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Federated learning (FL) is a distributed learning paradigm that allows multiple clients to
collaboratively train a shared model via communications to a central server. However, optimal
models of different clients often differ due to heterogeneity of data across clients. In this
paper, we address the dichotomy between heterogeneous models and simultaneous training
in FL via a clustering structure among the clients. The clustering framework is one way to
allow for high heterogeneity level between clients, while clients with similar data can still train
a shared model. We define a new clustering framework for FL based on the (optimal) local
models of the clients: two clients belong to the same cluster if their local models are close. We
propose an algorithm, Successive Refine Federated Clustering Algorithm (SR-FCA), that treats
each client as a singleton cluster as an initialization, and then successively refine the cluster
estimation via exploiting similarity with other clients. In any intermediate step, SR-FCA uses
an error-tolerant federated learning algorithm within each cluster to exploit simultaneous
training and to correct clustering errors. Unlike some prominent prior works SR-FCA does not
require any good initialization (or warm start), both in theory and practice. We show that with
proper choice of learning rate, SR-FCA incurs arbitrarily small clustering error. Additionally,
SR-FCA does not require the knowledge of the number of clusters apriori like some prior works.
We validate the performance of SR-FCA on real-world FL datasets including FEMNIST and
Shakespeare in non-convex problems and show the benefits of SR-FCA over several baselines.

1 Introduction

Federated Learning (FL), introduced in McMahan et al. (2016); Koneény et al. (2016); McMahan & Ramage
(2017) is a large scale distributed learning paradigm aimed to exploit the machine intelligence in users’ local
devices. Owing to its highly decentralized nature, several statistical and computational challenges arise in

FL, and in this paper, we aim to address one such challenge: heterogeneity.

The issue of heterogeneity is crucial for FL, since the data resides in users’ own devices, and naturally no two
devices have identical data distribution. There has been a rich body of literature in FL to address this problem
of non-iid data. We direct the readers to two survey papers (and the references therein), Li et al. (2020a);
Kairouz et al. (2019) for a comprehensive list of papers on heterogeneity in FL. A line of research assumes
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the degree of dissimilarity across users is small, and hence focuses on learning a single global model Zhao et al.
(2018); Li et al. (2020b; 2019); Sattler et al. (2019); Mohri et al. (2019); Karimireddy et al. (2020). Along with
this, a line of research in FL focuses on obtaining models personalized to individual users. For example Li
et al. (2020b; 2021) use a regularization to obtain individual models for users and the regularization ensures
that the local models stay close to the global model. Another set of work poses the heterogeneous FL as a
meta learning problem Chen et al. (2018); Jiang et al. (2019); Fallah et al. (2020b;a). Here, the objective is
to first obtain a single global model, and then each device run some local iterations (fine tune) the global model
to obtain their local models. Furthermore Collins et al. (2021) exploits shared representation across users
by running an alternating minimization algorithm and personalization. Note that all these personalization
algorithms, including meta learning, work only when the local models of the users’ are close to one another
(see bounded heterogeneity terms yg and g terms in Assumption 5 of Fallah et al. (2020b)).

On the other spectrum, when the local models of the users may not be close to one another, Sattler et al. (2021);
Mansour et al. (2020); Ghosh et al. (2022) propose a framework of Clustered Federated Learning. Here users with
dissimilar data are put into different clusters, and the objective is to obtain individual models for each cluster; i.e.,
a joint training is performed within each cluster. Among these, Sattler et al. (2021) uses a top-down approach
using cosine similarity metric between gradient norm as optimization objective. However, it uses a centralized
clustering scheme, where the center has a significant amount of compute load, which is not desirable for FL.
Also, the theoretical guarantees of Sattler et al. (2021) are limited. Further, in Duan et al. (2021), a data-driven
similarity metric is used extending the cosine similarity and the framework of Sattler et al. (2021). Moreover, in
Mansour et al. (2020), the authors propose algorithms for both clustering and personalization. However, they
provide guarantees only on generalization, not iterate convergence. In Smith et al. (2017) the job of multi-task
learning is framed as clustering where a regularizer in the optimization problem defines clustering objective.

Very recently, in Ghosh et al. (2022), an iterative method in the clustered federated learning framework called Iter-
ative Federated Clustering Algorithm, or IFCA, was proposed and a local convergence guarantee was obtained. The
problem setup for IFCA is somewhat restrictive—it requires the model (or data distribution) of all the users in the
same cluster to be (exactly) identical. In order to converge, IFCA necessarily requires suitable initialization in clus-
tering, which can be impractical. Furthermore, in Ghosh et al. (2022), all the users are partitioned into a fixed and
known number of clusters, and it is discussed in the same paper that the knowledge about the number of clusters is
quite non-trivial to obtain (see Section 6.3 in Ghosh et al. (2022)). There are follow up works, such as Ruan & Joe-
Wong (2021), Xie et al. (2020), that extend IFCA in certain directions, but the crucial shortcomings, namely the re-
quirements on good initialization and identical local models still remain unaddressed to the best of our knowledge.

In this paper, we address the above-mentioned shortcomings. We introduce a new clustering algorithm, Successive
Refinement Federated Clustering Algorithm or SR-FCA, which leverages pairwise distance based clustering and
refines the estimates over multiple rounds. We show that SR-FCA does not require any specific initialization. More-
over, we can allow the same users in a cluster to have non-identical models (or data distributions); in Section 2 we
define a clustering structure (see Definition 2.1) that allows the models of the users in the same cluster to be differ-
ent (we denote this discrepancy by parameter €1 (>0). Furthermore, SR-FCA works with a different set of hyper-
parameters which does not include the number of clusters and SR-FCA iteratively estimates this hyper-parameter.

Clustering Framework and Distance Metric: Classically, clustering is defined in terms of distribution
from which the users sample data. However, in a federated framework, it is common to define a heterogeneous
framework such as clustering in terms of other discrepancy metric; for example in Mansour et al. (2020), a
metric that depends on the local loss is used.

In this paper, we use a distance metric across users’ local model as a discrepancy measure and define a clustering
setup based on this. Our distance metric may in general include non-trivial metric like Wasserstein distance,
¢, norm (with ¢ >1) that captures desired practical properties like permutation invariance and sparsity for
(deep) neural-net training. For our theoretical results, we focus on strongly convex and smooth loss for which
/5 norm of iterates turns out to be the natural choice. However, for non-convex neural networks on which we
run most of our experiments, we use a cross-cluster loss metric. For two clients 4,j, we define their cross-cluster
loss metric as the average of the loss of one client on the other’s model, i.e., client i’s loss on the model of j and
the other way round. If this metric is low, we can use the model of client ¢ for client j and vice-versa, implying
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that the clients are similar. We explain this in detail in Section 5. With the above discrepancy metric, we
put the users in same cluster if their local models are close — otherwise they are in different clusters.

1.1 Our Contributions

Algorithms and Technical Contribution. We introduce a novel clustering framework based on local
user models and propose an iterative clustering algorithm, SR-FCA. Note that, since the clustering is defined
based on the optimal models of the users, we have no way to know the clustering at the beginning of the
process. To mitigate this, we start with initially assigning a different cluster for each user, and run few local
iterations of SGD/GD in parallel. We then form a clustering based on the pairwise distance between iterates.
This clustering is refined (including merges/splits if necessary) over multiple rounds of our algorithm. We run
federated training on each of the clusters to further improve the models. This step exploits collaboration across
users in the same cluster. However, clustering based on iterates might lead to many mis-clustered clients, as the
iterates might be far from optimal models. The mis-clustered clients might lead to more errors from ordinary
federated training within clusters (error propagation) due to high heterogeneity between the original clusters.

To counter this we run a robust federated training (based on trimmed mean) within each clusters in the
intermediate rounds, instead of straightforward federated learning. In particular, we use the first order gradient
based robust FL algorithm of Yin et al. (2018) to handle the clustering error. Within a cluster, we treat the
wrongly clustered users as outliers. However, instead of throwing the outliers away like Yin et al. (2018), we
reassign them to their closest cluster.

When the loss is strongly convex and smooth, and dist(.,.) is £ norm, we show that, the mis-clustering error in
the first stage of SR-FCA is given by O(mdexp(—n/v/d) ( Lemma 4.6), where m, n and d denote the number of
users, the amount of data in each user and the dimensionality of the problem respectively. Moreover, successive
stages of SR-FCA further reduce the mis-clustering error by a factor of O(1/m) (Theorem 4.8), and hence yields
arbitrarily small error. In practice we require very few refinement steps (we refine at most twice in experiments,
see Section 5). Comparing our results with IFCA Ghosh et al. (2022), we notice that the requirement on the
separation of clusters is quite mild for SR-FCA. We only need the separation to be! Q(%) On the other hand,
in certain regimes, IFCA requires a separation of Q(#), which is a much stronger requirement.

To summarize, a key assumption in any clustering problem (which is non-convex) is suitable initialization.
However, SR-FCA removes this requirement completely by the above technique, and allows the clients to start
arbitrarily. For our results, we crucially leverage (a) sharp generalization guarantees for strongly convex losses
with sub-exponential gradients and (b) robustness property of the trimmed mean estimator (of Yin et al. (2018)).

As a by-product of SR-FCA, we also obtain an appropriate loss minimizer for each cluster ( Theorem 4.14).
We notice that the statistical error we obtain here is O(1/+/n). This statistical rate primarily comes from
the usage of the robust estimator of Yin et al. (2018).

Experiments. We implement SR-FCA on wide variety of simulated heterogeneous datasets (rotated or inverted
MNIST, CIFAR10) and real federated datasets (FEMNIST and Shakespeare Caldas et al. (2018)). With
cross-cluster loss distance metric , we compare the test performance of SR-FCA with five baselines—(a) global
(one model for all users) and (b) local (one model per user), (¢)IFCA, (d) CFL Sattler et al. (2021) and (e)
Local-KMeans (local models clustered by KMeans on model weights). On simulated datasets, SR-FCA obtains
test accuracy no worse than the best baseline and is able to recover the correct clustering. For CIFAR10, in
particular, SR-FCA has 5% better test accuracy than IFCA. On real datasets, SR-FCA outperforms all baselines.

2 Federated Clustering and Our Setup

In this section, we formally define the clustering problem. Let, [n]={1,2,...,n}. We have m users (or machines)
that are partitioned into disjoint clusters, denoted by the clustering map C* : [m] — [K], where K is the
(unknown) number of clusters. Let C’: [m] — rg(C’) denote any arbitrary clustering map C’, where rg(C’) is
the range of the clustering. Each user i € [m] contains n; >n data points {z; ;};, sampled from a distribution
D;. For any clustering map C’, let rg(C’) denote the range of the map. We define f(-;2): W — R as the loss

1Here, O and {2 hide logarithmic dependence.
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function for the sample z, where W C R?. Here, W is a closed and convex set with diameter D. We use C to
denote different clustering maps on the set of clients [m] encountered by our algorithm. We use rg(C) to denote
the range of the clustering map, i.e., the cluster indices. We define the population loss, F;: W —R?, and its
minimizer, w}, for each user i € [m]: Fj(w)=E,.p,[f(w,z)], w}=min,ewF;(w). The original clustering
C* is based on the population minimizers of users, w;. This is defined as:

Definition 2.1 (Clustering Structure). For a distance metric dist(.,.), the local models satisfy

max dist(w;,w}) <ey,

dist(w},w?) > €. 1
i, €[m]:C* ())=C*(j) (wiw)) = €2 (1)

min
1,5 €[m]:C*(4)#C* (4)
where €1,€2, are non-negative constants with e; >¢€;. This is illustrated in fig. 1.

