemma which enables us to construct
a convolutional neural network from feedforward neural networks approximating the
functions in the definition of the hierarchical max-pooling model with feature constraint
and local max-pooling parameter.

Lemma 7 Assume that the image dimensions di and do satisfy
di=2"mi—1 dpg=2"-my—1

for some mi,ma € N\ {1} and that the functions grs : R* — R in definition of
m are standard feedforward neural networks with Lye: € N hidden layers and Tper € N
neurons per hidden layer forr € {1,...,1} and s € {1,...,b,}. Furthermore, set byax =
max{b1,...,b}, choose the parameters

Inet =1, d = (di,da) = (da(1),da(1)) and 2= bmas - (Lnet + 1),
and for r € {1,...,lpet} set
kr =2 bmaz + Tnet, Mp=10—1+1, 5. =mn,.
Then there exists some Myer € F1 ((lnet, k,M, z, s,a)) such that
m(X) = Mapet(X)

holds for all x € [0, 1]{1dibx{1md2}

Proof. The class of convolutional neural networks F; ((lnet, kM, z,s, &)) with param-
eters defined in Lemma [7 consists of functions of the form

(2) o flu=1) J (2) 0.0 f(r1) o o)

(d1,dz)
o .
i (ky—1,k1),M; max O(klfz,kl—l):lel max (1,k1),M (38)

out co0

The idea of the proof is to successively calculate the values
(@ns(x))(m))(i,j)e{l,...,dl(r)}x{l,...,dz(r)}

from equation in distinct channels of the convolutional block 0%271 o) M, correspond-

ing to distinct values of s € {1,...,b,} by applying Lemma 2 for each s € {1,...,b,}.

Once computed, values are then propagated to the next layer using the weights from
equation . The values

((grﬁs(x))(i,j)) (i,9)€{1,....[d1(r) /n ]} x{1,...,[da(r) /s ])}

from equation can then be calculated by the local max-pooling layer fﬁ{%.
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Since we will show the result by induction on the [ convolutional blocks, we define a re-
cursive representation of . We define f(©) : RtL-di}x{lda} _y Ri{bdabx{Lda b x {1}
by

(F060) 1 jy1 = i

for (i,7) € {1,...,d1}x{1,...,d2} and for r = 1, ...l we recursively define the functions

(r) — &)

r—1
g (krfl»k'r),Mr © f( )

)

where we set kg = 1 and define

) = flnr) o o)

- mamog .

We show that we can choose the weights of f() such that the following property holds
for r € {0,...,1} by induction on r:

(%) For all s € {1,...,b.}, (4,5) € {1,...,[di(r)/n.]} x {1,...,[d2(r)/n,|} and x €
[0, 1] {1 {ldz} it holds that

<f(r) (X)) = (Zr,s (X))(i,j)-

(7’7])78

Because we have by = ng = 1 property (x) is true for »r = 0 by definition. Now assume
property (x) is true for r € {0,...,1 — 1}. We show that property (%) holds for » + 1 in
two steps.

In the first step we show that there is a convolutional block o) such that

(kTykT+1)7MT'+1
(r+1) %
(g ( ))(i,j),s

=0 <g7‘+1,s <(2r,r1 (r+1,s) (X)) (4,5)° (27",’(’2 (r+1,s) (X)) (i46,,5)" (39)
(Z’I’,T‘g (r+1,s) (X)) (3,5+6r) (Zr,m(r—i-l,s) (X)) (i+5raj+5r)> )

for all x € [0, 1]{Ldbxdlnd2} g e £1 bV and (4,5) € {1,..., [di(r)/n.] — 6.} x

{1,...,]d2(r)/ny] — - }. A convolutional block 0%2 Foi1) M, 18 Of the form

(2)

O(k'r,k?r+1)7Mr+l = O(kr+1zkr+1)1MT+1vwz -0 O(kﬁkTle)aMTJﬁl:wl

for weight vectors wy, ..., w, defined as in Section 3.1. Since we want to choose the
weight vectors wy, ..., w, layer by layer, we set

ot —

= O(kpi1,krg1), Mpy1,we © 777 © O(

k’l‘7k7"+1)7M7"+1 yW1

fort=1,...,z.

