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ABSTRACT

Modern deep learning models are usually highly over-parameterized so that they
can overfit the training data. Surprisingly, such overfitting neural networks can
usually still achieve high prediction accuracy. To study this “benign overfitting”
phenomenon, a line of recent works has theoretically studied the learning of linear
models and two-layer neural networks. However, most of these analyses are still
limited to the very simple learning problems where the Bayes-optimal classifier
is linear. In this work, we investigate a class of XOR-type classification tasks
with label-flipping noises. We show that, under a certain condition on the sample
complexity and signal-to-noise ratio, an over-parameterized ReLU CNN trained
by gradient descent can achieve near Bayes-optimal accuracy. Moreover, we also
establish a matching lower bound result showing that when the previous condition
is not satisfied, the prediction accuracy of the obtained CNN is an absolute con-
stant away from the Bayes-optimal rate. Our result demonstrates that CNNs have
a remarkable capacity to efficiently learn XOR problems, even in the presence of
highly correlated features.

1 INTRODUCTION

Modern deep neural networks are often highly over-parameterized, with the number of parameters
far exceeding the number of samples in the training data. This can lead to overfitting, where the
model performs well on the training data but poorly on unseen test data. However, an interesting
phenomenon, known as “benign overfitting”, has been observed, where these models maintain re-
markable performance on the test data despite the potential for overfitting (Neyshabur et al., [2019;
Zhang et al., 2021). |Bartlett et al.| (2020) theoretically proved this phenomenon in linear regression
and coined the term “benign overfitting”.

There has been a recent surge of interest in studying benign overfitting from a theoretical perspec-
tive. A line of recent works provided significant insights under the settings of linear/kernel/random
feature models (Belkin et al.,[2019;|2020; Bartlett et al.| |2020; (Chatterji & Long, [2021}; |[Hastie et al.}
2022; Montanari & Zhong] 2022} |Mei & Montanaril 2022} [Tsigler & Bartlett, [2023). However, the
analysis of benign overfitting in neural networks under gradient descent is much more challenging
due to the non-convexity in the optimization and non-linearity of activation functions. Nevertheless,
several recent works have made significant progress in this area. For instance, [Frei et al.|(2022) pro-
vided an upper bound of risk with smoothed leaky ReL.U activation when learning the log-concave
mixture data with label-flipping noise. By proposing a method named “signal-noise decomposition”,
Cao et al.|(2022) established a condition for sharp phase transition between benign and harmful over-
fitting in the learning of two-layer convolutional neural networks (CNNs) with activation functions
ReLU? (¢ > 2).|Kou et al.|(2023) further extended the analysis to ReLU neural networks, and estab-
lished a condition for such a sharp phase transition with more general conditions. Despite the recent
advances in the theoretical study of benign overfitting, the existing studies are still mostly limited to
very simple learning problems where the Bayes-optimal classifier is linear.

In this paper, we study the benign overfitting phenomenon of two-layer ReLU CNNs in more com-
plicated learning tasks where linear models will provably fail. Specifically, we consider binary
classification problems where the label of the data is jointly determined by the presence of two types
of signals with an XOR relation. We show that for this XOR-type of data, any linear predictor will
only achieve 50% test accuracy. On the other hand, we establish tight upper and lower bounds of
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the test error achieved by two-layer CNNs trained by gradient descent, and demonstrate that benign
overfitting can occur even with the presence of label-flipping noises.

The contributions of our paper are as follows:

1. We establish matching upper and lower bounds on the test error of two-layer CNNs trained by
gradient descent in learning XOR-type data. Our test error upper bound suggests that when
the sample size, signal strength, noise level, and dimension meet a certain condition, then the
test error will be nearly Bayes-optimal. This result is also demonstrated optimal by our lower
bound, which shows that under a complementary condition, the test error will be a constant
gap away from the Bayes-optimal rate. These results together demonstrate a similar “sharp”
phase transition between benign and harmful overfitting of CNNs in learning XOR-type data, as
previously shown in works by |Cao et al.|(2022) and |Kou et al.|(2023).

2. Our results demonstrate that CNNs can efficiently learn complicated data such as the XOR-type
data. Notably, the conditions on benign/harmful overfitting we derive for XOR-type data are the
same as the corresponding conditions established for linear logistic regression (Cao et al., 2021},
two-layer fully connected networks (Frei et al. 2022) and two-layer CNNs (Kou et al.| [2023)),
although these previous results on benign/harmful overfitting are established where the Bayes-
optimal classifiers are linear. Therefore, our results imply that two-layer ReLU CNNs can learn
XOR-type data as efficiently as using linear logistic regression or two-layer neural networks to
learn Gaussian mixtures. Notably, learning the XOR-type data relies on different CNN filters to
learn different features, while in previous works, the optimal case is in fact when all neurons are
(almost) parallel to a single signal direction. Therefore, the result in this paper can better reveal
the strength of the non-linear structure of neural networks.

3. Our work also considers the regime when the features in XOR-type data are highly correlated.
To overcome the technical challenges caused by the high correlation in the training process, we
introduce a novel proof technique called “virtual sequence comparison”, to enable analyzing the
learning of such highly correlated XOR-type data. We believe that this novel proof technique can
find wide applications in related studies and therefore may be of independent interest.

A concurrent work (Xu et al.|[2023) studies using two-layer fully connected neural networks to learn
an XOR problem, where for fixed vectors u and v, the two classes of data are generated from Gaus-
sian clusters N (£u,I) and N (+v,I) respectively. The authors show that gradient descent can train
a neural network to achieve benign overfitting, and can exhibit a “grokking” phenomenon. There
are several differences between (Xu et al.l [2023)) and our work. First, they assume that the “signal
vectors” u and v are orthogonal. In comparison, we can cover the case where the angle between
u and v is small, assuming that the signal vectors and Gaussian noises are on different patches of
the data. Moreover, they rely on a condition that the signal strength (||u/|2, ||v||2) increases with the
sample size n, while our result indicates that if n increases, then a smaller signal strength may be
sufficient to achieve benign overfitting. In addition, they focus on the neural networks trained in the
first /n-th iterations, while our results are for CNNs trained until convergence. At last, they mainly
focus on the upper bound of test error, while our result gives matching upper and lower bounds.

1.1 ADDITIONAL RELATED WORKS

In this section, we introduce the related works in detail.

Benign overfitting in linear/kernel/random feature models. A key area of research aimed at
understanding benign overfitting involves theoretical analysis of test error in linear/kernel/random
feature models. Wu & Xu|(2020); Mel & Ganguli| (2021); Hastie et al.| (2022) explored excess risk
in linear regression, where the dimension and sample size are increased to infinity while maintaining
a fixed ratio. These studies showed that the risk decreases in the over-parameterized setting relative
to this ratio. In the case of random feature models, [Liao et al.| (2020) delved into double descent
when the sample size, data dimension, and number of random features maintain fixed ratios, while
Adlam et al.| (2022} extended the model to include bias terms. Additionally, Misiakiewicz| (2022));
Xiao et al.|(2022);/Hu & Lu[(2022) demonstrated that the risk curve of certain kernel predictors can
exhibit multiple descent concerning the sample size and data dimension.

Benign overfitting in neural networks. In addition to theoretical analysis of test error in lin-
ear/kernel/random feature models, another line of research explores benign overfitting in neural
networks. For example, [Zou et al| (2021)) investigated the generalization performance of constant
stepsize stochastic gradient descent with iterate averaging or tail averaging in the over-parameterized
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regime. Montanari & Zhong| (2022) investigated two-layer neural networks and gave the interpola-
tion of benign overfitting in the NTK regime. Meng et al.|(2023) investigated gradient regularization
in the over-parameterized setting and found benign overfitting even under noisy data. Additionally,
Chatterji & Long| (2023) bounded the excess risk of deep linear networks trained by gradient flow
and showed that “randomly initialized deep linear networks can closely approximate or even match
known bounds for the minimum ¢5-norm interpolant”.

Learning the XOR function. In the context of feedforward neural networks, Hamey|(1998)) pointed
out that there is no existence of local minima in the XOR task. XOR-type data is particularly
interesting as it is not linearly separable, making it sufficiently complex for backpropagation training
to become trapped without achieving a global optimum. The analysis by [Brutzkus & Globerson
(2019) focused on XOR in ReLLU neural networks that were specific to two-dimensional vectors
with orthogonal features. Under the quadratic NTK regime, |[Bai & Lee| (2020); (Chen et al.| (2020)
proved the learning ability of neural networks for the XOR problems.

1.2 NOTATION

Given two sequences x,, and y,, we denote 2, = O(y,) if for some absolute constant C; > 0
and N > 0 such that |z,,| < Cy|y,]| for all n > N. We denote z,, = Q(y,,) if y, = O(x,), and
denote z,, = O(y,) if z, = O(y,) and =, = Q(y,,) both hold. We use O(+), (+), and O(-) to
hide logarithmic factors in these notations, respectively. We use 1(-) to denote the indicator variable
of an event. We say y = poly(zy, ..., xx) if y = O(max{|z1], ..., |zx|}?) for some D > 0, and
y = polylog(z) if y = poly(log(z)).

2 LEARNING XOR-TYPE DATA WITH TWO-LAYER CNNS

In this section, we introduce in detail the XOR-type learning problem and the two-layer CNN model
considered in this paper. We first introduce the definition of an “XOR distribution”.

Definition 2.1 Let a,b € R?\{0} with a | b be two fixed vectors. For p € R andy € {£1}, we
say that p and g are jointly generated from distribution Dxor(a, b) if the pair (p,y) is randomly
and uniformly drawn from the set {(a + b, +1),(—a — b, +1),(a—b,—1),(—a+ b, —1)}.

Definition gives a generative model of ;1 € R? and j € {41} and guarantees that the samples
satisfy an XOR relation with respect to two basis vectors a,b € R?. Whend = 2,a = [1, 0] " and
b =10, 1]T, Definition recovers the XOR data model studied by Brutzkus & Globerson| (2019).
We note that Definition|2.1|is more general than the standard XOR model, especially because it does
not require that the two basis vectors have equal lengths. Note that in this model, p = +=(a + b)
wheny = 1, and g = +(a — b) when 7 = —1. When ||a]|2 # ||b||2, it is easy to see that the two
vectors a + b and a — b are not orthogonal. In fact, the angles between +(a + b) and £(a — b)
play a key role in our analysis, and the classic setting where a + b and a — b are orthogonal is a
relatively simple case covered in our analysis.

Although Dxor(a,b) and its simplified versions are classic models, we note that Dxor(a, b)
alone may not be a suitable model to study the benign overfitting phenomena: the study of benign
overfitting typically requires the presence of certain types of noises. In this paper, we consider a
more complicated XOR-type model that introduces two types of noises: (i) the p vector is treated as
a “signal patch”, which is hidden among other “noise patches”; (ii) a label flipping noise is applied
to the clean label % to obtain the observed label y. The detailed definition is given as follows.

Definition 2.2 Let a,b € R4\ {0} with a L b be two fixed vectors. Then each data point (x,y)

withx = [xWT x@T)T € R? and y € {£1} is generated from D as follows:

1. p € RYandy € {£1} are jointly generated from Dxor(a, b).

2. One of x'V, %3 is randomly selected and then assigned as p; the other is assigned as a ran-
domly generated Gaussian vector § ~ N(0,02 - (I—aa' /||a[|* —bb' /||b]|?)).

3. The observed label y € {£1} is generated withP(y =5) =1 — p, P(y = —7) = p.

Definition [2.2] divides the data input into two patches, assigning one of them as a signal patch and
the other as a noise patch. In the noise patch, the covariance matrix is defined so that & is orthogonal
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to the signal vector p, which helps simplify our analysis. This type of model has been explored
in previous studies |Cao et al.| (2022); Jelassi & Lif (2022); |[Kou et al.| (2023)); Meng et al.| (2023)).
However, our data model is much more challenging to learn due to the XOR relation between the
signal patch p and the clean label y. Specifically, we note that the data distributions studied in the
previous works |Cao et al.| (2022); Jelassi & Li| (2022); Kou et al.| (2023)); Meng et al.| (2023) share
the common property that the Bayes-optimal classifier is linear. On the other hand, for (x,y) ~ D
in Definition [2.2] it is easy to see that

(x,9) 4 (—x,y), and therefore P(y ,).p(y - (6,%) > 0) = 1/2 forany 6 € R*". 2.1
In other words, all linear predictors will fail to learn the XOR-type data D.

We consider using a two-layer CNN to learn the XOR-type data model D defined in Definition 2.2}
where the CNN filters go over each patch of a data input. We focus on analyzing the training of the
first-layer convolutional filters, and fixing the second-layer weights. Speciﬁcally, define

m

ZJ F;(W,,x), where Fj( ZZ (W, xP)). (2.2)

j==%1 r=1p=1
Here, F;1(W41,x) and F_1(W_1,x) denote two parts of the CNN models with positive and
negative second layer parameters respectively. Moreover, o(z) = max{0, z} is the ReLU activation
function, m is the number of convolutional filters in each of F; and F_;. For j € {£1} and
r € [m], w;,, € R? denotes the weight of the r-th convolutional filter in F;. We denote by W/ the
collection of weights in F; and denote by W the total collection of all trainable CNN weights.

Given n i.i.d. training data points (Xx1,¥1), . - ., (Xn, yn) generated from D, we train the CNN model
defined above by minimizing the objective function

Zz F(W,x,)),

where £(2) = log(1+exp(—z)) is the cross entropy loss function. We use gradient descent w;
(t

( )
Wir

that gradient descent gives a sequence of iterates W (). Our goal is to establish upper bounds on the
training loss L(W ("), and study the test error of the CNN, which is defined as

R(W®) = Py op(yf(WH, x) < 0).

(t+1)

— NVw,, L(W®) to minimize the training loss L(W). Here 1) > 0 is the learning rate, and

is given by Gaussian random initialization with each entry generated as N(0,03). Suppose

3 MAIN RESULTS

In this section, we present our main theoretical results. We note that the signal patch p in Defini-
tion 2.2] takes values +(a + b) and +(a — b), and therefore we see that ||u||2 = [|a||3 + ||b||3 is not
random. We use || 4|2 to characterize the “signal strength” in the data model.

Our results are separated into two parts, focusing on different regimes regarding the angle between
the two vectors +(a + b) and +(a — b). Note that by the symmetry of the data model, we can
assume without loss of generality that the angle 6 between a 4+ b and a — b satisfies 0 < cos 6 < 1.
Our first result focuses on a “classic XOR regime” where 0 < cosf < 1/2 is a constant. This case
covers the classic XOR model where ||a||
an “asymptotically challenging XOR regime” where cos § can be arbitrarily close to 1 with a rate up

to ©(1/+/n). The two results are introduced in two subsections respectively.

3.1 THE CLASSIC XOR REGIME

In this subsection, we introduce our result on the classic XOR regime where 0 < cosf < 1/2. Our
main theorem aims to show theoretical guarantees that hold with a probability at least 1 — ¢ for
some small § > 0. Meanwhile, our result aims to show that training loss L(W®)) will converge
below some small € > 0. To establish such results, we require that the dimension d, sample size n,
CNN width m, random initialization scale o, label flipping probability p, and learning rate 7 satisfy
certain conditions related to € and . These conditions are summarized below.
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Condition 3.1 For certain €,6 > 0, suppose that

The dimension d satisfies: d = Q(max{n?, n||pll30,2}) - polylog(1/e) - polylog(1/4).
Training sample size n and CNN width m satisfy m = Q(log(n/6)),n = Q(log(m/d)).
Random initialization scale o satisfies: oo < O(min{y/n/(o,d),n||pll2/(05d)}).

The label flipping probability p satisfies: p < c for a small enough absolute constant ¢ > 0.

The learning rate 1) satisfies: 1 = 6([max{agd3/2/(n2\/ﬁ), ord/(nm)}] ™).
The angle 0 satisfies cos§ < 1/2.

AR~

The first two conditions above on d, n, and m are mainly to make sure that certain concentration
inequality type results hold regarding the randomness in the data distribution and gradient descent
random initialization. These conditions also ensure that the the learning problem is in a sufficiently
over-parameterized setting, and similar conditions have been considered a series of recent works
(Chatterji & Long, 2021} |[Frei et al., 2022; |Cao et al., [2022; |[Kou et al.| [2023). The condition on
o ensures a small enough random initialization of the CNN filters to control the impact of random
initialization in a sufficiently trained CNN model. The condition on learning rate 7 is a technical
condition for the optimization analysis.

The following theorem gives our main result under the classic XOR regime.

Theorem 3.2 For any ¢, > 0, if Condition[3.1| holds, then there exist constants Cy,C5,Cs > 0,
such that with probability at least 1 — 26, the following results hold at T = Q(nm/(neo’d)):

1. The training loss converges below ¢, i.e., L(W(T)) < ¢.
2. Ifn||pllz > Cy J;"d, then the CNN trained by gradient descent can achieve near Bayes-optimal

test error: R(W 1)) < p + exp(—Can||p[|3/(ohd)).
3. If n||pll3 < Ciopd, then the CNN trained by gradient descent can only achieve sub-optimal

error rate: ROW(T)) > p + Cs.

The first result in Theorem [3.2] shows that under our problem setting, when learning the XOR-type
data with two-layer CNNss, the training loss is guaranteed to converge to zero. This demonstrates the
global convergence of gradient descent and ensures that the obtained CNN overfits the training data.
Moreover, the second and the third results give upper and lower bounds of the test error achieved by
the CNN under complimentary conditions. This demonstrates that the upper and the lower bounds
are both tight, and n|[|3 = Q(o,d) is the necessary and sufficient condition for benign overfitting
of CNNs in learning the XOR-type data. Moreover, by Theorem [3.2] we can see that an increase
of n||u|3/0,d by a logarithmic factor can sometimes be sufficient to change the test error from a
constant level to near optimal rate p+o(1), and this matches the phenomena of sharp phase transition
between benign and harmful overfitting demonstrated in (Cao et al., [2022} |[Kou et al., 2023)).

The condition in Theorem [3.2] also matches the conditions discovered by previous works in other
learning tasks. Specifically, |Cao et al.|(2021) studied the risk bounds of linear logistic regression
in learning sub-Gaussian mixtures, and the risk upper and lower bounds in Cao et al.[(2021) imply
exactly the same conditions for small/large test errors. Moreover, [Frei et al.| (2022) studied the
benign overfitting phenomenon in using two-layer fully connected Leaky-ReLU networks to learn
sub-Gaussian mixtures, and established an upper bound of the test error that is the same as the
upper bound in Theorem @] with 0, = 1. More recently, [Kou et al.| (2023) considered a multi-
patch data model similar to the data model considered in this paper, but with the label given by a
linear decision rule based on the signal patch, instead of the XOR decision rule considered in this
paper. Under similar conditions, the authors also established similar upper and lower bounds of the
test error. These previous works share a common nature that the Bayes-optimal classifiers of the
learning problems are all linear. On the other hand, this paper studies an XOR-type data and we
show in equation [2.1] that all linear models will fail to learn this type of data. Moreover, our results
in Theorem suggest that two-layer ReLU CNNs can still learn XOR-type data as efficiently as
using linear logistic regression or two-layer neural networks to learn sub-Gaussian mixtures.

