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Abstract— When workers are heterogeneous in computing
and transmission capabilities, the global efficiency of federated
learning suffers from the straggler issue, i.e., the slowest worker
drags down the overall training process. We propose a novel
and efficient federated learning framework named FedPAGE,
where workers perform distributed pruning adaptively towards
global efficiency, i.e., fast training and high accuracy. For fast
training, we develop a pruning rate learning approach generating
an adaptive pruning rate for each worker, making the overall
update time approximate to the fastest worker’s update time, i.e.,
no stragglers. For high accuracy, we find that structural similarity
between sub-models is essential to global model accuracy in
the distributed pruning, and thus propose the CIG_X pruning
scheme to ensure maximum similarity. Meanwhile, we adopt
the sparse training and design model aggregating of different
size sub-models to cope with distributed pruning. We prove the
convergence of FedPAGE and demonstrate the effectiveness of
FedPAGE on image classification and natural language inference
tasks. Compared with the state-of-the-art, FedPAGE achieves
higher accuracy with the same speedup ratio.

Index Terms— Federated learning, straggler issue, global effi-
ciency, distributed pruning.

I. INTRODUCTION

EEP learning has made great progress in many fields
(e.g., computer vision and natural language processing).
It is generally agreed that the effect of the model is closely
related to the amount of data used for training. However, due to

Manuscript received 25 August 2022; revised 2 April 2023 and 23 July
2023; accepted 20 October 2023; approved by IEEE/ACM TRANSAC-
TIONS ON NETWORKING Editor Y. Liu. Date of publication 12 December
2023; date of current version 18 June 2024. This work was supported
in part by the National Natural Science Foundation of China (NSFC)
under Grant U22B2031, Grant 61932016, Grant 62132011, and Grant
62202258; in part by the National Science Foundation for Distinguished
Young Scholars of China under Grant 61825204; in part by the Beijing Out-
standing Young Scientist Program under Grant BJJWZYJH01201910003011;
in part by the China Postdoctoral Science Foundation under Grant
2021M701894; in part by the China National Postdoctoral Program
for Innovative Talents, Shuimu Tsinghua Scholar Program; and in part
by the Ant Group through the CCF-Ant Innovative Research Program
under Grant CCF-AFSGRF20210023. (Corresponding authors: Yi Zhao;
Ke Xu.)

Guangmeng Zhou, Yi Zhao, Qi Tan, and Ke Xu are with the Department
of Computer Science and Technology, Tsinghua University, Beijing 100084,
China (e-mail: zgm19@mails.tsinghua.edu.cn; zhao_yi@tsinghua.edu.cn;
tanq20 @mails.tsinghua.edu.cn; xuke @tsinghua.edu.cn).

Qi Li is with the Institute for Network Sciences and Cyberspace, Tsinghua
University, Beijing 100084, China (e-mail: qliOl @tsinghua.edu.cn).
Yang Liu is with Huawei, Shenzhen 518129, China

liuyang19 @mails.tsinghua.edu.cn).

Su Yao is with the Beijing National Research Center for Information Sci-
ence and Technology (BNRist), Tsinghua University, Beijing 100084, China
(e-mail: yaosu@tsinghua.edu.cn).

This article has supplementary downloadable material available at
https://doi.org/10.1109/TNET.2023.3328632, provided by the authors.

Digital Object Identifier 10.1109/TNET.2023.3328632

(e-mail:

data privacy or the high cost of data migration (e.g., face recog-
nition data, mobile phone behavior data, and cross-domain
network traffic data), data cannot be collected centrally for
training in some scenes. As a new machine learning paradigm
to solve this problem, federated learning [1] has received
considerable attention. Instead of putting data to the model
location, federated learning pushes the model to the data
location.

In practical applications, workers of federated learning
are typically resource-constrained and thus heterogeneous in
computing and transmission capabilities (e.g., edge devices
are equipped with different computing chips and located in
different domains). Even with the same physical equipment,
the resource (e.g., memory and bandwidth) allocated to a
specific task is usually limited. In federated learning, the
bulk synchronous parallel (BSP) policy [2] ! has been widely
applied, thus causing the straggler issue [3], [4]. More specifi-
cally, given the heterogeneity of workers, the slowest worker in
collaboration drags down the entire training process. The root
cause of the straggler issue is different capabilities workers
are required to do the same thing (e.g., training the same
size model). Thus different capabilities workers should train
models of different sizes.

Existing studies [5], [6], [7] introduce different sub-models
which are generated from a base model into federated learning.
In Helios [5] and HeteroFL [6], the worker takes the number
of parameters within its capabilities from the base model for
training. The difference is that for a given worker, Helios
changes the taken parameters every round, but HeteroFL
keeps the parameters the same. SplitMix [7] first divides the
base model into several sub-models and the worker randomly
selects the corresponding number of sub-models for training
each round according to its capability. However, the above
studies suffer from two limitations, i.e., unrealistic assumption
about known worker capabilities and lacking investigation
about tailoring sub-models for global accuracy.

Unrealistic assumption about known worker capabilities.
A key feature of federated learning is that the participants
come from different entities. To ensure the privacy and security
of each participant, the server cannot directly access the
capability information of each participant. Moreover, the capa-
bilities of participants may vary depending on the situation,
such as when a PC is also performing other tasks that consume
communication or CPU resources, or when a user’s phone
battery is low, they will have fewer resources to contribute to
the federated learning task. Therefore, it is crucial to model the
capabilities of participants when starting federated learning.
The sooner the appropriate sub-models are generated, the

The server updates the global model until updates of all workers or at
least a certain number of workers have committed.
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higher speedups can be achieved. Therefore, worker capability
modeling needs to be fast and accurate with the limited
information available to the server.

Lacking investigation about tailoring sub-models for
global accuracy. Network pruning studies [8], [9], [10]
remove some parameters from the stand-alone base model
to obtain a sub-model and maintain its accuracy, which is
the most efficient way to achieve models of different sizes.
The above studies directly apply stand-alone network pruning
techniques for each worker. However, it only guarantees the
accuracy of the pruned local model, not the global model after
aggregation. Distributed workers prune their own models while
pursuing the accuracy of the aggregated global model on the
server, such a scenario, is referred to as distributed pruning.
The above studies are unaware of the challenge of distributed
pruning and neglect to investigate it.

Therefore, our key design goal is to speed up the
global training process with worker capability agnostic,
and ensure global accuracy under distributed pruning to
achieve superior global efficiency of federated learning.
In this paper, we propose a novel and efficient federated
learning framework named FedPAGE, pruning adaptively
towards global efficiency, i.e., fast training and high accu-
racy. It generates adaptive sub-models dynamically from the
global base model for workers via our customized pruning
scheme.

To speed up the global training process (fast training),
we develop a pruning rate learning approach. First, we collect
the only information that the server can observe, i.e., model
retention size and corresponding update time (time interval
between two adjacent updates received). Then, we model
worker capabilities by the Newton interpolation method.
Finally, we set the adaptive pruning rate depending on the
capacity gap between the worker and the fastest worker. Thus
all workers achieve approximately identical update time as
the fastest worker, i.e., no stragglers. To ensure global accu-
racy (high accuracy), we investigate the important principles
for global model accuracy in distributed pruning. Experi-
ments reveal that identical and constant are two essential
principles for global model accuracy because they ensure
maximum structural similarity between local models after
pruning. After introducing a well-established pruning principle
global, we propose the CIG-X pruning scheme tailored for
distributed pruning. In addition, we adopt the sparse training
and design model aggregating of different size local models
to cope with distributed pruning.

We conduct extensive experiments on multiple datasets (i.e.,
CIFAR, Tiny-ImageNet, MNLI and Digits) with different mod-
els (i.e., VGG16, ResNet50, and BERT). Moreover, we take
multiple data heterogeneity cases into account, including
Non-IID (independent and identically distributed) and cross
domains heterogeneity. Empirical results show that FedPAGE
outperforms state-of-the-art approaches to improve federated
learning efficiency under various settings. Besides, FedPAGE
can be combined with other approaches to achieve higher
speedups.

