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Abstract

As a certified defensive technique, randomized smoothing has received considerable
attention due to its scalability to large datasets and neural networks. However,
several important questions remain unanswered, such as (i) whether the Gaussian
mechanism is an appropriate option for certifying ¢>-norm robustness, and (ii)
whether there is an appropriate randomized (smoothing) mechanism to certify ¢.,-
norm robustness. To shed light on these questions, we argue that the main difficulty
is how to assess the appropriateness of each randomized mechanism. In this
paper, we propose a generic framework that connects the existing frameworks in
[1L 2], to assess randomized mechanisms. Under our framework, for a mechanism
which can certify a certain extent of robustness, we define the magnitude (i.e.,
the expected /., norm) of the random noise it adds as the metric for assessing
its appropriateness. We also derive lower bounds on the metric for the /3-norm
and /..-norm cases as the criteria for assessment. Based on our framework, we
assess the Gaussian and Exponential mechanisms by comparing the magnitude
of noise added by these mechanisms and the corresponding criteria. We first
conclude that the Gaussian mechanism is indeed an appropriate option to certify
{5-norm robustness. Surprisingly, we show that the Gaussian mechanism is also an
appropriate option for certifying ¢.,-norm robustness, instead of the Exponential
mechanism. Finally, we generalize our framework to £,-norm for any p > 2. Our
theoretical results are verified by evaluations on CIFAR10 and ImageNet.

1 Introduction

The past decade has witnessed tremendous success of deep learning in handling various learning tasks
like image classification [3]], natural language processing [4], and game playing [S]]. Nevertheless, a
major unresolved issue of deep learning is its vulnerability to adversarial samples, which are almost
indistinguishable from natural samples to humans but can mislead deep neural networks (DNNs) to
make wrong predictions with high confidence [6} [7]. This phenomenon, referred to as adversarial
attack, is considered to be one of the biggest threats to the deployment of many deep learning
systems. Thus, a great deal of effort has been devoted to developing defensive techniques against it.
However, the majority of the existing defenses are of heuristic nature (i.e., without any theoretical
guarantees), implying that they may be ineffective against stronger attacks. Recent work [8} 9, [10]
has confirmed this concern by showing that most of those heuristic defenses actually fail to defend
strong adaptive attacks. This forces us to shift our attention to certifiable defenses as they can classify
all the samples in a predefined neighborhood of the natural samples with a theoretically-guaranteed
error bound. Among all the existing certifiable defensive techniques, randomized smoothing is
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becoming increasingly popular due to its scalability to large datasets and arbitrary networks. [1]
first relates adversarial robustness to differential privacy, and proves that adding noise is a certifiable
defense against adversarial examples. [2]] connects adversarial robustness with the concept of Renyi
divergence, and improves the estimate on the lower bounds of the robust radii. Recently, [[11]]
successfully certifies 49% accuracy on the original ImageNet dataset under adversarial perturbations
with £ norm less than 0.5.

Despite these successes, there are still several unanswered questions regarding randomized (smooth-
ing) mechanisms{ﬂ One such question is, why should we use the Gaussian mechanism for randomized
smoothing to certify f5-norm robustness, or is there any more appropriate mechanism than the
Gaussian mechanism? Another important question is regarding the ability of this method to certify
{so-norm robustness. If randomized smoothing can certify /,,-norm robustness, what mechanism
is an appropriate choice? All these questions motivate us to develop a framework to assess the
appropriateness of a randomized mechanism for certifying £,-norm robustness.

In this paper, we take a promising step towards answering the above questions by proposing a generic
and self-contained framework, which applies to different norms and connects the existing frameworks
in [1}12)], for assessing randomized mechanisms. Our framework employs the Maximal Relative Rényi
(MR) divergence as the probability distance measurement, and thus, the definition of robustness under
this measurement is named as Dy, r robustness. Under our framework, we define the magnitude (i.e.,
expected { ~, norm) of the noise required by a mechanism to certify a certain extent of robustness as
the metric for assessing the appropriateness of the mechanism. To be specific, a more “appropriate”
randomized mechanism under this definition refers to a mechanism that can certify a certain extent of
robustness with “less” noise. Given this definition, it is natural to define the assessment criteria as the
lower bounds on the magnitude of the noise required to certify £,-norm (D) r) robustness, in that
we can judge whether a mechanism is an appropriate option based on the gap between the magnitude
of noise needed by the mechanism and the lower bounds.

Inspired by the theory regarding the lower bounds of one-way marginals in differential privacy
models, we prove lower bounds on the noise required for certifying ¢5-norm and ¢.-norm Dy r
robustness for arbitrary randomized mechanisms. We demonstrate that the Gaussian mechanism is an
appropriate option by showing the gaps between the required Gaussian noise and the lower bounds
are only O(+/log d) for both ¢3-norm and ¢.-norm, where d is the dimensionality of the data. Note
that this gap is small for datasets like CIFAR-10 and ImageNet, which indicates that the Gaussian
mechanism is an appropriate option for certifying £5-norm or ¢,-norm robustness. Moreover, we also
show that the Exponential mechanism is not an appropriate option for certifying £.,-norm robustness

since the gap scales in O(\/E) To summarize, our contribution is three-fold:

e We propose a generic and self-contained framework for the assessment of randomized
mechanisms induced by a new definition of robustness, namely D, r robustness, which
connects the existing frameworks such as [1]] and [2].

e We define a metric for assessing randomized mechanisms, i.e., the magnitude of the noise
required to certify robustness, and we derive the lower bounds on the magnitude of the noise
required by arbitrary randomized mechanisms to certify ¢5-norm and ¢.,-norm robustness
as the criteria for the assessment. Also, we extend this framework to £,-norm for any p > 2.

e We assess the Gaussian mechanism and the Exponential mechanism based on the metric
and the lower bounds (i.e., the criteria). We first conclude that the Gaussian mechanism
is an appropriate option to certify £2-norm robustness. We also show that the Gaussian
mechanism is an appropriate option for certifying ¢,,-norm robustness, instead of the
Exponential mechanism.

Due to the space limit, all the omitted proofs and some experimental results are included in the
appendix in the Supplementary Material.

