Blessing of Depth in Linear Regression: Deeper
Models Have Flatter Landscape Around the True
Solution

Jianhao Ma
Department of Industrial & Operations Engineering
University of Michigan
Ann Arbor, MI 48109
jianhao@umich.edu

Salar Fattahi
Department of Industrial & Operations Engineering
University of Michigan
Ann Arbor, MI 48109
fattahiQumich.edu

Abstract

This work characterizes the effect of depth on the optimization landscape of linear
regression, showing that, despite their nonconvexity, deeper models have more
desirable optimization landscape. We consider a robust and over-parameterized
setting, where a subset of measurements are grossly corrupted with noise, and the
true linear model is captured via an N-layer diagonal linear neural network. On the
negative side, we show that this problem does not have a benign landscape: given
any N > 1, with constant probability, there exists a solution corresponding to the
ground truth that is neither local nor global minimum. However, on the positive
side, we prove that, for any N-layer model with N > 2, a simple sub-gradient
method becomes oblivious to such “problematic” solutions; instead, it converges
to a balanced solution that is not only close to the ground truth but also enjoys
a flat local landscape, thereby eschewing the need for “early stopping”. Lastly,
we empirically verify that the desirable optimization landscape of deeper models
extends to other robust learning tasks, including deep matrix recovery and deep
ReLU networks with ¢4 -loss.

1 Introduction

Supported by the empirical success of deep models in contemporary learning tasks, it is by now a
conventional wisdom that “deeper models generalize better” [21} 31, 7]. Indeed, the flurry of recent
attempts towards demystifying this phenomenon is a testament to the amount of research it has
spawned: from simple linear regression to more complex and nonlinear models, it is shown that
deeper models benefit from a range of desirable statistical properties, such as depth separation [33,
150 341135}, implicit bias 119} 2, [10], and hierarchical learning 1], to name a few.

Despite the great promise of deeper models—both theoretically and empirically—the effect of depth
on their optimization landscape has remained elusive to this day. A recent body of work attempts to
characterize the effect of depth on the loss function through the notion of benign landscape. Roughly
speaking, an optimization problem has a benign landscape if it is devoid of spurious local minima,
and its true solutions—i.e., solutions corresponding to the ground truth—coincide with global minima.
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Figure 1: First row. Local landscape around the balanced true solution w* = ( V6*,..., V/6*) for 1-, 2-,

and 3-layer models. x and y axis correspond to the points of the form w* 4+ ad + Sh, for different values
of a and 3, where d and h are respectively the most descent sub-gradient direction and the most negatively
curved direction of the Hessian after smoothing. Second row. Generalization error and the empirical loss of the
solutions found by SubGM for 1-, 2-, and 3-layer models.

It has been shown that 2-layer [5]] and multi-layer [23] linear neural networks with nearly-noiseless
data have benign landscape. However, the notion of benign landscape is significantly stronger than
what is needed in practice. For instance, the existence of spurious local minima may not pose any
issue if an optimization algorithm can avoid them efficiently. Another line of research focuses on
characterizing the solution trajectory of different local-search algorithms, showing that they enjoy an
implicit bias that steers them away from undesirable solutions [21[18]. However, such
guarantees only apply to specific trajectories of an algorithm, thereby falling short of any meaningful
characterization of the optimization landscape around those trajectories.

1.1 Our Contributions

To shed light on the effect of depth on the optimization landscape of deep models, we consider a
prototypical problem in machine learning, namely robust linear regression, where the goal is to
recover a linear model from a limited number of grossly corrupted measurements. Given samples of
the form y; = (6*, x;) + &;, we study the optimization landscape of ¢1-loss under an N-layer model
defined as y = fw () := (w1 O w2 @ -+ ® wy, x). Our results are summarized as follows:

- We prove that, for any N > 1, there exists at least one true solution that is neither local nor
global minimum of ¢;-loss, provided that at least a fraction p > 0 of the measurements are
corrupted with noise.

- Despite the ubiquity of such “hidden” true solutions, we show that, for any /N-layer model
with N > 2, a simple sub-gradient method (SubGM) with small initialization converges
to a small neighborhood of a balanced true solution. The radius of this neighborhood
shrinks with the depth of the model, resulting in more accurate solutions. Moreover, the
balancedness of the solution implies that each layer of the model inherits a similar sparsity
pattern to the ground truth.

- We prove that deeper models take longer to train, but once trained, the algorithm will stay
close to the ground truth for a longer time. This implies that early stopping of the algorithm
becomes less crucial for deeper models.

- Finally, we prove that depth flattens the optimization landscape around the solution obtained
by SubGM. In particular, we show that, within an y-neighborhood of the true solution,
the steepest descent direction can reduce the loss by at most O (WN ), which decreases
exponentially with N.



Motivating Example. To showcase our results, we consider an instance of robust linear regression
in the over-parameterized setting, where the dimension of 8* is 500 and the number of available
samples is 300. Moreover, we assume that 10% of the measurements are corrupted with large noise.
The first row of Figure |1/ shows the landscape around the balanced ground truth w} = V6%, w} =

Vo, ... wi = W In particular,  and y axis show the most descent sub-gradient direction
and the most negatively curved direction of the Hessian after srnoothing Evidently, there is a sharp
transition in the landscape of N-layer models: for the 1-layer model, the true solution has strictly
negative directions along both sub-gradient and negative curvature. However, these descent directions
almost disappear in 2- and 3-layer models. The second row of Figure[I]shows the performance of
SubGM on these models. It can be observed that a 1-layer model easily overfits to noise, leading to a
vacuous generalization error. On the contrary, a 3-layer model can find a solution that generalizes
progressively better than 1- and 2-layer models, demonstrating the algorithmic benefit of the depth.

Notations: For two vectors z, y € RY, their inner product is defined as (z,y) = =y, and their
Hadamard product is defined as z ©y = [z1y1 -+ 24ya] . For simplicity of notation, we use [[ 5 Wj

to denote the Hadamard product of w1, ws, ..., wy € R% For a vector z, ||z, ||z| ., and ||z||,
refer to 2-norm, co-norm, and the number of nonzero elements, respectively. The symbols a; < b,
and a; = O(b;) are used to denote a; < Cb,, for a universal constant C'. The notation a; = ©(b;)
is used to denote a; = O(b;) and b, = Q(a;). The Sign(-) function is defined as Sign(z) = x/|z|
if  # 0, and Sign(0) = [~1, 1]. We denote [n] := {1,2,--- ,n}. For a vector z € R?, we define
2% = [2¢ 2% ... 227, for any a > 0. In all of our probabilistic arguments, the randomness is only
over the input data and noise.

2 Problem Formulation

We study the problem of robust and sparse linear regression, where the goal is to estimate a k-sparse
vector 0* € R? (k < d) from a limited number of data points {(z;, y;)}™, where y; = (0%, x;) +¢i,
x; is 1.i.d. standard Gaussian vector, and ¢; is noise. Moreover, for simplicity of our subsequent
analysis, we assume that 6* is a non-negative vector. We believe that this assumption can be relaxed
without a significant change in our results.

Assumption 1 (Noise Model). Given a corruption probability p, the noise vectore = [g1 -+ e €
R™ is generated as follows: first, a subset S C [m] with cardinality pm is chosen uniformly at
rando Then, for each entry i € S, the value of ; is drawn independently from a distribution P,
and all the remaining entries are set to zero. Moreover, a random variable ( under the distribution
P, satisfies Ep,[(] = 0 and P(|¢| > to) > po, for some strictly positive constants ty and p.

Our considered noise model does not impose any assumption on the magnitude of the noise or the
specific form of its distribution, which makes it particularly suitable for modeling outliers. Note
that the assumption P(|e| > t() > po is very mild and satisfied for almost all common distributions.
Roughly speaking, it implies that the noise takes a nonzero value with a nonzero probability.

To capture the input-output relationship, we consider a class of N-layer diagonal linear neural
networks of the form fy (z) = (w1 © --- ©® wy, x), where w := (w1, - - - , wy) collects the weights
of the layers w1, --- ,wy € R? Due to the sparse-and-large nature of the noise, it is natural to
minimize the so-called empirical risk with /;-loss:

, 1 «— 1 «—
min £(w) := Esz(xi) —yil = EZK“& © - QwN, T) — Yil- (1
i=1 i=1

Other variants of empirical risk minimization for linear regression have been studied in the literature.
For instance, [10] study the solution trajectory of gradient flow on ¢5-loss, showing that it converges
to a solution with the smallest £1-norm. Similar analysis has also appeared in more general deep
linear neural networks [13}[14]]. However, it is well-known that ¢5-loss is highly sensitive to outliers,
and /;-loss is a better alternative to identify and reject large-and-sparse noise.

"Later, we will show that a simple sub-gradient method converges to this balanced solution.
2To smoothen |z|, we replace it with v/z2 + ¢, for e = 107",
3Here, for simplicity we assume pm is an integer.



A solution w is called global if it corresponds to a global minimizer of £(w). Moreover, a local
solution w corresponds to the minimum of £(w) within an open ball centered at w. Finally, a true
solution w satisfies w; ® --- ©® Wy = 0*.

3 Main Results

3.1 Absence of Benign Landscape

We show that for any arbitrary corruption probability 0 < p < 1/2 and any number of layers N > 1,
there exists at least one true solution with a strictly negative descent direction, provided that the
problem is over-parameterized, i.e., m < d.

Theorem 1 (unidentifiable true solutions). Define W = {w : wy @ --- @ wy = 0*} as the set of all
true solutions of an N-layer model. For any N > 1 and 0 < p < 1/2, the following statements hold.:

- (Over-parameterized regime) If m < 0.1d, with probability of at least 1/16, we have
inf inf —_ {L(wW) = L(W")} S —pop, 2
<y

wreW wi|lw—w*||
Sfor any v < to.

- (Under-parameterized regime) If m 2 ﬁ, with probability of at least 1 — e~ X4 we have

wi*%fw inf {L(w) — L(W")} > 0. 3)

The above proposition unravels a sharp transition in the landscape of robust linear regression with
an N-layer model: when m < d, some of the true solutions are likely to be non-critical points, and
hence, cannot be recovered via any first-order algorithm. As soon as m 2 d, all true solutions become
global. This is in stark contrast with the recent results on the benign landscape of robust low-rank
matrix recovery with ¢;-loss, which show that, under the so-called restricted isometry property (RIP),
all the true solutions are global and vice versa [26} 12, |16]. The vector version of RIP is known to
hold with m = Q(k) samples (see e.g. [3] for a simple proof). Theorem |1|shows that, unlike the
low-rank matrix recovery, RIP is not enough to guarantee the equivalence between the true and global
solutions in deep linear models.

