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ABSTRACT This paper focuses on D2D communication for 5G/6G in dynamic environments where the
D2D network topology changes through time due to D2D Devices’ mobility. Specifically, we consider
a scenario within the coverage area of a Base Station (BS) serving a number of User Devices (UEs),
with variations in speed and direction causing changes in the D2D network topology, either via direct
connections or via D2D single-hop or D2DMulti-hop paths. Based on this scenario, we formulate a problem
aiming to maximise the total Spectral Efficiency (SE) whilst minimising the total Power Consumption
(PC), by selecting the best transmission mode that the D2D devices will operate. In order to address the
aforementioned problem, the Distributed Artificial Intelligence Solution (DAIS) plan proposed in our earlier
work and designed for static environments is extended to consider the mobility (i.e., speed, direction and
indirectly link distance change) of the D2D Device, targeting the dynamic creation of stable and efficient
clusters and good backhauling links towards the gateway. The enhanced DAIS performance is comparatively
evaluated in terms of SE and PC against selected variations in UE speed and direction, changes in the
link Transmission Power (TP), and an increase in the number of Devices in the D2D network. Overall, the
results obtained demonstrated superior performance of enhanced DAIS over all the other related investigated
approaches (i.e., Distributed Sum Rate (DSR), Single Hop Relay Approach (SHRA), Distributed Random
(DR)), in terms of Spectral Efficiency (SE) and Power Consumption (PC). Also, the ability of enhanced
DAIS to react and adapt quickly and efficiently to D2D network topology changes, with reduced signalling
overhead and control delay in responding to changes, shows that it is a well-poised approach to be used in a
Dynamic D2D Environment.

INDEX TERMS 5G, 6G, D2D, transmission mode selection, distributed artificial intelligence, dynamic
transmission mode selection, clustering, BDI agents, BDIx agents.

I. INTRODUCTION
5G and 6G technical requirements motivated the academic
community to find alternative ways to optimise the mobile
network infrastructure and increase network performance.
These technical requirements include: i) support for a huge
number of devices (IoT included) under the same network
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(e.g., 1000s of devices per square kilometre), called massive
Machine Type Communications (mMTC); ii) provide an
ultra-reliable low latency communication (e.g., 1 ms) for
supporting new applications, such as remote medical opera-
tions, and new technologies, such asAugmentedReality (AR)
and Virtual Reality (VR), called Ultra-Reliable Low Latency
Communications (URLLC); and iii) provide high service
quality and quantity in terms of bandwidth, in order to meet
the users demanding bandwidth requirements coming from
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mobile applications that use live video, high-quality images,
voice and text (e.g., 1 Gbps per user), called enhancedMobile
Broadband (eMBB) [1].

Given the above technical 5G/6G requirements, specific
network management and control issues are becoming more
complex, demanding more efficient communication estab-
lishment control and faster decisions in handling dynamic
aspects that can occur in the network operation (e.g.,
in a disaster recovery case). For example, to realise quick
decisions, the time needed for communication establishment
should be minimised by reducing the volume of messages
exchanged between the collaborative devices, as well as the
decision horizon. To achieve this, the devices should become
autonomous, able to react dynamically and independently
to changing conditions of network operation. A joint man-
agement and control approach realising Self-healing/self-
organised networks to handle the above issue effectively
becomes necessary.

A promising approach to tackle a diverse range of
complex problems is to use an AI/ML (Artificial Intelli-
gence/Machine Learning) framework [2]–[4]. Furthermore,
a distributed approach is encouraged, given the complexity
of the forthcoming networks and the strict requirements
imposed, including tackling themobility aspect [5]. The latest
literature in 6G [6]–[14] indicates that for 6G to satisfy
connectivity demands and satisfy the requirements of near-
future services, a distributed control with virtual resources
is needed. In addition, it is suggested that intelligence will
be shifting from centralised computing facilities down to
every terminal in the network to promote real-time network
decisions through prediction and achieve self-organised
networks at the UE level.

To tackle the aforesaid 5G/6G technical requirements,
in previous work we implemented a novel Distributed
AI framework [15]–[19], exploiting Belief-Desire-Intention
(BDI) agents extended with Machine Learning (we refer to
these as BDIx agents) running on the UEs, to better manage
the network and offer increased network performance.
To demonstrate its potential, we focused on a Device-to-
Device (D2D) communication setup and proposed the DAIS
plan [15], a specific plan executed by the BDIx agents
of the DAI framework using only local knowledge,1 for
selecting the transmission mode that the D2D device will
operate. However, the first version of the DAIS plan did not
consider the dynamic case of incorporating UE mobility in
which the speed and direction exist and influence the D2D
communication network topology.

In this paper, we consider a dynamic D2D environment
for a 5G/6G scenario within the coverage area of a Base
Station (BS) serving a number of User Devices (UEs) either
via direct connections or via D2D single-hop or D2D Multi-
hop paths. We also formulate a problem aiming to maximise
the total Spectral Efficiency (SE) whilst minimising the total

1Information that can be retrieved from other nodes in the proximity of
the D2D device.

Power Consumption (PC), by selecting the best transmission
mode that the D2D devices will operate, targeting the creation
of stable and efficient clusters and good backhauling links
towards the gateway in environments where the D2D network
topology changes through time due to UE mobility according
to speed and direction.

The DAIS plan was initially introduced in [15] and
designed for static environments. It is enhanced to consider
the speed in its algorithm targeting the dynamic creation
of stable and efficient clusters and good backhauling links
towards the gateway, considering a D2D Communication
setup where the D2D network topology changes through
time mainly due to the mobility of the D2D/UE devices (see
Section IV-A).

Moreover, in Section V-D1 we show that the dynamic
version of DAIS outperforms initial DAIS [15] under an
environment that is dynamic in terms of the speed and
direction. The algorithm is executed in Time Steps (i.e.,
every 100 ms), updating the transmission mode in each
link. The difficulty here is that in each Time Step (TS) of
execution, the new selected transmission mode can affect
existing clusters, as well the formation of new clusters and
backhauling links, whilst also respecting any constraints,
such as the Speed of the D2D device. In other words,
the objective of the enhanced DAIS plan is to achieve a
transmission mode selection in such a way that would avoid,
or at least minimise, disconnected/disjointed clusters due to
the speed and direction of the relay nodes, thus keeping a
stable network performance in terms of maximising SE and
minimising PC.

Moreover, to set a benchmark and allow for a fairer
comparison, we also enhanced the DSR approach [15], [18],
[19], so as to make it competitive and aligned with DAIS
in a dynamic environment (see Section IV-B). DSR is a
distributed algorithmic approach that focuses on maximising
the aggregated data rate of all the links established in the
network by using global network knowledge.2 For the same
reason, the SHRA approach [20] is enhanced in order to
enable D2D-Relays to support multiple connections and
allow cluster formation (see Section IV-C). The comparative
evaluation results (see Section V-D) demonstrate superior
performance of DAIS over the SHRA, DSR, DR [15]3 and
non-D2D UE approach4 in terms of SE and PC.

The key contributions of this paper are summarised below:
• We provide a problem formulation of a dynamic
environment for D2D communication in terms of speed,
direction, and a network topology by considering the
SE and PC formulation, Devices transmission mode and
D2D communication protocols used (i.e., WiFi Direct,
LTE Direct). Moreover, we indicate the objective of the

2Information that can be retrieved from all the nodes under the D2D
network that the D2D device is located.

3DR is a distributed approach that randomly performs transmission mode
selection using global network knowledge.

4The non-D2D UE is the current implementation of the mobile network
without the D2D communication.
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problem formulation, which is the maximisation of SE
and the minimisation of PC.

• We provide an investigation related to D2D and trans-
mission mode selection in order to tackle the dynamic
aspects of the mobile network with the use of DAI/ML.

• We implement an enhanced D2D transmission mode
selection plan (DAIS) using the DAI framework (with
DAI andML) in order to improve the network SE and PC
in a dynamic environment. The framework makes use of
BDIx agents, which reside on Mobile Devices (shown
in Fig. 1), enabling them to intercommunicate and coop-
erate in achieving, in a distributed artificial intelligence
manner, efficient D2D communication (Section IV-A)
for a dynamic environment.

• We enhance DAIS and DSR [15] (Section IV-A and
Section IV-B) so as to offer improved SE and PC in a
dynamic D2D network (Section V-D1) by considering
the speed of a device before selecting transmission
mode.

• We show that the new enhanced DAIS is better than the
DAIS shown in [15] in the dynamic environment.

• To allow a fairer comparative evaluation with enhanced
DAIS and DSR, we enhanced an approach from liter-
ature called SHRA and adapted the D2D transmission
mode selection of D2DSHR to accept as clients more
than one D2D device, and we enhanced the approach
to consider the speed before selecting the transmission
mode (Section IV-C).

• We examine how Transmission Power (TP) affects the
investigated approaches (DAIS, DSR and SHRA) after
forming the D2D network. Based on this investigation,
a Reservation Power Plan for DAIS is introduced
(Section V-D2).

• We provide an extensive comparative evaluation
between the investigated approaches considering the
behaviour of the researched techniques on: i) dynamic
TP; ii) Network Topology changes over the Time
Steps (TS) of Execution; iii) dynamic UE Speed;
iv) different number of Devices in the network; and
v) dynamic UE Direction (Section V).

The rest of the paper is structured as follows. Section II
provides some background information on the DAI Frame-
work, the main characteristics of the D2D Communication,
the DAIS plan and the other investigated approaches.
It also provides related work on approaches addressing
D2D transmission mode in a dynamic and static network
environment. The assumptions, terms, system model, prob-
lem description and formulation, including an overview
on how the investigated approaches are associated with
the optimisation objective (i.e., SE maximisation that will
result to PC minimisation), are elaborated in Section III.
Additionally, the enhanced implementations of the DAIS
plan, DSR and SHRA approaches are provided in Section IV.
The efficiency of the investigated approaches is examined,
evaluated and compared in Section V. Finally, Section VI
includes concluding remarks and our future directions.

FIGURE 1. BDIx agents residing on mobile devices.

II. BACKGROUND KNOWLEDGE AND RELATED WORK
A. BACKGROUND KNOWLEDGE
This section provides a brief introduction to the DAI Frame-
work and the main characteristics of D2D communications,
including the types of control utilised for establishing the
D2D communication links and the types of transmission
modes that a D2D device can operate. Also, a short
description of the implementation of the DAIS Plan, the Sum
Rate Approach, the Distributed Random and the non-D2D
UEs algorithms is provided. Further details appear in [15],
[18], [19].

1) THE DISTRIBUTED ARTIFICIAL INTELLIGENCE
FRAMEWORK
The DAI framework is realised in an efficient, distributed,
autonomous and flexible way, and it focuses on the local
environment rather than the global environment. It is
implemented using a BDI extended agent (BDIx agent)
that consists of Beliefs (knows the environment),5 Desires
(what it has as objective) and Intentions (current running
objectives realised from Desires that are executed through
selected plans). Desires can become Intentions using priority
values and well-defined IF-THEN rules in the Fuzzy Logic
Plan Library according to the Requirements based on values
from Sensors, violation of pre-specified thresholds and raise
of Events. More specifically, changes in values of Beliefs
or incidents that trigger an event act as reinforcement
learning and enable the reactive behaviour of an agent that
changes Desires, Intentions and plans to be executed (as
shown in Fig. 1) [16].

2) TYPES OF CONTROL IN D2D COMMUNICATION
From the open literature, the types of control that are used
for the implementation of D2D communication and the
establishment of links are the following (see [15], [18], [19]):
• Centralised: In the centralised control approach, the
BS completely supervises the UE nodes, even when
the nodes are communicating directly. The controller

5Beliefs can also comprise part of other forms of AI/ML techniques (e.g.
Fuzzy Logic, Deep Learning Neural Networks etc).
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supervises interference/connections/path or any other
metrics amid cells with D2D UEs.

• Distributed: In a distributed scheme, the control of the
management of the D2D nodes (e.g., interference/data
rate/path) does not require a central entity of authority,
but it is performed autonomously by the UEs them-
selves. Thus, the distributed scheme diminishes the
control and computational overhead, which is why it is
mainly appropriate for large D2D networks.

