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Abstract—Federated Learning (FL) is a novel distributed
learning paradigm which can coordinate multiple clients to
jointly train a machine learning model by using their local data
samples. Existing FL. works can be roughly divided into two
categories according to the modes of model training: Parallel FL
(PFL) and Sequential FL (SFL). PFL can speed up each round of
model training time through parallel training, but it might suffer
from the convergence degradation when facing the heterogeneity
issue. SFL can deal with the heterogeneity issue well to reduce the
number of training rounds, but it will spend more time in each
round of local model training due to the sequential mode. In this
paper, we propose a novel hybrid Parallel-Sequential Federated
Learning (PSFL) framework by integrating the parallel and
sequence training modes together. We derive the upper bounds
of the model convergence and the expected total training time
for the PSFL framework through theoretical analysis. Based on
the results, we find out the optimal training structure and design
a client sampling strategy, which can balance the two training
modes and guarantee the unbiasedness. Extensive experiments
validate our theoretical analysis and demonstrate the significant
performance of the PSFL framework.

Index Terms—Sequential Federated Learning, Heterogeneity,
Client Sampling.

I. INTRODUCTION

In recent years, Federated Learning (FL) [1] has emerged as
a novel distributed learning paradigm that enables the training
of machine learning models across multiple devices (a.k.a.,
clients) holding local data samples. FL. addresses the critical
issues of data security by keeping the raw data localized
and aggregating the local models under the coordination of a
central server. Many works have been devoted to investigating
different FL issues, such as heterogeneity [2]-[15], communi-
cation [16]-[18], security [19]-[24], and so on.

Existing FL. works can be roughly divided into two cat-
egories according to the modes of model training: Parallel
FL (PFL) and Sequential FL (SFL) [25]. In the PFL mode,
clients train local models in parallel before aggregating them
to produce the global model, e.g., the well-known FedAvg
algorithm [1] and its diverse variants. Many techniques are
adopted to deal with the convergence degradation of model
training incurred by heterogeneous clients, such as adaptive
client or data sampling [4]-[8], grouped aggregation [9]-
[13], configuration parameter tuning [14]-[17], etc. In the
SFL mode, clients train and aggregate their local models in
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Fig. 1. An example of FL with different training modes: (a). a standard FL
setting where clients train models in a parallel manner; (b). the sequential
FL setting where clients train models in a sequential manner; (c). a hybrid
parallel-sequential FL framework where clients train models in both parallel
and sequential manners.

sequence. Such mode naturally has the ability to solve the
heterogeneity issue, especially for small datasets training [26].

The PFL and SFL modes exhibit two opposing characteris-
tics when facing the heterogeneity issue. PFL can speed up
each round of model training time while SFL can reduce
the number of training rounds. Fig. 1 illustrates a typical
heterogeneous FL example with different training modes (the
detailed settings of FL are described inSec. VI), in which PFL
requires about four times as many training rounds as SFL
to achieve the same accuracy. Conversely, the single-round
training time of SFL is more than four times that of PFL. Both
training modes exhibit their extremes that are not conducive
to achieving the goal of minimizing total training time. To
fill the gap between PFL and SFL, we propose a novel hybrid
Parallel-Sequential Federated Learning (PSFL) framework that
adopts parallel and sequential training simultaneously: clients
are grouped into multiple sequences for model training and all
sequences conduct model training tasks in parallel, as shown in
Fig. 1.(c). Actually, there are two crucial challenges to design
an efficient PSFL framework.

First, there is a trade-off between parallel and sequential
training for PSFL to minimize the total training time. Specif-
ically, increasing the size of each training sequence (i.e., the
number of clients in the sequence) can reduce the number
of training rounds to make model convergence, but it will



also increase the training time per round due to the sequential
training mode. On the contrary, decreasing the size of each
training sequence will reduce the training time per round,
but it will also increase the heterogeneity of parallel training,
so that more training rounds are required to make model
convergence. Then, the first challenge is how to balance the
trade-off between parallel and sequential training so that PSFL
can minimize the total training time.

Second, PSFL needs to schedule clients onto different
training sequences by dynamically sampling partial clients for
each training round. Due to the heterogeneous capabilities
of clients in terms of computation and communication, the
scheduling issue can be transformed into a variant of the
multi-machine scheduling problem [27], where each sequence
acts as a “machine” and each client as a specific “job” to
be scheduled. However, most existing approaches, which will
schedule clients to various sequences based on their training
time, might result in biased sampling probabilities. That is, the
datasets of sampled clients might fail to accurately represent
those of all clients [28], making the trained model deviate
from the optimization objective. Thus, the second challenge is
how to develop a novel client sampling strategy that minimizes
training time while ensuring unbiasedness.

To address the above challenges, we formulate an optimiza-
tion problem of minimizing the expected total training time for
PSFL, taking into consideration the trade-off between parallel
and sequential training as well as unbiased client sampling.
Then, we derive a convergence upper bound and a closed
formula about the upper bound of the expected total training
time through theoretical analysis, whereby the problem is
converted into a non-convex integer optimization problem to
be solved. Finally, we design a training time-based partitioning
and sampling strategy to guarantee the unbiasedness of client
sampling. The major contributions are summarized as follows:

e We propose a novel hybrid PSFL framework by inte-
grating the parallel and sequential model training modes
together, which can speed up the convergence of model
training in heterogeneous scenarios.

o We conduct a rigorous theoretical analysis to derive the
upper bounds of the model convergence and the expected
total training time for the PSFL framework, based on
which we turn the balance issue between parallel and
sequential training to a non-convex integer optimization
problem to be solved.

o We design a time-based partitioning and sampling strat-
egy for the PSFL framework, which can guarantee the
unbiasedness of client sampling.

« We conduct extensive simulations to verify the theoretical
analysis results and demonstrate the significant perfor-
mance of the PSFL framework.

II. RELATED WORKS

We review the related works from the following aspects:

Parallel Federated Learning (PFL): PFL, represented by
the predominant and standard FedAvg [1], faces system and
statistical heterogeneity challenges. Statistical heterogeneity
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Fig. 2. Illustration of a PSFL training round with system heterogeneity.

complicates model convergence, while the waiting time caused
by system heterogeneity hampers training speed. A large
number of works have been proposed to solve statistical
heterogeneity, such as meta-learning [29], multi-task learning
[30], knowledge distillation [31], regularization [32], and so
on. To tackle system heterogeneity, researchers have explored
solutions such as client sampling [4]-[6], adaptive training
rounds [14], compression [16]-[18], [33], [34], and joint meth-
ods [35]. Additionally, some research efforts have explored
alternative training topology, such as clustered FL [9]-[12],
hierarchical FL [13], [36]-[40], and decentralized FL [41]-
[45]. Although diverse model training designs are adopted in
these works, all of them are still based on the parallel training
mode or its variants.

