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Abstract

Conventional wisdom in machine learning holds that the more data you train your model on, the
better the model can perform. Accordingly, a plethora of federated learning methods have been
developed to aggregate as many local samples as possible. Contrary to this belief, this paper shows
that aggregation of more data is not necessarily beneficial in the presence of heterogeneity, and
reveals a fundamental trade-off between aggregation and heterogeneity in federated learning. We
consider a general family of weighted M -estimators that interpolate between FedAvg and the local
estimator, in which an aggregation rule is determined by the weights of local samples. We derive
an upper bound for the estimation error of the weighted M -estimators, which decomposes into
a bias term induced by heterogeneity and a variance term influenced by aggregation. A measure
of heterogeneity, the federated smoothness /3, is introduced to simplify the general result. As an
important consequence, the optimal aggregation rule for each local device is to aggregate only its
| K28/ (2B+1) /(o)1 (28+1) | v 1 closest neighbors among the K devices, where n is the local
sample size and o2 is the noise variance. Moreover, we show that our estimator, termed FedKNN,
attains the minimax optimal rate over a certain parameter space characterized by 3. This optimal
procedure depends crucially on the neighboring structure among devices in terms of the proximity
of local parameters. Finally, we prove that without such prior knowledge no estimator can achieve
a convergence rate faster than O(c0? /n) and hence adaptation is impossible.

Keywords: federated learning, optimal aggregation, k-nearest neighbors

1. Introduction

Federated learning is an emerging machine learning paradigm in which models are trained on data
that are locally possessed by individual devices (McMahan et al., 2017; Li et al., 2020a). From the
statistical perspective, one major advantage of federated learning is that data from other devices can
be aggregated to produce improved results for each device’s local task. To be specific, we consider
Federated Averaging (FedAvg) (McMahan et al., 2017), a baseline algorithm for federated learning.
For the task of parameter estimation, FedAvg outputs a single global parameter estimate by solving
the optimization problem

K
1 -
glave) — in = > 0Ly (0
arg;nln 2 ng L (6)

in a distributed manner, where ny, is the local sample size of device k, N = Zle n; is the total
sample size, and Ek(ﬁ) is the empirical risk for device k. FedAvg aggregates data from all devices
after weighting them by local sample size and yields a global model with the estimate 6(ave) | This
allows the algorithm to utilize a much larger sample size N instead of ny, greatly reducing the
variance in parameter estimation when K is large.
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However, federated learning algorithms such as Fed Avg suffers from potential distribution shifts
among local devices, which is known as the issue of heterogeneity (Li et al., 2020c; Chen et al.,
2021; Li et al., 2020a). For parameter estimation problems, this means that the true parameters of
local devices may be different from each other. In the presence of heterogeneity, for estimating
the local parameters, aggregating data from other devices introduces bias owing to parameter dis-
crepancy. Consequently, aggregating more local samples would lead to a larger bias, which may
partially or fully offset the benefit of variance reduction due to sample size increase.

A fundamental aggregation—heterogeneity trade-off thus exists in federated learning: borrowing
more information from other devices by aggregation tends to increase the effective sample size and
improve performance for each local device, but meanwhile would introduce more heterogeneity
into the aggregated sample and diminish the accuracy. This can be viewed as a special form of the
bias—variance trade-off, which plays a central role in the analysis of machine learning algorithms.
Although a considerable amount of recent effort has been devoted to the related topic of personalized
federated learning (Li et al., 2020b; Wang et al., 2019; Mansour et al., 2020; Jiang et al., 2019; Wang
et al., 2022), a precise learning-theoretic characterization of this trade-off is still lacking. This gap
poses further obstacles to answering the important question: How should one optimally aggregate
data from local devices in heterogeneous federated learning? Here, optimality is viewed from the
perspective of improving each device’s local task.

It is clear that optimal aggregation should depend on the degree of heterogeneity. To illustrate,
consider two extreme cases. In the completely homogeneous case where all devices have the same
distribution, aggregating data from other devices does no harm to the local task. In this case, all
local samples should be aggregated in order to maximally reduce variance, and hence FedAvg may
be an optimal algorithm. At the other extreme where the true parameters of any two local devices
are far apart, pooling any two local samples will introduce a huge bias, which tends to negate the
benefit of variance reduction. In this case, the local estimator that uses only the device’s own data
would be the best choice. In the intermediate situation between these two extremes, it is possible
that neither FedAvg nor the local estimator is optimal, and one should carefully balance aggregation
and heterogeneity to achieve the best performance.

Among prior theoretical work in federated learning, Chen et al. (2021) seems the most closely
related to our work. They considered FedAvg and the local estimator from a minimax perspective,
and uncovered a phase transition phenomenon: when their proposed measure of heterogeneity, R,
is larger than a certain threshold, FedAvg is minimax optimal; otherwise, the local estimator is
minimax optimal. Roughly speaking, the quantity R describes the variance of the true parameters,
which is a global measure of heterogeneity and cannot capture the local dissimilarity relationships
among devices. Therefore, it is not suitable for studying the aggregation—heterogeneity trade-off
and the corresponding optimal aggregation problem. Consider a simple example, where K devices
are divided evenly into two clusters. Within each cluster, the devices have the same true parameters,
while the parameters of the two clusters are far away from each other. When K — o0, it is easy to
see that both the FedAvg algorithm run on all devices and the local estimator are suboptimal, since
they are inferior to FedAvg run on each cluster.

In this paper, we investigate the aggregation—heterogeneity trade-off and the related optimal
aggregation problem in federated learning. We focus on the parametric M -estimation framework,
where the task of each local device is to estimate its own parameters. We are interested in analyzing
the estimation performance when both the local sample size n and the number of devices K may
increase to infinity. To this end, we consider a general family of weighted M -estimators that inter-



THE AGGREGATION-HETEROGENEITY TRADE-OFF IN FEDERATED LEARNING

polate between FedAvg and the local estimator, in which an aggregation rule is determined by the
weights of local samples. By establishing an upper bound for the estimation error of the weighted
M -estimators, we reveal and precisely quantify an aggregation—heterogeneity trade-off. In order to
simplify the expressions and find an optimal aggregation rule, we introduce a novel quantity, the
federated smoothness (3, to measure the degree of heterogeneity among devices. We further develop
an estimator through a k-nearest neighbors procedure, termed FedKNN, which strikes an optimal
balance between aggregation and heterogeneity. Finally, we show that FedKNN is minimax optimal
over a certain parameter space characterized by [, whereas the two baseline methods, FedAvg and
the local estimator, are both suboptimal. Our contributions are summarized as follows.

