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ABSTRACT

We discuss several aspects of the loss landscape of regularized neural networks:
the structure of stationary points, connectivity of optimal solutions, path with non-
increasing loss to arbitrary global optimum, and the nonuniqueness of optimal
solutions, by casting the problem into an equivalent convex problem and consid-
ering its dual. Starting from two-layer neural networks with scalar output, we first
characterize the solution set of the convex problem using its dual and further char-
acterize all stationary points. With the characterization, we show that the topology
of the global optima goes through a phase transition as the width of the network
changes, and construct examples where the problem may have a continuum of
optimal solutions. Finally, we show that the solution set characterization and con-
nectivity results can be extended to different architectures, including two-layer
vector-valued neural networks and parallel three-layer neural networks.

1 INTRODUCTION

Despite the nonconvex nature of neural networks, training them with local gradient methods finds
nearly optimal parameters. Understanding the properties of the loss landscape is theoretically impor-
tant, as it enables us to depict the learning dynamics of neural networks. For instance, many existing
works prove that the loss landscape is “benign” in some sense - i.e. they don’t have spurious local
minima, bad valleys, or decreasing path to infinity Kawaguchi|(2016), [Venturi et al.[(2019), Haeffele
& Vidal (2017), |Sun et al.[(2020), [Wang et al.[|(2021b), [Liang et al.|(2022). Such characterization
enlightens our intuition on why these networks are trained so well.

As part of understanding the loss landscape, understanding the structure of global optimum has
gained much interest. An example is mode connectivity |Garipov et al.|(2018), where a simple curve
connects two global optima in the set of optimal parameters. Another example is analyzing the
permutation symmetry that a global optimum has|Simsek et al.|(2021]). Mathematically understand-
ing the global optimum is important as it sheds light on the structure of the loss landscape. They
can also motivate practical algorithms that search over neural networks with the same optimal cost
Ainsworth et al.| (2022, Mishkin & Pilanci| (2023)), having practical motivations to study.

We shape the loss landscape of regularized neural networks with ReLU activation, mainly analyzing
mathematical properties of the global optimum, by considering its convex counterpart and leveraging
the dual problem. Our work is inspired by the work of Mishkin & Pilanci| (2023, where they
characterize the optimal set and stationary points of a two-layer neural network with weight decay
using the convex counterpart. They also introduce several important concepts such as the polytope
characterization of the optimal solution set, minimal solutions, pruning a solution, and the optimal
model fit. Expanding the idea of Mishkin & Pilanci|(2023), we show a clear connection between the
polytope characterization and the dual optimum. We further derive novel characters of the optimal
set of neural networks, the loss landscape, and generalize the result to different architectures.

Finally, it is worth pointing out that regularization plays a central role in modern machine learning,
including the training of large language models|Andriushchenko et al.|(2023)). Therefore, including
regularization better reflects the training procedure in practice.
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Figure 1: A schematic that illustrates the staircase of connectivity. This conceptual figure de-
scribes the topological change in solution sets as the number of neurons m changes in a high-level
manner. Connected components that are not singletons are shown as blue sets, whereas singletons
are depicted as red dots. When m = m*, there are only finitely many red dots. When m > m™* + 1,
there exists a connected component that is not a singleton, i.e. a blue set. When m = M™, there
exists a connected component which is a singleton, i.e. a red dot. When m > M™* + 1, there is no
red dot. At last, when m > min{m* 4+ M*,n + 1}, there is a single blue set.

More importantly, adding regularization can change the qualitative behavior of the loss landscape
and the global optimum Wang et al.| (2021b): for example, there always exist infinitely many op-
timal solutions for the unregularized problem with ReLU activation due to positive homogeneity.
However, regularizing the parameter weights breaks this tie and we may not have infinitely many
optimal solutions. It is also possible to design the regularization for the loss landscape to satisfy
certain properties such as no spurious local minima Liang et al.| (2022), |Ge et al.| (2017) or unique
global optimum Mishkin & Pilanci| (2023)), Boursier & Flammarion|(2023). Understanding the loss
landscape of regularized neural networks is not only a more realistic setup but can also give novel
theoretical properties that the unregularized problem does not have.

The specific findings we have for regularized neural networks are:

o The optimal polytope: We revisit the fact that the regularized neural network’s convex reformu-
lation has a polytope as an optimal set Mishkin & Pilanci|(2023). We give a connection between the
dual optimum and the polytope.

o The staircase of connectivity: For two-layer neural networks with scalar output, we give critical
widths and phase transitional behavior of the optimal set as the width of the network m changes.
See Figure [T|for an abstract depiction of this phenomenon.

e Nonunique minimum-norm interpolators: We examine the problem in Boursier & Flammarion
(2023) and show that free skip connections (i.e., an unregularized linear neuron), bias in the training
problem, and unidimensional data are all necessary to guarantee the uniqueness of the minimum-
norm interpolator. We construct explicit examples where the solution is not unique in each case, in-
spired by the dual problem. In contrast to the previous perspectives Boursier & Flammarion|(2023)),
Joshi et al.|(2023)), our results imply that free skip connections may change the qualitative behavior
of optimal solutions. Moreover, uniqueness does not hold in dimensions greater than one.

o Generalizations: We extend our results by providing a general description of solution sets of
the cone-constrained group LASSO. The extensions include the existence of fixed first-layer weight
directions for parallel deep neural networks, and connectivity of optimal sets for vector-valued neural
networks with regularization.

The paper is organized as follows: after discussing related work (Section [T.1) and notations (Sec-
tion [I.2), we discuss the convex reformulation of neural networks as a preliminary in Section [2}
Then we discuss the case of two-layer neural networks with scalar output in Section 3] starting from
the optimal polytope characterization (Section [31)), the staircase of connectivity (Section[3.2), and
construction of non-unique minimum-norm interpolators (Section[3.3). The possible generalizations
are introduced in Sectiond Finally, we conclude the paper in Section 5} Detailed explanations of
the experiments and proofs are deferred to the appendix.
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1.1 RELATED WORK

Convex Reformulations of Neural Networks Starting from |Pilanci & Ergen| (2020), a series of
works have concentrated in reformulating a neural network optimization problem to an equivalent
convex problem and training neural networks to global optimality. It has been shown that many
different existing neural network architectures with weight decay have such convex formulations,
including vector-valued neural networks |Sahiner et al.| (2020), CNNs [Ergen & Pilanci| (2020), and
parallel three-layer networks [Ergen & Pilanci| (2021). Furthermore, properties of the original non-
convex problem such as the characterization of all Clarke stationary points|Wang et al.|(2021b), and
the polyhedral characterization of optimal set[Mishkin & Pilanci|(2023) have also been discussed.

Connectivity of optimal sets of neural networks Mode connectivity is an empirical phenomenon
where the optimal parameters of neural networks are connected by simple curves of almost similar
training/test accuracy |Garipov et al.| (2018). An intriguing phenomenon itself, it has given rise to
theoretical analysis of the connectivity of optimal solutions: to name a few, [Kuditipudi et al.| (2019)
introduces the concept of dropout stability to explain such phenomena, Zhao et al.| (2023)) uses group
theory to understand the connected components of deep linear neural networks, and |/Akhtiamov &
Thomson| (2023)) introduces theory from differential topology to understand mode connectivity. Per-
mutation symmetry in the parameter space also plays an important role in understanding connectiv-
ity. |Simsek et al.[(2021) shows that assuming a unique global minimizer modulo permutations of a
certain size, increasing the size of each layer by one connects all global optima. Unfortunately, their
assumption does not hold in our case (Appendix [G). A similar characterization is also done in [Brea
et al.| (2019), where saddle points with permutation symmetry are connected. |Sharma et al.| (2024)
further discusses different notions of linear connectivity modulo permutations. A different line of
work concentrates on the connection between overparametrization and connectivity of solutions: the
main insight here is that when the model is as large as the number of data, the solution set becomes
connected Nguyen| (2021)), Nguyen et al.|(2021)), Nguyen| (2019). |Cooper| (2021) has a similar con-
nection for overparametrized networks, where they characterize the dimension of the manifold of
the optimal parameter space.

Phase transitional behavior of the loss landscape Here we introduce existing work in the literature
that gives a characterization saying “adding one more neuron can change the qualitative behavior
of the loss landscape”, hence having the notion of critical model sizes. We reiterate Nguyen| (2021)
and |Simsek et al.|(2021)), where adding one neuron changes the connectivity behavior of the optimal
set. [Liang et al.|(2018) adds an exponential neuron, which is a specifically designed neuron, along
with a specific regularization to eliminate all spurious local minimum. |Venturi et al.[(2019) has the
idea of defining upper / lower intrinsic dimensions of the training problem in the unregularized case,
and shows that the quantity is related to whether the training problem has no spurious valleys. L1
et al. (2022) discusses a critical width m* where m > m™, all suboptimal basins are eliminated for
certain activation functions. They also discuss how m* is related with n, the number of data.

Loss landscapes and optimal sets of regularized networks Freeman & Bruna|(2016) discusses the
loss landscape of the population loss along with a certain regularization, and proves the asymptotic
connectivity of all sublevel sets as m increases. Bietti et al.| (2022) also introduces an asymptotic
landscape result for regularized networks. |[Haeffele & Vidall (2017) deduces the loss landscape of
parallel neural networks with the lens of convex equivalent problem, and shows that when the width
m is larger than a certain threshold, there are no spurious local minima. |[Kunin et al.|(2019)) analyzes
regularized linear autoencoders and points out the discrete structure of critical points under some
symmetries. Bucarelli et al.| (2024) bounds the Betti number of the sublevel set of the loss landscape
for Pfaffian activations, discussing topological complexity of sublevel sets for both the unregularized
and the regularized case. On the empirical side, [Yang et al.| (2021) considers certain metrics to
consider the mode connectivity and sharpness of the landscape of regularized neural networks, and
indeed show that larger models tend to have more connected solutions. A few work design specific
regularization to make the loss landscape benign, removing spurious local minima and decreasing
paths to infinity |Ge et al.|(2017), Liang et al.| (2022)).

Properties of unidimensional minimum-norm interpolators Training minimum-norm interpola-
tors for unidimensional data can lead to sparse interpolators|Parhi & Nowak|(2023). When we do not
penalize the bias, [Savarese et al.|(2019) has an exact characterization of the interpolation problem
in function space, and [Hanin| (2021) completely characterizes the set of optimal interpolators. From
the construction of optimal interpolators, it is natural that there exist problems with a continuum of
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infinitely many optimal interpolators. A recent work by [Nakhleh et al.| (2024) extends this setup to
vector-valued networks and shows almost-sure uniqueness of a minimum norm interpolator. On the
other hand, Boursier & Flammarion| (2023)) recently showed that when we penalize the bias with free
skip connections, we have a unique optimal interpolator. Furthermore, under certain assumptions
on the training data, the optimal interpolator is the sparsest. Empirically, it has been believed that
having a free skip connection does not affect the behavior of the solution [Boursier & Flammarion
(2023)), Joshi et al.| (2023)).

1.2 PROBLEM SETTING AND NOTATIONS
We are interested in training a neural network with regularization and ReLU activation, namely the

optimization problem
min L(fs(X),y) + BR(O)- (1)

Here, X € R"*? ig the data matrix, y € R” is the label vector, § € RP the concatenation of
all parameters of the neural network, fj the parametrization, 8 > 0 strength of the regularization,
L :R™ x R™ — R the convex loss function, and R : RP — R the regularization.

We have two different objects of interest in the notion of optimal sets: the optimal solution set in
parameter space and the set of optimal functions

O := argmin L(fy(X),y) + SR(0) C R, F*:={fy [0 €O} C F, 2)
OcRp

where F is the set of functions f : R? — R. The notion of optimal functions will mostly be
discussed in Section [3.3] where we discuss minimum-norm interpolators. Note that ©* regards
parameters with permutation symmetry as different parameters.

Next, we clarify the notion of connectivity in this paper. We say two points z,y € S is connected
in S if for two points z,y € S, there exists a continuous function f : [0,1] — S that satisfies
f(0) =z, f(1) = y. We say S is connected if for any two points x,y € S, x and y are connected in
S. Also, an isolated point z in S means a point that has no continuous path from z to S — {x}.

At last, we clarify the notations. the notation 1(condition(A)) is defined for a scalar, vector, or ma-
trix that notes if the entrywise condition is met, the value is 1, and else 0. Note [m] = {1,2,--- ,m},
[||l2 as the I3 norm, ||-|| 7 as the Frobenious norm, (-)4 as the ReLU function, and diag the diagonal
matrix given a vector. By a hyperplane arrangement, we mean a diagonal matrix diag(1(Xh > 0))
for a vector b € R%. When we write D; for i € [P], we mean all possible hyperplane arrangements
generated from the data matrix X € R"*9, hence P means the number of all possible arrangement
patterns. We also use the notation K; = {u | (2D; — I)Xu > 0} for i € [P] unless specified differ-
ently (in vector-valued networks we will). By a & b, we mean the concatenation of two vectors(or
matrices) a and b: if € R™ and b € R™, a & b € R™", (a;)?_, denotes a1 ® az ® - - - a,. For
matrices, the notation A;. means the i-th row of A, A.; means the i-th column of A, and for vector
v, v, denotes the k-th entry of v. We note the matrix inner product (A, B) s = tr(AT B).

2 CONVEX REFORMULATIONS

Our main proof strategy will be introducing an equivalent convex reformulation of the training prob-
lem first introduced in |[Pilanci & Ergen|(2020). In this section, we demonstrate the concept by giving
an example for two-layer scalar output networks with weight decay.

Consider the optimization problem in equation [3]

m

p = min L Z(ij)+aj, gz ijHzJFO‘ 3)

{wj)aj};nzl j=1

The variables w; € R%, a; € R for j € [m]. When the width m of problem in equation [3satisfies
m > m* for a critical threshold m* < n, we have an equivalent convex problem given as a cone-
constrained group LASSO,

P P
Pevx = min L (Z D; X (u; — Uz‘),y> +8Y " (luill2 + vill2) - “4)
=1

P
{wivi by, wi,vi €K =1
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The intuition of convexification is constraining each variable at a certain convex cone so that the
model looks linear in that region, and applying an appropriate scaling to deal with regularization.
As an equivalent convex problem, the optimal values p* and p7,, are equal. Moreover, from a
solution (u;, v;)E_; of equationsatisfying m = Zil 1(u; # 0) + 1(v; # 0), we can recover the
solution of equation [3| with m neurons by a solution mapping (wi, a;) = (ui/+/|uill2, /lwill2)
for i € [a], (Witq, ¥ita) = (Vi//||vill2, — \/||11Z for i € [m — al, without loss of generality
assuming u; # 0 for ¢ € [a] and v; # 0 for i € m—a

The problem in equation 3| has a convex dual given as

d* = max —L*(v), 5)
[T (Xu)4|<B, V]ul2<1
where L* is the convex conjugate of L(-, y) and v denotes the dual variable. Note that strong duality
holds and p* = p¥,, = d* is satisfied when m > m*. Furthermore, we will see that the dual
optimum v* determines the optimal set of both the convex problem in equation |4| and the original
problem in equation 3]

3 TWO-LAYER SCALAR OUTPUT NEURAL NETWORKS

3.1 THE OPTIMAL POLYTOPE

We first describe the optimal set of the problem in equation ] where L is strictly convex. Note that
the polytope characterization was first done in Mishkin & Pilanci| (2023)). Here, we emphasize the
role of dual optimum in choosing the unique directions. To illustrate the solution set of equation 4}
we introduce the notion of an optimal model fit and further characterize it as a singleton.

Proposition 1. [Mishkin & Pilanci| (2023) Let the optimal solution set of equation | as ©*. If the
loss function L is strictly convex, the optimal model fit is unique, i.e. the set of optimal model fit

P
Cy = {ZDiX(ur —uf) | (uf, )l € @*} = {y*} for some y* € R".

i=1

The solution set of equationd]is given as Theorem|I] For a formal statement see Theorem

Theorem 1. (The Optimal Polytope, informal) Suppose L is a strictly convex loss function. The di-
rections of optimal parameters of the problem in equation[d} noted as @;, v;, are uniquely determined
from the dual optimum v*. Moreover, the solution set of equation[d|is the polytope,

P
,P;* = {(ciui,dwi)ﬁl | c,d; >0 Vie [P], ZDiXﬂici — D; Xv;d; = y*} - RQdP,

i=1
(6)
for the unique optimal model fit y* defined in Proposition[l]

Note that P;. is invariant under different choices of v*, because they all correspond to the solution
set of equation[d Hence, we use P* for simplicity. For a geometric intuition of v*, see Appendix[G|

Theorem (1| implies that equation {4] has a unique direction for each u;,v; where ¢ € [P], which is
determined by solving the dual problem. The intuition for this fact is quite clear: when we assume
there exist two different solutions (u;,v;)F; and (uf,v)E; where u; and v/ are not colinear for
some i € [P], ((u; + u!)/2, (v; + vi)/2)E| has a strictly smaller objective because L is strictly
convex and |lal|2 + ||b|l2 > |la + b||2 with equality only when a and b are colinear. However,
Theoremﬂ]implies further, that for any conic combination of such vectors D; X u; and —D; X v; that

sum up to y*, it becomes an optimal solution of equation 4]

Another implication of Theorem [I]is that for all stationary points of equation 3] there exists a finite
set of possible first-layer weight directions. For a formal statement see Corollary [C.T]

Corollary 1. Denote the set of Clarke stationary points of equation[3|as ©¢. The set of directions
of the stationary point | Jj_, {wj/||wj||2 | (ws, 04)% € O¢, wj # O} is finite, and is determined
by the dual optimum of subsampled convex problems.
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The result follows from using the fact proven in|Ergen & Pilanci| (2023)), where all stationary points
of equation |3|are characterized by the global minimizer of the subsampled convex program that has
the same structure with equation[d] The implication shows that not only the global minimum but the
stationary points of equation [3|also have a structure that is related to the convex problem.

3.2 THE STAIRCASE OF CONNECTIVITY

One significance of this characterization is that when m > m*, we can relate the optimal solution
set of the nonconvex problem in equation [3] with the subsets of equation [] with certain cardinality
constraints. Specifically, the cardinality-constrained set

P
P*(m) := {(ui,vi)f_l | (us,vi)q € P*,Z L(u; #0) + 1(v; #0) < m} CR¥P(7)
i=1
will determine the solution set of equation 3|, namely ©*(m), when m > m*. We write ©*(m) to
emphasize the dependency of m, since we illustrate a phase-transitional behavior as m changes. For
a formal definition of ©*(m) see Appendix@ The cardinality constraint is the main reason behind
the staircase of connectivity: if m were to be unbounded, the optimal set would be a single con-
nected polytope. However, as m becomes smaller, certain regions in the polytope are not reachable,
possibly becoming disconnected.

Our proof strategy is first observing phase transitional behaviors in the cardinality-constrained set
P*(m), and linking the connectivity behavior of P*(m) and ©*(m) with appropriate solution map-
pings (Definition Definition [D.8). Aside from the proof of Theorem [2} the machinery we
develop can potentially be applied to extend other topological properties of P*(m) to ©*(m).

