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Abstract

Federated learning is an important framework in modern machine learning that seeks to integrate
the training of learning models from multiple users, each user having their own local data set, in a
way that is sensitive to data privacy and to communication loss constraints. In clustered federated
learning, one assumes an additional unknown group structure among users, and the goal is to train
models that are useful for each group, rather than simply training a single global model for all
users. In this paper, we propose a novel solution to the problem of clustered federated learning
that is inspired by ideas in consensus-based optimization (CBO). Our new CBO-type method is
based on a system of interacting particles that is oblivious to group memberships. Our model is
motivated by rigorous mathematical reasoning, which includes a mean-field analysis describing the
large number of particles limit of our particle system, as well as convergence guarantees for the
simultaneous global optimization of general non-convex objective functions (corresponding to the
loss functions of each cluster of users) in the mean-field regime. Experimental results demonstrate
the efficacy of our FedCBO algorithm compared to other state-of-the-art methods and help validate
our methodological and theoretical work.

Keywords: consensus-based optimization, clustered federated learning, interacting particle sys-
tem, mean-field limit, asymptotic convergence analysis.

1. Introduction

The wide use of internet of things (IoT) devices in various applications such as home automation,
personal health monitoring, and vehicle-to-vehicle communications has led to the generation of vast
amounts of data across a collective of users. However, concerns around data privacy and security,
as well as limitations on communication costs and bandwidth, have made it challenging for an
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individual user to take advantage of this large amount of stored information. This has motivated
the design and development of federated learning (FL) strategies, which aim at pooling information
from learning models trained on local devices to build models without relying on the collection of
local data (McMahan et al., 2017; Kairouz et al., 2021).

Standard FL approaches aim to learn one global model for all local clients/users (McMahan
et al., 2017; Li et al., 2020; Mohri et al., 2019; Karimireddy et al., 2020). However, data hetero-
geneity, also known as non-i.i.d. data setting, naturally arises in FL applications since data are
usually generated from users’ personal devices. Thus, it is expected that no single global model
can perform well across all clients (Sattler et al., 2020). On the other hand, it is reasonable to
expect that users with similar backgrounds are likely to make similar decisions and thus generate
data following similar distributions. This paper studies one formulation of federated learning with
non-i.i.d. data, namely Clustered Federated Learning (CFL) (Sattler et al., 2020; Ghosh et al.,
2020; Ruan and Joe-Wong, 2022; Long et al., 2023; Ma et al., 2022). In CFL, users are partitioned
into different clusters, and the objective is to train a distinct model for each cluster of users.
These clusters may represent, for example, groups of users with preferences in different categories
of movies and TV series. Our focus in this work is on the mathematical modeling and analysis
of CFL methods and on exploring CFL’s effectiveness in improving the performance of FL. when
dealing with non-i.i.d. data. Specifically, we investigate how CFL can create personalized models
for clusters of users with similar preferences. Our research is motivated by previous studies of CFL
that have shown promising results in enhancing the performance of FL in the non-i.i.d. data setting
(Sattler et al., 2020; Ghosh et al., 2020; Ruan and Joe-Wong, 2022).

To start making our set-up more precise, let us consider the clustered federated learning setting
with one global server and N different agents. We assume that each agent belongs to one of K
non-overlapping groups denoted by ST,...,S%. We further assume that each agent belonging to
group S}, owns data points generated from distribution Dy, and the agent may use these points to
train their own learning model. In an ideal scenario, an agent would further seek to communicate
with other agents in their group to accelerate the training process of their own model. However,
to satisfy data privacy constraints, the underlying partition ST,...,S% is never revealed to the
learning algorithm, and in particular a single agent will not know the other agents belonging to
their group. In other words, no agent shares their local data with a global server or with other
agents (see the discussion on privacy in Remark 7). Let [(+;2) : © — R be a loss function associated
with a data point z, where © C R? is the parameter space for the learning models. Our goal is to
minimize the population loss function

Ly (0) := Eonp, [1(65 2)] (1)

for all k£ € [K] simultaneously. In other words, the goal is to find minimizers 6} for all loss functions

0; € argmin Li(0), k€ [K]. (2)
0cO
A toy example illustrating the clustered federated learning framework is shown in Fig. 1.

As suggested by the discussion above, the main difficulty in CFL comes from the fact that
cluster identities of users are unknown. A CFL algorithm must then be able to induce clustering
among users and simultaneously train models in a distributed setting without relying on local data
collection. In order to propose an algorithm that accomplishes this, in this paper we abstract the
CFL problem and formulate it mathematically borrowing ideas from consensus-based optimization
(CBO) (Pinnau et al., 2017; Carrillo et al., 2021; Totzeck, 2021)). CBO is a family of global
optimization methodologies based on systems of interacting particles that seek consensus around
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Figure 1: Toy example of a clustered federated learning problem. Each mobile phone user has an
underlying cluster identity, here represented by the colors orange and blue. We aim to

identify the group memberships of users while simultaneously training models for every
cluster by communicating model parameters with the cloud global server.
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global minimizers of target objectives. Precisely, consider

min L(6),

OcRd
where the target function L, which may be non-convex, is a continuous function with a unique
global minimizer 6*. In what follows we give a brief introduction to the standard CBO framework.

Standard CBO: For each i € [N], let * € R? represent the position of particle i and consider
the following system of equations

do; = —X (0; — my) dt + o |0 —my|dB;,  fori=1,2,....N, (3)
where the {B'}; are independent Brownian motions and m is a weighted average defined by

S G (— ()
Zij\il exp ( - aL(Q%))

One can alternatively consider other types of noise for (3) (see (Carrillo et al., 2021, 2022)). For
instance, one may substitute the diffusion term in (3) with a geometric component-wise Brownian
motion as in (Carrillo et al., 2021). This noise model improves the performance of the CBO
algorithm in that its convergence rate toward the global optimizer of the loss function L in the
mean-field limit becomes independent of the dimension d (Fornasier et al., 2022). Due to this, this
noise model is suitable for machine learning applications in high dimensions. One can also modify
the dynamics and introduce an anisotropic noise term by using a covariance matrix defined similarly
to my as in (Carrillo et al., 2022) to give rise to a method called Consensus Based Sampling (CBS)
in optimization mode. Here we will stick to the basic CBO method for simplicity and refer the
interested reader to (Carrillo et al., 2021, 2022) for more details on other existing variants of CBO.

We notice that the term exp(—«aL(#)) in the formula for m; is the Gibbs distribution corre-
sponding to the objective function L(#) and temperature é The motivation for assigning weights
in this way comes from the Laplace principle (Miller, 2006; Dembo, 2009), which states that for
any probability measure p € P(R?) compactly supported with 6* € supp(p) we have

Jim (— élog (/Rd exp (— aL(e))dp(9)>> — L"),

3

me i=—
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Hence, if #* is the unique minimizer of L, then the measure exp(—aL(#))p(6), normalized by a con-
stant factor, will assign most of its mass to a small neighborhood of 6%, and if « is large enough, this
measure will approximate the Dirac delta distribution at #*. Consequently, the weighted-average
my, which is the empirical first moment of a normalized version of the measure exp(—aL(8))p(6),
is a reasonable target for particles to follow, as induced by equation (3).

Although CBO can be easily adapted to the distributed setting when cluster identities are
known (as one could simply run CBO on each cluster), this approach is not directly applicable to
CFL if the goal is to propose dynamics that are oblivious to agents’ identities. Our problem is also
different from standard multi-objective optimization, for which CBO has already been adapted;
see (Borghi et al., 2023a, 2022). Indeed, in standard multi-objective optimization the goal is to
find a point that is Pareto optimal for K different target functions, whereas our goal is to find,
simultaneously, K global minimizers for K different objective functions. On the other hand, the
CBO approach is inherently gradient-free, so it is particularly suitable when the objective function
is not smooth enough or its derivative is expensive to evaluate. However, if communication costs are
expensive as in real FL applications, one may consider introducing additional local gradient terms
in the dynamics of each user so that training may continue even when there is no communication
among users.

1.1 Contributions and Related Works
1.1.1 CONTRIBUTIONS

Motivated by the discussion above, we propose a new CBO-inspired interacting particle system
(see (4) below and the discussion right after) that is suited for the clustered federated learning
setting. In our system, the evolution of each individual particle is completely determined by its
own loss function, its own identity, and the locations of the other particles but no knowledge of
their identities. More precisely, our main contributions can be summarized as follows:

(1) We introduce a novel CBO-type framework that enables the minimization of K objective
functions in a CFL setting without knowing the cluster identity of any of the particles. This is
achieved by introducing a mechanism that secretly forces consensus among particles belonging to
the same cluster. Moreover, we incorporate a local gradient term for each agent in the particle
dynamics, which dramatically reduces the number of communication rounds required for the CBO
algorithm to achieve good performance.

(2) We provide rigorous theoretical justification for the proposed framework. In particular,
we first prove the well-posedness of the proposed finite particle system and of its corresponding
mean-field limit system. Secondly, we study the consensus formation in the mean-field dynamics
and explore the dynamics’ ability to concentrate around global minimizers of each of the underlying
loss functions. Thirdly, we study the approximation of the finite particle system to the mean-field
system, and further establish a non-asymptotic concentration bound of the finite particle system
around global minimizers.

(3) We discretize our continuous dynamics in a reasonable way and fit it into the conventional
federated training protocol to obtain a new federated learning algorithm that we call FedCBO. We
conduct extensive numerical experiments to verify the effectiveness and efficacy of our algorithm
and demonstrate that it outperforms other state-of-the-art methods in the non-i.i.d. data setting.

1.1.2 RELATED WORK IN CLUSTERED FEDERATED LEARNING

In the setting of CFL, it is assumed that there is an underlying cluster structure among users, and
the goal is to identify the clusters’ identities and federate among each group. Both IFCA (Ghosh
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et al., 2020) and HypCluster (Mansour et al., 2020) alternate between identifying cluster identities
of users and updating models for the user clusters via local gradient descent. These methods
identify cluster identities by finding the model with the lowest loss on each local dataset. FedSEM
(Long et al., 2023) groups the users at each federated step by measuring the distance between users
using model parameters and accuracy and then running a simple K-means algorithm. All these
methods require prior knowledge or estimation of the number of underlying clusters, which may be
difficult to have/do in practice. In contrast, as we discuss below, our method does not require any
prior knowledge of the clustering structure, and consensus among clients in the same cluster will
be automatically induced by our particle dynamics.

In (Sattler et al., 2020), clusters are found in a hierarchical way. In particular, clients are
recursively divided into two sets based on the cosine similarity of the clients’” model gradients or
weight-updates. WeCFL (Ma et al., 2022) formalizes clustered federated learning problems into a
unified bi-level optimization framework. Unlike the two framework mentioned above (Sattler et al.,
2020; Ma et al., 2022), which conduct the convergence analysis under convexity assumptions, our
paper considers target functions that are non-convex and provide an asymptotic convergence result
in the mean-field regime.

1.1.3 RELATED WORK IN CONSENSUS-BASED OPTIMIZATION

The idea of using interacting particle dynamics with consensus-inducing terms to solve global
optimization problems was first introduced in (Pinnau et al., 2017). Since then, this approach has
gained a lot of interest from both theoretical and applied perspectives.

On the theoretical side, (Carrillo et al., 2018) provided the first local convergence analysis of a
mean-field CBO equation under relatively stringent assumptions on the initialization of the system.
This is achieved by first proving consensus formation at the mean-field level in the infinite time
horizon and then tuning the consensus point using the Laplace principle. Later, (Fornasier et al.,
2024a) relaxed some of these stringent assumptions and proved that mean-field dynamics can reach
an arbitrary level of concentration around a global minimizer within a finite time interval; however,
this time horizon may be difficult to estimate a priori. By showing that the finite particle CBO
system converges to the mean-field limit, (Huang and Qiu, 2022; Fornasier et al., 2024a) furthers
the theoretical underpinnings of the CBO framework. In our paper, we use similar strategies as
in (Fornasier et al., 2024a; Riedl, 2023) to study the behavior of our mean-field system (Section
4) and prove that our proposed finite particle dynamics form consensus around global minimizers
of each underlying loss functions (Section 5). In our setting, we need to face new challenges due
to the fact that particles may have different dynamics that depend on the loss functions that they
try to optimize. For instance, we need to estimate the time horizon needed to achieve a given
accuracy at the mean-field level differently from (Fornasier et al., 2024a; Riedl, 2023). Likewise,
our convergence of the finite particle system toward a suitable mean-field limit involves additional
technical difficulties arising from the fact that in our setting there are multiple types of particles
interacting with each other. More recently, (Riedl et al., 2023) establishes the connection between
consensus-based optimization (derivative-free method) and gradient-based method, and interprets
CBO as a stochastic relaxation of gradient descent. In (Fornasier et al., 2024b), the authors
incorporate truncated noise in the original CBO system, which enhances a better theoretical well-
behavedness of the law of the dynamics.

On the algorithmic side, with motivations from a variety of applications, researchers have ex-
tended and adapted the original CBO model to include new settings such as global optimization
on compact manifolds like the sphere (Fornasier et al., 2021), general constraints (Bae et al., 2022;
Carrillo et al., 2023; Borghi et al., 2023b), high-dimensional machine learning problems (Carrillo
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et al., 2021), global optimization of objective functions with multiple minimizers (Bungert et al.,
2024; Fornasier and Sun, 2024), sampling from distributions (Carrillo et al., 2022; Bungert et al.,
2024), saddle point optimization problems (Huang et al., 2024), and non-convex multi-player games
(Chenchene et al., 2023). In (Riedl, 2023), the author introduces a gradient term in the CBO sys-
tem which is shown to be beneficial numerically when applied the compressed sensing problems.
In our paper, we also incorporate gradient information in our particle dynamics, but our motiva-
tion, different from the one in (Riedl, 2023), is to reduce communication costs among users, one of
the important practical constraints in federated learning. For a more comprehensive review of the
development of CBO-type methods we refer the interested reader to the recent survey (Totzeck,
2021).

1.2 Notation

We use || to denote the absolute value or £o-norm of vectors in Euclidean space and denote by B, ()
the open ball of radius r centered at § € RY. We use k € [K] as a short notation for k = 1,2, ..., K.
We denote by C(X,Y) the space of continuous functions f : X — Y between X C R™ and a
given topological space Y. The space C(X,Y") is endowed with the sup-norm as is standard. When
Y = R, we simply use the notation C(X). We also use C¥(X) and CF(X) to denote, respectively, the
space of real-valued functions that are k-times continuously differentiable with compact support
and the space of bounded functions that are k-times continuously differentiable. Let P(R%) be the
space of all Borel probability measures over R? equipped with the Levy-Prokhorov metric, which
metrizes the topology of weak convergence. For a given p > 1, we let P,(RY) C P(RY) be the
collection of probability measures p € P(R?) with finite p-th moments, i.e., [4 [0|Pdp(#) < co. The
space P,(R?) is endowed with the p-Wasserstein distance W), (1 < p < oo) defined according to

1/p
6 — é)p (db, dé)) . ppEPRY,

W, D) 1= inf
o)=Lt

where I'(p, p) denotes the set of all joint probability measures over R? x R? with first and second
marginals p and p, respectively.

