2201.05149v2 [cs.LG] 1 Feb 2024

arxiv

THE CURSE OF OVERPARAMETRIZATION IN ADVERSARIAL TRAINING:
PRECISE ANALYSIS OF ROBUST GENERALIZATION FOR RANDOM
FEATURES REGRESSION

BY HAMED HASSANI®, ADEL JAVANMARD>?
1Departmenl of Electrical and Systems Engineering, University of Pennsylvania, *hassani@seas.upenn.edu

2Data Sciences and Operations Department, University of Southern California, bajavanma@usc.edu

Successful deep learning models often involve training neural network ar-
chitectures that contain more parameters than the number of training samples.
Such overparametrized models have recently been extensively studied, and the
virtues of overparametrization have been established from both the statistical
perspective, via the double-descent phenomenon, and the computational per-
spective via the structural properties of the optimization landscape. Despite
this success, it is also well known that these models are highly vulnerable
to small adversarial perturbations in their inputs. Even when adversarially
trained, their performance on perturbed inputs (robust generalization) is consid-
erably worse than their best attainable performance on benign inputs (standard
generalization). It is thus imperative to understand how overparametrization
fundamentally affects robustness.

In this paper, we will provide a precise characterization of the role of
overparametrization on robustness by focusing on random features regression
models (two-layer neural networks with random first layer weights). We
consider a regime where the sample size, the input dimension and the number
of parameters grow proportionally, and derive an asymptotically exact formula
for the robust generalization error when the model is adversarially trained.
Our developed theory reveals the nontrivial effect of overparametrization
on robustness and indicates that high overparametrization can hurt robust
generalization.

1. Introduction The success of deep learning models is often reliant on training highly
complex neural networks whose number of parameters is much larger than the number of data
points. Even though the large complexity of such models allows for perfect interpolation of
the data, they often achieve low generalization error. This behavior has resulted in a growing
body of work aiming to analyze such so-called overparametrized models.

Recent work has demonstrated the virtues of overparametrization from statistical and
optimization-based perspectives. From the statistical viewpoint, it is now well-documented
that many overparametrized models exhibit a ‘double-descent’ property [5, 4, 61]: As the
model complexity increases, the generalization error first follows the traditional U-shaped
curve until a specific point, after which the error decreases, and attains a global minimum in
the overparametrized regime. In fact, the minimum generalization error often appears to be at
infinite complexity — the more overparametrized is the model, the smaller is the error. It is often
argued that the good generalization behavior of highly overparametrized models is due to the
inductive bias of gradient-based algorithms which helps with selecting models that generalize
well —see e.g, [3, 37, 79, 35]. From the optimization viewpoint, training deep neural networks
in general involves optimizing highly non-convex functions, but it has been conjectured that
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highly overparametrized models are easy to optimize despite non-convexity. Instances of this
observation has been formally proved, e.g. in [77, 44, 41, 3, 64]. The high-level intuition here
is that in the highly overparametrized regimes, a model that perfectly interpolates the training
data (and so is a global minimizer of the empirical risk) is found in the neighborhood of most
initializations.

Despite the remarkable success of deep neural networks, and the crucial role of over-
parametrization in both the generalization and the tractability aspects, these models are known
to be highly vulnerable to perturbations in the input [6, 84]. With an unguarded training
approach, these models show unsatisfactory robust generalization error in the presence of
“small” worst-case perturbations to their inputs, a.k.a asdversarial examples. This suggests that
learning algorithms, even those with excellent performance on test data, may not be learning
the true underlying concepts that determine the response; although they work well on naturally
occurring data, adversarial examples have low probability in the data distribution and expose
fundamental blind spots in the learning algorithms.

This observation stimulated significant effort to improve robustness using a wide variety of
adversarial training methods which often involve augmenting the training loss so as to become
more robust to input perturbations (see e.g. [32, 47, 43, 57, 93, 97, 13]). However, there is still
a large gap between the robust generalization error and the (standard) generalization error in
adversarially-trained models. In summary, while modern overparametrized machine learning
models perform very well on benign inputs, they still remain fragile to perturbations in the
input. These findings raise a fundamental question:

How does overparametrization affect robustness to perturbations in the input?

A few recent papers have begun to answer the above question in specific settings with rather
conflicting messages:

* [46] and [23] have studied high-dimensional /inear models and showed that the robust
generalization error of adversarially-trained models becomes worse as the models be-
come more overparametrized. It should be noted that for linear models, even in the case
where there is no adversary, the best generalization error is attained when the model is
underparametrized [37].

* Another line of work provably shows that in order to interpolate the training data smoothly,
while being robust, overparametrization is necessary [10, 9]. However, we note that, in
order to train robust models, it may not be beneficial to interpolate the training data as
robustness is measured with worst-case performance over all the points in a neighborhood
around the input data. Indeed, [22] study the tradeoffs between memorization (of training
data) and robustness of two-layer neural networks and established a lower-bound on the
non-robustness of the model (via the Sobolev-seminorm of the model) as an increasing
function of the amount of memorization.

We will provide a more detailed discussion of these points and other related works in
Section 3. Despite such interesting recent progress, a comprehensive understanding on how
overparametrization precisely affects robustness remains largely mysterious.

In this paper, we focus on random features regression models that are adversarially trained
using robust empirical risk minimization and provide a “precise characterization” of the
robust generalization. Our analysis is carried out in a high-dimensional regime where the
size of the training data n, the number of parameters N, and the dimension of the data d
grow proportional to each other, i.e. N/d — 11 and n/d — 5. We further assume that the
perturbations are bounded in terms of /2 norm by a value € > 0. Our developed theory allows
us to precisely characterize the effect of overparamterization on model robustness. One of the
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Fig 1: Random features regression with (shifted) ReLU activation (¢ («) = max(z,0) —
1/ V/27). Data (;,v;) is generated with d-dimensional normal covariates ; and 1; =
BT x; +&;, where the noise variables &; ~ N(0,0.5) and Hﬁ'“z2 = 1. Perturbations are
allowed within an Euclidean ball of radius ¢, and the models are adversarially trained.
We plot the robust generalization error (using Theorem 4.2) versus the amount of
overparametrization N /n, where N is the number of parameters and n is the number of
training data points. The plots are obtained for different values of € and ¥2 = n/d.

main consequences of our analysis is that, in general, higher overparametrization leads to a
worse robust generalization error for the adversarially-trained models. Figure 1 depicts how the
robust generalization error varies with respect to the amount of overparametrization N /n. The
left figure corresponds to the case where there is no adversary (i.e. € ~ 0). In this case, the robust
generalization coincides with the (standard) generalization error, and is minimized at infinite
overparametrization. However, as seen in the other two figures (for € > 0), overparametrization
is in general hurting robustness. This is clearly seen in Figure 1(c) and (b) (for 12 > 10)
where the minimum robust error is attained when the model is underparametrized. We refer to
Figure 4 for an extended version of Figure 1 with more choices of € and signal-to-noise ratios.

We proceed by providing an informal overview of our results and their implications in
Section 2. Related works are discussed in Section 3. The main result of the paper, which
characterizes the robust generalization error for the random features model is explained in
Section 4. The architecture of the proof of the main result is sketched in Section 6. Our analysis
develops a set of techniques that are of independent interest: (i) We derive an asymptotic
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closed form for adversarial examples in trained random features models; (ii) While features
are highly non-Gaussian in random features models, we prove a Gaussian equivalence property
which relates robust generalization in these models to that of linear models with Gaussian
features under the same correlation structure; (iii) Our analysis of the equivalent Gaussian
model relies on the Convex Gaussian Min-max Theorem, which is a generalized and tight
version of Gordon’s Gaussian comparison inequalities.

2. Results and discussion: An informal overview

Problem setting. Consider a supervised learning scenario where we are given i.i.d data
{(xi,y:) }i<n generated according to the following distribution:

(2.1) yi = (@i, B) +&, with @ ~;aN(0,Iz), & ~N(0,7%).

The (linear) dependence between (x;,y;) is unknown and the goal is to fit a model to this data
which can be then used to predict labels for the unlabeled examples at test time.

We consider modeling the relation between label y and feature vector « using the class of
random features (RF) model, which can be described as

N
(22) fRF(W):{f(m707W):ZQZU(<wfvw)): 0:(917"'79N)6RN}7
/=1

where @ is the parameter vector to be learned and W e R™*? is a fixed matrix whose rows wy
are chosen randomly and independently of data. For simplicity we assume the normalization
|lwell,, = 1. Namely, the vectors wy are chosen uniformly at random from the unit sphere,
wy ~ Unif(S471), which implies that (wy, x;) is of order one. In addition, 0 : R~ R is a
nonlinear activation function.

Note that in random features model training is only done on 8 and not on W. In other
words, the random features model can be perceived as a two-layer neural network with the
weights of the first layer chosen randomly and independently from data, while the weights
in the second layer are learned during the training phase. The random features model was
introduced by [68] for scaling kernel methods to large datasets, and there has been a large
body of work drawing connections between random features models, kernel methods and
fully trained neural networks [15, 14, 42, 51]. The random features models are arguably
the simplest analytically tractable models that capture all the features of the double descent
phenomenon without assuming ad hoc misspecification structures [63]. In particular, they
allow to disentangle the number of parameters from the covariates dimension and hence isolate
the effects of overparametrization from the effects of the ambient dimension.

To quantify robust generalization, we consider an adversarial framework where at the test
time, the feature vector x is corrupted by additive perturbation, chosen adversarially, from
the Euclidean ball of radius €. We measure the robust generalization via the adversarial risk
measure which is the expected test error of the model on perturbed test input. We train a
random features model, using a widely used adversarial training approach, which is based on
the robust empirical risk minimizer (robust-ERM estimator) [58, 90]:

(2.3) 6 = rg&lé% 3 H[ X o z;( -0'oc(W(x;+6; ))

where §; is the norm-bounded adversarial perturbation on sample covariates x; and ¢ is the
“perceived” adversary’s power used in the training process.

Results and discussion. We study the asymptotic setting, where N,n,d - oo with N//d — 1)1
and n/d — 15 for some positive constants 11 ,1o. We derive the precise characterization of
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Fig 2: Adversarial risk versus overparametrization v /12 = N /n for different values
of adversary’s power €. Solid curves are theoretical predictions and dots are results
obtained based on gradient descent on the robust ERM objective. Each dot represents
the average of 100 trials. The data is generated according to model (2.1), with d = 100,
n =300, 2= 0.5,and B ¢ R? obtained by drawing a vector with i.i.d N(0, 1) entries and
then normalizing it to have |3, = 1.

the adversarial risk of the robust-ERM estimator, as an explicit function of the dimension
parameters 11,19, the noise level T2, and the adversarial power ¢. We refer to Theorem 4.2
for the specific formulae.

Let us now discuss the behavior of the robust generalization curve under different settings.
We consider the data model (2.1) and the random features regression with shifted ReLU
activation:

o(x) =max(z,0) - L .
V2
The reason behind the intercept term is that since the response variable is zero mean, we
consider fitting a model using zero mean features. Note that (wg, ) ~ N(0,1) and for G ~
N(0,1), we have E[0(G)] =E[GI(G >0) - 1/\/27] = 0.

We start by Figure 2 which shows our theoretical curve versus the overparametrization ratio
11/12 = N /n along with the corresponding empirical results. The solid lines depict theoretical
predictions with the dots representing the empirical performance of gradient descent in learning
the robust ERM for data model (2.1), with d = 100, n = 300, 72 = 0.5. In addition, B¢ R? is
generated by first drawing a d-dimensional vector with i.i.d standard normal entries and then
normalizing it to have unit /5 norm. Each dot represents the average of 20 trials. As we see,
even for moderate covariate dimensions (d), our theoretical curve is at excellent match with
the empirical results. We note that when € — 0 (we did not set € = 0 exactly for numerical
stability), we are in non-adversarial regime and the robust generalization error reduces to
the usual test error (blue curve). In this case, we observe the double-descent phenomena and
recover the theoretical prediction of [61]. As € grows the robust generalization curve starts
behaving differently. For ¢ large enough (¢ = 1, 2 in the figure), we see that overparametrization
hurts robust generalization.

For a more complete picture, in Figure 3 we consider similar setting with more choices of €
and noise variance 72, and also a larger range of overparametrization 15 /11 = N /n, as we fix
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Fig 3: Theoretical prediction curves for adversarial risk of robust ERM as a function of
overparametrization 1 /1o = N /n for different values of adversary’s power € and noise
variance 72, with the data model (2.1). Here we fix | 3] ¢, =land ¢y =3.

12 =3. When N /n — 0, we essentially have the risk of the zero estimator, which is |3 ||§2 +72,
Several intriguing observations can be made from these plots:

* In the noiseless case (Figure 3a) and for € < 0.5, the global minimizer of the adversarial risk
is at a finite overparametrization (/N /n > 1), after which the risk becomes increasing as a
function of N /n (higher overparametrization hurst robust generalization). Similar behavior
is observed for 72 = 0.5 and £ < 0.05.

* In all three plots (corresponding to different SNR levels), when ¢ is large enough (£ > 1),
the risk first goes up as overparametrization increases and after reaching its peak starts going
down, but it remains above 1 + 72 which is the risk at the highly underparametrized regime
(N /n — 0). Therefore, somewhat surprisingly, robust ERM estimator has larger adversarial
risk compared to the trivial zero estimator, for all the range of overparametrization.

* The peak of the adversarial risk occurs in the overparametrized regime; for the non-
adversarial case € = 0, it occurs at the interpolation threshold N/n =1 and for € > 0 it
occurs at N /n > 1. The location of the peak and the value of risk at the peak vary with e.
As € grows, the peak shifts to the right and occurs at a higher overparametrization ratio.

In Figure 4 we depict our theoretical prediction curves for the adversarial risk of the robust
ERM estimator as a function of the overparametrization ratio 11 /12 = N /n for different values
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of ¥5 =n/d. The right panel corresponds to € = 1 (strong adversary) and as we see for different
values of 72 and 1y, the adversarial risk is first an increasing function of overparametrization
ratio, until it reaches its peak (in the overparametrized regime, N /n > 1) and then becomes
decreasing. But it never falls below its initial value at NV /n ~ 0. The left panel corresponds to
€ =0.1 (weak adversary) and as we see for large 1), overparametrization clearly has a negative
effect on robust generalization. For example, in Figure 4a, for 15 = 100, 1000 the risk is an
increasing function of 1)1 /15 over the entire range. Also in Figure 4c, for 49 > 10 the global
minimum of the adversarial risk is achieved in the underparametrized regime (N /n < 1).

3. Related Work Several recent works have focused on the robustness of over-
parametrized models. On the one hand, [9] shows that in order interpolate the training
data smoothly, the Lipschitz parameter of the resulting model should be at least of order

\/ ”Wd. This applies to data distributions that satisfy a property called isometry—e.g. when the
data covariates x; are distributed on the unit sphere. For such data distributions, worst-case
perturbations are meaningful only if their 2 norm is upper-bounded by ﬁ. Otherwise, if the

size of the perturbation can be allowed to be much larger than O( ﬁ), it can be shown that
the robust generalization error approaches one for any model—see [75, 29, 59, 60]. Putting
the above two results together, we can conclude that, in order to interpolate smoothly, while
guaranteeing robustness to norm-bounded perturbations, it is necessary that the ratio N /n is
bounded away from zero. This is indeed the regime studied in our paper. However, in this
regime, it is not clear why interpolation to training data is beneficial for obtaining robust
models. In fact, to obtain robust models, one may have to trade off the performance on the
original data points (i.e. interpolation to training data) with the performance on the points in a
ball around each data point (i.e. extrapolation to adversarial examples). In other words, we
may have underparametrized models that do not fit the training data perfectly, but have a small
Lipschitz constant. Indeed, this can be implied from the main messages of our paper.

On the other hand, the works in [46] and [23] have studied the performance of high-
dimensional /inear models and showed that the robust generalization error of adversarially-
trained models becomes worse as the models become more overparametrized. In particular,
[23] provably shows that avoiding interpolation (and using underparametrized models) im-
proves the robust generalization error in both linear regression and classification—which leads
to the first theoretical result on robust overfitting. There are a few reasons on why we might
prefer to study non-linear models (such as the random features model) compared to linear mod-
els [61]: First of all, for linear models, we know that the best (standard) generalization error is
attained when the model is highly underparametrized. Second, the number of parameters in a
linear model is tied to the covariates dimension d and hence the effects of overparametrization
cannot be isolated from the effects of the ambient dimensions. Third, a hypothesis put forward
in [32] is that the origins and ubiquity of adversarial examples is due to the (approximately)
linear behavior of a model over large regions of the input space. Shallow linear models are not
able to become constant near training points while also assigning different outputs to different
training points. However, the setting of random features is significantly different since this
class can express any function to an arbitrary degree of accuracy so long as it has enough
number of random features [69].

In another recent work [94], an extensive study on the robustness of wide neural networks
with respect to norm-bounded perturbations is provided. By defining and analyzing a new
metric, called perturbation stability, it is shown that while the (standard) generalization error
is improved on wider models, the perturbation stability often worsens, leading to a potential
decrease in the overall model robustness. These empirical findings are aligned with the
messages of our paper.
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Fig 4: Theoretical prediction curves for adversarial risk of robust ERM as a function
of overparametrization 1 /13 = N [n for different values of 15 = n/d. Each plot corre-
sponds to a specific value of adversary’s power € and noise variance 2.

A somehow different line of work [96] studies the sample complexity of the robust interpo-
lation problem where the goal is to interpolate (noisy) training data by a Lipschitz function,
under generic covariate distribution (beyond isoperimetry distributions). This work measures
the (non)robustness of a model by its Lipschitz constant and similar to [22] establish a lower
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bound on Lipschitnzenss which is increasing with respect to the overfitting level. This re-
sult can be rephrased as an adverse effect of overparametrization (thorough overfitting) on
robustness. While these work study the effect of overparametrization on robustness via memo-
rization/interpolation, we will take a direct approach to study the effect of overparametrization
on ‘adversarially trained’ models.

Several works have shown a non-trivial tradeoff between the robust generalization error and
the standard generalization error for parametric models [90, 83, 67, 97, 46, 21]. It has also
been shown that using more data can improve this tradeoff [11, 62, 67, 74, 17, 95, 65, 34, 70].
Again, these findings are aligned with the messages of our paper as more data can mean less
overparametrization.

This paper provides, for the first time, an analysis for the adversarially-trained random
features model in the high-dimensional regime. For linear models, this analysis has been
carried out in [46] for the regression setting, and later on in [45, 85] for the classification
setting. A key ingredient of the analysis in these papers, as well as our paper, is a powerful
extension of a classical Gaussian process inequality [33], known as the Convex Gaussian
Minimax Theorem, developed in [88] and further extended in [87, 16]. Another key ingredient
of our analysis is the Gaussian Equivalence Property for the random features model which was
proposed and studied in [63] for maximum-margin linear classifiers in the overparametrized
regime, as well as [37, 1, 63, 61, 28, 19, 39, 31, 30] for the linear Gaussian model under other
settings. In particular, a part of our analysis, that establishes equivalence with the so-called
noisy linear model in the adversarial setting, is heavily based on the machinery which was
elegantly developed in [39] for the random features model. This machinery is itself based on
the Lindeberg principle [55] and the leave-one-out technique developed in [27, 1].

We conclude this section by a broad comparison between adversarial setting and the
literature of robust statistics.

Comparison with robust statistics. This area traditionally considers a setting where pertur-
bations are made to the training data; a small fraction of data samples are grossly corrupted
and the goal is to find estimators that are robust against outliers (via measures like influence
function, breakdown point, and change of variance, etc). In the adversarial training paradigm,
one considers the so-called test-time adversarial setting, in which the training data is uncor-
rupted (say (x;,y;) ~ P for some distribution P). However, the adversary can perturb each
test data. In other words, the test data (x,y) is drawn from P and then @ is perturbed by the
adversary (x — & with |x - Z[, <e¢). The goal of adversarial training is to develop a model
that can still predict the response y from the perturbed feature . With this view, adversarially
robust models are basically those that have good generalization and are also smooth enough
so that they do not change much on small neighborhoods (of radius at most ¢).

That said, another line of work (see e.g. [48]) considers a different adversarial setup
in which an attacker can observe and modify all training data samples in an adversarial
manner so as to maximize the estimation error caused by his attack. This work introduces
the notion of adversarial influence function (AIF) to quantify the sensitivity of estimators
to such adversarial attacks, and further derive the optimal estimator, among a certain class
of estimator, that minimizes AIF. Related to this setting, there is also a line of work based
on the Median of Means approach, see e.g, [40, 18]), which concerns a data poisoning/ data
contamination adversarial setting. In data poisoning, the adversary can pick a (small) fraction
of the training data and alter it in a way that it hurts the training process, and ultimately the
generalization performance. However, in this paper we consider a different type of adversarial
act which has to do with adversarial perturbation (in a small ball) of the input data point at the
test time.
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4. Main results Recall the data distribution given in (2.1). Given n i.i.d pairs (xz;,y;)
drawn from this distribution, we fit a random features model, defined as the function class (2.2),
with the shifted ReLLU activation:

4.1) o(z)=max(z,0) - \/% .
T

We consider sequences of parameters (N, n,d) that diverge proportionally to each other
and sometimes, we index such sequences by d, with N = N(d) and n = n(d) functions of d.

Assumption 1 (Asymptotic setting.)
(a) Defining 11 4= N|/d and 13 4 =n/d, we assume that the following limits exist:
Lim gy g=tpr,  lm gq=1s,

for some positive finite constants 1 and 1.
(b) We assume that the {5 norm of the signal B converges, as d — co. For the sake of
normalization and without loss of generality, we assume limg_,o. | B|,, = 1.

Recall that in the data model (2.1), @; ~;4 N(0,1I;) and so its distribution is rotation-
invariant. Likewise, in the random features model (2.2), the rows w, are chosen uniformly at
random from the unit sphere, and so has a rotation-invariant distribution. In our adversarial
setting, we also focus on norm-bounded perturbations which is again a rotation-invariant
constraint. Using these properties, it is easy to see that the adversarial risk will be invariant if
we rotate the model 3 in (2.1) and hence only depends on || 3|, . This justifies Assumption 1(b)
made above.

To study robust generalization of the estimated models, we consider an adversarial frame-
work with norm bounded perturbations. This can be formulated as a game between the learner
and the adversary. Given access to a training dataset consisting of n i.i.d. pairs (x;,y;) gen-
erated from (2.1), the learner chooses a model @ from the class of random features model
Frr(W) (2.2). Adversarial perturbations occur at the test time. After observing the learner’s
model, for every test point x, the adversary perturbs it to  + & where ¢ is chosen from the
Euclidean ball of radius €. Note that the choice of § can in general depend on x and the
learner’s model. The robust generalization of the learner’s model is quantified via a measure
called adversarial risk, which is the expected prediction loss of the model on an adversarially
corrupted test data point according to the described attack model.

Definition 4.1 (Adversarial risk.) For a predictive model f and a loss of choice £ :RxR — Ry,
the adversarial risk of model f is defined as:
AR(f):=E[ max ((f(z+0),y)],
161l <etest

where the expectation is with respect to randomness of (x,y).

In particular, for a random features model @ = (01,--,0n5)7 from Frp(W), defined in
(2.2), and with the choice of squared loss, the adversarial risk of @ becomes:

2
4.2) AR(6) ::E[wlrnax (y-0To(W(z+0))|.
Lo SEtest

Norm bounded adversarial attack models are widely used in the literature, motivated by a
plethora of safety-critical applications in machine learning, computer vision, natural language

processing, medical imaging, and robotics. A popular approach to adversarial training is by
considering the following robust empirical risk minimization (robust-ERM) problem [58, 90]:

— 1 n
(43) Oszarggelli?% gz€€%;(yl_0TU(W($z+6z))2 .
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Here, st 1S @ measure of the adversary’s power and ¢ is the “perceived” adversary’s power
used by the algorithm. Our theory allows for ¢ to be different from ecg; cf Theorem 4.2.
In our numerical experiments in Section 2 we consider € = e to focus on other relevant
quantities, namely 11, ¥2 on adversarial risk.

Note that the above objective is the empirical surrogate of the adversarial risk (4.2), where
the expectation is replaced by the empirical average over the training samples. This minimax
approach can also be viewed as an implicit smoothing that tries to fit the same response y to
all the covariate vectors in the e-neighborhood of @ simultaneously.

Our main result in this paper is a precise characterization of the adversarial risk of the
robust ERM model (4.3) under the asymptotic regime described in Assumption 1. Before
stating our result, we introduce another piece of notation.

For 11 € (0, 00), we define function S(+;91) : Rco = Rep:

1 -z2=\/(1-4p1 - 2)2 - 41y 2
—21/112: ’
One may recognize that S(z;1) is the Stieltjes transform of the Marchenko-Pastur distribu-

tion. We refer to Lemma F.2 (Appendix F) for more details.
We are now ready to state our main result.

