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Abstract

Understanding deep neural networks (DNN5s) is a central challenge in machine learning, and characterizing
their loss landscapes is a key direction toward this goal. The loss landscape governs optimization dynamics and
strongly influences generalization and stability of learned solutions. Even if overparameterization or choices
of hyperparameters and loss functions do not change the class of functions a model can represent, they can
substantially alter the geometry of the loss landscape and the locations of initialization, leading to qualitatively
different learning behaviors. In this paper, we aim to explain the characterization of distinctive learning behaviors
of two-layer ReLU neural networks depending on hyperparameters from a viewpoint of their loss landscape. For
the first part of this work, we focus on a two-layer ReLU with one-dimensional data and then characterize the
set of globally optimal parameters analytically. We analyze them with or without /5-regularization so that we
can see the effects of the regularization. Based on the relationship between their geometrical properties and the
locations of initial parameters, we make a separation of the hyperparameter space. Our separation provides a
possible explanation for the distinctive dynamical behaviors of two-layer ReLU networks minimizing squared
loss, which are often analyzed at the infinite-width limit.

1. Introduction

Loss landscape analysis characterizes quantitative variations of the loss function in finite-width machine learning models,
and studying two-layer ReLU networks has been a key topic of interest in the machine learning community (Li & Yuan,
2017; Safran & Shamir, 2018; Li et al., 2020; Luo et al., 2021; Kim et al., 2025). Until recently, such analyses had been
largely restricted to unregularized models. Recently, Kim et al. (2025) characterized the ¢>-regularized loss function by the
lens of convex analysis. Specifically, they derived the convex reformulation of two-layer ReLU neural network (Pilanci
& Ergen, 2020) and showed the mode connectivity of global optima for ¢s-regularized loss function with respect to the
number of hidden neurons. Thanks to their work, global optima are found to be all connected if the number of hidden
neurons is sufficiently large. While this work provides important insights into the structure of global optima, other geometric
properties such as the dimension or boundedness of the optimal parameter set remain less explored. Moreover, settings
in which hyperparameters depend on network width, such as the abc-parameterization (Yang & Hu, 2020), have not been
explicitly addressed.

The choice of hyperparameters has been extensively studied in the context of training dynamics regimes, both theoretically
(Williams et al., 2019; Kosson et al., 2024; Kunin et al., 2024; Jacot et al., 2025) and experimentally (Luo et al., 2021;
Kosson et al., 2025). One well-studied regime is the linear regime (Lee et al., 2019; Geiger et al., 2020), in which the
training dynamics can be approximated by a linear ordinary differential equation in function space (Yang & Hu, 2020;
Chizat et al., 2019); the neural tangent kernel (NTK) (Jacot et al., 2018) is a well-known example. Another important regime
is the feature learning regime (Yang & Hu, 2020; Xu & Zheng, 2024), in which neural networks learn data-dependent
representations beyond their initialization. A key challenge in the feature learning regime is that training dynamics exhibit
qualitatively distinct behaviors depending on the choice of hyperparameters (Luo et al., 2021; Yang & Hu, 2020). While
weight decay (i.e., {>-regularization) is a fundamental component of modern neural network training (D’ Angelo et al., 2024),
these dynamical regimes have not yet been fully understood from a loss landscape perspective. Moreover, existing analyses
are largely based on the infinite-width setting.

In this paper, we aim to characterize the loss landscape of /5-regularized two-layer neural networks with one-dimensional
inputs and to elucidate the geometric properties induced by changes in hyperparameters. More specifically, we analytically
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Figure 1. A caricature of parameter space. The figure illustrates the locations of global optima ™ (m) for the squared loss (densely
scattered out in the blue region outside the circle of radius log,,, [|0*[2 = %232 (Proposition 4.12)), global optima 6*(m) for the
£o-regularized squared loss (the red region on the circumference (Theorem 4.11)), and the initial parameter 6y depending on the
hyperparameter settings (log,,, [|foll2 = 1_22"1 (Proposition 5.2)). The scaling is after taking log,,, (.) on norms. 6y is outside the circle
for the linear regime, on the circumference for the critical regime, inside the circle for the condensed regime. These regimes are found by

Luo et al. (2021) based on training dynamics behaviors at the infinite-width limit. (Theorem 5.3).

derive the globally optimal parameters, both with and without ¢5-regularization, under width-dependent hyperparameter
scaling. Our geometric analysis of the global optima reveals a separation in the hyperparameter space, which corresponds
to the phase diagram based on training dynamics regimes at the infinite-width limit identified by Luo et al. (2021). (See
Figure 1.) Finally, we compare our theoretical predictions with numerical experiments by Luo et al. (2021), demonstrating
strong agreement between theory and experiments.

Our Contributions. Our contributions are categorized into two perspectives. First, in Section 4, we provide geometric
descriptions of the set of global optima ©* (m) for £o-regularized loss in the parameter space R?™.

* We show that adding ¢, regularization does not affect the connectivity result. We provide two explanations: one based on
symmetries among hidden neurons, and another via a convex formulation of neural networks proposed by Pilanci & Ergen
(2020).

* We show that, for the squared loss, the set of globally optimal parameters is substantially larger than under the /5-
regularized squared loss: it is unbounded and has a higher dimension.

Second, in Section 5, based on the geometric descriptions of the globally optimal parameters, we discuss the relationship
between the locations of the initialized parameters and the locations of the globally optimal parameters for squared loss with
or without /5-regularization.

* We classify the hyperparameter space based on this relationship. Our classification boundary matches the learning phase
transition boundary for a squared loss function derived in an infinite-width setting by Luo et al. (2021).

* We further find a region in hyperparameter space where globally optimal parameters for minimizing squared loss are
guaranteed to be in the neighborhood of an initialized parameter with high probability.

2. Related Work

Geometry of loss landscape for overparametrized network. There are many works analyzing the geometrical properties
of the loss landscape (Achour et al., 2024; Wu et al., 2025; da Silva et al., 2025). Simsek et al. (2021) explicitly describes the
manifold of global minima. Cooper (2021) analyzes the dimension of the manifold in global optima for overparameterized
neural networks. Fukumizu et al. (2019) studies the landscape of the training error for overparameterized neural networks. ?
showed that every local minima are global minima for deep linear neural networks and deep ReLLU neural networks but
assuming independent activation.

Geometry of loss landscape for two-layer ReLU neural networks. Tian (2017) analyzes critical points of pop-
ulation squared loss for two-layer ReLU neural networks in a teacher-student setting, assuming that the input data are
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d-dimensional spherical Gaussian input. They do not consider the effects of l2-regularization. The [y-regularized loss
landscape is analyzed by Kim et al. (2025). They use the convex formulation of neural networks introduced by Pilanci &
Ergen (2020) nicely to avoid the difficulty of analyzing non-convex loss. Their analysis is limited to connectivity analysis.
However, they do not consider hyperparameter settings for initialization and network scalings introduced by Yang & Hu
(2020).

Convergence to Global minima Akiyama & Suzuki (2021) showed that with sparse regularization and norm-dependent
gradient descent, an overparameterized two-layer ReLU student network can recover teacher network with high accuracy in
noiseless teacher-student setting.

Training Dynamics and Hyperparameter. Different training dynamics behaviors are observed to be dependent on a
choice of hyperparmeters. In one regime (linear regime, lazy training, kernel regime), the training can be approximated
by kernel gradient descent (Chizat et al., 2019; Eilers et al., 2024). NTK (Jacot et al., 2018; Wang & Zhu, 2024) is an
example. In the other regime, nerual networks learn features beyond their initialization (Frei et al., 2023; Dandi et al.,
2024). A well-known example is mean-field regime (Mei et al., 2018; 2019). The training admits feature learning (Yang &
Hu, 2020) or learns adaptively from samples (Williams et al., 2019). Yang & Hu (2020) found the conditions for feature
learning and kernel regime under a non-trivial stable feature learning. They showed L-hidden layer MLP with tanh or
0-GELU (Hendrycks, 2016) for sufficiently small o activation function either admits feature learning or is in kernel regime,
but not both. (Corollary H.14 in Yang & Hu (2020)).

These training dynamics regimes relate to the performance of neural networks. The poor generalization performance of
lazy training has been reported. (Chizat et al., 2019; Buffelli et al., 2024). Yang & Hu (2020) reported that feature learning
is admitted on a part of the boundary of the kernel regime. They also showed that /P (Yang, 2019; Yang et al., 2023) is
a vertex on the boundary and Neural Tangent Kernel (NTK) (Jacot et al., 2018) is in the kernel regime. Their numerical
experiments also confirmed that the infinite-width and finite-width P networks outperform the NTK limit on Word2Vec
model (Mikolov et al., 2013).

The theoretical analysis on these learning behaviors often assumes infinite-width setting (Luo et al., 2021; Yang & Hu, 2020;
Chen et al., 2025). Existing numerical experiments with large finite-width settings confirmed that the theoretical analysis
in infinite-width agrees with large finite-width setting (Lee et al., 2019; Jacot et al., 2025), but not much work has been
done on theoretical analysis with finite-width. In addition, the assumption that the loss being continuously differentiable
in the prediction of the model is often assumed (Chizat et al., 2019). Therefore, although /s-regularization is crucial in
practice (Papyan et al., 2020; D’ Angelo et al., 2024), not much work about training dynamics has been done in the presence
of /5-regularization.

Section 2.1 and 4 in (Bahri et al., 2020) shows analysis on chaotic signal propagation in random deep neural networks as a
function of the weight variance and bias variance

3. Preliminary

Notations. Let X = (zy, ... ,7,)T € R be input data and Y = (yy, ... ,4,)T € R™ be associated targets. We denote
diagonal matrices as D(S) = Diag(1[X > 0]) and D(S¢) = Diag(1[X < 0]) where 1[X < 0] is an indicator vector with
(1[X <0]); = 1[z; < 0]. Xg = Diag(1[X > 0])X and Xg. = Diag(1[X < 0])X. By abuse of notation, we denote
0 = (U1, o yUm, Wi, ... ,wWm) by 0 = (u;,w;)7,. We assume X has at least one positive element and one negative
element (so || Xs|l2 # 0 and || Xsc |2 # 0), and that the training dataset X and Y are independent of m. To prevent trivial
solutions, we assume 0 < min{|XZY|, [XI. Y|}

Models. Our Neural Network (NN) model is

1 m
fo(z) = o > (@) yw, (M

j=1
where the parameter of the model is § = (UL, WT)T € R?*™ such that U = (u1, ... ,up)T € R™ and W =
(w1, -y wm)T € R™ are the weights of the first and second layers, m is the number of hidden neurons and (-); = max{-,0}

is the ReLU activation, and « > 0 is the scaling factor. The parameters are initialized independently by u? ~ N (0, 7¢) and
w) ~ N(0,73) where 71, T2 € R+ are hyperparameters. By abuse of notation, we write f(X) to denote the output of the
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training set (f(z1), ..., f(z,))T € R™,

Hyperparameters «, 7 and 7o are introduced to analyze global optima (Section 4) or compare the loss landscape of training
dynamics (Section 5) for different choices of hyperparameters.

Remark 3.1. Our hyperparameter setting is in the abc-Parameterization class for L-hidden-layer perceptron defined in
Yang & Hu (2020). We can write L = 1, « = m®+92, 7 = m~%, and 75 = m—2. For SGD learning rate nm ¢, we
may assume c¢ = 0 thanks to the symmetry in abc-Parametrization discussed in Section 3.2 in Yang & Hu (2020). Under
this hyperparameter setting, we write a weight coefficient 3, which is later introduced for a loss function Eq.(5), as m <.
(Remark 3.4)

Remark 3.2. The function set that the model (1) can represent is a set of piecewise linear functions F = {a(z)4+ +
b(—z)4 : a,b € R}, which is independent of the number of hidden neurons m. If we consider general d-dimensional input
(this includes a model with bias), F becomes larger as m becomes larger. As our focus is on the change of loss landscape
and its effects on learning dynamics regime in the absence of the change in the number of effective parameters, we restrict
our attention to one-dimensional input.

In addition to the effects of a choice of hyperparameters, we aim to analyze the effects of adding ¢5-regularization on the
loss landscape of this model Eq.(1). For this purpose, we compare global optima for squared loss and ¢5-regularized squared
loss. We consider the following two non-convex optimization problems. The first problem is

1 2
,in 1(6), )
where (6 H— Xu] +Wj — YH 3)

is a squared loss. The second problem is
Lo 4
,in L(9), 4

2
where L(G):1 1in:(Xu ) 4w éi +w2) 5)
2| aH J 24

2

is a squared loss and 8 > 0 is the weight decay coefficient for /5-regularization.

