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ABSTRACT

Federated Learning (FL) enables collaborative model training across distributed devices while pre-
serving data privacy. Nonetheless, the heterogeneity of edge devices often leads to inconsistent
performance of the globally trained models, resulting in unfair outcomes among users. Existing
federated fairness algorithms strive to enhance fairness but often fall short in maintaining the overall
performance of the global model, typically measured by the average accuracy across all clients. To
address this issue, we propose a novel algorithm that leverages entropy-based aggregation combined
with model and gradient alignments to simultaneously optimize fairness and global model perfor-
mance. Our method employs a bi-level optimization framework, where we derive an analytic solution
to the aggregation probability in the inner loop, making the optimization process computationally
efficient. Additionally, we introduce an innovative alignment update and an adaptive strategy in
the outer loop to further balance global model’s performance and fairness. Theoretical analysis
indicates that our approach guarantees convergence even in non-convex FL settings and demonstrates
significant fairness improvements in generalized regression and strongly convex models. Empirically,
our approach surpasses state-of-the-art federated fairness algorithms, ensuring consistent performance
among clients while improving the overall performance of the global model.

1 Introduction

Federated Learning (FL) is a distributed learning paradigm that allows clients to collaborate with a central server to
train a model [47]. To learn models without transferring data, clients process data locally and only periodically transmit
model updates to the server, aggregating these updates into a global model. Due to data heterogeneity, intermittent client
participation, and system heterogeneity, even the well-trained global model will perform better on some clients than
others, which leads to performance unfairness [62]]. Achieving fairness is vital to prevent problems like performance
discrimination, client disengagement, and legal and ethical concerns [3].

To address performance unfairness and ensure consistent performance in FL, several approaches have been explored
with promising results [40, 136, 79| 36} 51,152]. However, these methods often suffer from slow convergence and high
communication and computation overheads [68, 27, [11]]. More critically, existing solutions tend to either sacrifice
global model performance for fairness [40, 149} 78l 141]], while training an effective global model remains the core goal
of FL [35]. Although some efforts aim to balance fairness without degrading global performance [45] 143]], they fail to
model the problem directly and achieve suboptimal performance.

To overcome these limitations, we propose a novel algorithm, FedEBA+. It simultaneously optimizes fairness and
global model performance through a bi-level optimization framework, leveraging Entropy-Based Aggregation plus
model and gradient alignment. FedEBA+ assigns higher aggregation weights to underperforming clients, providing an
analytical solution that minimizes communication costs while improving both global performance and fairness.

In particular, the objective is based on a constrained entropy model for aggregation in FL. While entropy models
have successfully promoted fairness in areas like data preprocessing [63] and resource allocation [34], applying
entropy to FL presents unique challenges. In FL, fairness requires equitable performance across diverse clients with
heterogeneous data [62,14]], not just uniform resource distribution. To address this, FedEBA+ formulates entropy over
aggregation distribution, constraining the distance between aggregated and ideal objectives (see Section[4.T)), leading to
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Performance Gap for Clients with Different Algorithms
F_1(x), The smaller the gap, the fairer

F209 | q-FFL Figure 1: Illustration of fairness improvement of FedEBA+ over q-FFL
o 1 FedEBA+ and FedAvg by an optimization step. The performance gap means the per-
FedAvg formance difference between two clients, i.e., || Fi(z) — Fa(z)||. A smaller

F(x)

performance gap implies a smaller variance, resulting in a fairer method.
For clients Fi (z) = 2(z — 2)? and F»(z) = (z + 4)® with global model
2! = 0 atround ¢, q-FFL, FedEBA+, and FedAvg produce 2t of —0.4,
a0 . L —0.1, and 0.5, respectively. The yellow, blue, and green double-arrow lines
) indicate the performance gap between the clients using different methods.
FedEBA+ is the fairest method with the smallest loss gap, thus the smallest
performance variance. Computational details are outlined in Appendix

X

an aggregation distribution proportional to loss. Compared with typical fair aggregation methods, like FedAvg [47] and
g-FFL [40], FedEBA+ ensures more uniform client performance (Figure[I)). The maximum entropy model efficiently
provides an analytic solution at each computation step, making the bi-level optimization problem computationally
efficient without requiring cyclic updates.

Our major contributions can be summarized as below:

* We propose a bi-level optimization framework, involving a well-designed objective function capturing both the
global model performance and the entropy-based fair aggregation, aimed at simultaneously enhancing fairness and
the overall performance of FL. In the inner loop of the optimization framework, we derive the analytical solution to
the inner variable, i.e., aggregation probability, ensuring computational efficiency and improving fairness. In the
outer loop, we introduce an innovative alignment update and an adaptive strategy to dynamically balance the global
model’s performance and fairness.

* We propose FedEBA+, a novel FL algorithm for advocating fairness while improving the global model performance,
embedding the analytical fair aggregation solution and the innovative model and gradient alignment update strat-
egy. To alleviate the communication burdens, we further present a practical algorithm Prac-FedEBA+, achieving
competitive performance with communication costs comparable to FedAvg.

* Theoretically, we provide the convergence guarantee for FedEBA+ under a nonconvex setting. In addition, we
establish the fairness of FedEBA+ through performance variance analysis using both the generalized linear regression
model and the strongly convex model.

* Empirical results on Fashion-MNIST, CIFAR-10, CIFAR-100, and Tiny-ImageNet demonstrate that FedEBA+
surpasses existing fairness FL algorithms in both fairness and global model performance. Additionally, experiments
highlight the efficiency of Prac-FedEBA+, showing its robustness to noisy labels and the enhancement for privacy
protection.

2 Related Work

There have been encouraging efforts to address fairness in Federated Learning, including function-based approaches
like g-FFL [40] and AFL [[13]], gradient-based methods such as FedFV [68] and MGDA [26, 51], and personalized
methods [43145]]. While these improve fairness, they suffer from slow convergence [40} [13] and high communication
and computation overheads [26} [51]. Crucially, most of the existing work ignores or fails to address a difficult but
important challenge-improving fairness while increasing the accuracy of the global model simultaneously.

To this end, we propose a computationally efficient bi-level optimization algorithm designed to enhance global model
performance while ensuring fairness among clients. Our approach effectively addresses key challenges in this research
area. A more comprehensive discussion of the related work and fairness concepts can be found in Appendix [A]and

Appendix
3 Preliminaries and Metrics

Notations. Let m be the number of clients and |S;| = n be the number of selected clients for round ¢. We denote K as
the number of local steps and 7" as the total number of communication rounds. We use F;(x) and f(z) to represent the
local and global loss of client 7 with model , respectively. Specifically, z; , and g} , = VF;(x} ;,&; ;) represents the
model parameter and local gradient of the k-th local step in the i-th worker after the ¢-th communication, respectively.
 is the global model and z; is global model at round ¢. The global model update is denoted as Ay = 1/n(x411 — x¢),
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while the local model update is represented as Al = xi E xi’o. Here, 1 and 7, correspond to the global and local
learning rates, respectively.

Problem formulation. The typically FL objective can be formulated as follows:
min f(z) = Y piFi(x), (1
=1

where F;(z) = E¢,~p,Fi(x,&;) is the local objective function of client ¢ over data distribution D;, §; means the
sampled data of client ¢ and p; represents the aggregation weight of client .

In this paper, our goal is to improve the performance of the global model, specifically by minimizing the objective loss
function, while also reducing performance variance. This motivates us to establish the following optimization objective
as our final objective:

x* = argmin f(z) = arg min {szFz(ff) + /5(1)(56)} ; @
i=1

where x* is the optimal model parameter, F;(x) is the local loss on client ¢, and f(x) represents the global model’s loss,
aimed at improving the global model’s performance. 8 > 0 is the penalty coefficient of the fairness regularization, while
®(x) is the regularization term that aims to improve fairness. Thus, optimizing this objective entails simultaneously
enhancing the global model’s performance and reducing variance. We explicitly formulate ®(z) in Section building
on the fair aggregation optimization in Section[4.1] and rewrite (2) as a bi-level optimization Problem ().

Metrics. This paper aims to 1) promote fairness in FL while 2) enhance the global model’s performance. Typically,
the global model’s performance is evaluated based on its accuracy or loss. Regarding the fairness metric, we adhere to
the definition proposed by [40], which employs the variance of clients’ performance as the fairness metric:

Definition 3.1 (Fairness via variance). A model x1 is more fair than x5 if the test performance distribution of x| across

the network with m clients is more uniform than that of xs, i.e. var {F; (x1)};c(,,) < var {F (z2)};c(,), where Fi(-)
1

denotes the test loss of client i € [m] and var {F; (x)} = =37 [Fy(z) — >, Fy(w)] ? denotes the variance.

m

Ensuring the global model’s performance is the fundamental goal of FL. However, fairness-targeted algorithms may
compromise high-performing clients to mitigate variance [62]]. Our evaluation of fairness algorithms extends beyond
global accuracy, considering the accuracy of the best 5% and worst 5% clients. This analysis, also viewed as a form of
robustness in some studies [[75, 43]], provides insights into potential compromises.

4 FedEBA+: An Effective Fair Algorithm

In this section, we first define the constrained maximum entropy for aggregation probability and derive a fair aggregation
strategy (Sec[i.T). We then introduce a bi-level optimization objective for fair FL (Sec[4.2)), which enhances the global
model’s performance through model alignment and improves fairness through gradient alignment (Sec #.3)). The
complete algorithm, covering entropy-based aggregation, model alignment, and gradient alignment, is presented in
Algorithm 1]

4.1 Fair Aggregation: EBA

Inspired by the Shannon entropy to fairness [30], which ensures unbiased probability distribution by maximizing neu-
trality towards unobserved information and eliminating inherent bias [28} [60], we formulate the following optimization
problem with designed constraints on FL aggregation:

max H(p;) := — Y pilog(ps)
p;i,Vi€[m] P
3

s.t. Zpi =1,p; >0, quFz(J»‘z) = f($)
i=1 i=1

H(p;) denotes the entropy of aggregation probability p;, and f(z) signifies the ideal loss, representing the global model’s
performance under ideal training setting, which is unknown but whose gradient can be approximately formulated
and utilized as shown in Eq. (8) and Eq. (I0), detailed in the next section. The classical entropy model reduces
prior distribution knowledge and avoids bias from subjective influences. Compared to the existing entropy model
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Algorithm 1 FedEBA+

: Input: Number of clients m, global learning rate 7, local learning rate 7;, number of local epoch K, total training rounds 7,
threshold 6.

2: Output: Final model parameter zr.

3: Initialize: model x, guidance vectorr = [1,--- ,1].

4: forroundt =1,...,7 do

5:  Server selects a set of clients |\S;| and broadcast model z;

6.

7

8

—_

Server collects selected clients’ loss L = [Fy (), . .., Fig,|(®:)];

. L,
if arccos( ) > 0 then

Sever receives V F; (), calculates the fair gradient and broadcast to clients: §** = 2ies, %VF i(z);
t j€E + J T

9: for Client ¢ € S; in parallel do
10: fork=0,---,K —1do
11: Pr (1= @) VF(a &) + g™’
12: end for _ _
13: A} = e —who = —0L 30 hik
14: end for )
. i exp[F; (xy T
15: Aggregation: Ay = 37, ¢ piAj, where p; = Zie;:[exé[gz&/,}:l/ﬂ;
16:  else
17: for each worker ¢ € Sy,in parallel do
18: fork=0,---,K —1do )
19: Ty g1 = To g — MLV Fi(wy 15 )3
20: end for ) _ _ o ) _
21: Let A} = 2} x — aho = 1L Spry VEi(} ;&) and AY' = 2 — a0
22: end for
23: Server aggregates model update by Eq. (8);
24:  endif
25:  Server update: xiy1 = x+ + Ny
26: end for

of fairness [34]], we first incorporate the FL constraints >, p; Fi(x;) = f(z) to force aggregation into the fair
regularization region, specifically improving fairness. Maximizing constrained entropy implies greater fairness, as
shown in the toy example in Appendix [[.T]

Proposition 4.1. By solving the constrained maximum entropy problem, we propose an aggregation strategy called
EBA to enhance fairness in FL, expressed as follows:

exp[Fi(i)/7)]

R 4
S explF (27)/7] @

pi =

where T > 0 is the temperature, and the derivation of T is related to f ().

Details for deriving the above proposition and the proof of the uniqueness of the solution for the constrained maximum
entropy model are provided in Appendix [C.]and [K] respectively.

Proposition [4.1] shows that assigning higher aggregation weights to underperforming clients directs the aggregated
global model’s focus toward these users, enhancing their performance and reducing the gap with top performers,
ultimately promoting fairness, as shown in the toy case of Figure[I]and experiments in Table [I3] It is worth noting
that the aggregation probability can be solved in closed form, relying solely on the loss of the local model, making it
computationally efficient.

When taking into account the prior distribution of aggregation probability p;, which is typically expressed as the relative
data ratio ¢; = /3,5, n; Where n; is the number of data in client i, the expression of fair aggregation probability
g; exp|Fi (z) /)]
3251 a5 exp[F;(2)/7]
in this paper. The derivations for fair aggregation probability expression w/o prior distribution are given in Appendix|[C.I]

Robust variants of the aggregation algorithm are shown in Appendix [D]

becomes p; = . Without loss of generality, we utilize Eq. (@) to represent entropy-based aggregation

Remark 4.2 (The effectiveness of 7 on fairness). 7 controls the fairness level as it decides the spreading of weights
assigned to each client. A higher T results in uniform weights for aggregation, while a lower T yields concentrated
weights. This aggregation algorithm degenerates to FedAvg[47|] or AFL [49] when T is extremely large or small. We
further discuss the effectiveness of T in Appendix|M.6]
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4.2 Bi-level optimization formulation and alignment update

Recall the final objective [2)) to develop an objective function that simultaneously improves fairness and global model
performance. Based on the proposed maximum entropy model, we define

[ n () o)

Maximizing ® with respect to p; ensures the same fair aggregation result as proposition 4.1} Thus, we develop final
objective into a bi-level optimization objective that enhances model performance during updates while maintaining
aggregation fairness, formulated as below:

min, max,, L (z, p;) : Zpl ; [Zpl log pi + Ao (sz - 1) < sz i )

For the inner loop of Problem @ maximizing the objective L (z,p;) over the inner variable p; results in the same
analytical solution as the aggregation probability in Eq. (4)). For the outer loop of Problem (6], minimizing the objective
L (z,p;) with respect to the outer variable x introduces the following model update formula:

OL(z,pi) _
ox B

&)

; (6)

m

(1 —Q)ZinFi(x)—Fan(m), @)

where « = /7 > 0 is a constant. Then the global model is updated by A; = —nL% = —n(1 —

a) 32 piVE(x) — anLVf(z).

The proposed update formulation integrates the traditional federated learning (FL) update with the ideal gradient
\Y f (z) to align model updates. The choice of approximation for the ideal loss gradient, V f (z), influences the extent
of performance improvement. Specifically, V f(z) can represent either the ideal global gradient ¥V f®(x;) to enhance
global model performance or the ideal fair gradient V f b(x;) to improve fairness, as detailed in the subsequent section.

4.3 Adaptive Balance between Fairness and Global Performance Improvement

Our approach leverages an alignment update strategy, derived from the outer optimization loop, to simultaneously
enhance global model performance and fairness through entropy-based aggregation. This process is dynamically
adjusted to prioritize either fairness or global performance based on the current state of the system. When local
updates diverge significantly from fairness, improving fairness also mitigates local shifts, thereby boosting global
performance [38]]. Conversely, when fairness is within an acceptable range, we focus on enhancing global performance
through server-side alignment updates, formulated using a momentum-like method.

To achieve this adaptive balance, we employ an arccos-based scheme. If the arccos value of the clients’ performance
vector L = [Fi(z¢),. .., Fg,|(2:)] and the guidance vector (an all-ones vector of length |S;|) exceeds a predefined
threshold (fair angle ), the system is deemed unfair, and gradient alignment for fairness is applied. Otherwise, if the
arccos value is below the threshold, the system is considered to be within the tolerable fairness range, as illustrated in

Figure[2]

Model Alignment for Improving Global Accuracy. Based on the proposed model update formula (7)), we propose
an server-side model update approach to improve the global model performance. The ideal global gradient V f (z) :=

\Y% f o(xy) = Af aligns the aggregated model to facilitate updates towards the global optimum. Unable to directly obtain
the ideal global gradient, we estimate it by averaging local one-step gradients and align the model update. Utilizing

local SGD with ;41 = x4 — naL(I) and x4y = ¢y — nAy, we have
Ar=(1-a) Zzestp Zk 0 Fi(wy;&p) + Vo (z) = (1—a)ziestpiﬁi+a3?7 ®)
where p; follows the proposed aggregation probability, i.e., p; = oxpFi(@i. 1) /7)] Here, A? denotes the

Zzes exp[F;(x} Ty, =)/T)
aggregation of one-step local updates, defined as follows:

NG 1 A Gyt 1 2 )
Ap = 5. Ziest A= 15, ZiESt (w1 — T 0) - )

When the client’s dataset size n; varies, the expression of A¢ should be A¢ = > ies, ﬁA“ . The model
JjESE I

alignment update is outlined in Algorithm|[I](Steps 17-23). The rationale for utilizing the above equation to estimate
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Figure 2: Gradient Alignment improves fairness. Gradient
alignment ensures that each local step’s gradient stays on track
and does not deviate too far from the fair direction. It achieves
this by constraining the aligned gradient, denoted by hj, ,, to
fall within the tolerable fair area. The gradient g} represents
the gradient of global model for each client in round ¢, while
§' = VF;(x:) denotes the ideal fair gradient for model z.
The gradient g,i,t = VFi(xi,k; &) is the gradient of client 4
at round ¢ and local epoch k.