1
(4.4) S(z;¢) =

Theorem 4.2 Let n i.i.d pairs (x;,y;) be drawn from the data model (2.1) and let 0 be
the robust ERM fit (4.3) to this data using the class of random features models Fry(W),
given by (2.2) with the shifted ReLU activation. Consider the asymptotic regime, described in
Assumption 1. With function S(-;11) given by (4.4), define

2 2

2_ 2

ocf=7"+1- 1+(1-—=)S(—-1; )

V1 ( (1-2)s(= - 150n)

(a) For e >0, the following convex-concave minimax scalar optimization has a unique
solution (i, Tgw, B, Yier Tgx ):

(4.5) olhax. 03132, R(, 7y, 8,7, 7¢) 5

where
9y a1q Py B
T A, )
1 (o’ + %) (f(_) g +B) )
{ (g t8) %} 27, (74 + ) V2) efVaZ+ 02

caZio?
(0} )\1/)1 A 2:|
- — su +8°+ 1——/\ +—(1-A A-1; -— .
Tqu)\EI [ 2 { F ( ( ) ( )8 ) ( %)} 2(1—)\)7
Here, v* is the unique solution to
M_ﬁy_y.erf(L)_\ﬁe—f 0
eBVat+o02 Ty V2 7r
(b) The adversarial risk of the robust ERM o° converges in probability

Y * V% 2 2 €s * ok
46) AR@E) % [1+ (GusBere) +2\/jm](ag+gz).
57‘9* T 57’9*

Here, the probabilistic statement is with respect to the randomness in both the training data
{(xi,yi) }I- and the random features W .

.
R(a,Tg,B,%Tq)::i(72+l— (02+a2)
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We note that the robust ERM estimator is a random and rather complicated high-dimensional
function of the training data. However, in the asymptotic regime where N, n,d — oo at the
same order, the adversarial risk of the robust ERM concentrates and the above theorem
provides an exact characterization of its limit as a deterministic formula. The derived formula
is based on a five dimensional convex-concave mini-max optimization problem and its optimal
solution can be easily derived via a simple low-dimensional gradient descent rather quickly and
accurately. Alternatively, one can form a system of equations by writing the KKT stationary
conditions corresponding to (4.5). The adversarial risk prediction can then be written in terms
of the fixed point of this system of deterministic equations.

Let us re-emphasize the contribution of theorem 4.2. Albeit its involved form, it describes
the behavior of a high-dimensional random problem in terms of a deterministic optimization
with a handful number of scalar variables. This theme of result is similar to state evolution
equation for approximate message passing algorithms [24], density evolution for LDPC
codes [71, Chapter 4], and characterizing the trajectory of SGD for training neural networks
in terms of partial differential equations [78, 44].

Remark 4.1 (Solving Optimization (4.5)) We find the solution to this optimization by solving
for the first-order optimality conditions (stationary equations). We set the (sub)gradient with
respect to the variables to zero since it is non-smooth, which results in a system of nonlinear
equations with seven variables, namely o, 7y, 3,7,74, A, V™. In the numerical experiments, we
use fsolve command in Mat lab to solve this system of equations, which is based on the
trust-region algorithm.

5. Discussion By virtue of Theorem 4.2 we characterize the adversarial risk of the robust
ERM in term of the solution of the deterministic optimization problem (4.5). Given that it does
not admit a closed-form solution in general, and is rather involved, in this section we discuss
some of the applications of this theorem including optimal choice of ¢ during training, trend
of adversarial risk with respect to different quantities, and implications for non-adversarial
setting.

5.1. Optimal € for robust ERM estimator: An interesting application of our theory is
to derive the optimal ¢ (perceived adversary’s perturbation level) in the robust ERM, while
fixing the adversary’s (actual) perturbation level on test inputs to €¢est. The optimal € here
refers to the value which minimized the adversarial risk. An intriguing observation is that the
optimal ¢ is different than £s in general, and depends on 1,5 in a non-trivial way (There
is no universal solution, which underscores the significance of possessing a precise theory that
comprehends the impact of adversarial training, which constitutes the principal objective of
the present work.)

In Figure S5a, we fix ¥2 =3, 7 = V0.5, eest = 0.3, and plot the adversarial risk of 0% as we
vary ¢ for different values of ¢/;. As we see the optimal value of ¢ (resulting in minimum
risk) changes with 1)1, it is in general different from the test adversary’s perturbation eeg¢. In
addition, the optimal ¢ increases with /1. In Figure 5b, we plot similar curves, fixing €¢egt = 0.
In this case, the adversarial risk reduces to the notion of standard risk defined as

(5.1 SR(0):=E[(y-0Ta(Wz))?].

As we see form the plots, even though 04 = 0, adversarial training can help as minimum risk
is achieved at positive €. The reason is that adversarial training acts as a regularization (It
becomes clearer after derivation (6.11), where adversarial training aims to find solution with
small | J@|,, .) In particular, we observe that
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Fig 5: Behavior of adversarial/standard risk as we vary ¢, the “perceived” adversary’s
power used in the adversarial training. In (a), (b), ¥2 = 3 is fixed and in (c), (d), we fix
11 = 3. Also, (b), (d) correspond to e¢est = 0, and so there is no perturbation at the test
time. In these cases, adversarial risk reduces to the standard risk. In these experiments,

Bl

2 _ _
we set 7% =0.5, 0= 1.

» The optimal ¢ is always greater than or equal to €¢gt, the true test perturbation magnitude.
This ‘additional’ regularization helps with minimizing the adversarial risk.

* At higher overparametrization measured by 11 /12 = N /n the benefit of this regularization
becomes stronger. This is also evident from Figure 5c, where with fixed ¥5. As we increase
11, the optimal ¢ also increases. Likewise, in Figure 5d, with fixed v, the optimal ¢
increases as o decreases.

In summary, our theory allows to understand when adversarial training is beneficial and
what is the optimal value of € to use in training (depending on ¥, Y, €qest and 7.)

5.2. Dependence on €, 11, 1)2:  We discern the following trends in the analytical curves
for adversarial risk which are derived based on Theorem 4.2 (Equation (4.6)).

e From Figure 5, fixing s, %1 and 9, the adversarial risk is first decreasing in € until it
gets to its minimum, after which it becomes increasing in € indicating that the regularization
effect from adversarial training is larger than it should be, and then eventually it levels
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at 0% + || 6o||? (the risk of model 6 = 0, which is the ERM when the regularization is very
strong).

* For fixed 19, if SNR is large enough and ¢ is small enough, we observe a double descent
behavior in the adversarial risk (see Figure 3a, € = 1e — 7 and € = 0.05 and Figure 4c).

* Fixing €05t and 11, the adversarial risk becomes decreasing in )9 after some point. In the
next subsection, we characterize the adversarial risk in non-adversarial setting, by which
we see this trend for g > 1)1.

5.3. Non-adversarial training: An important special case of the result is when € = g¢eg; = 0.
In words, there is no adversarial-training and also there is no adversary during the test time.
Theorem 4.2 allows us to characterize the standard risk (generalization error) of the ERM
estimator.

We focus on the underparameterized regime (n > N or equivalently 12 > 1), since other-
wise at € = 0 the problem is underdetermined. In this case the objective R in (4.5) significantly
simplifies and we can indeed obtain a closed-form expression for the risk.

Proposition 5.1 Let n i.i.d pairs (x;,y;) be drawn from the data model (2.1) and let 0 be the
ERM (4.3) fit to this data using the class of random features models Fryp (W), given by

0 =arg 52&1}3 % z:(yZ 0 o(Wax;))?,
with o(+) the shifted ReLU activation. Consider the asymptotic regime, described in Assump-
tion 1. With function S(-;11) given by (4.4), define

2 2

2_ 2

=7"+1- 1+(1-—=)S(—-1; .
Then, the standard risk of the ERM ) converges in probability to

NP of Yo
(5.2) SR(0) » o —— ).
(©) (7112 - )
We refer to Section E.4 for the proof of this proposition.
We next use the result of Proposition 5.1 to discuss the role of ¢); and 5 on the risk:

» Recall that o only depends on 7 and 1;. Fixing 1/, the dependence of risk on v is of
form 19/ (12 —1)1). This is decreasing in 5 = n/d. For example if d, N are fixed, and we
increase the sample size n, the risk goes down which is expected.

* Dependence on 1); is more involved as the term o2 also depends on 1 through the Stieltjes
transform S. In Figure 6 we plot the risk versus ¢; for different values of ¢)2. As we see
up to some threshold, it is decreasing in ), but after that it becomes increasing. This is
expected because for example fixing n, d (and so 9), as we increase N (and so 1), first
the risk goes down because the model becomes richer to capture the data generative model,
but after some point it has a reverse effect, because we need to estimate larger number of
parameters N, from fixed sample size n, while this excess model complexity is not needed.
As we see in the plots, this threshold is increasing with 5.

* It is also worth comparing the standard risk of random features model with that of linear
models. For ¢ > 1, using the result of [37, Proposition 2], the risk of ridgeless least
squares is given by 72t /(13 — 1). This is similar to our characterization (5.2), where the
noise variance 72 is replaced with the effective noise variance o2, and v, is replaced by
19 /1h1 =n/N. (Note that the number of parameters to be learnt in the linear model is d,
while in the random features model is V. So the sample size to parameter size ratio in the
linear regression is 12, while for the random features model it is 102 /v1.)



THE CURSE OF OVERPARAMETRIZATION IN ADVERSARIAL TRAINING 15

Standard Risk

Fig 6: Behavior of the standard risk of the ERM estimator 8 versus ¢, for different
values of 9. As observed, the risk is first decreasing in 11, up to some threshold
depending on 19, after which it becomes increasing. This threshold is increasing with

3.

6. Architecture of the proof This section introduces the key steps underlying the proof
of our main result, Theorem 4.2. Our analysis is intricate and consists of a host of novel ideas
which could be of separate interest. Here we discuss the major steps, along with an overview
of the techniques and intermediate results.

Define the loss £(8) given by

(6.1) L£(0):= max —i(yi—OTJ(W(mi+6i))2+COTQG,

16:1,,<e 2n 5 2

where Q:=1T + —"lof(d)ll-r. Here, 1=(1,1,...,1) eRY and ¢ > 0 is an arbitrary small but
fixed constant. By definition, the robust ERM estimator (4.3) is the minimizer of £(8) for
¢=0.

The regularization %( |6 Hi + —Vlodg(d) (1,0)?) inthe loss £(8) is added for technical reasons.
In our analysis, we let ¢ — 0, after letting d — oo to characterize the adversarial risk of the
robust ERM 6. We refer to Section A in the supplementary for the justification of this step.

Before we outline the main steps of the proof, we note that since the rows of the matrix
W e RV*? are generated i.i.d. according to wy ~ Unif (S¢1), then the matrix norm of W is
bounded with high probability and the rows of W are almost orthogonal. More precisely, we
define the event

6.2) Ew = { W] <\/ra+C, |w]wi|<log(d)/Vd vk},

for a large enough constant C' (note that N /d :=¢); 4 — see Assumption 1). Using well-known
results on the norm of random matrices (see e.g. [91, Theorem 5.39]) as well as Hoeffding’s
inequality we have P(Eyy) > 1 — cexp(~log?(d)/c) for some constant ¢ > 0. In the following,
our statements are proven conditioned on the event &y, which holds with high probability.

Notation. We need to define a few pieces of notation which will be used in the following.
We use Oy4(+), 04(+) to denote the standard big-O and little-o notation, where we stress the
asymptotic variable d. Likewise, we use Ogp and o4 p to indicate asymptotic behavior in
probability. Specifically, f(d) = Oqp(g(d)) if for any € > 0, there exists C. > 0 and large
enough d. such that P(|f(d)/g(d)|> C:) <e, for all d > d.. Similarly, f(d) = o4p(g(d)) if
f(d)/g(d) converges to zero in probability. We write f(d) ~ g(d) as d - oo, when f(d) —
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g(d) — 0, in probability. Note that we consider the asymptotic regime where n,d, N grow at
the same scale, (lim N /d — v, and limn/d — 15 for some positive constants )1 and v5), the
expression d — oo implies that n, N — oo, as well.

For a matrix A, we denote by | A| its operator norm, |A| = (¥;; A?j)l/ 2 the Frobenius
norm of A. For an integer n, we use the shorthand [n]={1,...,n}.

Finally, the indicator function is denoted by I(-) —i.e., I(A) =1 only if the event A holds
true, and otherwise 1(A) = 0.

6.1. An asymptotically-exact closed form for adversarial examples We start by simpli-
fying the loss £(0). If the activation function o was linear, then finding the worst-case
perturbations §; (maximizers in the definition of loss £(€)) amounts to a trust-region sub-
problem that can be solved in closed form—see [46]. A major challenge here is the nonlinearity
of . In the first step we use the specific form of the activation to derive an asymptotically
equivalent but simpler form of £(8).

Note that o'(z) = max(z,0) — 1/v/27 is linear on the positive z and constant on the negative
z. Also by the constraint on perturbation we have |(w,d)| < |w],, [ 9], <e. Therefore, if
[{w,x)| > e, then (w,x) and the perturbed form (w, x + §) share the same sign. In this case,
the worst case § can be solved exactly. One can also use the randomness in & to bound the
number of rows of W for which |[(w,x)| <, where ~ is some small constant, and show
that the contribution of these terms in the loss is asymptotically negligible. This argument is
formalized in the next proposition. All the proofs of the statements in this section are relegated
to Appendix B.

Proposition 6.1 Assume (x,y) generated according to (2.1). Further define

(6.3) Co={0eR": 18], < Cov/log(d)/d, [8],, <Co},

for an arbitrary but fixed constant Cy > 0. Then, we have
(6.4)

W %% 1%%4 log(d
Haﬂ‘l‘ax ‘y—HTU( ($+5))|=|y—0Ta( :I})‘-i—g” leag(l(Wa:>O)) GHK +Od,P( Odgl(/6)) 7
1, <E )

uniformly over @ € Cg. Here, the probability bound is with respect to the randomness in x. Le.
W is fixed and event Eyy in (6.2) is assumed to hold.

To be able to use the result of above proposition, we show that the minimizer of £(8) falls in
Cg defined in (6.3).

Proposition 6.2 Assume (x,y) is generated according to (2.1), and recall that the rows of
W e RN*4 gre drawn i.i.d. from Unif(S41). Let 8 = argmin £(0). We have 8 € Cg, with
probability at least 1 — 4e™" for some absolute constant ¢ > 0.

Motivated by Proposition 6.1 we define loss £(8) as follows:

1

n 2
o D (|yi -0"o(Wa;)|+e|W diag (I(Wz; >0)) 9\\62) + &
=1

65) L(0):= 26700

By using Proposition 6.1, we can prove the following.

Proposition 6.3 Under the setting of Proposition 6.1 we have

(6.6) sup
OECQ

£(6) - £(8)| = 04p(1).
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6.2. Concentration of the adversarial effects As can be observed from the loss £(8), the
effect of adversarial perturbation in reflected via the terms 7); := H W Tdiag(I(W; >0)) OH o

In the next proposition, we show that apart from a negligible fraction of data points i € [n],
the perturbation terms 7;(0)? concentrate around their expectation. All the proofs of the
statements in this section are relegated to Appendix C.

Proposition 6.4 Let n;(60) := HWTdiag(I(Wa:i >0)) HHZZ and v;(0,7) :=1 (|77i(0)2 —E[1:(0)%]]> 7).

Under the setting of Proposition 6.1 and for any sequence ~yq such that 1/, = eoWVlog(d)) e
have

12 _
(6.7) sup — > v3(0;74) = Oap(log(dyi)™*?).
0eCo T =1
Corollary 6.5 By choosing sequence v, =1/log(d) we obtain

n

1
(6.8) EBCI; o ;Vi(e;@)Zodvp(l).

By Corollary 6.5, other than at most an o4(1) fraction of data points i € [1], the terms 7;(8)?
concentrate, in the sense [1;(8)%—E[7;(0)?]| < 1/1log(d), uniformly over 8 € Cg. This suggests

that in the loss function we can replace the terms 7;(6) by \/E[7;(0)?]. This observation will
be formally stated in the next lemma. Before proceeding to it, let us compute the expectation
of terms 7;(6)?. We write

(6.9)

E[n:(0)*] =E[ | W diag({(W = >0))9sz |=eTE[WWT) e (IWa:>0)1(Wa;>0)T) |6,
where the expectation is with respect to x; and W is fixed. Hence, this can be written as
E[1:(6)*] = [ J8], with

J=(WWT) 0 E[(Wz; > 0)I(Wz;>0)7])".

Note that the J is well-defined since the matrix under the square root is positive semidefinite.
(This follows from the observation that the expression (6.9) is positive for all §.)

Since [we|,, =1 and x; ~ N(0, I;), we have that (wy, x;) and (wy, x;) are jointly Gaussian
with

E(<w€’mi>2) = E(<wk’wl>2) =1, E((wfvmlﬂwkvx») = (wkvw€> )
and by using [15, Table 1] we get

_m—cos {(WWT)
- 27 '
Therefore, we obtain the following explicit formulation for Jyy:

E[(Wz; >0)|(Wa; >0)7]

o WWT 1/2
(6.10) J:((WWT)@(r cos” ))) :
27
Motivated by Corollary 6.5 and the interpretation after it we define the loss function
oo 12 2
(6.11) £(0):= - S (lyi-0To(Wa;)|+¢[J0],) + gaTne.
M i=1

[e]e)
By our next lemma, the minimizer of £(8) converges to the minimizer of the original loss

L(0) and therefore we can work with £(8) for our asymptotic analysis.
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Lemma 6.6 We have

OO

9<Co 1 + min(L£(0), L(0))

=04p(1).

Also, by denoting by % and 0 the minimizers of £L(0) and L£(8), we have H5* -0||, »0,in

probability.

e,

Motivated by the result of Lemma 6.6, we define a notion of adversarial risk based on the
modified loss £(8). Specifically, we define

[e]e) 2
(6.12) AR(8):=E,, [(|y —0To(Wa)| +eest | JO],,) ] .
In the next lemma, we show that AR(@) converges to AR(€) uniformly over Cy.

Lemma 6.7 Recall the adversarial risk of a model 0, denoted by AR(0) and given by (4.2).
Let AR(0) be defined as (6.12). We then have,

cup [AR(O) ~ AR(D)| _

6<Co  /AR(0)

0a,p(1).

6.3. The Gaussian equivalence property and the noisy linear model In this section, we
will show that in order to characterize the robust generalization error of the random features
model, we can equivalently consider the so-called Gaussian features model (a.k.a. the noisy
linear model). This equivalency is often termed as the Gaussian Equivalence Property (GEP),
and has recently been proven in several contexts [63, 39, 28, 19]. We prove this equivalency
for adversarially-trained random features models in this section.

We begin with decomposing the nonlinear activation function o(z) as

(6.13) o(2)=po + 1z + p20,(2),
where for G ~N(0,1),
po=Elo(@)], m=E[Go(G)], pz:=\/E[0*(G)] - 13- i}.

For the case of shifted ReLU activation, defined in (4.1), we have ug =0, uj = % and

IPERY, % - % Also, o, (z) is the nonlinear component of the activation function which

is orthogonal to the constant and linear components in the following sense: E[o, (G)] =0 and
E[Go,(G)] =0. We can then write the random features o (W x) as follows

(6.14) o(Wa)=pl+uWe+ puso,(We),

Note that the random variables a(wiT:v) have zero mean and unit variance, by construction.
Further, E, {(w, z)o, (w] )} = 0 since by construction E[¢, (G)G] = 0. This suggests to
replace the variables o L(wiT @) by a set of i.i.d standard normal variables and consider the
following noisy linear model

(6.15) F=pol+mWe+ pou,

with f,ueRY and u ~N(0, Iy) is generated independently from z.
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Consequently, we define the loss of the noisy linear model as
1

n
2n i3

¢

(6.16) L:1(0) = (lyi - 07 fil +<]70],,)" + 50'00,

where f; are generated i.i.d. according to (6.15). We note that compared to the loss £(0)
defined in (6.11), we have only replaced the feature vectors o (W x;) with the noisy linear
features f;.

Let 8* and 5;1 respectively denote the minimizers of £(0) and £,,1(€). Roughly speaking,
the Gaussian equivalence property (GEP) states that under certain conditions on W and the
activation function o, we have

(6.17) AR(8") ~ ARw(8%) asd— oo,

where AR(+) is defined by (6.12) and AR, (+) is its counterpart defined based on the noisy
linear model, as follows:

[e]e) 2
(6.18) AR, (6):=Ey, [(|y 07 |+ cest |761,,) ] .

Therefore, by virtue of Lemma 6.7 and (6.17), we can henceforth focus on characterizing
AR, (8%).
In order to prove (6.17), we first show the asymptotic equality of AR,;(#) and AR(8). All

the proofs of the statements in this section are provided in Appendix D.

Proposition 6.8 Consider model (2.1) under the asymptotic setting in Assumption 1 and
define the set

Cy={6:101,.. <Co\/(log(d))/d and 8], <Co and [176]<Co\/d/(log(d))},

for an arbitrary but fixed constant Cy > 0. Let AR(0) and ARy, (0) be defined by (6.12)-(6.13).
Then, for any 6 € Cy we have

(6.19) AR(6) = AR (8) + 04(1),

In addition, we have the following characterizations for AR, (0):

oo 2
(6.20) ARy (0) = M(0)” + &l | TO]7, + 2\/;etestM(0) |76, ,

with M (0) given by

1 2 101
(6.21) M(0)2=7%+ §WT0—B ) +(———)H9||Z-

4 27

Proof of Proposition 6.8, i.e. equation (6.19), follows from a Central limit theorem (CLT) for
weakly correlated variables proved in [30]. Specifically, [30] shows that (8To(Wx), 3" x)
converges in distribution to (07 f, 3" x), where 3 is a fixed vector with bounded norm. In [39],
the authors provide an alternative proof of this CLT using Stein’s method and the Lindeberg
approach. Their analysis assumes that the activation function o(z) is an odd function with
bounded first derivatives. In addition, their analysis gives the convergence rate in terms of
|10],_ (aBerry-Esseen type result).

2
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By the characterizations (6.20), we know that, provided that 8 € C, the quantity AR,,;(8)
depends on 0 through the quantities A/ (0) and | J@],, . As we show in Lemma F.3, |.J 2

K| — 0, in probability with K = (WWT + I)/4. Since by definition, for 8 € Cj we have
18], < Co, therefore ||J6P||?2 - (HWTHHZ + HOHi)/Zl. So, in order to show the GEP relation
of the form (6.17), it suffices to show that the quantities [ ], , %WTO - BH@ and ’ WTGHZ ,

evaluated at 8* converge to the corresponding quantities evaluated at 87, and also 8*,87, € Cj.

Theorem 6.9 Consider the quantities ® 4 and ®p defined as

n 1 2
(Iyi =0T (Wai)| +1T6],,)" + MBI, + A | sWT0 -8
£

1
® 4 :=min —
i1

+ As—logd(d) (176),

1z 2 1 2
Tpi=min— (yi - 0" f; +c |J0],) +1[0]7 + Ny H—WTo -8

6 n;3 2 20,
where A\, Ag, \yy >0, and (x;,y;) is generated i.i.d. according to (2.1). We further assume that
the event Ew holds. Then, we have

(6.22) 4L ifandonlyif dp ¢,

P . .
where — denotes convergence in probability.
Using this theorem, we can then prove the following proposition.

Proposition 6.10 Recall 6* and gfﬂ given by
¢

Y 00 1 2
0*:arggé%L(B):argégi?%%;ﬂyi—HTU(Wmi)Hs|J0||€2)2+§9TQO,
—~ 1 &

(6.23) Ozlzargé?égﬁnl(e)zargégé%%;(|yi—0Tfi|+5||J0||£2)2+gOTQH.

Then, under the asymptotic regime of Assumption 1 we have

07,0, ¢Cp,

with probability 1 - 04(1), and

~

(6.24) M(@) - M (@) -0, [J8°], - I8, —0.

where >, denotes convergence in probability.
Therefore, the GEP (6.17) follows from combining Propositions 6.8 and 6.10.

Finally, the result of Theorem 4.2 follows by computing ARnl(gzl) when we send ¢ - 0
after d — oo. This characterization will be carried out in Step 4 of the proof which will be
described in the next section.

