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Abstract

Learning transferable data representations from abundant unlabeled data remains a
central challenge in machine learning. Although numerous self-supervised learning
methods have been proposed to address this challenge, a significant class of these
approaches aligns the covariance or correlation matrix with the identity matrix.
Despite impressive performance across various downstream tasks, these methods
often suffer from biased sample risk, leading to substantial optimization shifts
in mini-batch settings and complicating theoretical analysis. In this paper, we
introduce a novel Adversarial Self-Supervised Representation Learning (Adv-
SSL) for unbiased transfer learning with no additional cost compared to its biased
counterparts. Our approach not only outperforms the existing methods across
multiple benchmark datasets but is also supported by comprehensive end-to-end
theoretical guarantees. Our analysis reveals that the minimax optimization in Adv-
SSL encourages representations to form well-separated clusters in the embedding
space, provided there is sufficient upstream unlabeled data. As a result, our method
achieves strong classification performance even with limited downstream labels,
shedding new light on few-shot learning.

1 Introduction

Collecting unlabeled data is considerably more convenient and cost-effective than gathering labeled
data in real-world applications. Representations learned from such abundant data can be effectively
transferred to various downstream tasks, thereby enhancing model performance or reducing the
amount of labeled data required. Consequently, learning representations from abundant unlabeled
data is both highly valuable and challenging.

Recently, self-supervised contrastive learning has emerged as a leading approach for learning rep-
resentations from unlabeled data. This method aims to produce representations that are invariant
to data augmentation. However, solely minimizing the distance between similar pairs can result in
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trivial solutions, known as model collapse. To address this issue, researchers have proposed various
strategies, which can be broadly categorized into three types.

The first strategy treats augmented views from different images as negative pairs, ensuring that their
representations remain dissimilar [36, 23, 8, 9, 21, 38]. However, these methods require large batch
sizes to provide sufficient negative samples, resulting in substantial computational and memory
demands that may be prohibitive in many applications. Additionally, by treating augmented views
from different images as negative pairs, these approaches overlook semantic similarities between
distinct images, potentially forcing apart representations of conceptually related content. As noted by
[12, 11], this design can degrade representation performance.

The second strategy prevents model collapse through asymmetric network architectures [19, 10, 6, 7].
Although these methods eliminate the need for negative pairs, they exhibit significant sensitivity
to architectural design choices, where minor modifications can lead to collapsed solutions [19, 10].
Furthermore, these approaches introduce considerable challenges for interpretability.

The third line of work prevents model collapse by introducing a regularization term that aligns
the covariance or correlation matrix with the identity matrix [37, 14, 4, 22, 3, 20, 24, 39], thereby
encouraging the separation of class centers. These methods do not require negative samples and
also offer clearer theoretical interpretability. A typical regularization term employed in these ap-
proaches [37, 22, 20, 24] is formulated as:
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where f : R — R? denotes a representation mapping from the original image space to the
representation space, || - || is the Frobenius norm, @ represents an original image following a
distribution Py, and A () denotes the collection of all possible augmented views yielded from x.
The terms x, 1,%5 2 € A(x,) refer to two augmented views independently sampled from the uniform
distribution on A(x), while I+ is a d* x d* identity matrix.

The population risk defined in equation (1) is typically intractable. In [22, 20, 37, 24], the researchers
estimate (1) using the following sample-level regularization:
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where {$gi)}i€[ns] denotes the original dataset, and D, = {(xgl)17 xiZ)Q) € A(wgi))}ie[ns] represents
the augmented dataset for learning representations. Unfortunately, it is evident that 7%( f) is a biased

estimator of R(f),ie.,E5 {ﬁ( £)} # R(f), due to the non-commutativity between the expectation
and the Frobenius norm. This inherent bias gives rise to two significant challenges.

Firstly, the biased estimator (2) used in [22, 20, 37] introduces significant optimization deviations
during training. Although theoretically E5 {7%( f)} converges to R(f) as n approaches infinity,
practical memory constraints necessitate the use of mini-batch samples. As a result, the bias introduces
an offset in the optimization direction at each iteration. Moreover, this offset can accumulate over
successive training steps, since each gradient direction depends on the previous one. Ultimately,
this compounding effect may cause the learned representation to diverge significantly from the true
minimizer of the population risk, thereby impairing practical performance, as demonstrated in Table 1.

Secondly, this inherent bias presents significant obstacles to establishing end-to-end theoretical
guarantees, which is crucial for addressing several fundamental questions: How quickly does the
downstream task error converge with respect to both the number of unlabeled samples in the source
domain and the number of labeled samples in the target domain? What is the mechanism by which
unlabeled data in self-supervised learning contributes to downstream task performance? Why do
self-supervised learning methods remain effective even when downstream labeled data is limited?

Although recent theoretical studies have significantly advanced the understanding of self-supervised
learning, several issues remain unresolved. These studies can be broadly categorized into two main
lines of research. The first line [15, 22, 2, 24] focuses on analyzing the population risk of self-
supervised learning methods. However, fundamental questions remain incompletely addressed due to
the lack of discussion at the sample level. A comprehensive theoretical analysis requires bridging



the gap between population-level (1) and sample-level (2) risks, which is challenging due to the bias
inherent in methods such as [37, 22, 20].

A second line of theoretical research analyzes generalization error using Rademacher complexity [31,
21, 1, 26, 20], but frequently overlooks the approximation error. This omission is critical, as overall
learning performance is determined by the total error, which is the sum of both generalization and
approximation errors. Consequently, by focusing on only one component, these analyses may provide
an incomplete picture of model performance.

In this study, we propose a novel self-supervised learning framework, Adversarial Self-Supervised
Representation Learning (Adv-SSL). Adv-SSL introduces an innovative iterative scheme that elimi-
nates the bias between the population risk (1) and its sample-level estimator (2), thereby addressing
two critical challenges: training deviation and theoretical limitations caused by bias. Through compre-
hensive end-to-end analysis, we demonstrate how the amount of unlabeled data in the self-supervised
pre-training phase enhances downstream task performance. Specifically, we show that representation
learning with Adv-SSL enables downstream data to be effectively clustered by category in the repre-
sentation space, provided that the upstream unlabeled sample size is sufficiently large. As a result,
Adv-SSL achieves outstanding classification performance even with only a few downstream labeled
samples, offering valuable insights for few-shot learning.

1.1 Contributions
Our main contributions can be summarized as follows:

* We introduce Adv-SSL, a novel unbiased self-supervised transfer learning method. This
approach learns representations from unlabeled data by solving a min-max optimization
problem that corrects the bias inherent in existing methods [22, 37]. Through extensive
experiments, we demonstrate that Adv-SSL significantly outperforms previous biased sample
risk (Table 1), as well as several existing self-supervised learning approaches (Table 3).

* We establish comprehensive end-to-end theoretical guarantees for Adv-SSL in transfer
learning scenarios under misspecified setting (Theorem 1). Our theoretical analysis shows
that representations learned by Adv-SSL, through minimax optimization, enable downstream
data to be clustered by category in the representation space, provided that the upstream
unlabeled sample size is sufficiently large. Consequently, Adv-SSL achieves outstanding
classification performance even with only a few downstream labeled samples, offering
valuable insights for few-shot learning.

1.2 Preliminaries

Given an integer n € N, we use [n] to represent the integer set {1, 2,--- ,n}. For any vector x, we
denote ||z||2 and ||z|| as the 2-norm and oo-norm of x respectively. Let A, B € R%*% be two
matrices, we define their Frobenius inner product by (4, B) ,, = tr(A" B). Moreover, we denote
||A|| > as the Frobenius norm of A, which is the norm induced by Frobenius inner product, and
[Allco = supjz . <1 [[AZ[[oo as the co-norm of A, which is the maximum 1-norm of the rows of A.
For a vector-valued map f, we adopt dom( f) to represent its domain. Further, given 0 < a1 < ag, we
use a1 < || f[l2 < a2 to denote a1 < infrcgom(s) [1f(®)|l2 < SUPzedom(s) I f(®) ]2 < az. Besides

%. Additionally, we use

f € Lip(L) to represent || f||Lip < L. Finally, if X and Y are two quantities, for ease of presentation,
we employ X <Y orY 2 X to indicate the statement that X < C'Y for some C' > 0 and denote
X <Y when X <Y < X throughout this paper.

We subsequently adopt the following neural networks as the hypothesis space.

Definition 1 (ReLU neural networks). Let di,ds € N and L, Ny,..., Ny, € N. A ReLU neural
network with depth L and width W := max{Ny, ..., N1} has the following form:

fg(.’l)) :ALO'(AL_lo'(~~~O'(A0$13+b0))+bL_1), (NN)

that, the Lipschitz norm of f is given by || f[|Lip = sup,,

where A; € RNi+1XNi 'p. ¢ RNi+1_and o(-) is the element-wise ReLU activation function. Denote
by 6 := ((Ag,bg), ..., (Ar—1,br—1), AL) the collection of parameters of the neural network (NN).



Furthermore, define x(0) = || ALl {:01 max{||(A;,b)||c,1}. For £ > 0, it follows from

Appendix G.1 that || fg||Lip < KC, provided that x(0) < K.
Let £ > 0and 0 < By < By, a ReLU network class NN g, q,(W, L, K, By, B) is defined as

{fg has the form (NN) : No = d1, Np1 = da, 5(0) < K, By < ||foll < Bg}.

Finally, for two given measures p and v, we define the 1-Wasserstein distance as W(u,v) :=
maxgerip(1) Ex~p{g(X)} — Ey . {g(Y)}.

1.3 Organization

The rest of this paper is structured as follows: Section 2 introduces the core concept of Adv-SSL
and presents our alternating optimization algorithm. In Section 3, we develop a comprehensive
end-to-end theoretical guarantee for Adv-SSL with proof details in Section F. Section 4 demonstrates
Adv-SSL’s effectiveness through extensive experimental evaluations across diverse datasets and
metrics. Section 5 summarizes the conclusions of this work.

The appendices provide a review of existing studies (Appendix A), a notation summary (Appendix B),
experimental details (Appendix C), additional numerical experiments (Appendix D), discussions on
assumptions (Appendix E), and complete theoretical proofs (Appendices F to G).

2 Adversarial Self-Supervised Representation Learning

2.1 Notations

Throughout this paper, we use d and d* to represent the dimensions of the original image space and
the representation space, respectively. We use the letter x¢ and its variants to denote image instances
from the source domain X, C [0, 1]¢ with the source distribution P,. Correspondingly, we use the
letter &; and its variants for image instances from the target domain X; C [0, l]d, while IP; represents
the measure regarding the entry (x;, y) with label y € [K]. In this context, we can independently and
identically sample a total of n, source image instances from [Py and n; labeled downstream samples

from P, and refer to them as D, = {wgi)}ie[ns] and D; = {(mgi), Yi) Yie[n,]» respectively.

Since the primary objective of contrastive learning is to learn a representation that is invariant to differ-
ent augmentations, data augmentation plays a crucial role in this field. A augmentation A : R — R?
is essentially a predefined transformation applied to original images. Common augmentations include
the composition of random transformations, such as RandomCrop, HorizontalFlip, and Color Distor-
tion [8]. We refer to A = {A;(-) }ig[m) as the collection of used data augmentations, where m is the
total number of data augmentations, which is finite since only a finite number of augmentations will

be used in practice. Based on it, we can construct an augmented dataset 55 = {igi)}ie[ns] , Where
7 = ) x(j)z) = (Am(:cg’)), Ai,g(scgl))), and A; ; and A, 5 are independently drawn from the

871 ’ . . . . . .
uniform distribution on .A. The Appendix B summarizes the notations used throughout this work for

easy reference and cross-checking.

2.2 Adversarial self-supervised learning

The regularization term R(f) defined in (1) has been adopted in various studies [22, 20, 24] to
prevent model collapse. Specifically, we aim to identify an encoder that is as close as possible to f*:

ffe argmin  L(f) = Laign(f) + AR(S),

f:B1<|| fllo<B2
Lotign(f) = B B, . seaten {1 F(xs1) = F(xs2) |2}

Intuitively, imposing the constraint By < || f||, < Bs does not impair encoder performance, as the
key aspect of data representation is the ability to distinguish between features rather than the scale of
their values. As we will demonstrate, this constraint actually can actually facilitate the theoretical
analysis of Adv-SSL.



Since the expectation in this regularization term is challenging to compute practically, it is necessary to
approximate it using an empirical average based on the collected samples. One of the most commonly-

used empirical versions is ﬁ( f) defined in (2) [22, 20]. However, as stated in Section 1, ﬁ( f)isa
biased estimation of R(f),i.e., E5 {R(f)} # R(f), which introduces optimization deviation from
f* and hinders establishing a theoretical understanding of the empirical risk minimizer.

To address these issues, we propose a novel unbiased sample-level estimator for the population
risk (1). A key observation that motivates Adv-SSL is that we can rewrite R(f) as

R(f)= sup R(f,G), ©)
Geg(s)

where G € RY *4" js a matrix variable, and

R(fa G) = <Em~IP’S ]Exsg,xs,zeA(ws) {f(xs,l)f Xs 2 } Igs, G>F
={GeR"™ |G| . < VR(N}

The equation (3) holds because of the fact that (A, B) . < ||A||z || B for any matrices A, B of
same dimension, with equality holding if and only if A = B. Correspondingly, its sample-level
counterpart defined in (2) can be rewritten as

~

R(f)= sup R(f,G),
GeG(f)

where

G(f) = { R |6l < VRU }

It can be shown that ﬁ(, -) is an unbiased estimator of the population risk R (-, -), that is, for each
fixed f and auxiliary variable G,

R(f,G) =Ep {R(f.G)}-

Hence, the equivalent transformation (3) help us avoid the issue introduced by bias. Specifically, with
the equation (3) and its empirical version, we learn a representation through Adv-SSL at the sample
level, which can be formulated as a mini-max problem as follows:

min max L’(f, G)= Zalign(f) + )\ﬁ(f» G),
feF aeg(y)

N

Luign(f znf =) — 12,

where F is defined as NN (W, L, K, By, By). We will specify the appropriate parameters
(W,L,K, B, Bs) to satisfy the theoretical requirements in Section 3. The term Lajign(f) em-
bodies the core idea of contrastive learning: learning a representation that is invariant to different
augmentations. Additionally, A > 0 serves as the regularization hyperparameter.

