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Abstract

This paper develops an efficient distributed inference algorithm, which is robust against a
moderate fraction of Byzantine nodes, namely arbitrary and possibly adversarial machines
in a distributed learning system. In robust statistics, the median-of-means (MOM) has been
a popular approach to hedge against Byzantine failures due to its ease of implementation
and computational efficiency. However, the MOM estimator has the shortcoming in terms
of statistical efficiency. The first main contribution of the paper is to propose a variance
reduced median-of-means (VRMOM) estimator, which improves the statistical efficiency
over the vanilla MOM estimator and is computationally as efficient as the MOM. Based
on the proposed VRMOM estimator, we develop a general distributed inference algorithm
that is robust against Byzantine failures. Theoretically, our distributed algorithm achieves
a fast convergence rate with only a constant number of rounds of communications. We
also provide the asymptotic normality result for the purpose of statistical inference. To the
best of our knowledge, this is the first normality result in the setting of Byzantine-robust
distributed learning. The simulation results are also presented to illustrate the effectiveness
of our method.
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Tu, Liu, MAO, AND CHEN

1. Introduction

Due to the rapid increase of the scale of data, modern data set are usually too large to fit in
a single device, and thus have to be stored and processed in a distributed manner. In a com-
mon distributed computing environment, data are stored across multiple machines/nodes.
A single master node is in charge of maintaining and updating target parameters, and a
large number of worker machines perform local computations and communicate the com-
puted information with the master node (see Figure 2 in Section 3 for an illustration). As
compared to the traditional single machine setting, where the entire data can be loaded
into the memory for the centralized computation, the distributed setting poses two major
challenges.

The first challenge comes from the tradeoff between communication cost and statistical
accuracy. For example, one-shot communication (e.g., taking average of local estimators),
though incurs low communication cost, has a poor performance for nonlinear estimation
when the number of machines is large (see, e.g., Li et al. (2013); Zhang et al. (2013, 2015);
Zhao et al. (2016); Rosenblatt and Nadler (2016); Shang and Cheng (2017); Lee et al.
(2017)). Therefore, iterative approaches are adopted in literature (see, e.g., Shamir et al.
(2014); Jordan et al. (2019); Chen et al. (2019); Fan et al. (2019); Wang et al. (2019); Chen
et al. (2020b)). For iterative algorithms, since each iteration of communication requires
synchronization, a communicationally efficient algorithm should run with a small number
of iterations. Our goal is to develop algorithms that achieve communication efficiency
without losing statistical accuracy.

The second challenge comes from the vulnerability of worker machines and communica-
tion channels. In particular, the information sent from a worker machine can be arbitrarily
erroneous due to hardware or software breakdowns, data crashes, or communication fail-
ures. Such an error is usually referred to as Byzantine failures (Lamport et al., 1982). In
other words, a subset of workers called Byzantine machines, may send arbitrary and even
adversarial messages to the master. Distributed learning under the Byzantine setting has
attracted a lot of research attentions in recent years (see, e.g., Feng et al. (2014); Chen et al.
(2017); Blanchard et al. (2017); Xie et al. (2018); Alistarh et al. (2018); Yin et al. (2018,
2019); Su and Xu (2019)). However, as we will survey later, some of these methods suffer
from a larger number of iterations of communications and existing analysis only focuses
on the convergence rate. The statistical inference with Byzantine failures, which plays an
important role in uncertainty quantification, is still largely open.

The goal of this paper is to propose a communication-efficient statistical inference
method, which is robustly against Byzantine failures. We consider a general risk mini-
mization problem,

0" = argminEx. x {f(X,0)}, (1)
OcRp

where f is the convex loss function, X denotes the random sample from a probability dis-
tribution X, and 8* € RP is the target parameter vector of interest. To infer the underlying
parameter 6%, assume that N i.i.d. observations { X1, ..., Xy} are collected and evenly dis-
tributed over (m + 1)-machines {Hy, ... H, }, where each machine contains n observations.

We allow diverging N, n, and p under certain rate constraints.
In this paper, we consider the Byzantine distributed framework, which allows for Byzan-
tine failures described as follows. In particular, we assume there exists an «, fraction of
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worker machines (a.k.a. Byzantine machines), whose indices form a subset B C {1,...,m}
with Card(B) = |anpm]. The Byzantine machines are subject to the following Byzantine
failures when communicating information:

Definition 1 (Byzantine Failures) In each round of communication, assume the infor-
mation produced by each machine is vj, then the actual information v; received from each
worker machine H; is as follows

1_]j:{vj j ¢ B,

* j e B,
where x denotes an arbitrary value.

Let us start with the most fundamental setting where 8* is the population mean and the
goal is to infer the population mean with the presence of Byzantine failures. A widely used
robust estimator is the median-of-means (MOM) estimator (Nemirovsky and Yudin, 1983;
Jerrum et al., 1986; Alon et al., 1999), which first computes the local sample mean on each
machine and then aggregate them by taking the median. Due its ease of implementation
and computational efficiency, the MOM estimator has attracted a lot of attentions (Minsker,
2015; Hsu and Sabato, 2016; Lecué and Lerasle, 2020; Lugosi and Mendelson, 2019; Minsker,
2019) and served as an important building block in distributed learning with Byzantine
failures (Yin et al. (2018)). However, despite its popularity, the MOM estimator suffers
from low asymptotic statistical efficiency. More precisely, the asymptotic efficiency of the
MOM estimator is only 2/ & 0.637, which is far from 1 for normal mean problem.

The main contribution of the paper is to propose a computationally efficient robust mean
estimator, which greatly improves the statistical efficiency of the MOM. Our estimator
is called wvariance reduced median-of-means (VRMOM) estimator. Instead of using the
median in MOM, we use multiple quantile levels to improve the statistical efficiency. By
formulating a carefully designed stochastic optimization problem and leveraging the idea of
one-step Newton iteration, our VRMOM estimator achieves the same order of computational
complexity as the MOM estimator, but improves the asymptotic efficiency from 2/7 ~ 0.637
of MOM to 3/7 &~ 0.955 (see Theorem 5). The proposed VRMOM estimator naturally serves
as a more efficient substitute of MOM in all robust statistical applications that benefit from
the MOM estimator.

As an application of our VRMOM estimator, we describe a communication-efficient al-
gorithm for the general risk minimization problem in (1) based on the VRMOM estimator.
In a standard distributed gradient descent (GD) approach, each local machine computes
the gradient information, which takes the form of the mean of gradients of each local data
point. Then, the master receives the transmitted gradient information and aggregates the
local gradients by taking the average. However, the averaged gradient is highly sensitive
to Byzantine failure, whose value can be completely skewed by a single Byzantine worker.
To hedge against Byzantine failures, the work by Yin et al. (2018) proposed to take the
coordinate-wise median of the transmitted gradients, which is essentially an MOM estimator
based on gradients of local data. Our method improves this result from two aspects. First,
instead of using the median, our VRMOM serves as a new gradient aggregator, which is
statistically more efficient in a large class of distributed robust inference problems. Second,



Tu, Liu, MAO, AND CHEN

the distributed gradient method would take a large number of iterations (i.e., O(log(N/p)))
to converge, which is communicationally expensive. To address this issue, we leverage the
surrogate loss function in the Communication-efficient Surrogate Likelihood (CSL) frame-
work (Jordan et al., 2019) and develop the robust CSL (RCSL) method. In a wide range
of choices of N, m, and p, our RCSL only requires a constant order of iterations to achieve
a fast convergence rate, which greatly saves the total communication cost. Theoretically,
we establish the convergence rates of our estimator (see Theorem 11 and Theorem 19 in
Appendix C.1.2) and provide the asymptotic normality result (see Theorems 8).

1.1 Contributions and Related Works

The median-of-means (MOM), which was introduced by Nemirovsky and Yudin (1983),
has been a popular estimator in robust statistics due to its ease of implementation and
convergence guarantees (Minsker, 2015; Hsu and Sabato, 2016; Lecué and Lerasle, 2020;
Lugosi and Mendelson, 2019; Minsker, 2019). The MOM estimator finds a wide range of
applications, including robust PCA (Minsker, 2015), linear regression (Hsu and Sabato,
2016), sparse linear regression (Minsker, 2015; Lecué and Lerasle, 2020), robust empirical
risk minimization (Lecué and Lerasle, 2020; Lugosi and Mendelson, 2019; Minsker, 2019).
This paper improves the MOM estimator by proposing a variance reduction scheme, which
significantly boosts the statistical efficiency. Our VRMOM estimator is motivated by the
idea that composite quantiles can improve the efficiency (Zou and Yuan, 2008). However,
directly taking multiple sample quantiles would incur a higher computational cost and our
VRMOM is carefully designed to be computationally efficient and admit a simple closed-
form for the ease of theoretical analysis. The proposed VRMOM estimator can be a natural
substitute for the classical MOM estimator for all aforementioned applications.

In recent years, statistical learning and optimization with the presence of Byzantine
failures have attracted a lot of attentions (Feng et al., 2014; Chen et al., 2017; Blanchard
et al., 2017; Xie et al., 2018; Alistarh et al., 2018; Yin et al., 2018, 2019; Su and Xu, 2019).
The key idea behind these work is to let each worker machine compute the gradient (or
stochastic gradient) information, and the gradients from workers are aggregated using some
robust mean estimators instead of the vanilla gradient mean. There are many applicable
estimators like median, trimmed mean (Yin et al., 2018, 2019), geometric median (Feng
et al., 2014; Chen et al., 2017), Krum (Blanchard et al., 2017), marginal median, mean-
around-median (Xie et al., 2018), and iterative filtering (Su and Xu, 2019; Yin et al.,
2019). However, most existing methods are only based on gradient information, without
utilizing any second order properties. In this paper, we propose the robust CSL method,
which combines the new gradient aggregator — VRMOM estimator, and the approximate-
Newton framework (See, e.g. Shamir et al. (2014); Jordan et al. (2019), and Fan et al.
(2019)). The combination of the VRMOM and approximate-Newton greatly facilitates
communication efficient estimation by reducing the total number of communication rounds.
From a theoretical perspective, we establish the asymptotic normality result, which has
not been well explored in previous robust distributed learning literature. A more detailed
comparison of the convergence rates with the existing approaches is presented after Theorem
11, after the formal description of our convergence result.
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1.2 Paper Organization and Notations

The rest of the paper is organized as follows. Section 2 describes the proposed VRMOM
estimator and its theoretical results. In Section 3, we introduce the Robust CSL (RCSL)
method for Byzantine robust machine learning problem as an important application of the
VRMOM estimator. Simulation experiments are provided in Section 4, which demonstrate
the superiority of our method over some existing methods. Finally, we conclude our work
in Section 5. The proofs of the theories of the VRMOM estimator and the theories of the
RCSL method are relegated to Appendices.

P 2

— T _ :
For every vector v = (vi,...,vp)", denote |v|y = 1—1 vj. For every matrix A,

define ||A|| = supjy|,—1 |Av|2 as the operator norm, Amax(A) and Amin(A) as the largest
and smallest eigenvalues of A respectively. Suppose there is another matrix B, and we
denote B < A if and only if A — B is positive definite. Let N(0,1) be the standard
normal distribution. We denote ®(z) = P(N(0,1) < z) and ¢(z) = e */2/\/27 to be
its cumulative distribution function and probability density function, respectively. Denote
SP=1(#) and BP(Q) as the unit sphere and the unit ball centered at & € RP respectively.
For simplicity, we denote SP~! and BP as unit sphere and unit ball centered at 0. We will
use [(-) as the indicator function. The symbols |z| ([z]) denotes the greatest integer (the
smallest integer) not larger than (not less than) z. Summation symbol will be heavily used
throughout this article. For the convenience of reading, in each summand, we will use the
subscripts i(1 < i < n) for each data point, j(0 < j < m) for each machine, k(1 < k < K)
for each quantile level and I(1 < < p) for each entry of a vector, respectively. Lastly, the
generic constants are assumed to be independent of m, n, and p.

2. Proposed Methods

In this section, we will firstly introduce the construction of our VRMOM estimator. Then
we provide theoretical guarantees for it.

2.1 Variance Reduced Median-of-Means Estimator

To motivate our estimator, let us provide a brief review of the standard MOM estimator.
Let Xi,..., Xy be i.i.d. copies of X with E(X) = p and Var(X) = o2. For the ease of
presentation, we assume that N observations are evenly partitioned into (m + 1)-batches
{Ho,...Hm}, where each H; denotes the indices of the samples within the j-th batch. Let
n = N/(m + 1) be the sample size of each batch and X ; = Zie?—tj X;/n be the sample
mean of the observations in the j-th batch. To estimate the population mean u, the MOM
estimator is defined as

i =med(Xoq,..., X0m), (2)

where med(-) denotes the sample median. The MOM estimator is computationally efficient
and robust against Byzantine failures. Moreover, as shown in Minsker (2019), when m — oo
and m = o(v/N), under some mild moment conditions (e.g., E|X — u|*> < o0), the MOM
estimator admits the following limiting distribution as N — oo,

VNG — 1) % N(0,507).
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In addition to the robustness, the statistical efficiency is another important issue. In a
classical statistical estimation setting without Byzantine failures, we can see the relative
efficiency of i with respect to the vanilla sample mean is (62)/(50?) = 2/7 ~ 0.637, which
is far from the optimal efficiency 1. Therefore, a natural question is:

Is it possible to construct a computationally efficient robust estimator that
achieves a nearly-optimal efficiency?

The key idea behind our VRMOM estimator To address this challenge, we first note
that by the central limit theorem, for each sample mean X ;, /nX ; asymptotically obeys
the normal distribution A (i, o2). Moreover, for the ease of notation, for a fixed n, we define

X =p+e GNN(OaJ2/n)’ (3)

where p and o are unknown. Note that for every quantile level 7, the 7-th population
quantile of the normal distribution N'(p, 02 /n) is exactly u™ := pu + o® 1(7)//n. To see
this,

P(X <) =P((X — p)/(o/vn) <@} (r)) =P(N(0,1) < &~ (7)) = 7.

Additionally, by symmetry of normal distribution, we have
S0+ = S [ou+ T (e ) e - )} | =
2 2 NG '

Therefore, to improve the statistical efficiency, a natural idea is to approximate u by
averaging many pairs of estimators for the (7,1 — 7)-th quantiles of N'(u, 02 /n), instead of
using a single quantity (i.e., median). More precisely, let K be a pre-fixed integer. For any
1 <k<K,let 7, :=k/(K+1)and ™ be the 7,-th sample quantile of {Xo,..., X}
Since 711 = 1 — 7%, ™ and p"K+1-k are symmetrical about p and their average is a
natural estimator of p. Based on this idea, we can take weighted average of {ﬁT’f}szl as an
estimator of u, which improves the statistical efficiency. We also illustrate the main idea of
the weighted averaged estimator in Figure 1. Next, we introduce a computationally more
efficient estimator for implementing this idea. Moreover, since it is a closed-form estimator,
which also facilitates the theoretical analysis.

Computationally efficient VRMOM estimator Denote the quantile loss function as
pr(z) = z(t —I(2 <0)), we consider the following stochastic optimization problem:

.

where Ay, := ®~!(7;), and the expectation is taken over X in (3). We can easily see that
is the solution of (4). To approximate p from (4), we adopt the idea of one-step estimator

argmin [E {G(X,z)}] := argmin
z€eR zeR
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Figure 1: Let K = 6. For 1 < k < K, " is defined as the k/7-th sample quantile of
{Xo0,..., Xm}. We can see that the pairs (&™, 5™), (5™, a™), (i™, i™) are
nearly symmetrical about the targeting parameter u. Thus the weighted average
of {m™}K | serves as an estimator of .

as follows. Define
d e i ~ O'Ak
g(x) ::£E{G(X,x)}:E ZH<X§$+\/E>—% 7
d - O'Ak
H(z) =——gla)=) pla—p+t—F],
d:z:g ; ( K )

as the gradient and Hessian of the loss function in (4) respectively. Here, p(z) = /ni(y/nz/o)/o
denotes the probability density function of the noise € ~ N(0,02/n) in (3), and ¥(-) de-
notes the density function of A/(0,1). Given an initial crude estimator ug of u, the one-step
estimator essentially takes the following Newton-Raphson step:

- E{ 5 1(X < po +0Ag/v/n) — 74}
SK plpo—p+oAy/vn)

i1 = po — g(po)/H (o) = po (5)

Next, we use the MOM estimator fi in (2) as the initial estimator of (4). The unknown
parameter o2 can be estimated by 72 := D ieny (Xi — X0)2/n, the sample variance of
the first batch of observations Hy. With the initial estimator pg in place, replacing g(uo)
in (5) with its empirical counterpart and approximating H(pg) by Zlep(aAk/\/ﬁ) ~
\/ﬁzle Y(Ay)/o, we derive the following one-step estimator of (4) from (5)

~

:’A‘(m+1)¢ﬁaz§:1wmk)ii{ﬂ<xjSﬁﬁf;)Kil}' ©

§=0 k=1

=I

7
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To further alleviate the burden of computation, we choose one summand in (6) and simplify
it as follows

SIS
— Card{k‘ \/ﬁ();j_mgAk,lgkgK}—[;
- Card{k: @(ﬁ()_; ﬁi _AKlil,lg SK}—I;
= +1—{(K+1)¢(\/ﬁ(};“))-‘

In fact, our theoretical result will show that a larger K leads to a better statistical efficiency.
This derivation shows that it is possible to enhance the efficiency by taking a larger K
without incurring additional computational cost. Our VRMOM estimator in (6) can be
rewritten as

"= _<m+1>¢ﬁ62§:1wmk>i{l2{“‘[(K“)‘I’ <ﬁ(i_m>” @

j=0

=)

Although the expression of VRMOM [ in (7) seems more complicated than the MOM
estimator [, the time complexity of [ is at the same order as the MOM estimator. In
particular, at each iteration, each worker machine computes a local sample mean in parallel,
which takes O(n) time complexity. In MOM estimator, it takes another O(m) operations
to find the median i (see Paterson (1996)). While in VRMOM estimator, we only need an
extra O(m-+n+ K) time complexity (O(n) for sample variance computed in Ho, O(m+ K)
for the variance reduction term in (7)). Therefore the time complexity of both methods is
O(m + n) (here K is fixed). While keeping the same order of computational complexity,
the VRMOM greatly improves the statistical efficiency. As we can see from Theorem 5 in
the following section, the asymptotic efficiency of i approaches 3/m ~ 0.955 as K grows to
infinity, which is nearly optimal. In fact, by taking K = 5, the efficiency has already been
more than 0.9 as compared to 0.637 of i.