* We consider a family of weighted M -estimators in Section 3, in which an aggregation rule
is determined by the weights of local samples. Two baseline methods, FedAvg and the local
estimator, are contained in this family. We study how the choice of weights and the degree of
heterogeneity affect the estimation error, which demonstrates the aggregation—heterogeneity
trade-off.

* We propose the federated smoothness 3 in Section 4.1 to measure the degree of heterogene-
ity among devices. Roughly speaking, 5 measures the rate at which the parameter distance
between neighboring devices decays to 0. A larger 5 indicates a lower degree of heterogene-
ity. Compared with other existing heterogeneity measures, 3 captures the local dissimilarity
relationships among devices and is more appropriate for studying the trade-off.

* We construct an estimator, FedKNN, using a k-nearest neighbors procedure in Section 4.2.
We specialize our general result to this estimator and give a more concise characterization
of the aggregation—heterogeneity trade-off. By an optimal choice of neighbor size, FedKNN
achieves the optimal trade-off, with estimation error of order

28
0.2 3B+1 N 0.2
nK n’

* By establishing information-theoretic lower bounds in Section 4.3, we show that the conver-
gence rate of FedKNN is minimax optimal over the parameter space defined by 5. We also
show that both FedAvg and the local estimator are suboptimal for this parameter space.

* FedKNN is constructed with prior knowledge of the neighboring structure among devices.
Without such prior information, it may be desirable to develop an adaptive algorithm to detect
the neighboring structure in a data-driven manner. However, in Section 5 we show that in this
case no algorithm can improve the local rate o2 /n and hence adaptation is impossible. When
n is fixed, even if K — oo, no adaptive algorithm can reduce the estimation error to 0.

1.1. Related Work

Personalized federated learning. There is a growing body of work on personalized federated
learning, which aims at personalizing global models for individual devices to address the issue of
heterogeneity. In particular, Fallah et al. (2020) pointed out the need to fine-tune the initial shared
model on local data and presented a personalized variant of FedAvg. Li et al. (2020b) proposed
FedProx, which uses /5 regularization to combine local models. Other regularization-based methods
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also exist (Hanzely et al., 2020; Acar et al., 2021). Mansour et al. (2020) proposed to first cluster
similar devices and then apply federated averaging to each cluster. Similar ideas were explored
by Ghosh et al. (2020). From a transfer learning perspective, Wang et al. (2019) proposed to first
train a global model and then fine-tune the parameters of the global model on local devices. Jiang
et al. (2019) borrowed ideas from model-agnostic meta learning to deal with personalized federated
learning problems. Smith et al. (2017) proposed MOCHA to produce personalized solutions in the
context of multi-task learning. For a more comprehensive review, see Kulkarni et al. (2020).

Theory of heterogeneous federated learning. Theoretical development of heterogeneous feder-
ated learning is relatively limited. Deng et al. (2020) proposed an algorithm for personalized feder-
ated learning with learning-theoretic guarantees. By encoding heterogeneity information through a
graph, Wang et al. (2022) proposed a fused-lasso-based approach with statistical guarantees. Their
estimation error bounds depend on the structure and fidelity measure of the graph. Chen et al. (2021)
studied regimes of heterogeneity where either FedAvg or the local estimator is minimax optimal.

More generally, the idea of borrowing strength from related tasks to improve performance on a
target task is well established in statistics and widely used in areas such as multi-task learning (Jacob
et al., 2008; Hanneke and Kpotufe, 2022; Du et al., 2021), meta-analysis (Cai et al., 2022; Maity
et al., 2022), and transfer learning (Cai and Wei, 2021; Li et al., 2022a; Kpotufe and Martinet,
2021). The intuition of federated smoothness and FedKNN comes from the k-nearest neighbors
(KNN) method in nonparametric regression (Gyorfi et al., 2002); see Madrid Padilla et al. (2020)
and Demirkaya et al. (2022) for some recent developments.

2. Preliminaries

We begin with introducing some notation used throughout this paper.

2.1. Notation

Forn € N, let [n] = {1,...,n}. Weuse || - || to denote the ¢2-norm of a vector in Euclidean space.
For two nonnegative sequences a,, and b,,, we denote a,, < b, or a,, = O(b,) if a,, < Cb,, and
an 2, by or by, = O(ay) if a, > Cb,, for some constant C' > 0 independent of n. For a,b € R, we
use a A band a V b to denote min{a, b} and max{a, b}, respectively. For two distributions P and @

defined on the same space, we use || P — Q||rv to denote their total variation distance.

2.2. Problem Setup

Suppose that there are K devices, where device k holds ny i.i.d. samples {ZZ-(k)}?il drawn from
some unknown distribution Py. At the local device k, the samples are drawn independently from
the distribution P,k = 1,..., K. However, we assume Pjs to be different from each other.
For some loss function #(-, -), define the expected and empirical risks for device k by Ly(0) =
E ) ..p (0, Z®)Y and Ly(0) = ni >k 40, Zzgk)), respectively. The task of device k € [K] is
to estimate its local parameter, which is defined by

0}, = argmin L(0).
0
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We directly equate distribution shifts with differences of local parameters, since the distributions
and the parameters are in one-to-one correspondence as long as the parameters are identifiable.
Hence, the degree of heterogeneity is determined by the distances ||0}; — 05|| for k # j.

We now state the assumptions needed for our theoretical analysis, which are standard and com-
monly adopted in the federated learning literature (Li et al., 2020c; Chen et al., 2021; Li et al.,
2022b; Wang et al., 2022).

Assumption 1 (Loss function) The loss function ((-, z) is strongly convex with parameter (1 > 0
and smooth with parameter n > 0 for any z; that is, it is differentiable and satisfies

00y, 2) > (0, 2) + Vol(62,2)T (61 — 02) + guel — 0y

and
IV60(01, 2) — Vol(0. 2)I| < nll6r — o]

for any 01 and 0-.

Assumption 2 (Gradient noise) The variance of the gradient is bounded by o2, that is,
Var(Vel(Z19),0)) < o

forevery 6 and k € [K].

Assumption 3 (Local sample size) The local sample sizes n, = n for all k € [K].

Assumption 1 imposes regularity conditions on the loss function. As a direct consequence, the
local risk functions Ly (6) are pi-strongly convex and 7n-smooth, and hence the true parameters 6}
are well-defined and unique. Assumption 2 implies that, for supervised problems, the variance of
local noise is uniformly bounded. It can be relaxed to the case where different devices have different
noise sizes. Assumption 3 will be needed in Sections 4 and 5 to simplify our results. Different local
sample sizes can be easily accommodated by considering the minimum or maximum sample size.

