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Abstract

Gradient descent (GD) type optimization methods are the standard instrument to train
artificial neural networks (ANNs) with rectified linear unit (ReLU) activation. Despite the
great success of GD type optimization methods in numerical simulations for the training of
ANNSs with ReLLU activation, it remains — even in the simplest situation of the plain vanilla
GD optimization method and ANNs with one hidden layer — an open problem to prove
(or disprove) the conjecture that the risk of the GD optimization method converges in the
training of such ANNS to zero. In this article we establish in the situation where the proba-
bility distribution of the input data is equivalent to the continuous uniform distribution on
a compact interval, where the probability distribution for the random initialization of the
ANN parameters is the standard normal distribution, and where the target function under
consideration is continuous and piecewise affine linear that the risk of the considered GD
process converges exponentially fast to zero with a positive probability. Roughly speaking,
the key ingredients in our mathematical convergence analysis are (i) to prove that suitable
sets of global minima of the risk functions are twice continuously differentiable submanifolds
of the ANN parameter spaces, (ii) to prove that the Hessians of the risk functions on these
sets of global minima satisfy an appropriate mazimal rank condition, and, thereafter, (iii)
to apply the machinery in [Fehrman, B., Gess, B., Jentzen, A., Convergence rates for the
stochastic gradient descent method for non-convex objective functions. J. Mach. Learn.
Res. 21(136): 1-48, 2020] to establish local convergence of the GD optimization method.
As a consequence, we obtain convergence of the risk to zero as the width of the ANNS,
the number of independent random initializations, and the number of GD steps increase to
infinity.
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JENTZEN AND RIEKERT

1. Introduction

Gradient descent (GD) type optimization methods are the standard schemes to train artifi-
cial neural networks (ANNs) with rectified linear unit (ReLU) activation; cf., e.g., (Goodfel-
low et al., 2016, Chapter 5). Even though GD type optimization methods seem to perform
very effectively in numerical simulations, until today in general there is no mathemati-
cal convergence analysis in the literature which explains the success of GD optimization
methods in the training of ANNs with ReLU activation.

There are, however, several promising mathematical analysis approaches for GD opti-
mization methods in the scientific literature. In the case of convex objective functions, the
convergence of GD type optimizations methods to the global minimum in different settings
was shown, e.g., in Bach and Moulines (2013); Jentzen et al. (2021); Moulines and Bach
(2011); Nesterov (2015, 2004); Rakhlin et al. (2012); Schmidt and Roux (2013).

Typically, the objective functions occurring in the training of ANNs with ReLLU activa-
tion are non-convex and, instead, admit infinitely many non-global local minima and saddle
points. In view of this, it becomes important to study the landscapes of the risk functions in
the training of ANNs and to develop an understanding of the appearance of critical points
(such as non-global local extrema and saddle points) of the risk functions. Recently, in the
article Cheridito et al. (2022b) a characterization of the saddle points and non-global local
minima of the risk function was obtained for the case of affine target functions. Sufficient
conditions which ensure that the convergence of GD type optimization methods to saddle
points can be excluded have been revealed, e.g., in Ge et al. (2015); Lee et al. (2019, 2016);
Panageas and Piliouras (2017); Panageas et al. (2019).

Another promising direction of research is to study the convergence of GD type opti-
mization methods for the training of ANNs in the so-called overparametrized regime, where
the number of ANN parameters has to be sufficiently large when compared to the number of
used input-output data pairs. In this situation the risks of GD type optimization methods
can be shown to converge to zero with high probability; see, e.g., Arora et al. (2019); Du
et al. (2019b); E et al. (2020b); Jentzen and Kroger (2021); Li and Liang (2018); Rotskoff
and Vanden-Eijnden (2018); Zhang et al. (2019) for the case of ANNs with one hidden layer
and see, e.g., Allen-Zhu et al. (2019a,b); Du et al. (2019a); Sankararaman et al. (2020);
Zou et al. (2020) for the case of ANNs with more than one hidden layer. The results in
these articles apply to the empirical risk, which is measured with respect to a finite set of
input-output data pairs.

For convergence results for GD type optimization schemes without convexity but under
Lojasiewicz type assumptions we point, e.g., to Absil et al. (2005); Attouch and Bolte (2009);
Dereich and Kassing (2021); Karimi et al. (2020); Lei et al. (2020); Wojtowytsch (2021);
Xu and Yin (2013). Further abstract convergence results for GD type optimization schemes
in the non-convex setting can be found, e.g., in Akyildiz and Sabanis (2021); Bertsekas
and Tsitsiklis (2000); Dereich and Miiller-Gronbach (2019); Fehrman et al. (2020); Lovas
et al. (2020); Patel (2021) and the references mentioned therein. In particular, the article
Fehrman et al. (2020) shows convergence towards the global minimum value of some GD
type optimization algorithms with random initializations, provided that the set of global
minima of the objective function is locally a suitable submanifold of the parameter space
and provided that the Hessian of the objective function satisfies a certain maximal rank
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condition at these global minima. A key contribution of this work is to demonstrate that
these regularity assumptions are satisfied in the training of ANNs with one hidden layer
and ReLLU activation provided that the target function is piecewise affine linear.

We also refer, e.g., to Cheridito et al. (2020); Jentzen and von Wurstemberger (2020); Lu
et al. (2020); Shamir (2019) for lower bounds and divergence results for GD type optimiza-
tion methods. For more detailed overviews and further literature on GD type optimization
schemes we point, e.g., to Bercu and Fort (2013), Bottou et al. (2018), E et al. (2020a),
(Fehrman et al., 2020, Section 1.1), (Jentzen et al., 2021, Section 1), and Ruder (2017).

There are different variants of GD type optimization methods in the scientific literature,
such as the plain vanilla GD optimization method, GD optimization methods with momen-
tum, and adaptive GD optimization methods (cf., e.g., Ruder (2017)), and the plain vanilla
GD optimization method with independent random initializations is maybe the GD based
ANN training scheme which is most accessible for a mathematical convergence analysis.
Despite the above mentioned promising mathematical analysis approaches in the literature,
it remains — even in the simple situation of the plain vanilla GD optimization method with
independent random initializations and ANNs with one hidden layer and ReLLU activation —
an open problem to prove (or disprove) the conjecture that the risk of the GD optimization
method converges to the risk of the global minima of the risk function in the training of
such ANNs. It is one of the key contributions of this article to establish convergence of the
plain vanilla GD optimization method with multiple independent random initializations for
ANNSs with one hidden layer and ReLLU activation in the situation where the probability
distribution of the input data is equivalent to the continuous uniform distribution on a
compact interval with a Lipschitz continuous density, where the probability distributions
for the random initializations of the ANN parameters are standard normal distributions,
and where the target function under consideration is continuous and piecewise affine linear.
Specifically, we obtain convergence of the risk to zero as the width of the ANNs, the number
of independent random initializations, and the number of GD steps increase to infinity. The
precise formulation of this statement is given in Theorem 2 below within this introductory
section.

Theorem 2 is a consequence of the first main result of this article, Theorem 1 below,
which establishes a local convergence result for the plain vanilla GD optimization method
with a single random initialization. Specifically, in Theorem 1 we prove in the case of
ANNs with three layers (1-dimensional input layer, H-dimensional hidden layer, and 1-
dimensional output layer) and in the case of a continuous and piecewise affine linear target
function f: [a,b] — R with N € NN [1, H| grid points that for every sufficiently small
learning rate v we have that the risk of the considered GD process with learning rate ~y
and standard normal random initialization (see (1.2) in Theorem 1) converges exponentially
to zero with a positive probability (see (1.3) in Theorem 1). We now present the precise
statement of Theorem 1 in a self-contained style and, thereafter, we provide some additional
explanations regarding the mathematical objects in Theorem 1.

Theorem 1 Let H,o € N, N € Nn[1,H], zo,2z1,...,zn,a € R, b € (a,0), f €
C([a,b],R) satisfy © = 3H +1 and a = zop < 21 < --- < &y = b, assume for all
i€ {1,2,...,N} that fliz,_, 2, 5 affine linear, let p: [a,b] — (0,00) be Lipschitz con-
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tinuous, let £: R® — R satisfy for all § = (61,...,0,) € R® that

b
L(0) = / (f(x) — Gy — Z;IZI Oopr4jmax{0;x + O, 0}])2]3(3:) dzx, (1.1)

let (Q, F,P) be a probability space, let ©): Q@ — R®, v € R, n € Ny, be random variables,
assume for every vy € R that © is standard normally distributed, let G: R® — R® satisfy for
all 0 € {9 € R*: L is differentiable at 9} that G(0) = (VL)(0), and assume for all v € R,
n € Ny, w € Q that

6741 (w) = O3(w) — 1O} (). (1.2)

Then there exist ¢, & € (0,00) such that for all v € (0,¢] it holds that
P(limsup,, ., £(07) =0) > P(Vn € Ng: L(O]) < €exp(—cyn)) > ¢ > 0. (1.3)

Theorem 1 is an immediate consequence of Corollary 49 below (applied with p « 0 in
the notation of Corollary 49). Corollary 49, in turn, is a direct consequence of Theorem 48
in Subsection 5.2 below, which is the main result of this article.

In Theorem 1 the target function (the function which describes the relationship between
the input and the output data in the considered supervised learning problem) is described
through the continuous function f € C([a, b], R) from the compact interval [a, b] to the real
numbers R. In Theorem 1 this target function f: [a,b] — R is assumed to be piecewise
affine linear in the sense that there exist N € N, zg, z1,...,2zn € R with

a=zpg<x1<..<xZN=0b (1.4)

so that for all 7 € {1,2,..., N} we have that the target function [#z;_1,z;] 2 x — f(z) € R
restricted to the sub-interval [z;_1, #;] is affine linear; see above (1.1) in Theorem 1.

In Theorem 1 we also assume that the probability distribution of the input data in the
considered supervised learning problem is absolutely continuous with respect to the standard
uniform distribution on [a,b] with a Lipschitz continuous, strictly positive density. More
specifically, the Lipschitz continuous function p: [a, b] — (0, 00) in Theorem 1 is assumed to
be an unnormalized density of the probability distribution of the input data with respect
to the Lebesgue measure restricted to [a, b].

In (1.1) in Theorem 1 we consider fully connected feedforward ANNs with the ReLU
activation R 3 z — max{z,0} € R and three layers: one input layer with 1 neuron on
the input layer (1-dimensional input), one hidden layer with H € N neurons on the hidden
layer (H-dimensional hidden layer), and one output layer with 1 neuron on the output layer
(1-dimensional output). In particular, we describe in (1.1) the risk function £: R37+1 — R
associated to the supervised learning problem considered in Theorem 1.

The risk function £: R3*¥+1 — R fails to be continuously differentiable due to the
lack of differentiability of the ReLU activation function R 5 z +— max{z,0} € R and, in
view of this, one needs to introduce appropriate generalized gradients of the risk function
which mathematically describe the behavior of GD steps in implementations in numerical
simulations to mathematically formulate the GD optimization method for the training of
ANNs with ReLU activation. The function G: R3H+1 5 R3H+1 iy, Theorem 1 describes a
generalized gradient function of the risk function £: R3¥+! — R in (1.1). We assume for
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every 0 € R3+1 at which L is differentiable that G(6) = (VL)(6), while the value of G(6)
at the remaining points # € R37+1 is not specified. In Proposition 11 below we identify
a suitable open set U C R37*! with full Lebesgue measure on which £ is continuously
differentiable, and we also derive an explicit representation for G(6) for every 6 € U.

For every learning rate v € R the random variables ©,,: Q — R3+1 n ¢ Ny, in (1.2)
describe the GD process with learning rate v and standard normal initialization ©]: Q —
R3H+1 The conclusion of Theorem 1 in (1.3) demonstrates for every sufficiently small
positive learning rate y € (0, ¢] that the risk of the GD process converges exponentially fast
to zero with a strictly positive probability.

Roughly speaking, we prove Theorem 1 and Theorem 48, respectively, (i) by showing
that for every number H € N N [N,00) of neurons on the hidden layer there exists a
natural number k& € NN [1,0) such that a suitable subset of the set of global minima of
the risk function £: R® — R in (1.1) is a twice continuously differentiable k-dimensional
submanifold of the ANN parameter space R® = R3+1 (cf. Lemma 21 and Corollary 29 in
Section 3 below), (ii) by proving that the ranks of the Hessian matrices of the risk function
on this suitable set of global minima of the risk function £: R® — R in (1.1) are equal to
0 — k, and, thereafter, (iii) by applying the machinery in Fehrman et al. (2020) to establish
convergence of the GD optimization method provided that the initial value is contained in
a suitable open neighborhood of certain global minima.

As a consequence of Theorem 1, we obtain in Theorem 2 below that the plain vanilla
GD optimization method with multiple independent random initializations converges in the
training of ANNs with one hidden layer and ReLU activation (under the same assumptions
on the target function and the probability distribution of the input data as in Theorem 1).
We now present the precise statement of Theorem 2.

Theorem 2 Let N € N, zg,21,...,2zny,a € R, b € (a,00), f € C([a,b],R) satisfy a =
xo < x1 < - <@y =b, assume for all i € {1,2,..., N} that f|,, | »,) is affine linear,
let p: [a,b] — (0,00) be Lipschitz continuous, let L7 : R3H+1 R H € N, satisfy for all
HeN, 0= (01, - 703H+1) e R3+1 that

b
£H(6) = / (f@) — 00— X1, oy max {02 + Opr45, 0))) p(a) da,  (1.5)

let GH: R+ 5 R3HFL [T ¢ N, satisfy for all H € N, § € {9 € R3H+L. £H js
differentiable at 9} that G (0) = (VLT)(0), let (2, F,P) be a probability space, let ek, 0 -
R3H+L H keN,yeR, neNy, and KM Q - N, H ke N, v e R, n € Ny, be random
variables, assume for all H € N, v € R that @é{’k"’, k € N, are independent standard normal
random vectors, and assume for all H)k € N, v € R, n € Ny, w € Q that

0,157 (w) = OfF7(w) — 1" (Of1F7 (w)) (1.6)

and
kg’k’v(w) € argminge(1 2.k} ﬁH(@g’e’v(W» (1.7)

Then there exists g € (0,00) such that for all v € (0, g] it holds that

liminf o0 lim inf g o0 IP’(lim sup,, o L2 (@nH’kg’Kﬁ’V) = O) =1 (1.8)

5
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Theorem 2 is a direct consequence of Corollary 50 below. Corollary 50, in turn, follows
from Theorem 48 (see Subsection 5.3 below for details).

