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Feature propagation in Deep Neural Networks (DNNs) can be asso-
ciated to nonlinear discrete dynamical systems. The novelty, in this
paper, lies in letting the discretization parameter (time step-size)
vary from layer to layer, which needs to be learned, in an optimiza-
tion framework. The proposed framework can be applied to any
of the existing networks such as ResNet, DenseNet or Fractional-
DNN. This framework is shown to help overcome the vanishing and
exploding gradient issues. Stability of some of the existing contin-
uous DNNs such as Fractional-DNN is also studied. The proposed
approach is applied to an ill-posed 3D-Maxwell’s equation.
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1. Introduction

Consider a network architecture, for example, residual neural network
(ResNet)

(11) y[ﬁ] = y[ﬁ_l} 4 To.(y[ﬁ—l}’ 9[5—1}),

which contains a hyperparameter 7. It is also possible to consider other ar-
chitectures such as feedforward networks etc. The above neural network can
be understood as the time-discretization of a non-linear ordinary differential
equation (ODE). The feature vector y is computed by forward propaga-
tion from the previous layers feature vector y=1 and network parameters,
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which are collected in 9~1, using an activation function o. In most of the
existing literature, 7 is a given fixed constant. The main novelty of this work
lies in

replacing 7 by learning variables 71

and the treatment of these 7l). These variables can be understood as the
‘time step-sizes’ in Deep Neural Networks (DNNs). This paper considers
them as optimization variables, not as hyperparameters. Furthermore, the
parameters 719 are allowed to differ from layer to layer, i.e., time grid can
be non-equidistant. Notice that this 7-variable framework can be applied
to any of the existing networks of type (1.1). The deep learning optimiza-
tion problem will now also learn optimal parameters 7 in addition to the
standard DNN parameters. As will be illustrated throughout the article,
the presented approach is not just a scaling of the activation function o by
714, This will become evident when applying the proposed framework to
Fractional-DNNs, where 71/ enters in multiple ways, see Remark 5.1. For a
PyTorch implementation of 7-variable DNNs, we refer to [7].
This proposed approach presents multiple advantages, including:

e The proposed framework leads to optimal adaptive time discretiza-
tions of DNNs, such as ResNets and Fractional-DNNs, tailored to the
optimization/learning problem. This is different than time adaptive
approaches in [16, 10] where adaptivity is tailored to the forward prob-
lem (1.1) but not the learning (optimization) problem.

e The proposed framework can further help (as is rigorously established)
overcome the wvanishing and exploding gradient problems in networks
such as ResNets and Fractional-DNNs. Notice, that motivation behind
introducing ResNets [34, 33] was vanishing gradients and Fractional-
DNNs was vanishing and exploding gradients [5]. Fractional derivatives
are nonlocal in nature, therefore solution at current time step require
information about solution at all the previous time steps, i.e., the
system has memory effects. Additionally, fractional derivatives have
less smoothing requirements. For a complete theoretical analysis of
fractional DNN; see [1].

o If 7l for any layer ¢ is close to zero, then the associated layer is
redundant and can be deleted without sacrificing the accuracy. Thus
leading to small yet accurate DNNs.

e Variable !¢ helps improve the training error decay, see Figure 1.

The main idea to approximate parameterized PDEs and solve the in-
verse problems using Fractional-DNNs has been recently introduced in [3].
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Figure 1: The panel shows the mean squared error during training when the
variable-7 framework is applied to a ResNet and a Fractional DNN for an
ill-posed 3D-Maxwell’s equation. More details are available in Section 7.

The present article not only introduces the aforementioned variable time
step framework, but for the first time, to the best of our knowledge, also
applies the DNNs, such as ResNets and Fractional-DNNs, to ill-posed prob-
lems such as Maxwell’s equations with Gauss’s law. A comparison of these
standard DNNs with their time-step variable versions has also been carried
out. The problem is ill-posed in the following sense: Nédélec finite elements
are traditionally used to discretize Maxwell’s equations. However, they are
curl-conforming and thus the Gauss’s law (divergence condition) cannot be
directly imposed [17]. The DNNs are shown to generalize well on the unseen
data and physical domains.

Deep learning is a nascent field of research with many exciting applica-
tions, for example imaging science [5, 33, 39, 51, 62], biomedical applications
[14, 30, 42], satellite imagery, remote sensing [11, 59, 64], segmentation [53],
and gaming [56]. Recently, this topic is starting to receive significant at-
tention from mathematicians [19, 23]. Especially, the fact that DNNs of
type (1.1) can be viewed as optimization problems constrained by discrete
dynamical systems [5, 10, 13, 28, 29, 47, 55] and partial differential equations
[46, 54]. In these settings, the state-of-the-art is to consider an equidistant
time grid, where the time step-size 7 is chosen before running the optimiza-
tion algorithm to identify weights, i.e. 7 is a hyperparameter.

The articles [31, 38] suggest to consider 7l as hyperparameters for
physics-informed neural networks and ResNets, respectively. In both cases
the hyperparameters 71 are seen as scalings applied, outside [31] and inside
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[38], the activation function. We also refer to [32] where parameterized ReLU
was first introduced. In [38], a global 7 = 7l for all £ is considered leading
to training error improvement and more accurate solutions, which will also
hold true for our more general setting. In [31], a sequence of 71, fulfilling
a probabilistic condition, is chosen to avoid exploding gradients. In con-
trast, we let the optimization algorithm learn 7/ and provide deterministic
arguments to overcome the vanishing and exploding gradient problems.

Outline. This article is organized as follows. Section 2 introduces some ba-
sic preliminary results and notation. We introduce definitions of fractional
derivatives and state a generic DNN. We also describe an extension of this
DNN to include a recently introduced bias ordering idea from [2] which of-
fers multiple advantages such as narrowing the parameter search space. This
is followed by Section 3 where the relation between continuous DNNs and
dynamical systems is considered. Special attention is given to two contin-
uous version of DNNs: ResNet (DNN with standard time derivative) and
Fractional-DNN (DNN with fractional time derivative). Stability results for
these two DINNs are also provided. Notice, that Fractional-DNNs have been
recently introduced in [5] for classification and further extended in [3] to
inverse problems with PDEs. They have multiple advantages over ResNets
as they can incorporate memory into the network due to the nonlocal nature
of fractional derivatives and due to the low regularity requirements of frac-
tional derivatives, they can be applied to non-smooth functions. As stated
above, one of the main motivations behind introducing Fractional-DNN was
to overcome vanishing and exploding gradients. The article [5] provides nu-
merical evidence of overcoming the vanishing gradient problem.

Next, in Section 4 we state selected DNN architectures and compare
them for a fixed 7. The new framework with variable 79 is applied to the
architectures of Section 4 in Section 5. Notice that our approach is broad and
can be applied to any network architecture of type (1.1) and it is independent
of the choice of the loss functional. Clearly, the proposed approach inherits
all the positive aspects of these existing networks. Additionally, the new
framework is rigorously shown to overcome vanishing and exploding gradient
issues (cf. Section 6).

Finally, in Section 7 we illustrate the efficacy of our approach with the
help of an ill-posed 3D-Maxwell’s equation. The numerical examples validate
the above mentioned advantages of the proposed framework. In particular,
stability and network reduction.
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2. Preliminaries

The goal of this section is to introduce the relevant notation and abstract
optimization problems arising while training the DNNs. The content of this
section is well-known [5, 3, 2].

Symbol Description

LeN Number of network layers (i.e. network depth)
NeN Number of distinct data samples

Ny Number of nodes in layer ¢

yl e R™ Feature vector in layer ¢

o Activation function

Wl ¢ Rret1xne Weights in layer ¢

bl € Rre Biases in layer ¢

e R Time step-size in layer ¢

9[@] c Rrett (ne+1)+1

Vector of all variables (weights, biases and
time step-size) in layer ¢

Pf Projection matrix from layer j onto layer ¢
1) Adjoint variables

F Network represented as a function

fe Layer function

J Loss function

A, A, B ER Regularization parameters

L Lagrangian

{u, S(u)} Input / Output pair of training data

Euler’s Gamma function

2.1. Caputo fractional derivative

In preparation for the Fractional-DNN architecture, we next introduce the
left and right Caputo fractional derivatives for absolutely continuous func-
tions and refer to [4, Definitions 2.1 and 2.4, and Proposition 2.3] and [41,
(2.4.17) and (2.4.18)] for details.

