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Abstract

Federated Learning (FL) is a prevalent machine learning paradigm designed to
address challenges posed by heterogeneous client data while preserving data privacy.
Unlike distributed training, it typically orchestrates resource-constrained edge
devices to communicate via a low-bandwidth communication network with a
central server. This urges the development of more computation and communication
efficient training algorithms. In this paper, we propose an efficient FL paradigm,
where the local models in the clients are trained with low-precision operations
and communicated with the server in low precision format, while only the model
aggregation in the server is performed with high-precision computation. We
surprisingly find that high precision models can be recovered from the low precision
local models with proper aggregation in the server. In this way, both the workload
in the client-side and the communication cost can be significantly reduced. We
theoretically show that our proposed paradigm can converge to the optimal solution
as the training goes on, which demonstrates that low precision local training
is enough for FL. Our paradigm can be integrated with existing FL algorithms
flexibly. Experiments across extensive benchmarks are conducted to showcase the
effectiveness of our proposed method. Notably, the models trained by our method
with the precision as low as 8 bits are comparable to those from the full precision
training. As a by-product, we show that low precision local training can relieve the
over-fitting issue in local training, which under heterogeneous client data can cause
the client models drift further away from each other and lead to the failure in model
aggregation. Code is released athttps://github. com/digbangbang/LPT-FL,

1 Introduction

Federated learning (FL) [3L [15 22} 136] is a popular privacy preserving machine learning paradigm
to collaboratively learn a global model over the decentralized data. In FL paradigm, the clients
are responsible for local training and only have access to their private datasets, while the server
plays an essential role in aggregating the clients’ updates into a global model. Unlike large-scaled
distributed training, FL typically orchestrates resource-constrained edge devices to communicate
via a low-bandwidth communication network with a central server. This urges the development
of more computation and communication efficient optimization algorithms. The most prevalent
approach in FL is developed based on local-SGD [26], which is referred to as FedAvg. In each
communication round, the clients individually train their local models for multiple steps and then
send them to the server for aggregation. It can be expected that if longer local training process one
uses, the greater communication cost saving one can achieve. However, long time local training
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could cause the local models drift further away from each other and degrades the aggregated global
model’s performance or even make the training diverge, especially when the data on the clients are
heterogeneous. Therefore, in order to prolong local training processes in FL, extensive efforts have
been made in the recent years. For example, the studies [1} 16, 21} 22]] modify the local training
process by imposing regularization on the client models to enforce them not to drift away from the
previous global model. Another line of research [} 16} 24} 31} 135/ 138]] focuses on refining the global
model in the server aggregation process. These methods typically require a large proxy dataset on
the server. Some of them [5} 16} 24] use it to align the outputs of the global model with that of the
client ensemble by knowledge distillation. Others develop handcrafted aggregation rules to reweight
the updates based on the statistics of updates or performance on proxy data [31} 135, [38]] or further
tune the global model with proxy data in every communication round [5} [24]]. Although promising
experimental results have been reported in the literature, it is still unclear that whether there exists
more concise and effective FL paradigm, which can reduce both the workload in the client-side and
the communication cost.

In this paper, we propose a concise and efficient federated learning paradigm, where the local
models in the clients are trained with low precision operations and communicated with the server in
low precision format, while only the server-side information integration maintains high-precision
computation to ensure the accuracy. Our basic idea is inspired from the Kolmogorov’s law [[10], that
is, the sample average can converge almost surely to the expected value although the samples always
contain noise. Therefore, in the server side, we perform the simple moving average on the received
low precision models from the clients to recover a high precision global model. In this way, both the
workload in the client-side and the communication cost can be significantly reduced. We theoretically
proved that our proposed paradigm integrated with Fed AVG can converge to the optimal solution as
the training goes on, which indicates that low precision local training is enough for federated learning.
We extend our method to various existing FL. method to show its flexibility. Experiments across
extensive benchmarks are conducted to showcase the effectiveness of our proposed method. Notably,
the models trained by our method with the precision as low as 8 bits are comparable to those from the
full precision federated learning. Compared with some efficient FL. designs, our method can achieve
significant savings in training memory overhead, and what is more attractive is that our accuracy
performance is even better. Our method exhibits another appealing feature in relieving the over-fitting
issue in local training. To be precise, in the local training steps, the models can be easily trained
to over-fit the local training data as the local dataset is always insufficient. Under heterogeneous
client data, it would further cause the client models drift further away from each other and lead to the
failure in model aggregation. The experimental results show that our approach can effectively relieve
the over-fitting issue since the local training is performed with low precision computation and the
expressiveness of the local model is restricted.

Our main contributions are as follows:

* We propose an efficient federated learning paradigm that performs low precision computation
during local training, saving computational overhead and communication costs, while being
able to restore accuracy through high-precision aggregation on the server side.

* We theoretically proved that the efficient federated learning algorithm we proposed can
achieve convergence at a rated of O(1/T") under certain assumptions for non-iid situations.

* Since the expressiveness of the local model is restricted due to the low precision local
training, our approach can relieve the over-fitting issue, which would cause the client models
drift further away from each other and lead to the failure in model aggregation when the
local dataset are heterogeneous.

* The extensive experimental results demonstrate the effectiveness of our approach. Notably,
the models trained by our method with the precision as low as 8 bits are comparable to those
from the full precision federated learning.

2 Related Work

Federated Learning. Fedrated Learning is first proposed by [26] to realize model training without
sharing client device data. Many works have continued to solve some challenges of FL such as
heterogeneity [16, 22 25|, privacy [2], communication efficiency [11} [18]. Also, some works
proposes new FL methods to alleviate data heterogeneity. The vanilla FL. method was FedAvg [26].
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FedProx [22] utilizes a regularization term while Scaffold [[L6] sets a control variate to reduce the
drift in local training. FedGen [42] and FedFTG [40] maintain a generator, the former is used for
local data augmentation, while the latter is used for fine-tuning the server.

Efficient Federated Learning. One challenge of FL is the limitation of low bandwidth and computing
resources of client devices. [4, 20] assign each client a block mask, resulting in sparse local
models. [28] took the transmission speed into consideration and chose the same method as [[12]
for uploading, uploading compressed gradients. [13]] adopts boost training to client-side training
overhead. [[7,128]] only transmit the trained head to reduce transmission cost. [33]] adopts the idea of
Network Architecture Searching, e.g., each client selects a sub-network. [[14]] maintains a series of
streamlined models in the server, from which the client selects a tiny model for training. In [9], the
client selects a sub-model of the global model for training. In this paper, we address this issue by
using low precision local training.

3 Preliminary

3.1 Federated Learning

D

Given N clients with their private datasets Dy = {(z,j, Yk,j)};_1. k = 1,..., N, the optimization
objective of FL is always defined as follows:
N
; 2
min F(w) £ peFi(w), (M

where w € R? represents the model parameters, Fy, is denoted to be the empirical risk function of

clientk, ie., Fiy(W) = > ccp, |D—1k‘€(w; &) with £(-, -) being the loss function and p;, = %

denotes the proportion of data contained in client k.

FL emphasizes data privacy protection and thus the server is not allowed to access these datasets Dy,
directly in model training. The standard method to solve the above training problem of FL is FedAvg
[26], which is developed based on local SGD. It is comprised by two steps, i.e., local training on the
clients and model aggregation in the server side. The details are presented below.

* In local training, the central server would first randomly select partial clients and broadcasts
the latest global model w; to them. We denote the selected clients set as S; and let K = |S|
be the number of selected clients. Then the client & with k& € S; would initialize its local
model to be wF = w; and then performs local training with E(> 1) iterations as follows:

Wi wi = VE(wi; )k € S, by
where w¥ is the weights of the k-th client in step ¢, £ is a mini-batch of samples uniformly

chosen from Dy, 7, is the step size.

* In model aggregation, FedAvg updates the global model to be the weighted average of the
received local models, i.e.,

Pk k
WirE < Zkesf, awt-&-Ev 3)

where ¢; = 3, s, Pr normalize the coefficients.

3.2 Block Floating Point Quantization

Fixed point quantization is a standard quantization technique. It uses stochastic rounding to round
the numbers up or down at random such that E[Q(x)] = z, where ) : R — R is the quantization
function defined as

£llu) wp. [§]—%, @
Iibw) wp. 1= (51— 7%),

here clip(z, a,b) = max(min(x,b),a), § = 27 is the quantization gap represents the distance
between successive representable fixed point numbers, v = 2W—F~1 —2=F apnd | = —2W-F-1
represent the upper and lower limits of the representable numbers, respectively. 1 is the bit width
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of quantized numbers, and F' is the bit width of quantized numbers’ fractional part. In order to
improve the utilization efficiency of the bit width and better maintain numerical accuracy when data
is unevenly distributed, we choose block floating point quantization. Given a block of numbers X, it
replaces 6 = 2~ F in fixed point quantization to be § = 2= (W—=2-E(X)) where

E(X) = clip([logy (max | X;|)], -2~ 2W=F=1 1), ®)

The shared exponent F(X) is usually set to be the largest exponent in X to avoid overflow [37].

4 Method

In this section, we introduce our low precision federated learning paradigm. It is comprised of two
modules,i.e., one is the low precision local training to reduce the computation and communication
cost, the other is the high precision aggregation with moving average to maintain the model accuracy.

4.1 Low Precision Local Training

In order to reduce the computation and communication cost, we apply block floating point quantization
to all clients’ device of local training. The simple version of low precision local training is to convert
the local training step in Eqn.(2)) into

wiy = Q(wf — VL (wi; &)). (6)

Note that in the above version, we only quantize the updated parameters. We give this version just
for the convenience of the theoretical analysis in Section[5] In practice, we quantize the gradient,
the activation of each layer, the back-propagation signals, and the momentum in SGD when SGD is
adopted as the optimizer. The details are given in Algorithm|[I]

Algorithm 1 Low Precision Local Training with All Numbers Quantized

Input: Quantization functions @ 4, Qg, Qa, @r, Qw; Momentum coefficient p; L layers DNN

{f1, f2,---, fr}; Loss function /.