In Theorem 2 we have for every number H € N of neurons on the hidden layer, every
natural number £ € N, and every learning rate v € R that the random variables @nH’k’V: Q—
R3H+1 5 € Ny, in (1.6) describe the GD process with learning rate 7. Note that the natural
number k£ € N counts the number of random initializations, while the index n € Ny specifies
the current gradient step. Observe that the assumption in Theorem 2 that for all H € N,
v € R it holds that @é{’k”: Q — R3H+L L ¢ N, are i.i.d. random variables ensures for
all H € N, n € Ny, v € R that the random variables ©%7: 0 — R3H+1 L ¢ N, are
i.i.d. Loosely speaking, for every number H € N of neurons on the hidden layer, every
natural number £ € N, every learning rate v € R, and every number n € N of GD steps
we have that the random variable ki"*7: Q — N in (1.7) selects an independent random
initialization with the smallest risk. The conclusion of Theorem 2, equation (1.8), reveals
that there exists a sufficiently small strictly positive real number g € (0,00) such that
for every learning rate v € (0,g] we have as the number K € N of independent random
realizations and the number H € N of neurons on the hidden layer increase to infinity
convergence to one of the probability that the risk of the GD optimization method with
independent standard normal random initializations converges to zero.

The remainder of this article is organized as follows. In Section 2 we establish several
regularity properties for the Hessian matrix of the risk function of the considered supervised
learning problem. In Section 3 we employ the findings from Section 2 to establish that a
suitable subset of the set of global minima of the risk function constitutes a C*°-submanifold
of the ANN parameter space R? = R37+1 on which the Hessian matrix of the risk function
has maximal rank. In Section 4 we engage the findings from Section 3 to establish that
the risk of certain solutions of GF differential equations converges exponentially quick to
zero. Finally, in Section 5 we establish that the risk of certain GD processes converges
exponentially quick to zero and, thereby, we also prove Theorems 1 and 2 above.

2. Second order differentiability properties of the risk function

In this section we establish in Lemma 14 in Subsection 2.4 below an explicit representa-
tion result for the Hessian matrix of the risk function of the considered supervised learning
problem. In particular, in Lemma 14 we identify a suitable open subset of the ANN pa-
rameter space with full Lebesgue measure on which the risk function is twice continuously
differentiable (see (2.3) below for details). This is nontrivial due to the fact that the ReLU
activation function R 3 x — max{z,0} € R is not everywhere differentiable. Results related
to Lemma 14 have been shown in (Cheridito et al., 2022b, Lemma 3.8).

Corollary 16 in Subsection 2.4 specializes Lemma 14 to the specific situation where
the ANN parameter represents a global minima of the risk function. In Lemma 15 in
Subsection 2.4 we employ Lemma 14 to conclude under the assumption that the target
function is locally Lipschitz continuous that the second derivative of the risk function is
locally Lipschitz continuous. In Lemma 17, Lemma 18, and Corollary 19 in Subsection 2.5
below we use Lemma 14 to derive suitable upper bounds for the absolute values of the second
order partial derivatives of the risk function. Lemma 15, Corollary 16, and Corollary 19 are
all employed in Section 3 below.
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Our proof of Lemma 14 employs the well-known Leibniz integral rule type result in
Lemma 13 in Subsection 2.4, the known representation and regularity result for the first
derivative of the risk function in Proposition 11 in Subsection 2.4, the elementary continuity
result in Lemma 12 in Subsection 2.4, the elementary and well-known differentiability result
for certain parameter integrals in Lemma 4 in Subsection 2.2 below, and the elementary
continuity result for certain parameter integrals involving indicator functions in Lemma 5
in Subsection 2.2 and Corollary 9 in Subsection 2.3 below. Proposition 11 is a direct
consequence of Propositions 2.2 and 2.11 in Jentzen and Riekert (2022); see also Proposition
2.4 in Cheridito et al. (2022a) for a similar result. Our proof of Lemma 15 also uses the local
Lipschitz continuity results for certain parameter integrals involving indicator functions in
Corollary 10 in Subsection 2.3. Our proofs of Corollaries 9 and 10, in turn, employ the
elementary Lipschitz continuity result for certain parameter integrals involving indicator
functions in Lemma 6 in Subsection 2.2 as well as the local Lipschitz continuity results for
active neuron regions in Lemma 7 and Corollary 8 in Subsection 2.3.

2.1 Mathematical description of artificial neural networks (ANNSs)

Setting 3 Let Ho € N, a € R, b € (a,00), f € C([a,b],R) satisfy 9 = 3H + 1, let v =
(..., 09))gere: R® — R b= ((b9,...,6%))gero: R — R¥ v =((v],...,0%))pepo: R® —
RT ¢ = (Ngepo: R — R, and q = ((qf,...,9%)): R’ — (—o0,00] satisfy for all
0= (61,...,00) S Ra, j e {1,2,...,H} that t‘O? = 0]‘, bf = 9H+j; Ug = 92H+j; ¢ = 0y, and

0 {—b?/m? : m? #0

Lp— 2:1
% 00 : m? =0, 21)

letp: [a,b] — (0,00) be Lipschitz continuous, let R: R — R, N = (N )gepo: R — C(R,R),
and L£: R® — R satisfy for all & € R®, z € R that R(z) = max{z,0}, #%(x) = ¢ +
ZJH:1 n? [%(m?:z: + b?)], and

b
() = / (W) — F())*p(y) dy, (2.2)

let If CR,0€R je{1,2,...,H}, satisfy for all 6 € R®, j € {1,2,...,H} that
If = {x € [a,b]: wlz+b% > 0}, let G = (G1,...,Go): R* — R? satisfy for all 6 € {0 € R®: L
is differentiable at 9} that G(0) = (VL)(0), and let T C R® satisfy

U= {0 R: (T[;1 [Toeqap (Wfo+65) #0)}. (2.3)

2.2 Regularity properties for parametric integrals of Lipschitz continuous
functions

Lemma 4 Letn €N, je€{1,2,...,n},ue R, v € (u,00), let ¢: R™ x [u,0] = R be locally

bounded and measurable, let p: B([u,0]) — [0,00] be' a finite measure, let ®: R* — R

satisfy for all x € R™ that

®(o) = [ " (. ) p(ds), (2.4)

1. For all u € R, v € (u,00) we denote by B([u,v]) the Borel sigma algebra on [u,v], i.e., the smallest
o-algebra which contains all open subsets of [u, v].
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let © = (z1,...,2,) € R, J,c € (0,00) satisfy for all s € [u,v], h € (—9,9) that
|p(x1, . sz, x5 + R Tjgr, .., T, ) — @, 8)| < clh, (2.5)

let E C [u,0] be measurable, assume p([u,0]\E) = 0, and assume for all s € E that
R3ve ¢(x1,...,2j-1,0,Zj41,...,%n,s) € R is differentiable at ;. Then

(i) it holds that R 3 v +— ®(x1,...,2j-1,0V,Tj41,...,%n) € R is differentiable at x; and

(ii) it holds that
(8%‘5)(%'1,---,%) :/(6?cj¢)(x17""$ms)“(ds)' (2:6)
E

Proof [Proof of Lemma 4| Observe that (2.5) and the dominated convergence theorem
establish items (i) and (ii). The proof of Lemma 4 is thus complete. [ |

Lemma 5 Letn € Ny u e R, v € (u,00), z € R, ¢,e € (0,00), ¢ € C(R" x [u,v],R),
let p: B([u,v]) — [0,00] be a finite measure, let 1Y € B([u,v]), vy € R", satisfy?® for all
Y,z € {v € R": ||z —v|| < e} that u(IYAI?) < clly — 2|, and let ®: R™ — R satisfy for all
y € R" that

Oy) = | o, s)u(ds). (2.7)
Yy
Then it holds that {v € R™: ||z —v|| < e} 2y — ®(y) € R is continuous.

Proof [Proof of Lemma 5] Throughout this proof let y € {v € R": ||z — v|| < £} and let
z=(zi)ken: N = {v € R": ||z —v|| < e} satisfy limsupy,_, ||z — y|| = 0. Note that for all
k € N it holds that

B0) =00 < [ 1009 = bl n(ds) + [ (o)l s

y\[zk
+ / 16(20 )| 1(ds).
12K\ IV

Next observe that the assumption that ¢ is continuous and the dominated convergence
theorem demonstrate that

imsup| [ jo(y.s) - o(ex, )] ()| 0. (2.9)

k—oo

(2.8)

Moreover, note that the fact that for all k¥ € N it holds that u(IYAI**) < c||y — zx|| and the
assumption that ¢ is continuous prove that for all £ € N we have that

im sup [ /I g 8 (05 + /I R M(dS)] —o. (2.10)

2. Throughout this article we denote by [|-||: (U,cyR™) = R and (,): (U,eny(R™ x R™)) — R the func-

tions which satisfy for all n € N, © = (z1,...,%n), y = (Y1,.-.,yn) € R" that ||z|| = [Z:;l\xzm /2 and
(z,y) = Z?:l TilYi.




CONVERGENCE OF GD IN THE TRAINING OF ANNS FOR PIECEWISE LINEAR TARGET FUNCTIONS

Combining this with (2.8) and (2.9) establishes that limsup;,_,.|®(y) — ®(2x)] = 0. The
proof of Lemma 5 is thus complete. |

Lemma 6 Letn e Ny ue R, v € (u,00), z € R, ¢,e € (0,00), let ¢p: R™ x [u,0] — R be
locally Lipschitz continuous, let p: B([u,v]) — [0,00] be a finite measure, let 1Y € B([u,v]),
y € R, satisfy for all y,z € {v € R™: ||z — v|| < e} that p(IYAI?) < c|ly — z||, and let
®: R” — R satisfy for all y € R™ that

D(y) = . oy, s) p(ds). (2.11)

Then there exists € € R such that for all y,z € {v € R": ||z —v| < e} it holds that
[®(y) — 2(2)| < €fly — 2|

Proof [Proof of Lemma 6] Observe that the assumption that ¢ is locally Lipschitz contin-
uous ensures that there exists € € R which satisfies for all y,z € {v € R": ||z — v|| < €},
s € [u,v] with y # z that

== 4 16 (y, )| + 6(z9)] < € (212)

Furthermore, note that (2.11) ensures for all y, z € R™ that

1B(y) — B(2)| < / 16, 5) — 6z, )| pl(ds) + / 6(y, 9)| p(ds) + / 16(2, )| u(ds).

vnI= IV\I* 1\1v
(2.13)
In addition, observe that (2.12) shows for all y,z € {v € R™: ||z —v|| < &} that
/I . 6(y, s) — &(2,5)| u(ds) < €lly — 2[p([w, v]). (2.14)
eV

Moreover, note that (2.12) and the assumption that for all y,z € {v € R": ||z —v|| < &} it
holds that pu(IYAI%) < c||ly — z|| prove that for all y,z € {v € R": ||z — v|| < &} we have
that

/ 6(y, 5)| u(ds) + / 16(2,9)| u(ds) < €y — 2. (2.15)
IV\I*

12\1v
Combining this with (2.13) and (2.14) establishes for all y,z € {v € R": ||z —v|| < ¢} that
[@(y) — @(2)] < e+ p([w, 0]))]ly — =] (2.16)

The proof of Lemma 6 is thus complete. [ ]
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2.3 Local Lipschitz continuity for active neuron regions

Lemma 7 Let a € R, b € (a,00), u = (u1,u) € R2\{0}, let p: [a,b] — R be bounded
and measurable, and let I' C R, v € R2, satisfy for all v = (vy,v2) € R? that 1" =
{x € [a,b]: viz +v2 > 0}. Then there exist c,e € (0,00) such that for all v,w € R? with
max{||u — v||, [|u — w||} < e it holds that

/ p(x) de
IPATw

Proof [Proof of Lemma 7| Throughout this proof let M € R satisfy M = sup,¢jq 4 [p(2)]-
In the following we distinguish between the case u; = 0 and the case u; # 0.
We first prove (2.17) in the case

< cljv — wl|. (2.17)

up = 0. (2.18)

Observe that (2.18) and the assumption that u = (u1,us) € R?\{0} imply that us # 0.
Moreover, note that (2.18) shows for all v = (v1,v2) € R?, x € I*AI" that

|(urx + ug) — (vix 4+ v2)| = |urx + ua| + |vix + vo| > |urx + ug| = |ua|. (2.19)
In addition, observe that for all v = (vy,v2) € R, € [a,b] we have that
(U1 + ug) — (viz + v2)| < |ur — vilfa] + |uz — vo < (1 + max{[al, [b[})[|u —v].  (2.20)

Combining this with (2.19) demonstrates for all v € R? with ||u — v|| < H_#{Qﬂa‘m that
I*AI* = @ and, therefore, I* = I. Hence, we obtain for all v,w € R? with max{|u —
vl lu —wl|} < % that IV = I = I and, therefore, [}, \;. p(z)dz = 0. This
establishes (2.17) in the case u; = 0.

In the next step we prove (2.17) in the case u; # 0. Note that for all v = (vy,v2),
w = (w1, wz) € R% s € {~1,1} with min{svy,sw;} > 0 it holds that

I\IY ={y € [a,b]: viy+va > 0> wiy +we} = {ye [a,b]: — =2 <5y§—%}
(2.21)
g{yeR; —%qyg—w}.

w1

Hence, we obtain for all v = (v1,vs), w = (w1, ws) € R? s € {—1,1} with min{svy, 5wy} > 0

that
Jopere=1(2) = ()] -

Furthermore, observe that the fact that for all y € R it holds that y > —|y| implies that for
all v = (vy,v2) € R? with |lu — v|| < |u1| we have that

V2 _ w2
v1 wi |

(2.22)

uivy = (u1)? 4 (v — ug)uy > Jug|? = Juy — vi)jur| > |u|* = |lu — v|||ug| > 0. (2.23)

This ensures that for all v = (v1,v2), w = (w1, ws) € R? with max{||u — v]], |u — w||} <
|u1| there exists s € {—1,1} such that min{sv;,sw1} > 0. Combining this with (2.22)

10
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demonstrates for all v = (v1,v2), w = (w1, wz) € R? with max{|lu — v|,[|u — w|/} < ‘7‘2—”
that
/ o() da SM[/ 1d:p]§2MZ2—Zj? o vo (w1 — v1) — v (w2 — v2)
AT AT ! ! viwy
< 2M[ va(wi —w) | | |va(ws = vs) } < 2M[|U2!HU —wl | Julllv —wH]
viwy viwy [v1ws | [v1ws |
< AM|ollllo —wl| _ [16M]Jol}], o [32Mull],
< < 7 | lv—wll < 5 | lv—wll.
o1 | |ur |ur
(2.24)
This establishes (2.17) in the case u; # 0. The proof of Lemma 7 is thus complete. |

Corollary 8 Assume Setting 3 and let 0 € 0. Then there exist c¢,e € (0,00) such that for
all 91,99 € R® with max{||¥1 — 0|, |92 — 0||} < € it holds that

L,

i,j=1

pxdxﬁ/ p(x)dx < c||[vh — V2. 2.25
(I nrMau2n?)) ) UH (11 AL?) ) H | (2.25)

k3

-----

Combining this with Lemma 7 shows that there exist ¢,e € (0,00) such that for all k¥ €
{1,2,...,H}, 91,95 € R® with max{]|0 — J1]|, (|0 — 92|} < & we have that

/ p(z)dz < c||[91 — Da]. (2.26)
AL?

