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ABSTRACT

The problem of distributed optimization requires a group of networked agents to compute a parameter
that minimizes the average of their local cost functions. While there are a variety of distributed
optimization algorithms that can solve this problem, they are typically vulnerable to “Byzantine”
agents that do not follow the algorithm. Recent attempts to address this issue focus on single
dimensional functions, or assume certain statistical properties of the functions at the agents. In this
paper, we provide two resilient, scalable, distributed optimization algorithms for multi-dimensional
functions. Our schemes involve two filters, (1) a distance-based filter and (2) a min-max filter, which
each remove neighborhood states that are extreme (defined precisely in our algorithms) at each
iteration. We show that these algorithms can mitigate the impact of up to F' (unknown) Byzantine
agents in the neighborhood of each regular agent. In particular, we show that if the network topology
satisfies certain conditions, all of the regular agents’ states are guaranteed to converge to a bounded
region that contains the minimizer of the average of the regular agents’ functions.

Keywords Byzantine Attacks - Convex Optimization - Distributed Algorithms - Fault Tolerant Systems - Graph Theory -
Machine Learning - Multi-Agent Systems - Network Security

1 Introduction

The design of distributed algorithms has received significant attention in the past few decades [1} 2l]. In particular, for
the problem of distributed optimization, a set of agents in a network are required to reach agreement on a parameter that
minimizes the average of their local objective functions, using information received from their neighbors [3, 4} 15, 16]. A
variety of approaches have been proposed to tackle different challenges of this problem, e.g., distributed optimization
under constraints [7]], distributed optimization under time-varying graphs [8], and distributed optimization for non-
convex non-smooth functions [9]]. However, these existing works typically make the assumption that all agents are
trustworthy and cooperative (i.e., they follow the prescribed protocol); indeed, such protocols fail if even a single agent
behaves in a malicious or incorrect manner [[10].

As security becomes a more important consideration in large scale systems, it is crucial to develop algorithms that are
resilient to agents that do not follow the prescribed algorithm. A handful of recent papers have considered fault tolerant
algorithms for the case where agent misbehavior follows specific patterns [11[12]. A more general (and serious) form
of misbehavior is captured by the Byzantine adversary model from computer science, where misbehaving agents can
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send arbitrary (and conflicting) values to their neighbors at each iteration of the algorithm. Under such Byzantine
behavior, it has been shown that it is impossible to guarantee computation of the true optimal point [10, [13]. Thus,
researchers have begun formulating distributed optimization algorithms that allow the non-adversarial nodes to converge
to a certain region surrounding the true minimizer, regardless of the adversaries’ actions [[13. 14} 10} [15]].

It is worth noting that one major limitation of the above works [13} 14,10, [15]] is that they all make the assumption of
scalar-valued objective functions, and the extension of the above ideas to general multi-dimensional convex functions
remains largely open. In fact, one major challenge for minimizing multi-dimensional functions is that the region
containing the minimizer of the sum of functions is itself difficult to characterize. Specifically, in contrast to the case of
scalar functions, where the global minimizeﬂ always lies within the smallest interval containing all local minimizers,
the region containing the minimizer of the sum of multi-dimensional functions may not necessarily be in the convex
hull of the minimizers [16].

There exists a branch of literature focusing on secure distributed machine learning in a client-server architecture
[L7,118,[19], where the server appropriately filters the information received from the clients. However, their extensions
to a distributed (peer-to-peer) setting remains unclear. The papers [20, 21} 22| consider a vector version of the resilient
machine learning problem in a distributed (peer-to-peer) setting. These papers show that the states of regular nodes
will converge to the statistical minimizer with high probability (as the amount of data of each node goes to infinity),
but the analysis is restricted to i.i.d training data across the network. However, when each agent has a finite amount
of data, these algorithms are still vulnerable to sophisticated attacks as shown in [23]. The work [24] considers a
Byzantine distributed optimization problem for multi-dimensional functions, but relies on redundancy among the
local functions, and also requires the underlying communication network to be complete. The work presented in [25]]
proposes a resilient algorithm under statistical characteristic assumptions but lacks guarantees. The recent work [26]]
studies resilient stochastic optimization problem under non-convex and smooth assumptions on local functions, which
differs from our focus. The algorithm proposed in that work achieves convergence to a stationary point up to a constant
error but does not ensure asymptotic consensus. Additionally, the recent work [27]] offers convergence guarantees to
a neighborhood of the optimal solution under deterministic settings, but it pertains to a distinct class of functions —
strongly convex and smooth functions.

To the best of our knowledge, our conference paper [28]] is the first one that provides a scalable algorithm with
convergence guarantees in general networks under very general conditions on the multi-dimensional convex functions
held by the agents in the presence of Byzantine faults. Different from existing works, the algorithm in [28]] does not
rely on any statistical assumptions or redundancy of local functions. Technically, the analysis addresses the challenge of
finding a region that contains the global minimizer for multiple-dimensional functions, and shows that regular states
are guaranteed to converge to that region under the proposed algorithm. The Distance-MinMax Filtering Dynamics in
[28] requires each regular node to compute an auxiliary point using resilient asymptotic consensus techniques on their
individual functions’ minimizers in advance. After that, there are two filtering steps in the main algorithm that help
regular nodes to discard extreme states. The first step is to remove extreme states (based on the distance to the auxiliary
point), and the second step is to remove states that have extreme values in any of their components. On the other hand,
the algorithm in 28] suffers from the need to compute the auxiliary point prior to running the main algorithm, since the
fixed auxiliary point is only achieved by the resilient consensus algorithm asymptotically.

In this paper, we eliminate this drawback. The algorithms and analysis we propose here expand upon the work in [28]]
in the following significant ways. First, the algorithms in this paper bring the computation of the auxiliary point into the
main algorithm, so that the local update of auxiliary point and local filtering strategies are performed simultaneously.
This makes the analysis much more involved since we need to take into account the coupled dynamics of the estimated
auxiliary point and the optimization variables. Second, the algorithms make better use of local information by including
each regular node’s own state as a metric. In practice, we observe that this performs better than the approach in [28]],
since each agent may discard fewer states and hence, there are more non-extreme states that can help the regular
agents get close to the true global minimizer. Again, we characterize the convergence region that all regular states
are guaranteed to converge to using the proposed algorithm. Third, we present an alternate algorithm in this paper
which only makes use of the distance filter (as opposed to both the distance and min-max filter); we show that this
algorithm significantly reduces the requirements on the network topology for our convergence guarantees, at the cost
of losing guarantees on consensus of the regular nodes’ states. Importantly, our work represents the first attempt to
provide convergence guarantees in a geometric sense, characterizing a region where all states are ensured to converge
to, without relying on any statistical assumptions or redundancy of local functions.

Our paper is organized as follows. Section [2]introduces various mathematical preliminaries, and states the problem of
resilient distributed optimization. We provide our proposed algorithms in Section[3] We then state the assumptions
and some important results related to properties of the proposed algorithms in Section[d] In Section 5] we provide

'We will use the terms “global minimizer" and “minimizer of the sum" interchangeably since we only consider convex functions.
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discussion on the results. Finally, we simulate our algorithms to numerically evaluate their performance in Section 6]
and conclude in Section[7l

2 Mathematical Notation and Problem Formulation
Let N, Z and R denote the set of natural numbers (including zero), integers, and real numbers, respectively. We also

denote the set of positive integers by Z . The cardinality of a set is denoted by | - |. The set of subgradients of a convex
function f at point @ is called the subdifferential of f at &, and is denoted 9 f ().

2.1 Linear Algebra

Vectors are taken to be column vectors, unless otherwise noted. We use 2® to represent the /-th component of a vector

x. The Euclidean norm on R? is denoted by || - ||. We denote by (u, v) the Euclidean inner product of w and v, i.e.,
(u,v) = uT'v and by Z(u,v) the angle between vectors u and v, i.e., Z(u,v) = arccos (%) We use S to

denote the set of positive definite matrices in R?*?. The Euclidean ball in d-dimensional space with center at o and
radius r € R~ is denoted by B(zxg,7) := {x € R? : ||z — x| < r}.

2.2 Graph Theory

We denote a network by a directed graph G = (V, £), which consists of the set of nodes V = {vy,vs,...,05} and
the set of edges £ C V x V. If (v;, v]-) € &, then node v; can receive information from node v;. The in-neighbor and
out-neighbor sets are denoted by N = {v; € V: (vj,v;) € E} and N = {v; € V1 (v;,v;) € E}, respectively.

A path from node v; € V to node v; € V is a sequence of nodes vy, , V,, - . . , U, such that vy, = v;, vy, = v; and
(Vk,, Vk,,,) € € for 1 < r <1 — 1. Throughout the paper, the terms nodes and agents will be used interchangeably.
Given a set of vectors {x 1, T, ..., Ty}, where each z; € R?, we define forall S C V),

{wi}g = {iL’i S R? . V; € S}

Definition 2.1. A graph G = (V, £) is said to be rooted at node v; € V if for all nodes v; € V' \ {v;}, there is a path
from v; to v;. A graph is said to be rooted if it is rooted at some node v; € V.

We will rely on the following definitions from [29].

Definition 2.2 (r-reachable set). For a given graph G and a positive integer r € Z ., a subset of nodes S C V is said to
be r-reachable if there exists a node v; € S such that [N[*\ S| > r.

Definition 2.3 (r-robust graph). For r € Z,, a graph G is said to be r-robust if for all pairs of disjoint nonempty
subsets S1, Sy C V, at least one of S; or S is r-reachable.

The above definitions capture the idea that sets of nodes should contain individual nodes that have a sufficient number
of neighbors outside that set. This will be important for the local decisions made by each node in the network under our
algorithm, and will allow information from the rest of the network to penetrate into different sets of nodes.

2.3 Adversarial Behavior

Definition 2.4. A node v; € V is said to be Byzantine if during each iteration of the prescribed algorithm, it is capable
of sending arbitrary (and perhaps conflicting) values to different neighbors. It is also allowed to update its local
information arbitrarily at each iteration of any prescribed algorithm.

The set of Byzantine nodes is denoted by .A C V. The set of regular nodes is denoted by R = V' \ A.

The identities of the Byzantine agents are unknown to regular agents in advance. Furthermore, we allow the Byzantine
agents to know the entire topology of the network, functions equipped by the regular nodes, and the deployed algorithm.
In addition, Byzantine agents are allowed to coordinate with other Byzantine agents and access the current and previous
information contained by the nodes in the network (e.g. current and previous states of all nodes). Such extreme behavior
is typical in the study of the adversarial models [[10} [13}[20]. In exchange for allowing such extreme behavior, we will
consider a limitation on the number of such adversaries in the neighborhood of each regular node, as follows.

Definition 2.5 (F-local model). For F' € Z, , we say that the set of adversaries A is an F-local set if [N N A| < F,
forall v; € R.

Thus, the F'-local model captures the idea that each regular node has at most ' Byzantine in-neighbors.
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2.4 Problem Formulation

Consider a group of N agents V interconnected over a graph G = (V, £). Each agent v; € V has a local convex cost
function f; : R? — RR. The objective is to collaboratively solve the minimization problem

min % > i), e))

€R4
z v; €V

where & € R? is the common decision variable. A common approach to solve such problems is for each agent to
maintain a local estimate of the solution to the above problem, which it iteratively updates based on communications
with its immediate neighbors. However, since Byzantine nodes are allowed to send arbitrary values to their neighbors
at each iteration of any algorithm, it is not possible to solve Problem (1)) under such misbehavior (since one is not
guaranteed to infer any information about the true functions of the Byzantine agents) [13| [10]]. Thus, the optimization
problem is recast into the following form:

min — > fil=), )

zERY |R| ieR

i.e., we restrict our attention only to the functions held by regular nodes.

Remark 1. In the resilient distributed optimization problem, the agents are required to compute a value that (approxi-
mately) minimizes the sum of functions held by each (regular) agent. Compared to the resilient consensus problem, this
necessitates more information than simply the initial vectors held by each agent (even if those vectors are initialized
to be the local minimizers of the agents’ functions). Indeed, the need to combine estimates of the multi-dimensional
minimizer from neighbors, while incorporating gradient dynamics, all in a resilient fashion is what makes the resilient
distributed optimization problem more difficult than the standard consensus problem.

Remark 2. The additional challenge in solving the above problem lies in the fact that no regular agent is aware of the
identities or actions of the Byzantine agents. Furthermore, in the worst-case scenario, it is not feasible to achieve an
exact solution to Problem 2] as the Byzantine agents can modify the functions while still adhering to the algorithm,
making it impossible to differentiate them [13} [10]].

In the next section, we propose two scalable algorithms that allow the regular nodes to approximately solve the above
problem, regardless of the identities or actions of the Byzantine agents (as proven later in the paper).

3 Resilient Distributed Optimization Algorithms

3.1 Proposed Algorithms

The algorithms that we propose are stated as Algorithm [T]and Algorithm [2] We start with Algorithm 1. At each
time-step k, each regular nod v; € R maintains and updates a vector x;[k] € R?, which is its estimate of the solution
to Problem (2)), and a vector y,[k] € RY, which is its estimate of an auxiliary point that provides a general sense of
direction for each agent to follow.

Remark 3. The purpose of the estimates x;[k] is to be an approximation to the minimizer of the sum of the functions.
To update this estimate, the agents have to decide which of the estimates provided by their neighbors to retain at each
iteration of the algorithm (since up to F' of those neighboring estimates may be adversarially chosen by Byzantine
agents). To help each regular agent decide which estimates to keep, the auxiliary points y;,[k] are used to perform the
distance-based filtering step (Line 7). In fact, each auxiliary point provides a general sense of direction for the agents’
estimates, and thus helps them filter out adversarial estimates that attempt to draw them away from the true minimizer.

