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SUMMARY

Augmentations and other transformations of data, either in the input or latent space, are a critical
component of modern machine learning systems. While these techniques are widely used in practice
and known to provide improved generalization in many cases, it is still unclear how data manipula-
tion impacts learning and generalization. To take a step toward addressing the problem, this thesis
focuses on understanding and leveraging data augmentation and alignment for improving machine
learning performance and transfer. In the first part of the thesis, we establish a novel theoretical
framework to understand how data augmentation (DA) impacts learning in linear regression and
classification tasks. The results demonstrate how the augmented transformed data spectrum plays
a key role in characterizing the behavior of different augmentation strategies, especially in the
overparameterized regime. The tools developed in this aim provide simple guidelines to build new
augmentation strategies and a simple framework for comparing the generalization of different types
of DA. In the second part of the thesis, we demonstrate how latent data alignment can be used to
tackle the domain transfer problem, where training and testing datasets vary in distribution. Our
algorithm builds upon joint clustering and data-matching through optimal transport, and outper-
forms the pure matching algorithm baselines in both synthetic and real datasets. Extension of the
generalization analysis and algorithm design for data augmentation and alignment for nonlinear
models such as artificial neural networks and random feature models are discussed. This thesis
provides tools and analyses for better data manipulation design, which benefit both supervised and

unsupervised learning schemes.
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CHAPTER 1
INTRODUCTION

Data manipulation is a critical component in machine learning models. Although technologies
have advanced model architectures significantly in the recent decade, the understanding of how
data manipulation impacts machine learning is still relatively obscure. To take a step toward
addressing the problem, this thesis focuses on understanding and leveraging data manipulation
for machine learning. In the first part, we will analyze the popular data manipulation scheme,
the data augmentation (DA) by establishing a simple framework to study DA’s impacts on model
generalization. In the second part, we demonstrate how sole data manipulation facilitates machine
learning applications by developing a data alignment to tackle the domain transfer problem where
training and testing datasets vary in distribution.

The first part of our thesis will be centered around understanding the DA’s efficacy. Data
augmentation (DA), or the transformation of data samples before or during learning, is quickly
becoming a workhorse of both supervised [1, 2, 3] and self-supervised approaches [4, 5, 6, 7]
for machine learning (ML). It is critical to the success of modern ML in multiple domains, e.g.,
computer vision [1], natural language processing [8], time series data [9], and neuroscience [10, 6,
11]. This is especially true in settings where data and/or labels are scarce or in other cases where
algorithms are prone to overfitting [12]. While DA is perhaps one of the most widely used tools for
regularization, most augmentations are often applied in an ad hoc manner, and it is often unclear
exactly how, why, and when a DA strategy will work for a given dataset [13, 14]. Recent theoretical
studies have provided insights into the effect of DA on learning and generalization when augmented
samples lie close to the original data distribution [15, 16]. However, state-of-the-art augmentations
that are used in practice (e.g. data masking [17], cutout [18], mixup [19]) are stochastic and can
significantly alter the distribution of the data [20, 17, 21]. In this thesis, we address this challenge by

proposing a simple yet flexible theoretical framework for comparing the linear model generalization



of a broad class of augmentations. Our framework is simultaneously applicable to:

1. General stochastic augmentations, e.g. [16, 22, 18, 17],

2. The classical underparameterized regime [23] and the

modern overparameterized regime [12, 24],
3. Regression [25, 26] and classification tasks [27, 28], and

4. Strong and weak distributional-shift augmentations [21].

To do this, we borrow and build on finite-sample analysis techniques of the modern overparame-
terized regime for linear and kernel models [25, 26, 27, 29]. Our theory reveals that DA induces
implicit, training-data-dependent regularization of a twofold type: a) manipulation of the spectrum
(i.e. eigenvalues) of the data covariance matrix, and b) the addition of explicit /5-type regulariza-
tion to avoid noise overfitting. The first effect of spectral manipulation is often dominant in the
overparameterized regime, and we show through several examples how it can either make or break
generalization by introducing helpful or harmful biases. In contrast, the explicit /5 regularization
effect always improves generalization by preventing possibly harmful overfitting of noise.

The second part of the study in the thesis is on the domain adaptation problem that leverages
the distribution alignment technique called optimal transport (OT) [30, 31]. The idea is to find a
map between the data points in both domains so that the model based on one domain can be applied
to the other through the map, hence avoiding the model retrain. The method then boils down to
finding the map, which can be found by solving a linear programming problem called the optimal
transport problem that admits a fast solver [32]. However, ordinary OT has several drawbacks,
including robustness issues where the map can be sensitive to outliers and noise and poor sampling
rate where the map is inaccurate when the number of data is sparse. Our proposal thus develops a
low-rank optimal transport method [33] that solves a robust mapping between two data distributions
to remedy these issues. The proposed algorithm also has shown better interpretability and sampling
complexity over the ordinary OT.

The rest of the thesis is organized as follows. The background is provided in Chapter 2. The



analysis of generalization with DA is presented in Chapter 3. We build up a novel analysis of
the DA through our studies and connect our theory to the others in the literature. We develop a
robust domain adaptation technique with OT in Chapter 4, where we introduce the latent optimal
transport (LOT). Then, we summarize our thesis in Chapter 5. Finally, in Chapter 5.2 we discuss

the extensions for future investigations.



CHAPTER 2
BACKGROUNDS

In many machine learning problems, we train a model to predict a target based on the training data in
common machine learning problems. The difference between the performance of a machine model
on the training and testing data is called its generalizability. When the distribution shift occurs
between the training and testing data, the outdated trained model will underperform dramatically,
resulting in poor model generalization. For example, concept drift is a common scenario when
either the covariates, target variables, or their distributions change through time [34, 35]. Without
careful consideration of the distribution change, a machine learning algorithm will fail hard than
expected. Therefore, coping with the distribution change in machine learning algorithmic design
has become essential to closing the gap between theory and practice.

Conventional techniques to deal with the problem are called domain adaption or transfer learning.
There are many great surveys on techniques of domain adaption and transfer learning [36, 37, 38, 39,
40, 41]. The seminal paper [37] categorize the transfer learning setting into inductive, transductive,
and unsupervised, depending on the type of the concept shifts and the information of the labels.
The most common trend of these methods is to learn common latent features aligning both domains
by an artificial neural network (ANN). [42, 43] consider using the shallow network to learn a
common space to match the data between the source and target. Other authors leverage deep
networks to learn and transfer representations in the inner layers of the deep learning models.
For instance, [44] extracts the convolution activation from a CNN to transfer the representations,
outperforming traditional baselines. The paper [41] provides a comprehensive survey on the deep
domain adaptation. A broader scope of strategies subsumes the deep domain adaptation is the
architecture design with the imposition of explicit invariance, e.g., cyclic and shift-invariance. These
methods [45, 46, 47, 48, 49, 50, 51, 52, 53] improve the generalizability and lead to many famous
models like VGG-16 [45], or ResNet [46].



However, there are two major challenges in these approaches. 1. The domain alignment
procedure in most domain adaptation methods can not always be done when the data in the target
domain is sparse or lacking. 2. These methods often have high model complexity, e.g., complicated
architecture design and multiple classifiers, resulting in increased cost of model training. In our
proposal, we study two data centered approaches, each copes with one of the aforementioned
challenges, respectively. The first method we study is data augmentation (DA), and the second
method is domain adaptation with optimal transport (OT). Below we will review the background

and the related works of them in a sequence.

2.1 Improving Generalization with Data Augmentation

Data augmentation (DA) [1, 9, 54, 55, 56] has become a standard practice to improve model
generalization for both supervised, and unsupervised learning [57, 4] in modern machine learning
schemes. It creates synthetic instances based on training data, including color transformation,
random crops, and adversarial training with GAN. [1] is a perfect example summarizing the
prevalent image data augmentations for deep learning in practice. A research direction strives to
find the optimal augmentation among several candidates. [14] uses reinforcement learning to find
the optimal composite augmentation. [58] proposes the AutoAugment to search for improved data
augmentation policies. By treating the policy as hyperparameter search, [59] uses random search
while [60] uses Bayesian optimization to search for the optimal augmentation with lower cost than

the reinforcement learning methodology.

2.1.1 Theoretical understanding of data augmentation

Despite DA being simple and flexible, the investigations on when and what data augmentation
leads to an effective boost in generalization are mainly conducted on empirical study and remained
relatively elusive in theory. Without careful design, the literature has revealed that a non-suitable
DA can even lead to negative impact [61, 62]. The issue becomes more problematic when one faces

a less understood data domain. Therefore, DA has to be studied under a systematic mathematical



framework in theory. In this regard, there are theoretical studies on DA. [63] analyzes the DA of
adding Gaussian noise, [15] analyzes DA as feature averaging in a kernel classification task. [64]
considers a composite of linear transformation of data and classifies common DA into label-invariant
(e.g., dropout, adding of Gaussian noise, random flips) and label-mixing methods (e.g., various
mixup augmentations [19, 65, 66]). They show that the label-preserving transformations improve
estimation by enlarging the span of the training data while label-mixing transformations improve
estimation by inducing a regularization effect. [63] considers the empirical risk minimization of a
classification task and answers the question of the robustness improvement in terms of the increase
of the margin. [16] uses group theory to show that DA leads to variance reduction by averaging
the loss through a group orbit, which implies a generalization improvement. [15] adopts kernel
theory to analyze the DA modeled by a Markov process and shows that kernel arises naturally
and effect of DA can be approximated by first-order feature averaging and second-order variance
regularization components. [67] studies the adversarial training with DA in a linear regression
model and characterizes DA’s effect on standard error (on unperturbed test inputs) and robust error
(over worst-case perturbations). [68] analyzes the covariate shift data augmentation, e.g., DA that
only changes the input but not the label) in linear regression, and characterize when the augmented
data can lead to a decrease of generalization. Furthermore, they propose X-regularization, which
uses unlabeled data to regularize the parameters towards the nonaugmented estimate. Inspired by
manifold learning, [69] proposes a new Hessian-based complexity of neural networks and shows
that data augmentation can reduce the metric. From an optimization landscape perspective, [70]

shows that data augmentation can improve the optimization landscape of neural network training.

2.1.2  Benign overfitting with data augmentation

Although there are many theories on explanation of the benefits of DA in machine learning.
The detailed analysis on how different DA and data spectrum affect the model generalization
is still unknown. For example, when is a class of DA better than others for a specific data

distribution? To unveil the mystery, we focus on the study the generalization of a linear regression



model in the overparametrization regime, where the number of model parameters is larger than
the number of training sample, in our preliminary work. We study on this model and regime
because of the tractability and that modern machine learning algorithms usually have the number
of parameters more than the number of samples. Furthermore, to separate the effect of DA from
explicit regularization, we will analyze unregularized regression. Unlike the conventional analysis
based on complexity generalization bound for underparametrized problem [71], we adopt the
modern analysis focusing on the overparametrization regime. These works are summarized in the
following. The line of works by [25, 26] strives for explaining the efficacy of the interpolation,
1.e., fitting training examples without regularization, in the overparametrization regime that seemly
contradicts the common wisdom in statistics that overfitting leads to poor generalization. They
term the phenomenon benign overfitting. They study the interpolater and ridge estimators in linear
regression and find that some proper spectrum of data covariance can lead to good generalization
with overfitting. Following their works, [72] studies the condition of good generalization with
constant step stochastic gradient descent in linear regression, which extends the study from a static
to a dynamic point of view. These works assume a more general distribution model and consider
the data covariance arbitrary, allowing for a full characterization of generalization between the
interplay of data covariance and modeling parameters. Another promising analytical tool is the
random matrix theory. Seminal works include [73, 74]. Unlike the finite analysis provided by works
on benign overfitting, random matrix theory gears toward the asymptotic regime, where the ratio of
the number of parameters and the sample approaches a fixed number. Although asymptotic, this
approach’s plus side is that it can often fully characterize the entire regime, whether it is over or
underparametrized. In [73], the authors consider the generalization of a linear regression model and
discover several interesting properties, including the occurrence of double-descent. [74] generalizes
the model to a random feature model that approximates better to the neural network in practice and

characterizes the generalization error asymptotically.



2.2 Domain Adaptation with Optimal Transport

Unlike the DA strategies that modify the training data to simulate possible changes in data distri-
bution, our second focusing approach calibrates the model’s prediction when a data distribution
change occurs. As distribution shift can occur frequently, we want our calibration to be as cheap as
possible. This brings us to the domain adaptation technique with optimal transport (OT) [30, 31].
The approach is to find a map between the data in both domains so that we can apply the trained
model on the source domain to the data in the target domain through the map. In this way, the
method boils down to finding the map between the data domains, and this is where OT comes into
play. Although OT provides an off-the-shelf solution for our need, in our preliminary work [33], we
find that it is not robust to various transformations, outliers, and noise. This becomes a severe issue
when the testing data set is heavily shifted from the training data set. Hence, we develop a robust
distribution matching methodology to improve the ordinary OT in our preliminary work.

In the following, we will introduce our proposed method, the Latent Optimal Transport (LOT),
a robust distribution alignment technique. Before the introduction, we will first review the related

works and backgrounds of optimal transport.

2.2.1 Related works and background of optimal transport

Optimal transport (OT) [75] is a widely used technique for distribution alignment that learns a
transport plan which moves mass from one distribution to match another. With recent advances
in tools for regularizing and speeding up OT [76], this approach has found applications in many
diverse areas of machine learning, including domain adaptation [30, 31], generative modeling [77,
78], document retrieval [79], computer graphics [80, 81, 82], and computational neuroscience [83,
84].

While the ground metric in OT measures detailed variance in data points, it could be fragile to
outliers or noise, especially in high dimensions. To overcome this issue, additional cluster/class

structure can improve alignment or make transport more robust. Examples of methods that in-



corporate additional structure into OT include approaches that leverage hierarchical structure or
cluster consistency [84, 85, 86], partial class information [31, 30], submodular cost functions [87],
and low-rank constraints on the transport plan [88, 89]. Because of the difficulty of incorporating
structure into OT, many of these methods need low-dimensional structure in data to be specified in
advance (e.g., estimated clusters or labels).

To simultaneously learn the low-dimensional structure and use it to constrain transport, [88, 33,
90] recently introduced low-rank OT that builds a factorization of the transport. The transport rank
has a natural interpretation of being the number of clusters/classes of the data. The transports admit
fast computations by combining the k-means clustering and iterative Bregman projections. Besides
the statistical benefits on the sampling rate studied in [88], [33] has shown that low-rank OT also

exhibits robustness against several data transformations, outliers, and noise.

2.2.2 Latent optimal transport

Now we introduce our algorithm Latent Optimal Transport, which belongs to the class of low-rank
transport approaches. Most datasets have a low-dimensional latent structure, but OT does not
naturally use it during transport. This motivates the idea that distribution alignment methods should
both reveal the latent structure in the data in addition to aligning these latent structures. Specifically,
we assume there exist latent points called anchors representing the source and target data. The
number of anchors defines the rank of the transportation, which can also represent the number of
clusters in each data domain. LOT then transports the data from the source to the target through
these anchors. Because these anchors restrict the way of transportation, the alignment between data

is less sensitive to the effects of outliers and various data transformations.



CHAPTER 3
UNDERSTANDING DATA AUGMENTATION IN LINEAR MODELS

3.1 Introduction

Data augmentation (DA), or the transformation of data samples before or during learning, is quickly
becoming a workhorse of both supervised [1, 2, 3] and self-supervised approaches [4, 5, 6, 7]
for machine learning (ML). It is critical to the success of modern ML in multiple domains, e.g.,
computer vision [1], natural language processing [8], time series data [9], and neuroscience [10, 6,
11]. This is especially true in settings where data and/or labels are scarce or in other cases where
algorithms are prone to overfitting [12]. While DA is perhaps one of the most widely used tools for
regularization, most augmentations are often applied in an ad hoc manner, and it is often unclear
exactly how, why, and when a DA strategy will work for a given dataset [13, 14].

Recent theoretical studies have provided insights into the effect of DA on learning and gener-
alization when augmented samples lie close to the original data distribution [15, 16]. However,
state-of-the-art augmentations that are used in practice (e.g. data masking [17], cutout [18], mixup
[19]) are stochastic and can significantly alter the distribution of the data [20, 17, 21]. Despite many
efforts to explain the success of DA in the literature [91, 92, 16, 15, 64], there is still a lack of a
comprehensive platform to compare different types of augmentations at a quantitative level.

In this paper, we address this challenge by proposing a simple yet flexible theoretical framework
for comparing the linear model generalization of a broad class of augmentations. Our framework
is simultaneously applicable to: 1. general stochastic augmentations, e.g. [16, 22, 18, 17], 2. the
classical underparameterized regime [23] and the modern overparameterized regime [12, 24], 3.
regression [25, 26] and classification tasks [27, 28], and 4. strong and weak distributional-shift
augmentations [21]. To do this, we borrow and build on finite-sample analysis techniques of the

modern overparameterized regime for linear and kernel models [25, 26, 27, 29]. Our theory reveals
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that DA induces implicit, training-data-dependent regularization of a twofold type: a) manipulation
of the spectrum (i.e. eigenvalues) of the data covariance matrix, and b) the addition of explicit
{5-type regularization to avoid noise overfitting.

The first effect of spectral manipulation is often dominant in the overparameterized regime,
and we show through several examples how it can either make or break generalization by intro-
ducing helpful or harmful biases. In contrast, the explicit {5 regularization effect always improves

generalization by preventing possibly harmful overfitting of noise.

3.1.1 Main contributions

Below, we outline and provide a roadmap of the main contributions of the first part of this thesis.

* We propose a new framework for studying generalization with data augmentation for linear
models by building on the recent literature on the theory of overparameterized learning [25,
93, 73, 29, 27, 28]. We provide natural definitions of the augmentation mean and covariance
operators that capture the impact of change in data distribution on model generalization in
Section 3.3.1, and sharply characterize the ensuing performance for both regression and

classification tasks in Sections 3.4.3 and 3.4.4, respectively.

* In Section 3.5.1, we apply our theory to provide novel and surprising interpretations of a broad
class of randomized DA strategies used in practice; e.g., random-masking [17], cutout [18],
noise injection [91], and group-invariant augmentations [16]. An example is as follows: while
the classical noise injection augmentation [91] causes only a constant shift in the spectrum,
data masking [17, 22], cutout [18] and distribution-preserving augmentations [16] tend to
isotropize the equivalent data spectrum. This isotropizing effect, as we discuss in Section
3.5.2, can be shown to create an especially high bias and therefore, harm generalization in the

overparameterized regime.

* In Section 3.5.3, we directly compare the impact of DA on the downstream tasks of regression

and classification and identify strikingly different behaviors. Specifically, we find that, while
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augmentation bias is mostly harmful in a regression task, its effect can be minimal for
classification. This together with the uniform variance improvement can be shown to yield
several helpful scenarios for classification. This is consistent with the fact that the empirical

benefits of strong augmentation have been observed primarily in classification tasks [21, 94].

* Our framework serves as a testbed for new DA approaches. As a proof-of-concept, in Section
3.5.2, we design a new augmentation method, inspired by isometries in random feature
rotation, that can provably achieve smaller bias than the least-squared estimator and variance
reduction on the order of the ridge estimator. Moreover, this generalization is robust in the
sense that it compares favorably with optimally tuned ridge regression for a much wider range

of hyperparameters).

* Finally, in Section 3.6 we complement and verify our theoretical insights through a number of
empirical studies that examine how multiple factors involving data, model and augmentation
type impact generalization. We compare our closed-form expression with augmented SGD
[15, 16, 4] and pre-computed augmentations [64, 95] In contrast to augmented SGD, we
find that adding more pre-computed augmentations can increase overfitting to noise, thus

producing “interpolation peaks” in the sense of [24].

Notation

We use n to denote the number of training examples and p to denote the data dimension. Given a
training data matrix X € R"*? where each row (representing a training example) is independently
and identically distributed (i.i.d.) and has covariance ¥ := E[xx |, we denote P, | and PZ__ as
the projection matrices to the top £ — 1 and the bottom p — k + 1 eigen-subspaces of 3, respectively.
For convenience, we denote the residual Gram matrix by A, (X; \) = AL, + X P XT, where A
is some regularization constant. Subscripts denote the subsets of column vectors when applied to
a matrix; e.g. for a matrix V we have V., := [v,, Vai1, ..., Vp]. A similar definition applies to

vectors; e.g. for a vector x we have X,., = [X4,Xq11, - - -, Xp|. The Mahalanobis norm of a vector is
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defined by ||x||g = v/x " Hx. For a matrix A, diag(A) denotes the diagonal matrix with a diagonal
equal to that of A, Tr(A) denotes its trace and y;(A) its i-th largest eigenvalue. The symbols 2>
and < are used to denote inequality relations that hold up to universal constants that do not depend
on n or p. All asymptotic convergence results are stated in probability.

More specific notation corresponding to our signal model is given in Section 3.4.1, and some

additional notation that is convenient to define for our analysis is postponed to Section 3.4.2.

3.2 Related work

We organize our discussion of related work into two verticals: a) historical and recent perspectives
on the role of data augmentation, and b) recent analyses of minimum-norm and ridge estimators in

the over-parameterized regime.

3.2.1 Data augmentation

Classical links between DA and regularization: Early analysis of DA showed that adding
random Gaussian noise to data points is equivalent to Tikhonov regularization [91] and vicinal
risk minimization [19, 92]; in the latter, a local distribution is defined in the neighborhood of each
training sample, and new samples are drawn from these local distributions to be used during training.
These results established an early link between augmentation and explicit regularization. However,
the impact of such approaches on generalization has been mostly studied in the underparameterized
regime of ML, where the primary concern is reducing variance and avoiding overfitting of noise.
Modern ML practices, by contrast, have achieved great empirical success in overparameterized
settings and with a broader range of augmentation strategies [1, 2, 3]. The type of regularization that
is induced by these more general augmentation strategies is not well understood. Our work provides
a systematic point of view to study this general connection without assuming any additional explicit

regularization, or specific operating regime.
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In-distribution versus out-of-distribution augmentations: Intuitively, if we could design an
augmentation that would produce more virtual but identically distributed samples of our data, we
would expect an improvement in generalization. Based on this insight and the inherent structure
of many augmentations used in vision (that have symmetries), another set of works explores the
common intuition that data augmentation helps insert beneficial group-invariances into the learning
process [52, 96, 97, 98, 99]. These studies generally consider cases in which the group structure
is explicitly present in the model design via convolutional architectures [52, 98] or feature maps
approximating group-invariant kernels [96, 97]. The authors of [16] propose a general group-
theoretic framework for DA and explain that an averaging effect helps the model generalize through
variance reduction. However, they only consider augmentations that do not alter (or alter by minimal
amounts) the original data distribution; consequently, they identify variance reduction as a sole
positive effect of DA. Moreover, their analysis applies primarily to underparameterized or explicitly
regularized models'.

Recent empirical studies have highlighted the importance of diverse stochastic augmentations
[20]. They argue that in many cases, it is important to introduce samples which are out-of-
distribution (OOD) [102, 103] (in the sense that they do not resemble the original data). In our
framework, we allow for cases in which augmentation leads to significant changes in distribution
and provide a path to analysis for such OOD augmentations that encompass empirically popular
approaches for DA [17, 18]. We also consider the modern overparameterized regime [24, 104]. We
show that the effects of OOD augmentations go far beyond variance reduction, and the spectral
manipulation effect introduces interesting biases that can either improve or worsen generalization

for overparameterized models.

Analysis of specific types of DA in linear and kernel methods: [15] propose a Markov process-
based framework to model compositional DA and demonstrate an asymptotic connection between

a Bayes-optimal classifier and a kernel classifier dependent on DA. Furthermore, they study the

'More recent studies of invariant kernel methods, trained to interpolation, suggest that invariance could either
improve [100] or worsen [101] generalization depending on the precise setting. Our results for the overparameterized
linear model (in particular, Corollary 17) also support this message.
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augmented empirical risk minimization procedure and show that some types of DA, implemented
in this way, induce approximate data-dependent regularization. However, unlike our work, they
do not quantitatively study the generalization of these classifiers. [105] also propose a kernel
classifier based on a notion of invariance to local translations, which produces competitive empirical
performance. In another recent analysis, [64] study the generalization of linear models with DA that
constitutes linear transformations on the data for regression in the overparameterized regime (but
still considering additional explicit regularization). They find that data augmentation can enlarge
the span of training data and induce regularization. There are several key differences between
their framework and ours. First, they analyze deterministic DA, while we analyze stochastic
augmentations used in practice [5, 16]. Second, they assume that the augmentations would not
change the labels generated by the ground-truth model, thereby only identifying beneficial scenarios
for DA (while we identify scenarios that are both helpful and harmful). Third, they study empirical
risk minimization with pre-computed augmentations, in contrast to our study of augmentations
applied on-the-fly during the optimization process [15, 16], which are arguably more commonly used
in practice. Our experiments in Section 3.6.4 identify sizably different impacts of these methods of
application of DA even in simple linear models. Finally, the role of DA in linear model optimization,
rather than generalization, has also been recently studied; in particular, [106] characterize how DA

affects the convergence rate of optimization.

The impact of DA on nonlinear models: Recent works aim to to understand the role of DA in
nonlinear models such as neural networks. [107] show that certain local augmentations induce
regularization in deep networks via a “rugosity”, or “roughness” complexity measure. While they
show empirically that DA reduces rugosity, they leave open the question of whether this alone is
an appropriate measure of a model’s generalization capability. Very recently, [95] showed that
training a two-layer convolutional neural network with a specific permutation-style augmentation
can have a novel feature manipulation effect. Assuming the recently posited “multi-view" signal

model [108], they show that this permutation-style DA enables the model to better learn the essential
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feature for a classification task. They also observe that the benefit becomes more pronounced for
nonlinear models. Our work provides a similar message, as we also identify the DA-induced data
manipulation effect as key to generalization. Because our focus in this work is limited to linear
models, the effect of data manipulation manifests itself purely through spectral regularization of
the data covariance. As a result of this spectral-regularization effect, we are also able to provide a
comprehensive general-purpose framework for DA by which we can compare and contrast different
augmentations that can either help or hurt generalization (while [95] only analyze a permutation-
style augmentation). We believe that combining our general-purpose framework for DA with a
more complex nonlinear model analysis is a promising future direction, and we discuss possible

analysis paths for this in Section 3.7.

