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Abstract

This paper studies the gradient flow dynamics that arise when training deep homogeneous
neural networks assumed to have locally Lipschitz gradients and an order of homogeneity
strictly greater than two. It is shown here that for sufficiently small initializations, during
the early stages of training, the weights of the neural network remain small in (Euclidean)
norm and approximately converge in direction to the Karush-Kuhn-Tucker (KKT) points of
the recently introduced neural correlation function. Additionally, this paper also studies the
KKT points of the neural correlation function for feed-forward networks with (Leaky) ReLU
and polynomial (Leaky) ReLU activations, deriving necessary and sufficient conditions for
rank-one KKT points.

1 Introduction

Neural networks have achieved remarkable success across various tasks, yet the precise mechanism driving this
success remains theoretically elusive. The training of neural networks involves optimizing a non-convex loss
function, where the training algorithm typically is a first-order method such as gradient descent or its variants.
A particularly puzzling aspect is how these training algorithms succeed in finding a solution with good
generalization capabilities despite the non-convexity of the loss landscape. In addition to the choice of the
training algorithm, the choice of initialization in these algorithms plays a crucial role in determining the neural
network performance. Indeed, recent works have made increasingly clear the benefit of small initializations,
revealing that neural networks trained using (stochastic) gradient descent with small initializations exhibit
feature learning (Yang & Hu, [2021)) and also generalize better for various tasks (Chizat et al., |2019; |Geiger
et al.l |2020; Woodworth et al.; |2020)); see Section [2| for more details into the impact of initialization scale.
However, for small initializations, the training dynamics of neural networks is extremely non-linear and not
well understood so far. Our focus in this paper is on understanding the effect of small initialization on the
training dynamics of neural networks.

In pursuit of a deeper understanding of the training mechanism for small initializations, researchers have
uncovered the phenomenon of directional convergence in the neural network weights during the early phases
of training (Maennel et al., |2018; |Luo et al.| [2021)). The authors of Maennel et al.| (2018) study the gradient
flow dynamics of training two-layer Rectified Linear Unit (ReLU) neural networks, and demonstrate that
in the early stages of training, the weights of two-layer ReLLU neural networks converge in direction while
their norms remain small. This phenomenon is referred to as early directional convergence. In a recent
work, [Kumar & Haupt| (2024) further established early directional convergence for two—homogeneou{] neural

LA neural network H is defined to be L-(positively) homogeneous, if its output H(x; w) satisfies H(x; cw) = cL'H(x; w), Ve > 0,
where x is the input and w is a vector containing all the weights.
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networks, illustrating the importance of homogeneity for such types of phenomenon (as opposed to the specific
choice of activation function or architecture).

To describe the phenomenon of early directional convergence for two-homogeneous neural networks, [Kumar
& Hauptl (2024)) introduced the notion of the Neural Correlation Function (NCF). For a given neural network
and a vector, the NCF quantifies the correlation between the output of neural network and the vector; we
provide a more precise definition in Section [3] They show that in the early stages of training, the weights
of the neural network remain small and converge in direction to a KKT point of the constrained NCF, an
optimization problem that maximizes the NCF on unit sphere.

So far, all the works on the early stages of training dynamics of neural networks for small initialization have
only considered two-layer neural networks (or more broadly, two-homogeneous networks). In contrast, our
understanding for deep neural networks is much more limited. In the first part of this work, we establish early
directional convergence for deep homogeneous neural networks. We particularly consider L-homogeneous neural
networks, where L > 2, that have locally Lipschitz gradients, and our main result can be summarized as follows:

o In Theorem [T] we describe the gradient flow dynamics of deep homogeneous neural networks, with
order of homogeneity strictly greater than two, trained with small initializations. Specifically, for
square and logistic losses, we show that if the initialization is sufficiently small, then in the early
stages of training the weights remain small and either approximately converge in direction to a
non-negative KKT point of the constrained NCF defined with respect to the labels in the training
set, or are approximately zero.

It is worth noting that we assume neural networks to have locally Lipschitz gradients, which excludes
deep ReLU networks. However, it does include deep linear networks (Arora et al., [2019a; [Saxe et al.,
2014)), and deep neural networks with differentiable and homogeneous activation such as polynomial ReL.LU
¢(x) := max(zx,0)P for p > 2 (Gribonval et al. |2022; |Klusowski & Barron) 2018} [Zhong et all |2017) and
monomials (Livni et al., [2014; |Soltanolkotabi et al., [2019). We also discuss the challenges in extending our
results for deep ReLU networks in Appendix

The second part of our paper studies the KKT points of the constrained NCF for feed-forward homogeneous
neural networks. For such networks, we observe empirically that, along with converging towards a KKT
point of the constrained NCF during the early stages of training, the hidden weights also exhibit a rank
one structure. Motivated by this observation, we mathematically characterize the rank-one KKT points of
feed-forward homogeneous neural networks. Our second main result can be summarized as follows:

e In Section [5] we derive sufficient conditions for a rank-one KKT point of the constrained NCF for
feed-forward neural network with activation function o(x) = max(x, ax)P, for some p € N, o € R and
arbitrary training data. We also provide matching necessary conditions under additional assumptions
and validate these assumptions empirically. Our results also provide a method to obtain rank-one
KKT points of the constrained NCF using KKT points of a smaller optimization problem.

2 Related Works

Understanding the training dynamics of neural networks has been the subject of numerous investigations,
including (Arora et al., |2019b; |Chizat & Bach, 2020; |Chizat et al., |2019; |Jacot et al., 2018; |[Mei et al. 2019).
These investigations have revealed two contrasting viewpoints depending on the scale of initialization. For
large initialization regimes, the training dynamics of wide neural networks are effectively captured by a
kernel referred to as Neural Tangent Kernel (NTK) |Jacot et al.| (2018). In this regime, the weights remain
close to initialization during training, and neural networks behave like their linearizations around their
initializations (Chizat et al. 2019). On the other hand, in small initialization regimes, the training dynamics
are extremely non-linear, and the change in weights during training is significant (Chizat & Bach, 2018}
Geiger et al.l [2020; [Mei et al., |2019; [Yang & Hul [2021). Moreover, studies like |Chizat et al.| (2019); |Geiger
et al.| (2020) have observed improved generalization with decreasing initialization scale for various tasks,
which makes understanding the dynamics of neural networks in the small initialization regime crucial for
better understanding of practical success of deep networks.
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While considerable progress has been made on understanding the dynamics of neural networks in the large
initialization regime, the theoretical investigations into the small initialization regime have been comparatively
limited, primarily due to the extremely non-linear dynamics during training. Such investigations have
predominantly focused on linear neural networks (Arora et al., 2019a}; |(Gunasekar et al., |2017; [Woodworth
et al.| [2020)) and shallow non-linear neural networks (Chizat & Bachl 2018} |2020; [Mei et al.l |2019; Rotskoff &
Vanden-Eijnden, 2018). Even for these networks, a comprehensive understanding of the gradient descent
dynamics is further limited to diagonal linear networks (Woodworth et al., [2020]), shallow matrix factorization
(Jin et all [2023; [Stoger & Soltanolkotabil [2021), and two-layer (Leaky) ReLU networks under various
simplifying assumptions on the datasets (Boursier et all 2022; |Brutzkus & Globerson, [2019; [Lyu et al. 2021;
Min et all [2024; Wang & Mal |2023). Our work could be the first step towards a greater understanding of the
training dynamics of deep neural networks.

The phenomenon of early directional convergence for small initializations was first investigated by [Maennel
et al| (2018) for two-layer ReLU neural networks. This was later extended to two-homogeneous neural
networks by [Kumar & Haupt| (2024), which includes, in addition to two-layer ReLU neural networks, single
layer squared ReLU neural networks and deep ReLU neural networks with only two trainable layers. Other
empirical investigations have observed early directional convergence in some deeper networks as well. For
example, [Zhou et al.| (2022) looks at the early training dynamics of three-layer ReLU neural networks and
observe that weights converge along some specific orientations. Also, |Atanasov et al.| (2022)) empirically show
an alignment effect in the kernel of the neural network during early stages of the training. However, rigorous
investigations thus far have been limited to shallow neural networks. Despite focusing solely on the early
phases of training, these works demonstrate that interesting behaviors begin to emerge very early in the
training dynamics. Moreover, these insights into the initial stages of training have been useful towards a
comprehensive understanding of the entire training dynamics in some special cases (Boursier et al.| [2022;
Min et al., [2024; [Lyu et all 2021 [Wang & Ma), 2023)).

3 Problem Formulation

Notation: For any N € N, we let [N] = {1,2,..., N} denote the set of positive integers less than or equal
to N. We let || - ||2 denote the ¢3 norm for a vector and the spectral norm for a matrix. For a vector
z € R™, z; denotes its ith entry, |z| = [|21], [22],- -, |za]] T, and 27 = [29, 24, .-+, 24]T, where ¢ € N. We write
x(t) =: d'Z—Ef), and for the sake of brevity we may remove the independent variable ¢ if it is clear from context.
For any locally Lipschitz continuous function f : X — R, its Clarke sub-differential is denoted by df(x). For
o:R — Rand p €N, oP(-) denotes the function resulting from composing o(-) with itself p times, and we
assume 0%(z) = z. We define a KKT point of an optimization problem to be a non-negative (non-zero) KKT

point if the objective value at that KKT point is non-negative (non-zero).

Problem setup: We adopt a supervised learning framework for training, where we assume {x;,y;}; is the
training dataset, and let X = [x1,...,%,] € R¥*™ and y = [y1,...,y,] ' € R". For a neural network #, its
output is denoted by H(x; w), where x is the input and w € R¥ is the vector containing all the weights, and
VH(x; w) denotes the gradient of H(x; w) with respect to w. We let H(X; w) = [H(x1;W),..., H(xn;w)] €
R™ be the vector containing the output of neural network for all inputs, and J(X;w) : R¥ — R™ denotes the
Jacobian of H(X;w) with respect to w.

The following assumptions formalize the properties of neural networks considered in this paper.

Assumption 1. We make the following tripartite assumption on the neural network function: (i) For
any fixzed x, H(x;w) is locally Lipschitz and is definable under some o-minimal structure that includes
polynomials and exponentialﬂ (ii) For all ¢ > 0, H(x;ew) = cEH(x;w), for some L > 2 (i.e., the network is
L-homogenous). (iii) H(x;w) is differentiable in w and its gradient, VH(x;w), is locally Lipschitz.

2We note that definability in some o-minimal structure is a mild technical assumption and is satisfied by all modern deep
neural networks. It allows us to ensure convergence of certain gradient flow trajectories (Ji & Telgarsky 2020]).
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In this paper, we consider the minimization of

n

Lw) =3 (Hxiw),p.)., (1)

=1

where £(§,y) is the loss function, and Vgf(g,y) is assumed to be locally Lipschitz in §, which is sat-
isfied by typical loss functions such as square and logistic losses. For z,y € R"™, we define ¢'(z,y) =
(Val(z1,91)s s Vgl(zn,yn)] T € R™. We minimize eq. using gradient flow, which leads to the following
differential equation

w(t) = =VL(w(t)), w(0) = dwo, (2)

where § is a positive scalar that controls the scale of initialization, and wq is a vector.

Following [Kumar & Haupt| (2024), for a fixed vector z € R™ and neural network H, the Neural Correlation
Function (NCF) is defined here as
Non(w) = 2" H(X; w),

and measures the correlation between the vector z and the output of the neural network. The constrained
NCF refers to the following constrained optimization problem

x Ny au(w).

wli3=1

4 Early Directional Convergence

4.1 Main Result

The following theorem establishes the approximate directional convergence in the early stages of training
L-homogeneous neural networks with small initializations.

Theorem 1. Let wq be a fized unit vector. Under Assumption for any e € (0,1/2), where 1 is a positive
constant, there exists T, B and § > 0 such that the following holds: for any 6 € (0,0) and solution w(t) of
eq. with initialization w(0) = dwy, we have

|w ()], < Bed, for allt € [0,T./6"7?].
Further, for T. = T, /6172, either
IW(T)ll2 > dn/2, and u]w(Te)/|lw(Te)ll2 > 1~ (1 +3/n)e,
where u, is a non-negative KKT point of

max N—é/(O,y),H(u) = max 78,(07Y)TH(X;U)7 (3)

[ull3=1 ull3=1

or |[w(T.)||2 < 26e.

The above theorem first shows that for a given €, we can choose d small enough such that for ¢ € [0, 7, /672
the norm of the weights increases at most by a multiplicative factor. Thus, for small § the weights will remain
small for ¢ € [0,7./6%2]. Furthermore, since L > 2, for smaller § the weights will stay small for a longer
duration of time.

Next, the theorem describes what happens at T, = T, /672, the duration for which the norm of the weights
remain small. There are two possible scenarios. In the first scenario, the weights approximately converge
in direction along a non-negative KKT point of eq. , which is the constrained NCF defined with respect
to —¢'(0,y) and neural network #H. Thus, in the early stages of training, the weights of the neural network
converge in direction while their norm remains small. In the second scenario, the weights approximately

converge to 0, which can be observed by noting that ||w(T.)||2 < 2d¢, where we can choose € to be arbitrarily
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small. This is in contrast with the first scenario, where ||w(T.)||2 > dn/2 and 7 is a constant that does not
depend on ¢. This shows that in the second scenario, compared to the first scenario, the weights become much
smaller. The second scenario arises due to the convergence of the gradient dynamics of the NCF towards 0;
see the proof for more details. We also note that for a fixed training data and neural network, w( determines
which of the above two scenarios will occur. In addition to this, the positive constant n in the above theorem
is also determined by wq and is independent of 4.

It can be shown that for square loss, £(§,y) = 3(§ — y)? and —¢'(0,y) =y, and for logistic loss, £(§,y) =
In(1 4+ e=%) and —¢'(0,y) = y/2. Therefore, for square and logistic loss, the objective function of the
constrained NCF in eq. will be yTH(X;u). We also study KKT points of the constrained NCF for
feed-forward neural networks in Section [B] which some readers may find helpful.

Overall, the phenomenon of early directional convergence in deep homogeneous networks is similar to two-
homogeneous networks (Kumar & Haupt], 2024, Theorem 5.1), except for one difference. The amount of time
required for directional convergence in deep homogeneous networks has an additional factor of 1/6“~2. Thus,
directional convergence takes longer as depth increases.

4.1.1 Proof Sketch of Theorem [I]

We next provide a brief proof sketch of the above theorem. We begin by describing the (positive) gradient
flow dynamics of the NCF.