In non-adversarial contexts and for the standard risk (a.k.a. the generalization error) GEP
has been observed by several previous works (see, e.g. [37, 63, 1, 61, 39, 31, 28, 30] and
also [56, 12, 66] in the context of random kernel matrices). In [61] the authors provide a
precise characterization of the standard risk for the random features model (in non-adversarial
setting) and observed that it corresponds to that of its noisy linear counterpart model. A
similar GEP phenomena was conjectured for maximum-margin linear classifiers in binary
classification [63]. Subsequently, GEP has been proved for more general settings by [31] and
[39] for a teacher-student framework. In [31] the authors show GEP for learning with one-pass
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stochastic gradient descent (SGD). The work [39] considers the empirical risk minimization
(with all data), which results in complicated correlations between the estimator and the
samples, and proves the GEP for these settings. However, we cannot directly apply the result
of [39] since it assumes that the activation function is an odd function, thrice continuously
differentiable with bounded first three derivatives, which are violated for the ReLU activation.
Also, our adversarial loss function has additional terms that are beyond the setting considered
in [39]. Nevertheless, our proof of Theorem 6.9 is based on the machinery developed in [39].
Here we use a central limit theorem for weakly correlated random variables proved by [30] to
show GEP in the context of adversarial training.

6.4. Analysis of the Gaussian noisy linear model via convex Gaussian minimax framework

In our final step, we provide a sharp characterization of the adversarial risk ARnl(@}h) using
the Convex Gaussian Minimax Theorem (CGMT), which is a powerful and tight extension of
Gordon’s Gaussian process inequality [33] with the presence of convexity. The underlying
idea of the CGMT framework dates back to [80, 81, 82] where the constrained LASSO was
analyzed in the high signal-to-noise ratio regimes. The seminal work [88, 87] significantly
extended these ideas and developed the CGMT framework to precisely characterize the
mean-squared errors of regularized M- estimators in high-dimensional linear models.

At a more technical level, the CGMT provides a principled machinery to characterize the
asymptotic behavior of certain mini-max optimization problems that are affine in a Gaussian
matrix X, namely problems of the form

(6.25) n%in max u' X0+ ¢(0,u)

where ¢(6,u)is convex in 8 and concave in u. The CGMT decouples the above objective into
a much simpler Gaussian process with essentially the same limit, yet much easier to analyze:

(6.26) minmax 6], glu+|ul, hT0+6(0,u),
u

where g and h are independent Gaussian vectors with i.i.d N(0,1) entries. We refer to [88,
Theorem 3] for a precise statement on the relation between the optimization (6.25), often
referred to as Primary Optimization (PO) and (6.26), called Auxiliary Optimization (AO).
The next step is to derive the point-wise limit of the AO objective in the large dimension
limit and showing that it concentrates around a deterministic function with a small number
of scalar variables (called scalarization step). By showing that this convergence is uniform
over a neighborhood of solution and using convexity-concavity of the function, we obtain a
precise characterization of the adversarial risk in terms of the solutions of the corresponding
convex-concave (deterministic) optimization (4.5).

Note that although the CGMT is a general machinery, the derivation and the study of the
AO problem is entirely problem-specific and is usually rather challenging, often requiring the
development of non-trivial probabilistic analysis. In relation to Approximate message passing
(AMP), which is another powerful tool for deriving asymptotically exact characterization of
high-dimensional estimators (see e.g. [25]), it is worth noting that both of these techniques
provide a deterministic equation (called state evolution in the AMP parlance) which describes
the large limit behavior of a random system.

The CGMT has been recently used in several contexts, e.g., to characterize the performance
of high-dimensional regularized logistic regression [73], SLOPE estimator in sparse linear
regression [38], boosting and min ¢; norm classifier [52], multi-class classification [89], and
phase retrieval [20]. More closely to our work, the CGMT has been used to study the effect of
adversarial training in the context of linear regression [46] and linear classifiers [45, 85]. On
a technical side, the CGMT analysis for our current problem is more involved and intricate
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than the analysis carried out in [46] for linear regression due to: (i) features f; in (6.23) being
correlated; (ii) the presence of the matrix J in the loss which introduces more interactions
among the model parameters.
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The supplementary materials contain the proofs of theorems and technical lemmas. It is
structured around the main four steps outlined in Section 6.

For the sake of completeness, we reintroduce the notation used throughout the proofs.
Notations. Throughout the paper, we use O4(+), 04(-) to denote the standard big-O and
little-o notation, where we stress the asymptotic variable d. Likewise, we denote by Oy p
and og4 p to indicate asymptotic behavior in probability. Specifically, f(d) = Oqp(g(d)) if
for any £ > 0, there exists C: >0 and large enough d. such that P(|f(d)/g(d)| > C:) <e, for
all d > d.. Similarly, f(d) = 04p(g(d)) if f(d)/g(d) converges to zero in probability. We
write f(d) ~ g(d) as d - oo, when f(d) — g(d) — 0, in probability. Note that we consider the
asymptotic regime where n,d, N grow at the same scale, (lim N /d — 11 and limn/d — 1,
for some positive constants ¢; and 13), the expression d — oo implies that n, N — oo, as well.

For a matrix A, we denote by | A| its operator norm, |A| = (¥;; A?j)l/ 2 the Frobenius
norm of A. For two matrices A and B of same size, we let A ® B be the element-wise product
of A and B. In addition, [ A; B] concatenates the two matrices row-wise and [ A, B] denotes

the column-wise concatenation. For an integer n, we use the shorthand [n]={1,...,n}.
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APPENDIX A: INTERCHANGING THE LIMITS OF d - oo AND ¢ -0
Consider the loss function (5.1) given by
£(6,¢,d) = = max Z( -0"o(W (x;+8; ))) geTna,
o5 <e 2 i=1

where with a slight abuse of notation, we made the dependence on ¢ and d explicit.
In the next lemma we show that the order of the two limits d - oo and ( - 0 can be
interchanged.

Lemma A.1 Under the assumptions of Theorem 4.2, we have
li i 0.0,d) =lim li i 0,¢,d).
Jlim min £(6,0,d) Cgrédggongnﬁ( ,¢,d)
Proof (Proof of Lemma A.1) First note that
(A.1) mlnE(H 0,d) = mln E(O ¢,d)= mlnmln[,(H ¢,d) —hmmlnﬁ(B ¢,d).

The last step holds since E(G, ¢,d) is increasing in ¢ for all 6:
£(07<17d)3£(07C27d)7 lfCISCQ

Minimizing both sides over 8, we get that ming £(6,(,d) is increasing in (.

We next show that
(A.2) L}lm %H% mem £(0,¢,d) = hm hm mmﬁ(e ¢,d),
where the limits are in probability. Without loss of generality we restrict the domain of ¢ to
[0, ¢, ], for an arbitrary but fixed (.. The reason is that in our proofs provided in the paper we
allow ( to be an arbitrarily small fixed value (i.e. we need ( to be arbitrarily small, but fixed).
We next use the Moore-Osgood theorem on exchanging limits, by which we need to verify
that

(A.3) dlim meinE(O,C,d) = f(¢), uniformly on ¢ € (0,¢,],
(A4 %ir% meinE(O, ¢,d)=Ag, pointwise over deN.

The second identity follows from (A.1). To prove the first identity, note that £(6,(,d) is
convex in (6,(). Now, since partial minimization preserves convexity [8, Section 3.2.5],
ming £(6,(,d) is convex in (. The point-wise limit of (A.3) is already established in the
paper, and we obtain uniform convergence using the convexity lemma [53, Lemma 7.75].
In words, the lemma states that pointwise convergence of convex functions implies uniform
convergence in compact subsets.

Combining (A.1) and (A.2) we obtain

(A.S) lim m1n£(0 0,d) = hm hm mlnE(O ¢,d).

d—>o00
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Recall that our main goal in the paper is to characterize the in-probability limit of AR(é\6 ),
with

—_

(A.6) 6° = argrrbinﬁ(ﬂ,(),d).
Define
(A7) 52 = argménﬁ(@,{,d).

Our next lemma relates AR(8%) to AR(Q\E).

Proposition A.2 Let 0° and 52 be respectively given by (A.6) and (A.7). Under assumptions
of Theorem 4.2, we have

lim lim AR(8%) = lim AR(67).

£ o, AR = Ji ARE)
Proof (Proof of Proposition A.2) To proof the claim, we use a standard trick to translate the
question on the optimal solution of the minimization problem (i.e. 8°, 92) to one regarding
the optimal costs. R

Let B =lim¢limg oo AR(BZ) (which exists and is calculated in Theorem 4.2). We need

to show that 8% belongs to the following set Ss := {6 : |AR(8) — B| < §}, with probability
converging to one (as d — oo) for all 6 > 0. Let S§ denotes the complement set. If we show that

(A.8) gng}ﬁ(e,o,d) > £(6°,0,d),

then 6 must lie in Ss. We formalize it in the next lemma.
Lemma A.3 Suppose that there exist constants £, ? and 1 >0 such that

o 52£+ 2n,
* L£(6°,0,d) < {+n with probability at least 1 - p,
* mingese £(6,0,d) > £ —n with probability at least 1 - p.

Then, P(6° € S5) >1-2p.
We then have the following corollary.

Corollary A.4 Suppose that there exist constants { < { such that L£(6%,0,d) L ¢ and
mingegs: £(0,0,d) B 0. Then, limg_, oo F’(@\8 € Ss) =1, for every § > 0.

In light of the above corollary, we compare the converging limits: Let £ := limg_, o £(§€, 0,d)
and £ :=limg_, o mingese £(6,0,d). We need to show £ < £. A similar trick has been used
in [86, Theorem 6.1 (iii)]. We next use (A.5), by which

=lim li inL£(0 .
amln e

By a similar argument,

i g rcd,
where the difference is the domain over which we optimize. Note that in Theorem 4.2 we
calculate £ as the optimal value of a deterministic convex-concave optimization problem and
show that it has a unique solution. Likewise, one can obtain a similar optimization for ¢ with
the difference that its variables come from a restricted domain, which excludes the optimal
solution of the former. By uniqueness of the solution, we conclude that £ < £, which completes
the proof of proposition. [ |



A.l. Proof of Lemma A.3 Define the event
€:={min £(6,0,d) > L~ n, L(,0,d) < +n}.
€S

On this event, using the first condition, we see that (A.8) holds and so O ¢ Ss. So we need to
show that P(&) > 1 — 2p, which follows easily from union bounding and using the second and
third conditions.

Remark A.2 In [61] the authors derive a precise characterization of the generalization of
random features regression in a non-adversarial setting. This work makes a conjecture (see
Remark 1 therein) that the generalization error of ridgeless estimator is the same as the
min-norm least square estimator. This conjecture amounts to showing that the limits X — 0 (A
the ridge penalty parameter) and d — oo can be exchanged. We believe that this conjecture
can be proved by following a similar argument of the proof of Lemma A.1.

APPENDIX B: PROOFS OF STEP 1: ASYMPTOTICALLY-EXACT CLOSED FORM OF
ADVERSARIAL EXAMPLES

Recall that « ~ N(0, I;). In the following we will show that conditioned on the event Eyy,
defined in (6.2), with probability at least 1 — ¢/(log(d))? — N2d~C over the choice of =, we
have

log(d
B.1) sup |0To(W(z+8))-0"o(Wz) -0 diag(I(Wz>0))Wé|=C Ogﬂ ).
0¢Co, 6], <c ¢
As a result, we can write
(B.2)
T T T log(d)
”?Hlax ‘y—@ U(W(w+5)‘:”?“1ax ‘y—e oc(Wx) - (W d1ag(|(ch>0))9,5)|+C’ I
05 SE 05 SE 6

for an absolute constant C' > 0, uniformly over 6 € Cy. The maximization problem in the
right-hand side of the above relation has a closed-form solution:

W Tdiagl(Wz>0)0
|WTdiagl(Wz>0)6,,

(B.3) d=esign(y—-0'o(Wx))

which gives us the desired result (6.4). It thus remains to prove (B.1).
Denote the rows of matrix W by {wy,...,wy} with w, € R%. Given x, we define the three
sets

Azx) = {e: (wy, ) >d-é},

B(z) = {e: (wy, x) <—d—é},

C(x)= {E: (wy,x) € [—d_S,d_é]}.

We first need to bound the cardinality of the set C'(x).
Lemma B.1 With probability 1 - ¢/(log(d))? - N2d=C we have

IC(x)| < Cd5 log(d).
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The proof of this lemma is given in Section B.1.
Now, for a vector § we define:

AA(x,d) = {E:Be A(x) and (wy,x + §) < 0},

AB(x,0) = {E:Ee B(zx) and (wy,x + 3) > 0}.

In other words, the set AA(x,d) (respectively AB(x,d)) contains all the indices ¢ in A(x)
(respectively B(a)) in which the sign of (wy, x) and (wy, x + §) are different. We now prove
that when [ &, <& we have

(B.4) IAA(z,8)|, |AB(x,8)|<Cd5,

for an absolute constant C' > 0. By definition, on the event £y, W has bounded operator
norm, say at most C' for some constant C' > 0. In addition, |||, <e. Therefore, [W 4|, <eC.
As a result, the number of entries of the vector W whose absolute value is larger than
d~% is bounded by e2C?d?. But from the definitions of the sets A(z) and AA(zx,d) it is
immediate that for £ € AA(x,8) we have |(wy,8)| >d 3. And this results in the fact that
|AA(z,8)| < C'd% with C" = £2C?. The same argument holds for [AB(z, 8)|.

Let us now consider the two vectors o (W x) and o(W (x + ) ). We would like to find out
how these vectors are different on the indices that belong to the set A(x) or B(x). Let us
start with the indices in B(x). Note that for any ¢ € B(x) we have (wy, x) < 0. For this entry,
it is easy to see that the two vectors o (Wx) and o(W (x + §)) take different values only if
we also have ¢ € AB(x,d). As a result, we can conclude that the two vectors o (W ) and
o(W (x +8)) are the same on all the indices belonging to the set B(x) except at most C'd3
indices. In other words, the difference o (W (x +d)) — o (W x) takes zero value on all the
indices belonging to the set B(x) except at most Cd3 indices.

For the indices in the set A(x) the situation is different as we are operating in the non-
constant part of the ReLU function (note that for any ¢ € A(x) we have (wy,x) > 0). We first
claim the following: The two vectors o (W (z +6)) and W (x + §) — 1/\/27 are the same on
all the entries in the set A(x) except the indices in the set AA(x, ). The justification is as
follows: Consider an index ¢ € A(z) such that o ((wy,x + 8)) # (wy,  + 8) — 1/\/27. Since
le A(x), we have o ((wy, ) = (wy, ) — 1/\/27. Now, since o ({wy, z + 8)) # (wy, = + §) -
1/V/2m only if {(wy, z + &) <0, we obtain that o({wy, z + 8)) # (wy, z + &) — 1/\/2 only if
le AA(x,d).

In summary, we have shown that (i) On indices belonging to the set A(x)\AA(x,d): the
two vectors o(W (x + 8)) and W (x + ) — 1/\/2 are the same, and (ii) on the indices
belonging to the set B(x)\AB(x,d) the vector o (W (x +9)) — o (W) takes value 0. Also,
(iii) both sets AA(x,d) and AB(x,d) have cardinality at most Cd?. We can thus write:

0To(W(x+8))-0"o(W)
B.5) = Y Olo((wpx+0))-o((wpx)))+ >, O(o((wp,x+9)) —o((wy,x)))

LeA(x) leB(x)
+ ) Ou(o((we,z +8)) - o((wy,x))).
LeC ()

We first bound the second and third terms. Using the fact that |o(a +b) — o(b)| < |a| we obtain
for the third term that:

Y Olo(fwp,z+8) —o(fwe,a)|< Y |0dlfwr, )]

0eC(x) LeC(x)



<[|lleV/IC ()| [W 4,
< dgl(c*di log(d))?Ce

(B.6) <C'd% log(d),

where we have use the result of Lemma B.1 to bound the size of the set C'(x) (and hence the
above holds with the probability given in that lemma). For the second term we have
(B.7)

| ¥ oo(weasa)-otwea))|< 3> 1o lwe.d)l < 6l|wv/AB.8)]| Wl < C'd+.

leB(x) LeAB(z,0)

Finally, in a similar manner as above we can bound

3 olo((wn@8)) ~olfwea))|< |6l VIAAG S W, < a7
eAA(,5)
By plugging(B.6), (B.7), and (B.8) into (B.5) we have shown that

0 o(W(x+68))-0"0c(Wa)= 3 00(o((wy, @ + 8)) — o((wg, z))) + C'd~s log(d)
LeA(x)\AA(x,8)

= Y O({wez+8)— (wp,x)) + C'd ¢ log(d)
leA(x)\AA(x,8)

(B.9) = D Op(wy,8) + C'd 5 log(d),
leA(x)\AA(x,0)

(B.8)

where the second equality follows form the definition of the set AA(x, ).

As a final step, we define the set A™(x) = {{: (wy,z) > 0}. Note that A(z) € A" (z) and
At (x)\A(x) € C(x). As aresult |A* (z)\A(x)| < Cd5 log(d). We thus obtain

0w, 8) = Y Opwy, ) - > O¢{wy, d)
teA(z)\DA(z,8) teA+ () te( A+ (@)\A(z))UAA(z,5)
(B.10) = 3 Ou{wy,8) + C'd"5 log(d),
teA*(2)

where the last relations follows from the fact that |(A*(z)\A(x)) U AA(x,d)| < |C(x)| +
|IAA(x,8)|=0(d? log(d)). By plugging (B.10) into (B.9) we have

0 (W (z+8)-0"a(Wa)= > Ofwy,d)+Cd s log(d)
teA* ()
= Y Ofwy,8) + C'd 75 log(d)

L{w,,x)>0
=0 diagl(Wz >0)Wé + C'd 5 log(d),
which is the result of (B.1).

B.1. Proof of Lemma B.1 Define the random variables pip := wg—w for/=1,...,N. Note
that since @ is gaussian and |wy|,, =1, then p, ~ N(0,1). Also, note that 4,’s are correlated
with each other and each pair (ug, pux) is a jointly-gaussian random variable with correlation

1

e =E[ e, 1] = w] wy.. Define zp = 1{py € [-d~%,d"=]}. Note that E[2,] < cd 3.
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Define the event € := {|w] wy| < d"Y/%\/Clog(d), V¢,k € [N]}. Since wy ~; ;  Unif (S9-1),
it is easy to see that P(€) > 1 - N2d~C. We also have

1

P(uezl,ﬂk=1)=f ey ,;]f(NZ—N)P(NkE[ d75,d75] | pe = p)dp,

where f denotes pdf of i, Now, given 14 = i, the distribution of g, is N(upek, (1-p7,)). It

is easy to see that on the event &, for |uu| < d~3 we have

P(uel-d ™5, d 5] | pe=p) <cd 3,
and thus

E[zez] =P(pe=1, 1 =1) <cd ™3 [ue[_d-é -+ Flue=p)dp<eds.

Let us now consider the average z = % Zévzl z¢. We have

1 X >
E[|z-E[z][*] =E[2%] - E[2]?> <E[#%] < ~3 2 Elm]<ed ™,
k=1
and thus we obtain via the Chebyshev’s inequality that
P{|z-E[z]|>d 5 log(d); €
{ls-et2) < Gostae

Now, by noticing that |C'(x)|/N = z, and E[z] < ed™%, along with the assumption that N, d
grows proportionally we obtain

P{IC()] 2 Cdxd ™ log(d); £} < & g(d))2

Finally, we have

P{IC(2)|> Cd’ log(d)} < + N2 ©

c c
——+P() —F—=
oa(d? ") = (log(a))2
B.2. Proof of Proposition 6.2 Recall the loss £(8) given by

L£(0):= max iZ( W(mﬁa)) gevTﬂo,
16:l,,<e 2n = 2

and 0 = arg min £(6). Bounding H§ H ,, 18 straightforward. By optimality of 6 and comparing
the loss at 8 and 0 we get

Catom L&,
20TQ6<L(0)=— Y y?<C,
5 (0) 2n;yz<

with probability at least 1 — e~ ", for absolute constants ¢, C > 0. Since €2 > I, this implies that
101, < Co for sufficiently large Co.

To bound Hé\H o we just need to bound any given entry of 0,e. g. its last entry, with high
probability. By symmetry, all the entries have the same marginal distribution. Consequently,
each entry of 6 can be analyzed in the same way and H 0 H ) can then be controlled by using
the union bound.



With a slight abuse of notation, we consider a (N + 1) dimensional version of the above
optimization over [0;u] and denote the last coordinate of the optimal solution by 4. Let

A=Y —2 log(d) and
Q M
2= ()\1T A+ 1)’

where € is of size N and 1= (1,1,...,1) ¢ RY. The last coordinate @ can be expressed as
n
2
0= argmmmm[ Z”é ” x ( Z»—GTJ(W(:BZ-+5;)—ua(w]T\;+1(xi+5;)))
n i=1 i I <e

(B.11) +g(GTﬁO+2/\(1T0)u+()\+1)u2)].

We next define f(u) as the objective function of u in (B.11). We proceed by deriving a lower
bound for f(u).

Let 6, be the optimal 6 if we set v =0 and denote by 5}“ the maximizing d;, when u = 0.

Note that é\u is in general a function of 6. In addition, define
1 & u i\ 2
([0.ul) = 53 (5= 0T o (W (i +6") ~uo(wl .y (i +6)")) ).

=1
Q([6.u]) - C(0T90+2)\(1T0)u+()\+1)u2)

Since the pointwise maximum of convex functions is convex, the function ¢(-) is convex and
hence we have

B.12)  £([6;u]) 2 £([0+;0]) +(Val([0,u])|fo.;01,0 — 0+) + Vul([0,u])|[g,:07u

For quadratic function Q([8;u]) we have

Q([0;u]) = gej{ﬁe* +(0IQ0-06,)+ g(a -0,)'Q(0-0,)+ g(2Au1T0 +(A+1)u?)

B.13)  =Q([0.:0]) + ¢ (OTEHO - 0.) + (170 )u) + g{(a _0.)T6(0-6.)

(B.14) +(A+1)u? +20ul’ (0-6.)}.
Combining (B.12) and (B.13) we get
L([6;u]) > £([0;u]) + Q([8;u])
> £([0.:01) + (Vo ([0,u])|[0.0) + COT 8,0 - 0.,) + (V,£([0,u]) 10,07 + (A0 )u
(B.15)
+ g {(6-6.)TQ(0-06.)+(A+1)u*+2 ul"(6-6.)}.
Here, the first inequality holds since £(-) involves maximization over §;, while in definition of

£(+) we consider 6}". Though, note that £([6.,0]) =£([0.;0]) + Q([0;0]) because when

u =0, 52\" are the maximizing perturbations by definition. We used this observation in the
second inequality above.
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We argue that the second term in the right-hand side is zero. To see this, first write the
partial derivative Vg/ as

Vef([e,u])
iy (i~ 0T (W (s +6)") ~ o (wl, (i + ")) ) x
i
(ﬁ[eTa(W(mm\“)]mﬁa(wT (x‘+5\“))).
06 L g~ N
(Note that 6}” is a function of 8.) Therefore,
(B.16)
Vol ([6,u])lr6+0 :_lf(y-_aTa(W(mm\“))(ﬁ[aTo(W(mm.\“)ﬂ )
»/187:0] n S\ T B LT 7 e,00]

By using the first-order optimality condition for 8, we have

Vol([6,u])|(e,.01 + (0L

__ISN (et e (ﬁ T g\
- 2 (0T (W v ) (glOToW o)),

Using the above relation in (B.15) we arrive at

L([6;u]) 2 £([8.;0]) + (Vul([8,u)) 6.0 + (AL 02 )u

)+geIﬁ=0.

{00070 -0.)+ (\+ )+ 201T(0-6,))
Therefore, by minimizing the both sides over 6 we obtain
(u) = min £([6;u])
> £(0) + (Vul([8u])|fo, 01 + CALTO.)u

+meing {(6-6.)TQ(0-0,)+(A+1)u”+2)\ulT(8-06.)}

(B.17) = £(0) + (Vub([8,u])j0. 0 + ALT0, Ju + gu2(1 FA-1TE).
By definition of ﬁ, it has 1 as an eigenvector with eigenvalue 1 + Ad. So,
2. Tey-1 N*d
(B.18) 1+A-2"1" Q7 1>21+)X- >1.
1+Xd
By optimality of @, we have f(u) < f(0), which together with (B.17) and (B.18) imply that
2
(B.19) i<z |V l([6,u])l6,:01 + (AL 64|
We next bound the terms on the right-hand side separately. We have
log(d)
ALTO. <AL, 16, <\ <52 61,
By optimality of 8, (when we set u = 0) and comparing it with 0 we get
Qonw* < S ij? <C,
27 2n =7
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with probability at least 1 — e

Sine > I, this implies that A\17 6, = Op(1/log(d)/d).
To bound the other term, recall that by definition %61.\“ =0 and so V. £([0,u])]e,:0] is
given by

(B20) v, ([6,u])|a, 0] :%i( ~0lo(W (2 +8)") ) o (W, (i +8)")).
=1

To simplify the notation define m; := 0o (W (z; + 62\7‘)) and X = [zy]...|z,] .