Theorem [2] states the staircase of connectivity informally. For a formal statement and a precise
definition of critical widths see Theorem Note that we get rid of the trivial case where P* =
{(0,0)£_,} by assuming (w;, ;)™ # (0,0)™; € ©*(m) exists for some m (Proposition.
Theorem 2. (The staircase of connectivity, informal) Denote the optimal solution set of equation[3]in
parameter space as ©*(m) C RUTD™ Suppose L is a strictly convex loss function and there exists
(wi, )y # (0,0), € O*(m) for some m. We have critical widths m*, M* that determine the
phase transitional behavior of the solution set. Specifically, as m changes, we have that when

(i) m =m* ©*(m) is a finite set. Hence, all solutions are disconnected to each other.
(ii) m > m* + 1, there exists A # A’ € ©*(m) and a path in ©*(m) connecting them.
(iii) m = M*, ©*(m) is not a connected set. Moreover, there exists an isolated point in ©*(m).
(iv) m > M* + 1, permutations of the solution are connected with no isolated points in ©*(m).
(v) m > min{m* + M*,n + 1}, the set ©*(m) is connected.

Figure |1| demonstrates Theorem [2| at a conceptual level. When m = m*, the solution set has
a discrete structure. One way to see the fact is that when m = m*, the solutions are vertices
of the polytope P*, hence they have a discrete and isolated structure. When m > m* + 1, we
have a trivial “splitting” operation that connects two solutions with m™* nonzero first-layer weights,
which leads to the existence of a “blue set”(a connected component with infinitely many solutions)
in Figure [I When m = M?*, the solution having linearly independent first-layer weights with
maximum cardinality corresponds to the isolated point in ©*(M*). When m > M™* + 1, on the
other hand, any solution is connected with permutations of the same solution. The proof follows
from first creating a zero slot in the first layer weights and using the zero slot to permute. The idea
of the proof is identical to that of |[Simsek et al.| (2021)), though the details differ. At last, when m >
min{m*+ M*, n+1}, the whole set is connected: m* + M* is obtained from first transforming the
solution to have linearly independent first-layer weights and interpolating the solution with minimum
cardinality. n+1 follows from the fact that P*(n4-1) is connected, which needs a more sophisticated
argument. For details see the proof in Appendix[D} Note that there exists algorithms that can exactly
compute these critical widths Remark [D.1]

From Haeffele & Vidal| (2017), we know that when m > n + 1 we have that all local minima are
global (Theorem 2, Haeffele & Vidal| (2017)) and moreover we have a path with non-increasing
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Figure 2: Staircase of connectivity for a toy example. The figures above the horizontal line
show the toy problem’s loss landscape as the width m changes. The red star denotes a single
optimal solution while the blue line denotes a continuum of optimal solutions. The figures be-
low the horizontal line show the corresponding optimal functions. The red/blue functions corre-
spond to the functions parametrized by the red/blue sets in the loss landscape. Note that when
m = 3 = min{m* + M*,n + 1}, there exists a continuous deformation from one solution to an-
other.

objective to a global optimum starting from any point|Vidal et al (2022). With Theorem 2}(v) and
this fact, we can construct path with non-increasing objective from any point to any global minimum.

The path is clear: starting from any point, use the path in[Vidal et al.| (2022). Then use Theorem 2}(v)
to move to any global minimum.

Corollary 2. Consider the problem in equation 3| with m > n + 1. For any parameter § =
(wy, ;) 4, there is a continuous path from 0 to any global minimizer 68* with nonincreasing loss.

Moreover, Corollary 2] implies the connectivity of all sublevel sets when m > n + 1. This extends
the result of (2019) to regularized networks. For a more formal statement see Corollary[D.2]

Corollary 3. (Informal) Consider the problem in equation[3|with m > n + 1. All sublevel sets of
the loss function is connected.

Example [I| demonstrates Theorem [2]for a toy optimization problem, which is solving a regularized
regression problem with two data points.

Example 1. (Demonstrating the staircase of connectivity for a toy example) Consider the dataset
{(zi,y:) Y2, = {(—=V3,1),(V/3,1)} and the regularized regression problem with bias

2 m 2 m

i 1 B 2 2,72

(0B 5 Z (Z(amj +bi)40; — yj> +5 Z(ei a2+ b2).
‘ j=1 \i=1 i=1

In Figure 2| we plot the loss landscape and the corresponding optimal functions when 5 = 0.1 for

m=1,2,3.

The upper half of Figure |2|illustrates how the loss landscape looks near the global minima, and
visualizes the optimal solution set for m = 1,2,3. The lower half of Figure |2| shows the optimal
learned function for m = 1,2, 3. The black dots are the datapoints, the red dots correspond to the
optimal model fit y*, and the red/blue functions correspond to the functions parametrized by the
red/blue sets in the loss landscape, respectively.

When m = 2, two different functions are shown. This is because the connected component with
infinitely many solutions emerges from the split of a single neuron corresponding to the same optimal
Sfunction in F*. When m = 3, we have a sequence of functions that continuously deform from one to
another with the same cost. For details on the solution set of the training problem, parameterization
of optimal functions, and how the loss landscape is visualized, see Appendix[A]
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3.3 NON-UNIQUE OPTIMAL INTERPOLATORS

In this section, we will see how the dual problem can be used to construct specific problem instances
that have non-unique interpolators. There are three different setups of interest. First, the minimum-
norm interpolation problem with free skip connection and regularized bias (where we denote as SB
(Skip connection; Bias)) refers to the problem in equation 8} namely

. Hll)il’QI} ZHaZH% 4+ b7 4602, subject to Xag+ byl + Z(Xai +b:;1)10;, =y. (8)
motaibififito = i—1

The parameters satisfy a; € R? and b;,6; € R fori € [m] U {0}, and 1 € R™ is a vector of ones.
The term “free skip connection” arises, as we have a skip connection, i.e. the linear neuron ag, that
is not regularized. Next, we discuss the minimum-norm interpolation problem without free skip
connections and regularized bias (NSB: No-Skip; Bias), which is the training problem in equation g
with an additional constraint ag = by = 0. At last we study the minimum-norm interpolation
problem with free skip connections but without bias (SNB: Skip; No-Bias), which is the problem in
equationwith b; = 0forall i € [m] U {0}. Also, note that the width m is also optimized.

In Boursier & Flammarion|(2023)), it was proven that for unidimensional data, i.e. when d = 1, the
set of all optimal functions F* of equation[8]is a singleton. When d > 1, it is not the case. This fact
implies that to extend Boursier & Flammarion| (2023)) to higher dimensions, we may need additional
structures besides free skip connections.

Proposition 2. When X € R"*2 y € R"™, we have a dataset (X, y) that has non-unique minimum-
norm interpolator both for the SB and SNB problem in equation 8]

When we have no free skip connections, i.e. the case of NSB, for d = 1 we have a class of data that
has infinitely many optimal interpolators. The construction follows from making the dual problem
max|,(<1 [ (Xu) | have linearly dependent solutions by forcing n + 1 optimal solutions. For a
rigorous construction of (X, y), see Proposition

Proposition 3. (A class of training problems with infinitely many optimal interpolators, informal)
Consider the NSB problem in equation [§|with d = 1. For all n > 2, we can construct infinitely
many different datasets (X, y) having infinitely many minimum-norm interpolators.

In the following example, we give a geometric description of finding the dataset (X, y) and the
continuum of optimal interpolators for n = 5.

Example 2. (Example of a class of non-unique optimal interpolators) Consider the figure in Fig-
ureBd| Following the arrow, we can find sy, Sp—1,- - - 1 defined in Proposition and can find
that each s; has norm 1, s,, = [0,1]7 and v, = [v/3/2,1/2]". For the example in Figure the
data x and y can be chosen as

us s s I 117 ¢

xr = [tan g, —tan 274, —tan 274, —tan ﬁ’ —tan 27]
Figure [3b] show the continuum of optimal interpolators. We can see that there are infinitely many
interpolators with the same cost. A magnification of the range x € [—8,0] is given to emphasize that
the interpolators are indeed different. We can also see from Figure |3c|that gradient descent learns
the continuum of optimal interpolators. Here we set m = 10. For details on the formula of optimal

interpolators, see Appendix|B|

.y~ [94,29,24,20,20]T.

(a) The planar geometry (b) Zooming in z € [—8,0] (c) Trained interpolators

Figure 3: A demonstration of non-unique interpolators for n = 5. Figure [3alshows the geometric
construction behind finding v s proposed in Proposition[3] Figure[3b|shows the continuum of optimal
interpolators, and Figure [3c|shows the learned interpolators trained by gradient descent.
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Proposition [3] demonstrates that understanding the optimal solution set with dual optimum enables
us to enforce non-uniqueness to the solution set. Moreover, these examples are not constructed case-
by-case, but from a geometric structure that is motivated by the object Qx = {(Xu)4 | |Jull2 < 1},
the convex set Conv(Qx U —Qx), and its supporting hyperplane.

Experimentally, the existence of free skip connections does not seem important in the behavior of
the solution Boursier & Flammarion (2023)), Joshi et al.| (2023)). However, note that when there
is no skip connection, there exists training problems where the minimum-norm interpolator has
infinitely many solutions. Furthermore the interpolators in Example [I| and Example [2| may have n
breakpoints even with Assumption 1 in [Boursier & Flammarion| (2023) - which can never be the
sparsest interpolator. Hence, at least theoretically, free skip connection plays a significant role in
guaranteeing the uniqueness and sparsity of the interpolator, along with penalizing the bias. Note
that these different interpolators may have drastically different behavior for points not in the training
set. For example, as © — 00, the difference between any two different interpolators diverge.

4 GENERALIZATIONS

In this section, we will extend our results from Section [3|to a more general training setup. We use
the fact that for networks of sufficiently large width, training a neural network can be cast as a cone-
constrained group LASSO problem Mishkin & Pilanci (2023). Analogous to Theorem [I] we first
derive the optimal set of a general cone-constrained group LASSO in equation [0

0,€CiNV;,8,€D;

P Q P
min L(Z A;0; +ZBi5izy) +5ZRi(9i)~ )
i1 im1 i1

Here, A;, B; € R™*? 0;,s; € R%, y € R™, C;, D; are proper cones, R; is the regularization (which
we assume to be a norm defined in a subspace V; C R¢ and satisfy V; N C; # (), B > 0 is the
regularization strength, and L : R™ x R” — R is a convex but not necessarily strictly convex loss
function. The assumption that R; is a norm is natural because it will help the training problem find a
simpler solution. Equation (9)) enables the analysis of many different training setups, including two-
layer networks with free skip connections, interpolation, vector-valued outputs, and parallel deep
networks of depth 3, extending the results in Section

4.1 DESCRIPTION OF THE MINIMUM-NORM SOLUTION SET

The idea to derive the optimal set of equation [J]is essentially the same as deriving the optimal set
of equation[d} we consider the dual problem and use strong duality to obtain the wanted result. The
exact description of the optimal set is given as

P Q
Pgen = {(0191)5;169(81)1@:1| c; >0, ZClAlgri-Z B;s; € Cy, 0; € Gi, <BZTV*, Sz> =0,s; € 'Dl}

i=1 i=1

(10)

First, C, is the set of optimal model fits which was defined at Proposition |1} We have that §; is
contained in a certain set, which is an analogy of the optimal polytope in the direction of each
variable is fixed. Theorem [1|is a special case where the set of optimal directions is a singleton.
Finally, we have a constraint given to variables without regularization, which is also derived from
the dual formulation. For a detailed derivation see Theorem [ET]

Given the expression in equation[I0} we can extend our results in Theorem|[T]and Theorem [2]directly
to the interpolation problem (Proposition[F.I] Proposition[F:2)) . That is because for the interpolation
problem, C, is a singleton and the set ©; is also a singleton. We can also find the optimal set
characterization of the interpolation problem with free skip connections (Proposition [F3). Here,
the dual variable has to satisfy (X7v* s) = 0 for all s € R?, meaning X”v* = 0 is given as an
additional constraint for the dual problem. The additional constraint is the main reason why we have
qualitatively different behavior in uniqueness when we have free skip connections.
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4.2 VECTOR-VALUED NETWORKS

Now we turn to two-layer neural networks with vector-valued outputs, namely the problem

min I3 (Xwi)i 2l = YIE+ 5 (Y lwilld + 1203), ()
(wiyzi)i=1 2 i=1 2 i=1

where w; € R4 Lz e RP*Mand Y € R™*¢. The vector-valued problem is known to have a convex
reformulation [Sahiner et al.|(2020), which is given as

P P
1
min 2|30 DXV = VI3 + 8 Vil o
‘ i=1 i=1

The norm ||V ||k, « is defined as | V|| i, « := mint > 0 s.t. V € tK;, for K; = conv{ug” |(2D; —
DXu >0, |lug’||« <1}, and V; = span{ug”|(2D; — I)Xu > 0,9 € R°}.

The problem falls in our category of equation[9] and we can describe the optimal set of the problem
completely. With appropriate solution maps, we can describe the optimal set of the nonconvex
vector-valued problem in equation[TT|(Proposition[F.5), and the same idea can be applied to describe
a subset of the optimal solution set for deep networks (Theorem[F2)). A direct implication extends
the loss landscape result in Corollary [2to vector-valued networks.

Corollary 4. Consider the problem in equationwith m > nc+ 1. Forany 6 := (w;,z;)%, €
RH™ there exists a continuous path from 6 to any global optimum 0* with nonincreasing loss.

4.3 PARALLEL DEEP NEURAL NETWORKS

Finally, we extend the characterization to deeper networks. Convex reformulations of parallel three-
layer neural networks have been discussed [Ergen & Pilanci|(2021), Wang et al.|(2021a). The specific
training problem we are interested in is

m

1 m
g <;|W171||% + [Jwaill3 + az‘|3> s.t. ;((lei)+w2i)+% =y. (12
The size of each weights are Wy; € R4X™1 4y, € R™, and o; € R. The dual problem of the con-
vex reformulation can be understood as optimizing a linear function with cone and norm constraints,
and we have analogous results of the optimal polytope. Specifically, we have the direction of the
columns of first-layer weights as a set of finite vectors (Theorem [3). The result suggests that our re-
sults are fairly generic, and could be generalized to other deep parallel architecture with appropriate
parametrization. For detailed proof see Appendix [

Theorem 3. Consider the training problem in equation [I2] Then, there are only finitely many
possible values of the direction of the columns of W{;,. Moreover, the directions are determined by
solving the dual problem max vy, | <1, lws|2<1 |(V*)T (XW1)1ws) 1| when y # 0.

5 CONCLUSION

In this paper, we present an in-depth exploration of the loss landscape and the solution set of reg-
ularized neural networks. We start with a two-layer scalar neural network as the simplest case and
demonstrate the properties of the set, including the existence of optimal directions, phase transition
in connectivity, and non-uniqueness of minimum-norm interpolators. Then, we give a more general
description on the optimal set of cone-constrained group LASSO and extend the previous results to
a more general setup.

Our paper may be extended in multiple ways. One interesting problem that is left is, what is the
right architecture to ensure the uniqueness of the minimum-norm interpolator for high dimensions,
as free skip connection itself does not help. Another interesting problem is showing ‘almost sure
uniqueness’ of problem equation [3] up to permutations: intuitively, from the examples we show,
it can be speculated that the solution of the dual problem max [v? (Xu), | subject to [jul| < 1 is
unlikely to have “too many” optimal solutions. Hence it is likely that the dataset that makes the
minimum-norm interpolator non-unique is very small. We conjecture that the set will have measure
0 in R?", and leave it for future work. At last, extending the optimal polytope/connectivity results
to tree neural networks |Zeger et al.|(2024) with arbitrary depth could be a meaningful contribution.

10
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REPRODUCIBILITY STATEMENT

The only randomness that occurs from our experiments are Figure [5a] Figure [5b] Figure [6a] and
Figure [6b] where different initialization may lead to different learned interpolators. We set random
seeds properly to make all results reproducible. We used a laptop to do the experiments, and provided
the code to generate the figures. Code available at https://github.com/pilancilab/Loss-landscape-
convex-duality
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APPENDIX

A DETAILS ON THE TOY EXAMPLE IN FIGURE[2|

In this section, we give details of the toy example in Figure 2] Specifically, we illustrate how the
loss landscape is plotted, how the set of optimal solutions is derived, and present the models that are
found by gradient descent.

One important remark is that “the figure does not directly imply the staircase of connectivity”
- the fact that two optimal solutions are disconnected in the visualization does not mean disconnect-
edness in the optimal solution, and vice versa. The figures are for the illustration of the phenomenon,
not the proof.

The optimization problem that we consider is

m

2 m
1
(6. m) 5 E (E (aix]’+bi)+9i ) g E (92—|-Cl +b2
aibi)}ity 2 1= =

i=1

where {(z:,v:)}2_, = {(=v3,1),(v/3,1)} and 8 = 0.1. When we write X = [_\/?’11} €

R2x2, y = [1, 1]T, and the first layer weights as U € R2x™  second layer weights v = R™, the

optimization problem can also be written as

L g
3 ZI(XU _ 2 o 2 2 )
U6R2I><I11111I71U6R7n 2H( )+U y||2 + 2 (H ||F + ||UH2)

Let the objective be L(U,v). Note that even when m = 1, there are three parameters, so it is
impossible to plot the loss landscape in a three-dimensional plot. What we do is plot a certain
section of the loss landscape, as done in|Li et al.| (2018]), to demonstrate our result.

When m = 1, where r = /1 — 0.5, we plot
t
Fie.s) = o[ o] .
for (¢,s) € [-1,1] x [-0.5,2]. £ = 0, s = r is the only optimum.

When m = 2, where r = /1 — 0.573, we define

I et S R

| /2 10
UO - O bl 'Ul - T/\/§ bl U2 - r .
Then, we plot

F(t,s) = L(cos(t)Uy + 2s(Uy — Up) + sin(t)Uz, cos(t)vg + 2s(v1 — vo) + sin(t)va).

for (¢,s) € [-0.25,0.6] x [—0.5,0.3]. The optimal solutions here are (¢, s) = (0,0.5) and the line
s=0,t>0.

When m = 3, where r = /1 — 0.5/, we define

Uo = [288] U, = [0 V3r/(2v2) —\/§r/(2\/§)] Uy — [o,o,o]

0 r/(2v2) r/(2v2) 0,m,0]”

r 0 0
Vg = lO] , U1 = ’f’/\/i , Uy = [T‘| .
0 /2 0

3

Then, we plot
F(t,s) = L(cos(t) cos(s)Up+cos(t) sin(s)U;+sin(t)Us, cos(t) cos(s)vg+cos(t) sin(s)vy+sin(t)vs).
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for (¢,s) € [—0.5,1] x [—0.5,1]. The optimal solutions are s = 0,¢ > 0 and ¢t = 0, s > 0.

The contour plot of the loss landscape can be found in Figure[d] It clearly shows that the connectivity
behavior of the optimal solution changes.

2.0 - X I
~1.00 ~0.75 -0.50 —0.2 050 075 1.00 04 —02 00 02 04 06 08 10

@m=1 b)ym =2 c)m=3

Figure 4: A contour plot of the loss landscape The three figures show the contour plot of the loss
landscape shown in FigureEl We can see the staircase of connectivity more clearly.