3. General Weighted )/-Estimators

In this section, we present a family of weighted M -estimators with varying degrees of aggregation
and establish estimation bounds for these estimators. We first consider the two baseline methods,
FedAvg and the local estimator, which estimate 6}, by

K
av, . 1 T
é,\](C &) _ arg@mm T ]Ezl L;(0)

and
é\](cloc) = argmin L(0),
0
respectively. Intuitively, these two estimators are two extremes of aggregation: é};wg) aggregates all

K devices, whereas §§€1oc) aggregates none. To study the situation between these two extremes, we

consider the family of weighted M -estimators, which includes FedAvg and the local estimator as
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special cases. Specifically, given any weight matrix W = (wy;) € RE*X with ZJKZ | wg; = 1 and
wy; > 0 for k, j € [K], the corresponding weighted A/ -estimator is defined by

K
9 .
7j=1

When W is the identity matrix [, éTkW) reduces to the local estimator, which assigns zero weights

to any devices other than itself. When wy; = n;/ Zf: 1y for all k, 7, 9" reduces to FedAvg,
in which case different local devices share the same weight vector. Setting W to other values
represents other aggregation rules. Let wj, = (w1, ..., wrx )’ be the weight vector of device k.
Intuitively, the more evenly distributed the weights wy, are, the more information from other devices
are aggregated. We remark that each device can have its specific weights wy, so that instead of
obtaining a single global model, the weighted M -estimator outputs K possibly different parameters
for personalized inference.

o)

k

The following theorem is our main result on the estimation error of , which characterizes

how aggregation and heterogeneity together affect the estimation.

Theorem 1 Under Assumptions 1 and 2, for each k € [K]|, we have

5(W) 161)° - 807 o~ Wiy
EJ6] —e;;||2§( L +4)Zwkjrwez—e;|12+ oy Y ()
" = =

The error bound in (1) breaks down into two terms, which are of order Z]K:1 wg; (|65 — 07, |? and

ZJKZ L wi d 02 /n;. The first term is the weighted average of squared distances between parameters,
which originates from the heterogeneity among the K devices. To make it smaller, each device
k should avoid aggregating data from irrelevant devices and instead concentrate its weights wy;
on devices whose parameters are close to its own. The second term is caused by the variance of
data aggregated by device k. By the Cauchy—Schwarz inequality, to reduce this term, each device
k should make its weights wy; more evenly distributed. In general, these two terms cannot be
minimized at the same time, and therefore an aggregation—heterogeneity trade-off arises.

The optimal weights that minimize the bound (1) are determined by the degree of heterogeneity
and the local noise level simultaneously. Consider the following two extreme cases. For simplicity,
we assume 1y, = n and a,% = 1 for all k. The first case is the homogeneous setting, where 9;‘ =05
for all j, k. In this case, the first term in (1) vanishes and we need only minimize the second term.
By the Cauchy—Schwarz inequality, the optimal weights for each k are wy, = (1/K,...,1/K)".
Thus, the optimal weighted M -estimator reduces to FedAvg whose estimation error is of order
1/(nK). This greatly improves the local rate 1/n when K is large. The second case is that the
parameters of any two devices are far apart; that is, for all j # k, ||6; — ;]| > ¢ for some constant
¢ 2 1/+/n. Then the optimal weights for each k are approximately given by wy;, = 1 and wy; = 0
for j # k, which minimize the first term in (1). These optimal weights correspond to the local
estimator, and the optimal estimation error is of order 1/n. In this setting, aggregation does not
bring any improvement over the local estimator owing to the high heterogeneity.

We remark that Theorem 1 is similar in spirit to Theorem 3 of Ben-David et al. (2010), which
also considered the minimization of combined empirical risk from different domains and provided
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a general learning bound. However, their analysis is confined to classification problems and the
case of two domains, a source domain and a target domain, which is not well suited to federated
learning scenarios where the number of devices may be large and even tend to infinity (e.g., Internet
of Things (Atzori et al., 2010)).

4. Optimal Aggregation Method

Generally, it is difficult to obtain a closed-form solution for the optimal weights in (1) if we do
not impose any assumption on the heterogeneity terms {||0; — 67||};2. In order to investigate
the optimal weights and the resulting estimator, in Section 4.1 we propose federated smoothness to
measure the degree of heterogeneity. Using this measure, in Section 4.2 we specialize our general
result to a more concise version and construct an optimal estimator, FedKNN, using a k-nearest
neighbors (KNN) procedure. In Section 4.3 we give minimax lower bounds and show that FedKNN
is indeed minimax optimal over the parameter space defined by federated smoothness.

4.1. Federated Smoothness

To measure the degree of heterogeneity, we introduce federated smoothness in the following defini-
tion. We use ©* = (67, ..., 60}, ) to denote the concatenated parameter.

Definition 1 (Federated smoothness) Ler 0 < § < oo. We say that ©* has federated smoothness
B if there exists a fixed constant C' > 0 such that

j B
16~ 8201 < € () @

forevery k,j € [K], where 7 : [K]| x [K] — [K]| maps (k,j) to the index of the device whose
parameter is the jth closest to the parameter of device k.

In the definition of 7, we break ties in an arbitrary way if there are any. Also, 7w(k,1) = k by
convention. For ©* satisfying this definition, we will also say that ©* is S-federated-smooth. Note
that for any fixed ©*, such 5 and C' always exist, although they are not unique. We are particularly
interested in the class of parameters satisfying federated smoothness for some fixed C' and 5 when
K is allowed to increase. Moreover, if (2) holds for some (3, then it also holds for any 0 < 8’ < 3.
Hence, our results can be interpreted as true for the largest such .

The value of 8 measures the rate at which the distance between the parameters of neighboring
devices decays to 0. A larger (3 indicates a lower degree of heterogeneity, which further leads to a
smaller estimation error as we will see later. The role of 7 is to describe the neighboring structure
among devices. Examples include federated learning applications where the devices are distributed
geographically or over a social network and each device shares similar parameters only with their
closest neighbors. In this section, we consider the case where 7 is given as prior knowledge.

To get a sense of the applicability of Definition 1, we consider a few examples with different
levels of federated smoothness. As it turns out, our framework includes many conventional regimes
studied in previous work.