Next observe that the fact that for all sets A, A, B,B it holds that
(ANA)\(BNB) C (A\B)U (A\B) C (AAB) U (AAB) (2.27)
implies that for all sets A, A, B, B we have that
(ANA)A(BNB) C (AAB) U (AAB). (2.28)

Hence, we obtain for all 91,95 € R, i,j € {1,2,..., H} that (I’* N I]ﬁl)A(I?Q ﬁI;QQ) -
(IflAIEQ)U(I?AI}%). Combining this with (2.26) proves for all ¥, 95 € R® with max{||§ —
9], |0 — I2||} < e that

p(x)dx S/ p(x)dx
/u%g(zflmjl)A(ﬁ?mf%) (@) Ul (11 AL)?) (@)
i (2.29)
<> /ﬂl ,, b(@) dx] < cH|[91 — D2].
k=1 L7 1k Al
The proof of Corollary 8 is thus complete. [ ]

11
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Corollary 9 Assume Setting 5 and let i,5 € {1,2,...,H}, ¢ € C(R® x [a,b],R). Then
(i) it holds that

V56 / (6, 2)p(x) dz € R (2.30)
1
is continuous and
(i) it holds that
B >0 o0, z)p(z)dx € R (2.31)
on1?

1S continuous.

Proof [Proof of Corollary 9] Throughout this proof let # € . Note that Corollary 8 and
Lemma 5 (applied with n A0, u v a, 0 A b,z 0, p (B(la,b]) > A [,p(z)de €
[0,00]) in the notation of Lemma 5) assure that there exists € € (0, 00) such that

{¢6W:W—w\§d9ﬁhﬂ/¢w@m@ﬁueR (2.32)
ry
and
{WeR: |-y <e}39+— P(9, 2)p(z)dz € R (2.33)
I?m;?

are continuous. This shows items (i) and (ii). The proof of Corollary 9 is thus complete. B

Corollary 10 Assume Setting 5, let i,5 € {1,2,...,H}, and let ¢: R® x [a,b] — R be
locally Lipschitz continuous. Then
(i) it holds that
V56 / (6, 2)p(x) dz € R (2.34)
I

is locally Lipschitz continuous and

(ii) it holds that
Y50 6(0, 2)p(z) dz € R (2.35)

6~706
19018

is locally Lipschitz continuous.

Proof [Proof of Corollary 10| Throughout this proof let # € 2. Observe that Corollary 8
and Lemma 6 (applied withn m o, u ~a, 0 A b,z A0, -~ (B(la,b]) 3 A= [, p(x)de €
[0,00]) in the notation of Lemma 6) demonstrate that there exist €,& € (0,00) such that
for all 91,92 € R® with max{||6 — 1], ]|0 — J2]|} < e it holds that

o ¢V, z)p(z) dz — 92 ¢(2, x)p(x) dz

< |91 — 2 (2.36)

12
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and
Lo ottrap@de= [ ownop@)ds| < elir—val. a7
Lnt 12012
This establishes items (i) and (ii). The proof of Corollary 10 is thus complete. [ ]

2.4 Explicit representations for the Hessian matrix of the risk function

Proposition 11 Assume Setting 5 and let 0 € 0. Then
(i) it holds that L is differentiable at 6 and
(i1) it holds for all i € {1,2,...,H} that

6,(0) = (3:.£) (0) = 26! [ (@) = fla)p(e) e,

i

X (2.38)
Go1+i(6) = (s £)(6) =2 [ [z + 00)] (4 (2) ~ F(a)p(z) do

b
and  Go6) = (55,£)0) =2 [ (#(a) = f(a)pla) da.
Proof [Proof of Proposition 11| Note that the assumption that § € U implies that for all
i€{1,2,...,H} it holds that |[f| + |6Y] > 0. Hence, we obtain that
£(0) (XL 10? 140y (rof | + [671)) = 0. (2.39)

Combining this with (Jentzen and Riekert, 2022, Proposition 2.2 and Proposition 2.11) es-
tablishes items (i) and (ii). The proof of Proposition 11 is thus complete. [ |

Lemma 12 Assume Setting 3, let i € {1,2,...,H}, r;s € Ny, let ¢»: R — R satisfy for
all # € R\{0} that ¥(x) = 7, and let c: (—o0, 0] — R satisfy for all x € (—oo, 00| that
c(z) = max{min{z,b},a}. Then

(i) it holds for all continuous ¢: U X [a,b] — R that
V30 [P([wf]"[wf[*)] [6(6, c(a)))] 1ap(af) € R (2.40)
is continuous and

(i) it holds for all locally Lipschitz continuous ¢: 0 X [a,b] — R that

B 3 0 [P([]][w0f*)] [¢(6, c(af))] Loy (a) € R (2.41)

1s locally Lipschitz continuous.

13
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Proof [Proof of Lemma 12] Observe that (2.3) shows for all § € U that |r?| + [b?] > 0.
Hence, we obtain for all § € U with ! = 0 that b? # 0. This implies that for all § € U
with ? = 0 there exists ¢ € (0, 00) such that for all ¥ € {1y € R®: ||¢p — 6|| < €} we have
that q” ¢ [a,b]. Combining this with (2.1) and the fact that for all § € U it holds that
q? ¢ {a,b} establishes items (i) and (ii). The proof of Lemma 12 is thus complete. [ |

Lemma 13 Let a € R, b € (a,00), let U C R be open, let ¢ = (¢2())(w0)€lap)xU €
C([a,b] x U,R) satisfy for all x € [a,b] that ¢, € C*(U,R), assume that [a,b] x U > (z,t) —
(¢2)'(t) € R is continuous, let 1,11 € C1(U, [a,b]), and let ®: U — R satisfy for all t € U

that
P1(t)

(1) = /w , (2.42)

Then
(i) it holds that ® € C*(U,R) and

(i) it holds for all t € U that
P1(t)

(1) = [y, O] (V1) O] = [Puany (D] [($0) (B)] + /w o (¢o)' () da. (2.43)
Proof [Proof of Lemma 13| Throughout this proof let ¥: [a,b] x U — R satisfy for all
x € [a,b], t € U that

Ww.t)= [ o0y (2.44)
Note that (2.42) and (2.44) imply for all ¢ € U that

P1(t) Po(t)
B(1) = / ba(t) d — / dult) d = W(y (£), 1) — W(o(8). ). (2.45)

Next observe that the fundamental theorem of calculus ensures for all x € [a,b], t € U
that a%‘ll(x,t) = ¢,(t). In addition, note that Lemma 4 assures for all € [a,b], t € U
that %\Il(:v,t) = [*(¢y)'(t) dy. Furthermore, observe that the assumption that [a,b] x U 3
(z,t) — ¢,(t) € R is continuous, the assumption that [a,b] x U 3 (z,t) — (¢,)'(t) € R is
continuous, and the dominated convergence theorem demonstrate that [a,b] x U > (x,t) —
%\Il(x,t) € Rand [a,b] xU 3 (z,t) — at\If(ac t) € R are continuous. Hence, we obtain that
U € C'([a,b] x U,R). Combining this with (2.45) and the chain rule shows for all ¢t € U
that ® € C1(U,R) and

(1) = () () (20) (9 (1), 1) + (2 9) (i (0), )
— W) (1) (2 T) (o (), 1) — (29) (o (t). 1)
P1(t) po(t)
= @) (8] [y ()] + / (62)' () dz — [(60) ()] [Bune ()] — / (62)'(t) da
1 (t)
= [0 O] Buno®] — [0 O] B ®] + [ (@B

o (t)
(2.46)

14
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The proof of Lemma 13 is thus complete.

Lemma 14 Assume Setting 3, let ¢: R — R satisfy for all x € R\{0} that 1(x)

= [L‘_l’

and let c: (—oo,00] — R satisfy for all v € (—o0, 0] that c(x) = max{min{x,b},a}. Then

(i) it holds that 0 C R® is open,
(ii) it holds that L]y € C*(V,R), and
(iit) it holds for all = (01,...,0,) €V, 4,5 € {1,2,...,H} that

(3030, £) (6) = 20 [0 ob() d
(s £)(0) = 205 [0 p() d,
(#jj%c) (0) = 2 [ [R(wlz + b)) ]p(z) da,
(52L)(0) =2 [ p() da.

(Wﬁwc) (6) = 20 Jro z[R(wlz + 69)]p(z) dz
+2L(3 () fro 2(#(2) — f(2))p(2) da,

(ﬁgemﬂﬁ) () = 20 ffg [R(wfz + b])]p(z) dz
+21(3 (5) [0 (V0 () = f(2))p() da,

2

(g7 2= ) (6) = 2 [ [R(wl + 67) ] [R(w6 + 69)] p(x) dr,

2
(o05, £)(0) = 20705 [ro0,70 2%p(x) da

— 2076713y (7) Lo, (aF) [0 (w07 1o )] e (a)] (4 (c(af) — f(e(ad))p(e(a?)),

(%ﬁ) (0) = 201%? f[fm[f zp(z) dw
#2003y () Ly 8 o D] e (2 e(a?)) — Fola?))ple(al),

and

52 0.0
(aeHHaeHH L)(0) = 2v; v, ffgm]e p(r)dz

+ 207 1433 (7) Lia,p1 (a7 [ (00 (47 (e(a7)) — F(e(a))p(c(al))-

15
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Proof [Proof of Lemma 14| Note that (2.3) establishes item (i). Next observe that Propo-
sition 11 ensures that U > 6 — L(#) € R is differentiable and satisfies V(L|y) = G|y. In
addition, note that (2.38) and Corollary 9 prove that V(L|y) is continuous. Hence, we
obtain that L]y € C'(,R). Combining this with (2.38), Lemma 4, and the product rule
establishes (2.47) to (2.53).

In the next step we prove (2.54) to (2.56) and for this let 6 = (61,...,6,) € U, i,j €
{1,2,...,H}. In our proof of (2.54) to (2.56) we distinguish between the case (i # j), the
case ((i = ) A(max{w?a+b?, w/b+bl} < 0)), the case ((i = j)A(min{w’a+b?, w/b+06¢} >
0)), the case ((i = j) A (wfa + Y < 0 < wlb + b?)), and the case ((i = j) A (wfa + b? >
0 > 17 + b?)). We first establish (2.54) to (2.56) in the case (i # j). Observe that for all
k € {0,1} and almost all z € [a, b] it holds that

0¥ (w) = (O2r1 15 [R(0j2 + Opr5)]) = ofa' 110 (). (2.57)

Okt 15

89kH+

Combining this with (2.38) and Lemma 4 (applied for every k,¢ € {0,1} with n » 0,
JAEH+G, ¢~ (R x[a,b] 3 (0, 2) — 24N (2) — f(2))p(z)1r2(z) € R) in the notation
of Lemma 4) demonstrates for all k,¢ € {0,1} that

(Wgemﬂﬁ) (9) (mgﬁHﬁ-%) (9)

~ o (20 / W)~ e >dx) = ofef [ ot () da

Inr?
(2.58)
This establishes (2.54) to (2.56) in the case (i # 7).
We next prove (2.54) to (2.56) in the case
(i = 7) A (max{r?a + b¢,w% + b7} < 0). (2.59)

Note that (2.59) implies that there exists § € (0, 00) such that for all h € R® with ||h]| < § it
holds that q/™ ¢ [a,b] and I’™" = @. Combining this with (2.38) ensures that (8‘9—;_25) (0) =
62 82 . ‘
(780,»89H+i E)(G) = (73931“ E)(G) = (0, as desired.
In the next step we prove (2.54) to (2.56) in the case
(i = j) A (min{w?a + b2, w6 + 67} > 0). (2.60)

Observe that (2.60) implies that there exists § € (0,00) such that for all h € R® with

|h|| < & it holds that q’™" ¢ [a,b] and I?™" = [a,b]. Combining (2.38) and Lemma 4
hence shows that (%E)(H) = 2(v?)? f 2*p(z) dz, (50— 80H+1£)(9) = 2(vf)? fa zp(z) dz,
and (892 L‘)(G) = 2(vf)? fabp(a:) dz, as claimed.

In the remaining cases we employ Lemma 13 since the interval If depends on t’of and
bf in these cases. We first consider the case

(i = 7) A (wla+ 67 <0< wlb+b?). (2.61)

Note that (2.61) ensures that there exists an open neighborhood U C R? of § which satisfies
for all ¥ € U that mf > 0, qf € (a,b), and If = (qf,b}. Furthermore, observe that

16
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v 0
U39 w— q}? = —i—% € R is continuously differentiable and satisfies a%iqf = 4w =~

and 80H qZ = _m%?’ Combining Lemma 13 and (2.38) hence shows that

(22£)(8) = 2(01)? [0 () do — [ 22555 | a? (40 (af) — F(a?))p(al),

(ot £)(0) = 2(00)? [yp wp(w) o+ 25 ]a?(H%(al) = F@pa),  (262)
and  (GF—L)(0) = 2000)* [0 p(@) da + [ 35| (47 a?))p(al).

