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Abstract—In this paper, we consider the design of an energy
efficient collaborative federated learning (CFL) methodology
where devices exchange their local FL parameters with a subset
of their neighbors without reliance on a parameter server. In the
considered model, mobile devices implement the designed CFL
to train their local FL. models using their own datasets over a
realistic wireless network. Due to the limited wireless resources
and user movements, each device may not be able to transmit
its FL parameters with all neighboring devices. Therefore, each
device must select a subset of devices to share its FL. parameters
and optimize the transmit power. This problem is formulated
as an optimization problem, whose goal is to minimize CFL
training energy consumption while satisfying the delay and CFL
training loss requirements. To solve this problem, a two-stage
solution is proposed. At the first stage, a graph neural network
(GNN) based algorithm is proposed, which enables each device
to individually determine the subset of devices to transmit FL
parameters using its neighboring devices’ location and connection
information. Compared to standard iterative algorithms that
need to iteratively optimize device connections and transmit
power, the proposed GNN based method can directly obtain
the optimal device connections without iterative optimization.
Given the optimal device connections, at the second stage, each
device can directly obtain the optimal transmit power. Simulation
results show that the proposed algorithm can decrease energy
consumption by up to 46% compared to the algorithm where
each device will directly connect to its first and second nearest
neighbors.

Keywords—Collaborative federated learning, energy consump-
tion optimization, graph neural network.

I. INTRODUCTION

Federated learning (FL) [1], [2] enables devices to coop-
eratively train a machine learning (ML) model without data
exchange thus improving data privacy. However, standard FL
requires devices to transmit their FL models to a parameter
server which may limit its application scenarios due to limited
wireless resources. To address this problem, a novel FL frame-
work that combines the principles of collaborative learning
with federated learning, called collaborative federated learning
(CFL), has been proposed [3]. In particular, CFL enables
devices to collaboratively train an ML model via exchanging
their local FL model parameters with their neighboring device

This work was supported in part by Beijing Natural Science Foundation
under Grant L.223027, in part by the National Natural Science Foundation of
China under Grants 61629101 and 61671086, and 111 Project under Grant
B17007, and in part by the U.S. National Science Foundation under grant
CNS-2212565 and CNS-2146171.

without the reliance on a parameter server. Compared to
standard FL, CFL enables more devices to join FL training.
For example, the devices that cannot directly connect to
the parameter server due to limited wireless resources can
connect to their neighboring devices so as to participate in the
CFL framework. However, the implementation of CFL over
wireless networks presents several challenges including CFL
learning efficiency optimization, device connection optimiza-
tion, and distributed gradient update method design.

Recently, a number of works such as [3]-[7] have studied
the use of distributed methods for CFL performance opti-
mization. The authors in [3] introduced a CFL framework
based on the lazy Metropolis method to update devices’ local
FL models and introduced the challenges of deploying the
designed CFL framework over wireless networks. The authors
in [4] designed a device connection scheme based on the
expander graph to reduce the total number of communication
rounds required to reach CFL convergence. The authors in
[5] studied jointly optimized network topology and FL model
compression to improve CFL convergence speed. The authors
in [6] introduced several FL. model update approaches such
as the Metropolis update and the lazy Metropolis update, to
allow devices to share their model parameters with only their
neighboring devices but find a global ML model. The authors
in [7] developed a distributed gradient descent algorithm to
improve the CFL convergence rate. However, most of the CFL
algorithms in [3]-[7] designed FL parameter update methods
based on a static network topology where device connections
will not change over time. In consequence, these works [3]—[7]
did not consider how network topology affects CFL training
thus resulting in redundant CFL parameter transmission and
increasing communication overhead. Meanwhile, these works
[3]-[7] did not consider the impacts of network dynamics such
as devices’ mobility patterns on CFL training, which will limit
the applications of these CFL algorithms.