This mini-max problem naturally suggests solving it via an alternating optimization algorithm,in
which G is held fixed during the optimization of the encoder f, and f is held fixed during the
optimization of GG. This procedure is detailed in Algorithm 1.

Remark 1 (Detach technique). It is important to note that G- in Algorithm 1 has been detached from
the computational graph when updating the encoder parameters 8, which implies that the gradient

regarding 0 is given by the Step 8 of Algorithm 1, rather than Vg H ~ Zl 1 fg( ) fg( )T —

14~ || o which is the mini-batch gradient of R( f)- In this regard, such a mini-max iteration format will
vield a distinctly different encoder in the mini-batch scenario compared to previous studies [37, 22].



Algorithm 1 Alternative Optimization Algorithm

Require: Unlabeled dataset D, = {:1:27) }ie[ns]’ initial encoder parameter 6, iteration horizon 7',
mini-batch size IV, learning rate 7.

1: Construct an augmented dataset D, = {ig) Yilna-
2: forr € {0} U [T —1] do

3: Sample a mini-batch B, = {fcs ‘ }ze ] € D; of size N, where n( ™) represents the index
of the i-th sample in the mini-batch B, w1th1n Ds.
4: if 7 = 0 then - .
5: Go=300, foo (e ) foo (x5 )T = Lue.
6: Detach: Gy < Gg.detach().
7 end if
8: Update encoder 6.1 = 0, — nAg, where Ag is given by
n(T)) 2 (n(T) (n(T
Do =Vory: Z o™~ Fo el |+ { Vo Zfe CRIDTICC RIS AN IR
F
o1 Grin = 2 fon 6 o )T~ Lo
T i=1 T+1 T+1\%s5,2
10: Detach: G 41 + G7'+1 detach()
11: end for

12: return The learned encoder fg,..

The natural question that arises is whether this adversarial iteration format will lead to better
performance?

To answer this question, we compare Adv-SSL against two biased self-supervised learning methods:
Barlow Twins [37] and the approach proposed by [22], across multiple benchmark datasets. The
experimental results, summarized in Table 1, demonstrate that Adv-SSL significantly improves
downstream classification accuracy compared to both baseline methods, which are implemented
using our repository, with a total training of 1000 epochs and a representation dimension of 512.
It worth mentioning that our results are close to those reported in the well-known Python package
LightlySSL, suggesting our results align with expectations.

Method CIFAR-10 CIFAR-100 Tiny ImageNet

Linear k-nn Linear k-nn Linear k-nn
Barlow Twins[37] 8732 84.74 5588 4641 41.52 27.00
Beyond Separability[22] 86.95 82.04 5648 48.62 41.04 31.58
Adv-SSL 93.01 9097 6894 58.50 50.21 37.40

Table 1: Top-1 Accuracy Comparison with Biased SSL. Methods.

The experimental details can be found in Appendix C. In addition, more ablation studies are deferred
to Appendices D.1, D.2, D.3 and D.4, which respectively involve the choice of the regularization
parameter )\, the impact of data augmentations, the influence of the alignment term and effectiveness
in terms of transfer learning.

Furthermore, it naturally raises a question of whether the minimax iteration in Adv-SSL incurs any
additional training cost? Intuitively, the extra cost from adversarial updates is negligible, as the inner
maximization problem admits an analytical solution, as shown in Step 9 of Algorithm 1. To further
support this view, we provide a detailed comparison of the timing and memory costs in Table 2.

All experiments were conducted on a single Tesla V100 GPU. The time mentioned refers to the
training time spent per epoch. As we seen, this observation aligns well with our intuition.


https://docs.lightly.ai/self-supervised-learning/getting_started/benchmarks.html

Method CIFAR-10 CIFAR-100 Tiny ImageNet
Memory Time Memory Time Memory Time
Barlow Twins 5598 MiB  68s 5598 MiB  74s 8307 MiB  386s
Adv-SSL 5585MiB S1s 5585MiB 52s 8282 MiB  352s
Table 2: Comparison of Training Memory and Time Costs Between Barlow Twins and Adv-SSL.

3 End-to-End Theoretical Guarantee

3.1 Problem formulation

We first define fn as the empirical risk minimizer for Adv-SSL as (4) and hope to establish a rigorous
theoretical guarantee for that.

fns € argmin max ﬁ(f, G) = Zalign(f) + Aﬁ(.ﬂ G) “
FeF geg(f)

Moreover, following the similar process to that used for obtaining 159, we can construct the
downstream augmented dataset Dt = {(igl),yi)}ie[nt], where %" = (x%,xﬁ%) € R?? with

= A ( () ), xt 2 = A; ( ) Therein, A; 1, A; 2 are independently and identically dis-
trlbuted samples drawn from the umform distribution defined on A. In this context, for a testing
sample x, we construct the following linear probe as a classifier:

Qj,, (x) = argmax (W f,, (@), )
# k€[K]
where the k-th row of W is given by 7i; (k) = Wl(k) oy (fn (xgq) + fn. (xg))ﬂ{yz = k},

therein, ny (k) = > | 1{y; = k}. Here the Adv-SSL estimator fn. is defined as (4). The classifier
defined in (5) indicates that by calculating the average representations for each class, we build a
template for each downstream class individually. Whenever a new sample needs to be classified, it
is assigned to the category of the template that it most closely resembles. Furthermore, we use the

following misclassification rate to evaluate the quality of fns.
Err(Q; ) =P{Qj, (%) # y}, (6)

Appendix B summarizes the notations used throughout this paper for easy cross-checking.

3.2 Theoretical limitation induced by bias

In this section, we aim to elucidate the limitations imposed by bias from theoretical perspective. We

first assert that E5 5 {Err(Q; )} < \/Ep. {£(f,.)} under specific conditions, the details of

which can be found in F4.7. Consequently, analyzing the sample complexity of E 5 {E( fns )} is
essential for establishing an end-to-Aend theoretical guarantee for fns. However, the bias between
L(f) and its empirical counterpart L( f) presents a significant challenge for this analysis.

In fact, in the field of learning theory, the condition E 5 {Z (f)} = L(f) is quite important to explore
the sample complexity of E 5 {L(fn )}. Specifically, let f satisfy £(f) — £(f*) = inf e 7 {L(f) —
L(f*)}, where we recall 7/'\’\,(]”) is given by (2), then

L(fn.) = {L(Fn.) = L(fa)} + {LF0) = LD} +{LF) = L)} + L(F)
< (L) = £(fa)} + {E() = LD} + {£0F) = £} + £(F)
< 2sup |£(f) - 2(f>| + inf {£(f) = £(F)} + LU,

feF fer

where the first inequality follows from the fact that fns minimizes the empirical risk E( f) over
F. Taking the expectation with respect to D, on both sides yields E {E( fns)} < L(f*) +



2E5, {supser |L(f) = L(f)|} + infrer{L(f) — L(f*)}. Standard techniques from empirical
process [17] can be used to estimate the second term in unbiased settings. However, the presence of
bias complicates their direct application. In contrast, leveraging the unbiased nature of Adv-SSL, we
develop a novel error decomposition as follows:

Ep (L)} S LU +E; {  sw |£(£.6) = L(1.6)| } + nf {£() - (]

* N reF.ceds)

+E55L§gg{G*(f) —é(f)H, )

where G*(f) = Eg,~p.Ex, | x. scA(.) {f(xsn)f(xs2) "} — 1u- € R?" and its sample counterpart

G(f)= % >y f(mgl))f(mgl))T — I4-. We defer the corresponding proof to Section F.4.1. This
decomposition allows us to directly apply empirical process methods to handle the second term on the
right-hand side, as presented in Section F.4.3. Regarding the other terms, the first term vanishes under
Assumption 2, as demonstrated in Section F.4.2. The third term, known as the approximation error,
quantifies the error introduced by using F to approximate f*; this can be controlled using existing
results from [25], as shown in Section F.4.4. The last term can be reformulated as a standard problem
concerning the rate of convergence of the empirical mean to the population mean, as discussed in
Section F.4.5. By combining these results, we leverage the adversarial formulation of Adv-SSL to

successfully establish a end-to-end theoretical guarantee for f,, .
3.3 Assumptions

We begin with defining the Holder class, which plays a key role in bounding the approximation error.

Definition 2. Letd € Nand o = 7 + 3 > 0, where r € Ny and 3 € (0, 1]. We assert f : R — R
belongs to the Holder class H*(R?) if and only if

0 f () — 0°f(y)

|0°f(x)] <1and max su 5 <1,
lsli=r ety |z —y|°,
where for a multi-index s = (s1,...,54) € NYand f : R? — R, the symbol 9 f denotes the partial
differential operator 0° = % 88;32 e %. Furthermore, we define H® := {f : [0,1]¢ - R, f €
1 1 d

HY(R?)} as the restriction of H*(R%) to [0, 1]4.

In this context, we make following assumption on f*:
Assumption 1. There exists & = r + 3 withr € Nand 8 € (0, 1] s.t f* € H* for each i € [d*].

Assumption 1 is a standard assumption in the nonparametric statistics [33, 32].
As for the term £(f*) in eq (7), we need following Assumption 2 to justify L(f*) = 0.

Assumption 2. Assume there exists a measurable partition {’Pl7 e, Py } of X satisfying Ps(P;) €
[3%7 Bi%] for each i € [d*].

Assumption 2 requires that the source data distribution is not overly singular. In particular, all common
continuous distributions defined on the Borel algebra satisfy this condition, as the measure of any
single point is zero. Further details regarding the vanishing of £(f*) are provided in Section F.4.2.

Additionally, we introduce two assumptions regarding the data augmentations.

Assumption 3. Assume any data augmentation A; € A is M-Lipschitz continuous, that is,
[|Ai(xz) — Ai(y)]5 < M||:c - y||2 for any =,y € [0, 1]%.

The most commonly used augmentations, including cropping, horizontal mirroring, color jittering,
grayscale conversion, and Gaussian blurring, actually all satisfy this assumption. See Section E.1.

In addition to the Lipschitz property of data augmentation, we adopt Definition 3 to mathematically
quantify the quality of data augmentations. To present it, we define Cy (k) as a set such that x¢; € Cy(k)
if and only if x; belongs to the k-th class. Correspondingly, similar to [24], we assume that any
upstream instance s can be categorized into one or more latent classes {C; (k) }re[k]-



Definition 3. A data augmentations A is referred to as a (o, 0y, d5, 0;)-augmentations if for each k €
[K], there exists two subsets C,(k) € C,(k) and Cy(k) € Cy(k) such that (i) Ps(z, € Cy(k)) >
osPs(@s € Cs(k)), () SUP, | o e (k) Mille, € A(@a1) 0 2€A (s 2) |[ K51 — Xs2 [, < 055 (i)
Py (1516 € Ct(k‘)) > oy (ﬂvt GNCt(k))’ (iv) SUPy, | @, €0, (k) Mily, | e A(21),x02€A(e ) HXt,l -
Xt,2“2 < &, and (v) P, (UE_, Cy(k)) > oy, where 05,0, € (0,1] and &5, 6, > 0.

Broadly speaking, this definition emphasizes that robust data augmentation should consistently
produce distance-closed augmented views for semantically similar original images. We refer to
Section E.2 for further explanations. In this context, we introduce the following assumption to
delineate the data augmentation necessary for the end-to-end theoretical guarantee of Adv-SSL.

Assumption 4 (Existence of augmentation sequence). Assume there exists a sequence of

(o, o™ 50" 5™ data augmentations A, = {AE”)}ie{m} such that (i) max{s{™, 5™} <
€ A+d+1
n~Her a0 holds for some €4 > 0, (ii) min{a‘g”)7 Ut(")} — lasn — .

It is noteworthy that this assumption closely aligns with [21, Assumption 3.5] and [20, Assumption
3.6], both of which require the augmentations must be sufficiently robust to ensure the internal
connections within latent classes remain strong enough to prevent the separation of instance clusters.

We next introduce the assumption related to distribution shift. Prior to characterizing the transferability
from the source domain to the target domain, we must first quantify the similarity between these
domains. For ease of presentation, let ps(k) = P(xz; € Cs(k)) and denote P,(k)(-) as the
probability distribution of the source data that categorized into the k-th latent class C(k), i.e.,
Ps(k)(-) = Ps( - |@s € Cs(k)). Similarly, let p, (k) = Py (x, € Cy(k)) and Py(k)(-) = Py (- |z €
Ct(k)). In this context, we make following assumption:

Assumption 5 (Domain shift). There exists a eqs > 0 such that both maxye ] W (Ps(k), Py (k) <

_ eqstd+1
Z(oatd+1)

N and maxye(x) |ps(k) — pt (k)

~ ST
2(a+d+1
| < ns .

Generally speaking, smaller €45 indicates less discrepancy between the source and target domains.
Similar assumptions using alternative divergence measures have been proposed in [5, 16, 13]. To
help readers quickly understand this assumption, we discuss it more specifically in Section E.3.

3.4 End-to-end theoretical guarantee

We present the end-to-end theoretical guarantee as follow and defer its proof to Appendix F.
2d+«a

Theorem 1. Under certain Assumptions, set W 2 ng " L > 2[logy(d +7)] + 2,K =<
d+1
na Y and A = A, (excellent data augmentation), then we have
_ min{a,eq,€eq5} 1
B (B0, )} 5 (1~ o) 4, S

ming \/n¢ (k)

for sufficiently large n.

Interpretation of sample complexity regarding n, The upper bound of misclassification error
in Theorem 1 offers several key insights into the convergence behavior regarding n,. First, as the
data dimensionality d increases, the convergence rate with respect to the sample size ns slows down,
reflecting the curse of dimensionality. In contrast, as the augmentation quality € 4 increases, indicating
better augmentation, the convergence rate of the upper bound on the misclassification rate with respect
to ns improves. Similarly, €45 measures the extent of the shift between the source and target domains.
A larger €45 indicates the difference between the domains is smaller, a smaller domain difference,
which makes the transfer learning task easier and further improves the convergence rate regarding ng
increases. Finally, when both € 4 and €45 exceed «, the convergence rate adopts a typical form found

in nonparametric statistics [32], specifically fm.