Definition 2.1 (Left Caputo Fractional Derivative). Let y € W1([0,T7]; X),
with X denoting a Banach space. The left Caputo fractional derivative of
order v € (0,1) is given by

o =, [

(2.1) —

where ¢, := ﬁ and I'() is Euler’s Gamma function.
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Definition 2.2 (Right Caputo Fractional Derivative). Let y €
WHL([0,T]; X), with X denoting a Banach space. The right Caputo frac-
tional derivative of order v € (0,1) is given by

T !y
Op_y(t) = _Cv/t (Ty_( t))V

Next, we introduce the general deep learning problem as an optimization
problem with DNN constraints.

2.2. Deep learning problem

Consider a neural network architecture with an input layer of dimension ny,
L — 1 hidden layers of dimension ny, for £ =1,..., L — 1 and an output layer
of dimension ny. Then we can represent this network as a function

(2.2) F = fr-10 fr—0---0 fo,

where { fg}fz_ol are the layer functions. These layer functions are parame-
terized by weight matrices W € R™+1%7 and bias vectors blfl € R+,
The definition of f; depends on the network architecture. We will introduce
different options in Section 4.

The weights and biases are identified during a training process that re-
quires solving an optimization problem. Let {u(i), S(u) }Z]il (input/ output
pairs) denote the training data. Then the goal is to match the output of the
DNN with the data points S(u(?). This is accomplished by minimizing a
loss functional J and the resulting optimization problem is given by:

min T ({0, S@O) AW, (01 )
(2.3) ) AR R vary
subject to Yo = F <u(i); wlly,, {b[e]}g)> i=1,...,N.

One standard choice for the loss function is the mean squared error

N
. 1 L)(i i 2
J = WZ;HZJ[ 16 — Su®)]3.

Another example is the cross-entropy, see for more examples [26]. The choice
of J is dictated by the application. For our cause, it is not relevant which
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of these options is chosen, since our focus is on DNNs represented by the
operator F.

It is also common to add regularization, for example, ¢! and ¢? regular-
izations on weights and biases

L-1 L-2

A A
@4) I =J+5 3 (I 1w ) + 505 (113 + 1))
=0 =0

where A1 > 0 is the regularization parameter. Notice that the 2-norms for
the weight matrices are in fact Frobenius norms.

Before, we continue, we emphasize that recently, the article [2] has ex-
tended the above generic network (2.3) by incorporating ordering among the
bias vector components in each layer. The main idea is that in each layer ¢,
with £ =0,...,L — 2, one enforces

(2.5) b <l =1 e - 1

where the subscript j indicates the bias vector component. This approach
offers multiple advantages as highlighted in [2]. Our numerical examples fur-
ther provides a comparison between with and without bias ordering frame-
work. Notice that the bias ordering is implemented using a penalty frame-
work, see [2] for details.

Next, we provide a mathematical background behind learning the time
step-sizes 1. To start, we discuss a link between some DNNs and dynamical
systems.

3. Continuous DNNs

In this section, we study the continuous structure of multiple DNNs, cf. (1.1)
and (2.2). This section mainly focuses on the stability of these architectures,
which will follow from a connection with dynamical systems. For other ap-
proaches we refer to [8, 31] and references therein. Since we are primarily
interested in stability results, we start with a basic remark on a (finite)
network with a Lipschitz activation function, like ReLLU. The finite com-
position of Lipschitz functions is also a Lipschitz function, and therefore
differentiable almost everywhere by Rademacher’s theorem. In the following
we show some historical connections between neural networks and dynam-
ical systems. Later on we consider continuous Fractional-DNNs make use
of fractional derivatives. These derivatives are nonlocal operators and one
notices that solution at a current time depends on the entire history, i.e.,
fractional derivatives enable memory into the DNN.
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3.1. Ordinary differential equations and neural networks

The relation between Neural Networks (NNs) and differential equations is
not new. In fact, in the late '80s, in [50] the following model was considered
for the activity of j-th neuron:

(3.1) % = —ay;j + Bo (%: wjkyk> +bj,
where a and 8 are (given) positive constants, the weights {w;} represent
the connection strength between the k-th and j-th neurons, and b; represents
a bias. Note that most modern neural network architectures are related to
stationary solutions of the ODE above. In the present work we restrict our
focus to a different connection with dynamical systems (cf. (1.1)), which
is more recent, mainly because it has been tested more thoroughly. Also,
because we are interested in optimal control, we will primarily focus on
the ideas presented in [5], [16], and [54]. Nevertheless, for completeness,
we also mention some other related works [22] and [57] from a dynamical
systems point of view, [60] for universal maps with memory, [43] for problems
in the frequency domain, [24] for a Runge-Kutta based NN, PINNs [12]
for PDE-related problems, and SINDy [40] for data-driven model discovery.
Also, when ReLLU is considered as the activation function, a DNN is a high-
dimensional, piecewise linear function. Therefore, some techniques from the
Finite Element and the Monte Carlo methods can be used for its analysis,
cf. [36].

Motivated by ResNets [33], the authors in [16] relate DNNs of type (1.1)
to a recurrence relation obtained when numerically solving a system of
ODEs. For instance, for given f : R x R — R and yy € R, consider the
problem: Find a function y, such that:

y'(t) = fty), in(0,T),

(3.2) 4(0) = yo.

A solution for this system can be approximated, under mild assumptions on
y and f, by the Euler method:

t+1

t+7
y(t+7) — y(t) = / V(s = [ flsu(s)ds 7 (0.

where we have (formally) used the fundamental theorem of calculus and a
left Riemann-sum approximation. Namely, we can understand the layers of
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a DNN as samples from a continuous system that evolves from the input to
the output. Here, the first and last layers are special cases due to common
upsampling /downsampling techniques.

It is worth mentioning, that in [16, B.2] the authors consider f =
f(y(t),t,0), where 0 represents the parameters of the DNN. Namely, 6 is
independent of ¢ and therefore their ODE system is limited (essentially) to
autonomous systems. Thus, DNNs generated with the method given in [16]
are smooth by construction. This property allows one to use well-known
results in the theory of dynamical systems, control theory, adaptive ODE
solvers, among others. An interesting application where smooth trajectories
are desired is when self-intersecting trajectories/surfaces are not allowed as
in shape optimization (manifold surfaces), cf. [52, 63]. It is clear that the
additional smoothness also limits the usability of the model [21]. Obviously,
the architecture of a neural network must match its purpose, i.e. the given
data and desired application case.

Besides the networks of type (3.2), the present work also focuses on
problems where the system underneath depends on its history in a nonlocal
way. The latter is most commonly found in systems with Hysteresis or de-
layed effects. Note that the derivative in (3.2) is a local operator, this follows
from its pointwise limit definition. Therefore, based on [3, 4, 5] we consider
a fractional derivative based approach. As pointed out in [3, 5], this serves
two main purposes: it acts as a global operator (memory effect), and the
order of a differential equation is allowed to be less than 1, which reduces
the smoothness of the system.