The above allows the population minimizers inside clusters to be close, but not necessarily equal.

Let G.={i:i€[m],C*(i) = c} denote the set of users in cluster ¢ according to the original clustering C*. We
can then define the population loss and its minimizer, per cluster c€ [K] as follows,

1

Fe(w)= @

Z Fi(w), w}=argminF.(w) (2)
1€G, wew

We use w; r for every client i € [m] to denote the local model on client ¢ obtained after T local iterations of
a Our goal is to find a population loss minimizer for each cluster c€ [K], i.e., w’. To obtain this, we need to find
the correct clustering C* and recover the minimizer of each cluster’s population loss. Note that we have access
to neither F; nor w}, but only the sample mean variant of the loss, the empirical risk, f;(w)= %Z?:l flw,zi ;)
for each user i € [m]. There are two major difficulties in this setting: (a) the number of clusters is not known
beforehand. This prevents us from using most clustering algorithms like k-means, and (b) The clustering
depends on w} which we do not have access to. We can estimate w; by minimizing f;, however, when n, the

minimum number of data points per user, is small, this estimate may be very far from w;.

The above difficulties can be overcome by utilizing federation. First, instead of estimating w} for a single user,
we can estimate w}, the population minimizer for each cluster, where users in the cluster collaborate to improve
the estimate. Second, we can use these estimates of w} to improve the clustering, according to Definition 3.1.

3 Algorithm : SR-FCA

In this section, we formally present our clustering algorithm, SR-FCA. We first run the subroutine ONE_SHOT
to obtain an appropriate initial clustering, which can be further improved. SR-FCA then successively calls the
REFINE () subroutine to improve this clustering. In each step of REFINE (), we first estimate the cluster models for
each cluster. Then, based on these models we regroup all the users using RECLUSTER () and, if required, we merge
the resulting clusters, using MERGE (). The full algorithm along with its subroutines is provided in Algorithms 1-4.
ONE_SHOT and TrimmedMeanGD can be decomposed into server and client subroutines. For the clustering subrou-
tines, RECLUSTER and MERGE, all steps are performed on the server, barring the computation of dist which might
require communication between the server and the clients. We now explain the different subroutines in detail.
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Algorithm 1: SR-FCA

Input: Threshold A, Size parameter ¢
Output: Clustering Cr
Co+ ONE_SHOT (), t)
for r=1to R do
C, < REFINE(C,_1,)\)
end for

ONE_SHOT (\,t)
Server:
for all 7 clients in parallel do
Send wq to client 7
Receive w; r from client ¢
end for
G < Graph with m nodes (one per user) and no edges
for all pairs of clients i,j € [m],i#j do
Add edge (7,7) to the graph G if dist(w;,r,wjr) <A
end for
Co + Connected components from graph G with size >t
Client (i):
Receive wg from Server.
w;, 7 Perform T training iterations initialized from wo.

Send w;, T to Server.

REFINE(C,—1,)\)

for all clusters ceC,_1 do
We,T +— TrimmedMeanGD ()

end for

C). +RECLUSTER( Cr—1)

Cr < MERGE(C].,\,t)

Algorithm 2: RECLUSTER ()

Input:
{w; }i%,, Clustering C,
Output: Improved Clustering C,.
for all users i € [m] do

Cr.(1) «—argmin ., ¢, dist(w;,we,7)
end for
return Clustering C...

3.1 ONE_SHOTQ)

Cluster models {we,T}eerg(c,), User models

Algorithm 3: TrimmedMeanGD ()

Input: 0<8< %, Clustering C,
Output: Cluster models {we T }cerg(c,)
Server:
for all clusters c€rg(C,) in parallel do
Se.={ie[m]:Cr(i)=c}.
We,0 < Wo
for t=0toT—1do
Send we,+ to all clients i € Se.
Receive V fi(we,¢) from all clients i € Se.
g(we,t) < TrMeang ({V fi(we,t),i €Sc})
We,t+1 4= projw{we,s —ng(we,)}
end for
end for
Return {we r}cerg(c,)
Client (i):

Receive we,r from Server.
Send V fi(we,r) to Server.

Algorithm 4: MERGE ()

Input: Cluster models {we,T}cerg(c,) » Clustering
C/., Threshold )\, Size parameter ¢
Output: Merged Clustering C,+1, Cluster models
{"Jc,T}CErg(CT»Jrl)
G + Graph with nodes rg(C..) and no edges
for all pairs of clusters ¢,c’ €rg(C;),c#c do

Add edge (c,c’) to the graph G if dist(we,we ) <A
end for
Ctemp < Connected components from graph G of
size >t
For each cluster in Ctemp, merge the nodes of its
component clusters to get C'r+1
for cerg(Ciemp) do

G+ {c erg(C;) which merged into c}

We, T < ﬁzclegcwc’j
end for
return Cr41,{we, T }eerg(Crpr)-

For our initial clustering, we create edges between users based on the distance between their locally trained models
if dist(w;,w;) <A, for a threshold A\. We obtain clusters from this graph by simply finding the connected compo-
nents, which can be done in time linear in number of edges. We only keep the clusters which have at least ¢ users.

We use w; v to denote the model obtained after T local iterations of any optimizer on client ¢ € [m]. If our
locally trained models, w; 1, were close to their population minimizers, w}, for all users i € [m], then choosing
a threshold A € (e1,€2), we obtain edges between only clients which were in the same cluster in C*. However,
if n, the number of local datapoints is small, then our estimates of local models w; r might be far from their
corresponding w} and we will not be able to recover C*.

However, Cy is still a good clustering if it satisfies these requirements: (a) if every cluster in the range of the
clustering map rg(C*) =[K] has a good proxy (in the sense of definition 3.1) in rg(Cy), and (b) each cluster
in rg(Cp) has at most a small fraction (< %) of mis-clustered users in it. E.g., fig. 2 provides an example of one
such good clustering when C* is defined according to fig. 1. We can see that even though Cy#C*, the two green
clusters and the single orange cluster in Cy are mostly “pure" and are proxies of Cluster 1 and Cluster 2 in fig. 1.
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To formally define the notion of “purity" and “proxy", we introduce the notion of cluster label for any arbitrary
clustering C’, which relates it to the original clustering C*.

Definition 3.1 (Cluster label). We define ¢ € [K], as the cluster label of cluster ¢’ € rg(C’) if the majority
(>1/2 fraction) of users in ¢’ are originally from c.

This definition allows us to map each cluster ¢’ €rg(C’) to a cluster ¢ in C* and thus define the notion of "proxy".
In fig. 2, the cluster label of green clusters is Cluster 1 and that of orange cluster is Cluster 2. Further, using
the cluster label ¢, we can define the impurities in cluster ¢’ as the users that did not come from ¢’. In fig. 2,
the green node in orange cluster is an impurity. Based on these definitions, we can see that if clusters in Cy
are mostly pure and can represent all clusters in C*, then Cy is a good clustering.

3.2 REFINE()

We iteratively refine the clustering obtained by ONE_SHOT() using REFINE(). We describe the subroutines
of a single REFINE step below.

Subroutine TrimmedMeanGD(). The main issue with ONE_SHOT (), namely, small n, can be mitigated if
we use federation. Since Cy has atleast t users per cluster, training a single model for each cluster will utilize
> tn datapoints, making the estimation more accurate. However, from fig. 2, we can see that the clusters
contain impurities, i.e., users from a different cluster. To handle them, we use a robust training algorithm,
TrimmedMeanYin et al. (2018).

This subroutine is similar to FedAvg McMahan et al. (2016), but instead of taking the average of local models,
we take the coordinate-wise trimmed mean, referred to as TrMeang where 8 € (0,1/2) defines the trimming level.

Definition 3.2 (TrMeang). For 8€[0,1), and a set of vectors 27 €R?,j € [J], their coordinate-wise trimmed
mean g=TrMeang({z',22,...,27}) is a vector g € R?, with each coordinate gy = ﬁZmekav for each k € [d],

where Uy, is a subset of {z},22,....z{} obtained by removing the smallest and largest 3 fraction of its elements.

The full algorithm for TrimmedMeanGD is provided in algorithm 3. Note that TrMeang has been used to
handle Byzantine users, achieving optimal statistical rates Yin et al. (2018), when < f3 fraction of the users
are Byzantine. For our problem setting, there are no Byzantine users as such and we use TrMeang to handle
users from different clusters as impurities.

Note the two requirements for good clustering Cy from ONE_SHOT: (a) if every cluster in C* has a proxy in Cp,
then the TrimmedMeanGD obtains at least one cluster model for every cluster in C*, (b) if every cluster in Cy
has a small fraction (5 < %) of impurities, then we can apply TrMeang operation can recover the correct cluster
model for every cluster.

We end up with a trained model for each cluster as an output of this subroutine. Since these models are better
estimates of their population risk minimizers than before, we can use them to improve Cy.

Subroutine RECLUSTER(). The full algorithm for this subroutine is provided in algorithm 2. This subroutine
reduces the impurity level of each cluster in Cy by assigning each client i to its nearest cluster ¢ in terms of
dist(we,7,w; 7). Here, we 1 refers to the model on cluster ¢ obtained after TrimmedMeanGD with T iterations.
Since w, T are better estimates, we hope that the each impure user will go to a cluster with its actual cluster
label. For instance, in fig. 2, the impure green node should go to one of the green clusters. If some clusters
in rg(C*) do not have a good proxy in rg(Cp), then the users of this cluster will always remain as impurities.

Subroutine MERGE(). We provide the full algorithm for this subroutine in algorithm 4. Even after removing
all impurities from each cluster, we can still end up with clusters in C* being split, for instance the green clusters
in fig. 2. In C*, these form the same cluster, thus they should be merged. As these were originally from the
same cluster in C*, their learned models should also be very close. Similar to ONE_SHOT, we create a graph G but
instead with nodes being the clusters in C... Then, we add edges between clusters based on a threshold A and
find all the clusters in the resultant graph G by finding all connected components. Then, each of these clusters in
G correspond to a set of clusters in C/., so we merge them into a single cluster to obtain the final clustering C, .



Published in Transactions on Machine Learning Research (02/2024)

3.3 Discussion

SR-FCA uses a bottom-up approach to construct and refine clusters. The initialization in ONE_SHOT is obtained
by distance-based thresholding on local models. These local models are improper estimates of their population
minimizers due to small n, causing Cy #C*. However, if Cy is not very bad, i.e., each cluster has < % impurity
fraction and all clusters in C* are represented, we can refine it.