7Tolerable fair area

—> Initial local gradient gti

--------- > Updated local gradient g,
—> Fair gradient §[
Aligned gradient:

E—— . .
iy« (1-a)g,, +ag'

the ideal global model is twofold: 1) a single local update corresponds to an unshifted update on local data, whereas
multiple local updates introduce model bias in heterogeneous FL [38]]; 2) the expectation of sampled clients’ data over
rounds represents the global data due to unbiased random sampling [66]].

Gradient Alignment for Improving Fairness. To enhance fairness, we define
Vf(z):=Vf(z) = > ies, Pi Z,f;(} Vfb(:vf;’k) as the ideal fair gradient to align the local model updates.
To align gradients, the server receives VF;(x;) and F;(x;) from clients, utilizing entropy-based aggregation to assess
each client’s importance. The fair update is denoted as A; = (1 —a) Y, pi Yr_y VE (@} 456l p) + aVfi(z) =
> i Di kK:_Ol (1 =) VFi(x] ;&) + onfb(z;k)} . Subsequently, the ideal fair gradient Vfb(x;k) is estimated
by:

Vi) =" =, BiVE(), (10)

where p; = exp[Fi(z:)/ T)]/Zf s, exp[Fj(z2) /7] bt represents the fair gradient of the selected clients, obtained using the
global model’s performance on these clients without local shift (i.e., one local update). In particular, for each local
epoch k, we use the same fair gradient that is regardless of k. Therefore, the aligned gradient of model xi « can be
expressed as:

hig (1= )VE (&) +ag”". (an
The fairness alignment is depicted in Algorithm[I] Steps 8-15.

4.4 Practical gradient alignment to reduce communication.

Note that in the above discussion, the server needs to obtain the one local update to calculate the aligned gradient g%
and sends it back to clients for local update. Considering the communication burden of FL, we propose a practical
version of the gradient alignment method:

Proposition 4.3. For approximating the aligned gradient and overcoming the communication overhead issue, we use
the average of multiple local updates to approximate the one-step gradient. Then, the fair gradient is approximated by:

bt exp|Fi(x¢)/T)] 1 K-1_ .
7" =2 s, 5y, b BT K 2o ¥ P56 (12

In this way, the client only needs to communicate the model once to the server, same as FedAvg. The complete practical
algorithm, named Prac-FedEBA+, is presented in Algorithm|3]

5 Analysis of Convergence and Fairness

In this section, we analyze convergence under a nonconvex setting and evaluate fairness using variance and Pareto-
optimality.

5.1 Convergence Analysis of FedEBA +

To facilitate the theoretical analysis, we adopt common assumptions for nonconvex federated learning: L-smoothness,
unbiased local gradient estimators, and bounded gradient dissimilarity. See Appendix |G| for assumptions’ details.

Theorem 5.1. Under Assumption and let constant local and global learning rate 1y, and 1) be chosen such that
nr < min (1/(8LK),C), where C'is obtained from the condition that & — 10L?-L 3" | K?n? (A% +1)(x?,, A% +

m pllw
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1) > C >0 andn < 1/(nyL). In particular, let n;, = O (\/%KL) andn =0 (\/ Km), the convergence rate of
Algorithm[l|(FedEBA+) with o = 0 is:
((fo S ey, w30%> (5(& +4Kog) + 40K (A% + 1)X3u|pag>
t + O . (13)
mKT 2KT
Here, A > 0 is a constant defined in Assumption[3] and w is the prior aggregation distribution detailed in Lemma [H.1
The proof details of Theorem [5.T]are provided in Appendix [H|
m

Remark 5.2. According to the property of unified probability, we know + < Dot w? < 1, where the right inequality

m
comes from ), w? < >, w; and the left inequality comes from Cauchy-Schwarz inequality. Therefore, the worst case

of the convergence rate will be O(\/% + 7).

min B ||V f (@)||* < O
te[T)

Remark 53. When o # 0, the convergence rate of FedEBA+ is: mingcE|Vf () 1 <
o( (1—a)* 3, wiyvmoi +o>VEKp?

VKT
vergence upper bound than only using reweight aggregation with o = 0. K represents the local epoch times (in each

communication round) and m represents the client numbers, usually client numbers are larger than the local epoch in
( (1—a)?0i+a?\/K/mp? + l)

VmKT T/
When /K /m << 1, using the proposed alignment update results in a faster convergence rate than FedAvg. The proof
details are provided in Appendix[H.2]

+ %), where o, ~ p by Assumption thus a larger « indicating a tighter con-

the cross-device FL. In addition, when w; = % i.e., uniform aggregation, the rate is O

5.2 Fairness Analysis of FedEBA+

Variance analysis. We analyze the performance variance of clients of FedEBA+ using both the generalized linear
regression model and the strongly convex model.

Theorem 5.4. Under Algorithm[I] FedEBA+ exhibits smaller performance variance than FedAvg:

(1) For the generalized regression model, as per the setup in [41]], it is formulated as f(x; &) = T(€) Tx — A(€), where
T(&) represents the generalized regression coefficient and A() denotes the Gaussian noise term. We then derive the
test variance of FedEBA+ and compare it with FedAvg:

€es 62 ~
var (F{*" (xppas)) = 7 var (|W = will3) (14)

var{F{**"(xppat)tiem < var{F;**" (@ avg) }icm,

where w = Y| p;w;, W; represents the true parameter on client i, , and b is a constant that approximates b; in

=2, = mb;1,, where Z; = [T(&i1),--.,T (& n)]- The data heterogeneity is reflected in the heterogeneity of w;.

K2

(2) For the strongly convex setting, we assume the client’s loss to be smooth and strongly convex, following the setting
in [11)]. By assuming the existence of an outlier, we derive the test variance of FedEBA+ and compare it with FedAvg:
N N
1 ~ 1 ~
var (EF**" (x = — L? (= L)%,
( (xEBAY)) N ;:1 (% 2 ) (15)

Var{FiteSt (mEBAJr)}iEm S Var{FiteSt(wAvg }iEm )
where L; is the test loss of FedEBA+ on client i, distinguishing from training loss F;(x).

Details regarding the setting of the linear regression model, smooth and strongly convex assumptions, and the derivation
details are presented in Appendix[[.2]and Appendix

In addition to analyzing fairness variance in federated learning, we demonstrate that our algorithm, FedEBA+, satisfies
Pareto-optimality and uniqueness as per Property 1 of [60]. This supports the fairness effectiveness of our algorithm,
with further details provided in Appendix [JJand Appendix [K]

6 Numerical Results

Metrics and Baselines. We use variance, worst 5% accuracy, and best 5% accuracy as performance metrics for fairness
evaluation, and global accuracy to evaluate the global model’s performance. Additionally, the coefficient of variation
C, = Ziﬁ) [29], the ratio of standard deviation and accuracy, is used to capture the fairness and global performance

simultaneously. We compare FedEBA+ with FedAvg, FedSGD [48]], and fair FL algorithms, including AFL [49],
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Table 1: Performance of algorithms on FashionMNIST and CIFAR-10. We report the accuracy of global model, variance fairness,
worst 5%, and best 5% accuracy. The data is divided into 100 clients, with 10 clients sampled in each round. All experiments are
running over 2000 rounds for a single local epoch (K = 10) with local batch size = 50, and learning rate = 0.1. The reported
results are averaged over 5 runs with different random seeds. We highlight the best and the second-best results by using bold font
and blue text.

. FashionMNIST CIFAR-10
Algorithm
Global Acc. 1 Var. | Worst 5% 1 Best 5% 1 Global Acc. T Var. | Worst 5% 1 Best 5% 1

FedAvg 86.49 +0.09 62.44 +4.55 71.27 +£1.14 95.84 +0.35 67.79 +0.35 103.83 £10.46 45.00 +2.83 85.13 £0.82
FedSGD 83.79 +0.28 81.72 +0.26  61.19 £0.30  96.60 +0.20 67.48 +0.37 95.79 +4.03 48.70 0.9 84.20 +0.40
q-FFL 86.57 +0.19 54.91 £2.82 70.88 +0.98 95.06 +0.17 68.76 +0.22 97.81 +2.18 48.33 +0.84 84.51 £1.33
FedMGDA+ 84.64 +0.25 57.89 +6.21 73.49 +1.17 93.22 +0.20 65.19 +0.87 89.78 +£5.87 48.84 +1.12 81.94 +0.67
Ditto 86.37 £0.13 55.56 £5.43 69.20 +0.37 95.79 +0.38 60.11 +4.41 85.99 +7.13 42.20 £2.20 77.90 +4.90
PropFair 85.51 +0.28 75.27 £5.38 63.60 +0.53 97.60 +0.19 65.79 +0.53 79.67 +5.71 49.88 +0.93 82.40 +0.40
TERM 84.31 £0.38 73.46 +2.06 68.23 +0.10 94.16 +0.16 65.41 +0.37 91.99 +2.69 49.08 +0.66 81.98 +0.19
FOCUS 86.24 +0.18 61.15+1.17 68.15 +0.25 98.50 +0.10 59.60 +1.52 455.14 +11.19 9.54 +0.18 87.72 +0.12
1p-proj 86.21 +0.02 56.71 £2.25 68.47 +0.37 97.86 +0.52 68.86 +0.51 78.65 +7.01 49.53 +1.11 83.33 £1.23
Rank-Core-Fed 85.54 +0.33 58.19 £2.83 67.80 +0.55 96.60 +0.40 67.15 +1.12 87.02 £2.46 45.41 +0.62 85.82 +0.20
AAggFF 86.83 £0.33 58.19 £2.83 69.44 +0.73 97.67 +0.32 68.07 +0.09 87.21 +5.04 47.4 +0.53 84.98 +0.19
Prac-FedEBA+ 86.62 +0.07 46.41 +0.88 71.40 +0.15 96.1 +0.46 69.83 +0.34 74.16 +1.66 52.40 +0.50 84.10 +0.39
FedEBA+ 87.50 £0.19 43.41 +4.34 72.07 £1.47 95.91 +0.19 72.75 +0.25 68.71 +4.39 55.80 +1.28 86.93 £0.52

Table 2: Performance of algorithms on CIFAR-100 and Tiny-ImageNet. The local batch size is 128. We include FedFV [68] and
FedProx [42]) to compare the performance.

. CIFAR-100 Tiny-ImageNet
Algorithm
Global Acc. T Std. | Worst 5% 1 Best 5% 1 Global Acc.T Var. | Worst 5% 1 Best 5% 1
FedAvg 30.94 +0.04 17.24 £0.08 0.20 +0.00 65.90 +1.48 61.99 +0.17 19.62 +1.12 53.60 +0.06 71.18 +0.13
q-FFL 24.97 +0.46 14.54 +0.21 0.00 +0.00 45.04 +0.53 62.42 +0.46 1544 £1.89  54.13 +0.11 70.01 +0.09
AFL 20.84 +0.43 11.32 £0.20 4.03 +0.14 50.83 +0.30 62.09 +0.53 16.47 £0.88  54.65 +0.64  68.83 +1.30
FedProx 31.50 £0.04 17.50 £0.09 0.41 £0.00 64.50 +0.11 62.05 +0.04 1621 £1.13 5441 +0.47 69.92 +0.26
FedFV 31.23 +£0.04 17.50 £0.02 0.20 £0.00 66.05 +0.11 62.13 £0.08 15.69 +0.58 53.92+0.30  69.60 +0.31
FedMGDA+ 31.34 +0.12 16.61 £0.29 0.74 £0.12 65.21 £1.15 62.33 £0.26 17.49 +0.31 53.77 +0.16  70.04 £0.30
PropFair 30.85 +0.07 16.52 +0.24 0.29 +0.04 64.33 +0.71 62.01 +0.17 16.81 £0.28  53.83+0.42  69.95 +0.18
TERM 28.98 +0.45 17.19 £0.13 0.37 +0.02 63.85 +0.40 61.29 +0.37 19.36 £0.94 5292 +0.65  69.82 +0.44
AAggFF 31.05+ +0.04 16.91 £0.29 0.83 +0.07 66.10 +0.36 62.16 +0.22 16.33 +1.31 54.35+0.30  69.97 +0.42
Prac-FedEBA+ 31.95 +0.12 15.23 £0.09 1.05 +0.25 67.20 £0.03 63.43 £0.56 15.13 £0.48  54.38 +0.67  70.15 +0.33
FedEBA+ 31.98 +0.30 13.75 £0.16 1.12 +£0.05 67.94 +0.54 63.75 +0.09 13.89 £0.72  55.64 +0.18  70.93 +0.22
Table 3: Ablation study for 0 of FedEBA+.
FashionMNIST (MLP) CIFAR-10 (CNN)
FedEBA+¢—
Global Acc. Var. Additional cost Global Acc. Var. Additional cost
6 =0° 87.50 £ 0.19 43.41 +4.34 50.0% 72.75+0.25 68.71 +4.39 50.0%
6 = 15° 87.14+0.12 43.95+5.12 48.6% 71.924+0.33 75.95+4.72 26.2%
6 = 30° 86.96 + 0.06 46.82+1.21 37.7% 70.91 +0.46 70.97 +4.88 12.7%
0 = 45° 86.94 +0.26  46.63 + 4.38 4.2% 70.24 +0.08 79.51 + 2.88 0.2%
6 = 90° 86.78 +0.47  48.91 + 3.62 0% 70.14 £ 0.27 79.43 +1.45 0%

q-FFL [40], FedMGDA+[26]], PropFair [78], TERM [41], FOCUS [1L1], Ditto [43]], AAggFF [21] and lp-proj [45]].
Additional implementation details, such as models and hyperparameters, are available in Appendix [[]

FedEBA+ can significantly improve both fairness and global accuracy simultaneously. In Table [I|and Table[2]
we compare FedBEA+’s performance with other fairness FL algorithms on diverse datasets and models. The result
reveals the following insights: 1) FedEBA+ significantly reduces performance variance and improves global accuracy
simultaneously. The variance improvement is 3x on FashionMNIST and 1.5x on CIFAR-10 compared to the best-
performing baseline. Accuracy improves by 4% on CIFAR-10 and 3% on CIFAR-100 and Tiny-ImageNet. 2)
Other baselines face an accuracy-variance trade-off, showing either lower global accuracy or limited improvement
compared to FedAvg. 3) With the same communication cost as FedAvg, Prac-FedEBA+ surpasses other baselines.
Moreover, Figure [3(a)] clearly shows FedEBA+’s superiority in both fairness and global accuracy. Similarly, Table[T8]in
Appendix [M]shows that FedEBA+ achieves nearly 4x better performance in C,,, capturing both fairness and accuracy
simultaneously.

Fast convergence and stability to hyperparameters of FedEBA+. Figure shows that FedEBA+ converges
faster and achieves better accuracy than others. Figure [5(a)|indicates that increasing o improves fairness but decreases
accuracy. Figure [5(b)]demonstrates that decreasing 7 enhances fairness, with 7 > 1 generally leading to better global
accuracy.
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Figure 3: Performance of algorithms on (a) left: variance and accuracy on MNIST, (a) right: variance and accuracy on CIFAR-10, (b)
left: convergence on MNIST, (b) right: convergence on CIFAR-10.

Table 3] shows our schedule of using the fair angle 6 to control the gradient alignment times is effective, as it largely
reduces the communication rounds with larger angles. In addition, compared with the results of baseline in TableI]
the results illustrate that our algorithm remains effective when we increase the fair angle. The communication cost
of communicating the MLP model is 7.8MB/round, the CNN model is 30.4MB/round. If the communication cost is
affordable, # = 0 should be chosen for optimal performance. Otherwise, we recommend using the Prac-FedEBA+
algorithm with the default § = 15°, which requires no additional communication cost but with better performance than
SOTA baselines.

Robustness and Privacy Evaluation. Table [13|demonstrates that FedEBA+ keeps robust to noisy label scenarios;
Figure [§] indicates that FedEBA+ is compatible with differential privacy methods without significant performance
degradation. Additional details are provided in Appendix [M]

All the components of FedEBA+ are necessary. In Table [15| of Appendix we conduct the ablation study on
FedEBA+, showing that each step of FedEBA+- is beneficial. Even the aggregation alone improves global performance
and fairness.