46



We successively use Lemma [2] for the computation of each network

g (gr-i-l,s ((zr,rl (r+1,s) (X)) (3,7)7 (Er,rz(rJrl,s) (X)) (i4+6,,5)°
(40)

(21",1"3 (r+1,s) (X)) (4,5+67)° (Zr,r4(r+1,s) (X)) (i+6- ,j+5r)>>

for s =1,...,b,41 and store the computed values in the corresponding channels
L. bria

by using equation . With the idea of propagating computed values to the next layer
by equation and because of the induction hypothesis (x) we can choose the weights
of our convolutional block in the channels

bmax+1a---7bmam+br

such that forallt € {1,...,bpmaz(Lnet+1)}, s € {1,...,b-}and (4,5) € {1,..., [di(r)/n, ]| }x
{1,...,[d2(r)/n,]} it holds that

((O(t) o f(T)) (X)) = (Zr,s (X))(i,j)

(i) bmazts
for all x € [0, 1]{1""’d1}x{17'“7d2}. Now, by using Lemma [2| with parameters
sm = In\(13(8) * bmaz + Tm(r + 1, )
for m € {1,...,4} and s5 = s, we can calculate the values in layers
(s=1) (Lpet +1)+1,...,8 (Lpet + 1)
by choosing corresponding weights in channels
$,2 bmaz +1,.-.,2 bnaz + Tnet

such that we have

((0<s-(Lnet+1>> ° f(m)(x))

(4,5),s

=0 (gr-i—l,s ((gr,m (r+1,s) (X)) (4,5) (gr,rz(rJrl,s) (X)) (i467,5)°

(ZT,Tg(T‘+1,8) (X)) (4,j+67)° (Zr,r4(r+1,s) (X)) (i+96, ,j+5r)> >

for all x € [0, 1){Tdibxd{bond} g e (1 b.y) and (i,5) € {1,...,[di(r)/n,] —
o} x {1,...,[da(r)/n,] — 6r}. Once a value has been saved in layer s - (Lype + 1) for
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s €{l,...,b.41}, it will be propagated to the next layer using equation such that
we have

((me-(Lnem)) ° f<r))(x)>

(6:5),s

=0 (gr—i-l,s ((Er,rl (r+1,s) (X)) (3,7)° (Zr,rg(r—i-l,s) (X)) (i4+6,,5)°

(21”,7”3 (r+1,s) (X)) (3,j+6r) (Zr,m (r+1,s) (X)) (i46r,j+6r) ) >

for all x € [0, 1]{Lmdibx{londa} g e (1 by Y and (4,5) € {1,..., [di(r)/n,] — 6} x
{1,...,[d2(r)/n.] — 6}, which implies equation (39).

In the second step, we conclude from equation that porperty (x) is satisfied for
r+ 1. First note that dy(r+ 1) = [di(r)/n, | — 0, and da(r + 1) = [da(r)/n, | — 0. Since
ny41 divides di(r 4+ 1) and da(r + 1) by Lemma [8 below we have

(i.5) :{(z'—1)-nr+1+1,...,i-nr+1}><{(j—l)-nr+1+1,...,j-nr+1}

for all (i,7) € {1,...,[di(r+1)/nr41]} x{1,..., [da(r+1)/n,411]} and therefore we get
together with equation

<f(r+1)(x))(i7j),s _ <( (nr41) g(Hl))(X))(i,j),s

= (r+1)
(7;27j21;’l€a]}\)7((7‘+1) (g (X))(iZJQ),S

(4,9)
-
— ax N (yTJrl,s(X))(iQ 32)
(izva)EN((Z;_) ) ’

= (&r1509) )
for all x € [0, 1]{Lsdix{hedal s € (1 by} and (i,5) € {1,..., [di(r+1)/np1]} %