• Semi Distributed: Both centralised and distributed
schemes have advantages and drawbacks. Trade-offs
can be accomplished between them for better perfor-
mance. Such D2D management schemes are referred
to as ‘‘semi-distributed’’ or ‘‘hybrid’’.Thus, ‘‘semi-
distributed’’ is a combination of the ‘‘Centralised’’ and
‘‘Distributed’’ approaches.

• DAI control: This is a sub-class of a distributed control;
With DAI, all the distributed control processes are
autonomous (in terms of information sharing) and are
expected to begin simultaneously, run in parallel and
conclude independently to the result extracted by the
other process. This is the type of control that is used by
our proposed DAI Framework [15].

3) TYPES OF TRANSMISSION MODES IN D2D
COMMUNICATION
There exist different transmission modes for D2D communi-
cation based on how UEs interact with the BS and other D2D
nodes (see [15], [18], [19]):
• D2D Direct (D2DD): Two UEs connect and communi-
cate with each other by utilising licensed or unlicensed
spectrum.

• D2D Single-hop Relaying/D2D Relay (D2DSHR): In
this mode, the D2D device shares its bandwidth from its
shared link that is directly connected to a backhauling
link composed of other D2D devices or a BS or an
Access Point with other UEs. Also, it provides access,
by sharing its bandwidth, to other D2D devices / UE
devices [21] that are clients to the relay. It is called Single
Hop because the D2D Client devices connected to it,
access the other D2D client devices under it by the one-
hop D2D relay device.

• D2D Cluster: a D2D cluster is a group of UEs connected
to a D2D relay node (D2DSHR), performing as a Cluster
Head (CH) and acts as an intermediate router to the
network through an access point or BS. Clustering is
appropriate in high user densities [22], [23].

• D2D Client (D2DC): D2DC is the client that connects
to a CH D2D Relay (D2DSHR) node in a D2D Cluster.

• D2D Multi-hop Relay (D2DMHR): The single-hop
mode is extended by enabling the connection of more
D2D UEs as a bridge with mode D2DMHR in a path to
achieve both backhauling links from the single-hop relay
or a multi-hop relay towards BS (internet) and/or D2D
communications. Please note that both backhaul links
and D2D transmissions are performed in an uplink with

other D2DMHR/D2DSHR nodes (as a bridge), and they
are subject matter to the control of the former D2DMHR
nodes [23]. If a D2DMHR is equipped with more than
two interface cards, it can also share bandwidth with
D2DCs; otherwise, at the end of the backhauling path
(D2DMHR chain), a D2D Single-hop Relay node can
be connected for sharing purposes.

4) THE DISTRIBUTED ARTIFICIAL INTELLIGENCE
SOLUTION (DAIS) PLAN
DAIS is a specific plan executed in a DAI framework making
use of BDIx agents, for selecting the transmission mode that
the D2D Devices will operate. This plan is implemented
to run when a UE device enters the D2D network. For
choosing the transmission mode that the UE device will
perform in the D2D network, the ‘‘Weighted Data Rate’’
(WDR) metric is considered. This metric is defined as the
minimum data rate of the weakest D2D link in the path that
the UE device has selected for either directly connected to
the BS or through another D2D Device towards the BS (i.e.,
WDR = max(min(Link Rate)) [15]. Specifically, the DAIS
plan selects the transmission mode that a D2D Device will
operate such that the WDR of the chosen path is maximised.
Below we provide the steps that the BDIx agents executing
the DAIS plan perform to select the transmission mode that
the D2D device will operate. Before going into the details is
essential to note that the D2D-Relays: i) Are using proximity
services to broadcast the connection information (i.e., WDR,
coordinates) as message advertisement; ii) Use WiFi Direct
when forming a D2D cluster for communication within the
cluster and within-cluster D2DCs and Cluster Head; and iii)
Establish a link among them using LTE Direct [15].

Once a UE device enters the D2D network for the first time
(see Fig. 2), the initial WDR is estimated as the data rate of
the link between the UE device and the BS. Afterwards, other
candidate indirect paths between the UE device and other
neighbouring D2D-Relays6 towards the BS are identified,
their associated WDR is calculated, and the best path (i.e.,
the one with the highest WDR) is selected. Based on the path
selected (i.e., direct or indirect path), the transmission mode
of the UE device is selected and adopted.

Basically, the following steps are executed:
a. Using LTE Proximity Services, the entering UE device

scans the network for any neighbouring D2D-Relay
devices. The broadcast LTE proximity advertisement
messages also include additional information, such as
the number of D2D devices supported by the D2D-
Relay, coordinates of the D2D device and the D2D
device that each D2D-Relay connects to next (with
their associated link data rate), along the path to the
BS/GW.

b. For each D2D-Relay device detected in the proximity
of the UE device. A D2D communication path is

6For clarity, we will use D2D-Relay to represent both the direct
D2D Relay/D2D Single-hop Relaying and the D2D Multi-Hop Relay
(D2DSHR/D2DMHR) cases.
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FIGURE 2. UE device entering a D2D communication network and the
dilemma of selection of most appropriate transmission mode and access
point.

identified, having the D2D-Relay device as a starting
point.

c. The WDR of each path is calculated and sorted in
descending order based on the WDR achieved.

d. Starting from the D2D-Relay device related to the path
with the best WDR achieved, up to five of the D2D-
Relay devices that meet the following conditions are
selected as follows:
• D2D-Relay 1: The D2D-Relay that operates as
D2DSHR (single-hop D2D-Relay) and located
within a Wi-Fi Direct (200 m) range from the
entering UE device (maxD2DSHR).

• D2D-Relay 2: The D2D-Relay that operates as a
D2DMHR (multi-hop D2D-Relay) with no con-
nections and located within a Wi-Fi Direct range
from the entering UE device (maxD2DMHR_NC).

• D2D-Relay 3: The D2D-Relay that operates as
a D2DSHR (single-hop D2D-Relay) with no
connections and located within a range of LTE
Direct (600 m) from the entering UE device
(maxD2DSHR_NC_D2DMHR).

• D2D-Relay 4: The D2D-Relay that operates as a
D2DSHR (single hop D2D-Relay) or a D2DMHR
(multi-hop D2D-Relay) with no connections,
located within a range of LTE Direct and with a
WDR lower than the data rate of the link between
the UE device and the BS (referred as the initial
WDR) (maxD2DSHR_UED2DMHR).

• D2D-Relay 5: The D2D-Relay that operates
as a D2DMHR (multihop D2D-Relay) with
no connections and located within the range
of LTE Direct from the entering UE device
(maxD2DMHR_MultiHop).

e. Transmission Mode Assignment (implementation
details appear in [15], Algorithm 1): The entering
D2D device, by considering the threshold values
set for the WDR and Battery Power Level (BPL)
(WDRThreshold, BPL Threshold; see Section II-A4.a)

selects its transmission mode. This is achieved by
executing the following steps progressively, with
execution moving to the next step only if the current
step is not satisfied. These steps are:
• If ‘‘D2D-Relay 1’’ exists and its WDR is greater
than the initial WDR x (1 + WDR Threshold),
the UE device will set its transmission mode to
‘‘D2DC’’ and connect to ‘‘D2D-Relay 1’’.

• If ‘‘D2D-Relay 2’’ exists and its WDR is greater
than the initial WDR x (1 + WDR Threshold),
the UE device will inform the ‘‘D2D-Relay 2’’ to
change its transmission mode from D2DMHR to
D2DR, set its transmission mode to ‘‘D2DC’’ and
connect to ‘‘D2D-Relay 2’’.

• If ‘‘D2D-Relay 3’’ exists and its WDR is greater
than the initial WDR x (1 + WDR Thresh-
old), the UE device will inform the ‘‘D2D-
Relay 3’’ to change its transmission mode from
D2DR to D2DMHR, set its transmission mode
to ‘‘D2D Single Hop Relay’’ and connect to
‘‘D2D-Relay 3’’.

• If ‘‘D2D-Relay 4’’ exists and its WDR is less
than the initial WDR x (1 − WDR Threshold)),
the UE device will set its transmission mode
to‘‘D2DMHR’’, inform the ‘‘D2D-Relay 4’’ to
change its transmission mode to D2DSHR and
connect to the entering UE device. In this case,
the entering UE device ‘‘breaks’’ an existing
connection.

• If ‘‘D2D-Relay 5’’ exists and its WDR is greater
than the initial WDR x (1 + WDR Threshold),
the UE device will set its transmission mode
to ‘‘D2D Single Hop Relay’’ and connect to
‘‘D2D-Relay 5’’.

• The entering device sets the transmission mode to
be ‘‘D2DMHR’’ and selects to connect to the BS.

f. Once the Transmission mode of the UE device is
selected, the path towards the BS is established, and the
UE device estimates its link data rate with the selected
D2D-Relay. Then the UE device sets its WDR as the
min( data rate of the link between the UE device and
the selected D2D-Relay, selected D2D-Relay WDR).

More details about the DAIS algorithm that is implemented
as a DAI framework plan, the problem formulation, the
assumptions, constraints, sum rate and power consumption
estimations (the formulations of sum rate and power con-
sumption are utilised from [24]), parameters, thresholds
calculations, and terminology can be found in [15], [18], [19].

a: WDR AND BPL THRESHOLDS USED BY DAIS
In [15], we have introduced the Battery Power Level (BPL)
and Weighted Data Rate (WDR) threshold values, which
are also investigated in [18], [19]. The following paragraphs
provide the Thresholds information utilised by DAIS Plan.
The BPL Threshold (We set the value to 75% BPL

Threshold, even though it does not affect the SE and PC)
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is utilised by the plan in order to preserve energy for
D2D devices performing as D2DSHR or D2DMHR Devices.
Consequently, for a device to select D2DMHR/D2DR mode
and support other D2D UEs, it must have a battery power
level more than the threshold.

The WDR threshold (20% WDR for low (<= 200)
UEs [18], and 35% WDR for large (<= 1000) UEs [19])
is used by the plan for four purposes. Through the WDR
Threshold, an entering new D2D device in the network:
• Can perform a quality check of the D2DSHR in order to
connect to it as a D2DC.

• Can perform a quality check of the D2DMHR in order
to connect to it either as a D2DC or a D2DSHR.

• Can replace a D2D-Relay Device and take its role if the
new D2D device’s WDR is greater than the WDR of the
existing D2D-Relay device.

• Can connect to a D2D-Relay device in its proximity and
act as a D2DSHR.

Note that the WDR threshold is used for restricting the
creation of new D2D-Relays. More specifically, the WDR
Threshold is used for quality check in order to evaluate
how good, in terms of WDR is: i) an entering Device to be
D2D-Relay; and ii) an existing D2D-Relay device to keep
its mode and connection versus an entering UE device.
This aim’s to reduce the possibility of breaking existing
connections and establishing new connections with the new
D2D-Relays (see Section II-A4).

5) DSR APPROACH, DISTRIBUTED RANDOM, AND
NON-D2D UE FOR TRANSMISSION MODE SELECTION [15]
The DSR Approach uses the sum rate7 of the network
as a metric to select the best transmission mode for the
entering UE device by having all the knowledge of the
network (i.e., D2DSHRs, D2DMHRs, D2DCs, connection
links, Data Rates of each link, interference among the
D2D devices). On the other hand, the Distributed Random
approach is a distributed approach that randomly performs
transmissionmode selection using global network knowledge
(taken from BS). Note that DR acquires only the D2DSHR
and D2DMHR near the D2D Candidate Device according to
constraints. Finally, the non-D2D UE approach is the current
implementation of the mobile network. More precisely, the
non-D2D UE approach does not form D2D Communication
links and keeps all the UEs connected directly to the BS with
constant predefined transmission power.

Overall in [15], in static environments, the Sum Rate
approach was concluded as the best approach because it
uses brute force investigation to conclude with the best
transmissionmode in terms of SE and PC in eachD2Ddevice.
On the other hand, the Distributed Random was concluded
to be the worst approach that results in the worst SE, and
the non-D2D UE approach was concluded to be the worst
approach in terms of PC.

7The Sum Rate of the D2D network is calculated by adding all the
achieved data rates of all nodes in the network.

B. RELATED WORK
This section provides a brief review of the open literature
approaches related to static and dynamic transmission mode
selection in D2D Communication.