For p € C([0, T], P(R?)), we denote the law at time ¢ as p; € P(R?). Given a continuous function
f € C(R%) and a fixed probability measure p € P(R?), we denote by 1fllLi(p) := Jga | £(8)dp() the
L'-norm of f with respect to the measure p.

1.3 Organization of the Paper

The rest of the paper is organized as follows. In Section 2.1, we introduce the interacting particle
system motivating our FedCBO algorithm. In Section 2.2, we state our main theoretical results,
which include the well-posedness of both our proposed interacting particle dynamics and its as-
sociated mean-field limit system (Theorems 1 and 2), the behavior of the mean-field limit system
in time and its ability to concentrate around global optimizers for each of the objective functions
(Theorem 3), and finally, large time convergence property of proposed finite particle system (The-
orem 4). Motivated by our particle system, in Section 2.3 we introduce our FedCBO algorithm. In
Section 2.4, we present a series of numerical experiments to validate our proposed algorithm. Sec-
tion 3 is devoted to the proof of Theorem 2, Section 4 to the proof of Theorem 3, and Section 5 to
the proof of Theorem 4. We wrap up the paper in Section 6, where we summarize our contributions
and discuss future research directions.
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2. CBO for Clustered Federated Learning
2.1 Model Formulation

Finite particle system: In the rest of the paper we assume, without the loss of generality, that
there are only two clusters in the CFL problem (2), i.e., K = 2. Indeed, it will become clear from
our discussion below that extending the proposed model and its corresponding theoretical analysis
to the case K > 2 is completely straightforward. We also assume that all agents in class 1 use a
single loss function L; and all agents in class 2 use a single loss function Ly (see the discussion
on this assumption in Remark 5).! In order to optimize L; and Lo simultaneously, we consider
a collection of N = Ny + N, € N interacting particles with positions {6} “} L, € RY (class 1

particles) and {67 }i2:1 € R? (class 2 particles) described by the system of stochastic differential
equations:

Ao = <Ay (07 = mi) dt =MV L6 )dt+ o1 |07 — mi | dBI 4oy |VLi(07)| dB}, (4a)

407 = <Ay (07 = m?) dt = MV La(672)dt+ 1 |67 — mi| dBY 402 | VLo(67")| 4B}, (4b)

N, ki ki N, ki ki
m1 L Zk: IQszk 19 fw (9 k) m2 L Zk IQszk 10 Fw (0 k)
T ki - ki
D k= 12sz 1wL1(9t ") D k= 12sz 1“’1:2(915 ")

with A1, A, 01,02 > 0, wi, (0) := exp(—aLly(9)) for k = 1,2, and a > 0. In the sequel, we may use
the terms particle and user interchangeably to refer to an agent.

Let us discuss the above system term by term. Equation (4a) describes the time evolution of
the model parameters of agent i1 in class 1, while equation (4b) does the same for agent 12 in class
2. The term m; defined in (4c) is a Welghted average of all particle positions {6} }Zl 1 (60> 22}22 1
with respect to the loss function Li. In particular, note that an agent in class 1 can compute
m; without knowing the class identities of any of the other agents, an essential feature for our
purposes. If we imagine for a moment that class 1 particles concentrate around regions where Ll is
small, one should expect that {6} ’“}i have smaller L;-loss than the class 2 particles {6 }22 17
which presumably should concentrate around regions where the loss function Lg is small. Then,
intuitively, in the expression for m; class 1 particles {Qtl “ }f\{ ! , will receive higher weights than class

7 (4¢)

2 particles and hence m; should be close to the weighted average of the particles {Htl “}f\{ !, only.
Thus, m; can be thought of as an evolving consensus point that corresponds to class 1 particles only.
A similar intuition holds for m?, which is an evolving consensus point for class 2 particles only. The
first part of the drift terms in both (4a) and (4b) can then be thought of as a consensus-inducing
term for each of the classes. The second part of the drift terms in (4a) and (4b), on the other hand,
introduces local gradient information, which can be interpreted as a local model update through
gradient descent. In federated learning, using local gradient information ensures that all models
continue to update even when there is no communication between them; as discussed in (McMahan
et al., 2017), communication in federated settings is in general costly. Finally, the diffusion terms
in the dynamics guarantee that each particle continues to explore the optimization landscape of
its loss function until it reaches a critical point and aligns with its class consensus point. The

1. In practice, each agent only has access to finite data samples and thus their empirical loss function may actually
differ from that of other agents in the same cluster. We leave the modelling and study of this more realistic and
more difficult setting to future work.
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d-dimensional Brownian motions { B¥#}, ; | {E'”k};”k for k = 1,2 are assumed to be independent

of each other. '
Let us denote by 67 := {0 MV D o2 = (g 02NNNe 2 wigh N = Ny + Ny € N the

solution of the particle system (4). Consider the empirical measures

N N
2,N 1 1,N 2 9N
=N E :5 1(11.N); Py = § 4 g2 (i2:N) Piv =Pl ey (5)

Z11 7,21

where we use dy to represent a Dirac delta measure at # € R?. Observe that m;, m? can be rewritten
in terms of p¥ as follows:

1 1
mi = a/ewgldpiv = mg, [p'], m; = a/engdp{V = mg, (o).
lwg, Lo [z, e o)

In turn, system (4) can be rewritten as

A" = (0,7 —m$ [pN])dt — NV L1 (8, )dt + o1]0" — le[ N|dB™ + 0|V Ly (6™)|dB}"™
07" = (077 —m$, [pN])dt — NV La(67"2)dt + 0107 — m$, [p]N]|dB;™ + 02|V Lo (072)|d B ™.

Mean-field system: Based on the above rewriting of the finite particle system in terms of empirical
measures, we can formally postulate a mean-field SDE system characterizing the time evolution of
“typical” particles as N1, No — oco. Precisely, we consider the system of two SDEs:

o, = —\ (9 —mg, [pt]) dt — NV L (B, )dt—i—al‘e —le[pt]’dB +02‘VL1 )‘dB (72)

40> = — (Ef —mg, [pt]) dt — NV Lo(82)dt + o }92 mg, [pt]‘ dB? + oy ’VLQ )‘ dB2, (7b)

where for k£ =1, 2,
—k
m¢, [pd] = / 0dng . nge =wi o/ W iy PF = Law(0)), pe=wip} + wap},

subject to the independent initial conditions 5(1) ~ p(l) and 53 ~ p%; in the above, B!, El, B2, B? are
independent d-dimensional Brownian motions. Equations (7a) and (7b) describe, respectively, the
effective time evolutions of individual particles of class 1 and 2 in the regime of a large number of
particles. The weight w;, represents the asymptotic proportion of particles of type k in the system.
Finally, p} and p? represent, respectively, the distributions of particles of class 1 and 2 at time
t. Notice that the system (7) is coupled through the distribution p; of agents of both types. In
Section 5, we discuss in precise mathematical terms the relationship between the finite system of
interacting particles (4) and the mean-field limit system described in (7).
The system of Fokker-Planck equations corresponding to (7) reads:

Opr = Alkipy) +V - (py),  limpp = pg (8a)
Oepi = A(wip) + V- (uipy),  limpi = pj, (8b)

2. Here {6’3’(i1’N)}NL and {03’<i2’N)}g2 are defined exactly as {6’ 21}11 , and {6*" }12 1 in (4). The super-index

i1=1
N in 93’(”’1\”, 9?’(12’]\]) emphasizes that this is the system of interacting particles with N total particles. We will

omit this super-index when the context is clear.
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where
k « k O—% « 2 O—% 2
e = A (9 —mg, [pt]) + X VLL(0), k= > ’0 —m7, [ptH + > \VLi(0)]", fork=1,2.

This is a non-linear system of equations that describes the time evolution of the distributions of
agents of each class in the mean-field limit.

In the sequel, we interpret the Fokker-Planck system (8) in the weak sense.

Definition 1 For k = 1,2, let pf € P(RY). Let T > 0 be a given time horizon. We say that
ot p? € C([0,T),P(RY)) satisfy, in the weak sense, the Fokker-Planck equation (8) for the time
interval [0, T) and with initial conditions (p, p3) if V¢ € C(RY), Vt € (0,T), and k = 1,2, we
have

G [00aek0) = [ (3106 = ms, () - 2T L4(0)) - To(6)ask 0)
0'2 0'2 (9)
# [ (1ot ol + Z VIO ) Aolo)as0),

and in addition lim; g p,’f = ,0’5 (in the sense of weak convergence of probability measures).

Our main theoretical results, presented in the next section, are split into four key theorems.
First, we discuss the well-posedness of the proposed finite particle system (4) and of its correspond-
ing mean-field SDE system (7) in Theorem 1 and Theorem 2, respectively. Second, we discuss in
Theorem 3 the long-time behavior properties of the mean-field PDEs (8) and show that, under some
mild assumptions on initialization and the correct tuning of parameters, each of the distributions
p} and p? concentrates around the global minimizers of L; and Lo, respectively, within a certain
time interval. Finally, we prove that by running the finite particle system (4) for long enough, the
particles in each cluster will reach consensus around the global minimizer of their objective function.
This result is presented in Theorem 4 and is established by combining the quantitative mean-field
approximation result proved in Proposition 1 and the long-time behavior of the mean-field system
discussed in Theorem 3. The practical implication of the combination of these theoretical results
is the following: by considering the system (4) with sufficiently large N1 and N3, and assuming
appropriate initialization, particles of class 1 will concentrate around the global minimizer of the
loss function L, while particles of class 2 will do the same around the global minimizer of Lo. In
Section 2.3, we use our mathematical model to motivate a new algorithm for clustered federated
learning. In Section 2.4, we show through numerical experimentation that the proposed algorithm
can indeed produce highly-performing learning models for groups of users with similar data sets.

2.2 Main Theoretical Results

In all our theoretical analysis, we make the following assumptions on the loss functions L1, Ls.

Assumption 1 For k = 1,2, the loss function Ly : R* — R is assumed to be bounded from below
and we denote Ly, := inf Ly, the largest lower bound. Moreover, we assume there exist constants

My, ,Cr,, Mvr,,Cvyr,, M,cq, >0
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such that for all 6,0 € R,

Li(0) — L, < Cr, (1+6]?) 10a)
Y Li(0) — VL (6) 6 é‘ 10D)
)
)

(
(
IVLE(0)] < Cvr, (10c
Li(0) < Ly:=supLy or Lg(0) — Ly > ch\9\2 for all |0] > M. (10d

< My,

In simple words, in (10a) we assume the loss functions L are bounded above by quadratic functions.
We also assume the gradients of Ly to be Lipschitz and bounded in (10b) and (10c). In (10d), we
consider loss functions Ly that either are (1) bounded from above, in particular, Lj has the upper
bound Ly := sup L;; or (2) quadratic growth at infinity, i.e., there exist constants M > 0 and
cg. > 0 such that Ly(0) — Ly, > cq, |0]* for all |6] > M.

On our first main result, we study the existence of a unique process {6} |t > 0} with

oN .— <91,(1,N)7 L gLINLN) g2(LN) 792,(N27N)>T c RN,

following the interacting particle system (4). In particular, by invoking standard existence results
of strong solutions for systems of SDEs from (Durrett, 2018), we have the following theorem.

Theorem 1 (Well Posedness of the Microscopic Model) For fited N € N, the stochastic
differential equation system (4) has a unique strong solution {8N |t > 0} for any initial condi-
tion 0} satisfying |0} |2 < oco.

The above theorem for fixed number of particles NV doesn’t directly generalize to the mean-field
limit N — oo (see Remark 10). In our second main result, we establish the well-posedness of the
mean-field system of equations.

Theorem 2 (Well Posedness of mean-field equations) Let Ly, Ly satisfy Assumption 1 and
be either bounded or have quadratic growth at infinity, and let p}, p3 € Py(RY). Then there exist

unique nonlinear processes 51,52 € C([O,T],Rd),T > 0, satisfying

4oy = —\; (étl —mg, [pt]) dt — MoV L1 (0))dt + oy ‘?} —mg, [pt]’ dB! + o (VLl(étl)‘ dB},
a8, = =21 (07 = mi, o)) dt = NaV La(87)dt + o1 |0 — i, [pe)| dB} + o2 |V La(8) | d B,

pr =wip; +wap;,  wi+wy=1

in the strong sense, with p; = Law(@i),p? = Law(??),pt € C([0,T], P4(RY)) satisfying the corre-
sponding Fokker-Planck equations (8a) and (8b) in the weak sense, with lim;_,o p¥ = pk € P4(RY)
fork=1,2.

Remark 1 As illustrated in (Fornasier et al., 2024a, Theorem 8), the additional regularity of
php? e ([O,T],P4(Rd)) stated in Theorem 2 is a consequence of the reqularity of the initial
conditions p§, pi € Pa(R). Namely, if p, p* € C ([0, T), Ps(R?)) solves (8a) and (8b) in the weak
sense, identity (9) holds for all ¢ € C2(R?), where for some constant C > 0 we define the test
function space

CX(RY) := {¢ € CRY) : [Vo(v)lly < C(L+ |loll2) and sup |Ag(v)| < OO} :

vERL

10
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Knowing that both the mean-field SDE system (7) and its corresponding Fokker-Planck system
are well-posed, we can now state precisely the global convergence property of the mean-field system.
For our next result, we impose additional assumptions on the loss functions L1, Lo.

Assumption 2 For k = 1,2, we assume that the function Lj, € C(R?) satisfies
(I) There exists 0 € R such that Li(0}) = infycga L (0) := Ly.

(II) There exist L, RE ny, > 0, and vy, € (0, %] such that

1 v
60— 05] < %(Lk(e) —Ly)™  for all§ € Bg(67), (12)
LS, < Lg(0) —Lx  for all 6 € (B (6;))". (13)

Assumption 2 is similar to assumptions used in (Fornasier et al., 2024a). Assumption (I) states
that the minimum value Lj of the objective function is reached at some point ¢;. Assumption
(IT) specifies certain required properties of the objective functions’ landscapes for our theory to
hold. Specifically, the first part, inequality (12), imposes lower bounds on the local growth of Ly
around the global minimizer 6. This condition is also known as the inverse continuity condition as
discussed in (Fornasier et al., 2021), and it has been observed to hold globally for objectives useful
in machine learning problems as in (Xu et al., 2017; Fornasier et al., 2021). The second part of (II),
condition (13), rules out the possibility that L (6) ~ Lj for some 6 outside a neighborhood of 6;.