The detailed proof of this theorem can be found in Appendix [C.1I] Here, we provide a proof sketch
for N =1 and N = 2 to elucidate the key ideas.

Proof sketch of Theorem[I] For 1-layer model, the set of true solutions W reduces to a singleton
{6*}. Upon choosing w = 0*, we prove the existence of a perturbation ||Af|| < ~ that satisfies
L(0*) — L(0* + Af) < 0. The perturbed loss takes the following form

L (0" +Af) = Z| (MG, )| +— Z| (A0, ;) —¢4],
165 zGS

Consider the following feasibility problem:
find o s.t. (o,2;) =0,Vie S, (a,r;)=¢;,VieES.

Since m < d and {z;}", are i.i.d. standard Gaussian vectors, they are linearly independent almost
surely. Moreover, with high probability, at least one of €;’s will be nonzero. Therefore, with high
probability, the above system of linear equations has at least one nonzero feasible solution. Suppose
that & # 0 is one such solution. Define Af = vya/ ||@|| for some 0 < v < ||@||. One can write

L 8l
ﬁ(@*+A0):(1—) les| < L£(67%),
o\ Tl ) 2
implying that A6 is indeed a descent direction. Now, consider a 2-layer model. It is easy to verify

the existence of a true solution w = (w1, wz) such that w; ® we = 6* and ||w, ||, = d. Consider a
perturbation of the form Aw = (0, Awsz). One can write

L(w+Aw) = Z| w1 @ Aws, x)| + — Z| (w1 © Aws, ;) —&;] .
zES zeS



Since w is devoid of zero elements, there exists a nonzero Aws such that wy ® Aws = ya/ ||a|| for
v < ||@||. Arguments analogous to 1-layer model can then be invoked to show that the constructed
perturbation is indeed a descent direction. A similar idea can be naturally extendedto N > 3. [

Theorem [I)implies that, despite their convexity, 1-layer models are not suitable for the robust linear
regression since the set of true solutions (which is a singleton YW = {6*}) is unidentifiable. However,
despite the existence of unidentifiable true solutions in N-layer models with N > 2, we will show
that a simple SubGM converges to a balanced true solution, even if an arbitrarily large fraction of
the measurements are corrupted with arbitrarily large noise values. This further sheds light on the
desirable landscape of deeper models in the context of linear regression.

Algorithm 1 Sub-gradient Method

Input: Data points {(x;, y;) }/*, number of iterations 7, the initial point w, and the step-size
{n} s
Output: Solution w(™) to (T));
fort < T do
Select a direction d® from the sub-differential 9L (w®)) defined as:

1 &
&J,iﬁ(w):EZSlgn (yj<Hwk,$j>>xj®Hwk; )
j=1 k ki

Set W(t+1) < W(t) — n(t)d(t)’
end for

3.2 Convergence of Sub-gradient Method

At every iteration ¢, SubGM selects a direction d® from the sub-differential of the ¢;-loss (defined
as (@), and updates the solution as w(*+1) = w(®*) — () d(®); see Algorithmfor details. Our next
two theorems characterize the performance of SubGM with small initialization on [N-layer models.
We consider the cases N = 2 and N > 3 separately, as SubGM behaves differently on these models.
We define k = 67, /6% .. as the condition number, where 67, and 6% are the maximum and
minimum nonzero elements of 6*, respectively.

Theorem 2 (2-layer model). Consider the iterations of SubGM {w Y applied to L(w) with
N = 2 and step-size n < 1. Suppose that the initial point satisfies w](.o) =0(yal), j = 1,2, where

0 < a < d*>m/k. Moreover, suppose that m 2, Ko logz(m)(io_gz();g log(167]1/a) Then, the following

statements hold with probability of 1 — Ce=(k);

» Convergence guarantee: After % log (é) <T< log (%) iterations, we have

1—(1)(#)
< b V Vd2ma V(i-p)2m /|

~

[ & ufD —

* Balanced property: For every 0 <t < T, we have

_of k2
e )
oo
* Long escape time: For every T <t < m(lk_ P2 T e have
05-6( —k2
Hw§t)®w£t)—9* Snbh . V VdPma <V<1—”)2m>.

Furthermore, if m 2 dlog(m)/(1 — p)?, with probability of 1 — Ce=®) and for every t > T, we
have

1 k2 t—T
|0l © wl~07 | S WOV VP («mw)(m(nm)) |




We provide the main idea behind the proof of Theorem 2)in Section ] The formal proof can be found
in the appendix. A few observations are in order based on Theorem[2] First, for any € > 0, SubGM

< e after O((1/¢) log (d/¢)) iterations, provided that

n = O(g) and a = €2 /(d*m). Based on our numerical results (provided in the appendix), we believe
that it is possible to establish a linear convergence for SubGM with a geometric step-size; a rigorous
verification of this conjecture is considered future work. Second, although SubGM converges to a
vicinity of a true solution quickly, it will stay there for a significantly longer time—in particular,

m(1 — p)?/k times longer than its initial convergence time. Such behavior is also exemplified
in our simulations (see Figure[Te). After this escape time, the algorithm may slowly converge to
an overfitted solution with a better training loss. Moreover, if m 2 d, SubGM will continuously
converge to a true solution at an exponential rate, and it will never diverge. Finally, Theorem [2]shows
that SubGM implicitly favors balanced solutions, i.e. solutions whose factors have similar magnitudes.
Combined with the convergence result of SubGM, we immediately conclude that SubGM converges
to a particular solution of the form ( Vo* O ). Therefore, the solution found by SubGM will enjoy
the same (approximate) sparsity pattern as 6*.

Theorem 3 (N-layer models). Consider the iterations of SubGM {wD}L_ applied to L(w) with

N > 3 and step-sizen < N~'x~ "~ . Suppose that the initial point satisfies w( ) @(al/Nl),

> Kt log? <m>(iog<§z>log<ne /%) Then. the
= :

is guaranteed to satisfy Hw(t)G)w(t) 0

where 0 < o < d*m/k. Moreover, suppose that m

Jollowing statements hold with probability of 1 — Ce™ (k).

_ N-2 - 3/2 _N-2 .
e Convergence guarantee: After Nina v <T< an a~ "N iterations, we have

I

* Balanced property: For every 0 < t < T, we have
‘w(t) (.”‘:o(al/N), for1<i<j<N,l:6% =0,

‘w(t) (t)‘—N(W\/k?’/m), for1<i<j<N,l:0F#0.

*
amax

d?mao

* Long escape time: For every T <t < 4/ MT, we have

HH wgt) vV Vd2ma,

Furthermore, if m 2, o 1og( )/ (1 — p)?, with probability of at least 1 — Cek) and for every

t>T we have
HI |w —0* d2
Vd2m aNnd (t 1)+1

The proof of this theorem can be found in the appendix. Theorem [3]sheds light on an important
benefit of N-layer models with N > 3 compared to 2-layer models: for sufficiently small step-

D —
size, deeper models improve the generalization error by a factor of (1/ a)e (k /via=p )Qm)). This
improvement is particularly significant when both o and m are small. However, such improvement
comes at the expense of a slower convergence rate. In particular, after setting n = ©(¢/N), and

a = e/vd*m, SubGM needs O ((1 / 5)1+¥) iterations to obtain an e-accurate solution. Evidently,

the convergence rate deteriorates with N, ultimately approaching O (1 / 62) for infinitely deep
models. This can be observed in practice: Figures[Te]and [[f]show that 3-layer model enjoys a better
generalization error compared to 2-layer model, but suffers from a slower convergence rate. This
slower convergence rate also manifests itself in a more stable behavior of the algorithm: for deeper
models, SubGM stays close to the ground truth for a longer time. Finally, the balanced property of
the solution obtained via SubGM extends to /N-layer models. In particular, SubGM converges to a

particular solution of the form ( V/0*,..., Y/6*), thereby inheriting the same sparsity pattern as 6*.

max

N
N=-2

< Nnemax (



3.3 Local Landscape Around Balanced Solution

In the previous section, we showed that SubGM converges to a balanced solution. In this section,
we characterize the local landscape around this balanced solution, proving that it becomes flatter for
deeper models.

Theorem 4 (flatness around balanced solution). Suppose that klog(d)/(1 — 2p)? < m < 0.1d and

p < 1/2. Let w* = (N0*,..., N/0%). Then, for any N > 2 and ~ < to/\d A 1, the following
statements hold:

o With probability at least 1 — e=*(%) we have
d
in L w)l > ——AN
w1 B £ ()} 2 e
* With probability at least 1/16, we have

d
. *\ < _ v N
e ALV — L)} S —vop ™
Theorem [ shows that, within a ~y- nelghborhood of w*, the most descent direction from w* can
reduce the loss by at most O (d /ey ) which decreases exponentially with N. Moreover, in the
noisy setting, the above theorem implies that w* is likely to be neither local nor global minimum
since it has a descent direction. However, the flatness of the landscape around w* enables SubGM to
stay close to the balanced solution for a long time.

Remark 1. Note that the choice of {~-ball for the perturbation set is to ensure that the size of
the possible perturbations per layer remains independent of the depth of the model. This is indeed
crucial to ensure a fair comparison between models with different depths: alternative choices of the
perturbation set, such as {y-ball with 1 < q < oo (e.g. l2-ball) would shrink the size of the feasible
per-layer perturbations with N, thereby leading to an unfair advantage to deeper models.

4 Proof Techniques

At the crux of our proof technique for Theorems [2] and [3]lies the following decomposition of the
sub-differential:

OL(w) = £-0L(w) + (0L(w) —&-0L(w)), for some strictly positive &.

expected subdiff. subdiff. deviation

In the above decomposition, L£(w) is called expected loss, and is defined as L(w) =
|lwi ® - ®wn — 0*|. As will be shown later, £L(w) captures the expected behavior of the empir-
ical loss £(w). To analyze the behavior of SubGM on £(w), we first consider the ideal scenario,
where £(w) coincides with its expectation. Then, we extend our analysis to the general case by
controlling the sub-differential deviation. In particular, we show that the desirable convergence
propertles of SubGM extends to £(w), provided that its sub-differentials are “direction-preserving”,
ie.,d ~ &d, for every d € 0L(w),d € dL(w) and some & > 0. To formalize this idea, we first
provide a more concise characterization of 9L(w):

Ow, L(W) = q@l_[w;.C qEQ(G* Hwk> , where Q(z ZSlgn Xy 2) + &) X

k#1

Definition 1 (approximately sparse vectors). We say a vector v € R is (k,¥)-approximately sparse
if there exists a vector u, such that ||ul|, < k and ||ju — v|| < 9.