To summarize, we make the following contributions:

o« We propose an efficient federated learning framework
FedPAGE, which performs customized distributed prun-
ing for workers to speed up the entire training process
while maintaining satisfactory accuracy.

e We propose a dynamic and adaptive pruning rate
learning approach that enables each worker’s update
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time to achieve identical under worker -capability
agnostic.

o« We specify the concept of distributed pruning and its
challenge for the first time. To address the challenge,
we investigate and find the essential pruning principles
in distributed pruning and tailor a novel and efficient
pruning scheme CIG-X.

o We give the convergence analysis of FedPAGE. Further,
we analyze the impact of the pruning rate and make
comparisons with other federated learning algorithms.

o Extensive experiments show that FedPAGE exhibits
efficiency in various data-model settings and different
degrees of heterogeneous environments.

II. DEFINITION AND RELATED WORK
A. Definition of Federated Learning

Federated learning, a new machine learning paradigm,
is closely related to distributed machine learning. However,
the relatively lower level of trust and a higher degree of
heterogeneity between workers enable federated learning to
be extensively studied in terms of security [11], [12], [13],
privacy [14], [15], efficiency [16], [17], etc.

In the classic federated learning such as FedAVG, the
training process of each round includes the following steps:

1) The server sends the current global model to workers.

2) Workers perform local model updates on the models and

send the updated local models to the server.

3) The server aggregates local models from workers form-

ing the new global model.

The problem solved by federated learning is shown in
Eq. (1). F(0) is the global optimization function, and 6 is
the model parameter. f,,(0) is the optimization function on
worker w. p,, is the model weight of worker w, which is
usually determined by the amount of data in the worker. W
is the number of workers.

w w
min {F(0) £ pufu(®)}, where Y pu=1 (1)
w=1 w=1

We define 0%¢ to denote the parameter of the wth worker
in round t after e local updates. 92 is the global parameter
at round ¢ (after the ¢-1th round of aggregation). The local
gradient update can be described as in Eq. (2). E' is the number
of local updates and 7 is the learning rate.

0 =0, =0V fu(05°), e=0,1,....B—1,
0,0 =0, 2)

where 6,

The tth round local model aggregation can be described as

1% w
9;“ = Z pwez;E, where Z Pw =1 3)
w=1 w=1

We illustrate the parameters changes of federated learning
under two workers setting in Fig. 1. Eq. (2) corresponds to the
arrows of local update and download, and Eq. (3) corresponds
to the arrows of upload and aggregation.

B. Related Work

Network Pruning.Compared to existing techniques such as

neural architecture search (NAS) [18], [19], network pruning
is the most efficient way to achieve models of different
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Fig. 1. The parameters changes illustration of federated learning under two
workers setting.

sizes because it brings significantly less additional overhead
to the generation and aggregation of sub-models. Network
pruning is based on the premise that deep neural networks
are over-parameterized, and thus proper pruning can cut off
a large number of parameters to accelerate model inference
while maintaining accuracy. Network pruning consists of three
stages: training, pruning, and fine-tune. According to the
pruned object, network pruning can be divided into non-
structural pruning, which only cuts off weights, and structural
pruning, which cuts off units such as neurons and filters.
However, non-structural pruning can only achieve acceleration
on specialized software [20] or hardware [21]. In contrast,
structural pruning can achieve acceleration on arbitrary soft-
ware and hardware, and thus we adopt it.

Structural pruning usually cuts off units of low importance
predefined, such as the percentage of zero activation [8], the
£1-norm [22], the scaling factor of Batch Normalization (BN)
layer [23], the distance from the geometric median of filters
of same layer [24], the rank of feature map [25], or the impor-
tance indicators introduced in training [9], [26]. Considering
that different network layers have different sensitivities to
parameter pruning [27], so the pruning rate per layer should be
different for a given pruning budget. [9], [28], [29] try to get
global rank for all filters, and [30] proposes to learn pruning
thresholds for different layers.

However, directly applying these stand-alone techniques is
not suitable. On the one hand, they are based on pre-trained
models to speed up inference as opposed to our intention
to speed up training and based on the model being trained.
While some ideas could be adopted, we expect the pruning and
fine-tune to be extremely time-efficient and can be done early
in the training process, which is not considered in previous
works. On the other hand, there is a gap between what we do
and what we pursue in distributed pruning, i.e., we prune the
local model but pursue the accuracy of the aggregated global
model. These all motivates us to design customized pruning
methods for the distributed scenario.

Efficient Federated Learning. Federated learning can be
divided into general federated learning and personalized fed-
erated learning. Personalized federated learning aims to obtain
personalized model suitable for each worker, and the common
approaches include personalizing the trained global model
[31] or focusing on learning with workers that are similar to
itself [32]. In this paper, we are interested in general federal
learning, i.e., seeking a superior global model. We divide the
causes of inefficient training into local and global causes as
illustrated in Fig. 2. The local cause is that the model is too
large, leading to extremely time-consuming model training and
transmission. The global cause is the heterogeneity between
workers, leading to the stragglers, which in turn affects syn-
chronization efficiency.

Local solutions. To speed up model transmission, gradi-
ent quantization and sparsification are extensively studied.
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Efficiency of Federated Learning

Synchronization Efficiency Task Efficiency
(global solutions) (local solutions)

(Align heterogeneous workers)
(reduce model size) (reduce transmission amount)

D

Adaptive Network Pruning

Model Training Model Transmission

Fig. 2. The illustration of related work about efficient federated learning.

Gradient quantization is achieved by quantizing the gradients
to low-precision values [33]. Gradient sparsification is usually
done by selecting significant parameters to transmit [16], [34],
[35], [36] or adding constraints to get a sparse model [37].
In addition to reducing transmitted parameters to speed up
single transmission, efficiency can also be improved by adjust-
ing the frequency of parameter aggregation [38]. In contrast,
little research has been done on speed up training. Adding
new loss items to improve the training accuracy at the same
time can be seen as a kind of training speedup [17], [39].
Network pruning can speed up model transmission, but almost
all network pruning studies do not pay attention to speed up
training because they retain the original dense model during
pruning. Reference [40] solve the problem by reconfiguring
the model into smaller models during pruning. We draw on
the idea of network reconfiguration.

Global solutions. Compared with local solutions, global
solutions take a global view of efficiency issue and focus
on the heterogeneity. Therefore, other server synchronization
policies have been extensively studied except for BSP to
solve the straggler issue. The asynchronous parallel (ASP)
policy is the opposite of BSP. In ASP, the server updates
the global model as soon as it receives an update. The stale
synchronous parallel (SSP) policy [41], [42] is a trade-off
between BSP and ASP. When the fastest worker is ahead of the
slowest worker by predefined threshold s rounds, the fastest
worker needs to stop and wait. Reference [43] develops a
unified synchronization policy framework that can cover BSP,
ASP, and SSP by designing the collection of active workers
of the next round, and then uses reinforcement learning to
learn the collection to minimize the total time cost. However,
these works do not work well in environments with high
heterogeneity.

Sub-model solutions. Some works have also introduced
sub-models into federated learning. PruneFL [44] and AFD
[45] try to find the same size optimal sub-model for all workers
without considering the straggler issue. Helios [5], HeteroFL
[6] and Split-Mix [7] consider the straggler issue, but both
assume that the worker capabilities are known and do not
consider distributed pruning from the perspective of global
model accuracy. As illustrated in Fig. 2, our approach obtains
adaptive small models for workers according to their capaci-
ties. The small models enable faster training and transmission
addressing local causes. The adaptive size models align worker
update times, eliminate stragglers and thus address global
issues.

III. FEDPAGE

In this section, we overview our framework FedPAGE firstly,
then elaborate on the critical components of the framework,
including model training and aggregating, pruning rate learn-
ing approach, and network pruning approach. The pruning
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TABLE I

SUMMARY OF MAIN NOTATIONS. THE NOTATIONS FROM TOP TO
BOTTOM ARE THE FORMAL REPRESENTATION, HYPERPARAMETERS,
AND INTERMEDIATE PARAMETERS TO BE CALCULATED

Dw Data of worker w

§ Global model at round ¢

¢ Worker w’s model at round ¢ after of e local updates

fw 0) The optimization function on worker w
I Sfw(0) is p-Lipschitz
L Sw(0) is L-smooth
o E[|V fuw (0|7 < 02
Kt4+1 The pruned parameters threshold in round ¢
Uretained  The retained units after pruning

t

I3, Unit indexes in worker w’s sub-model corresponding to
the global model at round ¢

T Number of transmission rounds

w Number of workers

E Number of local updates

H Heterogeneity

PI Pruned interval

Pw The model weight of worker w when aggregating models

B Ratio of the first training part

Ymin Minimum model retention ratio set for pruning

Pmin Minimum pruning rate set for pruning

Pmaz Maximum pruning rate set for pruning

Pfu Pruning rate of worker w at round ¢, which is calculated
by pruning rate learning algorithm Alg. 2

@1, Update time of worker w at round ¢, which is the time
difference between the server sending and receiving mod-
els

99=A99(91.02-93) 99=A99(91.92-93)

t, t t, t, t, t;

<> >
(eg,o%)l Te, (eg.u%)l Tez (eg,o%)l Tez

-1 & 3
(eg,u%)l Te‘ 1eg,1o%)l Tez 4eg,zs%)l Tg]

Training rounds

Fig. 3. FedPAGE process: the cloud server keeps issuing pruning rates to
resize workers’ models during training until all workers have the same update
time. t1, t2 and t3 represent the update time of the above three workers,
respectively.

rate learning approach determines the worker pruning rate in
order to achieve consistency with the fastest update time. The
network pruning approach determines which units to prune
at the determined pruning rate to minimize the impact on
the global model. Model training and aggregating are tailored
under distributed pruning, and also aim to minimize the impact
on the global model. Before elaborating on our framework
FedPAGE, we summarize the main notations in Tab. 1.

