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ABSTRACT classifier bias and outperforms state-of-the-art federated learning

One big challenge to federated learning is the non-IID data distri-
bution caused by imbalanced classes. Existing federated learning
approaches tend to bias towards classes containing a larger number
of samples during local updates, which causes unwanted drift in
the local classifiers. To address this issue, we propose a classifier
debiased federated learning framework named FedCD for non-IID
data. We introduce a novel hierarchical prototype contrastive learn-
ing strategy to learn fine-grained prototypes for each class. The
prototypes characterize the sample distribution within each class,
which helps align the features learned in the representation layer of
every client’s local model. At the representation layer, we use fine-
grained prototypes to rebalance the class distribution on each client
and rectify the classification layer of each local model. To alleviate
the bias of the classification layer of the local models, we incorpo-
rate a global information distillation method to enable the local
classifier to learn decoupled global classification information. We
also adaptively aggregate the class-level classifiers based on their
quality to reduce the impact of unreliable classes in each aggregated
classifier. This mitigates the impact of client-side classifier bias on
the global classifier. Comprehensive experiments conducted on var-
ious datasets show that our method, FedCD, effectively corrects
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1 INTRODUCTION

Real-world data is usually distributed across multiple clients, such
as mobile devices, hospitals and institutions. Due to privacy and
data protection concerns [41], data on each client can only be ac-
cessed locally. Instead of traditional centralized learning methods,
federated learning (FL) [6, 30, 33, 44, 45] has been proposed to ad-
dress the data silos problem and protect users’ data privacy without
information leakage. The FL process consists of local training on
clients and global model aggregation on the server. It has been
successfully applied in numerous real-world applications, including
the Internet of Things [13, 38], health care [11, 12] and multimedia
analysis [16, 27, 32]

Traditional federated learning methods, such as FedAvg [33],
have demonstrated significant success in scenarios where data is in-
dependent and identically distributed (IID). However, in real-world
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scenarios, data samples across different clients often exhibit non-
IID characteristics. One of the key challenges in non-IID federated
learning is the presence of class imbalance. The existence of imbal-
anced data can cause FedAvg to favor classes with a larger number
of samples during local updates, leading to client drift. Moreover,
research has shown that the classification layer in local deep models
introduces more bias than the hidden layers in non-IID federated
learning [31], which significantly deviates from the global optimum
in terms of local optimization goals. As a result, the performance of
FedAvg deteriorates considerably under these circumstances. This
issue is also an urgent problem to be addressed in non-IID federated
learning.

Many federated learning approaches have been proposed to
solve non-1IID federated learning. Classic methods include Fedprox
[29], Scaffold [23], FedDC [15], Lumos [36] and FedIR [21], which
propose local optimization constraints to align local and global
optimization goals. Other methods include FedNova [43], FedMA
[42] , FedAvgM [20] and CCVR [31] to make the global model close
to the global optimum by improving the global aggregation stage.
Nevertheless, despite the advancements made by these methods,
they still fall short in addressing the challenge of classifier bias that
arises with imbalanced classes. In the following analysis, we will
discuss the limitations of these methods to elucidate the underlying
causes of this issue.

First, the primary factor contributing to this issue is the inability
of clients to access the distribution information of global sample
features during local updates, as Figure 1(a). As a result, the learned
feature representations may lack highly separable characteristics.
Second, during the local update process, the progressive loss of
global classification information leads to a bias of the local classifier
towards the local optimum. Third, during the global aggregation
stage, the varying importance of knowledge learned by the same
client for different classes is not considered, which may further
cause low-quality classes in the client to negatively affect the ag-
gregation process of the global model.

To address the aforementioned challenges, we propose FedCD, a
framework that includes hierarchical prototype contrastive learn-
ing, global information distillation, and adaptive class-level clas-
sifier aggregation. To overcome the first limitation, we propose
hierarchical prototype contrastive learning to learn fine-grained
prototypes for each class, improving the characterization of their
sample distribution and enhancing the hierarchical separability be-
tween fine-grained classes. By rebalancing the sample distribution
using the fine-grained prototypes, clients gain access to global sam-
ple distribution information, as shown in Figure 1(b). To enhance
feature separability within each batch, we introduce batch proto-
type regularization loss, which makes the learned representations
fit into the input space of the global classifier. For the second limita-
tion, we introduce global information distillation, which decouples
the soft labels output by the global classifier. This approach can
align the local classifier and the global classifier at the decision
level, and alleviate the problem of local classifiers’ bias towards a
large number of classes in the client. To address the third limita-
tion, we propose adaptive class-level classifier aggregation, which
involves partitioning classifiers into fine-grained class-vectors and
adaptively evaluating their quality. Higher weights are assigned
to high-quality class-vectors, while lower weights are assigned to
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Figure 1: Comparison between FedAvg and FedCD. By learn-
ing the fine-grained global prototypes, FedCD can debias the
classifier drift on client.

