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ABSTRACT

Personalized Federated Learning (PFL) aims to train machine learning models on decentralized,
heterogeneous data while preserving user privacy. This research survey examines the core communi-
cation challenges in PFL and evaluates optimization strategies to address key issues, including data
heterogeneity, high communication costs, model drift, privacy vulnerabilities, and device variabil-
ity. We provide a comprehensive analysis of key communication optimization techniques; Model
Compression, Differential Privacy, Client Selection, Asynchronous Updates, Gradient Compression,
and Model Caching, by their efficiency and effectiveness under diverse PFL conditions. Our study
quantitatively compares these methods, identifies limitations, and proposes enhanced strategies to
improve communication efficiency, reduce latency, and maintain model accuracy. This research
delivers actionable insights for optimizing PFL. communication, enhancing both model performance
and privacy safeguards. Overall, this work serves as a valuable resource for researchers and practi-
tioners, offering practical guidance on leveraging advanced communication techniques to drive PFL

improvements and highlighting promising directions for future research.

1. Introduction

Personalized federated learning (PFL) is a subset of fed-
erated learning (FL) that aims to develop machine learning
models that are customized to the unique characteristics and
preferences of individual devices or users within a federated
network. In PFL, an initial global model is trained on a
central server and serves as a shared starting point for all
clients. Each client then fine-tunes this global model using
its local data, thus creating a personalized model that reflects
its specific data distribution and user preferences. This ap-
proach preserves data privacy while leveraging the collective
knowledge and experiences of all clients. This interest is
fueled by the growing necessity to tailor global models to
individual user preferences while ensuring privacy, espe-
cially in domains such as healthcare, finance, and mobile
applications [1, 2, 3, 4, 5]. Despite its promise, PFL remains
an emerging research area, necessitating a thorough survey
to evaluate the current state of the art, identify challenges,
and suggest future research directions. This survey aims to
enhance the understanding of PFL and its potential research
areas, particularly concerning communication optimization.

Bhosle & Musande [6] emphasizes the effectiveness of
CNN in character and digit recognition tasks, achieving
high accuracy levels. They highlighted how CNN-based
approaches, which handle both structured and unstructured
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data effectively, can inspire communication-efficient PFL
models, particularly for resource-constrained devices. Sun
et al. [7] introduced a GNN-DCGAN model to predict ice
resistance in polar ship navigation, demonstrating improved
accuracy through data augmentation and graph neural net-
works. Song et al. [8] proposed a dual-population evolution-
ary algorithm that outperforms traditional optimization tech-
niques in maintaining diversity and convergence. This work
provides insights into multi-objective optimization, which
relates to optimizing client selection and communication
strategies in PFL to balance resource utilization and model
performance.

Akande et al. [9] explored how deep learning models
can improve the accuracy and efficiency of computer-aided
engineering simulations for vehicle wheels. The study by
Chai et al. explored a multi-objective evolutionary algo-
rithm (MOEA/D) to enhance communication efficiency in
FL. This method focused on optimizing the structure of
the global model, thereby achieving efficient evolution in
neural networks, which ultimately reduces communication
overhead without sacrificing accuracy. The authors con-
firmed that MOEA/D outperformed traditional algorithms
like NSGA-II by achieving faster convergence and better
scalability for model structure optimization [10]. To address
the issues of personalization in FL, Fan et al. introduced
MiniPFL, a hierarchical model that leverages a two-layered
approach to balance client heterogeneity. MiniPFL decom-
poses FL into shallow and deep layers, with each layer
holding common and personalized information, respectively.
Experimental results indicate that MiniPFL reduces com-
munication rounds by up to 30% while enhancing model
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accuracy by 2.7% on various datasets, including CIFAR-10
and Tiny-Imagenet [11].

In addressing the statistical heterogeneity among clients,
Tu et al. proposed a PFL method, pFedLT, that incorporates
meta-learning strategies and layer-wise feature transforma-
tions. This approach utilizes scaling and shifting operations
to capture client-specific data distributions, significantly im-
proving accuracy and reducing communication costs under
non-IID settings [12]. The practical integration of FL with
edge computing has been advanced by Song et al. with their
personalized federated deep reinforcement learning (PF-
DRL) model. This model adapts deep reinforcement learn-
ing for trajectory optimization in multi-UAV systems, ensur-
ing robust performance in heterogeneous environments. The
authors reported that PF-DRL offers improved convergence
rates and higher service quality for edge-based applications
compared to traditional methods [13].

In order to improve the efficiency of client communi-
cation in FL, Wu et al. developed an adaptive client and
communication optimization algorithm. This solution dy-
namically adjusts client selection and communication in-
tervals based on runtime data, effectively reducing conver-
gence time for FL. models and enhancing their scalability
[14]. Meanwhile, Wu et al. proposed FedKD, a knowledge
distillation-based FL. model, which employs gradient com-
pression and mutual knowledge distillation to cut down
on communication costs by nearly 95%, while maintaining
performance comparable to centralized learning [15]. To
address issues of resource limitations in edge FL, Yuan et
al. proposed a lightweight FL. model that utilizes pruning and
masking techniques to optimize communication and compu-
tation costs. This approach allows for efficient deployment
on edge devices and improves model accuracy by 9.36% over
state-of-the-art techniques [16].

In the domain of wireless networks, Fan et al. intro-
duced a PFL model that allocates local fine-tuning learning
rates and optimizes communication resources, leading to a
faster convergence and improved accuracy in wireless en-
vironments [17]. Complementing these efforts, Wang et al.
proposed a self-knowledge distillation framework tailored
for digital twins in Industrial IoT. This model addresses
the challenges posed by heterogeneous industrial data and
mitigates issues of historical knowledge forgetting, enabling
high performance in digital twin applications [18]. Another
critical area of FL research focuses on optimizing commu-
nication pathways to reduce latency and unnecessary model
updates. Traditional FL systems, relying on cloud servers,
often encounter high transmission delays when handling
concurrent client updates, leading to inefficiencies. Wang et
al. address this by introducing an edge-based communica-
tion framework that employs mobile edge nodes to act as
communication hubs, thereby reducing the load on central
servers. The framework also employs cosine similarity to
filter out unnecessary model updates, achieving significant
reductions in communication costs and faster convergence
rates [19].

PFL has been proposed to address the varying data
distributions across clients, yet many PFL algorithms suffer
from negative knowledge transfer and high communication
costs. To tackle these limitations, Wu et al. propose the
FEDORA framework, which reframes PFL as a privacy-
preserving transfer learning problem. The FEDORA frame-
work incorporates adaptive parameter propagation based on
client task similarity and selective regularization, effectively
enhancing generalization and reducing communication costs
by preventing negative knowledge transfer [20].

In this survey, we offer a detailed overview of commu-
nication optimization strategies in PFL, encompassing their
definitions, algorithms, architectures, challenges, and future
research directions. We begin by introducing the fundamen-
tal concepts of personalization, followed by a discussion of
various communication optimization techniques, focusing
on their architectures and communication methods. We em-
phasize future directions and open research questions in PFL
strategies. Finally, we summarize the key contributions and
limitations of existing PFL research and propose directions
for future studies. We believe this survey will be a valuable
resource for researchers and practitioners interested in PFL
and will help advance the state-of-the-art (SOTA) in this
exciting research field.

1.1. Definition of PFL

Figure 1 shows the basic architecture of PFL which is
a type of FL in which the goal is to train machine learning
models that are tailored to the individual characteristics of
each device or user in a federated network [21, 22]. Generally
in PFL, a global model is initially trained on a central server,
which serves as a starting point for all clients. Then, each
client further fine-tunes the global model using its local data,
while preserving the privacy of its data. As a result, the
global model is personalized for each client, based on its
unique data and preferences, while still benefiting from the
collective knowledge of all clients [23].
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Figure 1: Basic Personalized Federated Learning Architecture
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Figure 2: Communication process in PFL

Figure 2 shows the communication process of PFL,
following are the details of each step involved, especially the
communication steps shown in red:

Let, K be the total number of clients. .S, € {1,2,...,K}
be the subset of clients selected in round ¢. w§ represents the
local model weights of client i after local training in round ¢.
Aw = w - wgl bal is the model update (i.e., the difference
between the local model and the global model at round 7).
w’g lobal 1S the global model at round 7.

In each communication round ¢, a subset of clients .S, is
selected based on certain criteria such as availability, trust
level, or network bandwidth. The number of clients selected
is denoted as |.S,|.

Each selected client i € S, updates its local model w
using its local data D;. The update follows the optimization
of the client’s personalized objective:

witt = wt = VL, w!, D)) )

Where, # is the learning rate, and Li(wf,Di) is the loss
function for client i with respect to its local data D;.

After local training, each client sends its model update
Aw?, to the server. The communication cost is proportional
to the size of the model parameters, denoted by |Aw§ |, which
represents the number of parameters or bytes exchanged.

The total communication cost from the selected clients
to the server in round 7 is:

Céliem—server = Z |Aw§| (2)

i€s,

The server aggregates the model updates from the se-
lected clients. A common aggregation method is Federated
Averaging (FedAvg), where the global model is updated as
the weighted average of the client updates:

t+1 — !
wglobal - wglobal |S | 2 ALU &)
i€esS,;

This aggregation can also be weighted by the number of
local data points |D;| on each client, if the data sizes are
heterogeneous:

t+1 !

w global = wglobal

2 ID|Aw, (4

lGS' 1 i€sS,

Once the global model is updated, the server broadcasts

the updated global model wglrolbal to all or a subset of the

clients. The communication cost for broadcasting is given
by:
t — t+1
Cserver—client | global| ®)
The total communication cost per round ¢, considering
both client-to-server and server-to-client communication, is
the sum of both:
c' =C. +C! : ©6)

total — “client-server server-client

which expands to:

t+1
total Z |Aw | + lwgloball )
i€,

After receiving the global model, each client i personal-
izes the model further using its local data:

W = ]

r+1
i alobat — 1V Li(w D;) ®

global’
1.2. Motivations

Despite substantial progress in various applications, per-
sonalized federated learning (PFL) still faces several chal-
lenges. A primary concern is the increasing number of
edge servers participating in federated learning (FL), which
results in significant communication overheads in current
PFL methods [24]. These challenges are due to multiple
factors. In deep learning tasks typical of FL, model param-
eters can range from tens to hundreds of megabytes, and FL
training convergence often requires hundreds or thousands
of communication rounds. The frequent long-distance trans-
mission, global model aggregation, and backhaul of model
parameters collectively contribute to substantial communi-
cation overhead, limiting the scalability of PFL systems.
To overcome these challenges, it is essential to design PFL
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systems that emphasize communication efficiency and scal-
ability. Developing techniques that reduce communication
overhead while ensuring effective collaboration and conver-
gence in FL training processes is crucial [25, 26]. These
motivations underscore the need for a research survey on
communication architectures in PFL.

e Emerging Research Area: Personalized federated
learning (PFL) is an emerging research area, as this
field continues to evolve, there is a need to review
and analyze the existing communication optimization
strategies employed in PFL [4]. Our research survey
provides a timely and comprehensive analysis that fills
a gap in current literature by focusing specifically on
communication efficiency.

¢ Diverse Communication Optimization Approaches:

A wide range of communication optimization ap-
proaches and algorithms are employed in personalized
federated learning (PFL), such as model compression,
differential privacy, client selection, asynchronous
updates, gradient compression, and model caching.
A research survey can offer a thorough overview of
these approaches, detailing their strengths, limita-
tions, and applicability across various scenarios [27].
Our research survey is distinct in that it covers a
diverse set of communication techniques, providing
a comprehensive view of the current state of the art.

o Key Insights for Future Developments: A survey
can provide the existing gaps and challenges in com-
munication optimization strategies for personalized
federated learning (PFL). By recognizing the limita-
tions of current approaches, researchers can propose
new techniques and avenues for future development
[28, 29]. Our detailed analysis pinpoints key areas
for future research, fostering the innovation of more
efficient communication methods in PFL.

e Practical Implications: Personalized federated learn-
ing (PFL) has numerous applications in fields such as
healthcare, finance, and other domains where privacy
and personalization are critical. A research survey on
communication optimization strategies can offer valu-
able insights and guidelines for practitioners and poli-
cymakers to effectively implement PFL systems and
overcome potential communication challenges [30,
31, 32]. This research survey not only explores the-
oretical aspects but also provides practical guidelines
and algorithms for implementing these methods.

