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ABSTRACT

Personalized federated learning (PFL) has emerged as a promising technique for
addressing the challenge of data heterogeneity. While recent studies have made
notable progress in mitigating heterogeneity associated with label distributions,
the issue of effectively handling feature heterogeneity remains an open question.
In this paper, we propose a personalization approach by Local-Global updates
Mixing (LG-Mix) via Neural Tangent Kernel (NTK)-based convergence. The core
idea is to leverage the convergence rate induced by NTK to quantify the impor-
tance of local and global updates, and subsequently mix these updates based on
their importance. Specifically, we find the trace of the NTK matrix can mani-
fest the convergence rate, and propose an efficient and effective approximation to
calculate the trace of a feature matrix instead of the NTK matrix. Such approx-
imation significantly reduces the cost of computing NTK, and the feature matrix
explicitly considers the heterogeneous features among samples. We have theoret-
ically analyzed the convergence of our method in the over-parameterize regime,
and experimentally evaluated our method on five datasets. These datasets present
heterogeneous data features in natural and medical images. With comprehensive
comparison to existing state-of-the-art approaches, our LG-Mix has consistently
outperformed them across all datasets (largest accuracy improvement of 5.01%),
demonstrating the outstanding efficacy of our method for model personalization.
Code is available athttps://github.com/med—air/HeteroPFL.

1 INTRODUCTION

Personalized federated learning (PFL) aims to leverage the aggregated knowledge from other clients
to learn a client-specific model that best fits its own data distribution (Smith et al., |2018}; |Arivazha-
gan et al.| 2019;|Li et al., 2021b; [Hanzely & Richtarik} 2021} Tan et al.}|2022). Although many PFL
methods have tackled heterogeneity issues regarding label distribution shift (Jeong & Hwang}, 2022
Zhang et al| [2022), computation limitation (Diao et al.l 2021} Setayesh et al.| 2023)), model archi-
tecture design (Makhija et al.l 20225 |Wang et al.| [2022)), etc, how to effectively address the feature
heterogeneity issue (Kairouz et al., |2021; |[Hsieh et al., |2020) is still an open question. In practice,
feature distributions across client data are often heterogeneous due to variations in acquisition or
generation conditions (Xu et al.| 2021} |Rieke et al., [2020; |L1 et al., 2021c). For instance, in health-
care domain, medical images collected from different hospitals exhibit appearance misalignment as
imaging protocol changes. Training one common global model for tackling various feature distribu-
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tions can be challenging. Therefore, personalization of the global FL. model to each individual client
becomes imperative, but how to solve the feature heterogeneity is still unclear.

There have been many approaches proposed to improve the global model in order to tackle het-
erogeneous features. Despite the promising performance, the converged global model may not be
optimal for all clients (Kairouz et al., 2021 [Li et al.l 2020a; [Sattler et al., 2020). Another way is
to train personalized models to overcome the feature distribution shifts. It is worth noting that deal-
ing with heterogeneous features under PFL setting is largely different from doing it under standard
FL. Specifically, PFL aims to fit clients’ individual feature distribution, whereas the standard FL
focuses on utilizing various feature distributions to enhance the global model. For instance, there
are some FL methods proposed to tackle the heterogeneous data by aligning the feature distribu-
tion over clients to promote global aggregation (Li et al., 2021cal), and rectifying client gradient
direction to avoid aggregated gradients being distracted (Gao et al.|[2022; Karimireddy et al.l[2020).
These methods mainly focus on global updates. However, for PFL, it is essential to consider both
local and global updates and their interplay relations for achieving personalization.

To investigate the relations between local and global updates, we consider their effects during fed-
erated training. The global update typically is the aggregation (e.g., weighted averaging) of local
updates, while the local update solely relies on the client’s local data. In federated training, the
global update contains common knowledge from all clients’ data, thereby aiding in minimizing the
error of joint data distribution. However, it may not precisely align with the direction of the local
update when the data exhibits heterogeneity. For local update, it specifically minimizes the local
error, but suffers from limited local data size. From a personalization standpoint, the key incentive
is to minimize the local error with the help of other clients’ data (i.e., the common knowledge). In
this case, an ideal solution would be leveraging local updates to rectify the potential adverse effects
induced by data heterogeneity in global updates. A promising solution is to mix the local and global
updates, while the question is how to determine the mixing ratio.

One related work has proposed to mix the local and global models and select the ratio based on
the differences observed between the mixed model and the global model (Deng et al.,[2020). How-
ever, considering that the local/global update strongly correlates with the input data, we argue that
attention must be given to the data aspect in the context of feature heterogeneous PFL. To answer
this question, we draw insight from the Neural Tangent Kernel (NTK) (Jacot et al.| [2018; Huang
et al.,[2021)), which leverages the dot product of input data for measuring the convergence of neural
network training. By calculating the NTK matrix when employing local and global updates, we can
take the NTK-based convergence rate as a guiding factor to adaptively adjust the mixing ratio.

In this paper, we propose to achieve model personalization by Local-Global updates Mixing (LG-
Mix). Our key contribution is to determine the mixing ratio via NTK-based convergence. Specifi-
cally, we theoretically show that the trace of NTK is an effective measurement of the convergence
rate. By leveraging the convergence rate induced by NTK, we can assess the importance of local
and global updates, and perform mixing based on their importance. We propose an efficient and
effective approximation to calculate the trace of a feature matrix instead of the NTK matrix. This
approximation not only reduces the computational cost, but also explicitly considers heterogeneous
features among samples. We conduct comprehensive experiments to demonstrate the efficacy of
our method, including both performance comparisons and analytical studies. We also theoretically
analyzed the convergence of our method in the over-parameterized regime. Our experiments include
three computer vision datasets with heterogeneous features (diverse image styles/appearances), and
two real-world medical image datasets. Our method consistently outperforms state-of-the-art ap-
proaches across all datasets, showing its effectiveness in personalization.

2 RELATED WORKS

Federated Learning on Heterogeneous Data. To promote the training of a global model on hetero-
geneous data, various techniques have been proposed, such as regularizing local model training (Li
et al., 2020b; [Durmus et al., 2021 [Li et al.l [2021a), facilitating model optimization (Karimireddy
et al.l 2020; Reddi et al., 2021 |Tran Dinh et al., [2021), enhancing aggregation algorithm (Wang
et al.| |2020; |Pillutla et al.| 2019), improving feature normalization (L1 et al., 2021c; |Reisizadeh
et al.}[2020), etc. For instance, SCAFFOLD (Karimireddy et al.,|2020) proposed a new optimization
algorithm to reduce variance in local updates. Later on, FedNova (Wang et al., |2020) suggested
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using normalized stochastic gradients for global model aggregation, and MOON (Li et al} [2021a)
proposed using contrastive learning on latent feature representations to enhance the alignment be-
tween local and global models. FedDC (Gao et al., 2022)) improved SCAFFOLD by dynamically
updating the client objective function. However, when aiming to maximize the performance for each
local client, learning one common global model may not be an optimal solution.

Personalization in Federated Learning. The PFL aims to utilize data from multiple clients to
learn a personalized model for each client. Existing methods have performed personalization by
leveraging: meta-learning (Fallah et al.| [2020; |Acar et al.l [2021)), multi-task learning (Smith et al.,
2018 [Li et al., |2021b)), model parameters decomposition (Collins et al., 20215 |Oh et al.| [2022),
model mixture (Deng et al.,[2020; |Hanzely et al.,2020; Hanzely & Richtarik,2021), Bayesian treat-
ment (Kotelevskii et al., 2022} |Ozkara et al.| [2023), etc. For example, PerFedAvg (Fallah et al.,
2020) proposed to seek a meta-model that adapts to each client’s local dataset. APFL (Deng et al.,
2020) and L2SGD (Hanzely et al.,[2020) proposed to mix the local and global model for personal-
ization. FedAlt (Pillutla et al.| 2022) proposes to personalize partial model layers. FedBABU (Oh
et al.l 2022)) and FedRep (Collins et al., [2021) propose a similar idea of decoupling the learning
model into a model body and a local head, and the head is personalized. Recently, FedHKD (Chen
et al.} 2023) proposes to use knowledge distillation to train local models and share hyper-knowledge
instead of parameters. However, although some optimization-based methods (e.g., APFL, L2SGD)
can be extended for heterogeneous features, they are not specifically designed for feature hetero-
geneity problems. The issue of feature distributional shifts in PFL remains under-explored.

3 LG-Mix: LoCAL-GLOBAL UPDATES MIXING VIA CONVERNGENCE

In this section, we begin by describing the model training process involving local and global updates.
Then we present our proposed method that performs update mixing guided by the convergence.

3.1 LoCAL AND GLOBAL UPDATES MIXING

Assume we have N clients joining the PFL for 7' communication rounds, and we use c to denote
the client index. Each client will perform K local update steps. We denote the aggregated server
model at the ¢-th communication round as u(t) and the client model in round ¢ and local step k as
we(t, k). Denote S, as the data index of client ¢, assuming there are n input data and label pairs
{(z:,y:)} € R? x R}, which follow the global distribution D. Note that S; U --- U Sy = [n],
and S; NS; = ¢. The data of client cis {(x;,y;) : € S.}, and it follows distribution D..