Recently, another line of works (Wei et al., 2019} Refinetti et al., [2021; Ji & Telgarsky} [2019; Tel-
garskyl 2023 |Barak et al.,2022;|Ba et al.| 2023 |Suzuki et al., [2023)) studied a type of XOR problem
under more general framework of learning “k-sparse parity functions”. Specifically, if the label
y € {£1} is given by a 2-sparse parity function of the input x € {£1}4, then y is essentially de-
termined based on an XOR operation. For learning such a function, it has been demonstrated that



Under review as a conference paper at ICLR 2024

kernel methods will need n = w(dQ) samples to achieve a small test error (Wei et al., 2019; [Telgar-
skyl |2023). We remark that the data model studied in this paper is different from the XOR problems
studied in (Wei et al.}|2019} Refinetti et al., 2021} J1 & Telgarskyl [2019} [Telgarsky, 2023;|Barak et al.,
2022;|Ba et al.,|2023}; |Suzuki et al.,|2023)), and therefore the results may not be directly comparable.
Moreover, the 2-sparse parity problem has signal strength and noise level roughly equivalent to the
setting [|ullo = o, = ©(1). According to the conditions for benign and harmful overfitting in
Theorem n = w(d) can lead to a small test error, which is better than the n = w(d?) sample
complexity requirement of kernel methods. However, this n = w(d) setting is not covered in our
analysis due to the over-parameterization requirement d = Q(nQ) in Condition and thus the
comparison is not rigorous. We believe that d = Q(n?) is only a technical condition to enable our
current proof, and it may be an interesting future work direction to further weaken this condition.

3.2 THE ASYMPTOTICALLY CHALLENGING XOR REGIME

In Section[3.1} we precisely characterized the conditions for benign and harmful overfitting of two-
layer CNNs under the “classic XOR regime” where cos < 1/2. Due to certain technical limita-
tions, our analysis in Section cannot be directly applied to the case where cosd > 1/2. In this
section, we present another set of results based on an alternative analysis that applies to cos§ > 1/2,

and can even handle the case where 1 — cos § = ©(1/,/n). However, this alternative analysis relies
on several more strict, or different conditions compared to Condition[3.1] which are given below.

Condition 3.3 For a certain € > 0, suppose that

The dimension d satisfies: d = ﬁ(n?’m?’”u”%of) - polylog(1/e).

Training sample size n and neural network width satisfy: m = Q(log(nd)),n = Q(log(md)).
The signal strength satisfies: ||p||2(1 — cos8) > Q(Upm).

The label flipping probability p satisfies: p < c for a small enough absolute constant ¢ > 0.
The learning rate 1 satisfies: 1 = 6([max{agd?’m/(7”L2m)7 Ugd/n}]_l).

The angle 0 satisfies: 1 — cos 0 = Q(1/y/n).

D AR~

Compared with Condition [3.I] here we require a larger d and also impose an additional condition
on the signal strength ||ut||2. Moreover, our results are based on a specific choice of the Gaussian
random initialization scale (. The results are given in the following theorem.

Theorem 3.4 Consider gradient descent with initialization scale 0y = nm/(o,d) - polylog(d). For
any € > 0, if Condition le holds, then there exists constant C' > 0, such that with probability at
least 1 — 1/polylog(d), the following results hold at T = Q(nm/(neosd)):

1. The training loss converges below ¢, i.e., L(W(T)) < ¢.

2. If |u]|3(1 — cos 0)% > ﬁ(mzaéd), then the CNN trained by gradient descent can achieve near
Bayes-optimal test error: R(W (7)) < p+exp{—Cn?||u|3(1 —cos 0)?/(a5d*a3)} = p+o(1).

3. If|ph < 5(m0§d), then the CNN trained by gradient descent can only achieve sub-optimal
error rate: ROWT)) > p + C.

Theorem [3.4] also demonstrates the convergence of the training loss towards zero, and establishes
upper and lower bounds on the test error achieved by the CNN trained by gradient descent. How-
ever, we can see that there is a gap in the conditions for benign and harmful overfitting: benign

overfitting is only theoretically guaranteed when ||u||3(1 — cos6)? > ?Z(m%f)d), while we can

only rigorously demonstrate harmful overfitting when ||u||3 < O(mojd). Here the gap between
these two conditions is a factor of order m - (1 — cos ) ~2. Therefore, our results are relatively tight
when m is small and when cosf is a constant away from 1 (but not necessarily smaller than 1/2
which is covered in Section @) Moreover, compared with Theorem@ we see that there lacks a
factor of sample size n in both conditions for benign and harmful overfitting. We remark that this
is due to our specific choice of og = nm/(o,d) - polylog(d), which is in fact out of the range of
o9 required in Condition B;ﬂ Therefore, Theorems @ and@ do not contradict each other. We are
not clear whether the overfitting/harmful fitting condition can be unified for all 8, exploring a more
unified theory can be left as our future studies.
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4 OVERVIEW OF PROOF TECHNIQUE

In this section, we briefly discuss our key technical tools in the proofs of Theorem [3.2] and Theo-
rern We define T* = n~'poly(d, m,n,e~1) as the maximum admissible number of iterations.

Characterization of signal learning. Our proof is based on a careful analysis of the training dy-
namics of the CNN filters. We denote u = a + b and v = a — b. Then we have p = £u for data
with label +1, and ¢ = +v for data with label —1. Note that the ReLLU activation function is al-
ways non-negative, which implies that the two parts of the CNN in equation Fy1(Wy,x)and
F_1(W_1,x), are both always non-negative. Therefore by equation[2.2] we see that F'1 (W1, x)
always contributes towards a prediction of the class +1, while F_;(W_1,x) always contributes
towards a prediction of the class —1. Therefore, in order to achieve good test accuracy, the CNN
filters w1 , and w_q , 7 € [m] must sufficiently capture the directions u and +v respectively.

In the following, we take a convolution filter w1, for some r € [m] as an example, to explain
our analysis of learning dynamics of the signals +u. For each training data input x;, we denote by
i € {Zu, v} the signal patch in x; and by &; the noise patch in x;. By the gradient descent

update of wg’r, we can easily obtain the following iterative equation of (wgﬁ’r, u):
t+1 t n t t
Wi = = ST ) > 0 B
1€Su,+1US_u,—1
n
ol S ) > 0 3
’L‘ES_uy_*_lUS_;.u,_l
L aw ) > 0l cos
€Sy, —1US_v +1
n /() (t) 2
- VA | Sy >0 0, 4.1
—— ) G {(wE ) > 0|3 cos @.1)

’L‘ES_V‘_lUS_*_vy_*.l

where we denote Sy, , = {i € [n|,p; = p,y; = y} for p € {£u,+v}, y € {£1}, and 4“) =
¢ (y; f(W® x;)). Based on the above equation, it is clear that when cos = 0, the dynamics of
<w5:)17r, u) can be fairly easily characterized. Therefore, a major challenge in our analysis is to
handle the additional terms with cos §. Intuitively, since cos§ < 1, we would expect that the first

two summation terms in equation[d.I]are the dominating terms so that the learning dynamics of +u
will not be significantly different from the case cos § = 0. However, a rigorous proof would require

a very careful comparison of the loss derivative values E;(t) ,1 € [n].

Loss derivative comparison. The following lemma is the key lemma we establish to characterize
the ratio between loss derivatives of two different data in the “classic XOR regime”.

Lemma 4.1 Under Conditionfor alli, k € [n]and all t > 0, it holds that E;(t)/ay) < 2+0(1).

Lemma [4.T] shows that the loss derivatives of any two different data points can always at most have
a scale difference of a factor 2. With this result, we can see that in equation forany i,i’ € [n], a

non-zero (") 1{(w§237_, ;) > 0}]| ]| will always dominate £\")- 1{<W$L_, wir) > 0}||pl|3 cos @
in the “classic XOR regime” where cos # < 1/2. This is the major motivation of Lemma. 1

To study the signal learning under the “asymptotically challenging XOR regime” where cos 6 can be
close to 1, Lemma[4-TJis clearly insufficient and tighter bounds on the ratios between loss derivatives
are needed. Here we introduce a key technique called “virtual sequence comparison”. Specifically,
we define “virtual sequences” 4(1‘,) fori € [n] and ¢ > 0, which can be proved to be close to 4(7:)’
i € [n], t > 0. There are two major advantages to studying such virtual sequences: (i) they follow

a relatively clean dynamical system and are easy to analyze; (ii) they are independent of the actual

weights W(*) of the CNN and therefore Z;(t), i € [n] are independent of each other, enabling the
application of concentration inequalities. The details are given in the following three lemmas.

Lemma 4.2 Let §;, i € [n] be the noise vectors in the training data. Define

00 =—1/(1 +exp{A"}), APV =AY —p/(nm?) - LSO &3,
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Here, SZ-(O) ={rem]: <Wz(;??7-,£i> > 0}, and AEO) = 0foralli € [n]. It holds that
0 601 = Onfa), €/00, T/ <1+ O(n/d),
forallt € [T*] andi € [n].
Lemma gives the small difference among E;(t) and Kg(t). We give the analysis for Z;(t) in the next

lemma, which is much simpler than direct analysis on K;(t).

Lemma 4.3 Ler S and S_ be the sets of indices satisfying S+ C [n], S_ C [n] and S NS_ =0,
then with probability at least 1 — 26, it holds that

Sies, 6 Sies B0 = 1S41/15-1| < 2Gsap(1S- VIS + [S—[V/IS41)/I1S- 1%,
where Ggap, = 204/log(2n/0)/m - 1/log(4/6).

Combining Lemma with Lemma [4.3] we can show a precise comparison among multiple

Do 62“) ’s. The results are given in the following lemma.

Lemma 4.4 Under Condition[3.3) if Sy N S_ = 0, and

con — Cy/n -log(8n/d) < [S4|,|5-| < cam + C+/n - log(8n/d)

hold for some constant cy, c1,C > 0, then with probability at least 1 — 20, it holds that
Cies, 67/ (Cies ) = er/feo| < 41C/(c3) - /og(Bn/0)/n.

By Lemma we have a precise bound for 3, ¢ ¢ ;(t)/ 4 /(t). The results can then be

plugged into equationto simplify the dynamical systems of <WS_)17T, u), € [m], which charac-
terizes the signal learning process during training.

Our analysis of the signal learning process is then combined with the analysis of how much training
data noises &; have been memorized by CNN filters, and then the training loss and test error can
both be bounded based on their definitions. We defer the detailed analyses to the appendix.

5 EXPERIMENTS

In this section, we present simulation results on synthetic data to back up our theoretical analysis.
Our experiments cover different choices of the training sample size n, the dimension d, and the
signal strength || 4]|2. In all experiments, the test error is calculated based on 1000 i.i.d. test data.

Given dimension d and signal strength ||p]|2, we generate XOR-type data according to Defini-
tion We consider a challenging case where the vectors a + b and a — b has an angle 6 with
cosf = 0.8. To determine a and b, we uniformly select the directions of the orthogonal basis
vectors a and b, and determine their norms by solving the two equations

lall + IblI3 = lel3,  llall3 — Ibl3 = llx]3 - coso.
The signal patch p and the clean label 7 are then jointly generated from Dxor(a, b) in Defini-
tion Moreover, the noise patch & is generated with standard deviation o, = 1, and the observed
label y 1s given by flipping iy with probability p = 0.1. We consider a CNN model following the ex-
act definition as in equat10n[2;2], where we set m = 40. To train the CNN, we use full-batch gradient
descent starting with entry-wise Gaussian random initialization N (0, ¢3) and set g = 0.01. We set
the learning rate as 10~2 and run gradient descent for T' = 200 training epochs.

Our goal is to verify the upper and lower bounds of the test error by plotting heatmaps of test errors
under different sample sizes n, dimensions d, and signal strengths || i4||2. We consider two settings:
1. In the first setting, we fix d = 200 and report the test accuracy for different choices of n and
|[£e]]2. According to Theorem we see that the phase transition between benign and harmful
overfitting happens around the critical point where n||u|5/(0pd) = ©(1). Therefore, in the test
accuracy heat map, we use the vertical axis to denote n and the horizontal axis to denote the value
of opd/||p]|3. We report the test accuracy for n ranging from 4 to 598, and the range of |||

is determined to make the value of od/||u(|3 be ranged from 0.1 to 1 We also report two

!'These ranges are selected to set up an appropriate range to showcase the change of the test accuracy.
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Figure 1: Heatmap of test accuracy under different values of n and o d/|| pe||3. The z-axis represents

the value of o,d/||ps|5, whereas the y-axis is sample size n. (a) displays the original heatmap of
test accuracy, where high accuracy is colored blue and low accuracy is colored yellow. (b) and (c)
show the truncated heatmap of test accuracy, where accuracy higher than 0.8 or 0.7 is colored blue,
and accuracy lower than 0.8 or 0.7 is colored yellow.
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Figure 2: Heatmap of test accuracy under different values of d and n|p[|3/0,. The z-axis represents
the value of n||u||3/ Uf;, and y-axis represents dimension d. (a) displays the original heatmap of test
accuracy, where high accuracy is represented by blue color and low accuracy is represented by
yellow. (b) and (c) show the truncated heatmap of test accuracy, where accuracy higher than 0.8 or
0.7 is colored blue, and accuracy lower than 0.8 or 0.7 is colored yellow.

truncated heatmaps converting the test accuracy to binary values based on truncation thresholds
0.8 and 0.7, respectively. The results are given in Figure([T}

2. In the second setting, we fix n = 80 and report the test accuracy for different choices of d and
[lee||2- Here, we use the vertical axis to denote d and use the horizontal axis to denote the value
of n||u||§/a§. In this heatmap, we set the range of d to be from 10 to 406, and the range of
[l 2ll2]l2 is chosen so that n|ul|3/07 ranges from 120 to 12000. Again, we also report two
truncated heatmaps converting the test accuracy to binary values based on truncation thresholds
0.8 and 0.7, respectively. The results are given in Figure[2}

As shown in Figure[T|and Figure 2] it is evident that an increase in the training sample size n or the
signal length ||pt||2 can lead to an increase in the test accuracy. On the other hand, increasing the
dimension d results in a decrease in the test accuracy. These results are clearly intuitive and also
match our theoretical results. Furthermore, we can see from the heatmaps in Figures[T|and 2] that the
contours of the test accuracy are straight lines in the spaces (od/||pl|3, n) and (n||p]|3/07, d), and
this observation is more clearly demonstrated with the truncated heatmaps. Therefore, we believe
our experiment results here can provide strong support for our theory.

6 CONCLUSIONS

This paper focuses on studying benign overfitting in two-layer ReLU CNNs for XOR-type data. Our
results reveal a sharp phase transition between benign and harmful overfitting, and demonstrate that
CNNs have remarkable capacities to efficiently learn XOR problems even in the presence of highly
correlated features. There are several interesting directions for future investigation. It is important
to generalize our analysis to deep ReLU neural networks, and it is also interesting to study benign
overfitting of neural networks in learning unbalanced data.
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A MORE DETAILS IN THE DISCUSSION OF PROOF

With Lemma [4.1] it is clear for us to see the main leading term when cos# < 1/2. For instance,

when (W1 ,, > > 0and cos § < 1/2,itis easy to see that ——- Zzesﬂ » ;(t) 1{<Wg o M) >

0}||42]3 is the main leading term. With the leading term, we can thus characterize the growth of
<w5:)17,., ). We have the following proposition.

Proposition A.1 Under Condition[3.1] the following points hold:

1. Forany r € [m), the inner product between u and W(t)1  satisfies

(w, W] < 2y/log(12m/3) - ool lla + nll 3 /m.

2. Foranyr € [m), (wgf%’,“,u} increases if(w_&w u) > 0, (wg_)1 ) decreases if(wfl),r, u) <

0. Moreover, it holds that
(W] s w)] > —2v/log(12m/3) - ool llz + enllpl3/(o7d) - log (nopd(t — 1)/(12nm) +2/3) =1 - ||ull3/m.
3. Fort = Q(nm/(nozd), the bound for HW ||2 is given by:

@(0;1d71/2n1/2) -log (napd(t —1)/(12nm) 4+ 2/3) < Hw(t> H2 < @(apfld*l/znlm) -log (277012,dt/(nm) +1).

We are prepared to investigate the test error. Consider the test data (x,y) = ([u,&],+1) as an
example. To classify this data correctly, it must have a high probability of f(W (), x) > 0, where
fFOW® x) = F {(Wy1,x) — F_1(W_1,x). Both F\ ; (W1,x) and F_; (W_1,x) are always
non-negative, so it is necessary for F'y1 (W 1,x) > F (W 1, X) with high probability. The scale

of F;11(W41,x) is determined by (WS:)LT, u) and ( +1 T7£> while the scale of F_1(W_1,x ) is

determined by <w(f) u) and <W(j)1,'r7 ). Note that the scale (w; r,f) is determined by Hw H2

1,r
Therefore, to determine the test accuracy, we investigated (wg,r, u), (w( % 1), and ||w ||2, as
shown in Proposition above. Note that the bound in conclusion 1 in Proposition also hold

for <WS_% V), and the bound in conclusion 2 of Propositionstill holds for (w (_)1 V). Based
on Proposmon- we can apply a standard technique which is also employed in Chatterjl & Long
(2021); [Frei et al.| (2022)); Kou et al.| (2023) to establish the proof of Theorem@ A detailed proof

can be found in the following sections.

B NOISE DECOMPOSITION AND ITERATION EXPRESSION

In this section, we give the analysis of the update rule for the noise decomposition. We provide an
analysis of the noise decomposition. The gradient %

~,can be expressed as
8L W 1 n 6 W,X' 1 n . m 2
W) _1 Zﬂéyi% = 3 0 G 30D (Wi x”) > 03

ow,; n
7,7 i=1 7T i=1 r=1p=1

For each training sample point x;, we define pu; € {£u, +v} represents the signal part in x; and &;

(t

represents the noise in x;. The updated rule of w Z hence can be expressed as

t+1 t nJ t TIJ t
wi =Wl - YU e) > fut S 49w ) > 0
i€S4u,+1US—u,—1 ieS_u7+1US+u -1
nJ ¢ _nj )
+% ) Z 1{< JT7IJ”L> >0}V nm Z 1{< ]7‘7/‘1’74> >O}V
1€S4y,—1US_y 41 i€S_y,_1US 4y, +1

- Ze’“’ Gy 1{(wi), &) > 0}&,

(B.1)
where S, = {i € [n],p; = p,y; = y}. Here, p € {£u,£v}, y € {£1}. For instance,
Siu—1={i € [n],pi =u,y; = —1}.

The lemma below presents an iterative expression for the coefficients.

14
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Lemma B.1 Suppose that the update rule of W follows equation . then §t2,£z> can be
decomposed into

<Wj(,t7)“7£74> - ]T?g’b + Zpgtzz £Z ’gl /‘lél H2

i'=1

Further denote p( ) = pgt?nzl(p( ). > 0), pt) = pgtill(p;fl,; <0). Then

R i = Eiri

<Wj(7t7)=7€l> JT>£Z + Z p]rz SZ ’51 /HSZ,HQ + Z p§t7)’1 £Zl’£l>/H€l/H%

/=1 =1
Here, ﬁgtll and B;tli can be defined by the following iteration:
_(t+1) (¢ . . ‘
pg,rz) p;,Zz* m é() o' ((w (27 i) H‘Sl”%l(yl:])7
@) — 50 g0 @ ey g2 L = —g), P, = p© =
Bj,r,i B]n i + nm gl o (<le,r7€1>) HEIHQ l(yl ])7 pLTl BJ Ty 0.

(0)

J.r?

Proof [Proof of Lemma | Note that wéf), € span{u,v,{&}7,} + w./, and span{u, v} L

span{{&;}"_, }. We can express W( ) by

t+1 0 n s s .
w§77' ) §7) nm ZZ(’( ) / 23 z>) ]yz€2 - a(t)a

s=0 i=1

where a*) € span{u, v}. By {&;}?_, and u, v are linearly independent with probability 1, we have
that p?)

