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Abstract

Byzantine machine learning (ML) aims to ensure
the resilience of distributed learning algorithms to
misbehaving (or Byzantine) machines. Although
this problem received significant attention, prior
works often assume the data held by the machines
to be homogeneous, which is seldom true in prac-
tical settings. Data heterogeneity makes Byzan-
tine ML considerably more challenging, since a
Byzantine machine can hardly be distinguished
from a non-Byzantine outlier. A few solutions
have been proposed to tackle this issue, but these
provide suboptimal probabilistic guarantees and
fare poorly in practice.

This paper closes the theoretical gap, achieving
optimality and inducing good empirical results. In
fact, we show how to automatically adapt existing
solutions for (homogeneous) Byzantine ML to the
heterogeneous setting through a powerful mech-
anism, we call nearest neighbor mixing (NNM),
which boosts any standard robust distributed gra-
dient descent variant to yield optimal Byzantine
resilience under heterogeneity. We obtain similar
guarantees (in expectation) by plugging NNM in
the distributed stochastic heavy ball method, a
practical substitute to distributed gradient descent.
We obtain empirical results that significantly out-
perform state-of-the-art Byzantine ML solutions.

1 INTRODUCTION

Distributed machine learning (ML), i.e., distributing the
training process amongst several machines (or workers), has
been pivotal to the development of large complex models
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with high accuracy guarantees (Abadi et al., 2015} [Konecny
et al., 2016; [Kairouz et al., 2021). In the now standard
master-worker architecture, distributed ML essentially con-
sists in the workers sharing their local actions with the
help of a master machine (a.k.a., server) to compute an
accurate global model. Despite its rising popularity, dis-
tributed ML is arguably very fragile and not yet ready for
real-world deployment. In particular, a handful of misbe-
having (a.k.a., Byzantine (Lamport et al., 1982)) workers
can highly compromise the efficacy of standard distributed
ML algorithms such as distributed gradient descent (D-
GD) (Bertsekas and Tsitsiklis, 20135)), by sending erroneous
information to the server, e.g., see (Baruch et al., 2019; [Xie
et al., 2019). Such behaviors can be caused by software and
hardware bugs, by poisoned data or by malicious players
controlling part of the system. Besides, this vulnerability
can lead to severe societal repercussions if the resulting ML
models are deployed in sensitive data-oriented applications
such as medicine.

The problem of Byzantine resilience in distributed ML (or
Byzantine ML) has received significant attention in recent
years (Blanchard et al., 2017 (Chen et al., 2017;|Yin et al.]
2018; |Allen-Zhu et al., 2020; El Mhamdi et al., 2021a;
Karimireddy et al., 2021} |Karimireddy et al., 2022; [Farhad+
khani et al., 2022b)). It consists in designing a distributed al-
gorithm that delivers an accurate model despite the presence
of a subset of Byzantine workers. The standard approach (in
a master-worker architecture) consists in having the server
compute a robust aggregation to merge the information sent
by the workers, to discard outliers. Most prior works relies
however upon the strong assumption of homogeneity; i.e,
the data sampled by the workers during the training process
are assumed to be identically distributed. This assumption,
although justifiable in a centralized setting (Bottou et al.]
2018)), is impractical in a distributed environment (Kairouz
et al., 2021). Indeed, as each worker only holds a small part
of the entire training dataset, the data samples at the work-
ers are usually heterogeneous and need not be an accurate
representation of the entire population. These differences in
the workers’ data samples can camouflage disruptive devia-
tions of Byzantine machines from the prescribed algorithm,
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making the problem of Byzantine ML under heterogene-
ity significantly more challenging than its homogeneous
counterpart (EI Mhamdi et al., 2021a; |Karimireddy et al..
2022).

Recent works have shown that heterogeneity in workers’
data inevitably prevents any distributed ML algorithm from
delivering an arbitrarily accurate model in the presence of
Byzantine workers (Charikar et al., 2017; |Liu et al., 2021).
More specifically, in the context of smooth loss functions, a
Byzantine ML solution can only deliver an approximate sta-
tionary point with an error lower bounded by the fraction of
Byzantine workers times the maximal dispersion in workers’
gradients (stemming from data heterogeneity) (Karimireddy
et al., 2022). Despite a few attempts (Gupta and Vaidya|
2020; |[E1 Mhamdi et al., 2021a; | Karimireddy et al., 2022),
no solution has so far matched the above lower bound deter-
ministically, i.e., achieved optimal Byzantine resilience. The
best solutions so far (Karimireddy et al., 2022)) are random-
ized and could only match the lower bound in expectation
(see Section 2)).

Main result. We close the theoretical gap and reach opti-
mal Byzantine resilience under heterogeneity. Specifically,
we show how to automatically adapt existing solutions for
homogeneous Byzantine ML to the heterogeneous setting,
while ensuring optimality. We do so through nearest neigh-
bor mixing (NNM), a pre-aggregation method that averages
each input with a subset of their nearest neighbors. We
show that enhancing D-GD using a composition of NNM
and a standard robust aggregation directly yields the first
Byzantine ML solution to achieve optimal resilience under
heterogeneity. Our guarantee holds as long as less than half
of the workers are Byzantine, which is optimal.

Technical contributions. To prove our guarantees, we in-
troduce a novel robustness criterion called ( f, x)-robustness.
This notion quantifies the ability of an aggregation rule
to estimate the average of honest workers’ inputs despite
f out of n workers being Byzantine. Crucially, our crite-
rion characterizes a class of aggregations rules (for which
k = O (f/n)) that grant optimal Byzantine resilience to D-
GD under heterogeneity. While many notable aggregation
rules (e.g., geometric median (Small, 1990), coordinate-
wise median (Yin et al., 2018)), and Krum (Blanchard et al..
2017)) satisfy (f, x)-robustness, they fall short of optimal
robustness, as their x is in ©(1). Our main technical con-
tribution is showing that NNM overcomes this shortcom-
ing. Particularly, we prove that NNM deterministically re-
duces the variance of the honest inputs by a factor O(f/n),
while sufficiently limiting their drift from the true aver-
age. Consequently, we show that composing a (f, O(1))-
robust aggregation with NNM enables the larger class of
(f, O(1))-robust aggregation rules to confer optimal Byzan-
tine resilience to D-GD. As a byproduct, we provide novel
and tight robustness analyses of aggregation rules, notably
coordinate-wise trimmed mean (Yin et al., 2018)), which

may be of independent interest to the Byzantine ML and
robust statistics communities.

Empirical evaluation. Although we prove D-GD enhanced
by NNM to be optimal, workers still need to compute the
full gradient of their local loss function at every step, and
risk getting stuck at saddle points (Du et al., 2017; [Bottou
et al., 2018). We go one step further and show that ap-
plying NNM to a stochastic variant of D-GD, namely the
distributed stochastic heavy ball method (D-SHB) (Polyak!
1964), matches the lower bound in expectatio We empiri-
cally show that the resulting scheme significantly improves
over the state-of-the-art when tested on standard classifi-
cation tasks such as MNIST and CIFAR-10. In short, our
approach enables a modular practice of Byzantine resilient
ML under heterogeneity, by first patching existing solutions
with NNM and then deploying them with D-SHB.

Paper outline. Section [2| formally presents the problem
of Byzantine ML and discusses the related work. Section 3]
introduces the analysis framework for robust variants of
D-GD. Section E] presents NNM, our solution to render
existing methods optimal. Section [5 presents a practical
stochastic extension of our approach. Section [6] presents our
experimental results. We defer all proofs to Appendix B{I3]

2 BACKGROUND & RELATED WORK

We consider a master-worker distributed architecture with n
workers w1, ..., w, and a central server. The workers hold
local datasets D1, . .., D,,, composed each of m data points
from an input space Z. Specifically, for any ¢ € [n], D; ==
{z%i), ce zr(ﬁ)} C Z™. For a given model parameterized
by vector 6 € R?, each worker w; has a loss function

1 & ;
Li(0) == 0(0,2"),
m
k=1

where / : RTx Z —» Ris a point-wise loss function,
which we assume to be differentiable with respect to 6.
Furthermore, we assume each loss function £; to be L-
smooth; i.e., for all 6, 8’ € R¢,

IVLi(0) = VL (0")| < L6 -6

Objective in a Byzantine-free setting. When all the work-
ers are honest, i.e., they follow the prescribed algorithm
correctly, the goal of the server is to compute a stationary
point of the global loss functio L) = >0 Li(6).

'The expectation is on the randomness due to data subsampling,
unlike (Karimireddy et al., 2022) which features additional sources
of randomness that hinder empirical performance. See Section[5.2]
for details.

deally, the server seeks to find a global minimizer of £. How-
ever, as the loss could be non-convex (e.g., for neural networks),
global minimization is NP-hard in general (Boyd and Vanden-
berghe, 2004). Hence, we usually aim to find stationary points.
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Specifically, the server seeks to compute a stationary point
0%, i.e. VL(O™) = 0, where VL denotes the gradient of
L. Assuming that £ admits a stationary point, this goal
can be achieved using the classical distributed (stochastic)
gradient descent (D-GD/SGD) method (Bertsekas and Tsit{
siklis, 2015), up to an approximation error. In this method,
the server maintains a model which is updated iteratively
upon averaging the (stochastic) gradients computed by the
workers on their loss functions.

Objective with Byzantine workers. We consider an adver-
sarial setting where f workers, of a priori unknown identi-
ties, are Byzantine (Lamport et al., 1982)). These workers
need not follow the prescribed protocol and may send arbi-
trary messages to the server. Here, the goal of the server is
finding a stationary point of the average loss function of the
honest (i.e., non-Byzantine) workers. We formally define
Byzantine resilience in this context as follows.

Definition 1 ((f, ¢)-Byzantine resilience). A learning al-
gorithm is said (f, £)-Byzantine resilient if, despite the
presence of f Byzantine workers, it outputs 0 such that

2

[Ven®)|| <e

)

where H denotes the set of indices of honest workers and

Lo(0) = iy Y Li(6).

In words, an (f, £)-Byzantine resilient algorithm finds an
e-approximate stationary point for the honest empirical loss
even in the presence of f Byzantine workers. Note that
(f,€)-Byzantine resilience is impossible in general (for any
€) when f > n/2, see (Liu et al., 2021). Therefore, through-
out the paper, we assume that f < /2.

Standard Byzantine ML solutions. A typical strategy
to obtain (f, €)-Byzantine resilience is to enhance the D-
GD (or D-SGD) method by replacing the simple averag-
ing of the workers’ gradients at the server by a robust
aggregation rule. Basically, such a scheme aims to mit-
igate the negative impact of Byzantine gradients by ac-
curately estimating the average of honest workers’ gradi-
ents. Prominent aggregation rules include Krum (Blanchard
et al., 2017), geometric median (GM) (Small, 1990; Pillutla
et al., 2022} |Acharya et al., 2022}, coordinate-wise median
(CWMed) (Yin et al., 2018)), coordinate-wise trimmed mean
(CWTM) (Yin et al., 2018)), and minimum diameter aver-
aging (MDA) (Rousseeuw, 1985; [El Mhamdi et al., 2021a).
Recent studies have also explored the idea of using the his-
tory of workers’ gradients to strengthen the resilience guar-
antees of these solutions, e.g., by using distributed momen-
tum (Karimireddy et al., 2022} Farhadkhani et al., 2022b) or
by tracking the history of the workers’ gradients (Allen-Zhu
et al., 2020).

Nevertheless, all these works rely heavily on the assumption
that the honest workers have homogeneous data, i.e., there
exists a ground-truth distribution D such that D; ~ D™ for

all 7 € H. Crucially, the robustness of these methods deteri-
orates drastically when this assumption is violated (Karim/
ireddy et al., 2022)).

The challenge of heterogeneity in Byzantine ML. The
data across the honest workers is arguably heterogeneous in
real-world distributed settings. In the context of non-convex
optimization, data heterogeneity can be modeled as stated
per the following assumption (Karimireddy et al., 2020
Karimireddy et al., 2022)).

Assumption 1 (Bounded heterogeneity). There exists a real
value G such that for all 6 € R4,

LS VL) - vEsd)” < G2
]
1€EH

Such heterogeneity makes the problem of Byzantine ML
much more challenging, as the server can confuse incorrect
gradients (from a Byzantine worker) with correct gradients
from an honest worker holding outlier data points. Indeed,
recent works show that there exists a lower bound on the
error of any distributed algorithm in the presence of Byzan-
tine workers (El Mhamdi et al., 2021a; Karimireddy et al.]
2022). Specifically, we have the following result, owing to
Theorem III in (Karimireddy et al., 2022)).

Proposition 1. [fa learning algorithm A'is (f, €)-Byzantine
resilient for every collection of smooth loss functions
Li,..., L, satisfying Assumption then ¢ = () (f/n Gz).

Brittleness of existing solutions for heterogeneity. Only
a handful of prior works have studied Byzantine ML under
heterogeneity. The problem was first formally addressed
in (L1 et al., 2019) by proposing RSA, a variant of D-SGD
built upon ¢, regularization. However, the analysis of RSA
relies on the assumption of strong convexity, which is rarely
satisfied in modern-day ML. A subsequent work (Gupta and
Vaidya, 2020) introduced a novel aggregation rule, namely
comparative gradient elimination (CGE). While this work
provides some valuable insight on the general problem of
heterogeneous Byzantine ML (notably on the need for re-
dundancy), CGE fails to guarantee convergence even in the
homogeneous setting (see (Farhadkhani et al., 2022b)). The
work (EI Mhamdi et al., 2021al) considers a peer-to-peer set-
ting with asynchronous communication and heterogeneous
data. However, the proposed algorithm is only analyzed
asymptotically and provides suboptimal probabilistic ro-
bustness. In this peer-to-peer setting, another work used a
nearest neighbor scheme similar to ours (Farhadkhani et al..
2022a), with honest nodes using their own honest vectors
as pivots. However, in our master-worker setting, their tech-
nique cannot be used as the server does not have access to
any reliable vector.

The closest relevant work to ours is (Karimireddy et al.]
2022), which also proposes a pre-aggregation step called
Bucketing, which is reminiscent of the median-of-means
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estimator (Nemirovsky et al., 1983} Jerrum et al., 1986;
Alon et al., 1996; Tu et al., 2021). Essentially, Bucketing
consists in randomly partitioning the inputs into buckets,
and then feeding the average of the inputs of each bucket to
the robust aggregation rule. The randomness of the partition
process reduces the empirical variance of the honest inputs
in expectation, but it highly compromises the worst-case
robustness of the scheme (see Appendix [10|for a detailed
explanation). Furthermore, our experiments expose the in-
ability of these methods to defend against state-of-the-art
Byzantine attacks (Xie et al., 2019; [Baruch et al., 2019;
Allen-Zhu et al., 2020; Karimireddy et al., 2022).

3 ROBUST DISTRIBUTED GRADIENT
DESCENT

In this section, we introduce a general framework for an-
alyzing the convergence of robust variants of D-GD (or
robust D-GD). We use this framework later in Section |4|to
showcase the benefits of our proposed pre-aggregation step
NNM. We start by presenting the skeleton of robust D-GD
in Section [3.1] below. Then, we present the convergence
analysis of robust D-GD in Section [3.2] upon introducing
the notion of (f, k)-robustness.

3.1 Description of Robust D-GD

Robust D-GD, summarized below in Algorithm E], is an
iterative algorithm that proceeds in T steps.