The local update is defined as the weight changes before and after local client training. Consider the
local model w,, the local update and global update at ¢-th round can be expressed as:

Aw.(t) = we(t, K) — we(t,0), Au(t) =u(t+ 1) — u(t). (1)
Here, the global update takes the format of aggregation using local updates in practice, i.e., Au(t) =
> PeAwc(t), where p. denotes the client importance (e.g., proportional to client sample number)
and the sum over all clients equals to 1. In FL, a typical paradigm is that each client receives the
global update during communication and then use it to update the local model. However, clients may
experience covariate shift or concept drift in the real world, i.e., given the joint probability P.(z,y)
of input x and label y, we have P.(x) varies even if P,.(y|x) is the same or P.(x|y) varies across
clients while P.(y) is unchanged. Therefore, D does not necessarily represent the actual distribution
of a client ¢’s data D, well. That is, the global update may not concisely align with the direction of
the local update, solely using the global update is not sufficient to minimize the error of each client.

To overcome the potential shift inside the data distribution, we propose to perform the PFL by in-
corporating the local update into the global update to fit D.. The insight is that the global update
contains common knowledge from all clients and conveys global information, while the local update
specifically encompasses local information. By mixing local and global updates, we can make the
best use of both local and global knowledge to maximize the performance for each client. Specifi-
cally, we consider the following update regime for model personalization:

We(t + 1) + we(t) + Ac(t) Awe(t) + (1 — A(t)) Aul(t), 2)
where ). is a coefficient of our choice to balance the local and global update. When A, approaches

0 or 1, the update regime corresponds to the vanilla FedAvg and local gradient descent respectively.
Next, we aim to find an optimal ratio to mix these two updates.
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3.2 MIXING RATIO CALCULATION BY NTK-CONVERGENCE

To find the optimal mixing ratio, the key point is to quantify which update is more important for
model optimization. In other words, the optimal mixing should minimize the loss faster than other
mixing ratios. Therefore, we propose to measure the convergence of using local/global updates, and
use the convergence rate to determine the mixing ratio. We measure the convergence by using the
tool NTK, which has been widely adopted to analyze the convergence of modern neural networks.

To study the convergence of the gradient descent at time step ¢, we can measure the evolution of
the error between the ground truth and model prediction at the ¢-th step with the help of the Gram
matrix H (t). The Gram matrix H (t) is a function of parameter w and input =, which characterizes
the optimization process of gradient descent (Du et al.l [2019). This Gram matrix is often used as
an empirical approximation to the NTK, which describes the dynamics of gradient descent in the
infinite wide neural network (Arora et al.| 2019aj [Lee et al., [2020), and the spectral property of
the Gram matrix also governs convergence guarantees for networks in the finite width case (Huang
& Yau, 2020; Zhang et al., |2020; Brand et al., [2021)). For instance, consider a two-layer neural
network with ReLU activation, the H (t) for input data pair ;,; can be denoted as: H(t); ; =
% Zre[m] (%‘ijlwr(t)T.ri20,wr(t)Tx,20)’ where m is the number of hidden nodes, r is the node
index. We omit the footnote ¢ in w for ease of notation. Intuitively, the Gram matrix captures the
correlations between the training samples in the network evolution dynamics. Following [Du et al.
(2019), we express the evolution of prediction error for one step of gradient descent as:

y—y(t+1) = —nH@®)(y —y(t+1)), 3)
where y denotes the label, y(t) = f(w(t),x) and f : R? — R is the model function. Based
on Eq. (él]) we have the followmg observation, which illustrates the significance of between the
convergence rate and the trace of the Gram matrix.

Proposition 1. With the assumption that the error vector £(t) := y — y(t) can be regarded as a
random vector distributed uniformly in the space, by decomposing H (t) and £(t) into the eigenbasis
of H(t), we note that in gradient descent, the prediction error has an approximate convergence rate
of (1 —2ntr(H(t))/n), where 1 is the learning rate and is small, and tr(H (t)) is the trace of H (t).

Proof Sketch: Consider the eigen-decomposition H(t) = Y1, s;(t)v;(t)v] (t), then £(t) =
S @R OEM)u(t).  Then we have £(t + 1) = (I — nH()E(N) = So,(1 -
ns;) (vl (£)&(t))vi(t), which implies [|€(t + 1)[|2 = >, (1 — nsi)? (v} (£)€(¢))?. Then for 1 small
and error vector distributed uniformly in space, we have ||£(t+ 1)[|2 ~ (1 —2nte(H (¢))/n)||£(2)||*.

This proposition means that the trace of the Gram matrix can serve as an effective metric for as-
sessing the convergence rate of the model on the data samples. Consequently, the convergence rate
can be quantified by leveraging the trace of the H matrix. Let us denote the Gram matrix of the
model obtained through global updates as H, and the Gram matrix acquired through local updates
as H.. Intuitively, if the convergence rate using local updates surpasses that of global updates, a
greater emphasis on local updates becomes necessary. According to the proposition, for the same
amount of sample, if tr(H.) > tr(H ), then this means the local update converges more rapidly than
the global update. This proposition aligns with our intuitive understanding. Following this idea, we
would like to give the update with higher convergence rate a greater weight in the mixing ratio. To
be more specific, for client c at ¢-th step, we can calculate the mixing ratio as:

Ac(t) = tr(Hc(t)) / (tr(He(t)) + tr(H(1))) . )
By taking the ratio back to Eq.(2), we have completed the regime to generate the personalized model.

3.3 ALGORITHM IMPLEMENTATION

In the preceding section, we have introduced the utilization of the trace of the Gram matrix for
determining the mixing ratio. However, the computation of the Gram matrix H in practical networks
poses significant challenges and is often computationally infeasible (Fort et al.l 2020; IMohamadi
et al.| 2023} [Holzmiiller et al.| 2023). Specifically, the size of the H matrix increases rapidly as the
number of samples grows, making the computation impractical, particularly for large datasets. In
this case, we propose to approximate the calculation of tr(H ) by two steps.

First, we draw upon previous studies (Seleznova et al., [2023}; Kirichenko et al., [2023) that empha-
size the significance of the last layer in the dynamics and performance of neural networks. In our
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Algorithm 1: LG-Mix: Local-global updates mixing algorithm

Input: communication rounds 7', number of clients [V, local update steps K, client learning
rate 77;, global learning rate 74, mixing ratio {\.}2_,, feature matrix {2}, %.
fort=0,1,--- , T —1do
forc=1,2,--- , N in parallel do
fork=0,1,--- ,K —1do
sample a batch of data pairs {(x;,y;)},% € Se
we(t, k+1) SGD(wC(t, k); {(l‘“yz)}) // also output feature he(x;)
Yo += he(x)he(z)T, S += h(z;)h(z;)T // update feature matrix
ch(t) = wc(t, K) — wc(t, 0) // send client update to server
(t+1) = u(t) + Au(t), where Au(t) =3 . pcAw.(t) // global model update
forc=1,2,--- , N in parallel do

S

Ae(t) = w(Xc(1)) / (r(5e (1) + te(5(2))) // Eq. (g
| we(t + 1) <= we(t) + Ac(t) Awe(t) + (1 — Ac(t)) Au(t) // Eq. (2))
Output: The personalized models {w,.}2_;, and the global model w.

approximation, we consider the evolution of the last layer. For the matrix H, we use H ()i =
 2oreim) (P (xi)hr(2)) as a approximated representation, where / denotes the parameters up to
the penultimate layer. This approximation is also justified by the fact that h,(x;)h,(z;) is always
a factor of H; ; = (V fy(x;), V fu(x;)), irrespective of the activation function employed. Here, w
is the parameter of the last layer, and f gives the prediction of the whole model. Notably, an exist-
ing work (Seleznova et al., 2023)) has also shown that the empirical NTK with entries of last-layer
features highly aligns with the original NTK in terms of training dynamics.

Second, since our objective is to compute the matrix trace, it is unnecessary to calculate the complete
H. By leveraging a property of linear algebra, namely, tr(h(z)"h(z)) = tr(h(z)h(z)"), we can
simplify the trace calculation as follows:

tr(H (1)) = %Zie[n] Zre[m] ho () he () = % x tr(3(t)), )

where $(t) = >°0 | h(x;)h(z;)T is a feature matrix in R™*™ considering features among all

samples. Note that H (t) has a size of n x n, while ¥ is m X m. As a result, the computational
cost is significantly reduced since the number of samples is typically much larger than the last-layer
feature dimension (e.g., 256 or 512).

With the aforementioned approximation, we can approximate the trace of the H matrix obtained
through local updates as tr(H.(t)) &~ tr(X.(t)), where $.(t) = Y1, he(z;)he(z;)" . In the case of
the global H matrix, since the data is distributed and not directly accessible, we propose employing
features from local data in conjunction with the global model u. Consequently, we approximate
tr(H (t)) as tr(X(t)), where $(t) = Y1) h(z;)h(z;)T.

Finally, the mixing ratio for client c at time step ¢ can be calculated as follows:

Ac(t) = (e (1)) / (r(Xe(t)) + w(3(2)))- (6)
To further stabilize the ratio, we propose to consider the history information, that is, A.(t) =
ﬁ Zf;i Ac(7). We have also studied the effects of such stabilization in our experiments.

4 CONVERGENCE ANALYSIS

We prove the following theorem that describes the convergence of our proposed PFL algorithm.