{1,...,[da(r + 1)/n,41]}, which implies property (x) holds for all » € {0,...,1}.
Next we choose the output weights

Wout = (ws)se{l,...,kl},

by setting w; = 1 and w,, = 0 for sy € {2,...,k;}. This implies that the output of our
network is given by

mace(x) = (£l ™ 0 £0) ()
= max { (2,1(x)) )+ (1) € {1, i} x {1, da(D)} }
= m(x).
for all x € [0, 1J{L-dib<{Lda). =
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Lemma 8 Let I,m € N with m > 1 and let ng,n1,...,n; € {20,2', ..., 271} with
no=n;=1. Setd=2"-m—1 and 6, = Qk/Hfzo n; and assume that

0 > 1 (41)
holds for k=1,...,1. For k=1,...,1 we define recursively the dimensions
dk—1
) = [ =D o,
Ng—1

where we set d(0) = d.
Then for any k € {0,...,1} it holds that
2k I—k
dk)=——— 27" - m—1).
(k) T ( )

In particular, ng then divides d(k).

Proof. We show the assertion by an induction on k. For k = 0 the assertion is true
because of the definition. Now suppose the assertion is true for some k € {0,...,l — 1}.
Then we have

d(k
dlk+1) = [U-‘ — 0
ng
2k 2k
= — R e
[Tizo i [Tizomi
2k
= — .(Ql*k.m_Q)
[Tizo i
k+1
= Qk (2D Ly ).
[Tz i
Assumption then yields dx11 € N by the choice of ng, ..., ngs1, which implies that
ngy1 divides d(k + 1). O

D. A bound on the covering number

Our next result enables us to bound the covering number of our function class F3(@)
defined as in Section [3

Lemma 9 Let o(z) = max{z,0} be the ReLU activation function, define F3(8) as in
Sectz’on@ with parameter vector 0 = (L, k, M, z, s,d) and set

kmaz = max{ki,...,kr}, Mpmar = max{My,...,Mp}.
Assume dy - dy > 1 and ¢4 -logn > 2. Then we have for any € € (0,1):

sup log (N1 (€, Tty 10g nF3(0), XT))

X?E(R{l ..... dq}xA{1,..., dQ})n
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-1
<eip-22-log(z - dy - do) - log <C40g”>

€

for some constant c¢11 > 0 which depends only on L, kmaz and Mgz

With the aim of proving Lemma [0 we first have to study the VC dimension of our
function class 3 (). For a class of subsets of R, the VC dimension is defined as follows:

Definition 4 Let A be a class of subsets of R* with A # ) and m € N.
1. For xi,....,Xm € R we define
S(A X1, oy xm}) = [{AN{x1, ..., xm} + A€ A}
2. Then the mth shatter coefficient S(A, m) of A is defined by
S(A,m) = max s(A X1, oy Xim })-

(X1, Xm } CRY
3. The VC dimension (Vapnik-Chervonenkis-Dimension) V4 of A is defined as
Va=sup{fm e N : S(A,m)=2"}
For a class of real-valued functions, we define the VC dimension as follows:

Definition 5 Let H denote a class of functions from R? to {0,1} and let F be a class
of real-valued functions.

1. For any non-negative integer m, we define the growth function of H as

Iy(m) = max |[{(h(x1),...,h(xm)):h € H}|.

X1 ,eeeXm ERY
2. The VC dimension (Vapnik-Chervonenkis-Dimension) of H we define as
VCdim(#H) = sup{m € N : IIyy(m) = 2"}.

3. For f € F we denote sgn(f) = Lys>0y and sgn(F) = {sgn(f) : f € F}. Then the
VC dimension of F is defined as

VCdim(F) := VCdim(sgn(F)).

A well-known connection between both definitions is given by the following lemma.
Lemma 10 Suppose F is a class of real-valued functions on R%. Furthermore, we define
Fr={{(x.y) eR'xR: f(x) >y} : f € F}
and define the class H of real-valued functions on R* x R by

H={h(xy) =f(x)—y: feF}

Then, it holds that
Vr+ = VCdim(H).
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Proof. See, e.g., Lemma 8 in Kohler, Krzyzak and Walter (2020). ([

In order to bound the VC dimension of our function class, we need the following two
auxiliary results. The first one is also known as weighted AM-GM inequality.