Remark 3.3. In Section 4, we show that the condition 8 > 0 imposes further restrictions on the forms of globally optimal
solutions (See Eq.(6) and Eq.(7)). Therefore, although Eq. (2) is the case of Eq. (4) with 5 = 0, we treat them as different
problems.

Remark 3.4. In the same way as Remark 3.1, we write the weight decay coefficient as 3 = m~%. If we use abc-

Parameterization (Yang & Hu, 2020) as in Remark 3.1, this m-dependent choice for £ is plausible. If a; + as > 0 and S is
a constant, ©*(m) collapses to a trivial solution {(0,0)™, } (See discussions about Assumption 4.3).

4. Geometric Descriptions of Global Optima

In this section, we quantitatively describe the geometrical properties of the sets of global optima ¢*(m) and ©*(m) for
Eq. (2) and Eq. (4), respectively, depending on the number of hidden neurons m. More specifically, we first provide the
analytical solutions to the sets of global optima for one-dimensional input and then show their connectivity, dimensionality,
and boundedness. Note that the connectivity of global optima ©*(m) has already been shown in Kim et al. (2025) for
general d-dimensional input case, and we provide an alternative proof for one-dimensional input. The dimensionality and
boundedness of ©*(m) are our findings in this paper. Figure 2 conceptually summarises the results from this section.

4.1. Global optimal solution for one-dimensional input

The explicit forms of ¢*(m) and ©*(m) can be found for the one-dimensional input and output case. These forms are used
to derive geometrical properties later in this Section.
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Figure 2. A conceptual illustration of the Section 4 results. This illustration shows geometrical changes in global optima as the number
of neurons m changes. (above) Geometrical properties of ™ (m). The green dot depicts that {(0, 0) }i2; is the only globally optimal
parameter. The blue region depicts the region where global optima are densely scattered out. It is an unbounded region outside a sphere in
R?™ (Proposition 4.12, 4.14). For m = 2, global optima are exactly two connected components, and for m > 3, all the elements are
connected (Theorem 4.4). (below) Geometrical properties of 6" (m). M is a critical number. The red circle depicts that global optima
are connected (Theorem 4.6) and have the same norm (Theorem 4.11). This conceptual illustration is inspired by Figure 1 in Kim et al.
(2025).

Theorem 4.1. The set of globally optimal parameters

©*(m) = {0 € R®™ : arg min [(#)}

GGRQ’HL
for squared loss Eq. (3) is

* m aXTY

¢ (m) ::{(“jij)j:l ‘ Z Ujw; = HXS 2

jru; >0 S||2
o 6
aXd.Y ©

Z Ujw; = 72}
X513

Adding ¢5-regularization (8 > 0) restricts the solution set because we need |u;| = |w;| Vi € [m] forall (u;,w;)™, € ©*(m).
(See the proof of Theorem A.3 in Appendix.) We quantitatively state the effects of adding ¢s-regularization on the set of
global optima in Section 4.5.

Theorem 4.2. The set of globally optimal parameters

0*(m) = {0 € R*™ : arg min L(6)}
feR2m

for £y-regularized squared loss Eq. (5)) is

i u; >0
sign(yp)u;  (u; > 0), @)
Z U; = |7N|7 Wi = Sign(’y;‘\/)uz (uz 0)7}
i u; <0 0 (uz _ O)
where v}, = as‘m‘}(ifl%p and v = a%ﬁrﬁ. (Sap(b) = sign(b) max(|b] — a8, 0) is the soft-thresholding operator.

Sap(b) = sign(b) max(|b| — m®+22=4 0) for m dependent notations in Remark 3.1.)

The Figure 3 show projections of globally optimal parameters onto v and w coordinates when X = [1, —1]7, Y = [-2, 3]

a=338=32 (75 = —1,v% = —0.5). The Figure 3 (a) (b) show samples from ¢*(3) and (c) (d) show all the points in

b}

5



Effects of /2-regularization and Hyperparameters on the Loss Landscape

(a) (b) (c) (d)

Figure 3. Illustration of our theoretical findings. (a) (b) Projections of samples from ©*(3) onto u and w coordinates (Theorem 4.1).

The blue points are samples from ¢*(3) for X = [1,—1]", Y = [-2, 1], a = 3". u values are sampled with constraint that its /o
norm is in [1071°9, 2.0]. For each sample of u, w that satisfies the constraints is sampled from w coordinate. (c) (d) Projections of
©*(3) onto u and w coordinates (Theorem 4.2). The dataset and scaling is the same X = [1,—1]", Y = [~ 2,117 o = 3", and we

additionally have weight decay 8 = 372 (yp = —1, v~ = —0.5). The black dots correspond to Minimal Optimal Solutions defined in
Eq.8. Different colors for u represent different sign patterns. For each u, corresponding w has the same color in w coordinate.

©*(3). We can visually see that adding ¢5-regularization limits the set of globally optimal parameters. Visualizations for
other datasets are provided in Appendix C.

If a; +az —d > 0, then 1% =ma+az=d 5 o0 as m — oo, which implies 7}, vy — 0 as m — oo. Consequently, the
optimal set ©*(m) collapses to a singleton, yielding the trivial solution {(0,0)}™ for all sufficiently large m. In other
words, when the weight decay parameter increases with m faster than the model scaling, the ¢/5-regularizer drives all neurons
to inactivity in the large-width regime. We denote the following standing assumption that avoids this situation.

Assumption 4.3. As we overparameterize the model, the weight decay coefficient 8 becomes much smaller compared to
the scaling 1/« of the model i.e.

B

— = 0asm — 00 < d>a + as.
1/a

4.2. Connectivity
In this section, we discuss how the connectivity of global optimal solutions ¢*(m) and ©*(m) changes with respect to m.

We say =,y € ©*(m) are connected in ©*(m) if 3 a continuous function f : [0,1] — S that satisfies f(0) = x and
f(1) = y. ©*(m) is connected if for any two points z,y € ©*(m), x and y are connected in ©*(m).

There are three phases for the connectivity phase transition for global optimal parameters for squared loss.

Theorem 4.4. We have the phase transitional behavior of the solution set.
(1) Form =1, p*(m) = (.

(2) For m = 2, ©*(m) has exactly 2 connected components.

(3) Form > 3, ©*(m) is connected.

The connectivity result of global optimal parameters for ¢5-regularized squared loss with general d-dimensional input is
described in five phases in Theorem 2 in (Kim et al., 2025). We find that, if we restrict our attention to one-dimensional
input, there are only three phases for the connectivity phase transition. We additionally considered the case for ©*(m) = .

Theorem 4.5. We have the critical width M* = 1[Sn5(XLY) # 0] + 1[Sap(XL.Y) # 0] that determines the phase
transitional behavior of the solution set.

(1) For M* = 0, ©*(m) is a singleton ({(0,0)",})

(2) Form < M*, ©*(m) =10

(3) For m = M* > 0, ©*(m) is a finite set.

(4) Form > M* > 0, ©*(m) is connected.

We provide two proofs for Theorem 4.5. (See Theorem A.5 in Appendix.)
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If we take the ratio 1/% to be a constant independent of m, from Theorem 4.5, ©*(m) is always connected for m > 3 as long

as max{|X2Y|, |XZ.Y|} > apB. Furthermore, we consider the effects of width-dependent hyperparameters (Remark 3.1).
We find different critical widths and phase transition behaviors.

Theorem 4.6. Assume Assumption 4.3. Define M*(m) = 1[|X2Y| > m@te2=d] 4 1[| XL Y| > m®+22=4] Define

M = min{m € N>, | M*(m) > 1},
M = min{m € N>; | M*(m) = 2}.

M*(m) € {0,1,2} is increasing with m and M*(m) = 2 for sufficiently large m. Hence, M and M are well-defined.
We have the following connectivity results.

(1) For m < M, ©*(m) is a singleton ({(0,0),}).

2)IfM =M =m=1,0*(m) =0

B IM<m=1<MorM<M <m=2,0*(m) is a finite set.

(4) Otherwise, ©*(m) is connected.

Under Assumption 4.3, from Theorem 4.6, ©*(m) is always connected for sufficiently large m. Therefore, for both cases,
the effects of /5-regularization on the connectivity results are negligible for a sufficiently overparameterized model.

From Theorem 4.5 and Theorem 4.6, we see the limiting connectivity behaviors for ©*(m) # (); ©*(m) is a finite set, or all
the elements in ©* (m) are connected. As Kim et al. (2025) showed, this is not always the case for general d-dimensional
input data. We provide explanations for this limited connectivity result from a perspective on the roles of unnecessary
neurons (Section 4.3) and a perspective on a convex formulation of neural networks introduced by Pilanci & Ergen (2020)
(Section 4.4).

4.3. Roles of Permutation Symmetry and Inactive Neurons for Connectivity

Both of the two proofs for Theorem 4.5 exploit two basic facts about the neural network model; hidden neurons have a
permutation symmetry, and overparameterized models have unnecessary hidden neurons to express an optimal function. In
this section, we explain their roles for the connectivity result.

The neurons in the neural network model (1) have a permutation symmetry i.e. changing (wu;, v;)j%; t0 (Ur (i), Vr(i) )iy
for a permutation 7 does not change its output or the training loss (5). The ¢ regularization forces any neuron (u;,w;)
in optimal parameter (u;,v;)"; € ©*(m) to be an inactive neuron i.e. (u;,v;) = (0, 0) or an active neuron u; # 0 and
w; # 0. (See Proposition A.9 in Appendix.) We define, by applying the concept of minimal optimal networks defined in
Kim et al. (2025) to one-dimensional data, the set of Minimal Optimal Solutions as

Onin(m) = { (ws i)y | Vo # g € ],

wpwg > 0 = upuy < O}.

®)

This is the set of parameters that has least possible number of active neurons. We find that all elements in 7, (m)
are permutations of each other. (See Appendix Lemma A.14). In Figure 3 (c) (d), Minimal Optimal Solutions are
denoted by black points. A key observation from the connectivity result is that once we have an inactive neuron in
(uj,w;)™, € ©F . (m), ©*(m) becomes a connected set. This is because an inactive neuron plays a role in proving
that permutations {(u(;), Vr(;))j~, | 7 is a permutation on {1, ... .m}} are connected in ©*(m). (See Collorary A.18 in
Appendix.) Additionally, a merging process, a process that is analogous to the merging process defined in Kim et al. (2025),
proves that all the elements in ©*(m) are connected to a point in ©7 . (m). (See Lemma A.15). Paths created in merging

process are illustrated by colored paths in Figure 3 (c) (d).

4.4. Connectivity and Convex Formulation

In this section, we provide an explanation of why the connectivity phase transition is restricted for one-dimensional input case
(Theorem 4.5) from a perspective on a convex formulation introduced by Pilanci & Ergen (2020). Kim et al. (2025) explored
the connectivity of global optimal parameters for general d-dimensional input data by applying the convex formulation. We
follow their principle strategies, but our proof is simpler because the analysis on one-dimensional input is enough for our
purpose. (See Appendix A.2.)
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Firstly, we find the convex formulation of the non-convex problem (4). The convex formulaion of training problem is
introduced by (Pilanci & Ergen, 2020). By restricting our attention to one-dimensional input, the convex formulation can be
written as follows. By abuse of notation, we denote (v, v, t1,t2) by (v;, ;)% ;.

Proposition 4.7. Consider the convex problem given as a cone-constrained group LASSO

min Leonw ('Ula vg, 1, t2)7 ©
v1,v2,t1,t2€ER
v1,t1 20
v2,t2<0

where Leony(v1,v2,t1,t2) =

(0 = 1)D(S) + (02— tg)D(SC))g - sz (10)

+ B([v1] + va| + [t1] + [t2]).

o
2

The convex problem (9) and the non-convex problem (7) have identical optimal value when m > M* = Eie{m}:m#o 1+
Die{1,2):4r 0 L Where (v, 7 )2_, is an optimal solution to (9).

Remark 4.8. M™* defined in Theorem 4.5 and M ™ defined in Proposition 4.7 are the same. This is because v and 3

introduced in Theorem 4.2 can be written as v5 = v] — t7, Yy = v5 — t5 by Proposition 4.9. We call M ™ as the critical
value.