REFINE(Q) is an alternating procedure, where we first estimate cluster centers from impure clusters. Then, we
RECLUSTER () to remove the impurities in each cluster and then MERGE() the clusters which should be merged
according to C*. Note that as these steps use more accurate cluster estimates, they should have smaller error.
This iterative procedure should recover one cluster for each cluster in C*, thus obtaining the number of clusters
and every cluster should be pure so that C* is exactly recovered.

3.4 Computation and Communication Complexity

We now analyze the computation and communication complexity of SR-FCA. Note that the complexity of
the REFINE step is the same as that of IFCA in terms of both computation time and communication since
in each case, we need to find the loss of every cluster model on every client’s data (all pairs). This requires
O(m?) forward passes. Note that performing all pairwise comparisons is unavoidable if an initial clustering
is not known, as we need to know which clients can be clustered together. (eg. see KMeans Lloyd (1982) v/s
DBSCAN Ester et al. (1996) or Ward’s algorithm).

The REFINE step is comparable to IFCA for which we provide a detailed analysis.Assume that we run IFCA
on K clusters for T rounds with E local steps with « fraction of m clients participating in each round. Then, we
require O(amT E) backward passes and O(amT') communication for local training and aggregation. For cluster
identity estimation, in each round, we need to compute the loss of each cluster model on every participating
client. To send cluster models to each client, we need O(amKT) communication and to compute losses, we
need O(amKT) forward passes.

If we run R REFINE steps with <C clusters per step where each TrimmedMeanGD procedure runs for 7' rounds
with F local steps and « fraction of clients participating in each round. We need O(amET R) backward passes
and O(amT R) communication for aggregation and local training. For clustering in REFINE and MERGE steps,
we need to compute the loss of every model on every client, which requires O(mK R) communication and
O(mK R) forward passes. We summarize these results in Table 1.

Algorithm  Communication  Training Steps Forward Passes

IFCA O(amTK) O(amTE) O(amTK)
SR-FCA  O(amTR+mKR) O(amTER) O(mKR)

Table 1: Communication, training runtime and forward passes for loss computation in clustering for SR-FCA and IFCA.
E is the number of local steps, T is the number of rounds, R is the number of REFINE steps, K is the number of clusters
and « is the fraction of clients participating per round.

Comparing the two algorithms, where the number of REFINE steps R and the number of clusters C' are assumed
to be constants, for a constant «, both algorithms require the same communication and backward passes, but
IFCA needs more forward passes for clustering. If a= @(i), which corresponds to selecting a constant number
of clients per round, then if m = Q(T'), IFCA is better than SR-FCA in terms of communication and forward
passes, and vice-versa if T=Q(m).

As for the other baselines, Local-KMeans is the most efficient in terms of computation and communication
complexity as it performs only a single round of communication, at the end of training. CFL, on the other
hand, adopts a top-down approach to split clusters into two parts based on the cosine similarity of gradients.
Each split calls a bipartitioning subroutine with runtime O(m?) making it the slowest baseline.
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4 Theoretical Guarantees

In this section, we obtain the convergence guarantees of SR-FCA. For theoretical tractability, we impose
additional conditions on SR-FCA. First, the dist(.,.) is the Euclidean (¢3). However, in experiments (see next
section), we remove this restriction and work with other dist(.,.) functions. Here, we show an example where
¢5 norm comes naturally as the dist(.,.) function.

Proposition 4.1. Suppose that there are m users, each with a local model w € R? and its datapoint

(z,y;) € R? x R is generated according to y; = (wr,x) + €. If x ~ N(0,14) and ¢ e N(0,0?%), then
2

K L(p(ays)|lp(2,y5)) =B [K L(p(yil2)|[p(y;]2))] = 5= [lws —w; ||~

Hence, we see that minimizing a natural measure (KL divergence) between the distributions for different
users is equivalent to minimizing the ¢5 distance of the underlying local models. This example only serves as a
motivation, and our theoretical results hold for a strictly larger class of functions, as defined by our assumptions.

Remark 4.2 (X range). For the guarantees of this section to hold, we require A € (€1,e2) and ¢ < ¢iin, where cmin
is the minimum size of the cluster. We emphasize that, in practice (as shown in the experiments), we treat A and
t as hyper-parameters and obtain them by tuning. Hence, we do not require the knowledge of €71,e5 and ¢y .

The following assumptions specify the exact class of losses for which our analysis holds. Definitions provided
in appendix E.

Assumption 4.3 (Strong convexity). The loss per sample f(w,.) is p-strongly convex with respect to w.
Assumption 4.4 (Smoothness). The loss per sample f(w,.) is also L-smooth with respect to w.

Assumption 4.5 (Lipschitz). The loss per sample f(w,.) is Li-Lipschitz for every coordinate k € [d]. Define
2 [ ~d
L=/ k:lLi'

We want to emphasize that the above assumptions are standard and have appeared in the previous literature.
For example, the strong convexity and smoothness conditions are often required to obtain theoretical guarantees
for clustering models (see Ghosh et al. (2022); Lu & Zhou (2016), including the classical k-means which assume
a quadratic objective. The coordinate-wise Lipschitz assumption is also not new and (equivalent assumptions)
featured in previous works Yin et al. (2018; 2019), with it being necessary to establish convergence of the
trimmed mean procedure. Throughout this section, we require Assumption 4.3, 4.4 and 4.5 to hold.

Misclustering Error Since the goal of SR-FCA is to recover both the clustering and cluster models, we first
quantify the probability of not recovering the original clustering, i.e., C, # C*. Here and subsequently, two
clusters being not equal means they are not equal after relabeling (see definition 3.1). We are now ready to
show the guarantees of several subroutines of SR-FCA. First, we show the probability of misclustering after the
ONE_SHOT step.

Lemma 4.6 (Error after ONE_SHOT). After running ONE_SHOT with n < % for T iterations, for the threshold
A€ (€1,€2) and some constant ba >0, the probability of error is Pr[Co #C*] <p=md exp(—n?\/%), provided

2/3p4/3 min{ea—A,A\—e€1} T/2 .
n _ B 2—A, 1 I _ .
Taritas ~d, where A=L (72— —(1-F) 2D) and n=min;e () n;-

We would like to emphasize that the probability of error is exponential in n, yielding a reasonable good
clustering after the ONE_SHOT step. Note that the best probability of error is obtained when A= %

logm
n

Remark 4.7 (Separation). In order to obtain p < 1, we require A = Q(

). Since A < £ 274 we require
(e2—€1) > (’)(1"%) = @(%) Note that we require a condition only on the separation e; — 7, instead of just
€9 or €1 individually.

Although we obtain an exponentially decreasing probability of error, we would like to improve the dependence
on m, the number of users. REFINE() step does this job.
Theorem 4.8 (One step REFINE() ). Let S8t =0©(cmin), and REFINE() is run with TrimmedMeanGD(3). Provided

2/3 A14/3 2 A2 . A
DQA/S ’EQ{Z)g(Acnm,)} 2 d, with 0 < 8 < %, where A" = A — % >0 and B =1/2Ley/u. Then, for any

min{%
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constant 1 € (1,2) and vz € (1,2— %), such that after running 1 step of REFINE () with n< %, we have

!

Zn exp(—a1Cmin )+ %exp(—agm)—&—(1—5)77”L(%)AYl —&—m(%)” +8d%exp(—a3ni)

Pr[Ci £C*] <

where cmin s the minimum size of the cluster. Further for some small constants p; >0,p2 € (0,1), we can select
B,71 and 7o such that for large m,n and A, with B << QTN, we have Pr[Cy #C*] < 55 p.

Remark 4.9 (Misclustering error improvement). Note that ps can be made arbitrarily close to 0 by a proper
choice of 71 and vq. So, one step of REFINE() brings down the misclustering error by (almost) a factor of 1/m,
where m is the number of users.

Remark 4.10 (Condition on B). Note that we require B << QTA/ for the above to hold. From the definition of B,
when the intra-cluster separation €; is small, B is small. So, for a setup like IFCA, where ¢; =0, this condition
is automatically satisfied.

Proof Sketch for Theorem 4.8: With the notation, C; #C*, we can identify the main sources of error for
this event as: (1) There exists c€rg(C*) such that no cluster in Co has cluster label c. (2) Each cluster c€rg(Ch)
should have < « fraction of impurities for some % > B> a«. (3)MERGE() error: Two clusters with same label
are not merged or two clusters with different labels are merged. (4)RECLUSTER() error: A client does not go
to its correct cluster after MERGE () and REFINE().

For the first two sources of error, we utilize the clustering structure obtained by ONE_SHOT, while for the last two
sources of error we leverage strong concentration of coordinate-wise Lipschitz losses to bound the performance
of improved cluster models obtained by TrimmedMeanGD. In appendix C, we upper bound the probabilities of
error for each of the above mentioned cases and apply a union bound on these errors to obtain the final result.

Using single step improvement of REFINE, we obtain the improvement after R steps of REFINE.

Theorem 4.11 (Multi-step REFINE(Q)). If we run R steps of REFINE(), resampling n; points from D; and
recompute w; as in ONE_SHOT for every step of REFINE (), then the probability of error for SR-FCA with R steps
of REFINE() is  Pr[Cr#C*| < (—2mp)"

Remark 4.12 (Re-sampling). Although the theoretical convergence of Multi-step REFINE () requires resampling of
data points in each iteration of REFINE (), we experimentally validate (see section 5, that this is not required at all.

Remark 4.13. Since each step of REFINE() reduces the probability of misclusteing by (almost) a factor of 1/m,
very few steps of REFINE() is often sufficient. In our experiments ( section 5), we need 1—2 REFINE() steps.

Convergence of cluster models: SR-FCA also obtain an appropriate loss minimizer for each cluster.

Theorem 4.14 (Cluster models). Under the conditions described in theorem 4.8, after running SR-FCA for
(R+1) steps of REFINE(), we have CR+1 =C* and

Ld , B 1
er—wi | <A=r"HT2D+A+2B,where, A=0(——— (=
lwe, 7 —wi[| < (1—x~")/? D+ A+2B, where, (1_25(\/ﬁ+m

for some constant u” > 0.

)\/log(nmLD))

Veerg(Cr), with probability 1— (ﬁp) f_ P #ﬁlfl’)d ,
Remark 4.15 (Convergence rate matches IFCA). Note that the models converge exponentially fast to the true
cluster parameter w}, which matches the convergence speed of IFCA.

Remark 4.16 (Comparison with IFCA in statistical error). Note that for IFCA, ¢; =0 and the statistical error
rate of IFCA is O(1/n) (see Theorem 2 in Ghosh et al. (2022)). Looking at theorem 4.14, we see that under
similar condition (e; =0 and hence B =0), SR-FCA obtains an error rate of O(1/+/n), which is weaker than
IFCA. This can be thought of as the price of initialization. In fact for IFCA, a good initialization implies that
only a very few users will be mis-clustered, which was crucially required to obtain the O(1/n) rate. But, for
SR-FCA, we do not have such guarantees which results in a weaker statistical error.