Remark 2 As illustrated in Figure 1, we can also find the Ti-th sample quantile p™ and
take a weighted average of{,t_ﬂk}/f:1 as an estimator of pu. However, to give the sample quan-
tiles at K different levels, we need to perform a sorting algorithm among the set {)_(j};-"zo,
which takes O(mlogm) operations. Therefore the total complexity would be O(n+mlogm),
which it is more costly compared with O(m + n) complexity of our VRMOM estimator in
(7). The inferior in complexity is exacerbated in multivariate case. When the dimension
p is very large, our coordinate-wise VRMOM estimator has complexity O(p(m + n)), while
the average of sample quantiles would take complezity O(p(mlogm + n)).

Remark 3 Although we utilize averaging sample quantiles to motivate our method, the
direct average among sample quantiles cannot tolerate even a small fraction of Byzantine
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machines. For example, we assume K = 6, and there are 1/6 of machines are Byzantine.
In this case, the 1/7-th and 6/7-th sample quantiles can be completely ruined by the Byzan-
tine machines, and further foil the weighted average. In contrast, our VRMOM estimator
tolerates 1/2 — & (where 6 € (0,1/2) can be arbitrarily small) fraction of Byzantine ma-
chines, which is better than the direct weighted average of sample quantiles (see Theorem
6 for more details). To see this in a more intuitive way, we can take a closer look at (6).
FEach summand of the correction term is bounded in the interval [—1,1]. Noticing that there
is a factor of order O(1/(m+/n)) multiplying the summation, the overall magnitude of the
correction term is only of the order O(1/y/n). In consequence, as long as the initial esti-
mator (e.g., the MOM estimator) is robust, our proposed VRMOM estimator is Byzantine
robust.

Remark 4 To approzimate p from (4), we can also directly solve the following optimization
problem

U GA

. - k

argmin p Xi——— z)
= ]_

which is the empirical version of (4). This formula is similar as the univariate composite

quantile regression in Zou and Yuan (2008). However, it is much costly to solve such

non-smooth optimization problem in a direct way. Instead, we leverage the idea of Newton-
Raphson step, which greatly improves computation efficiency.

2.2 Theories for VRMOM Estimator

Now, we present several theoretical results for the proposed VRMOM estimator. We firstly
provide the asymptotic normality and convergence result of the VRMOM estimator in one-
dimensional case. Then we extend these results to its multi-dimensional variant. The proofs
of results in this section are all relegated in Appendix A.

Theorem 5 (Asymptotic normality of VRMOM) Let N = (m + 1)n i.i.d. random
variables X1, ..., XN be evenly distributed in m + 1 subsets Ho, ..., Hpm. There is a subset of

Byzantine machine indices B C {1,...,m} with Card(B) = |anm|, where o, = o(m~1/2).
Let
— LS X | ¢ B,
* Jj € B,

and [i be defined as in (6). Suppose X satisfies E(X) = u, Var(X) = o2. Assume there
exists some k > 0 such that E[|X — pu|>™*] < oo, and m = o(min{n, n>*/+%)}) log®n =
o(m). Then we have

VN(ji = i) % N(0,0%),

where

K .
U%( _ Ekl,k‘g:l mln(Tklkaz){l - maX(Tkl ) Tk’z)}o_g’ (9)

(i v(ap)y?

with 7, = k/(K +1). Moreover, limg oo 0% = w0?/3.
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This theorem provides the asymptotic normality result of our VRMOM estimator p
and characterizes the asymptotic variance. In particular, it shows that p is a consistent
estimator of p. Comparing with the MOM estimator, we improve the efficiency of the
estimator by reducing the variance from mo2/2 (Minsker, 2019) to 7o?/3 when K goes
to infinity. It should be noted that, we impose the rate constraints a, = o(m_l/ H,m =
o(min{n, n?*/2+%)}) and log®n = o(m) in order to obtain asymptotic normality. In the
following theorem, we drop out these conditions and investigate the convergence rate of the
VRMOM estimator.

Theorem 6 (Convergence rate of VRMOM) Let N = (m + 1)n i.i.d. random vari-
ables X1,...,Xn be evenly distributed in m + 1 subsets Ho, ..., Hm. There is a subset of
Byzantine machine indices B C {1,...,m} with Card(B) = |a,m|, where o, <1/2—9 for
some fized § € (0,1/2). Let

’ x j€B,

and ji be defined as in (6). Suppose X satisfies E(X) = p, Var(X) = 0. Assume there
exists some k > 0 such that E[|X — u|?>T*] < co. Then we have

T G T . ! 4 Lo
= p=e \/ﬁ+,/mn n(Bra+2)/(2k2+4)  p1/2y3/4 |’

(10)

where ko = min(k, 2).

This convergence result shows that our VRMOM estimator is consistent as long as
oy, is strictly smaller than 1/2. The condition on «, is also necessary because clearly
the sample median can be ruined when there are more than [m/2] corruptions. From
(10), when m = O(min{n,n*/C+tM)1) log3n = O(m), the rate matches the optimal rate
O(an/v/n+ 1/y/mn) (See Observation 1 in Yin et al. (2018)). Further assume that a,, =
O(1/4/m), the VRMOM achieves square root-N consistency.

Next we extend our VRMOM estimator to the multi-dimensional extension setting. Let
X1,..., Xy beiid. copies of the p-dimensional random vectors X = (X(l), .. ,X(p))T
with E(X) = p = (u,...,u®)T and Cov(X) = ¥ = (011,12)], 1p=1- Then the multi-
dimensional VRMOM estimator @ is defined by applying (7) on each coordinate [, where
1 <1 < p. We first obtain the convergence rate of the multi-dimensional VRMOM estimator
in terms of ¢9-norm.

Theorem 7 (Convergence rate of multi-dimensional VRMOM) Let N = (m+1)n
2.1.d. random vectors X1, ..., Xy be evenly distributed in m + 1 subsets Ho, ..., Hm. There
is a subset of Byzantine machine indices B C {1,...,m} with Card(B) = |apm], where
an < 1/2—06 for some fixred § € (0,1/2). Let @ be the multi-dimensional VRMOM estimator
defined in (7). Suppose X satisfies E(X) = p, Cov(X) = X. Moreover, for each coordinate
1€ {1,...,p}, we assume there exists some k > 0 such that E[|X® — 0>+ < 0o. Then

we have
_ B an\/ﬁ p \/T) p1/2 10g3/4 n
|B—pl2=0p ( NG T\ om0 @t d) T /2,8 ) (11)

10
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where ko = min(k, 2).

As we can see from the theorem, the convergence rate of multi-dimensional VRMOM es-
timator is simply the rate in Theorem 6 multiplied with ,/p, which is not surprising because
the VRMOM estimator is applied coordinate-wisely. Moreover, to guarantee consistency of
the proposed estimator, we require the rate on the right hand side of (11) to be the order
of op(1), which implies that

3ko+2 3/2
p:0<min{£2,mn,rm22+2 ,%}) (12)
ag log/ n

In particular, we are more interested in the asymptotic normality of the multi-dimensional
VRMOM estimator, which will be presented in the next theorem.

By definition we know oy, j, = Cov{X (1) X(2)} is the (I, l2)-entry of covariance matrix
of X. Let (Z;,, Z;,) admit the following bivariate normal distribution

1 Olq,l9
_ VOl1,11015,1
/\/’(0,211752), where El17l2 = ( oU o 1 11 2,t2 . (13)
011,11 0lg,l9

Next we define the p X p matrix C with its (I1,l2)-entry given by the following formula:

K 1,1
Zk1,k2=1(7—k11,k22 = Thy Tky)

{0 v (AR))?

where 7, = k/(K 4+ 1), and Tlf,‘lle?Q = P(Z, < Ay, 21, < Ag,). Then we can prove the
following asymptotic normality result:

Ciypp = VOl1,11012,l25 (14)

Theorem 8 (Asymptotic normality of multi-dimensional VRMOM estimator) Under
the same assumption as in Theorem 7, and additionally, we assume the rate constraints
ml/2 n2r2/(ko+2)

p = o(min{10g3/2n, ———1), and a,, = o(1/\/mp). Then for any vector v € RP with

|lv|2 = 1, we have that

2

<’U, ﬁ - H> i> N(Ov 1)7 (15)

Ov

as n — oo, where o2 = vICw.

To prove asymptotic normality result for the multi-dimensional VRMOM estimator, we
need a more restrictive constraint on the dimension p than the one in (12). Moreover, we
require the number of Byzantine machines is o(y/m/p), i.e., the fraction a,, = o(1/,/mp).
As compared to the condition a;,, = o(1/y/m) in Theorem 5, there is an extra 1/,/p in the
condition since we are dealing with a p-dimensional multivariate inference problem.

In order to illustrate the efficiency of our VRMOM estimator in multi-dimensional case,
let us consider the multi-dimensional median-of-means (MOM) estimator pinon. More
specifically, we also apply the MOM estimator at each coordinate and establish the following
parallel asymptotic normality result for the multi-dimensional MOM estimator.

11
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Proposition 9 (Asymptotic normality of multi-dimensional MOM estimator) Under
the same assumption as in Theorem 7, and additionally, we assume the rate constraints
ml/2 p262/(ko+2)

p = 0(1rr1in{10g3/2n7 ———1), and a,, = o(1//mp). Then for any vector v € RP with

|lv|2 = 1, we have that

VN

N d
—— (v, pmom — p) — N(0, 1), (16)
OMOM,v

as n — oo, where O'l%/[OM o = vTCyvoMmY, and CyvioMm 45 a p X p matriz with each (I1,12)-entry
taking the following form,

l1,l2 m

ChOM. by 1 = (27TT(K+1)/2,(K+1)/2 - 5) VU Ol s (17)

When each coordinate of random vector X is independent, the off-diagonal entries of
the matrices C and Cyronm are all zero (in this case Tlilll,fz = T, Tk, for Iy # l2). For diagonal

entries, we can readily compute that

K .
Ekl,k’2:1 mln(Tkl ) Tk?Q){]‘ - maX(Tk’l ) Tk‘Q)} C T
o, CMoMm,ll = 5 010-
K 3 sty 3
{3051 (Ag)}? 2
According to Theorem 5, when K — oo, we have C;; — 5oy, which suggests that our multi-

dimensional VRMOM estimator has a higher statistical efficiency than the corresponding
MOM estimator.

Cii=

Remark 10 In two-dimensional case, the covariance matriz of X can be written as the
following form

B ( 011 sin¢\/m>

~ \sin qb\/m 09,2 ’

where ¢ € [—7, 5]. Then we have that our 2-dimensional VRMOM estimator fi has higher
statistical efficiency than the 2-dimensional MOM estimator i as K tends to infinity. The
detailed argument is relegated to Appendix B. In the higher dimension case when p > 2, we
believe that the superiority in efficiency of our VRMOM estimator still holds. We leave the

theoretical investigation as a future work.

3. Application for Byzantine Distributed Statistical Optimization

As an important application of the proposed VRMOM estimator, in this section, we consider
the general distributed statistical optimization problem in (1) under Byzantine setup. In
particular, we propose a Byzantine robust distributed approximate newton method, called
Robust Communication-efficient Surrogate Likelihood (RCSL) Method.

For the ease of presentation, we adopt the master /worker setting in Jordan et al. (2019),
where Hg denotes the master machine and the rest are worker machines. We assume that
the master machine H( stores n observations as each local worker and the data on the
master machine will not be corrupted. In practice, it is easier to use one powerful machine
as the master machine that is robust. Let 8(©) be an initial estimator of 8*. At the
beginning, the master machine Hy broadcasts the parameter 6 to all worker machines
Hi,...,Hm. The j-th worker computes a local gradient g](o) =n! Zie?—tj Ve f(Xi, 5(0))

12
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Worker

Worker Worker
Machine H;

Machine Ho Machine H,,

Figure 2: Communication protocol of the robust CSL (RCSL) method. In the ¢-th iteration,
the master machine H distributes the parameter 8¢=1) to each worker machine.

The j-th worker machine computes the local gradient gj(-t_l) and sends it back to

the master machine. Then Hy updates the new parameter 01 and repeats the
procedure.

and sends it back to master. Then the master machine applies the VRMOM estimator to
every coordinate. More precisely, for each of the [-th coordinate (we will use the subscript
[ to represent the entry of a vector), master machine computes the VRMOM estimator

~(0
gl(O) 251(0) _ Ul( ) %
(m+ 1)V Y3, B(A) (18)

m (0) _ ~(0)

n(g;, —
> —+1— (K +1)® Vg g ) )L
— 3(0)
7=0 l

where 51(0) = med{g[()?l), ceey gfr??l} is the median and

G =~ 3 {Vlei(X:.89) — )},

1€Ho

is the local sample variance. Here, Vg f1( X, 6(©) denotes the I-th coordinate of Vg f(X;, 8(©).

Let g(© = ( ggo),. . Q,SO))T denote the VRMOM aggregated gradient. The master machine
solves the following surrogate loss introduced by Jordan et al. (2019) to update the param-
eter,

6V — argmin Zle,e (o —3.0) ¢, (19)
OcR? zG'HO

13
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Algorithm 1 Robust CSL (RCSL) Method

Input: The data {X, ..., Xy} is evenly distributed on m + 1 machines {Hy, ..., Hm}. Let
Ho be the master and the rest be workers.

1: Compute an initial estimator 0 on the master machine Ho.
2: fort=1,...,7T do
3:  Distribute 8¢~ to each local machine j=12...,m.
for 7 =0,...,m do
The j-th worker machine computes the local gradient

g(t,l) _ {nl Zieﬂj Vg f(X;,00D) if #; is normal,
J

* if H; is Byzantine,

where * denotes arbitrary values. Then the j-th worker sends g(-t_l) back to master

J
machine.
end for

Master machine constructs the VRMOM aggregated gradient gt~ =
(—(t—l) . —(t—l))

g1 .- 0p T where each I-th coordinate takes the following form,
D 50D _ 5" y
! =9
(m+ 1)y 35 ¥(Ay) 20)
m (t=1) _ ~(t-1)
K n(g,; -
Yo+l [(K+ 1) Vil o ) ,
: 2 a.\(t—l)
J=0 l
where §l(t71) = med{g(()ffl), ...,g&?l)}, and
~t-1)\2 1 ~ _ 2
(C’l(t 1)) = > {V|9fl(Xi70(t Y) —gét,l 1)} :
1€Ho
8:  Master machine solves the following surrogate loss minimization problem
~ 1 _
61 —argmin ¢ — 3~ £(X;,0)~ (gf V-, 0) ¢ (21)
6cRp n .
1€Ho
9: end for
Output: The final estimator oD,
where g(()o) =nt Y ien, Vief(Xi, 5(0)) is the local gradient computed on the master ma-

chine. As shown in Jordan et al. (2019) and our experiments, for a wide range of statistical
learning problems, the surrogate loss in (19) can be easily minimized by existing optimiza-
tion solvers. Moreover, this surrogate loss minimization is done on the master machine, and
thus does not involve any communication.

14
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Repeating the above procedure, we develop a multi-round algorithm named Robust CSL
(RCSL), which is presented in Algorithm 1. We note that in the Byzantine setting, there
is a subset of workers B C {1,...,m} , which return arbitrary values in each iteration.

For j € B, we will use g§t_1) = * to represent these nuisance values. To guarantee the

consistency of the initial estimator, in Step 1 of Algorithm 1, we can compute 60 by the
local empirical risk minimization on the master machine Hy, i.e.,

~

1
O(O)Zargmin — f(X:,0) ». 22

We note that our theoretical result only requires the consistency of the initial estimator,
and thus other consistent estimators could also be used as the initial estimator.