;,r; has the unique expression

t
Ui s s
pi= =L 0 o (W) €0) - &l - e

Now with the notation p§ 7) ;= p§t7) 11(p( ) > >0),p") = pgtzzl(pgtlz < 0) and the fact E;(S) <0,
we get

t
_ n s
A= =L o (w0 IGE - 1w = ),

)= =307 ((wii) &) - €13 - 1 = =)

This completes the proof. n

C CONCENTRATION

In this section, we present some fundamental lemmas that illustrate important properties of data and
neural network parameters at their random initialization.

The next two lemmas provide concentration bounds on the number of candidates in specific sets.
The proof is similar to that presented in|Cao et al.|(2022) and Kou et al.|(2023). For the convenience
of readers, we provide the proof here.

Lemma C.1 Suppose that § > 0. Then with probability at least 1 — §, for any i € [n] it holds that

HSZ(O)’ B m/Q‘ < mlogéZn/(S).

15
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Proof [Proof of Lemma Note that |Si(0)’ = " 1[<wg(,??7»,£i> > 0] and P(<w$),£i> >

r=1
0) = 1/2, then by Hoeffding’s inequality, with probability at least 1 — & /n, we have
log(2n/9)

om

‘ISZ‘O)I 1

<
m 2‘_

which completes the proof. |

Lemma C.2 Suppose that § > 0. Then with probability at least 1 — 0,

nlog(8n/d)

|[Spsys| = n(1 = p)/4| < :

for all i satisfies p; = +u, y; = +1 and p; = £v, y; = —1;

nlog(8n/d)

HSHz‘,yi 2

for all i satisfies p; = +u, y; = —1 and p; = £v, y; = +1.

—np/4| <

Proof [Proof of Lemma [C.2]] The proof is quitely similar to the Proof of Lemma |C.1I} and we thus
omit it. |

The following lemma provides us with the bounds of noise norm and their inner product. The proof
is similar to that presented in|Cao et al.|(2022) and Kou et al.|(2023)). For the convenience of readers,
we provide the proof here.

Lemma C.3 Suppose that § > 0 and d = Q(log(4n/9)). Then with probability at least 1 — 6,

Uzd/Q < U;d - 000127 ~y/dlog(4n/d) < H&z”i < af,d—i— 000127 -y/dlog(4n/d) < ?,(712)(1/27
(&, &r)| < 207 - \/dlog (4n2/0)

foralli,i" € [n]. Here Cy > 0 is some absolute value.

Proof By Bernstein’s inequality, with probability at least 1 — §/(2n) we have

| H&Ilg — o2d| < Cyor - \/dlog(4n/9).
Therefore, if we set appropriately d = Q(log(4n/4)), we get
o2d/2 < ||&ll; < 302d/2.

Moreover, clearly (&;, €;) has mean zero. For any 4,4’ with i # ¢/, by Bernstein’s inequality, with
probability at least 1 — 6/ (an) we have

(65, 600)| < 202 - \/dlog (4r2/).

Applying a union bound completes the proof. |

The following lemma provides a bound on the norm of the randomly initialized CNN filter wi?)

Jir?
well as the inner product between WE-OT) and u, v, and &;. The proof is similar to that presented in

Cao et al.[(2022)) and |Kou et al.|(2023). For the convenience of readers, we provide the proof here.

as

Lemma C.4 Suppose that d = Q(log(mn/0)),m = Q(log(1/0)). Let p = u or pp = v, then with
probability at least 1 — 9,

03d/2 < ||w%|3 < 303d/2,
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(W%, )] < /21og(12m/5) - aol|pellos
(W%, &)] < 2/log(12mn/3) - go0,Vd

forallr € [m],j € {£1} and i € [n]. Moreover,
m7n1n|<wgf)r),€7>| > oo,V dd/8m
forall j € {£1} and i € [n].
Proof [Proof of Lemma First of all, the initial weights wfr) ~ N(0,00I). By Bernstein’s
inequality, with probability at least 1 — ¢/(6m) we have
Wil I3 = ofd] < Cof - v/dlog(12m/5)

for some absolute value C' > 0. Therefore, if we set appropriately d = (log(mn/d)), we have
with probability at least 1 — 6/3, forall j € {£1} and r € [m],

02d/2 < ||w%|3 < 303d/2.

Next, it is clear that for each r € [m], j - (wﬁog, ) is a Gaussian random variable with mean zero

and variance o3 ||u||3. Therefore, by Gaussian tail bound and union bound, with probability at least
1—-46/6,forall j € {£1} and r € [m)],

(Wi )] < V2log(12m/8) - a2
(0)

Similarly we get the bound of [(w;

distribution we have

&,;)|. To prove the last inequality, by the definition of normal

P(|<W(O) &) > 000, Vdi/8m) > 1 — %’

Jir

therefore we have
6 m
P(min\(wﬁ?, i) > U(]Jp\/ﬁ5/8m) > (1 - 2) >1-4.
T ’ m

This completes the proof. |

D COEFFICIENT SCALE ANALYSIS

In this section, we provide an analysis of the coefficient scale during the whole training procedure,
and show in detail to provide a bound on the loss derivatives. All the results presented here are based
on the conclusions derived in Appendix [C| We want to emphasize that all the results in this section,
as well as in the subsequent sections, are conditional on the event £, which refers to the event that
all the results in Appendix [Chold.

D.1 PRELIMINARY LEMMAS

In this section, we present a lemma, which provides a valuable insight into the behavior of discrete
processes and their continuous counterparts.

Lemma D.1 Suppose that a sequence a.,t > 0 follows the iterative formula

aty1 = a¢ +

)

c
1 + beat
for some 1 > c > 0andb > 0. Then it holds that

T < ay + x¢

¢
[ —
~ 1+ beto
forallt > 0. Here, x; is the unique solution of

Ty + be®t = ct + ag + be®.

17
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Proof [Proof of Lemma|D.]]] Consider a continuous-time sequence x;, ¢t > 0 defined by the integral
equation

t
dr
Ty =To+cC —, X = ap. D.1
t = o /0 T4 beer’ T0=0 (D.1)
Obviously, x; is an increasing function of ¢, and x; satisfies
dzy c
At 1+ bere’ P @o-

By solving this equation, we have
z¢ + be™t = ct + ag + be™.

It is obviously that the equation above has unique solution. We first show the lower bound of a;. By

equation we have
L dr
Ti41 = Tt + c/t T borr
B dr c
< — = Pa——
_a:t—|—c/t 1+ ber xt+1+bewt

Note that ¢ < 1, x+c¢/(14be®) is an increasing function. By comparison theorem we have a; > ;.
For the other side, we have

t
c
at—ao-l-;)ilereaT

t
C
§a0+21+b611—
=0
C i C
:a0+1+bea0 +Zl—|—bemf

T=1
n c n /t dr
a —+c —_—
O 1+ bewo o 14 be*r

+— +/td 4
= a a— Tr = Q a— Ty — T
O T ¥ beoo 0o O T+ beoo ¢ 0

IN

< +
= — + 4.
1 4 beao K
Here, the first inequality is by a; > x4, the second inequality is by the definition of integration, the
third equality is by % = {operr- We thus complete the proof. |

D.2 ScALE IN COEFFICIENTS

In this section, we start our analysis of the scale in the coefficients during the training procedure.

We give the following proposition. Here, we remind the readers that SNR = || 1|2/ (c,V/d).

Proposition D.2 For any 0 <t < T, it holds that

0< \(W;tz, u)|, \(w;tz, v)| < 8n - SNR?log(T™), (D.2)
log(4n2/§

0< ﬁﬁtiz <4log(T*), 0> g;tzi > —2+/log(12mn/é) - ooop,Vd — 32 %n/)nlog(T*)

(D.3)

forall j € {£1}, r € [m] and i € [n).

18
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We use induction to prove Proposition[D.2] We introduce several technical lemmas which are applied
into the inductive proof of Proposition

Lemma D.3 Under Condition[3.1} suppose equation|D.2]and equation|D.3|hold at iteration t. Then,
forallr € [m],j € {£1} and i € [n)], it holds that

log(4n2/6 .
(o) = wih, &) — 0 | < 16y B o), 2

log(4n2/§ ,
|<W§2 Jr7€l> pjT'L‘<16 %nlog(T*) 7] =Y.

Proof [Proof of Lemma | For j # y; and any ¢ > 0, we have ﬁ(t) ., = 0forall ¢ € [n], and so

gyt T

(Wit —wit). &) Z A allenlly? - (& &) + Zp] o]l (o &)
-2
:Zﬁy <€7 751 7B§t71+ngm 7”2 <£’L’a€7>
i'=1 =y
Note that we have
S0 ey g &) < D010 ey - K€ &)
i/ i i £
log( 4n log(4n?/6) o log( 4n log(4n?/6) 0
*J e —j T’
2
<16 Mnlog(T*),

- d
where the first inequality is by triangle inequality; the second inequality is by Lemma [C.3} the last
inequality is by equationthat | B;tz ;| < log(T™). We complete the proof for j # y;.

Similarly, for j = y; we have

—2
(Wi w8y = o0 4300} - (o),

)
and also
() (t) -2
S alenlly” (g e < ST Nenlly” - (€ &)
) )
[log(4n? /) _(®) log( 4n log(4n?/6) (t)
§4 ?Z’pmrvil :4 ]7’1/
i'#i
log(4n?/6
<16 %nlog(T*),
where the first inequality is by triangle inequality; the second inequality is by Lemma[C.3} the last
inequality is by equation[D.3] We complete the proof for j = y;. |
Now, we define
log(4n?/d)

K =56 - nlog(T") + 10+/log(12mn /5) - 00opVd + 64n - SNR? log(T*).  (D.4)

By Condition [3.1] it is easy to verify that « is a negligible term. The lemma below gives us a direct
characterization of the neural networks output with respect to the time ¢.
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Lemma D.4 Under Condition[3.1} suppose equation|D.2)and equation|D.3|hold at iteration t. Then,
forall r € [m] it holds that

K 1 mﬁ
PO x) <5 -S4 zpw_ (W) < 3 m

Here, k is defined in equation|D.4)

Proof [Proof of Lemma [D.4]] Without loss of generality, we may assume y; = +1. According to
Lemma D3] we have

t 1
Fly (W xi) = — 3 o (W o) + o (W), )]
r=1

m

1 = log(4n?/d)
<32 NR?1 %) i () -164) —————
32n - SNR” log( ; ((wy &)+ ;nyi,m' 6 y
2
< 32n - SNR? log(T™) + 21/log(12mn/8) - oo, Vd + 16n M log(T™)
< K/2.

Here, the first inequality is by equation and the second inequality is due to equation
Lemma[C.4]and Condition[3.1] The last inequality is by the definition of « in equation[D.4]

For the analysis of F,, (W(t) i), we first have
U(<Wy7:,r’€i>) > <W r7€1>

log(4n?/é .
> (i) )+ 74, — 100y 22O g

log(4n?/9)
d

where the second inequality is by Lemmal[D.3] the third inequality comes from Lemma[C.4] For the
other side, we have

o((wiilr &) < [(w}) &)

< |<W(O)w€z>\ +py ri 160

>pH 9 log(12mn/d) - ooo,V'd — 16n

Z Py

log(T™), (D.5)

log(4n?/d)

g los(T")

An2
< 24/log(12mn/é) - aoop\f—kp(t) +16n log(Tn/é)

Yi, e

log(T™*). (D.6)

Here, the second inequality is by triangle inequality and the last inequality is by Lemmal[C.4] More-
over, it is clear that for u; € {£u, £v},
LS () 2 ou (T
0<— > o ((wi), mi)) < 32n- SNR?log(T™),
r=1
combined this with equation@ and equation [D.6] we have
1
_o M) %)< —3Y ¥ ad

+ Z P < B (W x;) < m 2 ym+2

This completes the proof. n

Lemma D.5 Under Condition[3.1] suppose equation[D.2)and equation|D.3|hold at iteration t. Then,
foralli € [n], it holds that

K 1 & _
5t Zﬂiﬁm S U (WOxi) < 5403 p0 e
r=1

Here, k is defined in equation[D.4
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Proof [Proof of Lemma[D.5]] Note that
yif (WO x)) = F, (W) x;) = F_,, (W(t)A Xi),

—Yi?

the conclusion directly holds from Lemma [D.4] |

Lemma D.6 Under Condition[3.1] suppose equation [D.2) and equation [D.3| hold for any iteration
t <T. Then for any t < T, it holds that:

L 1/m-Y" [pgfb)’” pgl)rk] <log(2) + 2k + 4+/log(2n/6)/m for all i, k € [n].

2. Define Sz( )= {r €| <w?(f1),r7£i> > 0} and S](tg = {z €n]:y = j,< ]7,£Z> > 0} For
alli € [n], r € [m] andj e {£1}, Sl-(o) - SZ-(t), SJ(OT) - S](?,

2 2, _
3. Definec = 27:;1201’ c= Zzl;j, b=e""andb = €", and let T;, z, be the unique solution of
Ty + be™ = ¢t + b,
z, + be™t = ct + b,
it holds that
x, —Zp(*) <7 +¢/(1+b), ; <" < L
>~ ri — 1+b€§t7 [ 1+b€t

forallr € [m]and i € [n).

Proof [Proof of Lemma[D.6]] We use induction to prove this lemma. All conclusions hold naturally
when ¢ = 0. Now, suppose that there exists t<T such that five conditions hold for any 0 < ¢ <
t — 1, we prove that these conditions also hold for t = .

We prove conclusion 1 first. By Lemma[D.5] we easily see that

1
Yi f(W(t)’X,i) — Y- f(W(t - Z pg{” wa W | <k (D.7)

Recall the update rule for p( )

—(t+1 n . 2
Pl = péfi,i—%%;‘”l« witl &) 2 0) -1 (i = ) i3

Hence we have

m

1 O~ (t41 1 e U] o 1 t . 2
—y o = pg,z,i—— ’“—Z Wi €)= 0) - 1(y; =) |I&ll5

m m
r=1 r=1 r=1

forall j € {£1},r € [m].i € [n] and ¢ € [T*]. Also note that S\ := {rem]: <Wg(];)r7£i> > 0},

we have

_ 1 & 7
*Z Pt = At = o X s~ Phlea] — s - (S716 [l ~ 152716 el )-
r=1

We prove condition 1 in two cases: 1/m Y -, [p?(f Tll) —ﬁ?(fk TIZC] <log(2)+2r+34/log(2n/5)/m
and 1/m [p?(furll) - pffk :L] > log(2) + 2k + 34/log(2n/68)/m.
When1/m ", [pyiﬂll) ﬁl(fk_jl] <log(2) + 2k + 34/log(2n/d) /m, we have

J AN @ I (o)) (-
— > P = Ba] = = D (B A

r=1 r=1

L (18T s — [V 1AT - [lex]2)

nm
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IN

1 « t—1) (-1 n

EZ [Pyt = Py k] + €113

g(2 )+ 3y/1og(2n/d)/m + 2k + /log(2n/0) /m
0g(2) + 4+/log(2n/d)/m + 2k.

Here, the first 1nequahty is by |S( )| < m and —K;(t) < 1, and the second inequality is by the
condition of 7 in Condition [3.1]

For when 1/m > [p;t TIZ) — ﬁ;tk :H > log(2) + 2k + 34/log(2n/8)/m, from equation D m

have
yi - FOWED x)) — gy - F(WED x,) > log(2) + 3v/10g(2n/8)/m,
hence
E{(E—l) _ .
Ej(g_l) <exp (g - F(WID xp) — i - F(WETY %)) < exp (— 5 — 31/log(2n/8)/m) /2.
: (D.8)
Also from condition 2 we have |S(t 1)| |Si(0)| and |S,(f_1)’ = |Sk
SO e |50l )
S0 &l \S(O 6 &l
- m . e—3V/log(2n/8)/m e 1+ Cy/log(4n/é)/d
~ (0.5m — /2log(2n/0)m) 2 1—Cy/log(4n/é)/d

<lx1l=1.

Here, the first inequality is by Lemma|[C.I] equation [D.8and Lemma [C.3} the second inequality is
by

1 .
m~e*3m<l when 0 < z < 0.1, k> 2C+\/log(4n/é)/d.

By Lemma|[C.3] under event £, we have
&2 = d - 02| < Coo? - /dlog(dn]6), Vi € |
Note that d = Q(log(4n/6)) from Condition 3.1} it follows that
i i 2 - i 2
A O N 1 e e [ A 31
We conclude that
1 <~ @) _® 1 o= (-1 ,(t 1) fog(2n)5) Jm.
EZ pg}u"'l pg/kv"‘k’ S EZ pyL)Tl Uk T‘k] <10g +2K/+4 1Og 2n/6
r=1 r=1
Hence conclusion 1 holds for t = .
To prove conclusion 2, we prove Sfo) C Si(t), and it is quite similar to prove SJ(.O) = St Recall the

i 7T

update rule of <W§t2, &), forr e SZ-(O) we have

(wilho &) = (Wit &) — 0 07Dl - S o (Wi ) - (60 &)

i #i
I3 -

Iy
Lemma shows that
—I3 > ¢V |024/2,
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and
1)
L] < Y [6070] -0 (w0 €0)) - | (65|
/751
< Z |€E/t_1)} ~2U§ -/ dlog(4n?/d) < 2n|€1(-t_1)| -2012) -y/dlog(4n?/§),

il i
where the first inequality is by triangle inequality, the second inequality is by Lemma [C.3|and the
last inequality is by induction hypothesis of condition 3 at ¢ = £ — 1. By Condition [3.1] we can see

—1I5 > |14|, hence we have
i i—1
< ()7‘7£1>—< élr)a£i>>05
which indicates that
SO c i c s,
We prove that

SO ¢ g®,

As for the last conclusion, recall that

1 e 1 e 1 — ,
P = S B o 0 ST (wh ) 2 0) 1 (=) &l
r=1 r=1 r=1

by condition 2 for t € [t — 1], we have

s
S _ 7 1 15 |
o i = 2 Py T ; [1€&13
Z Py ri TZI Yi Tyt nm 1+ exp (yif(w(t)yxi)) v
then Lemma|[C.I] Lemma[C.3|and and Lemma[D.5] give that
1 o~_@ I o=_(-1) , 7 1 2
% pyi7r’i S E Yiorst nm . 1 m  —=(i-1) ’ ||€2H2
r=1 r=1 1+ek.egm2r=1Py,ri
1 (i-1) c
< 1S
- Yi, Tyt m 7(t 1) 7
mi= 1+ bem 271 Pugor
S 1 (-1, N 1/2—/2log(2n/8)/m o
m Zpy‘l. ri = E Yi,ryi + nm ’ 1 w—m (-1 ||£1||2
r—1 14 ef.em2er=1Py;ri
1 & C
Z m Bff?? T —m G-
r—=1 1+ be™ 2y Py;ri

Combined the two inequalities with Lemma [D.T|completes the first result in the last conclusion. As
for the second result, by Lemma[D.5] it directly holds from

7Zpy“r2_’€/2gyif(w(t)7 <*Zp§f1),’,l+l€/2

c § K / 2.
This completes the proof of Lemma|[D.6 [ |

Lemma D.7 (Restatement of Lemma@ Under Condition[3.1) suppose equation[D.2] and equa-
tion[D.3|hold at iteration t. Then, for all i,k € [n), it holds that

gi t)/z;c(t) <2. e3rta/log(2n/8)/m _ o + 0(1)
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Proof [Proof of Lemma [D.7] By Lemma we have 1/m - >, [p?(f?)ml - pét)rk} <
log(2) + 2k + 44/log(2n/d)/m. The conclusion follows directly from Lemma ‘El and

09700 < exply; FW® %) — g FW® x) ). n

We are now ready to prove Proposition[D.2]

Proof [Proof of Proposmon- | Our proof is based on induction. The results are obvious at ¢ = 0.
Suppose that there exists 7' < 7™ such that the results in Proposition hold forall 0 < t < T—1.
We target to prove that the results hold at ¢ = T'.