\/— (yi —
Consider the following event:

1
g={lm|, <C, — X[ <C},
{iml,, <c. 2= 1x11<c]

where mm = (m1,...,my)" and C > 0 is a sufficiently large constant. We show that £ is a high
probability event. To see this, first observe that

12
(B.21) Hm”Z = - Z (yz GTU(W(wl + 6\ ) <— ZyZ ,
i=1

where the inequality follows from optimality of 6, and comparing the loss value £([6,;0])
with £([0;0]). Therefore,

1 o
P(||m||g2>C)SP(%IIyIIe2>C)Se “n,

for absolute constants C,C’ (depending on the noise variance 72). Also, given that X has i.i.d
standard normal entries we have

1
P(% ||X|| > C) < 2e7 M.

Putting the last two bounds together we obtain P(£¢) < 3e™"

Let F be the o-algebra generated by an arbitrary X, W,y in £. Clearly, m; are measurable
with respect to F. Also, wy .1 is drawn independently from JF and hence conditioned on
that w ), z; ~N(0,1). Since E[o(G)] =0 for G ~N(0,1), we have E[o(w}, ,;)|F] =0
To bound V..£([0,u])]e,;0] We view that as a function of w1 and condition on F. We then
have

E[Vug([aau])he*;oﬂf] Zml U(’IUN+1331)|.7::|=

Also this is a Lipschitz continuous function of wp,; with a Lipschitz factor at most
2 . . .
% |Xm|, < ﬁ% | X[ ], < fﬁ :=Cp. Since w1 is chosen uniformly at random

from the unit sphere, we can apply the concentration bound for Lipschitz function (see e.g. [92,
Theorem 5.1.4]), which implies that

(B.22) P (Vul([0,u])|p,.0) > t) <2674
Choosing t =C log( ) and using this bound in (B.19) we get
log(d)
d )
with probability at least 1 —4e™“"" — 2d-“C" . The result follows by choosing C' > 0 large enough

so that ¢’C? > 1 and union bounding over the N coordinates of 0, along with the assumption
that N, n,d grow at the same order.

la|<C’
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B.3. Proof of Proposition 6.3 We know from the result of Proposition 6.1, or more
precisely the equations (B.1)-(B.2) in its proof, that with probability 1 — o4(1) we have

sup ”g‘lax ly- 0 o (W (x+ 8))|- (|y 0" o(Wx)|+e HWTdiag (I(Wz>0)) 0“@ )‘ = oy,
0¢eCyq 05 S€ 2
where oy = O (1‘;%5?)

One can thus write from (6.1) and (6.5) that for any 6 € Cg

1 n
Sa§+ad—z max ‘yi—OTJ(W(mi+5i))‘
n ;7 16:l,,<e

£(6) - £(6)

1 n
< 04(21 + aq Z ‘yz - GTO'(W:BZ‘)‘ +aq 0], [W]|e
i=1

1n
< 043 + Oédg Z ‘yl - HTO'(W:DZ‘)‘ +C10y,
i=1

where c; > 0 is an absolute constant. The second inequality follows from the fact that the
ReL.U function is 1-Lipschitz, and the third inequality follows from 6 € Cg as well as the fact
that ||W|| is bounded.

We will now show that

12 N
(B.23) sup — Z‘yi—BTa(Wmiﬂ =0gp(d?).
0eCo T =1

It is easy to see that proving the above relation will finish the proof as ag = O ( log(d) )

di/6
Fix a 6 such that ||0| ¢, < C. Recall that (z;,y;) are generated i.i.d. according to the the

distribution (2.1). Since the random variables |y; — 8T (W x;)| are sub-gaussian (see e.g.
(D.93) in Lemma D.9), we can write

(B.24) P(EZ\yi—eTa(Wwi)\zdfz) < cpemerdt
n=1

for an absolute constant cg > 0.

Now, to prove (B.23), we use an e-net argument. Consider a 1-net of the set {6: 0], <
C'}. We know that such a 1-net S exists with size at most |S| < 2¢¢ where c3 > 0 is an
absolute constant. Let 81 € S be a vector in this net, and consider another vector 05 in the
1-neighborhood of 8; —i.e. |6 - 62, <1. We can write

12 12
‘_Z‘yi —0lo(Wa;)|- =D |yi— 05 0(Wa)|
M =1 n;a

1 n
< E Z |(01 - OQ)TO'(WJJZ‘)‘
i=1
1
= |61 - 02)TMH51
1
<L, -oal,

1
(B.25) < —=[|M]],
n

where the matrix M is defined as M = [c(Wx1) |oc(Wx2)|---|c(Wx,)]. Now, since the
random vectors o (W x;) are independently generated and sub-gaussian (see (D.93)), we can
conclude that

(B.26) P(||M|| > cav/n) < cse™,
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for absolute constants c4, c5 > 0 (recall that d, n, and N grow proportionally as per Assump-
tion 1). As a result, from (B.25) and (B.26), we have

B.27)

P sup
0, ,02:”91—92 HZQ <1

Now, by using (B.24) and (B.27), and a union bound argument over S, we obtain:

1Z 12
—Z‘yZ—GIU(WLDZ)‘ - _Z‘yl —0;0’(le)‘
n;ia niz

C5d

> 04) <cse”

1m . 12 1
Pl sup —Z|yi—0To(Wwi)‘2dﬁ +cy SP(Sup—Z‘yi—OTJ(Wmi)’de)+C5€_C5d
6:10],,<C T =1 0es T i

T
< egeded 4 pemosd — (%),

The claim (B.23) now follows because Co € {0: (6|, < C}.

APPENDIX C: PROOFS OF STEP 2: CONCENTRATION OF THE ADVERSARIAL
EFFECTS

C.1. Proof of Proposition 6.4 Recall the high probability event &y, given by (6.2). We
also define the event & = { ||z, < V/5d, Vie[n]}. Since ; ~ N(0, 1), ||lx; ||§2 ~x3is a
chi-squared distribution with d degrees of freedom. Using chi-squared distribution tail bound
(see e.g. [49, lemma 1]) along with a union bound over i € [n], we obtain P(£,) > 1 - ne™@.
Since d and n grow proportionally as per Assumption 1, both of the events £y and &, are
high probability events, and so it suffices to prove the claim 6.7 on the event Ey N Ey.

To prove the proposition, we first state the following lemma which establishes a deviation
bound for a fixed 6 € Cg and fixed i € [n].

Lemma C.1 For any fixed 0 € Cg and fixed i € [n], the following holds :

clog®(d)
dy?

Pa, {[:(8)* ~E[n:(6)*]| 2 ; Ew n&x} <

for some absolute constant c > 0.

Proof of Lemma C.1 is given in Section C.2.
Fix 6 € Cg and recall our notation v;(8;) := 1(|n;(8)% — E[1;(8)?]| > ). Given that x; are
i.i.d, the random variables v; € {0, 1} are also i.i.d. Bernoulli random variables. Therefore,

1o 1 Ll n
P(E;Vz(o,’}/) 2 ,—log(_dny)) —P(EVZ(077) 2 /log(d,yZ))

< ) (Z) E[11(6;7)] (1 - E[11(8;7)])"

(= n
log(dv2)
<Em(eV=es Y ()
KZ\/logT(LdWQ)
6 \/lognd'y2 n )
(C.1) Qn(%) "7 < (201085 (d))" VIR
Y

where the last step follows from Lemma C.1 by which E[v1(8;7)] < clog®(d)/(d~?) on the
event Ew N E.
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Note that the above bound was for a fixed 6 € Cg. In order to prove claim 6.7 we use an
e-net argument. We write

1 n
sup — » v;(6;7) < sup Z%(Gﬁ)
0eCo M {1 6],,<Co ™ it

1 n
= sup = > vi(6;7)

16ll,,=Co
1 n
(C.2) = sup — » v(0;7
Sup E; i(0: ),

where the first step follows from definition of Cy; the second step follows from a simple
scaling argument, and the third step follows from definition of 7?(8) and v;(8;~). We recall
that S™! denotes the unit (d — 1)-dimensional sphere.

Next consider a e-net N of S%! for e = coy. By [91, Lemma 5.2] we can choose the net N
so that [N|< (1 + % )4. We use the lemma below to relate the quantity v;(0;~) for 6 € ST}

toafeN.

Lemma C.2 For 8 € S™! choose 8 € N which approximates 0 as HO -6 H 4, Scov. On the
event Ew we have the following for all i € [n]:

(C.3) vi(0;7) =1 = 1;(8;7(1 - 2co\/11.0 - 2c0C)) = 1.
We refer to Section C.3 for the proof of Lemma C.2.
Continuing from (C.2) and using Lemma C.2 we get
n

1 1 &
sup — » v;(0;7)< sup — » v;(0;
OcCe M ; l( ) QeSd-1 M Z: l( CO)

(C.4) v;(0; Cl(1—2c0\/¢1,d—2c00)).

S
LM@

Sup
OeN
Let 7 := o 1= (1 - 2¢o\/tP1,4 — 2¢9C'). By choosing the constant ¢ small enough we have 5 > 0.
Using (C. 1) along with union-bounding over the net N we get

1 & 1 2 \? [oa (@)
Plsup = > 15(0;7) > ————| < (1 + —) (2clog6(d))n6_" log(dy?)
geN Moot V1og(dy?) CoY
Since n and d grow proportionally and also 7,7 are of same order, the above event is a

high probability event if log(1/7) = o(y/log(d)) or equivalently if = L = ¢o(Vl1oe(d)) The result
follows by combining the above bound with (C.4).

C.2. Proof of Lemma C.1 We decompose the step function as

1(2>0) = po + pr1z + pap(2) 4
where for G ~N(0,1),
1 9 11
—, uy=E[I(G>0
Here, ¢(z) is the nonlinear component of the step function which is orthogonal to the constant
and linear components in the following sense: E[p(G)] =0 and E[Gp(G)] =0. We write
1

2 \/7

1o :=E[I(G>0)] = %, p1=E[GI(G>0)]=

(C.5) |((wg, ;) >0) = ——(wy, ;) + paug;, where: ug; == o({wy, ;) ,
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noting that (wy, x;) and (wy, ;) are jointly Gaussian with
E((we, 2i)*) = E((wy, 1)) =1, E({we, @) (wy, 24)) = (w, we).
Therefore, we have (see e.g., [15, Table 1])

7 — cos ™! ((wg, wy))
27

E[1({(wp, z;) > 0)I({wg, ;) >0)] =

= 2 5w wg) + 0wy wy))
(C.6) = le + %(wg,wk) +0 ((1_3’/2 log3(d)) :
To bound the correlation of variables u&-, Ugi, WE Write
Bl = E[{1((w2:) >0) = 5 = ——{aw @) {1 (. :) >0) = - —— (a1}
1 1 1
=E[1({(wy, ;) > 0)I({(wg,x;) >0)] + E[(§ + E<we’wi>)(§ \/—_w(wk,wz))]
(C.7)
_ E[I((wg,:cl) >O)(2 \/_('wk,a:l))] — E[I((wk,:ci) >0)(% + \/%(wg,xi))].

The first term above is calculated in (C.6). For the second term, we have

('wg,a:i))(% + E(wk,ml))] = i + %.

—_

(C.8) E[(% + \/%

For the third term we write

E[I((we,mi>>o>(§+%m,m»)}iW%E[u(wz,miboxwk,m»]
— % e [(wn, @) |(we. 2) > 0] P((wp. 1) > 0)
(a)l 1 ) <Z>(0)
4 2\/_ YRT8(0)
(C9) :i+%(w4,wk).

Here (a) follows from lemma below.
Lemma C.3 For Zy, Zy~N(0,1) with E[ Z1Z>] = p we have

_9(z)
Fi-2())’
where ¢(z) = ﬁe‘fﬁis the density of standard normal and ®(2) = [~ ¢(t)dt is its CDF.
Using Equations (C.6), (C.8) and (C.9) in (C.7) we obtain
(C.10) Elugiug;] = O (d*?log?(d)) .
Substituting for the sign function I({wy, x;) > 0) from (C.5) we get

W Tdiag(I(Wx; > 0)) 8 = W T diag(0)|(Wx; > 0)

E[Z1] Zo > 2] =

(C.11) Wleag(O) ( 1+ pu; + chl) ,

1
2T
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with w; = (ug;)%,. To lighten the notation, we use the shorthand h; := WTdiag(O)(%l +
px; ). We next decompose 7;(6)? into three terms as follows:

1 ) 2 2 .
(C.12) ni(0)% = o HWleag(O)Wa:iHZz + ”hiHi + \/;(hi, Wleag(B)W:z:i).

We next provide deviation bounds for each of these terms by putting which together we obtain
the desired claim.

We start by the first term in (C.12). Note that since 8 € Cg, we have the following bounds
conditioned on the event Eyy:

|W T diag(0)W W diag(0)W | < [W[* |6];_ = O (d " log(d)) ,

| W diag(0)W W T diag(0)W |, < \/min(d, N) | W diag(0) W W " diag(0)W | = O(d ™).
Therefore, by applying Hanson-Wright’s inequality [72] we get
(C.13)

P{‘HWTdiag(O)W:ci :

[} -e[lwaas@wa; |

> vlog(d); EW} <2e7d

for an absolute constant ¢ > 0.
For the second term we bound variation in the vector h; itself from which we obtain a
deviation bound on its norm |||, . We write

E[ R~ E[h:]I?, | = 2 E[|W Tding(6)ui] ]

(C.14) Zwe,wk 0001, E[upiun;] < ZOTIIHHZ d*log®(d) =0 (d " log*(d)) ,
£,k 1,]

where we used the assumption 6 € Cg along with (C.10). We write h; = E[h;] + § and define
the event Eg := {||6|| g <~}. Therefore by using Markov’s inequality along with (C.14) we

obtain P(£s)>1 - g (d) . Furthermore,
2 2 2
©.15) Il = [ETRIZ, + 1812, + 2(6,E[ha]).

On the event Eyy, we have |[E[h]|,, = 5 |W Tdiag(8)1], <5 [W| 18] 0o VN < C\/log(d),
and so [(,E[h;])| <C||8],,. Hence, on the event Eyy N &,

| 1R, - |ETRAIE | <* + 20/log(d)y =0 (v/10g(d))
This implies that |E[h;] ||?2 =E[|h; ||?2] +O(7ylog(d)), and therefore
2 2
[hill?, - ELlRil7, ]| = O (1/log(d) ) -

We next proceed to the third term in (C.12).
(hi, W Tdiag(0)W ;) = (E[h;], W Tdiag(8) W x;) + (8, W T diag(0) W z;)

(C.16)

(C.17) = %(WTdiag(B)l, W Tdiag(0)Wa;) + (6, W T diag(0) W x;) .

Note that on the event &y the first term above is a Lipschitz continuous function of the
Gaussian vector x; with Lipschitz constant

L =17 diag(0)W W Tdiag(0)W ], <N [0];_ [W |’ =0 (log(d)/Vd) .
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By Gaussian isoperimetry [50], we have

(C.18)

P( (W7 diag(0)1, W7 diag(0)W ;) —-E[(W7 diag(0)1, W7 diag(0) W ;)]

for some constant ¢ > 0. For the second term of (C.17), note that on the event E5 N Ew N E,,

(C.19)
(6, W T diag(6)Wa;)| < 8],

> ylog(d); SW) <24

W Tdiag(0) Wi, <81, [WI 101, |2l,, = O(v1os(d)).

le,

Combining (C.18) and (C.19) with the decomposition (C.17) we get that on the event £5 N
EW n (Sm,

(C.20) (hi, W diag(8)Wz;) - E [(hi, WTdiag(e)Wm] = O(ylog(d)),

with probability at least 1 — 2e~c7’d, Putting together the deviation bounds for the three terms,
given by (C.13), (C.16) and (C.20), we arrive at

4 4
P(‘nz(0)2 _E[nz(0)2]’ >C’)/10g(d); EW mgm) <de~ Y d+ ClOdg Z(d) :O(lOi (2d)) .
2 Y

Note that the above relation holds for any v > 0. The result of the lemma now follows by

letting v < Cylog(d).

C.3. Proof of Lemma C.2 Define the matrix
A :=diag(I(Wz; > 0))WW "diag(I(Wa; >0)).
By triangle inequality we have
[1:(6)* ~1,(6)*|=(A8,6) - (A8,0)|
=|(A6,0-8)+(A(6-8),0)|
<|Allol, |68, +1Al]o-8], 8], <2cov]Al.

where in the last step we used the fact that 6, 6 cS% ! and HO - 5”122 < cpy. So it suffices to

bound || A|. By definition, the matrix A is obtained by selecting a subset of rows and columns
of WWT and replacing them with zeros. Therefore, |A[ < [WWT| </ 4+ C, on the
event Ewy .

Since the above bound in Lemma C.2 holds for any vector x;, a similar bound also
holds if the terms are replaced by their expectation with respect to x;, whence we obtain

|E[1:(6)] - E[1:(6)*]| < 2co7(\/dhr.a+ C).
By definition of v;(0;~) we have

vi(8;7) =1 = [ni(6)* - E[1:(6)*]| 27
— [0:(8)? - E[m:(8)] + | (m:(6)* ~ E[:(8)*]) - (m:(8)” - E[m:(8)*])| 2 v
— [1:(8)? - E[:(8)?]| 27 - 2c07(\/¥1.4+ C)

(C.21) = 1;(0;7(1 - 2co\/t1.4 - 2¢0C)) = 1.
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C.3.1. Proof of Lemma C.3 The conditional distribution of Z; given Z5 is
71| Zy =2~ N(p2a, (1= p?)).
Therefore, E[ Z1| Z3 = 23] = pz2 and so
E[le Zg > Z] = E[Z1| Z2 = ZQ]P(ZQ = ZQ|Z2 > Z)dZQ = pE[Z2|Z2 > Z]
Using the properties of the expectation of a truncated normal distribution, we have

_o(z)

RN (T

which completes the proof.
C.4. Proof of Lemma 6.6 By (6.6) it suffices to show that

L(0)-L(0
sup 1£( )o (OO)I _oap(1).
0<Co 1 + min(L(0),L(0))
To lighten the notation we define the shorthand «v; := |y; -0 o(W ;)| +¢ H W Tdiagl(Wz; >0) 0 H 0
and so £(0) =1/(2n) $1-, a2 + $6TQ0. We write £(0) =1/(2n) £1-, (0 + 5:)% + 50700
with

Bi=c| 0], ¢ |W diagl(W=;>0) 6], .
Since for any two positive values a,b we have |a — b| < \/|a? — b2|, we can write

T 1 2 2\!/2 2 2971/2
€22)  |gi|<e( [W T ding(Wai>0) 0], ~76]7,) = [m(0)" ~E[mi(6)*]]">.

Note that on the event Eyy, | W | is bounded and so | W T diagl(W; > 0) | is also bounded.
Since 6 € Cg, we have [ 0], = O(1), which along with Lemma F.3 imply that max;c[,,] [1:(0)|
and max;e[,, | E[7:(0)]| are both Ogqp(1). Therefore: (i) defining B = (51,...,5,), we have

||BH£2 =0gqp(1); (i7) Using (C.22) along with Corollary 6.5, we get %|{z | Bil > \/ﬁH =
04,p(1).

From the above we can deduce that % HBHZ =04,p(1). We also define a = (ovq,..., ).
For any 6 € Cg we have

]E(O) c(e)| > Z(aﬁ@)? Za

i=1

Hﬂllez 1 &

+E|Zazﬁz
Hﬁ” ., 1
o - —1Ble, lexle,
Hﬁ“ez 18, |l
TUn

Hﬁllez 18l,, . el
: 2n 2\/_( )

n
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181, 181, 18Iy, o
< 5 +2\/ﬁ+ ﬁﬁ(e)

—0ap(1)(1+L(6)),

where the last step holds because % =o4p(1).
By a similar argument, we also get

|£(6) = L(8)| < 0ap(1)(1+L(8)).
Combining these two bounds we get |O£O(0) - Z(G)] <ogp(1) (1 + min(Z(O), OEO(B))) .

We next proceed to the second part. By optimality of 6 and 6 we have
oo __ oo 12 - 12
(C.23) L(O)<L(0)==Yy?=04p(1), L(B)<L(0)= - S y?=04p(1).
=1 i=1

n =

As shown in Proposition 6.2, 8 € Cg with high probability. Likewise we have 8* ¢ Cg, with
high probability (this follows from Lemma D.7 for the special case of k =n in that lemma.)
Therefore using the first part of the current lemma,

IL(8) - L(8)|=0ap(1), |L(O)-L(O)]=04p(1).
We therefore obtain

0<L(8*) - L(B) < (L(87) - L(B)) + (L(B) - L(B)) +(L(B) - L(B)) <0up(1).
<0

Since £(0) is %—strongly convex we have

0" -9, <oap(1)/¢~0, asd—oco.

C.5. Proof of Lemma 6.7 We define
o T T 2
AR(8) ::E[(|y—9 (W] + erent |[W diagl(Wa:>0)9H€2) ]

As an immediate result of Proposition 6.1, we have supg.c, |[AR(0) — AR(8)|=04(1). There-
fore, it suffices to show that

AR(6) - AR
oy AR(O) - AR(O)]

Occo AR(0)

(C.24) oap(1).

By expanding the terms in AR(@) and invoking our notation 1;(0) = H W Tdiagl(Wz >0) 9” 0
we have

AR(0) =E[(y - 0 o (Wz))*] + ot E[1:(8)°] + 2e4est E[Jy - 0T (W )| 1:(0) ] -
Likewise we have

oo 2
AR(6) =E[(y 8" o(W=))?] + efes; | T8y, + 221t Elly — 6T o (Wa)|] | J6], -
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Recall that by definition of .J we have E[1;(6)?] = J6|; . Hence,
E[ly-0To(Wa)| (n:(8) - VEm: ()] ]|

<2 E[(y-0To(Wa))"] " E[(n(0) - VEI@)?]
(C.25) < 2etest\/A?w) E[(n:(0) - VW)Q]”2

To bound the right-hand side, note that for any two positive values a,b we have (a — b)? <
la? — b?|. Therefore,

(C26) E[(m:(6) - VEm(6)2])*] <E||ni(6)” - E[m(0)2]|] :

Also recall that for any non-negative random variable Z, we have E[Z fo P(Z > z)d=.
Therefore,

E{|1:(0)” - E[ni(8)°]| | = [n:(6)” ~ E[m:(6)*] ;6w n £c | + P((Ew N Ex)°)
J e

(C.27) S/(;wmm(d 5 )d'y+cexp(—10g2(d)/c)+ne_d

‘KR(O) - AO\(I):{(O)| = 2€¢est

ni(0)” ~E[ni(0)*]]27) dv +P((Ew n&x)°)

where the inequality follows from Lemma C.1. Next, we have

oo 1 6 \/clogb(d)/d oo 1 6
[ min €08 \4) (d),l dvy = / dvy + €08 \4) (d)d
0 d? 0 Velog®(dyjd  dvy?

(C.28) A /clog (d) clog (d) 2\/Clog (d)
' d clog (d) d

Combining Egs. (C.26), (C.27) and (C.28) we arrive at

[(771(9) VE[7:(60)2] )]<2Vclogd( )+cexp(—log2(d)/c)+ne‘d:od(10g3(d)d—1/2).

Using the above bound in (C.25) we get that uniformly over 0 € Cg,

IAR(8) - AR(8)| < \/ AR(8) 04p(1).

This completes the proof of claim (C.24).

APPENDIX D: PROOFS OF STEP 3: THE GAUSSIAN EQUIVALENCE PROPERTY

D.1. Proof of Proposition 6.8 As proved in [30, Theorem 2], under the assumptions
of Proposition 6.8, (8Ta(Wx), 3" () converges in distribution to (87 f,37x). We first

show that AR(6) = AR, 1(0) + 04(1). Recalling the definition of AR;(8) given by (6.18), and
plugging for y = 8T x + £, we write

ARo(0)=E[ (187071 vl +<176,) ]

(D.1) =E [(ﬁT:c -0'f +5)2] +e|JO|, E[|BTz-0Tf+¢]]+e ”J0||§2
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Therefore, AO\?QHI(O) can be written in terms of the first and second moment of random
variable |BTa: -0 f+¢ | which converges in distribution to ‘ﬂTar; -0To(Wx)+¢ ‘ To
show that Aof?nl(B) - /&T?(O) — 0 as d - oo, we need to show that the first and second
moments of |BT:1: -0Tf+¢ ‘ converge respectively to the first and second moments of
‘,@Tm -0To(Wx)+¢ ‘ As an application of [7, Corollary of Theorem 25.12], it suffices
to show that ‘ Blx-0Tf+¢ ‘ has bounded third moment. To show this, note that by Holder’s

inequality, |a + b+ c[> <3(|a|® + [b]* + |c[*). Furthermore, E[|¢[*] =2, E[|8Tz|3] =2 ||B||§’2 =2.
Hence,

I 3
(D.2) E{|[8Tz-07f+¢ ] <3(16 +E[|0T f*]).