3.2. Stability of continuous fractional-DNN

As mentioned before, ResNet-like architectures can be connected to a clas-
sical ODE system, and therefore we can apply the well-known theories to
analyze the properties of the DNN [16, 54]. A commonly desired property is
the continuous dependence on the data. In the context of machine learning
this means that input variables, which are “close” should produce outputs
of the DNN which are also “close”. Of course, in the context of real-life
applications, the notions of distance is not always known, neither is the
right dimension, nor the smoothness/regularity for the system underneath.
Following [3, 5], we consider a DNN architecture that can be related to
a different notion of derivative, the so-called fractional derivative, see Sec-
tion 2.1, and here we show a stability result for this notion of derivative
with respect to the initial data. In order to do so, we consider €2 to be an
open, bounded and connected subset of R%, define E := (LZ(Q), Il -1l Q), and
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let f: Dom(f) C [0,00) x E +— E. To establish the stability of continuous
Fractional-DNN, we consider a dynamical system for y. Notice that similar
structure holds for the continuous Fractional-DNN (cf. (5.6))

(3.3) &y =f(t,y),  with  y(0) =y,
where yg € E, and f satisfies the standard assumptions:

There exist positive constants T and r such that f restricted to
(H) < [0,T] x By(yo) is continuous, bounded and Lipschitz with
respect to the second argument.

The last hypothesis implies there exists L > 0 such that

1f(ty1) = f(ty2)llo < Lilyr — yelle VE € [0,T], and Vy1,y2 € Br(yo)-

Let us remark that F can be replaced by any other space with the Radon-
Nikodym property but based on the most common loss functions we restrict
the analysis to L?(2). From [4] we have the following result connecting the
strong and generalized Caputo derivatives

Lemma 3.1. Let v € (0,1), and T > 0. If y € WY1 ((0,T); E) then the
following equality holds in the L'((0,T]; E)-sense

(3-4) 0] y(t) = D} (y — y(0) (1),

for a.e. t € (0,T], where D] denotes the Left Riemann-Liouville fractional
derivative, cf. [4, Definition 2.2].

Proof. The proof follows from [4, Proposition 2.3], and the fact that every
reflexive Banach space has the Radon-Nikodym property. O

We write the Left Caputo derivative in the generalized Caputo derivative
form (3.4), because several of the well-known results, which hold for standard
ODEs, also have their counterparts in the generalized Caputo derivative
setting. For instance, the solution operator for a non-autonomous fractional
ODE can be represented in terms of a Volterra integral, cf. [20, Theorem
2.1]. By using this integral representation, the next proposition shows the
stability of the fractional ODE (3.3) with respect to its initial value, when
the solution is smooth enough.
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Proposition 3.2. Given yo € E, and f that satisfies (H). If ya,ys €
WLL((0,T); E) solve (3.3) with initial conditions ya,0 and yg o both in By (yo).
Then,

(3.5) 1%a = Y8l 0,1:8) < Cllvao — ysolle,

where C' = C(v,T,L) > 0.

Proof. By Lemma 3.1, and because E is reflexive and therefore has the
Radon-Nikodym property, we can recast (3.3) as (3.4), with y(0) € {¥a,0,Ys,0},
and represent each solution in terms of a nonlinear Volterra integral, cf. [20,
Lemma 2.1]. Namely, if y,,ys represent the solutions for (3.3) with corre-
sponding initial conditions ya.0,ys,0, then for t € [0,T7], and a.e. z € Q

ya(xvt) = ya,O(x) + CW/O ﬁf(ﬂ ya(x77—)>d7—7
y5($’t) = yﬁvo(x) + C’Y/O ﬁf(ﬂ yﬂ(va))dT’

where we recall ¢, = ﬁ Then,

Hya(-,t) - yﬂ('ﬂt)HQ
1

t
< - — - d
< [lyac0 y,B,0||Q+C'y/O S 1f (7, ya) = f(Typ)llq dr
|
< - Lyl 7) — ys(- d
< [1%a.0 y,B,0||Q+C’Y/O G=rp 1Yol 7) = ys(, 7)llq d7

Finally, from Gronwall’s inequality in its integral form

o) = 950 Ol < o, = sl (i [ )

t—T
L t
= [|Ya,0 — ygollo exp (m 1_ 7) )
and integrating over (0,7") concludes the proof. O

Remark 3.3. It is important to point out that the previous results assume
the regularity W1((0,T); E), but for most problems in Machine Learning
the regularity of solutions is still an open question. Even at the “discrete
level” the regularity depends on the data, DNN architecture, optimization
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algorithm, loss function, among others factors. Another difficulty is that
DNNs can have different number of neurons in each layer, i.e., the space F
can change in time.

Finally, and as mentioned before, a DNN with Lipschitz activation func-
tions defines a locally Lipschitzian operator. Later in Section 6, we will ex-
plore how the activation function and weights affect locally the gradient of
a DNN, and therefore the Lipschitz constant, and we will study the vanish-
ing and exploding gradients problem of various DNNs under the variable—7
framework which is introduced in Section 5.

4. Network architectures with fixed T-parameter

Let us begin by stressing that in general the proposed framework with vari-
able 7 can be applied to any DNN. We will illustrate our ideas using three
representative DNNs. Subsequently, we will describe their strengths and
weaknesses.

The first network architecture is ResNet [33]. As described in the previ-
ous section (see (3.2)), this network arises after adding an identity map to a
standard feedforward network. This leads to connectivity between the adja-
cent layers. In order to connect all layers and additionally be able to approx-
imate non-smooth functions, we refer to DenseNet [37] and Fractional-DNN
[5]. We remark that there also exist other approaches that attempt to induce
multilayer connections, e.g. Highway Net [58], AdaNet [18], ResNetPlus [15],
etc.

DenseNet is an ad-hoc method that uses the feature maps of all preced-
ing layers as inputs into all subsequent layers. Meanwhile, Fractional-DNN
can be viewed as a time-discretization of a fractional in time non-linear
ODE of type (3.3), connecting all layers in a mathematically rigorous man-
ner. Both approaches, DenseNet and Fractional-DNN, improve the vanishing
gradient effect issue due to the memory effect incorporated. Furthermore,
Fractional-DNN allows approximation of non-smooth functions and thus can
also potentially help with exploding gradients.

We recall the ResNet [33] with equidistant time-steps 7, cf. (1.1). The
feature vector yl) € R™ in layer ¢ = 1,..., L is computed by forward prop-
agation in the following way

yll = Pf_ly[éfl] + 710 <WV*Hy[£71] + b[€71]> ) t=1,...,L,

where Pj = 0 € R™*™ and yl) = u. Here, o is a nonlinear activation
function, for instance, ReLU [26], T is the fixed time-step length and wu is
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the input data. Notice that, if all the layers are of same size, then P£1
equals an identity matrix. In general, Pﬁl will allow layers to have different
sizes, i.e.,

dim(P{_;y" 1) = dim(y!).

While ResNet does introduce connectivity between adjacent layers, we are
also interested in fully connected networks, for instance, a DenseNet [37].

In a DenseNet the connection through all layers is achieved by the
following forward propagation

{—1
=S Pyl 4o (W[f—ﬂy[f—ﬂ n bw—u) . (=1,...,L,
1=0

where 3% = v is the input data.

Notice that this method does not contain a time step-size like parameter.
It is possible to artificially add a parameter T before the activation function
0. The connection of the resulting expression to a dynamical system remains
unclear. Instead of DenseNet, we focus on Fractional-DNN. In addition, to
connecting all layers, the Fractional-DNN can be understood as a time-
discretization of a dynamical system of type (3.3). Hence, learning the time
step-sizes is a meaningful task in this setup.

We recall the Fractional-DNN, with equidistant time-steps 7, from
[5, 3]. It corresponds to a time-discretization of a system of type (3.3). The
forward propagation for the Fractional-DNN is given by

/-1
v =Pl =N ap;(Pfyl - Pf_yP1)
j=1
+7T(2—7)o (W[éfl]y[efl] + b[éfl}) ,
where ¢ =1,...,L, yl% = v, and Pf as before. Moreover

Qg = (L+1—3)' 77 = (€= )",

Remark 4.1. In Section 5.2 below, we will consider a Fractional-DNN with
variable 7, i.e., 71 for ¢ = 1,..., L —1. In this case, the coeflicients ag—; will
depend on 7Vl ... 74,

We conclude this section by emphasizing that depending on the number
of DNN outputs, the last layer may have different size, which can be captured
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via
y[LJ — W[L—I]y[L—I].