We now explain each step used in Algorithmin detailﬂ

* Line 1: &; < optimize (/f;)
Each node v; € R uses any appropriate optimization algorithm to get an approximate minimizer &; € R? of
its local function f;. We assume that there exists ¢ € R>( such that the algorithm achieves ||z; — ]| < €*
for all v; € R where =} € R? is a true minimizer of the function f;; we assume formally that such a true (but
not necessary unique) minimizer exists for each v; € R in the next section.

?Byzantine nodes do not necessarily need to follow the above algorithm, and can update their states however they wish.
3In the algorithm, X;[k], X1 [k], X™™[k], V:[k] and Y™ k] are multisets.
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Algorithm 1 Simultaneous Distance-MinMax Filtering Dynamics

Input Network G, functions {f;}}¥ |, parameter F’
1: Bach v; € R sets &; < optimize(f;)
2: Bach v; € R sets @;[0] « & and y,[0] + &
3: fork=0,1,2,3,...do

4: for v; € R do > Implement in parallel
Step I: Broadcast and Receive
5: broadcast(N™, x;[k], y,[k])
6: Xi[k], Vilk] < receive(N")
Step II: Resilient Consensus Step
7: Xk «— dist_filt(F, y,[k], Xilk])
8: XM (k] < x_minmax_£ilt(F, X8k])
9: z;[k] < x_weighted_average(X™™[k])
Step III: Gradient Update
10 x;[k + 1] + gradient(f;, z;[k])
Step I'V: Update the Estimated Auxiliary Point
11: yomig] «— y_minmax_£ilt(F, V;[k])
12: y;[k + 1] « y_weighted_average(Y™[k])
13: end for
14: end for

Line 2: z;[0] < 2] and y,[0] + &

Each node v; € R initializes its own estimated solution to Problem (2)) (z;[0] € R%) and estimated auxiliary
point (y;[0] € R?) to be &} .

Line 5: broadcast (N, x;[k], y,[k])

Node v; € R broadcasts its current state x;[k] and estimated auxiliary point y,[k] to its out-neighbors A",
Line 6: X;[k], Vi[k] < receive(N") A

Node v; € R receives the current states x;[k] and y,[k] from its in-neighbors ;™. So, at time step k, node v;
possesses the sets of stateﬂ

Xz[k}] = {wj[k] S Rd 15 € '/\[iin U {U,‘}} and yz[k}] = {y][k‘} S Rd 1V € ./\/;»in @] {Ui}}~

The sets X;[k] and Y;[k] have an indirect relationship through the distance-based filter (Line 7) as only
y,[k] € Vi[k] is used as the reference to remove states in X;[k].

Line 7: X3 [k] < dist_filt(F, y;[k], Xi[k])

Intuitively, regular node v; ignores the states that are far away from its own auxiliary state y,[k] in L? sense.
Formally, node v; € R computes the distance between each vector in X;[k] and its own estimated auxiliary
point y; [k]:

Dij[k] := l|z;[k] — y;[K]l| for a;[k] € Xi[k]. )

Then, node v; € R sorts the values in the set {D;;[k] : v; € Ni® U {v;}} and removes the F' largest values
that are larger than its own value D;;[k]. If there are fewer than F' values higher than its own value, v; removes
all of those values. Ties in values are broken arbitrarily. The corresponding states of the remaining values are
stored in X3![k]. In other words, regular node v; removes up to F' of its neighbors’ vectors that are furthest
away from the auxiliary point y, [k].

Line 8: X™™[k] + x_minmax_£filt(F, XI5k])
Intuitively, regular node v; ignores the states that contains extreme values in any of their components in
the ordering sense. Formally, for each time-step & € N and dimension ¢ € {1,2,...,d}, define the set
yremove () [k] C N", where a node v; is in V™°"¢(¢)[k] if and only if

— «'9[k] is within the F-largest values of {z\" [k] € R : @, [k] € X{(k]} and «'7[k] > «{”[k], or

— «'9[k] is within the F-smallest values of {z " [k] € R : &, [k] € X[k]} and =\ [k] < ={)[K].

*In case a regular node v; has a Byzantine neighbor v;, we abuse notation and take the value x; [k] to be the value received from

node v; (i.e., it does not have to represent the true state of node v;).
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Ties in values are broken arbitrarily. Node v; then removes the state of all nodes in [J,c ¢ o
and the remaining states are stored in X™™ [k]:

i) = {alk] e RY oy e VSN () V(oK) o
led{1,...,d}

o VE (O

.....

where VIU[k] = {v; € R : @;[k] € X[k}
* Line 9: z;[k] < x_weighted_average(X™™[k])
Each node v; € R computes
zilkl= ) welk] @[k, ®)
@; [k]ex ™ [k]
where w,, ;;[k] > 0 for all z;[k] € X™ k] and ij[k]exgnm[k] W ik] = 1.

* Line 10: x;[k + 1] < gradient (f;, z;[k])
Node v; € R computes the gradient update as follows:

@ik + 1] = zi[k] = n[k] g;[F], (6)

where g,[k] € 0f;(z;[k]) and n[k] is the step-size at time k. The conditions corresponding to the step-size are
given in the next section.
* Line 11: Y™ [k] < y_minmax_filt(F, Y;[k])

For each dimension ¢ € {1,2,...,d}, node v; € R removes the F' highest and F' lowest values of its
neighbors’ auxiliary points along that dimension. More specifically, for each dimension ¢ € {1,2,...,d},
node v; sorts the values in the set of scalars {yj(-e) (k] : y;[k] € Vi[k]} and then removes the [ largest and
F' smallest values that are larger and smaller than its own value, respectively. If there are fewer than F'
values higher (resp. lower) than its own value, v; removes all of those values. Ties in values are broken
arbitrarily. The remaining values are stored in Y™™ [k](¢) and the set Y™™ [k] is the collection of Y™™ [k](¢),

ie, Ymmik] = {Ymmk](0) : £ € {1,2,...,d}}.
* Line 12: y,[k + 1] < y_weighted_average(Y™™[k])

For each dimension £ € {1,2,...,d}, each node v; € R computes
¢ ¢ ¢
wlk+1]= Y wl ]y, ™

y$ [Kleyrm k) (0)

where wy(fz] [k] > 0 for all y](,f) [k] € Y™™ [k](¢) and Zyy)[k]ey;““‘[k](é) wy(fzj k] = 1.
Note that the filtering process x_minmax_filt (Line 8) and the filtering process y_minmax_filt (Line 11) are
different. In x_minmax_filt, each node removes the whole state vector for a neighbor if it contains an extreme
value in any component, while in y_minmax_filt, each node only removes the extreme components in each vec-
tor. In addition, x_weighted_average (Line 9) and y_weighted_average_2 (Line 12) are also different in that
x_weighted_average designates agent v; at time-step k to utilize the same set of weights {w, ;; € R : x;[k] €
XM [k]} for all components while y_weighted_average allows agent v; at time-step k to use a different set of

yz ; ER: y(-e) [k] € Y™ [k](¢)} for each coordinate ¢ (since the number of remaining values in each

weights {w ;
component | Y™™ [k](¢)| is not necessarily the same). These differences will become clear when considering the example

provided in the next subsection.

We consider a variant of Algorithm [I]defined as follows.

Algorithm 2 Simultaneous Distance Filtering Dynamics
Algorithm [2]is the same as Algorithm [I]except that

¢ Line 8 is removed, and
» X™[k] in Line 9 is replaced by XJ![k].

Although Algorithms [[]and [2] are very similar (differing only in the use of an additional filter in Algorithm [T, our
subsequent analysis will reveal the relative costs and benefits of each algorithm. We emphasize that both algorithms
involve only simple operations in each iteration, and that the regular agents do not need to know the network topology, or
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functions possessed by another agents. Furthermore, the regular agents do not need to know the identities of adversaries;
they only need to know the upper bound for the number of local adversaries. However, we assume that all regular agents
use the same step-size 7[k] (Line 10, equation (6)).

Remark 4. While the BRIDGE framework, introduced in [21], encompasses several Byzantine-resilient distributed
optimization algorithms, including those presented in [14} [10, [30]], our proposed algorithms, namely Algorithm [I]
and Algorithm 2] introduce a novel concept of auxiliary states. Specifically, each regular agent v; in our algorithms
maintains an auxiliary state y,[k], updated using a consensus algorithm, placing them within the broader framework of
ReDGRAF [27]].

While Algorithm|[I]from our work shares a similarity with BRIDGE-T [21]] by utilizing the coordinate-wise trimmed
mean, there are distinctive differences as follows.

* Firstly, our algorithm employs a distance-based filter in addition to the trimmed mean filter, allowing for an
asymptotic convergence guarantee under milder assumptions (as provided in Section d.T)). In contrast, the
convergence analysis of BRIDGE-T relies on the more restrictive assumption of i.i.d. training data.

 Secondly, the trimmed mean filter in BRIDGE-T eliminates both the smallest and largest F' values, whereas
our filter discards a subset of these values, similar to the implementation in [[10]. This variant in our approach
results in faster convergence in practice due to the resulting denser network connectivity after the filtering
steps which facilitates quicker information flow [31]].

 Lastly, while BRIDGE-T uses a simple average to combine the remaining states, our algorithm employs a
weighted average. These weights are chosen to satisfy Assumption[d.3] ensuring that the weights are lower
bounded by a positive constant if the corresponding agents remain after the trimmed mean filter. This provides
a more versatile and general scheme.

3.2 Example of Algorithm

Before we prove the convergence properties of the algorithms, we first demonstrate Algorithm |1} which is more
complicated due to the min-max filtering step (Line 8), step by step using an example.

Suppose there are 8 agents forming the complete graph (for the purpose of illustration). Let node v; have the local
objective function f; : R? — R defined as f;(x) = (2™ +4)2 + (22 — )% foralli € {1,2,...,8}. Let the set of
adversarial nodes be A = {vy4,vs} and thus, we have R = {v1, v, v3, 5, vg, v7 }. Note that only the regular nodes
execute the algorithm (and they do not know which agents are adversarial). Let /' = 2 and at some time-step keN,
each regular node has the following state and the estimated auxiliary point

aik]=[ 2", ykl=0 0,
wolk]=[ 1", ylkl=[-1 -2",
zslk] =3 3", wylkl=[-2 1",
zslkl =2 1", yslkl=[0 2",
zolk] =[1 4", yelkl=[1 3"
zilk) =0 0, ylkl=[ 3"

Let &,_,p[k] (resp. y,_,;|k]) be the state (resp. estimated auxiliary point) that is sent from the adversarial node v, € A

to the regular node v, € R at time-step k. Suppose that in time-step k, each adversarial agent sends the same states and
the same estimated auxiliary points to its neighbors (although this is not necessary) as follows:

=1 1
=2 2"

>

zilkl =3 27, vl
wsoilk] =057, ysl

Y

>

foralli € {1,2,3,5,6,7}. We will demonstrate the calculation of & [k + 1] and y, [k + 1], computed by regular node
V1.

>The number of agents in this demonstration is not enough to satisfy the robustness condition (Assumption [4.4) presented in the
next section. However, for our purpose here, it is enough to consider a small number of agents to gain an understanding for each step
of the algorithm.
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Since the network is the complete graph, the set of in-neighbors and out-neighbors of node v, is Nt = N =Y\ {v}
and X} [ | (resp. y,[ ]) includes all the states (resp. estimated auxiliary points). Then, node v, performs the distance

filtering step (Line 7) as follows First, it calculates the squared distances D%j [k] (since squaring does not alter the
order) for all x; [k] € &;[k] as in (3). Node v, has

D} [k] = 20, D}y[k] = 17, Di[k] = 18, Di,[k] = 13,
Dislk] = 5, Diglk] = 17, Di[k] = 0, Dis[k] = 25.

Since D%, [lAc] is the second largest, node v; discards only node vg’s state (which is the furthest away from v;’s auxiliary
point) and X8 contains all states except xg[k] = x5 _1[k].
Then node v; performs the min-max filtering process (Line 8) as follows. First, consider the first component of the

states in X{ﬁ“. The states of nodes v; and v contain the highest value in the first component (which is 4). Since the

tie can be broken arbitrarily, we choose xgl) [k] to come first followed by xgl) [k] in the ordering, so none of these

values are discarded. On the other hand, the state of node v; contains the lowest value in its first component, while
node vg’s state contains the second lowest value in that component (since node vg has already been discarded by the

distance filtering process). Node vy thus sets V™ (1)[k] = {vg, v7}. Next, consider the second component in which
the states of vg and v contain the highest and second highest values, respectively, and the states of v; and vs contain

the lowest and second lowest values, respectively. Thus, node v sets Vi™¥¢(2)[k] = {uvs, vs, vs, v7 }. Since node v;
removes the entire state from all the nodes in both premove (1)[] and ViemVe(2)[k], according to equation (@), we have

Xpmik] = {@[k], zo k], zalk]} = {[4 217, [4 17,3 2]}

Next, node v, performs the weighted average step (Line 9) as follows, Suppose node v; assigns the weights w; 11 [l;:} =
0.5, wz’lg[fc] = 0.25 and wz,14[1%] = 0.25. Node v; calculates the weighted average according to (3 yielding
zgl) [k] = 3.75 and z§2) [k] = 1.75. In the gradient step (Line 10), suppose n[k] = 0.1. Node v; calculates the gradient
of its local function f; at z; [k] which yields g, [k] = [9.5 1.5]7 and then calculates the state 2, [k + 1] as described in
(6) which yields @ [k + 1] = [2.8 1.6]7.

Next, we consider the estimated auxiliary point update of node v;. In fact, we can perform the update (Line 11 and

Line 12) for each component separately. First, consider the first component in which vg and v7 contain the largest
and second largest values, respectively, and vs and v, contain the smallest and second smallest values, respectively.

