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ABSTRACT

Federated Learning (FL) enables collaborative model training across decentral-
ized data sources while preserving data privacy. However, the increasing scale of
Machine Learning (ML) models poses significant communication and computa-
tion challenges in FL. Low-Rank Adaptation (LoRA) has recently been integrated
into FL as a Parameter-Efficient Fine-Tuning (PEFT) strategy, substantially low-
ering communication costs by transmitting only a small set of trainable param-
eters. Nevertheless, how to aggregate LoRA-updated local models on the server
remains a critical and understudied problem. This paper presents a comprehensive
theoretical analysis of LoRA-based FL frameworks. We first classify existing ag-
gregation schemes into two main categories: Sum-Product (SP) and Product-Sum
(PS). We then introduce the Aggregation-Broadcast Operator (ABO) as a general
class encompassing all aggregation-broadcast methods. Any method in this class
ensures local or global convergence as long as the corresponding Weak or Strong
Convergence Condition is satisfied. In particular, we prove that the SP and PS
aggregation methods satisfy the weak and strong convergence conditions, respec-
tively, but differ in their ability to achieve the optimal convergence rate. Moreover,
we conducted extensive experiments on standard open datasets to verify our theo-
retical findings.
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paper writing and polishing the text to improve readability.

1 INTRODUCTION

Federated Learning (FL) has emerged as a promising framework for training machine learning mod-
els across decentralized data sources while preserving data privacyMcMahan et al.| (2017)); Kairouz
et al.[ (2021). However, the growing complexity of modern deep neural networks poses significant
challenges for communication efficiency and resource-constrained devices, which are central chal-
lenges in FL Deng et al.| (2020). Low-Rank Adaptation (LoRA), a parameter-efficient fine-tuning
technique initially proposed for large-scale language models Hu et al.| (2022a), has recently attracted
increasing interest in FL due to its ability to reduce communication overhead by updating only a
small subset of trainable parameters. The core idea of LoRA is to constrain the weight update on
the model by a low-rank decomposition:

W'=Wy+ AW, AW = BA, (1)
Where B € R¥"™ and A € R™*", with r < d. By training only B and A, LoRA significantly
reduces the number of trainable parameters while maintaining model performance. Using LoRA in
an FL setting is an effective and resource-efficient strategy. The global objective of LoRA in FL can

be expressed as:
m

arg min — z; E(, pp [£(Wo+AB; (2,))]. )
=

where m denotes the number of clients, and (x,y) ~ P)(g)y indicates that the local data of client ¢

follows the distribution P)(;%/ By leveraging LoRA adapters, clients can fine-tune large foundation
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models with minimal computational overhead. Because only the low-rank adapter matrices need to
be communicated with the central server, this approach greatly reduces communication overhead.
Compared to full-parameter fine-tuning, LoRA offers a more scalable and efficient solution for
improving model performance in collaborative learning environments.

Despite its advantages, integrating LoRA into FL introduces new challenges, particularly in how the
locally updated low-rank parameters are aggregated on the server side [Yang et al| (2025). Unlike
traditional FL, where full model weights or gradients are averaged directly, LoRA-based training
requires the design of specialized aggregation strategies that respect the low-rank structure. In recent
studies, multiple LoRA aggregation methods have been proposed, which we broadly classify into
the following categories in this paper:

Sum-Product-Type (SP) Aggregation Method. This method is referred to as the SP method
throughout the paper. Such a method is also referred to as the ideal aggregation method, as it shares
the same form as FedAvgMcMahan et al.|(2017)). Its aggregation form is as follows:

1 m
AW = — B;A; 3
W m; 3)

This aggregation form can unify several recent methods. For example, FlexLoRABai et al.| (2024
was the first to aggregate local models to the server by Eq. (3), and then broadcast by Singular
Value Decomposition(SVD). FedIT [Zhang et al.| (2024a) uploads locally fine-tuned LoRA param-
eters from each client, which are then aggregated on the server using FedAvg to update the global
model. FLoRA [Wang et al.| (2024)), a stacking-based LoRA aggregation method, further improves
this process by reducing the impact of noise during aggregation.

Product-Sum-Type (PS) Aggregation Method. This method is referred to as the PS aggregation
method throughout the paper. Its aggregation form is as follows:

AW = (=3 B
i=1

LSy @)
mia

This form encompasses several existing methods, such as Zero-PaddingCho et al.| (2023) and
RBLA |Chen et al.| (2024a) for Heterogeneous LoRA aggregation. FFA-LoRASun et al.| (2024),
which freezes the LoRA matrix A; = Ap and only aggregates the LoRA Matrix B;. Moreover,
RoLoRAChen et al.| (2024b) employed an alternating form, aggregating only B; in odd rounds and
A; in even rounds. Different from these, FedSA-LoRAGuo et al|(2025) updates and learn both B;
and A;, but only the A; matrices are shared for aggregation to learn general knowledge, and saves
B; locally for capturing client-specific knowledge.

Other Aggregation Method. Some aggregation methods cannot be easily categorized as either SP
or PS type aggregation methods, such as FedIncQin & Li|(2024), which proposed a clustering-based
aggregation method, enabling more fine-grained and adaptive aggregation. FedEx-LoRA[Singhal
et al.| (2024) and LoRA-fairBian et al.|(2024) introduce correction terms during aggregation to make
the results closer to the SP aggregation(ideal aggregation). CoLRNguyen et al.| (2024) adopts a
hybrid aggregation strategy by locally learning matrix A while globally sharing matrix B through
server-side decomposition. LoORA-AZKoo et al.[(2024) employs alternating minimization with adap-
tive rank selection to reduce communication costs by focusing on the most important LoRA ranks.

Motivation Although the two methods mentioned above are now widely used, their underlying
mechanisms remain unclear, as we still face the following questions:

» The SP aggregation method is referred to as the ideal aggregation methodYang et al.[(2025));
Guo et al.|(2025)), but is it truly the fastest in terms of convergence speed?

» The PS aggregation method is widely adoptedCho et al.| (2023)); |Chen et al|(2024afb), but
can it really guarantee convergence for the global model? What is the difference between
SP and PS aggregation methods in terms of convergence speed?
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» For more general aggregation algorithms, under what conditions can they guarantee the
convergence of the global model?

Addressing these questions is of both theoretical and practical significance. From a theoretical stand-
point, a unified convergence analysis helps us understand the fundamental principles that govern the
success or failure of various LoRA aggregation strategies. It also provides a rigorous framework for
comparing different methods on an equal footing. From a practical perspective, identifying the con-
ditions that guarantee convergence can guide the design of more effective aggregation algorithms,
enabling faster training and better performance in real-world FL scenarios.

Contribution Our research is primarily motivated by addressing the above questions, and on this
basis, we have proposed some more general conclusions. We summarize our contributions as fol-
lows:

* We formally define the Aggregation-Broadcast Operator. Under mild assumptions, we
establish both weak and strong convergence conditions. We prove that when weak con-
vergence conditions are satisfied, the Aggregated Broadcasting Operator (ABO) ensures
convergence of local models in the LoRA subspace at a rate of O(1/+/T). When strong
convergence conditions are met, it guarantees convergence of global models in the same
subspace at the same rate.