For a given vector z and a neural network 7, the gradient flow resulting from maximizing the NCF is
u= VNZ,H(u)a u(O) = U, (4)

where ug is the initialization. Note that the NCF may not be bounded from above. Therefore, gradient
flow may potentially diverge to infinity. However, the following lemma shows that the gradient flow either
converges in direction to a KKT point of the constrained NCF, or converges to 0.

Lemma 2. Under Assumption for any solution u(t) of eq. , one of the following two possibilities is
true.

1. There exists some finite T* such that lim;_p« ||u(t)||2 = co. Further, lim;_,7 u(t)/||u(t)||2 exists
and is equal to a non-negative KKT point of the optimization problem

max Ny x(u) =z H(X;u). (5)

llul3=1

2. For all t > 0, ||u(t)]2 < oo, and either lim;_, . u(t)/|[u(t)||2 exists or lim;,u(t) = 0. If
limg o0 u(t)/||u(t)||2 exists then it is equal to non-negative KKT point of eq. (5).

To prove the above lemma, we require the neural networks to be definable with respect to an o-minimal
structure. Such a requirement allows us to use the unbounded version of Kurdyka-Lojasiewicz inequality
proved in |Ji & Telgarsky] (2020) for establishing directional convergence. A similar result was demonstrated in
Kumar & Haupt| (2024) for two-homogeneous networks. However, in that instance, the solution u(¢) remains
finite for all finite time (see Lemma , whereas in our case, u(t) may become unbounded at some finite time.
Also, for our proof, we had to derive the rate at which u(t) grows, showing that, if u(t) becomes unbounded,
then |[u(t)||2 > &/(T* — t)*/(£=2) for some x > 0 and for all ¢ near T*.

We next explain our proof technique for Theorem [I] assuming square loss is used for training. The evolution
of w(t) is governed by the differential equation

W= Z (yi — H(xi;w)) VH(x;w) = T (Xsw) T (y — H(X;w)), w(0) = Sw, (6)

where (as mentioned) § > 0, and recall J(X;w) : R¥ — R" is the Jacobian of the function H(X;w) with

respect to w. We define s(t) = tw (5753 ); then, s(0) = wo. Further, by using the L-homogeneity of H (X; w)
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and (L — 1)-homogeneity of J(X;w) (Lemma [J), we can derive the evolution of s(t) as follows
ds d (1 t 1 . t
ar —ar\a" \ot=2 ) )~ sr1 512
1 t
=517 (X5 w <5L2
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Overall, this implies

Now, we compare the dynamics for s(¢) in eq. (7)) with the dynamics of gradient flow of the NCF defined
with respect to y and neural network H,

@ = VA5 (0) = 7(X;w) Ty, u(0) = wo. (®)

Observe that if § = 0, then the two dynamics are exactly the same, and since s(0) = wo = u(0), we have that
s(t) and u(t) will also be same. For § > 0, there is an extra term §7# (X;s) present in eq. . For small 4,
we show that this extra term is small and while s(¢) and u(t) are not exactly the same, the difference between
them is small, i.e., ||s(t) — u(t)]|2 is small. Moreover, we show that the difference can be made sufficiently
small for a sufficiently long time by choosing d small enough. We combine this fact with Lemma [2] to prove
Theorem [} Specifically, from Lemma [2) we know that u(t) will either converge to 0 or converge in direction
to a KKT point of the constrained NCF. Therefore, we first choose a time (say T') such that u(7') has
approximately converged in direction to a KKT point of the constrained NCF or is in the neighborhood of 0.
Then, we choose § sufficiently small such that [|s(t) — u(t)||2 is small for all ¢ € [0, T]. Since s(t) = tw (572 ),
we have that [|[$w (5725 ) —u(T)||2 is also small. Finally, since 4 is a positive scalar, and u(T') approximately
converges in direction to a KKT point of the constrained NCF or is approximately 0, it follows that w ((;LL_Q)
also approximately converges in direction to a KKT point of the constrained NCF or is approximately O.

As a quick aside, we note that there are two key aspects in the definition s(t) = %W (5%2) First, we have
divided by §. We know that ¢ controls the scale of initialization and is assumed to be small. Dividing by
0 removes that scaling and makes s(t) a constant scale vector. More importantly, dividing by § does not
alter the direction, i.e., the direction of s(¢) and w(t) are always the same. Thus, establishing directional
convergence of s(t) will also imply directional convergence of w(t). Second, we rescale the time by 6¢=2. To
understand the importance of this time rescaling, let us look at the magnitude of the gradient of the loss
at initialization in terms of §. Since d is small and wq has unit norm, || 7(X;w(0))" (y — H(X;w(0))) |2 ~
|7 (X;w(0)) Tylla = O(6571), where in the last equality we used (L — 1)-homogeneity of the Jacobian. We
observe that for initialization of scale §, the gradient scales as 6“~!. Thus, in the early stages the gradient
will have negligible effect on the weights, in terms of both magnitude and direction. Moreover, based on the
relative scaling of the gradient and the initialization, the gradient will only start impacting the weights after
O(1/8%2) time has elapsed. Hence, for smaller initialization, the gradient flow will take longer to make an
impact on the weights. Thus, in a way, rescaling time by §£~2 brings the time of s(t) to a “constant scale”.
We also highlight the importance of homogeneity. It allows the above two changes to interact nicely with the
gradient flow and results in dynamics of s(¢) that are essentially independent of 4, provided ¢ is small.

Finally, in comparison to [Kumar & Haupt| (2024)), which studies early directional convergence for two-
homogeneous neural networks, the main conceptual innovation in this paper is the time rescaling by §7~2. In
fact, the proof in that work relies on showing that the difference between w(t)/é and u(t) remains small for a
sufficiently long time. To see a motivation for this, note that we can get eq. (7) from eq. () for L = 2 as well.
However, for L = 2, the time rescaling factor §7~2 will become unity, yielding s(t) = w(t)/d. Now, since the
gradient flow dynamics for the NCF of two-homogeneous neural networks also converges to a KKT point of
the constrained NCF, to establish early directional convergence one must show that the difference between
w(t)/d and u(t) remains small for a sufficiently long time. Another notable difference with [Kumar & Haupt
(2024) is in the gradient flow dynamics of the NCF. As mentioned previously, from Lemma [2| we know that
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Figure 1: Early training dynamics of a squared-ReLU neural network. Panel (a): the evolution of training loss
(normalized with respect to loss at initialization) and the f2-norm of all the weights with iterations. Panel
(b): the evolution of VN (w(t))Tw(t)/||VN (W(t))||l2 (a measure of directional convergence of w(t)). Note
that the loss has barely changed, and the norm of weights has increased by a constant factor but remains
small. Also, the weights approximately converge in direction to a KKT point of the constrained NCF.

for L > 2, the gradient flow dynamics of the NCF can become unbounded at some finite time, whereas for
L = 2, the dynamics remains finite for finite time. This difference necessitates a more careful analysis of the
early stages of training in order to ensure directional convergence for deep homogeneous neural networks.

Challenges for non-differentiable neural networks: Theorem [I| holds for neural networks with locally
Lipschitz gradient, and thus excludes ReLU neural networks. We briefly describe the challenges in extending
Theorem [I] to ReLU networks in Appendix [D] which also includes an empirical evidence that early directional
convergence also occurs in ReLU networks.

4.1.2 A Closer Look at the Weights

In this section, we use a toy example to highlight the emergence of additional structural properties in the
weights during the early stage of training that are not explained by Theorem

We train the following 3—homogeneous neural network H(x;v,U) = v max(Ux,0)%, where v € R29x!

and U € R?°%10 by minimizing the square loss with respect to the output of a smaller neural network
H*(x; Vi, Uy) = v, max(U,x,0)?, where the entries of v, € R?*! U, € R?*!0 are drawn from the standard
normal distribution. The training data has 100 points sampled uniformly from unit sphere in R'°. Let w be
a vector containing all the entries of v and U, and w = w/||w||3. We train for 50360 iterations using gradient
descent with step-size 2 - 1072, and the initialization w(0) = dwg, where § = 0.05 and wg is a random unit
norm vector. Figure [la] depicts the evolution of training loss and £ —norm of the weights. Note that the loss
almost remains the same, and the norm of the weights has increased but only by a constant factor and is
still small. A unit norm vector is a KKT point of the constrained NCF if the vector and the gradient of the
NCF at that vector are parallel (see Lemma . Hence, to measure the directional convergence of w to the
KKT point of the constrained NCF, in Figure [Lbl we plot the evolution of the inner product between w(t)
and VN (w(t))/||VN(w(t))]|2, where N(-) denotes the NCF for this example. Clearly, in accordance with
Theorem [T} the weights approximately converge in direction to a KKT point of the constrained NCF.

We next take a closer look at the weights of the neural networks at iteration 50360, i.e., when the weights
have approximately converged in direction to a KKT point of the constrained NCF. In Figure [2| we plot the
normalized absolute value of the weights at initialization and at iteration 50360. At initialization the weights
appear to be random, as expected, but at iteration 50360, they are more structured. The hidden weights
(U) appear to be of rank-one as only one row is non-zero, and the outer weight (v) has a single non-zero
entry. This suggests that weights converged towards a KKT point of the constrained NCF that have low-rank
hidden weights. Similar behavior is observed with deeper networks and other activation functions as well (see
Section , and has also been observed in some previous works (Zhou et al., 2022; [Atanasov et al., 2022).



Published in Transactions on Machine Learning Research (03/2025)
v1/[Lwll>
0

Ul/[|wll 05 [v]/[[wl2
0 0
012
10.175 5‘ 0.5
0.4
10.150 0.10 - -
5 : 5 0.4
0125 008 03
0.100 " 03
0.06
0.075 0.2 0.9
0.04
0.050 . . 5
; 0.1 o1
0.025 0.02
0 5

(a) At initialization (b) At iteration 50360

—

Figure 2: Normalized absolute value of the weights at different stages of training.

Since the constrained NCF is a non-convex problem with potentially multiple KKT points, an important
question arising from the above observation is why gradient descent converges towards low-rank KKT points.
A more basic question, addressed in the next section, is whether low-rank KKT points always exist for the
constrained NCF, and can they be characterized? Given the complex nature of the problem, their existence is
not immediately clear, especially for deep neural networks. We next study the KKT points of the constrained
NCF for feed-forward neural networks with Leaky ReLLU and polynomial Leaky ReLLU activation functions.
For arbitrary training data, necessary and sufficient conditions are derived for a set of weights to be a KKT
point of the NCF that have rank-one hidden weights.

5 KKT Points of Constrained NCF

This section presents necessary and sufficient conditions for a set of weights to be a KKT point of the
constrained NCF of feed-forward neural network that have rank-one hidden weights. For a given input x, the
output of an L-layer feed-forward neural network H is defined as

/H(X;Wh'-',WL):WLU(WL,1-~-U(W1X)-~')ER, (9)

where W; € RFt*Fi-1 are the trainable weights, and kg = d and k; = 1. The activation function o() is
applied coordinate-wise to vectors, and in this section is assumed to be of the form o(z) = max(ax, z)?, where
p € N and a € R, which includes deep ReLU and polynomial ReLLU neural networks. The corresponding
constrained NCF is the following optimization problem:

o A NWi, - W)=y HX; Wy, Wp), st [Wi||%4-+ W% =1. (10)
1577 L

Note that, we have considered the NCF in the above equation with respect to y for convenience, it may be
replaced with any other vector.

5.1 Leaky RelLU

We first consider the activation function of the form o(x) = max(z, ax), for some o € R.

Theorem 3. Let H be an L—layer feed-forward neural network as defined in eq. @, where L > 2 and
o(x) = max(z, ax) for some a € R. Let W1., be defined as

Wl:L = (Wh' B ,WL,MWL) = (alb]—,~ .. ,aL,lb—Lll,WT), where ||alH2 = ||bl||27 fOT’ CL”Z c [L — 1].

(i) Suppose o # 1 and the entries of {al}lL:_ll7 {bl}le_Q1 are non-negative, then W1.r, is a non-zero KKT
point of eq. if and only if the following holds: ||a||3 = 1/V/L, for alll € [L — 1], |[W|3 = 1/L,
a; = by, for alll € [L — 2], and qa;,_, = L'/*W, for some q € {—1,1}. Further, by is a non-zero
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KKT point of

maXZyl “Y(x; ), such that ||u?=1/VL. (11)

(ii) Neat, suppose a = 1, then W 1.1, is a non-zero KKT point of eq. if and only if the following
holds: |la;||3 = 1/VL, for alll € [L —1], |W|3 = 1/L, qa; = byy1, for all 1 € [L — 2], and
qr_1ar_1 = LY*W, where q; € {—1,1}. Further, by is a non-zero KKT point of

maxz:yz Y(x] ), such that |[u|? =1/VL. (12)

In the above theorem, {a;, Z} 1 are vectors used to build the rank-one hidden weights. In both cases,
we first provide the norm of these vectors. Next, for a # 1 and assuming the entries of {a;};—*, {b/}/5,
are non-negative, we present additional necessary and sufficient conditions, which can be divided in two
parts. First is the alignment: a; = by, for all I € [L — 2], and qar 1 = = L'/*%, for some ¢ € {—1,1}, which
implies that the column—space of W, and row-space of W, must be aligned. The second part requires by
to be a KKT point of eq. , a smaller optimization problem, where note that o“~!(-) denotes the function
resulting from composing a(o) with itself (L — 1) times. The results for & = 1 are mostly similar, but do not
require any non-negativity assumption.

5.2 Polynomial Leaky ReLU

We next provide necessary and sufficient conditions for activation function of the form o(x) = max(z, ax)?,
for some o € R, p > 2 and p € N. In the following theorem, for a given p, we define p = pL~! +pl =2 +... +1.

Theorem 4. Let H be an L—layer feed-forward neural network as defined in eq. @D, where L > 2 and
o(x) = max(z,ax)? for some « € R, p > 2 and p € N. Let Wy, be defined as

Wi = (Wi, ,W;_1,W.)=(aib],--- ,ar_1b} |, W), where ||a||2 = ||by||2, for all | € [L —1].