This establishes (2.54) to (2.56) in the case ((i = j) A (wa+b¢ < 0 < w?b+b?)). It remains
to consider the case

(i = 7) A (wla+6¢ >0 > b + b?) (2.63)

Note that (2.63) assures that w! < 0, q/ € (a,b), and I? = [a,q?). Combining Lemma 13
and (2.38) therefore demonstrates that

(25:£)(8) = 2(00)* [0 2*p(a) do + [ 22585 | a? (4 (a?) = £(a)p(a?),

(#j}{ﬂc)w):m?) Jyo w0l dx—[m} (WOa) - F@pGad).  (2:60)
and  (5F—L)(0) = 200)* [y p(@) dw — |35 ] ( (a?))p(a?)-

This establishes (2.54) to (2.56) in the case ((i = j) A (0?a + bf > 0 > wfb + bY)).
Finally, observe that Corollary 9 and item (i) in Lemma 12 imply that the partial deriva-
tives in (2.47) to (2.56) are continuous on *U. The proof of Lemma 14 is thus complete. W

Lemma 15 Assume Setting 3§ and assume that f is Lipschitz continuous. Then
(i) it holds that G C R is open,
(i3) it holds that L]y € C*(V,R), and

(iii) it holds that U > 0 — (Hess L)(0) € R°*? is locally Lipschitz continuous.

Proof [Proof of Lemma 15| Note that Lemma 14 establishes items (i) and (ii). Moreover,
observe that Lemma 14, Corollary 10, item (ii) in Lemma 12, the assumption that f is
Lipschitz continuous, and the assumption that p is Lipschitz continuous establish item (iii).
The proof of Lemma 15 is thus complete. |
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Corollary 16 Assume Setting 3, let 6 € U, i,5 € {1,2,...,H}, and assume for all x €
[a,b] that #%(x) = f(z). Then

92 _ o.0,0 2
(go08;£) () = 20705 /zeme 2?p(z) de,
i

2
(gmm L) (6) = 2070} /1 o zp(x) dz, (2.65)

2

o} 0.0
and (mﬁ) (0) = QU,L‘ Dj /19019 p(l’) dZE
i g

Proof [Proof of Corollary 16| Note that the assumption that for all = € [a, b] it holds that
N9(z) = f(x) and Lemma 14 establish (2.65). The proof of Corollary 16 is thus complete. B

2.5 Upper bounds for the entries of the Hessian matrix of the risk function

Lemma 17 Assume Setting 3, let D € [1,00), A € R satisfy A = max{1,|al, |b|,b—a}, and
let 0 € U satisfy max;eqr 2, 03|10l <D and minjegi o . m) ((m? — %)l[a,b](qg)) > 0. Then

maxi7j6{1,2,...,b}‘ (#?)gjﬁ) (9)’

(2.66)
< (BAPD? 4 8AD? [supye(q 4’ (x) — f(@)]]) (suPsefap) P(2))-

Proof [Proof of Lemma 17| Throughout this proof let ¢: R — R satisfy for all z € R\{0}
that ¥(x) = 27! and let c: (—o0o,00] — R satisfy for all z € (—o0,00] that c(z) =
max{min{z,b},a}. Observe that Lemma 14 implies for all 4, j € {1,2,..., H} that

[(Z2£)(0)] =2/, p(e) de| < 2A(sup,eey) pla)), (2.67)

| (g £) (0)] = 2| [} 1wl + 60)]p(w) da| < 2 [7|9R (w02 + b9)[p(x) du

(2.68)
< 2A(w?] + [62)) [V p(x) do < 4A°D (sup,cpoy (),
| (- Zom— £) 0)] = 2| [ [ + b)) [R (w0 + b)]p(w) da|
<2 [P|9R(wla + bY)R (1% + b9)|p(z) do (2.69)
< 242 (|| + [67]) (|0?] + [69]) [ p(z) dz < 8APD? (sup,cpay P(2)),
‘(%gejﬁ)(@)‘ = 2\0?!”15_; zp(z) dz| < 24°D (SUPxe[a,b] p(z)), (2.70)
‘(%ﬁ) (0)‘ = 2’U§| f];’ p(w) dz < 249 (Supxe[a,b} p((l))), (271)

18
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2

|G £)(O)] < 2005 fy0 2R (0 + ) o) | + 2| [ 2(H () — £ () () d]|

< (443D + 24 [sup,epo |7 (@) — F(@)]]) (5UPsefasy p()),
(2.72)

and
(o s £) O)] < 2108|100 + () o] + 2| [0 (V@) — F(2))p(z) da]

0025 ;00H 4
< (44292 4 24[5up, (0 (@) — F(0)]]) (50D reias 9()).
(2.73)

In addition, note that Lemma 14 and the fact that for all i € {1,2,..., H} with q¢ € [a, }]
it holds that mf > % show that for all 7,5 € {1,2,..., H} we have that

| (aatom; £) O] < 200795]| fr91,0 2p () da
+ Lo,y (a7) 2076 [ ([0 )] [c(g z)](/Ve(C(CIf)) fle@)))p(e(ad))| (2:74)
( A3©2 +8A@ [Supme[a b]|‘/V f(x)H)(Sllme[a b]]J l’))

| ©)O)] < 2100081 fr90 2p () dr]
+ Loy ()] 207 [ (0] [c(a))] (4’ (c(af)) — f(c(al))p(c(af))] (2:75)
< (24°9% + 44D [sup,c (o[ (@) — F(2)]]) (suPseap) #(2)),

and

| (g2 £) 0)] < 2107051| [19010 () dla
+ Lo (a9) 207 [ ()] (#° (c(af) — f(c(al)))p(c(a)))] (2.76)
< (2A®2 + 49 [supme[a’b] |./V6(l’) — f(x)”) (supme[a B p(:n))

Combining this with the fact that {A,©} C [1, 0c0) establishes (2.66). The proof of Lemma 17
is thus complete. |

Lemma 18 Assume Setting 3 and let § € R°, A € R satisfy A = max{1, |a|,|b|}. Then

SUDefa | (2)] < 1]+ A1 of) (1] + [67))]

(2.77)
< [maxicq1 o, oy|0il] +24H [max;c (12, o1160:]%]

Proof [Proof of Lemma 18| Observe that for all i € {1,2,...,H}, z € [a,b] it holds that

[ofR (' + b7)| < [of|(jr0f] + [bf]) < [0f|([rwf| + 67 A. (2.78)
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This and the triangle inequality demonstrate for all x € [a, b] that

@) < 1]+ S ol Rl + 7)) < (4] + A of] (1r?] + [67))]

(2.79)
< [maxieqi 0, oy 10il] + 2AH[maXiE{1,2,...,D}|9i|2]'

The proof of Lemma 18 is thus complete. |

Corollary 19 Assume Setting 3, let © € [1,00), A € R satisfy A = max{1, |al,|b|,b — a},
and let § € U satisfy maxjeyi o |0i| < D and minj€{1’27.._’H}((m§ — %)Il[a,b](q?)) > 0.
Then

maXi,je{l,z,...,a}K#gejﬁ) (9)‘
< [BAD? + 8A*D*(D + 2AHD® + sup,e ol f (2)])] (SuPrefap b)) (2.80)
= [8A3©2 + 84293 + 16A3HD?* 4 8A%D? (SUPme[a,b] |f()])] (supxe[a,b] p(z)).

Proof [Proof of Corollary 19] Note that Lemma 18 and the triangle inequality prove that
for all € [a,b] it holds that

W0 (x) — f(2)] <D+ 2AHD* + | f(2)] <D + 2AHD* + supyc () f (¥)]- (2.81)

This and Lemma 17 establish (2.80). The proof of Corollary 19 is thus complete. |

3. Regularity properties for the set of global minima of the risk function

In this section we establish in Corollary 29 in Subsection 3.3 below under the assumption
that the target function is piecewise affine linear that there exists a natural number &k €
{1,2,...,0} such that a suitable subset of the set of global minima of the considered risk
function constitutes a k-dimensional C*°-submanifold of the ANN parameter space on which
the Hessian matrix of the risk function has the maximal rank 9—k. Related results regarding
C*°-manifolds of ANN parameter vectors with identical realization functions have recently
been established in Dereich and Kassing (2022).

Our proof of Corollary 29 employs Proposition 26 in Subsection 3.3 as well as the
elementary and well-known eigenvalue estimate in Lemma 28 in Subsection 3.3. In the
scientific literature Lemma 28 is, e.g., proved in (Golub and Van Loan, 2013, Section 2.3.2).
In Proposition 26 we establish under the assumption that the target function is piecewise
affine linear with varying slopes in consecutive sub-intervals that a suitable subset of the set
of global minima of the risk function represents an (H + 1)-dimensional C'*°-submanifold of
the ANN parameter space on which the Hessian matrix of the risk function has the maximal
rank 09— (H+1) = (3H+1)—(H+1) = 2H where H € N represents the number of neurons
on the hidden layer (see Setting 3 for details).

Our proof of Proposition 26 uses Lemma 21 in Subsection 3.1, Proposition 23 in Subsec-
tion 3.2, and the elementary and well-known properties for tangent spaces of submanifolds
in Lemma 25 in Subsection 3.3. The notion of tangent spaces is recalled in Definition 24
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in Subsection 3.3. Only for the sake of completeness we include in this section the detailed
proof for Lemma 25. Our proof of Proposition 23, in turn, is based on an application of the
auxiliary result in Lemma 22 in Subsection 3.2 and in Lemma 22 and Proposition 23 we
show that certain matrices involving appropriate sub-integrals of the unnormalized density
function have a strictly positive determinant.

In Lemma 21 in Subsection 3.1 we verify that a suitable subset of the ANN parameter
space is a non-empty (H + 1)-dimensional C*°-submanifold of the ANN parameter space R°.
Our proof of Lemma 21 is based on an application of the regular level set theorem which we
recall in Proposition 20 below. In the scientific literature Proposition 20 is sometimes also
referred to as submersion level set theorem, regular value theorem, or preimage theorem.
Proposition 20 is, e.g., proved as Theorem 9.9 in Tu (2011).

3.1 Submanifolds of the ANN parameter space

Proposition 20 Let 0,n € N, let U C R® be open, let g € C°(U,R™), and assume for all
x € g~ 1({0}) that rank(g'(x)) = n. Then it holds that g~ ({0}) C U is a (0—n)-dimensional
C°-submanifold of R®.

In Proposition 20 above, we have for every z € U that the differential ¢’(x) is a linear
map from R® to R”, which can be identified with a matrix in R™*?, the Jacobian.

Lemma 21 Assume Setting 3, let xg,21,...,2H,01,Q2,...,aq, D,y € R satisfy a =
o< 21 < ---<xzg=>band

D> 1+ |yl + (1 +2maxjepio, . myloy)) (1 + |al + [b]), (3.1)
and let M C R® be given by
M={0e€(—9,9)°: ([min{wfa+ b, b+ b{,0{} > 0], [v](wla+b]) + ¢’ = 4],
[wio] = a1, [Vj e NN (1, H]: wf > 1/2, ¢f = 21, w0 = a; —a;1])}. (3.2)
Then
(i) it holds that M # @ and

(ii) it holds that M is a (H + 1)-dimensional C*-submanifold of R®.

Note that in (3.2) and subsequent equations, we have that NN (1, H] = {1,2,..., H}\{1} =
{ieN:2<i<H}.
Proof [Proof of Lemma 21| Throughout this proof let U C R? satisfy

U={0e(-9,D)°: ([min{wfa+ b, wfb+0f,0{} > 0], [Vj e Nn (1, H]: 0l > 1/2])},

(3.3)
let g = (g1,...,92m): U — R? gatisfy forall § € U, j € {1,2,..., H} that

040 :

7] — g 5 =1

gjw):{ b o (3.4)
wjvs — (o —aj—1) 1 j>
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and
of(wfa+b)+cf —y :j=1
gy (0) =< ! ! . (3.5)
q; — 2j-1 17>
and let ¥ € R? satisfy
(w? = aq], Vi € NN(1, H]: w! = 1], [w9 = |oa|(Jal+[b])+1], Vi € NN(1, H]: b7 = —z;_4],
W =1], [Vie NN (1, H]: o = a; — i), [ = — v (wVa + bf)]) (3.6)

Observe that (3.6) ensures that v > 0, w{vYy = oy, and v} (e + bY) + ¢V = . Moreover,
note that min{w?a+b¥, w{b+bY} = min{aja, ab} +|ai|(|a|+|b])+1 > 1 > 0. In addition,
observe that for all j € NN (1, H] we have that m? =1>1/3 q? = —bt/w? = 2z;_1, and
m;f’n;? = a — aj_1. Furthermore, note that for all i € NN (1, H] it holds that [n?| =1 < D,
[o?] < 2maxjcqi 2, myloy| < D, and 67| < 1+ a| + [b] < ®. Moreover, observe that
i| = loa| <D, [b7] < (1+maxjeqr o, mlog))(1+ lal + [b]) <D, [of[ =1 <D, and

9 90 90
7] < lz[ + [oTwyal 4 [o7b7] = |z[ + [ea[la] + |az|(a] + [b]) +1

(3.7)
<yl + (1+2max;eq1 0, myley]) (1 + |al + [b]) < D.