1) RELATED WORK ON TRANSMISSION MODE SELECTION
IN D2D COMMUNICATION [19], [25], [26]
It is worth mentioning that all the approaches investigated in
the literature separate the UEs into categories. The categories
are for those that are candidates to become D2D devices
and those that will stay connected to the BS as regular UEs.
On the other hand, our approach [15] considers all the UEs
as candidates to become a D2D device, which can provide
better network performance. Furthermore, to the best of our
knowledge, there is not any other approach that tackles the
problem of having a D2D device utilising all transmission
modes (D2DSHR, D2DMHR and D2DC) in a distributed
manner.

A classification based on the type of control (see
Section II-A2) used by each paper examined is found below:
• Centralized approaches [27]–[39], where the decision is
taken by the BS. The benefit of Centralised approaches
is that the control is executed on the BS, which is
easier and simpler. However, a lot of messages are
needed to be exchanged between D2D devices and the
BS, which implies significant signalling overhead and
decision delays in the BS.

• Distributed approaches [40], where the decision is taken
by the D2D devices; however, in this case, the D2D
devices need some information from the BS. The need
for the BS information implies the use of a lot ofmessage
exchange and delays. However, in distributed control,
after the message exchange with the BS, the control
is executed at UEs with no restriction on the number
of devices that the approach can support. Thus, the
distributed approaches are dynamic and flexible.

• Semi-distributed approaches [41], where the decision
is taken by both the BS and the D2D devices in
collaboration. In the case of semi-distributed approaches
they have the pros and cons of the distributed and
centralised approaches.

• Distributed Artificial Intelligent (DAI) approaches,
where the decision is taken by each D2D device
independently; however, in this case, they may share
information with other D2D devices [15]–[17]. The
benefit of DAI is that it can be utilised in dynamic
environments, as it is distributed, autonomous, dynamic,
flexible, react fast and adapts quickly and efficiently to
D2D network topology changes.

A classification on the related approaches based on the type
of transmission (see Section II-A3) is:
• D2D device Selection only [27]–[30], [41]
• D2DD and D2DSHR selection mode only
[31]–[37], [40]

• D2DD and D2DMHR [38], [39]
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Note that most approaches described above are Cen-
tralised, and only a few use Semi-Distributed or Distributed
algorithms.

2) RELATED WORK ON DYNAMIC TRANSMISSION MODE
SELECTION IN D2D COMMUNICATION
The related approaches described above are focused on a
static environment, an environment without consideration of
the mobility of the devices. To the best of our knowledge,
not a lot of work was done indirectly addressing Dynamic
transmission mode Selection. What we found in the open
literature closely related to the work performed in this paper
is [20], an interesting heuristic algorithmic approach, which
is described below. For comparison evaluation reasons (see
Section V), we will refer to this approach as SHRA, reflecting
the title ‘‘D2D Single Hop Relay Approach’’ that the authors
of [20] gave.

The approach described in [20] uses only two D2D modes,
the: i) D2DD mode; and ii) D2DSHR mode in a reduced
distance of 20m. Also, it uses three modes of operation of
the UEs the: i) infrastructure mode, ii) D2DD mode, and iii)
D2DSHR mode. In the experiments performed, mobility is
simulated using the random way-point model and the linear
mobility model. The SHRA approach uses only D2D single-
hop Relay communications, and it considers the distance
between the D2D devices (based on their GPS coordinates)
for selecting the device that will operate as a D2DSHR. It has
two thresholds, namely:
• The minimum ‘‘threshold distance for D2D Direct
communication’’ (called α) used for establishing D2DD
assisted communication and

• The maximum ‘‘threshold distance for relay-aided
single hop relay D2D communication’’ (called γ ) used
for establishing D2DSHR communication.

Based on the distance among two D2D devices (referred
as R) that want to communicate, the approach executes the
following cases:
• If R is greater than γ , then the D2D devices must
communicate through the BS.

• If R is less than γ and greater than α, then the D2D
devices must find a D2D device that should convert to
D2DSHR, connect to it and communicate through it.

• If R is less than α, then the D2D devices should directly
communicate using D2DD mode.

The simulation evaluation results provided in [20] showed
that the D2DSHR mode in the Dynamic and Static environ-
ment could provide a better data rate.

Compared to SHRA described above, with the DAIS
approach (described in Section II-A4) a D2D device is
allowed to operate as a D2DSHR, forming a cluster in the
D2D network and connecting to a path creating a backhauling
link towards the BS.With this concept, indirectly, all the D2D
devices in the network will access the BS.

Table 1 provides the type of control performed and network
knowledge needed by each approach mentioned above.

TABLE 1. Evaluated approaches type of control & network knowledge
they need.

III. PROBLEM FORMULATION
In this research, our primary goal is to tackle the D2D
challenges mentioned in [15], [42], aiming for the imple-
mentation of 5G/6G D2D communication in a dynamic
environment. More specifically, our objective is to utilise
our findings on the DAIS plan and DAI Framework
[15]–[19] (implemented using BDIx agents) to select
the most appropriate transmission mode (i.e., D2DSHR,
D2DMHR, D2DC) to form a good backhauling network and
good formation of clusters. By selecting the most appropriate
transmission mode of a D2D device, we seek to jointly
maximise the total SE while minimising the total PC through
clustering and backhauling.

Below we provide the assumptions and terms used in our
investigation, and then we present the problem formulation.

A. ASSUMPTIONS AND TERMS
Our investigation considers the following assumptions:

1) a single Base Station (BS) with a total number of
Q moving UEs (D2D devices) forming the D2D
communication network.

2) a D2D communication network with a total number of
N devices representing the devices that share their link
(i.e., D2DSHR, D2DMHR, BS).

3) the Weighted Bandwidth is calculated by each D2D
device. The Weighted Bandwidth calculated by a
D2D device is estimated as the percentage of the
bandwidth allocated to the D2D device divided by the
stable constant bandwidth allocated to a standard UE
connection that uses a direct connection with the Base
Station as a reference bandwidth.

4) a link connection with a single-antenna, point-to-
point communication between the D2D devices and an
uplink communication scenario.

5) a Free Space Path Loss model (for calculating average
received power) and a basic noise model, the Additive
White Gaussian Noise (AWGN), for calculating the
signal to noise ratio (SNR) and then the signal to
interference plus noise ratio (SNIR).

6) a scenario that D2DSHR shares over WiFi Direct and
D2DMHR over LTE Direct Mobile Frequencies in an
overlay fashion.

7) a well defined D2D security protocol for the D2D
devices to access theD2D communication and Telecom
network securely as well as the LTE ProSe service and
guarantee access to all the features provided by the
operator.
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8) for all TSs all D2DC devices have a pre-specified initial
speed and direction set randomly from the beginning
of the simulation. However, in each TS, each D2DC
device can change its speed from the initial value to
the speed threshold value (see Section IV) or vice
versa, in a random manner, before the execution of
the transmission mode selection process. After this
process, if the device is selected again to be a D2DC8

it resets its speed to the initial speed of the TS.
9) when the simulation is initiated (TS = 0, as shown in

Section V-B), all devices have a speed below or equal
to the speed threshold (e.g., pedestrian speed). Also,
the D2D devices that selected their transmission mode
as D2D-Relay (D2DSHR or D2DMHR) at that time
step, in the subsequent runs they do not change speed
and transmission mode,9 whilst the rest of D2D devices
(that are D2DCs) can.

10) in any subsequent TS, when a D2DC selects a speed
equal to the speed threshold (e.g., pedestrian speed)
and changes its transmission mode to D2DSHR or
D2DMHR, in the subsequent runs, it is not allowed to
change its speed and transmission mode (as explained
above).

11) the Doppler effect [43] is not considered. How the
Doppler effect can affect the decision-making process
will be considered in future investigations.

12) The proposed network system for the D2DSHR
Devices that act as Cluster Head (CH). The local entity
CH that is included in each cluster (shown as D2D-
Relay in Fig. 3) acts as the control unit that resolves
the conflicts (in terms of interference) among D2D
Relays client devices (D2DC) with the use of the
WiFi Direct protocol. Additionally, the LTE Direct
frequencies are assumed to use orthogonal resources to
the macro-BS with the use of the preassigned by the
BS frequency band; thus, the problem of Intercarrier
interference (ICI) between the D2DSHR, D2DMHRs
and the macro-BS is not addressed but handled by
the connection protocols. This is consistent with the
self-autonomy envisioned for D2D devices.

13) Note that the transmission mode related to WiFi
Direct/LTE Direct protocol used cases of the
D2D-Relay Devices are the following:
• when the transmission mode is D2DSHR and
acts as CH, it serves a maximum number of
200 users (WiFi Direct restriction) and can accept
connections from other devices of the D2DC
mode.

8The reason is for our simulation to be more dynamic and to simplify
the calculations and simulation. Moreover, to have a straightforward
interpretation of the results and to show the potential of each approach.
Another reason is to evaluate each approach in terms of SE and PC per speed
in each TS.

9This is a realistic assumption because in the subsequent Time steps the
device is sharing bandwidth the speed must be low. Also, this assumption is
for simplification of the simulation and results.

FIGURE 3. A typical D2D communication network.

• when the transmission mode is D2DMHR, the
maximum number of clients that the device can
share is one (LTE Direct restriction) and can
accept connection from another device of mode
D2DMHR or D2DSHR.

• when the shared device is the BS, it can serve more
than one and less thanQ devices (see Section III-B)
of mode D2DSHR and D2DMHR devices or serve
every other UE under the mobile network.

Furthermore, according to the standards, the following
restrictions apply:
• The maximum number of D2DCs connected to
D2DSHR is restricted to 200 (WiFi Direct).

• The number of D2D-Relay connected to D2DMHR is
restricted to 1 (LTE Direct).

• The maximum Distance between D2DSHR and D2DC
is 200m (WiFi Direct).

• The maximum Distance between D2DMHR, D2DSHR
to D2DMHR is 600m (LTE Direct).

• The maximum Distance for standard connection is
1000m.

B. SYSTEM MODEL
In our approach, we consider a dynamic environment where
the devices are moving at a certain speed and direction. The
mobile system is considered as an uplink D2D Orthogonal
Frequency-Division Multiple Access (OFDMA) cellular
network that consists of the deployment of D2D Single-
Hop Relays (D2DSHR) that act as Cluster Heads (CH),
D2DMHRs (D2DMHR) that act as intermediate nodes in
backhauling links, and D2DC Devices (D2DC) that connect
to D2DSHR Devices. Furthermore, each D2DSHR serves as
CH and shares its bandwidth with its D2DCs using WiFi
Direct. Additionally, the D2DMHRs serve as intermediate
nodes in the backhauling path toward the gateway (i.e.
the BS), providing better connection links and bandwidth
towards the BS. For the backhauling links, LTE Direct is
used between the intermediate inter-connected D2D devices,
and for direct connections towards the BS, regular mobile
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FIGURE 4. Snapshot of a typical D2D communication network showing
D2DSHR,D2DMHR,D2DC and UE connections.

connections are used. Regarding the transmission mode cases
of the D2D-Relay sharing devices, it’s worth noting the
following: i) when the transmission mode is D2DSHR, the
device serves a maximum number of 200 users (WiFi Direct
restrictions) and can accept connections from other devices
of the D2DC mode; ii) when the transmission mode is
D2DMHR, the maximum number of clients that the device
can share is one (LTE Direct restrictions) and can accept
a connection from another device of mode D2DMHR or
D2DSHR; and iii) when the shared device is the BS, it can
serve a limited number of D2D devices of mode D2DSHR
and D2DMHR, or serve every other UE under the mobile
network.