Few-shot learning Theorem 1 demonstrates how the abundance of unlabeled data in the source
domain leveraged by Adv-SSL benefits downstream tasks in the target domain. Specifically, the



classification error of downstream tasks consists of three components: the first depends on the data
distribution, the second diminishes as the number of unlabeled data in the source domain increases,
and the third approaches zero as the quantity of labeled data in downstream tasks grows. Furthermore,

when a sufficiently large number of unlabeled samples in the source domain is available, such that
__16(atd+1) n .
ns 2 ming ng(k) " mracacaT thenEy {Err(Qf )} <(1- ol s)) + ﬁ This find-
syt ns ming ne
ing indicates that classifiers powered by the representation learned by Adv-SSL can achieve excellent
performance with minimal labeled samples, thereby providing rigorous theoretical understanding for

few-shot learning [28, 30, 35, 27].

How does the rate change as m increases If we consider the case where m increases with ng,
according to our theoretical guarantee, we have following conclusions:

_ min{a,eg,6q0) 1

Ep 5, {Er(Q; )} S (1—ol™))+m?n, ZET 4 — —
Ds,D: { (ans )} ( ) ming 4/ nt(k)
min{a,eq,eqs}

First of all, as long as m < ng **“T**Y | the desired asymptotic property can be guaranteed.
However, as the growth rate of m increases, the convergence rate with respect to ns becomes slower.
This result is intuitive: a larger m implies that more potential knowledge must be learned from the

data, which in turn requires a larger sample size to maintain the same level of misclassification rate.

min{a,e Qveds} min{a,e Qveds}

128(a+d+1) 64(atd+1)

For instance, if we set m =< n , the resulting convergence rate is ns

4 Comparison with Existing Methods

As the experiments conducted in existing self-supervised learning methods, we pretrain the repre-
sentation on CIFAR-10, CIFAR-100 and Tiny ImageNet, and subsequently conduct fine-tuning on
each dataset with annotations. Table 3 shows the classification accuracy of representations learned by
Adv-SSL, compared with baseline methods including SimCLR [8], BYOL [19], WMSE [14], where
the results has been reported in [14]. In addition, we also compare Adv-SSL with VICReg [4] and
LogDet [39]. The presented result shows that Adv-SSL consistently outperforms previous mainstream
self-supervised methods. The experimental details are deferred to Section C and the implementation
can be found in https://github.com/vincen-github/Adv-SSL.

Method CIFAR-10 CIFAR-100 Tiny ImageNet
Linear k-nn Linear k-nn Linear k-nn

SimCLR  91.80 88.42 66.83 56.56 48.84  32.86
BYOL 91.73 89.45 66.60 56.82 51.00 36.24
WMSE2 91.55 89.69 66.10 56.69 4820 34.16
WMSE4 9199 89.87 67.64 5645 4920 3544
VICReg 91.23 89.15 67.61 57.04 48.55 35.62
LogDet 9247 90.19 6732 5756 49.13 35.78

Adv-SSL  93.01 90.97 68.94 58.50 5021 37.40
Table 3: Top-1 Accuracy Comparison for Different SSL Methods.

5 Conclusion

In this paper, we propose a novel adversarial contrastive learning method for unsupervised transfer
learning. Our approach achieves state-of-the-art classification accuracy on various real datasets,
outperforming existing self-supervised learning methods under both fine-tuned linear probe and
k-NN protocols. Additionally, we provide an end-to-end theoretical guarantee for downstream
classification tasks in misspecified and over-parameterized settings. Our analysis shows that the
misclassification rate depends primarily on the strength of data augmentation applied to large amounts
of unlabeled data, and offers new theoretical insights into the effectiveness of few-shot learning for
downstream tasks with limited samples.
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A Related Works

Self-supervised contrastive loss The loss function proposed by [22] can be regarded as a special
version of Adv-SSL with the constraint x, 1 = x,2. The main difference between Adv-SSL and
the approach by [22] lies in the iteration format. As stated in Section 1, optimization deviation can
accumulate with each iteration, particularly in the mini-batch scenario, while Adv-SSL employs
adversarial training to mitigate this issue. The same problem is encountered by [37], which can be
loosely regarded as a biased sample version of (1).

Self-supervised theory Recent theoretical studies can be categorized into two main lines of research.
The first line [15, 22, 2, 24] focuses on analyzing the population risk of self-supervised learning
methods, which can not characterize how the error in downstream tasks diminishes with increasing
sample size. The second line of research [31, 21, 1, 26, 20] studies the generalization error through
Rademacher complexity without the consideration of approximation error. However, the absence
of approximation error renders the resulting generalization error analysis ineffective. Specifically,
ignoring the approximation error by simply supposing f belonging to a deep neural network class,
the Rademacher complexity can be significantly reduced by controlling the scale of the network
class, leading to impressive upper bounds. However, this controlled neural network class intuitively
limits its approximation capacity. The increasing approximation error results in a larger overall error.
Therefore, these studies cannot provide theoretical guidance for hypothesis class selection nor fully
characterize the total error of self-supervised learning methods. In contrast, our work provides a
comprehensive convergence analysis that characterizes how the downstream task error converges
with respect to both the number of unlabeled samples in the source domain and labeled samples in
the target domain.

B Notation List

To reduce confusion and enhance comprehension regarding the symbols used in this study, we have
created a list to provide readers with a convenient reference. This list directs readers to the first
occurrence of each symbol in the relevant sections or equations. Within this table, the symbol O
indicates an option for s or ¢, representing the source domain and the target domain, respectively.

Symbol Description Reference
Dy dataset Section 2.1
d* representation dimension Section 2.1

n(k) sample size of k-th target class Equation (5)
A data augmentation Section 2.1

Continued on next page
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Symbol Description Reference

m number of augmentations Section 2.1
M Lipschitz constant of augmentations Assumption 3
xg) augmented view Section 2.1
iél) concatenated augmented view Section 2.1
Dy source augmented dataset Section 2.1
D, target augmented dataset Section D .4
K the number classes Section 2.1
Ca(k) k-th source/target class Definition 3
Ca(k) main part of Cy(k) Definition 3
Py data distribution Section 2.1
Pa(k) distribution conditioned on x5 € Cg(k)  Assumption 5
pa(k) probability of x5 € Cy(k) Assumption 5
pn(k) k-th representation center Lemma 1 and 2
fe(k) k-th empirical center Equation (5)
fr population optimal encoder Equation (2.2)
fns sample optimal encoder Equation (4)
Q i classifier based on fn Equation (5)
Err misclassification error Equation (6)
w Wasserstien Distance Section 2.1
F neural network hypothesis space Equation (4)
G(f) feasible set of G Section (2.2)
Lalign alignment term Section 3.1
R(f,G) regularization term Definition 3
R(f) regularization term Definition 1
o parameter of Holder class Definition 2
€A augmentation parameter Assumption 4
€ds distribution shift parameter Assumption 5
O, 0 parameters of augmentation Definition 3
€1, €2 distribution shift Equation (17)
W,L,K, By, By parameters of neural network Definition 1

Table 4: Summary of Symbols

C Experimental Details

Implementation details. Except for tuning \ for different datasets, all other hyperparameters used
in our experiments align with [14]. We train for 1,000 epochs with a learning rate of 3 x 10~ for
CIFAR-10 and CIFAR-100, and 2 x 10~2 for Tiny ImageNet. A learning rate warm-up is applied for
the first 500 iterations of the optimizer, in addition to a 0.2 learning rate drop at 50 and 25 epochs
before the training end. We use a mini-batch size of 256, and the dimension of the hidden layer in the
projection head is set to 1024. The weight decay is set to 10~3. We adopt an embedding size (d*) of
512. The backbone network used in our implementation is ResNet-18.

Image transformation details. We randomly apply crops with sizes ranging from 0.08 to 1.0 of
the original area and aspect ratios ranging from 3/4 to 4/3 of the original aspect ratio. Furthermore,
we apply horizontal mirroring with a probability of 0.5. Additionally, color jittering is applied with
a configuration of (0.4;0.4;0.4;0.1) and a probability of 0.8, while grayscaling is applied with a
probability of 0.2. For CIFAR-10 and CIFAR-100, random Gaussian blurring is adopted with a
probability of 0.5 and a kernel size of 0.1. During testing, only one crop is used for evaluation.

Evaluation protocol. During evaluation, we freeze the network encoder and remove the projection
head after pretraining, then train a supervised linear classifier on top of it, which is a fully-connected
layer followed by softmax. we train the linear classifier for 500 epochs using the Adam optimizer
with corresponding labeled training set without data augmentation. The learning rate is exponentially
decayed from 10=2 to 1075, The weight decay is set as 10~%. we also include the accuracy of a
k-nearest neighbors classifier with & = 5, which does not require fine tuning.
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All experiments were conducted using a single Tesla V100 GPU unit. The PyTorch implementations
can be found in supplementary material.

D Additional Numerical Experiments

D.1 Ablation study on the regularization parameter

The regularization parameter A in Adv-SSL balances the alignment term Lajign () and the regulariza-
tion term R(-). Our theoretical analysis suggests that A = O(1). Specifically,

* In Lemma 4, we demonstrate that the alignment factor R, (e, f) can be bounded by the
alignment term Lyjign (-), while the divergence factor max;z; | (t) " y1¢(5)| is bounded by
the regularization term R ().

* Based on the definition of the population risk £(f) = Laiign (f) + AR(f), we find

Ealign(f) S L(f) and R(f) S Ail‘c(f) S ‘C(f)v

where we used A = O(1). This allows us to bound both the alignment factor Ry (e, f) and

the divergence factor max;z; | (t) " 11¢(j)| in terms of the population risk £(f), which
leads to the conclusion in Lemma 5.

Regularization CIFAR-10 CIFAR-100

parameter Linear k-nn  Linear k-nn
A=50x10"" 90.11 8772 67.59 57.34
A=10x10"* 9053 88.12 68.01 57.59
A=50x10"* 9224 8999 6824 5835
A=10x10"2 9201 90.18 67.88 57.89
A=50x10"% 9211 90.01 68.12 57.66
A=10x10"2 9247 9033 6894 58.50
A=50x10"2 93.01 9097 67.68 57.13
A=1.0x10"t 9277 9038 67.82 57.49
A=1.0 91.75 89.76 66.78 56.76

Table 5: Comparisons of Adv-SSL with different regularization parameters.

D.2 Ablation study on the data augmentations

random  grayscale color random horizontal CIFAR-10
cropping distortion flipping Linear k-nn
v v v v 93.01 90.97
v v v 91.03 88.34
v v 89.18  85.65
v 79.32  69.81

Table 6: Downstream performance of Adv-SSL under different richness of augmentations.

D.3 Ablation study on the alignment term

The loss function (4) proposed in this work consists of an alignment term and a regularization term.
In contrast, Barlow Twins [37] does not require the alignment term. In this subsection, we show
whether this additional alignment term necessary for this method.

[24, Lemma 4.1] has demonstrated that the the diagonal part of the cross-correlation matrix serves as
a alignment term under certain conditions. Indeed,

Ex,~p By, | x,2cA(.) [{fi(xs,l) - fi(XS,Q)}Z}
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= EwsNPsExs,l,xs,2€A(zs){fiQ(Xs,l) + ff(xs’g)} - 2Ews~PsExs,1,xs‘2€A(ms){fi(xs,l)fi(XSB)}
= 2B, b, B, ca(@) {7 (%)} — 20, b, Ex, , x. sed(w,) { fi(%s,1) fi(%s2) },

where the second equality holds from that x, ; and x, o follow the same distribution. The alignment
risk is then related to the diagonal part of the cross-correlation matrix as:

d
ﬁilign(f) = (Z]EmSNPSExa‘,l,xs.zEA(mﬁ){(fi(xs,l) - fi(xs,2))2})2
1=1
d 2
= 4( Z {EmsNPSEXSEA(w){fiz(xs)} - EmsNPsEstl,xs,zeA(ws){fi(xs,l)fi(xsﬂ)}})
1=1

d 2
S 4dz {EmSNPSEXﬁEA(w){fE(XS)} - EwSNPSEXs,l,Xs,zeA(wS){fi(xs,l)fi(xsﬂ)}] s
=1

where the last inequality follows from Cauchy-Schwarz inequality. It is crucial that the right-hand
side of the inequality is consistent with the alignment term in the loss function of Barlow Twins,
provided that Eq ~p,Ey c 4(a){ f?(xs)} = 1 foreachi € {1,...,d}. However, this condition does
not hold generally.

Therefore, from a theoretical perspective, the cross-correlation loss alone, as used in Barlow
Twins [37], is insufficient for learning representations invariant to augmentations, as previously
discussed. To address this, we introduce an additional explicit alignment term in the loss, as also
suggested by [22, 20].

From a practical perspective, we conduct an ablation study comparing Adv-SSL with and without
the explicit alignment term. Our results shown in Table 7 indicate that the inclusion of the explicit
alignment term improves Adv-SSL’s performance.

Method CIFAR-10 CIFAR-100
Linear k-nn Linear k-nn

Adv-SSL without alignment  92.42 90.01 67.27 58.10
Adv-SSL with alignment 93.01 9097 68.94 58.50

Table 7: Comparisons of Adv-SSL without and with the alignment term.

D.4 Transfer learning

To align the experiments with the theoretical settings, we conduct a simple additional experiment
in terms of transfer learning. Specifically, we transfer the representation trained on CIFAR-100 to
CIFAR-10. Compared to the performance of Barlow Twins [37], we can see that Adv-SSL indeed
has strong transferability in practice, as demonstrated in our theory.

Methods Linear k-nn

Barlow Twins[37] 73.56 66.34
Beyond Separability[22] 74.11  66.79
Adv-SSL 80.57 73.41

Table 8: Transfer learning from CIFAR-100 to CIFAR-10

E Additional Discussions on Assumptions

E.1 Discussions on assumption 3

Assumption 3 is mild and numerous commonly-used augmentation methods satisfy this assumption.
Specifically, all of the augmentation methods used in our experiments meet this requirement.
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As outlined in Section C, the data augmentations used in our experiments, including crops, horizontal
mirroring, color jittering, gray scaling, and Gaussian blurring, are indeed Lipschitz continuous. In the
following, we provide a detailed justification for each of these transformations.

Crops: For each image & € R, a crop of this image is defined as Crop(z; I) = x 7, for some index
set I C {1,...,d}. The Lipschitz continuity follows from the fact that:

I Crop(a; I) — Crop(y: 1|3 = ller —yrll3 = Y (@i —v:)°
i€l

d
< Do w = o - wl

Thus crop is 1-Lipschitz.