By using the Holder’s inequality again we have

[ 1 1 1 1
ENOTfP1=E||—1"0+-0"W 1

3]
1 1 3 1 1 3
saatoy L woll ca - Lot )

V2 7r

Now note that by our assumption AR,1(€) is bounded, which in conjunction with charac-
terization (6.20) implies that 0], , 176 and |[WT0- 2,8”5 are bounded as d — oo. This
also implies that HWTG)HE <(|wTe-a|, +18l,)*<(WwTe-8]|, +1)* is bounded.
Putting these together, we obtain that E [‘ Blx-0Tf+¢ ‘3] is bounded, which completes the

(D.3) <3

argument for showing that AR,;(0) = AR(0) + 04(1).
We next prove the characterization (6.20). Note that

0T fetri T toTwae_ /Ll LT
y-0 f=(+08"'x 29 W 1 27r0u
B 1+ 1 1 g
=¢£+(08 2VV 6,x) 1 2770 U
(D.4) ~N(0,M(6)%),
with
1 2101
2_ 2 LT L 2
M(0)* =7+ | W0~ €2+(4 277)”9”@2.

We then write

0o 2
ARHI(G) =E [(|y - 0Tf| + Etest ”JHHZQ) ]

~E[(s-071)’ |+ 22 1761, E[ly -7 ] 2 6L,

2
D.5) = M(0)? + 2y |6, + 2\Eeth(e> |76,

using the first and second moment of folded normal distribution.
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D.2. Proof of Theorem 6.9 Before stating the proof, we remark that our proof is an
adaptation of the powerful machinery developed [39]; however, since our individual adversarial
losses have an additional term ¢ | J @, , there are some additional details in the proofs which
we provide in the following. Also, since our activation function is not odd, we will use the
CLT-type result of [30] instead of the one provided in [39].

Recall that we are seeking to analyze the asymptotic values of the following quantities:

n 2
P4 i=min % S (lyi - 0o (W) +2 T, )"+ A|0]2 + A | = - AS@W@)?,
i=1

2
log(d T
+)\5—g( ) (1 0)2,

1y ’ ;
@B:=H3HEZ(|%—9Tfi|+€||J9||ez) + >‘9||Z+)‘MHQ
=1

To simplify our notation, and without loss of generality, we absorb the value € into J and,
with a slight abuse of notation, consider J «<— eJ (and hence the eigenvalues of the matrix J
depend on €). Hence, above the quantities of interest become

R 2 2 log(d
B 3 (- 6T (Wa) |+ 1761,,)" < AL6IE, + | 2D 1Ty,
=1

2
log(d T
+)\S—g( )(1 0)2,

o1z 2 2
®p ==meln52( lyi = 0 fil + |76, )" + A6l
i=1

For technical reasons, we first need to make the objectives smooth. We thus define g(z) =
\/Z + 7, and define the smoothed loss

(D.6) (O;7,y) = (0Tr - y)*+ | J6]7, +29((07r-y)* | J6]7,),

Note that when v =0, we have ((0;0(W;),y;) = (lyi -0 oc(Wa;)|+ HJ0||€2)2 and

2
00: firyi) = (lyi 0" fi+ 1 T61,,) "
In the following, we consider an arbitrary but fixed value vy > 0, and with some abuse of
notation, we let

1o 1 2 log(d
Dasmmin 0 (O:0(Wazi).) + A6I], + Ao | 570 -5 22D gy
n ;—

2

2
I )\s IOgCEd) 1T0)2

For these quantities ® 4, ® 5, we show then show in the following that the statement of the
Theorem is true. Then, the result of the Theorem for the original losses —i.e. when v =0 —
follows simply by taking the limit v — O (note that this limit is taken after the limit d — oo;
also, note that sup,.o{g(z) -z} =/7).

We will use the Lindeberg’s leave-one-out technique. In a nutshell, we start with the
quantity ® 5, and through n consecutive steps, we reach to the quantity ® 4. In the k-th step,
we will replace the feature vector fi with o(Wxy). We will then show that each of these
replacements has a negligible effect (i.e. 0,,(1)/n) on our quantities of interest, leading to the
proof of the theorem.

Let us now proceed with the details. The proof has multiple steps which will be put together
in Section D.2.6 to obtain the proof of the theorem.

We begin by defining
D.7)

Dy = Hgn Z£(9 U(sz)z7yz)+_ Z 00, .fz:yz)+)\||0H£2+)‘
ok

1 n
(IJB::nbin—ZE(H;fi,yi) + A]6]7, +
niz1

2 +)\ lOg(d) (1T0)2
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Roughly speaking, our goal is to show that for all k € [n], we have @y » Py_1 + 0,(1)/n. To
make this entirely rigorous, we need to define several new quantities and understand their
relations. For k € [n] let

(D.8)

R_(0)=— 16214(0 (W) )+ - > 00: fiu) + A0+ | ST -8 sy 1Og(d)(ﬂe)
i=k+1 >

and

(D.9) Ri(6.7) = —((0:7.) + R_(0).

Let us denote the minimizers of the above two objectives by

(D.10) 0", =arg meinR,k(B), and 6;.(r) = argm@ian(H,r)

and

(D.11) Dy :n%inR_k(B),

and

(D.12) Di(r) :nbian(O,r).

It will also be convenient to work with approximate versions of the term Ry (8,r) in (D.9).
Hence, we define below we define R (0, 7) which is essentially obtained by Taylor-expanding
the term R_ (@) in (D.9).

1 1
(D.13) Sk(0,7) =@ 4+ (0~ 0 ) T H_,(0-07,)+—L(0;r,y),
n
where H_j, is the Hessian of R_;(60) at 6*,, i.e.
(D.14) H_,=V’R_(0) |g_g-, -
Finally, we denote the minimizer of S(6,r) by
(D.15) 0(r) = argmeinSk.(O,r),
and
(D.16) Wy,(r) = min 5y.(8, 7).

Simplification of Notation. We note from (D.7) that in our analysis the feature vectors are
either ; = a; or r; = b;; i.e. we can write ®;, as

2
1
+)\s Og(d) (1T0)2,

1 n
(D.17) & =min— S 0055, y:) + A0
;1

where the feature vectors r; they are generated according to one of the following distributions
(D.18) ri=o(Wx;) or 7= fi=uWax;+ pou;,

It will be sometimes easier in our analysis to use (D.17), i.e. use r; for both o(Wx;) and f;,
but we will keep in mind that for i < k we have r; = f; and for i > k we have r; =o(Wx;).
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Details of the Gradient and Hessian of /. In the following, we will need to work out the first
and second derivatives of the loss function ¢, given in (D.6), at multiple points. In order to
present the derivations more compactly, let us denote

(D.19) h(0;r,y) = (0 r-y)? T8 .

and provide the details for the derivatives of the loss function ¢ here. Given how the function
h is defined, we can write

2

U6;7,y) = (0" ~y)* + [T, +29 (h(8:7,y))
Using the notation V for gradient w.r.t. @, and V? for hessian w.r.t. @, we can write
(D.20) VU(O;1r,y) =20 r —y)r + 2T T0 + 2Vh(0;7,y)g (h(0;7,y))

and
(D.21)

V2U(O;r,y) =2(rrT + JTT+ VR(O;m,y)g (h(8;7,9)) + Vh(B;,y) (Vh(B;r,9)) g" (h(O:7,y)),
where
(D.22) VA(O;7,y) =2((0Tr - y) |T6]7, v+ (07r - )2 T T J0),

and
(D.23)

Vh(0;r,y) =2 ([ J0]7, rrT +2(0Tr —y)r0 I T +2(0Tr —y) I IOrT + (0Tr 1) T ).

D.2.1. Some properties of the minimizers in (D.10) In this section, we will analyze some

of the properties of the vector 6%, and its relation with _ (), for k € [n]. We first show
some basic properties of the vectors 8%, and 6} (r).

Lemma D.1 Fix k € [n]. The following hold with absolute constants c¢,C > 0:
(@) The vector 8%, is bounded in the {3 norm:
(D.24) P(||6’fk||£2 Zv+C)£ceXp(—m}2/c).
(b) The vector 0} (r) is bounded in the {3 norm:
(D.25) P([65(r)l,, 2v+C) <cexp(-nv?/c).
(c) For an independently generated vector r we have

(D.26) P(|7°T0fk('r)| >v) < cexp(-v/c).

(d) We also have
d
<Cr [ ——
~V log(d)’

The proof of this lemma is provided in Section D.2.7. We now show that the distance between
the two minimizers 8*, and @y (r) is of order O(1/V/d).

(D.27) 1707,

cn

with probability at least 1 — ce™

Lemma D.2 Fix k € [n]. Assuming that v is generated independently from 0*, and according
to one of the distributions in (D.18). Then, there exist absolute constants c,c’ >0 such that

(D.28) p(uéw) ~0,], > %) ccosp (7)),



24
Proof We start by noting that since ék(r) is the minimizer of (D.13):
~ 1 1
(D.29) 0u(r) =argmin {5(0) = 2 (0-0)HL(0-0%) + (0 r,yk)}
n

Observe that (i) the function S is A-strongly convex due to the fact that R_; () is strongly-
convex, and thus its Hessian H_;, is a PSD matrix with smallest eigenvalue lower-bounded
by A; (i1) S(0) >0 for any 0, as H_j, is a PSD matrix and ¢ is always positive-valued. As a
result, we can write

(D.30) |61(r) - 0%

2 1 "
0, S XS (0%)
We can then write from (D.6) that

* 1 *

S(024) = 0625, yi)
1 " *

<= Cmax(1,(67, v - y)% | 70717,

where C > 0 is an absolute constant. The proof now follows from the result of Lemma D.1
and the fact that ||J|| is bounded, as well as the fact that d and n grow in proportion to each
other. [

Given the above lemma, we can analyze the behavior of Wy (r), defined in (D.16), in more
detail.

Lemma D.3 Fix k € [n]. We have
(D.31)

2n

v =®_j+—mi
k(r) k nmln (97’1 87‘2 -k 87’1 67‘2

T1

) { ) (8@(7-1,0)r+ ag(Tl’o)p)TI_I_1 (8[7(7'1,0)r+ 0!7(71,0)1)) +g(7-1,0)}+6,

where (i) we have p' = 29fkTJTJ; (ii) the function g(ﬁ, To) is defined as
(D.32) 5(7'1,7'2) =Pl Pt p3TIATE A Ta g ((p1 + 3 +72) (po + 7'2)) ,
with p1 = (kaTr—yk)2, po = HJka,Hj ,and p3 = Q(GfkTr —y ), and (iii) the value e satisfies
v o
P(le| > d—%) <cexp (—v /c) ,
for absolute constants c,c’ > 0.

Furthermore, assuming that T is the minimizer of the optimization problem in (D.31), we
have

~ 1
(D.33) 0-0",=—(BiH ir+pHp)+e,
n
where (1, 2 depend only on 1, as well as TTBfk, and HJG:,CHZ2 ; and

(D.34) P(max{d? |e], |81], 182l [Pl } > v) < cexp(-v Je).

Proof In the following, to simplify notation, we use 6 instead of ék(r). We have from (D.13)
and (D.16) that

D35)  T(r)=d4 +m9in{%(9 0" ) TH (0-67,)+ le(e;r,yk)}.
n
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We now decompose the term %E (8;7,yk) (see (D.6)) according to the following set of simple
relations:

0 r—y=0""r—y+(0-07)"r,
* * T * * *
| 7617, = |07, [, + 26,  TTT(0-6%) +(6-0%) T I(6-07),
(0Tr—y)?= (07, r—y)? +2(0%, r—y)r (0-07)+(0-0") rr' (0-6%)),
As aresult, it is easy to obtain the following:

(0,5 = {pr + o pa(rT(0-07,)) + (4T (0-07,))2 + 5T (0-07,)}

1 . 2
+—|J(0-6%)l,
n

1 * * * * 2
+ g (o1 +pa(rT(0-07)) + (rT(0-67))") (o2 + T (8 -67) +[ T (0 -67),)).
where the parameters p;, 7 =1, 2,3, and the vector p are defined in the following:
« T
(D.36) =05 r—u)’,
. 2
p2= ”JO—]{:HZQ )
« T
p3=2(0 T —yk),
p=20""J"J.

We note that none of these quantities depend on the optimization variable 8 and hence can be
considered as constants w.r.t. the minimization procedure in (D.35).
It will be convenient to consider the following variables:

(D37)  m=r'(0-6,), and m=p (-6%,), and 73=[J(0-6")]7 .
As a result, we can write

%E(O;r,yk) = % {pl P2+ 3T+ TE 4T+ T3+ g ((pl + 31 +72) (po + T2 + 7'3))}
(D.38) = %5(71,72,7'3).
Now, from (D.35), we can write the following equation for 0 (as it is the minimizer):
(D.39) H_(0-6")=—— ( AT

n

—p+—J'J(O-06"
371r+372p+67'3 ( _k))7

where the partial derivatives are evaluated at 7, 72,73 when 6 = 6. Consequently, we have

- 1( o0 1 1 -
(D.40) 0-67, =—— a—H:,im a—H:,§p+ a—H:;JTJ(e—ofk) ,
n \ 07 01 073

Using the above relation, we can derive a few useful properties. First, given how p;’s are
defined in (D.36), and by using Lemma D.1, and since g(z) = /= + 7 has uniformly bounded
first and second derivative, and by using the fact that the operator norm of J is bounded, it is
easy to show that for absolute constants ¢, ¢’ we have

ar| | or aé’}

ori||om| | oms

v

) )

(D.41) P (max{

v) < cexp(—vcl/c)7
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where in the above relation the partial derivatives are evaluated at 71, 72,73, when 0 = 0.

Second, by using Lemma D.2, and the fact that the norm of the matrix J is bounded, as
well as the fact that the operator norm of H :,i is upper-bounded by 1/, we have for absolute
constants c, ¢’ that

1 -
(D.42) P(H—H:;JTJ(O—eik)
n

> %) < cexp(—vc,/c).
6 d2

Third, from the definition of p in (D.36), and by using Lemma D.1 as well as (D.40) we
obtain for absolute constants ¢, ¢’ that

(D.43) P(pT(é—Gfk) > ;—1) SCGXp(—UC’/C).

The above relation shows that the value of 7, evaluated at @ = é, is of order O(d‘% ).
Fourth, we can write using Lemma D.2 that

(D.44) P(HJ(é-ojk)H% > di) < cexp(—v° Jc),

which essentially results in 73, evaluated at 6 = 6, to be of the order O(d™").
Finally, we note that for each of the partial derivatives we can write
6@(7’1,7-2,7-3) _ 8@(7’1,0,0)
or 7 or ki

> ;—1) < cexp(—vc,/c),

2

(D.45) P (

for j =1,2,3 and for 7;’s that are evaluated at 6 = 0.
Using the above five properties, we can conclude that

_ 1 {80 7
(D.46) 0-6% =~ (—(%(ﬁ’ 0.0) gt 24710.0) H‘;ip) +e,
n o T
and
1. 1- ,
(D.47) —0(71,72,73) = —£(71,0,0) + €,
n mn

where 71, 72, 73 are computed from (D.37) at 8 = 6, and

P (max{ lely, e} 2 ) < cexp(=v Jc).

As a result, by defining

v
3

dz

0(r1,70) = (11,72,0),

where £ is given in (D.38), and by plugging the solution (D.46) into the optimization in (D.35),
we obtain

(D.48)
~ ~ T - ~
\I'k(r):q)_k+lmin 1 (%(Tl’())rnt aE(Tl’o)p H-} (%(Tl’())er 05(71,0)1) +[7(le0) +e,
n n |2n ory 01 0T 079
where

P (|e| > d%) <cexp(-v° Jc).
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D.2.2. Bounding Hé(r) - 9*(7’)“42

Lemma D.4 Fix k € [n]. There exist absolute constants b,c,c’ >0 such that for any v >0

aog(d))”)
d

’
C

(D49) P (Hék(T) =05 (r)],, 2v <cexp (—%) + cexp (~(log(d))?/c)

Proof To simplify notation, in this lemma we use 8* instead of 8; () and 6 instead of 0y,(r).
Also, we define

9(8)=6]7 + A

2
EWTQ_Ig +/\SM(1T9)2
2 Y} d

2

Due to the the fact that R(8,r) is A-strongly convex, we can write

- 1 .
(D.50) [6*-6],, < Iver(.7)],,

Consequently, we will bound the right-hand-side in the above relation. By using the fact
that 8*, is the minimizer of the function R_j, we can write

(D.51) VoR(0,1)=VeR(0,r) - VeR_1,(67,).
From (D.9) and (D.51) we have

~ -1 ~
VoR(0,7)=VR_1(8) + —VU(8;7,yr) — VR-(67))
1 N * N * 1 N
=~ 2 (VUO:re,ye) = VUL 31)) + Va(8) = Va(8Zy) + —T(0:m, yp),
t+k
By using the fact that  is the minimizer of (D.13), we can write

N 1 N * N * N *
VoR(0,7) = - Y (VU(O; 7, y) = V(O i r,ye)) — Ho (0 -071) +Vq(0) - Vq(07))
t+k

Now, from (D.14), we obtain

0 1 N * * N *
(D.52) VgR(O,7)= - Z VO, yr) — V(O e,y ) — V2€(9_k; r,y1)(0-07;),
t+k

where in the above we have used the fact that, since ¢ is a quadratic function, we have
vq(0) - vq(0*,) - v3q(0*,)(0 - 0*,) = 0. We will now analyze each of the terms above.
We first bound the first term (i.e. the sum involving the derivatives of £). We will use the
following simple relations for any choice of r,y:
0'r—y-= OfkTr —y+(0-07)"r,
~2 ~ ~ ~
|76, = [T6%,]7, +20%. T I (0-07,) + (6-0%) T I(0-6%,),
(0Tr—y)? = (0% v —y)* + 2007 r—)rT(0-074) + (0-07) 'rrT (8-07)),
and
N * N A2 * T * 12
h(g,’f’,y) - h(o—k;rvy) = (eTr - y)2 HJGHEZ - (O—k r- y)2 ”Jo—k Hfz
= Vh(0%;m,y) " (6 -6%;) +e(r,y)
* 12 * T * T N *
=2([J0% |, rT + (0%, 7 —y) T I, )(0-0%) +e(r,y),
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where the error term e(r,y) can be written as
e(r,y) = (0-62,)TVh(0:7.y) lo-o(ry) (6 - 0%1),

and (r,y) = (0, + (1 - ()@ for some ¢ € [0,1] which depends on = and y.
We will also use the Taylor expansion:

g (h(é;ﬁyt)) =g (h(ojk;rt,yt)) +g" (h(efk;rtayt)) (h(éért,yt) - h(ejmrtayt))
1 " N * 2
+§g (Ut) (h(e;rtvyt)_h(g—k;rtayt)) )

where v; is a number between h(é; r¢,y¢) and h(0% 51,y ).
From (D.20) and (D.21) we will decompose:

W(é;rt,yt) - Vg(aikﬂ'uyt) - VZE(ka;rt,yt)(é - Oik) =Term; + Termy — Termg,

where the terms are given in (D.53), (D.55), and (D.56). We will bound each of these terms in
the following. We have

(D.53) Termy =2 (VA(0;7,5:) - VA(O" 1571,50) ) g (h(0% i re, 1))

where

Vh(6; e, y:) = VI(0% 570, yr)

=2((8r— ) [ TO], v+ (0T v~ y0) 2T T T6 - (67 Ty~ 1) | TO7, 7, 7+ (6% T~ )2 T T TO%,)
And thus,

(D.54)
vh(é; r4,Yt) — Vh(07 17, yt)

=2((0-05)Tr. | J0%, 17, + (0T ro— ) (2602, TTT(B-6%) + (6-62)TITTI(6-6%))) s
+2((0Tri—y)2TTT(0-0%,) + (200 ri—y)r (6 -67%,) +(0-0%,) rr] (6-67,)) T JO)
We also have
(D.55) Termy =2VA(0;71,y1)g" (h(024;74,41)) (R(63 e, ye) = (02471, t) )
=2Vh(0;7,5:) 9" (M0 re,u)) (VR(O ki me,y) T (8- 07) +e(re,m))

and
Termg =2 (V2h(9fk§ 7e,1) g (R0 1, ye)) + V(O 157,y ) (Vh(8% s, we)) T g (R(07; Tt’yt))) (6-6%)
(D.56)
- 59" (WG ) = B0 )’
After some straight-forward steps, we can write

(D.57)

Term; + Termy — Termg
! * T/n * * T T N *
15/ (0% gsr)) (2070 0%)0%, T (0- 0%,

+2r] (0-07) (07, ri—y) I TI(6-07) + 7] (6-07,) T T6)
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* T N * N * N * N *
(2005 -y (0-07) + (8- 62) Trir] (6-67,))TTT(0-067,))

+ (1] (6-07))2TT 0+ |T(0-6%)], rt)
+2g" (h(0% i re,31)) ((Vh(é;rt,yt) ~Vh(0% 57, y)) (0 - 0%) TVR(0F s, ye) + Vh(é;rt,yt)e(rt,yt))

1 " N * 2
—59 (vt)(h(e;rtvyt) —h(a_k;Tt,yt)) .

The relation (D.57) has itself three different terms. We will now simplify and bound each of
the terms above. However, we remark that all the three terms will be bounded in a similar way.
Let’s consider the first term in the right-hand-side of (D.57). The first part of this term is:

Ag" (R(0F e, y)) x 2 (B-07,)0%, T J(6 - 6%)r,,
which can be rewritten as
8q" (W(0F;m, ) 0%, T T T(0— 6% )rrf (6-67).

Now, by using the fact that the first derivatives of the function g is uniformly bounded, and by
some straight-forward usages of the Cauchy-Schwartz inequality, we can easily rewrite the
above part as

arp' (0-0%)rr] (6-67,),

where the vector p =0~ kTJ T.J does not depend on t, and oy ¢ is a constant. We can further
write:

2 4 2
| <Cand pl,, <[ J]7, 107k, < [T]e, + 107, ,

where C is an absolute constant.
Let us now consider the second part of the first term in (D.57), which is:

4g" (W02 ;e y)) x 2] (6 07,)(07 vy )T T T (6 - 607,).
We can rewrite this part as
89" (M0 ;e 1)) x (07, re—ye) T T J(0-0%)Try (6-07,) = a2, A (0-607,) Try(6-07),
where, the matrix A is the same for all ¢, and
juz,e| < C16%, i — | and [ A, < || T},

In a similar way, one can inspect all the parts of the first term in (D.57) and show that they
take the form of one of the following:

. Oz1,th (é - efk)TtTtT(é -02),

eay; A1 (6-0%)Tr(0-0%,),

o s p2(0-67) rr[ (6-67)),

ey (0-07,)TA2(6-6%)r,
(D.58) o5 ((60-6)Tr,)’ps,

where p1,p2, p3, A1, As do not depend on ¢, and we have
(D.59)

sl < C(1+(8%), re—y)?) and max{|y, |pily, , [p2ll, - IPsl, - 1ALl - A2l } < CL+TZ,)-
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We will now consider the second term in the right-hand-side of (D.57) which can be expanded
using (D.22) and (D.54). Again, one can inspect all the parts and show that they take one of
the forms in the following (in addition to the forms presented in (D.58)):

(D60) 0a37t (é—ofk)'f't'f';r(é—ejk)(é—Bik)—rp?”
e s (1] (6-07))re,
° as,tP4T (0-0" ) (6-6%,),

where, for some positive constant C' and even integer D we have
(D.61)

T a D * D
il <C(1+ (0%, m=y)P +(0Tr-y)”) and max{|ps,, ,[pally, } <CO+ [Ty, +1621,,)-
A similar bounding can be done for the third term in (D.57).