Sequential Federated Learning (SFL): SFL is a new
paradigm of federated learning, which demonstrates advan-
tages on training speed (in terms of training rounds) both
empirically [26], [46]-[49] and theoretically [25]. Kamp et
al. in [26] enhanced model performance on small datasets by
periodically redistributing local models across clients through
the server. Zaccone et al. proposed an algorithm in [46]
to enable sequential training of subgroups of heterogeneous
clients. Lee et al. introduced a ring-based architecture for
model training in [47]. Overall, none of these works takes
the parallel and sequential training modes into consideration
simultaneously, unlike our PSFL framework.

III. FRAMEWORK AND PROBLEM FORMULATION
A. The PSFL Framework

We consider a typical FL system, consisting of a server
and a crowd of clients, indexed by N' = {1,2,..., N}. Each
client n € N holds its local dataset D,, = {g;}ﬁ’;', where
& denotes a data sample from D,,, and |D,,| is the number
of samples. We define f(x;¢) as a loss function to measure
how well a machine learning model x performs on the data
sample ¢. The local loss function of client n is defined as
F(x) £ Ecop, [f(x;€)]. The global loss function is a linear
combination of the local loss functions of all NV clients, and
the goal of FL is to train an optimal model x* with minimum
global loss function [25], [50], i.e.,

x* 2 arg m)jn F(x) 2 arg m}in % Z:le Fr(x). (1)

Different from traditional FL systems, we propose the PSFL
framework, structured with multiple parallel sequences. As



shown in Fig. 2, several clients form a sequence, in which
the local model trained by each client is transmitted to the
next client. Multiple sequences are trained in parallel and the
local models of each sequence are finally aggregated together
to form a global model. Before the detailed training process,
we first define a concept of training structure for the PSFL
framework as follows.

Definition 1 (Training Structure). The training structure of
PSFL is described as a 2-tuple A= (W, {Sy }wew), where
W ={1,2,...,w,...} represents a set of sequences, and
W = |W)| is called the parallel width. Each sequence w € W
comprises a set of clients with a cardinality of S, called
the sequence length. Meanwhile, we let S denote the longest
sequence length, i.e., S = max,,cw{Sy}-

We consider the whole FL process consisting of R rounds,
and let r € {0,1,2,..., R—1} indicate the rounds. Before the
training process, the set of clients participating in round 7 is
randomly sampled without replacement from the client set AV,
denoted as HE:) ={r{’, 73, ..., 75, twew, with respect to the
training structure A. Here, 7,2 is the index of the m-th sampled
client in the w-th sequence. The m-th trained local model
in the w-th sequence during round r is denoted by xq(f;,)m.
At the beginning of round r, the server distributes the global
model X(") to the first client in each sequence for initialization,
setting Xg,)o =x(") for all w € W. Subsequently, the sequences
are then trained in parallel, and the clients of each sequence
are trained sequentially. The local models in sequence w are

updated using Stochastic Gradient Descent (SGD) as follows:
(r) — X("”) (r) (2)
(r) a

X’LU,’m w,m—1 " ngrr;va
where 7) is the learning rate, and g,» = Vf (x(u:" )m71§ §rw)
denotes the stochastic gradient of Fr» with respect to the pa-
rameter vector xg’)mfl and the sample &, . After receiving all
local models uploaded by all sequences, the server aggregates

these local models to update the global model, i.e.,

_(r 1 .
K = D e XS 3

Here, we use the basic method of global aggregation. Actually,
our PSFL framework can be easily extended to incorporate
other variant algorithms of the PFL framework.

me{1,2,...,Su},

B. Problem Formulation

In the above model, we primarily consider two types of
heterogeneity: i) statistical heterogeneity: the training data
are distributed in an unbalanced and non-iid fashion among
clients; ii) system heterogeneity: clients exhibit heterogeneous
capabilities in both computing and communication. Let tgf ) be
the training time for client n in round r, which encompasses
both local model computation time and the time taken to
transmit the trained model to the next client or server. For
simplicity, we assume that the training time tg) follows an
unknown distribution with a mean value ¢,,, and the average
expected training time is denoted by = % Zf:[:l t,. Conse-
quently, the total training time for a sequence w is calculated

as Zi’“’:l tgri% Due to the synchronization barrier, the total

time for a training round is formulated as follows:
(rn _ Sw )
Tyt = MaXwew Zm:l tﬂun. (@)
Our goal is to determine a client sampling strategy Il 4 =
{Hx)}f:_()l based on a training structure A4, so as to mini-

mize the expected total training time E[>7" ! Tt(;)al], while
ensuring that the expected global loss E[F (X(Rg))] converges to
the optimal value F(x*) with an ¢ precision, with (") being
the aggregated global model after R rounds. Considering that
partial client participation has more practical interest than full
client participation [2], we also restrict the number of clients
sampled in each round. Therefore, the optimization problem

can be formulated as follows:

R-1__(.
PL: min ]E[ZT . T, S)
st. E[FE™)) - F(x") <e, (6)
> S, < N. (7
weW

Here, the expectations in Egs. (5) and (6) are taken over
the potential randomness in client sampling, local SGD, and
training time. Eq. (7) means that the number of selected clients
in each round is not larger than a bound N.

Solving Problem P1, however, is challenging in two aspects.

1) Before actually training the model, it is generally unclear
how the chosen training structure .4, the sampling strategy I1 4,
and the number of training rounds R will affect the final model
%) and the corresponding loss function F(x(/)). Thus, we
need to derive an analytical expression to explore the complex
impact of A, Il 4, and R on model performance.

2) It is complicated to optimize E[Y2 Tt(gt)al]. Actually,
Problem P1 can be simplified to the mainstream multi-machine
scheduling problem. Hence, Problem P1 is NP-hard. Existing
multi-machine scheduling methods often rely on prioritization,
but we must ensure the unbiasedness of client sampling to
achieve the optimization of the global model. That is, we need
a new client sampling approach.

IV. CONVERGENCE ANALYSIS

In this section, we address the first challenge by deriving
a new convergence bound for any given training structure.
To facilitate a tractable convergence analysis, we state several
assumptions on the local objective functions F,,(x).