Algorithm 1: Robust D-GD
Input: Initial model 0, robust aggregation F, learning
rate -y, and number of steps 7.
fort=1...Tdo
Server broadcasts 6;_; to all workers;
for every in parallel do
L Compute and send gradient gt(l) =VLi(0i—1);
Server aggregates the gradients:
Ry = F(g§1)> s 7g7£n));
Server updates the model: 6; = 0;_1 — vRy;

Server finds 7 € arg min || R,|| and sets 6 = 0,_;.
1<t<T

return 0;

Essentially, the server starts by initializing a parameter vec-
tor 6. At each step t € [T, the server broadcasts the model
0:—1 to all the workers. After receiving 6;_1, each honest

worker sends back the gradient gy) = VL;(0:-1), com-
puted by evaluating 6;_; on their local dataset D;. While the
honest workers follow the algorithm correctly, a Byzantine
worker w; may send any arbitrary value for gt(l). Upon re-
ceiving the gradients from all the workers, the server aggre-

gates them using a robust aggregation rule F': R¥*" — R,

Specifically, the server computes

Rt = F(gil), .. ,gin)>

Finally, the server updates the model to 6; = 6,1 — YRy,
where v > 0 is referred to as the learning rate. After 7" steps,
the server outputs the model 6; for which the associated
aggregate R; has the smallest norm. That is, the algorithm
outputs § = 0, _1, where 7 € argmin | Ry|| .

1<t<T

3.2 Analysis of Robust D-GD

At the core of robust D-GD lies the aggregation rule F'. To
tightly analyze the utility of F', we introduce the notion of
(f, k)-robustness which unifies previous robustness criteria
and is sufficiently fine-grained to obtain tight convergence
guarantees. In words, (f, k)-robustness ensures that the
error of an aggregation rule, in estimating the average of the
honest inputs, is uniformly bounded by « times the variance
of honest inputs. Formally, it is defined as follows.

Definition 2 ((f, x)-robustness). Let f < 7/2 and k > 0.
An aggregation rule F is said to be (f, k)-robust if for any
vectors x1, ..., x, € R% and any set S C [n] of size n — f,
— 2 K — 12
1P ) = s < 3 =]
€S
where Tg = ﬁ > ics Ti- We refer to k as the robustness
coefficient.

Our criterion unifies the existing robustness definitions
including (f, A)-resilient averaging (Farhadkhani et al.!
2022b) and (;qz,c)-ARAgg (Karimireddy et al., 2022).
Specifically, when x = O(f/r), our definition implies both
(f, \)-resilient averaging and (0,42, c)-ARAg We prove
this claim in Appendix [8.3] Furthermore, ( f, x)-robustness
allows us to devise a general convergence analysis for ro-
bust D-GD when up to f workers are Byzantine, under the
standard heterogeneity assumption. We present our general
convergence analysis of robust D-GD in Theorem [I] below,
assuming F' to be ( f, k)-robust. Recall that 7 denotes the
set of indices for honest workers.

Theorem 1. Let Assumption[I|hold and recall that L4 is
L-smooth. Consider Algorithm[[|with T > 1 and learning
rate v = /1. If F is (f, k)-robust then

AL(Ly(00) — L7)
T )

Hv.cﬂ(é)l P anG? o

where L* = infgcpa L14(0).

According to Theorem [T} the asymptotic error for robust
D-GD (when T' — o0) is optimal, i.e., it matches the

3 Although for satisfying (f, \)-resilient averaging condition
having x = /X suffices, i.e., it need not be in O(//n).
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Aggregation GM CWTM

CWDMed Krum Lower bound

2 2
f f f f f f
K (1 + 'n—2f) n—2f (1 + n—2f) (1 + n—2f) 1+ n—2f n—2f

Table 1: Robustness coefficient « for different (f, x)-robust aggregation rules, ignoring numerical constants. The exact
robustness coefficients are deferred to Appendix [8.1} Note also that our analysis is tight and significantly improves over
previous works (Farhadkhani et al., 2022b; [ Karimireddy et al., 2022), e.g., eliminating the dependence on dimension for

CWMed and CWTM.

lower bound from Proposition|[1]if F is (f, x)-robust with
k = O (f/n). In the homogeneous case, i.e., when G = 0,
robust D-GD can asymptotically reach a stationary point
of the average honest loss function despite the presence of
f Byzantine workers, as long as F is (f, x)-robust with a
bounded x. Note that the convergence rate of /7 is stan-
dard for smooth non-convex loss functions when analyzing
first-order methods such as gradient descent (Ghadimi and
Lan, 2016)).

Suboptimality of existing aggregations. Several existing
aggregation rules such as CWTM, Krum, GM, and CWMed
can be shown to be (f, k)-robust. The robustness coeffi-
cients « for these rules are listed in Table [T} and the formal
derivations are deferred to Appendix [8.1} Note also that for
any f < n/2, an aggregation rule cannot be ( f, x)-robust for
K< o7 (see Appendixfor details). This lower bound
means that, in general, a robust aggregation rule cannot pro-
vide an estimate that is arbitrarily close to the average of
honest inputs. This also indicates that the values in Table/[]]
for Krum, GM, and CWMed are suboptimal, as they do
not match the lower bound. We show in the next section
that NNM solves this issue by boosting the robustness of
these aggregation rules and provides optimal convergence
for robust D-GD.

4 FIXING BY NEAREST NEIGHBOR
MIXING

In this section, we present a principled way of fixing the
suboptimality of existing solutions in terms of Byzantine
resilience. Specifically, we introduce a pre-aggregation
algorithm called nearest neighbor mixing (NNM), and prove
optimal Byzantine robustness when it is embedded in D-
GD. We describe the NNM procedure in Section 4.1] and
demonstrate in Section [.2] that NNM amplifies robustness
when applied prior to an aggregation rule.

4.1 Description of NNM

Given a set of n input vectors z1,...,z, € R? NNM
replaces every vector with the average of its n — f near-
est neighbors (including itself). Formally, NNM outputs

(Y1, Yn) = NNM(x1, ..., x,) where for each i € [n],

=
yiznff.z;xizj; (1)
=

where z;.; is the j nearest vector to z; in (z1,...,2y).
Intuitively, in the context of robust D-GD, applying NNM
mixes the gradients artificially, hence making every mixed
gradient a better representation of V.Ly,(6;_1). The overall
procedure for NNM can be found in Algorithm 2]

Algorithm 2: Nearest Neighbor Mixing (NNM)

Input: number of inputs n, number of Byzantine inputs
f < n/2, vectors z1, ..., r, € R

fori=1...ndo

Sort inputs to get (z;.1, . .

., Tj.y) such that
Ti:l — Ti|| = -+ X || Tiin — Ti|5
| [<...< |

Average the n — f nearest neighbors of z;, i.e.,

return yi, ..., Yn;

Remark 1. The computational cost of NNM is O (dn2) in
the worst case, which is due to the search of the n — f
nearest neighbors of each input. Faster algorithms for ap-
proximate nearest neighbor search (Hajebi et al., 2011}
Muja and Lowe, 2014)) could be used for efficiency. Nev-
ertheless, we argue that the cost of NNM is comparable
to (or even smaller than) several aggregation rules includ-
ing Krum (Blanchard et al., 2017), Multi-Krum (Blanchard
et al., 2017), and MDA (Rousseeuw, 1985 [El Mhamdi et al.,
2018). Below, we list the cost of prominent aggregation
rules: Krum and Multi-Krum: O(dn?), CWMed (Yin et al.,
2018) and MeaMed (Xie et al., 2018): O(dn), CWTM (Yin
et al., 2018): O(dnlogn), e-approximate GM (Acharya
et al., 2022): O(dn + de~?), MDA: O(dn? + (7;)712) Fi-
nally, unlike spectral methods (Shejwalkar and Houmansadr,
2021)), we stress that our algorithm preserves linear depen-
dency in d, which may be extremely large in modern-day
ML (i.e., d > n).
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4.2 Analysis of NNM

We now present in Lemma [I] the robustness amplification
that NNM brings to a (f, x)-robust aggregation rule. We
then show in Corollary [T[how it leads to optimal Byzantine
resilience guarantees under heterogeneity.

Lemma 1. Let f < /2 and F: R>" — RY. If F is
(f, k)-robust, then F o NNM is (f, k")-robust with

8f

n —

K <

f(n+1).

Essentially, Lemmameans that the composition of NNM
with any ( f, k)-robust aggregation rule improves the order
of magnitude of the robustness coefficient to O(f/n(k + 1)).
Specifically, this means that if F" has a robustness coefficient
k = O(1), NNM renders the new robustness coefficient
optimal. We believe that the condition x = O (1) is general
enough to hold for any standard robust aggregation rule.
In fact, assuming that there exists v > 0 such that n >
(2+v)f, all the aforementioned aggregation rules are ( f, x)-
robust with £ = O (1). Thus, from a theoretical point of
view, any aggregation rule from Table [T| becomes a good
candidate in Algorithm[I|when combined with NNM. Then,
as stated in Corollary [T|below, we obtain optimal Byzantine
resilience under heterogeneity.

Corollary 1. Let Assumption[l|hold and recall that Ly, is
L-smooth. Consider Algorithmwith ~ = 1/L and aggre-
gation F o NNM. If F is (f, k)-robust with k = O(1), then
Algorithm|l\is (f, €)-Byzantine resilient with

= O(#/uG? + 1/7).

Remark 2. Note that CWTM achieves an order-optimal
robustness coefficient k = O(f/n) without the use of NNM,
whenever n > (2 + v) f for some constant v > 0. How-
ever, using NNM prior to CWTM significantly improves its
empirical performance (see Section|6). We believe that an
average-case analysis, instead of our worst-case approach,
could capture this improvement in theory.

S STOCHASTIC EXTENSION

Despite its optimality, our solution for robust D-GD is com-
putationally demanding, as it requires the honest workers to
compute each gradient on the whole dataset. In practice, it
is more common to consider stochastic variants of D-GD,
where workers compute gradients on random mini-batches
of datasets. To accommodate this, we show that NNM can
also be used to enhance the performance of robust variants
of distributed stochastic heavy ball (D-SHB) that has been
recently proven to perform well in Byzantine ML in the ho-
mogeneous setting (El Mhamdi et al., 2021b; |Karimireddy
et al., 2021} |Farhadkhani et al., 2022b)).

5.1 Description of Robust D-SHB

Similarly to robust D-GD, the algorithm proceeds in T iter-
ations as follows. At every step ¢ € [T, the server holds a

model 6;_; and each honest worker holds a local momen-

tum mg )1I The server broadcasts the current model 6;_;

to all the workers for them to update their local momentum.
To do so, each honest worker samples a mini-batch of data
ng) at random from D; and computes a stochastic estimate

gt(i) of its gradient V.£;(0;_1), defined as

> Vb2 )

@
% zes(?)

Then, each honest worker updates and sends to the server
its local momentum

Y= Bm? )+ (1- )" 3)
where 3 € (0, 1) is the momentum parameter and is shared
by all the honest users. Similarly to D-SGD, the server
computes an aggregate of the momentums it receives as
Ry = F(m{"Y,...,m{™). Finally, the server updates the
model to 0; = 6,1 — yR;, where v > 0 is the learning
rate. After the T iterations, the server outputs 6 by sampling

uniformly from (6o, ..., 607_1). The overall procedure for
robust D-SHB is summarized in Algorithm 3]

Algorithm 3: Robust D-SHB

Input: Initial model 6, initial momentum m((f) = 0 for
honest workers, robust aggregation F', learning rate -,
momentum coefficient 3, and number of steps 7.

fort=1...Tdo

Server broadcasts 6;_; to all workers;

for every , in parallel do

Compute a stochastic gradient g,gi) as per (2) ;

) as per B

Update local momentum m
Send mg 2 to the server ;
Server aggregates the momentums:
R = F(mil)7 .. ,mgn));
B Server updates the model: 6, = 0;_1 — vRy;

79T71ﬁ

Sample 0 uniformly from (6, . . .
return é;

5.2 Analysis of Robust D-SHB with NNM

We now provide convergence guarantees for robust D-SHB
with NNM. To do so, we make an additional (standard)
assumption on the variance of the stochastic gradients.

(

%o is set by the server and my ) = 0 for all honest workers.
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Assumption 2 (Bounded variance). For each honest worker
w;,i € H, and all § € R?, it holds that

LS Vet(0,2) - VL 0)] < 0.

m z2€D;
We now present in Theorem 2] the extension of our results to
D-SHB. Essentially, we analyze Algorithm [3lupon assuming
a constant learning rate, that assumptions E] and [Z] hold, and
that £, is L-smooth. For convenience, we introduce the
following numerical constants before stating the theorem:

ay = 36,a2 =64/Ly(0,) — L*, a3 = 1728L,

ay = 288L,a5 = 6L a3, and £* = inf Ly(0).
6 €R?

Theorem 2. Let assumption [I|and[2| hold and recall that
L3 is L-smooth. Let F be a (f,k)-robust aggregation
rule. Consider Algorithm [3|with momentum coefficient § =

V1 —24~L, and learning rate

31T g7
=ming ——, ————= ¢,
7 24L" 2a,.07/T

with ai = a3k + n“ff. Forall T > 1, we have

aAoa40

20,0 as
+ =+ =70
na, T?

JT T

where the expectation is over the algorithm’s randomness.

E U]vcﬂ(é)

2
‘ }Sam‘G2—|—

Tight probabilistic guarantee. The non-vanishing error
in Theoremis in O(kG?). Hence, this error is tight when
k = O(f/n). However, the main difference with robust
D-GD (Theorem[I)) is that the inequality only holds in ex-
pectation, and therefore may not verify (f,s)-Byzantine
resilience. Nevertheless, this result is consistent with the
state-of-the-art convergence guarantees (Karimireddy et al.,
2022) (Theorem II). Note that a subtle difference remains
between our result and the one from (Karimireddy et al..
2022). The randomness of our result in Theorem [2| only
depends on the random subsampling of data and the final
choice of the model. These are natural sources of random-
ness that are usually considered when studying stochastic
gradient descent (Bottou et al., 2018). On the other hand,
the results from (Karimireddy et al., 2022)) also incorporate
an additional (exogenous) randomness introduced by the
shuffling operation of Bucketing. This source of random-
ness cannot be canceled even if true gradients are computed
by the workers, and it may amplify the uncertainty in the
computations (see Section [and Appendix [T0|for more de-
tails). As a result, we believe the probabilistic convergence
guarantees from Theorem 2]to be strictly stronger than those
obtained in (Karimireddy et al., 2022).

Once again, using Lemma [I] we can show that the tight
(probabilistic) resilience guarantee implied by Theorem
holds for the larger class of (f, x)-robust aggregation rules
with & = O(1). We formalize this in Corollary [2] below.

Corollary 2. Let Assumption[l|hold and recall that L4, is
L-smooth. Consider Algorithm[3|with aggregation F oNNM,
under the same setting as Theorem[z] If Fis (f, k)-robust
with k = O(1), then we have

E {HVEH(é)

ﬂ = O(#/aG? + YvT),

where the expectation is over the algorithm’s randomness.

6 EXPERIMENTAL EVALUATION

In this section, we investigate the practical performances of
NNM. We report on a comprehensive set of experiments
evaluating our solution against the state-of-the-art on three
benchmark image classification tasks and under five differ-
ent Byzantine attacks.

6.1 Experimental Setup

Datasets, models, and hyperparameters. We consider
three image classification datasets, namely MNIST (LeCun
and Cortes, 2010), Fashion-MNIST (Xiao et al., 2017), and
CIFAR-10 (Krizhevsky et al., 2014); and we implement
NNM on top of robust D-SHB. Due to space limitation, we
only present results on MNIST and CIFAR-10, and defer the
remaining results to Appendix[T3] including experiments on
D-GD with NNM.

On MNIST, we train a convolutional neural network (CNN)
for T' = 800 steps using a batch size b = 25, with a decay-
ing learning rate starting at 0.75, and a momentum param-
eter 3 = 0.9. On CIFAR-10, we use a CNN with b = 50,
T = 2000, v = 0.25 that decays at step 1500, and 5 = 0.9.
Furthermore, we implement our solution with four aggre-
gation rules namely Krum, CWTM, CWMed, and GME],
and compare its performance against the Bucketing (Karim+
ireddy et al., 2022) method and vanilla aggregation rules.
As a benchmark, we also implement vanilla D-SHB (i.e.,
robust D-SHB with F' = average) in a setting where there
are no faults (f = 0).