A. Overview

The process of FedPAGE is illustrated in Fig. 3. In the
learning process, there is one server for model aggregating,
as well as several workers with different capabilities holding
various data, such as PC, laptop, and phone. The workers
communicate directly with the server, but the bandwidth is
diverse. The task aims to leverage the data on each worker
to get a superior global model. When training begins, the
parameter server distributes the same model 6, to each worker
conservatively since workers’ capabilities are unknown After
obtaining the worker capability signal, i.e., the update time, the
server generates adaptive pruning rates (e.g., 0%, 10%, 28%)

IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 32, NO. 3, JUNE 2024

Algorithm 1 FedPAGE: Pruning Adaptively Towards Global
Efficiency

Server:

for eachround t =1,...,7 do
while not receiving all updates do
Server receives 6! I from worker w,

1:

2

3 w?

4: and calculate worker w’ update time ¢,
5 0, — ModelAggregating(67, 65...., Oy)
6 if it is pruning round then

7: Obtain {P{*!,... P

Learning approach Alg. 2

} with Pruning Rate

8: for each worker w =1,..., W do
9: Extract parameters of ! in I/, forming 6%
10: Server send 65! and P! to worker w

Worker:

1. Worker w receives 65! and P.™! from server
2: 9LF « ModelTraining(3E, 0”1 D)

3: if ijrl > 0 then

4: Upetainea — NetworkPruning(PLH1)

s: girL, I+« NetworkReconfigure(0L1t, Uycrained)
6: else

7 Ifjl — Ifu

8: OLF « ModelTraining((1 — 3)E, 0Lt D,,)

9

Worker w send 6! and ILF! to server

for workers. The worker receives the pruning rate and then
prunes its model locally. Then the workers get sub-models
with different sizes, e.g., 100%, 90%, and 72%. Next, the
worker performs training with its sub-model and sends the
sub-model to the server for aggregating. The process proceeds
dynamically with training until the update time tends to be
identical. The pseudo-code of the framework is shown in
Algorithm 1. As we can see, FedPAGE consists of two types
of participants, server and worker.

On the server-side, we adopt the synchronous approach that
the server starts aggregating (in Sec. III-B) until all workers’
updates are received as in federated learning [1]. As shown in
Server line 2, the updates include parameters 67, and global
index I!, of the local model, where I! is to align the units
in the local model and the global model if the local model is
pruned. Meanwhile, the server calculates the update time ¢!,
of worker w, which is the time difference between the server
sending and receiving models. ¢!, is used to model worker
capability and obtain pruning rate as shown in Alg. 2. If the
pruned round arrives, the pruning rate learning approach 2
(in Sec. I1I-C) is used to get the pruning rate PLH! for each
worker. FedPAGE adopts iterative pruning, pruning after each
pruning interval (PI), and pruning from the very beginning
of training, making the overall training process as time-saving
as possible and leaving more rounds to recover the model.
Finally, the server obtains the parameters 0%! of the worker’s
sub-model by extracting parameters of 9; in position I?, and
sends the parameters and pruning rate to the worker.

On the worker-side, the worker trains part of the epochs
(BE, 0 < [ < 1) with its dataset D,, after receiving
parameters (in Sec. III-B). If pruning is not required, the
worker continues training the other part of the epochs (1—3)FE
on the previous model as shown in Worker line 8. When
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Fig. 5.
middle represent one weight matrix of three workers, respectively. The squares
on either side represent the results of the two ways of aggregation. The top
worker cuts out a unit, resulting in a missing column of the matrix.

Two approaches to aggregate parameters. The three squares in the

pruning is required, we follow a specific pruning order to prune
network (in Sec. III-D). As shown in Worker line 4 in Alg. 1,
we obtain retained units U,etqineq according to the pruning
order and pruning rate P.!. Then we rebuild and initialize a
smaller sub-model as in [40] (network reconfigure). And the
units’ global index I:+! of current sub-model is updated. The
step is shown in Worker line 5, where 0% is the parameters
of current sub-model. In the end, the current sub-model’s
parameters and global unit index are sent to the server. It is
worth noting that, compared to federated learning, the content
of the transmission is only more model’s global index as well
as pruning rate, which introduces little transmission overhead.

B. Model Training and Aggregating

Model training. As introduced in Sec. II-B, we adopt
structural pruning, i.e., cut off units for achieving acceleration
on arbitrary software and hardware. For mitigating the impact
caused by cutting off units, we adopt the sparse training
approach in [40]. The loss function is shown in Eq. (4),
consisting of cross-entropy loss and group lasso loss. The
loss function is used for sparse training in each round. With
the introduction of group lasso regularization, the parameters
associated with a unit are viewed as a group g as illustrated in
Fig. 4. The group lasso loss makes the parameters in a group
smaller at the same time, thus mitigating the impact caused by
cutting off the unit. In addition, we divide the training process
into two parts to explore the effects of different pruning
positions in training in Sec. V-F.

min{fu(0) 2 o= S U h(w.0) 423 Vil 10,]1,))

|B| (z,y)eB Y

cross-entropy loss group lasso loss

“4)

where B represents a batch of data, G represents groups of
parameters, h(z,6) is the predicted label, \ is the coefficient
balancing the above two losses.

Model aggregating. If we ignore the differences in the
amount of data between workers, the parameter aggregation
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Algorithm 2 Pruning Rate Learning

Input: Suppose the round is the mth pruning round, i.e.,
n = %. Y and (Z)Z represent the model retention ratio
and corresponding average update time in the last pruning
interval (PI). That is, ¢7, = Average(¢l FIt1 ... ¢b),

Yo = = = e
Output: P/, B," ", ..., Py
L: ¢m1n — Mln( ?a(ﬁgvvd)%)
2: for each worker w =1,...,W do
3 if n > 1 then > the worker has been pruned
4: Get ~Lar9¢t by Newton interpolation as Eq. (5)
3- ,.thuarget — Ma)f(( fgrgdar)/m,in)
t+1 e
6 Pyt e
7 else O
t+1  Pu—Pmin
8 P — s

9: P Max(PL ) ppin)
10: P5)+1 — Min(PtJrlapmam)

w

coefficient p,, is % However, as a result of network pruning,
some parameters may only exist in w’ (w’ < W) local
models. Take the example in Fig. 5, the local model of
worker 1 (referred to as local model 1 below) does not have the
parameters in column j, i.e., the parameters in column j only
exist in two local models (w’ = 2). There are two approaches
to set the aggregation coefficient for parameters in column j,
i.e., parameters pruned at some workers, which are illustrated
in Fig. 5.

One way is By-unit with a coefficient of ﬁ, which is the
way in HeteroFL [6]. By-unit is equivalent to treating the
pruned parameters (e.g., jth column of parameters in local
model 1) as the mean of the parameters at the corresponding
position in the other local models. For example, in Fig. 5, the
first weight in By-unit is §(142) = %(14+2+1.5), where 1.5 =
1(1+2) is the mean of the jth column of parameters in local
model 2 and local model 3. We propose the other way By-
worker, whose coefficient is still % By-worker is equivalent
to treating the pruned parameters as 0. For example, in Fig. 5,
the first weight in By-worker is £(1 +2) = (1 + 2 + 0).
Considering that the pruned parameters are relatively small,
treating them as 0 is closer to the real value. In addition,
[46] points out that the reason why lottery tickets behave well
is that mask operation freezes some values to zero and can
make those values reach the end of their optimization process
faster. In conclusion, treating pruned parameters as 0 when
aggregating is not only closer to the original values, but may
also speed up the optimization. Therefore, we adopt by-worker
to do model aggregating in FedPAGE. We demonstrate the
superiority of By-worker in Sec. V-F.

