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ABSTRACT

Federated learning has emerged as a promising distributed machine learning
paradigm to preserve data privacy. One of the fundamental challenges of
federated learning is that data samples across clients are usually not independent
and identically distributed (non-IID), leading to slow convergence and severe
performance drop of the aggregated global model. In this paper, we propose a
novel data-agnostic distribution fusion based model aggregation method called
FedDAF to optimize federated learning with non-IID local datasets, based on
which the heterogeneous clients’ data distributions can be represented by the
fusion of several virtual components with different parameters and weights. We
develop a variational autoencoder (VAE) method to derive the optimal parameters
for the fusion distribution using the limited statistical information extracted
from local models, which optimizes model aggregation for federated learning by
solving a probabilistic maximization problem. Extensive experiments based on
various federated learning scenarios with real-world datasets show that FedDAF
achieves significant performance improvement compared to the state-of-the-art.

1 INTRODUCTION

Federated learning (FL) has emerged as a novel distributed machine learning paradigm that allows
a global deep neural network (DNN) model to be trained by multiple mobile clients collaboratively.
In such a paradigm, mobile clients train local models based on datasets generated by edge devices
such as sensors and smartphones, and the server is responsible to aggregate the parameters from
local models to form a global model without transferring data to a central server. Federated learning
has been drawn much attention in mobile-edge computing Konecny et al] (Z016); Sun"ef-all (ZOT7)
with its advantages in preserving data privacy Zhu & Tin (2020); Keller ef all (2018) and enhancing
communication efficiency Smith ef all (2{IT8); McMahan_ef all (2017); Wang et al] (2020]). Besides,
a lot of algorithms have been proposed to improve the resource allocation fairness, communication
efficiency, and convergence rate for federated learning Kaironz efall (2019); Cimefall (2020), which
include LAG Chen ef all (201R), Zeno Xieefall (2011Y), AFL Mohriefall (2019), q-FedSGD L1efall
(2020K), FedM A Wang et all (2020), etc.

One of the fundamental challenges of federated learning is the non-IID data sampling from
heterogeneous clients. In real-world federated learning scenarios, local datasets are typically non-
IID, and the local models trained on them are significantly different from each other. Aggregating
the local models with simple averaging may cause severe performance degradation in terms of model
accuracy and communication rounds required for convergence. It was reported in Zhao ef-all (P001TR)
that the accuracy of a convolutional neural network (CNN) model trained by FedAvg reduces by
up to 55% for a highly skewed non-IID dataset. The work in Wang et all (Z020]) showed that the
accuracy of VGG model trained with FedAvg and its variants dropped from 61% to under 50% when
the client number increases from 5 to 20 on heterogeneous data partition.

Several works have been made to address the non-IID challenge. Ciefall (Z020a) modified FedAvg
by adding a dissimilarity bound on local datasets and a proximal term on the local model parameter
to tackle heterogeneity. However, it poses restrictions on the local updates to be closer to the initial
global model, which may lead to model bias. Zhao ef"all (Z0OIR) proposed a data sharing strategy
to improve training on non-IID data by creating a small subset of data to share between all clients.
However, data sharing could weaken the privacy requirement of federated learning. Several works
adopted clustering based approaches to tackle non-IID settings, where client models were partitioned
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into clusters and model aggregation in performed in cluster level Chenefall (2020); Xie efall (Z020);
Ghosh”ef all (2020); Duan_ef-all (2020). However, clustered federated learning may suffer from
privacy leakage with shared data to cluster clients, and its performance relied on the cluster number
which is a hyperparameter needed to be manually adjusted from task to task.

In this paper, we propose a novel data-agnostic distribution fusion method called FedDAF for
federated learning on non-IID data. We introduce a distribution fusion model to describe the
global data distribution as a fusion of several visual components belonging to the same parametric
family of distributions, which is ideal for representing non-IID data generated from heterogeneous
clients. However, applying a distribution fusion for federated learning encounters several difficulties.
First, due to the privacy policy of federated learning, the local datasets are inaccessible and their
distributions are unknown to the server, so it is impossible for the server to form a global distribution
based on observing to data samples. Second, the number of distribution components and their fusion
weights are unspecified without the knowledge of local data, making it a challenging task to develop
such a fusion model for federated learning.