5 Experiments

We compare the performance of SR-FCA against several baselines on simulated and real datasets.
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Table 2: Test Accuracy and standard deviations across 5 random seeds on simulated datasets. The highest accuracy

is bold. SR-FCA is competitve with IFCA for MNIST and beats it for CIFAR10.

MNIST MNIST CIFAR CIFAR
BASELINE

(INVERTED) (ROTATED) (ROTATED) (LABEL)
SR-FCA 92.03 £0.30 91.66 + 0.13 91.38 + 0.27 93.06 £+ 0.20
LocAaL 76.52 £0.54  85.55 £ 0.19 75.87+ 0.33 80.09 £ 0.53
GLOBAL 88.61 £0.77  80.88 £1.55 88.75+ 0.52 81.48 £ 3.55
CFL SATTLER ET AL. (2021) 88.30 £1.12  80.47 +0.44 87.59 £0.42 82.16 £ 1.73
LOCAL-KMEANs GHOSH ET AL. (2019) 10.56 £1.31  10.35 £ 0.71 10.00 £0.20 72.89 £ 0.61
IFCA GHOSH ET AL. (2022) 91.55+0.81 91.80 £ 0.25 86.05 £0.43 85.19 £ 2.01

Simulated Datasets: We generate clustered FL datasets from MNIST LeCun & Cortes (2010) and
CIFARI10 Krizhevsky et al. by splitting them into disjoint sets, one per client. For MNIST, by inverting pixel
value, we create 2 clusters (referred to as inverted in table 2) and by rotating the image by 90,180,270 degrees
we get 4 clusters. Note that this is a common practice in continual learning Lopez-Paz & Ranzato (2017) and
FL Ghosh et al. (2022). We set m=100,n=600. We obtain Rotated CIFAR10 by creating 2 clusters with the
images rotated by 180 degrees. To test with label heterogeneity, we create Label CIFAR10 with 2 clusters. The
first cluster contains the first 7 of the 10 labels and the second cluster contains the last 7 of the 10 labels. We
set m =32 for both CIFAR10 datasets and n=23125 and n=4375 for Rotated and Label CIFAR10 respectively.
To emulate practical FL scenarios, we assume that only a fraction of the nodes participate in the learning
procedure. For Rotated and Inverted MNIST, we assume that all the nodes participate, while for Rotated
and Label CIFARI10, 50% of the nodes participate. For MNIST, we train a 2-layer feedforward NN, while
for CIFAR10, we train a ResNet9 Page (2019). We train Rotated MNIST, Inverted MNIST, Rotated CIFAR10,
and Label CIFAR10 for 250, 280, 2400 and 2400 iterations respectively with 2 refine steps for SR-FCA.

Real Datasets: We use two real federated datasets from leaf database Caldas et al. (2018). We sample m =50
machines from FEMNIST and Shakespeare. FEMNIST is a Federated version of EMNIST with data on each
client being handwritten symbols from a different person. Shakespeare is a NLP dataset where the task is
next character prediction. For FEMNIST, train a CNN for while for Shakespeare we train a 2-layer stacked
LSTM. For clustered FL baselines, we tune K, the number of clusters, with K €{2,3,4,5} for FEMNIST and
K e{1,2,3,4} . We run FEMNIST and Shakespeare for 1000 and 2400 iterations respectively and set number
of refine steps to be 1 for SR-FCA.

We compare with standard FL baselines — Local (every client trains its own local model) and Global (a single
model trained via Fed Avg McMahan & Ramage (2017) on all clients). The main baseline we compare to is
IFCA. Among clustered FL baselines, we consider CFL Sattler et al. (2021), which uses a top-down approach
with cosine distance metric, and Local-KMeans Ghosh et al. (2019), which performs KMeans on the model
weights of each client’s local model. For real datasets, we compare with two additional baselines — FedSoft Ruan
& Joe-Wong (2021) and ONE_SHOT-IFCA (initial clustering of IFCA obtained by ONE_SHOT), to assess if these
variants can fix the issues of initialization in IFCA.

For SR-FCA, we tune the parameters A and § for trimmed mean and set t =2 and require at most 2 REFINE
steps. We utilize the following metric based on cross-cluster loss which is better suited to measure distances
between clients’ models as these are neural networks.

Definition 5.1 (Cross-Cluster distance). For any two clients i, j € [m], with corresponding local
models w; and w; and local empirical losses f; and f;, we define the cross-cluster loss metric as
diStcross—cluster(wi7wj) = %(fl(w_])+fj (wz))

To extend this definition to distances between cluster ¢ and client j, such as those required by REFINE, we
replace the client model w; and client loss f; by the cluster model w. and empirical cluster loss f. respectively.
Similarly, to obtain distances between clusters ¢ and ¢’, which are required by MERGE, we replace the client
models and losses with cluster models and losses respectively.

Note that no data is shared between clients to compute the cross-cluster distances, rather the models are shared
between clients via the server. To compute the cross-cluster distance between two clients 7 and j, we need to

10
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Table 4: Test Accuracy and standard deviations across 5
Table 3: Average Misclustering error of clustered FL. seeds on Real datasets. Highest accuracy is bold. SR-FCA

algorithms on test set across 5 random seeds for simulated consistently outperforms IFCA.

datasets. The lowest error is bold. SR-FCA is competitve

with IFCA and beats it for Rotated CIFAR10. BASELINE  FEMNIST  SHAKESPEARE
MNIST MNIST CIFAR CIFAR SR-FCA 83.83+ 1.49 48.54 + 0.69

BASELINE (INVERTED) (ROTATED) (ROTATED) (LABEL) LocaAL 66.18 £2.14  33.86 +1.22
GLOBAL  80.00+ 3.02  45.28 + 0.78

R 008 ou 0as o CFL  79.48 +3.48 44.14 + 1.03
LOCAL- ' ' ‘ ‘ IFCA 81.93+ 1.56  46.12 4+ 1.22
KMpans 030 0.28 0.38 0.26 FEDSOFT 78.74 4+ 2.61 46.98 + 1.25
TFCA 0.0 0.0 050 05 OI{EI-FSC}LOT 81.62 +2.29 45.56 £ 1.15

compute f;(w;) and f;(w;). To compute f;(w;), the server sends the model of client 4, w;, to client j and client
J computes its loss on the model w; and reports it back to the server. f;(w;) is computed similarly. To compute
the cross-cluster distance between client ¢ and cluster ¢, we need to compute f;(w.) and f.(w;). fi(w.) can be
computed by sending the model w, to client i. To compute the quantity f.(w;), the server sends the model w;
to each of the clients in cluster ¢ to compute client losses on model w;. The cluster loss is simply the average of
the losses of all clients in cluster c. We use the same procedure to compute cluster loss, but instead of computing
it on a client model, we compute it on the cluster model, to obtain cross-cluster distances between two clusters.

Further, for clustered FL baselines (IFCA, CFL, Local-KMeans, FedSoft, ONE_SHOT-IFCA) on real datasets,
we tune the number of clusters. This is not required in SR-FCA. Note that for each baseline and dataset pair,
we perform 20 trials of random search for hyperparameter tuning.

As our global model corresponds to FedAvg, for a fair comparison, we use FedAvg McMahan & Ramage (2017)
inside the TrimmedMeanGD subroutine, bt applying TrMeang operation to the model updates after local steps
from different clients. Note that we could have used a different base federated optimization algorithm for global
model, for instance, FedProx Li et al. (2020b) or SCAFFOLD Karimireddy et al. (2020). In that case, we would
have to modify all our clustered FL algorithms baselines and SR-FCA, to use this base federated optimization
algorithm for training cluster models.

Test Metrics: The test performance of any baseline is obtained by averaging over the clients, the test perfor-
mance of each client on its model trained by the baseline. For the local baseline, it is the client’s local model and for
the global baseline it is the single global model. For SR-FCA and clustered FL baselines, it is the cluster model for
the client. Note that we do not present convergence plots as different algorithms run in different number of stages.

For simulated datasets, the true clustering C* is known, so we report both the test accuracy and misclustering
error in table 2 and 3 respectively. For real datasets, the true clustering is not known, therefore, we report
only the final test accuracy in table 4. Further, we provide the test accuracy after ONE_SHOT and every
REFINE step in table 5. The total time to run all experiments including hyperparameter tuning on a single
NVIDIA-GeForce-RTX-3090 is 2.5 weeks and the code is provid ed here.

5.1 Results

Across all datasets, we find that SR-FCA is competitive with or outperforms all other algorithms in terms of
both misclustering error and test accuracy.

Comparison with Local and Global: The Local algorithm has access to little data, while the Global model
cannot handle the heterogeneity. Hence, as seen in tables 2 and 4, SR-FCA and other clustered FL baselines
perform better as they find correct clusters with low heterogeneity inside each cluster.

Comparison with CFL and Local-KMeans: CFL and Local-KMeans use the cosine distance between
gradients and [y distance between model weights which are not suitable for NN models. Local-KMeans performs
the worst with ~10% test accuracy for simulated datasets. For real datasets, it’s accuracy is <5% so we do
not report it. SR-FCA and IFCA use cross-cluster loss and client loss respectively, which are better suited to
NN models, thus outperforming these baselines (see tables 2 and 4)

11
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Figure 3: Histogram of pairwise distances after ONE_SHOT and A in SR-FCA for Inverted MNIST (Left) and
FEMNIST(Right).

Comparison with IFCA: On simulated datasets (tables 2 and 3), we find that IFCA recovers C* and
outperforms SR-FCA marginally for MNIST datasets. This is due to MNIST being a simpler and easier to learn
dataset, even after adding heterogeneity via rotations or inversions. In contrast, for CIFAR10, the learning task
is much more difficult, and IFCA, without proper initialization, ends up with all clients in only a single cluster
after a few rounds resulting in a misclustering of 0.5, as seen in table 3. Thus it’s performance is comparable
to the global baseline in terms of test accuracy as seen in table 2. From table 3, we see that SR-FCA correctly
identifies C* and comprehensively beats IFCA in terms of test accuracy in table 2.

On real datasets, for IFCA, we need to find the correct number of clusters by tuning. For a random sample
of clients, the true number of clusters might not be the same. SR-FCA can compute both the correct clustering
and cluster models for every random sample, allowing it to beat IFCA, which fits the same number of clusters
to every random sample. The difference is more pronounced for the more difficult Shakespeare dataset than the
easier FEMNIST dataset. Further, the variants of FedSoft and ONE_SHOT-IFCA, have similar test performance
to IFCA on real datasets. For FedSoft, which is a soft-clustering version of IFCA, the issue of initialization
remains unresolved. Running IFCA after ONE_SHOT can only re-cluster the clients thus results in a similar
performance. In short, SR-FCA outperforms IFCA as well as its variants.

Intermediate Steps of SR-FCA: For MNIST, multiple REFINE steps are necessary for best performance,
however, for CIFAR10 and real datasets, only a single REFINE step achieves best performance (see table 5).