Theorem 3 (Concentration of mean-field around global minimizers) For k = 1,2, sup-
pose Ly, € C(RY) satisfy Assumptions 1 and 2. Moreover, let p € P4(R?) be such that pf§(B,(6})) >
0 for allr > 0. Define V(pf) := % [ |0 — 05 |2dpF(0). For any e € (0,V(p}) + V(pd)), ¥ € (0,1), pa-
rameters A1, \a, 01,02 > 0 satisfying 2\1 > 2XoM +do? +do3 M?, where M := max{ My, My, },
and the time horizon

; 1 V(po) + V()
T = log | 2P0/ T YAP%) 14
(1= 0)(2h1 — 20 M — do? — do3M2) ° < c ’ (14)

there exists ag > 0, which depends among other problem dependent quantities, on €, ¥ and the
distance between the global minimizers 07 and 65 (see (48) for a precise definition), such that
for all o > ag, if p*,p* € C([0,T], P4(R?) are the weak solutions to the Fokker-Planck equa-
tions (8a) and (8b), respectively, on the time interval [0, T*] with initial conditions p(l), pg, we have
mingejo 7+ (V(pt)+V(p7)) < €. Furthermore, up until V(p})+V(p}) reaches the prescribed accuracy
e for the first time, we have the exponential decay

V(o) + V(o) < (Vipb) +V(eB)) exp ( — (1 0)(2\1 — 20D — dof — do3M)E).  (15)

Remark 2 The parameter A1 in (4) determines the strength of the force driving particles toward
their respective consensus points. Similarly, Ao and 01,09 characterize the strength of the gradient
and noise terms, respectively. In Theorem 3, we require the parameters Ai, Aa, 01,02 > 0 to satisfy
21 > 2 oM —i—da% —|—d0’%M 2. This requirement ensures that the consensus inducing terms dominate
the other terms in the dynamics, a crucial feature for the system to reach consensus around the global
minimizers of the loss functions. This, however, is an assumption that we impose for theoretical
purposes, as in fact a stronger drift toward consensus translates to more communication rounds
between agents. Nevertheless, as we will see in our numerical experiments in section 2.4, our
proposed FedCBO algorithm, introduced in the next section, continues to induce consensus among
cluster members even when reasonable communication constraints are imposed.

11
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Based on Theorem 3, we also establish a convergence result for the finite particle system (4a)
and (4b) toward the global minimizers 67 and 63, respectively, by following the proof techniques
developed in (Fornasier et al., 2021, 2022). By excluding a bad set with small probability we can
further establish a polynomial sample complexity for the approximation, provided that particles
are initialized by sampling distributions satisfying the assumptions in Theorem 3.

Theorem 4 (Finite particle system converges in probability) Let iyt > 0 and £ € (0, %)
be fized. Under the same assumptions as in Theorem 3, let {91’i1}£\1[1:1, {02,1‘2}2{\272:1 be generated by
running the finite particle system (4) up to time T* (defined in (14)) initialized by sampling the
measures p§ and pE, respectively. Then there is T < T* such that

2

+ S Etotal (16)

1,3 *
lee -k

i1=1

20212_ ;

121

with probability greater than 1 — (£ + 8;}5al(2C’MFA (N7P+ N+ 4e)). Here, € is the error from
Theorem 8. Cypa > 0 depends on the particle system parameters o, A1, Ao, 01 and oo, on the time
horizon T*, and on €.

Remark 3 Notice that the probability of the event where (16) holds can be made to be larger than
1 =6 by choosing € to be small enough so that - 45 < 0/3, then taking & smaller than §/3, and,

finally, N1 and Ny large enough so that 2CMFA (N —i— Ny ) is less than §/3.

Remark 4 The error analysis of the numerical scheme (20) approzimating the continuous dy-
namics (4) is out of scope for this paper. Therefore, in Theorem / the error analysis is for the
continuous time scheme only and we leave the analysis of the error introduced by time discretization
for future work.

2.3 The FedCBO Algorithm

To make the system (4) into a practical algorithm for federated learning, we need to make a
series of adjustments. Firstly, we discretize the proposed continuous-time system, which can be
done using a standard Euler-Maruyama discretization of (4). Secondly, the resulting discretized
scheme must be adapted to fit the conventional federated training protocol where the number of
communication rounds among users is restricted. The resulting algorithm, which we name FedCBO,
is the combination of these adjustments. We provide more details next.

Let {91 “}Zl 1,{93’”}%’;1 be sampled from fixed distributions p}, p2 € P(R?), respectively.
Since class memberships are not given, it is reasonable to assume that p} and p3 are the same, but
this assumption is not required. Consider the iterates

O, O = Ay (85 — mb) = Ay VL (65%) + o1y |05 —md| 255 + 007 [ La (6| 9,

(17a)
O3 < 0272 — Ay (027 — m2) = MYV La(02) + 013/ |07 — ml| 227 + 00y/7 |V La(0572)] 2272,
(17b)
for n =0,1,2,.... Here, v is the dlscretlzatlon step size; z,’fb AJ”’“ for k = 1,2 are 1ndependent
normal random Vectors N(0, Igxq); mE k= 1,2 are the Welghted averages of {91 “}21 15 {6% Z2}Z2 1

12
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defined by

D k=12 Ezk 10 o Ll(ek’ik)
D k= 122% 1“’L1( l“k)

D k=12 Zf\,:k 1 O kaLz (efblk)
D k=1 2 sz LW, (02%)

where wf (0) = exp(—aLy(0)) for k = 1,2. Given a fixed integer 7 > 0, by summing over (17a)
and (17b) 7 times, we can rewrite (17a) and (17b) (omitting noise terms for simplicity. See the
discussion in Appendix E) as

m ({057}, {00}] = : (18a)

mp [{0x" 3, {0772} = . (18b)

T—1
O, Ok — AWZ (00 = mhrsg) = Aoy Z VLi(65), (19a)
T—1
0(2 Zil) 9721122 AWZ <072wl%rq "T+q) — A2y Z VL erznliq) (19b)
q=0

However the above update rule would require the computation of the consensus points m}

nt+q
and m? at each iterate. This would result in an excessive amount of communication among

nT+
users and qserver, a situation that must be avoided in practical settings. Indeed, note that an
agent would need to download the parameters of all other users participating in the training to
compute its corresponding m¥ _ +¢- If this communication is done too often, it could quickly become
prohibitively expensive. To accommodate our algorithm to this practical constraint, we consider a
splitting scheme that approzimates the update formula (19a) and (19b) in the following way: for

n/::07172f"7

Ouit < O, Ot O, (20a)
Ot grt < Oty = Mo VLa(B,7Y,),  On ) = 002 — Moy VEa(0h2,)  forg=0,...,7—1,
(20b)
1,i i i 1 2,i 2 2 2
e(njd) — a(nim - A1y (9(ni1)7 - m(n+1)T> ; e(nj—l) — H(nil)’r - A1y (e(nim - m(n+1)T) )
(20c)

where the consensus points m’(“nﬂ) n+1)7‘ [{Olnzil I3 {?Jil)_r}] for k = 1,2 are the weighted

average of {‘9173_1 }21 1,{5273_1 }22 , defined as in (18a) and (18b). In simple terms, at each
communication round we first update models through gradient descent 7 times (20b) and then
compute the consensus points once (20c). For the above scheme to resemble (19a) as much as
possible, we set a larger value for A\; than for 9. In the standard terminology in federated training,
(20b) can be interpreted as a local update of each user’s model parameters through 7 epochs of
local gradient descent, while (20c) can be viewed as the aggregation step. One interesting feature of
our update rules is that the model aggregation does not occur at the global server. Instead, agents
may download other users’ models and aggregate them through (20c) locally. Thus, the server can
be assumed to be completely oblivious to not only class memberships but also to the actual values
of all user parameters. This feature makes our FedCBO approach a rather decentralized approach
to federated learning.

We are ready to present the FedCBO algorithm (Algorithm 1) in precise terms. At the n-
th iteration of FedCBO, the central server selects a subset of participating agents G,, C [N]; in

13
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Algorithm 1 FedCBO
Input: Initialized model Hé € R? j € [N]; Number of iterations 7'; Number of local gradient steps

7; Number of models downloaded M; CBO system hyperparameters Ai, Ao, a; Discretization
step size ~; Initialized sampling likelihood Py € RY x(N-1)
1: forn=0,---,T—1do

2: G, < random subset of agents (participating devices);
3: LocalUpdate(G%,T, A2,7) for j € Gp;

4:  LocalAggregation(agent j) for j € Gy;

)

5: end for
Output: 9% for j € [V].
LocalUpdate(go,T, A2,7) at j-th agent

6: for g=0,---,7—1do

7. (stochastic) gradient descent §q+1 — @\q — )\Q’YVEj(é\q);
8: end for
9

~

: return 6,;

practice, the server can select this group among the agents that are currently online and available.
Each selected agent j € G,, performs local SGD updates on its model #, using its personal data set
(denoted the loss function as E]) After the local update, each participating agent j € G, begins
local aggregation (Algorithm 2). In particular, agent j first selects a subset of agents A, C G,
using, for example, a e-greedy sampling strategy (Zhang et al., 2021) (see Remark 6 for details)
and then downloads their models (see Remark 7 for a discussion on data privacy vulnerabilities
of this and other federated learning schemes). Agent j then evaluates all downloaded models
9;,i € A,, on its local dataset and obtains their corresponding losses E; Using the losses E;,
agent j calculates the consensus point m; following (21) and updates its own model 6 following
equation (22). Finally, agent j updates its sampling likelihood vector P! according to (23) for
future communication rounds. As had already been suggested above, the model aggregation step in
FedCBO is different from the one in most conventional federated learning algorithms. In FedCBO,
models are aggregated locally on each device, whereas conventional federated learning algorithms
average models at the global server.

Remark 5 In practice, each agent only has access to finite data samples and thus their empirical
loss functions may actually differ from those of the other agents in the same cluster. This is a
different setting from our theoretical assumption that agents in the same cluster have the same
objective function. On the experimental side, our numerical results show that when agents in the
same cluster have similar but still different objective functions, our FedCBO algorithm still works
well. On the theoretical side, to gemeralize our theoretical results to more practical settings we
would need to study the case where agents in the same cluster have different objective functions that
are nonetheless slight perturbations of a common underlying “true” loss function. This is closely
related to analyzing the sensitivity of our proposed interacting particle system to perturbations of
the objective functions. We leave the detailed modeling and study of this more realistic and difficult
setting to future work.

14
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Algorithm 2 LocalAggregation(agent j)

Input: Agent j’s model 0l e R?: Participating devices at n iteration G,; Sampling likelihood
Pl e RN —1. CBO system hyperparameters A, o; Discretization step size v; Random sample
proportion ¢ € (0,1); Number of models downloaded M:;

1: A, «— e-greedySampling(Pﬁ, Gn, M);

2: Agent j downloads models ¢, for i € Ay;

3: Evaluate models 6, on agent j’s data set respectively and denote the corresponding loss as E;,

4: Calculate consensus point m; by

1 L . ~.
mj - Y Ot with g = exp(—aL) (21)

ZiEAn 'uj 1€An

5. Update agent j’s model b . . )
peate agent J YW e 0 — Ay (63 —my) (22)

6: Update sampling likelihood P by

Pl < P+ (D~ TE),  forica, (23)

Output: H%Jrl, P7J1+1

e—greedySampling(Pﬂ;, Gn, M)

7: Randomly sample ¢ * M number of agents from G,,, denoted as Al;
8: Select (1 —¢) * M numbers of agents in G,,\ A} with top value Pj“,z € G,\AL, denoted as A2;
9: return A, = Al U A2

Remark 6 (e-greedy sampling strategy) For each agent j, we use e-greedy sampling scheme
as in (Zhang et al., 2021) to select which models to download from other agents. In particular,
we maintain a matriz P consisting of row vectors p’ = (p”, .. ,pj’N), where p?' measures the
likelihood of agent j downloading model 0. Initially, we set P to be the zero matriz, i.e., each
model has an equal chance of being selected by any other agent. During each federated iteration, we
update P by (23). Since the number of allowed downloaded models M is much smaller than the total
number of agents N, we may benefit from extra exploration by randomly selecting € proportion of
agents and then selecting the remaining proportion of agents based on the top sampling likelihoods
according to P. After a few iterations, the likelihood matriz P should become more accurate in
identifying similar agents. Therefore, we gradually decrease the value of € to control the random
exploration rate.

Remark 7 Given the data privacy constraints motivating federated learning methods, individual
agents must not share their local data with the global server or other agents. In standard federated
training protocols, agents typically exchange either the gradients or the parameters of the models
that are being trained on their respective local data sets. It should be noted that the sharing of
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gradients or model parameters is not entirely secure, as it is possible for the private training data to
be retrieved from publicly shared gradients (Zhu and Han, 2020; Geiping et al., 2020; Zhao et al.,
2020; Yin et al., 2021; Huang et al., 2021; Li et al., 2022) or shared parameters (Haim et al.,
2022; Buzaglo et al., 2023). While the recovery of data from parameters is still quite difficult, our
FedCBO framework may benefit from the incorporation of other privacy protection techniques like
DP-SGD in (Abadi et al., 2016) and secure aggregation in (Bonawitz et al., 2017). A detailed
implementation of these mechanisms is out of the scope of this paper.

2.4 Experiments

In this section, we present an empirical study of our proposed FedCBO algorithm and assess its
performance in relation to other state-of-the-art methodologies designed for the clustered federated
learning setting?.

Dataset Setup: We follow the approach used in (Ghosh et al., 2020) to create a clustered
FL setting that is based on the standard MNIST dataset (Lecun et al., 1998). Precisely, we begin
with the original MNIST dataset containing 60,000 training images and 10,000 test images. We
augment this dataset by applying 0, 90, 180, and 270 degrees of rotation to each image, producing
in this way k = 4 clusters, each of them corresponding to one of the 4 rotation angles. For training,
we randomly partition the total number of training images 60000k into N agent machines so that
each agent holds n = % images, all coming from the same rotation angle. For inference, we
do not split the test data. Therefore, the model from each local agent will be evaluated on 10000
rotated test images according to the cluster to which the agent belongs to. A few examples of the
rotated MNIST dataset are shown in Fig. 2.

Figure 2: Examples of rotated MNIST dataset. Each row contains a collection of samples from one
particular rotation.