2 Related Work

To our knowledge, there are three approaches to certify adversarial robustness standing out recently.
The first approach formulates the task of adversarial verification as an optimization problem and
solves it by tools like convex relaxations and duality [[12}[13|[14]]. Given a convex set (usually an £,
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ball) as input, the second approach maintains a convex outer approximation of all the possible outputs
at each layer by various techniques, such as interval bound propagation, hybrid zonotope, abstract
interpretations, and etc. [15,116} 17,18} [19]]. The third approach uses randomized smoothing to certify
robustness, which is the main focus of this paper. Randomized smoothing for certifying robustness
becomes increasingly popular due to its strong scalability to large datasets and arbitrary networks
[} 204 (114 12} 21]]. For this approach, [1]] first proves that randomized smoothing can certify the ¢
and ¢, -norm robustness using the differential privacy theory. [20] derives a tighter lower bound on the
£o-norm robust radius based on a lemma on Renyi divergence. [[11] further obtains a tight guarantee
on the ¢5-norm robustness using the Neyman-Pearson lemma. [22]] proposes a new framework based
on f-divergence that applies to different measures. [21]] combines [11] with adversarial training, and
[23] extends the method in [[L1] to the top-k classification setting. We note that, compared with
[L1], the frameworks proposed in [} 2] are more general. In the following, we briefly review the
basic definitions and theorems in the frameworks of [1, 2], which helps us demonstrate the inherent
connections between our framework and those two frameworks.

3 Preliminaries

In this section, we first introduce several basic definitions and notations. In general, we denote any
randomized mechanism by M (-), which outputs a random variable depending on the input. We
represent any deterministic classifier that outputs a prediction label by f(-). A commonly-used
randomized classifier can be constructed by g(-) = f(M(:)). We denote a data sample and its label
by x and y, respectively. An £,-norm ball centered at x with radius r is represented by B, (x, r). We
say a data sample x’ is in the B, (x, r) iff || x’ — x ||, < r. Next, we can detail the frameworks in [1]]
and [2], i.e., PixelDP and Renyi-Divergence-based Bound.

PixelDP To the best of our knowledge, PixelDP [1]] is the first framework to prove that randomized
smoothing is a certified defense by connecting the concepts of adversarial robustness and differential
privacy. The definition of adversarial robustness in the framework of PixelDP can be stated as follows:

Definition 1 (PixelDP [1]) For any x, and x' in the B, (x,r), if a randomized mechanism M(-)
satisfies

VS C O,P(M(x) € S) <ePM(x') € S)+34, (1)
where O denotes the output space of M(-). Then we can say M(-) is (¢, §)-PixelDP.
[L] connects PixelDP with adversarial robustness by the following lemma.

Lemma 1 (Robustness Condition [1]]) Suppose G(-) is randomized K-class classifier defined by
G(x) = (G1(x), ..., Gk (x)) that satisfies (€, )-PixelDP (in B, (x,)). For the ground-truth class
Y if

E(G,(x)) > ¢ max B(G: () + (1 + )3 @
[REIT
then the classification result (E(G1(x)), ..., E(Gk(x))) is robust in B,(x,7), i.e., VX' € By(x,7),
argmax; E(G;(x)) = .

Note that the definition of the randomized classifier G(-) is different from the definition of ¢(-) since
the output of g(-) is a scalar not a vector (prediction label). g(-) is more popular in the follow-up
works such as [2, [11]. [[I] mainly utilizes two mechanisms, i.e., Laplace mechanism and Gaussian

mechanism, to guarantee PixelDP. Specifically, adding Laplace noise (i.e., p(z) = 2% exp (fl—z‘)) to
the data samples can certify (e, 0)-PixelDP in B (x, be) for any x, and adding Gaussian noise (i.e.,
1 2 ge

p(z) = oy XD (—552)) can certify (e, §)-PixelDP in Bo(x, e

) for any x.
Rényi Divergence-based Bound [2]] proves a tighter estimate (compared with [[1]]) on the robust
radii based on the following lemma.

Lemma 2 (Rényi Divergence Lemma [2]) Let P = (p1,po, ..., px) and Q = (¢1, G2, ..., gk ) be two
multinomial distributions. If the indices of the largest probabilities do not match on P and @), then



the Rényi divergence between P and Q, i.e., D, (P)| |Q)E] satisfies

1 — — T
Do (P||Q) = —log(1 = p) — pr2) + 2(5(29(11) + "))

where p(1y and p(s) refer to the largest and the second largest probabilities in {p;}, respectively.

If the Gaussian mechanism is applied to certify £5-norm robustness, then we have the following
bound of the robust radii.

Lemma 3 ([2]) Ler f be any deterministic classifier and g(x) = f(x+2) be its correspond-
ing randomized classifier for samples x € RY, where z ~ N(0,0%1,). Then Vx' € B,(x,7),
argmax, P(g(x) = y) = argmax,, P(g(x') = y'), i.e,, g(-) is robust in B,(x,r), and the {5 robust
radii r that could be certified is given by
202 1 .
2 11—« l—a\\1=5

r® < sup —= =log(l = pa) — P + 25 ()" +P)")) - 3)
p(1) and p(o) refer to the largest and the second largest probabilities in {p; }, where p; is the probability
that g(x) returns the i-th class, i.e., p; = P(g(x) = ).

4 Framework Overview

In this section, we present a generic framework based on the Definition and {4 for assessing
randomized mechanisms. According to Deﬁnition our framework applies to any £,,-norm. More-
over, we show that our proposed framework connects the existing general frameworks in [1, 2] by
Theorem 1| & [.2] Also, we note that it is difficult to involve the framework in [I1] since [I1]
restricts the additive noise of the randomized mechanism to be isotropic such as Gaussian noise,
while in our framework, we do not need to specify the type of additive noise.

4.1 Main Definitions

Under our framework, the definition of adversarial robustness is induced by maximal relative Rényi
divergence (MR divergence), namely D ;g robustness, so we start from introducing the definition of
MR divergence.

Definition 2 (Maximal Relative Rényi Divergence) The Maximal Relative Rényi Divergence
Dy r(P||Q) of distributions P and Q) is defined as
D, (P
Dyr(P|Q) = max wv “4)

a€(1,00) «

where D, (P||Q) is the Rényi Divergence between P and ). Using D as the probability measure,
we can define adversarial robustness as follows:

Definition 3 (D), z Robustness) We say a randomized (smoothing) mechanism M(-) is (r, Dy, ||-
|| p, €)-robust if for any x

Vx' € B,(x,7), max{Dyr(M(x), M(x")), Dy p(M(x"), M(z))} <. )
If a randomized smoothing classifier g(-) satisfies the above equation, we can say it is a
(r,Dumr, || - ||p, €)-robust classifier or it certifies (r, Dyg, || - ||p, €)-robustness.