Assumption 1. (L-smooth). For each client n, its local
objective function F,, is L-smooth, i.e., there exists a constant
L>0such that ||VF,(x)-VF,(y)| < L||x—y|| for all x and y.

Assumption 2. (Convex). For each client n, its local objective
Sfunction F,, is convex, i.e., there is F,(x) > F,(y) + (x —
y)IVFE,.(y) for all x and y.

Assumption 3. (Unbiased gradient and bounded variance).
For each client n, the stochastic gradient is an unbi-
ased estimator of the local gradient: E¢p, [V fr(x;€)] =
VF,(x) and has bounded variance E¢p, [||V fn(x;§) —
VFE,(x)||?|x] < o2 where ¢ is sampled from the n-th client’s
local dataset D,, uniformly at random.



Assumption 4.
exists a constant B > 0 such that + ¥ Z

(Bounded stattsttcal heterogeneity). There
1 IVE(x)]? = B.

Assumptions 1-3 are commonly used in existing studies
of convex federated learning problems, such as [2], [5],
[25]. Furthermore, the experimental results to be presented in
Section VI show that our approach also works for non-convex
loss functions. Assumption 4 is followed by [3], [25], [50]
for quantifying the degree of non-iid data distribution across
clients. Before analyzing the convergence bound, we define
the unbiasedness of the client sampling strategy.

Definition 2. (Unbiasedness) In each round r, the sampling
policy T4 for any client n € N is unbiased if the probability
that client n is selected is Pr(r’, = n] = &, Yw € W,m €
{1,2,...,Sw}. Consequently, this ensures that the expected
value of the local loss function for any sampled client matches
the global loss function, i.e., E[Fruv (x)] = F(x).

Based on the above definition, we present the theoretical
analysis of the convergence bound. For brevity, the proofs of
Theorem 1 and Corollary 1 are moved to the Appendix.

Theorem 1. Let Assumptions I to 4 hold, and the values of L,
o2, A are given. If the client sampling strategy Il 4 is unbiased
in the PSFL framework, and the learning rate satisfies n <
1%, where 0<cq < isa constant then the weighted average
of the global parameters X =5 +1 ZT —0 x(") satisfies:

~ * To
ELF() - F(c')] < oo 3< oW +5), ®)
where b = —16%;2(?6%2 2?60“5 n = , o = [|x© —x*||?,
4c (1+2¢0) (6®+B) 0 4B 402
= 01 2c No + NG’ and NO:ZU}EW Sw'

The convergence bound in Eq. (8) characterizes the rela-
tionship between the number of rounds R and the parallel
width W to reach the target precision. In order to simplify the
analysis process, we use the weighted average of the global
parameters X = R%H Zf:o %" to replace the global model
%(®) in Problem P1. Besides, we notice that a larger 7 can
make the first term vanish at a higher rate, yet results in the
increase of the second term. Hence, we need to choose an
appropriate 7) to reach a balance between the two terms.

Corollary 1. By choosing an appropriate learning rate 1 =
min{, [Ty %} we can obtain the convergence bound:

_ . 1roLSW 1 [ro(aW+p
EF(x) - Fx) <O & ZCONO 3 O(R)) ©
¢l —28c2 —24c0+6 -
where b= W; 0= ||X(O)_X*||2r NO:ZweWS““
o= %(01\}23) + 4B, and 3 = 22~

The convergence bound in Eq. (9) contains two terms, which
come from two different values of the learning rate 7). In fact,
when R is sufficiently large, that is, n = m, this

convergence bound is reduced to O(y/ro(aW+8)/R). Similar
to existing works [5], [14], [17], we adopt the upper bound

of the convergence as an approximation of the actual error
between E[F(x(F))] and F(x*).

V. FRAMEWORK DESIGN

In this section, we propose a novel hybrid Parallel-
Sequential Federated Learning (PSFL) framework, which
mainly consists of the optimal training structure determination
module and the client sampling module. The former yields
the optimal sequence length and parallel width, based on
which the latter determines the set of participating clients for
model training in each round. Specifically, we first provide a
bound for the expected total training time to approximate the
optimization goal in Problem P1. Then, we find the optimal
training structure by solving the approximate problem. Finally,
we design a time-based partitioning and sampling strategy,
followed by a detailed description of the PSFL framework.

A. Bound for the Expected Total Training Time

Before providing the bound for the expected total training
time, we first make a general assumption about the distribution
of client training times, shown as follows.

Assumption 5. (Subgaussian training time). For each client n,
the local training time tsf in each round is a k2-subgaussian
random variable with mean t,, where k is a constant called
the subgaussian parameter. In other wora’s for any A € R,
the inequality E[e’\(tszr)*t")] < exp(* ) holds.

Assumption 5 implies that the deviation of the local training
time tgf) from its mean ¢, has a tail probability that decays
at least as fast as that of a normal distribution with variance
k2. Based on Assumption 5, we present our bound for the
expected total training time as follows.

Theorem 2. Let Assumption 5 hold, and assume that the
client sampling strategy 1l 4 is unbiased, then the expected
total training time is boandea’ as follows:

R—1 No 1 N
E[Zr:o Ttotal} R W N n=1 tn’
R=1_ () 1 \/27
E[ZT:(} T 1< R[SN anltn +v/2k2Slog W], (11)

total
where No=3_, c\ Sw and k is a constant.

(10)

Proof. The first inequality is trivial since there is
Suw 0 1 =N
(T) (T)
]E[Ele% t?fi‘ﬁ = WZ Zm 1 m W N t”'
For clarity and brevity, we define X, = Zm_l( (T)—twl)
and Y = max,ecyw X,. Based on the conclusion in [51], we
can further establish the subgaussian property of X,,, i.e.,

Elexp(AX )] =E[E[exp(\Xw)|mm]] < E[exp(%)\zswrf)}, (12)
exp(AE[Y]) < E[exp(AY)] =E
<D vew
By taking the logarlthm of both sides of Eq. (13), we can
directly obtain E[Y] < log W/A+ASk?/2. According to the
AM-GM inequality, the values of log W/\+ASk?/2 can be
minimized by setting A = /2 log W/Sk2. Therefore, we have
[Y] < v/2k2S1log W. Under the assumption that the client
sampling strategy II 4 is unbiased, there is E[ZS t(r)]

i m=1 "7y
1
Swﬁ Zn:l t"

[maxwew exp (AXw)]
E[exp (A Xy)] < Wexp(%)\QSKQ). (13)

. Furthermore, we obtain



otali < R

By Y]+ S+ SN
< R(SN anl tn + v/ 2K2Slog W).