Proposition 1 (direction-preserving property). Suppose that m > * logQ(m()llfigggiog(R/ Y for some
R,9, > 0. Then, with probability of at least 1 — Cemd*), the following inequality holds for any
q € Q(z) and any (k,9)-approximately sparse vector z that satisfies \/dm k9 1log (1/9) < ||z]] <

R:
q— \/Z (1 —p+pE {6752/<2uzu>D HZ7H

Moreover, if m 2 (dll"ig;’gl, with probability of 1 — Ce~m8*), () holds for every z € R4

<é. (&)




Proposition|I]is analogous to Sign-RIP condition introduced in [29, 28] for the robust low-rank matrix
recovery, and is at the heart of our proofs for Theorems [2} and [3| Suppose that 6* — [], wy, is a

(k,¥)-approximately sparse and satisfies (3). Then, we have Hd — aHm < (maxi {Hk# wk}) d,
which in turn provides an upper bound on the sub-differential deviation.

4.1 Proof Sketch of Theorem 2]

To streamline the presentation, here we only provide simplified versions of our key ideas, which

inevitably lead to looser guarantees. To streamline the proof, we assume that 07 > --- > 07 >
051 = -+ = 03 = 0. Moreover, for simplicity of notation, we denote v = w; and v = wa.
Consider the following decomposition:

UV = [ylvl e URVE Ukt 1Vkt] - - - udvd]T. (6)

s E

The vectors S and F are called signal and residual terms, respectively. Evidently, we have u ®v = 6*
if and only if S = [0f,...,05]" and E = 0. Based on this observation, our goal is to show that
the signal term converges to [07,. .. 79,:]—'— exponentially fast, while the error term remains small

throughout the solution trajectory.

Lemma 1 (signal dynamic; informal). Suppose that @) holds for z = 6* — u® © v®), and
||9* —u® @ o® || > n|0*|. Then, we have

(t+1) (t+1) 07 U'('t)vm ®), @)
: : > 2 2 2 ; : )
u; v, 14-2n ||u(t) NO) *H + 6; u; ;7 (7)

for some |6;| < dand everyi=1,... k.

Lemma 2 (residual dynamic; informal). Suppose that @) holds for = = 60* — u® © v, and
10 — u® @ v®| Z 1 ||6*||. Then, we have

() (o) <ot (o) (4)). ®

foreveryi=Fk+1,...,d.

Lemma 3 (difference dynamic; informal). Suppose that @) holds for z = 6* — uY) © v*), and
10 — w® @ v®|| Z 1 |6*||. Then, we have

LD D) (um _ v(t)) |0 u )" s, )
i i =\ i T]Hu(t) ®o® 79*” noi |,
for some |6;| < dand everyi=1,...,d.
Convergence guarantee. For any fixed ¢ = 1,..., k, we show that ugt)vl(t) =07 £ O0) |0

after O(||0*]|/(n67) log(1/«)) iterations. To see this, suppose that T; is the largest iteration such that

ugt)vgt) < @ for every t < T;. Moreover, suppose that Hu(t) ®ov® H < C'||6*|, for sufficiently large
C (this is proven in the appendix). Under these assumptions, (/) reduces to

u§t+1)vgt+1) > (1 +9(1) 7790:”) ugt)vl(t)_ (10)

16|/ (n67) log(1/c). For any t > T;, define y(t) =0 — ugt)vgt). One can

%

which implies that T; <
write

< (1 —-0(1) ”’f|> y? + 1s6;. (1)

Hence, with additional O (||6*|| /(n#%)) iterations, we have ul(-t)vi(t) = 0r £ O(9) ||6*||- On the other

hand, Lemma|2)implies that, forany i = k + 1,...,dand t < [|6*]|/(n6})log(1/c), we have

llo~]]

(W) + ()’ 5 a3 0ay° U #H®) ¢ o)
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Figure 2: Deep matrix recovery (first row). The ground truth X* € R*°*2? with rank(X*) = 3 is chosen
randomly. The elements of the measurement matrices are selected from N (0, 1), and the sample size is set to
m = 180. The corruption probability is set to p = 0.05 with distribution A(0, 100). We use SubGM with
step-size 7 = 0.001 and Gaussian initialization with an initialization scale o = 1 x 107®. ReLU models
(second row). The samples are chosen from y; = sin(6*" z;) + &; where 8* € R®C is randomly generated with
16*]ly = 2, 2 ~ N (0, Iso), and e; ~ N(0, 25) with corruption probability p = 0.05. The sample size is set
to be m = 1500. We use SubGM with step-size 7 = 0.001 and Gaussian initialization A"(0, «*/" /d).

where x = 607 /05 is the condition number of §*. Combining the above dynamics, we have
Hu(t) ov® —0*|| <y 07|V VE 6] 6V Vdal~O(VER).

In the appendix, we provide a more refined analysis that relaxes the dependency of the final error on
0 and k.

Long escape time. We show in the appendix that after the first stage, the residual becomes
the dominant term in the final error. This together with Lemma [2| implies that, for every ¢t <

o* Rk
n”o;\% log(1/a), we have || E|| < Vdal~VFsV3,

Balanced property. We have u”0{") < 6* for every i € [k], and [u{"v("| < al-O(/kro)
(t+1) _ (4] <

forevery i = k + 1,...,d. Therefore, Lemma |3| can be invoked to verify ‘u

(1+0(nd)) ‘ul(-t) — vgt) ’ This in turn leads to

"1l 1op( 2
ul(t) _ UZ(t)’ < \/5(1 4 (9(775))0( nex 1 g(a)> < ao.5fo(\/h5).

5 Numerical Experiments: Beyond Linear Regression

In this section, we empirically verify that the benefits of depth extend to the robust variants of deep
matrix recovery and ReLU networks with ¢;-loss.

Deep Matrix Recovery. In low-rank matrix recovery, the goal is to recover a low-rank matrix
X* € R4, from a limited number of noisy measurements of the form y; = (A4;, X*) + ;. To
recover X *, we consider a deep factorized model of the form W1 W5 ... Wy, where W; € R4xd for
i=1,..., N, and minimize the ¢1-loss (1/m) > i~ |y; — (A;, Wi Ws - - Wy)| via SubGM. When
N = 2, the above model reduces to the famous Burer-Monteiro approach [8]. We assume that 5% of
the measurements are grossly corrupted with noise. The first row of Figure 2] shows the performance
of SubGM on 2-, 3-, and 4-layer models. It can be seen that the 4-layer model outperforms shallower
models, achieving a generalization error that is proportional to the step-size.



Deep ReLLU Network on Synthetic Dataset. As another experiment, we analyze the effect of
depth on the performance of SubGM with ReLU networks and /;-loss. Given an input z € R%,
the output of an N-layer ReLU network is defined as fw(z) = Wyo (Wn_1---0 (Wiz)---),
where Wy € R™¥4 Wy, - . Wx_1 € R™*™ and Wy € RY*™, Moreover, (z) = max{0, z}
is the ReLLU activation function. Given the true function f*(x) = sin(6* " x), our goal is to train
a ReLU model to approximate f* as accurately as possible. To this goal, we minimize the ¢;-loss
(1/m) > |lyi — fw ()| The second row of Figureillustrates the performance of SubGM. It
is worth noting that, unlike robust linear regression and deep matrix recovery, there always exists a
non-diminishing model-mismatch error between the true and considered ReLLU model (shown as a
dashed line). Nonetheless, SubGM can achieve this model-mismatch error on a 4-layer ReLU model
with only 1500 samples, even if 5% of the measurements are corrupted with large noise.

Deep ReLLU Network on CIFAR Dataset. We verify that the desirable performance of SubGM
with ¢1-loss can be extended to its stochastic variant with mini-batches on CIFAR-10 and CIFAR-100
[24], outperforming cross-entropy (CE) loss, which is considered as one of the most suitable loss
functions for CIFAR datasets. To show this, we use standard ResNet architectures [21] with #1-loss
and compare it with the cross-entropy loss on noisy CIFAR datasets, where we randomize the labels
of 10% of the training dataset. For CIFAR-100 experiment, we use the “loss scaling” trick introduced
in [22]]. The training details are deferred to Section[B.3] The best test accuracy for both CIFAR-10
and CIFAR-100 is reported in Table [I} One can see that ¢;-loss outperforms cross-entropy loss
significantly, demonstrating that our framework may be extended to more realistic settings. Moreover,
we do observe that the deeper model performs better on CIFAR-100, which aligns with our theoretical
result. Based on our simulations, an interesting and important future direction would be to study the
optimization landscape of ¢;-loss with more general neural network architectures.

CIFAR-10 CIFAR-100

ResNet-18 ResNet-34  ResNet-50 \ ResNet-18 ResNet-34  ResNet-50

CE loss 91.52% 91.53% 90.87% 70.17% 71.22% 71.30%
{1-loss 94.16% 93.13% 92.68% 73.14% 74.86% 76.46%

Table 1: Test accuracy for ResNets on CIFAR-10 and CIFAR-100 datasets with 10% label noise.

6 Conclusion

Modern problems in machine learning are naturally nonconvex but can be solved reasonably well in
practice. To explain this, a recent body of work has postulated that many optimization problems in
machine learning are “convex-like”, i.e., they are devoid of spurious local minima. Our work shows
that such global property is too restrictive to hold even in the context of linear regression, and instead
propose a more refined trajectory analysis to better capture the landscape of the problem around the
solution trajectory. We show that convex models may be fundamentally ill-suited for linear models,
and deeper models—despite their nonconvexity—have provably better optimization landscape around
the solution trajectory. Empirically, we show that our analysis may extend beyond linear regression;
formal verification of this conjecture is considered an enticing challenge for future research.
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A Related Works

Deep models: It is known that deeper models enjoy better approximation power. For instance,
13 introduce several functions that are expressible by deep models of moderate size; yet,
they cannot be approximated via any shallow network of sub-exponential size. A recent work [33]]
shows that depth separation may lead to optimization separation. In other words, functions that can be
expressed by deeper models can also be efficiently learned via gradient descent. Another line of work
shows that deep linear models have a strong implicit bias towards the true solution [19] 2} [T0], and
that they benefit from incremental learning 18 27]. More generally, [1]] show that stochastic gradient
descent on deep nonlinear models can provably learn certain complex functions by automatically
decomposing them into a series of simpler ones.