Additional results in Appendix[M]consistently demonstrate the superiority of FedEBA+, including: 1) Performance
table with full hyperparameter choices for algorithms (Table[7)for baselines and Table[I6]for FedEBA+). 2) Performance
of fairness algorithms integrated with advanced optimization methods like momentum (Table[I0) and VARP (Table[TT).
3) Performance results under cosine similarity and entropy metrics (Table[I9). 4) Ablation studies on the fair angle
9, Dirichlet parameter (non-iid-ness), and annealing strategies of 7, as detailed in Table [8] Figure[T4] and Figure[9]
respectively. 5) Scalability of FedEBA+ in Table [21| and 6) Performance results on no-vision dataset, Reddit
(Table[23)). 7) Performance on TinyImagenet by Resnet network in Table [24]

7 Conclusions, Limitations and Future Works

In this paper, we introduced FedEBA+, a novel federated learning algorithm that enhances fairness and global
model performance through a computationally efficient bi-level optimization framework. We propose an innovative
entropy-based fair aggregation method for the inner loop and develop adaptive alignment strategies to optimize global
performance and fairness in the outer loop. Our theoretical analysis confirms that FedEBA+ converges effectively in
non-convex federated learning settings, and empirical results demonstrate its superiority over state-of-the-art fairness
algorithms, ensuring consistent performance across diverse clients and improving overall global model accuracy.

While FedEBA+ exhibits resilience to noisy label scenarios, ensuring its efficacy in the face of backdoor or Byzantine
attacks remains an open challenge. Malicious attackers may upload high losses to divert server’s focus, thereby
diminishing model performance. Developing a Byzantine-robust version of FedEBA+ is left for future investigation.
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A An Expanded Version of The Related Work

Fairness-Aware Federated Learning. Various fairness concepts have been proposed in FL, including performance
fairness [40] [27]], group fairness [[15}, 58], selection fairness [81]], and contribution fairness [12], among
others [62] [70, [8]. These concepts address specific aspects and stakeholder interests, making direct comparisons
inappropriate. This paper specifically focuses on performance fairness, the most commonly used metric in FL, which
serves client interests while improving model performance. We list and compare the commonly used fairness metrics of
FL in the next section, i.e., Section[B]

Some works propose objective function-based approaches to enhance performance fairness for FL. In [40], q-FFL
uses a-fair allocation for balancing fairness and efficiency, but specific a choices may introduce bias. In contrast,
FedEBA+ employs maximum entropy aggregation to accommodate diverse preferences. Additionally, FedEBA+
introduces a novel fair FL objective with dual-variable optimization, enhancing global model performance and variance.
Besides, achieves fairness by defining a min-max optimization problem in FL. In the gradient-based approach,
FedFV [68] mitigates gradient conflicts among FL clients to promote fairness, but it consumes much computational
and storage resources. Efforts have been made to connect fairness and personalized FL to enhance robustness [43} 435],
different from our goal of learning a valid global model to guarantee fairness. FOCUS introduces the Fairness
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via Agent-Awareness (FAA) metric, quantifying the maximum discrepancy in excess loss across agents. Utilizing
an Expectation Maximization (EM) algorithm, FOCUS achieves soft clustering of clients. However, it involves
communication between all clients and the server, with each client requiring all cluster models, resulting in elevated
communication and computation costs. Although addressing FAA is not our primary focus, we illustrate that FedEBA+
remains effective and outperforms FOCUS in both variance and FAA in our experimental setting, as detailed in
Table [I] and Table Notably, our method operates without imposing data distribution or model class assumptions,
distinguishing it from existing work [[11] that relies on the distance disparity of local loss and ideal loss as a fairness
measure. The use of variance in performance fairness naturally aligns with the goal of ensuring uniform performance
across clients. Recently, reweighting methods encourage a uniform performance by up-reweighting the importance
of underperforming clients [[79,150]. However, these methods enhance fairness at the expense of the performance of
the global model [36} 27]]. In contrast, we propose FedEBA+ as a solution that significantly promotes fairness while
improving the global model performance. Notably, FedEBA+ is orthogonal to existing optimization methods like
momentum [37] and VARP [31]], allowing seamless integration, as shown in Table |10|and Table

We clarify the relationship between FedEBA+ and prior work as follows. Compared to TERM [41]], both methods adopt
exponential weighting to address underperforming clients; however, FedEBA+ further improves overall performance
while promoting fairness through a bi-level optimization framework. In contrast to FedSRCVaR [53], which also
targets performance disparities, FedEBA+ achieves client-level fairness without requiring explicit knowledge of
demographic group information. While FedEBA+ shares a similar minimax formulation with Scaff-PD [76], it offers
greater computational efficiency by leveraging closed-form inner solutions (Eq. 4). Finally, compared to FLRA [59],
which addresses model heterogeneity through affine shift correction, FedEBA+ introduces a lightweight yet effective
fairness-aware mechanism that avoids additional parameter overhead.

Recently, several federated learning studies have explored a diverse range of fairness objectives, such as Proportion-
ality [[70158]], Disparity [22]], Stability [19]], and fairness in vertical FL [[17,157]. [[7] provides explainable proportional
fairness guarantees to the agents in general settings in which the error rates of the agents are proportional to the size of
their local data, and [S8] proposes a core-stability as fairness metric that is more resilient to noisy data from certain
clients. The used fairness is sensitive to data, while ours focuses on performance fairness for clients, regarding the
data distribution, thus the objective is different. [22] offers an information-theoretic perspective on group fairness
trade-offs in federated learning, utilizing partial information decomposition to identify unfairness. [19] mainly focus on
establishing a theoretical bound for showing the influence of clients’ altruistic behaviors and the configuration of the
friend-relationship network on the achievable egalitarian fairness. These works aim to establish the theoretical bound
for analyzing the fairness and trade-offs, from an information perspective and game theory, instead of providing a fair
algorithm. [17,157]] discuss fairness in vertical FL by learning fair and unified representations, where feature fields are
decentralized across different platforms. In contrast, our work focuses on horizontal FL and compares our results with
state-of-the-art horizontal FL fairness algorithms.

Aggregation in Federated Optimization. FL employs aggregation algorithms to combine decentralized data for
training a global model [35]. Approaches include federated averaging (FedAvg) [47], robust federated weighted
averaging [55} 39, 56, importance aggregation [66], and federated dropout [80]. However, these algorithms can be
sensitive to the number and quality of participating clients, causing fairness issues [44, 3} 162]]. To the best of our
knowledge, we are the first to analyze the aggregation from the view of entropy. Unlike heuristics that assign weights
proportional to client loss [[79, 36]], our method has physical meanings, i.e., the aggregation probability ensures that
known constraints are as certain as possible while retaining maximum uncertainty for unknowns. By selecting the
maximum entropy solution with constraints, we actually choose the solution that fits our information with the least
deviation [30], thus achieving fairness.

Our proposed aggregation method differs from existing approaches in several key aspects. First, the aggregation
L . . Fi(@)/7 . . .
formulation is novel, with probabilities p; = e~ z  proportional to the exponential of client loss and regulated

by a controllable parameter 7. Unlike heuristic methods that assign weights directly proportional to client loss
p; o F;(x) [504[79,36], our approach is derived from a constrained optimization framework. Second, the objective
is fundamentally different. Existing entropy-based aggregation methods [27, [24] and softmax-based reweighting
approaches [79, [36] aim to enhance model accuracy without addressing fairness, whereas our approach focuses
explicitly on improving fairness. Third, our method introduces a novel constrained entropy model, the first of its
kind in the FL fairness community, which prioritizes underperforming clients to achieve weighted fair aggregation.
Furthermore, our approach offers practical advantages, such as its exponent form and control parameter 7, which
effectively mitigate extreme unfairness and allow flexibility in recovering existing aggregation methods like FedAvg,
AFL, and q-FFL. Empirically, our entropy-based aggregation (FedEBA+ with v = 0 ) outperforms state-of-the-art
methods like q-FFL and TERM, achieving superior results in both fairness and accuracy.
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Recently, AAggFF [21]] proposes a similar aggregation strategy based on a sequential decision-making framework,
which shares a conceptually aligned principle: assigning higher aggregation weights to underperforming clients can
improve fairness in federated learning. Their work provides further empirical support for this paradigm. In contrast,
our approach is grounded in a fundamentally different theoretical formulation — specifically, a constrained maximum
entropy optimization model. Moreover, beyond the aggregation mechanism, our method introduces an additional
key component, termed alignment update (Sections 4.2—4.3), which jointly enhances both client-level fairness and
global model performance. These distinctions position our method as a novel and principled extension of the existing
paradigm, with enhanced interpretability and broader applicability in heterogeneous federated learning settings.

FL others. In addition to fairness algorithms, FL faces other challenges such as privacy preservation [[67, 182} |8]]
and communication efficiency [6} 2| 54]. Given the widespread adoption of FL, our primary focus in this work is on
designing a high-performance fairness algorithm. Nonetheless, we acknowledge the significance of other aspects in FL,
such as privacy preservation. Hence, we provide experimental results demonstrating the compatibility of our algorithm
with existing privacy protection methods and its robustness to external noise scenarios.

B Discussion of fairness metrics

In this section, we summarize the commonly used definitions of fairness metrics and comment on their advantages and
disadvantages.

Euclidean Distance and person correlation coefficient are usually used for contribution fairness, and risk difference
and Jain’s fairness Index are usually used for group fairness, which is a different target from performance fairness in
this paper. In particular, cosine similarity and entropy play roles similar to variance, used to measure the performance
distribution among clients. The more uniform the distribution, the smaller the variance and the more similar to vector 1.
The larger the entropy of the normalized performance, the more similar to vector 1. Thus, for performance fairness, we
only need one of them. We use variance, which is the most widely used metric in related works.

The detailed discussion of each metric is shown below:

* Variance, applied in accuracy parity and performance fairness scenarios, is valued for its simplicity and straightfor-
ward implementation, focusing on a common performance metric. However, it has a limitation as it only measures
relative fairness, making it sensitive to outliers [77, 40l 43| 26} 62].

* Cosine similarity, sharing applications with variance, is known for its similarity to variance and the ease with which
it captures linear relationships [40]. Nevertheless, it falls short when it comes to capturing magnitude differences
and is sensitive to zero vectors [61}, [23].

* Also utilized in scenarios akin to variance, entropy offers simplicity but has dependencies on normalization and
sensitivity to the number of clients involved in the computation, making it less robust in certain situations [40, 61} [23]].

 Applied in contribution fairness, Euclidean distance provides a straightforward interpretation and is sensitive to
magnitude differences. However, it lacks consideration for the direction of the differences, limiting its overall
effectiveness.

* In contribution fairness scenarios, the Pearson correlation coefficient is appreciated for its scale invariance and
ability to capture linear relationships [32]. Yet, it may be sensitive to outliers and may not accurately capture
magnitude differences, assuming a linear relationship between the data variables [64]].

¢ Commonly used in group fairness contexts, risk difference is sensitive to group disparities and offers interpretabil-
ity [[L3]]. However, it lacks normalization, which can impact its effectiveness in certain scenarios [16].

» Jain’s Fairness Index finds application in various fairness aspects, including group fairness, selection fairness,
performance fairness, and contribution fairness. It boasts normalization across groups and flexibility in handling
various metrics. Nevertheless, it is sensitive to metric choice and introduces complexity in interpretability [[L0} 46]].

C Entropy Analysis

C.1 Derivation of Proposition

In this section, we derive the maximum entropy distribution for the aggregation strategy employed in FedEBA+.

The choice of an exponential formula treatment for the loss function, represented as p; o< e*(*)/7 is motivated by our
adherence to a maximum entropy distribution. This approach is favored over alternatives such as p; « F;(z) because
our aggregation strategy is designed to achieve maximum entropy.
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Maximizing entropy minimizes the incorporation of prior information into the distribution, ensuring that the selected
probability distribution is free from subjective influences and biases [4, [60]. Simultaneously, this aligns with the
tendency of many physical systems to evolve towards configurations with maximal entropy over time [30]].

In the following we will give a derivation to show that p; oc e(*1)/7 is indeed the maximum entropy distribution
for FL. The derivation below is closely following [30]] for statistical mechanics. Suppose the loss function of the
user corresponding to the aggregation probability p; is F;(x;). We would like to maximize the entropy H(p;) =
— >, pilog p;, subject to FL constrains that Y .~ p; = 1,p; > 0, >, p;Fi(x;) = f(x), which means we constrain
the reweighted clients’ performance to be close to ideal model’s performance, such as ideal global model performance
or the ideal fair performance.

Proof.

1 N N 1 N
L (2% Ao; T) =— lZPi logpi + Ao <2pi - 1) +t- (ﬂ - ZP@‘(%))] ; (16)
i=1 i=1 i=1

where 1 = f(x).

By setting
OL (p, \o; * 1
OL (P, uiz) = - l:lngi +14+ X — Fz(xz):| =0, a7
8pz- T
we get:
1
Di = exp {— <)\0 +1- Fz(%)ﬂ . (18)
T
According to ). p; = 1, we have:
o 1
X +1=1 ZFi(z;) ) =:log Z, 19
o+ og;exp (T (z )) og (19)

which is the log-partition function.
Thus,we reach the exponential form of p; as:

_ €xXp [Fl(xl)/T] ) 20
BTSN eo(Fy(a;)/7) @0

O

When taking into account the prior distribution of aggregation probability [42] [3], which is typically expressed as
@i = "/, ni, the original entropy formula can be extended to include the prior distribution as follows:

H(p:) =) pi log(ff)- @1)
i=1 !

Thus, the solution of the original problem under this prior distribution becomes:
> j=14j exp[Fj(x;)/7]

Proof.
1 N a N 1 N
L (p, Ao; T) == p log_ "+ Ao <Zpi - 1) + - (u - Zmﬂ(m)) : (23)
i=1 ¢ i=1 i=1

Following similar derivation steps, let
OL (p, Ao; * 1
(%p()’) = —log(qi) +log(pi) +1+ Ao — —Fi(z:) =0, (24)
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we get:

1
Pi = €xp [ (Ao +1 —log(qi) — TE(%))] : (25)

According to ). p; = 1, we have:

Zpi = Zexp [— ()\0 +1 —log(qi) — iFi(azi)ﬂ =1. (26)

Therefore, we get:

N
Ao+1= longi exp (iFAx)) =:log(Z). 27

i=1
Then substituting Ao + 1 = log(Z) back to p; = exp [~ (Ao + 1 — log(q;) — L F;(x;))]. we obtain (22):

__aeplFi(m)/T)] 28
P N explFy ()] 29

D Enhancing Robustness in FedEBA+ through Local Self-Regularization

In this section, we introduce Local Self-Regularization (LSR) for FedEBA+ as a robustness solver.

Remark D.1 (Robustness of EBA). Typical aggregation methods focusing on fairness or heterogeneity often suffer
significant performance degradation in scenarios with noisy labels [55| |73 71]]. We demonstrate that our aggregation
method maintains robustness to noisy labels by extending the local loss F;(x) to a robust loss F} (x). The aggregation

then becomes:
by R (F@)7)
' Zj exp (Fjr(x)//r) ’ (29)
F{ (2) =Ee, [F"(@56) + vF*(2; Augment(&.)) | |

where Ff'(x;&;) represents the cross-entropy loss, and F} “?(x; Augment(&;)) denotes the self-distillation loss with
augmented data. The robust loss mitigates model output discrepancies between original and mildly augmented instances,
addressing noisy label scenarios and enhancing robustness.

The method is primarily based on the work of [33]]. For the sake of completeness in this paper, we restate the LSR
algorithm here. The LSR algorithm effectively regulates the local training process by implicitly preventing the model
from memorizing noisy labels. Additionally, it explicitly narrows the model output discrepancy between original and
augmented instances through self-distillation.

Algorithm 2 Local Self-Regularization

for client ¢ in parallel do

Input: client ¢, global model z;, parameter v, A ~ Beta(1,1).
t+1

1:
2
3 Output: local trained model =" ".
4:  Initialize: xZ’O — Ty
50 fork=0,---,K—1do
6: p1,p2 = Softmax(F;(z"%; &), Softmaz(F(zb"; Augment(&;)));
7 p=Ap1+ (1 —A)p2:
1
8

/Ts

Ds,c = W, where ¢ denotes the c-th class, and T is the sharpening temperature;
J¥g
9: Fes = CorssEntropy(ps,y):
10: Fre9 = Sel f Distillation(F(z"*; &), F(z!*; Augment(&:)));
11: F} = F' 4+ yF79;
12: Update x;; with F}';
13:  end for
14: end for
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For the regression loss, self-distillation is performed on the network. We use the two output logits &; and Augment(&;)
to conduct instance-level self-distillation. First, apply a softmax function with a distillation parameter 7} to the output
as:

exp([F(2}";€)]e/Ta)  exp([F(z}"; Augment(&:)))e/Ta)
Y, exp([F(ay®; €:)];/Ta) 3 exp([F (x}"; Augment(&:))];/Ta)

where ¢ and j denote the output logits for the c-th and j-th class, respectively. The self-distillation loss term is
formulated as:

q1,i,92,i = 30)

1 1
Fres = S(KL (a1 |[U) + 5 (KL(aa|0) GD

where KL means Kullback-Leibler divergence and U = %(ql + q2).
In this way, we can express the robust EBA method by:

= e @/ M (z) = s (2 & 79 (z; Augment(&;
P S (@) @) = Ee (B (@) v FT s Augment(@)] (32)

We experimentally demonstrate the robustness of EBA in Table[T3]

D.1 Toy example of extremal case

In this subsection, we examine an extreme case as an illustrative example. Consider two clients: client 1 with noisy data
and client 2 with separable data. Assume the test accuracy on client 1 is consistently zero or the loss is always high,
denoted as H;.