* Especially, we prove that the SP Aggregation-Broadcast Operator satisfies the weak con-
vergence condition but cannot achieve the optimal convergence rate due to broadcast errors,
whereas the PS operator satisfies the strong convergence condition and achieves both global
convergence and the optimal convergence rate.

* We perform comprehensive empirical studies to validate our theoretical findings. In partic-
ular, we investigate the effects of LoRA rank and the number of local training epochs on
the convergence behavior of PS and SP aggregation methods, demonstrating strong consis-
tency with our analytical predictions.

2 RELATED WORK

Federated Learning McMabhan et al. introduced FedAvg in McMabhan et al.| (2017)) as a decen-
tralized and privacy-aware model training approach. Since then, numerous works have addressed
the challenges of non-1ID data Zhao et al.| (2018), communication efficiency Konecny et al.|(2016),
and personalization [Smith et al.| (2017). Several algorithms have been proposed to improve opti-
mization in heterogeneous settings, including FedProx |Li et al.| (2020a)), SCAFFOLD |Karimireddy
et al.| (2020), and MOON [Li et al.[|(2021). Recent efforts also explore fairness |L1 et al.[(2019) and
adaptive aggregation Wang et al.|(2020) to balance performance across clients.

LoRA Low-Rank Adaptation (LoRA) has emerged as an efficient Parameter-Efficient-Fine-
Tuning (PEFT) method for Large Language Models (LLMs)Hu et al.| (2022b). Early work, such
as Universal Language Model Fine-tuning (ULMFiT), also explored efficient adaptation methods
to reduce overhead [Howard & Ruder (2018)). Based on this, QA-LoRA [Xu et al.| (2024) intro-
duces quantization-aware adaptation by integrating LoRA with low-bit quantization to further reduce
memory usage. Similarly, QLoRA |Dettmers et al.|(2024) extends this idea by using 4-bit quantized
LoRA adapters, achieving competitive performance with significantly lower memory footprint. In
vanilla LoRA, the model rank requires manual configuration. To solve this issue, AdaL.oRA [Zhang
et al.| (2023) and AutoLoRAZhang et al.| (2024c) automate the rank selection process, allowing the
model to adaptively allocate parameters where most needed. In theoretical analysis, Sadhika et
al/Malladi et al. (2023) investigate LoRA fine-tuning through the lens of kernel theory and show
that, in the lazy training regime, its behavior closely mirrors that of full fine-tuning. Moreover, |[Zhu
et al.|(2024) shows that tuning LoRA matrix B is more impactful than tuning LoRA matrix A. Zeng
et al.”Zeng & Lee| (2024) provide a theoretical analysis of LoRA’s expressive power for both Fully
Connected Neural Networks (FNNs) and Transformer Networks (TNs).

LoRA-based Federated Learning Based on the above advancements, numerous LoRA-based
methods have been proposed for FL \Wu et al.| (2024); [Cho et al.| (2024); |Y1 et al.| (2023); Bai et al.
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(2024); |Chen et al.| (2024a); Zhang et al.| (2024b); |Guo et al| (2025). These approaches leverage
low-rank LoRA adapters in place of full-rank local models to significantly reduce communication
and computational overhead, while maintaining strong adaptability in heterogeneous environments.

3 AGGREGATION-BROADCAST OPERATOR

Notation Let Wi(t), Bi(t), and Agt) denote the local model parameters and the LoRA adapter ma-
trices for client 7 at step ¢ (where 1 < i < m, 1 <t < T)). Correspondingly, let W®), B®) and A®)
represent the global model parameters at step ¢. The initial model W), refers to the pretrained global
model weight. We define the set of global synchronization steps Zg as:

Ip ={nE|neNt} &)

where E denotes the communication interval. If ¢t + 1 € Zp, then step ¢ + 1 corresponds to
a communication round. Let Li(Wi(t); &i.1) be the local loss function for client ¢ at step ¢ with
E [ﬁi(Wi(t); fi_,t)] = ﬁi(Wi(t)), where §; ; is sampled from the i-th client’s local data uniformly at
random at the training step ¢. Define the global objective as the weighted sum of local losses:

m

LWWD; €)= %Z Li(WH; ). ©

i=1
To describe the aggregation and broadcast process more generally, we define the Aggregation-
Broadcast Operator:

Definition 1 (Aggregation-Broadcast Operator, ABO). The Aggregation-Broadcast Operator of
the LoRA matrices BZ-(H_I) and AEH_l) is defined by:

p(AgtH)’._. ,A(t+1),B§t+1)7 o 7B(t+1))
Q(Ang), L >A1(qt@+1)7 B£t+1), L ,Bfffl))

t+1 t+1
P(Aggjﬁ)m’BiﬁjS)m) :

t+1 t+1
QA2 B 2m)

Ift+ 1 € Iy, then a communication round is triggered, and each client enters the aggregation-
(

broadcast phase. During this phase, the local LoRA matrices Bftﬂ) and AiHl) is updated via

Aggregate-Broadcast Operators P and Q, such that:

B§t+1) <_73(14(t+1) B+ )

1<j<m> Z1<j<m
A£t+1) . Q(A(tJrl) B(t+1) )

1<j<m> Z1<j<m

forl <i<m.

According to this definition, we establish both SP and PS-Type Aggregation-Broadcast here:

SP-Type Aggregation-Broadcast. When FL adopts the SP aggregation, the server first aggregates
the global model based on local LoRA adapters A; and B; by using AW = %n St BiA;. After

aggregation, the server applies SVD decomposition of % Yot BiAi to UV, and broadcasts the
result to all clients. In this process, the updated local LoRA matrices after the aggregation-broadcast
step can be expressed as:

Bi(“‘l) « P(AY;lg)m, B;ggm) =U[:,: 7|2 r,: 7] @)
AT oAl B ) =V ®)

PS-Type Aggregation-Broadcast. The PS method separately averages BZ-(HI) and AEtH), which
means that the global model aggregates by using AW = (L 3" B;)(L 3", A;), then broad-
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casting the mean of each:

1 1 1 1 & 1
B PAYZL, BIGL,) = — 3 B ©)
i=1
1 1 1 1 & 1
ATV =oAL, B, = — A (10)
i=1

The algorithm of FL with both SP and PS-Type Aggregation-Broadcast can be seen in[A.2] Further-
more, the one-step update for the local LoORA matrices at round ¢ 4+ 1 by such ABO P and Q can be
described as follows:

B(t) local update Bi(t_‘—l) = B(t) — anﬁl(W(t), fl t) ift+1€Z, ,P(Agt<+1<)m; B(t<+1<)m)
Az(t) A(t+1) —A%t) S vve Wz(t). _, : A(T‘:‘"Jﬁ B%ﬂgf) ’
i i =4, nVaLi( i ;i) o 1<j<m> 1§j§m)

(11)
forl <i<m.

4 ANALYSIS

In this section, we establish convergence conditions and corresponding theorems for arbitrary
Aggregation-Broadcast Operators under certain assumptions. Our analysis is primarily inspired
by the work in|Zhou & Cong| (2017));|Guo et al.|(2025); Li et al.|(2020b)). However, unlike the study
in |Guo et al.| (2025), this paper analyzes arbitrary Aggregation-Broadcast Operators under milder
conditions.