Horizontal mirroring: For each image = € R?, a horizontal mirror of this image can be formulated

as Mirror(x) = x;, where the index set I is a rearrangement of {1,...,d}. We find
I Mirror(z) — Mirror(y)|3 = ll&r —yill3 = D (@r —y1)*
iel
d
=t = e vl

Thus horizontal mirroring is 1-Lipschitz.

Color jittering: As an example, consider the brightness adjustment for color jittering. The color
jittering operator is defined as Jitter(z) = clip(aw, 0, 1) for some adjustment factor o« > 0. If
a > 1, the image becomes brighter; if o < 1, the image becomes darker. Then

|| Jitter(x) — Jitter(y)||3 = (clip(auzr,0,1) — clip(ayy, 0, 1))2

-

N
Il
-

(am; — ayr)® < oz —y|3.

-

@,
Il
_

<

Thus color jittering is a-Lipschitz.

Grayscaling: The grayscale transformation is a weighted sum of the RGB channels. For a RGB

image = € RY, the red channel is defined as ¢ := (wz)f/ 1> the green channel is defined as
TG = (mz)?dg;j“, and the blue channel is defined as zp := (wi)fﬂd/g. The grayscaling of

this image is defined as Gray(x) = axr + fxc + yrp for some a, 3, € (0,1). The Lipschitz
continuity follows from:

| Gray(x) — Gray(y)||2 < allzr — yrllz + Bllzc —yellz +Ylzs — Y5l
S max{avﬁa,y}”m - y||27

where the first inequality holds from Jensen’s inequality. Thus grayscaling is max{a, (3, v}-Lipschitz.

Gaussian blurring: Gaussian blurring applies a Gaussian kernel to smooth the image, reducing
high-frequency noise and detail. The blurred image GaussianBlur(x; o) = @ * K, is defined by
convolving the original image « with a Gaussian kernel K. Convolution is a linear operation, and it
is well-known that convolution with a Gaussian kernel is Lipschitz continuous, where the Lipschitz
constant depends on the kernel size and o. Therefore, Gaussian blurring is Lipschitz continuous with
a constant that depends on the kernel size and o.

E.2 Discussions on assumption 4
The concept of (s, 5, 0¢, 0 )-augmentation is introduced to quantify the concentration of augmented

data, which is a extensive version of (o, d5) augmentations proposed by [24, Definition 1] in terms
of transfer learning. We now provide a step-by-step explanation:
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» Augmentation distance: for a given augmentation set .A, the augmentation distance between
two samples x and y are defined as the minimum distance between their augmented views:
l£—y||4 := Minge 4(z),ye A(y) [[X—¥l|2. Since augmentations can capture partial semantic
meanings of the original sample through various views, this augmentation distance reflects
the maximal semantic similarity between the two samples.

* o,-main-part of the latent class: for a latent class in the source domain C,(k), the os-main-
part is defined as Cs(k) C C(k) satisfying Py (z € Cy(k)) > 0,Ps(x € Cs(k)). The
parameter o, quantifies the concentration of the distribution P, (k)(-) := Py ( - |& € C,(k))

of this latent class. Specifically, for fixed sets C (k) and Cy (k), a larger value of o indicates
a higher concentration of the distribution P (k).

* Augmentation diameter of the o,-main-part: the parameter J, is defined as the diameter
of the o'-main-part in augmentation distance, that is, sup,, , & |z — y|| 4. For a fixed
distribution P and a fixed parameter o, the smaller value of the diameter §, means a higher
concentration of the augmented distribution, as well as greater similarity between augmented
data samples.

* Summary for (o, Js)-augmentations: The concentration of the augmented distribution, as
measured by the pair of parameters (o, d5), depends on both the distribution P, (k) and
the augmentation set .A. Specifically, for a fixed augmentation set .4, a smaller value of o
and a higher concentration of P, (k) result in a smaller o5-main-part Cs(k), leading to a
smaller value of 05. Additionally, for a fixed distribution P (%), a smaller value of o5 and a
larger augmentation set A lead to smaller augmentation distances ||« — y|| 4 for each pair
of samples (x, y), resulting in a smaller value of Js.

* The conditions (i)-(iv) in Definition 3 can be considered an extensive version that takes into
account the difference between the source domain and the target domain.

* The extra condition (v) in Definition 3 replaces the assumption A(Cy (7)) NA(Cy(j)) =0
required by [24]. This implies that the augmentation methods used should be intelligent
enough to recognize objects that align with the image labels in multi-objective images.
A straightforward alternative to this requirement is to assume that different classes Cy (k)
are pairwise disjoint, meaning that for all < # j, C¢(¢) N C¢(j) = 0, which implies that

Pe(Uy Cilk)) = X4 Pe(Celk) = o f: Pi(Culk) = 0.

To ensure readers can get quickly understanding for the Definition 3, we provide following example:
Example 1. Suppose the samples in the k-th latent class follows the uniform distribution on [0, R], i.e.,
Cs(k) = [0, R] and Ps(k) = unif(0, R). For each o, € (0, 1], we can find a os-main-part of C;s (k)
as Cs(k) = [0, o5 R]. Further, we define the augmentation set as A(z) = {x € R : |[x — x| < r} for
each x € X. Then the augmentation diameter ¢, of the os-main-part is given as

sup ||z — y|la = max{o R — 2r,0} =: Js.
z,yeCs (k)

The parameters o, d5, r and R are interrelated by this equality. Note that the parameter R reflects
the concentration of the distribution P, (k) within the latent class. A smaller value of R indicates a
higher concentration of P4 (k), which in turn leads to a smaller value of the augmentation diameter
ds. Additionally, a larger augmentation set, i.e., a larger value of r, results in a smaller value of the
augmentation diameter J,.

E.3 Discussions on assumption 5

Assumption 5 is common in the theory of transfer learning, such as [5, 16, 13]. We now provide
a concrete example for more intuition. Consider the following example using one-dimensional
Gaussian mixtures. Specifically, we define the source and target distributions as follows:

K K
Po=Y wi(k)Py(k), > wy(k)=1,
k=1 k=1
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K

K
Pri= Y wi(k)Py(k), > wi(k) =1,
k=1

k=1
where the distributions of each latent class are Gaussian:
Py(k) :== N(us(k),0?), Pi(k):=N(u(k),0?), 1<k<K.

Then the parameter ¢; is the maximum distance between the means of the source and target distribu-
tions for each latent class:

1 = mas W(BL(k) Bi(k)) = max {[pa(k) e (b)]}

Additionally, the parameter e is the maximum distance between the mixture weights of the source
and target distributions:

€2 = max lws (k) — wq (k)]

Thus, Assumption 5 not only requires that the source and target distributions for each latent class are
close in terms of their means, but also that their mixture weights are similar.

F Proof of Theorem 1

F.1 Proof sketch

In this section, we focus on providing the proof sketch for Theorem 1. Based on [24], we begin
by exploring the sufficient condition regarding the downstream error bound, as shown in Lemma 1.
Specifically, it reveals that the error bound Err(Q) < (1 —0y) + Ry(e, f) holds under the condition

max;; p (i) " < B3(oy, 84, €, f). The naturally raised question is whether minimaxing the risk
of Adv-SSL can help us meet the required condition. To answer this question, we establish Lemma 4
in Section F.3, which reveals that minimizing the risk of Adv-SSL can achieve the requirement
max;.; (i) " < B3(o, 64, €, f). Meanwhile, its directly induced corollary 1 indicates that
we should explore the sample complexity of Ep {[,( f )} To this end, we begin by developing
a novel error decomposition approach in Section F.4.1, which decouples E 5 {E( f)} into four
terms: L£(f*), the statistical error £y, regarding the neural network class F, the approximation
error £x, and the error induced by the dual variable £;. We then deal with them individually in
Sections F.4.2, F.4.3, F.4.4, and F.4.5 respectively. Subsequently, we conduct the tradeoff to obtain
the sample complexity of E_ {/3( f )} and the corresponding parameters of the network, including
width, depth, and norm constraint. Based on these results, we can derive the desired error upper
bound for Adv-SSL, as shown in Theorem 1, which completes the proof.

F.2 Sufficient condition of small misclassification rate
To begin with, let y1(k) := Eq,c0,(0 Exca@a{f(x0)} = 5 Eeip, B c () [f(x)1{z: €
Cy(k)}]. inspired by [24], we have following lemma.

Lemma 1. Given a (05,04, 0s,0;)-augmentation, if the encoder f such that By < ||f|, < Ba is
K-Lipschitz and

1 (i) " e (5) < B3wp(o, 61, f),

holds for any pair of (i, j) with i # j, then the downstream error rate of Q)
Err(Qr) < (1 —01) + Ru(e, f),

where Ri(e, f) = Pt(:ct € Xy 1 SUDy, |z, neA(e) Il f(xe1) = f(xe2)ll, > 5) V(o 0,6, f) =

i e (K) 13 2 k
Fmin(0t35t1€7f \/2 mln Ut76t75 f) (1_ mlnkE[Kég#t( )HQ) maxke Hg;( ) #t( )H27

2
herein, T'win (04, 01,8, f) = (at — L?t@,f)_f) (1 + (%) — % - é—i) -1

min; pe(4)
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Proof. For any encoder f, let S¢(e, f) := {x: € X} : SUDy, | x;0€Aar) I1f(xe1) = f(xe2)lly <€),
if any @, € {Cy(1) U+~ UCy(K)} N Sy(e, f) can be correctly classified by Qy, it turns out that
Err(Q ) can be bounded by (1 — o) + Ry (e, f). In fact,

Er(Qs) = P{ Q@) £y} <PJ{C(1) U+ UCUE) N Sile, )]

=P, [{Ci(1) U+ UCH(EK)}* U {Si(e, /)}] < (1 — 00) + P [{Se(e, £)}]
= (1—0¢) + Re(e, f).

The first row is derived from the definition of Err(Q ). Since any @, € {Cy(1) U--- U C,(K)} N
St (e, f) can be correctly classified by Q) s, we obtain the second row. De Morgan’s laws imply the
third row. The fourth row follows from Definition 3. Finally, noting that R, (e, f) = P;[{S:(e, f)}°]
yields the last line.

Hence it suffices to show for given i € [K], &, € C;(i) N Sy (e, f) can be correctly classified by Q s
if for any j # 4,

minge(x |mt<k>||§)

. . 1
:ut(ll’)—r:ut(.]) < B% (Fi(0t75t56af) - \/2 - 2Fi(0t75t757f) - 5(1 - B2
2

M) = e )lly () = Mt<j>||2)’

By By

2
where I';(0¢, 0y, €, f) = (ot — L;f;?{)) (1 + (%) — % — %) -1

To this end, without losing generality, consider the case ¢ = 1. To turn out x; € 5,5(1) N Se(e, f)

can be correctly classified by ()f, by the definition of a(l) and Si(e, f), It just need to show
VE # 1, || f(xy) — (D)5 < || f(2) — fue(E)||5, which is equivalent to

Pl ()~ @) i) — (Gl — 5 lm®m]2) > o

We first deal with the term f(z;) " j1¢(1),

flae) T (1) = flme) (1) + f(mt)T(ﬂt(l) — (1))
(@4) " Ea,ec, () Exieat@n L (x) } = || £(2)]]]| (1) — e (1)

pil)f(wt)TEmwn»tEXteA(mt) {f(xt)]l{wt € Ct(l)}} — Bo)ju(1) = (1)
1

Y
~

Y

o) f(@0) " Ea, b, By, c A(ay) {f(xt)]l{wt € Cy(1) N Ce(1) N Sy (e, f)}]

n 1
pe(1)

F (@) Eayn B, et [Fx01{@0 € 1) N {Ci(1) 0 Sile, 1)} ]
®
- B2Hﬂt(1) - Ht(l)HQ
_P{C(1) N Sile, 1)}
pe(1)

+ B [Bucatan {120 S0 [o € GG N 56 Y]

= Ba[lfu(1) = (D)1l
s PAGW NS, £} 5o E E {f(x)}

pe(1) @, €Cr(1)NS, (e, f) Xt EA(me)

B2 _ A
- (MG M Sie )] - Balln1) — (0] o)

f(wt)T]EwtEé’t(l)ﬁSt(E,f)]ExtEA(mt) {f(xt)}
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The second row follows from the Cauchy—Schwarz inequality. The third and last rows are derived
from the condition || f||, < Bs. Note that

P CUONCL) N Si(e Y] = B [{GONGW U [Cu1) n{Si DY (10)

< (1= o)pi(1) + Ry(e, f), Y
and
P, (Ci(1) N Si(e, ) = Be(C(1)) — P (C(D\(Ci(1) N S, f))) (12)
> pi(1) — {(1 —o)pe(1) + Rt(s,f)}
= opi(1) — Ry(e, f)- (13)
Plugging (10) and (12) into (8) yields
x T A J_Rt(gvf) T T x 2 " Rt(g’f)
Flae) () > (o0~ = 0 ) (@) o E B U} - B (1o s =00
= Ba [ (1) — e (1) - (14)

Notice that z; € Cy(1) N Si(e, f). Thus, for any =, € Cy(1) N Sy(e, f), by the defini-
tion of Cy(1), we have Mily, ¢ A(w,) x,cA(,) |Xt — Xtlla < d:. Further, denote (x;,x;*) =
arg ming, ¢ A(a,)x, e A(z,) %t — X¢ll2. Then, we have |[x; — x;*[l < J;. Combining this with
the K-Lipschitz property of f, we obtain || f(x}) — f(x}")]]2 < K||xf — x}*|l2 < Kd;. Moreover,
since &; € Si(e, f), it follows that for all x; € A(z¢), |f(x}) — f(x;")|l2 < e. Similarly, as
x; € Si(e, f) and both x, and x} belong to A(x;), we know || f(z:) — f(x})|]2 <e.

Therefore,

f(wt)TEwtEé’t(l)ﬂst(a,f)ExteA(mt){f(xt)} = ]EmtEat(l)ﬂst(s,f)EXtEA(mt){f(wt)Tf(Xt)}
= Ewteét(l)ﬂst(ghf)ExteA(mt) {f(wt)—r{f(xt) - f(wt) + f(wt)}}
> B} + ]EwtEét(l)ﬂst(s,f)]Exte-A(mt) [f(wt)T{f(Xt) - f(a:t)}]

= B} + By e, sy ey Bxveatmn [ 1@ T{ f0) = 168 + ) = Flxi)+ 1) = fl) )]

lI-ll.<e Il <Ko lI-ll.<e

> B} — (Bae + B2K6; + Bse)

= B} — B>(K6; + 2¢), (15)
where the fourth line is derived from || f||, > By.

