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Abstract

Neural networks are usually trained with the gradient descent method, which leads
to minima of the loss function that generalize well to new data. However, it is still
unclear why this method works so well. It has been observed that for a neural network
with small weight initialization, the minimisation of the loss function makes very little
progress for some time, until a sharp transition to a lower value occurs, which corre-
sponds to a new feature that is learned. This incremental learning process corresponds
to the jumping from saddle to saddle point of the loss function. The authors of [2] de-
scribe this saddle-to-saddle behaviour of the gradient flow in a shallow diagonal linear
neural network in the limit of vanishing initialization without restrictive assumptions
on the data. Motivated by this, this study determines the saddle points of the loss
function and investigates the influence of these points on the minimum solution found
with gradient descent in a shallow diagonal linear neural network with small weight
initialization. We found that the equilibrium points of the gradient flow correspond
to sparse vectors that minimize the loss function over its non-zero coordinates. Fur-
thermore, we conclude that the direction of the jumps does not correspond linearly
with the expected direction indicated by the eigenvector corresponding to the largest
positive eigenvalue of the linearized gradient flow.

Keywords: saddle-to-saddle behaviour, shallow diagonal linear neural networks, weight
initialization
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1 Introduction

Neural networks are trained with training data, which consists of examples of input/output
pairs. The training is done by searching through the family of possible equations relating
input to output to find the one that describes the training data most accurately. That is,
we minimize the degree of mismatch between the outcome of the neural network and the
training data, called the loss of this neural network. The loss depends on the parameters,
also called weights, of the neural network. The gradient descent method is widely used to
find the parameters that minimize the loss function. It leads to minima that generalize
well to new data [4]. However, it is still unclear why this method works so well. One way
to understand why the gradient descent method leads to certain minima, is to describe the
full trajectory. It has been observed that learning curves of the gradient descent method
with small initialisations across the training of a neural network are piecewise constant [1].
This means that the minimisation of the loss function makes very little progress for some
time, until a sharp transition to a lower value occurs, which corresponds to a new feature
that is learned. This incremental learning process corresponds to the jumping from one
saddle point of the loss function to another saddle point [2].

Recent papers study this saddle-to-saddle behaviour of linear neural networks in the
limit of vanishing initialization. The authors of 2| describe the trajectory of the gradient
flow over a 2-layer diagonal linear network in the limit of vanishing initialization without
restrictive assumptions on the data. The change in the parameters over time is called the
gradient flow. The authors of 2] describe in full detail the jumping of the gradient flow
from one saddle of the linear loss function to another until reaching a minimum solution.

The goal of this research is to describe the jumping from saddle to saddle of the gradient
flow in detail, to be able to define the influence of these saddle points on the minimum of the
loss function, obtained with gradient descent. This influence is studied by characterizing
the direction of the jumps at each saddle point.

First, we discuss some theory related to this thesis, such as general information about
neural networks, the gradient descent algorithm and the gradient flow. Next, the saddle-
to-saddle behaviour of a shallow, diagonal, linear neural network is discussed. First, this
is done analytically for simple neural networks and afterwards we look at the numerical
analysis for wider neural networks.

2 Neural networks

This section uses [4] to give an introduction to the concept of neural networks and to
explain the gradient descent method. Chapter 2-4 are used for section 2.1 and chapter
6 for 2.2. Furthermore, in this section, the gradient flow is introduced which we will use
extensively in the next sections.

2.1 Introduction to neural networks

Neural networks are functions yne: = f[x, @] with parameters ¢ that map multivariate
inputs x to multivariate outputs y,e;. We assume that the input and output are vectors
of a predetermined and fixed size and that the elements of each vector are always ordered
the same way (structured data).

A neural network is trained with training data, which consists of examples of in-
put/output pairs. Training a neural network is done by searching through the family
of possible equations relating input to output to find the one that describes the training
data most accurately. In other words, fitting mathematical models to the training data.



A regression model outputs a single real number. Supervised learning models map input
data to an output prediction. When the inputs are passed through the network, and the
output is computed, this is called inference.

An important aspect of a neural network is its parameters. Different parameter val-
ues change the outcome of the model. The model equation describes a family of possible
relationships between inputs and outputs, and the parameters specify the particular rela-
tionship. Training/learning a model means finding the parameters that describe the true
relationship between input and outputs the best.

The loss of a neural network is defined as the degree of mismatch between the outcome
of the model that uses parameters ¢, and the training data. It is denoted as L[¢].

When we train the model, we are seeking,

~

¢ = argming|L[¢]]. (1)

This ¢ is called a minimizer of L[¢].
A common loss function is the quadratic loss:

n

Lig) = (flwi ¢] — vi)*, (2)

i=1
where I denotes the number of training data samples. This loss function is usually chosen

because the calculation of its partial derivatives is straightforward.

A neural network can consist of many different layers, which each consist of a number
of nodes. Figure 1 shows an example of a neural network.

Hidden Hidden Hidden
layer, h; layer, hs layer, hs
D; =3 Dy =4 Dy =2 Dy =3 D,=2

Input, x Output, ¥

FIGURE 1: An example of a deep neural network with one input layer @ of width
3, three hidden layers h; for i = 1,2,3 of width 4, 2 and 3 respectively, and one
output layer y of width 2. For each layer j, layer j + 1 is computed by multiplying
layer j with weights ©; and adding bias B;. ([4] section 4.4.1 figure 4.6)

Neural networks map input to output by these three steps in each layer:
1. compute linear functions of the previous layer,

2. pass the result through an activation function a[],



3. weigh the resulting activations with parameters and add an offset.

This offset that is added to each layer is called the bias of that layer (denoted by 3; in
figure 1 for each layer i), and the weights of a layer are parameters with which the values
of the previous layer are multiplied (denoted by €; in 1 for each layer 7).

A common choice for activation function is the ReLU function, defined as follows:

0, ifz<0,
z, if z > 0.

alz] = ReLU|z] = { (3)

The layers apart from the input and the output layer are called hidden layers. The
network depicted in 1[4] for example has three hidden layers. A neural network that has
one hidden layer is called a shallow network. A network with more than one hidden layer
is called a deep neural network. Each layer has a number of nodes. For example, the first
layer in figure 1 has three nodes and the first hidden layer has four nodes. The number of
nodes of the input layer is denoted by D;, the number of nodes of the hidden layers are
denoted by D; for each hidden layer j, and the number of nodes of the output layer is
denoted by D,.

The width of a neural network is the number of hidden units in each layer, the depth
is the number of hidden layers, and the capacity is the total number of hidden units.

The number of layers of a neural network, denoted by K, and the number of hidden
units in each layer are hyperparameters, since they are chosen before we learn the model
parameters.