Since the problem is convex, we can solve (9) directly to find optimal solutions that satisfy the constraints. It turns out that
the solution set is a singleton.

Proposition 4.9. The set of global optimal solutions

" .
P* =< (v1,v9,t1,t2) | argmin  Leony (v, Ve, t1,t2)
v1,v2,t1,t2ER
v1,t1>0
v2,t2<0

for the convex problem (9) is P* = {(v},v3,t5,15)} where

—af T
a0 FXLY > aB,
( |XS||2 ) i
(v1,11) = ¢ (0,0) if —aB<XJY <ap,
(0, Xs¥ + aﬁ) iFXIY < —af,
1 Xs]3
(0, —XgeV + aﬁ) FXLY > ap,
[ Xse |3
(v2,t2) = ¢ (0,0) if —aB < XgY <ap,
aXch+ozB’ 0) legCY< —aﬁ_
[ Xse[3

The staircase connectivity shown in (Kim et al., 2025) arises because we can relate the connectivity results of the cardinarity
constraint set P*(m) C P* defined as

P m) i={ (i, 0) 2y | w0y € P,

Yoie Y 1§m}. an

i€[Pl:v}#0 1€[P]:tr#0

with the connectivity results of ©*(m), and P*(m) changes with respect to m. For 1-dimensional case, P* is a singleton,
so P*(m) = P* for any m > M* and we observe limited connectivity phase transitions.

8



Effects of /2-regularization and Hyperparameters on the Loss Landscape

4.5. Effects of /»-regularization for Overparameterized Model

In this section, we state the dimensionality and bounds for the set of optimal parameters. We describe them for sufficiently
large m to see the effects of overparameterization. By comparing these properties for loss landscape with or without
{5-regularization, we find that adding the ¢5-reguralization term reduces the dimension of the set of optimal parameters by
m and imposes a bound on the set. For notations of hyperparameters, we use the abc-Parameteraization (Yang & Hu, 2020))
as in Remmark 3.1. For a subset A C R?™, we define the dimension of A denoted by dim(A) to be the maximum & such
that A contains a k-dimensional embedded C'! submanifold (equivalently, the maximal stratum dimension).

There is always (m + 2)-dimensional difference between ©*(m) and the parameter space. The dimensional difference
grows with order m by overparameterization.

Proposition 4.10. Under Assumption 4.3, for sufficiently large m,
dim(©*(m)) = m — 2.

Theorem 4.11. Under Assumption 4.3, for sufficiently large m, ©*(m) is bounded and ¥/ 6* € ©*(m),

a(XgY 0 (X LY
HQ*HQ#QO[(LS AV, [San(X >|>
X513 PeE:

= @(mal;a2 )

If we omit ¢5-reguralization term, the global optimal prameters are more dense and spread out without a bound in a space
outside the sphere.

Proposition 4.12. Under Assumption 4.3, for sufficiently large m,
Vo' € ¢"(m), V0* € ©%(m), [[¢*[l2 = (|07 ]2
Proposition 4.13. For sufficiently large m,
dim(¢*(m)) = 2m — 2.

Proposition 4.14. For sufficiently large m, ©*(m) is unbounded. Especially, Va > %,
Jpa(m) C @*(m) s.t. V¢, € g (m), [|ggll2 = O(m?)
and dim(p%(m)) = 2m — 2.

The dimensional difference between ¢*(m) or % (m) and the parameter space is 2. This difference is independent of m.
Thus, overparameterization does not change the dimentional difference.

5. Training Dynamics and Loss Landscape

Training dynamics phase transition is often studied in the context of dynamics analysis and in infinite-width. In this section,
we provide an explanation for distinct learning behaviors from a perspective on loss landscape analysis on finite-width
networks. For notations, we use the abc-Parametrization (Yang & Hu, 2020) as in Remark 3.1. Depending on the choice
of hyperparameters, the locations of initialized parameters and the locations of globally optimal parameters are different.
We compare them in a large finite-width setting, which provides a separation of hyperparameter space. We further showed
that our separation is the same as that was found by Luo et al. (2021) based on learning dynamics phase transition in
infinite-width setting. Figure 1 in Section 1 depicts this correspondence.

5.1. Main results

To minimize L(6), we need |u;| = |w;| due to ¢o-regularization. (Appendix Theorem A.3). Hence, it is plausible to consider
the case by = bs.

Assumption 5.1. b; = b,.

The norm of initialised model parameter 6y depends on b;.
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Proposition 5.2. We denote the initialized point for model parameter as 0y = (u?, ... ,u®  w?, ... ,W%). Then, under
Assumption 5.1,
2 3 -
p(£m1 ||<im1 Zbl)ZI—QGXp (—ﬁ),
2 2K2

where ¢ > 0 is an absolute constant and r. = || Z* — 1||, is the sub- exponential norm of Z* — 1 where Z ~ N(0,1). The
left-hand side (LHS) tends to 1 as m tends to infinity, so ||0p]|2= @(m =t ) with high probability.

Luo et al. (2021) analyzed the training dynamics behavior of parameters for two-layer ReLU neural networks for minimizing
the squared loss 5 || fo(X) — Y||3. They identified three learning regimes; the linear regime where the gradient flow of
the model functlon is well approximated by gradient flow of its linearized model, the condensed regime where the relative
change of model parameter tends to infinity, and the critical regime which serves as the boundary between the above two
regimes. Luo et al. (2021) derived phase diagram that characterizes these dynamical regimes at infinite-width limit. We
restate a part of their results in our notations: under Assumption 5.1, the training dynamics is linear if a; + a2 + 2b; < 1,
is critical if a; + as 4+ 2b; = 1, and is condensed if a; + a2 + 2b; > 1. We deduce the same boundary conditions based
on the behavior of the norm ratio between initialized parameters and global optima for ¢5-reguralized squared loss for
large finite-width setting: under Assumption 5.1, for large m, with high probability, ||6p||2 > ||6*||2 if a1 + a2 + 2b; < 1,
H90||2 ~ ||(9*H2 ifa; +as +2b; =1, and ||90||2 < ||9*||2 ifa; +ag + 2by > 1.

Theorem 5.3. Assume Assumptions 4.3 and 5.1 hold and that m is sufficiently large. With probability at least 1 —
2exp(—Cm) (C is a positive constant independent of m),

[|00]|2 1ay—ap—2b;
ol =~ A" )
The behavior of the value “ ‘H when overparameterizing (i.e. increasing m) depends on the sign of 1 — a1 — ao — 2b;.
e Ifa; +as + 20 <1, ”z H — oo with probability one as m — oo.
e Ifa; +as +2b; =1, HZQH = &(1) and is away from 0 with probability one as m — co.
* Ifa; +as + 20 > 1, HOEH — 0 with probability one as m — 0.
Remark 5.4. Although we use m — oo in the last part, our critical quantity @(m%) is derived from a finite-width

setting.

From a context of dynamics analysis in infinite-width setting, Luo et al. (2021) proved that the maximum deviation of
parameter values relative to the norm of initial parameter during training tends to O as the width tends to infinity in linear
regime. From a context of loss landscape analysis in sufficiently large finite-width setting, we find that the set of global
optima ¢*(m) for squared loss is densely spread out outside the sphere on which ©*(m) exists (Theorem 4.1), and the
initial starting point 6y is outside the sphere with high probability (Theorem 5.3) in the same hyperparameter setting as
linear regime. Our analysis of the loss landscape provides an alternative explanation for learning dynamics to converge to a
neighborhood of the initialized parameter for the linear regime. Theorem 5.5 further proves that there is a region where a
global optimizer for squared loss is in the neighborhood of initialized parameter with high probability.

Theorem 5.5. Under Assumptions 4.3 and 5.1, for sufficiently large m, with probability at least 1 — 8 exp (—C'm),

39" € g™ (m) st [|0o — ¢*||3 = O(m>(@rFe2)=1H2br),
where C' > 0 is an absolute constant. In particular, for a1 + as + by < %
36" € ¢ (m) s.t. 60 — °[13 = O1)
with high probability.

For a; + az > 0, which can be assumed under stable abc-Paramtrization introduced by Yang & Hu (2020), the region
a; +azx+b < % is within the linear regime region. The hyperparameter initialization for NTK (Jacot et al., 2018)
(a1 + a9 = %, by = 0) is in this region.

10
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5.2. What are the implications of our theoretical results?
We hypothesize that hyperparameter setting in the critical regime does implicit 5-norm regularization.

Numerical experiments by Luo et al. (2021) show that relative change of parameter norm depends on hyperparameter
settings. We focus on the case v = 0, i,e, by = by in our notation. In the linear regime (v < 1), they show that
the maximum deviation of parameter updates for squared loss tends to zero as we increase the width m (Figure 10 in
Luo et al. (2021)). In the critical regime (7' = 1), they show the maximum deviation tends to the same order as the
norm of the initialized parameter as we increase the width m (Figure 10 in Luo et al. (2021)). If parameters converge
to their nearest global minima, the convergence point for parameters initialized by the critical regime converges to a
global minima that has a smaller order of norm with respect to m compared to the norm of a global minima for /5-squared loss.

When by = by, the critical regime corresponds to mean-field hyperparameter setting for two-layer neural net-
work model. The smaller order of /s-norm could explain good properties of mean field initialization such as u-P
parameterization in (Yang & Hu, 2020).

We hypothesize that adding ¢»-regularization will prevent lazy learning, which is known to lead to poor general-
ization performance.

6. Conclusion

In this paper, we aim to elucidate the effects of ¢5-regularization and hyperparameters on the loss landscape of Two-layer
ReLU networks for one-dimensional Data. More specifically, we first obtained closed-form global optima of the model
and analyzed their geometric properties including connectivity, boundedness, and dimensionality. These results allowed us
to relate the norm of initialized parameters to that of the corresponding optima under squared loss, with and without ¢5-
regularization, across different hyperparameter settings. We then use this relationship to explain the training dynamics phase
transition of two-layer ReLU networks. It is important to note that, although our analysis is restricted to one-dimensional
inputs and outputs, we showed that the phase transition in training dynamics can be explained from a loss-landscape
perspective. Expanding our theoretical analysis to the d-dimensional input case remains as future work. This viewpoint also
provides a path toward understanding training-dynamics behavior in finite-width settings.

Impact Statement

This work advances the theoretical understanding of the loss landscape and hyperparameter space, with potential applications
in hyperparameter tuning. We do not identify any ethical concerns but recognize that implications may vary depending on
the domain of application.
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A. Geormetric Descriptions of Global Optima: Proofs

Theorem A.1. (Theorem 4.1 in main) The set of global optimal prameters
1 2
“(m) = {0 € R*™ : in - -Y
p*(m)={0 € arg min o [ fo(z) ~ Y3}

for squared loss is

« aXly aXl.Y
@*(m) = {(“J’WJ ‘ Z Ujw; = ||XSH2’ Z Ujw; = ”X; }

Jiu; >0 u; <0

Proof. By writingvp =3, souiwi and yn =37, o uiwi,

XSC
o) - Y||2—Hf O B 1
=1
By solving KKT condition, (LHS) is minimized at (yp, vn) = (7p, V) Where
XgT Xsc Xgo T
0= -— Y, 0= — Y
125 - 2 g -
. an:Y . aXgY
— Tp = y TN = :
PUXsIET Y X3
Hence,
m XS XS
HfZXuJ vy Y[ 212 T v
with equality iff 3 w; = XY and Y aXged
quality jiuy >0 Y% = X432 jiu; <0 W% = xge2

O

For one-dimensional input case, we prove that the minimum value for original non-convex problem (4) equals to the

minimum value for the convex problem (12) in Lemma A.2.

Lemma A.2. Consider the optimization problem

XSC
=Y |5+ B(lvel + lyw))-

e 4
mln —_—
vp,YNER 2 ’yp N

The optimal argument (yp, Yx) is uniquely determined as

* * o Saﬁ (Xg:Y) 8045 (XELY))
”P”N)<a XSl X I

where Sg(b) := sign(b) max(|b| — /3,0) is the softmax function.

Proof. Note that the minimization problem (12) is a convex minimization problem. By KKT condition,

XsT
0 frel 223 - 25 v 1 55| 5 € o)

atyp = v5. 0|yp| is the subdifferential of the absolute value function |yp| at yp found as

{1}7 YP > 07
8|’7P| = [717 1]7 vp =0,
{_1}7 Tp < 0.