Node v; removes these values and thus, Y™ [k](1) = {y} 1)[A] (1)[12:] (1)[ k], (1)[ k]} = {0,—1,0,1}. Suppose node

vy assigns the weights wg(llil k] = ;1) 4[1%] = ﬁd[k} éliﬁ[k] = 0.25. Then, the weighted average of the first
component according to (7)) becomes y [k + 1] = 0. Finally, for the second component, vg and v; contain the largest

values, and v2 and v contain the smallest and second smallest values, respectively. Node v; removes the value obtained
from vy, vg and v7 and thus, the set Y [k](2) = {y(2)[ K], éz) %], yf) ], yé2) (], (2)[ k]} ={0,1,1,2,2}. Suppose
node v; assigns the weights to each value in V" [ 1(2) equally. The weighted average of the second component
becomes y( )[k +1] = 1.2. Thus, we have y, [k + 1] = [0 1.2]7.

4 Assumptions and Main Results

Having defined the steps in Algorithms[l|and |2} we now turn to proving their resilience and convergence properties.

4.1 Assumptions
Assumption 4.1. For all v; € V, the functions f;(x) are convex, and the sets argmin f; () are non-empty and bounded.

Since the set argmin f; () is non-empty, let &} be an arbitrary minimizer of the function f;.

Assumption 4.2. There exists L € R such that ||g;(z)|l2 < L forall z € RY, v; € V, and g,(x) € 0f;(x).

The bounded subgradient assumption above is common in the distributed convex optimization literature 32,33 34].

Assumption 4.3. The step-size sequence {n[k]};2, C R used in Line 11 of Algorithmis of the form

nlk] =

C1
k+co

for some c¢y,co € Ryg. (8)
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Note that the step-size in (B) satisfies [k + 1] < n[k] for all k£ € N, and
kl;rr;o nlk] =0 and kz_on[k] =00 )

for any choices of ¢1, cs € Ry.
Assumption 4.4. Given a positive integer F' € Z, the Byzantine agents form a F-local set.

Assumption 4.5. Forall k € Nand ¢ € {1,2,...,d}, the weights w, ;;[k] and wyz ; [k] (used in Line 9 and Line 12
of Algorithm are positive if and only if «;[k] € X™™[k] for Algorithm(and x;[k] € XI5 [k] for Algorithm [2) and
y]@ [k] € Y™™ [k](0), respectively. Furthermore, there exists w € R~ such that forall k € Nand ¢ € {1,2,...,d}, the
non-zero weights are lower bounded by w.

Remark 5. Regarding the prior knowledge of F' in Assumption[4.4] we note that, as with any reliable or secure system,
one has to design the system to provide a desired degree of reliability. If one requires the system to provide resilience to
a certain number of faulty nodes, one has to design the algorithm (and network) to facilitate that. This is the standard
philosophy and methodology in the literature [35, [18, 20]. Note that F' does not have to be the exact number of
adversarial nodes — it is only an upper bound on the number of adversarial nodes locally.

4.2 Analysis of Auxiliary Point Update

Since the dynamics of the estimated auxiliary points {y,[k]}r are independent of the dynamics of the estimated
solutions {x;[k]}=, we begin by analyzing the convergence properties of the estimated auxiliary points {y,[k]}%.

In order to establish this result, we need to define the following scalar quantities. For k € Nand ¢ € {1,2,...,d},
let MO[k] := max,,er v\ [k], m©O[k] := miny,er y” [k], and DO[k] := MO [k] — m©[k]. Define the vector
D] == [DW[K], DD[k], -, D[]

The proposition below shows that the estimated auxiliary points {y,[k]} = converge exponentially fast to a single point
called y[oo].

Proposition 4.6. Suppose Assumption 4 hold, the graph G is (2F + 1)-robust, and the weights wz(fz ;K] satisfy
Assumption Suppose the estimated auxiliary points of the regular agents {y,[k]} r follow the update rule described
as Line 11 and Line 12 in Algorithm|l| Then, in both Algorithm and Algorithm 2| there exists y[oo] € RY with

yO[oc] € [mO[k], MO K] for all k € Nand ¢ € {1,2,...,d} such that for all v; € R, we have

lly;[k] — yloo]|| < e,
WIRI-1
2

where a = I’Rl%l log% >0, 0:= %HD[O]

,andy:=1—

The proof of the above proposition follows by noting that the updates for {y,[k]} = essentially boil down to a set of d
scalar consensus updates (one for each dimension of the vector), Thus, one can directly leverage the proof for scalar
consensus (with filtering of extreme values) from [10, Proposition 6.3]. We provide the proof of Proposition [4.6]in

Appendix

Recall that {&; } » is the set containing the approximate minimizers of the regular nodes’ local functions. Let « be a
matrix in R4*I®R!, where each column of  is a different vector from {& } . In addition, let Z and  be the vectors in
R? defined by Z; = max;<;<|g|[®]i; and z; = min; << [®];;, respectively. Since we set y,[0] = &; forall v; € R
according to Line 2 in Algorithm[I] we can write

5:$mmn=$ﬁ—@L

4.3 Convergence to Consensus of States

Having established convergence of the auxiliary points to a common value (for the regular nodes), we now consider the
state update and show that the states of all regular nodes {x;[k]} » asymptotically reach consensus under Algorithm
Before stating the main theorem, we provide a result from [10, Lemma 2.3] which is important for proving the main
theorem.

Lemma 4.7. Suppose the graph G satisfies Assumptionand is ((2d + 1)F + 1)-robust. Let G’ be a graph obtained
by removing (2d + 1) F or fewer incoming edges from each node in G. Then G' is rooted.
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This means that if we have enough redundancy in the network (in this case, captured by the ((2d + 1) F' + 1)-robustness
condition), information from at least one node can still flow to the other nodes in the network even after each regular
node discards up to F' neighboring states in the distance filtering step (Line 7) and up to 2dF' neighboring states in
the min-max filtering step (Line 8). This transmissibility of information is a crucial condition for reaching consensus
among regular nodes.

Theorem 4.8 (Consensus). Suppose Assumptions hold, and the graph G is ((2d + 1)F + 1)-robust. If the
regular agents follow Algorithmg]then forall v;,v; € R, it holds that

Jim [z [8] — ;4] = 0.

Proof. Itis sufficient to show that all regular nodes v; € R reach consensus on each component of their vectors x;[k] as
k — oco. Forall ¢ € {1,2,...,d} and for all v; € R, from (5) and (6), the ¢-th component of the vector x;[k| evolves

as
¢ ¢ ¢
Oh+1= 3 weilk] 2P K] - ik g [k].
x;[k]exmm k]
From [10, Proposition 5.1], the above equation can be rewritten as

dO+1= > @bk k) - nlk] o7 [K], (10)
v; ENINR)U{v; }

where @.") (K] + 320, eninnr ﬁ)g(fz ;[k] =1, and w'’) [k] > w and at least |N["| — 2F of the other weights are lower

x,i1 x,11

bounded by %.

Consider the set X™™[k] which is obtained by removing at most F' + 2dF states received from v;’s neighbors (up to
F states removed by the distance filtering process in line 7, and up to 2F" additional states removed by the min-max
filtering process on each of the d components in line 8). Since the graph is ((2d + 1) F' 4 1)-robust and the Byzantine

agents form an F'-local set by Assumption from Lemma the subgraph consisting of regular nodes will be
rooted. Using the fact that the term 7[k] gfg) [k] asymptotically goes to zero (by Assumptions4.2|and (9)) and equation

(10), we can proceed as in the proof of [10, Theorem 6.1] to show that
lim [2$” k] — 27 [k]| = 0,
k—o0
for all v;,v; € R, which completes the proof. O

Theorem established consensus of the states of the regular agents, leveraging (and extending) similar analysis
for scalar functions from [10], only for Algorithm [Il However, this does not hold for Algorithm 2] since there
might exist a regular agent v; € R, time-step k& € N and dimension ¢ € {1,2,...,d} such that an adversarial state

2 (k] € {my) [k] € R : x;[k] € X3'[k],v; € A} cannot be written as a convex combination of {x(.e) k] e R:

v; € (Nj" N R) U {v;}}, and thus we cannot obtain equation (I0). On the other hand, Proposition established
consensus of the auxiliary points, which will be now used to characterize the convergence region of both Algorithm T]
and Algorithm 2]

4.4 The Region To Which The States Converge

We now analyze the trajectories of the states of the agents under Algorithm |l|and Algorithm 2| We start with the
following result regarding the intermediate state z;[k] calculated in Lines 7-9 of Algorithm

Lemma 4.9. Suppose Assumptions .4 and[.3| hold. Furthermore:
* if the regular agents follow Algorithm suppose the graph G is ((2d + 1)F + 1)-robust;
* otherwise, if the regular agents follow Algorithm suppose the graph G is (2F + 1)-robust.

Forall k € Nandv; € R, if there exists R;[k] € Rxq such that ||z;[k] — y;[k]|| < Ri[k] forallv; € (NIPNR)U{v;}
then ||zi[k] — y,[k]|| < Rilk].

Proof. Consider the distance filtering step in Line 7 of Algorithm 1| Recall the definition of D;;[k] from (). We will
first prove the following claim. For each k € N and v; € R, there exists v, € (N N R) U {v;} such that for all
;K] € X0 k],

15 [k] — y;[k]ll < [l (K] — y,[K][],

10
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or equivalently, D;; [k] < D;, [k].

There are two possible cases. First, if the set X{ﬁ“[k] contains only regular nodes, we can simply choose v, €
(Ni"NR) U {v;} to be the node whose state x,.[k] is furthest away from y,[k]. Next, consider the case where X J*![k]
contains the state of one or more Byzantine nodes. Since node v; € R removes the F' states from A" that are
furthest away from y, [k] (Line 7), and there are at most F' Byzantine nodes in A", there is at least one regular state
removed by node v;. Let v, be one of the regular nodes whose state is removed. We then have D;,.[k] > D;;[], for all
vj € {vs €V : xs[k] € X3 [k]} which proves the claim.

If Algorithm is implemented, let X;[k] = X™™[k] and we have that X™" [k] € X95[k] due to the min-max filtering

step in Line 8. If Algorithm [2|is implemented, let X;[k] = X3[k] since Line 8 is removed. Then, consider the
weighted average step in Line 9. From (5], we have

zilkl —yilkl = ) weislk] (25[k] — y,[k]).
x; [k]€X; (k]

Since ||z [k] — y;[k]|| < ||z [k] — y;[k]|| for all ;[k] € X;[k] (Where v, is the node identified in the claim at the start
of the proof), we obtain

lzilk] — gkl < D0 w2k —wilkll < > wais k] (k] -y, (k]
x; [k]€X; k] @ ;[k]€X; k]

Since v, € (N" NR) U {v;}, by our assumption, we have ||z,.[k] — y;[k]|| < R;[k]. Thus, using the above inequality
and Assumption [4.5] we obtain that || z; [k] — y,[k]|| < R;[k]. O

Lemma essentially states that if the set of states {z;[k] : v; € (MW" N R) U {v;}} is a subset of the local ball
B(y,[k], Ri[k]) then the intermediate state z;[k] is still in the ball. This is a consequence of using the distance filter
(and adding the min-max filter in Algorithm [I]does not destroy this property), and this will play an important role in
proving the convergence theorem.

Next, we will establish certain quantities that will be useful for our analysis of the convergence region. For v; € R and
€ > 0, define

Ci(e) :={x e R?: fi(x) < fi(x}) + €} (11)
For all v; € R, since the set argmin f;(z) is bounded (by Assumption[4.1)), there exists 6;(€) € (0, 00) such that
Ci(e) € B(x7, 0i(€)). (12)

The following proposition, whose proof is provided in Appendix |[C] introduces an angle 6; which is an upper bound on
the angle between the negative of the gradient of f; at a given point = and the vector x} — x.

Proposition 4.10. If Assumptionsand hold then for all v; € R and € > 0, there exists 0;(¢) € [O, g) such that
forallx ¢ C;(€) and g,(x) € Of;(x),
£(=gi(z), zi —x) < Oi(c). (13)

Before stating the main theorem, we define
Ry = |z} — yloo]]. (14)
Furthermore, for all { € R>( and € € R, we define the convergence radius

s*(€,€) = max { max{R; sec ;(e), R; + Si(e)}} +¢. (15)

where R;, 0;(¢) and 6;(e) are defined in (T4), (T3) and (T2), respectively. Based on the definition above, we refer to
B(y[oo], s*(&, €)) as the convergence ball.

‘We now come to the main result of this paper, showing that the states of all the regular nodes will converge to a ball of
radius inf.~o s*(0, €) around the auxiliary point y[oo] under Algorithm and Algorithm

Theorem 4.11 (Convergence). Suppose Assumptions hold. Furthermore:

* if the regular agents follow Algorithm[l} suppose the graph G is ((2d + 1)F + 1)-robust;

11



Scalable Distributed Optimization Despite Byzantine Adversaries A PREPRINT

* otherwise, if the regular agents follow Algorithm suppose the graph G is (2F + 1)-robust.

Then regardless of the actions of any F-local set of Byzantine adversaries, for all v; € R, we have

lim sup ||a;[k] — y[oo]|| < inf s*(0, €).
k e>0

The proof of the theorem requires several technical lemmas and propositions, and thus, we provide a proof sketch in
Section[4.5]and a formal proof in the appendix.

The following theorem, whose proof is provided in Appendix [D} provides possible locations of the true minimizer z*,
which is in fact inside the convergence region, even in the presence of adversarial agents.

Theorem 4.12. Let x* be a solution of Problem (). If Assumptions and hold, then x* €
B(y[oo], infeso 5*(0,€)).