Heterogeneity. We simulate heterogeneity in honest work-
ers’ data by sampling from the original dataset using a
Dirichlet distribution of parameter « (as done in (Hsu et al.]
2019)). We consider three heterogeneity regimes: extreme
(o = 0.1), moderate (o« = 1), and low (o« = 10). A pictorial
representation of the resulting heterogeneity as a function
of o can be found in Appendix We run our algorithm
on MNIST and Fashion-MNIST over the whole spectrum
of heterogeneity defined above. However, as CIFAR-10 is
considerably more challenging, we restrict the heterogeneity
to a € {1,10}.

Distributed system and Byzantine attacks. We consider
a distributed system of n = 17 workers, among which

>We implement GM using the approximation from (Pillutla
et al., 2022)).
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‘ Aggregation ALIE FOE LF SF Mimic Worst Case
Krum 10.19 £00.61 10.28 £00.57 12.76 £06.25 51.17 £06.14 86.78 +07.04 | '10.19 = 00.61
@ Bucketing + Krum 44.78 £06.18 36.10 £15.70 56.21 +19.49 4754 £11.74 949240393 | 36.10 £ 15.70
NNM + Krum 78.30 + 07.78 70.07 + 04.39 93.07 + 05.24 82.44 + 02.86 97.69 £ 00.77 | 70.07 £ 04.39
GM 92.01 £04.35 65.61 £12.17 9394 +03.70 57.86£10.42 96.85+01.57 | 57.86 &+ 10.42
@ Bucketing + GM 39.83 £ 11.35 4473 +1647 96.22 +02.83 91.30 + 03.91 97.68 + 00.91 | 39.83 & 11.35
NNM + GM 81.26 £ 0891 75.27 £02.69 9423 £03.20 86.33 +03.73 97.17£01.09 | 75.27 £ 02.69
CWMed 68.74 £06.99 19.48 £10.97 3334+ 17.02 27.96£09.97 64.01 £12.77 | [19.48 & 10.97
@ Bucketing + CWMed  55.86 & 10.00 42.80 £21.25 70.16 = 11.65 50.96 £16.52 9443 +£03.48 | 42.80+21.25
NNM + CWMed 80.52 £ 0745 7520 £ 08.80 93.42 +02.98 85.10 £ 06.05 97.38 +00.70 | 75.20 & 08.80
CWTM 76.16 £ 07.68 69.96 £ 16.57 36.87 £21.43 27.45+£08.83 89.83 +02.83 | 27.45 & 08.83
@ Bucketing + CWTM  55.86 + 10.00 42.80 £21.25 70.16 £ 11.65 50.96 +£16.52 94.43 +03.48 | 42.80 +£21.25
NNM + CWTM 79.04 +09.19 7991 £ 03.94 94.75 +02.22 84.78 £ 05.78 96.02 £+ 03.25 | 79.04 &+ 09.19

Table 2: Maximum test accuracies (%) across T' = 800 learning steps on MNIST, under extreme heterogeneity (o = 0.1)
and five Byzantine attacks. There are f = 4 Byzantine workers among n = 17. The baseline accuracy (D-SHB) is
98.03 £ 0.70%. In each of the four horizontal blocks and under each attack, we highlight in bold the best accuracy. For
every method, we also show the worst-case accuracy across attacks, and highlight the best and worst one in each block.

f < n/2 can be Byzantine. We vary f € {4,6,8} on
the MNIST dataset, and f € {2, 3,4} on CIFAR-10. The
Byzantine workers execute five state-of-the-art gradient at-
tacks, namely Fall of Empires (FOE) (Xie et al., 2019), A
Little is Enough (ALIE) (Baruch et al., 2019), Sign Flipping
(SF) (Allen-Zhu et al., 2020), Label Flipping (Allen-Zhu
et al., 2020), and Mimic (Karimireddy et al., 2022)). Note
that for ALIE and FOE, we design optimized versions of
the attacks, as done in (Shejwalkar and Houmansadr, 2021)).
We explain this further in Appendix

Reproducibility and reusability. All experiments are run
with five seeds from 1 to 5 for reproducibility purposes. The
code will also be made available for reusability. Additional
details on the setup can be found in Appendix [14]

6.2 Empirical Results on MNIST

In Table[2] we carefully examine the performance of NNM
on MNIST under extreme heterogeneity (o = 0.1), in com-
parison with Bucketing and vanilla aggregation rules. For
every block (i.e., every aggregation rule) and under every
attack, we highlight in bold the algorithm resulting in the
highest accuracy in the considered scenario.

NNM improves robustness. We clearly see that our algo-
rithm boosts the resilience of aggregation rules in Byzantine
settings, and provides the most consistent behavior across at-
tacks. In fact, for Krum, CWMed, and CWTM (i.e., blocks
1, 3, and 4 in Table @, NNM outputs the maximal accuracy
under all attacks. The two other techniques (Bucketing and
vanilla) showcase much weaker performances and are some-
times on par with a random classifier (e.g., 10.19% under

ALIE and 10.28% under FOE for vanilla Krum).

The case of GM is less evident since the other techniques
can outperform our method in some settings (e.g., ALIE,
SF). However, a crucial observation is that there always
exists at least one attack that considerably deteriorates the
performance of Bucketing+GM and vanilla GM, whereas
NNM+GM consistently yields desirable accuracies in all
attack scenarios. Indeed, the minimum accuracy across
attacks achieved by NNM+GM is 75.27%, which is con-
siderably better than Bucketing+GM and vanilla GM with
39.83% and 57.86% minimum accuracies, respectively.
Moreover, although vanilla GM scores the highest under
ALIE, it showcases low accuracies of 65.61% and 57.86%
under FOE and SF, respectively. Bucketing+GM also fails
considerably under ALIE and FOE with accuracies far be-
low 50%. Finally, even though Bucketing+GM scores the
highest under LF and Mimic, NNM+GM is also excellent
under these two attacks with accuracies greater than 96%.

Worst-case performance. We show in the last column
of Table [2| the worst-case performance (across attacks) of
every aggregation technique (i.e., every row), and rank them
within each block from worst (in red) to best (in green).
We argue that this is a critical metric to correctly evaluate
Byzantine resilience, as the same algorithm can simulta-
neously greatly defend against some attacks but perform
poorly against others. Accordingly, we see from the last
column that our method always displays the “best” worst
case. In fact, the lowest accuracy NNM yields across attacks
and aggregation rules is 70.07% with Krum. Furthermore,
the worst case performances of the other techniques are
much worse than ours, yielding values as low as 10.19%
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Figure 1: Experiments on CIFAR-10 with f = 2 Byzantine workers among n = 17. The Byzantine workers execute the
ALIE (column 1) and LF (column 2) attacks. 1*' row: moderate heterogeneity (o = 1). 2"¢ row: low heterogeneity (o = 10).

with Krum and 39.83% with Bucketing+GM.

Additionally, the worst case performance of Bucketing is al-
most equally poor for all aggregation rules (36.1%, 39.83%,
and 42.80%). However, all worst case accuracies of NNM
are within the range 70-79%. This highly suggests the unre-
liability of Bucketing, due to its subpar worst case behavior
independently of the aggregation rule used.

6.3 Empirical Results on CIFAR-10

In Figure[I] we plot the performance of NNM and Bucketing
on CIFAR-10 during T" = 2000 steps of learning, with GM,
CWMed, CWTM, and Krum as base aggregation ruleslﬂ We
consider two heterogeneity levels (¢« = 1 in row 1, and
a = 10 in row 2), with two Byzantine workers executing
the ALIE and LF attacks.

Heterogeneity impairs learning. Our first observation is
that stronger heterogeneity regimes hinder the learning, as
expected. As can be seen in Figure[]] increasing « from 1 to
10 significantly improves all NNM aggregations (especially
under ALIE), whereas Bucketing+CWMed still stagnates at
10% and Bucketing+GM barely reaches 30%.

Empirical superiority of NNM. Under ALIE, we clearly
see that NNM greatly outperforms Bucketing in both het-
erogeneity regimes. In particular, ALIE deteriorates the
learning when using Bucketing with GM and CWMed, with
both methods reaching a final accuracy close to 10% when
a = 1. Although Bucketing+Krum has a better perfor-
mance, it still displays a lower accuracy and a much larger
variance than any NNM aggregation. On the other hand,
we observe that LF is a much weaker attack. Although all

®In the considered setting, Bucketing with CWMed and CWTM
are exactly equivalent.

aggregation methods are able to converge to a desirable ac-
curacy, our algorithm still portrays better convergence rates
than Bucketing. This is particularly apparent for « = 10
where all NNM aggregations almost exactly match D-SHB’s
convergence rate, whereas Bucketing converges slower, es-
pecially in the case of Krum. The remaining three attacks
have a similar behavior to LF and are in Appendix 13}

7 CONCLUSION AND FUTURE WORK

We show that robust D-GD enhanced by NNM is an opti-
mal solution for Byzantine ML under heterogeneity. We
also derive similar results for robust D-SHB (with NNM) in
expectation. We believe that an interesting future direction
would be to tighten these guarantees by investigating almost
sure convergence rates for our stochastic solution. Such
guarantees have been recently introduced in the Byzantine-
free setting for SHB (Sebbouh et al., 2021} [Liu and Yuan|
2022; Gadat et al., 2018). Yet, adapting them to our setting
remains an open question. In general, we believe subsequent
works on Byzantine ML should strive to obtain almost sure
convergence guarantees (instead of expectation), preclud-
ing the use of unnecessary randomness and certifying the
robustness of these algorithms.
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ORGANIZATION OF THE APPENDIX

Appendix contains proofs related to ( f, k)-robustness. Appendix E]contains the analysis of NNM (proof of Lemma E])
Appendix |10|contains a formal discussion on Bucketing (Karimireddy et al., 2022)). Appendix [l 1|contains the analysis of
robust D-GD (proof of Theorem[I). Appendix [I2]contains the analysis of robust D-GD with NNM (proof of Corollary [T},
and the Byzantine resilience lower bound (Proposition[T). Appendix [I3]contains the analysis of robust D-SHB with NNM
(proofs of Theorem [2]and Corollary 2. Appendix [I4]contains details on the experimental setup. Appendix [I3]contains all
experimental results.

8 ROBUSTNESS ANALYSIS

In this section, we prove all our claims related to (f, x)-robustness. In Section we prove several existing aggregation
rules to be (f, x)-robust and give their exact robustness coefficients. We then establish the tightness of our analysis in
Section 8.2 by proving a universal lower bound on «, and an aggregation-specific lower bound. Finally, we prove that
(f, k)-robustness unifies existing robustness definitions in Section

We first recall the definition of (f, x)-robustness:

Deﬁnition Let f < n/2and k > 0. An aggregation rule F is said to be (f, k)-robust if for any vectors 1, .. ., x, € RY,
and any set S C [n] of size n — f,

— 2 K — 2
[F(z1,.. ., 2n) — Ts| SMZIIwi—xsll
i€S

where Ts = 157 3_,c5 Ti- We refer to s as the robustness coefficient.

8.1 (f,x)-robust Aggregation Rules

In this section, we prove that coordinate-wise Trimmed Mean (CWTM) (Yin et al., 2018), Krum (Blanchard et al.]
2017), Geometric Median (GM) (Small, 1990), and coordinate-wise Median (CWMed) (Yin et al., 2018) all satisfy
(f, k)-robustness.

8.1.1 Trimmed Mean

Let z € R, we denote by [z]k, the k-th coordinate of . Given the input vectors x1, ..., x, € R4, we let 73, denote a
permutation on [n] that sorts the k-th coordinate of the input vectors in non-decreasing order, i.e., [z, (1)]x < [T7, (2)]x <

. < [27,(n)]k- Then, the coordinate-wise trimmed mean of x, ..., x,, denoted by CWTM(xy, ..., x,), is a vector in
R? whose k-th coordinate is defined as follows,

1 A
[CWTM(z1,...,2,)], = T > [yl
J=f+1

We first show a general lemma simplifying the analysis of ( f, x)-robustness for coordinate-wise aggregations, by reducing
the analysis to scalars without loss of generality. Specifically, we show that if F' is a coordinate-wise function, i.e., each
k-th coordinate of F denoted by Fj, only depends on the respective k-th coordinates of the inputs [x1], , ..., [z,],, then
coordinate-wise robustness implies overall robustness.
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Lemma 2. Assume that F : R¥" — R? is a coordinate-wise aggregation function, i.e., there exist d real-valued functions
Fi,...,Fy: R — Rsuch that for all 21, ..., x, € R, [F(z1,...,2,)], = Fiu([@1]k, - - -, [@a)k). Iffor each k € [d), F},
is (f, k)-robust then F is (f, k)-robust.

Proof. Consider n arbitrary vectors in R%, z1, . .., z,,, and an arbitrary set S C [n] such that |S| = n — f. Assume that for
each k € [d], F}, is (f, x)-robust. Since F is assume to be a coordinate-wise aggregation function, we have

IF(z1,...,2n) — s Z\Fk T1ls - [Talk) — Eslil® )

Since for each k € [d], F} is (f, x)-robust, we have

d d
2 K
1ot o) = B € 3 S~ Bl = 7 3l ~ sl = 5y - -l
k=1 1€S i€S k=1 i€S
Substituting from above in @) concludes the proof. O

We now show an important property in Lemma 3| below on the sorting of real values that proves essential in obtaining a tight
(f, k)-robustness guarantee for trimmed mean.

Lemma 3. Consider n real values x1, ..., T, be such that x1 < ... < xz,. Let S C [n] of size |S| = n — f, and
I={f+1,...,n— f}. We obtain that

Mofwi—zsP < D |wi—Tsl

i€I\S i€S\I

Proof. First, note that, as |[I| =n —2fand |[S|=n— f, [T\ S| < fand |S\ I| > f. Thus, [T\ S| < |S\ I|. To prove
the lemma, we show that there exists an injection ¢: I\ S — S\ I such that

VieI\S, |z —Ts| < |zpu) — Zs| (3)
As [T\ S| < |S\I], wehave } ;g |Zp() — x5| < Diesvrlri— Ts|?. Hence, (@) proves the lemma.

We denote by B the complement of S in [n], i.e., B = [n] \ S. Therefore, |B| = fand I \ S = I N B. We denote
I"={n—f+1,....,n},and I~ == {1,..., f} to be the indices of values that are larger (or equal to) and smaller (or
equal to) the values in I, respectively. Let |[I N B| = q. As B = [n] \ S, we obtain that

[FnS|=f—|I"nB|2f-|B\UNB)|=f~(f-9) =q (6)

Similarly, we obtain that
|I"nS|>q. 7
Recall that ¢ = |I N B| where I \ S = I N B. Therefore, due to (6) and (7), there exists an injection from I \ S to
(I=NS) x (ITNS). Let ¢ be such an injection. For each i € I\ S, ¢(i) is a pair, denoted by (¢~ (i), ¥ (7)), in
(I=NS) x (It NS). Consider an arbitrary ¢ € I \ S. By definition of /= and I, we have
Ty-(i) S Ti S Tyt (i)
Therefore, for any real value y,
o =yl < max {|zy ) =yl oy — [}

The above proves (3)), where the injection ¢ is defined as ¢(i) = argmax ¢ (y+(;), - (i)} [ — Ts| foralli € I'\ S.

We now prove the (f, x)-robustness property of trimmed mean in the proposition below.
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Proposition 2. Letn € N* and f < n/2. CWIM is (f, k)-robust with k = nEfo (1 + n_fo).

Proof. First, note that trimmed mean Trimmed Mean is a coordinate-wise aggregation, defined in Lemma@ Thus, due to
Lemmal2] it suffices to show that Trimmed Mean is (f, x)-robust in the scalar domain, i.e., when d = 1.