This implies that ¥ € (—D,®)°. Hence, we obtain that ¢ € M. This establishes item (i).
In the next step we prove item (ii) through an application of the regular value theorem in
Proposition 20. Note that (3.3) assures that U C R? is open. In addition, observe that the
fact that for all # € U, j € NN (1, H] it holds that m? > 0 ensures that g € C®(U,R?1),
Moreover, note that

{0} = {0 e U: ([wfof = a1], [of(wfa + b)) + ¢ = 4],
VjeNn(1,H]: qJ—x] 1,m 0 —aj—aj_l])}. (3.8)

This implies that

“1{o}) = {6 € (-92,9)°: ([mln{mla + 69,096 + 69,09} > 0],
IVj € NN (1, H]: wf > 1/2], [wfo] = aq], [ (wfa + b]) + ¢ = 4],
[Vj e NN (1,H]: q? =x;_1, m?n? =05 —aj_ 1])}
Next observe that (3.4), (3.5), and the fact that for all # € U, j € NN [1, H] it holds that

]
t’o? =0, b? = 0pyj, and U? = Oy ensure that for all @ € U, j € NN (1, H], £ € NN[1,2H]
we have that

0 =7
(rﬁmge)(@) = {83] 70 Ny #j, (3.10)
and
o )T #0 cl=H+j
(86H+jg€)(9) - {O / :E;ﬁ H+j (3.11)
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In addition, note that (3.4) and (3.5) show for all # € U, £ € NN [1,2H] that

0l A0 :4=1
(a9790)(8) = { ofa A=H+1 (3.12)
0 0¢ {1,H+1}
and
040 4=H+1
) @) =117 3.13
(aeHHQZ)( ) 0 A H 41 ( )

This demonstrates that for all § € U it holds that the ((2H) x (2H))-matrix with en-
tries (39-9¢)(0) € R, (i,6) € {1} U{H +j:j € NN[1,H]}U{2H +j: j € NN (1, H]}) x
{1,2,...,2H}, is invertible. Hence, we obtain for all § € U that rank(¢’(#)) = 2H. Combin-
ing this with Proposition 20 establishes item (ii). The proof of Lemma 21 is thus complete. B

3.2 Determinants of submatrices of the Hessian matrix of the risk function

Lemma 22 Let a € R, b € (a,00), let p: [a,b] — (0,00) be bounded and measurable, let
On CRNHL N €N, satisfy for all N € N that Qn = {z = (z1,...,2zn4+1) € RVl a <
1 <wo < - <@N41 < b}, and let ANZ = (Aivjfcc)@j)e{l’g“_"z]\z}z S R(QN)X(QN), x € OQn,
N €N, satisfy for all N €N, z = (xl,...,xNJri) € 9n, i,j €{1,2,...,N} that

AN = S a%p(a)da, ANT L = AN = S ap(e)de,
and AN, v = S (@) de. (3.14)
Then it holds for all N € N, z € Qn that
N 2
det(AN7) = H(UZ“ 2?p(z) dx] [f;;“ p(z) dx} — [f;;“ xp(x) dx} ) >0. (3.15)
i=1

Proof [Proof of Lemma 22| Throughout this proof let EZN$ eR,ie{1,2,...,N}, z € Qn,
N € N, satisfy for al N € N, z € Qn, i € {1,2,..., N} that

EZNx = [IZH 22p(z) d:r} [f;:“ p(x) dm} — [f;:“ xp(x) dx} 2. (3.16)

Observe that the Cauchy-Schwarz inequality and the fact that for all x € [a, b] it holds that
p(x) > 0 ensure that for all N € N, z € Qn, i € {1,2,..., N} we have that

27 ) da| = |77 [ B (VB
< [f;:“ 2?p() dx} v [f;;“ p(x) d:v} 1/2.

Hence, we obtain for all N € N, z € Qp, i € {1,2,..., N} that EZNm > 0. Next we claim
that for all N € N, z € Q it holds that

(3.17)

det(AN®) = [TV, EM* > 0. (3.18)
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We now prove (3.18) by induction on N € N. For the base case N = 1 note that for all
x = (z1,29) € Q; it holds that

vy (S @) [Pap@)dry

This establishes (3.18) in the base case N = 1. For the induction step let N € NN [2,00)
and assume for all z € Qx_; that

det(AN=12) =TIV EN D > 0. (3.20)
Next let z = (21,...,2n+1) € Qn and let B = (B j) (i j)ef1,2,..2N)2 € REN)XEN) gatisfy
for all 4,j € {1,2,...,2N} that
AN cig {1,N +1}
/[/7] )
Bij =4 AYE — AY? ci=1 (3.21)

N,z N,z e
AN+1,j_AN+2,j :i=N+ 1.

Observe that B is the matrix that is obtained from A™? by subtracting the 2nd row from

the 1st row and the (N 4 2)-th row from the (N + 1)-th row. In particular, note that (3.21)

implies that det(B) = det(A":#). Next observe that the fact that for all j € NN (1, N] it
N, N, N, N, N, N, N, N,

holds that Ay ;" = Ay %, A1 Ny; = Ay Ny ANYay = ANy and AT vy = AN vy

demonstrates that for all 7,5 € NN (1, N] we have that

By = Aif’lm — Aé\{’fﬁ = sz“ 2?p(z)dz — fZN“ 2?p(z) dr = f;f 22p(z) dz,
Byii,1 = Biny1 = f;lNH zp(z) do — f;QNH ap(z) do = f;lz zp(x) dz,
Byying = [0V p(x)de — f;QNH p(z)dz = f;f p(z) dz,

1

Bij = Bys1j = Binsj = Byain+; =0, Big=A5", Buvij = AyD
N N
Bintj = ANy and  Bntin+j = AN N
(3.22)
Hence, we obtain that
det(B) = (B1,1Bn+1,8+1 — By+1,1B1n+1) det ((Bij) . jye (1.2, 2N\ {1.N41})2) (3.23)
N, :
= B det ((Bij) (i.j)e({1,2,. 2N\ {1,N+1})2) -
In addition, note that (3.20) proves that
et ((Bij)(i)e((1,..aN\(1.8+1))2) = det(AN T2 mammani) (3.24)

_ 7UN-1 N—1,(22,23,...eNt1) _ TN N,z
=1L E; =[[., £, >0.

7

Hence, we obtain that det(AN:#) = det(B) = Hi\;l ElNQ; Induction thus proves (3.18). Fur-
thermore, observe that (3.18) establishes (3.15). The proof of Lemma 22 is thus complete. B
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Proposition 23 Let N € N, v, vs,...,uxy € R\{0}, zo,21,...,2ny € R satisfy zo <
z1 < - < an, let I; C R, je {1,2,...,N}, satisfy for all j € {1,2,...,N} that
I; = [zj—1,2nN], let p: [zg,zn] — (0,00) be bounded and measurable, and let A =

(Aij)jeno, anye € REVXCN) satisfy for all i,j € {1,2,...,N} that

Ai,j = 2'Ui'Uj fliﬂlj 1’2]3(1') dZL‘, AN—i-z',j = Ai,N+j = 21}in f[iﬂ[j ZEp(l’) d{L‘,

and AN4i N+ = 2004 flimlj p(x)dz. (3.25)

Then det(A) > 0.

-----

REN)X(2N) gatisfy for all 4,7 € {1,2,..., N} that B;j = flmlj 22p(x) dz, Byiij = Binsj =
fIij zp(z) dz, and Byyintj = fIij p(x)dz. Note that for all 4,5 € {1,2,..., N} it holds
that

Bij=[." 2?p(x) d, Bnyij = Bing = [2V zp(z) de,

Zmax{i—1,j—1} ZTmax{i—1,j—1}
and BNtiN+ = f;r:;x{i—l,j—l} p(x)de. (3.26)

Furthermore, observe that (3.25) and the fact that the determinant is linear in each row
and each column show that

det(A) = 4V (TTX, i) det(B). (3.27)

In addition, note that (3.26) and Lemma 22 (applied with a 29, b~ zn, p A p, N AN,
x N (2o, 21,...,2N) in the notation of Lemma 22) demonstrate that det(B) > 0. Combin-
ing this with (3.27) ensures that det(A) > 0. The proof of Proposition 23 is thus complete. B

3.3 Regularity properties for the set of global minima of the risk function

Definition 24 (Tangent space) Let 0 € N, let M C R be a set, and let z € M. Then
we denote by Ty, C R? the set given by

T ={veR: 3y C'R,RY): ([y(R) S M|, [4(0) = 2], [y (0) =v])]}.  (3.28)

Lemma 25 Let 0,k € N, let U C R® be open, let f € C?(U,R) have locally Lipschitz
continuous derivatives, let M C U satisfy M = {x € U: f(z) = infycy f(y)}, assume that
M is a k-dimensional C?-submanifold of R®, and let x € M. Then

(i) it holds for allv € T} that ((Hess f)(z))v =0,

(ii) it holds that rank((Hess f)(z)) <0 — k, and
(iii) it holds for all v € (T%)* that ((Hess f)(z))v € (T)™*
(cf. Definition 24).
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Proof [Proof of Lemma 25| Observe that the assumption that M = {y € U: f(y) =
inf.ep f(2)} ensures for all y € M that (Vf)(y) = 0. This implies for all v € C}(R,R?),
t € R with y(R) C M that (Vf)(7(t)) = 0. Hence, we obtain for all v € C*(R,R?), t € R
with 7(R) € M that

0= (VA1) = ((Hess £)(v(t))7'(1)- (3.29)

This shows for all v € C1(R,R?) with v(R) € M and v(0) = z that ((Hess f)(z))y'(0) = 0.
This establishes item (i).

Next note that the assumption that M is a k-dimensional C2-submanifold of R? proves
that dim(7};) = k. Combining this with item (i) establishes item (ii).

Moreover, observe that item (i) and the fact that (Hess f)(x) is symmetric demonstrate
for all v € T, w € (TY)* that

(v, ((Hess f)(z))w) = (((Hess f)(z))v,w) = (0,w) = 0. (3.30)
This establishes item (iii). The proof of Lemma 25 is thus complete. [
Proposition 26 Assume Setting 3, let xg, x1,...,2H,Q1,00,...,ag € R satisfy a =

zo < &1 < -+ < zyg = b, assume for all i € {1,2,... ,H}, x € [zi_1,z;] that f(z) =
flzi—1) + ai(x — 2i—1), assume Hi]i_ll(aiﬂ — ;) #0, and let D € R satisfy

D =1+[f(a)|+ (1 +2maxjeq1o,..myley|) (1 + |af +[b]). (3.31)
Then there exists an open U C (=D, D)° such that
(1) it holds that U C 5,
(i3) it holds that L|y € C*(U,R),
(iii) it holds that U 2 6 — (Hess £)(0) € R®*® is locally Lipschitz continuous,

(iv) it holds for all 0 = (01,...,605) € U that
max; je (12,0} | (77207 £) (0)] < (24D° + 16HDT) (supyepoy #(2)), (3.32)

(v) it holds that {9 € U: L(V) =0} # @,

(vi) it holds that {9 € U: L(9) =0} is a (H +1)-dimensional C*-submanifold of R®, and
(vii) it holds for all @ € {9 € U: L(¥) = 0} that rank((Hess£)(0)) =2H =0 — (H +1).
Proof [Proof of Proposition 26] Throughout this proof let U C R? satisfy

U={0¢c(-9,9)°: ([min{wia+b],w{b+bf,0{} > 0], [vj e NN (1,H]: 0§ > 1/2],

[VjeNN(1,H]:qf € (a,b)],[VieNN(L,H):qf <qf,])} (3.33)
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and let M C R® be given by

M={fe(-9,9)°: ([mln{mla + 6Y, 090 + 69,0} > 0], [0 (wfa +69) + ¢ = f(a)],
[m?u? = Ckl], [V] eNN (1,H]: mj > 1/2, qj =21, m?n? =q; — Oéj_l])}. (3.34)

Note that (3.33) ensures that U is open. Furthermore, observe that (2.3) and (3.33) assure
that U C *U. This proves item (i). In addition, note that item (i), Lemma 15, and the fact
that U is open establish items (ii) and (iii).

Next observe that Corollary 19, the fact that for all 6 € U, j € {1,2,..., H} with q? IS
[a, b] it holds that m? > 1, and the fact that © > max{|al,[b],b — a, SUPepap [ f ()], 1} > 1
prove that for all § € U C (—D,D)° we have that

zge?ll%x D}’ (%‘C) (9)| < (16@5 + 16H©7 + 894 (Supxe[a,b] ’f($)|)) (Supxe[a,b} p(x))

< (24@5 + 16H©7) (supwe[a,b] p(a:))
(3.35)

This establishes item (iv).

Next note that (3.34) and Lemma 21 imply that M is a non-empty (H + 1)-dimensional
C*-submanifold of R°. Furthermore, observe that (3.33), (3.34), and the fact that a <
1 < 29 < -+ < xg = b show that M C U. In the next step we intend to prove that for
all € M it holds that £(6) = 0. Note that (3.33) and the fact that for all @ € U, x € [a, b
it holds that

wlz + b = [;}( Y0+ b9) + [r}( wlb + bf) > (3.36)
ensure that for all # € U, x € [a, b] we have that

NH0(z) = ¢ + o) max{wlz + 6,0} + 1
== +01(m1$+b0) +Z

0 0
9 max{rw?z + 62,0
i=2Yj { J J } (3.37)

=2 Ujmg max{z — q?, 0}.

Combining this with (3.34) demonstrates that for all § € M, x € [a, b] we have that

/Ve( ) _Ulm1$+nlb1+c Z] 2U]m6max{$—$‘jfl,0}
= vfwiz + f(a) — virfa + ZJ —9 n]mf max{z — z;_1,0} (3.38)
= f(a) + a1(zr —a) + Zj:Q(aj — aj_1)max{x — z;_1,0}.

In addition, observe that the assumption that for all ¢ € {1,2,... H}, x € [z;_1, ;] it holds
that f(z) = f(2i—1) + ai(z — z;—1) proves that for all j € {0,1,...,H — 1}, x € [z}, ;1]
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we have that

f@) = f(@o) + [Lhi [F(2r) = Fl@x-1)]] + [f(2) = f(=2))]
+ [Yh_ awl(@r — 25-1)] + ajpa(z — 25)
a) + a1z + [Zk Lo (@ — @p— 1)} 12y
a) + gz + [ 1%%] [y enzna] — @z

(

(a) +

(a)

(a)

(@) + ajprz — ([Z05] e 1} [S7_ cawzr]) (3.39)
(a)

(a) +

(a)

(a)

a

a) + gz — (erzo + [Cf5 avwia] — [0 anor2i1])
(onz + [ZJH( a — ap-1)z]) — (a1zo + [CiEy(ar — ap_1)z4-1])
a)+oay(z—a)+ Z 1( ar — ap_1)(Tr — zk—1)

a) + ay(z —a) + S5, (ar — ap_1) max{z — z4_1,0}.

a

f
f
f
f
f
f
f
f

This implies that for all z € [a, b] we have that

f(x)= f(a )—|—a1(x—a)—|—zj o(aj —aj—1) max{x — z;_1,0}. (3.40)

Combining this with (3.38) demonstrates that for all § € M, = € [a,b] it holds that
N(x) = f(x). Hence, we obtain for all § € M that £(f) = 0. Next we intend to prove
that for all & € U with £(#) = 0 it holds that # € M. Note that (2.2) and the fact that
for all § € R? it holds that [a,b] > © — #(z) — f(x) € R is continuous show that for all
0e{veU: L(W) =0} CR® z € [a,b] we have that

N (x) = f(a). (3.41)

Combining this with (3.33), (3.34), (3.37), and the fact that M C U demonstrates for all
0c{9ecU: LW =0}, z € [z, 21 +min{0, (¢’ Dmin{2, i} ~ 21)1(1,00)(H)}] that

fla)+oq(z—a) = f(z) = ¥ (z) = o) (wlz+6))+c? = vl (z—a)+0] (w]a+b))+c. (3.42)