The main contribution of this paper is a novel fully dis-
tributed CFL framework that jointly considers the device
connection scheme and device transmit power. Our key con-
tributions include:

e We propose a novel CFL framework in which wireless
mobile devices collaboratively train an ML model via
exchanging their FL. parameters with their neighboring
devices. In the considered model, due to the limited
energy and bandwidth resources, each device must select
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Fig. 1. Illustration of the considered CFL model.

a subset of devices per FL iteration to exchange their
FL parameters aiming to minimize CFL training loss.
Therefore, it is necessary to select the devices that each
device shares its FL. parameters and the transmit power of
FL parameter transmission. This problem is formulated as
an optimization problem aiming to minimize the energy
consumption of CFL training while satisfying the delay
and FL training loss requirements by jointly determining
the device connections and transmit power of FL. param-
eter transmission.

o To solve the formulated problem, we proposed a solution
that consists of two stages. At the first stage, a graph
neural network (GNN) [8] based algorithm is proposed,
which enables each device to individually determine the
subset of devices that needs to transmit FL. parameters
using its neighboring devices’ location and connection
information. Compared to standard iterative algorithms
that need to iteratively optimize device connections and
transmit power, the proposed GNN based method can
directly obtain the optimal device connections without
iterative optimization. Given the optimal device connec-
tions, at the second stage, each device can directly obtain
the optimal transmit power.

Simulation results show that, compared to a fully distributed
algorithm where each device will directly connect to its first
and second nearest neighbors, the proposed GNN algorithm
can reduce energy consumption and training loss by up to
46% and 2%, respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider a wireless network that consists of a set M of
M mobile user that collaboratively train a supervised learning
model, as shown in Fig. 1. We assume that each device @
has N; training data samples, and each training data sample
n consists of an input feature vector x;, € RM*1 and a
corresponding label vector y; ,, € RM*1. The objective of
the training is to minimize the global loss function over all
data samples, i.e.,

F(g) mln*ZZf (Gis Tin, Yin) (L
i=1n=1
where g = [g1,..,Gi, -, gu)» i € RV*! is a vector of
M
the local FL model parameters of device ¢ with N = > N;

being the total number of training data samples across dé\_/ilces.
f(gi,®in,Yin) is a loss function (e.g., squared error) that
measures the accuracy of the generated local FL. model g; in
building a relationship between the input vector x; ,, and the
output vector y; ..

Different from existing works that require all devices to
transmit FL parameters to a central controller for model
aggregation, here, we propose a novel FL that does not rely on
a central controller [3]. In particular, the designed FL training
process is explained as follows:

1) Each device randomly initializes its local model.

2) Each device updates its local model using its collected
data samples.

3) Each device exchanges the updated local model with a
subset of devices that are selected by itself.

4) Each device aggregates the FL. models received from
other devices to generate its FL. model.

Steps 2)-4) are repeated until the optimal vector g is found.
Next, we will explain the training process of designed FL
mathematically.

A. CFL Training Process

A backward propagation (BP) algorithm based on stochastic
gradient descent (SGD) is used to update the local FL param-
eters of each device, which is given by

of (gis,x,
gzt+1_gzt )\Z fgt y)

(2)
nGNl,t agz t

where g; ;. ; is the updated local model at iteration ¢, \ is the
learning rate, and N ; is the subset of training data samples
(i.e., minibatch) selected from the training dataset N; of device
7 at iteration t.

Given the updated local model, each device i exchanges
g; ++1 With its selected devices and aggregate their FL. model
parameters, which can be given by [6]

Uy,it

Gi t+1 (ui,t):gz/’,t+1+z i () 01—Gi 1)
JEM ¢

3)

where w;; = [Wi s, Uity Wi M,e) 18 @ vector of FL
transmission index of device ¢ with wu; ;s = 1 implying that
device ¢ will exchange its local FL model with device j at
iteration ¢, and w; ;, = O otherwise. ||u; .|| = >  wi ;¢ is