3.2.2 Interpolation and regularization in overparameterized models

Minimum-norm-interpolation analysis: Our technical approach leverages recent results in
overparameterized linear regression, where models are allowed to interpolate the training data.
Following the definition of [104], we characterize such works by their explicit focus on models
that achieve close to zero training loss and which have a high complexity relative to the number
of training samples. Specifically, many of these works provide finite sample analysis of the risk
of the least squared estimator (LSE) and the ridge estimator [25, 26, 73, 93, 29]. This line of
research (most notably, [25, 26]) finds that the mean squared error (MSE), comprising the bias and
variance, can be characterized in terms of the effective ranks of the spectrum of the data distribution.
The main insight is that, contrary to traditional wisdom, perfect interpolation of the data may
not have a harmful effect on the generalization error in highly overparameterized models. In the
context of these advances, we identify the principal impact of DA as spectral manipulation which
directly modifies the effective ranks, thus either improving or worsening generalization. We build
in particular on the work of [26], who provide non-asymptotic characterizations of generalization

error for general sub-Gaussian design, with some additional technical assumptions that also carry
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over to our framework?.

Subsequently, this type of “harmless interpolation” was shown to occur for classification
tasks [27, 110, 28, 111, 112, 113, 114]. In particular, [27, 112] showed that classification can be
significantly easier than regression due to the relative benignness of the 0-1 test loss. Our analysis
also compares classification and regression and shows that the potentially harmful biases generated
by DA are frequently nullified with the 0-1 metric. As a result, we identify several beneficial
scenarios for DA in classification tasks. At a technical level, we generalize the analysis of [27] to
sub-Gaussian design. We also believe that our framework can be combined with the alternative
mixture model (where covariates are generated from discrete labels [111, 28, 110]), but we do not

formally explore this path in this paper.

Generalized /5 regularizer analysis: Our framework extends the analyses of least squares and
ridge regression to estimators with general Tikhonov regularization, i.e., a penalty of the form
6T M0 for arbitrary positive definite matrix M. A closely related work is [115], which analyzes
the regression generalization error of general Tikhonov regularization. However, our work differs
from theirs in three key respects. First, the analysis of [115] is based on the proportional asymptotic
limit (where the sample size n and data dimension p increase proportionally with a fixed ratio) and
provides sharp asymptotic formulas for regression error that are exact, but not closed-form and
not easily interpretable. On the other hand, our framework is non-asymptotic, and we generally
consider p > n or p < n; our expressions are closed-form, match up to universal constants and are
easily interpretable. Second, our analysis allows for a more general class of random regularizers
that themselves depend on the training data; a key technical innovation involves showing that the
additional effect of this randomness is, in fact, minimal. Third, we do not explicitly consider the
problem of determining an optimal regularizer; instead, we compare and contrast the generalization
characteristics of various types of practical augmentations and discuss which characteristics lead to

favorable performance.

2As remarked on at various points throughout the paper, we believe that the subsequent and very recent work
of [109], which weakens these assumptions further, can also be plugged with our analysis framework; we will explore
this in the sequel.
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In addition to explicitly regularized estimators, [115] also analyze the ridgeless limit for these
regularizers, which can be interpreted as the minimum-Mahalanobis-norm interpolator. In Sec-

tion 3.6.1 we show that such estimators can also be realized in the limit of minimal DA.

The role of explicit regularization and hyperparameter tuning: Research on harmless in-
terpolation and double descent [24] has challenged conventional thinking about regularization
and overfitting for overparameterized models; in particular, good performance can be achieved
with weak (or even negative) explicit regularization [116, 26], and gradient descent trained to
interpolation can sometimes beat ridge regression [117]. These results show that the scale of the
ridge regularization significantly affects model generalization; consequently, recent work strives to
estimate the optimal scale of ridge regularization using cross-validation techniques [118, 119].

As shown in classical work [91], ridge regularization is equivalent to augmentation with
(isotropic) Gaussian noise, and the scale of regularization naturally maps to the variance of Gaussian
noise augmentation. Our work links DA to a much more flexible class of regularizers and shows that
some types of DA induce an implicit regularization that yields much more robust performance across
the hyperparameter(s) dictating the “strength” of the augmentation. In particular, our experiments in
Section 3.6.2 show that random mask [17], cutout [18] and our new random rotation augmentation
yield comparable generalization error for a wide range of hyperparameters (masking probability,
cutout width and rotation angle respectively); the random rotation is a new augmentation proposed
in this work and frequently beats ridge regularization as well as interpolation. Thus, our flexible
framework enables the discovery of DA with appealing robustness properties not present in the

more basic methodology of ridge regularization.

Other types of indirect regularization: We also mention peripherally related but important
work on other types of indirect regularization involving creating fake “knockoff” features [120,
121] and dropout in parameter space [122, 123]. The knockoff methodology creates copies of
features (rather than augmenting data points) that are uncorrelated with the target to perform variable

selection. Dropout also induces implicit regularization by randomly dropping out intermediate
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neurons (rather than covariates, as does the random mask [17] augmentation) during the learning
process, and has been shown to have a close connection with sparsity regularization [123]. Overall,
these constitute methods of indirect regularization that are applied to model parameters rather than
data. An intriguing question for future work is whether these effects can also be achieved through

DA.

3.3 Problem Setup

In this section, we introduce the notation and setup for our analysis of generalization with data
augmentation (DA). We review the fundamentals of empirical risk minimization (ERM) without DA
and how augmentations affect the ERM procedure. Then, we derive a reduction to ridge regression

that paves the way for our analysis in Section 3.4.

3.3.1 Empirical risk minimization with data augmentation

Modern, high-dimensional ML models are commonly trained to minimize a combination of a)
prediction error on training data, and b) a measure of model complexity that favors “simpler” or
“smaller" models. This is encapsulated in the regularized empirical risk minimization objective,

expressed for linear models fp(x) = (x, 6) as

~

0 = arg mein ((X0,y)+ R(0), 3.1

-
where /¢ is a loss function, X = |:X1 . Xn:| € R™*P is the training data matrix that stacks the
n covariates, y € R™ is the vector of observations/responses, 8 € RP? is the linear model parameter
that we want to optimize, and R(0) is an explicit regularizer applied to the model. For example, the

popular ridge regression procedure uses R(0; \) = \||0||3, where ) is a tunable hyperparameter.

We will adopt the choice of squared loss function {(X8,y) = || X6 — y||3 throughout this work,
owing to its mathematical tractability and recently observed competitiveness with the cross-entropy

loss even in classification tasks [124, 27, 28, 111].
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Although the training objective of modern supervised ML models rarely includes explicit
regularization of the form (3.1) in practice, it does heavily rely on data augmentation (DA) to achieve
state-of-the-art performance [1, 12]. Mathematically speaking, an augmentation g : R? — RP is a
general mapping from the original data point x to a transformed data point g(x). In practice, an
augmentation function g is often stochastic and drawn at random from an augmentation distribution
denoted by G. Each time we augment the data, we randomly draw an instance of g ~ G. For
example, the classical Gaussian noise injection augmentation [91] is stochastic and takes the form
g(x) = x + n, where n is an isotropic Gaussian random variable.

One approach to implement augmentations is to pre-compute augmented data samples by
drawing a fixed number of augmentations before training and then including them along with
the original data points when training the model [64, 95]. Nowadays, it is more popular to apply
augmentations on the fly during training [16, 5], with different transformations applied stochastically
throughout the training procedure. This procedure, typically called augmented stochastic gradient
descent (aSGD), 1s widely used in practice [4, 16]. [16] showed that this algorithm can be viewed

as applying SGD to the objective of an augmented empirical risk minimization (aERM) problem:
6 = argminEq [ G(X)0 - y}3] - (3.2)

Above, GG denotes a stacked data augmentation function applied to each row of the matrix, i.e.,
G(X) = [g1(x1) - - -, gn(x,)]"; we assume that the transformations g; are stochastic and are drawn
ii.d. from an augmentation function distribution G. We would expect aSGD to converge to the
solution of (3.2), and conduct experiments to empirically verify this in Section 3.6.

We begin by defining the first and second-order statistics of an augmentation distribution. We

will show that these quantities play a key role in characterizing the solution to the aERM problem.

Definition 1 (Augmentation Mean and Covariance Operator). Consider a stochastic augmenta-

tion X — g(x), where g is drawn randomly from an augmentation distribution G. We then define
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the augmentation mean and the covariance for a single data point x as

(%) i= Bgrglg(x)], Covg(x) i=Eyng |(9(x) = ng(x)) (9(x) — p(x)) |, (33)

where we use the subscript G to emphasize that the expectation is only over the randomness of the
T
augmentation function g. Furthermore, for a training data set X = |:X1 o Xn:| , we similarly

define the augmentation mean and covariance operators with respect to the data set as:

116(X) = [pg(x1), pg(x2), -, pg(xa)] ", Covg(X ZCOVg X;). (3.4)

Finally, we call an augmentation distribution unbiased on average’ if jig(x) = x.

With this notation introduced, we now explain why DA gives rise to implicit regularization. For
now we consider augmentation distributions that are unbiased on average for conceptual simplicity
and leave the extension to distributions that are biased on average to Section 3.4.3. For such

unbiased-on-average augmentation distributions, we can simply the objective (3.2) as:

Ec|G(X)8 —y)|l3] = Ec[l| (G(X) — n(X)) 0 + n(X)6 — y)|I3]
= [[1(X)0 =y 5 + 181 covgx) (3.5)

1X6 — 115 + 101]ncovg(x): (3.6)

where the last two steps used the assumption that the augmentation distribution is unbiased on
average. From this expression, it is clear that DA produces an implicit, data-dependent regularization
HHHZCOVQ(X), defined by the augmentation covariance we just introduced. The heart of our analysis

is a detailed investigation of the implications of this data-dependent regularization on generalization.

3Note that this definition of bias is completely different from the bias-variance decomposition that manifests in
regression analysis, i.e., (3.12).
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3.3.2 Implications of a DA-induced regularizer and connections to ridge regression

In this section, we unpack the effects of the DA-induced regularizer ||0HZCOVQ(X)- In general, we
note that the objective (3.5) can be viewed as a general Tikhonov regularization problem with a
possibly data-dependent regularizer matrix. Using this observation, we will show that this creates
the effects of (i) {5 regularization (i.e. Tikhonov regularization with an identity regularizer matrix)
and (ii) data spectrum modification.

The first step is to explicitly connect the solution to a ridge regression estimator. Since our focus
is on stochastic augmentations, we assume that Covg(X) > 0. Then, the objective (3.5) admits a

closed-form solution given by
e = (XX + nCovg(X)) X y. (3.7)

We now use (3.7) to link the estimator 9aug to a ridge estimator by derivation below. For ease of

exposition, we suppress the dependency of Covg on the training data matrix X.

B, = (XX + nCovg (X)) 'X) Ty
= Covg *(nl, + Covg ™ /*X "X Covg /?)"'Covg /Xy
= Covg /*(nl, + XTX)"'XTy (where X := XCovg~"/?)

= COVg’1/20ridge, where éridge = (nl, + }N(T)N()_I)N(Ty. (3.8)

Recall that 3 := [E,[xx '] denotes the original data covariance. Then, it is easy to see that the
- 9 . . ; 1/2 g+ |2

MSE |0, — 0*||% is equivalent to ||iqec — Covg'/6" HCon—1/2ECon—1/2' Suppose, for a moment,

that Covg were fixed (or independent of X). Then, (3.8) demonstrates an equivalence between the

solution of aERM and a ridge estimator with data matrix X, data covariance COVg’l/ 2ECOVQ’I/ 2,

ridge parameter* A = n, and true model Covg'/20* (in the sense that both solutions achieve the

same MSE). Therefore, in terms of generalization, we can view DA as inducing a two-fold effect: a)

4This demonstrates that negative regularization, which is studied in some recent work [26, 116] is not possible to
achieve through the DA framework.
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¢, regularization at a scale that is proportional to the number of training samples (A, = 1), and b)
a modification of the original data covariance from 3 to Covg /22 Covg /2, which can sizably
change its spectrum (i.e. vector of eigenvalues in decreasing order).

It is important to note that this equivalence between solutions is only approximate since Covg

itself depends on X. We will justify and formalize this approximation in Section 3.4.2.

3.3.3 Practically used augmentations

Our framework can accommodate a number of different transformations and augmentations that are
used in practice, as long as they are only applied to covariates and not labels. In Table 3.1, we list
some common augmentations for which the closed-form expression for the solution to the aERM

objective is easily calculatable and interpretable.

Table 3.1: Examples of common augmentations for which we can compute an interpretable
closed-form solution to the aERM objective.

Augmentation function: g(x) | Covariance operator: Covg(X)
Gaussian noise injection x+n,n ~ N(0,0°I) ol |
Correlated noise injection x+n,n~N0OW) \)\%
Unbiased random mask | b ® x, b; ~ Bernoulli(1 — 3) %%diag(XTX)
Pepper noise injection | b @ x + (1 —b) ® N (0, 0?) % Ldiag (XTX) + %I
Random Cutout zero-out k consecutive features ﬁ%M o X'X

Note that, in general, any regularization of the form HHHi(X), where A(X) is some positive
semi-definite matrix dependent on X, can be achieved by a simple additive correlated Gaussian
noise augmentation where g(X) = X + N, N ~ N(0, A(X)). Our focus in this paper is on

popular interpretable augmentations used in practice.

3.3.4 Novel augmentation design

Our framework can also serve as a testbed for designing new augmentations. As an example, we

introduce a novel augmentation that performs multiple rotations in random planes. Specifically, for

23



an input x € RP, we perform the following steps:

1. Pick an orthonormal basis [uy, U, . .., u,] for the entire p-dimensional space uniformly at

random, i.e. from the Haar measure.
2. Divide the basis into sets of £ orthogonal planes Uy, Us, .. ., Ug, where U; = [uy;_1, uy;].

3. Rotate x by an angle « in each of these planes U;, 7 =1,2,..., L.

Ultimately, the augmentation mapping is given by

p

2

g(X) = H [I + sin Oé(llgi_lll;i — u%u;_l) + (COSO[ — 1)(1121‘11;; + u%_lu;_l)} X
i=1
P

2
= I+ Z sin a(Ug;_1Uy; — Ugiy; ;) + (cos o — 1)(ugsuy; + Ug_1uy; ;)| x.

=1

The induced augmentation covariance is given by Covg(X) = 4(1;—2050‘) (Tr (XTX) I—- XTX)
(full derivation in Section 3.8.5). Intuitively, this augmentation is composed of several local
data transformations that change the data spectrum in a mild way. We quantify its performance

in Corollary 19 and demonstrate that it performs favorably compared to optimally-tuned ridge

regression while being far more robust to hyperparameter choice, i.e. the value of the angle a.

3.4 Main Results

This section presents our meta theorems for the generalization performance of regression and
classification tasks. We consider estimators for augmentations which are unbiased-in-average and
biased-in-average separately, as they exhibit significant differences in terms of generalization. The
applications of the general theorem will be discussed in detail in Section 3.5. Table 3.2 provides the

road map of our main results and their applications in this and the next sections.
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3.4.1 Preliminaries

Recall that X € R™*P denotes the training data matrix with n i.i.d. rows comprising of the training
data. Each data point x € RP can be written as x = s/ 2y, where we assume, without loss of
generality, that 3 is a diagonal matrix with non-negative diagonal elements A\; > Ay, --- > ), and
z is a latent vector which is zero-mean, isotropic (i.e., E[z] = 0, E [ZZT] = I), and sub-Gaussian
with sub-Gaussian norm o,. (Note that the assumption of diagonal covariance X is without loss of
generality because sub-Gaussianity is preserved under any unitary transformation; however, the
covariance induced by DA will frequently not remain diagonal).

Our analysis applies across the classical underparameterized regime (n > p) and the modern
overparameterized regime (p > n); much of our discussion of consequences of DA will be centered
on the latter regime. We assume the true data generating model to be y = x? @* + ¢, where ¢ denotes
the noise, which is also isotropic and sub-Gaussian with sub-Gaussian norm o. and variance o2,
We believe that our non-asymptotic framework can be extended to more general kernel settings as

in the recent work of [109], where features are not assumed to be sub-Gaussian, but we leave this

extension to future work.

Error Metrics

In this work, we will focus on the squared loss training objective (3.2) for both regression and
classification tasks. While we make this choice for relative mathematical tractability, we note that it
is well-justified in practice as recent work [124, 27, 28, 111] has shown that the squared loss can
achieve competitive results when compared with the cross-entropy loss in classification tasks>. For

the regression task, we use the mean squared error (MSE), defined for an estimator 0 as:

MSE(0) = E[(x7(6 — 6"))*|X, €], (3.9)

>We also believe that our analysis of the modified spectrum induced by DA suggests that such equivalences could
also be shown for aSGD applied on the cross-entropy v.s. squared loss, but do not pursue this path in this paper.
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Table 3.2: Road map of main results.

Regression Classification
Meta-Theorem:
Theorem 4 Theorem 9
Unbiased Estimator
Meta-Theorem:
Theorem 7 Theorem 11

Biased Estimator

) ) Cutout: Cor. 12, 15, 18 | Cutout: Cor. 13, 14, 15
Augmentation Case Studies

Compositions: Cor. 16 | Group invariant: Cor. 17

Interplay with Signal Model Corollary 18 Corollary 45

Comparisons between Under-
Corollary 12, 14, 17

& Over-parameterized regimes

Comparisons between .
Proposition 20, 21

Regression & Classification

Recall in the above that @ denotes the true coefficient vector, € denotes noise in the observed data,
and x denotes a test example that is independent of the training examples X. For classification, we

will use the probability of classification 0-1 error (POE) as the testing metric:

POE(0) = E,[I{sgn(x'0) # sgn(x ' 6*)}].

Spectral quantities of interest

Recent works studying overparameterized regression and classification tasks [25, 26, 27, 72]
have discovered that the spectrum, i.e. eigenvalues, of the data covariance play a central role in
characterizing the generalization error. In particular, two effective ranks, which are functionals of
the data spectrum and act as types of effective dimension, dictate the generalization error of both

underparameterized and overparameterized models. These are defined below.

Definition 2 (Effective Ranks, [25]). For any covariance matrix (spectrum) X, ridge regularization
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scale given by ¢, and index k € {0, ..., p — 1}, two notions of effective ranks are given as below:

c+ Zi>k Ai
NAkt1

0+ T k)

ok(Xsc) = SN
i>k i

, Rp(X50) =

Using this notation, the risk for the minimum-norm least squares estimate from [25, 26] can be

sharply characterized as

MSE = ||0" — E.[0]X]3; + |0 — E-[8]X]]3;, where
B?igs Va;z;lce

Bias 5 ”akooH%)koo + HHOkH;aIlc/\iJrlpk(E? 0)27 Variance < E + Rk(z 0)’

where k£ < min(n, p) is an index that partitions the spectrum of the data covariance X into “spiked"
and residual components and can be chosen in the analysis to minimize the above upper bounds.
We note that the expression for the bias is matched by a lower bound upto universal constant factors
for certain types of signal: either random [26] or sparse [27].

Intuitively, this characterization implies a two-fold requirement on the data spectrum for good
generalization (in the sense of statistical consistency: MSE — 0 as n — o0): it must a) decay
quickly enough to preserve ground-truth signal recovery (i.e. ensure that p; is small, resulting in
low bias), but also b) retain a long enough tail to reduce the noise-overfitting effect (i.e. ensure that

Ry is large, resulting in low variance).

3.4.2 A deterministic approximation strategy for DA analysis

Our main results show that the DA framework naturally inherits the above principle. In other words,
the impact of DA on generalization (in both underparameterized and overparameterized regimes)
boils down to understanding the effective ranks of a modified, augmentation-induced spectrum. Our
starting point is the approximate connection between the aERM estimator and ridge estimator that
was established in Section 3.3.2. Out of the box, this does not establish a direct equivalence between

the MSE of the two estimators. This is because the implicit regularizer Cov¢ that is induced by DA
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intricately depends on the data matrix X, which creates strong dependencies amongst the training
examples in the equivalent ridge estimator. A key technical contribution of our work is to show
that, in essence, this dependency turns out to be quite weak for a large class of augmentations that
are used in practice. Our strategy is to approximate the aERM estimator 9aug with an idealized
estimator 9aug that uses the expected augmentation covariance (over the original data distribution).

The two estimators are formally defined below:

9aug = (NG(X)T#Q(X) + nCOVG(X))_lﬂg(X)T% (3.10)

Buue = (16(X) T 1g(X) + nEx[Covg (%)) 115(X) Ty, G.11)

where x denotes a fresh data point. This admits a decomposition of the MSE into three error terms,

given by

MSE 5 ||0* - E€ [éau§|X] ||22J+Uéaufé - ]Ee[éaug|X] ||§4+ ||éaug - éaUgH%} . (312)
B‘iz:s Varggnce Approxim;ion Error

The bias and variance terms can be analyzed with relative ease through an extension of the techniques
of [25, 26] to general positive-semidefinite regularizers that are not dependent on the training data®
X, as we outlined in Section 3.3.2. We provide a novel analysis of the approximation error term in
Section 3.4.3 and show, for an arbitrary data covariance 3 and several popular augmentations, that
this approximation error is often dominated by either the bias or variance. As described in more
detail in Section 3.4.3, this domination implies that we can tightly characterize the MSE with upper
and lower bounds that match up to constant factors for these augmentations. Figure 3.1 confirms that
the approximation error is indeed negligible. In this plot, we show the decomposition corresponding
to the terms in (3.12) for random mask augmentation with different masking probabilities denoted

by . We can see that the approximation error is small compared with other the error components.

®For this case, a related contribution lies in the work of [115]. Note that [115] provided precise asymptotics for
general regularizers in the proportional regime p o< n and focused on the question of the optimal Tikhonov regularizer,
while our focus is on more interpretable non-asymptotic bounds for the general regularizers that are induced by popular
augmentations. We believe that our framework could also yield identical proportional asymptotics for DA under an
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Figure 3.1: Decomposition of MSE into the bias, variance, and approximation error as in Theorem 4. Our
MSE bound is an extension of the traditional bias-variance decomposition by modifying the bias and variance terms
to correspond to an estimator with a deterministic regularizer and adding an additional approximation error term to
compensate for the error. In this figure, we show that for random mask augmentation with different dropout probability
B, the approximation error is small compared to the bias and variance (being at most 1/10 of each of these quantities in
this case), validating the efficacy of our proposed decomposition.

That the approximation error is negligible is an apriori surprising observation in the high-
dimensional regime, as the sample data augmentation covariance Covg(X) and its expectation
Ey[Cov,(x)] are p-dimensional square matrices and p > n. We critically use the special structure
of the augmentations we study to show that despite this high-dimensional structure, it is common
for Covg(X) to converge to its expectation at a rate that depends mostly on n and minimally on p.

To show that our deterministic approximation is validated, i.e., the approximation error term is

negligible, we require the following technical assumption, which shows that a normalized version

of the empirical augmentation-induced covariance matrix converges as n, p — 0.

Assumption 1. Let the data dimension p grows with n at the polynomial rate p = n® for some
« > 1. Then, we assume that for any sequence of data covariance matrices {3, },>1, the normalized
empirical covariance induced by the augmentation distribution converges to its expectation as

n — 0o. More formally, we assume that
1 o \
Ag = ||=Ex[Covg(x)] "2 E Covg(x;)Ex[Covg(x)] 2 — L,|| = 0 as n — oo almost surely.
n
i=1

We note here that the above should be interpreted as the limit as both n and p grow together. For

our subsequent results to be meaningful, it is further required that this convergence is sufficiently

equivalent version of Assumption 1 for the proportional regime p o n, but do not pursue this path in this paper.
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(e) Generalization of different augmenta-
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Figure 3.2: Equivalent augmented data spectrum and generalization In plots (a)-(d), we visualize the regularized
augmented spectrum (defined in (3.14))) of Gaussian noise injection (N), pepper noise injection (P), random mask (M)
and the novel random rotation (R) introduced in Section 3.5.2, and their corresponding generalization in plot (e), where
the number followed by the abbreviation in the data point denotes its parameter. The LSE represents the baseline of
least-squared estimator without any augmentation.
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fast as n, p — co. We will show (in Proposition 5, and with several concrete examples) that a wide

class of augmentations will satisfy this assumption and converge at the rate O <\ / 1ngL ”) . We will

see that this rate is sufficient for our results to be tight in non-trivial regimes.

3.4.3 Regression analysis

With the connection of DA to ridge regression established in Section 3.3.2 and the deterministic
approximation method established in Section 3.4.2, we are ready to present our meta-theorem for
the regression setting. The results for the augmented estimators which are unbiased-in-average are
presented in Section 3.4.3, and biased-in-average augmented estimators are studied in Section 3.4.3.

The applications of the general theorem in this section will be discussed in detail in Section 3.5.

Regression analysis for general classes of unbiased augmentations

In this section, we present the meta-theorem for estimators induced by unbiased-on-average aug-
mentations (i.e., for which pg(x) = x) in Theorem 4. All proofs in this section can be found in
Section 3.8.2. To state the main result of this section, we introduce new notation for the relevant

augmentation-transformed quantities.

Definition 3 (Augmentation-transformed quantities). We define two spectral augmentation trans-
formed quantities, the covariance-of-the-mean-augmentation X, and augmentation-transformed

data covariance X4, by

5 = Exl(119(%) — Exlpig(3)]) (116(x) — Exlpig(x)]) ], (3.13)

Youg = Ey[Covg(x)]"/2EE, [Covg(x)] 712, (3.14)

We also denote the eigenvalues of gy by N[ > N5" > - > \o"9. Similarly, we define the

augmentation-transformed data matrix X .4, and augmentation-transformed model parameter Bfmg
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as

Xoug = pic(X)Ey[Covg(x)] 72, 07, = Ey[Covg(x)]"/?0". (3.15)

aug °
Note that since the rows of X4 are still i.i.d., X,,, can be viewed as a modified data matrix with
covariance X, and 3 = X if the augmentation is unbiased in average.
Armed with this notation, we are ready to state our meta-theorem.

Theorem 4 (High probability bound of MSE for unbiased DA). Consider an unbiased data

augmentation g and its corresponding estimator 9%,. Recall the definition
Ag := |[Ex|Covg(x)]”= Covg (X)Ex[Covg(x)] "2 ~ T,

and let k be the condition number of X,,,. Assume that the condition numbers for the matrices
Ay (Xugs 1), Apy (Xaug; 1) are bounded by Ly and Ly respectively with probability 1 — ¢', and that
Ag < [ for some constant ¢ < 1. Then there exist some constants c, C' depending only on o, and

0., such that, with probability 1 — §' — 4n~!, the test mean-squared error is bounded by

MSE < Bias + Variance + ApproximationError, (3.16)
Bias ( 5 2 5 (s, )?
S ([ PRrbie|, + ([P, )
C. L R W ik Taug S (>‘k111)_2+ (A} g)_2(/)k1g>2
Variance k n
—— < <—2 + Tug> logn, Approx.Error < k2Ag <||0*||g + V/Bias + Variance) :

Above, we defined p;*¢ = pr(Baug; n) and R} := Ry (Eaug; n) as shorthand.