The proof of the theorem is now completed. O

(14)

B. Training Structure Determination

Inspired by the proofs of Theorem 1 and Theorem 2,
we find that with a fixed number of sampled clients, more
balanced sequence lengths result in tighter convergence bounds
and a lower upper bound for the expected total training time.
This suggests that the optimal solution to our problem is
achieved when the sequence lengths are equal, i.e., S, =
S,Vw € W. Recall that Ng is defined as ) ., Sw, thus
we have Ny = SW. According to the convergence bound and
the upper bound of the expected total training time, i.e., Eqgs.

(9) and (11), Problem P1 can be transformed into Problem P2:

P2: mi st ZN t 2K28 log W 15)
©omin R(S5 ) tn+ V2625 log W),
s, %(aW LB < No< N, (16)

_ 4eo(1+2¢o)(0*+B) 4B, 40®

- (1—2¢2)No FO’B_TO’
where ¢’ is a constant derived from e. It is worth noting that
integer optimization problems are difficult to solve, we relax
W, S, and R as continuous variables in Problem P2. To solve
this problem, we first transform the constraint in Eq. (16) into
the form of a minimum value of R, ie., R > & (aW + B).
Afterwards, the optimal parallel width W* in the Problem P2
can be solved as follows:

w* & argminR{% —H/Qrﬁ%logW}
= argmin(aW+p5) {% +4/ QKQW log W]
ﬂg/?t + (aW—l—ﬁ)\/Z‘iQ%logW

= arg min a\/2k2NoW log W+ 3( ——l—\ 12k QW log W). (21)

Here, we omit the constant terms in Egs. (19) and (20).
When the parallel width W is fixed, the objective in Eq.
(21) decreases monotonically with respect to the number of
participating clients (i.e., Ng). Therefore, we conclude that
the optimal sequence length S* and the optimal parallel width
W* always satisfy S*W* = N

In Eq. (21), we divide the optimization objective into two
terms, each of which has the coefficient o or 3. These two
terms exhibit opposite behaviors with respect to the parallel

width W. Specifically, the term /2x2NoW log W increases
monotonically along with the growth of W, while the term

a7

(18)

19)

= arg min (20

NWUE +4/ 2&2% log W would decrease monotonically with the

growth of W. Obviously, the ratio 3 reflects the importance
of these two terms in the optimization process. Due to % =

o By Col(lzic") we find that the statistical heterogeneity

bound B is closely associated with the ratio %. In order to
clearly reflect the impact of different statistical bounds on

the optimal parallel width solution, we solve Problem P2
separately under the following three cases.

(i) Case 1: When the statistical heterogeneity bound B is
sufficiently large (i.e., B — c0), the ratio % tends to infinty.
Thus, we mainly focus on the first term of the optimization
objective in Eq. (21) and get the following optimal solution:

* N
W = arg min /262 NoW log W+ 3( —Ot—i— 25K QW log W)
= argmin a\/2k2NoW logW — 1. (22)

Based on Eq. (22), we conclude the optimal parallel width
is W* = 1 and the optimal sequence length is S* = N.
This result is consistent with the situation when statistical
heterogeneity is very strong. In this case, the global model in
the traditional PFL framework is difficult to converge quickly,
and we tend to choose the traditional SFL framework to
serialize the training process and speed up convergence.

(ii) Case 2: When the statistical heterogeneity bound B is
sufficiently small (i.e., B — 0), the ratio tends to a constant

(ie., % — %ﬁ?’)). Therefore, we get
0

W™ =arg min a/262NoW log W+5(M+\/2Ii2& log W)

— are min @UT2¢0) e g VNt log
=arg min 122 Wlog W FW—}- .(23)

In Eq. (23), We remove a constant v/2x2 Ny to 51mp11fy the
equation without affecting the optimization problem. In the
following analysis, we omit the last term y/log W/W, since
it is too small. For concise, we define a function h(W) =
av/WlogW + %,Where a= M and b = Ft . Then

1— 20
we calculate the derivative of (W) w1th regard to W

Oh(W) _a 1+logW b aW*?(1+log W) — 2b/log W
oW 2 WlogW W2 2W2,/log W '

We obtain the critical point W* by setting Oh(W)/0W = 0,

satisfying 22 = W*3/2(\/logW~* + 1/1/log W*). Therefore,
when & > 326\} ~ 2.245, the optimal parallel width W* i

larger than /e, which indicates that the traditional SFL. frame-
work is not suitable for weak heterogeneity. In contrast, the
global model in the traditional PFL framework can converge
quickly due to the power of parallel training. It is noteworthy
that the PFL framework is not always optimal Speciﬁcally, we

observe that only when Ny+/log Ny/2 < \/2—2, the optimal

training structure satisfies W* > % and S* = 1. This implies
that the PFL framework is optimal only when the number of
participating clients (i.e., INg) is not very large.

(iii) Case 3: For general heterogeneity, we need to numeri-
cally solve the optimization problem in Eq. (21). Notably, there
are some variables, such as o2, B, ¢ and k2, whose values are
unknown at the beginning. To adequately explore the values
of these variables, we design a predefined warm-up phase in
the PSFL framework. During this phase, all clients participate
in the K training rounds to estimate parameters. Similar to
existing work [42], in each round k, each client n estimates the
stochastic gradient variance bound (denoted by 63“ ) during
local training. After the local update is completed, each client
sends its local model gradients and the parameter estimate




Algorithm 1: Parallel-Sequential Federated Learning

input : number of total training rounds R.
output: aggregated global model x(%).