Figure [3] gives what the gradient descent actually learns for the problem. We can see that gradient
descent finds multiple optimal solutions, which verifies our claim that we have a continuum of
optimal solutions. We present the case both when m = 3 and m = 5. When m is increased, the
model gets less stuck at local minima.

1.2 1.2 4

0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 T T T T T T T T 0.0 r r : T T T T T
-20 -15 -10 -05 00 0.5 1.0 15 2.0 -20 -15 -10 -05 0.0 0.5 1.0 1.5 2.0
(@m=23 bym=5

Figure 5: Learned functions found by gradient descent The two figures show what functions
gradient descent learns for the toy problem in Example[T] For both cases in m = 3, m = 5, either
gradient descent gets stuck at a local minimum or finds one of the optimal networks in the continuum
of optimal solutions.

At last, we show that all optimal functions can be written as

3kt t 3Kt
) = VR Y Y Ve (Ve 3n)
where k =1 — /2 and t € [0,1/2]. For v”" = [1/2,1/2], we know that max|,,<1 [v7 (Xu)4| =
1. Let’s say the optimal model fit
y* = Z(Xui)+ai.
=1

Then,

<3 lwillolas] < 5 (Znuznﬁ ail?).

Huzllz

15



Published as a conference paper at ICLR 2025

This means the objective has a lower bound %Hy* —yl3 + B{v,y*), and minimum of the lower
bound is attained when y* = [1 — 3/2,1 — 3/2]T. Substitute to see that the lower bound of the
objective is 3 — 32 /4, and when u; = [0,+/1 — 3/2]T, a1 = /1 — 3/2 we have a solution with
cost 3 — 3%/4 hence y* is indeed optimal. v* = y — y*, and use Theorem to find the complete
solution set.

16



Published as a conference paper at ICLR 2025

B DETAILS ON THE TOY EXAMPLE IN FIGURE[3]

The construction of x follows from Proposition For the particular example we distribute the
angles identically, hence we obtain the form in Example[2] The six optimal directions are

Va2 [va/2] [12] [VB-vai] [0] [-v3)2
y2 | [vae) [va2) Ve +vaa) 1) 12 )
Let’s note these optimal directions as 1, Uz, - - - Ug. We construct y as

y = 20((Xu1)4 + (Xug)+ + (Xts)4),
which is numerically very similar to [94, 29, 24, 20, 20]. Note that the class of optimal interpolators
are

f(z) = (20 — 7.076t)([x, 1] - 41 )+ + (13.1592¢)([x, 1] - G2)+ + (20 — 13.1623t)([z, 1] - G3)+
+ (13.159¢) ([, 1] - a) 4 + (20 — 7.081¢) ([x, 1] - U5 )4 + t([z, 1] - )+,

where ¢ € [0,1.5194] which all have the same optimal cost 60.
Similar to the experiment in Appendix [A] we give an example of the learned functions by gradient
descent in Figure [0} We set 5 = 0.1 and solve the regularized problem. Here we find multiple

functions as optimal: and the important remark is that not all (as some do stuck at local minima),
but there exists different interpolators with the same cost.

160 4 160

140 140

120 4 120 4
100 4 100

80 804

60 604

40 4 40

20 20

-8 -6 -4 -2 0 2 a -8 -6 -4 -2 0 2 4
@m==6 b)ym =10

Figure 6: Learned interpolators found by gradient descent The two figures show what functions
gradient descent learns for the toy problem in Example[2} We set 3 = 0.1 to approximately solve the
minimum-norm interpolation problem. For both cases m = 6 and m = 10, either gradient descent
gets stuck at a local minimum or finds one of the optimal networks in the continuum of optimal
solutions.
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C PROOFS IN SECTION

In this section, we briefly discuss how Theorem|[T]is derived and the intuition behind it. Consider the
problem introduced in equation 4] and write its optimal solution set as ©*. To discuss the solution
set, we first define the set of optimal model fits, which was first introduced in Mishkin & Pilanci
(2023).

Definition C.1. |Mishkin & Pilanci|(2023)) The set of optimal model fits C,, is defined as

;
¢y = { X0 DiX (i — D) | (i o))y € 0},

i=1
When L is strictly convex, which is the case for /5 regression for instance, C, becomes a singleton
Mishkin & Pilanci|(2023).

Proposition C.1. (Proposition [I| of the paper) Mishkin & Pilanci (2023)) If the loss function L is
strictly convex, the optimal model fit is unique, i.e. for the set of optimal model fit

P
¢, = { Y DX (i — ) | (i 0))Ey € 0 ),
=1
C, = {y*} for some y* € R

Proof. Assume y;,ys € Cyand y1 # yo. Let Zil D; X (u; —v;) = y1 and Zil D; X (u; —v)) =

yo for (uz, )1y, (ul,v)2, € ©*. Think of (3%, Y“2¥)P | = §,,,. The objective value of
Oavg is

2 2

which is strictly smaller than

P P
% <L(y1,y) +8 <leui2 + Ivi|2> + L(y2,y) + B (ZIIUHz + ||v§|2>> :

P ’ ’
Y1+ Y2 U; + U v; + v;
L( W)+ B (2 2+ ||2)
=1

i=1 i=1
The strict inequality follows from the fact that L is strictly convex. Contradiction follows, as we
have found a parameter that has smaller objective value than the optimal cost. O

It is not necessary to characterize C, as a singleton to derive the solution set itself (see Section 4. I)).
However, for the notion of the optimal polytope and its application to the staircase of connectivity,
we will need that C, is a singleton.

Before proving the optimal polytope characterization, we show that the %;, v; introduced in Theo-
rem [I]can be uniquely determined by solving the given optimization problem.

Proposition C.2. Consider the optimization problem

min T D; Xu, min —vTD; Xu,

ueS; ueS;
where v € R™ is an arbitary vector and S; = K; N {u | ||ulla < 1}. If the optimal objective is
nonzero, there exists a unique minimizer.

Proof. The problem is equivalent to
. *\T'

min (w*)" u

uGSi( ) ’
which is a linear program on a convex set. We write w* = £ X7 D;v* for convenience. Let’s say
the optimal objective p* < 0 and we have two minimizers u], u5. The first thing to notice is that
|ut]l2 = 1. The reason is that when ||u}||2 < 1, we can scale it to decrease the objective. Similarly,
||[ub]l2 = 1. As they are two different minimizers, we know that

ui + ub
(w*)7u; = (') uy = p = ()7 (DE),
and [|u} + uj|l2 < 2 because ui # ub. Scale (u} + u})/2 to obtain contradiction that u} is the
minimizer. O
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Theorem C.1. (Theorem|l|of the paper) Suppose L is a strictly convex loss function. The directions
of optimal parameters of the problem in equation |4} noted as u;, v;, are uniquely determined from
the dual problem,

— . T . . T .
u; = argminv*" D; Xu if minv*" D; Xu = —08, 0 otherwise,
ueS; u€Ss;
_ . T . . T .
U; = argmin —v*" D; Xv if min —v*" D; Xv = -8, 0 otherwise.
vES; vES;

where v* is any dual optimum that satisfies
v* = argmax —L*(v) subject to |v! D;Xu| < B|lull2 Yu € K;,i € [P].

Here, D;s are all possible arrangements diag(1(Xh > 0)) fori € [P, S; = K; N {u | Jul]2 < 1}
Moreover, the solution set of equation[d]is given as a polytope,

P
Pr. o= {(ciui,divi)ﬁl lcivdi >0 Vi€ [P, Y DiXtic; — DiXvid; =y* p CR*P,
i=1
(13)
where y* is the unique optimal fit satisfying C,, = {y*}.

Proof. Let’s note ©* as the solution set of equationd] Also, fix v* to be any dual optimum. The

directions ;, ¥; are uniquely determined from Proposition [C.2] Define P* to be the set defined in

equation [I3} note the dependence of P* has with v* (though we will see that for any choice of v*,
* ©* and the choice of v* does not matter).

ox =

We first show that ©* C P.. Take a point (u},v})L, € ©*. We first know that Zlil D; X (uf —
vy) = y* from Proposition |1 What we would like to do is showing the existence of ¢;,d; that
satisfies

ci >0, uj =cu;, di >0, v; =d;v;,

where u;, v; are

— . T . . T .
u; = argmin v D; Xu if minv*" D; Xu = —08, 0 otherwise,
u€S; u€S;
_ . T . . T .
U; = argmin —v*" D; Xv if min —v*" D; Xv = -8, 0 otherwise.
vES; vES;

Consider the Lagrangian

P

P
L((ui,vi) iy, 2, v) = Lizy) — v 2+ > (Blluillz + v DiXwi) + > " (Bllvill2 — v DiXvy),
i=1 i=1

where u;, v; € KC;. We can see that

min  max L((ug,v;)E,,z,v) =max  min  L((ui,vi)i, 2,v),
w0 €K,z v voou,wi €K,z

because v is the dual variable that is only related to linear constraints. We can prove the fact rigor-
ously by following the reasoning in Boyd & Vandenberghe| (2004). We prove the fact for complete-
ness.

First, we define the set
P P
A={(w =" DiX(u; —vi),t) | wi,v; € Ky, Lw,y) + B> _uilla + [Jvill2 < 1},

i=1 i=1
where A C R" x R. s A is a convex set. Now, denote the optimal value of problem in equation[d]as
p*. When we define

B={(0,s)]s<p"},

it is clear that AN B = 0.

By the separating hyperplane theorem, there exists (7, fi) € R™ x R which is nonzero, « such that

(z,t) e A= T2+ it > a > fip*,
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and we also know i > 0: else { — oo and contradiction follows. If i > 0 we have
L((ui,v;)2 1,2, 0/f) > p*, and strong duality follows. If i = 0, we conclude that for all
(ui,vi)E |, 2 we have that (7) T (2 — Zlil D; X (u; —v;)) > 0, which is simply impossible. Hence,
£+ > 0 and strong duality holds.

Moreover, the dual problem

max min  L((u, i), 2,0)
Vo (uiyvi)ig.®

writes

maximize — L*(v) subject to Bllull2 > [vT D;Xu| Yu € K;,i € [P)].
The reason is the following: suppose for some v/ € R™, there exists w that satisfies u; € K;
and v'TD; Xul + Blullla < 0. As we can scale t — oo for tu} to see that for that v/,
ming,, ,)r - L((w, v;i)F 1, 2,1") = —o00. Hence, this v/’ cannot be the dual optimum. This means
we only need to see the v that satisfies v7 D; Xu + f|jul|z2 > 0 for all u € K;,i € [P]. Similarly,

we only need to see v that satisfies —7 D; Xu + fB|lullz > 0 for all u € K;,4 € [P]. Hence, v* is
the maximizer of

maxmin L(z,y) — v’z subject to Bllulls > [vT D;Xu| Yu € K;,i € [P],

and the rest follows.
As strong duality holds, for any primal optimum ((u}, v})£ ;, y*), the function £((u;, v;) 1, 2, v%)

attains minimum at ((u},v;);,y*) Boyd & Vandenberghe (2004). Note that z* is always y* due

1) 7

to Proposition|l} and replaced by it.

Now, as

P P
L((us,v)E 2, 0%) = L(z,y) —v* T 2+ Z(ﬂ”ul 2 + T Dy Xug) + Z(BHviﬂg —v*'D; Xv),

i=1 i=1

each u} becomes the minimizer of 3| ul|z + v*7 D; Xu subject to u € K; and each v} becomes the
minimizer of B||ul]2 —v** D; Xu subject to u € K;. Recall that v* is a vector that satisfies §]|ul2 >
VT D Xu| Yu € K;,i € [P], and when u = 0, both S||u|s+1*7 D; Xu and B|jufs—v*T D; X has
function value 0. This implies that the minimum of both 3||ul|2+v*" D; Xw and §||ul|2—v*" D; Xu
subject to u € K; is 0 for all i € [P]. As ((uf,v})E ,,y*) minimizes £((u;,v;)E , z,v*),

Bllutllz + v DiXur =0, B|vf|. —v*TDiXv =0.

We will find ¢; > 0, and finding d; will be identical. Let’s divide into cases.
i) When u} = 0, let ¢; = 0 to find ¢; > O that satisfies u} = ¢; ;.
ii) When u} # 0, notice that

min v*" D; Xu = — # 0,

u€eS;
and the optimum is attained at u} /||u}|]2. To see this, recall that (v*)”' D; Xu + B|lull2 > 0 and
(v*)'D; Xu/||ul|2 > —p for all nonzero u € K;, which implies that min,cs, (v*)T D; Xu = — 8.
Furthermore, by Proposition [C.2] there exists a unique minimizer of the problem
minges, (v*)T D; Xu, and u}/||uf]la = ;. Hence choosing ¢; = |ju}||2 gives ¢; > 0 that
satisfies v = ¢;u;. Hence, we have found ¢; > 0, d; > 0 that satisfies v} = ¢;u;,v; = d;v; and

P P _ - .

S DiX(up —v}) =i, DiX (cii; — d;v;) = y*, meaning (u},v})2, € P*.

Now, we show that P, C ©*. Take an element (c;u;,d;v;)7_, € Pr.. Tt is clear that
cu; € C;, div; € D;. If u; 75 0, we know that (V*)TDiXﬂi = —f. Similarly, if v; # 0, we
know that —(v*)TD; Xwv; = —B. Also, if u;,v; # 0, ||l = 1,||v;]]2 = 1, see the proof of
Proposition why this holds. Now, let’s calculate the objective of (c;u;, d;v;)F ;. We know
Zil D; X (¢;u; — d;v;) = y*, hence the objective becomes

Ly 9)+BY ci+B Y d

;70 0; 70
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using ||@;]|2 = 1,]|%:|l2 = 1. Now, as 221 D; X (¢;ti; — d;v;) = y*, multiplying (v*)T on both
sides gives } ;o Ci + D540 di = —(v*,y")/B. Hence, the calculated objective becomes

Ly y) = (v"sy"),
hence for all points in P;., the objective becomes constant. We already know that ©* C P.. This

means all points in P. have the same optimal objective value, and P;. C ©*. This finishes the
proof. O

Corollary C.1. (Corollary[l|of the paper) Consider the optimization problem in equation[3| Denote
the set of Clarke stationary points of equation[3|as ©¢. The set

6 {& | (wi, )%y € Oc, w; # 0},

AT

is finite, and each direction is determined by the dual optimum of the subsampled convex program.

Proof. From|Ergen & Pilanci| (2023)), we know that all Clarke stationary points of equation[3|have a
corresponding subsampled convex problem. More specifically, for any (w;, ;) € ©¢, we have

a convex program with subsampled arrangement patterns Dy, Dy, - -+ D,,, € {D;}E

i=1
min_ L(iDiX(ui - vi),y) + 5<§:||Ui\\2 + H’Uz'H2)a
=1 1=1

U, v €
and a solution mapping

o (vi/\/lvill2, —v/llvill2) if i #0.

Hence, the set of first-layer directions of Clarke stationary points is contained in the set of optimal
directions of the subsampled convex program. As there are only finitely many subsampled convex
programs, and each convex program has a unique set of fixed optimal directions, we know that the
set

6 { i | (wi,a;)i%y € Oc, w; # 0}’

= Ul

is a finite set. Furthermore, applying Theorem [I| to the subsampled convex program leads to the
wanted result. O
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D PROOFS IN SECTION [3.2]

In this section we prove Theorem [2| using the cardinality-constrained optimal polytope P*(m)
defined in equation (7| One thing to have in mind is that we are not trying to prove that P*(m) and
©*(m), the optimal set of the original problem in equation [3| with width m, are homeomorphic.
Rather, we will argue that certain mappings enable us to link the connectivity behavior between
P*(m) and ©*(m) to arrive at Theorem 2]

We first start by defining some relevant concepts. As a starting point, we define the cardinality of a
solution.

Definition D.1. The cardinality of a solution (u;,v;)%_; € P* is defined as

P
card((u;, vi)2,) = Z 1(u; #0) + 1(v; #0).

i=1

We introduce the cardinality-constrained optimal polytope again.
Definition D.2. The cardinality constrained optimal polytope P*(m) is defined as the set

P*(m) = {(ui,vi)fil | (ui,vi)fll € P*,card((ui,vi)il) < m} C R??P, (14)

One remark is that the largest possible cardinality of P* may be huge: in worst case, it could be that
the largest cardinality is in a scale of P, which is the number of all possible arrangement patterns.
In general, the number of arrangement patterns are O(n?), hence P*(m) consists of a very small
portion of P*.

The next concept we introduce is the notion of irreducible solutions. This set can be understood as
a set of minimal networks discussed in Mishkin & Pilanci| (2023)), and is used to define the critical
widths of the staircase.

Definition D.3. The irreducible solution set is defined as the set

Pl = {(ul, U,;)fll | (i, vi)il € P*, {D; X}y, 20 U{D; X0, }v, 20 linearly independent} .
(15)

One intuition of the irreducible solution set is that it is the set of “smallest solutions [Mishkin &
Pilanci| (2023)”: if the set {D; X u; }y, 20 U{D; X v; } 4,20 is linearly dependent we can find a strictly
smaller conic combination using the vectors from {D; X w; }y, 20 U {—D; Xv;}4, 0. The set P,
can be understood as a collection of solutions obtained from repeating this “pruning step” - a step
that finds smaller solutions using linear dependence. A more rigorous definition of pruning is the
following. Note that the existence of m with a nonzero solution in ©*(m) implies P;;,. # ), which
is equivalent to having a nonzero element in P*. We assume the nontrivial case where P* has a

nonzero element from now on.

Proposition D.1. The following three statements are equivalent:

i) There exists m that satisfies (w;, o;); # 0 € ©*(m)
ii) There exists (u;,v;)E., # 0 € P*
iii) L., # 0

Proof. i) = ii): First assume m > 2P. Consider ®((w;, a;)™,) = (u;,v;)E.;, where ® is de-
fined in Definition We know that (u;,v;)E_; is not a solution of zeros, as if it were the
case, > (Xw;)+a; = 0 and (0,0)7, would have a strictly smaller objective, contradicting
(wi, ;)™ € ©*(m). Now when we write the optimal value of the nonconvex objective in Equa-
tion with p},, and the optimal value of the convex objective in Equation with p*, p, < p*.
Also, when we write L as the convex objective, we know that L((u;,v;)Z ;) = pf, > p*. Hence
we have found a nonzero (u;,v;)_; that has objective value p*, which means there is a point in P*
which is nonzero.