A property of D g robustness we use throughout this paper is its postprocessing property, which
can be stated as follows:

Corollary 1 (Postprocessing Property) Let g(x) = f(M(x)) be a randomized classifier, where
f(-) is any deterministic function (classifier). g(-) is (r, Dyrr, || - ||, €)-robust if M(-) is (r, Dyrr, || -
||, €)-robust.

This postprocessing property can be easily proved by D,(f(M(x))|f(M(x))) <
Dy (M(x)||[M(x')) for any o € (1,00) [24]. This property allows us to only concentrate on
the randomized mechanism M -) without considering the specific form of the deterministic classifier
f(-), and therefore makes the framework applicable to an arbitrary neural network.

*For av € (1,00), Do (P||Q) is defined as Do (P||Q) = =15 logEINQ(gEg )<




4.2 Connections between D, robustness and the existing frameworks

The framework defined by Definition [2] & [3is generic since it is closely connected with the existing
ones [} 2]. Here we demonstrate the connections by the following two theorems.

Theorem 4.1 (D, Robustness & PixelDP) If M(-) is (r, Dirrg, || - ||p, €)-robust, then M(-) is
also (€ + 2+/log (1/6)e, §)-PixelDP.

We note that the opposite of Theorem [.1]holds only when § = 0, which indicates our framework
is a relaxed version of the PixelDP framework. But this should not be a surprise since most of
the following frameworks [2, [11, 22]] can somehow be considered more relaxed than the PixelDP
framework and thus yield tighter certified bounds. Similarly, our framework can provide the same
bound on the robust radius as in [2], which is tighter than the bound in [1] (Theorem @])

Theorem 4.2 (D,;r Robustness & Rényi Divergence-based Bound) If a randomized classifier
g(-) is (r,Dug, || - ||p, €)-robust, then we have Vx' € B,(x,r), argmax, P(g(x) = y) =
argmax,, P(g(x’) = y’) as long as

1 1 1, eyl
€< SL;]%) - log(1 — p1) — pe2) + 2(5(1’%1) ' +Pég) ))T==), (6)

where p(1) and p2) also refer to the largest and the second largest probabilities in {p; }, and p; is the
probability that g(x) returns the i-th class, i.e., p; = P(g(x) = ). Based on the above theorem, we
can derive the same /5 robust radius as in Lemma[3][2]]. We will detail how to derive the £5 robust
radius in Section

An interpretation of Theorem @] and@] is that, as long as we can use a randomized mechanism
with a certain amount of noise to certify D, i robustness, we can use the same mechanism with the
same amount of noise to certify PixeIDP and the Rényi Divergence-based bound. Thus, Theorem [4.1]
and [4.2]indicate the assessment results based on the metric defined in Section .3]is very likely to
generalize to the other frameworks.

4.3 Assessment of Randomized Mechanisms

Since there are infinite randomized mechanisms, a natural problem is to determine whether a certain
randomized mechanism is an appropriate option to certify adversarial robustness. However, we note
that all the previous work [2} [11} 21]] overlook this problem and assume the Gaussian mechanism
to be an appropriate mechanism for certifying ¢5-norm robustness without sufficient assessment.
While in this paper, we attempt to provide a solution to this problem under our proposed framework.
Specifically, we define a metric to assess randomized mechanisms as follows:

Definition 4 Specify a p-norm, a robust radius r, and an epsilon €, the magnitude (expected { .-
norm) of the noise required by a randomized mechanism M(x) = x + z to certify (r, Dyr, || - ||p; €)-
robustness is defined as the metric to assess the appropriateness of M(-).

We define this metric for assessing randomized mechanisms because the accuracy of neural networks
tends to decrease as the magnitude of the noise added to the inputs increases. Note that if the
magnitude of the noise required for a randomized classifier is too large, the accuracy of its predictions
on clean samples will be very low, then robustness will be uselessﬂ Given the above metric, we also
need criteria to assess the (relative) appropriateness of a randomized mechanism. In this paper, we
employ the lower bounds on the magnitude of the noise required by any randomized mechanism to
certify certain (r, Dysr, || - ||p, €)-robustness as the criteria. We consider a randomized mechanism
as an appropriate option if the gap between the magnitude of the additive noise required by this
mechanism and the corresponding lower bound is small. In the following, we will provide the lower
bounds for ¢5-norm and ¢,-norm, i.e., the two most popular norms, and assess the appropriateness
of the Gaussian and Exponential mechanisms for certifying ¢>-norm and ¢,-norm robustness. In
Appendix, we generalize our framework to £,,-norm for any p > 2.

5 Assessing Mechanisms for Certifying /,-norm Robustness
In this section, we first elaborate on how the Gaussian mechanism certifies D ;i robustness, and
then provide the lower bound on the magnitude of the additive noise required by any randomized

$Certified robustness only guarantees the predictions of the perturbed samples and the predictions of their
clean samples are the same.



mechanism (M(x) = x+ z) to certify £3-norm robustness. By comparing the magnitude of the
additive noise required by the Gaussian mechanism with the lower bound, we conclude that the
Gaussian mechanism is an appropriate option to certify £5-norm robustness.

Theorem 5.1 (Gaussian Mechanism for Certifying />-norm robustness) Let f be any determin-
istic classifier and g(x) = f(M(x)) be its corresponding randomized classifier for the sample

x € RY, where M(x) = x +z withz ~ N(0,0%1,). Then, g(-) is (v, Darr, || - |25 %)—mbust.

According to Theorem if we substitute e with %,

SUP,s1 72%2 log (1 —p1 —pa +2(3(p1 ™ +p§_°‘))ﬁ), which is same as the bound in [2]
(Lemma [3). To provide a criterion for assessment of randomized mechanisms in the ¢5-norm
case, we prove a lower bound on the magnitude of the noise z required by any randomized mech-
anism M (x) = x + z to ensure that M(x) (as well as f(M(x)))is (r, Darrg, || - ||2, €)-robust. As
mentioned in Section @ if the magnitude of the additive Gaussian noise is close to the lower bound,
then the Gaussian mechanism is considered as an appropriate option. The lower bound is given by
the following theorem.

r can be given by r? <

Theorem 5.2 ({2-norm Criterion for Assessment) For any e < O(1), if there is an (v, Dayg, || -
|2, €)-robust randomized mechanism M(x) = x + z : R% — RY such that,

Ell z[lec] = Em[M(x) = X [loo <, ()
for some o < O(1), then it must be true that o > Q(%) In another word, Q(ﬁ) is the lower

bound of the (expected) magnitude of the random noise, i.e., the {s-norm criterion.

