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Abstract

The ability of learning useful features is one of the major advantages of neural
networks. Although recent works show that neural network can operate in a neu-
ral tangent kernel (NTK) regime that does not allow feature learning, many works
also demonstrate the potential for neural networks to go beyond NTK regime and
perform feature learning. Recently, a line of work highlighted the feature learning
capabilities of the early stages of gradient-based training. In this paper we con-
sider another mechanism for feature learning via gradient descent through a local
convergence analysis. We show that once the loss is below a certain threshold,
gradient descent with a carefully regularized objective will capture ground-truth
directions. Our results demonstrate that feature learning not only happens at the
initial gradient steps, but can also occur towards the end of training.

1 Introduction

The ability of learning useful features based on the data has long been considered to be a major ad-
vantage of neural networks. However, how gradient-based training algorithms can learn useful fea-
tures are not well-understood. In particular, the most widely applied analysis for overparametrized
neural networks is the neural tangent kernel (NTK) [19, 15, 5]. In this setting, the neurons don’t
move far from their initialization and the features are determined by the network architecture and
random initialization.

While there are empirical and theoretical evidences on the limitation of NTK regime [12, 6], extend-
ing the analysis beyond the NTK regime has been challenging. Although for 2-layer networks, an al-
ternative framework for analyzing overparametrized neural networks called mean-field analysis was
introduced, earlier analysis (such as [11, 23]) require either infinite or exponentially many neurons.
Later works (e.g., [20, 17, 10, 22]) can analyze the training dynamics of mildly overparametrized
networks with polynomially many neurons with strong assumptions on the ground-truth function.

Recently, a line of work [14, 13, 1, 2, 27, 8, 24, 9] showed that early stages of gradient training
(either one/a few steps of gradient descent or a small amount of time of gradient flow) can be useful
in feature learning. These works show that after the early stages of gradient training, the first layer in
a 2-layer neural network already captures useful features (usually in the form of a low dimensional
subspace), and continue training the second layer weights will give performance guarantees that are
stronger than any kernel or random feature based models. In this work, we consider the natural
follow-up question:

Does feature learning only happen in the early stages of gradient training?

We show that this is not the case by demonstrating feature learning capability for the final stage of
gradient training — local convergence. In particular, if the data is generated by a 2-layer teacher net-
work, we prove (see Theorem 1) that if the loss is lower than a certain threshold that depends on the
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complexity of the ground-truth function, gradient descent can continue to optimize the loss function
to arbitrarily low test loss. In this process, the weights of first-layer neurons will all converge in
direction to some ground truth directions in the teacher, which is a strong form of feature learning
that guarantees the generalization performance. Analyzing the entire training dynamics is still chal-
lenging so in our algorithm (see Algorithm 1) we use a convex second stage to “fast-forward” to the
local analysis. Our technique for local convergence is similar to the earlier work [28], however we
consider a more complicated setting with ReLU activations and allow second-layer weights to be
both positive or negative. While this change may seem minor, it requires additional regularization
in the form of standard weight-decay and new dual certificate analysis.

2 Preliminary

Teacher-student setup We will consider the teacher-student setup for two-layer network networks
with Gaussian input & ~ N (0, I). Consider the teacher network

.
fol@) = ajo(w; " z) + wi @ + by,
=1

where o is ReLU activation, dim(S,) = r and S, = span{wyj,...,w} .} is the target subspace.
Without loss of generality, we will assume ||w}||, = 1 due to the homogeneity of ReLU. We will
make the following non-degenerate assumptions on the teacher neurons:

Assumption 1. Teacher neurons are A separated, that is Z(w;,w}) > A for all i # j, where
Z(w,v) = arccos(|w ]/ [|lwl|, [v]l,)-

T

Assumption 2. Matrix H := """, afw;w; " is non degenerate, i.e.,  := Ayin (H) > 0.

The first assumption above simply requires all teacher neurons pointing to different directions. Note
that f,. can have both neurons w* and —w™* by using the identity o(z) — o(—2x) = x. The second
assumption roughly says the target network contains low-order (second-order) information, which is
related with the notion of information exponent [7]. Many previous works also rely on this or similar
assumption to show neural networks can learn features to perform better than kernels [13, 2, 8].

We will use the following student network with extra linear term (can also view as skip connection):

flz;0) = Zaia(w?w) +a+8z, (1)
i=1
where a = (ay,...,a,)" €ER™, W = (w; - w,,)" € R"*%and = (a, W, a, 3).

Preprocessing data  Give any (x,y) with y = f, (), denote a, = E.[y] and B, = E[yx], let

3l ~ T

fil@)=y=y—a. - B,z
This preprocessing process essentially removes the O-th and 1-st order term in the Hermite expansion
of 0. See Section I for a brief introduction of Hermite polynomials.

Loss and algorithm Denote the regularized loss function under Gaussian input € R< as

A 2 A 2
L) = Earno. 10 [(f(@:0) = 5)°] + 5 llall; + 5 W5 2)
We will also use L to denote the square loss for simplicity.

Our algorithm shown in Algorithm 1 is roughly gradient descent (GD) following a given schedule
of weight decay \; and step size 7;. We will use symmetric initialization that a; = —a; /2,

Wi = Wiz With a; ~ Unit{—1/y/m, 1/y/i}, w; ~ Unif((1/y/m)S*1), a = 0, 8 = 0.

Due to the difficulty in analyzing gradient descent training beyond early and final stage, we choose
to only train the norms in Stage 2 as a tractable way to reach the local convergence regime.

Notation Denote [n] as the set {1,2,...,n}. We use ||w||, for 2-norm of vector w, and w =
w/ ||lw||, as its normalization. Denote || A|| . as Frobenius norm of matrix A. Denote Z(w,v) =
arccos(|w "v|/(|lwll, ||v]ly)] € [0,7/2] as the angle between vectores w and v (up to a sign). We
will use O, 2., ©, to hide poly(r, M., A, Gmin, [|a«||;), which is the polynomial dependency on
relevant parameters of target f., and O, (2, © to hide polylog factors.



Algorithm 1: Learning regularized 2-layer neural networks

Input: initialization 8(°), schedule of weight decay \, and stepsize 7;
Preprocessing data:

ay +— Eglyl, By < Exlyx]

yey—a.— Bl

Stage1: // first step gradient

0« 6 — o VoL, (6)

Stage2: // adjust norm

al(-l) — al(-l) ngl)‘ wgl)H2 —1

s

a™2) o(T2) 3(T2)  min, ming g L(0) + X ||al,

o afT Tl ol o)

Stage 3: // local convergence
for k < K do
for T37k <t< T3’(k+1) do
60+ 01 T4l (619)
end
end
Output: 0(Ts.x) — (a(Te,,K)7 W(TB,K)’ a(TS,K)”@(TS,K))

3 Main Results

In this section, we give our main result that shows training student network using Algorithm 1 can
recover the target network within polynomial time. We will focus on the case that d > 2, (1) when
the complexity of target function is small.

Theorem 1 (Main result). Under Assumption 1,2, consider Algorithm I on loss (2). There exists a
schedule of weight decay My and step size ng = 1, n; = n = O,(1/ max{m, d}) such that given
m > mg = O4(1) - (1/£0)°") neurons with small enough ey = ©.(1), with high probability we
will recover the target network L(0) < ¢ within time T = O, (1/n) poly(1/e).

Note that our results can be extended to only have access to polynomial number of samples by using
standard concentration tools. We omit the sample complexity for simplicity in the current version.
As a corollary of the main result we also show that to minimize the loss the weight vectors in student
network must converge in direction to the teacher network.

Corollary 2. Denote angle 6; = Z(wj,wy) for j € T, where T; = {j : Z(w;,w}) <
L(wj,w;) Yk # i} forms a partition of the neurons based on the angle to ground-truth direc-
tion. At the end of training the following hold

(i) Far-away neurons are small: Zie[m*] Zjeﬂ

a;| [lwyll, 07 = O.(v/2).
(i) Most neurons are close to ground-truth direction: 3 ;c 1.5 5. a; |lw;l, sign(a;) > |aj|/2,
where 5.5 = O, (e'/3).

In particular when € — 0 or equivalently limy_,og Lx(0) = 0, the above imply that the student
neurons’ directions match the ground-truth directions.

Our result improves the previous works that only train the first layer weight with small number of
gradient steps at the beginning [13, 8, 1, 2]. In these works, neural networks only learn the target
subspace and do random features within it. Intuitively, these random features needs to span the
whole space of the target function class to perform well, which means its number (the width) should
be on the order of the dimension of target function class. For 2-layer networks random features
in the target subspace need (1/£)°(") neurons to achieve desired accuracy e. In contrast, continue
training both layer at the last phase of training allows us to learn not only subspace but also exactly
the ground-truth directions. Moreover, we only use (1/£0)°(") neurons that only depends on the
complexity of target network. This highlights the benefit of continue training first layer weights
instead of fixing them after first step.



4 Proof Sketch

We analyze the three stages separately. For Stage 1, we use the following lemma to show that the
first step of gradient descent identifies the target subspace, and it has student neurons that are close

to teacher neurons. The key observation here is similar to [13] that wgl) ~ —27)0az(-0) (6% H Ei) SO
that given H is non-degenerate we essentially sample wgl) from the target subspace.

Lemma 3 (Stage 1). Under Assumption 1,2, consider Algorithm I on loss (2) with )\51 =n =1

and m > mo = O, (1) - (1/0)°") with any given eg = O, (1). After first iteration, we have with
probability at least 1 — §

(i) for every teacher neuron w;, there exists at least one student neuron w; such that
Z(wy, wj) < &

0| < Ou(Jz) forall i € [m.], ar = 0 and By = 0.

(i) () < [l < 04,

Given learned features in Stage 1, we now adjust the norms to reach a low loss solution in Stage 2.

Lemma 4 (Stage 2). Under Assumption 1,2, consider Algorithm 1 with Ay = \/eg and ny = n <
Oy (eo/m) to be small enough for t < Ty. Given Stage 1 in Lemma 3, we have Stage 2 ends within
time Ty = O, (1/neo) such that the optimality gap (1, = Lx(0"2)) — min,c pqga-1) La(p) <
O* (Eo).

After Stage 2 we already in the local convergence regime. The following lemma shows that we
could recover the target network within polynomial time using a multi-epoch gradient descent that
decreasing the weight decay ) at every epoch. Note that this result only requires the initial optimality
gap is small and width m > m,.

Lemma 5 (Stage 3). Under Assumption 1,2, consider Algorithm 1 on loss (2). Given Stage 2 in
Lemma 4, if the initial optimality gap (30 < O, (/\27/65), weight decay \ follows the schedule of
initial value X3 = O4(1), and k-th epoch X3 = X30/(kXso + 1) and stepsize 3, = 1 <
O*()\;gd’l)for all Ty y, <t < Ty 11 in epoch k, then within K = O, (e~'/2) epochs and total
Ty — Ty = O,(e75/?y71) time we recover the ground-truth network L(0) < ¢.

The lemma above relies on the following result that shows the local landscape is benign in the sense
that it satisfies a special case of Lojasiewicz property [21].

Lemma 6 (Gradient lower bound). Suppose the optimality gap ¢ = Lx(0) —min,, ¢ yqsa-1y La(p).
IFQ.(A2) < ¢ <0.(\%) and X < O,(1), we have

IVoLallz > Qu(¢*/A%).

Note that this generalize the previous result in [28] that only focuses on the two-layer networks
with positive second layer weights. The key idea is to construct descent direction that has a large
correlation with the gradient direction to get a gradient lower bound. However, the appearance of
both positive and negative second layer weights introduces more challenges compared to positive
second layer weights, mostly due to the cancellation between neurons with similar directions. We
introduce the standard weight decay to allow us handle the cancellation between neurons, since
reducing their norms simultaneously would decrease the regularization term and keep the square
loss term the same. We use a new dual certificate analysis based on [26] and the idea of residual
decomposition and average neuron [28] to characterize the structure of solution. We show that there
are always neurons close to the teacher neurons and far-away neurons are small. These properties
help us to construct descent directions to get gradient lower bound.

5 Conclusion

In this paper we showed that gradient descent converges in a large local region depending on the
complexity of the teacher network, and the local convergence allows 2-layer networks to perform
a strong notion of feature learning (matching the directions of ground-truth teacher networks). We



hope our result gives a better understanding of why gradient-based training is important for feature
learning in neural networks. A natural next step is to understand whether the intermediate steps are
also important for feature learning. This is a challenging open problem using the current techniques
as the dynamics is very complicated without very strong assumptions (and this is also the reason
why we need to optimize only the second-layer in Stage 2).
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A Useful facts and proof of Theorem 1

In this section we provide several useful facts and present the proof of Theorem 1.

Claim 1. Denote & = —(1/v/27) .7 a; ||willy, B = —(1/2) S, ajw;. We have square loss as

1(0) = lo— af* + |8 — 8| + Eel(f2a(a) — Fo(@)?

where f>o(2;6) = > e a;oso(w; ) and o>9(x) = o(x) — 1/V/21 — /2 is the activation
that after removing Oth and 1st order term in Hermite expansion.

Proof. Following Ge et al. [16], we can write the loss L(0) as a sum of tensor decomposition
problem using Hermite expansion as in Section I (recall ||w; ||, = 1 and preprocessing procedure
removes the 0-th and 1-st order term in the Hermite expansion of o):

2

LO) =By || > aillwill, Y ophi(@] @) + o+ h(BTa) = Y af |willy ) oxhi(w] )

i€[m)] k>0 i€[m] k>2
2 2 2
=la+60 Y ailwilly| +|B+61 > ami| +> 67| Y aillwill, - > af wyl, wi®*
i€[m)] i€[m)] 9 k22 i€[m)] 1€[m.] P
Note that 69 = 1/ Vor, 61 =1 /2 as in Lemma 37, we get the result. O

Corollary 2. Denote angle §; = Z(wj,wy) for j € T;, where T; = {j : Z(w;,w}) <
L(wj;,w;) Yk # i} forms a partition of the neurons based on the angle to ground-truth direc-
tion. At the end of training the following hold

(i) Far-away neurons are small: 3¢, 1D e

ajl |w;ll, 83 = O.(Ve).