Now let m < 2P. Assume P* = {(0,0)F_,}. We know that p* < p,, and p* = 3||y||3, hence
+llyll3 < p},. On the other hand, the value ||y||3 is achievable by setting (0,0)7, - which means
ps, = p*. With the same logic, ®((w;, ;)™ ) is not a solution of zeros and its objective value
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is same as p}, which is p* - leading to a contradiction that P* = {(0,0)Z ;} since (u;,v;)L; is
nonzero and in P*.

ii) = iii): We use the pruning step in Definition [D.4]to find an element in P}, . Note that the prun-
ing step does not end with 0, as (u;, v;)¥; is not zero and the pruning step should not decrease the

objective.

iii) = ii): As Py, # (), there is a nonzero solution nz € Pr.. As Pf,. C P*, we know the
existence of a nonzero solution in P*.
ii) = i): Set m = 2P and consider ¥((u;,v;)Z_,), where ¥ is defined in Deﬁnition O

Definition D.4. (Mishkin & Pilanci|(2023)) Pruning a solution (u;, vz) _1 € P* means repeating:
1. Finding a nontrivial linear combination

Z ciD; Xu; + Z d;D; Xv; =0,
u; 70 v; 7#0

and without loss of generality assume d; > 0.

2. Constructing a solution with strictly less cardinality (u},v))E; = (1 + cit)ui, (1 — dit)v;)E 4,
where t = min{min,, <o — 1 ,ming,>o g L and c;, d; are defined to be the coefficients defined in 1
when u;,v; # 0 and 0 otherWlse

until the set {D; X u; }y, 20 U {D; X; }o, 0 is linearly independent.

The notion of minimality gives a discrete structure in P{:w hence the phase transitional behavior
follows. The two critical widths of interest are the minimum / maximum cardinality of P;,... W
denote

m* = min card((u;, vi).,), M* := max  card((u;,vi)1,).
(s, Uz) 167)," (uuvz) 1EP

irr

Remark D.1. These widths can be found computationally by the following scheme: fort =1 to n,
choose t vectors from the set { D; X w; } £, U{D; X0;}_,, where ti;, v; are optimal directions defined
in Theorem|l| Check if they are linearly independent and can express y* as the conic combination
of the t vectors. The first value of t that meets both criteria becomes m*, and M* will be updated
each time t meets both criteria until t becomes n.

The two specific discontinuity results we can achieve are the following:
Proposition D.2. P*(m*) is a finite set.

Proof. Consider two points (uz,vz)f (v

(A

S
same support ie. u; #0 & u, #0andv; # 0 &

P*(m*). Suppose the two points have the
v, # 0 fori € [P]. We know that as

ZDXul—Ul—y ZDXu—v)

i=1
Now, let’s write the indices {i|u; # 0} = {a1, a2, at} ilv; # 0} = {b1,ba,--bs}. We have
thatt + s < m* as (us,v;)2, € P*(m*). From Theorem 1} we know the existence of cq,, ¢, > 0
fori € [t] and dy,, d;, > 0 fori € [s] that satisfies

_ 12 ;- .
Ug, = Ca;la;, Uy, = Cq,Ua,, Vi€ [t],

Vp, = dbi@bi’vgi = d;)i@b“ Vi € [S]
This means that
t s t s
> Ca,Da, X, — > dy, Dy, X0y, = Yl Do, Xtia, — Y _ dyy Dy, X0, =y,
i= i= j= i=1
and as c,,, dp, s are not all the same, we have that the set
{DaiXﬂai }§=1 U {qu,Xﬁbi }f=1

is linearly dependent. Now we apply pruning defined in Definition[D.4]to find an irreducible solution
with cardinality strictly less than ¢ + s = m™, which is a contradiction to the minimality of m*. This
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implies that two different points in P*(m*) cannot have identical support, and the number of points
in the set is upper bounded with the number of possible support, which is finite. More specifically,

oS (7)

O
Proposition D.3. P*(M™*) has an isolated point, i.e. it has a point p € P*(M™*) that has no path
in P*(M*) from p to a different point p'.

Proof. Take the maximal-cardinality solution from (u?,v{)E; € Pz, , namely the solution

19 Y
(ug,v)E, € P, {DiXug fuoz0 U{D;i X7 }oozo linearly independent,

and card((u$,v$)F ;) = M*. Assume the existence of a continuous function f : [0,1] — P*(M*)

satisfying v
(O) (z’z)z 17f() ('H z)z laf()#f(l)
Now, write f(t) = (u;(t),v;(t))Z, and define

Ci(t):{o if ;=0

llw;(t)]]2  otherwise,

di(t):{o if ;=0

[|vi(t)||l2  otherwise,

For definition of u;, v;, see Theoremm Some things to notice are:
i) The functions ¢;(¢), d;(t) : [0,1] — R are continuous.
i) f(¢ ) (ci(t)u;, d;(t)v;)E . This holds because if ;

i) 277, 1(eat) £ 0) + 1(di(2) # 0) < M, and 527, 1(c4(0) # 0) + 1(d(0) £ 0) = M. The
former holds because f is a path in P* (M *), and the latter holds because (u?,v¢)E | has cardinality
M*.

iv) We know that there exists ¢ € [0, 1] that satisfies (c;(¥'), di(t'))E., # (¢:(0),d;(0))F,. Ttis
because f(0) #£ f(1).

Based on the observations, let’s prove that if there exists such f, the set {DiXuf}ug;ﬁo U

{DiXv7} o0 is linearly dependent. Thus we will arrive at a contradiction and will be able to

show that there is no such f, and (u$, v$)¥ ; is isolated.

R
Let’s define ¢4 as

t>0

P

In other words, ¢; is the instant where f(0) # f(¢). From observation iv), we know that t; € [0, 1].
Another fact that we can deduce is that
P

D (€(0) = ci(tn))? + (di(0) — di())* = 0. (16)

i=1
The reason is because if Zil(ci(()) —¢i(t1))? + (di(0) — di(t1))? > 0, we can find some €
that will make 37 (¢i(0) — ¢i(t1 — €))% + (di(0) — di(t1 — €))2> > 0 because of continuity,
which is a contradiction that ¢, is the infremum (because we have found a smaller ¢ that makes
Zil(ci(O) —¢;(t))? + (d;(0) — d;(t))* > 0). Hence, for t € [0, 1],

P
Z(Ci(o) —¢i(t)? + (di(0) — di(t))* = 0.
i=1
At last, we know that for any € > 0, there exists ¢, € (¢1,t1 + €) that satisfies
P
D (€i(0) = cilte)? + (di(0) — di(te))* > 0. (17)
i=1
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If there is no t € (t1,t1 + €) that satisfies Zf;l(ci(o) —¢;(1)? + (di(0) — di(t))* > 0 for some
e > 0, it means that for all £ € [0, ¢, + 5], S22, (¢;(0) — ¢i(£))? + (di(0) — di(t))? = 0: hence, the
infremum should be strictly larger than ¢;, which is a contradiction.

Now let’s prove the claim that if there exists such f, the set {D; Xuf }yo0 U {D;Xv7}pox0 is
linearly dependent. From equation[I6] we know that

Take ¢; > 0 sufficiently small so that for all ¢ € [P] that satisfies ¢;(0) > 0, ¢;(¢) > 0 for all
t € [t1 —e€o,t1+€0], and for all ¢ € [P] that satisfies d;(0) > 0, d;(t) > Oforall ¢ € [t; —€o, 1 +€0].
Such ¢ exists due to the continuity of ¢;, d;. Due to the definition, we know that

P
M* = "1(c;(0) # 0) + 1(d;(0) # 0) <Z (ci(t) # 0) + 1(ds(t) # 0) < M*,
i=1
(see observation iii) if any confusion exists), for all ¢ € [t; — €o, t1 + €o], and
P
Z (ci(t) #0) + 1(di(t) #0) = M*, Vt € [t1 —eo,t1 + €o].
i=1

This means that for all ¢t € [t; — €g, t1 + €o], we know that ¢;(0) > 0 < ¢;(¢t) > 0and d;(0) > 0 <
d;(t) > 0. For that €y, we can find ¢, that was defined in equation As t, satisfies

P

D (€i(0) = €ilte,))? + (di(0) = di(te,))® > 0,

i=1
(ci(tey) di(te,))Ey. Also, ¢;(0) > 0 & ¢i(te,) > 0 and d;(0) >
0. Now we have found two different solutions (c;(0)a;,d;(0)v;)F ,

i 60) >
(ci(teo) Ui, di(te,)vi) 1 € P*(M*), which means that
P P
> a(0)DiXt; — di(0)Di X0 = y* =Y cilte,) DiXtt; — di(te,) Di X 0. (18)
=1 i=1

As (C1(0)7d2(0)){;1 75 (Ci(t6 7d/i(teo))£1 and 01(0) >0& Ci(teg) > O,dl(O) >0& di(tm) >
0, we can see that equation (18| is two different linear combinations of the set {D; Xuf }yo0 U
{DiXv7 }yo20 - hence the set { D; Xug }yo20 U {D; Xvf }o0 is linearly dependent.

As we claimed, we have arrived at a contradiction assuming a continuous path from (u$,v$)E ;.
Hence the point is isolated. O

Next, we pay attention to the connectivity results of P*(m). Our starting point will be noticing that
for any (u;,v;)_; € P* which is not in P}.,, the pruning mechanism defined in Definition
gives a continuous path into P}, .. This means that if we can connect two points in P};.. N P*(m

wrr
with a continuous path in P*(m), the set P*(m) is connected.

Proposition D.4. Consider (u;,v;); € P* —P}.,.. Let m = card((u;,v;)!_,). Then, there exists
a continuous path in P*(m) that starts with (u;,v;)E_, and ends with a different point (u},v})F_, €
P (m) NP,
Proof. We will find such path by pruning the solution as in Definition For each iteration of
the pruning step, the starting solution and the ending solution is connected by a continuous path.
As we iterate, we concatenate each continuous path, hence the resulting path should be continuous.
The next thing we have to check is that the path is contained in P*(m). We can see this due to the
fact that in each pruning iteration, the cardinality of the solution does not increase, and the initial
cardinality of the solution is m. At last, when pruning ends we arrive at a irreducible solution,

meaning the final solution we get from pruning is in P*(m) NP, O
We have two different strategies to prove the connectedness of P*(m). One is directly interpolating
the two solutions in P}, , and increasing m to guarantee the validity of such interpolation. From

rr?
this, we obtain one critical width m™* + M™*.
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Proposition D.5. The set P*(m* + M™) is connected.

Proof. We first prove that two points A, B € P*(m* 4+ M*) NP}, are connected with a continuous
path in P*(m* + M*).
Take two points A # B € P*(m* + M*) N PL,..

One observation that we can make is that A has
a continuous path in P*(m* + M™) to a certain solution A,,, € P}, that satisfies card(A4,,) = m™.
The construction of such a path is simple: interpolate A and A,,, i.e. f(t) = (1 —t)A + tA,,. As
we know

card((1 —¢)A + tA,,) < card(A) + card(A4,,) < M* +m”",
the path has cardinality < m* + M*. The last inequality follows from the fact that A € P}

Lrr
and card(A) < M*. Due to the polytope characterization, P* is convex, and the path is in P*.
Combining these two, we know the existence of a path from A to A4,, in P*(m* + M™*).
Similarly, we know the existence of a path from B to B,, in P*(m* + M*). At last, we know
the existence of a path from A,, to B,,, again by interpolating these two. Concluding, for any two
A,B € P*(m* + M*) NP}, there exists a continuous path in P*(m* + M™*).
Now, take any two points A", B" € P*(m* + M*). From Proposition[D.4] there exists a continuous
path in P*(m*+M™*) that starts from A’ to a certain A;,., € P*(m*+M*)NP}.,., and similarly there

exists a path from B’ to B;,.. At last, there is a continuous path from A;., to B;., in P*(m* + M*).
Connect all paths to find a continuous path from A’ to B” in P*(m* + M*). O

Another strategy is more involved, which is not directly interpolating two solutions A, B in P},

wrr?

but repeatedly interpolating A with parts of B until the two are connected with a path. We start with
a particular lemma.

Lemma D.1. Suppose we have two linearly independent sets A = {ai,a2,  -am}, B =
{b1,b2,--- b} CR" and a given subset T = {a;,, a;,, - a;, } C A. Also,

m k
Z Aia; = Z pibi,
i1 i—1

)\ij >0, and i € R* that satisfies (1 > 0. Then, there exists a

vector u* € R¥ that satisfies the following three properties:
Dg*lo<n—m+1.

2) pu* > 0.

3) Zle wrb; € span({a1, ag, - - - am }) and when we express

k m
D b= diai,
=1 =1

for some A\ € R™ that satisfies Z;Zl

t
Z (52‘1. > 0.
j=1

Proof. If K < n —m + 1 there is nothing to prove. Assume k£ > n —m + 1. Showing the existence
of a vector /i that satisfies ||]|o < ||¢/lo, & > 0 and

k

k m t
Zﬂibi € span({a1,az, - am}), Zﬂibi = Zéiai and Z% >0,
im1 =1 j=1

i=1

is enough to prove our proposed claim. That is because if the existence of such fi is proved, we can
apply the existence result again to A = {a1,az2, -+ ,an,} and B = {b;|i € [k], i; # 0} with the
same Z. The premises are all satisfied: from the definition of & we know that

m t
Z ,azbz = Z&ai, 2517 >0,
1 j=1
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and fi; > 0 if fi; # 0. Moreover, |B| < |B|. This means if we prove the existence of such /i and
iteratively apply the existence result as stated above, we will arrive at a set B° C B that satisfies

m t
|B°| <n—m+1, Z ,ufbi:Zcha,-, Z(Sfj >0, pi>0if b€ B° 0 otherwise.
bi€Be i=1 j=1

The reason why |B°| < n —m + 1 is that if |[B°| > n — m + 1, we can find a subset of B° with
strictly less cardinality with the same property, hence it is not the terminal set. For that set, choosing
w° = p* gives the wanted vector.

Now we show the existence of such fi when k > n — m + 1. We first extend {a1,as, - a;,} to a
basis of R™, and note it as {ay, as, - - - a, }. Express each b; s as

n
bi = Z 'Yijaj-
j=1

where i € [k]. Now, write I' € R"** as I';; = v;;. What we know is the relation

A
FM o |:On—7n:| ’

which is simply the coordinate representation of Zle 1;b;. Now we know the set
{1 € R* | 1T i1, iz, - - i) = 0,[m + 1] = 0,---T[n]"pp = 0}

has dimension at least ¥ — n + m — 1, as each linear constraint decreases the dimension at most
1. Here T'[p1,p2,- - pr] € R™*F denotes the concatenation of r rows of T, I'[p;] to T'[p,]. As
k —n+m — 1 > 0, there exists a nonzero y that satisfies

F / )\/ ' !
w= , Z)‘ij =0.
j=1

n—m

For that i/, consider 11+ e’ and either increase or decrease ¢ until the cardinality of i decreases. As
> 0, we can always find such e that satisfies ||+ €t/||o < ||it]|o. As we stop when the cardinality
changes, u + ey’ > 0 should also hold. At last, we know that

A+ 6)\’]

Onfm

D(p+ep') = {

and as 22:1 A, =0, Z;Zl()\w + €Xi,) > 0. As the values of I'yu directly correspond to the
coordinate representation of {a,as, - - - a,}, we know that p + ey’ is the fi that we were looking
for. This finishes the proof. O

The necessary width in this case is n + 1, and we obtain the following result.
Theorem D.1. The set P*(n + 1) is connected.

Proof. Similar to the proof of Proposition|D.5] we show that for any two A, B € P*(n+1) NP},
they are connected with a continuous path in P*(n + 1). The rest will directly follow.
First, let’s write A = (u;, v;)E,, B = (ul,v})E_,. Also, let’s write

A ={Di XU}y 20 U{—DiX0Vi}v, 20, B={DiX}u;z0U{—DiXVi}ty 20,

and note them as A = {a1,a2, - am} CR™, B = {by,bo,---br} C R™. Atlast, \1, Ao, A,
41, fo, - - - bg are unique nonnegative numbers that satisfy

m k
D Niai =Y pibi =y,
i=1 i=1

The uniqueness follows from the fact that A, B € P*(n + 1) N P/, and the nonnegativeness
follows from the optimal polytope characterization in Theorem Furthermore, note that A, > 0 for
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all p € [m], pg > 0 forall g € [k]. For example, if a,, = D; X @; for some u; # 0, A, = ||u;]]2 > 0.
The rest is similar.

Our main proof strategy will be finding k£ + m continuous functions Fy, Fy, - Fy,,G1,Ga, -+,
Gy, : [0,1] — R that satisfies:

Property 1) F;(0) = \;, F;(1) =0, F;(¢) >0 Vi € [m],t € [0.1].

Property 2) G;(0) =0,G;(1) = pj, G;(t) >0 Vj e [k],t € [0.1].

Property 3)
m k
> Fi(tai+ > Gt =y* Vte[o,1].
i=1 j=1
Property 4)
m k
S UFE(#)>0)+ > 1G(t)>0)<n+1 Vtelo1].
i=1 j=1

First, let’s see that if we find such continuous functions that satisfy Property 1) to Property 4), we
can construct a path from A to B in P*(n + 1). The specific path we construct is: (u;(t),v;(t))5;
given as

(Fp(t) + Gq(t))ﬂi if ap = bq = D; Xuy;

F,(tyu; if a,=D;Xu;, #q¢€ k] suchthatb, = D;Xu;.
Gy)a; if by =D;Xu,, 3 p € [m] such that ap = D; Xu;
0 otherwise.

(Fp(t) + Gq(t))@i if ap = bq =—-D,;Xv;
vilt) = F,(t)v; if a,=—D;Xv;, q¢€ [k]suchthatb, = —D;Xv;.
! Gq(t)v; if by=—-D; X7, 3 q € [m]such that ap = —D; Xv;
0 otherwise.

Let’s check that (u;(t),v;(t))£_, is a path from A to B in P*(n + 1). As F;(1) = 0 for all i € [m],
G;(0) = 0 forall j € [k], we can see that (u;(0),v;(0)2; = A, (u;(1),v;(1))2, = B. Also, we
can see that it is a curve in P*: all u,(t), v;(¢) are nonnegative multiples of @;, 7;, and we know that

P m k
> DX (uilt) = vi(t) = > Fi(t)a; + Y G;(t)b; = y*.
i=1 i=1 j=1
Moreover, the cardinality of (u;(t), v;(t))£_, bounded with

1(G;(t) >0)<n+1

k
=1

card ((u; (), vi())21) < D 1(F() > 0) +

=1 J

hence the proposed path becomes a continuous path in P*(n + 1).

Now, we describe how we find such m + k continuous functions. We do:
Step 0) Initialize C = A, f;(0) = A, gi(0) = 0.

Step 1) While T =10, 1, - - - , repeat:

e If C C B, break.

o (Facts that hold from the previous iteration) Let’s write C = {a;,,a;,, - a; } U
{b;,,bj,,- - bj,}. We inductively have:
1) C is a linearly independent set.
2) fi(T)>0 VYie[m],g;(T)>0 Vjelkl.
3) [i(T) >0« i € {ir iz, ir}, g;(T) > 0 j € {1, 2, Js}
4)

> fin(Mai, + Y g5, (T)by, =y*.
w=1 w=1

28



Published as a conference paper at ICLR 2025

* (Applying Lemma We also know that °F = y* and p,, > 0 Vw € [k].
Now we check the condltlons to apply LemmaU- w1th A = C, B := B, given subset
{aiy, iy, -+ ya;.} € A. Then we know that C, B are linearly independent,

T S
Z fi,(T)as, + Z 5., (T)bj,, Z Hawbw = Y7,
w=1 w=1

and Y0 _, f;,(T) > 0, py > 0 for all w € [k]. Thus all conditions for Lemma [D.1|are
met, and we can find \;,, for w € [r], fi;, forw € [s], u* that satisfies

k r
o <n+1—r—s, u* >0, Z X, i, + Z fiinbie = D tobu, Y Ay, > 0.
w=1 w=1

w=1

* (Update 1) Now we update the values of f;, g; as the following:

BT =0 if i (i)
) = s L, temT

oy o) Fapi(t=T) =api(t =T) if ¢ {ji,j2, - Js}
0= {0y Lo 1) ee ) 4] 10, (EETH

Here, a = 2min{miny, _, fi, (T)/As,, ming, sus g5, (T)/ (5, — 15,)} > 0.
Update C so that f;(T'+1/2) >0<a; €C,g;(T+1/2) >0< b, €C.