Theorem 4 illustrates the critical role that the spectrum of the augmentation-transformed data
covariance X,,, plays in generalization. In Fig. 3.2, we visualize this impact for various types of

augmentations.
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When is our bound in Theorem 4 tight? A natural question is when and whether our bound
in Theorem 4 is tight. The tightness of the testing error for an estimator with a fixed regularizer is
established (under some additional assumptions on the data distribution, such as sub-Gaussianity
and constant condition number) in Theorem 5 of [26]. Hence, as long as the approximation error in
our theorem is dominated by either the bias or variance, then our bound will also be tight. Roughly
speaking this happens when the convergence of n~1Covg(X) to E,[Covg(x)] is sufficiently fast
with respect to n. For interested readers, we have included the full technical condition in Lemma 35
of Section 3.8.1.

An important class of DA in practice involves independently augmenting each of the features.
This class subsumes many prevailing augmentations like random mask, salt-and-pepper, and
Gaussian noise injection. Because the augmentation covariance Covg(x) is diagonal for such
augmentations, we can simplify Theorem 4, as shown in the next proposition. The proposition
shows that this class of augmentation has a reordering effect on the magnitude (or importance) of

each feature.

Proposition 5 (Independent Feature Augmentations). Let g be an independent feature aug-
mentation, and 7 : {1,2,...,p} — {1,2,...,p} be the function that maps the original feature
index to the sorted index according to the eigenvalues of X, in a non-increasing order. Then,

data augmentation has a spectrum reordering effect which changes the MSE through the bias

modification:

Bias _ o Hz e H2 (Pi)?

C.Lt "~ TIPS, ) 1) (L) Ex[Covg ()25, ) (/\Z’ii1>_2 + (A?ug)_z(pzb;g)w
where (a : b) denotes the indices of m(a), m(a+1),...,7(b). Furthermore, if the variance of each

feature augmentation Var, (g;(x)) is a sub-exponential random variable with sub-exponential norm

o? and mean 62, Vi € {1,2,...,p}, and p = O(n®) for some o« > 0, then there exists a constant c,
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depending only on o, such that with probability 1 — n™1,

2

o; logn

Ag < max —5 & )
i o n

Proposition 5 gives a bound on the approximation error for independent feature augmentations
and finds that Ag < lo%. However, one might wonder whether the approximation error still
vanishes for stochastic augmentations that include dependencies between features. While we
do not provide such a guarantee for arbitrary augmentations, we present a general technique
that we later use to show that the approximation error is indeed vanishing for many popularly
used augmentations that include dependencies between features. Specifically, we consider the

decomposition Covg(X) = D + Q, where D is a diagonal matrix representing the independent

feature augmentation part. Then, we have

. ID—ED| + Q- Eq)

A
¢~ (ExCovg(x))

(3.17)

Further discussion on the approximation error for dependent feature augmentation, along with the
proof of Eq. (3.17), is provided in Appendix 3.8.6. We use Eq. (3.17) to show that the possibly
large error of the non-diagonal part |Q — EQ)|| resulting from a dependent feature augmentation
can be mitigated by the denominator /1, (ExCovg(x)), for augmentations for which E,Covg(x) is
well-conditioned. We use this in Appendix 3.8.6 to characterize the approximation error for two
examples of augmentations that induce dependencies between features: a) the new random-rotation
augmentation that we introduced in Section 3.3.4, b) the cutout augmentation which is popular in

deep learning practice [18].

Regression analysis for general biased on average augmentations

All of our analysis thus far has assumed that the augmentation is unbiased on average, i.e. that
tg(x) = x. We now derive and interpret the expression for the estimator that is induced by a

general augmentation that can be biased. We introduce the following additional definitions.
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Definition 6. We define the augmentation bias and bias covariance induced by the augmentation g

as

£(x) == py(x) — x, Covg :=Eyx [{(x)E(x) "] . (3.18)

Since £(x) is not zero for a biased augmentation, the expression in (3.7) becomes more com-
plicated and we lose the exact equivalence to an ridge regression in (3.8)). This is because biased
DA induces a distribution-shift in the training data that does not appear in the test data. Our next
result for biased estimators, which is strictly more general than Theorem 4, will show that this
distribution-shift affects the test MSE through both covariate-shift as well as label-shift. To facilitate

analysis, we impose the natural assumption that the mean augmentation ;(x) remains sub-Gaussian.

. . . 12,
Assumption 2. For the input data x, the mean transformation ji(x) admits the form j(x) = X 3,
where X is defined in Definition 3 and z is a centered and isotropic sub-Gaussian vector with

sub-Gaussian norm os.

We also recall the definition of the mean augmentation covariance 3 := E, [ (g (x)—Ey[1g(x)]) (pg (x)—
Ex[1g(x)])"]. Now we are ready to state our theorem for biased augmentations. The proof is de-

ferred to Appendix 3.8.2.

Theorem 7 (Bounds on the MSE for Biased Augmentations). Consider the estimator éaug
obtained by solving the aERM in (3.2). Let MSE"(éaug) denote the unbiased MSE bound in Eq.
(3.16) of Theorem 4, and recall the definition

1

1
Aq = x|C C EL[C PR |
6 = || -Ex[Covg(x Z ovg(x;)Ex[Covg(x)] 72 — I,

Suppose the assumptions in Theorem 4 hold for the mean augmentation j1(x) and that Ag < ¢ < 1.

Then with probability 1 — §' — 4n~! we have,
R - 2
MSE(8,.,) < RT - < MSE®(0,.,,) +Rg) ,

35



where

1

Ry=1+|22% 2 — 1| and

o = I (B Covslo0l) 1 1+

(15 i)
/\aug )\aug aug

Our upper bound for the MSE in the biased augmentation case is a generalization of the bound

Ag ; ;
25 ) (VA + 16w

in [26] to the scenario with distribution-shift. This result shows that two different factors can cause
generalization error over and above the unbiased case: 1. covariate shift, which is reflected in the
multiplicative factor R;; this term occurs because we are testing the estimator on a distribution with
covariance 3 but our training covariates have covariance Y instead, 2. label shift, which manifests
itself as the additive error given by R,. This term arises from the training mismatch between the true
covariate observation and mean augmented covariate (i.e., X v.s. ug(X)). As a sanity check, we
can see that R; = 1 and Ry = 0 when the augmentation is unbiased in average, i.e., ug(x) = x, VX,
since ¥ = 3, As = 0 and Cov; = 0. Thus, we directly recover Theorem 4 in this case. Whether

Theorem 7 is tight in general is an interesting open question for future work.

3.4.4 Classification analysis

In this subsection, we state the meta-theorem for generalization of DA in the classification task.
We follow a similar path for the analysis as in regression by appealing to the connection between
DA and ridge estimators and the deterministic approximation strategy outlined above. While the
results in this section operate under stronger assumptions, we provide a similar set of results to the
regression case. The primary aim of these results is to compare the generalization behavior of DA

between regression and classification settings, which we do in depth in Section 3.5.
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Classification analysis setup

We adopt the random signed model from [27], noting that we expect similar analysis to be possible
for the Gaussian-mixture-model setting of [111, 28] (we defer such analysis to a companion paper).
Given a target vector #* € R? and a label noise parameter 0 < v* < 1/2, we assume the data are

generated as binary labels y; € {—1, 1} according to the signal model

sgn(x, 6%) with probability 1 — v*
Yi = (3.19)
—sgn(x; @%) with probability v*

Just as in [27], we make a I-sparse assumption on the true signal 8 = \/%ﬁet' We denote xg;, 1= X,
to emphasize the signal feature. Motivated by recent results which demonstrate the effectiveness
of training with the squared loss for classification tasks [124, 27], we study the classification risk
of the estimator 6 which is computed by solving the aERM objective on the binary labels y; with
respect to the squared loss (Eq. (3.2)).

[27] showed that two quantities, survival and contamination, play key roles in characterizing the
risk, akin to the bias and variance in the regression task (in fact, as shown in the proof of Lemma 39,

the contamination term scales identically to the variance from regression analysis). The definitions

of these quantities are given below.

Definition 8 (Survival and contamination [27]). Given an estimator 0, its survival (SU) and

contamination (CN) are defined as

SU() = /AB;, CN(B) = (3.20)
For Gaussian data, [27] derived the following closed-form expression for the POE:
. 0
POE(f) = = — —tan™! SU( A> (3.21)
T CN(0)
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Thus, the POE depends on the ratio between survival SU and contamination CN, essentially a kind of
signal-to-noise ratio for the classification task. In this work, we prove that a similar principle arises
when we consider training with data augmentation in more general correlated input distributions.
Formally, we make the following assumption on the true signal and input distribution for our

classification analysis.

Assumption 3. Assume the target signal is 1-sparse and given by 6" = \/%et. Additionally,
assume the input can be factored as x = E%z, where 32 > 0 is diagonal, and z is a sub-Gaussian
random vector with norm o, and uniformly bounded density. We denote X, = X; and Xpeise =
(X1, .oy X1, Xp 41, - - -, Xp) . We further assume that the signal and noise features are independent’,

Le., Xig 1 Xnoise-

Similar to the regression case, our classification analysis consists of 1) expressing the excess risk
in terms of 6, the estimator corresponding to the averaged augmented covariance E, [Cov,(x)],
2) arguing that the survival and contamination can be viewed as the equivalent quantities for a
ridge estimator with a modified data spectrum, and 3) upper and lower bounding the survival and
contamination of this ridge estimator. As in the case of regression analysis, step 1) is the most

technically involved.

Classification analysis for unbiased augmentations

Now, we present our main theorem for the classification task. The proof of this theorem is deferred

to Appendix 3.8.3.

Theorem 9 (Bounds on Probability of Classification Error). Consider the classification task
under the setting in Assumption 3. Recall that éaug is the estimator solving the aERM objective
in (3.2) and the definition A¢ := ||Covg(X) — Ex[Cov,(x)]||. Let t < n be the index (arranged

according to the eigenvalues of ¥,,,) of the non-zero coordinate of the true signal, X.,,, be the

7As mentioned earlier, we expect that our framework can be extended beyond sub-Gaussian features to more general
kernel settings. Under the slightly different label model used in [109], we believe that the independence between signal
and noise features can also be relaxed.
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leave-one-out modified spectrum corresponding to index t, k be the condition number of X ,,,, and
)Zm,g be the leave-one-column-out data matrix corresponding to column t.

Suppose data augmentation is performed independently for X;, and X, o;sc, and there exists at <
k < n such that with probability at least 1 — 0, the condition numbers of nl + lefl:p(Xzbflzp)T and

nl+ XZL_’pr(XZLpr)T are at most L, and that ofikH:pEkH:p)zZH:p is at most L. Then as long as

18uug — gl = O(SU) and ||0 aug — B ung||s = O(CN), with probability 1 — 5 —exp(—/n) —5n",

the probability of classification error (POE) can be bounded in terms of the survival (SU) and

A CN [ SU
< -
POE(0) < SO (1 + 0.4/ log CN) , (3.22)

contamination (CN), as

where

A1 —207) (1- %) LA™ (1 — 2v*)
aug aug ~ \SU/ S aug 1\aug AN
L ()\k+1pk(2aug; TL) + )‘t L) )\k+1pk<2aug; n) + L~ )\t (1 - E)

Survival

(3.23)

~ ~ 2
52 g (52, :0) n
- = < ON < A+SUHL2 | =+ —=——]logn
LT (Lt po(Bag VP~ S SRS PRI NI A

Contamination

(3.24)
Furthermore, if X is Gaussian, then we obtain even tighter bounds:
1 1 SU . 1 1 1SU CN
—— —tan te— < POE(Q,,) < = — —tan ' —— < — 3.25
o 7 CN Ou) < 5= 2007258 S S0 (323)

where c is a universal constant.

Remark 10. Based on the expression for the classification error for Gaussian data, we see that
the survival needs to be asymptotically greater than the contamination for the POE to approach
0 in the limit as n,p — oco. We note that the general upper bound we provide matches the
tight upper and lower bounds for the Gaussian case up a log factor. Furthermore, the condition

10aug — Oanglls = O(SU) and ||8 g — Bae||ss = O(CN) is related to our condition for the tightness
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of our regression analysis, but a bit stronger (because our regression analysis only requires one of

these relations to be true). We characterize when this stronger condition is met in Lemma 42.

Based on the upper and lower bounds provided for SU and CN, we see that these quantities
depend crucially on the spectral properties of the induced covariance matrix X,,,. For favorable
classification performance, Theorem 9 also requires ¢ < n. This is a necessary product of our

analogy to a ridge estimator and is equivalent to requiring that &

g lies within the eigenspace

corresponding to the dominant eigenvalues of the spectrum 3J,,,,. Such requirements have also been

used in past analyses of both regression [26] and classification [27].

Classification analysis for general biased augmentations

As a counterpart of our regression analysis for estimators induced by biased-on-average augmen-
tations (i.e. j4(x) # x), we would also like to understand the impact of augmentation-induced
bias on classification. Interestingly, the effect of this bias in classification turns out to be much
more benign than that in regression. As a simple example, consider a scaling augmentation of the
type g(x) := 2x. The induced bias is 11,(x) — x = x, and the trained estimator @, is just half the
estimator trained with x, which, however, predicts the same labels in a classification task. Therefore,
we conclude that even with a large bias, the resultant estimator might be equivalent to the original
one for classification tasks. In fact, as we show in the next result, augmentation bias is benign for
the classification error metric under relatively mild conditions. The proof of this result is provided

in Appendix 3.8.3.

Theorem 11 (POE of biased estimators). Consider the 1-sparse model 8 = e,;. and let 9%,
be the estimator that solves the aERM in (3.2) with biased augmentation (i.e., u(x) # x). Let
Assumption 2 holds, and the assumptions of Theorem 9 be satisfied for data matrix ;(X). If the
mean augmentation 1(x) modifies the t-th feature independently of other features and the sign of the

t-th feature is preserved under the mean augmentation transformation, i.e., sgn (u(x):) = sgn (x¢) ,
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Vx, then, the POE( éaug ) is upper bounded by
POE(8,,,,) < POE®(8,,), (3.26)

where POE®(0,) is any bound in Theorem 9 with X and X replaced by ju(X) and T, respectively.

Note that the sign preservation is only required in expectation and not for every realization of
the augmentation, i.e., we only require E, [g(x),] has the same sign as x;, rather than requiring that
g(x); have the same sign as x; for every realization of g. The latter label-preserving property is is
much more stringent and has been studied in [64]. At a high level, this result tells us that as long as
the signal feature preserves the sign under the mean augmentation, the classification error is purely
determined by the modified spectrum induced by DA.

In Fig. 3.3, we simulate the biased and unbiased random mask augmentation [17] and test
their performance in regression and classification tasks. We consider the 1-sparse model in R!%®
(i.e. p = 128) with isotropic Gaussian covariates. For the biased variant of random mask, we
use the masked estimator without the normalization factor (1 — /3); therefore, the augmentation
mean is equal to y,(x) = (1 — f)x. From the figure, we see the bias can be very harmful in
regression, especially in the overparametrized regime (n < 128), while the performance is identical
for classification. This experiment demonstrates the sharp differences in behavior between the

settings of Theorems 7 and 11. We discuss this observation further in Section 3.5.3.

3.5 The good, the bad and the ugly sides of data augmentation

In this section, we will use the meta-theorems established in Section 3.4.3 and 3.4.4 to get further
insight into the impact of DA on generalization. First, in Section 3.5.1, we derive generalization
bounds for many common augmentations. Then, in Section 3.5 we use these bounds to understand
when DA can be helpful or harmful. Finally, in Section 3.5.1 we conclude by discussing the complex

range of factors (the “ugly”) that play an important role in determining the effect of DA.
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3.5.1 Case studies: generalization of common DA

In this section, we present and interpret generalization guarantees for commonly used augmentations
including Gaussian noise injection, randomized mask, cutout, and salt-and-pepper noise. In
particular, we discuss whether these augmentations improve or worsen generalization compared to

the LSE estimator, beginning with regression tasks.

Gaussian noise injection

As a preliminary example, we note that Proposition 5 generalizes and recovers the existing bounds
on the ridge and ridgeless estimators [25, 26]. This is consistent with classical results [91] that show
an equivalence between augmented ERM with Gaussian noise injection and ridge regularization. For

completeness, we include the generalization bounds for Gaussian noise injection in Appendix 3.8.2.

Randomized masking

Next, we consider the popular randomized masking augmentation (both the biased and unbiased
variants), in which each coordinate of each data vector is set to 0 with a given probability, denoted by
the masking parameter § € [0, 1]. The unbiased variant of randomized masking rescales the features
so that the augmented features are unbiased in expectation. This type of augmentation has been
widely used in practice [17, 125]®, and is a simplified version of the popular cutout augmentation
[18].

The following corollary characterizes the generalization error arising from the randomized

masking augmentation in regression tasks.

Corollary 12 (Regression bounds for unbiased randomized masking augmentation). Consider
the unbiased randomized masking augmentation g(x) = [bi1Xy, ..., b,x,|/(1 —[3), where b; are i.i.d.

Bernoulli(1 — 3). Define 1) = % € [0,00). Let Ly, Lo, K, &' be universal constants as defined in

8We note that a superficially similar implicit regularization mechanism is at play in dropout [126], where the
parameters of a neural network are set to 0 at random. In contrast to random masking, dropout zeroes out model
parameters rather than data coordinates.
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Theorem 4. Assume p = O(n®) for some o > 0. Then, for any set KK C {1,2,...,p} consisting of
ki elements and some choice of ko € [0, n|, there exists some constant ¢, which depends solely on
0, and o (the sub-Guassian norms of the covariates and noise), such that the regression MSE is

upper-bounded by

2 (Yn +p —k1)?
ke + (Yyn+p — ki)?

~
Bias

ko n(p — ks) 5 [logn
= (53 + g e el

Vv
Variance Approx.Error

MSE < [|05]13,. + |0k

.

S/

with probability at least 1 — §' —n~L.

Noting that 1) = % increases monotonically in the mask probability 3, Corollary 12 shows
that bias increases with the mask intensity (3, while the variance decreases. Figure 3.1 empirically
illustrates these phenomena through a bias-variance decomposition. In fact, the regression MSE
is proportional to the expression for MSE of the least-squares estimator (LSE) on isotropic data,
suggesting that randomized masking essentially has the effect of isotropizing the data. As prior
work on overparameterized linear models demonstrates [29, 73, 25], the LSE enjoys particularly low
variance, but particularly high bias when applied to isotropic, high-dimensional data. For this reason,
random masking turns out to be superior to Gaussian noise injection in reducing variance, but much
more inferior in mitigating bias. We explore these effects and compare the overall generalization
guarantees of the two types of augmentations in depth in Section 3.6.2. Our experiments there show
striking differences in the manifested effect of these augmentations on generalization, despite their
superficial similarities.

We also not here that the approximation error is relatively minimal, of the order 10%. Itis
easily checked that the approximation error is dominated by the bias and variance as long as p < n?
(and hence the lower bounds of [26] imply tightness of our bound in this range). We next present

our generalization guarantees for the biased variant of the random masking augmentation. We verify

the behavior predicted by this corollary in Figure 3.3.
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Corollary 13 (Regression bounds for biased mask augmentation). Consider the biased random
mask augmentation g(x) = [b1Xy, ..., byx,], where b; are i.i.d. Bernoulli (1 — (3)), and carry over

all the notation from Corollary 12. Then, the regression MSE is upper bounded by

. > logn Zj Aj * * i
MSE(0,,,) < (\/MSE + 1 (1+ ) : ((Al + ) 167 + [|@ Hz:)) )

n n

with probability at least 1 — &' — n~1. Above, MSE® is the RHS of the bound in Corollary 12.

Finally, we characterize the generalization error of the randomized masking augmentation for

the classification task.

Corollary 14 (Classification bounds for random mask augmentation). Let @Wg be the estimator
computed by solving the aERM objective on binary labels with mask probability 5, and denote

WP = % Assume p < n?. Then, with probability at least 1 — § — exp(—+/n) — 5n~!

POE < Q7 '(1 + l1ogQ), (3.27)

~1
[ n n
where Q = (1 —2v) Dlogn (1 + oy —I—p) . (3.28)

In addition, if we assume the input data has Gaussian features, then we have tight generalization

bounds
1 1 1
POE < — — —tan™" @ (3.29)
2 7

with the same probability.

Random cutout

Next, we consider the popularly used cutout augmentation [18], which picks a set of £ (out of p)
consecutive data coordinates at random and sets them to zero. Interestingly, our analysis shows

that the effect of the cutout augmentation is very similar to the simpler-to-analyze random mask
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augmentation. The following corollary shows that the generalization error of cutout is equivalent
to that of randomized masking with dropout probability 5 = ﬁ. The proof of this corollary can be

found in Appendix 3.8.2.

. . ~ cutout .
Corollary 15 (Generalization of random cutout). Let 6,  denote the random cutout estimator
that zeroes out k consecutive coordinates (the starting location of which is chosen uniformly at

~ mask
random). Also, let 85 be the random mask estimator with the masking probability given by [3. We

assume that k = O(, /52> ). Then, for the choice § = % we have

~ cutout ~ k ~ cutout ~ k
MSE(6), ) =< MSE(8; ), POE(®, ) =POE®; ).
This result is consistent with our intuition, as the cutout augmentation zeroes out % coordinates

on average.

Composite augmentation: Salt-and-pepper

Our meta-theorem can also be applied to compositions of multiple augmentations. As a concrete
example, we consider a ‘“‘salt-and-pepper” style augmentation in which each coordinate is either
replaced by random Gaussian noise with a given probability, or otherwise retained. Specifically,
salt-and-pepper augmentation modifies the data as g(x) = [x},...,x}], where x| = x;/(1— 3) with
probability 1 — 3 and otherwise x; = N'(u, 0%)/(1 — [3). This is clearly a composite augmentation
made up of randomized masking and Gaussian noise injection. For simplicity, we only consider the
case where ;1 = 0, since it results in an augmentation which is unbiased on average. The regression
error of this composite augmentation is described in the following corollary, which is proved in

Appendix 3.8.2.

Corollary 16 ( Generalization of Salt-and-Pepper augmentation in regression). The bias,

variance and approximation error of the estimator that are induced by salt-and-pepper augmentation
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(denoted by 9pepper(6 ,02)) are respectively given by:

2
Bias[épepper(5’0-2>] < ()\1(1 —Uf) +02) Bias |:égn (%)} ;

2
VarianCe[epepper(ﬁ ) 02)] S Variance |:0gn <(16—Lﬂ)2>} 7

Approx.Error[8,eper (8, 0)] < Approx.Error[6,,,(5)].

where égn(zz) and é,m(v) denotes the estimators that are induced by Gaussian noise injection with
variance z* and random mask with dropout probability ~y, respectively. Moreover; the limiting MSE

~

as o — 0 reduces to the MSE of the estimator induced by random masking (denoted by 0,,,(3)):
lim MSE[Bepper (8, 0%)] = MSE[B,,,(8)].
T —

Corollary 16 clearly indicates that the generalization performance of the salt-and-pepper aug-
mentation interpolates between that of the random mask and Gaussian noise injections, in the sense
that it reduces to random mask in the limit of o — 0, and also has a comparable bias and variance to
Gaussian noise injection. More precisely, as we show in the proof of this corollary, this interpolation
property is a result of the fact that the eigenvalues of the augmented covariance are the harmonic

mean of the eigenvalues induced by random mask and Gaussian noise injection respectively, i.e.

Apepper (B 02) T = N (B) 7+ B Agu(0?) 7 (3.30)

3.5.2 The good and bad of DA: are they helpful or harmful?

Armed with generalization guarantees for many common augmentations, we now shift our focus to

identifying explicit scenarios in which DA can be helpful or harmful.
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The bad: the increase in bias might outweigh the variance reduction

In this section, we consider two different types of common augmentations that suffer from poor
generalization in the overparameterized regime. The first is the randomized masking augmentation,
whose generalization bounds we provided in Corollaries 12, 13 and 14. At a high level, the random
mask drops features uniformly and thus equalizes the importance of each feature. This makes
the data spectrum isotropic, i.., Xy = ¢ ~* - diag(2) X diag(X)~1/2. Our corollaries show that
for regression tasks (and either the biased on unbiased variant of randomized masking), the bias
and the variance are given by O (%) and O (min( g, %)) respectively. From this, we can
draw the following insights: 1. the variance is always vanishing, and 2. the bias can be controlled
in the underparameterized regime p < n by adjusting ¢/ but is otherwise non-vanishing in the
overparameterized regime p > n.

It is worth noting that these conclusions also manifest in the test MSE of the least-squares
estimator (LSE) on isotropic data in the overparameterized regime [29, 25, 73]. Specifically, in
the language of effective ranks, we observe that either isotropic data or the randomized masking
augmentation induces the effective ranks p, = © (%) and Ry, = © <@). While the large value
of Ry helps in variance reduction, the large value of p;, greatly increases the bias. As shown in the
experiments in Section 3.6.2, the increase in bias often outweighs the variance reduction and results
in the suboptimality of randomized masking relative to the more classical Gaussian noise injection
augmentation in many overparameterized settings.

The second class of augmentations that can be harmful is group-invariant augmentations, which
were extensively studied in [16] in the underparameterized or explicitly regularized regime. An

augmentation class G is said to be group-invariant if g(x) < x, Vg € G. For such a class, the

augmentation modified spectrum 3,,, in Theorem 9 is given by
0= z)aug =3 - EX[MQ(X)N’Q(X)]T = X

[16] argued that group invariance is an important reason why DA can help improve gener-
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alization and showed that such invariances can greatly reduce the variance of the DA-induced
estimator. However, the result below shows that such augmentations could generalize poorly, even
for classification tasks, in the overparameterized regime. The proof of this result is contained in

Appendix 3.8.3.

Corollary 17. [Group invariance augmentation in classification tasks ] Consider Gaussian covari-
ates, i.e. x ~ N (0, X) and consider the group-invariant augmentation given by g(x) = \%x—l— \/Lix’
(where X' is an independent copy of x). Then, under the assumptions of Theorem 9, the estimator

induced by this augmentation has classification error given by

1 1, _,SU
POE = 5 — ;tan C—N, where (331)

n np
2n+p’ (n+p)?

nplogn

SU =< (1 —2v) CFwEL

(3.32)

<CN < \/(1+SU2)

with probability at least 1 — § — exp(—+/n) — 5n~ ™.

