Tackling Resource Allocation for Decentralized
Federated Learning: A GNN-based Approach

Chuiyang Meng*, Graduate Student Member, IEEE, Ming Tang’, Member, IEEE, Mehdi Setayesh*, Member,
IEEE, and Vincent W.S. Wong*, Fellow, IEEE

Abstract—Decentralized federated learning (DFL) enables
clients to train a neural network model in a device-to-device
(D2D) manner without central coordination. In practical systems,
DFL faces challenges due to dynamic topology changes, time-
varying channel conditions, and limited computational capability
of the clients. These factors can affect the learning performance
and efficiency of DFL. To address the aforementioned challenges,
in this paper, we propose a graph neural network (GNN)-based
algorithm to minimize the total delay and energy consumption
on training and improve the learning performance of DFL
in D2D wireless networks. In our proposed GNN, a multi-
head graph attention mechanism is used to capture different
features of clients and wireless channels. We design a neighbor
selection module which enables each client to select a subset
of its neighbors for the participation of model aggregation.
We develop a decoder that enables each client to determine
its transmit power and computational resource. Experimental
results show that our proposed algorithm achieves a lower total
delay and energy consumption on training when compared with
five baseline schemes. Furthermore, by properly selecting a subset
of neighbors for each client, our proposed algorithm achieves
similar testing accuracy to the full participation scheme.

Index Terms—Decentralized federated learning, graph neural
networks, neighbor selection, resource allocation.

I. INTRODUCTION

Federated learning (FL) [1] [2] is a decentralized machine
learning framework that allows clients to collaboratively train
a global model using their local datasets under the coordi-
nation of a central server. However, conventional centralized
FL schemes are vulnerable to the single point of failure
since the central server has to remain available for model
aggregation [2]-[5]. Moreover, the wireless links between the
clients and the central server may sometimes be congested
due to concurrent uplink transmissions, which may increase
the communication delay for FL. To address these challenges,
decentralized federated learning (DFL) [6] [7] has emerged
as an alternative, leveraging device-to-device (D2D) wireless
communications and decentralized stochastic gradient descent
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(DSGD) techniques. DFL relies on the model exchange be-
tween clients without the assistance of a central server. It has
two distinctive advantages. First, DFL is robust to the single
point of failure due to its decentralized structure. Second,
DFL does not require uplink transmission and hence avoids
congestion at the central server. In particular, DFL has been
studied under several application scenarios. In healthcare, DFL
facilitates collaborative model training between hospitals and
medical institutions while ensuring data privacy [8]-[11]. In
vehicular networks, DFL uses vehicle-to-vehicle communica-
tion, enabling safer and more efficient transportation systems
[12] [13]. In industrial Internet of Things (IloT), DFL can be
trained by harnessing distributed sensor data across industrial
facilities [14] [15]. It can improve the operational efficiency
and reliability. In mobile services, DFL can personalize user
experiences while reducing the communication overhead [16]
[17]. In addition, some companies have deployed DFL. For
example, Hewlett Packard Enterprise has deployed DFL with
blockchain to coordinate artificial intelligence (AI) model
training among multiple distributed nodes [18].

However, DFL faces several challenges. First, the hetero-
geneity of clients can reduce the convergence rate of DFL.
Clients with lower communication and computational capa-
bilities may become stragglers, and they take longer time than
other clients to send their model updates to their neighbors.
The stragglers may reduce the frequency of model aggregation
and increase the convergence time. The long convergence time
can increase the communication and computation resource
usage. Second, the convergence rate can also be reduced due
to the decentralized structure of DFL. This is because each
client can only exchange the local model with its neighbors.
This may result in a low degree of consensus among clients’
local models. Thus, it can degrade the learning performance of
DFL. Third, due to the mobility of clients, the D2D network
topology may change over time, which can hinder the system
from achieving a high degree of consensus of local models
across clients.

Most of the recent works on DFL focus on decentralized
algorithm design [19]-[24]. Each client performs model ag-
gregation with all of its available neighbors (i.e., full par-
ticipation) in each training round, aiming to obtain local
models with a high consensus. However, aggregating all the
neighboring clients’ models can consume a lot of network
resources. Hence, we consider a neighbor selection scheme
for DFL to improve the learning efficiency. Although some
recent works have proposed neighbor selection schemes for
DFL [25]-[30], they do not consider the dynamics of wireless



networks. In particular, a client may not be able to maintain
reliable communications with its neighbors due to client’s
mobility and dynamic channel conditions. Hence, we aim to
design a neighbor selection-based DFL framework in time-
varying wireless environments.

In recent years, graph neural networks (GNNs) have been
developed as effective tools to solve resource allocation prob-
lems in wireless networks [31]-[34]. Several recent devel-
opments in FL have introduced new applications of GNNs
[35]-[37]. However, the aforementioned works utilize GNNs
in the conventional centralized FL setting, which makes them
incompatible with DFL.

In this paper, we study the following problem: How fo
select neighbors and allocate computation and communication
resources for each client efficiently in a D2D network to
optimize the performance of DFL? We aim to develop an
algorithm which can achieve a low total delay and energy
consumption on training and a high testing accuracy for DFL
applications. The design is challenging due to the following
reasons. First, it is difficult to quantify the impact of system
characteristics (e.g., dynamic changes in the network topology,
time-varying wireless channel conditions, and client hetero-
geneity) on the resource utilization and learning performance
of DFL. Second, in decentralized settings, obtaining the global
model can consume a significant amount of computation and
wireless resources. Nevertheless, the learning performance of
DFL depends on the consensus degree across clients’ local
models. Third, the necessity for the decentralized implemen-
tation of DFL complicates the solution. To address the afore-
mentioned challenges, we propose a GNN-based algorithm to
select neighbors and allocate wireless resources and central
processing unit (CPU) to each client. This work is an extension
of our previous work in [38]. The contributions of this paper
are as follows:

e We propose a DFL framework which facilitates cooper-
ative model training across clients in a D2D network.
This framework enables partial client participation by
incorporating neighbor selection to improve the learning
efficiency. By conducting theoretical analysis, we derive
the convergence bound of our proposed DFL.

« We formulate a neighbor selection and resource allocation
problem for DFL. The objective is to jointly minimize
the total delay and energy consumption on training and
achieve a high consensus across clients’ local models to
guarantee the learning performance of our proposed DFL.

o We design an attention-based GNN encoder to capture
the intrinsic properties of the D2D network and the
local model parameters of clients. To reduce the total
delay and energy consumption on training, we design a
neighbor selection module to choose the neighbors for
model aggregation. We also design a decoder module
to determine the transmit power and CPU frequency for
each client. By training our proposed GNN with different
network topologies and wireless channel conditions, our
proposed GNN can adapt to dynamic network settings.
Our proposed GNN can be executed by each client in
a distributed manner, which facilitates implementation in
practical systems.

o We conduct experiments using Fashion-MNIST, CIFAR-
10, and ImageNet datasets. We compare our proposed
algorithm with five baseline schemes, including full
participation, random sampling, FedHP scheme [27],
performance-based neighbor selection (PENS) scheme
[28], and a path-following FL scheme [39]. Results show
that our proposed algorithm achieves a lower total delay
and energy consumption than the baselines. Furthermore,
it achieves a comparable average testing accuracy to the
full participation DFL scheme.