Now we briefly comment on the communication cost of Algorithm 1. In each round,
the communication cost is O(mp), which is at the same order as other gradient descent
algorithms in the literature (e.g., Yin et al. (2018, 2019)). Moreover, from Theorem 11
below, our RCSL only takes a constant number of rounds of communication, as opposed
to the order of O(log(/N/p)) rounds in other gradient-based methods. Therefore, the total
communication cost of RCSL is only O(mp). For the sake of clarity, we only present the
result of multi-round convergence rate of the RCSL method in the following. More detailed
technical conditions and theoretical results are relegated to Appendix C.

Theorem 11 (Multi-round convergence rate of RCSL method) Suppose Assumption
A-G (see Appendiz C.1.1) hold and the initial estimator 8©) satisfies |8(°) — 0%y = Op(ry).
Further assume the fraction oy, of Byzantine machines satisfies oy, < 1/2—¢ for some fized

§ € (0,1/2). The RCSL estimator in the t-th iteration 8% defined in (21) satisfies

~ 1/21503/4 1 t/2
O /P plogn  p/“log®*n ; (logn
10 072 = Or < vn N T e TP\ Ty ' (23)

The proof of this theorem can be found in Appendix C.1.2. We note that the second term
/plogn/(mn) in the right hand side of (23) matches the optimal rate /p/(mn) up to
a logarithmic factor. The third term is inherited from the last term in (10) of Theorem
6. It becomes O(y/plogn/(mn)) when logn = O(m). The first term is the price paid
for the Byzantine failures. As we can see, after each iteration, the fourth term in (23)
is improved by a factor py/logn/n, which is of the order o(1) by the rate constraints in
Assumption G (see Appendix C.1.1). In stark contrast, for the Byzantine robust gradient
descent, the convergence rate is only improved by a constant factor ¢ < 1 after each round
of communication (See, e.g. Theorem 3 in Yin et al. (2019) and Theorem 3.4 in Alistarh
et al. (2018)). Therefore, Theorem 11 suggests that the proposed RCSL method enjoys
faster convergence rate than vanilla Byzantine robust gradient descent, therefore is more
communication-efficient. We can also demonstrate the communication-efficiency of our
RCSL method in another way. From the expression of (23), we can see that when the
number of t is sufficiently large, i.e.,

logm + logp + 2log r,
~ logn — 2logp — loglogn

+1, (24)
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the last term will become the order of O(y/plogn/(mn)). Moreover, with p = O(n'/3/\/log n)
and 7, = o(1) in Assumption G, we have

logm + logp + 2logr, 1 < 3logm
logn — 2logp — loglogn — logn

+ ¢y, for some constant ¢y > 0.

Therefore, when ¢t > ¢o 4+ 3log m/ logn, the rate of ¢-th iteration is dominated by the first
three terms. It would save a lot of communication cost as compared to gradient-based
algorithms, where at least O(log(N/p)) iterations of communications are necessary.

Assume log n = O(m) and the number of iterations ¢ is sufficiently large, our rate in (23)
will become Op(an+/p/v/n + /plogn/(mn)). It is interesting to compare this rate with
contemporary results of the Byzantine perturbed gradient method with different aggregators
(see Theorem 2 in Yin et al. (2019)). For example, median aggregator leads to the rate
an\/P/v/1 + p//mn (we save a /p in the second term), the trimmed-mean aggregator to
the rate a,,p/v/n + p/y/mn (saving a \/p in both terms), and the iterative filtering to the
rate /oy /n 4+ \/p/mn (saving a \/a,, but losing a /p in the first term). However, their
filtering estimator involves solving convex programs iteratively. Moreover, in the theory
of the filtering estimator, the Byzantine fraction «, is required to be not larger than 1/4
(see, e.g. Theorem 1 in Su and Xu (2019) and Theorem 5 in Yin et al. (2019)), which is
more restrictive than ours (a,, < 1/2 — ). We would also like to note that the lower
bound on the convergence rate is known to be Q(ay,//n + /p/mn). As compared to the
lower bound, our upper bound is missing a ,/p factor in the first term. When there is no
Byzantine worker (i.e., ay, = 0) or the dimensionality p is a constant, our rate is optimal
upto logarithmic factors. We believe this extra \/p in the first term comes out because the
gradients are aggregated coordinate-wisely. It would be interesting as a future direction to
develop a new multi-variate aggregator based on VRMOM, which is both statistically and
computationally efficient and achieves the optimal convergence rate.

It is also worthwhile noting that we can extend our algorithm to a general scheme by
replacing (19) with the following surrogate loss minimization,

. 1
argmin { — Y f(X;,0) — <g((>0) ~ Ager(gy”.....g). 9> , (25)
OcRp n .
1€Ho
where Aggr(géo), el 97(79)) can be any consistent estimator of the population gradient E{V|g f (X, 5(0))}

given 0. Any robust aggregator in the literature can be adopted in (25), e.g., median-of-
means, trimmed mean (Yin et al., 2018), geometric median (Feng et al., 2014; Chen et al.,
2017), Krum (Blanchard et al., 2017), marginal median (Xie et al., 2018). In the origi-
nal CSL framework (Jordan et al., 2019), the aggregator is chosen as the coordinate-wise
average, which is sensitive to corruptions.

Remark 12 [t is worthwhile noting that when the target parameter admits some specific
structures, e.g., sparsity structure, it is straightforward to extend the proposed framework
(25) to the following regqularized problem

. 1
argmin =3 X0,0) = (9 — Al g).0) + MR(O) b (26)
= i€Ho
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where R(0) is some regularizer, for example, the {1-penalty (Tibshirani, 1996), smooth
clipped absolute deviation (SCAD) (Fan and Li, 2001), and minimaz concave penalty (MCP)
(Zhang, 2010). With the above formulation, we are able to address the sparse learning
problem in Byzantine robust setup. We leave more rigorous theoretical investigation of the
penalized Byzantine robust estimation to future research.

4. Simulation Studies

In our simulation studies, we conduct several experiments to show the effectiveness of the
VRMOM and the robust CSL (RCSL) Method.

4.1 Results for VRMOM

In this section, we show the performance of the proposed VRMOM estimator for robust
mean estimation problem. We first demonstrate how the number of quantile levels K
in (7) affects the estimation accuracy of the VRMOM estimator, and then compare the
statistical efficiency of our VRMOM estimator and the MOM estimator defined in (2). We
generate the random vectors X;s from the normal distribution N (p*, Xx) where p* =
p 21, (p—2)/(p—1),(p—3)/(p—1),...,0) and Xx = diag(1,...,1). We choose p = 1
and p = 30 to consider both univariate and multivariate cases. The entire sample size is
N = 1000 x (100 + 1). By dividing the data into one master machine Hy and 100 worker
machines {#Hi,...,H100}. Note that the master machine Hy can never be corrupted in our
setup. Therefore, each local sample size is n = 1000. We consider the following settings:
(1) e, = 0 which denotes no Byzantine machine, (2) a;, > 0, which denotes the existence of
Byzantine machine case. We vary the fraction of Byzantine machines «,, = 0.05,0.1,0.15.
When «,, > 0, we replace the sample means in each Byzantine machine by a random vector
whose entries are generated from A/(0, 200I) independently. For each experiment, we repeat
500 independent simulations and report averaged root mean square estimation errors and
standard deviations.

4.1.1 EFFECT OF K

In the first experiment, we vary the number of quantile levels K from {10,20, 50,100}
and investigate the estimation accuracy of the VRMOM estimator for different dimensions
p € {1,30} and different fractions «a,, € {0,0.05,0.1,0.15}. The results of the root mean
square errors and the standard errors are presented in Table 1. As we can see from the table,
for each fraction of Byzantine machine «, the root mean square errors of the VRMOM
estimator for different K's are almost the same. Based on this observation, in the following
experiment, we fix K to be 10 for the ease of computation.

4.1.2 COMPARISON BETWEEN VRMOM AND MOM

In the second experiment, we compare the performance of the VRMOM estimator and the
MOM estimator in terms of the root mean square errors and their standard errors. We
fixed the total sample size as N = 1000 x (100 + 1), local sample size n = 1000. We
let the dimension p € {1,30} and the fraction of Byzantine machines varies from a,, €
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Table 1: The root mean square errors (RMSEs) and their standard errors (in parentheses) of the
VRMOM under sample size N = 1000 x (100 + 1), local sample size n = 1000 and number
of quantile levels K = 10,20, 50,100. The sample means sent from Byzantine machines
are generated from Gaussian N (0, 200I).

P K a, =0 o, = 0.05 a, =0.1 a, = 0.15
10 | 0.0025 (0.0018) 0.0027 (0.0020) 0.0030 (0.0022) 0.0032 (0.0024)

20 | 0.0025 (0.0018) 0.0027 (0.0021) 0.0030 (0.0022) 0.0034 (0.0026)

50 | 0.0025 (0.0018) 0.0028 (0.0021) 0.0030 (0.0022) 0.0033 (0.0024)

100 | 0.0025 (0.0018) 0.0028 (0.0020) 0.0030 (0.0022) 0.0032 (0.0024)

20 10 | 0.0175 (0.0022) 0.0192 (0.0024) 0.0209 (0.0026) 0.0227 (0.0028)
20 | 0.0174 (0.0022) 0.0192 (0.0024) 0.0209 (0.0026) 0.0228 (0.0030)

50 | 0.0174 (0.0022) 0.0192 (0.0025) 0.0208 (0.0026) 0.0230 (0.0029)

100 | 0.0174 (0.0022) 0.0192 (0.0024) 0.0208 (0.0027) 0.0230 (0.0030)

Table 2: The root mean square errors (RMSEs) and their standard errors (in parentheses) of the
VRMOM and MOM, and the ratios of RMSEs between VRMOM and MOM under sample
size N = 1000 x (100 + 1), local sample size n = 1000 and integer K = 10. The sample

means sent from Byzantine machines are generated from Gaussian N(0, 2001).

a, =0

oy = 0.05

a, = 0.1

a, = 0.15

VRMOM
MOM
Ratio

0.0025 (0.0018)
0.0030 (0.0022)
0.8613

0.0027 (0.0020)
0.0031 (0.0023)
0.8901

0.0030 (0.0022)
0.0033 (0.0025)
0.9044

0.0032 (0.0024)
0.0035 (0.0026)
0.9129

VRMOM
MOM
Ratio

30

0.0175 (0.0022)
0.0211 (0.0028)
0.8285

0.0192 (0.0024)
0.0223 (0.0028)
0.8601

0.0209 (0.0026)
0.0234 (0.0030)
0.8921

0.0227 (0.0028)
0.0249 (0.0034)
0.9108

{0,0.05,0.1,0.15}. Throughout our experiment, we fix the number of quantiles K in (7) to
be K = 10.

From Table 2, we observe that VRMOM has smaller root mean square errors than MOM
as all the ratios are greater than 1. With the increase of the fraction of Byzantine machines,
both methods has larger root mean square errors. The difference between VRMOM and
MOM tends to be smaller with more Byzantine machines. It is interesting to note that,
when the dimension p is 30, the ratio of the root mean square errors between VRMOM and
MOM is smaller than that when p = 1. It suggests that the variance reduction effect of our
VRMOM estimator becomes better for higher dimensions, although we have only proved
the superiority when p = 1 and 2 in this paper (see Remark 10).

4.2 Results for Robust CSL Method

In this section, we consider the linear model and logistic regression model to demonstrate
our robust CSL method.
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Settings for the linear regression model For the linear model experiment, the data are
generated as follows:
Y; = X'0" +¢, i=1,2,...,n,

where each X; = (X;1,...,X;,)T is a p-dimensional covariate vector and (X, 1,...,X;,)s
are drawn i.i.d. from a multivariate normal distribution N'(0,Xx). The covariance Xy is
a symmetric Toeplitz matrix with ¥;; = 0.5"=3l for 1 < 4,j < p, which enforces correlation
structure among covariates. We fix the dimension p = 30 and generate the entries of the
true coefficient vector 8* to be p~1/2(1,(p — 2)/(p — 1), (p — 3)/(p — 1),...,0). Similar to
the previous experiment, the entire sample size is N = 1000 x (100 + 1) and we divide
the data into one master machine Hy and 100 worker machines {#i,...,Hipo}. so that
each local sample size n = 1000. We consider the standard normal noise distribution
where the noise ¢; ~ N(0,1). For the initial estimator 5(0), according to (22), we use
the least square estimator with the data only on the master machine Hj, i.e., 00 —
(D ien, X; X! )_1(22.6%0 XY;). The computation of the initial estimator is very efficient
since it has closed form and does not require any communication. We also note that for the
surrogate loss minimization problem (21) at t—th iteration, we directly obtain the closed-
form solution %) = (2n~1! Yicn, XiX ) 2Tt Y0y, XY + g(()t_l) — g ), which
is also computationally efficient. Moreover, we generate corrupted gradients sent from
Byzantine machines from the following attack models,

(a) Gaussian attack: We replace the gradient vectors in the Byzantine machines by ran-
dom vectors in which all the entries are generated from A/(0,200I) independently.

(b) Omniscient attack: For the Byzantine machines, we replace the true gradient vectors
by the scaled negative gradients where the scale constant is extremely large (1el0 in
our experiment).

(c) Bit-flip attack: For the Byzantine machines, we replace the true gradient vectors by
flipping the sign fo the first five dimensions.

Settings for the logistic regression model For the logistic regression model experiment,
the data are generated from the following:

v 1 with probability £(X60*),
"1 0 with probability 1 — £(X[6*),

where the link function £(z) = /(1 + %) and each X; = (X;1,..., Xi,)T is a p-dimensional
covariate vector which is drawn 7.i.d. from a multivariate normal distribution N (p,, Xx),
which is coincident with the setting in the linear regression model. We choose u, =
(fz, ..., pz)" and adopt two settings that p, = 0 and pu, = 0.5. Here p, = 0 corre-
sponds to the balanced response case that 50% Y;s are 1 and 50% Y;s are 0. And p, = 0.5
corresponds to the imbalanced response case where 76% Y;s are 1 and 24% Y;s are 0.
We also fix the dimension p = 30 and adopt the same true coefficient vector 8* as be-
fore. For each setting, we repeat 500 independent simulations and report averaged root
mean square estimation errors and standard deviations. For the initial estimator 8(®),
we use the logistic regression estimator with the data only on master machine Hy, i.e.,
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Table 3: The root mean square errors (RMSEs) and their standard errors (in parentheses) of the
RCSL and MOM-RCSL, and the ratios of RMSEs between RCSL and MOM-RCSL under
sample size N = 1000 x (1004 1), local sample size n = 1000 and integer K = 10. The cor-
rupted gradients sent from Byzantine machines are generated from Gaussian, Omniscient
and Bit-flip attacks. The tolerance parameter for the stopping rule is set to e, = 1074,

Attack None
Qo 0
RCSL 0.0231 (0.0036)
MOM-RCSL 0.0319 (0.0050)
Ratio 0.7243
Attack Gaussian
anp 0.05 0.1 0.15
RCSL | 0.0270 (0.0044) 0.0312 (0.0049) 0.0351 (0.0060)
MOM-RCSL | 0.0343 (0.0054) 0.0369 (0.0058) 0.0398 (0.0063)
Ratio 0.7863 0.8434 0.8817
Attack Omniscient
o 0.05 0.1 0.15
RCSL | 0.0276 (0.0042) 0.0328 (0.0051) 0.0396 (0.0060)
MOM-RCSL | 0.0355 (0.0057) 0.0395 (0.0061) 0.0449 (0.0069)
Ratio 0.7774 0.8296 0.8815
Attack Bit-flip
Qap 0.05 0.1 0.15
RCSL | 0.0236 (0.0037) 0.0242 (0.0039) 0.0250 (0.0041)
MOM-RCSL | 0.0325 (0.0051) 0.0334 (0.0053) 0.0343 (0.0058)
Ratio 0.7276 0.7248 0.7291

1 > icHs {Iog (1 + exfe) - YZX;TBH . The surrogate loss minimiza-

é\(o) = argmingeRp |:n

tion problem (21) at t—th iteration, i.e.,

ot — argmin [% Z { log (1 + eXZTO) }

OER? icHo
e

can be efficiently solved by standard gradient descent or quasi-Newton approaches (Nocedal
and Wright, 2006) on the center machine without any communication.

As for the attack mode of Byzantine machines in the logistic regression model, we
simulate the transmitted message in the following way. We replace every response Y by
1 —Y and compute the gradients based on these transformed local data on each Byzantine
machine.

More settings in the simulation  For the fraction of Byzantine machines, we consider the
following settings: (1) oy, = 0 which denotes no Byzantine machine, (2) «,, > 0, which de-
notes the existence of Byzantine machine case. We vary the fraction of Byzantine machines
a, = 0.05,0.1,0.15. We also discuss the stopping criteria for Algorithm 1. Throughout
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the experiments, we use the tolerance parameter e, = 10~% as the _stopping criterion. In
particular, at the t-th iteration of Algorithm 1, we compute e = |§®) — §(—1)|2/|90~1)|2
and stop the algorithm once e < e,. In our experiments, it only requires 4 to 8 iterations
to stop. We also provide the results with simple fixed number of iterations with 7' =5 and
T =10.