Theorem 1. For m = Q(A~*n*log(n/d)), randomly initialized parameters (i.e. w(0) ~ N(0,1)),
and n; = O(\/kKn?), n, = O(1), then with probability at least 1 — § over the random initializa-
tion, we have for Vt:

lly = y(t+ D> < lly =y O = g (1 = MEDspuinlly = yOI* = ¢ D AOsiais e = ye (DI,

— mK

where ¢ 1= 57,

and Spin, denotes the smallest eigenvalue of H matrix.
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Note that [ly — y(t)[* = 2. [lye — ve(t)]|, and
y(t) = (Fwi(t), z1), ooy fwi(E), Ty ), f(w2(t), 1), cooney fwn (8), 20y )T
yc(t) = (03 aOaf(wc(t) ) 7f(wc( ) ‘Tnc) 07 "'7O)T

z; €S,
The proof is rather involved including bounding each of the terms in the recursion relation:

ly =yt +DII* = lly — y@)I* = 2(y — ()" (y(t +1) —y(@)) + ly(t + 1) —y(®)]?
We defer the details of the proof to Appendix B}

Discussion on the convergence result. To gain an intuition into the convergence result, we consider
the case when A is not homogeneous among clients, and we consider a sub-optimal inequality as can
be deduced from Appendix [B}

H HC
H%w@+DW§M—y@W—@AP%mm@)%My y(OP=C D Netsinis, e —pe(®)?

Then by rewriting s'7<) = s') 1 5 and ||y, — ly —y(t)

ly w41 < =)~y Ol [ (1A )3+ s T4 12 30 Aebo(1460)]

where ). denotes the average value of {\.}. With the first two terms in the square bracket being
relatively fixed, we observe that with e, = o(1), larger value of )\, is preferred for larger value of ¢...

Ye(t)||? = Hee |2, we have

5 EXPERIMENTS

5.1 EXPERIMENTAL SETTINGS

Datasets. We evaluate our approach on four classification datasets, including (1) Digits-5
let all [2020; [Li et all, 2021¢) with digits images showing drastic differences in font style, color,
and background. (2) Office-Caltechl0 with images acquired in different cam-
eras or environments; (3) DomainNet with different image styles; (4) Came-
lyonl7 (Bandi et al) 2018) with histology images with different stainings from 5 hospitals, and
one segmentation task on the Retinal dataset which contains retinal fundus images from 6 different

sources (Fumero et al., 2011} [Sivaswamy et al., 2015}, [Almazroa et al., 2018}, [Orlando et al.| [2020).

As shown in Fig.[I] each client represents a data source, and data are heterogeneous across clients.

Digits5 Compared methods and evaluation metrics. We com-
o bk pare our approach with state-of-the-art (SOTA) PFL

E methods, including APFL (Deng et all 2020) and

Office-Caltech10 ‘ L2SGD (Hanzely et al., 2020) for personalization by mix-
1 ! l ing local and global models, which shares a similar idea
= y 4 of ours; FedAlt (Pillutla et al} 2022) for personalizing
DomainNet . ) partial model layers; PerFedAvg (Fallah et all, [2020) for
f\'—\i -%: Bg;ly\: _ ~§ learning a meta-model that adapts to each client’s local
, = " data; FedBN for personalizing batch

C”’"e’y on normalization layers; FedFomo (Zhang et all [2021) for
@ a g aggregating certain client models based on client contri-

R.etl.n;I bution; FedBABU and FedRep
v 2021}, which propose to personalize the last model
..... layer; FedHKD 2023) for using knowledge
; distillation to personalize local models. For evaluation
Figure I: Samples of five datasets show  petrics, we report the accuracy for all classification tasks,
various styles and appearances. and the Dice coefficient (Dice) and Hausdorff Distance

(HD) for the segmentation task. All results are reported with mean and standard deviation across
three independent runs.

Implementation details. In our implementation, all methods use the same training settings. We
use the SGD optimizer with a learning rate of 0.01 and CrossEntropy loss for classification tasks
and use Adam optimizer with learning rate of 1le=3 with 8 = (0.9, 0.99), dice loss
[2016) for the segmentation task. For more experimental results and training implementation details,
please refer to Appendix.[D}
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Table 1: Performance comparison with SOTA PFL methods on classification datasets of Digits5
(different strokes and colors) and Office-Caltech10 (different shapes and view angles).

Dataset Digits5 Office-Caltech10

Client A B C D E Avg. A B C D Avg.

98.85 89.95 95.82 99.28 88.70 94.52 | 78.18 56.99 51.04 61.58 61.95
FedAvg MR 2017 0.03) (009 (048)  (00) (037 (014 || 236 (169 (65) (BIH  (L13)

. 96.62 90.07 96.94 99.12 91.17 94.78 || 78.05 53.48 64.76 5791 63.55
APFL (Arciv) (247)  (0.53) (089  (0.15  (231)  (043) || 321) (086) (17.04) (13.46)  (0.42)

L2SGD (Neurps 2020 || 98:87 89.99 96.00 99.29 88.84 94.60 || 78.18 56.99 51.04 68.25 63.62
(0.05) (0.07) (0.2) (0.01) (0.37) (0.1) (2.36) (1.69) (6.51) (1.86) (1.18)

FedAlt gcmL 2022) 99.20 90.51 98.26 99.32 9236 9593 | 77.31 55.95 44.79 75.14 63.30
(0.05)  (027)  (038)  (0.03)  (008)  (0.08) || (269) (201) (1.8  (427) (037

99.05 89.55 96.11 99.23 89.53 94.69 || 71.73 56.55 61.46 74.01 65.94
PerFedAvg (Neurtps 2020 ©006)  (0.12)  (©1) (002 (027 O || (139 @2  @7) (53 (06l

FedBN qcira02y || 9922 9148 9620 99.32 91.14 95.47 [ 80.10 58.18 79.17 83.05 75.13
(0.16) 0.2) (0.11) (0.01) (0.58) (0.16) (0.91) (2.46) (3.61) (4.48) (1.75)

FedFomo acr202iy || 98:83 90.49 9595 99.33 89.19 94.76 || 74.76 54.69 54.58 67.34 62.84
(0.04) (0.44) (0.22) (0.04) (0.38) (0.15) (0.9) (1.09) (2.01) (2.84) (0.69)

98.86 90.35 95.99 99.53 89.15 94.78 | 78.53 57.74 56.25 67.23 64.94
FedRep acwit.2021) (0.12)  (0.09)  (047)  (001)  (0.19)  (0.16) || (1.05)  (0.93)  (541) (595 (276

98.85 90.15 9575 99.53 88.74 94.60 | 77.84 57.74 5625 67.23 64.76
FedBABU acLr 2022) 0.04)  (0.17)  (039)  (0.01) (049  (0.17) 0.6) (129) (625  (7.06)  (2.74)
FedHKD qciraoos || 98-11 9038 9541 99.47 90.06 94.69 | 77.14 56.52 53.98 65.48 63.28
(0.48) (0.19) (0.88) (0.09) (0.87) (0.36) (1.31) (1.46) (0.34) (3.04) (0.72)

LG-Mix (Ours) 99.29 92.35 98.66 99.41 95.77 97.10 || 80.45 56.55 86.46 93.79 79.31
0.03)  (017) (005  (0.02)  (0.05)  (0.04) 0.6) (068 (1.8 (259  (1.06)

Table 2: Performance comparison with SOTA PFL methods on classification datasets of DomainNet
(different styles) and Camelyon17 (different stainings).

Dataset DomainNet Camelyonl7

Client A B C D E F  Avg A B C D E Avg
58.17 35.06 53.61 51.97 67.05 54.15 53.34|/95.44 9220 93.96 97.21 97.71 95.30

FedAvg @MLR 2017 00) (165 (252) (099 (195 (072) (0.53) || (105 (0.62) (0.88) (027) (0.33) (028
APFL (Arxiv) 58.11 36.87 53.29 46.60 69.02 58.00 53.65|/96.27 92.94 96.70 97.95 98.25 96.42
(135)  (20) (1.8) (754 (302 (08 (161 [| 0290 (1.23) (04) (0.13) (015 (023)

L2SGD (Neurtps 2020) | 99:00 34.60 53.88 50.33 69.82 56.02 53.9496.67 93.02 94.71 97.55 97.68 95.93
072) (@13 (128 (@73 (233) (167 (026 || (033) (032) (0.18) (0.15 (0.26) (0.13)

FedAlt (cML 2022) 59.82 37.14 58.47 58.57 72.45 54.27 56.79|/98.10 95.51 98.41 98.80 98.74 97.91
048)  (097) (147) (365 (200 (073 (069 || (0.18) (0.13) (0.01) (0.01) (0.11)  (0.06)

59.57 35.42 55.99 48.47 67.60 56.08 53.85(96.71 93.05 95.06 97.68 97.92 96.08
PerFedAvg (Neurtps 2020 (152 (099)  (1.06) (031) (092) (264 (039 || (0.52) (041) (047 (04  (02)  (03)

FedBN dciraony | 3817 36.94 55.61 69.10 7325 5331 57.73|[96.65 92.84 94.22 97.55 97.60 95.77
(0.87) (1.14) (1.75) (1.91) (3.61) (4.68) (0.69) (0.49) (0.45) 0.4) (0.13) (0.31) 0.21)

FedFomo (ctr202i, | 59:28 36.38 5643 49.40 69.33 57.34 54.69 (96.67 92.25 95.18 97.60 96.42 95.62
(2.37) (1.07) (1.58) (4.8) (2.19) (1.09) (1.35) (0.34) (0.51) (0.51) (0.16) (0.47) (0.13)