1.3. Contributions

There are several surveys that provide an overview of
the general concepts [33], methods, and applications of FL.
Some of them specifically delve into FL from the perspec-
tives of privacy [34], security [30] and robustness [35].
However, there is a lack of a comprehensive survey that
focuses specifically on models and communication architec-
tures in PFL. This survey aims to fill this gap in the current

literature on PFL. The main objective of this paper is to pro-
vide a systematic perspective i.e. characteristics, graphical
overview, algorithms used, advantages, disadvantages and
challenges in models and communication architectures in
PFL for the researchers. The contributions of this survey can
be summarized as follows:

e Comprehensive overview: This research survey of-
fers a comprehensive overview of the existing com-
munication optimization techniques used in person-
alized federated learning (PFL). It catalogs various
approaches, algorithms, and methods employed in the
field, providing researchers and practitioners with a
holistic understanding of the optimization landscape.

e Communication Architectures: This research sur-
vey explores communication architectures specifically
designed for personalized federated learning (PFL). In
PFL, communication challenges arise not only from
standard FL constraints (e.g., model size, bandwidth
limitations) but also due to the need for personaliza-
tion on the client side. Thus, we discuss approaches
such as model compression, differential privacy, client
selection, asynchronous updates, gradient compres-
sion, and model caching, all in the context of ensuring
efficient and scalable communication while enabling
client-specific model training.

o Identifying research gaps: By reviewing the liter-
ature, this survey identifies research gaps and open
challenges in the field of communication optimization
in personalized federated learning (PFL). These gaps
include unexplored optimization techniques, limited
evaluation on specific data types or applications, and
particular issues related to scalability, fairness, and
privacy.

e Inspiring future research: This research survey
inspires and stimulates further research in the field
by highlighting promising directions and emerging
trends. It proposes novel research avenues, such as hy-
brid optimization approaches, adaptive learning rate
scheduling, compression schemes, or personalized
aggregation methods.

In summary, this research survey contributes by providing
a comprehensive overview, classification of existing ap-
proaches in PFL for communication optimization. It also
identifies research gaps, offers guidelines, and inspires fu-
ture research directions. These contributions collectively
enhance the understanding, development, and application of
these strategies in PFL.

1.4. Structure of this Paper

Introduction: This section presents an overview of per-
sonalized federated learning (PFL), its basic architecture,
and algorithm. We discuss our motivation for conducting
this research survey and outline our contributions. Commu-
nication Models for Personalized Federated Learning:
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The main contributions of this survey include the classifi-
cation and analysis of existing research on PFL communi-
cation optimization techniques. This section provides the re-
search problem statement and and research questions. Then
in section; Communication Optimization Techniques we
provide detailed descriptions and algorithmic forms of each
technique, highlighting their advantages and applications.
Challenges and Open Research Directions: This section
discusses potential future directions for research in PFL and
identifies key challenges and limitations that need to be
addressed. Conclusion: This section summarizes the key
findings and contributions of the paper and discusses the
implications of the study for future research and practical
applications of PFL.

2. Communication Optimization Models for
Personalized Federated Learning

As referenced in the Introduction section, there is still
a gap of comprehensive reviews that assess communication
models within the context of personalized federated learning
(PFL). In response to this gap, we conducted a systematic
mapping review (SMR) with the aim of delineating the
prevailing research challenges and identifying discernible
voids, providing a comprehensive overview of the research
landscape in this domain. Owing to the limited depth of eval-
uation typically assigned to articles in practical application
of the SMR protocol, allowing for the potential inclusion of
a broader spectrum of articles, our initial approach involved
using the SMR methodology to elucidate the interaction
between the body of literature and pertinent categories,
ultimately revealing research gaps.

2.1. Research Questions
Following are the research questions we used for our
survey:

e RQ1: What are the communication optimization mod-
els in PFL?

e RQ2: What issues are addressed by these models and
what mechanisms are employed?

e RQ3: On the basis research survey and gaps identified,
which areas should be focused on?

The schematic representation of our review’s methodologi-
cal framework and proposed categorical schema is depicted
in Figure 3.

3. Communication Optimization Techniques

In this section, we classify research work related to com-
munication architectures in personalized federated learning
(PFL), as shown in Figure 3. In PFL, each client has its
own locally collected data, and the goal is to collaboratively
train a global model that can make accurate predictions for
each client’s specific needs. Communication optimization
techniques play a crucial role in improving the efficiency

—» Model Compression
p——— Differential Privacy

> Clicnt Sclection
PFL Communication

optimization techniques )
p——> Asynchronous Updates

——> Gradient Compression

L3 Madel Caching

Figure 3: Classification of Communication Optimization
Strategies in PFL

and effectiveness of PFL. Following sections discuss the
techniques used to optimize communication in PFL.

3.1. Model compression

A technique which plays a crucial role in PFL by reduc-
ing the size of the models and improving communication ef-
ficiency between the central server and participating clients.
By compressing the model, the amount of information trans-
mitted during communication is reduced, resulting in lower
latency and bandwidth requirements. Figure 4 shows model
compression and Algorithm 1 presents the working of model
compression in PFL.

Algorithm 1 Model Compression in PFL

Input(s): Global model M, Compression rate C
Output(s): Compressed global model M,
Algorithm:

ompressed

1: Initialization

2: while not converged do

Client Selection

4 for each selected client do

5 Receive M from server

6: Perform local model training using client data
7

8

hed

Compute local model update A M.,
: end for
9: Aggregate local model updates
10: Compress aggregated model update AM,
I1: Update global model M using AM oo cozted
12: end while
13: Compressed global model M t0 M ympressea With rate C

ggregated

Let, M be the global model, M, global model at iteration
t,AM 1]; cal is the local model update for client k, AM
is the aggregated model update across clients, AM ompressed
be the compressed aggregated update, L(M; D) the loss
function for client k on data D;, A be the regularization
parameter, S, be the set of selected clients at iteration f,
C(-,C) is compression function with rate C and 5 be the
learning rate.

Local Model Update (for client k using its data D, ):

aggregated

AMK

local

= argmin (LOM: DY + 21M - M,I7) )
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Aggregation of Local Updates:
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Compression of Aggregated Update (compression rate C):
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Global Model Update:
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Figure 4: An Example of Model Compression

Snowball [36] is a novel approach to compression-based
training within the realm of FL. The primary objective of
Snowball is to significantly reduce the energy consumption
associated with parameter transmission while maintaining
the global model’s accuracy. This is achieved through a
coarse-to-fine grained compression mechanism, which re-
duces the volume of data that needs to be communicated
between clients and server. By implementing such a mech-
anism, Snowball effectively optimizes the use of compu-
tational and communication resources. The framework’s
ability to maintain accuracy while reducing communica-
tion overhead exemplifies its potential in energy constrained
environments such as mobile or edge computing scenar-
ios. Personalized Sparsification with Element-wise Aggre-
gation for Federated Learning (FedPSE) [37] focuses on
enhancing FL performance on non-independent and iden-
tically distributed (non-IID) datasets through an innovative
element wise aggregation method. Traditional FL systems
often struggle with heterogeneous data distributions, which
can degrade model performance. FedPSE addresses this
challenge by performing aggregation at a more granular
level, ensuring that the communication costs are minimized
while the model’s performance on non-IID data is enhanced.
This element-wise approach reduces the data transmission
required and also ensures that the model updates are more

representative of the diverse data distributions across differ-
ent clients.

Table 1 shows the summary of contributions in PFL
communication optimization techniques using Model Com-
pression with respect to their main ideas and applica-
tions. Federated Learning for Multiple Personalized Tasks
(FedMPT) [41] is another technique, designed to optimize
personalized models for clients engaged in multiple tasks,
balancing the accuracy of each task with the efficiency of
communication. In FL, handling multiple tasks simultane-
ously while ensuring efficient communication is a significant
challenge. FedMPT tackles this by using regularization
techniques to balance the model accuracy for each task
against the overall communication costs. This personalized
approach allows clients to achieve high accuracy across
various tasks without adding excessive communication over-
head. By optimizing the trade-off between accuracy and
communication, FedMPT provides a solution which en-
hances the individual task performance and the overall
efficiency of the system.

Quantized Personalization via Distillation (QuPed) [44]
offers a dual-layer personalization strategy aimed at address-
ing both data heterogeneity and resource diversity among
clients in FL. This technique integrates model compression
with resource-efficient training methods to adapt models to
the unique data characteristics and computational capabili-
ties of each client. By focusing on these two critical aspects,
QuPed ensures that the FL process is both efficient and
scalable. The model compression aspect reduces the amount
of data that needs to be transmitted, while the resource-
efficient training methods ensure that even clients with lim-
ited computational resources can participate effectively. This
dual-layer approach makes QuPed a versatile and robust
solution for diverse FL environments.

Federated Learning for Non-intrusive load monitoring
(FedNILM) [45] addresses the challenge of data privacy in
F through the use of efficient model compression techniques
like filter pruning and multi-task learning. Additionally, it
employs unsupervised transfer learning to build personal-
ized models. This method is particularly effective for ap-
plications such as energy disaggregation, where accurate
and personalized model predictions are necessary without
compromising user privacy. By combining these techniques,
FedNILM not only preserves privacy but also reduces the
communication overhead, making the learning process more
efficient. The integration of filter pruning and multi-task
learning ensures that the model remains lightweight and ca-
pable of handling multiple tasks simultaneously, further en-
hancing its applicability in privacy-sensitive environments.

FedSUMM [49] introduces a dynamic gradient adapter
designed to provide locally tailored parameters for individu-
alized models at the client level. This technique accelerates
model convergence by dynamically adjusting gradients to
better fit local data distributions. By tailoring the gradients
to the specific characteristics of the local data, FedSUMM
ensures that each client’s model updates are more effective,
leading to faster overall convergence. This approach not only
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Table 1

Summary of contributions in PFL Communication Optimization Techniques using Model Compression

Technique(s) Main Idea/Contribution Dataset(s) Clients o munication Acc;racy
Rounds (%)

Snowball [36] A novel compression-based training framework ET\ls:ZlEnigﬂl\égST (8] 60 500 g;gg
for FL, to reduce the energy consumption of -10 [39] '
parameter transmission.

FedPSE [37] An element-wise aggregation method to enhance ::l\jlsggn:glNIST 100 300 Sg;g
performance on non-IID datasets while reducing [40] '
communication costs.

FedMPT [41] Optimizing personalized models for clients with EAUItI_MNIST [+2] 75 10 and 5 89.1

- - elebA [43] 90.8
multiple tasks, balancing both the accuracy of
each task and the communication efficiency.

QuPed [44] Dual'—layer personalizat'ion for both data hetero- EIIEFGIF\Iz]éE)F 50, 66 250 316121
geneity and resource diversity.

REFIT [46]

FedNILM [45] Realized data privacy-preserving through FL, UK-DALE [47] 6 - -
efficient model compression via filter pruning REDD [48]
and multi-task learning, and personalized model
building by unsupervised transfer learning.

CSL [50] 48.0
CLTS [51] 49.6

FedSUMM [49] A dynamic gradient adapter designed to offer LCSTS [52] 50 200 37.7
locally tailored parameters for the individualized THUCNEWS [53] 33.8
model at the local level. EDUCATION [49] 49.5

L2GD [54] Bidirectional compression mechanism to further CIFAR-10 10 20000 82.3 .

S (MobileNet)
reduce the communication bottleneck between
the local devices and the server.

SoteraFL [55] The combination of general compression opera- MNIST - 1000 85 (SGD)
tors and local differential privacy. Applies com-
pression directly to differentially private stochas-
tic gradient descent and identifies its limitations.

A decentralized sparse training approach, termed

Dis-PFL, is employed in which each local model  CIFAR-10 500 85.70
Dis-PFL [56] maintains a constant number of active parame-  CIFAR-100 100 500 53.48

ters throughout the local training and peer-to-  Tiny-Imagenet 300 16.95

peer communication phases.

MNIST
LSGD-PFL, Universal optimizers, rendering the design of KM”.\HST [58] 20 1000 -
" S . . Fashion-MINST

ACD-PFL, and task-specific optimizers unnecessary in many in- CIFAR-10

ASVRCD-PFL stances.

[57]

CMP-Fed [59] Combines communication compression with pri- Fashion-MNIST 100 180 77.93
vacy protection, achieving agent-level differential
privacy while maintaining high model accuracy.

MNIST 97.75

iECS-FL [60] Compressed sensing for model compression, iter- gf/sn;gn_MNIST 100 50 to 500 2653?(1)
ative reconstruction and retraining. CIFAR-10 86.01

improves the efficiency of the F process but also enhances
the performance of the individualized models. The ability to
dynamically adapt gradients makes FedSUMM particularly
suitable for environments where data distributions vary sig-
nificantly across clients.