1: ClientUpdate(t, k, wf):

2:  Getbatch (x5, Yk, 5,) from Dy

3:  Forward Propagation:

4: (af)©) =z 5,

5: (@) = Qa(fi((af)* =V, (wf)V)), vl € [1, L]

6: Backward Propagation:

7 (ef) D) =V iy £((af) D),y 5,)

8

(eb) (=1 = QE((’)fz((af)<“1’,(wi“)<”) (e"YDY), Vi e [1, 1)

d(ay)(=1
aFy =1 wf’ 0)
9% (gh)" = Qu(Megm ) (o)D), Wl € [1, ]
10.  Low Precision SGD Update:
1 (0F ) = Qup(vf)V + () V), Vi € [1, L]
12: (wf+1)(l) — Qw((wp)D —n; - (vf+1)(l)),Vl €1,1]

13: Return: w},

4.2 High Precision Aggregation

Although low precision training can reduce communication and training overhead, it would lead to
a degradation in training accuracy. Inspired from the Kolmogorov’s law [10]], that is, the sample
average can converge almost surely to the expected value although the samples always contain noise,
we try to recover high-precision solution from the low-precision local model with a full precision
aggregation process. It is implemented with the following two steps:

* Calculate the weighted average of the local models to partially reconvert the precision, i.e.,

Pr g
Wit E < Zkest EWH_E. (7)
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* Since in most cases clients’ data is non-iid and quantization causes error, federated learning
is harder to converge, however maintaining a moving average in the server can significantly
alleviate the problem. Formally, we denote w; as the moving average stored in the server,
then after aggregation, we update w, as follow

Wi — QAW + (1 — N)wy), (®)

where ) is a coefficient controlling the influence of current weight. This procedure can
further compensate the accuracy degradation due to the low precision local training.

In the next round of local training, the quantized model Q(w;) will be distributed to the clients
to intilize the local models. Our pseudocode in Algorithm 2] depicts the process of low precision
local training on the client device and high precision aggregation on the server. In Algorithm
t'=t—FE+1landZg = {nE|n=1,2,---} represents the set of global synchronization steps.

Algorithm 2 Federated Learning with Low Precision Local Training

1: Initialize: W0, W( < Wo
2: fort=0,1,...,T —1do

3:  ift =0 (mod E) then

4: Select K clients from [N] to be S;

5: Wf %Q(Wf),k €S

6:  endif

7. for ke S; do

8: Wi Q(wr —m VF(wh; €F)) > Client update
9:  end for

10: ift+1 € Zg then

11: Wil ¢ D kes,, fI’T’ijH > Server update
12: Wt+1 — )\Wt/ + (1 — )\)Wt+1

13:  end if

14: end for

15: Return: wp

5 Theoretical Analysis

In this section, we give the detailed theoretical results for our low precision FL paradigm. We will first
introduce the convergence analysis in the full participation case where all client devices participate
(i.e., K = N) and then we generalize the results of the analysis to scenarios that are more in line
with reality. (i.e., K < N). The results demonstrate that we will explore aggregation strategies
represented by the FederatedAveraging Algorithm (or FedAvg) and demonstrate that our proposed
low precision FL framework can converge to the global optimal solution at a rate of O(1/T) for
non-iid datasets based on strong convexity and smoothness assumptions.

5.1 Assumptions and Notations

We need to make necessary assumptions about the objective function on the clients Fj,, k =1,..., N.
Assumption [I]is about the smoothness and strong convexity of the loss function and Assumption 2]
is about the boundness of the gradients. These assumptions are standard and widely adopted in the
related studies [41}29}130}139].

Assumption 1. Fy, Fy, ..., Fy are L-smooth and p-strongly functions, which means that for all v
and w, the following inequalities hold:

L
Fr(v) < Fp(w) + (v — w) VE,(w) + v - wl|Z, (L — smooth) 9)
Fr(v) > Fr(w) + (v — w) VL (w) + %Hv — w3, (e — strong) (10)
where ||-||* represents the square of two norms and k = 1,...,N.
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Assumption 2. Let & be sample that randomly and uniformly sampled from the local data of the
k-th client device. For k = 1,2,--- N andt = 0,1, - - -, the variance of stochastic gradients in
each client device and the expectation of squared two norm of stochastic gradients is bounded:

E||VE (Wi &) — VE(wf H2 < 042, (11)
E||VE(wh; )| < G, (12)

Degree of Data Heterogeneity. Let F™* denote the global minimum of the objective function F', and
let F}; represent the minimum of the local objective function Fj, specific to the k-th client. We use
the metric I' [23] taking the form of

N
[=F*— Zkzlka,;‘,

to measure the degree of heterogeneity of all clients’ data distribution. When the data on each client
device is iid, as the number of samples increase, I' evidently tends towards zero. However, when
faced with non-iid situation, I" tends towards a positive constant and thus it can be used to measure
the degree of heterogeneity in the data distribution of each client device.

5.2 Convergence Analysis: Full Client Device Participation

First we analyze the convergence of the participation of all clients’ device in this section. We integrate
our low precision FL framework with FedAvg and train the model for 7" iterations to obtain the wr,
and we expect 1" to be divided by E so that wr is the weight after aggregation.

Theorem 1. Under the Assumptionsand we set Kk = L, v =max{8k,E} — landn; = ﬁ
When t satisfying 6> < n?G?, low precision FedAvg with full device participation satisfies:
_ K 2B u('y +1) 5
E[F —F* < —-w" 13
P - P < g (224 20 g ). a3
where
=2(Vd6+1+ )G2 +16E2G*(2Vd0 + 3) + + 52 Z o1,% +6LT. (14)

5.3 Convergence Analysis: Partial Client Device Participation

Compared to full participation situation, the partial participation situation is more in line with the
reality. We need to make more assumption on how to choose S;.

Assumption 3. Assume S; contains a subset of K indices uniformly sampled from [N| without
o, . . o o o 1
replacement. In addition, the data is balanced in the sence that p1 = --- = py = . The

aggregation step of FedAvg performs Wy g <— % Y ke S, Wf " E

Theorem 2. Under the Assumptionsto we choose k = % v =max{8k,E}—-1,n = and

e
2(t+7)
B =2(Vds+1+ )G +16 E2G?(2Vd6 +3) + w5 Son_, o2 +6LT, C = V=K 8 p2G2(2/ds +
3) +dG?. When t satisfying 6% < n?G?, low precision FedAvg with partial client device participation

satisfies:
E[F ()] — F* < K 2(B+C’)+u(7+1)
4 “THy I 2

w1 —w*ll%) . (15)

6 Experiments

In this section, we conduct extensive experiments to verify the effectiveness of our methods in the
following five aspects:

* When integrated with FedAvg, the models trained by our method with the low precision are
comparable to (if not better than) those from the full precision training. This would also
verify our theoretical results (Section [6.I)).

* Our method can effectively relieve the over-fitting issue in FL. See Section (Section[6.2).
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* Our paradigm can be integrated with existing FL. methods flexibly and preserve the perfor-
mance even with a low precision local training (Section [6.3)).

* Ablation studies on the effectiveness of moving average in model aggregation and the
transferability over various neural networks (Section [6.4).

» Comparison with other efficient FL techniques (Section|[6.5).

Remark 1. Similar with the existing low precision training studies [32l], We do not give the results on
the running time to show the real acceleration. The reason is that to achieve real acceleration, we need
to implement our method integrated with the professional hardware. Moreover, such implementation
is standard for the professional hardware platforms.

Benchmark Datasets and Baseline. We conduct experiments over four commonly used datasets:
FashionMnist [34], CIFAR10 [[19], CIFAR100 [19]] and CINIC10 [8]. Four commonly used FL
methods: 1) FedAvg [26]; 2) regularization-based strategy FedProx [22]; 3) data-dependent knowl-
edge distillation strategy ABAvg [35]] 4) data-free knowledge distillation strategy FedFTG [40] and
FedGen [42] are adopted as the baselines.

Configurations. We follow the configurations in the recent studies [26) 142} 27] for fair comparison.
To be precise, for FashionMNIST, CIFAR10, CINIC10 and CIFAR100, we run 200 communication
rounds with local epoch set to 1. There are 80 clients in total, and the participation ratio in each
round is set to 40%. We use Dirichlet distribution to simulate non-iid data distribution and set o to
0.01, 0.04, and 0.16. The smaller « is, the more serious the data heterogeneity is. For the network
choice, we use ConvNet following with 3 layers, and the hidden dimension is set to 128. The local
learning rate is set to 10~2 with Adam optimizer [17]. We report the last 5 round global model’s
average performance evaluated using the test split of the datasets. For quantization method, we adopt
the Block FLoating Point Quantization with the number of bits used set to 6, 8 and 32 (without
quantization). Some of the other hyperparameter settings are included in the Appendix [C]

6.1 Results on FedAvg

We demonstrate the superior performance of our Low Precision FL. method with FedAvg by conduct-
ing experiments over comprehensive datasets, various precision and heterogeneity values «.

Heterogeneity. As shown in Table [1] it is as expected that when the heterogeneity goes higher,
that is, when a decreases, the server performance worsens. Nevertheless, our proposed method can
always maintain or improve the performance of the original case (bits = 32, w/o. avg) when using 8
quantizaiton bits with moving average, which empirically validates the effectiveness of our proposed
method.