We first prove that equation m holds. For Bﬁ-ti - recall that Bgti ;= 0 when j = y;, hence we only
need to consider the case j # y;. Easy to see B(’tli < 0. When BS,TT;U < —2+/log(12mn/3) -

o0opVd — 164/ Wm log(T*), by Lemma we can see

2 log(6n2/8
(Wl &) < pT-1 4wl &) + 16 $¥%Q

=j,r

nlog(T*) <0,
hence

(T) _ (T-1) "M (T-1) (T-1) ¢ Tl — V£ (12
Pivi =P Tl 1wy, &) > 0)- 1y = —35)[|&ll2

1 4 é
757;11) > —2/log(12mn/é) - ooop,Vd — 32\ ———— og(4n?/ ) log (7).
Here the last inequality is by induction hypothesis. When Bﬁ;” > —2\/10g(12mn/ 5)~000p\f -

164/ Wﬂlog(T*), we have

T T— . 2
pD = pT0 4 LT (T, ) 5 0) 15 = =) 6]
log(4n2/0) . SnJgd
> . — = 7 LA
> log(12mn/d) - ogo,V'd — 16 pi nlog(T™) S
2
> —2+/log(12mn/6) - aoop,Vd — 32 wnlog(T*),

where the first inequality is by 0 < —¢'(T=1) < 1 and ||&;]|2 < 302d/2, the second inequality is by
16+/log(4n2/6)/d-nlog(T*) > 3no2d/2nm by the condition for 7 in Condition We complete
the proof that Bgtll > —2,/log(12mn/d) - ogo,Vd — 32 W” log(T*). For ﬁgtiz’ it is easy
to see ﬁ(-t) = 0 when j # y;, hence we only consider the case j = y;. Recall the update rule

7,re
P =B — o 01 (wil 6) 2 0) -1 (s =) &l

n
()

When j = y;, we can easily see that p;  ; increases when ¢ increases. Assume that ¢;,.; be the last

77‘51’

time such that p *( ) ; < 2log(T™), then for ﬁ(T)i we have

r

é&=é%“—ﬁ~ﬁm”4« () € > 0) - 1(ys = )&

nm
n (t) . 2
- Z ~%'éit (< _77"7£Z> ) (yz_])H£ZH2
tyri<t<T
. 3no2d 3770 d ,
< 2log(T™) + ﬁ - Z S f(t) 1(¢ §t27§z> >0) - 1(yi = j)
tj,r,-,i<t<T
377012,(1

<o) - Y 01wl 6) 2 0) 1y = ).

tj,r,i<t<f

2nm
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Here, the first inequality is by —¢/""") < 1 and [|&]2 < 302d/2 in Lemma the second

(T*) which comes directly from the condition for 7 in Condition
The only thing remained is to prove that

3770 d

® . iy .
- Y G a((wi)e) 2 0) 1y = ) < log(T").
tjri<t<T
For j = y;, we have that
log(4n2/6 .
(Wil ) = (it )+ 71, = 16y PET Do)
2

> —2y/log(12mn/3) - ooo,vd + 2log(T*) — 16 710“;(4; /9 0g(T)

> 1.6log(T™),

where the first inequality is by Lemma and the second inequality is by pgzl >

2log(T*) and Lemma and the third inequality is by 2+/log(12mn/d) - opo,Vd +
V1og(16n2/0)/dnlog(T*) <« 0.4log(T*). Then it holds that
60| = 1
1+exp{y- [F+1(W$)1,Xi) - F—1(W(_t)1,xiﬂ }
< exp ( — iy, (W?(J?7 xi) + 0.1)

m

<exp(—1/m- ZU«WSJ?W’&» +0.1)) < 2exp(—1.61og(T*)). (D.9)
r=1

Here, the first inequality is by Lemma that F_,, (W(_t; , xi) < 0.1; the last inequality is by
<w7§f)r, &) > 1.61og(T™). By equation m we have that

3170 d

Sy B0 (i) 20) 10 =)
]r1<t<T
3nod .
< Y Sl -ep(-L6log(T) - 1((w). &) 2 0) - 1(y: = j)
_znm
by <t<T
- 3770§d . T* 37]0§d .

The last second inequality is by the condition for 7 in Condition [3.1] We complete the proof that
0< 75t . < dlog(T").

Jyri —

We then prove that equation [D.2) holds. To get equation [D.2] we prove a stronger conclusion that
there exists a i* € [n] with y;» = j, such that for any 0 < ¢ < T,

|(w! JT, )|/p]M*<8nSNR2, (D.10)

and ¢* can be taken as any sample from S ) . It is obviously true when ¢ = 1. Suppose that it is true
for0 <t <T — 1, we aim to prove that equat1on-holds att = T. Recall that

t+1 t nJj t t
(wiihw = wipw =25 3 40w ) > 0}l
1€Su,+1US_u,—1

nJ t t

Fos 3 G W ) > O}l

1E€ES_u,+1US4u,—1

nJj

LY a{(wil ) > 0}|ul cosd

1€S v, —1US_v 41
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- Z gg(t) - 1{( §t2,uz> > 0}| |3 cos 6.

nm .
IES_VY_l US+V)+1

We have |Siy 41 US_u—1|+[S—v,—1US+yv +1] <n/2 + 5(\/5), hence

- 21 0
e 1>|,w. D.11)

[(wi w] < (w7 )] +201 + 0(1)) om

7T VLS

—(T)

i We have that

Here we utilize the third conclusion in the induction hypothesis. Moreover, for o’
(w1, &+) > 0by the condition in Lemma. therefore it holds that

i e 1 -1 T-1) _ 7 -1
P =i - Py N N P e - Y 622, (D.12)
Hence we have
) (T (T-1)| | 2nlul}
|< Wirs >|<‘<WJT |+2~‘£~i* ’%
ol o —(T-1 7 T-1
P A ) ~ o T 20

- max{ [ P [ P

2D 1T 624/ (2n)

75T

} < 8nSNR?,

where the first inequality is by equation[D.T1]and equation [D.12] the second inequality is by condi-
tion 3 in Lernma and (a1 + a2)/(b1 + b2) < max(ai/bi,as/bsy) for ai,as,bi, by > 0,
and the third inequality is by induction hypothesis. =~ We hence completes the proof that

|<W(T) u)| < 32n - SNR?log(T™). The proof of |(w (T),v)| < 32n - SNR? log(T™) is ex-

7,77 P
actly the same, and we thus omit it. |

We summarize the conclusions above and thus have the following proposition:

Proposition D.8 If Condition[3.1| holds, then for any 0 < t < T*, j € {£1}, r € [m] and i € [n),
it holds that
0 < [(w') )], [(wl"), v)| < 32n - SNR? log(T™),

7,77 7,77

log(4n2/é
0< (t)i <4log(T*), 0> BYZZ > —2./log(12mn/$) - ooo,Vd — 32 Lﬂ/)n

log(T™),
and for any i* € S(O) it holds that

]T’L

[(wi u)|/p) . < 8n-SNR?, |(wl') v)|/p\) . < 8n-SNRZ

Moreover, the followzng conclusions hold:

1. 1/m- Z;” . [p(t) Pétk)rk] <log(2) + 2k + 4+/log(2n/6)/m for all i, k € [n].

Yis Tl

2. —5+-- Zr 171(/?” <y f(WW x;) < %+ P 1pyl”f0rany26[ n]. Foranyi,k € [n],

it holds that 0} t)/fgt) <24 o(1).
3. Define Sft) ={re]l <wy“m§Z> 0} and SJ(? ={ien]:y =7/ §t2,51> > 0}. For

alli € [n], r € [m ]andj e {£1}, 5 c s, 50 c 50,

=i » M4r 7,r
4. Definec = 27::2(1, c= Z(:ij b=e¢"andb = e", and let Ty, x, be the unique solution of
T, + be™ =Gt + b,
x, +beft =ct+ 0,
it holds that
O o - 7 1 I(t) 1
xt—*zpyméch/(lwx WS—Q 3@

forallr € [m]and i € [n]
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The results in Proposition [D.8|are deemed adequate for demonstrating the convergence of the train-
ing loss, and we shall proceed to establish in Section [H] It is worthy noting that the gap between z,
and 7, is small. Indeed, we have the following lemma:

Lemma D.9 It is easy to check that

o2d 2 2no2d
log 1% t+-) <m <log % t+1],
8nm 3 nm

2
no-d

1 p
o8 ( 8nm
Proof [Proof of Lemma [D.9]] We can easily obtain the inequality by

be™ < Ty +be™ < 1.5be”™,  bett < xy + be®t < 1.5be",

and no2d/(8nm) <¢/b < 2no2d/(nm), noad/(8nm) < ¢/b < 2no2d/(nm). [ |

E  SIGNAL LEARNING AND NOISE MEMORIZATION ANALYSIS

In this section, we apply the precise results obtained from previous sections into the analysis of
signal learning and noise memorization.

E.1 SIGNAL LEARNING
We start the analysis of signal learning. we have following lemma:

Lemma E.1 (Conclusion 1 in Proposition[A.I) Under Condition the following conclusions
hold:

]' If<w$1) 7

(t)

u) > 0(< 0), then (w ,.,u) strictly increases (decreases) with t € [T*];
2. If(w(oi V) > O(< 0) then <W( )1 V) strictly increases (decreases) with t € [T*];
t t)
31wl < 0l () w] < 1))l /m for ait ¢ €
[T*] and r € [m].

Moreover, it holds that

t+1 t C77HNH2 t 0
<W5r1,r)ﬂu> > <W(+)1 r’u> - WQ Z E;( )v <W(+1),r7u> > 0;
i€S+u1+1
t+1 t 077HHH2 t 0
<WS_1_’T),11> < <WS,-)1,r7u> + WQ ’ Z é;( )7 S—l) r7u> < 0;
1€S_u,+1
t+1 t CWHNHQ t 0
Wi v 2wl v == ST 00 (W) >
i€S+v7_1
2
WO v < v+ IR S0 W), v <
ieva,71

for some constant ¢ > 0. Similarly, it also holds that

t+1 t CUHHHQ t 0
<WE}-I7‘)7U> < <Wi%,mu> - WQ Z f;( )a <W5,-1),r)u> > 0;
1€[n]
(1) o Cllpell3 7/® (0) 0:
<W+171‘ ,U.> —= <W+1,r7 + nm Z i <W+17r7u> <y
i€[n]
C 2
w0 ) = w vy = SR S o G0 s,

1€[n]
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—1,r» —1,7r

2
(t+1) < (w® Cnllpls 7/® (0) 0
(WD) < (w v+ LA Ee[ilz C W, <0,

for some constant C > 0.

Proof [Proof of Lemma[E-T]] Recall that the update rule for inner product can be written as

t+1 t 77j t t
(Wit w) = (wil) u) — S 4wl ) > 0} pl3

nm .
1€SLu,+1US_u,—1

+% S 49 1wl ) > 03 ul3
1€S_u,+1UStu, -1

nj t t
o T ) > O}l eos
€Sy, —1US_v 41

" () ® 2
—om 2 AW ) > 0 cose,
1€S_v, —1UStv 41

and

t+1 t nj t t
i) = vy = ST wl) ) > O}l cos 0

1E€Stu,+1US—u,—1

nJj
IS 0wl ) > Ol cosd
1€S_u,+1US4u, -1

nj t t
oy ) > 0 w3
€Sy, —1US_v 41

nJ
Sy A (w ) > 0}l
1€S_v,—1UStv, 41

When (w(o) u) > 0, assume that for any 0 < t < T — 1 such that (wg - u) > 0, there are two

+1,7r
cases for (wgﬂ)r, v). When (wSrTl 1)7 v) < 0, the simplified update rule of (wi{r, u) have the four

terms below, which have the relation:

n /(T—1) /(T—1) 2
_ E /. — E L. . 50 >0
m( 7 7 > ””L”QCOb > )

iES—v,+1 ’iES—v,—l
i H(T—1) /(T—1) 2
| — /. . .
L(- X T S ) i > 0
ZES+u,+1 les+u,—1

from Lemma|[C.2]and Proposition Hence we have

n P P
) > w4 (ST AT T ) g

iES+u.+1 ies+u,—1

w4 n||u||2_ i1y [, 2pn(l+o(1))
WL W > (1 0 pn(i— <1>>>

1€Sfu,+1

Y

Z <Wg:1:1'—rl)’u> CT’”MHQ . Z E/(T 1)

1€S u, 41
Here, the second inequality is by Proposition [D.8} and the third inequality is by p < 1/C fixed for

large C in Condition|3.1] We prove the case when (Wf1 ,,1), v) < 0.

When (wSrT1 Tl), v) > 0, the update rule can be simplified as

T T
(Wi wy = (wi5P )
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77||M||2< > ¢ 3 ¢ Z ¢TI 050 + 3 4@—1)6089)

1€S4u, 1 1€S4u,—1 i€S 4y, —1 1€S4v, 41
(E.1)

We can select ¢* such that
Mo 4T < e £V (14 0(1)),
i€S+u,—1

by the union bound in Proposition[D.8] we have that

Z g/(T 1)/ Z gl(T 1) < pn/4- gT 14 0(1)) < 2pn(1 + o(1))

T—1 - — — )
i€ 4u,~1 1€8 4,41 Zzesﬂ B g;( ) (1—p)n(l—o(1))
Applying similar conclusions above, equation [E.T| shows that

T T—1
W w) > WD )

ol gy, <1 __2pnito(l))  2c0860(1+0(1)) | peosd(l —of1)) )
' (1 =p)n(1 —o(1)) 1—o(1) 2(1 = p)(1 +o(1))

Note that cosf) < 1/2 is fixed, and p < 1/C for sufficient large C, we conclude that when

(wiV.v) >0,

1€ESfu, 41

7 o1 cnllull 1)
(wi oy > WDy - =22 N

1€S4u,+1
for some constant ¢ > 0. Similarly, we have

2
WD < (] TR s <o

1€S_u,+1
2
D) o) > (w® _onllpllz () o (0) .
< 71r7 >7<W 1r7v> nm Z gl W1r7v>>07
i€S+v,_1
2
(1) oy < or®) enllpllz /O W© <0
<W—1,r 7V> — <W—1,r7v> + nm ‘ESZ i) W_1 r7v> .
1€S_yv,—1

This completes the conclusion 1 and 2.

To prove result 3, it is easy to verify that \(wJrl mV)| < |<WJrl SV + nllpll3/(2m), assume

t 0 +1
that [(w') v} < (W v)| + nll]3/(2m), we then prove |(w'F D v)| < [(w%), V)| +

n||e]|3/(2m). Recall the update rule, we have

t+1 n . .
<WE|*177‘)7V> <WEF%. ’r‘7v> - % Z E{L( ) . 1{<Wi% 'r7IJ’Z> > O}HIJ’H%COSH
1€Stu,+1US—u,—1
n ¢
L P a(wl ) > 0}l cos
1€S_u,+1UStu,—1
n
+ nm Z /(t) 1{<W+1 e tti) > O} |[pe13
iES+v,—1U5_vy+1
n ¢
o Y A el ) > 0}l

1€S_yv, —1UStv 41

(t) (t)

We prove the case for (w.; .., v) > 0. The opposite case for (w.; ., v) < 0 is similar and we thus

omit it. If (wﬁf)l »» V) > 0, we immediately get that

t+1 n t t
WD = D ST O g ) > 0l eost
iES—u,+1US+u7,1
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n t
D g ) > 0l
1€ES v, —1US_v 41

—nllll3/m,

where the second inequality is by —¢'(¥) < 1 and Lemma As for the upper bound, if ( 527 u) <
0, we have

(Wi vy = (wl], v) - ""“"2( Z z’“)cow 3 e;(”cow)

€S _ ZES,u,Jrl
77||H||2 < Z /(t))
D D
1€S v, 1 1€S v, 11
< (wi,.v),

where the inequality is by

Z E;(t) cosf — Z 4(15) cosf > 0,

iGS_u1_1 iES_uﬁ.l
DA DAL
ies+v -1 i€S+vy+1
from Lemma 2|and Proposition . If ,u) > 0, the update rule can be written as
<w$1+,,1n),v> = <w$%7r,v> — UHMHQ ( Z K/(t cos ) — Z E cos@)
ZES+u +1 ZES+u
nHullz ( Z S g/(w)
1€S4v, — 1€ES4v, +1
I3 Z- o> o )3 v
o (t) k2 €Sy, —1 1 1€Su,+1 ¢ 9 €S 4tu,—1 1 0
= (Wi ,.,V) — o e -cosf — ) - cos
Zz‘esﬁ,,l i Ziesﬂ,,,l i

t t
bl Cies,, -, 6 (~1+ Ciesion b )

ies, o Y

nm

< (wi],.v)

_7I||H||2_ 0 (9o o ~ peosf(l—o(1)) 2p(1 + o(1))
2 (oot - S 1 )

< <W$)1 V).

Here, the first inequality is by Proposition the second inequality is by the condition of ¢ and p in

Condition 3.1} We conclude that when (wg’r,w , (wﬁ’i), v)| < \<w$1> V)|l pl3/m.
(®)

The proof for (w 7, v) < 0 is quite similar and we thus omit it. Similarly, we can also prove that

|<w(t)1 S| < |<W 1 w| 4 nllw][3/m. As for the precise conclusions for upper bound, by the

update rule, we can easﬂy conclude from 1 + cos 8 < 2 that

1 nJ
it < (i) =S8 3w > O}
1€S4tu,+1US—u,—1
nJ
- Y 1wl ) > 0}l cosd

1€S_v, —1UStv 41

¢ 2n||pl3 ¢
< <WSF%,WU> - WQ Z 4( )

1€[n]
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Similarly, we can get the other conclusions. This completes the proof of Lemma [E.T] |

In Lemma it becomes apparent that the direction of signal learning in XOR is determined by
the initial state. For instance, if j = 41 and the signal vector is u, the monotonicity in the value of
inner product between the weight and u is solely dependent on the initialization, whether the inner
product is less than or greater than 0. Conversely, for u and the weight vectors where 7 = —1, the
inner product between them will be relatively small. We give the growth rate of signal learning in
the next proposition.

Proposition E.2 (Conclusion 2 in Proposition[A.1) For <W$1)77,, u), <W(_0£7T, v) > 0 it holds that

<W$i,rvu>7<w(ji,wv>
C"”MH% nggd 2 2
> —2+/log(12m/9) - —=1 —(t-1)+=)—n- m.
2 og( /0) - oollpll2 + o2d og 12nm( ) 3 n -2/

For (wfl)’r, u), <w(701)’r, v) < 0, it holds that

(w u), (w L v)

en|| H% nagd 2 9
< 2y/Tog(12m/9) - _ B =D+ %) 49 m.
< 2y/log(12m/9) - ool pl|2 o2d 18 1onm &~ D+ 3 ) +n-lelz/

Here ¢ > 0 is some absolute constant.