C. Pruning Rate Learning

Pruning rate learning gives the adaptive pruning rate for
each worker to achieve approximately identical update time.
The worker’s update time consists of two parts: model trans-
mission time and model training time. The transmission time
can be considered to vary linearly with the size of trans-
mitted parameters if the bandwidth is relatively stable. Many
researchers use FLOPs (floating point operations) as an indica-
tor of training capability. However, training time is affected by
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many practical factors (e.g., data loading speed, parallel opti-
mization in the computing chip, underlying optimization of the
computing platform) [47]. That is, no capability indicator can
give the precise update time when the local model is pruned.
Moreover, the capability information is private and difficult to
obtain by the server. Thus, approximate and dynamic capacity
estimation is needed. Considering that collaborating parties
usually establish a relatively stable collaboration environment,
e.g., Google lets phone join the collaboration when the phone
is idle and connected to WIFI [48], the capacity estimation of
the workers is feasible.

Our pruning rate learning approach is shown in Alg. 2.
First, we take the current minimum average update time as
the target time ¢,,;, for the next round of pruning. Then we
use the data that have been collected, i.e., the model retention
ratio and averaged update time each round (’Aygj,gzﬁ?u);
(47, ™), to construct a polynomial R that satisfies R, (¢%,) =
4i i = 0,...,n. Finally, 7!¢79¢ = R, (min). Averaged
update time avoids the influence of some random factors and
makes capacity estimation more accurate. There are many
interpolation methods that have been studied. Among them,
Newton interpolation is solid and fast, so we adopt Newton
interpolation in FedPAGE as shown in Eq.(5). According
to Main Theorem of Polynomial Interpolation [49], R, is
existent and unique. The Newton interpolation may have the
Runge phenomenon at higher orders causing larger errors.
However, since approximately identical update time can be
achieved with three or four prunings, the n is small in our
scenario. Thus the Runge phenomenon does not occur.

Zf"g“ = Ry(Pmin) = Ru [d;?v} + Rw[Agﬁ dg}ﬂ]
X min_qggv)
oA Ry[00, 0t -5 D) Gmin—S0)
o (Dmin — O3
where Ry[¢l] = Ry(d) =4L,i=0,....n
Rl 8 - Rufdh.. 8

Ro[d%, ..., o7 .
P ) )

®)

If no pruning has been done before, we conservatively
assume that the update time ¢ varies linearly with the model
retention ratio ~y, with a slope of «, and the pruning rate is
obtained as in line 8. The value of « can be set slightly larger,
avoiding pruning too much at the beginning. Besides, we set
a minimum model retention ratio 7,,;,, a maximum pruning
rate pPmqer tO prevent excessive pruning, and a minimum
pruning rate p,,;, to prevent overly frequent minor pruning.
Our algorithm introduces little computational overhead to
the server and quickly adapts to changing environments in
different heterogeneous environments as shown in Sec. V-F.

D. Network Pruning

Network pruning tries to find pruning orders of units for
workers. The intuitive approach is that each worker prunes
their models individually according to the learned pruning rate.
In this way, previous network pruning works can be applied to
each worker individually to obtain pruning orders. However,
previous network pruning works only guarantee the accuracy
of the obtained sub-model, i.e., the accuracy of each worker’s
local model, but not the accuracy of the global model after
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aggregation. How can we obtain sub-models by pruning while
taking into account the global model accuracy? This is the
essence of the distributed pruning.

We noticed that HeteroFL [6] adopts a pruning approach
that ignores the unit importance in models for a certain
task, but also achieves good performance. The pruned units
are adjacent in the unit index, and the pruning order is
identical between each worker, constant between each round.
We attempt to investigate the underlying reasons for its good
performance and find the key to guarantee the accuracy of
the global model. The good performance may be related
to the three characteristics, i.e., adjacent (pruned units are
adjacent), identical (all workers share the pruning order), and
constant (all rounds share the pruning order). We keep all
other treatments the same and perform a number of variants as
follows (we show the examples of HeteroFL and three variants
in Appendix B, see the Supplementary Material):

e No adjacent: generate a random order at the beginning
and keep it identical and constant.

e No identical: generate different but adjacent orders ran-
domly for different workers and keep it constant.

e No constant: generate different but adjacent order ran-
domly at each pruning and keep it identical.

We show results of the above three variants and Het-
eroFL on an image classification task (CIAFR100 dataset)
under multiple Non-IID settings in Fig. 6. As we can see,
both the experiments on the IID dataset (Fig. 6a) and the
Non-IID dataset (Fig. 6b, Fig. 6c, Fig. 6d) show similar
results. No identical has the worst result, and the global
model does not converge, which reveals that identical is the
crucial reason. Followed by No constant, the global model
converges but converges to a lower accuracy, which reveals
that constant is also important. No adjacent behaves almost
the same as HeteroFL, which reveals that adjacent doesn’t
matter at all. Why Identical and constant are crucial? [50]
indicates that sharing the same model structure results in
better performance when tasks are more similar in multi-task
training. In federated learning, the tasks of individual workers
are extremely similar, although workers may have different
data distributions. Identical and constant ensure maximum
structural similarity between sub-models. We also demonstrate
that structural similarity is essential to global model accuracy
through experiments in Sec. V-D.

Identical and constant are two principles to guarantee the
accuracy of the global model. Considering that different layers
express different semantics, we introduce the well-established
principle that the unit importance needs to be global. Thus,
we design a constant, identical, and global (CIG-X) pruning
scheme, where X represents a method to calculate the global
importance of a unit which can be borrowed from deeply
studied network pruning works. The generation of pruning
order is as follows.

1) A unit importance metric X is selected, which is used
to compare units in all layers together (global-G).

2) At the first pruning round, each worker calculates the
unit importance in its model based on the importance
metric X, and sends unit importance to the server.

3) The server averages the unit importance received from
workers obtaining the unit importance in the global
model. All units are ranked in the ascending order of
importance to form the pruning order.
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Fig. 6. The investigation of the effects of three characteristics in distributed pruning on CIFAR100. The pruning rates of workers are pre-set as in Sec. V-D.
Sort-and-partition and dirichlet partition are two common Non-IID distribution partition ways and the s represents the degree of Non-IID, see Sec. V-A and

Sec. V-E for details.

4) The pruning order is sent to each worker (identical-I).
Each worker adopts the pruning order in each round
(constant-C).

CIG-X considers both unit importance and structural maxi-
mum similarity, and thus obtain higher accuracy.

IV. CONVERGENCE ANALYSIS OF FedPAGE

We analyze the convergence of FedPAGE in this section.
To facilitate the analysis, we first introduce some definitions,
then give assumptions and some simple lemmas.

A. Definition, Assumptions and Lemmas

We use 05:¢ ®mbe¢ to denote the remaining parameter after
0Le is pruned ml ¢ is a matrix with the same dimension as
Hije, containing only 0 and 1. 0 means pruning the parameter
at that position and 1 means keeping the parameter at that
p0s1t10n i1 is the mask obtained by swapping the 0 and
1 in mi~b ¢, That is, 0L¢ © mi, 1¢ represents the pruned
parameter.

In the following proof, we focus on pruning before aggre-
gation, i.e., 3 = 1.0. The proof is similar when ( is other
values. At round ¢ — 1, if the parameters of all workers are
pruned, the global aggregation can be described as

w
Oy =D (puly P O myF) (©)
w=1

Assumption 1: We assume the following for all w,t,e.

1) fu(0) is p-Lipschitz, i.e., || fu(0) = fu (0[] < pl|6—0"]|
for any 6,0'.

2) fuw(0) is L-smooth, i.e., |V f,(0) =V f,(6")| < L||6 —
0’| for any 6,6'.

3) Bounded Gradients,* i.e., E[||V f,(05)?] < o2

Assumption 2: We assume the following for all w,t.

1) The pruned parameters in round t are below the thresh-

old Kt41-

Lemma 1: F(0) is p-Lipschitz and L-smooth.

Proof of Lemma 1. Straightforwardly from the f,,(6)’s
assumption, Eq. (1), and triangle inequality.