Lemma 11 Suppose z1,...,x, > 0 and wi,...,w, > 0. We denote w = ) ", w;.
Then, it holds that
() =(22) E
” Wy w
=1
Proof. See, e.g., Lemma 9 in |Kohler, Krzyzak and Walter| (2020). O

Lemma 12 Suppose W,m € N with W < m and let f1,..., fm be polynomials of degree
at most D in W wvariables. Define

K = [{(sgn(fi(a),... . sgn(fm(a))) : 2 € RV}].

Then we have

w
K<2. <2€mD> _
w
Proof. See Theorem 8.3 in Anthony and Bartlett| (1999). O

The next two lemmas provide a modification of Theorem 6 in |Bartlett et al.| (2019).

Lemma 13 Let k¥',m € N and D,W € Ny with W < m and let I = {1,...,i1} X
{1,...,i2} be an index set with i1,io € N. Furthermore, let S be a finite partition of RV
(where R? := {0}) and let

fiyeeoy ot R 5 REXAL-A}
be functions such that the following property holds:

For each element S € S, each (i,j) € I, each s € {1,...,k'}, each t € {1,...,m}
when a varies in S,
(@) 55,5

is a fized polynomial function in the W wvariables a € RV, of total degree no more
than D.

a) Let ot iy mw RO ALk} RIXAL-KY pe g convolutional layer as defined in Sub-
section 3.1 with k € N channels and a filter size of M € N. Then the weight vector

W= ((wi,j,sl,SQ)1§i,j§M,sl6{1,.“,k,},$26{1,,“,k}7(w32)526{1 ..... k}->

consists of |w| = M? - k' -k + k real-valued weights. For any t € {1,...,m} let g; :
RWHWI — RIXALkY be the function defined by

gt(av W) = (O(k’,k),M,w o ft) (a)

Then there exist a partition S’ of RWHWI with the following two properties:
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(43)

ce-(m-iy-io-k)- Wt|wl
|S'\§\S|-2<2e(m i1 - iz - k) (D+1)> 7

W + |w]
2. For each element S € §', each (i,j) € I, each s € {1,...,k}, each t € {1,...,m}
when (a,w) varies in S,
(gt(aa W))(i,j),s

is a fized polynomial function in the W + |w| variables (a,w) € RWFIWl of total
degree no more than D + 1.

b) Let

f(ng CRDALKY R{l,...,[%w}x{l,...,[%}}x{l,..‘,k’}

SU

be a subsampling layer defined as in Subsection 3.3 with parameter n € N. For any
te{l,...,m} let

g RV - R{Lw[lﬂ}X{L...,[%Hx{h.,,k/}
be the function defined by
9u(a) = (131 © 1) @):
Then the following property holds:

For each element S € S, each (i,j) € I, each s € {1,...,k}, each t € {1,...,m}
when a varies in S,

(9:@)) (15).5
is a fized polynomial function in the W variables a € RV, of total degree no more
than D.
c) Let

(di.d2) , pIx{1,..k'} _y R

Wout

be a output layer defined as in Subsection 3.5 with output bounds dy,ds € I. The output
layer depends on a weight vector

Wout = (ws)se{l,...,k’}7

which consists of |Wout| = k' real-valued weights. For any t € {1,...,m} let g; :
RWHIWoutl 5 R be the function defined by

ge(a, Wour) = ( (hoda) fr)(a).

Then there exist a partition S’ of RWFIWoutl with, the following two properties:

1.

(22 W o
\SIISIS\'2(2 e (i iy m) (D“)>

, 14
W+|Wout| ( )
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2. For each element S € §', each t € {1,...,m} when (a, W) varies in S,

gt (av Wout)

is a fized polynomial function in the W + |Woyu| variables (a, Wou) € RWHWoutl - of
total degree no more than D + 1.