* (Update 2: Pruning) After this, we initialize r = 0, s;(0) = f;(T + 1/2),i € [m], 2;(0) =
g; (T +1/2), j € [k] and repeat:
(Check) If C is linearly independent, break
(Update) Say C = {ar1,ar2, - argp } U {bs1,bs2,- - - bsy }. Find a nontrivial linear combi-

nation
anamean sw =0,

w=1

and without loss of generality suppose szl Nw > 0. IF Y0 1 ny = 0, choose 7, to find
at least one 7}, > 0 for w € [y]. Then, write

Srw (T + 1) = Spw (1) — ANty  Zew(r + 1) = 250 (r) — aml,t
for ¢ € [0,1]. Here a = min{min,,, 0 8w (7)/Nw, iy 50 2rw (7")/

Atlast, update C so that s;(r +1) >0 a; €C,zi(r+1) >0 b € C. Increase r by
1.

* (Construct f;, g; fort € [T'+1/2,T + 1]) Concatente f; and s;, g; and z; for all i € [m],
j € [K].

Step 2) Let the termination time be 7*. To obtain F;,G; : [0,1] — R, simply write F;(t) =
[iT)T7),G(t) = g;(T/T™).

Let’s first verify that the facts that hold from the previous iteration. First, C is a linearly independent
set at the start of each iterate because of step (Update 2: Pruning), and the first fact holds. Also, f;, g;
are updated only in steps (Updatel) and (Update 2: Pruning), and we can see that for all ¢ € [0, 7]
the function values are nonnegative. In update 1, we chose « sufficiently small and p* > 0. In
update 2, we also chose « sufficiently small. Hence, the second fact holds. At every update, we also
update C, and the third fact holds. At last, we add a nontrivial linear combination of AU /5 that sums
up to O at each update, so the sum

m k
> filt)ai + Zgj(t)bg

i=1

is preserved to be y*, which means that the last fact follows.
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One important argument to make is that the algorithm actually terminates, i.e. 7" < oo. The
iteration in the second update terminates eventually, because at each iteration the cardinality of C
decreases by 1. To see the larger loop terminating, observe that

Zfi(t)

is a strictly decreasing function for ¢ € N. This is because in (Update 1), as >, _, Ai, > 0, the sum
decreases, and in (Update 2), the sum does not increase because we suppose > . _; 7, > 0. This
means that at each starting step of the algorithm, identical C cannot appear twice: as C is linearly

independent there exists a unique expression that gives

Tw

D fin(Mai, + Y 95, (Db, = v,
w=1 w=1

and if identical C appeared twice we will have the same value of > _  f; (T) = Y7, fi(¢),
which is contradicting the fact that Y, | f;(¢) strictly decreases.

Finally, let’s check that we have found the right F;, Gjs. As the algorithm terminated, C C B, and
we know that F;(1) = 0 for all ¢ € [m]. Also, as

k

> G =y,

Jj=1

and the set B is linearly independent, we know that G;(1) = p, for all j € [k]. As previously
mentioned, Property 3) is guaranteed as we are adding a nontrivial linear combination that sums
up to 0 at each update. To see that Property 4) is true, we see the value of > ", 1(F;(t) > 0) +

fo:l 1(G;(t) > 0) for each update. In (Update 1), as ||x*|] < n + 1 — ¢ — s, the total cardinality

does not exceed n + 1. In (Update 2), the cardinality always decreases. Hence, Y .- 1(F;(t) >
0) + 2521 1(G(t) > 0) < n+1forallt € [0,1], and we know that we have actually found the
wanted functions. This finishes the proof. O

Recall that in Nguyen| (2021), it is proved that the solution set is connected for m = n + 1 in the
unregularized case. The proof strategy of |[Nguyen| (2021 is first creating a zero entry in the second
layer and changing the corresponding first layer weight arbitrarily. If the network is unregularized
this is possible because the change in the corresponding first layer weight where the second layer
weight is 0 will not change the model fit, hence the optimality. However, when we have regulariza-
tion, such transformation is not possible as the first and second layer weights are tied together. This
is why we need to use the characterization in Theorem [I] and Lemma [D.T] to prove Theorem [D.1]
Overall, our result is a nontrivial extension of Nguyen| (2021) to regularized networks.

At last, from Proposition[D.6] we know that P*(m) is connected when m > min{n+ 1, m* + M*}.

Proposition D.6. Suppose P*(m') is connected and m' > M*. Then P*(m) is connected for all
m>m'.

Proof. Take two points A, B from P*(m). We know that there exists a path from A to A;,,., B to
B, that satisfies A;;.., By € P*(m)NP;... Notice that as A;,.., B € Py, there cardinality is

rr® rre

at most M*. Hence they are elements of P*(m’), which finishes the proof as P*(m’) is connected.

Now we connect the connectivity results of P*(m) to that of ©*(m), the solution set of the original
problem in equation The object ©*(m) we care about is precisely

* 3 m . & 6 S 2 2 (d+1)m
% (m) := {(wi,ai)¢_1 | min L (Z(va:h%y) + 5;(”%\\2 +lail") p CR :

(wi’ai);il i=1

We first define essential sets and mappings to do this.
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Definition D.5. (Minimal Optimal Neural Networks) We say a parameter (wj, o)7Ly is minimal
optimal if (wj,a;)T, € ©*(m) and ayay > 0 implies 1(Xw, > 0) # 1(Xw, > 0) for all
p # q € [m]. We denote the set of minimal optimal neural networks as ©%, (m).

Adapting the proof from [Wang et al.[(2021b), we can show that for any point A € ©*(m), there is
a continuous path from A to a point in ©7;, (m). The path is essentially merging the neurons with
same arrangement patterns and second layer sign.

Proposition D.7. Take any point A € ©*(m). We have a continuous path from A to some point
Amin € ©5;,(m) in ©*(m).

Proof. Write A = (wj, ;)7L ;. Assume we have (w1, 1) and (ws, ar2) that satisfies ajag > 0 and
1(Xwy > 0) = 1(Xwq > 0). Let’s write sign(a; ) = sign(as) = s. Define the curve

wiag + twaon

—Vwiar + twaaz])

C(t) ,\/leal —|—tUJ20é2||28)

Wo
© (VI—t——=—=m, V(1 - D)[wsaz]2s) & (wj,a;)}s,

[wacal|2

where ¢ € [0, 1]. The intuition of this curve is merging two pair (w1, 1) and (w2, as).

Let’s check some basic facts to see that this curve indeed merges the two pairs and is in ©*(m).

i) C(t) is well-defined. First, we know |Jwacz||2 # 0, because ay # 0. Also, say wiag + (1 —
t)wgae = 0 for some ¢ € [0,1]. Then we have DXwioqy = —(1 — t)DXwaap, where D =
diag(1(Xw1 > 0)). As DXw; and DXws is consisted of nonnegative entries and cvya > 0,
DXwyay = 0 must hold. This means wy; = a3 = 0 because A € ©*(m) - which is again
contradiction because «; # 0. The well-definedness of C(¢) implies that it is continuous, because
it is a composition of continuous functions.

i) C(0) = A, C(1) = (\/%, Viwiar +waasf2s) & (0,0) & (w;,0y)fLs from
direct substitution. Note that the value Y ;| 1(c; # 0) decreased by 1.

iii) C(t) is a curve in ©*(m). This is because the sum Y ;" (Xw;) «; is preserved through the
curve, and the regularization loss is less than that of A due to triangular inequality. In other words,
the loss L(C(t)) < L(C(0)) forall t € [0,1], and as L(C(0)) is optimal, C'(¢) is a curve in ©*(m).

We repeat the merging process until there is no such pair. This process should terminate because
each merging decreases ZZ';l 1(c; # 0) by 1. After we don’t have such pair, concatenate all the
curves that we have to find a curve in ©*(m). At the end of the path, we don’t have two (w;, o),
(wj, arj) that satisfy ;a; > 0 and 1(Xw; > 0) = 1(Xwj; > 0), hence it is in ©},; (m).

Also, we define the notion of a canonical polytope. A canonical polytope is defined to break ties that
occur because two cones KC; and K; may have nonempty intersections. For instance, say D Xu;, =
DyXuy and ug = 0 for some (u;,v;)E; € P*. Then, swapping (u1,v1) and (ug,v2) will not
change the solution’s optimality. As we will see later on, we will want to erase such ambiguity,
hence we consider a canonical polytope.

Definition D.6. (Canonical Polytope) The canonical polytope is defined as
Pron = {(ui,vi)f;l | (ui, i), € P*,diag(1(Xu; > 0)) =Dy if u; # 0,
diag(1(Xv; > 0)) = D; if v; # 0}.

Remark D.2. diag(1(Xu > 0)) = D; implies (2D; — I)Xu > 0, but not the opposite. The
ambiguity happens because x ; - u might be 0 for some rows.

Given the notion of the minimal optimal neural network and the canonical polytope, we define
two natural mappings ¥ : P*(m) — ©*(m) and ® : ©*(m) — P*(m). These mappings have
been discussed multiple times in the literature |Pilanci & Ergen| (2020), Wang et al.[(2021b), and we
introduce it again with slight variations for our needs.

Definition D.7. Suppose m > m*. We define ¥ : P*(m) — ©*(m) as
(174 (% m—car: Ui ,V4 P,
U((uiyvi) 1) = (===, Vtil|2)ui20 ® (===, =V vill2)u; 20 ® (0, 0) " ~cer(w:w)iza)

N llvill2
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Definition D.8. Suppose m > m*. We define ® : ©*(m) — P*(m) as

Up = Y ;cr Wiloy| where T = {i | a; > 0, D), = diag(1(Xw; > 0))

O((wi, a)™,) = (ui,v;), = .
(et =t = e e Lo < 0.y — g1 = 0)

—~

The mappings are indeed well-defined Proposition[D.§]

Proposition D.8. Suppose m > m*. ¥ : P*(m) — ©*(m) and ® : ©*(m) — P*(m) are well
defined.

Proof. By well-defined, we want to see that for all A € P*(m), ¥(A) € ©*(m) and has a unique
value, and similarly for ® too.

From Definition and Definition it is not hard to see that the function value is uniquely
determined for each input. Also, from direct calculation, we can see that

m

m P P
L Do (Xwy)rayy +§Z<||wj||§+a§>L(ZDmivi),y)+/32<||ui|2+m||2>,
Jj=1 i=1

=1 i=1

for both A = (us,v;){Z; and W(A) = (w;, )7L, and when A = (w;, )72, and ®(A) =
(ui,v;)E|. The former case is rather clear. To see the latter case, first observe that when we apply
the merging operation in Proposition the loss will strictly decrease if for two w;, w; with same

arrangement pattern weren’t parallel. So they are actually parallel, and for all 7 € Z such that
D, = diag(1(Xw,; > 0)),

1
lupllz = D _llwillalodl = 5 > (llwill3 + o),

€T i€l

because all w; are parallel for ¢ € Z. The last equality follows from A € ©*(m). As m > m*
the optimization problems in equation [3] and equation ] have same optimal values, which means
U(A) € ©*(m) and P(A) € P*(m). O

Moreover, we can see that the two mappings are similar to inverses of each other.
Proposition D.9. Take any A € PZ,, N P*(m). Then, ®(V(A)) = A. Also, take any B =

can

(wj, )Ty € Opyin(m). Then, W(®(B)) = (wy(j), Qo (j)) 2y a permutation of B.

min

Proof. We know

U (s, v) ) o= (h

Vg

ard((w v:) P
) ||uiH2>uﬁ$0@( ) — ||Ui|\2)yi7so€9(0,0)m_“ d((wivi)izy)

[[vill2

Write ® (W ((us,v;))) = (u},v))E,. Let s see that u; = w; for all i € [P]. The case of v will
follow similarly.

The first case is when u; = 0. Say there exists u; # 0 and diag(1(Xu; > 0)) = D;. As
(us,v;)2, € P, diag(1(Xu; > 0)) = D; = D;, meaning i = j. This is a contradiction
because u; = 0. This means there is no u; # 0 thatis 1(Xu; > 0) = D;, and there is no u; # 0
that is diag(1(Xwu;/+/||u;ll2 > 0)) = D;, meaning u; = 0.

The next case is when u; # 0. For u; # 0 such that diag(1(Xu; > 0)) = Dj, the only possible j =
i. For that j, we know that diag(1(Xwu;/+/||uill2 > 0)) = Dy, and uf; = u;/+/||will2 X /||will2 =
u;. This means u} = u; for all i € [P], same for v, meaning ® (¥ ((u;, v;)7 1)) = (us,vi)E ;.

Let’s see ¥ o . We know

up = wiley| if o > 0and Dy = diag(1(Xw; > 0)), 0 otherwise
vg = w;loy| if a; < 0and Dy = diag(1(Xw; > 0)), 0 otherwise,

(s ) 121) = ()12 = {
because (wj, ;) is minimal. Let’s say Y ;" 1(a; > 0) = mp, yiv; L(e; = 0) = my,
Yo (e < 0) = my. In {ug,ug,---up}, there will be m,, nonzero vectors. Index them as
Uqy s Uay, "+ Ua,, - FOT Uq,, we can find j; € [m] that satisfies uq, = wj,|,|. Furthermore,
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Jiy # Ji, if 91 # i2 because j;, = j;, means D, = Dq,, and a;, = a;,, 11 = i2. Similarly, define

) @ (0,0)™=.
i=1
First, we know that ||w;||2 = |a;| for all j € [m]. This leads to
\P((I)((wiv al);nzl)) = (ij );1191 S3) (wkw - :nnl @ (Oa O)mz
As ji, # ji, if i1 # ig, the result is a permutation of (w;, o)™ ;. O

Ublavb27 t '/men

Wy, |

s o) o (-

Wy, |ag,

Wk,

U(D((wi, i)ils)) = (

Qj;

At last, for these mappings to be meaningful, we would want them to be continuous. Luckily, ® is
continuous Proposition [D.10]

Proposition D.10. The map ® : ©*(m) — P*(m) is continuous.

irﬁof V\ie consider the sequence (wk af)J 1 in ©*(m) that converges to (w3, a5°)JL; € ©*(m).
et’s write

(I)((wk ak)] 1) (ufvvzk)zlil’ (I)((wyooaa?o);nzl) = (uzooﬁvzoc)fil

We will show that u¥ — u°. The rest will follow.

As a starting point, we define some necessary constants. We define M for j € [m] that satisfy
ws® # 0 as the following: if k > M;, 1(Xw® > 0) = 1(Xw;? > 0) anda a3® > 0. Such M;
exists due to the following reasoning: we know that for any solution A € @*( ), there exists a
finite set of possible directions for wj, which are the directions of u;, v; in P*. As wi® # 0 and
wk — w3°, for sufficiently large k so that ||w’C —w5°||2 is sufficiently small, w$° has to be a positive
scalmg of w’c Also w3 # 0 implies a3 # 0, meaning for sufficiently large k: a 77 > 0 holds.
For j € [m ] that has w$® = 0, deﬁne N;(e) to be the number that satisfies k 2 Nj(e) implies
lwiagllz <e.

—ul®||2 < eforalli € [P]. For a certain ¢ € [P],
suppose there exists {jl,jg, “ji} C [m ]that satisfies D; = diag(1(Xw$® > 0)) = --- =
diag(1(Xw$y > 0)) and a7, -+, a5 > 0 (hence wiy, -+, w3’ # 0). Itis clear that u® =
S was®. When k > max{max,,e—o Nj(e/m), max, o M}, we know that 1(Xw} >
0) = 1(Xws® > 0) and o > 0 fori € [t]. Also, for some j € [m] which is not in {j1, jo, - - , j¢ }
and D; = diag(1(Xw¥ > 0)), w$® = 0. Hence,

t
_ k _k k_k
= Zwa‘i% + Z wyag.
=1

w}’":O,Di:diag(l(wa20)),a;?>0

uf — u%®, as wf — W ,aé?t — aj° fori € [t] and the rest sum becomes smaller than ¢, hence

convergmg to0as k — oo.

Finally, let’s see the case where there is no j € [m] that satisfies D; = diag(1(Xw$® > 0)) and
;7 > 0. Here, u7® = 0. Now take k& > max{maxye—o N;(€/m), maxye o M;}. One thing to

notice is for this &, if D; = diag(l(wa > 0)) and a? > 0 for some j € [m], wj® = 0. Suppose

wie # 0. As k > M;, we know that D; = diag(l(Xw;’C >0)) and a3 > 0, which contradicts the

assumption that there is no such j. Hence, when we write

k _ k_ k
u; = E w; %
wfj’o:O,Di:diag(l(Xw;?20)),af>0

as k > Nj(e/m),

< e. As u$® = 0, we have that u¥ — u2°. This finishes the proof. O

However, U may not be continuous. The intuition is that the solutions in the image of ¥ have zeros
at the end, whereas the limit of W((u;,v;)f.;) as u; — 0 may have zeros at the middle. Thus we
have a slightly weaker notion of continuity for ¥ Proposition
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Proposition D.11. Consider a continuous path (u;(t),v;(t))F_, in P*(m), where u;(t),v;(t) :

[0,1] — R? is either a zero map or a map can only have zero when t = 1. Consider the path
() = W((ui(t),v;(t)E,) in ©*(m). Then, $(t) is continuous in [0,1), and lim;_,1 ¢(t) is a
permutation of ¢(1

Proof. Let’s write what ¢(t) looks like. Write i1 < i3 < --- i, the indices where u;(0) # 0, and
write j; < jo < --- < j, the indices where v;(0) # 0. Denote the indices Z, 7. For t € [0, 1), ¢(t)

1S
_(w® _ult) e 0.0)ym—P—1,
B(t) ( e VI z(>||2>m@< o V! z<t>|2>iejea( ,0)

AsZ,J isfixedfort € [0,1) and u,(t) # 0if u;(0) # 0, v;(t) # 0if v;(0) # 0, ¢ is continuous for
[0,1). When ¢ = 1, lim;_,; ¢(¢) may have zeros in the middle, whereas ¢(1) has zeros at the end,
and the rest is the same. Hence, lim;_,1 ¢(¢) is a permutation of ¢(1). O

Given the machinery, we are ready to elaborate the results. We start with proving that if m is
sufficiently large, all permutations of a point A € ©*(m) are connected. The proof strategy is
analogous to the proof in|Simsek et al.|(2021]), where we create an empty slot to permute the weights.
Proposition D.12. Suppose m > M* + 1. Take any (w;, oj)jL, € ©*(m). There exists a continu-
ous path from (w;, ;)72 to an arbitrary permutation (W (j), Qg (j)) 1

Proof. Our proof will start from showing that for any A = (w;, a;)72 ! € ©*(m), we can find
a continuous path A" = (w}, o)), € ©*(m) that satisfies Z 1 1(a); # 0) < m. First, use
Proposition to find a continuous path from A to some Amm = (wj,oz]) € ©r,.(m). If
Z;”zl 1(aj # 0) < m, we have found such path.