After local updates on each client, the model adjusts its parameters to minimize the noise. However, in the absence of an
underlying pattern, the weights do not capture any meaningful relationship between features and labels. Consequently,
the loss can be assumed to be H;, and the model parameter as z¢ = :vf“ without loss of generality, as the model has
no convergence point.

In contrast, assume client 2’s model is y = %xQ, and starting from 335 = 2, it converges to :c';“ = 0. Thus, for

H
FedEBA, the updated model is # = 0+ - e 7179, For FedAvg, the updated model is & = 1ot Since |e- 1] > |F1),
we have y(Z) < y(Z). Consequently, we can assert that the disparity between client 1 and client 2 using EBA+ is

smaller than with FedAvg.

Hence, we assert that even in the extreme case, FedEBA+ effectively reduces performance variance through the
entropy-based aggregation method.

E Practical Algorithm with effective communication.

To achieve the same communication costs to FedAvg, we introduce a practical adaptation of FedEBA+ termed Prac-
FedEBA+. Specifically, Prac-FedEBA+ leverages the last round’s gradient to approximate current round information,
reducing the need for extensive communication between the server and clients, as outlined in Algorithm 3]

F Analysis Comparison with existing works

In this paper, the fairness and global model performance are analyzed via variance and convergence, respectively. The
comprehensive analysis significantly improves upon existing research.

* For the variance analysis, all existing fairness works are typically evaluated by comparing them with FedAvg.
However, our analysis expands beyond linear models to include the strongly convex setting.

» For the convergence analysis, beyond the strongly convex and convex settings, we demonstrate that our
algorithms converge in nonconvex settings with a convergence rate no worse than the state-of-the-art FedAvg
algorithm, as shown in the Table
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Algorithm 3 Prac-FedEBA+

1: Imput: Number of clients m, global learning rate 7, local learning rate 7;, number of local epoch K, total training rounds 7,
threshold 6.

2: Output: Final model parameter zr.
3: Initialize: model x, guidance vectorr = [1,--- ,1].
4: forroundt =1,...,7 do
5:  Server selects a set of clients |.S;| and broadcast model ;.
6:  for each worker ¢ € S;,in parallel do
7: fork=0,---,K—1do _
8: Ty o1 = Ty — MLV E (Th 56
9: end for _ « )
10: P =2l — Tho =~ e V(@4 &)
11:  end for )
12:  Server receive model updates A} and clients’ loss L = [F1(x¢), . .., Flg,|(z0)];
13:  if arccos( =) > 6 then
AR Py (o)) K1 '
14: Approximate fair gradient: §° = > ies, %% weo VFi(xy;&);
15: Align model: A! = (1 — a)A! — anL Kg';
. LA Ad _ explFi(a} )/7)]
16: Aggregation: Ay = Ziest piAf, where p; = Sics, owlFi @l )7
17:  else o _ _
18: Approximate global update for participating client: A; = %(m;K,l — Tio);
19: Server aggregates model update by (8);
20:  endif
21: Server update: x¢41 = x+ + NAy;
22: end for
Table 4: Convergence rate comparison of FedEBA+ with existing works.
Algorithm Convergence Upper Bound Rate Order
1 [ fO—f* o2 +3Ko? 5(0c2 +6Ko2)? 15(c2 +6Ka2,) 1 1 1
FedAvg [72] 1 (m + ILASee | Mopiitoe) y Bl Oz + 1 + 7o)
1 ( (f°—f*)B? 2Fc2 42F(1—n/m)Ko2 B2F F2/34 1 1 1
FedIS [9] c ( nET T . B S R R Ngmgr T 7+ 77)
1 (f°=r") Aot +T/Tes s mCo2 1 1
FedNova [63] ¢ ( nRT T ;m + ?TG) o( —7 T T)
1 (fo —f* N (1—a)? 3, wiymoi + o> K2 /mp?
c KT 2vVnKT VE/n
FedEBA+ " " OVE 4+ 1)
+5(1 —a)* (0} +6Ko2) + 15(1 — )2’ K p?
2KT

To explicitly demonstrate the importance of the paper’s theoretical merit, we provide the following table to illustrate its
contributions compared with other fairness works:

The above comparison reveals that, among existing work, only FedEBA+ and lp-proj offer simultaneous variance and
convergence analysis. In contrast to Ip-proj:
* FedEBA+ expands fairness analysis from generalized linear regression models to strongly convex models.

* Moreover, lp-proj is a personalized FL algorithm, markedly distinct from ours, as this paper focuses on
achieving a fair global model. Consequently, the convergence analysis and fairness analysis are distinct. Only
FedEBA+ aims to improve the global model’s performance and variance simultaneously, employing variance
and convergence analyses, respectively.

G Assumptions for Convergence Analysis
To facilitate the convergence analysis, we adopt the following commonly used assumptions in FL.

Assumption 1 (L-Smooth). There exists a constant L > 0, such that |V F;(z) — VF;(y)|| < L|jz — yl|,Vz,y € RY,
andi=1,2,...,m.
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Table 5: Analysis Comparison of Different Fairness Algorithms

Algorithm Variance analysis Convergence analysis
q-FFL v X
FedMGDA+ X v" Strongly convex
TERM v' Linear model v" Strongly convex
AFL X v’ Convex
PropFair X v Nonconvex
Ip-proj v' Linear model v Nonconvex
FedEBA+ v" Linear model & Strongly convex v Nonconvex

Assumption 2 (Unbiased Local Gradient Estimator and Local Variance). Let & be a random local data sample in
the round t at client i: B [VF;(zy,€})] = VF;(x¢),Yi € [m]. There exists a constant bound o1, > 0, satisfying
E[[VFi(z:,&) — VFi(w)|* < oF.

Assumption 3 (Bound Gradient Dissimilarity). For any set of weights {w; > 0}.", with Y ;" w; = 1, there exist

constants o2 > 0 and A > 0 such that 3", w; [|[VF;(2)||* < (A2 + 1) |20, w VFi(2)||” + o2

These assumptions are commonly used in both non-convex optimization and FL literature, see e.g. [38,[72] 65]. For
Assumption if all local loss functions are identical, then A = 0 and o = 0.

H Convergence Analysis of FedEBA+

In this section, we give the proof of Theorem

Before going to the details of our convergence analysis, we first state the key lemmas used in our proof, which helps us
to obtain the advanced convergence result.

Lemma H.1. To make this paper self-contained, we restate the Lemma 3 in [65)]:

For any model parameter x, the difference between the gradients of fo.q(x) and f(x) can be bounded as follows:

IV fuvol@®) — VF @2 < X [A2IF @I+ 3] (3
where xi}”p denotes the chi-square distance between w and p, i.e., Xi”p = > (w — p)? /pi. f(x) is the
global objective with f(x) = 1" w; fi(x) where w is usually the data ratio of clients, i.e., w = [, -+, %]
f(z) =31 pifi(x) is the objective function of FedEBA+ with the reweight aggregation probability p.

Proof.
V favg(@) = V(@) =Y (wi —p;) VI ()
i=1
= (wi —p) (V" () = V f(=)) (34)
i=1
- Wi — Pi av
_S B (V) - V()
= VP
Applying Cauchy-Schwarz inequality, it follows that
m 2 m
W; — Pi av
IV favg(2) = VI(@)|* < | > foos = pu)” Y pi|VE (@) - Vi)
i=1 pi i=1 (35)
< Xl [NV (@)I° +02] |
where the last inequality uses Assumption[3} Note that
IV favg(@)I* < 2|V faug(®) = V f(@)]* + 2|V f (=) 6

<2 )% A% + 1| VS @) + 2x3)0%
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As a result, we obtain

T-1
. 2 1 2

av é T av 37
mnin IV favg (@)]I” < 7 ; IV favg ()| 37

T—1

1

<2 [\pA 1) 7 2 IVF @I +2x%,0% (38)

t=0
<2 {X?ﬂupﬁ + 1} Copt + 2 p0% » (39)

where €opt = 7 Z;‘F:_Ol |V f ()] denotes the optimization error.

O]
H.1 Analysis with o = 0.
Lemma H.2 (Local updates bound.). For any step-size satisfying np, < ﬁ, we can have the following results:
Bl —x]|* < 5K (njo} + 4Kn708) + 20K2(A% + Dng [V f ()] . (40)
Proof.
E¢llzt — (41)
=Bz} g — 2 = nrgi (42)
=Eillofp—1 — @ = nn(9l o1 — VFi(2} 1) + VE(2f y 1) — VE(2) + VE(2,))||? (43)
< (1t ol — @il + Eallnn gy — VE ()P
+AKE (L (VFi(x) g 1) — VFi(20))|*] + 4K 07 By V() || (44)
< (14 g Eullat oy — wal 4 0% + 4K} DRy — ol
+4KnTog + 4Kn7 (A? + 1)V f(x)|® (45)
< (1 e Bl oy — el o} + 4K 0% + AK (A + 1)V F ()] (46)
Unrolling the recursion, we obtain:
Eellzf ), — o (47)
k—1
< S+ P [0} + AR o% + AK(A” 4 1)lne ¥ )] (@8)
p=0
< (K -1) [(1 + o) = 1| ol + 4K og + AK (A + 1)V f (2] (49)
<5K(nfof +4Knjog) + 20K (A% + 1) ||V f (2] (50)
O

Thus, we can have the following convergence rate of FedEBA+:

Theorem H.3. Under Assumption[IH3] and let constant local and global learning rate ny, and 1 be chosen such that
ne < min (1/(8LK),C), where C'is obtained from the condition that § — 10L* - 3" | K?n? (A? + 1)()&0”;7142 +
1) > ¢ > 0,andn < 1/(nLL), the expected gradient norm of FedEBA+ with o« = 0, i.e., only using aggregation
strategy[d) is bounded as follows:

. fOff*
E EIR QAN LIy 51
min B[V f(z)|* < 2t 1. &
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where

2 2
o — 1[577LKL
c 2

L
(03 + 4K 0%) + P20 + 20L2K2(A2 4+ 1)ndx ,02]. (52)

where c is a constant, Xpr = > (w— pi)° /i represents the chi-square divergence between vectors p =
[p1y.--sPm) and w = [wy, ..., wy]. For common FL algorithms with uniform aggregation or with data ratio as

23

aggregation probability, w; = .- orw; = .

Proof. Based on Lemma|H_TI, we first focus on analyzing the optimization error €,p:

Ei[f(ze41)] (53)

< 1)+ (V@) Bl — )+ SRillwe — ) 54

= Fw) + (V). Balne+ KV () — mp KV (@) + 2B 55)

= (o) = K [V 5 @) P+ 0 (T ) B+ K ) 4507 Bl AP (56)
Ay Az

where (al) follows from the Lipschitz continuity condition. Here, the expectation is over the local data SGD and the
filtration of z;. However, in the next analysis, the expectation is over all randomness, including client sampling. This is
achieved by taking expectation on both sides of the above equation over client sampling.

To begin with, we consider A;:

Ay (57)
= (V (@), Ee[Ar +np KV f(24)]) (58)
m K—-1
= <Vf($t),Et[— > owi > g+ ULKVf(l‘t)}> (59
i=1 k=0
(a2) m K-—1 .
= <Vf($t), E:[— Z w; Z NV Fi(xy ) + nLKVf(SEt)]> (60)
=1 k=0
m K-1
<\/ LKV f(zy), EY wi Yy (VFi(ai,) - VE (xt))]> (6D
i=1 k=0
( 3) K m K-1 2
LNV @) + B |3 wi Y (VE(afy) = VE(x0)
i=1 k=0
— B ws Z VE ()2 (62)

=1 k=0
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The use Jensen’s Inequality:

Ay (63)
7] K ’I’} K—1 m )
L L
IV f () [|* + 5 wily |V Fy(x} ),) — VFi(x,)||
k=0 i=1
Etll > w Z VE(z} )] (64)
=1
77 K 77 L m K-—1 m
L L
IVF@I® + 5D Y Bl - z” - EtIIsz Z V() )| (65)
1=1 k=0 =1
K L2
< ("LZ +10K°Ln} (A* + 1)> IV f (o) ||” + 5777%{20% + 100} L2 KP0¢,
EtHZm Z VE(z})l?, (66)
=1

where (a2) follows from Assumption (a3) is due to (z,y) = & [[|z]|* + ||yl|* — |z — y||?] and (a4) uses Jensen’s
Inequality: |27, wizi||® < 2™, w; ||2|°, (a5) comes from Assumption |}

Then we consider As:

As (67)
2
= Bl Ac® = By | Y w; Z ik (68)
. =1 ; - o )
= 7B, Z Z gt E Z W Z VE( xt W[ +1iE Z Z $t k) (69)
=1 =1 =1 k=0
(a6) , & U
< ULZU) ZEH% xy 1) — VFi(xf, H2+77LEt||sz ZV (z )17 (70)
1=1 =1
m m K—-1
< Z KUL"‘ULEt”sz Z VF(z )”2 (71)
i=1 i=1 k=0

where (a6) follows from || 3", w;a;[|* = >_, w?||a;||* where a; is an unbiased estimator.
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Now we take expectation over iteration on both sides of expression:

J(xeg1) (72)
L
< fae) — e KE |V f(x)||” + 1By (Vf(20), Ay + KV f (2,)) + 5772Et||At||2 (73)
(a7)
< flze) —mLK ( — 20L2K %7 (A2 + 1) (X% A7 + 1)) E¢ ||V £ ()|
3L2K2 2,2 2 L .
+ 75’7%2 (0 + 4K oY) ¢ 2T KL 772 TL22 02 1 20L2 K3 (A% + 1) o
2
m K-—1
mr  Ln*n? 1
L _ - Fi(x 4
<2K 2 m > 2 VE( 74
i=1 k=0
(a8) 5nd L2 K2
< J(w) = e KE |V f ()| + = (0] + 4K o2) (75)
’U]27’]2772 L
Z% 7+ 20L° K3 (A% + )i X o 06
K—1 2
mp  Ln*n? 1 ¢ i
<2K -5 E; |— Z VE;(zi,) (76)
1=1 k=0
(a9) 5nn L2 K2
< far) = o KEVf ()2 + ZHE—— (07 + 4K 02)
. KL
e KL L2 08 4+ 2002 K (A% + 1l 0% (77)

where (a7) is due to Lemma m (a8) holds because there exists a constant ¢ > 0 (for some 7yr,) satisfying 1
10L2L 5™ K207 (A% +1)(x%,,,A% + 1) > ¢ > 0, and the (a9) follows from ('7% — Lm "L) >0ifny <

Xw|p
Rearranging and summing from¢ = 0,...,7 — 1, we have:
T-1
> emiKE|V f(@)|® < f(xo) — f(xr) + T K)®. (78)
t=1
Which implies:
lZEnwx <ot ig (79)
T t) e KT
where
1 .5n2 KL? LY w?
@ = LPIELT 2y yiory ¢ ML LA 2y o0 i (42 4 1)l 02 (80)

c 2 2

Corollary H4. Suppose n;, and n are n, = O (ﬁ) andn =0 (\/ K m) such that the conditions mentioned
above are satisfied. Then for sufficiently large T, the iterates of FedEBA+ with o = 0 satisfy:

mm||Vf<wt>||2so(M)+ (fZ“L>+o<5<0%+“(“é>>

te[T] vVmKT 2VK 2KT
20(A% 4+ 1)x2, o2

According to the property of unified probability, we know - < Z 4 w? < 1, where the upper comes from > w? <
>, w; and lower comes from Cauchy-Schwarz inquality. Therefore the convergence rate upper bound lies between

O( ez + 1) and O(W )
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H.2 Analysis with o £ 0

To derivate the convergence rate of FedEBA+ with o # 0, we need the following assumption:

Assumption 4 (Error bound between practical global gradient and ideal gradient). In each round, we assume the
aligned gradient V f (x;) and the gradient ¥V f (x;) is bounded: E||V f(x;) — V f(x1)||? < p? Vi, t. For simplicity of
analysis, let p is comparable to oy, i.e., p ~ o, since they are both constant bounds.

To simplify the notation, we define h{ , = (1 — @) VF(x} ;) + aV f(x).
Lemma H.5. For any step-size satisfying ny, < ﬁ, we can have the following results:

Ellz) ), — z|* < 5K(1 — a)*(nfo + 6Kniog) + +30K>nia’p?