Quantization Bits. We conduct experiments on 3 quantization bits: 32, 8, 6 (shown in Table
Figure[I), as we observe that in most cases 8 bits is enough to hold the performance of full-precision
and when the used bits is 6, the server performance begins to decrease due to the low precision level.

Table 1: Results of our method integrated with FedAvg over various levels of heterogeneity and
precision. The results with moving average demonstrate that our method can match the performance
of full-precision federated learning even with all numbers quantized down to 8 bits. The results in the
bottom three rows indicates the without moving average, training with low precision would lead to
performance degradation.
a=0.01 a=0.04 a=0.16
Averaging  Prec. FMNIST CIFAR10 CINICI0  CIFARIO0  FMNIST CIFAR10 CINIC10  CIFARI00  FMNIST CIFAR10 CINIC10  CIFAR100

8bit  80.1+0.7 533+£27 433+12 152402 838+0.1 574+06 508+22 341+£04 90.6+£03 724407 582+1.5 429+£0.1
w avg Gbit 780+1.4 493+09 392+1.5 124+£00 81.8+£0.1 53.6+06 468+£16 224403 89.7+05 69.6+0.7 56.8+0.3 33.8+00
320bit 80.7£0.6 52.7+£0.6 41.0£08 156400 836+0.0 586+03 49.7+1.8 30.7+£03 90.7£02 73.0£09 586=£09 41.7+0.3

8bit 722420 256+14 20.0+12 732404 793+£12 455+1.6 383+£19 147+£21 874+£22 63.6+08 475+£1.9 256=+04
w/oavg  6bit 41.5+4.8 20.8+08 181+1.0 316+0.7 725+1.7 308+13 288+15 6.75+0.1 83.0+13 446+1.1 393+14 9.62+02
32bit 79.5£27 41.1+24 354%+41 125+04 83.1+21 544+20 432+£36 282+05 902+05 71.9+15 57.0%+1.3 39.1£04

6.2 Quantization Relieves Overfitting

We present the averaged local training loss and the global testing loss over training in Figure 2] It
can be seen that our method can effectively reduce testing losses on the server. The commonality
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Figure 1: Accuracy and loss of FedAvg with full precision (origin), our method with precsion levels
of 8 bit and 6 bit. We set o« = 0.01 on all the four datasets. Our method exhibits an effective reduction
in fluctuation variance and improves the stability of training. The reason is that compared with the
full precision training, our low precision local training can prevent the client models to drift further
away from each other and overfit the local datasets, making the aggregation stable.

with the original method is that when each round of communication starts retraining, the training loss
of the client will be greatly increased due to the heterogeneity of the data Dj. Subsequently, due to
the highly imbalanced local data categories, the model quickly reached an overfitting state. It can
be seen that at the beginning of each training round, under our method, the customer’s training loss
will not exceed the original training loss. At the same time, with some training steps, our training
loss remains above the original training loss, which means our method can alleviate the overfitting
problem of local training.
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Figure 2: Effectiveness of our method in relieving the over-fitting issue. We present the averaged
local training loss and the global test loss over training. We select a part of the training procedure
(iteration 1000 to 1400) for display, and enlarge a part of the picture in the upper right corner to show
more details. We can observe that the local training loss of FedAvg (full precision) is siginificantly
lower than our method, however its global test loss is much higher than us and fluctuates dramatically.

6.3 Results on Other FL Methods

The four FL. methods we used are each representative. ABAvg and FedFTG are similar to FedAvg in
local training, but the former only performs weight adjustment on the server side, while the latter
uses knowledge distillation to fine-tune the server. FedProx and FedGen are similar to FedAvg in
the server side, but the former only has regularization constraints on local training, while the latter
uses the generator for regularization adjustment in local training. As is demonstrated in Table 2] we
can see that, regardless of the FL. method chosen, our low precision FL algorithm has a significant
improvement in prediction accuracy compared to the original FL method, especially in dataset
CIFAR10, CINIC10 and CIFAR100.
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Table 2: The results of our method when integrated with existing FL. methods ABAvg, FedProx,
FedGen and FedFTG. Our method can improve the effectiveness of FL with a certain training cost,
and can be applied in both regularization and distillation. The complete result is given in Table 4]
It shows that integrated with our low precision training technique, these existing methods with the
precision of 8 bits can match (or even better than) the performance with full precision.

a=0.01 a=0.04 a=0.16

Method ~ Averaging Prec. FMNIST  CIFARI0  CINIC10 CIFARIO0 FMNIST  CIFARIO  CINIC10 CIFARIO0 FMNIST  CIFARIO  CINICI0  CIFARI100
ABAv w avg 8bit 80.7+04 51.1+14 41.4+£08 224+09 884+£1.2 558+05 509+27 343+£02 902+06 723+£1.0 582+1.4 425403
w/o avg 32 bit X X 44.5 £ 4. .4 X . 3.5 +£23 56.1+3. 42. R 27. . . | 1. - 8. X . .7
e / g 32b 784+£28 445+£42 264+38 16.0£04 83523 56.1+31 421+£38 273+06 903£1.0 71.3£1.3 581416 399£0.7
FedProx w avg 8bit 83.0+0.6 514405 422+14 182+0.1 86.5+1.2 632403 484+24 355+£05 88.8+0.7 7L9+1.0 57.6+£06 43.7+0.1
w/oav it . 3. 45. 4 322 . X . 315 57T.0+2. 46. . . . .4 .5 58. T 43.: .7
edbro / g 32b 81.1£3.8 451+£34 322£36 168£07 863x15 57.0+21 46.0+£20 293+13 89.1£04 725£05 58.04£07 43.2£0.7
FedGen w avg 8bit 799422 455419 347+£21 201+11 862+£07 605+1.4 474+13 329+£07 91.1+£03 740+£0.9 584+£1.0 432402

w/o avg it . 2. . 4.3 30. 4. 5. . 7+ 0. 54.1 + 2. 5. R . . : . 2.4 | 57.2 . .7 .
/ g 32bit 80.2+26 43.1+43 30.0+48 15613 83708 541+23 453+23 298+03 90.3+03 724+£10 57.3+03 40.74+0.6
FedFTG w avg 8bit 820411 528+0.7 39.6+£0.9 229+08 87.7+£02 591+£02 512+03 358+£02 90.9+03 73.7+£0.9 58.7+£1.7 429403

w/oavg  32bit 80.6+22 46.1+73 324+10 159+1.9 846+1.7 589+41 473+19 283+04 90.7+04 73.8+£10 57.9+03 41.6+0.6

6.4 Ablation Study

Moving Average. We conduct ablation study to validate the effectiveness of the moving average for
the server, from Table[I] the average operation has a significant effect on the server performance over
various settings. It is consistent of our expectation that averaging can alleviate the error introduced by
quantization and the error by heterogeneity.

Architecture Generalization. We use another network structure, MLP, to verify that our method can
be applied to other networks. The MLP was set to 3 layers, with the hidden dimension of each layer
being 128, and experiments were conducted on FashionMNIST with « of 0.01 and 0.04. From Table
E} our method can still maintain the accuracy, which also demonstrates its generalization ability on
other network structures.

Table 3: To display our method can generalize to other architectures, the same experiments were
also performed on the MLP, using the FashionMNIST, setting o = 0.01 and o = 0.04. Through
comparison, it is found that the accuracy under MLP is slightly lower than that of ConvNet. However,
our method can still maintain or improve the accuracy on MLP.
8 bit w avg 6 bit w avg 32 bit w avg 32 bit w/o avg
Method MLP ConvNet MLP ConvNet MLP ConvNet MLP ConvNet

FedAvg 734+12 80.1+0.7 725+02 780+14 741+1.0 80.7+0.6 6214+41 795+27
ABAvg 751+04 80.7+04 69.7+19 7804+0.7 7584+£0.7 795+1.1 586+6.9 T784+28
a=0.01 FedProx 746+05 83.0+06 73.6+04 781+04 747+£04 829409 709+43 81.1£38
FedGen 733+11 799+22 709+04 785+13 734+15 789+15 7224+38 80.2+26
FedFTG 78.1+0.8 82.0+1.1 748+12 80.0+04 771+£19 820407 63.1+1.3 80.6+2.2

FedAvg 79.5+0.1 838+02 784+03 81.8+01 7914+02 836+0.0 788+17 831+21
ABAvg 792402 884+12 786+01 861+05 79.1+02 884408 77.2+£37 835+23
a=0.04 FedProx 81.7+£04 86.5+1.2 799£03 79.9+02 81.9+£05 869+06 80.8+24 863+1.5
FedGen 79.0+0.5 862407 76.7+0.7 819+13 795+1.0 836+12 80.0+06 83.7+0.8
FedFTG 83.5+0.5 87.7+0.2 79.2+£0.6 81.9+03 84.0£06 87.6+06 75.5+£49 84.6+1.7

6.5 Versus Efficient FL Method

In order to demonstrate that our method can effectively reduce computational costs and memory
consumption, we compared it with two personalized model compression FL algorithms. HeteroFL.
[9] and Split-Mix [14] can both achieve the purpose of reducing training overhead by using smaller
models for local training. We use the ConvNet with the same hidden dimension to conduct experi-
ments, using CIFAR10 in the process, a = 0.01. SplitMix uses a split ratio of 1/8 by default. We
re-tested at a split ratio of 1/16 to achieve the same compression ratio as HeteroFL. In Figure 3a] the
vertical dotted line indicates the compression ratio of HeteroFL, more details are in the Appendix [E]
Compared with methods that directly compress model parameters, our method can achieve higher
accuracy with lower memory consumption. Because quantization does not bring about the deletion
of model parameters, there will be no aggregation problems when the model compression rate is too
high.
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13% 50% 100%

*a bit Method Type Acc Communication cost  Train cost
SO wsp FodAvG (1) 411424 39.1 205.4
5 5t +  HetorofL HeteroFL  (1/2)  36.4+0.5 19.6 83.7
g4 Splitmix (1/8) (1/4,1/8) 29.2+2.1 7.3 31.1
Z oLt S (110) (1) 41.0£23 39.1 178.4
& b towbitwavg SplitMix ~ (1/2)  404+3.6 19.6 89.2
" (1/4,1/8) 38.9+3.5 7.3 33.4
8 bit 53.3+ 2.8 9.8 51.3
SRS A S— FedAVG 6 bit 49.441.0 7.3 38.5
Memory (MB) 5 bit 44.7+1.0 6.1 32.1

(a) Training cost Versus Acc. (b) Results on CIFAR10 with o« = 0.01.