Since the main focus of this paper is the variance reduction effect of the proposed
VRMOM estimator, in the simulation study, we mainly compare the performance of our
Robust CSL algorithm (RCSL) with the MOM-based Robust CSL algorithm (MOM-RCSL).
More specifically, let 8(°) be the initial estimator obtained in the master machine H, the
refined estimator OA(NPOM is defined as the solution of (25) with Aggr(géo), . ,gﬁ,?)) being
the MOM aggregator of the gradients. Repeat the procedure, and we denote the ¢-th round

MOM-RCSL estimator by é(l\ﬁ)OM

4.2.1 RESULTS FOR LINEAR REGRESSION MODEL

The results for linear regression model are presented in Table 3 (for adaptive stopping
criterion) and 4 (for fixed number of iterations). From Table 3, RCSL has smaller root
mean square errors than MOM-RCSL and all the ratios are greater than 1 for different
kinds of attacks. With the increase of Byzantine fractions a,,, both methods have larger
root mean square errors. The difference between RCSL and MOM-RCSL tends to be
smaller with more Byzantine machines, which is coincident with the phenomenon of the
mean estimation problem (See Table 2). Among these three attack models, it seems that
the omniscient attacker has the largest root mean square error in general. It is quite natural
since this attacker makes the parameter vector go into the opposite direction by negative
gradients with an extremely large scale factor (i.e., 1e10), which exerts the most negative
impact on the gradient aggregation step. On the other hand, even for such a strong attack
model, our RCSL method still performs quite well. It is also interesting to compare Table
2 with the Gaussian attacker part in Table 3 and 4. All simulations share the same attack
mode and the same dimension. It seems that the variance reduction effect of VRMOM is
more significant when it is performed as an iterative gradient aggregator than as a mean
estimator.

In Table 4, we fix the iteration number to be 5 and 10. Table 4 shows similar patterns
as Table 3. There are almost no difference between T' = 5 and 17" = 10 iterations. In
other words, it shows that only using a very small number of iterations (i.e., T = 5),
our RCSL estimator has already converged. This experiment suggests that the RCSL is
communicationally efficient.

4.2.2 RESULTS FOR LOGISTIC REGRESSION MODEL

The results for logistic regression model are presented in Table 5 (for adaptive stopping
criterion) and 6 (for fixed number of iterations). From Table 5, RCSL has smaller root mean
square errors than MOM-RCSL since all the ratios are greater than 1. With the increase
of Byzantine fractions «,,, both methods has larger root mean square errors. Moreover, the
RCSL leads to a more significant improvement over the MOM-RCSL for imbalanced class
case. Similar observations can be made from Table 6, where the number of iterations have
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Table 4: The root mean square errors (RMSEs) and their standard errors (in parentheses) of the
RCSL and MOM-RCSL, and the ratios of RMSEs between RCSL and MOM-RCSL under
sample size N = 1000 x (100 + 1), local sample size n = 1000 and integer K = 10. The
iteration numbers T are fixed to be 5 and 10. The corrupted gradients sent from Byzantine

machines are generated from Gaussian, omniscient and bit-flip attacks.

T Attack None
fo 0
RCSL 0.0231 (0.0036)
5 | MOM-RCSL 0.0319 (0.0051)
Ratio 0.7236
RCSL 0.0231 (0.0036)
10 | MOM-RCSL 0.0319 (0.0051)
Ratio 0.7233
T Attack Gaussian
Qn 0.05 0.1 0.15
RCSL | 0.0271 (0.0043) 0.0310 (0.005) 0.0354 (0.0057)
5 | MOM-RCSL | 0.0343 (0.0056) 0.0373 (0.006) 0.0400 (0.0063)
Ratio 0.7897 0.8305 0.8859
RCSL | 0.0272 (0.0042) 0.0313 (0.0051) 0.0348 (0.0058)
10 | MOM-RCSL | 0.0344 (0.0053) 0.0368 (0.0058) 0.0398 (0.0065)
Ratio 0.7905 0.8483 0.8750
T Attack Omniscient
Qanp 0.05 0.1 0.15
RCSL | 0.0276 (0.0042) 0.0328 (0.0052) 0.0396 (0.0061)
5 | MOM-RCSL | 0.0355 (0.0057) 0.0395 (0.0061) 0.0450 (0.0069)
Ratio 0.7768 0.8304 0.8811
RCSL | 0.0276 (0.0042) 0.0329 (0.0052) 0.0398 (0.0061)
10 | MOM-RCSL | 0.0355 (0.0057) 0.0396 (0.0061) 0.0451 (0.0069)
Ratio 0.7769 0.8311 0.8820
T Attack Bit-flip
n 0.05 0.1 0.15
RCSL | 0.0236 (0.0037) 0.0242 (0.0039) 0.0250 (0.0041)
5 | MOM-RCSL | 0.0325 (0.0051) 0.0334 (0.0053) 0.0343 (0.0058)
Ratio 0.7268 0.7240 0.7281
RCSL | 0.0236 (0.0037) 0.0242 (0.0039) 0.0250 (0.0041)
10 | MOM-RCSL | 0.0325 (0.0051) 0.0335 (0.0053) 0.0344 (0.0058)
Ratio 0.7259 0.7235 0.7260

been pre-determined. Table 6 also shows that our RCSL is communicationally efficient since
T =5 iterations have been sufficient for the convergence.

5. Conclusions and Future Work

In this paper, we design a Byzantine tolerant algorithm to address a general class of estima-
tion and inference problems in a distributed setting. The first contribution is to improve the
statistical efficiency of the widely used Median-of-Means (MOM) estimator by proposing a
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Table 5: The root mean square errors (RMSEs) and their standard errors (in parentheses) of the
RCSL and MOM-RCSL, and the ratios of RMSEs between RCSL and MOM-RCSL under
sample size N = 1000 x (100 + 1), local sample size n = 1000 and integer K = 10. The
tolerance parameter for the stopping rule is set to e, = 10~*. The parameter p, controls

the class balance.

o
Qn 0 0.05 0.1 0.15
RCSL | 0.0504 (0.0075) 0.0531 (0.0075) 0.0600 (0.0072) 0.0701 (0.0075)
MOM-RCSL | 0.0699 (0.0109) 0.0716 (0.0107) 0.0765 (0.0108) 0.0830 (0.0112)
Ratio 0.7215 0.7418 0.7844 0.8452

s 0.5
o, 0 0.05 0.1 0.15
RCSL | 0.0583 (0.0087) 0.0601 (0.0087) 0.0632 (0.0091) 0.0669 (0.0096)
MOM-RCSL | 0.0830 (0.0135) 0.0841 (0.0132) 0.0868 (0.0134) 0.0905 (0.0141)
Ratio 0.7024 0.7142 0.7281 0.7395

Table 6: The root mean square errors (RMSEs) and their standard errors (in parentheses) of the
RCSL and MOM-RCSL, and the ratios of RMSEs between RCSL and MOM-RCSL under
sample size N = 1000 x (100 4 1), local sample size n = 1000 and integer K = 10. The
iteration numbers T are fixed to be 5 and 10. The parameter u, controls the class balance.

Hzx
An

0

0.05

0.1

0.15

RCSL
MOM-RCSL
Ratio

0.0505 (0.0075)
0.0699 (0.0109)
0.7112

0.0531 (0.0076)
0.0716 (0.0107)
0.7371

0.0600 (0.0072)
0.0765 (0.0108)
0.7901

0.0702 (0.0075)
0.0830 (0.0113)
0.8646

10

RCSL
MOM-RCSL
Ratio

0.0504 (0.0075)
0.0699 (0.0109)
0.7218

0.0531 (0.0075)
0.0716 (0.0107)
0.7418

0.0600 (0.0072)
0.0765 (0.0108)
0.7845

0.0701 (0.0075)
0.0830 (0.0112)
0.8452

iz
a'll

0

0.05

0.1

0.15

RCSL
MOM-RCSL
Ratio

0.0583 (0.0087)
0.0829 (0.0135)
0.7028

0.0601 (0.0087)
0.0841 (0.0132)
0.7145

0.0632 (0.0091)
0.0868 (0.0134)
0.7281

0.0670 (0.0096)
0.0906 (0.0140)
0.7395

10

RCSL
MOM-RCSL
Ratio

0.0583 (0.0087)
0.0830 (0.0135)
0.7025

0.0601 (0.0087)
0.0841 (0.0132)
0.7145

0.0632 (0.0091)
0.0868 (0.0134)
0.7281

0.0670 (0.0096)
0.0905 (0.0141)
0.7395

new Variance Reduced MOM (VRMOM) estimator. It achieves a nearly optimal conver-
gence rate upto a logarithmic factor and has the same order of computational complexity
as the MOM estimator. Inspired by the VRMOM estimator, we further develop the Robust
CSL (RCSL) method for general statistical inference problem. The convergence rate im-
proves the previous results in Yin et al. (2018) using either median or trimmed-mean as the

23



Tu, Liu, MAO, AND CHEN

gradient aggregator. Moreover, we establish the asymptotic normality result for our RCSL
method.

To highlight our main idea behind VRMOM, we choose to focus on the one-dimensional
case and extend to multi-variate case in a coordinate-wise way. Therefore, the conver-
gence rate in Theorem 11 has an extra ,/p in the term related to Byzantine failures (i.e.,
any/P/v/1). How to remove this extra ,/p in a computationally efficient way while still
achieving the same statistical efficiency is still an open problem. As an important future di-
rection, we will address this challenge by developing new multivariate efficient aggregators
based on the VRMOM estimator. On the other hand, by adding additional regularizers
as in (26), we can address a wider class of problems in Byzantine setup. We leave these
problems in the future study.
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Appendix

The appendix consists of four parts. In Appendix A, we provide detailed proof for the
theoretical results of VRMOM estimator presented in Section 2.2. In Appendix B, we prove
the positive definiteness of Cyron — € in two-dimensional case, which have been mentioned
in Remark 10 of the main paper. In Appendix C, we present the theoretical results and some
technical assumptions for the RCSL method. Lastly, in Appendix D, we will show that a
large class of generalized linear models and M-estimators suffice the proposed assumptions
in Appendix C.1.1.

Appendix A. Proof of Theories for VRMOM Estimator

In this appendix, we mainly prove the theoretical results of the proposed VRMOM estimator
in Section 2.2. In Appendix A.1, we introduce several lemmas which are useful for proofing
the main theorems. Next, we present the main proofs in Appendix A.2.

A.1 Technical Lemmas

Lemma 13 (Berry-Esseen Theorem, Theorem 9.1.3 in Chow and Teicher (2012)) If {X;, i >
1} are i.i.d. mean-zero random variables with E|X1|?> = 02, E|X1|*** < 0o, where x € (0, 1]
. Then there exists a constant C,, > 0 such that

P {ZX2 < a:anl/Q} — O(x)
i=1

Lemma 14 (Exponential Inequality, Lemma 1 in Cai and Liu (2011)) Let X, ..., X, be
i.4.d. random variables with zero mean. Suppose that there exist some n > 0 and C' > 0
such that B(X2e"X1ly < C. Then uniformly for 0 < x < C and n > 1, there is

1 . -1 TLZL’Q
P{n;Xi > (n+mn )x} < exp <_C>'

This lemma will be the workhorse throughout all proofs in this article. For ease of
notations, we will use

E|X1|2+n

S Cr rmpr”

sup
—oo<xr<o0

¢, X) =E (X26”|X|) : (27)

when the expression of X is too complicated.

Lemma 15 Let X, ..., X, be i.i.d. random variables with cumulative distribution function
G(x) =P(X1 < z). And there ezists some constants C' > 0 and k € (0,1] such that there is

C
|G(21) = Gx2)| < Clan — z2 + —7, (28)
n
holds for any x1,x2 € R. Further define the function

Zi(z) =I{X; <z} — G(x).
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Let 6, = O(1) be some rate, then there exists C large enough such that

25( 5nlogn+ 1)
m nlﬁ]/?

provided the rates constraints logn = O(m) and max{m~"logn,n "/} = O(4,).

=1

Proof Evenly divide the interval [—d,,, d,,] into 2n pieces and denote the set 0 = {—4,, —"T_lén, ey O}
Then
1 m
— sup Zi(x) — Z;(0)}| <max |— Zi( 29
0 (D)~ 2400} < Z{ 0) (29)
+ max sup {Zi(z x)} .
TeN {z:|T—x|<6p/n} | T Z

For the second term, notice that

Z{Z )}

For every fixed € M, we know

Edi(1x - <V op(xi—a1<2) <o (P L)),
n n n nk/2
L1 (1x -7 < 2 <
n n
< (X -7 <V e (1x—m < 2) il o (len L)
n n m nk/2

since d,,/n = O(n*“/ 2) from the rates constraints. Then applying Lemma 14 we have
1 1 20y, 1

P | max sup >C1< — T+ ogn>+C< 2)
zeN {z:|T—2|<dn /n} w/ m n nn/

S2nmaxP ZH(IXZ-—%IS)—P(|X1—x|s5)zcl<°g”+ )
zeEN m = n n m nk/2

sup
{x:|F—x|<8p/n} | T

1 & by 20, 1
ngH{LXl_ﬂgn}"’C(n"FW)

i=1

()}

(30)
by letting C large enough. Now for the first term in (29), again we apply Lemma 14 with
E[Zi(z) — Zi(0)] =
sw B |{Zi(x) — Zi(0 )}2 - I = o),
—0n<x<d,
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there is
on logn
Zi(x > C
P o 3o - 2001 > €227
(31)
on logn _

<2 P Zi(x > = g

< nrgnea%{ [ Z{ (0)} > Co - O(n™7),
for some C5 large enough. Then the lemma is proved by combining (30) and (31). |

Lemma 16 (Concentration of median-of-means with Byzantine machines) Let N (= (m +
1)n) i.i.d. random variables X1, ..., Xy evenly distributed in m+1 subsets Ho, ..., Hm. There
is a subset of index B C {1,...,m} with Card(B) = |ap,m]|. Define
iy X, j¢B - _
Xj:{”zle%‘ J.¢ T X =med(X;|0<j<m).
* j € B,

Suppose E(X1) = 0,Var(X1) = o E|X1[*t" < oo, where k € (0,1]. The fraction ay
satisfies o, < 1/2 —§ for some § > 0. Then for every v > 1, there exists C > 0 large

enough, such that
~ C 1 logn - e

Proof By definition of medians, for any x > 0, there is

N N m+1 = m+1

P(X2z)=P > I(Xj <)< SPIY (X, <) <
= igB
=P = Z]IX< )-P (X1 < )<1+$—P()_(< )
T Gamt1) £ v LS8 =5 T oM~ an) L=
1 - - 1 an, E|Xq[2tF Vnx

<P (1—Ozn)(m+1)j¢ZBH(X]<x)_P(X1<x)S2+2(1—an)+CH02+”n“/2_@< =
_ 1 7 (¥ B clogn
= (1—an)(m—|—1)]%:gﬂ(XJ<x) P(X1<o) = \/(1—an)(m—|—1) ’

where the last line uses Berry-Esseen Theorem (Lemma 13), and x is given by

1 an E|X |2~ clogn

v %qﬁl (2 * 2(1 — a) s ez T \/(1 —ap)(m + 1)> '

Now apply Lemma 14 for the i.i.d. sequence I ()_(j < $) —-P ()_(1 < :B) with

Q‘E{l,]I()_(j<37)—P()_(1<x)}§e,
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we have

1 clogn

T+ 1) j%l()_(" <o) -F(Xi<a) < \/(1 “a)min [0

with ¢ = 4ery. Moreover, we have the following elementary facts

xo—1/2
=P -0/2))

holds for any 1/2 < g < 1—4§/2. Also we know 1/2 < ®(y/nz/o) <1—4§/2 holds for m,n
sufficiently large. Denote Cs = 1/1%{®1(1 — §/2)}, then there is

s 0Cs an, E| X, 2+ clogn -
PdX > o <P(X >
{ ~Jn (2(1 — ap) +C o2trnk/2 + (I —ap)(m+1) - ( - x)

d(zg) = 0 (o) — D (1/2) < (w0 — 1/2) (@71 (o)

1 - = clogn
<P E I(X;,<z)-P(X1<z)<-— <n77.
= u_%xm+nﬁg(3 )~ P(Xi<a) < ¢u—mMm+D B
Now do the same thing for IP’()? < —z), we finally get the desired result. |

A.2 Proofs of the results in Section 2.2

We firstly provide the proofs related to the univariate VRMOM estimator.