The fact that for all € U it holds that 2 +min{0, (q° Dmin{2,H} —21)L(1,00)(H)} > 20 hence
ensures that for all 0 € {9 € U: L(¥) = 0} we have that

o] = ay and vof(rfa + b))+ = f(a). (3.43)

Next observe that the fact that for all § € U it holds that (a,b)\{q{,q9,...,q%} is an open
set shows that there exists € = (€9.2)(g,2)erxr: U X R — (0, 00) which satisfies for all § € U,
z € (a,b)\{q¢,45,...,9%} that (z — cpr, + €p.) C (a,b)\{q%,45,...,9%}. Combining
this with (3.33) and (3.37) demonstrates for all § € U, z € (a,b)\{q{,q5,...,q%} that
(x — oz, +9s) 2y — N (y) € Ris affine linear. This, (3.40), (3.41), and the fact that
for all i € NN [1,H) it holds that a;+1 # «; prove that for all § € {¢ € U: L(¥) = 0},
i € NN [l,H) we have that z; € {q{,q5,...,q%}. Combining this with the fact that for
all # € U it holds that qf ¢ [a,b], the fact that for all € U, 5 € NN (1, H] it holds
that q? € (a,b), the fact that for all 8 € U, j € NN (1, H) it holds that q? < q?H, and
the fact that a < z; < 29 < -+ < 2y = b shows that for all € {9 € U: L(¥) = 0},
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j € NN (1, H] we have that q? = ;1. This, (3.36), (3.40), (3.41), and (3.43) assure that
forall§ € {9 e U: L(V) =0}, x € [a,b] it holds that

fla )-l—ozl(x—a)—kzj o(aj — aj_1) max{z — z;_1,0} = f(z)

= Wx) = +Z] 1 ]max{t’o-x+b4 0}

= ¢/ + vf max{wlz + bf 0}—1—2] 2njm§max{:n+( ) 1[19 ,0}

= +01(m1x+be)+zj » 0% max{z — qf,0} (3.44)
= 4+ vfwf(z — a) + vfwla + vf be—&—zj znjmgmax{x—xj_l,O}

= (¢ + viwfa + vfb! )—i—al(a:—a)—l-zj o 1]

= f(a )+a1(:c—a)+zj ~, 09 max{z — z;_1,0}.

m O max{xr — z;_1,0}

Hence, we obtain for all € {J € U: L(9J) = 0}, j € NN (1, H] that U?t’o? = — aj_q.
Combining this with (3.43) proves for all § € {¢ € U: L(J) = 0} that § € M. Hence,
we obtain that M = {¢ € U: L(¢¥) = 0}. This and the fact that M is a non-empty
(H + 1)-dimensional C*°-submanifold of R? establish items (v) and (vi).

In the next step note that (3.36) ensures for all # € M that I? = [a,b]. In addition,
observe that (3.34) shows for all § € M, j € NN (1, H] that Ij(-’ = («j_1,b]. Furthermore,
note that (3.34) and the fact that for all j € NN (1, H] it holds that a; — aj—1 # 0
demonstrate that for all § € M, i € NN [1, H] it holds that v/ # 0. This, Corollary 16, and
Proposition 23 assure for all # € M that det(((aa o0 L)(6)) # 0. Hence, we
obtain for all # € M that

(i,j)€{1,2,...,2H}2)

rank((Hess £)(0)) > 2H. (3.45)

Moreover, observe that the fact that M = {9 € U: L(¥) = 0} is a (H 4 1)-dimensional C'*°-
submanifold of R® and Lemma 25 imply that for all § € M we have that rank((Hess £)(6)) <

—(H +1) =2H. This and (3.45) establish item (vii). The proof of Proposition 26 is thus
complete. |

Definition 27 Let n € N and let A € R"™"\{0} be symmetric. Then we denote by o(A) €
(0,00) the real number given by

o(A) =min{l € (0,00): [FX € {—(, £}, v € R"\{0}: Av = \v]} (3.46)
and we denote by A(A) € (0,00) the real number given by
A(A) =max{l € (0,00): [N € {—£,¢},v € R"\{0}: Av = \v]} (3.47)

Note that Definition 27 above ensures that o(A) is the smallest absolute value of a
nonzero eigenvalue of A and A(A) is the largest absolute value of a nonzero eigenvalue of

A.

Lemma 28 Let n € N and let A = (aij)ijye(1,2,..n2 € RV"\{0} be symmetric. Then
A(A) < [sz:ﬂai,j 2]1/2 (cf. Definition 27).
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Corollary 29 Assume Setting 3, let N € NN [1,H|, zo, z1,...,ZN,01,Q2,...,any € R
satisfy a = g < &1 < -+ < &y = b, assume for all i € {1,2,...,N}, x € [z;—1,x;] that
f(z) = f(zic1) + ai(z — zi—1), and let © € R satisfy

D =1+[f(a)|+ (1 +2maxjeqr o, Nyl ) (1 + |af +[b]). (3.48)
Then there exist k € NN [1,0) and an open U C (—D,D)° such that
(i) it holds that U C ‘0,
(i3) it holds that L|y € C*(U,R),
(iii) it holds that U 3 0 — (Hess £)(0) € R>*® s locally Lipschitz continuous,

(iv) it holds for all 0 € U that
A((Hess £)(0)) < (3N +1)(24D° + 16ND7) (sup,epq ) p()), (3.49)

(v) it holds that {9 € U: L(V) =0} # @,

(vi) it holds that {9 € U: L(9) = 0} is a k-dimensional C*-submanifold of R®,
(vii) it holds for all @ € {9 € U: L(¥) = 0} that rank((Hess £)(0)) =0 — k, and
(viii) it holds that k =0 —2[N —#{i e NN [1,N): a; = ajt1}]

(cf. Definition 27).

Proof [Proof of Corollary 29| Throughout this proof we assume without loss of generality
that Hf\gl(aiﬂ — ;) # 0. (Otherwise, we can remove the points z; € (a,b) which satisfy
a;+1 = a;. This decreases the number N of breakpoints and changes neither the target
function f nor the parameter space R°. It also does not change the number k in item (viii).)
In the following let P: R? — R3V*+1 satisfy for all € R? that P(0) = (wf,..., w4, b, ...,
6%, 09, ...,0%,¢%), and let Z: R3N*! — R satisfy for all @ = (0y,...,03x41) € R?NT! that

L(0) = [} (f(x) = Osn41 — S0, Oan 45 [R(0;2 + On4)]) 'p () d. (3.50)

Observe that Proposition 26 (applied with H ~ N, £ v & in the notation of Proposi-
tion 26) demonstrates that there exists an open V C (—®, D)3V *! which satisfies that

(I) it holds that
VC{0=(61,...,03n 1) € RN (TS [loeqany (v + Ong5) #0) ), (3.51)

(IT) it holds that 2|y € C%(V,R),

(III) it holds for all 8 = (0y,...,05n4+1) € V that
2
maXz’,je{1,2,...,3N+1}’(%&%3)(9)\ < (24D° + 16ND") (sup,cop p(2)),  (3.52)
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(IV) it holds that {9 € V: Z(¥) =0} # o,

(V) it holds that {¢ € V: Z(¥) = 0} is an (N 4 1)-dimensional C*°-submanifold of R3V+1,
and

(VI) it holds for all 8 € { € V: Z(J) = 0} that rank((Hess £)(0)) = 2N = (3N + 1) —
(N+1).

In the following let U C R® satisfy
U={0€(-2,2)°n(P"1(V)): (Vj € Nn(N, H]: max{wla+b’ wib+b/} <0)}. (3.53)

Note that (3.53) assures that U C R? is open. In addition, observe that (2.3), (3.53), and
item (I) imply that U C 0. This establishes item (i). Next note that item (i) and Lemma 15
prove items (ii) and (iii). Furthermore, observe that for all 6 € U, x € [a,b], i € NN (N, H|
it holds that M(w’x + bf) = 0. Therefore, we obtain for all § € U, x € [a, b] that

W (@) = + Y1 ol [R(wlz + 6%)] = ¢ + 2N, of [R(wl2 + 7). (3.54)

This implies for all € U that
L(0) = ZL(P(0)). (3.55)

Combining this with (3.52) ensures for all 0 € U, 4,j € NN ((0, NJU(H,H+ N]U(2H,2H +
NJU{3H + 1}) that

\(ﬁg%g) (0)] < (24D° + 16NDT) (supyepe py P(2))- (3.56)

Moreover, note that (3.55) shows that for all € U, i € {1,2,...,0}\((0, N]U(H, H + N]U
(2H,2H + N|U{3H +1}), j € {1,2,...,0} we have that

(5257 £) (6) = 0. (3.57)

Combining this with Lemma 28 and (3.56) assures for all § € U that

A((Hess L)(0 \/Z i ( 80 89 Z)(8 ‘ < (3N +1)(24D° + 16ND") (Supze[a,b] p(z)).
(3.58)
This establishes item (iv). Furthermore, observe that items (IV) and (V), (3.53), and (3.55)
establish items (v), (vi) and (viii). In addition, note that (3.55), (3.57), and item (VI)
demonstrate for all § € {¢ € U: L(¥) = 0} that rank((Hess £)(0)) = 2N. Combining this
with item (viii) establishes item (vii). The proof of Corollary 29 is thus complete. [ ]

4. Local convergence to the set of global minima for gradient flow (GF)

In this section we employ Corollary 29 from Section 3 to establish in Proposition 44 in
Subsection 4.3 below and Corollary 45 in Subsection 4.4 below that the risk of certain solu-
tions of GF differential equations converges under the assumption that the target function
is piecewise constant exponentially quick to zero. Our proof of Proposition 44 employs the
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abstract local convergence result for GF trajectories in Proposition 43 in Subsection 4.2.
Proposition 43 and its proof are strongly inspired by (Fehrman et al., 2020, Proposition 16).
Our proofs of Propositions 43 and 44 also use the several well-known concepts and results
from differential geometry which we recall in Subsection 4.1 below.

In particular, Lemma 33 is a direct consequence of, e.g., (Fehrman et al., 2020, Propo-
sition 7), Lemma 35 is proved as, e.g., (Fehrman et al., 2020, Lemma 10), Lemma 36 is
proved as, e.g., (Fehrman et al., 2020, Lemma 11), Definition 37 is a slight reformula-
tion of, e.g., (Fehrman et al., 2020, Definition 12), Proposition 39 is a slight extension of,
e.g., (Fehrman et al., 2020, Proposition 13), Proposition 41 is a reformulation of (Fehrman
et al., 2020, Lemma 15), and Lemma 42 is a slight generalization of (Fehrman et al., 2020,
Lemma 14).

4.1 Differential geometric preliminaries

Definition 30 Letd € N and let M C R? satisfy M # @. Then we denote by @ : R® — R
the function which satisfies for all x € R® that d(x) = infyem|lz — y||.

Definition 31 Let 0 € N and let M C R® satisfy M # @. Then we denote by Py C R?
the set given by
Pu={zeR: (Fye M: |z —y| = dm(z))} (4.1)

and we denote by 2 : P — RO the function which satisfies for all v € Py that pa(z) €
M and

|2 — 2m(@)|| = dm(z) (4.2)
(cf. Definition 30).

Definition 32 Let 0 € N and let M C R? satisfy M # @. Then we denote by Py C R®
the set given by

Py = LJUQRa is open, UC P, U (43)
and ol €CY (U RD)

(cf. Definition 31).

Lemma 33 Let 0,k € N, let M C R? be a k-dimensional C?*-submanifold of R, and let
x € M. Then there exists an open V C R® such that

(i) it holds that x € V. C P and
(i3) it holds that pamly € CH(V,RP).
(cf. Definitions 30 and 31).

Proposition 34 Letd,k € N and let M C R? be a non-empty k-dimensional C?-submanifold
of R°. Then M C Py (cf. Definition 32).

Proof [Proof of Proposition 34] Observe that Lemma 33 assures that M C P 4. The proof
of Proposition 34 is thus complete. [ |
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Lemma 35 Let 0,k € N, let M C R? be a non-empty k-dimensional C?-submanifold of
R, and let x € Py (cf. Definition 32). Then x — pam(x) € (’7’/5{\"(%))l (cf. Definitions 2/
and 31).

Lemma 36 Let 0,k € N and let M C R® be a non-empty k-dimensional C?-submanifold
of R°. Then

(i) it holds that P\ M C R? is open,
(ii) it holds that Pp\M 2 y — dr(y) € R is continuously differentiable, and
(i3) it holds for all y € P\ M that

— y=rmW)
(V)W) = 1y=am (4.4)

(cf. Definitions 30 to 32).

Definition 37 Letd,k € N, let M C R? be a k-dimensional C?-submanifold of R, and let
x €M, rse(0,00). Then we denote by VX/fx C R? the set given by

Vit ={y e R 3me M: 3 e (TR)*: [(Im—all <7), (vl < 9), (y =m+v)] }
(4.5)
(cf. Definition 24).

Lemma 38 Let 9,k € N, let M C R? be a k-dimensional C?-submanifold of R, and let
xeM,rse (0,00). Then

(i) it holds that
™S _ 0. . 1
Vie ={veR:ame M: [(Im—al| <), (ly —ml < s), (y —m e (TR |
(4.6)
(ii) it holds that
Vite 21y € Pat: [(lz = 2@l < 7). (ly = 2ama@)ll < 9)] }, (4.7)
and
(iii) it holds that x € (Vii',)° (cf. Definitions 24, 31, 32 and 37).

Proof [Proof of Lemma 38| Note that (4.5) establishes item (i). Next observe that (4.5)
and Lemma 35 establish item (ii). Furthermore, note that item (ii) implies that

Vite 2 {v € Pua: [(Il2 = 2m@)l < 1), (ly = 2ma(w)l| < 5)] }- (4.8)

Furthermore, observe that the fact that Pyy > y — 2(y) € R? is continuous shows that
{9 € Pas: [l — 2a()ll < ), (ly — 22a(m)l| < 5)]} C R is open. Combining this with
(4.8) and the fact that x € {y € Par: [(|le— 2m(y)|| < 7), (ly — 2m(y)|| < s)]} establishes
item (iii). The proof of Lemma 38 is thus complete. [ |
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Proposition 39 Let 0,k € N, let M C R? be a k-dimensional C?-submanifold of R®, let
U C Ppq be open, and let x € M NU (c¢f. Definition 32). Then there exist R, S € (0,00)
such that

(i) it holds for all v € (0, R], s € (0,5] that V', C U,
(i1) it holds for all v € (0, R], s € (0, 5] that
Vite = 19 €RY: @p(y) = @imem: a—mj<r} (¥) < s}, (4.9)
(iii) it holds for all v € (0,R], s € (0,5], m € M, v € (T%)* with |[m —z| < r and
|lv]| < s that m 4+ v € VX}fI and ppm(m+v) =m, and

(iv) it holds for all r € (0, R], s € (0,S5] that
Vite = v € Pac: [(lz = zm@) < 1), (ly = zm)]l < 5)] } (4.10)
(cf. Definitions 24, 30, 31 and 37).