Figure 3: Results on CIFAR10 with o = 0.01. () denotes the percentage of models on the clients.
We use the number of weights, activation, and gradients of local training to approximate the training
cost (MB / client) and communication cost (MB / round).

7 Conclusion

In this paper, we propose an efficient FL paradigm, where the local models in the clients are trained
with low-precision operations and communicated with the server in low precision format, while only
the model aggregation in the server is performed with high-precision computation. We theoretically
show that our proposed paradigm can converge to the optimal solution as the training goes on, which
demonstrates that low precision local training is enough for FL. Our paradigm can be integrated with
existing FL algorithms flexibly. Experiments across extensive benchmarks are conducted to showcase
the effectiveness of our proposed method. As a by-product, we show that low precision local training
can relieve the over-fitting issue in local training.
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This appendix can be divided into several parts. To be precise:

* Section [A] gives the detailed proof for Theorem [T}

* Section [B] gives the detailed proof for Theorem [2] Compared to Theorem [I| Theorem 2]
assumes that only a subset of client devices participate in the training, which is more in line
with real-world scenarios.

* Section[CJintroduce four FL methods’(ABAvg, FedProx, FedGen, FedFTG) hyperparameters
setting in our experiments.

 Section [D| provides detailed experiment results of four FLL methods(ABAvg, FedProx,
FedGen, FedFTG).

* Section [E] presents the comparsion between our low precision FL method and two efficient
FL method in training overhead.

* Section [F]gives Limitation of this paper.

* Section [G| gives Broader Impacts of this paper.

A Proofs of Theorem[1]

We analyze our low-precision federated learning algorithm in the setting of full device participation
in this section. For the sake of convenience in proving, let’s take the value of pj to be %, disregard
the moving average, assume that quantization is only applied to model parameters and quantization
gap is always 6. Let Z be a set composed of the sequence number of global aggregation steps, i.e.,
Zr = {nE|n=1,2,---}. Suppose the model weights are updated as follows:

Vf+1 = Q(WF — i VF,(Wr; &F)).

Wk foN ) ift+1¢Zg,
t+1 = _ .
Q(EE=YE) it 4 1€ T
where w¥ is an d-dimensional vector, which represents the weight of the k-th client device in step
t. F} represents the objective function of the k-th device. N is the total number of clients device
participating in the training, and T is the total number of steps trained, £ represents a batch of data
randomly sampled from the k-th client device’s local dataset Dy, in step ¢, V Fj,(wh; £F) is stochastic
gradient, 7; represents learning rate, () represents the quantization function, and its formula has
already been given in ().

Notations. To further simplify our proof process, we introduce the following additional definitions:

N N

_ B 1 B 1 B

Wo = Wo, Wi = 2 D W[, Vi =50 > VI8 = ZVkat 8 = ZVkat,m
k=1 k=1

k 1

w, represents the weight of the global model in step ¢t. Obviously, we can deduce Eg; = g; and
Vigl = Wi — 18t

Lemma 1. If w is a scalar and can be written as w = 0 + bd, satisfying —§ < W < 6, § is the
quantization gap, represents the distance between successive representable fixed-point numbers, then
we have:

w
6

e —w, w.p. 1— sign(w)
Q(w) {S,’gn(ﬁ,)(s —w, w.p.  sign(d)

7

Ov:":z

where Q(+) is quantization function. And we always can find a suitable 1 that satisfies | 0| < |w]| .

Proof. The quantization function is:

clip(d|
) = {clzp(5f

J lau)7 w.p- [%1 - %7
1,0, u), wp. 1-[%¥]+%.

>lg o8
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When w > 0:

e, wp 1-2,
Qw) —w = {511;, wp. 2
When w < 0:
—0—w, wp. — %’
So we have:
o 10, w.p. 1— sign(d)%,
Qw) —w= {sz’gn(@)fs —w, wp. sign(w)F.

Next we prove that we always can find a suitable w that satisfies || < |w|. When w > d,we can
choose a w satisfying @ > 0, then we can have || < |w|. When w < —4, we can choose a @
satisfying @ < 0, then we also can have || < |w|. When —§ < w < &, we can choose a w satisfying
W = w, then we also can have |@| < |w]|. In summary, we always can find a suitable w that satisfies
] < ], O

Discussion. In the lemma!below we analyze the convergence of the algorithm under the condition
that §2 < 77,52 G?, where G? is given in assumptlon and represents the constraint on the expected
value of the squared two-norm of the stochastic gradient. The right side of the inequality indicates
the change in the iterative parameters during the gradient descent process, that is, the size of the
gradient multiplied by the size of the learning rate. If the magnitude of this value is already less
than the quantization precision, it will cause the gradient descent to fail, and the model parameters
will not continue to change. In this case, it makes no sense to continue optimization, so analyzing
convergence under this condition is practical.

Lemma 2. We assume that ny <

! <7 L, based on assumptzonland I when t satisfying °> < n?G? we
ave:

E |01 — w3 < 2(VA5 + 1+ G+ (1= o) e — w3+ 6LogT

9 N
+ O [ = wh [+ En? g — ells-
Kf

Proof. Whent + 1 ¢ Tg, we can easily derive that W1 = V;11. So we have:

W1 — w3
= [¥e1 — w3

N

> QwE Y E(wh ) W

2
2

N N
_ 1 1
= Hwt—ntgt—w —&-NZQ(Wf—??tVFk(Wf,ft N; £ = mVF(wy, &)

2
2

N
% D (Qwp —mVE(wE &) — (wf — V(Wi €)))

_ .12
= [|[Wy —mge — W5 +

Ay k=1 2
Az
1 N
+2Wi —mege — W, D (Q(wy —mVE(w, &) — (wf = VER(wE,€6)))) -
k=1

Az
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(-)represents inner product operation. Due to EQ(z) = z, according to the Law of iterated expecta-
tions, EA3 = 0. Next we aim to bound A,. EA, is:
2

E

N
3 @k - m T F(wh €) — (wh — m Y F(wE, €6))
k=1 2

N
= 2 SE(lQ(wE — mVF(wh, ) — (wh — nVFi(w, €
k=1

1
t Nz E(Q(W' — Vg, (Wi, 67)) — (Wit — 0V, (W', 1)),
k1#k2

QWi = mV B, (Wi, 7)) = (Wi — miVFi, (i, €17)))
N
1 2
= 53 L BlQwE —mVE(wi &) — (wh = nVEu(wi. €)]);.
k=1

In the above equation, we used the law of iterated expectations.
The quantization function is:
clip(6|%],1,u), w.p. vl —x,
Q(w){ - (5|_3)J ) [6711 (sw
clip(6[%1,1,u), wp. 1—[%]+%.
k

w¥ is a quantified vector, therefore, its p-th component (w¥), = ¢ 6, ¢ is an integer. We rewrite
[V (W, §f)]p = bd + w. Where b is an integer and |@| < |w|. So that we can have:

[Q(w — eV Fp(WE, &) — (Wi — eV Ex(wi, )],
B {sign(ﬁ))(; +0 w.p. 78i9”§m)u~’,

sign(w)w
— s -

w w.p. 1—
The expectation after the square is:
E[Q(w} —mVEFu(wi, &) = (Wi = mVEL(wi, )]}
_ [1 _ sign(w)w 9 sign(w)w
) )
< 2% + 20 |10

<2 [V F(wh, €))7 +26 | [m Y F(wh, €], |

] + [~ sign(@)d + @]

The expectation of [|Q(w} — 0,V Fi(wF, &) — (wh — 0,V Ei(wh, &) is:
E|Q(wF — eV Fu(wh, &) — (wh — 5,V Ex(wh, €))][2
— B(E[|Q(w} — nVEL(wh. &) — (wh — eV ER(wh. €5)[2)
< 200 ||V Fi(wh, €9))||, + 20| VFi(wh, €))]|2
= 20F ||V s (wh, €5))]|, + 20,°E||V Fi (wh, )] |2
< 2Vdon K|V Fi(w, €0))]5 + 20 B || V F(wh, €0))];
— 2(Vd5 + 1) 2E||V i (wh, €5))|2

In the above inequality, we use the inequality |||, < v/d ||||§, d is the dimension of the vector.