If not, let’s show that {(Xw$)}7., is linearly dependent. As all a§ # 0, all w§ # 0. Now think

of ®(Anin) = (ui,v;)E ;. We can easily see that
{(Xw?)+af}ily = {DiXui}u,20 U{—DiXvi}tv, 0.

As the latter set has m > M* elements, it should be linearly dependent. If not, it is a contradiction to
the fact that the maximal cardinality of the element in P;;, is M*. Hence, the set {(Xw5)+a5}L,

is linearly dependent, and as all o is nonzero, the set {(Xwj )}, is linearly dependent.
Now consider a nontrivial linear combination,

Z ci(Xw
i=1
Without loss of generality say ajc; < 0. Define
t,m, = min ——ig

afci<0 ¢

and for ¢t € [0, t,,] define

o g el e TR
(1) = iy 5 @) = flwtlalaf + te sign(o)

From the definition of ¢,,,, sign(a$ + tc;) = sign(af) for t € [0, t,,]. Also
D X))+ as(t) = Y (Xwf)4(af +te) = Y (Xwf)-af
i=1 i=1 i=1

and

*Zsz (O3 + laa(t) lewz ()2} (?) I—ZIIwC’H || + [[w?ll2teisign(ay).

i=1
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At last, we know that for the dual optimum »* defined in Theorem
()" (Xw) = —Bllws ||2sign(as),

for all j € [mn]. This is obtained by using the fact that ®(A,,;,) € P*. Hence, if Y - | ¢;(Xw?); =
0, multiplying (¢*)7 on both sides leads

m
> lwfateisign(ag) = 0,
i=1

and
1 m m 1 m ) )
~ 2 ~ 2 o
5 @B+ 18O = Y llwgllalag] = 5 D llw? [+ log
i=1 i=1 i=1

Hence the objective is preserved throughout the curve, meaning the curve is in ©*(m). The cardi-
nality decreased by at least 1 at the end due to the definition of ¢,,,.

Now that we can find a continuous path from A to A" = (w}, o;)72; € ©*(m) where } .~ 1(a; #
0) < m, we will find a path from A’ to any permutation of A’, namely (w, ), ;)7L for some
permutation o : [m] — [m]. A simple path construction is as follows: we know that at least one
o = 0. Let that ¢ = m without loss of generality. Starting from ¢y = 1, we do the following: if

w = w;(io), we do nothing. If wj # w(’j(io), we first write

w;[) (t) = w;o v1—1t, Qg (t) = 0420 v1—1t, w;n(t) = w;o t, O/m(t) = a;jo \/i;
for ¢ € [0, 1], which intuitively "moves’ w;_ to the empty space w,, and making w; = 0. Next we
move w,; y to w; with

w; (t) = w;(io)\/%v i (t) = a;(io)\/%v Weig) (1) = W) VI =t a0 00 (t) = af V1=,
for t € [0, 1], which intuitively *moves’ w’g(io) to the empty space w;, and making w,(;,) = 0. At
last, we make w,,, empty by using

w;(zo)(t) = U};O \/Ev aa(io)(t) = Oégo \/Ev w;n(t) = w;o \ 1- t7 O‘;n(t) = Oé;o 1-t

To wrap up, we may swap the element in (w;, a;) and (w, (), @o(;)) by first moving w; to wy,, then
moving we (%) to w;, and at last moving w,, to we ;).

Until here we connected A = (w;, ;)7L | with A’, and then A’ with a permutation of A’. To connect
A with (we(j), ag(5)), simply run the path A — A’ backwards to obtain (wq(;), X (j)) 7Ly O

Proposition[D.12]enables us to connect two different permutations. Even though W is not essentially
continuous, the fact that two permutations are connected will allow us to construct paths in ©*(m)
from paths in P*(m).

Proposition D.13. Suppose m > M* + 1. If any two points A, B € P*(m) are connected with a
path with finite cardinality changes, ©*(m) is connected.

Proof. Take two points A, B € ©*(m). First use Propositionto find path from A to Apin €
©%.,(m) and B to Byin € O, (m). Our main goal will be connecting A,in and By, by using
the path from ®(Aip) t0 @(Bmin)-

Consider the continuous path from ®(Apiy) to (Bpin), namely f : [0,1] — P*(m) satisfying
f(0) = @(Amin), f(1) = ®(Bmin). Write f(t) = (u;(t),v:(t))E ;. Divide [0,1] to times (¢, =
0,t1), (t1,t2) -+ (tx—1,tx = 1), where in each time interval either each w;, v; are either always zero
or always nonzero. We have finitely many such ¢; s because we assume that the cardinality change
is finite. From Proposition we can see that the path U o f(¢) is continuous at each interval.
However, as we saw in Proposition Vo f(t;), lim, ,,- Vo f(t), lim, ,,+ ¥ o f(t) are all
permutations of each other. ' '

We construct a path from ¥ o f(0) to U o f(1) as following: First, for each p = 0,1,--- ,k — 1,
construct a path from limt_n; To f(t)to hmt—>t;+1 U o f(t) by defining

lim,_,,+ Vo f(t) if t=tp
g(t) = Vo f(t) if te (tplps1)
lim,_,, Wof(t) if t=tp,
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for t € [tp,tp41]. It is clear that g is continuous. Moreover, we can connect each W o f(t,)
with lim,_,,+ W o f (t) and lim, i Vof (t), because from Proposition , we know that when

m > M* + 1, two permutations are connected in ©*(m), and from Proposition from this
construction, a one-sided limit is a permutation of the image. Hence, a connection from ¥ o f(0) to
U o f(1) is possible, by connecting permutations at boundaries of each interval tg, ¢, - - , tx, and
moving with ¥ o f inside the intervals.

Hence, ¥ o ®(A,in) and ¥ o (B, ) are connected. From Proposition we know that ¥ o
D(Apmin) is a permutation of Apin, and as m > M* + 1 we know that they are connected. Same
holds for ¥ o ®(By,i,). This means that we have found a continuous path from A, t0 Bpin. At
the beginning we connected A with A,;,, B with By, which finishes the proof.

For discontinuity, we use the property of isolated points A € PZ,, N P*(m) with cardinality m.

Proposition D.14. Suppose m > m*. If A € P*(m) N'PL,, is an isolated point in P*(m) and has
card(A) = m, ¥(A) is an isolated point in ©*(m).

Proof. Assume the existence of a continuous function f : [0,1] — ©*(m) that satisfies U(A) =
f£(0), ® o f(1) # A. Consider the path ® o f(¢) in P*(m). As A € P*(m) NPx,, P(V(A)) =
A # ®o f(1), which is a contradiction that A is an isolated point in P*(m). Hence, ¥(A) does not
have a path into ©*(m) — ®~1(A).

To finish the proof, we show that ®~1(A) is finite. If ®~1(A) is finite, we will not be able to move
from W(A) to a point in ®~1(A) — {¥(A)} only using points in ®~1(A) — {¥(A)}, meaning we
do not have a path from ¥(A) to ©*(m) — {¥(A)}, proving our claim.

Suppose ®((w;, ;)% ) = A. If diag(1(Xw; > 0)) = diag(1(Xw; > 0)) = D, for some a;cr; >
0, the two indices  and j will either correspond to the same u,, or vp,, and card(®((w;, o)) <
m, which is a contradiction. Hence, (w;, a;)/%, € ©% . (m). From Proposition|D.9| we know that
U (P((w;, a;)™1)) = ¥(A) is a permutation of (w;, ;)™ . This means <I>_1(Aécontained ina
set of permutation of W(A), which is finite. O

Proposition and Proposition enables us to discuss connectivity of ©*(m) with the con-
nectivity of P*(m). With the results that we obtained for P*(m), more specifically Proposi-

tion[D.2] Proposition Proposition[D.5] Theorem[D.T} and applying Proposition and Propo-

sition|[D.T4]appropriately, we arrive at the staircase of connectivity defined in Theorem [2]

Theorem D.2. (Theorem[2|of the paper) (The staircase of connectivity) Denote the optimal solution
set of equation EI in parameter space as ©*(m) C REHD™ - Suppose L is a strictly convex loss
function and there exists (w;, o;)"y # (0,0)", € ©*(m) for some m. Let m*, M* be two critical
values defined in Theorem |2}

As m changes, we have that when

(i) m = m*, ©*(m) is a finite set. Hence, for any two optimal points A # A’ € ©*(m), there is
no path from A to A’ inside ©*(m).

(ii) m > m* + 1, there exists optimal points A, A’ € ©*(m) and a path in ©*(m) connecting
them.

(iii) m = M*, ©*(m) is not a connected set. Moreover, there exists A € ©*(m) which is an
isolated point, i.e. there is no path in ©*(m) that connects A with A’ # A € ©*(m).

(iv) m > M* + 1, permutations of the solution are connected. Hence, for all A € ©*(m), there
exists A’ # A in ©*(m) and a path in ©*(m) that connects A and A’.

(v) m > min{m* + M*,n + 1}, the set ©*(m) is connected, i.e. for any two optimal points
A #£ A" € ©*(m), there exists a continuous path from A to A'.

Proof. Proof of i) starts by observing that A € ©%. (m*) if A € ©*(m*). If not, we can find a
solution A" € ©F . (m* — 1) using Proposition@ and its image ®(A’) € P*(m* — 1). At last,
®(A’) is connected with a point in P*(m* — 1) N P;:, using Proposition [D.4] which contradicts
the minimality of m*. Now, for any A € ©*(m*), ®(4) = B € P*(m*) satisfies that ¥(B) is
a permutation of A. Hence, ©*(m*) is contained in the set of permutations of ¥(P*(m*)), and as
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P*(m*) is finite from Proposition[D.2] we know that ©* (m*) is also finite.

Proof of ii) is rather simple: we know that the solution in ©* (m*) will have a zero slotin ©* (m*+1),
and by using the moving operation in the proof of Proposition[D.12] we can show that we can move
a neuron to the zero slot.

Proof of iii) follows from Proposition[D.3]and Proposition[D.14] We can find an isolated point with
cardinality M * and is also canonical: the isolated point in Proposition[D.3]has cardinality M * and is
in P;:,. Say the isolated point is (u;, v;)7 ;. If diag(1(Xu; > 0)) = diag(1(Xu; > 0)) = D, for
some ¢ # j and u; # 0,u; # 0, D, Xu; and D, Xu; are colinear, which leads to a contradiction.
Hence all patterns are different for w, v, and by appropriate rearrangement, we can find a canonical
solution with cardinality M *. Say that solution is P,,, Now we apply Proposition to see that
U(Pean) is isolated in ©* (M™*).

Proof of iv) almost directly follows from Proposition Note that when w; = wy = - - - w,,,, We
can prune the solution to connect it with a different solution, hence there is no isolated point.

Proof of v) directly follows from Proposition[D.5] Theorem[D.T|and Proposition[D.13] Note that the
paths constructed in Proposition [D.5] and Theorem [D.1] has only finitely many cardinality changes,
hence we can apply Proposition[D.13] The solution set is not a singleton because m > m* + 1. [

Corollary D.1. (Corollary 2| of the paper) Consider the optimization problem in equation 3} Sup-
pose m > n + 1 and denote the optimal set of equation[3|as ©*(m). For any 6 := (w;, o)y €
REHD™  there exists a continuous path from @ to any point 6* € ©* (m) with nonincreasing loss.

Proof. The proof almost directly follows from |[Haeffele & Vidal (2017) and Theorem First,
we know the existence of a continuous path with nonincreasing loss from any point to any local
minimum. We know that the local minimum is actually global from Haeffele & Vidal|(2017). Now,
we know that the set ©*(m) is connected: hence, we can construct a continuous path from that global
minimum to any global minimum we want. Note that we can apply the result of Haeffele and Vidal

(Grohs & Kutyniok| (2022), chapter4) because ¢(X,w, @) = (Xw)y« and (w, o) = w
are nondegenerate pairs. O

Corollary D.2. (Corollary|3|of the paper) Consider the optimization problem in equation|3| Sup-
pose m > n+1 and denote the objective in equationE]as L(0), where § == (w;, o)™, € RU+D™,
Let the optimal value of equation[3|as p*. For any X greater than or equal to p*, we have that the
sublevel set {6 | L(6) < A} is connected.

Proof. Take two points 601, 02 that satisfies £(61), £(62) < A. Fix an arbitrary * from the optimal
set ©*. From Corollary 2| we know the existence of a path with nonincreasing loss from 6; to 6%,
and 6, to 6*. Hence we found a path inside the sublevel set {0 | £(6) < A} that connects 6; and 6.
This means that the sublevel set is connected. O
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E PROOFS IN SECTION[3.3]

In this section, we give the examples constructed in Section [3.3]and their rigorous proof.

The specific examples we present are the following:
Proposition E.1. Suppose n = 3, input data is given as

{(xliwr?i) yz) ?:1 = {(1707 1/6)7 (_1/2’ \/§/27 2/3)’ (_1/27 _\/5/27 1/6)}7

X = [x122] € R3¥2. Then, the minimization problem in equation with free skip connections and
without bias, namely the SNB problem, has at least two different solutions in F*.

Proof. Let’s consider the set Qx = {(Xu)4 | ||u|l2 < 1}. The six possible hyperplane arrangement
patterns 1(Xw > 0) are (001), (010), (100), (011), (101), (110), and when we draw the set Qx we
get the following shape in Figure

[ ]
—
7
(b) The set Conv(Qx U —Qx). y is denoted with
(a) Six linear regions of (Xu)4. the black point.

Figure 7: The shape of Qx for a certain 2d data. The input space is split into six regions, and each
region becomes either a 1d or a 2d object in a 3-dimensional space. Observe that Q x meets with
r + y + z = 1 with six points.

With some scaling trick, we can see that the problem is further equivalent to
m m

minimize,, w,, {w;,a; ), Z ||, subject to Xw0+Z(Xwi)+ai =y, |will2 <1 Vie[m].
i=1 i=1

Now, choose v = [1,1, 1] For any optimal wy, w1, wa, g, a1, we know that

v Xwg + Z v (Xw;)pa; = Z v (Xwy)pa; = (v,y),
i=1 i=1
and

m m
(oy) <Y I (Xw) s < Jaul,
=1 =1

which means that the objective value is lower bounded by (v, y) = 1. At last, we have two different
models that have different breaklines and have objective value 1. The two models are:

A R

1] —1/2 1 [ -1/2 1 [-1/2 1 1

With direct substitution, we can see that they are both valid interpolators. A direct calculation shows

that both have objective value of 1. At last, the breaklines differ, as the breaklines directly correspond
to the weight vectors w1, wo: this means that the two optimal functions are different. O

and
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Proposition E.2. Suppose n = 4, input data is given as

{(21i, w20, 9:) }izy = {(1,0,1),(0,1,-1),(=1,0,1), (0, =1, 1)},

X = [w122] € R"¥2. Then, the minimization problem in equation@ namely the SB problem, has at
least two different solutions in F*.

Proof. We give a similar proof strategy as that in Proposition writing X = [X | 1] € R"*3 and
bounding |vT (Xu) 4| for v = [1,—1,1,—1]7 and |Ju|| < 1. Note that X”v = 0. It is not easy to
visualize the shape of {(Xu)|||ull2 < 1} asin Figure‘h but we can solve the optimization problem
by splitting the input domain into 14 regions where the function (Xu) is linear. There are 14 such
regions due to the classical result of (1965). A simple convex optimization for these 14 liner
regions yields that

T (Xu)i| <1 Vfull2 < 1.

Another way to see this is writing u = [a, b, ¢] and v (Xu), as
1
Slat el +Ja—cl = b+l — b=
and with the constraint a2 + b% + ¢2 < 1, we have that the above formula is bounded between —1

and 1. Using the same scaling trick, we see that the lower bound of the objective is (v, y) as in
Proposition[E-T} which is 4. At last, choose two models as

0 0 0
UJOZ[O]MMZ V2| ws = | V2| a1 = V2,00 = —V?2,

1 0 0
and /3 3
0 2 —V2
’wozlol’wlz 0, wa=1] 0 |,00=v200=V2
-1 0 0

Both solutions have cost 4 and interpolates the data. With some simplification, we can see that the
first solution gives f(x,y) = 1—2(y)+—2(—y), whereas the second solution gives f(x,y) = —1+
2(z)+ + 2(—x)4. Apparently we have two different minimum-norm interpolators. A visualization
(and the symmetry behind it) can be found in Figure 8]

(a) Interpolator f(z,y) =1 —2(y)+ — 2(—y)+ (b) Interpolator f(z,y) = —1+ 2(z)+ + 2(—x)+

Figure 8: Two different minimum-norm interpolators. We can see that the V shape is the minimum-
norm interpolator, and one is the rotation of the other.

The two propositions Proposition [E.T|and Proposition [E.2] gives Proposition 2}
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Proposition E.3. (Proposition[2|of the paper) Consider the minimum-norm interpolation problem

m

1 Z (sz”% + a?) , subjectto Xu+ Z(Xwi)+o¢i =y,

mu,{wi, o 2 P P

where for input X;,, X = X, in the unbiased case and X = [X;,|1] in the biased case. Note
that m is also an optimization variable that is not fixed. When the input is 2-dimensional, we have a
non-unique minimum-norm interpolator regardless of bias.

Proof. This is a direct consequence of Proposition [E.T|and Proposition [E.2] O

Proposition E.4. (Proposition[3| of the paper) Consider the minimum-norm interpolation problem
without free skip connections and regularized bias, namely the NSB problem. Take n vectors in R?
that satisfy

V31

vy = [7, §]T, Isgll2 = 1,8, >0 Vk € [n—1], s, = [0, 1]T, v;,2 >0 Vi € [n].

where we write Zle Un—it1 = Sk. Now, choose x; = v; 1/v; 2 and choose y as any conic combi-
nation of n + 1 vectors

(si1x +si2l)y Vien], ((sn—vn)1z+ (sn —vpn)2l)y,
with positive weights. Then, there exist infinitely many minimum-norm interpolators.

Proof. Let’s choose x as proposed in Proposition@ Also, let’s choose v € R™ as v; = v; . Write
X = [z]1] € R™*2. Then the NSB problem is written as

m m
min E lw;]|3 + |oi|*  subject to g (Xw;)ya; = y.
m,{wi,o ‘
=1 =1

We first show that

-

x v (Xu)y| =1, (19)
lull2<1

and the solutions are s1, So,* * * Sn, Sp — Up.
The first thing to observe is that 1 < 2 < --- < z,. To prove this, let’s see that for ¢ =
2,3,---n—1,

Sn—i+1,2

Tim1 < _In—etl2 < x;.