We consider a D2D enabled 5G/6G communication
network (see Fig 4). Within the coverage area of the BS bs,
there are Q D2D devices, indexed by q={1,2,..,Q}, such that
dq denotes the D2D-Device with index q. Next, we extend
this set with two special cases as follows. Index q=0, which
is reserved for the bs, denoted as q0, and index Q+1, which
is reserved for a non-D2D UE device with a standard mobile
connection connecting the UE to the bs, denoted as qQ+1.
The reason for including a non-D2D UE device in the set of
devices is so as to use it for comparison between a standard
mobile connection towards the BS with either a connection
of LTE Direct or WiFi-Direct (discussed in Assumptions
at III-A.13). Note that when a new D2D device enters the
D2D communication network, a reordering of the set takes
place, ensuring that the UE always has the last index. Thus
the extended set becomes q={0,1,2,..,Q,Q+1}.
The set q includes two subsets. The subset of R D2D-

Relay devices, indexed by n={0,. . . ,N}, n ⊂ q. Further, each
D2D-Relay device is also characterised by its transmission
mode t={D2DSHR,D2DMHR,BS} such that r tn denotes
the D2D-Relay with index n and transmission mode t.
Furthermore, the set n is extended to include the bs, with
index 0, i.e. n={0,0,. . . ,N}. The subset of M D2D-Client
devices are indexed bym={1,. . . ,Q,Q+1},m ⊂ q, with each
D2D-Client device characterised by its transmission mode

D2DC such that cD2DCm denotes the D2D-Client device with
index m that has D2DC as the selected transmission mode.
Note that the special transmission mode UE indicates a direct
connection with the bs, in which case m = Q+ 1. Also, note
that the special case of the reference UE device is appended
to the set of D2D-Client devices as m={B,. . . ,Q,Q+1} with
transmission mode UE . Thus cUEQ+1 denotes this special case.

The bs is also associated with Z paths that are directed
towards it, indexed by k={1,. . . ,Z}, where each Pk path is
defined by a set of directed links starting with one or more
D2D device(s). Each link in the path is denoted by lqi,qj :
i, j ∈ {q}.
Moreover, the nodes qi and qj in a path link are connected

with the information flow from qi to qj (qi→ qj). This can be
represented by an adjacency matrix A such that a(i, j)k = 1 if
node qi is connected to node qj in the path k with direction
from qi to qj (qi → qj). Note that the path always starts
with one or multiple D2D-Client device(s) connected to a
D2DSHR, or it starts with any other D2D-Relay device (i.e.,
D2DSHR, D2DMHR) and always ends with a connection to
the bs, and each link has a direction towards the bs. Also,
the intermediate D2D devices in the path are D2D-Relay
devices (discussed in Assumptions at III-A.14). Since each
path finishes at the bs (q0), we can backwards trace all paths
towards the bs by traversing from column 0 to trace all
devices emanating from that path (see example in problem
formulation).

Furthermore, for each link in the path we associate the
types of transmission mode at each end of the link as a set
cm(Pk ) that contains as elements (o, t) the connection modes
of each link. The association of each linkwith its transmission
mode is denoted as lqoi ,qtj , where t={D2DSHR,D2DMHR,BS},
o={D2DC,D2DSHR,D2DMHR,UE}. Also, for each link we
associate the spectral efficiency e(lqoi ,qtj ), as defined in Eq. 13,
and the Power Consumption p(lqoi ,qtj ), as defined in Eq. 17.
Also, the number of D2D devices that utilise a sharing link
connected to a sharing D2D device in a path Pk is denoted
by Rkj , which can be calculated from the adjacency matrix for
the row(s) that have the value ‘‘1’’ at the same column (qj).

Whenever a new device enters the network, if it is a D2DC,
it is introduced as the one before the last item in the list
(index Q), thus retaining the UE as the (Q+1) item in the set.
Moreover, if the D2D device is a D2D-Relay (i.e., D2DSHR,
D2DMHR), then it will be added as the last item of the D2D-
Relays set; thus, it will be assigned the index N in the set of
Relays.

Additional symbols used within the system model and the
problem formulation description are shown in the Table 6 of
the Appendix.

Below we present the formulation of this problem.

C. PROBLEM FORMULATION
In our previous work [15]–[19] we investigated the problem
of identifying the best paths that include all D2D devices
toward the BS in terms of SE and PC in a static environment.
In the problem formulation of the current work, we consider
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the problem of identifying the best paths that include all D2D
devices toward the BS in terms of SE and PC in a dynamic
environment where each device has speed and direction.

Each path must consist of a set of links, where each link is
associated with two D2D nodes. The first node is the node
that can utilise a sharing link (i.e., UE, D2DC, D2DSHR,
D2DMHR), and the second node is the sharing node (i.e.,
BS, D2DSHR, D2DMHR). Note that the last link of the
path always connects to the BS as the last sharing device.
The most challenging task when selecting the transmission
mode between two devices in our problem is to satisfy
the constraints of the sharing nodes, emanating from the
bandwidth restrictions and the limit in the number of clients
connections due to the specific protocol used (i.e., WiFi
Direct, LTE Direct).

More specifically, we aim to construct the paths from all
D2D devices towards the BS and identify each path link.
That is, in each link, identify where the D2D device will
connect to, the type of connection it will select (i.e., WiFi
Direct if connected to a D2DSHR, LTE Direct if connected
to a D2DMHR, direct mobile if connected to the BS), and
the transmission mode (i.e., D2DC or D2DSHR or D2DMHR
or BS) of both nodes sharing the link. This selection of
path, links and transmission mode of the D2D nodes should
be made in such a way so as to maximise the Total Sum
Rate10 (SR) of the network, either directly or via a path
of D2D-Relay devices, whilst keeping the PC in a dynamic
environment at a minimum. So, our objective is to maximise
the Sum Rate whilst keeping the Power Consumption to a
minimum through the transmission mode Selection of the
D2D devices and the selection of themost profitable link/path
connecting the devices.

Thus, our decision variables are whether a link can be
established (using a binary link selection variable called
(SV (lqoi ,qtj ,R

k
j , s(q

t
j ), x(lqoi ,qtj )) ∈ 0, 1) with the ’best’

transmission modes of the sharing device (t) and the client
device (o). Furthermore, when a device selects to be a D2D
device that is connected (qoi ) to a specific link sharing device
(r tn), some constraints must be satisfied in order for the
selection variable SV to result in ‘‘1’’.

The optimisation problem is:

max
(t,o,SV (lqoi ,q

t
j
,Rkj ,s(q

t
j ),x(lqoi ,q

t
j
))
{ytotal} (1)

min
(t,o,SV (lqoi ,q

t
j
,Rkj ,s(q

t
j ),x(lqoi ,q

t
j
))
{ptotal} (2)

s.t.

C1 : Rkj ∈ {1, 2, .., 200,Q} (3)

C2 : s(qj) ≤ smax m/s (4)

C3 : x(lqoi ,qtj ) ≤ X : X ∈ {x
max
LTE_D, x

max
WIFI_D,

xmax}

(5)

10The total sum rate is the aggregated Data Rate of all links. The Data
Rate of each link is estimated using Eq. 12 and Eq. 13.

C4 :
∑

{lqoi ,q
t
j
∈Pk }

pt (lqoi ,qtj ) ≤ p
max (6)

C5 : ∃! qoi ∈ {q} ∀i : { q
o
i and lqoi ,qtj } (7)

C6 : ∀ qoi , q
t
j ∃ i, j and lqio,qjt

∈ Pk {lqio,q0bs; a(i, 0)
k
= 1} (8)

where ytotal , ptotal are given by Eq. 14 and Eq. 19
respectively (see Appendix A).

ytotal = w(l0,(Q+1)) ·
K−1∑
k=1

{

∑
{lqoi ,q

t
j
∈Pk }

(W (lqoi ,qtj )

× · (elqoi ,qtj
) · SV (lqoi ,qtj ,R

k
j , s(q

t
j ), x(lqoi ,qtj )))}

ptotal =
K−1∑
k=1

{

∑
{lqoi ,q

t
j
∈Pk }

(P(lqoi ,qtj )

× · SV (lqoi ,qtj ,R
k
j , s(q

t
j ), x(lqoi ,qtj )))}

where t ∈ {D2DSHR,D2DMHR,BS}, o ∈ {D2DC,
D2DSHR,D2DMHR}

The constraints are justified below:
1) The constraint on the number of already connected

devices to the sharing device is required due to the LTE
Direct and WiFi Direct limitations on the number of
clients it can support (i.e., LTE Direct can only support
one client, and WiFi Direct can support 200 Clients).

2) The max speed that a sharing device can have is
required due to limitations on the speed that a service
device can have in order to share its link over some
time.

3) The max distance between the sharing device and the
D2D device that is utilising the sharing link is required
due to the coverage limitation that we have among the
two nodes of the link, which is dependent on the modes
o,t that are selected (as discuss in assumptions).

4) The presence of inter-cell interference is required due
to the maximum power consumption imposed by the
network. Thus, in each link constructed by a sharing
device and a device that will utilise the sharing device
and act as a client, the channel link power consumption
p(lqoi ,qtj ) is considered to be the transmit power of
the D2D sharing device on the specified channel
connection. The sum of all link transmission power
overall paths should be less than the maximum power
consumption of the whole network.

5) A D2D device can only connect to a sharing D2D
device and act as a client to this device at only one link
lqoi ,qtj for all the links and all paths.

6) A D2D device can only be a part of a link when the
corresponding path is directly connected to the BS.

Fig. 6 shows an example system architecture and the
problem formulation. Indicatively, in Fig. 6 we have the
following sets:
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• The D2D devices set q={0,1,2,..,7,8}, UE is q8 and BS
is q0

• D2D-Relay devices set n={0,1,2,3,7}, BS is rBS0
• The adjacency matrix A is

0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0

1 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 1 0 0 0 0 0

0 1 0 0 0 0 0 0

1 0 0 0 0 0 0 0


where the rows are the nodes qi and the columns
are the qj.

• The paths are:
– P1 = {(3→ 7), (7→ 1), (1→ 0)}
– P2 = {(4, 5, 6→ 2), (2→ 0)} and
– P3 = {(8→ 0)}

• The connection mode types are:
– cm(P1) = {(D2DMHR→ D2DMHR),

(D2DMHR→ D2DMHR), (D2DMHR→ bs)}
– cm(P2) = {(D2DC,D2DC,D2DC → D2DSHR),

(D2DSHR→ bs)} and
– cm(P3) = {(UE → bs)}

• D2DCs set m={4,5,6} and
• Number of D2D devices in a path R22 = 3, R17 = 1, and
R12 = 1

Note 1: The sum of ones in column 0 of the adjacency matrix
provides the total number of paths leading to the bs. The
paths can be extracted from the adjacency matrix as follows:
Considering Path ‘‘k=2’’ we begin from column index ‘‘0’’
(bs) in the adjacency matrix and find the row with an index 2.
Since it has a ‘‘1’’ as a value (indicating a path to the bs),
then we move to column ‘‘2’’ and identify the row(s) that
have a value of ‘‘1’’. From there, we move to the column(s),
which have an entry of ‘‘1’’ in a particular row. We continue
backtracing until for the specific label(s) of row(s) the value
of ‘‘1’’ is not found in that column. This is shown in Fig. 5
where for path‘‘k=1’’ we use a broken line and for path
‘‘k=2’’ a solid line.

Note 2: The D2DC set can also be extracted from the
adjacency matrix by having the count of ‘‘1’’ non-zero entries
along the rows be more than zero.

In the next section we implement in a heuristic way a
specific DAI framework and Plan considering a dynamic
environment and thereafter evaluate its performance. To fur-
ther simplify the problem, in our approach, we examine the
Spectral Efficiency by setting the W (lqoi ,qtj ) to ‘‘1’’ and that
we consider the power consumption of each link the same
(independently of the protocol used, i.e., LTE Direct, WiFi
Direct). As a result, we accept that the Weighted Bandwidth

FIGURE 5. Example traverse of adjacency matrix.

rate11 among the WiFi Direct, BS Link, and LTE Direct is
the same. Therefore, our Eq. 14 and Eq. 19 are simplified
as in Eq. 9 and Eq. 10. Additionally, the aforementioned
assumptions and constraints on the calculation of the SE are
accounted for in our system. So, our optimisation objective
is to maximise the optimal sought Total SE (Eq. 9) that will
result in a decrease of the Total Power Consumption (Eq. 10).
The optimisation formulation is given by:

Max_Total_SE =
K−1∑
k=1

{max {
∑

lqoi ,q
t
j
∈Pk

e(lqoi ,qtj )

× · SV (lqoi ,qtj ,R
k
j , s(q

t
j ), x(lqoi ,qtj ))}}

(9)

Min_Total_PC =
K−1∑
k=1

{min {
∑

lqoi ,q
t
j
∈Pk

p(lqoi ,qtj )

× · SV (lqoi ,qtj ,R
k
j , s(q

t
j ), x(lqoi ,qtj ))}}

(10)

IV. ENHANCEMENTS OF THE INVESTIGATED
APPROACHES TO SUPPORT DYNAMIC ENVIRONMENT
In this section, the enhancements performed on DAIS, DSR
and SHRA approaches to consider the dynamics of the
Mobile Network and allow them to react and adapt to D2D
network topology changes are described. These relate to
changes in UE speed, UE direction, number of devices in a
D2D communication network and other conditions such as
change of TP and change of the network topology through
time (through TSs).