Proof [Proof of Theorem 5, Theorem 6, and Theorem 7| Denote x; = min{l,x} and
ke = min{2, k}. To prove this result, let’s firstly give a convergence rate for sample variance
G — 0. From the moment bound E|X; — u|?>** < oo, by Marcinkiewicz-Zygmund theorem
(Theorem 5.2.2 in Chow and Teicher (2012)), we have

1 2 2 1 1 — 1
EZ(Xi_M) — 0 _OP<TL”2/(2+’$2)>’ nZ(Xi_M)_O[P(rM/(M)‘

1€Ho 1€Ho

Therefore we have

(32)

S; EZ(XZ_N) -0 _(XO—M) _Op<nnz/(2+n2)>'

Next pick out one summand in (6). Denote

ngx}’ I

g

Gylo) =P {
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then
H{)_(Jgﬁ+3f;}—[(il
:Ij{ﬁ(i_u)—l-iAk —Gj{\/ﬁ(l;_'u)—FAk}‘i‘Gj{f(M M)‘FUAk}_(I)(Ak)

For the term T,

PG, (VI Ta) g (I 00 ) o (I 00 ) g,

o p o
m G o ~ 2
:O(n*’“/Q) + qp(Ak)\/ﬁ(l;_u) + w(Ak)U ; O-Ak L0 <\/ﬁ(l;_ 1) 4 o ; 0Ak>
~ 1 )
_T/}(Ak)\/ﬁ(/;.'u) O (Oé721 * O’rin + n”2/(2+f€2)> ’
(33)

where line 1 to line 2 uses Berry-Esseen Inequality (Lemma 13) and Taylor expansion, line
2 to line 3 uses (32) and concentration inequalities for i (Lemma 16). By using Lemma 16
and (32) again we have that

vn(pp—p) o—0o, logn 1
. +— A =0p an 41/ o e |

Also note that Berry-Esseen Inequality guarantees that \/n(Y; — p)/o satisfies

E’Xl _ M’2+m

|Gj(a1) = Gj(@2)] < P(O)]ar — @af +2C, = o

logn
m

So we can apply Lemma 15 with §,, = O(a, +

+ ——rbsy)> Which yields

mil j%l; {Ij {\/ﬁ(/;—ﬂ) * ZA’“} —Gi {W T ZAk} — Ij(Ar) + Gj(Ar)
<mil \x_iﬁ)@n jzgél:? Uile + Ax) = Gjw+ &) = ;(Ar) + G (A}

onlogn 1
_Op (\/T"‘ n“1/2>
0 anlogn log ny\3/4 log!/?n 1
- m + ( m ) + ml/2nr2/(4+2k2) + nk/2 |-
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Thus it implies that

e
:ml 1i{IJ(Ak) Gi(A)} (34)

J
Qn logn 1ogn 3/4 log'/?n 1
m ) + m1/2n52/(4+2’12) + nl{1/2 '

Again from (32) we have

~ KX m R
o % <~ 08k k
X;<p+ > - }
(m + v i w(A) Z}H < ! Vi) K+1
Kl|o — o B 1
S\/ﬁszﬂ (AR Or <n(3’f2+2)/(2m+4)> :
Combining equations (33) (34) (35), we have

/'\

ﬁ‘“:ﬁ_“_<m+1>fzk1¢<m kzz%ﬁ( 3?{)—;(]11}

~ aAk k
f(n22)-5)
<m+1>f2k L (AR) ;% Tn) K
Qap, 1
+O0p <\/ﬁ + (3&24—2)/(2&2-&-4))

oy 11,Z)Ak ZmHZ[ {”")+0Ak}—fj{\/ﬁ(i_“)+imﬂ

0 Qn, 1 logn
+Op vn T n(3n2+2)/(2n2+4 m\f

| /\

1
{G(Ar) — Li(Ak)}
m‘*‘l%ka 19(B%) Z
N logn . log/4 1,
+ Op (f - m\f n(3k2+2)/(2k2+4) + nl/2m3/4 |-

(36)

From central limit theorem, we have

_ o, 1 1 logs/4 n
f—p=0p (\/ﬁ + Jmn T Bt D) @Rt d) T 12,37 | (37)

which proves Theorem 6. Moreover, when m = o(n?%2/(%2+2)) = o(min{n?*/(+2) n}) log®n =
o(m) and «a,, = o(1/y/m), the remainder in (36) will be of the order OP(\/—H), while the
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major term becomes a summation of i.i.d. sequence with

K

> {Gi(Ar) - fj(Ak)}] =0, and

k=1

E

K

D {G(Ar) = Li(AR)}

k=1

Var

K

= > Gj{min(Ay,, Ap,)} — G;(Ar,)Gj(Ag,)
k1,ko=1
K

= Z min(7y, , 7, ){1 — max(ry,, 7,)} + O(n"1/?),
k1,ka=1

where the last line again follows from Berry-Esseen theorem (Theorem 13). Applying stan-
dard central limit theorem we have

V(= 1) % N (0,0%),
where 0%, as defined in (9), tends to 702 /3 according to Lemma 18 in Appendix B. Therefore

Theorem 5 is proved.
To prove Theorem 7, we just apply (37) to each coordinate and obtain that

1/2 3/4
5 n\[ | p VD p’/~log” " n
Z | =l = Op ( \f mn T 1 (3r2+2)/(2r214) T nl/2m3/4 ) :

Proof [Proof of Theorem 8] To prove asymptotic normality of multi-dimensional VRMOM
estimator, using (36) and the rate constraints, for each coordinate [ (where 1 <1 < p),
there is

fig —

1
+1Zf2k LoD £ Z{ 5(Ak) = j,l(Ak)}+0P< pmn),

where

V(K1 — ) _ )
VTR

For any vector |v|a = 1, there is

Gja(x) == P{

_ 1 K 1
<u—u,v>=m+12fzk ) 2 V) - ]l<Ak>}vl+0p(m).

Jj¢B k=1 1=1
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Now we apply central limit theorem and yield

M(ﬁ — ;J,,U> i>./\/'(0, 1),

where &2 = v'Cwv.

v

Here C € RP*? has its (I, lo)-entry defined as

5 VO11,11 913,12 =
Ci, = (Ar) — Gou, (A I, (Ag) — Goy (A
bl TS A2 [E {Toa, (Bk) = Gouy (AR)} Y _{To1a(Ar) — Goa k)}]

k=1 k=1
\/O11,1101s,0 o~ n(X il —
=K w AQ 2}2 > { ( \/;%“ll) < Ay, f(\/;%%) < Ak2> Go,ll(Akl)Go,l2(Ak2)},
k=1 k k1,ko 1561 2,02

Moreover, we can apply multivariate Berry-Esseen theorem (See Theorem 1.3 in Gotze
(1991)) and give

al,ZQ = 611,12 + O(n_l/z)a
where C, ;, is defined in (14). Thus the theorem is proved. [ |

Proof [Proof of Proposition 9| For the asymptotic normality of multi-dimensional MOM
estimator, together with Lemma 17 below and the rate constraint, we can show that

271‘0'”

1
m — 1(0 .
UMOM,I — 1 = (m+1 fZ{ 5.000) = L ( )}+0P< pmn)

For any vector |v|a = 1, there is

~ V2 1
— = g E V/ —Gi(A .
(Bvom — p,v) = (m+1 f o oLl { ],l( k)}Ul+01P’ Jmn
Now we apply central limit theorem and yield
m+1)n
(0_)<[.LMOM [,l,,’U> —>N 0 1)

where 512, = vTCMOMv.

Here EMOM € RP*P has its (11, l2)-entry defined as
CMOM,1 12 =277/00, 1,015.15 E [{To0,, (0) — Go, (0)H{Io1,(0) — Gog, (0)}]

o X
:27T ,7071’[10'[2’[2 {P <\/ﬁ( ]7l1 Mll) S 07 \/ﬁ( ]712 Iu’l2) S 0) _ Go’ll (O)GO 12 (0)} ,
VOl VOla,lo

Moreover, we can apply multivariate Berry-Esseen theorem (See Theorem 1.3 in Gotze
(1991)) and give

5 _1/2
CMOM.U s = CMOM 1y 15 + O(n™Y?),

where Cniom 1, 1, is defined in (17). Thus the proposition is proved. [ |
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Lemma 17 Let N = (m + 1)n i.i.d. random variables X1, ..., Xy evenly distributed in
(m + 1) subsets Ho, ..., Hm. There is a subset of index B C {1,...,m} with Card(B) =
|anm]. Define
1 .
<~ o i X’L 87 ~ ~
Xf{”zmj B med(X;10<j < m)
* j € B,

Suppose X1 satisfies E(X1) = p, Var(X1) = o2, and E|X; — pu|®> < oo. The fraction an,
satisfies o, < 1/2 — 0§ for some 6 > 0. Then [ admits the following representation:

V2ro - = an,  logn log?’/4 n 1

— U <) - P(X; < il -

: (m+1)\/ﬁ~¢3{( e e A WAV v
J

=)
Il

Proof Using Taylor expansion we have

n(p — n o, .
o { VU= a0) (- ) + On(a — )
o 2o
no_. logn
(3= )+ O (a2 + BT, (39)
2o m
since I — pu = Op(% + k:f:) by Lemma 16. On the other hand, denote
G(x) :[p){\/ﬁ(Xl_“) Sx}, Ii(z) :H{\/H(XJ'_“) Sx}‘
o o

From Berry-Essen theorem (Lemma 13) we know Lemma 15 is applicable and yields

1 mI{x/ﬁ(ﬁ—u)}_G{\/ﬁ(ﬁ—u)} 1«

. . - _mHZIj(oHG(o)
j=0

J
m+1j:O

B log3/4n 1
_Op (Oén + W + ﬁ .

By definition of median we know

7=0
Thus
ViR~ p) I VG NS SV ) 1o
R L s KL ITERE
1 log3/4n 1
__m+1j¢28{1j(0)—(;(0)}+0p <an+m3/4 +\/ﬁ>.
(39)
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Combining (38) and (39) we have

o a,  logn logg’/4 n 1
g m+1 \FZ{ }+Op<f+mf w3z Ty
V2ro = - logn log?’/4 n 1
=y - —— (X, <p-—PX,< O —
H (m—{—l)\/ﬁ%{( S = PXj<m}+0p \F+m\f sy
J
which is exactly what we want to prove. |

Appendix B. Positive Definiteness of Cyiom — C

From Theorem 8 and Proposition 9, in order to show that our proposed multi-dimensional
VRMOM estimator g has higher statistical efficiency than the corresponding MOM esti-
mator i, it is equivalent to prove that C < Cpyonm holds true. In this appendix, we will
verify that the covariance difference Cyion — C is positive definite in dimension 2 as K tends
to infinity. First of all, we shall give a general formulation for the entry C;, ;, as K — oo.

Lemma 18 Denote Cffh as the (11, l2)-entry of the matriz C defined in (14). Then we have

I(lgn CZ1K:ZQ = {47‘(’/ / ¢(yl)7/)(92)Fl1,lg (y17y2)dy1dy2 - ﬂ-}\/ O-l1,l10-l2,l2' (40)
o0 —00 J —00

In particular, when Iy = lo =1, we have

™
lim CK = . 41
Kgnoo 1 301,1 (41)

Proof For the denominator in (14), we compute that

z}iinoofl(kzw(m“)_ fim K+1Z¢< (K+1))K:—1

- / lw@*l(x))dw

(42)
(change variable x = / V3 (y)
2 1
de = ——.
o ) ¢ YT om
For the numerator, on the one hand, we have
K K
1 . 1 2
i g 2 e = Jm (3 n)
1,ka=1 k=1
K
: 1 kN2 43)
—1 (7 7) (
2
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On the other hand, we have that

1 —_
i s >0 b= [ [ Fe )0 wana,

Koo K2
k17/€2 1 (44)

[e.9] o0
[ [ vt B v e
—00 J =00
where Fy, 1, (v1,y2) = P(Z1, < y1, 21, < y2). Combining (42), (43) and (44) we have

(o] o0
I}ij}noochfizg = {47T/ / V(Y)Y (y2) Fiy 1, (Y1, y2)dyrdys — W}\/Ull,h%,lg- (45)

In particular, when I; = I3 = [, we have

Fyi(y1,92) = ®(min(y1, y2))-

Substitute it in (44), we can obtain

K
. 1
A o ool = / / ¥ (Y1) (y2) @ (min(y1, y2))dy1dys
k1,ko=1
oo Y1
=2 [ ) [ dm)0(e)ddn
= Y(y1)®=(y1)dyr = 3
Therefore we have 1/3 1/4
- T
li = .
A G = =y ou = 3o
which completes the proof. |

Proof [Verification of C < Cyom] In the case of dimension 2, we assume the gradient
Vf(X,0%) = (Vif(X,0%),V2f(X,0%))T has covariance matrix

o sin 0110 1 sin
—( 11 $\/01,102,2 , therefore, Xjo=1 . ¢ :
sin ¢, /01,1022 02,2 sing 1

From Lemma 18, we have that Cniom,; — Ciy = moy,/6 as K — oo, and
Cir2 =4m {/ / V(Y1) (y2)Fi2(y1, y2)dyidys — 1/4} V01,1022
o] Y2 oo Y1
=47T{/ ¢(y2)dy2/ dCUQ/ / (Y1) (z1, v2)dadys — 1/4} /01,1022
0 Y2
=47 {/ (1 —®(z1) dxl/ 1/1 Y2) Ve (21, x2)dwodys — 1/4} V01,1022
{471’/ / :E2)1/)¢(l‘1,l‘2)d$1d$2 —ﬂ'} 1/0’1’10'2’2,
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where 1)4(-,-) denotes the probability density function of the multivariate normal distribu-
tion with covariance matrix X1 2, more precisely, we have

1 { x%—2sin¢'x1x2+x%}
expq — .

Vo(@1,72) = 27 cos ¢ 2 cos? ¢

By symmetry we clearly see that

Yo(x1,02) = V(—21, —22), Yg(r1, —12) = Yg(—21,72) = V_g(21,22), P(2)+P(—2)=1.

Then Cy 2 can be further simplified as follows

Ci2/\/01,1022

0 0

:471'/ / {@(—xl)é(—xg) + ‘1)(*1‘1)@(1‘2) + (I)(Cvl)q)(*.’ﬂg) + <I>(x1)<l>(x2)}1/)¢(m1, CL‘Q)dIEldIEQ
0 0
+ 471’/ / {@(—xl)fb(wg) + @($1)®(—$2)}{¢¢($1, —{L‘Q) — ’lbd)(xl, xg)}dxldxg — T

0 0
:271'/ / {1 =20 (x2) } {1 — 20 (1) }{vg(21, 2) — V_g (w1, 22) }dz1dws.
Similarly, Cnowm,1,2 can be written in a similar form

0 0
CyvoMm,1,2/1/01,1022 = TF/ / {vg(z1,32) — V_g(21, 22) }da1dzs = 9.

Therefore, to prove the positive definiteness of the matrix Cyiom — C, it left to prove that

T
|ICvmom 2 — Ci2l/v/01.1022 < [Cmoma,1 — Ciil/o1 = 5

It is equivalent to the following inequality

0 0
|h(9)| :== % - 2/_ /_ {1 =28 () }{1 — 20 (21) } {0 (21, 22) — V_g (21, 22) fdz1das

< )
~6

(46)
holds for all ¢ € [-7,3]. In order to show this bound, we can draw the graph of h(¢)
numerically. As shown in Figure 3, we can see that (46) holds true, which implies that

C <X Cymowm- [

Appendix C. Theories and Proofs for RCSL Estimator

This appendix consists of the theoretical results and proofs for the robust CSL estimator.
In Appendix C.1, we present the technical assumptions and the main theories for the robust
CSL estimator. The proofs of the results will be given in Appendix C.2.
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1/6 1

1/12 A

—-1/12 4

—1/6

—mn/2 —n/4 0 /4 /2

Figure 3: The graph of function h(¢) on the interval [—7/2,7/2]. We can see that h is
increasing and has absolute value uniformly bounded by 1/6.

C.1 Theoretical Results for Robust CSL Estimator

In this part, we present the theoretical results for the robust CSL estimator. Before that,
we first introduce some notations and our technical assumptions.

C.1.1 NOTATIONS AND TECHNICAL ASSUMPTIONS

As we will demonstrate in Appendix D, all the technical assumptions hold on common
statistical models, which suggests the wide applicability of these assumptions. For the
loss function f(z, @), we assume that f(x,0) is differentiable with respect to 8 and denote
Vf(x,0):=V|gf(x,0) as the gradient of f(z,80) at 6. For a given 6, we define the expected
gradient p(60) and population standard deviation of the gradient for each coordinate [, o;(8),
as follows,

1(6) = (11(8), .. 1p(0)) " := Ex~x{VF(X,0)},
07(0) :=Ex x [{Vfi(X,0) — m(6)}?], for1 <1<p.

For notational simplicity, we will denote the expectation taken over the randomness of X by
E := Ex.x. Recall that 6* is the true parameter that minimizes the loss function Ef (X, 8).
Throughout the paper, we assume that p(6*) = E{Vf(X,0*)} = 0, which holds as long
as the expectation and V can be interchanged. Finally, for the ease of presentation, some
parameter-independent constants such as p,n, Cys will be used across different assumptions
when there is no confusion.

(47)

Assumption A For every fized x € X, f(x,0) is a convex function of @ on RP.