Note that proving this theorem on R% — R? is non-trivial, which is detailed in Appendix. Theorem
indicates that the (expected) magnitude of the additive noise should be at least Q(%) to certify

(r, Dmr, || - ||2, €)-robustness. For the Gaussian mechanism, the required magnitude of the additive
noise is O(o+/logd) according to [25]], which is O(%\/log d) to guarantee (1, Dyr, || - |2, €)-
robustness, according to Theorem[5.1] This means that the gap between the Gaussian mechanism and
the potential optimal mechanism is bounded by O(+/log d).

Remark 1 We say Gaussian mechanism is an appropriate option because O(+/log d) is small for
most commonly-used datasets. For instance, for CIFAR-10 (d = 3072), \/log, d ~ 2.83, and for
ImageNet (d = 150528), \/log, d ~ 3.45.

Equivalently, if we fix the expected /,,-norm of the additive noise as «, the largest radius r that can
be certified by any (r, Dysg, || - ||2, €)-robust randomized mechanisms is upper bounded by O(a/e),

and the robust radius certified by Gaussian mechanism is O(L‘/g) The upper bound O(a+/€) can

be simply derived by transforming o > Q(ﬁ) in Theorem|5.2] For the Gaussian mechanism, since

a = O(c+v/logd) and € = \/% according to Theorem|5.1} » = O(;%

6 Assessing Mechanisms for Certifying /..-norm Robustness

In this section, we first discuss the possibility of using the Exponential mechanism, an analogue
of the Gaussian mechanism in the /,.-norm case, to certify £,,-norm robustness. Then, we prove
the lower bound on the magnitude of the additive noise required by any randomized mechanism to
certify /,-norm robustness. By comparing the magnitude of the noise required by the Exponential
mechanism with the lower bound, we conclude that the Exponential mechanism is not an appropriate
option to certify £,-norm robustness. Surprisingly, we find that the Gaussian mechanism is a more
appropriate option than the Exponential mechanism to certify ¢,,-norm robustness.

2
We first recall the form of the density function of Gaussian noise: p(z)  exp(— ”:#) Based on this,
we conjecture that, to certify £.,-norm robustness, we can sample the noise using the Exponential
mechanism, an analogue of the Gaussian mechanism in the ¢,,-norm case:

p(z) o exp (—1 2112, ®)

YThe theoretical results of the robust radii are verified by experiments.



We show in the following theorem that randomized smoothing using the Exponential mechanism

can certify (r, Dag, || - ||oos %)-robustness, which is seemingly an extension of the £o-norm case.
However, the certified radius r is O(1/d), which implies that it is unscalable to high-dimensional
data, i.e., The Exponential mechanism should not be an appropriate mechanism to certify ¢,,-norm
robustness. This conclusion is further verified by our assessment method, which will be detailed later.

Theorem 6.1 (Exponential Mechanism for Certifying /..-norm Robustness) Let f be any deter-
ministic classifier and g(x) = f(M(x)) be its corresponding randomized classifier for sample
x € RY where M(x) = x+z with z sampled from Exponential mechanism. Then, g(-) is

. 2
(r, DR, || - [loos % )-robust and also (v, Dyrg, || - ||oos 55 )-robust.

. . . . 2 .
According to Theorem if we substitute € with Z or 5, then r can be given by r <

202
— — 1 2
SUPas1 — 5108 (1= py = pr2) +2(3(pi1)" +p(5)")) 77 ), 0r 12 < supgsq —22-log(1 — prry —
P2) + 2(% (pgl_)a + pzz_)a)) = ). Comparing this result and Theorem we can see that randomized
smoothing via the Exponential mechanism certifies a region with (almost) the same radius as that
certified by the Gaussian mechanism in the /5-norm case, indicating similarity in their robustness

guarantees. However, the following corollary shows that the magnitude of the noise required by the
Exponential mechanism is much larger than that of the Gaussian mechanism in the {5-norm case.

Corollary 2 For the Exponential mechanism that can guarantee Theorem[6.1) E,[|| z || ] = do.

Equivalently, if we fix the expected ¢,,-norm of the additive noise as «, according to Theorem

the robust radius 7 certified by Exponential mechanism is max{O(<}), O( ‘/3“1 )}@ which is very

small for high-dimensional datasets. The following theorem further shows that there is a huge gap
between the noise required by the Exponential mechanism and the lower bound, indicating that the
Exponential mechanism is probably not an appropriate option for certifying ¢.,-norm robustness.

Theorem 6.2 ({,,-norm Criterion for Assessment) For ¢ < O(1), if there is an (v, Dpyg, || -
||l oo, €)-robust mechanism M(x) = x +z : R? — R? that satisfies

Ellz[lcc] = Em[M(x) = X [loo < v,

it must be true that « > Q(T\‘}E). In another word, Q(Tﬁ) is the lower bound of the expected

magnitude of the required noise, i.e., the criterion.

According to Corollary 2] and Theorem [6.1] for Exponential mechanism, its required magnitude of
noise is O(%) to guarantee (1, Dyg, || - ||2, €)-robustness. Compared with Theorem , we can
see that the gap between the magnitude of the noise required by the Exponential mechanism and the
lower bound is O(\/&), which can be very large for high-dimensional datasets. Therefore, we can
conclude that the Exponential mechanism is probably not an appropriate mechanism for certifying
{o-norm robustness. Surprisingly, the following theorem shows that the Gaussian mechanism is an
appropriate choice for certifying (r, Dasg, || -+ ||oo, €)-TObustness.

Theorem 6.3 (Gaussian Mechanism for Certifying /..-norm robustness) Let r,e > 0 be some
fixed number and M(x) = x +z withz ~ N (0 ﬁld). Then, M(-) is (7, Dayrr, || - |loo, €)-robust,

? 2e

and B||| 2 || o] = Epm||M(X) — X || 0o is upper bounded by O(Tivc\l}?gd).

From Theorem[6.2]and [6.3] we can see that the gap between the magnitude of the noise required by
the Gaussian mechanism and the lower bound is also O(y/log d). Thus, we can say the Gaussian
mechanism is a more appropriate option to certify £.,-norm robustness (see Remark[T). Equivalently,

. i ... . . Vea

if we fix the expected {,-norm of the additive noise as «, the robust radius is O( TdTosd

Remark 2 Note that in the previous sections we only consider {o-norm and { ,-norm robustness and
the corresponding mechanisms because {s-norm and {~,-norm are the two most important norms.
But actually, we can extend our framework to €,,-norm for any p > 2. See Section@] in Appendix.