unreliable class-vectors. This approach effectively mitigates the
influence of unreliable class-vectors from clients on the global clas-
sifier. We conduct extensive experiments on several datasets, and
the experimental results showcase the advantages of our method
compared to other approaches. The main contributions of this paper
can be summarized as follows:

e We propose hierarchical prototype contrastive learning loss
and batch prototype regularization loss to learn fine-grained
prototypes that accurately characterize the global sample
distribution and encourage feature representations within
classes to aggregate while remaining distant from other
classes. Compared with single prototype methods, the pro-
posed fine-grained prototypes rebalance the feature distri-
bution of samples on clients more accurately, effectively
reducing the bias of local classifiers.

We propose a global information distillation loss to align
local and global classifiers at the decision level, mitigating
the bias of local classifiers towards a large number of classes
on the client side. By decoupling the soft labels output by the
global classifier, local classifiers can be debiased by global
classification information that clients cannot access.

We introduce an adaptive class-level classifier aggregation
method that partitions classifiers into fine-grained class-
vectors. By adaptively assigning weights to these vectors,
we effectively mitigate the impact of unreliable class-vectors
on the global classifier and further enhance the robustness
of the aggregated global classifier.

2 RELATED WORK

Limited by non-IID data in the real world, federated learning [33]
does not perform as well as expected. Extensive approaches are
working on exploring non-IID federated learning solutions in client
selection [3, 14, 40], aggregation scheme [4, 9, 10] and personalized
federated learning [2, 8, 22, 28]. Then, we focus on the techniques
that most correlate with our work

Client Drift Alleviation. Some vanilla federated learning al-
gorithms alleviate client drift by modifying the local optimization
objectives, e.g., Fedprox [29] directly uses the £,-norm distance to
mitigate client drift, Scaffold [23] uses variance reduction to cor-
rect client drift, FedDC [15] uses the learned local drift variables
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to bridge the gap, i.e., perform consistency constraints at the pa-
rameter level. FedDyn [1] dynamically optimizes local objectives
iteratively to achieve asymptotic consistency between local optima
and stationary points of the global objective, FedMA [42] matches
and averages weights to build a shared global model in a layer-wise
manner, CCVR [31] samples pseudo-samples on the server and
calibrates classifiers to address classifier drift.

Contrastive Learning in Federated Learning. Contrastive
learning [5, 18] has already shown excellent prospects in unsu-
pervised representation learning. FedX [17] combines contrastive
learning with federated learning and uses global and local distilla-
tion methods to learn the vector representation of samples without
supervision. In supervised areas, MOON [26] firstly applies con-
trastive learning at the model level to make the local model learn
a representation that is closer to the global model and better than
the local models of the previous round.

In recent years, prototype learning has been widely developed,
where class prototypes are represented as the average feature vector
of the class [34]. FedProto [39] suggests minimizing communication
overhead by exchanging prototypes rather than gradients or model
parameters between the client and server, FedProc [35] introduces
the utilization of global prototypes on the server as a reference
for refining client training during local updates. It employs a con-
trastive loss to encourage intra-class features to be closer while
inter-class features to be farther apart.

3 METHODOLOGY

3.1 Overall Framework

The framework of the proposed method FedCD is shown in Figure
2. We introduce each module in detail. 1) Fine-Grained Proto-
type Learning aligns the sample representation on each client
and optimizes each fine-grained local prototype to accurately re-
flect the global sample distribution by L. It also constrains the
batch prototype to fit into the input place of the global classifier
by L,;; 2) Global Information Distillation empowers the local
classifier to assimilate global classification information, by lever-
aging Ly;q, thereby establishing alignment between the local and
global classifiers. Furthermore, it enables the adjustment of a biased
local classifier based on the fine-grained global prototype using
Lgc1; 3) Fine-Grained Global Prototype Aggregation aggre-
gates the fine-grained local prototypes of each fine-grained class
into a fine-grained global prototype using the sample proportion
of local clients as weights; 4) Adaptive Class-Level Classifier
Aggregation utilizes fine-grained global prototypes to adaptively
assess the quality of class vectors on the client level, thereby en-
hancing the robustness of the global classifier. This is achieved by
emphasizing high-quality class vectors and reducing the weight
of low-quality ones during the aggregation. 5) Feature Extractor
Aggregation takes the same approach as Fedavg [33] to aggregate
local feature extractors from all clients to obtain the global feature
extractor.