Example 1 (Homogeneity) Suppose that all of the K devices have the same parameters. Then ©*
has federated smoothness 3 = oc.
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Example 2 (Complete heterogeneity) Suppose that there exists a constant ¢ > 0 such that ||0y —
;]| > cforany k # j. Then for any fixed C, the federated smoothness (3 of ©* tends to 0 when
K — oo

Example 3 (Clustering structure) Suppose that, for an even K, the K devices are divided into
two groups with equal size. Furthermore, devices in the same group have the same parameters,

and the distance between the parameters of the two groups is denoted by 6. Then the federated
smoothness 3 = log(C'/§)/ log 2.

Example 4 (Holder smooth function) Consider any function f:[0,1] — R? satisfying f'(0) =
@) = - = fWBI=D0) = 0 and || f1PD(z) — fBD ()| < Clz — y|P~P) for any 2,y €
[0, 1] and some B > 0. Suppose that Hi(k N = f(4/K). Then applying Taylor’s expansion gives

102 ) — Gl < CG/EP.

Other heterogenelty measures have been considered in the literature. Defining F* =L k(éﬂoc))

and F* = K~1S00 Ly (0®®), Li et al. (2020c) proposed using I' = F* — K~! YK F
to measure heterogenelty If all the devices have the same distributions, their empirical risks are
approximately the same and hence I' ~ 0. Otherwise, I' may be large since the minimizers of local
empirical risks Ek are different. Alternatively, Chen et al. (2021) suggested using the variance of
local parameters, R = K~ S0 ||0f — K~ ZJ 10

The common intuition behind these measures is that they all depict heterogeneity from a global
point of view. They focus on the degree of heterogeneity across all K devices, but do not reflect the
local dissimilarity relationships among devices. In comparison, our proposed federated smoothness
is a local quantity in that it characterizes the decay rate of the distances between local parameters.
Therefore, it is more appropriate for analyzing the aggregation—heterogeneity trade-off.

4.2. FedKNN: Optimal Weights via KNN

With the notion of federated smoothness in mind, we now focus on a particular set of weighted M -

estimators. Specifically, we determine the weight matrix wm = (w (m)) by the following KNN
procedure: .
LTSI
W) = ™ rEoEm )
0 otherwise,
where m € [K] is the number of neighbors (including the device itself) to be aggregated. We denote
by 8™ the estimator obtained with W (™ and call it federated k-nearest neighbors (FedKNN).
FedKNN builds on the simple intuition that each device should only aggregate data from its
closest neighbors. Accordingly, it uses hard thresholding to determine the weights: it assigns equal
weights to the m closest devices and zero weights to the others. Here, m directly specifies the level
of aggregation, so that a larger m means that more data from other devices are aggregated.
Using Theorem 1 and Definition 1, we obtain bounds for the estimation error of FedKNN as
well as the optimal choice of m for 5-federated-smooth parameters.

Proposition 1 Under Assumptions 1-3, if ©* is B-federated-smooth for some 0 < 3 < oo, then
for each k € [K], the FedKNN estimator é\l(ﬂm) satisfies

m 28 CQO’ 2
K% Tn

E|0™ — 07> < Croers @)
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where Oy = C(16n% + 4u2)22°+1 /{1228 4+ 1)} and Cy = 8/u?. In particular, if we take m =
mye = L(CQO'Q/Cl)1/(2B+1)KQB/(26+1)/77,1/(25+1)J V' 1, then the above upper bound attains its
minimum over the choice of m:

2
A i‘z’n 5)

2 \ 26/(28+1)
nK)

m k g
EJT™ — o3P < Cﬁ(

where Cg = Cgﬁ/(Q'BH)Cll/(Q’HH).

The two terms in (4) correspond to the two terms in (1). From (4) we see a clearer trade-off
between aggregation and heterogeneity: a larger m indicates more aggregation from other devices,
which increases the first term and decreases the second term. The value m, balances the two terms
optimally and attains the minimum of (4) over the choice of m. It can be interpreted as the effective
number of devices, which characterizes how many other devices can optimally improve on the local
estimation and leads to the optimal estimation error of order o2/ (m.n).

For a fixed 3, m, decreases with n and increases with K. This is because if K is fixed, a
larger n implies that the estimation error of the local estimator is smaller, and hence the criterion
on whether to aggregate data from other devices is stricter, which leads to a smaller m.,. On the
other hand, if n is fixed, a larger K means that there are more devices with smaller bias, and hence
one should aggregate data from more devices, so that m, increases. When 8 — oo, it is easy to
check that m,, — K and E||6), — 05 ||> — 02 /(nK), which means that almost all devices are useful.
Indeed, 5 = oo corresponds to the homogeneous setting, where the estimation error is exactly
O(0?/(nK)).

When K > n'/#) we have m, > 1 and the term 1/(nK)??/(28+1) dominates the bound (5).
In this regime, there exist aggregation methods that outperform the local estimator. Indeed, it is
easy to check that in this case "9;(1@,2) — 05|l < 1/+4/n, so that there exists at least another device
that can improve on the estimation of 6. Even when the local sample size n is fixed, FedKNN is
still consistent as long as the number of devices K — oo.

We remark that FedKNN is inspired by the classical KNN methods in nonparametric statistics
(Gyorfi et al., 2002). Indeed, we can naturally make the analogy between federated learning and
nonparametric regression: each device corresponds to a covariate point, the local parameter ;. cor-
responds to the conditional mean of the response, and the local variance O(c2/n) corresponds to the
variance of the response. The role of 7 is to define the neighboring structure among devices. From
this point of view, 8 can be related to the smoothness of the regression function in nonparametric
regression, which is the reason why we call it federated smoothness.

Our FedKNN estimator bears some resemblance to the rank-based procedure considered by
Hanneke and Kpotufe (2022). However, the settings of Hanneke and Kpotufe (2022) and our work
differ remarkably in terms of learning scenarios and the source of heterogeneity. Accordingly, the
procedures for exploiting the neighboring structure and their performance bounds are also very
different. Specifically, heterogeneity in their work stems from distribution shifts, and the ranking
information reflects discrepancies between excess risks under different distributions. In contrast,
heterogeneity in our setting is due to varying parameters, and the neighboring structure is defined
through distances between local parameters.
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4.3. Minimax Lower Bounds

Although FedKNN is only a subset of weighted M -estimators, our next result indicates that it indeed
achieves minimax optimality over the parameter space determined by 8. To derive the minimax
lower bounds, we consider a mean estimation problem. Suppose that the data are generated by

78— +eW ke (K], i€ [ng, (6)
(k)

where 0} € R% and g, arei.id. Gaussian with mean 0 and variance 0?1,. Denote the concatenated
parameter matrix by ©* = (6%, ...,0%) € R¥*X . We consider the parameter space

S\ B
PB,K,C,m) = {@* € R>K . 107 ki) = Okll2 < C <;(> forall k,i € [K]}

Note that in addition to 3, K and C, the parameter space also depends on the neighboring structure
m, which is given as prior information. The loss function is taken to be /5 loss, that is, ¢(6, z) =
|0 — z||%. It is easy to check that Assumptions 1 and 2 are satisfied. We denote the parameter space
by Ps or P(8, ) for simplicity when there is no confusion. For the estimation error of © in Pg,
we have the following information-theoretic lower bound.