7 Experiments

Datasets and Models Our theories are verified on two widely-used datasets, i.e., CIFAR10 and
ImageNelm We follow [[11} 21] to use a 110-layer residual network and a ResNet-50 as the base
models for CIFAR10 and ImageNet. The certified accuracy for radius R is defined as the fraction
of the test set whose certified radii are larger than R, and predictions are correct. We note that the
lower bounds (criteria) are not verifiable by experiments since we are still not sure if there exist
any randomized mechanism that can achieve those lower bounds. So in the following, we mainly
verify the theoretical results regarding the Gaussian mechanism and the Exponential mechanism. We
provide more details about the numerical method and more experimental results compared to the
other frameworks in Appendix in the supplementary material.

Empirical Results In the following, we verify our framework by comparing our theoretical results
of the {5 /¢, robust radii with the ¢ /¢, radii at which the Gaussian/Exponential mechanism can
certify 40 ~ 60% accuracy in the experiments. Note that in the previous literature, 40 ~ 60%
robust accuracy is considered as a reasonably good performance [26,|11]]. Besides, selecting another
reasonable accuracy does not affect the verification results too much because what our theories
characterize are the asymptotic behaviors rather than the exact values of the robust radii.

In Fig. I} we demonstrate the results of the Gaussian mechanism for certifying /5-norm robust-
ness. The red dashed lines show that the Gaussian mechanism can certify 40 ~ 60% accuracy at
{5 radius = 0.34 (CIFAR-10, d = 3072) and /5 radius = 0.29 (ImageNet, d = 150568), i.e.,
approximately 1/+/log d. These results verify that the ¢ radius certified by the Gaussian mechanism

is O(\;‘% We also argue that, O( \7&) is the scale of the largest certified ¢ radius (i.e.,

(2 (pay) — @ (p(2)))) in the previous literature since the /o -norm of the Gaussian noise c is

O(o+/log d). This argument is verified by Fig. 3| & E]in Appendix.

Fig. 2| shows that the Gaussian mechanism certifies 40 ~ 60% accuracy at ¢, radius = 6e — 3 on
CIFAR-10 (d = 3072) and ¢, radius = 1.1e — 3 on ImageNet (d = 150568), i.e., approximately
O(1/+/dlogd). These results verify that the ¢, radius certified by the Gaussian mechanism is

O( \/%). Fig. also shows that the Exponential mechanism certifies approximately 40 ~ 60%

accuracy at £, radius = 1.5¢ — 4 on CIFAR-10 and ¢ radius = 7e — 6 on ImageNet, i.e., approxi-
mately O(1/d). These results verify that the £, robust radius certified by the Exponential mechanism
scales in O(O‘f) or O(@). If we compare the performance of the Gaussian mechanism and
the Exponential mechanism in Fig. 2| we can see that the Gaussian mechanism is a much more
appropriate option than for certifying ¢.,-norm robustness. It is worth noting that the performance
of the Gaussian mechanism can be better with the bound proved in [11], which is comparable to
the other state-of-the-art approaches introduced in Section 2] We detail some results regarding the
comparison in Appendix.
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Figure 1: Certify ¢5-norm robustness by the Gaussian mechanism: certified accuracy for CIFAR-10
(left two) and ImageNet (right two). Models: noisy training [[11]] & smooth-adv training [21]].

8 Conclusion

In this paper, we present a generic and self-contained framework, which connects the existing
frameworks such as [[1} 2]], for assessing randomized mechanisms. Under our framework, we define
the magnitude of the noise required by a randomized mechanism to certify a certain extent of
robustness as the metric for assessing this mechanism. We also provide the lower bounds on the
magnitudes of the required noise as the assessment criteria. Comparing the noise required by the
Gaussian and Exponential mechanism and the criteria, we conclude that (i) The Gaussian mechanism

IPixel value range is [0.0, 1.0]
a<O(1),and e < O(1).
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is an appropriate option to certify ¢5-norm and £,.-norm robustness. (ii) The Exponential mechanism
is not an appropriate mechanism to certify ¢..-norm robustness, although it seems an analogue of the
Gaussian mechanism in the ¢,.-norm case.

Broader Impact Statement

Since this work is a study on the core theory & framework to understand the randomized smoothing
method and model robustness, we do not figure out any substantial ethic issue regarding this work.
However, it might lead to several societal consequences. On the positive side, it can help the industry
to assess a randomized smoothing mechanism before using them in a deep learning model for
improving model robustness. Besides, it can motivate researchers to understand the ability and
limitations of the randomized smoothing method. On the negative side, although the randomized
smoothing method achieves state-of-the-art performance among certified defensive techniques, some
of our theoretical results (e.g., the lower bounds of the additive noise to certify robustness) indicate
its limitations. These limitations might give the potential adversaries more confidence to attack deep
learning models with adversarial examples.
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To make the paper more readable, we first review some definitions about differential privacy [27].

Definition 5 Given a data universe X, we say that two datasets D, D' C X are neighbors if
they differ by only one entry, which is denoted by D ~ D’'. A randomized algorithm M is (¢, 0)-
differentially private (DP) if for all neighboring datasets D, D’ and all events S the following
holds

P(M(D) € S) < e P(M(D') € S) + 6.

Definition 6 A randomized algorithm M is («, €)-Rényi differentially private (DP) if for all neigh-
boring datasets D, D’ the following holds

Do(M(D)|M(D')) < e.

A Omitted Proofs in Section 4]

Proof [Proof of Theorem [4.1]] According to Definition 2] for a fixed x, we have Vx' € B, (x,r) and
any a € (1, 00),
Do (M(x)||IM(xX)) < ae.

Therefore, M (-) satisfies («, ce)-Rényi DP. According to the following lemma, i.e.,

Lemma 4 ([28]]) If a randomized mechanism is (o, €)-Rényi DP, then it is (e + loi(%, 0)-DP for
any 6 > 0,

we have M(-) is (e + W, 9)-DP, for all o € (1, +00). Since

i p=a-t . log(1/)
oy e+ s/ =0} T 1+ 64 =)

= e+ 2+/log(1/d)e.
Thus, by the definition of Approximate Differential Privacy (Definition[3)), in total we have for any x,
x' € B,(x,r), and any event S

P(M(X') € §) < eT2VIee (/D p(M(x) € S) + 4.
Thus by Definition |1} M(-) is (¢ + 2,/log (1/d)e, §) Pixel-DP. |

Proof [Proof of Theorem Recall that Lemmaindicates that we have argmax, P(g(x) = y) =
argmax,, P(g(x’) = y’) as long as

1 —a —a\
Dalg(x)llg(x)) < sup —log (1 ~pq) =~ pez) + 25 ()" + iy ™) -

Thus we just need to prove that the above condition holds. Since g(-) is (r, Dapr, || - ||p, €)-robust,
for any x and || x" —x ||, < r we have

Do (9(x)||g(x)) < ae.