Letzy,..., , € R and, without loss of generality, let us assume thatz; < ... < z,. Wedenoteby I := {f+1,...,n—f},
and let S be an arbitrary subset of [n] of size n — f. Recall that the set of indices selected by TM (21, ..., ©,) =

nflzf > icr ®i. We obtain that
2 2

ICWTM (21, ..., 2,) — Zg|* =

1 _
n—2fzxi_ws

i€l

1 _ 1 _
n—2f ;<xi_xs)_ n—2f ;(mi—xs)

1 _
n—2f Z(wi—xs)

i€l

2

(as Z(wl —Tg) = O)

€S

2

" (n —12f)’2 > (wi=Ts) = D (5 —7s)

i€I\S ieS\I

Using Jensen’s inequality above, we obtain that

_ I\NS|+|S\I _ _
ICWTM (21, ..., 2,) — Zs|* < I\(n|—2|f)2\| Z |z — Ts|* + Z |z; — Zs|?
iel\s i€S\I

Note that [T\ S| = [TUS|—|S| <n—(n—f)= f. Similarly,
[T\ S|+ |S\ I| < 3f. Therefore, we have

S\I|=[IUS|—|I| <n—(n—2f)=2f. Accordingly,

3
|CWTM(x1,...,xn)—xs|2§(n_J;f)2 Solwi—zs 4 Y |w—7s)
i€I\S ieS\I

Recall from Lemmathat Yiens 1T — Ts|? < Yies |z — Ts|”. Using this fact above we obtain that

_ 6f _ 2 6f — 2
ICWTM(z1,...,20) —Ts)* € —2 S Jay — 7] < —2L S |ai — 7[>
! (n—2f) ie%%] Z (n—2f)2;

2
Finally, as (nj;f)z = (];(f;f];)z (ﬁ) = (nj;f + (rJ;Jf) )n—if,we obtain that

o f fV) L e
[CWTM(z1,...,2,) — Ts| §6<n_2f—|—<n_2f> >|S|;J;,-—a:5 ) (8)

The above concludes the proof. O

8.1.2 Krum

In this section, we study a slight adaptation of the Krum algorithm first introduced in (Blanchard et al., 2017). Essentially,
given the input vectors x1, ..., T,, Krum outputs the vector that is the nearest to its neighbors upon discarding f (as
opposed to f + 1 in the original version) furthest vectors. Specifically, we denote by A, the set the of indices of the n — f
nearest neighbors of z; in {1, ..., z,}, with ties arbitrarily broken. Krum outputs the vector z- such that

k* € argmin Z lx; — x|,
J€(n] 1EN;

with ties arbitrarily broken if the set of minimizers above includes more than one element.
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Proposition 3. Lern € N* and f < n/2. Krum is (f, k)-robust with k = 6(1 + nf2f).

Proof. Letn € N, f < n/2,and z1,...,x, € R Consider any subset S C [n] of size |S| = n — f. In the following,
for every j € [n], we denote by N; the set the of indices of the n — f nearest neighbors of z; in {z1, ..., z,}, with ties
arbitrarily broken. Observe that this implies, for every j € [n], that

2 2
Sl —aill® <> Ml — @l )

iEN; €S

Let k* € [n] be the index selected by Krum. By definition, it holds that k* € arg min;e () > e n, 175 — ;||* . Therefore,
leveraging (9) we have

Y N — @il = min Z lj — i) < min > ey —ail* < Z > llzy —i)®

€N * zeN jESZEN
— 2
< TS ZDm zi|* = \S| 3 ey — T — (2 — 73)|
JeSzeS i,jES
=57 2 (e =75l + o= 75 ~ 21z, —xs,mﬁxs>)
i,j€S
1
= il > g =Tl Y w7l -2 Y (ay — T, @i — T |
i,jES i,jES i,JES
1
= 51 2181 Nl =7l =2 3 (g xs,xz—m}
i€S i,jES
1 [ J—
=15 2|SZ|xi—xs||2—2z<z<xj—xs), xi_ms>} — 2 s~z (10)
) icS i€S \jes i€s
~—_————
=0

Now, using Jensen’s inequality, we can write for all i € S,
e = Zs ) < 2|l — @il* + 2|z — T |*

Therefore, by rearranging the terms, we have for all : € S,

1
i —ail* = 5 e = Zs))” = s — T

[\)

Together with the fact that S N N~
inequality implies that

w| — |SUN]€*

> (n—f)+(n—f)—n=mn-—2f, the previous

1
Dol =zl = D ke — @ll® > S 0N 5 llzke TP - > e —zs)?
P1EN i€SNN = 1€ SNN =
n

-2
St T 2D S R R

1€SNN =
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By rearranging the terms, and invoking (T0) we can write

A

2
— 2 2 — 2
|z —Ts||” < - Z |z — 4l|” + Z |zi — Zs|

TEN = 1€ SNN*

2
S — oT; Z e — il|* + Z [
| 1€EN* 1€S
2 _ 2 — 2
<= 27 2>l — Tl + D [lzi — s
L ies iES
(
= T, —Tg T;—Ts
fZH == |S|Z|| I”.
We conclude by remarking that 7?:2’} =1+ g 37 O
8.1.3 Geometric Median
The Geometric Median of x4, ..., x, € R< denoted by GM(z1, ..., xy,), is defined to be a vector that minimizes the sum

of the /5-distances to these vectors. Specifically, we have

GM(zy,...,2,) € argmlnz lly — 4| -
€Rr? i=1

2
Proposition 4. Lern € N* and f < /2. GM is (f, k)-robust with k = 4 (1 + %2]") .

Proof. The proof is similar to the analysis of Geometric Median in (Karimireddy et al., 2022)). For completeness, we provide
the full proof adapted to the definition of ( f, )-robustness. Let us denote by z* := GM(x1, . .., ), the geometric median
of the input vectors. Consider any subset S C [n] of size |S| = n — f. By the reverse triangle inequality, for any i € S, we
have

le* — i > lle” — Zs]| — [l: — Zsl]. (11)

Similarly, for any ¢ € [n] \ S, we obtain
[2" = @il| = ||z = Ts || - [l=" = Zs]|- (12)

Summing up (TT) and (12)) over all input vectors we obtain

Yol —aill = (n—=2f) la* —Tsll + Y Nz —zs]| = Y llwi — sl -

1€[n] i€[n]\S icS

Rearranging the terms, we obtain

lz* —Zs] < ~

Dol —aill = Y e —Tsll + ) e — s

i€n) i€n)\s ies

Note that by the definition of the geometric median, we have

Z 2" =il < Y |[Ts — il

i€[n]

Therefore,

lo* —7s]| < ~

anz—xsn— S e -7l + 3 -7l | < = Qonxz zsl..
]

i€ln i€[n]\S €S €S



Fixing by Mixing: A Recipe for Optimal Byzantine ML under Heterogeneity

Squaring both sides and using Jensen’s inequality, we obtain

P2 4(n —
xr —Ig XTi — T8 T; —Tg
o — 7l < ﬂ2%;| = 2 f§]\ i
f ) 1 2
:4<1+ —Zsz—st .
n—=2f) 15| i€s

This is the desired result. O
8.1.4 Median
For input vectors 1, ..., T, their coordinate-wise median, denoted by CWMed(z1, ..., x,), is defined to be a vector
whose k-th coordinate, for all k € [d], is defined to be

[CWMed (x1, ..., xy)], == Median ([z1]k, ... [Tn]k) - (13)

2
Proposition 5. Letn € N* and f < n/2. CWMed is (f, k)-robust with k = 4 (1 + ﬁ) .

Proof. Given that Geometric Median coincides with Median for one-dimensional inputs, it follows from Proposition [4] that,

2
for one-dimensional inputs, Median is (f, x)-robust with k = 4 (1 + ) . Since Median is coordinate-wise, we deduce

f
n—2f
from Lemma 2] that the latter holds for any d-dimensional inputs, and conclude the proof. O

8.2 Lower Bounds

In this section, we establish the tightness of our analysis by proving a universal lower bound on « in Proposition[6] and an
aggregation-specific lower bound in Proposition

Proposition 6. Lern € N*| f <nand k > 0. If F is (f, k)-robust, thenn > 2f and k > n%

2f
Proof. Letn € N*, f < nand k > 0. Assume that F' is (f, )-resilient averaging aggregation rule. Consider z1, ..., &,
suchthatzy = ... =2,y = 0,and z,,_y41 = ... = z,, = 1. Let us first consider a set Sy = {1,...,n — f}. Since

[So| = n — f, by definition, we have

_ 2 1 — 2
|F(z1,..., Tn) —Ts,|” < K —7 Z |z, —Zg,|” = 0.
i€So
Thus, F'(z1,..., zy) =Tg, = 0.
Now, consider another set S; = {f +1,...,n}. Observe that we necessarily have n > 2f. Assume by contradiction

that 2f > n,ie., f +1 > n — f + 1. This implies that, for every ¢ € S1, z; = 1. Therefore, Tg, = 1. And, since F is
(f, k)-robust, we must have

|F(m1,...,xn)—551 f E |a?l .%‘5'1
1€S1
Therefore, 0 = Tg, = F(z1,...,%,) = Ts, = 1, which is a contradiction.

As aresult, we must have n > 2 f. This implies that Tg, = ni_f Thus,

2
|F(l‘17...’ .Z'n> _551|2 = ( f ) : (14)

Since F'is (f, k)-resilient averaging rule, we have

2

\F(a:l,...,zn)ffSJ <Kn—fl;&|x7 ISI M((an)’ Jrf‘l )
_ K f? (n—2f)*
=55 (o2t )

BN ERLTE ATRILEL: )
n=f - fpP (=1
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Plugging this inequality back in (T4)), we conclude x > O

Proposition 7. Letn € N*| f > 1 such thatn > 2f, and k
then k € Q(1).

0. For any F € {GM, CWMed, Krum}, if F is (f, k)-robust

Proof. Letn € N* | f > 1 suchthatn > 2f and k > 0. Let F € {GM, CWMed, Krum}. We will prove that if F is
(f, k)-robust, then there exists an absolute constant ¢ > 0 such that k > c.

Consider z1,...,z, € R such that T T not| = —1 and T\ oot |41 Tnaf = 1. Moreover, we set
2 2

Tpn—f4+1,---,Tn = 1. Observe that, because f > 1, there is a strict majority of the inputs taking value 1: the num-
berofsuchinputsis(nfff{" fJ)Jrf [ —‘+f>v fJ+f>VT_fJ.
Besides, recall that by setting S = {1,...,n — f}, any (f, x)-robust function F' should verify

|F (21, 2n) = Ts|” < i~ — lel . (15)

€S

However, the average Tg is equal to

xS:niJchi:ni{ ;fJ x(—1)+(n—f—{n;fD ><(+1)]

1 . n—f|\ _ JO if n — f is even,
n—f(” f 2{ 2 D{nlf ifn — fis odd, (16)

. .. 1 — 2.
Besides, the empirical average ;= >_,c ¢ | — Ts|” is equal to

Z|xz zs|” :n—fz T} +Tg — 20,Tg) = ﬁfo—jg

zES ies i€S
1 if n — f is even,

=1— f% — L\ . 17
1*(n_f) if n — fis odd.

Now, observe that the value of F'(z1,...,x,) is equal to 1 for every F' € {GM, CWMed, Krum}. Indeed, since f > 1, a
strict majority of the inputs take the value 1, while the remaining inputs take the value —1. Recall also that GM is identical
to CWMed in one dimension.

By plugging this in (13)), using and (T7), and rearranging terms, we obtain for every F' € {GM, CWMed, Krum}

K> |F(I‘1,..., -rn) _ES|2 _ ‘1 —fs|2 — 1‘1 1 |2 lfn_fls evet (18)
- . 2 - . 2 - _? . .
%—]‘Zies |z; — Ts] ﬁZiES |z; — ZTs] ) if n — fis odd.
(= T e A Y A 2 .
Note however that - nif)2 = oL T aofe o 1-— ey Since f > 1, thenn > 2f 4+ 1 > 3, and thus

m =1-— ?c = > 3. Therefore, in both cases of (T8), we have x > 1 for every F' € {GM, CWMed, Krum}. This

concludes the proof. O

We can now see that the robustness coefficients given in Table|l] I are tight in order of magnitude. Assume thatn > (2 + v)f

—27 )»
The coefficients of CWMed, GM and Krum are of order O(1), which is optimal following Proposmonl

for some absolute constant v > 0. The coefficient of CWTM is of order (9( ) which is optimal following Proposmon@
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8.3 Unifying Robustness Definitions

In this section, we prove that (f, x)-robustness unifies existing robustness definitions in the literature (Farhadkhani et al.,
2022b; |[Karimireddy et al., 2022)). Specifically, we prove that verifying our definition implies verifying the other definitions.
The reason behind this is that, in ( f, x)-robustness, we control the error on estimating the average with a smaller quantity
compared to existing works.

8.3.1 (f, A)-resilient Averaging

Recall the definition of ( f, \)-resilient averaging (Farhadkhani et al., 2022b) below.

Definition 3 ((f, \)-Resilient averaging). For f < n and real value \ > 0, an aggregation rule F is called (f, \)-resilient
averaging if for any collection of n vectors x1, ..., xn, and any set S C {1,..., n} of sizen — f,

[F(21s. .0y 2p) = Ts|| < Amax ||z — x4,
i,jES

where Tg = ﬁ > ics Ti, and | S| is the cardinality of S.

The following proposition shows that ( f, k)-robustness implies (f, A)-resilient averaging.

Proposition 8. Lern € N*, f < nand k > 0. If F is (f, k)-robust, then F is (f, \)-resilient with A = \/k /2.

Proof. Letn € N*, f <nand \,k > 0. Letx1,...,2, € RYand S C {1,...,n} such that |[S| = n — f.

If F is (f, k)-robust, then we have

|F(z1,... %) —ESHQ < I<L

Sl =l = w3 =yl < max e -yl (19)

165 i,jES

The equality above is due to

1 _ _ 2
2= f)2 Z i — 5 S 3m—Jf2 Z |zi —Ts +Ts — 24|

1,jES i,j€S

s o (=Tl 4 s =l 2o~ 7s)(; 7))

i,j€S

1
m Z||33z—$8|| +(n—f ZHmS—%”

€S JjeSs
T (n—f)2 Z —Ts)(z; — Ts)
i,jES
= fZHJh zs|” — Z Zl"—fs)
€S €S jeSs
—_———
=0
= —Ts || (20)
ZGS
Taking the square root of both sides in (T9) concludes the proof. O

As a consequence of Proposition [§] one can measure the significant improvement over the analysis of aggregation rules
in (Farhadkhani et al., 2022b)). For example, the coefficient A proved for CWMed in (Farhadkhani et al., 2022b) is

5 (n ) min {2+/n f,\d d}, which is either growing with the dimension or n. In contrast, Prop0s1t10n shows that our

analysis implies the coefficient A = \/k/2 = V2 (1 + W)’ which is bounded whenever n > (2 + v) f for some v > 0.
A similar observation can be made for CWTM.



Allouah, Farhadkhani, Guerraoui, Gupta, Pinot, Stephan

8.3.2 (Jmax, ¢)-agnostic Robust Aggregation

We recall the definition of an agnostic robust aggregator (ARAgg) (Karimireddy et al., 2022) below. Note that the so-
called "good” subset in the original definition of (dmax, ¢)-ARAgg (Karimireddy et al., 2022)) is only required to be of size
|S| > (1 — d)n, where 0 is an upper bound on the fraction of Byzantine workers. In our formalism, f is the actual number
of Byzantine workers, and thus we directly require |S| = n — f without loss of generality.

Definition 4 ((6max, ¢)-ARAgE). Given inputs X1, ..., X,, such that a subset S, |S| = n — f with % < nax < 0.5 satisfies

. L2
E [HXZ - XjHQ} < p*foralli,j € S. Then, the output X of a (8uax, c)-ARAgg satisfies E [HX — XS’ } < c%pQ.

The following proposition shows that (f, x)-robustness implies (dmax, ¢)-agnostic robust aggregation. We also show
that to obtain (Jmax, ¢)-agnostic robust aggregation with ¢ = (1), although there is no such theoretical requirement in

(Karimireddy et al., 2022), it is sufficient to have x € O(n 2f)
Proposition 9. Letn € N*,0 < f < n/2,k > 0, and % < Omax < % If Fis (f, k)-robust, then F is (Oax, ¢)-ARAgg with
¢ = K g7. Furthermore, if k € O(n 2f> then ¢ = O(1).

Proof. Letn € N* 0 < f <n/2,k > 0,and 0 < dpax < % Assume that F is ( f, x)-robust. Consider any x4, ..., x, € R?
and S C [n] such that |[S| =n — f.