Sn—i—i-l,l

The reason is the following: for ¢ = 2,3, ---n — 1, we know |[s,—;+1 + v;—1]]2 = 1, and as
2

HSn_H_]HQ = 1 we know Sn—i+1 " Vi—1 = —1/2 . ||Ui—1||2 < 0. Hence, Sn—i+1,1Vi—1,1 +
Sp—it1,2Vi—1,2 < 0, and as Sp_jy1,1,Sn—i+1,2,Vi—1,2 > 0, we have s,_j112/Sn—it11 <
—7)1',1’1/’()1',1,2 = —Tj-1. Slmllarly, ||3n7i+1 — viH2 = ]., and as Sp—it1 - Vi > 0, we have
Sn_i+172/sn_i+171 > —’Ui71/1)i72 = —uxz;. This means fori = 2,3,---n —1, 2,1 < x;, and
21 < xg < -+ < Tp_1. Atlast, we have v,—1 - v, < 0 because ||v,|l2 = ||vn + Vn—1ll2 = 1,

meaning x,, 1 < 0, whereas x,, = V3 >0, meaning 1 < To < -+ < XTp.

Now we consider the possible arrangement patterns diag(1(Xu > 0)). We can see
that the possible patterns are diag([0,0,---,0]), diag([0,0,---,0,1]), diag([0,0,---,1,1]),
---diag([0,1,---,1,1]), diag([1,1,---,1,1]), - - - diag([1,0,---,0,0]). In other words, starting
from the n-th entry, O turns to 1 in reverse order, then we have all ones, then 1s become Os at starting
from the n-th entry. Let’s denote the diagonal matrices D1, Ds, - - - Do,,.

Solving equation[T9]is equivalent to solving

max vI'D,; Xu.
(2D; —I)Xu>0, ||lul2<1

The absolute value function is erased as v > 0.

For D1, the objective is 0. For Dy to D,, 12, we first know that |7 D; X ||2 = 1. To see this, observe
that [[v" Do X|ls = [vn[2n, 1ll2 = [lvnllz = 1, V" D3 X2 = [vnlzn, 1] + vp-1lzn-1,1][2 =
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[vn + vp-ille = 1, - [T Dpa X2 = [X52, villz = 1, [v" Dpga X2 = ”27;11 vll2 =
I[=%2,4]ls = 1. For Dy13 to Da,, we can also see that |[v7D;X|ls < 1. That is because

vIDyin X = 5, — sp_1 fork > 2. |[sy — sp_1ll2 = 2 — 25, - s1._1, and as we know 1/2 =
Sp - 81 < Sy - 89 < -+ 8p - Sp—1 (which is the sum of v; 2, and as v; » > 0 we have the property),
s, — sp—1ll2 < 1fork =3,4,---n.

We can then see that max»p, 1) xu>0, ulls<1 v D Xu < max;epn|lvT D X||2 = 1. The last
thing to check is that sy, So, - - - sy, S, — vy, are actual solutions. For i = 2,3, ---n — 1, we know
that So s
D] < Ty < e <y < — L2 i < < 2,
Sn—i+1,1

and when we write k; = [z;, 1], we have that k,, - 5,, ;11 > 0, k; - Sp_ie1 > 0, ki1 - Sp—it1 <
0,--+ ki 8p_ip1 <Oforalli =2,3,---n—1. Hence, for 5o, 83, - S,—1, (2D;11 —I) X s; > 0.
As s; = XT D, v, for these s;8, vT (X s;)4 = 1.

The three cases we have to check are when i = 1,n, and s,, — v,,. When i = n, s,, = [0, 1}T and
as all k;s have positive y values, s, - k; > 0 for all i € [n] and indeed, s,, becomes a solution.
Also, we know that ||s1 + v,—1|]2 = 1, meaning z1 < z3 < -+ < x,_1 < —81,2/51,1. Hence,
kp—1-81 <0,---ky -s51 <0. As s, and k,, are parallel, we know k,, - s; > 0. Same with other
cases, as ||s1]|]a2 = 1, s1 is a solution. At last, let’s check that (2D,,12 — I) X (s, — vp) > 0. As
vn = [V3/2,1/2]7, 85 — vy = [=V3/2,1/2]7, vy - (80 — v,) < 0 and ky, - (s, — v,) < 0. For
i € [n — 1], we know z; < 0. Hence, —/3x; + 1 > 0. This means (2D,, 12 — 1) X (s, — vp) > 0
and as ||s, — v, |l2 = 1, we have s,, — v, as a solution too.

Now that we have found n + 1 different solutions to problem in equation [I9] let’s note them
w1, Wa, - - - Wp41. Y is chosen as any conic combination

n+1

y=> c(Xw)y, (20)

i=1
where ¢; > 0. We know that the interpolation problem is equivalent to
min ¢ subject to y € tConv(Qx U—Qx),

where Q¢ = {(Xu)y | |lull2 < 1} |Pilanci & Ergen| (2020). In other words, the minimum-norm
interpolation problem without free skip connections and regularized bias is equivalent to

m

(m(iin)m Z|di|a y:Zdi(XZi)+a
m,(2i,aQq);—1 i—1

i=1

for some ||z;]|2 < 1,4 € [m]. For any d;, z; that satisfies ||z;||2 < 1 and
y= di(Xz)y,
i=1

we have that

n+1 m m m
)= a=Y dv"(Xz)y <> |dv"(Xz)| <Y |dil,
=1 =1 =1 =1

meaning (v, y) is the optimal value, and any conic combination of {(Xw;) }7% yields a solution.

Let’s write w; = [a;, b;]T. The optimal interpolator then becomes

n+1
F(X) =Y cilaiw +bi)+,
i=1
for ¢; s satisfying equation[20] The last thing to check is that there are infinitely many such interpola-
tors. This is slightly different from y having infinitely many different conic combination expressions

of {(Xw;)4 }1!, because different ¢; may correspond to the same function.
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As a final step, we show that we indeed have infinitely many different interpolators. Recall that
{51,582, Sn, Sn—n} = {w1,wa, - - Wp41}. Notethat s1 1,821, - Sp,1 > 0and s,.1—v, 1 < 0.
Without loss of generality let s; = w; for i € [n] and s,, — v, = Wp11. As & — —o0, the slope
will be ¢, y1a,+1. Showing the different conic representations of y have different ¢, values is
enough. The interesting observation is that the vectors {(Xw;) }?; is actually linearly indepen-
dent, because each vector has Do, D3, - - - D11 as arrangement patterns and for each s1, s2, - - - Sy,
strict inequality holds. Hence, for each different conic combination of y, c,+1 should be differ-
ent. This means the slope at z — —oo is different, and we indeed have infinitely many optimal
interpolators.
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F PROOFS IN SECTION [4]

In this section, we prove how our results can be generalized to different architectures and setups.
We begin by describing a general solution set.

Theorem F.1. Consider the cone-constrained group LASSO with regularization R,

o o Z“ +ZBM +ﬁZR @1)

Assume 0;,5; € R?, A, B; € R™¥¢ R, : V; — R are norms, Ci,D; C R? are proper cones for

i€[Pl,j€lQlCinVi#foric[P]and B > 0. The optimal set Py, is given as
P ~ Q
Pgen = {(019 )z 1D ( )1',:1| c; >0, ZC“‘LQl + Z B;s; € Cy,
i=1 i=1
0, € Zer(F(S;, ATv*,—B,(,))), (BTv*,5;) = 0,5, € Di},
(22)
where v* is any vector that minimizes f*(v) subject to the constraint
T ; T _
uerrcun (A; v,u) + BR;(u) = ggg;(Bj v,s) =0,

foralli € [P, j€[Q], F(S,v,—8,(,))={u]ueS (v,u)=-8}8 =Cn{u|R;i(u) <1}
and Zer(S) = {0} if S = 0, S otherwise. Here, f(-) = L(-,y) and f* denotes the Fenchel
conjugate of f.

Proof. Suppose the optimal set of the problem in equation [21|is ©}_ . We show that ©%_  C P

gen'* gen gen

and vice versa. Suppose (0%, s*) = (05)F, @ (s5)2, € Ogen- We know that Zi:l A;0F +

Z?Zl B;s; € Cy, hence it satisfies the second condition for w* = Zi:l A0 + Z?Zl B;s¥. Also,
consider the convex optimization problem

P P Q
w,eiec?rlwllg,siem L(w,y) + B ZR(&) subject to ; A;0; + ; B;s; = w,
and its Lagrangian
L(w,8,s,v)=L(w,y) —v w—!—z (ATv,0,) + BR:(0 —l—ZB v, 8;) (23)

i=1

The strong duality argument is essentially the same as that with the proof in Theorem [T} Moreover,
for the dual problem
max min L(w,0,s,v),
v w,0;eEC;NV;,s,€D;
if ming,ec,ny, (AT v, u) + BR;(u) < 0, we can scale u infinitely large to attain the minimum —oo.
Same holds when min,ep, (B} v,u) < 0. Hence, these cases cannot maximize the dual objective,
and the dual problem can be written as

max min L(w,y) — vTw = max —f*(v),
mingec;nv; (A7 v,u)+BR; (u)=0 W mingec;nv; (A7 v,u)+BR; (u)=0
minygep, (BT v,u)=0 minyep, (BT v,u)=0

meaning v* is the dual optimal point. When strong duality holds, for any primal optimal point
(w*,0*,s*) and the dual optimal point v*, the Lagrangian L(w,6,s,v*) attains minimum at
(w*, 0%, s*). Substitute v* in equationto see that each # is a minimizer of the problem

min (A% u) + BR(u) subject tou € C; N V;.

One thing to notice is that the value (ATv*, 0%) + BR;(6;) = 0, because if it is strictly smaller than
0 we can strictly decrease the objective (A7 v* u) + BR;(u) with u = 26} .
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If 07 = 0, we can choose ¢; = 0 to find ¢;,0; € Zer(F(S;, ATv*, —p)). If 0 # 0, we know that
Ri(0;) # 0, and the vector 0 /R;(0;) satisfies 07 /R;(07) € S; and (A]v*, 07 /Ri(07)) = —p.

Choose ¢; = R;(07), 0; = 0 /R;(0}) to find ¢;,0; € Zer(F(S;, ATv*, —pB)).
For s; s, we know that each s s are the minimizer of the problem

min(B} v*,u) subject to u € D;,
hence it should be in D; and the value (B} v*,s7) = 0.

Concluding, for any (6*, s*), clearly Zf; A 07 + ZJQ:I Bjs} € Cyand s; € Dy, (B v*,s7) = O
choose ¢; = 0 when 6 = 0, ¢; = R(6}), 0; = 0} /R(0}) otherwise to see that (6%, s*) € P

gen> &

Ogen € Pgen-
Now, let’s take an element (6, s) € Pgen- We know that 6 cCiNV;ands € D;. If ; # 0, we know
that (v*, A;0;) = —B as 0; € F(S;, ATv*, —B). Moreover, §; is the solution to

min (ATv* ),

ueCi OV,- ,Ri (u) Sl

because for all u € S;, (ATv* u) > —BR;(u) > —3 holds. This means R;(6;) = 1 for all §; # 0,
as the minimum will be attained at a nonzero point, hence the boundary where R;(u) = 1. Using
(v*, A;0;) = —Band (BIv*,s;) = 0, we get

P Q
(') =" cAibi+ Y Bisi) =B,
i=1 i=1 80
for some w’ € C,. On the other hand, from R;(6;) = 1 for all i € [P], we know that

ZR (ci0;) Zcz

070
This leads to the fact that for (6, s),

ZAH—FZBsz,y +BZR L', y)+ ) e = L{w'y) - (", ).

8,40
At last, we show that for all w’ € C,,

0:€C; ﬂV1,5 €D;

P
L(w',y) — ", w') = ZAG +ZB 50,y —l—ﬁZRZ—(&
i=1

that satisfies w’ = S22 A0 +
ZZQ:1 B;s!, the point (w’, ¢, s") becomes a minimizer of £(w, 6, s, v*). Hence, each minimizer 6,
is a minimizer of the problem

min(ATv* u) + BR;(u) subject tou € C; NV,
which means that SR;(0;) = —(v*, A;0;) for all i € [P], as v* satisfies

uerénn _(ATV* u) + fRi(u) =

The fact follows when we use the fact that for (¢',s") € ©*

gen

Also, (v*, B;s.) = 0 as s, minimizes (B} v*, s) subject to s € D;, and we see that

P
BY R = (" ),
=1

and

P Q P P Q P
puce il ep, QAN+ D Bisisy) + 53 RO) = LQ_ A+ Bishoy) +5 ) R

= L(w/7y) - <V*’w/>a
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meaning (0, s) € O, because

P Q P
LY A+ Bisi,y) +8Y _ R(0;) = L(w',y) — (v, ).
i=1 i=1 i=1

This means
P* C @*

gen = “gen’

and finishes the proof. O
One application of the theorem is characterizing the optimal set of the interpolation problem. This

leads to the staircase of connectivity for interpolation problems.

Proposition F.1. The solution set of the optimization problem

P
min ZHUZHQ + [Jvsl]2
i=1

w0 €K;
subject to
P
ZDZX(Uz Uz) =Y
i=1
is given as

P
P* = {(Ciﬁiadiﬁi)il ‘ Ci,dl‘ Z 0 V'L c [P], ZD’LX,L_L’LC’L — DiX’L_)ZdZ = y} Q R2dp,

i=1

where u;, v; are fixed directions found by solving the optimization problem

_ . T . . T .
; = argminv*” D; Xu if minv*" D;Xu = —1, 0 otherwise,
u€eS; u€S;
_ . «T . . «T .
v; = argmin —v*" D; Xv if min —v*" D;Xv=—1, 0 otherwise.
vES; vES;

and v* is any dual optimum that satisfies
v* = argmin(v,y) subject to |v! D;Xu| < |jullz Yu € K;,i € [P].
Here, S; = K; N {u | |Jull2 < 1}.
Proof. Let’s apply Theorem to the problem. Note that we can set 3 = 1. In fact, 8 can be

arbitrary, and scaling v* to make 5 = 1 will lead to the same result.

When we apply Theorem [F1] we have that

P
Paen = { (citis, divy);2y | iy di > OaZDiXﬂiCi - D;Xvid; =y,
=1

; € Zer(F(S;, XTDyv*, —1)),0; € Zer(F(S;, —XT D;v*, —1))},
where v* is the dual optimum that minimizes L* (-, y) subject to the constraint

min (X7 Djv,u) + ||lull2 = 0, min(—XT D;v,u) + ||ullz = 0, (24)
uckl; uckC;

for all i € [P]. We know that L*(v) = (v,y), and equation [24| can be rewritten to [v? D; Xu| <

[[ull2-

Also, F(S;, XTD;v*, —1) = {0} if there is no u such that v** D; Xu = —1, and is exactly that

vector if exists. Note that as min,exc, (X T D;v, u) + ||ull2 = 0, we have a unique minimum for the

optimal direction Proposition[C.2} Same holds for ;. O
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Proposition F.2. (The staircase of connectivity for minimum-norm interpolation problem) Write the
solution set of the optimization problem

23 w2+ o2
min — w; Q4
(wj,aj)]mzl 2 P 2112 il

subject to
m

Z(Xwi)Jrai =Y,
i=1
as ©*(m). Suppose y # 0. As m changes, we have that

(i) m = m*, ©*(m) is a finite set. Hence, for any two optimal points A #= A’ € ©*(m), there is
no path from A to A’ inside ©*(m).

(ii) m > m* + 1, there exists optimal points A, A’ € ©*(m) and a path in ©*(m) connecting
them.

(iii) m = M*, ©*(m) is not a connected set. Moreover, there exists A € ©*(m) which is an
isolated point, i.e. there is no path in ©*(m) that connects A with A’ # A € ©*(m).

(iv) m > M* + 1, permutations of the solution are connected. Hence, for all A € ©*(m), there
exists A’ # A in ©*(m) and a path in ©*(m) that connects A and A'.

(v) m > min{m* + M*,n + 1}, the set ©*(m) is connected, i.e. for any two optimal points
A # A’ € ©*(m), there exists a continuous path from Ato A’.

Proof. The proof follows from observing that Proposition [D-2] Proposition [D.3] Proposition [D.4}
Proposition [D.5] Theorem [D.I] Proposition [D.7] Proposition [D.12] Proposition [D.I3} Proposi-
tion |D.14] holds for interpolation problems too. We can apply the same proof strategy for Proposi-
tion EProposition@ Proposition [D.4] Proposition[D.5] Theorem [D.I] because the description
of the optimal polytope is identical except for which directions the solutions are fixed at. The same
solution map can be applied because it preserves both the fit and the regularization. The continuity
is preserved, and we have Proposition [D.12] Proposition [D.13] Proposition [D.14} The mapping in
Proposition[D.7]can also be applied here. O

Another implication of the theorem is that for free skip connections, the dual variable has to satisfy
XTv = 0. The existence of free skip connections constrain freedom on v, which brings qualitative
difference to the uniqueness of the solution set.

Proposition E.3. The solution set of the optimization problem

P
min Z||Uz||2 + ||vill2
i=1

ui, v €K
subject to
P
Xug+ Y DiX(u; —v;) =y,
i=1
is given as

i=1
where u;, v; are fixed directions found by solving the optimization problem

P
P = {’LLQ D (Ciahdi@i)le | ci,d; >0Vie [P], Xug + ZDiXﬂici - D; Xv;d; = y} c R2dp7

_ . T . . T .
t; = argminv*” D; Xu if min v*" D;Xu = —1, 0 otherwise,
u€eS; uesS;
_ . T . . T .
v; = argmin —v*" D; Xv if min —v*" D;Xv = —1, 0 otherwise.
vES; vES;

where v* is the dual optimum that satisfies
v* = argmin(v, y) subject to [v? D;Xu| < ||lulls Yu € K;,i € [P], XTv=0.
Here, ;= K 1 {u | Jullz < 1.
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Proof. Note that if we apply Theorem [FI]to the given problem, we have almost an identical char-
acterization from Proposition [F.I] except for the free skip connection. For the skip connection
uo € R%, we know that min, cprd (XTV*, ug) = 0 for all ug € R9 because v is unconstrained.
This means X7 v* = 0. O

Next we give applications of Theorem [F]to different architectures. We start by characterizing the
optimal set of a vector-valued neural network with weight decay.

Proposition F.4. The solution set of the convex reformulation of the vector-valued problem given as

P P
1 5
rrgin;\;mm—Y||2+ﬁ2\|vi|,ci,*, (25)

i=1

where the norm ||V ||, « is defined as

mint > 0 such that V € tK;,

for K; = conv{ug® |(2D; — 1) Xu > 0, ||ug?||. < 1} defined in V; = span{ug” |(2D; — ) Xu >
0, g € R°}. The optimal solution set of equation |25|is given as

P
Proc = { @V 6 2 0,3 DX Vi = Y,V € Zer(F(Ki, X" DiN*, =5, (,)ar)) |
i=1

where N* = Y* — Y is the dual optimum that minimizes |N + Y ||% subject to
(N,D;XA)+ B||Allc,« >0 VYAeV,, ielP].