Lemma 2: In a fully connected neural network using the
relu activation function, if all the relevant parameters of a
neuron are 0, the gradient of these parameters is also 0.

Proof of Lemma 2. The proof is in Appendix A-A, see the
Supplementary Material.

2Bounded gradients assumption is commonly used [51], [52], [53].

Remark 1: The operation of convolution can also be
achieved by matrix multiplication [49], so the above con-
clusion also holds for convolutional neural networks. In the
following, we assume that for f,,(0) the above conclusion
holds. Thus, we do not need to add mask to the gradient of
parameters obtained after structured pruning, i.e., V f,,(05¢®
my?) =V fu (0,5 ©mie) ©mys.

B. Convergence Proof

Theorem 1: Under Assumption I and Assumption 2, if n =
- and T > (EL)? T rounds yields the following bound*:

T
1Tfl )
T > EIIVE@)]?]
t=0
_Fy) - F(e7) . LBo®
=~ VTE — E2L (xf EL)

T-1

+ rp g o Bl = Gl

T-1

Z ;D)

3L¢

+\FE E2Z; 2(VTE — E2L)

where 0 = E Pu (057 1F © mi-bE), 0% :=arg min F(0),

and ¢ denotes the dimensionality of the initial parameter 90
Proof of Theorem 1. The proof is in Appendix A-B, see the
Supplementary Material.
In the right of the Eq. (7), the first two items go to zero as
T — oo. Note that pruning is only done a couple of times in
the early part of the training, so 6! = 6 and x; = 0 always

hold in almost all rounds. In the pruning round, Gt # 0! and
K+ # 0. However, since the group lasso penalty is apphed to
the weight value, the pruned weight is small, i.e., 0; || and
k¢ are small. So the last three terms also go to zero as 1" — oc.
Further, the left items of Eq. (7) go to zero as T" — oo, i.e.,
the algorithm converges. Our experiments also demonstrate the
convergence.

C. Convergence Discussion

We do some discussion of Theorem 1 here, including the
impact of P! and the comparions with other federated learning
methods.

3This convergence analysis method is commonly used [44], [51], [53].
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Introduction of P!. The pruning rate P is related with
mbe. When P! is introduced to the proof, we have

. F(0y) — F(6") LEg*
Nt
; IVE@)IF) < VTE — E2L +(\/T—EL)
T-1
2#\/;2L Z Cirs
3LC Tfl )
" SVTE - B°L) ; Ceri

where

w t—2
= Z pw(Pzi;_l H(l
w=1 =0
®)

Proof when introducing P . The proof is in Appendix A-C,
see the Supplementary Material.

The P!~! has an impact on C;. Given fixed previous
pruning rates P! i < t — 1, < T, a smaller P,~! leads
to a smaller C;. Consequently, the right-hand side of Eq. (8)
also becomes smaller, which implies that the upper bound of
the mean of the gradients of 7" rounds becomes lower. This
may mean that the algorithm converges faster with a smaller
pi1,

Comparison with FedAVG. In the classic FedAVG frame-

work, under Assumption 1, if = \%T and T > (EL)2, T
rounds yields the following:
F(0)) — F(6 LEo?
Tto \FE E?L  2(VT - EL)
©)

Proof of FedAVG. The proof is in Appendix A-C, see the
Supplementary Material.

Comparing Eq. (7) with Eq. (9), the last three items are due
to the involvement of pruning, and their values are positive.
Thus, the upper bound of the mean of the gradients of T
rounds becomes higher with the involvement of pruning.
This may mean that the involvement of pruning makes the
algorithm need more rounds to converge. However, the time
for each round is significantly reduced after pruning models.
From the perspective of convergence time, pruning speeds up
convergence.

Comparison with PruneFL and AFD. PruneFL [44] and
AFD [45] try to find the same optimal sub-model, i.e., the
pruning rate and pruning order are consistent between workers.

Under Assumption 1, if n = \%T and T > (EL)?, T rounds
yields the following:
— F(0)) — F(6 LnEo?
Z \VF ef H ] ( ) ( ) neLo
77TE(1 —nEL) (1 —nEL)

t=0

+ — t _ Nt
T TEQ —nEL) ; E[[165 — 0,1l
(10)

Proof of PruneFL and AFD. The proof is in Appendix A-C,
see the Supplementary Material.

Comparing Eq. (7), Eq. (9) and Eq. (10), the first two items
of Eq. (7) derive from the federated average training approach,
the third item from model pruning, and the last two items
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from the inconsistent pruning between workers. The upper
bound of the mean of the gradients of 7' rounds is higher
compared with the FedAVG and lower compared with the
FedPAGE. This may mean that the consistent pruning makes
the algorithm need fewer rounds to converge. However, incon-
sistent pruning can make full use of the worker’s capabilities
and achieve better performance.

V. EXPERIMENTS

In this section, we intend to answer the following questions.

1) The superiority of FedPAGE compared to other effi-
ciency improvement solutions, including local solutions,
global solutions and sub-model solutions as clarified in
Sec. II-B (Sec. V-B, V-C, V-D).

2) Extensive evaluation on larger number of workers and
diverse data heterogeneity settings (Sec. V-E).

3) The deep dive of the FedPAGE through ablation exper-
iments (Sec. V-F).

A. Experimental Settings

Datasets, models. We evaluate FedPAGE on CIFARIO,
CIFAR100 [54], Tiny-ImageNet* and MultiNLI (MNLI)
Matched.> We train a variation of VGG16 on CIFAR10 and
CIFARI100, as in [25], ResNet50 [55] on Tiny-ImageNet,
and BERT (bert-base-uncased) [56] on MNLI. CIFAR10 and
CIFAR100 consist of 50,000 training images and 10,000
validation images in 10 and 100 classes, respectively. Tiny-
ImageNet has 200 classes, and each class contains 500 training
images, 50 validation images. MNLI has three classes.

Baselines. We compare FedPAGE with 12 solutions for
efficiency improvement, including six local solutions (FedAVG
[1], FedRC [38], FetchSGD [16], FedGen [17]), two global
solutions (FedAsync [57], SSP [42]), and six sub-model solu-
tions (Taylor [29], FPGM [24], HRank [25], HeteroFL [6],
Helios [5], SplitMix [7]). We adopt the CIG-BNscalor for
VGG and ResNet, i.e., X is the Batch Normalization’s Scalor
(BNscalor) [23], [58]. Since Layer Normalization is used in
BERT, we adopt the CIG-HIS for BERT, i.e., X is the Head
Importance Score (HIS) [59].

Heterogeneous setting. The heterogeneity H is defined
based on the distribution of worker update time ¢,, as Eq.
(11). The definition ensures that H is between 0 and 1, and
the closer to 1 the higher the heterogeneity.

1 ow
T Z -
Assume ¢w = Min(¢1, .. .,gbw) (11)

Our experiments achieve heterogeneous computing capabil-
ities by making different workers run on different computing
chips, i.e., CPU or GPU, and heterogeneous transmission
capabilities by setting different bandwidths.

Non-IID setting. The Non-IID setting is reflected in the
uneven distribution of classes. Each worker has the same
amount of data but a different number for each class. Specifi-
cally, we partition the Non-IID dataset in the same way as [60],
[61], and [62]. We divide the (1-s%) of the IID dataset equally

H=1

4Tiny-ImageNet visual
imagenet.herokuapp.com
Shttps://gluebenchmark.com/tasks

recognition challenge, https://tiny-
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TABLE II
HYPERPARAMETERS IN THE EXPERIMENTS

Datasets Hyperparameters

W=10, T=150, E=2, batchSize=64, PI=10

CIFAR optimizer=SGD, Ir=0.01, weight decay=5¢-4,

W=10, T'=350, E=1, batchSize=64, PI=10

Tiny-ImageNet optimizer=SGD, 1r=0.1, weight decay=5e-4

W=3, T=50, £=0.04, batchSize=32, PI=3

MNLI optimizer=Adam, Ir=2e-5, weight decay=0.01

to each worker, and the remaining s% of the IID dataset is
sorted by the label and divided sequentially to each worker.
We call the partition sort-and-partition scheme.

Configurations. We build FedPAGE using PyTorch. The
CPUs and GPUs used in experiments are Intel E5-2699 v4
and NVIDIA V100, respectively. The general hyperparameters
in the experiments, and the changed hyperparameters are
specified in the corresponding sections. In our experiments,
6=1.0, Ymin=0.1, pmin=0.2, prma-=0.5. We adopt the same
method in [40] to set sparse coefficient A\ by sparsification
strength. Sparsification strength is set to 0.9 for CIFARI1O0,
IID CIFAR100 and 0.1 for the others. The model weight p,,
of worker w when aggregating models is the proportion of
worker data amount to total data amount. The rest shared
hyperparameters are presented in Tab. II.