Theorem [d.11)and Theorem .12 show that both Algorithms [T]and 2] cause all regular nodes to converge to a region that
also contains the true solution, regardless of the actions of any F'-local set of Byzantine adversaries. The size of this
region scales with the quantity inf.~o s*(0, €). Loosely speaking, this quantity becomes smaller as the minimizers of
the local functions of the regular agents get closer together. More specifically, consider a fixed € € R (. If the functions
fi(x) are translated so that the minimizers x} get closer together (i.e., R; is smaller while 6;(¢) and 9;(€) are fixed),
then s*(0, €) also decreases. Consequently, the state x;[k] is guaranteed to become closer to the true minimizer * as
k goes to infinity. Figure[T]illustrates the key quantities outlined in the main theorems. A detailed discussion of the
convergence region is further provided in Section [5.4}

Illustration of Each Key Quantity

x@
N

.
1
1
1
1
-l

Figure 1: The local minimizers x; and the global minimizer «* are shown in the plot. The estimated auxiliary point
y[oo] is in the rectangle formed by the local minimizers (Proposition whereas the global minimizer =* is not
necessarily in the rectangle [16]. However, the ball centered at y[oo] with radius inf.~q s*(0, €) contains both the
supremum limit of the state vectors x;[k| and the global minimizer * (Theorem4.11 and

We would like to highlight the scalability of our algorithms in terms of both computational complexity and graph ro-
bustness requirements, specifically in relation to the number of dimensions d. Algorithms T]and 2]exhibit computational
complexities of O(d?) and O(d) operations per agent per iteration, respectively. A detailed calculation is provided in
Section Furthermore, they impose robustness requirements of O(d) and O(1) to achieve the convergence result, as
demonstrated in Theorem .11} While Algorithm [2]is more scalable, it lacks a consensus guarantee, unlike Algorithm T]
(refer to Theorem [4.8). Further insights and discussions on this topic are presented in Section [5.2)and Remark [6]

4.5 Proof Sketch of the Convergence Theorem

We work towards the proof of Theorem [&.1T]in several steps, which we provide an overview below. The proofs of the
intermediate results presented in this section are provided in Appendices [E} [F]and [G]

For the subsequent analysis, we suppose that the graph G

* is ((2d + 1)F + 1)-robust for Algorithm[I] and
* is (2F + 1)-robust for Algorithm 2]

Furthermore, unless stated otherwise, we will fix £ € R+ and ¢ € R, and hide the dependence of £ and ¢ in d;(¢)
and s* (&, €) by denoting them as ¢; and s*, respectively.

12
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4.5.1 Gradient Update Step Analysis

First, we consider the update from the intermediate states {z;[k]} & to the states {z;[k + 1]} via the gradient step
(@) (i.e., Line 10). In particular, we provide a relationship between ||z;[k] — y[oo]|| and ||@;[k + 1] — y[oo]|| for three
different cases:

 Jlz:lk] — yloc]| € [0, max,, er {R; + 6],
 llz:lk] — ylocl| € (maxy,er{R; + 6, 57,
* [[zilk] = ylool|| € (57, 00).
The corresponding formal statements are presented as follows. Lemma[d.13]below essentially says that if & is sufficiently

large and z;[k] € B(y[oc], max,,cr { R; + 6;}), then after applying the gradient update (B), the state x; [k + 1] will
still be in the convergence ball. To establish the result, let kT € N be a time-step such that n[k}] < %

Lemma 4.13. Suppose Assumptions hold. Forallv; € Rand k > k3, if z;[k] € B(y[oc], maxvjen{éj +6;})
then xz;[k + 1] € B(y[oc], s).

Lemma4.14} based on Proposition[4.10} analyzes the relationship between ||z;[k] — y[oo]|| and [|;[k + 1] — y[oc]|
when | z;[k] — y[o0]|| > R; + 0;. The result will be used to prove Lemma

For v; € R, define A; : [Rl, 00) X R>¢ — R to be the function

Ai(p,l) == 21(\/172—7}?3005 0; — R;sinf;) — 2. (16)

Lemma 4.14. Suppose Assumptions and hold. Forall v; € R and k € N, if || z;[k] — y[oo]|| > Ri +
then

ik + 1] = yloo]|* < llzs[k] — yloo]lI* — Ai(llzs[k] — yloo]ll, nlk] llg:[K]I), (7)
where g;[k] € R? is defined in (6).
Similar to Lemma Lemma”below states that if & is sufficiently large and || z;[k] — y[oc]|| € (max,,er{R; +
di}, s*} then by applying the gradient step (6)), we have that the state @;[k + 1] is still in the convergence ball.

To simplify the notations, define

af := —R;sin6; + \/(3*)2 — R%cos260; and b; := 2(y/(s%)? - R2cos6; — R; sinb;). (18)

Let k3 € N be a time-step such that n[k3] < 1 min,,er { min{a;, b;}}.

Lemma 4.15. Suppose Assumptions hold. Forallv; € R and k > k3, if || z;[k] — y[oo]|| € (max,, er{R; +
8;}, s*] then ||lz;[k + 1] — y[oo]|| € [0, s*].

The following lemma is useful for bounding the term A; appeared in for the case that ||z, [k] — y[oo]|| > s*.
Define the set of agents

L.[k] == {vi € R : ||zi[k] — yloo]|| > 57}, (19)
and let k5 € N be a time-step such that n[k3] < ;-
Lemma 4.16. IfAssumptionshold then for all k > k% and v; € T,[k],

min,,er b;.

Ai(l|zi[k] = yloolll, nlk] llg;[K1ll) > %biLin[k]a

where A; and g, [k] are defined in (I6) and (@), respectively, and L, := 50 >0

Note that the quantity L, defined above can be interpreted as a lower bound on a subgradient of the function f;(x)
when x ¢ C;(e).

Lemmas 4.16]collectively establish the complete relationship governing the update from {z;[k]}= to {;[k+1]} %,
which will be used to prove Lemma[4.18]

13
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4.5.2 Bounds on States of Regular Agents

Next, we consider the update from the states {x;[k]} % to the intermediate states {z;[k]}= via two filtering steps
(Lines 7 and 8) and the weighted average step (Line 9). In particular, utilizing Lemma 4.9} we derive the following
relationship.

Proposition 4.17. If Assumptions 4.4 and[d.5] hold, then for all k € N and v; € R, it holds that
(k] = yloo]|| < max [laz; [k] — yloo|| + 2lly;[k] — y[oo]].

By combining the above inequality with the relationship between | z;[k] — y[oo]|| and ||z;[k + 1] — y[oo]|| from
Lemmas {.13[[4.16] and bounding the second term on the RHS, ||y;[k] — y[oc]|, using Proposition [4.6] we obtain
a relationship between ||x;[k + 1] — y[oo]|| and max,,cr ||x;[k] — y[oo]||. As a result, we can bound the distance
max,,er ||z [k] — y[oo]|| by a particular bounded sequence defined below.

Define the time-step ko € N as ko := maxyc; 2 3) k. Recall the definition of o and 3 from Proposition Let

ko—1 ko—1
_ ) o —ak
Olko] = max |l2:[0] — ylooll| +28 3 ™" + L Y nlk], (20)
k=0 k=0
and define a sequence {@[k]}72,, satisfying the update rule
2 _ )2 —aky2 _ 1 BT
@2k + 1] = max {(s)%, ([k] +28=*)” — Snlk] min biL, . 1)

Lemma 4.18. Suppose Assumptions hold. For all k > ky, it holds that

max |i[k] — y[oo]|| < 6[Kk]

Furthermore, there exists ¢ € R>q such that for all k > ko, the sequence ¢[k] can be uniformly bounded as ¢[k] < ¢.

4.5.3 Convergence Analysis

Finally, we will utilize the following lemma to further analyze the sequence {¢[k]} defined in @I).
Lemma 4.19. Consider a sequence {[k]}?2, C R that satisfies >, Ti[k] = oo. If 11 € R>0, 72 € Rsg and
X € (—1,1), then there is no sequence {ulk]};°> , C R>q that satisfies the update rule

WPk + 1] = (ulk] + 71A")? — v2i[k].

By employing Lemmas and [4.19] Proposition demonstrates that any repulsion of the state z;|k| from the
convergence ball B(y[oc], s*) due to inconsistency of the estimates of the auxiliary point (Proposition

and[4.17)
is compensated by the gradient term pulling the state x;[k] to the convergence ball. Consequently, the quantity ¢[k
decreases until it does not exceed s*. In other words, the sequence analysis results in

ma | [k] — yloc] | < ofk] < 5° )

for a sufficiently large time-step k. The crucial finite time convergence result is formally stated as follows.

Proposition 4.20. Suppose Assumptions hold. Then, there exists K € N such that for allv; € R and k > K,
we have x;[k] € B(y[o0], s%).

Since all the prior analyses valid for all £ € R and € € R+, the convergence result in Theorem follows from
taking inf¢~q >0 and lim sup;, to 22).

5 Discussion

5.1 Fundamental Limitation

One would ideally expect an algorithm to provide convergence to the exact minimizer of the sum of the regular
agents’ functions when there are no Byzantine agents in the network. However, prior works [[14, [10] have established
a fundamental limitation, showing that achieving such a guarantee is not possible unless the set of local functions
possesses a redundancy property, known as 2F-redundancy [24]. This limitation arises from the strong model of

14
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Byzantine attacks considered, where a Byzantine agent can substitute the given local function with a forged function
that remains legitimate. Consequently, detecting such suspicious behavior or determining the total number of Byzantine
agents |.A| in the network is not possible, as the Byzantine agent can follow the algorithm while influencing the
outcome of distributed optimization (as discussed in Remark [2)). In other words, in settings where Byzantine agents are
potentially present (i.e., F' > 0) and there is no known redundancy among the functions, achieving zero steady state
error is impossible even when there are no Byzantine agents actually present (i.e., |A| = 0) [14,[10].

Our work, imposing only mild assumptions on the local functions, is constrained by this fundamental limit. Although
our approach can recover the distributed subgradient method [32} [8]] when selecting the parameter F' = 0, in the worst
case scenario, there is no way to determine the number of Byzantine agents. As discussed in Remark 3} in practice, we
need to choose the parameter F' in the design phase, i.e., prior to the execution of the algorithm. Thus, in our work,
the parameter F' serves as the maximal number of Byzantine agents in a set of neighbors that the designed system can
tolerate, providing a convergence guarantee, as stated in Theorem [4.11}

It is crucial to acknowledge that the fundamental limit is well-established for distributed optimization problems.
However, the question of the dependence of the smallest size of the convergence region on the parameters characterizing
the function class remains an important open problem [27].

5.2 Redundancy and Guarantees Trade-off

An appropriate notion of network redundancy is necessary for any Byzantine resilient optimization algorithm [10]; for
both Algorithm[I]and Algorithm[2] this is captured by the corresponding robustness conditions in Theorem@.11] In
particular, Algorithm|[I|requires the graph to be ((2d + 1) F + 1)-robust since it implements two filters (a distance-based
filter (Line 7) and a min-max filter (Line 8)) while Algorithm [2|requires the graph to only be (2F' + 1)-robust as a result
of only using the distance-based filter. Since each of these filtering steps discards a set of state vectors, the robustness
condition allows the graph to retain some flow of information. Thus, while Algorithm [I|requires significantly stronger
conditions on the network topology (i.e., requiring the robustness parameter to scale linearly with the dimension of
the functions), it provides the benefit of guaranteeing consensus. Algorithm [2only requires the robustness parameter
to scale with the number of adversaries in each neighborhood, and thus can be used for optimizing high-dimensional
functions with relatively sparse networks, at the cost of losing the guarantee on consensus.

Remark 6. The linear dependence of the redundancy requirement on the number of dimensions d is, in fact, typical for
resilient vector consensus (e.g., see [36, 137, 138|139, 140, 411 142]]); The survey paper [43, Section 5.3] provides a detailed
discussion of papers that require this assumption. Despite such a condition/restriction being “standard” in the literature,
the linear growth in the number of neighbors with the dimension of the state is undesirable. To address the drawback of
requiring high redundancy, we provide Algorithm 2] which is an alternative solution that does not depend on the number
of dimensions d; however, in this case, we lose the consensus guarantee unlike Algorithm

5.3 Time Complexity

Suppose the network is r-robust and the number of in-neighbors |Ni"| is linearly proportional to 7 for all v; € V. For
the distance-based filter (Line 7), each regular agent v; € R computes the L2-norm between its auxiliary state and
in-neighbor states and then finds the F’ agents that attain the maximum value; this procedure takes O(dr) operations.
On the other hand, for the min-max filter (Line 8), each regular agent v; € R is required to sort the in-neighbor
states for each dimension which takes O(drlogr) operations. For Algorithms 1| and [2} the total computational
complexities for filtering process are O(d?) and O(d), respectively. Compared to the resilient vector consensus
literature [36] 37, 38}, [39] 140, 41}, 142]], which requires exponential in the number of dimensions d for computational
complexity, our algorithms have significantly lower computation costs.

5.4 Convergence Ball

In terms of the size of the convergence ball, it is crucial to note that the convergence radius defined in (I3) remains
independent of the Lipschitz constant L, the number of regular agents |R| (in contrast to the result in [26]), or the
maximum number of neighboring Byzantine agents F'. Instead, the radius hinges solely on specific characteristics of
local functions: the locations of local minimizers (captured by R;), sensitivity (captured by 6;), and the size of the set
of local minimizers (captured by ¢;). However, the quantity R; can be proportional to v/d in the worst case as analyzed
in [27]]. As we will discuss next, remarkably, the sensitivity 8; defined in Proposition is intimately linked to the
condition number of a function.

For simplicity, we will omit the agent index subscript ¢ in the subsequent analysis and assume x; = 0. Consider

a quadratic function f(z) = 1||Ax|?, where A € R%*? is a positive definite matrix. Now, we will examine the

2
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quantity sup,,.o £(g(x), z) from Proposition where g(x) = Vf(z) = AT Ax. We aim to demonstrate that

sec (Supgo Z(g(x),2)) < (|A| - |A7")? := &, where || - || denotes the induced matrix norm, and « is the
condition number associated with the function f [44]. It is noteworthy that this inequality, with the replacement of
SUPg20 Z(g(2), ) by sup,_, Z(g(x),x — x.), holds for the more general case of f(x) = 3| A(x — x.) + b|?
with z, € R? and b € R

To show such result, we proceed as follows:

cos (sup é(g(az),az)) = inf (cosl(g(aj),az)) = ggléfo (WM) — inf (Hﬁiﬁf . ||| )

20 w0 lg(@)[l - llzll ) =70 |AT A
> ( inf |Aw|>2<sup WAQE”) 1 > (||A_1|| : HA||)_2-
270 ||| z70 ]
In the last inequality, we utilize the properties that inf,_o IIﬁ‘;wHH = ﬁ due to the invertibility of A and
SUp,_so HAHT:E‘TH = |ATA|| < ||A|? due to the sub-multiplicative property of induced matrix norm, and
AT = |lA]|.