The rest of this paper is organized as follows. The system
model, theoretical convergence analysis, and problem formu-
lation are presented in Section II. The proposed GNN-based
algorithm is described in Section III. The experimental results
are presented in Section IV. Conclusion is given in Section V.

Notations: In this paper, we use calligraphic upper case
letters, boldface upper case letters, and boldface lower case
letters to denote sets, matrices/tensors, and vectors, respec-
tively. RM >N denotes the set of M x N real-valued matrices.
1(-) denotes the indicator function, which is equal to 1 if the
argument is true and is equal to O otherwise. 1 € RY denotes
the all-ones column vector. E[-] denotes the expected value
of a random variable. The operators (-), ®, ||, || - |l1, || - ||
II-II7 ||, ()7, and |-] denote the inner product, elementwise
multiplication, cardinality, 1-norm, 2-norm, Frobenius norm,
concatenation, transpose, and floor function, respectively. ~
denotes “distributed as”. ¢/[-] denotes the uniform distribution.

II. SYSTEM MODEL

We consider a D2D wireless network with N distributed
clients in a given area. The DFL process iterates for R
training rounds. In each training round, each client performs
K stochastic gradient descent (SGD) steps. To capture the
mobility of clients, we model the D2D network as a time-
varying directed graph G"(V,E"), where V = {1,2,...,N}
and £" denote the set of clients (i.e., nodes) and the set
of communication links (i.e., edges) between clients in the
r-th training round, respectively. We consider that clients
can move freely at the end of each training round, while
they remain stationary within each training round. There is
a communication link between two clients when their signal-
to-interference-plus-noise ratio (SINR) is greater than or equal
to a threshold €2. The value of €2 controls the node degree (i.e.,
the number of neighbors of a client) in the D2D network. The
link from client ¢ to client j is denoted by (i,j) € £". We
define A” € {0,1}V*N as the adjacency matrix in the -
th training round with a? € R i € V, denoting the i-th
row of matrix A". We have aj ; = 1((4,j) € £"). We define
the set of neighbors of client ¢ in the r-th training round as
MT ={j |j€v7azr,j =1}

In the following, we first propose the DFL framework. Then,
we provide the convergence analysis and present the delay
and energy constraints. Finally, we formulate the neighbor
selection and resource allocation problem.

A. Decentralized Federated Learning

Each client 7 € V has a dataset D; with D; training samples.
Let 67 € RP= denote the model parameters of client i in the



r-th training round, where D,, denotes the dimension of .
The loss function of the model of client ¢ is given by

Fy(67) Fi(0;:€)], i€V, (1)

where F;(07;&7) denotes the loss on data samples in a mini-
batch &} ~ D; with model 6;. Let 8¢, denote the parameters
of the global model at the beginning of the r-th training round.
In centralized FL, the global model is obtained in the central
server as 0(, = ST D, ZZ 1 D;6;. The loss function of the

global model is glven by

= Eﬁ-TNDi [

1 N
N i
Zj:l Dj i=1

Note that 8¢ is the ground-truth, while acquiring it in D2D
networks is challenging due to the decentralized topology.
Hence, DFL uses the DSGD algorithm as an alternative to
learn a common model across clients, aiming to minimize
F(67.) in a decentralized manner [3]. In particular, each client
performs several steps of local training and exchanges its
model parameters with its neighbors in each training round.

F(6g) = D;F(6¢)- 2)

The DFL process is depicted in Fig. 1. Before training, each
client has the same randomly initialized local model param-
eters. In the r-th training round, each client ¢ € V performs
the following three steps. First, client ¢ trains its model locally
with K SGD steps. Let VF;(07"; £7) denote the gradient of
the loss function of client ¢ at the k-th SGD step in the r-th
training round. We have VF;(07;£7) = sz_Ol VFi(HiT’k; &n).
Therefore, client ¢’s model in the r-th training round is locally
updated as follows:

K-1
00" =00 —n Y VE(0]";€))
k=0
= 07" —VF;(05;€D), 3)

where 7 denotes the step size. For illustration simplicity, we
consider that each client has the same number of training
samples in its local dataset. The average model at the end
of the r-th training round is given by OgK =% Zf\il 0",

In the second step, client ¢ selects a subset of neighbor-
ing clients to send its local model update and receives the
corresponding model updates from its selected neighbors. We
define the neighbor selection decision variable as s; ; € {0,1},
which satisfies s; ; < a7 ;,4,j € V. The neighbor selection
matrix for aggregation in the r-th training round is denoted as
S™ € RV*N with s7 € R™¥ denoting the neighbor selection
row vector of client . We define the set of neighbors that
client ¢ has selected for aggregation in the r-th training round
as N7 = {j | si; = 1,7 € V} N7 is a set of indices
corresponding to non-zero elements in vector s;. We have
J\/ " C N7 Then, client ; sends the local model update 0
to each of its selected neighbor j € ./\/f. In DFL, each chent
needs to exchange local model parameters with its neighbors,
which requires bi-directional model exchange. That is, client
i also receives the updated model 0;’K from its selected
neighbor j. We have s; ; = s7 ;. In addition, client ¢ includes
its own model for aggregation. We also have s, = 1.

In the third step, client ¢ updates its local model by aggregat-
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Fig. 1: An illustration of DFL in a D2D wireless system network. Each client
shares its local model parameters with its neighbors after local training.

ing the local models of its selected neighbors. It uses a doubly
stochastic mixing weight matrix W7 € RY*N for model
aggregation. Similar to [40], we set the weights according to
the maximum number of neighbors among all clients as

1— W ifi=
LA— max;ey {|N][}’ =7 4
T 1 herwi o
maxiev (N[} otherwise.

Client 7 then updates the local model in the r-th training round
as follows:

rOgry & ronk
AR CHED DI LI 5)

will be used as the model of client ¢ to perform local
training in the (r + 1)-th training round.

r4+1,0
02’

B. Convergence Analysis

Due to the decentralized structure of DFL, local models
across clients may differ, which may affect the learning
performance of DFL. In this subsection, we conduct the the-
oretical analysis of our proposed DFL, discussing the impact
of the neighbor selection on the model discrepancies and the
convergence rate.

Let & € RPm and & ~ D; denote the model parameters
and the local training samples of client ¢ in any training round,
respectively. We make the following assumptions, which are
widely used in the literature (e.g., [21], [23], [24], [27], [41]).
Assumption 1. (L-smoothness) The loss function of each
client © € V is continuously differentiable and is L-smooth.
That is, for any 61,05 € RP= we have

L 2
Fi(61) < Fi(62) + VE;(02)T(01 — 02) + §H91 - 92H .
(6)

Assumption 2. (Bounded gradient variance) The variance of
stochastic gradient obtained by using the loss function of each
client 1 € V is bounded by

2
E[|VE(©6:¢) - VEO)|| ]| < oF. ™

Assumption 3. (Bounded gradients) The stochastic gradient
obtained by using the loss function of each client 1 € V is
bounded by

E[[veee)|] < vt ®)




In addition, we introduce the following lemma.
Lemma 1. For arbitrary set of vectors {x;},, we have

2
N N
| S, x| < & S Il

Proof. The square of 2-norm (i.e., || ||?) is convex. According
to Jensen’s inequality, we have

N , N
szixi < ZwiHXiH27 &)
i=1 =1

,wy are non-negative coefficients. When we

where wq,ws, ...