To tackle these issues, we propose an efficient solution to optimize the distribution fusion federated
learning problem with variational inference. Since the local data is inaccessible to the server, our
method is based on the limited statistical information embedded in the normalization layers of DNN
models, i.e., the means and standard deviations of the feature maps (the outputs of intermediate
layers). Those information can be extracted from the received local model parameters, which
can be used to infer a global distribution. We develop a variational autoencoder (VAE) model to
derive the optimal parameters of distribution fusion components based on the observed information,
and applied the derived parameters to optimize federated learning with non-IID data. Extensive
experiments based on a variety of federated learning scenarios with non-IID data show that FedDAF
significantly outperforms the state-of-the-arts.

The contributions of our work are summarized as follows.

e We propose a novel data-agnostic distribution fusion based model aggregation method
called FedDAF to address the data heterogeneity problem in federated learning. It
represents the global data by a fusion model of several virtual distribution components
with different fusion weights, which is ideal to describe non-IID data generated from
heterogeneous clients.

e We develop a variational autoencoder (VAE) method to derive the optimal parameters
for the data-agnostic distribution fusion federated learning model. Without violating
the privacy principle of federated learning, the proposed method uses limited statistical
information embedded in DNN models to infer a target global distribution with a maximum
probability. Based on the inferred parameters, an optimal model aggregation strategy can
be developed for federated learning under non-1ID data.

e We conduct extensive experiments using five mainstream DNN models based on four real-
world datasets under non-IID conditions. Compared to FedAvg and the state-of-the-art for
non-IID data (FedProx, FedMA, IFCA, FedGroup, etc), the proposed FedDAF has better
convergence and training efficiency, improving the global model’s accuracy up to 12%.

2 RELATED WORK

Federated learning Konecny et all (20T135) is an emerging distributed machine learning paradigm
that aims to build a global model based on datasets distributing across multiple clients. One of the
standard parameter aggregation methods is FedAvg McMahan ef all (2017), which combined local
stochastic gradient descent (SGD) on each client with a server that performs parameter averaging.
Later, the lazily aggregated gradient (LAG) method Chen ef all (ZOIR) allowed clients to run multiple
epochs before model aggregation to reduce communication costs. The q-FedSGD Lief-all (2Z020K)
method improved FedAvg with a dynamic SGD update step using a scale factor to achieve fair
resource allocation among heterogeneous clients. The FedMA Wang et all (Z020) method, derived
from AFL Mohrief-all (Z019) and PFNM [Yurochkin ef-all (2019), demonstrated that permutations
of layers could affect the parameter aggregation results, and proposed a layer-wise parameter-
permutation aggregation method to solve the problem. The FedDyn Acar_ef all (Z021) method
proposed a dynamic regularizer for each client at each round of aggregation, so that different models
are aligned to alleviate the inconsistency between local loss and global loss.
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Several works focused on optimizing federated learning under non-IID data. Zhao et al. used
the earth mover’s distance (EMD) to quantify data heterogeneity and proposed to use globally
shared data for training to deal with non-1ID Zhao ef all (ZOIR). The RNN-based method Ii-ef all
(20T9) adopted a meta-learning method to learn a new gradient from the received gradients and
then applied it to update the global model. FedProx LCi_ef-all (20204) modified FedAvg by adding a
heterogeneity bound on local datasets and a proximal term on the local model parameter to tackle
heterogeneity. FedBN Liefall (Z02T) suggested keeping the local Batch Normalization parameters
not synchronized with the global model to mitigate feature shifts in non-IID data. FedGN Hsieh ef al

(2020) replaced Batch Normalization with Group Normalization to avoids the accuracy loss induced
by the skewed distribution of data labels. Yang et al. provided theoretical evidence on linear speedup
for convergence of FedAvg under non-IID datasets with partial worker participation [Yang et all
(P0771). The federated cluster learning Chen“ef all (207201) Xie'ef all (2020) GGhosh'ef all (20720) Dnan
efall (Z020) partitioned clients into clusters to address data heterogeneity, and aggregated different
models for different clusters. For example, IFCA Ghosh“ef-all (Z020) alternately estimated the
cluster identities of the clients and optimized the model parameters for the clusters via gradient
descent. FedGroup Dnan"efall (2020) grouped the clients based on the similarities between their
optimization directions to improve training efficiency. The personalized federated learning Smifh
ef-all (P0T7) Khodak“ef-all (0T9) Ciang et all (0200) Peng et al] (Z021) further adopted multi-task
learning and meta-learning to train personalized model for individual client. Different from clustered
FL and personalized FL that form multiple personalized models, our work focus on training a single
global model from heterogeneous clients. We propose a novel data agnostic fusion with variational
inference to optimize the model aggregation process in federated learning under non-1ID conditions,
which has not yet been addressed in the literature.