In [54] authors introduced the Loopless Gradient Descen
(L2GD) algorithm for PFL, addressing data heterogeneity
across edge devices. L2GD balances global and local mod-
els and reduces communication overhead with bidirectional
compression. Experimental results validate its efficiency

in reducing communication while maintaining convergence
rates similar to those of traditional SGD. Traditional central-
ized approaches can be vulnerable and have high communi-
cation pressure. In [55], authors introduced the SoteriaFL
framework, which addresses the challenges of large-scale
machine learning in bandwidth intensive environments. It
combines communication efficient FL with communication
compression and privacy preservation at the client level.
The framework leverages general compression operators and
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local differential privacy, offering better communication ef-
ficiency without compromising privacy or utility compared
to other private FL algorithms. The comprehensive analysis
demonstrates the advantages of SoteriaFL in terms of com-
munication complexity, privacy, and utility. In summary,
SoteriaFL provides a unified solution for communication ef-
ficient FL. with compression and client level privacy preser-
vation. Decentralized sparse training based Personnalized
Federated Learning (Dis-PFL) a method proposed by [56],
utilized a decentralized communication protocol and per-
sonalized sparse masks to customize local models. Reduced
communication and computation costs by maintaining a
fixed number of active parameters throughout the training
and communication process.

In [57], the authors introduced three universal optimiz-
ers: Local Stochastic Gradient Descent for Personalized FL
(LSGD-PFL), Accelerated Block Coordinate Descent for
Personalized FL. (ACD-PFL), and Accelerated Stochastic
Variance Reduced Coordinate Descent for Personalized FL
(ASVRCD-PFL). These optimizers are designed to be uni-
versally applicable, eliminating the need for task-specific
optimizers in many instances. They provide the best-known
communication and computation guarantees, making them
highly efficient for PFL scenarios. In [59], authors intro-
duced CMP-Fed, a new FL scheme that addresses chal-
lenges of privacy and communication efficiency. Existing
approaches treat privacy and communication independently,
leading to accuracy degradation and limited exploration
of privacy impact on compression techniques. CMP-Fed
combines communication compression with privacy protec-
tion, achieving agent-level differential privacy while main-
taining high model accuracy. The key component is the
compressed model perturbation (CMP) approach, which
compresses shared model updates and applies random noise
perturbation. Experimental results on the Fashion-MNIST
dataset demonstrate CMP-Fed’s superiority in model accu-
racy compared to existing differentially private FL schemes,
while enjoying the communication benefits of model com-
pression. In [60], authors proposed an enhanced compressed
sensing FL algorithm (iECS-FL) to improve communication
efficiency in FL. By leveraging compressed sensing to com-
press local network models trained on clients, it significantly
reduces the communication bandwidth required. Through it-
erative reconstruction and retraining method it also improves
the learning performance of compressed models.

In summary methods like snowball and FedPSE use
compression to lower transmission energy and aggregation
costs on datasets such as Fashion-MNIST and CIFAR-10,
achieving high accuracy across numerous communication
rounds. Techniques like FedMPT and QuPed focus on
multi-task personalization and resource diversity, while
FedNILM and FedSUMM introduce privacy-preserving,
gradient-adaptive methods for tailored local models. So-
lutions like L2GD and SoteraFL incorporate bidirectional
compression and differential privacy, addressing communi-
cation bottlenecks for large datasets. Dis-PFL and iECS-FL
enhance performance with sparse decentralized training and

compressed sensing. Overall, these approaches showcase
the diversity in compression methods that balance data het-
erogeneity, client constraints, and communication efficiency
across varied datasets.

3.2. Differential Privacy

Differential privacy (DP) techniques involve adding
noise to model updates before sharing them. This allows
updates to be shared less frequently without compromising
privacy. The reduced update frequency directly decreases
the amount of data transmitted [1, 4]. DP can be combined
with techniques such as secure aggregation, where updates
from multiple clients are aggregated and noise is added
to the combined result. This reduces the number of com-
munication rounds needed, optimizing the communication
process [24, 61], but these techniques have implications for
communication efficiency, as they involve additional compu-
tations and potentially increased communication overhead.
It involves adding carefully calibrated noise or perturbations
to the computations performed during the FL process.
Figure 5 illustrates a shuffler-based differential privacy
approach in FL, where the shuffler significantly enhances
privacy by anonymizing client updates before they reach the
server. While this architecture can reduce the frequency of
communication rounds and minimize direct communication
between clients and the server, potential overhead may
arise from the need to manage the shuffling process and
maintain synchronization across clients. These factors can
contribute to communication complexity, particularly in
asynchronous settings. Nonetheless, the method remains
effective in reducing the total communication volume due
to its privacy-preserving design. Algorithm 2 describing the
differential privacy technique in PFL.

Algorithm 2 Differential Privacy in PFL

Input(s): Global model M, Privacy parameter ¢
Output(s): Privatized global model M 4izeq
Algorithm:

1: Initialization

2: while not converged do

3 Client Selection

4 for each selected client do
S5: Receive M from server
6 Perform local model training using client data

7 Compute local model update AM,,.,

8: Apply noise to AM,,,; with Laplace or Gaussian method €
9: end for

10: Aggregate privatized local model updates

11: Update global model M using aggregated updates

12: end while

13: Privatize final global model M to M

privatized

1. Local Model Update is similar to equation 9
2. Differential Privacy with Noise Addition:

k,priv. _ k 2 k
AM =AM +N(c%) or AM . +L(e) (10)
3. Aggregation of Privatized Local Updates:
— 1 k,priv
AMaggregated - Ftl Z AMlocal (11)

keS,
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4. Global Model Update:

M, =M, +n-AM, (12)

goregated

5. Final Model Privatization:

M i=M+N(@> or M+L(e) (13)

privatize

Where, M : Global model, M,: Global model at'iteration
t, AM. 1’(‘) el Local model update for client k, AM. lk’PnV: Priva-

tized local model update for client k, AMaggreg:tceﬁ: Aggre-
gated model update across clients, L(M; D, ): Loss function
for client k on data D, A: Regularization parameter, S,: Set
of selected clients at iteration 7, N'(6%): Gaussian noise with
variance o2, L(e): Laplace noise with privacy parameter
€, n: Learning rate, e: Privacy parameter, M\, qiseq: Final
privatized global model.

Laocal Process Shuffler Analyzer
1 > -
— %" (@} - Eln)

Local N
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Figure 5: Personalized local differential privacy in Federated
Learning [62]

The addition of noise can facilitate model compression
techniques (e.g., quantization or sparsification) since noise
masks finer details, making it easier to compress updates.
This reduces the size of the data that is transmitted [63].
DP enables selective sharing of critical information while
adding noise to less important details. This selective ap-
proach ensures that only necessary updates are commu-
nicated, thus optimizing communication. By incorporating
these aspects, DP enhances both privacy and communi-
cation efficiency in FL systems. These optimizations are
particularly relevant in PFL, where frequent updates and
communication costs are significant concerns.

CMP-Fed [59], technique compresses model updates
before adding random noise, thereby reducing the data
sent during each communication round. This strategy effec-
tively addresses communication overhead while maintaining
model accuracy. Compression also leads to agent-level
differential privacy, ensuring privacy without sacrificing
performance.

In [62], authors proposed privacy Amplification frame-
work for PErsonalized private federated learning with Shuf-
fle model (APES), a comprehensive framework that en-
hances privacy in FL by leveraging the privacy amplifica-
tion effect of the shuffle model while respecting person-
alized local privacy. APES quantifies the contributions of
each user to central privacy and introduces neighbor diver-
gence and clip-laplace mechanism to measure their pertur-
bation’s ability to generate “echos". The S-APES (APES
with post-Sparsification technique) framework incorporates
post sparsification techniques to reduce privacy loss in high-
dimensional scenarios. These models introduce the concept
of generating ‘echoes’ through data perturbation, enhancing
the accuracy of the global model. While the method is
geared toward improving model accuracy, it also indirectly
optimizes communication by improving the efficiency of
model updates.

In [64], the authors introduced DP-FedSAM, a novel
FL algorithm that addresses the challenges of client-level
differentially private federated learning (DPFL). Existing
DPFL methods suffer performance degradation due to a
sharp loss landscape and lack of robustness against weight
perturbations. DP-FedSAM leverages gradient perturbation
and incorporates the Sharpness Aware Minimization (SAM)
optimizer to generate stable local models that are resistant to
weight perturbations. This improves performance by reduc-
ing local update norms and enhancing robustness against DP
noise. The paper also introduced DP-FedSAM-top,, which
further enhances the performance by employing local update
sparsification. Through gradient perturbation, DP-FedSAM
aims to counteract the negative impact of DP on model per-
formance. By focusing on minimizing the trade-offs between
privacy and utility, this method ensures communication ef-
ficiency by reducing the number of communication rounds
needed to achieve high accuracy.

In [65], authors presented a comprehensive review of
FL in the healthcare domain. FL has gained popularity in
medical settings due to its ability to analyze data from
individual devices while ensuring data privacy. However, FL
poses unique challenges in healthcare, particularly in safe-
guarding sensitive patient information and complying with
regulations like Health Insurance Portability and Account-
ability Act(HIPAA) and General Data Protection Regulation
(GDPR). The paper discusses the structure of FL tech-
niques, regulatory frameworks, and challenges associated
with privacy, performance, implementation, computation,
and adversaries.

The authors in [66], addressed privacy concerns in chat-
bot applications by introducing Fedbot, a proof-of-concept
(POC) privacy-preserving chatbot. Traditional methods of
training deep learning models on shared data raise privacy
concerns, but FL offers a solution. Fedbot combines Deep
Bidirectional Transformer models with FL algorithms to
protect customer data privacy during collaborative model
training. The POC demonstrates the potential of privacy-
preserving chatbots in transforming the customer support
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industry, providing personalized and efficient customer ser-
vice while complying with data privacy regulations. This
method combines deep bidirectional transformers with FL
algorithms, ensuring robust privacy protection over time.
The integration of transformers improves both communi-
cation efficiency and accuracy in customer data protection
applications.

In [67], authors presented a novel FL framework that
addresses the personalized privacy needs of clients by in-
corporating local differential privacy (LDP). Existing stud-
ies on FL with LDP often overlook the diverse privacy
requirements of individual clients. The proposed framework
considers both independent and non-independent identically
distributed datasets, employing tailored model perturbation
methods for each scenario. Additionally, two model aggre-
gation techniques are introduced to mitigate the impact of
privacy-conscious clients on the overall federated model.
Experimental evaluations on MNIST, Fashion-MNIST, and
forest cover-types datasets demonstrate the effectiveness of
the proposed aggregation methods in preserving personal-
ized privacy while maintaining model accuracy. LDP fo-
cuses on managing privacy budgets for clients and ensures
a better balance between privacy preservation and commu-
nication performance. It is particularly beneficial in person-
alized privacy-preserving scenarios, where communication
can be optimized according to privacy constraints.

In [69], authors introduced Personalized Privacy-Preserving

Federated Learning (PPPFL), a novel framework that ad-
dresses challenges related to privacy breaches and non-
IID data in FL. PPPFL focuses on cross-silo FL. and em-
ploys a stabilized variant of the Model-Agnostic Meta-
Learning (MAML) algorithm. The framework utilizes syn-
thetic data generated by Differential Private Generative
Adversarial Networks (DP-GANGs) for collaborative training
of a global initialization. Once convergence is achieved,
each client adapts the global initialization locally to their
private data. Extensive experiments conducted on datasets
such as MNIST, Fashion-MNIST, CIFAR-10, and CIFAR-
100 demonstrate the superiority of PPPFL over various
FL baselines. This technique uses a differentially private
generative adversarial network (DP-GAN) to handle the
challenges of non-IID data. By stabilizing the model’s
initialization, PPPFL reduces the communication rounds
required for model convergence, enhancing both efficiency
and performance.

Communication efficient and Utility aware Adaptive
Gaussian Differential Privacy for Personalized Federated
Learning (CUAG-PFL) [70] proposed a dynamic layer
compression scheme for model gradients with improved
communication efficiency and reduced loss of model utility.
CUAG-PFL implements dynamic layer compression, opti-
mizing communication by reducing the amount of data sent
during each round. This technique is particularly effective
at maintaining high model utility while minimizing commu-
nication overhead. The authors in [71], introduced a novel
approach called blockchain-enabled distributed edge cluster
for PFL (BPFL), taking advantage of blockchain and edge

computing. Using blockchain technology, client privacy and
security can be enhanced through the use of immutable
distributed ledgers. BPFL leverages blockchain and edge
computing to improve communication latency and real-
time performance in PFL. Blockchain integration ensures
data privacy while reducing the number of rounds required
for communication, enhancing both efficiency and security.
Another technique; CE-PFML [72], was proposed to reduce
communication overhead by extracting lower-dimensional
updates via representation learning. This not only minimizes
communication requirements but also improves convergence
speed and model accuracy.