The training of the BERT model follows a triangular learn-
ing rate schedule with a warmup ratio of 0.1, a peak learning
rate of 2e-5, and a final learning rate of 1.5e-5. For VGG,
we do not prune the last fully connected layer. For ResNet,
we do not prune the first convolutional layer and the last layer
of each residual block. For BERT, we prune the multi-head
attention layer and the intermediate layers.

B. Comparison With Local Solutions

Local efficiency improvement solutions focus on speedup
the overall transmission or training time. In experiments,
we put five workers on the CPU and the remaining five on the
GPU. And the ten workers are set different bandwidths. So we
achieve heterogeneous initial update time for all workers,
even if some run on the same computing chip (see detailed
heterogeneity setting in Appendix C, see the Supplementary
Material. We report the speedup ratio of the total time com-
pared to FedAVG and the corresponding accuracy.

For FedRC, we enable the algorithm to vary the number
of local epochs per round to achieve different speedups by
setting different total time limits. For FetchSGD, we achieve
different speedups by setting the size of the sketch data
structure. FedGen cannot adjust the speedup, but it can

1 2 3 3 1 2
Speedup

3 4 5
Speedup

(d) MNLI, Non-IID (s=80)

Comparison with local efficiency improvement solutions on multiple datasets.

speed up the optimization process, i.e., achieve the same
accuracy with fewer rounds. So we report the corresponding
time and accuracy at different rounds in the figure. For
FedPAGE, we adjust the minimum retention ratio 7,,;,, the
maximum pruning rate p,,q., and the pruned interval PI to
achieve different speedups. A larger v,,in, smaller p,,q, and
larger PI both can bring a higher accuracy and a longer
total time. More details about the parameters balancing the
speedup and accuracy are deferred to Sec. V-F. The suffix
_S represents the use of the sparse training approach men-
tioned above. We found that sparse training has no gain
for FetchSGD in experiments, so we did not use it for
FetchSGD.

CIFAR. For CIFAR, we set a heterogeneous environment
where H = 0.82 according to defined heterogeneity. The
results of VGG16 on CIFAR10 and CIFAR 100 are presented
in Fig. 7. As we can see, FedPAGE outperforms all baselines,
achieving the highest accuracy on all speedup ratios.

For CIFAR10 (Fig. 7a), all methods can achieve accu-
racy improvement compared to FedAVG at lower speedups.
Although FedGen achieves the highest accuracy, it consumes
more time compared to FedAVG, i.e., the speedup ratio is less
than 1. The high accuracy may be related to the knowledge
distillation within FedGen. The leftmost point in the FedPAGE
line shows the result of performing sparse training but no prun-
ing. After moderate pruning, the accuracy of FedPAGE has
some improvement compared to the accuracy without pruning.
The improvement probably has to do with the fact that the
pruned parameters are treated as zero in the aggregation, and
most of them are optimized toward zero as well. So pruning
accelerates the optimization of most of the pruned parameters
which is similar to the conclusion of [46]. As the speedup
ratio increases, the accuracies of baselines start to drop sig-
nificantly. The speedup ratio of FetchSGD is constrained by
its inability to decrease the training time, which dominates the
total time, despite its reduction of the transmission time. For
FedRC and FedGen, their accuracies drop by 12% and 20%,
respectively, compared to their accuracies at the minimum
speedup ratio. FedPAGE can do about 6x speedup with a
slight drop in accuracy compared with the minimum speedup
ratio.

As we can see from Fig. 7b, the accuracies of the baselines
do not improve significantly compared to FedAVG, and the
speedups they can achieve while maintaining accuracy are
pretty low. For FedRC and FedGen, their accuracies drop by
14% and 8%, respectively, compared to their accuracies at
the minimum speedup ratio. This is related to the increase
in the difficulty of the task, i.e., from a 10-way classification
task to a 100-way classification task. In comparison, FedPAGE
still maintains a better performance. FedPAGE achieves the
highest accuracy and the accuracy drops by only about 1% at
a speedup ratio of about 5.
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Fig. 8. Comparison of update time composition in a single round. The four
bars represent four workers with heterogeneous abilities.

Tiny-ImageNet. For Tiny-ImageNet, we set a heteroge-
neous environment where H = 0.58. The results of ResNet50
on Tiny-ImageNet are presented in Fig. 7c. As the task’s
difficulty increased again (from a 100-way classification task
to a 200-way classification task), FedPAGE still shows high
overall performance, exhibiting its robustness. FedRC and
FedGen still have a significant drop in accuracy when the
speedup ratio increases, -13% and -8%, respectively. The
accuracy of FetchSGD is low, and we infer that the Non-IID
ImageNet task is too difficult for it. FedPAGE has a drop in
accuracy, e.g., -3% with 3.6x, -6% with 4.2x.

MNLI. Since there are only three data classes in the
MNLI dataset, we set the number of workers W =3 in the
experiment, with one worker running on CPU and the rest
on GPU. We set a heterogeneous environment where H =~
0.8. Since the training is performed on a pre-trained model,
all methods quickly achieve high accuracy, so we report the
results for different rounds of a single experiment. As we
can see from Fig. 7d, all methods achieve good performance.
However, the accuracy drop is more notable compared with the
previous experiments. We consider that the reason is related to
the structure of the pre-trained BERT model. We will conduct
further research on the pruning and aggregation of the BERT
model.

Internal comparison. We show the update time com-
position of FedAVG, FetchSGD and FedPAGE in Fig. 8.
The worker’s update time per round includes both model
transmission time and training time. The four bars represent
four workers with heterogeneous abilities which is illustrated
by that the bars of their transmission time and training time
are different. The gray bar actually represents the time of each
round, and its height is determined by the slowest worker (the
straggler), i.e., the worker with the highest bar. In Fig. 8, the
transmission times of FetchSGD are significantly decreased for
all four workers, but the training times remain unchanged com-
pared with FedAVG. Because FetchSGD and similar methods
aiming to reduce the transmission overhead can only reduce
the transmission time, not the training time. The speedup that
can be achieved is bounded when the worker’s training time
occupies a certain percentage in the initial update time. As we
can see, the speedup ratio of FetchSGD is only about 1.3.
We also observe that the transmission time reduction ratio is
the same for all workers. This indicates that FetchSGD ignores
the heterogeneous abilities of workers. In contrast, FedPAGE
provides different size networks to each worker by network
pruning, which reduces both transmission time and training
time differently. Meanwhile, the update time of all workers
is converging to the fastest worker. As shown in Fig. 8, the
second worker on the right of FedPAGE has converged to the
fastest worker (the leftmost worker).
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TABLE III

COMPARISON WITH GLOBAL EFFICIENCY IMPROVEMENT
BASELINES (CIFAR10 AND CIFAR100)

Dataset Approaches 1ID(s=0) Non-TID(5=80)

Acc(%)  Time(min) Acc(%) Time(min)

FedAVG 84.91 270.77 72.06 271.28

FedAVG_S 87.18 279.37 79.60 279.86

CIFARIO g jasync. S 8170 26472 69.93  203.40

SSP_S 85.61 273.08 75.45 282.48

FedPAGE (Ours) 87.35 171.80 80.90 157.58

FedAVG 55.80 270.40 51.26 271.53

FedAVG_S 61.65 280.67 51.67 280.63

CIFAR100 FedAsync_S 50.67 211.22 42.98 202.44

SSP_S 60.66 283.27 50.60 285.03

FedPAGE (Ours)  62.17 152.45 51.85 154.32

C. Comparison With Global Solutions

Global solutions focus on the heterogeneous environments,
and try to mitigate the straggler issue from synchronization
policy. FedAsync_S [57] is an asynchronous FedAVG using
the sparse training approach, where the aggregation weights
for the local and global models are set in a polynomial
way, and the hyperparameter a is set to 0.5. The aggregation
coefficient in SSP [42] is set to 1/W. The threshold s in
SSP is set to 2, 4, and 8, respectively, and we chose the
best result as the result of SSP. For FedAsync and SSP, each
worker runs T rounds, resulting in W x T' aggregations, and
we report the best accuracy of W x T' aggregations and the
corresponding finished time for that round. We put ten workers
all on the GPU, and set the bandwidth of workers differently
to achieve needed heterogeneity (see detailed heterogeneity
setting in Appendix C, see the Supplementary Material. The
heterogeneity H ~ 0.32.