3  FORMULATION OF FEDERATED LEARNING WITH DISTRIBUTION FUSION

We consider the following federated learning scenario with non-1ID data. We assume there are K
clients involved in the learning system, and Dy, (k = 1,--- , K) indicates the data distribution of
the kth client. The learning process repeats for multiple communication rounds. At the beginning
of each round, each client downloads a learning model from the global server, and trains the model
individually with its local data to minimize the local loss, i.e., min £(w, D) (k = 1,--- , K) where
L(+) is the loss function and w is the earnable model parameters. The optimal local model of the
kth client is given by:

wj, = arg min L(w, D). (1)

wew

After receiving model parameters wy from local clients, with D to be global distribution of all Dy,
the optimal global model in the server is given by: 5
w" = arg min £(w = aggr(wi, -+ ,wx), D), 2)
weE

where aggr(wi,--- ,Wy) is the strategy of the server to aggregate local models into a global
model. Conventionally, the aggregation strategies are typically in the form of averaging or weighted-
averaging in McMahan ef-all (2017) Cief-all (200204) Wang et all (Z020) Ciefall (Z020R) Dnan_ef all
(2020) Ghosh“efall (2020), etc. In this paper, we explore a distribution fusion method to derive the
optimal model aggregation strategy.

Since both local data and their distributions are unknown to the server, we model the target global
distribution D as a fusion of the distributions with M (M < K) virtual components (M can be
adaptively learned from the task): D = 2%21 TmDm, where D,, (m = 1,--- M) is the
mth virtual distribution component and Z%zl m, = 1 are the fusion weights. With the above
model, each client’s data distribution Dy, can be allocated into several of the M components in
{D1,...,Dp}. To formally describe the distribution fusion, we introduce a distribution allocation
vector cy, that is defined as a zero-one vector ¢, = [cgm|m = 1,- -, M|, where ¢k, = 1 if the data
of the kth client can be allocated to the mth virtual distribution component and otherwise cy,,, = 0.
And by, = P(ckm = 1|Dy) is normalized conditional probability of how much Dy, been allocated
to mth virtual component. With such notation, we consider allocating the distribution of K clients’
data distributions to M virtual components as a probability event, and the distribution fusion model

can be described as:
. M K M
D= Zﬂ—mzbkm’ckm"l)ka s.t., Zbkmzl. 3)
k=1

m=1 m=1



Under review as a conference paper at ICLR 2022

Based on Eq. B, the objective of model aggregation in Eq. @ can be formulated as the following
optimization problem:

M K K M
(7*,c*,b") = arg min L'(Z Tm Zbkm - Chm -Wk,@), s.t., Zﬂ'k =1, Z bm = 1. (4)
k=1 m=1

m,c,b
m=1 k=1

The minimization problem in above formulation can be understood as finding the optimal fusion
parameters 7, ¢ and b to maximize the probability of allocating the clients’ data distribution to
the most probable virtual distribution components, so that the expected global loss over the target
distribution is minimized. Notice that in an extreme condition where the data are IID among all
clients, the number of virtual components M = 1 and the objective in Eq. (B) equals to simple
averaging, which makes the classical FedAvg McMahan et all (20177) a special case of our model.

Next, we derive the solution of the optimization problem with a variational inference method.

4 DATA-AGNOSTIC DISTRIBUTION FUSION BASED ON VARIATIONAL
INFERENCE

Since local datasets are only accessible by their owners in federated learning for privacy protection,
the local distributions Dy, --- , Dk are unknown to the server, making derivation of target
distribution D difficult. To confront this challenge, we propose a novel idea to use limited statistical
information during model aggregation to approximate the optimal distribution fusion parameters.

In each communication round of federated learning, the clients will update their model parameters
based on local data and report the updated models to the server for model aggregation. Although the
private data is unknown, there are some statistical information embedded in the reported model
parameters which can be used by the server to infer the local distributions. For example, in a
DNN model, the statistical information can be extracted from the normalization layers such as batch
normalization [offe & Szegedy (Z019), layer normalization Ba“ef-all (Z016), instance normalization
Ulyanov et all (P016), and group normalization Wiu_& He (P0018), which typically contain the
following statistical variables:

® [1;,,0: the means and standard deviations of the feature maps (the outputs of intermediate
layers) of the kth client’s DNN model.