3.2 Fine-Grained Global Prototype Aggregation

In this study, all samples belong to C ground-truth classes. Each
class is further partitioned into M fine-grained classes, with each
fine-grained class contains a fine-grained prototype P¢ ,, where
c € [1,C], m € [1, M]. During the global aggregation stage, our
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objective is to characterize the global data distribution information
by aggregating fine-grained global prototypes PY for each class. To
accomplish this, we adopt a weighted aggregation method on the
server, aggregating the fine-grained local prototypes from various
clients. The weight assigned for aggregation is determined by the
ratio of the number of samples in the class to the total number of
samples in that class across all clients. Each fine-grained local pro-
totype is obtained by optimizing through gradient descent during
the local update phase.

After the server receives all fine-grained local prototypes belong-
ing to the m-th fine-grained class under the c-th ground-truth class,
the fine-grained global prototype P‘Z’m is obtained as:

1)

- ne,m
where Plém is the ﬁne-graineéC local prototype from client k. n]ém
and n¢ ;, represent the number of samples for the corresponding
fine-grained class on the k-th client and the total number of samples
for that class across all clients, respectively.

3.3 Fine-Grained Prototype Learning

This paper aims to address the issue of class imbalance in non-IID
federated learning. The presence of class imbalance often leads
to insufficient samples for minority classes. Such imbalance poses
challenges in accurately characterizing the true data distribution
and hinders the effective extraction of relevant information during
local model training. Furthermore, in the presence of class imbal-
ance, local classifiers tend to exhibit bias towards the majority class,
resulting in a decline in the overall performance of the global model.
In real data distributions, samples of the same class cannot be com-
pactly clustered in a cluster, resulting in the learning of a single
prototype being insufficient to effectively describe the sample dis-
tribution of each class.[25, 37, 48]. To overcome these challenges,
we propose a novel approach that involves learning fine-grained
prototypes for each class. These fine-grained prototypes accurately
capture the sample distribution for each class on clients and are
used to mitigate the bias of the local classifier.

Fine-Grained Class Assignment. After receiving the fine-
grained global prototypes PY from the server, we proceed with
assigning samples to fine-grained classes on the client. For i-th
sample xlkc from class ¢ on the k-th client, its feature is expressed as

zf’ ¢ = fe(xll.f |0%), and its fine-grained class is obtained as follows:

k . k
Sm = szm(zi’c, Pg,m),

k _ 1.k k k
S; = [sl,...,sm,...,sM],

)
f= k
= arg max(S;),
m
where sim(-, -) is the similarity function, and in this work, we use
,]; is the similarity of zf . to the m-th
fine-grained global prototype of the c-th class. fz(:|6%) represents
the feature extractor with its parameter. Finally, ¢ is the assigned

the cosine similarity function. s

class label that results in the maximum value for Si.‘ , and the feature
k
i,c,t”

Hierarchical Prototype Contrastive Learning. In contrast
to existing methods using the average of samples from a class as

prototypes, our method initializes fine-grained local prototypes

of the assigned sample is further denoted by z
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Figure 2: The framework of the proposed method FedCD. Solid arrows represent the forward propagation process, while dashed

arrows indicate the direction of backpropagation process.

with fine-grained global prototypes (In the first round, we initialize
the local prototype using the k-means) and treats them as learnable

variables, optimized through gradient descent. Specifically, given a
k

ict’
the fine-grained class it belongs to (Plé,t)’ while maintaining an ap-
propriate distance from other fine-grained local prototypes within
the same class (Plg,m, m # t), and exhibiting significant separation
from local prototypes of different classes (Pj m, j # ). To achieve
this, we propose a novel hierarchical prototype contrastive learning,
constructing a positive pair ¥jos, M—1 pseudo negative pairs ¥ppeq,
and (C—1) x M negative pairs ¥pe4 to align sample representations
and facilitate the learning of accurate fine-grained prototypes that
capture the sample distribution. The loss is defined as follows:

sample feature z it should be closest to the local prototype of

k k
Ypos = ¢(zi,c)ta Pc,t)5

k k
Ppneg = Z ¥ (Zicr-Pem)s
mEt (3
k k
Tneg = ) D V(&he P
j#tc m

where |/(z,P) = ¢5i(zP)/7 1 is the temperature parameter. We in-
troduce a parameter & to adjust the hierarchical distance of features
to two types of negative pairs. The loss of hierarchical prototype
contrastive learning is defined as follows:

¥
k pos
w(z; = s 4
(Zico) Ypos + @¥pneg + (1 — ) Pneg )
k
-£hpc - ﬁ Z IC,tlogw(Zi’c,t)5 (5)
zf,c,tEDk+

where DF = {D* UPY} is the rebalanced local dataset. DX is the
local sample features set and PY is the set of fine-grained global
prototypes. The importance factor I ; represents the significance
of each sample. Local samples are assigned a value of 1 for I ;.
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9

c,tb’
chzl Z]r\n/le I+ is the sum of importance factors. We set & < 0.5 to
indicate that the feature is farther from the real negative samples
compared to the pseudo negative samples.

Batch Prototype Regularization. Enhancing the separability
of feature representations is of paramount importance for classifier
correction. In light of this, we introduce a batch prototype regular-
ization to effectively align features with the input space of a global
classifier. By incorporating this regularization loss, we aim to bol-
ster the separability of feature representations, thereby enhancing
the overall discriminative power:

di = o(D(P2|¢) - W), 1 < i < Np,c € Y,

For the fine-grained global prototype P7 ,, Ic ; is equal to n¢ ;. N =

(6)
where D is the global classifier and ¢ is its parameters. W € R(EXM)xC
is an aggregation matrix employed to consolidate the classification
results output by the fine-grained classifier. o(-) is the softmax
function. PIC’ is the batch prototype (batch feature mean) of class
¢ and N is the number of P? in the batch. Y, is the label set of
samples in the batch. Note that the set of Pf and Y, are different
in different batches. The loss of batch prototype regularization is
formulated as follows:
1 R
- C

Lopr =37 Zl log(ds), ™)
where df is the c-th element of d; and ¢ denotes the ground-truth
class of the i-th batch prototype.

3.4 Global Information Distillation

During local updates, we aim to leverage the global model to trans-
fer its knowledge to the local model, ensuring consistency between
local and global models. Classifier output contains two compo-
nents: target class information and non-target class information.
Conventional knowledge distillation methods tend to overlook the
significance of non-target class information, which is crucial for
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effective distillation. Acknowledging the importance of non-target
class information is particularly vital in federated scenarios with
limited client data access. The global classification information
within non-target classes is pivotal in mitigating classifier bias. In-
spired by decoupled knowledge distillation (DKD) [47], which sepa-
rates traditional knowledge distillation into Target Class Knowledge
Distillation (TCKD) and Non-Target Class Knowledge Distillation
(NCKD), we employ decoupled knowledge distillation to mitigate
the occurrence of classifier drift resulting from class imbalance.
This is achieved by enabling the local model to acquire a richer
understanding of global information through NCKD. The loss of
DKD is formulated as:

DKD(p” ||pS) = TCKD + ENCKD
= KL |16%) + &KL 15°).
where 7~ and S denote teacher and student respectively. £ is a pa-
rameter that balances the importance of TCKD and NCKD. When
& is larger, NCKD will have greater impact, and the clients will
learn more knowledge that they cannot access. When a sample
belonging to class c is input, the probability output by the teacher
model can be denoted as p7 € R C, and the probability output
by the student model can be denoted as pS. b = [p¢, 1 — pe] de-
notes the binary probability of the target class p. and all other
non-target classes (1 — pc); b7 and bS represent the teacher’s
and student’s binary probability, respectively. We propose p =
[p1,-- s Pe=1, Pc+1s- - > Pc] € RIX(C-1) 5 construct probabilities
of non-target classes, where 7 and ﬁs denote teacher’s and stu-
dent’s probabilities among non-target classes, respectively. The loss

of global information distillation is defined as follows:

1
D 1eeDKD(pY,,lIp} ).
e Dk

®

N

Zict

Lgid = )

where ng,c,t = D(szc,[|¢) -W and pf’c’t = D(z{fc’t|¢k) - W represent
the predicted probabilities output by the global model and the local

model, respectively.