Theorem 2 (Minimax lower bound) Under Assumption 3, if 3 < oo, K > 3 and (nK)/o? >
(log 2)228=1 /C?, then for each k € [K] we have

R o2 \28/@8+1) 2
inf sup E|6, — 0] > C-. <> A — @)
uf s B~ 631 = G (7 .

for some constant C’é > 0 depending only on 3 and C, where (/9\k denotes any measurable function
of samples from all local devices.

While the pair (C, ) is not unique in Definition 1, it is important to have the class Pz depend
on a fixed C, so that 3 is well defined. The lower bound (7) matches the upper bound (5), which
shows that FedKNN with neighborhood size m.. is minimax optimal. This result illustrates that the
federated smoothness (3 precisely characterizes the degree of heterogeneity and the extent to which
information from other devices can improve on the local estimation. The proof is an application of
the celebrated La Cam method, by carefully constructing two parameters O™ and ©® in P such
that HG,(;) — 9,22) || is relatively large while {HH](.Q) - 6?](-2) || }j are as small as possible.

When K28 < n, the minimax rate is o2 /n, which agrees with the local estimation rate without
aggregation. This is because in this case the local variance o2 /n is relatively small so that the bias
introduced by aggregation dominates the estimation error. Therefore, no devices other than device
k contain information that can further improve the local estimation error o2 /n. When K25 > n,
owing to the restriction of S-federated-smoothness, other devices also contain information useful
for estimating 6, the amount of which depends on the magnitude of K and . As a result, the
minimax rate is improved to {2 /(nK)}2#/(28+1),

Moreover, the following result suggests that in our heterogeneous setting both FedAvg and the
local estimator are suboptimal since their worst-case errors are larger than the minimax rate (7).

10
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Theorem 3 (Suboptimality of FedAvg and local estimators) Consider the Gaussian mean esti-
mation problem specified in (13). Under Assumption 3, there exists an integer L independent of K
and n such that, for every K > L and n > L, there exists k € [K] and 7 such that

2
d
sup E[61° — o5 > == ®
@*E'Pﬁ
and o
sup EJ|65" — ;]| > AT ©)

0*cPg

The suboptimality of FedAvg and the local estimator stems from the fact that they are two ex-
tremes of the aggregation—heterogeneity trade-off. The bound (8) for the local estimator is intuitive:
since the local estimator does not aggregate any other devices, its rate is typically O(c? /n), which
has nothing to do with heterogeneity but also does not benefit from aggregation. On the other hand,
FedAvg aggregates all K devices, which introduces too much heterogeneity. Thus, the benefit of
aggregation is dominated by the harm of heterogeneity, which leads to an O(1) worst-case error (9).
Notably, the rates of these two methods do not involve K, so that their estimation errors will not be
reduced by increasing the number of devices. As a result, in the setting where the local sample size
n is relatively small and the number of devices K is relatively large, they underperform FedKNN
substantially.

We remark that the estimation errors of these two baseline methods have been studied by Chen
et al. (2021). Over a certain parameter space determined by their proposed heterogeneity measure
R=0c%’K"! Zle 6y — K1 E]K:l 07|, they showed thatif R < o2 /n, then FedAvg is minimax
optimal; otherwise, the local estimator is minimax optimal. This seems to contradict the subopti-
mality result of Theorem 3. The main reason for this discrepancy is that we measure the degree
of heterogeneity in a different way. As discussed above, their quantity R is a global heterogeneity
measure, which cannot characterize the aggregation—heterogeneity trade-off. Consequently, their
result can be viewed as a phase transition from one extreme to the other. In contrast, our federated
smoothness 3 is a local heterogeneity measure, which gives rise to the trade-off and allows the
estimation rate to vary continuously with respect to the degree of heterogeneity (.

5. Impossibility of Adaptation

The construction of the FedKNN procedure and the minimax result in the previous section rely
critically on the knowledge of the neighboring structure 7. In the absence of such prior information,
it is desirable to develop an adaptive algorithm to determine which devices should be federated in
a data-driven manner. For example, we can first estimate 7 using the local estimators {520(:)}521,
and then perform the FedKNN procedure based on the estimated 7. One might hope that there
would exist some adaptive algorithm to achieve the minimax rate (5). Unfortunately, if there is no
information beyond the samples, for such data-driven procedures the estimation error of 7, which
is typically of order o2 /n, dominates and adaptation is impossible. Indeed, by proving a minimax
lower bound for the case where 7 is unknown, we will show that no adaptive algorithm can actually
improve the local estimation rate O(c2 /n).

We are still concerned with the mean estimation problem introduced in Section 4.3. However,
instead of the parameter space P (3, K, C, ) studied above, we consider the following parameter
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space, which does not take 7 as its argument:
- i "
P(B,K,C) = 0* e R*”K . st 107 i) — Okll2 < C <K> forall k,i € [K] ;.

We denote it by 735 for simplicity when there is no confusion. No prior knowledge of m means
that each parameter in 735 still satisfies the S-federated smoothness, but has its specific neighboring
structure 7, which is not given. Indeed, this parameter space is the union of P (3, ) defined before,
that is, 755 = UxP(S, ), where the union is taken over all possible 7. If 7 is known as prior
information, we only need to consider the worst-case error over some specific P (3, 7); otherwise,
we must consider the worst case over all possible 7, or 735.

For this larger parameter space, we have the following minimax lower bound.

Theorem 4 Under Assumption 3, there exists an integer L independent of K and n such that for
any K > L,n > Land 0 < 8 < oo, we have, for any k € [K],

(log 2)c?

o (10)

inf sup E|6) — 6] >
Ok ©*cPg

Compared with Theorem 2, no knowledge of m means that the minimax analysis is performed
over a larger set, that is, Pg instead of P(/3, w) specified by some known 7. That is why the lower
bound O(1/n) here is much larger than that in (7). If we want to estimate 7 from scratch, its
estimation error is already O(02/n). The most frustrating conclusion of Theorem 4 is that when the
local sample size n is fixed, even if K increases to infinity and federated smoothness is satisfied for
some 3 < oo, the estimation error of any adaptive estimator does not vanish asymptotically. This
suggests the necessity of prior knowledge about the neighboring structure: we must at least be able
to estimate 7 at a faster rate than O (o2 /n).