(ii) Most neurons are close to ground-truth direction: Zjeﬂ:61<5czs aj ||lw;l|, sign(ay) > |aj|/2,

where 5.5 = O, (e'/?).

In particular when ¢ — 0 or equivalently limy_,o L(0) = 0, the above imply that the student
neurons’ directions match the ground-truth directions.

Proof. This is a direct corollary from Lemma 20 and Lemma 19. O

Theorem 1 (Main result). Under Assumption 1,2, consider Algorithm I on loss (2). There exists a
schedule of weight decay \; and step size ng = 1, iy = n = O.(1/ max{m,d}) such that given
m > mgy = 0,(1) - (1/£0)°") neurons with small enough ey = O, (1), with high probability we
will recover the target network L(0) < e within time T = O, (1/n) poly(1/¢).

Proof. Combine Lemma 3 (Stage 1), Lemma 4 (Stage 2) and Lemma 5 (Stage 3) together and follow
the choice of A\; and 7; we get the result. O

B Stage 1: first gradient step

In this section, we show that after the first gradient update {w;, ..., w,,} forms a gy-net for the
target subspace S,, given m = (1/£0)°") neurons. The proof is deferred to Section B.1.

Lemma 3 (Stage 1). Under Assumption 1,2, consider Algorithm I on loss (2) with )\51 =n =1

and m > mg = O, (1) - (1/0)°") with any given g = ©,(1). After first iteration, we have with
probability at least 1 — ¢

(i) for every teacher neuron w;, there exists at least one student neuron w,; such that
Z(w},w;) < 2



(ii) €2, ( ) < Hw H < O4( *(\/%)foralli € [ms], a1 =0and B, = 0.

) 10

The proof relies on the following lemma from [13] that shows after the first step update w;’s are
located at positions as if they are sampled within the target subspace S..

Lemma 7 (Lemma 4, [13]). Under Assumption 2, we have with high probability in the {5 norm
sense

wl(l) = ~10Vw, L(a®, W) = 277001( ) <6§H’wi + 6(\2;)) )
where 6, := Ey[o(x)hi ()] is the k-th Hermite polynomial coefficient.

B.1 Proofs in Section B

Lemma 3 (Stage 1). Under Assumption 1,2, consider Algorithm 1 on loss (2) with Ay - =n =1

and m > mg = 0,(1) - (1/£9)°") with any given ¢ = ©.,(1). After first iteration, we have with
probability at least 1 — §

(i) for every teacher neuron w;, there exists at least one student neuron w; such that
Z(w},w;) < g

)\ < O.(==) foralli € [m,], a1 = 0and B1 = 0.

(i) Qu( ) < [l < 0uGE). la v

Proof. We show them one by one.

(0)

Part (i) From Lemma 7 and the fact that w, ’ samples uniformly from unit sphere, we know the

probability of L(Ez(-l), w) for any given w is at least 2, (ef;). Applying union bound we get the
desired result.

Part (ii) We have
w() = 1V, L(a® W) = 0V B [ ()0 (] )]
For the norm bound, using Lemma 7 we know

o [, - 077 < W [l < o [t + 01500

©) initializes from Gaussian distribution, we know the desired bound hold. Similarly, one

Since w;,
1
can bound |a§ )|.

Since we use a symmetric initialization, it is easy to see «, (3 remains at 0.

C Stage 2: reaching low loss

In Stage 2, we show that given the features learned in Stage 1 one can adjust the norms on top of
it to reach low loss that enters the local convergence regime in Stage 3. The proof is deferred to
Section C.1.

We first specify the procedure to solve min, min, g L(0) + A ||a||;. For a at current point, we first
solve the inner optimization problem, which is a linear regression on «, 3. Then given the «, 3, the
outer optimization is a convex optimization for a, which can also be solved efficiently.

The following lemma shows that after Stage 2 we reach a low loss solution given the first layer
features learned after first gradient step.

Lemma 4 (Stage 2). Under Assumption 1,2, consider Algorithm 1 with \y = /g and 1y = 1 <
O, (eo/m) to be small enough for t < Ts. Given Stage 1 in Lemma 3, we have Stage 2 ends within
time Ty = O,(1/neo) such that the optimality gap Cr, = Ly(0(T2)) — ming, e pqge-1) La(p) <
O* (80).



The lemma below shows that the inner loop ends quickly. In fact the inner optimization problem is
strongly convex in a;, 3, which can be seen from Claim 1.

Lemma 8 (Descent direction, « and 3). We have
112
Valal? = 4(a—a)% [IVaLall; =48 -8 .

The following lemma relates the gradient of a to the ideal loss that as if «, 3 are perfectly fitted.
This allows us to transfer useful properties of L ) to Ly .

Lemma 9. Let the ideal loss ELA(a) =Ez[(a"o52(Wz) —9)%] + A ||al|, that perfectly fits o, 3.
Given any ||a||, , |la|l; = O«(1/X) and ||w; ||, = 1, we have

(Valix = Valixa-a) <0.(0/N(la-al + 88

Lia(a) < Lix(a) +|a—a> + 18 - Bl
[VaLiall, = Ox(vm)

C.1 Proofs in Section C

Lemma 4 (Stage 2). Under Assumption 1,2, consider Algorithm 1 with \y = /g and 1y = 1 <
Oy (eo/m) to be small enough for t < Ts. Given Stage 1 in Lemma 3, we have Stage 2 ends within
time Ty = O.(1/neo) such that the optimality gap Cr, = Lx(0(72)) — ming, e pqge-1) La(p) <
O* (Eo).

2
<

2

Proof. From Lemma 8 we know the inner loop ends within O, (1) time and (o — &)2, ||3 — B

O, ()\?€3) with small enough hidden factor.

Then for the outer loop, we have

@+ _ = |I? & _ = |7 Oy () _ 2 ONE
e AR R VAR

(a)
<

2

0l — @ —20(Li (@) = Ly(@.)) + nzo/4 + 120. (m)

2 ~ ~
- Ha(t) —a| - (L1 (a®) = Ly A (@) + neo/2,

where (a) we use EL  (defined in Lemma 9) is convex in a and Lemma 9.

Iterating the above inequality over all £ we have
2 2 ~ -
HG(T) _a*H S Ha(l) —a*H —27] Z(LL)\(a(t)) —Ll’)\(a*))+ﬂT€0/2,
2 2
t<T

which means

T T (= 1 = Oy T (= ||a(”*5*||§
min Ly x(a'”) — Ly z(a.) < T Z(Lm(a ) — Lia(a,)) <——Fr=

+ E()/2.
t<T n
t<T

It is easy to see ||ax||; = O«(1). Thus, when T" > O, (1/neo) we know Eu(a@)) — EM(a*) <
3eo/4. This suggests the optimality gap

— (T2)y _ i
Cr, =LA (67%) ue/\f}ll(lsg_l)LA(M)

=L7(0")) — L1 A (07)) + Ly 1 (a'™)) — Ly z(@.) + Lia(@.) — min  Ly(p).
' HEM(SE—1)

For Ly (8(™2)) — /IV/L A(0("2)), noting that we have balanced the norm of two layers, so they are the
same.



For zl,)\(a(TZ)) - ZM(a*), we just show above that it is less than 3¢ /4.
For Eu(a*) —ming, e pqse-1) La(p), we have

Ly (@) — in L <L L) — in L < Aladl, = Mpil < 0.(02),
(@) omin Alp) < Lia(ay) o ioin Ap) S AMlaslly = Alpilr < 0L(X7)

where in the last inequality we use Lemma 17 and i} = arg min,,c pqsa-1) La(p)-
Together with above calculations, we have (1, < O, (ep). O

The following lemmas rely on the loss decomposition in Claim 1 that «, 3 only fits O-th and 1-st
order term in Hermite expansion.

Lemma 8 (Descent direction, a and 3). We have

Valal = 4o —a), VoLl =4[ 4],

Proof. Recall Claim 1 that
2

~112
L(6) = |a — a|? H_ H 52 i, wRF — * lw? |, w®F
(0) ‘Oé a| + 16 13 2+Zak Z alelH2wz Z a; ||wzH2wz )
k>2 i€[m] 1€[my]
where & = (1/v/27) Y7, ai ||wil|, and 8 = (1/2) X7, a;w;.
We have

F

Voly=2(a—a), VgLy=2(8-7),
which means that
112
VaLal? = 4= @), VoLl =485, .
O

Lemma 9. Let the ideal loss Ly \(a) = Eg[(a T o52(Wa) — )% + A lla||, that perfectly fits o, B.
Given any |la||; , ||all; = O«(1/A) and ||w;||, = 1, we have

(VaLix — VaLira —a)| < 0.(1/A\)(Ja — | + HB - BHQ)

Li(a) < Lix(a) +|a—a* + (18 - Bl
IVaLially, = Ou(v/m)

Proof. Using the property of Hermite polynomial in Section I, we have
Va, L1y = 2B, [(f(; 0) — §)o(w, z)] + Aa;
=2(a — 4) |willy +2(8 - B,wi) + 2By [(f>2(:0) — Plo(w] @) + Aa;
= 2(a — &) [[w; ]|, +2(8 — B, wi) + VoL,

where f>2(@;0) = > e a;osa(w; &) and o5o(x) = o(x) —1/v/27 — x/2 is the activation that
after removing Oth and 1st order term in Hermite expansion.

‘We know _
(VaLix = VaLia,a—a) =2 > (a; —@)((a— &) |lwi, + (8 — B, w;))|

i€[m]
<0.(1/N(lo —al + 8- 4] ).

The loss bound directly follows from Claim 1.

The gradient norm bound we have

IVaZialZ <00) 3 (0 a) + |8~ ||, +0.(1) + Xai| = O.(m).

1€[m]

10



D Stage 3: local convergence for regularized 2-layer neural networks

In this section we show the local convergence that loss eventually goes to O with and recovers teacher
neurons’ direction.

The results in this section only need the width m > m, as long as its initial loss is small.

Lemma S (Stage 3). Under Assumption 1,2, consider Algorithm 1 on loss (2). Given Stage 2 in
Lemma 4, if the initial optimality gap (30 < O, ()\37/6:’), weight decay X follows the schedule of
initial value X3 = O.(1), and k-th epoch A3, = X3,0/(kXso + 1) and stepsize s, = n <
O*()\?:Zd_l)for all Tz, <t < Ty 11 in epoch k, then within K = O, (¢~'/?) epochs and total
Ty — Ty = O,(e75/2n71) time we recover the ground-truth network L(0) < ¢.

The goal of each epoch is to minimize the loss L) with a fix A\. The lemma below shows that as
long as the initial optimality gap is O, (\%/®), then at the end of each epoch, Ly could decrease to
O.()\?). Therefore, using a slow decay of weight decay parameter \ for each epoch we could stay
in the local convergence regime for each epoch and eventually recovers the target network.

Lemma 10 (Loss improve within one epoch). Suppose |a§0)| < H'wgo) H Sforalli € [m]. If {o <
2

O0.(\5) and X < O,(1) and n < O, (A\=8d~1), then within O, (A\~*n~1) time the optimality gap
becomes Ly — Ly(u3) = O.(A\?).

The above result relies on the following characterization of local landscape of regularized loss. We
show the gradient is large whenever the optimality gap is large. This is the main contribution of this
paper, see Section E for detailed proofs.

Lemma 6 (Gradient lower bound). Suppose the optimality gap ¢ = Lx(0) —min,, ¢ yqsa-1y La(p).
IFQ.(\2) < ¢ <0,(\%) and X < O,(1), we have

VoLl > Qu(¢t/A%).

In order to use the above landscape result with standard descent lemma, we also need certain smooth-
ness condition on the loss function. We show below that this regularized loss indeed satisfies certain
smoothness condition (though weaker than standard smoothness condition) to allow the convergence
analysis.

Lemma 11 (Smoothness). Suppose |a;| < ||w;], and HEE [R(:c)a’(ﬁl(t)Ta:):c]“ = O.(d) for all
i € [m]. If n = O.(1/d), then

LA(0 = 1VeLy) < La(0) — 1| Vo Lall7 + Ou(n*/2d*?)

D.1 Proofs in Section D

Lemma 5 (Stage 3). Under Assumption 1,2, consider Algorithm 1 on loss (2). Given Stage 2 in
Lemma 4, if the initial optimality gap (30 < O, ()\27/5’), weight decay X follows the schedule of
initial value A3 = O.(1), and k-th epoch A3, = As3,0/(kXso + 1) and stepsize ns, = n <
O*()\igd_l)for all T, < t < T3 441 in epoch k, then within K = O.(e7/?) epochs and total
T3 — Ty = O,(e75/271) time we recover the ground-truth network L(0) < ¢.

Proof. Since |a§0)| < ngo) H for all 7 € [m)] at the beginning of Stage 3, from Lemma 12 we know
they will remain hold for all epoch and all time ¢.

From Lemma 10 we know for epoch £ it finishes within O*()\;‘Ln_l) time and achieves Ly, —
Ly, (13,) = O«(X3). To proceed to next epoch k + 1, we only need to show the solution at the end

11



of epoch k 8(%) gives the optimality gap { = O*()\g/ >

1y1) for the next Ay, 1. We have

. . Ak 2 Akl 2 .
L)\k+1(0(k)) - L)\k+1 (,U,)\k_H) :L(e(k)) - L(lu’/\k_H) + TJrl Ha(k)H2 + % HW(k)HF - >\k+1|p“)\k+1 |1

@) Akt [ Ak 2 A 2
<0,(\2) + 2kt 7‘ UﬂH *HW(MH — el
<O (A\p) + . 5 ||@ 2+ 5 h kI 1

(b) A A .
SO.O0) + =000 + S0 (LG, ) = L(6™)

© 5
<0.(A2) < 0.(\%)

where (a) due to Lemma 18; (b) the optimality gap at the end of epoch k is O.(A\}); (c) due to
Lemma 17. In this way, we can apply Lemma 10 again for epoch &k + 1.