Addressing FL’s challenges in personalization and com-
munication efficiency, [72] proposed a communication-
efficient personalized federated meta-learning algorithm. It
employs auto-encoders to reduce communication overhead,
while privacy is ensured with differential privacy. In [73],
authors introduced the Personalized Differential Privacy
Mechanism (PDPM), a novel perturbation algorithm that
enhances FL by providing personalized local differential
privacy (PLDP). Traditional FL approaches often lack suf-
ficient privacy protection, while secure FL schemes based
on local differential privacy overlook personalized privacy
requirements for individual clients. PDPM addresses these
limitations by allowing clients to adjust privacy parameters
based on the sensitivity of their data, ensuring person-
alized privacy protection. PDPM addresses the challenge
of uniform privacy budget allocation by tailoring privacy
budgets to individual clients, thus enhancing communication
efficiency while maintaining high model quality.

In [84], authors proposed a PFL framework called Per-
sonalized Federated Local Differential Privacy (PFed-LDP)
that aims to mitigate the accuracy loss caused by privacy-
preserving techniques. The framework specifically targets
IoT sensing data and incorporates LDP to ensure privacy
protection. It introduces a dynamic layer sharing mechanism
that separates the local model into global layers and per-
sonalized layers. LDP noise is applied to the global layers,
which are then transmitted to the FL framework for aggrega-
tion. Each local client updates their model by incorporating
both the local personalized layers and the aggregated global
layers, enabling them to perform IoT tasks effectively. This
model separates local and global model layers, reducing the
amount of data that needs to be transmitted. This dynamic
layer-sharing mechanism ensures that the worst-performing
clients still benefit from personalized privacy while reducing
overall communication costs. In [74], authors proposed a
novel algorithm called Personalized Local Update Federated
Learning with Optimal Aggregation (PLU-FedOA), which
introduces personalized local differential privacy into the
optimization of deep neural networks in horizontal FL. Their
algorithm consists of two key components: PLU and Fe-
dOA. PLU allows individual clients to upload their local
updates while adhering to personally selected privacy levels
under differential privacy guarantees. FedOA, on the other
hand, facilitates server-side aggregation by optimizing the
weighting of local parameters in scenarios involving mixed
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Table 2

Summary of contributions in PFL Communication Optimization Techniques using Differential Privacy

Technique(s Main Idea/Contribution Dataset(s) Used Clients - Accuracy
(s) / () ComRmunlcauon (%)
ounds
CMP-Fed [59] Involves compressing the shared model updates Fashion-MNIST 100 180 77.93
before introducing random noise during each
communication round within the FL process.
APES, S-APES  The capacity to generate 'echos’ through the per- QMNIST - 40 79.67
[62] turbation of individual users’ data is meticulously
quantified using the devised methodologies.
EMNIST 84.80
DP-FedSAM Leverages gradient perturbation to mitigate the CIFAR-100 10 30 57.00
[64] negative impact of DP. CIFAR-100 21.24
Fedbot [66] Integrates Deep Bidirectional Transformer mod- Twitter dataset 30 10 32
els and FL algorithms to ensure the preservation
of customer data privacy.
MNIST 10 75
LDP [67] The primary concept revolves around mitigating Fashion-MNIST 10 10 72
the influence of privacy-conscious clients, who Forest cover-types [68] 20 45
opt for relatively constrained privacy budgets.
MNIST 98.26
PPPFL [69] A stabilized variant of the MAML algorithm to Fashion-MNIST 5 30 86.87
collaboratively train a global initialization from CIFAR-10 71.33
synthetic data generated by differential private
generative adversarial networks (DP-GAN).
. . CIFAR-10
CUAG-PFL [70] A dynamic layer compression scheme for model CIFAR-100 - - 83
gradients.
BPFL [71] Combines the benefits of blockchain and edge MNIST - 50 84
computing.
MNIST 96.36
CE-PFML [72] Incorporates representation learning to diminish FEMNIST 100 1000 85.43
communication overhead by extracting efficient CIFAR-10 48.95
and condensed local updates with lower dimen-
sionality.
PLDP-FL [73] Addresses .the challenge of uniform privacy bud- Il\:/llljiiiso—lr—w—MNIST 100 100 g?g
get allocation across all clients.
PLU-FedOA  Designed two methodologies: PLU enables  MNIST 100 600 o
) 1000 98
[74] clients to upload local updates under personal-
ized differential privacy constraints, and FedOA
facilitates server-side aggregation of local param-
eters with optimized weighting.
PDP [75] A personalized Differential Privacy (PDP) frame- MNIST 10 50 -
work that caters to each client's unique privacy
requirements and combines PDP with sampling
to minimize noise addition.
d-privacy [76] Incorporates a metric-based obfuscation method MNIST - 60 85
to preserve the original data’s topological distri-
bution.
. . . MNIST -
FLUP [77] Provides user-level personalized privacy protec- CIFAR-10 100 50 551
tion while maintaining high data utility. '
UM-PFSSL [78] A personalized  semi-supervised  learning E?;Zlgnig/lNIST 100 30 ;? 14
paradigm that allows clients with partial or '
unlabeled data to enhance local data perception
with helper agents.
. . MNIST -
PGC-LDP [79] Allows users to select privacy levels via federated CIFAR-10 200 50 ]
stochastic gradient descent with local differential
privacy.
FedEmbed [80] Utilizes sub-populations and personal embed- MNIST 900 - 7
dings for global model personalization.
OPFL [81] An online personalized FL framework for privacy- UllndoorLoc [82] 10 100 -

preserving indoor localization.

Shopping Mall [83]
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privacy preservation. PLU enables clients to upload local
updates under personalized differential privacy constraints,
while FedOA improves server-side aggregation. This dual
mechanism improves communication efficiency by reducing
the data sent and optimizing server computations.

Table 2 shows the contributions made so far in PFL
communication optimization. In [75], a personalized differ-
ential privacy (PDP) framework is introduced, catering to
each client’s unique privacy requirements. A novel approach
is proposed, combining PDP with sampling to minimize
noise addition while upholding clients’ privacy needs. The
paper also presents a client selection mechanism integrat-
ing a new metric score that simultaneously considers lo-
cal loss and privacy demands. The PDP framework min-
imizes noise addition through selective sampling, leading
to more efficient communication while preserving privacy.
By reducing unnecessary noise, this approach ensures better
communication efficiency and utility. In [76], the concept
of d-privacy, a variant of local differential privacy, is pre-
sented. This technique incorporates a metric-based obfus-
cation method to preserve the original data’s topological
distribution. The approach has a dual purpose: safeguarding
client data privacy and facilitating personalized model train-
ing to enhance fairness and utility within the FL framework.
By leveraging the inherent attributes of d-privacy, group
privacy assurances are achieved, enabling the creation of
personalized models within the FL paradigm, accommodat-
ing the diverse characteristics of client communities. This
method uses a topological obfuscation technique to preserve
data privacy while optimizing communication in PFL. By
focusing on maintaining the topological structure of the
data, this method reduces communication costs and supports
personalized model training.

The authors in [77], proposed a novel FL framework
called Federated Learning with User-level Personalization
(FLUP) that provides user-level personalized privacy pro-
tection while maintaining high data utility. The framework
incorporates a personalized DP mechanism that combines
a personalized sampling algorithm and Gaussian perturba-
tion to meet each user’s unique differential privacy needs.
FLUP achieves user-level personalized privacy protection
using a combination of personalized sampling and Gaus-
sian perturbation. This combination ensures high utility
and communication efficiency by catering to the individ-
ual privacy needs of users. UM-PFSSL [78], the semi-
supervised learning approach allows clients with limited la-
beled data to collaborate with helper agents. This method re-
duces network communication while maintaining high accu-
racy by ensuring reliable pseudo-labels. In [78], authors in-
troduced a personalized semi-supervised learning paradigm
enabling clients with partial or unlabeled data to enhance
local data perception through helper agents. An uncertainty-
based data-relation metric ensured reliable pseudo-labels
from selected helpers. A helper selection protocol mitigated
network overload during helper search. Addressing varying
privacy needs in FL participants, [79] proposed Personalized

Gradient Clipping with Local Differential Privacy (PGC-
LDP), a PFL approach. Users could select privacy levels via
federated stochastic gradient descent with local differential
privacy. A novel client-side computation algorithm and opti-
mized server-side aggregation method were developed. This
method enables clients to select their privacy levels during
federated stochastic gradient descent, allowing for dynamic
adaptation of communication based on privacy needs. As
a result, it handles varying privacy requirements while en-
suring communication efficiency. In [80], “FedEmbed" was
presented as a novel PFL approach using sub-populations
and personal embeddings for global model personalization.
FedEmbed uses personal embeddings and sub-population
strategies to personalize global models. This technique im-
proves performance by 45% compared to baseline PFL meth-
ods, optimizing communication by reducing unnecessary
exchanges.

In [81], authors introduced OPFL, designed for privacy-
preserving indoor localization, OPFL combines artificial
noise via DP with a focus on performance preservation,
addressing communication efficiency by balancing privacy
and utility in an online framework. For PFL with joint differ-
ential privacy, [85] focused on user-level privacy constraints
for local and global models. They introduced coordination
between local and private centralized learning, achieving
improved accuracy and privacy trade-off with generically
useful results. Generalization guarantees were supported by
experiments on real-world and synthetic datasets.

In their research [86], authors extensively evaluated vari-
ous FL and differential privacy techniques using the MIMIC-
IIT dataset. Their analysis focused on the impact of param-
eters like data distribution, communication strategies, and
federation approaches on model performance. The study
also compared two differential privacy methods: stochastic
gradient descent-based differential privacy algorithm (DP-
SGD), and a sparse vector differential privacy technique
(DP-SVT). The results highlighted that extreme data dis-
tribution imbalances could affect the performance of the
FedAvg strategy, whereas the FedProx strategy with suitable
hyperparameter tuning effectively mitigated this issue.

Differential privacy in PFL ensures the privacy of client
data during model updates by adding noise to gradients or
model parameters. CMP-Fed and APES minimize privacy
leakage through compressed updates and noise generation,
requiring around 180 and 40 communication rounds, respec-
tively. DP-FedSAM adds gradient perturbation, achieving
notable accuracies (84.8% on EMNIST, 57% on CIFAR-100)
within only 30 rounds. PLDP-FL and PLU-FedOA provide
adaptive privacy budgets and constrained privacy uploads
over 100 to 600 rounds, ensuring client-specific adjustments.
Techniques like CE-PFML and PGC-LDP employ local dif-
ferential privacy and representation learning, reducing com-
munication rounds to a maximum of 50 while preserving
data utility. Finally, OPFL and FedEmbed offer unique, low-
frequency updates in online and personalized applications,
respectively, with up to 900 rounds for enhanced localization
or embedding-based model personalization. Each approach
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thus emphasizes communication frequency as a trade-off
with privacy and model performance. Applications range
from healthcare to chatbots, leveraging strategies like dy-
namic layer compression, blockchain integration, and per-
sonalized privacy settings to improve communication effi-
ciency and model performance.

3.3. Client Selection

In PFL, not all clients participate in each round of
model updates. The client selection techniques aim to select
a subset of clients for participation in a round based on
various criteria, such as heterogeneity of the data, computa-
tional resources, and communication capabilities as shown
in Figure 6. By carefully selecting clients, communication
overhead can be reduced without compromising the quality
of the global model. Using client selection techniques that
consider data heterogeneity, computational resources, com-
munication constraints, performance tracking, and adapt-
ability, PFL can optimize communication efficiency. The
selection of an appropriate subset of clients for each round
of communication reduces communication overhead while
ensuring the effectiveness and accuracy of the global model.
The algorithm 3 shows the simple implementation of client
selection in PFL.

Algorithm 3 Client Selection in PFL

Input(s): List of clients C, Client data heterogeneity, Computational re-
sources, Communication constraints

Output(s):Selected client subset .S

Algorithm:

1: Initialization

2: Compute client scores based on data heterogeneity, computational
resources, and communication constraints

3: Sort clients in descending order of scores

4: S « Empty list

5: for each client ¢ in C do

6 if fits communication constraints and computational resources then

7

8

Append c to S
end if
9: if termination condition met then
10: break
11: end if
12: end for

Let C represent the complete list of clients, and .S denote
the subset of selected clients. Each client ¢ in the list C is
assigned a score, denoted by score(c), which is calculated
based on factors such as data heterogeneity, computational
resources, and communication constraints. This score calcu-
lation is performed through a function f(-), which combines
these factors to yield a single score value for each client. The
list of clients is then sorted by these scores in descending
order, resulting in Cg..4, Which prioritizes clients with
higher scores. To determine the final selected subset .S, each
client ¢ in Cgq 1s evaluated to check if it meets specific
communication constraints and has sufficient computational
resources to participate in FL. Only clients that satisfy
both the communication and computational requirements
are added to S

1. Client Score Calculation:

score(c) = f(data heterogeneity(c),
computational resources(c), (14)

communication constraints(c))
2. Client Sorting:
Cqoried = sort(C, by descending score) (15)

3. Client Selection with Constraints:

S = {c¢ € Cyyp1eq | communication constraints(c) and (16)

computational resources(c) are satisfied }

Cluster j

Cluster i

Figure 6: Clients Selection [87].