Plugging (15) into the inequality (14) yields

2T i o _ Ru(e f) . N _B2(1—0o Ri(e, f)
F(@) (1) = (o0 0 )f(@) e LB ) By(1-o+ Py )
— Bol|fu(1) - Mt(l)HQ
> (at - R;E‘a)ﬁ) B2 — By(K3, +25)) 735{1 — o+ R;EZ{)}

)
=5{(1+ (5) ) o= o) - (- e (B ) )
)

- Bg{(gt B R;(&f)) (1 + (%)2 - %it - %Z) - 1} — Bo| (1) — (1)),

= BiT1(01, 01, ¢, ) = Bel|fie(1) — (D))
Similar process can also turn out

f(xe) "1 (1) > BTy (04, 01,6, f)- (16)
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Combining with [0 (k)|[, = [[Eg, cq, () Exccat@n {f )}, < Bq e Brcawo | £, <
B> yields

F@e) (k) < fme) " pe(k) + fe) " (Ae(k) — pe(k))

Fl@e) T pe(k) + || (@) ||, || e (k) = pe(B)||,

flae) " pe(k) + Bsl|fut (k) — Mt(/f)HQ

{f(l‘t) (D} (k) + e (1) T e (k) + B | e (k) — e (R)],
(

H — (1) H2 . Hﬂt(k)HQ + e (1) T g (k) + B2Hﬂt(k) - Mt(k)Hz

[VARVAN

IN

IN

< B2\/Hf($t)||§ —2f () T (1) + HMt(l)2|| + (1) T e (k) + Bz”ﬂt(k) -
< Boy/2B3 — 2f (@) Tpe(1) + (1) (k) + Bo|fu (k) — pue(R)]

< 32\/233 —2B3T1(01, 00,2, f) + (1) T e (k) + Bal|fie (k) — pe (R
= \/éBg\/l - Fl(Ut,(sn&f) + Mt(l)TNt(k) + Bo||fi (k) - Mt(k)HQ?
where the inequality in eighth row stems from (16). Moreover, we can conclude
1 1
F@) i) = @) k) = (5 13 = 5 ) )
1
= @) (1) ~ Fl) k) — 3 [+ 5 k)2
1 1
> fae) (1) = fla) (k) — 232 t3
> B3T1(0t,8,€, f) = B | 1e(1) = pe(V)ll, = V2B3V/1 = Ti(0, 8,6, f) — pe(1) T e (k)

) 1, minge (k] | izt (e )HQ
= B (k) — (k) = B3 (1~ ) >0,

auin |k )3

where the last inequality is derived from the given condition in Lemma 1, which finishes the proof. [J

F.3 The effect of minimaxing Adv-SSL

In this section, we explore the effect of minimaxing the risk of Adv-SSL, as demonstrated in Lemma 5.
We begin by showing that the required condition in Lemma 1 can indeed be satisfied by our method.
To achieve this, we first introduce Lemma 2, Lemma 3 as preparatory steps. We will begin with
reviewing and introducing some necessary notations at first.

Review that p,(k) = Ps(zs € Cs(k)) and P,(k)(-) = P( - |x; € Cs(k)). Correspondingly,
pi(k) =Py(x; € Cy(k)) and Py (k)(-) = Py ( - |, € Ci(k)). We use the quantities

@ = max W(P,s(k),Pi(k)), e = max Ips(k) — pe(R)], (17)

to measure the divergence between the source and the target domains. In addition, Following the
notations in the target domain, we denote the center of the k-th latent class in the representation

space as s (k) := Eq e, () Ex,cA(.) {f(XS)} = ]%(IQ)EESN]PSEXS €A(zs) [f(XS)IL{‘ES € CS(k)}]
In this context, the Lemma 2 can be presented as follow:

Lemma 2. If the encoder f is K-Lipschitz continuous, then for any k € [K],

(|25 (k) — Nt(k)Hg < Vd*MKe;.

Proof. Forall k € [K],

a*

(k) — e R)IE = S [{1a 00}, — {1},

=1
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d* 2
= Z [Emsecs(k)ExseA(ms){fi(Xs)} - ]Ewtect(k)ExteA(mt){fi(Xt)}}

= Z [ Z ( w.cc. ()i (4;(xzs))} —Emtect(k){fi(Aj(wt))}ﬂz

Jj=1
< d*M2IC261
The final inequality is obtained from €; = maxyer] W (Ps(k), P(k)) and the definition of Wasser-
stein distance, along with the fact that f(Aj(-)) is MC-Lipschitz continuous. In fact, since
f € Lip(K), it follows that for every i € [d*], f; € Lip(K). Combining this with the prop-
erty that A;(-) € Lip(M) stated in Assumption 3, we conclude that f(A;(-)) is MK-Lipschitz
continuous. So that

(12 (B) = pe(B)|, < V" MKer.

Next we present Lemma 3.
Lemma 3. Given a (05,04, 05, ;)-augmentation, if the encoder f with || f|, < Bs is K-Lipschitz

continuous, then
s =} <455 { (1o S 4 BV (1o S,

E E
xs€Cs(k)xsEA(xs)

where Rs(e, f) = IP’S{:BS € Xs 1 SUDy | . e A(a,) |f(xs,1) = f(xs2)]o > 5}.

Proof. Let Ss(e, f) = {xs € X, : SUDy, | x. seA(w,)

|f(xs1) = f(xs2)||, < e}, foreach k € [K],

2
Emsecs(k)Exse.A(ms)Hf(xs) - Ms(k)H2 =

1
_ ps(k)EM Ex.cA(x, )[1{ms € Cs(k) N Ss(e, )} £ (xs) — us(k)uj]

1
o Banr Bxeae) [1{. € o) }|7x0) = po(B)]3]

+ B B e aten [L{ws € CLON(Culb) 015,00 1) M) = )]

Ps
1 B3P, [Co(k)\{Cs(k) N Sa(e. f)}
< i Ber B e, [1{=s € Cuh) 0 S(e, )} Fx0) - us(k)uj] L 483 o4 ]
1 =~ 2 2 Rs(€7 f)
< ps(k) mSNIP EXSEA(E |:]1{$5 S CSU{?) n SS(E,f)}Hf(Xs) - Ms(k)”2:| + 432 (1 — Oy + ps(k) )
IPS(CS (e, ) 2 2 s(e, f)
< E s) s(B)||, +4B35(1—0s +
- Ps(k) 2. €C, (K)NS. (e, f) Xs eA(m o) = e (B, 2< 7 ps(k) )
R (e,
< Ewseés(k)ﬁSE(a,f)EXseA(ws) f(XS) - Ns(k)HQ + 4B§ (1 — 05+ pffk{))7 (18)
where the second inequality is due to
P, [Co(b\{Cs(k) N Su(e, £)}] = B [{CL (0N Calh)} U {Ca(B0\Ss(e 1)}
<(1- os)ps(k) +Ry(e, f).
Furthermore,
B, 6. (05, (e.p) Bxs et | F(x) = o(B)| 5 (19)
=E, cé.ins. e, Brca@) || f(xs) = Barec, (i Ex e }H
P, {C,(k) ﬂSs(SJ)
= Emse@s(k)ﬂss(s,f)EXsEA(ws) f(xs) - { ps(k‘) }Ezgeés(k)ﬂss(s,f) x cA(x {f }
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P, [Co())\Cs(k) N Si(e, 1)} :
ps(k) Em;ecs(k)\{ésw)mss(af)}ExéEA(m’s){f(xls)}Hz
P,{C,(k) N Sy(e, f)}
=E, ce.mns.e.nExcA@.) ps(k) (f(XS) - ]Ew;ed(k)mss(e,f)]EX’sEA(w’s){f(xls)})
P [Co(k)\{Cs(k) N Ss(e, f i
(G ((k)) &N} (f(xs) *]Ew;GCs(k)\{g's(k)ﬁss(s,f)}EX'seA(wé){f(X;)})Hz
Rs(e, f)
< E E (x2) E E w)b|, #2821 - ot
2.€C. (R)NS. (¢, f) x: CA(@:) H‘f w»eésw)mss(af)xé@‘(’”é){f( )}HQ 2( po)

(20)
For any x, x, € C,(k) N Ss(e, f), by the definition of C(k), we can yield

min XL <S
XSE‘A(wS)vxgEA(w;) ”Xs XSH2 < 0O,

Thus, let (x3,x") = argmin, c 4(z,)x cA(,) [[Xs — X4, we have [[x] —x*[|, < J,. Further-

more, by the IC-Lipschitz continuity of f, we yield || f(x}) — f(xJ)|l, < Kjxk — x|, < Kds.

In addition, since x; € S(e, f), we know for any x, € A(x,), || f(xs) — f(x})], < e. Sim-
ilarly, , € Ss(e, f) implies || f(x}) — f(x[*)|l, < e for any %, € A(x)). Therefore, for any

x,, @, € Cy(1) N Sy(e, f) and x, € A(w,), ¥, € A(z)),
£ (xs) = FED||, < |[f(xs) = FED||, + | D) = FED], + || F&) = £,

< 2e + K. (21)
Combining inequalities (18), (19) and (21) concludes
2
Eq,co, (0 Ex,ca@.) || F (%) — H2

)} +483(1- 0, +R;§;€{))
)

)+ (1ot S50

< [25 Ko, + 232(1 _

Ko € ( )
2B, Bz ps(k)

— 4B2 [(1 _o,
0

Subsequently, we state Lemma 4 to establish the connection between Adv-SSL and the requirements
shown in Lemma 1. Following lemma reveals the upstream task can indeed render the representation
space well-structured.
Lemma 4. Given a (05,04, 65, 0)-augmentation, if d* > K and the encoder f with By < ||f], <
By is IKC-Lipschitz continuous, then for any € > 0,

4

R?(éf, f) S miﬁalign(f)a

m* 8m?* 4m*

R?(Ea f) < ?Ealign(f) + 7BQd*MIC€1 + 7BQd*K62,

and

max e () T e (5)] < \/

2
miniz; ps ()ps(7)

[R() + 000002, 1)} + 2V BuMKer,

where (05,05, ¢, f) = B2{(1—US+%228)24-(1—03)+KRS(€,f)(3—203+%1_28)—|—
B2 (SIS 74 )| + B2 (22 +4B3R,(e. ).

l\D\»—A

Proof. Since the measure on A4 is uniform, we have

Ext 1,Xt, 2€A(fct)||f th Xt? Hz m2 Z Hf (Aj(mt>)||2’

7,7=1
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hence,

sup |f (o) = Fe2)ly = sup |[f(Ai(@n) = f(As(@0)],

X¢,1,X¢, QGA mt) E[ ]
< Z £ (Ai(0)) = f(Aj (@) ],
=1
= mQEXt,l,XtQEA(:Dt) Hf(xt,l) - f(xt’2)||2'

Denote S := {x; : Ex, | x, seAwn)||f(xe.1) = f(x2,2) |, > 752 }. by the definition of Ry(e, f) along
with Markov inequality, we have

O O e 22)
m2
- Eor By ncaeo| £ (1) = F@eo)J5
= e2
m*
4
= S Bainr By e seato | £(0) = F(xe2) - (23)

Apart from that, similar process yields the first inequity to be justified in Lemma 4:

4 m4

m 2
Ri(ea f) < ?EmSNPSExS,l,xS,zeA(mS)Hf(XSJ) - f(xs,2)H2 = ?Ealign(f)~
Furthermore, we can turn out

EthPtEXt 1,%¢, 2€A(wt)|‘f Xt 1) - f(xt 2 Hz

2
_Ex L 2€A( Hf xs,1) = f(%s2 H2+E;xt1x,2e,4(m Hf X4,1) f(Xt,2)HQ

—E ||f Xsl f(Xs,Z)HQ
Ts X5,1,%s 2EA(

3 (B (Aw0) S @O~ Beon £ (Aw) — £ (@) )

7,7=1

Fa) = Fxa2)|[3
m d* 2 2
= 3 Y [Berr { A (Ai) ~ (A (@0) )~ Bapr { fi(Ai() ~ fil45(22) } ]

ij=11=1

+ EmSNPSExS,17XS,2€‘A(wS)

2
+ EmSNPSExsyl,xsygeA(ms) Hf(xs,l) - f(XS,Z) 2

we subsequently focus on dealing with the first term. Since for all v € [m], 5 € [m] and | € [d*],
2 2
Emwp,{fl (Ai(@) = fi(45(@0) } = o { fi(4il@2)) — fil4(@2) |
Z [pt Ea, e, {f1(Ai(xe)) — fi(Aj(x )} — ps(k)Ea_co, oy { i (Ai(2s)) — fi (Aj<ws))}2}

=
Il

I
M= T

[pt(k){Emtect(k){fz (Ai(,)) — fi (Aj(mt))}Q —Ea,co.im) {f1(Ai(zs)) — fi(Aj(zs)) }2 }

g(xs)

>
Il
—

2
+ {p(k) = oK) VB, o0 { i (Ai(ms) = fi(45(20) } ]

< 8ByMKe; +4B3Kes.

To obtain the last inequality, it suffices to show g(x,) € Lip(8 BoMK). In fact, we know Vi €

[d*], fi € Lip(K) as f € Lip(K), along with the fact that A,(-) and A, () are both M-Lipschitz
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continuous according to Assumption 3, we can conclude f;(4;(-)) — fi(4;(-)) € Lip(2MK).

Additionally, note that | f;(A;(-)) — fi(4;(-))| < 2Bz as || f|, < Bz, we can turn out outermost
quadratic function remains locally 4 By-Lipschitz continuity in [—2Bs, 2Bs], which implies that
g € Lip(8 B2 M K). Furthermore, by the definition of Wasserstein distance, we yield

K

2 (8) (Baecuin L (Ai(@n)) = fi(As (@)} = Ba.ec.io Li(Au(s)) - fi(4,()})]
k=1
K
S SBgM/Cel Zpt(k‘) = SBQMKQ,
k=1

As for the second term in the last inequality, note that f; (A;(zs)) — fi(4;(zs)) < 2Bs to yield

K
Z [{pt(k) _ps(k)}Ew‘QGCs(k){fl (Az($s)) - fl (A](ws))}z} < 4B§K62~

k=1

Therefore,

2 2
F2) = Fx02)| < Banr, By scton [ £(xe) = F(x02)]
+ 8Bod*MKey + 4B3d* Kes. (24)

Emt ~P: ]Ext,l x¢,20€A(x)

Combining (22) and(24) turns out the second inequality of Lemma 4.
m* 8m* Am*
Ri(e, f) < —5 Laign(f) + —5~Bad"MKey + —5-Bid Kes.