2
set W] =wy = -+ = Wy = % we obtain HZf\;l %xi <
N
% Do Ixall?. O
., +1,0 K
Let LE*P"(sT) = ||0;7"(s7) — 65" ||* denote the con-

sensus distance between the model of chent ¢ and the global
model at the end of the r-th training round. Let F™* denote
the minimum value of F' across the feasible domain. We now
present the result of the convergence rate of our proposed DFL
in the following theorem.

Theorem 1. Under Assumptions 1 — 3 and Lemma 1, the
convergence rate of our proposed DFL is bounded by

1 R—1 9
25 forion)
. 2(F(60G];—F*) . 2(L+2 Rzliv:Lg*“ )
r=0 i=1

Initial optimality gap
Consensus distance induced gap

+2(L + 2)n*Y% + 3(cF + vF) -

Gradient induced gap

(10)

Proof. We first introduce the following notations to facilitate
our proof:

om0 =(07°,05°,...,0%") € RPN
F(©7:€") = (VFi(01;£]), V(05 £3), - .-

VFEN (O €y)) € RPN,
W, =W" 8" e RN,

We begin by expanding the equation of the model update
into several terms. Then, we analyze each term respectively
to bound the convergence rate. Based on eqns. (3) and (5), in
the r-th training round, the model is updated as follows:

(@r 0 nVF(@r;E-r))W
=0 "W" + @"O(W! - W")

®r+1 0
V(O €)W
(11)

The loss made on the global model after the model update at
the beginning of the (r + 1)-th training round is given by

F(6;)

®r+1,01N
:F( N )
_ O W'ly  O"(W! — W1y
=F(5x %
B nVF(@T;ET)W;”lN)
N

02 F((-)“OWTIN> N <VF(®”’UW”1N)7

= N N
O™ (W — W) 1y — jVF(O";£)Wily
¥ )
H ©" (WL — W1y —nVF(©"; € )Wily |2
3 N ’

12)

where inequality (a) results from Assumption 1. Then, we take
expectation on both sides of inequality (12). Since W" is a
doubly stochastic matrix, we have

F(o5™)
< () +e[(vr(5).
O"(W! - W")1y —nVF(©";§")Wily
¥ )]
H‘ O"O(Wr — W1y
nvF(®T§£T)W]§1N 2
B N H }
— (o) + E[(VE(oy), IV EOE) Wil
O "Wy
B Tﬂ
QE[H (@m0 —nVF(O";£"))Wily
N
-
= F(6%) +E [<VF(95), (Gl _ﬁr’owr)l’v >]
gl e Wt
= F(65) + E[(VF(67). 65 - 04|
Ty
+§]EH oL — o 2}, (13)

T

where T} measures the alignment of the update of the global
model and the gradient in the r-th training round. 7, measures
the update of the global model in the r-th training round.
Now, we analyze 7;. For any vectors x;1,X2 € R?, we have
(x1,%2) = 2 ([lx1||*+ [|x1||> = [ x1 —x2[|?). Thus, T} satisfies

Ty = EKVF(@@), oL — egﬂ
- E[<VF(05), or, — eg+1>]

2
r r+1
or, — 0% H

- gE[[vren)] |

~|vren - @ - o]

- el - o e[| Yvren]

Ts

- 7T2a

5 (14)



where T3 measures the deviation of the gradient and the update
of the global model in the r-th training round. Note that T}
depends on 75 and T3. Hence, we first analyze 75 and then
analyze T5. In particular, 75 satisfies

2
" :E[ vr@s) - 0 - 0|

+ (65" - 05)

]

G €) + VF(6:€)))

— VE(

2
(VF(05) - VF(65:€) | |

[H*

+3IE[H%ZVFI-( €D
=1

oL — o, 2}

2} + 38|

]

(©)
<

[ij

E[vaeg> — VF;(65:€])

3
N <
1

;Z |V Fuc6es €

.
Il

2
‘ }+3T2

(d)
< 3(0% 4+ %) + 3T,

where equality (a) is obtained by using VF(07) =
% Zf\il VF;(07,). Inequalites (b) and (c) are obtained by us-
ing Lemma 1. Inequality (d) is obtained by using Assumptions
2 and 3. By substituting 73 into 7}, we have

15)

3
(0% +v%). (16

T1<—7‘VFOG) >

‘ +1o+

Then, we analyze T5. In particular, it satisfies

_E{Hi ZN:H_TH,O 1 im,o m
N N="
1 o 1 K K NIE
TS
i=1

N 2
> =0 ]

o]
1 & 2
ks o]

i=1

N
oo ez [ ] 3

]

a7)

WF( 1€

(b) 2
< 2|05 — 65| + 20%ut,

where inequality (a) is obtained by using Lemma 1. Inequality

(b) results from Assumption 3. By substituting 77 and 7% into

inequality (13), we have
F(05™) < F(6g) -

S[vEE| + @+ 2

UF+1/1F)
(18)

+(L+2)]

0r+1 GTKH

Finally, we rearrange inequality (18). By summing up all R
training rounds and multiplying % on both sides, we have

7 2 [vre]
r=0

@ 2(F(6%) — F*)  2(L+2) oz - o<
= R R G G
+2(L 4+ 2)0*¢% + 3(0% + ¥F)
2(F(0%) — F*) <L+2 LT A
= 07“ s
AN e > B
— 05| 2L+ 2P+ 307+ )
() 2(F(0%) — F*) (L+2 REI N Lsanr
< i - Z

+2(L + 207 +3(oF +¢F>7 (19)

where inequality (a) is obtained by using F(6F) > F*.
Inequality (b) results from Lemma 1. This completes the
proof. O

Theorem 1 characterizes the impact of the neighbor se-
lection decision on the convergence rate of our proposed
DFL. In particular, the initial optimality gap represents the
difference between the initial loss of the global model and the
optimal loss, while the gradient-induced gap captures the noise
introduced by stochastic gradients and the step size. These
two terms are independent of the decision variables. On the
other hand, the consensus distance induced gap depends on
the neighbor selection decisions s; ;.

Inspired by the aforementioned observations, we are moti-
vated to reduce the consensus distance in each training round
in order to improve the learning performance of our proposed
DFL. Notably, when each client selects all of other clients in
each training round (i.e., sj; = 1,4,j € N,0<r<R-1,
the consensus distance induces gap reduces to 0. The corre-
sponding convergence rate is maximized. However, the D2D
network topologies in practical systems are not often fully
connected due to system characteristics (e.g., wireless channel
conditions). As a result, each client cannot select all of other
clients for model aggregation. In addition, we will show in
Section II-C that the corresponding system cost (i.e., delay
and energy consumption on training) increases significantly
with an increase of the selected neighboring clients for each
client. Hence, it is crucial that the neighboring clients for each
client are selected properly to maintain a balance between the
learning performance and the system cost of DFL.