Assumption B There exists a constant p > 0 such that

P < Muin [V(0")] < Ao [Via(67)] < p .
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Assumption C The Hessian of the population loss V p is Lipschitz continuous. In partic-
ular, there exists a constant Cg > 0 such that

| V(61) — Vi(62) || < Crl61 — 03],
holds for arbitrary 61,05 € RP,

Assumption D For every v € SP~! and = € X, define

|<’U, Vf(x, 91) - Vf(l', 02))’

M, T,v) = ,
91792( ) 01 — 055
M(z,v):= sup My, g,(x,v).
61,02€RP
There exists Cpr,vo,m > 0 such that
sup sup E [exp{nMag, ¢,(X,v)}] < Chu, (48a)
vesSP—1 01,02
E| sup exp{p M (X,v)}| < Cuy. (48b)
vesp—1

Assumption E There exists a constant p > 0 such that

< mi )} < N < pt
p< lglllgp{az(e )} < @g{az(e PSP

where 0(0%) is defined in (47).
Assumption F There exists n > 0 such that

max B [exp {n |V fi(X, 67) = m(67)[}] < Cr. (49)
Assumption G The number of machines m, distributed sample size n, dimension of pa-
rameters p, and convergence rate r,, of the initial estimator 8°) (i.e. |8\©) — 0%y = Op(ry,))
satisfy the following relationships

m = o(n), p=o<\/”110%>, rn:O<min{10;n, @}) (50)

Assumptions A and B assume the convexity of the loss and the local strong convexity
of the population loss function around 68*, which are commonly assumed in empirical risk
minimization literature. Assumptions C and D are the standard smoothness assumptions,
which appear in distributed learning literature (Zhang et al., 2013; Jordan et al., 2019).
In particular, the Lipschitz gradient assumption D is represented by two formulas (48a)
and (48b) and the (48b) mainly handles the diverging dimensionality, which allows p to go
to infinity. Similar conditions can be found in Chen et al. (2021) and Su and Xu (2019).
An additional remark is that, our smoothness assumptions C and D are relatively weaker
than those in existing literature. For example, the Assumption PD in Jordan et al. (2019)
requires Lipschitz continuity of the second-order derivatives of the loss function f(X,8).
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In contrast, we only require the expectation of the loss function E(f(X,)) to be second-
order differentiable and Lipschitz continuous (Assumption C), and allow the gradient V f
to be non-differentiable. Thus, our theoretical framework handles the Huber loss function
as shown in Example 2, while Jordan et al. (2019) can not.

Assumptions E and F guarantee concentrating properties for coordinate-wise gradient
variance. In Assumption F we assume the gradients to be sub-exponential, which is weaker
than the boundedness condition in Alistarh et al. (2018) and the sub-gaussian condition in
Yin et al. (2019). The sub-exponential condition is also assumed in Chen et al. (2017) and
Su and Xu (2019). We note that the gradients can be sub-exponential in the case of least
square regression (see Example 1 below for more details), which brings additional technical
challenges in establishing concentration inequalities. In particular, Yin et al. (2018) imposed
bounded absolute skewness (the third-order moment) condition, which is weaker than ours.
However, their theory did not consider diverging dimension p.

The rate constraints on the quantities m,n,p,r, are given in Assumption G. The re-
lationships on m are inherited from Theorems 5 by letting x > 2. The condition on p
indicates that the dimension cannot diverge too fast. The final condition on r, ensures
that the initial estimator is consistent. It is worth noting that the constraint on the initial
rate r, is attainable. By definition, the initial estimator 6 is the minimizer of the local
empirical loss function (22). From the regularity assumptions A-F, it is not hard to show
that ]5(0) — 0*|2 = Op(y/plogn/n). Plug in the constraint on dimension p in Assumption
G, we have that |5(0) — 0*|y = Op(n~Y*). On the other hand, we can easily verify that
n~1/% = O(min{1/logn, 1/y/plogn}). Therefore Assumption G can be satisfied.

We provide the following two examples for better understanding of the proposed as-
sumptions. In Appendix D, we will verify that Assumptions A-F hold for generalized linear
models and a large class of M-estimators.

Example 1 (Linear regression) In linear regression model Y = X T0* + ¢, we assume that
the covariate X = (X1,...,X,)T and the noise € are both sub-gaussian random variables.
Define € = (Y, XT)T and the loss function f(€,0) = (Y — XT0)2. Then we can compute
the gradient of the loss function as

V(E,6) = eX.

In the l-th coordinate, the gradient V fi(€,0%) = €X is a product of two sub-gaussian random
variables, hence is sub-exponential (See Proposition 2.7.1 of Vershynin (2018)).

Example 2 (Huber regression) In Huber regression model Y = X T0* + ¢, similarly define
€= (Y, XTI, The loss function is constructed as f(€,0) = L(Y — XT8), where

2/2 <
ey [ forlal <3
d(|z| —6/2) otherwise.

Then we can compute that

£'(w) = {x = ) <1 <o),

J sign(x) otherwise,
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In this case, the Hessian V2 f(€,0) = X XTI(|Y — X 18| < 6) is not continuous with respect
to the parameter 8. However, if we assume the noise € has a symmetric distribution and
uniformly bounded probability density function, we can prove that Huber regression model
fulfills the proposed assumptions. The detailed verification is delegated to Appendiz D.

C.1.2 THEORETICAL RESULTS

In this part, we provide the main theorems for the proposed RCSL estimator. We firstly
provide single round convergence rate of RCSL estimator. To show the superiority in statis-
tical efficiency of our VRMOM-based RCSL method, we present the asymptotic normality
for our RCSL method and the MOM-based RCSL method. Then we will show that the
VRMOM-RCSL method has smaller asymptotic variance than the MOM-based counter
part.

Firstly, we present our estimation result for one round of communication in the following
theorem, which helps understand the improvement from the initial estimator for only one
iteration.

Theorem 19 (One-round convergence rate of the RCSL method) Suppose Assump-
tions A-G hold and the initial estimator 8©) satisfies |0(©) —0*|y = Op(r,). Further assume
the fraction an of Byzantine machines satisfies oy < 1/2 —§ for some fized 6 € (0,1/2).
Then the robust CSL estimator ) defined in (19) satisfies

~1 . Qn+/D plogn p1/210g3/4n p?logn
,9()_9,2_01[»( o T s g - . (51)

Applying Theorem 19 inductively, we can obtain the convergence result for our RCSL
estimator with ¢ rounds of aggregations, which is presented in Theorem 11 in Section 3 of
the main paper.

Moreover, similar as Theorem 8 in the main paper, we can establish asymptotic normal-
ity for our RCSL estimator é(t), which has not been studied in previous robust distributed
learning literature. To save symbols and avoid repeated definitions, we denote oy, ;, =
Cov{V f1,(X,0%),V f,(X,0%)} to be the (l1,l2)-entry of covariance matrix of V f(X,8*),
which is coincident with the notations in Theorem 8. Then we can define C exactly the
same as in (13) and (14). Then we can prove the following asymptotic normality result:

Theorem 20 (Asymptotic normality of the RCSL method) Suppose Assumptions A-

1/3 1/2
o g7 m ) O =
o(1//mp), and log3>n = o(m). Then for every iteration number t satisfies (24) and any
vector v € RP with |v|a = 1, we have that

VN

Oy

G hold, and additionally, we assume the rate constraints p = o(min{

<'v, g+ _ 0*> 4 N(0,1), (52)

as n — 0o, where
oy =0 {V(09)} ' C{Vu(6*)} . (53)
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Compared with the constraints in Theorem 8, both of the theorems require the fraction
a, = o(1/\/mp), namely, the number of Byzantine machines is o(y/m/p). However, the
normality result of the RCSL method needs more restrictive constraints on the dimension
p than the one in Assumption G and in Theorem 8.

As we can see from (53), the asymptotic variance of the proposed RCSL estimator has
a sandwich structure, which is commonly appeared in literatures (see, e.g., Polyak and
Juditsky (1992); Jordan et al. (2019); Chen et al. (2020a)). However, since the past works
only aggregate the gradients by sample mean, the centered covariance matrix in (53) is
usually the covariance of the gradient, namely, C = E{V f(X,0*)V f(X,6*)T}. In contrast,
as we aggregate the gradient robustly by our proposed multivariate VRMOM estimator,
the structure of the matrix C is much more complex, as we can see in (13) and (14). To
the best of our knowledge, this is the first asymptotic normality result in the setting of
Byzantine-robust distributed learning.

In order to illustrate the efficiency of our RCSL method, it is possible to prove an
asymptotic normality result for the median-of-means (MOM) based RCSL method, which
is named MOM-RCSL. The explicit construction of the MOM-RCSL method is described
in the paragraph before Section 4.2.1. We can show that the asymptotic variance of the
MOM-RCSL estimator has the same formulation as (53), with C replaced by Cyom in
(17) of Proposition 9. The proof technique is simply the combination of Proposition 9 and
Theorem 20. Therefore, we omit the presentation of this parallel result for brevity. The
simulation results of comparison between our RCSL method and the MOM-RCSL method
are already presented in Section 4.2.

C.2 Proofs of the Results for Robust CSL Estimator
C.2.1 MORE TECHNICAL LEMMAS

In the following, we introduce additional lemmas that will be used for proofing the results
related to RCSL estimator. For consistency with Assumption F, we assume the random
variables admits sub-exponential tail.

Lemma 21 (Quantile gap of median-of-mean) Let N (= (m +1)n) i.i.d. random variables
X1, ..., XN evenly distributed in m subsets Ho, ..., Hm. Let X; = n=t Zie?—tj X; and X7 be
the T-th quantile of {Xo,..., Xm}. Suppose E(X1) = 0, Var(X;) = o2, and E[e"¥1]] < oo
for some n > 0. There are two quantile levels T2 > 11 satisfying |72 — 71| = o(1) and
71,72 € (6,1 —=0) for some 6 € (0,1/2). Then for every v > 1, there exists C' such that

~ ~ ~(m—1 1 logn _
T2 T1> — = ’Y‘
]P’{X X _C’< NG +n+m\/ﬁ>} O(n™")

Proof Follow the proof of Lemma 16, we can show that

P{(}?n < %@—1 (; + |7 - ;l + \C/% + C1y/ 105”)} >1-0(n""), (54)

holds for some C] large enough. Denote
1 Ch logn
m 2'+\/ﬁ+01\/m :
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Evenly divide the interval [—d,, §,,] into 2n pieces and define the set N := {—J,,, —”T_lén, ooy Ont
Similar as proof in Lemma 15, we can find some Cs > 0 such that for every T € 0, there is

1 & - - = - =
— sup I(X;<z+y) -I(X;<2)-I(X; <T+y)+1(X; <7)|
M+ L4 (o F-al<bn/n}

< 1 iﬂ |)_( - |<(5n n 1 iﬂ |)_( ~‘<5n < logn+ 1
R~ n - _F< — ),
_m—i—ljzo J =7 m+1 4 I “n) = 7Um 4D
(55)
holds with probability 1 — O(n=7~!). For 0 < j < m, further define the random variable

Yi(z,y) =1(X;<z+y) -I(X;<z)-P(X; <z+y) +P(X, <).

For every x € [—dy, 0,], there exist constants C5, Cy such that

o i{ﬂ()_( <z4y)-I(X; <)} < 4 C2logn | G
—_— T - x Ty — —
m+1] ‘ )= 4 )= 2 ! vn
o P §mjy( ) < L Celoen G px < uty) PR <)
= x Ty — T -
m—i—lj « &Y 2 m 4D b= Y b=
1 & Cylogn  Cy + Cs Vn(z +y) nx
<P 75 Y, <719 — - P b —
- m—l—lj_O j(#y) <72 =T+ vn o + o
1 “ logn 1
<P|—- Y. < — — —
<Pl JE_O i(x,y) Cy <7’2 1+ + \/ﬁ> ,

by finding some y > 0 such that

min {q» (\/M> " (@)} > (c4+1)(72—71)+%+(02+04) <1°7i” N 1> .

TE[—6n,0n) o Vn Vn
(56)
Taking
B o o & logn RS
90—ﬁ¢(@1(5/2)){(04+1)(2 1)+\/ﬁ+(02+04)< p” +\/ﬁ)},

since 79 — 71 = 0o(1), and m, n tends to infinity, we can assume

Vi@ + vo) \/ffﬂ e (@71(5/2), 97" (1 - 6/2)),

o

always hold. Thus by applying mean value theorem to continuous function ®(z), (56) can
be guaranteed. Further compute that

logn 1
sup  E{1,Y;(z,y0 =O<72—T1+ +).
e {1,Yj(x, 90)} Y
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From Lemma 14 we have

. X Cologn C
— _ ) !
P MJZ;{]I( i<z+y) —IX;<2)}<m—-7+ +\/ﬁ
: (57)
1 « logn 1 O(n—1-1
<P ——=)> Y] < -C — _ —y-1y
T mr1& 5 30) 4(72 n+=> +ﬁ> (n77h)

Combining (54),(55) and (57), finally we have
B[%7 - %72y
<P sup Z{]I )_( Sx—l—yo)—]l()_( < )}S(Tg—ﬁ)(m—i—l) +0(n™7)
TE[—n,0n] =0

l © b ~ v ~ Cologn  Cy
<nmaxP | g 3 {UX, ST 4u) ~UX <D} <m-n+ +

1
—|—2nmaxIF’{

s
zen tm+ 1 gal <6, /)
02 log n 02
>
> + B Hom™)
=0(n""),
therefore prove the lemma. |

Lemma 22 (Stability of quantile with Byzantine machines) Let Xo, ..., Xy, be fized points,
and B C {1,...,m} be a subset of index with Card(B) = |am]|, where 0 < a < 1/2. Impose
perturbation €; on each X; such that |e;| < § for j ¢ B, and €; can be arbitrary for j € B.
Denote the T’th quantile of the three sets {Xo, ..., Xm},{Xo+eo, ..., Xm+en}, {X;|J ¢ B}
as )?T,)?Z and XB7 respectively, Then there is

IXT - X7| < ‘)?B,(T—a)/(l—a) _ XB,T/U_Q)‘ 125
Proof By definition of quantiles, )/(\' T satisfies the following inequalities

Z]I(X +e < X7) > r(m+1), Z]I(X te = X) = (1-r)(m+1),
j=0

Therefore we have

ZH(XjJrejg)?g)z(r—a)(mﬂ), i Xj+ejz)?g>z(1—r—a)(m+1),
igB igB

=31 (X <XT+5) (r — a)(m + 1), ZH(ij)?g—a)2(1—r—a)(m+1).
j¢B i¢B

43



Tu, Liu, MAO, AND CHEN

This implies that

)?B,(T—oz)/(l—a) < )?;r +45 )?B,T/(l—a) > )?z' _

I

Similarly we can show
XBr-a)/(1-0) < §7 < FBr/(1-0),

So we have |)?6T — )?T| < | XB(r=a)/(~a) _ XxBr/(1=a)| 4 95 [ |

Lemma 23 (Exponential concentration of variance) Let X1, ..., X, be i.i.d. random vari-
ables with B(X;) = 0,Var(X1) = o2, and E[e"X1]] < C for some n,C > 0. Construct
sample mean X =n~—! > . X; and sample variance 02 =n~1 Y " (Xi — )_()2. Then for

every v > 1, there exists C' large enough, such that

P (ya —o| > éw/loi"> —O(n).

Y= XT{X? < Ci(logn)’} — E[X?I{X? < C}(logn)*}],
2::Xi2—02—}7i.

Proof Define

We can compute that

E [XZZI {XZ2 > Cf(logn)Q}] §/ 2sP(| X;| > s)ds + Cf(log n)QIP)(]Xi| > C1logn)
C1logn

oo

< / 2Cse " ds 4+ CC?(log n)*n "1
C1logn

= {277_106'1 logn 4 2~ 2C 4+ CC?(log n)2} MO < L

for n sufficiently large. Then
I~
(3%
(it
1 n
<P [ - > IXPT{IXi)? > CF (logn)?}
S}P’{ max |X;|? > C’%(logn)Q}

i=1
1<i<n

> 2n_7701+1>

> n7701+1]

<n max P{|X;| > Cilogn} < COn—nC1+1
1<i<n

Take C1 > n~1(y + 1) we have

'

Zn:fg > 2n_7> =0(n™). (58)

S
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Next we apply Bernstein’s inequality Bennett (1962) for bounded random variables Y.
Together with the elementary inequality E(Y ?) < E(X{) < 5n~4E{exp(n|X1|)}, we have

1o 3na
ﬂ;znzﬂgmﬁ G H%%%WJ o

=1 Y
<exp |—min e =0(n™")
- 200 402 (log n)? ’

by taking z > n~2/207C 107%". Combining (58) and (59), we have proved

On the other hand, using the fact 23 < elvol we have

n 4 n? 2 4 X aC
¢ (§,X1> = EE {4X1 exp = ’Xl’} < ?E (en‘ 1‘) S 772 .
Then Lemma 14 yields
1
P{Mpm2+mhc(f1=wnw (61)

by letting C large enough. |

Lemma 23 directly implies that, under Assumption E, F and G, there is

" logn —y
P&gg@()—m@ﬂ>cd7l}—0m ) (62)

Lemma 24 N(Um'form bound of variance difference) Under Assumption D, E, F and G,
there exists C' large enough, such that

holds every v > 1.