4.1 ASSUMPTION

To facilitate the theoretical analysis of LoRA-based aggregation in FL, we begin by introducing
several standard assumptions that are widely used in the FL literature. These assumptions ensure
that the local objective functions and model updates behave in a stable and analyzable manner. In
particular, we assume the smoothness of the loss functions, uniform boundedness of their gradients,
and uniform boundedness of the LoORA matrices during the model update process, which have been
widely adopted in many theoretical analyses of FL |Li et al. (2020b); (Cho et al.| (2021); |Yu et al.
(2019); \Guo et al.|(2025).

Assumption 1. £y, Lo, -+, L,, are all L-smooth. For all V and W,
IVL(V) = VLW)|lr < LIV = W|F

It is equivalent to

LiV) < LW) +(V = W, VLW)) + 2V = W

Assumption 2. The expected squared norm of the stochastic gradient is uniformly bounded, i.e.,
E (VLW &011| = IVLWO)2 < G2 foratli = 1,2, ;mand t = 0, T — 1.
Here T denotes the total number of training steps for each client.

Assumption 3. Let Wi(t) =Wy + Bi(t)Al(-t). There exist constants Cp > 0 and C4 > 0 such that
IBO | p < Cp ||IAP |5 < Caforalli=1,2,-- mandt=0,1,--- T — 1.

4.2 CONVERGENCE RESULTS

We now discuss the convergence result for general Aggregate-Broadcast Operator(ABO). It’s worth
noting that: (1) we use the same learning rate 7 during the whole training process and (2) all devices
are active. Under these assumptions, we give the following convergence condition and convergence
theorem respectively for arbitrary Aggregate-Broadcast Operator(ABO).
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4.2.1 WEAK CONVERGENCE CONDITION

In what follows, we begin by introducing a convergence condition under which the local model is
guaranteed to converge. We refer the condition as the weak convergence condition, which serves
as the foundation for establishing convergence guarantee.

Definition 2 (Weak Convergence Condition). The Aggregation-Broadcast Operators(ABO) of

LoRA matrices Bi(tﬂ) and AEHl) are said to satisfy the Weak Convergence Condition if there exists
a constant R > 0 such that:

t 1 1 t+1 1 t+1 1
[ ZIIP (AL B oAl BIED )~ BIFD AT

forl1 <t § T, where 1) is learning the rate.

<R (12)

Moreover, we show a sufficient condition of this definition as follows:
Theorem 1 (Sufficient Condition 1). The Aggregation-Broadcast Operators(ABO) of LoRA ma-

trices BZ-(tH) and AEHU satisfy the Weak Convergence Condition if there exists a constant R > 0

such that:
(t+1) t+1 t+1 t+1 t4+1) 4 (t+1
||P( 1<j<m7 B§<]<)m)Q(A§§j§)m7 B§<J<)m) - Bz( )AE )”%‘ < R2772 (13)
forl <i<m,1 <t < T, wheren is the learning rate.

The details of this sufficient condition can be seen in Based on the Weak Convergence
Condition introduced above, we are now in a position to analyze the convergence behavior of the
model under this setting. This is a general convergence theorem for arbitrary ABO that satisfy the
Weak Convergence Condition.

Theorem 2 (Weak Convergence Theorem). Let Assumption and 3| hold. If the ABO satisfies
the Weak Convergence Condition in Definition |2| the update for the local LoRA matrices follows
Eq. (1). Then, for a learning rate 1 > & > 0 for some & > 0, the gradient of the local loss in
expectation satisﬁeS'

D
- ZZ V5L W] +E[IVALWONE]) < 740 a9
=1 t=1
where T is the total number of training steps for each client, L;(W?) — L;(W}) < D for Vi,

%L(nQC’iC’%G‘*—l—CiGQ—l—C%GQ)nQ+C’ACBG3772+%R%Q—!—%(RQ—!—GQ)U < Mn?. Specifically,
by choosing n = %, we obtain a convergence rate of 24 / %.
The proof of Theorem 2] is provided in the Appendix. Theorem [2] establishes that if the
Aggregation-Broadcast Operator (ABO) satisfies the Weak Convergence Condition, the local model
converges to a stationary point within the subspace spanned by B and A, achieving a rate of
O(1/V/T). Moreover, the convergence can be accelerated by reducing the values of M, which
increase as R increases. As a result, the upper bound R in Definition 2] Eq. (I2)) directly affects the
convergence speed: a larger R leads to slower convergence, whereas a smaller R results in faster

convergence.

To further simplify the analysis, we ignore the dependency on the round ¢. It is known from the Weak
Convergence Condition in Definition [2| that minimizing R is equivalent to solving the following
optimization problem'

1 1 1 1 1 1
min ZIIP AP B hoalZ B )~ BTV AY )3 (15)

By solving the optlmal problem[I5] we obtain:

Corollary 1. The Aggregation-Broadcast Operators(ABO) P and Q, can satisfy the Weak Conver-
gence Condition and achieve the optimal convergence rate of the local model shown in Theorem [2]
if the following equation holds:

1 m

t+1 t+1 t+1 t+1 t+1) 4 (t+1

P(Ag<_]<)77l’B§<j<)ﬂL)Q(A§<]<)77L’B§<J<)m - EZBz( )AE ) (16)
i=1

for 1 <t < T, moreover, we can get R* = 8E*G*(C4 + C3}).
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The proof of this corollary can be seen in Appendix We refer to Eq. as the optimality
condition under the Weak Convergence Condition. It’s obvious that the SP Aggregation Method
(As shown in Eq. (3)) satisfies the Eq. (I6) in Corollary [I|during the aggregation phase. However,
issues arise during the broadcast phase. As shown in Eq. (7)) and Eq. (§), which means that:

- - 1 &
PAYS L BI,) QAT BIGL ) = Ul Sl e[V ] £ — 7 B ARY

a7

These results indicate that the SP aggregate-broadcast strategy cannot achieve the optimal conver-
gence rate due to the broadcast error, also referred to as broadcast loss. Notably, this error becomes
more significant as the LoRA rank r decreases, thereby further slowing down the convergence of
the global model. The convergence reaches its optimal rate only when the LoRA rank r equals the
rank of the optimal model. A more comprehensive analysis of this phenomenon will be presented in

Section[3.21

4.2.2 STRONG CONVERGENCE CONDITION

While the Weak Convergence Condition ensures the convergence of local models, it does not nec-
essarily guarantee the convergence of the global model. In practice, the ultimate objective of FL is
to achieve stable and efficient convergence of the global model. Therefore, we introduce a stronger
convergence condition together with its corresponding theorem. This strong convergence condi-
tion imposes stricter requirements on the Aggregation-Broadcast Operator but provides the stronger

guarantee that the global model will converge in the subspace spanned by the LoRA matrices B and
A.

Definition 3 (Strong Convergence Condition). The Aggregation-Broadcast Operators(ABO) of

the LoRA matrices Bi(H_l) and AEH_U are said to satisfy the Strong Convergence Condition if there
exist constants P > 0 and ) > 0 such that:

1 & t+1 t+1 t+1

1 1 1
ZHQ (A2 B ) — A )I%] < Q¥ (19)
for1 <i<m,1<t<T.