As Fis (f, k)-robust, using (20), we have

=12 <
[F (21, 2n) = Zs||” < —7 Z lz: — Zs|* = S TEEaE D N — @D
€S i,jES

For any random variables X1, ..., X,,, integrating over with the joint probability measure of these variables then gives

R 2 K 2 K 1 2

E[|F(X1,.. Xa) - Xs|] < SE o o - Xl =5 E[IX; - X;1?]

i,jES B i,j€ES
< fmaxE[HXifXjHQ} :cfmaxE[HXerH?}. 22)
2 i,jes n i,j€S

where ¢ := £ 3. Thus, if X1, ..., Xy, are such that there exists a subset S C [n], [S| = n— f, for which E {HXZ - Xj||2] <

p? foralli,j € S. Then, it holds that p*> > max; jes E [HXZ - X; Hﬂ . This fact together with (22) allows to conclude the
desired result; that is,

Furthermore, if Kk = O< f2 f) then we can write x < 2m(1 — 25max) for some absolute constant m > 0, since

= 25 is non-decreasing, we have — f2f = %(1+n21;f) < f(l—i— 12‘;’(‘;*[:“),

and thus £ < 2m(1 25max)n 57 < 2m f - As aresult, we have ¢ = £ 3% < m = O(1). This concludes the proof. [

Omax € (0, ) However, since £ £ < §max and & —

Our analysis improves over that of (Karimireddy et al., 2022) for CWMed and Krum. For CWMed, their rate is dimension-
dependent unlike ours. For Krum, they only prove robustness assuming n > 4 f, while our analysis holds for n > 2f.
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9 PROOF OF LEMMA [I: ANALYSIS OF NNM

9.1 Proof Overview

The proof of Lemmal|I|relies on the observation that NNM brings the inputs closer to the true average. This is formalized in
Lemmawhere we show that the empirical variance is reduced by a factor of order //». Note that although outputs of NNM
have smaller variance than the original inputs, their average may deviate from the original average. Then, in the proof of
Lemmal(I] we control this bias introduced by the NNM operation, and use the reduction proved in Lemma5|to conclude.

Notation. In the following, for every set S C [n], and every vectors z1,...,%, € R?, we denote by Tg the average
ﬁ > ies T Let p € R%. We denote by y,, the average of the n — f nearest neighbors of 1 in {z1, ..., 2, }:

Yu = ‘N|qu

where N, C {1,..., n},|N,| = n — f,is the set of indices of the n — f nearest neighbors of .

9.2 Proof of Supporting Lemmas

We first prove a general lemma allowing us to control the distance between the nearest neighbor average y,, and the true
average Tg with the dispersion of (x;);cs around the pivot .

Lemma 4. Letn € N*, f < n, and p € R%. For any set S C {1,...,n
xy,...,%, € RY,

= n — f, we have for any vectors
1
=12 <
I = sl < 7 7 X sl

Proof. Letn € N*, f <n, u € RY, xy,...,1, € R:, and S C {1,...,n}, |S| = n — f. Recall that, by definition, we
have y,, = %_f >_ien, Ti» Where N, C{1,..., n},|N,| =n— f,is the set of indices of the n — f nearest neighbors of
1. We then have

2 2

1 1 1
Hyu_fSsz mzxz—n_fle :m Zaji—Zaji

P1EN, €S 1EN, €S

2

1
picEyi DI P

i€ENL\S 1€S\N,

Observe that, since |S| = |N,| =n — f, we have [S\ N, | = [N, \ S| = |SUN,| —|S| <n—(n—f) < f. As aresult,
by applying Jensen’s inequality, we have

2 2
—_ 2 1 1
v =51 = = DT Y, =2 S wi—m— Y (wi—p)
i€ENL\S i€ES\N, iENL\S i€S\N,
[S\Nul+ VL \ S 2 2
Sy Dol ull D il
i€EN\S i€ES\N,
2f 2 2
Sm Z zi — ull” + Z i — gl
i€EN,\S i€S\N,

On one hand, since V,, is the set of n — f nearest neighbors to y, the first term can be bounded by

Sl =l < D = pl* <> i — pl?

iENL\S €N, €S
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On the other hand, the second term can be bounded by

Do M=l <Y M=l

i€S\N, ie€S
We finally conclude that
- Af 2
Iy, — sl < i = ull”
~ 7P 2

O

The second lemma crucially shows that the sum of the bias and the variance is reduced by a factor %. To do so, we
specialize the first lemma by setting the pivot to be the element z;,¢ € S.

Lemma 5. Letn € N*, f < n. Foranyset S C {1,...,n}, |S| = n — f, for any vectors 1, . .., x, € R?, the vectors
(Y15 -y Yn) = NNM(z1, ..., xy,) verify

1 _ 2 _ 2 8f 1 2
*E Yi— Y +¥s —Ts <_77§ Ti —xs|| -

i€S bias €S

variance

Proof. Letn € N*, f <n,xq,...,2, € R and S C {1,...,n}, |S| = n — f. We first prove the following bias-variance
decomposition

1 . . i 1 _
157 2 s = Tl 175 =Tl = g7 3 s =T 23)

€S i€S

We develop the first term of the 1.h.s. of the equality above and obtain

1 _ 2 1 _ _ — 2
WZH%—QSH ZHyi—ws-i—Jis—ysH

i€S n—f ics
1 _ o 1 o
a7 Z lyi = 25 + 75 — Ts|® + QW Z (Yi —Ts, Ts — Yg) -
ies i€S
However, we have

1 . _ 1 . _ _ 2

nifz<yi_$s, Ts —Yg) = nifzyi_x& Ts—¥s ) =—Zs —YslI”
= ies
—————

=Yg

As a result, we then have

1 _ 2 1 02 = — g2 2
> i - sl = > i =zl + 175 — Tsll* — 21175 — s

n-fiz n—fis
1 _ 2 _ — 2
anfZHyi—fUSH —zs —vsl™-

i€s

This proves (23). Besides, for any ¢ € S, we know from Lemma[d] with ;o = ;, that

Af 1

— 12 2

lyi — Zs|| Snffn—fznxj_xi” .
jes
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As a consequence, using (23), we have

— 75| < Z lzj —))®

1 _ 2 _ _ 2
@Z\\yi—ysﬂ +gs —s||” =

i€S zES i,jES
4f s
= 2ZII% Ts — (2 — s)|
i,jES
4f B B
= o= 3 (I =7l e =Tl ~ 2 a; ~ s, 24 - 75))
1,j€S
4f 1
ey e )[Zuxj TslP+ 3 i~ FslP 2 Y {a; — T, @i~ Ts)
i,jES i,jES i,j€S
ke -y 78T
= o —msl? —2 3 ¢ -—xs,xi—wsﬁ
n_f(n_ €S i,jES
af 1 B
S r TR RHEURY) STEENLEE o O D ORERRE
€S €S \jes
=0
— s
7€S
This concludes the proof. O

9.3 Proof of Lemmalll

We can now prove Lemma|[I] mainly thanks to the bias-variance trade-off guaranteed by Lemma 5]
Lemma Let f <n/2and F: R¥™>™ — R If Fis (f, k)-robust, then F o NNM is (f, k')-robust with k' <

S_ff(nJr 1).

Proof. Letn € N*, f < n,xy,...,7, € R, S C {1,...,n},|S| = n — f. Assume F is (f, x)-robust. First, denote
(Y1,--yYn) == FoNNM(z1,...,2,) and Jg == n—if > ics Yi- Since F'is (f, x)-robust, the vectors y, . . ., y, satisfy

— 2 — 2
7o NNM @1, ) = Tl = [P o) = Tl < gy 3 s =Tl 24
€S

Now, thanks to Young’s inequality we have for ¢ = 1/, (a + b)? < (1 + ¢)a® + (1 + 1/c)b%. We can then write using (24)
|F o NNM(z1, . ..,3,) — Ts||> = |F o NNM(z1, ..., %) — T + g — Zs |
1
< (14 ) [FoNNM(y, ..., 2n) = Usl® + (14 #) llgs — zs|’

|S|Z||y1 s’ + (14 #) llgs — zs”

1+k _ _
Z lyi = Fsl* + 1+ k) |7 — Zs|* (25)
zeS

SN2 e =2 — 2 . -
Recall that Lemmashows that I—é‘ Yoies v —Usll” + [[7s —Ts||” < %ﬁ > ics llzi — Ts||” . Plugging this in (23)
allows to conclude

_ 8 1+kK
||FONNM(x17...,:En)—mS||2 < / ZHCEl x5||
€s

“n—fn-—
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10 ANALYSIS OF BUCKETING

In this section, we compare the robustness guarantees of the Bucketing algorithm (Karimireddy et al., 2022) with NNM.

Bucketing is a pre-aggregation step that maps input vectors {x1,...,z,} to output vectors {y1, ..., y[n/.]}» Where s is
a parameter called the bucket size. The Bucketing algorithm works as follows. First, it samples a random permutation
7: [n] — [n]. Then, foreachi € {1,...,[7/s]}, it computes the output of bucket i af|
1 min(s-i,n)
Yi = 5 Z Lr(k)-
k=s(i—1)+1

Recall that the property that enables NNM to boost the robustness of aggregations is that the heterogeneity of the output
vectors fé‘ Yies lvi —Ts ||* is a factor O(f/n) smaller than the heterogeneity of the input vectors ﬁ dies llzi — zs|?
(see Lemma[3). But, unlike NNM, Bucketing only reduces the heterogeneity in expectation over the random permutations
(see Lemma 1 in (Karimireddy et al., 2022)). Thus, there are iterations of the learning algorithm where Bucketing may not
reduce the heterogeneity, and these iterations are the best opportunity for the Byzantine workers to cause the most damage
to the learning.

We give in Observation [I|below a simple example showing that deterministically reducing the heterogeneity of inputs is
impossible using Bucketing in general, even in the absence of malicious inputs.

Observation 1. Using Bucketing, it is impossible to provide a worst-case heterogeneity reduction guarantee regardless of
the value of s, even in the absence of Byzantine inputs.

Proof. Let 7 be any permutation over [n]. We will construct an instance of n inputs such that an execution of Bucketing

using permutation 7 does not reduce the heterogeneity. Consider the inputs (1, . .., 2, ) such that for all 1 <14 < [7/s] and

all k,l € {s(i—1)+1,...,s-i}, it holds that x () = 2;) = y;. Thus, applying the permutation 7 on these inputs yields
s times s times

T TN /_/% . . . . . . .
(yl7 B R R ) in which each vector y; is repeated s times. Overall, the execution of Bucketing with 7

will produce (y1, ..., ¥n/,), which has the same variance as the original inputs, and thus heterogeneity was not reduced. [J

Moreover, given that the buckets are randomly chosen, the (expected) reduction of heterogeneity is only achieved at the
expense of an increase in the fraction of Byzantine inputs:

Observation 2. Bucketing increases the fraction of Byzantine workers by a factor s in the worst case.

Proof. In some executions, Bucketing might assign every Byzantine input to a different bucket. In this case, since the
average within each “contaminated” bucket is arbitrarily manipulable by a single Byzantine input, the number of Byzantine
output vectors is the same as the number of Byzantine input vectors. However, the total number of output vectors is s times
smaller than the total number of input vectors, thereby effectively increasing the fraction of Byzantine workers. O

This observation implies that in order to have a worst-case robustness guarantee, the bucket size s can be at most {

n
ﬁJ , as
done in (Karimireddy et al., 2022). This instability in reducing the heterogeneity results in a poor estimation of the mean in

some iterations. We observe this instability in practice as we show below on experiments on CIFAR-10.
Experimental validation. Recall robust D-SHB (Algorithm 3]), and the corresponding notations. In Figure 2] we plot in
each step t € [T] the quantity #; defined as follows

. 2, 1 D2
Ry = || Ry — | /MZHmE)_mt
=

: (26)

where m; = ﬁ Y ien mgi) is the average of honest momentums at step ¢. In words, Figureshows the error in estimating

the true average, scaled by the standard deviation of the honest inputs, across different steps of the learning. The quantity in
Equation (26)) is an empirical estimation of &, a parameter of the definition of (f, x)-robustness in our theory. The figure
validates our insights about Bucketing and shows the superiority of NNM both in terms of stability of the error curves, as
well as the quality of the average estimation. Indeed, the NNM curves are consistently below Bucketing’s.

"In the theoretical analysis, for simplicity, we assume that 7 is divisible by s. If this is not the case, some buckets will include less than
s vectors which is less favorable for the theoretical guarantees of Bucketing but does not change the asymptotic behavior.
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Figure 2: Plot of #; (defined in (26)) on CIFAR-10 with f = 2 Byzantine workers among n = 17 executing the ALIE
(column 1) and FOE (column 2) attacks. The heterogeneity level is v = 1. The corresponding accuracies are in Figure 23]

11 PROOF OF THEOREM[I}: Analysis of Robust D-GD

Theorem Let Assumptionhold and recall that L4, is L-smooth. Consider Algorithmwith learning rate v = % IfF
is (f, k)-robust, then for all T > 1

AL(Ly(00) — L7)

< 4kG?
<A4rG" + T

2

Proof. Let Assumptlonlhold Assume L to be L- smooth and F to be (f, k)-robust. Consider Algorithm with learning

rate v = i . The update step corresponds to 6, = 6;_1 — Rt for every t > 1.

Since L4 is L-smooth, we have (see (Bottou et al., 2018)) for all £ > 1,

L 1
L3(0:) = L3y (0r-1) < (VLY (Or—1), 0 — O1) + ||9t —0e1|]® = =y (VL (0r—1), Re) + 572L IR

1
—7 (VLu(0i—1), Be) + 57 ||Rt|| (27)
We expand the second term as follows

IRe|l> = |Re — VL3 (0-1) + VLy (01|
= || R — VE?-l(etfl)H2 + ||V£H(9t—1)||2 +2(VLy(0i-1), R — VLy(0:-1)) .

Plugging this back in (27), then simplifying, yields

1 1 1

Lou(0) = Lu(0r1) < = (VL (0r1), Ba) + 5 1Re = VL1 (O )I” + 57 [VLw (@)
1
+ I (VLy(0:-1), Rt — VL (0:-1))
1 1
= o7 1B — VL (1) - Y IV L3 (61| .

Upon rearranging terms and multiplying both sides by 2L we get

IV Ly (O )I* < IR = VL (0r-1) 1 + 2L(Lae(B—1) — L24(6:)).

By the (f, k)-robustness property of F' and Assumption|l} we can bound the first term as follows

F(g,fl),..-7gt ) |H| thl) |H| Z

|H|Z||vc (Bi—1) — VL (0:—1)]|? <,$G2 (28)
1€EH

1R = VLo (0:-1)||* =

As a result, we have

IV Ly (Or—1)||” < KG? + 2L (L3e(0:-1) — L30(6:)) -
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By taking the average over ¢ from 1 to 7', and since L (01) > infycpa L3 (0) = L*, we have

L(Lu(%) = Ln(07)) _ e 2L (L34(00) — L)

1 — ) , 2
— <
T;HWH(@)H < KG? + - < T (29)

Final step. Recall from Algorlthmlthat 0 = 0,y with 7 € argmin, ., || R;||. Thus, using Jensen’s inequality, (28] and
then (29), we have

2

|VLr@)| = min (1B = min [VLu(O) + (Re = VLu(B)]
< min {2VLu(B )| +201R - VLu(O)|*} <2 min [VLou(6r0)| + 2067
1 9 9 o, 4L(Ly(00) — L) 2
<27 Z IV Ly (6,)]17 + 2:G? < 2G? + 7 + 2kG
iR o MEu(B0) — L)
T
This concludes the proof. O

12 PROOF OF COROLLARY [t ANALYSIS OF ROBUST D-GD WITH NNM

Corollary(l} Let Assumption hold and recall that L4 is L-smooth. Consider Algorithm|l|\with v = /L and aggregation
F o NNM. If F is (f, k)-robust with k = O(1), then Algorithm[l|is (f,e)-Byzantine resilient with

= O(f/nG2 + 1/T).