Corollary 17 evaluates a specific type of group-invariant augmentation that is reminiscent of
the knockoff model augmentation [120]. For this example, it is clear that for the underparam-
eterized regime p < n, SU=O(1) and CN=O(,/ plo%) while for the overparameterized regime
p = n, we have SU=O(?) and CN:Q(\/g ). Therefore, there is a sharp transition of the survival-
to-contamination ratio between the two regimes. As the ratio is asymptotically zero in the overpa-
rameterized reigme, we find that group invariant augmentation can be harmful for generalization in
this case. Essentially, our result here shows that certain group-invariant augmentations have the
same “isotropizing” effect that was also observed in random masking, i.e., 3, = L,. As already

remarked on, this is an undesirable property in overparameterized settings, where it leads to high

bias (and low survival for classification [27]).

The good: some types of DA are superior to ridge regularization

In this section, we first use examples to analyze when an augmentation can be effective as a function

of the model structure. Then, we demonstrate a usage of our framework as a test bed for DA
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invention. Concretely, we propose a new augmentation that shows several desirable properties

expressed through generalization bounds and numerical simulations.

When is data augmentation helpful? To understand which types of augmentation might yield
favorable bounds, we consider, as in Corollary 18, the case of a nonuniform random masking
augmentation in which the features that encode signal are masked with a lower probability than
the remaining features. Specifically, we consider the k-sparse model where 8" = Zigs a,e; and
|Zs| = k. Define the parameter ¢ := % where [ is the probability of masking a given feature.
Suppose that we employ a nonuniform mask across features, i.e. ¢; = 11 if © € Zs and is equal to
1 otherwise. Conceptually, a good mask should retain the semantics of the original data as much
as possible while masking the irrelevant parts. We can study this principle analytically through the
regression and classification generalization bounds for this type of non-uniform masking. Below we

present the regression result, and defer the proofs to Appendix 3.8.2 and the analogous classification

result to Corollary 45 in Appendix 3.8.3.

Corollary 18 (Non-uniform random mask in k-sparse model). Consider the k—sparse model
and the non-uniform random masking augmentation where 1) = 1, if © € Ls and 1y otherwise.

Then, if 1 < 1)y, we have with probability at least 1 — 6 — exp(—+/n) — 5n !

(m n % = |Is|)>2
n2+ (vin+ 2 (0 - o))

/ 1
Approx.Error < 1/}1 o’ ognH 0=

On the other hand, if 11 > 1o, we have (with the same probability)

7. — |7
|3|Jr n(p — |Zs|)

Bias < 5
(Yon +p — |Zsl)

51167||5, Variance <

(_1> + @
0 n 1
Bias < ||0"||s2, Variance < 1/)—27 Approx.Error < % o’ OgnHG 155
(g + @) eV
Yo n

We can see that the bias decreases as the mask ratio 1, /1)y between the signal part (Zs) and
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the noise part decreases. This corroborates the idea that a successful augmentation should retain
semantic information as compared to the noisy parts of the data. Corollary 18 implies that for
consistency as n,p — 00, we require 7% < 1% < %. This is because we must mask the noise
features sufficiently more than the the signal feature for the bias to be small, but the two mask
probabilities cannot be too different to allow the approximation error to decay to zero. We note that
the bound has a sharp transition—if we mask the signal more than the noise, the bias bound becomes
proportional to the null risk (i.e. the bias of an estimator that always predicts 0). Although the
previous augmentations that we studied (randomized masking, noise injection, and salt-and-pepper
augmentation) generally experience a trade-off between bias and variance as the augmentation
intensity increases, we observe that the nonuniform random mask can reduce both bias and variance
with appropriate parameter selection. However, while offering useful insight, this scheme relies
crucially on knowledge of the target signal’s sparsity and may be of limited practical interest.
Next, we give a concrete example of how an augmentation, random rotation, can yield favorable

performance without such oracle knowledge.

Using our framework as a test bed for new DA

We show here that our framework can be used as a testbed to quickly check the generalization of
novel augmentation designs. In Section 3.3.4 we introduced a novel augmentation that sequentially
rotates high dimensional vectors in p/2 independently chosen random planes. We demonstrate here
that this “random-rotation" augmentation enjoys good generalization performance regardless of
the signal model. The derivation of the estimator induced by this random-rotation augmentation is

deferred to Appendix 3.8.5.

Corollary 19 (Generalization of random-rotation augmentation). The estimator induced by the

random-rotation augmentation (with angle parameter o) can be expressed as

4(1 — cosa

-1
0, = (XTX+ S ) (Tr (X™X) I - XTx)) X'y.
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An application of Theorem 4 yields
Bias(émt) = Bias(é;se),

for sufficiently large p (overparameterized regime), as well as the variance bound
var(érot) N Var(éridge,)\)a

Above, é,se and é,,-dge, A denote the least squared estimator and ridge estimator with ridge intensity

A =np (1 —cosa); \;. The approximation error can also be shown to decay as

5 1 A1
Approx.Error(6,,,) Smax | —, =—— | .
t n Zj>1 Aj

The proof of the bias and variance expressions are provided in Appendix 3.8.3, and the proof of
the approximation error is provided in Appendix 3.8.6 (this is the most involved step as random-
rotation augmentations induce strong dependencies among features). Corollary 19 shows that,
surprisingly, this simple augmentation leads to an estimator not only having the best asymptotic
bias that matches that of LSE, but also reduces variance on the order of ridge regression. Thus, this
estimator inherits the best of both types of estimators. Our experiments in Fig. 3.6 confirm this
behavior and also show an appealing robustness property of the estimator across hyperparameter

choice (i.e. value of rotation angle «).

3.5.3 The ugly: discrepancies in DA’s effect under multiple factors

The results of the previous two sections reveal that several factors influence the effect of DA on
generalization. Specifically, Section 3.5.2 shows that generalization performance often depends on
whether a problem is in the underparameterized or overparameterized regime. Section 3.5.2 shows
that generalization performance also intricately depends on the model structure. In this section,

we further show that the impact of DA on generalization also depends on the downstream task
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Unbiased Random Mask Biased Random Mask Unbiased Random Mask Biased Random Mask
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Number of training samples Number of training samples Number of training samples Number of training samples

(a) Regression task (b) Classification task
Figure 3.3: Comparison of bias impact between regression and classification tasks In this figure, we simulate the
unbiased and biased random mask in regression and classification tasks. In (a), we show that the augmentation bias is
mostly harmful to the regression task, especially in the overparameterized regime where the sample number is less than

or equal to p = 128. In (b), however, the performance is identical with and without bias in the classification task. This
verifies the very different conclusions from Theorems 7 and 11.

(i.e. regression or classification).

Augmentation bias is less impactful in classification than regression. A comparison of the
generalization errors of biased and unbiased estimators in regression and classification, i.e., The-
orems 4, 7, 9 and 11 respectively, reveals that the bias of an estimator has a much more benign
effect on classification than regression. We plot the effect of augmentation bias on regression and
classification in Fig. 3.3. We observe that the bias is mostly harmful for regression, especially in the
overparameterized regime, but has no effect for classification. We also observe that it can be easier
to choose augmentation parameters for classification (i.e., a larger range of parameters can lead to

favorable performance).

Data augmentation is easier to tune in classification than regression. The results of [27]
showed that the choice of test loss function critically impacts generalization. Specifically, they
discovered that for the least squared estimator (LSE), there are cases where the model generalizes
well for the classification task but not for regression. We complement this study by comparing
generalization with DA in the two tasks. Specifically, we find that, for a given DA, the classification
loss is always upper-bounded by a lower bound for the regression MSE, implying that regression
is easier to train with DA than classification. Furthermore, we provide a concrete example of a

simple class of augmentations for which the regression MSE is constant, but the classification POE
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is asymptotically zero. Our findings are summarized in the following proposition. The proof can be

found in Appendix 3.8.4.

Proposition 20 (DA is easier to tune in classification than regression). Consider the I-sparse
model 6* = \//\Itet for Gaussian covariate with independent components and an independent
feature augmentation. Suppose that the approximation error is not dominant in the bounds of
Theorem 4 (simple sufficient conditions can be found in Lemma 35 in Appendix 3.8.1), and the

assumptions in the two theorems hold. Then, we have

0 au n k
POE(Bl) \/<Akf1pk< i)+ (s o ) logn,

Saugin) n

) k
MSE (8, E B )+ (s )
S ( ) (Ak+1pk( aug’n)) + (Rk(zaug;n> " n)

As a consequence, the regression risk serves as a surrogate for the classification risk up to a

log-factor:

POE(8,,,) < MSE(8,,,0)v/log n. (3.33)

To illustrate the implications of this proposition, let us consider the isotropic Gaussian noise
injection augmentation with noise standard deviation ¢ and random mask with dropout probability
(3 to train the 1-sparse model with a decaying data spectrum X;; = %, Vi € {1,2,...,p}, where v
is some constant satisfying 0 < v < 1. Let 9gn and 6., be the corresponding estimators. Then, a

direct consequence of Proposition 20 yields

lim lim POE(@y) =0 while lim lim MSE(f,,) = 1. (3.34)

n—00 0—00 n—oo o—00

Also, when plogn < n,

lim lim POE(O,) = 0 while lim lim MSE(8,) = 1. (3.35)

n—o00 f—1 n—o00 f—1
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(3.34) and (3.35) show that for both Gaussian noise injection and random mask augmentation,
extreme augmentations can achieve perfect generalization in classification but poor generalization
in regression.

It is worth noting that (3.34) in particular studies an augmentation that significantly changes the

data distribution. In particular, for Gaussian injection augmentations we have

W3 (9(x),x)
P

—> 00 asn,o — 0o, (3.36)

where I/, denotes the 2-Wasserstein distance between the pre- and post-augmented distribution of
the data by the Gaussian noise injection. In Figs. 3.6(b) and (d), we compare the Gaussian injection
augmentation in the decaying spectrum v = 0.95 for regression and classification, respectively.
We observe a sharp difference between classification and regression, where, as we increase the
augmentation intensity (i.e. variance of injected Gaussian noise), the MSE increases while the POE
converges to a stable value (the ratio between SU and CN stays the same), implying that careful
tuning is required for regression but not for classification.

Our second example that illustrates special benefits of DA in classification over regression
concerns non-uniform random masking. The proof of the following proposition is deferred to

Appendix 3.8.4.

Proposition 21 (Non-uniform random mask is easier to tune in classification than regression).
Consider the 1-sparse model 8" = \//\Itet. Suppose the approximation error is not dominant in the
bounds of Theorem 4 (simple sufficient conditions can be found in Lemma 35in Appendix 3.8.1)
and the assumptions in the two theorems hold. Suppose we apply the non-uniform random mask
augmentation and recall the definitions of 1 and ), as in Corollary 45. Then, if \/g < % < B

we have

n

POE(8,,) — 0 while MSE(8,,) — 1. (3.37)

By allowing the augmentation parameters 1 and ¢); to vary with n, the induced spectrum 33,
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recovers the “bi-level” design, which was shown in Theorem 13 of [27] to separate classification
and regression performance. It is worth noting that in the case where the true sparsity pattern is
known, several augmentations (including nonuniform Gaussian noise injection, which incurs no
approximation error in our analysis) can give rise to the same consistency behavior described above.

As a takeaway, the corollaries in this section demonstrate that the choice of augmentation itself
can be more benign for classification tasks. Specifically, augmentations that are “biased on average”
may perform similarly to their unbiased counterparts; we cannot generally expect this behavior for
regression. Finally, we concluded this section by showing that our framework can be applied to
strongly out-of-distribution (OOD) augmentations, and show that strong distributional shift can
sometimes lead to improvements in classification generalization. We observe the same phenomenon
empirically in Fig. 3.6, where increasing the intensity of the augmentation improves generalization

and also increases the distributional shift.

3.6 Experiments

In this section, we complement our theoretical analysis with empirical investigations. In particular,
we explore: 1. Differences between aSGD which is used in practice and the closed-form aERM
solution analyzed in this paper, 2. Comparisons between the generalization of different types of
augmentations studied in this work, 3. Multiple factors that influence the efficacy of DA, including
signal structure and covariate spectrum, and 4. Comparisons between different augmentation strate-
gies, namely precomputed augmentations versus aERM. We provide our Python implementations in

https://github.com/nerdslab/augmentation-theory.

3.6.1 Convergence of aSGD solution to the closed-form solution

In this paper, we mathematically study a-ERM (the solution in Equation (3.2)); however, the solu-
tion used in practice is obtained by running a-SGD (Algorithm 1). In this set of experiments, we
investigate the convergence of Algorithm 1 to the solution of Eq. 3.2 to verify that our theory reflects

the solutions obtained in practice. To this end, we use an example in the overparameterized regime
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with p = 128 > n = 64 with the random isotropic signal 8* ~ A/ (0,1,,) and the observation noise
e ~ N(0,0.25). We choose a decaying covariate spectrum of the form 3;; oc 7*, where  is chosen
such that y,(X) = 0.6y, (X). We want to understand the interplay between the convergence rate of
aSGD with batch and augmentation size (formally, the augmentation size is the number of augmen-
tations made for each draw of the training examples). We run the aSGD algorithm with different
batch sizes and augmentation sizes in the range given by (64, 1), (32,2),...,(2,32), (1,64). Note
that the computation cost is proportional to the (batch size) x (augmentation size) per backward
pass. Fig. 3.4 illustrates the convergence rate in terms of the number of backward passes. We
observe that the convergence rates are fairly robust to different choices of batch and augmentation

sizes.

Algorithm 1: Augmented Stochastic Gradient Descent (aSGD)
input : Datax;, ¢ =1,...,n;Learning rates n, t =1,...; transformation
distribution §;batch size B;aug size H;
1 init é — 90

2 while termination condition not satisfied do

n
3 fork=1,...,§do
4 fori=1,...,B in the batch Bj do
5 L Draw H augmentations ¢;; ~G, j=1,... H
R R B H
2 .
6 0110, —n: > > Vo((0,9i(x:)) — Yi)slo—a,
i=1j=1
Gaussian Noise Injection, 0 =1.00 Random Mask, p = 0.30 Pepper, 0 =1.00, p =0.30
(batch, aug) = (64, 1) | 13 ( (batch, aug) = (64, 1) 13 (batch, aug) = (64, 1)
13 (batch, aug) = (32, 2) ) (batch, aug) = (32, 2) . (batch, aug) = (32, 2)
e —e— (batch, aug) = (16, 4) W12 —e— (batch, aug) = (16, 4) a2 —e— (batch, aug) = (16, 4)
. L2 —e— (batch, aug) = (8, 8) . —e— (batch, aug) = (8, 8) Pani —e— (batch, aug) = (8, 8)
"IJ —— (batch, aug) = (4, 16) “l’ 11 —— (batch, aug) = (4, 16) °‘|’ 11 —— (batch, aug) = (4, 16)
o —— (batch, aug) = (2, 32) | <« —— (batch, aug) = (2,32) | «@ —— (batch, aug) = (2, 32)
~ —— (batch, aug) = (1,64)| ¥ 14 —— (batch, aug) = (1,64)| ~ 1, —— (batch, aug) = (1, 64)
n 1.0 " n - N wn X
= —— aERM solution I~ —— aERM solution xz —— aERM solution
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5 % os % os
2 08 Qo 8o
0.7 0.7 0.7
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Backward Pass Backward Pass Backward Pass

Figure 3.4: Convergence of augmented stochastic gradient descent (a-SGD, Algorithm 1) as a function of the
number of backward passes to the closed-form solution of the a-ERM objective (Equation (3.2)). The result shows
fairly stable convergence across different batch sizes and augmentation copies per sample.
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A remark on the implicit bias of minimal or “weak'' DA: It is well-known that Gaussian noise
injection approximates the LSE when the variance of the added noise approaches zero. Surprisingly,
however, this does not imply that all kinds of DA approach the LSE in the limit of decreasing
augmentation intensity. Suppose that the augmentation g is characterized by some hyperparameter &
that reflects the intensity of the augmentation (for e.g., mask probability (3 in the case of randomized
mask, or Gaussian noise standard deviation o in the case of Gaussian noise injection), and that
Covg(X)/E— Covy as & — 0 for some positive semidefinite matrix Cov,, that does not depend

on . Then, the limiting estimator when the augmentation intensity £ approaches zero is given by

~

Baug =3 Cov! X7 (X Covit X 1)y, (3.38)

It can be easily checked that this estimator is the minimum-Mahalanobis-norm interpolant of the
training data where the positive semi-definite matrix used for the Mahalanobis norm is given by

Cov.. Formally, the estimator solves the optimization problem
m@in 10|lcov., st- X0 =1y (3.39)

Thus, the choice of augmentation impacts the specific interpolator that we obtain in the limit of

minimally applied DA. For example, the above formula can be applied to random mask with
Cove, = n'diag(X*X) ~ X.

Fig. 3.5 demonstrates that the MSE of the random mask does not converge to that of the LSE.
Instead, it converges to the light green curve which we abbreviate as M-LSE (for the masked least
squared estimator). To test whether these limits appear only in an aERM solution, we plot the
convergence path of aSGD with the random mask augmentation with masking probability 5 = 0.01.
We set the ambient dimension p, noise standard deviation o, number of training examples n, and

learning rate 7 to be 128, 0.5, 64 and 10~° respectively. We choose a decaying covariate spectrum
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Figure 3.5: aSGD convergence to aERM for small random mask. We simulate the convergence of aSGD for
random mask with dropout probability 0.01. We compare its converging estimator with the aERM limit (3.38)).

of the form X;; o ", where 7 is chosen such that 11,(2) = 0.2, (X). It is clear from the plot that
both aSGD and aERM converges to the M-LSE solution of (3.38)). The curves and the shaded area
denote the averaged result and the 90% confidence interval for 50 experiments. A caveat to this
result is that the convergence rate turns out to be relatively slow and highly sensitive to the learning
rate. A theoretical investigation of this behavior (and the optimization convergence of aSGD to
aERM more generally) is beyond the scope of this work and would be interesting to explore in the

future.

3.6.2 Comparisons of different types of augmentations

In this section, we compare the generalization of three canonical augmentations that we analyzed in
this work: 1) Gaussian noise injection [91], 2) random mask [17], and 3) random rotation (which
we introduced in Section 3.3.4). As in Section 3.6.1, we consider the random isotropic signal
0" ~ N(0, I,). We compare regression and classification tasks; in the former, we set the noise
standard deviation as 0. = 0.5 while in the latter, we set the label noise parameter as v* = 0.1.

We consider diagonal covariance X and two choices of spectrum: 1. isotropic (i.e. 3 = I,,) and 2.
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decaying spectrum where ;; oc 7* with y = 0.95.

Figure 3.6 illustrates different trade-offs (bias/variance for regression, contamination/survival
for classification) for the three canonical augmentations. The hyperparameters for the respective
augmentations are: 1) the standard deviation o € R* of the Gaussian noise injection, 2) the masking
probability 5 € [0, 1] of the random mask, and 3) the rotation angle « € [0, 90]. We can make the

following observations from Figure 3.6:

1. For isotropic data, all three augmentations achieve similar results in terms of generalization,
while for the case of decaying spectrum, Gaussian injection and random rotation outperform

the random mask when their respective hyperparameters are all optimally tuned.

2. In the regression task, for both choices of data distribution, Gaussian injection requires
careful hyperparameter tuning in the range of [0, 1.8] from R* while the random mask
and random rotation augmentations are fairly robust in performance in the entire range of
the hyperparameter spaces. A possible explanation for this observation is that the random
mask and rotation hyperparameters are scale free of the data (while the noise injection

hyperparameter is not).

3. In the classification task, all the augmentations enjoy robust generalization guarantees with
respect to their hyperparameters. This verifies our theoretical observations in Propositions 20

and 21.

4. While noise injection enjoys better generalization when it is optimally tuned, random mask
is more robust in terms of generalization across hyperparameter choice. Our novel random
rotation augmentation achieves the best of both worlds across different data distributions
and tasks. In particular, it not only achieves a comparable generalization guarantee to noise
injection when optimally tuned, but also is robust with respect to hyperparameter choice
(like the random mask). This observation is consistent with the theoretical prediction of

Corollary 19.
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(c) Bias and variance distribution comparison in decaying covariate spectrum, v = 0.95
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Figure 3.6: Adding Gaussian Noise vs. Random Mask v.s Random Rotation in different covariate spectra for
the regression and classification tasks. In this figure we plot the bias/variance (a), (¢) and contamination/survival
distributions (b), (d) of Gaussian noise injection, random mask, and random rotation. The numbers reflect the respective
hyperparameters o, 3, a.
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3.6.3 When are augmentations effective?

In this section, we try to understand the impact of the true model 8" and the data covariance X on
the efficacy of different augmentations, focusing on the nonuniform random mask introduced in
Section 3.5.2. We set the ambient dimension to p = 128 and consider the noise standard deviation

o. = 0.5.

Effect of true model We study the impact of nonuniform masking on the 1-sparse model 8* = ey,
as depicted in Section 3.4.1 in the regression task and consider isotropic covariance ¥ = I,. We
vary the probability of the signal feature mask f;;, while keeping the probability of the noise feature
mask [ fixed at 0.2. The results are summarized in Fig. 3.7 and verify our analysis in Corollary
18 that noise features should be masked more compared to signal features so that the semantic
component in the data is preserved. Furthermore, we observe that the differences manifest primarily
in the bias, and the variance remains roughly the same. This is consistent with our variance bound

in Corollary 18, which depends only on the probability of the noise mask /3.
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Figure 3.7: Non-uniform random mask between signal and noise features. We illustrate different mask strategies
by varying the relative mask intensities of the signal and noise features. We see the signal position on the true model has
most impact on the bias for data augmentation. Furthermore, the result supports the principle that one should augment
the noise features more than the signal feature.

Effect of covariate spectrum Next, to understand the impact of the covariate spectrum, we
consider a setting with a decaying data spectrum 3;; oc 0.95°. We generate the true model using the
random isotropic Gaussian 8* ~ N (0, 1,) and run the experiment 100 times, reporting the average

result. We consider a bilevel masking strategy where the masking probability for the first half of
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features is set to 3, and the second half of features is set to 3,. We vary the ratio between 3, and 3,
to investigate whether a feature with larger eigenvalue should be augmented with stronger intensity
or not. The result is presented in Fig. 3.8. We observe from this figure that it is more beneficial to
augment more for features with smaller eigenvalues.

3.0 3.0 3.0
— Bplpr=47" — Bplfr=47" — BplBr=47"

— Blpr=47

25 — Bplpr=37" 25 — Bplpr=37" 25 — BplFr=3"" o4 — Bplfr=37"
— Bplfr=2"" — Bplpr=27" — Bplfr=2"" — Bplpr=2""
2.0 — Bolf1=1.0 20 — Bp/B1=1.0 2.0 — By/B1=1.0

s
@
BplB1=2.0 BolB1=20 g BolB1=2.0| 5
§1,s Bo/B1=3.0| 815 Bi/B1=3.0 515 BolB1=3.0 §
BplPr=4.0 Bp/fr=4.0 8 Bolp1=4.0 | %002
— —— e
1.0 1.0 1.0 g
<
‘ 0.01
0.5 0.5 0.5 -
e E—— ; = _; ——

- P e — 0.00

0.0 25 50 75 100 125 150 175 0.0 25 50 75 100 125 150 175 ) 25 50 75 100 125 150 175 25 50 75 100 125 150 175

Number of training examples Number of training examples Number of training examples Number of training examples

Figure 3.8: Impact of covariance spectrum on the random mask in p = 128 dimensions. We investigate the
bi-level random mask strategies in data with decaying spectrum oc 0.95%. The first half of features are masked with
probability 1 while the rest are with 8,. We vary the ratio between the intensity /5,//51. We observe that augmenting
more for features with higher variance benefits generalization.

3.6.4 Comparisons of pre-computing samples vs. augmented ERM

In our final set of experiments, we dig into the differences between pre-computing augmented
samples and creating augmentations on the fly (our analysis concerns the latter). Because modern
deep learning training usually relies on GPU computation, the overhead of doing augmentation
with CPU on the fly with optimization could become a bottleneck during training time. Hence, pre-
processing of the data becomes a plausible alternative. This is essentially equivalent to optimizing

an empirical notion of aERM:

aug size

> IGX) —yli3] = B[l G(X) = yl3). (3.40)

1
aug size

For this experiment, we generate isotropic random signal 8" ~ A/ (0, I155) and observation noise
with standard deviation 0 = 0.5. For simplicity, we choose the isotropic covariate spectrum
3 = I;05. Fig. 3.9 shows regression performance in terms of MSE, bias, and variance as we
vary the augmentation size, which is the number of augmented copies of each original sample. In

Figs. 3.9 (a)-(b), we observe the well-known double descent peaks [93, 127] when the training
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number approaches the ambient dimension n = p = 128 for LSE, and observe that adding pre-
computed augmentation shifts these peaks to the left. The peak for a pre-computing method with
an augmentation size k is observed to be approximately at n = 128/k. Intuitively, this mode
of augmentation virtually increases the size of the training data: in particular, if we had 128/k
original data points the induced total training size (including original data points and augmentations)
becomes equal to (128/k) x k = 128.

Interestingly, both the magnitude of the peak and the width decrease as we increase the augmen-
tation size, and the peak almost disappears when k£ > 8. The general behavior of pre-computing is
observed to approach aERM as k increases. Another interesting observation is that, unlike LSE
which only has a double descent peak in the variance, pre-computing augmentations induces peaks
in both the bias and the variance. A possible explanation for peaks appearing even in the bias term is
that the variance induced by a finite number of augmentations is itself embedded in the bias term. In
more detail: let éaug = 9aug(5, g, X) be the augmentation estimator that depends on the observation
noise ¢, finite augmentation g, and training data X. Then the bias term can be decomposed as

|0aUg - Ee{éaug|X]”§)j fi |0aUg - Eg,e[éaug|X]||§:1 + ||E8[9aUg|X] - E976[9a0g|X]”§3-

(. (.

Vo Vv Vo
Bias Average augmentation bias Finite augmentation variance

We defer a detailed mathematical study of these intriguing observations to future work.

3.7 Discussion

In this paper, we establish a new framework to analyze the generalization error of the linear model
with data augmentation in underparameterized and overparameterized regimes. We characterize
generalization error for both regression and classification tasks in terms of the interplay between the
characteristics of the data augmentation and spectrum of the data covariance. As a side product, our
results also generalize the recent line of research on harmless interpolation from ridge/ridgeless
regression to settings where the learning objectives are penalized by data dependent regularizers.