We now claim that the sum of each of the terms in (D.58) and (D.60) over £ is at most of
order O(polylog (n)/n). Let’s consider the first term in (D.58). We can write

1 ~ % ~ * 1 n * N *
o] (0-02)rr(0-07)| <~ sup{lonl}[p] (002 Lrerl || [0-6%],
t 0y n ¢ t+k YA
- . 1 ~ "
sup{ladl} [pT(@-67,)] ‘—an? 6-0%],
t Nk 0y

Now, from Lemma D.5 it should be clear why the above quantity is small. Informally, and ne-
glecting the polylog factors, the lemma asserts that with high probability the terms sup, {|a1 4|},

and H% ek TeTL H£2 are all O(1); but the term ‘pf(é -6*,)|,is O(1/n) as py is a fixed vec-

tor (independent of ¢), and Hé -0, H ), 18 O(n‘é). As a result, the whole expression is

O(n~?). Formally, it is easy to conclude from Lemma D.5 that for a given k € [d]:

(D.62)

1
p(_
n

for some absolute constants c,c’, ¢’ > 0.
Let’s now consider the second term in (D.58). We can write

b
.., (lox(d)
A d2

Y aiepi (6-6%)rr'(6-67)
t

) < cexp(—vcl/c) +cexp (—(log(d))z/c) ,

1 N * N * N * N * 1
H—Eaz,tAl(O—ek)TTt(O—Ok) = Ail,, |6-6], ‘(a—ek)T—Zaz,t"“t
n 7 0, 2 ok Ly
o R |
= | Ax],, HH_O—k ) (0-6%,) x —Zalt?“t
’ Tk Ly

Now, note from the first part of Lemma D.5 that the norm of the vector % Diek Oézyt’l";r is w.h.p.
O(1). Also, this vector is independent from 7, and hence from the second part of Lemma D.5
we obtain that w.h.p. H (0-07,)T x % Pk 24Tt Hé is O(n™7). Consequently, by noting that
Hé -0, He is w.h.p O(n"%) we obtain that the whole expression is w.h.p. O(n"2). The

formal expression would be like the probabilistic expression given in (D.62).
Similarly, for the term oy ¢ (rtT (-6 k))Qrt we can write

1 ~
(D.63) Hﬁ Z Qy .t (TtT(Q - Ofk))Q’"t

1
- Z QT
t+k n

‘ t+k

< Sgp{(rf(é -6%1))%}

62 KZ
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Now, by part (e) of Lemma D.5 we can easily conclude that

P (sgp{@ (6-67,))%) > (105(d))" ) < coxp (~(log(d))*/c).

for absolute constants b, ¢ > 0 that are suitably chosen. A similar conclusion can be made for
sup;{|oa |} from (D.61) and part (g) of Lemma D.5-i.e.

P (sup {Jassl} > (log(d))" ) < coxp (~(og(@)*/e).

As a result, by using the above bounds, as well as (D.63), and part (a) of Lemma D.5 we
obtain

1 ) *

Pl|[= X aue(r] (0-6%))m
L £y

In a similar way as the above, we can show that the sum of all the terms in (D.58) and (D.60)

over t have similar bounds. As a result, going back to (D.52), we have shown that the sum can
be bounded to give the desired result as in the lemma.

_, (og(d))’
d

) < cexp(—vcl/c) + cexp(—(log(d))z/c) )

Lemma D.5 For some absolute constants b,c,c’ >0 we have:

(a)
L

(b) Given any sequence of numbers {cy }, such that || < 1, we have

1 o
P( —Zaﬂ“t zv)gce” /e,
Lo

T 2k
(c) Given avector u, with |ul,, =1, we can write

1
— Z ’I“t’l";r
N ik

> v) < cexp(—vcl/c).
23

P (|uTr| >v) < ce™vle.
(d) Given avector u, with |ul|,, =1, which is independent from T, we have
P (|uT(9~ -0%)|> 2) <cele,
n

(e) For r generated according to either of the distributions in (D.18), we have

P (HTHZZ >vy/n) < cexp(-v?/c).
(f) We further have

P (|r;r(é -0%)|> %) <ce vl
(g) For a given even integer D >0 we have:
P (max {(67, "7~ ). (8Tr ~ )", |67} 2v) s ce™ /e,
As a corollary, we have

P (max{(@fkTr -2 (0Tr-y)P, |67, HZ} > (log(d))b) <cexp {—(log(d))Q/c} )

Proof of this lemma is provided in Section D.2.7.
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D.2.3. Bounding |r10(r)]

Lemma D.6 There exist absolute constants c,c’ >0 such that for every k € [n] and v >0 we
have

(D.64) P(]rTé(r)l >0) Scexp(—vcl/c),
and
(D.65) P (|7'T0}; (r)|>v) < cdexp(—v° /c) + cexp(—(log(d))?/c).

Proof This lemma can also be proven similarly to [39] (see Section D.3 in [39]). There are,
however, some small differences that we will mention the details here.

For the first part, the proof proceeds in two steps. In this first step, we use Lemma D.1 to
obtain

(D.66) P(\TTOfk| >v) < cexp(-v/c).

We will now bound the term |rrT (6(r) - 8*,(r))|. We can write:
P (\rT(é(r) -07.)|> v) =P (‘%TT x \/E(é(r) -0%.(r))|> v)

&Zv%)+PWT&2¢ﬁ)

Now, the first term above can be bounded using Lemma D.2, and the second can be bounded
from Lemma D.5, and thus the proof of the lemma follows.
The proof of the second part is similar to the first part (and we use Lemma D.4). [ |

SPUMQQ—9;

D.2.4. Bounding Heikuem

Lemma D.7 Let 0%, be the minimizer of R_y, defined in (D.8). There exist absolute constants
€0, C1,Coo > 0 such that for any k € [n]:

1
(D.67) P { 1671, > coo %M)} <5d 1 3em

Proof For convenience we remind the definition of 8*, given by 6, = argming R_;(6)
where

(D.68)
1] 1 & 1 2 Vlog(d

R(8) == 0(0;aiy)+— > £(0;b,u:)+A[0]7 + Ao |-WTO-3 +ASL()(1T0)2,
n iz i=k+1 ’ 2 £ d

and

007,y = (01 —y)* + [ J6, +29((0Tr - 9)*| IO},
with g(z) = /T +7.

We use a similar strategy as in the proof of Proposition 6.2. Specifically we first bound the
last coordinate of 6%, . Next, by symmetry we conclude that the same bound holds for all of
its coordinates and control its £, norm by union bounding.

With a slight abuse of notation, we consider a (/V + 1) dimensional version of the above
optimization over [6;u] and denote the last coordinate of the optimal solution by @. We define

o(Wa;) ifi<k-1,
r;=10 ifi=k,
f; ifk<i<n.
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Also define e = [ay,...,ak-1,bk41,- - -, bpn] With a; = a(w}'\—,ﬂwi) and b; = ,ulw]TVHa:i + [2z;
(with z; ~N(0,1) independent of x;). From (D.68), @ can be expressed as

G =argmin mgn R_;([0;u])
u
where

R_1.([6;u] 2(0 ri+ue; - ;)2 + [ JO -+ uhl7, + 29 ((07Tri +ue; - y)? | JO + uh]7))

2 log(d
+ )\s%()(lTO +u)?,

4o

(D.69) +A[0]7 + X2 + Ay WO+ wyiu- B

Here h e RV*! is the last column of the (N + 1)-dimensional matrix J. Namely,

m—cos ' (Wwn+i
(D.70) h:= [(W’UJN+1) © (_ cos gw ))] .
1

2

Let f(u) denote the objective function of u above, i.e., f(u) =ming R_;([6;u]). We also
let 0. be the minimizing @ in this objective if we set u =0, i.e., 6, = ming R_([0;0]).

Following a similar argument in the proof of Proposition 6.2, we can obtain a lower bound
on f(u) by considering a second-order Taylor expansion of f(u) around [8.,0] and using
the strong-convexity of the loss function to arrive at the following upper bound on u:

(D.71) ] < W VuR_k([0;u])l(6.:0)
Calculating V, R_;([0;u])|[6,;0] We have

1 n
Vult(18:0]) o, 32| 20T w)es 2070,

n =1

+ 2 5
V(0T -4:)2 | J6.7, +

(O3 190.1 5+ 0T )07 0.)|

(D.72)
1 Vlog(d
20wk (W6 - B)+ 2>\5%()1T0* .

We treat each of these terms separately.
Define the event

13, 1
=Y yP<C, —|X|<C, |W|<C}.

Using the concentration bounds for the operator norm of Gaussian matrices and also the tail
bound for chi-square random variables, we have that P(€) > 1 —3e™" for some constant c¢>0.
Note that by optimality of ., we have R_;([6.;0]) < R_£([0;0]) = 1 37" | 42 from which

we get 0., <C and liwTe, - BH% <C, on the event &. Therefore,

\/1og(d \/1og(d log(d
(D.73) 2)\5%|1T0*| < 2)\5% 1.1, 1], <Cy /%.
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Also note that w1 is drawn independently from W, 6, and 3. Since w1 ~ Unif (Sd_l),
given %WTG - (@ the conditional distribution of wj +1( lwTe, - B) converges to

N(0,% W76, - 5”52) form which we obtain

1 log(d log(d
074)  |wh (W76, -8)|<y/2 Og()H wTe.-g|, < \/2(:'%(),

with probability at least 1 — dc.
We next focus on the terms in the right-hand side of (D.72), which involve e;. This part can
be written as % > mie; with

1 2
m;=——= 2(0:7‘2 — yz) + (OITZ - yl) ”JO* Hi

vn V(0T ri )2 | T6.7 +~

Note that

(laTTz yz|+||J0 ”62)

|m,|

NG

By optimality of 6., on the event £ we have

Y2 <C.

™M=

|7, <R-k([0+:0]) <R_([0;0]) = %

Il
—_

%

Observe that w1 is independent from {mi}ie[n] (recall that 8, does not depend on w41
by its definition.) Following the same strategy in the proof of Proposition 6.2, we only consider
the randomness in w1 and condition on everything else. Write % >, mje; as a function

of w1 as follows:

1 k-1 n
(D75) V('lUN+1) =— \/ﬁ Z mza(wNle) + — \/_ Z mi(,ulw;l\—,ﬂa:i + ,ugzi) .
i=1 i=k+1

Observe that the (conditional) expectation E[V (wy1)|W, X ] = 0. In addition, V' (-) is a Lip-
schitz function with Lipschitz factor at most \(/J_ | Xm|,, . Therefore, using the concentration

bound for Lipschitz function on unit sphere (see e.g. [92, Theorem 5.1.4]), we obtain
P(V(wns1)|2t) <P([V(wni1)|26:E) +P(E°)

’ 2
<2e ¢ 4 gemen

Choosing t =C %, we get

(D.76) P(|V(wN+1)] > Ch / @) <2d7C" £ 3¢

The remaining terms in (D.72) can be rearranged and written as AhT.J@,, with

1 " Ty — i2
A=2f1+ (0.ri — i) -
Wi\ /(0T ri )2 6.7, +
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We next bound A > 0:
0.7 -y
|A| < 2(
Py

2(1 7o \x (s S )/)

1

T 1/2
<2[1+ m (R-([0+;0])) )

1

AT 1/2
2(1s 7 (ra(0)) )

=2\ 7. gz( Zyl)m)‘

Using Lemma F.3, on the event £, the right-hand side of the above equation is of order one
(A< C, for some constant C > 0).
We next bound h'J6,. Using the relation —(7r cos1(p)) = % >+ O(p*), we define

h as follows
iL = [}wan-kl]

2

Recalling h given by (D.70), we have | h — fNLHé =0(1/V/d). On the event £, we have |6, |, =
O(1). Also by invoking Lemma F.3, on event £, we have |J| =O(1). Hence,

(D.77) \h'J6, -h"J6,|<0(1/Vd).

We henceforth focus on bounding h'J 0.. Recall that w1 is independent of W and 6,.
Viewing hT'J8, as a function of wy1, it has zero expectation (w.r.t w1 conditioned on 6,
and W). In addition, it is a Lipschitz function with Lipschitz factor at most %L ’

which is O(1) on the event £. Next, by employing the concentration bound for Lipschitz
functions on unit sphere (see e.g. [92, Theorem 5.1.4]), we obtain

P(IRTJ0.|2t) <P (|hTJ6.|>t;E) +P(£°)

—cdt? —cn

<2e + 3e

Choosing t = C log(d

l d ! 2
(D.78) P(A IhTJ6,|>Ch/ %()) <2d7¢C 43¢,

Combining the bounds (D.73) to (D.78) into (D.71) we get

log(d)
N

, and invoking (D.77) we get

o] < C0'—==

with probability at least 4dC" 4 3¢ 4 47,

The result follows by union bounding over the N coordinates of o, along with the assump-
tion that N, n,d grow at the same order. (Note that the event £ is common across all these
bounds and so we count its complement probability once.) [ |
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D.2.5. Bounding the Difference of @y, Py_1 with ¥y (r)
Lemma D.8 We have

(D.79) max {E[(Vk (0 (W) = @)1, (U1 (fi) - @)} < %(;g@l)’
and
080w (E[(T (W) - 0 0)2). (V) - 0y < LB

Proof To prove (D.79), we note from (D.13) that
‘lfk(’l") -®_; = meinSk(O,r) < Sk(ka,r)

1,
=—L(021;7,Yk)

n

C * * 2
< E (1 + |yl + [ TOZL ], + TTO—k) ;

where C' is an absolute constant. Consequently, by using Lemma D.1 and the fact that |J| is
bounded, we obtain (D.79).

To prove (D.80), we adapt the proof of Lemma 1 in [39] to our setting. In the following we
use

2
log(d
" As Og( )(1T0)2
A d
We start with writing the Taylor expansion of Ry (6,r), defined in (D.9), around the point
0*,.. Note that 8, is the minimizer of R_(8), and hence

1
a(0) =\ 6], + A || WO -3

* ]‘ 1 * I *
Ri(8,7) = Ry (62y) + —~ (05w, i) + 5= 33(0 - 02,) 'V2U(0' 4, 1) (0 - 021
t+k

+5(0-07)TT%(0)(8-67)
where 6’ can be written as
(D.81) 0'=wh*; +(1-w)o,
for some w € [0, 1]. As a result, we can write using the definition (D.13)
Ri(0,7)-5k(0,7)
(D.82) _ %(9 _or)T| L S 7O ) - T O ) | (0-0:0),

where we have noted that, since ¢ is a quadratic function, we have V2q(0*,) = v2q(0").
Let us now consider the sum involving the terms of the form

(D.83) (0-0%)T (V20(0' 7, y) — V(07 1m0, y:) ) (6 - 67,).

We can now use the expansion in (D.21) to bound the above term. A straight-forward calcula-
tion, similar to what was done in the proof of Lemma D.4, shows that the above term involves
several terms, among which the dominant term has the following form:

(D.84)
o (0 - eik)T (rtrf(rf(O’ - ka:))) (0-0%)=cu (7"2—(0 - 93@))2 (7’2—(9’ - afk)) = g (T;r(e - Ofk))?’ )
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where oy satisfies (noting that the derivatives of g are uniformly bounded):
(D.85) P (|| 2 v) Scexp(—vcl/c),

for absolute constants ¢, ¢’ > 0. A straight-forward calculation (similar to what is done in the
proof of Lemma D.4) shows that all the other terms in the expansion of (D.83) are in absolute
value less than the term given in (D.84). As a result, one can write

1 . 1 , " *
5(9 -6%)7 [ﬁ >, V(O y) — V2€(0—k;rt7yt):| (6-0%)

t+k

1 N
S_Z|atur2—(0_9—k) )
ik

Using the above bound, we can now bound (D.82) as

1 MENTE]
(D.86) [Ri(8,7) = Sk(0,7)] < — 3 foulri (8- 62,)[ .
t+k

The rest of the proof follows almost line-by-line according to the proof of Lemma 1 in [39].
Let B={6;(r)}u{60x(r)}. By using the definitions (D.12) and (D.16), we have

| (r) = Up(r)| =

< rggan|Rk(0,7‘) - Sk(0,7)]

i 0.r)—-mi 0
%Eéle( ,T‘) %Eélsk( ,’I“)

We thus obtain using (D.86) that
1 . ~ 3 ~ T
21~ W) <O 3 el (|7 (6 () = B[ + T (B - 070
t+k
Let us now bound each of the terms above. We have

1 " ~ 3 « ~ 3 1 P
=S laul | (05(r) - 0(r))] < |05 (r) = 6 ()], = X lowl [y,
nt#k 2 nt#k

Now, from Lemma D.3, up to negligible O( w) terms, we have
~ . 1 _ 1 -
v (Ok(r) -0%) = 5517'2—1‘[-117‘ + Eﬁﬂz—H—ép'

Now, using the above relations, and the inequality (37 |a;|)2 <n ¥}, a?, as well as the
Holder’s inequality, we can write

|4 (r) Uy (r)[* <C” |

. ~ 6 1
01(r) = 0(r)],, (- Xl Irll,)
t+k

6 6
c” rlH lr r"H lp
T (A Ram s P PR L
" ik n
polylog(n)
- o(PE),

where C”" > 0 is an absolute constant. Now, from Lemma D.4, parts (c) and (¢) of Lemma D.5,
and (D.34), and (D.85), we obtain for any integer D > 0 that

E[\
P(Irelz2 > n” (log(n))") < cexp (~(log(d))?/c).

P (|l > (log(n))") < cexp (~(log(d))?/c) ,
P (max{|31[*",|82*"} > (log(n))") < cexp (~(log(d))?/c),

. ~ 2D polylog(n
01r) - B} | < opPRE),
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for suitably chosen absolute constants b, ¢, Cp > 0. Finally, since the matrix H _‘,% has bounded
norm, and 7; and r are independent sub-gaussian random vectors, we obtain

reH v 2P polylog(n)
E SCD—D
n n
_1 12D r H-1L p 2D
- E!w ]SE Irelle, | EHZE,, LPle, < POl IoB()
n n n

By using the above relations, the following result now follows in a straight-forward manner
using the Holder’s inequality:

olylog(n
E[[®k(r) - w(r)] < e 3g( )
n
And the result follows since d and n grow in proportion to each other. [ |

D.2.6. Putting things together To prove Theorem 6.9, we consider any test function
¢ : R - R which is uniformly bounded in terms of its value as well as its first and second
derivatives. We will show that

(D.87) Bl (@] Elp(@)] = 2D o 1),

Using this result, one immediately obtains the theorem (see Sections 2.3 and 2.4 of [39]). As a
result, in the rest of this section we focus on proving the above relation for any test function
. In order to prove this result, we use the so-called Lindeberg’s method: We consider the
quantities @y, defined in (D.7), and show for any & € [n] that

_ polylog(d)  oa(1)
d: d
The above bound immediately results in (D.87) via a telescopic sum over k. It thus remains to

prove (D.88).
Using the Taylor expansion, we can write

P(B) = (B4) + 9 (B ) (B4 = 1) + 2 (@) (B4~ 1)

where « is a number between ®_;, and ®;,. Using the above expansion, and a similar expansion
for ®;._;, we obtain
(D.89)

[E[o(@x)] - E[(Pr-1)]] <[1¢"]|0 [E[ Pk — ¢k—1]l+%ll<ﬁ"llw (@ = @) + (g1~ D-4)?),

where ||¢'||s and ||¢"||co are the maximum (absolute) values of the first and second derivative

of .
By using Lemma D.8 we obtain that

|E[@r = Pp-1 ]| < |E[Vi (fi) = Vi(c(Wak) ]| + E[| Pk — Vi (fi)|] + E[|¥k(0c(Way)) — P-1]

<IE[WL () - (o (W) ]|+ PR

where the last step follows simply from (D.80). Also, from (D.79) and (D.80), we can conclude
that

(D.88) [E[¢(®x)] - E[(Pr-1)]|

9

polylog(d)

E[(®r -~ P_x)*] <2E[(® — Ui (Fr))*] + 2E[(Poi — Wi (£2))*] < 2
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and similarly
polylog(d)
d? '
Finally, the only term that is left to be analyzed is |E[ W (fx) — V(o (Wxy))]|, for which

we use Lemma D.3, D.7, as well as a CLT-type result from [30]. We note the following three
facts:

E[(®p-1 - Ps)?] <

(i) The quantity rTOfk converges in distribution to a gaussian with the same mean and
variance when 7 is generated according to the distributions in (D.18). This is due to the
CLT-type theorem given in [30, Theorem 2]. More precisely, we have shown in Lemma D.7

that with probability 1 — cd™¢ we have: HGkaZw is at most C'/(log(d))/d, where ¢,C
are absolute constants. Also, according to part (e) of Lemma D.1, we have |1T0fk| <
C'\/d/(log(d)), where C" is an absolute constant.

Now, let us define 8’ = 8, /\/log(d). Note that, with high probability (as specified
above), we have 6’|, < C/v/d and |176'| < C'\/d/(log(d)). According to [30, Theorem

2], for @ and b generated according (D.18), and fixing 6, the random variables a "6’ and
b' 0’ have the same mean and variance, and we have

dMS (aTB' bTOI) < Cl/ ”0/” ‘1T0l‘ + L
) = loo \/Zl \/E ’
where C" > 0 is an absolute constant, and d)gs is the so-called maximum-sliced distance,
and dyrs (aTG', bTG') defines the distance between the distributions of @ '@’ and b'6’. As

aresult, since 8, =0’ x /log(d), we obtain that

1Te’| 1 1
das (a'0%,,670%,) <C"\/log(d) €], | —= +—=|=0|—=].
( ) “\ Vd Vd \1og(d)

(ii) Consider the result of Lemma D.3. From Lemma D.1, the norm of the vector 8%, is
bounded by an absolute constant with probability at least 1 —exp(—cn ). Hence, since the ma-
trix J is also of bounded operator norm, then the norm of the vector p given in Lemma D.3
is bounded by an absolute constant. Also, the quantity HJ 0, H ,, 1s bounded by an absolute

constant. Given fixed matrix H ~! with bounded norm, and a fixed vector p with bounded
norm, the quantity %rTH ~Lp is, with probability at least 1 — cexp(—(log(d))?/c), of order
O(polylog(d)/d) according to Lemma D.9. Hence, in the formula (D.31), the overall contri-
bution of the terms which include %TTH “ipor %pTH ~}pis of order O(polylog(d)/d?).
Therefore, neglecting these terms adds an additional error of at most O (polylog(d)/d?) in
computing E[¥(7)] — ®_,. Consequently, from the result of Lemma D.3 we can write

{rTH_‘,ir (aé(ﬁ,o) )2 +g(ﬁ’0)}

2n oy

(D.90)

-0 (polycllgg(d) )

1

E[Th(r)] =B s+ % E [@n

where 5(71,72) is given in (D.32).

(ii1) Given a matrix H, the value %’I‘TH__]};’I’ concentrates on the same quantity if 7 is
generated from either of the distributions in (D.18). More precisely, from [39, Lemma 13]
(or [56, Lemma 1]) we obtain

P (‘%TTH:,% - E[%TTH‘ér]’ > c%) <1-cexp(-(log(d)*)),
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for r being generated according to either of the distributions in (D.18), and ¢ > 0 being an
absolute constant. Also, we have that
1 _ 1 _ 1 _
‘E[Ea(Ww)TH_,ia(Wx)] - E[EfTH_,if]‘ = ~Trace (HZ (2 -%9)).,

where ¥y = E[c(Wx)o(Wx)T] and E[ffT], and the last inequality follows from
Lemma D.10. As a result, we obtain

o 3/2
P (‘%U(ka)TH_,ia(ka) - % E [fTH_;if]‘ > c%) <1-cexp(-(log(d)?)),
P(‘%fTH_‘;if—%E[fTHZ;if] zcl"j(c_?) <1~ cexp(~(log(d)?)),

Let us now put all the above facts together to bound | E[ W ( f) — Vi (o (W xy))]|. Consider
the function £ (71,72) given in (D.32). This function depends on 7 only through 8%, r. Using
fact (i) above, we know that 6%, r will asymptotically have the same (gaussian) distribution
for both 7 ~ fi, and r ~ o (W ;). Also, it is easy to conclude using part (c) of Lemma D.1
that all of the moments of random variable 8*, r are bounded (i.e. E[|0*,7|P] < Cp for an
absolute constant C'p > 0). Further, in fact (ii) we have argued that H Jo*, ‘. is bounded with

probability 1 — eexp(—cn). Also, from fact (iii) above, we know that the term }LTTH__Iir
concentrates sharply on the same value for r being either fj or o(W ;). Putting all these
together, and using [7, Corollary of Theorem 25.12], we obtain that

(e TH r (0i(1,0)\° -
Er=fle}_}n{ 27;'“ ( (87711 )) +{(71,0)

TH—l 7 2 B
- ET:g(ka)!min{r —’fr(‘%(ﬁ’o)) +£(ﬁ,0)}]

2n 871

=04(1),
and therefore from (D.90) we obtain

Od(l)

E[Vi(fr) - Ve(c(Wzy))]| < B

for an absolute constant C' > 0, and hence we obtain (D.88).

D.2.7. Proofs of the Auxiliary Lemmas Here we provide the proofs of some of the auxiliary
lemmas used in our analysis.

Proof of Lemma D.1. We will prove part (b) here, but part (a) will have the exact same proof.
Let 8 be the minimizer of Ry (6, r). We can write
Ri(6°,7) < Ri(0,7),

as 0~ is the minimizer.
On the one hand we have

1 " 2 2
Rk(O,T') = E Zyz + ”IBHKZ ’
i=1
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and thus for any v > 0:

(D.91) P(Br(0.7) 2 v +[BI7, +2E[t]) < cr exp (-ne/er)

for an absolute constant ¢; > 0.
On the other hand, since R(@,r) is A-strongly convex, and R(0,7) >0, we can write

w2 1
He Héz < X‘R(Ovr)v

which together with (D.91) gives use the result.
To prove part (c), we note that r is generated independently from 6%, . We can thus write:

P(IrT6%,>v)< P(l6%l,, >vv)+P (\rTofkl 20607, < \/5)
<cpe e 4P (|7°T0fk| >v|]10% ], < \/5)
<cde vl

where the second step follows from part (a) of the lemma (with ca chosen to be sufficiently
large); and the last step follows from the independence of 7 and 87, as well as Lemma D.9.
Also, the proof of part (d) follows simply because

s 170%,)% < R_1(0%,) < R_(0) = — 2
oa() (110 < B(05) < Br(0) wzkyz 187,

where 0 is the all-zero vector. By using a bound similar to (D.91) for R_;(0) we obtain the
result.