JEM
the number of devices that will transmit FL parameters to

device 1.
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B. Mobility Model

The mobility of each device is modeled by a random walk
model. In particular, at each CFL iteration, each device can
stay at the current location or move to four directions: a) up,
b) down, c) left, and d) right. The probability of each device’s
movement at each time slot ¢ is expressed by a vector §; ; =
[€i,6,05 06,15 6,25 Eit,35 S t,a]. Where & 1o s the probability
that device 7 stays at the current location at time ¢ while &; 4 1,
&2, &iv,3, and & ¢ 4, represent, respectively, the probability
that device ¢ moves up, down, left, and right at time ¢. The
speed of device ¢ is v;. The location of each device ¢ at the
time ¢ is captured by a vector ¢; 1 = [@; 1.1, i 2]. We assume
that the duration of each time slot ¢ is At. The location of each
device ¢ at the time t + 1 is:

[@4,4.1, i t.2] ,with probability &; ; o,
[@i,6.15 Pie.2 + v; At] ,with probability &; ¢ 1,
@i t+1=X [0i,t,1, Pie.2 — v At] ,with probability &; ; o,  (4)
[@it,1 + Vi AL, ¢ 4 2] ,with probability &; ¢ 3,
[@i,6,1 — Vi At, @y 1 2] ,With probability &; ¢ 4.

C. CFL Model Transmission Process

We adopt an orthogonal frequency division multiple access
(OFDMA) transmission scheme. Let B be the bandwidth that
device can use for model parameter transmission and p; ;¢
be the transmit power of device 7. The data rate of device ¢
transmitting FL parameters to device j is

B piiihiis (d0)
Cijit (Wi, @1, B, pije) = —1og <1+”Z; ;
||| ON
o)
where h; j+ = pijer; j%t is the channel gain between device ¢
and j with p; ;; is the Rayleigh fading parameters, 7; ;; is the
distance between device i and j. o2 represents the variance
of additive white Gaussian noise. Based on (5), the time of
device ¢ transmitting FLL. model parameters to device j is

A
Ciji(Wit, by, B, piji)

Lijt(Wit, P, Bipiji) = (6)

where A is the size of the CFL model parameters, which is
assumed to be equal for each device.

The energy consumption of device ¢ transmitting its FL
parameters to device j can be expressed as

Eiji (Wi, @e, B, piji) = Dijilijie(Wie, @, B,pije). (7)

Given (7), the energy consumption of device ¢ updating its
local FL. model at iteration ¢ is

M
Ei(uit, @1, B,pit) = Z Wi j e B j (Wit b, Bopije),

j=1

(8)
where p; 1 = [Di1,ts - Dijits - Di,M ] 18 the transmit power
vector of device ¢ at time slot ¢.

D. Problem Formulation

Our goal is to minimize the total energy consumption
under the constraints of latency and CFL training loss. The
optimization problem is formulated as

T M

gli}gl Z Z Ei:(uis, B, s, pis), ©))
Tot=14=1

s.b. liju(Wie, @1, B,pije) < IVi, j € MVEET,  (9a)

F(g(ur)) < F*, (9b)

where U = [uy, ..., us,...ur| " is the FL model transmission
matrix, P = [py,...,p¢,...p7] | is the transmit power matrix.
Here, p, = [P1ts.-,Dity--»Pae) 18 the transmit power
vector for each device at time slot £. I’ is the maximum
FL model transmission delay per iteration allowed by the
network operator. (9a) is a constraint on the FL model
transmission delay per iteration, and (9b) is the CFL training
loss requirement. The problem in (9) is challenging to solve
by traditional algorithms due to the following reasons. First,
FL model transmission matrix U and transmit power matrix
P are dependent and hence iterative algorithms with high
complexity must be used to solve problem (9). Meanwhile,
these iterative algorithms require each device to collect the
information (i.e., locations) of all devices in the network find
the globally optimal solution for problem (9), which will
further increase the communication overhead and complexity
of solving problem (9). Second, in (9), device locations will
change over time. Therefore, traditional iterative algorithms
must re-execute for different network topology, which may
lead to additional communication and computational overhead.
To overcome these challenges, we propose a fully distributed
algorithm based on GNNs which enables each device to
require only its neighboring devices’ location information to
determine the FL. model transmission matrix U and transmit
power P.