(i) Suppose o # 1 and the entries of {ay}1—,', {b1}}5" are non-negative, then W1.r, is a non-zero KKT
point of eq. (10) if and only if the following holds ||al||‘2l =pl=t/p, for alll € [L — 1], |[W|3 = 1/p,
b, = al_l/p1 1 for2 <1< L-1, andw = qar_1/(pp)'/*, for some q € {—1,1}. Further, for
1 <1< L-—1, each non-zero entry of a; has identical values, and by is a non-zero KKT point of

manyl “L(x/u), such that ||u||2 = \/pL=1/p. (13)

(ii) Suppose o = 1, then W1.r, is a non-zero KKT point of eq. (10) if and only if the following holds:
laulld = 1/, for all L € [L— 1], [w|3 = Up, b= - S e (o i s o
and by = ql|al,1|/p /4% = qL|aL,1|/(pp)1 4 if p is even, where q; € {—1,1}, for all 2 <1 < L.
Further, for 1 <1 < L —1, each non-zero entry of a; has identical absolute values, and by is a
non-zero KKT point of

maXZyl Yx ), such that ||ul|? = \/pL=1/p. (14)

Overall, the results are mostly analogous to Theorem [3] with one key difference: the non-zero entries of
{a;}7=,* must have identical (absolute) values. This difference is also evident in Figure |3} which depicts
KKT points of 3-layer neural network with ReLLU and squared-ReL.U activation. For ReLU, in contrast with
squared-ReLU, multiple rows and columns of the weights are non-zero. Additionally, the KKT point exhibits
sparsity, with ReLU activation having multiple rows and columns with zero norm, while squared-ReLLU
activation has only one non-zero row and column. We observe this difference consistently in our experiments.
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Figure 3: Absolute value of a KKT point (W17W2,W3) of eq. for ReLU activation (max(z,0)) and
squared-ReLU activation (max(x,0)?), where L = 3, n = 100 and x; ~ji.i.q N(0,I10),¥; ~iia N(0,1). For
ReLU, the non-zero rows/columns are scalar multiple of each other, implying the hidden weights have rank
one. For squared-ReLU, it is clear that the hidden weights have rank one.

The results of Theorem [3| and (4] contain sufficient conditions which imply that KKT points of the constrained
NCF with rank-one hidden weights always exists for arbitrary training data or depth of the neural network.
The sufficient conditions also provide an approach to obtain a KKT point of the constrained NCF using KKT
points of a smaller optimization problem. Additionally, they also contain matching necessary conditions,
where, for ao # 1, we had to further assume that {al}lL;ll, {bl}ngzl have non-negative entries. This implies
that if, for a # 1, there is a KKT point with rank-one hidden weights such that {a;};—', {b;}/=," have
non-negative entries, then it must be of the form described in the above theorems. Interestingly, in our
experiments with random training data (Section, we found that the KKT points found via gradient-based
method generally satisfy this non-negativity assumption, along with having rank-one hidden weights.

Remark 1. In the above theorems, we focus on non-zero KKT points, because zero KKT points may not
have a rich structure. For instance, using Lemma it can be shown that if the network’s output is always
zero, the corresponding weights are zero KKT points. For ReLU activation, the output is zero if the input is
non-positive. Thus, for an L-layer ReLU network, the output will be zero if any matriz in (Wo, ... , Wp_1)
has non-positive entries, making those weights zero KKT points.

5.3 Numerical Experiments

In the above theorems, we have made two main assumptions on the KKT points of the NCF (Wy,--- , Wp):

1. Rank-one hidden weights. W, = a;b;, where ||a;||2 = ||b;||2, for all [ € [L — 1].

2. Non-negative weights. If o(z) = max(z,ax)? and « # 1, then {a;}; ", {b;}/,' are non-negative.

To validate these assumptions, we conduct numerical experiments for two and three layer neural network
with activation function o(x) = max(ax,x)?, where p € {1,2} and a € {0,0.1,1}. For our experiments, we
generate a random set of training data, and then obtain a KKT point of the corresponding constrained NCF
by maximizing the NCF via gradient ascent with random initializationﬂ more details are provided in the

3Since gradient ascent can become unbounded, we use projected gradient ascent, i.e., after every gradient ascent step we
normalize the weights to have unit norm. However, it also turns out that for homogeneous objectives, projected gradient ascent
with fixed step-size is equivalent to gradient ascent with adaptive step-size, up to a scaling factor (see Lemma ‘

10
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a=0 a=0.1 a=1 a=0 a=0.1 a=1
p=1 5.93-107° | 1.79-1078% | 2.07-1078 p=1 2.97-10712 [ 1.22.10°™ [ 1.9 10710
p=2 1.76-10719 [ 1.67-1071° | 6.86-101! p=2 1.48-10~1 [ 1.12-107 11 | 7.93.107 11
Three-layer Two-layer

Table 1: The left table contains the maximum value of (W1, Ws) across 30 different random instances for a
three-layer neural network with activation function max(z, ax)P, where (W1, Wy, W3) is the KKT point of
the constrained NCF obtained via gradient ascent. The right table is similar but for two-layer neural network.

a=0 a=0.1 a=0 a=0.1
p=1 4.44-10716 3.28-10716 p=1 1.82-107 2.77-1077
p=2 5.16-10°° 5.1076 p=2 3.95-10" 3.58-10~ "
Three-layer Two-layer

Table 2: Suppose (W1, ---, W) is the KKT point of the constrained NCF obtained via gradient ascent for
an L—layer neural network, and let a;b, be the rank-one approximation of W, such that ||a; |2 = ||b|2, for
all [ € [L — 1]. The left (right) table contains the maximum value of p(a;,asbg ,---ar_1b] ) across 30
different random instances for a three-layer (two-layer) neural network with activation function max(z, ax)P.
Note that if alblT is non-negative, then we can choose a; and b; such that they are also non-negative. Hence,
. . T T . . . . . T—1 L—1 .

showing aj,asb, ,---ar_1b;_; are non-negative is equivalent to showing {a;},;", {b;};5 are non-negative.

Appendix [C4] The results presented below are for 30 such random instances. Also, as discussed earlier, the
gradient flow of the training loss converges to the same KKT point as the gradient flow of the NCF. Thus,
using gradient ascent to find the KKT point of the constrained NCF also provides insights into the KKT
point towards which gradient flow of the training loss converges in the early stages of training.

Rank-one assumption: For any set of matrices {Z1,---,Z,}, we use

. 1Zi ]2
w2, Bp) = 195 (1 Zillr

to measure how close are each of {Zq,---,Z,} to being rank-one. If k(Z;,---,Z,) = 0, then each of
{Z1,---,Z,} are rank one, and thus, for smaller k(Zy,--- ,Z,), they are approximately rank one. Also, k(-)
is related to the notion of numerical rank (Rudelson & Vershynin| [2007)), a stable relaxation of the rank.
Now, from the values in Table[I] we observe that for both two-layer and three-layer neural network, and with
different activation functions, each of the hidden weights in the KKT point obtained via gradient ascent are
approximately of rank one in all the instances considered (since we are reporting the maximum value of x(-)
across all the random instances.)

Non-negativity assumption: For any set {Zq,---,Z,} containing matrices and/or vectors, we use
|| max(0, _Zi)F>
Zy,---,7Z,) = max
(21 ) 1<i<p < 1Z:| »

to measure how close are each of {Zq,---,Z,} to being non-negative. Note that, if Z; is a vector, then
|Z;||r denotes its lo-norm. If p(Zq,--- ,Z,) = 0, then each of {Z;,--- ,Z,} are non-negative, and thus, for
smaller p(Zy,--- ,Z,), they are approximately non-negative. From the values in Table [2| we observe that for
both two-layer and three-layer neural network, and with different activation functions, the appropriate set of
weights in the KKT point obtained via gradient ascent are approximately non-negative in all the instances
considered. Note that, we did not consider linear or monomial activation (o(x) = P) since in those cases we
did not make any non-negativity assumption.

11
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We conclude this section by again noting that under the rank-one and non-negativity assumption considered
here, the sufficient conditions of Theorem [3] and [4] are also necessary conditions, and thus, the KKT points
must be of the form described in those results. Since the rank-one and non-negativity assumption is satisfied
for all the instances considered, it implies the KKT points are of form described in Theorem [3] and [] for all
the instances considered. Also, note that the constrained NCF is a non-convex problem and could have KKT
points that do not satisfy these assumptions, but gradient ascent seems to avoid them. Understanding this
phenomenon is an interesting future direction, which would require analyzing the dynamics of gradient ascent.

5.4 Proof Overview

We now provide a brief overview of the proof technique for the above theorems; the details can be found in
Appendix [C] We start with the following lemma, which is important for our proof.

Lemma 5. Let H be an L-layer feed-forward neural network whose output is as defined in eq. @D, where L > 2.

Suppose (W1,--- , W) is a non-zero KKT points of the constrained NCF in eq. . If o(x) = max(ax, )P,
for some p € N and o € R, then

diag (WZWZT) = p- diag (WLWZH) , foralll € [L —1], (15)
and, if o(x) = x, then
=1 == ==
WW, =W, Wy, foralll € [L—1].

Furthermore, if (W1, -+ ,Wr_1,Wpg) = (aib],--- ,aL—lbz_hWT), where ||a;||2 = ||bi]|2, for alll € [L—1],
then [ay| = p/*[bysa |, for all L€ [L—2], 1| = (pp)/ %), |laill§ = p*~'/p, for alll € [L— 1], and
W3 = 1/p, where p=p"~' +p* 2+ 4 1.

The above lemma implies |a;| is parallel to |b;41|. This is the first step towards establishing the alignment
conditions stated in the above theorems. Now, if a; and b;y; are non-negative, which is true in certain cases,
we get a; is parallel to b;y1. We similarly use additional conditions to get alignment results for other cases.

We next describe how to show b; is a KKT point of the smaller optimization problem. For this, we focus
on deep ReLU networks and assume that the alignment conditions are true, the proof of other activation
functions follow a similar approach. From the KKT conditions, we know W7 must satisfy

0 E)\Wl + awl (yT’H(X;Wl, ce ,WL)) = )\albr + awl (yT’H(X;Wh s ,WL)) . (16)

Since {a;} ', {b;}}=,' have non-negative entries, ReLU is positively homogeneous, ||a;||3 = 1/v/L, and
a; = by, foralll € [L — 2], qga;_1 = L'/*W, we can write

H(X;Wl,Wg ce ,WL) = WLO' (WL—I e 'WQO' (Wlx) B )
=qaj_o(ar1aj_yo(arsaj_z---o(asa) o(Wix))---)/L"*

= qllaz-al3lar—2(3 - lazl3o"*(a) o(Wix)) /LY

— (VL) o al (W)L

We use the above equality to simplify dOw, (yTH(X;Wl, e ,WL)) and use it in eq. to prove by is a
KKT point of the smaller optimization problem. Also, note that since ReLLU activation is non-differentiable, we
used the Clarke sub-differential in the KKT conditions. A challenging aspect of using Clarke sub-differentials
is that the chain rule does not hold with equality, instead it yields a set and the true sub-differential belongs
to that set (see Lemma . Consequently, it is not feasible to simplify Ow, (yT’H(X; Wy, ,WL)) using
the above equality by simply applying the chain rule. We follow a more direct approach to simplify the
Clarke sub-differential, which uses positive homogeneity of the activation function and non-negativity of a;.

12
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6 Conclusion and Future Directions

In this paper, we studied the gradient flow dynamics resulting from training deep homogeneous neural
networks with small initializations, and established the approximate directional convergence of the weights in
the early stages of training. However, these results are not applicable for ReLU networks, so one important
future direction would be to rigorously establish similar directional convergence for ReL U networks.

We also derived necessary and sufficient conditions for the KKT points of the constrained NCF that have
rank-one hidden weights, for feed-forward neural networks with Leaky ReLU and polynomial Leaky ReLLU
activation functions. The constrained NCF is a non-convex problem and all KKT points may not be low-rank;
however, our experiments suggest that gradient ascent tends to converge towards low-rank KKT points.
Understanding this phenomenon is also an important area for future exploration, which will also help us
understand why gradient descent on training loss converges towards low-rank KKT points of the NCF in the
early stages of training. We hope our characterization of rank-one KKT points will aid in this exploration.
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A Key lemmata
In this section, we state some key lemmata that are important for our results.

A.1 Kurdyka-Lojasiewicz inequality for definable functions

The Kurdyka-Lojasiewicz Inequality is useful for demonstrating convergence of bounded gradient flow
trajectories by establishing the existence of a desingularizing function, which is formally defined as follows.

Definition A.1. A function ¥ : [0,v) — R is called a desingularizing function when U is continuous on
[0,v) with ¥(0) =0, and it is continuously differentiable on (0,v) with ¥’ > 0.

In establishing the directional convergence of gradient flow trajectories of the neural correlation function,
where the trajectories may not be bounded, we will utilize the following unbounded version of the Kurdyka-
Lojasiewicz inequality.

Lemma 6. (Ji & Telgarsky, 2020, Lemma 3.6) Let [ be a locally Lipschitz function, definable under an
o-mingmal structure, and having an open domain D C {x|||x||2 > 1}. For any ¢,n > 0, there exists a v > 0
and a definable desingularizing function ¥ on [0,v) such that

Y (FENIx0IV ()2 = 1, if f(x) € (0,v) and [V Lf ()2 = ellx[2]Vrf(x)[l2,

where V. f(x) = <Vf(x), m> T @d Vif(x) =Vf(x) =V, f(x).

A.2 Euler's Theorem for homogeneous functions

The next lemma states two important properties of homogeneous functions.

Lemma 7. ((Lyu & Li, 2020, Theorem B.2), (Ji & Telgarsky, |2020, Lemma C.1)) Let F : RF — R be locally
Lipschitz, differentiable, and L—positively homogeneous for some L > 0. Then,

1. For anyw € R* and ¢ >0,
VF(cw) = cE7IVF(w).

2. For any w € RF,
w'VF(w) = LF(w).

A.3 Gronwall’s inequality

In our proofs, we will frequently use Gronwall’s inequality.