Through our analysis, we characterize when a DA can help or hurt generalization based on the
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Figure 3.9: Pre-augmentation versus aERM in Gaussian Noise Injection and Random Mask. The estimators
based on aERM have monotonicity in generalization error with respect to the number of training samples, while
the pre-computing methods exhibit the double-descent phenomenon like least-squared estimators. We note that the
pre-computing methods shifts the error peak left compared with LSE. Also, the peak appears approximately at the
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(b) Normal random mask with 8 = 0.3.

sample number equals to £, where k is the augmentation size.
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effective ranks of the augmented data spectrum. As concrete case studies, we show that in the
overparametrized regime, random mask and group invariant augmentations can be harmful due to
their isotropizing effect; on the other hand, our proposed random rotation augmentation is provably
beneficial for generalization and highly robust. Our framework also uncovers the nuanced impact of
DA on generalization as multiple factors, including the operating regimes, downstream tasks, and
signal positions, come into play. We find that generalization can exhibit huge discrepancies even
when the same type of DA has been employed.

There are several promising future directions that arise from our work. A first natural question
is to what extent our insights extend to the nonlinear realm. A near-term future direction consists
of extending our framework to kernel methods, which is often regarded as the first step toward
understanding complex nonlinear models. As remarked at through various points in this paper,
we believe the generalization analysis for a fixed estimator can be naturally extended; the more
interesting question lies in the understanding the regularizer and estimator induced by DA for kernel
models (that remain linear in feature-space but can be highly nonlinear in the data). Second, while
our work focuses on the aERM objective, pre-computing augmentations is a natural alternative
for which our preliminary experiments in Section 3.6.4 show intriguing differences in behavior.
Understanding the fundamental differences between the two paradigms is an essential next step in

comprehensively characterizing the effects of DA.

3.8 Technical Proofs and Derivations

We provide the detailed proofs in the following subsections.

3.8.1 General Auxiliary Lemmas

Notation For a data matrix X € R"*? with i.i.d. rows with covariance ¥, recall we denote P,
and P __ as the projection matrices to the first ¥ — 1 and the remaining eigen-subspaces of X,
respectively. In addition, we have defined two effective ranks p;.(3; ¢) = M, Ri(%;¢) =

nAk41
(CJ%:—”Q)Q For convenience, we denote the residual Gram matrix by A (X; \) = AL, +X P X7,
i>k
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Lemma 22 (An useful identity for the ridge estimator [26]). For any matrix V. € RP** composed
of k independent orthonormal columns (therefore, V represents a k-dimensional subspace), the

ridge estimator 6 = (XX + AL,) "X Ty has the property:

I+ VIXTPIIXV)VTH = VIXTP 1y, (3.41)
where Py, := \I,, + XVH(VHTXT and V* is a p by p — k matrix satisfying (V+)"V = 0 and
(VHTVE =1,

Lemma 23 (Bernstein-type inequality for sum of sub-exponential variables). Let x4, ..., X, be
independent zero-mean sub-exponential random variables with sub-exponential norm at most o>.

Then for every a = (ay, .. .,a,) € R" and every t > 0, we have

2 t
P >ty < 2exp {—cmin( , )]
{ } ol o2all~

where ¢ > 0 is an absolute constant.

n
E a;X;

i=1

Lemma 24 (Concentration of regularized truncated empirical covariance, Lemma 21 in [26]).
Suppose Z = (21,2, . . ., z,| € R™P is a matrix with independent isotropic sub-gaussian rows with
norm o. Consider ¥ = diag (M1, ..., \,) for some positive non-increasing sequence {\;};_,.
Denote A, = NI, + 3., \iz;z; for some \ > 0. Suppose that it is known that for some
0,L > 0 independent of n,p and some k < n with probability at least 1 — 0, the condition
number of the matrix Ay, is at most L. Then, for some absolute constant c with probability at least

1—0—2exp(—ct)

(n —to?)

i Me1P6(B5 ) < i (Ag) < i (Ag) < (n + 1502) Ley101(25N)

Lemma 25 (Concentration of leave-one-out empirical covariance). Under the same notations

and assumptions in Lemma 24, denote A_; := \I, + ), 4t \iz;z; for some \ > 0. Then for any

66



t < k < n such that the condition number of Ay, is bounded by L, we have

(n —ta?)

T M1 (Z5 ) < pn(Ay) < pa(Ay) < (4 107) Lapo(350)

Proof The lemma follows by Lemma 24 and the observations of u1(A_;) < p1(Ap)) and
A_, = Ay [

Lemma 26 (Concentration of matrix with independent sub-gaussian rows, Theorem 5.39 in
[128]). Let X be an n x k matrix (with n > k) whose rows X; are independent sub-gaussian
isotropic random vectors in R¥. Then for every t > 0 such that \/n — C Vk —t > 0 for some

constant C' > 0, we have with probability at least 1 — 2 exp (—ct?) that
\/_ - O\/E —t S Smin(X) S Smax<X) S \/ﬁ_’_ C\/%“f' t

Here s, and sy, denotes the minimum and maximum singular values and C,c > 0 are some

constants depend only on the sub-gaussian norm of the rows.

Lemma 27 (Concentration of the sum of squared norms, Lemma 17 in [26]). Suppose Z <
R"*P is a matrix with independent isotropic sub-gaussian rows with norm o. Consider ¥ =
diag (A1, ..., \p) for some positive non-decreasing sequence {X\;}._,. Then for some absolute

constant ¢ and any t € (0,n) with probability at least 1 — 2 exp(—ct)
" 2
(n—to") 3N < D[S Ziknc | < (0 10%) 30N
i>k =1 i>k

Lemma 28 (Applications of Hanson-Wright inequality as done in [27]). Let € be a random
vector composed of n i.i.d. zero-mean sub-gaussian variables with norm 1. Then,

1. there exists universal constant ¢ > 0 such that for any fixed positive semi-definite matrix A,
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with probability 1 — 2 exp(—+/n), we have
|cTAe —E [¢TAc]| < ¢[|Ant.
2. there exists some universal constant C' > 0 such that with probability at least 1 — %
eTAe < C'tr(A) logn.

Lemma 29 (Operator norm bound of matrix with sub-gaussian rows [26]). Suppose {z;};_, isa
sequence of independent sub-gaussian vectors in RP with ||z;|| < o. Consider ¥ = diag (A1, ..., \,)
for some positive non-decreasing sequence {\;};_, . Denote X to be the matrix with rows »1/2,.

Then for some absolute constant c, for any t > 0 with probability at least 1 — 4e/¢

p
X[ < co | Mt +n)+ ) A

Jj=1

3.8.2  Proofs of Regression Results

In this section, we will include essential lemmas in 3.8.2 to prove the main theorems for regression
analysis in the sections 3.8.2 and 3.8.2. Then, we will use these theorems to prove the propositions

and corollaries in sections 3.8.2 and 3.8.2, respectively.

Regression Lemmas

Lemma 30 (Sharpened bias of ridge regression, extension of [26]).

2 Pil(EQ n)
= Ner1) 24 (M) 202, (25 n)

(3.42)

Bias < HP]i+l:p6*

2 *

Remark 31. The reason we modify the bound from [26] is twofold: 1. we consider non-diagonal

covariance matrix Y. This is because even if the original data covariance is diagonal, the equivalent
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spectrum might become non-diagonal after the data augmentation. Therefore, we modify the bound
so that the eigenspaces of the data covariance matrix do not have to be aligned with the standard
basis. 2. As we show in our work, some augmentations, e.g. random mask, have the effect of making
the equivalent data spectrum isotropic. However, in this case, the bias bound in [26], as shown
below, can be vacuous as being almost the same as the null estimator so we modify the bound to

remedy the case.

+HP1/€1 0" 22*

1 )\21+1p2‘1 (27 TL)

p_ kl *112
> 110

Bias bound = HP1§1+1p

2

*

g | P35, 0"

HPk1+1p

Proof This lemma is a modification to Theorem 1 in [26], where we only change slightly in the
estimation of the lower tail of the bias. For self-containment, we illustrate where we make the
change. Consider the diagonalization ¥ = VDV . Let V;, V, be the matrices with columns
consisting of the top k eigenvectors of 3 and the remaining eigenvectors, respectively. Note that we
have V = [V, V], P¥, | = V| V] and P = V,V]. Moreover, we have V. V] + V, V] =
VVT = 1I,. Now, for the ridge estimator § = (XX + AI,)~"'X Ty, apply Lemma 22 with V = V;

to obtain
(L + VI XTA(Z; ) X V)V 0 = VIXT A 0) Yy, (3.43)

where Ay (2; \) := AL, + XV, V, X . As there will be no ambiguity of which covariance matrix
the residual spectrum corresponds to, we will just write A from now on.

To bound the bias, we split it into
Bias < 2|V, V| (E.[0] — 0")3 + 2([ V2V (E[6] — 67)]|3, (3.44)

where the expectations are over the noise €. Observe that the averaged estimator is [, [9] =

(XTX 4+ ML) 'XTy, so we can apply Lemma 22 with 6 and y replaced by E.[0] and X6,
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respectively. As a result, we can write

(I + VI XTAIX V) V/E.[0) = V] XTA'X6*

= V/XTA'X(V, V] +V,V,)6*

Now, subtracting V| 6* + V] XT A, "XV, V] 6* from both sides of the above equation followed

by a left multiplication of V gives

V, V] (E.0 — 6°) + V,V] X A 'XV, V] (E.0 — 6%)

=V, V/XTA'XV, V] 0" -V, V]6"

where we use the identity I, = V, V| + V, V.
Now multiply both sides with (E.0 — 8*)7, the R H.S. is

= (Esé - 0*)TV1V1T21/22_1/2XTAI;1XV2V;0* _ (Esé _ 0*)TV1V121/22_1/20*

< ViV (E.§ - 49*‘)||2M,1(A,€)—1\/M1 (VIVIE*/?XTXE*U?VNI) IXV,V]e|

+ VIV (E.0 — 07)||5][ Vi V] 6|51 (3.45)
Note that in the last term of the inequality, we have use the fact that

(E.6 — 6*)'V, V] 222120 = (E.0 — 0"V, V] 22512V, V] + V,V])6*

= (E.6 -6V, V=25 12V, V] e~
On the other hand, the L.H.S. is

> A VIV (B0 — 67)||% + (B0 — 6°) 'V VI XTA'XV, V] (E.6 — 67),  (3.46)
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in which the second term is

= (E.0 — 6") 'V, V] ZV2V, V]S 12X TA XS V2V, V] SY2V, V] (E.0 — 67)
> [[ViV] (B0 — 6°)[[3[|Vi V=X A XS 2V V|
> [ViV](E-0 — 6") |5 (VI ET/PXTA XSV

> ViV (B0 — 67) |51 (Ag) (V] S2XTXS2V), (3.47)
Therefore, combining e.q. (3.45), (3.46) and (3.47), we have

IViV](E.6 —6")|x

u;l(Ak)\/ 11 (VIE—V?XTXE—l/Qvl) XV, V5 07| + [V V] 675
<

AT T (A (VI Z 72X TX V2

Now, we turn to bound ||V, V] (E.0 — 6*)||%. The proof follows the same step as [26] except

we use projection matrices to accommodate for the non-diagonal covariance:

VoV (B0 — 0715 S | Pr.o07 I3+ | Vo Ve XT(XXT + ML) ' XV, V) 673,

-~

T1 T2
+ VoV, XT(XXT + AL) ' XV, V] 0% %
Ty
T5 is bounded by
12 (AR | XV V) BVLV, XX VLV, 071%. (3.48)

For T3 on the other hand, recall XX + AL, = XVlVlTXT + Aj. Then by the

71



Sherman—Morrison—Woodbury formula, we have

(XX +AL) XV,
= (A" = AJ'XV(L 4+ VIXTA'XV) ' VIXTA ) XV,

= A XV (I, + V] XTAIXV)) L
Therefore,

VoV, XT(XXT + ML) ' XV, V] 0|5

< 2 (ARIX VLV, BV VXXV (T + VIXTALIXV,) TV 673,
where

XV, (I + VI XTA'XV,)'V]6*
@ XV,(V] S 2)(SV2V)(I, + VI XTALXV) (V] S172) (22, ) V] 67
YU Xs-12(8V2V (I, + VI XTAZIXV,) (V] S2) (212, V] 97

B X512V, (VI S7V, + V] 512X TAIX S 12y, )"l e 12y V] 6,
where (a) follows from VlTVl =1, (b) from
XV, (V]S V(EV2V) = X(V, V] + Vo,V E71282y, = X128y,
as V] Vy =0and V; V] + V, V] =1, and (c) follows from the facts

XE 12512y, = X512V, (szmvl)

(V]EV2v))t=v/e 12V,
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Therefore, we have

IXV I+ V] XTAIXV)'V] 6|3
0 (VIE*”XTXE*/?Vl)
<
AL (AR (VT AXTXE AV

[ T SR

Now, adding all the terms above together, the bias is

pt (A (VIS EXTXE V) [XVLVT6° [+ [VaVTo G
N ARV D X XSV
i (A (VISTEXTXE VL) ViV

Bias

~

+ |XV,V, VLV X |

2
AT 4 2 (Ag) s (VlTE‘l/QXTXE‘WVl)

+ [XVoVy BVoV, X * (A [X V2V 075 + | PELO" (13

where for the diagonal covariance X, the first two terms are sharpened with additional A ? in
the denominators as compared to [26]. As in [26], these terms can be bounded by concentration
bounds: s, <V1TE‘1/2XTX2‘1/2V1> by Lemma 26, 11;(A;) by Lemma 24, XV, V.2 and
|XV3V, EV,V,) XT|| by Lemma 27. The details can be found in the proof of MSE bound of [26].
|

Lemma 32 (Variance bound of ridge regression for non-diagonal covariance data [26]). Con-
sider the regression task with the model setting in Section 3 where the input variable X possi-
bly has non-diagonal covariance 3 with eigenvalues \y > Xy ...\, Given a ridge estimator
6 = (XX + M) X"y and A > 0, if we know that for some ky, the condition number of
Ay, (X \) is bounded by Ly with probability 1 — §, where § < 1 — exp(—n/c?), then there exists

some constant C, depending only on o, such that with probability at least 1 — § — n™!

1

Variance ko n
— <=2+ —— ) logn. 3.49
2120, ~ (n Rk2<2;n>> ; 349
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Lemma 33 (Generalization bound of ridge regression for non-diagonal covariance data,
extension of [26]). Consider the regression task with the model setting in Section 3 where the input
variable x has possibly non-diagonal covariance 3 with eigenvalues A1 > )5 . ... Then, given a
ridge regression estimator 6 = (XX + MXI)"'X Ty and X > 0, suppose we know that for some
ki and ko, the condition numbers of Ay, (X; \) and Ay,(X; \) are bounded by L, and Ly with
probability 1 — 6, where § < 1 — exp(—n/c?), then there exists some constants C,, C, depending

only on o, such that with probability at least 1 — n~!,

< 4 b %2 = px||? Pi, (Z5m)
MBS G\ PRl + P o Ty 2 i)
0 o~ [k n
2120, (2 + ——— ) 1log .
+0-L5C, - + Re (5 ogn (3.50)
Vaggnce

Proof The statement is a direct combination of Lemma 30, 32 and the bias-variance decomposition
of MSE from [26]. |
Lemma 34 (Bounds on the approximation error for regression). Denote
0,0 = (XX 4+ nCovg(X)) ' X"y, O, := (XX 4 nE,Covg(x)) Xy,
and k the condition number of X.,,,. Assume for some constant ¢ < 1 that
Ag = H]EX[COVg(X)]_%COVQ(X)EX[COVQ(X)}_% —I|| <e

Then the approximation error is bounded by,

Hé,mg — éaugHZ < KJ%AG (HH*HE + \/Bias(éaug) + \/Variance(aaug)) .
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Proof For ease of notation, we denote D = Covg, D = Ex[Covg(x)], and A = D2DD~z — L

Then

10ais — Bunells = (XX +1nD)'XTy — (XX +nD) X y|s
= (XX +nD) {( XX +nD - XX —nD)(X'X +nD) ' X'y|x
= n||27D 2D (X X + nD) D2 AD? 8, |2,
Snl|Z2 D72 |D3 (XX + nD) D2 || A[[[|D2 22 [[|Bug I

< k2 Ag||Bul || D2 (XX + nD)"'D3 | (3.51)

0.44l|s can be bounded as,

1Bl < 107115+ 18 — O°lls: S 16715 + \/Bias(Bue) + 1/ Variance(Be).

It remains to bound | D2 (XX 4 nD)'Dz .

Now, observe

1 —1 —1 _ 1\ 1 -1
D3 (XX + nD)" Da||:(up (D§(XTX+nD)‘1D5) )

)

<<up<2_)_%(XTX+n2_))TD_%)—||Z5 (XX +nD - XX — nD)D 2||)

N

D
:( ( D 3(X'X +nD)D"

However,
1

(D%(XTX + nﬁ)—lﬁ%) = (XX + nl),

where X has sub-gaussian rows with covariance X.,,,. Hence, the first term is at least n, while the
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second term is just nAg by definition. So by the assumption that Ag < c for some ¢ < 1, we have,

N[

_ _ 1
|D*(X"X + D) 'D3|| <

and finally we have,

||@Wg — éaug”E < /{%AG (||49*||2 + \/Bias(éaug) + \/Variance(Oaug)) )

Lemma 35 (Condition on bias/variance dominating error approximation). Suppose the condi-

tions of Theorem 4 hold. If

KJ%AG <n< min <Bias + Variance, v/Bias + Variance) . (3.52)

Then there exists ¢' > 0 such that,

L _ Bias(Buy) + Variance(Gu) o (3.53)

¢’ ~ Bias(0,,) + Variance(0,,,)

Proof The lemma follows from Theorem 4 with the observations:

k2 Ag (HG*HE + \/Bias(éaug) + \/Variance(eaug)) < Bias(0,y) + Variance(0y,,)
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Proof of Theorem 4

Theorem 4 (Bounds of Mean-Squared Error for Regression). Consider an unbiased data

augmentation g and its corresponding estimator éaug. Recall the definition
Ag = ||Ex[Covg(x)] ~ Covg(X)Ex[Covg(x)] 2 — LI,

and let k be the condition number of X ,,,. Assume with probability 1 —6', we have that the condition
numbers for the matrices Ay, (Xaug; 1), Ay (Xaug; 1) are bounded by Ly and L, respectively, and
that Ag <  for some constant ¢ < 1. Then there exist some constants ¢, C' depending only on o,

and o, such that, with probability 1 — &' — 4n~', the testing mean-squared error is bounded by

MSE < Bias 4 Variance + ApproximationError,

Bias _ (szm e (ph,)* )
CpLf ~ \II" o wt M) 2+ )2 (0,5)2 )

Varianc k
Jarianee < < 2 Zug> logn, Approx.Error < k2Ag (HB*HZ + v/Bias + Variance) :
o2L3C, i

+ HPEauge*

1:k1 Yaug

aug

where p;*¢ = pr(Baug;n) and R := Ry(Baug; n).

Proof
MSE = Ey[(x" (Basg — 0))%X, €] = ||0ane — 67|/ (3.54)

Because the possible dependency of Covg(X) on X, we approximate the éaug with the estimator
Oue = (XTX + nE,[Covg(x)]) X Ty. Now, by the triangle inequality, the MSE can be bounded

as

MSE < 2/[fug — 0°[% + 2/0u — Ouve % (3.55)
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We can bound the first term by using its connection to ridge regression:

A

eaug = (XTX + nEX[COVg (X)])_IXTy
= [E, [COVQ(X)}_1/2(nIp + EX[COVg(X)]_l/QXTXEX[COVg(X)]_1/2)_1]EX[COVQ(X)]_1/2XTy
= EX[COVQ(X)}_l/Q(nIp + XTX)_l)N(Ty (f( = XEX[COVg(X)]_l/Q)

A

= Ey[Covg (%)) %hrigge;  (Briage := (nI, + X X)X Ty). (3.56)

So the MSE becomes ||@yigge — Ex [Covg (x)]/20" )2 These observations

x[Covg (x)]~1/2BEx[Covg (x)]~1/2*
have shown an approximate equivalence to a ridge estimator with data matrix X, which has data
covariance = Ey[Covg(x)]"V/?SE,[Covg(x)]~!/2, ridge intensity A = n, and true model parameter
E.[Covg(x)]'/?6*. Hence, we can apply Lemma 33 to bound ||, — 6" ||%, where ||E. [0 — 0% || %

and ||E.[@aus] — Ouue|% are exactly the bias and variance, in Theorem 4, respectively. Specifically,

we have,

B [Bane] — 6715 <

Pt (Baug; ) )
St (AR5 )72+ (M) 200, (Bagsn) )’

_ _ ~ [k n
E O] — Ousel|% < oHL2C, [ 2+ —— ). 3.58
B Bus] ~ Bl S 021130 (224 659)

(3.57)

k1+1:p”aug 1:k1 “aug

o, 1t (HPEW o*

2
+ ‘ ‘ Pzaug 9*
z:aug

For the second error term ||0,,, — @ye|

%, we apply Lemma 34.

Proof of Theorem 7

Theorem 7 (Bounds of MSE for Biased Estimator). Consider the estimator éaug obtained by solv-
ing the aERM in (3.2). Let MSEO(éaug) denote the unbiased MSE bound in Eq. (3.16) of Theorem 4,

C = Ex[Covg(x)], and
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Ag = | 'C 2Covg(X)C72 — L.

Suppose the assumptions in Theorem 4 hold for the mean augmentation ;1(x) and that Ag < ¢ < 1.
Recall the definition of the mean augmentation covariance ¥ = B [(11,(x) — Ex[x])(py(x) —

Ey[x])"].Then with probability 1 — &' — 4n~! we have,

2
MSE(8,,,) < R? - < MSE(8,.,,) +RQ) ,

where
1 — 1
Ri=1+|22272 —1,,
_ Au XL (14 pre(Zaugi )
R = chl 1"— )( 0* + 0* ov au, +¢W ’
=/l H( VEAE T+ 10w ) |3 + ) (o
Proof
2
MSE(Qase) = [|0asg — 0°1% < | [0ase — 0715 + || Oane — 07l — e — 07155
—/_L \ ~~
1 Lo

Now we will bound L, and L; in a sequence. For the L, denote A = éaug — 07, then

18 = 0715 — 161 e*uz\—MTm mrm\

_|ATE-D)A| _aT(EE - )||(BF + 554
NEEE N INEENE

< a7z -= : :

l\)\»—‘
—

1o-1 - % 1
22 < [A[s]Z2E72 ~ Ll = [[fue — 07|51 22572 — L.

Hence, it remains to bound ||6,,, — 6" ||5 because

1 _

Li+ Ly < (1422572 — L[|)]|0ug — 0" |5 (3.59)
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Now observe that ||4§’aug — 07||5; is just like the test error of an estimator where the covariate has
the distribution of ug(x). However, recall the caveat that when ¢ is biased, there will be both
a covariate shift and a misalignment of the observations in the estimator. Therefore, we have
to take the latter into account. Specifically, recall that our observations y are, in fact, X0* + n.
To match the covariate distribution ug(x), we define y = u(X)0* + n. Although we do not
actually observe y, we can bound the error between observing y and y. Therefore, we denote
0. = ((X)T(X) + Covg(X))~'u(X)Ty. This is the biased estimator that uses the biased
augmentation g and also has an observation distribution that matches the covariate distribution.

Then,

(.

Héaug - G*HSJ 5 ||éaug - O*HE’EWL ||éaUg - éaUg”g- (3.60)

Ls Ly

Now, since éaug has observations matching its covariate distribution pg(x), we can apply Theorem

4 to bound Ls:
10 — 07| < VMSE?, (3.61)

where MSE? is the bound in E.q. (3.16). It remains to bound L. Note that this error arises from the

additive error between y and y. Recall C := E,[Covg(x)], then,

18aue — Bauellss = 1| (11(X) (X)) + Covg (X))~ u(X) "y = ¥)lls
|55 (1(X) T 5(X) + Covg(X)) ™ u(X) (5 = )]

(B0 T(X) + Cove (X)) n(X¥) | (v = 9] .

L5 LG

M

[\
M
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We first bound Ls,

Observe that

where X has sub-gaussian rows with covariance 3J,,, as defined in E.q. (3.14).
Now, we bound Lg and L. For convenience, denote A = )N(XT+nIn and A;, = Xkﬂ:pf(;“:p%—

nl,,. By Woodbury matrix identity, we have
A X g = A X (T, + XA X ) !

Hence, Lg is bounded by

1 ~ o~ _

SHarh T 1 _I5:C
5272 (XXT 4 nl,) ™ X = |2

‘EA,fXM(I + XA X ) 7Y
_ 1 _

< pn(AR)TYZ2CE || X (L, + XA X))
_ 1 _

= (A TETCT | Zoa (B s + 21 Ay 2 ) T S

aug, 1k||

RIS |
< pn(Ag)TH|Z2C 2||||Eaug1kllllzlk<2auglk+Z WAL Z) 7, (3.62)

where Z has sub-gaussian rows with isotropic covariance I,. Now applying Lemma 26, we have,
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with probability 1 — 5n73,

1Z1k (Bugrac + 2L A Zaat) | S | Zallisy (214 AL 2o

Vi m(A
e (Zlkzlk> ~ovnoo

N

1 (Ax)

Combining the above and E.q. (3.62) with Lemma 24, we have with probability 1 — § — 2n 3 that

I=C1|

Lo = |22C3(XXT +nl,) "Xl < i
A1

(3.63)

where A} © is the k-th eigenvalue of X,,,. On the other hand, by Lemma 24 and 29,

1 _ 1~ ~ U
Ly = [|X2C™ §(XXT + nIn)ileJrl:pH S

~Y Ell.lg

1 pO aug; TV

_ ||EC 1”/\2:%1 (1+ pk(Eaug5n))
/\?ugpo 2auga TL))2 ’

\/nzc 1) Aa“‘in +30 A

with probability 1 — ¢’ — exp(—ct) (where we set ¢ := log n for the final theorem statement). Hence,

|EC Zlfl 1 + Pk aug; n))
Ly < Lo+ Ly < - S . (3.64)
= /\ g )‘1 ng aug ))2

Next, we bound Lg:

12 (1(X) T w(X) + Covg (X)) u(X)T = B2 (u(X) pu(X) +nC) ' u(X) |

= nl|S* (u(X) " u(X) + Covg(X)) ™ (' Covg(X) — C) (u(X)" u(X) +nC) " u(X)"|

< 0B (u(X)" p(X) + Covg(X)) ' C2 | ||~ C 2 Covg(X)C % — I,
1C2 (u(X) T 1(X) +nC) 1 u(X)
L2

The term L4, is identical to (3.64) and can be bounded with that inequality. In the meantime, the
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N

term Lo = || 22 (u(X) T u(X) + Covg(X))~1C2 || can be bounded by noting that,

Z\/
/_\
/N
(@]
(NI
£
—
=
ke
+
3
a
|
a
=

|

Here, by Lemma 24

1 ((Cé(u(X)Tu(X) + nC)lcé)_1> — 1 ((XTX + nIp)) >n (3.65)

Also,

IC72 (u(X) T 1u(X) +nC)C2 — C2(u(X) " p(X) + Covg(X))C 2|

= |C2Covg(X)C 2 — nl,|| = nAg
Adding the above inequalities together, Lg is bounded by

152 1(X) (1(X) T (X)) + Covg(X)) ' CH — 52 u(X)(u(X) T u(X) + nC) 1 C3 |

A >C-! A2 (1 + aug;
< _fa H aug k:+laug Pr(Baug 721)) | (3.66)
1— AG 1 pO augy n))

by our assumption that A; < ¢ for some ¢ < 1. E.q. (3.64) and (3.66) now imply

L5 = HEZ ( +COVg ( ) H < L7+L8

’2C :fl 1 + pk aug§ n)) ( Ag )
= o 1+ N Y,
g 1gp0 augan))2 I—c ( )
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On the other hand,

Ls = lly =3Il = (1(X) = X)6"[| = v/l 0" =1 () -3 u30)-%) 7
< v (16711 e) = X)) = X)7 = Cove |+ 6,
< Vit (V50711 + 116 cone) (3.68)

where Covy is defined in Definition 6.