) Bk, i the shifted means and scaled standard deviations [otte & Szegedy (P013) of the
feature maps of the kth client’s DNN model.

We use dy, = {fig, 0%, ﬁk, 41} to denote the observed statistical variable of the kth client. Since
the real distribution Dy, is unknown, we can approximate the objective in Eq. (B) by maximizing the
probability of distribution allocation given the observed models’ statistical information, which can
be expressed as:

M K
(7*,c*,b*) = arg min [Z(Z T, Zbk’m - Chm, 'Wk,&),
meb ISl k=
K M )
S.t., b, = P(Ckm = 1|dk), Zﬁk =1, Z bm = 1.
k=1 m=1

Hence we convert a data-dependent optimization problem into a data-agnostic problem based on
observable statistical variables to the server. Notice that the proposed method exchanges exactly
the same information between server and clients as conventional FedAvg McMahan ef all (Z017),
which will not violate privacy protection in federated learning. Next, we introduce a variational
autoencoder method to derive the optimal model parameters.

4.1 VARIATIONAL AUTOENCODER

Since the probabilities in Eq. (B) are hard to be expressed in mathematical form, we adopt a
variational autoencoder (VAE) method to derive the optimal parameters m,, and c; of the fusion
based on variational inference. The plate notions of the VAE are shown in Fig. 0.

ec; € {0, 1}M is a zero-one vector representing distribution allocation, where cy,,, = 1 represents
allocating the distribution of the kth client to the mth virtual component. We assume that c; is
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sampled from a Bernoulli distribution which is parameterized by Ay, = {A\gsm|m =1,--- , M}, and
A is sampled from a Beta distribution Beta (¢, K, ) Which is parameterized by i, K-

e by = {bpm, € (0,)jm =1,--- ,M},Z%Zl brm = 1, where by, represents the allocation
weight of the kth client to mth virtual component, and the sum of weights is 1. We assume that by,
is sampled from a Gaussian prior distribution N (¢, G, ) which is parameterized by v,,, and g,,,.

0z, — 2%:1 bim - Zm 1s a latent variable used by the decoder 6 to reconstruct the observed dy,

where © is the inner product of two vectors, and z; means the sampled latent vector from every
allocated distribution for kth client from the Gaussian prior distribution N (v,,,,s,,)-

As illustrated in Fig. 0, the parameters of
Beta(Cm, Km)s N Um, sm) and N(v,,,s.,) can - 0
be inferred with an variational encoder ¢ T
based on /the/ observed information dj, i.e., ’ - !
{Vmagmaymvcmvavam} = d)(dk) In the ,’/ @ H @ :
meanwhile, the variables of by, and z,,, are used ‘ @ ‘
to compute a latent variable zj, which is further ! ;
fed to a decoder 0 to reconstruct the observed data '@ v
d;, with nonlinear transformation. By optimizing @ - -

the parameters of the encoder-decoder, the optimal

allocation vector c;, and the weight vector by, can

be derived, which can be further used to derived the @

fusion weights 7, .

The details of allocation encoder-decoder are
explained as follows. As z,, is not related with
allocation, we will not discuss here.

. M) o}

Encoder: As shown in Fig. [, in order to infer the  Fjgure 1: The variational Bayesian autoencoder
latent vector Zp, WE should derive the variational using p]ate notations, where ¢ and O are g]oba]
posterior ¢g¢(Ag,Cx,br). We employ a multi- variables representing the encoder’s parameters and
head nonlinear model to infer the approximation the decoder’s parameters respectively.

of true posterior p(Ag, €, bg|dg) with variational

posteriors, and apply the stochastic gradient variational Bayes (SGVB) Kingma & Welling (2014)
algorithm to learn the model.