III. PROPOSED METHOD

The proposed scheme of solving problem (9) consists of two
stages. At the first stage, a GNN based algorithm is proposed
[8], which enables each device i to individually determine
the FL. model transmission matrix w; using its neighboring
devices’ location and connection information. Compared to
standard iterative algorithms that need to iteratively optimize
u; and P, the proposed GNN based method can directly
obtain the optimal ] without iterative optimization. Given
u;, at the second stage, each device can directly obtain the
optimal transmit power p;. Next, we will first introduce the
components of the designed GNN-based algorithm. Then,
the training method of the designed algorithm is explained.
Finally, we explain the optimization of transmit power given
the optimal FL. model transmission matrix U*.

A. Components of the GNN-based Algorithm

As shown in Fig. 2, the proposed GNN-based algorithm that
is implemented by each device consists of three components:
a) input, b) hidden layer, and c) output layer, which are
specified as follows:
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Fig. 2. Illustration of our proposed GNN-based algorithm.

1) Input: To determine the input of the GNN based method,
we first construct a k nearest neighbor graph [9]. Here, we
use a k nearest neighbor graph instead of a fully-connected
graph for the input of the GNN. Let £! (i, k) be the set of
the first hop devices that can directly connect to device 7. Let
L2 (i, k) be the set of the second hop devices that can connect
to device 4 via the first hop devices. Let £ (i, k) = £ (i, k) U
L2 (i,k) U {i} with |£ (i, k) | being the number of devices in
L (i, k). Then, we define a matrix R (i, k) € RI£(@RIXILER)]
to represent the connectivity among devices in L (i, k), where
rs.4 (i, k) € {0,1} is an element of R(i, k) withrs 4 (4, k) = 1
indicating that device d is one of the k nearest devices of
device s and r; 4 (¢, k) = 0, otherwise. The input of the GNN
model of device i is matrix R (i, k) and a vector of locations
of the first and second hop devices of device i, which is repre-
sented by B; = [B14, .0, Bjtr s Doy e] € RIEGHIXZ,

2) Hidden layer: The hidden layer consists two graph
convolutional networks layers (GCNs), which is expressed as

H = (D *R(i,k) D> $;0,),
Z=((D :R(i,k) D" H®O,),

where R(i,k) = R(i,k) + I and I = diag(1), D =
diag (||r1]], -, [|73l], .- ||7y2 iy ||) with 7; being row i of
R (i, k) [10]. © € R>*V1 and @; € R"1*"2 are GNN model
parameters and ( (+) is the leaky rectified linear unit function,
and V5 and Vs are output dimensions. H € RU£GRDXVL jg
the output of the first GCN layer and Z € RU£ERIDXV2 g
the output of the second GCN layer.

3) Output Layer: The output of the network is a probability
distribution p; = [um, . ui7|£1(i,k)|] of device ¢ connecting
to its first hop devices, where the probability u; ; of device ¢
connect to device j can be expressed as

(10)

o ><zJT - -
Hij = SRl et € £ R,
=1 e
where z; is row ¢ of Z in (10). Here, the prediction result p;
is determined not only by the FL. model transmission matrix
U but also the optimal transmit power vector P since the
data labels used to train the GNN model are generated by the

optimal U and P.