Distribution of pairwise distances Note that A is an important hyperparameter for our algorithm and
its choice depends on the distribution of pairwise distances. In Figure 3, we provide the histogram of the
pairwise distances after ONE_SHOT for Inverted MNIST and FEMNIST respectively. For simulated datasets,
there is a clear separation between the pairwise distances — clients in the same clusters have very low pairwise
distance and clients in different clusters have very high pairwise distances. Therefore, any choice of A in the
middle suffices. However, for real datasets, there isn’t a clear separation between clusters. Therefore, we use
hyperparameter tuning to choose the which maximizes test accuracy.

6 Conclusion

We conclude with a potential scope of improvement in SR-FCA. SR-FCA trains models obtained via
TrimmedMeanGD () which assumes (8 fraction of users inside each cluster are corrupted. Instead, if we run any
federated optimization algorithm which can accommodate low heterogeneity, for instance FedProx Li et al.
(2020Db), inside each cluster in the final clustering Cr, then we may obtain an improved error in theory (A in
theorem 4.14). We leave this as a future work.

Acknowledgements. This research is supported in part by NSF awards 2112665, 2217058, and 2133484.
Table 5: Test Accuracies of intermediate steps of SR-FCA for all datasets

BASELINE MNIST MNIST CIFARIO CIFAR10 FEMNIST SHAKESPEARE
(INVERTED) (ROTATED) (ROTATED) (LABEL)

AFTER ONE_SHOT 76.52 = 0.54 85.55 £ 0.19 75.87 & 0.33 80.09 £ 0.53 66.18 £ 2.14 33.86 + 1.22

AFTER 1°' REFINE 91.88 + 0.39 91.63 4+ 0.12 91.38 4+ 0.27 93.06 + 0.20 83.83 + 1.49 48.54 + 0.69

AFTER 2" REFINE 92.03 + 0.30 91.66 & 0.13 91.38 4 0.27 93.06 & 0.20 83.83 & 1.49 48.54 + 0.69

12



Published in Transactions on Machine Learning Research (02/2024)

References

Sebastian Caldas, Peter Wu, Tian Li, Jakub Kone¢ny, H. Brendan McMahan, Virginia Smith, and Ameet
Talwalkar. LEAF: A benchmark for federated settings. CoRR, abs/1812.01097, 2018.

Fei Chen, Mi Luo, Zhenhua Dong, Zhenguo Li, and Xiuqgiang He. Federated meta-learning with fast convergence
and efficient communication. arXiv preprint arXiv:1802.07876, 2018.

Liam Collins, Hamed Hassani, Aryan Mokhtari, and Sanjay Shakkottai. Exploiting shared representations
for personalized federated learning. In Marina Meila and Tong Zhang (eds.), Proceedings of the 38th
International Conference on Machine Learning, volume 139 of Proceedings of Machine Learning Research,
pp- 2089-2099. PMLR, 18-24 Jul 2021.

Moming Duan, Duo Liu, Xinyuan Ji, Renping Liu, Liang Liang, Xianzhang Chen, and Yujuan Tan. Fedgroup:
Efficient federated learning via decomposed similarity-based clustering. In 2021 IEEE Intl Conf on Parallel
& Distributed Processing with Applications, Big Data € Cloud Computing, Sustainable Computing &
Communications, Social Computing & Networking (ISPA/BDCloud/SocialCom/SustainCom), pp. 228-237,
2021. doi: 10.1109/ISPA-BDCloud-SocialCom-SustainCom52081.2021.00042.

Martin Ester, Hans-Peter Kriegel, Jorg Sander, and Xiaowei Xu. A density-based algorithm for discovering
clusters in large spatial databases with noise. In Proceedings of the Second International Conference on

Knowledge Discovery and Data Mining, KDD’96, pp. 226-231. AAAI Press, 1996.

Alireza Fallah, Aryan Mokhtari, and Asuman Ozdaglar. On the convergence theory of gradient-based
model-agnostic meta-learning algorithms. In International Conference on Artificial Intelligence and
Statistics, pp. 1082-1092. PMLR, 2020a.

Alireza Fallah, Aryan Mokhtari, and Asuman Ozdaglar. Personalized federated learning with theoretical
guarantees: A model-agnostic meta-learning approach. In H. Larochelle, M. Ranzato, R. Hadsell, M.F.
Balcan, and H. Lin (eds.), Advances in Neural Information Processing Systems, volume 33, pp. 3557—-3568.
Curran Associates, Inc., 2020b.

Avishek Ghosh, Justin Hong, Dong Yin, and Kannan Ramchandran. Robust federated learning in a
heterogeneous environment. CoRR, abs/1906.06629, 2019.

Avishek Ghosh, Jichan Chung, Dong Yin, and Kannan Ramchandran. An efficient framework for clustered
federated learning. IEEE Transactions on Information Theory, 68(12):8076-8091, 2022. shorter version
in NeurIPS 2021.

Yihan Jiang, Jakub Kone¢ny, Keith Rush, and Sreeram Kannan. Improving federated learning personalization
via model agnostic meta learning. arXiv preprint arXiv:1909.12488, 2019.

Peter Kairouz, H Brendan McMahan, Brendan Avent, Aurélien Bellet, Mehdi Bennis, Arjun Nitin Bhagoji,
Kallista Bonawitz, Zachary Charles, Graham Cormode, Rachel Cummings, et al. Advances and open
problems in federated learning. arXiv preprint arXiv:1912.04977, 2019.

Sai Praneeth Karimireddy, Satyen Kale, Mehryar Mohri, Sashank Reddi, Sebastian Stich, and Ananda Theertha
Suresh. SCAFFOLD: Stochastic Controlled Averaging for Federated Learning. In Proceedings of the 37th
International Conference on Machine Learning, pp. 5132-5143. PMLR, November 2020. ISSN: 2640-3498.

Jakub Kone¢ény, H Brendan McMahan, Daniel Ramage, and Peter Richtarik. Federated optimization:
distributed machine learning for on-device intelligence. arXiv preprint arXiv:1610.02527, 2016.

Alex Krizhevsky, Vinod Nair, and Geoffrey Hinton. Cifar-10 (canadian institute for advanced research). URL
http://www.cs.toronto.edu/~kriz/cifar.html.

Yann LeCun and Corinna Cortes. MNIST handwritten digit database.  2010.  URL http:
//yann.lecun.com/exdb/mnist/.

13



Published in Transactions on Machine Learning Research (02/2024)

Liping Li, Wei Xu, Tianyi Chen, Georgios B. Giannakis, and Qing Ling. Rsa: Byzantine-robust stochastic
aggregation methods for distributed learning from heterogeneous datasets. In Proceedings of the Thirty-
Third AAAI Conference on Artificial Intelligence and Thirty-First Innovative Applications of Artificial
Intelligence Conference and Ninth AAAI Symposium on Educational Advances in Artificial Intelligence,
AAAT19/TAAT19/EAAT19. AAAT Press, 2019. ISBN 978-1-57735-809-1. doi: 10.1609/aaai.v33i01.33011544.

Tian Li, Anit Kumar Sahu, Ameet Talwalkar, and Virginia Smith. Federated learning: Challenges, methods,
and future directions. IEEE Signal Processing Magazine, 37(3):50-60, 2020a.

Tian Li, Anit Kumar Sahu, Manzil Zaheer, Maziar Sanjabi, Ameet Talwalkar, and Virginia Smith. Federated
optimization in heterogeneous networks. In I. Dhillon, D. Papailiopoulos, and V. Sze (eds.), Proceedings
of Machine Learning and Systems, volume 2, pp. 429-450, 2020b.

Tian Li, Shengyuan Hu, Ahmad Beirami, and Virginia Smith. Ditto: Fair and robust federated learning
through personalization. In International Conference on Machine Learning, pp. 6357-6368. PMLR, 2021.

S. Lloyd. Least squares quantization in pcm. IEEFE Transactions on Information Theory, 28(2):129-137, 1982.
doi: 10.1109/TIT.1982.1056489.

David Lopez-Paz and Marc' Aurelio Ranzato. Gradient episodic memory for continual learning. In I. Guyon,
U. V. Luxburg, S. Bengio, H. Wallach, R. Fergus, S. Vishwanathan, and R. Garnett (eds.), Advances in
Neural Information Processing Systems, volume 30. Curran Associates, Inc., 2017.

Yu Lu and Harrison H Zhou. Statistical and computational guarantees of lloyd’s algorithm and its variants.
arXiw preprint arXiv:1612.02099, 2016.

Yishay Mansour, Mehryar Mohri, Jae Ro, and Ananda Theertha Suresh. Three approaches for personalization
with applications to federated learning. arXiv preprint arXiv:2002.10619, 2020.

Brendan McMahan and Daniel Ramage. Federated learning: Collaborative machine learning without centralized
training data. https://research.googleblog.com/2017/04/federated-learning-collaborative.
html, 2017.

H Brendan McMahan, Eider Moore, Daniel Ramage, Seth Hampson, and Blaise Aguera y Arcas. Communication-
efficient learning of deep networks from decentralized data. arXiv preprint arXiv:1602.05629, 2016.

Mehryar Mohri, Gary Sivek, and Ananda Theertha Suresh. Agnostic federated learning. In International
Conference on Machine Learning, pp. 4615-4625. PMLR, 2019.

David Page. How to Train your ResNet 4 :  Architecture. https://myrtle.ai/learn/
how-to-train-your-resnet-4-architecture/, 2019.

Yichen Ruan and Carlee Joe-Wong. Fedsoft: Soft clustered federated learning with proximal local updating.
CoRR, abs/2112.06053, 2021.

Felix Sattler, Simon Wiedemann, Klaus-Robert Miiller, and Wojciech Samek. Robust and communication-
efficient federated learning from non-iid data. IEEE Transactions on Neural Networks and Learning Systems,
31(9):3400-3413, 2019.

Felix Sattler, Klaus-Robert Miiller, and Wojciech Samek. Clustered federated learning: Model-agnostic
distributed multitask optimization under privacy constraints. IEEE Transactions on Neural Networks and
Learning Systems, 32(8):3710-3722, 2021. doi: 10.1109/TNNLS.2020.3015958.

Virginia Smith, Chao-Kai Chiang, Maziar Sanjabi, and Ameet S Talwalkar. Federated multi-task learning.
In I. Guyon, U. Von Luxburg, S. Bengio, H. Wallach, R. Fergus, S. Vishwanathan, and R. Garnett (eds.),
Adwvances in Neural Information Processing Systems, volume 30. Curran Associates, Inc., 2017.

Ming Xie, Guodong Long, Tao Shen, Tianyi Zhou, Xianzhi Wang, and Jing Jiang. Multi-center federated
learning. CoRR, abs/2005.01026, 2020.

14



Published in Transactions on Machine Learning Research (02/2024)

Dong Yin, Yudong Chen, Ramchandran Kannan, and Peter Bartlett. Byzantine-robust distributed learning;:
Towards optimal statistical rates. In Jennifer Dy and Andreas Krause (eds.), Proceedings of the 35th
International Conference on Machine Learning, volume 80 of Proceedings of Machine Learning Research,
pp. 5650-5659. PMLR, 10-15 Jul 2018.