Table 3 summarizes the contributions made in PFL for
communication optimization using clients selection. In [90],
Han et al. presented a confidence-based similarity-aware
personalized FL algorithm (FedCS), which combines public
average confidence (PAC) measure, a client grouping strat-
egy with dynamic sampling (CGDS), and a sequential ag-
gregated weight (SAW) strategy to address the challenges of
global model convergence and personalization in FL under
non-identically distributed (non-IID) data. These methods
collectively improve the convergence of the global model
and improve personalization by effectively selecting and
aggregating client updates.

A Communication efficient and Fair personalized Feder-
ated Sequential Recommendation (CF-FedSR) implements
a communication efficient scheme that employs adaptive
client selection and clustering based sampling to accelerate
the training process. This technique aids clients in making
personalized recommendations and enhances recommenda-
tion performance through local fine-tuning and model adap-
tation, thereby optimizing the balance between communica-
tion efficiency and model accuracy [87]. Adaptive quantiza-
tion in device selection strategy (AQUILA) integrates a so-
phisticated device selection method that prioritizes the qual-
ity and usefulness of device updates. This method enables
precise device selection by storing the exact global model on
devices, reducing model deviation, and limiting the need for
hyperparameter adjustments, leading to a more stable and
effective training process [93]. A federated dynamic client
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Table 3

Summary of contributions in PFL Communication Optimization Techniques using Client Selection

Technique(s) Main Idea/Contribution Dataset(s) Used Clients Communication  Accuracy
Rounds
CF-FedSR [87] A communication-efficient scheme that employs Ar’.na?zon.[88] 10 200 42.23
. ) . . Wikipedia [89] 87.22
adaptive client selection and clustering-based
sampling to accelerate the training process.
CIFAR10 87.60
FedCS [90] Introduces PAC measure, client grouping with OrganS-MNIST [91] 20 300 86.45
dynamic sampling, and a sequential aggregated COVID [92] 91.19
weight strategy.
CIFAR-10 200 91.3
AQUILA [93] Integrates a device selection method prioritizing CIFAR-100 100 1000 70.12
quality and usefulness of updates, with exact WikiText-2 [94] 1000 -
global model storage for precision.
. . . MNIST-Fed 200 94,51
FedSDR [95] Clu.sters .cllents b.y C(.)mputatlonal ef.f|C|ency, tar- CIFAR-10-Fed 100 300 65.44
geting fair selection in edge computing.
pFedCAS [96] Control unit adapts model sparsity for privacy HAM10000 - 400 92.53
protection, with reduced communication costs.
. . . MovielLens 100K
CFFR [97] Fair-aware model aggregation that adjusts for . 200 50 -
T P Movielens 1M [98]
performance and data distribution disparities.
CIFAR-10 150 78.22
FedeRiCo [99] Allows clients to learn from others based on CIFAR-100 8 150 41.41
optimal fit for local data. Office Home2 [100] 400 93.76
FedRec++ Lossless federated recommendation with denois- MovielLens 943 100 -
[101] ing client allocation for privacy.
FCFL, MAFL Full-stack learning system tailored for wearable FEMNIST 3600 350 82.33
. .. . Google Speech 2600 800 65.89
[102] computers, enhancing communication efficiency

and personalization.

selection method based on data representativity (FedSDR)
addresses the issue of unfair federated client selection in
edge computing by clustering clients into groups based on
their local computational efficiency. This approach ensures
a fairer distribution of computational tasks and resources,
thereby improving overall system fairness and efficiency
[95].

Personalized FL framework based on Communication
quality and Adaptive Sparsification (pFedCAS) enhances
privacy protection and training efficiency by introducing
a control unit that adjusts the sparsity of the local model
adaptively, and a selection unit that selects suitable clients
for parameter updates during global model aggregation. This
method achieves a 15% improvement in training accuracy
and a 30% reduction in training costs, demonstrating ro-
bustness to non-IID data and effective communication op-
timization [96]. In [97], authors proposed a communication-
efficient and fair PFL approach (CFFR). CFFR used adaptive
client group selection to personalize models while accel-
erating the training process. The authors proposed a fair-
aware model aggregation algorithm that adaptively captures
performance and data imbalance among different clients to
address the unfairness problem.

In [99], authors proposed a model; PFL with the Right
Collaborators (FedeRiCo), a decentralized framework that
allows each client to determine the optimal extent of learning
from other clients based on their local data distribution.

FedeRiCo employs an expectation-maximization algorithm
to estimate the utility of other participants’ models on each
client’s data, enabling the selection of appropriate collabo-
rators for learning. Notably, FedeRiCo is the only approach
that consistently surpasses the performance achieved by
training with local data alone. In [103], the authors intro-
duced the CF-FedSR (communication efficient and fair per-
sonalized federated sequential recommendation) algorithm.
This approach incorporates adaptive client selection and
clustering-based sampling to enhance the efficiency of com-
munication during the training process. To tackle fairness
concerns, a model aggregation algorithm was designed to
account for imbalances in data and performance among
diverse clients. The personalization module integrates local
fine-tuning and model adaptation, aiding clients in generat-
ing personalized recommendations and elevating the overall
recommendation performance.

In [101], authors proposed a novel lossless federated
recommendation method, FedRec++, which assigns de-
noising clients to eliminate noise in a privacy-preserving
manner. The authors analyzed FedRec++ in terms of se-
curity, losslessness, and generality compared to existing
works. Extensive experiments demonstrate the effectiveness
of FedRec++ in providing accurate and privacy-preserving
recommendations with minimal additional communication
cost. In [102], authors proposed Fair and Communication-
efficient Federated Learning (FCFL), a full-stack learning
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system specifically designed for wearable computers that
improves SOTA performance in communication efficiency,
fairness, personalization, and user experience. The authors
introduced a technique named ThrowRightAway (TRA) to
loosen the network capacity constraints, enabling clients
with poor networks to participate and improve representa-
tion while guaranteeing fairness. They also propose Move-
ment Aware Federated Learning (MAFL) to aggregate only
the model updates with top contributions for communication
efficiency.

Client selection in PFL involves choosing a subset of
clients for model updates based on criteria such as data
heterogeneity, computational resources, and communica-
tion capabilities, aiming to optimize communication ef-
ficiency without compromising model quality. CF-FedSR
uses adaptive client clustering to reduce communication
rounds, achieving accuracies like 87.22% on Wikipedia with
200 rounds. FedCS introduces PAC measures and dynamic
sampling, showing competitive accuracy across datasets
with 300 rounds. AQUILA prioritizes high-quality device
updates, with exact model storage achieving 91.3% accuracy
on CIFAR-10 in 200 rounds. Techniques like FedSDR and
CFFR focus on fair client selection, considering computa-
tional efficiency and data distribution disparities. pFedCAS
adapts model sparsity to optimize privacy while reducing
communication to 400 rounds. FedeRiCo and FedRec++
emphasize personalized recommendations through optimal
client matching, with FedRec++ achieving high commu-
nication efficiency even with a large client base. Lastly,
FCFL and MAFL offer full-stack solutions for wearable
devices, handling up to 800 rounds for effective personal-
ization. Each approach balances communication frequency,
accuracy, and data privacy, illustrating different methods
for optimizing client selection in FL. These client selection
strategies collectively improve communication efficiency,
model accuracy, and fairness in PFL.

3.4. Asynchronous Updates

Asynchronous updates allow clients to transmit their
updates independently, reducing the waiting time and en-
abling clients with faster computation capabilities to proceed
without waiting for slower clients. Algorithm 4 shows the
implementation of asynchronous updates in PFL which can
significantly improve the communication efficiency in PFL.

Algorithm 4 Asynchronous Updates in PFL

Input(s): List of clients C, Communication and computational resources
Output(s): Global model update Uyjgpy
Algorithm:

1: Initialization

2: Ugigpa < Empty update

3: for each client ¢ in C do

4 if fits communication and computational resources then
S: Perform local model training on client ¢

6 Compute local model update U,

7: Transmit U, to server asynchronously

8: end if

9: end for
10: Receive and aggregate updates from clients asynchronously

1. Global Model Initialization Define the initial global
model as:

MO

alobal = initialize model (17)

2. Local Model Update on Client ¢ For each selected
client ¢ that meets the communication and compu-
tational resource constraints, the local update U, is
computed based on local data D,:

— trai @

U.= traln(Mglobal, D,) (18)

3. Asynchronous Update Transmission Each client ¢
asynchronously transmits the local update U, to the
server.

4. Global Model Aggregation The server asynchronously

. . (t+1)
aggregates updates received from clients. Let Ugloba11

be the updated global model after aggregation:

t+1) _ 510 1
Uglobal - Uglobal + ﬁ Z Ue (19)

cES;

where S, is the set of clients that sent updates in
iteration ¢.
5. Output of Global Model The final aggregated update

for the global model, Ufinal " js obtained after the
global

desired number of iterations or convergence criterion
is met.

Personalized Moreau Envelopes-based Asynchronous
Federated Learning (APFedMe) leverages the Moreau En-
velopes technique to address optimization challenges by uti-
lizing asynchronous weight updates to enhance communica-
tion efficiency and handle data heterogeneity. The approach
creates a personalized learning environment by combining
these elements, resulting in improved convergence speed and
communication efficiency in FL settings [105]. Resource
efficient Federated Recommender System (ReFRS) proposes
a lightweight, self-supervised local model based on the vari-
ational autoencoder to capture users’ temporal preferences
from sequences of interacted items. This method excels in
both accuracy and scalability, making it a potent solution for
personalized recommendation systems where learning from
temporal data is crucial [106].

In [108], authors addressed the challenge of conducting
FL on demand in heterogeneous edge devices with vary-
ing resource constraints. The proposed solution is a cost-
adjustable FL framework called AnycostFL, which enables
efficient local updates on various edge devices with dif-
ferent efficiency constraints. The framework incorporates
model shrinking to support local model training with ad-
justable computation cost, gradient compression for dy-
namic parameter transmission with varying communication
overhead, and enhanced element-wise parameter aggrega-
tion to enhance model performance. An optimization de-
sign is proposed to minimize global training loss while
satisfying personalized latency and energy constraints. In
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Figure 7: Overview of Asynchronous Updates [104]

[109], authors investigated the problem of PFL with asyn-
chronous updates, where each client aims to achieve a per-
sonalized model that outperforms both local and global mod-
els. They proposed; personalized asynchronous federated
learning (PersA-FL) considering two optimization frame-
works, namely Model-Agnostic Meta-Learning (MAML)
and Moreau Envelope (ME), for achieving personalization.
MAML involves fine-tuning a joint model for each client,
while ME utilizes a bi-level optimization problem with
regularized losses to enforce personalization. The main fo-
cus is on improving the scalability of PFL by relaxing the
assumption of synchronous communication. Furthermore,
they extend the class of functions considered by removing
the requirement of boundedness on the gradient norm.

To address the privacy concerns, in [110] proposed an
FL based deep learning model for identifying household
characteristics. The proposed hybrid model combines con-
volutional neural networks (CNNs) and long short-term neu-
ral networks (LSTMs) to effectively learn spatial-temporal
features from load profiles. The model is implemented in
a decentralized manner using the FL framework, which
enables collaborative model training without sharing raw
data. To improve the efficiency and accuracy of the training
process, the study introduces an asynchronous stochastic
gradient descent with delay compensation method to update
the global model parameters. This approach enhances the
training speed by allowing clients to perform local updates
asynchronously while compensating for the potential delays
in parameter synchronization.

In [104], authors introduced, a novel semi-asynchronous
FL framework; FedSEA (Figure 7), tailored for extremely
heterogeneous devices. Theoretical analysis reveals that the
accuracy drop in semi-asynchronous FL (SAFL) is caused
by unbalanced aggregation frequencies. Building on this
insight, a training configuration scheduler is designed to

balance the aggregation frequency of devices, leading to im-
proved accuracy. To enhance efficiency in realistic scenarios
where devices exhibit dynamic on-device resource availabil-
ity, a scheduler is proposed that predicts the arrival time of
local updates from devices and adjusts the synchronization
time point accordingly.

In [112], authors introduced An Adaptive Communica-
tion Efficient Asynchronous Framework (FedACA), which
is an asynchronous FL approach that incorporates feedback
loops at two levels. FedACA includes a self-adjusting local
training step with active participant selection to expedite the
convergence of the global model. It also utilizes an adaptive
uploading policy that reduces communication overhead by
leveraging model similarity and L2-norm differences be-
tween current and previous local gradients. Moreover, con-
trastive learning is employed to regulate local training and
measure model similarity in the uploading policy, thereby
addressing data heterogeneity. To address the issue of stal-
eness effects caused by asynchrony, in [113], authors pro-
posed an optimized solution called hyper-mix Async-DFL
(Asynchronous Dynamic Federated Learning). This solution
incorporates a hyper parameter to mitigate the impact of
staleness. Through experimental evaluations, the feasibility
of these approaches is demonstrated and it is shown that the
hyper-mix solution outperforms the underlying Async-DFL
algorithm.