A. ENHANCED DAIS PLAN TO SUPPORT DYNAMIC
ENVIRONMENT
Our target is to adjust the DAIS plan to dynamically re-form
the backhauling connections and clusters over time, based
on the D2D network topology changes, targeting better
SE and PC. This is achieved by introducing, in addition
to the BPL and WDR thresholds (see Section II-A4.a),
the Speed Threshold in the transmission mode selection
process. The aim of this threshold, which is referred to as

11The Weighted Bandwidth rate can be calculated as a constant ratio that
indicates the rate between the bandwidth of the chosen UE technology (i.e.,
WiFi Direct, LTE Direct) and the bandwidth of the direct link towards BS.
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FIGURE 6. Example of the problem formulation.

‘‘MAXSpeed_D2D-Relay’’ in Alg. 1, is to restrict a D2D
device that is moving more than this threshold value from
becoming a D2D-Relay, as this would cause bad connections.

The enhanced DAIS Plan is shown in Alg. 1. In our
evaluation, we set the Speed threshold equal to 15m/s
(i.e., 54Km/h), and the BPL and WDR Threshold values
(referred to as DeviceBatteryThreshold and PERCDataRate,
respectively) are set based on our findings in [18], [19] and
provided in Section II-A4.a. Note that the WDR threshold
value will take depends on the number of the D2D devices
in the network (i.e., <= 200%20 and >200 %35). This
info is made known through LTE ProSe messages that the
D2D-Relays share with all other devices, incorporating in the
message, among others, their WDR and GPS Coordinates as
well as the number of D2DCs they support.

B. ENHANCED DSR APPROACH TO SUPPORT DYNAMIC
ENVIRONMENT
The enhanced DSR approach is adapted to use and accommo-
date the algorithm defined for DAIS (shown in Section IV-A)
and utilise the same terms, parameters and some of its
thresholds (i.e., BPL Threshold, Speed Threshold). This
provided the ability for the enhanced DSR approach to
operate in a distributed manner and allow an entering D2D
device to alter the D2D network structure.12 Additionally, the
Sum Rate metric used in the enhanced DSR is calculated as

12The entering D2D device can alter the D2D network structure and
either: i) replace an existing D2D-Relay device and take its role accordingly;
or ii) break an existing sharing connection of a D2D-Relay (with another
D2D device) update its transmission mode (if needed) and connect with it
accordingly.
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Algorithm 1 Enhanced DAIS Plan for Transmission Mode
Selection in Dynamic D2D Network Topologies
1: D: maximum distance allowed between the Entering UE device and the candidate

to connect to D2D-Relay devices
2: WDR0: initial WDR of the entering UE device (WDR of the direct link between

the UE and the BS)
3: Speed: the speed of the entering UE device
4: DeviceBatteryThreshold: 75%
5: PERCDataRate: 20% for < 200 D2D devices else 35%
6: MAXSpeed_D2D-Relay: 15 m/s (54 Km/h); low vehicular speed)
7: T: a set containing information acquired by the UE device through LTE ProSe

Messages broadcast by each D2D-Relay of the Network
8: procedure TransmissionModeSelectionWithWDR(Tth,D,WDR0)
9: By considering info included in Tth calculate the following with their

associated WDRs among entering device and the D2D-Relay:
10: maxD2DSHR⇒ WDR1,maxD2DMHR_NC ⇒ WDR2,
11: maxD2DSHR_NC_D2DMHR⇒ WDR3,
12: maxD2DSHR_UED2DMHR⇒ WDR4,
13: maxD2DMHR_MultiHop⇒ WDR5
14: if {∃ maxD2DSHR and {WDR0 × (1+ PERCDataRate)} ≤ WDR1} then
15: Connect UE as D2DC to maxD2DSHR using WiFi Direct
16: else if {∃maxD2DMHR_NC and {WDR0×(1+PERCDataRate)} ≤ WDR2}

then
17: Request from maxD2DMHR_NC D2D-Relay to become D2DSHR
18: Connect UE as D2DC to maxD2DMHR_NC using WiFi Direct
19: else if {∃ maxD2DSHR_NC_D2DMHR and Speed <

MAXSpeed_D2D-Relay and battery > DeviceBatteryThreshold and {WDR0×
(1+ PERCDataRate)} ≤ WDR3} then

20: Request from maxD2DSHR_NC_D2DMHR D2D-Relay to become
D2DMHR

21: Connect UE as D2DSHR to maxD2DSHR_NC_D2DMHR using LTE
Direct

22: else if {∃ maxD2DSHR_UED2DMHR and Speed <

MAXSpeed_D2D-Relay and battery > DeviceBatteryThreshold and {WDR0×
(1− PERCDataRate)} ≥ WDR4} then

23: Set UE as D2DMHR
24: Request from maxD2DSHR_UED2DMHR D2D-Relay to become

D2DSHR
25: Connect D2DSHR (maxD2DSHR_UED2DMHR) to D2DMHR (UE)

using LTE Direct
26: else if {∃ maxD2DMHR_MultiHop and Speed <

MAXSpeed_D2D-Relay and battery > DeviceBatteryThreshold and {WDR0×
(1+ PERCDataRate)} ≤ WDR5} then

27: Set UE as D2DSHR
28: Connect UE as D2DSHR to maxD2DMHR_MultiHop using LTE Direct
29: else
30: Set UE as D2DMHR
31: Stay connected to BS
32: end if
33: end procedure

the sum of all data rates of each link in the network.Moreover,
it has an additional threshold called the Date Rate (DR)
threshold, which acts similarly to theWDR threshold ofDAIS
and restricts the link creation according to the data rate of the
link achieved with the BS and the data rate of the proposed
link to a D2DSHR/D2DMHR/BS. The implementation of the
enhanced DSR Approach is shown in Alg. 2 and is executed
whenever a new D2D device enters the D2D communication
network.

With DSR, once a UE device enters the D2D network for
the first time, the data rate of the link between the UE device
and the BS is estimated (we refer to this as the initial Data
Rate). Afterwards, other candidates’ indirect paths between
the UE device and other neighbouring D2D-Relays towards
the BS are identified, their associated Data Rate is calculated,

and the best path that achieves the highest Sum Rate is
selected. Based on the chosen path (i.e., direct or indirect
path), the transmission mode of the UE device is selected and
adopted. Basically, the following steps are executed:

1) The entering UE device, requests from BS the network
topology, such as the number of D2D devices supported
by the D2D-Relay, coordinates of the D2D device and
the D2D device that each D2D-Relay connects to next
(with their associated link data rate), along the path to
the BS/GW.

2) For each D2D-Relay device detected in the proximity
of the UE device, a D2D communication path is
identified, having the D2D-Relay device as a starting
point, and the Data Rate of the link between the
entering UE with the D2D-Relay device is calculated.

3) The achievable Sum Rate of each path is calculated
and sorted in descending order based on the Sum Rate
achieved. In this Sum Rate value, the data rate of the
link between the entering UE device with the path’s
starting D2D-Relay device is also considered.

4) Starting from the D2D-Relay device related to the path
with the best SumRate achieved, up to five of the D2D-
Relay devices that meet the following conditions are
selected:
• A D2D-Relay operates as D2DSHR and is located
within a Wi-Fi Direct (200 m) range from
the entering UE device. This is referred to as
maxSRD2DSHR in Alg. 2.

• A D2D-Relay operates as a D2DMHR with no
connections and is located within a Wi-Fi Direct
range from the entering UE device. This is referred
to as maxSRD2DMHR_NC in Alg. 2.

• A D2D-Relay operates as a D2DSHR with no
connections and is located within a range of LTE
Direct (600 m) from the entering UE device. This
is referred as maxSRD2DSHR_NC_D2DMHR
in Alg. 2.

• A D2D-Relay that operates as a D2DSHR with no
connections, located within a range of LTE Direct
and with a Sum Rate lower than the data rate of the
link between the UE device and the BS (referred to
as the initial Sum Rate). This is referred in Alg. 2
as maxSRD2DSHR_UED2DMHR.

• A D2D-Relay operates as a D2DMHR with
no connections and is located within the range
of LTE Direct from the entering UE device.
This is referred to as maxSRD2DMHR_MultiHop
in Alg. 2.

5) A Transmission Mode is selected for the UE device.
The implementation details appear in Alg. 2.

Similarly to the enhanced DAIS approach described above,
for the Speed Threshold, referred as ‘‘MAXSpeed_D2D-
Relay’’, we consider a low vehicular speed (i.e., 15 m/s,
54Km/h). Also, for the Battery Power Level (BPL) threshold,
referred as ‘‘DeviceBatteryThreshold’’, a value of 75%
is used. Additionally, the Date Rate (DR) threshold (set
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empirically to 35%), referred to as ‘‘DataRateThreshold’’ in
Alg. 2 is used. To this end, the enhancedDSR approach allows
a UE device to operate in D2D-Relay transmission mode only
aforesaid thresholds are satisfied.

Algorithm 2 Enhanced DSR Plan for Transmission Mode
Selection in Dynamic D2D Network Topologies
1: D: maximum distance allowed between the Entering UE device and the

candidate to connect to D2D-Relay devices
2: DR0: initial DR of the entering UE device (DR of the direct link between

the UE and the BS)
3: Speed: the speed of the entering UE device
4: DeviceBatteryThreshold: 75%
5: DataRateThreshold: 35%
6: MAXSpeed_D2D-Relay: 15 m/s (54 Km/h); low vehicular speed)
7: T: a set containing information acquired by the UE device through BS for

all D2D-Relays of the Network
8: procedure TransmissionModeSelection(Tth,D,DR0)
9: By considering info included in Tth calculate the following with their

associated DRs among entering device and the D2D-Relay:
10: maxSRD2DSHR⇒ DR1,maxSRD2DMHR_NC ⇒ DR2,
11: maxSRD2DSHR_NC_D2DMHR⇒ DR3,
12: maxSRD2DSHR_UED2DMHR⇒ DR4,
13: maxSRD2DMHR_MultiHop⇒ DR5
14: if {∃ maxSRD2DSHR and {DR0 × (1 + DataRateThreshold)} ≤ DR1}

then
15: Connect UE as D2DC to maxD2DSHR using WiFi Direct
16: else if {∃maxSRD2DMHR_NC and {DR0×(1+DataRateThreshold)} ≤

DR2} then
17: Request from maxD2DMHR_NC D2D-Relay to become D2DSHR
18: Connect UE as D2DC to maxD2DMHR_NC using WiFi Direct
19: else if {∃ maxSRD2DSHR_NC_D2DMHR and Speed <

MAXSpeed_D2D-Relay and battery >

DeviceBatteryThreshold and {DR0 × (1 + DataRateThreshold)} ≤ DR3}
then

20: Request from maxSRD2DSHR_NC_D2DMHR D2D-Relay to
become D2DMHR

21: Connect UE as D2DSHR to maxSRD2DSHR_NC_D2DMHR using
LTE Direct

22: else if {∃ maxSRD2DSHR_UED2DMHR and Speed <

MAXSpeed_D2D-Relay and battery >

DeviceBatteryThreshold and {DR0 × (1 − DataRateThreshold)} ≥ DR4}
then

23: Set UE as D2DMHR
24: Request from maxSRD2DSHR_UED2DMHR D2D-Relay to

become D2DSHR
25: Connect D2DSHR (maxSRD2DSHR_UED2DMHR) to D2DMHR

(UE) using LTE Direct
26: else if ∃ maxSRD2DMHR_MultiHop and Speed <

MAXSpeed_D2D-Relay and battery >

DeviceBatteryThreshold and {DR0 × (1 + DataRateThreshold)} ≤ DR5}
then

27: Set UE as D2DSHR
28: Connect UE as D2DSHR to maxSRD2DMHR_MultiHop using LTE

Direct
29: else
30: Set UE as D2DMHR
31: Stay connected to BS
32: end if
33: end procedure

1) THE DATE RATE THRESHOLD USED BY DSR
DRThreshold is used by DSR for four purposes. By using the
DR Threshold, an entering UE device in the D2D network:
• Can perform a quality check of the D2DSHR in order to
connect to it as a D2DC.