1 //Warm-up Phase:

2 Initialize: the global model x°;

3 for training round k =0,1,... K — 1 do

4 for client n =1,..., N in parallel do

5 Initialize: xk xk;

6 Local update: x’“Jrl nVF( )

7 Estimate &TL,k_E[”Vf( ’gn) ( )H ]

8 | Global aggregation: x*! =x —nﬁzn:IVFn(x k),
9 | Estimate B =E[|VF,(x*)—VFx*)|J?];

10 Estimate 62, B, , and /2 based on Eq. (24) ~ Eq. (26);

11 Solve Eq. (21) to get optimal sequence length S and
optimal parallel width W

12 //Training Phase:

13 Initialize: X(©) and the estimates of training time fn;

14 for training round r =0,1,..., R —1 do

15 Sort the clients according to estimate th:

16 Sample clients {7}’, 7%, ..., 7 } e based on time-
based partitioning and sampling strategy;

17 for sequence w =1,..., W in parallel do

18 Initialize: ngo =x();

19 for client m =1,...,5 in sequence do

20 L Local update: xS,,)m = X(uf)m 1 ngﬁrﬁ,

21 Update the estimate of training time tﬂ%;

22 | Global aggregation: () = LS Xg,)s-

62, . to the server. The server then takes the average of the
parameters &721, , to obtain 62. Moreover, the server estimates
the heterogeneity bound in each round £ (denoted by By)
based on the gradients sent by the clients, and estimates the
statistical property of training time (i.e., ¢ and x2) according
to the local tra1n1ng time of each client in each round. We
use B, ¢ and /2 to represent the estimates of B, ¢ and x>
respectively. Therefore, we have the following equations:

&) —VE, sz R ANeY)
fVF(x Z Bk, (25)
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where x* is the global model in the k-th round.

G k=Bl Vf(x

By =EJ||VF, (x’“> )P, B=—

K k2
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Based on the above estimated parameters, it is still hard to
acquire a closed-form solution, but there are many existing
tools and methods (e.g., the bisection or Newton’s method) to
obtain an approximate numerical solution of the optimization
problem in Eq. (21). After determining the optimal parallel
width W*, our optimal sequence length can be calculated as
S* = WL In practice, we round these values to the nearest
integers to determine the final optimal training structure.

C. Time-based Partitioning and Sampling Strategy

In the previous sections, we establish and solve an ap-
proximate optimization problem with regard to the training
structure, containing the parallel width and sequence length. In
this section, we determine an unbiased client sampling strategy
to significantly reduce the training time in a round.

We note that any unbiased sampling strategy cannot reduce
the training time of a sequence. This is because for any
unbiased sampling strategy II 4, the expected training time of
a sequence is fixed, i.e., E[an 1 t§,>] = Sux Zle t,. To
reduce the maximum training time across multiple sequences,
it is essential to minimize the variance between sequences, as
suggested by Theorem 2. Given the optimal sequence length
S* and the optimal parallel width W*, the process of our
sampling strategy unfolds as follows:

1. We first sort the clients according to their estimates of
training time, denoted as fn for each client n, which is
calculated by averaging their historical training times.

2. We then divide the clients into S* groups based on this
sorting, with each class containing [ -] or [-2L] clients.

3. Next, we uniformly sample a client from each group
without replacement and generate a random permutation
of these selected clients to form a sequence.

4. Finally, we repeat the above steps W* times to generate
W* sequences.

Theorem 3. The time-based partitioning and sampling strat-
egy is approximately unbiased.

Proof. The probability that a client n is sampled to sequence

w is ﬁ or %], which is approximately SW Due to the
5% 5 . .

random permutation of sampled clients in a sequence, we get

Prn=m%] = 5= - & = . The proof is finished. O

Algorithm 1 shows the pseudocode of the PSFL framework,
which is divided into two main phases: the warm-up phase
(Lines 1-11) and the training phase (Lines 12-22). During the
warm-up phase, we focus on estimating parameters related to
statistical and system heterogeneity (Lines 7-10). Based on
these estimates, the server determines the optimal training
structure by solving the optimization problem in Eq. (21)
(Line 11). In the training phase, we focus on sampling clients
according to the structure obtained in the warm-up phase
(Lines 15-16) and training them to achieve global model
convergence (Lines 17-22). The computational complexity of
PSFL is dominated by the sorting operation on clients’ training
time estimates, i.e., O(N log N).

VI. SIMULATION RESULTS

In this section, we conduct experiments on real datasets to
evaluate the performance of our proposed PSFL framework.
The main findings are: 1) PSFL can significantly reduce the
total training time for the model to converge. 2) Our training
time-based partitioning and sampling strategy can significantly
reduce the single-round training time by reducing the imbal-
ance of training time between sequences. First, we present our
experimental settings. Then we display the evaluation results.
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A. Experimental Setup

1) Datasets and models: We conduct the experiments over
three common real-world datasets: CIFAR-10, CIFAR-100,
and HAM10000 [52]. We train models on CIFAR-10 and
CIFAR-100 using a 5-layer CNN with two 5 x 5 convolutional
layers, each followed by ReLU activation and max pooling,
and three fully connected layers. The model for HAM10000
is a CNN consisting of three 3 x 3 convolutional layers (with
ReLU activation and max pooling) and two fully connected
layers with dropout regularization.

2) Heterogeneous data: In our experiment, we will allocate
the dataset to N = 500 clients. To simulate the non-iid
data, we use the widely used Dirichlet-based strategy and an
extended Dirichlet strategy [25] to partition the datasets. In
the Dirichlet-based strategy, the proportion of data allocated to
each client follows a Dirichlet distribution Dir(ap), where p
characterizes a prior distribution. A smaller « value increases
the heterogeneity among the clients’ data distributions. The
extended Dirichlet strategy, denoted by FxDir(C, ) intro-
duces an additional parameter C' to determine the number
of classes per client. Specifically, before allocating samples
via Dirichlet distribution (with parameter «), this strategy
allocates C' different classes to each client, obtaining the
specific prior distribution p. for each class c. For example,
pe = [1,1,0,0,...] means that the samples of class ¢ are
only allocated to the first 2 clients. This method enhances the
control over the heterogeneity of the data distribution across
different clients in federated learning environments.

3) Heterogeneous system: The simulation experiments are
conducted on an AMAX deep learning workstation equipped
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with an Intel(R) Xeon(R) Platinum 8358P CPU, one NVIDIA
A40 (48GB) GPU and 80 GB RAM. To simulate the system
heterogeneity, we use four distributions to model the mean
value of training time (i.e., t,) for each client: uniform
distribution U(0.5,4.5), exponential distribution Ezp(2.5),
Gaussian distribution A/(2.5, 1) and an extreme discrete distri-
bution where values in {0.5,1,2,4,5} have equal probability.
These distributions help represent the various situations of
device computing and network communication capabilities in
reality. Additionally, to simulate the randomness in reality, the
actual training time in each round (i.e., t ) follows a Gaussian
distribution with a mean of ¢,, and a standard variance of 0.2¢,,,
denoted as ¢\ ~ N (tn, (0.2t,)).