In [114], authors introduced Federated Learning with
Concept Drift (FedConD), a novel approach for detecting
and handling concept drift on local devices in asynchronous
FL while minimizing its impact on model performance.
This approach utilizes an adaptive mechanism to detect drift
based on historical performance of local models. Adjusts
the regularization parameter of the objective function on
each device to adapt to the detected drift. Furthermore, a
communication strategy is designed on the server side to
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Table 4

Summary of contributions in PFL Communication Optimization Techniques using Asynchronous Updates

Technique(s) Main Idea/Contribution Dataset(s) Used Clients Communication  Accuracy
Rounds
APFedMe [105]  Combines Moreau Envelopes for optimization MNIST 20 500 94.79
with asynchronous updates, enhancing communi-
cation efficiency and handling data heterogeneity.
ReFRS [106] L.ightweight self-supervised model using varia- I'i/luz\t“?nlge;sKl[(i(())I;] 1669%2 - gigé
tional autoencoder to learn user preferences from
interaction sequences.
AnycostFL Allows localized updates across diverse edge FMNIST 60 214 90.32
. L . " CIFAR-10 372 84.91
[108] devices, optimizing for device efficiency.
. . MNIST 86
PersA-FL [109] Applies controlled staleness, usable with both CIFAR-10 30 - 67
MAML and Moreau Envelope frameworks.
commission for
FL-CNN-LSTM Integrates CNN and LSTM to capture spatial- energy  regulation 10 200 75.51
[110] temporal features from data profiles. (CER) [111]
FedSEA [104] Mixes synchronous and asynchronous updates to EAI';“ASR-I—IO - 2000 giig
optimize efficiency and model accuracy. '
CIFAR-10 50 67.48
FedACA [112] Dynamic asynchronous aggregation adapting to CIFAR-100 - 60 66.51
client capabilities and data distributions. Fashion-MNIST 40 89.51
. . . . MNIST 88
hyper-mix Combines hyperparameter tuning with asyn- Fashion-MNIST 10 100 72
Async-DFL chronous FL for flexible training efficiency.
[113]
Fashion-MNIST 0.907
CIFAR-10 0.953
FedConD [114] Employs conditional updates, reducing commu- FitRec [115] - 1000 0.822
nication by sending only significant updates. Air Quality [116] 0.430
ExtraSensory [117] 0.721
human activity 1000 95.9
ASTW _ FedAVG Enhances FedAVG with controlled staleness tol- recognition (HAR) 20
[118] erance for flexible client participation. MNIST 200 98.1

carefully select local updates, thereby accelerating model
convergence. In [118], the authors proposed an enhanced FL
technique that combines an asynchronous learning strategy
on client devices with a temporally weighted aggregation
strategy on the server named; Asynchronous Model Up-
date and Temporally Weighted (ASTW). The asynchronous
learning strategy updates the parameters of deep layers less
frequently compared to the shallow layers, taking into ac-
count the computational requirements of different layers.

In [119], authors proposed an asynchronously weight
updating FL. framework. The framework is designed to be
efficient, reliable, and privacy-preserving while meeting the
requirements of low latency and low network overhead.
The proposed approach allows accurate resource allocation
decisions for different 5G users without compromising their
privacy or adding additional load to the network. Specifi-
cally, the proposed technique achieves a reduction in network
overhead while maintaining a consistent and significantly
high prediction accuracy, thus validating its advantages in
terms of low latency and efficiency. In [120], authors pro-
posed an asynchronous FL system that uses the principles of
FL to train models on local data without the need to share it.
Each participant trains a personalized ML model using their

private data to improve leak identification. These personal
models are then merged into a global model, which learns
from the collective knowledge of all participants, while pre-
serving data privacy. To optimize the performance of local
models, the authors employed personalization techniques
tailored to each participant’s unique dataset. They also de-
velop merging and benchmarking algorithms to effectively
combine the personal models into a robust global model.
Through Table 4 it can be concluded that asynchronous
updates in PFL enhance communication efficiency by reduc-
ing synchronization overhead, enabling overlapping compu-
tation and communication, facilitating scalability, mitigat-
ing the impact of stragglers, and supporting adaptive com-
munication strategies. Techniques like APFedMe combine
Moreau Envelopes with asynchronous updates, efficiently
handling data heterogeneity and achieving 94.79% accuracy
on MNIST with 500 communication rounds. ReFRS uses
a lightweight self-supervised model with a variational au-
toencoder to learn user preferences, achieving accuracies of
48.51% on MovieLens 100K and 35.66% on Last.fm. Mean-
while, AnycostFL introduces localized updates to enhance
efficiency across heterogeneous edge devices, achieving up
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to 90.32% accuracy on FMNIST with 214 rounds. PersA-
FL applies controlled staleness, suitable for MAML frame-
works, to achieve 86% accuracy on MNIST.

Further innovations include FedSEA, which integrates
synchronous and asynchronous updates to improve effi-
ciency and achieve a high accuracy of 96.36% on MNIST
with 2000 rounds, and FedACA, which dynamically adapts
aggregation based on client heterogeneity, resulting in ro-
bust accuracies on CIFAR-10 and Fashion-MNIST datasets.
hyper-mix Async-DFL leverages hyperparameter tuning for
efficient training, achieving 88% accuracy on MNIST in
just 100 rounds. FedConD emphasizes conditional updates
to reduce communication by transmitting only significant
changes, demonstrating high performance across datasets
such as CIFAR-10 (95.3%) and ExtraSensory (72.1%).
Lastly, ASTW_FedAVG enhances FedAVG with staleness
tolerance, allowing flexible client participation and achiev-
ing an impressive 98.1% accuracy on MNIST with only 200
rounds.

Each of these methods highlights different approaches
to balance communication efficiency and model accuracy
while accommodating diverse device capabilities and dataset
requirements. Together, they represent significant steps for-
ward in making PFL both scalable and effective across varied
environments. These techniques leverage the distributed
nature of FL to maximize the use of computational and
communication resources while minimizing communication
delays.

3.5. Gradient Compression

Instead of sending the full gradients, gradient compres-
sion techniques can be employed to transmit compressed
versions of the gradients. Techniques such as sparsity and
quantization, both of which are critical in reducing commu-
nication overhead in FL. Sparsity involves sending only the
most important gradient updates and skipping the rest, while
quantization reduces the precision of the transmitted gradi-
ents. Although these approaches function differently, they
share a common goal of minimizing communication costs.
Sparsity reduces the number of communicated elements,
while quantization lowers the communication bandwidth
per element, both contributing to efficient communication
in PFL. Algorithm 5 shows the basic implementation of
Gradient Compression in PFL.

1. Quantization: If the compression technique is quanti-
zation, the local gradient G, is quantized to produce

the compressed gradient G ompressed S

G, quantize(Gyear) (20)

compressed —

2. Sparsification: If the compression technique is spar-
sification, then G, is sparsified, retaining only sig-
nificant gradient values:

Gcompressed = sparsify(Gyoeqr) 2D

3. Randomized Quantization: For randomized quanti-
zation, a random quantization function is applied to

Algorithm 5 Gradient Compression in PFL
Input(s):Local gradients G),,, Compression technique
Output(s):Compressed gradients Geompressed
Algorithm:

1: if Compression technique is Quantization then
Perform quantization on G,y
G eompressed < Compressed gradients using quantization
end if
: if Compression technique is Sparsification then
Perform sparsification on Gy,
G ompressed < Compressed gradients using sparsification
end if
: if Compression technique is Randomized Quantization then
Perform randomized quantization on Gy,
Geompressed < Compressed gradients using randomized quantiza-
tion
12: end if
13: if Compression technique is Error Feedback then
14: Compute the difference between Gy, and server gradients
15: G ompressed < Compressed gradients using error feedback
16: end if
17: if Compression technique is Differential Compression then
18: Compute the difference between consecutive Gy,
19: Geompressed < Compressed gradients using differential compres-
sion
20: end if

YRR NAELRE

[——

Glocal :
G ompressed = random_quantize(Gyg,;) 22)

4. Error Feedback: When using error feedback, the
error between the local gradient G, and the server
gradient G, s computed and compressed:

Gcompressed = Glocal - Gserver (23)

5. Differential Compression: In differential compres-
sion, the difference between consecutive local gradi-

ents Gft) and G"7V s computed:
ocal local
—c® (=1
Gcompressed - Glocal - Glocal 24)

) Quantization
Sparsification
Entropy
Encoding
Golomb
| Encoding
Binary Mask
______ — olojo|o]|o 0
o|ofo 0 ofo Compressed
Nl o=l zle o Update
|| 0|0 o|ojofo
size l6 X8 x3x3 ) J

Figure 8: Overview of Gradient Compression [121].

In [122], authors proposed the ClusterGrad algorithm,
which compresses gradients and considerably reduces the
volume of computations communicated. Their design is
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based on the observation that only a small fraction of gra-
dients have values that are far away from the origin in each
round of interaction in FL. They used the K-means algorithm
to identify these crucial gradients that are far away from
zero. These gradient values are approximated using a novel
clustering-based quantization algorithm. Furthermore, they
approximate the rest of the gradients, which lie close to zero,
with a single value. Wang et al. [123], tackled the constraints
of PFL and introduced an economical approach that centers
on weight gradients, the pivotal parameters exchanged in
FL. The authors noted that these weight gradients, com-
puted by the clients, exhibit notable sparsity and can be
forecasted through straightforward bit-wise operations on a
bit-stream, circumventing resource-intensive high-precision
computations. Moreover, the uploaded weight gradient from
each client displays a distinctive pattern influenced by its
localized training data distribution.

The concept of a hub-and-spoke network topology was
introduced by Kuo et al. [121], where clients interact with
a central server and data compression techniques are em-
ployed to alleviate communication overhead, shown in Fig-
ure 8. Nevertheless, the challenge of unbalanced data distri-
bution, particularly in scenarios where data on each client
are non-Independent and Identically Distributed (non-IID),
persists. In response, the authors introduced a novel com-
pression compensation strategy termed Global Momentum
Fusion (GMF), aimed at diminishing communication over-
head while preserving model accuracy amidst non-IID data
conditions. Wu et al. introduced Personalized Federated
Learning via Gradient Fusion (pFedGF) in their work [124],
a PFL method centered on gradient fusion. In each pFedGF
round, clients maintain global gradients for collective insight
and local gradients for individual distribution representa-
tion. These gradients amalgamate to update the personalized
model’s direction for each client.

In [125], authors introduced the first analysis of gradient
compression methods using without replacement sampling.
The authors propose a distributed version of the RR method
with gradient compression, called Q-RR, and demonstrate
how to reduce compression variance using control iterates.
To better suit FL applications, they introduced a variant
called Q-NASTYA that includes local computation with
different local and global stepsizes. They also show how
to reduce compression variance in this setting. In [126],
authors introduced a novel communication efficient adaptive
FL approach (FedCAMS), that provides theoretical conver-
gence guarantees. Their approach achieves the same conver-
gence rate as non-compressed counterparts in the nonconvex
stochastic optimization setting.

In [127], the authors introduced a gradient compression
strategy named FedOComp (Two-Timescale Online Gra-
dient Compression for Over-the-Air Federated Learning).
This scheme capitalizes on the inherent correlations among
stochastic gradients within FL systems, enabling effective
compression of high-dimensional gradients during over-the-
air aggregation. The devised approach capitalizes on the
structural relationships present in the gradients, resulting

in a reduced impact on training convergence speed and
facilitating direct over-the-air aggregation to conserve com-
munication resources. In [128], authors proposed a novel
upstream communication scheme where instead of transmit-
ting the model update, each client generates and transmits
a lightweight synthetic dataset that leads to similar perfor-
mance as the real training data. The server recovers the local
model update through the synthetic data and applies standard
aggregation. The authors also introduced Gradient Compres-
sion via Synthetic Data in Federated Learning (FedSynth), a
new algorithm for learning the synthetic data locally.

In their work [129], Jiang et al. introduced adaptive
client selection and gradient compression (FedCG), an FL
framework that embraces heterogeneity awareness through
adaptive client selection and gradient compression. The
parameter server (PS) identifies a subset of representative
clients utilizing statistical heterogeneity and transmits the
global model to them. Post local training, these chosen
clients upload compressed model updates tailored to their
capacities, subsequently aggregated by the PS. This ap-
proach substantially minimizes communication load and al-
leviates the straggler effect. In another study [130], Cui et al.
proposed Federated Learning Method Based on Knowledge
Distillation and Deep Gradient Compression (Fed-KDDGC-
SGD). Clients train a teacher network, generating soft labels
for a student network. During training, compressed gradient
vectors are sent from the student network to the central server
using a deep gradient compression algorithm. This process
transmits only the top R% of the gradient values according
to magnitude, reducing the communication bandwidth while
maintaining training efficiency.