14
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Substituting J|yp| gives the solution form as follows

. sign(E2TY) max(1£TY] - 8,0)  SC58TY)  Sap(XEY)
p = = -
" 1513 %13 X513
YN = a%ﬂgﬁ;) is found by replacing X g by Xge. O
Theorem A.3. (Theorem 4.2 in the main). The global optimum ©*(m) = {6 € R?*™ : argmingepzm L(0)} for L defined
as (5) is
sign(yp)w;  (u; > 0),
0 (m) = {(wiw)y | D w=hpl Y wf =il owi={sienti)u (w<0)} (4
it u; >0 7 u; <O 0 (ui — 0)
% Sap(XZTY * Sap(XEY
where v, = 25T and 9 = a5

Proof. By writing

vp = Z Wi, YN = Z ww;, Xg=Diag(1[X >0])X, and Xg.= Diag(1[X <0])X,

i:u; >0 i:u; <0

we can write Hé Z 1 (Xuj)jwj — YH as || yp 22 +7NXS° Y ||2. Also,

m

/BZ +w

s , .
= Z (u? +w?) + 5 Z (u +w?) (equality holds iff u; = 0 = w; = 0) (15)
jiu; >0 Jiu; <0
> 8 Y lusllwil+8 D luillws| =8 > |uwil+8 Y lujws|  (equality holds iff V j, [u;| = |w;])  (16)
jiu; >0 Jiu; <0 Jiu; >0 Jiu; <0

Z ujw;| + B Z ujw;| = Blyp| + Blyn| (equality holds iff V5, 4 s.t. the product u;u; > 0, sign(u;w;) = sign(u;w;)).

Jiu; >0 Jru; <0
(17)
Hence,

6 N o o

min — Xuj)iw; YH - w2 + w?

{u“w }mle(RXR m 2” ]—Zl( J)+ J 2 ;( J ])

. Xg XSC
> min St S 4w Y3+ Ble] + ) as)
'YP/YNGR

=3 Wpa TN o

—Y||§+ﬁ(lv§‘»| + [vaD)-

The equality in the last holds by Lemma A.2 where (75, ;) is defined as (13).
By (15), (16) and (17),

Xg Xge
?""YN o YH + Blvpl + Blvwl

11 — 2 & 1y,
ollz S u) ey v+ 53w ) = 5|5
i—1 j=1

15
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holds iff (u;,w;)™; = (uf,w))™, such that

2 2
pl=| > wiwi|=| > w®= Y u?
iu; >0 iu; >0 iu; >0
* * ok *2
|7N|: Z Uy Wi | = Z Ui
iu; <0 iuy <0
sign(yvp)u;  (uf > 0),
w; = < sign(ya)ul  (uf <0),
0 (uf =0).

(16) and (17) imply that 3, .-, ujw; =
imply (20). ’
To satisfy vp = D ..+ 50 Ui w; and vy = >, <o ujw; under (16) and (17), we need (21).

Zi:u;ﬁzo U

19)

(20)

2

2 or =50 ;. This implies (19). Similarly, (16) and (17)

Hence, (u},w])™, G@*(m) if and only if it satisfies (19) (20) (21). O
A.1. Connectivity
Theorem A.4. We have the phase transitional behavior of the solution set.
(1) Form =1, ¢*(m) = (.
(1) For m = 2, o*(m) has exactly 2 connected components.
(2) Form > 3, ©*(m) is connected.
Proof. (1) m = 1:
.
Since 0 < min{|XZY|, |XZ,Y |}, we need at least two non-zero neurons to satisfy Zj_uj>0 ujw; = % and
. - 2
aXl.y

Zj:u,go Ujw;i = HXSSC IEN
2)ym=2:

. . _ _ _( aXiy aXdeY
The sign pattern for u; and us is (ug, us) = (+, —) or (—, +). For (u1,u2) = (4, —), (w1, we) = TS mleeel

XdeY XJY
For (ur,u2) = (= -+). (w1, wa) = (G 157

Hence, ¢*(m) consists of two connected components 3 (m) and ¢3(m) such that

T T
" 2 aXgY aXg.Y
90mZ{Ui,wii:‘U1>0,u2<07w1= , Wy = }’
i(m) = q (s ei)ics X 2~ Wl Xs B
T T
. 9 aXgY aXgY
m:{ui,wii:’u >0, u; <0, wy = , W1 = }
P3(m) = (s wifizyuz > 0, w1 <0, wa = SPRees @1 = e T

1 (m) and @3 (m) are disjoint because u; #* 0 and ug # 0.

B)ym > 3:
. .. . _ aXJy
For simplicity, write A := TXol2

Fix any § = (u,w) € ¢*(m), where u = (uy, ..

aXd.Y
and B = 5.
[Xscll2

S Upy) and w = (wy, ...
Pluw)={jemliu; >0} N(u)i={j € [m] : u; <0},
We must have P(u) # () and N (u) # 0. Choose any indices p € P(u) and n € N (u).
Keep u fixed and define w(t) for ¢ € [0,1] by

w;(t) = (1 —t)w; forallj¢ {p,n},

16
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and

()—wp—i—— Z Ujwj, (t)—wn—kf Z Ujwj.
jEP(u geN(u
J#p Jj#n

Then, for all ¢t € [0, 1],

Z wjw;(t) = upwpy(t) + Z uj(1—tw Z ujw; = A,

jiu; >0 JEP(u) JEP(u)
J#p
and likewise
Z ujw;(t) = upwn(t) + Z ui(1 —thw Z ujw; = B.
Jiu; <0 je};’(u) JEN(u)
JFn

Hence 0(t) == (u,w(t)) € ¢*(m) forall t. Att = 1, we have w;(1) = 0 for all j ¢ {p,n}, so only the two indices p and n
carry the constraints uyw,(1) = A, u,w,(1) = B and all other products are u;w;(1) = 0.

After this deformation, for every j ¢ {p,n}, keep w; fixed and define u;(t) for t € [0, 1] by

u;(t) =u;(1—1).

For other indices, define as follows

u, if u,=1 A
t) = P Up P e = 5
u;)( ) { T if Up 7& 1, Wp up(t)
up(t) = tn Lf u":.il’ Wy = B .
n 714_(_”7;_1)1‘1 lf Unp # 71, n U,n(t)

Then, u,(t) > 0 and u,(t) < 0forall ¢t € [0, 1]. u;(t)w; = 0 forall t € [0, 1]. u,(¢)wp(t) and wy, (t)w, (t) are unchanged
over ¢t € [0, 1]. Hence, both constraints remain unchanged.
Thus, 6 € ¢*(m) is connected to a point in ¢}, (m) where

orn(m) = {(ui,wi)ﬁl}ﬂp,n € [m]s.t. (uj,w;) =(0,0)forall j ¢ {p,n}, up =1, wp, = A, u, =—1, w, = —B}.

To prove the connectivity of ¢*(m), it is enough to show that all elements in ¢, (m) are connected in p*(m).
All elements in ¢ . (m) are permutations of each other. Denote by .S,,, the symmetric group on {1,2, ... ,m}. Sy, is the
set of all permutations on {1,2, ... ,m}. It is enough to show that

V(ui, wi)ity € @rin(m), Yo € Sy, Ja continuous path in ¢ (m) connecting (u;, w;);~; and (Ug (i), We (i) )ie1 -

Pick any (u;, w;)™q € @k, (m). Asm > 3 and (u;, w;)™, has exactly two non-zero elements, 3 p,n, j € [m] such that
up =1, up, = —1, u; = 0. Also, for all j € [m], the set of transpositions 7; = {(i,7) | ¢ € [m] s.t. i # j} (We denote by
(i,5) a transposition) generates .S,,, so it is enough to show that

VT € T; where u; = 0, 3 a continuous path in " (m) connecting (u;,w;);i~; and (up(), Wre))ie;

Take any T' € 7.
(case 1) If up(jy = 0 (T = (4, 7) for i # n,p), then (u;, w;)i%y = (ur(), Wre))it:

(case 2) Consider the case up(;) = up (T' = (p, j)).
Construct a path C' as

C(s) = (ui(s),wi(s))iZq, s €[0,1]
s.t.

(UP(S)va(s)) = (V 1—5,AvV1— 8),

(uj(s5),w;i(s)) = (Vs, AV/s),

(ui(s),wi(s)) = (us,w;) Vi # j,p.

17
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C(s) is well-defined and connected. As u;(s), up(s) > 0and u;(s)w;(s) + up(s)wp(s) = AVs € [0,1], C(s) € ¢*(m).
C(0) = (us,w;)i2q and C(1) = (urp@y, wre))iz:- Thus, C(s) is a continuous path in ¢*(m) connecting (u;,w;)j*; and
(ur(i), wre))its-

(case 3) Consider the case up(j) = un, (T' = (n, 5)).
Construct a path C' as
C(s) = (ui(s),wi(s))it1, s € [0,1]

S.t.

(un(s),wn(s)) = (—v1 — 5, —BV1 — s),
(uj(s),wj(s)) = (—Vs, —BVs),
(ui(s),wils)) = (us,w;) Vi # j,n.

C(s) is well-defined and connected. As u;(s), u,(s) < 0and u;(s)w;(s) + un(s)wn(s) = BVs € [0,1], C(s) € ¢*(m).
C(0) = (us,w;)i2q and C(1) = (ur@y, wr())iz;- Thus, C(s) is a continuous path in ¢*(m) connecting (u;,w;)j*; and
(ur (i), wre))its-

Thus, the claim is proved. O

We prove the connectivity result (Theorem 4.5) of global optimal parameters ©*(m) in two different ways.

Theorem A.5. (Theorem 4.5 in the main) We have critical width M* = 1[S,5(X2Y) # 0] + 1[Sap(XE.Y) # 0] that
determines the phase transitional behavior of the solution set.

(1) For M* = 0, ©*(m) is a singleton ({(0,0)7,})

(2) Form < M*, ©*(m) =0

(3) Form = M* > 0, ©*(m) is a finite set.

(4) Form > M* > 0, ©*(m) is connected.

The first proof is simply use the the explicit form of ©*(m). The second proof follows the principle ideas introduced by
Kim et al. (2025). We provide the first proof in this section and the second proof is given in the next section (Appendix A.2).

Proof. (The first proof)

M* =1[8ap(X§Y) # 0) + 1[Sap(X5Y) # 0] = 175 # 0] + 1lvi| # 0].

() M* =0:
M* = 0, implies [v5| = 0 and |[yx| = 0. For (uj,w1)i%; € ©%(m), Y., sou; = 0and ., _qui = 0, so
Vi € [m], u; = 0. Also, Vi € [m], |u;| = |wy|, so Vi € [m], w; = 0. B a

2Q)ym < M*:
©*(m) = () because we need at least M* non-zero neurons for Y-, ~ou; = [yp|and 3., _ui = |y /| to hold.

(3)ym = M*:
To satisfy (19) (20) (21),

(i, wi)1) € (M) = Vi € [M"], (ui, wi) € {non-zero elements in {(1/ 17, sign(v )/ I3 1), (—\/ il —sign(vi) /&)1 |

Hence, |©*(m)| < 2M" and ©*(m) is a finite set.

4 m>M*:
Define the u-projection

U*(m) := {u eR™

Youi=hbl Y U?Iﬁvl}-

2:u; >0 2:u; <0

18
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Define 2 : R™ — R"™ coordinatewise by

|sign(vp)], |sign(ya)| < 1implies that |©;(a) — ;(b)| < |a — b, so €; is Lipschitz, hence is continuous. As each ; is
continuous, 2 is continuous. We can write ©*(m) as

0% (m) = {(u, Qu))| v € U*(m)}.

Therefore, the map F : U*(m) — ©*(m) defined as F'(u) = (u, 2(u)) is a homeomorphism with inverse given by the
projection (u, w) — w. Thus, it suffices to prove that U*(m) is path-connected.
Define the minimal optimal subset as

Urunlm)i= {yfples = yflorles| i € (1coomb. i £ € 07 Gm)

where (e;)!", are the standard basis vectors.
We prove the following two claims.

1. Elements in U}, (m) are connected to each other in U*(m) when m > M*.

Proof. We prove by a direct construction of a path. Denote by S,,, the symmetric group on {1,2, ... ,m}. S, is the
set of all permutations on {1,2, ... ,m}. Denote u = (u1, ... ,Up) € R™ by (u;);.