To get a sense of the convergence region, we consider univariate functions (i.e., the d = 1 case). To facilitate the
discussion, we denote min,,cr =; and max,,er ; by z and 7, respectively. Suppose that the local minimizer z; is
unique for all v; € R so that the quantity §; defined in (I2) can be chosen arbitrarily close to zero for all v; € R. In this
case, we have that for all v; € R, 6; defined in (T3) is zero. Therefore, the convergence radius s* in (I3) simplifies
to max,,er R; (where R; defined in (T4)). In the best case, we can have y[oo] = %(g + T) which results in the
convergence region [z, Z| as derived in [[10]. In the worst case, (assuming numerical error €* in Line 1 is zero) we can
have y[oo] = z or T which results in the convergence region [2x — T, | or [z, 2T — x|, respectively. In such worst case,
the region is two times bigger than the region derived in [[10]. These results are due to our “radius analysis" which is
uniform in all directions from y[o0].

Remark 7. Regarding the convergence rate, given the general convex (possibly non-smooth) nature of the problem,
achieving only sublinear convergence is typical in centralized settings [45]. Specifically, the anticipated convergence

rate may align with the O ( logkk) rate observed in [8] for non-faulty distributed cases. While our current work provides

asymptotic analysis due to inherent challenges, our future endeavors aim to explore explicit convergence rates for a
broader class of Byzantine-resilient distributed optimization algorithms.

5.5 Maximum Tolerance

Based on the robustness condition for each algorithm and a formula from [46]], given the number of agents N in the
complete graph and number of dimensions for the optimization variables d, the upper bound on the number of local
Byzantine agents F' such that the corresponding guarantees still hold, is as follows:

o [ = {%J for Algorithm and
« F=|[3(N—1)] for Algorithm

From a practical perspective, the robustness property demonstrates a natural trade-off for the system designer. A
network that has a stronger robustness property can tolerate more adversaries, but can also induce more costs.

5.6 Importance of Main States Computation

If we simply implement a resilient consensus protocol on local minimizers similar to the auxiliary states, y,[k],
computation (in Lines 11-12) and remove the main states, @;[k], computation (in Lines 7-9), we would obtain that the
states of the regular agents converge to the hyper-rectangle formed by the local minimizers (for resilient component-
wise consensus algorithms [47])), or the convex hull of the local minimizers (for resilient vector consensus algorithms
[40. 48]]). Even though using a resilient consensus protocol seems to be a good method for the single dimension case
since the resilient distributed optimization algorithm also pushes the states of the regular agents to such sets [13,/10] (and
they are identical in this case), it might not give a desired result for the multi-dimensional case. First, it is possible that
the minimizer of the sum lies outside both the hyper-rectangle and convex hull [16]49] as shown in Figure[T] Second,
using only a resilient consensus protocol, one ignores the gradient information which steers the regular agents’ states
to the true minimizer. Third, we empirically show in Section[6]that implementing a resilient distributed optimization
algorithm (especially Algorithm I]) usually gives better results (compared to the quality of the solution provided by
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directly using the auxiliary point, which was obtained by running a resilient consensus protocol on the local minimizers)
in terms of both optimality gap and distance to the global minimizer.

5.7 TImportance of Auxiliary States Computation

Essentially, when the main states of regular agents are significantly far away from their local minimizers x;, these
minimizers tend to form a cluster from the perspective of a regular agent v;. In addition, building on prior works
[L6149,150], we know that the true optimal solution * (which is the minimizer of the function sum) cannot be located
too far away from this cluster. Thus, the auxiliary states y,, guaranteed to be inside the cluster (in L;-sense) as shown
in Proposition[4.6] act as valuable references for providing a directional sense to regular agents v; in their pursuit of the
true minimizer *. By our design, the distance filter in Algorithm|l{and Algorithm [2fassumes the role of a guiding
mechanism by eliminating extreme states that pull the overall state away from the cluster.

From a technical standpoint, in the multi-dimensional case, relying solely on resilient consensus for the main states x;
and the update using a subgradient g, with respect to the local function f; may not suffice to ensure a convergence
guarantee. In the worst case, resilient consensus could lead to a state further away from the cluster, especially considering
that the strength of this divergence due to Byzantine agents can be proportional to v/d, where d is the problem dimension.
Even though following the subgradient g, usually mitigates the divergence, it might not be sufficient for guaranteed
convergence in such worst cases. Thus, our introduced distance-based filter using a local auxiliary state plays a crucial
role in further reducing the severity of the divergence, allowing us to achieve a convergence guarantee under mild
assumptions.

6 Numerical Experiment

We now provide two numerical experiments to illustrate Algorithm [T]and Algorithm[2] In the first experiment, we
generate quadratic functions for the local objective functions. Using these functions, we demonstrate the performance
(e.g., optimality gaps, distances to the global minimizer) of our algorithms. We also compare the optimality gaps of
the function value obtained using the states x;[k] and the value obtained using the auxiliary points y,[k], and plot the
trajectories of the states of a subset of regular nodes. In the second experiment, we demonstrate the performance of
our algorithm on a machine learning task (banknote authentication task). Specifically, we compare the accuracy of the
models obtained from our algorithm (resilient distributed model) and that of a centralized model.

6.1 Synthetic Quadratic Functions

Preliminary Settings

¢ Main Parameters: We set the number of nodes to be n = 25 and the dimension of each function to be d = 2.

* Adversary Parameters: We consider the F-local model, and set F' = 2 for Algorithm[I]and F' = 5 for
Algorithm 2]

Network Settings

» Topology Generation: We construct an 11-robust graph on n = 25 nodes following the approach from
[46.29]. This graph can tolerate up to 2 local adversaries for Algorithm|[I} and up to 5 local adversaries for
Algorithm [2]according to Theorem [4.T1] Note that the same graph is used to perform numerical experiments
for both Algorithms[T]and

Adversaries’ Strategy

 Adversarial Nodes: We construct the set of adversarial nodes .4 by randomly choosing nodes in V so that the
set of adversarial nodes form a F'-local set. Note that in general, constructing .4 depends on the topology of
the network. In our experiment, we have A = {vg, v16} for Algorithm and A = {vs, v11, V12, V17, Va2, V24 }
for Algorithm 2]

* Adversarial Values Transmitted: Here, we use a sophisticated approach rather than simply choosing the
transmitted values at random. Suppose v, is an adversary node and v; is a regular node which is an out-neighbor
of v, i.e., vs € N™. First, consider the state of nodes in the network at time-step k. The adversarial node v;
uses an oracle to determine the region in the state space for the regular node v; in which if the adversarial node
selects the transmitted value to be outside the region then the value will be discarded by that regular agent v;.
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Then, v chooses xs_,;[k] (the forged state sent from v to v; at time k) so that it is in the safe region and far
from the global minimizer. In this way, the adversaries’ values will not be discarded and also try to prevent the
regular nodes from getting close to the minimizer. Similarly, for the auxiliary point update, the adversarial
node v, uses an oracle to determine the safe region in the auxiliary point’s space for the regular node v;. Since
the safe region is a hyper-rectangle in general, v chooses y,_,,[k] (the forged estimated auxiliary point sent
from v to v; at time k) to be near a corner (chosen randomly) of the hyper-rectangle.

Objective Functions Settings

+ Local Functions: For v; € V, we set the local objective functions f; : R? — R to be
1
filx) = §wTQisc + b} x,

where Q,; € Sj and b; € R? are chosen randomly. Note that the same local functions are used to perform
numerical experiments for both Algorithms|T)and [2]

* Global Objective Function: According to our objective (2), we then have the global objective function

f:R? — R as follows:
1 /1 T
o e 2

Vi ER

where the set of regular nodes R =V \ A.

Algorithm Settings

* Initialization: For each regular node v; € R, we compute the exact minimizer ;] = —erbi and use it as the
initial state and auxiliary point of v; as suggested in Line 1-2 of Algorithm T}

* Weights Selection: For each time-step £ € N and regular node v; € R, we randomly choose the weights

Wa.ij k], w_,(fz ;K] so that they follow the description of Line 9 and Line 12, and Assumption

* Step-size Selection: We choose the step-size schedule (in Line 11 of Algorithm to be n[k] = %-5-1
* Gradient Norm Bound: We choose the upper bound of the gradient norm to be L = 10°. If the norm exceeds
the bound, we scale the gradient down so that its norm is equal to L, i.e.,

o] = | VHEE) i VAR <L
' wrgn VAi(zilk])  otherwise,
Simulation Settings and Results

* Time Horizon: We set the time horizon of our simulations to be K = 300 (starting from k£ = 0).

* Experiments Detail: For both Algorithms[I]and[2] we fix the graph, local functions, and step-size schedule.
However, since the set of adversaries are different, the global objective functions, and hence the global
minimizers are different. For each algorithm, we run the experiment 10 times setting the same states
initialization across the runs. The results from the runs are different due to the randomness in the adversaries’
strategy.

* Performance Metrics: We examine the performance of our algorithms by considering the optimality gaps
(Figure [24)), distances to the global minimizer (Figure [2b), and trajectories of randomly selected regular agents
(Figure 2.

» Algorithm [If's Results: The lines corresponding to the optimality gap and distance to the global minimizer
evaluated using auxiliary points are almost horizontal since the convergence to consensus is very fast. However,
one can see that the optimality gap and distance to the minimizer obtained from the regular states are
significantly smaller than that from the auxiliary points due to the use of gradient information (Line 10) and
extreme states filtering (Line 8) in the regular state update. In particular, at £ = 300, the optimality gap and
distance to the global minimizer at the regular states’ average are only about 0.030 and 0.206, respectively.
Moreover, the state trajectories converge together and stay close to the global minimizer even in the presence of
sophisticated adversaries. Note that, from our observations, Algorithm[I]yields better results than Algorithm 2]
given the same settings.
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Optimality Gap at Each Time-step (Algorithm 1) " Optimality Gap at Each Time-step (Algorithm 2)
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(a) The optimality gap evaluated at the average of the regular nodes’ states f(Z) — f* averaged over 10 runs
(blue line), and the optimality gap evaluated at the average of the regular nodes’ auxiliary points f(g) — f*
averaged over 10 runs (red line).

Distance to the Minimizer at Each Time-step (Algorithm 1) Distance to the Minimizer at Each Time-step (Algorithm 2)
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(b) The distance between the average of the regular nodes’ states and the global minimizer | — «*||
averaged over 10 runs (blue line), and the distance between the average of the regular nodes’ auxiliary
points and the global minimizer ||y — || averaged over 10 runs (red line).

0.10 Trajectory of Regular States (Algorithm 1) . Trajectory of Regular States (Algorithm 2)
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(c) The trajectory of the states of a subset of the regular nodes. Different colors of the trajectory represent
different regular agents v; in the network.

Figure 2: The plots show the results obtained from (left) Algorithm[T]and (right) Algorithm 2} In the first four plots, the
shaded regions represent +1/-1 standard deviation from the mean. In the last two plots, the contour lines show the level
sets of the global objective function (in this case, a quadratic function) and the red dots represent the global minimizer.

* Algorithm [2's Results: The optimality gaps and distances to the global minimizer evaluated using the
states are slightly better than the values obtained using the auxiliary points, and the state trajectories remain
reasonably close to the global minimizer showing that the algorithm can tolerate F' = 5 local adversaries
(which is more than Algorithm[I). Interestingly, the state trajectories seem to converge together even though
the consensus guarantee is lacking due to the absence of the distance-based filter.
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6.2 Banknote Authentication using Regularized Logistic Regression
Dataset Information]

* Description: The data were extracted from images that were taken from genuine and forged banknote-like
specimens.

¢ Data Points: The total number of data is 1,372.

* Features: The dataset consists of four features: (1) the variance of a wavelet transformed image, (2) the
skewness of a wavelet transformed image, (3) the curtosis of a wavelet transformed image, and (4) the entropy
of an image.

* Labels: There are two classes: ‘0’ (genuine) and ‘1’ (counterfeit).
Preliminary Settings
¢ Main Parameters: We set the number of nodes to be n = 50. Since there are four features, the dimension of
the states is d = 5 (one for each feature and the other one for the bias).

¢ Adversarial Parameters: We use the F'-local model with F' = 2.

¢ Dataset Partitioning: We randomly partition the dataset into three chunks: 1,000 training data points, 186
validation data points, and 186 test data points. We then distribute the training dataset to the nodes in the
network equally. Thus, each node contains m = 20 training data points.

Network and Weights Settings

We construct the network and corresponding weight matrix using the same approach as in the synthetic quadratic
functions case.
Adversaries’ Strategy

We choose the set of adversarial nodes .A and adversarial values transmission strategy using the same method as in the
synthetic quadratic functions case.

Objective Functions Settings

* Notations: Let x;; € R4 be the feature vector of the j-th data points at node v; € V, and Y;; € {0,1} be
the corresponding label. We let ;; = [zcg 1] " to account for the bias term.

* Local Functions: Since this is a classification task, we choose the logistic regression model with Lo-
regularization in which its loss function is strongly convex. For v; € V, we set the local objective functions
fi :R* — Rtobe

i ; S
£i(W) =|R| log (exp(-Yi;& W) + 1) + §|\W||2,
j=1

where the set of regular nodes R = V \ A and ¢ € R is the regularization parameter which will be chosen
later.

* Global Objective Function: According to our objective (2), we then have the global objective function
f: R% — R as follows:

FW) =37 > log (exp(~Yy@h W) +1) + 5 [W%
v, ER j=1

* Regularization Parameter Selection: We consider ¢ € {1074,1073,...,10%}. We train our (centralized)
logistic model using the global objective function above for each value of ¢ and then we select the value of ¢
that gives the best validation accuracy.