A neural network with K layers and input data x can be represented as:

h1 = a[ﬁo + Q()X]
hy = a[B3; + Q1hy]
hg = 3[52 + Q2h2]

hg =a[Bx_1 + Qx_1hg_1]
Ynet = /BK + QKhKa

where h; denotes the values of the nodes of hidden layer j and y,.; denotes the network
output.

The parameters ¢ = {3, Qk}ﬁio determine the particular outcome of the model. We
can also write (4) as a single function:

y = Bk + QkalBx_1 + Qx_1a[...05 + Q2a[B; + Qa8 + Qox]]...]]. (5)
A neural network is trained by repeating the following two steps:
1. compute the derivatives (gradient) of the loss with respect to the parameters,
2. adjust the parameters based on the gradient to decrease the loss.

After many iterations, we aim to converge to a minimum of the loss function.

2.2 Gradient descent

To train a neural network, an optimization algorithm is used to find parameters QAS as
described in equation (1). We initialize the parameters experimentally and adjust them



repeatedly in such a way that the loss decreases.

One way to adjust the parameters is to use the gradient descent algorithm, which
is defined as follows: Start with initial parameters ¢ = [¢g, ¢1,...,on]7 and iterate the
following two steps:

1. compute the gradient of the loss with respect to the parameters:

_[oL oL oL 1"

VL[¢:|— %’%7.--’% 3

2. update the parameters according to the rule:
¢+ ¢ —aVL[g], (7)

where the positive scalar «, called the learning rate, determines the magnitude of the
change.

The gradient of the loss function is computed at the current position and indicates the
direction of steepest ascent. So with gradient descent, we move a small distance in the
direction of steepest descent. At the minimum of the loss function, the gradient will be
zero, and the parameters will stop changing.

For n training samples, the gradient of the loss function with respect to its parameters
can be computed by summing up the gradient for each data sample:

VLg] = Viig], (8)
i=1

where [; denotes the loss with respect to one data sample:

li = (fxi @] — vi)> (9)

Loss functions for linear regression problems always have a single well-defined global
minimum. Since they are convex, this minimum is reached with gradient descent. Loss
functions for most nonlinear models, including both shallow and deep networks, are non-
convex. Which means that we may end up at local minima, or at a saddle point. With
gradient descent, the final destination is entirely determined by the starting point.

In the appendix, section 7.1, we explain the backpropagation algorithm, which is used
to calculate the gradient of the loss function for more complex neural network. This study
focusses on shallow diagonal linear neural networks, for which the computation of the
gradient is straightforward, so the backpropagation algorithm is not needed. However, it
is explained in the appendix if the reader wants to extend this research to more complex
neural networks.

2.3 Gradient flow

When we perform gradient descent, we apply the parameter update rule:

G141 = ¢ — aVL[¢], (10)

where ¢ represents the parameters at time ¢ and « is the learning rate. For the case of
the linear regression model, the loss function is convex, and so we are guaranteed to reach
the global minimum eventually if the learning rate is sufficiently small.



If we use an infinitesimally small learning rate, a« — 0, we get:

¢t+1a— bt _ ~VL[¢), (11)

which can be approximated by:

% = —VL[g]. (gradient flow)

This ODE is an example of gradient flow and tells us how the parameters change over time
in the limit of o — 0.

Looking at this equation, we see that for zeros of the gradient of the loss function,
the parameters do not change in time. This means that for a non-convex loss function,
equilibrium points, ¢, that do not correspond to the global minimum of the loss function,
delay the parameter optimization, since Cth = (0. This results in a constant loss function for
the time spend in the neighbourhood of these saddle points. Only after many iterations,
we may escape the neighbourhood of these saddle points. It has been observed that if the
parameters of the network are initialized small, the loss function is piecewise constant with
respect to the time [2], which means that eventually we will escape the neighbourhood of a
saddle point. Our goal in this report is to locate these points and analyse the behaviour of
the parameter optimization in the region around these points. This behaviour of a neural
network that has a piecewise constant loss function is called the saddle-to-saddle behaviour
of a neural network.

3 Methodology

In this section, we introduce the problem setup, which we use to look into the saddle-
to-saddle behaviour of a particular type of neural network, namely diagonal linear neural
networks. These networks are relatively simple, but they are ideal surrogate models to gain
a deeper understanding of complex phenomenons such as the saddle-to-saddle dynamics
[2]. The problem set-up discussed in this section is the same as the experimental setup
described in section 2.1 and appendix A of [2].

We study a linear regression problem, with n data samples, such that z; € R% and
y; € R for every sample i € [0,n]. We denote x € R¥™ as the input and y € R" as
the output data. The neural network maps the input « to the linear function pz, that is,
x +— (p,x). We use the quadratic loss for the parameter optimization:

n

L) = 5 3 (o) — ), (12)
i=1

where x;,y; are the input and output of training sample 7. This loss function is convex,
so a well-defined global minimum can be found with the gradient descent algorithm, as
mentioned in section 2.2.

To study ODE (gradient flow) a 2-layer linear neural network of width d is considered
as shown in figure 2, where diag(v) € R¥?, for v € R, are the inner weights and v € R?
are the outer weights. The activation function is the identity function. The input vector
x € R? is mapped to an output y,e; € R, such that y,e; = (u, diag(v)z). This corresponds
to p = u ® v, where ® denotes elementwise multiplication.

The quadratic loss function is described as follows:

n

Flu,0) = 5 (G, diag(v)a:) — i) (13)
=1



V = diag(v) € RI*d

FIGURE 2: An example of a 2-layer diagonal neural network with width d = 4,
inner weights v € R* and outer weights u € R*. ([3] slide 9)

where x;, y; are the input and output data of a training sample 4. This function is minimized
by applying the gradient descent algorithm with a fixed learning rate denoted by a.

Note that the loss function F'(u,v) is non-convex, unlike the loss function L(p), so we
may not end up at a global minimum, when we apply the gradient descent method to
F(u,v).

Proposition 1 in [2]| section 2.1 states that the saddles points of F' correspond to sparse
vectors that minimize L over its non-zero coordinates. The goal is to determine these
saddles points of F' and study the influence of these points on the parameter optimization.
Note that these saddle points of F' correspond to equilibrium points of (gradient flow).

The initialization of w and v, and therefore also, p is discussed in section 3.1. The data
samples are generated as described in appendix A of [2]: y; = (x4, p*) for every sample 1,
where x; = N(0, H) for the identity covariance matrix H, and p* € R? is a global minimum
of the loss function.

3.1 Weight initialization

As we are interested in the saddle-to-saddle behaviour of linear neural networks in the
limit of vanishing initialization, we initialize the weights of our neural network as follows
with small initialization scale ~:

vo=0€eR yy=v271 € Rio,

which results in pg = 0 € R? independently of ug. The limit v — 0 is taken to approach a
zero weight initialization.