Robust and sparse linear regression: Robust and sparse linear regression is a classical problem in
statistics, with a wide range of applications in signal and image processing. Regularized methods,
including Lasso [36) 9] 6 [32]], Best Subset Selection [30} 4], and Forward and Backward Step-wise
Regression [[17]], are considered as most widely used methods for solving robust and sparse linear
regression that come equipped with strong statistical and computational guarantees. Recently, sparse
linear regression has been used to explore the implicit bias of different optimization algorithms and
initialization regimes. [38] show that, for some unregularized overparameterized models, gradient
descent (with early stopping) for sparse linear regression achieves minimax error rate. Moreover,
study how the scale of the initial point controls the transition between the “kernel” (lazy training) and
“rich” regimes, and their corresponding generalization performance. [20] use this problem setting to
explore the role of label noise in stochastic gradient descent.
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Figure 3: The optimization trajectories of deep models (N = 4, 5, 6).

10! 10* 10t

10°

— izati N -1 .
generalization error —— generalization error 10 —— generalization error

1072
10-3
Iteration T \teration T ° m fgneorationwflu' 8000 10000
(a) 2-layer, a = 0.1 (b) 2-layer, & = 0.01 (c) 2-layer, a = 0.001

10! 10
10°

10-1 —— generalization error

10°

—— generalization error —— generalization error 1072
102 1073
1074
10-! 103 105
104 107®
0 2000 2000 6000 w00 10000 o 000 om0 oo sooo  doooo 10 O 000 100000 130000 200000 250000 300000
Iteration T Iteration T Iteration T
(d) 3-layer, « = 0.1 (e) 3-layer, o« = 0.01 (f) 3-layer, « = 0.001

Figure 4: The optimization trajectories of 2 and 3-layer models with different initialization size o =
0.1,0.01,0.001 using exponentially decayed step-size.

B Additional Experiments

In this section, we provide additional experiments on the performance of SubGM on deep models.
Our goal is to verify our theoretical results and show the benefits of both small initialization and
geometric step-size. Moreover, we show that the desirable performance of SubGM can be observed in
its stochastic variant, as well as for different architectures of ResNets with ¢;-loss, and more realistic
CIFAR-10 dataset. All simulations are run on a desktop computer with an Intel Core i9 3.50 GHz
CPU and 128GB RAM. The reported results are for implementation in Python.

B.1 Deeper Linear Models

In this experiment, we study the performance of SubGM on deeper models (N = 4,5,6). To
accelerate the training process, we first use a large step-size 7; = 1 x 1073, and then progressively
apply smaller step-sizes 7o = 1 x 10~% and 73 = 1 x 107° as the training loss continues to decay.
As shown in Figure[3] deeper models share similar generalization error, outperforming 1- and 2-layer
models presented in Figure|[T]

B.2 Geometric Step-size
As shown in our simulations, training /N-layer models may require millions of iterations even on

a small synthetic dataset. As proven in Theorem 3] the training process may become even slower
for deeper models. In this experiment, we explore the performance of geometric (i.e., exponentially
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Figure 5: We apply ResNet-18, 34, 50 on noisy CIFAR-10 with both ¢; -loss and cross-entropy loss (CE). For
the training dataset, we randomly choose 10% samples and replace their labels with uniform random labels. We
use SGD with initial learning rate n = 0.1, momentum 0.9, batch size B = 32. For every 80 epochs, we decay
the learning rate by a factor 0.33. We use standard data augmentation. The initialization is set by default in
PyTorch.

decaying) step-size on the same dataset. SubGM with a geometric step-size has been widely used
for the optimization of ¢;-loss [26] 28], and more general sharp weakly convex functions [[11]].
Figure [d] shows that a geometric steps-size can lead to a 1000-fold reduction in the required number
of iterations. Moreover, a geometric step-size improves the convergence rate to linear. The theoretical
justification of this improvement is left as an enticing challenge for future research. Finally, it can
be observed that SubGM with geometric step-size performs surprisingly well on deeper models,
achieving a generalization error in the order of 10~5. This further supports the benefits of depth.

B.3 Experiments on CIFAR Dataset

In this section, we provide the training details for the experiments on both CIFAR-10 and CIFAR-100
where 10% of the training data points are randomly labeled. For CIFAR-100 experiment, we use the
“loss scaling” trick introduced in [22]]. In particular, we denote the neural network by f5 : R¢ — R,
where d is the input dimension and C' is the number of class. The standard ¢; -loss for the one-hot
encoded label vector can be written (at a single point) as

C=fo(@)d =11+ |fa(@)[c]] -

c'#c

(12)

Here c is the position of the label and fp(z)[¢] is the i-th coordinate of the prediction. The rescaled
£1-loss is defined by two parameters k£ and M as follows:

escaling:k' |f9(x)[c]_M|+Z ‘f@(l‘)[cl]l (13)
c'#c

In our simulation, we choose k = 5, and M = 2. Moreover, in the CIFAR-100 experiment, we use
£2-loss with the same k, M in the first 30 epochs as the warm-up phase. The evolution of the training
and test accuracy for CIFAR-10 and CIFAR-100 with both #; and CE losses are shown in Figures
and
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Figure 6: We apply ResNet-18, 34, 50 on noisy CIFAR-100 with both ¢1-loss and cross-entropy loss (CE). The
data generator and optimizer are the same as those in CIFAR-10 experiment. For each trial, we set the initial
learning rate to be 7 = 0.05 and run 260 epochs and decay the learning rate with factor 0.33 for each 50 epochs.

C Proofs of Landscape Analysis

C.1 Proof of Theorem[]
Over-parameterized Regime

We first provide the proof for the 1-layer model. The values of £ (9*) L (6% + A0) are provided as

1
L) = — . * _
(6%) mZM, L(6* + Af) = Z|xl,A€|+ Z| i, AO) —g;|.  (14)
i€S zeS zGS

Here S € [m] : {1,2,...,m} is the support of the noise vector € = [g1, -+ ,em]| ", and S = [m]—S.

Hence, we have
1
L(6* _ A Y _ _
(0" +A0) = L(07) = — Z (| (zi, AO) — ;] — |es]) + Z| x5, AG)| (15)
i€S 168
For simplicity, we denote X = [z1,--- ,2,,,] T € R™*9 by the design matrix. To upper bound the

infimum of £ (6* + A#) — L (6*) over the /.-norm ball {Af : ||Af]|_ < v}, we choose a specific
A for each realization {(z;,y;)}"™, and show that Ad lies in the £.-norm ball with high probability.
To this goal, we pick Af by solving the following linear equation

XA0 = b, (16)

where b[i| = Sign(e;) (§ A |e;]) for i € S, and b[i] = 0 otherwise. Here £ > 0 is a hyperparameter
to be tuned later. Before showing that such Af lies in the £..-norm ball with high probability, we
first further upper bound £ (6* + Af) — L (6*) for this specific choice of Af. By our construction
of A9, we first have

— 1
L(0*+A0) —L(07) == (|{2:,A0) —&;] — |ei]) + Zy (i, A0)|
m €S zGS
1 an
= *E ZE/\ |51|
i€S
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On the other hand, based on Assumption[I] each ¢;,7 € S has nonzero probability to be away from
zero. Hence, we can define the event £ := {There are at least popm elements of |¢| larger than to}.
Define My = {i : |g;] > to}. Using the tail bound of binomial distribution, we have P(€
Conditioned on the event £, we have my = | Mg| > popm and

_ 1
£(0*+A6)—£(9*)=—EZ§/\\51‘|S—pop'(f/\to)- (18)
€S

Now it suffices to show that such @belongs to the {-norm ball with high probability. To
this goal, we first choose a specific Af satisfying XA0 = b. We divide X = [X;, Xy] where
X, € R™*™ and X, € R™*(@=™) Note that X, is non-singular almost surely. Hence, we can pick

Af = [bTX,(X]X;)71,0]". Next, it suffices to verify that with high probability, EHOO <7,
which is equivalent to
(X X)X b <. (19)
To this goal, note that with probability at least 1 — e~2(™)
([P Svie SIS (6.5 St SLl
1 - 1
< <mXIX1> — X |||t
(20)
< ol
<€

Here in (a) we used the fact that H (EX{Xy)" H Sland [|[2X4) S —L with probability at least

1 — e~ Hence, we only need to set & < +, so that the chosen Af belongs to the /,-norm ball

with probability at least 1 — e~2("™)
Combining the above steps and choosing ¢ < ~, we know that with probability at least 1g- the below
upper bound holds
wp. 1—e~20m) _
inf  {L£(0* + AG) — L(6*)} < L(6* + A0) — L(6)
186]] o <v
wp. 1 1)

< —pop§

< —popy-
This completes the proof for the 1-layer model. For general N-layer models, we consider the
true solution w € W with w; = 0*, and wy = --- = wy = 1. Moreover, for Aw we choose
Awg = --- Awpy = 0. It is easy to verify that

L(w) — L(W+ Aw) = %Z (| (s, Awr) — ;| — |eq]) + % > Hwi, Awi)|. (22)

€S 7=
Therefore, an argument similar to the 1-layer model can be used to write

inf inf {Lw)—-L(W)} < inf {L(w)—L(Ww+AW)} < —popy, (23)

wew wi|lw—w'|| <y [Awr <
. 1 1
with probability of ;5

Under-parameterized Regime

Given w € W and any Aw, consider w' = w + Aw and define

N

AG=> (0

=1

N1\7i® Z A'IUj1®"'®ij1,' (24)
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We have

L(w) — L(w + Aw) 72 (24, AG) — 2] — |5i|)+%2|<xi,A9>|

1€S icS
1 - 1 = (25)
> — Z |(xi, AG)| — *Z |(xi, AG)]
m o m “
i€S i€S
Hence, it suffices to show that, with probability of 1 — =),
inf {57 (@, 80) [ — — 3|5, A6)] § > 0 (26)
m — i, - — i, = U.
AOcRe | M m

i€eS €S
Note that the above inequality is invariant with respect to scaling. Hence, it suffices to show that it

holds for arbitrary A € S¢~1 where S¢~1 := {x € R? : ||x|| = 1} is the standard sphere. Hence, it
suffices to show

f AG)| — — A
Aelensd 1 Z|$“ o)l Z|x“ o)l
’LGS 268
27)
1
inf [{(x;, AO)] p — sup < — Y [{x;,A0)] >0
AOESd 1 ; AfeSd—1 {m ;
For the first term, applying LemmaE], we have that with probability at least 1 — e~ (@)
. 1 2 (1-p)d
f — ; >/ —(1=p)—/———.
FEE S S ORI e
i€S
Similarly, for the second part, with probablhty of at least 1 — e™**')_ we have
sup (@i, AG)| < \f \/ (29)
Agesa-1 M Z

Combining both parts, we have that with probablhty at least 1 — e~ ()

1 d
inf { — NI (21, AB)| 1—2p)—2¢/— >0.
sl | i 2o 20 Ap{ 2 e } =\

i€S
(30)
The last inequality follows from the fact that m 2 ﬁ. This completes the proof. |
C.2 Proof of Theorem [4
Given any Aw = [Awy,--- , Awy] T, the following equality holds for any point w = w* + Aw
where w* = [ V6~,---, V6| T:
N—1
(VO + Awn) @ 0 (VI + Awy) 0= (07 @ Y Aw, 06 Aw,
i=1 Give o di
=A6, @1
+Aw @O Awy .