From Lemma 18 we know at the end of epoch k the square loss L(0*)) = O, ()\2). Thus, to reach ¢
square loss, we need \;, = O, (¢!/?), which means we need to take O, (¢~'/2) epoch. Since epoch
k it finishes within O, (\;; " ™) time, we know the total time is at most O, (e ~%/2y~1!) time. [

Lemma 10 (Loss improve within one epoch). Suppose |a§0)| < ngo) H Sforalli € [m]. If {o <
2

O0,(\%) and X < O,(1) and n < O, (A\~%d~"), then within O, (A\~*n~") time the optimality gap
becomes Ly — Ly(u}) = O.(\?).

Proof. Since |a§0)| < lego) H for all « € [m] at the beginning of current epoch, from Lemma 12
2

we know they will remain hold for all time ¢. Then combine Lemma 13 and Lemma 11 we know

Ly(0 —nVeLy) < Lx(8) — 1 ||VoLa|7 + Ou(n*/2d%/?).

Recall {; = L(0®") — Ly(u}). Using Lemma 6 and consider the time before ¢; reach O, (\?) we
have

Gt < G — N (GH/A) + OL(P2d3/?) < ¢ — (G /A?),

where we use 17 = O, (A~6d~!) to be small enough.

The above recursion implies that
G = O ((t/N° + Go) /7).

Thus, within O, (1/\*) the optimality gap ¢; reaches O, (\?). O

2

®) for all
2

i

Lemma 12. If we start at ‘ago)‘ < sz@ H2 and 1 = O, (1), then we have |a§t)|2 < Hw

i € [my] and all time t.

12



2
Proof. Denote R(x) = f(x) — f«(x). Assume |al(-t)|2 — ngt) H < 0 we have

e I R N Hw AV LA(69)]

a;

O0)2 o [Vu, L2(09)

al )‘2 o sz(t)

m[R(a:)a(wEt)Ta:)} + )\agt)|2 —n? H?Ew [R(w)agt)a’(ﬁz(-tﬁw)m} + )\wgt

(e

2
i )\2|al(t)|2_)\2 ‘wl(t) 2)
W/l e 2 2\2 2 @
a2 - Hw ) (1= ”2Em[R H

(b) 2
R ——

(c)
where (a) due to [2E[R(z)o (@ x)]]? < HQEE[R(w)o—/(wY)Tm)m]

a2 — ||l

2
<laf?? — [wl”

o[R@)o(@ @) = |al" | |2Ea [ R(@)o’ (@ )]

?

2

<0,

2
K (b) due to |a!"|2

2 T 2
< 0; (c) we use H2]Em [R(z)o’ (w; ;c)];c‘
2

Hwi = O,(1) from Lemma 13 and n = O.(1).
2
2
Therefore, we can see that |a§t) |2 — ngt) < 0 remains for all ¢. O
2
2
Lemma 11 (Smoothness). Suppose |a;| < ||w;||, (m)a’(ﬁ(tww)m] H = O.(d) for all
2

€ [m). If n = O.(1/d), then
LA(0 —=1VeLy) < Lx(0) — 1 |[VoLall7 + Ou(n*/2d*?)

Proof. Denote Rg(x) = fo(x) — f.«(x) to denote the dependency on 6. For simplicity, we will
E.[R(z)o' (@ z H — 0.(d), we know

use %9 = —nVeL) and same for others. Since ’

Vail = O.(nlwilly d) and |V, || = O.(lasld)

We have

LA(8 —nVg) — Lx(6) +7|Vell>
=Lx(0 —nVe) — Lr(0) — (Ve, —?7V9>

“E.(Ry,5, @7+ 5 | 2w Sw[] - Ealmo@r) - L lal - 1w
= > Ea[Ro(@)o(w/ @)V, - Z Ea[Ro(@)aio’ (w] @)z Vu,] — Ea[Ro(2)Va) — Eo[Ro(@)z " Vgl
i€[m)] i€[m]

=Ez[(Ry, 5, (x) — Ro(x))?)
(I)

+2E, |Ro(x) | Ry,q,(x) — Ro(x) — > o(w]x)Va, — Y a0’ (w/2)z Vu, - Vo —2 Vg

i€[m] i€[m]

(1)

We are going to bound (I) and (II) one by one.
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For (D),
z[(Rg, 5, (@)

E

we have

=E. || Y

i€[m]

— Ro())’]

2
(a; + Va,)o(w; + Va,) @) — ajo(w] ) + Vo + wT%g)

]

<2E, (Z (ai + Va

i€lm

1.i%

For (1.i), we have

<2E,

<2Es

20, (@) (Z

1€[m]
(c)
<O0.(n

where (a) we use Lemma 14; (b) recall \%a

> (i + Ve, )o((w; +V

Eg
i€[m]

Z Vala w; + le)

i€[m]

(=
(

( > IV,
i€[m]

2d2)

Z |va I1( wz""vwz

‘wz + vwl

(1.9)

2
2
0 lwilly +n?las [lwill, d) +0

= O«(n||w;l|,) and Hﬁ"” >

2
w,) @) — aig(wjm)>

)) + 2E, ( Z a;o((w; + %wi)—rw) -

i€[m]

) w|) + 2B, (Z |ai||6;x|)
i€[m]
) (Z ‘al

) 2

2

) (Z na?)
i1€[m]

lall, [Wllg, > iem lasl [|will, = O«(1) from Lemma 26 and Lemma 18.

For (L.ii), we have

where we use Lemma 18.
Combine (Li) and (Lii) we know ()=0, (n?d?).

For (II), we have

Ro(x)

> (ai+Va)o(wi + V)"

i€[m

<> Rl I

i€[m)]

Re() (Reﬁe () — Ro(z) — ) _ of

]

i€[m]

E, {(% + :J%)Q] < O(|Val? + H%Hz) = O.(1),

Zaz wa:mV

i€[m]

z) — a;0(w, ©) — o(w; )V,

2

aia(w;rw))

O.(nlai); (c)

— Vo — wTﬁﬁ)

— ;0 (w:m)xTﬁwl




For I;(x), we have
1105 = | (05 + ol + Fun) ) = o] @) — o] )T, — a0’ (w] 2)a )]
<Ex [2(Tuulo((wi + Fu) ) ~ ow]a >>)2+2(ai<a<<wz-+%if )= a(wle) - o' 2)aTT)) |

<2, [[Va, PV, @l?] +202 Ea [[(wi + Vo) T2l (0 ((wi + Vo) @) = o' (w] ))?]

(IT.7) (IT.i1)

For (IL.1), recall |6a

= 0.1 wi],) and |V, |

= O.(n]a;|) we have

2
— — — — 2
o (Vo PV 02 ] < 1V | V| = 0utr sl w3 ).

For (IL.ii), we have
Ey |:‘wl + V;rviw|2(o-/((wi + V'wi)—rw> - 0/(w;w)>2} =Eq “(wl + v’wi)Tw‘2]lsign(('wﬁ-%wi)Tw)isign(w;rm)}

~ 2
O(Hwﬂrvwi 5,

where § = A(w,-—k%wi , w; ) is the angle between wi—|—6wi and w;. Since H%M

5 = O*(Tl|ai|d) =

O.(n |lwil|, d), we know 6 = O(H%wl ) given = O, (1/d) to be small enough.

Combine (II.i) and (IL.ii) we have

1715 < Os(n*af [will; d*) + O(a ||wi + Va, ) < Ou(n*af |lwill; d°).

o

This implies

1)< Y 0.5 Jwnlly ) = 0L (72d/2).
i€[m)]

Finally, combing (I) and (I) we have

Lx(0 — Vo) — LA(8) +1||Ve| 7 = O.(n*/?d>/?).

O
D.2 Technical Lemma
1w 2|
Lemma 13. We have [R(x)o’ (w; :c)a:}Hz = 0,(d)
Proof. Ttis easy to see given || R|| = O.(1).
O

Lemma 14 (Lemma D.4 in [28]). Consider o; € RY for i € [n]. We have

n 2
Eyzn(o,n <Z |a; $|> < co (Z ||Oéz||>
i=1

15
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E Local landscape of population loss

In this section, we are going to show Lemma 6 that characterizing the population local landscape
with a fixed A by giving the lower bound of gradient. We start by identifying the structure of
(approximated) solution of a closely-related problem in Section E.1:
2
(/ 02w @)d p — u*>
w

3)

where M (S?~1) is the measure space over unit sphere S*~! and o>2(z) = o(z) — 1/v27 — /2
is the activation that after removing Oth and st order term in Hermite expansion. Note that when p
represents a finite-wdith network, we have o = >, i [|wil|, 0w, is a empirical measure over

the neurons.

min  Lx(p) := L(p) + Npl = Eg 5[(fu(z) — @2] + Alph = Eqg

+ Ay,
peEM(Si-1) |1la

We call (3) as the ideal loss because the original problem (2) would become the above (3) when we
balance the norms (||w;||, = |a;|), perfectly fit «, 3 and relax the finite-width constraints to allow
infinite-width. This is why we slightly abused the notation to use L in both (2) and (3).

Then, in Section E.3 we will use the solution structure to construct descent direction that are posi-
tively correlated with gradient and also handle the case when norms are not balanced or «, /3 are not
fitted well.

Notation Denote the optimality gap between the loss at 1 and the optimal distribution p} as

C(w) := La(p) = La(p3),
where £} is the optimal measure that minimize (3). For simplicity denote a; = a; ||w;]|, so that
luly = llall; when puo =37, () @i [[wi|, 0w, . Often we use ¢ = ((u¢) to denote the optimality gap
at time ¢ and just ¢ for simplicity. We slightly abuse the notation to also use { = Lx(6) — La(u3).
Finally denote p* =3, c(,,.) @7 dwy (assuming [|w} [, = 1) so that fi,« (@) = Euwrpr [osa(w ).
We will group the neurons (i.e., partitioning S?~1) based on their distance to the closest teacher
neurons: denote 7; = {w : Z(w,w;) < Z(w,w}) forany j # i} so that U; T; = S%1.

We will use O, ., O, to hide poly(r, m., A, amin, ||@«||;), the polynomial dependency on rele-
vant parameters of target f.

E.1 Structure of the ideal loss solution
In this section, we will focus on the structure of approximated solution for the ¢, regularized regres-
sion problem (3).

In the rest of this section, we will first introduce the idea of non-degenerate dual certificate and then
use it as a tool to characterize the structure of the solutions. The proofs are deferred to Section G.

E.1.1 Non-degenerate dual certificate

We first introduce the notion of non-degenerate dual certificate similar as in [26] but slightly adapted
for fit our need. Roughly speaking, 1 acts as a certificate of the true solution because |n(w)| < 1
and |n(w)| = 1 only if w = w] at some ground-truth direction. The non-degenerate means that
71 decays fast around each w; so that one can simply look at 7 to identify all the ground-truth
directions.

Definition 1 (Non-degenerate dual certificate). 7 is called a non-degenerate dual certificate if there
exists p(x) such that n(w) = Eg[p(x)o>2(w ' )] for w € St and

(i) n(w}) =sign(al) fori=1,...,m,
(i) [n(w)| <1 — p,d(w,w})? ifw € T;, where §(w, w}) = Z(w,w])

We first show that there exist such non-degenerate dual certificate. More discussion and a detailed
proof are deferred to Section F.
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Lemma 15. There exists a non-degenerate dual certificate n = Eq[p(z)os2(w ' )] with p, =

©(1) and [|p[l, < poly(m.,A)

The following lemma gives the properties that will be used in the later proofs: the non-degenerate
dual certificate 7 allows us to capture the gap between the current position x and the target p*.

Lemma 16. Given a non-degenerate dual certificate 1, then

(i) For any measure i € M(S*™1), [(n, )| < [l = py Xicpm. J7 0w, wi)? d|pl(w).

(it) (n,p*) = |p* s

(ii)) (o~ 1) = (b, Sy — fue ) where f(@) = Euwnplosa(w” @)]. Thus,

1plly v/ L(1)-

E.1.2  Properties of ;13

(nyp —p)| <

Given the non-degenerate dual certificate 1, we now are ready to identify several useful properties
of py. The lemma below essentially says that y} is similar to p* in the sense that most of the
norm are concentrated in the ground-truth direction and the square loss is small. The proof relies on
comparing ;5 with 1 using the optimality conditions.

Lemma 17. We have the following hold
(i) lmel = Alpl3 < 13l < 1w = lla*]),
(ii) L(p3) < 7 [lpll; = 0. (3?)
(i) Sy S 0w, w7)? dlg (w) < A[Ipl2 /oy = O.()

E.1.3 Properties of ;. with optimality gap ¢

We now characterize the structure of u when the optimality gap is (. The proof mostly relies on
comparing . with p3 and the structure of u} in previous section.

The following lemma shows the square loss is bounded by the optimality gap and norms are always
bounded. Note that the conditions are true under Lemma 6.

Lemma 18. Recall the optimality gap ¢ = Lx(p) — Lx(u3). Then, the following holds:
(i) L(s) < 572 [[pl* +4¢ = O.(A +¢).
(ii) if ¢ < Np*|v and X < [u|1/ ||pll3, then |uly < 3|p*|s = 3|a*||;.

The following two lemma characterize the structure of 1 using the fact that the square loss is small
in previous lemma. The lemma below says that the total norm of far away neuron is small.

Lemma 19. Recall the optimality gap ¢ = Lx(u) — Lx(p} ). Then, we have
S [ st i) < (€/3+ 2\ 912) 0 = O-(C/A+ ).
i€[m.] Ti
In particular, when ju = 3, c (.1 @i ||wi|, 0w, represents finite number of neurons, we have
2
D 2 lalllwslly 67 < (/A +2Xplly) oy = O2(C/A+ ),
i€[m.] JET:
where 0; = Z(wj,w;) forj € T,.

The lemma below shows there are neurons close to the teacher neurons once the gap is small. The
proof idea is similar to Section 5.3 in Zhou et al. [28] that use test function to lower bound the loss.

Lemma 20. Under Lemma 6, if the Hermite coefficient of o decays as |6| = ©(k™°") with some
constant ¢, > 0, then the total mass near each target direction is large, i.e., u(7;(9)) sign(a}) >
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la¥|/2 for all i € [m.] and any dcjose > Q ((%)1/(400*20 with large enough hidden constant.

min

In particular, for o is ReLU or absolute function, 0.jpsc > Q (( LQ(“) )1/3).