To justify the third part of this Lemma, first recall Lemma 2 that Vk € [K],
v d*MKe;. Hence, for any i # j, we have

e () T e (5) = s (0) T s ()] = e () T (5) = e (8) " prs (5) + 112 (0) T s (5) — s () " s (5|
< | e @) || e (G) = 125G ||, + |25 ) | ][ 122 () — 12 (4)]|,, < 2Vd* BoMKey,

so that we can further yield the relationship of class center divergence between the source domain
and the target domain as follows:

s (k) = pe(K)||, <

max ju0(0) e ()] < [ (3) g1, ()] + 2v/d* By MKey. (25)

We next derive the upper bound of max;; |ps(i)"ps(j)|.  To this end, let U =
( Ps(D)ps(1),..., ps(K)#s(K» € R *K then

K . 2 . 2
H;ps(kms(kms(i@) —ta| = |ovT - 12

=Tr(UUTUUT =200 + 1) (A% = Tr(AT A))

=Tr(U'UU'"U -2U"U) + Tr(Ig) + d* — K
(Tr(AB) = Tr(BA))

> foru -],
K

= 3" (Vos@ps(ms() T s (G) — 81a)”
i,j=1

> po(i)ps(G) (s () T s (4))

Therefore,

2
F

e | S e )T - 1
(0 Tm)) < G
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H @ xa 1% 2€.A(z {fen)f(xe) "} = Lar + i ps(k)ps(k)ps (k)" — B E {f(xs,1)f(xs,2)T}H2F

k=1 Ts x5,1,%5,2EA(xs)
pS(')ps (4)

2

2

E E {f(xs1) f(xs2) "} — Id*

Ts x5,1,%s,2€A(xs)

Z ps(k)ps(k)ps (k)" — E E {f(xan)f(xa2) " }

Ts x5.1,%5,2€A(Ts)

F

ps (i ( s ()
(26)

2
For the term H Ef:l ps(k)ﬂs(k)ﬂs(k)T - ]EwSNPS]EXS,lyXS,2E-A(ms) {f(xs,l)f(xs,Q)T} HF’ note that

K

= ZpS(k)EwSGCs(k)EXS,1€A(mS){f(xs,l)f(xs,l)T} - Zps<k)ﬂs(k)ﬂs<k)T

k=1

+

i
(=~

ps(k)EmsECs(k)Exs,hxs,zeA(w { Xs,1 {f ng f(XS 1)}T}

Il
—

gL

Ps(k)Ea,cc, (k) Ex, e A(z.) [{f(xs 1 (k)H f(xs1) (k)}w 27)

b
Il

1
B or Ex, s s (o) | £ (o) {F(Re2) - f(xs,l)}T], (8)
where the last equation is derived from
Eu.co i) B, seatm) { f(xs1) f(xs1) T} — ps(k)ps (k)T
=Ea,ec, (0 Bx, e {f (%) f(xe1) T} + ps(B)ps (k)"
— (Bacc.9Bx, y e {Fxa1) Dina(B) T = (k) (Ba,cc, (0 Ex, e {f(xa)}) |

= B cou0 B ncagen [ (£ 0ts) = s (0)) (FGxa) = s(8) .
So its norm is

| 2 petkas pB) ™ = Bt B s, st {F o) Fre2) T}
k

A
=~

2o () Ea 0B weaton [ 1 Gea) = (0} L ear) — ek} || ]

ol
Il
_

+ Banp B, e scaton [[F ) {£(02) = £} | ]

IN

1= T

pu(k) RUCHEACIIEY-

x,€C (k) xq, 1€.A

E e {117 oIyl (xs.2) = sl }

Xs,1,Xs5,2€

<> Do), con b Bx. e { [F(xs1) = s ()]}

e
Il
—

N|=

Ew ~Pg ]Ex 1E€EA(z )||f Xs, 1 || } { T NPSExs7l,xsyg€A(mS)Hf(xs,Q) - f(Xs,l)H;}

<

MN+

ps(k)EmsECs(k)Exs,IEA(a?s) {Hf(xs,l) - HS(k)Hﬂ

>
Il
—

1
2

+ B2 (52 + ]EZSN]P’SEXSJ,XS‘QEA(:DS) [Hf(XS,Q) - f(Xs,l)Hz]]-{ws ¢ 55(6, f)}])

Review Sg(e, f) :== {xs € X, : supA | f(xs1) = f xs,g)H2 < 5})
Xs,1,Xs,2€ w

] =

< ps(k)EmSecS(k)Exs,leA(ms){||f(Xs,1) - /«Ls(k)H;}
1

=
I
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B, (52 4 AB2E, 5, []l{:cs ¢ S, (c, f)}} ) :

[N

K
= 3 P B, s | [ £ (50n) = o(R) 3] + B2 (e + B3R, (=, 1))
k=1

o h—1 2B2 BQ ps(k) ps(k)
(Lemma 3)
Koy + 2e\2 Kds + 2¢
=4B2{(1—0s+ ———) +(1—04)+ KRs(e, f)(3—20, + ————
2 {( 2B, ) ( ) (e f )( By )

+ R?(s,f)(i - tk))} R 4B§Rs(s,f)}%
k=14"

2
If we define ¢(0g, ds,¢, ) = 435{(1 —0s+ %ffa) + (1 —0s) + KRs(e, f)(3 — 20, +

1
2

%) + R2(e, f) ( S m) } + Bo (52 + 4B3 Rs(e, f)) , above derivation implies

K
| > s s B) T = B B, s e (o) F(xe2) T} | S lossbse, ). @9)
k=1

Besides that, Note that

2
R = [Eauve Be. o seaten {F(00)f (x02) T} = L] (30)
Combining (26), (27), (29) and (30) yields for any ¢ # j
AT N 2 2
s s < ——R + ¢(0s,ds, €, ,
(o) T10s)” < s {RU) + 00,0 ) |
which implies that
ma s ()T ()] < ([ AR + 000,82 1)
i#J mMiN;+£; Ps (Z)ps (])
So we can get what we desired according to (25)
2
AT .
max | (i </ = ——AR(f) + ¢(05, 05,6, f) ¢ + 2V d* ByMKe;.
nax (D) ()] < \/mmi#j ps(l)ps(J){ () +elo f)} B
O

Next we present the population theorem as follows, which is a direct corollary of Lemma 4 because
of the facts that R(f) < L(f) and Lasign (f) S L(f).

Lemma 5. Given a (0,04, 05, 0+ )-augmentation, if d* > K, Assumption 3 holds and the encoder f
with B1 < ||f||ly < Ba is K-Lipschitz continuous, then for any € > 0,

max | (D) (7)) VL) +¢(0s, 05,6, ) + Ker.

Furthermore, if max;zj pe(i) " pit(§) < B34(0y, 6, ¢, f), then the misclassification rate of Q ¢

Err(Qf) S (1= 04) + { Latign(f) + Ke1 + €2} /€%,

where the specific formulations of (0,05, €, f) and Y(oy, 61, €, f) can be found in Lemma 4 and
Lemma 1, respectively.

We apply Lemma 5 to the optimizer at sample level fn . to yield following corollary 1.
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Corollary 1. Given a (o5, 04,85, 0¢)-augmentation, for any € > 0, we have

Eﬁs{l?jjx‘ﬂt(i)Tﬂt(j)’ 12 \/]Eﬁs{ﬁ(fns)} +Ep {¢(0s,05,6, fn)} + Ker. 3D

where Eﬁs{go(as,és,s,RS(E,fnS))} < (1 — o0, + Kds + 25)2 + %1 /EES{L(f"s)}(?’ — 205 +
Kés + 2¢) + E%IEES{E(fnS)} + (1 -0y + <€2 + %wEﬁs{L’(fns)})%. Furthermore, if

maxij [ (i) " (5)| < B3w(ov,dr.e, f), then

EES{EYY(anS)} g (1 — O't) + é\/EBS{E(fAnQ)} + ’CEl + €92, (32)

In addition, the following inequalities always hold

Ep {Rs(e fo)} S éx/Eﬁs{ﬁ(fng} (33)

Ep, (Ru(e, fu)} S 2\/Ep L0} +Ker + e G4)

Proof. Applying Lemma 4 to fn yields
4

~ m ~
R fn.) < Z5L£(fn,) (35)
2 ¢ m* n 8m* * 4m* 2 %
Ri(e, fn,) < 5 L(fa,) + —5 Bad"MKey + —5- Bid"Kes (36)
and
ma i) ()] < | (L) + @008 fi)) + 2V B Ky
ij T ming; ps(i)ps () \ATT ’

(37)
Take the expectation with respect to 55 on both sides of (35), (36), and (37), using Jensen’s inequality

~ 2
to obtain (31), (33) and (34). where Ej {((0,,84.¢, fn,)} = 4B3 [(1 P %) +(1-

. i . I

00+ KEp {Ry(e, )} (3= 200+ 55522 ) 1B {R2(e, o)} (24 5ok ) |+ BoEs, [ {2+
A

4B3 R, (e, fn. )} 2} . In this regard, further by Jensen inequality, we know that

B, Lplon du e Rale, fu))} <483 (10w F5 2 ) 4 (1 00 4 KB (R o)}
(= ) 2 e o) )+ om0
<4B3[(1-0. + K62534-225>2 | Km? Ep {L(f)} (3~ 204+ MT;L%
I (2N (3 )]+ (o0 + B 22 g a7 )
k=1

(38)
which is same as what we desired.
Moreover, since Lemma 1 reveals that if max;.; (i) " pe(5)| < B2y(0y,61,¢, fn.). then

Err(Q; ) < (1—o0¢)+ Ri(e, fn.). Combining with what we have had to yield 32, which completes
the proof. O

Above corollary I reveals the necessity of exploring the sample complexity of E5 {E( fns )} for

proving Theorem 1. To this end, we need to introduce some basic concepts of learning theory in
advance.
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F.4 The sample complexity of E; {£( fa)}

Recall that for given @, € X, x4,1,%s,2 is uniformly and independently sampled from A(x,),
we denote X, = (x,1,%s2) € R??". Moreover, we denote ¢(%,,G) := | f(xs1) — f(x&g)Hz +
A{(f(xs1)f(xs2)" = I4+, G) .. In this context, our risk at the sample level can be rewritten as

Y 1 = % (2) 7 ] 1 =(
L£(£.G) = = > {1 = s[5 + MDD T~ 10, @)} = — > (ED,6).
S =1 8 =1

Furthermore, let G, = {G € R *? . ||G||p, < B3 + Vd*}. It is obvious that G(f) is a

subset of G for a given f such that || f||, < B,. Likewise, G(f) is a subset as well for a given
f € NNga(W,L,K, By, B). On the other hand, following Proposition 2 reveals that /(x, G) is a
Lipschitz function defined on {z € R : ||z||, < v/2 Bg} x Gy € R24°+(d)* Consider these two
facts together, we can regard ¢ as a Lipschitz function in subsequent context. More specifically, we
summary the Lipschitz constants of £(z, G) with respectto z € {z € R*? : ||z||, < /2B, } and
G € G; in Table 9, the corresponding calculating process is deferred to Proposition 2 for clarity of
structure.

Function Lipschitz constant
‘e(wv ) \/iBQ
(-, Q) 2v/2By (B3 + Vd*)

110 max{\/iBz,%/iBg(B%—i—\/cF)}

Table 9: Lipschitz constant of £ with respect to each component

Following Definition 4, 5 and Lemma 6, 7 are all typical elements of learning theory, which will be
involved by our further derivation.

Definition 4 (Rademacher complexity). Given a set S C R", the Rademacher complexity of S'is
defined as

R.(S) := Eg{ sup Z§z z}a

(sl,...,sn)GS n

where {&; }ic[n) is a sequence of i.i.d Radmacher random variables which take the values 1 and —1
with equal probability 1/2.

Moreover, if we use {5 to denote the Hilbert space of square summable sequences of real numbers,
we have following vector-contraction principle.

Lemma 6 (Vector-contraction principle). Let X' be any set, (x1,...,x,) € X", let F be a class of
Sfunctions f : X — s and let h; : 3 — R have Lipschitz norm L. Then

E sup ’ Zezhl(f(xz))) < 2V2LE sup ‘ stfj (x;)

feF

where €;; is an independent doubly indexed Rademacher sequence and f;(x;) is the j-th component

of f(xi).

Proof. Combining [29] and Theorem 3.2.1 of [17] obtains the desired result. O

Definition 5 (Covering number). Givenn € N*, S C R"™ and o > 0, the set NV is referred to as an
o-net of S with respect to a norm ||-|| on R™, if A" C S and for any & € S, there exists v € A such
that || — v|| < g. Furthermore, the covering number of S is defined as

N(S, [, 0) :=min { |Q] : Qis an o-cover of S}

where | Q| represents the cardinality of the set Q.
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In this context, denote B2 as the unit ball in R™. According to the Corollary 4.2.13 of [34],
N (Ba, |||l5 , 0)|, which represents the the covering number of B5 regarding 2-norm, can be bounded

by (3/ Q)n. Based on this fact, if we denote Ng, (o) is a cover of G; with radius g, whose cardinality

. . . . . (a*)*
|Ng, (0)] is identical with the covering number of Gy, then |Ng, (0)]| < {M} .

Lemma 7 (Finite maximum inequality). For any N > 1, if X;,© < N, are sub-Gaussian random
variables admitting constants o;, then

E{ max | X;| } < y/2log 2N maxo;
i<N

i€[N]

The proof of this lemma can be found in [17], Lemma 2.3.4.

Recall NN g, 4,(W, L,K) := {fo(xs) = Apo(AL_10(---0(Aoxs)) : k(#) < K}, as defined
in eq 48. The second lemma we will employ is related to the upper bound for the Rademacher
complexity of the hypothesis space consisting of norm-constrained neural networks, which was
provided by [18].