More technically, an important property used in the proof of Theorem 4 is that 755 is closed under
permutation. Then we can apply Le Cam’s method by considering two concatenated parameters
0 and ©® in ﬁg such that they differ only by swapping the local parameters of two specific
devices k and j. In this case, data from devices [ # k,j do not provide any information that can
distinguish between 9,(:) and H,(f), which results in the large rate O(c? /n).

We remark that similar results have been obtained for multi-task learning by Hanneke and
Kpotufe (2022). For a multi-task classification problem where all data distributions induce the
same optimal classifier, they showed that no adaptive algorithm attains the minimax convergence
rate unless the ranking of distributional discrepancy is known a priori. At a high level, our messages
about the impossibility of adaptation and necessity of knowledge of 7 are the same as theirs, while
we are working in a quite different setting.

6. Discussion and Future Work

In this paper, we have considered parameter estimation in heterogeneous federated learning from a
theoretical perspective. We have derived estimation bounds for a family of weighted M -estimators,
which reveals a fundamental aggregation—heterogeneity trade-off. We have introduced federated
smoothness to quantify the degree of heterogeneity among devices and have constructed a k-nearest
neighbors estimator, FedKNN, to optimally balance the trade-off. We have given minimax lower
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bounds, from which we show that FedKNN is minimax optimal and that the two baseline methods,
FedAvg and the local estimator, are both suboptimal since they ignore the aggregation—heterogeneity
trade-off. Finally, we have demonstrated the necessity of prior knowledge about the neighboring
structure by proving the impossibility of adaptation.

We point out some directions for future research. The first is the optimization aspects of Fed-
KNN. Although FedKNN can be conducted in a distributed manner by simply regarding each device
as a center and performing FedAvg multiple times, this trivial procedure incurs computation and
communication costs m times those of FedAvg, where m is the number of aggregated neighbors.
How to more efficiently implement the optimization is of practical interest.

Second, it remains to investigate the settings where 7 is inaccurate or (3 is unknown. We have
shown that the lack of knowledge of 7 leads to a pessimistic O(c2 /n) rate. In practice, we may have
partial knowledge about 7 or be given an inaccurate version of it. How the accuracy of 7 affects
the estimation error is an interesting question. Also, adaptation to unknown 3 would be possible by
following Lepski’s method (Lepskii, 1991).

Finally, extensions to structured heterogeneity settings would be worthwhile. In this paper and
most related work in federated learning, heterogeneity is simply encoded in the Euclidean distance
between parameters. In more complex scenarios, however, heterogeneity may be structured. For
example, there may be some components of the local parameters that are shared, while the rest
are device-specific. Both the shared parts and the specific parts can be high-dimensional or very
complex. How to borrow strength from multiple devices to estimate the shared components without
being harmed by the specific parts is a direction for future work.
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Appendix A. Upper Bounds

A.1. Proof of Theorem 1

Proof For simplicity, we omit the superscript W throughout this proof. For each k € [K], define
Li(0) = 315, wig B0, Z00)], Li(0) = Y15, 2 50, £(9, Z7) and 6, = arg mingeq Li(6).

J
By the strong convexity of £ and the definition of 6, we have

0> Ly(Bk) = Le0) = VL@)T (B — 00) + 510 — Bl
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which implies

~ o~ 4 o o~
16, — 0| < EHVLIC(GIC)”Q-
Also, by definition, ]E[ka(gk)] = (. Taking expectation on both sides yields
5 g 4 =i 4 T
E[[0r — 0k” < 7EHVL1<(91¢)H = ﬁvaf(VLk(ek))

22 ’”v&r(w(ek, AD)

jl n; (11)
2

<4L Wik

=2 =

By the strong convexity again we have

2

Hk—Zwk] ;

VLk< > wkje;)

JEIK]

Therefore, by the triangle inequality,

16, — 0311> < 2/ — > wisb; ‘o > w6
jEIK] jE[K]
] 2
° va<Z W ]> +2| ) w0
G jelK] jelk]
For the first term, using the smoothness of ¢ gives
8 2
-3 VLk< Z wkjﬁ;)
JE[K]
8 . , 2
LA b {m(Z w6 ) E6(0:, 20 >>}
Fo0 ek jelk]
2
< % ( > wy v{m( > wje;f,ZU)) - Ee(e;,ZU))}H)
P \jerm jelK]
81> ?
<8 ] 3 w5
P \jem lexg
81> 2
<~ D wki|| D weil; — 0]
AT RLPETY
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where the last formula is obtained by the Cauchy—Schwarz inequality. Then by the property of
weighted average,

2

~ . 8
16 — 0517 < (: +2) ¥ 2wl

J€(K] JEIK (12)
81> *
< (M5 +2) X wleg - 012
JjelK]
Combining (11) and (12) yields
~ 167 1%
B[, — 07 < (+4) Zwmuek e+ S5,
j=1
which completes the proof. |

A.2. Proof of Proposition 1
Proof Recall that the KNN weight matrix is defined by
1. .
my ) if1<j<m,

kvﬂ-(kmj) o .
0 otherwise.

Substituting it into the first term in (1) and using the definition of (3, we obtain

m

* 1 *
Zw 7005 = 6107 = 3 o — 051
j=1
m+1 28
SZKZB—me/ T dx
22,6’+1Cm
<
~ 28+1 K%
For the second term in (1), we have
L
= = m2n;  mn’

where the last step comes from Assumption 3. Combining the two terms gives the overall bound

1672 228+1C ;28 802 m28 (Cy0?
E|@m>—e,:||2<(ﬂ’3 ) ”_ _¢ 20

26+1 K25+,u,2mn: K% Tn

where C1 = (161 + 4p2)228+1C/{1%(28 + 1)} and Cy = 8/(u?). This bound, as a function of
m, is minimized by choosing m = m™, where

my = | (Cao®/Cy) Y/ 5+ 28/ 2541) 1 /(28| 1,
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If m* = 1, we only use samples of the device k to estimate 0}, (i.e., local estimator), in which case
E||§§€m*) — 07]1? < 80%/(p®n). Thus, the resulting rate scales as

N ——

2 \ 28/(28+1) 2
H(ms) *12 g 8o
B10™ - 31 < Ca 2 ) s

nk

where Cz = 0226/(2’8“)(711/(2/8“). .