Lemma 8. Let o, 8,u be real-valued functions defined on an interval [a,b], where 8 and u are continuous
and min(ca, 0) is integrable on every closed and bounded sub-interval of [a, b].

o If B is non-negative and if u satisfies the integral inequality

u(t) < aft) —|—/ B(s)u(s)ds,Vt € |a, b],

then
t t
u(t) < at) —|—/ a(s)B(s) exp (/ ﬁ(r)dr) ds,Vt € [a, b].
0 s
e If, in addition, the function « is non-decreasing, then
t
u(t) < a(t) exp (/ B(s)ds) ,Vt € [a,b)].
a
We will mainly be using the second part of the above lemma.
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B Proofs omitted from Section [4.1]

B.1 Proof of Lemma

Recall, for a given vector z and a neural network H, the NCF is defined as
Non(u) =z H(X;u). (17)

In this section, for the sake of conciseness, we will use N'(u) in place of N, 3 (u). Further, u(t) satisfies for
allt >0

du T

= = VN = J(X;u) "z,u(0) = w, (18)
where J(X;u) : R¥ — R” is the Jacobian of the function H(X;u). Let S¥~1 denote the unit sphere on R¥,
and define

B = sup{||H(X;w)|l2: w € S¥71}, and o = sup{||T(X; W) : w € SF71}. (19)

We will start by establishing some auxiliary lemmata. The following lemma follows from L-homogeneity of

N(u) and Lemma
Lemma 9. For any u € R¥ and ¢ > 0, VN (u)"u = LN (u) and VN (cu) = cE"1VN(u), and J(X;u)u =
LH(X;u) and J(X;cu) = cE~ 17 (X;0).
We next define N (u), which plays an integral part in the proof, and its gradient.
Lemma 10. For any nonzero u € R* we define N'(u) = N'(u)/|ul|%, then,
~ VN(u) LN(@uu (I uuT> VN (u)

VN (u) = — =(I—-
lallZ  Jullz*? [ull3

[ully
Proof. The first equality follows by differentiating A'(u) with respect to u; using Lemma |§| we get the second
equality. O

We next describe the conditions for first-order KKT point of the NCF.
Lemma 11. If a vector u, € R*¥*1 is q first-order KKT point of

Hnﬁgglj\/ (n) =z H(X;u), (20)
then
VN (u,) = J(X;u,) 'z = Nu,, w3 =1, (21)

where \* € R is the Lagrange multiplier. Also, LN (u.) = \*, which implies that \* > 0 for a non-negative
KKT point.
Proof. For eq. , the Lagrangian is
L(w, ) = N(w) + A(ull - 1).
Hence, if u, is a first-order KKT point then ||u.||3 = 1, and for some \ we have
VN (u,) + 2\u, = 0,
which implies
J(X; u*)Tz +2\u, = 0.
We get eq. by choosing A* = —2\. Further, by Lemma @, we have
N =\ w 2 = u. T VN (u.) = LN (u,).

17
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Lemma 12. For any t > 0, we have

dN (u)
dt

= [[VN ()3 = [[a@®)]3. (22)

Proof. Using u = VN (u(t)), we have

dN (u)
dt

= VN (u(t)) " = [[VN (u(t) 3 = [la)]3.
O

Lemma 13. For any to > 0, if N'(u(to)) > 0, then, for all t > to, we have N(u(t)) > N(u(tp)) > 0 and
[a(@)l2 = [lu(to)ll2-

Proof. Using Lemma we have
¢
N(u(t)) = N(u(to)) = t [a(s)]13ds.
0
Therefore, for ¢t > to, N(u(t)) > N(u(tg)) > 0. The second claim is true since for all ¢ > 0
d|[ul3

= 2u'u=2u'VN(u) = 2LN (u),

which implies

me@—wwwﬁ=2L[JWm@mszo

We now turn to proving Lemma [2}

Proof of Lemma[4: We begin by showing that either the limit of u(¢)/||u(¢)||2 exists or u(t) converges to O.
For this, we consider two cases.

Case 1: N (u(0)) > 0.
In this case, we first show that u(t) becomes unbounded at some finite time. Suppose for the sake of
contradiction |Ju(t)||2 < oo for all finite ¢ > 0.

Let NV (u(0)) =~ > 0, thus [[u(0)||2 > 0. Using Lemma[3] for all ¢ > 0,
[u(®)ll2 = [[a(0)][2 > 0.

Hence, N'(u(t)) (which we recall is equal to N (u(t))/||u(t)||%) is defined for all ¢ > 0. Now, by Lemma [12]
for all ¢ > 0, we have

d.
Acfliu) = |lu)2, and u = VA (u).
Therefore, using Lemma [0} for all ¢ > 0,
dN(u) o - VN (u)" ( uuT>
=u VN(u) = I- VN (u) > 0. (23)
dt [ul| [ull3

For all t5 > t; > 0, integrating the above equality on both sides from ¢; to to we get

to u T uuT
Aultz) - () - | ?ﬂg @

) VN (u)dt > 0. (24)

[ull3

18
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Thus, N (u(t)) is an increasing function. Now if we define A'(u(0)) = 4, then for any t > 0 we have

N(u(t)) >4 >0,
which implies
N(u(t)) > 7llu(®)|3, vt > 0.

From the above inequality, we have

1d||u||% I ~ L
5 g Cwu= LN (u(t)) > Ly|lu(t)||5, V¥t > 0. (25)
Taking ||u(t)||% to the LHS and integrating both sides from 0 to ¢, we get

1 ( 1
L/2=1 \Jju(©)y™*  [lu()llz~>

Simplifying the above equation gives us

) > 2LAt,Vt > 0.

_ u (0|52
Hu(t)Hél 2 Z . || ( )HQ L_2,Vt20
1= t7L(L = 2)[[u(0)[;

The above inequality indicates that ||u(¢)||2 is not bounded for all finite ¢ > 0, which leads to a contradiction.

Henceforth, we choose T* to denote the time when u(t) becomes infinity. Formally, we assume that

u(t)|l2 = o0, and |Ju(t)|l2 < oo, for all t € [0,T7).

lim
LT

We now proceed to prove that lim; 7« u(t)/||u(t)||2 exists by establishing that the length of the curve swept

u(t)/[[u(t)[2, given by )
[ 1 (o)
0 dt \ |[u[2 2

is of finite length. This proof technique is inspired from |[Ji & Telgarsky| (2020)), and a similar technique was
also employed in [Kumar & Haupt| (2024)).

From eq. and eq. 7 we know N(u(t)) is an increasing function in [0, T*). Further, since N'(u) =
z"H(X;u) < Bz||2|[ul|, where the inequality follows from eq. , we have that A'(u) is bounded from

above. Thus, using monotone convergence theorem, we have lim;_, 7« A (u(t)) exists.

dt,

Now, for all ¢t € [0,T™), we know

d u uu® 1 uu?\ VN (u)
adl —(1-= = (11— . 26
dt <||u||2> ( ||u||§> a2 ( u||§> (a2 (26)

[ ()L, = (- ) 7w

Now, suppose lim;_,7« N(u(t)) = f. If N'(u(t)) converges to f before T*, i.e., N'(u(T)) = f for some T < T*.
Then, for all ¢t € [T, T*),

Therefore,

1

_ (27)
2 [[ull2

W)
dt =0,
which implies ,
0™ oo *
H(I |u<t>||%>w( WD), =0vee 1),
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Hence, from eq. (27]), we have
d u
—|—)=0,Vte[T,T"
i (o) =0 e T

|ully

. . . . u(t) . . U(T)
which implies lim;_, 7~ T exists and is equal to T

Thus, we may assume f — N (u(t)) > 0, for all t € [0,7*). We define g(u) = f — N(u). Then, since
IV N (w2 =0,

we have that o
[Vigu)llz > 0= [lull2[[V,g(a)]-

Hence, from Lemma [6] there exists a v > 0 and a desingularizing function ¥(.) defined on [0, ) such that if
|[ul]z > 1 and g(u) < v, then

1< W' (g(w)[ull2Ve(u) |2 = ¥'(f = N(w) [ ull[[ VA (w) - (28)

Since lim; 7+ N(u(t)) = f, and lim;_, 7~ |[u(t)||2 = 0o, we may choose T large enough such that |u(t)||z > 1,
and g(u(t)) < v, for all t € [T, T*). Hence, for all ¢ € [T,T*), we have

dN(u)  VN(u)T uu
d"nw2< n|)VN”

H( IUI|2> m/( 2 Z(Huullz> 2

= lhulla |V A(w) cﬁ@w92>vu<mwwﬁaﬂgz

In the above Chaln of equalities and inequalities, we used Lemma [[0]in the third equality, and the inequality
follows from eq. . Now, since f — N'(u(t)) € [0,v), for all t € [T,T*), and ¥ > 0 on [0, v), we can take
U (f — N(u(t))) to the left hand side to get

| ()
dt \lull2 /I,

Next, integrating the above inequality on both the sides from T to any t; € [T,T*), we have

f 1 Grie)
o |ldt \[ull2 /|l

From the above inequality, we further have

[

AU (F - N(w)

t e [T, T").
dt Ve € [T, T7)

dt < U(f - N(u(T)) = ¥(f - f(u(tr)) < ¥(f - N(u(T))) < ce.

e PSS

o Man \a )7 = e )1, e G ),
T d u .

< — [ — dt +U(f — N(u(T ,

< [, i (o), 0 - twr <

which completes the proof. We next show that there exists x > 0 such that

dt

K *
()l > gy Yt € 10.77), (29)
which will be useful later. Define h(t) such that
h(t)
ult) = D
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Our goal is to show ||h(¢)|l2 > &, for all ¢t € [0,7*) and for some £ > 0. Now, since ||u(t)||2 > 0, for all
t € [0,7*), therefore, |h(t)||2 > 0, for all ¢ € [0,7*) . We next show lim;_,7~ ||h(¢)||2 > 0. Since

Ld|ull3 _ L

1 dull: ( u )
= LN .
[ufz~* dt [P

Integrating both sides from 0 to ¢t € (0,7*), we get

1 1 1 /’f < u(s) )
- = | LN |+—= | ds.
L= <IIU( 0I5~ u(15)||2L2> 0 [[a(s)l|2
Re-arranging the above equation gives us

# _ ! B u(s) . 1
[u(0)[|5 2 /0 LL =N <||u(s)||2> d lu()E~2 (30)
Substituting u(t) = h(t)/(T* — t)l/(L72)’ we get

L/|la(0)]5 % — J5 L( N(u(s)/[u(s)llz)ds 1
(T* - t) ()3~

we have

In LHS of the above equality, at ¢ = T, the denominator is obviously 0, and the numerator is also 0 since,

using eq. (B0),
(T us)
O >\| ;- me-aN <||U(S)2)d

. 1 ¢ u(s) .
=1 _ — LL—QN( >d=1 —O.
. o=~ MW (i) = .
Therefore, using L’Hopital’s rule,
1 _ limy e —L(L = 2)N (u(@®)/[[u@)]2) _ ..
TRl = — tim L(L ~ 2N (u(®)/[u(®)]2) > 0

Hence, ||h(t)||2 > 0, for all ¢ € [0, T*], which implies there exists some k > 0 such that ||h(¢)|2 > &, for all
t € [0,7*) and proving eq. (29).

Case 2: N (u(0)) <0.

In this case, we may further assume that NV(u(t)) <0, for all ¢ > 0, since if for some ¢, AN'(u(t)) > 0, then we

can choose t be the new starting time and use the proof for Case 1 to show that u(t) becomes unbounded at
some finite time and also converges in direction. Therefore, we assume A (u(t)) < 0, for all ¢ > 0.

Now, since

1d|ulf3

=u'u= < >
5" u u=LN(u(t) <0,vt>0,

we have that ||[u(t)||2 decreases with time, and lim; o ||u(?)||2 exists. Now, if lim;_, o [|u(t)||2 = 0, then we
have lim;_, o, u(t) = 0 and our proof is complete.

Else, suppose lim;_, o ||u(t)||2 =1 > 0. Then, we have ||u(t)||s > n, for all ¢ > 0, since ||u(¢)||2 decreases with
time. We next show that lim;_, . M(u(t)) = 0. From Lemma |12} we know

dN (u)

7 = [, vt > 0.
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Thus, N (u(t)) increases with time. Since we have assumed N (u(t)) < 0 for all ¢ > 0, by monotone
convergence we have that lim;_,., N (u(t)) exists. Now, to show lim;_, o N (u(t)) = 0, we assume for the sake
of contradiction that lim;— .o M(u(t)) = —y < 0. Then, for all ¢ > 0, we have N (u(t)) > —, since N (u(t))
is an increasing function of time. Thus,

2
%% —wTa= LN (u(t)) < —Lv,Vt > 0.

From the above equation we get that ||u(¢)||2 would become smaller than 7 after some finite amount of time
has elapsed. Since |[u(t)||2 >, for all ¢ > 0, this leads to a contradiction. Therefore, lim; o, N (u(t)) = 0.
This also implies lim;_, o N (u(t)) = 0.

We next prove that lim; oo u(t)/||u(t)||2 exists. We first define @(t) = 2u(t)/n. Now, if G(t) converges in
direction, then u(t) also converges in direction. To prove G(t) converges in direction we can follow the same
approach as in Case 1, specifically from eq. onward. This transformation is essential because, recall, to
use Lemma [6] in Case 1 we had to choose T' large enough such that |[u(t)||s > 1, for all t > T. Here, |[u(t)]|
may never be greater than 1, but ||G(t)||2 > 2, for all ¢ > 0.

So far we have established that either % converges, or u(t) converges to 0. We next show that if %

converges to u,, then u, must be a non-negative KKT point of the constrained NCF.

From the proof so far we already know that AV(u.) = N(u,) > 0. Therefore, from Lemma 11} we only need
to show

LN (w.)u, = VA (w,), (31)
For the sake of contradiction assume that there exists some v > 0 such that

VN (u.) = LN (o )us ], > 7. (32)

For any € > 0, we define the set u. = {u: ||u — u.|l2 < €}. Since N(u) has locally Lipschitz gradient, given
v, we can choose sufficiently small € € (0, 1) such that for all u € u,, we have

VN (u) = VN (u,)]l2 < ~/4. (33)

Since H:(Sft))l\z converges to u, and N (u) is continuous, we choose T large enough such that for all ¢ > T,

From the two cases discussed above we know that if % converges, then are two scenarios: |[u(t)||2 either

u(t) u
@)l

— 9

2

Lu(t) ut) \ W N(u
|u<t>|2N<|u<t>||2> LN u.)