This initialization leads to a zero gradient of the loss function at time ¢ = 0, which
means that the parameters do not change in time. That is why many iterations of the
gradient descent algorithm are needed for the parameters to change significantly. The
authors of [2| speed up’ time in the neighbourhood of the saddle points of the loss function
by the bijection t — ln(%)t. This function that accelerates time is denoted as #,(t). The
accelerated time defines the learning rate of the gradient descent method as ln(%)a in
the neighbourhood of the saddle points. Outside this neighbourhood, the time is not
accelerated, so the learning rate is defined by «. Using this accelerated time, we escape



these saddle points of the loss function, such that we can find a global minimum solution,
j2 (v is written in subscript to emphasize the dependency of p on 7).

The authors of [2] show in section 2.2 that in the limit of v — 0, p5 converges to the
minimum [/1-norm solution

pl, = argming,— i, »p|l1- (14)

The l1-norm of a vector is the sum of the absolute value of the vector’s elements, i.e.,
d
Pl =25 Ipil-
In the next sections, we will locate this minimum solution and look at the equilibrium
points visited before we arrived at this solution, for several shallow diagonal linear networks.

4 Analytical analysis 2-layer linear neural network

In this section, we look at simple shallow diagonal linear neural networks and analyse
the behaviour of (gradient flow) around its equilibria by computing these points and the
linearization of (gradient flow) analytically.

41 Cased=1landn=1

For simplicity, we first look at the case n = d = 1, and compute the equilibrium points
of (gradient flow) analytically to understand how they are computed and how many such
points exists. We have that u,v,z,p,y € R and the weights are ¢ = [v,u]’, such that
p = uv. We assume that x,y are non-zero. The loss function is defined as

F(u,v) = %(UUQS‘ —y)?, (15)

and (gradient flow) can be written as

[gﬂ  VF(uv) = [—(uvx - y)ux} _ [_u%a@ + yux] | 16)

o —(uvr — y)vx —uv?x? + yox

This is a nonlinear system of differential equations, which is autonomous.

An autonomous, non-linear system of differential equations can be analysed using its
linearization at the equilibria. For this, we compute the Jacobian of —V F(u,v) and sub-
stitute the equilibrium points to define their stability.

Equilibrium points of system (16) are points, ¢, such that the right-hand side is the
zero vector, so we need to find the zeros of —VF (u,v).

It can be seen that [v,u] = [0,0] is an equilibrium point, which corresponds to p = 0.
If we require v # 0,u = 0, [v,u| is an equilibrium point if,

yvr =0

The only solution of this equation is v = 0, i.e., the trivial solution [0, 0]. For a non-trivial
solution, we require u # 0,v # 0. In this case [v,u] is an equilibrium point if it satisfies

wzr —y =20

That is u = £, ¢ = [v, £]7 is an equilibrium point of (16).



For the linearization of (16), we compute the Jacobian of —V F(u,v) as follows,

—ula? —2uva? + yx
J(u,v) = [—quxQ + yx —v2z? (17)
Substituting ¢ = [0,0]7 yields,
10 yx
s00= [0 ], s

Its eigenvalues are —ry and xy with multiplicity 1, and eigenvectors [—1,1]7 and [1,1]7

respectively. Therefore, we can conclude that ¢ = [0,0]7 is a saddle point of —VF(u,v).
In the neighbourhood of ¢ = [0,0]7 the general solution to (gradient flow) can be written
as,

b(t) = Cre—V! [ﬂ  Coett m , (19)

where C7 and C5 are arbitrary constants. Now that we determined this general solution,
we can predict the direction of the jump from the saddle point ¢ = [0,0]7. If 2y > 0 we
expect the jump to be linearly in the direction of [1,1]7. That is, as ¢ increases, we expect
to jump to a point, ¢, for which v = u. If zy < 0 we expect the jump to be linearly in the
direction of [~1,1]7. That is, as ¢ increases, we expect to jump to a point, ¢, for which
—v = u.

Substituting ¢ = [v, £]7 in the Jacobian yields,

J(L.v) = [_yz b 2] . (20)

Its eigenvalues are 0 and —1}4’”572—“42 with multiplicity 1, and eigenvectors [—”271, 1]7 and

e
Yy )
The loss function F(u(t),v(t)) is continuously differentiable and positive definite on R?9,
with its minimum at ¢ = [v, Z]T. It follows that,

A]T
? v

respectively. To define the stability of ¢ = [v , we use Lyapunov’s Theorem.

d OF du OF dv

G E ), v(t) = 2-— + 2 -
= (wz — y)ve - —(uwvx — y)ve + (wwr — y)ux - —(uver — y)ux (21)
= —((wvr — g)or)? — ((wvr — g)uz)

<0,

for ¢ # [v, L]7. So L F(u(t),v(t)) is negative definite, which means that ¢ = [v, L] is

Y v ) v
an asymptotically stable minimizer of F'(u,v).

4.2 Case d=1 and n>1

Now that we have looked at the simple case with one data sample, we extend it to multiple,
n, samples. The loss function then becomes

n

F(u,0) = 53 (wwws = i), (22)
i=1

10



and (gradient flow) can be written as,

[#] --vrin -5, 3 [ ) *

=1

Next, we define equilibrium points of (23). It can be seen that ¢ = [0,0]7 is an
equilibrium point and that for a non-trivial point v # 0 and u # 0. In this case, [v,u] is
an equilibrium point if it satisfies

1 n
o 4 1(1“13%‘ —v)=0
1=

Y
’ vx,

That is u = % for every sample i. So ¢ = > 1 | [v, Z-]T for every sample 4, is an equi-

librium solution of (23).

For the linearization of (23), we use the Jacobian computed for the case n = 1. We
compute this Jacobian for every data sample and sum them up to linearize the ODE for
multiple data points. That is,

1 1 & —ulr? —2uvz? + yix
_ 1 ‘ _ = 7 ) . 24
J(u, U) om z; Jz(ua U) m z; |:—2’U/U3712 + YiZi —’sz% :| ( )
= =

Substituting the equilibrium point ¢ = [0,0]7 yields,

1 & 1 &[0 YiLs 0 LS i
J(0,0) = — J:(0.0) = — Lkl on Zui=1Yili|
(25)
Its eigenvalues are Ay = —5-> " | z;y; and Ay = 5 > 7 | z;y; with multiplicity 1, and
eigenvectors [—1,1]7 and [1,1]T respectively. Therefore, ¢ = [0,0] is a saddle point of
network with d = 1 and multiple data samples. In the neighbourhood of ¢ = [0,0]” the
general solution to (gradient flow) can be written as,

b(t) = Cret [_11] + Cpeet H , (26)

where C] and C are arbitrary constants. Now that we determined this general solution, we
can predict the direction of the jump from the saddle point ¢ = [0,0]”. If ﬁ Yo wiy; >0
we expect the jump to be linearly in the direction of [1,1]7. That is, as ¢ increases, we
expect to jump to a point, ¢, for which v = u # 0. If % Yo wiy; < 0 we expect the
jump to be linearly in the direction of [~1,1]7. That is, as ¢ increases, we expect to jump
to a point, ¢, for which —v = u #£ 0.