In their work [131], Nikoloutsopoulos et al. proposed
a novel approach to PFL called; Personalized Federated
Learning with Exact Gradient based Optimization (PFLEGO),
that achieves exact stochastic gradient descent (SGD) min-
imization. Their method, built upon the FedPer neural
network architecture, involves selecting random clients in
optimization rounds for client-specific weight updates, ul-
timately enabling precise and unbiased SGD steps across
the entire parameter set in a distributed manner. In a sep-
arate study [132], Melas Kyriazi et al. established a link
between intrinsic dimension and gradient compressibility.
This insight underpins the development of low-bandwidth
FL strategies, coined as intrinsic gradient compression
algorithms.

Addressing the issue of non-IID and imbalanced data
distributions in FL, Yang et al. [133], devised an adaptive
gradient compression algorithm. This approach tailors a
unique compression rate for each client, enhancing com-
munication efficiency while upholding model accuracy. In
the context of stochastic gradient descent, adjacent rounds
often exhibit high gradient correlation due to shared model
learning. Exploiting this characteristic, Liang et al. [134],
proposed a pragmatic gradient compression mechanism for
FL. Their approach employs historical gradients for com-
pression, employing Wyner-Ziv coding without necessitat-
ing probabilistic assumptions.
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Table 5

Summary of contributions in PFL Communication Optimization Techniques using Gradient Compression

Technique(s) Main Idea/Contribution Dataset(s) Used Clients Communication  Accuracy
Rounds
ClusterGrad [122] Utilizes K-means clustering to identify im- CIFAR-10 100 300 87
portant gradients, reducing computational
volume.
BS-pFL [123] Uses bit-streams for predicting gradient MNIST 10 100 97.45
. o . > CIFAR-10 86.23
sparsity, optimizing device training cost-
effectively.
. . CIFAR-10 20 220 72.46
GMF [121] gzr:npensatlon strategy for gradient compres- Shakespeare 100 80 419
. . MNIST -
PFLFM/PPGC Uses feature fusion-based mutual-learning 10 500
s - CIFAR-10 67.7
[135] for communication efficiency.
. . FMNIST 214 90.32
AnycostFL [136] Exec%ltes I.ocallzed .u!)dates on _edge devices, CIFAR-10 60 372 8401
meeting diverse efficiency requirements.
MNIST 94.57
pFedGF [124] Implements dual-gradient scheme per client Fashion-MNIST 100 120 91.21
round, for global and local insights. CIFAR-10. 69.59
Uses Softmax Normalized Gradient Similarity E:IEQE:}SO 247133
SPFL [137] E)SIt\!GS) for personalized global model distri- MNIST - - 9833
ution. EMNIST 87.49
. . . mushrooms
Qi quasia e i comprsion it 3 0 o :
[125] P PANE. a%
Communication-efficient adaptive FL with  CIFAR-10 90.2
FedCAMS [126] convergence guarantees. CIFAR-100 100 500 82.4
FedOComp [127] C_orrela_tes stochastlc. gradients for high- Fashion-MNIST ) 3000 90
dimensional compression.
Clients send synthetic datasets instead of FEMNIST 1000
FedSynth [128] model updates; server reconstructs local up-  MNIST 60 - -
dates. Reddit [138] 100
Combines adaptive client selection and gradi- MNIST %0
FedCG [129] ent compression to reduce load and mitigate CIFAR-10 30 - 74
ctragelers CIFAR-100 54
gglers. Tiny-ImageNet 37
Fed-KDDGC-SGD Transmitting only top gradients. MNIST - 120 95.9
[130]
Omniglot [139] 5000 78
CIFAR-10 200 87.81
PFLEGO [131] Personalized FL with exact SGD minimiza- MNIST - 200 98.43
tion. Fashion-MNIST 200 96.34
EMNIST 200 98.49
CIFAR-10
Intrinsic ~ Gradient  Links intrinsic dimension to gradient com- Stanlf)ordkSentlment 10000 8000 3
Compression [132] pressibility for low-bandwidth FL Treebank-v2 500 30 88
’ (SST-2) [140]
Adaptive Gradient  Assigns client-specific compression rates for MNIST - 1000 99.09
Compression [133] non-lID and imbalanced data.

. Gradient compression with historical gradi- CIFAR-10 94.53
Wyner-Ziv [134] ents using Wyner-Ziv coding. CIFAR-100 8 100 76.45
FedGreen [141] Fine-grained compression for energy-efficient CIFAR-10 16 300 84

MEC deployment, with device-side reduction
and server aggregation.
. Compresses updates by learning Gaussian  CIFAR-10 87
Gaussian - Compres- distributions for gradient parameters. CIFAR-100 5 50 72

sion [142]

In their paper [141], Li et al. introduced FedGreen, an FL
framework incorporating fine grained gradient compression
to enhance energy-efficient Mobile Edge Computing (MEC)
deployment. They utilized device-side gradient reduction

and server side element wise aggregation to enable effec-
tive compression. They evaluated the impact of compressed
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gradients on learning accuracy and energy efficiency, de-
termining optimal compression ratios and computing fre-
quencies for each device. In [142], authors proposed a novel
method of model-update compression. The method learns
multiple Gaussian distributions that best describe the high-
dimensional gradient parameters, and in the FL server, these
parameters are used to repopulate high dimensional gradi-
ents. Since the distribution information parameters make
up a small percentage of values compared to the high-
dimensional gradients themselves, the method can signifi-
cantly save uplink bandwidth while preserving model accu-
racy.

The Table 5 shows the summary of contributions made
in gradient compression approach for PFL. Techniques such
as ClusterGrad leverage K-means clustering to select key
gradients, optimizing computations with an accuracy of 87%
on CIFAR-10. BS-pFL utilizes bit-stream predictions for
gradient sparsity, achieving 97.45% on MNIST and 86.23%
on CIFAR-10 with only 100 clients, while GMF incorporates
a compensation strategy for gradient compression, recording
accuracies of 72.46% and 41.9% on CIFAR-10 and Shake-
speare datasets, respectively.

Other notable methods include PFLFM/PPGC, which
employs feature fusion-based mutual learning to enhance
communication efficiency, achieving an accuracy of 67.7%
on CIFAR-10 with 500 rounds. AnycostFL focuses on lo-
calized updates across edge devices, achieving 90.32% ac-
curacy on FMNIST and 84.91% on CIFAR-10. pFedGF
introduces a dual-gradient approach, achieving up to 94.57%
accuracy on MNIST and significant results on Fashion-
MNIST and CIFAR-10.

Techniques like SPFL utilize Softmax Normalized Gra-
dient Similarity (SNGS) for distributing personalized global
models, reaching accuracies as high as 98.33% on MNIST
and 87.49% on EMNIST. Q-RR and Q-NASTYA explore
gradient compression with without-replacement sampling
for smaller datasets like mushrooms and a9a. FedCAMS op-
timizes adaptive aggregation, attaining 90.2% on CIFAR-10,
while FedOComp correlates stochastic gradients to enhance
high-dimensional data compression, achieving a 90% accu-
racy on Fashion-MNIST. More advanced methods include
FedSynth, where clients send synthetic datasets rather than
model updates, and FedCG, which integrates adaptive client
selection to mitigate stragglers. PFLEGO personalizes FL
with exact SGD, yielding accuracies of up to 98.43% on
MNIST and Fashion-MNIST, and Intrinsic Gradient Com-
pression links compressibility to intrinsic dimensions, re-
porting 88% on SST-2. Techniques like Adaptive Gradient
Compression and Wyner-Ziv coding further optimize per-
formance, achieving high accuracy on various datasets, such
as 99.09% on MNIST and 76.45% on CIFAR-100. Overall
these techniques are used in FL to reduce communication
overhead by transmitting compressed gradients instead of
full gradients.

3.6. Model Caching

Model caching is a technique used in PFL to improve
communication efficiency by reducing the amount of data
transmitted between clients and the central server. It involves
caching and reusing certain model components on the client
side, which eliminates the need to send them repeatedly
during each round of communication. In subsequent rounds,
instead of transmitting the entire model, only the model
differences or updates need to be communicated. This tech-
nique minimizes redundant communication and speeds up
the convergence process. The Algorithm 6 shows the basic
implementation of Model Caching technique for PFL.

Algorithm 6 Model Caching in PFL

Input(s): Global model M,y,;, Personalized model M. qp45ize4, Commu-
nication round ¢

Output(s): Local model update U,,,, Cached model M,

Algorithm:

1: if not first communication round then

2 Load cached model M_,,. from previous round

3: end if

4: if Global model not in cache then

S: Cache global model Mgy

6: end if

7: Update personalized model M, qonalizeq Using local data

8: Calculate local model update U, as the difference between
M personalized and M, cache

9: Cache Mergonalized 85 Mcacne for future rounds

10: Transmit Uy, to the central server

1. Cached Model Check:
If this is not the first communication round, load the
cached model M, from the previous round:

cache
(=1
Mcache “ Mcache (25)

2. Global Model Caching:
If the global model Mg, is not yet in cache, cache
it for the current round:

M M

cache = Mglobal (26)

3. Personalized Model Update:
Update the personalized model M, onqlized USing lo-
cal data at client i:

MY = update(M "V

personalized personalized’

local data;) (27)

4. Local Model Update Calculation:

Calculate the local model update Uy, as the differ-
0]

ence between the personalized model M . and
personalized
the cached model M,
Uy = MY -M (28)
local personalized cache

5. Update Cache:
Cache the updated personalized model for future com-
munication rounds:

M, .. =M" (29)

cache personalized
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Table 6

Summary of contributions in PFL Communication Optimization Techniques using Model Caching

Technique(s) Main Idea/Contribution Dataset(s) Used Clients o mmunication  Accuracy
Rounds
FM-DRL/FLCC  Federated Multi-agent Deep Reinforcement CIFAR10 100 5000 -
[143] Learning for Edge Caching, enhancing edge co-
operation for personalized service retrieval.
FedFilter [144] Personalized FL using model decomposition and ~ ML100K - 70 -
hierarchical aggregation, caching tailored con-
tent based on individual preferences.
CREAT [145] Integrates loT, edge nodes, and blockchain to  MovielLens 30 100 -
streamline caching in distributed environments.
FedCache [146] = Optimizes cache allocation, focusing on minimal  loT Data - 1000 -
communication while ensuring fair resource dis-
tribution.
Edge Caching in  Edge caching framework for Internet of Vehicles  Vehicle Location - - -
loV [147] (loV), enhancing scalability and supporting de- Data
centralized region-to-region data exchanges.
Federated-CNN Proactive cache algorithm leveraging FL and  Movielens-1M 10 100 96.3
[148] CNN models to predict and cache popular con-
tent.
EMNIST 20/100 100 73.2/76.4
User-Centric Implements user-centric aggregation at the CIFAR-10 20 200 48.8
Aggregation server, balancing personalization with commu- BigQuery [150] 35 150 84
Rules [149] nication efficiency through tailored aggregation
rules.
MNIST 5000 99.10
FedQNN [151] FL framework with ultralow-bitwidth quantiza- Fashion-MNIST 100 10000 90.69
tion, integrating sparsification for efficient loT CIFAR10 20000 89.42

communication.

6. Transmit Local Update:
Transmit the local model update U}, to the central
server for aggregation.

Federated Multi-agent Deep Reinforcement Learning
(FM-DRL) [143] integrates a cache-enabled FL system
(FREC) designed for efficient data retrieval to provide
personalized services. This method leverages model caching
to minimize learning latency and ensure good convergence
of the learning process. By caching frequently accessed
data, FM-DRL can quickly retrieve necessary information,
reducing the overall time required for training and up-
dates in FL environments. Federated Learning and edge
Cache-assisted Cybertwin (FLCC) [143] focuses on edge
cooperation and optimization using a FM-DRL algorithm.
This method customizes edge computing services to tackle
specific challenges, such as data heterogeneity and dynamic
network conditions. By coordinating multiple edge nodes,
FLCC optimizes resource allocation and data caching, im-
proving the overall efficiency and effectiveness of the FL
process.

FedFilter [144] is an edge caching solution based on FL,
addressing the challenges of content caching in diverse user
environments. It uses a personalized FL approach involving
model decomposition and hierarchical aggregation to cache
content according to individual user preferences. FedFilter
enhances the cache hit rate, reduces backhaul load, and min-
imizes service latency. Additionally, it detects and mitigates

the effects of invalid data on the global model, ensuring the
robustness and efficiency of the caching system.