‘ <v/4. (34)

goes to infinity or ||u(t)||z remains finite, bounded away from 0, for all ¢+ > 0 and N (u(t)) converges to 0.
Now, if ||u(t)||2 goes to infinity, then we may assume T is large enough such that for some x > 0

||u(t)H2 > Vit € [T7 T*)7 (35)

K
(T* — )1/T-2)

where lim;_, 7+ u(t)/||u(t)|l2 = u.. In the second scenario, we may assume that 7" is large enough such that
for some 1 > 0, we have

[u(®)|l2 >n,vt > T. (36)
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Now, for all non-zero u € R* we have

H(I_ uuT) VN (u) ‘
a3/ Juf =1, I fu)s?
v (i)~ 1o ()
Talz) ~ Tl \ulz ) |,
Lu u u
VN () — /\/( ) —va( )—VN .
H @) = N U )|, Tl ()

IVA (u.) — LwN (w)], — ’ Lu (u,) = LN <u) 2

[[ulla™ \ a2

VN(u)  LuN(u)

a7 1l

v

Y

)

2

v ()~ v

where in the second equality we used (L — 1)-homogeneity of VA (u) and L-homogeneity of A'(u). The
inequalities make repeated use of triangle inequality of norms. Hence, using eq. , eq. (33) and eq. ,
for all ¢ > T, we have

H( u(t) "’ ) VN (u(t))

t WE/ Jaly ™

> /2.
2

Using the above inequality and eq. . we have

i (¥ (o) H et )Hg(/))

Now, if |[[u(t)||2 goes to infinity, then, from eq. , we have

i (¥ (Ro)) = s g e

Integrating the above equation from T to ¢t € (T,T*), we get

2,.L-2 T~ 2,.L—2 *
N( u(t))_N( u(T))zfyn / *1 _ s ln(T* T>.
[a()]2 [a(T)]l2 4 Jr (T —1) 4 T —t
As t approaches T, the LHS remains finite but the RHS goes to infinity, leading to a contradiction. In the
second scenario, where ||u(t)||2 remains finite, bounded away from 0, for all ¢ > 0, we have, from eq. ,

Integrating the above equation from T to t > T, we get

N (aems) ~ (e 22t

Since N (u/|jul|2) is bounded, the above inequality can not be true for sufficiently large ¢, leading to a
contradiction. This completes our proof of Lemma [2] O

> *||u(t)l|z /4.

Before proceeding to proof of Theorem [I] we state a useful lemma.

Lemma 14. Let ug be a fized vector and let u(t) be the solution of

du—VN

7 (w) = J(X;u)"2,u(0) = uo. (37)
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If limy_yoo u(t) # 0, then there exists n > 0 and T > 0 such that ||u(t)||2 > n, for all t > T. Further, for any
€ (0,1) there exists T, > T and B such that

u(7,.) "u,
= > ¢ and ||u(t)|s < BVt < T, (38)
[a(Te)]l2

where u, is a non-negative KKT point of

max N(u) =z H(X;u). (39)

ull3=1

Proof. Similar to the proof of Lemma [2] we consider two cases.
Case 1: N (u(0)) > 0.

Let NV(u(0)) =~ > 0, thus [[u(0)||2 > 0. From Lemma [13] |[u(t)||2 > [[u(0)]|2, for all ¢ > 0, which implies we
can choose 7 = ||u(0)||2 and T" = 0.

Next, from Lemma |2| and its proof we know that for some finite T, lim;_ 7~ ﬁ = u,, where u, is a

non-negative KKT point of the constrained NCF eq. . Thus, for any € € (0, 1), we can choose T, > T = 0,
and large enough but less than 7™ such that

u(7.) "u, .
A (40)

Since for all ¢ € (0,7*), u(t) is finite, there exists B, such that |[u(7%)|2 < Be. We note that as e gets smaller,
we may have to choose T, closer to T*. This implies that, since lim;_,7« [[u(t)||2 = oo, B. will increase.
However, for a fixed €, both T, and B, will be fixed.

Case 2: N (u(0)) <0.

In this case, we can also assume that N(u(t)) <0, for all ¢ > 0, since if N'(u(t)) > 0, for some ¢, then from
Lemma [13] we know |[u(t)||2 > [[u(Z)|2, for all ¢ > 7. Moreover, since N'(u(%)) > 0 implies [[u(?)||2 > 0, we
can choose 17 = ||u(?)||2 and T' = t. Also, in this case, from the proof of Lemma [2} we know that for some

finite T, limy_, 7« ﬁ = u,, where u, is a non-negative KKT point of the constrained NCF eq. .

)2 _
Thus, similar to Case 1, for any € € (0,1) we can choose T, > ¢ and B, as desired.

Hence, suppose N (u(t)) <0, for all ¢ > 0. Then, since

1dul3

=u'u= < >
5 di u u=LN(u(t)) <0,Vt >0,

we have that ||u(¢)||2 is a decreasing function with time, and hence, lim;_, o |u(?)||2 exists. Also,

[u(®)]]2 > lim [lu(t)|2, for all ¢t > 0.
t—o0

Since we have assumed lim;_, o u(t) # 0, we know lim;_, o ||u(t)||2 > 0, and we can choose n = lim;_, o ||u(t)||2
and T = 0. Further, since lim;_, % = u,, where u, is a non-negative KKT point of the constrained

NCF eq. (39), for any € € (0,1), we can choose T, large enough such that

u(7.) "u, .
A (41

Also, since ||u(t)]|2 is a decreasing function with time, we have ||u(t)||2 € [n, ||u(0)]|2], for all £ > 0. Thus, we
can choose B, = ||[u(0)|2- O
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B.2 Proof of Theorem [1]

Proof. Let wq be a fixed unit norm vector. Suppose u(t) is the solution of

d /
T = VN o) = =7 (Xiw) £(0,y),u(0) = wo. (42)

From Lemma [2] we know that there are two possibilities. Either u(t) converges to 0, or u(t) converges in
direction to a non-negative KKT point of the constrained NCF.

If u(t) converges to 0, then we define 7 = 2. Then, for any € € (0,7/2), we define B, = € and choose T, large
enough such that

Ju(T)]2 < B. = e. (43)

Else, if u(t) does not converge to 0, then from Lemma [14] there exists 7j > 0 and T such that [[u(t)||2 > 7, for
all ¢ > T. We further define 7 = min(#,1). Then, from Lemma [14] for any € € (0,7/2) there exists T, > T
and B, such that

u(Te)Tu*
—— _*>1—¢ and |u(t)|]z < BVt < T, (44)
(o)l ’

where u, is a non-negative KKT point of

max N_yoy)n(0) = —H (X; u)' 2(0,y).

all3=1
Further, since T, > T, we have
a(To)ll2 = 7 = n. (45)
We next define other e dependent parameters which are useful in our proof. Let NBE = B + €. Since H(x;w)
has locally Lipschitz gradient, there exists K. > 0 such that if ||wq]|2, [[wz||2 < Be, then
[T (X5 w1) =T (X;w2) [l2 < Kc[[wy — wal[2. (46)
Also, since V£(9,y) is locally Lipschitz in 9, there exists 3 such that if ||z ||, [|22|ls < BBE, then
1€ (21, y) = ¢ (22,5) [l2 < Bl — 222, (47)
where recall
B =sup{|H(X;w)|: w e SF1}. (48)

We further define C, = 83BF, and

L . €
o7 =min (1’ 4aB£—1c€T€e2TEK6|e'(o,y>|2> ’ (49)
where recall
o = sup{[| T (X;w)||2 : w € S¥71}. (50)
Now, for any d € (0,0), let w(t) be the solution of
w(t) = =VL(w(t)),w(0) = dwy, (51)
then, we can rewrite the above differential equation as
W= =) Vil (Hxisw),y) VH(xiw) = =T (X w) TV (H(X; W), y), w(0) = 6w, (52)
i=1
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We define &£(t) := 0/(H(X;w),y) — £'(0,y), then the dynamics of w(t) can be written as
w e —J(X;w) L (H(Xsw),y) = =T (X;w) " (£(0,y) +£(1)). (53)

Now, define s(t) = 2w (5757), then s(0) = wo, and
% - % (<15W (5;—2)) - 5L1—1W (5;—2)
=gt (3w (5)) (romee(55)
() (romne(5)

=—J(X;s(t)" (e’(o,y) +¢ ((5;2» , (54)

where in third equality, from Lemma [9} we used (L — 1)-homogeneity of J (X;w). Using L-homogeneity of
H(X; w), we have

E(t/0572) = U (H(X;w(t/6572)),y) = £(0,y)
= (" H(X; w(t/67%)/8),y) — £(0,y)
= U (6" H(X;s(t)),y) — £'(0,y).
Let £(t) = &(t/6%~2), then i
s=—J (X;s(t))" (£(0,y) +£(1),s(0) = wo.
Next, we will show that ||s(t) — u(t)||2 <, for all ¢ € [0,T¢]. We first note that, s(0) = u(0) = wy. Define
= Inf{t - ls(t) —u(®)ll2 = e}

Here, T's indicates the time when [|s(t) — u(t)||2 becomes € for the first time, and 4 in the subscript indicates
that T's could change with J. By definition of T's, for all ¢ € [0, T’], [s(t) — u(t)[2 < €. Now, if we can show
Ts > T¢, then we would have proved ||s(t) —u(t)||2 <, for all t € [0, T¢].

For the sake of contradiction, suppose T's < T.. This implies that [[u(t)|lz < Be and [|s(t)|l2 < Be + € = B.,
for all t € [0,T5]. Now, using eq. (46)), we have

17 (X5 u(t)) = T(X;s(t))lly < Kellu(t) = s(t)]l2, vt € [0, Ts]. (55)

Next, since § < 1 and B -
IH(X;s(t)[l2 < Blls(t)||7 < BBE,Vt € [0,Ts],

using eq. , we have
IE@) 12 = [1€/(6*H(Xs (1), y) = €'(0,¥)ll2 < §"BIH(X;8(1)) 2 < 6 BBBE,VE € [0,T5)-
Hence, by the definition of C¢, we have
€(t)||2 < C.0L, for all t € [0, Ts]. (56)
Thus, for any t € [0,Ts]

}d”S — u”% — (S _ u)T(S _ 1-1)
2 dt .
~(s —u) (T(X;8) = T(X5)) T£(0,3) — (5 —u) " T (Xs8) (1)

< K100, y)llz]ls — ull + allslly ™ Is — ull2[£()]]2

< K100, y)llz]ls — ul3 + aeBE ' Ced”,
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where the first inequality follows from eq. and eq. . For the second inequality we used eq. 7 and
Is(®)]l2 < Be, for all t € [0,Ts]. Integrating the above inequality on both sides from 0 to ¢; € [0, Ts], we have

1 - h
3 lIs(t) — a3 < (aeB 7 Co™ )t +/O E[|€'(0,y)2]ls(t) — u(#)]3dt.
Then, using the second Gronwall’s inequality in Lemma [8) we have
IS(Ts) — u(T5) |2 < 20e BL1CL.6 T3 T Kl Oz < 90¢ BL1 0, §ET, 2T O3]z

where the second inequality is true since T's < T.. By definition of T, we know [|s(T5) —u(T’s)|2 = €. Thus,
using the above inequality, and since § < §, where § satisfies eq. , we have

& = |s(Ts) — u(Ty)||3 < 2aeBF1C S T 2T KN Oz < 2 /9,
which leads to a contradiction. Hence, Ts > T..
Since ||s(t) — u(t)||2 <, for all t € [0,T], we have
[w(t/35 )]s < (|[u(t)]l2 + €) < B.s, vt € [0,T.].

We next prove the second part of the theorem. If u(t) converges to 0, then from eq. we know ||u(T%)||2 < e,
which implies

T,
HW <5L—2> ) = 0[s(Te)|l2 < 20e. (57)
Else, from eq. and eq. , we know
U(Te)Tu*
—————= >1—¢, and ||u(T.)]]2 > 7. (58)
[u(Te)ll2

Define T, = T, /6%~2. Since H%W ((SLT—_Z) — u(TE)H2 < ¢, then for some ¢ € R* we have

w(T,)
5
where ||¢||2 < e. From € € (0,7/2) and ||[u(T¢)||2 > n, we have ||[u(T%) + ¢||2 > n/2, which implies

lw (Tl = an/2.

=u(Te) + ¢, (59)

Next, from eq. we have
w(T) u(Te) +¢

Iw(To)ll2 — Iu(Te) +Cll2

Hence,

w(T) Tuw, u(T,) u, + ¢,

WOl )+
_ (u<Te>Tu*) [a(To)]] (Tu,
(ol ) T +clz  Ta() + <
() 2
>(l—¢)———-787=
T AT
1 2e
=1~ —
L+ sy
> 1_5 —§Z(1—6) (1—6) —§21— <1—|—3>e,
L+5 n n n 7

where in the first inequality we used eq. along with the fact that |||z < € and ||[u(T¢) + (||2 > n/2. The
second inequality follows since |||z < € and ||u(T%)||2 > 7. O
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C Proofs omitted from Section
We first state some key lemmata which are used to prove Theorem [3]and Theorem

C.1 Key Lemmata

Recall that for any locally Lipschitz continuous function f: X — R, V f(x) denotes its gradient at x € X,
provided f is differentiable at x, and its Clarke Subdifferential is denoted by 0 f(x), which is defined as

of(x) == conv{llim Vfix;): lim x; = x,x; € Q},
71— 00

1—> 00

where (2 is any full-measure subset of X such that f is differentiable at each of its points. Note that if f is
differentiable everywhere, then 0f(x) = {V f(x)}.

To compute the Clarke subdifferentials of functions which are compositions of non-differentiable functions, we
use Clarke’s chain rule of differentiation described in the following lemma

Lemma 15. (Clarke, |1985, Theorem 2.8.9 ) Let hy,...,h, : R = R and g : R® — R be locally Lipschitz
functions, and f(x) = g(h1(x),...,h,(x)), then,

of(x) C conv{z ;C; : ¢ € Ohi(x), a0 € Ag(hy(x), .. .,hn(x))} .

i=1

To prove our results, we will frequently require the gradients of the NCF with respect to weights of each
layer, which are derived next.

Lemma 16. For L > 2, let H be an L-layer feed-forward neural network whose output is as defined in eq. @
For alll € [L — 1] and i € [n], define

¢ = xi,h; = Wigy, (60)
¢ = o(hj),hi™ = W19, (61)
and let Al = diag (0'(hé))ﬁ where o' (-) denotes the Clarke subdifferential of o(-). Also, let
el = AﬁWl—Erl e Afflwz;yi and eF = y;,
for alll € [L — 1] and i € [n], then

Ow, (Z yiH(Xi§W1,"'WL)> - Zei(@*l)T, for alll € [L].
i=1 i=1
Proof. We begin by noting that, for [ € [L],

Ow, <Z yiH(xi; Wi, - WL)) CY ow, (YiH(xi; Wi, Wp)).
i=1 ‘

Thus, we need to prove
ow, (YiH(xi; W1, ---Wp)) Cel(¢™h)T, forall I € [L].
For | = L, the above equation is true since
Ow, (YH(xi; Wi, W) = 0w, (yiWro! ™) =y (¢f_l>T :
For [ € [L — 1], we have
Ow, (Y H(xi; W1, W) = Ow, (yWro(Wroi-o(Wigi ) ) Cefle; ),

where the last inclusion follows from repeatedly applying the chain rule. This completes the proof. O

4For non-differentiable activation functions such as ReLU, ¢’ could be an interval, implying that A,ZL. is a set-valued mapping.
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We next restate and prove Lemma

Lemma 17. Let H be an L-layer feed-forward neural network whose output is as defined in_eq. @, where
L > 2. Suppose (W1, -+ W) is a non-zero KKT points of the constrained NCF in eq. . If o(x) =
max(ax,x)P, for some p € N and o € R, then

diag (WlWlT) = p - diag (WZHWIJH) , for alll € [L —1], (62)

and, if o(x) = x, then
W W, =W, Wy, foralll € [L—1]. (63)
Furthermore, if (Wy,--- ' Wr_1, W)= (a;b],--- ,aL,lb—'L—_UWT)7 where ||a;||2 = ||by||2, for alll € [L—1],
then |a;| = p'/4|byy1|, for alll € [L — 2], lar_1| = (pp)"*[W|, llal|3 = p=~'/p, for all l € [L — 1], and

HWH% = 1/p, where p = pL_1 —|—pL_2 4.+ 1.