]

As a corollary, if the optimality gap ¢ = Lx(p) — La(p3), then dciose > Q. ((C + A2)Y/(dea=2))
and for ReLU or absolute §¢1pse > () ((g + /\2)1/3).

E.1.4 Residual decomposition and average neuron

In this section, we introduce the residual decomposition and average neuron as in [28] that will be
used when proving the existence of descent direction.

Denote the decomposition R(x) = f,(x) — f.~(x) = Ri(x)+ Ra(x) + R () (this can be directly
verified noticing that o>2(z) = |z|/2 — 1/v/27),
-

Ri(z) = 5 > D qw —wi | @sign(w] @),
i€[my] \JET:

Ro(x) = = Z Z ajw;rac(sign(w;ra:) — sign(w] " x)), 4)
i€[my) JET:

]' * *
Ry(a) = = | 3 at il = 3 aclhwil

i€[m.] i€[m]

In the following we characterize R;, R2, R3 separately. In Lemma 21 we relate R; with the average
neuron. In Lemma 22 and Lemma 23 we bound R» and R3 respectively.
2

Lemma 21 (Zhou et al. [28], Lemma 11). ||Ry 5 = Q(A%/m3) ‘Ejeﬂ ajw; — w; ,

i€[m.]
Lemma 22. Under Lemma 6, recall the optimality gap ¢ = Ly(u) — Lx(p}). Then
| Bally = Ou((¢/3 +X)*/2).

Lemma 23. Under Lemma 6 and recall the optimality gap ¢ = Lx(p) — La(p). If 60 = 0 and
6% > 0 with some k = ©((1/A%)1og(¢/ |lax|,)), then

IRs]ly =O0.((C + M) 2 /61 + (C/A+ A) +0).

Now we are ready to bound the difference between average neuron with its corresponding ground-
truth neuron.

Lemma 24. Under Lemma 6, recall the optimality gap ¢ = L () —Lx(u}). Then for any i € [m.],
< = Q()‘2) and Ca A S ]-/pOIY(m*a Av ||a*||1)

o\ 1/2

S awi—will < [ >0 1Y ajw; — w) = 0.((¢/N*Y).

J€T; i€[m.] ||JET:

2 2

E.2 From ideal loss solution to real loss solution

In previous section, we consider the ideal loss solution that assumes the norms are perfectly balanced
(la;|] = J|lwil|,) and «, B are perfectly fitted. However, during the training we are not able to
guarantee achieve these exactly but only approximately. This section is devoted to show that the
results in previous section still hold though the conditions are only approximately satisfied. Recall
that the original loss

A A
Lx(8) = L(6) + 3 llall; + 5 I WII%
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so that when norm are balanced and «, 3 are perfectly fitted, Lx(0) = L(6) + X", |ai| |wi]l, =
Ly ().

The lemma below shows that the properties of ideal loss solution in previous section still hold for
the solution of original loss, when «, 3 are approximately fitted.

R
Lemma 25. Given any 6 = (a, W, «, B3) satisfying |a — &|? = O((), ’B - BH2 = O(¢), where
a = (1/vV2r) " a; ||willy and B = (1/2) 27| asw;. Let its corresponding balanced version

Ovai = (@bal, Whai, 0bal; Bral) as apar,i = sign(a;)/|a;| |willy, Wear,i = Wiv/|as| ||w;
& and Bya; = B. Then, we have

L7(8) ~ La(Oua) = o — P + 8= B[+ 5 3 (i~ will)? > 0

9 Qpal =

Moreover, let the optimality gap ¢ = L (0) — L(u3), we have results in Lemma 18, Lemma 19,
Lemma 20, Lemma 21, Lemma 22, Lemma 23 and Lemma 24 still hold for Ly (0), with the change
of Rs in (4) as

Ry(@)= —=| D aillwily— Y aillwil, | +a—a+(8-8)"=
1€ [my] 1€[m]
The following lemma shows the norm remains bounded.

Lemma 26. Under Lemma 6, suppose optimality gap ( = L(0)— Ly (u}). Then HaHQJrHWHF <
3llaxll;

E.3 Descent direction
In this section, we show that there is a descent direction as long as the optimality gap is small until
it reaches O(\?). We will assume ¢ = 2(\?) in this section for simplicity.

We first recall the lemma appears previously that shows gradient is always large whenever «, 3 are
not fitted well.

Lemma 8 (Descent direction, « and 3). We have
112
VaLal? = 4(a =)  VsLal} =488 -

We then show that if norms are not balanced or norm cancellation happens for neurons with similar
direction, then one can always adjust the norm to decrease the loss due to the regularization term.

Lemma 27 (Descent direction, norm balance). We have

Z Z |<vajL>\7—a] <vaL/\7w] | =

i jET; i€[m.]

— Jlei]3|

2 2
>max ¢ Al lall; = W5 LA D (lail = Jwilly)?
i€[m.]
Lemma 28 (Descent direction, norm cancellation). Under Lemma 6, suppose the optimality gap

¢ = Lx(0) — Lx(u}). For any w, consider dgign such that 6ciose < Osign = O (X/CY2) with small
enough hidden constant (010 deﬁned in Lemma 20), then

> > <VajL/\72 sign(a;)lai] >+<ijLA,Z ot E— >:Q(>\).
)

s€{+,—} JET: s (Osign JET; s (sign) |aj| ”w] H2 JET;, s (dsign) |aJ| Hw]”Q

where T; 4 (0sign) = {j € T; : §(w;, w}) < dsign,sign(a;) = sign(af)}, Ti,— (Osign) = {j € T} :
5(wj, ) < dsign, sign(a;) # sign(a; )} are the set of neurons that close to w; with/without same
sign ofa

As a result,

2 2
IVaLally + IVw Iallz 222 > o] [lw;]l,
jeTi,—((Ssign)
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Now given the above lemmas, it suffices to consider the remaining case that o, 3 are well fitted,
norms are balanced and no cancellation. In this case, the loss landscape is roughly the same as
the ideal loss (3) from Lemma 25. Thus, we could leverage these detailed characterization of the
solution (far-away neurons are small and average neuron is close to corresponding ground-truth
neuron) to construct descent direction.

Lemma 29 (Descent direction). Under Lemma 6, suppose the optimality gap ( = L (0) — Ly (u}).
Suppose

(i) norms are (almost) balanced: | ||W |3 —|la]|3 | < ¢/A Yiepm(lail— Jw;,)? = O.(¢2/X?)

(ii) (almost) no norm cancellation: consider all neurons w; that are dgign-close w.r.t. teacher
neuron w; but has a different sign, i.e., sign(a;) # sign(al) with dggn = O.(\/(/?), we
have ZjeTi.f(és;gn) laj| |lw;ll, < 7= O.(¢>¢/X) with small enough hidden constant, where
T;._(0) defined in Lemma 28.

112
(iii) o, B are well fitted: |a — &|*> = O(C), |8 — B , = O(C) with small enough hidden constant.

Then, we can construct the following descent direction
i€[m.] JET:

where q;; satisfy the following conditions with Scipse < Osign and Seipse = Ox(CY3): (1)
djeT @i%i; = ai; (2) gij > 0; (3) ¢i; = 0 when sign(a;) # sign(a;) or 6; > Jciose- (4)
Zie[m*] Zje’ﬁ qlzj = O*(l)

E.4 Proof of Lemma 6

Now we are ready to prove the gradient lower bound (Lemma 6) by combining all descent direction
lemma in the previous section together.

Lemma 6 (Gradient lower bound). Suppose the optimality gap ¢ = Lx(0) —min ¢ yqsa-1y La(p).
IFQ(A\?) < ¢ < 0. (\5) and X < O,(1), we have

IVoLallz > Q:(¢*/A%).

Proof. We check the assumption of Lemma 29 one by one.

For assumption (i) (norm balance) in Lemma 29, whenever ), lm.] a? — leH;‘ = 0,.(C2/\?),

by Lemma 27 we know

DD (Va, Ly, =) + (Vaw, Ly, wi)| 2Q.(C2/N).
i jET;
With Lemma 26, this implies
VIVGLl2 4+ 9w Lall% - Ollally) = V/IVaLal2 + 9w Lall2/lal2 + [W 3 = 2.(¢2/),

which means

IVeLal % = IVaLalls + IVwLallz = Q.(¢*/A%)

For assumption (ii) (norm cancellation) in Lemma 29, whenever it does not hold, by Lemma 28 we
know

IVoLallE > IVaLalls + IVw Ll =A% Y7 a] llwjlly = Qu(¢%ON).

jeTi,f (6sign)
For assumption (iii) (o, 3) in Lemma 29, whenever it does not hold, by Lemma 8 we know

Valal’ = (a =4 = Q). [VaLal3 =18~ 8], = ().
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which implies
VoLl > VoL + [VsLalls = Q).

Thus, the remaining case is the one that all assumption (i)-(iii) in Lemma 29 hold and also
Sietma |02 = lwilly| = 0.(¢2/32), we choose

J€T;, 4 (ciose) "7

o U i € Ty (Betose)
K , otherwise

so that condition (1)-(4) all hold: condition (1)-(3) are easy to check, Lemma 36 shows condition
(4) holds. Now we know from Lemma 29 that

aVaLyx+(VgLy,B) + Z Z (Va, Lx, wj — gijw;) = Q(C).

i€[m.]) J€T:
Note that
(@4 @) Vala + (VaLa, B+ B+ D Y (Ve Ly, wj — gijw;)

i€[m.] JET:

2 2 2 2 w112
<\ IVaLa? + (VL2 + [VaLall + [ VwLall, ot 0 + 18+ BB+ 3 3 llwy — gy
i€[my) JET;

and

(a)
o+ ] < 1a] + ] + O(¢H?) < 0.(1)
b

18+ 8.1, < 8]+ 1.1, + 0 £ 0.1

(c)
|2 2 )2
D> llwy—aggwil; <2 > D gl + g w5 < 0.(1),
i€[my] JET; i€[mu] JET:
where (a)(b) by Lemma 18; (c) we use Lemma 26 and condition (4) on g;;.

Therefore, we get

VoLl 7 = [VaLal> + VLAl + [VaLalls + IV Lal7 = Q.(¢3).

Combine all cases above, we know
IVaLalls + IVwLall 3 = Q. (min{¢* /A%, ¢7/0N, ¢, ¢%}) = Qu(¢?/AY),
as long as ¢ = O(A\/%/ poly(r, m., A, [|a.||; , Gmin))- O

F Non-degenerate dual certificate

In this section, we show that there indeed exists a non-degenerate dual certificate that satisfies Defi-
nition 1 and therefore proving Lemma 15.

Lemma 15. There exists a non-degenerate dual certificate n = Eg[p(x)os2(w )] with p, =

O(1) and |pl|, < poly(m.,A)

Recall that we want to use the dual certificate 7 to characterize the (approximate) solution for the
following regression problem:

2
min Lm=Ew,g[<fu<w>—m2]+Au|1=Em[(/ 0>2(waﬂ)du—u*) + Aluls,

HEM(SI—T)

where 0> is the ReLU activation after removing Oth and 1st order (corresponding to o and § terms
in (1)) and p, = Zie[m*] a; 0y is the ground-truth.
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We need to first introduce few notations before proceeding to the proof. Denote the kernel
Ks(w,u) = Epon(o,n)[05¢(W ' x)os¢(u' x)] as the kernel induced by activation o> ¢(z), where
T50(%) = 30 6kh(2) )/ Zos Zo = |losilly = /> pse 07 = O(£73/%) is the normalizing fac-

tor, hg(x) is the normalized k-th (probabilistic) Hermite polynomial and &y, is the corresponding
Hermite coefficient. We will specify the value of ¢ later and use K instead of K>, for simplicity.

We will construct the dual certificate 1 following the proof strategy in Poon et al. [26] with the form
below (the difference is that we now only keep high order terms that are at least £):
n(w) = Z ay K (wj,w) + Z a;jle(w;‘,w)
F€[m.] jE€[m.]
such that it satisfies n(w;) = sign(af) and Vn(w;) = 0 for all i € [m,]. Here oy =
(a1,...,0m,)" € R™ ay = (ag,,...,a3,, ) € R™% are the parameters that we are go-
ing to solve and V,; means the gradient w.r.t. ¢-th variable.

One can rewrite the above constraints into the matrix form:

(e 5] o
T <a2> =b, 4)
where b = (sign(a}),...,sign(a?, ),0).,)7 € R™UE@D Y = E,[v(z)v(z)'] €
Rm*(d+1)><m*(d+1)’
(@) = @F=i(wi @), . T5i(w;) @), VeTsi(@] @) Versi(@) x) ") T e R,

Vuwosi(@; " @) = Py o (0] Tz)z € R™

Notions on the unit sphere As we could see, the kernel K is invariant under the change of norms,
so it suffices to focus on the input on the unit sphere SY~1. On the unite sphere, we could compute
the gradient and hessian of a function f(w) on the sphere (e.g., Absil et al. [4])

gradf('w) = PwVf(w),
H f(w)[z] = Pw(V?f(w) — @' Vf(w)I)z for all tangent vector z that z ' w = 0,
where P,, = I — ww " is the projection matrix.

Then, we could define the derivative as in Poon et al. [26], Absil et al. [3]: for tangent vectors z, 2’
Do f(w) := f(w)
Dy f(w)[2] = (=, grad f(w)) = 2" PV f(w)
Dy f(w)[z, 2] := (H f(w)[z], 2') = 2" Po(V2f(w) ~ @ Vf(w)I)Pu2/,
and their associated norms
D1 f(w)ll,, = stl‘liplel fw)[z] = [PuV f(w)];,
D2 f(w)l],, = Hzl\jl\lil')\lw:lD2 f(w)[z,2'] = | PwH f(w) Py,

where ||z, = || Puwzll,.

For simplicity, we will use K (/) (w, ) to denote V VK (w, w). One can check that this is in fact
the same as the one defined Poon et al. [26] under our specific kernel K, ¢+ j < 3andi,j < 2. Let

HK(M)(W,U)H = sup K@) (w,uw)[zD, ..., 20,
o =[], == ], =1

w' 2P =uT 22 =0 Vpeli],qelj]

where sz,’ ) applies to the dimension corresponding to w and similarly z&q) for u.