(1)

Given the prediction p;, the next step is to determine
the FL model transmission matrix w; of each device 1.
First, each device ¢ transmits its prediction result w; to
its neighboring devices. Then, each device ¢ will use its
received FL model transmission matrix to determine p;. We
first define a set S; = {ui,l, ...,/,Li’ll:l(l"k)l} to represent the
set of elements in p; and p;p, ... = max{z|r € S;} as
the maximum connection probability among ft; with n; max
being the device index. Similarly, we define fi;,; =
max {z|z € S (i) and & # i, ..} as the maximum con-
nection probability among the elements in p4; €XCEPt i n; 1o
with n/, being the device index. Hence, element u; ; in FL

7,max

model transmission matrix is determined by

17 lf.] = T4, max>

e sy ] i
17 lfj - ni,max’ Mhni,max < /L"i,mam“

and T o, max = %

12)

Uiy =

0, otherwise,

where 7, .. .max 18 the index of device with the maximum
connection probability in g, ... Here, gy, . represents the
probability distribution of device n; max connecting to its first
hop devices. From (12), we see that each device ¢ can at most
transmit FL parameters to two devices: 1) the device 1; max
with the highest connection probability and 2) the device
n' with the second highest connection probability.

7, max

B. Training the Proposed GNN-based Model

Given the defined components, we next introduce the entire
procedure of training the proposed GNN-based method. To
minimize the difference between the predicted connections and
the optimal connections, we use binary cross-entropy (BCE)
as the loss function, which is expressed as

j(R<7’7 k)a ¢i7 @07 81)

M L (5,k)|
=Y > —zijlogd(piy) — (1 — 2 ;) log(1 — 8(ui ),
i=1 j=1

(13)
where 0(-) is the sigmoid function, z; ; € {0,1} is the label
of connection with z; ; = 1 indicating there is a connection
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between device ¢ and device j and z;; = 0, otherwise. To
minimize the training loss in (13), we optimize &y and G,
using the back-propagation algorithm with minibatch stochas-
tic gradient descent (SGD) approach.

C. Optimization of Transmit Power Vector with Fixed FL
Model Transmission Matrix

When the FL model transmission matrix U is determined,
each device only needs to optimize its own transmit power
vector p; ;. Given the optimized transmission matrix U, the
transmit power optimization problem for device ¢ at time slot
t can be rewritten as

M
I;l_iDZEi,j,t (@1, B,pijit) s (14)
it j:1
st Liju(pe, Bypije) < IVj € L (i,k). (14a)

Based on (14), the optimal transmit power of each device i is
given by the following lemma.

Lemma 1. The optimal transmit power p; ;; of each device
1 transmiting its model to device j can be given by

2
« Ui j tON ( Allwg |l )
P, =—""2_(27BT —1]).
W hige (1)
Proof. To prove Lemma 1, we first prove that energy con-
sumption E; ;; (¢, B,p; ;) is an increasing function of
variable p; ; ;. Based on (5), (6), and (7), we have

5)

A||ui”pi,j7t
Blog (1 + %)
N

Ei,j,t (d)ta Bapi,jﬂg) = 6

The derivative of E; ;; (¢, B, p; j,+) with respect to p; ;. is
given by

OFE; j i (b¢, B, pijt) _ Allui|
8piyj}t Blog (1 + hi,j‘t(:;t)piyj‘t>

N
B Ahi i (@) pijoe|lwill
2
BO'JQVIOg (1+ hi,j,t(;t)pi,j,t) <1+ hi.j,t(jzt)m,j,t)
N N
_ Al
Buw (pi,;.+)log (w (pij.))
where w (p;;+) and f(w(p;j:)) are short for 1 +

Posalbltiin “and - (u (pi ) (108 (0 (i) — 1) + 1), e

Allus]| Qw(pi j.¢) _
Buw(pi,j,¢) log(w(pi,j,e))? Opi ¢
are always positive as p; ;; > 0. Hence, to prove

a7

5 (w(pijt)),

and

spectively. Obviously,

hij.t(Pt)
o

that (17) is positive, we need to only prove that f (w (pi ;)

is positive when w (p; ;) > 1. The derivative of f (w (pi ;.))
with respect to w (p; ;) is given by

of (w (pi i)
ow (Pz‘,j,t)

Obviously, f (w (pi,j,¢)) is a monotonically increasing func-
tion when w (p; j+) > 1. Therefore, f (w (pi ;+)) > 0 when

1
=log (w (ps,j,t)) + v 1>0. (18)