Lemma 8 (Theorem 3.2 of [18]). Givenn € Nt, and x4 1,...,x, € [~ B, B]¢ with B > 1, define
S={(f(®1),.... f(®n)) : f €E NNa1(W,L,K)} CR"™, then

n BIC\/Z(L+2+log(d+1))
> i, < )
=1 7 \/ﬁ

1
< —
R (S) < n/c\/z(L +2+log(d + 1))  Jnax

where x; ; is the j-th coordinate of the vector (w,;'—7 )T € R the definition of norm-constraint
networks NN 4, a,(W, L, K) is given by

NN 4.4, (W, LK) := {fo(xs) = ALJ(AL,la(- ~'0'(A0£ES)) 1 k(0) < K},
herein, review k(0) = || Ao HlL;Ol max{|| (4, b;)]| 0, 1}-

F.4.1 Risk decomposition

Let G(f) = L 55 PO FEN)T = Lo, G (f) = B, B s metmn 1 (xe1) F(x02) T} —

i=1
T4+, we can decompose E( f,,_ ) into three terms shown as follow and then deal each term successively.
To achieve conciseness in subsequent conclusions, recall if X and Y are two quantities, we employ
X <Y orY Z X toindicate the statement that X < C'Y" form some C' > 0. In addition, We denote
X =<Ywhen X <Y < X.

Lemma9. The Ej {L( fn. )} has following decomposition
Ep {L(fn)} S L)+ Esa + EF + Eg.

where Egpn = IEES{supfe]E Ged () |L(f,G) — L(f, G)|} is referred to the statistical error,
Er = infrer {E(f) — E(f*)} is called as the approximation ervor regarding F, while Eg =
Ep, [supfef {G*(f) - é(f)}] is named as the error regarding G.

Proof. Notice that L(f) = supgeg(s) £(f, G) holds for both fn. and f*, then for any f € F we
have

L(fn) = LU+ L(fa) = L) = L(F)+ swp L(fa,G) = sup L(f*,C)
GeG(fns) Geg(f*)

=) +{ sw L(fa. @)= sw LG +{ s L£(f0,G) = sw L(fu,,C)

GeG(fn.) GEG(fny)

+{ sw £(fu.G) - sw £(£.6)}+{ sw £(£.G)~ sw L(.G)}
G€G(fn,) GeG(f) GeG(f) GeG(f)

GEG(Fny) G€EG(fn,)
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+{ sw LG = swp LG+ { sw LG - suwp L(f.G) ),
GeG(f) Geg(f) Geg(f) GegG(f*)

Firstly, both the second and fourth terms can be bounded by £y, Specifically, as for the fourth term,
we have

sup L(f,G)— sup L(f,G)< suwp {L(f,G)—L(},&)} < sup |L(f,G)—L(f,G)|
GeG(f) Geg(f) Geg(f) Geg(f)

< sw o |L(H,6) - £(£,6)]
feF,GeG(f)
A similar bound holds for the second term.

Next, we note that the sum of the first and fifth terms can be bounded by &g. In particular, for the
first term

sup E(fns,G)— sup E(fns,G)gsup{ sup L(f,G)— sup C(f,G)}

GEG(fny) GEG(fny) fEF  GEG(f) Geg(f)
<sup { sup L(f,G)—L(f,G(f))} = sup {L(f.G*(f)) - L(£,G(f))}
fEF Geg(f) feF

< V2B, sup ||G*(f) — G(f)||
feF

< V2B, sup ‘
fer

) )

1 & i i
E:cSNIPSExs,l,xs,QE.A(ws){f(xs7l)f(xs72)T} - ni Z f(Xi )l)f(xi )Q)THF (39)
S =1

where the second inequality follows from G(f) € G(f), while the third inequality follows from the

fact that £(z, -) € Lip(v/2B3), which can be found in Table 9. Meanwhile, regarding the fifth term,
we can derive

sup L(f,G)— swp L£(£,6)= sw By {(G(1),G) }~ sw (G'(/).C)p
GeG(f) Geg(f) Gea(f) F Geg(f)

<Ep { sw (G(.G) }— sw (G (1.0 =Ep {|GWD3} ~ G (I}

aeg(f) Geg(f)
< 2(B3 + V) (B {IGD)I|-} — 16" DIl .)
<2(B3 + V) (sup [E5, {|IG) |} - 67Dl ])

f
[ RS i) ONT T
< sup _Em{!%i_zlf@s,l)f(xs,g) ~Ia|| = |[Eone.Bx. s w s {F (o) flxe2) T} = 1| ]

< sup _Ef)s{’ ! if(xifi)f(xif%f - ]EmSwS]Exs,l,xd,zeA(ms){f(Xs,l)f(Xs,z)T}HFH

fert

< B, [sup {[| = D DI ~ B, B s saton () fre2) Y] ] 40

LreF

where the first equality is derived from (G*(f),G)p = Ep_ {<(A¥(f), G>F}, while the second

inequality is derived from HCAT'(f)HF < B3 +Vd* and ||G*(f)||, < B} + V/d*. Combining (39)
and (40) yields &g.

Furthermore, it is easy to conclude the third term supg g7 L(fn.,G)— SUDGeg( ) L(f,G) <0

according to the definition of fn Taking infimum over all f € NN g4« (W, L, K, By, Bs) on both
sides yields

Eﬁs {ﬁ(-ﬁh)} SJ L(f*) + gsta + 8]_- + 5g,
which completes the proof. O

Next, the remaining task is to handle each term on the right-hand side individually.
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F.4.2 Vanishing £(f*)

In this section we will show the optimal encoder f* can indeed vanish £(f*). The justification
comprises a total of two steps. At first, we assert that if there exists a measurable map f such
that ¥ = Eq ~p,{f(x,)f(xs)" } be positive definite, then we can conduct a series of minor

modifications on f to obtain a f such that L( f) = 0. In the second step, we will demonstrate
that the required f indeed exists under Assumption 2, and that the modification f also satisfies the
constraint By < H f H2 < By, which implies that £(f*) = 0, since the definition of f* indicates that

L(f*) < L(f).

To this end, it suffices to find a f B; < ||f||2 < B, satisfying both ﬁangn(f) = 0 and
||Ems~Ps]Ew1,wzeA(:cs){f(xs,l f(xs,2) } I4+ ||, = 0. First note that

EmSNP‘SEwl,wgeA(ws){f(xs,l)f X=,:2 } Ly« »
= ‘ Emsfvﬂ’sEmhmzeA(ms){f(xs,l)f<xs,1)T} + Ews~Psz1,w2€A(w3) [f(xs,l){f(XsQ) - f(Xs,l)}T} — Iy P
[ Earr B o L) )} = T |+ B B o { ) L ) = e}

EwsNPSEXSEA(mS){f(XS)f(Xs)T} — Iy f(Xs,l) - f(xs.,2)H2-
(£, < B2)

<]

P + BQEwsNPsEXs,l axs,ZEA(ms)

It reveals that, to achieve our destination, we just need to construct a f B < || f ||2 < B such

that Lajign(f) = 0, and well as H]E%NPSEXSEJ“ES){f(xs)f(xs)—r} — I4+||, = 0. To this end, we
provide following lemma:

Lemma 10. If there exists a measurable encoder f making ¥ = By p_ {f(xs)f(xs) T} positive
definite, then there exists a measurable encoder f such that

ahgn(f) ‘ =0.

Eunp, B c (@ {f(x:) f(xs) T} — Id*

Proof. We conduct following modifications on the given f as follows: for any x, € A5, define

o VT ) ifx € Ay)
fa,(x5) = {f(ms) if x, & A(xy)

where ¥ = V'V T, which is the Cholesky decomposition of 3. Here the positivity of X ensure V' is
well-defined. Iteratively repeat this modification for all x, € X to yield f. As the result, we have

Eo,np,Bx, @) 1 (%) ()T} =V Bo o, {F (@) f(25) 3V T = Lo
and
Vs € Xaxs,laxs,Q € A(.’BS), f(xs,l) - .}F(XS,Q)HQ = Hf(xs) - .}F(ms) ) =0.
That is precisely what we desire. O

Remark 2. Based on the construction approach in Lemma 10, we just need to show there
exists a encoder f such that ¥ are positive definite. In fact, if we have a measur-

able partition X = U ,P; as shown in Assumption 2 such that P; N P; = 0 and

Vi € [d], 3z < Py(P) < 2. just set the f(z,) = e if &, € Pi, where e;
2 1

is the standard basis of RY, then ¥ = diag{Py(P1),...,Ps(P;),...,Ps(Py-)}, V-1 =

diag{ - (1731) .,\/m},f(ws) = /5 (P )el ifx, € ’PZ, it is obvious that

35



F.4.3 Upper bound of &,

Lemma 11. Regarding the statistical error Eg,, we have

_kvL
ta N \/—

Proof. To obtain the desired conclusion, it is necessary to clarify several definitions in advance.
For any f : R? — R%, define f : R? — R2?" such that f(%,) = (f(xs1), f(xs,2)), where
%, = (Xo1,%s2) € R2. Furthermore, let F := {f : f € NN g.4-(W, L, K)}. In addition, denote
[); = {Sc;(i) =1, which is a collection con51st1ng of ns independent samples. The distribution of
these samples is identical to that of D,: Dg is therefore referred to as the ghost samples of D,.
Moreover, recall G; := {G € R¥ %" . ||G||, < B} 4+ V/d*}, by the definition of &, we have:

Ena = Ep, { sup (r.6) - £(1,6) |}

FENN q.ax (W,L,K,B1,B2),GEG(f)

&s

<E5 { sup £(f,G) - £(£,6)|}
(f,G)GNNd,d* (W,L,K,B1,B2)xG1
(vf € NNd,d* (W) L7 ]C7 Bl; B2)7 g(f) g gl)
<Ep { sup £(1.G) - £(£.6)|}

(f.G)ENN g g+ (W,L.K)x Gy
NN ga-(W,L,K, By, Bs) CNN g 4«(W, L,K))

th{ _sup ’—ZED,{E (&) G)}—nlsié(f(igi)),G)‘}

(fe)eFxa s io

o ER R 0),¢)— L ;
< ]EDS,D;{ e ﬂn ;E(f(x; o, izlﬁ (f(z \}
—Ep 5o s nizsfi(af(i@),c:) (&), @)} @
(f,GYeEFxG1 "% j=1

SQEE)S,g{ _sup %Z&ﬂ(f(ig”),G)‘}
S =1

(f,G)eFxG1

S4\/§||€||Lip (Eﬁs,g{ sup ZZfzﬂfJ Xl, +5132fj(xgl)2)‘}

FENN g g« (W,L,K) ' Tbs 5

- ZZZ&MGM‘}) (42)

5 =1 j=1k=1
— S S e} 4vEE Ll e

+ ]Eg{ sup
Geg

<8v2 11150 Eﬁs,g{

fe N/\/d d*(WL K) ==
+4f||£||L1p]E§{ max nZingkGﬂc‘} 43)
8 4=1 j=1k=1
<82l Ep | | Zzsf D[} +4V3a el 0
+AV2(B + V) [[¢] \/210g (Q\Ti\fgl(wl) (44)
< 8V2d" Ul B, LS e[} + 4V [l

eNNd I(W,L,ic) ns * 3
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210g(2(73 3 )(@)?)
2+Vd* )2
+4¢5<B§+¢d*>|/znmp\/ e (e ()] < ()

< ]c\f log N (Lemma 8 and set p = O(1//n))
\ﬁ
KvVL

3 >

K (If K > /1og ny)

Where (41) stems from the fact that & (¢( f (fcls(i)), G)—Uf (igi)), G)) has identical distribution
with @(f(ils(i)), G) — E(f(fcgi)), G). In addition, notice that we have shown ||| ;, < oo, applying
Lemma 6 obtains (42). Regarding 43, since Ng, (0) is a g-covering, thus for any fixed G € Gy, we

can find a G € Ng, (o) satisfying HG — éHF < o, therefore we have

{&%X‘iiifm J’H’GJ"_GJ’“)‘}

=1 j=1 k=1
ns d* ns d* d*
< Bef nSZZwaGw\}+Es{&%}< 2o 2303 6 (G = )}
=1 j=1k=1 i=1 j=1 k=1
. ) T
RTINS 55 39 DY T, SELEY 7ol ) 35 SIS
&Na,y S =1 j=1k=1 j=1 k=1
(Cauchy-Schwarz inequality)
<B{ m &3xGin|} + 0.
‘ GENQ (9) néi 132211@21 o
d* d*
To handle the last term of (44), notice that |G|, < B3 + v/d* implies that Y > & ; xGjr ~
j=1k=1

ng d* d*
subG (B3 + v/d*). Therefore, - Z S 3 & kGjr ~ subG(B3 + V/d*), just apply Lemma 7 to
i=1j=1k=1

complete the proof. O

F.4.4 Upper bound of £~
If we define

« L =
E(HY, NN g1(W, L,K)) gselg)afe/\/Ndl(WLK)Hf 9||c([01

where C([0, 1]%) is the space of continuous functions on [0, 1]¢ equipped with the sup-norm. Accord-
ing to Theorem 3.2 of [25], we have following lemma:

Lemma 12 (Theorem 3.2 of [25]). Letd € Nand o = r + 5 > 0, where r € Ny and 8 € (0, 1].
There exists ¢ > 0 such that for any K > 1, any W > ¢K24+)/442) and I, > 2[logy(d + )] + 2,

E(H* NN g1 (W, L,K)) S Ko/,

Based on Lemma 12, we yield

2

feNNd d*(WL K) Hf (m)H2 B feNngl*f(W,L,lC) ; {fl(w) o (-’JU)}

d*

< i inf i
fGNN,i a* (W,LJC) ; ||f f HC( 0, 1]d) - Sup fGN./\/d a* (W,L,K) Z1 ||f g”C (1%
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d*
< sup inf 1 = gl 0010y < VA EH, NN a1 (IW/d* |, L,K)
geEH™ ;fGNNd,l(LW/d*J ,L,IC) c(o.1h ( )
5 ’C—oz/(d-ﬁ-l)7

where the third inequality is because following fact: if we have a total of d* function f; €
NN g1 (|W/d*],L,K),i € [d*] of independent parameters, according to following Proposition 1,
the concatenation f = (f1, f2,-- -, f4«) can be regarded as an elements of N’ 4,4+ (W, D, K) with
specific parameters, that is, f € NN 44+ (W, L, K).