Proof. Let Assumptlonlhold Assume L4 to be L smooth and F' to be (f, x)-robust. First recall that, by Lemma the
composition F' o NNM is (f, x)-robust with ' = > f( K+ 1).

Consider Algorithm with learning rate y = 1/1. and aggregation rule ' o NNM. Following Theorem we have for every
T>1,

A2 AL(Lw(b) — L) 32f AL(L3u(80) — £)
< ! 2 — 2 .
chH (e)H < 4RGP - s DG -
Recall that, as f < n/2, we have n—ff < % Thus, if kK = O(1), we can write
chH (0 )H O(5/nG? + /7).
This concludes the proof. O

We provide the proof of the lower bound on Byzantine resilience under heterogeneity (Proposition [I)) below.

Proposition E} If a learning algorithm A is (f,e)-Byzantine resilient for every collection of smooth loss functions
L1,..., L, satisfying Assumption then e = () (f/n G2).

Proof. The proof is similar to that of Theorem III (Karimireddy et al., 2022)). Assume learning algorithm A is (f,£)-

Byzantine resilient for every collection of smooth loss functlons Ly,....L, satlsfymg Assumptlonm Conmder the following
quadratic loss functions £1 = ... =L,y =0+ 3 L16]|* and £,, fr1=...=L, =0 10— z||%, where z € R? is
such that || z||* = f(("n fQ)f)G2 Consider the two situations H; = {1,...,n — f} andHa ={f+1,...,n}

We first show that the loss functions satisfy Assumption [I]in both situations. This is straightforward in situation 7{; since
honest losses are identical. In situation s, we have for all € R?,

—2f,. S
VL, (0) = _vaz: — it - =6

n—f
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Therefore, thanks to the choice of z, we now show that Assumption holds, as for all § € R% we have

2 2
i i _Sn=20) e

n—2f
n—7 ) Tu-7 (n—f)?

n—f

n—2f
n—fz

@ S IVLA0) — VLo, (O)]) =

1€EH

. 112 112
Now, since learning algorithm A is ( f, €)-Byzantine resilient, it outputs 6 such that HVEHl (9) H <ceand HV/SHz (9) H <e.

Note that situations H and H, are indistinguishable to algorithm .4 because it ignores the Byzantine identities, and thus
is the same in both situations. Therefore, invoking Jensen’s inequality, we have
.12 2
£ > max HVEm (0)( :

VL, (6)]

'Y= (feendf + [ven

LTI P N o W O N N [ WA R S R ) LIPS S
=— |10 0 — > - = - = - .
2< ’ R K )4 7 1S e T an— ¢
Since n — 2f < n, we obtain £ > if /n G2, which concludes the proof. O

13 PROOF OF THEOREM 2t ANALYSIS OF ROBUST D-SHB

13.1 Proof Outline

Our analysis of robust D-SHB (Algorithm@ follows (Farhadkhani et al., 2022b)) and consists of four elements: (i) Momentum
drift (Lemmal[6)), (ii) Aggregation error (Lemmal[l), (iii) Momentum deviation (Lemmal[8)), and (iv) Descent bound (Lemmal9).
We combine these elements to obtain the final convergence result stated in Theorem [2| The originality of our analysis,
compared to (Farhadkhani et al., 2022b), is (i) the tighter analysis of the aggregation error thanks to ( f, x)-robustness, and
(ii) the extension of the momentum drift analysis to the heterogeneous setting. There are other subtle differences, such as the
choice of the learning rate.

Notation. Recall that for each step t, for each honest worker w;,
m{" = pm) + (1 - B)g” (30)

where m((f) = 0 by convention. As we analyze Algorithmwith aggregation F', we denote

R, ::F(m§1),...,m§")), G1)
and
0y = 0,1 — yR;. (32)
We denote by P, the history from steps 1 to ¢. Specifically,
P = {90,..., 0,_1; mgi),..., mgi_)l;i =1,..., n}

By convention, P; = {6,}. We denote by E, [-] and E [-] the conditional expectation E [- | P;] and the total expectation,
respectively. Thus, E[-] = Eq [---Er []].

13.1.1 Momentum Drift

Along the trajectory 6y, .. ., 6;_1, the honest workers’ local momentums may drift away from each other. This is in part due
to the heterogeneity between the training sets. This induces a dissimilarity between honest workers’ local gradients that we
can control thanks to Assumption[I] The drift is also due to the stochasticity of the local gradients.

We show in Lemma [6] below that the bound on the drift between the honest workers’ momentums can be controlled by
tuning the momentum coefficient 3. In fact, the smaller (1 — 3) the smaller the bound on the drift. Recall that we denote by
H C [n] the set of n — f honest workers. We define

e = Yn-p) Y mi”, (33)
1€EH
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the average of honest workers’ local momentums. We obtain the following bound on the momentum drift, i.e., Lemma@
proof of which can be found in Appendix

Lemma 6. Suppose that assumptionsand Ehold true. Consider Algorithm For each t € [T), we obtain that

ﬁ 3 Hmi” — 21 <3 (lg) (1 + nif> o® +3G2
1€EH

By building upon this first lemma and the (f, x)-robustness property, we can obtain a bound on the error between the
aggregate R; and m, the average momentum of honest workers for the case. Specifically, when defining the error

& = Ry — Ty, (34)

E

13.1.2 Aggregation Error

we get the following bound on the error in Lemmal[7} proof of which can be found in Appendix [13.4.2}

Lemma 7. Suppose that assumptionsand @hold true. Assume F is (f, k)-robust. Consider Algorithm@ with aggregation
F'. For each step t € [T, we obtain that

2 1-8 4 2
E |l < Org o+ 3G

13.1.3 Momentum Deviation

Next, we study the momentum deviation; i.e., the distance between the average honest momentum m; and the true gradient
VL3(0,_4) in an arbitrary step ¢. Specifically, we define deviation to be

(St = mt — V,CH (Qt_l) 5 (35)
and obtain in Lemmabelow an upper bound on the growth of the deviation over the learning steps ¢ € [T]. (Proof of

Lemma(g]can be found in Appendix [13.4.3])

Lemma 8. Suppose that Assumption 2] holds. Recall that L3, is L-smooth. Consider AlgorithmB|with T > 1. For all t > 2
we obtain that

0.2

(n—1)

E[16)7] <82 [Idi-1]] + 4yL( + L) B E [V Lu(0 )] + (1 - 8)?

+2yL(1 + L) E [H&fl\l?} :

where ¢ .= (1 +~vL) (1 + 4+L).

13.1.4 Descent Bound

Finally, we analyze the fourth element, i.e., the growth of cost function L4 (6) along the trajectory of Algorithm From (32)
and (3T)), we obtain that, for each step ¢,

O0p =0, — VYR =0,y —ymy —y (R — M),
Furthermore, by (34), Ry — m; = &;. Thus, for all ¢,
0, =0, — vy — vt (36)

This means that Algorithm 3can actually be treated as distributed SGD with a momentum term that is subject to perturbation
proportional to &, at each step ¢. This perspective leads us to Lemma[9] proof of which can be found in Appendix

Lemma 9. Recall that L4, is L-smooth. Consider Algorithm For all t € [T, we obtain that
2
E [2£34(6,) = 26u(6,1)] < = v (1 = 4y L) E [ VL3u(8,-)[*] + 27 (1L + 2/L) E [ lou]’]

+2y(1+9L)E [l )]

Putting all of the previous lemmas together, we prove Theorem [2]in Section[I3.2]below. As a corollary of Theorem2]and
LemmalT] we prove Corollary ]in Section[T3.3]
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13.2 Proof of Theorem

We recall the theorem statement below for convenience. Recall that

L* = inf L£4(0), a1 = 36,a2 = 61/Ly(0,) — L*, a3 = 1728, a4 = 288L, and a5 = 6L a3. (37)

fERY

Theorem I Let assumption ]| I and IZ| hold and recall that L4y is L-smooth. Let F' be a (f, k)-robust aggregation rule.
Consider Algorithm I 3| with momentum coefficient 3 = \/1 — 24~ L, and learning rate

. { ]. as }
=miny —, ——— ¢,
7 24L" 2q.0vT

witha = agk + 5 f

A0, 0 as A2a40

JT T e

E MV.CH(Z))

2
} < a1kG? +
where the expectation is over the randomness of the algorithm.

Proof. Define
1

Yo = o7 (38)

Note that as specified in the theorem statement, by definition of -, we have

VS o S e (39)

Therefore, 5 = /1 — 24+ L (as defined) is a well-defined real value in (0, 1).

To obtain the convergence result we define the Lyapunov function to be
1
V, =E [2£H(9t,1)+z||5t\|2] and 2 = = (40)

We consider an arbitrary ¢ € [T7].

Invoking Lemma 8} Upon substituting from Lemma|8] we obtain that

2
g
E 2 [1]* = 210/ <262 [[10:]°] +4:9L( +1L)BE [[[VLu(0_)|*] +2(1 = 8)2 =
+2:9L(1 +9D)BE [|l&)*] - 2E [0 (1
Recall that
c=(14+~L)(144yL) =14 5yL + 4v*L>. (42)

Invoking Lemma [9} Substituting from Lemma 9] we obtain that
B [2£34(6,) — 2L3(6,-1)] < =y (1 = 4y L) E [[VL2(6,) "] + 27 (1 4+ 29L) E [|15,]°]
+ 2y (1+7L)E [llg?] . 3)
Substituting from @T)) and (@3] in (@0) we obtain that
Visi = Vi =E [2Lu(0,) = 2Ln(0,1)] + E |2 [8sa]]* = 21160]°]
<=7 (1 = NDE [||VLu(0,-) "] + 27 1+ 29L)E [18)%] + 29 (1 + D) E [J1&o]*]
p 07

+26%cE [H(Stll ] +427L(1+~L)B*E [||V£H 1)l ] +2(1- B

+229L(L+ L) E [l - 2E [l (44
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Upon re-arranging the R.H.S. in (@4) we obtain that

o2

—f

+ (27 (1+29L) + 28% = 2) E [[6°] + 2y (L+ 7L + 2L(1 +7L)8) E [ll&i]’] -

Vigr — Vi <=7 (1= 49L) — 42L(1 + vL)B?) E {||VLH . 1H}+2175) .

For simplicity, we define

A= (1 —4yL) — 42L(1 + vL)3?, (45)
B = 2y(1+2yL) + 23% — 2, (46)
and
C =2y (1+~L+2L(1+~L)p?), (47)
Thus,

Vier = Vi < —A7E [[|[VLw(0,_0)|*] + BE [16:°] + CE[ll&*] +2(1 — )= (48)
We now analyse below the terms A, B and C.

Term A. Recall from (39) that v < 7, = 137. Upon using this in @3)), and the facts that z = g and 3% < 1, we obtain that

AL 1 9y,L _ 1
A>1—-4vy,L — —(1 oL) > - — > . 4
21-dyL— gr (L4 yel) 2 5 = =5~ > 5 (49)
Term B. Substituting ¢ from (42)) in (@6)) we obtain that
B=2y(142yL)+ 28> (1+5yL+47°L?) — 2
—(1=B%) 2+~ (24 4yL + 52°L + 42 LyL) .
Using the facts that 32 < 1 and v < 7, < 137 and then substituting z = g~ we obtain that
—(1-5%) 4 5 4 -(1-5% —(1-p%) +249L
BL ——= 24+ — < 3y < =0 50
=7 5L TPt BwTsTxs) S s TS 8L ’ oY
where the last equality follows from the fact that 1 — 3% = 24~L.
Term C. Substituting z = g~ in @7)), and then using the fact that 3 < 1, we obtain that
1 9y
C=2y(1+~L+ §(1+7L) < Z(l—i—yL).
As v <7, < 157, from above we obtain that
9’y 1
C< 1 3. 51
= ( + 18) Y D)

Combining terms A, B, and C. Finally, substituting from @9), (30), and (51) in {@8) (and recalling that z = ¢-) we
obtain that

0.2

Vi ~Vi<-1E 926, 0)I) +3vE 6] + (- D Sty
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As the above is true for an arbitrary ¢ € [T], by taking summation on both sides from ¢t = 1 to ¢t = T we obtain that

2

Vi = Vi < ZE [ZZC] +372E &l + 0= 8 =g
Thus,
T ) T o2
%ZE {HVﬁH(etq)H ] <Vi—Vpp + 372153 [”ft”ﬂ +(1- B)QWT- (52)
=1 =1

Note that, as 3 > 0, and 1 — 32 = 24~ L, we have

-5 752)

=0 =iy

< (1-p2)% =57692L2.

Substituting from above in (52) we obtain that

v ) ) 21 57672L2%0?
1 ZE [HVCH(Qt_l)H } <Vi—Vrp +372E [HftH } + WT
t=1 t=1

Multiplying both sides by 4/~ we obtain that

ZE[um ol] < 2

VT+1) 576’}/[/0'2
f + 122]E [Hgt” } s " (53)

Invoking Lemma Next, we use Lemmato derive an upper bound on ZtT: E [H & ”2} . Since F'is (f, k)-robust, we
7]t

have from Lemma|/|that for all ¢ € [T,

E|ls)?] <6 1+g 2 4 3rG.

By summing over ¢ from 1 to T', we obtain that

ZE [||gt|| } g 02T + 35G>T. (54)

As B > 0, and the fact that 1 — 32 = 24~L, we have

1-8  1-p°
1+8 (1+p)2

Substituting the above in (34), we obtain that

<1—p%=244L.

Z]E [H&II } (24 x 6)02kyLT + 36G2T = 14402ky LT + 35G>T.
Substituting from above in (33) we obtain that

- - 2
ZE [Hv£7{(0t71>‘ﬂ §4(V1’YVT+1> + (12 x 144)0?ky LT + (12 x 3)kG*T + %_
t=1

Recall that

a1 = (12 x 3) = 36, a3 = (12 x 144)L = 1728L, and ay = 288L
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Thus, from above we obtain that

T
SR [V, )] < LTV oty Ty aeceT,
— gl ( f)
Diving both sides by T" we obtain that
T
1 2 4(Vi — Vpy) o?
7B [vLu(,-0I] < o asnet Wv +a1kG. (55)

Analyzing V;. Recall that £* = infycra L£3,(0). Note that for an arbitrary ¢, by definition of V; in (40),
Vi — 2L = 2E [Ly(0,_,) — L] + 2E [||5t||2} >0+ zE [||5t||2] >0
Thus,
Vi—Vrp=Vi—2L" — (Vpy —2L%) <V — 2L, (56)
Moreover,

Vi = 2Lu(6) + 2E )] (57)
By definition of & in (33). the definition of 77, in (33), and the fact that m_” = 0 for all i € H, we obtain that

E[I61)*] = E [ — VLu()I] =E[I(1 = B)g, — VLx(6)I)

where gy, defined in (39), is the average of n — f honest workers’ stochastic gradients in step 1. Expanding the R.H.S. above
we obtain that

E[lI01)] = (1= 8)E [lg, = VELu(8)] + 82 IV L3u(00) > — 28(1 = B) (E[52] = VL (80), VL (600)

Recall that E [g,] = VL4 (6,), and that (due to Assumption E [||§1 - VEH(GO)HZ] < o?%/(n — f). Therefore,
2 (1—pB)*0? 2 2
B [1610°] < S T+ S IVLu o)

Recall that Ly is L-smooth. Thus, |[VL#(0,)]]> < 2L(L#(0,) — £*) (see (Nesterov et al., 2018), Theorem 2.1.5).
Therefore,

E [H&Hz} < w

Ry 2P L) L),

Substituting from above in (37) we obtain that
(1-p8)%"°
Vi <2Ly(6y) + = <

Recall that (1 — 8)? < (1 — 52) = 576+2L>2. Using this, and the facts that 32 < 1 and z =

28 L(La(6y) c*)) |

3 L , we obtain that
1 7272 L3¢
<2 7 - 0,) — L* _—
Vi < 2L3(00) + 3(Lnlly) ~ £+ TL=T
Recall that a4y = 288L. Therefore,

1
Vi< 2L0(00) + 7 (Lalfy) — £7) + 70—



Fixing by Mixing: A Recipe for Optimal Byzantine ML under Heterogeneity

Substituting the above in (36) we obtain that

Vi — Viar < 2L (0y) — 2£° + S(Lan(00) — £7) + —T 22 2 % (2,00 — £7) + M2
LT T D im—p) " T aTm im-n""
Substituting from above in (33) we obtain that
T 9 *
1 2] _(4x D(Lw(0y) — L) (as0® v 2 aso >
— < A
T;_lEU|v£H<9t1)H } < T + p— T—l—a;;lio‘ v+ (nif)*y—&—amG

Upon re-arranging the terms on R.H.S. above we obtain that

1 & 2 9(Ly(0y) — L*) a aso?\ v
T ;E [HVE%(Gt,l)H :| gamGQ + H7+ + (agli-i- TL4) 0'2’7+ ( 4 ) T

Recall that a3 = 36(Lw(0y) — £*) and af} == ask + ;, we obtain that

T 2 2
%ZE [Hvzﬂ(et_l)ﬂ <a1hG? + 2 4 a2y + ( — ) % (58)
t=1

4T n—f
Final step. Recall that by definition
otz spe)
=min{ —, ——— »,
! 24L" 2a,07/T

and thus + = max {241, 26:2T < 241, . 20s03T,

Upon substituting this value of +y in (38), and recalling that a5 = 6La3, we obtain that

1 XT:]E [HW? (6 )||2} CaynGR 4 1200 LGy | azauo]

= a1k

T t=1 i - VT 4T 2(n — fla T2
A2Q 0 % aoa40

<a1kG? + (since n > 2f)

VT T  naT%?