Dong Yin, Yudong Chen, Ramchandran Kannan, and Peter Bartlett. Defending against saddle point attack in
Byzantine-robust distributed learning. In Kamalika Chaudhuri and Ruslan Salakhutdinov (eds.), Proceedings
of the 36th International Conference on Machine Learning, volume 97 of Proceedings of Machine Learning
Research, pp. 7074-7084. PMLR, 09-15 Jun 2019.

Yue Zhao, Meng Li, Liangzhen Lai, Naveen Suda, Damon Civin, and Vikas Chandra. Federated learning with
non-iid data. arXiv preprint arXiv:1806.00582, 2018.

15



Published in Transactions on Machine Learning Research (02/2024)

Appendix for "An Improved Federated Clustering Algorithm
with Model-based Clustering"

A Proof of proposition 4.1

According to the proposition, for two users i and j, the data is generated by first sampling each coordinate
of x €R? from N(0,1) iid and then computing y as —
yi=(xwi)+e

where ¢; iﬂN(0,02). Then, the distribution of y;|z is N'({(z,w}),0?). Therefore, the K L divergence between
y;i|z and y; | is given by

* * 2
(v} —wy )
K L(p(yil)llp(yjlz)) = —— 3
Therefore, if we take expectation wrt z, we have
d|w; —w;|”
E.[K L(p(y:|=)||p(y;lz))] = T 9g2

B Proof of lemma 4.6

In ONE_SHOT(), Cy=C™, if all the edges formed in the graph are correct. This means that if ¢, are in the same
cluster in C*, then ||w; r—wj r|| <A and if ¢,j are in different clusters, ||w; 7 —w; 7| > A.

Note that,
wi,r —wj,r=(w; —wj)+(wi,r—wy) — (wj,r—w})

Now, if we apply triangle inequality, we obtain

dist(win,wLT) Z dlst(w:,w;) 7E"L'7j7 diSt(wi7T7’LUj7T) S dlst(wf,w;) +Ei,j

where Z; =3, _, ;dist(wy,r,wy). This decomposition forms the key motivation for our algorithm.

Therefore, if 4,5 are in the same cluster, then a sufficient condition for edge (¢,5) to be incorrect is
A< dist(wi*,w;) +Ei7j — Ei)j >A—€

Similarly, if 7,5 are in different clusters, then a sufficient condition for edge (7,5) to be incorrect is

A>dist(w] w))—E; ; = Eij >ea—A

Therefore, we can set Ay =min{es— A, A—¢;}, and then a sufficient condition for any edge to be incorrect is
maxl-,jEi,j 2 A)\.
Thus,
Pr[C* #Cy] <Prlat least 1 edge is incorrect]
<Pr[maxZ; j > A,]
0]

< —will=
_Pr[n;ax Z (| wr, —wi|| = Ay

)

k=i, j
A
<Pr[maxmax (|| w7 —wi| > =2]
ij k=i,j ’ 2
A
<Pr[max||w; 7 —w}| > =] (3)
i€[m)] ’ 2
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The second and third inequalities are obtained by expanding the terms. The fourth inequality is obtained
by Prla+b> c] < Pr[max{a,b} > c/2]. For the fifth inequality, we merge max; jmaxg—; ; into max;ep,,. As
we can see in Equation equation 3, we need to bound ||w; r—w}|| for each node i. The subsequent Lemma
allow us to bound this quantities.

Lemma B.1 (Convergence of w; r). Let % < bid, for some constant by > 0. Then, after running
ONE_SHOT () withn< %, for some constant by >0, under assumption 4.3 ,assumption 4.4 and assumption 4.5,

we have

A
1<d exp(—n 132

Lvd

€2—€1

),

Pr(||wi,r —wi|| >
where A:%(%—(l—%)T/QD) and n=min;ep,n;.

This lemma follows from Yin et al. (2018). The complete proof of this Lemma is present in appendix B.1.

Now, we can apply lemma B.1 in Eq equation 3.

A
Pr(Co#C*] <Prlmax i —w] ]| = 5]
1elm
A
<mmaxPr[||w; r —w}|| > 7)\]
ie[m] 2

bolh |
LvVd

1Prla; > c] <mmax;e(, Prla; > c], which follows

<md exp(—n

For the second inequality, we use Pr[max;epja; >c] <>
from union bound.

i€[m
Note that for p<1, we need the separation to be order of ©(4/ k’%)

B.1 Proof of lemma B.1

We utilize results from Yin et al. (2018), which hold for TrimmedMeanGD to analyze convergence for a single
node as they yield stronger guarantees under the given assumptions.

Lemma B.2 (Convergence of w; 1). If assumption 4.8,assumption 4.4,and assumption 4.5 hold, andn < %, then
2

wir—wi|<(1—s"HT2D+ 2N, Viem) (4)
1

where H:ﬁ and A; is a positive random variable with

r2

Pr[AiZ\/ﬁT+2\/§5i] §2d(1+§)dexp(—nmin{24, 3 (5)

L'2i2
for some r,6 > 0.

We provide the proof of this lemma in appendix C.8.

Using the above Lemma, we can bound the probability Pr||w; r —w}|| > %]
A 2 A
Prllwi,r—wf||> S <Pr2(1—5~H) 72D+ =8> 22
i
BB

<Pr[A; > A], WhereA:§( 5 (1_K—1)T/2D)
<Pr[V2dr+2v251.> A

A
<dexp(—nby+——=)

Lvd
for some constants by,bs,b3,b4 >0, where we set r:bgf/max{ﬁ%/a,, /ﬁA\/E} and 5:b4%, and for by d <
such that v2dr+2v/25L > A and nmin{

n2/3A4/3

D2/3[,4/3)
2 .

25055 > L4 in lemma B.2.
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C Proof of theorem 4.8

C.1 Preliminaries

First, we define certain random variables and their respective probabilities which we will use throughout this
proof. Since the edge based analysis and corresponding clique identification involves a lot of dependent events,
we try to decompose the absence/presence of edge into a combination of independent events.

Define,

Xij:

{1 If the edge (4,7) in Cy is incorrect in C* (6)

0 Otherwise

An edge (i,7) in Cp is incorrect in C* if either it is present in C* and absent in Cy or vice versa. We analyze
the probability of this event for the case when C* contains the edge (i,5). The case when C* doesn’t contain
edge (7,7) and it is present in Cy has exaclty same probability. When ||w;* fw;H <€, then edge is present is
C*. If it is absent in Cgy, then
PI‘[Xij = 1] SPI‘[EI'J Z A)\]
SPI‘[AZ' +Aj Z QA]

The analysis is similar to the proof of ONE_SHOT () in appendix B.

Note that the random variables {X;;} are not independent. We now define independent random variables
X; such that

(7)

1 IfA>A
10 Otherwise

Thus, we can see that X;; <X;+X;. Additionally,

3=
€

This follows from analysis of ONE_SHOT () in appendix B.

We can further generalize this notion to the random variables defined as Y; .

YV, — 1 IfAi27A776(072)
“T7710 Otherwise

Then,

vA )
Lvd m

Note that the set of random variables {Y; -, }72; are mutually independent random variables.

Pr[Y; , =1] <Pr[A; >vA] <dexp(—nbs

Further, we define the w} for every cluster ¢ € rg(Cy). Let ¢ € C* be the cluster label of node ¢. If
G.={i:ie[m],C*(i) =}, which is the set of nodes in ¢ which were from ¢’ in the original clustering, then
we can define w* and F,.(w) as

1
wr =argminE filw 10
el 3 )] (10
1
=argmin Z F;(w)=argminF,(w) (11)
wew ‘GCI|iEG , wew

We use this definition of w} in the appendices C.5 and C.6.
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C.2 Analysis of REFINE()

Our goal is to compute total probability of error for REFINE() to fail. If we define this error as C; #2C*, then
we can define the main sources of error for this event.

1. 3cerg(C*) such that no cluster in Cy has cluster label ¢ : If the a cluster ¢ € rg(C*) is absent
in Cp, then subsequent steps of REFINE() will never be able to recover it, as they only involve node
reclustering and merging existing clusters. The lemma presented below gives an upper bound on the
probability of this event.

Lemma C.1. Under the conditions of lemma 4.6 and if t=0(cmin), then there exists constant a3 >0
such that

Pr[3cerg(C*) such that no cluster in Cy has cluster label c|
m
<

min

exp(fal Cmin)

The proof of this Lemma is presented in appendix C.3

2. Each cluster c€rg(C)y should have < a fraction of impurities for some % > 3> a: If some
cluster has more than a-fraction of impure nodes, then we cannot expect convergence guarantees for
TrimmedMeanGDg.

The below lemma bounds the probability of this error as

Lemma C.2. . For some constants 0<a <3< 1,a2>0,71 €(1,2) and at=0(m), under the conditions
in lemma 4.6, we have

Pr[3cerg(Co) which has >« fraction of impurities ]

< %exp(—agm)—l—(l—a)m(%)”“

The proof of this Lemma is presented in appendix C.4.

3. MERGE() error: We define this as the error for the MERGE() to fail. Even though MERGE() operates
after RECLUSTER (), RECLUSTER() does not change the cluster iterates. The goal of MERGE() is to
ensure that all clusters in Cy with the same cluster labels are merged. Therefore, we define MERGE ()
error as the event when either two clusters with same cluster label are not merged or two clusters
with different cluster labels are merged. The below lemma bounds this probability.

X 2/3 A4/3 2 A2
Lemma C.3. If min{ 22/3%2/3 , f/217:)g(Ac )} >u1d for some constants u; >0, then for some constant
min

al >0, where A’:A—%>O, where B:\/QL%, we have

A
exp(—ahn—
P( 3 2L)

4d
Pr[MERGE() Error] < m

The proof of this Lemma is presented in appendix C.5.

4. RECLUSTER() error: This event is defined as a node going to the wrong cluster after both MERGE () and
REFINE() operations. After MERGE (), each cluster in Cy corresponds to a single cluster in C;. Therefore,
we incur an error due to the RECLUSTER () operation if any node i does not go to the cluster ¢ € C; which
has cluster label C*(¢). The below lemma provides an upper bound on the probability of this error.

. 2/3 A4/3 2 A2
Lemma C.4. If min{ ’52/3%2/3 ,p{;gﬁmm) } >wuad for some constants us >0, then for some constants

ay>0 and 2 € (1,27%), we have

!

A
Pr[RECLUSTER (error]| < 4d%exp(—agni) +m(%)72 (12)
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The proof of this Lemma is presented in appendix C.6.