Baselines & Implementations: We compare our FedCBO algorithm with three baseline al-
gorithms: IFCA (Ghosh et al., 2020), FedAvg (McMahan et al., 2017), and a local model training
scheme. We use fully connected neural networks with a single hidden layer of size 200 and ReLLU

3. Implementation of our experiments is open sourced at https://github.com/SixuLi/FedCB0.
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activation as base model. We set the total number of agents N = 1200 and the number of com-
munication rounds 7' = 100. In each communication round, all agents participate in the training,
i.e., |Gp| = N for all n. When an agent trains its own model on its local dataset (local update step
in each round), we run 7 = 10 epochs of stochastic gradient descent (SGD) with a learning rate of
v = 0.1 and momentum of 0.9. In what follows, we provide some implementation details for each
baseline algorithm:

e FedCBO: We set the model download budget M = 200. We choose the hyperparameters
A1 = 10, Ay = 1 and = 10. For the e-greedy sampling, we use the decay scheme e(n) =
max{0.5 — 0.01n, 0.1}, i.e., the initial random sample proportion £ = 0.5. This parameter is
decreased by 0.01 at each communication round until it reaches the threshold 0.1.

e IFCA (Ghosh et al., 2020): We set the number of models initialized at the global server
to equal the number of underlying clusters (k = 4) as suggested in (Ghosh et al., 2020) for a
fair comparison. This should provide the best result for the IFCA algorithm.

e FedAvg (McMahan et al., 2017): The algorithm tries to train a single global model that
works for all the local distributions. Hence, in the model aggregation step, the local models
trained by the agents are averaged to obtain the updated global model.

e Local model training: Agents train their own model using only their local data and with
no communication with the global server or to any of the other agents. To ensure a fair
comparison, each agent trains its model for a total of T"x 7 = 1000 epochs.

Remark 8 Notice that in FedCBO we do not have to input the number of underlying clusters k,
in contrast to IFCA where we need to input this value or an estimate thereof.

For FedCBO and the local model training scheme we perform inference by testing the trained
model on the test data with the same distribution as their training data (i.e., data points with
the same rotation). For IFCA and FedAvg, following (Ghosh et al., 2020), we run inference on
all learned models (k models for IFCA and one model for FedAvg) on each data distribution and
calculate the accuracy of the model that produces the smallest loss value. We conduct experiments
with 5 different random seeds for all the algorithms and report the average accuracy and standard
deviation.

Experimental Results: The test results are summarized in Table 1. We observe that our
FedCBO algorithm outperforms the three baseline methods. Although the IFCA algorithm can
gradually estimate the cluster identities of users correctly and average over users’ models that are
estimated to belong to the same clusters, it gives models the same weights during the model aggre-
gation step, thus preventing the algorithm from further utilizing the relative similarities between
different models. In contrast, as we run the FedCBO algorithm we observe that, during the (local)
model aggregation steps, agents successfully select models from other users having the same data
distribution (as discussed in Remark 9) and assign different importance (weights) to the down-
loaded models using (21) during the aggregation steps. In this way, each user can better utilize the
most beneficial models from others. As pointed out in (Ghosh et al., 2020), the FedAvg baseline
performs worse than FedCBO and IFCA as it tries to fit heterogeneous data using a single model
and thus cannot provide cluster-wise predictions. Since each agent only stores a small amount of
data, the local model training scheme can easily overfit to the local dataset. This explains why it
produces the worst performance among all other methodologies.
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Table 1: Test accuracy + standard deviation % on rotated MNIST.
FEDCBO IFCA FEDAvVG LocAL

96.51 +0.04 94.44+£0.01 85.50+0.19 81.27£0.02

Remark 9 7To verify the correctness of the sampling scheme in FedCBO, we define the successful
selection rate (SR) for agent j at iteration n as follows:

Number of selected agents in the same cluster as agent j

j .
St = Total number of selected agents ’ (24)
where the total number of selected agents equals the model download budget M. During the FedCBO
algorithm, we calculate the average successful selection rate SR, = % Zjvzl SRI at each commu-
nication round n, which corresponds to the blue curve in Fig. 3. Meanwhile, when implementing
the e-greedy sampling, we set the random exploration proportion € to 0.5 at n =0 and use a decay
scheme of £(n) = max{0.5 — 0.01n,0.1}. Hence we can calculate the oracle expected successful se-
lection rate at each round: this is shown as the orange curve in Fig. 3. We note that the empirical
average successful SR (blue curve) is very close to the best expected successful SR (orange curve).
This indicates that our FedCBO algorithm can successfully identify the agents with the same data
distributions. We leave the task of designing better sampling strategies to close the gap between

empirical successful SR and oracle successful SR to future work.

Average Selection Rate (SR)

—— Empirical average successful SR
Oracle expected successful SR

0 20 40 60 80 100
Iterations

Figure 3: Average successful selection rate (SR) at each communication round.

3. Well-posedness of Finite Particle System and Mean-field System
3.1 Well-posedness of the Microscopic Model

In this section, we prove Theorem 1. Before that, we first introduce some useful notation and
preliminary lemmas. In this section, to make the notation simpler we write the solution of the
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interacting particle system (4) as {8V |t > 0} with 6} := (0(1’N), e ,H(N’N))T without distin-
guishing between agents of cluster 1 or 2. Moreover, we assume the objective functions L; and
L to be the same, and we denote them as L.* For an arbitrary but fixed N € N, we rewrite the
system (4) as

d6) = —Fy(6})dt + My (6, )dB", (25)

where B := (B(LN), e ,B(N’N))T is the standard Brownian motion in RV? and

Fy(0) := (FN(0), -, FY(0))" € RN, with Fi(6) := MGy (8) + MV L(6"),
M (6) := diag (|[My(0)|La, - -, | MY (0)[1a) € RNV,
Zj;éi(ei — 07)wi (07)
Zj w3 (07)
As in Assumption 1, we assume that the gradient of objective function L satisfies the following
conditions for all 6,60 € R%:

with My (0) := 01|G\(0)] + 02| VL(0Y)|, and Gy\(0) :=

IVL(0) — VL(0)| < Myr|0 — 0] and  |VL(9)| < Cvr, (26)

with constants My, Cyvyr > 0. Under these conditions on VL, we can show that G§V, for i € [N], is
locally Lipschitz continuous and has linear growth. Consequently, Fy and My are locally Lipschitz
continuous and have linear growth. We summarize the previous observations in the following lemma.

Lemma 1 ((Carrillo et al., 2018, Lemma 2.1)) Let N € N,a,r > 0 be arbitrary. Then, for
any 0,0 € RN with |6|,|0| < r and all i € [N], it holds

A o L 2, - " .
G (0) = G (@) < 10— ¢+ (14 27 /Wi + 101 ) o - 1,
GHO)] < 19 + 6],
where ¢, := aCyr exp(al|L — Ll p(p,)) and B, :={0 € RY||6] < r}.

Combining the above lemma with the assumptions (26) we deduce the following corollary.

Corollary 1 Under the same assumptions as in Lemma 1, it holds

. . o 2, - " .
Fi(6) = FRO)] < (v + dadtes) 6~ 1+ (14 57 /g 4 10 ) o - 1,

4 o S 2, - " .
M(8) = My (8)] < (01 + 02 M) 67 — ] + A <1 + /N + |ey2> o-6, 0
|My(8)] < o1(10°| + 6]) + o2Cv,

where ¢, := aCyexp(a||L — Ll 1~ (p,)) and B, := {0 € RY| 0] <7}
Proof Based on Lemma 1 and the assumptions on VL, we can compute
[Fx(8) = F(0)] = [M(G(8) — Giy(8)) + A2(VL(8') = VL(6Y))|
< A1lG(0) — Gy (8)| + Xo| VL(6") — VL(")]

L 2, = " .
< (A1 +AoMyyp) |68 — 60"+ N\ (1 + %\/NWP + |0|2> |0 — 0.

4. For the case that objective functions L; and Lo are different and two classes of agents are distinguishable, the
proof of the well-posedness of the microscopic model can be easily adapted.
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M (8) = Mi(8)] = o1 (IG (0)] — IGX(O)]) + o2 (IVL(O)| — [VL(E) )
< 01|Giy(6) — Gy (8)| + 02| VL(#) — VL()|

L %, = " .
< (0’1 +0'2MVL) ‘91 — 91’ + A1 (1 + %\/ N’01|2 + |0’2> |0 — 9‘

| My (0)] = 01|G(8)] + 02 VL(0")| < 01(|6"] +16]) + 02C L.
m

Now we may invoke standard results on the existence of strong solutions of SDEs from (Durrett,
2018) to prove Theorem 1.

Proof [Proof of Theorem 1| We first show that there exists a constant by > 0 such that
—20 - Fx(0) + trace(My MZ%)(0) < by (1 +16]?). (28)
By Corollary 1, the following holds:
200 — 07)wi(67)
Zj w7 (07)
My (8) < [o1(167] + 16]) + 02Cr|” < 402(672 +0]2) + 203CE.

—0". FL(0) = —6" - (Al - AQVL(ei)> < M0 4+ (M]0] + AaCvr)|6Y

Then one can obtain

—20 - Fy(0) + trace(My M%) (0) = Z (—20" - Fi(0) + d| My (0)])

< Z ( — 2)\1‘6”2 + 2 ()\1’9‘ + )\QCVL) ’91‘

+4doi (10" + 10]?) + 2do3C;)
< =2M1|0)% + A\ N|02 + M\1]0]2 + M\oCv N + XoCyp |0
+ 4do?|0|? + 4do?N|0* + 2do3C3 ;N
= (A (N = 1) + Ao + 4dof(N + 1)) |6)?
+ (MCyr +2do5C% ) N
<bn (1+16).

Together with the local Lipschitz continuity and linear growth of Fy and My, we deduce the
desired result by applying Theorem 3.1 in (Durrett, 2018). |

Remark 10 From the estimate (28), we can obtain a uniform bound on the second moment of 0} .
In particular, by the Ité formula, we have
d
£E|05V|2 = —E[68) - Fn(8])] + E[trace( My M) (0))] < by (1 +E|O]?).
Therefore, Gronwall inequality yields
t
E|ON |2 < exp(bnt)E|0) | + bN/ exp(by(t — s))ds for allt >0,
0

i.e., the solution exists globally in time for each fixed N € N.
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3.2 Well-posedness of Mean-field System

In this section we prove Theorem 2. We present the details in the case in which the loss functions
are assumed to be bounded. The proof for the quadratic growth case is similar, and we refer the
reader to Appendix B for more details.

Before we prove Theorem 2, we first need a “Lipschitz continuity” property for the operators
mg for k =1,2. The proof of the next lemma can be found in Appendix B.

Lemma 2 Let objective functions Ly, Ly satisfy Assumption 1 and let v*,v? € C([0,T], Po(R%)) be

such that supyeo 7 [ 01*dv} < K, supseio.r] | |0]*dv} < K. Let us denote by L1, Ly the supremum

of each of the loss functions. Let wy,wy > 0 be such that wy + we = 1, and let v := w1t 4+ wor/?.

Then, for all s,t € (0,T), the following stability estimates hold

‘m%k (] — m%k [1/5]‘ <C (\/w1W2 (ytl, 1/51) + VwaWo (yf, 1/3)) , (29)
for k =1,2 and for a constant C that depends only on a,Cyy, and K.

With the above lemma in hand, the proof of Theorem 2 reduces to a careful application of
the Leray-Schauder fixed point theorem which follows similar steps as in (Carrillo et al., 2018,
Theorem 3.1).

Proof [Proof of Theorem 2| Step 1: For a given pair u', u? € C([0, T], R%), we may apply standard
theory of SDEs (see, e.g., Chapter 6.2 of (Arnold, 1974)) to conclude that there exists a unique
strong solution to the SDE

dY;' = —\ (V! —uf) dt — VLY )dt + o1 |V — uf|dB} + 02 | VL (Y})] dB} (30a)
dY? = —Xy (Y2 —uf) dt — MV Lo(Y2)dt + 01 |Y2 — u?| dB? + 0 | VLs(Y?)| dBZ, (30b)

for initial conditions Yy ~ p} and YZ ~ p2 (independent of each other), where p}, p3 € Pa(R?).
Let v} = Law(Y}!) and v} = Law(Y;?) be the laws of Y;! and Y}, respectively. Since the variables
Y1, Y2 take values in C([0, T],RY), it follows that v!, % € C([0,T], P(R?)). Moreover, v}, v? satisfy
the following system of Fokker-Planck equations (in weak form):

d 2 2 7
| v} = / (—2(0—ui)— WL1<9>)-W+<“;Ie—u%<2+”;|w1<e>|2)mo dv}, (31a)

— [ pdv; —/ (=A\i(0—uf)— )\QVLQ(@))~V<,0+< Lo — 2\ +22 |VL 9)| )Acp_duf, (31b)

for all ¢ € C2(RY). Let us consider the product space C([0,T],R%) x C([0, T], R?) endowed with the
norm || - || defined as

1 DN = 1 oo + N9l

where f,g € C([0,T],R?) and || f]|oo := supyejo,r] | ft|. Notice that m¢ [v] € C([0,T],RY) for k = 1,2
and thus we can define the map

T :C([0,T],RY) x ([0, T],RY) — C([0,T],R?) x C(]0,T],RY),
(u'

where v = wiv! + wor?. Next, we show that 7 has a unique fixed point.

Ju?) — T(uh,u?) = (mg, [v],mg, [v]),
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Step 2: First, we show that 7 is compact, i.e., any bounded sequence {(fn,gn)}nen in
C([0,T],RY) x C([0,T],R%) is precompact. Let (©n,¥n) := T (fn,gn). It is sufficient to show that
each of the sequences {¢y, }nen and {¢y, }ren is precompact. We show the details for the sequence
{on}nen. Since pf, p2 € P4(R?), standard theory of SDEs (see, e.g., Chapter 7 of (Arnold, 1974))
provides a fourth-order moment estimate for solutions to (30a) and (30b) of the form

EV!* < (1+EYg[*) exp(ct)  and  E|V2[* < (1+E|YF|*) exp(ct),

for some constant ¢ > 0 only depending on |[u!||s and ||u?|«. In particular,

sup /]9|4d1/tl, sup /]6]4d1/t2 <K
te[0,T] t€[0,T]

for some K < 0o. On the other hand, for any ¢t > s in (0,T"), the Itd isometry and Cauchy-Schwarz

inequality yield

t
E|v; -] = E‘ / (=X (Y7 —ur) = 2VLi(Y,))dr

t t 2
+/ al\YTl—quB;Jr/ o2 VL (Y})| dBL
S S

t 2
< 21@’ / (=i (Y2 —ul) = MaVEL(Vh))dr

t
+2EU (Uf\Yf—UHQJrU%WLl(YTl)‘Q)dT}
: t
§4A§|ts|1E[/ \YTluH2dT]+4A§tS\E[/ |VL1(YTI)’2dT]

t
+2E[/ (o7Y} —ul]* + o3 }VLl(YT1)|2)dT]

S
< AN (K + ||ul|Z) Tt — s| +4N3C%, T |t — s
+ 207 (K + ||ut||%) |t — s| +205C%, |t — 5|
= Cl‘t — S‘.