Algorithm 1 GNN-based Algorithm for Connection Optimiza-
tion
1: Initialize The FL model transmission matrix U.
- Devices obtain location information based on GPS data;
: Each device 7 broadcasts its location information to de-
vices in L (i, k);
: Each device ¢ establishes R (i, k) and &;;
5: for device 1 € M do
. Aggregate the neighboring devices’ information based
on (10);
7:  Calculate the output probability distribution p,; based
on (11);
8:  Each device ¢ transmits p; to its neighboring devices;
9: end for
10: Each device ¢ determines u; based on (12);
Output: The FL model transmission matrix U.

W N

~

TABLE 1
SIMULATION PARAMETERS [11]

Parameters | Values | Parameters | Values

B 1 MHz f 3.3GHz

o -174 dB r 10ms

A 92 KB 2 1

Vi 5 Vs 10

M 8 k 3

w (p;,j,¢) > 1. Since %ﬁp”) is always positive when

Pijt > 0, Eij+ (¢, B,p; ) is a monotonically increasing
function when p; ;; > 0. From the constraint (14a) we

e Allu; | .
have p; ., > % (2 BI — 12. Hence, to minimize the
2,7

e optimal transmit power
Allug |

BT — 1). This completes the proof. [J

2
Ui,j, tIN

transmission energy consumption, t
* : L, g, tY N
pi-,j,t 1s hi gt (Pr)

IV. SIMULATION RESULTS

For our simulations, we consider a network with a circular
area having a radius » = 1000 m and 8 uniformly distributed
devices. The other parameters used in simulations are listed
in Table I. We consider the use of FL for handwritten digit
identifications based on the MNIST dataset [12]. For com-
parison, we consider two baselines. Baseline a) is an optimal
solution, which is obtained by exhaustive search. Baseline b) is
a decentralized solution, where each device directly connects
to its first and second nearest neighboring devices with optimal
transmit power.

In Fig. 3, we show how the energy consumption of CFL
training changes as the number of devices varies. In this
simulation, we only train the GNN using the data collected
by the network with 8 devices. When the network has more
or less than 8 devices, we directly use the GNN model
trained by the data collected from the network with 8 devices.
From Fig. 3, we can see that the proposed method achieves
similar performance as the optimal solution. This is because
the proposed algorithm enables each device to determine the
FL model transmission matrix using its neighboring devices’
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location and connection information thus optimizing FL model
transmission matrix and transmit power. From this figure, we
can also see that, as the number of devices increases, the
average energy consumption of each device decreases. This is
because, as the number of devices increases, the FL parameter
transmission distance among the devices decreases. Fig. 3 also
shows that compared to baseline b), the proposed algorithm
can reduce energy consumption of CFL training by up to 46%.
This is because the proposed algorithm can select an optimal
subset of devices for FL parameter exchange. Fig. 3 also shows
that the gap between the proposed algorithm and baseline a)
does not change as the number of devices increases. This
implies that the proposed algorithm trained in the network
with 8 devices can directly be used for the networks with
more or less than 8 devices.

Fig. 4 shows how the average CFL training loss changes as

V. CONCLUSION

In this paper, we have developed a novel CFL framework
that enables devices to collaboratively train a ML model via
exchanging their local FL parameters with their neighboring
device without the reliance on a parameter server. We have for-
mulated an optimization problem, whose goal is to minimize
CFL energy consumption while satisfying the delay and CFL
training loss requirements. To solve this problem, we proposed
a two-stage solution. At the first stage, we have proposed a
GNN based algorithm which enables each device to individ-
vally determine its FL parameter transmission matrix using
its neighboring devices’ location and connection information.
Given the optimal FL parameter transmission matrix, at the
second stage, we have derived a close-form expression of the
optimal transmit power. Simulation results have demonstrated
that the proposed algorithm can significantly reduce CFL
training energy consumption compared to the algorithm where
each device will directly connect to its first and second nearest
neighbors.
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