C. Delay and Energy Consumption

Each client needs to select its neighboring clients, CPU
frequency, and transmit power in each training round. The
chosen values determine the delay and energy consumption
on training.



1) Delay: The total delay includes the computation and
communication delay of all clients. The computation delay of
a client corresponds to the time required for local training. Let
decision variable fI' € [f™in, fmax] denote the CPU frequency
chosen by client i in the r-th training round, where f™® and
f@x are the minimum and maximum CPU frequency of client
i, respectively. Let ¢; denote the number of CPU cycles that
client 7 required to process one bit of data. Let €; denote the
size of the dataset D; (in bits). The computation delay of client
i to perform K SGD steps in the r-th training round is given
by TOMPT = ccik

When client i has completed its local training in one training
round, it sends its updated local model to its selected neigh-
bors, and the communication delay is incurred. Let decision
variable pi € [0, p**] denote the transmit power of client 4
in the r-th training round, where p;"®* denotes the maximum
transmit power of client i. Let g; ; denote the channel gain
from client ¢ to client j in the r-th training round. At an
arbitrary time instant ¢ in the r-th training round, we define
the set of clients that are transmitting their updated models as
M(t) C V. The SINR of the link from client ¢ to client j at
time instant ¢ in the r-th training round is given by
3 97 I*p}

> kemengiy |95 ;1*k + BNo”
where NNy is the noise spectral density. The achievable data
rate at time instant ¢ in the 7-th training round is C7 ;(t) =
Blogy(1 + 97 ;(t)), where B is the bandwidth.

We consider a synchronized DFL scheme, where all clients
begin their local training in each training round simultane-
ously.! When client i has completed its local training, it
transmits local model parameters to its selected neighbors.
At the same time, client ¢ receives model parameters from
them. Note that the interference may change over time. This
is because the selected neighbors may use different transmit
power, and their channel gains can be different. The selected
neighbors may complete sending model parameters to client @
at different time instants. Let 7;; denote the time that client ¢
begins to receive the model from client j in the r-th training
round. Since clients’ model structures are identical, let Xy,
denote the size of the model (in bits). The corresponding
communication delay is denoted as T;rf From time 77, to
7+ T;;’T, the size of the cumulative transmitted data for
sending the model parameters from the selected neighboring
client j to client ¢ is equal to the size of the model. It satisfies

ST o () dt = xom

As illustrated in Fig. 2, where the adjacent relationship
between clients follows from Fig. 1, when client ¢ has com-
pleted its local training before its selected neighbors, client
1 waits until they are finished. When the selected neighbors

have completed their local training, client ¢ receives model

¥i ;(t)

(20)

'In our DFL framework, a coordinator is required to facilitate synchroniza-
tion during the training process of DFL. The coordinator can be deployed at
each client or on a virtual server, as described in [42]. The coordinator sends
synchronization messages to all clients to ensure that all clients align their
training processes in each training round. The size of the synchronization
message is relatively small compared to the model parameters. Hence, the
communication costs of synchronization are considered to be negligible.

Wall-clock time
r-th DFL Training Round
Client 1 T T
tr e r
TA,I TZ,l T;‘l
Client 2 i il |
tr,r W
TAJ T;X«z
Client 3 i i |
r
T
Client 4 [ I |
o e
T?‘:‘l T] 4

Computation delay Communication delay Waiting time

Fig. 2: An illustration of communication delay and computation delay in one
DFL training round.

parameters from them. Furthermore, when the selected neigh-
bors of client 7 complete their local training before client 1,
client ¢ receives their local model parameters and stores them
until it has completed its own local training. Then, client ¢
aggregates its local model with the models received from its
selected neighbors.

We define the waiting time of client ¢ in the r-th training
round as the duration starting from the time when client 7 has
completed its local training to the time when it has received
the model parameters from all the selected neighbors. Let
p" = (p,ps,...,p) and £ & (fI,f5,..., f&) denote
the vectors of transmit power and CPU frequency in the r-
th training round, respectively. The waiting time of client
in the r-th training round can be represented as a function of
neighbor selection decisions of client ¢, the transmit power of
all clients, and the CPU frequency of all clients. It is given by

TZ-Wt’T (pr7 fT7 S:)

. tror
— max O7 max T;_:omp,'r + 1—;1;,7} _ Ticomp,r
JENT ’

i

1)

The total delay of client ¢ in the r-th training round is
denoted as 77", which is defined as the duration from the time
when client 7 begins its local training to the time when it has
received the model parameters from its selected neighbors. 77"
is equal to the sum of the waiting time of client ¢ in the r-th
training round 7;""" and the computation delay of client 1.
That is,

T (P87 s)) = T+ T
= max ¢ 77" max {T;°""" + T;;’T}

JENT
(22)

The total delay of all clients in the r-th training round is
defined as the maximum value of the total delay of all clients.
That is, T"(p",f",S") = max;ep {1} }.

2) Energy consumption: The energy consumption includes
the computation and communication energy consumption. For
the computation energy consumption, we follow the settings
in [43]. The computation energy consumption of K SGD steps



in client i is given by E;*™™" = K¢c;D;(fT)?, where ¢ is

the capacitance coefficient of each client. The communication
energy consumption of client 7 in the r-th training round is de-
noted as E;"", which is given by E{"" = pI max, ¢ - {T:rjr}
The total energy consumption of client ¢ in the r-th training
round is the sum of computation and communication energy
consumption. It is given by EI = E°™P" + E". Similarly,
we can represent the energy consumption of all clients in the
r-th training round as a function of p”, f", and S”, denoted
as E"(p",f",8") = Zf\; ET.

D. Problem Formulation

We aim to jointly optimize the neighbor selection and
resource allocation decisions to minimize the total delay and
energy consumption on training and the consensus distance of
local models in DFL. First, we characterize the system cost.
Let U" denote the system cost function in the r-th training
round, which is a weighted sum of the total delay and energy
consumption. We have U"(p”",f",S") = T"(p",f",S") +
AE"(p", f",S"), where A is a non-negative coefficient. We de-
note FoPI" (p” £7,87) = U (p" £, 8")+ B3/, LF"(s])
as the objective function, where /3 is a non-negative coefficient.
Since the neighbor selection and resource allocation decisions
are independent across training rounds, we decouple the op-
timization problem of all training rounds into R optimization
problems, one in each training round. In the r-th training
round, the problem can be formulated as

H;ig}}{{lsi%e FObj’T(pT,fT, S (23a)
subjectto s;; <a;;, 4,j€V, (23b)
0<pl <piex. e, (23c¢)
S TS, eV, (234d)

Problem (23) aims to determine the neighbor selection matrix
S”, transmit power vector p”, and CPU frequency vector 7.
Constraint (23b) ensures that client ¢ can send its model to
its neighbor j only if there is a communication link between
them. Constraint (23c) corresponds to the transmit power limit
of each client. Constraint (23d) ensures that the CPU frequency
of each client is bounded. Solving this mixed-integer nonlin-
ear programming problem is challenging due to the follow-
ing reasons. First, the time-varying channel conditions and
dynamic topology changes introduce additional complexity,
which requires a robust algorithm that can adapt to these
dynamic conditions. Second, the requirement of decentralized
implementation across clients complicates the solution. This
is because in decentralized settings, the resource allocation
decisions of each client depend on the communication and
computation capabilities of its neighboring clients and the
corresponding channel gains. Third, handling the coupling of
the neighbor selection and resource allocation decisions is
difficult because the neighbor selection decisions made by each
client directly affect the total delay and energy consumption on
training as well as the learning performance of DFL. Hence,
we develop an attention-based GNN in the following section
to select neighbors for each client and solve problem (23).