(0)

Proof [Proof of Pro osition We prove the first case, the other cases are all similar and we thus
omit it. By Lemma when (w.; ., u) >0,

2
Wit ) = (- s

nm 1€Stu,+1

¢ enllpl3 1

> <W(+)1,T,U> + = 2 p T I
i€S 41 1 +em ==t Py ,ri
2

() enlpmlz 1
> u - T =
- <W+1,ra > + m 1+ bevr

t

c 2 1
> W u)+ 1l ez 3

m Tzol—l—geff
2 t—1
1
> (w w)+ C??HMHQ/ L
’ m 1 1+ be®r
t—1
) cnIIuI%/ L
> (w4 SHEE T g,
2 (Wi )+ — - L
©0) enl|pll3_ c-onl|pll3
B 7 B 7
>

2
cn|| _
~210g(12m/5)  oolulls + A 7y - .
p

Note that the ¢ here is not equal, and we write ¢ here for the reason that all the ¢ are absolute
constant. Here, the second inequality is by Lemma [D.5] the third inequality is by p < 1/C for
sufficient large C' in Condition |S4u+1] = (1 —p)n/4.5 in Lemma|C.2) and Proposition [D.8]
which gives the bound for the summation over r of p,, , ;, the fifth inequality is by the definition of
Ty, the sixth inequality is by Z; < 2¢ and the last inequality is by the definition ¢ in Proposition|[D.§]
and Lemma|[C.4] By the definition of Z; in Proposition[D.8]and results in Lemma[D.9} we can easily
see that

t+1 enl| w3 no2d 2
(w52, = =TT - ol + L o (201 T ) <
The proof of Proposition [E.2] completes. [ |
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Proposition E.3 For (w'”] . u), (w') . v) > 0it holds that

Cnl| |3 2nod
(W), (w), v) < 2y/log12m)8) - oollulls + S 1o (f’t+1).
’ de nm

For (wf&m u), (w(_ol)ﬂ., v) < 0 it holds that

t t Cnl|p|3 nond
(W), (W v) > —24/log(12m/0) - ool - o-gd2'10g m; t+1

Proof [Proof of Proposition | We prove the case when (WEH) ) > 0, the other cases are all
similar and we thus omit it. By Lemma , when (wff,r, u) > 0,
2
D)y < w® _ 2llplly 5~ g
<W+1,r ’u> = <W+1,r>u> nm Ez[:] 7

() 2|3 1
<W+1 r u> + nm = 14 6% >, ﬁyi‘T:""_K;/2

IN

t

(0) 2n||pl|3 Z 1
< (w .
< (Wiipw m 1+ beZ-

0 2llpl3 f 1
< will o)+ =

2 2 '
< wiow+ 280 g,
0

m c
Cullully
O’%d =t

Here, the second inequality is by the output bound in Lemma[D.5] the third inequality is by Propo-
51t10n|]Zg|, the fifth inequality is by the definition of zy, and the last inequality is by the definition of
¢ in Proposition [D.8and Lemma[C.4] By the results in Lemma[D.9] we have

2nod
xt<log< % t+1>.
nm

The proof of Proposition[E.3|completes. [ |

21og(12m/6) - ool|pall2 +

E.2 NOISE MEMORIZATION

In this section, we give the analysis of noise memorization.

Proposition E.4 Let ¢ and T, be defined in Proposition|D.§| then it holds that
n
3nx, > Zpgtzl > (Te—1 —T1)
forallt € [T*] andr € [m)].

25T

—(t+1 —(t n t t . 2
At =B = 0 1 (wll €)= 0) 1w = ) €l

Proof [Proof of Proposition | Recall the update rule for ﬁ(-tﬂ) that we have

Hence

(t-1) 1 (0) 2
Zpyuhifzpyl,rz P = S50 1&ill5
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t—1 77 1
0
=3 8 il
onm 140T,

SO € SO g 12
> | | ||£ ||2 / j— dr — nl ],i‘ HS ||2 . (ft—l 751)
o nm o 14+bx,_1 cnm
noo_ _
> 5 (Tp—1 —T1).

Here, the first equality is by |S (f)| = |S; (0)| the first inequality is by Proposition and the last
inequality is by the definition o’rZ C. Slmllarly, we have

1 2
Zpy MSZPy,m ey Tl'm'u&m

< nm - ||§1||2 / 1 dr
2

nm 1+b-z,

< 3nz,.
This completes the proof of Proposition [E-4] [ |

The next proposition gives the Lo norm of w§t2

Proposition E.5 (Conclusion 3 in Proposition[A.1) Under Condition 3.1} for t = Q(nm/(no?d)
it holds that

2
e(o_p—ld—l/in/Q) Jog (I};d (t—1)+ %) <|w (t)H < @( d—1/2n1/2) log (2?;2611%—!— 1)

Proof [Proof of Proposition We first have the following inequalities:

w5t

O (op td=1/2n=1/2) - I, i1
based on the coefficient order . , pgtlz /|(w (*) u| = © (SNsz), the definition SNR =

Wi U

| ¢]|2/(0pv/d) and the condition for d in Condition and also
[k 0 (1)
(G (Jp_ld*1/2n 1/2) . Z" L pgi)_ i e (ngd*1/2n*1/2) . Z”_l pﬁi ;

Here, we use Propositionthat when t = Q(nm/ (ncrf]d), Z; > C > 0 for some constant C, and
hence

=0 (02012l 'SNR?) = © (o, 1d 201 2 Ju)y) = o(1),

=0 (aocrpdnfl/z) = o(1).

n

n
Poni 2 7+ (Tem1 = 1) 2 Qn).
=1

We also have the following estimation for the norm || >, pgti &R €3

2

c&l27 &

2

t -2 t -2
=Zp§,2,i~||a-u2 +20 3 o o €5 1€l (€ i)
=1

1<i1<ia<n

4@( 24 p§f212+2 S A, (160,442 - (202 dlog(6n2/§))>

=1 1<i1<ia<n
(t) —2 3-3/2 (t)
N3+ 8 (o7 )(z)
=0 (Jljzd*ln (ZP;?,) ,
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where the first quality is by Lemma [C.3} for the second to last equation we plugged in coefficient
()

orders. We can thus upper bound the norm of w | as:
t 0) t 0) t 0 t -
[ w2, = [, + 1w = wif - falzt + w2 = w9, v - vl Zp§2,i~||siu22~£i
2

<o

)

] alst + (v v+ © (o 20 2) Zﬂﬁtii

—ys) (O_pfldfl/anl/Q) Zp(? i (EZ)

Here, the first inequality is due to trianile inequality and the second inequality is due to

[(w © u)/[|pllz] < HW(O)”Q. equation [E.2| holds from the above analysis. Moreover, we also

havé tThat

||w(t)||2 e (0;1(171/2”71/2) Zp(gZ —0(1))=© (0;1d71/2n71/2) Zpgtil
Combined the equation above with Proposmon [E4] and Lemma [D.9] completes the proof of
Proposition [ |

F PROOF OF THEOREM

We prove Theorem [3.2]in this section. We first prove a slightly different version as follows:

Theorem F.1 For any £,6 > 0, if Condition[3.1| holds, then there exist constants Cy, Cs, Cs, Cy >
0, such that with probability at least 1 — 20, the following results hold at T = Q(nm/(nsan))

1. The training loss converges below ¢, i.e., LWT)) < ¢.
2. If n||p||3 > Cho,d, then the CNN trained by gradient descent can achieve near Bayes-optimal

test error: R(W(T)) < p 4 exp(—Conl|pl|3/(opd)).
3. If n||pul|3 < Csopd, then the CNN trained by gradient descent can only achieve sub-optimal

error rate: ROWT)) > p + Cy.

Clearly, Theorem [FI]is almost the same as Theorem [3.2] except some differences in absolute con-
stants. Below we first prove this version, and then show that Theorem can easily lead to Theo-

rem

Proof [Proof of Theorem First of all, we prove the convergence of training. For the training
convergence, Lemma [D.5]and Proposition [D.8|show that

K
uif (WO, %)) > =2+ — Zpé?,m

K
2754’51715
2
K no.d 2
> = +1 P -
= 2+Og<12nm 3)
2
no-d 2
> —k+1 Pt
”+°g<12n 3>

k is defined in equation [D.4] Here, the first inequality is by the conclusion in Lemma[D.5] and the
second inequality is by Proposition [D.8] and third inequality are by Lemma[D.9] the last inequality
is by the definition of x in equation|D.4] Therefore we have

ond 2 e
L(W( )) < IOg (1 + eXp{KZ}/( t 3)) S W
+ =
12nm
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The last inequality is by log(1 + z) < . When ¢ > (252 ), we conclude that

K K

e e
L(W®) < < <e
1]20717(ritt + 3 2/8 + 3

Here, the last inequality is by e < 1.5. This completes the proof for the convergence of training
loss.

As for the second conclusion, it is easy to see that

(F1)

1
P(yf(W(t)7X) > 0) = Z P(yf(w(t)vx) > O|Xsignalpart = u) . Za

pe{tu,tv}

without loss of generality we can assume that the test datax = (u',€7) ", forx = (—u',&")T,
x= (v, €N Tandx = (—v',&")T the proof is all similar and we omit it. We investigate

P(yf(w(t)a X) > O‘Xsignal part — u)-

When x = (u',£7)7, the true label 7 = +1. We remind that the true label for x is 7, and the
observed label is y. Therefore we have

P(yf(w(t)a X) < O‘Xsignal part — u) = P(yf(w(t)a X) < Ovy = y|Xsignal part — ll)
+ P(ﬂf(w(t)a X) > an 7é y|XSig“al part — u)
<p+ P(yf(W(t),x) < O|Xsignal part = u)~

It therefore suffices to provide an upper bound for P(f(W® x) < 0|Xsgnal parr = u). Note that
for any test data with the conditioned event Xgjgnal part = U, it holds that

1 m
7f(W x) ZFHr (WO, u) + Fiq (WO, €) — EZ WO a)+ Fy (WO g)).

r=1 r=1
We have for t > Q(nm/(no2d)), T, > C > 0, and

m

TF(WO x >—ZReLU wi) ,u ZReLU (w9, &) ——ZReLU w'l . u))
CNHMII _ nllpl3
log(12m/3) - oo||pll2 + 02d2- i
——ZReLU (w) &) ZReLU (W, ),

where the first inequality is by Fy’T(W(t), &) > 0, and the second inequality is by Proposition

and |{r € [m], <w$)f’r,u> > 0}|/m >1/3. Then fort > T = Q(nm/(no2d)), T, > z, > C >0,
it holds that

- enllpl o)
yf(W(t)7x)2Td2- t—1 ZReLU W(lr,ﬁ ——ZReLU w' ”, u))

log(12mn/é) - ool pl|2

cn 2 1 -
S ;g;”z'xt1_m;ReLU(<W(t)L“£>)_4 log(12mn/8) - ool mll2 — 2|3 /m
cn
, el 1_fZReLU ) 2
P

Here, the first inequality is by the condition of o , 17 in Condition and 7;_1 > C, the second
inequality is by the third conclusion in Lemma [E.T|and the third inequality is still by the condition

35



Under review as a conference paper at ICLR 2024

of g , i in Condition We denote by h(€) = L3 | ReLU((W(_t?u, £)). By Theorem 5.2.2 in
Vershynin| (2018)), we have

cx?
P(h(§) —Eh(§) > ) <exp < - 22) (F.3)
apllPlls,
By n||u||3/(opd) > C; for some sufficient large C; and Proposition we directly have
C”HHH% — (1)
O’%d 71 2 Eh(€ Z W25l

Now using methods in equation [F.3] we get that

P(@f(w(t),x) < O‘Xsignalpart = U) < P<h( Z W_H mu Z H _1 - )
(t) 2
- [_ (X, o((w, r (>) - (U‘T/\/%’)’ ? " HW_L,.HQ) }

< exp{~Can|p3/(0,d)}.

Here, Co = O(1) is some constant. The first inequality is directly by equation the second
inequality is by equation [F.3] and the last inequality is by Proposition [E.2] which directly gives the
lower bound of signal learning and Proposition Wthh directly gives the scale of Hw(t) || o

can similarly get the inequality on the condition XSIgnal part = —U and Xggnal part = V. Combmed
the results with equation[F1] we have

P(yf(W®,x) < 0) < p+ exp{—Can||p||3/(c}d)}

forall ¢ > Q(nm/(no3d)). Here, constant C in different inequalities is different, and the inequality
above is by n||p[|5(1 — cos0)*/(cpd) > Cy for some constant C;.

For the proof of the third conclusion in Theorem [F.I] we have
P(yf(W",x) <0) = PGf(W",x) < 0,5 =y) + PEFW" %) > 0,7 #)
=p+ (1= 2p)P(FF (W, x) <0). (F4)
We investigate the probability P (yf(W(*),x) < 0), and have
PGf(W",x) <0)

=P(Z (W 6) — Y oltw. €)= Y oltw ) — Y o((w &t;wm))

T T T T

Here, p is the signal part of the test data. Define g(§) = (i > ReLU((WE:)M,@) —

m

Ly ReLU((W(f)LT, >)> it is easy to see that

m

PEIW®,x) <0) > 0.5P(|g<s> > max { S ot(wiom)/m 3o <<w“§,r,u>>/m}>,
' (E.5)

since if |g(&€)] is large, we can always select 7 given £ to make a wrong prediction. Define the set

2= {&: 1) 2 max { Dol )m. St Y} .

r

it remains for us to proceed P(€2). To further proceed, we prove that there exists a fixed vector ¢
with ||{]|2 < 0.020,, such that

> o+ ) - glie)] 2 amax{ Yo ()3 (1w, op)m

jle{£1} r
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Here, p € {+u, +v} is the signal part of test data. If so, we can see that there must exist at least
one of &, £ + ¢, —€ + ¢ and —¢£ that belongs to 2. We immediately get that

PQU(-QUEQ-U(-2-¢) =1

Then we can see that there exists at least one of €2, —2, Q2 — ¢, —2 — ¢ such that the probability is
larger than 0.25. Also note that ||¢||2 < 0.020,, we have

[P(Q) = P(Q — {)| = |Pern0,021,) (€ € Q) = Peanic.o21,) (€ € Q)]
||CH2

Op

< 0.01.

Here, the first inequality is by Proposition 2.1 in Devroye et al.|(2018) and the second inequality is
by the condition ||{||2 < 0.020,. Combined with P(£2) = P(—£2), we conclude that P(€2) > 0.24.
We can obtain from equation [F.4]that

P(yf(W",x) <0) =p+ (1 - 2p)P(gf(W",x) <0)
> p+ (1 —2p)*0.12 > 0.76p + 0.12 > p + Cy
if we find the existence of ¢. Here, the last inequality is by p < 1/2 is a fixed value.
The only thing remained for us is to prove the existence of ¢ with ||{||2 < 0.020,, such that
S [0l €)o7 €)] 2 amas{ Sl ) 3ot )/
jre{£1} .

The existence is proved by the following construction:
=X 2} i = 1)&,

where X = Cy|p||3/(c7d) for some sufficiently large constant Cy. It is worth noting that
el3 nllels
”C||2:9<agd‘\/”'“3d =0 o < 0.020,,

where the last inequality is by the condition n||u|5 < Csopd for some sufficient small Cs. By the
construction of ¢, we have almost surely that

o({w ﬁTf+<» o((w)] . &) +a((w] . —€+¢) —o((w] . —€)
= < +1 [ C>
> )\{ P s — 2n3/log(12mn/8) - goo,Vd — 1602 log(T*)/log (4n2/3) /d|,  (E6)

yi=1

where the first inequality is by the convexity of ReLU, and the second inequality is by Lemma
and[D.3] For the inequality with j = —1, we have

o(w) . E+¢) —a((w") &) +o((w) ., —€+¢) — (W], —€))
<2‘w 1 )’

< 2/\{ Z B(—t)uﬂ' — 2n+/log(12mn /) - ooo,V'd — 16n? log(T*)/log (4n2/5) /d}, (E7)

yi=1

where the first inequality is by the Liptchitz continuous of ReLLU, and the second inequality is by
Lemma|C.4Jand[D.3] Combing equation[F.6] with equation we have

9(&+¢) —9(8) +9(=€+¢) —g(=¢)
> /\[Z Z pg i/m — 6ny/log(12mn/§) - o0opVd — 4802 log(T*) log(4n2/5)/d]

r yi=1
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> (/23 S 80 m

r y;=1

> (A/2) - SNR™2- 3 o((w) ., ) /m > 43 o((wl) ., m))/m.

Here, the first inequality is by Proposition [D.8] and Condition [3.I} the second inequality is by the
scale of summation over 7 in Proposition |D.8] and when ¢ > Q(nm/(no2d)), z, > C for some
constant C'; the third inequality is by the upper bound of signal learning in Proposition and the
last inequality is by Condition[3.1] Wrapping all together, the proof for the existence of ¢ completes
the proof of Theorem [F.1} [ |

We can simply adapt the results in Theorem [F.I]to prove Theorem [3.2]

Proof [Proof of Theorem 3.2]] Here we denote C1, C%, CY, C) the constants Cy, Cs, C3, Cy in The-
orem [F.1] and then Theorem [3.2] can hold by letting C; = C%, Cy_= min{—log(1 — p)/C}, C}}
and C3 = C}. We identify three different cases by Theorem (1) nl|pl3/opd > C1, (2)
Cy < n|\pl3/opd < C{, and (3) n||p||3/0pd < C5. We will prove Theoremas follows:

1. When n|lp||3 > Cioad, we have ROWD)) < p + exp{—Cin|p[3/opd} < p +
exp{—Can||pll3/0pd} due to Cy < C;

2. When Cjoid < n|p||3 < Cloid, we can bound R(W(?)) < 1, and by our choice of C, we
have p + exp{—Canl||u|3/0opd} > 1 > R(W ™) due to Cy < —log(1 —p)/Ch;

3. When n|p||3 < Ciond = Ciopd, wehave R(W1)) > p+ C} = p+ Cs.

Therefore, from 1 and 2 above we can conclude that when nl|ull; > Ciond = Ciopd,

RWD) <p+ exp{—Conl||pl|3/0opd} with Cy = min{—log(1 — p)/C4, C3}; from 3 above we

have n||p|[3 < Chopd = Ciopd, RW™)) > p+ C} = p + Cs. This completes the proof of
Theorem 3.2} [ ]

G ANALYSIS FOR SMALL ANGLE

In this section, we begin the proof for the case when 6 can be small. It is important to note that
in this section and the following section, we only rely on the results presented in Appendix [B}
and Lemma The analysis for cos > 1/2 is much more complicated. For instance, it is

unclear to see the main term of the dynamic on the inner product of <wgf)1 ~» u), hence additional

technique is required.

G.1 SCALE DIFFERENCE IN TRAINING PROCEDURE

In this section, we start our analysis of the scale in the coefficients during the training procedure.

We give the following proposition. Here, we remind the readers that SNR = ||p||2/(0,V/d).

Proposition G.1 Forany 0 <t <T%, it holds that

0 < [(w) w)l, [(w!"), v)| < 8n - SNR*log(T™), G.1)

0<p\ ., <4dlog(T*), 0> Pl > —2/log(12mn/6) - 00, V/d - 32 %nlog(T*)
(G.2)

forall j € {£1}, r € [m] and i € [n).