3.5 Debiased Classifier Learning

In order to tackle the problem of classifier shift on class-imbalanced
clients, we present a debiased classifier learning loss L;.;. Our
method involves leveraging fine-grained global prototypes to rebal-
ance the distribution of client samples. By utilizing these prototypes,
we can effectively make use of global distribution information to
reduce bias in the classifier. The loss is defined as follows:

> LerLep(D(h, lpr) - o),

e Dkt

1
Lir =+ (10)

N

Zk

Lt
where Lcg denotes the cross-entropy loss. ¢y is the parameters of
the k-th local classifier. c is the ground-truth label of zf.c e
Finally, integrating the objectives above, the complete loss func-

tion of FedCD for client optimization is formulated as follows:

-[-:total = ,U-Edcl + (1 - .u)-ghpc + Y—prr + A-[:gid’ (11)

where p=1- % t is the current communication round, and T is the
total communication round. During the early training phase, when
the model’s feature extraction capability is limited, the usage of y
prevents the prototypes from being influenced by inferior features.
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Algorithm 1 Local update in FedCD

Input: local epochs E, batch size B,hyperparameter A, y, a, M, the
datasets of k-th client Dy, the fine-grained global prototypes
{P9} — {P*}, the parameter of global model w! — w
communication round t
1: forepoche=1,2,...,Edo
for each batch b = {z,y} of D do
Calculate L in Eq.(5),
Calculate Ly, in Eq.(7),
Calculate Ly;4 in Eq.(9),
Calculate £ ;. in Eq.(10),
Update the local model by optimizing £;,;4; in Eq.(11),
8: end for
9: end for
10: return w]t:l, {Pk

]i, current

2
3
4:
5
6
7

} to Server

Algorithm 2 Server aggregation in FedCD

Input: client number K, fine-grained local prototypes {P¥},
parameters of local models {w,tc}, total communication round T

1: for eachroundt=1,2,...,T do

for each client i = 1,2,...,K in parallel do
witl {PF} — LocalUpdate(k, w’, {P%}),

end for

Calculate {P9} in Eq.(1),

Aggregate 071 as FedAvg,

Aggregate $**1 in Eq.(12) - Eq.(15),

& Send w'*l = (0"*1; $**1) and {PY} to clients,

9: end for

10: return w

T

In the later stages of training, y is employed to prevent model
overfitting. y and A are hyperparameters to adjust the weight of
different losses.

3.6 Adaptive Class-Level Classifier Aggregation

In non-IID federated learning, class imbalance on clients leads to
varying performance across different classes. Consequently, the
importance of different classifiers on a single client differs during
the aggregation stage of the global classifier. We propose adaptive
class-level classifier aggregation, which mitigates the adverse ef-
fects of low-quality classes on the global classifier. Our approach
effectively addresses classifier bias by recognizing the varying sig-
nificance of classes within clients, rather than assigning a uniform
weight to each client. Specifically, the parameter of the classifier ¢
can be divided into C X M class-vectors.

p=lo"...00 .0 (12)

where the parameters of classifier is ¢ € RAX(CXM) and each class-

CXM]

vector is ¢ € R9%1_d is the dimension of feature representation,
and C X M is the number of fine-grained classes.

We employ the classification outcomes of fine-grained global
prototypes, output by the client classifiers, to assess the importance
of a particular class among the clients. The expression below illus-
trates the classification results for fine-grained global prototype of
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the j-th class, generated by the classifier Dy from the k-th client:
Bl = o(DR(Pg)). 1<k <K, 3)

where f)i € RIX(CXM) js the classification result, ¢ is the param-
eter of Dy received by the server. Here, j € [1,C X M] represents
the fine-grained class.

Then, we obtain the weights of the j-th class-vector for all clients

as follows:
AR (14)

where f)Jk [j] is the j-th dimension of f){C which indicates the im-

v = o (B LU

portance of the k-th client on the j-th class. »/ € RX contains the
weight of the j-th class vector for each client.

Finally, to obtain an unbiased and reliable global classifier, we
perform adaptive class-level global classifier aggregation based on
the weight of each client’s class-vector as follows:

. K . 5
o' =) VK o]
k=1

The entire training processes of FedCD on the client and server
is presented in Algorithm 1 and Algorithm 2, respectively.

(15)

3.7 Discussion on Privacy Protection

A prototype can be considered a low-dimensional representation
compared to the original sample. Unlike the original data, the proto-
type vector contains relatively less information, thus reducing the
risk of privacy leakage [35, 39]. The prototype in FedCD is acquired
by using gradient descent on the low-dimensional representation
of samples belonging to the same class. As a result, our prototype
is not merely a linear combination of sample features. This indi-
cates that the process of generating the prototype is irreversible,
preventing an attacker from reconstructing the original data based
solely on the prototype, unless they have access to the local model.
Moreover, FedCD can be effectively combined with other privacy
enhancement techniques to further improve the level of privacy
protection in the field of federated learning.