Proof. a) For S € S, t € {1,...,m}, (4,5) € I and sy € {1,...,k'} let pgy (i j) s (a) de-
note the function (ft(a))(i’j%w when a € S. By assumption pg (; j.s,(a) is a polynomial
with degree no more than D in the W variables of a for any ¢ € {1,...,m}, (i,j) € I
and s9 € {1,...,k'}. Hence for any t € {1,...,m}, (i,7) € I and so € {1,...,k}

k;/
E E Wty ta,s1,82 " PS,t,(i+t1—1,j-+ta—1),52 (a) + ws,
s1=1 t1,t2€{1,...,.M}
(i+t1—1,5+t2—1)el

is a polynomial in the W + |w| variables (a,w) with total degree no more than D + 1.
Then, by Lemma [I2] the collection of polynomials

k,/
Z Z wtl,tQ,Sl,SQ ’ pSvtv(i+t1_17j+t2_1)752 (a) + wSQ :
s1=1  t1,t2€{1,....M}
(i+t1—1,j+ta—1)el

te{l,....m},(i,5) € I,so € {1,...,k}

attains at most

H‘2<2‘€‘(m-i1'i2‘k)-(D+1)>W+|w|
o W + |w]

distinct sign patterns when (a,w) € RW*IWl Therefore, we can partition S x Rl
RW+Wl into II subregions, such that all the polynomials don’t change their signs within
each subregion. Doing this for all regions S € S we get our required partition 8" by
assembling all of these subregions. In particular, property 1 (inequality ) is then
satisfied. Fix some S’ € §’. Notice that, when (a, w) varies in S’, all the polynomials

k/
E E wt1,t2,81,52 : pS,t,(i+t1—1,j+t2—1),52 (a) + Wsy -
s1=1  ¢1,t0€{1,...,.M}
(i+t1—1,j+t2—1)el

te{l,...,m},(i,j) € I,s9 € {1,...,k}
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don’t change their signs, hence when (a, w) varies in S’

(gt (av W)) (4,5),82

k/,/
§ : E : Wty ,ta,51,52 ° ft,(i+t1—17j+t2—1),82 (a) + Wsy

s1=1 tl,tQE{l,...,M}
(i+t1—1,5+t2—1)el

= max Z Z Wty t2,51,82 ° ft,(i+t1—1,j+t2—1),sg (a) + ws,, 0
s1=1  t1,t2€{1,...,.M}
(i+t1—1,5+t2—1)el

is either a polynomial of degree no more than D +1 in the W + |w| variables of (a, w) or
a constant polynomial with value 0 for all (7,7) € I, so € {1,...,k} and t € {1,...,m}.
Hence, property 2 is also satisfied and we are able to construct our desired partition S’.
b) The assertion is trivial.

c) For S € S, t e {l,....,m}, (i,j) € I and s € {1,...,k'} let pg, ;) s(a) denote
the function (ft(a))(i,j),s when a € S. By assumption pg, (; j)s(a) is a polynomial with
degree no more than D in the W variables of a for any ¢ € {1,...,m}, (i,5) € I and
s€{l,...,k'}. Hence for any t € {1,...,m} and (i,7) € I

Zwsz Ps.t,(i,5), ( )

is a polynomial in the W + |wy,| variables (a, wg,;) with total degree no more than
D + 1. Then by Lemma [I2] the collection of polynomials

{Zwsz pSt (i1,41),8 ZwSQ pS,t, (i2,J2),8 ( )

(i1, 51), (2, 52) € I, (i1, j1) # (i, j2),t € {1,...,m}}

attains at most

<2 e (i3 -3 m )-(D+1)>W+W°ut'
=2
W+‘Wout|

distinct sign patterns when (a,wgyy:) € RW+HIWoutl  Therefore, we can partition S x
RIWoutl = RW+Woutl into IT subregions, such that all the polynomials don’t change their
signs within each subregion. Doing this for all regions S € S we get our required partition
S’ by assembling all of these subregions. In particular, property 1 (inequality ) is
then satisfied.