60.08 36.33 56.36 47.80 67.98 58.78 54.56(97.07 93.64 96.79 98.12 98.28 96.78
FedRep acmL 2021) (367 (098) (0.76) (451) (205) (091) (095 || (0.15) (037) (0.05) (0.15  (0.1)  (0.08)

60.71 37.14 5626 44.63 68.50 59.12 54.40 | 96.69 92.93 9430 97.53 97.41 95.77
FedBABU (ICLR2022) 3.17) (0.72) (1.65) (1.03) (3.06) (1.31) (0.75) (0.06) (0.53) (0.66) (0.19) (0.2) (0.2)
FedHKD acira0s | 3904 36.78 54.01 48.81 67.82 56.84 53.88|196.32 93.91 94.75 96.91 97.56 95.89
(0.46) (1.37) (1.25) (1.29) (1.35) (1.29) 0.41) (0.3) (0.76) (0.62) (0.72) (0.26) (0.24)

LG-Mix (Ours) 60.84 37.20 61.49 78.07 78.62 60.23 62.74 |/ 98.77 97.98 98.93 99.13 98.95 98.75
; 038)  (095) (0.74) (L04)  (067) (115 (0.12) || (0.02) (0.09) (0.07) (0.09) (0.04)  (0.05)

5.2 PERFORMACNE COMPARISON RESULTS

We first present the classification performance on four datasets, which cover the heterogeneous fea-
tures regarding covariate shift and concept drift. Table [T]and [2] report all results, including each
client and the average performance. It can be observed that most PFL methods outperform the
common global model learned by FedAvg. As FedBN is specifically designed for heterogeneous
features, it presents larger improvements than other methods on most tasks. Interestingly, we find
the FedAlt, which personalizes partial layers (i.e., the output layer), also clearly outperforms other
PFL methods on most tasks. This may be owing to its alternating update strategy and the importance
of the output layer in classification tasks. Compared with all methods, our approach shows signif-
icant improvements on 18 over 20 clients on four datasets, with the largest average performance
improvements of 5.01% and least average performance improvements of 0.84%. This demonstrates
the effectiveness of our strategy specifically designed by considering the data heterogeneity.

We further perform the comparison on the retinal fundus image segmentation. The fundus image
varies with different machines, illumination conditions, field of view, etc. The results are shown in
Table. E} Note that we do not include FedBABU, FedRep, and FedHKD because they are specifically
designed for classification and suffer a significant performance drop on segmentation. The data
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Table 3: Comparison with SOTA PFL methods on the real-world retinal fundus image segmentation.
Retinal Fundus Image Segmentation
Client A B C D E F Avg. || A B C D E F Avg.
Dice Coefficient (Dice) T Hausdorff Distance (HD) |

83.95 83.00 81.15 87.98 67.60 91.07 8246 7.71 477 835 4.19 68.14 238 1592
FedAVg (PMLR 2017) (1.73)  (1.05) 2.1) 0.51)  (0.66) (0.32)  (0.12) 0.42)  (0.02) (2.59) 0.9) (31.41) (2.38) (5.04)

APFL (Aniv) 74.03 72.76 70.03 81.30 66.27 90.56 75.83||27.91 52.47 43.07 18.00 76.69 5.73 3731

(10.16)  (9.94) (1041) (6.63) (3.93) (0.75) (6.55) (18.2) 0.1) (27.87) (15.41) (42.1) (5.73) (22.22)
L2SGD (veurtps 2020|8446 83.73 82.20 88.40 68.90 91.12 83.14 7.5 4.81 7.95 4.18 5776 2.48 14.12
0.42) (0.29) (1.57) (0.19) (0.66) (0.28) (0.39) (0.11)  (0.02) (2.59) (1.5) (15.55) (2.48) (2.84)

85.01 85.19 84.06 88.98 64.48 91.05 83.13|| 6.20 5.07 525 3.59 75.60 2.58 16.38
FedAlt acm 2022) (203)  (091) (1.93) (067 (246) (036) (0.57) [| (039) (0.02) (0.54) (0.3) (4305 (258) (722)

85.87 84.55 84.74 88.75 67.91 91.10 83.82( 732 4.54 7.79 382 73.58 2.47 16.59
PerFedAvg (NeurlPS 2020) 0.4) (0.75)  (1.53) (0.38) (1.77) (0.12) (0.29) (0.23)  (0.02) (421) (0.61) (39.54) (247) (6.04)

FedBN qciraoany | 84:77 83.26 83.88 88.45 67.03 91.07 83.08( 7.60 4.82 5.69 2.95 63.34 270 14.52

029)  (051) (0.61) (05 (1.55) (0.09) (0.4) || 025 (001) (04 (015 (1831) (27) (299
FedFomo acir 2021y | 71:48 80.47 76.62 86.19 55.10 89.87 76.62|12.29 4.71 12.08 5.10 154.01 2.72 31.82
(5.94)  (075) (567) (1.01) (23) (0.71) (266) || @37) (0.06) (3.07) (04) (2543) (272) (347)

LG-Mix (Ours) 89.25 86.76 85.86 89.79 83.95 90.86 87.75( 443 3.63 4.53 3.57 6.38 234 4.15
0.54)  (031)  (0.67) (0.08) (L11) (0.07) (0.17) || 025 (0.01) (0.15) (009  (12) (2.34) (0.22)

from client E (fifth column of Retinal in Fig. [T) shows different appearances due to its different
image settings (dual) from others (mono). This scenario further illustrates the necessity of model
personalization. Our approach consistently outperforms all compared methods. Specifically, for
client E with a unique imaging setting, our method shows very large improvements (15.05%) on
Dice compared with the second best, while most PFL methods fail to present a high performance.

5.3 ANALYTICAL STUDIES

We further analyzed the key properties of our method, including (a) the personalization weight
change during training, (b) why our personalization is helpful, (c) the client scalability of our
method, (d) the distance between the final personalized model and global model, and (e) the ef-
fects of considering history personalization weights.

Trend of the personalization weight. We compare our personalization weight with APFL, which
finds the optimal mixing ratio based on differences between mixed and global models. We present
the weight curves on the Digits5 dataset in Figure 2] (a). APFL tends to mix local and global models
evenly (in the range of 0.5 - 0.6). In contrast, our method tends to use more local updates at the
beginning and gradually decreases the personalization weight. It finally leads to a stable value. This
trend fits the intuition that the global update might be distracted by heterogeneous features and may
not be very informative at the early training stage. Client D is always higher than 0.6, we speculate
that client D has more data samples than others, which contribute most to global updates.

Feature value distribution. We further study the feature value distribution. This helps further vali-
date the quality of the learned personalized model. If a model learns confident representations, then
the related neurons should be highly activated |Zhou et al.|(2018)), i.e., the values are higher than the
activation criteria (0 for ReLU in our analysis). The results on five clients from the Digits5 dataset
are shown in Figure [2| (b). Our analysis shows that our personalized model achieves significantly
higher feature values than learning a FedAvg global model on heterogeneous features. Moreover,
our method also outperforms client standalone training on some clients, such as clients A, B, and E.
This demonstrates the effectiveness of our method in learning accurate and effective representations
by incorporating both local and global knowledge.
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Figure 2: Analytical studies on key features of our method, including (a) the personalization weight
changes; (b) the benefits of personalization via observing feature values; (c) client scalability.
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Figure 3: Distance between local and global model on the classification and segmentation model.

Client scalability study. We perform the client scalability analysis on our proposed method by
comparing it with the two better-performing methods, FedAlt and FedBN, on the Digits5 dataset.
We report the average test accuracy by increasing the number of training clients, which also results
in different training feature distributions. The results are shown in Figure |2|(c), it can be observed
that all PFL methods show better scalability than the baseline FedAvg. In particular, our method
shows a stable increasing trend with a lower standard deviation among clients (shaded area), while
performance improvements of FedBN are saturated by involving more clients, and FedAlt presents
an unstable trend with a larger standard deviation.

Distance between personalized and global model. We also analyze the distance between the per-
sonalized model and the global model, in order to investigate how updates mixing reflect in model
parameters. Specifically, we report the differences (i.e., w. — u in layer-wise) of each layer in the
classification/segmentation model in Figure [3] Our analysis shows that the output layer varies sig-
nificantly from the global model in classification, which validates the design of personalizing the
classification head in FedBABU, FedRep, and FedAlt. Note that layers 2,4,6,8 are batch normal-
ization layers, which also supports the idea of FedBN. However, our method does not specify any
target layers but effectively personalizes these important layers identified by other methods. As
for the segmentation model, all layers show variance, and the differences become larger in the de-
coder and output layer. This explains the failure of methods like FedBABU and FedRep, which
only personalized the output layer. Overall, our mixing of local and global updates can effectively
personalize the proper model parameters across all layers.

f&blati.on study on us- Taple 4: Ablation study for effects of stabilizing personalization weights
ing history personal- by considering the history weights.

ization weights. We Task Digits5 Office-Caltech10 DomainNet Camelyon17|Retinal (Dice)

conduct ablation studies Second best  {95.93 (0.08) 75.13(1.75) 57.73 069 97.91 (0.06) 83.82(0.29)

to evaluate the effective- Ours w/o history[97.10 0.05)  78.25 (1.12) 60.332223)  98.7000.13) | 87.73 (0.26)
Ours 97.10 (0.04) 79.31(1.06) 62.740.120  98.750.05) 87.750.17)

ness of our strategy for
stabilizing personalization weights. We compare our method with the second-best method on each
dataset and report the results in Table. ] The results show that utilizing historical personalization
weights improves performance on all classification tasks and has lower standard deviation, which
validates the effectiveness of our stabilization strategy.