Similarly, E|Y;? — YSZ‘Q < Co|t — s| for a constant Co > 0. Therefore, Wa (v}, v) < e |t — s\%

and Wy (v, 12) < co |t — 5]%, for some constants cy,cz > 0 only depending on ||u!|s and [|u?(|so-
Applying Lemma 2, we obtain

1
[m 4] = m3, ]| < C(/wrer + viwmes) |t = 512,

which proves that ¢t — m¢ [14] is Hélder continuous with exponent % From this we can conclude
that {©n }nen is precompact due to the compact embedding C%'/2([0, T],R?%) < C([0, T], R%), where
CO1/2(10,T),R%) is the space of :-Hélder continuous functions from [0, 7] into RY.

Step 3: Next, we verify the conditions in the Leray-Schauder fixed point theorem. For that
purpose, suppose the pair (u',u?) € C([0,T],R?) x C([0,T],R?) satisfies (u',u?) = 77 (u', u?) for
some 7 € [0,1]. In particular, there exist 11,12 € C([0,T], Po(RY)) satisfying (31a) and (31b), re-
spectively, such that (u!,u?) = 7(m¢,[v],m¢,[v]), where v = w111 +wars. Due to the boundedness
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assumption on L1°, we have for all t € (0,T)
2 —_
‘UH =72 \le[VHz < 7%exp (a(L1 —g)) / |z|?dvy
_ 2 exp(a(Ll—Ll))<w1 / 1 [2d! +w2/|xy2dyt2>.

A computation of the second moment of v} gives
d 2,1 1 ot 12, 03 2 1
dt/w\ dv} = / [( — A1 (0 —ug) —A2VL1(0)) - 20 + 2d <2 10— uy|”+ 5 |VL1(6)]| ) ]dyt

= / { — 20\ 1[0]2 + 2010 - ul — 2000 - VL1 (6)

+do? (101> — 260 - ui + |uf|?) + do3 [VL1(0)]? } dv}

< [ [(do? = 270 + x| + MO + (ot + DIt P+ (2 + do) | VL4(O)] dif

< (dof = 2M\1 + x| + A2) / 102 dvy + (dof + [x])|u; |* + (A2 + do3)CF

< (dof + x|+ A2) (1 + exp(a(Ly — Ly))) (/ 02 dvy + / \9!261’/3) + (A2 + do3)C%p,
where y 1= A\ — do?. Similarly,
jt/ye\?dy,? < (do? + || +A2)(1+exp(a(L2—L2)))</|9\2dyg+/\92dy§) (ot do?)C2, .
Adding the above two inequalities we conclude that

i</|m2dug+/|e|2du§> <01</ye|2du,}+/9|2dy,?> 4+ O,

for some constants C, Cy > 0. Using Gronwall’s inequality we obtain
C
/\9|2du}+/|9,2dy§ < </|92du3 +/|9|2dyg> exp(C1t) + g(exp(clt) —1).
1

Then, from (32), we conclude that there is a constant q; > 0 such that |[u!ec < q1. A sim-
ilar bound holds for ||u?|s, i.e., there is a constant go > 0 such that |[u?||.c < go. Hence,
I(ut,u?)]| = [[ut]loo + lu]le < @1 + g2. We may now invoke the Leray-Schauder fixed point
theorem (Section 9.2 in (Evans, 2010)) to conclude that there exists a fixed point (u',u?) for the
mapping 7 and thereby a solution of (30a) and (30b).

Step 4: As for uniqueness, we first note that a fixed point (u!, u?) of 7 must satisfy || (u!, u?)| <
g Hence, the fourth-order moment estimates provided in Step 2 hold and sup¢(o 7 i |lz|*dvf <
K < oo for k = 1,2. Now suppose we have two fixed points (u!,u?) and (4!, 4?) with

H(ul,u2)|| , H(ﬁl,ﬂ?)H < q, sup /|9|4d1/f, sup /|9|4dﬁ,fC <K fork=1,2,
t€[0,7] te[0,T]

5. The proof for the case in which L; has quadratic growth at infinity is provided in Appendix B.2.
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and consider their corresponding processes (V;', Y;2), (Y;', ¥;?), which satisfy (30a) and (30b) with
the same Brownian motions. Taking the differences 2} := Y,* — Y/ for k = 1,2, we obtain

zf:z§+/0t( A2k 4 (u —u) o (VLk(Yk) VLk(Y“j)))ds

+al/0t(

Squaring both sides, taking expectations, and using It0 isometry we obtain

YE k| |y

S S

— ) st 4 on [ (|| - (VL) aB.

|k = E[zg + /Ot ( A2k + A <u — 4 ) W (VLk(Yk) vu(?j))) ds

+al/0t( )défr

< 2E]z§|2+2tE[/0t( Mz A —ak) — (VLk(Y’f) VLk(f/sk)))QdS]

+2U%E[/Ot( )st} +20§E[/0t (’VL;C(YS’“)‘ - ’VL;C(YS’“)Dst]

t t 2
§2E1z512+6m§/ Eyz§|2ds+6m$/ ub —ak
0

k ok ~k
e —Ug| — Yy — 1

S S

) dBk + o, /Ot (|veed)| = |veudy

k k Ok ~k
}/s — Ug| — Y; — Ug

s T Usg

t “ 2
ds-+ 60 [ B [VL(Y) - VLuTH)] ds
0

+201IE[/ ‘ Y’“ Y’c —(u —uk>’2ds} +202E [/ (VLk Yhy - VLk(Y’“)’ ds}

t 2
ngyz§y2+(6A§t+4a§)/ E|z§\2ds+(6A%t+4a%)/ uf —ak| ds
0 0

t t
+6A§M%L1/O EyznydHQa;M%Ll/o E| ¥ ?ds

k ~k

Us

t t
= 2E|2f 2 + [6M3t + 407 + M2, (6A§+2a§)]/0 Ez§]2ds+(6)\%t+40f)/0

By Lemma 2, for k = 1,2, we get

julf — 2 = |mg, [vs] = m, [5]2 < C2 (VunWa(vl, ) + /s Wa (2, 02))°
< C? (\/wlx/IE]z§|2 + «/wQ\/E|z§|2) (33)
<2C?% (Elzl? +E|22]%) .
We further obtain
~ t ~
E|212 < 2|z + 01/ E|! ds + cg/Eyzg\st
0

o~ t ~
E| 22 §2E\z§]2+01/0 E\z§y2ds+02/1ayz;\2ds,

where C1 = (1 + 2C2)(6A3t + 407) + (63 + 203) max{ M2, ,MZ; } and Cp = 2C2(6A3t + 407).
Combining the above two inequalities we deduce

. . t
Elzt)* + E|27 > < 2(E|2)|* + El25]*) + (C1 + 02)/ (E|z2* + E|22|%) ds
0
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Then, by Grénwall’s inequality and the fact that E|2$|? = E|23|> = 0, we infer that E|2}|?+E|22|? =
0 for all + € [0,7]. From inequality (33), we obtain ||u! — @'l = [Ju? — 4%|sc = O, i.e.,
(u',u?) = (4',4?), proving in this way the uniqueness. [ |

Remark 11 Notice that the stochastic processes Y' and Y? in (30a) and (30b) are independent
from each other for any input functions (u',u?). In turn, since (7Ta) and (7b) are realized as
(Y1, Y?) for a specific choice of (u*,u?) (i.e., for a fized point of T ), we conclude that the processes
51,52 from (7a) and (7b) are independent as stochastic processes. Notice, however, that both SDEs
share parameters, e.g., the distribution p appearing in both the drift and diffusion terms of the
equations.

4. Large time behavior of mean-field equation and consensus formation

In this section we prove the global convergence of the mean-field system as stated in Theorem 3
by following the strategies that were first used in (Fornasier et al., 2024a) and further refined in
(Riedl, 2023). In Section 4.1, we outline the main steps in the proof and state some important
preliminary lemmas. In Section 4.2 we complete the proof of Theorem 3.

4.1 Proof Sketch
We consider the evolution of the energy functional V(pF) defined by

1 *
Viok) =5 [ 16~ 6ifdpk o)

for k = 1,2. Our primary objective is to demonstrate that the combined energy functional V(p}) +
V(p?) decreases over time according to the differential inequality

C (WVeh) + V() <~ (201 — 20M — do? — do3M?) (V(o}) + V(2}) (34)
until a time 7' < T* at which V(pk) + V(p2) < e. In the case T = T*, one can easily check that
V(pr.) + V(p%.) < € by the definition of T* in Theorem 3.

To accomplish this, we first derive a differential inequality for the evolution of V(p}) + V(p?) by
using the dynamics of p* and p®. In particular, by considering the test functions ¢1(0) := 3|0 — ;>
and ¢2(0) := 3]0 — 03] on the PDE (9), respectively, we derive in Lemma 3 an initial form for the
sought differential inequality:

d
L) + V) < (2 — 2 — do — da3 M (V) + V(D)
+V2(\1 + dof) (Img, [pd] — 01| + Img, o] — 031)1/V(o}) + V(?)
dO’% « * (2 «a *|2
+ Tﬂle [oe] — 0717 + Img, [pd] — 63]%).

To find suitable bounds on the second and third terms in the above inequality, we need to control
the quantity |m¢ [p] — 07| + [mZ,[pt] — 05]. This is done using the quantitative Laplace principle
in Lemma 4. To be more specific, under the inverse continuity property (12), we show that

) = 651+ 3 ] = 51 5 10) + explman) (-t + s )
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with 7 > 0 small enough and [ a strictly positive but monotonically decreasing function with
I(r) = 0asr— 0. As long as pi(B(67)), p(Br(63)) > 0, one can choose

1 1
log (pt(Br(Gf)) + pt(BT(eg))) — log(I(r))

r

o >

to guarantee |m¢ [p] — 07| +|m¢,[pt] — 05| < (r), which can be made arbitrarily small by suitable
choices of r < 1 and a > 1.

To conclude the proof, we need to show that p;(B,(67)), p:(Br(65)) > 0 for all r > 0. We prove
this in Lemma 5 by showing that the initial masses po(By(67)), po(Br(63)) > 0 can decay at most
exponentially fast for any r > 0, and therefore remain positive in any finite time interval [0, 7.

Lemma 3 (Evolution of energy functional V) For k = 1,2, let objective functions Ly : RY —
R and fix o, A\, A2, 01,02 > 0. Moreover, let T > 0 and p', p* € C([0,T], P4(R)) form the weak
solution to the Fokker-Planck equations (8a) and (8b). Then the functional V(pf) satisfies

d

dtV( pF) < — (20 — 20 M — do? — do3 M?)V(pF)

« * do « *
+V2(\ + dU%)|mL,€ (] — 0311/ V(0F) + 71|mLk [0}] — 6317,

with M = maX{MVLl, MVL2}~

Lemma 4 (Quantitative Laplace principle) For k = 1,2, denote Ly := infycga Lp(6). Let
p € P(RY) and fit « > 0. For any r > 0, we define L = SUPge B, (67) Li(0). Then, under
Assumption 2, for any r € (0, min{R}, R2}] and g > 0 such that qi + LF — Ly < Lk, we have

Imi,[p] = 0kl <

(qk + L — Ly)" eXP OMIk
T / 10— 0;1dp(0)

Lemma 5 For k = 1,2, let T > 0, > 0, and fix parameters o, A1, s, 01,02 > 0. Assume
ot p? € C([0,T], P(RY)) weakly solve the Fokker-Planck equations (8a) and (8b) respectively with
initial conditions p, p3 € P(R?). Furthermore, denote By, := supyepo,r) Mg, [pe] — 0%l Then for all
t € [0, 7] we have

B 00) = ([ S50)dh(0) exp (~ (dh + )
with the functions ¢l and 2 as in (64) and

! {2/\1(\/57"+Bk)ﬁ+20%(07”2+B;3)(20+d) N7 }

q, ‘= max ,
(1—c)?r (1—c)4r2 (2c —1)o?
qg — max QAQCMVLk U§M%ch(2c + Cl) 4)\%
ke (1—c)? (1—c)* "(2¢ —1)02

where ¢ € (%, 1) can be any constant that satisfies the inequality
(2¢ — 1)e > d(1 — ¢)*. (35)

The proofs of Lemmas 3.4, and 5 are presented in Appendix C.
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4.2 Proof of Theorem 3

We are now ready to present the detailed proof of Theorem 3.
Proof [Proof of Theorem 3| Let M := max{Mvyr,, Mvr,}. Using Lemma 3 we get

L (V(6h) + V() < (M — 20l — do? — doFM) (V(p}) + V(D)

dt
VB + do?) (x/v<p%>|m%1 o] — 071 + V(D) mS, [pd 9;\)

dO’% « * (2 « *|2
+ = (Img, [pe] = 07 + [m%, [pe] — 63]%) (36)

2

< —(2M = 20 M — dof — dosM?)(V(p;) + V()
+V2(\1 4 dot) (Img, [oe] — 05| + [mG, [oe] = 031)\/V(pt) + V(0})
do?

M

(Img,[od] = 61 + Im,[oe] — 63]%).
Let T, > 0 be given by
T, i=sup {t = 0: V(ph) + V(p}) > . Im, [ow] — 6] + Im, [ow] — 5] < C(¢') v € [0.4]}, (37)

where

C(t) == C\/V(p}) + V(p}) (38)

with

2M\1 — 20 M — do? — do3 M? 2M\1 — 2XoM — do? — do3 M?
O = min {19( A1 — 2)9 doi — dos )’ 19( A1 — 2)9 ;dal dosM?) } (39)
2 V2(\1 + do?) doy

Then, combining (36) with (37), for all ¢ € [0, T,,] we have

%(V(pi) +V(p})) < —(1 = 9)(2\1 — 200 M — do? — do3M*)(V(p}) + V(p?)) <0,  (40)

where the last inequality comes from the assumption 2\; > 2 oM +do? +do3 M?. This implies that

the sum V(pf) + V(p?) is decreasing in time in the interval [0, T,,]. Moreover, Gronwall’s inequality
implies the upper bound

V(pH)+V(pf) < (V(po) +V(p})) exp (— (1—0)(2A1 — 20 M —doi —do3 M?)t), for t € [0,T,]. (41)

Accordingly, the decay in time of the sum V(p}) + V(p?) implies that the auxiliary function C(t)
decreases as well. Hence, for k = 1,2,

i | o] — 0] < ma mf, [o] = O] + I o] ~ 03] < max C(1) < C/V(ah) + V().