Before solving (5), we first present some useful proprieties of kernel K that will be used later (see
Section H for the proofs). The lemma below shows that kernel K (w, u) is non-degenerate in the
sense that it decays at least quadratic at each ground-truth direction (w ~ uw ~ w;) and contributes
almost nothing when w, u are away.
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Lemma 30 (Non-degeneracy of kernel K). For £ > O(A~2log(m.l/hA)), kernel K>, is non-

degenerate in the sense that there exists r = O((=1/2), py = O(1), po = O(¥) such that following
hold:

(i) K(w,u) <1—pyforall §(w,u) = L(w,u) >r.

(ii) K@ (w,u)[z, 2] < —po ||2||° for tangent vector z that zTw = 0 and §(w,u) < r

(i) || (w0, w}) | e < h/m? for (i,) € {0,1} x {0,1,2}

*
wi,w

The following lemma shows that K and its derivatives are bounded.

Lemma 31 (Regularity conditions on kernel K). Let B;; := sup,,, ,, ||[K) (w,u)| . and By =
Boo+Bio+1, By = Bag+ Boy +1. We have By = O(1), Byg = O(1), B1; = O({), Byy = O({),
By = O(£3/?), and therefore By = O(1), By = O(£3/?).

The following lemma from Poon et al. [26] connects the non-degeneracy of kernel K to the dual
certificate 7 that we are interested in.

Lemma 32 (Lemma 2, Poon et al. [26], adapted in our setting). Let a € {£1}. Suppose that for
somep>0,B>0and0 <r < B2 we have: for all O(w,wp) and z € R with zTw = 0, it
holds that — K (°?) (wg, w)[z, 2] > p ||z||§ and ||K(02)(w0, w)Hw < B. Let ) be a smooth function.
Ifn(wo) = a, Vn(wy) = 0 and ||aDy n(w) — K(OQ)('wo,w)Hw < 7 for all §(w,wy) < r with
T < p/2, then we have |n(w)| <1 — ((p — 27)/2)6(w, wo)? for all §(w, wy) < 7.

We now are ready to proof the main result in this section Lemma 15 that shows the non-degenerate
dual certificate exists. Roughly speaking, following the same proof as in Poon et al. [26], we can
show that a =~ sign(a.) and as ~ 0 and therefore we can transfer the non-degeneracy of kernel K
to the dual certificate 1 with Lemma 32.

Lemma 15. There exists a non-degenerate dual certificate n = Eq[p(z)os2(w ' )] with p, =

©(1) and [|pll; < poly(m.,A)

Proof. Note that ¥ = SDYDS, where

ITYL* Im
ow (Zo1 | Z o) Im,

Pu;,, (Zor | Zo )1,
are block diagonal matrices, ¥ = B, [¥(z)3(x) ] € Rm=(d+1)xm.(d+1)
V(@) = (F5i(wi ' @), 050w, @), (Z5/ 20 ) Vuosi(w] @), .. (Z/ 25 ) Vwosi(wy @) )T € R™ @D,

Vwosi(w; @) = 057 (wi @)z and Z, = /3,5, 62k = O(¢7'/4) is the normalizing factor
so that the diagonal of Y areall 1.

Thus, to solve (5), it is sufficient to solve the following: denote K = DYD

K @1) _b ©)

2

and let oy = o1, g = (Z,/Zyr)0ea ; to get the solution of (5).
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In the following, we are going to first show that K ~ DD because all the off-diagonal terms of T
are small due to Lemma 30 (iii). Specifically, we have

Hff—DDH = sup |z' (K — DD)z|
HzH2=1

= sup |Y zriK(wlw))en + 220/ Z6) Y 21 Vi K (wi,w!) Tz + (Ze)Z0)2 Y 2] ViVaK (wh, wh) T 22,

I2ll,=1 "5 i i

ZK 24 0(6~1) | KOO (w, w2 +0(0=2) || KD (w;,w))|2 < 2h,

wy w;
where z = (2] .27 )", z1 = (21,1, ..., 21,m.) " and z2 = (291,...,25,,.) " has the same block
structure as (a1, ao) and we use Lemma 30 in the last line.

Note that DD has exactly m.d eigenvalues of 1 and m, eigenvalues of 0, and K also
has m, eigenvalues of 0. By Weyl’s inequality, we know |y; — 1| < 2h where K =
Y icm.dl vv;v is its eigendecomposition. Here v v, = 0 for all v; € V| =

span{(0,w7,0,...,0)7,...(0,...,0,w}, )"} in the null space of D. Since b' v, = 0 for all
v, € V|, wehave

a = - - .
(a;)KTb Z v toiv b= Z (v = Dwvw b+ Z viv, b= Z (v = Dviv b+ b.

1€ [myd] 1€ [m.d] 1€ [m.d] 1€ [md]
Therefore,
” (g;) B < Z (vt = Dwiw b|| < max |y, ' —1|y/m. = O(hy/my) =: I
1€ [m.d] 9
This implies ||o; — sign(a.)||, = ||oa —sign(as)||, < PV, |lai]l, = [laa]l,, < 1+ k' and

lelly, = (Zo/Zo) || Gz,ill, < O(R'ETV2).
Now, given the o, a, we can show the corresponding 7 is non-degenerate. Choosing h =
O(m;1/2) and £ = ©(A~2log(m./A)) so that the condition in Lemma 30 holds.

Consider w € 7T;, when 6(w, w}) > r = ©(¢£~1/2), using Lemma 30 and Lemma 31 we have

Y e K(wiw)+ Y g ViK(w],w)

S S
< D laaliE @i w)+ Y7 llealy,. (w§»w)||w;
JE[m.] JE[m.] '
S(A+R)L—p1+h)+ O E ) (Big+h) <1—p1/2 <1—0(p1)d(w, w)?,
where we choose h = O(m.. 1/ ?) to be small enough.

When 6(w, w?) < r = ©(£~'/2), again using Lemma 30 and Lemma 31 we have

i Dan(w) = KO (w; w)| <[ kO (wi w) = KO (wf,w)| 43 |lar KO ), w)|
* J#i h

+ Y Nyl ||KOP ) w)|

GE[m.] 3

<h'Boy + (1 + k' )h+ O(h't7Y/2)(Bay + h) < pa/16,

where again due to our choice of small h. Using Lemma 32 we know that |p(w)] < 1 —

(p2/4)3(w, w})?.
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Combine the above two cases, we have |[n(w)] < 1 — O(1)§(w,w])? and n(w) =
Eg[p(z)o(w ' )] with

1 * * ok *
p(x) = 72 E achrzg(ij:c) + E a;r,j(I —w; wiT)wglze(wiTw)
T \j€[m.] JE€[m.]

We have ||p|| = O(63/*m,, + m,h'€=Y/205/4) = O(A=3/2m,,). O

G Proofs in Section E

In this section, we give the omitted proofs in Section E.

G.1 Omitted proofs in Section E.1

We give the proofs for these results that characterize the structure of ideal loss solution.

The following proof follows from the definition of non-degenerate dual certificate 7).

Lemma 16. Given a non-degenerate dual certificate 1, then
(i) For any measure ;1€ M(ST), [(1, 1)) < il — oo ey S 0w, w})? dlal(w)

(i) (e~ 1) = (py fyu — fue) where f,(@) = Eupnylosa(w@)]. Thus, |, p — p)| <

[plly /L)

Proof. We show the results one by one.
Part (i)(ii) We have

[(n, 1) S/sd—l n(w)| d|ul(w) =

1€ [mx

w w 1— Py w,w))? w).
]Aw>wm>gw pgiﬁa V2 djp) (w0)

where the last inequality follows the property of non-degenerate dual certificate (Definition 1). The
second part then follows directly by the definition of p*.

Part (iii) We have

en=nt) = [ atw)atu= ) = [ Eolp@iozatwTe)] - i) w)

Sd—l
“E. [pla) [ asatwa)dln— i) (w)
=Ea[p(x)(fu(z) — fu- (2))].
Note that L(1) = || fy — fou- |15, this leads to | (1, 1 — )| < I|pll; v/Z(1)- O

Given the above lemma and the optimality of 1}, we are able to characterize the structure of 3 as
below: norm is bounded, square loss is small and far-away neurons are small.

Lemma 17. We have the following hold

() |l = Miplls < s < Juvh = la*y

(ii) L(3) < N [pll; = 0.(3?)

(i) Sy S 0w, w7)? dlg (w) < AJIpl2 /oy = O.(N)

Proof. We show the results one by one.
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Part (i) Due to the optimality of p}, we have

L(p3) + Alpih = La(pd) < La(p") = L(p") + A1
Rearranging the terms, we have

Alpxln = Al < L(p®) = L(py) = —L(py) < 0.
For the lower bound, with Lemma 16 we have
0 <3l — el = (k= 17) < [iale = [l + Iplly y/L(k3)-

Using part (ii) we get the desired lower bound.

Part (ii) We first have the following inequality due to the optimality of x¢} and adding A(n, p15 —p*)
on both side:
L(p3) + Alpxh = [p711) = M, py — p") < L(p*) = AMn, px — 1)
(n

For (I), we have

() = Alpxly = (n, 13)) + A((n, %) = | l1) = 0,
where we use Lemma 16 in the last inequality.

Therefore, the above inequality leads to

L(p3) < L") = Mo,y — 1) < Mlplly /L(13),
where we again use Lemma 16. This further leads to L(u}) < A2 ||p\|§
Part (iii) Using part (i) we have

Il = [ = (e — %) < =, p — "),
With Lemma 16, LHS and RHS become

Hﬁzﬁh—mﬂnng:A&medﬁmw
] %

TE [y
RHS <{|pll5 \/ L(13)-

Then using part (ii) we have the desired result. O

We are now ready to characterize the approximated solution by comparing 1 and 3.
Lemma 18. Recall the optimality gap ¢ = Ly (p) — Lx(u}). Then, the following holds:
(i) L(p) <522 ||pl|* + 4¢ = 0.(\ +¢).
(i0) if ¢ < Ay and A < |js*]1/ Ipl3 then |uly < 3", = 3|a”]|.

Proof. We show the results one by one.

Part (i) By the definition of the optimality gap ¢ and adding —A(n, u — ©*) on both side, we have
L(p) + Mlph = |p3l) = Mo, p— p*) < L(pX) + = Mn, p— p5).
Note that on LHS,

Al = 1pal) = A, p—p®) = A(Jpl — (, 1)) + A" = [pxli) >0,
where we use Lemma 16 and Lemma 17.

Therefore, with Lemma 16 and Lemma 17 we get

L) < L) + ¢ = A o= i) < N2 lplly + €+ Al vVEG)-
Solving the above inequality on L(u) gives L(u) < 5A% ||p||3 + 4C.
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Part (ii) Again from the definition of the optimality gap ¢, we have
Alph < L(3) + Mud s +¢ = L) < N [Iplly + Al + ¢,

where we use Lemma 17. Thus, |1 < X ||p[l5 + [1*]1 + ¢/\ < 3|u*1. O

The lemma below shows that far-away neurons are still small even for the approximated solution.
lI)ntuti(;f(;ly, we use the non-degenerate dual certificate to certify the gap between u and p3 and give a
ound for it.

Lemma 19. Recall the optimality gap ¢ = Ly (u) — Lx(p}). Then, we have

> /T 6(w, wi)? dlu|(w) < (¢/A+ 2X[Ipll3)/py = Ou(C/A+ ).
} 3

1€ M

In particular, when 1 = ) . a; ||lw;l|, 0w, represents finite number of neurons, we have
i€[m] 2 Yw;

>N aglllw;ll, 67 < (/X 42X 1plI3) /oy = O+ (C/A+ ),

i€[m.] JET:

where 0; = Z(wj,w}) forj € T,.

Proof. By the definition of the optimality gap ¢, we have

L(p) + Alult = L(py) + Alpils + ¢
Rearranging the terms and adding — (1, x — 1*) on both side, we get

b = bl = (e = 17) = (E03) = L) +€) = (g — ).

For LHS, with Lemma 16 and Lemma 17 we have

LHS = [l — (3, 1) — ikl + 071 > py 3 /T B (w, w?)? dlu|(w).

i€[m.]

For RHS, with Lemma 16 and Lemma 17 we have

1 ¢ L(p)
RHS < X(AQ Ipll5 = L) +¢) + lIplly V(1) = YA Ipll5 — — +lplly v/ (k).
When L(z) > A2 ||p||3, we have RHS < ¢/A + A||p||2. When L(z) < A2 ||p||35, we have RHS <
C/A+2A ||p||§ Thus, in summary RHS < (/A + 2\ ||p||§

Combine the bounds on LHS and RHS we have

S /T 5w, w?)? dlul (w) < ¢/A+ 2\ [lp]l2.

i€[m.]

O

The following lemma shows that every teacher neuron must have at least one close-by student neuron
within angle O, (¢ v 3). This generalize and greatly simplify the previous results Lemma 9 in [28].
In particular, we design a new test function using the Hermite expansion to achieve this.

Lemma 20. Under Lemma 6, if the Hermite coefficient of o decays as |6 = ©(k™°) with some
constant ¢, > 0, then the total mass near each target direction is large, i.e., u(7;(9)) sign(a}) >

|az|/2 for all i € [m.] and any Sejpse > Q ((#)1/(4%_20 with large enough hidden constant.

min

In particular, for o is ReLU or absolute function, d.jose > Q ((%)1/3)

min

As a corollary, if the optimality gap ¢ = Ly(p) — La(p}), then dciose > Q. ((¢+ )\2)1/(400*2))
and for ReLU or absolute .jpse > Q. ((C + /\2)1/3).
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Proof. Assume towards contradiction that there exists some ¢ € [m,] with some dcpse >
Q ((%)1/(450’2)) with large enough hidden constant such that p(7;(0)) sign(a;) < |a¥|/2. For

simplizilfy, we will use ¢ for djose in the following.
Let g(z) = 3o sign(ay) sign(6) by (w; ") be a test function, where hy,(x) is the k-th nor-
malized probabilistic Hermite polynomial and ¢ will be chosen later.