III. ALGORITHM DESIGN

We propose a multi-head attention-based GNN for each
client 7 € V. The graph attention mechanism has the following
advantages. First, the attention mechanism determines the
attention scores of neighbors which reflect the relevance be-
tween clients. Second, it prioritizes the features of neighboring
clients with higher attention scores and can learn the intrinsic
properties of the graph. Finally, the attention mechanism can
be implemented in a decentralized manner, which satisfies the
requirements of decentralized implementation.

As shown in Fig. 3, our proposed GNN has four modules:
a client encoder, a local model encoder, a neighbor selec-
tion module, and a decoder. The client encoder encodes the
client features (i.e., maximum transmit power, maximum and
minimum CPU frequencies) and edge features (i.e., channel
gains) to capture the intrinsic properties of the D2D networks.
The local model encoder generates embeddings of the model
parameters. The neighbor selection module determines the set
of neighbors for model aggregation. The decoder determines
the transmit power and CPU frequency of the client.

For illustration simplicity, we drop the superscript 7 in the
following subsections. Let N; = \; | J{i} denote the modified
neighbor set of client i. Let Iy € RV*Y denote the identity
matrix. We define matrix A = A + I n for attention score
calculation. Let a; denote the i-th row vector of matrix A.
Let xpdin — (pmax gmax fmi“) denote client i’s node feature
vector. The edge feature aze‘; is the magnitude of the channel
gain of link (7, 5) € £, i.e., |g; ;|. Since the node features have
different orders of magnitude, we perform normalization such
that the mean and standard deviation of the features are zero
and one, respectively. The m-th normalized node feature in
xpdin is given by 2}, = (2Pl — pnd)/ond 1 < m < 3,
where £24 and 024 are the mean and standard deviation of
the m-th node feature. The normalized edge feature of :rm;‘ is
obtained by x5, = (257 — u°)/0°, where u° and o° are the
mean and standard deviation of edge features, respectively.

A. Client Encoder

We consider encoding both the node and edge features. This
is because the node features characterize the communication
and computational capabilities of clients. The edge features
characterize the channel gains which affect the communication
delay. The client encoder utilizes these two features to capture
the intrinsic properties of the network topology. It generates
the edge-enhanced node embeddings which combine the node
features and edge features.

Node Attention Module: In this module, we introduce the
node attention score to assess the importance of node j’s
feature x7¢ to node i’s feature x?¥ and generate the node
embeddings. Only the neighboring nodes are considered when
calculating the node attention scores for each node. We em-
ploy a multi-head attention mechanism with a predefined K}
independent sets of trainable weights of GNN. The kj,-th set
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Fig. 3: A schematic illustration of our proposed GNN for DFL. This is an example of our proposed GNN deployed at client 1.

of node attention scores generated by the hidden layer are
dm,ky, dm,ky, 4 nd dm,ky, i nd
P (o((@namtn )T [Wmdm b ad | yymdm fnsend] ) )
(VAN

Zexp (O-((andm,kh,)'r [Wndith?d||Wndm’khxzd] )) )
keN;

(24)
where o(-) is a nonlinear activation function. It is a leaky
rectified linear unit in our proposed GNN. a?®Fn ¢ R2DPnam
is the kp-th set of weights of the fully connected layer in
the hidden layer. Whdm:kn ¢ RDuamX3 i the ky,-th set of
weights for the node feature in the hidden layer. D4y, is the
dimension of the output embedding h?4™ i € V in the hidden
layer. In particular, each client calculates K independent
node attention scores in parallel by utilizing the multi-head
graph attention mechanism. Then, in the hidden layer, the
attention scores are used to generate the output by performing
concatenation as follows:

Kp
| | g (Zje/\f

kr=1

hpdm — (25)

kh ndm,kp .nd
By kit )

At the output layer of the attention module, we use hid™
as the input and generate the embedding of node 7, which is
denoted as h?. It is given by

h?d:O— (Kh Zkh—l ZJGN

where a‘;’f*‘ denotes the kj-th set of node attention scores
generated by the output layer. W?4°:*» denotes the kj-th set
of weights for the node feature in the output layer. Let A™I™ ¢
R2DnamxKn gpnd Ande ¢ R2PndmKnXKn denote the K, sets of
trainable weights of fully-connected layers in the hidden layer
and output layer, respectively. Let W™ ¢ RPnamx3xKn anq
Wodo ¢ RDPndoX DnamKnxKr denote the K, sets of weights
for node features in the hidden layer and output layer of

1)

0 kn Wndo kp, hndm) , (26)

the node attention module, respectively. Let X*4 € R3*¥N
denote all node features. For simplicity, we represent the node
embedding generation process in (24) — (26) as a function of
Andm Ando Wndm Wndo Xnd and &, as

’ ’ ’ > ’ g

h,?d Att(Andm Ando Wndm Wndo Xnd = ) (27)

Edge Attention Module: Let h¢ € RP« denote the edge
embedding of node ¢, where De, is the dimension of hf. Let
D¢y, denote the dimension of the output embedding in the hid-
den layer of the edge attention module. By using the attention
mechanism, hf generated by the hidden layer can be expressed
as hf = Att(A°™, A, W W x° a;), where A®™ €
R2Pem*Kn gnd A € R2PemKnxKn denote the K, sets of
trainable weights of fully-connected layers in the hidden layer
and output layer of the edge attention module, respectively.
wem ¢ RDcmxlth and We° ¢ RDCOXDchh,XKh, denote
the K}, sets of weights for edge features in the hidden layer
and output layer of the edge attention module, respectively.
x¢ € RI€l denotes the edge features of all clients.

The edge-enhanced node embedding of client ¢ is obtained
by concatenating the node and edge embeddings, which is
given by h; = (h?d || h¢) € RPnaotDeo,

B. Local Model Encoder

The aggregated model of client 7 in DFL can be represented
as a function of the model parameters of client ¢ and its
neighbors, i.e., @; and 0;,j € N;. To obtain the information
on the local model of each client, we design a local model
encoder. This encoder can learn the model discrepancies
between clients, which contributes to achieving a high degree
of consensus across clients’ local models. However, as local
models often have a large number of parameters, transmitting
all of them between clients for training can incur substantial
communication overhead, potentially impacting communica-
tion efficiency. Thus, we reduce the number of transmitted



local model parameters between clients in our proposed GNN
by employing a random sampling technique which is simple to
implement. By using random sampling, each client randomly
selects a fraction of local model parameters based on a
predefined sampling ratio, which is denoted as x. Note that
K can be regarded as a measure of sparsity. When the value
of k is small, the transmitted local model parameters for
GNN training will be sparse. By using random sampling,
the communication cost for transmitting model parameters
between clients in GNN can be reduced.