Proof. Let’s define A; as
D; X
A; =
D; X

which is a block matrix in A; € R™**9¢_ Also, define the flattening operation Flg,. : R?*¢ — R
and Fl,,. : R"*¢ — R"™¢. For optimization variables #; € R, we have the equivalent problem

P P
o1

min 5”2 Aibi — Floe(Y)[5+ 5 Z||9i||dec()ci),*~
‘ i=1 i=1

Here, we are merely flattening each V; s to make it into a vector-input optimization problem. When
we apply Theorem [FI]to the flattened problem, we have the optimal set

P
Péat = {(Cléz)zp;l‘ c; >0, chAléz = Flnc(y*),éi S ZET(F(SZ', AZTV*, —6, <, >))},

i=1

where
Si = {ul ull Frgerci),» < 1} = Flae(Ks)

v* being the minimizer of f*(v) where f = Lg( - ,Fl,.(Y)), subject to (ATv* s) +
B8l Fra.(k:),« = 0. We know that v* = Fl,.(Y*) — Fl,.(Y) for the optimal model fit Y*.
Write N* = FI 1 (v*).

Now we use Fl;cl, FI. ! to go back to the original solution space and recover Py... First, we know

that A;0; = Fl,.(D; X FI;(6;)). Hence, the constraint Zil c;iAif; = Fl,.(Y*) is equivalent to

P
> D XFl(0;) =Y. (26)

i=1
Also, consider the set

F(Fldc(lci)’AzTV*’ _67 <’ >) = Fldc(lcz) N {U ‘ <A1Tl/*,u> = —IB}
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When we use block notation (v*)T = [(v1)T, ()T, ()T], ul = [(u1)T, (u2)T, -+, (ue)7]
for v* € R, 4 € R, we can see that

)" A =Y ()T DiXu; = (Fl,} (v*), DiXFly (u)ar,
j=1
using notations for matrix inner product. Hence, we can see that
Flg! (F(Flae(K:), AT v*, =B, ()ar)) = Ki 0{U | (Fl (v*), DiXU) = B}
= F(,Cu XTDiN*v _Ba <v >M)a

and for (0;,)2, € Pj... Fl;}(0;) satisfies equation and we also have the fact that
Fi1(0;) €F(Ki, XTD;N*, —B,(,) ). Hence we arrive at the desired result. O

Proposition F.5. Assume m > m* so that the nonconvex problem in equation [I1) and its convex
reformulation in equation|[23]are equivalent. The solution set of the vector-valued problem

B
min *”Z Xw;)+ Y”Q ZHU’Z”Q + ||ZZ||27

{wi,zi 32y
where w; € R¥1 2, € Re¥1 is given as
S= {(wz"zi)ﬁl | o((wi, 2i)i%1) € Pree, R((wi, 2i)i%1) = [|9((wi, 2)iZ1) I x5
lwillz = llzille, ¥ € m]},
where

0if P w; st D, = diag(1(Xw; > 0))

m _ \P . _
¢((wi72i)i:1) - (Vz)izl = Vp - {Z;p 1 wa7 a 'Lf -Dp — dlag( (Xwa]‘ Z 0)) fOT ] c [tp]a

0if P w; s.t. D, =diag(1(Xw; > 0))
R((wi,2)) = (R, == R, = v . )
(s 2)%0) = (Bidica 1= By &ﬁm%w%mwmmmm%szmmmL

and P*

vec

is defined in Proposition

Proof. Let s note the solution set of equation [[T]as ©*. We will prove that ©* = S. First, find a

point (w}, zX)™, in ©*. When ¢((w}, ;)™ ,) = (V;*)E,, we know that
> (Xwp)y Z DXV,
i=1
hence the Iy error is the same for both parameters. Also, we have that Zf) Vi i«
S lwillallzflle = 3 i llwili3 + [|27]13, Thus, when we note Lyoncyx as the loss functlon
of equation [TT]and note L., as the loss function of equatlon@ we have that
Lnoncvx((wz 9 Zl) ) Z chx(¢((w Z )z 1)) (27)

holds in general. As the minimal value of Lyoncvx and L., is the same, we have that
o((wF, zF)m™,) € Pk,.. Also, the inequality in equation [27|is actually an equality, and we have

R((wi; zi)i%1) = (IVillx, )i

Now we take a point (w;, zi)i:1 in S. We know that Lcyx(¢((wi, 2;)i)) is the optimal value.

Also, we know that Lyonevx (Wi, 2)7%1) = Lewx(@((wi, 2;)i%,)) because R((w;, z;)%,) =
(llp((wi, 2:)™ )i, )E; and Jwill2 = ||2i]|2Vi € [m]. At last, the fact that as m > m* and
the two optimal values are the same implies that (w;, z;)/2, € ©*. O

Theorem E.2. Consider a L - layer neural network

Jo(X) = (XW1)1 Wa)y - )WL 1)1 Wi
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where W; € R4-1%di dy = d and § = (W;)E_,. Consider the training problem

wmin L(fy(X).v) + ZHW 2.

and denote its optimal set as ©*. We can characterize a subset of ©*, namely the set
Z—l,k(y/awl/, W2/7 e ng—27 Wlé—o—lv T Wi)
{9 = (W)IZP & Wi, Wi) & (Wi |0 € ©%, (XWy1) W), = Y’}-
Here, X = (((XW]) 4 W3)1) -+ W3+
The expression of O _y (Y, W], W3 -+ Wi 5, Wy, W) is given as

{0 :(Wzl)f;f 2] (kalv Wk) 2] (Wi/)iL:k+1 | e @*7 ¢dk (kalv Wk) € P:/kcc,intpv

Ray Wi—1, W) = ||¢a, (Wi—1, Wi)llic; 5 [(Wr—1).ill2 = [[(Wh)i,.||2 Vi € [dk]},

where ¢, (A, B) = QS((A.,Z-,BZ-,.);’;lLRm(A,B) R((A. 4, B;.),) for ¢ defined in Proposi-
tion and P}, is defined as

vec,intp

E3
Pvec ,intp —

P
= {(@V) il e 2 0,3 DX Vi = Y/, Vi € Zer(F(Ki, X" DN, 1, Jar) |,
i=1

or the dual optimum N* € R™* that minimizes (N,Y ) s subject to
fe p ; j
(N,D; XA) + Bl Allxc,» >0 VAcR™  j¢clP].

Here K; = conv{ug” | (2D; — I)Xu > 0, |ug” ||+« < 1}, where D; denotes all possible arrange-
ments diag(1(Xh > 0)).

Proof. The result is an application of Theorem [F.1]to the vector-valued interpolation problem

dy,
> luill3 + i3,
i=1

subject to
dy,
Z (Xug) vl =Y,
i=1
where u; € R%-1%1 4, € R%+1%1 and then applying Proposition|E.3] O

The characterization enables us to extend the connectivity result to vector-valued networks.
Theorem E.3. Consider the optimization problem

B
Lmn f||2 Xug)osF —Y|§+ anzng + il (8)
where w; € R%, z; € R fori € [m], and Y € R™ ¢, If m > nc + 1, the solution set in parameter
space ©* C R™d+C) s connected.

Proof. Let’s take two solutions (w;, z;)1™ ¢, (w}, z)7™, € ©*. We write @ as the direction of w, i.e.
w/||w|2 for w # 0.

The first claim we prove is that for given {(X g, )+ 22 }72 and {(Xw's,) 12", }Z ', consider the
conic combination that satisfies

my

ma
S (X, )4 2L + 3 di(Xw'y,) 2y, = Y,
i=1 i=1
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for the optimal model fit Y*. Then (,/¢;Wa, , \/CiZa; )i EB(\FU) by Vi, )7"2 ®(0,0)m—ma—mz
is an optimal solution of equation [28] when m1 + my S m, given that w,, , wbi #0.

To see this, we first see that for the dual variable N*, (N*, (Xw;), z}') = —f3 for all w; # 0. Sup-
pose D, = diag(1(Xw,, > 0))fori € [t ] the same notation as in the statement of Proposition|[F.5]
and w1thout loss of generality assume a; = 4. As (w;, 2;)" ", €S, we know R((w;, 2i)i%) =
(|IVillc, «)E.,. Hence, when we write V,, = ch for some V,, € F(K,, XTD,N*, =8, {,)m )
we first know that V,, = Z lwa, |21 2a; || 2Wa, 2L a,- We can find such V), because 1f Vp =0, we
could set all w,, = 0 and it will strictly decrease the objective. Note that ||V, || zc « = 1, yielding

cp = Vpllic,» = E; llwa, l[2]1za; |12, and V;, is a convex combination of w,, z2 . Now, let

P
_ p
Vo = E )\]wajzaj,
Jj=1

where A; s sum up to 1. We know that (N*, D, XV,) = —3 and N* satisfy

: X > _3
jrg}gp(N ,Dp,XA)>-p

Hence, for all w,, z, ., we have that
(N*, Dy XWa;Zy,) = =P,

for j € [t,]. This implies for all i € [m], we have that when w; # 0,
(N* (Xw:)+ 7] ) = =P,

and same for w; # 0. Now we are ready to prove the claim. We first know that the regression error
is the same, as we have the same model fit Y *. The regularization error is given as

(Zcher) (N, Y.

Hence, the cost of the problem 1s the same for any choice of the conic combination, and
CiWa,,\/CiZa, & (Vdw'y,,\/d; 'y, )i is optimal when my 4+ mgo < m.
i i= s i P

At last, suppose > nc + 1. Note that the vectors {(Xw;)4 2l ym, and {(Xw!) 2T} are
matrices in nc - dimensional subspace. As any conic combination that sums up to Y* makes a
solution, we can first prune both solutions to make them linearly independent, and then connect the
two using the same idea introduced in Theorem [D.] O

Corollary F.1. (CorollaryHof the paper) Consider the optimization problem in equation[I1] Sup-
pose m > nc + 1 and denote the optimal set ofequatlonnas ©*(m). Forany 0 == (w;, z;)", €

R(+I™ there exists a continuous path from 0 to any point 6* € ©*(m) with nonincreasing loss.

Proof. The proof is identical to that of Corollary [2| From Haeffele & Vidal (2017), we know that
when m > nc + 1, the vector-valued training problem in equation 11| has no strict local minimum,
i.e. all local minima are global. Now from any 6, move to a local minimum using a path with
nonincreasing loss, then the local minimum is global. As ©*(m) is connected, we know that we can
arrive at any global minimum using a path with nonincreasing loss. O

Finally, we extend our theory to parallel neural networks with depth 3. We have an optimal polytope
characterization that states the first-layer weights have a finite set of fixed possible directions.

Theorem F.4. (Theorem[3|of the paper) Consider the training problem

1 m
i - Wi 112 3 13
S, 3 (Z vl e

subject to
m

Z((lei)+w2i)+ai =9.

i=1
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Here, Wyi; € R¥*™1 4y, € R™ and a; € R fori € [m]. Then, there are only finitely many
possible values of the direction of the columns of W{,. Moreover, when y # 0, the directions are
determined by solving the dual problem

()T (X W) 1ws) 4|

max
IWillF<1,|lwzll2<1

Proof. We can see the problem is equivalent to

m

min g |l
m, {[|W1i[2<1, Jwai [l2<1,04 }%

i=1

subject to
m

D (XWi)wey) yas =y,

i=1

from Wang et al.|(2021a)). Furthermore, when we write
Ox = {((XW1)+UJ2)+ | Wy € REX™ py € R™||[Wh|p < 1, [Jwel|2 < 1},

the problem is equivalent to
min t >0 subject to y €t Conv(Qx U—Qx).

Now we find a cone-constrained linear expression of ((XW;);ws). Let’s denote D = {D;}12,
as the set of all possible arrangement patterns diag(1(Xh > 0)) and D(m;) denote all possi-

ble (nlzll) size my tuples of elements in D. Let’s note D;(m;) = (D;1, Dia,- - Dim, ), Where
Di1,Dja, -+ Dip, € D. ituns from 1 to (211) Also, let’s fix s € {1, -1},

Given D;(m1), s, we define the set D' = {D; };Di(f) as the set of all possible arrangements of
diag(1(Xh > 0)), where X = [Dj; X|Djo X |-+ |Dipm, X] € R?¥7m1d,

When D;(m1), s, D;- are fixed, and (7). ; (which denote the - th column of W7), wy; are fixed in
sets:

(2D =X (W1).x >0, spwap >0 Vk € [my],
my

(2D — I)(Z Dip X (Wh). pwar) > 0,
k=1

the ReLLU expression becomes
mi
(XW1) Wa)y =Y DD X (Wh). swa.
k=1
In other words, when we denote K(D;(m1), s, D’;) as

K(Di(m1),s, D)) = {(Wl,wQ) | (2D — DX (W1).s = 0, spwap >0 Vk € [ma],

mi

(20 = (3 DX (W1) jwar) > 0},
k=1
(o) Py(i)  ma
Ox = U U {ZD;DikX(Wl)-,kU/Qk | (W1, wa) €K(D;(ma), s, DY),
i=1 se{-1,1}m1 j=1 k=1

IWillp <1, s < 1}
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Now we consider the change of variables, where we write (W1). pwer, = v € R¢. The norm
constraint becomes >, ||[vg||2 < 1. To show this, we show that

(M) wwar )iy [ [Whlle < 1 flwalz < 1} = {(v) 2, | lekaz <1}

First, for HW1||F < 1, ||w2||2 < 1 assume the column weights are aj,az,- - am,. Then we

have a? + - am1 < 1, w3 + wiy + -+ me < 1, and use Cauchy-Schwartz to see that

Sopy aglwag| < 1. To prove the latter, choose Wi = [v1/v/||v1ll2] -« [V // |vm, [|2), we =
[Vlvillz, -/ lTom, [l21*

With change of variables, the cones are written as

Ko(Di(m), s, D)) = {(uk)ggl | (2D, — D)spXovg, > 0, Vk € [ma],
my

(2D, -1)Y Dy Xvy > 0},
k=1

which is a fixed cone in R?. Hence, Q x can be rewritten as

Py (Z) m1

Qx = U U U {Z pipaxo| i, eko(Ditm),s, D)), > vz <1}

i=1 se{-1,1}m1 j=1 k=1 k=1

As a result, we have found a piecewise linear expression of Qx. When y = 0, we know that the
optimal weights are all zeros. If not, we know that the problem

minimize t > 0 subject to y € tC

has a dual variable v* that satisfies: if y = t*(3_"; A;¢;) for some ¢; € C, all ¢; s are minimizers
of (v*)Tc subject to ¢ € C. To see this fact, consider the supporting hyperplane on 3. We can find a
vector that satisfies (v*,y) < (v*,t*c) forall ¢ € C and (v*,y)/t* < (v*,c) forall c € C. Write
Yy = t*(ZZL A;ic;) and apply inner product with v* to see the wanted result. More specifically,
we have that \; (v*,y) < A\;(v*,t*¢;) for all i € [m], and add them to see that the inequalities are
actually an equality, and (v*, y) = (v*,t*¢;) for all i € [m).

Hence, noting C' as Conv(Q x U —Qx), there exists a dual variable v* where the optimal (W7, wo)
must lie in the set arg max |y, | . <1, ws|la<1 |(v*)T ((XW1)4wz)4|. For each constraint set

mi
(k)py € Ko(Di(ma),s, D)), > Jlokll2 < 1,
k=1

we are optimizing a linear function over this set (as the ReLU expression is a linear function of
(vi)pty). If there exists two different maximizers of the problem (vy )i, (v k) [ the average of
the two will still be in the cone and satisfy the norm constraint strlctly Say (v}/);, is the average

of the two solutions - the cost function (which is either (v )T D D;1 X vy, or its negation)

value will be the same, but ;" [|[v}/||2 < 1. Multiplying 1/ >~/ ||v ||2 leads to a contradiction
in the optimality. Hence, for ﬁxed cone K, (Di(m1), s, DY), the opt1mal (vg)p, are fixed. As
v = (W1). xwag, the direction of the columns of W are ﬁxed to a finite set of values. O
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G ADDITIONAL DISCUSSIONS

In this section, we discuss the geometrical intuition of the dual optimum, non-unique solutions, and
also explain why the assumption in|Simsek et al.[(2021]) might not hold in our case.

The specific problem of interest is interpolating the dataset {(—+/3, 1), (v/3,1)} with a two-layer
neural network with bias. We want to find a minimum-norm interpolator, where the cost function
also includes regularizing the bias. We can write the problem as

1 m
: 2 2
min — Wil|s + |y )
m,{wi,m}m(;_ljn i3+ o

subject to
m

D (Xwi) i =y.
i=1
- [-Vv3 1 T = .
Here, X = J3 1 and y = [1,1]". The last column of X denotes the bias term.

The problem is equivalent to
m
min i
m {w;, o ; ’

subject to
m

Z(Xwi)+ai =y, |willz2<1.
i=1

See [Pilanci & Ergen|(2020) for a similar “scaling trick”.

In other words, when we denote Q ¢ = {(Xu)4 | |ullz < 1}, the problem becomes Pilanci & Ergen
(2020)
mint >0 subjectto y € tConv(QgxU—Qx).

Figure[9 shows the shape of Q g and its convex hull.

N \ \l 1

\ ! \ !
(@ {Xu | [lul2 <1} ®) {(Xu)+] [lufla <1} (©) Conv(Qx U —Qx)

Figure 9: The shape of Conv(Qx U —Qx ). We can see that the line « + y = 2 is tangent to the set
{Xu||lull2 < 1}, and meets with two points (2, 0), (0, 2) on the set Q x. Hence, Conv(QxU—Qx)
is exactly the diamond |x| + |y| < 2.

One thing to notice is that in Figure [Ob] the line « + y = 2 meets with Q ¢ with three points, and
the convex hull Conv(Qx U —Q ) is a diamond. The intuition of the dual variable is that it is the
normal vector of a face where the optimal fit exists. In our case, y = [1,1]7 lies on the exact line
x4y = 2. Hence the dual optimum is »* = [1, 1]7. We can also construct different minimum-norm
interpolators by linear combinations of the three green points in Figure[0b} we can express y by only
using the middle point (1, 1) - here, the interpolator becomes y = 1. We can use two points (2, 0)
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and (0, 2) to express (1, 1) - here, we have another interpolator that has two breakpoints. We can use
three points - where there will be infinitely many ways to express (1, 1), that leads to a continuum
of interpolators.

The assumption in|Simsek et al.|(2021) that there exists a unique model with zero loss and minimal
width does not work here. We can adapt it to the regularized case, and assume that there exists a
unique interpolator with minimal width and a solution to

1 m
min . 5 (2wl + loi)

m,{w;,o }™

subject to
> (Xwi) i =y
i=1
Here, X = [z | 1] € R"*2, Now choose x = [—+/3,/3] as before, but choose y = [1/2,3/2].

Then, there exist two ways to express y as a conic combination of (2,0), (1, 1), and (0, 2) with two
points. As y is not parallel to [2, 0], [1, 1], [0, 2], we can see that m* = 2 is minimal. Hence we don’t
have uniqueness of the smallest model in this case, and the results in |Simsek et al.| (2021) will not
apply in general.
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