4 EXPERIMENTS
4.1 Experimental Settings

Compared methods. We adopt several representative federated
learning methods such as FedAvg [33], FedProx [29], Scaffold [23],
MOON [26], FedDyn [1], FedDC [15] and FedProc [35] as the com-
parison methods. To be fair, all these methods adopt the same
network architecture and settings.

Datasets. Both CIFAR10 and CIFAR100 datasets [24] have 50,000
training images and 10,000 testing images, the number of classes
are 10 and 100 respectively. EMNIST dataset [7] contains 124,800
training images and 20,800 testing images with 26 classes. To obtain
non-IID data distribution on clients, we follow the same settings
as [26, 46] to partition data by the Dirichlet distribution Dir(f). In
the experiments, we set § to 0.5 and 5, where smaller f indicates
greater class imbalance.

Network Architecture. For CIFAR10 and EMNIST, we use two
convolutional layers followed by maxpooling and two fully con-
nected layers with ReLU activation as the base feature extractor. For
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CIFAR100, Resnet50 [19] is adopted as the base feature extractor.
For all datasets, two fully connected layers are used as the projec-
tion, one fully connected layer as the classifier. Slightly different
from other methods, our method partitions the classifier into a fine-
grained classifier and an aggregation matrix W. This partitioning
enables the acquisition and aggregation of fine-grained classifi-
cation results. The feature extractor consists of the base feature
extractor and the projection head. The dimension of the output of
the feature extractor z is set to 256.

Hyperparameters. We use the SGD optimizer with a learning rate
of 0.01, momentum set to 0.9 and weight decay set to 107>, The
default number of local epochs E = 10, the communication round
T = 100, client number K = 10 with the participating rate n = 1,
and the batch size B = 64. During local updating, {, 7, M} is set
to {0.1, 1,3} for all datasets, & is set to 0.5 for CIFAR10 and 8 for
CIFAR100 and EMNIST. {A, y} in Eq.11 are set to {0.1,0.1} for all
datasets.

4.2 Performance Comparison

Accuracy Comparison. All methods are tested on three bench-
mark datasets with varying degrees of class unbalance § € {0.5,5}
and iid. The results in Table 1 demonstrate that FedCD effectively
mitigates classifier bias caused by class imbalance and outperforms
other methods. Specifically, FedCD achieves at least 3.17%, 4.12%,
and 3.96% improvements over all baseline methods for § € {0.5,5}
and iid on the CIFAR100 dataset. FedProc incorporates prototype
learning to enhance client representation learning and demon-
strates promising results in various scenarios, affirming the efficacy
of prototype learning in federated learning. However, a single proto-
type cannot precisely capture the distribution information of each
class, resulting in inferior performance of FedProc compared to
FedCD in all instances, validating the effectiveness of the proposed
method FedCD.

Communication cost Comparison. Table 2 evaluates the commu-
nication cost required for all the methods on CIFAR10 and CIFAR100
(B = 0.5) to achieve the same accuracy as FedAvg with 100 rounds
(66.31% for CIFAR10 and 64.50% for CIFAR100). Param represents
the parameters transmitted during each round of communication.
We calculate multiples of communication rounds and total param-
eters for all methods relative to FedCD. FedCD achieves the best
results on both CIFAR10 and CIFAR100. The total parameters are
calculated as the product of the transmitted parameters per round
and the number of communication rounds needed to achieve the
desired accuracy. We report the number of parameters transmit-
ted by FedCD and FedProc in the form of model parameters plus
prototype parameters. The findings indicate that the number of
parameters required for transmitting prototypes is significantly
smaller compared to model parameters. Additionally, FedCD’s to-
tal parameters required to achieve the desired accuracy are lower
than those of all other methods. Notably, the less optimal approach
(FedProc) on CIFAR10 requires 1.5 times more rounds and 1.3 times
more total parameters than FedCD, respectively.

4.3 Performance Analysis in Different Settings

To further illustrate the superiority of the proposed FedCD, we
conduct experiments from the following aspects to verify the per-
formance of FedCD:
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Table 1: Test accuracy (%) of different FL methods on CIFAR10, CIFAR100 and EMNIST.