Finally, recall from Algorithmthat 6 is chosen randomly from the set of computed parameter vectors (90, ceey 9T71).

Thus, E [HVZH (9) HQ] =1 Zle E {HVEH(HFI)Hz]. Substituting this above proves the theorem. O
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13.3  Proof of Corollary 2} Analysis of Robust D-SHB with NNM

Corollary 2} Let Assumption[I|hold and recall that L is L-smooth. Consider Algorithm[3|with aggregation F o NNM,
under the same setting as Theorem 2] If F is (f, )-robust with = O(1), then we have

E {HV/:H(@)

2
] - oun + ).
where the expectation is over the randomness of the algorithm.

Proof. Let Assumptionhold. Assume L to be L-smooth and F to be (f, )-robust. First recall that, by Lemma the

composition F' o NNM is ( f, k’)-robust with k" = nsff(/f +1).

Consider Algorithm [I] with aggregation rule F' o NNM, and learning rate and momentum coefficient set as in Theorem [2]
Following Theorem 2] and recalling the constants defined in (37), we have for every T' > 1,

A 12 20,0 Q5 A2A40
E|[ven®)] | awe? L
{ 1) | <ar'G*+ T Tt o T
8ay f 9 Qw0 a5 aoa40
= NG — 4 ——.
_ f(/i + ) + \/T T naH/TiS/Q
Recall that a2, = agk’ + iy = i‘lf)’: (k+1)+ ;%5 Ask > 0 and £ = O(1) by assumption, we have a,» = ©(1). Now,

ignoring constants and the last two terms on the RHS above (since they are dominated by ﬁ), we obtain

~ 112 1
E {Hwﬂ(e) ‘ } - o(n f F(nt 1)G? + ﬁ)
Recall that, as f < 7/2, we have ”ff < % Thus, if « = O(1), we can write
2
E {chﬁ(e))‘ } = O(J/nG? + 1/vT).

This concludes the proof. O
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13.4 Proof of Supporting Lemmas
13.4.1 Proof of Lemmal6

We now recall Lemma [6] below, and present its proof.
Lemma@ Suppose that assumptions @ and|l\hold true. Consider Algorithm El For each t € [T], we have

O 1-p 1
e Sl - | <3 (155) (1o 2y e

= 1/(n-p) Z mff).

Proof. Recall from (33) that

=
We consider an arbitrary ¢ € H. For simplicity we define
G=Yo-n>_ g (59)
JEH

Now, we consider an arbitrary step ¢ € [T']. Expanding the sum in (30) we obtain that

mi) = (1= 5) 35,

k=1

Therefore, applying Jensen’s inequality, we write

1 @ _ — |
E[W;{Hmt — Ty ] 1-p) |’H|Z

i€H

2

Zﬁt "oy — 7

k=1

2

Zﬁf Mgy = VLi(0k-1))

<3(1-— |H| >

i€H k=1
2
+3(1—/3)21E Z Zﬂt R (Ge — VLH(Or_1))
167‘[ k=1
2
+3(176)2]E IZ Zﬁf F(VL(Ok-1) — VL (O1-1)) (60)
€M |l k=1

We obtain below upper bounds for each of the three terms on the right-hand side of (60).

For the first term on the R.H.S in (60) we denote
2

A =E Zﬁt Mgy — VLi(0rk—1))
We obtain that
[f1t—1 ‘ 2
A =E |38 (gl) = VLi(Ok—1) + (9" — VLi(61-1))
k=1
[f1t—1 2 ‘ 9
=E ||I> 87 (6 — VL)) +Eﬂ\g£”—vci(et_1>\”
k=1
i t—1
+2E < B k( = VLi(Ok-1)), 9~ — VLi(O— 1)>]
k=1
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The last term on the right-hand side is zero by the total law of expectation, and the unbiasedness of stochastic gradients
(Assumption [2):

t—1 B
E KZﬁ“k( = VLi(Or-1)), 9: " — VL0~ 1)>] =E

k=1

<Zﬂt FgW —VLi(0k1)), gt — VL0, 1)>H

k=1

=E <Zﬁt gl —VLi(05_1)), E E”—VQ(QH)D

L =0

=0.

, 2
By Assumption we have E {Hgt(l) —VL;i(0:;1) H } < ¢2. Thus, we have

t—1 2

> "B — VLi(0k-1))

k=1

AtSE +O’2:52At_1+02.

By recursion, we obtain

t—2

At < 52(t71)A1 +022521-

=0

) 2
As A =E {Hggz) —VL;(bp) H ] < 02, from above we obtain that

t—1 2
g
At<02§ :62l_1_52 (61)
=0

For the second term on the R.H.S in (60), we denote

¢ 2

> B 7RG = VLu(Ok-1))

k=1

Bt =FE

By Assumption 2]and the mutual independence of stochastic gradients we have

7 2 L (i) 2 o
— = — < .
&[5~ VLRI = e > E U\gt Ven@)| | <
Thus, similar to the bound on A;, we obtain that
2
o
B < ——i——. (62)
T a-)n- )

For the third term on the R.H.S in (60), we denote

2

Zﬂt F(VLi(Or_1) — VL (Ok_1))

k=1

P>

i€EH
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By applying Jensen’s inequality, followed by Assumption[I] we have

Ot§< > BFIE

i€H k=1

LEH

t—k
< (Zﬁ W.

Finally, substituting from (61), (62) and (63) in (60) we obtain that

a0 X _mtﬂ <30 _ﬁ%zmtwt e

:< > BT k) [ > BT k ! ZIIVﬁ (Or—1) — VL (Ok—1)]

|225t MIVL (Ok—1) — VL (0 1)||]

21

(63)

- |7'l| Z( —B2)(n—f)

i€EH
1-p5

_ 1 2 2
_31+ﬁ<1+n—f)0 + 3G~

The above proves the lemma.

13.4.2 Proof of Lemmal7l

+

=

Lemma Suppose that assumptionsand @hold true. Assume F is (f, k)-robust. Consider Algorithm@with aggregation

F. For each step t € [T, we obtain that

1—
E [||§t||2} < 6r +§a2 + 48KG2.

Proof. Recall from (3T) and (34), respectively, that

my = F (mgl), RN mgn)) and & = my — M.

We consider an arbitrary step ¢. Since F is (f, x)-robust, we obtain that

1€l = [lme — || * < fZHm —mt

.

Upon taking total expectations on both sides we obtain that

Bl < 757 ZE U\m“) —

From Lemma 6] under Assumption 2] we have

1 (i) — 2 1—5< 1 ) 2 2
E|— — <3 1 3G
l|7—[|;“mt my 1_ 155 +nff o+

Substituting from above in (]6_3[) proves the lemma, i.e., we conclude that

1—
E [H&HQ} < 6r gaQ + 3KG2.

This concludes the proof.

(64)

(65)

(n—f=1)
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13.4.3 Proof of Lemmal§]

The proof of Lernma@ is similar to that of Lemma 3 in (Farhadkhani et al., 2022b)). We recall the lemma and the proof
below for completeness.

Lemma(8} Suppose that Assumption 2] holds. Recall that L3 is L-smooth. Consider AlgorithmBwith T > 1. For all t > 2
we obtain that

o2

(n—1)

E[l6°] <82E [ll611P] +47L(1 + 7 L)BE [|VLou(6,o)||"] + (1 - 5)°
+29L(1 +1L)FE [l ]

where ¢ := (1 +~L) (1 + 4+L).

Proof. Recall from (33) that
S =y — VL (0,_y) .
Consider an arbitrary step ¢ > 1. Substituting from (30) and (33)) we obtain that
0= By + (1= )9, = VL (0r1) -
Upon adding and subtracting BV Ly (6,_,) and BV Ly(6,_;) on the R.H.S. above we obtain that
ot = Bmy—1 — BVLy(0;_5) + (1 = B) Gy — VL (0,) + BV Ly (0,_1) + BVLy(0,_3) — BV Ly (1)
=B (M1 = VLu(0,2)) + (1= B) G, — (1= B)VLy (0p_1) + B (VL (01—s) — VL (0,_1)) -
AsTy_1 — VLy(0,_5) = d;—1 (by (B3)), from above we obtain that
8 = B0s—1+ (1= B) (G — VL (0,-1)) + B (VL1 (0,—2) — VL (0;_1)) -

Therefore,

18:]|° =B 161 1> + (1 = B)*||Fs — VL (6,_1) H2 + B%|| VLA (0;_5) — Vﬁﬂ(etq)HQ +28(1 = B) (8¢—1, G, — VL (0,_1))
+ 282 (81-1, VL (0,_y) — VL (0,_1)) + 280 — B) (G, — VL (0,_1) , VL (0,_3) — VLy(0,_4)) .

By taking conditional expectation E; [-] on both sides, and recalling that 6,1, 8,_, and 6,_,, are deterministic values when
the history P; is given, we obtain that

B [Il?] =B2118-1> + (1 = B)%Ex [[9, = VL (6,1 |*] + 82 VL2 (6,—2) = VLa(6,_)||" +

28(1 = B) (0e—1, B¢ [g,) — VLy (6,_1)) + 2B (6:—1, VL (0, 5) — VL (0, 1))
+26(1 - B) <Et 9] — VLy (at—l) y VLy (0, _5) — VL'H(Qt—l)> .

2
I

(@)

Recall that g, = 1/(n—1) " gy gt"). Thus, we have E, [g,] = VL3(6,_,). Using this above we obtain that

H2 2

By [10u0%] =82 16112 + (1 = B)°Ey [[[g, — VL (6:1)
+2B% (-1, VLy(0,_5) — VL (0,_1)) -

| + 82 VL6, ) = ViLuo, )|

Also, by Assumption [2[ and the fact that gt(j )°s for j € H are independent of each other, we obtain that
- 2 o2
By [Hgt —VLy (@-1)” < &=p- Thus,

0.2

ooy O IVERC ) = VEu(B, )] +26° (Gt VLG, 2) = VLW (,-1)-

B [161°] < B2 6l + (1 - B
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By the Cauchy-Schwartz inequality, (6,1, VL3 (0,_5) — VL3 (0,_1)) < [|6:-1] || VL (0y_5) — VLy(6,_1)]|. Since
L4 is L-smooth, we have ||VLy(6,_5) — VLy(0,_1)|| < L||6,_1 — 6,_5]|. Recall from 32) that 6, = 6,_; — ym,.
Thus, ||V Ly (0,_5) — VL3 (0,_1)|| < L ||mi—1]|. Using this above we obtain that

2
g
B [I007] < 8 160l + (1= 0 gy + 98712 pmeca |+ 2987 L [ | e
As 2ab < a? + b2, from above we obtain that
2 2 2 , 0 20272 2 2 2 2
B [I6°] < 82 0ol o+ (1= 9 gy + 47222 a1 4428 (ol + e )
2
g
= U+ AL)B [0l + (1= B o5 + 7L+ YL)B e | (66)

By definition of & in (34), we have m;_1 = &_1 + m;_;. Thus, owing to the triangle inequality and the fact that
2ab < a2 + b2, we have |[m;_1||* < 2]|&_1|* + 2|[m,_1||*. Similarly, by definition of &, in (33), we have [, ||* <

2 2 o . .
2|61 11> +2 || VL (0,_o)||"- Thus, [[me_1]|* < 2|€—1[* +4]/6—1]]> +4 || VL3 (0,_5)]||- Using this in (G6) we obtain
that

0.2

(n—=1)
+29L(1 +7E)8 (&1 + 211 11” + 2 [V Lu(00)|*) -

Ee [18:07] <(1+4L)B2 160 ] + (1 - B)?

By re-arranging the terms on the R.H.S. we get

o2

(n—1)

Ee [10:%] <82(1+ L) (1 4+ 47L) 001> + 47L(L + YL)B2 [V Ln (0, 2)|* + (1 = B)?

+29L(1 +7L)5 ||
Substituting ¢ = (1 + L) (1 + 4yL) above we obtain that

Ee [160%) <B%lldi-all® + 4vL(1 + L) | VLw(, )| + (1 - B)? +29L(1+AL)B &

o2
(n—f)
Recall that ¢ in the above is an arbitrary value in [T'] greater than 1. Hence, upon taking total expectation on both sides above
proves the lemma.

O

13.4.4 Proof of Lemmal9l

The proof of Lemma|§| is similar to that of Lemma 4 in (Farhadkhani et al., 2022b)). We recall the lemma and the proof
below for completeness.

Lemma(9} Recall that L4 is L-smooth. Consider Algorithm[3| For all t € [T, we obtain that
2
E [2£00(0,) = 26u(60,-1)] < =7 (1 = D) E [ VLw(0,-)|*] +27 (1 +29L) E [ o1])°

+27 (1L E [fl&] -

Proof. Consider an arbitrary step t. Since L4 is L-smooth, we have (see (Bottou et al., 2018]))

L

Ly(0;) — Lag(0,_1) < (0, — 0,1, VLy(0,_1)) + 3 16, — 9t71H2~

Substituting from (36), i.e., 0, = 6,_; — v — Y&, we obtain that
L
Lr(0) = Lu(0p—1) < =7 (T, VL (0r-1)) = 7 (& VL (0,-1) + 775 |70 + &l

L
== <mt — VLy (0, 1)+ VLy (0, 4), Vﬁﬂ(etq» - <§ta Vﬁﬂ(etq» ""72* (| 7 +ft|‘2 .
2
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By Definition (33), m; — VL3(6,_,) = d;. Thus, from above we obtain that (scaling by factor of 2)

2L94(0,) — 2Ly(0;,_1) < —2v HV£H(9:&71)H2 — 2y <5t7 VﬁH(9t71)> -2y <§t7 VEH(9t71)> + 72L | 7y + 5t||2 .
(67)

Now, we consider the last three terms on the R.H.S. separately. Using Cauchy-Schwartz inequality, and the fact that
2ab < La? + cb? for any ¢ > 0, we obtain that (by substituting ¢ = 2)

2 1
2[(8s, VL0, _1))| < 2116/l || VL (0, 1) < 1 5% + B ||V£H(9t—1)||2- (68)
Similarly,
2 1
2 |<§t, V‘CH(Gt—l)>| < 2|&l HVEH(at—OH < 1 Hft”2 + 3 ||V£H(0t—1)||2~ (69)

Finally, using triangle inequality and the fact that 2ab < a? + b? we have

1772+ &lI* <2 e ” + 2 ll&l|® = 2 || — VLu(0) + VL (0| + 2 1€l
<48 +4 |VLu@,_)|* +20&]°.  [since My — VLy(0,_,) = 6] (70)

Substituting from (68), (69) and (70) in (67) we obtain that

20l6,) = 2m(0,2) < = 2y VeI 7 (21607 + 5 IV ER O DI7) + (2160 + 5 [ 92ute )
2L (4107 + 4 [V Lu(O)|* + 200 -

Upon re-arranging the terms in the R.H.S. we obtain that

2L (0,) = 2L31(0,1) < =7 (1= 4YL) [ VLu(0,_y) || + 2y (1 +29L) [|6]* + 29 (1 + L) [1&1°

As t is arbitrarily chosen from [T, taking expectation on both sides above proves the lemma. O
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14 EXPERIMENTAL SETUP

14.1 Detailed Experimental Setup

The architecture of the models, as well as additional details on the experimental setup, are presented in Table[3] Note that
CNN stands for convolutional neural network, and NLL refers to the negative log likelihood loss. In order to present the
architecture of the models used, we introduce the following compact notation.