To characterize the random sampling process, we generate
a mask m € RP=»_ In particular, m satisfies 17Tm = [kD,y, |.
For each element m;,1 < [ < D,,, we have m; = 1 if the
l-th local model parameter is sampled. Otherwise, m; = 0.
Therefore, the compressed model parameters of client ¢ can
be expressed as xfa = 0; ® m, which will be used for
generating parameter embeddings. Let XP2 ¢ RLUsPm]xN
denote the compressed model parameters of all clients. Let
hP* € RPrec denote the parameter embedding of client
i, where D, is the dimension of hY®. Let Dy, denote
the dimension of the output embedding in the hidden layer
of the parameter attention module. h’® can be obtained
by hi* = Att(APam APrac Wram Wrac XPa 3,)  where
AP ¢ RZPpamXKn gpnd AP ¢ R2DramKnxKr denote
the K sets of trainable weights of fully-connected layers
in the hidden layer and output layer of the parameter atten-
tion module, respectively WPam ¢ RPpamx[#Dm]xKn apd
WPao ¢ RDpaoXDpam KnxKn denote the K, sets of weights
for the compressed parameters in the hidden layer and output
layer of the parameter attention module, respectively.

After generating edge-enhanced node embedding and pa-
rameter embedding by the output layers, we concatenate them
into one embedding as the input to the neighbor selection
module. The concatenated embedding is denoted as hj"™ =
(h; || hfa) € RPndotDeotDpao

C. Neighbor Selection Module

Since the full participation scheme may incur high delay and
energy consumption in DFL, we propose a neighbor selection
module, which selects a subset of neighbors for each client.
The inputs to the module are the concatenated embedding of
a client and the embeddings of its neighbors. They are sent
to the module sequentially. The concatenated embedding of
client i and its neighbor j is given by h; ; = (hi™ [ hi™) €
R2(Dndo+tDeotDpao)

Then, we apply a multi-layer perceptron (MLP) module to
determine whether a certain neighbor will be selected. The
output selection is given by b;; = o, ((w;)Th ;). where
w? € R2(PnaotDeotDpac) denotes the weights of the neighbor
selection module in GNN. oy(-) is the sigmoid function that
generates the normalized probability vector. Given b; ;, client
1 determines the selection decision s; ; based on a predefined
threshold v € (0, 1). Since the bi-directional model exchange
is required for aggregation in DSGD, we have

Si,j = ]l(blj Z Yy and bj,i Z "}/) (28)

After all neighbors’ embeddings have been sent to the neigh-
bor selection module, client ¢ generates the selection vector s;.
The neighbor selection matrix S can then be constructed.

D. Decoder

By using the aforementioned edge-enhanced node embed-
dings and the neighbor selection vector, the decoder deter-
mines the transmit power and CPU frequency for client i.
We define S = S + Iy. Let @, = (pi, fz) denote the
resource allocation decision of client ¢. It is obtained by
a; = Att(A“dm, Ando Wndm yyndo p $;), where Andm ¢
R2Dnam*Kn gpd Ande ¢ R4*En denote the Ky, sets of
weights of fully connected layers in the hidden layer and
output layer of the attention module, respectively. wrdm ¢
RPndm*2(DndotDeo) xKn g Wndo ¢ RDndoX DnamEnxKp
denote the K, sets of weights for for the edge-enhanced node
embeddings in in the hidden layer and output layer of the
attention module, respectively. H € R(PnaotDeo) XN denotes
the edge-enhanced node embeddings of all clients.

Since the output 1; is generated based on the embeddings,
it may not satisfy constraints (23c) and (23d). Therefore, we
include a differentiable convex optimization (DCO) layer to
the last layer of the decoder in our proposed GNN to determine
the feasible resource allocation decision u; = (p;, f;). This
can be achieved by projecting 0; onto the feasible domain
while preserving the gradient flow during GNN training. With
the DCO layer, we can train our proposed GNN directly and
obtain feasible decisions efficiently.

E. Loss Function of GNN

We define the loss function of our proposed GNN as a
weighted sum of the system cost and the consensus distance.
We approximate the consensus distance of model parame-
ters by using the aggregated compressed model parameters
of each client. Given s;, the aggregated compressed model
parameters of client ¢ can be obtained by a weighted sum
of the compressed model parameters of selected neighboring
clients j € M and itself, which can be represented as
a function of s; as X7(si) = >,cx, piy WiiX; - More-
over, we define the average compressed model parameters
as XP* = L Zfil xP*. During GNN training, we calculate
xP2 by collecting xP*i € V at the coordinator.” Then,
we can approximate L™ based on the compressed model
parameters. By using the random sampling technique with
sampling ratio s, L§*® can be appgoximated as a function of
s; as L (s;) ~ Hif’a(sl) — xP2|| /k. The detailed result of
this approximation will be presented in Section IV-A.

After we have obtained p and f, the delay and energy
consumption can be calculated. The system cost can then be

determined. The loss function of client ¢ in GNN training is
defined as

LiGNN(pa f, Si) = Ui(pa f7 Si) + ﬂngap(Si)'

(29)

2The size of the compressed model parameters is relatively small. Hence,
the communication costs of transmitting the compressed model parameters
between clients are considered to be negligible.



Algorithm 1 Algorithm for GNN Training

1: Input: Total number of epochs Nep, predefined threshold -y,
randomly initialized network scenarios with different topologies
determined by 2, normalized node features X™9, normalized
edge features x°, compressed model parameters XP*, and ini-
tialized GNN model ®.

2: For n =1 to N¢p do

3:  Sample a mini-batch of N}, network scenarios.

4:  For ¢ € V in parallel do

5: Sample local model parameters and obtain x}™.

6: Send x}* to neighboring clients j € N; and receive the
corresponding x7°.

7: Use the client encoder, local model encoder, and neighbor
selection modules of @ to determine the set of selected
neighboring clients N; based on eq. (28).

8: Determine u; by using the decoder module of ®.

9: Obtain X}* and calculate U;.

10:  End for
11:  Calculate the average compressed model parameters. Estimate

the consensus distance of model parameters.

12:  Update the GNN model ® by performing backpropagation
based on the loss obtained by eq. (29).

13: End for

14: Output: Trained GNN model $*.