6 CONCLUSION

In this work, we proposed a novel approach to address the challenge in PFL for heterogeneous
features. Our approach mixes local and global updates by measuring the NTK-based convergence
during training. Specifically, we take the trace of NTKSs using local/global updates as the hint to
perform the mixing, and approximate the NTK calculation as a feature matrix calculation for com-
putation efficiency. Besides the empirical solutions and significant performance improvements, we
also theoretically analyze the convergence rate of our method using NTK. Our approach has no strict
restrictions on model architectures and can be applied to a wide range of PFL applications. For fu-
ture work, it is promising to investigate the effectiveness of our method on other data heterogeneity,
such as the class distributional shift, and the larger model, such as the transformer.
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APPENDIX A NOTATION

Table 5: Major notations occurred in the paper.
Notations  Dimension  Description

k, K N number and total number of local update steps
c, N N client index, total number of clients
e, N N number of samples of client ¢ and overall
m N number of hidden neurons
My Mg R client-level learning rate, global learning rate
We, U RP local model of client ¢, global model
(i, i) R™ sample pair of index i
ye(t), y(t) R model prediction at time ¢ with local model, global model
Se set of size n.  collection of samples of client ¢

APPENDIX B GLOBAL CONVERGENCE

B.1 FORMULATION
B.1.1 THE NEURAL NETWORK

For the following theoretical analysis, we follow Du et al.| (2019)Song & Yang| (2020)Huang et al.
(2021) to consider an one-hidden-layer neural network with ReLU activation:

ux:ima uTx
f(u, ) W;mu)

where m is the total number of neurons in the hidden layer, a,’s are Rademacher random vari-
ables (take values {£1} with equal probability) and ¢ is the activation function. Each client aim to
optimize its MSE loss:
, 1
L (u, x) = D) GZS (f(u, ;) — yz‘)Q
where S, represents the collection of data of client c. The global loss is taken as the average of the
loss of each client:

B.1.2 OUR ALGORITHM

We first formulate our proposed algorithm mathematically to establish consistent notations and fa-
cilitate analysis.

In FL, each client alternate between performing local updates on its local data and communicating
with the central server for global aggregation. Each client takes K local updates between each
communication round. The local update is performed using vanilla gradient descent with a local
learning rate 7;, and w,(t, k) represents the weight parameters of client ¢ at global round ¢ and local
step k:
OL.(w.(t, k))

Ow(t, k)
After each communication, the global aggregation procedure is conducted by taking the average of
local updates of all V clients, and a learning rate of 7, is added for the global update:

_ Mg
Auft) = 3¢ > Aw(t)
c€[N]
where Aw.(t) = we(t, K) — w.(t,0) = —>, m%&%’f)) is the cumulative local updates of
client ¢ at global round ¢. For the local step, a combination of local update and global update is
taken, with A(t) € [0, 1] being the combination factor:

we(t + 1,0) 4 we(t,0) + (1 — A(£)) Au(t) + At) Aw,(t)

we(t, k+ 1) + we(t, k) —
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B.1.3 GRADIENT UPDATES

With the above setting, we can explicitly write out the gradient updates:

chﬂ“(t) = — Z m aLZﬂSE(wC’T(tj k = Z Z wc ) xz yi]arxi]]-wzra:izo

ke[K] Owe, (t, k) ke [K]i€S.

Au,(t) = 77”79 Z Z Z (wer(t, k), z;) — yi]arxillwzrzizo

cE [N] ke[K] €S,

B.2 CONVERGENCE ANALYSIS

We analyze the convergence behavior of all clients collectively. That is, we consider the dynamics
of ly —y®)1* = X, lve — ye(t)||?, where

y(t) = (f(wl(t)’xl)’ ""f(wl(t)’-rru)’f(w2(t)’x1)’ """ ’f(wN(t)"rnN))T
Ye(t) = (0., 0, f (we(t), 21), oo, f (we(t), 20 ), 0, .., 0)

z; €S,

are the stacked vector of predictions and y, y. are the corresponding ground truth.
Note first the following recurrence relation (f):
ly =yt +DII* = llly = y()] = [y(t + 1) = y(@O)]II?
= lly =yl =20y —y(£) " (y(t + 1) — y(1) + [ly(t + 1) —y(®)|I?
= lly —y®)]* -2 Z = ye(0)T (et + 1) = ye(®) +ly(t + 1) — y(B)||?

the cross term

We will express ||y — y(t + 1)||? in terms of ||y — y(t)||? with a shrinking factor, by bounding each

of these terms, and hence prove the convergence of the algorithm.

B.2.1 THE CrROSS TERM

We first investigate the cross term. Note that the difficulty in the analysis mainly comes from the
non-linear activation pattern. However, this is overcame by a key observation in classical NTK
theoryDu et al.| (2019)Huang et al.|(2021) that the activation patterns stay the same for most of the
neurons.

We follow their approaches to define
Qi :={r € [m]:¥m € Ris.t.|w —w,.(0)]2 <R, Ly, (072, >0 = LwTa, >0}

which represent the set of neurons whose activation pattern does not change during training for
sample z;, and let ); denote its complement. Then for each sample 7 € S,

1
vt +1) —ui(t) = \/7% Z ar [fb(wTT(t + D)) — p(w] ()
r€lm]
> ar(l = Ac()Auf ()i Lyz (1ya, 20
\/7 reQ;
Z arAc( (t)xilwf(t)mizo +vs,;
\/7 reQ;
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where
(1= Ac(t)mn
Ui = _Tg Z Z (y(t,k); — yj)x] = wT, (tk)z; 20wl (t)z;>0
ke[K],reQ; jES.,c'€[N] '
)\c t m
V24 = En) YD Welt k) = Yo )T @ LT (1kyw, 20,07 (5,20

ke[K],reQ; JES.

f%lar[ L(t+ D) — o] (1))

We can already notice the almost symmetric kernel factor in the terms above. We give the formal
definitions here.

Definition 1 (Global Gram matrix). Fort € [T],k € [K],c,¢’ € [N],i € S. and j € S, we define
the global gram matrix as:

1 nxn
H(t’k)id = m Z m?‘rj]lwzr(t)zizo,wzﬂ,m(t,k)fjZO € R™
re[m]
1 nxn
H(t7k)’i_j = E Z xlij]]'wzjr(t)miZO,wzﬂ,,r(t,k)mj20 e R"*
r¢Q;

Note that this definition is similar to, but not exactly the same as, the definition in FL-NTKHuang
et al|(2021). This is because they considered the vanilla FedAvg with no personalization of model
parameters.

Definition 2 (Local Gram matrix). Fort € [T],k € [K],c € [N]and i,j € S, we define the local
gram matrix as:

NeXNe
H( Zm z;1 Wl ()2 >0,wT, (¢,k)z;>0 eER
NeXNe
H Z l‘ 37] wl' (t)z;20,w? (t,k)z;>0 eR
T¢Q1

However, in order to maintain consistent dimensions and correspond to our definition of y., we can
extend the dimension of H. to n x n by adding zeros to the undefined entries, i.e.,

0 --- 0
: HC E E RTLX’IL
0 --- 0
From now on, the symbol H, will refer to this n x n matrix. Note that (H.); ; = H; ;1; jes..

We will show that the convergence can be governed by the spectral property of these Gram matrices.
Substitute them into the cross term, we get:

Z(yc - yc(t))T(yc(t + 1) - yc<t)))

= U2 S ) Y R - )R — B

€S, ke[K],j€[n]

+ Z Acti Z Ye,i — Ye(t)i) Z (Ye(t, k)j — Ye, i) (He(t, k)ij — Hel(t, k)lJ:j)

i€Se ke[K],jE€S.

_ZZ Ye,i — yc 1)31

c i€S.
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Let
cl_—zj sz]%rwﬂMElwﬂﬂ—%NH@MM—meh)
i€ES. k,j
Céd = _)\c(t)nl Z (yc,i - yc(t)i) Z (yc(t7 k)] - yc,j)(HC(ta k)i,j - HC(t7 k)zl,])
1€S. k,jESC

s .:ZC(C)
C'3 :_ZZ Ye,i — yc U3z

c 1€S.

Then by substituting them back into the recursive relation (}), we get:

ly —yt+1)> = lly — y®)I> + 2(C1 + C2 + C3) + ||yt + 1) —y()||

We will bound each of these terms and hence prove the result.

B.3 CONVERGENCE ANALYSIS - MAIN THEOREM

We first restate the main convergence theorems.

Theorem 1. For uniform \.(t) = A(t),Ve, for m = QA" *n*log(n/d)), randomly initialized
parameters (i.e. w(0) ~ N(0,1)), and ; = O(N\/kKn?), n, = O(1), then with probability at
least 1 — § over the random initialization, we have for Vt:

ly = y(t + DI < lly = y@) 1 = Cng(1 = AE)sbinlly — y(O|* — CZA stz e = ve(®)]|?

mK

2N

Theorem 2. For non-uniform A.(t), let \pin(t) := ming Ao(t) and Ao (t) = max A (),
For m = Q(A"*n*log(n/d)), randomly initialized parameters (i.e. w(0) ~ N(0,I)), and
m = ON/kKn?), ng = O(1), then with probability at least 1 — & over the random initializa-
tion, we have for V't:

where ( :=

ly=y(t+ D> < ly=y() 1 =Cng (1= Amaz () sorin K ly—y (0|~ CZAmm st lye=ye ()|

mK

where ( 1= 5.