From Fig. I we know that variables in variational posterior are conditionally independent with
the priori p(dx). So we can decouple the variables as: g4(X,c,b) = Hkl,(zl H%zl 9o (bim) -
4 (Com|Akm) - 4o (Akm), Where the variational posterior distributions Nalisnick & Smyth (2017)
can be derived by:

q¢(bk‘) ~ N(vagm)’
g (M) ~ Beta(m, Km),

M (6)
go(ck) ~ Bernoulli( H Ak )-

m=1

Decoder: The decoder 0 takes the latent variable zj, as input to reconstruct the original observed data.
According to Fig. [, the derivation of zj, relies on three variables by, Ak, and ¢, whose variational
posteriors are Gaussian, Beta, and Bernoulli distribution accordingly, as shown in Eq. (H). We infer
the three latent variables as follows.

Since the posterior of by, is a Gaussian distribution with differentiable Monte Carlo expectations, it
can be easily inferred with the Stochastic Gradient Variational Bayes (SGVB) estimator Kingma &
Welling (20T14).

The posterior of A is a Beta distribution, which is hard to be inferred with conventional variational
inference algorithms. We approximate the posterior Beta with the Kumaraswamy distribution
Nalisnick & Smyth (20T7); Kumaraswamy (T980), a two-parameter continuous distribution also
on the unit interval with a density function defined as:

Kumaraswamy(z; Cx, ki) = Crrpast 1 (1 — z¢%)=r—1, @)
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where (;, and Ky are parameters of the distribution. It was proved that the Kumaraswamy
approaches to the Beta albeit with high entropy, and it satisfies the differentiable and non-centered
parameterization (DNCP) property with its closed-form inverse CDF Nalisnick & Smyth (Z017).
Therefore the samples of Ay can be drawn via the inverse transform of Kumaraswamy:

A ~ (1 — €75 )3 | where € ~ Uniform(0,1). ®)

For the zero-one vector ¢, we reparameterize it with the Beta distribution as in Eq. (B). Using the
Gumbel-Max trick to draw samples cj, from a Bernoulli distribution with binary probabilities Jang
ef all (ZOI7), we have: 9

Cpm = arg max(gl + log H Aki)s 9

where gi is an IID sample drawn from Gumbel (0, 1). After der1v1ng by, and c and sampling latent
vector zj, from every component which client k£ been allocated, we can compute the latent variable

z;, with z;, = an 1 Ykm - Zm. Then we use z;, to reconstruct the original observed data dj with
pe(fik, Ok, Bk, Yk|Zk). The decoder 8 can be parameterized by using a deep neural network to learn
the model.
To derive the component weight m,,,, we use a variant of the EM algorithm Dempster et al] (T977)
with a softmax function:
K
exp(% Zkzl (I¢>(Ckm) “brm)

M K :

D m=1 eXp(% 2 k=1 49 (Ckm) * brm)

4.2 OPTIMIZING THE VARIATIONAL AUTOENCODER

(10)

T —

We optimize the proposed variational autoencoder as follows. The dashed lines in Fig. [ denote
the generative model pg(z)pe(di|zr), and the solid lines denote the variational approximation
¢¢(2zr|dy) to the intractable posterior pg(zy|dy). We approximate pg(zy|dx) with ¢4(zx|d) by
minimizing their KL-divergence Joyceg (Z011):

", 0" ZGTQIg{i{lDKL(%(ZHdk) || po(zx|dk)).- (an

To derive the optimal value of the parameters ¢ and 8, we compute the marginal likelihood of dj:

pe(Zk,dk)}
q¢(zk|dk)
where the first term is the KL-divergence of the approximate distribution and the posterior

distribution; and the second term is called the ELBO (Evidence Lower BOund) on the marginal
likelihood of the k-th client’s dataset.

log p(dy) = D r.(q(zx|dr) || pe(zrldr)) + Eq, (2, 1d,) {log (12)

Since logp(dg) is non-negative, the minimization problem of Eq. (W) can be converted to
maximizing the corresponding ELBO. To solve the problem, we change the form of ELBO as:

7, d Z
“)} — gy ar i) [Zog pla) )}+Eq¢<zkldk>[logpe<dk|zk>1. (13

E Iy {log _—
q¢(zk|dk) Q¢(Zk|dk) Q¢(Zk|dk
Encoder Decoder

The above form is a variational encoder-decoder structure: the model g4 (zx|dx) can be viewed as a
probabilistic encoder that given an observed statistics dy, it produces a distribution over the possible
values of the latent variable z;; The model pg (sk|z) can be refered to as a probabilistic decoder that
reconstructs the value of d; based on the latent variable zj. According to the theory of variational
inference Kingma & Welling (Z014)), the problem in Eq. (I3) can be solved with the SGD method
using a nonlinear deep neural network (DNN) to optimize the mean squared error loss function. The
overall FedDAF model aggregation process is summarized in Algorithm .