[0, T
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Also, note that
/ 16— 62 |dpz, () = wy / 16— 67]dph, (0) + w / 16— 65d03,. (0)

< wy \[2V(pk ) + s / 10— 03] + 107 — 03]dp3, ()
<ok + V() +16] - 6] “3)

<2/V(pk,) + V(o) +10; — 03]

< 2\/ V(Po) + V(Po) + |67 — 651,
/ 10— 651dpr, (6) < 2/V(ob) + V(2) + |07 — 03]. (44)

To conclude that V(pT )+ V(pT ) < ¢, it remains to analyze the following different cases.

Case T, > T*: If T,, > T*, we can use the definition of 7% in (14) and the bound for V(p}) +V(p?)
in (41) to conclude that V(pT*) + V(p%.) < € and that V(p}) + V(p?) decayed exponentially fast
up to that point.

Case T, < T* and V(p%ﬂa) + V(p2Ta) < e: Nothing needs to be discussed in this case.

Case T, < T*, V(py.) + V(p7,) > € and |m§ [pr,] — 0f] + |m$, [pr.] — 03] < C(T,) : This case
actually doesn’t arise, since, if it did, it would contradict the definition of 7. N

Case T, < T*, V(pp,) + V(p7,) > &, and |m¢ [pr,] — 05| + |m¢, [pr,] — 05| > C(T,): We will
show there exists ag > 0 so that for any o > g we have

and, similarly,

mg, [pr.] = 05| + [m§, [or.] — 5] < C(Tw), (45)

which would contradict [m¢ [pr,] — 07| + |m¢, [pr,] — 05] > C(Ty). In other words, we prove that
the last case never happens if we choose a sufficiently large. To show (45), we define

1 v
q1 ::mln{( C\f) ! Ll} and r1:= max { max L1(0)—Ll§q1},

2 se[0,R}] | 0€B;(67)

where Ly := infycpa L1(0), and n1,v1, L, come from assumption (II) and C' is defined in (39).
By construction, these choices satisfy 1 < R} and ¢ + supPgep,, (9r) L1(0) — L1 < 2q1 < L.
Furthermore, we note ¢; > 0, and by the continuity of L1, there exists s;, > 0 such that L;(§)—L; <
q1 for all 0 € By, (07), thus yielding 71 > 0. Therefore, we can apply Lemma 4 with ¢; and r; as

above to get

(a1 + supge, o3y L1(6) — L1)™ eXp —aq)
771 pTa "'1 0*

(2q1)"*  exp(—aqi) / .
< + V16— 6%|dpr, (0
m o pn (B ) 10 Oilder.(0)

1

e o |1

(goven] , oml O‘qi 5 [ 10=6ildor. 0
171 pTa "'le

im, [pr.] = 01] <

/ 16— 6]dpr.(0)

IN

_C ey exp(—aqi)

Ve o B / 6= bildpr. (6).
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Similarly, by choosing

1 1
=5 min {(TZC\/E) Vlz,Lgo} and ro = Sen[%)a;%(] { Gerg?(x )Lg(@) — Ly < qg},

we have

« * C eXp aCJ2
o) - 051 < GVE + SR 10— Bildor, 0)
PTQ 7‘2

Combining with inequalities (43) and (44), we further obtain

a X a N C exp(—agq
m$, [pr.] — 0% + m3, [pr.] — 03] < Sy 4 SRaq) / 16— 63|dpr, (6
2 pTa 7"19)

exp aqg) /
+ —— | |0 -065|d
s [10=6sldpm. (0

C exp(—aqi) exp(—aqs) . .
<gveEt (pTa<Bn<9;>> * pTa<Br2<0;>>) <2 VVeo) + Vleo) + 167 - 92’)
< SvErento (g oy ) (V6D Ve + i a3l

with ¢ := min {q1, g2 }. By (42) we have the bound Gq  := max;ep 1., Im¢ [pe] =05 < C\/V(pg) + V(pg) ==
G, which implies that all assumptions of Lemma 5 are satisfied. Therefore, by Lemma 5, for k = 1,2
and mollifiers gzﬁffk defined in (64), there exist ay := ai, + aZ > 0 such that

(47)

o (Boy(07)) > / &% (0)dpli(0) exp(—axTs),

where
l l l Goc k l G 2
ak = max { Bl 4+ pL=2F 4 pL ok bl and  af :=max {h{Myp, +hiMg, , hg ¢,
7

with kY, kb, kS, kY and R, b, h} only depending on A1, A9, 01,09 and d. Now we let @ := a' + a?,
where

- G G? -
at = max{hllJrhlzquhérQ,ha} and ad = max{ththgMQ,hg},
with 7 := min{r,re} and M := max{Mvr,, Mvr,}. Then

p1. (Br, (01)) = wipr, (Br, (07)) + w2prz (By, (67))
> wipy, (Br, (6 ))

> wl/(ﬁ 0) exp(—a1T,)
> wn [ 61, 0)dph(6) exp(-aT") >0,

since a > ay and T* > T, and, similarly,
o1, (B, (63)) = w2 [ 62, (0)dgh(6) exp(-a1") > .
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Denote K := min {wl [ oL (8)dpi(8), w2 [ @2, (G)dpg(G)}. Then by using o > g with

aT* +log ( Y V<pé>+o\;((/;3§>+0w;>
ap = y (48)

the second term in (47) is strictly smaller than %\/E That is,

o) (G, 07 ) (VY60 YU+ =)
< expl(~a0a) o=z (29/V06D) + VieB) + 1 - 31

Yk

It follows from (47) that

m, [pr.) — 031 + Im, [or.] — 63| < OVE < C\ V(o) + V(o).

contradicting in this way (45). |

Remark 12 Theorem 8 can be naturally extended to the case in which the number of underlying
clusters K is strictly greater than 2. Here we highlight how the important constant cg in (48) would
change in this case. Let us denote by pF the distribution of the k-th cluster for k € [K], and let
pr = Zszl wipf with Zszl wy = 1. Furthermore, we denote by 0} the global minimizer of the
objective function corresponding to cluster k. Similarly to the computations in (36), from Lemma
3 we obtain

K
d
22 V() < =20 =20 M — dof — do3M?) Y V(pr)
k=1 k=1

K
VB + do?) (z\mLkm ekr) Sk + 1(z\mw ekr).
k=1

Following the arguments in the proof of Theorem 3, it would remain to bound the term Zszl im3, [pt]—
05| as in (47). In particular, one can easily obtain

K

Iy eXp quk
S (mg, Lo — 7] < f+Z /|e 0;\dpr, (0)
k=1 k— 1pTa
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and

/ 0= G3ldpn, ()= 3w / 10— 6;1dph, (6)

Mw i Mw

IN

wi (10 — 67| + 167 — 6;]) dp'r, (9)

K
V2V + 167 — 63

=1
K K-1 K
D V)Y D 166l
I=1

=1 h=l+1

N
Il
—

] =

T
I

IN

Therefore, we obtain
K exp(
> Imi o] — 05l < f+z(7 ZV +Z Z 07 =051 ],
k=1 =1 h=l+1

with q := minge(g) qx- Then again following the arguments in the proof of Theorem 3, we can
estimate the important constant ag similarly to (48) and obtain:

AT 4+ log (2\/ CVEIEET S o e*)

CK\f

Qg =

5. Large Time Behavior of Finite Particle Systems

In this section, we present the proof of Theorem 4 on the convergence of the finite particle system
toward global minimizers of the objective functions. The proof is based on the combination of the
mean-field convergence result established in Theorem 3 and a quantitative mean-field approximation
result stated in Proposition 1 below. To get this quantitative approximation result, we work on a
set with large probability in which the dynamics of the finite particle system stay withing a compact
set. Let {0, }l1 {07 Z2}Z2 | be independent copies of the solution to the mean-field dynamics
(7a) and (7b), respectively. In what follows we use (2, F,P) to denote a common probability space
over which all considered stochastic processes get their realizations. In this probability space, we
consider the subset 25 of 2 defined according to:

4
Qu ={we: sup — Zmax{}@k““ ‘ ,
tE[UvT] k=1,214p=1

') < o

In the following, M > 0 is a constant that will be properly chosen in the proof of Theorem 4, and
6% continues to denote the interacting particles of system (4). Finally, T is a time horizon that
will be chosen later on.

Before presenting the non-asymptotic mean-field approximation result, Proposition 1, we first
prove that the stochastic processes of interest stay bounded with high probability (i.e., we estimate
the probability of the set €2ps). This is the content of Lemma 6. The proofs of these two statements
are deferred to Appendix D.
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Lemma 6 Let T > 0, po = wipy + wapd € Ps(RY) and let N = Ny + Ny € N be fized. More-
over, let {01 /i1 }11 17 {92 22} be the solution of the finite interacting particle system (4), and let

{91 Zl}“_1, {92 12}22 | denote independent copies of the solutions to the mean-field dynamics (4a)
and (4b), respectively. Then, under Assumption 1, for any M > 0 we have

i2=1

P(2 =P u —1 S ki 4 ok, 4 2CBo1md

Q) Sup g E max ‘et ’Zk(w)‘ ,‘Qt ’Zk(w)’ <M|>1- "2 (49)
T N i M
t€[0,7] k=1,21i,=1

where Cound = CBound(A1, A2, 01,02, T, bi1,b12, ba1, ba2) is a constant that is independent of N and
d. Here, b11,b12,b91 and bog are problem-dependent constants defined in Lemma 10.

Lemma 6 shows that all the considered processes are bounded uniformly in time with high
probability. By restricting to the set 37, we can obtain the following quantitative mean-field
approximation.

Proposition 1 (Quantitative Mean—ﬁeld Approx1mat10n) Under the same assumptions as
in Lemma 6, for k = 1,2, if (6, Z’“)t>o and (9 ") 150 share the same initial data as well as the
Brownian motion paths (B thk)tZ()a (Bk” )e>0 for all iy, € [Ng], then we have a probabilistic mean-
field approximation of the form

2
max sup E U@f”’“ e ’ QM] < Cuma(NT '+ Ny Y, (50)
k=12, t€[0,7]
ik €[Ni]

where Cpra = Cuyra (av, CLI,CLQ, Cvry, Oy, M, Mo, b11, b2, bo1, ba2), and My is an upper bound
on the second moment of pY¥ uniformly over time t € [0, T]

Proposition 1 states that, for a fixed time horizon T, it is possible to take N large enough so
that, on average, the trajectories of the interacting particles are close to the independent particles
with the law specified by the mean field dynamics. It is is a quantitative propagation of chaos
estimate.

Equipped with Lemma 6 and Proposition 1, we are now ready to prove Theorem 4.

Proof [Proof of Theorem 4| Let T" be the first time in [0, 7] for which

Vipr) + V(p7) <,

where p', p? form the solution to the mean field Fokker-Planck equation. Notice that this 7" exists
by the analysis in Theorem 3. Now, let us denote by Ké\t]m] the subset of 2 where (16) does not
hold, where T is chosen as above. Finally, let T = T* in the definition of the set ;. Then one

can estimate the measure of the set K g Ly as

P (Y ) =P (KX mQM)+IP>(KN DQC)

Etotal Etotal Etotal

Nl Zelzl _9*

i1=1

< PO

+ Qumr +P(Qf\/1),

292”—92

[
total 12 1

where the last inequality comes from the conditional Markov’s inequality.
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By the triangle inequality, we have the error decomposition

2
29“1—91 + 20“2—; Qs
7/1 1 ’LQ 1
1 M . . 2 1 No . . 2
<2E |3 (9;“—9;“) a2 (9%12—9%12) Qs (51)
L= 21’2:1
1 Ny 2 2
oF ||— " gkt —¢* 9222— 0
1= 2

which divides the overall error into the mean-field approximation error and the optimization error in
the mean-field limit. The first term can be bounded using the quantitative mean-field approximation
in Proposition 1, i.e.,

2 2

Ny

SHICELS

i1=1

No

i0=1

E

+ Q| < Ovpa(N7H+ NS

. —1,41 . 52,02 .
For the second term, since the law of each 8 ™" is p! and the law of each 87" is p? we conclude

N 2 No 2

A5y 2.0 =6 ;2 0 — 03| | <2(V(oh) + V(ph)) < 2.
from where it follows that
E 1§91¢1_9*2+1§92,i2_0*29 o2
TR B A B B a2 )

Combining the above estimates with (51) gives the error bound

4e
9“1—9* 9“2—9 Qu | < 20vma (N7 4+ N;° . (52
lel + Zl 2 M| <2Cura (N7 + 2>+]P’(QM) (52)
11 ’LQ
and thus
C oun
P(KZ,,) < (20N~ + 4e) + P(Qfy) < (200 (N7 ! 4 Ny b) 4 de) 4 —2ound,

Etotal Etotal M

Notice that, as discussed in Remark 3, we can make the right hand in the above display be
smaller than some fix § by first choosing € to be small enough, for example so that —=— < §/3;
then taking M large enough so that Choung/M < & < §/3; and finally, setting Ny and Ng large
enough so that Z&ea (]\1,1 + E) is less than 6/3.

Etotal
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6. Conclusions

This paper is a first step in bridging the consensus-based optimization literature and other PDE-
based optimization methods with the federated learning problem. In particular, we have proposed
a new CBO-type system of interacting particles that can be used to solve non-convex optimization
problems arising in practical clustered federated learning settings. We prove that our particle
system converges to a suitable mean-field limit when the number of interacting particles goes to
infinity. In turn, we analyze the time evolution of the mean-field model and discuss how it forces
particles within each cluster to reach consensus around a global minimizer of the cluster’s objective
function. This mean-field point of view may actually not be too far from reality, specially when
dealing with cross-devices federated learning problems, where the number of users is indeed quite
large. Motivated by our new CBO-type particle dynamics, we propose the FedCBO algorithm and
empirically asses its performance. In our experiments, we show that our algorithm outperforms
current state-of-the-art methods for federated learning.

Some important questions motivated by our work that deserve further investigation are the
following. On the theoretical side, the long-term stability behavior of the mean-field system is still
an open problem. In particular, it is unclear how the model behaves after the variance (defined
in Theorem 3) reaches the prescribed tolerance level . In addition, it is of interest to analyze
the more realistic setting where agents within the same cluster may have different, although re-
lated, loss functions. On the experimental side, we would like to investigate the robustness to
adversarial attacks of the FedCBO algorithm. Indeed, given the weighted averaging mechanism in
the model aggregation step (21) it is not unreasonable to expect that the FedCBO algorithm can
offer some protection against adversarial attacks. Finally, exploring further strategies to reduce the
communication cost of our algorithm is another research topic of interest.
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Appendix A. Moment Estimates for the Stochastic Empirical Measures

For the solution 8% € ([0, T], RN 62N ¢ ([0, T], R?)N2 of the particle system (4), we denote
by

N N
1,N 2,N 1 1,N 2 2,N
Py N Z(Sl(le) Py N 252(12N) PiV:WPt Wpt

i1=1 i9=1

the empirical measures corresponding to 8%V, %% for each t € [0, T].