For the remainder of the paper, we will assume such a setup for the last
layer.

5. Variable-+ framework for DNNs

Instead of a fixed 7, we propose to use a different 719 for each layer, which
is learned during the training process. This allows us to optimize the “time
step-sizes” 714, resulting in what can be viewed as an adaptive time-discre-
tization of the ODE tailored to the optimization (learning) problem. The
resulting optimization problem is given by (cf. 2.3)

(5.1)

; L) gy O (i, (pidy, 141
{wm}5;;,{531}?;&{7[21}5;3JA <{(y SN AW 0 e }Z>

subject to  yHI® = F (u<i>; W, {pl1,, {TW}@)) i=1,...,N.

Constraints on 71, for instance, non-negativity can be easily incorporated.
Recall, from (2.4) that Jy, contains the regularization for the weights wild
and bl. Additional regularization on 7Y can be easily introduced as

L-2

A2
Ini= I+ 5 0 (P + 11704
=0

where A = A(A1, A2).
We apply the 7-variable framework to the ResNet and the Fractional-
DNN discussed above.

5.1. ResNet with variable T
Consider (5.1) with F denoting the ResNet with variable 7

(5.2)
ylf = pfylt=1 Pty =1 ple=1ly gy L,
10 = =1l -1

For simplicity of notation, we write J instead of Jy and collect W, plel,
and 79 for all £ into one vector  and denote the adjoint variables by ¢.
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Following the approach from [5] and to derive the optimality system, we
introduce the Lagrangian functional

L-1

£(.0,6) = T(6) 3 (s Py oyl ety gla)
(=1

_ <y[L1 _ wlE=tyle-1, ¢[L]> ‘

Setting the variation of £ with respect to ¢ equals zero, we recover the state
equation (5.2). Similarly, setting the variation of £ with respect to y equals
zero, we arrive at the adjoint system

ol — (P;H)Td)[zﬂ] + AT (¢[z+1] © o' (Wihyld ¢ bm)) ’
(=L-2,...1,
ol = (W) TylH],
¢ = 9, J(0) = y!H — S(u),
where the last equality is due to the specific choice of the least-squares
loss function. It will be different in case of the cross-entropy softmax, for
instance.

Since we will be solving the above optimization problem using a gradient-
based method, we also need to evaluate the derivatives with respect to 6:

O L = Py T 4 Oy J(0),
O =yl (Qwu o Ao (Wil | bm))T + O J(0),
By £ = (1) T 717 (W[@y[@ + b[ﬂ) 4 Oy J(0),
Ot L = <a(WV1yW + bl ¢V+”> + 0 J(0),

for{=0,...,L —2.

Next, we state the Fractional-DNN [5] but now with variable 74, Re-
call that, in contrast to a ResNet, the Fractional-DNN allows connectivity
between all the layers.

5.2. Fractional-DNN with variable

Consider a time-discretization tg < t; < < t; with L € N and set
Ip == (ty,tge1] and 710 =t 1 —t; for 0 < ¢ < L — 1. Throughout, we will
VT

assume that 71/ > 0 to justify division b 4.
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We generalize the numerical scheme introduced in [45, 44] to a non-
equidistant time discretization and obtain the discrete approximation of the
left-sided Caputo fractional derivative of order v € (0,1). For 0 </ < L —1,
we have that:

tev1 9 x,t) Oy (x,t)
(53)  Nylw tepr) =cy / ( Oy(@h) g ch / olet)
0

tep1 —t)7 (teg1 —t)7

y(w,tj41) — (x,tj)/ 1 041
dt
“ Z 7] 1, (tepr —t)7 B

where we have used the finite difference approximation. Here 7“,‘;*1 denotes

the remainder from the Taylor formula which can be estimated as described
in [49, Section 3.2.1]. After carrying out the integration in (5.3), we arrive
at

(5.4)

-T t; j+1 )
ty(xv K—l—l) - C’y ! [j] )
7=0 T -7

ZT[’] 7'[’] + ri“
i=j+ 1
£y 14 1=
= C'y—l Z m Z T Z]
7=0 i=

Jj+1

(y(x t]+1 xvt])) +r +1'

Analogously, we obtain the approximation of the right-sided Caputo frac-
tional derivative of order v € (0,1) for 0 < ¢ <L —1:

j = - 1=
(5.5) O y(w,ty) = —cy—1 Z (Z T[i]) _ (ET[Z’]>
i=t i=t
) (y(xatj+1) - y(l‘,t]‘)) + T’t;'

Before, we apply the above discretization to the Fractional-DNN formu-
lation, we consider two generic nonlinear ODEs of type (3.3) (cf. e.g. [5,
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Section 4.1]) with v € (0,1):

8?y($7t) = f(ta y(:v,t)), y(ac,()) = Yo,

(56) 0 w(et) = f(ty(a,1),  y@T)=yr.

This also links back to Subsection 3.2, where the stability of the above
continuous DNN was discussed. Here, we will move on to formulate the
discrete version.

Using the discretizations from (5.4) and (5.5) in (5.6), for 0 < ¢ < L—1,
we arrive at

~

-1
yCoten) =y(ote) = D arg (o tn) = (o 19) + (T L f(tey (),
L

y(ote) = y(tes) + bje(y (s tien) =y t) + (e f (ke y (b)),
1

|
= o

+

J=t

where we denote y(-,ty) = y(z,ty) in the above equations, with

(rly ‘ [ - ‘ i -
agg =g | | 227 2 ’
i=j i=j+1
) 1— 1 1—
. (7'[61)7 ’ i 8 i
o= T (o) - (30
i=t py

Notice that the equidistant case, 79 = 7 for all ¢, considered throughout
the literature, is a special case of the above setting. Additionally, in the
equidistant setting, we have a;, = b; ¢, which may not hold in the above
generic setting.

After these preparations, we are ready to apply the r-variable framework
to Fractional-DNN. Here, we take into account that the feature vectors yl
may have different sizes across the layers. Thus, as in case of 7-variable
ResNet, we introduce projection matrices Pf for j=0,...,/—1and £ =
1,...,L —1 with dim(Pfym) = dim(y[). The resulting Fractional DNN
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with variable 7 is

(-2

gl = Pyl =3 gy (Pl — PEU)
j=0

S ) T e A R
Yl — pylE=ly lL-1]

(5.7)

Remark 5.1. Before we proceed further, we stress that the r-variable
framework is not merely a scaling of the activation by 7. Indeed, in (5.7)
the scaling in front of o is not simply 71 but is Cam 1)7641 ;- Furthermore,
ag—1,j also contains 7Vl ... 71671 which makes the impact of the time step-
sizes much more complex than scaling of o.

As in the ResNet case we next derive the optimality conditions. This
requires introducing the Lagrangian formulation as before. In this fractional
derivative setting, we observe a subtle issue. It is well-known that there
are two approaches to derive the optimality conditions — optimize-then-
discretize and discretize-then-optimize [6, 35]. Below, in the 7-variable frac-
tional setting, we observe that the two approaches do not coincide. It is not
difficult to see that in the first case, optimize-then-discretize, we obtain the
following adjoint equation for £ =L —2,...,1,

ol = (P”l) ple+1 4 Z bjs Pj+1)T¢[j+1] _(pg')T¢[j])

j=t+1
(5.8) + (et [(WM)T (d,wﬂ] © o' (Wlhyld ¢ bw])ﬂ ,
¢[L*1} — (W[L*U)T ¢[L}7
¢ = 9,1 (0).