— *>~ — -
Iﬂigg%m<>mwn_w& O(n),

where ©g = {0 : |0 — 0|y < 1.} is defined in (73).
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Proof From (48b) in Assumption D and Assumption F, we know

Yo+1 — 1 _ -
P{lrreliﬁlrgla% M(X;,e) <p logn } 1-0(n™7), (63)
P [max max |V f(X;, 0%) — (0%)] <~ (y+2) 10gn] =1-0(n"). (64)
1€Ho 1<I<p
Construct the set of event
L B .~ px
Xy := {Xl,..., n| (64), (63) holds, and 5 < lrgllélpal(a )} (65)

Together with (62), we know P(Xp) =1—O(n™"7).
Let 919 be the n=M-net of ©g, we know Card(9g) < (1 + ZnM)p. Then we will show
2
max sup o -0 <n~ 66
m s [67(0)~51(0) (66)

always hold under the event Xy and M sufficiently large. Indeed, From (64) and (63), we
have

max  sup \812(0) - 012(0)|

1<I<p |9 02<n-

= max  sup ‘ Z (VAX;,0) — q(0)} - % Z {Vfl(Xi,g) - 91(5)}2 ‘

1<l<p|9 0)2<n—M n

1€Ho 1€Ho
1
< H<1la<X sup ‘— Z { (Xi,e) + Z M (X, ) }
! p|0 Ol2<n—M 1€Ho ’LGHO

< {Vi(Xi,60) = 0(6) + V/i(X,8) — (8) fn |

2p7 1 logn 1 . . . i
<P B e s = 3 [AVA(XG07) - u(67)] + 210u(67) — u(67)

" 1<l<p|e 6l2<n—M " i3,
+{ (X;,er) + Z M(X;,e) } |0—9*|2+|0~—9*12)]
ze’Ho
2v0+2 2
SSp 072 ]og“ n < - (M=270-4)

nM

Taking M > 27y + 6 we obtain (66). Thus we have

P{max sup [51(0) — 5,(6%)] > 4x}

1<i<p 0cOy
> pL, %0}

57(0) ~57(0)| = pr, ae} +B(%5)

<P ‘ ) — 52(0*
< {fglag;;negtx a1(8) — 7 (6%)

+ P < max sup
e

<p(1 + 2nM)P max sup P{‘al )—01(0*)’>px Xo}+0(n™).
<pge
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The next lemma will show, when we take x = O(ry,), there is

sup P{‘&%(G) — 812(9*” > oz, %0} _ O(n—p(M—Q—'y-i-l))’
{9‘070*‘2§7“n}

and hence proves this lemma. |

Lemma 25 (Point-wise bound of variance difference) Under Assumption D, E, F and G,
for every v > 1, there exists C' large enough, such that

~2 —_52(0%)| > ~ _ —py
gﬁé);ggolp{‘al (0) —57(6%)| = Cry, %0} O(n™P7),

where Xg is the set of events defined in (65), and ©g = {0 : |6 — 0*|2 < r,} is defined in
(73).

Proof For every 8 € ©g and 1 <[ < p, there is

52(0) ~ 3707)| < |~ 3" {VA(X:.0) — m(6)) — {VA(X;, 8 — ju(6))* ~ 07(6) + 07(6")

1€Ho

T

+10?0) ~ o?07)] + | {32 V(X 0) ()} (67

i€Ho

(S Va0 - men)} ]

1€Ho
Let’s firstly deal with the term |07(8) — o7(8%)|,

07(8) — o7 (67)]

—|E [{VA(Xi,0) — im(0)) ~ {Vi(X:,67) — m(6")}|

<r,E [{2|Vfl(Xi7 0") — 1 (07) + 15 (Mo 0+ (X, &) + E[Mp o-(Xi, €1)]) } (68)
x {Mp o+ (X;, e;) + E[Mpg g+ (X, el)]}}

< | (4+dr) M3 g (Xis €0) + [V Ai(X:,0%) = (8] = O (ra).

For the last term in (67), there is

(oS vixo) - w@) {3 VA0 - ue)} |

1€Ho 1€Ho

:‘% > AVA(Xi,0) — u(0) = V f1(Xi,0%) + 1 (6%)} ‘
icHo

3 VX0, 0) — (6) + V(5,0 — 0}

1€Ho

X
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Compute that

€ {3 VAX1,0) —u(0) — VAi(X1.0%) + u(0%)}
<e¢ {g rn[Mo.o+ (X1, €1) + E{Mp g- (X1, €))}] }
<r2E { (Moo (X1, e1) + E{Mog- (X1, e)}] exp " [Mo - (X1,€1) + E{ Moo+ (X1, 1)} }
<dn?r2E {expn[Mg o+ (X1, e)) + E{Mgo+(X1,€/)}] } = O(r?),
& {5 VA(X1.0) = (0) + V i(X1.0%) — u(6°) |
<€ {22V A1(X1,0%) = mu(6")] + ra[ Mo+ (X1, 1) + E{ Mo o+ (X1, 1)} |

<64n2E {exp Z 2V £i(X1,0%) — 1u(0%)] + rnMo g+ (X1, €1) + rnE{ Mg o (X1, €,)}] } — 0(1).

Applying Lemma 14 to each averaged term, we have

Hi; VACX.0) = u(®)} - {% 3 V(X 67) - m(e*)}2( —Op (”‘plog”) - (69)

; n
i€Ho

Lastly we shall focus on the term T in (67). For each i € Hy, denote
MB,O*(Xivel) < 7771(’7+2)p10gn7 }

:{z‘ = {Xz ‘Vfl(Xz,e*) o Ml(e*)| < T]_l(’}’ + 2) logn
Y= {Vi(Xi,0) — u(0)}* — {V/i(Xi,0") — 1u(6%)}?,
Y= YI(X;) - E{ViI(X)}, Y;:=YI(X5)—E{¥;I(X¢)}.

We can compute that

B} =B [{(VA(X1,0) = m(0)}1(X5) — {V/i(X1,8%) = pu(6)}1(X5)] |
SE[{Q\Vfl(Xh@*) — w(07) + (Mo 0+ (X1, €1) + E[Mp g+ (X1, €1)]) }
x { Moo+ (X1, €) + E[Mo g+ (X1, e) [} I( X)]
<E ||V£i(X1,0") = ju(07)*T(X5) + 4 Moo+ (X1, €)|T(X5)|
=0(n"?) = o(ry,).

Then from Assumption D we know

iz

i€Ho

> [E(iI(X9)}], xo} <1P>{( U 36) ﬂ 360}

i€Ho (7())

<P {m%x Mo o+ (Xi,e1) > n_l(fy + 2)plog n} =0(n" 7).
1€Ho
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Thus we have
V1| = [ViI(X1) — 07(8) + 07 (07) + E{ViI( X%)}|

S‘{sz(Xl,e) — m(0) = Vfi(X1,0") + u(6*) }{V fi(X1,0) — 1u(0) + V fi(X1,0") — Mz(a*)}lﬂ(%l)

+ O (rn)
<ry, [Mg,o-(X1,e1) + E{Mpg o+ (X1, €1)}] (2!sz(X1, 0%) — 1 (6%)| + [ Moo (X1, €)

+ E{ Mg+ (X1, €)}] JI(X1) + O (ra)
S {2(7 * 2) (’y ;;— 2) rflplog n} [Mg,g* (Xl, el) + E{Mg}g* (Xl, el)}] H( %1) + O (Tn) .

rplogn +

From Assumption G and D we know 7, logn + r2 plogn = O(1), thus

¢ (g, 1_/1> =0 (r,% log2 n -+ Tﬁp2 log2 n) = O(1).

Then Lemma 14 yields

1 — plogn  , [p3log®n _
P< |- Yl > n — | = ), 1
{n§: C’(r \/ —— T+ - O(n™7) (71)

1€Ho

holds for some C' > 0 large enough. Thus from (70) and (71) we have

P{lei>C( /plogn /3logn ) }
{;z?i >c(\/1’1§’”‘+¢plf”)} (72)

Finally taking (68), (69) and (72) back to (67), we conclude that, under X, there is

N . plog o 3log .
57 (6) — 57 (6%) O]p( =y \/ ) (rn)

~In) and r2 plogn = O(1) in Assumption G.

since we already supposed p = O(y/nlog
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Lemma 26 (Stability of correction terms) Let N (= (m + 1)n) i.i.d. random variables
X1, ..., XN evenly distributed in m + 1 subsets Ho, ..., Hp. Let

)_(j :77,71 Z Xi,
1€H,;
X =med(X,;|0<j<m),

F=n') (X;i-X

1€Ho

Suppose X satisfies E(X1) = 0, Var(X1) = 02 and E[e"X11] < C. Then there exists C > 0
sufficiently large, such that

# X; )A(_LA’“
m+1 Vn

<5n} ZémaX{IOgn Vnd, } <O(n™7),

provided max{1/(ndy,),/no,} = O(1).
Proof Construct the set
Ro ® {1 X |7 < Vi 151 < V).

From Lemma 16 and Lemma 23, it is easy to see X holds with probability greater than
1—O(n™7). Construct an n~2-net N, for the square O¢g = [0, /n] X [—y/n, v/n], then there

is
s}

1 — - o 0OA
Z]I X, -x-22¢
- Vn

%az;?@@m T <o)
< s {97 ] <)
e Sk R B R
= g m 1 moﬂ{‘xj_yﬁf; S%”}'
Denote
Zj(y,a)—]l{‘)_(] y—”\/Ag <25n} ]P){'XJ y U\/Agg25n},

o)
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Apply Lemma 13 to y/nYj;, we know there exist constants C,Cy > 0 such that
Pi(10) < P{IN(0.1) = Vi — o8i] < 2V8,) + L < 4Civas,
€ {1, Zj(y,0)} < e{1+P;j(y,0)} Pj(y, 0)
<8ecy/nd, < Cy max{ ogn ,V/no, }

Apply Lemma 14 together with [91g| < 2n°, we have

m

1
P{ max —— Y Zj(y,0) >«
(Ugj)E‘ﬁQm—f—lj 0

1 m
<2n® sup P{ —— Zi(y,0) > x
(rw)eog | M1 ;0 ’

<n7,

by taking x > (v + 6)/C3 max { loi", \/ﬁén} Then we conclude that
# {‘X _R TRk o }
2 m

m+1 vn
< 2 N Z.(5,5) + dey/nd

1
<4(y + 6)y/Cy max {Off‘ \/ﬁén} ,

holds with probability larger than 1 — O(n~7). Thus we can obtain the desired result. W

J_

C.3 Proofs of results in Appendix C.1.2

Now, we are ready to provide the proofs of the convergence rate and asymptotic normality
for the RCSL estimator.

Proof [Proof of Theorem 11 and Theorem 19| Denote b, as the desired convergence rate of
e ), and g;j(0) =n~1 ZzeHj Vf(X;,0). We construct the following sets in the parameter

space.
B = {9 ERP: |0 — 9*’2 < Tn}a (73)
0, = {9 ERP:|0—0%|5 = bn},
Oy = {0 cRP: |0 — 6%y <b,}.

Given an initial estimator 8(©) lies in the set Og, we will show

=3 (X000~ (@) g (B),00) > S (X0~ (90(8©) -5 (0),07), (74)

ZGHO 1€Ho
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holds uniformly for 8; € ©; with probability tending to 1. Notice that

S (X0 — (5,07} — (90(8) - §(6©), 01— 0") (75)

i€Ho

1
= </0 [90(0" + 5(61 — 6%)) — go(6*) — (0" + s(61 — 6%)) + p(6*)]ds, 6, — 9*>
1
+ </0 {(6* + s(8, — 6)) — (6*)} ds, 0, — 0*> + <g0(0*) —90(09) + g(8), 0, — o*>
—5 (VR(6)(61 ~ 6).6, — 6)

1
+ </0 (1 — ) {V(6" + s(6; — 6)) — Vu(6*)} ds (6, — 67),0; — 9*>

YA
1
+ </0 [90(0* +5(0; — 0%)) — go(0%) — (0" + 5(6, — 6%)) + u(@*)]ds, 6, — 9*>
T,
+ <go<0*> —g0(0) + p(8©)) — (67), 0, — 0*> + <a<§<°>> — p(6©),0, - 0*> :
T3 Ty

To show positivity of this difference, it left to bound the norms of T, T5, T3 and Ty for
0 € ©) and 6, € ©, uniformly.
Firstly, from assumption C, we have

1
I T3 S/O (1= 5)[[Vi(0" + (61 — 0%)) — Vu(07)|| di

1 0, — 6*
§/ Cp(l —s)s|6; — 0%|2ds = CH’16|2 = o(1).
0
To control the rest three terms, we denote
for ease of notations. Then we will show
1 1
sup |— Z Z(X;,0)| =0p|m, posn ) (77)
0€0 | T i€Ho 9 "

Construct the (r,n ) net Ny for the set Oy, where M > 0 is some suﬂiciently large
number. From Lemma 5.2 of Vershynin (2010) we know Card(Mg) < (1+2nM)P. Then we
have

sup |— rZ(X;,0)] <max |— r~Z(X;,0
60, |1 Z n 2(X:.6) 6eN, | M Z n 2(X:.6)

1€Ho 1€Ho 9
1 _
M+1 Z{ sup M ( Xl,v)} MIE{ sup M(Xl,'v)}.
n icH, (el n veSp—1
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From (48b) in Assumption D and Markov inequality, there is

1 _ po o Cap®
nME{ sup M(Xl,'u)} < nME[ sup exp{p VOM(Xl,U)}] < 7
vesp—1 veSp—1
p7° logn
MX =0p | —F—— ).
nM-H Z {vzgppl uv)} P( M )

1€Ho

On the other hand, by standard e-net argument for vector norms, we know that there exists
a 1/2-net Ng of SP~1 such that Card(Ng) < 57. It holds that

1 ~ 1 ~
. Z Z(Xzae) = Ssup < Z Z(X170)>,U>
n . veSp—1 \ TV .
1€Ho 9 1€Ho
gmax< ZZXZ,H > sup < ZZX“H)'U'U>
veMNs i€Ho lv—v]2<1/2 i€Ho
ilzZ(X 6) <2 IZZ(X 0)
= ; max ( — ; .
n iy > 'UEE‘}IS n i»wv), v
1€Ho 9 1€Ho

Thus we have

1 -
P [ max |— Z i Z(X:,0)] >2z | <(1+ 2n™M)P max P Z rlZ( (X:,0)| >2z

0 n
0eMo | " 5, ) 6€MNo " it

1 ~
<5P(142nM)P max sup P | — Z <r;lZ(Xi,0),v> >
0Ny vesP—1 i€Ho

Moreover, by (48a) in Assumption D, for every v € SP~! and 0e Np, we can compute that

¢ {77/2, <rglz(X1,§),v>}
<E [{Mgg* (X1, ) + E[Mg 5. (X1, )] }2 exp L { My . (X1,0) + E[Mg . (X1, v)]}]

<dn?E[expn{ M. 5.0+ (X1,0) + E[Mg 0. (X1,0)]}] < 4022 =0(1).

So Lemma 14 yields

1 ~
57(1+ 20 max sup P |~ Y <rglz(Xi,9),u> >z | =0m P,
6Ny vesSp—1 icHo
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with x = C14/ pk’% and C large enough. Hence we proved the bound (77). Similarly we
can give bounds for T, and T3 as follows

1
1
Tl < [ |13 20567+ s(61 - 6)] ds
0

i€Ho 9
1 plogn
<sup |~ ) Z(X;,0)| =0 by :
0€0, | T i€Ho 9 "
logn
|T5]2 < sup |- Z (X:,0)| = <rn P ng ) :
CISCH ZE'HO )

Now for the term Ty, under the rates constraints in Assumption G, we can prove a similar
result as (77):

,gm»_<m% g(6") + p(6")),

< sup |3(0) — u(6) — §(67) + (67,
[ZSISH) (78)

0w (ozn\/]ﬁ+ plogn \flogn+ p210gn>.

Vn mn my/n n n

However, the proof of (78) involves more delicate analysis, so we delegate this part to
Lemma 27 below. Moreover, follow the proof of Theorem 5 together with Assumption E
and F, we can apply exponential inequality (Lemma 14) to the i.i.d. terms in (36) and
yields

. oy /P plogn pl/Qlog/
1g(0%) — (6 )\2—0P< Jn + mn + nl/2m3/a |-

Note that here we have a y/logn in the second term because of the diverging dimension p.
Thus we have

Tilo <[|g(67) — p(0%)|2 + sup |g(8) — p(8) — g(6%) + n(67)],
[USSH
_Op Qn\/P N plogn  p'/2log®*n v p?logn 7
vn mn nt/2m3/4 n

Thus there exists a constant C such that

pl/?