We use induction to prove Proposition We introduce several technical lemmas which are applied

into the inductive proof of Proposition
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Lemma G.2 Under Condition[3.3] suppose equation|G.1|and equation|G.2|hold at iteration t. Then,
forallr € [m],j € {£1} and i € [n)], it holds that

log(4n2 /8 )
(Wl —w®, gy — 0 | < 16,/ B 1ogre), 2y,

log(4n? /8 . .
(w2 = wi) )~ 7| < 16y B D gy

Proof [Proof of Lemmal|G.2]] We omit the proof due to the similarity in the proof of Lemma[D.3] W

Now, we define

log(4n?
K = 56 Mﬂlog(T*) +10+/log(12mn/d) - 0oo,V'd + 16n - SNR? log(T*).  (G.3)

By Condition [3.3] it is easy to verify that « is a negligible term. The lemma below gives us a direct
characterization of the neural networks output with respect to the time ¢.

Lemma G.3 Under Condition[3.3] suppose equation|G.1|and equation|G.2|hold at iteration t. Then,
for all r € [m] it holds that

K t ]. i —(t K
F*yl(WE; ) X ) S 5 -5 + Z g(;,)rz = W(t) ) S E Zp(y,),r,z + 5

r=1

Here, k is defined in equation|G.3}

Proof [Proof of Lemma|G.3]] The proof is similar to the proof of Lemma[D.4] we thus omitit. M

Lemma G.4 Under Condition[3.3] suppose equation|G.1|and equation|G.2|hold at iteration t. Then,
for alli € [n], it holds that

_7+ Zpylrzg W(t) g+ Z y,rz

Here, K is defined in equation|G.3]

Proof [Proof of Lemma[G.4]] Note that
t
bef (WO x0) = By (Wi ) = Py (WY, ),
the conclusion directly holds from Lemma|G.3| [ |

Lemma G.5 Under Condition suppose equation and equation hold for any iteration
t <T. Then for any t < T, it holds that:

1 1/m-Y" [pétl)’” pé?rk] < 3k + 44/log(2n/8)/m for all i, k € [n].
2. Define Si( )= ={re| <Wy1 &) >0} and S(t) ={ien:y =74/ §t2,€7> > 0}. For
alli € [n], r € [m)] and] e {£1}, © SZ(t , S S(t)

[

3. Define ¢ = ZZ’;S + /2log(6n/d)/m)(1 + Co\/log(4n/d)/d), c = gifj(l -

V/2log(6n/8)/m)(1 — Cy+/log(4n/8)/d), b = e‘” and b = e", and let Ty, x, be the unique

solution of

Ty + be™ = ¢t + b,
z; + be*t = ct + b,
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it holds that
N5 < 145, — <L
Ly > Zpylrz—xt—’_c/( + ) 1+5€§‘7 i 71+b6£t
forallr € [m] and i € [n].

Proof [Proof of Lemma[G.5]] We use induction to prove this lemma. All conclusions hold naturally
when ¢ = 0. Now, suppose that there exists # < 7" such that five conditions hold for any 0 < ¢ <
t — 1, we prove that these conditions also hold for t = £.

We prove conclusion 1 first. By Lemma[G.4] we easily see that

1
yi - F(WY ) — - f(Wx EZ RN S (G.4)

—=(t)

7,750
_(t+1 _(t n t t . 2
P =P = L0 1 ((wil) &) 2 0) - 1w = ) l&ll3
Hence we have

1 & 1 & 1 ¢ ;
LSS = LS - A i) 20) 10 e

r=1 r=1

Recall the update rule for p;

forall j € {£1},r € [m].i € [n] and ¢ € [T*]. Also note that S\ := {rem]: <Wét1)r7£i> > 0},
we have

1 1
N =B = S B =P ] — s (S1EY - alls — [S14Y - e 3)-
r=1

n
r=1

We prove condition 1 in two cases: 1/m >, [péfml,) ﬁ;i :k} < 2k + 34/log(2n/§)/m and
1/m> ", [pét Tll —ﬁ;tk :L] > 2k + 34/log(2n/§)/m.

When1/m Y ", [pyi,rll) ;’; le] < 2k + 34/log(2n/8)/m, we have
_ B0 5
‘*E: P = &mmk]-‘*E: Pt~ Port]

el (i Al 1 P S AR 1Y Y

an
1\ _((-1)  _(i-1) n 9
Sa;Mm*%@+%mm
< 2k 4 34/log(2 /m+n+ log(2n/5)/m

< 3k + 4+/log(2n/8)/m.

Here, the first inequality is by ‘S(t 1)| < mand —¢/") < 1, and the second inequality is by the
condition of 7 in Condition [3.3]

For when 1/m """, [p;t Tll) - ﬁ?(fk le} > 2k + 34/log(2n/6) /m, from equationwe have
Yi - f(W(t . Xi) = Yk - f(W(t b ,Xk) = K+ 34/log(2n/6) /m
hence
g /(1)
gk(t n =

< exp (s - f(W(t Doxk) =y - f(W(£_1)7xi)) <exp (— K — 3y/log(2n/8)/m).
(G.5)
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Also from condition 2 we have |Si(£71)| = |S¢(O)‘ and |S,(f*1)’ = |S,(C
el 13 7 i 131
N L O N Gl

(14 +/2log(2n/d)/m) o3/ log@n ) /m k. 1+ Cy/log(4n/d)/d

(1= +/2log(2n/8)/m) 1—Cy/log(4n/d)/d

<lx1=1.

Here, the first inequality is by Lemma [C.I] equation [G.3]and Lemma [C.3} the second inequality is
by

1 2
;\”'673I<1 when 0 < z < 0.1, k> 2C+/log(4n/d)/d.
1—+V2x

By Lemma|[C.3] under event £, we have

&2 = d- 02| < Coo? - \/dlog(An]), ¥i € [n]
Note that d = Q(log(4n/d)) from Condition 3.3] it follows that
S0 (= 00 el < 5016 el

‘We conclude that

1 m

72 A0 =0 < 23 [~ ) < 3w+ /TG
r=1

Hence conclusion 1 holds for t = ¢.

To prove conclusion 2, we prove SZ-(O) = Si(t), and it is quite similar to prove S §OT) =S5 J(tT) From
similar proof in Lemma[D.6] we can prove one side that ‘

5@ c g®

To prove the other side, we give the update rule for r ¢ Si(o). By induction hypothesis, r ¢ Si(t__l)
we have

(Wil &) = (WiiTho &) = L S o (Wil &) - (6. &)
';ﬁ’b
= (Wil &) — an S W (Wi &) - (&)
=1 jes®,

- apaofé Lmz_: T |(&irs &)l

1+ evir f FWE) x,0)

t'=1; GS(O)
~o,00Vd a gd ti log(4n?/38)/d
- ’ W(t ) 3 X
8m P=1cg0), 14 evir /¢ )
0,00V d6 N nozd =1 Z 2. 10g(4n2/5)/
= m ()
8m nm £— ves® l4erm.em L Py
Yi T
(fpcfo\f§ T}JZCZ i Z log(4n?/6)/d
- 8Sm 14+ e F - eZ :
=15,

Here, the first inequality is by Lemma[C.4] Lemma|[C.3} the second inequality is by Lemma[G.4} the
third inequality is by condition 6 in the induction hypothesis. By the definition of z,, that

x; +be*t = ct + b,
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we can easy to have
z, <log(ct/b+1).
Then combined the inequality above with b > 1 and t > 1, we have
z, > log (ct/b+1—log(ct/b+1)/b) > log (ct/(2b) + 1).
Here, the second inequality is by log(z) < x/2. Therefore, plug the lower bound of z, into the
inequality of <wz(,?,r, &;) we have that

apoofd nUpdtzf Z log(4n2/6)/d
8m 1+er-eZv

(wlh &) <

t=1yes®,

UPO'Q\[5 ond tzi Z log(4n2/6)/d

- 8m =1 ’eSé“L L+em - (1+ct/(20))
701,00\/&5 N noad i 9. log(4n2/0)/d it
- 8m mJy 1—|—e—”-(1 + ct/(2b))
_ ooV noyd s 2 g (14—
N 8m m & c 8 2@(1 +e ")

< 7%‘/&5 + 5n+/log(4n2/68)/d - log? (T*) < 0.
m

Here, the last inequality is by the selection of oy = nm/(o,dé)-polylog(d). We prove that r ¢ Si(f).
Hence we have SZ-(t) - SZ—(O). We conclude that SZ-(t) = SZ—(O). The proof is quite similar for S](tg

As for the last conclusion, recall that

m

1 (1) 1 SN (1) n @ 1 (t) . 2
E ;pyimi - % —~ pyi"",i - % éz : E ; 1(<Wyi,7-’€l> > O) -1 (yz - .7) ||£z||2a

by condition 2 for t € [t — 1], we have

(i 1 5
*me—*Zdﬁ—ﬂf Bl e,
nm 1+ exp (y; f(W®))

r=1

then Lemma|[C.I] Lemmal|C.3|and and Lemma|[G.4] give that

1 @) ISy, 7 1 1 2
sy Py, ri < — Py, ,ri +— " ,(f n |9 + 210g(6n/5)/m . ”51“2
mi4 mi= UL PV emzrlyLr1 2
< Ly ‘
= s YisTyi 1+ b@m s 17;1 71)1
i 1 = _(i-1 n 1 1 9
—Zymzfpmh—~ e 5~ V2los(6n/0)/m ) - Ji&ll3
mia WM L ek gm 2are1 Py i
1 &K g c
> p(t—l) + 14
- —Yi,T, 1 m (t—1) °
miS 1+ bem T Lugri

Combined the two inequalities with Lemma [D.T|completes the first result in the last conclusion. As
for the second result, by Lemma[G.4] it directly holds from

D=2 S WO ) < 1S 2

c§ IQ/Q.
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This completes the proof of Lemma|[G.3] |

We are now ready to prove Proposition [G.1]

Proof [Proof of Proposition [G.I]] With Lemma [G.3] above, following the same procedure in the
proof of Proposition [D.2]completes the proof of Proposition|[G.3] [ |

We summarize the conclusions above and thus have the following proposition:

Proposition G.6 If Condition 3.3 holds, then for any 0 < t < T*, j € {1}, r € [m] and i € [n],
it holds that

0 < (W, w)l, (W', v)| < 8n - SNR? log(T™*),

g
log(4n2/6
0< ﬁ;tzl <4log(T*), 0> Bﬁ‘tli > —2./log(12mn/6) - ooop,Vd — 32 Mnlog(T*),
and for any i* € S(O) it holds that
(Wi w) /Py e < 2n-SNRP, (W), v)|/p{1) . < 2n- SNR®.

Moreover, the following conclusions hold:

1. 1/m- Z;n L [p;), i ﬁgk), ) < 3k +44/log(2n/8)/m for all i, k € [n).
e R pyz)m <ylf(W9.xi) < 5+ 5500 ﬁ;),r,ifor anyi € [n.
3. Define Si(t) ={rem]: <W§€)r,£1> > 0} and S(t) ={ien:y=74(w JT,£I> > 0}. For
alli € [n], r € [m] and] € {#1}, 89 = 5", S(O) Si.
2
4. Define ¢ = g(:mj 1 + +/2log(6n/d)/m ( + Co/log(4n/é)/d), ¢ = ZZ’;:(l -
V/21log(6n/8)/m)(1 — Co+/log(4n/8)/d), b = e~" and b = e*, and let T, x, be the unique

solution of

Ty + be™t = ¢t + b,
z, + be™t = ct + b,
it holds that
1 /(t) 1

1 Zm N
Et ~m pyi,r,l _$t+0/( + )’ 1+b6§f — ) — 1+b€§ﬁ

r=1
forallr € [m]and i € [n).
The results in Proposition [G.6 are adequate for demonstrating the convergence of the training loss,
and we shall proceed to establish in Section [H] Different from the previous discussion, it is worthy

noting that the gap between x, and 7; is negligible. It is easy to see that z; > z, > 0 for ¢ > 0. For
the other side, combined with Lemmal[G.8|and[G.T0] we have

Ty —a, <2(1=0)+ (b —1) +2(¢ - ¢)/c = o(1).
Hence, for any time ¢ which lets z, > C' for some constant C' > 0, we conclude that

1 <T/z, <1+ o0(1).

Lemma G.7 It is easy to check that

o2d 2 o2d
log <77 P t+) <7; <log (Mt—i-l),
nm

4dnm 3
no2d 2 no2d

log P t+2) <z <log P t4+1).
4dnm 3 2nm
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Proof [Proof of Lemma|G.7]] We can easily obtain the inequality by
be™ < Ty + be®t < 1.5be™, bt < x, + bet < 1.5be%t,

and 3no2d/(8nm) < ¢/b < nold/(nm), 3noad/(8nm) < ¢/b < nold/(2nm). [ |

G.2 PRECISE BOUND OF THE SUMMATION OF LOSS DERIVATIVES

In this section, we give a more precise conclusions on the difference between the summation of loss
derivatives. The main idea for virtual sequence comparison is to define a new iterative sequences,
then obtain the small difference between the new iterative sequences and the iteration sequences in
CNNSs. We give several technical lemmas first. The following four lemmas are technical comparison
lemmas.

Lemma G.8 For any given number b,c > 0, define two continuous process x; and y; with t > 0
satisfy

Ty + be®t = ct + xg + be™°,

ye + e’ =ct+yo +e”, To = Yo-
If b > 0.5, it holds that

sup |z: — y¢| < max{2(1 —b),b — 1}.
>0

Proof [Proof of Lemma |G.8] First, it is easy to see that xy,y; > z( and increases with ¢. When
b = 1, x; = y; and the conclusion naturally holds. We prove the case when b > 1 and when
0.5<b< 1.

When b > 1, we can see that
Yo + bV — €) > g + (¥ — )
=ct+ Yo
=ct+xg
=z + b(e™ — ™),
where the first inequality is by b > 1 and y; > yo. By the function x + b(e® — e*°) is increasing,

we have that y; > z;. We investigate the value y; — x;. Assume that there exists ¢ such that
Yyt — x4 > b — 1, then we have

0=z 4+ b(e® —e™) —y, — (e¥* — e¥?)
< be™ —e¥ 4+ (1 —b)+ (1 —b)e™
=e"(b—e¥ ")+ (1 —b)(1+€e™)
<e”(b—e" N+ (1-0b)(1+e"™) <0,
which contradicts to the assumption y; — x; > b — 1. Here, the first equality is by the definition of

x; and y;, the first and second inequality is by the assumption y; — x; > b — 1, the last inequality is
by the condition b > 1. Hence we conclude that when b > 1, y; > x; and Sup;>g |z —ye] <b—1.

When 0.5 < b < 1, we have
ye + b(e¥t —e¥) <y + (¥t — e¥?)
=ct+ Yo
=ct+ xo
= Tt =+ b(ext — exo)’

where the first inequality is by b < 1 and y; > yo. Therefore by the function x + b(e* — e*°) is
increasing by x, we have that y; < x;. Assume that there exists ¢ such that x; — y; > 2(1 — b), then
we have

0=z +b(e" —e™) —y, — (¥t — e¥?)
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> be™ —e¥t +2(1 —b)+ (1 —b)e™

=e"t(b—e’ ")+ (1 —b)(2+e™)

> et (b—e2®™D) 4 (1 —b)(24€™) >0,
which contradicts to the assumption z; —y; > 2(1 —b). Here, the first equality is by the definition of
x and y, the first and second inequality is by the assumption z; — y; > 2(1 — b), the last inequality

is by the condition 0.5 < b < 1 which indicates that b — ¢*(*~1) > (. Hence we conclude that when
0.5 <b <1,y < xpand supysg |z — ye| < 2(1 — b). The proof of Lemma|G.8|completes. M

Lemma G.9 For any given number b > 0 and 1 > ¢ > 0, define two discrete process m; and n,
with t € Ny satisfy

mey1 = My +

)

c
1+ be™:

Ngy1 = Nt + ) mo = No.

_c
1+4emt
Ifb > 0.5, it holds that

sup |my —ny| < max{2(1 —0b),b— 1} + 2¢.

teNy

Proof [Proof of Lemma[G.9] Let z; and y; be defined in Lemmal[G.8] we let mo = o where g is
defined in Lemma|[G.8] By Lemma[D.I] we have

c
< < _ < < .
zt_mt_xt+1+bemoa yt—”t—yt+1+en0
‘We have
sup |z¢ — y¢| < sup |y — ye| < max{2(1 —b),b— 1}, sup |z — myl, [y — e < ¢,
teN, >0 teN,

by triangle inequality we conclude that

sup |m; — n¢| < max{2(1 —b),b — 1} + 2¢.
teNL

This completes the proof. |

Lemma G.10 Given any number c; > co > 0 and define two continuous process xy, y, witht > 0

satisfy
xp + ¥ = 1t + xg + €0,
Yyt +e¥t = cot +yo + €Y%, xo = Yo.
It holds that
sup |z — y| < (1+e%0) . L2,
>0 Co

Proof [Proof of Lemma|G.10|| Define ag = o + ¢*°, and the function g(z) with z > 0 by
g(z) + e —qy = .
Easy to see that x; = g(ci1t), y+ = g(cot) and g(x) is an strictly increasing function. If
Cpoy M — M
glm) = g(ma) < (1+e77) - ———=
mo

holds for any m; > mo > 0, we can easily see that
C1 —C2

we =y = glert) —gleat) < (1+e7™) - ——
2
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It only remains to prove that

holds for any m; > mg > 0.

To prove so, define

we can see f(msg) = 0. Form > mg > 0,
f(m) =g (m) — (1 +e7")/my
_ 1 14 e7%0
T 1 4e9(m) ma
~mg — (14 e®)(1+e9(m)
o (14 e9(m))ymy
my — (1+e™) - (m+1+a9—g(m))
(1 + e9(m))my
mo —m—+ (1+e *)g(m) —e *om— (1+e ) (1+ap)
(14 e90m))my
Here, the second and fourth equality is by the definition of g(m). Define h(m) = (1+e~*°)g(m) —
e~®0m — (14 e7)(1 + ag), we have f'(m) = (ma —m + h(m))/(1 + 9™ )my. If h(m) < 0,
combined this with ms — m < 0 we can conclude that f’(m) < 0, which directly prove that
flim) < f(mg) =0.
Now, the only thing remained is to prove that for m > 0,
h(m) = (14+e *)g(m) —e "m — (1 + e *°)(1 4 ag) < 0.

It is easy to check that g(0) < ag = g(0) + e9©) < ag + 1, therefore 1(0) < 0. Moreover, it holds
that

W (m) = (1+e)g'(m) —e "
_ 1+e %o
T ltesm €

- 1+e*
—Zo , - -
=¢ (1+69(0) 1) =0

where the second equality is by the definition of g(m), the first inequality is by the property
that g(m) is an increasing function and the last inequality is by xg = ¢(0). We have that
h(m) < h(0) < 0, which completes the proof. [ |

—x0

Lemma G.11 Given any number 1 > c¢1 > co > 0 and define two discrete process my, ng with
te N+ S(Zl‘l.jfy

Mip1 = My + T em
Mgyl —nt+m7 mo = 7g.
It holds that
—mgy €1 —C2
sup |my —ng| < (1+e7™0) - +c1 + o
teNy Co

Proof [Proof of Lemma[G.1T1]| Let z; and y; be defined in Lemma[G.10] we let mo = zo where

is defined in Lemma[G.10] By Lemma[D.I] we have
C1
iﬁtﬁmtﬁfEter, Y <ng <y +

2
1+emo’
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We have
N
sup \l’t*yt|<3up\xt*yt|<(1+6 ) , sup |z —my| < i, sup |y — ne| < eo,
teN; C2 teN; teN;
by triangle inequality we conclude that
— C1 —C2

sup |my —ne| < (1+e %) ———= +¢1 + ca.

teNy o
This completes the proof. ]

We now define a new iterative sequences, which are related to the initialization state:
Definition G.12 Given the noise vectors &; which are exactly the noise in training samples. Define

- 1 n ~1(t 0)
PO =AY 240 T 05O g2,
1+ exp{A"} nm? :

Here, S(O) {rem]: <Wg(,??r,£i> > 0}, and AEO) = 0foralli € [n].