Yi
) vx;

Substituting the equilibrium point ¢ = Y"1 [v, 2-]T into the Jacobian yields,

2 n
— [_2111 Yt i Ui ] . (28)

2
1% T5n 200
by D i1 YiTi — 5, Dy v

11



The computation of the eigenvalues of this matrix gets very complicated once we increase
n. Therefore, we look into the numerical computation of the values of this matrix in the
next section to be able to classify this equilibrium point.

In the appendix, section 7.2, we look at a shallow diagonal linear neural network with
d = 2 and compute its equilibrium points.

4.3 General case

For a shallow diagonal linear network with n data samples and width d, the network is
represented by y € R", x € R¥" and u,v,p € R?, such that ¢ = [v,u]’, p = v ® v and
the loss function is written as:

F(u,v) = %((u,v o) —1y)* (29)

ODE (gradient flow) can be written as:

‘dvl . r -
i (u1v1214 + UgV2T2; + -+ - + UpVpTni — Y)UITT 4
dvd 1 n
at | — & (U1U1!E1,i + ugUaTo i + -+ F UpVpTni — y)ud:ng (30)
% 2n P (u1v11; + UgVaTo i 4 - - + UnVpTpg — Y)VI1T1; |
_%_ | (w1011 + ugVaZo i + - - + UpVnTnyg — Y)VqT2,i |

where z;; denotes element j of the ith sample vector x.

It can be seen that ¢ = 0 is a trivial equilibrium point of (30), which corresponds to
p = 0. It can also be seen that, similar to the previous cases we analysed, a non-trivial
equilibrium point requires u; # 0 and v; # 0, which correspond to p; # 0, for at least one
value j € [0,d].

5 Numerical analysis 2-layer linear neural network

Now that we have analysed the ODE (gradient flow) analytically for simple neural net-
works, we look into the numerical analysis of these networks to compare our results. Fur-
thermore, we look at neural networks with a higher width that use more data points and
analyse the behaviour of (gradient flow) around the equilibria by looking at its lineariza-
tion.

This section uses numerical results which are made by implementation of a shallow
diagonal linear neural network in the programming language Python.

5.1 Implementation shallow diagonal linear neural network

A shallow diagonal linear neural network is implemented, for which the width, the number
of data points as well as the step size of the gradient descent method and the weight
initialization can be varied with.

First, all hyperparameters are set. These are:

e d, the width of the input and hidden layer,
e T, number of iterations,

e «, step size of gradient descent algorithm,

12



e n, number of data points,
e ~, weight initialization scale,
e margin, threshold for the size of VF(u,v).

Next, the data points are generated as described in section 3. We set a seed, such that
we always get the same generated data points. The weights of the network are initialized
according to section 3.1. Algorithm 1 describes the whole implementation, where next to
the loss of every iteration also the gradient is computed, and which is used in the gradient
descent step. If the gradient in one iteration is sufficiently small (maximum element smaller
than the threshold), the weights corresponding to that iteration become our estimate of
the equilibrium point. The exact value of this point is computed by solving for zeros of the
gradient with our estimation. This is done by the scipy.optimize.root function in Python
from the library Scipy. This function takes as input a system of equations that we need to
find the roots of and an initial guess of the solution. It outputs the values of the variables
that satisfy the system of equations and are close to the initial guess. Once we have
computed this equilibrium point, we compute the Jacobian of VF(u,v) and substitute
the equilibrium point to define its stability. Once the gradient surpasses the threshold,
the weights change and we 'move’ towards another zero of VF (u,v). The moment the
gradient gets smaller again, we have arrived at this point, and we repeat the process of
computing this equilibrium point. In algorithm 1 the size of the gradient is kept track
of by the boolean plateau. If the gradient is small and plateau is true, we solve for the
equilibrium point. Plateau is set to false in this case, such that we know not to solve for
the equilibrium point again if the weights did not change. Once the gradient surpasses
the threshold, boolean plateau is set to true, so that we know to solve for the equilibrium
point once the gradient gets small again. Note that the accelerated time as described in
section 3.1 is not implemented.

The loss function is plotted against the number of iterations as well as the values of the
elements of p. The equilibrium points as well as the eigenvalues and eigenvectors of the
linearization around these equilibrium points are printed. Furthermore, we keep track of
the iteration at which the maximum element of the gradient is less than the margin, that
is, the iteration at which we arrive at a plateau.

13



Algorithm 1 Computation equilibrium points

Set hyperparameters
Generate data points
Initialize weights
Compute network output
Compute initial loss value
plateau < True
fort + 1,7 do
Compute current values of neural network
Compute gradient, VF(u,v)
if max (VF(u,v)) > margin then
plateau < True
else if max (VF(u,v)) < margin and plateau == True then
plateau <+ False
Compute zero of VF(u,v) using ¢, as estimation
Compute the Jacobian of V F'(u, v) and substitute the computed equilibrium point
Compute eigenvalues and eigenvectors of the Jacobian
end if
Update weights according to gradient descent step
Compute the loss value
Compute p; = us © v¢
end for

5.2 Comparison analytical analysis
5.2.1 Case d=1 and n=1

First, we analyse the case n = 1 and d = 1 and check our results with the analytical
analysis explained in section 4.1. Table 1 shows the values of the hyperparameters and
the generated data. As explained in section 3.1 the weights are initialized as vy = 0 and
up = V21 = 1.4142 - 101001,

T « n % margin p* T Y

1000000 0.001 1 107199 10=* 0.7153 1.3316 0.9525

TABLE 1: Values hyperparameters and generated data for a 2-layer diagonal linear
neural network n=d=1.

Figure 3 shows the loss function over time as well as the values of p over time. Indeed, we
observe that for small weight initialization, the loss function is piecewise constant. The
weights contributing to the plateaus in the loss function are computed, and the results are
as follows.

The first equilibrium point is ¢ = [v,u]” = [0,0]”. The Jacobian at this point is,

0 1.2683]

70,0)~ [1.26836 0

which has eigenvalues and corresponding eigenvectors,

eigenvalue — 1.2683, with eigenvector [—0.7071,0.7071]7,
eigenvalue 1.2683, with eigenvector [—0.7071, —0.7071]7.
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FIGURE 3: 2-layer diagonal neural network n=d=1, Left: the loss function over
time, Right: the coordinates of p over time.

The second point is ¢ = [v,u]” = [0.8457,0.8457]7, with Jacobian,

—1.2683 —1.2683

J(0.8457,0.8457) & | 1 '5ees 1 96s3]"

which has eigenvalues and corresponding eigenvectors,

eigenvalue 0, with eigenvector [0.7071, —0.7071]%,
eigenvalue — 2.5366, with eigenvector [0.7071,0.7071].