Denote R(x) = f,,(x) — f,~(z) so that || R||> = L(y). We have

ao(w!'x) — olw x w €T
<Z (w; ) /iw) ( ) dp( )) g( )]

B | [ ao(w ) - / olwe) du(w) | g(z)

o SA=1\T;(5)

:Em

Recall the Hermite expansion of o(x) = >, 6xhx(x) and its property in Claim 2. For the first
term, it becomes B

*|| A A~ . * * 1 * A
> <|az-||ak|— /| (6)|ak|s1gn<ai><wTwi>kdu<w>> > olail 3 ol

1<k<2¢ 1<k<2¢

For the second term, it becomes

> Za;'flﬁk\sign(a;")(w;*TwZ‘)k*/ 63| sign(ay) (w " w))* dp(w)
1<k<20 \ j#i S4=IN\T;(d)
* ~ T x\k
<ol + o) Y ol max (w w))
1<k<2¢ i
<(la*[ly + uh) D [6xl(1—0%/5)"
1<k<2¢
* ~ 1 * A~
<dlla*[l, (1—38/5)" > 6kl < 7lail > o,
1<k<2¢ 1<k<2t

where (i) in the third line we use cos§ < 1 — §2/5 for § € [0,7/2] and (ii) in the last line we use
Lemma 18 and choose ¢ = [(5/6%)log(16 ||a*|, /|a}|)].

Thus, given |G| = ©(k~°) we have

VLV = VL) gl > i\aé‘l Y el = imfl S (k) = laf|e(f ).

0<k<20 1<k<2¢
. . _ ~ [ ( L\ (eo2) .
With the choice of / = ©(1/6%), we have § = O ((a,f%) > Since & >
Q (( 52(”) )/ (400_2)) with a large enough hidden constant, we know this is a contradiction.
As a corollary, with Lemma 18 that L(u) = 4¢ + 52 ||p||§, we have § >

~ 2 2
a (( 46+5X° pll3 )1/(4%72)) _

@ nin

For the activation ¢ is ReLU or absolute function, by Lemma 37 we know ¢, = 5/4, which gives
the desired result.

The lemma below bounds R using the fact that it is spiky (has small non-zero support).
Lemma 22. Under Lemma 6, recall the optimality gap ( = L(u) — Lx(p}). Then

IRall5 = OL((C/X+ N)*/3).
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Proof. Using the same calculation as in Lemma 12 in Zhou et al. [28], we have

1/2 3/2
IRs]5 <O(m.) > | D lag] lwyl, > laglllwsll, 63
i€[my] \JET: J€T;
With Lemma 18 and Lemma 19, we have || Ra |2 = O(m?2|u*|'/2(C /X + \)3/2). O

The following lemma bounds R3. In fact, in the view of expanding the loss as a sum of tensor
decomposition problem, R3 corresponds to the 0-th order term in the expansion. It would become
small when high-order terms become small, as shown in the proof below.

Lemma 23. Under Lemma 6 and recall the optimality gap ¢ = Lx(p) — La(p3). If 60 = 0 and
6% > 0 with some k = ©((1/A%)1og(¢/ |lax|,)), then

IRs]ly =0.((C + A)V2 /61 + (C/A+ A) +0).

Proof. As shown in Ge et al. [16], Li et al. [20], we can write the loss L(u) as sum of tensor
decomposition problem (recall ||w; ||, = 1):

2
L =342 / w dp(w) — 3 a ] [, wi®*
k>0 wesd! i€ [ma] .
Thus, we know for any k& > 1,
2
[ et dutw) = 3 afwillywi™| < Ln)o
wesdt 1€ [my]
* F

Given any wj}, we have

; k
[ dutw) = 3 a s, i
w

i€[m.] P

>3 atfwilywi® - [ et da(w)w -
S| wesSd—1
= |aj [|wj 2—/ <w,w;>’“du(w)‘ >4 ||wf||2<wf,’w§>k—/ (w, w})" dp(w)
K i3 s4-1\T;
> |aj ||w} |2_[r du(w)‘ - ‘/T du(w)—/T<w7w;>de(w)‘ - Zawaﬂb(w:,wj}’“—/ (w02 dpa(aw)
J j 3

i#] ST

For the second term on RHS, we have

/T_ dp(w) */‘<w,w;>’“du(w)

J J

< / (1w, w)") dlpl(w) 2 / 1 (1= 8w, w))?/2)" dlp (w)

J J

(b) )
5 / O(k) - 8(w, w?)? d|pe|(w) + / dJpe|(ww)
Tj,é(w,w;‘)2§1 Tj,é(w,'w;‘)2>1

<O(k) | g, ;)2 dll(w)

where (a) cosd > 1 —§2/2for§ € [0,7/2]; (b) (1 — z)* > 1 — kx forx € [0,1].
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For the third term on RHS, we have

* * * *\ k T,.,%\k
o * )R d <(|la ;
>t il ) L () ) <l + i) mas (w7
(a)
<(llaxll, + |ul1)(1 — A?/10)*

(b)
200,

where (a) cosd < 1 — §2/5 for § € [0,7/2]; (b) we choose k = O((1/A?)log(¢/ |lax]|,)) and
Lemma 18.

Therefore, we have

k
[ CORD SR R
wesS*T

i€[m,] F

a; ||lwy], /T u(w)|0(k) / §(w, w})?|u|(w) — O(C).

j T

This implies that

mo/L(w)/6x > D

jE[m.]

a5 [[wjll, - /Tu ‘ Z/aww P lul(w) = O(m.)

J JE[m.]
> Y aifwill, =~ [ ()| = 0.(¢/2+2) = 0m.0),

where we use Lemma 19. Rearranging the terms and recalling L (1) = O, (¢ + A?) from Lemma 18,
we get the bound.

O

The following lemma gives the bound on the average neuron to its corresponding teacher neuron. It
follows directly from the residual decomposition and previous lemmas that characterize R, R, R3
respectively.

Lemma 24. Under Lemma 6, recall the optimality gap ¢ = Lx(p)—Lx(u}). Then for any i € [m.],
(= QO‘Q) and ¢, A < 1/pOIY(m*’ A, ”a*”l)

o\ 1/2

> awi—wi|| <[ Y| aw; —w; = 0.((¢/N¥4).

JE€T: 9 i€[m.] ||JET: 9

Proof. With the relation of residual decomposition, Lemma 21, Lemma 22 and Lemma 23, we have
for any i € [m.]

o\ 1/2
QA2 ) | 3 IS aw, — wp < [Rally < (IRl + 1 Rally + 15l
i€lmy] ||[J€T: 9
=0,((C+ A2+ (/A + X)) + 0. ((C+ X2+ (¢/A+N) +0).
Rearranging the terms, we get the result. O

G.2 Omitted proofs in Section E.2

In this section, we give the omitted proofs in Section E.2. The key observation used in the proofs is
that balancing the norm and setting «, 3 perfectly to their target values only decrease the loss.

30



112
Lemma 25. Given any 6 = (a, W, «, 3) satisfying |a — a|? = O(¢), ’,6 - ,@Hz = O((), where
&= (1/vV2r) ", a; ||willy and B = (1/2) 7, asw;. Let its corresponding balanced version

Ovai = (@bai, Whal, Qbal, Bral) as avar,i = sign(a;)/|ai| [|willy Wear,i = Wiv/|as| |willy ava =

& and By = ﬁ Then, we have

L(6) = La(Ba) = lo— P+ |3 8|+ 5 3 (lal = Jwill)* > 0.

i€[m]

Moreover, let the optimality gap ¢ = Ly (0) — Lx(u3), we have results in Lemma 18, Lemma 19,
Lemma 20, Lemma 21, Lemma 22, Lemma 23 and Lemma 24 still hold for L (0), with the change
of R3 in (4) as

Ry(ax) = = | > aillwilly = Y ailwil, | +a—a+(8-P) =

i€[m.] i€[m]

Proof. Recall in Claim 1 we have
2

2
N A o —Qk *Qk
L) =la—a*+||8 =8| + Y 6 [ D aillwill, @ — Y a iy wi®

k>2 1€[m] 1€ [my] F

A2
Note that o [ = lapat o 10l 50 that L(8) = L(Buat) + I — 2 + [ — B[ We then

have
. All2 LA 2 L A 2 A 2 A 2
LA(8) = La(@oa) =la— a2 +||8 = B + 5 lalls + 5 IWI3 = 5 llasatll3 = 5 [ Woal

—a—aP+ 8- B+ 5 3 (il -l

1€[m]

Therefore, we have the optimality gap ¢ = Lx(0) — Lx(u}) > La(0par) — La(p}) = Cpar- Note
that 6,,; corresponds to a network that has perfect balanced norms and fitted «, 3, thus all results
in Lemma 18, Lemma 19, Lemma 20, Lemma 21, Lemma 22, Lemma 23 and Lemma 24 hold for
Opar. Since ¢ > Gpars |ai| [|willy, = |apari| [|[wpar,ill, and L(6) = L(Bpar) + O((), we can easily
check that all of them also hold for 8. For the bound on R3, note that

1 R
= | it 5 o] 101+ o
1Rslly < = | 32 atlwily = 3 aslhwilly| + o=l + [} - B
1€[m] i€[m]
so that the same bound still hold for R3. O

Lemma 26. Under Lemma 6, suppose optimality gap ( = L(0)— Ly (u}). Then HaH§+ I W||§7 <
3@,
Proof. We have
A
2

where we use Lemma 17. Rearranging the terms, we get the result by noting that |u}[; < |la.||;.

A * £ *
lally + 5 IWIIE = ¢+ L(3) + Muils — L(8) < ¢+ 3 [Iplly + Ak,

G.3 Omitted proofs in Section E.3

In this section, we give the omitted proofs in Section E.3. We will consider them case by case.

The lemma below says that one can always decrease the loss if norms are not balanced.
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Lemma 27 (Descent direction, norm balance). We have

DD (Ve Lo =a5) + (Vs L, wy)| =

i JeT; 1€ [my]

2
a? — w3

>max § Al fal; = W5 1A Y (lail = llwil,)?

i€ [m.]

Proof. We have

> [(Va, La, —a;) + (Va, L, w;)|

1€[m]
-y \—21@ ~ F@)ajow] @) Aa? + 2y [(f () — fu(@)ajo(w] )] + Al

1€[m]

~ Jlil} \

7€[m]

Note that |a;| + [lw; |, > |ai| — |Jwil|, |, we get the result. O

The following lemma shows that one can always decrease the loss if there are close-by neurons that
cancels with others. Intuitively, reducing such norm cancellation decrease the regularization term
while keep the square loss term, which decreasing the total loss as a whole.

Lemma 28 (Descent direction, norm cancellation). Under Lemma 6, suppose the optimality gap
¢ = L\(0) — LA(u}). For any w}, consider 8sign such that 8105 < Osign = O(N/CY/?) with small
enough hidden constant (0.1 deﬁned in Lemma 20), then

Z Z <VajL/\7 Z Sign(aj)‘a_j‘ ) > + <V‘ij)\a Z el - - > = Q()‘)
)

s€{+,—} FETs s (Jsign JET; s (Osign) |aj| ”wj H2 FET:. s (Ssign) |CLJ| H’Ll)j”2

where T; | (Osign) = {j € T; : 0(wj, w) < dgign,sign(a;) = sign(a})}, T; —(dsign) = {j € T; :
5(11)], *) < dsign, sign(a;) # sign(a )} are the set of neurons that close to w; with/without same
sign ofa

As a result,

2 2
IValall; + VW Lallz =3 ) la;| [|lw;]l
JET;, — (Osign)

Proof. Denote R(x) = f(x) — f«(x). We have

Z Z Vo, L, sign(a;)|a;| +{ Vs, L, wj
| >ty |l T S oo Tl

Se{“rv_}]eTi,s(ésign) S‘gn

sign(a;)|a;| ||w; )\az
Z Z > en( J)| J||| J||2 -2EE[R(:E)U(W;(L')]+ J

ST o) JET, ) 29T i) 18] 0512 et (o

sign(a;)|a;| ||w; Al|w;
i Z Z g ( ])| J||| JH2 ~2Em[R(w)U(*;rw)]+ H J||2
SE{+7_}jeTi,s(6sigxl) EJETi a]| ||w.7 HZ ZjeTi,S(‘ssign) a']| Hw]”Q

y g [lw;ll

slsn

\8 (6ﬁign)

32



We split the above into two terms. WLOG, assume sign(a;‘) = 1. For the first term,

SRS sign(ap)las 1wl g g, (W, z)]

o€ Cr=) ST, Congn) 23Ty 10 1203 2

—4 Z Z |aj| ||’wj||2 Em[R(w)U(E;:B)]

et STy ST 5300 951 T

Y \a]\uijQ B (Ao (@ )

JET, _(Suign) ST ETi,— (Bsign) y lag| flw;ll

oy - |aj|||wj||2 E.[R(z)(c(w®] z) — o(w; z))]

JET;, +(6515n) JeTi’+(§Sign ‘aj‘ ij||2

) ol ot
1Y e R @

JET;,— (dsign)

“4
§,
S
*
_|
8

Since W is Jgign-close to w; and ||R||§ = L(0), we have
(D] < O@sign) |1 Rlly = Ou(Bsign¢'?),

where we use Lemma 25 that L(0) = O..(¢).

For the second term, we have

2
e () @ T w515

(IT) =\
SE{+7_}

> 20 42X = 4\,
e, . G 1 10512

Therefore, when (I) < 2), i.e., §sign = Ox(A/¢Y/?), we have

Z Z Va Ly, sign(a; )|a;| +( Vo, Ly, w;j
, D ety (bugn) 12| 1w5l T et () | w5l

s€{+,—} J€Ti,s(Jsign) sign
2
A ey (Gug) G T w5l

7256{4-7—} 25T o (Susen) 15 105l

sign)

We compute a upper bound for LHS. Note that

Z Z Va, Ly, sign(a;)|a;| +( Vo, Ly, w;
| > et e |53 05115 S e oo I w1,

se{+,—} JET; s(Osign) Ssign)

2 12
S Y Vel Vel YN a3 + ;i3
(E.jETi,s((ssign

y lajl llw;ll,)?

s€{+,—} j€Ti,s (dsign) s€{+,—} J€Ti, s (Jsign)
> jeT ) 4+ 0515
2 2 ETi,s(Jsign) ~J J112
S\/IIVaLAHQ + IVw La[[ % (Z]’ - a;| Jw;],)?
se{t,~} JET;,s(sign) 177 AL
2 2
2 2 ZjeTi,s(ési 2) & + ”wJ”Q 1
S\/||VaL/\H2+||VWL,\||F S - la;] [[w,]] ’
s€{+,—} JETi,s(Fsign) 177 J12 \/ZjeTi,—(ésign) |aj| ||ij2

where the last line we use Lemma 20: Y. (i) laj| [|lw;lly, < leeTil+(§sign) |a [|w;]l, be-
cause ji(T;(6)) = X ;e (5, 9 1051l > 0.