:=A05
Hence, we have
1 1
LW) = L(W" + Aw) = — > (@i, Ay + Abo) — 5] — [ei]) + ~ > i, A6y + A6,)].

i€S i€S
(32)

For simplicity, we denote ©; as the set of A¢; defined in B1)) with ||Aw||_ < . Similarly, O is
the set of A defined in with [|[Aw]| <7
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Lower bound. To prove the lower bound, one can write

1 1
L(W") = L (W' +Aw) > — > i, Ay + Ab)| — — > wi, Ay + Aby)]

i€S i€S
2 o 3 e A0 = 3 e A0 = 2032 i A0
1€ 7 1=

Hence, we have

1 1
. * _ * > : _ ) _ )
ol L) — LW+ Aw)} 2 nf mZK%MﬁI ijS|<xz,A91>|
€S 1€ (34)
1 m
— su — x;, A0 .
Mzep@z{m;“ 2>}

First, we bound the term infa, co, {L 3 cs (i, A01>.| — L3 cs @i, AG)|}. Ttis easy to see
that the vector Af, is k-sparse and has the same sparsity pattern as 8*. Therefore, according to
Lemmal6] there exist universal constants C, ¢ > 0 such that the following hold

1 2 k /52
Pl sup |[———— zi, A1) | —y [ = zc\/>+5 < e emo (35)
oA e D e R

]. 2 k 11 g2
P| su _ i, AO —\/7 >Q)— +6 ] <e ™ o 36
<A91€p@1 m ||A91|| ; | < 1> | T m ) ( )

Here m’ = (1 — p)m, and m” = pm. The inequality (35) implies that

and

1 2 1 — k _anZ
P EZ (@i, AG1)| = [[ A6y ]| (\/;(1 -p)—C (Tp) —51> VAOL €O | >1—e T
€S
(37)
Similarly, the inequality (36) leads to

1 2 k cms3
P (Z [(2i, AO1)| < [|A0: | (\/7P+C\/ Pz +52> ,VAG, € @1> >1—e" "7 . (39)
m T m

i€S

Upon setting §; = % and 6, =4/ 2%, with probability of 1 — e=(*), for all A0y € Oy, we
have

1 1 2 k

— . _ . >/ 2(1 — —Ch/=>0.

o 2 i A = > [, Ady)| _\/;(1 2p) = Cy/ -~ >0 (39)

i€S €8

In the last inequality we used the assumption m 2> ﬁ The above argument implies

1 1
inf { — ‘ L 4 >
Al — > l{ws, A01)] mZ|<xz,Ael>| >0, (40)
i€S i€S
with probability of at least 1 — ¢ *),  Now we turn to bound the second part

SUPAg,co, L= Yoy | (@5, Abs) | }. To this goal, we first apply Lemma@ which leads to

1 i 2 d 2
- GAG ]2 > o)L 5] < ememd?, 41
mHMQn;Hx 2)| \/; '3\/;Jr )e S

P ( sup
AG2€0,
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Therefore, upon setting 6 =/ %, with probability of 1 — e~(?_ we have

1 & 2 d
su — i, AO < su AO —+(C+1)4/—
A {m;H 2>|} A (A (\/7T ( )Y m)

d
Sy/— sup  JJAw; @ @ Awyl||
M Aw]| <y

- 42)
d }
e s S T] awbs
‘Awi [J”S"/ jE[d] iG[N]
d N
Here Aw;][j] is the j-th element of Aw;. Therefore, we conclude that
it {L(w) £ (w* +Aw)} 2~ @3)
lAawll <y vm
with probability of 1 — e~2(*) thereby completing the proof of the lower bound.
Upper bound. To this goal, we first define a restricted set of perturbation vectors
Vi=A{v:|vle <7 uilj] =0,Vi € [N],j € supp(6)}, (44)

where supp(6*) is the support of 8*. Based on this definition, we have

{L(w") — £(w" + Aw)} < inf {£(w") = £(w" + Aw)}

inf
lAaw|| <~

1 1
— inf ¢ 2= , o — e = ,
0SS (i, A} ] = fel) - 3 i, Ad)
€S €S
(45)
where Afy = Aw; © --- © Awy is the same as before. Note that for any [[Aw||_ < v, we have

| Afy|| <v/dyN. Moreover, this bound is attainable when Aw; = [+, - - - , +7] . Hence, we have

in &S (e A0s) — il — Jei) + - 3 (o, A6)]

Awey m cs ~
Z (46)
1 1
< inf ooy wi, Aby) — &if — |eq]) + — xi, A6
1a6:)|<V/dyN | M 2 (I 2) — il —leil) + DK 2)|

i€S i€S

An argument similar to the proof of Theorem [I|can be used to show that, with probability of at least
1/16, we have

: 1 1 pop(d—k) r~ N
inf — i, AO) — ;| — |ei]) + — x;, Af < - 7\/E7 .
oo § 2 0 800) == )+ 203 e ) -
(47)
Recalling that k < d, we have with probability of 1/16
d
inf LW) = LW +Aw)} < — —AN. 48)
HAWHOQSW{ (w") = L( )} Vop 7o (

This completes the proof. O
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D Proofs of Convergence Analysis

D.1 Proof of Theorem[2]

For simplicity of notation, we denote v = w; and v = wy. Moreover, without loss of generality,
we assume that the elements of 6* are arranged in descending order, i.e., 07 > --- > 67 > 0 11 =
.-+ = 0% = 0, and the initial point satisfies u;, v; = © (y/a),Vi € [d]. Moreover, for v € RY, we
define v;; = [v1,--- ,v;] T and v;. = [v;,--- ,vg] . For short, we denote v_; = v;, .. Finally, we
define k = 607 /6% as the condition number. Moreover, without loss of generality, we assume that
0 >12>06;.

First, according to Proposition the sub-differential of £(u, v) is uniformly concentrated around its
population gradient. In particular, with probability at least 1 — C'e=¢"9 2, we have

*
9i — Ui tVit

—t " s +ndivs ¢, and |6;] < 6, Vi € [d], 49
[u © vy — 6%]] ;& T 70Vt |6 [d] (49)

Ui t+1 = Uit + N
*
gi — Ut Vit

i @, — g ot Ot end ol = ovE el e0

Vi1 = Vi + 1)

Hence, we have

0r — Ui, t Vit 0r — Ui, t Vit 2
e = o (EESS 0 ) koo (S ) w
(51)

Moreover, we have

&yt = (2, +02) [ 1447 (0F — wiviy) s 2 4 0F — u; v 4 46w,
i,t+1 i,t+1 i,t i,t ||Ut Oy — 0*” 7 Hut O vy — 0*H ) 1,t Vit
(52)

Signal Dynamics

We first study the behavior of the signal term Sy = w.;, v, + for the first £ components of the model
uy © ve. We divide the dynamics into £ 4 1 stages. In the first £ stages, each component u; +v; ;
converges to #7 sequentially. Once all the components are close to the ground truth, the distance

between signal term and the ground truth ||S; — 0% || will further decrease to O (\/ d>ma? Vv 179{).

Stage 1: In this stage, the first component u;v; grows to 6; — & ||0*|| within © (% log (i))
iterations. At the initial point, we have u; gv1,0 = ©(«). For iteration ¢ + 1, according to (51)), we
have

9’{ — U1,tV1,¢t

5 2 2
s © vy — 0] + 1) (ul,t + U1,t)

UL g41V1,e41 = UL V1t + 7 <
(53)

9{ — U1,tV1,t
—— 4+ .
||Ut © v — 9*|| 1] ULtV

We further divide our analysis into two substages. In the first substage, we have u;v; < 67 /2. Note
that [[u; © v, — 6*|| = O([|6*|)) and |61 < 6 < L. Hence, can be further simplified as

> uy v + 20 (

1 no7
UL t41V1,041 = <1 + 1 ||779*1||> U1,V ¢ (54)

Therefore, this stage ends within O (“ﬁle log (é)) iterations. In the second substage, we have
1
uivy > 07 /2. Upon defining x; = 67 — w4 4v1 ¢, One can write

U1,tV1,t
Ti+1 > ( UHUt O — e*ll

n9f) "
<[(1- ¢ + noo7.
( lo=[1) ™ !
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Hence, within additional O (]|0*]| /(nf})) iterations, we have u; v, = 07 £ 0 /6*]]. Overall,
within Ty = O (m log (é)) iterations, we have u1 1, v1, 7, = 0% & 6 ||6*||. Now, we turn to show

noy
the lower bound on 7} by analyzing the trajectory of uit + vit. Due to (52)), when uit + ’uit < %1,
we have

ot
u%,t+1 + v%,t+1 < (“%,t + U%,t) (1 + 10”9*1|> . (56)
Hence, at least (% log (é)) iterations are needed for uf ; 4 v{ , to be larger than %. Since

ui, + v, > u 414, we immediately obtain 77 = (% log (é))

Stage 2 to Stage k: In the next k — 1 stages, each component u,;v; will converge to 6 £ 0 ||0*||
sequentially. To show this, we use an inductive argument. In each stage ¢, we assume that
the first ¢ — 1 components have already converged close to 67,V) € [i — 1]. Hence, we have

lus @ vy — 0% = © (HQ‘:(FU H) Repeating the procedure in Stage 1, we can show that, at stage