Combining E.q. (3.67) and (3.68), we obtain the following:

0 0 STa G * *
L= Busg — Buglls = L Lo < 1[ISC] (1+ ) (VAT + 16w,

Aot (1+ aug’
e+ ’““aug e Z)) (3.69)
1 /00 dug> n))

Finally, putting together the results of Eq. (3.59), (3.60), (3.61) and (3.69) completes the proof. B

Proof of Proposition 5

Proposition 5 (Independent Feature Augmentations). Let g be an independent feature aug-
mentation, and 7 : {1,2,...,p} — {1,2,...,p} be the function that maps the original feature
index to the sorted index according to the eigenvalues of 3,,, in a non-increasing order. Then,

data augmentation has a spectrum reordering effect which changes the MSE through the bias

modification:

Bias HQ | N HQ (piﬁ‘g)

C, w11 15, 10700 oo ot (Ae5) 72+ (A7) 720 *)?
where w(a : b) denotes the indices of m(a), m(a+1),...,7(b). Furthermore, if the variance of each

feature augmentation Varg, (g;(x)) is a sub-exponential random variable with sub-exponential norm

o? and mean 62, Vi € {1,2,...,p}, and p = O(n®) for some o > 0, then there exists a constant c,
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depending only on o, such that with probability 1 — n~3,

2 1
Ag < max <0—’) s T

Proof For independent feature augmentation, E, [Covg(x)] is a diagonal matrix. Since the original
covariance X is also diagonal by our model assumption, the augmentation modified spectrum X,
is diagonal. Furthermore, the diagonal implies the projections to X,,,’s first & — 1 and the rest
eigenspaces are to the features 7(1 : k — 1) and 7(k, p). Lastly, because P¥»: commutes with

Ex[Covg(x)], we have

2

LSS T
_ (0*)Tﬁl/QPkE;jrgl:pﬁ—1/2225—1/2P]iaf1:p2§1/29*
_ (0*)Tszla:—gl:pﬁlmf)_1/2225_1/2251/2Pliaf1:p9*
= IPe,0° 15 = 00 amlls,, .
pr«ﬁgzug = (0*)Tpf};ulgbl/Qﬁl/QZ*lﬁl/zbl/ZPE‘}?ﬁ0*

aug
6 1: HE Vg 7(1:k
ﬂ'( k ) x Co (X) Y (1: 1)

where D = E, [Covg(x)].

To prove the approximation error bound, we proceed as follows. By independence assump-
tion on feature augmentation, Covg(X) is diagonal. Hence, to bound A, we only need to
control the diagonals of Q := n~'Ey[Covg(x)]~2 Covg(X)Ex|[Covg(x)]"2 — L. Now, denoting
D = n~'Ey[Covg(x)] 2 Covg(X)Ex[Covg(x)] "2, we have Q = D — L Forany i € {1,2,...,p},
Dy =n! 2?21 %, where x;; is the ¢-th element of the j-th row of X. By our assump-
tions of Var, (x;;), j = 1,2,...,n, being identical and independent sub-exponential random
variables with sub-exponential norm ¢? and mean 5?. we can apply concentration bounds to
Qi = ﬁ (nfl > iy Vary, (x;) — Ex[Var, (x)]) as it is a sum of i.i.d. sub-exponential random

variables with sub-exponential norm ¢;?/5?. Specifically, we apply the Bernstein inequality in
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Lemma 23 with ¢ o< 024/ 10% to conclude that there exists a constant ¢’ such that, with probability

1 —n~!, we have,

o? [logn

Qi = Lz <n_1 Z\/argi (x;) — Ex[Var,, (x)]) < d= . (3.70)
i =1

o A 0; n

Then, we apply a union bound over 7 and obtain

2

4 1
Il < max[Qu] £ m (%) /5",
i 4 g n

i

with probability 1 — n~1. Note that we can get the same error rate after the union bound as long as

p grows polynomially with n.

Proofs of Corollaries

Corollary 36 (Generalization of Gaussian Noise Injection ). Consider the data augmentation
which adds samples with independent additive Gaussian noise: g(x) = x+n, where n ~ N (0, o2).
The estimator is given by 0 = (XX + o?nl,)"'XTy. Let L denote the condition number of
no?l + Xl:kXIk:- Then, we can bound the error as MSE < Bias + Variance, where with high

probability
MSE S [105.colls,... + 10641151 10k (s no®) + R (Bsno™) + kn

Proof Since this belongs to the independent feature augmentation class, we can apply Corollary 5.

Below are the quantities in the corollary.

Ex[Covg(x)] = 0’1, 6%, = 00", Ty = 0 2%, A\ =572},

aug
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hence,

p p
n+ > A" not+ YN

aug _ E . _ 1=k+1 _ i=k+1 _ 2 2
Py pk( aug n) n)\zufl et P ( ;o )7
p 2 p 2
(n + > )\?ug> (n02 + > )\i)
Rzug _ Rk(zaug; n) _ pz:k-l-l _ pz:k—i—l _ Rk(E, na2).
> ()‘Zlf1>2 noy. Aiﬂ
i=k 1 i=k+1

Note that Ry (X; no?) and pi(X,e; no?) are the effective dimensions of the original spectrum for
ridge regression with regularization parameter no?, as defined in [26]. Finally, the approximation

error term is zero because Ag = 0. |

Corollary 12 (Generalization of random mask augmentation). Consider the unbiased random-
ized masking augmentation g(x) = [bix1, ..., b,%,|/(1 — [3), where b; are i.i.d. Bernoulli(1 — [3).
Define 1) = % € [0,00). Let Ly, Lo, k, &' be universal constants as defined in Theorem 4. Assume
p = O(n®) for some o > 0. Then, for any set K C {1,2,...,p} consisting of k, elements and
ky € [0,n], there exists some constant ¢/, which depends solely on o, and o. (the sub-Guassian

norms of the covariates and noise), such that the regression MSE is upper-bounded by

(vn +p—ki)?
n? 4+ (Yn+p— k)2

-
Bias

ko n(p — k2) 5 [logn, .
—= | — 1|6
+\<n+wn+p_k2)2 o+t 0]

~
Variance Approx.Error

* (12 * 2
MSE S 16k lls, + 16k 1I5,..

N

with probability at least 1 — §' —n~L.

Proof Random mask belongs to independent feature augmentation class, so we can apply Proposi-
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tion 5. We calculate the quantities used in the corollary.
Ex[Covg(x)] = tdiag(Z) = ¢%, 0}, = '°S120", Tyy = 7T, A =y,

The effective ranks of the augmentation modified spectrum are

au, n+p—k
P ¥ np , (3.71)
— k)2
Rzug = M (3.72)
p—Fk

Now, we apply Proposition 5. Because random mask has effectively isotropized the spectrum,
the mapping 7 in the proposition can be chosen arbitrarily. Hence, we can chose 7 (1 : k;) to be
any set with k£ elements. For the approximation error term, we first note that x = 1. Furthermore,
Var, (x,) = @Dx?. So, its subexponential norm is bounded by 1)\;02, and its expectation is given by

1 A;. Putting all the pieces together, we derive the MSE bound as

. +p—k)?
Bias < 0115 + 10515, —2"

k —k

Variance < — + nlp — k) 3
n o (Yn+p—ky)
1
Approx. Error < o2 s 107
n

~ cutout .
Corollary 15 (Bounds of random cutout). Let 8,  denote the random cutout estimator that
zeroes out k consecutive coordinates (the starting location of which is chosen uniformly at random).

~ mask
Also, let 65 be the random mask estimator with the masking probability given by 3. We assume

that k = O(, / 15,7)- Then, for the choice 3 = ﬁ we have

~ mask

MSE(8;,""") < MSE(8;""), POE(6,"") < POE(0),"").
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Proof This can be verified directly by noticing that for random cutout

ExCovg(x) = diag(X),

—k

while for random mask

ExCovg(x) = ¢diag(X).

Furthermore, the approximation is negligible when k£ < min(, /e \%) as shown in Appendix
3.8.6. Now, setting ¢ = ;% gives § = £, |

Corollary 18 (Non-uniform random mask). Consider a general k—sparse model where 8" =
ZiEZS «;e;, where |Is| = k. Suppose we employ non-uniform random mask where 1) = 1)y if

1 € Ls and = 1)y otherwise. Then, if 1 < 1)y, we have

(1 + 2 0~ 1Zs)))
24 (i + 2 (0 [Zs)

sl _ np—1Zs])
n won+p 1Zs))*

1
Approx.Error < 1/ wo o’ ogn” 0=

while if 11 > 1)y, we have
)2 3 |
n 1
>2, Approx.Error < :/;1 : OgnHO*H

Bias <

210715,

Variance <

Bias < ||0*||5, Variance < <

A

Proof Let ¥ denote the diagonal matrix with W, ; = ¢, if © € Zs and 1), otherwise. Then, we apply
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Corollary 5 with:

E[Covg(x)] = Udiag(X) = U, 67, = V'/?2V20* 3, =0 L.

aug

Now as in the proof of Proposition 12, we calculate the effective ranks. For the £* partitioning
the spectrum, we choose k* = |Zs| when ¢, < vy, while k* < n for 1)1 > 1)y. The proof for the

approximation error term is identical to in the uniform random mask case. |

Corollary 16 (Generalization of Pepper/Salt augmentation). The MSE components of the es-
timator that are induced by salt-and-pepper augmentation (denoted by 91,@,7,,@,(5 ,02)) have the

properties,

N

(M) oo (2755)]

2
Variance[epepper(ﬁad 2)] < Variance {egn <(15Lﬁ)2>} 7

ApprOX.Error[épepper(B,02)] = Approx.Error[6,,(53)].

where @gn(zz) and érm(y) denotes the estimators that are induced by Gaussian noise injection with
variance z* and random mask with dropout probability ~y, respectively. Moreover; the limiting MSE

as o — 0 reduces to the MSE of the estimator induced by random masking (denoted by 8,,,(3)):
hI% MSE[épepper(ﬁa 02)] = MSE[érm(ﬁ)]
o—

Proof Proposition 5 is applicable to salt/pepper augmentation. The related quantities in the
proposition are:
Yo’

" Yo
]EX[COVQ(X)] = ¢E + mla Oaug = ¢2 + 1— 6

167, M =
V(A + 1%5)
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Observe that the expression of A} implies that the augmented eigenvalues of salt/pepper augmenta-

tion is a harmonic sum of that of random mask and Gaussian noise injection,

Apepper (B, ‘72)71 = )\me),l + 571)\gn(02)71- (3.73)

Hence, the statement of MSE limit is clear as we take ¢ — 0 in (3.73) along with the fact that

Agn—00. Now we prove the bias statement. By Proposition 5,

*

A % 2 au au,
0pepper(67 0) S Hek—i-lszQEk_,_lzp + ‘ eﬂ-(]‘:k’-l)H]EX[COVg(X)]227(11k N (Ak—flpk 3)2' (374)
U N 1

In particular,

—Z W H > (6;), (3.75)

} 0 w(L: k1)HEX [Covg (x <1k )
n+ Zw ; nt Z F
/\Zlflpiug _ 1>k B S 1>k T1-P8 . (376)
n n

Now the result follows by combining Eq. (3.74), (3.75) and (3.76).
The variance statement can be proved using similar calculations. From Corollary 5, we only
need to compare Ry, of salt/pepper with that of Gaussian noise injection. Without lose of generality,

we assume £ is chosen in the corollary such that \; < /1% for all i > k for some constant ¢. Then,

2 2 2
n+ n+ n+ A"
( ’;@ w z+1 B)> ( ’Z;C w (C +1)1 5)) 1 ( ;ﬂ (1ﬁ052)2>
R, > > >

e Z( A )2 B Z( A\ )2 T (d+1)? Z( A )2 ’
Sk \ vt 1Z5) S\ vz i>k %

The statement now follows by noting that the last quantity is the Rj of Gaussian noise injection

with noise variance = B {i—g) Up to a constant scaling factor.
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Finally, the approximation error statement holds because the augmented covariance is that of

random mask summed with a constant matrix. [ |

Corollary 13 (Generalization of biased mask augmentation). Consider the biased random mask
augmentation g(x) = [b1xy,...,b,X,|, where b; are i.i.d. Bernoulli(1-f3). Define i) = % €
0, 00). Assume the assumptions in Corollary 12 hold. Then with probability 1 — §' — 3pn =, the

generalization error is upper bounded by

2

MSE (@) < (W o (1 " log”) - ((A g A”’) 0+ ||9*||2)) ,

n n

where MSE® is the bound given in Corollary 12.

Proof This proof is a direct application of Theorem 7 by the two steps: First, plugging in

Dawg = %I, Y = (1 - 8)*%, ECovg(x) = (1 — 3)Z.
Secondly, observing §(x) = —x, Covs = (3233, so concentration bound in Lemma 29 gives that
As < 52 (MJF—ZJ)\J) ]
n
|

3.8.3 Proofs of Classification Results

Classification Lemmas

Lemma 37 (Upper bound on probability of classification error for correlated sub-Gaussian
input). Consider the 1-sparse model 0" = ﬁet described in Section 3.4.4 and input distribution

satisfying Assumption 3, where X4y = X is the feature corresponding to the non-zero coordinate
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of 0*. Given any estimator 6 having 0, > 0, the probability of classification error (POE) is upper

bounded by
A CN SU
POE(#) < — [ 1 A/ 3.77
Furthermore, if we assume X is Gaussian, then
X 1 0 N(6
POE()) = = — Ztan~! SU( A) < ¢ (A) (3.78)
m CN(0) SU(0)

Proof
We first note that the assumption that 6, > 0is satisfied in the situations we consider, based on
the lower bounds on survival which we provide in Lemma 38. Assume without loss of generality

that Xgq = Xy = Xj.

POE(B) = P (sgn(x) # sen((x. 0)) )

~ Xo ~

=P (Sgn(xsig) # sgn(Xgig (601 + 20y + - 4 91))))

Xstg Xsig

=P (é 4+ 1o, < 0)
Xsig
X, o

thg ( X:l)g 0p < _’01’)
Now, because z' = [\;(_/\%’ e %] is a sub-Gaussian vector with norm o, (z',u) is a sub-

Gaussian variable with norm ||u|| for any fixed u. Let u = %ig[\/)\zéz, V303, . /)\pép}, which,
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by assumption, is independent of z'. Then,

Ex”.gP ( X9 92 4+ 4 Xp ép < —|él|> Exﬂg]P) << > < —|é1|>

Xsig Xsig
A2
<E 9,
x5 EXP | — ~
e N ()20
j>2 71 Xsig z

2 N\ 2
0
= Ex,, exp <_)\ sig SEI((e) )

U(9)
< P(x5, < 0) —|—3exp< 22 ON()? )

5 )
Sy o p( MZW>’

where the last inequality follows from the assumption that z;, has bounded density and a small ball

probability bound from [128, Exercise 2.2.10]. Choosing 6 = \ 0> log (g%) vields the result.
The second statement follows from Proposition 17 in [27] and the bound tan™!(z) > > 5= for

all z > 0. [ |

Lemma 38 (Survival of ridge estimator for dependent features). Consider the classification
task under the model and assumption described in Section 3.4.4 where ¥ = diag(\y, ..., \,) and
the true signal 0% = \/%\ftet is 1-sparse in coordinate t. Let 0 = XT(XXT + M)~y be a ridge
estimator. Suppose for some t < k < n that \11pr(2; X) > ¢ for some constant ¢ > 0, and with
probability at least 1 — § that the condition number of \I + Xj 1., X% +1.p IS at most L, then with

probability 1 — § — exp(—+/n), we have:

L/\t(l - 2u*)

(L= 20) (1 k)

n

(3.79)

Proof Our bound is a generalization to Theorem 22 in [27] for correlated features and ridge

estimator. We only require the signal and noise features to be independent.
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Denote X to be the matrix consisting of the columns of X except for the t-th column, and
A_, == XXT + AL As the proof in [27], our proof begins with writing the SU in terms of a
quadratic form of signal vector and applying Hanson-Wright inequality, Lemma 28, by invoking the

independence between the signal and noise. The result is that, with probability 1 — exp(—+/n),

A ((T=2v%)tr (AT]) = 2¢; [[AT|| - n®/)

SU > and 3.80
Y TN (o (AT e [[AZ]] 3 (3.80)
A (1 —2v%)tr (AZ]) + 2¢; ||AZL]| - n¥/4
sU< & ( V)r(l ) Clul e ), 3.81)
T (ir (AT) — o1 A7)
Now observe |AZ}|| = j,(A_;)~Y, so by Lemma 25, we have
L
AT S : (3.82)
lA=l n\er108(2; )
By our assumption Ny 1px(2; \) > ¢, we have
v 2%
Apo(B5A) =07 TN+ Aeror(B5A) < A pr(Z5 M) (1 + =) (3.83)
i=1
Also, using the same Lemma and (3.83),
1 —k/n)(1 4 E)-1 1— — B 1
( /n)(1+ L) < k/n < n—k Str(AIi)ZZ < n
LAy1p1(35 ) LApo(E;0) ™ pr1(A—y) — pi(At) ™ pn(Ay)
L
<— . 3.84
~ Akr1oe (25 A) (589
Finally, plugging in the bounds in (3.84) and (3.82) into (3.80) completes the proof. |

Lemma 39 (Contamination of ridge estimator for dependent features ). Consider the classifica-

tion task under the model and assumption described in Section 3.4.4 where ¥ = diag(\y, ..., \p)
and the true signal 0* = \/%Ttet is 1-sparse in coordinate t. Denote the leave-signal-out co-
variance and data matrix as ¥ = diag(\y, ..., \—1, M1, -, Np) = diag(\y, ..., \p_1) and
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X=X, X1, X115 - - -, Xp), respectively. Let 0= XT(XXT + M)~y be a ridge regres-
sion estimator. Suppose for some k < n, with probability at least 1 — 0, the condition numbers
of Xk+l:p2k+1:p)~(£+1;p and \I + XHP}Z{H:I, are at most L' and L, respectively. Then with

probability 1 — § — 5n~1, we have:

S\kﬂpk(f}Q;O) - ~ 2 k n
\/L’QA%(I + ,00(2; )\))2 S CN(O) 5 \/(1 + SU(0> )L2 <ﬁ + m) logn. (3.85)

Proof We begin with the same argument as in Lemma 28 in [27] to write the CN as a quadratic
form of signal vector. For notation convenience, we denote the columns of X to be X,;, ¢ €
{1,2,...,p}, and define the leave-one-out quantities X = Xty Xopm1, X, - - -5 Xop), 3=
diag(A1, ..., M—1, A1, -+ -» Ap), and A := XX 4 AI,. Then,

CN(@)2 < 2y Cy + 2SU%z" Cz,

where z = )\, Y X, and C := A 'XEXA"!. Because of the sparsity assumption and the
independence between signal and noise features in Assumption 2, y and z are independent of C.
Furthermore, y and z are both sub-Gaussian random vector with norm 1 and independent features.

Now consider an ridge estimator with the observation vector € without looking at the ¢-feature:

~

0_,(c) = (XX + A1) X e
The first key observation here is that
y'Cy = 6.y}, 2'Cz=0-(2)]3. (3.86)

so we can bound CN as long as we bound the [|@_,(¢)]|2. for any sub-Gaussian vector ¢ independent

2
I5

of X and has unit norm. The second key observation is that ||6_,(¢) |, is in fact the variance in the
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regression analysis.

As shown in Lemma 12 of [26],

~ 1 ~ ] .~ ~
eT A X021 X0 AL e
~—1/2

P R ey p— s+ A X oo S X A e, (3.87)
Hn, (A];> Mk (Zo:k XE)r:kXOJCZO:k )

160-(e)IF <

where Ak = Xkﬂzpf(;r t1p T AL For self-containment, we sketch the proof on the variance bound.

For the first term, by Lemma 28, for some constant c;, with probability 1 — 2n~!,

ETA;XME};;X&A;& Str (A;lxo:kf];,txgk_&;) logn

< ,un(Ak)_Ztr <)~(0k§~]g;)~(3k> logn < ,un(Ak)_Q -nklogn,

where the last follows from the concentration of sum of sub-Gaussian variables. On the other hand,

by Lemma 26, for some constant co, > 0,

~ 2 ~—1/2-7 o o—1/2\2 <\ 2 1257 o o—1/2\2
Hn (A;) Hk (ZO:k/ X(—l)—:kXO:kEO:k/ ) = (Ak> M (20:k/ Xg)—:kXO:k‘ZO:k/ )

LV
=
—
>
~
N~
b
S
. no

with probability 1 — 8 exp(—cat).
So the first term is, for some constant c3 > 0, bounded by LQS with probability 1 — 16 exp(—cst).
Similarly for the second term, again by Lemma 28, Lemma 24, and Lemma 27, we have for some

constant ¢4 > 0,

ETA T X oo S X1 Al < tr (Aflkazmxgwl&ﬂ) logn
L? 1 L*n

< e — Mlogn <
S > Xlog S RGE

=55 logn,
n )‘k—i-lpk(z;)‘) isk k

with probability 1 — 16 exp(—c4t).
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Combining all above, we deduce that
CN(§)" < (1+SU6))L? (5 + LA)) log 7. (3.88)
For the lower bound of CN(@)Q, as shown in [27],
CN(9)" = y"Cy = (O)lly I} = ny1a(©), (3.89)

where C = (XX + \I)'XEZX” (XX " 4+ AI)~'. Now, by Lemma 29, we have

1 1
p (XX + AL 2 < <

. 3.90
S an T A F A N N (L (BN G20

Also, by the boundness assumption on the condition number of XXX and Lemma 24 we have

© S n ~ ~ 2
pn(XEXT) 2 2 A1 oe(375 ), (3.91)

with probability 1 — § — n~!. Finally, the lower bound in the theorem is established by combining

eq. (3.90) and (3.91):

~ -2
S Me+10k(2750)

A(C) > 1y (XXT 4 A1) 2, (XEXT '
11 (C) > 11 ( + AL ( )R L2 )3 (1 + po(Z;0))2

Lemma 40 (Probability of classification error of ridge estimator for dependent features).
Consider the classification task under the model and assumption described in Section 3.4.4 where
Y =diag(\y, ..., \y) and the true signal * = ﬁet is 1-sparse in coordinate t. Denote the leave-

one-out covariance and data matrix as 3 = diag( M, ..., M1, M1, -, Ap) = diag(j\l, e 5\p_1)

and X = X, o, Xo1, X1, - - -, Xop), respectively. Let 0 = XT(XXT" + M)ty be a ridge
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estimator. Suppose for some t < k < n, with probability at least 1 — 0, the condition numbers of

XkJrlipEkﬂLlisz—i-l:p and )\I—i—f(k“;pf(f“:p are at most L' and L, respectively and A1 pr(2; \) >

c for some constant ¢ > 0. Then with probability 1 — 6 — 5n~!, we have:
POE() < CNO) (4 0.4 [log SU©) , (3.92)
SU(9) CN(0)
M(1—20%) (1 -k . L (1 —2v*
(=290-0) < gup) < Mull = 207) (3.93)

L (Nrg1pe(BZ50) + ML) ™~ =~ ™ N (Z50) + L1, (1 - %) 7

Survival
= )
Ner1pK(2750)
L2 (1 + po(Z50))

R ) k n
< N(6 < 1 O HL2| —+—— )1 ) .94
;5 ON@) N\/< # UYL (£ + 2B Ylogn. 394

Contamination

Furthermore, if the distribution of the covariate x is Gaussian with independent features, then

1 1 SU(@) _ CN(6
POE(f) = = — —tan™* (A) < (A)
2 7 CN(0) SU(0)
Proof This is a direct combination of Lemma 37, 38, and 39. |

Lemma 41 (Bounds on the survival-to-contamination ratio between 9aug and éaug). Consider
an estimator 9%, that solves the objective (3.2). Denote its averaged approximation 9aug as in
(3.10). Suppose ||0 g — Ouiglls = O(SU(Ouyg)) and ||0ug — Ouuglls = O(CN(B,)). Then, the

probability of classification error of éaug can be bounded by:

1 SU(?“”&’) < SU(éAaug) < EM SU(Q“”&’) (395)
EM CN(ea“g) N CN(Oaug> B CN(HHMA’)’

where EM:= exp ((1 + ”%—“ﬁ%) <1 + %5%) - 1> € [1,00] denotes the error multi-
aug aug

plier.