Appendix B. Lower Bounds
B.1. Problem Setup

To derive the minimax lower bounds, we consider a mean estimation problem. Suppose that the
data are generated by

Z® =0p+N, kelK)ie g, (13)
where 6}, € R? and 8§k) are i.i.d. Gaussian with mean 0 and variance o2],. Denote the concatenated
parameter matrix by ©* = (07,...,0%) € R The loss function is taken to be ¢5 loss, that is,

0(0,z) = |0 — z||%. Itis easy to check that Assumptions 1 and 2 are satisfied.

B.2. Lower Bound with Known Neighboring Structure

Proof [Proof of Theorem 2] Recall that we consider the parameter space
i\P

Using Le Cam’s method (Wainwright, 2019), for any k£ € [K] and any two parameters ol =
0. 60 and 0 = (6. 61} in Py, we have

. 0(1) _ 0(2) 2
inf sup E[[G, — 62 > 1%~ I°

(1—[IPY = P py), (14)
0, ©cP;s 8

where P() and P(?) denote the sample distributions of ©1) and ©(3), respectively. For complete-
ness, we will prove (14) in Lemma 5. For the total variation distance, we further have the bound

K
1 n
1P = PRy < o ( 5 3016 - 671) - 1, s
j=1

whose proof is given in Lemma 6.

Next, we proceed to prove the theorem by considering two different cases.

(i) First, we consider the case where (log 2)02K?3/(4C%n) > 1. Let m € [K /2] be a value to
be specified later. Choose any S C [K] such that k € S and |S| = m. Then for 6, = C(m/K)P,
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there exist 1) = (951), o0y 0(2), ol 9&?) in Pg such that
V=9 — g, foranyje [K]—S,

95-1) =6, foranyj € S,

93(2) =0, foranyj €S,
101 — 02| = 2[|61 — bo|| = 2[[62 — Oo| = 20y,

The existence of parameters satisfying these conditions is proved in (1) of Lemma 7. By (15), for
these two parameters we have

1 mn
P - POy < e (12542) <1},

Now we choose an m € [K/2] such that ||[P(Y) — P?)||py < 1/2. To this end, we need 41mnd2,

40?m?2P+1n ) K28 < (log 2)0?, that is,

log 2 K28 1/(26+1)
m<|— ——=
- <4C’2 n/02>
Since —
log 2 o K > 1

4C? n

we can directly set the value of m to

log 2

my = || —5

407

which is a positive integer. Also, the assumption (nk)/o? > log2 - 22=1/C? ensures that m,, <

K /2. Thus, the aforementioned existence of parameters holds for m.. In this case,
> 28/(28+1)

V(26+1)  28/(26+1)
) (n/JQ)l/@B—I-I)J ’

2 o (M\28 _ C? [log2 o2
= > (22 2
om. =C (K ) — 48 \4C? nK

Substituting d,,,, into (14), we obtain

. 52 2 log 2 28/(28+1) o2 28/(26+1)
. 2 M«
inf sup B[ - 02 > e > 0 (402) (nK) (16)

01 eE'Pﬁ
(ii) Next, we consider the case (log 2)02K 2% /(4C?n) < 1. By (4) of Lemma 7, for

log2 o2 C
- < =
0 4 n — KB’
there exist ©1) and ©?) such that
1 2
163 — 6711 = 25
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and

W @ | _
167 .y — iyl =0

for 7 > 2. For these two parameters, by (15),

1
Hp(l) _ P(Q)HTV < 5
Substituting these pieces into (14) gives
~ 62 log2 o?
inf sup E||0) — O4]]> > — = gz o7
0, OcPy 4 16 n

(iii) Since (log 2)o2 K% /(4C%n) > 1 is equivalent to

02)2§§1<(log2 2B 2
nk — \4C? n’

combining the above two cases gives

~ 2 /log?2
inf sup E[|6y — 0k]* > min{( o8
01 @E'Pﬂ

Let

28
O — min C? [log2\ 231 log?2 (log?2\ "~ 241 « min log 2
# 451\ 402 16\ 4C?2 402

which depends only on 8 and C. Then we finally obtain

inf sup E[|6), — 6;]> > Ch min{(
(% @E'Pﬁ

20

0.2

nKk

)25/(26+1)

0.2
sy T (-
n
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B.3. Lower Bounds for FedAvg and Local Estimators
Proof [Proof of Theorem 3] We prove (8) and (9) in (1) and (2), respectively.

(1) For this problem instance, it’ s easy to show that the local estimator is the local empirical
mean, i.e., A(IOC =1 ) Z . Then for any © and any £, its estimation error is

1 o2d
E|61°9 — 6, = K| 2® — 6, = T,
n n

which proves (8).

(2) For the FedAvg, taking derivative we obtain its explicit solution is
,\( K n

avg — g Z

7j=114i=1

for each k € [K]. Therefore, its estimation error is
1 & 1 & 2
_ @ _g.2 || = -
nKQZEHZJ 0; +HKZQJ 9’“”
7=1 7=1
2 K
o°d 1 2
S
nk + HK; J F

E[|6® — 6,

v

1 2
FONELE
j=1

By (3) of Lemma 7, for each K > 3 and 0 < 3 < oo, there exists 7 and © € Pg such that
[P ZK 0; — 0x)|* > (sﬁ%’ which completes the proof directly.

B.4. Lower Bound with Unknown Neighboring Structure

Proof [Proof of Theorem 4] Recall that the parameter space now is
~ i\P
P(B,K,C):={0* e R™*K . Jrsi. 107 ki) — Okllz < C (K) forall k,i € [K] »,

which does not specify 7 in advance.
We still use Le Cam’s method as in (14). For some j # k, we consider two parameters
CIONCIDNS Pg satisfying

Vlog 20

6" 65”1l =
o) = g =)

6 = 6% forl # k,j.
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The existence of such parameters is given in (2) of Lemma 7. Applying (14) to these two parameters
yields

~ 2log 2 1 log 2)0?
inf sup E||0 — 04]> > o 087\ _ f(elogQ — 1)1/2 = M, a7
9 ocp n 2 2n
which completes the proof. |

B.5. Technical Lemmas
This section consists of technical lemmas used in the proofs of our main results.
Lemma 5 For any two parameters ©Y) and ©2) in PB,K,C,7), let PT(LI) and PT(L2) be the cor-

responding distributions of {Zi(k) } ke[K),ic[n) respectively. Then we have

- 9(1) _ 9(2) 2
inf sup E[3, — ;)2 > 1%~ I°
0 @E’Pg 8

[1 — | P — P(2)||TV] ;
Proof Letd = %HGI(:) — 9,22) ||. By Markov’s inequality, for any © we have
E||0 — 6xl* = 8 P[0k — 0l| > ).