These results agree with our analysis is section 4.1. The equilibrium points are [0, 0]
and [v, %]T, where v = 0.8457 in this case. The equilibrium point ¢ = [0,0]7 is indeed
a saddle point, since the eigenvalues are of different sign. The point ¢ = [v, %]T is
indeed an asymptotically stable minimizer, since the eigenvalues are nonpositive and p* =
uv = 0.7153. So we can conclude that the loss function moves from a saddle point to a
minimizer. Furthermore, it is interesting to note that u = v for both equilibrium points
which causes the Jacobian to be symmetric, so its eigenvalues are real. In section 4.1
we characterized the direction of the jump from ¢ = [0,0]7. The results agree with this
jump direction determined in the analytical analysis, since for this example xy > 0 and we

jumped linearly in the direction of [1,1]7 from [0,0]%.

5.2.2 Case d=1 and n—=4

We analyse the case for more than one data point, by running the algorithm for a value
of n > 1. The hyperparameters are the same as the previous case, table 1. Table 2 shows
the values of the generated data.

p* 0.6213
x | [1.3316,0.7153, —1.5454, —0.0084]7
y | [0.8274,0.4444, —0.9602,0.0052]"

TABLE 2: Generated data for a 2-layer diagonal linear neural network n= 4 d=1.
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FIGURE 4: 2-layer diagonal neural network n=4 d=1, Left: the loss function over
time, Right: the coordinates of p over time.

Figure 4 shows the loss function for the case of 4 data points.

The first point equilibrium point is ¢ = [0,0]%, with Jacobian
0 1.2683
J(0,0)~ [1.2683 0 ] ’

which has eigenvalues and corresponding eigenvectors

eigenvalue — 2.0821, with eigenvector [—0.7071,0.7071]7,
eigenvalue 2.0821, with eigenvector [—0.7071, —0.7071]7.

The second equilibrium point is ¢ = [0.7882,0.7882]7, with Jacobian,

—2.0821 —2.0821

J(0.7882,0.7882) ~ | 5 1001 50821 ]

which has eigenvalues and corresponding eigenvectors,

eigenvalue 0, with eigenvector [0.7071, —0.7071]7,
eigenvalue — 4.1642, with eigenvector [—0.7071, —0.7071]7.

These results can also be compared to our analytical analysis. Indeed, the equilibrium
point ¢ = [0,0]7 is a saddle point and ¢ = [v,> 1, Uy—gl]T is an asymptotically stable
minimizer, since the eigenvalues are nonpostive and p* = uwv = 0.6213. Furthermore, it is
also interesting to note that for different values of n, u = v. The results agree with our
characterization of the jump direction in the analytical analysis, section 4.2, since for this
example % Yoy iy = 0.3629 > 0 and we jumped linearly in the direction of [1, 17 from
[0,0]T.

In the appendix, section 7.3, we compare the results of our implementation for a diag-
onal linear neural network with d = 2 and n = 1, with the analytical analysis explained in

7.2.
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5.3 Neural networks with higher width

In this section, we look at wider 2-layer diagonal linear networks with more data points,
for which it was complicated to calculate and classify the equilibrium points analytically.

For several cases, we vary with the width of the layers, the number of data points, and
give the resulting loss function, equilibrium points and the type of these points.

5.3.1 Case d=2 and n=2

Figure 5 shows the loss function as well as the coordinates of p, for hyperparameters shown
in table 3 and generated data shown in table 4.

T a d n 0% margin
500000 0.01 2 2 107°° 10°¢

TABLE 3: Values hyperparameters for a 2-layer diagonal linear neural network n=2
d=2.

p* [0.6213, —0.7201]7
x| [[1.3316,0.7153]7,[—1, 5454, —0.0084] 7]
y [0.3123, —0.9542]

TABLE 4: Generated data for a 2-layer diagonal linear neural network n—= 2 d=2.

Loss function over iterations p values over iterations
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FIGURE 5: 2-layer diagonal neural network n=2 d=2, Left: the loss function over
time, Right: the coordinates of p over time.

We observe that the loss function is a piecewise constant function with 3 plateaus.
Table 5 shows the weights contributing to these plateaus, the type of these equilibrium
points and the iteration at which the maximum element of the gradient is less than the
margin for each plateau.

In the jump from the first saddle to the second, only the first coordinate of p gets
activated. In the jump from the second saddle to the minimum, also the second coordinate
gets activated. Also note that |u| = |v| for all equilibrium points, similar to our observation
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Equilibrium Point ¢ Type Iteration
[0,0,0,0]” Saddle 1
[0.6740, 0, 0.6740,0]” Saddle 12693
[0.7882, —0.8486, 0.7882, 0.8486]” | Minimizer 140737

TABLE 5: Classification of equilibrium points and the iteration at which we arrive
at the equilibrium points for a 2-layer diagonal linear neural network n=2 d=2.

in the previous section.

Table 6 shows the eigenvectors corresponding to the largest positive eigenvalue at each
saddle point equilibrium point. We observe that for the first jump, from pg to pi, the
expected direction corresponds linearly with the actual direction of the jump. That is,
if we move a distance, ¢, in the direction of the eigenvector corresponding to the largest
positive eigenvalue, we arrive at the next saddle point, p;11 = p; + ¢s; for both i = 1,2 (in

0.

this case, ¢ = ﬁ = 0.9). The linearization at p; has two positive eigenvalues of almost

the same value:

{eigenvalue 0.1948, with eigenvector [—0.50, 0], (31)

eigenvalue 0.2082, with eigenvector [0, —0.50]7.

This means that both coordinates will change value in the jump from p; to p*, only the
second one will change more than the first. This corresponds with our result.

oy . . R . i T
Equilibrium point ¢; = [v;, u;]", Eigenvector s,
Di = U O
Po = [07 O]T 50 = [0507 O]T
p1 = [0.45,0]T s1 = 10,0.50]T

p* = [0.62,-0.72]" -

TABLE 6: The eigenvector, s;, corresponding to the largest positive eigenvalue at
saddle point [v;, u;], which corresponds to p; = u; ® v; for a 2-layer diagonal linear
neural network n =2 d = 2.

5.3.2 Case d=7 and n=5

Figure 6 shows the resulting plot. Table 7 shows the values of the hyperparameters and
table 8 shows the generated data.

T @ d n y margin
500000 0.001 7 5 107100 104

TABLE 7: Values hyperparameters for a 2-layer diagonal linear neural network n=>5
d=7.