Proof Without ambiguity, we will denote 9aug and 9aug as 0 and 0, respectively. Define f(6) =

log %, where V = e; and U = [eg, €3, - - - , €,]. Then, for any estimator 0, (Sjg—((z)) — exp(f(Z1/%0))
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By the mean value theorem we have

F(SY20) = f(520) + V (52n) 520 - 6), (3.96)

where 7) is on the line segment between 6 and 0. Our goal is to show that ||V f(2Y/2n)]|||0 — 0||s, is

small. To this end, firstly, observe that the norm of f’s gradient has a clean expression,

[uTovVVTe [VTe|UUTY
= N 3.97
V100 = s | e o 397)
1 ure| NadE
- Vvl uuTo|? 3.98
eV vroE VY om0 G
o)
~ JoTefvTe| 3,
[0V (.99

Hence,

(=20 + =20 — O)IDN9 — bl

(IUTSY20)| — | UTSV2(0 — )| (IVTE20) — [ VTE2(0 - 9)]))
(16l + 19 — 8=)1I6 — bl

~ ([UTEY20) —t]|6 — Blls)(IVTE2G] — )6 — 0ls)

IV FE 20116 — Ol <

(3.100)

for some ¢ € [0,1]. Secondly, we use the assumption that CN(0) = |[UTZY24| > [0 — 0| =
and SU(0) = ||[VTZY20|| > || — 0]|5 for large enough n. Then, using the fact that |||y =
SU(0) + CN(6), eq. (3.100) is bounded by

16 — 0l o
<<SU(0) N@) T T 9>SU(9))”9 bl
:< L lo- enz) - enz)_L (3.101)
Hence,
1/245 1/29\ ||é_§||2 ||é_6_”2
F(ZV20) > f(x'/20) <1+—CN(9) 1+—SU(§) +1, (3.102)
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SU(d) _ su(d) 16 =6l 16 —6ll=\ ) _ SU(@®) 1

The upper bound follows by an identical argument. |

Lemma 42. Let éaug and éaug be defined as in (3.10) for a classification task. Recall
Ag := [Ex[Covg(x)] 7 Covg (X)Ex[Covg(x)] 2 — 1]
and let k be the condition number of ¥,,,. Assume Ag < c for some constant ¢ < 1. Then,
8 — a3 < 52% (SUBung)” + ON(Ble)”) (3.104)
Proof For ease of notation, we denote D := E,[Covg(x)] and D = Covg[X]. Then,

1Base — Busel|3; = AGISA(XTX + D)~ 'DV*n DV} (XX + D) ' X Ty|3
_ nZAéHEI/Q(XTX + D)flz—%E%(X—TX + @)fleyH%

= n2AL|SVA(XTX 4+ D) I1DVADVAE 282 0,,))2
kAZn?

< -

~ p((XTX+ D)D)

2||éaUg||22 < ’{Aé‘néaugngh

where, by the assumption A < ¢, one can prove p,((X'X + D) D1)? > n? similarly as in

Lemma 34. Finally, recalling Definition 8, we observe that

p
Heaug||22 = Z /\i(eaug>z2 - SU(eaug)2 + CN(Oaug)2-
i=1
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Remark 43. Comparing with Lemma 34, we see that the error between éaug and ém,g for classifica-

tion and regression are exactly the same with SU? and CN? replaced by Bias and Var.

Proof of Theorem 9

Theorem 9 (Bounds on Probability of Classification Error). Consider the classification task
under the model and assumption described in Section 3.4.4 where the true signal 0 is 1-sparse. Let

0., be the estimator solving the aERM objective in (3.2). Denote Ag = ||Cove(X)—Ex[Covy(x)]

lett < n be the index (arranged according to the eigenvalues of 3,,,) of the non-zero coordinate
of the true signal, iaug be the leave-one-out modified spectrum corresponding to index t, k be the
condition number of ¥, and Xaug be the leave-one-column-out data matrix corresponding to
column t.

Suppose data augmentation is performed independently for X;, and X, ;sc, and there exists at <
k < n such that with probability at least 1 — 0, the condition numbers of nI + XZ'ffl (X5t p) and
nl+ XZ”pr(XZLfl p) are at most L, and that okaH:pEkH:pf(gH:p is at most L. Then as long as
10aug—Ouugllss = O(SU) and ||0 ug— B ||s = O(C'N), with probability 1 —5 —exp(—+/n)—5n"",
the probability of classification error (POE) can be bounded in terms of the survival (SU) and

contamination (CN), as

D>

N
POE(d) < (Sj_U <1 +0.4/log (sjg) (3.105)

where

A= 20) (1 ) LAM(1 = 20°)
aug aug ~ \SU/ S aug —1\aug k
L (Akﬂpk‘(zaug; n) + A L) )‘k+1pk(zaug3 n) + L7\ (1 - ﬁ)

Survival

. (3.106)

:0)

~ 2
aug
>\k+1 k‘( aug)

LT (14 po(Zaugs A))? ™

k n
CN < | (Q+SUHL2 |-+ ———logn
( ) (n Rk(zaugv )) &

Contamination

(3.107)

Furthermore, if x is Gaussian and the augmentation modified spectrum X, is diagonal then we
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have tighter bounds of

1 1 1 SU
— — —tan

1 1. ,1SU _ CN
2 7 CCNN

< POE(O < it < 1
OF(Oug) S 5~ tan” 257 S g (3.108)

where c is a universal constant.

Proof We can prove the theorem by carefully walking through the proofs of Lemma 37, 38, 39,
and 41 and noting that the error multiplier defined in Lemma 41 is on the order of a constant under

the assumptions made in this theorem. |

Proof of Theorem 11

Theorem 11 (POE of biased estimators). Consider the 1-sparse model 8 = e;. and let é,mg be
the estimator that solves the aERM in (3.2) with biased augmentation (i.e., j1(X) # x). Assume that
Assumption 2 holds, and the assumptions of Theorem 9 are satisfied for data matrix p(X). If the
mean augmentation (1(x) modifies the t-th feature independently of other features and the sign of the
t-th feature is preserved under the mean augmentation transformation, i.e., sgn (u(x);) = sgn (x;) ,

VX, then, the POE( éaug ) is upper bounded by
POE(8,,,) < POE®(B,,,), (3.109)

where POEO(éWg) is any bound in Theorem 9 with X and X replaced by 11(X) and %, respectively.

Proof First, from Lemma 37, we know that the POE can be written as a function of the SU and CN

of 9aug. Next, recall that from E. g. (3.7), the biased estimator is given by

A

O.e = (1g(X)" 11g(X) + nCovg(X)) ' ug(X)"y.
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Now, observe that this estimator is almost equivalent to the one with training covariates

M(Xl)’ M(X2)7 s Hu(xn)a

except that the observation vector y consists of the signs of X+, Xa4, ..., X, instead of y, the signs
of pu(x14), (X24), ..., pu(Xnt). However, y equals y by our assumption that the sign of the ¢-th
feature is preserved under the mean augmentation transform. So we can bound the SU and CN of
9aug by just utilizing the bounds in Theorem 9 with X and X replaced by y(X) and X, respectively.
[ |

Proofs of Corollaries

Corollary 14 (Classification bounds for uniform random mask augmentation). Let @aug be the
estimator computed by solving the aERM objective on binary labels with mask probability (3, and

denote 1) = % Assume p < n?. Then, with probability at least 1 — § — exp(—+/n) — 5n~1

POE < Q (1 + /log Q) where (3.110)

—1
n n
Q= (1—2y)1/p10gn (1+W+p) . (3.111)

In addition, if we assume the input data has independent Gaussian features, then we have tight

generalization bounds
1 1 1
POE < — — —tan™" @) (3.112)
2 7

with the same probability.
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Proof We first note the following key quantities:
Ex[Covg(x)] = vdiag(Z) = v%, 05, = /7?5120, Tyyy = ¢ 'T, A™ = ¢,

and the effective ranks of the augmentation modified spectrum are

aug_wn"i_p_k

ot = (3.113)
EAY:
RM = wn;fpkk). (3.114)

Substituting into Theorem 9 yields the formulas for the components of POE

n

M on < 14 guz) o 3116
RSO N\/< AcTEn G110
(3.117)

It remains to check when the conditions [|f, — Ouue||s = O(SU) and [|@ug — a2 = O(CN)

are met. When p grows faster than n, we will have SU =< > and CU < \/% . Then, using Lemma

42, we have
Héaug_éaugHZ 5 Hl/QAG(SU‘i‘CN) (3118)
ng\/logn\/@ (3.119)
n p
So, the condition is met for p < n?. [ |

Corollary 17 (Group invariant augmentation). An augmentation class G is said to be group-

: L d . . .
invariant if g(x) = x, Vg € G. For such a class, the augmentation modified spectrum X,,, in
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Theorem 9 is given by

0= Eaug =3 _EX[MQ(X)MQ(X)]T =< 3.

Consider the case where the input covariates satisfy x ~ N(0,X). Let x' be i.i.d. with x

and consider the group-invariant augmentation given by g(x) = \%X + \%X/ . Then, under the

assumptions of 9 and with probability at least 1 — § — exp(—+/n) — 5n~1, this augmented estimator

has generalization error

1 1 4 SU
POE < 3~ ;tan N’ where (3.120)

n np
2n+p” \ (n+p)?

nplogn

SU =< (1 —2v) P

<CN < \/(1 + SU?) (3.121)

Proof By definition and the assumption of group invariance,

Yy = Ex[Covg(x)] = EXEQ[Q<X)Q(X)T - Eg[g(x)]Eg[g(x)]T]
= EyExlg(x)g(x) " — pg(x) g (x) ] = BgBuc[xx" — pig(x)pg(x) ']

=% — Exlug(x)ug(x)] "

The change of the expectation order follows from the Tonelli’s theorem, while the last inequality is
by the group invariance assumption. Now applying Theorem 9 completes the proof for X2,,.
Now, for the example in this corollary, first note that this is a group-invariant augmentation
as ¢g(x) is Gaussian with the same mean and covariance as x. Direct calculations show that
pg(x) = \%x and X,,, = 3 3. Furthermore, Cov(X) = 33 is a constant matrix so A¢ = 0 and

the approximation error is zero. Now applying Theorem 9 and 11 yields the result. |

Corollary 19 (Generalization of random rotation). The estimator induced by the random-rotation
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augmentation (with angle parameter o) can be expressed as

4(1 — cosa

-1
0, = (XTX+ S ) (Tr (X™X) I - XTx)) Xy.

An application of Theorem 4 yields
Bias(0,,,) = Bias(0,.),
for sufficiently large p (overparameterized regime), as well as the variance bound
Var(@m,) < Var(@,,-dge,A),

Above, 9lse and éridge, A denote the least squared estimator and ridge estimator with ridge intensity

A=np (1 —cosa) Zj Aj. The approximation error can also be shown to decay as

- 1 1
Approx.Error(0,,) < max (n @) :

Proof The proof is based on the application of Theorem 4, where

4(1 — cos o) (TH(E) = ), Sug — P

E, -~ P
Covg(x) P 4(1 — cos @)

S(Tr(S)I - %)

aug _ P Ai
Hence, \; ° =< Meona) 5,5 , and

Bias(0ro)

* 2
< ||0; || +ZM 1+ P Zj>k)‘j 4(1 — cos ) 2
S Nkt 1001351100 i 4(1 —cosa)n D25\

p
Z];éz)\ <2j>k )\j

S 101l +Z o

= |6}, +100HE;€+100 + (|61 k“ k+1pk(2§0)2 = Bias(be),

7,

2
) , for sufficiently large p
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where the last equality is by Corollary 36 with A = 0. The variance part can be proved similarly.

The approximation error bound is proved in Appendix 3.8.6. |

Corollary 44 (Classification bounds for Gaussian noise injection). Consider the independent,
additive Gaussian noise augmentation: g(x) = x + n, where n ~ N(0,0?). Let 3 be the leave-

one-out spectrum corresponding to index t. Then, with probability at least 1 — exp(y/n) — bn™},

At
SU = (1 — 2v* , 3.122
( >/\k+1pk(2§n02) + At ( )
ON < /(1 +SU?) (E + L) log n, (3.123)
n  Rg(X%;no?)
(3.124)

and EM = 1.

Proof As in the regression analysis, we note that in this case, the key quantities are given by

Ex[Covg(x)] = 0°1, 65, = 00", X, = 0 28, X =072\

aug

and the effective ranks are given by

Pk (Baugs 1) = pi(T;no?),

Ri(Baug;n) = Ri(X; n02).

Finally, log(EM) is zero because Ag = 0. Substituting the above quantities into the Theorem 9

vields the result. |

Corollary 45 (Classification bounds for non-uniform random mask). Consider the case where

108



the dropout parameter \; = 1 f JB is applied to the j-th feature, and assume the conditions of
J

Theorem 9 are met. For simplicity, we consider the bi-level case where 1); = 1) for j # t. Then,

with probability at least 1 — § — exp(y/n) — 5n~1,

1
SU= ———— (3.125)
Y1+ 20+ 1

nplogn

i e =Rl 3.126
(n + p)? ( )

CN < \/ (1+SU?
Proof
Let ¥ denote the diagonal matrix with U, ; =+ if i # t and W, ; = 1.
We can then compute the following key quantities:

Ex[Covg(x)] = VX, 6;

aug

— \111/221/29*, Eaug — \I[fl’

and the effective ranks of the augmentation modified spectrum are

—k
piug = @Zm—l-—p, (3.127)

n

AY:
R;“g = M (3.128)
p—k

The approximation error bound proceeds as in the uniform random mask case. Substituting the

above quantities into Theorem 9 completes the proof. |

3.8.4 Comparisons between Regression and Classification

Proof of Proposition 20

Proposition 20 (DA is easier to tune in classification than regression). Consider the I-sparse
model 0" =/ /\ifet Jfor Gaussian covariate with independent components and an independent

feature augmentation. Suppose that the approximation error is not dominant in the bounds of
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Theorem 4 (simple sufficient conditions can be found in Lemma 35 in Appendix 3.8.1) and the

assumptions in the two theorems hold, then,

n

. n k
POE eau S >\aug Z)au ) 2l e — |1 ’

) k
MSE Gau > )\aug Eau . 2 L — .
S ( g) ~ ( k-‘rlpk( g’n)) * (Rk(zaug;n> " n)

As a consequence, the regression risk serves as a surrogate for the classification risk up to a

log-factor:

POE(8,,,) < MSE(8,,,)v/log n. (3.129)

As concrete examples of the regression risk being a surrogate of classification risk, consider
Gaussian noise injection augmentation with noise standard deviation o and random mask with
dropout probability 3 to train the 1-sparse model in the decaying data spectrum X;; = ', Vi €
{1,2,...,p}, where vy is some constant satisfying 0 < v < 1. Let ég,, and 0, be the corresponding
estimators, then

lim lim POE(,,) =0 while lim lim MSE(f,,) = 1. (3.130)

n—oo o—0o0 n—o0 o—00

Also, when plogn < n,

lim lim POE(H,,) = 0 while lim lim MSE(8,,) = 1. (3.131)

n—oo f—1 n—oo f—1

Furthermore, the augmentation of Gaussian injection has gone through significant distributional

shift where

2
Wal9(x), %) ne o (3.132)
p
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in which W5, denotes the 2-Wasserstein distance between the pre- and post-augmented distribution

of the data by the Gaussian noise injection.

Proof We begin with proving the first statement. By our assumption that the approximation
error and error multiplier are not dominant terms in generalization errors, we can only consider
bias/variance and survival/contamination. By Proposition 5, the regression testing risk is bounded
by

A~ c k
MSE Oau < )\aug Eau . 2 L — 1.
( g) ~ ( k+1pk’( g’n)) + (Rk(zaug;n) i n

However, by the independence of the original data feature components and their augmentations and
the boundness assumption on p;, Lemma 2, Lemma 3 and Theorem 5 in [26] shows that there is a

matching lower bound such that

. ke
MSE(0,..) > (A 5 (B2 4 [ — 4 ¥ 3.133
S ( g) =~ ( k+1pk( g7n>> + <Rk(2aug;n) + n) ) ( )

for some k. On the other hand, by Theorem 9, we know that

n

N au k
POE(0,,) < \/()\kflpk(Eaug; n))?- (—Rk(E ) + E) logn, (3.134)
aug;

for any k. Now combining E. q. (3.133) and (3.134) along with the inequality x + y > 2,/xy for
any z,y > 0 proves the first statement.

To prove the second statement about 0, note that égn = (XX + o?nI)" !XTy — 0 almost

gns
surely as 0 — 00, so

MSE(0g) = 16° — Bl = [6"[|5 = 1.

On the other hand, by Theorem 9, choose k£ = 0, then

A 2
. 2 . 1 > A2)nlogn

SU(Ogn n/\" , CN(l) S — ( j) /\.g ,
nt gt oy N (3
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So,

N(f A2)1 A 4 ooy
ON(lp) _ 1 [ A)logn nt 3 3 i (3.135)
SU(0m) A n n+> %

: . A 1 logn
dm lim POE() = lm S/ o2y = O (3.136)

We can prove the statement for 6y, similarly. When 8 — 1, O, = (XTX+% diag[XTX]) "' X Ty —

POE(f) <

0 almost surely. So MSE approaches 1 almost surely. But by Corollary 14, we have

A 1
lim lim POE(f,) = lim /222" — ¢, (3.137)
n—oo f—1 n—o0 n

Finally, by the closed-form formula of Wasserstein distance between Gaussian distributions,

Walg(x),x) = [|( + 0?1)7 — S22 = Q(po?). (3.138)

Proof of Proposition 21

Proposition 21 (Non-uniform random mask is easier to tune in classification). Consider the

1-sparse model 0™ = )\%et. Suppose the approximation error is not dominant in the bounds

of Theorem 4 (simple sufficient conditions can be found in Lemma 35 in Appendix 3.8.1) and
the assumptions in the two theorems hold. Suppose we apply the non-uniform random mask
augmentation and recall the definitions of 1 and 1, as in Corollary 45. Then, if \/g < % <L

we have

POE(8,,) — 0 while MSE(8,,) — 1. (3.139)
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Proof From Corollary 18, we have that the bias scales as

(Yn + %)2 _ (Yen + %)2 B

Bias 5 2 Yepy2 T Yp\2

where the second asymptotic equality uses the assumption that % > n. Hence the MSE approaches
a constant (here we use the fact that the MSE bound is tight when the approximation error is non-

dominant, as per [26]). Next we use the bounds in Corollary 45 to find that

1 1 np

SU = = . ONx, /"
wt—i-%—!—l wt—i-% (nyY + p)?

So, if p > ni), we have

SU _ Ak whe
N (/9)Vp/n /p/n ’

and if p < n1, we have

SU _ 5 Wfd
CN — no
\/; p/n

Since we assume we are operating in a regime where the approximation error and error multiplier

— OQ.

do not dominate, we can conclude that POE — 0. |

3.8.5 Derivations of Common Augmented Estimators

Proposition 46 (Common augmentation estimators). Below are closed-form expression of esti-

mators that solves (3.2) with common data augmentation.

* Gaussian noise injection with zero-mean noise of covariance W:

o = (XX 4 nW) Xy
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Unbiased random mask with mask probability j:

-1
Oy = (XTX + diag(XTX)) Xy

&
1-p

Unbiased random cutout with number of cutout features k:
1
(XTX + LkM ® XTX> X'y,
p —_—

|7—8|1 5 g1 thLj_i>k— L
p—k

where M; ; = % —

Salt and Pepper (3, y1, 02):

0 T 5 - T Bo’n - T
Oug = (X X+md1ag(x X) +m1) X'y

Unbiased random rotation with angle «:

4(1 — cos )

0 _ T
By = (X Xt =3

(Tr (XXT)I— X;XT)>_1 X'y

Proof To prove all the unbiased augmented estimator formulas, it suffices to derive Covg(X).
Then,
0. = (XX + nCovg (X)) Xy.

Gaussian noise injection ¢(x) = x + n, where n ~ N (0, W). Therefore,
Covg(X) =n"~ Z Covg(x;) Z En, [(x; +n;)(x + n;)’ XiXZT] =W.

Unbiased random mask ¢(x) = (1 — 8)~'b @ x, where b has i.i.d. Bernoulli random variable

with dropout probability 3 in its component. The factor (1 — 3)~! is to rescale the estimator to be
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unbiased. Hence,

Covg(X) = (1 —B)*n~* Z]Ebi [bb ®xix,| — x;x] ]

=n! (%I +11" — 11T> Oxx, =n!

: f 3 diag (X' X)
Random cutout Define i(x) to be the random cutout of k consecutive features, then the unbiased

p

cutout can be written as g(x) = -Z-h(x) as E,h(x) = k. Now,

k k

Covn(x) = Ey[h(h(x)T] - (p%“)xx

Note that E,h(x)h(x)" = H® xx ", where

H,; = Px; is not cutout and x; is not cutout]

= P[a random £ consecutive features does not cover ¢ nor j]

Pk ik — Rk

p
Hence,
—k\?
Covp(x) = <H — (p_) 11T> Oxx',
p
2 o
<H — (p__ k) 11T) _p—kk ik £ k’llj—uzk—l’
p g p P p
ij
and

Covg(x ( ) Covp(x

_ p k |.]_Z‘1|J —i|<k— 1+k1\] —i|>k—1 @XXT
p—k: p—k

115



Salt and pepper This estimator can be derived similarly by combining the derivations of the

random mask and the injection of Gaussian noise by writing the augmentation as
9(x) =(1=p)" (bOx+(1-b)On),
where b has i.i.d. components of Bernoulli random variables with parameter § and n ~ N (0, I).

Random rotation Given a training example x, we will consider rotating x by a angle o in §
random plane spanned by two randomly generated orthonormal vectors u and v. For rotation in

each one of the plan, the data transformation can be written by
h(x) = (I+sina(va’ —uv') + (cosa — 1)(uu’ +vv'))x. (3.140)

The bias of his A = E, v[h(x)] — x. We consider the unbiased transform ¢ by subtracting the
bias from h where g(x) := h(x) — A. Since we consider random u and v, they are distributed
uniformly on the sphere of R? but orthogonal to each other. The exact joint distribution of u and v
is intractable, but fortunately when p is large, we know from high dimensional statistics that they
are approximately independent vector of A/ (0, %I). We will thus use this approximation to facilitate
our derivation.

Firstly,

2
Euv[h(x)] = x +Ey2(cosa — 1)uu'x = x + =x,
p

so the bias A = %x which is small in high dimensional space. Secondly, subtracting A from h, we

2oz Covg; (xi)
n

proceed to calculate the Covg(X) = according to Definition 1. After simplification,

116



we have

Covg, (x;) = Egg(xi)g(xi) "

=K, |sin®a (VuT — uvT) xx' (vu' —uv')

2 2
+ (cosa — 1)? <uuT +vv — —I> xx <uuT +vv! — —I) ]
p p

= 2sin’ o (B [(v, x) (0, x)uv’ — (u, X>2VVTD

+2cosa — 1)? (Eu,v {(u, 2T+ (v, %), K)uv T — §<u, x>uxT} 4 —XXT) |

By direct calculations, we also have,

2

IEu,v [(u,X>2VV ] - Euv" [<u’x> } E“v"[vv—r} - H;;H27
T
Euyv [(v,x){(u,x)uv '] = %

Now, plugging in the terms into Covg(X) and multiplying the result by £ as there are £ rotations

completes the proof. |

3.8.6 Approximation Error for Dependent Feature Augmentation

In this section, we demonstrate how to bound the approximation error for the augmentation of
dependent features using rotation in a random plane and cutout as two examples. At a high level,

we partition the augmented covariance operator into diagonal and nondiagonal parts D and Q (i.e.,
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Covg(X) = D + Q) and bound them separately:

Ag = |[ExCovg(x)*(D 4 Q)ExCovg(x) "/* — L |

= |[ExCovg(x)*(D + Q — ExCovg(x))ExCovg(x) /|
ID - ED| +[1Q — EQ||
11p(ExCovg(x))

.+ ED 4+ EQ = ExCovg(x).

Approximation error of random rotations

In this section, we will walk through the steps to bound the approximation error for the random

rotation estimator. Specifically, we will prove that

4(1 — cos )
np

)\17’L + Zj )\j

Covg(X) = —_—
n2j>1 Aj

(Tr(XTX)I-X'X), A¢ S

We follow the bound in E.q. (3.17) from the main text:

_IP—ED| + |Q ~ EQ|

A )
“~ 1, (ExCovg(x))

where we decompose Covg(X) into diagonal and off-diagonal parts as Covg(X) = D + Q,

B T . T . T~ 1) T _ 4(1—cosa) __ 1
D =a(Tr (X'X) I+ Diag(X'X)),Q = a (XX — Diag(X'X)),and a = =% = O(..).
Using similar arguments in the proof of Proposition 5 for the independent feature augmentation,
the error of the diagonal part can be expressed as a sum of n independent subexponential variables
divided by O(np). Then, by the concentration bound in Lemma 23 we have,

logn

Y

1
ID-ED| <~
p n

with probability 1 — n~L.

On the other hand, by invoking Lemma 29, we also have,

IQ-EQ| = Q| £ ——=,
np
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with probability at least 1 — %, using the fact that EQ = 0. Finally,

Tr(¥) — X2 .Y
b (ExCovg()) = 4(1 — cos ) T = 5 41 o o) 22212
p p
SO
A1n+2j)\j
GS—/\,
n2j>1 J

with probability 1 — 2n~". Note that A¢ is o(1) for 3~ Aj > Ay,

Approximation error of random cutout

In this section, we turn our attention to the bound of the approximation error for random cutout,
where k consecutive features are cut out randomly by the augmentation. As the features are dropout
dependently, the random cutout belongs to the class of dependent feature augmentation. For
simplicity, we consider the unbiased random cutout, where the augmented estimator is rescaled by

the factor -2 (so 1ig(x) = x). The calculations in Section 3.8.5 show that

Ex[Covg(x)] = diag(X), Covg(X) =

3.141
pr—" bk — ( )

[7—4|1)5 g <r—1ThLj i >k—1

P and ® denotes the

where M is a circulant matrix in which M, ; = % -

element-wise matrix product (Hadamard product). Because 3 is diagonal we have,
Ac=L Mo n 27z 1))
G — L AR
where Z is a n by p matrix with i.i.d. subgaussian rows that has identity covariance I. Then

_ 2 k
Ao=2. (HM oD+ —kn—lszH) <?.||Mop|+ H—n‘IZTZ
p(p — k) — |

(3.142)
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2,7
n

where D is an almost diagonal circular matrix with D;; = > )", —0;;if[i —j| < kand 0

otherwise, while M; ; = M, ; + p(—Q. Our decomposition strategy here is consistent with our idea

k
p—k)
in the previous subsection, where we partition the matrix of interest into strong diagonal components
and weak off-diagonal components. However, in the random cutout case, approximately O(k) near
the diagonal components have a strong covariance with intensity of the order O(%) while the rest
of the order O(f}—z); hence, we gather all elements with strong covariance into the “diagonal” part.

Now we will bound L, and L, in a sequence.