+30K%n7 (1 + A%(1 — a)*) IV f(2) |12 (82)

Proof.
Bz — x| (83)
=Bz} oy — @t — nohf | (84)

= Eullot sy — 2 = n2((1 = a)gi 1 + oV F(we) = (1 = @) VE () 4 _4)
+ (1= a)VEi(x} 1) — (1= )VE(ze) + (1 = a)VEFi(w) + V(@) = V()|

<(1+ m)Et”xi,k—l — x| + (1 = a)®niol + 6Kn; L*Ee||ag g — 2
+ 6K o®E||V f(wy) — V(2| + 6Kn7 (1 — a)* (02 + A%V f(2)]?)
+ 6K |V f (x| (85)

1 7
<(1+ ﬁ)Et”xt,k—l —z|*+ (1 —a)’nio}
+6Kn3a’p® + 6K (1 — o) (0 + A2V f(x)[?) + 6 Kni |V f ()], (86)

Unrolling the recursion, we obtain:

E¢llzt — (87)
k—1 1
<) (1+ ﬁ)p (1 —a)®niof +6K(1 — a)’njo + 6Ka’ni p?
p=0
+ 6K (A (1 —a)” + 1|V F(z:)]?) (88)
1
< (-1 (4 ) 1] [0 ool
+6K(1 — )il + 6Ka’np® + 6Kng (A% (1 — a)® + 1)V ()] (89)
<B5ENE(1— ) (0} + 6K0Z) + 30K2n7a?p? + 30K %02 (A2(1 — ) + 1) ||V £ ()] . (90)

Similarly, to get the convergence rate of objective f(x;), we first focus on f(x;):

(al)

Edf(rern)] < £(20)+ (VF(@0), Bulrns — adl) + SEillwess — el o)
= [(@e) + (Vf (@), Be[nA¢ + qmr KV f (i) — oKV f(2)]) + gant[IIAtllzl 92)
= [ (@) =K |V @) |* + 0 (V[ (@), B[ A+ 0KV f (1)) +§772 Ef A, (93)

———

A1 A2

where (al) follows from the Lipschitz continuity condition. Here, the expectation is over the local data SGD and the
filtration of ;. However, in the next analysis, the expectation is over all randomness, including client sampling. This is
achieved by taking expectation on both sides of the above equation over client sampling.

27



To begin with, we consider A;:

Ay
= (V (@), Ee[Ar + nL KV f(z1)])

= <Vf($t)7Et[ > wi 2 bk + WLKVf(J?t)}>

i=1 k=0

(@2 <Vf(xt)7 Ee[— Y ws i no((1 — ) VFi(zi ) + af (z:)] + WLKW(H%)]> :
k=0

=1

For the above equation, we can separate the V f(z) into (1 — &)V f(z¢) and oV f(z;) two terms, thus, we have:

Ay

= (ViKY f().

\/EEt <Zw, Z (1 —a)[VE(z) ) — Vf(ze ]+Zwl kZ:Oan(xt) Vf(xt)]>>

=1 k=0 =1
(a3) nLK 9 i
IV f(@e)l|” — Etllzsz[1—aVF(wtk)+an(xt)HI
- . =1 k=0 . ,
+ 2’7—;{& wi Y ((1 — Q)[VFi(zf ) — V(xe)] + a[Vf(xe) — Vf(ggt)])
i=1 k=0
(a )TILK 2 K—1 m ; 9
IV f@)l? + =2 SN wike ||V Ei(ad k) — VFi(a0)
k=0 i=1
2 K—1 m
+772L7z Zwi]Eva(xt) V()| - Ez||2w Z (1 — a)VE;(x}4) + aVF(z)]]?
k=0 i=1
(a5) 272 m K-—1 )
<R )+ LS SR ot — e
=1 k=0
o2 K—1 K—1
+ ";m > EIVF(ze) = V()| — Et\lzwz > (1= @) VFi(xyx) + aV ()]
=1 k=0 i=1 k=0
2 m K-—1
(z)|? + =) Z (5KnL(1 — a)?(of + 6Kag) + 30K [o®p®
i1=1 k=0
K-—1
+<1+A2<1—a>2>||Vf<xt||2])+"L2“ P EHZMZ (1 - @)VFi(l) + aVi(@)]|?,
k=0

preprint

94)
95)

(96)

N

98)

99)

(100)

(101)

(102)

(103)

where (a2) follows from Assumption (a3)is due to (z,y) = 5 [||lz]|> + |yl|* — ||z — y||*] and (a4) uses Jensen’s

Inequality: |27 w;zi||* < 2™, w; [|2:|°, (a5) comes from Assumption |}
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Then we consider As:

Ay (104)
=Eil|A? (105
2
=Byl ) wi Z i (106)
=1
m K—-1 ‘ ] _ 2
=B |Y wi > [(1—a)VE (] ;&) + af(z,)] (107)
=1 k=0
m K-—1 . ' _
<SnEEND wi Y [(1 = @) VFi(af ;&) + of (0)]
=1 k=0
— (1= a)VFi(zf;) + (1 — a)VF(ap )| (108)
m m K—-1
S Z —a)’o7 +niE| Zwi Z 1= a)VE(z],) + oV f(z)]|? (109)
=1 =1 k=0

where (a6) follows from Assumption |Zl

Now we substitute the expressions for A; and A, and take the expectation over the client sampling distribution on
both sides. It should be noted that the derivation of A; and A, above is based on considering the expectation over the
sampling distribution:

f(wegr) (110)
L

< flae) = Mo KE NV f(@o)l|” + nEe (Vf (@), A+ KV f(2)) + §7IQEt||At||2 (111)

(a7)

L fle) - K (—30a2L2K2 2 a)2A2+1)>EIIVf(xt)IIQ

5(1 — 3L2K2 2.2
Gl :"L [5(1 — a)2(02 + 6K02) + 30Ka2p?] + %K;ﬂ
w?L
+—Ez i ”L( 0 Ko}
- m  K-1 2
L i 7
— (5 E; w; kZO (1= a)VFi(x},) + aVF(z)] (112)
where (a7) comes from 3 — 15a2L2K?n? (1 — a)?A? +1) > ¢ > 0 and 2 — W'Q%L >0
Rearranging and summing from¢ = 0,...,7T — 1, we have:
T—1
> emuKE||V f(z)|* < f(xo) — f(ar) + TOomuK)®. (113)
t=1
Which implies:
T—
fO — f* x
v ?< ® 114
2:: BV @)I* < 7+ @ (114)
where
- 1 [5niKL*(1—a)!
= { L 2( «) (07 +6K0og) +15K°n; (1 — a)’a’p”
m 2 L(1 — 2 2 .2
+ Zz:l w;nnL ( Oé) 0'% + npa”p (115)
2 2
O
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Corollary H.6. Suppose nr, and n are n;, = O ( \/%K L) andn = O (\/ K m) such that the conditions mentioned

above are satisfied. Then for sufficiently large T, the iterates of FedEBA+ with o # 0 satisfy:

. 2 (f° = o (1—a)?y/mo? 5(1 — a)%(0? + 6Ko2)
min [V (@)]* <0 (m) ‘o (Z“’m) Lo ( (o + 01 >

15(1—a)2a2p2) ( a?p? )
o ———— o0 . 116
+ ( T + SVTEK (116)

For the convergence rate of FedEBA+ with a # 0, the convergence rate order can be represented as

O( (1-a)? 3, wiymoi +a*VEKp?

) VKT

gence upper bound than only using reweight aggregation. In addition, when w; = % i.e., uniform aggregation, it is
N2 2 2 [ro 2

O( (1-a) O\L/:;(T K/mp + %), since \/ K /m << 1, which indicating when using alignment update the convergence

result will be faster than FedAvg.

+ %), where K << m and o1, ~ p, thus a larger « indicating a tighter conver-

I Fairness Analysis via Variance

To demonstrate the ability of FedEBA+ to enhance fairness in federated learning, we first employ a two-user toy
example to demonstrate how FedEBA+ can achieve a more balanced performance between users in comparison to
FedAvg and q-FedAvg, thus ensuring fairness. Furthermore, we use a general class of regression models and strongly
convex cases to show how FedEBA+ reduces the variance among users and thus improves fairness.

I.1 Toy Case for Illustrating Fairness

In Figure [I] the term "performance gap" refers to the performance disparity between two clients, calculated by
||Fi(xz) — Fa(x)||. The magnitude of this gap effectively reflects the variance among clients. Considering that

Var = w, it can be inferred that a larger performance gap |F (z) — F»(x)| corresponds to a larger variance,
thus indicating less fairness.

In this section, we examine the performance fairness of our algorithm. In particular, we consider two clients participating
in training, each with a regression model: fi(z;) = 2(z — 2)2, fo(z¢) = 3(z + 4)?. Corresponding,

Vhiae) = 4z - 2), (117)
Vfa(xs) = (x+4). (118)

When the global model parameter x; = 0 is sent to each client, each client will update the model by running gradient
decent, here w.l.o.g, we consider one single-step gradient decent, and stepsize A = i:

o =z, — AV fi(2y) = 2, (119)
ot =z, = AV fa(2) = —1. (120)

The aggregation weights for FedAvg and FedEBA+ can be concluded as:
1 e /2

14072 11 ¢2

11
(p1,p2)ave = (5, 5); (p1,p2)EBAY = ( ). (121)

Thus, for uniform aggregation, i.e., FedAvg:
1 1
vy =@t gt =2 (122)

While for FedEBA+:

ef2(@5™)

()
t+1 € t+1
i it

— t+1
FEBAY T T 4 eha ) nr 0L (123)

efl (z§+1) -|— efZ(m;+1)
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Therefore,

2 2
1 1
Varave = 5 ) ( (2% e) — 3 > (filee) ) — 2% (2.81)2, (124)

i=1 i=1

[\~]

i=1 i=1

2
1 1
Vargpar =5 ) (fz v5pas) =5 2 (filepay) ) =24 (0.6)2. (125)

Thus, we prove that FedEBA+ achieves a much smaller variance than uniform aggregation.

Furthermore, for q-FedAvg, we consider ¢ = 2 that is also used in the proof of [40]:

Vai = L(z" — 2i™) = -2, (126)
Vb = Lzt — a2ty =1. (127)
Thus, we have:
Al = fl(x,)Va! = 8% (—2) = —16, (128)
hy = aff (@) IVt |® + Lff(z) =1 x 1 x 22 48 =12, (129)
AL = fl(z,)Vah = 8x (1) =8, (130)
By = qfd (@) | Vab | + Lfd(z) =1x1x1248=9. (131)
The aggregation weights for q-FFL can be concluded as:
(1 p2)grre = (o5, 25) (132)
Finally, we can update the global parameter as:
eitop, =2 - éi ~ —0.4. (133)

Then we can easily get:

2
Var,_prr = %Z <fi(xz+1FFL) 5 Z(fz( a— FFL)) = 2% (2.52)?

=1

i—1
In conclusion, we prove that
Vargpay < Varg_ppp < Vargvg. (134)

In this case, the normalized performance’s entropy, after maxing the constrained entropy of aggregation probability,
exhibits a relationship akin to variance (greater entropy corresponds to improved fairness).

2 t+1 t+1
Batropy (1 (e5da.)) = =3 ' EE) o (zfj ey
i=j J* \""EBA+

i=1 Z?:l fJ (xtE+B%A+
2 t+1 t+1
fi(z,” i
Entropy (f (2 rrr)) == (2 rrs) )10 <Z d (fq( fff) )> ~ 0.942,
i=j J q—FFL

2 1
i—1 Zj:l i (xzt]tFFL

2 t+1 t+1

fi (za') fi (296) >

Ent Wa) =-> 1 ~ 0.890 (137)
niropy (f (wave)) = = 2 5= "y o8 (zfj fi (2kd)

)> ~ 0.996 (135)

(136)

where
F(@Emas) =25 21 f2 (255a0) = % *(3.9)%, (138)
t 1
fi (xqtlFFL) =2x(2. ) , f ( q— FFL) = 5 * (3-6)27 (139)
1
hi(Eive) =25 (15)°, f2 (24ve) = 5 * (45)°. (140)

Therefore, Entropy(f(mtE+§A+)) > Entropy(f(x 7FFL)) > Entropy(f(2}¢)) and Vargpay < Var,_rrr <
VaT’Avg.
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I.2 Analysis Fairness by Generalized Linear Regression Model

Our setting. In this section, we consider a generalized linear regression setting, which follows from that in [45]].

Suppose that the true parameter on client 7 is w;, and there are n samples on each client. The observations are generated
by ik (Wi, &ik) = T(&ix) Wi — A(& k), where the A(&; 1) are i.i.d and distributed as A (0, 6%). Then the loss on

client i is F; (x;) = 5= S0 (T(&0) % — A(&ik) — Gik)>.

We compare the performance of fairness of different aggregation methods. Recall Defination We measure
performance fairness in terms of the variance of the test accuracy/losses.

Solutions of different methods First, we derive the solutions of different methods. Let =;, =
T T T
(T(in1),T(&2),-- T(&in)) » Ai = (A(&in), Al&i2), -+, A(&im)) and y; = (Y1, Yi2s---5Yin) - Then the

Lo . = 2 = .
loss on client i can be rewritten as F; (x;) = 5 ||Z;x; — A; — y;||5, where rank (2;) = d. The least-square estimator
of w; is

-1
(57a:) = (vi+ a0, (141)

FedAvg: For FedAvg, the sohlltion is defined as wi'® = argminweR; LN Fi(w). One can check
tha whe = (S0 ETE) YL E i+ A) = (DL EE) DL E S + A, where A =

-1
(Zm N E-TEi> S 26 A; and W, = argmin, cga fi(2;) is the solution on client i.

1= ?
FedEBA+: For our method FedEBA+, the solution of the global model is wEBA* = argming, cpa > ey piFi(w) =
-1 R R -1
(SrmipE =) T pE S + A, where py o e (wi),and A = (D7, piE i) S, mE] A

.TEZ' = nb;I4. Then the solutions of

Following the setting of [45], to make the calculations clean, we assume =,

different methods can be simplified as

. L whAve — iy bi(w,+A)
FedAvg: w8 = IZm .

iy bi

ieq bipi (Wit A,
* FedEBA+ whe = 2 oipiiitds),
=1 1l

Test Loss We compute the test losses of different methods. In this part, we assume b; = b to make calculations clean.
This is reasonable since we often normalize the data.

Recall that the dataset on client i is (£;,y;), where E; is fixed and y; follows Gaussian distribution A/ (Eiwi7 a%I n)
Then the data heterogeneity across clients only lies in the heterogeneity of w;. Besides, since distribution of A also
follows gaussian distribution ' (0, 6%1,,), thus w; + A; follows from N (E;w;, 02I,,), where 0 = o7 + 3. Then,

N .
we can obtain the distribution of the solutions of different methods. Let w = Z:le We have
. . A - _o°
FedAvg: w8 ~ N (W7 b?TnId)'
. <« EBA+ - N 942 - N
» FedEBA+: w ~N (w7 Y oisy P; EId)’ where w = Y. | piw;.

Since E; is fixed, we assume the test data is (2;,y}) where y; = E;w; + z; with z;, ~ N (On7 oI n) independent of
z;. Then the test loss on client & is defined as:
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Fi© (xi) = %EHEiXi + A — il (142)
= %EHEixi + A — (Bwi+ 7)) (143)
= %2+iEIIEi (i = i) (144)
:§+Ehzwﬂ (145)
= %2+gtr(var(xi))+gIIExﬁwiHE- (146)

where & is a Gaussian variance, which comes from the fact that both A; and z; follow Gaussian distribution with mean
0.

Therefore, for different methods, we can compute that

&2 &52d b __
Fre (i) = T T8 S w - will (147
52 L ,6% b
Fte (WEBA+) _ ? Z T 3 W — WZH% . (148)
k=

Define var as the variance operator. Then we give the formal version of Theorem [5.4]

The variance of test losses on different clients of different aggregation methods are as follows:
b2
VRS = var (B (w)) = U var (||W _ wi||§) , (149)
b2
VEBA+ — var (Fite (WEBA+)) = ZV&I‘ (HVNV - Wlllg) . (150)

Based on a simple fact: assign larger weights to smaller values and smaller weights to larger values, and give a detailed
mathematical proof to show that the variance of such a distribution is smaller than the variance of a uniform distribution.
Which means VEBA+ < J/Avg,

Formally, let |[w — w;||> = A;. From equation (T48)), we know that F'¢(wEBA*) o A;, and p; o< F;. Thus, we know
pi o Aj.

Then, we consider the expression of VEBA* — %var(Ai). Assume A; = [A] > Ay > --- > A,], then the
corresponding aggregation probability distribution is [py > pa > -+ > P

We show the analysis of variance with set size 2, while the analysis can be easily extended to the number K. For
FedEBA+, we have

m 2
= Zpi <Ai - ZpiAi> (15D
i=1 i

=p1(A1 — (p1A1 + p242))* + p2(As — (141 + paAs))? (152)
=p1(1 — p1)?AT = 2(1 — p1)p1paAi Ao + p1p3 A3 (153)
+p2(1 = p2)? A3 — 2(1 — p2)pipaAr A + pipa AT (154)
= (p1p3 + PIp2) AT — 2p1p2(2 — p1 — p2) A1 A + (p1p5 + Pip2) A3 (155)
D) . pa(A2 + AZ) — 2p1pa s As (156)
= pipa(Ar — As)?, (157)

where (al) follows from the fact >, p; = 1.

According to our previous analysis, p; > pa while A; > Ay.According to Cauchy-Schwarz inequality, one can easily
prove that p1ps < i, where % comes from uniform aggregation.

Therefore, we prove that VEBA+ < J/Ave,
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I.3 Fairness analysis by smooth and strongly convex Loss functions.