A

Proof of Lemma D.5. Part (a) is exactly Lemma 12 in [39]. For part (b), consider the matrix I
whose columns are r,’s, i.e. R = [r|rs|:|r,,]. Since r,’s are zero-mean sub-gaussian vectors
(see Lemma D.9), we know that its operator norm satisfies:

P (||R|| 201\/c_l+v) < cexp(—v?/c).

Also, define the vector o = [y ][, . Note that le]ly, <+/n. We have

1
(H Zatrt >v+cl) :P(H—Ra
n /l

Nk
Given the above relation, and the fact that d and n grow proportionally, the result of the second
part of the lemma follows easily.

Part (c) follows from Lemma D.9. Also, part(d) follows from part (c) as well as Lemma D.2
(specifically (D.33)) and the fact that the operator norm of the matrix H _‘,i is upper-bounded
by 2/ .

Part (e) follows from the fact that r is a random sub-gaussian vector (see Lemma D.9). We
refer to [91] for bounds on the ¢ norm of random sub-gaussian vectors.

To prove part (e), we use (D.33) to write

2v+cl) =P (||R|| > vv/n+c1v/n).

(|’rt (0(r) G*k)|>%)<|3( (‘Blr;rH kr‘+‘ﬁgr2—H kp|)+‘rt e‘ \/ﬁ)’

1 _ v v
(D.92) SP(E‘BITJH—éﬂZm)JFP( ‘527‘;I—H kp| 3\/_)+P(‘r:e‘2m)
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We will now bound each of the terms above. For the first term we have

( |Byr/ H- k7'|>3\/—)

<P<m22m>+P( il H ]2 F)

\/_
<crexp(-vfer) + P~ BT Hobr|> = | Imil, < /om),
n - 3v/n 2

where the last step follows from part (e) and appropriately selecting ¢y, co > 0. Now, note
that the vector r is generated independently from r; and H_j. As a result, to bound the
second term in the RHS of the above relation, we notice that, assuming ||, <+/vn, we

have | gyr] H=} He < C|B1]/vn. Hence, we can write
p(LigrTEH 1r|> 2
;‘517} 7k’l“|2m , ||’I"t||£2< vn
1 T 1
P(!Bl|2v4)+P( ‘517‘,5H k’"|> N Irelly, <Vvn |[31|<v4)

<cgexp(—v/c3) + P( ‘Blr;rH kr| >——

N |51|<vi)

<cgexp(—v“/c3) + csexp(—v“/cs),

where the second inequality follows from (D.34) and by suitably choosing cs,c4 > 0. The
third inequality follows from sub-gaussianity of r, see Lemma D.9, and the fact that, given
|81] < v'/* and |7¢],, < /v, the random vector w = 317, H=}, satisfies |u],, < Cv3/*\/n and
is independently generated from 7. Hence, we can bound the second term in the RHS of the
above relation by using Lemma D.9 and appropriate choices of cs, cg > 0.

The second and third terms in (D.92) can be bounded similarly as the first term but in an
easier manner. The second term follows by writing |} p| < || ¢, IP|,, and noticing that
Ip,, is upper-bounded by a constant since the norm of J is bounded and the norm of 87, is
bounded (see Lemma D.3 and Lemma D.1). Hence, using a similar (but simpler) argument as
above, we can write

P (% ‘/BQT;FH__]%]?| > #) <crexp(—v®/er),
for absolute constants c7,cg > 8.

Finally, the third term in the RHS of (D.92) can be bounded by writing |r e| < 7], [e],,.
and noticing that |e],, is small according to (D.34). And, using similar steps as above, we
reach to a similar upper bound.

Part (g) follows from Lemma D.1 and Lemma D.6.

Lemma D.9 [Analogous to Lemma 8 in [39]] Assume that a = o(W ) and b = jy W x + pou,
where x and u are generated independently from the normal distribution. Also, let ¥ = E[bb" ],
ie. X =pg TWWT u3L. Then, there exists an absolute constant ¢ >0 such that:

’1)2

(D.93) P(la"8|>v) <2exp(-———5——),
c|Bl7, w2
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and

2

———
e8I, 1=l
|[W|| (resp. ||X]|) denotes the operator norm of

(D.94) P(|b"8|>v) <2exp( ),

for a fixed vector 3 € R and any v > 0. Here,
W (resp. X2).

Proof We will be using the following well-known relation: For a L-Lipschitz continuous
function f and x ~ A/(0,I) we have

2)2

(D.95) P(f (@) - ELf(@)]|2 ) < 2exp(- 7).
Now, note that since o is the shifted Relu function, it is easy to see that the function f(x) =
BTo(We)is |8 ¢, IIW||-Lipschitz continuous. Therefore, we obtain the result using the
relation (D.95) and the fact that @ is distributed according to the normal distribution.

The proof of the second part can similarly be done by noting that b = /2 where b is
distributed according to the standard normal distribution. [ |

Lemma D.10 Let H ¢ RV*N be such that |H|| < C for an absolute constant C > 0. Let
Ys=Elo(Wx)o(Wz) ] and ¢ =E[f fT]. We have

c(log(d))*?
o

with probability at least 1 — cexp(—(log(d))?/c) where ¢ >0 is an absolute constant.

(D.96) ‘%Trace{H(Zs - zf)}‘ <

Proof We first bound each element of the matrix ¥4 — X . Recall that the k-th element of the
vector f is distributed according to

legw + MUy,
where uy, is independently generated from N(0,1) and uq = %, H2 =1/ }1 - % As aresult, the
(£, k)-th element of the matrix X is
(D.97) E[(pw] @ + poug) (prw, @ + poug)] = piw] wy + p31{k =1}
Note that (wy, x) and (wy,x) are jointly Gaussian with
E[(w/z)’] =E[(w(z)’]=1, E[(w/z)(w]z)]=w]w.

Therefore, we have (see e.g., [15, Table 1])

E[o(w] x)o(w]x)] = \/WJF (7 - cos™ (wiwe)) (wiwe) 1

27 27
1 11 T
=W wk+(z—§)|{k=€}+0((wz wy)”)
1 3
(D.98) =u%w§wk+uél{k=é}+0((%@) )

where the last step follows from the fact that with probability at least 1 — cexp(—(log(d))?/c)
we have for all k, £, such that k # ¢, we have |w2—wk| < %. As a result, from (D.97) and

(D.98) we obtain
log(d) | *
|(zs—2f)w|=o(( ; ))
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Hence, the ¢ norm of each column of the matrix X5 — % is of order O((log(d))*/?/d).
Now, since ||H|| < C, then the ¢5 norm of each row of H is at most C. Thus, by a simple
application of the Cauchy-Schwarz inequality we obtain the result of the lemma.

|

D.3. Proof of Proposition 6.10 Let us first show that 8*,87 fall in C-¢ with high

probability for any ¢ > 0. We prove the result for 6*, and remark that the proof is exactly the
same for 8. Consider the objective

¢

1 & 2
R(0) := o S (lyi-0To(Wa)|+2|J0],,) + 59%29.
=1

On the one hand we have
1 n
R(0) ==y
niz

where O is the all-zero vector. Thus for any v > 0:
(D.99) P (Ry(0)>v+2E[y}]) <ciexp(-nv?/ec1),

for an absolute constant ¢; > 0.
On the other hand, since R(0) is (-strongly convex, and R(60) >0, we can write

which together with (D.99) proves that ’

bility at least 1 — eexp(-cn).
To bound |1T0* we note that

d To*\2 n* 1 2
@ TV S R@) RO

By using the bound to (D.99) we obtain with probability 1 — cexp(—cn) that ‘1T§*| <

C+/d/(log(d)). Finally, the fact that | 6* . is with high probability of order \/ (log(d))/d
follows in exactly the same manner as the proof of Lemma D.7 and hence we do not repeat
the proof here.

We now show that M (8*) — M (8?,) — 0 in probability. To do so, we use the argument
given in [1, Theorem 4]. Assume that M (8*) and M (8,) converge to different values, say
M4 and Mp. Define M = (M4 + Mp)/2 and consider the following optimization problems

<
2

’0\*

2 1
A < ZR(O,’I"),

—

0*

,, 1s bounded above by a constant C with proba-

¢

n

&,= min (lyi - 0T o(Way)| +<|J6],, )" + 20700,

BZM(B)SM 2n i=1

¢
2

n

_ 2
dp:= (\yi—BTfi|+eHJ0||e2) +20700.

min
BZM(O)SM 2n i=1

Note that the values ® 4 and ® 3 must be different. Now, using the minimax theorem, and
since the above objectives are (-strongly convex, we can write

_ 1 2

Dy =sup-AM +min— > (Jy; -0 o (Wa;)|+2[J0], )2+§0T90+AM(0),
A>0 ] 2ni:1 2 2

_ 1 2

dp=sup-AM +min — > (Jy; - 0" fi| +< | JO], )2+ £0T90+)\M(0).
A>0 0 2”1’:1 2 2
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Now, from the result of Theorem 6.9 we know that for any A > 0 the values inside the min
converge to the same value. As a result, the quantities ® 4 and ® 5 should converge to the
same value (according to [1, Lemma 1]) which is a contradiction with the claim that M (5*)
and M (5;1) converge to different values (i.e. M4 and Mp, respectively). A similar argument

can be applied to show that HJ@“ 0~ HJ@*

ol H ,, ~ 0, in probability.
APPENDIX E: PROOFS OF STEP 4: ANALYSIS OF THE GAUSSIAN NOISY LINEAR
MODEL VIA CONVEX GAUSSIAN MINIMAX FRAMEWORK

By the Gaussian equivalence property, we henceforth focus on optimization (6.23) and
oo P
provide a precise characterization of AR(6})).
Before proceeding, we will discuss another representation of the model using a few change

of variables. Recall from (6.15) that f := upl + u1 Wa + puou. For our activation function
o()=vl(v>0)-1/v2m, we have o =0, up =1/2 and pg =/ 71; - % It is clear that f ~
N(0,3X) with X := ,u%WWT + p3I. Also the data generative model (2.1) can be written as:

(E.1) yi = (fi,00) +w;,  with  w; ~N(0,0?),

for proper choices of o2 and 6. Indeed in both models (2.1) and (E.1), (yi, fi) € RN+l isa
centered Gaussian vector. By matching their covariances we obtain

S iWW T 451,
(E.2) 00= ="' Wg,

o’ =+ |81}, ~uisTWTE W,
We next rewrite the objective of optimization (6.23) using this change of variable and also
plug in for y; from (E.1) to obtain
S ¢

> ({60 - 0) + wil +€HJ9||42)2 +

297T00.
=1 2

(E.3) L(0) = L
2n

We will use a powerful extension of a classical Gaussian process inequality due to Gordon [33]
known as Convex Gaussian Minimax Theorem (CGMT) [88] to derive a precise asymptotic
characterization of ARnl(ggl). A similar proof technique has been used in [46] to understand
the effect of adversarial training on linear regression models. Indeed, for the particular case of
w1 =0,u9=1(so X =1T)and J =1, the loss function (E.4) reduces to that studied in [46].

The CGMT analysis will output a deterministic scalar optimization which depends on (.
We need to calculate the solution of this optimization at { — 0. However, as we discuss in our
derivation, the objective of this optimization is strongly convex (in minimizing variables) and
concave (in maximizing variables). Therefore, by continuity of its solution in the coefficients
of the objective, we directly calculate the solution by setting ¢ =0 in the loss £,,(8), bringing
us to the following restatement of the loss (with a slight abuse of notation):

1 & 2
(E4) £nl(0):%Z(Kfiveo_0>+wi|+5”']0H22) -
i=1

Consider a change of variable of the form f; = $'/2g; with g; ~N(0,I) and z = X'/2(0-8).
Also define

2
(v;0) = (|v| +5HJ9||42) .

N | =
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Then, optimization problem (E.4) can be equivalently written in the form

(E.5) min —ZE(UZ,00+21/2) subjectto v=w-Gz.

zeRN veR™ N ¢ i1

By writing the dual of this optimization problem (with dual variable %1) we get

. L T l - . -1/2
zeRIE,lqr)leRngi%}n{ \/E{u Gz-u w+u 'v} n;é(vl,00+2 z)

_ . Ly T T T D0
(E.6) _zeRIE,I&Rngl%f ﬁ{u Gz-u w+u v}+€(v7z),

where

l(v;2):= % Zﬁ(vi;Bo + Z_I/Qz)
i=1

_ L2 1 8 J(6p+ 312 170+ =2
= 5wl Iol, [T 00+ =7122)], + < |70+ 572)] .

The minimax optimization (E.6) is in a form that we can apply the CGMT framework.
Formally, the CGMT framework concerns problems of the form
(E.7) min max u! Gz +1(z,u),

zeS, ueS,

with G a matrix with i.i.d standard normal entries and shows that this problem is asymptotically
equivalent to the following problem:

(E.8) H;‘lsn max Iz, g u+ leel,, hTz +¢(z,u),

where g and h are independent Gaussian vectors with i.i.d. N'(0,1) entries and ¥ (z,u) is
convex in z and concave in u. Here, the sets S, and S,, are compact sets. We refer to [88,
Theorem 3] for precise statements regarding the equivalence of (E.7) and (E.8).

Following [88] we shall refer to problems of the form (E.7) as the Primal Problem (PO)
and refer to problems of the form (E.8) as the Auxiliary Problem (AO).

As described above the CGMT framework requires the minimization/maximization to be
over compact sets. This technical issue can be avoided by a common trick in this literature
where one introduces “artificial” boundedness constraint which do not effect the optimal
solution. Specifically, following [88] we can add constraints of the form S, = {z| | 2|, < Ko}
and Sy, = {u: |ul,, < Kz} for sufficiently large constants K, and K3 without changing the
optimal solution of (E.6) in a precise asymptotic sense. We leave out a detailed argument here
and refer to [46, Appendix B] for similar arguments. This allows us to replace (E.6) with

: Ly T T S0
(E.9) zesrilvranggic ﬁ{u Gz-u w+u 'v}+€('v,z).
Observe that the above loss function has a bilinear term u' Gz, with Gi; ~N(0,1) indepen-
dently, plus a function of the form

oA T To) 4 (-
Y(z,v,u):= ﬁ{ -u w+u 'v} +4(v;2),
which is jointly convex in (z,v) and concave in u.

Therefore the corresponding AO problem takes the following form

. min max— zl|,, g u+|u z-u
(E.10) s Ll z-ut

z€S, v uesS,, \/_

This concludes the derivation of the AO problem.

w+ uT'v} +0(v;2).



PRECISE STATISTICAL ANALYSIS OF ADVERSARIAL TRAINING 47

E.1. Scalarization of the AO problem We next simplify the AO problem by considering
this problem in the asymptotic regime. We start by maximizing over u. Write u = 4 with
e S™ ! and 0 < 8 < Kg. Using this decomposition we have

max |z], g’ u+ |ul, hTz - u"w+u'v
UES,, 2 2

T4 1 ~T T
= max max |z +BhY z - BT w+ BT v
0<B<K;s TeSn! H ”629 B 15} 8

) - h
0352}% X, pu (Hz”z2 g-w+v)+ph’ 2

:02%2]}%3 p H“Zngg —w+ vHZZ +shT 2.

After substituting the above into AO problem (E.10), it reads

B B .1 3
min max —= |||z —w+v|, + —=h" z+/{(v;2).
Jin maxe = [zl 9 le.* 75 (v:2)
We next aim to simplify the minimization over v and z, but a hurdle is that they are coupled
through the term ¢(v; z). To address this technical issue, we consider the conjugate of /(v; z)
in with respect to z. That is,

l(v;z) =supq’ z - I(v; q).
q
The AO problem then can be written as

, B BT A7
(E.11) i, max = llzl, g -w ol + Z=hta gtz - lvia).
In the above optimization the order of minimization and maximization can be flipped using
the Sion’s theorem and the fact that the original PO problem is convex/concave in the min/max
parameters. The argument only uses the convexity of the loss /(v;q) and we refer to [86,
Appendix A.2.4] for a detailed argument. This brings us to

max min

B B T T .
0<hilerq ZeS ﬁ”||z||gzg—w+vHZ2+—h z+q z-/((v;q).

Vd

We optimize over the direction and norm of z (|2 ,, = @) to get

~¥(v;q).
0

£h+q

Vd

Note that z(v; q) is convex in g and so the AO objective (E.12) is clearly jointly concave
in ¢ and 3. Also since / is jointly convex in (v, z), then —¢(v; z) is jointly concave in (v, z).
Also g7 z is jointly concave in (v, z). Therefore, g7 z — £(v; 2) is jointly concave in (v, 2)
and based on the partial maximization rule we can conclude that 27(@; q) should be concave
in v. The other terms are also trivially jointly convex in a, v so that overall the objective is
jointly convex in «, v. Therefore, by virtue of Sion’s min-max Theorem [76]) we can change
the order of the mins and maxs as we please and rewrite the AO problem as

: B
(E.12) 0Bks,q 0<askn,o Vd log ~w+ ], - o

~¥(v;q).
0,

£h+q

Vd

To continue we shall calculate the conjugate function 7. This is the subject of the next
lemma.

i B
ol pmax - leg-wrvfy, —a
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Lemma E.1 The conjugate of
_ 12 1y 2
é(v,z).—%;(|vi|+5HJ(90+Z z)sz) ,
with respect to the variable z is given by

- _ 1,1 1 2 1
- T . _ 1/2 1/2 -1 2
(v;q) .—51z1p q z-l(v;z)=—(2 / Go,q)+§(gH2 2y qsz T ”'UHzl )+_% HU“E2 .

We refer to Section E.5 for the proof of this lemma. Plugging in for 7 from Lemma E.1 in the
AO problem we arrive at

: B B
0l o ax —mlag-wervl, —a)Ehig .
1/2 e 15v1/2 ”él L 2
(E.13) + (=16, q) ( |71 ], - )+ o o1z,

Optimization over g: To simplify the AO problem further, we next focus on maximization
over q. Consider the change of variable §:= J~'3'/2q and keep only the terms in the AO
objective which involve q.

ol
ll, n /+

I IRt
+<00,Ja>—5(g||qnez—7)+

£h+q

Vd

ﬁdm » 1274

+(Z 1/200’(1 __( HJ 121/2
£

max —
q

=max —«
q l
o || B 1/2 aTy 11, lvll,, \2
_ S R N Ol ——+0,J “~(Z1q), - Bla
%f%i‘?i 274 || Vd 6o 2 (00, 74) 2(€”q||£2 n )+

2
B s 12 5g - q21/200

NG
arg 11 vl y2
-5 (Gl - =)

We next maximize over g by introducing a new dummy variable y for |g],, . This brings us to
the following problem

(0%
= max ———
g0sr, 27,

T, 2 15}
+ i “21/290“82 _ (_h’21/200>

Vd

2

2

B 11 vl N2
Zz"‘é(g’}/— Ung )+

—h 2 1/2J~_ Tq 21/20
Vi o

subject to [ gll,, =~

(E.14) min ——
q.0<y 27y

We continue by the following lemma and refer to Section E.5 for its proof.

Lemma E.2 Let H € R pe invertible and r € R%, ¢y, c1 € R. Consider the following opti-
mization problem:
2

- 1,1
(E.15) I%1<n —||H —'r'||€2 2(57—cl)+

st @y, =~
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Define
A
(E.16) Q(H,r,v)=sup E(TT(HHT+/\I)’1T—72).
A>0

Then, the optimal objective value of (E.15) is given by

1,1 2
i H (=r-e1) .
min coQ( 77’,’Y)+2(€’Y 01)+

Using Lemma E.2, the optimal value of (E.14) is given by

2
1 v
min —Q(E 127, Tq21/20 —ﬁh,’y)+§(z—— “El) :
+

720 T, Vd 5 n

Therefore, by substituting in (E.12) the AO optimization can be simplified as

B o -1/2 7 Ta1/2 B

— - -—Q(X"°T, =X70y - —=h
0<(];I<1}£1a7v 0<B<K§;0<7 . \/E ”Oég w + U”@g TqQ( ) o 0 \/a 77)

T, 2 B arg Ly vl,\2 1 2

E.17 + L2120, - (—=h,=?20)) - —L - (L1 -—2) +— .
(E17) o [Z260], - (=h =100 - S0 - (D= =) ol

Before proceeding further with our simplification of the AO problem, let us state the following
lemma which is used to discuss the convexity-concavity of the objective and justification of
changing the order of maximization and minimization. We refer to Section E.5 for its proof.

Lemma E.3 The function

g

1 T,
= —Q(2 V2, 4xY%0y - —h
f(’YMBaTq) TqQ( 705 0 \/E 7’)/)7

is jointly convex in the variables (v, %, T4)-

As a result this lemma, the objective (E.17) is jointly concave in (v, 3, 7,). Also recall that
since ¢ was concave the objective (E.12) was jointly convex in («,v). Since maximization
(with respect to direction of q) preserves convexity (pointwise maximum of convex functions
is convex), therefore the objective (E.17) is jointly convex in («,v).

Therefore, by another use of Sion’s min-max theorem, we can change the order of min and
max in (E.17) and write it equivalently as

i _ Y o112 Tq21/2 B
0<B<K5,O<fy,7—q 0<£I<l}£l K)J \/_Hag w+UHE Q( J 0 \/Eh’FY)
T, 2 1 arg 1y vl \2 1 2
E.18 +-—L|x?g - —(Bh, 2?0,y - —2 (L) L — .
( ) 20 H 0HZ2 \/E</6 ) 0> 92 2(8 n )+ m HUHZQ

We next focus on minimization over v. Keeping only the terms in (E.17) that depend on v
we have

2
1 1 v
min £\|ag—w+v||£ +— |vl? __(Z_u)
v 2
+

\/E om ” ||€2 2\ ¢ n

B o PBrgn 1o 1 (m )2
E.19 = min — |lag—-w+v|, + +— v v .
B19) = min o lag-wolf e ool - (T el ).
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Recall the definition of the Moreau envelope function of a function f at a point  with
parameter i,

1 2
NE — |l - + )
es(a:p) =min oo —vl7, + /(0)
and define
]. 2 ]. n 2
(E.20) Fo)= 5 1ol = 5 (= ol )2

Note that f(v;~) is convex in v (since —/(v;q) was convex in v). Thus, (E.19) can be
rewritten in the more compact form
1

(E.21) min —ey ('w—ag;
7420 M

35

We next invoke the result of [46, Lemma 6.3] which gives a characterization of the Moreau
envelope function e (x; /).

Lemma E.4 ([46, Lemma 6.3]) Consider the function f given by (E.20). Then,
1 2 .
ef(x;p) = m ”5'9”@2 HgglGn(w;P,%V),

where
1 1 (n 2

1 st
570 T 3 (27 1 IsT@
and ST (x;v) is the soft-thresholding function defined as

Ti— A, O x> A

[ST(z;v)]; =40 if |z <A,
Ti+ A 0f  x; <=

for each coordinate i. Furthermore, e¢(x;T) is strictly convex in .

(E22)  Gn(w;p,,v)= |& - ST(a:0)[}, -

Using this characterization in (E.19) we get

2
B L2 1y vl
min — [ag-w+v|, + — v, -5|=--—
%
N

Vid 2n ” H@ 2\e n
1
=min —€f ('w - Qag,; E) + @E
7320 M ﬁ 2 d
. Prgn 1 B 1
E.2 = _
(E.23) min = d+n2(7'g+5) |w ag||g +nm1nG n(w— ag,B,%V)
Next by plugging (E.23) in (E.18) we arrive at the following AO formulation:
; o -1/2 7 Ta1/2 B Tq /29 2 97q
-—QQXJ, =30y - —=h — ||%77“0 -—
Osﬂsrlr(l[if)(s'y,rq Ogadrgal%grg,y TqQ( " o 0 Nz )+ 20 H OHZ2 9
1 By n g1 9
E.24 - —_(Bh,x'%g, L _
(E.24) fw 200)+ S s =gl
(E.25) += G (w-ag; -2 3 ,’y,y)

Recall that the problem (E.19) was jointly convex in (v,a,7,) and (E.18) jointly concave
in (B,7,74). Since partial minimization preserves convexity we therefore conclude that
the objective (E.24) is jointly convex in («,7,) and jointly concave in (/3,v,7,) (after the
minimization over v > 0 has been carried out).
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E.2. Convergence analysis of the AO problem

E.2.1. Pointwise convergence We next derive the pointwise limit of the AO objective in
the asymptotic regime that N /d — )1 and n/d — 19, as n — co.
Recalling the definition of 6y from (E.2) we have

2 2
251 ”5”22 tra
d
where we used the fact that the distribution of W is rotationally invariant. By our assumption

—1.Let 0< sq,...,sn denote the eigenvalues of W W . By invoking the definition of
A g y g
3. from (E.2) we have

HEW@OHZ 2 HE_WW/BHZ - ce(WTSW),

2 2
2
HEl/QGOHZ = M#IT”B“@trace(WTE_IW)
2
_ 1/’1#% ||6||e2 Zd: Si
N pisi+
2
¢1M2||5||2 d q 27,2 2 2
(E.26) P e s L 1_% _>¢1(1+“—§S(—“—§;w1)),
N i=1 H1 si+ py/ 1 M7 M1

in probability where S(z) = [ 2 () 45 is the Stieltjes transform of the spectral density p of the

zZ=S
matrix W W T. The formula for S(z) is given in Proposition F.2 and since it is a function of
11, we make this dependence clear in the notation and write S(z;17) henceforth.