Next, we derive the adjoint equations for the second approach, i.e., discretize-
then-optimize. We begin by introducing the Lagrangian

-2
< 0 _ pt_ gl *Z“ (P, 1] — plybl)

M |

L(y,0,¢) =J(0) —

N

=1
— (7l 1])70 1U(W[Z—l}y[f 1 ple=1ly plfly
_ <y[ I _ W[quy[myqsm ,
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Setting the variation of £ with respect to ¢ equal zero, we obtain the state
equation (5.7). To derive the adjoint equation, we calculate the variation of
£ with respect to yl¥! for every ¢ =1,...,L. A detailed calculation can be
found in Appendix A.1. Setting this variation equal to zero, we arrive at the
following adjoint system for £ =L —2,...,1,

(5.9)
L—1

o = (1= age) (P Tl + Z (@j1,0 — aj—1,0-1)(P]) " ¢l
j=t+2

+(ryet [(Ww )T (¢w+11 o o' (Wllyld bm)ﬂ ,

o = 9,(0).
Below, we collect all summands that contain factors b;, in (5.8) on the left
side, and all summands that contain factors a;, in (5.9) on the right side.
We see that the two adjoint equations given in (5.8) and (5.9) differ in the
following term

Z b PJ+1 Tliti (pg’)T¢[j})

j=0+1
) Z a4 Pg+1 ¢[j+1] Z aj_1.0-1( ¢[J’]
j=b+1 j=t+1

In our computations, we have implemented the discretize-then-optimize ap-
proach, i.e. (5.9). Finally, we compute the derivative with respect to 6:

Owie-nl = P (T + Oy I (0),
.
Ay £ = yld (¢[Z+11 o (r1ye L o (W 4l )) + Ay (0),

By £ = (ST (7l of (W[ay[e] i bm) + Oy J(0),

—2min{k—1,¢}

Oriok Z 2; Ore (aku)<Pk+1 1] P]k+1y[j]’¢[k+1]>
k= J

< (7)1t (W%W+b[”),¢[””>+8TmJ(9>-
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for £ = 0,...,L — 2. Details on the computation of 0.4 L can be found in
Appendix A.2. Next, we examine the impact of variable 7 onto the stability
of networks such as ResNets and Fractional-DNNs.

6. Vanishing and exploding gradients

It is well known that optimization problems with DNN constraints can suf-
fer from vanishing and exploding gradients, see e.g. [9, 25]. In this section,
we analyze the structure of the derivatives for several network architectures
such as feedforward network, ResNet, DenseNet, Fractional-DNN, and the
consequences of application of T-variable framework on these networks. We
will identify various conditions to help overcome the aforementioned chal-
lenges.

For simplicity of the notation, we define the abbreviation alf :=
oWyl + b)) and omit the projection matrices Pffl, ie. ny = n for
all layers £. While the following result may not be new for the standard case
with 719 = 7 € R for all ¢, but to the best of our knowledge, this is new for
variable 714

Theorem 6.1 (Feedforward Network and ResNet). Consider the feedfor-
ward network and ResNet with T-variable framework

yll = rl=1gle=1] (=1,...,L -1,
ylth = yle=1 4 ple-1gle-1], (=1,...,L—1.

Let 0% = (W (), bl¥) 7T be the parameters associated with layer k for
k=0,...,L —2. Then the respective derivatives take the form
(6.1) dgmym = H <T[’]dymam> Opii (T[J]am),
i=l—1
Jj+1 A ' o
(6.2) dpy = T] (11 + T[zldymam) i (T alily,
i=f—1
forallt=1,....L—1and j=0,...,£—1.

Proof. For the feedforward neural network we can compute with chain rule

dgmym = demT[g_l}a[e_”
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= 7-[4—1]dy[,571]a[f—1] dgu Al

where - denotes the standard matrix multiplication. By iterating we arrive

at
dpuy = T (T[z]dymam)demyml}: I1 (dey[i]am)aem(Tmam),
i=0—1 i=0—1

Similarly, for the ResNet, we obtain

dgny!? = dgin (Y11 + 71 1gle 1)
— demy[é—ﬂ + T[Z_l]dy[H]a[é—l] . demy[f‘”
= (I+ T[é—ﬂdy[H]a[e—u) demy[z_”,

where I € R™*" denotes the identity matrix, with n = ny constant through-
out all layers £. By iterating we arrive at

jt1
dguyl = H (H-Fdey[i]a[i]) gyl
i=0—1
jt1 ‘ ' o
=11 (H+T[%]dy[i]a[l]>ae[j](T[J}a[J]%
i=0—1

where we use that dgmym = 0. This concludes the proof. O
Remark 6.2. Since o is applied componentwise, special caution needs to
be exercised when deriving dyma[i]. Let rj[-z] be the jth row of Wyl 4 plil

namely > | Wﬁnyq{%} + bgﬂ for j € {1,...,n}. Then, with a slight abuse of

notation, it holds
dy[i]am = dy[i]U(W[i]y[i] + bM)
—dq. [iy)"
= dy[z] (O’(T] )>j:
= diag(a'(r[li]), ol eyl
where o’ (rj[.i]) is the one-dimensional derivative of o at rl. Furthermore, for
the partial derivative dgu) (7V1alll), we recall U1 = (WUI(:), 0], 7U1)T ¢ RV,
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with N = n2 4+ n + 1 and the fact that aU'! depends on WU and bU!, but
not 7V, Consequently, we see

Oy (Tma[j]) = (T[j]aw[.ﬂ(;)a[j] T[ﬂab[.ﬂa[j] a[j]) e RN,

As pointed out above, the standard feedforward neural network, where
7l = 1 for all ¢, can suffer from vanishing and exploding gradients, which
can be a challenge for optimization with deep networks [9, 25]. Consider the
structure of the derivatives in (6.1) with 7 = 1 for all £, e.g. for the final
hidden layer with ¢ = L — 1,

J+1
dpy™ Y = ] (dyma[zJ)aemam
i=L—2

Especially in the one-dimensional case, it is obvious that if the partial deriva-
tives dymam are smaller than 1, the product will tend to 0 as the number of
layers L increases, which leads to vanishing gradients. On the other hand, if
the partial derivatives dy[i]a[i] are larger than 1, the product will tend to co
as the number of layers L increases, which leads to exploding gradients. The
feedforward neural network with variable 7, can potentially help overcome
both problems, since now we have flexibility with respect to 7. But one
needs to be careful as if the gradient components are really small, then 7
needs to be really large to compensate, which could lead to ill-conditioning
issues.

A more appropriate approach is the standard ResNet with 719 = 7 ¢
R for all £. It is known to be stable with respect to vanishing gradients.
Recalling the gradient from (6.2)

1
dgmy[L_l] = H <]I + T[i]dy[i]a[i]) il (T[j]a[j]),
i=L—2

it becomes clear that this stability is achieved by the added identity I in
every part of the product. Hence, even if the Jacobians dy[i]am vanish, the
product still contains the identity matrices. This advantage carries over to
the T-variable framework.

Furthermore, the introduction of 7/ in ResNet allows us to tackle the
exploding gradients problem. This property has also been discussed, using
probabilistic bounds, in [31]. Our approach is deterministic. The standard
ResNet architecture does not have this property. Appropriate small 71 can
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prevent the product from exploding with growing number of layers. However,
choosing 719 too small may lead to vanishing gradient problem again, as we
will illustrate in the following simple example. Recall that, we do not tune
7l by hand, but let the optimization find it.

Example 6.3. Consider the ResNet architecture with variable 7 in one
dimenstion, i.e. one node per layer. We have

dpy 2] — Ayu (T (1] [1])
dg[o]y[ } (1+’T[ } 1]CL[ ])8901( [O}CL[O]).

Assume that d,n 1ol is large, so that it leads to a large dgo 1y[2l. This prob-
lem can be overcome, if 7(/ attains a small value. However, this may lead to
dgmy? being accordingly small in its first two components, i.e. the deriva-
tives by the weights and biases. Consequently, fixing one potential exploding
gradient problem, can cause another gradient to vanish. However, as em-
phasized earlier, we do not tune 7! by hand, but let the optimization find
optimal values.