Proof. By KKT condition, for [ € [L — 1], we have

0 € 0w, (Z yiH(xi; W, - WL)) + AW, (64)

=1

Multiplying the above equation by Wl—r from the right, and using Lemma we have

0eY el )W, + A\ W,W, (65)
=1
Since W6l ™! = hi, we have
0ed el + AW, W, . (66)
i=1

=T =T — —
Since e} = AW, - AWy, if we let q; = Wi - AL"YW, i, then we have

n
0e Algi(h)T + AW, W, . (67)

=1

Next, similarly using the KKT condition for W1, we have

—T n T —
0eW,, Zeé+1(¢li)—r + AW, Wi (68)
i=1
Expanding ei“, we have
0c ZWJT«HAiHWlTH e AiLleZyz‘T(qﬁ)T + )\WzTHWHl, (69)
i=1
which implies
n T
0> aidh) | + AW, Wiy (70)
i=1

We next show that

diag(Ajqi(hi)") = pdiag(qi(¢;) "), Vi € [n] and I € [L - 1],
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which will prove the first part of the theorem. To show this, first note that since Aé is a diagonal matrix, and

i, hf; are vectors, we have
diag(Aﬁqi(hé)T) = Aﬁdiag(qi)diag(hl) diag( ql)Aldlag(hﬁ)
= diag(q;)diag(o’ (h;))diag(h})
= pdiag(q;)diag(o(hy))

= pdiag(q;)diag(¢}) = pdiag(qi(¢}) "),

where in the third equality, we used the definition of Al and the fourth equality follows from the fact

o' (x)x = po(x).

For o(z) = , note that Al will be identity and ¢! = hl, for all i € [n] and [ € [L — 1]. Hence,

Algi(h))" = qi(¢}) ", Vi € [n] and I € [L - 1],

which proves eq. .
We next prove the second part. From eq. , we have

Wil = pl[Walf = - = p" W[}
Since
IWillE+ - [WelE =1,
if we define p = p“~1 + pL=2 4+ ... 41, then,

1= W2 +p" 2+ 4+ 1),

which implies |[W,||%2 = p==!/p, for all | € [L]. Next, since |la;||2 = [|bi||2, we further get pL~!/p = ||a;||3, for

alll € [L — 1] and |[W|3 = 1/p.
Now, using eq. , for all I € [L — 2], we have

diag ([bil5aia;") = p - diag ([|la1[|3birab) ) , and diag ([br-1l5ar-1a;_,)
which implies

1/4

lay| = p'/*[byy1| and Jap_1| = (pp)"/* W],

where the last equality uses p*~!/p = ||br_1]||3. Hence, the proof is complete.

C.2 Proof of Theorem 3

From Lemma we know ||[W||2 = 1/L and

a3 = |[bull3 = for all I € [L — 1].

L
VL’

For the remaining proof, we handle each of the cases individually, and begin by a = 1.

Case 1 (o = 1) : We begin by proving the “only if” part. From Lemma [5| we have
WiW, =W, ;Wi Ve [L-1],
which implies, for | € [L — 2],

Ibil[3aia, = [las1][3birib)yy, and [by_i[3a,1a) ; = Ww'.

30
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Combining the above equality with eq. we get
qa; = b1,V € [L— 2], and g 1851 = L'V,
where ¢; € {—1,1}. Hence,
W, = alblT and W, = ql_lalalT_l, f2<i<L-1.
Now, since (W1,---, Wp) is a non-zero KKT point of eq. , using Lemma we have
0= )\a;b; + Vw, (yTH(X;Wl, -, Wp)), (74)

where A # 0. Let q1.,—1 = q1¢2 - - - qp—1. From Lemma [I6] we have
T X XN T o T T
Vw, (v H(x;; Wy, ,Wp)) = sz - Wruix;
=1

n
T T T T 1/4
=qur—1 Y aa, aay ---ap_sa] jar_1yx, /LY

i=1

() oS )
=4qu:L-1 |~ T1/4 1YiX;
VI) TR
From eq. and eq. , we have
1 L—-2 1 n
0=2M\b] +q1.0_1 () 7 DX, (76)
VL LY i=1
Now, u, is a KKT point of
max (Z yix;r) u, such that [|u]|2 = 1/VL, (77)
u
i=1
if there exists A\* such that
Zyixi + Xu, =0, and ||Ju, |2 =1/VL. (78)

i=1

Hence, from eq. , and since ||b1||3 = 1/v/L, we observe that by satisfies the KKT conditions in eq. .
We now turn towards proving the “if” part.

Note that (Wq, -+, W) = (a1b{,q1a2a] , -+ ,qr—2ar_1a; ., qL,la—Lll/Ll/‘l). Now, since by is a non-zero
KKT point of eq. , from Lemma there exists A* # 0 such that

Z YiX; + AN*b; = 0, (79)

i=1

L-2
We will complete the proof by showing that for A = g1.;, 1 A* (1/\/Z> JLM4,

AW, + Vw, (y T H(X; Wy, W) =0,V € [L]. (80)
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For [ =1, we have

AWl + VWl (yTH(X;Wl, R ,WL))

n
= \a;b] + ZW; .- -WZyixiT
i=1

n

T ToT T T r1/4

= Aaib; +q1.r1 E aja, asa, ---ay oa;_jap 1yx, /LY
i=1

L—2 n
1 1
=Xaib{ +qi.1-1 (> 7 E ayix;
VL LY i=1

L—2
= \a;b; — N n 1 b =0
= 1Dq q1:L—1 \E L1/4a1 1 =Y

where the penultimate equality follows from eq. . For 2 <1< L -1, we have
AW+ Vw, (v THX W, W)
" T =T =T =T
= )\ql,lalal—il + ZWH’l . WL yz'XZ-TW1 .. Wl,1
i=1

q1:1—291:L—1

n
§ : T T T T T T T
L1/4 alal+1al+1al+2 crrarp-—2ay (Ar—1YiX; blal ajdy - A—2a;_1

i=1

L—-3 n

qri—2q:L—1 { 1

= Aq—1aa) g + LA <\E) aa E yiX, bi.
i=1

q1:1-2q1:L 1\"?
1:1—-241:L—-1
= )\QZ—lalalT_1 - " <) alalT_1 =0,

L1/4 \E

where the penultimate equality follows from eq. and since ||b1||3 = 1/V/L. Finally, for | = L, we have

= )‘QI—lalalT_1 +

AWL + vVVL (YTH(X7W17 e aWL))

< N G —
= Agraaj_ /LY + ZiniTW1 Wy

i=1

n
T 1/4 T T T T T
=gz 1a) /LM g o E ¥iX; biaj aja, ---ap_say_jar_sa;_;
=1

L-2 n
1
— )\QL_laLr_l/Ll/‘l + q1:1—2 () ZyzijlaZ—l
\/Z =1

L—1
N 1
= Mpoa) /I~ o) <ﬁ> al =0

where the penultimate equality follows from eq. (79).
Case 2 (a # 1) : We begin by proving the “only if” part. Since o(+) is 1—positively homogeneous, we have

o(cp) = co(p), and o(dq) = qo(d), (81)

where ¢ > 0, p is a vector, and d € R, q is a vector with non-negative entries.

Now, from Lemma [5| for [ € [L — 2|, we have

lay| = [byy1], and |a;_| = L4|w]. (82)
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Now, since {a;}5", {b;}15,' are non-negative, a;_; = L'/*|w], and
a;=b;1,Vl e [L — 2]

We next show that ga;_; = LY/*W, for some q € {—1,1}. Since (W1,--- , W) is a KKT point of eq. ,
from Lemma [T6] we have

— I — n T
0 EAW, + 0w, (y HXKG Wy, W) =xw + > ui(of "), (83)
i=1
where ¢f ™! = ¢(Wp_1---0(W;x;)---). Since {a;};-;' are non-negative, using eq. , we have

¢; ' =0(Wri--o(Wix;)--) = o(ar-1a_so(ar—aj_5---o(aajo(aib{x,))--)

=ar-illap—z(3llac—s)3---[lar|3" (b x;).

Since ||a||3 = 1/VL,

n

1 L-2 B
0=)\w'+ (\/Z) <Z o 1(brxi)yi> 3;1-
i=1

From the above equality it is clear that W is parallel to ar_;. However, since ar_; = L'/*[W], we get
qar_1 = L'/*W, for some q € {—1,1}.

From Lemma @ we also have
0 €AW, + 0w, (y HX; Wy, \Wp)). (84)

Without loss of generality, we assume a;; > 0, where a;; denotes the first entry of a;. Let wy; denote the
first row of W. Then from the above equation we have

0 € Xai1b{ + 0wy, (y H(X; Wy, -+, Wp)). (85)
Our goal is to simplify dw,, (y ' H(X; Wi,---,Wp)). Note that, for any W, we have

H(Xi; Wl,Wg, tee ,WL) = qaz_10’(3[,_1&}5_20'(31;_232_3 s O'(azalTO'(W1Xi)) s ))/L1/4
= qllar—1[3--- |az[30" 2 (a] o(Wix,)) /L

—yq <\%) o oL 2] o(Wix:))/ LV,

Next, choose W such that its equal to W everywhere except for the first row, and the first row is assumed
to be equal to w. Thus, we have

g(w) =y H(X; Wi, Wy, -, W)

L2 n k1
1 1 _
o G 2yt
Now, it is easy to see that
Owg(ai1bi) = 0w, (y H(X; Wi, -, Wp)). (86)

To compute dyg(ajiby), we first characterize g(w) near aj;by. If for some i € [n], b{ x; = 0, then

k1
ol2 alla(wai) + Zalja(aljb]—xi) = crLfl(auwai) = allgLfl(wai)‘
i=2
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Next, if for some i € [n], b?xi > 0, then w'x; > 0, if w is in a sufficiently small neighborhood of a;;b;.
Further, since a;; > 0 and alja(aljbfxi) > 0, for all j > 2, we have

k}l 1
ol=2 3110'(WTX1') + Z alja(aljbfxi) = O'Lil(aHWTXZ‘) + 0L72(Z a1j0'(aljb1TXi))
=2 =2

= allaL_l(wai) + O'L_2(Z alja(aljbfxi)).
j=2

The above equation can also be shown to be true if by x; < 0 and w is in a sufficiently small neighborhood of
aj1by. Therefore, if w is in a sufficiently small neighborhood of a;1by, we have

o) =0( ) e (s S 0) = () gt (S0

T

Since a;; > 0 and Y ", y;0 L=1(wTx;) is 1—positively homogeneous in w, using Lemma We get

L-2
1
Owg(anbi) = gan (ﬁ) L1/4 Ow (Z yio" ! (anb] Xz))

From eq. 7 eq. (85)) and the above equation, we have

1 L—-2
0€\b;, +gq (ﬁ) L1/4 Dw (Z yiol71(b] xl)> : (88)

Now, using Lemma u, is a KKT point of
maXZyl ~1(x, ), such that ||ju|? = 1/VL, (89)

if there exists A\* such that
0€dy (Z yiot 7 (x] )) + Nu,, and |u,]|2 =1/VL. (90)

Hence, from eq. , and since ||b1 |3 = 1/V/L, we get that by satisfies the KKT conditions in eq. .
We now turn towards proving the “if” condition.

Note that (Wy,--- , W) = (a1b] ,asa] ,azay ,--- ,ar_ja; ,,qa;] ,/L'*). Since by is a non-zero KKT
point of eq. , there exists a non-zero A* such that

0€dy (Z yiot (%, b1)> + \*by. (91)

Multiplying the above inclusion by b{ and using ||by |2 = 1/VL, we get \* = —V/LY"_ | yia?~1(x;] by). We
L—2
will complete the proof by showing that for A = g\* (l/ﬁ) JLM4,

0 € A\W, +ow, (y H(X; W1, -+ ,Wp)), VI € [L]. (92)
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Let ¢! = o(W,0(W_1 -+ 0(Wao(Wix;)--+))), foralli € [n] and I € [L—1]. Since {a;}};* are non-negative,
using eq. , we have

¢ = oc(Wio(Wi_1 - 0(Wao(Wix;)---)
= ol o(ai1a]5(- o(azaf o(ab{ x;)) -+ )
= llar-1l3 -+ llaul3ase’ (by x,).
Now, using Lemma |16 and since ||a;||3 = 1/v/L, we have

/\WL + 8WL (yTH(X;Wl, T 7WL))

= Xqaj_y /IS g ok

i=1

n
=Aqaj /LY 4+ yillag o3 lail3a; 0" (b x;)
i=1

1 L-2 n
= <q)\/L1/4 + (\/E) Zyz (b x, > )| ai_

— <q)\/L1/4 - (&)L 1 )\*> aj ,=0.

Next, for any W;, where 2 <[ < L — 1, we have
H(Xi;Wl, R ,Wl, s WL) = WLO'(WL_l N -U(WlU(Wl_l i 'U(WgO’(Wlxi) i )

= qaf_lcf(aLflaZ_z T U(Wl(f)éil)/LlM

1 L-3
=q (\E) ot a o(Wiay_10' (b x,))) /L.

Let w;; denote the j-th row of Wy, where j is arbitrary. Choose W, such that it equal to W, except for the
j-th row, and the j-th row is equal to w;;. Then

g1(wij) =y H(X; Wy, W, - W)

L-3 n
1 1 -
~i( ) et avetsfaie o)+ 3 adlaalielb]x)
i=1

p=1,p#j
Thus, to prove eq. for 2 <1< L — 1, we need to prove
0 € AWy + Ow,; (91(Wy5),) for all j € [ky].
Now, if a;; = 0, then W;; = 0 and g;(w;;) is independent of w;;, which implies the above equation is

satisfied trivially. Now, if a;; > 0, then WlTjal_l = ayj|ja;_1]|3 > 0, which implies wlTjal_l > 0 and hence,
a(w?jal_lalfl(bfxi)) = wlTjal_lal(blTxi), for all w;; in a sufficiently small neighborhood of W;;. Therefore,

L-3 n

1 1 L

gl(wu):q(ﬁ> mZWL P agwiaiot(blx) + > adllal3et (b %))
i=1 p=1,p#j

1
=q (\/f> L1/4 Zyl bx) |aywha+ Y agflacall3 |

p=1,p#j
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for all wy; in a sufficiently small neighborhood of W;;. The above equation implies

L-3
_ _ 1
AW + Ow,; 91(Wi5) = Aagjai1 + g (ﬁ) L1/4 Zyz H(b] x:)ayja-1

1\ 1
= /\aljal_l — q)\* (\/Z) L1/4 T -1 = =0.