Method FedAvg FedProx Scaffold MOON FedDyn FedDC FedProc FedCD
CIFAR10 iid 73.39 £0.12 73.56 £0.05 73.89+0.08 72.70+0.22 73.56+0.29 72.64+0.10 73.77+0.14 75.56+0.12
p=5 7299+0.03 72.81+0.26 72.87+0.12 72.83+0.13 73.04+0.10 72.33+0.28 72.87+0.33 75.10+0.06
f=05 6631+£059 67.53+0.60 71.37+0.25 68.55+0.54 70.68+0.36 69.17+0.08 70.07=+0.36 73.10+0.22
CIFAR100 iid 65.51 £0.05 66.03+0.10 56.53+0.12 68.59+0.05 59.94+0.23 65.78+0.29 65.36+0.11 72.55+0.05
f=5 6530+0.16 6535+0.05 56.17+0.45 68.29+0.20 5840+0.04 6519+0.10 64.48+0.09 72.41+0.08
p=05 6450+0.24 64.56+0.31 52.50+0.30 67.95+0.15 57.24+0.23 63.08+0.07 63.53+0.13 71.12+0.03
EMINST iid 90.86 £ 0.06 91.10 £0.19 91.50 +£0.30 90.65+0.02 89.76 £0.17 91.79 £0.28 93.11+0.55 93.70 + 0.02
f=5 91.32+0.18 91.04+0.11 91.79+0.23 90.70 £0.06 89.44+0.38 91.64+0.19 92.84+0.16 93.58 +0.02
=05 90.65+0.09 91.09+0.08 90.44+1.20 90.83+0.02 90.06+0.18 91.57+£0.31 92.29+0.24 92.49 +0.05
75 75 75
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Figure 3: Learning curve under different degree of class imbalance. (a) f = 0.5, (b) = 5, (c) iid on CIFAR10 dataset

Table 2: The communication cost needed for various FL meth-
ods to achieve the same accuracy as 100 rounds of FedAvg on
CIFAR10 and CIFAR100 (5 = 0.5).

Table 3: The accuracy (%) of all methods with different num-
bers of clients and varying communication rounds on CI-
FAR100.

Client Number=50 Client Number=100

CIFARI0 CIFAR100 Method 100 rounds 200 rounds 250 rounds 500 rounds
rounds param(MB)  total(MB) rounds param(MB)  total(MB) FedAv g 51.4 55.8 51.0 55.0
FedAvg 100(7.6x)  3.53 353(6.7%)  100(3.3x) 10775 107750 (3.3x) FedProx 513 56.2 513 54.6
FedProx 52 (4X) 3.53 183.56 (3.5%) 75 (2.5%) 1077.5 80812.5 (2.4X) Scaffold 35.3 43.6 37.4 44.5
Scaffold 36 (27x) 706  254.16 (4.8) N 2155 > 215500 Moon 57.9 63.0 56.9 61.8
MOON 29 (2.2x) 3.53 10237 (1.9x) 43 (1.4x) 1077.5  46332.5 (1.4x) FedDyn 52.0 56.8 53.5 55.3
FedDyn 25 (1.9x) 3.53 88.25 (1.6X) N 1077.5 > 107750 FedDC 53.2 58.4 54.2 57.3
FedDC 28 (2.1x) 7.06  197.68 (3.7x) N 2155 > 215500 FedProc 54.6 60.8 55.7 59.6
FedProc 20 (15x)  3.53+0.09  72.4 (13x) N 107754097 > 107847 FedCD 59.7 66.3 59.43 66.31
FedCD 13(1x) 3724029 5213(1x)  30(1x) 1079.4+2.9 32469 (1x)
final accuracy is also higher than that of other methods. Figure 3(c)
75 reveals that although the initial growth rates of MOON, FedProc
gm gm and FedAvg are large, FedCD’s accuracy surpasses them after 20
2o % % rounds, demonstrating the effectiveness of our method.
S S 60 — Various Local Epochs and Batch Sizes. We investigate the influ-
§ 60 ~ ECEEFZLD § - ECEE;LD ence of local epoch and batch size on the overall performance of
S5 o =0 = the global model. The findings are depicted in Figure 4 and Figure 6.
%50 Fede gg e The accuracy of SCAFFOLD is too low to display when the number
= 5 e = 40 T of local epochs is set to 1 on CIFAR100 (20.4%). When the local

5 10 20

local epochs

40 1 5 10 20

local epochs

)

(2) CIFAR10

Figure 4: The accuracy of all methods on local epochs.