It is worth noting that the Definition [G.12]is exactly the same in Lemma[4.2] With Definition[G.12}
we prove the following lemmas.

Lemma G.13 (Restatement of Lemma.2) Let A\") be defined in Definition it holds that

a1 iw)
iy 2Py

r=1

< 3k |é/(t) /(t ‘ < 3k, g’(t)/gl(t /(t /f (t) <e 4/1

forallt € [T*] andi € [n).
Proof [Proof of Lemma [G.13]] By Lemma|G.4] we have
1+6“6Xp{ 27 lpyl,rz} 1+6 Hexp{m 27 1pyb,rz}

If the first conclusion holds, we have that

7)) 1 1
G- s —x —® (®)
1 +e exp{ m ZT =1 py“r z} 1 + eXp{Ai }
B 1 1
C lien SO V14 ok expfA®
+erexp{o; Y By i) +e mexp{4;"}
N 1 1
l+e " exp{AEt)} 1+ exp{AEt)}
o 1< 20 v

Here, the second inequality is by (1 + e’”em)*1 —(1+e") P <l—e"and|(1+e Fem) ™t -
(14 e Fe™) 7| < 4wy — ag| forz > 0and & > 0. The last inequality is by the first conclusion

and 1 —e™" < 1.5k. Similarly to get that E;(t) — lz(t) < 3k. We see that if the first conclusion holds,
the second conclusion directly holds.

Simimlarly, we prove if the first conclusion holds, the third conclusion holds. We have
g{(t)/é/,(t) 1+ eXp{AQ)}
g g 1 # (1)
te exp{ Zr‘ 1py“7 z}

m

<exp{ ; —Zpy“”—i—m}
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< exp{4x},

where the first inequality is by ¢'(z1)/¢'(z2) < exp(|z1 — 22|). The proof for E;(t)/lz(t) is quite
similar and we omit it.
m (1)

We now prove the first conclusion. Recall the update rule of % > pe1 Py,.ri» We have that
0
I 77|S¢( )|||£Z\|§/nm2 < 1 - —(t+1) _ 1 —(t) __ Ny, \S(O)| - 1&5]13
m Yi, Tyl 1sm —(t) = m Yi, Tyl m Yi Tyl nm2 ¢ i 2112
r=1 1+ efem ~r=t Py;.ri r=1 r=1
0
SN0, asOlgl3/mm?
-m p— yimt 1+ e—fce% 2L 153”
and

nISO1€ll3/nm?

A+ _ A(t
' 14 exp{A{"}

(0) 12 /nm?2
Define Bi(tH) = Bft) + %, and Bft) = (, we have
l+e—rei

1 m
LSSl A0 <O A
r=1

< 2(1 —e ") + 29|\ |1&i]|3 /nm? < 3.

Here, the first inequality is by = ZT 1 ﬁ(i)r . < B, ) , the second inequality is by Lemma and
the third inequality is by the condition of 7 in COHdlthIl B3]and £ < 0.01. We can similarTy have
that

1
FUNRE
m

yurl—
r=1

which completes the proof. |

We next give the precise bound of 3, o, iy Y ies. .

Lemma G.14 (Restatement of Lemma@3) Let 7\, S, and S_ be defined in Definition
then it holds that

1(t)
Zz€S+ gz |S+‘ < Qanp(‘S—‘\/ ‘S+|+|S—|\/@)
Ses 201511 5P

with probability at least 1 — 25. Here, Gqsy, is defined by
Gy = 201/ 10g(2/3) /1 - +/10g(470).
Proof [Proof of Lemma|G.14]] By Lemma[G.11] we have

‘Au) 0] = 2SO 1€ 13/nm? — nlS” 163 /nm?]
1 ~ min{n|S{|l|&:(3/nm2, 0|y 1€k 13 /nm?}
s (151613 + 1S 11€l3).

By Lemma|[C.I]and Lemma|C.3] we can see that

m [mlog(2n/d)
2 2

mlog(2n/d)

(0) (0) m
< |S; < +
= |Sz |’|Sk; | — 2 2 )
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ord — Coopr/d -log(4n/8) < ||&|3, €k 15 < opd + Coopr/d - log(4n/é).

By the condition of d in Condition[3.3] we easily conclude that

ISP = 1SNy o 6
min{|SV[(1&12, 151112} ~

we conclude that

1A% — 4P| < 5\/log(2n/5) /m. (G.7)

The inequality is by the equation [G.6| and the condition of 7 in Condition [3:3] For any { between
A and A", we have |¢/(¢)| < (1 + exp(¢))~, and

—1
(1 +exp(¢)) ™ —2<1+exp (Agt))) <0
by ’( — Agt) < 5¢/log(2n/d)/m < 0.01. We have that for any i # k,

7O _ o) 1 1
|6~ 6] = 0y ®)
1+exp{A,’} 1+4+exp{A;"}

< 20M{AM — 41

By equation [G.7] we conclude that
’ll(t)/lz(t) — 1| < 104/log(2n/d)/m
for all 4, k in the index set S and S_.
Conditional on the event £, we can see that the bound above holds almost surely. We denote Z{)“) by

an independent copy of lz(t) , and note that lz(t) and E;C(t) are independent and have same distribution,
we assume that C'(*) = Elz(t) / ll(t), easy to see 0.5 < C(Y) < 2. By Hoeffeding inequality we have

~ ~ 2
P(‘]‘ Z gi(t)/ég(t) —c®| > t1> < 2exp{ _ 2|54ty },
15+l 5 (201/log(2n/5) /m)?
~ _ 2
P(‘l Z gé(t)/gé)(t) VSOINN tZ) < QGXp{ _ 2|S5_t3 }
15-1 .55 (20/log(2n/8)/m)?

Let t; = (204/log(2n/0)/m)/+/2[S+| - \/log(4/6) and to = (20/log(2n/6)/m)//2]S_] -
/10g(4/6), and write Gyap, = (204/log(2n/8)/m) - \/log(4/6) in short hand, we conclude that

P(|s+ SO0 — G 1811 < | 38O /ED| < 184] - CO 4 Gy ¢|s+|) >1-4/2,

1€S

NRANTAS

i€ES_

P(151- €~ Gy VT <

By the inequality

<1810 4 G VELT) 2 1= 012

P(AnB)> P(A) + P(B) — 1,

we have that

()
P(|S+|-C<t> —Gaap VIS4l _ 2ies, b~ 194]- CO + Guap - \/|S+> s
|S_|.C(t) + Ggap /‘5_‘ - ZieS_ ﬂg(t) - |S_|-O(t) — Goap - 15_1/) T

By 0.5 < CV) < 2, we directly get that

1(t)
p| s b 14| - 2Ggap(IS-IVISHT+IS-[VISHD Y o 4
Sies 00 15117 ISP -
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Let event &1 be

7(t)
2ics, b 1S4l] _ 20map(IS- VIS4 +S-[V/IS4])

SCaCH b 5P
we have
P(&L,E)=P(EUE)-PE)>(1—-6)*>1—26.
This completes the proof. n

We are now ready to give the proposition which characterizes a more precise bound of the summation
of loss derivatives.

Proposition G.15 If Condition[3.3|holds, then for any 0 < t < T*, it holds with probability at least
1 — 20 such that

/(t) i rm
Zie&r Ei . |S+| 2ggap(|57| |S+| + ‘S*I |S+|) 8Kk ‘S+|
e < 5 e + 10k - .
Dies. gi() |5~ |5 |5-|

Here,

Gaap = 207/ 10 (208) 1 - v/Tog(4]5).
Proof [Proof of Proposition[G.13]] By Lemma|[G.13] we have
M(U/Z’_(t)l |g’_(t)/£’_(t)| < ein

By Lemma|[G.T4] we obtain that

7'(t) <l
Zi€S+ éi _ |S+| < 2anp(|S,| |S+| + |S,|M)
Sies 00 15117 ST |

‘We conclude that

7(t) /(t) S1(t)
o8 ZieS+ t; < Zies+ & < 8" Zies+ &

— < < ——. (G.8)
Dies_ fi(t) >ies_ 4(0 >ies_ 4(0
Combined the results in Lemma [G.14] with equation[G.8] we conclude that
/(t)
Dies, i 1S4l < 2Geap(|S-V/[S+| + [S-|VIS+]) | 85 1 105 - |5+ ]
@ | = AL N CH
Zies, gi - N N
Here, the inequality is by the fact that x is small. This completes the proof. |

From Proposition [G.15] we can directly get the following lemma.

Lemma G.16 (Rstatement of Lemma@d.d) Under the same condition of Proposition|G.13] if

con — Cy/n-log(8n/8) < S|, |S=] < exn+ Cy/n - log(8n/d)

holds for some constant cy, c1,C > 0, then it holds that

/(t)
ZieSJr Zi C1

B 4c,C  [log(8n/d)
Dies_ A

f— 2 .
g n
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Proof [Proof of Lemma|G.16] By the condition

con — Cy/n -log(8n/d) < [S4|,|S=] < ean + Cy/n - log(8n/6),

it is easy to see that

2Ggap (IS [VIS+] + [S- VIS4 ])

S|

=o(1/

Vn),

10k

where we utilize k = o(1/+/n) by Condition Hence we have

/(t) ‘S |
+

’ZzGSJr i .
t
Sieg 00 S
Moreover, we have
(con — C/n - log(8n/9)) (Cl 3a0.
c2
3 C
(con — C/n - log(8n/4)) (cl - cl
we conclude that
1S¢] @ 3610
|S,| col|

< o(1/V/n).

log(8n/0)/n.

Replacing the equation above into equation[G.9| completes the proof.

G.3 SIGNAL LEARNING AND NOISE MEMORIZATION

We first give some lemmas on the inner product of w

(
3

)

and u, v.

Lemma G.17 Under Condition[3.3] the following conclusions hold:

1. If{w_‘_1 ) > 0(<0), then (wyy .,

(0)

(t)
()

-—+|:0 n
5] = o0V,

(G.9)

log(8n/d)/n ) > cn + Cy/n - log(8n/d),
1og(8n/5)/n) < en+ Cy/n-log(8n/d)

u) strictly increases (decreases) with t € [T*];

2. If(w2i,,v) > 0(<0), then (W ., v) strictly increases (decreases) with t € [T"*];
t 0 t 0
3wl vl < (W mllsllE/m, (W w) ] < (W) nlll3/m for ail ¢ €
[T*] and r € [m].
Moreover, it holds that
2 1-2
w2 () - TR P2 o), (w0,
nm 2(1—p)
1€Su, 41
(t+1) (t) e () 1—2p )
Wi, ,u) <(wij,,u)+ . £ (1 —=cosf), (wiji,,u) <0
it < (il + SR 5 40 g0 mame) )
—1 T = —1,r nm i 2 2(1 _ p) ) -1, ’
<W(t+1) v) < <W(t) v) 4+ w3 Z A2 1= (1 —cosb) <W(O) v) <0
—1,r> — -1, nm L [ 2(1 7 p) ’ -1,
Similarly, it also holds that
2 2
t+1 t 77HNH t 0
(Wi ow) < wlly ) = =R S0 (wll ) >0
i€[n]
2 2
t+1 t nllaell t 0
(Wi o) < wlly )+ = ST A0 (wl ) <o

i€[n]
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2 2
(w (t+1) v) > <W(t) v) — M Z g;(t), <w@ v) > 0;
n

W_1 T —1,m 1,r
1€[n]
2 2
WY v < v 4 2R S ) ) <o
7 / " i€[n] 7

Proof [Proof of Lemma|G.17]| Recall that the update rule for inner product can be written as

1 nJ t t
Wity = (wl w2 ST 01wl ) > 0)|l3

nm 1€Su,+1US_u,—1
nJj ¢ ¢
+ I 3 0O 1w ) > 0} plf3
1€S_u,+1US4u, -1
nJj
+ Z AR Yt S’fl,;m > 0}|pal3 cos 6
1€81y,—1US_v 11
nJj
- Z M 1y( S’?,M > 0}|pl[3 cos 0,
1€S_v,—1US v 41
and
t+1 t 77] t t
ity = Wi o 3 6w ) > O3 cos
1€S4u,+1US—u,—1
nJ /(t 2cos0
— 3 1{(w'), i) > 0}||lf3 cos
1€S_u,+1UStu,—1
nJ t ¢
LS Y a{(w ) > 0}l
1E€S v, —1US_v 41
nJ t ¢
- T awl ) > 0)lull.

1€S_v,—1US v 41

When <WE£1)77"’ u) > 0, assume that for any 0 < ¢t < T — 1 such that <W52,m u) > 0, there are two

cases for <W$i,m v). When <Wf;;1), v) < 0, we can easily see

n T— T— T
(X AT S ) ) > Ol cost > o

Z‘E>97V7+1 iESLV,f1
n T—1 T—1 T-1)
-y v T ) 1w D ) > Ol >0
1€S1u,+1 l€S+u

from Lemma |C.2 andﬁ Hence ( W+1 T,u) > (wf1 Tl), u) > 0. When (wf1 rl), v) > 0, the
ifie

update rule can be sim; d as

T T—-1
(W w) = (woD )

77”“”2( Z éT D _ Z E;(T_l)— Z 5;@_1)0050—# Z 5;@_1)0059).

1€Stu,+1 1€S4u,—1 1€Sty,—1 1€Stv,+1
(G.10)
Note that by Lemma[C.2]and[G.16] it is easy to verify that
Z KQ(T_U cosf + Z €;(T_1) cosf > 0,
iES+V171 ies—v,+1
(T-1) (T—1) .
thus for both cases (wy, ./, v) > 0 and (wy, ., v) < 0, we have that there exists an absolute
constant C, such that

(T) (-1 _ Al i1y (,__p__C  [log(8n/d)
( u) > (w u) Yo 1- -
nm

w
+1,r +1,r > ‘ —p 8 n
1€S 1y, +1
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nllul3 (1)
_ / )
nm ) Z ?
1€Stu,+1

(1

c log(8n/9) n

b

4 n

> - cosf.
p

1—

Here, the inequality comes from Lemma By the condition of 6 in Condition [3.3| that
1—cosf > Q(1/v/n),

we have
(1—2p)/(1 —p)+ & -/ /2 5C ., [logEn/o)
— - cos =1 —cosb — - cosf
log(8n log(8n
(1-2p)/(1 —p) = § -/ osl8nsd) (1-2p)/(1—p) = © -/ osn/®)
1-2 2(1 —
> (1 —cos®) - (1(12]))) = (1—cosb) - <1(p)>
1o 1—2p 5
6 1-p
> w. (G.11)

Here, the inequality is by the condition of # in Condition cosf < 1and 2C - 4/ M <

(1 —2p)/(1 — p). Therefore, we can simplify the
that

inequality of (Wfﬁm

u) in equation and get

7 Fo1 Z T D C log(8n/é 3(1 — cosb)
<W5,-1)77 > 2 <WS,-1 r )7 E;( 1) : 1- _ o ) ’
) 1-p 4 n 5
1€ u, 41
T-1 1|3 71y 1 p
2<W(+1,r),u>—m24 > A )5 1‘@ - (1 —cos®)
1€S u,+1
(T-1) UHM (-1 1-2p
> Lu g E ———— (1 —cos¥b).
s 2=p) ¢ )

1€Stu, 41

Here, the first inequality is by equation|G.11
(1 —2p)/(2(1 — p)). Therefore we conclude that

7 71 nllwll3 7oy 1-2p
<W(+1)r’ >2<W(+1,7')7u>_72 Z A )'7_'(1
el 2(1=p)
&0 tu,+1
We conclude that when <W527r’ u) > 0,
(t+1) ®) nllpll3 0 1—-2p
<W+1,r’u>2<w+1,r7u>_WA Z i 'm'(l—
1€S1u,+1
Similarly, we have
t+1 t 77||HH2 /(t 1-2p
(il o) < ] wp o SRR ST 00 S (1 o),
1€S_u,+1
t+1 ¢ 1l n 1-2p
whiv) 2 v = SRR 3T 4 g (1 coso),
ZES+V,—1
2
D oy < (w nllels | O Ik TR
(wi vy < (w28 SZ gy (L eosd),

and the second inequality is still by 2C'- 4/ W <

— cosf).

cos0).

(0)
W+1 T

(

u) < 0;

(0)

(Wi, v)>0;

The proof for the first, second and the precise conclusions for lower bound completes.
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To prove result 3, it is easy to verify that \(Wf{ SV < |<WSS1 S|+ I3/ 2m) assume

t 0 t+1
that [(w®) V)| < (W, v)| + nllsl2/(2m), we then prove |(w({ D v)| < [(w),,v)| +

n||e]|3/(2m). Recall the update rule, we have

t+1 t n ‘ .
Wi v =i - 3 A (i ) > O} cos
1€Stu,+1US—u,—1
n ¢
T nm Z /( ) 1{<W+1 i) > 0}l p]|3 cos 6
1€S5_u,+1US}u,—1
n ¢
o > () > 0l
€Sy, —1US_v +1
n /(t)
T o -1 S i) >0
o2 (W) op) > O} 3

’L‘ES_V‘_lUS_*_Vy_*.l

We prove the case for <w§27r, v) > 0. The opposite case for <w(ﬁ,,‘, v) < 0 is similar and we thus
omit it. If (wgﬂ V) > 0, we immediately get that

t+1 n
Wi vy= - YT Do) > 03|} cos
1€S_u,+1US4u,—1
n t
o > () > 03
iESJrv,—lUS,vd,l
“nlpall3/m,

where the second inequality is by —¢'(!) < 1 and Lemma As for the upper bound, if ( 52, u) <
0, we have

T = el = TR 5 Oemo- S fl0st)

1€S_u,—1 1€S_u, 41
77”#”2 < Z /(t))
e N
l€S+v i€S+vy+1
t
< (Wi, V),
where the inequality is by

Z E;(t) cosf — Z ég(t) cosf > 0,

1€S_u,—1 €S _u,+1

S+ N >0

1€SLv,—1 iES+Vy+1

from Lemma and If <w§t2,7 u) > 0, the update rule can be written as

<w$fj),v>—< S:imﬂ 77||N||2< Z é/(t)cosﬁ Z é;(t)cos9>

Z€S+u +1 ZES+u,71
nHullz ( DGR S t))
P€EStv,—1 PE€ES v, 41
/(1) /(t) /(t)
_ (t) > 77||I~‘||% Ziesﬂ,,l gi Zi€S+u,+1 Ei .0 Zies+u77l Ei S0
= <W+1,7~aV — v V0 -cost — —él(t) - COS
Zies+v,71 i ZiES«Fv,fl i

1(t) 1(t)
_ w3 ZieS_,_v,_l 4 (_ 14 Zz‘esw,“ ¢ )
/()
2ieSu,r bi

nm
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— C(2cosf+1) [log(8n/d
<{ S:)l,rv ) — UHHHQ : Z fl(t) <p (cosf —1)+ ( COZ +1) og(nn/ )>
1€Syyv, —1

t
< (wi,.v).
Here, the first inequality is by Lemma[G.16] the second inequality is by the condition of # in Con-
dition We conclude that when <W(+)1 V) >0, (WS:TP, v)| < \(W(ﬂ V)| 4+ nl|p]|3/m. The
()

proof for (w Tl v) < 0 is quite similar and we thus omit it. Similarly, we can also prove that

|<w(t)1 S < |(w 1| + n||p||3/m. As for the precise conclusions for upper bound, by the
update rule, we can easily conclude from 1 + cos 6 < 2 that

1 nJ
<W§-f:r >,u>§< gtz’ u) — — Z /(t) 1w Jwﬂz>>0}||u||§
1€Spu,+1US—u,—1
nJ
- Y 1wl ) > 0}l cosd

1€S_v,—1UStv 41

®) 20| pll3 10
< - Tz .
= <W+1,r7 u> nm Z gl
1€[n]
Similarly, we can get the other conclusions. This completes the proof of Lemma[G.17} |
3 and u, v.