According to[assumption 2] we can get:
E(| W1 — w*|3 < 2(Vdo + 1)n2G? + E|| W, — negr — w* |5
We next aim to bound Aj:

_ 2
HWt — M8t — W*”z
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= ||Wi —mge — W — 8 + 77t§t||§
= ||Wi — 78t — W*Hg +n¢%|lge — @t||§ F2n0 (W — 108 — W, 8 — &) -

B, By Bs

Obviously EB3 = 0, so we can get:
_ 2 _ _ 2 _ 2
Ellw; —mge — w5 = El[ Wy — 08 — W[5 + Ene®|lge — 8ll>-
We next aim to bound Bj:
_ _ |2
Wi —nige — W Hz

_ w112 — 2 _ * =
= HWt - W ||2 +77t2||gtH2 — 2 (W — W 7gt>
N

_ w112 — 2 1 _ ; :
= [IWe = w5+ 02185 257 > (Wi = wi, VE(wh))
Cy
Cy
1N
7277tﬁ Z(wtk —w*, VE(wh)).
k=1
C3
To bound C1, Cs, C3, we need to derive several inequalities using the properties of Fy, Fo, .-, F.
First of all, for k = 1,2,--- , N, F} is a L-smooth function, we can get:

X L
F* < Fi(w) < Fu(wp) + (VEu(w}), 2 = wf) + 5 [l = w |-

Specifically, when x = wF — aV Fy.(wF), we can get:

* L w2
F* < Fy(wy) + (§a2 —a)|VFi(wy) — VE; |2-
when a = 1, we can get:
% |2 *
|VEp(wf) — VEC||, < 2L(Fi(wy) — Fi"). (16)
According to the above equation, we can get:
N 2 N , N
nlgdls = || > o VE(WE|| <> p||VE(WH)[; < 2L > pr(Fi(wf) — Fr™).
k=1 2 k=1 k=1

7)

In the inequality above, we have utilized inequality and the property that ||H§ is a convex
function.

Fork =1,2,--- | N, F}, is a u-strong function, so we can get:
* : * |2
(W} =W VE(W) < ~(Fi(wf) = Fi(w?)) = ||wi = w [ (18)
By the inequality:
2{a,b) < a5+~ Ibl5, (v > 0). (19)
we can get:
_ 1, _ 2 2
{80 W VR < L w4 VA @)
1, _ 2 "
< EHwt — wi||, + 2L(Fu(w)) — F}). Q1)

In the inequality above, we have utilized inequality (I6) again. Now, we can use inequality (16), (I7),
(13), to bound Cy, Cy, C3 to bound By:

_ _ 2
||Wt — N8t — W*Hz
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_ * 112 — 12 _ * =
= [[we — w5 + 02 l&ell; — 20 (We — W, &)

N
* - 1 — *
= [|we —w ||§+nt2||gt\\§—2ntﬁl;<wt —wit +wt - w VR (wh))
N
< |[we — w5 +2Ln Y pr(Fr(wf) — Fi¥)
k=1
1 & Ny
72ntﬁkg1<Wt7Wt ,VFk(Wt)>+277t’;7N <Wtk7W*’ka(Wz]£€)>
N 1 N 9
= [|we — w3 +4Lm2;pk<Fk<wf> ~ Fi") + N; [[we = w
1 < 1 < 5
*%tN;(Fk(Wf) — Fi(w")) *muﬁg [wi —w*|,
N 1 N 2
< flwe = w3 +4Lm2k§_jlpk<Fk<wf> ~F)+ N; [[we = wi
1 1< ’
=20 Y (Fu(W)) = Fe(w™)) = nepr|| 2 D (W — w")
k=1 k=1 2
N
(1 — mep) % — w ||2+fZHWt wi [,
N N
+4Ln? > pe(Fie(wh) — F™) — 2 Z (Fi(wf) — Fi(w")).
k=1 k=1

We set y; = 2m;(1 — 2L, ), because n; < 7, so iy < v, < 2n;. Decompose D we can get:
N

N
D =4Ln® Y pr(Fr(wf) — Fip*) — 277% Z (Fp(wF) — Fi.(w*))
k=1

= (4Ln.* — 2ny) Zkak Wt)+4L77tzzkak +2ni ZFk

k=1
N N
=7 Y peFr(wE) +4Ln> > prFit + 20 F*
k=1 k=1
N N
= = Y pe(Fu(WE) = F*) + (2 — 1) Y pu(F* = Fy)
P k=1
N
=~ Y pr(Fr(wf) — F*) + 4Ln,°T.
k=1

N
It should be noted that T' = Z pi(F* — F*) = F* — 3 L F;”, and it measures the degree of
k=1
data heterogeneity between dlfferent client devices.We can bound the first term in D:

N
> oi(Fi(wf) — F)
k=1

N

Pr(Fr(Wf) = Fi(w0) + Y pr(Fr(Wi) — F7)
k=1

I
] =

£l
Il
-
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N
> ok (VEe(W1), Wi — W) + F(W) — F*

k=1
1Y 1 5
2 =5 2 Pl V(T + - |[wi = Fell,] + F (%) — F”
k=1
al — * 1 k _ 12 — *
> — Zpk[ntL(Fk(Wt) - F) + TmHWt - Wt||2] + F(w,) — F™.
k=1

In the above inequation, we use the inequations (16),(I9) and the convexity of Fj(-).

So we can bound D and get:

N
D=—y Zpk(Fk(wf) — F*) +4Ln,’T
k=1
N
_ * 1 k _ 2 — * 2
S Tt Zpk[ntL(Fk(Wt) - Fk; ) + %Hwt - WtHZ} — ’yt(F(Wt) - F ) + 4L’I’]t T
k=1 t
N y N )
_ _ * t k — — * 2
= ’YtnthZ:lpk(Fk(Wt) - F) + o ;pkHWt - Wt||2 —Ye(F(Wy) — F*) 4+ 4Ln,"T'
N N N )
_ _ * * * t k —
—’thtLZpk(Fk(Wt) - F +F —Fk )-i-TmzpkHWt —WtH2
k=1 k=1
N
- %(Zkak(Wt) — F*) +4Ln,’T
k=1

N N
_ _ * 2 ik k _ (2
=l = 1) 3 pu(Fe(w) = ) (omel 4 ALn®)T 4 53 el =l

N

2

< 60T + 3wk - w2
k=1

When t 4+ 1 ¢ Zg, we can conclude that:

E [ Wis1 — w2 < 2(Vd6 + PG + (1 — pip)E |y — w3
N 2
HWt - Wf”z +6Ln;T + En; ||g: — gt“i .

E W1 — w3

N
1 *
k=1 2
L LN N 2
=E Q(szf+1)_ﬁzvf+1+ NZVtJrl w
k=1 k=1 k=1 2
N N N 2
1 1 1 *
=E Q(N th+1) N ZV§+1 + N ZQ(Wf — i VFe(wi, &) —w
k=1 k=1 k=1 2
1 & 1 & ’ 1 & ’
<E Q(szf+1)_ﬁzvf+l +E NZQ(Wf—UtVFk(Wf»ff))—W*
k=1 k=1 2 k=1 2
E1 E2
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N N N
1 1 1 *
+2E(Q(5 D Viva) = DU Vit 5 O QWY — mVE(wE L €F)) — w")
k=1 k=1 k=1

Es3

E5 has been given constraints in the text above that:

By < 2(Vd6 + 1)n2G? + (1 — quu)E ||, — w3
2 & )
A — 12
+ N Z Hwt o WfHQ + 6L77t2F + E’?? g — &tll5 -
K=1

According to the law of iterated expectations, E3 is 0. We next constrain F;. According to our
assumption before Lemma 2, we have:

Ey = EE, < Ed§® < Edn? |V Fu(wh, 8|2 = dpG>.

Sowhent + 1 € Zg we have:

E||wi 1 — w3 <2(Vds+ 1+ ) 7G?+ (1= mpu)E |[Wy — w*||3 + 6 LT

2
TN Z [ — Wf”; +En7 g — &3 -
K=1

In summary, whethert + 1 € Zg ort + 1 ¢ Zp, we have:

E Wi —woll3 < 2(Vd6 +1+ >n§G2 (1= mu)E [[Wy — w5+ 6LyT

2
o [ = W], + En? g - il
K_

Lemma 3. Based on assumption 2] we can get:

N
_ 1
Ellg: — &l < N2 ZUkQ-

k=1
Proof.
2

N
Ellg: — &> =E NZ VEp(wf, &) — VEs(w}))

2

1
= WEHVFk(wf,ft) V Fy(wh ||2

Lemma 4. If 1, is non-increasing and ny < 204 g, (t > 0),based on assumption@ we can get:

N
S B - wh [} < 8E2G2 2V +3).
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Proof. Since FedAvg requires a communication each E steps. Therefore, for any ¢ > 0, there exists
atyp < t,suchthatt —¢) < E —1and wy, = wfo for all k. Also, we use the fact that 7 is

non-increasing and 1, < 2n:4 g, (¢t > 0), then:
1 & 2
— k
LS B - wh]?
k=1

1 N
= NEZ HWQC — Wtu — (Wt — WtU)H;

k=1
1 N 2
< Bl o

N
1
= N ZEwa — wiﬂl + W,]:Zl — WQ[Q +...+ Wfoﬂ WtOH2
k=1
1 N t—1 9
< LY EY Elwha - wil
k=1 h=tg
N t—1
1
= = 2B Y E||Q(wE —mVEu(wh. &) — (wh =V Ew(wh, &) — mV Fa(wh, &6)];
k=1 h=to
N
1
< 5 D 2B (B[ Q(wE — mVEL (wh, €8)) - (wh — m VL (wh €6);
k=1

2

+ El0n Vi (wi, €6)] ).