0" i o
i,T; =0 (”n(;:l)n log (1) | iterations are needed for u;v; to converge to 6} + & ||6*||. Overall,

1372

afterT:T1+~«-Tk:(9( o

log (é)) iterations, we have

[wkrvmr = 05| S VESII6*]. 57)

Stage £ + 1: In the final stage, the signal term will quickly decrease to O (\/ d2mat=20) v 770{)

within Ty, 11 = O (%) iterations. To show this, we write
k

2 2 2
Wikt + Uikt 2 2 2 < e*k - St )
0% —Si+1 = 05, —S,—n—————0(05, — St)—nd (u; +v;)+ ————— 40| OS5,
:k t+1 :k t nHthUt_e*H ( :k t) n ( t t) n HUtG'Ut_a*H t
(58)
Here we denote § = [01,- - ,6;] . Note that |lu; © v, — 0*|| < |05 — Si|| + || E:||. Moreover,

based on our assumption, we have || E;|| < v/da'~©(). Finally, the balanced property implies that

luie —vig| = O (alfe(‘s)) (this will be proven later). Hence, we have

u? + v} (0%, — S) ® S,
0% — Sl < |05 — S o [ 1 - £t 2Tk + 4nd ||6*
(0% trl (0% t) ( T’H'Ut ® v, — 0 n e © v, *‘9*H2 no [16” |
" n ox ) N
<85 — S, 1—-— +4né ||0
195 =51 (1= iy ) + 001
< (6% — Sell — 0.25n05; + 4né [|6* |
< [|0% — Stll — 0.1n0y. 5
Here, we used the fact that § < % On the other hand, we have
U 2 2 * *
Sip1— S|l < —————— 05 — S 4no ||0
” t+1 tH = HUtQUt _9*” ||(ut +vt) ®( k t)” +4n H ”
(60)

(@)
< 2007 + 4nd |67
< 3nb1,
where in (a) we used Lemma(7} The above inequality indicates that the signal propagation in each
step is upper bounded by O (n07). Hence, we conclude that within Ty, = O (%ﬂ) iterations,
k
we have [|0%, — ;|| < Vd2mal=®©) v ;. Since § < L, the total iteration complexity is upper

bounded by T =T} + - - - Tjoy1 = O (kj?ilog (é))_
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Residual Dynamics

Now, we analyze the residual dynamics. Instead of analyzing the dynamics of u; ;v; ¢, we analyze its
surrogate u?’t + v?t. Based on (52)), we can naturally bound it as follows

z2t+1 + Uz 1 S uz T ”z ¢ +6ndu; i < (1+3nd) (U?t + U?,t) . (61)
Therefore, during the training process, we can bound the residual term as
/2
w2, 402, S a (14 50)0 U 1E(3) g g1-0(7%3), (62)
Hence, we have
1/2
1-0(k%/%9)
1B < Z ul 40, | SVda : (63)
1=k+1
Therefore, we conclude that within T = O (k 2 log ( )) iterations, we have
lur ©@vp — 07| < |07 — Szl + [|[E¢l| S VdPm v noy. (64)
Therefore, with probability at least 1 — e~ log?(m) log(d) 1og (110" [1/)  we have
* 2 1-6 <\/k72;2> *
lup @ vy — 0%|| S Vd?ma m=n? /) \/ nfy. (65)

Long Escape Time

Based on the above analysis, it can be seen that, after T iterations, the residual term is the dominant
term, which may cause the algorithm to diverge, as captured by Figure[I] We now show that the

residual term will not diverge within 7" = 4/ m(%p)gf To this goal, recall that for Vk + 1 <1 < d,
we have
U t+1 + Uz A < (1+3nd) ( U+ Uit) . (66)

Hence, for t < == log (1), we have
w2, 403, S a1+ 308) 7 2(5) < ae®10s(3) = a, (67)
The proof is completed by noticing that m = Q (W) .

Balanced Property

To prove the balanced property, we directly calculate the dynamic of the difference u; + — v; ;. One
can write

9 — U4t Vit
Ui g1 — Vipg1 = (Wip — Vig) ( ”u1t v — 07| -n (68)
Since 0 — u; wv; + > 0, we have
i1 — Vi | < Juie —vig] (14 nd), (69)
for 0 < ¢ < k. We conclude that
iy — vig] < Vo (1+nd)t < a05-0k?8), (70)

for Vt < ’“j’l log (é) On the other hand, for ¢ > k, we can write

[.,2 5-0(k%/?5
[wis —vig] < Zt—|—122’t§oz05 o( ), (71)

The proof is completed by noticing that m = (W) .
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Convergence in Under-parameterized Regime

In this section, we study the under-parameterized regime, where we assume that m = Q(ﬁ)

The analysis of the signal term is the same as the over-parameterized regime and hence omitted for
brevity. Here we only analyze the residual dynamic. One can write

2 2
Upy 1t T Vkg1:t

Eg1=F|1-
t+1 t< n HUt@fUt*G,('

—E, 2
>+775k+1: (Ui s1ee + Vi) 0 <||ut®vf0*|| + 5k+1:> E;.
(72)

When the residual term becomes the dominant term, i.e., ||6%, — S¢|| < || E¢||, we have the simplified
dynamic

2 2
Upt:t T Vg 3
1Bl < | B (1—0~5HW>+n6k+l: (W + fn) | + 20 (1B + 0% 14 )
(@) nE
< (- )|+ v

n
<[|1-—4 E.|l 4+ 4nd || E,
_< ﬁ) \Ee| + 406 | B4

(b)< n
< (1-05L) .
7i)
(73)

Here in (a) we used the balanced property, which results in u} , ;. , + v} +1:,t < 2E;. Moreover, (b)

1

is implied by the fact that m > %< which in turn implies § < Hence, we have
~ (1-p) ~

X
g1 @ vesr — 0%]| < (1-9(\}%)) e ® ve — 0%]). (74)
Then, for t > T, we have
1o k2 t—T
s © 00— 0] < Ve~ () (1 g (&)) v ey 5)

D.2 Proof of Theorem[3|

The proof of N-layer model is similar to that of 2-layer model. First, we study the signal dynamics,

showing that the first £ components [ | wl(tj) converge to 0% sequentially for 1 < j < k. We also
prove that the residual term remains small along the optimization trajectory. Based on the SubGM
update rule, one can write

0* — w(»t)
wgt—s-l) _ wgt) + 77‘ H

[Tw!” +ns[Jw!, and |oll., <é,Vie [N].  (76)

J
i )
0 — [Tw;"|| ji i#i
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Signal Dynamics

Stage 1: In this stage, we show that [] w; ; will converge to 6* within 7} = © ( ]ana”* a— % 2)
iterations. We first prove the upper bound. According to the update rule, we have
2
(1) _ > ~Ilwy ®) :
H H w; + Z n (t) + 43 H w; 7 |+ higher order terms of 7
= ‘ — [T w; i#i
2
0y — 11 w'!)
(t) 1 J,1 (t)
>Hw +Z77 ‘0*—Hw(t)‘ + 6 Hw
J J#i
(t) 07 — TTw!) o
J,
>Hw + Nn H*Hw(t)"_a (lel) .
J
s (77)
Here we use the fact that | w( ) <f7andn < N ~ ' so that we can drop the higher order terms.

For brevity, we only show how we can drop the 2-th order term of 7. The proof of the higher order
terms is similar. One can write

(a)
3 (TLel T T i) € o 05 3 (T wit TT ol

i#g \k#i k#j k.5 i#] \k#i k#j
2
(b) ) N_2 m (t)
< (N=nE) Ty [TTwll] a9
i=1 \j#i

Sy (I

i=1 \j#i

Here in (a) we use the balanced property and the fact that || w(t) < 67. Moreover, in (b), we use the
rearrangement Inequality. Finally in (c) we use the assumption that n < N~ k="~ For simplicity,
we denote z; = [ wl(tl) Note that ‘ 0* — 11 w;t) H < ||6*||. Hence, the dynamic can be simplified as

2(N—1)

=6 |0*]| = @)z, V. (79)

T4l 2 Tt + 7y

o

C . * N— . . .
We next show that xr > 6 — 20 ||6*|| within T} = © ( zgfaneﬂ* a” N2) iterations provided that
1
zo = O(a). To this goal, we divide our analysis into two substages.

o 1 < %1: In this substage, we assume that z; < %1. Hence, we can further simplify the
dynamic as
Q* 2(N—1)
Tip1 2> ¢ + 05N —— ||9*|| N (80)

Without loss of generality, we assume that zo = . Now we divide the interval [« 0.567]
into a series of sub-intervals {Z; }, where Z, = [2Fa, 2*1q). In each Zj, the dynamic can
be further simplified as

9 72
Tpg1 > <1+0.5N77H9*| (2Fa) ™ ):ct. (81)
Therefore, the number of iterations that x; spends in each interval Zj is

« _N-2
o (]lvi’]elf (2ka) N ) Hence, the total number of iterations is upper bounded by

o 0% (ok N IR\ _ %] N2
O(Zkoz\rn(;; (2%a) N>—O(Nnel*o‘ N)'
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oy > %1: In this substage, we define y; = 67 — § ||#*]| — x:. Via a similar trick, we can
C. .. * N— . .
show that within additional O (”]%”(9{)_ =5 2) iterations, we have x; > 67 — 26 ||6™]|.

Overall, after T} = © ( 1o 0”* a ¥) iterations, we have 67 — 2§ ||0*]] <[] wgl) < 65.

.. . 0% ; — . . .
Stages 2 to k:  Similarly, for component [ | w](ti) , it takes O (WOL e > iterations to attain

3 2\ . .
0r — 26 ||6*||. Overall, Stages 2 to k take O <kazn()éNN2> iterations to terminate.

Stage k + 1: In this stage, we take S; = | wéf:)k. Hence, we have

S, ()’

1)

105 — Seaall < [|(@5 — S0) [ 1 -1 +ANOVE(9;) T
)
0* — [[w;
(0*)2(1\1 1)
* oy 2N (82)
<165 = Sell { 1 — Nn + ANV E(6})
¥ 107 — Sell + | Bl
< 1163 — Sill = 05Ny(05) T +ANpsVER(e]) T
<1165 — Sil| — 0.1Nn(0;) 7
Here we used the fact that ‘ 0* — 11 w;t) — Se||+ || E¢|| < 21/0%, — Stl|, and the assumption
2N —2
that§ < &1 ¥ . On the other hand, we have
2
S Syl < Ok = St B ()
Seer — il Zn o o) ot .
6* i (83)

< ANpVR(O]) T

2(N-1)
Hence, we conclude that within O (‘]/ﬁfi N > iterations, we have |65, — S| < Vd?ma VvV

N(67) =

. Overall, the total iteration complexity is bounded by O ( -5 ) .