Like in the previous section, L, can be bounded by invoking the lemma 29 which gives

L, < k2 n+p

with probability 1 — £ for some constant ¢ > (. For the bounds of L, we first bound the elements

of D. For i # j, since Z?, is sub-exponential we have

ki &k -1 2 2
Dij <) ——<n > 72, | 72 <,
k=1 k=1 k=1

with probability exp(—nCe?) for some constant C' by Lemma 23, where we have used Cauchy-
Schwartz inequality and ¢ will be determined below. The case where ¢ = j is similar. As there are

O(pk) nonzero terms in D, we choose € = 4/ %. Then, by union bounds over pk terms, we

5 log pk
R L
n

with probability at least 1 — p3+&' Next, denote A := M®D. Note that Al S %5 forall |i—j| <k

obtain
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and 0 otherwise. We will bound the operator norm of A. Consider any v with ||v||s = 1,

k k

k
[Av]2 = \ SOCAV?2= D0 D A2

i=1 j=1 i=1 jei—ki+k

k

< Z( Z A?g)( Z V?)S

i=1 jei—kitk jei—kiitk i=1 jei—ki+k
]432
o5
p
where we have used the sparsity property that A;; = 0if |j — i¢| > k. Therefore, L; = ||A|| <

O( ’;725) =0 (E\ / @) . Now combining the bounds on L; and L5 and (3.142) we arrive at the

p

b
[\)
&

)
(]
u<w

result:

1

with probability at least 1 — = — ek

Remark 47. This approximation bound, together with Corollary 35, show that the approximation
error is dominated by the bias-variance (survival-contamination) if 1. over-parameterized regime

(p > n): pis upper bounded by some polynomial of n and k < 1o§p’ or 2. under-parameterized

regime (p <K n): n is upper bounded by some polynomial of p and k < \%.
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CHAPTER 4
MODEL CALIBRATION WITH LOW-RANK OPTIMAL TRANSPORT

In this chapter, we describe our preliminary work on model calibration with optimal transport for
domain adaptation. The approach is to find a map between the data in both domains so that we can
apply the trained model on the source domain to the data in the target domain through the map. In
this way, the method boils down to finding the map between the data domains, and this is where OT
comes into play. To solve for the map, we propose a robust distribution alignment technique Latent

Optimal Transport (LOT) [33].

4.1 Optimal Transport

Optimal transport (OT) [75, 129, 32] is a distribution alignment technique that learns a transport
plan that specifies how to move mass from one distribution to match another. Specifically, consider
two sets of data points encoded in matrices, the source X = [x1,...,X,] and the target Y =
[YV1,---.¥m], Where x; € X, y; € Y, Vi,j. Assume they are endowed with discrete measures
=N p(x)0x, v = Z;‘il p(y;)dy,. respectively. The cost of transporting x; to y; is ¢(x;, y;),
where ¢ denotes some cost function. OT considers the most cost-efficient transport by solving the

following problem:!

oT = i C,P 4.1
cliv)=_ min (CP), “.D)
where P := [p(x;,y;)];; is the source-to-target transport plan matrix (coupling), and C =

[c(xi,y;)]i; 1s the cost matrix. When ¢(x,y) = d(x,y)?, where d is a distance function, W, :=
OTE/ P defines a distance called the p-Wasserstein distance. The objective in (4.1) is a linear pro-

gramming problem, where computation speed can be prohibitive if n is large [130]. A common

'The problem can be generalized to setting of continuous measures by OT, (4, v) = min,eg [, y (@, y)dy(z,y),
G={v:[ydvzy) =p, [ydy(z,y) = v}
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speedup is to replace the objective by an entropy-regularized proxy,

OTc.(p,v) : :m:f%r%l:fc’ P) —cH(P) = py n eKL(P|[K), (4.2)

where K is the Gibbs kernel induced by the element-wise exponential of the cost matrix K :=
exp(—=C/e), H(P) := —>_,; P;; log(P; ;) is the Shannon entropy, and ¢ is a user-specified hyper-
parameter that controls the amount of entropic regularization that is introduced. We can alternatively
write the objective function as a minimization of eKL(P|/K), where KL denotes the Kullback-
Leibler divergence. In practice, the entropy-regularized form is often used over the original objective
(4.1) as it admits a fast method called the Sinkhorn algorithm [76, 131]. Hence, we will use OT to
refer to the entropy-regularized form unless specified otherwise in the context.

Optimal Transport via Factored Couplings: Factored Coupling (FC) is proposed in [88]
to reduce the sample complexity of OT in high dimensions. Specifically, it adds an additional

constraint to (4.1) by enforcing the transport plan to be of the following factored form,

p(xi,y;) = ZP(Zl)p(Xi\Zl)p(yg'\Zl)- (4.3)

=1

This has a nice interpretation: z; serves as a common “anchor” that transportation from x; to y;
must pass through. It turns out that FC is closely related to the Wasserstein barycenter problem [132,
133, 134], min, S_~ | W2(ju;, v), where v is the Procrustes mean to distributions z;, i = 1,..., N
with respect to the squared 2-Wasserstein distance. A crucial insight from [88] is that for N = 2,
the barycenter v could approximate the optimal anchors to a transport plan of the form (4.3) that

minimizes the objective in (4.1).
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4.2 Latent Optimal Transport

4.2.1 Problem formulation

Now we introduce our robust transport method, Latent Optimal Transport (LOT). Consider data ma-
trices X and Y and their measures p, . We introduce “anchors” through which points must
flow, thus constraining the transportation. The anchors are stacked in data matrices Z, :=
z5,....2},], Zy = [z{,...,2] ]. We denote the measures of the source and target anchors
as fi, = Zﬁlep(z%)ézgn and v, = fo:lp(z%)ézz. For any set A, we further denote A% :=
{Zle W;la, Zle w; =1w; >0,a, € A, W} as the set of probability measures on A that has
discrete support of size up to k. Hence u, € Akﬂi , U, € Akz, where Z, (resp. Z,) is the space of
source (resp. target) anchors. If we interpret the conditional probability p(a|b) as the strength of
transportation from b to a, then, using the chain rule, the concurrence probability p(x;,y;) of x;

and y; can be written as,

(23, 2,
p(xi,¥;) prz m|%i)p(z) |27, )p(y;l2}) prl,m )p(z>)p(ZZ,yj)- 4.4)

When encoding these probabilities using a transport matrix P := [p(x;, ;)] ;. the factorized form

(4.4) can be written as,
P = P, diag(u; )P diag(v; ")P,, 4.5)

where P, encodes transport from source space to source anchor space (i.e., p(x;, z%)), P, encodes
transport from source anchor space to target anchor space, P, encodes transport from target anchor
space to target space , and u, := [p(z7), - -, p(zf, )|, v. = [p(z]), - -, p(z}, )] encode the latent
distributions of anchors. To learn each of these transport plans, we must first designate the ground
metric used to define the cost in each of the three stages. The cost matrices C,, C, determine how
points will be transported to their respective anchors and thus dictate how the data structure will be

extracted. We will elaborate on the choice of costs in Section 4.2.2.
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We now formalize our proposed approach to transport in the following definition.

Definition 48. Let C,, C, denote the cost matrices between the source/target and their represen-
tative anchors, and let C, denote the cost matrix between anchors. We define the latent optimal

transport (LOT) problem as,

OT (u,v) : = inf {OTCX(M,Hz) + OTc, (ptz, v5) + OT ¢, (v, y)},

k k
Bz €AZE Vs EAZZ;

where Z, and Z, are the latent spaces of the source and target anchors, respectively.?

The intuition behind Def. 48 is that we use OT¢, (1, it,) and OT¢, (v, V) to capture group
structure in each space, and then OT g, (p,, ,) to align the source and target by determining the
transportation across anchors. Hence, LOT can be interpreted as an optimization of joint clustering
and alignment. The flexibility of cost matrices allows LOT to capture different structures and induce
different transport plans. In Section 4.3, we further show that LOT can be regarded as a relaxation of
an OT problem.

Next, we show some properties of LOT that highlight its similarity to a metric.

Proposition 49. Suppose the latent spaces Z, = Z, are the same as the original data spaces
X =Y, and the cost matrices are defined by C,[a,b] = C,[a,b] = C,[a,b] = d(a,b)?, wherep > 1
and d is some distance function. If we define the latent Wasserstein discrepancy as W]f = (OTL)I/p,
then there exist k > 0 such that, for any i, v and ¢ having latent distributions of support sizes up to

k, the discrepancy satisfies,

* Wip,v) >0, Wh(p,v) = Wi (v, 1), Wi v) <& (Wi, ¢) + Wi, v)).

The low-rank nature of LOT has a biasing effect that results in WpL (u, p) > 0 for a general . We

. 1/p
can debias it by defining its variant W} (1, v) := ((WPL(M, v))" — min WE(p, z,) — min WE(v, z;)) ,

2R €Dy 2, €Dy
where ¢, = Akz”; , D, = Ag’y. The following property connects WPL(M, v) to k-means clustering.

2This definition extends naturally to continuous measures by replacing cost matrix C with cost function c.
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Corollary 50. Under the assumptions of Proposition 49, if p = 2 and k, = k, = k, then ¥V, v,
we have WE(ju,v) > 0. Furthermore, W (ju,v) > 0 if their k-means centroids or sizes of their

k-means clusters differ.

4.2.2 Establishing a ground metric

In what follows, we will focus on the Euclidean space X = )) = R¢. Instead of considering every
source-to-target distance to build our transportation cost, we can use anchors as proxies for each
point. A well-established way of encoding the distance that each point needs to travel to get to
its nearest anchor, is to define the cost as: C, = dw,, C. = dm., Cy = dm,, where dy denotes
the Mahalanobis distance: d3;(x,y) := (x — y)TM(x — y) and M is some positive semidefinite
matrix. The Mahalanobis distance generalizes the squared Euclidean distance and allows us to
consider different costs based on correlations between features. The framework of Mahalanobis
distance benefits from efficient metric learning techniques [135]; recent research also establishes
connections between it and robust OT [136, 137]. When a simple L2-distance is used (M = I), we
will denote this specific variant as LOT-L2.

When LOT moves source points through anchors, the anchors impose a type of bottleneck, and
this results in a loss of information that makes it difficult to estimate the corresponding point in the
target space. In cases where accurate point-to-point alignment is desired, we propose an alternative
strategy for defining the cost matrix C,. The idea is to represent an anchor as the distribution of
points assigned to it. Specifically, we represent z*, z¥ as measures in R%: z° = vazl P.(x;|2")0x,,
z¥ = Zj\il P, (y;|z¥)dy,. Then we measure the cost between anchors as the squared Wasserstein
distance between their respective distributions,

C. = Wi (P.(12%), Py (-12")]mn- (4.6)

m

Besides the quantity itself, the transport plan returned by calculating C, is also very important as

it provides accurate point-to-point maps. Since the cost matrix is now a function of P, and P,,
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Algorithm 3: Latent Optimal Transport - LOT

1 Input Data matrices X, Y; metric costs M, M, ML, ; entropy regularization parameters
€, Ey» €25 initial anchors Z,, Z,,.

2 while not converging do

3 (vec(Zy), vec(Zy)) < Eqn. (4.8) K, = {exp(—||X[i] — Z:E[]]H%\/[z/gw)}m

s | K, = {op(— Y[ - Z, [, /2) Y

K. = {oxp(~[1Zali] — Z,j]131./2:) }na

6 P, P, P, <UPDATEPLAN (K., K,, K,)

7 ReturnP,, P, P. . 7Z,, 7,

8 UPDATEPLAN (K, K,, K,)

9 Inmitialize o, < 1y; B, < Lisay <= 1k, By <= Lasan <= 155 5. <= 1,

10 while not converging do

1 QKB By v Kgozy

2| < ((0K.B)o (B ©Kla,))?

B3 | B w0Klasa, +u 0K, B,

14 V. ((oy OKyBy) © (8. © KzTO‘Z))%

15 B, v.0Kla,; o, v,0K,5,

16 Return P; = diag(a;)K;diag(3;),i € {z,y, 2}

wn

we use an additional alternating scheme to solve the problem: we alternate between updating C,
while keeping P, and P, fixed, and then updating P, P, P, while keeping C. fixed. An efficient
algorithm is presented in [33] to reduce the computation complexity. This variant, LOT-WA , can
yield better performance in downstream tasks that require precise alignment at the cost of additional

computation.

4.2.3 Algorithm

In the rest of this section, we will develop our main approach for solving the problem in Def. 48.
We provide an outline of the algorithm in Algorithm 2 and an implementation of the algorithm in

Python at: http://nerdslab.github.io/latent0T.

(1) Optimizing P, P, and P.: To begin, we assume that the anchors and cost matrices C,, C,, C,

are already specified. Let K,, K., K, be the Gibbs kernels induced from the cost matrices
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C,,C.,C, asin (4.2). The optimization problem can be written as,

o X R
ie{x,y,z}

subjectto: P,1=p,Pl1=u, P.1=u,Pl1=v, Pl=v, P/l=v. (47

This is a Bregman projection problem with affine constraints. An iterative projection procedure
can thus be applied to solve the problem [138]. We present the procedure as UPDATEPLAN in
Algorithm 2, where P, P, P, are successively projected onto the constrained sets of fixed marginal

distributions.

(2) Optimizing the anchor locations: Now we consider the case where we are free to select the
anchor locations in R?. We consider the class of Mahalanobis costs described in Section 4.2.2. Let
M., M., M,, be the Mahalanobis matrices correspond to C,, C., and C,;, respectively.

Given the transport plans generated after solving (4.7), we can derive the the first-order stationary

condition of OT* with respect to Z, and Z,. Let

D(u,) ® (M, + M,) P.oM,
A_ p—

-PT @M, D(v,) ® (M, + M.)

The update formula is given by

vec(Z?) (PT @ M, )vec(X) “s)

vec(Z,) (P, ® M, )vec(Y)

where vec(-) denotes the operator converting a matrix to a column vector, and D(-) denotes the
operator converting a vector to a diagonal matrix. Pseudo-code for the combined scheme can be

found in Algorithm 2.
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(3) Robust estimation of data transport: LOT provides robust transport in the target domain
by aligning the data through anchors, which can facilitate regression, and classification in down-
stream applications. We denote the centroids of the source and target by Q, = diag(u;)PI X7,
Q, = diag(vi)P,YT. We propose the estimator X := Y omn Pz, 28 ]%)(QY, — Q7)) =
diag(p )P, diag((P.1) )P.(Q, — Q.). In contrast to factored coupling [88], where Z, = Z,,
LOT is robust even when the source and target have different structures (see Table 4.1 MNIST-DU,

Figure 4.2).

4.3 Theoretical Analysis

LOT as a relaxation of OT: We now ask how the optimal value of our original rank-constrained
objective in (4.7) is related to the transportation cost defined in entropy-regularized OT. It turns out

their objectives are connected by an inequality described below.

Proposition 51. Let P be a transport plan of the form in (4.5). Assume that K is some Gibbs kernel

that satisfies,
K.K.K, <K, (4.9)

where the inequality is over each entry. Then we have,

eKL(P|K) <e¢(KL(P,|K,) + KL(P.|K,) + KL(P,||K,)) + ¢(H(u,) + H(v.)),

where H(a) := — . a;log a; denotes the entropy.

The proposition shows that an OT objective, corresponding to a kernel K (resp. C), can be upper
bounded by three sub-OT problems defined by subsequent kernels K, K, K, (resp. C,, C., C,)
that satisfies (4.9) (resp. exp(—C,/¢e) exp(—C,/¢) exp(—C,/e) < exp(—C/e)).

Let us compare the upper bound given by Proposition 51 with Def. 48 and ignore the entropy

terms; we recognize that it is precisely the entropy-regularized objective of LOT . In other words,
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Figure 4.1: Results on Gaussian mixture models. In (a), we apply a rotation between the source and target, in
(b) we add outliers, in (c) we vary the ambient dimension, in (d) the target is set to have 8 components, and we vary
the number of components in the source to simulate source-target mismatch, in (e) we fix the rank to 10 and vary the
number of factors (anchors) used in the approximation. Throughout, we simulate data according to a GMM and evaluate
performance by measuring the classification accuracy (top) and computing the deviation between the transport plans
before and after the perturbations with respect to the Frobenius norm (bottom).

with suitable cost matrices satisfying (4.9), LOT could be interpreted as a relaxation of an OT
problem in a decomposed form. We then ask what C,, C., C, should be to satisfy (4.9). In cases

where cost C is defined by the L”-norm to the power p, the following corollary shows that the same

form suffices.

Corollary 52. Let d(x,y) := |[|x — y||}. Consider an optimal transport problem OT¢ . with cost
Cli,j| = d(x;,y;), where p > 1. Then for a sufficiently small ¢, the latent optimal transport
OT" with cost matrices, C,[i,m] = 3*7'd(x; — z%,),C,[m,n] = 3*~'d(z%, — z),C,[n,j] =

3P~1d(z¥ —y;) minimizes an upper bound of the entropy-regularized OT objective in (4.2).

Corollary (52) provides natural costs for LOT to be posed as a relaxation to a OT problem with
LP norm. More generally, finding the optimal cost functions that obey (4.9) and minimize the gap in
the inequality in Proposition 51 is outside the scope of this work but would be an interesting topic
for future investigation.

Sampling complexity: Below we analyze LOT from a statistical point of view. Specifically, we
bound the sampling rate of OT" in Def. 48 when the true distributions £ and v are estimated by

their empirical distributions.
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Proposition 53. Suppose X and Y have distributions p and v supported on a compact region € in
RY, the cost functions c, (-, -) and c,(-,-) are defined as the squared Euclidean distance, and [i, 1
are empirical distributions of n and m i.i.d. samples from u and v, respectively. If the spaces for
latent distributions are equal to 2, = Z,, = R? and there are k, and k, anchors in the source and

target, respectively, then with probability at least 1 — 0,

3
Brr < O \/kmaxdlogkmaerlog(Q/é)

- : (4.10)

where Err = |OT*(u,v) — OT*(1, 0)

, kmae = max{k,, k,}, N = min{n,m} and C > 0 is
some constant not depending on N.

As shown in [139], the general sampling rate of a plug-in OT scales with NV a, suffering from the
“curse of dimensionality”. On the other hand, as evidence from [88], structural optimal transport
paves ways to overcome the issue. In particular, LOT achieves N 2 scaling by regularizing the

transport rank.

4.4 Experiments

In this section, we conduct empirical investigations.

E1) Testing robustness to various data perturbations: To better understand how different
types of domain shift impact the transport plans generated by our approach, we considered different
transformations between the source and target. To create synthetic data for this task, we generated
multiple clusters/components using a k-dimensional Gaussian with random mean and covariance
sampled from a Wishart distribution, randomly projected to a 5-dimensional subspace. The source
and target are generated independently: we randomly sample a fixed number of points according to
the true distribution for each cluster. We compared the performance of the LOT variants proposed in
Section 4.2.2: LOT-L2 (orange curves) and LOT-WA (green curves) with baselines OT (blue curves)
and rank regularized factored coupling (FC) [140] (red curves) in terms of their (1) classification

rates and (ii) deviation from the original transport plan without perturbations, which we compute as
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Err(P — Py) = ||P — Py||¢/||Po|| , where Py is the transport plan obtained before perturbations.
The results are averaged over 20 runs, and a 75% confidence interval is used. See Appendix ?? for
further details.

When compared with OT, both our method and FC provide more stable class recovery, even
with significant amounts of perturbations (Figure 4.1). When we examine the error term in the
transport plan, we observe that, in most cases, the OT plan deviates rapidly, even for small amounts
of perturbations. Both FC and LOT appear to have similar performances across rotations while OT’s
performance decreases quickly. In experiment (b), we found that both LOT variants provide substan-
tial improvements on classification subject to outliers, implying the applicability of LOT for noisy
data. In experiment (c), we study LOT in the high-dimensional setting; we find that LOT-WA behaves
similarly to FC with some degradation in performance after the dimension increases beyond 70.
Next, in experiment (d), we fix the number of components in the target to be 10, while varying the
number in the source from 4 to 10. In contrast to the outlier experiment in (b), LOT-WA shows more
resilience to mismatches between the source and target. At the bottom of plot (d), we show the
2-Wasserstein distance (blue) and latent Wasserstein discrepancy (orange) defined in Proposition
49. This shows that the latent Wasserstein discrepancy does indeed provide an upper bound on the
2-Wasserstein distance. Finally, we look at the effect of transport rank on LOT and FC in (e). The
plot shows that the slope for LOT is flatter than FC while maintaining similar performances.

E2) Domain adaptation application: In our next experiment, we used LOT to correct for
domain shift in a neural network that is trained on one dataset but underperforms on a new but
similar dataset (Table 4.1, Figure 4.2). MNIST and USPS are two handwritten digits datasets that
are semantically similar but that have different pixel-level distributions and thus introduce domain
shift (Figure 4.2a). We train a multi-layer perceptron (MLP) on the training set of the MNIST
dataset, freeze the network, and use it for the remaining experiments. The classifier achieves 100%
training accuracy and a 98% validation accuracy on MNIST but only achieves 79.3% accuracy
on the USPS validation set. We project MNIST’s training samples in the classifier’s output space

(logits) and consider the 10D projection to be the target distribution. Similarly, we project images
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Table 4.1: Results for concept drift and domain adaptation for handwritten digits. The
classification accuracy and L2-error are computed after transport for MNIST to USPS (left) and
coarse dropout (right). Our method is compared with the accuracy before alignment (Original),
entropy-regularized OT, k-means plus OT (KOT ), and subspace alignment (SA).

MNIST-USPS MNIST-DU
Accuracy Accuracy L2 error

Original 79.3 72.6 0.72
oT 76.9 61.5 0.71
KOT 79.4 60.9 0.73
SA 81.3 72.3 -
FC 84.1 67.2 0.59
LOT-WA 86.2 71.7 0.56

from the USPS dataset in the network’s output space to get our source distribution. We study the
performance of LOT in correcting the classifier’s outputs and compare with FC , k-means OT (KOT)
[88], and subspace alignment (SA) [141].

In Table 4.1, we summarize the results of our comparisons on the domain adaptation task
(MNIST-USPS). Our results suggest that both FC and LOT perform pretty well on this task, with
LOT beating FC by 2% in terms of their final classification accuracy. We also show that LOT does
better than naive KOT . In Figure 4.2a, we use Isomap to project the distribution of USPS images
as well as the alignment results for LOT, FC , and OT. For both LOT and FC , we also display the
anchors; note that for LOT , we have two different sets of anchors (source, red; target, blue). This
example highlights the alignment of the anchors in our approach and contrasts it with that of FC .

Taking inspiration from studies in self-supervised learning [142, 143] that use different transfor-
mations of an input image (e.g., masking parts of the image) to build invariances into a network’s
representations, here we ask how augmentations of the images introduce domain shift and whether
our approach can correct/identify it. To test this, we apply coarse dropout on test samples in MNIST
and feed them to the classifier to get a new source distribution. We do this in a balanced (all digits in

source and target) and an unbalanced setting (2, 4, 8 removed from source, all digits in target). The
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Figure 4.2: Visualization of results on handwritten digits and examples of domain shift. (a) 2D projections of
representations formed in deep neural network before (top) and after different alignment methods (LOT , FC , OT). (b)
confusion matrices for LOT (top) and FC (bottom) after alignment. The transport plans are visualized for LOT (c) and
FC (d) in the unbalanced case.

results of the unbalanced dropout are summarized in Table 4.1 (MNIST-DU). In this case, we have
the features of the testing samples pre-transformation, and thus, we can compare the transported
features to the ground truth features in terms of their point-to-point error (L2 distance). In the
unbalanced case, we observe even more significant gaps between FC and LOT, as the source and

target datasets have different structures. To quantify these different class-level errors, we compare
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the confusion matrices for the classifier’s output after alignment (Figure 4.2b). By examining the
columns corresponding to the removed digits, we see that FC is more likely to misclassify these
images. Our results suggest that LOT has comparable performance with FC in a balanced setting and
outperforms FC in an unbalanced case.

The decomposition in both LOT and FC allows us to visualize transport between the source,
anchors, and the target (Figure 4.2c-d). This visualization highlights the interpretability of the
transport plans learned via our approach, with the middle transport plan P, providing a concise
map of interactions between class manifolds in the unbalanced setting. With LOT (Figure 4.2¢), we
find that each source anchor is mapped to the correct target anchor, with some minor interactions
with the target anchors corresponding to the removed digits. In comparison, FC (Figure 4.2d) has

more spurious interactions between source, anchors, and target.
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CHAPTER §
CONCLUSION

5.1 Summary of Contributions

In this thesis, we establish frameworks and algorithms to understand and leverage data manipulation
to improve model generalization. We establish a framework to understand the data augmentation
(DA) in the first part of our proposal. Despite DA’s simplicity, when and what DA leads to
generalization improvement for a machine learning model remains elusive in theory; hence, we
study DA theoretically in linear regression, fully characterizing its generalization for different data
distributions and augmentation in our preliminary works. Furthermore, we propose to find the
optimal augmentation based on our analytical bound. In the second part of the thesis, we develop an
data-manipulation algorithm to improve model generalization for the domain adaptation problem.
Our method is an extension to the optimal transport (0T) technique . Although OT is effective for
domain adaptation by finding connections between data in the two domains, it is often vulnerable to
noise and outliers. We thus design a robust low-rank transport to improve upon the ordinary OT in
our preliminary works. We also provide substantial theoretical and empirical analysis to validate
our algorithm.

Our work paves way formodel generalization improvement through pure data manipulations,

and the key contributions can be summarized as follows:

Establish simple framework to understand DA for linear regression and classifications.

Show that DA has L2 regularization and change of spectrum effects.

Provide analytical testbed for novel DA invention.

Develop Low-rank transportation, more robust to outliers and transformations, which can be

used to calibrate models for domain adaptations.
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» The proposed OT extension is theoretically grounded with low sampling complexity and is an

interpretable relaxation of OT.

5.2 Future Works

For the future work of data manipulation for machine learning, we list two main research directions.

The first direction is to extend our results to the nonlinear model classes. However, we would
like to outline two main challenges. The first is the estimator derived from the learning objective
does not admit a closed-form solution. Hence, to study its generalization, we will have to analyze
the algorithms used to optimize the objective, so a joint consideration of learning dynamic and the
generalization analysis of the resultant estimators must be adopted. The second challenge is that
the optimization is nonconvex which might admits non-unique solution. Fully characterization of
the possible estimators will require additional advanced analytical technique. To bridge the gap
between linear model and artificial neural network (ANN), we think the random feature model is a
good candidate. The reason is that, intuitively, the model still preserves many aspect in linear model
when viewed in the feature space. Further, the connection of ANN and random feature model has
also been established through the theory of neural tangent kernel, which is an interesting direction
to pursue.

A second interesting direction is to consider the adaptive data manipulation strategy where the
augmentation adapts along with the learning process. There is a connection where adaptive gaussian
noise injection augmentation can induce sparsity to the learned model parameters. This opens the
question whether other adaptive augmentation strategy will lead to different properties of models.
The adaptive process will also call for a algorithmic design that might be based on feedback loop or
adversarial learning.

Lastly, in this thesis we show a data manipulation complements the model architecture design
that facilitates efficient machine learning algorithms. We would like to see how this technique can

be applied to more general domains or even the latent space of neural networks.
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