• Can perform a quality check of the D2DMHR in order
to connect to it either as a D2DC or a D2D-Relay.

• Can replace a D2D-Relay device and take its role if the
total Sum Rate with the new UE device as D2D-Relay in
the path is greater than the current Sum Rate achieved.

• Can connect to a D2D-Relay device in its proximity and
act as a D2DSHR.

Similarly to WDR, the DR threshold is used for restricting
the creation of new D2D-Relays. More specifically, when a
UE device attempts to connect as a client to a D2D-Relay
device, this threshold is used for quality check in order to
evaluate how good enough in terms of Total Sum Rate the
Data Rate of: i) an entering UE device to become a D2D-
Relay; and ii) an existing D2D-Relay device to keep its mode
and connection versus an entering UE device.

C. ENHANCED SINGLE HOP RELAY APPROACH
In order to be fair in our investigation, we enhanced SHRA
to consider the same parameters as the other approaches. The
SHRA approach is enhanced in our research in the sense that
the D2DSHR accepts more than one connection and serves as
a regular D2DSHR rather than an intermediate D2D device,
as the author suggests. As with the previous approaches,
the SHRA is modified to use Wi-Fi Direct when selecting
D2DSHR with the limitation of distance to clients to 200m
and the limitation of the number of clients to 200. The D2D
connection distance among two D2D devices is the same
as it was defined in the investigated section to the value
of ‘‘30 meters’’ as in [20]. Additionally, in this approach,
we consider that each D2D device in the network uses LTE
ProSe to share its coordinates and transmission mode with all
other devices.

V. PERFORMANCE EVALUATION
This section examines, evaluates, and compares the efficiency
of DAIS, DSR Approach, SHRA and non-D2D UE under
a D2D communications network with a range (10..1000)
number of UEs in a dynamic D2D communication network
setting. In addition, this examination considers the random
change of speed and direction, hence proximity among the
D2D devices.

A. EVALUATION OF EXECUTION TIMES AND
SIGNALLING OVERHEAD
Due to the importance of the execution time13 and its
dependency of the signalling overhead of each investigated
algorithm, we are initially simulate our approaches in terms
of signalling overhead and execution time in a dynamic
environment. The most important reason to prioritise this
investigation is to examine the results from the perspec-
tive/view of time to complete each approach and to explain
why the results of one approach is expected to be poorer than
another. As shown in Table 2, the following observations are
made: i) there is a large diversity in the number of messages

13time to complete an approach.
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that need to be exchanged by each approach; ii) DAIS and
SHRA are using a constant execution time (1 TS,100 ms)
and it is the same for all instances (i.e., for 10 UEs, 50 UEs,
100 UEs, 200 UEs, 500 UEs, 1000 UEs); and iii) DSR is the
only approach that needs an excessive amount of messages to
be exchanged, and therefore it takes a lot of time to conclude
and decide the transmission mode of the D2D devices.

B. METHODOLOGY
Our examination focuses on the dynamicity of themobile net-
work. Consequently, we consider changes in the transmission
power, speed and direction of the UEs, number of Devices
in the network and changes in the D2D network topology
through subsequent TSs of execution. Our examination
specifies a TS of 100 ms. TS=0 relates to the initial D2D
network topology. TS=1 relates to the network topology after
100ms, TS=2 to the network topology after 200ms, and so
on. We evaluate the investigated approaches with maximum
execution of TS=5 at 1000 UEs. Additionally, to be fair
with the time of execution, all approaches, except the DSR
approach due to its large execution time (as shown in [18],
[19]), are executed every 100ms (i.e., every TS) to adapt to the
transmission mode of the D2D devices based on the changes
occurred on the D2D network topology.

To simplify the investigated problem, those D2D devices
initialized in TS=0 to D2D-Relay mode will keep the same
transmission mode (D2D-Relay) and speed (e.g., pedestrian
speed) during all TSs of execution. Additionally, for the rest
of the D2DCs, if they decide to become D2D-Relays in the
subsequent TS, they need to keep the same transmissionmode
(D2D-Relay) and speed (e.g., pedestrian speed) during all
TSs of execution. Also, for the DAIS approach, we assume
that the BDIx agents accept any suggestion/proposal from
another agent and the suggested action from the other agent is
aligned with the agent’s Desires. So, the agent replies with an
‘‘accept’’ message in each proposal and executes the required
actions.

For the DSR approach, we have from previous examina-
tions ( [18], [19]) specific delays in the time of executions
that makes the approach not appropriate for dynamic envi-
ronments and as shown in the dynamic investigation shown
in Section V-A. More specifically, with the DSR approach,
when the number of devices in the network increases, the
execution time needed for deciding on the transmission mode
selection also increases. This makes the DSR approach not
fast enough to be ready for recalculation after a specific
TS with the network topology changing rapidly, resulting in
degradation of SE and PC. The table of the different time
Steps execution according to the number of devices in the
D2D network is shown in Table 2. According to this table,
the DSR approach runs for the first time with the initial
D2D network topology at TS=0 (initial step) for all UEs.
Then, it runs a second time at TS=1 to accommodate any
changes in the network topology for a device range of 10 to
50. Afterwards, it takes more than the upper limit of our

investigation of 5 TSs to finish execution and conclude (as
shown in Table 2).
Also, the SHRA (Section IV-C), the Distributed Random

clustering approach (Section II-A5), the non-D2D UE
Approach (Section II-A5), the DSR Approach (SectionIV-B)
and the DAIS Plan/algorithm (Section IV-A) are compared
in terms of SE and PC by taking under consideration the
dynamics of the Mobile Network. These relate to changes
in the transmission power, UE speed, UE direction, number
of devices in a D2D communication network, and network
topology in different time steps of execution.

As a starting point (i.e., TS=0), we set the initial values of
UE speed to 15 m/s, transmission power to 160 mW and UE
direction to 90 degrees. Afterwards, we rerun our simulation
to examine the behaviour of the different approaches
in subsequent TSs (from TS=1 to TS=5) by changing
a random parameter (e.g., speed, direction, transmission
power) generated by a randomizer and increasing the number
of UEs in the D2D network from 10 to 1000 UEs. In most
evaluations, we examine the D2D network topology at TS=5
and 1000 UEs cases. Also, the speed and direction are set at
a constant 15 m/s and 90 degrees, respectively.

Overall, in our investigation (as shown in Section V-D2),
the following have been examined and demonstrated:
• The effect of the transmission power on the dynamic
DAIS, in terms of overall power consumption and total
spectral efficiency achieved over time with a variable
number of Devices. A ‘‘brute force’’ investigation was
executed for the communication power with values from
160 mW to 60 mW using a decreasing step of 10 mW.

• The behaviour and performance of the investigated
approaches in terms of SE and PC considering the
dynamics of the Mobile Network. These relate to
changes in the transmission power, D2D network
topology in different TSs of execution, UE speed,
Number of Devices in the network and UE direction.

C. SIMULATION ENVIRONMENT
In the simulation, a range of 10 to 1000 D2D devices was
used. The devices are placed in a cell range of 1000 meter
radius from the BS using a Poisson Point Process distribution
model. We keep the same comparison measurements of
performance (Total Spectrum Efficiency and Total Power
Consumption) and the same equations/formulas for D2DUEs
for battery power level estimation and WDR as in [15].
However, the Total SE and Total PC of the D2D network are
calculated as shown in Section III, basically by adding all the
achieved data rates of all nodes in the network.

For all approaches, the assumptions of the simulation are
shown in Section III-A. Also, the constraints are shown in
Section III and the simulation parameters in Table 3. The
DAIS and DSR terms and parameters are the same as shown
in the Appendix.

The simulation environment is implemented in Java using
specific libraries from Matlab 2020a and more specifically
the ‘‘5G/LTE Toolbox’’ [44] in conjunction with the JADE
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TABLE 2. Messages exchange and execution time for 10, 50, 200, 500 and 1000 devices.

TABLE 3. Simulation parameters.

library [45]–[49]. The hardware used for the simulation is
the following: i) an Intel(R) Core(TM) i7-8750H CPU @
2.20GHz; ii) 24 GB DDR4; iii) 1TB SSD hard disk; and
iv) NVIDIA GeForce GTX 1050 Ti graphics card with 4GB
DDRS5 memory.

D. RESULTS
This section compares the enhanced DAIS with the
non-enhanced DAIS in a dynamic environment in terms
of SE and PC. In our belief, the enhanced DAIS should
achieve better performance than the non-enhanced DAIS.
Also, we examine the effect that the transmission power (TP)
has on the DAIS regarding total power consumption and total
spectral efficiency (i.e., Total Sum Rate). Also, we analyse
the behaviour of the investigated approaches in terms of SE
and PC, considering the dynamics of the Mobile Network.
This relates to changes in TP and D2D network topology
in different TSs of execution, UE speed, UE direction, and
Number of Devices in the network.

1) ENHANCED DAIS FOR DYNAMIC COMPARED TO
DAIS FOR STATIC
In this section, we compare the enhanced DAIS algorithm
in terms of SE and PC over the non-enhanced static DAIS
algorithm examined in [15] in a dynamic environment.
In this investigation, we run two simulations; the simulations
examine the SE and PC when the number of UEs in the
network increases from 50 to 1000, while the transmission
power (160mW) and the direction (90 Degrees) of the UEs
are kept constant. Also, we used the speed (15 m/s) in the first
simulation, and in the second simulation, the speed (21 m/s).
The results relate to the D2D network topology at TS=5
and examine how each approach can react to the increasing
number of UEs with different speeds in terms of SE and PC.
As shown in Fig. 7, the best performance in terms of SE
and PC is provided by the enhanced DAIS algorithm in both
speeds and for all the number of devices.

2) DAIS TP EXAMINATION RESULTS
The effect that the transmission power has on DAIS, in terms
of total power consumption and total spectral efficiency (sum
rate) achieved, is illustrated in Fig. 8 and Fig. 9. In the
scenario used, the TP is reduced from 160 mW to 60 mW,
the amount of UEs is increased from 10 to 1000, while the
speed (15 m/s) and direction (90 Degrees) of the UEs are kept
constant. The results related to the D2D network topology
changes that occured from TS=0 to TS=5 are also examined.
Thus, this section focuses on how the DAIS approach can
react to the changes associated with the link transmission
power, network topology changes, and the number of devices
in the D2D network.

As observed in Fig. 9, for all time steps, by reducing
the transmission power of the communication and increasing
the number of UEs (D2D devices), gains are provided
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FIGURE 7. Total SE and total PC vs number of devices (50-1000) with 5 TSs, 15 m/s and 22 m/s speeds and 90 degree direction.

FIGURE 8. TP vs TS vs total PC.
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FIGURE 9. TP vs TS vs total SE.

on the power consumption with a small trade-off on
the spectral efficiency. Also, the improvements mentioned
earlier vs trade-offs can be seen in more extended ranges
in networks with large numbers of devices (500, 1000).
More specifically, for any number of UEs in all TSs, the
maximum percentage change observed in SE is 22% and in
PC is 70%.

Additionally, we can see from the figures that there are
some noticeable unexpected increments in measurements in
terms of SE when we change the TP at specific values.14

These unexpected increments follow the same pattern at
specific TP levels during each time step. The increments
drastically affect the SE in the small number of devices
(<= 200). In our opinion, the above increments are related
to an increment of cluster numbers under the D2D network
that, when reached, are restricted and reduced, along with the
backhauling links, by the use of theWDR threshold (as shown
in Section II-A4). More precisely, we have the following
cases per range of TP and number UEs:
• from 90-100 mWTP with 50 UEs we have an increment
of clusters from 7 to 19.

14For example, with 90-100 mW TP for 50 UEs; with 130-140 mW TP
for 200 UEs; and with 110-120 mW TP for 500 and 1000 UEs.