If we also have the additional condition:
1 1 l—« 11—« %
€ < sup——log (1 =pa) = pe) + 25" + ") =),

1

then D, (g(x)||9(x")) < sup,~; —log (1 —pa) —pe) + 2(%(}7%17)0‘ +p%;)a)) T-a). Thus, the
additional condition to guarantee argmax, P(g(x) = y) = argmax,, P(g(x') = y’) can be stated

—a oy L
s € < supo>1 — log (1= pa) = Py + 2Py +P(5)")7)- m
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B Omitted Proofs in Section

Proof [Proof of Theorem By the postprocessing property we just need to show M(x) = x+z
. 7‘2
is (r, Dyr, || - |2, 552 ) robust.
Fix any x, we have for any x’ € Bo(x,7) and « € (1, 00)
Da(MX)IM(X)) = Da(N(x, 0*L) [N (X, °L1))
r2
o X x| _
202 = 202

Proof [Proof of Theorem [5.2]] We first show that, in order to prove Theorem [5.2] we only need to
prove Theorem [B-T] Then we show that, to prove Theorem [B.T] we only need to prove Theorem [B.2]
Finally, we give a formal proof of Theorem [B.2}

Theorem B.1 For some ¢ = O(1) and d < O(r?), if there is a (r, Dy, || - |2, ) randomized
(smoothing) mechanism M(x) = x+1z: [0, 2\[] + R? such that for any x € [0, 5 ]d

Elll 2 [loo] = E[M(x) = x [[o] < @

for some constant oo = O(1). Then it must be true that o > Q(%)

For any M(x) : R? ~ R<, in Theorem we only consider the expected ¢~,-norm of the noise
added by M(x) on x € [0, =“=]¢. Thus, the a in Theorem 1|should be less than or equal to the «

NG
in Theorem [5.2{(on x € R?). Therefore, the lower bound for the « in Theorem 1|(ie., O \/)) is

also a lower ound for the o in Theorem[5.2] That is to say, if Theorem [B.T]holds, then Theorem|[5.2]
also holds true.

Next, we show that if Theorem[B.2]holds, then Theorem [B-1]also holds.

Theorem B.2 For some ¢ = O(1) and d < O(r?), if thereis a (r, Dyg, || - |2, €)-robust randomized

(smoothing) mechanism M(x) = x+1z: [0, Q\T/E]d — [0, 2\[]d such that for any x € |0, 2\”/5]”1
Elll 2 [loo] = E[IM(x) = x [|oo] < @

Sor some constant o« = O(1). Then it must be true that o > Q(%)

For any M(x) : [0 |4+ R9 considered in Theorem|B. 1| there exists a (7, DR, || - ||2, €)-robust

I 2\/7
randomized mechanism M"(x) : [0, ﬂ]d =0, 5 \f] considered in Theoremﬁsuch that for all

r_1d
XE[O,m]

E[M"(x) = x[loo] < E[M(x) = X [|oc]-
To prove the above statement, we first let a = 7= and M (x) = min{M(x),a}, where min is

a coordinate-wise operator. Now we fix the randomness of M (x) (that is M (x) is deterministic),

and we assume that [|[M(x) — x|lec = |M;(x) — "(x) — X||oo = IMi(x) — ;] If

M;(x) < a, then by the definitions, we have | M’ (x) — 2|0 = IM}(X) — zi| = |IMi(x) — x| <

[IM(x) — X ||co. If M;(x) > a, then we have |M}(x) — x;| = |a — z;|. Since z; € [0,a] and

M;(x) > a, |IMi(x) — ;] > Ja — x|, M) = x|loo = IMi(x) — 25| > |a — x;]. Thus,
E[[| M (%) = X [lso] < B[ M(%) = X [[oc]-

Then, we let M"” (x) = max{M’(x), 0} where max is also a coordinate-wise operator. We can use
a similar method to prove that E[||M" (x) — x ||co] < E[|JM'(x) — X ||o] < E[|M (%) — X ||00] i-€.,
the o in Theorem [B.2] should be less than or equal to the cv in Theorem [B.1] Also we can see that
M"(x) = max{0, min{M(x),a}} = x+ max{— x, min{z,a — x}}, which means M" is also
(r, Dy, || - |2, €)-robust randomized mechamsm due to the postprocessing property. Therefore, the
lower bound for the « in Theorem. (1 e, Q )) is also a lower bound for the v in Theorem
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Finally, we give a proof of Theorem[B.2]

We consider a special case: let X = {x1,x2, ",
|x; —x;[|]2 <7, Mis (r,Dunr,| - |2, €)- , Q\Tf}d According to Theorem L M is

also (e + 24/log (1/0)¢, 0)-PixelDP. Thus, we have M(-) is (e + 24/log (1/d)e,d) DP on X.

Let us first connect the lower bound of one-way marginal (i.e., mean estimation) with the lower
bound stud1ed in Theorem [B.2, Suppose an n-size dataset X € R"*9, the one-way marginal is
h(D) = Zl 1 X, where X is the 7-th row of X. In particular, when n = 1, one-way marginal is
just the data point itself, and thus, the condition in Theorem [B.2]can be rewritten as

) Q\T/E}d. Since for all x;,x;,14,7 € [29],

Em[M(D) = h(D)lloc < o ©)

Based on this connection, we first prove the case where = 2v/d, and then generalize it to any . For

r = 2v/d, the conclusion reduces to o > Q(\/g ). To prove this, we employ the following lemma,
which provides a one-way margin estimation for all DP mechanisms.