Since for our activation i = % and 9 = 4 /% - %, this simplifies to
2 2 2
E.27 »!/%9 (1+ 1-2)s(=-1; )
(E.27) [ 0He2—>w1 ( 7T) (W %)
in probability. This together with (E.2) implies that
- 2 2 2
£28)  o*=7"+[Bl7, - [ =726, -+ 10 (1 +(1-2)s(= - 1;¢1)) .

™

We next note that since HEI/QHO ng =0(1), for h ~N(0,I) we have

1 1/2
E.29 —(h,x%0,) >0,
(E.29) ﬁ( o)~
in probability, as n — co. In addition, since g ~ N(0, I,,) and w ~ N(0,021,,), we have
1
(E.30) —lag-w|; - a®+0?,
n 2
in probability.
We next proceed by calculating the limit of the () function. By definition,
U B
QY2 g, Axt2g, - _p,
( ” 7 )
Csup 2 —(221/200 _ B Tz oy (Tesiirg, - Py - y2:|
0 2| « \/8 « \/a
(E.31)

A Tq B «1/2,\T/ 72 -1,7q B «1/2 2]
=sup —[(—=X0y-—=X"*h) (J +AX —=30y- —=X"°h) - )
Azg 5 -(a 0 Nz ) ( ) (a 0 Nz )=
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We compute the limit of the rlght hand side for any fixed value of A > 0. First note that since
H(E_I/QJQZ 12 1 \I)" 1H = Op(1) and by invoking (E.29), the cross terms vanish in the
limit and we have

B

lim (253120, - 2 p)T(m-12 72512 4 1) (Tesii2g, - Pop,
Jim (=~ Vi ) ( ) (g 0= )
(E32)
2
= lim —0 oEV2(=T12g2m 2 L A TIRY20) + lim %hT(z—l/Qﬂz—W + M) 7Lh.
n—oo a n—oo

We treat each term separately. Plugging for 8, from (E.2) we have

lim 921/2(2 12 725312 . \1)715129 = lim (B22)28TW T (J2 4 \2) "W 3
n—oo a

—>00a

1
(E.33) - lim (M)Qgtrace(WT(JQ )W),
(6

n—oo

where in the last step we used the fact that the distribution of W is rotationally invariant and

181, — 1.
Similarly since h ~ N(0, Iy) we have

2 2
lim %hT(z—lﬂJ?z—W+AI)—1h:T}Ln§° %(21/2@2 +AX)7'nY2 haT)

2
(E.34) = lim %traee(ZI/Q(J2 +AX)Im2),
Combining (E.33) and (E.34) into (E.32) we get

lim (£ x'29, - h,T s 1229712 )1 i1/29, - B
nm( N7 ) ( ) ( Nz

(E.35) - lim trace{(J2+)\Z)_1((%)2$WWT+ﬁ—E)},

= h)

n—soo d

where we used that trace(AB) = trace(BA) for any two matrices A and B.

To calculate the limit on the right-hand side of (E.35), we use Proposition F.3 on the
spectrum of inner product kernel random matrices.

Since |[W | = O,(1) we also have H (M2 IWwT + %ZEH =0,p(1) and as an immediate
corollary of Proposition F.3, in (E.35) we can replace J? with K since they have the same
spectrum. This brings us to

lim (-2 %129, - h T(= 1225712 4 A1) 321/20 —ﬁh

nm(a Vi ) ( ) ( 7 )
2

= lim trace (K+A2)—1((“1Tq) 2wwti 2 =)

n—o00 (e} d d
(E.36)

1 1 2 T (1 2\ 7\ ! /‘%qu 2 2 T 522
= lim ~trace ((Z+AMI)WW +(Z+)\u2)1) ((?w B)WwW T B

Note that the latter only depends on the spectral density of W W T and can be written in terms
of its Stieltjes transform.
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By law of large numbers and with simple algebraic manipulations it is easy to see that for
any constants by, b1, co,c; we have

1 Mbgsi+by by bo—bi
E.37 1 bositbr b P0e TP |
( ) ]\TZ-;COSZ._FC1 - o o ( Cl/CO ¢1)

with S(#;4);) representing the Stieltjes transform of the spectral density of WWT.
Using this with (E.36) we obtain

T g - - 17 p
lim (25120, - ——h) (=12 722 12 L A1) (L2129, - —=h
nl_)l"{’lo(a 0 Nz ) ( ) (a 0 Nz )
(E.38)
4¢1 I’LlT 2 2 wl N%T(? 2 9 1+4)\/,L2 2 9 1+4)\M2
— S|{-—— .
RSV e ar ) 1 I ("o +ﬁ“)(1+4A 2) 5 5( - 1+ 2’1/’1)
By combining (E.38) and (E.31) we get
JLIEOQ(E 1/2J q21/20 \fﬁh’,y)
(E.39)
A 4y el 5 Ay (TS o o/l AMEEN o o 1+ 4232
= — — ] - S .
s 3| o) R (T - s(- )
Plugging form:%and;@: % 2— we have
: 127 Tasieg B
(E.40) Jim QAT 200~ =) < F(TE6,017)

with the definition
(E41)

F(avbawla,}/) Sup

pYi 2 A 202 2 A A
2(1 + )\){a2+b2 ((- 2155 (1+>\))S(7r1+)\ ,1/)1)} 2

By the change of variable \ =
(E.42)

wal 2 32 2 2 2(1—5\)52 25 } A 2
F(a,b,¢1,7) = lat+b+ ==X+ ———)5(=A-1L; - 3
((l wl ’7) Osgl:iljl 2 {CL ((I ( T ) T ) (7'[' ﬂ)l) 2(]_ - )\)7

n )\, the function F can be written as

We next proceed to characterize the limit of %Gn(w - ag; %’ ,7,v). To this end, we recall the
result of [46, Lemma 6.4].

Lemma E.5 Let u € R" be a Gaussian random vector distributed as N(0,w?I,,). Then,

(E.43)

1 2 2 2
lim ——— [u-ST(u; )2 = ——[[1- \/jiew :
n=eo 2np(p+1) > 2p(p+1) ™w

(E.44)

2

1 2 2 1 1 2 .2
lim —(n*y—— IST (w;v)|, ) - 1(p+1) Yt =Y —\/je_mﬂ .
n—oo 202 \ € v, 2(p+1)2 Ew w V2w T .
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Therefore, by (E.22) we have

1 2 2 2 2 1
lim —G,(u;p,v,v)= v 1—\/jze_2w2 Y N P
n—oo N 2p(p+ 1) W w? 2w
2
2 2
v v(p+1) +Z-erfc LZ —\/26_2’;2 .
2(p+1)2 Ew w V2w T .

Furthermore,

1
min lim —G,(u;p,v,v)
v>0 n—oo

0 ifvy(p+1)< \/gaw
= G(w7p77) = w? v* 77(£I1),p . .
2p(p+1) (erf( ( 2 )) - 7(5:31)’/ (7(551)70)) fy(p+1)> \/gw

where v*(a, p) is the unique solution to

1 v 2 .2
a——u—y-erf(—)—\/je 2 =(.
p V2 ™

Combining (E.27), (E.29), (E.30), (E.40), and Lemma E.5, we obtain the following scalarized
AO problem:

(6% T T T,
i -—F(2 242412y 4
ep B o B = F(TLB) + gr (P10 -
By B 2, 2 T,
E.45 +—hg+ ———— (0 + +G 24022 ~),
(E45) 3 Vet o (o e+ 6(VaTra%i29)

where 02 =72 +1 -1, (1 + (1 - %)S(% - 1;1/11)).
We conclude this part by a lemma on the convexity-concavity of the above scalarized AO
problem and the uniqueness of the solution to the AO problem.

Lemma E.6 (Strict convexity and uniqueness of the solution) The objective function (E.45)
is strictly jointly convex in («, 74) and jointly concave in (§3,7,7q). Also the solution (o, %’—:)
to this problem is unique.

We defer the proof of Lemma E.6 to Section E.5. This concludes the proof of Theorem 4.2(a).

E.2.2. Uniform convergence In Section E.2.1 we showed that the objective function in
(E.24) converges point-wise to the objective function in (E.45). However, for our goal we need
to show that the minimax solutions of the converging sequence of the objectives in (E.24)
converges to the minimax solution of the AO objective in (E.45), denoted by R (v, 74, 3,7, 74).

Convexity/concavity of R plays a crucial role here since it is being used to conclude local
uniform convergence from the point-wise convergence.

This can be shown by following similar arguments as in [86, Lemma A.5] that is essentially
based on a result known as “convexity lemma” in the literature (see e.g. [54, Lemma 7.75]) by
which point-wise convergence of convex functions, of a finite number of variables, implies
uniform convergence in compact subsets. Since the argument here is general, we leave out a
detailed discussion and refer to [86, Lemma A.5].
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E.3. Proof of Theorem 4.2(b) In Proposition 6.8 we gave a characterization of AR,;;. We
first provide an alternative characterization in terms of the equivalent model of (E.2).
Recall the key quantity a from Proposition 6.8, given by

Z +(3-5) 1612

2
We claim that a® = 0% + HEl/ 2(0-6y) H ,,- To see this, we expand this expression as follows:

1
(E.46) al=712+ 5WTQ -3

o® + [ 120 -00)|; =0 +(0.56) + (05, 56,) — 2(0. £6)
=o? i3 [WTO[, +1316]7 + 128 WS W B - 2 (W. 8.6)
— o WO Bl - 1812 + k31612, + 138TW TS W
-2 |l WTo- B2 <3617,

where we used the definition of 3, 8y and o2 as per (E.2). The claim follows by recalling that

for the shifted Relu activation, u; = % and p9 =4/ % - %
By the above characterization of quantity a we obtain

(E.47) a*=0+ |Z2(8-00)]; .

We next note that by definition of the variables in the AO problem, we have z = X/2(8 - ;)
and o = |z, . Therefore,

lim | %'%(0 - 6o)|,, = .
n—oo 2
Invoking the limit of o2 given by (E.28), we get
2 2
(E.48) lim a2=72+1—¢1(1+(1——)S(——l))mi.
n—oo T m

We next characterize limy, .o || J@],,. We will use the same AO problem to calculate this
quantity. R

Recall that Z = 31/ 2(0;1 - 6y) satisfies the following relation with q. the optimizer
in (E.13):

g. =argmaxq' - /(v;q),
q
where /(v; q) is the convex conjugate of /(v; z). Since conjugate of a conjugate function is
the function itself we then have
Z=argmaxgq, z - /(v; z)

z

(E.49)
= argmaxgq, z — L ||'vH§ - £ |, |T(60+ 2_1/2z)H - i |7 (60 + 2_1/2z)H2 .
=z 77 2pt T op L2 &

We consider two cases:
Case 1: HJ (6 + >l %) H ,, * 0. Setting derivative with respect to Z'to zero we obtain
2

£
=

o] 220+ 27 2)
n b

HJ(00+2—1/22~)H€ 522_1/2J2(00+2_1/22) 0.

q: —
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By rearranging the terms we write it as

-1
[,
J(0y+ 3’z L +e2| JxY?g,
(% 2 (nHJ(00+E ), g

By taking the ¢ norm of both sides and then solving for HJ(OO + 2_1/22) Hz , we get

_1/2~ T
(E.50) [7(60+=722)], = 5 [T =a ], - —|
Case 2: HJ(GO + 2712z He = 0. In this case, Z=—3'/26, and by comparing the objective
function of (E.49) at the optimal solution under case 1 and case 2, it is easy to verify that case
2 happens only when the right-hand side in (E.50) becomes negative. Therefore, the two cases

can be combined together in the following form:
1 2
oIl

So in order to get the asymptotic value of the left hand side we can work with the right-hand
side with v and v = HJ “Ixli2q, ' the optimal solutions of the AO problem.

In Lemma E.4 (which is a restatzement of [46, Lemma 6.3]), the Moreau envelop function
ef(x,p) was characterized. Following the proof of [46, Lemma 6.3], we can verify that the
optimal v is given by

Ly ..
(E.51) (671, J%65) =T (80 + 2~ 1/2A)H£2 (8—2HJ 15312,

1
v=—=-—ST(w-ag;v).
1+?g

Therefore, by invoking the relation (E.44) we have

2
1 2 2 +1 1 2 e

lim —(ﬁ — v, ) =Y 1(p+1) +v, -erfc| —v. —\/je‘”* ,

n—oc0 02 e (p+1)2 Ew V2 @ .

withw=Va?+02, p= %g, Ve = Uy (%,p) and v, (a, pt) the unique solution to the follow-

ing equation:
a—ly—y-erf(i) —\/26_”2 =0.
p V2 ™

Plugging the above relation into (E.51) we obtain

. 2 1 ?
t (853, 7°03) = lim (59 Jol,, )

n—oo

1 I n 2
2 2=l )

2 2
Y vp+1) + v, -erfc LV* —\/Ee_”*
e2(p+1)2 Ew V2 T

2
w? Wp+1) p+l - A(p+1)
e2(p+1)2 ¥ .

EW P EW
w? (1+p )2
Vs
e(p+1)2\ p 7/,

2

+
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w?v?

e2p

2

(a2+ot)?

22
_Bi(af +0?%)

- g2r?

Now by recalling the characterization (6.20) along with (E.52) and (E.47) we get the desired

result of (4.6).

(E.52)

E.4. Proof of Proposition 5.1 Recall the objective R (v, 74, 5,7, 7,). We start by consid-
ering the change of variable 7 = /e. Note that the term —\/(1 - )72 = =\/(1 - X\)e232 will
be dropped as it is zero. We next argue that v* = 0. The reason is that if the indicator in the

objective is inactive then the corresponding term is void, which is equivalent to v* = 0. If the

.. . . . . N (TetB) 2
indicator is active, since the problem is maximization over v, we deduce that N

which by the equation defining v* implies that v* = 0. Next, by straightforward calculatlon
and using definition of Stieltjes transform S, we have that the expression inside supg.y.q
is increasing in A and so we have that the optimal A — 1. Using these values, the objective
reduces to

aTy

R(a, Tg,ﬁ,Tq)——q(T +1-0 )—— %¢2+ B

2(1g+ )

—%{%+%ﬁ2+%(1—%)5(%—1;¢1)} .

(6% +a?)

Using the definition
2 2
2_ .2
=7"+1- 1+(1-—=)S(—-1; )
o=t el (14 (1-2)8( 2 - 1))
we can further simplify the objective as
v o _arg Py B
2 1, 2 2 2(1g+ )
Optimization over 7, can be done easily resulting in 7, = B+/11, which gives

B

(6% +a?).

R, 74, B) =—abBr\/11 + ¢2 20 B)(02+a2).
Tg+
Writing the stationary condition for o, 7, 8 we arrive at the following system of equations:
o
Y1,
Tg+ B
o?+a?
(E.53) { o= m,
Tgth2 T4 o +a?
- + 4+ — =
T S (e By

Solving the above system of equations we obtain a2 = o211 /(2 —1/1). Recalling that v*,
using Theorem 4.2 (b) we get the standard risk of the estimator to be

SR(0) = a? + o* :02(¢w—2w).
2 =1
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E.5. Proofs of the Auxiliary Lemmas

E.5.1. Proof of Lemma E.I We start by considering the following related but different
function

n

2
to(wi2) = — 5 (joil + 221, ) -
2n
7=1

As shown in the proof of Lemma 6.1 in [46], the conjugate of this function is given by

(q”z2 ~ lvl,, )2 1 ||'v||2
€ + 2n b

thwia) = -

Note that £(v; z) = £o(v; J (0 + 71/22)). We next use the result that if f(x) = g(Ax +x0)
then the conjugate of f can be written in terms of the conjugate of g as follows:

Fr(y)=—(A"o,y) + 9" (A Ty).
Using this result with 2o = J8y and A = JX~1/2 we obtain

- Lol _ lvl, (2 1
Uviq)=~(2"00.a) + (2|75, - =)~ -l

E.5.2. Proof of Lemma E.2 Consider a slightly different optimization than (E.15) where
the equality constraint is replaced by the inequality constraint | g],, <~

- 1,1 2
®34 a5 -l 5 (e,
st @]y, <

Due to this change, (E.54) is now a convex optimization. Denote by OPT; the optimal
objective value of the original problem (E.15) and by OPT; the optimal objective value of
the modified problem (E.54). We argue that OPT; = OPT,. Clearly OPT; > OPT3 because
(E.54) has a larger feasible set. Now suppose that this inequality is strict (OPT; > OPTy)
and let (gx,vx) be a solution to (E.54). Then we should have |, <. Consider the point
(@, |G| ,,) which is a feasible point for both optimization problems and so the objective

value at this point is at least OPT; and therefore strictly larger than OPTs. But this is a
2

contradiction because (%7 - cl) is non-decreasing in y > 0.
To characterize OPT,, we first focus on the minimization over g. The corresponding

Lagrangian with Lagrange multiplier % reads

2 Aco
supmqm D |HG-r|; -

(v ~lgl7)-
A>0

Solving the inner minimization, we have §, = (H ' H + \I)"' H"r and the dual problem
becomes

. 2 Ao 2
sup L. 7l - 20 (07 [l
A>0
T Aco 2

—sup [H (Hq,,—r)+)\q*]——r (Hg.-r)-—

A>0 2 2 2

A

=sup -~ (Hq,e—r)—ﬂfy2

A0 2



PRECISE STATISTICAL ANALYSIS OF ADVERSARIAL TRAINING 59

—sup 2T (H(HTH + M) "H" - I)r - @fy?
A0 2 2
A A
=sup ﬂ7’T(coHTH + A7 - ﬂ’}/2
A0 2 2
(E.55) =COQ(H7Ta’Y)'

By the Slater’s condition the duality gap is zero and hence by next minimizing over v > 0, we
obtain that the optimal value of (E.54) is given by

. 1,1 2
%121(1)1 coQ(H,r,v) + §(EV - 01) .

+

E.5.3. Proof of Lemma E.3 We first show that the function

_o(s2g Lsirzg o B
9(776)_Q(2 Jaaz 00 \/Ehapy)

is jointly convex in (7, 8). By the change of variable A = Ay, 8 = £/20y/a, H = X712,
this function can be written as

o5 s (@ ST ET 2070 Lo =)
gl d g d

A0 2 \/_ \/_
_ Mg BT T . Sn-1g. P gy
_szg 5 ((0 \/Eh) (yHH' ' +)\I)" (6 \/Eh) 7).

We show that for any fixed A > 0 the inner function above is jointly convex in (7,/) and since
the pointwise maximum of convex functions is also convex, we conclude that g(~, ) is jointly
convex in (v, 3).

The Hessian of the inner function reads

I _» = BT T -1/ B A C
Y 0-—h HH' +)XI) (6-—=h)-~v|= ,
2 %77 [( \/E ) (’Y ) ( \/E ) Y C B
where
A=hT(yHH" +\I)'h
5 2
B:= H (yHH" + M)V HHT(vHH" + \XI)"1(6 - =h)
vV g,
C:=h"(WHH" +\I)"'HH"(vHH" + \I)™'(0 - ﬁh) .
Vd
Here we repeatedly used the identity 8?—7—1 --K! %—fK ~1, for a matrix K.

To lighten the notation, we set M = (YHH ' + S\I)‘1 and v:=0 - %h. Using these
shorthands the determinant of the Hessian is equal to

[M'2h|, |MYV2HHT My|, ~(h" MHHT Mv)? >0,

using the Cauchy—Schwarz inequality. This completes the proof of g(, ) being jointly
convex in (v, 3).
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Next note that its perspective function is given by

B
Tq\/ah7 7'q)
B

1 T,
= —Q(z 1y, 42y~ _h
’TqQ( 70( 0 \/E 77)7

and therefore is jointly convex in (v, 8, 7,).

_ 1
qu(V/Tqaﬁ/Tq) = TqQ(E 1/2']7 521/290 -

E.5.4. Proof of Lemma E.6 As we discussed after (E.24), the objective function in (E.24)
is jointly convex in («,7,) and jointly concave in (3,7, 7,). Since convexity/concavity is
preserved by point-wise limits, the objective (E.45) is jointly convex in (¢, 7,) and jointly
concave in (3,7, 7,). To prove strict convexity in («a,7,), note that in our derivation we
wrote (E.19) (the part of the objective E.18 that involves v) in terms of the Moreau envelope
%ef ('w - ag; %‘7), cf. (E.21). As d — o0, its limit goes to the expected Moreau envelope. By
using the result of [86, Lemma 4.4] the expected Moreau envelope of a function is strictly
convex in R, g x R, without requiring any strong or strict convexity assumption on the function
itself. Therefore, the objective (E.24) (and so objective of (E.45) after taking point-wise limit)
is jointly strictly convex in (a, 7).

To prove the uniqueness, note that maxo<g .-, R(, 7y, 3,7,7,) is strictly convex
in (o, 7y). This follows from the fact that if f(x,y) is strictly convex in @, then
max, f(x,y) is also strictly convex in . We next use [86, Lemma C.5] to conclude that
min,, .o Maxo<s -, R(a, 7y, 3,7,7,) is strictly convex in o > 0.Therefore, its minimizer over

a 20 is unique. By a similar argument, we show that E* is unique. Consider the change of

variable 7, — 74 = T—é’ Then part of the objective (E.24) that depends on 7, can be written as

B27,n 11

. Brn 1
2 d 27, +1)n

—+—er(w-ag;7),
2 d nef( a9 79)

2 1 .
lw - agly, + EGn(w —Qag;Tg,V,V) =

using (E.19). As explained above, this converges to the expected Moreau envelope, which
is strictly convex in 7,. Following by the same reasoning for «, one can show that
MiNgs0 MAX0<f,y,7, R(a, Ty, B,7,7q) is strictly convex in 7, > 0.Therefore, its minimizer
over 74 > 0 is unique.

APPENDIX F: SOME USEFUL LEMMAS

Here we state some of the technical lemmas that are used in deriving our analytical results.
The first lemma is about the Stieltjes transform of the Marchenko-Pastur distribution.

Definition F.1 The Stieltjes transform S,(z) of a measure of density p on a real interval I is
the function of the complex variable z defined outside I by the formula

5,,(,z)=f1”('5_)(t175 2eC\I.

z

Lemma F.2 Suppose that W € RNV*? has rows drawn independently from unit sphere. As
N,d —» oo and N|[d — 1)1, the spectral density of WWT converges (in weak topology in
distribution) to the Marchenko-Pastur distribution with Stieltjes transform given by

—pr—z2—/(1-¢1 - 2)2 —dah12
—21/112: ’

S(zi) = 2

for z <.



PRECISE STATISTICAL ANALYSIS OF ADVERSARIAL TRAINING 61

Proof We refer to [2, page 52] for the proof of this proposition. [ |

The next lemma is about the spectrum of matrix J given by

7r—cos—1(WWT)))”2 |

(E1) J= (WWT) o o

Lemma F.3 Suppose that W € RN*? has rows chosen randomly and independently of data
form the unit sphere, Unif (S4=1). Let J be given by (F.1) and suppose that N |d — )1 € (0, o),
as n — oo. Then, the matrix J? can (in probability) be approximated consistently in operator
norm by the matrix K given by

1
K= Z(WWT+I).

In other words,

J? - KH — 0, in probability, when n — oo.

Proof The claim follows from the result of [26, Theorem 2.1] about the spectrum of inner
product kernel random matrices, specialized to matrix J?2. Specifically, let f(z) = z(m -
cos™1(2))/(2n). Then ij = f(w; w;). By employing [26, Theorem 2.1], the kernel matrix
J? can (in probability) be approximated consistently in operator norm by the matrix K, given
by

K= f(0)117 + f(O)WWT +(f(1) - f(0) - f'(0))1.

For our specific f we have f(0)=0, f(1)=1/2, f'(0)=1/4. [ ]
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