Residual Dynamics

2
Similar to the 2-layer model, here we study the surrogate of the residual term Zfil (wgtl)) for
I > k + 1. To this goal, we first notice that

[ () )2 _H()
> (wl ) =3 (wi?) +2n | <t>H ot | [Twyi
- :

i= i= o0x —

2

—Hw(-tz) (t)
2 75
') T o] +ou | | TLws

0* — [T w; i

(84)
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2
Hence, once we set z; = vazl (wf?) , we have the following simplified dynamic

N
Zei1 < 2 + ANDS (%) ’ (85)

with zp = © (N a%) We claim that within O (ﬁ) iterations, we still have z; = © (N a%) To

show this, we suppose without loss of generality that zg = IV o, and define T as the first time that
2 > INa~. Forany 0 <t <T — 1, we have

Zis1 < 2+ ANDS27 . (86)
‘We conclude that )
T> NO&NN _ lN 1057 N2 > iai N1\72. 87)
ANnS2z o 4622 M Nn
Therefore, via a basic inequality, we have
N0V 7
Hw(t) < 7Zi:1 (w”) < a. (88)
il — N ~

Combining the analysis of both signal and residual terms, we conclude that within © (ﬁa e )

ITTw -

iterations, we have
2(N—1)

SVdPmaV (ndy)” . (89)

Long Time Guarantee

Similar to the proof of the 2-layer model, one can show that the residual term becomes the dominant
. L . . - N-2 . .

term in the generalization error, and it stays in the order of « within {2 (ﬁa* Nz) iterations. The

details are omitted for brevity.

Balanced Property

To prove the balanced property, we first study the dynamic of wgtl) — wﬁ , VI € [k],4,j € [N]. To
this goal, we have

(t+1) ) _ (0 (1) o — Twji (0
wlHD D) — (w“ _wj;l) L= | ot IT«% ], ©o
o - 11wl F#id
which in turn implies
(t+1) (41 ©» @ 0 — TTw!" t)
w; " —w; ‘ < ‘w” —w; [ | 1=n *73) + 6 H wy’ |- 91)
‘9 —Iw; S

IfI] w§tl) < @f — 6 ||0*||, the above inequality can be simplified as

t t
wy) —wy)

< [w - w| 5 0%, vij € IN],Le 1. (92)

that wgtl) will stay close to {/0;. To this goal, we first observe that (w;t;rl) — wgfl)) wgfl) =

Once Hw](tl) > 0 — §||6*||, we immediately have w;tl) = X/0f £ O(¥/a). Then, we show

(w(fﬂ) B w(t)) w't Vi, j € [IN], which indicates that wgtl) increases or decreases simultaneously.

Jhl gyl J,l
(t) (t) *
Hence, we conclude that w; —w;; SO R/0F.
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For the residual term, we can derive a tighter bound. First, we have

()
D\ _ () —[lw; —[Tw;; (0
(ul7) = (wl) +20 ‘9* <t)H oo A ’9* m” " Jl;lw

Since we have already shown that [ | wgtl) < a, we further have

2 2
(wgtl-i-l)) < (wgtl)) 1 4nda. (94)
« ®)> 0 | N2 2 -
Therefore, one can write (wZ l) < (wi ! ) + 41750[50[ ~ < «a¥, which in turn implies

) _

!
Convergence in Under-parameterized Regime

Similar to the 2-layer model, we consider the dynamic of E; = [] wZ k 4 1.» Which is characterized as
follows

2
t
[Eeall < || Ee + ZU 7() + Ok+1: ng(‘,l)chl:
[Tw; i
_E 2(N—1)
<||E:+ Nn 74-5 E, ¥
—1I w
E 5 2(N 1) (95)
HEtH
_ 2(N—1)
< Bl = Noa % | v 5
< || Eil| = Nnd =% B +N775||Et||
<\ Eil| — Nnd =% B
_ 2N—2
The last inequality comes from the fact that § < d—"~" since we assume m > d 2 T2 p) . Hence, we
have
_N
< 1 N—2 96)
E —
VB =\ a0 = 1) 5 1/ (
Since the residual term is the dominant term in the generalization error, we have
* N-—-2
T NCY

HHw S(ND/N(E—T) 4 1

which completes the proof.

E Proof of Proposition 1|

First, we provide an upper bound of the covering number for the (k, )-approximate sparse unit ball.
We defer a preliminary discussion on covering number to Appendix [H].

Lemma 4. Let Tr.9 = {u € RY : wis (k,9)-approximate sparse, ||u|| < 1}. Then its covering
number N(Ty.9,¢, ||-||) is upper bounded by

NTael < () (1+2) o8
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The next lemma will play a crucial role in proving Proposition [I]

; . ; ji.d. :
Lemma 5. Suppose v € R? is a standard Gaussian vector; i.e., v; <" N(0, 1), and the noise ¢
satisfies Assumption[l] then we have

olu) = = [Sig“(éx’ﬁ +>€) R N S !
m,v

The proof of this lemma can be found in Appendix [G.1] Now, we are ready to prove Proposition|T}
Our goal is to show that for arbitrary v € A, the following inequality holds

ZSlgn T, u) + €;) 17g0(u)i

99)
[l

with probability at least 1 — C g=cmé” provided that m 2 b log(d)(llo il)? log () . Here we define A :=

{u:r <|ul| < R,uis (k,)-approximate sparse}, where r 2 +/dm/kv log (1/1¢). Moreover, we
define B := {u:r < ||lul| < R, ||ull, <k} and C := {(u,u’) : v € Av € B¢, |lu—u| <}
Here B¢ is the (-net of B with ¢ 2 r. Finally, we define D := {+e;};c[q, Where e; forms the
standard basis of R, Based on these definitions, we have

U
sup Sign ({(x;,u) + ;) x; — p(u) —
0 Z Joi = ey L
o(u)
= sup Sign ({z;, u) + ;) (x;,v) — U, U 100)
ueAveme : A TR (
— sup sup—zslgn zi,u) + &) (i) — 2 (0 b
veD |ueAd M~ ||UH

We then show that for each element y € D, sup,c 4 = > 1", Sign ({2, u) + &;) (zi,y) — p(u) {u.y)

jeldisO ( ) sub-Gaussian random variable. To see this, note that

2
] < |1Sign (i, u) + )zl + 1) 2
o m

. Uj
Sign ((z4,u) + &) x5 — @(U)m

(101)

Z Sign (@i, u) + 2) 27 — p(u)

[l

2
< ||51/'i,j||w2 + \/; =0(1).
[u]]
sup
u€A o

Here we use the property of sub-Gaussian norm. This implies that % Z:’;l Sign ((z;,u) + ;) 24, —
Sign (w4, u) + €;) Ti,j — @(u)‘uTjH.
, (102)
2 sup e [Sup ” Z Sign ({z, ) + 1) (21,3) — () yﬂ T t)

@(u)‘u—j is O (L)-sub-Gaussian random variable, since it is the sample average of
Hence, via maximal inequality, we have that for V¢ > 0,
yeD  |ueA M il

< 2de_°mt .

Hence, it suffices to study E {supueA LS Sign ((m,u) + ;) i1 — @(u )W} To this goal,
we decompose it into two terms via triangle inequality.

E [sup — ZSlgn (s, u) +€i) xi1 — @(u) “ < (A)+ (B), (103)

ue A M m
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where

N U1
(A):=E |sup — » Sign({x;,u)+¢e;)zi1—pu)—:|, (104)
uGBc m ; ||U||
and
(B) =B | sup -3 (Sien ((wiu) + ) — Sign (w0 00) + 20) 01 — () + o)
(wuryec M “— ; ' e [ [[o]]
(105)
We first control (A). To this goal, we apply the union bound. Note that
Cklog(d)
LS Sign ((ws,u) + ;) x5 — o(u >|Iu\| is O(L)-sub-Gaussian and |B;| < (%) . We
then have
klog(d)log (%)
A) S\ ——m—— (106)
m
Now we control (B). Via triangle inequality, we first obtain
1 m ) ) ,
(B)<E| sup - Z (Sign ((z;, u) +€;) — Sign ((z4, v’y + &;)) i1
(u,u’)eC i—1
(B (107)
2! N
+ s fop o)L
(ww)ec [l [l
(B2)
For the first part, applying Holder’s inequality leads to
(B1) <E - sup ii |Sign ((z;,u) + ;) — Sign ({(z;,u’) +&;) | | max |@;1]
- _(wu/)ec m = ’ ’ 1<i<m
- L
<SE| sup | =D T(|(zu—u)| > |(wu) + ) max |z
_(u,u’)EC m =1
- o
<E| sup — L(| (zi, Au) | > ¢) | max |z;1] (108)
| Au<¢ <m ; lsism
(Bs)
m
sup 1(| (g, u) +6] <t max |T; 1|,
ueB<< ; | )> <Sm‘ 1|]
(B4)

where t > 0 is a constant to be determined later. Here, we used the fact that
1(| (ziu—u) | = (@i, u) +&i]) < L(] (@5, Au) | > )+ 1 (] (24, u) + &;| < ¢) in the last inequal-
ity. We first bound (Bs)

(Bs

> .
( Zﬂ (¢ Il t) ?%'xl@']

(109)
< B[l > O] [max oyl | + BILC il > sl
+2
< e 7@ Viog (m) +EL(C lall 2 ) fziall,
provided that > +/d. Applying Cauchy-Schwarz inequality, we have
2 -Cc4
E[1(Cllaill = t) [wial] < VP (Cllwill > 1) /E [27,] <e <. (110)
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Hence, we conclude that (B3) < e C log (m). Next we control (By). Note that max; |x; 1] is
O (log(m))-sub-Gaussian. Via union bound, we have

klog(m) log(d) log(£) (111)
* .