Similarly, we establish a sufficient condition for the Strong Convergence Condition:
Theorem 3 (Sufficient Condition 2). The Aggregation-Broadcast Operators(ABO) of the LoRA

matrices Bi(t-H) and AEHI)
P > 0and Q > 0 such that:

1 1 t+1
E[IP(AYSL,., BIL,) - BUV ] < Py (20)

satisfy the Strong Convergence Condition if there exist some constant

t41) t+1 t+1
E[lQAf2,, BIZL,) — Al ] < @ @1
forl <i<m, 1<t <T. Wheren is the learning rate.

The details of this sufﬁcient condition can be seen in[A.3.2] We define the global weight in step ¢ as
WO =Wo+PAYL, ., B2, )QAL B ). Then we obtain the following Strong
Convergence Theorem under the Strong Convergence Condition.

Theorem 4 (Strong Convergence Theorem). Let Assumption|l] 2]and[3|hold. If the ABO satisfies
the Strong Convergence Condition in Definition[3) the update for the local LoRA matrices is followed

by Eq. ({[1). Then, for a learning rate n > & > 0 for some & > 0, the gradient of the global loss in
expectation satisfy:

—Z (VoW O)] +E [IVAcVOIE]) < 260+ (V4 M) (22)
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for1 <i<m,1<t<T, where L;(Wy) — L;(W}) < D, R? = 4P%Q%n? + 36%622 + 30124]32
4G*(Q? + P*)n? + 4(C3 + C%)L*R*p? < 2Nnand 3L(n*C5C3G* + C4LG* + C3G*)n* +
CaCpG3n? + LR*? + $(R* + G*)n < Mn?. Specifically, by choosing n = ,/W, we
. D(M+N
obtain a convergence rate of 4 %

The proof of this theorem is provided in Appendix[A.8] Similarly, if we ignore the dependency on ¢,
minimize R under Strong Convergence Condition in Definition 3]is equivalent to solve the following
convex-optimization problemBoyd & Vandenberghe, (2004):
. 1 41 t+1 t+1
min [m D IP(AE )2, Bi2,) — B VI 23)

i=1

mln E

1) 1 1
ZHQ (A2, BI2,) - A?”H%} (24)

By solving the optimization problem, we can get the corollary:

Corollary 2. The Aggregation-Broadcast Operators(ABO) P and Q can satisfy the Strong Conver-
gence Condition in Definition[3|and achieve the optimal convergence rate of the global model shown
in TheoremH|if the following equation holds:

t+1 t+1 t+1
P(Aggjg)m7 §<j<)m = Z B( ) (25)

QA 2 BYE ) = LA (26)

for1 <t < T, where P2 = AE?>G?C4, Q* = AE?>G?C%, which lead to R* = 64E*G*C%C%n° +
12E2G2(Q2C% + P2C4).

The proof of this corollary can be seen in We refer to Eq. and (26) as the optimality
condition under the Strong Convergence Condition. It is worth noting that the PS Aggregation
Method satisfies this optimality condition. As a result, the PS Aggregation Method is capable of
achieving the optimal convergence rate of the global model if all clients share the same LoRA rank,
which suggests that the PS aggregation method is relatively robust to the choice of LoRA rank. We
will provide a more detailed analysis of this issue in Section [5.2}

5 EXPERIMENT AND EVALUATION
In this section, we introduce the experiments we conduct to verify our proposed theory.

5.1 EXPERIMENT SETUP

We verify the proposed convergence theory using a Multi-Layer Perceptron (MLP) on the MNIST,
FMNIST, QMNIST and KMNIST datasets with 10 clients under a highly non-IID distribu-
tion, where each client holds all samples from only one class. We pick representative method
FlexLoRA Bai et al.|(2024) and RBLA |Chen et al.| (2024a)) to demonstrate SP and PS, respectively.
All experiments are conducted with a fixed random seed 42. Next, we introduce some important
parameters.

* Rank scale ratio 6: The LoRA rank of each layer scaled by 0 as max([c-d], 1) (Chen et al.
(20244a), where c is a layer-specific constant. In our model, the based rank c for each layer
is set to 160, 160, and 100, respectively.

* Total number steps 7': Throughout the training process, we specify the total number of
steps trained by each client as T', where T' = epoch - rounds.

The following experiments are mainly designed to examine the sensitivity of PS-ABO and SP-ABO
to different rank ratios and epochs. Based on our theoretical analysis, we can make the following
observations:
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(a) Experiment of PS-ABO. (b) Experiment of SP-ABO.

Figure 1: The highest accuracies (%) of PS-ABO and SP-ABO at different rank ratios and epochs
when the total number of steps 7' = 300 ((Epoch * Round)) on the MNIST dataset. Each cell
represents the highest test accuracy the global model can reach in experiments with different 6 and
epoch.

Different Rank. We know that the smaller the rank of a model, the weaker its expressive power
tends to be. Consequently, as the rank decreases, the model’s accuracy also drops. However, by
Eq.[T7} we know that due to the presence of broadcasting errors (caused by SVD), SP-ABO is more
sensitive to the rank.

Different Epoch. From Corollary [1| and Corollary [2 we know that RZ, = 8E*G?(C} + Cp),
R2, = 64E'G*'CECRn* + 12E2G*(Q*C + P2CY). These expressions indicate that, under a
fixed total number of total steps 7" (i.e. total number of epochs) and fixed random seed (which
means the fixed G, C'4 and Cp), increasing the number of local epochs E per communication round
leads to a larger value of R, and thus slower convergence for both SP-ABO and PS-ABO. In other
words, when 7' is fixed, performing more local updates between communication rounds degrades
overall convergence performance. Moreover, we observe that R2, = O(E?) and R, = O(E*),
which clearly shows that PS-ABO is more sensitive to the choice of epoch number.

5.2 EXPERIMENT RESULT

As shown in Fig.[T] for example, at epoch 1, as the rank decreases from 0.07 to 0.01, SP-ABO drops
sharply from 91.4% to 27.4%, whereas PS-ABO decreases more moderately from 89.1% to 41.4%.
A similar phenomenon can be observed across different epochs. This contrast demonstrates that SP-
ABO is considerably more sensitive to rank reduction than PS-ABO. Moreover, when § = 0.01, as
the epoch increases from 1 to 10, the accuracy of SP-ABO decreases by approximately 30 percentage
points (from 91.4% to 60.9%), whereas that of PS-ABO decreases by up to 47 percentage points
(from 89.1% to 42.1%). A similar trend is observed across different rank ratios.

Overall, these results illustrate that PS-ABO is more sensitive to the number of local epochs, while
SP-ABO is more sensitive to the LoRA rank. These results are consistent with our theoretical
analysis. Detailed experiment setup and additional experiments can be seen in Appendix.