From the construction of U, (m), it is enough to show that

min

n

V(ui)ity € Ujin(m), Yo € Sy, 3a continuous path in U*(m) connecting (u;);~; and (uq ;) )i~

m

Pick any (u;)/2, € Ui, (m). Asm > M* = 1(|vp| # 0) + 1(|yx| # 0), 3j € [m] such that u; = 0. Also, for all

J € [m], the set of transpositions T; := {(¢,7) | i € [m] s.t. i # j} (We denote by (i, j) a transposition) generates S,
so it is enough to show that

Vt € T where u; # 0, 3 a continuous path in U*(m) connecting (u;);%; and (ur(;))iz;-
Take any t € Tj. If uy(j) = 0, (ug)i21 = (ug(s))iZy. If ugjy # 0, construct a path C' as
C(s) = (ui(s))ily, s € [0,1]
S.t.

w; if ¢ # jandi # t(j),
ui(s) = ugyv/s if i =7,
ut(j)\/l —s if 1= t(])

By direct calculation, C(s) is a continuous path in U*(m) that connects (u;);”; and (u(;));~;. Thus, the claim
holds. =

2. Elements in U*(m) are connected to an element in U, (m).

Proof. We prove by direct construction of a path along which we decrease the number of non-zero elements. Take any
u € U*(m) and apply the following steps.

Step 1
Define sets of indices.

P={ie[m]:u; >0}, N={i€[m]:u <0}
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If |[P| <1and |[N| <1, wis apointin U, (m). If not, move to Step 2.

min

Step 2
Since |P| > 1lor [N| > 1, 3k < lsuchthat k,! € Pork,l € N. For such k, [, construct a merging path M(s) as

M(s) = (ui(s))iZy, s € [0,1]
S.t.

w; if i kandi # 1,
ui(s) = ¢ yuiuicos(9(1—s)) if i=k,
Vuiugsin(0(1 —s)) if i=1.

6 € [0,2n) satisfies u, = \/uiu? cosd and w; = /uiu? sin §. By direct calculation, M (s) is a continuous path in
U*(m) and M (0) = u. Apply Step 1 to M (1) and repeat this merging process until we reach a point in U, (m).
The number of non-zero elements in M (1) is less than that of M (0), so the process terminates in a finite number of
steps. O

These two claims prove that ©*(m) is connected for m > M*. O

The second proof is provided in Appendix A.2.
Theorem A.6. Assume Assumption 4.3. Define M*(m) = 1[|X2Y| > matez=d] 4 1[| XLV | > m® T4 Define

M = min{m € N>; | M*(m) > 1}
M = min{m € N> | M*(m) = 2}

M*(m) € {0,1,2} is increasing with m and M*(m) = 2 for sufficiently large m. Hence, M and M are well-defined.
We have the following connectivity results.

(1) For m < M, ©*(m) is a singleton ({(0,0)7, }).

(2)IfM =3 =m =1, 0*(m) = 0.

B IfFM<m=1<MorM<M <m=2,0%(m) is a finite set.

(4) Otherwise, ©*(m) is connected.

)

Proof. m®+a2=d ig strictly decreasing and m®+92=¢ — ( as m — oo. Hence, M*(m) € {0, 1,2} is increasing with m

and M*(m) = 2 for sufficiently large m.

Sap(X5Y)
X513

Sap(X5cY)

As the product af depends on m, vp = Xse |2
<ll2

and 7y = « depends on m.

M*(m) = 1[|XFY| > m® T2 )+ 1[|XE Y] > m® T2 = 1[|yp] > 0] + 15| > 0].

Also,
M*(m) =0 < m< M, (22)
M*(m)=1 < M<m<M, (23)
M*(m)=2 < M <m. (24)
(Hm< M:

From (22), M*(m) = 0, so the result from Theorem A.5 (1) implies that ©*(m) is a singleton.

Q)M =M=m=1:

We need at least M* (1) non-zero neurons for .. - ui = |ypland Y=, o ui = |vx] to hold. Hence, ©*(m) = () iff
m < M*(m). As M*(m) € {0,1,2}, m < M*(m) happens iff m = 1and M(1) = 2. As1 < M < M and by (24),
M) =2holdsiff M = M =1 = m.

AOM<m=1l<MoM<M<m=2:

As M*(m) € {0,1,2}, m = M*(m) iff 1 = m = M*(1) or 2 = m = M*(2). By 23), 1 = m = M*(1) iff
M<1l=m< M. By(24),2=m=M*(2)iff M <m = 2.
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(4) Otherwise:

From the above arguments, m < M*(m) iff conditions for (2) hold, m = M*(m) iff conditions for (3) hold, and
M*(m) = 0iff conditions for (1) hold. Thus, m > M*(m) > 0 for this case. By the result from Theorem A.5 (4), ©*(m)
is connected. 0

A.2. Connectivity and Convex Formulation

In general, convex proplems are easier to deal with than non-convex problems. Kim et al. (2025) showed that the staircase
connectivity of global optimal solutions to the original non-convex training loss minimization problem can be found by
analysing the connectivity of global optimal solutions to its convex formulation. We apply this strategy to our problem with
1-dimensional input data. Thanks to the simplicity coming from 1-dimensional input, we provide a simpler proof without
using all the notations introduced by Kim et al. (2025).

A benefit from deriving connectivity via convex formulation is that we can derive the connectivity without know-
ing the explicit form of ©*(m). Therefore, we pretend as if we did not know the explicit form (14) throughout Section A.2.

Fistly, we find the convex formulation of our non-convex problem (4).

Proposition A.7. (Proposition 4.7 in main) Consider the convex problem given as a cone-constrained group LASSO

1 X 2
min §H ((1}1 —4)D(S) + (va — tg)D(SC)>E - YH2 + B(jva| + [va] + [ta] + It2])

v1,02,01

(25)
st v1 20,1120, v9<0, 85050

where D(S) = Diag(1[X > 0]) and D(S¢) = Diag(1[X < 0]).

The convex problem (25) and the non-convex problem (4) have identical optimal value when m > M* =7 . (1,2} 07 £0 14

*

Dic{1,2):4r 20 L where {v] ,t3Y2_, is an optimal solution to (25).

Proof. By our assumption in main, X has at least one positive element and one negative element. Hence,
{Diag(1[Xu > 0] | u € R} = {Diag(1[X > 0]), Diag(1[X < 0]), [,}.

(5) can be equivalently written as
1, X B =
L(O) = 511 D _(Cuj)pw; = Y3+ 5 Y _(uf +f) (26)

Consider the following convex problem

{visti},

st. (2D; — I)Xv; >0, (2D; — I,)Xt; >0, Vi€ [3]. (D1 =D(S), Dy =D(5°), Ds=1,)  (27)

min 2|0~ 0)D(S) + (02— 2)D(5°) + (w5 — 1)) 2~V +ﬁi(|ui|+|ti|)

By applying Theorem 1 in Pilanci & Ergen (2020) to our problem with d = 1 and input matrix %, the convex problem
(27) and the non-convex problem (4) have identical optimal values if m > M™ = 3,31« 20 1+ 3 i (3).40 20 1 Where
{v},t:}2_, is an optimal solution to (25). As X has both positive and negative elements,

177

= v120,t 20,020, <0, v3=13=0

Rewriting (27) with this condition gives (25). L]

To find the connectivity of ©*(m), we use this convex formulation. We find the solution set P* to the convex problem (25)
is a singleton.
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Proposition A.8. (Proposition 4.9 in main) The set of global optimal solutions

. .
P* =4 (vi,v2,t1,t2) | argmin  Leony(v1, v2, 1, t2)
v1,v2,t1,t2ER
v1,t1 20
v2,t2<0

for the convex problem (25) is P* = { (v}, vs, t7,t3)} where

(QM,O) if XIY > ap

X513
(v, t]) =< (0,0) i if —aB<XIY <aB
(0, —a)‘usxyismgﬁ) if XIY < —af
(o,a%ﬁ;ﬁ) if XLY > ap,
@) =0 0.0 i —aB<XLY <ap,
@%fugﬁ,o) if XLY < —ap.

Proof.

1 X 2
Leons(v1,v3,t1,t2) = 5| (01 = 1) D(S) + (02 = £2)D(59)) = = ]|+ B(Joa| + feal + [ta] + Itz]).

By the KKT condition, at an optimal,

XTy
H 5Y 4 88|y,

0e 8U1LCO’I’L’U = Ul -1 H

XTY
H 5T 4 o).

Oeatl conv — tl_vl H

To satisfy the above conditions and the constraint vy, t; > 0, optimal v}, t] are uniquely defined as

(aMﬁ) if XITY > ap

X513
(wi,t) =3 (0,0) it —ap<XIY <ap
_ XSTY+a5) . T B
(o, oXLLEE) it XTY < —ap
We can find optimal v3, t5 by replacing X g by X g and by replacing the constraint by vy, 2 < 0. O

We state a constraint about the form of solutions in ©*(m). This constraint comes from the ¢5-regularization.

Proposition A.9. V(u;,w;)™, € ©*(m), |u;| = |w;| holds for all i € [m).

Proof. Take any (u;,w;)!"; € ©*(m). We have two cases to consider.

(Case 1) u; = 0 (or w; = 0):
The choice of w; (or u; = 0) does not change the model function fy(X) defined in (1). For an optimal parameter, we need
w; = 0 (or u; = 0) to minimize the ¢5-regularization term. This implies that u; = 0 <= w; = 0. Hence, |u;| = |w;|-.

(Case 2) u; # 0:

From Case 1, u; # 0 = w; ;é 0. Vr > 0, changing (u;,w;) to (rul, w;/r) does not change the model function fp(X). By
2

AM-GM 1nequal1ty, r2u2 + %5 > 2Ju||w;| with equality iff r2uf = 5.

— 2
For r > 0, r?u? = T—Q 1mphes r= ||u“| Hence, by mlmmahty, (ui,wi) = (ru;,w;/r) = (‘lu"‘u“ ||Z ‘le) This implies

|ui| = . O
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We take the following steps to prove Theorem A.S.

1. Construct functions that map elements in P* and elements in ©*(m). (Definition A.10 and Definition A.11)
. Introduce the notion of Minimal Optimal Solution. (Definition A.13)

. Prove that Minimal Optimal Solutions are permutations of each other. (Lemma A.14)

2

3

4. Prove that any optimal solution is connected to a Minimal Optimal Solution. (Lemma A.15)

5. For m = M*, prove that all the optimal solutions are Minimal Optimal Solutions. (Lemma A.16)
6

. For m > M*, prove that all the permutation solutions are connected in ©*(m). (Lemma A.17)

Step 3 and Step 5 together imply that ©*(M*) is finite. Step 3, Step 4 and Step 6 together imply that ©*(m) is connected
when m > M*.
Definition A.10. Suppose m > M*. Define ¥ : P* — ©*(m) as

v¥ t* .
V(i ) = (= ll) o (=, =yl @ 0,07
() = (i i), © (i~ 0@ 00
Definition A.11. Suppose m > M*. Define ® : ©*(m) — P* as

O((ui,wi)iZy) = (vi, ti)im

V1 = ) ez Wilwi| where T ={i|w; >0,u; >0},
Vg = Y crUi|lwi| where T = {i|w; >0,u; <0},
tq :Ziezui|wi\ where I:{i|wi < 0,u; >O},
ty = er wilwi| where T = {i|w; <0,u; <O0}.

(Zui|wi| =0 if Z= @.)

i€l

For simplicity, we take o = 1 in the following arguments. We can prove the same connectivity result for our case by
replacing X by % (a > 0).

Proposition A.12. Suppose m > M*. The maps ¥ and ® are well-defined.

Proof. The function values for ® and ¥ are uniquely determined for each input, so it is enough to show that V/(u;,w;); €
O (m). ((ws,wi),) = (07, £1)2, € P* and for (v, 1), € P, W((v}, t)2,) € O*(m),

To prove the first part, by Proposition A.7, it is enough to show that L.on, (®((u;,w;))) = L((ui,w;) ) holds for
(ui,w;)™, € ©*(m). We denote ®((u;,w;)™ ) by (vi,t5)2_,.

0 —t)DSX = | Y wilwil = > wlwi| | D(S)X

:u; >0 :u; >0
w; >0 w;i<0

= Z iniD(S)X

i:u; >0

I
e
£
T
&

i:u; <0 1:u; <0
wi>0 w; <0
i:u; <0
= E (Xu;)rw;
i:u; <0
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VI, Vi,j € T, sign (us|w;|) = sign(ujlw;]), so | ;cr wilwil| = 3ier [uillwil = 3 Y ;e7u? 4+ w?. The last equality
holds by the result from Proposition A.9.