The total probability of error after for a single step of REFINE() is the sum of probability of errors for these
4 events by the union bound. Therefore,

Pr[C; #£C*] <

m-, exp(—a1c¢min)+ %exp(—azm)

+(1=8)m(

’

) +8d%exp(—a3n%)+m( )72

P P
m m

where we set az =min{a},a}

For some small constants p; > 0, po € (0, 1), we can choose 71 € (1,2), 8 € (0, %) and

72 € (1,2 — £8) such that (1 — B)(2)n~! + (L)%=~ < £ and for large enough m, A’ and n,
o exp(—a1Cmin) + § exp(—azm) 4 8d 5 exp(— a3n2A—L) < 5455 p. This happens because we have terms of

exp( m),exp(—cmin) and exp(—nA’), which decrease much faster than £ which has terms of O(mexp(—nA)),
where A and A’ are of the same order. Therefore, the total probability of error can be bounded by

Pr(C, #C* <1 p (13)

ml—pr2

C.3 Proof of lemma C.1
Pr[3cerg(C*) such that no cluster in Cy has cluster label ]
< Z Pr[No cluster in Cy has cluster label | (14)
ceC*

Here, we use union bound over the clusters for the second inequality. Now, we analyze the probability that no
cluster in rg(Cp) has cluster label ¢ for some cerg(C*). Consider a cluster in rg(Cp). This cluster has cluster
label ¢ if a majority of its nodes are from cluster c€rg(C*). Since the size of each cluster in rg(Cy) is atleast ¢
and there are K clusters in rg(C*), if all clusters in rg(Cp) have < % nodes from cluster ¢, then no cluster will
have cluster label c.

Assume that the clique formed by nodes from cluster ¢ has r nodes. Then, every node in cluster ¢, must have S, —
edges absent, which correspond to the edges between a node of the clique and those outside it. Thus, we obtain,

Pr[No cluster in Cy has cluster label (] SPr[C O, { Z Xij>Sc— }]
J#4,C* (i)=c

<Pl 303 X Se= )]

C*(9)=C*(j)=c

t
< E E _
<Pr| X+X )>S.(Se )]

cr () C*(j)=c

<Pr

)]
K
C"(z) c S

2
t
gexm_(l_m ne

SeXp(_alcmin)

In the first step, we require each node 7 to have S, — f wrong edges. For the second inequality, we remove
the intersection and thus, the total number of incorrect edges has to be S.(S.— %), since each node has S, — %
incorrect edges. For the third inequality, we use X;; < X; + X; and collect the terms of X; for the fourth
inequality. In the fifth inequality, we obtain a condition on the sum of independent Bernoulli random variables
each with mean 2. Therefore, we can apply Chernoff bound for their sum to obtain the fifth inequality.
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A necessary condition for usis 1— %& — % >0 which translates to t < K.S.(1— %) If we select t < ¢y —1, this
2
inequality is always satisfied. Note that we want the term (1 - ﬁ — L) >ay, for some positive constant a;. If

we choose t=0©(m), which is possible if t =0 (cin) as we assume cpin =0 (m), then this is satisfied. We use the
lower bound a; and S, > ¢y to obtain the final inequality. Plugging this in Eq equation 14, we obtain our result.
C.4 Proof of lemma C.2

Pr[dcerg(Cy) which has >« fraction of impurities]

< Z Pr[cluster ¢ has >« fraction of wrong nodes] (15)
cerg(Co)
We use a simple union bound on clusters in Cy for the above inequality. Let the set of nodes in the cluster
¢ which are from same cluster of C* as the cluster label of ¢, i.e., which are not impurities, be R.. Then let
Q.=|R.|. Let Q.. denote the number of impurities in cluster c.

@
Prcluster ¢ has >« fraction of wrong nodes] <Pr[Q., > ——Q]
-«
Pr(Q; > at]
We use the fact that Q.+Q’, >t, which is the minimum size of any cluster, for the second inequality.

Now, we analyze the probability of a single node to be incorrect. A node is an impurity in cluster c if it has
an edge to each of nodes in R,.

Pr[Node i is an impurity in cluster c] SPr[jIIGI}_%lC||wi7T—wJ'7TH < (16)
<Pr{amn (uf | ~Z.,) <X
<Pr[A; —&-jHé:}%Aj >2A]
Now, if max;cr,A; <714, for 71 €(1,2), then we need A; > (2—71)A for error.
Using the definition of random variables in appendix C.1

Pr[Q. > at] <Pr[Q. > at|maxA; <y A]+Pr{maxA; >y A
JER.: JERC

<Pr[y Yoo, >ai] +PrimaxA; > A
i=1 ¢

For the first inequality, we use union bound over the value of max;cr. A; and for the second inequality, we
need atleast ot impurities, so atleast ot of all Y; 5, should be 1.

We now bound the two terms in the final inequality separately.

For the second term, if maxjep, A; >711A.

p
PrlmaxA; > 71 A< QcPrlY, =1] < Qc( )™
Here, we use union bound over all elements in R, for the first inequality and the second inequality is plugging in
the value of Pr[Y] ., =1], which we have already computed.

Now, we need to provide a bound on .. Note that if (). denotes the correct number of nodes, which corresponds
to the majority of nodes, then Q. <(1—«)S., where S, is the size of the cluster c.

For the first term, we can use Chernoff bound as Y; »_,, are independent random variables with expectation -

1 & t t
PY[E;YLZ—% > 0%} Sexp(*(aa —E[Yi2—,])°m) <exp(—azm)
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We need a% > E[Y; 2—~,]|,which implies at > 1, since Y; 2, is a bernoulli random variable. Further, we
require at =0(m), so that we can bound the probability using a constant as >0. If we choose 7, as a constant
independent of m, then we are done.

Now, plugging all these inequalities into Eq equation 15, we get

Pr[3cerg(Cy) which has > « fraction of wrong nodes]
p
< — — N oG
<rg(Co)exp(—azm)+ » (1 @)Se ()
cerg(Co)

< Irg(Co) exp(—agm) +(1—a)m(:2)"

)’Y1

< ?exp(—agm)—&—(l —a)m(%

For the second inequality, we use » .. S.=m and for the third inequality, we use [rg(Co)[t <m.

C.5 Proof of lemma C.3

First, let i,j € [m] be a node in cluster ¢,c’ €rg(Cp) respectively such that C*(j) and C*(4) are the cluster labels
of clusters c and ¢’ respectively. Then, if we repeat our thresholding analysis for MERGE () operation, we obtain

dist(w;,w;) -V, » <dist(wer,wer, ) < dist(wf,w;) +U, o

where W, o =dist(w},w}) +dist(w} w})+ > dist(wyrwy)

k=c,c’

We obtain the above equations by a simple application of triangle inequality. Here, w} is as defined in
appendix C.1.

To analyze the above quantities, we need to bound ||w} —w, 7|l and sz —w;H for some j € G.. The following
Lemmas provide these bounds.

Lemma C.5 (Convergence of we ). If assumption 4.3,assumption 4.4 and assumption 4.5 hold, andn < %, then
2
||wc,T—oJ;‘||S(l—m_l)T/QD—I—fAC Veerg(Co) (17)
1
where H:% and A. is a positive random variable with

r+38s 2(1+38) .+
PriAc2 V2dy 2 +V2— 520l

2

g2d(1+9)d(exp(—(1—a)scnmm{zi, "N (18)

0 L'212
+(1—a)Seexp(—nmin{ — i )
— ceXpl— Xy T Ao
P 2L 212

for some r,5,0 >0 where S, is the size of cluster c.

Proof is presented in appendix C.7

Lemma C.6 (Distance between cluster minima and node minima). If assumption 4.3 and assumption 4.5 are
satisfied then, for all j € [m], where j is a node in cluster c € Cy where C*(j) is the cluster label of node ¢, we have

21—/61
1%

e —ewj]| <

; =B (19)
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Proof is presented in appendix C.9.

Now, that we have our required quantities, we are ready to analyze the probability of error after the merge
and reclustering operations.

First, we analyze the probabilty of MERGE() operation. Note that if correct nodes of ¢ and ¢’ were from the
same cluster C* then, sz*—w;‘ || <e€1,Vi€G,,j € G If correct nodes of ¢’ and ¢ were from different clusters

in C*, then, Vi€ G.,j€G. Therefore, the probability of MERGE() error is upper bounded by

Pr[MERGE() Error] <Pr[at least 1 edge is incorrect]
<Prmax¥,. . >A,]
c,c!

2A
<Pr[max —kZA)\—2(1—f£_1)T/2D—2B]

c,c’

k=c,c’
JUPANN —1\T/2
< Pr[A.> 1— D-B
< Joax e N S )]
< max Pr[A.>A] (20)

cerg(Co)
A

< max 4dexp(—ahn—

~cerg(Co) p(=a; 2L)

A’ 4dm A’
/ /
< § 4deXP(—a3”E) =— eXp(—%ni) (21)

cerg(Co)

For the second inequality, we expand all the terms of ... Weset A= %(% —(1—=x~HT/2D—B). Then, we set

r=0(Lmax{ (Lmax{s fL + 210%£SC), SC%//EE + ZIO%ESC) 1) and 6:@(DZZ,2ﬁ). Now, if

A’ A’ _
Sov/dL’ Sc\/ﬁf})’s_

. /3 78/ ’ .
d=(min{ Z;;%;i , ﬁ%i;(iiin) }), such that v 2d’“1t32%5 + f2(11+23§) 6L > A, then there exist some constant a} >0

such that the second inequality is satisfied by lemma C.5. We then use the union bound, followed by [rg(Co)| < 5.

C.6 Proof of lemma C.4

We can apply our thresholding analysis to
lwe,r —w; || for cerg(Co). First, let j be a node in cluster ¢ such that C*(j) is the cluster label of c.
dist(w},w})+®.; <dist(we, r,w; ) <dist(w},wi) + P ;
where @, ; =dist(w,, ,w; ) +dist(w ,w}) +dist(w; 7,w7)
From appendix B and appendix C.5, we have bounds for all the terms involved. Note that after merging,
each cluster in C* should have only 1 cluster in C;. ,

we incur an error if ¢ goes to the wrong cluster. Suppose that the ¢ corresponds to the correct cluster for ¢
and ¢ is the cluster to which it is assigned , with ¢,¢’ €rg(Cy),c#¢’. Then,

Pr[Reclustering Error] <Pr[maxmax|/we 7 —w; 7| < ||we,r —wi,r|]
1€[m] c’#c

<Pr[maxmaxes — Py ; <€+ D ]
i€[m] c’#c '
€o—€1

<Pr[maxmax®.; > ]
i€[m]c’eC))

<Pr[maxmax(A.+A;) > A+A] (22)

i€[m]c’eC))
<Pr[maXA >A —(y—1 )A]+Pr[maXA >y Al

ceC 0 i€[m]

< max Pr[A.>A"]+maxPr[A; >, A] (23)
cerg(Co)’ iem
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For the second inequality, we use the thresholding analysis on ||we,r—w; r||. For the third inequality, we
rearrange the terms and combine max over ¢’ # ¢ with ¢, and use. For the fourth inequality, we expand the
terms of ®. 7 and substitute the values of A and A’, using the inequality Ay < <5, For the fifth inequality,
we use consider some 5 € (1,2— ) and break the terms using union bound such that A"=A'—(v—-1)A>0.
Finally, we use the union bound on cerg(Cp) and i € [m].

Now, we bound the two terms in Eq equation 23 separately. The second term can be bounded in terms of

Y; ~,. Thus,

maxPr[A; >y, Al=maxPr[Y; ,, =1] < m(ﬂ)“/z (24)
i€m] i€[m] m

We use expectation of Y; , calculated in appendix C.4 and then bound max by sum.