We observe in figure 6 that the loss function has 5 plateaus. Table 9 shows the weights
contributing to these plateaus, the type of these equilibrium points and the iteration at
which the maximum element of the gradient is less than the margin for each plateau.
Looking at the coordinates that get activated with each jump from an equilibrium point,
we see that first only the third coordinate gets activated. In the second jump also the fifth
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p* [10,20,0,0,0,0,0]"

[[1.3316,0.7153, —1, 5454, —0.0084, 0.6213, —0.7201, 0.2655]7 ,
[0.1085,0.0041, —0.1746, 0.4330, 1.2030, —0.9651, 1.0283] 7,
x| [0.2286,0.4451, —1.1366,0.1351, 1.4845, —1.0798, —1.9777]T,
[—1.7434,0.2661, 2.3850, 1.1237, 1.6726, 0.0991, 1.3980]T ,
[—0.2712,0.6132, —0.2673, —0.5493, 0.1327, —0.4761, 1.3085] 7]

Y [27.6214,1.1713,11.1891, —12.1123, 9.5516]

TABLE 8: Generated data for a 2-layer diagonal linear neural network n= 5 d=7.

Loss function over iterations
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FIGURE 6: 2-layer diagonal neural network n=>5 d=7, Left: the loss function over

time, Right: the coordinates of p over time.

Equilibrium Point ¢ Type Iteration
0[?6?6?6?07?6?6]% Saddle 1
%0003_5’3(1)313 8 8 8] r Saddle | 13798
s Voo | saadte | soass
[(27433)77866,,2_.62;232,23: 8: 8: 8]’7(“) Saddle 82615
51625 41720.0.0005,0,0.0,0 | Minimizer | 572728

TABLE 9: Classification of equilibrium points and the iteration at which we arrive
at the equilibrium points for a 2-layer diagonal linear neural network n=>5 d=7.

coordinate gets activated, but at the third jump this same coordinate gets deactivated
again. After the last jump the first and second coordinate are active, and it looks like the
third coordinate gets deactivated in this last jump, but if we zoom in we see that it is still

active, see figure 7.

Five plateaus are seen in figure 6, but only four are recognized by our algorithm with
the chosen hyperparameters. The last plateau, around iteration 150000, is not calculated,
so cannot be classified. A reason for this could be that the transition is not sharp enough,
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Loss function over iterations p values over iterations

100 4 0.01 4
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FIGURE 7: 2-layer diagonal neural network n=>5 d=7, Left: the loss function over
time, Right: the coordinates of p over time zoomed in at the fifth plateau.

i.e., the gradient does not surpass the threshold. Therefore, increasing the margin to 1073
has been tried, but also in this case, the equilibrium point did not get computed. However,
when we increased the number of iterations significantly, we are able to find the minimizer.
With T set to 1000000, the last equilibrium point is classified as an asymptotically stable
minimizer, see table 9. So the loss function jumps from four saddles to a minimizer at
which the first, second and third coordinate are active. It is also observed that |u| = |v]
for all equilibrium points, similar to the previous cases.

Table 10 shows the eigenvectors corresponding to the largest positive eigenvalue at
each saddle point equilibrium point. We observe that only for the first two jumps, the

Equilibrium point ¢; = [v;, u;]7, Eigenvector s;
Pi = Ui O V;
Po = 0 So — —0.5063
pP1 = —9.1963 S1 = 0.5065
po = —9.64e3 + 3.91e5 s9 = 0.50e7
p3 = 1.6562 — 7.1963 S3 = 0.5067
p* = 10.00eq + 20.00e2 -

TABLE 10: The eigenvector, s;, corresponding to the largest positive eigenvalue at
saddle point [v;, u;], which corresponds to p; = u; ® v; for a 2-layer diagonal linear
neural network n =5d =7.

expected direction corresponds linearly with the actual direction of the jump. That is,
if we move a distance, ¢, in the direction of the eigenvector corresponding to the largest
positive eigenvalue, we arrive at the next saddle point, p;+1 = p; + ¢s; for ¢ = 1,2. For
the last two jumps, the eigenvector does not correspond linearly with the direction of the
jumps.

5.4 Non-zero weight initialization

In this section, we look at the loss function in the case that the weights are not initialized
to zero. Instead of vg = 0, we set it to the weight-initialization scale vy = 1.
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d=7 and n=5

With hyperparameters 7" = 1000000, o = 0.01, the margin = 10~* and, similar to the
previous case, p* = [10,20,0,0,0,0,0], we find the minimizers denoted in table 11 for
different values of . The loss at all these minimizers is zero.

vg =71 Minimizer ¢
1 V9 V3 V4 Us V6 U7
v U1 U9 us Ugq Uus Ug Uy
10-50 [3.1621]  [4.4713] [-0.0012] 0 0 0 0
13.1621|  [4.4713] | 0.0012 | 0 0 0 0
N [3.1435] [4.4689] [—0.3655] [0.2836] [—0.0108] [0.3134] [0.1346]
10 13.1459]  |4.4705] |[-0.3789] |0.3141] | 0.0032 | |0.2518] |0.1849]
) [2.7458] [4.3476] [—1.1612] [0.8205] [—0.1777] [2.0119] [0.2537]
13.0597] |4.5327| | 1.7114 | |1.5908] | 0.1430 | |0.5520| |1.3989]
) [2.1233] [4.0702] [—1.1172] [0.7903] [—0.4516] [3.8570] [0.1995]
3.4828| |4.8180] | 2.8516 | |2.8424] | 0.4030 | |0.4290| |2.7850]

TABLE 11: The minimizers of the loss function for different values of -, for a 2-layer
diagonal linear neural network with n =5, d = 7, T' = 1000000, o = 0.01 and the

margin = 104

We observe that for a small weight initialization, the minimizer is indeed a sparse
vector, unlike the minimizer for a larger weight initialization. If we increase v further to
~ = 7 the loss function diverges. In figure 8 the loss function is shown up to iteration 300
for v = 5. We see that we jump straight to the minimum, and the coordinates of p oscillate

during this jump, after which they converge.
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FI1GURE 8: 2-layer diagonal neural network n=5 d=7 v = 5, Left: the loss function
over time, Right: the coordinates of p over time with oscillation during the first few
iterations.

6 Discussion & Conclusion

In this paper, we have looked at the saddle-to-saddle behaviour of the gradient flow in
shallow diagonal linear neural networks and how the saddle points influence the minimum
solution of the loss function found with gradient descent.

From the analytical analysis, we saw that equilibrium points of (gradient flow) are
sparse vectors and that for each equilibrium point the stability can be determined by
looking at the linearization of (gradient flow) around this point. Furthermore, we charac-
terized the jump directions for several simple diagonal linear neural networks. We checked
correctness of our implementation of a shallow diagonal linear neural network using the
results of the analytical analysis. This implementation was used to determine the equilib-
rium points of (gradient flow) for wider neural networks. We saw that the loss function
jumps from saddle points to an asymptotically stable minimizer in the case of small weight
initialization, and that at each jump, certain coordinates activate or deactivate.

One of the goals of this study was to characterize the direction of the jumps. In the
numerical analysis, we studied these directions for two examples of shallow diagonal linear
neural networks. We observed that for these examples, the direction of the first two jumps
is linear in the expected direction, that is, the direction of the eigenvectors corresponding
to the largest positive eigenvalues. However, this cannot be concluded for the other jumps.
It would be an interesting topic for further research to characterize these jumps.