The results of VGG16 on CIFARIO and CIFAR 100 are
presented in Tab. III. Two asynchronous baselines, FedAsync
and SSP have a shorter overall time but lower accuracy
compared with FedAVG_S. The lower accuracy of FedAsync
and SSP is caused by the gradient staleness issue, which is
common in asynchronous ways. The staleness issue is that the
model trained at the slowest worker is many rounds behind
the latest global model, and the updates obtained from the
slowest worker may damage the latest global model or even
lead to the dilemma of non-convergence [63]. As we can see,
the impact of gradient staleness increases gradually with the
difficulty of the task (from CIFAR10 to CIFAR100), the degree
of data Non-IID (from IID to Non-IID). We note that the
overall time of SSP in some cases also increases, which is
because the server needs to do more aggregations, i.e., W T
aggregations. If the server is busy, the worker must wait longer
for the new global model after committing the updated model.
In contrast, FedPAGE has higher accuracy and shorter overall
time compared with all baselines. FedPAGE still adopts the
synchronous way, and thus does not have the gradient staleness
issue. The reason for accuracy improvement has been analyzed
in Sec. V-C. Meanwhile, FedPAGE shortens the overall time
by making workers train adaptive models.

D. Comparison With Sub-Model Solutions

Sub-model solutions introduce sub-models of different
sizes. Since these works all assume that the worker capabilities
are known, for a fair comparison, we set the pruning rate
per worker per round before the experiment (see detailed
heterogeneity setting in Appendix C, see the Supplementary
Material. Thus, each approach assigns sub-model of the same
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TABLE IV

COMPARISON WITH SUB-MODEL SOLUTIONS (CIFAR100). THE
PRUNING SCHEME CIG_X USED IN FedPAGE 1S CIG_BNscalor HERE.
sim IS THE SUB-MODEL SIMILARITY OF TWO WORKERS WITH
THE SAME PRUNING RATE (E.G., WORKER 4 AND WORKER 6 IN
THE FIGURE OF APPENDIX C, SEE THE SUPPLEMENTARY
MATERIAL) AS DEFINED IN EQ. (12)

Approaches ID(s5=0) Non-IID(s=80)
Acc(%)  sim(%)  Acc(%)  sim(%)
Taylor [29] 57.06 98.36 49.08 98.11
HRank [25] 54.17 7727 45.03 64.46
FPGM [24] 57.45 99.88 49.38 99.94
Helios [5] 53.33 34.60 40.99 34.04
HeteroFL [6] 56.43 100 49.28 100
SplitMix [7] 53.24 - 50.08 -
FedPAGE (Ours)  59.53 100 50.11 100

size to a certain worker per round, and the difference between
baselines lies in how the sub-model is obtained. We can
assume that all approaches have the same update time per
round, so we only compare the accuracy.

For Taylor, FPGM, HRank, HeteroFL and Helios, workers
obtain their sub-models individually according to the pruning
importance defined by themselves. Other settings are the same
as FedPAGE. Note that Taylor, FPGM, and HRank are just the
stand-alone works of network pruning, and they are applied
directly into our framework for comparison. In addition,
for Helios, we followed its training approach, i.e., workers
reassemble units from the global model to construct their
sub-models individually at each round. In Helios, 95% remain-
ing units are selected randomly. For SplitMix, the size of the
atomic models is x0.125, i.e., the model’s units per layer are
12.5% of those in the base model. We decide the number
of atomic models based on the model retention rate. For
example, when the model retention ratio of a worker is 0.26,
we randomly select two of the eight atomic models and send
them to the worker for training. Meanwhile, we define the
similarity of two sub-models as in Eq. (12) to help understand
the results.

Definition 1: Given sub-model I, of worker w’ at round t,
the similarity of two workers’ (wlz w2) subt-models is:

. 1 |Iw1[n] me2[n]|
stm = — —_— 12
¥ L Tl 2
where I [n] is the units set of nth layer. N is the number of
layers. |I% 1 [n] U It ,[n]| gets the size of the set.

We show the results on the CIFAR100 dataset in Tab. IV.
FedPAGE achieves the highest accuracy in both the IID and
Non-IID cases. SplitMix shows average performance in IID
case, but performs well in Non-IID case. This is related to the
fact that the atomic models in it can access all data distribu-
tions. And we note that there is a strong correlation between
accuracy and sub-model structural similarity. Both HeteroFL
and FedPAGE guarantee the identical and constant, i.e., have
the maximum similarity. But FedPAGE has the advantage that
the pruning order takes into account the unit importance. The
remaining sub-model similarity of FPGM is slightly higher
than that of Taylor, and its accuracy is also slightly higher
than that of Taylor. The similarity of HRank is relatively
low compared to the above methods, and its accuracy is also
relatively low. Helios randomly selects a large percentage of
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units each round, so its remaining sub-models have the lowest
similarity. Correspondingly, Helios has the lowest accuracy.
Therefore, this again demonstrates that structural similarity
between sub-models is the key to distributed pruning, and
identical and constant ensure maximum similarity between
sub-models.

E. Evaluation Under Extensive Settings

In this section, we evaluate the performance of FedPAGE
under extensive settings. We extend the number of workers to
100 and introduce two new realistic data heterogeneity settings
for evaluation, i.e., dirichlet distribution partition scheme and
cross domains heterogeneity.

Dirichlet distribution partition scheme. We follow the
Non-IID partition as in [64], [65], [66]. For each class ¢, p ¢
proportion of the instances is allocated to the worker w, where
Pw,c ~ Dir(s). When s approaches infinity, each class is more
evenly distributed on each worker. Conversely, as s approaches
zero, the distribution gets more skewed. We set s = 0.1 and
s = 0.8 in experiments. We visualize two data heterogeneity
(Non-IID) settings in Appendix B, see the Supplementary
Material.

Cross domains heterogeneity. We introduce another data
heterogeneity here, i.e., the datasets are collected from differ-
ent domains. We adopt a subset of Digits dataset, a benchmark
for domain adaption [67] as in [7]. Digits also serves as
a commonly used benchmark for FL [7], [39], [68]. The
dataset is from five domains: MNIST [69] (handwritten dig-
its), SVHN [70] (cropped from pictures of house number
plates), USPS [71] (scanned from envelopes), SynthDigits [72]
(generated from Windows fonts), MNIST-M [72] (difference-
blended digits over non-uniform background). Each domain
has 7438 training images. Similar to the partition in [7],
each domain of Digits is split into 20 workers, and therefore
100 workers in total. In this way, each worker has samples for
only one domain.

We set the number of workers W = 100, and the sparsifi-
cation strength is set to 0.9. The other settings are the same as
in Tab. II. The baselines here are the sub-model solutions that
are closer to our framework. Due to the poor performance of
HRank and Helios, we do not choose them as a baseline here.
The heterogeneity setting is similar to Sec. V-D (see detailed
heterogeneity setting in Appendix C, see the Supplementary
Material. In addition, we also introduce the standard FedAVG
for comparison. Note that the models in FedAVG are not
pruned.

Non-IID settings. We set local epoch FZ = 5, update rounds
T = 600 for s = 80, and T' = 300 for other settings.
As presented in the Tab. V, FedPAGE achieves the best overall
performance. FedPAGE achieves the highest accuracy under
moderate heterogeneity, and has a relatively large gap (1.15%
in s = 0 and 1.57% in s = 0.8) with the second-place
approach. When the heterogeneity increases, FedPAGE has a
small gap (0.18% in s = 0.1) with the second-place approach
SplitMix. This may be related to the fact that the atomic
models in SplitMix can access all data distributions. Thus, the
benefit is more prominent when the data distribution between
workers is more different. However, when the heterogeneity
continues to increase (s = 80), the accuracy gap between
SplitMix and FedPAGE widens again. This indicates FedPAGE
is also well suited to highly heterogeneous environments.
FedAVG performs the worst in all settings, especially when
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TABLE V

COMPARISON WITH BASELINES ON MULTIPLE NON-IID SETTINGS
WITH 100 WORKERS (CIFAR100). THE PRUNING SCHEME CIG_X
USED IN FedPAGE 1s CIG_BNscalor HERE

Sort-and-partition Dirichlet partition

Approaches
s=0 s=80 s5=08 s=0.1
FedAVG [1] 45.92 26.41 46.35 44.14
Taylor [29] 47.07 32.79 46.69 44.88
FPGM [24] 47.97 35 46.97 45.99
HeteroFL [6] 47.96 34.98 48.46 46.11
SplitMix [7] 47.64 34.93 47.52 47.03
FedPAGE (Ours)  49.12 36.99 50.03 47.21
0.9
0.8
0.7
§0.6
g 0.5 FedAVG
< 0.4 Taylor
—— FPGM
0.3 —— HeteroFL
02 —— SplitMix
: —— FedPAGE

0 25 50 75 100 125 150 175 200

Round

Fig. 9. Accuracy of different rounds on the digits dataset.

the degree of worker heterogeneity increases. For example,
when s = 80, its accuracy is 10% lower than that of
FedPAGE. We speculate that this may be related to the ability
of sub-models to learn more refined knowledge.