We will give the proof of theorem 1| in the subsequent sections, and we note that theorem [2[is a
natural extension of theorem I|so the proof also naturally extends.

B.4 USEFUL LEMMAS

Before giving the proof of the theorem, we state two useful lemmas.
The first lemma gives bounds on the norm of the local and global updates.

Lemma 1. With ||z;||2 = 1, we have

2mng K (1 + 2mnK)y/n

8 () < 2Ry — o),
c 277lK(1 + inncK) Nc
18w (D)» < By, = o)
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Proof. The first inequality follows from FL-NTK. For the second inequality, consider:

ZZ (t, k)i — yilzi 1, T,a/,>0H

ke[K] i€S.

S

k:G [K]i€S,

Ul\/TTc Z H
Ye — yc(tv k)“
\/E kE[K]

mK (14 2nn.K)\/n.
S Hyc -
vm

1AW (t)]]2 =

IN

yc(t)HQ

The second lemma bounds the sum of client prediction error by that of the global error.

leyc ye(t)ll < VNIly = y(1)]

Lemma 2.

Proof. By Jensen’s inequality, and since the square root function is concave,

\/}VZ e~ eI > 5 3 lle — et

B.5 PROOF OF THEOREM/I]
We provide here a detailed proof of theorem|[I} and we note that the same proof naturally extends to
prove theoreml 2l We will use ) to represent A(t) for ease of notation.

Firstly, here are two results that directly follow from FL-NTK. They provide bounds on the effect of
global and local updates respectively.

Proposition 2. With probability at least 1 — nexp(—mR) over random initialization, we have

1 _
oy < M=y (KU 4 40VRRE (L + 2 /) + 25T, K /)

- N
8ngmi (1 —A)

N K@+ 2mnK)nR]y - y(o)|?

+

Proposition 3. With probability at least 1 — n exp(—mR) over random initialization, we have

c8) < ’"nyc—yC(t)H?(— s 4 40/mRK (1 + 2mK /i + 2mstHe) K2 /)
8An,

+ TK(l + 2mnK)nR|y. — yc(t)||2

For the following two propositions, we assume that all clients possess the same number of samples,
i.e., n. = n/N,Ve. Additionally, let 77, denote max{1,7,}.

The following proposition aims to bound the effect of updates on neurons whose activation pattern
changed during the algorithm.

Proposition 4. With probability at least 1 — n exp(—mR) over random initialization, we have

0, < Sming K

N (L 2nnK)nR|ly — y(b)|?
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Proof. Consider

sl < =257 (S 1w ) + 2 3 (3 Idw)7al)

i€ln] reQ; i€[n] reQ;

A B

and

B 2
A< (BAZAIE ol - (o))

As for B,

ZZ ( Y Leg, [ Au(t) $z|)

c i€S. re[m]

)\nl Z 4K2(1 4+ 2mn.K)*n.

- lye = ye(®)|* - ne(4mR)*

8)\771 2
< —
< (S (1 + 2mnK)nR]y - (1))

where for the second inequality we used the assumption made above. Then

C3:=— Z (yi — yi(t))va

i€[n]
ly —y(@)ll2llvsll2

8miiig K
%(1 + 2mnE)nR|ly — y(t)|?

IN

IN

Now we have bounded the cross term. For the last term, we have the following inequality:

Proposition 5. We have

4n; 772 2K2(1 + 2pnK)?

e+ 1)~ (o) < s Iy — (O
Proof.
e+ 1) 01 < =25 (3 1du @) + 23 (3 18w (07 w)’
i€ln] refml i€ln]  refml
<! ‘22”3”12 (B2, o)
30 M (2R 2Ry )])

C

4771 772 2K2(1 + 2mqnK)? 9
2 ly —y(@®)l

where we have used the assumption that n, = n/N.
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Now by substituting the above results to the recursion equation, we get:

ly —y(t+D))* < [ly —y(@®)|?

2mma (1 — A
4 2= ) P (K5, + AOVRREC (1 4+ 2m K V)
16n,m(1 — X
st ki) + O gy o nRly - (o)
2,
+ 37 T e = weOIP (K siyis) + 40VRRK (1 + 20KV
16X
+ 2msie) K2 /n)) + TmK(l +2nE)nR Y |lye — ye(t)|
16m,77, K
+ I (1 2mn K )nR]ly — y(8)]®
4771 n2 2K2%(1 4+ 2mqnK)? A2
e ly — y(@)]
() . S(He)
Then by the choice of 7; < min{ 1006;;%"2K7m1nc 1000’;2’;2[{}} where k = Spaz/Smin and myng <
( ) (H
mln{m, mlnc{m}} and R < 85521/(100071), we have

ly =yt + DI < lly = y(®)II?

(1= Nmings' D K M i K
R PRI S L PRROTE

mngKnR
40—
+ N lly
2~2. 27172
N gn K
+ =l =@’

1—X(@))mn S;ZZIK
<y~ w2 - (QNQ Iy~ )
S
—Z N Ky, o

by substituting in the condition on 7; and R.

—y(®))* x 2

Quod erat demonstrandum.

APPENDIX C GENERALIZATION

In this section, we prove the generalization bounds. That is, we aim to find a bound on

ED(f) = ]E(z,y)wD[l(f(x)7 y)]

where f refer to the prediction function we consider. Note that, in practice, this is approximated by
the empirical loss Lg(f) = + 3, e L(f (%), y:). We also consider a more general initialization

scheme w,. ~ N(0,021).

C.1 SETUP

We follow |Arora et al.[(2019b)); Huang et al.| (2021)) to consider a non-degenerate data distribution.

Definition 3 (Non-degenerate Data Distribution). A distribution D over R® x R is (), 8, n)-non-
degenerate, if with probability at least 1— 6, for n iid samples {(xz;,y;) }7, chosen from D, sU™)
5> 0.
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We also state here the definition of the dynamic matrices which can be used to describe the evolution
of the neural network:

Definition 4 (Global Trajectory Matrix).

1 a1lyr (mazo 0 @Taly? @rye,>o
J(t, k) — c Rmdxn
\/E . '
amxl]1 61 m(tk)z1>0 7 amxn]lu;z;“m (t,k)xn>0
Definition 5 (Local Trajectory Matrix).
1 alml]le 1 (t,k)z1>0 T a1Tn, ]l T 1(t k)ap >0
Jo(t, k) = — : . : € Rmdxne

Am 1 ]lw2"17m(t,k):1r120 T aml’nc]lwznc’m(t,k)znczo

for x;’s sample of client c, and where appropriate, we fill in the undefined entries with 0 to form a
matrix of dimension md X n.

Note that H = JTJ and H. = JIJ.. We also give some useful notations following the above
definitions.
Notation 1.
J(t, k) = (Jey (8, k), ey (t, ), -, Jey (8, k) € RMAXN

Notation 2.

H - 0

H = " c RXn
0 --- Hy

We also use a notation vec(A) to express the vectorization of a matrix A in column-first order. Then
the gradient update rule can be expressed as:

vec(We(t, k + 1)) = vec(We(t, k) — mde(t, k) (ye(t, k) — ye)
vec(U(t + 1)) = vec(U(t)) — 77;\[& NIt k)t k)~ y)
k

vec(We(t + 1)) = vec(We(t)) — Am Z Je(t, k) (ye(t, k) — ye) (7
k

— (=0T S IRyt k)~ y)

k

C.2 SOME USEFUL RESULTS

We first quote a result from |Huang et al.|(2021) which will be used later.

Lemma 3. For J(t, k) as defined above, with probability at least 1 —n exp(—m exp(—m(Ro~! +
0)/10)), we have

1 (t, k) = J(0,0)|[p < 2n(Ro™" + )

The following lemma give an approximation on the dynamics of the global model.

Lemmad. For A(\) = (1— )\)"”"’ H® + A KH® and B(\) = (1 — /\)nmq + A K, we have

y(t) —y = —(I — AN)'y + e(t)
where

()72

L ).

le(®)ll2 < O((l — BN $min)* (\f +-
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Proof. Recall that from Appendix B, we have [y(¢) — y] — [y(t — 1) — y] = v1 + v2 + v3, and that

(1= NmngK s
V1,4 = 7% Z (yj(t) - yj)Hi,j

J€[n]

1= XN)mn o0
LW S 0k — (1) S
j€nl,k

AW S0, ) (0, R — )

J€Elnlk
(1= XN)mn
— ST (it k) — ) (H (1K) )
JElnlk
and similar for v, ; except that i, j € S, for some client c.

Let
fi (t) =U1,4 (t) + ’Ugﬁi(t) + V3,i (t)
+ % > () — y)HS

J€[n]

H XY (5 (8) = y) ()i
JES.

16
Note that by Appendix B, [[vs(t)[| = %05 (1 + 2K )nR|ly — y(t)ll, |lye(t) — ve(t, k)| <
2K ye(t) ~yell. [y —(t, k) 2 < 20+ 20m ) [y —y(t) o, [ H(w, w) ~ H(wy, ws)|[r < 4nR
and ||H(t, k)*||r < 4nR etc. By taking the maximum order among the terms, we have that

N0 10g(md) log? (/)
al/m

B
ez < of ( ly = y(®)]l2)

where B()\) := % + K.