We also analyze the respective derivatives in the DenseNet architecture
with variable 7. Finding a closed form for dguy¥ is not so easy for this
network architecture, but we can derive a recursive relation in terms of
lower order terms.

Theorem 6.4. Consider the DenseNet with T-variable framework

(-1
Yl :Zy[k’] + =gl (=1,...,L—1.
k=0
Then the derivatives for i =4£,...,j + 2 can be recursively written as
1—2 '
damy[] = dgi Z y + I+ rli=1lq yli yali— ]) damy[%”,
k=j+1

Ay g1 = B (rU1al0)).

Proof. For i = £,...,j + 2 we employ the chain rule of differentiation and
use that dgmy[’“] =0 for k < j+1 to arrive at

dgu z] = dyu (Zy[k]+Tz 1] [1, 1])
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1—2
=dgw Yy + gy + 7l dgy el
k=j+1
1—2 ' ' |
= de[j] Z y[k} + (H + T[lil]dy[i,l]a[lfl]) d@[j]y[zil],
k=j+1

The case ¢ = j+1 is special, since the chain rule does not need to be applied
here. It simply holds

J
Aoy +Y = dg (Zy[k] + T[j]a[j]> = O (UGl

k=0
because k < j + 1. The proof is complete. O

Remark 6.5. In Theorem 6.4 we can successively insert the expressions
for the lower order terms in the higher order terms, so that finally dggy!
depends only on Jgu (T[j]am) and dyma[i] fori = j+1,...,f—1. Furthermore,
we see that every next lower order term enters with a factor

I+ T[i]dyma[i])a

so that one can overcome the vanishing gradients problem in a DenseNet
(both fixed and variable 7 cases). To discuss the exploding gradients prob-
lem we consider for example the derivative dg[J]y[L*I], where one summand
will be HzL:_ja_l (T[i]dyma[i]) Opii (T[j]a[j]). In the standard one-dimensional
DenseNet architecture with 71/ = 1 for all ¢, we see that the above product
tends to co with a growing number of layers L if dymam > 1 for all 4. The 7-

variable architecture can help deal with this problem, see also Example 6.8.

Similarly to the above cases, we can express derivatives of Fractional-
DNN architecture, with variable 7, in terms of lower order terms.

Theorem 6.6. Consider the Fractional-DNN with T-variable framework

-2
Yl =yl =N a1 — W) 4 e el r=1, L1
k=0

Then the derivatives for i =£,...,5 + 2 can be recursively written as

i—2
dgmyM = dgu Z (@i — ai,kfl)y[k]
k=j+1
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+ <(1 —a;;—2)1 + (T[i’l])vcgil dy[iflla["*l]) dgyli=1,
delﬂy[jﬂ] = C;il Ogusn ((Tm)Va[j]).

Proof. First of all, we rewrite the forward propagation for ¢ =1,..., L —1
in Fractional-DNN

{—2
k=0
-2
= aroy” + > (ark — age—1)y™M + (1 — age_o)yl™
k=1

+ (T[ffll)vcw—ila[ffll_

Then for i =4, ...,j + 2 we use chain rule and dgy/* =0 for k < j+1 to
obtain

i—2

dgmym = dgu (ai,()y[o] + Z(ai,k - ai,kfl)y[k]
k=1

0 a4 )

1—2

= dgu Z (aiy — aip—1)y™

k=j+1
+ ((1 - ai,i—2)]I + (T[i_l})WC;il dy[i—l]a[i_l]) dgmy[i_l]_

Finally, for i = j + 1, we exploit again dgumy!*) = 0 for k < j 4 1, and derive

j—1

dgmyUH] = dgu (aj+1,oy[0] + Z(aj+1,k — aj+1,k—1)y[k]
k=1

+ (1= ajer 1)y + (T[j])vcv—ila[jo

= c;_ll A ((rVNY7al]y.

This completes the proof. ]

Remark 6.7. Again, the lower order term representations can be succes-
sively inserted into the higher order terms until we arrive at dguy¥ depend-
ing only on Jyui ((7))7al) and dymal? for i = j+1,...,¢ — 1. Here, the
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next lower order term enters with a factor
(1= ai—a)T+ (P )es ) dyemnali=l),

which allows us to overcome the vanishing gradient problem in Fractional-
DNNs. Furthermore, the multiplication by (T[i_l})“f in this factor can help us
to deal with exploding gradients. This is similar to ResNet with variable 7.

Example 6.8. To get an idea of how different network architectures in-
fluence the derivatives, the derivative dgoy[® is displayed here for the four
different options that have been considered in this section, i.e., feedforward
neural network, ResNet, DenseNet and Fractional DNN:

dy o]y[ ] — 7-[2}dy[2]a[ I ]dy[l 1 810 (710l
dgiory?! I+ 1]d all + T[Z]dy[z]am + 7[1}7[2](1@/[2]@[2] . dyma[l]>
- i (T [0] [0])

o]y 20+ 7 1]d Y a [ | + T[Q]d 1210 [2] + 7'[1] md z]am -dy[l]am)

- Bgror ([,
gy ( 1 —ag0 —azo+azpaz 1)l + (1 —azq1)(7 [1]) L dymal!
+ (1= azo) (TP Te;t dymal 4 (710 (P52 dyal - dyral')
¢4 0o ((71)7al%).

In conclusion, ResNet, DenseNet and Fractional-DNN have a visible ad-
ditive structure in the derivatives, which helps with the vanishing gradients
problem. Furthermore, the parameters 7/ can help overcome both vanishing
and exploding gradients.

7. Numerical results

In this section, we apply the T-variable framework to a ResNet and a Frac-
tional DNN with and without bias ordering (2.5). A thorough compari-
son is carried out in the context of an ill-posed 3D parametrized Maxwell’s
equation with Gauss’s law. This problem is ill-posed because the standard
Nédélec finite element is only curl conforming and cannot directly impose
the Gauss’s law. In all the cases, we apply the smoothed version of standard
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ReLU(y) = max{0,y} as the activation function

max{0, y}, if [yl >n

smoothReLU(y) = )
@) {ﬁyQ + 0.5y +0.25n, if y€[-n,n].

We have found that 7 = 10™* is a robust choice for the examples under
consideration. Notice, that one can also use other activation functions which
can differ from layer to layer.

7.1. Maxwell’s equations

Our findings suggests that the 7-variable framework outperforms the stan-
dard approach (with fixed 7) for deeper networks, see Figure 1. This is
expected, since the effect of variable 71/ will be more prominent when more
layers (and consequently more time-step parameters 719) are present. On the
other hand, for shallow networks, the r-variable framework provides com-
paratively less improvements, see Figure 3(c). Nevertheless, the 7-variable
framework applied to ResNet yields error improvements compared to a stan-
dard ResNet for model extrapolation, see Figure 4. These results are also
comparable to the approximation obtained with the finite element method
(FEM) with the lowest order Nédélec space, cf. Figure 3(d).

Consider the Maxwell-Dirac equations. Our goal is to learn uw : Q C
R3 — R3 that satisfies

curl (;flcurlu) =f inQ,
(7.1) div(eu) =p in Q,
uxn=g on 0f,

where p and e are positive definite symmetric tensors in L>(Q)3, f €
L*(Q)3, p € L*Q) and g € HH_E(divF;aQ). This problem is particularly
difficult at the discrete level due to its divergence-related constraints and

requires rather tailored algorithms to deal with it, see for instance [17].
Therefore, an interesting question is to approximate the map:

(@, f(z), (@), p(x)) = u(z),

that can lead to a reasonable and noise-robust approximation of the solution
u to (7.1), note that we ignore the boundary data g. This approach is similar
to a surrogate model where its output could be used as an initial guess by an
iterative method like the domain decomposition method or in the reduced
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basis method [61]. Nevertheless, those problems are beyond the scope of the
present paper, and it will be studied in future works.