F. GNN Training and Implementation Procedure

In practical systems, our proposed GNN should adapt to
different network settings (i.e., topology changes and time-
varying channel conditions). Hence, we train our proposed
GNN with a set of D2D network scenarios to enable it to be
adaptable to dynamic settings. In each scenario, we randomly
place the clients in a given geographical area and generate the
channel conditions. Mini-batches of D2D network scenarios
are used to train our proposed GNN. Each client collects the
neighbors’ node features, model parameters, and edge features.
It then determines the resource allocation decision. The loss
function of each client in GNN can be calculated. Each client
performs backpropagation to update the weights of the GNN
based on its own loss function. Let W* = {w$ i € V}
denote the weights of the neighbor selection module.
Let & — {1Andm’Ando71Aem’1AeoHApam’‘Apa‘o"Andm7
And07 Wndm’ Wndo’ Wem WWee W Wpam yyeo vAvndm7
W“do} denote the parameters of GNN. The training algorithm
of our proposed GNN is given in Algorithm 1. After training,
we use the trained GNN for implementation. Let ®* denote
the parameters of the trained GNN. During implementation,
we first initialize the transmit power and CPU frequency of
each client to the maximum value. Then, we use our trained
GNN to determine the transmit power and CPU frequency
for each client in each training round.

IV. PERFORMANCE EVALUATION

We consider a scenario where the clients are randomly
located in a 2 x 2 km? coverage area. To model the mobility
of clients, each client can move in an arbitrary direction.
The traveling distance of each client ¢ € )V between two
training rounds follows Ad; ~ U[0, 100m]. To depict the
heterogeneity of clients, the maximum transmit power of
each client ¢ follows p®* ~ U[6.667mW, 13.333 mW].
The minimum and maximum CPU frequency of each client

Table I: List of key simulation parameters.

Para. Value Para. Value Para. Value
B 1 MHz [50] Q —25dB Nep 200
Ky, 4 K 20 I 10~28 [51]
Ny —174 dBm/Hz [50] c; 20 K 0.03

Dndo 3 Dco 2 Dpao 20
A 1 €; 20.88 Mbits Xm 160 kB
B 100 Ny 2000 Ny, 100

i follow fmin ~ 7/[0.067 GHz, 0.133 GHz] and fma* ~
U[1.667 GHz, 2.333 GHz], respectively. We initialize the
transmit power and CPU frequency of each client to the
maximum value. We consider the Rayleigh fading channel
model. Unless stated otherwise, the number of clients [NV, the
number of training rounds R, the learning rate 7, and the
hyperparameter 7 in eq. (28) are set to 30, 300, 0.001, and
0.3, respectively. A list of key simulation parameters is given
in Table I.

We use Fashion-MNIST [44], CIFAR-10 [45], and Ima-
geNet [46] as the multi-class image classification datasets. We
adopt the convolutional neural networks (CNNs), which have
been used in [2], as clients’ local models. We set n = 0.001. To
study the effect of non-independent and identically distributed
(non-1ID) data partitioning, similar to other works in federated
learning [47]-[49], we use the Dirichlet distribution Dir(p)
with parameter p to distribute the data with different labels
among the clients. Let V. denote the number of classes of a
dataset. The Dirichlet distribution Dir(p) generates the prob-
ability vector q; = (g}, ¢?,...,q"°), where ¢} represents the
fraction of data samples from class n assigned to client ¢, with
Zg;l gi" = 1. The probability density function of the Dirich-
let distribution is given by f(q;; p) = % HnN;(qzn)pfl’
where I'(+) is the gamma function. When p decreases, the data
heterogeneity across clients increases and vice versa. Unless
stated otherwise, p is set to 1. To ensure fairness, we allocate
the same number of data samples to the local dataset of each
client in all cases.

We compare the performance of our proposed algorithm
with the following baseline schemes:

o Random sampling DFL (RS-DFL) scheme: Neighbors are
randomly selected by each client based on a certain ratio
¢, which denotes the average neighbor selection ratio (i.e.,
the fraction of the average selected number of neighbor-
ing clients to all neighbors of all clients over all training
rounds.) It is given by ¢ = & SEISY, ”Z’,Hi , where
¢ €10,1].

o Full participation DFL (FP-DFL) scheme: Each client
performs local aggregation based on the model obtained
from all of its neighbors. The transmit power and CPU
frequencies are allocated to the clients using our proposed
client encoder and decoder.

o FedHP scheme [27]: The network topology is optimized
to minimize the delay on training. The transmit power
and CPU frequencies are allocated to the clients using
our proposed client encoder and decoder.

o Performance-based neighbor selection (PENS) scheme
[28]: Each client selects the neighboring clients based
on the similarity of local data distribution. The transmit
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power and CPU frequencies are allocated to the clients
using our proposed client encoder and decoder.

« Path-following FL (PF-FL) scheme [39]: The joint delay
and energy minimization problem (i.e., problem (23)) is
solved by using the centralized path-following algorithm
proposed in [39]. This scheme uses full participation of
neighbors for model updates.

A. Effect of Sampling Ratio k on the Approximation of the
Average Consensus Distance

In Fig. 4, we compare the approximation of the average
consensus distance to the ground-truth average consensus
distance under different sampling ratios . It can be observed
that with an increasing sampling ratio of the model parameters
(e.g., from 0 to 0.03), the approximation of the average
consensus distance across clients progressively approaches the
true average consensus distance. However, further increasing
K (e.g., from 0.03 to 0.15) does not significantly contribute
to minimizing the approximated average consensus distance.
These results suggest that a small subset of compressed
model parameters can effectively capture the differences in
local model parameters across clients. Hence, by setting
within the range from 0.03 to 0.15, we can well approximate
the ground-truth average consensus distance while reducing
communication costs of GNN training and implementation.

B. Computation Overhead Analysis of GNN Training

We compare the corresponding computation overhead of
the training of our proposed GNN to the training of DFL.
We use the number of floating-point operations (FLOPs)
to measure the computation overhead. Results in Table II

Table II: Computation overhead comparison of our proposed DFL and GNN.

N | Our Proposed DFL (FLOPs) | Our Proposed GNN (FLOPs)
10 8.4 x 1010 2.7 x 107
20 1.69 x 10T 1.14 x 10
30 2.47 x 10T 2.61 x 10°
40 3.41 x 101 4.68 x 10%
50 4.22 x 101 7.35 x 10

Table III: Comparison of total delay and energy consumption on the CIFAR-
10 dataset with the number of clients N = 50.

Delay on Training (s) | Energy C ption on Training (J)
FP-DFL 6825 28298
RS-DFL 5834 22739
FedHP [27] 5573 21314
PENS [28] 6227 21764
PF-FL [39] 6017 19953
Proposed Algorithm 5195 18801

show that the number of FLOPs for training our proposed
GNN is significantly smaller than the DFL training under
different numbers of clients. Results show that the computation
overhead of GNN training is negligible when compared to
the subsequent DFL training process, which highlights the
efficiency of our proposed GNN and its suitability for practical
implementation.

C. Comparison of the Total System Cost, Total Delay, and
Energy Consumption on Training

In Fig. 5, we compare the total system cost of all clients
between different baseline schemes. For a fair comparison,
we choose ¢ = 0.6 for RS-DFL scheme since it can achieve
similar average testing accuracy to our proposed algorithm at
this sampling ratio as shown in Fig. 6(b). It can be observed
from Fig. 5 that our proposed algorithm achieves a lower
total system cost than the other baselines under different
number of clients. When N is equal to 50, our proposed
algorithm achieves a total system cost, which is 25.93%,
16.00%, 14.26%, 10.74%, and 7.75% lower than FP-DFL,
RS-DFL, PENS, FedHP, and PF-FL schemes, respectively.
This indicates the effectiveness and scalability of our proposed
algorithm in reducing the total system cost on training.