Cross domains settings. We set local epoch E = 2, update
rounds 7" = 200. As illustrated in Fig. 9, emFedPAGE, Taylor,
FPGM, and HeteroFL have similar performance, and have
higher accuracy compared with FedAVG and SplitMix. This
indicates that FedPAGE is also applicable to cross domains
data heterogeneity. FedAVG converges the fastest, which is
consistent with our theoretical analysis in Sec. IV-C. SplitMix
converges the slowest, and eventually reaches the same accu-
racy as FedAVG. Since SplitMix does not prune model, but
changes the number of atomic models, the accuracy curve is
relatively smooth, and there is no sudden drop in accuracy like
FedPAGE.

F. Deep Dive of FedPAGE

In this section, we show more details about the Fed-
PAGE, including the performance of the pruning rate learning
approach, the impact of pruning position, model aggregating
approach, speedup adjusting parameters and compatibility with
local solutions (see heterogeneity settings in Appendix C, see
the Supplementary Material).

Pruning rate learning approach. We selected six workers
to show their average update time during the first four pruning
intervals, as shown in Fig. 10a. As training proceeds, the
pruning rate learning approach assigns an adaptive pruning rate
to each worker, and the update time of all workers gradually
tends to the fastest worker. Meanwhile, the heterogeneity of
update time between workers rapidly decreases. There are no
more stragglers in the system by internal adjusting, and the
system’s efficiency increases dramatically. We show multiple
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Comparison of different pruning positions and model aggregation

cases of initial heterogeneity in Fig. 10b. In FedPAGE,
the heterogeneity of update time between workers rapidly
decreases and stabilizes quickly regardless of the initial degree
of heterogeneity. This reflects that our pruning rate learning
approach can dynamically give an adaptive pruning rate to
make the worker update time converge to the minimum update
time.

Impact of pruning position and model aggregating. For
a fair comparison, we set the pruning rate per worker per
round before the experiment. We report the performance under
different pruning positions and model aggregation approaches
in Fig. 11. The smaller the [, the accuracy drop is smaller
after each pruning. When 8 = 1.0, since no local fine-tune is
done after local pruning, accuracy dropped sharply at first but
recovered quickly later. Overall, the pruning position has little
effect on accuracy. Under the IID setting (Fig. 11a), when
By-unit is used for model aggregation, the model does not
have a drop in accuracy after pruning. The accuracy continues
to rise after pruning but soon stops rising. However, accuracy
no longer rises after pruning and stays at a low value under
the Non-IID setting (Fig. 11b). In our opinion, By-unit treats
the pruned weights (those weights are pruned due to extremely
low values) as the mean of the unpruned weights of the other
local models at the corresponding location. Thus the global
model no longer reflects the information from local models.

Impact of adjusting parameters. Here, we analyze the
impact of the main adjusting parameters inside FedPAGE on
performance, i.e., maximum pruning rate p,,,, and minimum
retention ratio “n,. Fig. 12 reports the performance of
accuracy and speedup on the CIFAR100 dataset under different
adjusting parameters, taking FedAVG_S as a comparison.

For maximum pruning rate p,,q, (Fig. 12a), the model
achieves better accuracy when pj,., is smaller, but more
rounds are required for the pruning, causing the overall time to
rise (e.g., -0.4% with 3.62x when p,;,q = 0.2 vs. -3.51% with
5.88x when p,,q; = 0.6, Non-IID). For minimum retention
ratio v,,in, (Fig. 12b), the model achieves better accuracy when
Ymin 1S bigger, but more parameters are left behind resulting
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Fig. 12. Performance of FedPAGE on CIFAR100 comparing to FedAVG_S
under different adjusting parameters (H=0.87).

TABLE VI

FEDPAGE+DGC (CIFAR10, NON-IID, s=80). SPARSITY
REPRESENTS THE RATIO OF UNCOMMITTED WEIGHTS

Sparsity  Acc(%)  Transmission Amount
0.00 80.90% 52.20%
0.70 81.49% 35.55%
0.90 81.95% 12.50%
0.99 79.55% 2.13%

in higher overall time (e.g., -4.9% with 6.01x when 5, =
0.1 vs. 0.35% with 2.32x when v,,;, = 0.5, IID). As we can
see from the results above, the adjusting parameters allow us to
do a trade-off between accuracy and speedup. When accuracy
is more of a concern, a low maximum pruning rate as well as
a high minimum retention ratio can be set, and vice versa.

Compatibility with Local Solutions. FedPAGE is orthog-
onal to local solutions, e.g., we can introduce the gradient
quantization or the optimization way of FedGen to achieve
further speedup.

We show an example of the combination with DGC [36]
here. DGC reduces the transmission overhead by committing
only some of the essential gradients, and the uncommitted
gradients are accumulated locally until a certain threshold
is reached. We use DGC to compress weights after pruning
and report the FedPAGE+DGC results in Tab. VI. When
not combined with DGC, i.e., sparsity is 0.0, the transmis-
sion amount is already 52.2% of parameters transmitted in
FedAVG. When sparsity is 0.9, the accuracy is highest and
the transmission amount is further reduced to 12.5%. And we
note that when only 2.13% parameters are transmitted, the
accuracy is also acceptable. In conclusion, FedPAGE+DGC
can further reduce the amount of transmission and bring an
accuracy improvement.

VI. DISCUSSION

Addressable Market Analysis. FedPAGE can improve the
training speed of federated learning while maintaining accu-
racy, which is applicable to most federated learning scenarios
and extremely beneficial for some scenarios. For example,
in the situation where data is constantly generated, such as
industrial internet of things scenario, FedPAGE enables fast
mining of the value of the latest data in a timely manner.
In the situation where workers can only participate in training
for a short time, such as phones are allowed to participate
in training only when idle, FedPAGE can efficiently utilize
phones’ data.

Limitations. (i) When the gap between worker capabilities
is too large, the speedup ratio that FedPAGE can achieve is
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limited. Because in order to ensure accuracy, the set minimum
model retention ratio will limit the model size of the slow
worker, and the update time of the slow worker is difficult to
converge to that of the fastest worker, i.e., its update time
may still be relatively long. However, compared with the
FedAVG, our method can still guarantee a certain speedup
ratio. (ii) When the worker capabilities fluctuate greatly, our
pruning rate learning algorithm cannot model the worker
capabilities well. For example, when multiple other tasks
occupy the CPU and memory of the worker at the same time,
the training capability of worker will fluctuate greatly. When
other tasks that occupy bandwidth or the worker is in motion,
the transmission capability of the worker will fluctuate greatly.
However, the collaborating parties usually establish a relatively
stable collaboration environment, e.g., Google lets phone join
the collaboration when the phone is idle and connected to
WIFI [48]. When the worker capabilities change periodically,
we can extend our method to achieve local model expansion
or contraction.

VII. CONCLUSION

In this paper, we propose a novel and efficient federated
learning framework named FedPAGE, which generates an
adaptive sparse sub-model dynamically from the global base
model for each worker based on its capability. By equipping
capability-different workers with adaptive size sub-models,
all workers commit model updates near-synchronously, thus
avoiding the straggler issue. We discuss in detail model
training, pruning, and aggregation in the framework and the
design of the dynamic pruning rate learning approach. In addi-
tion, we give the convergence proof for FedPAGE. Extensive
experiments on various models and datasets demonstrate the
efficiency of FedPAGE. In the future, we will do more the-
oretical research on distributed adaptive pruning and explore
more efficient and precise pruning approaches adapting to the
dynamic heterogeneous environment.
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