Therefore, since 9(1), 0@ ¢ Pg, we obtain

inf sup E|0 — 0x> > inf sup K6 — 6,
Or 667)5 Oy 66{6(1)7@)(2)}

>6%  sup  P(||6 — 0] > 0)
ec{eM) 6@}

2 622 (P®<1)(||§k — 07 = 0) + Poe (10 — 0] > 5))
2 & (P00~ 02 < 8+ PO - 07 = )
- 622 (1= (P18~ 02 > 8) + PRk~ 07 > 9))]
£ [1- 1P - APl
where step (i) follows from [0 — 0(2)|| = 26, and step (ii) follows from the definition of total

variation norm. Therefore, we finally obtain

) o) _ g@2
inf sup EJ3, — 62 > 1%~ I°

1— || pM — p® .
§ OcPy 8 [ | HTV]
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Lemma 6 Let PV and P\? be the distributions of {Zz'(k)}ke[ K]ic[n] With parameters oW and
©®), respectively. Then we have

K
1 n
||P7(Ll) _ PT(LQ)H?TV < Z [exp((ﬂ Z ||9§1) . 0](‘2)”2) - 1].
7j=1

Proof Let p™) and p® be the density functions of P") and P with respect to the Lebesgue
measure. By the Cauchy—Schwarz inequality we have

2
IPD — POy = 7 U M (z) = p? (Z)dZ}
4 RdnK

_1 /
_4 RdnK

o (g 1) #2000
)

p(z)?
[/RdnK PO () dz — 1] .

By the definition of Zi(k), pM(z) =TI, H?leg)(z-(k)), where p,(:) is the density function of

7

N (91(:)7 021). A similar formula holds for P,(2). Then we further have

IN
N N

1P0 ~ POy < 2

which completes the proof. |

Lemma 7 The parameter spaces P (3, K, C,m) and ﬁ(ﬁ, K, C) satisfy the following properties.

(1) Suppose K > 3, 14053 L2204 < BB g 12522 222 > Foranym € [K] and S C [K]

n

with |S| = m and m < K /2, there exist V), ©2) ¢ P(3, K, C, ) such that

9§1) = 9](-2) =0y foranyje€ [K]|-S,
Hj(-l) =6, foranyje S,
93(2) =0y foranyje S,

161 = b2 = 2[|62 — boll = 2[|62 — bol| = 26m,

where §,, = C(m/K)".
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(2) Suppose K > 3 andn > 4 - 628 /C2. For any j # k, there exist ), 0(2) ¢ ﬁ(B,K, )
such that

(3) Forany K > 3 and 0 < 8 < oo, there exist m and © € P(S, K,C,7) such that for any

k € [K],
K

c
= T

(4) For any K > 3 and any P(B,K C,7), for any 6 < C/Kﬁ there exists O, 02 ¢
P(B, K,C, ) such that H@,E:l) H 26 and 9(1) = 9 ) for any j # k.

Proof

(1) For any 6; and 65 such that ||6; — 02|| = 20, let 6, be their midpoint. Then for any S C [K],
the corresponding two parameters can be specified by the above conditions. We only need
to check that they are indeed in the parameter space Pz. We first consider O, For any
keSandj <m,lof) — 08, [ =0< CG/K)P. Forj > m, |6 — 61 Il = om

(m/K)B < C(j/K)P. Forany k € [K] — S, m < K/2 implies that HHI(CI -0 1)]”)

HO(I) - 9 H for any | € S. Therefore, ©(1) satisfies the federated smoothness condition

I <

and hence @( ) e Pg. Similar arguments also hold for 0®),

(2) We first show that P (3, K, C) is closed under permutation. For any © = ,0K) € ﬁg
with neighboring structure 7 and any permutation o : [K] — [K] of
R>K by ©7 = (0,5(1),---,0,(x)). Further define 77 (k,j) = m(o(k)

neighboring structure. Then we have

(61,...
[K], define ©7 €
,7) which is also a

5
107 = O%c (i) | = [10ok) = On(or) )l < CKﬁ’

which implies that ©7 € Pg with neighboring structure 7(o (k, j)).

Therefore, we only need to prove there exists ©(1) ¢ ﬁg such that HGI(CI) - 9;1)” = 2/y/n,

then ©2) is immediately obtained by swapping 0,21) and Qj(l) and keeping other parameters
fixed.

We first fix any 0y, 60; € R? such that ||0), — ;| = 2/+/n whose existence is obvious. For
other K — 2 devices, let C; C [K]\ {k, j} be any subset with ||C;| — (K/2 —1)| < 1 and let
Co = [K]\ ({k,j} UCy). Forany ! € Cy, set ) = 6y; for any | € Co, set §; = 6;. Then we
construct ©(1) using these parameters by ©(1) = (61,... 0x) and let 7 by its neighboring

structure. For any k& € [K] and j € [K] such that j < K/2, HG),(:) — @S()k Hll=0< ()P
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. . 1 1 - i
for j € [K] such that j > K/2, HQgf ) @ET()lc,j)H =2/yn SNC(%W < O(L1)? by the
assumptions K > 3 and n > 4 - 62 /C2. Therefore, ©1) € P(3, K, C).

(3) We still consider clustered parameters similar to (2). We arbitrarily choose C; € [K] and
Co = [K] \ Ci such that ||C;| — (K/2 — 1)| < 1. Then we consider K parameters such
that 6, = a for k € Cy and 6, = b for k € Cy, where a,b € R? satisfy [la — b|| = C/6°.
For any k € [K] and j € [K] such that j < K/2, [0k — 0,45l = 0 < (%)5; for
j € [K] such that j > K/2, || — 6|l < C/6° < C - (2715 < (421)8. Therefore,
O = (b1,...,0r) € P(B, K,C, ) for some .

Moreover, for this parameter, for any k € [K],

1 K
30K
j=1

which completes the proof.

K-1
2K

C
G

1
la = bl = Zlla = bl =
3

>

(4) For any @ and b such that ||a — b|| = 24, let ¢ be their midpoint. Then we set 9](.1) = J(-Q) =c
forj # k, 9,(:) = a and ‘91(3) = b. Then it is easy to verify that all conditions are satisfied.

This completes the proof of the lemma. |
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