(By) < supE {]l ([ {zi,u) + &4 <) max |w11] + C’\/

ueB

For the first part, applying the similar decomposition method, we have
. {]l (i u) + il < 1) max I“@ <E {1 (| {wi, u) + i < t) max|z;q]
1<i<m i
+E[L (| (ms,u) + &5 < 1) 2] (112)

t
log(m);

m =
Hence, we conclude that (By) < +/log(m)% + \/klog( J1os(@) 108() poy (B2), we first have

U N , |u 1| up ug
—p(u) 7 + p(u) = lp(u) — p(u)| 7= + p(u’) -
‘ [[ul [|w lull || il [l (113)
S ') — (u)] + ¢
For the first part, we use Mean Value Theorem to write
lp(u') — ()| < Vo) v = ull < [Ve()] ¢ (114)
where v is a point between v and u’. Note that V(v \/7pIE [I H4e BEE ||2} Hence, we have
2 2 1 2 o2 1
sup [[Ve@)|| < sup E 3e TEE | < = sup E ze 2P| < - (115)
llof| >r iz | llvll® P enze | ol r
Overall, we have (Bs) < % which results in
31
E |sup — » Sign ((zi,u) +¢&i) w1 — p(u)7—r
LeA Z Z Jul
(116)

m

<S4 OE g (m) + vflog(m) - + ¢ klog(m) log(d) log (¢}

Hence, once we set { =< o, and t =< /dd log(m), together with the assumption that r >
4m9log (%), we conclude that

w ] . \/ Flog? (m) log(d) log (%)

E 21613 - Z Sign ((z, u) +€;) 25,1 — p(u) Tl - (117)
This leads to
sup ZSlgn 0+ )z @(u)i - C\/klog2(m) log(d) log(£) np
vex SR T m
< 2de_cm6 .
(118)
Therefore, the following inequality holds, provided that m 2, b logQ(ﬁ)_lj)%g?zlog(%
P (sup S iSign((xi,m +ei)x - ‘ > 6) < ememd®, (119)
wel | o) m 2 ll | _
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Now we turn to the case m Following the same technique, it suffices to bound

> _d
~ (1-p)*"
E |sup,cpa = >oiry Sign ((zi, u) + &) 51 — o(u) HMH] To this goal, we first notice that

E lsup — ZSlgn T, u) 4 &) Ty — W(U)m]

uerd M [l

(120)
—E

sup ZSlgn T, u) + &) i1 — p(u )u1]

llull=1,AeR M

(4)

Similarly, applying one-step discretization, we have

A < S Z; +)\€71 i, )\
() < uegigeu{mz ign ((z; )xig — & )M]
(B)
+E - Sign ((z;,u) + Ae;) — Sign ((z4, ') + A&i)) w1 + ¢(N) (u) —u
[lu— u/H<s AeRmZ 1 1)

(©)
(121)

Here ¢(\) = \/g(l —p)+ \/EplE { "\252/2} is the same as before. We first control (B). To this
goal, we show that supyer = > i Sign ((z;, u) + Ag;) 2,1 — ¢(A)uy is O(1/m)-sub-Gaussian.

We prove it via checking the sub-Gaussian norm

. 2

sup Sign ((x;, u) + Ae;) i1 — d(A)ur < lziallly, +1/ —= O(1). (122)
2

AER

Hence, via maximum inequality, we have

(B)<E ZS u) + Aey) d(Nut | +O dlog () (123)
ilelﬂg m 1gn I“ €i)Tin Uy m
(D)
To control (D), we further decompose it into two parts,
1
D)<E| sup — Sign (v (s, u) + ;) xi1 — ¢ () Uy
(D) VE[M]m; (v (@i 0) + 1) b
(D1) (124)

+E

sup — Z Sign ((@;, u) + Aei) i1 — (b()\)ull .

Aefo,1] M i

(D2)

To control (D7) and (D3) we use arguments based on bracketing maximal inequality. We defer
a preliminary discussion on bracketing maximal inequality to Appendix [Hl We first control (D).
Let T¢ be defined as the ¢-net of the interval [0, 1]. We show that for any v,” € [0,1] such that
lv —v'| < &, we can control ||(Sign(v (x;, u) + €;) — Sign(v' (z;,u) + £;)) i1 HLZ(P). To this goal,
we first have

E |(Sign(v (x;,u) + &;) — Sign(v' {x;, u) + Ei))z x?l}
S E[|Sign(v (m;, u) + &;) — Sign(v' {x;, u) + &)|]
SER((v—v)(2u)| >1) + (v (i, u) + & < )]

+2
< e 4t

(125)
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Upon picking ¢ =< ¢ log (%) , we have

[|(Sign(v (i, u) + ;) — Sign(v' (z;,u) + &;)) z; 1||L2([p>) §log (2) (126)

Therefore, the bracketing number is bounded by Npj(¢||F||, F, || - [|) $ C ﬁ, which in turn leads to
an upper bound on the bracketing entropy Jjj(1, 7, L2(PP)) < 1. Applying Theorem@ leads to

1
(D1) 5\/;- 127)

Similarly, we can show that (D3) <4/ % Therefore, we conclude that

dlog (é)

(B) 51/ =%

~

(128)

For (C'), we can use the similar technique in the overparameterized setting (m < d), which leads to

dl
(C) <\/log(m)e + 7051(”” : (129)
Therefore, once we set € =</ %, we immediately obtain
1
(4) < dlog(m) (130)

m

Combining the derived bounds results in

sup
u€ER?

ZSlgn i u) + ;) x; go(u)i

dlog(m) +5> < et log(d)702m52.

[ m
(131)
Assuming m > d(llog](f)’;) , the above bound reduces to
P sup Z Sign ((z;,u) + ;) x; — o >0 < e=ems®, (132)
u€ERd ||'LLH
(oo}
F Auxiliary Lemmas
Lemma 6. Suppose x1,- -+ , x,, are i.i.d. standard Gaussian vectors with dimension d. Then, for

arbitrary § > 0 we have

Here C, c are universal constants.

\/i + 5) < ememé?, (133)
m

Proof. This lemma directly follows from the standard expectation and high probability bounds for
sub-Gaussian process. See e.g., [29, Lemma 4] for a simple proof. O

Lemma 7. For two arbitrary vectors a,b € R", we have

la © bl < llall lI0]] - (134)
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G Deferred Proofs

G.1 Proof of Lemmal[3

Proof. To prove this lemma, it suffices to show that, for any u,v € R4, we have

E [Sign (¢ + (x,u)) (z,v)] = \/EE {6_62/2”1”'2} <|Z”,v> . (135)

Without loss of generality, we assume that ||u| = ||v]| = 1. Let us denote w := (z,u),z =
(x,v), p:= Cov(w, z) = (u,v). Then

E [Sign (& + (x, u)) (x,v)] = E[Sign (¢ + w) 2]

@ PE [Sign(w + €)w)

> 1 2 € 1 2
= pE t——e /24t —/ t——e? /Zdt}
P E|: —e V2w —c0 \/27‘(
> 1 2 > 1 2
= pE t——et /2dt+/ t——e? /th]
P E[ e V21 e V2T
& 1 2
= 2pE / t——e" "/ 2dt
} l le] V2w

= \/Z<U,’U> E. /: d (et2/2)]
= \/Z<U,’U> E. {6752/2} .

Here in (a) we use the fact that z|w, e ~ N (pw, 1 — p?) since ¢ is independent of w, z. Hence, we

(136)

have
2
E [Sign (¢ + (x,u)) (z,v)] = \/7]E {6_52/2”“”2] <|u||,v> (137)
0 U
for any u, v € R, On the other hand, it is easy to verify that E [Sign ({z, u)) (z,v)] = \/g <HuTH’ v>.
The proof is completed by noting that the corruption probability is p. O

H Preliminaries on the Uniform Concentration Bounds

In this section, we provide the preliminary probability tools for proving Proposition
Definition 2 (Sub-Gaussian random variable). We say a random variable X € R with expectation
)\2 2

E[X] = u is 0%-sub-Gaussian if for all \ € R, we have E [e)‘(Xfl‘)] < e“ 2. Moreover, the
sub-Gaussian norm of X is defined as || X ||, 1= sup,>, {p=V2(E[|X|P])1/7}.

According to [39], the following statements are equivalent:

e X is 02-sub-Gaussian.

t2
* (Tail bound) For any ¢ > 0, we have P(| X — pu| > t) < 2e” 202,
* (Moment bound) We have || X|[,, < 0.

Next, we provide the definitions of the sub-Gaussian process, e-net, and covering number.
Definition 3 (Sub-Gaussian process). A zero mean stochastic process {Xp,0 € T} is a o-sub-
Gaussian process with respect to a metric d on a set T, if for every 0,6’ € T, the random variable
Xy — Xy is (0d(0,0"))*-sub-Gaussian.

Definition 4 (s-net and covering number). A set N is called an e-net for (T, d) if for every t € T,
there exists w(t) € N such that d(t, 7(t)) < e. The covering number N(T,d,¢) is defined as the
smallest cardinality of an e-net for (T, d):

N(T,d,e) := inf{|N|: N is an e-net for (T, d)}.
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Definition 5 (Bracketing number, Definition 2.1.6 in [37]). Given two functions | and u, the bracket
[I,u] is the set of all functions f withl < f < u. An e-bracket is a bracket [l,u] with ||u — || < e.
The bracketing number Npj(g,F,|| - ||) is the minimum number of e-brackets needed to cover F.
The bracketing entropy is the logarithm of the bracketing number. In the definition of the bracketing
number, the upper and lower bounds w and | of the brackets need not belong to F themselves but are
assumed to have finite norms.

Bracketing number can be regarded as an analog of covering number, describing the geometric
complexity of the underlining function space. Although bracketing number of a general function
class is difficult to characterize, for some specific function classes, we can easily derive upper bounds
for their bracketing number. In particular, we have the following result for Lipschitz functions.

Theorem 5 (Adapted from Theorem 2.7.11 in [37]]). Let F = {f; : t € T'} be a class of functions.
Suppose that for arbitrary s,t € T, we have

for some metric d on the index set, function F' on the sample space, and every x. Then, for any norm

>

Ny el EllL F - 1) < N(e, T, d). (139)
, define a bracketing

Theorem 6 (Adapted from Theorem 2.14.2 in [37])). For a given norm ||-
integral of a class of functions F as

s
TG = [ 108 NEFLF - e (140)
Let F be a class of measurable functions with measurable envelope function F', we have
B |sup L 3 706) - B 10| € (01 7. Lafp) 22, (141)
fer i Vn

where I is the distribution of X, and the La(P)-norm is defined as || f| 1, ) = (Jo [2H(w)dP(w)) /2
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