6 CONCLUSION

In this paper, we presented a unified theoretical framework for analyzing the convergence behavior
of LoRA-based FL. By introducing the concept of Aggregation-Broadcast Operators, we established
a general convergence condition along with several sufficient conditions. Our framework not only
provides convergence guarantees for the widely used SP-ABO and PS-ABO, but also offers insights
into designing new aggregation methods with provable performance. Extensive experiments on
standard benchmarks corroborate our theoretical findings. The findings contribute to a clearer un-
derstanding of LoRA in federated scenarios and may assist in developing more efficient and reliable
model adaptation strategies.
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A APPENDIX

A.1 ADDITIONAL NOTATION

We will adopt the notation used in |Guo et al.| (2025). Let WZ@7 BZ-(t) and AZ(-t) denote the local
model and local LoRA matrices correspondingly for client 4 at step ¢. Similarly, let W) B®) and
A® represent the global model parameters at step t. Let W) be the pre-trained model. Define
Ig = {nE | n € N}, which means that if ¢ + 1 € Z, it indicates that the current step is a
communication round. Moreover, we denote the Aggregation Broadcast Operator as follows :

) m

Q(Agfgjlﬁ)m7 Biglg)m) = Q(Agt+1)a T 7A£7t1+1)’ B§t+1)v T ’Bg+1))

t+1 t+1 t+1 t+1
P(Aggjg)m’Bﬁgjg)m) = P(Ag )a"' ’Agrtr,+1)vB§ " )7"' B(t+1))

We  define Ui(t) = Wy + BZ.(HI)AEHU as the immediate result of the local update,
which captures the information during the local training phase. Define Vi(t) = Wy +
P(Agt;rjlg)m, B%t;jlg)m), Q(Agtgjlg)mBY;le)m) as the aggregated update, which captures the infor-
mation from the aggregation phase. Let Wi(t) =Wy + Bgt)Agt) be the final update. Then we can
get:

WD _ U ift+1¢ Ip,
' v ift+1eZp.

A.2 SP AND PS AGGREGATION-BROADCAST

Algorithm 1 Federated Learning with SP Aggregation-Broadcast Operator

Require: Number of clients m, total steps 7', local epochs F, learning rate n
1: Initialize LoRA matrices (AZ(-O)7 BZ-(O)) = (Ainitial; Binitiar) for 1 <4 <m
2: fort=0,1,...,7T —1do

3: for each client i € {1,...,m} in parallel do
4: Sample mini-batch &; ;
5: Local Update:

Bi(t+1) - Bi(t) _ anﬁi(Wi(t)7fi,t)
AZ(_t+1) - Agt) _ nVAﬁi(Wi(t)vfivt)

6: end for
7: ift +1 € Zp then
8: Server aggregates:

w® =W, + ZBi(t+1)AZ(_t+1)

i=1

9: [0,%, V7] = svD(X, BT Al
10: Broadcast (Bi(tﬂ), AEH_I)) = U7, 27, VI r,]) for 1 <i<m
11: end if
12: end for
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Algorithm 2 Federated Learning with PS Aggregation-Broadcast Operator

Require: Number of clients m, total steps 7', local epochs E, learning rate n
1: Initialize LoRA matrices (AZ(-O), Bi(o)) = (Ainitials Binitial) for 1 <i <m
2: fort=0,1,..., 7T —1do

3: for each client i € {1,...,m} in parallel do
4: Sample mini-batch &; ;
5 Local Update:

BZ.(tH) — Bi(t) — anﬁi(Wi(t)7fi,t)
A,EH'D — Az(»t) — ﬂvAﬁi(Wi(t)a &it)

6: end for
7: ift +1 € Zg then
8: Server aggregates:

w® — Wo + (Z Bz‘(t+1))(z Az(‘t-H))

i=1 i=1

9: Boradcast (Bi(tH), AEHU) =, B;Hl), > A;Hl)) forl<i<m
10: end if
11: end for

A.3 SUFFICIENT CONDITIONS
A.3.1 SUFFICIENT CONDITION OF WEAK CONVERGENCE CONDITION

We recall the sufficient condition of the Weak Convergence Condition as follows:
t+1 t+1 t+1 t+1 t+1) 4 (t+1
E {HP(Aggjg)mv Bigjg)m)Q(Aggjg)m’ ngjg)m) - Bi( )Az(' )H%«“] < R27I2 (27)

Compared to the Weak Convergence Condition in Definition[2] Eq.[27]provides a more practical and
easily verifiable sufficient condition. Theorem [I]can be directly proven by:

1 « t+1 t+1 t+1 t+1 t+1) 4 (t+1 1 «
o 2 IPALS 2 B2 QUAYS L B2, = BITV AT VG < 3T R < B4

i=1 i=1
(28)

Based on Theorem [T} we can immediately derive that the local model also converges at the rate

of O(1/+/T), as shown in Eq. (15). Moreover, minimizing the constant R in Theorem || leads to
improved convergence. Actually, if we ignore the dependency on the communication round ¢, this
minimization is equivalent to solving the following optimization problem:

. t+1 t+1 t+1 t+1 t+1 t+1
min max E[[P(AZ2, BISL Dot BIEL ) - BEVATE] 29)

This formulation provides a clear objective for designing effective Aggregation-Broadcast Operators
by minimizing the bound R.

A.3.2 SUFFICIENT CONDITION OF STRONG CONVERGENCE CONDITION

We now turn to another sufficient condition. In contrast to the Strong Convergence Condition, it
offers a more concise formulation and is more amenable to verification:

1 t+1 1
E[IP(AYSL,, BIL,) - BUV ] < Py (30)

E[lQiZ2,,, BIZL,) - AV IE] < @ (31)
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Then Theorem 3] can be easily proved by:

IN

1 m
— Z P2p? = Py? (32)

1 1 1
ZHP AL B - BT >|2F]

I N

- ZQ2 2 Q2 2 (33)

1 t+1 t+1 t+1
E Z HQ A(1<j<)m7B§<]<)m) AE " )H%
=1

If we ignore the dependency on the round ¢, minimize R under Sufficient Condition 3 in Theorem 3]
is equivalent to solve the following convex-optimal problem:

t+1) (t+1 t+1

mln 12[1;2}:”2 [IP( A§<J<m7 1<]<)m) Bi( )”% (34
(t+1 t+1 t+1

mln lr<nzzi)§n Z ||Q 1<]<)m7 B§<J<)m) Ag )”%‘ (35)

A.4 KEY LEMMAS

To ensure a concise and clear proof of the theorem, we first provide the following lemmas. Detailed
proofs of these lemmas will be presented after completing the proof of Theorem 2}

Lemma 1. Assume Assumption[2]and[3|hold. We have:

E[(U® - W, LW ) r| < n2,CaCpG — B [IV LW ) F] + B [IVaLiW ) F])

Lemma 2. Assume Assumption 2| holds. We have:

B0 = WOl%| < 30!, CRCEG" + 302, CAG? + 302, CHG?

A.5 PROOF OF THEOREM [2]
Proof. First, by Assumption[I] we have:
L
£i(U) < LW + U =W VwLiw)e + S0 - WO 36

L
£V < L) + (VO = U Vw LU p + SV - UP1G (37)

<E [ﬁi(Wzﬁt))} 1IE [<Uft) _w, VW‘Ci(WZ-(t)»F} n gE “'Ui(t) i H%}
<E [Ei(Wi(t))} + gE [”Ui(t) _ Wi(t)H%} +72,CaCpGP

014 E [IVRLiW ) [}] +E [IVaL(W ) F]) (38)
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Ift + 1 € Zg, by lemma[I|and Eq. (36) and (37), we have:

E LW =B [£iv,)]

L
<E[L@U)] +E [V - U®, Vweu®)e] + SE IV - U)2]

: L
<E ﬁi(Wi(t))} +E [<U¢(t) - Wz'(t)v Vwﬁi(Wi(t)»F} + §E [HUi(t) - Wz'(t)H%}

L
+E [V = U, VLU e + FE IV - U]
<E|

L
W] + FE (10 = WO IF] +n?.CaCpG
— (B [IV LW I +E [IVaLiW)I])

L
+E || - 00, VL) e|) + SE IV - U )2] (39)

?