4) Baselines and metrics: Since other variant algorithms
of PFL can be incorporated into PSFL by modifying the
global model aggregation method, we only select two basic
frameworks as baselines: i) FedAvg [1] transmits and trains
the local models in parallel for all sampled clients. ii) SFL
[25] transmits and trains the local models in sequence for
all sampled clients. We employ the following metrics to
evaluate the performance of PSFL and baselines. Firstly, fest
accuracy is measured as the proportion of correctly classified
test samples to the total number of test samples. Secondly,
test loss is calculated as the average cross-entropy loss over
the test dataset. Thirdly, total training time is calculated by
accumulating the time used in each training round.

(b) Experimental Result

B. Performance Results

1) Comparing to baselines: We implement PSFL and the
baselines on three datasets to observe their performance,
examining test accuracy and test loss under the same total
training time, as well as the training time required to achieve
the same test accuracy. In the experiments, we maintain
a consistent system setup, including the number of clients
participating in each round and the simulation of the system
and statistical heterogeneity. Specifically, we set Ny = 20,
allocate data according to FxzDir(C=2,a=10), and let ¢,
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follow the discrete distribution. Figs. 3 and 4 demonstrate
that PSFL achieves better convergence performance under
the same training time compared to the baselines across all
datasets. Moreover, Fig. 5 shows that PSFL achieves the
same target test accuracy with significantly less training time
than the baselines. For the CIFAR-10 dataset, PSFL requires
approximately 33% less time than PFL and SFL to achieve
the same target test accuracy of 60%.

2) The efficiency of sampling strategy: We empirically
evaluate the performance of our proposed training time-based
partitioning and sampling strategy (referred to as partition-
based sampling) and compare it with two benchmarks within
the PSFL framework: uniform sampling and weighted sam-
pling [5]. In the weighted sampling strategy, the probability
of selecting a client is inversely proportional to the square root
of the client’s training time, i.e., p,, X \/% Consequently, this
approach introduces a bias in our problem, prioritizing clients
with shorter training times. Fig. 6 illustrates the impact of
different sampling strategies on training time per round across
various distributions (with discrete and Gaussian distributions
as representatives) and sequence lengths (S=3,5=4, 5=5).
Overall, our sampling strategy demonstrates greater stability
and lower training time across all distributions and sequence
lengths, outperforming both uniform and weighted sampling.

3) The efficiency of optimal structure: We evaluate the
performance of our theoretically optimal training structure and
compare it with the experimental values. We test the optimal
values for different numbers of clients participating in each
training round (/Ng =10, 20, 50, 100, 200), while keeping other
configurations unchanged. In Fig. 7, we present the theoretical
and experimental optimal sequence lengths for Ny = 20.
Specifically, the theoretical optimal sequence length calculated
in the real domain is 3.48, while the experimental value is 4,
demonstrating their close alignment. Results for other client
numbers are displayed in Table 1.

4) Comparing different configurations: To demonstrate the
robustness of PSFL to non-iid data, we show the test accuracy
of PSFL and the baselines at different non-iid settings. Due
to space limitation, we only present the test accuracy plots

TABLE I
THEORETICAL AND EXPERIMENTAL OPTIMAL SEQUENCE LENGTHS.

. Theoretical values Experimental values

Settings

S w S W
No =10 2.18 4.59 3 3
No =20 3.48 5.74 4 5
No =50 6.54 7.65 7 7
No = 100 10.56 9.47 10 10
No = 200 16.95 11.73 25 8

for CIFAR-10 across three allocation strategies: Dir(0.2),
ExzDir(C=1,a=10), and ExDir(C=2,a=15). The results
in Fig. 8 demonstrate that PSFL achieves better convergence
performance under the same training time compared to the
baselines in all non-iid settings, indicating high robustness
against statistical heterogeneity. Moreover, to demonstrate the
robustness of PSFL to different numbers of participating
clients, we present the test accuracy plots for CIFAR-10 across
three settings: Ny = 50, 100, 200. Fig. 9 shows that under all
settings, PSFL achieves the same target test accuracy with
significantly less training time, compared to the baselines.

5) Experiment settings in Fig. 1: We compare the conver-
gence of the three frameworks under the same settings. Specif-
ically, we set N=09, allocate data according to ExDir(C=
2,a =10), and let ¢, follow the discrete distribution. The
experiments are run on the CIFAR-10 dataset. Notably, in
the PSFL framework, we set the sequence length and parallel
width to 3, ie. S =3, W =3.

VII. CONCLUSION

In this paper, we propose a novel FL framework, called
PSFL, to minimize the total training time by optimizing
both the training structure and client sampling strategy. First,
we provide a theoretical analysis of the convergence bounds
for the PSFL framework under common assumptions. Next,
inspired by this analysis, we find out the optimal training
structure and introduce a novel training time-based partitioning
and sampling strategy. Extensive experiments validate our the-
oretical analysis and demonstrate the significant performance
improvements of the PSFL framework.
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APPENDIX
A. Proof of Theorem 1

We first define the Bregman Divergence with respect to the
function h and arbitrary x, y as

Di(x,y) = h(x) = h(y) = (Vh(y),x — ).
Before proving the Theorem 1, we present two lemmas.
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Lemma 1. Let Assumptions 1 to 4 hold and assume that the
sampling policy 11 4 is unbiased, then it holds that
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Applying Lemma 2 in [25] with x = x) . y = x*,

z = x("), w = 0and h = F,T% for the third term on the
right-hand side in Eq. (29), we get
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Here, in the last equation, we use the fact that the sampling
policy 11 4 is unbiased, i.e., E[Fym (x)] = F'(x). Moreover, the
gradient of F' at the optimal model x* is zero. For the second
term, we apply Jensen’s inequality to decompose it:
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We clarlfy the fact used for each term in the last inegluality:
(i) Under Assumption 3, the vectors {gf,? ~VFw (XJ,)m—D}
form a martingale dlfference sequence, i.e., the conditional
expectation is E w [gww|gww ,...,g§>] = VFru (x Eu)m 1)s
and Lemma 1 in [25] is apphed to it. (ii)) Assumption 1
holds. (iii) If A is L-smooth and convex, then we have
Dy(x,y)> 5= | VR(x)—Vh(y)||*. (iv) The norm squared || - ||2
is convex and Jensen’s inequality is applied to it. Finally, by
substituting Eq. (31) and Eq. (33) into Eq. (29), we establish
the lemma. O
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Lemma 2. Let Assumptions 1 to 4 hold and assume that the
sampling policy 11 4 is unbiased. If the learning rate satisfies
< Ligw Sfor all w € W then it holds that
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Proof. Building on the approach used in the proof of Lemma
1, we apply Jensen’s inequality to divide the term on the
left-hand side in Eq. (34) into four parts and execute similar
approximations Then we can get
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Given the fact zizlnuxg}i —xM)2 < 5 Bx{), —
(|12 and 4L%2 Y% (m — 1) < 202282 < 22, we
transfer this term to the left side of the inequality and obtain
the lemma after rearrangment. O