Lemma 7 (Moment Estimates) Let L1, Ly satisfy Assumption 1 and either (i) boundedness, or
(#4) quadratic growth at infinity, and py € ng(]Rd),p > 1. Further, let 8%, 0N be the solution
of the particle system (4) with p?N—distributed initial data Hé’N,Bg’N and pN, p?N2 and pN the
corresponding empirical measures. Then, there exists a constant K > 0, independent of N, such
that

sup /I9l2”dpt , sup Elmg [p]*",  sup Elm,[p)]|*” <K, (53)
te[0,T] te[0,T] te[0,T]
and consequently also the estimates
sup /|9| d771t , sup E|¢9t1’i1|2p <K,
te[0,T] te[0,T7]
sup /|9\ ant , sup E\H?’iQ\gp <K,
t€(0,T7] t€[0,T

foriin=1,2,...,N1 and io = 1,2,.

Proof Let 8", 82" be the solution of the particle system (4). Using the inequality (a + b)4
29=1(a9 4 b%), ¢ > 1 and the It6 isometry and Jensen’s inequality yields

. . t . .
El6; "> = E|6y™ + /0 (= MO —m$ [pN]) — AV L1 (05™))ds

T / o161 — mg [pN]|dBY + / 02|V Ly (9151 d B
0 0

2p

< IO P4 PO VE | [ (- M0 =, ) ~ AoV (01 s

2p 2p

3 ) ~
+23(2p—1)]E +23(2P_I)E / O'2|VL1(9;’“)|dB;’“

t
/0 o100 — m [pN]|dBL 0

< 2%IE |y P 4 2B AT /0 (Bl Prds + Bl [oY]7)ds
+ 281 \TP2el /0 t E|VLy(62")[*ds  (by Hélder’s inequality)
+ 2Pl p(2p — 1)P /0 t (El03[*Pds + Elmg, [p]*P)ds
+ 23@P= P12y 9 — 1)P / E|V Ly (017)*Pds

— 2B 2D (T 4 p(2p — 1) [ (Bl s + Ejm, o)) ds
0

1+ 23(2p—1) ()\ngp + agpp(Qp — l)p)TpC%le,
(55)
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for ¢; € [N1]. Similar computations give for is € [Na]
) . t .
E|0;"2|% < 22P~1E|95"2|% + 24D (NIPTP 4 p(2p — 1)PoP) TP /0 (E|0Z%2 % + E|m$, [pN]|*)ds
+ 28D (AIPTP 4 63Pp(2p — 1)P) TPCE, .

Summing above two inequalities over iy € [N1] and i2 € [Na], dividing by N, we have

E [ o7ag <20k [ lo o)
+24(2p 1)(>\2pr+p(2p_1)pU2p TP— 1/ [ /|0|2pdp

Ny
~ZEmg, (o7 | ds

+*M%[W+N

+ 222V (NPT + 03"p(2p — 1)p)Tp(%CépL1 CVLQ)
(56)
As shown in Lemma 10, for loss functions L1, Lo satisfying Assumption 1 and either bounded above
or growing quadratically at infinity, we have

i X1 < [P < erten [P, (57)
for £k = 1,2 and appropriate constants ci1, co independent of N, where by construction m%k [pi,v | =
a,N . a,N Llcpt .
fﬁdnm with 7, 7”% o Therefore, we further obtain

i oV < (e + o [ 10PaYY <27+ [ lorant)

Inserting above inequalities into (56) and applying the Gronwall’s inequality provides a constant
K, > 0, independent of N, such that supco E [ 10|?Pdpl¥ < K, holds, and consequently also

sup Elm¢, [p]] < 2771 (c] + BK,),
t€[0,T]

which concludes the proof of the estimates in (53) by choosing K sufficiently large. The other two
estimates easily follow by (57) and by applying the Gronwall’s inequality on (55), respectively. W

Appendix B. Auxiliary Propositions and Lemma for Well-posedness of System

Lemmas 8, 9 and 10 are direct consequences of Lemmas 3.1, 3.2 and 3.3 in (Carrillo et al., 2018). We
state these results here for completeness and refer the reader to (Carrillo et al., 2018) for detailed
proofs.

B.1 Loss Functions Bounded Above
Lemma 8 Let L1, Ly satisfy Assumption 1 and p € P2(R?) with [ |0*du < K. Then

—aly —als

(& (&

<exp(aCr,(1+ K)) =: Cg,, <exp(alr,(1+ K)) =: Ck,

[, et ) [, et
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Lemma 9 Let L1, Ly satisfy Assumption 1 and p, i € P2(RY) with [|0|*du, [ 0|4dp < K. Then
for k =1,2, the following stability estimates hold

|m%k [,U] - m%k [ﬂ” < CO,kWQ(Ma 1&')7

with constants co i, > 0 depending only on o, Cyr, and K.

Proof By the assumption (10c), we know that the objective functions Ly is Lipschitz, i.e.
|Li(0) = Li(0)| < Myr,]0 — 0]

Then the proof follows (Carrillo et al., 2018, Lemma 3.2). |

Now we are ready to prove the Lipschitz property of the consensus operator m%k [v] stated in
Lemma 2.

Lemma 2 Let objective functions Ly, Ly satisfy Assumption 1 and let v*,v? € C([0,T], Po(R%)) be

such that supyejo ) [ 0]*dv} < K, supyeqo,r] S |0|*dv? < K. Let us denote by Ly, Ly the supremum
of each of the loss functions. Let wy,ws > 0 be such that wy + we = 1, and let v := w1 + wor/?.
Then, for all s,t € (0,T), the following stability estimates hold

|m¢, (1] —m$, [vs]| < C (VwiWs (Vi vh) + VwaWs (v, 12)), (29)
for k =1,2 and for a constant C' that depends only on o, Cvr, and K.

Proof By Lemma 9, we have
Im, [vi] —mE, [vs]] < copWalve, vs). (58)

On the other hand, we know that

R N\ 1/2
Wa(vg,vs) = ( inf / |60 — 9[27r(d9,d9)>
R x R4

el (ve,vs)
1/2
< inf / 10 — 0] (w11 + wamz)(d6, df)
R xR4

Trlel"(utl,y;),
7r2€l"(1/t2,1/§)

1/2
=w; inf / 0 — 0%71(d6, df) + wo  inf / 0 — 0)?m2(d6, db)
R4 xRd R xRd

mel(vlvl) me€l(V7,12)

< Vi Wa (vt vd) + s Wa(vE, v2)
(59)
We conclude the proof by combining inequalities (58) and (59). |

B.2 Loss Functions with Quadratic Growth at Infinity

In this section, we will prove the Theorem 2 for the case that the objective functions have quadratic
growth at infinity, i.e. there exist constants M > 0 and ¢, > 0 such that Lg () — Ly > cq, |6]* for
all |0] > M.
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Lemma 10 Let L1, Lo satisfy Assumption 1 and have quadratic growth at infinity, and u € Po(R?).
Then for k=1,2

(0%
wy,

/9|2d771? < b1+ b2 / R e =
”kaH]Ll(,u)

with constants

Cy, 1
b1 :=M?>+b bpo =2—" (1 .
k,1 + bk, 2, k,2 C, < +vakM2>

Proof [Proof of Theorem 2| Here we provide the proof for the case of quadratic growth at infinity.
Since steps 1, 2 and 4 remain the same, we only show step 3.

Step 3: Let (u',u?) € C([0,T],R%) x C([0,T],RY) satisfy (u',u?) = 77 (u',u?) for 7 € [0,1]. In
particular, there exists v1,vs € C([0,T], P2(R%)) satisfying (31a) and (31b) respectively such that
(ul,u?) = 7(m¢, [v], m3,[v]), where v = wivy + wave. From Lemma 10 and Jensen’s inequality, we
have

il |2 = 72 m, []]? < 72 (bu by / |0\2dut) <7 [bm by <w1 / 162} + ws / \ey2> duf] .
(60)
Therefore, a similar computation of the second moment estimate as in bounded case gives

d
G [Pt < (@of — 200+ 4 ) [Pt + (dod + DI + O + do3)CR,

< (o + 1l + )1+ o) [ 10Pdv + (do + rl+ Ao [ 62

+ (dof + 7] + A2)bra + (A2 + do3)CEp .
Similarly, we have
d
G J10Ra? < dot -+ dajba [ 10w+ (ot + b+ )1+ o) [ l0Parf
+ (dot + 7] + A2)ba + (A2 + do3)Cp .

Adding above two inequalities gives

i</|9|2du§+/|0|2dyf> gcl</|9|2du,}+/9|2dy,?> L0y,

Then the Gronwall’s inequality yields
2 1 2 2 2 1 2 2 02
/|9\ ] +/|9| a2 < exp(Clt)</9| ] +/|9| dut> + 22 (exp(Cat) — 1),
1

Consequently, we know that ||u!||s is bounded via (60). Similar bound also hold for ||u?||o.. Then
we conclude the proof by the argument as in Step 3 for the bounded case. |
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Appendix C. Auxiliary Lemma for Large-time Behavior of the Mean-field
Particle System

In this section, we prove Lemmas 3, 4 and 5 that we used to derive the convergence to the global
minimizers in the mean-field law as stated in Section 4.

Lemma 3 (Evolution of energy functional V) For k = 1,2, let objective functions Ly : RY —
R and fix o, A\, A2, 01,02 > 0. Moreover, let T > 0 and p', p* € C([0,T], P4(R)) form the weak
solution to the Fokker-Planck equations (8a) and (8b). Then the functional V(pf) satisfies

d
V() < = (20 = 20M — dot — do3 M?)V(p})

VB +doDlms, (] — 071y VGob) + D, 141 — o712
with M := max{Mvyr,, MvrL,}.

Proof Since test function ng( ) = 110 — 0*[* is in CZ(R?) and p' is the weak solution of the
Fokker-Planck equatlon (8a) (see Remark 1), then the evolution of V(p}) reads

d Vier) = 2dt/’9 01l*dpy (0)

=1 [O = mi o) (0~ 6)dp} — o [ VL1(6)- (0~ 07)dp!

da
L [ lo = s, o Pt + 2 / Y L1(6) dp}
—-T1+T2+T3+T4-

Expanding the right-hand side of the inner product in the integral of T} by subtracting and adding
07 yields

T = - / 16— 072} (6) — A / (07 —m3, [pd]) - (6 — 7)dpk ()

< —20V(p;) + NElp;] — 65[[m3, [pe] — 671,
where the last step is due to Cauchy-Schwarz inequality. Also note that

(61)

E[p}] - ;] < / 16— 07]dp} (9 \/ / 10— 072dp} (0) = \/2v(0}). (62)

Hence, we get
Ty < =2\ V(p}) + MvV/2V(p) | m, [pr] — 05
For term T3, by the fact VL;(607) = 0 and Assumption (10b) one can compute

= —)\Q/VLl (60— Ql)dpt < )\2MVL1/|9 07| det = 2)\2MVL1V(pt)

For term T3, again by subtracting and adding 6}, we have

do? N

7, = - [ 10=m, [l apl6)
do? . . * *
2 1 a * " 1 1 o o

< do* (V(ph) + IS, Il — 031 [ 10— 671dp} (0) + 5, [ — 6312 ),
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with Cauchy-Schwarz inequality being used in the last step. For term T}, again by VL(6]) =0
and Assumption (10b) one can compute

do?
1= 1% [1na0)Pant0) < “P [ 02,10 01Papk ) = dodM2,, Vo)),
Therefore, comblmng the estimations of 17, Tg, T3 and T}y, we get

d
V(1) < = (201 — 20 My, — dof dasz)W%)
+V2(\ +do) Img, [pe] — 671/ V( lot] — 0717,

The computations for V(p?) are similar and hence we get the upper bound as in the statement. W

Lemma 4 (Quantitative Laplace principle) For k = 1,2, denote Ly := infycga Lp(6). Let
p € P(RY) and fit « > 0. For any r > 0, we define L := SUPge B, (67) Li(0). Then, under

Assumption 2, for any r € (0, min{ R}, R3}] and g > 0 such that q, + L¥ — Ly < Lk, we have
o (g + LE— L) eXp aqk
mg, o] — 0] < BT T2k 4 [ 10— bilioto)
Mk
Proof The same as the proof of Proposition 21 in (Forna51er et al., 2024a). |

Definition 2 (Mollifier) For k= 1,2, r > 0, we define the mollifiers ¢F : R? — R by

7'2 . *
¢k(9) == P (i) - #1602 <. o
0, else
We have ¢f(97¢<) =1, Im(¢F) = [0,1], supp(¢F) = BT(QZ%@@ € C=(R%) and
0 — 07
k 9,2 L k
Ve, (0) = —2r CE ’9_%'2)2@(9),

kegy o2 20200 — 0 —r?)|0 — 657 —d(r® — |0 — 6;°)*
A¢r(9) =2r ( (TQ _ |0 - 9;;’2)4 )¢r (9)

Lemma 5 For k = 1,2, let T > 0, > 0, and fix parameters o, A1, As, 01,00 > 0. Assume
oty p? € C([0,T), P(RY)) weakly solve the Fokker-Planck equations (8a) and (8b) respectively with
initial conditions p§, pg € P(R®). Furthermore, denote By, := supseio,r] Img, [pe] — 05| Then for all
t €0, 7] we have

> ( [ okO1iph(®) exp (~ (ah + D)
with the functions ¢. and 2 as in (64) and
l {wﬁr FBYVE | 203er? + B2t d) AN }

@ -= max (1—c)2r (1 —c)*r? "(2¢—1)0?
tom e {2 S )
where ¢ € (%, 1) can be any constant that satisfies the inequality
(2¢ — 1)e > d(1 — ¢)*. (35)
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Proof Here we will prove the case for pf(B,(67)), the computation for the other one is similar.
By the properties of the mollifier in Definition 2 we have 0 < ¢1(6) < 1 and supp(¢.) = B,.(0}).
This implies p} (B, (67)) = pi ({6 € R? : |0 — 07| < r}) > [¢L(0)dp}(0). Similar to the proof in
((Fornasier et al., 2024a; Riedl, 2023)), we will derive a lower bound for the right-hand side of this
inequality. Since p! is the weak solution of (8a) and ¢! € C°(RY), we have

G [ 900t 0) = [ (1206) + Tu(6) + T3(6) + Tu(0)) o} ),
with

T1(0) := =M (0 —m3, [pr]) - Vor(0),  Ta(0) := =XV Li(6) - Vor(6),
T,(0) = 2110 — mf [IPAGKO),  Tal0) = ZIVL(0)PAGK0).
From the proof in ((Fornasier et al., 2024a; Riedl, 2023)), we know that
Ti(0) + T3(0) > —¢iol(8)  for all € RY, (65)

where

¢} := max 2uer + Bi)ve 4 201 (cr® + BY)(2c + d)7 402 2 (°
(1 —epr (1—c)hr? (2¢ — 1)o7

Now we aim to show that T5(0) + T4(0) > —qf¢L(0) holds for all § € R? and some constants

¢ > 0. Since the mollifier ¢} and its first and second derivatives vanish outside of Q, := {# € R? :
|0 — 07| < r} we can restrict our attention to the open ball €2,. To achieve the lower bound over
Q,., we introduce the subsets

K, :{GeRd:\9—9ﬂ>\/Er},

* * 0—2 *
Ko = {9 e R%: =X\ VL1(0)- (0 —01)(r? — |0 — 6722 > (2¢ — 1)r2?2|VL1(0)|2|9 - 912} :

where c is the constant adhering to (35). We now decompose €2, according to
Q. =(KiNQ )UK NKSNQ,) U (KN KeNQ,).