Now, for any W1, we have

H(Xi§W17W2a T 7"'WL) = WLO'(WLA : "U(W2U(W1Xi) . )

= qaz_la(aL_laL_Qa( agal (Wlxl)/L1/4

_y (&)L " b2 (aT (W) /LY

Let wy; denote the j-th row of Wy, where j is arbitrary. Choose W, such that it equal to ‘W, except for
the j-th row, and the j-th row is equal to wy;. Then

G(wi;) =y THX; W, Wy, - W)
1 L—2 1 n
:‘I(ﬁ) T 2wt (ayo(wix) + Y afo(bixi)
=1 p=1,p#j

Thus, to prove eq. for I = 1, we need to prove
0e )\le + (9“,1]. (QQ(WU)), for all j € [kl]

Now, if a;; = 0, then Wy; = 0 and go(w1;) is independent of w1;, which implies the above equation is
satisfied trivially. If a;; > 0, then, using the same approach to get eq. , we get

1 L—2
Ow,;92(W15) = Owga(ai;b;) = qay; (ﬁ) 71 /4 (Z yio" (b XJ) : (93)

Hence, using the above equation and eq. , we have

/\le =+ 6W1j (yTH(X; Wl, cee ,WL)) = /\aljbl + 8W1jgg(W1j)

= ay (Abl +q (&)L_Q Ti7i0w (Z yio ! (b] Xz)>> >0,

which completes the proof.

C.3 Proof of Theorem [

From Lemma [5] we know
p"7/p = a3, vl € [L—1], and [[W]3 =1/p

where p=plt 4 pE=2 4. 4 1.
Case 1 (o = 1) : We begin by proving the “only if” part. Since o(-) is p—homogeneous,

o(ep) = Pa(p), o’ (p) = pp”~ ! and o(cp) = pPo(c), (94)
where ¢ € R, p is a vector. Note that, in this case, o(-) is positively and negatively homogeneous. Also, we

use (0?)'(+) to denote the derivative of ¢4(-), where ¢ € N.
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Now, from Lemma [5| for all I € [L — 2],
] = p!* i, and fa 1| = (pp)"/*[w] (9)

We next show that, for [ € [L — 1], each non-zero entry of a; has identical absolute values. Let P =
o(W;---0(Wix;)---), for I € [L — 1], then, using eq. 7

ot =0(W;---0(Wix;)---) = a(ajb] o(a;_1b]" | ---o(agbg o(a;b] x;)) - -)

ayo(b/ o(ai_1b,_ ;- o(azby o(arib] x;)) -+ ) = alc,

where ¢l := o(b/ o(aj_1b,_ | - - o(azby o(a;b] x;)) ) is a scalar. Since (Wy,---, W) is a non-zero KKT
point of eq. (10), from Lemma [16| we have, for 2 <[ < L — 1,

0= AW, + Vw, (y H(X; Wy, W,)) = Aab) +3 el (o07) "
i=1

= ab, +Zel Sl@l)) . (96)

Multiplying the above equation by al—r from the left gives us

0= \a||?b] + (ZaT Lel= 1) al_l)T. (97)

The above equation implies that b; is parallel to a ;. Now, if p is even, then a) ; is non-negative and thus,
the non-zero entries of b; must have same sign. Therefore, from eq. , we get

b; = ql\al_1|/p1/4, for some q; € {—1,1} and for all 2 < < L —1.
Else, if p is odd, then, a)’ ; has the same sign as a;_1, and thus, from eq. , we get
b; = qlal,l/p1/4, for some ¢ € {—1,1} and forall 2 <1< L —1.

The above equations and eq. , implies that 31271 is parallel to aff 1- Now, since p > 2, therefore, for
[ € [L — 2], the non-zero entries of a; have identical absolute values.

Choose | = L in eq. , and since e = y;, we get
. T
=T L-1
0= W'+ yicl " (af_)) . (98)
i=1
Hence, W is parallel to af ;. If p is even, then a | is non-negative and thus, the non-zero entries of W must
have same sign. Therefore, from eq. , we get
W = qrlar_1|/(pp)*/*, for some qr, € {—1,1}.
Else, if p is odd, then, af | has the same sign as a;_1, and thus, from eq. , we get
W =qrar—1/(pp)"/*, for some ¢z, € {~1,1}.

The above equations and eq. , implies that a? | is parallel to aip_ 1- Since p > 2, the non-zero entries of
ay,_1 have identical absolute values.

Next, from the KKT conditions, we have

0= W+ Vw, (y H(X; Wy, -, Wp)). (99)
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We now aim to simplify Vw, (yT’H(X;Wl, e ,WL)) . For any W1, we have

H(Xi;wl,W2,~ . ,WL) = WLO'(WL_l . "O’(Wg(O’(Wlxi) . )
:WTU(aL 1b;:r 1°°°0 (agb;U(Wlxi))'-')

=w'a;_ (II (Im ol (bral 1)) o™ (by o(Wix;)).
Now,
Vw, 0" 72(by o(Wix;)) = (6772) (by 0 (W1x;))diag(o' (W1x;))bax/
which implies, using eq. ,

Vw, 0" 2 (b; o(Wix,)) = (0°72)'(bs afo (b x;))diag(o” (arb] x;))box;”
(e"72) (o(b) x:)) (07 72) (by a)o’ (b x;)diag(o” (1) )box;
(") (b] x:) (0" 2)'(bg af)diag(o” (1) Jbax;

where the last equality follows by using chain rule on (oZ=1)/(-). Let 81 = W ar_; (Hfzzgal(bz_lag_l_l))
and By = (¢£72)/(bg al), then

Vw, (y HX; Wy, -+, Wp)) = /51[32Zn:yz‘(UL%)/(bfxi)diag(al(al))bZX;r~ (100)
i=1
Multiplying eq. by a; from the left and using the above equation, we get
0 = Maul3b] + 1fa > sl PY (b xa)af diag(o” (ar) o]
i=1
= Ala1l[3b] + pBifab, af Zy L=hy(b!x;)x] . (101)
Now, u, is a KKT point of
rnaxz:yZ L(x/u), such that |[ul|3 = \/pL=1/p, (102)
if [u.]|3 = /pL=1/p, and there exists \* such that

0= Zy,-(oLil)'(xiTu*)x,; + A, (103)
i=1

From eq. (101)) and since ||b1||3 = \/pL=1/p, we observe that b, is a non-zero KKT point of eq. (102).

We now turn towards proving the “if” part.

Note that (Wy,--- ,Wp_1, W) = (a1b],--- ,aL_lbz_l,WT). Since by is a non-zero KKT point of

manyl Y(x/u), such that |[ul|? = /pE=1/p, (104)

then there exists A* # 0 such that

0= Zyi(aLfl)’(xinl)x,; + A*b;. (105)
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Our aim is to show that for some non-zero A,

AW, + Vw, <Z yi H(xi; W, - 7W,;)) =0,vl € [L]. (106)

i=1

Let A=y H(X; Wy, ---, Wp), then, since 37| y;0°~1(b] x;) # 0, we get

n
YTH(X§W1,W27 W) = ZinTU(aL—ﬂ)Z_l e U(alblTXi) o)

i=1

= TaL 1(HZL 1201( L7 1) Zyz b1 x;) # 0.

Define Z; = Vw, (y "H(X; W1,--- ,Wp)). Since H(x; Wy, --- , Wp) is p“~!-homogeneous with respect to
W, from Lemma [7] we have

~

trace(WlTZl) =l ly TH(X, W, - W) = pl A (107)
Now, A # 0 implies || Z|| ¢ # 0, VI € [L]. Suppose we are able to show
21/ Zi)|lr = Wi/|Wi||p, ¥l € [L].
Then we can write Z; = oy Wy, for some «;. Since |W;||% = pL~!/p, from eq. , we get
PR = trace(W, Zy) = au|[W||% = awp ! /p, (108)
which implies o = ]55\. Thus, eq. 1) holds for A = —]55\. We next complete the proof by showing

Zl/”Zl”F = Wl/HWZ||F7 forall [l € [L}

For any two matrices (or vectors) A, B, we say A « B if A = sB, for some non-zero scalar s. We aim to
show Z; &« Wy, which will imply Z;/||Z;||r = W /||W/||F, for all [ € [L].

From eq. .7 eq. (105)), and using eq. ., we know
7, x Z yi(oP71Y (b] x;)diag(o” (a1))bax; o diag(o”(a1))bab] o diag(al ')byb; . (109)
i=1

If p is odd, then p — 1 is even. In this case, since by = ga; /pl/ 4 and the entries of a; have identical absolute

values, diag(a’ffl)bg x by x aj. Hence Z, x alb1 x W;. Now, 1fp is even, then p — 1 is odd. Since
by = ql\al|/pl/47 we have diag(al™ )bg o a;, which implies Z; x a;b{ o« W.

Next, as shown in eq. , we have
Zp o (a) )7 (110)

If p is odd, then p — 1 is even. Since the entries of aj,_; have identical absolute values, the entries of (a’L’:ll)

1/4

. . . . —1 . —_ A
are identical and non-negative. Thus, al | = diag(al 7 )ar_1 < ar_1. Now, since W = grar_1/(pp)'/*, we

have a’L’_1 o W, which implies Z;, o« Wp. Next, if p is even, then a’L’_1 = |az,—1|P. Since the entries of aj,_;
have identical absolute values, |ar_1|P o |ar_1|. Also, since W = q;_1|ar_1|/(pp)'/*, we have a} | o W,
which implies Z; x Wp.

We next consider Z;, for 2 <1 < L — 1, which requires some additional results. For any Wy, using eq. ,
H(Xi;Wl, ce ,Wl, . WL) = WLO'(WL_l s O'(WlO'(Wl_l ce O'(Wlxi) ce )))
=W o(ar-1bj_; - U(Wl¢l'71))

=WTa’£_10(bI_1a’£_2)--- (bl+231+1)0L - 1(bz+10(wl¢é_1))7
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where
¢271 = O’(Wz 1 (Wlxl) ) = a(al,lbl—zlo(al,gbl—zz e a(agb;U(albei)) e ))
=a} j0o(b o(a;_2b, ,---o(asb; o(a1b]x;))-+))
=aj 1‘7l 1(bTXz) - 2(b2 ay)-- (blT—laffz)-
Hence,

Z,  diag(o’(Wial_))bii(al )" o diag(al ™ )bya(al )"

Now, if p is odd, then p — 1 is even. Since the entries of a;_; have identical absolute values, (afjll)

. . . . —1 .
have identical entries, and thus, af_l = dlag(af_1 Ja;—1 o a;—1. Also, since b; = ql,lal,l/pl/‘l, we have

1/4 and the entries of a; have identical absolute values,

af_l x b;. Furthermore, since b;11 = ga;/p
diag(af_l)blﬂ o bj11 < a;. Hence Z; o< ajb] o« W;. Next, if p is even, then ay | = |aj_1|P. Since the
entries of a;_; have identical absolute values, |a;_1|P~! have identical entries, and thus, |a;_1|P o |a;_1].
Also, since b; = g_1|a;_1|/p'/*, we have al | « b;. Furthermore, since by = qla)|/p'/*, we have

diag(afﬁl)bH_l o a;, which implies Z; alblT x W,.

Case 2 (a # 1) : We begin by proving the “only if” part. Since o(-) is p—positively homogeneous, therefore,
o(cp) = cfo(p),o’'(q) = pg?~* and o(dq) = qPo(d), (111)
where ¢ > 0, p is a vector, and d € R, q is a vector with non-negative entries. Also, we use (¢9)'(-) to denote
the derivative of 0%(-), where ¢ € N.
From Lemma [5| for all [ € [L — 2],
lay| = p"/*biy1, and |aL 1| = (pp)'/*|W]. (112)
Now, since the entries of {al}l 1 ,{bl}l , are non-negative, from eq. 1' we have b; = a;_/p'/*, for
2<I<L-1,and |[W|=ar_1/(pp)*/*

We next show that, for I € [L — 1], each non-zero entry of a, has identical values. Let ¢! =
o(Wy--a(Wix;)---), for l € [L — 1], for 1 <1 < L — 1, then, using eq. (111,

(bi = J(Wl s U(Wlxi) s ) = U(alb?J(al,1b£1 tee U(agb;U(albIXi)) tee )
= ajo(b o(ai_1b,_; ---o(asby o(aib{x;))---) = af'c],

where ¢l := o(b/ o(a;_1b,_ | -+ o(azbg o(a;b] x;)) - -+ ) is a scalar. Since (Wy,---, Wp) is a non-zero KKT
point of eq. (10]), from Lemma [16| we have, for 2 <[ < L — 1,

0 =AW, + Vw, (y H(X; Wy, -+ ,W_)) = Aab/ + Zei‘ (fbé_l)T

i=1

T
_)\albl —1—29” 1 al 1

(113)

Multiplying the above equation by a; from the left gives us

-
0= \a||3b/ + (ZaT Lel= 1) (ay ) . (114)

i=1

The above equation implies that by is parallel to a; ;. Hence, from eq. (112), a;_; is parallel to aj ;. Now,
since p > 2, and a; has non-negative entries, we get that, for 1 <[ < L — 2, the non-zero entries of a; are
identical.
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From the KKT condition for [ = L, we have
n T
WY vt (al) (115)

Hence, W is parallel to af _|. Since ar_; has non-negative entries, we get that the entries of W have the same

sign. Therefore, from [W| = az_1/(pp)/4, we have W = qay_1/(pp)'/?, for some q € {—1,1}. Also, aj_; is

parallel to a’i_l. Since p > 2, and ay_; has non-negative entries, the non-zero entries of ay_; are identical.