• from 90-100 mW TP with 200 UEs we have an
increment of clusters from 49 to 106.

• from 130-140 mW TP with 50 UEs we have an
increment of clusters from 6 to 9.

• from 130-140 mW TP with 200 UEs we have an
increment of clusters from 59 to 160.

• from 110-120 mW TP with 500 UEs we have an
increment of clusters from 99 to 201.

• from 110-120 mW TP with 1000 UEs we have an
increment of clusters from 159 to 201.

Moreover, our examination showed that in terms of PC, the
changes are smooth with no unsuspected increments. Another
important observation is that DAIS seems unaffected in terms
of SE and PC irrespective of any changes in the TP, number
of devices and TSs in a dynamic environment.

3) BEHAVIOUR OF THE INVESTIGATED APPROACHES
ON DYNAMIC TP
This section examines the case where the TP is reduced from
160 mW to 60 mW while the speed (15 m/s), the number of
devices (1000 D2D devices) and direction (90 Degrees) of the
UEs are kept constant. The results relate to the D2D network
topology at TS=5 and examine how each approach can react
to TP changes.
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FIGURE 10. TP change investigation among the examined approaches.

TABLE 4. Examination of variable TP of each approach for 1000 UEs,
15m/s speed and 90 degree Direction.

As illustrated in Table 4 and Fig. 10, in this investigation
DAIS approach provides the best results in terms of SE and
PC. Additionally, DAIS achieves the maximum PC reduction
(followed by Sum Rate) and the minimum SE reduction
(followed by the non-D2D UE approach) compared to all
other related approaches. Please note that the number in bold
represents the maximum value in the table while the values
in italic represent the minimum value.

4) BEHAVIOUR OF THE INVESTIGATED APPROACHES ON
NETWORK TOPOLOGY CHANGES OVER THE
TIME STEPS OF EXECUTION
This section examines the case where the TS is increased
from 0 to 5 (which mainly relates to changes in D2D network
topology), while the transmission power (160mW), the speed
(15 m/s), the number of devices (1000 D2D devices) and
direction (90 Degrees) of the UEs are kept constant. The
performance of the investigated approaches is compared in
terms of total spectral efficiency (Sum Rate) and Power
Consumption. The results are provided in Fig. 11.
The best results from 0 TS until 2.5 TS, in terms of SE

and PC for 1000 devices, are provided by the DSR approach.
These results have been achieved with the enhancements
made, introducing the speed, Data Rate and Battery Power

level thresholds in the DSR Approach to enhance it to
support dynamic networks. However, after 2.5 TS, the DSR
approach degrades performance. The DSR approach does not
keep the highest SE and PC values after 2.5 TS due to the
considerable execution time (i.e., 50 TS) needed to decide
on the transmission mode selection. This makes the DSR
approach not fast enough to be ready for recalculation after
2.5 TSs. For more details see Section V-B and V-A Table 2)
and [18], [19]. The second-best performance, from 0 TS until
the 2.5 TS, however very close to the one provided by DSR,
is achieved by DAIS. Non-D2D-UE, SHRA and Distributed
Random follow because of the execution time that Distributed
Random achieves in 1000 UES. After 2.5 TS, the best results
in terms of SE are achieved by DAIS.

The results related to PC follow a similar pattern. The
best results from 0 TS until the 2.5 TS are provided by the
DSR approach, which, for the same reason described above,
degrades performance after the 2.5 TS. After the 2.5 TS,
the DAIS approach outperforms DSR, followed by SHRA,
Distributed Random and then non-D2D-UE.

Overall, what made DAIS outperform all other approaches
in both SE and PC, are the adaptations and thresholds
(i.e., speed, WDR, BPL) implemented (see Section IV-A),
making DAIS capable to efficiently support dynamic envi-
ronments (note that in our previous work considering static
environments [15] Sum Rate Approach and DAIS had the
same spectral efficiency).

Additionally, according to Fig. 11, except for the DSR
approach, all other methods do not have any significant
changes, in terms of SE and PC, over subsequent TSs. More
precisely, over subsequent TSs, the DSR Approach has a

62790 VOLUME 10, 2022



I. I. Ioannou et al.: Dynamic D2D Communication in 5G/6G Using a Distributed AI Framework

FIGURE 11. Total SE and total PC vs TSs with 1000 UEs, 15 m/s speed and 90 degree direction.

FIGURE 12. Total SE and total PC vs speed with 1000 UEs, at 5 TS and 90 degree Direction.

maximum SE reduction of 25% and a maximum PC increase
of 45%.

5) BEHAVIOUR OF THE INVESTIGATED APPROACHES ON
DYNAMIC UE SPEED
This section examines the case where the Speed of the UE
changes randomly while the transmission power (160mW),

the number of devices (1000 D2D devices) and the direction
(90 Degrees) of the UEs are kept constant. The results relate
to the D2D network topology at TS=5 and examine how each
approach can react to theUE speed changes. The performance
of the investigated approaches is compared in terms of total
spectral efficiency (Sum Rate) and Power Consumption.
As shown in Fig. 12), the best performance in terms of SE
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FIGURE 13. Total SE and total PC vs number of devices at 5 TS, 15m/s speed and 90 degrees Direction.

and PC is provided by DAIS, followed by SHRA. Note that
DAIS and SHRA, in contrast with Distributed Random, non-
D2D UE and DSR (that approach close to zero (0)), are the
only two approaches that still provide good results in terms of
SE as the speed of the UEs increases, justifying their ability
to support dynamic mobile environments. Also, only the DSR
Approach is highly affected by the UE speed in terms of PC.

6) BEHAVIOUR OF THE INVESTIGATED APPROACHES ON
DIFFERENT NUMBER OF DEVICES IN THE NETWORK
This section examines the case where the number of UEs in
the network increase from 10 to 1000 while the transmission
power (160 mW), the speed (15 m/s) and the direction
(90 Degrees) of the UEs are kept constant. The results relate
to the D2D network topology at TS=5 and examine how
each approach can react to the increasing number of UEs.
As shown in Fig. 13, the best performance in terms of SE
and PC is provided by DAIS, irrespective of the number of
devices in the network. The second-best performance in terms
of SE is provided by the DSR approach, followed by the non-
D2D UE, SHRA and Distributed Random. Additionally, the
second-best performance in terms of PC is provided with the
DSRApproach, followed by the SHRA, the non-D2DUE and
the Distributed Random approach.

7) BEHAVIOUR OF THE INVESTIGATED APPROACHES ON
DYNAMIC UE DIRECTION
This section examines the case where the Direction of the UE
changes randomly while the transmission power (160mW),
the number of devices (1000 D2D devices) and the speed

(15 m/s) of the UEs are kept constant. The results relate to
the D2D network topology at TS=5 and examine how each
approach can react to changes in the UE direction. As shown
in Fig. 14), the best performance in terms of SE and PC
is provided by DAIS, irrespective of the way the devices
are moving in the network. The second-best performance in
terms of SE is provided by the DSR approach, followed by the
non-D2D UE, SHRA and Distributed Random. Additionally,
the second-best performance in terms of PC is provided with
the DSR Approach, followed by the SHRA, the non-D2D UE
and the Distributed Random approach.

8) OVERALL REMARKS
Overall, in this research, we examined the enforcement of the
most significant thresholds, such as the maximum speed to
select a D2D-Relay, the use of specific WDR (set to 20%
when the number of UEs (<= 200) or 35% otherwise) and
BPL (set to 75%) thresholds, as shown in Section IV-A).
Additionally, as shown in Section IV-B, we enforce new
thresholds for the DSR approach. These thresholds are related
to the maximum speed to select D2D-Relay, the specific
Data Rate that a D2D candidate device can connect to a
D2DSHR (set empirically to 35%) and the Battery Power
Level Threshold (that is set to 75%). Also, as shown in
Section IV-C, in the case of the SHRA approach, we have
made a slight change in the algorithm for the D2DSHR to
receivemultiple connections and not be restricted by one (i.e.,
to allow the formation of clusters). The adjustments made
on DAIS, DSR and SHRA algorithms are implemented to
achieve the maximum possible total sum rate (i.e., maximum
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FIGURE 14. Total SE and Total PC vs Direction at 5 TS, 15 speed and 1000 UEs.

TABLE 5. Overall evaluations of the approaches using the dynamic variables in terms of SE and PC.

spectral efficiency) and maximum power reservation (i.e.,
minimum power consumption) in a range of 10 to 1000 of
the number of devices in a dynamic environment.

In this examination, we analysed the behaviour of the
investigated approaches considering the dynamics of the
Mobile Network. More specifically, we examined how each
approach can react to the changes in UE speed and direction,
causing variations in the D2D network topology, as well as to
changes in the TP and number of Devices in the Network.
Based on this examination, we compared the efficiency of
each approach15 in terms of SE and PC. The results are
summarised in Table 5.

Overall, based on the results collected, the only approach
that can provide excellent results in a dynamic environment,
both in terms of SE and PC, is DAIS. More specifically,
DAIS can react quickly to D2D network topology changes
caused through time (i.e., in the different TSs), either these

15Here we used the following scale to qualitative characterise the
efficiency of each approach: Excellent, Good, Average and Poor.

are caused by variations in UE Speed, UE Direction, number
of Devices in the network or TP, and decide efficiently
on the transmission mode that the D2D devices will
operate.

DSR Approach comes second in terms of SE and PC.
More specifically, in terms of SE, it provides ‘‘Good’’ results
except for where network topology changes are caused due to
variations in the UE Speed. In this case, the results provided
are considered ‘‘Poor’’. Also, ‘‘Good’’ results are provided
in terms of PC, except in the cases where network topology
changes are caused due to variations in the UE Speed and
Transmission power. In these cases, the results provided
are considered ‘‘Average’’. Additionally, DSR is the only
approach that, in some cases, drops its SE and increases
its PC drastically than all other approaches (see Fig. 11).
Thus, in our belief, if we introduce more time steps in the
simulation, the DSR Approach could conclude to be the last.

The SHRA approach, in terms of SE, in most cases
it is evaluated as ‘‘Average’’, except in the case where

VOLUME 10, 2022 62793



I. I. Ioannou et al.: Dynamic D2D Communication in 5G/6G Using a Distributed AI Framework

variations in the UE Speed cause network topology changes.
In this case, the results provided are considered ‘‘Good’’.
Also, SHRA performance in TP variations is considered
‘‘Poor’’. Furthermore, SHRA performance in terms of PC
is considered ‘‘Average’’, except for where variations in
UE speed occur. In this case, the results of SHRA are
‘‘Good’’.

The Random approach, in terms of SE, provides ‘‘Poor’’
results in all respects. In terms of PC, the results provided are
considered Average except in the cases where changes occur
on the TP and the number of Devices in the D2D network.
In these cases, the performance of the Random approach is
‘‘Poor’’.

Finally, the non-D2D UE approach, in terms of SE,
provides ‘‘Average’’ performance, except in the case where
changes occur in the UE speed. In this case, its performance
is considered ‘‘Poor’’. In terms of PC, the performance
of the non-D2D approach is considered ‘‘Poor’’ in all
respects.

VI. CONCLUSION AND FUTURE WORK
This paper builds on our previous work and develops an
enhanced version of DAIS for selecting the D2D transmission
mode that the D2D devices will operate in dynamic
environments incorporating UE mobility and changes in the
D2D network topology. To set a benchmark and allow for
a fairer comparison, we also enhanced and adapted: i) the
DSR approach, previously proposed in [15] to also support
D2D Communication in dynamic environments; and ii) the
SHRA approach [20], to additionally allow the D2D-Relays
to accept more than one connections (i.e., create clusters).
Furthermore, an extensive comparative evaluation of the
enhanced DAIS, SR, SHRA, Distributed Random and non-
D2D UE is provided. During this evaluation, we analysed
the behaviour of the investigated approaches considering
the dynamics of the Mobile Network and comparatively
evaluated their performance, in terms of SE and PC, against a
number of metrics. More specifically, we examined how each
approach can react to the changes in UE speed and direction,
causing variations in the D2D network topology, as well as to
changes in the TP and number of Devices in the Network.