In this section, we define the test loss on client ¢ as L(z;), to distinguish it from the training loss F;(x;).
To extend the analysis to a more general case, we first introduce the following assumptions:

Assumption 5 (Smooth and strongly convex loss functions). The loss function L;(x) for each client is L-smooth,
[VLi(z)]2 < L, (158)

and p-strongly convex:

1
L(y) > L(z)+ < VL(z),y = > +5plly - =] (159)

The variance of FedAvg with N clients loss can be formulated as:

1 1
Vjévg =~ ZLf(Z) - (N ZLz(fL’))z (160)
1=1

=1

For FedEBA+, the variance can be formulated with a similar form, only different in client’s loss L;(Z), abbreviated as
L;. Then, the variance of FedEBA+ with /N clients can be formulated as:

1L 1 L.
TLORES Y IS WAt s
=1 =1

When client number is N + 1, abbreviate FedAvg’s loss L;(z) as L;, we conclude

V]\z?vg (162)
;N AR, 2
=— SN2 (—>N 1L, 16
N+1; : <N+1; > (163)
N 1 N 1 2
N 1 2 2 2 2
N (Li+Ly+-+Ly  Lyui\]?
{NH( ~ + (165)
2
(N \VIN+1YN 12 iib
T \N+1 N N N&="
1 L3 N SN L, L
I3, - NH o 2Lziz1 2 2N 166
TN Tn (N +1)2 (N+1) N N (166)
N 1Y% 12 N 1
= —_ = L L
S R A i L O e
1 N 5N LiLyn
_ L2 —_92 2 =1 + 167
(N +1)27 N+ (N+1) N N (167)
N L34+ L3 NL3 2(Li+-+ ~) Lyt
_ v 1 N N+l + 168
N1 Nt T e Tt e (N +1)2 (168)
N SN (Li — Lns1)?
= 1% i=1 169
NNVt (N +1)2 (169)

We start proving VA‘?”g > Vﬁ BA+ yN by considering a special case with two clients: There are two clients, Client 1
and Client 2, each with local model x1, z2 and training loss F} (z1) and Fp(x2).
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In this analysis, we assume Client 2 to be the outlier, which means the client’s optimal parameter and model parameter

distribution is far away from Client 1. In particular, io >> Ll ..

The global model starts with = 0, and after enough local training updates, the model 1, xo will converge to their
personal optimum z7, x5. W.l.o.g, we let Client 1 with F;(z}) = 0, Client 2 with Fy(x3) = a > 0. Let 2] < a3
(relative position, which does not affect the analysis).

( )

Based on the proposed aggregation p; x exp , we can derive the aggregated global model = of FedEBA+ to be:

. * % xy + e’z
T = p1x] + paxy = 72@ — 2 (170)
While for FedAvg, the aggregated global model 7 is:
T = M ) (171)

2

For FedEBA+, the test loss of Client 1 and Client 2 are L, = L1 (%), Lo = Ly () respectively. The corresponding
variance is ‘/'2EB‘LH = §(L1 Ly)2.

For FedAvg, the test loss of Client 1 and Client 2 is Ly = Ly(%), Ly = Lo(Z) respectively. The corresponding variance
is VéAVG = %(Ll — L2)2.

Since Client 2 is a outlier with F5(x3) > 0 and 2 < z%, we can easily conclude F5(x) is monotonically decreasing on
(z7, xz) F1(z) is monotonically increasing on (z7, z3). Besides, w.l.o.g, since VF(2) < Lgmooth << ft2, We can let

= J'2_~L1
Thus, we promise —%— > VI (x3). According to the property of calculus, we can easily check that F»(x) — F (x) >
0 is monotonically decreasmg on (z7,x3).
Since
. Tk S kd
—F= <gt_F= 172
T2 T= oy ST 5 (172)

thus we have (Fy(2) — F1(7))? < (Fa(z) — F1(7))?
So far, we have prove VQEBA+ < VQAVG.
To extend the analysis to arbitrary IV, we utilize the mathematical induction:

Assume ngB‘LH' < VZéVG we need to derive Vy; EBA+ < VAVG.

+1
Consider a similar scenario as we analyze with two clients. We assume Client N+1 to be an outlier, which means the
client’s optimal value and parameter distribution are far away from other clients. In particular, fiy 1~ others . W.Lo.g,

smooth
let the optimal value F'(z7,.,) for Client N+1 be a, others to be zero.

Again, the global model starts with © = 0, and after enough local training updates, the models will converge to their
personal optimum x7, x5, ..., 2y, and Ty | > T},

By (169), we have:

others*

N
Li — Lni1)?
VAUQ _ VAVG ZZ 1( + 173
N+l N +1 * (N +1)2 ’ (173)
where L; is the test loss of client i after average and
N Sy (Li = Lvya)?
VEBA+ VEBA+ =1 2 ) 174
N+l N+1 + (N +1)2 (174)

il (Li—Lng1)? o L (Li—Lnga)?

EBA+ AVG
Vv sVy (N+1)2 = (N+1)2

Since we know , we can finish the

proof.

, thus as long as we promise

Consider an arbitrary client i € [1, N], since we already know Fy11(z3, 1) = a > Fj(x}) = 0, the expression for &
is
N+1 1 N e
=St = i Yot b a7

35



preprint

While for FedAvg,

2
s

&l
I
G

(176)

i
2
_|_

i
Following the exact analysis on Client ¢ and Client N + 1, we can conclude that Fiy 11 (x) — F;(z) > 0 is monotonically
decreasing on (], z7y ;).

Since

* N * * N *
* . Ny, - D ie1 T < o Nayg =D i1 @)
Tyl — T = TN <

thus we have (Fy,1(Z) — Fi(2))? < (Fy41(T) — Fi(Z))? Vi € [1,..., N].

. N (Li—L 2 N, (L;-L 2
Therefore, we promise Zl:l((N%l);’“) < Z*:l((N;rl)sz“)

; a7n

EBA+ AVG
So far, we have prove V"7 < VI 7.

According to the mathematical induction, we prove V1€ BA+ < V#VE for arbitrary client number N under smooth and
strongly convex setting.

J Pareto-optimality Analysis

In addition to variance, Pareto-optimality can serve as another metric to assess fairness, as suggested by several
studies 69, 26]. This metric achieves equilibrium by reaching each client’s optimal performance without hindering
others [20]. We prove that FedEBA+ achieves Pareto optimality through the entropy-based aggregation strategy.

Definition J.1 (Pareto optimality). Suppose we have a group of m clients in FL, and each client i has a performance
score f;. Pareto optimality happens when we can’t improve one client’s performance without making someone else’s
worse: Vi € [1,m],3j € [1,m],j # isuchthat f; < fland f; > f, where f] and f] represent the improved
performance measures of participants i and j, respectively.

In the following proposition, we show that FedEBA+ satisfies Pareto optimality. °

Proposition J.2 (Pareto optimality.). The proposed maximum entropy model H(p;) is proven to be monotonically
increasing under the given constraints, ensuring that the aggregation strategy ¢(p) = arg maxpecp h(p(f)) is Pareto
optimal. Here, p(f) is the aggregation weights p = [p1,D2, - . ., pm] of the loss function f = [f1, fa,- .., fm), and h(-)
represents the entropy function. The proof can be found in Appendix|[J}

In this following, we demonstrate the Proposition[J.2] In particular, we consider the degenerate setting of FedEBA+
where the parameter a = 0. We first provide the following lemma that illustrates the correlation between Pareto
optimality and monotonicity.

Lemma J.3 (Property 1 in [60]].). The allocation strategy o(p) = argmax h(p(f)) is Pareto optimal if h is a strictly
peP
monotonically increasing function.

In order for this paper to be self-contained, we restate the proof of Property 1 in [60] here:

Proof Sketch: We prove the result by contradiction. Consider that p* = ¢(P) is not Pareto optimal; thus, there exists
an alternative p € P such that

21 T ’Il 3
Zpifz—zp i Z f = Zibiloar ng, (178)

where Z > 0 is a constant. Since h(p) is a strictly monotonically increasing function, we have h(p) > h (p*). This is a
contradiction because h* maximizes h(-).

According to the above lemma, to show our algorithm achieves Pareto-optimal, we only need to show it is monotonically
increasing.

Recall the objective of maximum entropy:

== pla)log(p (179)
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subject to certain constraints on the probabilities p(z).

To show that the proposed aggregation strategy is monotonically increasing, we need to prove that if the constraints on
the probabilities p(z) are relaxed, then the maximum entropy of the aggregation probability increases.

One way to do this is to use the properties of the logarithm function. The logarithm function is strictly monotonically
increasing. This means that for any positive real numbers a and b, if a < b, then log(a) < log(d).

Now, suppose that we have two sets of constraints on the probabilities p(z), and that the second set of constraints is a
relaxation of the first set. This means that the second set of constraints allows for a larger set of probability distributions
than the first set of constraints.

If we maximize the entropy subject to the first set of constraints, we get some probability distribution p(z). If we
then maximize the entropy subject to the second set of constraints, we get some probability distribution ¢(x) such that
p(z) < ¢(x) for all x.

Using the properties of the logarithm function and the definition of the entropy, we have:

H(p(z)) = = > (p(x)log(p(x))) (180)
< =) (p(x)log(g(x))) (181)
= = > ((p(x)/a(x))a(x) log(q())) (182)
= H(q()) - Z«z(gq@:) log(p(x)/q())) (183)
< Hig(x). (184)

This means that the entropy H (g(x)) is greater or equal to H (p(x)) when the second set of constraints is a relaxation
of the first set of constraints. As the entropy increases when the constraints are relaxed, the maximum entropy-based
aggregation strategy is monotonically increasing.

Up to this point, we proved that our proposed aggregation strategy is monotonically increasing. Combined with the
Lemma[J.3] we can prove that equation () is Pareto optimal.

K Uniqueness of our Aggregation Strategy

In this section, we prove the proposed entropy-based aggregation strategy is unique.

Recall our optimization objective of constrained maximum entropy:

H(p(z)) = = > (p(z)log(p(x))), (185)

subject to certain contains, whichis >, p; = 1,p; > 0, piF; = f.
Based on equation 4] and writing the entropy in matrix form, we have:

(F F/ty _ _ . s
pi(2: —logd e )= —ap; fori=j
H, i(p) = T g 186
i) {0 otherwise (186)

where a is some positive constant.

For every non-zero vector v we have that:

v H(p)w = Z —apivjz <0. (187)
JEN
The Hessian is thus negative definite.

Furthermore, since the constraints are linear, both convex and concave, the constrained maximum entropy function is
strictly concave and thus has a unique global maximum.
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L. Experiment Details

L.1 Experimental Environment

For all experiments, we use NVIDIA GeForce RTX 3090 GPUs. Each simulation trail with 2000 communication rounds
and 5 random seeds.

Federated Datasets and Models. We tested the performance of FedEBA+ on five public datasets: MNIST, Fashion
MNIST, CIFAR-10, CIFAR-100, and Tiny-ImageNet. We use two methods to split the real datasets into non-iid datasets:
(1) following the setting of [68]], where 100 clients participate in the federated system, and according to the labels, we
divide all the data of MNIST, FashionMNIST, CIFAR-10, CIFAR-100 and Tiny-ImageNet into 200 shards separately,
and each user randomly picks up 2 shards for local training. (2) we leverage Latent Dirichlet Allocation (LDA) to
control the distribution drift with the Dirichlet parameter v = 0.1.

As for the model, we use an MLP model with 2 hidden layers on MNIST and Fashion-MNIST, and a CNN model with
2 convolution layers on CIFAR-10, ResNet-18 on CIFAR-100, and MobileNet-v2 on TinyImageNet.

Baselines We compared several advanced FL fairness algorithms with FedEBA+, including FedAvg [47],
FedSGD [48], AFL [49],q-FFL [40],FedMGDA+[26]],PropFair [78], TERM [41], FOCUS [11]], Ditto [43],FedFV [68],
Ip-proj [45] and AAggFF [21]]. For AAggFF, we used the Normal CDF transformation while keeping other settings
same as in the paper.

Hyper-parameters As shown in Table 3, we tuned some hyper-parameters of baselines to ensure the performance in
line with the previous studies and listed parameters used in FedEBA+. All experiments are running over 2000 rounds
for the local epoch (K = 10) with local batch size B = 50 for MNIST and B = 64 for CIFAR datasets. The learning
rate remains the same for different methods, that is n = 0.1 on MNIST, Fasion-MNIST, CIFAR-10, = 0.05 on
Tiny-ImageNet and 7 = 0.01 on CIFAR-100 with decay rate d = 0.999.

Table 6: Hyperparameters of baselines.

Algorithm Hyper-parameters

g-FFL q € {0.001,0.01,0.1,0.5,10, 15}
PropFair M €{0.2,2.0,5.0},e = 0.2

AFL A €{0.1,0.5,0.7}

TERM T €{0.1,0.5,0.8,1,5}

FedMGDA+ € € {0,0.03,0.08,0.1,1.0}

FedProx g = {0.001,0.001,0.1,0.5,10.0,15.0}
Ditto A ={0.0,0.5}

FOCUS B8 = 0.5, cluster = 2

Ip-proj localmodeldim = 60, A = 15,p = 1.0
FedFV a € {0.1,0.2,0.5},7 € {0,1,10}

FedEBA+ 7 €{0.1,0.5,1.0,5.0,10.0,20.0}, « € {0.0,0.1,0.5,0.9}

M Additional Experiment Results

M.1 Fairness Evaluation of FedEBA+

In this section, we provide additional experimental results to illustrate that FedEBA+ is superior to other baselines.

Figure []illustrates that, on the MNIST dataset, FedEBA+ demonstrates faster convergence, increased stability, and
superior results in comparison to baselines. As for the CIFAR-10 dataset, its complexity causes some instability for
all methods, however, FedEBA+ still concludes the training with the most favorable fairness results.

Table 9 shows FedEBA + outperforms other baselines on CIFAR-10 using MLP model. The results in Table 9]
demonstrate that 1) FedEBA+ consistently achieves a smaller variance of accuracy compared to other baselines, thus is
fairer. 2) FedEBA+ significantly improves the performance of the worst 5% clients and 3) FedEBA+ performances
steady in terms of best 5% clients. A significant improvement in worst 5% is achieved with relatively no compromise in
best 5 %, thus is fairer.

38



preprint

Table 7: Performance of algorithms on FashionMNIST and CIFAR-10. We report the accuracy of global model, variance fairness,
worst 5%, and best 5% accuracy. The data is divided into 100 clients, with 10 clients sampled in each round. All experiments are
running over 2000 rounds for a single local epoch (K = 10) with local batch size = 50, and learning rate n = 0.1. The reported
results are averaged over 5 runs with different random seeds. We highlight the best and the second-best results by using bold font
and blue text.

. FashionMNIST (MLP) CIFAR-10 (CNN)
Algorithm
Global Acc. Var. Worst 5% Best 5% Global Acc. Var. Worst 5% Best 5%

FedAvg 86.49 £ 0.09  62.44+4.55 71.27+1.14 9584+ 0.35  67.79+0.35 103.83+10.46  45.00+2.83 85.13+0.82
q-FFL|4=0.001 87.05+0.25  66.67+1.39  72.11+0.03  95.09+0.71  68.53+0.18 97.42+0.79 48.40+ 0.60  84.70+ 1.31
q-FFL|4=0.01 86.62+0.03  58.11+3.21  71.36+ 1.98  95.29+0.27 68.85+ 0.03 95.17+ 1.85 48.20+0.80  84.10+0.10
q-FFL|4=0.5 86.57+0.19  5491+2.82  70.88+0.98  95.06+0.17 68.76+ 0.22 97.81+2.18 48.33+0.84  84.51+1.33
q-FFL|4=10.0 77.29+0.20  47.20+0.82  61.99+0.48  92.25+0.57 40.78+ 0.06 85.93+ 1.48 22.70+0.10 56.40+0.21
q-FFL|4=15.0 75.77+0.42 46.58+0.75 61.63+0.46  89.60+0.42 36.89+0.14 79.65+5.17 19.30+0.70 51.30+0.09
FedMGDA+|c=0.0 86.01+0.31 58.87+3.23 71.49+0.16 95.45+0.43  67.16+0.33 97.33+1.68 46.00+0.79 83.30+0.10
FedMGDA+|c=0.03 84.64+0.25 57.89+6.21 73.49+1.17 93.22+0.20 65.19+0.87 89.78+5.87 48.84+1.12 81.94+0.67
FedMGDA+|c—¢.0s 84.90+0.34 61.55+5.87 73.64+0.85 92.78+0.12 65.06+0.69 93.70+14.10 48.23+0.82 82.01+0.09
AFL|x=0.7 85.14+0.18 57.39+6.13 70.09+0.69 95.94+0.09 66.21+1.21 79.75+1.25 47.54+0.61 82.08+0.77
AFL|r=0.5 84.14+0.18 90.76+3.33  60.11+0.58 96.00-+0.09 65.11+2.44 86.19+9.46 44.73+3.90  82.10+0.62
AFL|)=0.1 84.91+0.71 69.39+6.50 69.24+0.35 95.39+0.72 65.63+0.54 88.74+3.39 47.29+0.30 82.33+0.41

PropFair| pr=0.2,thres=0.2 85.51+0.28 75.27+5.38 63.60+0.53 97.60+0.19 65.79+0.53 79.67+5.71 49.88+0.93 82.40+0.40
PropFair| pr=5.0,thres=0.2 84.59+1.01 85.31+8.62 61.40+0.55 96.40+0.29 66.91+1.43 78.90+6.48 50.16+0.56 85.40+0.34

TERM|7—0.1 84.31+0.38 73.46+2.06 68.23+0.10  94.16+0.16 65.41+0.37 91.99+2.69 49.08+0.66 81.98+0.19
TERM|7—0.5 82.19+1.41 87.82+2.62 62.11+0.71 93.25+0.39  61.04+1.96 96.78+7.67 42.45+1.73 80.06+0.62
TERM|r—¢.s 81.33+1.21 95.65+9.56 56.41+0.56 92.88+0.70  59.21+1.45 82.63+3.04 41.33+0.68 77.39+1.04
FedFV\a:(),l,fv:l 86.51+0.28 49.73+2.26 71.33+1.16  95.89+0.23 68.94+0.27 90.84+2.67 50.53+4.33  86.00+1.23
FedFV\azg,g,fv:o 86.42+0.38 52.41+5.94 71.22+1.35  95.47+0.43 68.89+0.15 82.99+3.10 50.08+0.40  86.24+1.17
FedFV\azg,g),,fv:m 86.88+0.26 47.63+1.79 71.49+0.39 95.62+0.29  69.42+0.60 78.10+3.62 52.80+0.34  85.76+0.80
FedFV\a:(),l,,fv:m 86.98+0.45 56.63+1.85 66.40+0.57 98.80+0.12  71.10+0.44 86.50+7.36 49.80+0.72  88.42+0.25
FedEBA+|q—0,7=0.1 86.70+0.11 50.27+5.60 71.13+0.69 95.47+0.27 69.38+0.52 89.49+10.95 50.40+1.72 86.07+0.90
FedEBA+|a=0.5,7=0.1 87.21+0.06 40.02+1.58 73.07+1.03 95.81+0.14 72.39+0.47 70.60+3.19 55.27+1.18 86.27+1.16
FedEBA+|0—=0.9,7=0.1 87.50+0.19 43.41+4.34 72.07+1.47 95.91+0.19 72.75+0.25 68.71+4.39 55.80+1.28 86.93+0.52
24
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Figure 4: Performance of all the methods in terms of Fairness (Var.).