Then we come back to the proof of Theorem 1. Since
L%VO < ¢p. Substituting

Eq. (34) to Eq. (28), the coefﬁ01ent of the E[Dp(x("), x*)] is:

2Ly ALn*No, 1 w8 o 4 8L NZ 2nNo
T e 2c2 Z w=1 §L’7 St
Ly 1 nNo
4co+2 S (8co — 2 . 36
(c-i—)VV1 203L + (8co )W (36)
The coefficient of the constant term is:
2Lni4L2W2N0 2 2 a2
W e 202 >, (200" S+’ BSY)
41> No 4n?0* No
B
+ w + W2
2 nr2 2
N“Ng 4co(14+2¢c0) , oW BW  4BW 4o
< | —]. 37
<Te e Ot N T (7
We get the recursion as follows:
E[x" —x"|*] < x| ~bAB[DAHx", x")] +¢if*. (38)

3 _ — ~
where b = %W, 7j = 2 and
_ 4eo(142¢0) (0 w BW) 4BW +4L2
o 1—20(2) No N No No ’

Therefore, we can derive the upper bound, i.e.,
E[F(X) — F(x7)]

1 R R
< (=) — _ L) o*
(1) _ 127 _ () 2 ~
R+1ZT 0b7 [Efl=™ —x"] - E[|[% x|l +eii - (39)
% —x"||* | eqf
R (40)

B. Proof of Corollary 1
et 7= minf %, 25} < 549

LSW > there are two cases:

f]: -%, there is
C
% o cn _2 [ero
BF ()~ FOc)) < g+ S =31 /R @
Ifn= EOSZ;]/[O/ we have z%% < T—O then
- . T lrLSW 1 Jer
E[F&)-FI<g OR b ) ZcoNo b fo‘ “42)



[1]

[2]
[3]

[4]

[5

—

[6

=

[7

—

[8]

[9]

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

REFERENCES

B. McMahan, E. Moore, D. Ramage, S. Hampson, and B. A. y Arcas,
“Communication-efficient learning of deep networks from decentralized
data,” in AISTATS, 2017.

X. Li, K. Huang, W. Yang, S. Wang, and Z. Zhang, “On the convergence
of fedavg on non-iid data,” in ICLR, 2020.

J. Wang, Q. Liu, H. Liang, G. Joshi, and H. V. Poor, “Tackling the ob-
jective inconsistency problem in heterogeneous federated optimization,”
in NeurIPS, 2020.

Y. J. Cho, J. Wang, and G. Joshi, “Towards understanding biased client
selection in federated learning,” in AISTATS, 2022.

B. Luo, W. Xiao, S. Wang, J. Huang, and L. Tassiulas, “Tackling system
and statistical heterogeneity for federated learning with adaptive client
sampling,” in IEEE INFOCOM, 2022.

F. Lai, X. Zhu, H. V. Madhyastha, and M. Chowdhury, “Oort: Efficient
federated learning via guided participant selection,” in { USENIX} OSDI,
2021.

E. Rizk, S. Vlaski, and A. H. Sayed, “Federated learning under im-
portance sampling,” IEEE Transactions on Signal Processing, vol. 70,
pp. 5381-5396, 2022.

F. Wu, S. Guo, Z. Qu, S. He, Z. Liu, and J. Gao, “Anchor sampling for
federated learning with partial client participation,” in /ICML, 2023.

W. Bao, H. Wang, J. Wu, and J. He, “Optimizing the collaboration
structure in cross-silo federated learning,” in /CML, 2023.

H. Kim, H. Kim, and G. De Veciana, “Clustered federated learning via
gradient-based partitioning,” in /ICML, 2024.

F. Sattler, K.-R. Miiller, and W. Samek, “Clustered federated learning:
Model-agnostic distributed multitask optimization under privacy con-
straints,” IEEE Transactions on Neural Networks and Learning Systems,
vol. 32, no. 8, pp. 3710-3722, 2020.

R. Zhou, J. Yu, R. Wang, B. Li, J. Jiang, and L. Wu, “A reinforcement
learning approach for minimizing job completion time in clustered
federated learning,” in IEEE INFOCOM, 2023.

Z. Zhong, Y. Zhou, D. Wu, X. Chen, M. Chen, C. Li, and Q. Z. Sheng,
“P-fedavg: Parallelizing federated learning with theoretical guarantees,”
in [EEE INFOCOM, 2021.

S. Wang, T. Tuor, T. Salonidis, K. K. Leung, C. Makaya, T. He, and
K. Chan, “Adaptive federated learning in resource constrained edge com-
puting systems,” IEEE Journal on Selected Areas in Communications,
vol. 37, no. 6, pp. 1205-1221, 2019.

Y. Liao, Y. Xu, H. Xu, L. Wang, and C. Qian, “Adaptive configuration
for heterogeneous participants in decentralized federated learning,” in
IEEE INFOCOM, 2023.

L. Li, D. Shi, R. Hou, H. Li, M. Pan, and Z. Han, “To talk or to work:
Flexible communication compression for energy efficient federated
learning over heterogeneous mobile edge devices,” in IEEE INFOCOM,
2021.

L. Cui, X. Su, Y. Zhou, and J. Liu, “Optimal rate adaption in federated
learning with compressed communications,” in /EEE INFOCOM, 2022.
J. Perazzone, S. Wang, M. Ji, and K. S. Chan, “Communication-efficient
device scheduling for federated learning using stochastic optimization,”
in IEEE INFOCOM, 2022.

Y. Xu, M. Xiao, J. Wu, H. Tan, and G. Gao, “A personalized pri-
vacy preserving mechanism for crowdsourced federated learning,” IEEE
Transactions on Mobile Computing, vol. 23, no. 2, pp. 1568-1585, 2023.
Z. Wang, Z. Chang, J. Hu, X. Pang, J. Du, Y. Chen, and K. Ren,
“Breaking secure aggregation: Label leakage from aggregated gradients
in federated learning,” CoRR, vol. abs/2406.15731, 2024.