Overall, the results obtained demonstrated superior per-
formance of DAIS over the SHRA, Distributed Random and
non-D2D UE approach in terms of SE and PC. Additionally,
the insight gains into the comparative evaluation of the
different approaches allows one to observe that DAIS is
the only approach that can react quickly to D2D network
topology changes caused through time, either these are
caused by variations in UE Speed, UE Direction, number of
Devices in the network or TP.

For future work we will extend DAIS in a Multi-Agent
System with norms, conflict resolution and Nash equilibrium
checks in a dynamic environment. More precisely, the BDIx
agents will not accept the proposals of the other BDIx agent
without considering its Believes and Desires/Intentions for
the decision to accept or refuse an offer from the other BDIx

agent. Moreover, we will investigate a secure D2D com-
munication protocol using blockchain technology to ensure
security and privacy concerns in a distributed manner for the
BDIx agents to communicate safely under a secure distributed
D2D communication environment. Additionally, we will
investigate the use of blockchain technology for establishing
smart contracts among the D2D-Relay devices and the D2DC
devices under the D2D communication network. Moreover,
we will concentrate on the implementation of other Plans
and Intentions, such as the remainder of the unexplored D2D
Challenges, as well as a thorough evaluation using simulation
and a (small scale) test-bed. Using the DAI framework,
other 5G/6G challenges, such as efficient routing, could be
overcome in order to achieve the ultra-reliable low latency
(URLL) 5G use case and, ultimately achieve all 5G use cases.
Also, wewill use theDAIS andDAI framework in the concept
of Metaverse to investigate the achievement of the required
metrics. Finally, in future work, we will explore a different
model other than the Free Space Path Loss model to match
the city scenario.

APPENDIX. SPECTRAL EFFICIENCY AND POWER
CONSUMPTION MODELS WITH ADDITIONAL SYMBOLS
A. ADDITIONAL SYMBOLS TABLE
The additional symbols shown in Table 6 are used within the
problem formulation description:

B. SPECTRAL EFFICIENCY MODEL
For estimating the Spectral Efficiency of a D2D link
(measured in bits/s/Hz), Eq. 11 extracted from the
Shannon–Hartley theorem, is used. Also, given the Additive
White Gaussian Noise (AWGN) as a basic noise model,
considering a power- and bandwidth-limited scheme, and
a Free Space Path Loss model, we calculate the spectral
efficiency from the channel capacity in (Eq. 11). Moreover,
to calculate the bandwidth the Eq. 12 is used, and it
is calculated with the use of the Eq. 13. Furthermore,
to calculate the total spectral efficiency of all the links under
a mobile network the Eq. 14, and to calculate the total Sum
Rate the Eq. 16 is used.

e(lqoi ,qtj ) =
y(lqoi ,qtj )

w(lqoi ,qtj )
= log2

(
1+

p(lqoi ,qtj )

pn(lqoi ,qtj )

)
(11)

e(lqoi ,qtj ) = log2

(
1+

p̄r (lqoi ,qtj )

p′n(lqoi ,qtj ) · w(lqoi ,qtj )

)
= log2 (1+ σ) (12)

y(lqoi ,qtj ) = w(lqoi ,qtj ) log2

(
1+

p(lqoi ,qtj )

pn(lqoi ,qtj )

)
H⇒

y(lqoi ,qtj ) = w(lqoi ,qtj ) log2

(
1+

p̄(lqoi ,qtj )

p′n(lqoi ,qtj )

)
(13)

y(lqoi ,qtj ) = e(lqoi ,qtj ) · w(lqoi ,qtj ) (14)
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TABLE 6. Additional symbols used within the problem formulation description.
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etotal =
K−1∑
k=1

{

∑
{lqoi ,q

t
j
∈Pk :}

(e(lqoi ,qtj )} (15)

ytotal = w(l0,(Q+1)) ·
K−1∑
k=1

{

∑
{lqoi ,q

t
j
∈Pk }

(W (lqoi ,qtj ) · (e(lqoi ,qtj ))

× · SV (lqoi ,qtj ,R
k
j , s(q

t
j ), x(lqoi ,qtj )))} (16)

where t ∈ {D2DSHR,D2DMHR,BS},
o ∈ {D2DC,D2DSHR,D2DMHR} and
SV (lqoi ,qtj ,R

k
j , s(q

t
j ), x(lqoi ,qtj )) ∈ {0, 1}. Also, where {lqoi ,qtj ∈

Pk : i, j ∈ {q} a(i, j)k = 1}; x(lqoi ,qtj )); where e(lqoi ,qtj )
is directly related to SNR (Eq. 11). The binary variable (SV )
corresponds to the transmission mode selection of the D2D-
Relay sharing Device (e.g., D2DSHR, D2DMHR or BS) and
the allocation decision of the Device to another D2D device
that share its link according to the A adjacency matrix, where

lqoi ,qtj ∈ P
k
: i, j ∈ {q}; a(i, j)k = 1.

C. POWER CONSUMPTION MODEL
Additionally, for estimating the Power Consumption of a
D2D link, measured in mWatts, Eq. 17 and Eq. 17 are used.
Also, for the calculation of total power consumption of the
whole mobile network the Eq. 19 can be used.

p(lqoi ,qtj ) = Pt (lqoi ,qtj )− p̄
r (lqoi ,qtj ) (17)

p̄r (lqoi ,qtj ) =
Pt (lqoi ,qtj )

10τ/10
(18)

where τ is the Path Loss.
In the following equation, Eq. 19 we calculate the total of

the power consumption in our network.

ptotal =
K−1∑
k=1

{

∑
{lqoi ,q

t
j
∈Pk :}

(P(lqoi ,qtj )

× · SV (lqoi ,qtj ,R
k
j , s(q

t
j ), x(lqoi ,qtj )))} (19)

In the D2D communication network, the problem of
network optimization with the use of the correct transmission
mode Selection can be translated to a weighted sum rate
maximization problem where the purpose is to increase
the sum rate whilst keeping the power consumption of the
network to a minimum.

Note that the data rate in the weighted sum rate is
considered weighted, according to our formulation, for two
reasons: i) due to different technologies that the device can
use according to the transmission mode that is selected (e.g.,
WiFi Direct to share over D2DCs, LTE Direct to share a
link to other D2D-Relays); and ii) because the D2D-Relay
device shares a fraction of its link bandwidth w(lqoi ,qtj )

%

with its clients. This fraction of bandwidth is calculated as

a percentage of the maximum achievable bandwidth in the
network according to the protocol used (i.e, WiFi Direct or
LTE Direct).

APPENDIX. DAIS AND SUM RATE APPROACHES TERMS
AND PARAMETERS USED
In this section of the Appendix we provide the terms
and parameters (as shown in [15]) used in the Dynamic
DAIS algorithm/plan and the Sum Rate Approach, these are
following:
• D2DR: D2D-Relay.
• D2DMHR: D2DMHR.
• D2DSHR: D2D Single Hop Relay.
• D2DCH: D2D Cluster Head.
• WDR: Weighted Data Rate (Used only in DAIS).
• MAXUsersCH: Maximum Users Supported by a
D2DCH = 200.

• MAXQueryD2DRelayDistance: Maximum distance
for querying D2DRs = 200m.

• MAXDistancetoFormCluster: Maximum distance of
D2D devices from the D2DR acting as D2DCH for
accepting connections = 200m.

• MAXSpeed_D2D-Relay: Maximum speed of the D2D
device in order to operate as D2D-Relay =15 m/s
(more than the pedestrian speed of 1.5 m/s) (called
MAXSpeedToFormBackhauling in [15]).

• MAXDistanceMultiHop: Maximum distance of a D2D
device from the nearest D2DR in order to operate as
D2DMHR = 1000m.

• MAXDistanceMoveAway: Maximum distance that a
D2D device acting asD2DC/D2DRmoves away from its
connected D2D-Relay, in order to rerun the transmission
Selection Algorithm = 200m.

• PERCDataRate: This is associated with the WDR
Threshold in DAIS. Its value is expressed in percentage
(%) and considered by a D2D device16 in order to:
i) decide the transmission mode that will operate; or
ii) decide if and how the D2D network structure will
alter.

• DeviceBatteryThreshold: This is associated with the
BPL Threshold. This threshold determines the minimum
value (in percentage) that the remaining battery level of
a D2D device must be, in order to be able to become a
D2DRor aD2DMHRand accept connections from other
D2D devices.

• maxD2DSHR: The D2DR with the maximum WDR
(for DAIS) within MAXQueryD2DRelayDistance dis-
tance from the D2D device that is running the trans-
mission mode Selection algorithm. The formulas used
to estimate this parameter can be found in [15].

• maxD2DMHR_NC17: The D2DMHR with the maxi-
mum WDR (for DAIS) and with no connection links

16AD2D device that is running the transmission mode selection algorithm
(DAIS).

17The selected D2DMHR will change transmission mode to D2DR and
the D2D investigated Device will connect to it as D2DC.

62796 VOLUME 10, 2022



I. I. Ioannou et al.: Dynamic D2D Communication in 5G/6G Using a Distributed AI Framework

with other D2DRs/D2DCs located within MAXDis-
tancetoFormCluster distance from the D2D device that
is running the transmission mode selection algorithm.
The formulas used to estimate this parameter can be
found in [15].

• maxD2DSHR_NC_D2DMHR18: The D2DR with the
maximumWDR andwith no connection links with other
D2DRs/D2DCs located within MAXDistanceMultiHop
distance from the D2D device that is running the
transmission mode selection algorithm. The formulas
used to estimate this parameter can be found in [15].

• maxD2DSHR_UED2DMHR19: The D2DR with the
maximum WDR, but worst than the one of the D2D
device that is running the transmission mode selection
algorithm, and with no connection links with other
D2DCs located withinMAXDistanceMultiHop distance
from the D2D device. The formulas used to estimate this
parameter can be found in [15].

• maxD2DMHR_MultiHop20: The D2DMHR with the
maximumWDR andwith no connection links with other
D2DRs/D2DCs located within MAXDistanceMultiHop
distance from the D2D device that is running the
transmission mode selection algorithm. The formulas
used to estimate this parameter can be found in [15].

• DR: The data rate among the candidate D2D device and
the BS.

• DataRateThreshold: Its value is expressed in percent-
age (%) and considered by a D2D device21 in order to
do quality check, when a Device is valuable to connect
as client to the D2DSHR Device.

• maxSRD2DR: The D2DRwith the maximum SumRate
within MAXQueryD2DRelayDistance distance from
the D2D device that is running the transmission mode
Selection algorithm.

• maxSRD2DMHR_NC22: TheD2DMHRwith themax-
imumSumRate (for DAIS) andwith no connection links
with other D2DRs/D2DCs located within MAXDis-
tancetoFormCluster distance from the D2D device that
is running the transmission mode selection algorithm.

• maxSRD2DRNoConnectionsToBeD2DMHR23: The
D2DR with the maximum Sum Rate and with no
connection links with other D2DRs/D2DCs located
within MAXDistanceMultiHop distance from the D2D

18The selected D2DRwill change its transmission mode to D2DMHR and
the D2D device running the transmission mode selection algorithm will set
its transmission mode to D2DR and will connect to it.

19The D2D device running the transmissionmode selection algorithmwill
select the D2DMHR mode and the D2DR will connect to it.

20The D2D device running the transmissionmode selection algorithmwill
set its transmission mode to D2DR and connect to the D2DMHR.

21AD2D device that is running the transmission mode selection algorithm
(Sum Rate).

22The selected D2DMHR will change transmission mode to D2DR and
the D2D investigated Device will connect to it as D2DC.

23The selected D2DRwill change its transmission mode to D2DMHR and
the D2D device running the transmission mode selection algorithm will set
its transmission mode to D2DR and will connect to it.

device that is running the transmission mode selection
algorithm.

• maxSRD2DRToUseUED2DMHR24: The D2DR with
the maximum Sum Rate, but worst than the one of
the D2D device that is running the transmission mode
selection algorithm, and with no connection links with
other D2DCs located within MAXDistanceMultiHop
distance from the D2D device.

• maxSRD2DMHR_MultiHop25: The D2DMHR with
the maximum Sum Rate and with no connection links
with other D2DRs/D2DCs located within MAXDis-
tanceMultiHop distance from the D2D device that is
running the transmission mode selection algorithm.
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