5 EXPERIMENTS

In this section, we evaluate the performance of the proposed FedDAF method for federated learning.

5.1 EXPERIMENTAL SETUP

Implementation: We implement the proposed FedDAF algorithm and the considered baselines in
PyTorch Paszke efall (20019). We train the models in a simulated federated learning environment
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Algorithm 1: The FedDAF model aggregation algorithm.

Initialize wP.

for each communication roundt =0,1,...,T — 1 do
wit! := the model received from client k

dy = (fur, 6%, Br, Ax) // statical info from client k
/I Periodically conduct the following variational inference process:
repeat

Inference K, €5 Vs Sms I/,;n and c;ﬂ based on encoder ¢

b, Ak, ci := sampling from distributions with Eq. B, 8, 8

Zp = sampling from NV (v, ., )

M ~

Zi = 1 bem - Zm

Recover zy to dy based on decoder € with Eq. [3
until VAE converge;
witl =M ST bk - G - WETL // model aggregation
broadcast wi*t! to all clients

consisting of one server and a set of mobile clients with wireless network connections. Unless
explicitly specified, the default number of clients is 50, and the learning rate 5 = 0.01. We conduct
experiments on a GPU-equipped personal computer (CPU: Intel Core 17-8700 3.2GHz, GPU: Nvidia
GeForce RTX 2070, Memory: 32GB DDR4 2666MHz, and OS: 64-bit Ubuntu 16.04).

Models and datasets: Our experiments are based on 5 mainstream deep neural network models:
ResNet18 He“ef—all (P0TA), LeNet LCecin_ef all (IY98), DenseNetl21 Huang et al] (Z017),
MobileNetV?2 Sandler ef all (Z01X), and BiLSTM.

We use 4 real world datasets: MNIST CeCun_efall (P011), Fashion-MNIST Xiao“ef all (20017),
CIFAR-10 Krizhevsky (2Z00Y), and Sentiment140 Go“efall (2009). MNIST is a dataset for hand
written digits classification with 60000 samples of 28 x 28 greyscale image. Fashion-MNIST is an
extended version of MNIST for benchmarking machine learning algorithms. CIFAR-10 is a large
image dataset with 10 categories, each of which has 6000 samples of size 32x32. Sentiment140 is
a natural language process dataset containing 1,600,000 extracted tweets annotated in scale O to 4
for sentiment detection.

We generate non-IID data partition according to the work McMahan ef all (20177). For each dataset,
we use 80% as training dada to form non-IID local datasets as follows. We sort the data by their
labels and divide each class into 200 shards. Each client draw samples from the shards to form
a local dataset with probability pr(z) = { 7\/%0[.%” 11])’, iﬁefwcilsfsj ’ It means that the client
draws samples from a particular class j with a fixed probability 1, and from other classes based on a
Gaussian distribution. The larger 7 is, the more likely the samples concentrate on a particular class,
and the more heterogeneous the datasets are. By default we set n = 0.5.

3.0 25 3.5 A

—#- FedAvg —m- FedAvg —#- FedAvg 3.047 —#- FedAvg
FedProx FedProx FedProx FedProx
251y Fed-GN 20 Fed-GN 3.0 Fed-GN { Fed-GN
“ -&- FedMA : -k- FedMA & -&- FedMA 2.5 —&- FedMA
w207\ —e— FedDMM " —e— FedDMM w25 u —e— FedDMM o i —o— FedDMM
8 | g »- R k|
) 15 T
5 \ ey, 2.0
"
1.0 1.0 NV 15
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 “ o 25 50 75 100
Comm. Rounds Comm. Rounds Comm. Rounds Comm. Rounds
(@ (b) © (@)

Figure 2: Convergence of different algorithms. (a) ResNet18 on CIFAR10, (b) DenseNet121 on CIFAR10, (c)
MobileNetV2 on CIFAR10, (d) BiLSTM on Sent140.
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Figure 3: Training efficiency of different algorithms. (a) ResNet18 on CIFAR-10, (b) DenseNet121 on CIFAR-
10, (c) MobileNetV2 on CIFAR-10, (d) BiLSTM on Sent140.