By comparing Eq. (38) and Eq. (39), we observe that Equation (6) holds universally for arbitrary
values of t. So we get, for V¢ and n; ; = 7,

£ [ 0] < B [Lw®)] + SE[I0 - WOl + CaCs
~n(E IV LW )] + E [IVaLi(W)II3])

L
+E ||V - v®, vw L) + SE[IVO U] @0
Moreover, we have:

L
n(E |IVeLiW)F] +E[IVALW ) E]) < B [w®) - W] + FE 100 = W3] +n2CaCuG?

FE [0~ 00, Vw0 e + ZE [V U]
(41)

Since:

1
[nvf’” _UO 4 n|vwci<U§”>||%}

N =

v U VL U) r <

A
¥~

?

V. - o + 6 “2)
The last inequality in[#2]holds by Assumption2] By Eq. () and (#2)), we have:
E W) - iwih)]

U
1
+17*CaCpG° + (% +

1 L

- @) _ 7® 2
o GEIUY =W

E[IVaLW )| +E [IVaLiW)|}] <

L ® _goy2] L 1q2

FE IV = Uf13] + J6)
(43)
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Summing Eq. @3)) over i = 1 to m, by lemma. [2] and the convergence condition in Definition. [2]
Eq. can be transformed to:

fZ (19523 + B [I9aL:W))2])

7

) - .ci<wﬁt+l>>] 1L

< ;i ZE 100 - w2]

1 L, 1
42 3 . E E VY — g®)2 N2

Ui

E L") - )]

7(5(37720ACBG4 +3C4G?

h

IA
g~
M-

N
Il
-

Ui

3

1
+ 305G +PCaACBG? + (5, §)R2n2 + gcﬂ)
E[cW{) - WD)
+ = My?
n n
E | £:(W") - Lw")]
n

IA
g~

s
Il
_

IA
g~
M-

<
Il
—

+ Mn (44)

Where 2 L(n?CAC%G* + C4G? + CEGH)n* + CaCpG*n + L R*n? + L(R? 4+ G?)n < Mn?, it
holds if there exist some constant e such that 7 > ¢ > 0. The second inequality holds by lemma. 2]
and the convergence condition in Definition. [2| Summing Eq. overt = 1to T yields:

T m m £7,(W1(0)) . £i(Wi(T+1))
LS S iman] & o] < 3 EEO 0T

t=1 i=1 i=1

1 & [ﬁ (Wi(O)) ‘Ci(Wi*)}

. + Mn

mi4 nT

D

< T + Mn (45)

Where W} = argminy, £;(WW), Wi(o) = Wp and we assume that £;(Wy) — L;(W}) < D for Vi .

Based on the preceding reasoning and let n = we arrive at the following inequality:

_D_
MT°

m T
S S E[IVeL W] +E[IVan W) <2/ O @)

=1 t=1

A.6 PROOF OF LEMMAS

Though Lemmas [I] and 2] replicate the proof methodology of [Guo et al.| (2025), we retain their
proofs here to ensure a self-contained theoretical presentation, particularly given their critical role
in deriving Theorem 2]
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A.6.1 PROOF OF LEMMAI[T]

Proof. We know that:
U ® 2 gl 40 _ o 40
= (Bi(t) - ﬁi,tVBﬁi(W'(t)afi,t)) (Al(‘t) - T)i,tVAﬁi(Wi(t)7fi,t)> - Bi(t)Az(-t)

3

= niz,thEi(Wi(t)a &)AY T BT w LW 60) — 0 VL (WY€) ALY
— i BOVAL(W €54) @7
Where the third equation is from Vel (W " &) = V(W &)APT and
VaLiwW &) = BTy L,w, ¢ ,) since W = Wy + BW AP Then we have:

K2

E(U - WO Vw L) =2 B (Vw LW &) AT BOTVw LW €)Y Lw))
il <vBﬁi(Wi(t)a §i,t)A§t)a Vwﬁi(Wi(t))>F
— i <B§t)VA£i(Wi(t), Eir), VW‘Ci(Wi(t))>F
=2, (Vw LW AP TBO TV LW ), Vi LW ))

— it <VB‘Ci(Wi(t))7 VW‘Cz(WZ(t))AEt)T>F

— 1 (ValiW ), B VL (W) (48)
By Assumption [2]and 3] we have:
<Vwﬁi(Wi(t))Agt)TBft)vaﬁi(Wi(t))7 vWEi(Wi(t))>F
< |IVw LW AT B Ty LW | - [V £ (W)
< CaCpG? (49)

By VBEi(Wi(t)vfi,t) = VWEi(Wi(t)afi,t)Az(‘t)T, VAﬁi(Wi(t),&,t) = Bi(t)TVWCi(Wi(t),fi,t),
we have:

(VoLW), Tw e WAL =9 WO) 50

o
and
(VaLiw!), B Ow L (W) = [VaLiw I} (51)
Finally, we can get the result by Equation [&8), #9)., (50)., (31):
E [0 - W,V LW ) g | < 02,0aCpG* = nin(® [IVsLiWE| +E[IVaLiW)IF])
(52)
[
A.6.2 PROOF OF LEMMA
Proof. By Equation (#7), Assumption [2]and[3] we can get:
E [0 = w2 E] = Elln2 Vw LW 6.0 AL T BT w LW ) 40T
— iV LW 6.0 AV TAY — 0, BOBO TV w L (W, €00) |13
< 3E I, Vw LW &) A" T BOTVw £ (W, €)1}
+ 3E {”ni,tvw‘ci(wi(t)vgi,t)Az(‘t)TAz('t)”%‘} +3E [Hni,tBi(t)Bi(t)TVWEi(Wz’(t)7fi,t)”%‘
< 3n},C3CEG* + 307 ,CAG® + 307 ,CRG? (53)
[
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A.7 PROOF OF COROLLARY ]

Proof. First, we show that if the Aggregation-Broadcast Operators(ABO) P and Q, can satisfy the
convergence condition in Definition [2]if:

1 m

t+1 t+1 t+1 t+1 t41) 4 (t+1

,P(Aggjg)m’B§<j<)m)Q(A§§j§)m7B§<j<)m):EZB](' )A; ) (54)
j=1

It is know by Eq. (54) that:

1 & t+1 t41 t+1 t+1 t41) 4 (t+1
E Z ”P A§<]<)m7 B£<]<)m)Q(Ag<j<)m7 B§<]<)m) - Bz( )A’E )”%’

:QN ZFWWM)W”NWM

1 S~ 1) 4 (t41 1) 4 (441
< om0 2B VAT - BV AT)
=15=1
1 v 1) 4 (t+1 t+1 t+1 t1)y 4 (t+1
= 5 2 BT — A 4 (B — B AV
i=1 j=1
2 -~ 1) 4 (t41 t+1 t+1 1)y 4 (t+1
< o 2o 2 (BT — AT 4 B - B ATV
i=1 j=1
< i zm:i(c HA(t'H) A(t+1)”2 +02. ”B(t-‘rl) _ B(t+1)”2) (55)
S 3 B i T Ca-lb; i F
i=1 j=1
Next, we consider about ||A§.t+1) - AEtH) |% and ||Bj(.t+1) (Hl) |%. If t + 1 € Zp, then there

comes to a communication round, therefore Aétﬂ) = AEtH) d B(Hl) B(tH) forl <i:<m.