Unfortunately, there was not enough time to study the jump times during this research.
It would be interesting to characterize the time at which we jump from one saddle to
another saddle or minimizer. If we can predict the time we spend at a saddle point, we
can 'speed up’ the time by the bijection described in section 3.1 in this time interval and
switch to the normal learning rate « for the times in between the saddles. Therefore, we
recommend this topic for further research.

In this study, we did not look at the saddle-to-saddle behaviour for non-linear neural
networks or more complex neural networks, which have a higher width and depth. We
recommend these studies for further exploration.
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7 Appendix

7.1 Backpropagation

This section uses chapter 7 of [4] to explain the backpropagation algorithm. Applying the
gradient descent method to the loss function of a neural network gives rise to the issue
of calculating the gradients efficiently. This is difficult since large neural networks have
millions of parameters and the derivative needs to be computed for every parameter at
every iteration of the training algorithm.

The backpropagation algorithm is an efficient method for computing all the partial
derivatives of the loss function for every parameter. It consists of a forward pass and a
backward pass. In the forward pass, we compute and store all the intermediate values of
the network and the network output. In the backward pass we calculate the derivates of
with respect to each parameter, starting at the last layer of the network, reusing previous
calculations, and we move toward the input layer.

We consider a neural network with K layers as described in equations (4). We want to
compute aaé; and fgi’ for the parameters ¢, = {Bk, Qg } at every layer k € {0,1,..., K}
and for each data sample i. When we use the activation function a[-], the backpropagation
algorithm can be described in the following way.

The forward pass is defined by computing all intermediate values and the network
output:

fo = By + Qox;, (32)
hk = a[fk,l], (33)
fi = By + Qihy, (34)

for k=1,2,..., K. Where fi. denotes the pre-activation of layer k.
For the backward pass, we start with the derivative gfl; of the loss function [; with
respect to the network output fxr and work backward through the network:

fork=K,K—-1,..,1

ol; ol;
0l; ol;
i JhT
afk_l =a [fkfl] © Qk aifk, (37)
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where ® denotes elementwise multiplication, and a'[-] is the derivative of the activation
function. Finally, we compute the derivatives with respect to the first set of biases and
weights:

ol ol
aﬂo = afo Xi - (39)

We calculate these derivatives for every training example and sum them together to retrieve
the gradient for the gradient descent parameter update.

The backpropagation algorithm is efficient, since the most complicated computational
step in both the forward and backward pass is the matrix multiplication (by €) which
only requires additions and multiplications. However, it is not efficient in memory, since
the intermediate values in the forward pass must all be stored. This can limit the size of
the model we can train.

7.2 Analytical analysis case d = 2

For simplicity, we again look at the case n = 1 and d = 2, and compute the equilibrium
points of (gradient flow) analytically to understand how they are computed and how many
such points exists. We have that y € R and z,u,v,p € R?2. We assume that z,y are
NON-ZETO.

We denote the vectors x,u, v, p as:

gt e g MR PR
such that the loss function is defined as follows:

Flu,v) = %(Ullel + uguazs — y)*. (40)
Representing the parameters of the neural network as a vector,

& = [v1,v2,u1, ug]" . (41)

ODE (gradient flow) can be written out as:

dvy

i —(upv121 + U2v2Ty — Y)u1 T

% — —(u1v1m1 + U2V2T2 — Y)U2T2 (12)
d% —(urv121 + UgVexy — Y)V1X]

du2 _( )

UIV1IT] + UV2T2 — Y )V2X2

dt

The next step is to find the equilibrium points of (42). A trivial equilibrium point is,
¢ =1[0,0,0,0]”, which corresponds to p; = 0,i = 1,2.

If we require one parameter, for example w1, to have non-zero value, all elements of the
right-hand side of (42) are zero, except for the first one. Setting this equation to zero, we
get,

UIr1Y1 = 0.

Since the data points are already given, the only solution is u; = 0, which is the trivial
solution.
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Looking at (42) it can be seen that a non-trivial equilibrium point, requires u; and vy,
ug and vo, or all parameters to have a non-zero value. Note that these cases correspond to
the cases p1 #0, poa #0, and p; #0,i =1,2.

The first case, ui,v; # 0, reduces the equations to find the zeros of —VF'(u,v) to the
following:

—(wmviz1 — y)uizy =0,

—(uiv1z1 — y)viz1 = 0.

The solution to this system of equations need to satisfy:

uinr =Y,
which is u; = —£- (can also be written as v; = —£-).
V121 u1T1

The equilibrium point corresponding to the second case, ug, vy # 0, is derived in the

same way and is defined as, us = —Z- (can also be written as vy = —£-).
) VX1 U221

For the last case, u1,us, v1, v # 0, substituting the weights does reduce the equations
to find the zeros of—V F'(u,v), but the solutions need to satisfy the following equation:

UIVIL] + UV2XT2 = Y.

The solution can be written in multiple ways, for example u; = ¥=22%2

Now that we have defined the equilibrium points of ODE (42), we define their stability
using the linearization of the ODE around these points. This requires the computation of
the Jacobian of —VF(u,v). Afterwards, we substitute the solution in the Jacobian and
compute its eigenvalues, to define if the solution is stable or unstable.

The Jacobian of —V F(u,v) is defined as follows:

2,2 2
uyTry ULU2X1 T2 Uv1 Ty + r1q ULV2T1T2
2.2 2
ULU2Xx 1T U5 UU1T1T2 UU2T +$2q
J(Ul,UQ,Ul,UQ):— 2 22 2.2 2 ) (43)
U101y + r1q U2V1L1T2 V1T V10212
ULV2L1T2 'U/QUQ.'L'% + Ta2q V1UV2X1T2 ’U%LE%

where ¢ = ujv121 + ugvoxe — Y.
If we evaluate the Jacobian at the equilibrium points we found in the previous section,
we can classify them. The equilibrium point ¢ = [0, 0, 0, O]T, corresponds to

0 —T1Y 0
0 0 0 —T

J(0,0,0,0)=—|_ = 0 2 (44)
0 —T2y 0 0

which eigenvalues are —x1y, 1y, —r2y and x2y, with eigenvectors [—1,0,1,0]7, [1,0,1,0]7,
[0,—1,0,1]7 and [0, 1,0, 1]” respectively. We see that for every data sample the eigenvalues
will have different signs, two positive and two negative values. This means that ¢ =
[0,0,0,0]" is a saddle point.
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In the neighbourhood of ¢ = [0,0,0,0]7 the general solution to (gradient flow) can be
written as,

-1 1 0 0
o(t)=C —z1yt O, eyt 0 Clae %2t —1 C, %2yt 45
0 0 1 1

where C, Cy, C3 and Cy are arbitrary constants. Now that we determined this general
solution, we can predict the direction of the jump from the saddle point ¢ = [0,0,0,0]”.
If |z1| > |22| and 21y > 0 we expect the jump to be linearly in the direction of [1,0,1,0]%.
That is, as t increases, we expect to jump to a point for which v1 = w1 # 0 and vo = ug = 0.
If |21] > |22| and 21y < 0 we expect the jump to be linearly in the direction of [—~1,0,1,0]%.
That is, as t increases, we expect to jump to a point for which —v; = u; # 0 and
vy =ug = 0. If |x1| < |z2| and 22y > 0 we expect the jump to be linearly in the direction
of [0,1,0,1]7. That is, as t increases, we expect to jump to a point for which ve = ug # 0
and v; = up = 0. If |x1] < |z2| and z2y < 0 we expect the jump to be linearly in the
direction of [0,—1,0, I]T. That is, as t increases, we expect to jump to a point for which
—vg = ug #= 0 and v; = u; = 0.