This learning problem is challenging because the solutions to (7.1) can
have discontinuities, while most neural networks, except for the ones with
the Heaviside activation function, lead to continuous approximations. Also,
it is still not clear how to incorporate the geometry (domain 2) of the
problem in a meaningful way. Thus, we consider an example with a known
smooth solution and we compare it with an approximation obtained by
various DNNs and by the lowest order Nédélec space of the first kind, cf.
[48], denoted by Ny(€2). Here, we consider the basis proposed in [27]. In order
to do that, let us consider € = I3y3, and for a smooth ¢ :  — RT we define
pt(x) = p(x)l3x3, then curl (u= ' curlu) = Vo x curlu + ¢ curl (curl u).

Thus, if we consider

(7.2) u:— ]R3, (z1,x2,x3) — I1(r(z1, 22, 23) )€Y,

1
: Q=R (21,29,73) — 5(33% —|—x% + 1),

where (2 is the cylinder {(z1,72,23) € R3: 22 + 23 <1 and x3 € [0,1]}, I,
is the modified Bessel functions of the first kind of order v, r(xy, z2, z3) =

V2?2 + 23, and eg(z1, 72, 73) = (22 + x%)_%(—xg,xl,()), we obtain:

curlu = Ip(r)e,, curl(curlu) =—wu, diveu =0, and

curl (ufl curl u) = —rly(r)eg — pu =: f.

Because wu is divergence free, we consider the reduced map
(z, f(x), p(x)) — u(x), where & = (21, x2,x3), and u(x) = (ui(x), uz(x),
uz(x)). In order to generate the input/output data for the DNNs, we con-
sider points {z;}}¥.; C Q randomly chosen from (2 obtained with Matlab’s
function unifrnd along with philox as the random number algorithm. Here,
we set N = 12,000. Then, {(z;, f(x:), p(x;)) }¥, and {w(z;)}Y; can be uti-
lized as input/output data. We are now ready to train and compare several
DNNs.

Neural network size & network reduction

The bigger the network that we use for training, the bigger the computa-
tional time and the memory requirements. We employ the 7-variable frame-
work and start with a ResNet architecture with 5 hidden layers with 10
nodes each. As target functional we implement the mean squared error with
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no regularization, i.e. Ay = Ay = 0. Additionally, we consider bias ordering
(B.O.) with a fixed Moreau-Yosida parameter § = 10. After 1000 steep-
est descent steps we observe the following result: The relative error in the
Euclidean norm on the test set is 0.07, and we see 711,78 and 714 are ap-
proximately 0. Recalling the ResNet structure with variable 7, (5.2), it is
obvious that e.g. from 7 ~ 0 we can deduce y? ~ Plzy[l]. Consequently,
we delete the hidden layers 2,4 and 5, cf. Figure 2. The reduced network
with 2 hidden layers achieves the same relative error on the test set, i.e.
0.07.
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Figure 2: Left: Optimal weights and biases for ResNet with variable 7 with 5
hidden layers and 10 nodes each with bias ordering. Right: Reduced ResNet
with 2 hidden layers, i.e. hidden layers 1 and 3 from the larger network. The
color of the dots indicates the bias value and the color of the lines indicates
the magnitude of the weight.

While the same relative error is obtained with the reduced network, we
ailm at achieving even better results, therefore we next consider a larger
network size with 6 hidden layers and 50 nodes in each layer (6-50). The
proposed variable-t approach seems to always outperform its constant 7
counterpart, see Figure 1. As stated before, this is expected because the
variable-7 framework and also Fractional-DNN have a bigger impact for
deeper architectures with more hidden layers. Let us remark that the curves
in Figure 1 are not monotone because we have only plotted the mean squared
error term. In case of the entire J we do observe monotone behavior as
expected. Even though we see in Table 1 that 71 > 0 for all £ in this setup,
motivated by the reduction in the previous architecture of 5 hidden layers
and 10 nodes per layer, instead of (6-50), we also consider a network with 2
hidden layers with 50 nodes per layer (2-50), which yields better results, cf.
Figure 3.
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Results: 6 layers-50 nodes vs. 2 layers-50 nodes

From now on, "V (x) will denote the approximation of w obtained with a
neural network at a point «, the specific architecture will be clear from the

context. Note that, u™ (z) = (uM (z), ud™N (z), udN (z)) € R3.

Error L?(Q)-norm

Error L2(Q)-norm

1072

0.173 0217 0.2890.346 0433 0577 0.866 173 0.173 0217 0.2890.346 0.433 0577 0.866 173

h h

(a) Fixed 7 — 6 layers, 50 nodes (b) Variable 7 — 6 layers, 50 nodes

— ResNet + variable 7

... ResNet

— Fractional-DNN + variable 7
Fractional-DNN

1016

10°18

1072

1072

mean squared error

Error L*(Q)-norm

10734

107267

o 0.173 0217 0.289 0.346  0.433 0.577 0.866 1.73
iteration h

(¢) MSE plot — 2 layers, 50 nodes

(d) Comparison — 2 layers, 50 nodes

Figure 3: Comparison between various DNN architectures and FEM. Top
row: L2-error between an exact solution and DNN approximation (6 hid-
den layers with a width of 50 each) or FEM approximation. B.O. indicates
bias ordering. The left and right panels correspond to fixed and variable T,
respectively. Bottom row: The left panel shows the mean squared error
during training of different DNNs with 2 hidden layers with a width of 50
nodes each. The right panel displays the L?-error between an exact solution
and DNN approximation for the same DNNs and FEM.

We compare the neural network results with an approximation obtained
with the FEM, see Figure 3(a), 3(b), and 3(d). To do that, we consider the
unit cube (0,1)3, denoted by Q as a domain. The unit cube is considered, to
test how well the Neural Network performs for unseen data, and to test its

extrapolation properties. Recall that the training data has been generated
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Table 1: Optimal learned 7 variables for various DNN architectures with 7-
variable framework with 6 layers and 2 layers. These are the same network
architectures that are considered in Figure 3

6-50 TOT T A0 T 72 [ 78T [ 74 | 761 | 250 | 707 | 710
ResNet 0.92 | 0.95 | 0.99 | 0.95 | 0.92 | 0.88 0.84 | 0.87
ResNet, B.O. 0.70 | 0.94 | 1.00 | 0.96 | 0.86 | 0.70 0.28 | 0.51
Frac-DNN 0.59 | 0.70 | 0.53 | 0.34 | 0.28 | 0.30 0.94 | 0.93
Frac DNN, B.O. | 0.67 | 0.80 | 0.78 | 0.68 | 0.44 | 0.04 0.85 | 0.95

on €2, which is cylindrical. For the FEM, we consider 10 uniform refinements
of the unit cube (0,1)% and denote by h the mesh size of each one. Then, we
compute ||u—u™V||5 and ||u — w5, where || -||g denotes the L?(€2)3-norm
and wuy, denotes the best approximation of w into No(ﬁ), with respect to the
H (curl; Q)-norm.

In Figure 3(d), we observe that, for the DNN with 2 layers and for
large h, the DNN approach gives a better approximation than the Lowest
Order Nédélec space. We further notice that, as h gets smaller, u™ needs
to be evaluated at more points in © \  and it is not obvious if the DNN
approximation will remain stable. However, Figure 3(a), 3(b), and 3(d) show
that the DNN approximation remains stable.

There exist several ways to measure how well a neural network per-
forms. For instance, for the case of 2 layers and 50 nodes, the training error
is slightly better with the ResNet-based architectures, cf. Figure 3(c), while
a smaller error on unseen data is achieved with Fractional-DNNs, cf. Fig-
ure 3(d). Furthermore, when we plot the error on the square (—1,1)?x{0.5},
we see that Fractional-DNNs, cf. Figure 4(c) and 4(d), extrapolate better
than ResNets, cf. Figure 4(a) and 4(b). In the ResNet setting, employing
the 7-learning framework (Figure 4(b)) yields to slightly better results than
fixing 7 (Figure 4(a)). Additionally, from its definition, we know uz = 0,
cf. (7.2). Hence, we present quiver plots of the first two components of
u(-,x3) for any x3, and u™N(-,0.5), in Figure 5. The two plots seem to co-
incide. Therefore, we further present pointwise errors restricted to 2, where
the pointwise error is measured in the (R?) Euclidean norm. For Fractional-
DNN with variable 7 (2-50) with no bias ordering, inside 2, we observe that
—0.0051 < u)™(x) < 0.0077, i.e., the constraints violation is of the order
of approximation error. Meanwhile, ResNet with variable 7 achieves better
results in this test case.