33



Combine with the above descent direction, we have

sy a2+ |lw,] 1
\/||VaLA||§ + HVWLAHfD Z %ETLS(&MH) |Zz-| |||w .J||2
selt—} ZIETi s (Buign) 199111012 \/Zjen,_(asign) |a;| [|lwj]l,
2
>é ZjeTi,s(ésign) a? + ||w]||2
-2

)
I A DI T | [ B

which implies

2 2
IVaLaly + IVwLallz =X > g [lw;l,
JET;, — (Osign)

The lemma below shows that when all previous cases are not hold, then there is a descent direction
that move all close-by neurons towards their corresponding teacher neuron. The proof relies on
calculations that generalize Lemma 8 in [28].

Lemma 29 (Descent direction). Under Lemma 6, suppose the optimality gap ( = Lx(0) — Ly (u}).
Suppose

(i) norms are (almost) balanced: | ||W||§,— HaH§| <IN e (lagl— |w;l,)? = 0.(¢2/22)

(ii) (almost) no norm cancellation: consider all neurons w; that are dgign-close w.r.t. teacher
neuron w; but has a different sign, i.e., sign(a;) # sign(a}) with dsgn = O.(A/CY/?), we
have 3 icr, (5,0 103l Jwjlly < 7= O (¢%/8/X) with small enough hidden constant, where
T;._(0) defined in Lemma 28.

112
(iii) «, B are well fitted: | — &|?> = O(C), ||8 — ,BH = O(() with small enough hidden constant.
2

Then, we can construct the following descent direction

(@ + ) Valn +(VaLa,B+B) + Y > (Va,Ln,w; — gijw]) = Q(C),
i€[my] JET:

where q;; satisfy the following conditions with $ciose < Osign and Ociose = O*((1/3): (1)
dier @i%i; = ai; (2) gij = 07 (3) ¢i;j = 0 when sign(a;) # sign(a;) or 6; > Sciose- (4)
Zie[m*] Zjeﬂ qi2j = O.(1).
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Proof. Recall residual R(x) = f(x) — fi«(x). We have
(@ + @)Valy+(VaLa, B+B.) + Y D (Va Ly, w; — gijwy)

i€[m.] JET:
(a)
Z2E,[R(z) (0 + )] + 2Eo[R(x)(B+ B) 2] +2 > Y Eu[R T2 -2 > Y Eo[R(z)ajqi0(w;
i€lm.] JET: i€[m.] JET:
+2 ) D Eo[R(@)ajqw; (o’ (w] T 2) — o' (w] @))]
i€[m.] JET:
+A Z ||wj||§_/\ Z Z(h‘jw;‘rw:
1€[m] i€[my) JET;
(b) *
S2|RIG MW= Y Y gijw]w;
i€[m.] JE€T;
+2 Z ZE x)a;qw; z(o'(w) x) — o (w] x))]
i€[m.] JET:
>LA(NA)+C+ (IIWIIF “A YD ai llwjly
i€[my]) JET:
+2 Y > Eo[R(x)ajqw]  x(o’ (w] x) — o’ (w] x))], (8)
i€[m.] JET:

where (a) we plug in the gradient expression and add and minus the term
2Zi€[m*} ZjeTi Ex[R(z)a;jgi;o(w; x)]; (b) rearranging the terms; (c) using L)(0) =

2 2 2 *
RIS+ (A2) W[5+ (A/2) lally = La(s3) + €.
For the first line on RHS of (8) we have

La(py) +C+ 5 (IIWIIF*IIGII A D0 D aisllwlly

i€[m,] JET:

(a)
>C/24 L(p3) + Alpa] — A Z Z aij [lw;ll,

i€[my] JET:

®)
>C/2 4 Aps] = Mlasly + A Y0 > ai(lag] = w;lly)

i€[m.] JET:
1/2 1/2
(c)
>(2=0.N) =2 Y > d > (laj] = [Jw;]l,)?
i€[my] JET: i€[m]

(d)

>(/4,
where (a) due to assumption that norms are balanced; (b) we ignore L(x3) and add and minus
Allas|ly; (c) due to Lemma 17; (d) due to assumption that norms are balanced and the choice of ¢;;.

In the following, we will lower bound the last term of (8) to show it is much smaller than /8. Recall
the residual decomposition (4) that R(xz) = Ry(x) + Ra2(x) + R3(x), we have

Y 3 EalR(@ayagw! (o’ (w] @) - o' (w] T 2))

i€[m.] JET:

Z ZE [Ry(x)ajqijw; x(o’ (w} ) — Z ZE [Ry(x)ajqijw; x(o’ (w) ) — (w]T )]

i€[m.] JET: i€[m.] JET:
(I) (I1)
+ Z ZE [Rs(x)ajqiw;  x(o’ (w] ) — o' (w] x))]
i€[mu] JET:
(I11)
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Bound (I)  For (I), recall Ry (z) = (1/2) 3¢y, vi Tsign(w] @), where v; = 35, - ajw; —
w} and (3¢ (. ] HviH;)lm = 0.((¢/\)?/*) from Lemma 24 and Lemma 25. We have
> > EalRi(@)ajgiw] T a(o (w] ' x) — o (w] @))]

2E[m 1J€T:

> -5 Z Z Z |Ul<: w'laqujnw w‘]lalgn(w;a:)?ésign(wi*—rac)]

1€[m*] JETi k€[m.]

® 1 *
- 5 Z Z Z ‘aqu'| ||’Uk||2]E5[|’U $||w Tx|]151gn (w) 5);£sign('w;-ri)]

i€[m.]) JET: k€[m.]

—_7 Z Z Z ‘aqu]H'Uk”Qé]E [”w”Q 51gnw 7551gn(w;‘75)]

1€[m*] JET: k€[m.]

—~

a)

S0 S Y Jasal el 00%)

1€[m.] JET: k€[m.]

©
> - ((C/)‘ 3/45close Z Z ‘a]ql.]| - ((C//\)S/4éclose)
i€[m.] JET:
where in (a) we plug in the definition of R; and using the fact that w} "z (o' (w} ) — (w;rw)) =
|w} w|1lSlgn (w] @)£sign(w? Ta)} (b)  is a 3-dimensional Gaussian since the expectation only de-

pends on vy, w;, w;: (¢) |w; ' &| < §; [|&]|, when sign(w, ) # sign(w; ' Z); (d) a direct calcu-
lation bound as Lemma 34; (¢) definition of g;;.

Bound (II) For (IT), recall

.
Z Zajw z(sign(w; x)—sign(w Z Zaﬂw a:|]]'51gn(w @) #sign(w T @)

zE[m*]Jeﬂ i€[my] JET:

For each term in (I) with j € 7;, we can split it into two terms that corresponding to 7; and other

Ti’s
Eqo[Rs(z)ajqijw; (o (w; @) — o' (w] @))]

= Z Z]Ew[adwérwl]lsign(w;m)gésign(szm)'ajqijw;(—rw( (W*Tm) (’wj—r )]

ke[m.] €Tk
w1 ety - [0 oL, anteo7 )
azanZ] wl €z sign(w, @) #sign(w; T x) w; T mgn(w;f-rm);émgn(w;rw)
ke[m.,] €Tk
- Z azajqzj |wl :E”’U) w|]]'51gn(w;w)7$sign(w:-rm) : ]]'sign(w:-rm);ésign(w;rm)}
LeT;
(I1.9)
*T
+ Z Z a@ajqu |wé me w‘]151gn(w;w)7ésign(w;;—rw) : ]lsign(w;*—rw);ésign(w;w)] )
k#£i LE€Ty,
(I1.i1)

For (ILi), we further split neurons into 7;(Jsign) and others:

(IIZ) = Z afajqijEwHw;w||w;kTm|lsign(wlm)#sign(wf—rm) ' ]]'sign(w;‘—rm);tsign(w;rm)}
Zeﬂ(ﬁsigu)

T * T
+ Z aéanijEwHwé mez wllsign(w;w);ﬁsign(w:‘—rw) : ]lsign(w;‘—rw);ésign(w;w)]

CET\Ti (3sign)
(10)
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Consider the first line of (10), from the choice of ¢;; we know a;g;;af > 0. For £ € T; 4 (sign), We
know sign(a,) = sign(a;), which implies aga;q;; > 0 for these terms. We thus only need to deal
with neurons in 7 _ (Jsign ), we have the first line is bounded as

T * T
Z aﬁajqijEmee x”wz CC|]]'s.ign('w;rm);aés.ign('w;*—rm) ’ ]]'sign(w;“—rm);ésign(w;m)]
eeﬂ(ésign)

> Z aeajqijEm[|me||w;<Tm|]]'sign('wlzrm);ésign(w;‘—rm) ' ]]'sign(w;‘—rm);ésign(w;m)]
Zeﬂ.f(ésign)
(2)
T~ *T ~

> - |an7;j| Z |a’l| HU’ZHQEmel wsz w|]‘sign(w;fi)7ﬁsign(w;‘TE) : ]]'sign(w;fTi)#sign(w;i)]
LETi,— (Ssign)

®) -

> — |a;qi;l Z |ae| llwelly 066 B [[|1]]5 Tsign(wy #)£sign(w: 73) * Lsign(w: T#)#sign(w] 7))
LET;,— (sign)

© )

> —lajgl Y el well, O(5657)
LETi,— (sign)

@ )
> — |anij|O(T5$ign5close)’

where (a) @ is a 3-dimensional Gaussian since the expectation only depends on wy, w;, w;; (b)
[w, x| < 0, |||, when sign(w} %) # sign(w, ) and |w} " Z| < §; ||Z||, when sign(w} T Z) #
sign(w;r x); (c) a direct calculation as in Lemma 34; (d) assumption that norm cancellation is small.
For the second term of (10), similar as above, we have

2 Z afaj(JijEme;m|‘w;—rm|]]'sign(w;m);ésign(w;‘—rm) ’ ]]'sign(w;‘—rm);ésign(w;m)]
467’1\7’1 (6sign)
(2) T T~
> = 2|aqu'j‘ Z ‘a’f| ||’l.l]e||2 EEHwE w”wiTw‘lsign(w;ri);ésign(w;‘-ri) ’ ]]'sign(w;‘-ri)gésign(w;ri)]
667—7\7_7 (6Sign)
®) ~2
> = 2|aqu]‘ Z ‘a’e| ||’LU@||2 6Z6]E5H|$”2 ]lsign(wz‘—rﬁf)#sign(w;ri)}

LeTi\Ti(dsign)

(c)

> —20a;qi;|057) D ael [lwelly 5
eeﬂ\ﬂ(asigu)

(i)—Q ;704 (62 A5t

= |a’quJ‘ «( ¢ )s

close sign

where (a) Z is 3-dimensional Gaussian vector since the expectation only depends on w, w;, w;; (b)
[w, z| < 8¢ |||, when sign(w} "Z) # sign(w, ) and |w} "Z| < §; ||Z||, when sign(w; " Z) #
sigm(wjT x); (c) adirect calculation as in Lemma 34; (d) choice of ¢;; and Lemma 19 and Lemma 25
that far-away neurons are small.

Thus, for (II.1) we have

(IIZ) 2 _2‘0’qu] |O* (TéSignézlose + 6glose<A_1§s:g1n)'
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For (IL.ii), we have

|(II”)| S2Z Z |a’z||ajqij‘Em[|w2—w||w2’<Tw‘]lsign(w;ra:)#sign(w;—rw) ’ ]lsign(w;*—rac)gésign(w;:c)]
ki £€Th

(a) ~2
SQZ Z |a€||a‘jq¢j‘ HwZHQ 55(;]15‘5[”33”2 ]]'s.ign('wZ Z)#sign(w; T x) ]]'sign(w;‘—ri);ésign(w;ri)]

ki 6€Th,
(b) .
<233 acllasgis| |lwelly 568 BB 15 131 <5021, * LeorTa1<s, 120, ]
ki LeTh,
(c)
<20a;qi;|0; > > lael |welly e - O(6e5;/A)
ki (€ Th

(4 1A -
2|ajq’bj‘0 (6closeC)‘ 1A 1)7

where (a)(b) T is a 4-dimensional Gaussian Vector [w, €| < & ||%H2 when sign(w} ') #
sign(w/ ) and |w; " &| < §; [|Z], when sign(w; ') # sign(w, Z); (c) by Lemma 33; (d)
choice of ¢;; and Lemma 19 and Lemma 25 that fa.r-away neurons are small
Combine (I.1) (ILii), we have for (9)

Efﬂ [Rg(w)aqu'w;ﬂa:( (w*T:L.) (’UJ IB))] > 2|a’]qu ‘O( Slgnéclose closeCA 1651;1'1)
This further gives the lower bound on (II):

Z Z ]E R2 aqujw IB( (w*Tw) ( -2 Z Z |an1J |O 51gn close + 6close<)‘ 1551g1n)
i€[m.] JET; i€[m.] €T

= O (7_551gn5close + 5close<'>‘ 15_

mgn)

Bound (II)  For (I1), recall Rs(x) = &= (Zie[m*] ai [ willy = 3 scm) @i IIwillg) +a—a+
(B — B)T . We have

3N EolRs(@)ajqiw; x(o’ (w] z) — o' (w] z))]

i€[m.]JE€T:
(a)
> = O*(C/)‘> Z Z |anij|]Ew[|wiTwl]lsign(w;:c)gésign(wf—r:v)}
i€[m.] JET:
- Z Z |anZJ|EmH(/8 - B)Twl|w;k—rw|]]-sign(w_]Tm);ﬁsign(w:Tm)]
i€[my] JET:
(®)
> = 0.(¢/N) Y Y lajal0(]
i€[m.] JET:
~12
—0(C"?) D7 D laai16Ea @3 Lsign (w] %) #sign(w; )]
i€[m.] JET;
—0.(¢/N) D D lajail0(53)
i€[m.] JET:
@

E O. ( closeC/A)

where (a) plugging in the expression of R3 and using Lemma 23 and Lemma 25; (b) using Lemma 35
and the fact that Z is a 3-dimensional Gaussian vector and |w} ' Z| < §; ||Z||, when sign(w} T Z) #
51gn(w x); (c) Lemma 34; (d) choice of g;;.