Algorithm Settings
« Initialization: As suggested in Line 1 of Algorithm [T} we numerically find the minimizer of the local

functions using the default optimizer of sklearn.linear_model.LogisticRegression. Then, we use the
minimizer of each regular node to be the initial state and auxiliary point as in Line 2.

Shttps://archive.ics.uci.edu/ml/datasets/banknote+authentication
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H ‘ IstRun 2ndRun 3rdRun 4thRun 5th Run H

v, €A 9,23 9,15 10,11 5,29 24,47

S 1.0 1.0 10 1.0 1.0

o 1 1 2 4 1

Train (C) | 99.40 9920  99.00  98.90  99.10
Train(D) | 98.10 9790  97.70 9830  98.00
Train (MIN) | 97.80  97.60  97.50 9830  97.70
Test (C) 9946 9839 9946 9946  98.02
Test (D) 97.85 9570 9892 9785  98.39
Test(MIN) | 97.85 9570 9892  97.85  97.85

Table 1: Training/Test Accuracy of Centralized (C), Distributed (D) Models and Minimum among Regular Agents’
Models (MIN) for each Run of Banknote Authentication Task

The methodology of step-size selection and gradient norm bound is the same as in the synthetic quadratic functions
case.

Simulation Settings and Results

* Benchmark: We evaluate the performance (accuracy) of the (centralized) logistic model with the selected
regularization parameter, .

* Time Horizon: We set the time horizon of our simulations of our distributed algorithm to be K = 200
(starting from k£ = 0).

+ Simulation: We run the simulations of Algorithm[I|by varying the parameter 1, from —2 to 4 with increasing
step of 1. We evaluate the performance of each model (i.e., each 79) by considering the accuracy obtained by
using the state W [K| = \%I > v,er WilK] for each 19 and the validation data. Then, we select the parameter

1o which provides the best accuracy. Finally, with the selected value of 79, we evaluate the performance
(accuracy) of the corresponding model with the test data.

* Result: We repeat the whole process 5 times. In other words, each run uses different realization of data
partitioning (hence, different local functions and global function), network topology, and adversaries set. The
result of each run is shown in Table[I] The first three rows show the adversaries set, regularization parameter
and step-size parameter of each run. The next (resp. last) three rows show the training (resp. test) accuracy
of the centralized model, distributed model evaluated at W[K| = ﬁ > v.er WilK], and the minimum

accuracy among the local model of regular nodes evaluated at its own state W, [K|. We can see that despite
the presence of adversaries with sophisticated behavior, the performance of our algorithm is just slightly lower
than the centralized model’s performance for this task.

7 Conclusion and Future work

In this paper, we considered the distributed optimization problem in the presence of Byzantine agents. We developed
two resilient distributed optimization algorithms for multi-dimensional functions. The key improvement over our
previous work in [28] is that the algorithms proposed in this paper do not require a fixed auxiliary point to be computed
in advance (which will not happen under finite time in general). Our algorithms have low complexity and each regular
node only needs local information to execute the steps. Algorithm[I](with the min-max state filter), which requires more
network redundancy, guarantees that the regular states can asymptotically reach consensus and enter a bounded region
that contains the global minimizer, irrespective of the actions of Byzantine agents. On the other hand, Algorithm 2]
(without the min-max filter) has a more relaxed condition on the network topology and can guarantee asymptotic
convergence to the same region, but cannot guarantee consensus. For both algorithms, we explicitly characterized the
size of the convergence region, and showed through simulations that Algorithm [T]appears to yield results that are closer
to optimal, as compared to Algorithm 2]

As noted earlier, the consensus guarantee for Algorithm (1| requires linear scaling of network robustness with the
dimension of the local functions, which can be limiting in practice. This seems to be a common challenge for resilient
consensus-based algorithms in systems with multi-dimensional states, e.g., [51} 124} 48]]. Finding a relaxed condition on
the network topology for high-dimensional resilient distributed optimization problems (with guaranteed consensus)
would be a rich area for future research.

21



Scalable Distributed Optimization Despite Byzantine Adversaries A PREPRINT

References
[1] John Tsitsiklis, Dimitri Bertsekas, and Michael Athans. Distributed asynchronous deterministic and stochastic
gradient optimization algorithms. IEEE transactions on automatic control, 31(9):803-812, 1986.

[2] Lin Xiao and Stephen Boyd. Optimal scaling of a gradient method for distributed resource allocation. Journal of
optimization theory and applications, 129(3):469—488, 2006.

[3] Jing Wang and Nicola Elia. A control perspective for centralized and distributed convex optimization. In 2071
50th IEEE conference on decision and control and European control conference, pages 3800-3805. IEEE, 2011.

[4] Stephen Boyd, Neal Parikh, Eric Chu, Borja Peleato, Jonathan Eckstein, et al. Distributed optimization and
statistical learning via the alternating direction method of multipliers. Foundations and Trends® in Machine
learning, 3(1):1-122, 2011.

[5] Mark Eisen, Aryan Mokhtari, and Alejandro Ribeiro. Decentralized quasi-newton methods. /IEEE Transactions
on Signal Processing, 65(10):2613-2628, 2017.

[6] Ran Xin, Chenguang Xi, and Usman A Khan. Frost—fast row-stochastic optimization with uncoordinated
step-sizes. EURASIP Journal on Advances in Signal Processing, 2019(1):1, 2019.

[7] Minghui Zhu and Sonia Martinez. On distributed convex optimization under inequality and equality constraints.
IEEE Transactions on Automatic Control, 57(1):151-164, 2011.

[8] Angelia Nedi¢ and Alex Olshevsky. Distributed optimization over time-varying directed graphs. I[EEE Transactions
on Automatic Control, 60(3):601-615, 2014.

[9] Jinshan Zeng and Wotao Yin. On nonconvex decentralized gradient descent. IEEE Transactions on signal
processing, 66(11):2834-2848, 2018.

[10] Shreyas Sundaram and Bahman Gharesifard. Distributed optimization under adversarial nodes. IEEE Transactions
on Automatic Control, 64(3):1063-1076, 2018.

[11] Nikhil Ravi, Anna Scaglione, and Angelia Nedi¢. A case of distributed optimization in adversarial environment.
In IEEE International Conference on Acoustics, Speech and Signal Processing, pages 5252-5256, 2019.

[12] Sissi Xiaoxiao Wu, Hoi-To Wai, Anna Scaglione, Angelia Nedié, and Amir Leshem. Data injection attack on
decentralized optimization. In IEEE Int. Conf. on Acoustics, Speech and Signal Processing, pages 3644-3648,
2018.

[13] Lili Su and Nitin Vaidya. Byzantine multi-agent optimization: Part i. arXiv preprint arXiv:1506.04681, 2015.

[14] Lili Su and Nitin H Vaidya. Fault-tolerant multi-agent optimization: optimal iterative distributed algorithms. In
ACM Symposium on Principles of Distributed Computing, pages 425-434, 2016.

[15] Chengcheng Zhao, Jianping He, and Qing-Guo Wang. Resilient distributed optimization algorithm against
adversarial attacks. IEEE Transactions on Automatic Control, 65(10):4308-4315, 2019.

[16] Kananart Kuwaranancharoen and Shreyas Sundaram. On the location of the minimizer of the sum of two strongly
convex functions. In IEEE Conference on Decision and Control (CDC), pages 1769-1774, 2018.

[17] Nirupam Gupta and Nitin H Vaidya. Byzantine fault tolerant distributed linear regression. arXiv preprint
arXiv:1903.08752, 2019.

[18] Peva Blanchard, Rachid Guerraoui, Julien Stainer, et al. Machine learning with adversaries: Byzantine tolerant
gradient descent. In Advances in Neural Information Processing Systems, pages 119-129, 2017.

[19] Krishna Pillutla, Sham M Kakade, and Zaid Harchaoui. Robust aggregation for federated learning. IEEE
Transactions on Signal Processing, 70:1142-1154, 2022.

[20] Zhixiong Yang and Waheed U Bajwa. Byrdie: Byzantine-resilient distributed coordinate descent for decentralized
learning. IEEE Transactions on Signal and Information Processing over Networks, 2019.

[21] Cheng Fang, Zhixiong Yang, and Waheed U Bajwa. Bridge: Byzantine-resilient decentralized gradient descent.
IEEE Transactions on Signal and Information Processing over Networks, 8:610-626, 2022.

[22] Ahmed Roushdy Elkordy, Saurav Prakash, and Salman Avestimehr. Basil: A fast and Byzantine-resilient approach
for decentralized training. IEEE Journal on Selected Areas in Communications, 40(9):2694-2716, 2022.

[23] Shangwei Guo, Tianwei Zhang, Xiaofei Xie, Lei Ma, Tao Xiang, and Yang Liu. Towards byzantine-resilient
learning in decentralized systems. arXiv preprint arXiv:2002.08569, 2020.

[24] Nirupam Gupta, Thinh T Doan, and Nitin H Vaidya. Byzantine fault-tolerance in decentralized optimization under
2f-redundancy. In 2021 American Control Conference (ACC), pages 3632-3637. IEEE, 2021.

22



Scalable Distributed Optimization Despite Byzantine Adversaries A PREPRINT

[25] Nikhil Ravi and Anna Scaglione. Detection and isolation of adversaries in decentralized optimization for
non-strongly convex objectives. IFAC-PapersOnLine, 52(20):381-386, 2019.

[26] Zhaoxian Wu, Tianyi Chen, and Qing Ling. Byzantine-resilient decentralized stochastic optimization with robust
aggregation rules. IEEE Transactions on Signal Processing, 2023.

[27] Kananart Kuwaranancharoen and Shreyas Sundaram. On the geometric convergence of byzantine-resilient
distributed optimization algorithms. arXiv preprint arXiv:2305.10810, 2023.

[28] Kananart Kuwaranancharoen, Lei Xin, and Shreyas Sundaram. Byzantine-resilient distributed optimization of
multi-dimensional functions. In 2020 American Control Conference (ACC), pages 4399-4404. IEEE, 2020.

[29] Heath J LeBlanc, Haotian Zhang, Xenofon Koutsoukos, and Shreyas Sundaram. Resilient asymptotic consensus
in robust networks. IEEE Journal on Selected Areas in Communications, 31(4):766-781, 2013.

[30] Lili Su and Nitin H Vaidya. Byzantine-resilient multiagent optimization. /EEE Transactions on Automatic Control,
66(5):2227-2233, 2020.

[31] Alistair Sinclair. Improved bounds for mixing rates of markov chains and multicommodity flow. Combinatorics,
probability and Computing, 1(4):351-370, 1992.

[32] Angelia Nedic and Asuman Ozdaglar. Distributed subgradient methods for multi-agent optimization. /EEE
Transactions on Automatic Control, 54(1):48-61, 2009.

[33] John C Duchi, Alekh Agarwal, and Martin J Wainwright. Dual averaging for distributed optimization: Convergence
analysis and network scaling. IEEE Transactions on Automatic control, 57(3):592-606, 2011.

[34] Dusan Jakovetié, Joao Xavier, and José MF Moura. Fast distributed gradient methods. IEEE Transactions on
Automatic Control, 59(5):1131-1146, 2014.

[35] Nancy A Lynch. Distributed algorithms. Elsevier, 1996.

[36] Helge Tverberg. A generalization of radon’s theorem. Journal of the London Mathematical Society, 1(1):123-128,
1966.

[37] John R Reay. An extension of radon’s theorem. Illinois Journal of Mathematics, 12(2):184—189, 1968.

[38] Nitin H Vaidya. Iterative byzantine vector consensus in incomplete graphs. In Distributed Computing and

Networking: 15th International Conference, ICDCN 2014, Coimbatore, India, January 4-7, 2014. Proceedings 15,
pages 14-28. Springer, 2014.

[39] Zhuolun Xiang and Nitin H Vaidya. Brief announcement: Relaxed byzantine vector consensus. In Proceedings of
the 28th ACM Symposium on Parallelism in Algorithms and Architectures, pages 401-403, 2016.

[40] Hyongju Park and Seth A Hutchinson. Fault-tolerant rendezvous of multirobot systems. /EEE transactions on
robotics, 33(3):565-582, 2017.

[41] Waseem Abbas, Mudassir Shabbir, Jiani Li, and Xenofon Koutsoukos. Interplay between resilience and accuracy
in resilient vector consensus in multi-agent networks. In 2020 59th IEEE Conference on Decision and Control
(CDC), pages 3127-3132. IEEE, 2020.

[42] Jiaqi Yan, Yilin Mo, Xiuxian Li, and Changyun Wen. A “safe kernel” approach for resilient multi-dimensional
consensus. ITFAC-PapersOnLine, 53(2):2507-2512, 2020.

[43] Mohammad Pirani, Aritra Mitra, and Shreyas Sundaram. A survey of graph-theoretic approaches for analyzing
the resilience of networked control systems. arXiv preprint arXiv:2205.12498, 2022.

[44] David H Gutman and Javier F Pena. The condition number of a function relative to a set. Mathematical
Programming, 188:255-294, 2021.

[45] Yurii Nesterov. Introductory lectures on convex optimization: A basic course, volume 87. Springer Science &
Business Media, 2003.

[46] Luis Guerrero-Bonilla, Amanda Prorok, and Vijay Kumar. Formations for resilient robot teams. IEEE Robotics
and Automation Letters, 2(2):841-848, 2017.

[47] David Saldana, Amanda Prorok, Shreyas Sundaram, Mario FM Campos, and Vijay Kumar. Resilient consensus
for time-varying networks of dynamic agents. In 2017 American control conference (ACC), pages 252-258. IEEE,
2017.

[48] Waseem Abbas, Mudassir Shabbir, Jiani Li, and Xenofon Koutsoukos. Resilient distributed vector consensus
using centerpoint. Automatica, 136:110046, 2022.

[49] Kananart Kuwaranancharoen and Shreyas Sundaram. On the set of possible minimizers of a sum of known and
unknown functions. In 2020 American Control Conference (ACC), pages 106—111. IEEE, 2020.