Hence, Leono (®((ui,wi)i2y)) = 51l 22701 (Xug)+w; — VI3 + B(lvf] + [v3] + [¢5] + [£3]) = L((us, wi)iZy).

To prove the second part, by Proposition A.7, it is enough to show that Leon,((v},t5)2,) = L(¥((v},t5)2,))
holds for (v}, t;)?_, € P*. We denote W ((v},t)2_;) by (u;,w;)™,.

1Y

1 s
L(U((v},t; == v X t*| = Y||3
(T (v, 1)21)) 5l Z < ) VACH ( \/IT> VI =Yz
i€[2],vF#0 1€[2],tF#0 ? +
3 « 0\ \F 2 5 o\ \/* 2
v} 4
3 Z ( ) +< |v§‘> =Y ( ﬁ> +< |t;‘|>
2 i€[2],0F#0 |vi ‘ 2 i€[2],t5#0 |t1|
1 * * *
=5l > (Xv), - Z (Xt ~YIE+8 > |} |+ﬁ Z £
i€[2],07 #£0 €[2],t1#0 i€[2],v: #£0 (2], #0
1 * * * *
=5 Y (Xv), - (Xt5), = Y5+ 8 Y (jvr| +[¢71)
i€[2],07 #£0 i€[2],t7#0 i€(2]
Asvf, 17 > 0and 03,85 < 0,30, vr 0 (Xvf), = D(S)Xvi + D(5°) Xv3 and Zie[2],t;;ﬁo (Xt7), = D(S)Xt7 +
D(Sc)Xt; Hence’ L(\I}((,Uz ’tz )7, 1)) - LCO’NU((vz 7t;k)7, 1) O

Definition A.13. The set of Minimal Optimal Solutions is defined for m > M™ as
O nin(m) = {(u;,w;)7, VP # q € [m], wpwg > 0 = upug <0}

A Minimal Optimal Solution has the least possible number of active neurons. The Lemma A.14 proves that all the Minimal
Optimal Solutions are permutations of each other.

Lemma A.14. Denote the set of all the permutations on {1, ... ,m} by S,,. V1 € Sy, we call (ur(;),wn(s))iz) @
permutation of (u;,w;)™ . Then, every element in ©7,, (m) is a permutation of ¥((v},t})%_,).

Proof. V((v},t7)?_,) € ©F,,,,(m) by its construction as Definition A.10, v, ¢} > 0 and vj, 3 < 0. Hence, it is enough to

show that V(u;,w;)i2, € ©F . (m), (u;,w;)i2, is a permutation of ¥ ( (v} ,tf)l 1)
For any element in ©} . (m), the minimality shown in Definition A.13 implies that 7 introduced in Definition A.11 is a

singleton or an empty set. Take any (u;,w;)7; € ©F .. (m). As T is a singleton,

D ((us,wi)izy) = (v7 atz)1 1

vf = wuglw;] if Fistow; >0Au; >0, 0otherwise,
tf = wilw;| if Fistow; <0Au; >0, 0otherwise,
vy = wijw;| if Aistow; >0Au; <0, 0otherwise,
t5 = w;lwi| if Fisdtow; <O0Au; <0, 0otherwise.

Hence, M* = Zie{l,z}:v;;ﬁo I+ Zie{l,z}:t;;ﬁo 1=33" Huw; #0).
We write P = > | 1(w; > 0)and N = Y"1 | 1(w; < 0). Using the result from Proposition A.9, P+Q = 1" | 1(uw; #

0), so M* = P + (. Denote the P positive elements {w;|w; > 0} by {wj,, ... ,w;, }. Denote the N negative elements
{wilw; < 0} by {wiky, oo s Wiy }-
Then,

Uy (Wi |

W 4)20) = V(0. 0) ) = Viwesl) V) @ 0,07
Vi \/W i1

From Proposition A.9, Vj, /|u;w;| = |w;|. Therefore,
m P N m—M*
V(07 t7)im) = V(R ((ws, wi)iZy)) = (g, |wji )iz ® (un,, —lwr])iz; © (0,0)™
e

R
P N m—
= (ujw wji)i:l & (ukw wki)i:] S3) (070)

This is a permutation of (u;,w;)™ . O
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Lemma A.15. For any (u;,w;), € ©*(m), there exists a point in O, (m) that is connected to (u;,w; )" ;.

Proof. 1t is enough to show that V(u;,w;)™, € ©*(m) \ ©F,,,.(m), we can construct a continuous path that connects
(u;, w;), and a point in O} . (m).

As (ui,w;), ¢ OF . (m), wlog, wiws > 0 and uyuz > 0. Denote sign(wy) = sign(wsy) by s. Define a path

min

up|wi| + tug|w Ug |w
) = 1| 2| sV [urw + tugws|s | @ \/1—t72| 2| ,V (L= 1)|ugws|s @(uj,wj);ﬁ:?)
V|uiwy + tusws| v/ [ugwa|

where ¢ € [0, 1].
C(t) is a part of the path connecting (u;,w;), and a point in ©7,, (m). To show this, we prove the following claims.

1. C(t) is well-defined and is continuous.
Proof. wiwy > 0 and ujus > 0 imply that sign(ujwy ) = sign(usws) # 0. Hence, |ujwy + tusws| # 0 for t € [0, 1].
Also, wo # 0 implies that |uswa| # 0 by Proposition A.9. The well-definedness of C'(¢) implies that C(t) is continuous
on [0,1]. O
2. The number of zero neurons in C(1) is more than that of C(0).
Proof. By direct calculation, C'(0) = (u;,w;)™; and C(1) = (%, V]urwr + uaws s) & (0,0) &
(uj,w;)7s. As (ur,wi) # (0,0) and (uz,ws) # (0,0), the claim is true. O
3. C(t) is a path in ©*(m).

Proof. By substituting § = C(t) to fo(X) in (1), the sum of the first two terms is

t
X ufwn| + tusfws V|uiwy + tugwsls + X\/l—tM V(1 = t)|ugwsls
\/ |u1w1 + f,U,QOJQI . V |u2w2| +

= (X (ur|wi| + tug|wa|)) . s + (1 —t) (Xuz|wa|), s
= (Xug|wi]), s+ (tXuglwa]) ;. s + (1 —t) (Xug|wa|), s (since sign(u;|w:|) = sign(uz|ws]))

=(Xu1)pwr + (Xuz)yws

Hence, changing (u;,w; )™, to C(t) does not change the model function.

2 2

U |wy | + tus|w 2 Us|w 2

1w 2les| +(\/|u1w1—|—tqu2|s) + \/1—15M —|—( (1—t)|uzw2|s>
\/ |U1W1 + tu2w2| \/ |U2W2|

urwi| + tuz|wsl)?
_ (wfw| 2|ws|) + [urwy + tusws| + (1 —t + (1 = t)|ugws|

) (ugws])?
|urwy + tusws|

|ugws|

up|wi| + tus|ws|)?
:( 1] 2lw2) + |urwy + tusws| + 2(1 — t)|usws|
|u1w1 +tUQCU2|

=2|usw; + tugwa| + 2(1 — ¢)|ugwa|  (since sign(wy) = sign(ws))
=2|ujwi| + 2lugwa|  (since sign(ujw;) = sign(uiwi))
:u%—i—w% +u§+w§

Hence, changing (u;,w; )", to C(t) does not change the ¢2-regularization term.

From the above arguments, changing (u;,w; ), to C(t) does not change the loss value i.e. L(u;,w;)™,) = L(C(t)).
Hence, Vt € [0,1], C(t) is in ©*(m). O
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We can see that C(t) merges the two active neurons {(u1,w1),(u2,w2)} to generate one active neuron

(M, V/|urwi + usws|s | and one inactive neuron (0,0). We repeat this merging process until we cannot
U1Wi ’ltgwg

find such a pair i.e. we reach a point in ©F . (m). This process should terminate since the merging process strictly decreases
the number of active neurons. When the merging process ends, we concatenate all the paths. Then, we have a continuous
path in ©*(m) starting from (u;,w;)™ . At the end of the path, we have a pointin O . (m). O

min (

Lemma A.16. ©*(M*) = O, (M*)

Proof. Assume that there exists A € ©*(M*) \ ©%,,,,(M*). By applying the merging process defined in Lemma A.15 to
A, we get apoint B € ©F . (M™*) that has at least one inactive neuron (0, 0). So, the number of non-zero neurons in B is
at most M* — 1. From the proof in Lemma A.14, for B = (u;,w;)™, € %, (M*), M* = 5" 1(uw; # 0) i.e. the
number of non-zero neurons is M ™. O

Lemma A.17. For m > M* + 1, all permutation solutions are connected.

The idea of the proof is inspired by Kim et al. (2025). We prove it using notions of group theory similarly to our other proofs
(e.g. the proof for Theorem A.4 (3), the first proof for Theorem A.5).

Proof. We use Sy, to denote the symmetric group on {1,2, ... ,m}. Sy, is the set of all permutations on {1, 2, ... ,m}.
Using Lemma A.14 and Lemma A.15, it is enough to show that

V(ug, wi)ity € ©),:,(m), Yo € Sy, 3a continuous path in ©*(m) connecting (u;, w;)i%; and (Ue (i), Wo (i) )1

We take any (u;,w;)!™; € O (m). From the same argument in Lemma A.14, m > M* = >~ | 1(u;w; # 0) implies that
(ui,w; )™, has at least one inactive neuron (0,0). Denote the index for the inactive neuron as j € [m/], so (u;,w;) = (0,0).
Asforall j € [m], T; = {(i,7) | i € [m] s.t. i # j} (We use (i, j) to denote a transposition) generates S,y,, it is enough to
show

VT € T; where u; # 0, 3 a continuous path in ©"(m) connecting (u;,w;);~; and (up (), Wr())im: -

For (up(jy,wr(;j)) = (0,0), applying T' does not change the parameters. So, it is enough to think about the case where
(ur(jy, wr)) # (0,0) We construct a path

C(t) = (u;(t),w;(t))jL, € R xR)™, ¢ €10,1]
S.t.
(uj,w;) if @ # jandi# T(j),
(wi(t), wi(t)) = (uTmle(j)I\/m Vitlurgywr) IS) if i=j,
(UT(])|wT(J)|\/ |umeTmI /(= upgwr)ls ) it i=1T(j)

where 5 = sign(wrp(;)). We prove the following claims.

1. C(t) is well-defined and is continuous.

Proof. Proposition A.9 and (ur(;),wr(;)) # (0,0) imply that |upjywr)| # 0. So, division by |upjywr(;)| is
possible and well-defined. The well-definedness of C'(¢) implies that C(¢) is continuous on [0, 1]. O

2. C(O) = (ui,wi)ﬁl and C(l) = (uT(i),wT(i))gll
Proof. By direct calculation. O
3. C(t) is a continuous path in ©*(m).
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Proof.

[t e 1-t
(XUT(j)|wT(j)| |uT(j)wT<j>l> ol (XUT(j)|WT(j)| |uT(j>wT<j>> V= Ofrgeng
+ +

=t (Xurg)), wrg) + (1 =) (Xurg)) . wrg)
= (Xur()) . wre)
= (Xuj), wj + (Xurg)) , wre)

Hence, changing (u;,w;)" to C(t) does not change the function f(X).

2
t 2
(um)wm) uT(j)WT(j)> +(Vt|uT(j)wT(j)|s)

2
1—t 2
+ <UT(j>|wT<j>| )) + (\/(1—t)\uT<j>WT<j)|8)

lur()wr(;

= tlurgwr| + (1= t)lurgwre)
= lurgwr)|
<uf +wl+ u?p(j) + w%(j)
Hence, changing (u;,w;)™, to C(t) does not increase the 5 term. By the optimality of (u;,w;)™ , equality holds in

the last inequality.

From the above arguments, changing (u;,w;)"; to C(t) does not change the loss value, so V¢t € [0, 1], C(t)

is in ©*(m). O
From above arguments, C'(t) is a continuous path in ©*(m) connecting (u;,w;);™; and (ur(;), wre) )i - O
Corollary A.18.