CREAT [145] combines Internet of Things (IoT) de-
vices, edge nodes, remote cloud, and blockchain technology
to improve the efficiency of caching in FL systems. This
approach improves the cache hit rate and reduces the time
required to upload data by leveraging a distributed caching
framework supported by blockchain for secure and efficient
data management. Chilukuri et al. [146] introduced Fed-
Cache, a dynamic Cache allocation technique based on FL
designed for edge caches in dynamic, resource-constrained
networks. FedCache employs FL to acquire insights into op-
timal cache allocations with minimal communication over-
head. Through local learning, edge nodes adapt to vary-
ing network conditions and collaboratively exchange this
knowledge, eliminating the need to transmit all data to a
central location. This FL-based approach enables nodes to
determine resource allocations that maximize fairness or
efficiency in terms of cache hit ratio, aligning with the
current network state.

The study conducted by Oualil et al. [147] evaluated the
application of advanced machine learning (ML) paradigms
to enhance the precision of personalized edge caching and
replacement decisions. Their focus included maintaining
data privacy, accommodating vehicle mobility, accounting
for the popularity of content that changes over time, and
incorporating location awareness. The research demon-
strated that conventional FL-based approaches struggle to
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maintain satisfactory performance in these conditions. To
address this, the authors introduced a scalable-by-design
edge caching scheme tailored for the Internet of Vehicles
(IoV) context. This scheme harnesses decentralized ex-
changes among region-to-region Road Side Units (RSUs)
to enhance local models within each region, thus optimizing
edge caching effectiveness.

Zhu et al. [148] introduced a proactive cache algorithm
based on the FL framework. In this approach, distributed
virtual Content Delivery Network (vCDN) nodes utilize
their respective data to train convolutional neural network
(CNN) models, predicting the popularity of upcoming con-
tent. Through federated averaging of these node models, a
global popularity prediction model is derived. Each vCDN
node then employs this global model to forecast incoming
requests, enhancing caching efficiency by preemptively pre-
dicting content popularity. The Federated-CNN approach
ensures localized training instead of centralizing user data,
reducing transmission requirements while preserving user
privacy. The simulation results highlight the benefits of
federated aggregation, with Federated CNN achieving ap-
proximately 22% higher accuracy in popularity prediction
compared to other caching algorithms.

The study by Mestoukirdi et al. [149] focuses on over-
coming the limitations of PFL by introducing the capa-
bility for personalization through the utilization of multi-
ple user-centric aggregation rules at the parameter server.
This approach offers the potential to generate personalized
models for individual users, albeit with added downlink
communication overhead. To balance the trade-off between
personalization and communication efficiency, the authors
propose a broadcast protocol that restricts the number of
personalized streams while retaining the crucial benefits of
their learning approach.

Excessive communication between the server and the
clients can lead to demanding bandwidth prerequisites and
increased energy consumption in various IoT systems. Ad-
dressing this, in [151], a framework named federated learn-
ing of quantized neural network (FedQNN) is introduced.
This marks the pioneering incorporation of ultralow-bitwidth
quantization into the FL context. This innovation enables
clients to execute lightweight fixed-point computations with
reduced power consumption.

In summary, Table 6 presents model caching techniques
which are used in PFL to enhance communication efficiency
by reducing the data transmitted between clients and the cen-
tral server. Techniques like FM-DRL/FLCC utilize Feder-
ated Multi-agent Deep Reinforcement Learning for efficient
edge caching, enhancing edge cooperation to retrieve per-
sonalized services on the CIFAR10 dataset with 100 clients
and 5000 rounds. FedFilter focuses on model decomposition
and hierarchical aggregation to personalize cached content
based on user preferences, applied on ML100K with 70
communication rounds. CREAT integrates IoT, edge nodes,
and blockchain to streamline caching in distributed setups,
using MovieLens with 30 clients and 100 rounds.

Other methods include FedCache, which optimizes cache
allocation by minimizing communication while maintaining
fair resource distribution, applied to IoT data with 1000
rounds. In the Edge Caching in IoV framework, edge caching
supports decentralized exchanges of vehicle location data,
improving scalability for medium-to-large client groups.
Federated-CNN employs a proactive cache algorithm with
FL and CNN to predict popular content on Movielens-1M,
reaching 96.3% accuracy.

The User-Centric Aggregation Rules approach provides
user-specific aggregation at the server, balancing person-
alization and efficiency. This was applied on datasets like
EMNIST and CIFAR-10, achieving accuracies of 73.2%,
76.4%, and 84% across different datasets and communication
rounds. Finally, FedQNN integrates ultralow-bitwidth quan-
tization with sparsification for IoT, reaching high accuracy
rates such as 99.1% on MNIST and 90.69% on Fashion-
MNIST over large-scale communication rounds, highlight-
ing the potential of caching strategies in reducing commu-
nication load in PFL scenarios. These techniques leverage
model caching to enhance edge caching efficiency, reduce
service latency, maintain data privacy, and accommodate
dynamic network conditions and user preferences.

4. Challenges and Open Research Directions

This section discusses challenges and potential future re-
search directions in PFL. communication optimization tech-
niques. The table 7 presents the challenges and open research
directions in PFL. communication optimization techniques.

For Model Compression, challenges include high com-
putational demands, particularly for resource-constrained
devices, and the difficulty of balancing personalized tasks
with communication efficiency. Techniques like FedMPT
and QuPed attempt to address these issues, but still struggle
with privacy and bandwidth. Future research should focus
on enhancing multi-task performance in sensitive fields,
exploring adaptive communication protocols, and investigat-
ing larger datasets. Methods like FedNILM and FedSUMM
show promise in improving accuracy while reducing over-
head.

Differential Privacy faces the challenge of balancing
robust privacy with communication efficiency, especially
in the context of non-I1ID data. Techniques such as PPPFL
and PDPM tackle these issues but encounter scalability
and adaptability concerns across clients. Future work could
emphasize dynamic privacy mechanisms that optimize com-
munication, adaptive methods, and integrating differential
privacy with blockchain for secure FL.

In Client Selection, ensuring model accuracy and fair-
ness while managing data heterogeneity and resource con-
straints is essential. Approaches like FedCS enhance client
selection but still struggle with privacy issues. Future re-
search should refine client selection through real-time per-
formance metrics, improve clustering techniques, and de-
velop decentralized frameworks for personalized recom-
mendations.
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Table 7

PFL Communication Optimization Techniques, Challenges and Open Research Directions

Model/Method

Challenges

Open Research Directions

Model
compression

Model compression in FL can demand significant com-
putational resources, often unsuitable for resource-
constrained devices. Handling multiple personalized tasks
simultaneously while maintaining efficient communica-
tion remains challenging [57, 55].

Future work could focus on enhancing multi-task perfor-
mance in privacy-sensitive applications such as healthcare
and finance, where balancing data privacy with compu-
tational efficiency is crucial. Research should investigate
performance on larger datasets and explore adaptive,
energy-efficient communication protocols that leverage
model compression techniques [37, 41, 45, 49].

Differential
Privacy

Achieving both robust privacy and communication ef-
ficiency in FL is complex, particularly with non-11D
data and diverse client privacy requirements. Techniques
such as PPPFL tackle these by using differentially
private GANs to reduce communication rounds while
maintaining high data utility, especially in cross-silo FL
[69, 73, 84, 74, 76, 67].

Adaptive privacy-preserving methods like CUAG-PFL and
PGC-LDP offer promising avenues to improve both
privacy and communication efficiency, as they adjust to
client resource constraints and minimize communication
for specific model updates [70, 71, 81, 64], Compre-
hensive personalized privacy protection, performance and
scalability, efficient and secure FL algorithms, extension
to other healthcare applications [66].

Client Selection

Accurate device selection based on model quality and
efficient client clustering based on computational effi-
ciency are essential, but their effectiveness can vary with
different datasets and participants. Challenges include
the assumption of cooperative clients and concerns about
privacy protection during training. The FCFL approach
addresses biases, aggregation inefficiencies, and privacy
issues, but it has limitations compared to other methods
[93, 95, 96, 102].

Future work could focus on refining client selection by
integrating real-time performance metrics and commu-
nication capabilities to dynamically adjust client partici-
pation [93, 95, 96, 99]. Enhance client grouping strate-
gies to better handle extreme data heterogeneity [90],
generalization of FedRec++ [101], Denoising strategy
applicability, FedeRiCo for limited resources [99].

Asynchronous
Updates

Asynchronous updates in Personalized Federated Learn-
ing (PFL) bring diverse approaches to handling client
heterogeneity and communication efficiency, with each
technique presenting unique challenges and opportunities
for future research [105, 106]. Design for heterogeneous
edge devices, employs cost-adjustable local updates, but
refining model shrinking techniques tailored to device-
specific constraints remains an open direction [136, 109,
104].

Further advancements in asynchronous PFL include
FedACA, which introduces a two-level feedback system
to reduce communication costs amidst data heterogene-
ity; context-aware adaptive policies could advance its
resilience [112, 113, 114, 118].

Gradient
Compression

Many existing techniques struggle to maintain model
accuracy when clients’ data are highly heterogeneous
[121, 133]. The efficiency of various methods can fluctu-
ate based on specific client conditions and data distribu-
tions [125, 123]. Moreover, while adaptive compression
strategies that account for client capacities have shown
promise [129, 127], highlighting the need for strategies
that balance communication efficiency with effective
model training.

Ensuring consistent model performance across diverse
client environments [126, 128]. There is also a need
for more comprehensive studies on reducing compression
variance to enhance the reliability of gradient updates
[125]. Exploring adaptive compression methods that
consider client-specific conditions could yield improved
communication efficiency while maintaining training ef-
fectiveness [133, 129, 132, 131].

Model Caching

Despite the potential benefits of model caching in
federated learning (FL), several challenges persist. One
significant issue is the management of data heterogeneity,
as client devices may have varying data distributions
that complicate effective caching strategies [143, 144].
Additionally, dynamic network conditions can affect the
performance of caching algorithms, leading to increased
latency and reduced service quality [143].

Exploring decentralized caching strategies that leverage
the collaborative nature of FL can enhance efficiency
while preserving data privacy [146]. Additionally, in-
tegrating advanced machine learning paradigms with
caching solutions could improve the accuracy of content
prediction and allocation decisions, especially in rapidly
changing environments [147].

Asynchronous Updates present challenges in managing
client heterogeneity and ensuring efficient communication.
Techniques like APFedMe and ReFRS show potential but re-
quire further real-time adaptability and scalability improve-
ments. Innovations such as FedACA and hyper-mix Async-
DFL could enhance performance by balancing feedback and
communication costs, while also addressing concept drift
and staleness.

The challenges of Gradient Compression include man-
aging non-IID data distributions and compression variance
without sacrificing model accuracy. There is a significant
trade-off between the degree of compression and conver-
gence speed. Future research should focus on developing
robust algorithms that effectively manage data variability,
reduce compression variance, and explore the interactions
between gradient compression and other optimization tech-
niques like model caching.
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Lastly, Model Caching faces challenges in managing
data heterogeneity and dynamic network conditions while
ensuring data privacy. The trade-off between personaliza-
tion and communication efficiency remains a critical issue.
Future research should develop adaptive caching algorithms
and decentralized strategies that leverage the collaborative
nature of federated learning. Integrating advanced machine
learning paradigms with caching solutions and balancing
personalization with communication efficiency are vital ar-
eas for exploration.

5. Conclusion

In conclusion, this research survey delved into a com-
prehensive exploration of various communication optimiza-
tion techniques within the realm of personalized federated
learning (PFL). Throughout the paper, we examined the
strategies including model compression, differential privacy,
client selection, asynchronous updates, gradient compres-
sion, and model caching. These techniques collectively ad-
dress the multifaceted challenges inherent in FL, with a spe-
cific focus on enhancing communication efficiency without
compromising the quality of personalized model training.
Model compression techniques, by reducing the model’s
size, minimize communication overhead while maintaining
performance. Differential privacy mechanisms safeguard
sensitive data during the aggregation process, protecting
privacy without limiting collaborative learning. The selec-
tion of clients optimizes the subset of participants, pro-
moting efficiency in the training process. Asynchronous
updates accommodate varying client availability, allowing
for flexible and efficient model updates. Gradient compres-
sion methods reduce communication load by transmitting
compressed gradients, optimizing bandwidth usage. Lastly,
model caching leverages prior training to enhance local
updates, minimizing the need for extensive communication
during subsequent rounds.

Incorporating these communication optimization tech-
niques collectively enriches the landscape of personalized
FL, enabling efficient, secure, and precise model training
across distributed devices while mitigating the challenges
posed by communication constraints. As the field of PFL
continues to evolve, these insights into communication op-
timization strategies will undoubtedly play a pivotal role
in shaping the future of collaborative and privacy-aware
machine learning paradigms. The conclusions of our study
clearly identify a huge potential for future research in com-
munication optimization approaches for PFL.
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