Besides improving the training, the approximation could be further im-
proved if we know a priori some qualitative properties of the exact solu-
tion. Then, they could be forced in the loss functional, similarly, as it is
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. N I e 5 . .
Pointwise El or at z3 = 0.5 Pointwise Error at 23 = 0.5

(a) ResNet (b) ResNet + 7

Pointwise Error at z3 = 0.5

- Pointwise Error at x3 = 0.5
S — —

(c) Fractional-DNN (d) Fractional-DNN + 7

Figure 4: Comparison of testing errors between ResNet, ResNet with 7-
learning framework, Fractional-DNN and Fractional-DNN with 7-learning
framework (2-50).

done with PINNs, cf. [12]. It is important to mention that several other
numerical examples were considered to test the robustness of our T-variable
framework. For instance, we considered problems where the standard Neural
ODEs (cf. [16]) struggle to obtain good approximations, as pointed out in
[21]. We obtained similar results to the ones presented here. For the sake of
brevity, those results have been excluded.

Conclusion

A time variable learning framework for DNNs has been introduced, which
in general can be applied to any DNN. However, from a mathematical per-
spective, DNN architectures which can be related to dynamical systems
are of interest, since learning 7 then corresponds to optimal adaptive time
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u(-, x3) with a3 € [0,1]. u™V (. x3) at a3 = 0.5.
\ ‘ —1
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Figure 5: u, ™V and pointwise error on €, at z3 = 0.5 (z122-plane).
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stepping. Consequently, special emphasis has been put on applying the 7-
variable framework to ResNet and Fractional-DNN. The 7-variable frame-
work is argued to overcome vanishing and exploding gradient challenges.
The numerical results suggest that DNNs with 7-variable framework out-
perform their counterparts with fixed 7 for deep architectures and enjoy an
improved training error decay. Moreover, this method has the potential of
identifying redundant layers, so that the network size can be reduced while

maintaining the quality of the prediction.
Appendix A. Derivatives of the Lagrangian £

We provide detailed calculations of derivatives needed in Section 5.2. To this
end we recall

L—1 /-2
L(y,0,0) = J0) = > G — Py 0+ ap j(Ph T — Pl
/=1 7=0
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— (7t~ 1])76 o (W =1 ple=tly gl
_<y[L1 _ eyl 11,¢[L1>

A.1. Derivative with respect to yl¥

Here, we calculate the variation of £ with respect to y[g] for{=1,...,L:

L—1
Oy L(y, 0, ¢) = Oy J (0) — Oyue (Z(y[k] — PF ¢[k}>>

k=1
L-1
— B0 <Zak 1 (PE b — phylil), ¢[k1>
k=1
L-1
+ 3,0 ( (- uwcmww—uyw—u+bw—u>,¢w>)
k=1

— Oy <y[L1 _ W[L—uyw—u@m ,

From e.g. [5, Section 4.2.] we have most components of this expression al-
ready given. The main difference lies in the factors aj_ j, since the contained
7Vl ..., 7= are variable now. We only calculate the remaining unknown
term, i.e. the second line in the above equation. First we rewrite the double
sum in the following way:

Z<Z“k (P = phylily ¢[k]>

k=1
-2 (k-1 ‘ b1 |

=2 a g (PEFIYU, g1y 37 gy (PRIL L+ gl
k=0 \ j=0 =0
L—2 [k—1 ‘ i |

= ak’j<PJk+1y[J]7 ¢[k+1]> _ Z ak7j_1<P](c+1y[j]7 ¢[k+1]>
k=0 \ 7=0 j=1

Now we take the derivative with respect to y! and can apply the sum rule
of differentiation:

L—-2k—-1 L-2 k

Zzam e (Y 7] (pk+1) k1) ZZ g j—1 Oyer [j],(Pj{c—H)T(b[k-s-l])

k=0 j=0 k=0 j=1
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_ Z aH(PkH k+1 Z Ut 1Pk+1) ¢[k+1}

k=0,0<k— k=0,0<k
L2 L2

_ BT glit1] k1T gkt

= ag o (PFY T =3 "y oy (PP Tl
k=41 K=t

For £ = L and £ = L — 1 this derivative vanishes. For ¢ = 1,..., L — 2 we
can slightly rewrite to get

L—2 1o
Z ak,ﬁ(ngJrl)TgZ)[k-i-ﬂ _ Z ak’g_l(PKk+1)T¢[k+1]
k=0+1 Py,
L—1
= > (a1 —ap1,e-)(PA) oM —agea (P Tl
k=(+2

Now, the derivative can be assembled.

A.2. Derivative with respect to 74

Care must be observed as aj; contains 7l ... 7], The derivative of
L(y,0,¢) with respect to 7l for £ = 0,..., L — 2 therefore consists of the
following terms:

L-1

0ria L(y,0,9) = 070 J (0) = Do Z<Zak1 ‘f+1y“’+ﬂpfy[ﬂ>,¢“fl>

k=1

L-1
<Z< k=113 U(W[k11y[k11+b[k11)7¢[k1>)'

k=1

We make an index shift from & — 1 to &, use the sum rule of differentiation
and the fact that only 7V, ..., 7(* are contained in a,j to obtain

O Z <Zak 14( +1y[3+1] _pk ylihy, ¢[k]>

k=1
L—-2k—-1

= — Z Zaﬂel(ak,j) <le€;r11y[j+1] _ p]{c+1ym’ ¢[k+1]>

k=0 j=0
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—2min{k—1,¢}
_ Z Z 010 () <})Jk_:r11y[]+1} Pk+1 ¢[k+1]>
Jj=
Using the above equality, we arrive at

87'[2] ‘C(ya 97 gb)

L—2min{k—1,¢} |
B Z Z Orin(ag,;) <P]kf11 +1] PJ{’“+1y[J]7 ¢[k+1]>
+ <7(7—[€])v—lcilg(w[f}y[f] + bm), ¢[£+1]> ‘

For implementations we may want to understand the double summation in
more detail. In fact, it can be split up into 3 terms in the following way:

L—2min{k—1,¢}

— Z: Z 010 (ak,j) <P]kj11y[j+1] - Pfﬂ?/m, ¢[k+1]>
= =" Orialacy) (P = P, gl
- Z Or1 (ag,;) <ngf11 o - Pfﬂy[j]v ¢[k+1]>
= 3 Onalare) (PEE - PR gl

Now for each of the above terms we can easily compute the contained
derivative using basic differentiation rules. Employing the product rule for
j=0,...,0—1,1e. j </{, we get

- -
FLyy ¢ ; ¢ ;
Orwn(agz) = (1 - 7)(7[]-}) ZT” - Z 7l
= i=j+1
1—v 1—v

L

¢
(rlt i i
e (DL I D
=)

i=j+1



An optimal time variable learning framework for DNNs 537

For j=0,....,.—1land k=/¢+1,...,L —2,ie. j </ <k, we have

iy (& & -
N (1 — ) (4] _ (2]
87[4] (ak,]) = (1 7) T[j] ZT Z T
=7 i=j+1
And finally, using the product rule again for k =¢+1,..., L —2,ie. { < k,
we see
k 1=y k 1=y
() i i
8T[e](ak7g) = W Z T — Z’T
i=0+1 =0
k -
(T[k])'y [z]
+ (]- - /7) T[Z] Z_; T
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