Lemma 5 (Theorem 1.1in [29]) For every e < O(1), every 2= < § < n1+19<1> and every
a < &, if M2 ({0,139 — [0,1]4 is (e, 6)-DP and E[|M(D) — h(D)||os] < o, then we have
n> (Yol

EQ

Settingn = 1,6 = € + 2y /elog 1 in Lemma we can see that if E[|| M (x) — X ||leo] < @, then we

must have
\/dlog &
1> 0 ° > Vd

(e +2y/elog §)a - a’e

/ 1
where the last inequality is due to the fact that SERVALLS S (L), since € < O(1). Therefore, we

5+2\/elog% - Ve

)

have the following theorem,

Theorem B.3 For some € < O(1), ifthere is a (2v/d, Dy, || - ||2, €)-robust randomized mechanism
M :{0,1}¢ — [0, 1]¢ satisfies that for all x € {0,1}%

E|IM(x) — x||co < a (10)

for some constant o = O(1). Then 1 > Q(\/WIQ)

Now we come back to the proof for any r. Note that if a (r, Dy, || - ||2, €)-robust mechanism M
satisfies

Epm|M(x:) — %5 |loo <

then we have

Q\f 2v/d 2vd
Eadl 220 M0x) - 2 oo < 20,
Since M(x) =x+z: [0, 2Td]d — [0, 2\[] is (r, Dprr, || - |2, €) robust, thus %ﬁ/\/l :0,1)¢ —

[0,1]% is still (r, Dasr, || - ||2, €) robust. By Theoremw1th a = 2Ydq < O(1), we have

129(\/;?)7 ie., a>Q(%) (11)
m
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C Onmitted Proofs in Section

Proof [Proof of Theorem|6.1]] We first prove that Do (g9(x)[|g(x')) < £ forall X' € Boo (x, 7). Since
|x" —x||oo < r, for any y,

ply—x) _exp(- 1) 1Y =X lloe = 1y =X e ESEI r
py =) “exp(-Dorls) < O o ) <e(C7) < o)
Since

Dl l9(x) < Dslg(0)g(x)) = Blog 23] < © <

Vo € (1,400), g(+) is (r, Dy, || - [|oos % )-robust. Also, based on the following lemma,

Lemma 6 ([30]) Let P and Q be two probability distributions satisfying Do (P||Q) < € and
Do (Q||P) < e Then, D,(P||Q) < %6204

we have Dy, (g9(x)[|g(x’)) < 2(£)%a ice., g(-) is (7, Dargs ||+ [loos %)-robust. [ |

Proof [Proof of Corollary 2] Define the distribution D on [0, c0) to be Z ~ D, meaning Z = ||z ||
for z ~ p(z), where p(z) is defined in Eq.(8). The probability density function of D is given by

-~ Z
pp(Z) Vi 1exp(—;),

which is obtained by integrating the probability density function in Eq. (8) over the infinity ball of
radius Z with surface area d2¢Z9! oc Z4~1, pp is the Gamma distribution with shape d and mean
o, and thus E[z] = do. |

Proof [Proof of Theorem|[6.2]] Similar to the proof of Theorem[5.2] in order to prove Theorem [6.2}
we only need to prove the following theorem:

Theorem C.1 For some ¢ = O(1) and r = Q(1), if there is a (r, Dpyg, || - ||oo, €) randomized
(smoothing) mechanism M(x) = x+z : [0,%]? — [0, %]? such that for any x € [0, %]% the
following holds

Elll 2 [loo] = E[IM(x) = x [|lo] < @

for some constant oo = O(1). Then it must be true that o« > T\/gd’).

Assume that we have a set of data points X = {x1,x2 -, %94} = {0, 5}%. Since || x; — X [|oc <7,
thus we have M is (7, Dyrg, || - [|oo, €)-robust on {0, 5}. According to Theorem M is also
(e + 24/log (1/d)e, 6)-PixelDP. Thus, it is (€ + 24/log (1/§)e, 0)-DP on X. We first consider the

case where r = 2. By Lemma 2 withn = 1 and € = € + 24/elog 1/ we have a similar result as in
Theorem B3t

Theorem C.2 For some € < O(1), ifthereis a (2, Dyrr, || - ||oo, €)-robust randomized mechanism
M :{0,1}¢ — [0, 1]¢ satisfies that for all x € {0,1}¢
E|M(x) — X ||oo < a, (12)

for some constant o = O(1). Then 1 > Q(/ 2.

For general r, if for any (r, Drr, || - ||, €) robust randomized mechanism M(-) : [0, ] — [0, 5]¢
we have
E[Mx) = x|l <,
that is 5 5 5
E[|= ~Zxe] € Za
I2ME) ~ 2 x)lo] < 2a
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This indicates that 2M(-) : [0,1]¢ > [0,1]%is (r, Dasg, || - |loos €)- Thus by Theorem [C.2| with
2
o we have

o = =
T

1>0 i )
€(2/ra)?
thus we have Theorem[C.1] [ |

Proof [Proof of Theorem|[6.3]] By simple calculation we have

dr? 2

ael| x —x' |3 < ade|| x —x' ||?

dr?
D, —1 ' ——14)) = < ae.
(N(X> % d)”N(x oy a)) dr2 = dr2 S ae
Therefore, M(x) = x+z with z ~ N(0, %Id) is (r, Dpr, || - ||oo, €)-robust. The bound of
E[|| z ||o] can be easily proved by substituting o in O(o+/log d) [23] with o = 4/ dzﬁ. [ |

D Extension to /,-norm robustness for Any p € [2, c0)

In previous sections, we studied ¢5-norm and ¢,-norm robustness. As we mentioned earlier, our
framework can be applied to general norm. In this section, we will study the general £,-norm
robustness with p > 2. Just as the previous sections, here we first investigate the £,-norm criteria for
assessment.

Theorem D.1 Given p > 2, for some ¢ = O(1) and ¥/d < O(r), if there is a (r, Dyrr, || - ||ps €)
randomized (smoothing) mechanism M(x) = x +z : R% — R such that

Elllz[lec] = E[M(x) — x[loc] < @

Wl
o=

for some constant o = O(1). Then it must be true that o > Q(”l\/g ). When p — oo, according to

Theorem o> Q(ng )

Proof [Proof of Theor The proof is also almost the same as that of Theorem[5.2} Following

the proof of Theorem [5.2] we can only constrain on the case where M(x) = x+z : [0, ==~]%

d 12
[0, 2;/3} .
Assume we have a set of data points X = {xy, -+ ,Xqa} = {0, 21;/&}4 Since we have for any
i,5 € 29, || x; — xj ||, <, thus by Theoremwe have M is (e + 24/€elog 1/4, &) PixelDP. And

thus, itis (e + 24/elog1/6,4) DPon X.