2
E

<E> H%H; and E || X — EX||§ <E HX||§ are used in the above proof.

i=1

Zaz

We have already proofed in lemma ] that:

Inequalities

E|Q(WE — i VEu(Wh,66)) — (wh — i VEu(wh,€5))|[2 < 2(V/ds + )2 G,
So we can have:
1 N 2
& 2 El[we - wi, < 8E*n*G*(2V/d5 +3).
k=1
O

Theorem 1. Under the condition that assumptions we choose Kk = ﬁ , v =max{8k,E} —1

and ny = ﬁ When t satisfying 62 < n?G? our low precision federated learning algorihm with
full device participation satisfies:
BF(w) - F <t Vo< 20 0 g e,
t+y ~t+y p 2
where
N
=2(Vdé+1+ )G2 +16E2G*(2Vd0 + 3) + Za,ﬁ +6LI.

k=

Proof. Set A, = E||w; — w* ||g, according to lemmaEI, we can have:
Ay < (1 - /Lnt)At + 77t2B-
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Setn, = fw we can choose appropriate 3 and -y so that 1, < mln{ )7 L} and n; < 24 p. Set
v = max{ 2L T 1 , (v + 1)A1}, we will prove A, < 71 by mathematical induction.
When ¢t = 1, obviously it holds. Assume the conclusion holds for some ¢, it follows that:

Aut < (1 — pn) A +n2B

Bu | v 3*B
1_
=l t+7)t+7+(t+7)2
t+vy—1 B%B Bu—1
= 50U+ | 3~ 5]
t+7) t+v)" (t+7)
<2
Tt4+y+1

Then by the L-smoothness of F'(-),we have:

~

v
EF F* < A<<7
(W) = T2ty

We choose 5 = %, ~v = max{8k, E} — 1 and denote x = ;, then we have:

’B 32B 4B
= DALY L NA < — 1A;.
v max{ﬁu—l’(7+ ) 1}—ﬁu_1+(ry+ ) 1= /142 +(’Y+ ) 1
and
_ L v k 2B (v+1)
EF —F*< = < — Aq).
(we) _2t+7_t+7(u + 2 )

B Proofs of Theorem 2

We analyze our low precision federated learning algorithm in the setting of partial device participation
in this section.

Updating scheme In real world application scenarios, constrained by communication efficiency and
low straggler effect, FedAvg initiates by selecting a random subset S; which length is set to K, and
subsequently carries out updates exclusively on this subset.The analysis becomes somewhat complex
due to the variability of S; every E steps. Nevertheless, we can employ a thought trick to address
this challenge. We envision that FedAvg initiates each epoch by engaging all devices and then relies
solely on the parameters updated on a subset of these devices to generate the parameters for the
subsequent round. It is evident that this method of parameter update is equivalent to the original
approach. Then the update of FedAvg with partial devices active can be described as: for all k € [N],

Vf—u = Q(wf - ntka(Wfagtk))'

Wk o {Vllﬁc—i-l lft+1¢8t,
R es, ®VE)  ift+1€ S,

We use Eg, (+) to eliminate the error caused by S;. Unless otherwise specified, the meanings and

assumptions of the symbols used in this section are the same as|in the previous section}

Lemma5. Ift+ 1 € I, we have:

Es, (Wit1) = Vis1.

Proof. According to the selection method of S, there is a function:

o 1, (ZESt) =
L{ 0, P(i gz&f):]?¥

https://doi.org/10.52202/079017-2862 90181



According to the aggregation process, we have:

N
_ 1 ;
Wil = Q(g Z Livii).
i=1

So we have:

Es,(Wiy1) = Es, (— Z Liviir)
N N N
1 . 1K I
TR T R 2 T 2 e T

Lemma 6. Fort + 1 € Ig we have:
N-KS8

Witz < ﬁKEQnﬂa‘Z(z\/&é +3) + dG?n;}

Es, [[Viy1 —

Proof. According to the aggregation process,we have W11 = Q(4 >_,c s, Vi)

Es, [Wes1 — Vel

Q(% Z Vigl) - Z Vigt+— Z Vigr = Vil

1€S ZESt ZESt
1 1 al ’
= Es, Q(? Z Vigl) — Z Vt+1 ﬁ]ESt ZE(Z € 8)(Vigr — Vi)
1ES, LeSt i=1 2
Fy Fy
1 i 1 i 1 i _
Q= Z Vigl) — 7= Z Vitls 7> Z Vigr = Vig1)
K - K - K
1€ES; 1€S; €S
F3

In the we have proven F; < dG?n2. And obviously we have F3 = 0, we next aim to bound
Fy.

2

1
TS

N
> I € Si)(Vigy — Vir1)
i=1 2

N
1 .
=23 E P(ieS) HV;?-H - ‘_’t+1H§
=1

+ ﬁ Z]P(Z,j S St) <V’t£+1 7\77t+1,Vg+1 *{’t+1>
i#]
i _ 2 K-1 i _ ; _
KN Z Vi = Vt+1||2 + Z m<vt+l = Vi1, Vi — Vi)
i=1 i#]

1 K N i _ 2
= = (1 ) Vi =l

The last step in the above equation uses:
N

i _ 2 ;i _ j _
Do vier = Venlly + D (Vi = Verrs Vi = Vi) = 0.
i=1 7]
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Therefore:

N K 1 & 2
_ — 2 i _ _ _
ElWerr = Vialy = K(T—U <1 a N) . lN; ||Vt+1 — Wi, + Wy, *Vt+1||2 +
N
N K 1 i 2
< KN-1) (1_N)E N;HWH_W::OHQ + F
N K
< ———— (1 — = | 8E*n2G?(2Vd6 + 3) + dG*n?.
< e (1= 3 ) SEMAGA (b +3) + G
We used E || X — EX||2 < E ||X]| in the inequality above. O

Theorem 2. Under the condition that assumptions we choose k = % , v = max{8k, E} —
L = sty and B = 2(VdS + 1+ §)G? + 16 E*G2(2V/d5 + 3) + 72 3y 0 + 6LT, C =

B=K 8 E2G2(2V/dS + 3) + dG% When t satisfying 6* < n?G?, FedAvg with quantization and
partial device participation satisfies:

E[F ()] — F* < 7; (2(3: 0) N u(v; 1)||W1 _W*”2> .

Proof. We have:
E || Wi — w*Hg =E[Wir1 — Vg1 + Vg1 — W*“g

=E||[Wer1 — Vesrll +E[Vegr — Wla + 2E(Wis1 — Vg1, Va1 — W)

G1 Ga Gs3
We take the expectation for the above formula, G3 vanishes according to

Ift + 1 ¢ Zp, according to our parameter update settings, G vanishes. We use [lemma 1] 2] 3} 4] to
bound Gs:

_ 2 _ 2 _ 2
E Vi1 — Wy = E[[Wip1 — w5 < (1= pp)E [ Wy — W[5 + 07 B.

If t + 1 € Z, We use[lemma 6|to bound G4, [lemma 1} 2} 3] 4 to bound Go, then we have :
(Wit — w3 = E|[Wip1 — Vil + B [[Vera — w5
_ 2
< (1= mp)E ||, — w5 + 07 (B + C).
We use exactly the same method as in and then we have:

_ . K (2B+C)  p(y+1) (2
E[F(w)] — F SV"‘t( . +— wl—w||>.

C Hyperparameters Setting

We will introduce the four FL methods, ABAvg, FedProx, FedGen, FedFTG, and their hyperparame-
ters setting in our experiments to prove our method’s effectiveness.

* ABAvg [35] is a data-dependent distillation FL. method, which uses a validation dataset
D, to reweight each collected devices. In our experiment, we set the test dataset as the
validation dataset. For FashionMNIST, CIFAR10, CIFAR100, we use the whole test dataset,
and for CINIC10, we choose the 20% data of each label.

* FedProx [22] is an FL method with regularization when training locally. We set the FedProx
proximal term ;¢ = 0.1 in our experiment.
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» FedGen [42] is a data-free distillation FL method, which maintain a generator in the server to
generate hidden variables, and transfer the generator to the device side for data enhancement.
We set the generator learning rate to 3e — 4, hidden dimension to 32. The generator’s training
epoch is 5.

» FedFTG [40] is a data-free distillation FL method, which maintain a generator on the server
for fine-tuning aggregated server parameters. We set the generator learning rate to le — 2,
the fine-tuning learning rate to le — 4. The totally fine-tune epoch is set to 10, inner epoch
for generator is 1, inner epoch for server parameter is 5.

All of our models are trained on s GeForce RTX 4090. We found only very small differences when
evaluating on these other hardware platforms.

D Low Precision Training with Other FL. Methods

We put the four algorithms used here together with Efficient FL. Judging from the Table ] low-
precision local training is sufficient in FL. system. We put more emphasis on showing the case
of o« = 0.01, because this case is more consistent with the actual situation of FL, that is, the data
heterogeneity of edge devices. Combining four FL. methods and four datasets, in the case of o = 0.01,
Figure[d we can find the fact that our algorithm can maintain or even surpass the accuracy of the
original algorithm on 8 bit, and at the same time, it can do the same on 6 bit to maintain accuracy.