In Table III, we compare the total delay and energy con-
sumption on training when the number of clients /V is equal to
50. Results show that our proposed algorithm achieves a lower
total delay on training when compared with FP-DFL, RS-DFL,
PENS, FedHP, and PF-FL schemes. In addition, our proposed
algorithm achieves the lowest total energy consumption on
training among all schemes.

D. Comparison of the Average Testing Accuracy

In Fig. 6, we compare the average testing accuracy of
all clients between different schemes. Results show that on
Fashion-MNIST dataset, our proposed algorithm outperforms
RS-DFL (¢ = 0.5), PENS, and FedHP schemes in terms of
the average testing accuracy by 3.77%, 0.94%, and 0.58%,
respectively. On CIFAR-10 dataset, our proposed algorithm
outperforms RS-DFL (¢ = 0.6), PENS, and FedHP schemes
in terms of the average testing accuracy by 2.0%, 1.7%, and
0.7%, respectively. It is worth noting that the value of ¢ differs
between datasets since RS-DFL randomly selects more clients
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Fig. 6: Comparison of the average testing accuracy versus the number of training rounds R on (a) Fashion-MNIST, (b) CIFAR-10, and (c) ImageNet datasets.
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Fig. 8: Comparison of the average fraction of selected neighboring clients versus the number of clients N on (a) Fashion-MNIST, (b) CIFAR-10, and (c)

ImageNet datasets.

(i.e., higher ¢) in more complex datasets to achieve a similar
average testing accuracy to our proposed DFL. When using the
full participation scheme, both PF-FL and FP-DFL achieve
the highest accuracy. Nevertheless, our proposed algorithm
still achieves an average testing accuracy comparable to these
two full participation schemes, with a difference of 0.15%,
2.4%, and 0.3% on Fashion-MNIST, CIFAR-10, and ImageNet
datasets, respectively.

Figs. 7 and 8 show the results on the average consensus
distance and the average fraction of selected neighboring
clients. Results show that our proposed algorithm outper-
forms PENS, FedHP, and RS-DFL schemes in terms of the
average consensus distance in most cases. This highlights

the effectiveness of our proposed algorithm in enhancing
the learning performance of DFL by reducing the consensus
distance across clients. In addition, our proposed algorithm
achieves a comparable average consensus distance to the
full participation scheme with a significantly lower number
of selected neighboring clients. Both PF-FL and FP-DFL
schemes have the same average consensus distance and the
average number of selected neighboring clients since they use
the full participation approach.

E. Effect of Data Heterogeneity

We investigate the robustness of our proposed algorithm
under different degrees of data heterogeneity across clients by
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showing the average testing accuracy under different values of
hyperparameter p. A smaller value of p leads to higher data
heterogeneity across clients. We set p to be 0.1, 1, 10, and
100 in order to control the degree of local data heterogeneity.
Results in Fig. 9 show that our proposed algorithm consistently
achieves the average testing accuracy comparable to that of the
full participation schemes across all values of p. Our proposed
algorithm outperforms FedHP, PENS, and RS-DFL schemes
on all three datasets. In particular, on Fashion-MNIST dataset,
when p = 10, our proposed algorithm outperforms PENS, RS-
DFL (¢ = 0.5), and FedHP schemes by 2.58%, 1.63%, and
1.39%, respectively. On ImageNet dataset, when p = 10, our
proposed algorithm outperforms RS-DFL (( = 0.7), FedHP,
and PENS schemes by 7.44%, 1.56% and 0.52%, respectively.
It is worth noting that the value of ( differs between datasets
since RS-DFL randomly selects more clients (i.e., higher
¢) in more complex datasets to achieve a similar average
testing accuracy to our proposed DFL. This improvement
across varying degrees of data heterogeneity underscores the
robustness of our proposed algorithm to non-IID data.

FE. Effect of Clients’ Unavailability

In real-world scenarios, some clients may become unavail-
able during some training rounds and affect the learning
performance and the total system cost of DFL. In Fig. 10,
we evaluate the impact of the clients’ unavailability on both
the average testing accuracy and the total system cost of DFL.
Similar to [52] [53], to model clients’ unavailability, we define
Pdrop € [0,1] as the probability that a client drops out in a
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Fig. 11: Effect of v on (a) the average testing accuracy and (b) the total
system cost of the proposed algorithm on CIFAR-10 dataset.

training round. Note that pq.op for each client is independent
between training rounds. As pgrop increases, the network
topology becomes more sparse. In addition, the average testing
accuracy is calculated across all clients without considering
dropout during testing. It ensures that the average testing
accuracy reflects the overall effectiveness of the decentralized
learning process. Results show that by increasing pgrop from
0.2 to 0.8, our proposed algorithm achieves a higher average
testing accuracy when compared with FedHP, PENS, and RS-
DFL schemes. In addition, our proposed algorithm achieves
the lowest total system cost on training when compared with
the baseline schemes. The results demonstrate the robustness
of our proposed algorithm over the sparsity of network topol-
ogy and clients’ unavailability.

G. Impact of the Neighbor Selection Parameter vy

In Fig. 11, we present the results of the average testing
accuracy and total system cost under different values of the
neighbor selection parameter . The value of « controls the
average fraction of selected neighbors. When v = 0.1, 0.3,
and 0.9, the average fraction of selected neighbors is 0.92,
0.74, and 0.11, respectively. This is because when v increases,
the chance of selecting a neighboring client for each client
decreases. In particular, when ~ increases from 0.1 to 0.3, the
average fraction of selected neighbors decreases. Our proposed
algorithm achieves a relatively high average testing accuracy.
The total system cost on training decreases. This is because our
proposed algorithm selects a smaller but appropriate number
of neighbors for each client. On the other hand, selecting a



large number of neighbors for each client does not significantly
improve the learning performance of DFL. Instead, it increases
the communication and computation costs.

V. CONCLUSION

In this paper, we developed a DFL framework for coop-
erative model training in D2D networks. We analyzed the
convergence performance of our proposed DFL. We proposed
a GNN-based algorithm to minimize the total delay and energy
consumption on training and optimize the learning perfor-
mance of DFL in D2D networks. In particular, we developed
an attention-based GNN model to determine the neighbor
selection and resource allocation decisions. Furthermore, we
trained our proposed GNN under different network topologies
such that our proposed GNN could adapt to dynamic network
settings. Results showed that our proposed algorithm could
achieve a lower total delay and energy consumption on training
when compared with five baseline schemes. In addition, our
proposed algorithm could achieve similar learning perfor-
mance as the full participation approach while outperforming
RS-DFL, FedHP, and PENS schemes. We also showed the
robustness of our proposed algorithm to different degrees of
data heterogeneity across clients’ datasets. For future work,
we will address the issue of malicious participants in DFL.
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