Proof [Proof of Proposition 39| Note that (Fehrman et al., 2020, Proposition 13) establishes
items (i) to (iii). In addition, observe that items (ii) and (iii) and (4.5) establish item (iv).
The proof of Proposition 39 is thus complete. |

Setting 40 Let 0 € N, k € NN (0,0), let U C R® be open, let f € C*(U,R) have locally
Lipschitz continuous derivatives, let M C U satisfy M = {x € U: f(x) = infycp f(y)},
and assume that M is a k-dimensional C*?-submanifold of R®.

Proposition 41 Assume Setting 40 and let x € M satisfy rank((Hess f)(z)) = 0—k. Then
(i) it holds for all v € ((T))\{0} that (((Hess f)(z))v,v) > [o((Hess f)(z))]||v]|* > 0

and

(i) it holds for allv € ((Ti%))\{0}, r € [0, (A((Hess f)(z))) "] that |[v—r((Hess f)(z))v| <
[1 —ro((Hess f)(@))][lv]-

(cf. Definitions 24 and 27).

Proof [Proof of Proposition 41] Throughout this proof let {vy, va, ..., va—g} C ((TF))\{0}
be an orthogonal basis of (7%)+ with respect to which (Hess f)( ) is dlagonal and let
AL, A2, ..., Ao—k € Rsatisfy for alli € {1,2,...,0—k} that ((Hess f)(z))v; = A\jv;. Note that
the fact that x is a local minimum of f shows for all7 € {1,2,...,0—k} that A\; > 0. This and
the assumption that rank((Hess f)(z)) = 9 —k imply for all s € {1,2,...,0—k} that A\; > 0.
Hence, we obtain for all i € {1,2,...,0—k} that \; € [o((Hess f)(z)), ((Hess f)(z))]. Next
let v € ((Tg))\{0} and let uy,us, ..., up_y € R satisfy v = S % Fu;v;. Observe that

(((Hess f)(2)) v, v) = 2077 (Ailwil*lloill?) = [o(Hess f)(2))] [0 il o)1)

4.11
= [o((Hess f)(2))] | v[* > 0. (4.11)
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This establishes item (i). Furthermore, note that the fact that for all ¢ € {1,2,...,0 —k} it
holds that \; € [o((Hess f)(z)), A((Hess f)(z))] ensures that for all r € [0, (A(Hess f)(z))}]
we have that

lv = r((Hess f)(@)v]|” = 25 (fuiPlloil*(1 = r20)?)

< Y (JuslPlledl2(1 = r[o((Hess £)())])°) (4.12)
2
— (1= r[o((Hess £)(@))])? V]2
This establishes item (ii). The proof of Proposition 41 is thus complete. |

Lemma 42 Assume Setting 40 and let x € M. Then there exist c,r,s € (0,00) such that
for ally € Vi it holds that Vi’ C (PpNU) and

[(V)(y) = ((Hess £)(zm®) (v — 2am®)]| < e(@m(y))? (4.13)
(cf. Definitions 30 to 32 and 37).

Proof [Proof of Lemma 42| Observe that Proposition 39 ensures that there exist r,s €
(0, 00) which satisfy V{;’, € U, which satisfy

Vite = W e Pat: [(lz = 2zm@)l < 1), (ly — 2am)ll < 8)] 3 (4.14)

and which satisfy for allm € M, v € (T%)* with [[m—z| < r and ||Jv| < s that m+v € V',
and

MM +v) =m (4.15)
(cf. Definition 24). Note that (4.14), (4.15), and Lemma 35 imply for all y € VX/’f’x, t e
[0,1] that zm(y) +t(y — 2zm(y)) € Vi, In addition, observe that the fact that V',

is compact and the assumption that U > y — (Hess f)(y) € R®*? is locally Lipschitz
continuous prove that there exists ¢ € (0, 00) which satisfies for all y, z € VX,’IS@, v € R? that
||(Hess f)(y) — (Hess f)(2))v]| < ¢|ly — z||||v]|. Furthermore, note that the fact that for all
Yy € V/(,lsx it holds that (Vf)(zam(y)) = 0 and the assumption that f is twice continuously
differentiable demonstrate that for all y € V/Cfx it holds that

(VF)(y) = /0 ((Hess £)(za(y) + ty — () (g — 7aa(y)) dt
— ((Hess f)(zam() (v — 2:m(®)

+ /0 ((Hess N(zmy) +tly — 2am(y))) — (Hess f)(ﬂM(y))> (y — 2m(y)) dt.
(4.16)

Combining this with the fact that for all y € V7', ¢ € [0,1] it holds that

| ((Hess f)(z2m(y) + t(y — 2m(y)) — Hess £)(zm®))) (Y — 2amW)|| < ctlly — 72 ((y)llg)
417
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implies that for all y € V/C’fx we have that

1(V1) () — ((Hess )2 — 2@ < elly = zae) 1Py 1] = §(aay))*
(4.18)

The proof of Lemma 42 is thus complete. |

4.2 Abstract convergence result for GF to a submanifold of global minima

Proposition 43 Assume Setting 40, assume for all v € M that rank((Hess f)(z)) =0 —k,
let G: R® — R? be locally bounded and measurable, assume for all x € U that G(z) =
(V) (), let ©7 € C([0,00),R?), 6 € R, satisfy for all § € R®, t € [0,00) that ©f =
0 — fg G(0%) ds, and let x € M. Then there exist r,s € (0,00) such that

(i) it holds for all § € V}/%", t € [0,00) that ©f € V7,
(ii) it holds that infyeMan;fI [o((Hess f)(y))] > 0, and
(i) it holds for all 6 € VX/{ZS, t € [0,00) that
@) < exp(~4[intyc gy [o((Hess )] dma(6)  (4.19)
(cf. Definitions 27, 30 and 37).

Proof [Proof of Proposition 43| Observe that Proposition 39 and Lemma 42 prove that

there exist 7, e, ¢ € (0,00) which satisfy VX/’IEZ C U, which satisfy

Ve, = {y € Pac: [l = 2@l <), (ly = el < )]}, (4.20)

and which satisfy for all y € V/C’fx that

I(VF)(y) = Hess f)(zm@) (v — 2am@)I < «(2a(y))® (4.21)

(cf. Definition 32). In the following let x € R satisfy kK = %infye/\/mvﬁy [o((Hess f)(y))]-
Note that the fact that Hess f is locally Lipschitz continuous and the fact that the eigenval-
ues are continuous functions of a matrix (cf., e.g., (Kato, 1995, Section 2.5.1)) prove that
k > 0. Next observe that the fact that VXAEI is compact, the fact that for all y € Py

it holds that (Vf)(zm(y)) = 0, the fact that Py 3 y — 2am(y) € R? is continuously
differentiable, and the assumption that f € C?(U,R) prove that there exists ¢ € (0, 00)
which satisfies for all y € V/C(Ez that

1(220) IV = (220 DIV )W) = (VMm@ < elly = 2am@)]] = edm(y)

(4.22)
(cf. Definition 31). In the following let s € (0, 00) satisfy
K Rr
_ KT 4.23
s=min{", 7 cl. (4.23)
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let 6 € VT/QS7 and let 7 € (0,00] satisfy 7 = inf({t € [0,00): ©f ¢ Vit U{oc}). Note
that the assumption that for all y € U it holds that Gly) = ( f)( ) and the fact that
U3sy— (Vf)(y) € R is continuous assure that [0,7) 3> t — O¢ € R? is continuously
differentiable and that for all ¢ € [0, 7) it holds that %@9 = —( )( #). This, Lemma 36,
and the chain rule show for all ¢ € [0, 7) that

d

GO0 = (VO (Var) @) = ~{ ()l

6 0
O — 2m(O) > (4.24)
167 — 2m(©7)]]
. Next observe that (4.21), (4.23), (4.24), and Proposition 41 demonstrate for all ¢ € [0, 7)
that

d

(O =~ ((Hess ) 2aa(@D)(©] - aaa(e))

0) — 2m(07)
0
t

- <<Vf><e$> ~ (Hess £)(am(©)(©! — 2 (©0)).

< —26)10% — (O[] + (g (©9))?
= 26 p(Of) + (dm(0)))? < —kda(6)).

Hence, we obtain for all ¢ € [0, 7) that
dM(@?) < €_thM(@g) = e_“th ). (4.26)

It remains to prove that 7 = co. To this end, note that the chain rule and Lemma 33 imply
for all ¢ € [0, 7) that

4 2m(0)) = —(Dam)(©0)(VF(07)). (4.27)

Combining this, (4.22), and (4.26) ensures for all ¢ € [0, 7) that
H%ﬂM(@f)H < cdm(0)) < ce ™ dp(0) < ese™ . (4.28)

This and (4.23) show for all ¢ € [0, 7) that

RT

t [e'e)
12a(©0) — 72pa(8)] < s / < / e du = (4.29)
0 0

Furthermore, observe that the assumption that 6 € VX/{QC;S assures that there exists § €
(0,00) which satisfies that 6 € VT/ 2=bs Combining this with (4.29) establishes for all

t € [0,7) that @9 € V/Clgs Consequently, we must have that 7 = co. The proof of Propo-
sition 43 is thus complete [ |
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4.3 Convergence rates for GF in the training of ANNs

Proposition 44 Assume Setting 3, let N € NN [1, H], =g, 21,...,ZN,Q1,02,...,ay € R
satisfy a = zg < &1 < -+ < &y = b, assume for all i € {1,2,...,N}, x € [z;—1,z;] that
f(z) = f(zi—1) + ai(x — 2i—1), assume that G is locally bounded and measurable, and let
0% € C([0,00),R?), 0 € R?, satisfy for all § € R?, t € [0,00) that

t
el=9¢ —/ G(0%) ds. (4.30)
0

Then there exist ¢,& € (0,00) and a non-empty open U C R® such that for all 0 € U,
t € [0,00) it holds that L(O) < e,

Proof [Proof of Proposition 44| Throughout this proof let M C R? satisfy M = {0 €
R®: £(#) = 0}. Note that Corollary 29 proves that there exist k¥ € NN [1,0) and an
open U C R? which satisfy U C 9, which satisfy that L]y is twice continuously differ-
entiable, which satisfy that (Hess £)|y is locally Lipschitz continuous, which satisfy that
M N U is a non-empty k-dimensional C?-submanifold of R?, and which satisfy for all
0 € M NU that rank((Hess £)(0)) = ? — k. Combining this, Proposition 11, Lemma 38,
and Proposition 39 with Proposition 43 ensures that there exist m € M NU, ¢ € (0,00),
V.,V € {A CU: Ais compact} which satisfy that

(i) it holds that m e V° CV C V,

)
(ii) it holds for all # € V that v (0) = & mnvny,
(iii) it holds for all § € V, t € [0,00) that ©Y € V, and
(iv) it holds for all ¢ € [0, 00) that @y (0Y) < e d v (0)

(cf. Definition 30). Furthermore, observe that the fact that L|y is twice continuously
differentiable proves that there exists € € (0,00) which satisfies for all 6,9 € V that
|£(0) — L(W)| < €]|@ — ¥|. This assures that for all 8 € V°, ¢t € [0,00) we have that

L£(0Y) = infye prunv|£(87) — L(9)] < €linfye mrvav[|©F — J]

= C[drmnu(8))] < Ce v (0). (4.31)

The proof of Proposition 44 is thus complete. |

4.4 Convergence rates for GF with random initializations in the training of
ANNs

Corollary 45 Assume Setting 3, let N € NN [1,H|, zo, z1,...,ZN,01,Q2,...,any € R
satisfy a = zg < 21 < -+ < &y = b, assume for all i € {1,2,...,N}, x € [xi_1, 2]
that f(x) = f(xi—1) + ai(x — 2;-1), assume that G is locally bounded and measurable,
let (2, F,P) be a probability space, let ©: [0,00) X Q@ — R® be a stochastic process with
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continuous sample paths, assume that ©q is standard normally distributed, and assume for
all t € [0,00), w € Q that

t
O¢(w) = Op(w) / G(Os(w)) ds. (4.32)
0
Then there exist ¢, € € (0,00) such that P(Vt € [0,00): L(O;) < €e™) > 0.

Proof [Proof of Corollary 45| Note that Proposition 44 ensures that there exist ¢, € € (0, 00)
and a non-empty open U C R® which satisfy for all ¢ € [0,0), w € Q with ©¢(w) € U that
L(O(w)) < €. Observe that the fact that U is a non-empty open set and the assump-
tion that ©g is standard normally distributed imply that P(©y € U) > 0. This completes
the proof of Corollary 45. |

5. Local convergence to the set of global minima for gradient descent
(GD)

In this section we employ Corollary 29 from Section 3 to establish in Theorem 48 in Sub-
section 5.2, Corollary 49 in Subsection 5.3, and Corollary 50 in Subsection 5.3 under the
assumption that the target function is piecewise affine linear that the risk of certain GD
processes converges to zero. Our proofs of Corollaries 49 and 50 are based on an application
of Theorem 48 and our proof of Theorem 48 uses the abstract local convergence result for
GD processes in Proposition 47 in Subsection 5.1 below. Proposition 47 and its proof are
strongly inspired by (Fehrman et al., 2020, Proposition 17). Our proof of Proposition 47
employs the elementary uniform estimate for certain exponential sums in Lemma 46 in Sub-
section 5.1. For completeness we include in this section also a detailed proof for Lemma 46.