Proposition 1 ((iii) of Proposition 2.5 in [25]). Let fi € NNgq: (Wi, L1,K1) and fo
NNaa;(Wa, Lo, Ks), define f(xs) = (fi(®s), fa(xs)), then [ € NNaa;ra;(Wr +
WQ, InaX{Ll, LQ}, max{ICl, ’CQ})

Above conclusion implies optimal approximation element of f* in NN g 4+ (W, L, K) can be ar-
bitrarily close to f* under the setting that KC is large enough. Hence we can conclude optimal
approximation element of f* is also contained in 7 = NNy 4« (W, L, K, By, Bz) under the setting
that By < || f*||, < Ba. Therefore, if we denote

2
T = E Allreean = s+
xs~Ps x5.1,%5, 2€A(€Db 2
then we have

&= inf { S L1.G) = sw L(f" )} = il {T() - T(")}

2

E E {f(xe1)f(xs2) "} = La-

Ts~Ps x5,1,%5 2€A(2s)

7

{T) =TUD} < Ml inf Ea,~p,Es, || (%) — (%)

FENN g 4+ (W,L,K)

= inf
FENN g 4+ (W,L,K) 2

d*
2
< 4]l . inf }EENEX, 2 z’s*‘*s
< Wlin e, ) Bt Bty 22 (i) = 17 (0)}
< V2d* [0 14, sup inf I1f = gl o)

EHO FENN g1 (IW/d*],L /v d*)
< V24 [[€l|, € (MY NN ar ([W/d* ], L, K/Vd¥))
S ]C—a/(d-i-l).

where the first inequality is because of Proposition 2.

F.4.5 Upper bound of &g

Let M(xz) = &), 1,22 € RY, which is a Lipchitz map on {x € R2 . < V2B, } as
presented in Proposition 2. Then

Ns

£ B, { s B or B ceaon [ 2 {MUTE) MO )

< 1Ml B, |

_ RN
Ea, e By, nea(en { &)} = — Y F&D)|| |
S =1
Furthermore, according to the multidimensional Chebyshev’s inequality, we can turn out

ne (gl 7l E[| f(%:)-E{f(%:)}
]PS( %521:1 f(Xg))_EwsN]P’sExs,l,xs,geA(mS){f(xs)}H2 > 1/4) H T ||2 < 8i2§
as || (%), < V2B,. Therefore,

L 852
G >
;s;f(xg)) — Eoonp B, x. sea(w) {f(Es) }H 1/4) +2v2B, -

S

1
5Q§W]P’s(
Ns

1 1
rw 1/47

where the first inequity is due to || f Xs H2 < V2B,.

e +16V2B; —
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F.4.6 Trade-off on several errors

Let W > ¢k(24+)/(2442) and I > 2[log,(d + r)] + 2, combining all bounds yields

—a/(d+1) )

Eﬁq{‘a(fns)} SEtat+Er+Eg S

_di1 R e _2dta
Setting £ =< n " yields E5 {L(fn,)} < ns °"""" under conditions W > eng+*

L > 2[logy(d+1)] + 2.

F.4.7 The proof of primary theorem

Based on the previous preparation, we next prove the primary theorem 1. Before that, we summary
here all crucial conclusions which have obtained so far.

2d+o

_2dta _dar1 .
W 2 YL > 2logy(d 4 7)] + 2, = ng Y then B {L(fn,)} S

ny TED
_ eqtdtl
« According to Assumption 4, max{5\"), 5"} < ny ZF min{e{"™) o™} - 1
when ng — 0.

Cdstd+1 __ eas
~ 3(atdtl) e <n PICE ESY)
~ 'Y .

* According to Assumption 5, €1 < ng

* According to Lemma 1, we have

Ef)s{l}lgx e (D) e (G)] } S \/Ef)s{£<fns)} +E5 {008,680 en,, fn)} + Ker.

where Ep {gp( (ne) gine) ¢ 0 Rs(e, fns))} S (- o)+ ksl + 25”)2 +
Vs AL(fa )} (3~ 20§"s’+/c5<" +260,)+ B {L(fn) b +(1—00")+ (2 +

1

1 ]EES{E(JE%)D 2, Furthermore, if max;; |,ut( T (5 )’ < B%)(0¢,04,¢, f), then

1 "
Bre(Qy, ) 5 (1 - 00) + -\ £(fu.) + Kei + e (45)

In addition, the following inequalities always hold

Ep {Rs(en, fn)} S = \/E {L(fn)} (46)

Ep, (Rulen,: fu)} S 2B (L)} + Ky + .

_ min{a,eqq,64} 2d+ o
Theorem 1. When Assumptions 1-5 all hold, set €,, < ns 7Y W > pileratb [ >

d+1
2[logy(d +1)] + 2, K < ns " and A = A,,, in Assumption 4, then we have

_ min{a,e g4,eq5} 1
5, 5, (@7, )} £ (1- o)+, RSy L
) ming /73 (F)

for sufficiently large n.

Proof. Define C = { max;; |p (i) "y (j)| < B2p(o\™ ,55"5),5%,]5"5)}, which is a event de-
fined on the product measure space (X x X, P) with P is the joint distribution on X x Xj.

Ep, 5, {Em(@y, )} =Ep, 5, {Err(@y, )lc} +Ep_p, {Em(Q; )le-}
<Ep 5 [{0- 0" + Ru(em. fo. | +E5, 5, (Lc:)
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IN

(1= 0")) +Eg {Ri(en,, fa.)} +P(C)
(1—0("‘))—%5 'Ej [{ (fn)+€1+62}

AN

P(C)

D=
(S —

< (-0 +e7[E5 {,cfnb}+el+62] +RC) @)

Since we have known the sample complexity of each terms except for P(C€), the remaining question is
to estimate P(C¢). To this end, first recall w(atn& ,55”5) Enas fnl) = me(at"é) 5 () Enas fna) —

V2= Woain(ol™, 50 e ) - }(1 - mineel B”*““””?) - 2maseepa BB 2Bl Notice
2

t 2 Ba
that (34) and dominated convergence theorem imply R (e, _, fns) — 0 a.s., thus

Pain(of" 6" e, fu) = (o) - W) (1+ (%)2 - K%EZS) - 218325) !
- (m)

17minke[K] Hﬂt(k)Hg/Bg
2

Combining with the fact that < % can yield

n MNs Ng Ng 1 . ~
Puin(0{", 5" 20, Fu.) = /2~ oin(0™) 5", enr fu) = 5 (1= i (R /B3)

1

2 )

if By is sufficiently close to By. On the other hand, by Multidimensional Chebyshev’s inequality, we
yield

X

which implies that ¥ (c\"*), 6" e, | fn.) > 1 with probability at least 1 —

>

2
64y Ba, o Bxicawollf6) — By 128
B2\/2n,(k) ~ Byy/ni(k)

pelk) — k)|, > 22) <

2

)

128K
Bs+/minyg ny (k)

when

ns is sufficiently large. Therefore, with probability at least 1 — O(ﬁ) we have C¢ C
ming v/ny

{maXi?ﬁj ’Mt(i)—rﬂt(j)‘ > %%}

P(E) = Pu(Cfer € LTt 2 1)) Pu(e” < (e i) = 1))
2
P (el ¢ {{manc 122 (6) " ()] 2 %}) Picg {{masc |p1e(5) " 1a(4)] 2 %})

% c AT ] B%
=< {sz‘ﬂt(z) pe(5)| = §}>

< Ps(r?%ﬂut(ifm(j)l >
+P, (Cc Z {lglgx e (i) T e (5)] > %})
2 2
< By (max e ()T ()] > %)/m (e € {max ()T ()] > %})
+ (e 2 {max o) )] = 22))

Ps(maxi# ’Mt(i)TMt(J)‘ > BT)
1— O(1/ ming /ny (k)

2 2
S Ps(rggjx e (8) " pue (5)| 2 %) + P, (CC ¢ { max | (8) " e (4)] > %})

P (c g {{masc|p1e(0) " pa(4)] 2 =)
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min{a,2¢ 4} 1
< (1 - o)) 4 ny~ Toarary 4 —
( ) miny \/n:(k)
wherein, as for the term P, ( Max;£; ‘ e (i) T e (5 )| > Bé) in the last inequality, applying Markov
inequality obtains

B2
Ps(max i) T ue(5)] > 72) SE5 {max
na: ()" e (5)] = 3 b, | me:

Mt(i)—r#t(j) H

S VES AL} +Ep {00, 68) en,, fu)} + Ker,

where the sample complexities of both E 5‘{£( fn)} and €; on the right-hand side has been
thoroughly explored. Therefore, the final step is to investigate the sample complexity of

Es, {<p(o—§”s>, sine) an,fn)} In fact,

~ 1 / ~
]Eﬁs{gﬁ(ggns)75§"s)76(ns),Rs(E7fns))} g (1 — o'gna‘) + ’C(SgnS) —+ 25,”5)2 + 67 Ef)b{ﬁ(fns)}

Ns

1 A -
(8= 200" +K30") +220,) + B {L(fa)} + (1= o) + (2, + —/Ep {L(Fn.)})
2 - 1 N
—VE5 AL )} + 5 Ep {L(fn))
(n2) (ns) 2 1 - - 2
(ol 00 4 220,) 4 (<5, + /B (LU )))

min{a,e4,eq5}

< (1 _ Uéns)) 4+, OEFFD

< (=0l 4 K6 + 2¢,,,) +

Substituting this conclusion back to (47) yields our conclusion, that is

min{o,eg,eq5} 1

E~- - {E 5 < (1 — glns) o atard) 4 T
DS’D*{ rr(ans)}N( s )—l—n +mink\/m

G Auxiliary Lemmas

G.1 K-Lipschitz property of NNy, 4,(W,L,K, By, Bs)

Proof. To demonstrate that any function ¢ € NN 4, 4,(W, L, K, By, By) is a K-Lipschitz function,
we first define two special classes. The first class is given by

NN g, a,(W, L, K) := {d)(w) = Ao (Ap_10(---o(Ae)) : 5(0) < /c}, (48)

which is equivalent to NN g, 4, (W, L, K, By, B2) when ignoring the condition ||¢||» € [B1, Ba].
The second class is defined as

L
SNN 1,2 (W,L, ) 1= (9(a) = Arotdpr0(otho)) [ Ml < &) 2= (F).
=1

where A; € RN+1XN1 with Ny = dy + 1.

It is clear that NNy, 4,(W,L,K,B1,Bs) C NNy, a,(W,L,K), and every element in
SNN 4, .4,(W, L,K) is a K-Lipschitz function due to the 1-Lipschitz property of the ReLU ac-
tivation function. Thus, it suffices to show that

SNNdh@(W L,K) C NNdl,dQ(VV, L,K) C SNNdl’dz(W +1,L,K)

to establish our claim.
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To begin, any function ¢(x) = Ao (Ap_10(-- o (Ao +by)) +br—1) € NN g, a4, (W, L, K) can
be restructured as () = Apo(Ap_10(- - 0([10:17:))), where

- T = T A b
w;:<1), A= (Ap,0), Al:<ol f), 1=0,...,L—1

Notably, we have [T/, | Ailloc = |4z [loo [Tr " max{]| (A, b:)]|os, 1} = #(8) < K, which im-
plies that ¢ € SN N4, 4,(W + 1, L, K).

Conversely, since any ¢ € SNAN (W, L, K) can also be parameterized as Apo(Ap—yo(-+ o (Ao +
bo)) +by_1) with @ = (Ag, (A1,0),...,(AL_1,0), AL), we can use the absolute homogeneity of
the ReLU function to rescale A; such that | A7 ||oo < K and ||4;]|oo = 1 forl # L. Consequently, we
have x(0) = HlL:O | Ai]|oe < K, which yields ¢ € NN (W, L, K). This completes the proof.  []

G.2 Lipschitz property of ¢

Proposition 2. ¢ is a Lipschitz function on the domain {x € R24" x|y < \/§B2} x G1.

Proof. We begin by proving ||{(-, G)||Lip < oo for any fixed G € G;. Let x = (x1,®s) € R>,
where 1, 2 € R?. We first demonstrate that g(x) = |21 — 2 ||3 is a Lipschitz function. To this
end, let p(x) := &1 — x2, then we have:
2
lp(z) = p@)3 = 21 — 22 — y1 + y2l3 < (21 — yill2 + [lz2 — y2]l2)

= |1 — w3 + 22 — yoll3 + 2llz1 — yillzllzz — y2]2

<2 (ley —yil3 + 22 — 2ll3) = 2]z - yl3,
which implies that p(x) € Lip(v/2). Moreover, it is easy to notice that p satisfies ||p(x)||2 =
e — @all2 < ||21]|2 + |22 < 2||2]|2 < 2v/2B>. on the other hand, let ¢(y) := |ly||3. We have:
dq
Iy
Combining these facts together, we know g(z) = q(p(x)) = |l@1 — x2||3 € Lip(8B2). Now, we
show that h(z) = (x124 — I4-,G)F is also a Lipschitz function. Define 7(x) := =12, . We have:

0ta)| = 2@, < 1v2B

Ir(x) — rW)|lF = 12y —y1y; |r = @123 — T1yy + T2y — 9193 ||F
= ||@1 (@2 — y2) " + (w1 — y1)ys |r < |z1llpllee — yellr + 11 — w1l pllyellr
< ([l@1llz + yzll2) |z — yll2 < 2v2Bs ||z — y-.

Additionally, define #(A) := (A — I;-,G)p. It is obvious that | Vt(A)||r = ||G||r < B} + Vd*.
Based on these, we can conclude h(z) = t(r(z)) € Lip(2v2B2(B2 + Vd*)). By combining
above results, we yield for any G € Gy, ||€(-, G)||Lip < oo on the domain {z : ||z|]2 < v2Bs}.
Furthermore, for a fixed z € R2%" such that x|l < v2B,, we have

Uz, Gr) — L, Ga)| = |(x, Gy — Ga) | < |l2ll2llGr = Gallr = V2B2 |Gy - Gallr,
which implies that £(z, -) € Lip(v/2By). Finally, we can conclude
|0(@1,G1) — U@, Go)|” < {[U(z1, G1) — L(za, G| + (22, G1) — (s, G) [}
< [(V2 +2v2Ba(B3 + V)|l — sl + V2B G — G ]
< 2{V2+2v2B,(B} + JdT)}2||m1 — @5+ 4B2||Gy — Gal[5.
< C||vec(@1, G1) — vee(za, Go)|[3,

where C' is a constant such that C' > max{?(ﬂ + 2v/2By(B2 + \/d*))2,4B§} and vec(-)
represents vectorized operator. O
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