23



Scalable Distributed Optimization Despite Byzantine Adversaries A PREPRINT

[50] Kananart Kuwaranancharoen and Shreyas Sundaram. The minimizer of the sum of two strongly convex functions.
arXiv preprint arXiv:2305.13134, 2023.

[51] Jiaqi Yan, Yilin Mo, Xiuxian Li, Lantao Xing, and Changyun Wen. Resilient vector consensus: An event-based
approach. In 2020 IEEE 16th International Conference on Control & Automation (ICCA), pages 889-894. IEEE,
2020.

[52] Boris S Mordukhovich and Nguyen Mau Nam. An easy path to convex analysis and applications. Synthesis
Lectures on Mathematics and Statistics, 6(2):1-218, 2013.

[53] Diego Castano, Vehbi E Paksoy, and Fuzhen Zhang. Angles, triangle inequalities, correlation matrices and
metric-preserving and subadditive functions. Linear Algebra and its Applications, 491:15-29, 2016.

24



Scalable Distributed Optimization Despite Byzantine Adversaries A PREPRINT

A Additional Lemma

We provide a lemma which is utilized in the proof of Theoremd.12]and Lemma[4.14]
Lemma A.1. For given & € R4 and R > 0, if ¢ ¢ B(&, R) then

max Z(x —y, x — &) = arcsin (LA)
y€B(&,R) |z — ||

Proof. Since the angle is measured with respect to the vector x — &, consider any 2-D planes passed through the center
& and the point x. Since the planes pass through &, the intersections between of the ball B(&, R) and the planes are
great circles of radius R. Thus, all of the intersections generated from each plane are identical and we can consider
the angle using a great circle instead of the ball. From geometry, the maximum angle ¢ = Z(x — y*, * — &) only
occurs when the ray starting from the point a touches the circle at point y*. Therefore, /(& — y*, = — y*) = 5 and
|z — y*|| = R. We have

lé -yl _ R
l&—al ~ &=l

sing =

and the result follows. O

B Proof of Proposition {4.6]

ProofofProposition Forany S C V, ¢ € R and l_c, k € N with k > k, define the sets
TN (S kb, ) o= {vs € S k) > MOK] - ¢},
T8,k k. Q) = {v; € Syl k] < mO[k] + ¢}
Consider a fixed £ € {1,2,...,d} and any time-step k € N. Define Cée) =
jjg) (Va k7 kv C(gé)) N jT(né)(vﬂ k7 ka C(()[)) = (Z)

By the definition of these sets, when D()[k] > 0, the sets Jﬁ) (R, k, k, Céz)) # () and T (R, k, k, Céz)) # (). Since

the graph is (2F + 1)-robust, at least one of jﬁ)(R, k. k, C(()é)) or jrgf)(R, k. k, C(()é)) is (2F + 1)-reachable which
means that at least one of them contains a vertex that has at least 2F' + 1 in-neighbors from outside it.

1DW[k]. Note that the set

If such a node v; is in ]Ef) (R, k, k, Céé)), we claim that in the update, v; cannot use the values strictly greater than

M@[k] and it uses at least one value from V' \ 7, ]%)(V, k,k, Céz)). To show the first claim, note that the nodes that

possess the value (in /-component) greater than M () [k] must be Byzantine agents by the definition of M () [k]. Since
the regular node v; discards up to F'-highest values and there are at most /' Byzantine in-neighbors, the Byzantine agents

that hold the value greater than M (“) [k] must be discarded. To show the second claim, let Sy) (k] = Igf) (A k, k, (ée))
and 82(2) k] =V\ J](é) V, k, k, (éé)) to simplify the notation. We have

« V\ T (R bk, ¢§7) = STk U S [K), and

« SUKI NS K] = 0.

From Assumption we have \5@ [k] NN < F. Applying (2F + 1)-reachable property of v; and two above
properties, we obtain that | S [k] N A™| > F + 1. Let V' [k] € A" be the set of nodes that v; € R discards their
values in dimension £ at time-step k. From the fact that v; € 7, ]Ef) (R, k, K, (()g)), and Line 11 of Algorithm we know
that |82(€) [k] N Vi(é) [k]| < F. Combining this with the former statement, we can conclude that v; uses at least one value
from 82(6) [k] in its update, i.e., (Sy) [k] N AI)\ f/i([) [k] # 0.

Consider the auxiliary point update rule (7) (in Line 12 of Algorithm[I)). We can rewrite the update as

Y4 ¢ Y4 ¢ l
y Ok +1] = 3 wi L k] Ok + 3 wi' k] 3O T].
0;€(SEP [K]NNIMN\ VO (k] v, € (uiU(JM(V,k,k,(ée))mj\/;“))\\_}f” (k]
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Since yj(-f) [k] on the first and second terms on the RHS are upper bounded by M () [k] — ¢, (O and M ® [k], respectively,

and the non-zero weights wg) ;;1k] are lower bounded by the constant w (Assumptlon , the value of this node at the
next time-step is upper bounded as

¢ [ ¢
v [k +1] < wMOk] = %) + 1 - w)M QK] = MO[k] - wig?.
Note that the above bound is applicable to any node that is in R \ 7, (0 (V k,k, Cée)), since such a node will use its own
value i 1n its update. Similarly, if there is a node v; € J#f ) (R, k, k, ¢ (é)) that uses the value of a node outside that set,
then y [k: +1] > m©O[k] + w((e) This bound is also applicable to any node that is in R \ T WV, k, k, C(e)).

Now, define the quantity Cl( ) = w (L]) We have that the set j(é)(v kE+ 1,k Cu)) T W,k + 1, k,(y)) = 0.
Furthermore, by the bounds provided above we see that at least one of the followmg must be true:

T Rk + 1k, () < |5 Rk, k¢S], or
ITO Rk + 1k, N < 1T (R, b, k, D).

If jﬁ) (R,k+1,k, d@) # () and T (R, k+1,k, d[)) = (), then again by the fact that the graph is (2F + 1)-robust,
there is at least one node in one of these sets that has at least 2F" + 1 in-neighbors outside from the set. Suppose

v € J (/)(R k+1,k C 2 ) is such a node. Then v; cannot use the values strictly greater than M ()[k 4 1] and it uses

at least one value from V \ 7, (V k+1,k, C1 ) Since at time-step k, all regular nodes cannot use values that are

strictly greater than M (“)[k] in the update, we have that M [k + 1] < M [k]. Therefore, the value of node v; at the
next time-step is upper bounded as

Mk +2] <Ok - ¢+ (1 —w0)MOk + 1) < MO[K] — 2",
Again, this upper bound also holds for any regular node that is in R \ 7y, (e) ;W k+1,k, ¢ (Z)) Similarly, if there is a node
v; € TSRk +1,k,¢Y) that has 2F + 1 in-neighbors from outs1de that set then y( )[k +2] > mO[k] + w2,
This bound also holds for any regular node that is not in the set R \ Jm @ WV, k+1,Ek, (jl )

We continue in this manner by defining Qs = w’(, Q) for s € N. Ateach time step k+s, if both J(Z) (R, k+s, k, Cs(é)) #*

() and jy(ne ) (R, k+ s,k, ng)) = () then at least one of these sets will shrink in the next time-step. If either of the sets
is empty, then it will stay empty at the next time-step, since every regular node outside that set will have its value

upper bounded by M () [k] — (s 9 or lower bounded by mO[k] 4 ¢ O After |R| — 1 time-steps, at least one of the sets
j(e) (R, k+|R|—1,k, CI(QI—I) or (R, k +|R| — 1, k, Cl(é)\—l) must be empty since the sets J}?(R, k, k,g‘éz))
and Jn, ) (R, k, K, C(()Z)) can contain at most R — 1 regular nodes. Suppose the former set is empty; this means that

MOk +|R| - 1] < MO[K] - ¢f) .

Since m O [k + |R| — 1] > m“)[k], we obtain

IRI-1
DO+ |R| — 1] < DOk — ¢, = (1 _ Y . )DW k] = vDO[K]. (23)

The first equality comes from the fact that (S(e) = wsgé“ and Cée) = %D(z) [k]. The same expression as (23) arises if the
set T (R, b+ [R| = 1,k () ;) = 0.
Using the fact that

[m Ok + 1], MOk +1]] € [mO[k], MO[K]] (24)

for all k € N and the inequality (23), we can conclude that for all v; € R, limy_, yi(z) [k] = y¥) [oc] exists and for all
k, we have

yoc] € [m O[], MOk]]. (25)
This completes the first part of the proof.

For the second part, let consider the quantity D) [k] as follows. For all k € N, we can write

DO < DO Hmk G 1>} <yl pOp) <y 1D, 26)
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The first inequality is obtained by using 2z > |« | and (24). To obtain the second inequality, we apply the inequality (23]
L\R|—1J times. The last inequality comes from the fact that v < 1 and |z] > x — 1 implies yl#) < ~*=1 From 23)
and (26), for all v; € R, we have
k
i k] — y“> [oc]| < DY[k] < 7= DO0]. @7)
Since the inequality (27) holds for all £ € {1 2,...,d}, we have

;K] — yloo]|I” = Zly (o] |2 < A2t Z (DO[o]

=1

IS

Taking square root of both sides yields
k. 1 Z 1 og(l
ly,[k] — yloo]| < v | Do) = ;IID[O]II e TRI=T 8 £,

which completes the proof. O

C Proof of Proposition 4.10]

Proof of Proposition.10] Consider a regular agent v; € R. From Assumption for all x, y € R? we have
fity) > fi(x)+(g;(x), y—x), where g,(x) € 9f;(x). Substitute a minimizer x; of the function f; into the variable

Yy to get
—(gi(x), =i —x) > fi(z) - fi(=). (28)
Let 0;(xz) = Z(g;(x), * — x}). The inequality (28) becomes
1g: (@) ll; — || Coséz'(w) > fi(x) — fi(a7).
Fix e € R0, and suppose that & ¢ C;(e). From Assumption[d.2] applying ||g,(z)| < L, we have

) fZ( ) fZ( *)
cos 0;(x )7W

Let Z; € R? be the point on the line connecting =} and x such that f;(&;) = fi(x}) + e. We can rewrite the point x as

(29)

LRI
1@ — 2]
Consider the term on the RHS of (29). Since &; € C;(¢), and (I2) holds, we have
fi(z) — fi(z7) _ fl(wi +t(@; —x7)) — filx])
| — 7| tz: — a7
o filal + 8@ — =) — filz])
T temaxyee, o ly — 2|
filw] + t(@; — x7)) — fi(®])
td;(e) '

is non-decreasing in ¢ € [1,00) [52, Lemma 2.80], the inequality (30)

x=a] +t(&; —x]) where t=

>

(30)

Since the quantity fi(wﬁt(ﬁ“_tw:))_fi(w:)

becomes
fi(z) —fz‘*(wf) s @) — filwl) e 31)
|z — x| di(e) di(€)
Therefore, combining (29) and (3T)), we obtain
A €
cos 0;(x) > A (32)
However, from Assumption[4.1] we have
fi(x}) = fi(®:) +(9:(2:), =7 — &)
where g, (&;) € 8 fi(&;). Since ||g;(Z;)|| < L by Assumption[d.2]and ||} — &;|| < &;(e), we get
e = fi(@i) — fi(®7) < —(9:(%:), &} — Ti) < Ldi(e).
From € € R~ and the above inequality, the inequality (32) becomes
0;(x) < arccos (L&:(e)) =0;(e) < g,
which completes the proof. O
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D Proof of Theorem 4.12

Proof. We will show that the summation of any subgradients of the regular nodes’ functions at any point outside the
region B(y[oo], infes s*(0,€)) cannot be zero.

Let 2 be a point outside B(y[oc], infeso 5*(0,€)). Since ||z — y[oo]|| > max,,er {R; + d;(€)} for some € > 0, we
have that z ¢ C;(¢) for all v; € R. By the definition of C;(¢) in (TI), we have f;(xo) > fi(x}) + e for all v; € R.
Since the functions f; are convex, we obtain g;(xo) # 0 for all v; € R where g;(xo) € Jfi(xo)-

Consider the angle between the vectors o — z} and 2o — y[oc]. If R; = 0, from (T4), we have x} = y[oo] which
implies that Z(xg — ¥, 2o — y[oo]) = 0. Suppose R; > 0. Using Lemma we can bound the angle as follows:

R,
L(xg — xf, Ty — yloo]) < arcsin (71)
v [ — y[oo]|
Since ||zo — y[oo]|| > max,,cr { Risecb;(e)} for some e > 0 and arcsin(z) is an increasing function in = € [~1, 1],
we have

L(xg — x}, Ty — y[o0]) < arcsin (~se]:z<9(e)>

and that arcsin(cos 0;(¢)) = 5 — 0;(¢). Using Proposition and the inequality above, we can bound the angle
between the vectors g, (xg) and &y — y[oo] as follows:

* * m ™
Z(gilwo). @0 —yloc)) < Z(gi(wo). @0 —}) + (@ — i, @0 —yloc)) < bi(e) + (5~ 0:0)) = 3.
Note that the first inequality is obtained from [53] Corollary 12]. Let u = % Compute the inner product
(> gi@o), u) = 3 llgi(@o) | cos (g,(o), @0 — yloc).