V(ug,w;)ity € ©%(m) s.t. Ik € [m] s.t (ug, vi) = (0,0), Yo € Sy,

Ja continuous path in ©*(m) connecting (u;,w; )i~ and (Ug (i), Wo(i))ie1 -

Proof. This is a corollary from the proof of Lemma A.17. O
The second proof for Theorem A.5
Proof. (The second proof)

M* = 1[8ap(X§Y) # 0) + 1[Sap(X5Y) # 0] = 175 # 0] + 1lvi| # 0].
(1) M* = 0:
M* = 0, implies |yp| = 0 and [y5| = 0. For (u;,w1)i; € ©*(m), 3., sou; = 0and 3 ., _qui = 0, s0
Vi € [m], u; = 0. Also, Vi € [m], |u;| = |w;l, so Vi € [m], w; = 0. - -

2)ym< M*:
©*(m) = () because we need at least M* non-zero neurons for >-,. ~ou; = [yp|and Y., _ui = |y to hold.

B)m = M*:
As a set of permutations of finite number of neurons is a finite set, Lemma A.14 implies that ©
m. By this and Lemma A.16, ©*(M*) is a finite set.

*
min

(m) is a finite set for all

@ m>M*:
By Lemma A.14 and Lemma A.17, all the elements in © . (m) are connected in ©*(m). By this and Lemmma A.15, all
elemets in ©*(m) are connected, so ©*(m) is connected. O
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A.3. Effects of /5-regularization for Overparameterized model

Notation: For a subset A C R?, we define dim(A) to be the maximum k such that A contains a k-dimensional embedded
C' submanifold (equivalently, the maximal stratum dimension).

Proposition A.19. Under Assumption 4.3, for sufficiently large m,

Sap(XEY) #£0NSup(XEY) #0

Proof. Denote {min{| XY, | XZ.Y|} by C. By our assumption, C' is positive and independent of m. For m > 1,
Saﬁ(X:S'rY) #0A Saﬁ(chY) #0
— B< émin{|XSTY|, IXTY|} <= md <m-@te)go
—= —d<—-a;—ax+log,C <= a;+a—d<log,C.
log,,, C — 0 as m — oo. Under Assumption 4.3, a; + as — d < log,,, C' holds for sufficiently learge m. O
Proposition A.20. (Proposition 4.10 in main) Under Assumption 4.3, for sufficiently large m,

dim(©*(m)) =m — 2.

Proof. By the explicit form of ©*(m) as in (7), w; is uniquely determined by w; for every 4; hence the degrees of freedom
of ©*(m) are entirely captured by the vector u = (u, ..., un,) € R™. We have two conditions )., -, ui = |yp|and
D iy <0 u? = |k Since v} (resp. v4) is a nonzero scalar multiple of Sp5(X1Y) (resp. Sus(XE.Y)), we have

Vo #AONYN #0 = Sap(XIY) #0NAS,p(XEY) #0.

By Proposition A.19, this holds for sufficiently large m. Therefore, both of the quadratic equalities impose nontrivial
conditions on w.

To satisfy these equalities, we need both {¢ : u; > 0} and {i : u; < 0} to be non-empty. The two constraints
are independent because they involve disjoint sets of indices ({4 : u; > 0} # {i : u; < 0}). Hence, in R™, the dimension is
reduced by exactly one for each condition. O

Theorem A.21. (Theorem 4.11 in main) Under Assumption 4.3, for sufficiently large m, ©*(m) is bounded and

1Sap(XaY)|  |Sap(X3Y)|
Vo € © (m), |0%|2= \/204 < +
2 X512 B

ajtag
2

= @(mi).

Proof. By the explicit form of ©*(m) in (7), V 0* = (u;,w;)™, € ©*(m),

ez =2{ > wi+ > u

i:u; >0 7 u; <O
=2(vpl + Inl)

oo (XY XYY
X513 X513

aj+tag

107]]5 = ©(mer+a2) = 6%z = &m™=""). =
For the rest of the proofs, keep in mind that we made an assumption that 0 < min{|XZY|, |[XZ.Y|}.
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Proposition A.22. (Proposition 4.12 in main) Under Assumption 4.3, for sufficiently large m,
Vo* € " (m), V6© € ©7(m), [|¢7[l2 > (1672

Proof. ¥ ¢* € p*(m), ¥ 6* € ©*(m),
6713 =D uf +)_wi
=1 =1
>2) " |uiwi|  (by AM-GM inequality)
=1

k2
=2 Z |wiw;| + 2 Z |wiw;]

i:u; >0 i:u; <0
i:u; >0 u; <0
aXly aXlY
=2 S S° (by Theorem A.1)
1 Xsll3 [ Xse |15
o (X;w |X;Y|>
IXsl3 X515
> 20 (0 XIY)] XLV
- 1 X513 | Xsel13

= ||6*||3 (by Theorem A.21)

Proposition A.23. (Proposition 4.13 in main) For sufficiently large m,

dim(p*(m)) = 2m — 2.

Proof. For notations, write
aX gY aX:'g—cY
== Co = 2.
1Xsl3 [ Xse |3
We assume m > 2. As 0 < min{|XJ Y|, |[XJ.Y |}, we have ¢; # 0 and ¢, # 0. Hence any (uj,w;)7-, € ¢*(m) must
have at least one strictly positive «; and at least one strictly negative u;.

1

Fix a sign pattern by choosing a partition P, N C {1, ..., m} with
P#+£g, N+#+@, PUN={l,....m}, PNN=g,

and consider the open orthant
Upy = {(u,w) ER™ : u;>0(jeP), u<0(je N)}.

OnUp n wehave {j : u; > 0} = Pand {j : u; <0} = N, so the defining conditions of ¢*(m) become the two smooth
equations

fl(u,w) = Z ’U,j(dj — C1 = O,

JjEP

falu,w) = Z ujw; — cp = 0.

JEN
Let F == (f1, f2) : R?™ — R2. Then

gp*(m) ﬂuP,N = {(’LL,UJ) EZ/{P,N : F(u,w) = 0} = F_l(O) ﬂL{p,N.
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Take any (u,w) € Up . Choose j € P and k € N (possible since both are nonempty). Then

0 0

&{; (u,w) = u; #0, aij(u,w)—(),
and 5 3

50{:2 (u,w) = ug # 0, Ti(u,w)zo.

Hence the 2 x 2 submatrix of DF(u,w) formed by the columns corresponding to w; and wy, is

Uj 0

0 Uk ’
which is invertible. Therefore rank DF(u,w) = 2 at every (u,w) € Up, . In particular, 0 € R? is a regular value of F' on
Up . By the preimage theorem (a version of the implicit function theorem), F -1 (0) NUp,n is a submanifold of Up n with

codimension 2. Hence,
dim (F~1(0) NUp.n) = 2m — 2.

The set ¢*(m) is the union over all such admissible sign patterns (P, N) of the pieces ¢*(m) N Up n, together with
boundary parts where some u; = 0. Each interior piece has dimension 2m — 2, while boundary parts (where at least one
additional equality u; = 0 holds) have dimension at most 2/ — 3. Therefore, the (maximal) manifold dimension of ¢* ()
is
dim(¢*(m)) =2m —2 form > 2.
O

Proposition A.24. (Proposition 4.14 in main) For sufficiently large m, ©*(m) is unbounded. Especially, Va > ‘“"”12,
ez (m) C *(m) s.t. Vo, € pi(m), |97 ]2 = &m*) and dim(pg(m)) = 2m — 2.

Proof. For simplicity, define the nonzero constants by = HX ”2 #£0, by == ”X ”2 # 0and write ¢; (m) == aby, co(m) =

aby where o = m® 2. Assume m > 2. Then,Vt > 0, ¢(t) = (ui(t),wi(t))™, € ¢*(m) where ¢(t) is defined as

a <tm), Uy = 7157 Wy = 7702(2&771)

uy =t, wy =

; ui:O, wi:() (26{3, ,m})

Its squared norm is ||¢(t)||3 = 2¢% + cl(m)2t+2(m)2 — 00 ast — oo. Hence, v*(m) is unbounded for m > 2.

As in the proof for Proposition A.23, define a sign pattern partition P, N C {1,...,m} with
P#@, N#g, PUN={1,...,m}, PNN-=g,

and consider the open orthant
Up N = {(u,w) ER™ : u;>0(j€P), u;j<0(je N)}

We set P = {1} and N = {2, ... ,m} and denote Up, by U. From the proof for Proposition A.23, dim(¢*(m) NU) =
2m — 2.

Pick any a > 152 Introduce notations 3 := min{|b; |, [b2|} > O and s == |/ 2.
Define ¢¥(m) to be the subset of ¢*(m) N U consisting of points satisfying

uy € (m®,2m*), ug € (—2m®, —m?),
andforj=3,...,m
ajtag—1 K ajtag—1 a1tag—1 ajtag—1
u; € |—km~ 2z, ——m~ 2 , w; € (—km~ =, km~ 2 ,



Effects of /2-regularization and Hyperparameters on the Loss Landscape

with (wy,ws) determined by the constraints:

c1(m) ca(m) — Z;n:3 ujwij
Wi = ) wg = .
Uq U2
From the proof for Proposition A.23, ©*(m) NU is an embedded submanifold of R?™ (by the implicit function theorem),
so the manifold topology on ¢*(m) N U is the subspace topology inherited from R?™. The set of points satisfying the
constraints is open in R*™. Hence, ¢}:(m) is an open subset of the (2m — 2)-dimensional manifold ¢*(m) N U. Thus,
dim(p*(m)) = 2m — 2.

Take any ¢ € ¢X(m). By construction, |ui| + |uz] = O(m?*) = |éll2 > Vu?+ui = Q(m*). Also,
C{S’l”)‘ = @(m"ﬁaz) = ©(m®T27) For j > 3 we have |ujw;| < k*m*+2~! hence

me

| | =

m
Zujwj < (m — 2)rPmar a2l < g2paataz,
Therefore, for all sufficiently large m,

m
— Zujwj > lea(m)| — Zujwj > |ca(m)| — k2mataz > (\bg\ — n2) maortaz > gm“1+“2.

Also,
m m
3|b
,Zujwj < Jeg(m)| + Zujwj < |02(m)|+ﬂ2ma1+az < (|b2| + K ) artaez < ‘22‘ maitas
Hence, |c2(m) — X7 g ujw;| = O(m*172). By using |uz| = ©(m*), we get [wa| = @(m:;”) = Q(martez—a),
Moreover, by construction, |u;| = |w;| = @(maﬁgrl) (j > 3). Hence,

Z uj + o.; (2(m — 2)m“1+a2*1) = O(m“1+“2) .
j=3

ajtay ajtag a
2

).Sinceaz @tz wehavem 2 < m? so

1/2
Their total contribution satisfies (Z;is(u? + wf)) =0 (m

1/2
(Z;”:g(uf + wjz)) = O(m®). Also, a > “%2 implies a; + a2 — a < a, s0 |wi|, |wz| = O(m®). By construction,
|u1], |uz| = O(m®). Combining these bounds yields

1/2
m m

lole= [ 2+ | < Jultuddyfuitwd (e ] =0me).

j=1 j=3

Together with the lower bound ||¢||2 = Q2(m?®), we conclude V¢ € ¢ (m), ||¢]l2 = O(m?). This completes the proof. [

B. Training Dynamics and Loss Landscape

Proposition B.1. (Proposition 5.2 in main) We denote the initialized point for model parameter as 6y =

(W, .. ul, WY, .. wO). Then, under Assumption 5.1,
V2 i 3V2 i cm
P(Tm <H90||<7 )>1—26xp( o 2)

where ¢ > 0 is an absolute constant and r. = || Z* — 1|| 4, is the sub- exponential norm of Z* — 1 where Z ~ N(0,1). The
left-hand side (LHS) tends to I as m tends to infinity, so |0 ||2= @(m = ) with high probability.
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Proof. Denote T := m ™. u;’s and w;’s are sub-gaussian random variables, so u2’s and w?’s are sub-exponential random
variables. E(u?) = E(w?) = 72. By the centering property, u? — 7%’s and w? — 7%’s are independent mean-zero sub-
exponential random variables with ||u? — 72|y, = 72||(u;/7)? — 1|, = 72k where Z ~ N(0,1) and & = || Z? — 1|, is
finite.