(b) CIFAR100

Degree of Class Imbalance. Figure 3 displays the learning curves
of all methods on CIFAR10 under different degrees of class imbal-
ance, where FedCD achieves the best results in f = 0.5, § = 5,
and iid scenarios respectively. As shown in Figure 3(a) and 3(b),
FedCD exhibits rapid and steady growth from the beginning, and its

9000

epoch is set to 1 on the CIFAR100 dataset, both FedCD and FedProc
struggle to learn accurate prototypes due to the dataset’s numerous
classes and insufficient local update epochs. Consequently, FedCD
does not yield optimal results. Moreover, FedCD performs well
when the local epoch is large, indicating its effectiveness in miti-
gating classifier bias. On CIFAR100, increasing the batch size leads
to a decrease in the number of local update rounds, resulting in
a somewhat diminished model performance. This phenomenon
is observed across all methods. Nevertheless, FedCD consistently
achieves superior outcomes for all batch sizes.
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Figure 5: Parameter sensitivity analysis for 4, y, M and « on CIFAR10 dataset with = 0.5.
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Figure 6: The accuracy of all methods under different batch
size.

Different Number of Clients. To assess the scalability of FedCD,
we test it with a larger number of clients on the CIFAR100 dataset.
We set the number of clients to 50 and 100, respectively, with only
20% of the clients participating in federated learning in each round
(n = 0.2). For example, when the number of clients is set to 100, we
randomly select 20 clients to participate in the local update before
each communication and then aggregate these 20 models as the
global model. The results are shown in Table 3. For 100 clients,
compared with Moon, FedCD achieves 2.53% higher accuracy at
250 rounds, and achieves 4.51% higher accuracy at 500 rounds. The
results demonstrate the scalability of FedCD when a large number
of clients participate in federated learning.

4.4 Parameter Sensitivity and Ablation Study

The sensitivity of four important parameters y, A, M and « in FedCD
are studied. We use the CIFAR10 dataset for parameter sensitiv-
ity analysis, selecting A and y from [0.01,0.05,0.1,0.5, 1], M from
[1,3,5,7,9] and « from [0.01,0.05, 0.1, 0.2, 0.3]. Figure 5 illustrates
the accuracy of FedCD under different parameters with box plots.
We can observe that the performance of FedCD remains relatively
stable across a wide range of parameter variations, indicating that
our method is not sensitive to parameters.

Ablation experiments are performed on CIFAR10 and CIFAR100,
respectively. To assess the efficacy of each component in FedCD, we
introduce six degraded methods. (1) FedCD-hpc: Remove hierar-
chical prototype contrastive learning from FedCD and update fine-
grained local prototypes by computing feature means. (2) FedCD-
dkd: Remove global information distillation loss from FedCD. (3)
FedCD-bpr: Remove batch prototype regularization loss from
FedCD. (4) FedCD-acla: Remove the adaptive class-level aggre-
gation and aggregate global model like FedAvg. (5) FedCD/kd:
Replace global information distillation loss with KL divergence

9001

Table 4: Ablation study of FedCD in terms of accuracy (%).

Method CIFAR10 CIFAR100

FedCD 73.1 71.12
FedCD—hpC 71.74 68.01
FedCD-dkd 72.25 70.24
FedCD-bpr 72.08 69.99
FedCD-acla 72.05 69.61
FedCD/kd 72.25 70.3
FedCD/cla 72.34 70.14

substitution loss. (6) FedCD/cla: Employ the ratio of fine-grained
samples number on the client to the total number of fine-grained
samples as a weight to replace the adaptive weight for aggregating
fine-grained global classifiers. The experimental results of ablation
study are shown in Table 4. FedCD achieves superior performance
compared to each degraded method. The ablation experiment re-
sults reveal that by integrating all components of FedCD, we es-
tablish a federated learning framework that effectively tackles the
classifier bias issue in class-imbalanced federated learning.

5 CONCLUSION

In this paper, we introduce a framework to address classifier bias
in non-IID federated learning. Our proposed method integrates
fine-grained prototype learning, global information knowledge dis-
tillation, and adaptive class-level classifier aggregation within a
unified framework. By correcting classifier bias at different stages
of federated learning including representation and classifier learn-
ing on clients, as well as global aggregation on server, our method
outperforms existing non-IID federated learning methods. Notably,
we introduce hierarchical prototype contrastive learning, enabling
the acquisition of fine-grained prototypes for each class, which
better captures the global distribution compared to using a single
prototype. We leverage global information distillation to decouple
global prediction information, effectively correcting local classifier
bias. Furthermore, our framework discriminates the quality of class
vectors in classifiers, mitigating the impact of classifier bias during
the aggregation stage. Extensive experiments demonstrate the su-
perior performance of FedCD compared to state-of-the-art non-IID
federated learning methods.
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