Table 4: Low precision FL on ABAvg, FedProx, FedGen, FedFTG. Our method is universal, whether
it is regularized locally to constrain updates or finetuned on the server. Our method can maintain
the effectiveness of various FL methods with a certain training cost, and can be applied in both

regularization and distillation.
a=0.01 a=0.04 a=0.16
Method ~ Avaging  Prec. FMNIST  CIFARI0  CINIC10  CIFARIO0  FMNIST CIFARI0  CINICI0  CIFARI00  FMNIST CIFARI0O  CINICIO  CIFARI100

8bit 80.7+04 51.1+1.4 414408 224+09 884+1.2 558405 509+27 343+02 902+06 723+1.0 582+14 425403
w avg 6bit 780+£0.7 468+0.6 39.1+1.3 144+02 861+05 53.6+£06 426+05 220+0.7 89.9+04 702+13 473+03 33.2+0.1
32bit 795+1.1 502+£1.0 404+20 203+£0.7 884+£08 565+£09 499+21 314+03 908£05 727+£11 584+09 41.7+04

8bit 681+£55 305+£12 226+26 745+06 794+£16 402+41 358+13 14.0+29 891408 638+1.7 482422 252+03
wf/oavg 6bit 605+28 255+1.0 184+0.8 342406 71.2+05 332+21 273+1.1 7.01+01 833+06 41.8+25 401+13 9.85+0.2
320bit 784428 445+42 264+38 160+04 835+23 56.1+£31 421+38 273+0.6 903+1.0 71.3+1.3 581+1.6 39.9+0.7

8bit 83.0+£0.6 51.4+05 422+14 182+0.1 865+12 632403 484+24 355+05 888+£0.7 71.9+10 57.6+0.6 43.7+0.1
w avg 6bit 781+£04 483+10 37.9+02 174+04 799+0.2 520+04 381+01 21.3+02 828+£02 562+02 44.6+02 253+0.1
32bit 829£0.9 526£05 424x10 188£0.1 869£0.6 649+£09 492+19 362+06 89.3+£06 71.3£05 57.2+1.3 439+£0.1

8bit 726+£1.0 27.0£39 257+22 601+03 815+£19 33.6+39 33.0+15 142+05 864+0.6 598+23 50.0+23 27.8+0.3
w/oavg 6bit 60.8+27 182+1.4 159412 271+0.1 71.8+1.7 274+15 224409 6.62+02 81.3+05 40.3+6.6 383+0.7 10.9+0.3
32bit 81.14+3.8 451434 322+36 168+0.7 863+15 57.0+£21 46.0+20 293+13 89.1+£04 725405 58.0+0.7 43.2+0.7

8bit 79.9+£22 455+19 347+21 201+11 862+0.7 605+1.4 91.1£03 740£09 584+10 432+02
w avg 6bit  785+£13 448+£20 301+04 154+02 81.9+13 41.4+03 85.8+£0.7 626=+£0.7 553£0.7 140=£0.1
32bit 789415 47.6+2. 353426 161+£08 83.6+1.2 56.9+29 91.0+£0.6 742406 588405 426+04

8bit  71.1+32 31.0+24 252+15 237+02 80.7+1.5 49.3+3.0 86.7£0.6 634+15 523+13 19.6=x0.7
wfoavg 6bit  56.5+04 153+£0.5 152+02 1.30+0.1 640+38 26.6=+1.1 842+1.0 51.4+£22 40.0+£3.0 4.89+02
32bit 802426 431443 300+48 156+1.3 83.7+£08 5H4.1+23 90.3+£03 724+£10 573403 40.7+£0.6

8bit  82.0+1.1 528407 39.6+0.9 229+08 87.7+0.2 35.8+0.2 909403 73.7£09 58717 429403

w avg 6bit 80.0+£04 506+05 39.6+04 143+02 81.9+03 175+0.2 852+0.1 605+0.1 48.6+0.1 25.8+0.1
32bit 820407 523+£0.7 43.0+05 21.0+14 87.6+0.6 £ 31.9+03 91.04+£02 73.0+1.1 593409 421403

8bit T44+14 267+14 222419 65£06 79.6+1.1 378413 37.1+£3.0 11.2+£05 89.1+08 63.0+1.1 485+15 247404

wfoavg 6bit 652+29 249+14 17.0+£15 23+0.7 735+£21 31.0£21 258+23 62+02 831+£09 482409 391+25 102+04
32bit 806422 46.1+£73 324+10 159+£19 84.6+£1.7 589+41 473+19 283+04 90.7£04 738+10 57.9+03 41.6+0.6

ABAvg

FedProx

FedGen

FedFTG

We also place the algorithms used here, and these pseudocodes are added to our methods. When
we conduct experiments, we also follow the algorithm flow from Algorithm [3]to Algorithm[6] We
found that although different FL. methods will behave differently when the client updates or the server
updates, our method can be easily applied to them.

E Efficient FL Detail

We list the detailed results of the Efficient FL used in experiments. We use the same network structure
ConvNet and the CIFAR10 split in @ = 0.01 to conduct experiments. In HeteroFL, a, b, c, d, and
e respectively represent 100%, 50%, 25%, 12.5%, and 6.25% channel proportions. In Table [3} for
example, al-bl-c1 means that during local training, a, b, c, the three models account for 1:1:1. In
SplitMix, a, b, c, d, e, have the same representation. 1/8 and 1/16 of SplitMix represent the minimum
model channel ratio after segmentation. We conducted experiments on 1/8 and 1/16 respectively.

We calculated the average memory consumption of a single device during each communication round,
for each compression method, and also for our method. For memory consumption statistics, we
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record model size, gradient storage, and intermediate activation storage. Table[3]to Table[§]contains
all our experimental results comparing memory savings.
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Figure 4: Visualization of the accuracy of ABAvg, FedProx, FedGen, FedFTG FL methods when
o = 0.01 on 4 datasets. The picture from top to bottom is ABAvg, FedProx, FedGen, FedFTG.

Table 5: HeteroFL. al, bl, cl, d1, el represent the percentage of the number of model channels to the
original number: 1, 0.5, 0.25, 0.125, 0.625. For example, al-bl-c1 means that the a, b, and ¢ models
existina 1:1:1 ratio.

Model Sparsity  Accuracy (%) Memory (MB)

al 0.00 37.63 £1.37 205.4
al-bl 0.25 26.03 £2.34 144.5
al-bl-cl 0.41 28.78 £ 1.44 109.6
al-bl-cl-dl 0.53 34.45 £0.98 87.8
al-bl-cl-dl-el 0.61 25.92+1.79 73.1
bl 0.50 36.36 £ 0.47 83.7
bl-cl 0.62 37.84 £1.85 61.8
bl-cl-dl 0.70 21.78 £ 1.53 48.6
bl-cl-dl-el 0.76 26.35 £ 1.60 40.1
cl 0.75 33.06£1.24 39.9
cl-dl 0.81 29.19 £2.12 31.1
cl-dl-el 0.85 31.55 £1.56 25.5
dl 0.87 19.61 £1.35 22.3
dl-el 0.90 27.95+£0.77 18.4

el 0.93 26.20 £0.22 14.5
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Table 6: SplitMix 1/8. Set the smallest model to 1/8 of the original model, which is the d model. By
setting the client’s resource limit, for example, al-bl-cl, the client’s resource limit is 1, 1/2, 1/4, then
8, 4, and 2 d models can be trained in parallel respectively.

Model Sparsity  Accuracy (%)

Memory (MB)

al 0.00
al-bl 0.25
al-bl-cl 0.41
al-bl-cl-dl 0.53
bl 0.50
bl-cl 0.62
bl-cl-dl 0.70
cl 0.75
cl-dl 0.81
dl 0.87

41.04 £2.31
35.24 £5.35
32.84 £ 2.50
31.19 £ 3.17
40.36 £ 3.56
38.31 £2.76
30.25 £4.48
39.18 £4.98
38.89 £ 3.50
41.80 + 2.40

178.4
133.8
104.1
83.6
89.2
66.9
52.0
44.6
334
223

Table 7: SplitMix 1/16. Set the smallest model to 1/16 of the original model, which is the e model.
By setting the client’s resource limit, for example, al-b1-c1, the client’s resource limit is 1, 1/2, 1/4,
then 16, 8, and 4 e models can be trained in parallel respectively.

Model Sparsity  Accuracy (%) Memory (MB)
al 0.00 30.72 £ 3.61 232.0
al-bl 0.25 29.62 £+ 2.01 174.0
al-bl-cl 0.41 27.75 + 2.92 135.3
al-bl-cl-d1 0.53 32.08 £4.14 108.8
al-bl-cl-dl-el 0.61 27.09 +5.31 89.9
bl 0.50 33.73 £ 3.52 116.0
bl-cl 0.62 32.77+4.44 87.0
bl-cl-dl 0.70 25.60 4+ 2.81 67.7
bl-cl-dl-el 0.76 26.93 + 2.70 54.4
cl 0.75 35.12 £ 2.00 58.0
cl-d1 0.81 32.53 £ 2.29 43.5
cl-dl-el 0.85 27.33 £ 2.53 33.8
dl 0.87 37.33 +£2.27 29.0
dl-el 0.90 34.04 + 2.68 21.8
el 0.93 31.72 £ 2.15 14.5

Table 8: Low precision FL. We tested the accuracy at different precisions and calculated the memory

usage during local training.

Precision  Accuracy (%) Memory (MB)
8 bit 53.32 £2.78 513
6 bit 49.37 £0.95 38.5
5 bit 44.67 £ 1.04 32.1

F Limitations

In fact, what we performed in the experiment was fake quantization, that is, simulated quantization,
which means we only focused on the impact of quantization on accuracy. The actual quantization
operation requires the cooperation of hardware, and the hardware GPU we used was GeForce RTX
4090, which could not directly perform low precision training, and could not reflect the acceleration

effect of our method.
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G Broader Impacts

FL, while having a positive impact in areas such as data privacy protection and cross-domain
collaboration, also faces some potential negative impacts and challenges.

First, in FL, attackers might attempt to implant backdoors during the model training process. By
introducing specific triggers into the training data, attackers can activate the backdoor after the model
is deployed, causing the model to output results that the attacker desires. This type of attack poses a
serious threat to the model’s security and needs to be guarded against with strict security measures
and auditing processes.

Second, attackers could disrupt the performance of the model by injecting incorrect information into
the training data. This data poisoning can occur at the client side or during the model aggregation
process. Data poisoning attacks may lead to the model behaving abnormally under certain conditions,
affecting the model’s reliability and accuracy.

Last, although FL is designed to protect user privacy by training models locally and sharing only
model updates rather than raw data, this method is not foolproof. Attackers might infer sensitive
information about the training data by analyzing the model’s update information, such as gradients
or weight changes. This kind of privacy leakage can be mitigated with techniques like differential
privacy, which may impact the model’s performance.