By the Sub-exponential Bernstein inequality,

12 t
vt >0, P(|0]2 - 2mr?| > t) = IP’( ; u? — 72 +Z ; > t) < 2exp [—cmm{w, =}
where ¢ > 0 is an absolute constant.
By substiuting back 7 = m 1,
2mAb1—1 42
vt >0, P(]]|0]3 — 2m' 21| > 1) < 2exp {—cmin{ ﬂ; TR m }] (28)
K K
For any s > 0,
P([0]2 — V2m 7| > s) (29)
=P(vEm " Iz ~ Vo™ )
1—2b 1—2b
<P(|[|0]2 + v2m Vem = T s)
=B([|0]3 - 2m' 1] > Vam 7).

By substituting t = v/2m = s into (28),

2b1 2 2 1/2+b1
P13 - 1%w>¢m,3)<2wpl““ﬂ Sl Sﬂ'

Hence, by comparing this inequality with (29),

m2bi Sy l/2+01
Vs >0, P(|||9||2—\fm z |>s)<2eXp [—cmln{ ol , vam 5} )
K

1— 2b1

By setting s = @ > 0,

_ 2 i
51 | > gml 22171’) < 2exp {—cmin{%, %}}

P(|[|6]l2 — v2m

< 2exp <726—:;) (because x > 1/2).
Hence,
2 1-2 3 1 — 2 1-2p
]P’(gm <0 < im =) = 1= P([[0], - V2m | > gmijll) >1— 2exp (_%) .
K

O

Theorem B.2. (Theorem 5.3 in main) Assume Assumptions 4.3 and 5.1 hold and that m is sufficiently large. With probability
at least 1 — 2exp(—Cm) (C is a positive constant independent of m),

l|00]|2
162

l—aj —ag—2b

= 6(m ).

The behavior of the value Hzo‘\llz when overparameterizing (i.e. increasing m) depends on the sign of 1 — a1 — as — 2by.
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e Ifay +as+2b <1, ”g‘j”i — oo with probability one as m — .

e Ifar +az +2b; =1, ;‘90”‘2 = ©&(1) and is away from 0 with probability one as m — co.

e Ifay +ag+ 26 > 1, ”g?HZ — 0 with probability one as m — oo.

al+ag

Proof. Under our Assumptions, [|6*| = &(m ™ z ) by Theorem A.21, and ||6y]|2 = 6(1711722 o ) with probability at least
1 —2exp(—Cm) (C = 5% is a positive constant independent of m) by Proposition B.1. They imply that, &1, ko, my that
are independent of m such that Vm > my, the event

1—aq—ag—2bg HQOHQ 1—aj—as—2by
< < kam
[16+]]2

Em = {klm

satisfies P(E,,) > 1 — 2exp(—Cm). This proves the first part.
Hence, ).~ P(E;,) < > *_  2exp(—~Cm) < oc. By Borel-Cantelli lemma, P(E;,, happens infinitely often) = 0.

Thus, P(E,, happens eventually) = 1. Also, we can take

V2

ky =
IS(xﬁ(X;;rY)l ‘Suﬂ(X;;rcY)I)
2\/2 (B + et
~ 1
S0 toap L)
2\/( XSl T Xl

> 0.

k1 is found by the proofs of Theorem A.21 and Proposition B.1. This proves the latter part.

O

Theorem B.3. (Theorem 5.5 in main) Under Assumptions 4.3 and 5.1, for sufficiently large m, with probability at least
1 —8exp (—Cm),
J¢* € o*(m) s.t. |6 — o*||3 = O(m2(“1+“2)_1+2b1),

where C' > 0 is an absolute constant.

Proof. For notations, write
Xy XY
BJF::LS27 B,::LST
1 X513 [ Xse I3
Let the random index partition induced by the initialization be
P:z{jE[m]:u?EO}7 N::{je[m}:u?SO}.
Asuj ~ N(0,77) (a continuous distribution), P(u} = 0) = 0, hence PUN = [m] and PN N = () almost surely. Introduce

the partial sums and partial norms
0 ._ 0,0 0 ._ 0, .0
S = E ujwy, ST = E ({8

jep JEN
/ /
U = (Z(ujo)z)l 2’ 0o (Z(U?)Q)l 2-
JEP JEN

wd)™ . are i.i.d. mean-zero sub-Gaussian with || (u° < 7,. Then, the nonnegative random variables
j/j=1 Y2 S

X; = (u))*1{u > 0}, Yj = (u))?1{u) < 0}

33



Effects of /2-regularization and Hyperparameters on the Loss Landscape

are i.i.d. sub-exponential with

1l = 11u)* 10§ > O1llpy < 1)l = DG, S 755 1¥illen =S 7

By symmetry, E[X;] = E[Y;] = 1E[(u?)?] = 177. By the Sub-exponential Bernstein inequality,

2 J
Vi >0 IP’( Zm:X mo2 >t) IP( zm:(x L2y >t) < 2exp | —cmin{ r Ll o
= Y, I T e = = - a5 = X - )
2T 24T ml X2, Xl

where ¢ > 0 is an absolute constant.
As T =m™ b,

m 1-2b; 2

m t t
vt > 0, P( X — >t> < 2exp | —cmin{ , H -
; ! 2 m|[ X7, 1 X1y,

t2m4b1_1
2 b
I1X1]ly, S 72 =m20r = { ™I, ~

1~ 1 t > tm2b1
HX1H1P1 ~ :

1-2bg

1201 4o 4by—1 2b
,t*m 17 2 mand tm®* 2 m. Hence, for t = ™——,

By taking t = ™
2 t
; Pz m
m|| X7, 11Xl
2 t
ml| X117, 11X [y,

min{

}s-m

= — cmin{

t? t
ml| X7, X1l

1 2by

= exp l—cmin{ }] < exp(—Cm)

1-2by

where C' > 0 is an absolute constant. By substituting ¢ = ™——,

) <2exp(—Cm)  (by (30))

1 2by m172b1

1 ) < 2exp (—Cm)

ml—2b1 ml—2b1

In the same way, P (’Em (R )SZexp(—C’m).
As Y Xy =3 ep(uf)? aﬂdzm V=3 en(u))?,

ml—201 3ml—201
< D) Y () < = —
JEP JEN
1-2by 1-2by 1-2by 1-2b,
- 0N\2 m m 072 m m
=1-P Z(uj) e TR Z(uj) -z
JjeP JEN
1-2by 1-2by 1-2by 1-2by
0\2 m m 0,2 m m
21=P | D ) = —5—| = = | =P | )~ —5—| ==
JjEP jEN

>1—4exp (—Cm).
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Hence, there exist absolute constants ¢;,C; > 0 (¢c; =

Taking square roots and using 71 = m

1,C1 = 3) such that with probability at least 1 — 4 exp(—Cm),

1 1 2b; < Z Z ) < C ml 2b; (31)
jep JEN
b1 yields: with the same probability,
_ 1-2by
com Tt F<U% U <OymTE (32)

for some absolute constants co, Cy > 0.
0

()7, are i.i.d. mean-zero sub-Gaussian with ||(w?

= 0. Hence, u99

independent, so E[u W

JJ]

el gy <

Similarly to the case for > ;| X; and > ",

Vi >0, ]P( 3wy > t)

jepP
where ¢ > 0 is an absolute constant.

. . _ mt 2
By substituting ¢ = #——,

< 79 = 71 (under Assumption 5.1). For each j,

D s u; and w; are

are i.i.d. mean-zero sub-exponential with

||U9||¢2 ”w?”'l/)z /S 7—12'

Y;, by the Sub-exponential Bernstein inequality,

< 2exp

[—c min{

t? t
mluwrll?, " luawi |y,

12b1 m1_2b1
‘S ‘> =P Zu > < 2exp(—C'm)
(12122 (3 2
1 2bq m1—2b1
‘50’ > =P Z u) > < 2exp(—C'm)
(bl ) <[] 2 2
Thus,
0 12b1
S0 ST <
p(1s21+ 1521 < ")
m1—2b1 m1—2b1
>P 0| < 0 <
2p(Is% < 2 A 18t < )
m172b1 m172b1
=1-P( |82 > v 182 >
(1212 ™= v 152> ™ )
m1—2b1 m1—2b1
>1-—P( [S?| > —P(18°] > ——
> (| 0> ™ ) (| el )

>1 —dexp(—C’

m).

Hence, there exists absolute constant C'5 > 0 such that with probability at least 1 — 4 exp(—C'm),

ISY|+18%| < Cym! 2, (33)
Define u* by u} := u? for all j, so the sign partition induced by u* is exactly (P, N). Introduce notations A, = B&,ii)s}
and \_ = %, and define w* coordinatewise by
L {wo + )\+u0 jeP,
N PR N ug, jeN.
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Then, Zj:ujzo wiws =Y cpud(w) +Apud) = 8% + A (UY)? = By. Similarly, Zj:u;go ujw? = B_. Therefore, by
Theorem 4.1, ¢* := (u*,w*) € p*(m).
Since u* = u°, we have
160 — &3 = Z(W; —uwi)? = Z Apu)? + Z (A—uj
Jj=1 JjEP JEN
(B, -8 (B SU)?

_\2 02 2 02
= MUY+ N0 = St (34)

Define an event £ = {cam = <v?, U’ <Cym =+ S0 {18+ 182 < Cymt 2y

]P(g) =1-P ({Cle_z < U-‘r’ UO <C2m }C\/{|S |+|SO| <Cgm1 2b1}C)
) = P{|SG| +[5%] < Cym!~*1})

>1—P{cam = <U37 Ul <Cgm
>1 —4exp (—Cm) — 4dexp (—C'm)
>1—8exp (=C"m)

where C” = max{C,C"} > 0 is an absolute constant. On &, the denominators satisfy (U)? = ©(m!~2b1). For the

Taz|) = 80 = emer+es)

numerators, |[By |+ |B_| = « ( IIXsH
and [S%| + |S%| < C3m!~2%1. Therefore, on &,

1By = SU +|B- = 82 < (IBi| + |B-]) + (IS +[8%]) < Cam™ T2 + Cym! =2

for some absolute constants C, Cy > 0. Plugging into (34) and using the lower bound on (U{)? gives

) c
160 — &"|I3 < mTibl {(By —5%)% + (B- - 82)%}
Cs 2
S i (1B+ =S4 +|B- = 52))

< 06m2(1n+a2)—1+2b1 + C7m1—2b1 + CSma1+a2

_ O(mmax{2(a1+a2)fl+261, 1—2by, a1+a2})

— me(a1+a2)—1+2b1 )

Thus, with probability at least 1 — 8 exp (—C"m), ||6p — ¢*||3 = O(m>(@1ta2)=1+2b1),
60 — ¢* |13 = O(m2(a1ta2)=1+2b1) implies that, for a1 + az + b1 < 3, [|6y — ¢*[13 = O(1). O

C. Visualizations

We provide visualizations of ©*(m) for several dataset examples.
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Projection of ©*(3) onto (uy, u», u3)  Projection of ©*(3) onto (w1, W7, wW3)

= Uy =0: u pattern (0, +, +), w pattern (0, —, —)
= u;=0: u pattern (+,0, +), w pattern (0, —)
—— u3=0: u pattern (+, +,0), w pattern (-, —,0)
@ Minimal Optimal Networks

m Surface: u=0, Jul,=1(and w=-u)

Figure 4. The projections of ©*(3) onto u and w coordinates for X = [1,—1]", Y = [-2, L]", a=3"8=3"2(yp = —1,94 = 0).
The black dots correspond to Minimal Optimal Solutions defined in Eq.8. Both the surface and the colored boundaries are globally
optimal parameters. For each u, corresponding w has the same color in w coordinate.

Projection of @*(3) onto (uy, Uy, uz)  Projection of ©*(3) onto (w1, Wy, W3)

® usign pattern (++-)

u sign pattern (+-+)

u sign pattern (+--)

u sign pattern (-++)

u sign pattern (-+-)

u sign pattern (--+)

®  Minimal Optimal Networks

Figure 5. The projections of ©*(3) onto u and w coordinates for X = [1,-1]", Y = [2, 1|7 o =3',8=37% (v = 1,y = —0.5).
The black dots correspond to Minimal Optimal Solutions defined in Eq.8. For each u, corresponding w has the same color in w coordinate.

Projection of ©*(2) onto (uy, u;)  Projection of ©*(2) onto (w1, w3)

1.00 @ @ Minimal Optimal Networks 1.0 ®
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—0.50 1
Minimal Optimal Networks
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uy wy

LB=2"2(yp =19k = —0.5).
finite set.

Figure 6. The projections of ©*(2) onto u and w coordinates for X = [1,—1]7, Y = [1,
The black dots correspond to Minimal Optimal Solutions defined in Eq.8. As m = M ™,
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