5.1 Abstract convergence result for GD to a submanifold of global minima

Lemma 46 Letp € [0,1), ¢,g € (0,00). Then there exists € € R such that for all v € (0, g]
it holds that

i vk~ exp(—C’y(k — 1)17”) <. (5.1)
k=1

Proof [Proof of Lemma 46| First note that for all v € (0, g] it holds that

Z’ykf’) exp(—cy(k — 1)17’0) <7+ Z’y(k — 1) Pexp(—cy(k — 1)17”)
k=1 k=2
<g+ Z yn~P exp(—c*ynl_p) (5.2)
n=1
<2g+ Z yn =P exp(—cvnl_p).
n=2
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Next observe that the fact that for all v € (0, 00) it holds that [1,00) 3 @ + 27 exp(—cyz!™F) €
R is continuous and non-increasing assures that for all v € (0, g] we have that

00 o0 n
Z yn~P exp(—cvnl_p) < Z [/ ~yx P exp(—cvxl_p) dx
n=2 n=2L/n—1 (53)
oo
:/ 'yx_pexp(—cq/acl_p) dx.
1
Moreover, note that the integral transformation theorem proves for all v € (0, g] that
0o 00 1o e 1
/ ~yz P exp(—c*ya;lf"’) dx = / A=Y exp(—cxlfp)’fﬁ dz
1 ’yl/(l*P)
e} 1 e’}
§/ P exp(fcxl_p) dx g/ P dx+/ exp(fcxl_p) dzx (5.4)
0 0 1
= . + /OO exp(—c:clfp) dz.
L—p 1

Furthermore, observe that the assumption that ¢ € (0, c0) and the assumption that p € [0,1)
ensure that floo exp(—cxl_p) dzr < oo. Combining this, (5.2), (5.3), and (5.4) establishes
for all v € (0, g] that

o0 1 00
Z’yk*p exp(—c*y(k — 1)1*”) <2g+ 1, + / exp(—ca:lfp) dx < co. (5.5)
-p 1
k=1
The proof of Lemma 46 is thus complete. [ |

Proposition 47 Assume Setting 40, assume for all x € M that rank((Hess f)(z)) =0—n,
let G: R — R® satisfy for all z € U that G(z) = (Vf)(x), let x € M, p € [0,1), and let
097: Ny = R?, 0 € R?, v € R, satisfy for all € R, y € R, n € N that @g” =0 and

057 =007, — Zg(e)7)). (5.6)

Then there exist r,s € (0,00) such that

(i) it holds for all 6 € Vﬂi’s, v € (O,min{[supyeMmew A((Hess £)(y)] 74,1}, n € Ng
that €7 € V7,

(ii) it holds that innyMﬁVX)f,z [o((Hess f)(y))] >0, and

(iii) it holds for all 6 € V%", 7 € (0,min{[sup,erinyyy, A((Hess £)(y))] 71,1}, n € Ny
that

Aa(057) < exp( =gy [ emnnvyy, [o(Hess N@)] 0!~ ) dm(0)  (57)
(cf. Definitions 27 and 37).
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Proof [Proof of Proposition 47] Note that Proposition 39 and Lemma 42 prove that there

exist r,e, ¢ € (0, 00) which satisfy Vi C U, which satisfy

Vite = (v € Put: [(Ilz = 2@l < 1), (ly = 2ma (@) < 9)] }, (5.8)

and which satisfy for all y € VXAEI that

I(V)(y) = (Hess £)(zm@)(y — 2am@)) < e(pa(y))? (5.9)

(cf. Definition 32). In the following let x € R satisfy x = infyeMmVJ(,fz [o((Hess f)(y))]-

Observe that the fact that U > y — (Hess f)(y) € R°*? is locally Lipschitz continuous and
the fact that the eigenvalues are continuous functions of a matrix (cf., e.g., (Kato, 1995,
Section 2.5.1)) prove that £ > 0. Next note that the fact that V/Cf ., is compact and the fact
that U 2 y — (Vf)(y) € R? is continuously differentiable demonstrate that there exists
¢ € (0,00) which satisfies for all y € V) that

VO =I(VHW) = (VHMm@) < clly = 2m@) = cdm(y) (5.10)
(cf. Definition 31). In the following let € € (0, c0) satisfy for all v € (0, 1] that

Sk exp(—ﬁ(k - 1)1—P> <c (5.11)
k=1

(cf. Lemma 46), let s € (0,00) satisfy
K r
=min{ —, ——= 5.12
y mln{zc’2(2+c¢)’€}’ (5:12)

let 6 € Vﬂ?x’s and v € (O,min{[supyeMﬂvmz A((Hess f)(y))]~1,1}] be arbitrary, and let
7 € NU {oo} satisfy 7 = inf{n € Ny: 057 ¢ Viiz}. Observe that the fact that for all
n € NN (0,7] it holds that ©57 € Vi » proves that for all n € NN (0, 7] we have that
Am(©07) <007 = 2m(€77)
9, 6, 9,
— &0 = (€52 - HwnE)|

(5.13)
< €071 = 2aa(®7)) = s (Hess )z (O07))(O07, = 2a(€57,)
+ 5| (Hess 1) (2a0(8771)) (€07, = 2aa(0771) = (VA7)
Combining this, Proposition 41, and (5.9) demonstrates for all n € NN (0, 7] that
Apm(077) < (1= ) pm(O77) + SH(dm(077)))". (5.14)

This, the fact that for all n € NN (0, 7] it holds that dM(@Z’Zl) < s < 4, and (5.12) imply
that for all n € NN (0, 7] it holds that

Am(©)7) < (1= 55)dm(©;75). (5.15)
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By induction, we therefore obtain for all n € NN (0, 7] that

(%) < [Tt (1= 53)] 4 (0). (5.16)

Next note that the assumption that v < [SUPyeMmVj\"j A((Hess f)(y))] ™! < k! shows for all
k € N that 55 € (0,1). This and the fact that for all u € (0,1) it holds that In(1 —u) < —u
prove that for all n € N we have that

In [HZ:I(l - %)] =2 ko1 hl(l - %) < _% Dk kTP < _% fo uPdu = 2(fzp)nlip'

(5.17)
Combining this with (5.16) demonstrates for all n € NN (0, 7] that
A (097) < exp(—ﬁnl_p>d M), (5.18)

It only remains to show that 7 = oco. Observe that (5.10) assures for all n € NN (0, 7] that
9, 9, 0,
1077 = €521 = BV < Fdm(©,7) (5.19)

This, (5.18), the fact that v < 1, (5.11), and the triangle inequality establish for all n €
NN (0, 7] that

1007 = 0l <> ek exp(— 5 (b = 1)1 ) 2 (0)

k=1

< cstk_p exp(fﬁ(k — 1)1_p> < cs€.
k=1

(5.20)

Combining this with (5.18), (5.12), and the triangle inequality proves for all n € NN (0, 7]
that

l2Mm(057) = 2Ol < @aa(O77) + 057 — O]l + < ra(8)

(5.21)
<s(2+c€) < 3.

Furthermore, note that the assumption that 6 € VX/{Z’S assures that there exists 6 € (0, 00)

which satisfies that 6 € VX/{ 2;5’8. Hence, we obtain for all n € NN (0, 7] that 0% e V/’\Zi’s.
This implies that 7 = co. The proof of Proposition 47 is thus complete. |

5.2 Convergence rates for GD in the training of ANNs

Theorem 48 Assume Setting 3, let N € NN [1,H], p € [0,1), zo, z1,...,2ZN,01,Q0,...,
ay € R satisfy a = g < 21 < -+ < &y = b, assume for all i € {1,2,...,N}, = €
[Zi_1, 2] that f(x) = f(@i1) + ai(z — zi—1), let © € R satisfy

D =1+|f(a)l+ (1 +2maxjeq 2. mylegl) (o] +[b] + 1), (5.22)

and let ©%7: Ny — R?, § € R?, v € R, satisfy for all € R®, vy € R, n € N that @g"y =4
and
el =l — 2gel). (5.23)

n—1 - npP
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Then there exist ¢, € € (0,00) and a non-empty open U C (=D, D)° such that for all 0 € U,
v € (0,((3N + 1)(24D° + 16N®7)(Supx€[a7b]p(m)))_l], n € Ny it holds that £(©97) <
Cexp(—cynt=r).

Proof [Proof of Theorem 48] Throughout this proof let M C R? satisfy M = {6 €
R%: £(#) = 0}. Observe that Corollary 29 proves that there exist £ € NN [1,0) and
an open U C (—D,D)° which satisfy U C 9, which satisfy that L|y is twice contin-
uously differentiable, which satisfy for all § € U that A((Hess £)(0)) < (3N + 1)(24D° +
16N®7)(supme[a7b] p(x)), which satisfy that (Hess £)|y is locally Lipschitz continuous, which
satisfy that MNU is a non-empty k-dimensional C?>-submanifold of R®, and which satisfy for
all 8 € M NU that rank((Hess £)(#)) = 0 — k. Combining this, Proposition 11, Lemma 38,
and Proposition 39 with Proposition 47 shows that there exist m € M NU, ¢ € (0,00),
V,V € {ACU: Ais compact} such that

(i) it holds that me V° C V C V,
(ii) it holds for all 8 € V that v (0) = mnvny(6), and
(i) it holds for all # € V, v € (0, min{(supge sy, A((Hess £)(9))) 7, 1}], n € Ny that
0% €V and @anu(097) < exp(—eyn' ) dainu ()
(cf. Definition 30). In addition, note that

supye mny A((Hess f)(9)) < supyey A((Hess f)(9))

5.24
< (3N +1)(240° + 16ND7) (supyey p(@)).

Furthermore, observe that the fact that £y is twice continuously differentiable implies that
there exists € € (0,00) which satisfies for all 8,9 € V that |£(0) — L(0)| < €||# — ¥||. This
ensures that for all € V°, v € (0, ((3N +1)(16D° +8N97)(SUPze[a,b} p(x)))~Y, n € Ny we

have that
L£(857) = infgepnurw|£(057) = L(9)] < €[ infgepmnvav ] 057 — 9] (5.25)
= €[dmnu(©57)] < Cexp(—eyn'P)d peu (6).

The proof of Theorem 48 is thus complete. |

5.3 Convergence results for GD with random initializations in the training of
ANNs

Corollary 49 Assume Setting 3, let N €e NN [1,H], p € [0,1), o, Z1,...,ZN,Q1,Q2,...,
ay € R satisfy a = g < 21 < -+ < &y = b, assume for all i € {1,2,...,N}, z €
[@i—1, 2] that f(z) = f(@i-1) + ai(z — @i-1), let D € R satisfy

D =1+[f(a)|+ (1 +2maxjeq1 o, myleg)(Jal + [b] + 1), (5.26)

let (2, F,P) be a probability space, let ©5: Q — R®, v € R, n € Ny, be random variables,
assume for all v € R that O] is standard normally distributed, and assume for all v € R,
neN, weQ that

O)(w) = ]_, (w) — 1 "G(O]_, (w)): (5.27)
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Then there ezist ¢, € € (0, 00) such that for ally € (0, (3N—|—1)(24®5+16N@7)(sup$6[a,b] p(x)) 7Y
it holds that P(Vn € No: £(0;) < Cexp(—cyn'=r)) > ¢.

Proof [Proof of Corollary 49] Note that Theorem 48 ensures that there exist ¢, € € (0, 00)
and a non-empty open U C R® such that for all y € (0, ((3N—|—1)(24©5+16N®7)(supxe[a,b} p(x))) "1,
w € Q, n € Ny with O (w) € U it holds that

L(0)(w)) < Cexp(—cynt™?). (5.28)

Observe that the fact that U is a non-empty open set and the assumption that for all vy € R
it holds that ©] is standard normally distributed imply that there exists § € (0, 00) such
that for all v € R we have that P(©] € U) > 6. This completes the proof of Corollary 49.
|

Corollary 50 Assume Setting 3, let N € NN [1,H|, =g, 21,...,ZN,01,Q2,...,ay € R
satisfy a = zg < &1 < -+ < &y = b, assume for all i € {1,2,...,N}, x € [z;—1,x;] that
f(z) = f(zic1) + ai(z — zi—1), let © € R satisfy

D =1+[f(a)]+ (1 +2maxjeq1 o myleg))(Jal + [0 + 1), (5.29)

let O Q0 5 R, k,n € Ny, v € R, and k¥7: Q = N, k,n € Ny, v € R, be random
variables, assume for all v € R that @IS’V, k € N, are independent standard normal random
variables, and assume for allk e N, v € R, n € Ny, w € Q that

O (w) = B8 (w) = 71G(Oh7 () (5.30)
and
ki (w) € argminge(y . gy £(057 (w)). (5.31)
Then it holds for all v € (0, ((3N + 1)(24D° + 16N©7)(supme[a7b} p(2)))7!] that

lim inf g o0 P(lim SUp,, o0 L(OK ) = o) ~ 1. (5.32)

n

Proof [Proof of Corollary 50] Throughout this proof let g € R satisfy g = ((3N +1)(24D° +
16N@7)(supx€[a7b] p(x)))~!. Note that Theorem 48 assures that there exist ¢, & € (0, 00)
and a non-empty open U C (=9, D)? such that for all v € (0,¢], k € N, w € Q, n € Ny with
@g’v(w) € U it holds that £(0F7(w)) < €exp(—cyn). Hence, we obtain for all v € (0, g,
ke N, we Q with @g’v(w) € U that limsup,,_, . E(@fﬂ(w)) = 0. Next observe that (5.31)
ensures for all K € N, v € (0, g] that

P(limsupnﬁoo c(@‘;ff””) = 0) > IP’(El ke{l1,2,...,K}: [limsup, . L(0k7) = OD
(5.33)
Furthermore, note that the fact that for all v € (0,g], ¥ € N, w € Q with @g’v(w) e Uit
holds that lim sup,, E(@ﬁ”(w)) = 0 shows that for all K € N, v € (0, g] we have that
P(Hk €{1,2,...,K}: [limsup,_,. £(OF) = o]) >P(3ke{1,2... K} 0f ¢ U).
(5.34)
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In addition, observe that the fact that for all ¥ € R it holds that @Ig”, k € N, are i.i.d.
implies that for all K € N, v € (0, g] we have that

P<3k €{L2,... K}: 08 ¢ U) =1 —P(Vk € {1,2,...,KI}(: oF e (RD\U)) (5.35)
=1-[P(65" € (R\U))]".

Moreover, note that the fact that U is non-empty and open and the fact that for all y € R

it holds that G)(l)’7 is standard normally distributed prove that for all v € R we have that

IED(G(I)’7 € (R°\U)) < 1. This and (5.35) demonstrate for all v € (0, g] that
hminfm@op(ak e{1,2,...,K}: 087 ¢ U) ~1. (5.36)

Combining this with (5.33) and (5.34) shows for all v € (0, g] that

lim inf g P(lim SUD;, 500 E(@%’Ijﬁﬁ) = O) =1. (5.37)
The proof of Corollary 50 is thus complete. [ ]
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