V;ER Vi ER

The RHS of the above equation is strictly greater than zero since ||g;(xo)|| > 0 and cos Z(g;(xo), xo — y[ox]) > 0
for all v; € R. This implies that >, g,(zo) # 0. Since we can arbitrarily choose g,(o) from the set 0 i (), we

have 0 ¢ f (zo) where f(z) = 7 2, e fi(@)- O

E Proof of Results in Section 4.5.1]

Proof of Lemma From Proposition the limit point y[oco] € R? exists. Consider a time-step k& € N such that
k > k7. Using the gradient step (6)), we can write

[k + 1] = y[oo]|| = [|z:[k] — yloo] —nlk] g;[F]l| < |[zi[k] = ylooll| +nlk] [lg;[K]]-
Using Assumptionsand and ||z;[k] — y[oc]|| < max,, er{R; + J;}, we obtain
[k + 1] — yloo][] < glggg{éj +0;} +nlki]L.
By the definition of k7 and s* in (T3), the above inequality becomes
23 [k +1] = y[oo]|| < I{?g;g{ﬁij +o}+E<s",
which completes the proof. O

Proof of Lemma@.14] From Proposition the limit point y[oc] € R? exists. Consider an agent v; € R and a

time-step k& € N for which the condition in the lemma holds. Since &} € B(y[cc], R;) from (14), we have

L(x] — zi[k], yloo] — zi[k]) < max _ Z(u — z;[k], y[oo] — z;[k]) = arcsin Ri

; ———, (33)
weB(y[ool, Bs) [|z:[k] — y[oo]]]

where the last step is from using Lemma[A.1] Using the gradient step (6), we can write Z(z;[k + 1] — z;[k], y[oo] —
z;i[k]) = Z(—nlk]g;[k], y[oo] — z;[k]). Since for all v; € R and k € N,
Z(=nlklg;[k], y[oo] — zilk]) < Z(=nlklg;[k], @7 — zi[k]) + £(] — zi[k], yloo] — zi[k])
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by [53] Corollary 12], applying Proposition[#.10|and inequality (33)), we have
1zi[k] — yloo]l| ©
Note that 1;[k] € [0, 7) since 6; € [0, %) and arcsin Hz[k]fiw € [0, Z]. Then, consider the triangle which has the

vertices at x;[k + 1], z;[k], and y[oo]. We can calculate the square of the distance by using the law of cosines:
laeilk + 1] = y[oo]|* = [laci[k + 1] — 23 k]||* + l|lyloo] — =i[k]||®
= 2||zilk + 1] = zi[K]|| - lly[oo] — zi[k][| cos Z(@i[k + 1] — zi[k], y[oo] — z:[k]).
Using the gradient step (6) and the inequality (34), we get
laei [k + 1] = y[oo]I* < n?[k] lgslk]I1* + I|z:[k] — yloolI* — 2 nlk] llg;[k]ll - | zi[k] — yloc][| cosi[k].  (35)

In addition, we can simplify the term || z;[k] — y[oo]|| cos ¢; k] in the above inequality using the definition of ;[k] in
(34). Regarding this, we can write

L(xi[k + 1] — z;[k], y[oo] — z4[k]) < 6; + arcsin = 1;[k]. (34)

lz:[k] — y[oo]|| cos ¥ [k \/||zZ oo]||2 = RZ - cosf; — R; sinb;.
Substituting the above equation into (33), we obtain the result. O

Proof of Lemma[.15] First, note that by the definition of s* in (I3), we have a} > 0anda; < 0 since s* > R; + &,
and b; > 0 since s* > R; sec; + &.

Forv; € R, letT; : [Rl, o0) x Ry — R be the function
Fz(p7l) = p2 _Ai<pal>7 (36)

where function A; is defined in (I6). Consider an agent v; € R and a time-step & € N such that k& > k3. We can
compute the second derivative of I'; (p, [) with respect to p as follows:

OTi _ 2+ 21R%(p® — R?)™2 cosb;
8p2 - i\p 7 i
Note that 8 Fl > 0 forall p € (R;, 00). This implies that
sup Ti(p,]) < max T;(p,1) = max {Fi(}?i,l), Li(s*,0)}. 37)
pE(max, ;e {R;+d;}, 5*] pE[R;, 57

First, let consider Fi(Ri, 1). From the definition of I'; in (36), we have that
Ti(Ri,1) < (s*)? < l€][a;, af], (38)
where a;” and a; are defined in (I8). Using Assumptionand 4.3| and the definition of k3, we have that
nlH llg:[k]ll < nlk]L < min {min{a}, b;}} < o]

By the above inequality and statement (38)), we obtain that

i(Ri, nlk] [lg; k]l < (). (39)
Now, let consider I';(s*, [). From the definition of I'; in @, we have that
Li(s%,1) < (s%)? < 1€]0, by, (40)

where b; is defined in (T8). Using Assumption[#.2]and[4.3] and the definition of k3, we have that
k] g1 < nlKIL < min {minfa?, b,}} < b

By the above inequality and statement (40), we obtain that

Li(s™, nlk] llg: [kl < (s%)%. (41)
Combine (39) and @T) to get that

max {Ti(Rq, n[k] lg:[KIl), Ta(s*(€), nlk] lg;[k]I)} < (s%)°. (42)

From Lemma[4.14] we can write

i [k + 1] — y[oo]|I* < Ti(l|z:[k] — ylool|l, nlk] llg:[k]ID)-
Applying (37) and [@2)), respectively to the above inequality yields the result. O
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Proof of Lemma[.16] Consider any time-step k£ > kj and agent v; € Z.[k]. By the definition of the function A; in
(T6), it is clear that if p; > po > R; then A;(p1,1) > A;(p2,1). Then, we get

Ai(l[zilk] = yloolll, n[k] llg; (K1) > Ails™, nlk] llg;[K]])- (43)

Furthermore, the function A; satisfies

Ai(p,l) > (\/p2 — R?cos0; — R; sin@i)l —= le [07 \/p? — R2cosb; — R; sin@i] (44)

We restate inequality (3T) obtained in the proof of Proposition .10 here:
filw) — fil@) e
le =i~ dile)

Recall the definition of C;(e) in (TI). For « ¢ C;(€), from the definition of convex functions, we have —(g;(x), x} —
x) > fi(x) — fi(x}). Using the inequality (@3], we obtain

| > fi(x) — fi(x}) S €

(45)

& — x| di(€)
Using the above inequality, Assumption 4.2} and the definition of k%, we have that
b;
nlk]L; < nlk] [lg; [kl < nk]L < o (46)
Since (k] |lg;[K]|| € [0, %], we can apply @) to get
. bi
Ai(s™, nlk] llga k]Il = k] llg: k]l (47
Combine @3), [@7)), and the first inequality of (46)) to obtain the result. O
F Proof of Results in Section 4.5.2}
Proof of Proposition From Proposition the limit point y[oo] € R exists. For all v;, v; € R, we have
;K] — i K]l < [|oo; (k] — y(oo] || + lly;[k] — yloo] .
Apply Lemma[4.9]to obtain that for all v; € R, we have
lz[k] = yilk]ll < max [|a;[k] — yloo]| + lly;[k] — yloo]||
Substituting the above inequality into
1zi[k] — ylooll| < llzilk] — wilk]ll + lly[k] — ylod]ll,
we obtain the result. O

Proof of Lemma#.18] Suppose max,,cr ||@;[k] — y[oo]|| < ¢[k] for a time-step k > ko. From Proposition [4.6]and
M.17] we have that for all v; € R,
|2i[k] — yloo]|| < g[k] + 287, (48)

where « and 3 are defined in Proposition 4.6}
Recall the definition of Z_ [k] from (T9). For all v; € Z_[k], from Lemma4.14]and [4.16] we have
1
ik + 1] = yloo]|* < [lzi[k] — yloo][* — 5biLin(k].
Applying (@8) to the above inequality, we obtain that for all v; € Z,[k],
1 1
il + 1) — wlocl? < (6lK] + 286~ — LnLonlh] < (61K + 287)? = Lyik] min b, L,

2
On the other hand, for all v; € R\ Z. [k], we have || z;[k] — y[oc]|| < s* by the definition of Z_ [k]. From Lemma[d.13]
and4.15} we get ||z;[k + 1] — y[o0]|| < s* forall v; € R\ Z,[k]. Therefore, we conclude that for all v; € R,

v; €

il 1) = yloo] [P < e { (572, (0[] +28¢*)" = olk] min b,L, }.
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Using the update rule (ZI), the above inequality implies that max,,er || [k + 1] — y[oo]|| < @[k + 1].
Next, consider a time-step k € N. From the gradient update step (6)), for all v; € R, we have
[k + 1] = yloo]|| = [|zi[k] — y[oo] — nlklg,[K][| < [|z:[k] —yloo]l| + nlk] llg; k]l
Since ||g;[k]|| < L from Assumption 4.2} we can rewrite the above inequality as
[k + 1] — yloo]|| < |[z:[k] — y[oo] || + nlk] L. (49)

On the other hand, from Proposition f.6]and[#.17] for all v; € R, we have

I:[k] = yloo]ll < max [|z;[k] — yloo]|| + 28e ", (50)

vj €ER

Combine the inequalities (@9) and (30) together and apply the result recursively to obtain

ko—1 ko—1

maye [|a:[fo] — y[oc] | < ma (0] — ylooll| +28 Y- e+ LY nlk)
i v k=0 k=0

Since the RHS of the above inequality is ¢[ko], this completes the first part of the proof.

Consider a time-step k& € N such that & > ko. From the update equation (21)), using the fact that $7[k] min,, e b;L; > 0
for all £ € N, we can write
o[k + 1] < max {s*, ¢[k]} + 2Be~ k.

Applying the above inequality recursively, we can write that for all £ > ko,

k-1
o[k] < max {s*, ¢lko]} + 28 Z e o,
k'=ko

Substituting equation (20) into the above inequality and using the fact that Y% e~k < 3700 ek’ — —— for
all £ € N, we obtain the uniform bound as follows:
k?o*l 2/8
k] < { d [0] L % } .
ol < meox {37, a0 = wlocll + 2 37 uli} + =g
Setting the RHS of the above inequality to ¢, we obtain the result. O

G Proof of Results in Section 4.5.3|
Lemma[.T9|is used to establish the proof of Proposition f.20]

Proof of Lemma Suppose that there exists a sequence {u[k]}, C R>q that satisfies the given update rule. Since
A[k] € Rsp for all k € N, we have u?[k + 1] < (u[k] + y1A\¥)2. Since u[k] > 0 for all k € N, it follows that

0 < ulk + 1] < Julk] + 1 A¥| < ulk] + 7| A%
Apply the above inequality recursively to obtain that for all £ € N,

k
ulk] < ul0] + 7 YA < ul0] + 1 _Vlw —
=0

<l

From the update rule, we can write
WPk + 1] = u?[k] + 2y N ulk] + 7 AF — 42 (k] < u?k] + 291 A 0 + A7 A% — yoi[k].
Applying the above inequality recursively, we obtain
k k k
w?[k) < @P0] 4+ 2ma Y AN 7Y N =0 Y il
£=0 £=0 £=0

However, the first three terms on the RHS are bounded in k while the last term is unbounded. This implies that there
exists a time-step k € N such that u?[k] < 0 which contradicts the fact that u[k] € R>o. O
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Proof of Proposition#.20} Let v = } min,,cr b;L; to simplify the notations. Let kj € N be a time-step such that

nlki] > % (=% + Be~2ki). Note that kj € N exists since 7[k] decreases slower than the exponential decay due
to its form given in Assumption

First, we will show that if the time-step k € N satisfies k > max{ko, k;} and (¢[k] + 2ﬁ670‘k)2 —vn[k] > (s*)2, then
¢lk + 1] < o[K]. (51)

Consider a time-step k > max{ko, k;}. Since (¢[k] + 256*‘1’“)2 —vn[k] > (s*)?, the update equation (2] reduces to

@2k + 1) = (¢[k] + 28 %)% — unlk]. (52)

Using the definition of &k, from k > kj, we can write n[k| > % (pe=% + Be=22k). Since ¢[k] < ¢, we have that
4 .
nlk] > 76(¢[k]e_ak + Be 2R,

By multiplying v and adding ¢?[k] to both sides, and then rearranging, we can write ¢*[k] > (¢[k] +28e~") g vnlk],
which is equivalent to ¢[k + 1] < ¢[k] by (32). This completes our claim.

Next, we will show that there exists a time-step K € N such that ¢ max{ko, k}} + K| = s*.
Suppose that (¢[k] + 256_0"“)2 —vnlk] > (s*)? for all k > max{ko, k} }. Then, the update equation (21)) reduces to

@2k + 1] = (k] + 28 %) — u[k].

However, since ¢[k] is non-negative for all k& € N by its definition, from Lemma there is no sequence {¢[k]}2,
that can satisfy the above update rule. Hence, there exists a constant K e N such that

(6IK'] +28e)" —umlk'] < (s°)%,
where k' = max{ko, k}} + K — 1, which yields ¢ [ max{ko, kj} + K| = s* by the equation (ZIJ). This completes the
second claim.

Consider any time-step k € N such that k& > max{ko, k}} + K and ¢[k] = s*. Such a time-step exists due to

the argument above. Then, suppose (¢[k] + 266‘“’“)2 —vnlk] > (s*)?. From (51)), we have that ¢[k + 1] < s*
which is not possible due to the fact that ¢[k’] > s* for all &’ > k¢ from the update equation (2I). Hence, we

conclude that (¢[k] + Qﬁe“*’“)2 — vnlk] < (s*)2, and ¢[k + 1] = s* by I). This means that ¢[k] = s* for all
k> max{ko, ki} + K. Then, by the definition of ¢[k], we can rewrite the equation as max,,er ||@;[k] — y[oo]|| < s*
for all & > max{ko, k}} + K := K which completes the proof. O

Finally, we utilize the finite-time convergence result from Proposition [#.20]to give a proof for Theorem ff.TT| presented
below.

Proof of Theorem@.11]} From Proposition .20} for a fixed £ € R+ and € € R, we have that for all & > K,

max ||@;[k] - yloo]|| < 57(€, ).

Vi

Note that K is a function of ¢ and e. However, the above inequality implies that lim sup;, max,, e ||z:[k] — y[oo]|| <
s*(&,€). Since the inequality is valid for all £ > 0 and € > 0, and inf¢sq, >0 5%(§,€) = infeso5%(0,€) by the
definition of s* (&, €) in (T3)), we have

li K] - < inf 5*(0, €),
lmksupgg;g\lw [k] = y[oc]|| < inf s7(0, )

which completes the proof. O
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