M.2 Fairness Evaluation in Different Non-i.i.d. Cases

We adopt two kinds of data splitation strategies to change the degree of non-i.i.d., which are data devided by labels
mentioned in the main text, and the data partitioning in deference to the Latent Dirichlet Allocation (LDA) with the
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Table 8: Ablation study for 6 of FedEBA+. This table shows our schedule of using the fair angle 6 to control the gradient alignment
times is effective, as it largely reduces the communication rounds with larger angles. In addition, compared with the results of
baseline in Tablem the results illustrate that our algorithm remains effective when we increase the fair angle. The additional cost
is computed by Additional communication/total communications, the communication cost of communicating the MLP model is
7.8MB/round, the CNN model is 30.4MB/round.

. FashionMNIST (MLP) CIFAR-10 (CNN)

Algorithm
Global Acc. Var. Additional cost Global Acc. Var. Additional cost

FedAvg 86.49 £0.09 62.44 +4.55 - 67.79+£0.35 103.83 +10.46 -
q-FFL 87.05+0.25 66.67+1.39 - 68.53 £ 0.18 97.42 £0.79 -
FedMGDA+ 84.64 £0.25 57.89 £6.21 - 67.16 = 0.33 97.33 £ 1.68 -
AFL 85.14 £0.18 57.39 £6.13 - 66.21 £ 1.21 79.75 £1.25 -
PropFair 85.51 £0.28 75.27 £5.38 - 65.79 £ 0.53 79.67 £5.71 -
TERM 84.31 £0.38 73.46 £+ 2.06 - 65.41 £ 0.37 91.99 + 2.69 -
FedFV 86.98 £0.45 56.63 £ 1.85 - 71.10 £0.44 86.50 £+ 7.36 -
FedEBA+
0 =0° 87.50+£0.19 43.41+4.34 50.0% 72.75 £ 0.25 68.71 +£4.39 50.0%
0 = 15° 87.14 £0.12 43.95£5.12 48.6% 71.92 +£0.33 75.95 £4.72 26.2%
0 = 30° 86.96 £ 0.06 46.82 £ 1.21 37.7% 70.91 £ 0.46 70.97 £ 4.88 12.7%
0 = 45° 86.94 +£0.26 46.63 £4.38 4.2% 70.24 £+ 0.08 79.51 £+ 2.88 0.2%
0 = 90° 86.78 £0.47 48.91 £+ 3.62 0% 70.14 £ 0.27 79.43 £1.45 0%
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Figure 6: The maximum and minimum 5% performance of all baselines and FedEBA+ on CIFAR-10.

Dirichlet parameter . Based on FedAvg, we have experimented with various data segmentation strategies for FedEBA+
to verify the performance of FedEBA+ for scenarios with different kinds of data held by clients.

M.3 Global Accuracy Evaluation of FedEBA+

We run all methods on the CNN model, regarding the CIFAR-10 figure. Under different hyper-parameters, FedEBA+ can
reach a stable high performance of worst 5% while guaranteeing best 5%, as shown in Figure[6] As for FashionMNIST
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Table 9: Performance of algorithms on CIFAR-10 using MLP. We report the global model’s accuracy, fairness of accuracy, worst 5%
and best 5% accuracy. All experiments are running over 2000 rounds for a single local epoch (K = 10) with local batch size = 50,
and learning rate 7 = 0.1. The reported results are averaged over 5 runs with different random seeds. We highlight the best and the
second-best results by using bold font and blue text.

Method Global Acc. Std. Worst 5% Best 5%

FedAvg 46.85+0.65 12.57+1.50 19.84+6.55 69.28+1.17
q-FFL|;=0.1 47.02+0.89  13.16+1.84 18.72+6.94 70.16+2.06
q-FFL|;—0.2 46.91+0.90 13.09+1.84 18.88+7.00 70.16+2.10
q—FFL\q:LO 46.79+0.73  11.72+1.00 22.80+3.39 68.00%+1.60
q-FFL|,=2.0 46.36+0.38  10.85+0.76 24.64+2.17 66.80+2.02
q-FFL|,=5.0 45.25+0.42  9.59+0.36 26.56+1.03 63.60+1.13
Ditto|x—0.0 52.78+1.23  10.17+0.24 31.80+2.27 71.47+1.20
Ditto|x—0.5 53.77£1.02  8.89+0.32 36.27£2.81 71.2740.52
AFL|x—0.01 52.69+0.19  10.57+0.37 34.00+1.30 71.33+0.57
AFL|x—01 52.68+0.46 10.64+0.14 33.27+1.75 71.53%+0.52
TERM|71—-1 45.1442.25 9.12+0.35 27.07+£3.49 62.73+1.37
FedMGDA+|c—¢.01 45.65+0.21 10.94+0.87 25.12+2.34 67.44+1.20
FedMGDA+|.—¢.05 45.58+0.21 10.98+0.81 25.12+1.87 67.76+2.27
FedMGDA+|c—0.1 45.52+0.17 11.32+0.86 24.32+2.24 68.48+2.68
FedMGDA+|.—¢ 5 45.344+0.21 11.63+0.69 24.00+1.93 68.64+3.11
FedMGDA+|.-1.0 45.34+0.22 11.64+0.66 24.00£1.93 68.64+3.11
FedFV|a:0,17va:1 54.28+0.37  9.25+0.42 35.25+1.01 71.13%1.37
FedEBA|4—0.9,r=0.1 53.94+0.13  9.25+0.95 35.87+1.80 69.93+1.00
FedEBA+|q—0.5,-=0.1 53.14+0.05  8.48+0.32 36.03+2.08 69.20+0.75
FedEBA+|q—0.9.r=0.1 54.43x0.24  8.10+0.17 40.07£0.57 69.80+0.16

Table 10: Performance of algorithms+momentum on Fashion-MNIST to show that FedEBA+ is orthogonal to advance optimization
methods like momentum [37]), allowing seamless integration. All experiments are running over 2000 rounds on the MLP model for a
single local epoch (K = 10) with local batch size = 50, global momentum = 0.9 and learning rate n = 0.1. The reported results are
averaged over 5 runs with different random seeds. We highlight the best and the second-best results by using bold font and blue text.

Method Global Acc. Var. Worst 5% Best 5%
FedAvg 86.68+0.37 66.15+3.23 72.18+0.22  96.04++ 0.35
AFL|x=0.05 79.68+0.91  55.00+ 3.3¢ 66.67+0.12  94.00+ 0.08
AFL|x=0.7 85.41+0.30 63.42++1.55 73.83+£0.37 96.46+0.12
q-FFL|;=0.01 86.82+0.20 64.11+2.17 71.08+0.16  96.29+ 0.08
q-FFL|;=15 79.59+0.48  62.26+ 2.88 66.33+1.14  90.07+ 0.98
FedMGDA+| 0.0 82.69+ 0.52 65.26+ 3.81 69.63+1.20 92.67+0.54
PropFait|p=5 thres=0.2  85.67+0.19  73.44+2.44 64.59+0.42 97.47+0.11
FedPr0x|M:0,1 86.76+ 0.26 60.69+ 3.07 72.67+0.29 9596+ 0.14
TERM| 71— 1 84.58+0.28 76.44+ 2.50 69.52+ 0.36  94.04+ 0.50
FedFV|a:0,1,T:10 87.46+0.18 58.35+ 1.89 67.71+-0.56  97.79+ 0.18
FedEBA+|a:0_9,T:0,1 87.67+0.28 46.67+1.09 71.90+0.70 96.26+ 0.03
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Table 11: Performance of algorithms+VARP on Fashion-MNIST to show that FedEBA+ is orthogonal to advance optimization
methods like VARP [31]], allowing seamless integration. All experiments are running over 2000 rounds on the MLP model for a
single local epoch (K = 10) with local batch size = 50, global learning rate = 1.0 and client learning rate = 0.1. The reported
results are averaged over 5 runs with different random seeds. We highlight the best and the second-best results by using bold font and
blue text.

Method Global Acc. Var. Worst 5% Best 5%
FedAvg (FedVARP) 87.12+-0.08  59.96+2.48 7245+ 026  96.09++ 0.27
q-FFL|,=0.01 86.73+0.31 62.89+2.67  73.55+0.11 95.54+0.14
q-FFL|,=15 7898+ 0.63 5828+ 1.95  67.12+0.97  88.42+ 0.67
FedFV|a—0.1,7=10 87.28+0.10 5790+ 1.77 6741030  97.66=+ 0.06

FedEBA+|o—0.0,7=0.1 87.45+0.18 49.91+2.38  71.44+0.64  95.94+0.09

Table 12: Ablation study for Dirichlet parameter «.. Performance comparison between FedAvg and FedEBA+ on CIFAR-100
using ResNet18 (devided by Dirichlet Distribution with o € {0.1,0.5,1.0}). We report the global model’s accuracy, fairness of
accuracy, worst 5% and best 5% accuracy. All experiments are running over 2000 rounds for a single local epoch (K = 10) with
local batch size = 64, and learning rate n = 0.01. The reported results are averaged over 5 runs with different random seeds.
Global Acc. Var. Worst 5% Best 5%
a=0.1 a=05 a=1.0 a=0.1 a=05 a=1.0 a=0.1 a=05 a=1.0 a=0.1 a=05 a=1.0

FedAvg 30.94+£0.04 54.69+0.25 64.91+0.02 17.24+0.08 7.92+0.03 5.18%0.06 0.20£0.00 38.79+0.24 54.36+0.11 65.90£1.48 70.10+0.25 75.43+0.39
FedEBA+ 33.39£0.22 58.55+0.41 65.98+0.04 16.92+0.04 7.71+0.08 4.44+0.10 0.95£0.15 41.63+0.16 58.20+0.17 68.51+x0.21 74.03+0.07 74.96+0.16

Algorithm

—=—AFL ——FedMGDA+ ——qFedAvg ——FedFV TERM ——FedAvg ——FedEBA+ «=0.9, T=0.1 ——FedEBA+ a=0.9, T=0.5 ——FedEBA+ «=0.5, T=0.1
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Figure 7: The maximum and minimum 5% performance of all baselines and FedEBA+ on FashionMNSIT.

using MLP model, the worst 5% and best 5% performance of FedEBA+ are similar to that of CIFAR-10. We can see
that FedEBA+ has a more significant lead in worst 5% with almost no loss in best 5%, as shown in Figure

M.4 Robustness Evaluation to Noisy Label Scenario

The local noisy label follows the symmetric flipping approach introduced in [33}[18]], with a noise ratio of € set to 0.5.
All the other settings like the learning rate keep the same. Specifically, we employ the MLP model for Fashion-MNIST
and the CNN model for CIFAR-10.

The results of Table [I3]reveal that (1) FedEBA+ maintains its superiority in accuracy and fairness even when there
are local noisy labels; (2) FedEBA+ can be integrated with established approaches for addressing local noisy labels,
consistently outperforming other algorithms combined with existing methods in terms of both fairness and accuracy.
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Table 13: Performance of algorithms on local noisy label scenario. We evaluate the effectiveness of FedEBA+ when incorporating
local noisy labels on both the FashionMNIST dataset with an MLP model and the CIFAR-10 dataset with a CNN model, using a
noise ratio of e = 0.5.

X FashionMNIST CIFAR-10

Algorithm

Global Acc. 1 Std. | Worst 5% 1 Best5% 1T  Global Acc.T Std. | Worst 5% 1 Best5% 1
FedAvg 80.59+0.42 57.34+2.98 65.40+0.43 94.87+0.25 33.45+0.89 38.03+2.30 21.67+0.96 46.27+1.65
q-FFL 79.85+0.31 68.00+4.34 64.13+0.75 95.47+0.19 30.83+0.76 44.46+2.76 17.21£1.03 44.33+0.19
AFL 80.34+0.35 57.35+6.06 65.60+2.01 95.00+0.91 32.64+0.33 35.58+3.17 20.47+0.82 44.80+1.61
FedFV 63.08+0.88 88.95+3.06 46.13+0.77 83.13+1.52 34.28+0.39 41.07+0.77 21.13+0.90 46.60+0.33
FOCUS 80.79+0.27 58.61+3.61 64.40+1.85 94.80+0.62 26.81+1.22 14.04+0.68 6.84+1.58 56.69+1.22
FedEBA+ 82.03+0.42 49.23+7.21 67.67+1.06 95.27+0.81 35.04+0.21 34.60+3.69 23.07+1.24 47.80+1.23
FedAvg + LSR 84.36+0.07 57.80+5.71 69.20+0.75 96.87+0.34 58.90+0.42 80.80+8.73 40.80+0.75 76.93+1.24
q-FFL + LSR 84.23+0.08 63.69+1.62 64.73+0.09 96.87+0.41 58.91+0.75 86.32+10.20 41.33+0.90 77.60+2.73

FedEBA+ + LSR 85.30+0.12 54.10+4.13 67.93+0.62  96.80+0.28 61.21+0.88 64.73+0.97 43.40+1.72 75.53+2.05
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Figure 8: Privacy Evaluation of FedEBA+.

M.5 Privacy Evaluation.

We also evaluate FedEBA+ under privacy preservation. Following [[1]], we insert Gaussian noise into the intermediate
regularization variable § with noise standard deviation o5 : 5; « o; + %J\/ (0, ag C’g I), where L is the batch size, o3 is
the noise parameter, Cs is the clipping constant. The result is shown in Figure[8] With o5 < 5, the curves show only
marginal reductions without significant performance degradation. However, higher values of o5 risk compromising
performance. This suggests that our approach is compatible with a specific threshold of privacy preservation. In
addition, Table@ shows that compared to other fairness baselines, FedEBA+ maintains its fairness and performance
advantage when using differential privacy.