The Jacobian evaluated at ¢ = [v1,0, ﬁ, 0]7, corresponds to
fz—z 0 1Y 0
Y 0 0 0 0
J(==,0,v1,0) = 46
V121 b 1y 0 —’U%JJ% 0 ( )
0 0 0 0
The eigenvalues are,
0, with multiplicity 3,
4.2 2
~UEEY  with multiplicity 1.

1

These eigenvalues are nonpositive. Similar to the previous section, we use Lyapunov’s
Theorem to define the stability of ¢. The loss function F'(u(t),v(t)) is continuously dif-
ferentiable and positive definite on R? and has its minimum at ¢ = [v1,0 0]7, since
F[¢] = 0.

For u,v € R? and n = 1,

Yy
Y vz’

d d
d OF du; OF dv;
GO = GG Y e a

i=1

d
= E (uiv1z1 + ugvaxs — Y) vz - —(Urv121 + UgvaLy — Y)vixi+

d
E (ullel + ugvoxy — y)um . —(u12}1x1 + ugvoxy — y)uzxz

1=1
d d
= =) ((wvrwy + ugvaws — y)vizs)® = > ((wrvizy + ugvaws — y)usw;)
=1 i=1
<0,

(47)
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for ¢ = [v,u]’ for which (ujv1z1 + ugvezs —y # 0. So %F(u(t),v(t)) is negative defi-
nite, which means that ¢ = [v1,0, ﬁ, 0]7 is an asymptotically stable minimizer of F'(u,v).

The Jacobian evaluated at ¢ = [0, v2, 0, 025;2}T is,

0
2yl (48)

2,2
—VaIy

_y

J(o, L,o,vg) -

3
VL9 0

oo o o
oo O O
o

Z2y

The eigenvalues are,

0, with multiplicity 3,
. v%x% +y2
2

)

,  with multiplicity 1.

y]T

Using Lyapunov’s Theorem again, denoted in equation (47), we conclude that ¢ = [0, vg, 0, v

is an asymptotically stable minimizer of F'(u,v).

: _ Y—U2V222 T
The Jacobian at ¢ = [v1, va, oA, ug]" is

(y—u2v222)? Uz B2 (Y—u2v272)

vaxa (Y—Uu2v222)
v} v1 21y — uzv22) v
Y — UV2x2 o (Y—uavats) 2.2 2
J(i»l@,vl, U2> =— o U3 “2”593;“ UgV2%3
V121 21(y — ugv2xs) UV T1 L2 viTy V1V2X1 22
voxa(Yy—u2vex 2 2,..2
w U V23 V1V L1 T2 viws
(49)
0, with multiplicity 3,
2 2 4.2 2 2
UV T —+(u2v2x —2uovox2y+vixi+(vivax + . e .
_ (w2niz2) 4 (uzvaza) 2;}22 2y oy ey (vivars)” Hy ,  with multiplicity 1.
1
Similar to the previous cases, we can conclude, using Lyapunov’s theorem, that =
b ) ) b
[, vo, S22 ug]” is also an asymptotically stable minimizer of F'(u,v).

7.3 Numerical analysis case d=2

We analyse the case n = 1 and d = 2 and check our results with the analytical analysis ex-
plained in section 7.2. Table 12 shows the values of the hyperparameters and the generated
data.

T « n 0% margin p* T Y
—1.5454 1.3316
-100 —4 }
1000000 0.001 1 10 10 [—0.0084] [0.7153} 2.0638

TABLE 12: Values hyperparameters and generated data for a 2-layer diagonal linear
neural network n=1 d=2.

Figure 9 shows the resulting plot.
The weights contributing to the plateaus in the loss function are computed, and the
results are as follows.
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Loss function over iterations p values over iterations
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FIGURE 9: 2-layer diagonal neural network n=1 d=2, Left: the loss function over
time, Right: the values of the elements of p over time.

The first equilibrium point is ¢ = [0,0,0,0]7, with Jacobian

0 0 —2.7482 0

0 0 0 —1.4762
—2.7482 0 0 0 ’

0 —1.4762 0 0

which has eigenvalues and corresponding eigenvectors,

eigenvalue — 2.7482, with eigenvector [—0.7071,0, —0.7071, 0],
eigenvalue 2.7482, with eigenvector [0.7071,0, —0.7071,0]7,
eigenvalue — 1.4762, with eigenvector [0,0.7071,0,0.7071]7,

eigenvalue 1.4762, with eigenvector [0, —0.7071,0, —0.7071]%.

The second point is ¢ = [—1.2450, 0, 1.2450, O]T, with Jacobian

—2.7482 0 27482 0
0 0 0 0

27482 0 —-2.7482 0|’
0 0 0 0

which has eigenvalues and corresponding eigenvectors,

eigenvalue — 5.4963, with eigenvector [0.7071,0, —0.7071,0]7,

[
eigenvalue 0, with eigenvector [0.7071,0,0.7071,0]7,
eigenvalue 0, with eigenvector [0, —0.7071,0,0.7071]7,
eigenvalue 0, with eigenvector [0, —0.7071,0, —0.7071]%.

These results agree with our analysis is section 7.2. The equilibrium points are [0, 0, 0, 0],
which is a saddle point, and [v1, 0, vfjcl ,0]7, which is an asymptotically stable minimizer,
p] = uiv; = —1.5454. So we can conclude that the loss function moves from a saddle point
to a minimizer, and only the first coordinate of p gets activated for these generated data

points. Furthermore, it is interesting to note that |u| = |v| for both equilibrium points,
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which causes the Jacobian to be symmetric, so its eigenvalues are real. The results agree
with our characterization of the jump direction in the analytical analysis, 7.2, since for this
example |z1| > |x2| and x1y = —2.7482, so the jump from [0, 0,0, 0]7 should be linearly in
the direction [—1,0,1, O]T, which corresponds to the actual jump direction.
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