On the other hand, if ¢t + 1 ¢ Zg, we suppose that nE < t+ 1 < (n + 1)E for an non-negative
integer n. Then we have:

t
AFTY = AP = N VAL (W 6 )

to=nE

t
= AP = 3 B T L (W ) (56)
to=nFE

Where &; ; is the i-th client s local data uniformly at random at the training step ¢. The second
equation is from V 4 L; (W, ,Ez ¢) = Bi(t)TVWEi(Wi(t), &i+). Then by Eq. li and Assumption
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we have:

1 AYTD — A2 = Al - Z B\ T Ly (W € 4,))

to=nkE

t

nE T
— (AU — ST BT L (W 6 4,)) I
to=nkE
t
= ||7] Z (B(to v L ( i 7§J7t0) Bz'(tO)TvWLi(Wi(tO)’giﬂfo))H%

to=nkE

t
<Pt -nE+1) S B TVw LW &h,) — BTV w LW €43
to=nkE
t

<Pt -nE+1) > @B T Vw LW &) E + 2B TV w LW €4, ) I17)

toan
t
<Pt —nE+1) Z (2C3|IL; (W(to),fg 103+ 203 Vw Li(W ™, €4, 17)
to=nkE
(57
Take the expectation on Eq. (57) and by Assumption 2] we can get:
t
E [||A§t+1) - Agf+1>\|g] <p(t-nE+1) Y (203G +203G7)
to=nkE
=4’ (t —nE +1)2C%G?
< AE*CEG*n? (58)
By the same reason, we have:
E (1B — BV} < 4B Ch (59)
Plugging Eq. (58) and Eq. (59) into Eq. (33) we can obtain:
1 & (t+1 41 t+1 t+1 1) 4 (t41
E [m DIPAEL,, B2, QA L, BIZ,) - B ARG
i=1
2 m m
<=5 Z Z (CE -AE?C3G?n* + C3 - AE*CGn?)
= 8E2G2(CA + CE)In? (60)

Let R? = 8E%G?(C% + C%) we can proof that P and Q satisfy the convergence Condition in
Definition 2] if Eq[54]holds. Next, we proof that P and Q can achieve the optimal convergence rate
iquholds. Let f(X)=L3" || X — X;||%. then we have:

ZtrX X) (X - X))

m

1
=u(X'X)-2- Ztr (X, X) —tr(XiTXi) (61)
Therefore:
2 m
ViX)=2X -~ Z;X,- (62)
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It means that:

) ) m 1 m
argmin y f(X) :argmlnXZHXinH% = EZXz (63)

i=1 i=1
Finally, let X = P(A 1t<+]1<)m, BgQEQm)Q(Agirjlim, B§t<+Jl<)m) and X; = BftH)Ang) we can get
the proof. o o o O

A.8 PROOF OF THEOREM4

Proof. First, we show that the ABO ’P(Agt<+;<)m, B§t<4;1<)m) Q(A(lt<+;<)m, Bgtj]gm) satisty the
Weak Convergence Condition defiend in[2]

t+1 t+1 t+1 t+1 t+1 t+1
EZHPA§<j<>m,B§<]<>m>Q<A§<j<)m,B£<J<>m> B VA

Ms

IN

1
m - 1<j<m> 71<j<m 1<j<m>

-
Il

1 1 1 1 1
||7>< LB IR Al B ) - ARV,

IA
l\D
E\H
uMg

t+1 t+1 t+1 t+1
Z\\PA§<J<)m,B§<]<)m) Bl - ATV (64)

By the Eq. ii and Assumptlonl we can obtain the estimate of || P(A 1t<+jl<)m, B&Jrjlg)m) [|%:

m

1 t+1 1 1 t+1 t+1 t+1
IPASL BIE2 DI = 1 S (Pl B2, - B§“)+EZB§”|I%
=1

m
=1
1 « 1 1 1 1 « 1
<2 S (PAE L, BIL,) = BITIE + 20— Y B
i=1 1=1

2 « t+1 t+1 t+1 2 t+1
< Y IPA 2 B2, — B VIR + 3B
—1 i=1
< 2P%n? +2C% (65)
By combining Eq (64), Eq. (63) and Assumption. 3] we can get:

t+1 (t+1) t+1 t+1 t+1 t+1
72”7) A(1<]<)m7 1<]<m)Q(A(1<]<)m7B§§j§)m)7Bz( )A’E )”%’

1 1
2. (2P +2C%) - ZHQ (A B Y — ATV 4 20d Py

<4(P?n*+CE) - Q%0 + 20311’2772
= 4P?Q%n* + 4C%Q%*n* + 2C4 P*n? (66)
Similarly, by the symmetry of P and Q, we obtain:

t+1 t+1 t+1 t+1 t+1 t+1
fZIIP ALY B oAl B ) - BT A

< 4P2Q2n4 +2C5Q%n* + 4C3 P*n? (67)
Take the average of Eq. (66) and Eq. (67) then yields:

t+1) (t+1 t+1) t+1 t+1 t+1
. Z ||7) A§<j<m7 1<]<)m)Q(A§<g<m7 Big;g)m) - Bz( )Ag )”%‘
< 4P2Q2n4 +3C3Q%n* +3C5 Py

= R*p? (68)
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Where R? = 4P2Q%)? + 3C%Q? + 3C3 P2. By Definition [2] we know that P and Q satisfy the
Weak Convergence Condition, then by Eq (@5) we have:

T m
S E (VoL W] +E VALV < 2+ M (©)
t=11i=1

|-

It is worth noting that Eq. (69) provides an estimate of the convergence rate of the local
models. However, the convergence of local models does not necessarily imply the conver-
gence of the global model. Therefore, we next turn our attention to analyzing the conver-
gence of the global loss L(W®) = L5~ £,(W®) with global model parameter w® =

Wo + P(AY . B )0A B ) and VaL,(W) = VL, (w)alT,
VAEi(Wi(t)) = Bi(t)TVWEi(Wi(t)). We know that:

1 hy L
IVaLW G < VLW ®) = — S VaiW) + — 3 Vali(W)}

=1 =1
<2||f§:v3,c ZvBﬁ w2 + 2| — ZVBL W2
=1
< *ZHVBE W) = V(W% + ZIIVBE NZ 70
moreover, we can get:
— Z IVBL(W D) = VLW )|3
=— Z IVw LW (AL, B )T = Vi LW ) AT,

— Z IV LW ) QAL B )T = ADT) 4 (Vi Li(W D) = Vi £,(W )AL T2,

i=1
T 2 & T
<~ Z IVw £: (W) QAL < B2 )T = AL DE A+ = DIV £a(W) = Vi £iW) AL |7
i=1
(71)
by Assumption[2]and the Strong Convergence Condition, we can get:
1 m -
— Y IVw LW QAL <, B2 )T~ AT
i=1
1 & T
< S IVw LW G- QAT < BiZ )T = AP IR
=1
1 NT
Z 1Q(ATZ < BiZ )T = ATl
< G2Q2n2 (72)
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by Assumption[T} Assumption[3]and Eq. (69), we have:

—Zn (Vi Li(W®O) = Vi LW D) AV T2

IN

.
-~ LS 9w WO — T WO A0

i=1

1 m
> ALY - w3

i=1

IN

t ¢ t ¢ t) 4 (t
<G5 Z IP(AYL < BYZ <) QAL s BiZ ) = B AP I
< OiLZRQn2 (73)
where R? = 4P2Q)*n? + 3C%Q? + 3C3 P2. Then by Eq. , Eq. , Eq. and Eq. we

can get:

2 m
VLW < 4G7Q%n* + ACK LR + — 3 | Vs Li(W) |} (74)

i=1

for the same reason, we have:

2 m
IVAL(W )3 < 4GP + ACR LR + = IV aLi(W)]3 (75)
i=1
summing Eq. (74) and Eq. (73)) over t = 1 to T', then we can get:

T
= S UV BLOVOE+ [VALWO)[2) < 4G2(Q2 + P2 +4(Ch + )L By

t=1

T m
1
2 —= > Y (IVBLW)F + [ValaW)3)
t=1 i=1
(76)
take the expectation on both side and by Eq. (69), we can get:
= Z VLV 2] +E (947 O)3])
D
<AG*(Q* + P?)n® +4(C% + CR)L*R*n* + 2(n—T + M)
D
<2(—+ (M + N)n) (77)

nT
where we assume that 4G?(Q?+ P?)n? +4(C% + C3)L?R*n? < 2Nn, 3L(n*CACEG*+CH G+
CEGH)n* + CACBG*n? + LR?p? + L(R* + G*)n < Mn? and L;(Wy) — L;(W}) < D. let
N =4 /ﬁ, we can get the global model convergence rate as:

D(M + N)

T (78)

’ﬂ \

i E (VLW O)[F] +E [IVacv®)|3]) <4
O

A.9 PROOF OF COROLLARY 2]

Proof. The proof of this corollary is similar to the proof of corollary [I| which can be seen in Ap-
pendix First, we chow that the Aggregation-Broadcast Operators(ABO) P and Q can satisfy
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the Sufficient Condition in Theorem [3]if

AL, BIEY ) = Z B+ (79)
1
QUL B, = L3 Al (30)
=1

By Eq. we know that:

1) 1 1 1
E[IP(A{Z2,, B L,) - B3] <E Z (B — B3

1 & 1 1
< =S E[IBY - B

< 4E*C%G*n? 81
The last equation holds by Eq. (59). Then by Eq. (81) we can get:

m m

1 1 1 1 1 1
ZHP (A2, BIZL,) - B ”>|2]<ZE[||PA§Z<>WB§22m> BV

< 4E*CAG*n? (82)

Similarly, by Eq[58 we have
1 1 1
ElQldy,  BIEL,) - ANV ] < ap2cheiy? (83)

and

1 1 1 1 & 1 1 1)
ZHQ A2, B, - AE“H%} < =Y E|IQ@Z, BISL,) - AV
i—1

<AECRG™’ (84)
Let P? = 4E%C?%G? and Q? = 4E%C%G? we can proof that P and Q can satisfy the Sufficient
Condition in Theorem [3|under Eq. and Eq. (80). Meanwhile, by the same step form Eq. (61)

to Eq. (63), we can also proof that P and Q can achieve the optimal convergence rate of the global
model. o

A.10 EXPERIMENTS CONFIGURATIONS AND ADDITIONAL RESULTS

In this section, we provide the remaining experimental results on FMNIST, KMNIST, and QMNIST.
For completeness, the model configuration is detailed as follows:

Model configurations: The base model is a classic Multi-Layer Perceptron (MLP) with three
fully-connected layers. To enable LoRA, we replace each dense layer with a LoRA layer. Specif-
ically, the architecture consists of two hidden LoRA layers with output size 200 and a final output
LoRA layer with size 10. The full model architecture is shown in Table. [T]

Optimizer and loss function configurations: All experiments use the SGD optimizer with 0.01
learning rate and cross-entropy loss function.

Rank settings: In our experiments, the global model’s rank ratio d, is set to 6, = 1, and rest
clients hold the same §, which is different under different scenarios.

Table 1: LoRA-augmented model architecture (rank-scaled).

Layer Output Shape | Activation LoRA Rank (A,B)
Input (784,) None -
LoRALayer (200,) ReLU (r1 = max(160 - §,1))
LoRALayer (200,) ReLU (ro = max(160 - 0, 1))
LoRALayer (10,) Softmax | (r3 = max(100-6,1))
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(a) Experiment of PS-ABO. (b) Experiment of SP-ABO.

Figure 2: The highest accuracies (%) of PS-ABO and SP-ABO at different rank ratios and epochs
when the total number of steps 7" = 300 on FMNIST dataset.
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Figure 3: The highest accuracies (%) of PS-ABO and SP-ABO at different rank ratios and epochs
when the total number of steps 7" = 300 on KMNIST dataset.

Figure 2] B and [@]show the accuracy trend of PS-ABO and SP-ABO under different datasets (FM-
NIST, KMNIST, QMNIST), with varying rank ratios § and local epochs. From these results, we can
clearly observe distinct sensitivities of the two operators to the experimental settings.

First, SP-ABO is more sensitive to the rank ratio 6. For example, on FMNIST with epoch = 1,
the accuracy of SP-ABO decreases from 75.4% at 6 = 0.07 to 25.5% at § = 0.01, a drop of about
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(a) Experiment of PS-ABO.

0.01 0.02 0.03 0.04 0.05 0.06 0.07
o

(b) Experiment of SP-ABO.

Figure 4: The highest accuracies (%) of PS-ABO and SP-ABO at different rank ratios and epochs
when the total number of steps 7" = 300 on QMNIST dataset.
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50 percentage points. In contrast, PS-ABO under the same condition only decreases from 73.0%
to 41.80% (about 31 points). Similar trends are observed on KMNIST (SP: 63.0% to 15.0%, PS:
59.2% to 26.5%) and QMNIST (SP: 91.0% to 21.5%, PS: 86.1% to 40.1%). Across all datasets, the
performance gap between low and high rank settings is much larger for SP-ABO, indicating that its
performance critically depends on the chosen LoRA rank.

Second, PS-ABO is more sensitive to the number of local epochs. On FMNIST with 6 = 0.07,
PS-ABO decreases from 73% at epoch = 10 to 39.1% at epoch = 1 (a drop of 34 points), whereas
SP-ABO decreases from 75% to 50% (a drop of 25 points). On QMNIST, the effect is clearer: PS-
ABO falls from 86.1% to 36.9% when the epoch increases from 1 to 10, while SP-ABO drops only
from 91% to 62.2%. Similar epoch-driven degradations are also observed on KMNIST. Overall,
PS-ABO is less robust to larger epoch counts, showing a stronger dependence on synchronization
frequency.

Overall, these empirical results demonstrate a clear contrast between the two operators: SP-ABO
exhibits strong sensitivity to the choice of rank ratio, while PS-ABO exhibits strong sensitivity to the
number of local epochs. This observation not only highlights the different convergence behaviors of
the two methods but also aligns well with our theoretical analysis.
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