Then
y(t) —y =T - AM)(y(t—1) —y) +&(t—1)
=(I=AN)'WO) =y + > T-AN)E(t—1-7)
TE[t—1]

=—(I = AN)'y +e(t)

where
e(t) = (I = AN)'YO) + > (I—AN\)E(E—1-7)
TEt—1]
and since
ly(0)[I3 < no® - 2log(2mn/6) - log*(4n/5)

we have
lle(®)ll2
=0 (<1 B(N)Smin) (F ZToazmm 3) log(sn/8) + 12" iog.(n;%ogQ(nm))
< 0= 800smn* (Vi + PO poty o)
= min mzn \/7
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C.3 AVERAGE GENERALIZATION

When examing a new OOD sample, we would use the average of all current parameters for predic-
tion. Therefore, we first examine the generalization performance of the average of all paramters:

1
W(t) = > We(t)
By (7), we have:

vee(W (4+1)) = vee(V (1)~ 3 S e, B)uelt, b)) —(1-X) 02 5770, £) (o2, ) )
k,c k

Lemma 5. For A(\) = (1—\) 282 oo 4 Ay KA and y(\) = (1 - \) 228 1 \1E e have

W) = W(O)lr < (y"AN) THXAN) 1yt
4

“ - poly(log(m/9)) + 75— - poly(log(m/5))

+0o(

Proof.
vec(W(T)) — vec(W(0))
= Y [0 NS S R k)~ )~ S ST e k) el b) — 9]
k

te[T—1] ¢k
= ¥ 7%J(t, k)(y(t, k) —y)
te|T—1],k
= Y Wk -y - L 10wt ) — ylt) + ()
te[T—1],k te[T—1]k
= > ANJ0,0)(I — ANy
te|T—1]
Y Wien - s0.0)0 - a0y
te[T—1],k
-3 PN R i k) - (e) + (k)
t,k
:Bl + BZ + BS

where

Bi= 3 A(NJ0,0(I — AN)'y

te[T—1]

Bi= S W6k - g(0,0))(1 - A0y

te[T—1],k

By = S TR ~ )+ e(6)

Then by substituing in the following claims, we have

[WA(T) = W(0)llr

no n4 )

- poly(log(m/d)) + puyCIeyr poly(log(m/d))

<" AN THEAN )2+ 0(

min

O
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Claim 1. With probability at least 1 — § over random initialization, as t — oo, we have

BB < (AT Ay + 0B,

Claim 2. With probability at least 1 — § over random initialization, we have
n3/2poly(log(m/3))
| Ba2 < ; 372
m /401/25min
Claim 3.
4
no n
Bslls < . 1
IBollz < (274 5= ) - poly(lo(m/5)

The above three claims are the slightly modified version of Claim C.8-10 inHuang et al.|(2021), So
the proofs from there naturally extend to the proofs of these three claims.

Theorem 3. For T sufficiently large, o =  O(Apoly(logn,log(1/0))/n)), m =
Q(o2(n'Spoly(logn,log(1/8), A7 1)), the loss function | being 1-Lipschitz in its first argument,
then with probability at least 1 — § over the random initialization, the population loss Lp(f) of the
global model W := % > We is upper bounded by

Lo(f) < /25T AN "TH= AN~y /n + O(/og(n/5,mn0)/21))

where A(X) = (1 — A)%H“ + A K HS®.

Proof. This is an extension of the result in |Huang et al.| (2021), by substituting lemma E] into the
proof of Theorem C.11 in Huang et al.|(2021). O

C.4 CLIENT LEVEL

For further inspection on the algorithm, we consider a client level generalization. That is, we con-
sider the generalization bound on a client’s parameter .. Note that:

vec(We(t+1)) = vee(We(t))— A ; Je(t, k) (ye (t, k‘)*yc)*(lﬂ\)% ; J(t k) (y(t, k)—y)

We first define a matrix that will be used later.

Definition 6 (Cross Gram matrix).
1
X T e X
Hc (ta k)iJ = E Z €Ty xj]lngracizO,wcTyr(t,k)xj >0 € R
T

where i € S, and j spans all clients.

This matrix describes the effect of the global update on the client’s local model.

Theorem 4. For T sufficiently large, o = O(MNpoly(logn,log(1/0))/n)), m =
Q(o2(n'Spoly(logn,log(1/8), A\~ 1)), the loss function | being 1-Lipschitz in its first argument,
then with probability at least 1 — § over the random initialization, the population loss Lp(f) of the
client model W is upper bounded by

Lp(f) < \/2yTA(>\)’TGc()\)A(>\)’1y/n +O(V10g(n/smind) /2n))
where G.(\) = (1 — )\)QMH + N nPK2H: 4+ N1 — NningK2HY.

This theorem is a natural extension of theorem [3] and the proof also naturally extends. Further
discussion is left for future work.
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APPENDIX D EXPERIMENTS

In this section, we show more experimental results and implementation details. Sec. gives
more details for implementation, including dataset details, model architectures, training, and testing
details. Sec.[D.2]shows more experiment results, including the performance regarding various batch
sizes, the complete evaluation metrics on the binary classification on the Camelyon17 dataset.

D.1 EXPERIMENTAL DETAILS

We here introduce the complete details of datasets, data splitting, and implementation details.

DigitsS. Digits-5 zhou2020learning,fedbn with digits images showing drastic differences in font
style, color, and background. We take each data source/style as a client. We train a 6-layer convo-
lutional neural network for the digit classification, specifically, the model has 3 convolutional layers
and 3 fully-connected layers, we further add batch normalization layers after the first five layers to
fit the requirements of FedBN. We use the SGD optimizer with a learning rate of 0.01 and batch size
of 128. The loss function is the Cross Entropy loss. The total number of training rounds is 100 with
a local update epoch of 1. All input images are resized to 28 x 28.

Office-Caltech10. Office-Caltechi0 gong2012geodesic contains images acquired in different cam-
eras or environments, with four different data sources in total. We take ResNet-18 as the backbone
and use the SGD optimizer with a learning rate of 0.01 and batch size of 32. The loss function is
the Cross Entropy loss. The total number of training rounds is 200 with a local update epoch of 1.
The input images are normalized using the mean and std of Imagenet in PyTorch, which is specifi-
cally mean = [0.485, 0.456, 0.406] and std = [0.229, 0.224, 0.225]. All input images are resized to
256 x 256

DomainNet. DomainNet peng2019moment has images with different image styles (clipart, info-
graph, painting, quickdraw, real, and sketch). Following FedBN, we choose the top-10 class based
on data amount from DomainNet containing images over 345 categories for simplicity. The training
settings are the same as the Office-Caltech10 dataset, and we change the training round from 200 to
100, since the model converges faster on the DomainNet dataset.

Camelyon17. Camelyonl7 bandi2018detection shows histology images with different stains from
5 hospitals. All histopathology images are stained with the H.E. staining and show various appear-
ances. We use the DenseNet121 as the backbone, SGD optimizer with a learning rate of 0.01, and
batch size of 32. We train the model for 40 rounds in total, and the local update epoch is 1. The
image input size is 96 x 96. The loss function is the Cross Entropy loss. Note that this dataset is a
very large dataset which contains over 450,000 histology images.

Retinal. Retinal fundus dataset contains retinal fundus images acquired from 6 different institu-
tions (Fumero et al., [2011} [Sivaswamy et al., [2015} |Almazroa et al., [2018}; |Orlando et al., [2020).
We use the U-Net for segmentation, the optimizer is Adam with a learning rate of le~* and
B = (0.9,0.99). We train the model for 100 communication rounds in total with a local update
epoch of 1. The batch size is 8. We use the dice loss and report both the Dice score and HD
distance. All images are resized to 256 x 256.

For all datasets, we take each data source as one client and split the data of each client into train,
validation, and testing sets with a ratio of 0.6, 0.2, and 0.2. We choose the best model based on the
validation data and report the test performance accordingly. Code will be released after acceptance.

D.2 MORE EXPERIMENTS

Here we present more experiment results, which mainly include two parts. The first part is the
study on the effects of batch size on our method’s performance, and the second part is the complete
evaluation results on the Camelyon17 dataset.

Effects of batch sizes. As our implementation accumulates the feature matrix iteratively during
local steps (Line 7 in the algorithm box), the batch size may slightly change the values of the feature
matrix. In this case, we further explore the performance changes by using different batch sizes
(4,8,16,32,64,128) on the Digit5 dataset. The results are shown in Table. @ From the results it can be
observed that changing batch size has very mild effects on the final performance, the overall accuracy
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Table 6: Performance using different batch sizes on the Digits dataset.
Batchsize MNIST SVHN USPS Synth MNISTM Average

8 99.40 93.53  98.92 99.70 97.19 97.75
16 99.49 93.85 98.87 99.68 97.41 97.86
32 99.40 9337 99.03 99.62 96.86 97.66
64 99.37 92.87 98.87 99.50 96.14 97.35
128 99.25 92.17 98.71 99.42 95.71 97.05

changes are less than 1%. This further supports our implementation of iteratively accumulating the
feature matrix during local SGD, which takes less computational cost than re-calculate all samples
again after 1 local epoch.