Algorithm 3 Low Precision FL with ABAvg

Input: Quantization functions Q 4, Qg, Qa, @r, Qw; Momentum coefficient p; L layers DNN
{f1, f2,..., fr}; Loss function ¢; Validation dataset D,,.

1: Imitialize: wq, wg < W
2: fort=0,1,...,7T —1do
3:  ift =0 (mod E) then
4 Select K clients from [N] to be S;
5: Wf %Q(Wf),k €S
6:
7
8

end if
for k€ S; do
: wi,, < ClientUpdate(t, k, w)
9: end for
10: ift+1 € Zg then

11: Get ay, from testing accuracy of each client k € Sy on D,
. — ak

12: PE= o m

13: Wiiq Zkest/ PEWE

14: Wiyl & AWy + (1 — )\)Wt+1

15:  endif

16: end for

17: Return: wo

18:

19: ClientUpdate(t, k, w}):
20:  Get batch (x,_j,, Yk, ;,) from Dy,
21:  Forward Propagation:

22: (af)©) =z 5,
23: (@) = Qa(fi(af)*=, (wf)M)), Vi € [1, L]
24:  Backward Propagation:
25: (ef) ) =V (aryr L((af) ™) yn ,)
ak (1—1)’ wf (1)
26: (ef)(lfl) _ QE(afz(( 5()(1?)(17(1) ) )(6{5)(1))7w €[1,1)
a1 (1, FY D )
27: (gf)(l) — QG(afz(( t(r))(wf)(}() +) )(eﬁ)(l))’\w €1,1]
28:  Low Precision SGD Update:
29: (0F ) = Qu(p(vf)V + (91) V), Vil € [1, L]
30: (wf ) = Qu ((wf)® =, - (vf 1)), W1 € [1, L]

31:  Return: wf ,
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Algorithm 4 Low Precision FL with FedProx

Input: Quantization functions Q 4, Qr, Qa, @, Qw; Momentum coefficient p; L layers DNN
{f1, f2,..., fr}; Loss function ¢; FedProx proximal term .
1: Imitialize: wq, wg < W
2: fort=0,1,...,7—1do

3:  ift =0 (mod E) then

4: Select K clients from [N] to be S;

5: wl — Q(Wy),k € S,

6:  endif

7. for ke S; do

8: w},, < ClientUpdate(t, k, W’E%JE, wr)

9: end for
10: ift+1 € Zg then

11: Wit < ZkEStr %Wﬁ_l

12: Wit ¢ AWy + (1 — )\)Wt+1
13:  end if

14: end for

15: Return: wo

16:

17: ClientUpdate(t, k, w’f%JE, wk):

18:  FedProx loss function H = £ + %wa%JE —wf|?

19:  Get batch (zg j,, Yk, j,) from Dy,
20:  Forward Propagation:

21: (af)©) =z 5,
22: (@) = Qa(fi(af)~, (w)V)), Vi € [1, L]
23:  Backward Propagation:
24: (€)™ =V (asy L((af) )y 3,)
) SN N}
25- (65)(1—1) — QE(afz(( 5()a?)(li(l)t) )(ef)(w)’w €[1,1]
ak (171)7 wf (1)
26 ()" = Qe (Mg I (ef) O 4 pu((wf)D — (wh, ) D)),V € [L, L]
27:  Low Precision SGD Update:
28: (0F1) Y 4= Qur(p(vf) D + (gF) ), VL € [1, L]
29: (wf1)® = Qw ((wh)® —ny - (vf,1) ), ¥l € [1, L]

30:  Return: wf ,
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Algorithm 5 Low Precision FL with FedGen
Input: Quantization functions @ 4, Qg, Qc, @r, Qw; Momentum coefficient p; L layers DNN

{f1, f2,---, fr}; Loss function ¢; Generator parameter 6; p(y) uniformly initialized; local label
counter cg.

1: Imitialize: wq, wg < Wy

2: fort=0,1,..., 7T —1do

3:  ift =0 (mod E) then

4 Select K clients from [N] to be S;

5: Update ci, k € S;

6 wk — Q(Wy),k €Sy

7 end if

8: for ke S; do

9: w},, < ClientUpdate(t, k, wr, p(y), 0)

10:  end for

11:  ift+ 1€ Zg then

12: Wil 4 D ges,, %Wfﬂ

13: Wt+1 — )\Wt/ + (]. — )\)Wt+1

14: Server updates p(y) based on {c }res,,

Is: Generator updates 6 = argmin Ey () Exno(s1y) 605 Yhes,, f1.(z (Wis1) ), y)]

16: endif

17: end for

18: Return: w

19:

20: ClientUpdate(t, k, wF, p(y), 0):

21:  Getbatch (x j,, Yk j,) from Dy, §F ~ p(y), 28 ~ Go(-|9F)
22:  Forward Propagation:

23: (af) @ = @y,
24: (af)® = Qa(fil(af) =", (wh)®)), Vi € [1, L]
25:  Backward Propagation:
26: (ef) ") =V iy £((af) "),y 5,)
af) =D (wky® .
27 () = QM) (el ), i € [1, L)
f1((a¥) =D (wk)® 00(fL (2 (wh) ), 5
28 (9" = Qo (Mg ) (o) B 4 ULELy )0 vy € (1, L
29:  Low Precision SGD Update:
30: (v52) Y = Qur(p(vf)? + (gF) ), VL € [1, L]
3L (wf ) = Qw ((wh)M —n, - (vf, )W), VI € [1, L]

32:  Return: wf;
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Algorithm 6 Low Precision FL with FedFTG

Input: Quantization functions Q 4, Qg, Qa, @r, Qw; Momentum coefficient p; L layers DNN
{f1, f2,..., fr}; Loss function ¢; Generator parameter ¢; Server training iteration 7; Inner
training iteration of the generator and the server Iy, 14; imd, £eis, Lais is the loss used in ([40]).

1: Initialize: W0, Wq < Wo

2: fort=0,1,...,7T —1do

3:  ift =0 (mod E) then

4 Select K clients from [N] to be S;
5 Wf(—Q(Wt),kESt

6: end if

7.

8

for k€ S; do

: wi,, < ClientUpdate(t, k, w)
9: end for
10: ift+1 € Zg then
11: w41 < ServerUpdate(6, {w}, }res, )
12: V_Vt+1 — )\V_Vt/ + (1 — )\)Wt+1
13:  end if
14: end for
15: Return: wop
16:

17: ClientUpdate(t, k, wF):
18:  Get batch (z, j,, Y, 5,) from Dy,
19:  Forward Propagation:

20: (af)©) =z 5,
21: (@) = Qa(fi((af) =, (wf))), vl € [1, L]
22:  Backward Propagation:
23: (ef) ) =V (asyr L((af) ) yr 5,)
ak (1—1)’ wf 1)
24: (ef)(lfl) — QE(c?fz(( 5()(1?)(1_(1) ) )(ef)(l))7v1 €[1,1)
) 8, ((a*)=1 (wk)®) )
250 (95D = Qo (Mg T (k) D), Vi € [1, L]
26:  Low Precision SGD Update:
27: (o)W = Quilp(vf) D + (gf) V), WL € [1, L]
28: (wf ) = Qu ((wf)® =, - (vf1)®), Wl € [1, L]
29: Return wy,
30:

31: ServerUpdate(d, {w}, ;}res, ):
} _ ok
320 Wi =) ges,, %wtﬂ

Dy
33: Compute pt’(y) X ZkES,/ Z‘g:kl‘ E(Ik,j’yk,j)"’pk [1yk,]:y] = ZkESt/ "%
34: fori=1,2,...,1do

35: Get batch (Z,Y) from z ~ N (0,1) and y ~ py (y)
36: forj=1,2,...,1,do
37: Update 0 according to min max BN (0,1),y~p, (v) lmd — Aeislers — Ndislais]
Wil
38: end for
39: forj=1,2,...,1;do
40: Update w1 according to min max 0. 0,1),y~p, () [lmd — Acislers — Mdislais)
Wii1
41: end for
42:  end for

43:  Return wy
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The algorithms mentioned in the introduction and abstract can be found in
Section [] of the article. Theoretical result can be founded in section[5] The convergence
proof of our algorithm is located in appendix |Aland

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: Limitations can be found in appendix [F
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?
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Answer: [Yes]

Justification: Theoretical result and its assumptions can be founded in section[5} The proof
of theoretical result located in appendix [A]and

Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: We have showed the detail hyperparameters configurations in Section [6]and
Appendix [C]
Guidelines:

» The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
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Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]
Justification: We have added the code to the supplementary materials.
Guidelines:

» The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

 Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: In the configuration of Section [6] we introduced the hyperparameters and
model settings, most of which are adopted from previous work.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: In Section[6] we specified that the average of the last five rounds was used as
the accuracy, and the standard deviation was calculated. When calculating the training loss
of the clients, we also introduced the use of 9 clients for separate experiments to calculate
the mean and standard deviation.

Guidelines:

» The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.
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8.

10.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

¢ It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: The hardware we use is mentioned in Appendix [C}
Guidelines:

* The answer NA means that the paper does not include experiments.

 The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines]?

Answer: [Yes]
Justification: We have reviewed the Code of Ethics carefully and we preserve anonymity.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]
Justification: Broader Impacts can be founded in appendix
Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.
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» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: Our study does not carry these risks.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]

Justification: We used public data and models properly under the license and terms, which
were also properly cited.

Guidelines:

* The answer NA means that the paper does not use existing assets.
 The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.
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* If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
13. New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: We didn’t release some new assets in this work.
Guidelines:

* The answer NA means that the paper does not release new assets.

» Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]

Justification: Our experiments didn’t include the crowdsourcing and research with human
subjects.

Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]

Justification: Our experiments didn’t include the crowdsourcing and research with human
subjects.

Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.
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paperswithcode.com/datasets

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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