Fix some S’ € §'. Notice that, when a varies in S’, all the polynomials

{Zws Ds,t,(ir,51) Zws DS t,(ig,j2), ( ) :
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(i1, J1), (i2,52) € I, (i1, 1) # (i2, j2),t € {1,...,m}}

don’t change their signs. Hence, there is a permutation 7 of the set {1,... ,czl} X
{1,...,d} for any t € {1,...,m} such that

ZU’S' fi(a m(n >Zws~ fi(a ﬂt(dldg)

for (a,wyy) € S" and any ¢ € {1,...,m}. Therefore, it holds that

gt(a, Wout) maX{Zws' fi(a Zws- f@) g, }
_Zws' fi(a 7rt(11)

for (a,wyy) € S’. Since lelzl wy - (ft( ))m (L1).s is a polynomial within S’, also
g+(a, Woye) is a polynomial within S” with degree no more than D+1 and in the W+ |w |
variables of (&, Woy¢) € RWVHWoutl for any t € {1,...,m}. O

Lemma 14 Let o(z) = max{z,0} be the ReLU activation function, define F := F3(6)
as in Section@ with parameter vector @ = (L, k, M, z,s,d) and set

kmaz = max{ki,...,kr}, Mpmar = max{My,..., Mp}.
Assume dy - do > 1. Then, we have
Ve < cig- 2% - logy(z - dy - do)
for some constant c1o > 0 which depends only on L, kiyae and Myaq.

Proof. We want to use Lemma [10] to bound Vz+ by VCdim(#), where H is the class of
real-valued functions on [0, 1]{1-dbx{lwd2} R defined by

H=A{n((x,y)) = f(x) —y: feF}

To get an upper bound for the VC-dimension of H, we will bound the growth function
Hggn(2)(m) for m € N. To bound the growth function Ty, 3 (m), we fix aritrary input

values
(X1,Y1)s -+ - s (Xmy Ym) € [0, 1]{1""’d1}x{1""’d2} x R

and obtain an upper bound for the growth function Il () (m) by deriving an upper
bound for

= {(sgn(h((x1,91))), - -, sgn(h((Xm, ym)))) = h € H}|. (45)
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Let h € H, then h((x,9)) = f(x) —y depends on a weight vector w € RW for some
W € N, which denotes the number of weights. The weight vector w is composed of
the weights of the individual layers of the convolutional neural network f. Let fw € F
denote the convolutional neural network with weight vector w € RW. For k € {1,...,m}
we define functions hy, : RY — R by

hie(W) = fw(xk) — Uk
Then formula can be written as
K = |{(sgn(hi(w)),...,sgn(hy,(w))) : w € RV}
For any finite partition S of R" it holds that
K <) H(sen(ha(w)), ..., sgn(lm(w)) : w € S}|. (46)
Ses

In the sequel we will construct a partition S of R" such that within each region S € S,
the functions hy(-) are all fixed polynomials of bounded degree for k € {1,...,m}, so
that each summand of equation can be bounded via Lemma . We construct the
partition S iteratively layer by layer, by applying Lemma [13]| several times. We start by
counting the weights of the individual layers. We have

dy,d: s z z
fw(x) = fcgu; Yo fs(uz) © ng)Lﬂ,kL),ML °re OEL)/ﬂ)JVh (x). (47)
with

(2) -
O(kj—1,k;),M; (x) = (O(kjvk’j)ijva © Ok koj), My wij-q © 777 0 O(kj—lvkj%ijW;‘,l)(X)

For je{l,...,L} and i € {1,...,2} we set

kiq ,ifi=1
-t »
. , else

(where kg = 1) and get

[wial = M7 - kj; - kj + k
for the number of weights in the i-th convolutional layer in the j-th convolutional block
for j€{1,...,L} and i € {1,...,z}. The number of output weights is given by

|Wout| =kr.