For the first term, our analysis is similar to that of MERGE() error. Assume that there is some

/ 2 A !
constant us > 1 such that A” > wsA’. We set § = @(DZSA,ZL), r = O(L max{ﬁ, 5 fL})
2log(S. / 2log (S, . . n2/3AA/3 2 772
s = O(L max{s \[L + Ogrf ) Sf\‘[L—i— Og( '), and if d = Q(mln{DQ/BAﬁz/S, ﬁﬂ?;g(Acmm)})’ such that
V2 dr+‘3ﬁ S—l—f 2(11+23§ )6L>A’ then there exist some constant a4 > 0 such that the second inequality is satisfied
by lemma C.5. We then use the union bound, followed by [rg(Co)| < 5.
A/
max Pr[A.>A"]< max 4dexp(—ain— 25
cerg(Co)’ [ < c€rg(Co)’ p(=ds 2L) (25)
A/
< Z 4dexp( a3n—L) (26)
cerg(Co)’
4dm A/
<——exp(—ain— 27
<H P exp(—afn ) (27)

C.7 Proof of lemma C.5
First, we use an intermediate Lemma from Yin et al. (2018). This characterizes the behavior of TrimmedMeang
gradient estimator.

Lemma C.7 (TrimmedMean Estimator Variance). Let g.(w) be the output of TtMeang estimator for cluster
c€Cy with size of cluster S.. If assumption 4.5 holds, then

[|ge(w) =V Fe(w)[| <A
r+38s 2(1+30) . »
=35 +\/§71_26 6L
2 (28)

< 2d(1+%)d <exp(—(1 —a)Scnmin{zLA,f})

where Pr[A > V2d

L 217

s 82
+(1—a)S.exp(—nmin{ —,——
(1-a)S.exp(-nmin{ 5 =) )

for some r;5,0 >0.

Proof. The proof of this Lemma follows from coordinate-wise sub-exponential distribution of VF,. Since loss
per sample f(w,z) is Lipschitz in each of its coordinates with Lipschitz constant Ly, for k € [d]. Thus, F.(w) is
also Li-Lipschitz for each coordinate k € [d] from corollary E.6. Now, every subgaussian variable with variance
o2 is o-sub exponential. Thus, each coordinate of V., f(w,z) is L-sub-exponential, since L > Ly Vk € [d]. The

remainder of proof can be found in Appendix E.1 in Yin et al. (2018). O
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. . . 2
Now, using the above Lemma, we can bound the iterate error for a cluster c€Cy. Consider ||we 141 —w} ||,

|we,t+1 —wi || <[lprojw{wes —nVg(we,:) } —wl||
lwe,t =1V g(we,r) —wi||
Kwe,t =0V F (we,t) —wi [ 40l g(we,t) = VE (we,t) ||
<lwe,e =nVF (we,t) —wi|[+nA

Now, we bound ||wc,t—nVF(wc$t)—w§||2 using p-strong convexity and L-smoothness of F.. The analysis is
similar to the convergence analysis in appendix B.1. Thus, for n < %

lwe,e =1V E (we,) = |1* < (L=np1) ewe,e —wZ ||

Using this bound we can analyze the original term with |Jwe 141 —w}]|

lwe i1 —wi || </ 1=npllwe, —wh|[+nA

T-1

T/ (1—np)'’?)

lwe,r—wi | <(1=np)" " lweo—w? | +nA(

(]

t

(1=

(=2 g~z | +nA (Y (1=

M L

t

Il
o

2
S(l*l‘{il)T/2D+fA
"

For the second inequality, we use k = % and unroll the recursion for T" steps. For the third inequality, we

use v/1—x <1-—3 and upper bound the finite geometric sum by its infinite counterpart. Finally we use the
boundedness of W and the sum of the geometric series to get our result.

C.8 Proof of lemma B.2

We present the proof for this lemma here as it is a corollary of lemma C.5.

We utilize the intermediate lemma C.7. Now, if we set a =/ =0 and S. =1, we obtain the generalization
guarantee for GD on a single node i € [m]. Further, we do not need the terms of s as they appear with 8, and
thus, we can choose s very large, so that we can ignore its contribution to error probability. The remainder
of the proof follows that of lemma C.5.
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C.9 Proof of lemma C.6

Since F, is ﬁ—Lipshchitz and p-strongly convex with minima w},

Fy(wy) — Fi(w?) Fj(wy) — Fj(wg)
Fow)~Fo(up) =)y BRSD
J#1,Co(j)=c
(ap* F N B (w*
SFZ(’LU )QF( )+ Z ](wz)Q J(wj)
§#i,Co(j)=¢ ¢
(el o]
- 2Q. Qe
J#4,Co(j)=c
H *_ % 2 :U’Hw _w*H (Qc_l)f’el
2||wz w || 2Qc + Qc
E * * 2 [LHU) 7‘*}*” (chl)igl
2||wz wc” 2Qc + Q(;
2f461

g~ <y 222
I

For the first equation, we expand F into its component terms, where (). denotes the number of correct nodes
in cluster ¢. For the second inequality, we use the fact that w} =argmin ¢y F (w). For the third inequality,
we use strong-convexity of F; and L-Lipschitzness for F},j #i. For the fourth inequality, we use a lower bound
on F.(w})—F.(w}) using u-strong convexity of F,. Finally, we manipulate the remaining terms to obtain the
final bound.

D Proof of theorem 4.14

By theorem 4.8, Cr #C*, with probability (ﬁp)R. For the (R+1)* step, we bound probability of error
by 1. Therefore, with probability 1 —exp(—%R)p. For the (R+1)*" step, we optimize the cluster iterates from
TrimmedMeanGD () to improve convergence instead of clustering error. Since Cry1 =Cg, each cluster in Cr41
maps to some cluster in C*. Without loss of generality, assume that cluster ¢ € rg(Cr41) maps to the same cluster
ceC. Now, if {c1,ca,...,¢; } are the clusters in Cr which merged to form cluster ¢ €rg(Cr41). Then, we can write

lwe,r —will=

N‘)—l

l
E ch’T w
j=1

AN

1 l
772|WC1»T We ||

<73

A

)

* * *
ij7T_w0j w0j —We

For the first inequality, we used the definition of w,. r from MERGE(). For the second inequality, we used the
triangle inequality for the [ elements. The third inequality is obtained by using triangle inequality and adding
and subtracting w:j as defined in appendix C.1.
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Now, consider the set of nodes {i1,is,...,i;} C [m], such that i; € ¢;Vj € [{] and C*(i;) =cVj € [I]. Therefore, we

can split each term of ’ W —wy H as —

i, —wi )

]

* *
wcj,T—wcj wcj —wij

l
1
e, =2l <7
j=1

1 l
<72
j=1

From lemma C.6, since ¢; contributes to both clusters c¢; and ¢*, we can bound the difference from their minima
by B. Further, we can use lemma C.5 and the lemma C.7, which is adapted from Theorem 4 in Yin et al.

_ 1
. If we set 6_7nSCjI:D

+2B

*
We;, T —We;

and

(2018),t0 bound the convergence of ‘ We;, T —We, ’

r=Lmax{ log(14nS.LD)}

Cj Cj

d log(1 +nSCﬁD),\/ zd

A 4d - 4d R
s = Lmax{— (dlog(1+nS., LD) —l—logm),\/ (dlog(1+nS., LD)+logm)}
n n
where S, is the size of cluster c;, we obtain

|wer—w|| <(1=s"HT2D+ N +2B

where

Ld (B 1 -
A= — | —= 1 LD
o235 (7 ey ecmzgsaE0)

We can further upper bound max;c;s. by m. Now, the probability of error for each cluster ¢ € rg(Cr) for
J

ﬁ, therefore, we can use union bound and multiply this probability of

error by rg(Cr) < 7. Since t=0O(cmin), we can upper bound this by % for some positive constant ¢y .

given values of r and s is

E Additional Definitions and Lemmas

We start with reviewing the standard definitions of strongly convex and smooth functions f:R%—R.
Definition E.1. f is p-strongly convex if Yw,w’, f(w') > f(w)+(V f(w)w —w)+ 5w —wl|?.
Definition E.2. f is L-smooth if Vw,w', |V f(w) =V f(w")|| < L|jw—w'||.

Definition E.3. f is L, Lipschitz for every coordinate k € [d] if, |0k f (w)| < Ly, where 0y f(w) denotes the
k-th coordinate of V f(w).

Lemma E.4. If f,g:R? =R are two p-strongly convex functions on a domain W. Then, % is also p-strongly
convez on the same domain.

Proof. If f and g are p-strongly convex on a domain W, then for any wq,wg €W
F(w1) 2 (wo) (¥ (w0) wn —wo) + i s o
9(wn) 2 g(uwo) + (Vg o) wr —wo) + & un 1w

Adding the above equations, we get

f(wi)+g(w:) > f(wo)+g(wo) n Vf(w0)+vg(w0),w1—wo + 2wy —wo|?
2 2 2 2
Thus, % is also p-strongly convex. O
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Lemma E.5. If f,g:RY— R are two L-smooth functions on a domain V. Then, % is also L-smooth on
the same domain.

Corollary E.6. If f,g:R?—R are two L-Lipschitz functions on a domain W. Then, m is also L-Lipschitz

on the same domain.

Proof. Consider the following term for any wi,wg € W

’Vf(w1)+V9(w1) ~ Vf(wo)+Vg(wo)
2 2

< SI(7 (1) =9 (o)) +(Vg )~ Vg wo))|
< 5 (19 £0) =9 f )|+ Vg (w) - T )
< 5 (Lllws —woll + Ly~

< Lfwy —wol

In the second inequality, we use the triangle inequality of norms. For the third inequality, we use the
L-smoothness of f and g. Thus, % is also L-smooth The proof of the corollary is same as above, by replacing
terms of V f and Vg by f and g respectively. O

Lemma E.7. If each coordinate of a function f:R% —R is Ly-Lipschitz for k € [d] on the domain W, then

fis L=4/ ZzzlLi—Lipschitz on the same domain W.

Proof. Consider wy,wy € W.Define a sequence of variables

{wlk] = ((w1)1,(w1) 2.y (W1) ks (W0) k15 (w0 ) ) T}E - Then, wy =w|d] and wo=w][0]

d
|f (w1 =1 (f( (w[k—1]))
kd_
Z k| ’wl k— wo)k|
k=1

The second inequality follows by using triangle rule. Then, f(w[k]) and f(w[k — 1]) differ only in the k'*
coordinate, so we apply L;, coordinate-wise Lipschitzness. Now, consider a random variable v € R? such that
vp = Ly e =(woli] ¢ (w1)g— (wo)g #0, else 0. Then,

(w1)k—(wo)k

> Lol (wi) = (wo) | =(v,w1 —wo)

<Jlvllflwr —woll

d
<\| L2 wn —uwo]
k=1

Here, we use the Cauchy-Schwartz inequality for the second step. Then, note that each coordinate of v is
bounded by L. O
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