In the following we treat each of these three subsets respectively.
Subset K¢NQ,: On this subset we have |6 — 07| < y/cr, then one can compute

(7“2—|9 9T| )2 T

My, |6 — 672
2 VL
( 2 ’19 0*|12)2¢7"(9)

TQ(Q) = 2)\27“

Z —2)\27“

Z _2)\2 2(];4VL1)2 4¢7‘( )

—26)\2MVL1 1 11
= Wd) ( ) —q7 ¢r(9)-
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For term Ty, we deduce

2 229_9*2_29_9*2_d 2_0_9*22
T4<9>=“;|VL1|227~2<<‘ 2 = )10 — 67 — d(r? | 1r>>¢1

2 =0 - i)’ 0

2¢(2¢ — 1)r* — d(1 — ¢)%r?
e oke)

< 03N, 10— er\%?(

a%M%Llc@c +d) |

< SOk 0) = 0 (0)

Subset K; N K§NQ,: By the definition of K; and Ky we have |6 — 07| > y/cr and
0.2
=2VLi(0) - (0= 07)(r* = 10 = 01*)* < (2c = r? =2V L*]0 - 67,

respectively. Our goal now is to show that T5(0) + T4(6) > 0 for all # in this subset. We first
compute

To(6) + T4(6) _ NaVLi(6) - (0 — 07)(* ~ |6 - 67)?
2761(0) GRIEAYE
(210 = 072 = )10 — 0 — d(r* ~ |0 — 672
GREARE |

2
2
+ZIVL?
2
Therefore, we have T5(6) + T4(f) > 0 whenever we can show
do3
(~22VLa(0) 0 67) + 2IVLA ) (47 16 - 620 < VL (26 - 651 ~ )0 — 63
The first term on the left-hand side can be bounded above by
Y (0.2 (22 203 2 %2
—A2VL1(0) - (0 = 01)(r" = 10 = 011 < (2 = )r" [V L1 (0)]7|6 — 61
o3 2 €2 _ 2 %2
< 5 IVL(210 = 617 = r7)[6 — 61
For the second term on the left-hand side, we can use d(1 — ¢)? < (2¢ — 1)c to get
do3 2,2 22 403 2 2,4
5 VL (r" =10 = 011)" = = IVL[F (1 = o)

J% V|2 2 2
7| 11%(2¢ — 1)rer

IN

2
< 2|VLiP(206 — 67> — )6 — 67

Hence we have T5(0) + T4(6) > 0 uniformly on this subset.
Subset K; N K> N Q,: On this subset we have |6 — 6] > /cr and

2
ag
—XVLi(0)-(6—00)(r* =10 — 0532 > (2¢ — 1)7"272\VL1(9)\2|0 —07)°.

42



FEDERATED CONSENSUS-BASED OPTIMIZATION

We first note that T5(6) = 0 whenever A\3|VL;(0)|? = 0 provided that Ay > 0. On the other hand,
if A2|VL1(0)|> > 0, one can compute

oVLi(0)-(0—067) ;4 1(6)
GREZOEG
_)\Z(Vf;l(e) : (9 B QT))Q (}5%(9)
(2¢ = 1)r2F|VL1(0) 2|0 — 012
VL1 (9)]%]0 — 07 ]?

T2 (9) = 2A2T

Z 2)\27‘2

> 2737 5 ¢ (6)
(2¢ — 1)r2%Z |V L1(0)[2]0 — 65|
403
=—(26_1) SOH(0) =1 —q73L(0).

For term Ty, we deduce

2 * |2 * |2 2 *(2)2
03 2 2(2/0 — 0 | )“9—91‘ —d(r —|9—91| ) 1
Ti(6) = 5 |VLi| 22 < CETEIEE ¢ (0)
2 2.9 2.4
o5 9n o 2(2¢ — Dréer® —d(1 — ¢)*r 1
> 22
2w e el

o2 c—1De—d(1 —¢)?rt
— 2|VL1|22r2<[2(2 (T21_) |9—(91’f|2)4) | >¢3«(9) >0,

provided c satisfies 2(2¢ — 1)c > d(1 — ¢)?.
Concluding the proof: From the above computations, one can obtain

[ @O+ = [ @O+ T@) o)+ [ (3(60) + i) dol6)
KenQ, T*(qg’l+’_/qg’2)¢;(0) KiNK§NQ, ﬁz,—lo
[ (1) + 1) i)
—q931(0)

> [ ~dtol®)d o)

oM o3MZ, c(2c+d) 403
g ._ 9,1 92 493\ _ 22 VE S h .
qf max{q +477,q } max{ (1—c)? T (1—c)d " (2¢ — 1)(7%}'

where

Combining above estimation with (65), we get

/ S1(0)dp} (6) > —(¢! + ) / 61(0)dpl (0).

By applying Gronwall’s inequality and multiplying both sides (—1) gives

[e@ranio > ( / ¢i<e>dpé<9>) exp (— (gh + a)t)

P (B(0) > ( / as,%(e)dpé(e)) exp (= (¢} +¢)0).

. Hence, we conclude
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Appendix D. Auxiliary Lemmas for Large Time Behavior of Finite Particle
System

In this section, we present the detailed proof of the non-asymptotic mean-field approximation of
FedCBO system stated in Proposition 1. Before that, we first prove the auxiliary Lemma 6, which
ensures that all considered stochastic processes stay bounded with high probability.

Lemma 6 Let T > 0, po = wipg + wapd € Py(RY) and let N = Ny + Ny € N be fized. More-
over, let {6, }Z1 17 {92 ANz be the solution of the finite interacting particle system (4), and let

{91 Zl}Zl L {9? 12}2-2:1 denote independent copies of the solutions to the mean-field dynamics (4a)
and (4b), respectively. Then, under Assumption 1, for any M > 0 we have

i2=1

2(7Bound
M

Bound | (49)

1 N , 4 , 4
P(Qy) =P | sup N Z Z max{‘@f’zk(w) ,‘éf’““(w)’ } <M|>1-

te[0,T] *7 k=124,=1

where Cpound = CBound(A1, A2, 01,02, T, bi1,b12, b21,b22) is a constant that is independent of N and
d. Here, b11,b12,b91 and bos are problem-dependent constants defined in Lemma 10.

Proof Denote p} := ~ Zk 1,2 sz 10 gl B8 the empirical measure associated to the processes

{(01 “)t>0}11 . {(02 12)t>0}22 1 Slmﬂarly, we let pfY = & L S 2 sz 1 595,% to be the empirical

measure corresponding to the processes {(0}1 & )t>0}z1 1 {(67 22),5>0}Z2 - By Markov’s inequality,

we have
1 Nk 4 4
PWZZWWMj}Mf

vefor) N k=1,24i,=1

e

[SuptEOT]NZk 122% 1max{‘9klk ‘eklk }]
M
E%m&mﬂfwwwmm]+EFW%mﬂfwwwmm}
- M

In the following, we estimate the two terms in the numerator respectively. For k = 1,2, i € [INg]

one can compute that
4 4 t 4 4
< || | (e = m o) ar

- . | A
+ \E | sup / V L (0%)dr
_tG[O,T] 0

E | sup ‘Gf’i’“

t€[0,T]

] +AE

sup
t€[0,T]

. 4 (66)
+ o{E | sup /)Hf’zkm%k[piv]‘dBtk’%
| tel0,1] 1o
u , o
+ o3E | sup / V Ly (0%)d BF-ir
| tel0,1] 1o

By the regularity established in Lemma 7 and boundedness of |V Ly (6)| in Assumption 1, the last
two terms in the above inequalities are martingale, which is a direct consequence of (Oksendal,
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2013, Corollary 3.2.6). Then applying the Burkholder-Davis-Gurdy inequality yields

t . . 4 T ) 2 2
E [ sup | [ |6~ ms, o] ant| | < [ | [ese = m o] dr] ,
tef0,771Jo 0
t 4 T 2
kiry g Rkik| | < 2 _ 2,4
E | sup / V Li(07"%)dB; <SE [/ CVLde] =T°Cyy, -
tef0,7] 1o 0

For the third term in the inequality (66), we again use Assumption 1 to get

4

t .
E / V L (0 dr

0

sup < T4C'éLk :

t€[0,T]

For the remaining terms, one may apply the same technique as in (Fornasier et al., 2022, Lemma 15)

and obtain
4 T i [4 1N
+E U (‘9;% +/|9\ dp) (9)> dT]), (67)
0

with constants C, = Ci (A1, A2, 01,02, T, Cyr,,b11,b12, ba1,b22) for k = 1,2. Averaging (67) over
k =1,2 and i € [Ni] yields the estimate

T
<C (1+E/\9[4dpév(9)+2/ E sup /|«9\4dp£(9)d7> .
0

7€[0,7]

ki |*
E | sup ‘Gt’

te[0,7)

< Gy <1 +E ‘e’gv"k

B | sup [ 1646 (0

t€[0,T]

Then by Gronwall’s inequality, E [SUPte[o,T] [101*dpN (9)} is bounded by a constant K that is
independent from number of particles N and dimension d. Similar arguments allow to show
E [supte[oﬂ [10)*dp (9)] < K. Then we conclude the proof by the Markov’s inequality. [ |

We now present the proof of Proposition 1, which mainly follows the idea in (Fornasier et al.,
2022, Proposition 16).

Proposition 1 (Quantitative Mean-field Approximation) Under the same assumptions as
in Lemma 6, for k = 1,2, if (07")=0 and (87"*);>0 share the same initial data as well as the
Brownian motion paths (BF™ )5, (BF"*)50 for all iy, € [Ny, then we have a probabilistic mean-
field approximation of the form

2
max sup E Uﬂf’l’“ - Hf’zk ‘ QM] < C'MFA(Nf1 +N{1)7 (50)
k=L2, cfo 71
’LkE[Nk]

where Cpyra = Cypa (o, Cry, Cr,, Oviy s Cvirg, M, Ma, bl~1, b2, ba1, ba2), and My is an upper bound
on the second moment of pfv uniformly over time t € [0,T].

Proof Let us define the cutoff process

.14 .
i l Nk k)lk _k,'Lk
In(t) == 1, if N Zk:w szzl max{ 07 , ’97

0, else,

4
} < M for all 7 € [0, ],
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which is adapted to the natural filtration of the underlying Brownian motions and has the property
Ine(t) = Ing(t)Ipf(7) for all 7 € [0,¢]. By Jensen’s inequality and It6 isometry, we have for k = 1,2,
i € [Nk],

E “efw g

[ (055 = mi 52) = (8% = m, o))

t
+ X / (VLk(e’;f»ik) - vm(e":"&)) dr
0

21M<t)] :E[

+o1 /O (685 s, [p21) = (8 — s, [p) ) B (68)
+ o9 /t (VLk(ef,ik) - VLk(éfvik)) d Bk 2IM(t)}
0

t
0

"1 g, o] - mg, e IM<T>dT] ,

where C}, 1= ()\% + )\%M%Lk> T + o7 + 02. In what follows, let us denote the empirical measure of

the processes {02”'1}, {éz’iz} by pY¥. Then by the same arguments as in the proofs of Lemma 2 and
(Fornasier et al., 2021, Lemma 3.1), we have for k = 1,2

E|[mg, 1] = mé, [or]|” T ()] S B[ |m, 10Y] = mS, (621" 1ae (7)]

a [= @ 2
48 [[m, 53] — [ L ()] (69

<Ci | max E “05% gk
ZkE[Nk]

)]+

with constants 6’k = 5k (,Cr,,CL,, Cviy, Cvi,, M, Mo, bi1, b2, ba1, baa), where My is a constant
upper bound of the second moment of p)¥ uniformly in time ¢ € [0,7]. Note that lg,, < I ()
pointwise and for all ¢ € [0,7]. Then by plugging the above estimates into (68) and taking the
maximum over k = 1,2, i, € [Ng], and further applying the Gronwall’s inequality, we obtain the
non-asymptotic mean-field approximation result in (50). [ |

Appendix E. Additional Experiments

In this section, we present the results of an additional experiment where we compare the differences
in performance of the dynamics with an isotropic noise term as originally introduced in (4) versus
dynamics with an anisotropic noise term as proposed in (Carrillo et al., 2021). In particular, in
Algorithm 2, we add the noise term to the aggregation step of local agents in (22) to yield a modified
update rule: ©

92+1 — 0 — Ny (02 —my) + o1/ }9{1 —mj; zj, zj ~ N(0,Ijxq) (isotropic noise) (70)

92+1 — 0 — Ny (9% —mj) + o1/ (9% —mj) oz, 2z ~N(0,Iixq) (anisotropic noise)
(71)

6. We didn’t include the noise term B* as introduced in (4) since we use stochastic gradient descent in the local
agent update in Algorithm 1, which already has added noise.
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Table 2: Test accuracy + standard deviation % on rotated MNIST using FedCBO with different
noise terms (levels).

FEDCBO (NO NOISE) ISOTROPIC (07 =0.01) ISOTROPIC (o1 =0.05) ANISOTROPIC (07 = 0.01) ANISOTROPIC (01 = 0.05)
96.51 +0.04 96.41 £ 0.02 10.49 £0.05 96.33 +0.01 96.34 & 0.02

We follow the same experimental setting as described in Section 2.4, and use same hyperparameters
in FedCBO as before. We then vary the value of the hyperparameter oy in the noise term. We
present the results in Table 2. We can observe that 1) when the noise level is small (o; = 0.01), the
performance of FedCBO with or without noise is similar; 2) when the noise level is relatively large
(o1 = 0.05), FedCBO with isotropic noise fails while the anisotropic version behaves as in the small
noise level case. This observation aligns with the findings in (Carrillo et al., 2021), as the impact
of noise terms on the algorithm’s performance is not significant when training a neural network on
the MNIST dataset.
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