Complete evaluation on Camelyonl7. As the classification task on the Camelyon17 dataset is a
binary classification, so we further report the full evaluation metrics, including the Accuracy, AUC,
sensitivity, specificity, and the F1-score. From the Table. [/| it can be observed that our proposed
method consistently outperforms all compared methods regarding all metrics.

Table 7: Complete evaluation metrics on the Camelyon17 dataset.

Accuracy AUC  Sensitivity  Specificity Fl-score

FedAvg 95.30 98.90 94.91 95.69 95.30
APFL 96.42 99.35 94.42 98.42 96.42
L2SGD 95.93 99.22 95.12 96.73 95.92
FedAlt 97.91 99.57 96.55 97.90 97.22
PerFedAvg 96.08 99.24 95.37 96.79 96.08
FedBN 95.77 99.15 95.02 96.53 95.77
FedFOMO 95.62 99.15 95.35 95.90 95.62
FedRep 96.78 99.39 96.78 96.79 96.78
FedBABU 95.77 99.15 95.03 96.52 95.77
FedHKD 95.89 98.43 93.89 94.67 94.28
LG-Mix (Ours) 98.75 99.89 98.63 98.87 98.75

Loss and accuracy curves. We have further analyzed the convergence speed of our method by
comparing the training loss, validation loss and validation accuracy on the Digits5 dataset. We
select the top 3 ranked methods on the Digits5 dataset, and the results are shown in Fig. 4| From the
figure, it can be observed that other methods show quicker convergence speed and higher validation
performance than the baseline method FedAvg, and our method further promotes the convergence
speed, especially the training loss. These curves further demonstrate the efficacy on the convergence
rate of our proposed method.

- FedAvg 109, -~ FedAvg

\ APFL i APFL /
04 -~ FedAlt | -~ FedAlt 09501 |
-=- FedBN H -=-- FedBN
~== LG-Mix (Ours) === LG-Mix (Ours) | > 0.925

Training loss
Validation loss
S
Validation accurac

S

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Communication rounds Communication rounds Communication rounds

Figure 4: Training loss, validation loss, and validation accuracy. The comparison includes the
FedAvg, the top 3 ranked SOTA methods, and our method on the Digits5 dataset.

Training time costs. We further investigate the training time costs and report the wall-clock time
by comparing our method and others on all tasks. The GPU we used for training is GeForce RTX
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Table 8: Wall-clock time (hours) for different methods on different tasks.

Method Digits5 OfficeCaltechl0 DomainNet Camelyonl7 Retinal
FedAvg 3.70 1.28 17.37 55.01 25.95
APFL 4.38 1.70 19.59 79.12 26.36
L2SGD 3.83 1.40 18.42 57.17 26.79
FedAlt 4.09 1.47 28.77 76.80 34.16
PerFedAvg 3.79 1.45 18.66 56.97 26.44
FedBN 3.73 1.26 17.43 55.03 26.56
FedFOMO 6.02 2.80 19.04 76.80 36.90
FedRep 4.32 1.41 19.18 55.77 -
FedBABU 3.96 1.31 15.92 62.12 -
FedHKD 2243 2.64 37.33 68.71 -
LG-Mix (Ours) 5.86 1.32 18.92 57.98 26.55

Table 9: GPU memory cost (MB) comparison on different tasks.

Method Digits5 OfficeCaltechl0 DomainNet Camelyonl7  Retinal
FedAvg 270.24 1042.32 1042.32 1096.89 1814.29
APFL 600.77 2993.48 2993.48 2955.24 4504.02
L2SGD 456.18 2057.62 1157.62 2072.09 232991
FedAlt 458.27 1042.33 1042.33 1096.89 2297.57
PerFedAvg 270.24 1042.32 1042.32 1096.89 1814.29
FedBN 458.27 1042.32 1042.32 1097.99 2295.21
FedFOMO 458.28 1948.98 1948.98 1985.06 2837.97
FedRep 458.27 1042.30 1042.30 1096.89 -
FedBABU 458.27 1042.30 1042.30 1096.89 -
FedHKD 864.28 3589.56 3589.56 3021.02 -
LG-Mix (Ours) 472.37 2101.01 2101.01 1905.38 3730.69

2080 Ti. The results are shown in Table[§] We report the training ours. From the table, we can see
FedHKD takes a significant time cost than other methods, which is because it requires performing
an extra validation process using different client models, in order to generate the hyper-knowledge.
For method APFL, it needs to take an extra forward pass and also optimize the mixing ratio factor
in their method by calculating the parameter differences. Please note that we do not report the
time cost of FedRep, FedBABU, and FedHKD on the retinal dataset, because they are specifically
designed for the classification task. Compared with all these methods, our proposed method shows
a reasonable computational time cost. The cost is slightly higher than some baseline methods, but it
is a trade-off between the computational cost and performance.

GPU memory cost. We have investigated the GPU memory cost by comparing our method and
others. Compared with FedAvg, our method additionally stores a copy of the global model during
local training, and it calculates the trace of latent feature matrices. We have tracked the peak GPU
memory cost of each method and list the costs on different tasks in Table ] It can be observed that
APFL and FedHKD show significantly higher GPU memory costs than others, which is because they
require more memory to store the local copy of the global model. Specifically, APFL stores the local
model, the local copy of the global model, and a local personalized model. FedHKD requires storing
local models from other clients to generate the hyper knowledge for distillation. Our method lies in
a reasonable range of GPU memory cost while presenting higher performance. Please note that we
do not report FedRep, FedBABU, and FedHKD on the retinal dataset because they are specifically
designed for the classification task.

Extended experiments on the BCI dataset. We extend our evaluation from the image domain to
the Brain-Computer Interface (BCI) data, which consists of classifying the mental imagery EEG
datasets. Specifically, we use four datasets from the MOABB benchmark (Jayaram & Barachant,
2018). We choose four datasets (AlexMI, BNCI2014_001, BNCI2015_004, Zhou2016) which con-
tain common classes of right hand and feet. We estimated the covariance matrix representations
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Table 10: Comparison on the BCI dataset.

Method Accuracy AUC  Sensitivity  Specificity Fl-score
FedAvg 67.38 69.71 68.14 66.77 67.29
APFL 71.01 75.48 71.21 71.08 70.97
L2SGD 67.39 69.96 69.11 65.88 67.31
FedAlt 68.46 72.74 69.72 67.52 68.45
PerFedAvg 67.47 71.25 64.22 70.56 67.35
FedBN 68.06 70.62 68.28 68.03 68.03
FedFOMO 64.69 68.56 65.36 64.18 64.53
FedRep 68.10 69.82 69.75 66.68 68.01
FedBABU 68.03 70.45 69.99 66.25 67.95
FedHKD 68.69 70.34 64.99 72.32 68.44
LG-Mix (Ours) 73.74 78.11 75.19 72.58 73.72

of each EEG signal as a feature and performed the tangent space projection for the matrices. The
final input of each dataset is a 1-d vector, and we further add zero-paddings to have the same input
dimension. We compared our method with others and reported the performance under five metrics
in Table [E} From the table, we can observe that PFL methods show better performance than the
FedAvg on such heterogeneous features, while our method outperforms all compared methods on
five metrics. This further validates the efficacy of our method on 1-d signal data.

APPENDIX E  DISCUSSIONS

In this paper, we present a novel PFL approach aimed at addressing the challenges posed by hetero-
geneous features during the training process. Our proposed method incorporates considerations of
the convergence rate of both local and global models. To achieve the model personalization, we take
the trace of the Gram matrix using local/global updates for gradient descent as an approximation of
the convergence rate. By employing the ratio of the trace, we perform a linear combination of local
and global updates. Additionally, due to the substantial increase in computational costs associated
with the Gram matrix as the number of samples grows, our implementation further approximates the
calculation by calculating the trace of a latent feature matrix. The latent feature is extracted from
the last hidden layer. However, our method only considers the feature matrix to mix local and global
updates. While this approximation is reasonable and reflects the convergence rate in principle, it
may not be an accurate estimation when using large foundation models as the model backbone.
When using large foundation models, such as pre-trained deep neural networks, the convergence
behavior may differ due to the model’s architecture and complexity. In such cases, relying solely
on the last-layer latent feature for trace approximation might not capture the true convergence rate
accurately. Therefore, there is a risk of obtaining less precise estimations in these scenarios. To ad-
dress this limitation and obtain more comprehensive measurements for combining local and global
updates, one potential approach is to consider the prediction errors of local and global models. By
incorporating the model errors into the mixing process, we can potentially gain insights into the
convergence behavior of the models. This approach would provide a more holistic perspective on
the convergence rate and guide the combination of local and global updates more effectively. How-
ever, exploring the use of large foundation models in federated learning is still an open question.
The unique challenges and considerations introduced by these models need to be thoroughly inves-
tigated. Future research should focus on validating the effectiveness of our method when applied to
federated learning scenarios involving large foundation models.

Our method aims to improve the personalization of client models for heterogeneous features. This
can have benefits in various applications, such as healthcare, where medical images collected from
different hospitals are heterogeneous. By improving the model personalization, our method can
potentially improve the accuracy and effectiveness for better healthcare outcomes. Our work also
has several potential implications for future research. First, our approach provides a new perspective
on addressing heterogeneous features in PFL, and can be extended to segmentation asks, whereas
many existing PFL methods are only validated on classification tasks. Second, our work proposes
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an NTK viewpoint for analyzing our PFL method by combining local and global updates, it will be
interesting to extend the NTK framework for analyzing the general PFL frameworks.
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