5.2 PERFORMANCE COMPARISON

We compare the performance of FedDAF with 4 state-of-the-art methods: FedAvg McMahan ef al
(P0177), FedProx Cicefall (2020a), Fed-GN Hsiehef all (200200), and FedMA Wang et all (Z020). The

results are analyzed as follows.

Convergence: In this experiment, we study the convergence of the compared algorithms by showing
the total communication epochs versus train loss. Fig. [ shows the convergence of different
algorithms for different models on different datasets. It is shown that the loss of all algorithms
tends to be stable after a number of communication rounds. Clearly, FedDAF has the lowest loss,
and converges the fastest among all algorithms.

Training Efficiency: In this experiment, we study the test accuracy versus time during the training
of a DNN model with federated learning. Fig. B shown the results of training different models on
different datasets. It is shown that FedDAF trains much faster than the baseline algorithms, and it
reaches higher accuracy in a shorter period.

D X 06 0.6 0.6
’ 0.4 , 0.4
0.2 a 0.2 a 0.2

0.0 0.0 0.0

(@) () (©) (d)
Figure 4: Visualization of data distribution (only a subset of the original data is illustrated). (a) the original
distribution of MNIST, (b) the inferred distribution of MNIST with FedDAF, (c) the original distribution of
CIFAR-10, (d) the inferred distribution of CIFAR-10 with FedDAF.

Visualization of Data Distribution: To intuitively illustrate how well the proposed FedDAF can
approximate the original data distribution, we use t-SNE kan_der Maafen & Hinfor (Z008) to
visualize the original distribution of MNIST and CIFAR-10 and the distribution fusion inferred with
the proposed VAE. The results are shown in Fig. B. According to the figure, the inferred distribution
fusion looks very close to the original distribution, which implies that the federated server can well
approximate the distribution parameters without accessing to local data.

1.2 1.2 08515 0.9 T
7= FedDMM FedProx 7<) FedDMM FedProx 4 ~o
1.0{ &3 Fedma Fed-GN 1.04 &2 Fedma Fed-GN LIS 0.8 103N TR
9 Fedavg 9 FedAvg 3075 \\*q\ > Tag
; 8 3
0.8 0.8 £ L ) So $ So7 21
<06 <06 b g & s g N »
= I I\ = G 0651 g reapmm \\x 12 0.6 @~ FedDMM S
0.4 I 0.4 L £ 1 .9 ~A~ FedMA g A= FedMA ~
: N 5 ui; ) #  FedAvg 0.5] ® FedAvg N'S
| | 0.55 FedProx w : FedProx
0.2 0.2 Fed-GN Fed-GN
‘ | l 0.4 |
0.0 " T 0.0 r T ™ T 0 0.5 1.0 20 50 100
u H o B Y n # Clients
(b) Figure 6: Test accu- Figure 7: Test accu-

racy with different hetero- racy with different num-
Figure 5: Comparison of parameter bias. (a) geneity 7 (ResNetl8 on ber of clients (ResNet!8
ResNet18 on CIFAR-10, (b) BiILSTM on Sent140. CIFAR-10). on CIFAR-10).



Under review as a conference paper at ICLR 2022

Bias of Model Parameters: To show the power of the proposed VAE method for parameter
optimization, we calculate the mean absolute error (MAE) of the statistical parameters

(frg, Ok, Bk, “i) compared to a centrally-trained model based on global dataset, and the results
are illustrated in Fig. and Fig. p(b). It is shown that FedDAF has a much lower bias in the
statistical parameters than that of the other algorithms, which means that FedDAF provides a better
approximation to the global data distribution.

Table 1: Comparison of average test accuracy on non-IID datasets.

Dataset CIFAR-10 FMNIST MNIST Sent140
Model ResNetl8 [ DenseNetl2l | MobileNetV2 LeNet LeNet BILSTM