~ [ an\/P plogn
- <
[T1]l = o(1), and T2|2+T3!2+\T4!2_C< NG N T T i T n
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Now in the view of Assumption B, we continue with (75), there is
1 Y Y *
-~ Z {f(Xi,01) — £(X;,0%)} — (90(6) — §(6), 0, — 67)
1€Ho
Z%IO — 03— |IT1[| - 10 — 63 — |Tal2 - [0 — 0%|2 — |Ts]2 - |6 — 0%|o — |Tul2 - |6 — 67|

pob? 9 ~ /P plogn  p'/2log*n p?logn
>T — 0 (bn) — Cbn < \/ﬁ + mn + n1/2m3/4 Tn n > 07

provided b, = O(a”\[ + plogn + PZf/LOiZ//t” + T/ ”21%). So we have (74) holds true,

N
and thus
1/27..3/4
’5(1)_0*’220113 (an\/ﬁ_i_ plogn+p/ IOg/ 7’L+ p210gn>’

n

vn mn nt/2m3/4 n
which proves Theorem 19. Apply this formula inductively, we can obtain Theorem 11. H

Lemma 27 Let g(0) be defined as (18), with o) replaced by 6. Then under the Assump-
tion A-G, there is

p [90)-0) 90 )], = 0 (2L [PRER A )

0cOq

Proof First of all we need to split it into three parts:

sup [g(0) — u(0) — g(6) + u(6%)|2

CISSh
< sup [g(0) — u(8) — g(0") + p(6)l,
VISSH
Ta1
N JTL o H(0)A k
ol E?émﬁ;\{”l(e)‘al(e V3 [Ras® <a@) + = - |
T2
(%) 3 1{g10) <a(0) + 2O _1f 04 < aier

S o, mf‘al ;; { {gj,l( ) < G )+T} - {gj,l( ) < qi(67) +

Tis
where the factor 3 comes from the fact 1/1(0) = v/27 < 3. For the first term 74;, rehash
the proof of equation (77) we can easily obtain

1
P<{ max max sup |— Z Z1(X;,0)| > Cry pogn
1<I<p j¢B 0cOy iGHj n
(79)
1
=P { max max sup |— Z (X:,0),e)| > Cry, plosn < mpn P,
1<i<p j¢B 0c0O, 1€'H n
J
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where Z;(X;,0) is the I’th coordinate of Z(X;,0) defined in (76). Then from Lemma 22
(with ¢ = 1/2 and a = a,), we know

max sup [g;(6) — w(0) — gi(6%) + u(0%)]
1<I<p ge6,

1 ~B,(1-2an)/(2—2an) ~B,1/(2—2an)
<2 max max sup |— Z;(X;,0)| + ma ‘ ’ " nO*Y — g n)(9*
=7 1202 168 ooy nzez?{ (X, 6) igicy | (07) — 9, (67)
J

1 B,(1-2a,)/(2—20n)

<2 max max s — Z1(X;,0)| + 2 max ma {‘ ’ " "(0%) —  (0F

<2 max max sup ”zg%. 1(Xi, 0) max max | |, (0%) — 1u(67)
J

Y

gt (0m) — (e .

where /g\l&(1—20‘n)/(2_2°‘")(9*)7 gllg’l/(Q_Qa")(B*) represent the (1—2a,,)/(2—2a,,)-th and 1/(2—
20, )-th quantile of non-Byzantine machines respectively. For the additional term, we can
follow the proof of Lemma 16 and show

~B,(1-2an)/(2—2an) rgxy\ *
lnsllaémaX{‘gl (67) — 1 (6)

g 0) — o)

Qn logn
} =Op <\/ﬁ * mn ) ’
provided condition ay, < 1/2 — ¢ holds for some 6 € (0,1/2). Therefore we have

~ s oy fa logn p?logn
121%5;150‘91(0) 1(6) 91(9)+Ml<9)’OP<\/ﬁ+\/ == |- (80)

Taking all coordinate together we have

Qn /P /plogn [p2logn
Tyl =0 . 81
T | 1@( Jn + i + Ty " (81)

The rate of Ty2 hinges on the uniform rate of 5(6) — o (0*) over ©p. Indeed, in Lemma
25 we proved

max sup |0;(0) — 5;(0%)] = Op (1), 82
mase sup [3(6) = 7(0°)] = O () (52)

provided p = O(y/nlog™! n) in Assumption G. So this yields

3v/D —~ ~ % Tn\/P
Tal < 22 s sup [51(6) — a1(6 >|=op<¢{). (83)
== 0
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It left to deal with the term Ty3. From (79), (80), (82) and (62), we know there exists
a constant C' large enough, such that the following inequalities holds uniformly:

N logn
max max sup |g;;(0) — 1(0) — g1,;(67) + 1 (67)] < Crn\/p g

1<i<p j¢B 9cO,

« " an lo n logn
max sup [5:(8) — u(6) — Gi(6%) + (0 >\<C< s pos )
1<l<p0€@0

lrg%)lg}&xl(eseugolaz() 51(67)| A2 < 0,

*
<
max 0,(67)] < C,

with probability higher than 1 — O(n~7). Under this event, using Lemma 26 with

I I
5n=c< o+ 3, pog")

we have

o1(0* Ak

9;1(0) — q1(0%) —

C\/ﬁ 1 —
T I
il <=0 5 2025 T 2

_Cany | CVp 1 ZH{

max Inax

NLD Vn 1<k<K 1<i<pm + 1 }

—0» (an\f /plogn 2logn> (84)

holds with probability larger than 1 — O(pn~7). Combining (81), (83) and (84), the lemma
is proved. |

9;,(0) — q1(0%) —

Proof [Proof of Theorem 8 When the iteration number satisfies (24), and the rate con-

straints satisfies «,, = o(1,/mp) and p = o(min{ ;j;f’ 3;//2: ), we clearly know that

log?/3n’ log

mn |’

~ I
H(t)e@t::{eeRp 10— 0", < C pog”}

with high probability, for some C sufficiently large. Moreover, we need sharper rate for
|T4|2 in (75). Indeed, from Lemma 22 we have

max sup [g;(0) — 1(0) — qi(0) + 111(0")|
1<l<p9€@t

< — .
=2 120 TR el | Z A0 + s Jor - )
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Note that 1/(2 — 2ay,) — (1 — 2a,) /(2 — 2a,) = 0(1//mp), by Lemma 21 we have sharper
constraint on the quantile gap

max
i<izy |7

= O (\f o rln%
Therefore we have
G(01) — n(8Y) — G(O%) + p(67)]
)

v my/n vmn

Then follow the proof of Lemma 27 we have

13(09)) — w(8)) — g(6") + u(6*)]2

o, (OnvP VP VPlogn  plogn) (1 (85)
_0P<\F n oy T )‘ P(m)

Now we start to prove asymptotic normality. From equations (1) and (20), we know
pu(0) =0, and go(0“*") = go(0") — g(6").

Therefore, from (85) and (77) there is

90(6 t*”) 90(6")|,
= |90(8") — 5(8") — g0(6),
:\me*) - 9(6")+3(6") ~ g(8) — pu(6) + u(8")

+90(8") — go(67) — p(8V) + u(67)

—lu0") = 90, +or (). (56)

On the other hand, from Assumption C and equation (77)

|90(81)) = go(67)|,

)H t+1)) (6 +go(§(t+1)) — go(6%) — H(é\(t—i-l)) + n(0) )

(87)

1
=!Vu<e*> ("D — 6% + / {we* + 581D — g)) — we*)} ds - (84 _ g*)
0
+90(0"Y) — go(67) — u(@“HY) + (6|

plogn x\  (pt+l) _ p*
2+op<m) ‘v 6 - ( 0%

=|Vne)- @+ -6

2+OP<\/717T”>.
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We can combine (86) and (87), rearrange the terms, then there is

~ 1
*\ (t+1) _ p* — X\ = p*
V(O 0 %), = (6) - 36"} 00 ). (58)
Denote
Vng;1(6%) V/ng;(67)
; = < ; < .
Gou(o) =P { ) <ot gt = 1{ VI < (%9)
Then from (36), for every entry we have
1 (6%) — g.(67) (90)
1 o1(6%) logn 1 log3/4n
(Ag) Ag)}+ 0 +—+——7 |-
m+1%fzk 1¢Ak. Z{]l k ]l( k)} ]P( \/ﬁ n n1/2m3/4
From equations (88), (90) and the rates constrains, for any vector v € RP, there is
(Vu(o) - (0 - 07),%)
- 1 > fiZ {01(0")1;,(Ak) — 01(67) G (D)} U1 + op < L > :
m+ j¢B \FZk 1¢Ak k=1 1=1 mn

Now we apply central limit theorem and yield

“”(: Dn (Viu(6%)- (8D —6%),5) % N (0,1),

where 5% =o1Co.

Here C € RPXP has its (I1,12)-entry defined as

K

512:(”1(0)%9* [ (A) = Gog, (A Tou, (A —GZA]
I K o(An)? kzl{oz k O,I(k)};{o,l(k) 02 (Ak)}

O11,11015,1 n o n 9*
_ Ty { <\f901() < A, Y9067 Ak2> —Go,,l(Akl)GO,,Q(Akz)},
{Zk lw (Ag)} E1,ko Vol NG

since 0;(0%) = /Var{Vf(X,0%)} = \/5;;. Moreover, we can apply multivariate Berry-
Esseen theorem (See Theorem 1.3 in Gotze (1991)) and give

aLlQ - Cl1,12 + O(n_l/z)v

where €y, 4, is defined in (14). Now we replace ¥ with {Vu(6*)} ' v. From Assumption B
we know the norm of v C RP is rescaled by a factor of constant order. Thus the theorem is
proved. [ |
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Appendix D. Examples Verification

In this appendix, we will verify that a large class of generalized linear models and M-
estimators satisfy our proposed Assumptions A-F.

D.1 Generalized linear models

For a generalized linear models (GLM) with the canonical link function £ : R — R, each
i.i.d. observation (X,Y) € RPT! admits the following conditional probability function

(91)

P(Y | X) _ EeXp{Y<0*’X> — £(<9*7X>) }’

c(o)

where ¢ and ¢(o) are some constants, 8 is the true parameter. The loss function based on
the maximum likelihood estimator is defined by,

f(V,X,0) = -Y(0,X) + L((6, X)). (92)
Then we have the following proposition.

Proposition 28 Let (X,Y) be observation of a generalized linear model (91) with a conver
link function L. Suppose the following condition holds:

(C1) There exists po > 0 such that

inf E{L£"((8*, X))|(v, X)|*} > po;

vesp—1
(C2) There exists M > 0 such that

|£"(x)] < M, |L"(x1) — L"(x2)| < M|zy — 22;

(C3) There exists n,Cpr > 0 such that

sup E [exp {17|<’U,X>|2}] < Cu, Elexpn|l'((6*,X))— Y|2] < Cuy.

vesp—1
Then the loss function defined in (92) satisfies Assumption A-F.

Condition (C1) and (C3) imply that the covariate X is a non-degenerate subgaussian
vector. And another part of condition (C3) shows that £'((6*, X)) — Y = E[Y|X] -Y
has a subgaussian tail. For convenience of verification, we assume the £” to be Lipschitz
continuous in Condition (C2).

Proof [Proof of Proposition 28| Firstly we can compute the gradient and Hessian as follows,

VY, X,0)=-YX +L'((0, X)X, p(0) =E{L((6, X)X — L' ((6*, X)X},
Vu(@)=E{L'((6, X)) XX"}.

Then we can verify these assumptions one by one.
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e Assumption B: Compute that

Amax{V(6%)} = ngglE{ﬁ”(<0*,X>)\<v7X>!2}

M
<M sup E[(v,X}|2 < —Cyy,
n

veSp—1

Awin{Vp(0)} = inf E{L"((6%,X))|(v, X)*}

vesSp—1

= 00-

e Assumption C: By elementary inequalities 3|zy2| < |z[* + 2|y|® and 2|z[* < ¢**, we
have

IV(61) — V(02|
< sup E{|L7((61, X)) — £({82, X))| - [(v, X)I}
< sup B8, - 02, )] |0, X))
MCy

SM sup E (|<’U,X>|3) |01 — 02’2 S W

vesSp—1

’01 — 92|2.

e Assumption D:

Mo, 0,(Y, X ,v) [(v, X) {L'((61, X)) — L'((62, X)) }|

_ 1
|61 — 022

0, — 6,
<M|[{v, X)|- }<|91_02|2, X>‘

Thus
sup sup E [exp {%MQI’QQ(Y,X,U)}} < sup E {exp (77|<'v,X>|2)} < Cpy.
veSp—1 01,02 vesp—1
Similarly

p
sup M (Y, X,,0) < sup M|X|-|(v,X)| < MIX[3= MY (X, e,

vesp—1 vesp—1 -1

where e; is the [-th base vector. Then using generalized Hélder’s inequality we can
prove

’]7 JE—
E | sup exp{M Y, X, v H =
LESFl Mp ( )

<

1/p
HE{exp (n\(X,el>|2)}] < Cpu.
=1
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e Assumption E: The variance at 8* is

o0 < [{-Y + L0, X))} X7]
=E [e(0)L"((6%, X)) X?],

then we can bound them as follows

ot (6")

") <e(0) Amax{V(07)} < 0~ Me(o)Co,
o7(6")

<c
>¢(0) Amin{ VA(67)} > poc(o).

e Assumption F: Using Cauchy inequality we have

Elexpn|V fi(Y, X,60%) — 11(0")|]
<E|expr |£/((67, X)) X; — Y Xi| |

<VE[expn|L'((6*, X)) — Y ] E [expn|(X;, e)[?] < Car.

As an example, we can show that the logistic regression model satisfies these conditions.

Example 3 (Logistic regression) In logistic regression model, the response variable Y takes
value in {0,1}, and the link function is L(x) = log(1 + €*). Then we can compute that

_ 1 neoy 1
Cl4e’ ﬁ(x)_(1+ew)(1+e—r)’

L'(x) £ ()] < 2.

It is not hard to verify that conditions (C1)-(C3) in Proposition 28 hold, provided non-
degenerate subgaussian covariate X .

D.2 M-Estimator

Next we consider the M-estimator. Assume that each i.i.d. observation (X,Y) € RPF! is
generated from the linear model,

Y = (0%, X) + e, (93)

and the loss function is

Then we have the following proposition.
Proposition 29 Let (X,Y) be observation of linear model (93) and L is a convex regres-

sion function. Suppose the noise € is independent of the covariate X, and E{L'(¢)} = 0.
Moreover the following conditions hold true:
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(C1°) There exists po > 0 such that
min {E{E”(e)},E{E'(e)Z}, inf IE|<'U,X>\2} > po;
vesSp1

(C2’) There ezists a constant M > 0 such that
(@) < M, [L(@1) — L (@2)] < Mwy — 2a;

(C3’) There exists n,Cyr > 0 such that
sup 1E [exp {n\(v,X}]Q}] <Cum, Elexp {n\ﬁ’(e)]Q}] < Cu.

vESP—
Then the loss function defined in (94) satisfies Assumptions A-F.

Again condition (C1’) implies the non-degeneracy of covariate X. The first half of
condition (C3’) requires covariate X to be sub-gaussian. While the noise, depending on
the explicit formulation of £, can be heavy-tailed. As will be seen in the following, the
noise has to be sub-gaussian in linear regression, but is allowed to be heavy-tailed in Huber
regression. It is worthwhile noting that for the ease of presentation, in condition (C2’) we
simply assume £” to be Lipschitz continuous. However, in Example 2, we will prove that
the Huber regression model satisfies all assumptions in Section C.1.1.

Proof [Proof of Proposition 29] We can directly compute the gradient and Hessian as
follows:

VY, X,,0)=L'((X,0-60" +¢X,
V) =E{L"((X,0 —0%) +e) X X1}
Now we verify those assumptions.
e Assumption B:

Amax{Vp(0%)} = sup 1 E {ﬁ”(e)|vTX]2}

vESP—

=E{L"(e)} sup E|v"X|* <n 'MCy,

vesp—1
Amin{Vp(0*)} = inf E{L"(e)|v" X|*}
vesp—1
=E {£" inf E|vTX|* > pj.
{£'(e)} inf Elv X|"=p
e Verification for Assumption C and D are almost the same as the proof in Proposition
28, thus omitted for brevity.
e Assumption E: The variance of the I’th coordinate is
ot (0") =E [L'(e)*X}] = E [L'(e)?] E(XP),
thus
2/ * (32 2 —22
0*) <E L E(X7)} < C
ot(67) <E[£(0*) max (E(XP)} < 2,

o2 (6*) >E [£/()?] 1Igligu{la()(f)} > pi.
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e Assumption F: Using Cauchy inequality we have
E[expnVAY, X,07) — 1 (67)]]
<E|expy |£/(e)Xi] |

<VE [expn|L'(€)]?] E [expn[(X, &)[?] < Cr-

Example 1 Continued. In linear regression model, the regression function £ is defined by
L(z) = 22/2. Then we can compute that £'(x) = z,L"(x) = 1. Tt is relatively straightfor-
ward to verify that the conditions in Proposition 29 hold, provided X is a non-degenerate
sub-gaussian random vector and the noise € follows a zero-mean sub-gaussian distribution.

Example 2 Continued. In Huber regression model, the regression function £ is defined
by
L) = 22 /2 for |z| ;5,
0(|z| —0/2) otherwise.

Then we can compute that

Lx)=4" forfel <0 priy Z1(n) < 9).
J sign(x) otherwise, -

In this case, Proposition 29 is not directly applicable since £ (x) is not Lipschitz continuous.
However, if noise € has a symmetric distribution and uniformly bounded probability density
function, Assumption C can be verified as follows.

Proof [Verification for Huber Regression] We only need to show the Lipschitz Hessian
assumption C holds true. It is easy to compute the Hessian matrix of Huber loss as follows:

V(@) =E{I((X,0 —0") +¢ <5HXX"}.

Assume the noise € has probability density function p(z) uniformly bounded by a constant
M > 0, then by independence of € and X, there is

V() = E{P(|<X,9 —0") +¢| < 5‘X>XXT}.
Then for arbitrary 61,0> € RP, we have

[Vi(01) — V(62|
— sup E[{P(\(X,Ol 0+ <o ] X) —IP’(\(X,OQ 0+ <o ] X)} |UTX|2}

veSp—1

<2M sup E{[(61 — 02, X)|- (v, X)[*} <0732 MCr|61 — 03]

veSp—1
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