M.6 Ablation Study

Remark M.1 (The annealing manner for 7). While we set T as a constant in our algorithm, we demonstrate that
utilizing an annealing schedule for T can further enhance performance. The linear annealing schedule is defined
below:

=72/ 4+ k(T - 1)), (188)
where T is the total communication rounds and hyperparameter r controls the decay rate. There are also concave
schedule 7% = 7°/(1 + k(T — 1))2 and convex schedule ™% = 7°/(1 + (T — 1))3. We experiment with different
annealing strategies for T in Figure

For the annealing schedule of 7 mentioned above, Figure [0] shows that the annealing schedule has advantages in
reducing the variance compared with constant 7. Besides, the global accuracy is robust to the annealing strategy, and
the annealing strategy is robust to the initial temperature 7.
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Table 14: Performance of fairness algorithms under different differential privacy noise o.
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Fashion-MNIST CIFAR10
noise oo Global Acc. Var. Worst 5% Best 5% Global Acc. Var. Worst 5% Best 5%
FedEBA+
0 87.50+0.19 43.41+4.34  72.07+1.47 95.91x0.19 72.75+0.25 68.71+4.39 55.80+1.28  86.93+0.52
2 86.24+0.14  75.67£3.40  63.67+0.74 97.9+0.22  70.69+0.40 76.25+3.56 51.87+0.25 86.5+0.24
5 86.01£0.08  73.11£2.62  64.90+£0.94 98.0+0.16  69.86+0.14  76.4+2.38 51.20+0.11  85.15+0.45
10 85.96+0.08  71.52+2.45 64.8+1.85 97.53+0.34  69.48+0.32  85.53+2.10 49.93+0.77 84.53+0.62
50 83.43+0.14  79.7+1.18 61.37+£1.52 97.00+0.59 67.57+0.68  120.83+2.80  45.40+0.99 86.17+0.33
FedAvg
0 86.49+0.09 62.44+4.55  71.27+1.14 95.84+0.35 67.79+0.35 103.83+10.46 45.00+2.83  85.13+0.82
2 64.20+0.22  534.40+1.24 7.4+0.2 93.2+0 45.29+0.81 101.0449.70  23.4+0.10  68.2+0.33
5 64.14+£0.02  536.57+2.72  7.4+0 93.1+0.13  45.01+0.33  98.38+5.24 26.4+1.5 66.2+1.2
10 64.10+0.13  533.34+4.26 7.2+0 93.0+0 45.45+0.62  97.50+4.93 26.6+2.2 68.0+1.4
50 64.06+£0.05 533.61+£2.40 7.55+0.16  93.1+0.10  45.27+0.92  100.54+6.23  26.5%1.33 66.4+1.4
qFedAvg
0 86.57+0.19 5491282  70.88+0.98 95.06+0.17 68.76+0.22 97.81+2.18 48.33+0.84 84.51+1.33
2 64.17+£0.02  529.99+0.92 7.8+0 93.240 43.79+0.70  187.79+2.03 16.8+0 76.14+2.32
5 64.16£0.04  530.55%1.17 7.6x0 93.2+0 44.50+£0.78  191.12+1.70 15.4+1.14  73.8+1.28
10 64.15+£0.03  526.82+0.67 7.6+0 93.2+0 43.42+0.80  200.31%2.80 14.33+1.24 73.8+1.14
50 64.21+0.07  529.58+0.50 7.6+0 93.2+0 43.92+0.92  195.69+3.07 15.88+1.30 74.2+0.84
FedMGDA+

0 84.64+0.25  57.89+6.21 73.49+1.17  93.22+0.20 65.19+0.87  89.78+5.87 48.84+1.12  81.94+0.67
2 79.34+£0.06  112.12£1.49 56.67+£0.25 95.13£0.09 43.84+0.22  183.39+3.17 14.60+£1.2  70.40+0.4
5 77.13+0.15  136.19+£1.20 51.8+0.40  95.00+0.22 41.39+0.63 96.67+2.88 23.240.6 62.00+0.2
10 71.02+£0.01  248.45+2.18 36.7+0.7 93.2+0.13 36.75+£0.45  107.94+4.10 16.240.34  57.00+4.0
50 57.04+£0.03  754.46+0.81 0.2+0 93.9+0.1 23.08+0.05  203.65+3.6 0.40+0 56.4+0.43
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Figure 9: Ablation study for Annealing schedule 7

T=10.0

1=20.0

For the tolerable fair angle, we also provide the ablation studies of 6. The results in Figure [TOJ[TT][12] show our algorithm
is relatively robust to the tolerable fair angle 8, though the choice of # = 45 may slow the performance slightly on
global accuracy and min 5% accuracy over CIFAR-10.

For different fairness evaluation metrics, Table [[7]demonstrates that in our setting, FedEBA+ exhibits competitive
performance under FAA metrics. Instead, FOCUS exhibits a relatively large FAA. This discrepancy arises from the
differing settings between ours and FOCUS’s. In our scenario, only a subset of clients undergoes training, contrasting
with FOCUS’s full client participation, consequently leading to subpar clustering performance.
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Table 15: Ablation study for FedEBA+ on four datasets. We test the effectiveness of FedEBA+ when decomposing each
proposed step, i.e., entropy-based aggregation and alignment update, on different datasets. FedEBA differs from FedAvg only in
the aggregation method, and FedEBA+ incorporates the alignment into FedEBA. FedAvg serves as the backbone, FedAvg+® is
employed to demonstrate the individual effectiveness of our proposed aggregation step, FedAvg+®@ is utilized to showcase the
individual effectiveness of our proposed alignment step, and FedAvg + @ + @ is used to show the effectiveness of our proposed

algorithm, FedEBA+.
. CIFAR-10 (CNN) FashionMNIST (MLP)
Algorithm
Global Acc. 1 Var. | Worst 5% T Best5% 1T  Global Acc.t Var. | Worst 5% T Best5% T
FedAvg 67.79+0.35 103.83+10.46  45.00+2.83 85.13+0.82 86.49+0.09 62.44+4.55 71.27+1.14 95.84+0.35
FedAvg+® 69.38+0.52 89.49+10.95 50.40+1.72 86.07+0.90 86.70+0.11 50.27£5.60  71.13+£0.69 95.47+0.27
FedAvg+@ 72.04+0.51 75.73+4.27 53.45+1.25 87.33+0.23 87.42+0.09 60.08+£7.30  69.12+1.23 97.8+0.19
FedAvg+®+®@ 72.75+0.25 68.71+4.39 55.80+1.28 86.93+0.52 87.50+0.19 43.41+4.34  72.07+1.47 95.91+0.19
i CIFAR-100 (Resnet-18) Tiny-ImageNet (MobileNet-2)
Algorithm
Global Acc. T Var. | Worst 5% 1T  Best5% 7T  Global Acc.t Var. | Worst 5% 1 Best 5% T
FedAvg 30.94+0.04 17.24+0.08 0.20+0.00 65.90+1.48 61.99+0.17 19.62+1.12 53.60+0.06 71.18+0.13
FedAvg+® 32.38+0.13 17.09+0.06 0.75+0.22 66.40+0.47 63.34+0.25 15.29+1.36 54.17+0.04 70.98+0.10
FedAvg+®@ 31.93+0.39 17.1520.05 0.39+0.01 66.04+0.16 63.46+0.04 14.5240.21  54.36+0.03  71.13+0.03
FedAvg+®+®@ 33.39+0.22 16.92+0.04 0.95+0.15 68.51+0.21 64.05+0.09 14.91£1.85 54.32+0.09 71.27+0.04
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Table 16: Performance of FedEBA+ with different 7 and « choices. The performance of different hyper-parameter choices of
FedEBA+ shows better performance than baselines.

, FashionMNIST (MLP) CIFAR-10 (CNN)
Algorithm
Global Acc. Var. Global Acc. Var.
FedAvg 86.49 +0.09 6244 +455 67.79+0.35 103.83+10.46
q-FFL|4—0.001 87.05+0.25 66.67+1.39 68.53+0.18 97.42 +0.79
q-FFL|;=0.5 86.57+0.19 5491 +2.82 68.76 +0.22 97.81 +2.18
q-FFL|;=10.0 7729 +0.20 47.20+0.82  40.78 £ 0.06 85.93 +1.48

PropFair|apr—o0.2,thres=0.2 8351 +£0.28 7527 +538  65.79+0.53 79.67 £5.71
PropFair|apr=5.0,thres=0.2 8459 + 1.01 8531 +8.62 6691 +1.43 78.90 + 6.48

FedFV|a—0.1.7fo=10 86.98 045 56.63+1.85 71.10+044  86.50+7.36
FedFV|a—0.2.7 fv—o 86.42+ 038 5241+594 68.89+0.15  82.99+3.10
FedEBA+|a—0.1,7—0.1 86.98+0.10  53.26:1.00  71.82+0.54 83.18+3.44
FedEBA+|a—0.3,7=0.1 87.01+0.06  51.878+1.56  71.79+0.35 77.74+6.54
FedEBA+|0—0.7,7—0.1 87.23+0.07  40.456+1.45  72.36+0.15 77.61+6.31
FedEBA+|0—0.0.7—0.05 87.42+0.10  50.46+237  72.19+0.16 71.79+6.37
FedEBA+|a—0.0.7—0.5 87.26:0.06  52.65+4.03  71.89+0.39 75.29+9.01
FedEBA+|0—0.0.7—1.0 87.14:0.07  52.71+145  72.30£0.26 73.79+9.11
FedEBA+|0—0.0.7—5.0 87.10+0.14  55.52+2.15  72.4320.11 82.08+8.31

Table 17: Performance of Fair FL Algorithms under FAA: We present results under the FAA metric, as utilized in [11]], where
FAA represents the discrepancy in excess loss across clients. The algorithms are tested on the FashionMNIST and CIFAR-10
datasets, with 10 out of 100 clients participating in each round. Specifically, for FOCUS, we adhere to the settings in and set the
cluster number to 2. The smaller the FAA, the better.

FedAvg AFL q-FFL FedFV FOCUS FedEBA+

FashionMNIST  0.7262+0.010  0.4500+0.006  0.4624+0.008  0.3749+0.017 1.16+0.161 0.4048+0.011
CIFAR-10 2.296+0.031 0.8104+£0.009  0.8465+0.013  0.7733+0.017  2.6448+0.061  0.6846+0.035

Table 18: Comparison of Algorithms with metric coefficient of variation (Cy') The Cyv improvement shows the improvement of
algorithms over FedAvg. The result is calculated by global accuracy and variance of Tablem

. FashionMNIST CIFAR-10
Algorithm
C, = % C, improvement C, = % C', improvement

FedAvg 0.09136199 0% 0.150312741 0%
q-FFL 0.112432356 -23% 0.144026806 4.2%
FedMGDA+  0.089893051 1.3% 0.146896915 2.4%
AFL 0.088978374 2.6% 0.134878199 10.1%
PropFair 0.101459812 -11.3% 0.135671155 10.9%
TERM 0.101659126 -10.1% 0.146631123 2.7%
FedFV 0.086517483 4.8% 0.130809249 13.3%
FedEBA+ 0.072539115 21.8% 0.1139402 27.8%
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Table 19: Performance of Algorithms with Various Metrics. We provide the results under cosine similarity and entropy metrics,
as used in [40], the geometric angle corresponds to cosine similarity metric, and KL divergence between the normalized accuracy
vector a and uniform distribution u that can be directly translated to the entropy of a. We test the algorithms on the FashionMNIST
dataset, with fine-tuned hyperparameters.

Algorithm Global Acc. Var. Angle (o) KL (al|w)

FedAvg 86.49 +0.09 62.44+4.55 8.70+1.71 0.0145+0.002
q-FFL 87.05+£0.25 66.67+1.39 7.97+0.06 0.0127+0.001
FedMGDA+  84.64+0.25 57.89£6.21 8.21%£1.71 0.0132+0.0004
AFL 85.14+0.18 57.39+6.13  7.2840.45 0.0124+0.0002
PropFair 85.51+0.28 75274538  8.61+2.29  0.0139+0.002
TERM 84.31+0.38 73.46x£2.06 9.04+0.45  0.0137+0.004
FedFV 86.98+0.45 56.63x1.85 8.01+1.14 0.0111x0.0002

FedEBA+ 87.50+0.19  43.41+4.34 6.46+0.65 0.0063+0.0009
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Table 20: Performance of algorithms on Fashion-MNIST and CIFAR-10. Based on the same experimental setup as Table 1
in the main text, we introduce additional baselines that focus on designing aggregation algorithm suitable for the heterogeneous
characteristics under the federated systems, namely, FedwAvg [25] and FedDISCO [74] to compare the performance. Specifically,
FedwAvg assesses the number of forgettable samples of the global model on different clients’ local data every ¢ global communication
rounds and assigns higher aggregation weights to local update parameters with higher forgetting degrees; FedDISCO assigns different
weights to the client update parameters based on the offset of the local data label distribution from the global data label distribution,
with clients more aligned with the global data label distribution being assigned higher aggregation weights. Based on their
original experimental section, we set appropriate hyper-parameters for the two added baselines, where o = 0.3 for FedwAvg,
a = 0.1,b = 0.1 for FedDISCO, and the distribution difference is calculated by L2 norm.

. Fashion-MNIST CIFAR-10

Algorithm

Global Acc. T Var. | Worst 5% 1 Best5% T  Global Acc.t Var. | Worst 5% 1 Best 5% 1

FedAvg 86.49+0.09 62.44+4.55 71.27+1.14 95.84+0.35 67.79+0.35 103.83+10.46 45.00+2.83 85.13+0.82

FedwAvg 86.23+0.05 63.26+1.45 68.07+0.57 98.00+0.16 68.71+0.31 82.21+2.89 49.20+0.00 82.73+0.98

FedDISCO 85.74+0.34 57.61+5.17 68.00+3.00 98.07+0.09 69.27+0.45 86.39+6.35 48.43+1.50 83.67+0.82

FedEBA 86.70+0.11 50.27+5.60 71.13+0.69 95.47+0.27 69.38+0.52 89.49+10.95 50.40+1.72 86.07+0.90

FedEBA+ 87.50+0.19 43.41+4.34 72.07+1.47 95.91+0.19 72.75+0.25 68.71+4.39 55.80+1.28 86.93+0.52

Table 21: The impact of neural networks scalability of different widths on algorithms. To test scalability, we set up experiments
with CNNs that are narrower and wider than the main paper, and provided the running time required for each communication
round. Specifically, the narrower CNN includes two convolutional layers (channel 3-32-32), and three linear layers (dimension
800-128-64-10). The wider CNN includes two convolutional layers (channel 3-128-128), and three linear layers (dimension
1600-384-192-10), with all other experimental settings being the same as the default.

. Narrower CNN Wider CNN
Algorithm
Global Acc. T Var. | Worst 5% 1T Best5% 1  Global Acc.t Var. | Worst 5% 1T Best5% T
FedAvg 65.37+0.27 116.91+1.02  41.60+0.86 84.73+1.75 69.93+0.46 79.28+3.02  50.61+0.50  85.20+0.65
q-FFL 65.22+0.71 106.98+1.76 42.33+0.52 84.33+1.16 69.60+0.48 74.00+3.35 50.27+1.52 83.33+0.94
FedEBA+ 70.59+0.61 58.95+6.49 54.67+2.65 84.13+0.52 74.14+0.07 57.35+5.74  56.47+1.04  85.47+0.25

Table 22: The impact of neural networks scalability of different depths on algorithms. To test scalability, we set up experiments
with CNNs that are shallower and deeper than the main paper, and provided the running time required for each communication
round. Specifically, the shallower CNN includes only one convolutional layer (channel 3-64), and three linear layers (dimension
64-384-192-10). The deeper CNN includes three convolutional layers (channel 3-64-128-128), and three linear layers (dimension
512-384-192-10), with all other experimental settings being the same as the default.

. Shallower CNN Deeper CNN
Algorithm
Global Acc. 1 Var. | Worst 5% 1T  Best5% 1T  Global Acc.? Var. | Worst 5% 1T Best5% 1
FedAvg 45.10+0.86 119.56+17.13 25.53+2.66 67.93+2.75 67.71+0.45 82.11+5.09 48.40+0.33 83.53+1.11
q-FFL 44.82+0.82 108.05+7.40 26.33+2.22  66.07+0.25 65.75+0.42 77.13+8.44  48.81+1.39  81.60+0.16
FedEBA+ 46.91+1.28 113.30+20.19  25.80+2.90  68.60+1.73 69.67+0.42 69.95+5.55  51.53+1.62  83.80+0.99
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Figure 14: Comparison of performance on CIFAR-10 under different degrees of Non-IID. We performed different degrees of
Non-IID partitioning on the CIFAR-10 dataset using Latent Dirichlet Allocation (LDA). Specifically, according to the degree of
Non-IID from high to low, we set Dirichlet a € {0.1,0.3,0.5,0.8,1.0}. Combined with the different Non-IID partitions discussed
in the main paper, this comprehensively demonstrates the performance of FedEBA+ under various scenarios.
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Table 23: Comparison of Accuracy and Fairness on Reddit Dataset, with 20 out of 817 clients participating in each round. The batch
size is set to 20. All other experimental settings strictly follow those in AAggFF [21]. For AAggFeF, it uses the normal CDF, as it was

identified as the best-performing curve in the AAggFF.

Algorithm  Accuracy  Variance (Fairness) Worst 5% Best 5%

FedAvg 13.98+1.78 41.99+2.45 3.9840.40 24.92+1.15
AAggFF 13.94+0.26 38.89+2.26 5.93+0.86 25.74+1.12
PropFair 13.69+0.30 35.64+0.48 5.00+£0.62 22.99+0.18
gFedAvg  13.86+0.78 34.69+1.33 4.25+0.34 23.39+0.71
FedEBA+  13.90+0.35 34.61£2.12 4.21£0.13  26.82+0.44

Table 24: Performance and Fairness Comparison on Tiny-ImageNet with ResNet

Algorithm  Accuracy  Variance (Fairness)

Worst 5%

Best 5%

FedAvg 56.72+1.21
q-FFL 58.09+0.61
FedEBA+ 62.35+0.10

29.45+0.33
28.49+0.18
28.04+0.29

45.75+£0.62  65.40+0.84
47.44+0.27 69.59+0.36
50.79+0.34  74.35%0.15
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Figure 15: Case of relatively low performance of FedMGDA+, PropFair, and TERM on the CIFAR-100 dataset with seed=1234.
In this setting, the accuracy of these algorithms is relatively poor, and the convergence is abnormal. However, with fine-tuned
parameters and different seed setups, they can perform normally, and the relatively good performance of these algorithms is reported

in Table El
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