FedAvg 68.78 (£ 0.89) | 63.33 (£ 0.67) | 54.69 (+3.92) | 79.20 (£ 1.15) | 97.32 (£ 0.04) | 58.33 (£ 2.03)
FedProx | 70.18 (£ 0.45) | 66.85 (£ 0.93) | 55.03 (£ 2.77) | 80.03 (& 0.98) | 97.55 (£ 0.02) | 59.73 (£ 1.38)
Fed-GN | 72.57 (£ 0.78) | 70.02 (& 1.36) | 56.43 (£ 1.92) | 81.11 (£ 0.74) | 97.88 (£ 0.02) | 63.41 (£ 1.94)
FedMA 73.43 (£ 1.03) | 70.13 (£ 1.71) | 59.61 (£ 2.01) | 81.02 (£ 1.35) | 98.06 (£ 0.03) | 60.86 (& 2.42)
FeSEM 67.78 (£ 2.58) | 62.65 (£ 0.82) | 53.82 (£ 3.69) | 78.18 (£ 1.45) | 96.24 (= 0.17) | 59.57 (+ 3.41)
IFCA 73.04 (£ 1.45) | 70.85 (£2.03) | 58.93 (£2.45) | 80.82 (£ 1.29) | 97.09 (£ 0.11) | 60.82 (+2.74)
FedCluster | 72.57 (£ 0.78) | 68.77 (£ 1.38) | 58.18 (£ 1.22) | 79.11 (£ 0.74) | 97.88 (£ 0.02) | 63.41 (+ 1.94)
FedGroup | 74.38 (£ 1.92) | 71.63 (£ 0.74) | 59.86 (£ 2.09) | 81.32 (£ 2.07) | 97.37 (£ 0.61) | 63.61 (& 3.26)
FedDAF | 81.26 (£0.82) | 75.92 (£ 1.25) | 62.88 (£ 1.21) | 83.16 (£ 0.74) | 98.49 (£ 0.04) | 67.51 (£ 1.71)

Global Model Accuracy: In this experiment, we compare the global model accuracy of different
federated parameter aggregation algorithms after training to converge. For thorough comparison,
we include 4 clustered and personalized FL algorithms FeSEM KXie'ef all (202(]), IFCA Ghosh ef all
(2020), FedCluster Chen_ef-all (2020), and FedGroup Dnan_ef-all (2020) as additional baselines.
Since clustered and personalized FL methods output multiple models, we show the average results
of those models. We repeat each experiment for 20 rounds and show the average performance in
Table M. Comparing the global model accuracy of different federated learning methods, FedDAF
significantly outperforms the other algorithms for all DNN models. It outperforms FedMA by
7.83%, 5.79%, and 3.27% for accuracy in ResNet18, DenseNet121, and MobileNetV2 respectively
on CIFAR-10; achieves 2.14% improvement in LeNet on F-MNIST; 0.37% improvement in LeNet
on MNIST; and 6.65% improvement in BiLSTM on Sent140 accordingly. Compared to FedAvg,
the performance improvement of FedDAF is significant, which achieves up to 12.59% higher in
DenseNet121 on CIFAR-10. In comparison to clustered/personalized FL, FedDAF outperforms the
state-of-the-art method FedGroup by 6.88%, 1.84%, 1.12%, and 3.90% separately in the 4 datasets.
In summary, FedDAF achieves the highest accuracy among all baseline algorithms.

Hyperparameter Analysis: We further analyze the influence of two hyperparameters: the
heterogeneity of local datasets and the number of clients involved.

The heterogeneity of local datasets is represented by 7, the probability that a client tends to sample
from a particular class. The more 1 approaches to 1, the more heterogeneous the local datasets
are. Fig. B shows the test accuracy under different levels of heterogeneity. As 7 increases, the test
accuracy of all models decreases. FedDAF yields the highest test accuracy and slowest performance
drop among all compared algorithms, which shows more robust against 7.

Fig. @@ compares the test accuracy of the global model for a different numbers of involved clients.
When the number of clients increases from 20 to 100, the accuracy of FedDAF decreases much
slower than that of the baselines, and it achieves the highest test accuracy among all compared
federated learning algorithms in all cases.

6 CONCLUSION

Developing efficient model aggregation methods against the performance drop in non-IID data is
a key research problem in federated learning. In this paper, we proposed a novel data agnostic
fusion called FedDAF to optimize federated learning with data heterogeneity. In the proposed
method, each client minimized their local model the same as conventional federated learning, and
the server aggregated the local models by allocating the clients’ data distributions into several
virtual components with different mixture weights. The optimal parameters of the distribution
fusion federated learning model were derived by a variational autoencoder (VAE) method. Based on
variational inference, an efficient algorithm was proposed to optimize federated learning on non-IID
data by solving a probabilistic maximization problem. Extensive experiments showed that FedDAF
significantly outperforms the state-of-the-art on a variety of federated learning scenarios.
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