and the total number of weights is then given by

L z
W = ZZ |Wjil + |[Wout|

j=1 i=1
<L-z- (M2, k2,0 + kmaz) + kmas (49)
<L-z-M?, k2. +(L-2+1) kna

<2-(L-z+1)-M>,, -k

max max*
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The number of weights used up to the i-th convolutional layer in the j-th convolutional
block we denote by

ji—1 2z i
W(jfl).eri = Z Z ’Wj',i" + Z ‘Wjai/|
=1

j'=1i=1

for j € {1,...,L} and i € {1,...,z}. In order to make use of Lemma [13| we assume in
the following that m is a positive integer with

m>W (50)
and define fi,..., f : {0} — RiLoodibx{lodobx{l} 1
(fk(o))(i,j),l = (Xk)i7j

for k € {1,...,m} and set S = {0}. Now we are able to apply Lemma |13 iteratively
layer by layer to obtain a partition S’ of RV satisfying

L =z . . W, .
2-e-(m-dy-dy-kj) - ((j—1)-z41)\ @D+
S| < 2 ( ’
111 T

j=1i=1 (51)

5 2-e-m-ds-d3-(z-L+1) W
w
such that within each region S € &', the functions hj, : R — R are all fixed polynomials

of degree no more than z - L + 1 for k € {1,...,m}. By condition and another
application of Lemma [12|it holds for any S’ € S that

{(sgn(hy(w)),...,sgn(hm(w))) : w e S}

§2.<2.e.m-v§/z-L+1))W.

Now we are able to bound K via equation and because K is an upper bound for the
growth function we get

L+2 :
H 9z L+2 ZH <m : $r>W (52)

z»L+2W

12 LS L2 L=t W

" 2z-L+2 m Zr:l Lr

— Zz~L+2W
r=1 T

with Wo.pp0 =W, 1 =W,

Topp1=2-e-dr-d> (z-L+1), z,p0=2-e-(z-L+1)
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and

T(j—1)eri = 2-€-dy-dy-kj - ((j —1) - 2 +1)
for j € {1,...,L} and i € {1,...,z}. In the fourth line of we used inequality
of Lemma . Without loss of generality, we can assume that VCdim(#H) > Zi:Lf“ W,
because in the case VCdim(H) < Y752 W, we have

VCdim(H) < (z-L+2)-W

2-(z-L+2)2 M2, k>

max max

for some constant c¢12 > 0 which only depends on L, M4, and k4, and get the assertion
by Lemma Hence we get by the definition of the VC—dimension and inequality
(which only holds for m > W)

. VCdim() - X2k e, \ 5
2VCd1m(7—L) S | (VCdlm(H)) < 9z L+2 r=1 r
gn(H) Zz-L—l—Q W
r=1 T
Since
z-L+42
> @ > wapp1+ a2 > 8-> 16
r=1
and
z-L+2

Z 2, < (2-L+2)?%2-¢e-d? 25 kmae
r=1

(3-2-L-dy-ds)* 2 € kpmas

<
<(7-z-L-dy-dy-kmaz)?

Lemma |15 below (with parameters R = Ziffa zr, m = VCdim(H), w = Zi:j:fa W,
and | = z - L + 2) implies that

2z L+2 z-L+2 z-L+2
VCdim(H) <z-L+2+ ( Z Wr> -logy (2- Z X - logy ( Z iL‘,«>>
r=1 r=1

r=1
<z L+2+(z-L+2)-W-logy(4-(7T-2-L-dyds kmas)®)
4.73<123
< 2-(2-L+2)-W-logy ((12-2-L-dy - ds  kmaa)”)

12-(z-L+2)2-M2,, - k2, logy (12-2- L-dy - dy - kmag)

<
S C19 * 22 . log2(z . dl . dg),

for some constant cjo > 0 which only depends on L, k4. and M,q,. In the third row
we used equation for the total number of weights W. Now we make use of Lemma
[10] and finally get

V]:+ < C19 * 22 . log2(z . d1 . d2)
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Lemma 15 Suppose that 2™ < 2! - (m - R/w)® for some R > 16 and m > w > 1 > 0.
Then,
m <Il+4+w-logy(2- R -logy(R)).