T.-A. Nguyen, J. He, L. T. Le, W. Bao, and N. H. Tran, “Federated pca
on grassmann manifold for anomaly detection in iot networks,” in JEEE
INFOCOM, 2023.

J. Wang, S. Guo, X. Xie, and H. Qi, “Protect privacy from gradient
leakage attack in federated learning,” in IEEE INFOCOM, 2022.

S. Shi, C. Hu, D. Wang, Y. Zhu, and Z. Han, “Federated anomaly
analytics for local model poisoning attack,” IEEE Journal on Selected
Areas in Communications, vol. 40, no. 2, pp. 596-610, 2021.

Z. Wang, M. Song, Z. Zhang, Y. Song, Q. Wang, and H. Qi, “Beyond
inferring class representatives: User-level privacy leakage from federated
learning,” in /EEE INFOCOM, 2019.

Y. Li and X. Lyu, “Convergence analysis of sequential federated learning
on heterogeneous data,” in NeurIPS, 2024.

M. Kamp, J. Fischer, and J. Vreeken, “Federated learning from small
datasets,” in ICLR, 2023.

(27]

(28]

[29]

[30]
(31]

[32]

(33]

[34]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]
(51]

[52]

E. M. Arkin and R. O. Roundy, “Weighted-tardiness scheduling on
parallel machines with proportional weights,” INFORMS Operations
Research, vol. 39, no. 1, pp. 64-81, 1991.

M. Tang and V. W. Wong, “Tackling system induced bias in federated
learning: Stratification and convergence analysis,” in IEEE INFOCOM,
2023.

A. Fallah, A. Mokhtari, and A. Ozdaglar, “Personalized federated
learning with theoretical guarantees: A model-agnostic meta-learning
approach,” in NeurIPS, 2020.

V. Smith, C.-K. Chiang, M. Sanjabi, and A. S. Talwalkar, “Federated
multi-task learning,” in NeurIPS, 2017.

Z. Zhu, J. Hong, and J. Zhou, “Data-free knowledge distillation for
heterogeneous federated learning,” in ICML, 2021.

Y. Huang, L. Chu, Z. Zhou, L. Wang, J. Liu, J. Pei, and Y. Zhang,
“Personalized cross-silo federated learning on non-iid data,” in AAAI,
2021.

A. M. Abdelmoniem and M. Canini, “Dc2: Delay-aware compression
control for distributed machine learning,” in IEEE INFOCOM, 2021.
F. Haddadpour, M. M. Kamani, A. Mokhtari, and M. Mahdavi, ‘“Feder-
ated learning with compression: Unified analysis and sharp guarantees,”
in AISTATS, 2021.

S. Wang, J. Perazzone, M. Ji, and K. S. Chan, “Federated learning with
flexible control,” in IEEE INFOCOM, 2023.

L. Liu, J. Zhang, S. Song, and K. B. Letaief, “Client-edge-cloud
hierarchical federated learning,” in IEEE ICC, 2020.

Z. Wang, H. Xu, J. Liu, H. Huang, C. Qiao, and Y. Zhao, “Resource-
efficient federated learning with hierarchical aggregation in edge com-
puting,” in /EEE INFOCOM, 2021.

T. Qi, Y. Zhan, P. Li, J. Guo, and Y. Xia, “Hwamei: A learning-based
synchronization scheme for hierarchical federated learning,” in IEEE
ICDCS, 2023.

Z. Yang, S. Fu, W. Bao, D. Yuan, and B. Zhou, “Hierarchical federated
learning with adaptive momentum in multi-tier networks,” in [EEE
ICDCS, 2023.

Y. Deng, J. Ren, C. Tang, F. Lyu, Y. Liu, and Y. Zhang, “A hierarchical
knowledge transfer framework for heterogeneous federated learning,” in
IEEE INFOCOM, 2023.

Z. Tang, S. Shi, B. Li, and X. Chu, “Gossipfl: A decentralized federated
learning framework with sparsified and adaptive communication,” IEEE
Transactions on Parallel and Distributed Systems, vol. 34, no. 3,
pp. 909-922, 2022.

Y. Liao, Y. Xu, H. Xu, L. Wang, and C. Qian, “Adaptive configuration
for heterogeneous participants in decentralized federated learning,” in
IEEE INFOCOM, 2023.

H. Xu, M. Chen, Z. Meng, Y. Xu, L. Wang, and C. Qiao, “Decentralized
machine learning through experience-driven method in edge networks,”
IEEE Journal on Selected Areas in Communications, vol. 40, no. 2,
pp. 515-531, 2021.

D. Su, Y. Zhou, L. Cui, and S. Guo, “Boosting dynamic decentralized
federated learning by diversifying model sources,” IEEE Transactions
on Services Computing, 2024.

Y. Duan, X. Li, and J. Wu, “Topology design and graph embedding for
decentralized federated learning,” Intelligent and Converged Networks,
vol. 5, no. 2, pp. 100-115, 2024.

R. Zaccone, A. Rizzardi, D. Caldarola, M. Ciccone, and B. Caputo,
“Speeding up heterogeneous federated learning with sequentially trained
superclients,” in /[EEE ICPR, 2022.

J. Lee, J. Oh, S. Lim, S. Yun, and J. Lee, “Tornadoaggregate: Accurate
and scalable federated learning via the ring-based architecture,” CoRR,
vol. abs/2012.03214, 2020.

S. Hosseinalipour, S. Wang, N. Michelusi, V. Aggarwal, C. G. Brinton,
D. J. Love, and M. Chiang, “Parallel successive learning for dy-
namic distributed model training over heterogeneous wireless networks,”
IEEE/ACM Transactions on Networking, 2023.

S. Zeng, Z. Li, H. Yu, Y. He, Z. Xu, D. Niyato, and H. Yu, “Heteroge-
neous federated learning via grouped sequential-to-parallel training,” in
DASFAA, 2022.

S. Wang and M. Ji, “A unified analysis of federated learning with
arbitrary client participation,” in NeurIPS, 2022.

O. Papaspiliopoulos, “High-dimensional probability: An introduction
with applications in data science,” 2020.

P. Tschandl, “The HAM10000 dataset, a large collection of multi-source
dermatoscopic images of common pigmented skin lesions,” 2018.