Combine all bounds Combine (I) (IT) (IIT) we now get the last term of (8)

Z Z E anUw Tx( (w‘;rw) (’LU :13))] > O ((C/A)3/450lose + 7-(551g116¢:lose + 5close<->\ 15&1g1n)
i€[m.] JET:
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From Lemma 20 we can choose dcjose = O (C 1/ 3) and from Lemma 28 we can choose dsjgn =
0.(\/¢?). Also with 7 = O(¢%/6/\), we finally get

Y D Ea[R(@)ajaw] 2o’ (w] z) — o' (w] )] = /8,

i€[my] JET:
as long as ¢ = O(XY®/ poly(r, m., A, ||a||, , @min)) With small enough hidden constant.
Thus, we eventually get the lower bound of (8)

(@+ @) Valn+ (VaLn, B+B.) + D > (Va,La,w; — qw)) > (/4= (/8= (/8.

i€[my] JET:

G.4 Technical Lemma

In this section, we collect several technical lemmas that are useful in the proof.

Lemma 33. Consider o, 3 € R* with ¢ = Z(at,8) € [0,7] and |||, = |B]l, = 1 and =
N(0,I). Then, for any 0 < 91,062 < c¢ with a small enough constant c

2

2 .
Exlllzlls LjaTa|<s, [],.18T|<s|2),) = O(0192/ sin ¢).

Proof. WLOG, assume o = (1,0,0,0)7, B = (cos ¢,sin ¢,0,0) and ¢ € [0, 7/2]. Then we have
Es|

2
2115 LT o <61 |, |87 @] <62 lll,)

0o 2w
2 . .
= 5 / rPe"/2 dr/ sin? 04 / sin 0 dfa dfy / 1dos;
(277) 0 0<6,<m,| cos01]<d;1 0<02<m,| cos 01 cos ¢p+sin ;1 cos 02 sin ¢|<d2 0

=0(1) - / sin? 6, / sin 0y dfy df,
0<0,<m,| cos 1]<61 0<o<m, 202=Cos01cOs ¢ o g, < S —cO8 03 cos

sin 01 sin ¢ Sin 01 sin ¢

:/ sin26, - O <62) dé,
0<6, <,| cos 61 |<8, sin 01 sin ¢
(9162
=0 (siw) |
O

Lemma 34 (Lemma C.9 in [28]). Consider o, 3 € R? with /(a, 3) = ¢ and " 3 > 0. We have

2
Ew[”wH lsign(aTm);ﬁsign(ﬁTw)] = O(¢)
Lemma 35. Consider o, 3 € R with Z(a, 8) = ¢, |||, = ||Bl, = 1 and a" 3 > 0. We have

]Eﬂl[|aTa:|]lsign(aT:c);ésign(ﬁTm)] = O(¢2)
Proof. 1t suffices to consider ar, 3, € R%2. WLOG, assume o = (1,0) " and 3 = (cos ¢,sin¢) "
We have
T 1 > _7.2/2 2 2
E:c“a w|]lsign(aTw)7ésign(ﬁTm)] = % 0 re dr 0 COse]lsign(cos 0)#sign(cos(0—¢)) do = O(¢ )
O

Lemma 36. Under Lemma 6, let

Gij = { Sor a5 € Tt (ctose)

-76Ti,+ (Sclose) d
, otherwise

IfZiE[m*]

2
a2 Nwil}3] < anin/2 then ey ey, 4 = Olllaclly)
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Proof. We have

*2

2 aja;”® a;
2 2 ah=d ) = 2

5 -
. as . a’
i€[m.] €T i€[ma] FE€Ti + (Betose) (ZJGTi»+(5clnse) J) i€m.] EJGTi,Jr((;czose) J

In the following, we aim to lower bound > ;7 (5.,...) a?. Given ) — ||w, ||§ | <

la¥|/2, we have

2
JETi+(Sctose) |aj

2 * * *
2 Y dz= Y dtllwly-lal/2z2 Y el llwlly — lafl/2 > [af]/2,

JET; 4+ (8ciose) JET;, + (8ciose) JET;, + (8ciose)
where the last inequality is due to Lemma 20: D eT t (Guoee) Wil wjlly =
| ey @5 w0 | = [a£1/2. Thus, we have e e @2 = Ollla-ly): O

H Proofs in Section F (non-degenerate dual certificate)

In this section, we give the omitted proofs in Section F. The proofs are mostly direct computations
with the properties of Hermite polynomials in Claim 2.

Lemma 30 (Non-degeneracy of kernel K). For £ > O(A~2log(m.l/hA)), kernel K>, is non-

degenerate in the sense that there exists 1 = O(L=1/2), p; = O(1), po = O(¥) such that following
hold:

(i) K(w,u) <1— pq forall é(w,u) = L(w,u) >r.
(ii) K@ (w,u)[z,z] < —ps ||2||° for tangent vector z that zTw = 0 and §(w, u) < r.

(iii) || KD (wf, i) ||, e < B/m2 for (i 5) € 0,1} x {0,1,2}
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Proof. With the property of Hermite polynomials in Claim 2, we have

K(w,u) =Eg[75¢(w ' z)75¢(u' x) 72 Z&k cos® 6,
Zs k>t
KO (w, u) Z&%kcosk Lo (I -ww ' )a,
77 ol
1
KM (w, ) 7 Z&,%k YeosF 20— —— (I —ww uw ' (I —un')
7 Tl Tl
1
2:2kms 90— (I —ww ' (I —uu ')
7 Tl Tl
1 1
K@ (w, u) =3 Gik(k —1)cos* 20— (I —ww un' (I -ww')
T k>0 wll3
1 1
—ﬁz&kkcosk*@ s((I-ww )ww' +wa' (I-ww')+w u(l —ww'))
T k>t wll5
K@Y (w, u) —&MK(ZO)(w u)
1
Z —2)cos" 3 0——F——e/ (I -uwn")w- (I -ww' )wu' (I -ww')
Z3 E>¢ lwll3 flwll,
1
72 Z&ikz Jeos" 20— (I —ww ') (I —un'ew' +ue (I-un'))(I-ww')
Zs it [l (|l
1
7 }E:a%k yeos" 2 0————e (I —wu" w- (I -ww' )aw'
Zs k>¢ [Jwl]3 [l
+wu' (I-ww')+w al wa))
1 1
- 22&%/%‘08]“ 10” 2 (I-ww')I-un')ew' +we; (I-un')I-ww')
sy Wiy

(11

where § = arccos(w ' u).

Part (i) Given that » = ©(1/+/¢) with a small enough hidden constant, we know for &(w, u) > r

K(w,u) = Z2ZUkCOb 0 < — Zak (1—-7r¥/5)f=c<1,
T k>t "’k>£

where c is a constant less than 1. Thus, p; = ©(1).
Part (i) For tangent vector 2 that 2" w = 0, we have (|w|, = |lull, = 1, §(w,u) <7)

K (w, u)[z, 2] Z 1)cos"™ 20 - ( Z Gk cos"™ 0w w||z];

‘7 k>0 ‘7 k>0

2
:@ Z&zk(k —1cos* 20 (w'z)* - Z&,%k cos* 10w w

72
o k>¢ k>t
||Z||§ k—2 ~2 k
< k —1)cos Osin’ 6 — o kcos™ 0
Z2 4§
o\ k>0 £<k<20
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For the first term, we have

Z kE—1) cos* 20 sin’ 0
k>¢

< > otk(k—-1)-0(1/k)+ > Gpk(k—1)r?
k>1/r2 €<k<1/r2
SoewE)+ Y ekt =e(r),
k>1/r2 L<k<1/r2

where we use 67 = ©(k~°/2) in Lemma 37.

For the second term, we have

> G7kcos™ 0> (721 - r?)*.
1<k<2¢

Given that » = ©(1/+/¢) with a small enough hidden constant, we know

By
KO (w,wfz, 2] < 2 20(0712) = —e(0) 213,

o

since Z2 = ©(¢~3/2).

Part (iii) Recall that §(w}, w}) > A for i # j. It suffices to bound || K ) (w, w)||, < h/m? for
0 = 5(w,u) > A. Given that £ > ©(A~2log(m.l/hA)) with large enough hidden constant, from
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(11) we have for ||w]| = ||u]| =1

73 Z& 1—A?/5) < h/m?2,

Zs k>4
HK(lo)(w,u)H 72 Zakkcosk Lhsing < ©()(1 — A?/5)* "1 < h/m?2,
Z5 k>t
1
HK(H)('w,u)H —5 sup Z -1) cos*20u"z w20 + Za k coskF~1 Hz Z9
w72 2] w=2; u=0, |>¢ k>t
lz1ll=llz2ll,=1

73 Z&,%k —1)cos* "2 9sin® 6 + —Zazkcos
Zs k>4 Zs k>4

<O(*?) Y Ok~ (1 - A?/5)F 2+ O(0)(1 — A?/5) 1 < h/m2,

k>0
1
HK(20)(u,7 u)H =3 sup Z&ik(k —1)cos" 20 -w'z - w2y — Z&ik‘ cost 10w w2 2z
w o 2] w=z] w=0, > k>0
1z1ll,=llz2]l,=1

1 1

Sﬁ Z 62k(k — 1) cos* =2 9sin® 6 + 7 Z 62kcosP1 o
T k>0 9 k>t

<O(2) Y O(k™12)(1 - A/5)F 2+ O(0)(1 = A%/5) 7! < h/m,

k>0
HK(QI)(w,u)H = sup Z —1)(k — 2) cos*3 Gqu (I-wu YW -u'z - 2
w,u sz:sz:un:() k>0

1 2
llz1llo=l1z2ll=llqll;=1

” k>0

Z&ik fl)coslc 20<Zq1z1 (I - uuT)el u z2+2q1z2 I - u’uT)e7 uTz1>

QZ&zk — 1) cost~ 2tﬁ)ZqZ (I-wu @ @' @-z{ 2

Zs k>£
~ 72 Z 2k cosk~ IHqu I - uuT)ei . zfzg
T k>e
—226,@9 —1)(k — 2) cos* 3 fsin® 0—1——26,% — 1) cosk™ 2051n9+ Zoﬁkcos
T k>0 Zs k>£ Z3 k>t
(a)
<h/m?,

where we use 62 = ©(k~%/2) in Lemma 37 and (a) the last two terms bound similarly as in K (2%)
and first term 5z 3, -, 672k(k—1)(k—2) cos* =3 fsin® 6 < ©(¢3/2) 3, ., O(k/2)(1- A% /5)F <
h/3m2. O

Lemma 31 (Regularity conditions on kernel K). Let B;j := sup,, ,, ||K(ij) (w,u) ||w ,, and By =

Boo+Bio+1, By = Bag+Ba1+1. We have Byg = O(1), Big = O(1), Bi1 = O({), Boy = O(¥),
Bay = O(£3/?), and therefore By = O(1), By = O(£3/?).
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Proof. We compute B;; one by one from (11) (see part (iii) proof in Lemma 30).

1
By =sup ﬁZ@% cos® 0] <1,

WU o >

1 . 1
Big Sﬁ Zaikcosk L9sing = O(1),

T k>t
1 . o, . 1 . -
By Sﬁ Zazk(kz —1)cos*20sin? 0 + 72 Zazk cos® 719 =0(0),
T k>0 T k>0
1 . o, . 1 .
Bay S? Z 62k(k — 1) cos® =2 9 sin? 6 + 72 Z 62k cos® 0 = O(¢),
T k>t T k>t

1 2 1
B <5 > " 67k(k —1)(k — 2) cos* " Osin® 6 + 77 > 67k(k —1)cos* ' fsin6 + 7 > 67kcos* ! fsind
9 k>4 9 k>4 T k>4

(a)

<O(£3?),
where (a) the last two terms follow the same as in Bj; and the first term % Zkz ’ [7]% k(k —
(k — 2)cos" ™ fsin’ 0 < @(83/2)21«21&@(/{1/2)(1 — 0%/5)k=30% < @(£3/2)Zkze(1 _
6‘2/5)(k—3)/293/ log(1/(1 = 62)) = @(63/2), -

I Some Properties of Hermite Polynomials

In this section, we give several properties of Hermite Polynomials that are useful in our analysis. See
[25] for a more complete discussion on Hermite polynomials. Let Hj be the probabilists’ Hermite
polynomial where

(@) = (1) e 2 e
and hy = ﬁH % be the normalized Hermite polynomials. Given a function o, we call o(z) =
> b0 0khi(x) as the Hermit expansion of o and 6, = E,n(0,1)[0(x)hy(2)] as the k-th Hermite
coefficient of o.
The following is a useful property of Hermite polynomial.
Claim 2 ([25], Section 11.2). Let (x,y) be p-correlated standard normal variables (that is, both
x,y have marginal distribution N(0,1) and Elzy] = p). Then, E[hp, (2)hn(y)] = p"0mn-
The following lemma gives the Hermite coefficients for absolute value function and ReL.U.
Lemma 37. Let 6 = E,n(0,1)[0(x)hi(x)] be the Hermite coefficient of o. For o is ReLU or
absolute function, we have |6y, = ©(k~5/%),

Proof. From Goel et al. [18], Zhou et al. [28] we have

0 , kis odd
Fabnsk = 2/7’: 1 /2 (k—2)! k=0
(=1)=~ ;W(k/%l)‘ ,kisevenand k > 2
0 ,kisoddand k > 3
. V1/2m k=0
Orelu,k = 1/2 k=1
E_ k—2)! .
(=1)z—1 %WM ,kisevenand k > 2
Using Stirling’s formula, we get |Gaps k|, [0rerur| = O(k™5/4). [
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