We first consider the case where r = 2v/d, then we extend to the general case. When r = 2 ¥/d, like
Theorem|B.3] we have

Theorem D.2 For some ¢ < O(1), ifa (2¥/d, Dyrr, || - ||, €)-robust randomized mechanism M :
{0, 1} + [0,1]% satisfies that for all x € {0,1}%

E[M(x) — X || < a, (13)
then1 > Q(y/-%).
|
Now for any (r, Dasrg, || - ||, €) robust mechanism M : [0, T@g]d = [0, ; (T’/E]d’ if we have

Elllz[leo] = E[M(x) = x[[cc] < @,

then we have

20 ) - 20 e < 2

E
L r T r

Q.
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Here we note that 2;@/\/1 : {0,1}% ~ [0,1]¢ and it is also (r, Dy, || - ||, €) robust, and also
QT%a < O(1). Thus by Theoremwe have
d

129 6(2\7&/7“04)2)

3|

1
Thus we have o > Q(’""l\z/g ).

Remark 3 First, we can see that when p = 2, Theorem[D.1|is the same as Theorem[5.2} Thus, we
can see it as a generalization of the previous theorem. Secondly, Theorem|D.1|indicates that for a

certain extent of robustness, the magnitude of the noise we add should be at lease Q)(d ER ), which
will quite large when in the high dimensional case. This means that for {,,-norm robustness with
p > 2, random smoothing mechanisms are not appropriate to high dimensional data. Or, we call it
as the curse of dimensionality on random smoothing mechanism for certifying £,(p > 2) robustness.

Next, we show that based on the above criteria for £,,-norm robustness, Gaussian mechanism is an
appropriate option. Since the gap between the lower bound in the criteria and the magnitude of
Gaussian mechanism is just O(y/log d).

Theorem D.3 (Gaussian Mechanism for Certifying /,-norm robustness) Let 7,e¢ > 0 be some

2
fixed number and M(x) = x+z with z ~ N (0, d” it I3). Then, M(-) is (r,Dur, || - |lp- €)-
1

2e

1_1
robust, and E[|| z || o] = Epm||M(X) — X || o is upper bounded by O(szpi\/glogd).
Proof [Proof of Theorem [D.3]] By simple calculation we have
a2 d' =52 ael| x —x' |3 adl_%eH x — x|
D I ! 1)) = 2 < L < ae.
LW 5 LW, S5 I = ST < T R < a

2
Therefore, M(x) = x+z with z ~ N(0, 42 ™ I,) is (r, Darg, || - ||p, €)-robust. The bound of

E[|| z || o] can be easily proved by substituting o in O(o+/log d) [23] with o = dl;f 2 [ |

E Additional Details & Results

E.1 Numerical Method

We first detail the numerical method for the experiments in the following. The certification algorithm
is first detailed in Alg.[T] Here we highlight the sampling method for the Exponential mechanism.
Due to the high dimensionality of samples in real world applications, directly sampling z ~ p(z) as in
Eq.[§]by the Markov Chain Monte Carlo (MCMC) algorithm requires a large number of random-walks
that can incur high computational cost. To alleviate this issue, we adopt an efficient sampling method
from [31]] that first samples R from Gamma(d + 1, o) and then samples z from [— R, R]? uniformly.
The complexity of this sampling algorithm is only O(d).

E.2 Additional Experiment Results

{5-norm Case In Fig.[3| we can see that, although [L1] proves a tighter bound than ours, it also
certifies approximately 40 ~ 60% accuracy at £5 radius = 0.34 (CIFAR-10, d = 3072) and
¢ radius = 0.29 (ImageNet, d = 150568), i.e., O(1/+/logd). Even after using the advanced
training method in [21]], the scale of the robust radii is still O(1/+/log d), as shown in Fig.

{--norm Case Note that it seems obvious that the Gaussian mechanism is an appropriate mecha-
nism to certify ¢5-norm robustness since [[11, 2, 21]] have achieved the state-of-the-art certification
results compared with the other methods in the /5-norm case. However, in the /,-norm case, it is a
little counterintuitive that the Gaussian mechanism is also an appropriate choice, which performs

17



Algorithm 1 Certifying ¢2/¢.,-norm Robustness

Require: Input x, a classifier f(-), parameter ¢ > 0, number of samples for estimating confidence
interval n.

Sample n samples from the Gaussian/Exponential mechanism {z; };—1..

Output ¢; = f(x+2;), and estimate the distribution of ¢;, i.e., p; = )

if Choose the Gaussian mechanism then .
Compute the robust radius by ro = supa>1(—— log (1 —p1 —pa+2(3(p1 7" +p3~ ) 7=))
else if Choose the Exponential mechanism then
2 1
Tq = $Upas1 — 22-log (1 —p1 — pa + 2(5(p1 ™™ +p3~*))T=)

1

rp = supas1(—22 log(1 — py — Py + 205 ()" + plny™) 7))

Too = max{rq, 7}
end if
For the Gaussian mechanism, /5 robust radius is r9, and /., robust radius is r% /d. For the
Exponential mechanism, ¢, robust radius is 7.
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Figure 3: Certify /5-norm robustness by the Gaussian mechanism [[11]
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Figure 4: Certify {5-norm robustness by the Gaussian mechanism and the adversarial training method
in [21]

much better than the Exponential mechanism. In the Table[I} we compare the ¢.,-norm certification
results of the Gaussian mechanism and the other two representative approaches. Although [[L1] and
the Dy r framework perform slightly worse than [14]] or [[17] on CIFAR10, they are more scalable
to high-dimensional datasets like ImageNet. So we can say their {,,-norm certification results are
comparable. Besides, in Fig.[5| &[] we show that the Gaussian mechanism certifies approximately
40 ~ 60% accuracy at £, radius = 6e — 3 on CIFAR-10 and ¢, radius = 1.1e — 3 on ImageNet,
which are also approximately O(1/+/dlog d) for both datasets.

All in all, the empirical results indicate the theorems proved under our framework are valid and very
likely to generalize to the other frameworks.
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Model CIFAR-10 IMAGENET
l Acc at 2/255 Standard Acc l Acc at 1/255 Standard Acc
Cohen et al. [11] (Gaussian) 47.0% 74.8% (o = 0.25) 27.4% 57.2% (o = 0.5)
Dy r Framework (Gaussian) 42.4% 69.6% (0 = 0.5) 24.4% 45.2% (o = 1.0)
Wong et al. [14] (Single model) 53.9% 68.3% - -
IBP 50.0% 70.2% - -

Table 1: Comparing the performance of the Gaussian mechanism with the other works in the /., case
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Figure 5: Certify /-norm robustness by the Gaussian mechanism
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Figure 6: Certify ¢,,-norm robustness by the Gaussian mechanism and the adversarial training

method in
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