Next, from the KKT conditions, we have
0 =AW, + Vw, (y HX; Wy, ,Wp)). (116)
We now aim to simplify Vw, (y"H(X; Wy, -+, Wp)). For any Wy, we have

H(xi; Wi, Wo, -+ W) =Wro(Wr_1--0(Wa(oc(Wix;) )
:WTU(aL 1b—Lr 1"' (agb;a(Wlxi))---)
=w'ar (Hl Col(b]_al 1)) o™ 2(by o(Wix;)).

Now,
Vw, 0" 2(by o(W1x,)) = (¢77%) (by 0 (W1x;))diag(o' (W1x;))bax/
which implies, using eq. (I11)),
Vw, 0" 2(by o(Wix;)) = (077%) (by alo(b] x;))diag(0’ (a1b] x;))bax;
= (0"7%) (o(b{ x:))(c" %) (by al)o’ (b] x;)diag(c" (a1) ) box;
= (") (b x;) (0" 7?)' (by al)diag(a” (a1))box;

where the last equality follows by using chain rule on (o£71)'(-). Let 81 = W az_y (I 0! (b] _,al _, }))
and By = (0£72)/(bg a}), then

Vw, (y HX Wi W) = 8182 3 alo™ Y (b x,)ding(0 (a1) box; - (117)
i=1
Multiplying eq. (116) by a; from the left and using the above equation, we get
0= Aaill3b{ + 182 Y yi(o" ") (b] x;)a] diag(o”(a1))box;

i=1

= Mla1l[3b] + pB1Bab, af Zyi(UL_l)/(bIXi)X; (118)
i=1

Now, u, is a non-zero KKT point of
manyl Y(x/u), such that |[ul|? = /pE=1/p, (119)
if [|u.||3 = \/pL=1/p, and there exists A* such that
0= iyi(oL*I)'(x;u*)Xi + A, (120)

From eq. |) and since ||by||3 = \/pL—1/p, we observe that by is a non-zero KKT point of eq. 1i
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We now turn towards proving the “if” condition.

Note that (Wy,--- ,Wr_1, W)= (a;b],---,ar_1b] |,w'). Since by is a non-zero KKT point of

maXZyz '] w), such that [ju[3 = \/pE=1/p, (121)

then there exists A* # 0 such that

0= Zyi<0'L_1>/(X;rb1)Xi + Mby. (122)

Our aim is to show that for some non-zero A,

AW, + Vw, (iym(xi;wl, o 7WL)> =0,V e[L)] (123)
i=1
Let A=y H(X; Wy, --- , W), then since 3.7, yioX 1 (x] by) # 0, we get
Yy H(X; W, Wy, W) = Xn:inTa(aL_lbz_l co(ab!x;) )
i=1
=w'aj_; (IT5%'(b) jaf ;) Zyz '(by x;) # 0.

Define Z; = Vw, (yTH(X;Wh e ,WL)) . Since H(x; Wy, --- , W) is p¥~!-homogeneous with respect to
W, therefore, from Lemma [7}

trace(WlTZl) = pFly TH(X, W, - W) = pl i (124)

Now, A # 0 implies ||Z;||p # 0, VI € [L]. Suppose we are able to show
Z/||1Zil|r = Wi/ [Wil[p, VL € [L].
Then we can write Z; = oy Wy, for some «;. Since |W;||% = pL~!/p, from eq. , we get
P8 = trace(W, Z1) = o[ WHl|% = aup™'/, (125)

which implies o iﬁj\. Thus, eq. 1) holds for A = —]55\. We next complete the proof by showing
Zl/”Zl”F = Wl/HWZ||F7 forall [l € [L}

For any two matrices (or vectors) A, B, we say A « B if A = sB, for some non-zero scalar s. We aim to
show Z; &« Wy, which will imply Z;/||Z;||r = W/||Wi||F, for all [ € [L].

From eq. .7 eq. (122)), and using eq. ., we know

Zy x Zyi(chfl)'(b;rxi)diag(a/(al))ngzTr o diag(o’(a;))bab] o diag(a? ' )byb; . (126)
i=1

Since by = al/]ol/4
Zl 0.8 albl 08 W1

and the entries of a; are identical and non-negative, diag(af_l)bg o« by o< a;. Hence,

Next, as shown in eq. (115), we have Zj, o (af _;)T. Since W = gar_1/(pp)"/* and the entries of ar_; are
identical and non-negative, af | o« a1 o« W. Hence, Z;, x W.
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We next consider Z;, for 2 <[ < L — 1, which requires some additional results. For any Wy, using eq. (111)),
H(xi; Wi, Wy, Wr)=Wro(Wr_1--0(Wio(W;_1---0(Wix;) )
=w'o(a,1bj ;- 0(Wig, "))

=T T —1—24.T —I-1qT -
=W ai—lg(bL—lai—Q)"'O—L ! 2(b1+2af+1)0L : 1(bl+10(Wl¢i 1))7

where
¢t =0(Wii1---0(Wix;)---) = o(ai-1bjo(a—2by - - o(azby o(aib{ x;)) ---)
=al jo(b_ 0(a;_ab_ - 0(azby o(arb{x;))--+)
=al ;o7 (b{x;)0' *(byal)---a(b,a]_,).
Hence,

Z; x diag(a’(Wlaf_l))blH(af_l)T x diag(aﬁ”fl)blﬂ(af_l)—r

Since b; = al_l/p1/4

1/4

and the entries of a;_; are identical and non-negative, al’ ; o a;_; o b;. Also,

since b1 = a;/p'/* and the entries of a; are identical and non-negative, diag(af_l)blH x a;. Hence,

Zl 0.8 alblT 0.8 Wl.

C.4 Experimental details

This section provides more details about the experiments in this paper. They were conducted using PyTorch
Paszke et al.| (2019)), and the code is submitted along with the paper.

Training data. For our experiments, the training data consists of 100 points with inputs in R°, drawn
uniformly from the unit-norm sphere, and outputs in R, sampled i.i.d. from A(0,1).

Algorithm. To obtain a KKT point of the constrained NCF, the NCF is maximized using projected gradient
ascent with sufficiently small step-size, i.e., after each gradient step, the weights are projected back to the
unit sphere. This is primarily done because gradient ascent can diverge to infinity. However, from Lemma
it is known that, for homogeneous objectives, projected gradient ascent with fixed learning is equivalent to
gradient ascent with adaptive step-size up to a scaling factor. Hence, projected gradient ascent is also a valid
method to discretize gradient flow in this case.

Initialization. The initial weights are drawn uniformly at random from the unit norm sphere. Since gradient
flow can converge to the origin, we only choose those initial weights for which the NCF is positive, which
ensures gradient flow diverges to infinity (see proof of Lemma 2 and (Kumar & Hauptl |2024, Lemma 5.3)).

Stopping criterion. From Lemma we know that at a first-order KKT point of the NCF, gradient of
the NCF will be aligned with the weights. We use this fact as the stopping criterion for our algorithm, that

is, we run the projected gradient ascent algorithm until the weights are sufficiently aligned with the gradient
of the NCF.

Remark 2. We make some changes to the algorithm when the activation function is not continuously
differentiable, such as ReLU or Leaky ReLU. Such activation functions require computation of the Clarke
subdifferential. However, the gradient computed using automatic differentiation provided in PyTorch uses
the chain rule of function differentiation,which may not give the true Clarke subdifferential for non-smooth
functions. As noted in Lemma[15, the true Clarke subdifferential belongs to a set which is obtained using
the chain rule. Therefore, when using such gradients, projected gradient ascent may not converge towards
a true KKT point which satisfies Lemma (11 To overcome this issue, a line of work has focused on the
behavior of stochastic gradient descent|Bianchi et al.| (2022);|Bolte & Pauwels (2021)). The authors of|Bianchi
et al| (2022) show that the constant step-size stochastic gradient descent, where the gradient is computed
using automatic differentiation, asymptotically converges to the true KKT point, for almost all initializations.
They also derive similar result for stochastic projected gradient descent. Motivated by these results, we Tun
mini-batch stochastic projected gradient ascent for sufficiently long time, when the activation function is not
continuously differentiable such as ReLU or Leaky ReLU.
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Figure 4: Early training dynamics of a three layer ReLU neural network. Panel (a): the evolution of training
loss (normalized with respect to loss at initialization) and the £3-norm of all the weights with iterations. Panel
(b): the evolution of VN (W(t))Tw(t)/||[VN(W(t))||2 (a measure of directional convergence of w(t)). The loss
has barely changed, and the norm of weights remains small. Also, the weights approximately converge in
direction to a KKT point of the constrained NCF.

D Challenges for non-differentiable neural networks

Recall that Theorem [1] holds for neural networks with locally Lipschitz gradient, and thus excludes ReLLU
neural networks. We first provide an empirical evidence that early directional convergence also occurs in
ReLU networks, and then briefly describe the challenges in extending Theorem [I] to ReLU networks.

Let o(xr) = max(z,0). We train the following 3—homogeneous ReLU network H(x; Wi, Wy, v) =
v 0(Wa0(Wix))), where W; € R20%20. W, € R30%20 and v € R30. For training, we minimize the square
loss with respect to the output of a smaller neural network H*(x; Wi, W3, v.) = 10 - v o(|[W3|o(W3x)),
where the entries of Wi € R?*20, W} € R?*2 v, € R?*! are drawn from standard normal distribution. The
training data has 100 points sampled uniformly from unit sphere in R2°. We define w to be the vector that
contains all the entries of W1, Ws and v, w = w/||w||2, and N(w) denotes the NCF for this case. The
network is trained for 64900 iterations using gradient descent with step-size 5- 1073, and the initialization
w(0) = dwg, where 6 = 0.01 and wy is a random unit norm vector. From Figure we observe that the
training loss does not change much, and the norm of the weights increases by a multiplicative factor but
remains small. Also, from Figure [A] it is clear that the weights approximately converge in direction to a KKT
point of the constrained NCF. In Figure[5] we plot the normalized absolute value of the weights at initialization
and at iteration 64900. Similar to the experiment in Section low-rank structure emerges among the
hidden weights of neural networks. In fact, the two largest singular values of W1 /||w|l2 and Wy/||w]|2 are
(0.5741,0.0346) and (0.5772,0.0067) respectively, indicating that they have approximately rank one.

We next describe the difficulty in extending Theorem [I] to ReLU networks. Consider a neural network that
satisfies Assumption |1, except that the gradient is not assumed to be locally Lipschitz (this will include
ReLU networks). Then, assuming square loss, we can define the gradient flow dynamics using the Clarke
subdifferential as follows

LAS Z (yi — H(xi; w)) OH (x5 w), w(0) = dwy. (127)

i=1

It is also well-known that the Clarke differential of an L-homogeneous function is (L — 1)-homogeneous (Lyu
& Li, 2020, Theorem B.2). Thus, if we define s(t) = %W (ﬂ%), then similar to eq. , we can show that s(t)
will evolve according to

$€ (ys — 67H (xi8)0H (x5:8) ,5(0) = wo. (128)

i=1

44



Published in Transactions on Machine Learning Research (03/2025)

W, /|| w|-
0.10
0.08
0.06
0.04
5 0.02
0 5 10 15
W, /[ w]l, H
0 5 10 15

(b) At iteration 64900

0.06

0.04

0.02

vl gl

0.175
0.25

0.150 5
o 0.20
0.125 0
0.100 ) 0.15
15
0.075
oW Bo.10
0.050
95 0.05
0.025 ZJI 0

Figure 5: Normalized absolute value of the weights at different stages of training

Further, the gradient flow for the NCF can be defined by the differential inclusion

ue Zyﬁ?—l(xi; u),u(0) = wy. (129)

i=1

Following the proof sketch of Theorem [I] described in Section [{.I1.1} to show approximate directional
converegence of w(t), we would need to first show that for small enough 4§, the solutions of eq. (129)) and
eq. (128) will be sufficiently small for a sufficiently long time. From comparing eq. and eq, it
is clear that for small §, the two solutions will be close in the beginning. However, we can not claim that
the solutions will remain close for sufficiently long time by choosing small enough 4. In fact, the proof of
the analogous result in the context of Theorem [I] crucially relied on gradients being locally Lipschitz, which
is not the case here. We believe that proving this would be a crucial step towards establishing directional
convergence for ReLU networks, and defer it for future investigations.

E Additional lemmata

In the following lemma we show that for two-homogeneous neural networks, the gradient flow dynamics of
the NCF remains finite for any finite time.

Lemma 18. Let H(x;w) be a two-homogeneous neural network that satisfies first and third property of
Assumption . Suppose u(t) is a solution of

% = VN, n(w) = 7 (X;u) " 2,u(0) = ug. (130)

Then, for any finite time T > 0, ||u(T)|2 is finite.

Proof. Let 8 = sup{||H(X;w)||2 : w € S¥1}. Then

1 d||ul2 .

B wTa =T 06w T = 2 (X w) T < 26 Bl
where in the last equality we used Lemma [0} and the inequality follows from Cauchy-Schwartz. The above
equation implies |[u(T)||2 < |lug||3 + e*TPlI=ll2_ for T > 0, which proves our claim. O
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Lemma 19. Let F(w) be a g-homogeneous function, for some q > 2. Consider the following two sequences:

v(t+1) =c(v(t) + nVF(v(t))),v(0) = wg,c: > 0,Vt >0,

and

_ L—2
u(t+1)=u(t) +nVF(u(t)),u(0) = wo,no = n,m = n (I, Lyem) ™ ¥t > 0.

Then, for allT > 1, v(T) = (Hz“:_olct) u(7).
Proof. We prove this via induction. The claim is true for T' = 1, since
v(0) = wo = u(0), and v(1) = ¢o(v(0) + nVF(v(0))) = cou(l).
Suppose the claim holds for some t5 > 1. Then, we have
v(to) = (I er) ulto).
Now,
u(to + 1) = u(to) + m, VF(u(to)).

and

v(to + 1) = ¢, (v(to) + NV F(v(ty)))

= ey (1125 er) ulto) +1 (25 )™ VF(u(to))

= ¢y (1251 ¢,) (ulto) +n (125 er) 2 VF (u(to)))
= (I%ct) (u(to) + me, VF(u(to))) = (IG2gce) ulto + 1),

which completes the proof.

(131)

(132)

(133)

O

If we choose ¢; = 1/||v(t) +nV F(v(t))||2 in eq. (132)), then eq. (132]) becomes the iterates of projected gradient
ascent with constant step-size. Therefore, the above lemma shows that, for homogeneous objectives, projected
gradient ascent with fixed step-size is equivalent to gradient ascent with adaptive step-size, up to a scaling

factor. Consequently, for any finite T, the direction of v(T") and u(T") will be the same.
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