Proof. See Lemma 16 in Bartlett et al. (2019). O
Proof of Lemma [9. Using Lemma [I4] and

VTC4-1og WF3(0)F S Vr, @+

we can conclude from this together with Lemma 9.2 and Theorem 9.4 in Gyorfi et al.
(2002)

Nl (67 TC4-10g nF3 (0)7 X;L)

<3. <46 ~cq - logn log 6e - cq - logn>VTC4»logn}—;
€ €

<3 <6€-C4-logn

2-c12 .22 ~10g(z~d1 -d2)
6 >

This completes the proof of Lemma [0 O

E. Auxiliary results

In the following section, we present some results from the literature which we have used
in the proof of Theorem [} Our first auxiliary result relates the misclassification error of
our plug-in estimate to the Lo error of the corresponding least squares estimates.

Lemma 16 Let j € {1,2,3} and define (X,Y), (X1,Y7), ..., (Xpn,Yn), and Dy, n, f*
and f,gj) as in Section . Then

P{f(X) #YIDu} = P{f*(X) £V}

IN

2. / 09 () — ()| P (de)

< 2-\//!n%j)(w)—n(m)PPx(dx)

holds.

Proof. See Theorem 1.1 in Gyorfi et al.| (2002). (]
Our next result bound the error of the least squares estimate via empirical process
theory.
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Lemma 17 Let (X,Y), (X1, Y1), ..., (Xn, Yn) be independent and identically distributed
R¢ x R-valued random variables. Assume that the distribution of (X,Y) satisfies

E{exp(c1s - Y2)} < oo

for some constant c13 > 0 and that the regression function m(-) = E{Y|X = -} is bounded
i absolute value. Let m,, be the least squares estimate

mn<>—argmm121Y X

feFa

based on some function space F, consisting of functions f : RY — R and set m, =
T, 10g(n)Mn for some constant cq4 > 0. Then my, satisfies

/ () — m() PP (dz)

c14 - (log(n))? - SUPgn e (Rd)n (10g (Nl (Weg(n)’ Tes10g(n) P m’f)) + 1)

n

inf / |f(z (z)]*P x (dx)

fe€Fn

<

forn > 1 and some constant c14 > 0, which does not depend on n or the parameters of
the estimate.

Proof. This result follows in a straightforward way from the proof of Theorem 1 in
Bagirov, Clausen and Kohler (2009)). A complete proof can be found in the supplement
of Bauer and Kohler (2019). O

Our next auxiliary result is an approximation result for (p, C')-smooth functions by
very deep feedforward neural networks.

Lemma 18 Letd € N, let f : RY — R be (p, C)-smooth for some p = q+s, ¢ € Ng and
€ (0,1], and C > 0. Let M € N with M > 1 sufficiently large, where

4(g+1)
2 all-‘r“'-‘rldf
MP > . 2
= (5T | maxy < x;}gﬂd Oliz() . Qlag(d) (x)‘
(l17""ld)€Nd
lit+la<q

must hold for some sufficiently large constant c15 > 1. Let L,r € N such that
(1)
L >5M4 + [log4 (M2p+4-d-(q+1) ] e4(q+1)-(Md71))-‘
- [logy(max{d, ¢} +2)] + [log,(M?")]
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(i)
r>132-2¢. [e] - <d_gq> -max{q + 1,d*}

hold. Then there exists a feedforward neural network

fnet € gd(La k)

with k = (k1,...,kr) and ky = --- = kg, = r such that
sup [ f(x) = fnet (x)]
x€[—2,2]¢
4(q+1)
all-‘r“'-‘rldf 9
< . . NP
= €16 max § 2, x;il;)ﬂd () | Plag(d) (x) M
(I1,...,1q) EN?
Lit+la<q

Proof. See Theorem 2 b) in Kohler and Langer (2019). An alternative proof of a closely
related result can be found in|Yarotsky and Zhevnerchuk| (2019), see Theorem 4.1 therein.
O
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