The next proposition gives us a precise characterization for WJ(

Proposition G.18 (Conclusion 2 in Proposition[A.1) For wf} .y, (W(Of V) > 0 it holds
that

(W w), (Wi ,v)

2 _ . d
log(12m/3) - ool + nllpllz(L —cosd) - (77‘71’

2 2
-1 K )
2003d/(1 - 2p) 1o >+3> 0+ lpl3/m

For <w$1) s ), <W(01) V) <0, it holds that

(w ), (W )

2 _ . d
log(12m/4) - oo||pll2 — nlpl2(1 = coso) -log (7]0;;

2 2
2003d/(1—2p) el g) + 0 3 /m.

Proof [Proof of Protion@] We prove the first case, the other cases are all similar and we thus

omit it. By LemmalE.1} when <W$)1),rv u) >0,

2 1-2
LD w2 ) < RS A (1 cost)
nm €S u,+1 ! P

nlleell3 1 —cosf 1-2p
Ly, Rz 1—p

Y

(t)
<W+1 [l ll> +
2nm e l+em

t nlpld 1-2p
> <WS_)1,T,11> + ﬁm . (1 - COSQ)

2 t
1-2
> <W$1)’T,ll> + il . E P (1 —cosb)

Im — 1+ be™r
> () + BB = cos0) / =2 s
> (wi u)+ ”||u||%(;T; cos f) /1“ 1 —;pd@
> (wu)+ nllpl3(1 500553)(1 —2p)_  enllpf3( 1—0:;0%29)(1 — 2p)
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n||pll5(1 = cos8)(1 — 2p)
2002d

2log(12m/§) - oollu||2 + T — - |lpllz/m.

Here, the second inequality is by Lemma|G.4] the third inequality is by p < 1,/2 for in Condition[3.3]
|S4u,+1] > (1—p)n/4.5 in Lemma[C.2)and Proposition|G.6 which gives the bound for the summa-
tion over r of p,, ,. ;. the fifth 1nequahty is by the deﬁnltlon of 7, the sixth inequality is by 71 < 2¢
and the last inequality is by the definition ¢ in  Proposition[G.6land Lemma[C.4] By the definition of
T in Proposition [G.6]and results in Lemmal|G.7} we can easily see that

2 2
n||p||3(1 — cosf nosd 2
({0 ) >y ZTog(T2m D) - oululls + ypegt ) log (o= 1)+ 3 ) - llBm

2002d/(1 — 2p) dnm

The proof of Proposition [G.18|completes. [ |

We give the upper bound of the inner product of the filter and signal component.

Proposition G.19 For <WSE1)7T., u), <w(_01)77., v) > 0 it holds that

nm

5n nod
(w0 o), (W) v) < 24/Tog(12m/8) - ooz + ";mg(;’ t+1).

For <w$)1) ), <W(Oi V) < 0 it holds that

0 0 5nllpell3 nopd
(W_H T,u),(w_l’r,v> > —24/log(12m/d) - oo ||p]|2 — 22d -log 2nmt+1 .
Proof [Proof of Proposition | We prove the case when (wffm, u) > 0, the other cases are all
similar and we thus omit it. By Lemma , when (wfl)w u) >0,
t+1 20| k13
(wii ) < (wlly ) = S0 S
1€[n]

®) 2|3 1
<W+1 r7u> + nim = 14 e% >, ﬁyimi*”/g

IN

(0) 2|pl 1
S (Wil w+ =0 2 1+ beZ-
7=0 =

0 23 [ 1
= <Wi1)’r’u>+ m } o 1+ beZr

2 2 M1
§<Wfl)r7u>+ 77”“”2/0 7d£7—

m c

nlulp
U%d =t

2log(12m/9) - ool|pll2 +

Here, the second inequality is by the output bound in Lemma[G.4] the third inequality is by Propo-
smon@ the fifth inequality is by the definition of z,, and the last inequality is by the definition of
¢ in Proposition [G.6|and Lemma[C.4] By the results in Lemmal[G.7} we have

o2d
xtglog(n P t+1>.
2nm

The proof of Proposition[G.19) completes. [ |

For the noise memorization, we give the following lemmas and propositions.
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Proposition G.20 Let ¢ and T; be defined in Proposition then it holds that

n
3”$t>ngf)z_ 5 (Tp—1 — T1)

forallt € [T*] and r € [m)].
—(t+1)
Proof [Proof of Proposition | Recall the update rule for Pjri s that we have

_(t+1 _(t n t t . 2
A = = L (Wi &) > 0) 1w =) [€lls

nm
Hence
1 (0) 2
Zp%”—zpymz nm 1—|—b7 ‘Sj,r H‘fz”z
:Hi LSO e
T 1nm 1+bf7'71 e
0
nIS5 ||51||2/ R i ]
> | (Foy —
nm o 1+bx, 1 cnm
> 2 (@ —T)
— X1 —T1).
= 5 t—1 1

Here, the first equality is by |S (t)| = |S; (0)| the first inequality is by Proposition and the last
inequality is by the definition o’rZ C. Slmllarly, we have

(=1 N 1 (0)
Zpyi,ri—zpylrz nm 1+b . | | ||£1||2

ul j,r|'||£i”2 /t 1 dr
B nm o 1+b-z,

< 3nz,.

This completes the proof of Proposition [G.20} |

The next proposition gives the Ly norm of w](tz

Proposition G.21 Under Condition[3.3] for t € [T*], it holds that
me l, = O(ooVd).

Proof [Proof of Proposition [G.21]] We first handle the noise memorization part, and get that

2
c&N27 &
2
t -2 t -2
=Zp§,2,i~||au2 +20 3 o o gl 1€l (€ i)
i=1 1<iy<ia<n

4@( 24 p§f212+2 S A, (160,42 - (202 dlog(6n2/§))>

=1 1<i1<ia<n
(t) —2 3-3/2 (t)
38 (o) ()
=0 (0, 2d 0! (Z 288 ) o(o2d),
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where the first quality is by Lemma [C.3} for the second to second last equation we plugged in
coefficient orders. The last equality is by the definition of oy and Condition [3.3] Moreover, we have

[wio ] - el <ol ) co( V1Yo,

@(aox/g) Uf,d(ao\/&) Up\/a -ooVd

where the first inequality is by Lemma|G.19|and o 2 LK n 2/(02d). The second inequalit
q y 15 By K Ria/(0p q y

utilizes % < T\/\%’ the last equality is due to o9 = % - polylog(d). Similarly we have

p

|<w(t) u)|-[|pllz" = o(ooV/d). Moreover, we have that |<W(O) w)|-[pllz" < O(09) = o(ooVd).

g, j,r
We can thus bound the norm of w;tz as:
ngfg L= w2 £ 000 Vd) = ©(00 V). (G.12)
The second equality is by Lemma[C.4] This completes the proof of Proposition[G.21} [ |

H PROOF OF THEOREM

We prove Theorem in this section. Here, we let 6 = 1/polylog(d). First of all, we prove the
convergence of training. For the training convergence, Lemma[G.4] Proposition[G.6|and Lemma[G.7]
show that

1m
; w® i>_f — 5t
yi f( ,X;) > 2+mT:1 yi,Ti
K
2*§+§t
2
K no-d 2
>~ +1 P t+ =
- 2+Og<nm +3>
2
no-d 2
> —k+1 Pt+ 2.
= /<;+og(4nm +3>

k is defined in equation [G.3] Here, the first inequality is by the conclusion in Lemma [G.4] and the
2
second and third inequalities are by z, > log(ct/b+ 1) > log ( 1y 4 %) in Proposition , the

4dnm

last inequality is by the definition of x in equation[G.3] Therefore we have

2
noyd 2 er

LW®) < log (1 + exp{fe}/(4n1;nt + 3)> < W

4nm 3

The last inequality is by log(1 + 2) < 2. When t > 2% we conclude that

no2de’

K K

€ €

L(WW) < < <
( )_ﬂagdt+%_2/€+%_6

dnm

Here, the last inequality is by e < 1.5. This completes the proof for the convergence of training
loss.

As for the second conclusion, it is easy to see that

(H.1)

1
P(yf(w(t)a X) > O) = Z P(yf(w(t)v X) > O|Xsignal part — N) : Za

pe{tu,tv}

without loss of generality we can assume that the test datax = (u',€7) ", forx = (—u',&")T,
x= (v, €T andx = (—v',&")T the proof is all similar and we omit it. We investigate

P(yf(W(t), X) > O‘Xsignal part = u)-
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When x = (u',£7)T, the true label ¥ = +1. We remind that the true label for x is 7, and the
observed label is y. Therefore we have

P(yf(w(t)a X) < O‘Xsignal part — ll) = P(yf(w(t)v X) < Ovy = y|xsignal part — ll)
+ P(yf(w(t)a X) >0,y # y|xsignal part — u)
<p+ P(yf(W(t), X) < 0|Xsignal part = 11)~

It therefore suffices to provide an upper bound for P(7f(W®) x) < 0[Xgignal part = 1). Note that
for any test data with the conditioned event Xgjgnal part = U, it holds that

_ 1 & 1 &
gf(W,x) = — 3 Py (WO ) 4 B (WO,8) = — 5 7 (Foy (WO ) 4 oy (WO g)).
r=1 r=1
We have for t > Q(nm/(no2d)), T, > C > 0, and
7f(W® x) > —ZReLU wil . u ZReLU wi ZReLU ,u))
n\lullg( —cosf)(1—2p) _ nllpe3
> log(12 : Tyq — 2
= og( m/é) UOHN’H2+ 6002d x m
1 m
— > ReLU((w} ,.€)) j{jReLU (W),
r=1

where the first inequality is by Fyvr(W(t), &) > 0, and the second inequality is by Proposition

and |{r € [m], ('} ,,u) > 0}|/m > 1/3. Then for t > T = Q(nm/(no2d)), T, >z, > C >0,
it holds that

nllp||3(1 —cosf)(1—2p) _
Tf(W x) > ] GOJgd) Ty 1——ZReLU wi ZReLU
r=1

— 2+/log(12mn/4) - oo /|2
nlll3(1 = cos6)(1 —2p) _
> — R LU
- GOJgd Z € —1 ,T) >)
— 4\/log(12mn/6) - oo|l]|2 — 2nlull3/m

nllpl3(1 - cosf)(1—2p) _ S
> 3 000 T 1——ZReLU w' ”, ). (H.2)

Here, the first inequality is by the condition of og , 7 in Condition B3l and 7,1 > C, the sec-
ond inequality is by the third conclusion in Lemma [G.17] and the third mequallty is still by the

condition of oy , 1 in Condition We have 00||u||2 < O(n||p|3/ (02d)). We denote by
h(€)=L3>", ReLU((w(_tLT, ). By Theorem 5.2.2 in Vershynin|(2018), we have
cx?
P(h(§) —Eh(§) 2 z) <exp| — o |- (H.3)
Crp”hHLip
By [|[[$(1 — cos6)? > Q(m?sd) and Proposition , we directly have

nf|g]|3(1 — cos 6)(1 — 2p)
10002d

m

cTp—1 > Eh Z ||W*’U r = @(0’:00'0\/&).

Here, the inequality is by the following equation under the condition ||||4(1—cos 6)2 > Q(m2cd):

wMW10%®>QOMWIC%®>>L

o3d3/2ag U%\/gm
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Now using methods in equation [H.3| we get that

g
P(yf(W(“,x)<0xsigna1pm:u)<P<h( Z (w), u ,, ZH @l )

(T, 0 (<w$1r7u>>/m—(op/<m 27r>>zr 1|| qu)T
(T IS fm)”

< exp{—Cn?|ul[4(1 — cos 6)* /(o4 d® - 0203d)}

< exp{—C||ull3(1 — cos 6)%/(m2atd - polylog(d))} = o(1).

Here, C = O(1) is some constant. The first inequality is directly by equation the second
inequality is by equation[H.3|and the third inequality is by Proposition [G.T8|which directly gives the
lower bound of signal learning, and Proposition which directly gives the scale of Hw(t)

gexp[—

[
The last inequality is by ||]|4(1 — cos 8)2 > Q(m? 04d) We can similarly get the inequality on the
condition Xgjgnal part = —U and Xgjgnal part = V. Combmed the results with equatlonm we have

P(yf(W",x) < 0) < p+o(1).
for all t > Q(nm/(no2d)). Here, constant C in different inequalities is different.
For the proof of the third conclusion in Theorem [3.4] we have
Plyf(W",x) <0) = PGf(W",x) < 0,5 =y) + PEFW",%) > 0,5 # )
=p+(1-2p)P(FF(W,x) <0). (H4)
We investigate the probability P (7 f (W x) < 0), and have
PGf(W,x) <0)

=P Lol - S o )2 o))~ Yol o)

T T T

m

Here, p is the signal part of the test data. Define g(§) = (i > Re LU(( +1 r,é})
Ly ReLU((w(_t)Lr, >)), it is easy to see that

P WO %) <02 057 (lg(@)] = max { oltwfyo)/m, S ottw,.p)/m )
(H.5)
since if |g(&)] is large, we can always select 7 given £ to make a wrong prediction. Define the set

Q- {s lole)] > max{zo«wm,m)/m Sl St%mm)/m}},

r

it remains for us to proceed P(€2). To further proceed, we prove that there exists a fixed vector ¢
with ||¢]|2 < 0.020,, such that

S e+ <) —a(5€)] >4max{z <<w$%r7u>>/m,2 (<W(t)1r,u>)/m}~
jre{£1} r

Here, po € {£u, +v} is the signal part of test data. If so, we can see that there must exist at least
one of &, £ + ¢, —& + ¢ and —¢& that belongs to 2. We immediately get that

P(QU(-QUQ-QU(-2-¢) =1

Then we can see that there exists at least one of 2, —€2, 2 — ¢, —2 — ¢ such that the probability is
larger than 0.25. Also note that ||¢||2 < 0.020,, we have

[P(Q) = P(Q — {)| = |Pern(0,0210) (€ € Q) = Pean(co21,) (€ € Q)|
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IICHz

Op

< 0.01.

Here, the first inequality is by Proposition 2.1 in|Devroye et al.| (2018)) and the second inequality is
by the condition ||{]|2 < 0.020,. Combined with P(2) = P(—£2), we conclude that P(€2) > 0.24.
We can obtain from equation [H.4] that

P(yf(W®,x) <0) =p+ (1 -2p)P(7f(W",x) <0)
>p+(1—2p)x0.12>0.76p+ 0.12 > p+ Cy
if we find the existence of ¢. Here, the last inequality is by p < 1/2 is a fixed value.

The only thing remained for us is to prove the existence of ¢ with ||{||2 < 0.020,, such that

> o€+ ) - glie)) 2 amax{ Yo ()3 (1w, op)m

jre{+1} r

The existence of ¢ is proved by the following construction:
(=23 Wil
where A = co,,/(1/ogmd) for some small constant c. It is worth noting that

CO.
<ll2 = \/ﬁ \/m-02d- (1+0(1) < 0.020,,
0

where the first equality is by the concentration. By the construction of ¢, we have almost surely that

o(w) . &+¢) —a(tw),, &) +o((w),, €+ ¢) — (W), —€)
> ’<< wil L enw) L0+ o' (W, —) W, )

Z +1 raC>
odd — 2m+/log(12mn/d) - 02V/d — Q(nmay/ (0, Vd))
> \ogd - (1 —o(1)), (H.6)

where the first inequality is by the convexity of ReLU, the second last inequality is by Lemma
and and the last inequality is by the definition of oy. For the inequality with j = —1, we have

(W, €40) —o((wh ) +o((wh . ~€+¢) —o((w) . ~8))
<2{(w,.¢)|
< 2X - o(c2d), (H.7)
where the first inequality is by the Lipschitz continuous of ReLU, and the second inequality is by
Lemma [C.4]and[G.2} Combing equation[H.6] with equation[H.7} we have
9(€+¢) —9(8) +9(=§+¢) —g(—§)
(\/2) - 05d/2
copooVd  eny/m
= = olylog(d
N v PV g(d)

ZQ(n||#||2> >4Z w+17,u )/m.

Here, the second inequality is by the definition of oy and the condition ||u||5 < 5(morf;d) and
§ = 1/polylog(d), the last inequality is by Proposition and ogl|pll2 < nl|pl3/(02d) from

the condition || /|2 = Q(mo,/8). Wrapping all together, the proof for the existence of ¢ completes.
This completes the proof of Theorem

Y
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Figure 3: Test accuracy of neural networks with different widths m under different signal strengths.
The x-axis represents the value of width m ranging from 1 to 40, whereas the y-axis is the test
accuracy. The different lines on the plot represent the test accuracy achieved under different norms

of || f2-

I ADDITIONAL EXPERIMENTS

In this section, we conducted additional experiments to investigate the impact of the width of the
neural networks on the test accuracy. We generate XOR-type data following the distribution in
Definition[2.2] We fix d = 200 and n = 80, and report the test accuracy on different choices of the
width m based on 1000 i.i.d test data.

We give the hyper-parameters in the data distribution below. The setting is similar to Section[5] The
vectors a + b and a — b has an angle 6 with cos§ = 0.8. The directions of vectors a and b are
uniformly generated as two orthogonal vectors, and their norms are determined by solving

lall3 + IblI3 = lell3,  llallz — Ibl3 = [lx]3 - coso.

The signal patch p and the clean label 3 are jointly generated from Dxor(a,b) in Deﬁnition
The noise patch & is generated following the noise distribution defined in Deﬁnition@ witho, =1,
and the observed label y is given by flipping 3 with probability p = 0.1.

We consider training CNN models with different widths m under the cases |[p|l2 = 1, ||p]l2 = 5
and |||z = 9. We initialize the model parameters as entry-wisely independent Gaussian random
variables N (0,02) and set op = 0.01. We set the learning rate as 7 = 1073, and run full-batch
gradient descent for 7' = 200 training epochs. The final test accuracy of neural networks with
different widths are reported in Figure 3]

As shown in Figure [3] the case when ||u||2 = 1 corresponds to harmful overfitting and the test
accuracy is always around 0.5 regardless of the width of the network. When ||p||s = 5 or ||p]|2 = 9,
as the width m increases, there is a significant growth of test accuracy when m < 3, and the test
accuracy does not significantly change with m after m > 3. This demonstrates that as long as
m is large enough, the test accuracy is not sensitive to the neural network width m, which aligns
with our theoretical analysis. It is also worth noting that the conditions of benign and harmful
overfitting in Theorem 3.4 explicitly depend on m. This is because our proof technique for the
“asymptotically challenging XOR regime” can only cover a specific initialization scale oy which
depends on m. It remains open questions for the general initialization scales that do not depend on
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m in the “aysmptotically challenging XOR regime”, and we believe that the test error should still
not be sensitive to m.
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