L(#outputs) represents a fully-connected linear layer, R stands for ReLU activation, S stands for log-softmax,
C(#channels) represents a fully-connected 2D-convolutional layer (kernel size 5, padding 0, stride 1), M stands for |.
2D-maxpool (kernel size 2), B stands for batch-normalization, and D represents dropout (with fixed probability 0.25).

Dataset MNIST & Fashion-MNIST CIFAR-10
Model type CNN CNN
Model architecture C(20)-R-M-C(20)-R-M-L(500)-R- (3,32x32)-C(64)-R-B-C(64)-R-B-M-
L(10)-S D-C(128)-R-B-C(128)-R-B-M-D-
L(128)-R-D-L(10)-S
Loss NLL NLL
Gradient clipping 2 5
Uy-regularization 1074 1072
Number of steps T = 800 T = 2000
Learning rate
e Eﬁj . {0.25 ¢ < 1500
50 0.025 1500 < ¢ <2000
Momentum parameter 5=0.9 5 =0.9,0.99
Batch size b=25 b =50
Total number of workers n=17 n=17
Number of Byzantine workers f=4,6,8 =234

Table 3: Model Architectures, Hyperparameters, and Distributed Settings

On all datasets, we implement NNM and Bucketing with four aggregation rules namely geometric median (GM), coordinate-
wise median (CWMed), coordinate-wise trimmed mean (CWTM), and Krum. In every setting, we execute the Bucketing
algorithm with bucket size s = | 3% | (Karimireddy et al., 2022). We also implement the vanilla aggregation rules.

Note that when f = 4 (out of n = 17), Bucketing+CWMed and Bucketing+CWTM are exactly equivalent. In fact, when
f = 4, buckets are of size s = 2. Therefore, applying Bucketing results in a total of n’ = 9 buckets, out of which f' =4
buckets might be potentially Byzantine (i.e., contaminated by at least one Byzantine worker). Therefore, we can clearly see
that executing CWMed and CWTM with n’ = 9 and f’ = 4 (i.e., post Bucketing) outputs the same vector. Accordingly, we
only show the performance of the learning under Bucketing+CWMed in the plots of Appendix [15|when f = 4.

14.2 Dataset Preprocessing

MNIST receives an input image normalization of mean 0.1307 and standard deviation 0.3081, while Fashion-MNIST is
expanded with horizontally flipped images. Furthermore, the images of CIFAR-10 are horizontally flipped, and per channel
normalization is also applied with means 0.4914, 0.4822, 0.4465 and standard deviations 0.2023, 0.1994, 0.2010.
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14.3 Byzantine Attacks

In our experiments, the Byzantine workers execute five state-of-the-art gradient attacks, namely A Little is Enough
(ALIE) (Baruch et al., 2019), Fall of Empires (FOE) (Xie et al., 2019), Sign-flipping (SF) (Allen-Zhu et al., 2020), Label-
flipping (LF) (Allen-Zhu et al., 2020), and Mimic (Karimireddy et al., 2022). The first three attacks rely on the same
primitive explained below.

Let a; be the attack vector in step ¢ and 7 > 0 a fixed real number. In every step ¢, the Byzantine workers send to the server
the Byzantine vector B; = 5; + nas, where s, is an estimation of the true gradient (or momentum) at step .

Experimentally, when running the gradient descent (GD) algorithm, we set 5; = ﬁ > gt(i), where g,gi) is the gradient
=

computed by honest worker w; in step t. However, when executing the stochastic heavy ball (SHB) method, we set

), where mii)

5t = ﬁ > m§2 is the momentum vector sent by honest worker w; in step ¢.
=

e ALIE: In this attack, a; = o, where o; is coordinate-wise standard deviation of 5;.
* FOE: In this attack, a; = —5;. All Byzantine workers thus send (1 — 7)s; in step t.

 SF: In this attack, a; = —5;, and n = 2. All Byzantine workers thus send B; = a; = —5; in step ¢.

In our experiments, as done in (Shejwalkar and Houmansadr, 202 1)), we implement optimized versions of ALIE and FOE,
where the optimal 7 is determined greedily by linearly searching over a defined range of values. In every step ¢, we pick the
value of 7 that maximises the L2-distance between the output of the aggregation rule R; at the server and the average of
honest gradients or momentums, i.e., S;. In other words, we pick the value of 7 that causes the maximum damage (in terms
of L2-distance from the average of honest inputs) by the Byzantine workers.

LF and Mimic on the other hand are executed as follows:
* LF: Every Byzantine worker computes its gradient on flipped labels. Since the labels [ for MNIST, Fashion-MNIST,

and CIFAR-10 are in {0, 1, ..., 9}, the Byzantine workers flip the labels by computing I’ = 9 — [ on the batch, where I’
is the flipped/modified label.

e Mimic: All Byzantine workers “mimic” a certain honest worker by simply sending its gradient or momentum to
the server. In order to chose which honest worker to mimic during the learning, we adopt the heuristic introduced
by (Karimireddy et al., 2022).

14.4 Data Heterogeneity
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Figure 3: Distribution of data samples across workers and class labels on MNIST/CIFAR-10 when sampling from a Dirichlet
distribution of parameter . Left: o = 0.1, Middle: o = 1, Right: o = 10.

In order to simulate heterogeneity in our experiments, we sample from the original datasets (i.e., MNIST, Fashion-MNIST,
and CIFAR-10) using a Dirichlet distribution of parameter o, which indicates the level of heterogeneity induced in the
workers’ datasets. The smaller is «, the more heterogeneous is the setting (i.e., the more likely it is that workers possess
samples from only one class). We consider three heterogeneity regimes in our experiments, namely extreme where o = 0.1,
moderate where o = 1, and low where o = 10. The corresponding distributions of the number of samples across workers
and class labels (depending on «) are shown in Figure
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15 FULL EXPERIMENTAL RESULTS

Section [I5.1] presents our results on the MNIST dataset. Section [I5.2]contains our results on Fashion-MNIST. Section[15.3]
shows the performance of our algorithm on CIFAR-10.

15.1 Comprehensive Results on MNIST

In this section, we present the entirety of our results on the MNIST dataset.

15.1.1 Results on D-SHB

We consider three Byzantine regimes: f = 4, f = 6, and f = 8 (largest possible) out of n = 17 workers in total. We
also consider three heterogeneity regimes: o = 0.1 (extreme), & = 1 (moderate), and a = 10 (low). We compare the
performance of NNM and Bucketing when executed with four aggregation rules namely Krum (Blanchard et al., 2017),
GM (Small, 1990), CWMed (Yin et al., 2018), and CWTM (Yin et al., 2018). The plots are presented below and complement
our (partial) results in Table[2]in Section[6.2]of the main paper. We note that in the two strongest Byzantine settings, i.e.,
when f > 4, Bucketing can only be applied with bucket size s = 1 (Karimireddy et al., 2022)). This means that when
f = 6,8, executing Bucketing boils down to running the vanilla aggregation rules.
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Figure 4: Experiments on MNIST using robust D-SHB with f = 4 among n = 17 workers, with 3 = 0.9 and o = 0.1. The
Byzantine workers execute FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2, right), and LF (row 3).
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15.1.2 Results on D-GD

We also test our algorithm with robust D-GD on MNIST in one Byzantine regime: f = 4 Byzantine workers among a total
of n = 17 workers. We also consider three heterogeneity settings: a = 0.1, « = 1, and a = 10. The results are shown
below, and convey the same observations made in Appendix [13.1}
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Figure 10: Experiments on MNIST using robust D-GD with f = 4 among n = 17 workers, with a« = 0.1. The Byzantine
workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2, right), and LF (row 3) attacks.
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Figure 12: Experiments on MNIST using robust D-GD with f = 4 among n = 17 workers, with a = 10. The Byzantine
workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2, right), and LF (row 3) attacks.
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15.1.3 Results on Other Aggregation Rules: MDA, MultiKrum, and MeaMed

We also execute NNM with three additional aggregation rules namely MDA (Rousseeuw, 1985; [El Mhamdi et al., 2021a)),
MeaMed (Xie et al., 2018), and Multi-Krum (Blanchard et al., 2017). The experimental setup is the following. We consider
three Byzantine regimes: f = 4, f = 6, and f = 8 (largest possible) out of n = 17 workers in total. We also consider three
heterogeneity regimes: o = 0.1 (extreme), & = 1 (moderate), and o = 10 (low). We compare the performance of NNM
and Bucketing when executed with MDA, MultiKrum, and MeaMed. The results (shown below) are very similar to the
ones presented in Appendix [T5.1] and convey exactly the same observations made in Section [6] Indeed, NNM combined
with these methods provides consistently good performance on MNIST in three regimes of data heterogeneity and under
five state-of-the-art Byzantine attacks. Given that no guarantees have yet been derived for these aggregation techniques,
an interesting future direction would be to prove that MDA, MultiKrum, and MeaMed are (f, x)-robust with k € O(1),
confirming the modularity of our solution as a reliable framework for heterogeneous Byzantine learning.
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Figure 13: Experiments on MNIST using robust D-SHB with f = 4 Byzantine among n = 17 workers, with 8 = 0.9 and
a = 0.1. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2, right),
and LF (row 3) attacks.
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Figure 14: Experiments on MNIST using robust D-SHB with f = 4 Byzantine among n = 17 workers, with 8 = 0.9 and
a = 1. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2, right),

and LF (row 3) attacks.
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Figure 15: Experiments on MNIST using robust D-SHB with f = 4 Byzantine among n = 17 workers, with 8 = 0.9 and
a = 10. The Byzantine workers execute the FOE (row 1, left), ALIE (row I, right), Mimic (row 2, left), SF (row 2, right),

and LF (row 3) attacks.
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Figure 16: Experiments on MNIST using robust D-SHB with f = 6 Byzantine among n = 17 workers, with 8 = 0.9 and
a = 1. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2, right),

and LF (row 3) attacks.
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Figure 17: Experiments on MNIST using robust D-SHB with f = 6 Byzantine among n = 17 workers, with 8 = 0.9 and
a = 10. The Byzantine workers execute the FOE (row 1, left), ALIE (row I, right), Mimic (row 2, left), SF (row 2, right),
and LF (row 3) attacks.
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Figure 18: Experiments on MNIST using robust D-SHB with f = 8 Byzantine among n = 17 workers, with 8 = 0.9 and
a = 10. The Byzantine workers execute the FOE (row 1, left), ALIE (row I, right), Mimic (row 2, left), SF (row 2, right),
and LF (row 3) attacks.
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15.1.4 Results without Clipping

We also run experiments on MNIST without clipping the gradients on honest workers, as suggested by the reviewers. We
consider f = 4 Byzantine workers among n = 17 workers, and a moderate heterogeneity setting where o = 1. The results
are shown in Figure[T9] and convey the same observations made from Figure [5in Section[I3.1} Note that we also obtain

similar results when running with o = 10.

Finally, we also consider the case & = 0.1 without clipping honest gradients. However, we do not show the results since
no technique (including Bucketing and NNM) is able to withstand the considered Byzantine attacks in such an extreme
heterogeneity setting. In fact, we believe that exploding gradients are even more detrimental when considering Byzantine

attacks, and thus gradient clipping is important in our setting, although not needed in theory.
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Figure 19: Experiments on MNIST without clipping and using robust D-SHB with f = 4 among n = 17 workers, with
B = 0.9 and o = 1. The Byzantine workers execute FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2,

right), and LF (row 3).
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15.2 Comprehensive Results on Fashion-MNIST

In this section, we showcase our results on the Fashion-MNIST dataset. We consider two Byzantine regimes: f = 4 and
f = 6 out of n = 17 workers in total. We also consider three heterogeneity regimes: o = 0.1 (extreme), & = 1 (moderate),
and o = 10 (low). We plots compare the performance of NNM and Bucketing when executed with four aggregation rules
namely Krum, GM, CWMed, and CWTM. The plots are presented below. We note that in the strongest Byzantine setting,
i.e., when f > 4, Bucketing can only be applied with bucket size s = 1 (Karimireddy et al., 2022). This means that when
f = 6, executing Bucketing boils down to running the vanilla aggregation rules.
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Figure 20: Experiments on Fashion-MNIST using robust D-SHB with f = 4 Byzantine among n = 17 workers, with
B = 0.9 and « = 0.1. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF
(row 2, right), and LF (row 3) attacks.
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Figure 21: Experiments on Fashion-MNIST using robust D-SHB with f = 4 Byzantine among n = 17 workers, with

B = 0.9 and a = 1. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row
2, right), and LF (row 3) attacks.
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Figure 22: Experiments on Fashion-MNIST using robust D-SHB with f = 4 Byzantine among n = 17 workers, with
B = 0.9 and o = 10. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF
(row 2, right), and LF (row 3) attacks.
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Figure 23: Experiments on Fashion-MNIST using robust D-SHB with f = 6 Byzantine among n = 17 workers, with
B = 0.9 and a = 1. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row
2, right), and LF (row 3) attacks.
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Figure 24: Experiments on Fashion-MNIST using robust D-SHB with f = 6 Byzantine among n = 17 workers, with
B = 0.9 and o = 10. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF
(row 2, right), and LF (row 3) attacks.
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15.3 Comprehensive Results on CIFAR-10

In this section, we present the entirety of our results on CIFAR-10. We consider three Byzantine regimes: f = 2, f = 3,
and f = 4 out of n = 17 workers in total. We also consider two heterogeneity regimes: o = 1 (moderate), and o = 10
(low). We compare the performance of NNM and Bucketing when executed with four aggregation rules namely Krum, GM,
CWMed, and CWTM. The plots are presented below and complement our (partial) results in Figure[T]in Section [6.3]of the
main paper.
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Figure 25: Experiments on CIFAR-10 using robust D-SHB with f = 2 Byzantine among n = 17 workers, with 8 = 0.9 and
a = 1. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2, right),
and LF (row 3) attacks.
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Figure 26: Experiments on CIFAR-10 using robust D-SHB with f = 2 Byzantine among n = 17 workers, with 5 = 0.9 and
a = 10. The Byzantine workers execute the FOE (row 1, left), ALIE (row I, right), Mimic (row 2, left), SF (row 2, right),
and LF (row 3) attacks.
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Figure 27: Experiments on CIFAR-10 using robust D-SHB with f = 3 Byzantine among n = 17 workers, with 5 = 0.9 and
« = 1. The Byzantine workers execute the FOE (row 1, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2, right),
and LF (row 3) attacks.
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Figure 28: Experiments on CIFAR-10 using robust D-SHB with f = 3 Byzantine among n = 17 workers, with 5 = 0.9 and
a = 10. The Byzantine workers execute the FOE (row 1, left), ALIE (row I, right), Mimic (row 2, left), SF (row 2, right),
and LF (row 3) attacks.
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Figure 29: Experiments on CIFAR-10 using robust D-SHB with f = 4 Byzantine among n = 17 workers, with 8 = 0.99
and o = 10. The Byzantine workers execute the FOE (row I, left), ALIE (row 1, right), Mimic (row 2, left), SF (row 2,
right), and LF (row 3) attacks.
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